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ABSTRACT

The dynqmic surface tension of dodecylamine acetate
solutions from pH 7 to 13 and concentrations 2.04 x 10-5 to
8.16 x IO-AM has been determined. A pronounced pH dependence
is observed. A maximum surface activity at pH 10 is observed
and explained by assuming amine ion:molecule complexes.

\\ The time-dependent surface tension\éxplains the dys
namic contact angles observed in the system quartz/alkaline
dodecylamine; the variation in ;urface activity with pH is
shown to correspond to the flotation response of oxides.

Wetting and transfer models of flotation have been
tested. A decrease in bubble pick-up of magnetite with de-
creasing surface tension was observed, supporting the wet-
ting model.

The critical surface tension of wetting, Ye? is
introduced and measured for dodecylamine-coated m?gnetite and
quartz, varying the sutface tension by controlling the bubble
age. The author's opinion on the advantages of introducing.
Yo is given.

The rate of adsorption is tentatively concluded

2

as diffusion-controlled.
&
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L'ADHERENCE ET L'INTERFACE .LIQUIDE-VAPEUR
" DANS LA FLOTTATION

RESUME

La tension superficielle dynamique de solutions
d'acetate de dodecylamine a été,déterminée dans le domaine

b+ .
de pH s'étendant de 7 & 13 et pour des molarités variant

entre 2.04 x 107° et 8.16 x 1074, Llactivite superficielle,
trés s€nsible au pH, présente un maximum pour une valeur du pH
egale 3 10. Ce maximum peut @%re expliqué en supposant
|'existence de complexes mol!%ule-jon amine.

La tension supeipjzielle dépendente du temps permet
d'expliquer les angles de contact dynamiques observés dans v
le systeme quartz-dodécylamine aIFaline, il est montré que la
variation de l'activite superficielle avéc le pH correspond
a Ja réponse en flottation des oxydes. | .

‘ Des modeéles de flotéZtion par mouillage et par
transfert ont été testés. Une diminution de 1'efficacité du
collectage ‘de la magnétite par les bulles ¥ té observée
lorsque la tension superficielle décroig, étayant le mod&Te’
par mouillage. 8 23

La notion de tension superficiefle critique de mouil-
lage, y¢» 3 été introduite, et cette,tensioh 4 été mesuré pour
de la magnétite et du quartz enduits de dodécylamine, la var-
iation de tension superficielle étant obtenue par le Fontrolé

de 1'3ge des bulles. L'auteur donne son opinion sur les

avantages que presente 1'introduction de Ye-
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CHAPTER 88

. ]
INTRODUCT ION
‘f‘
Flotation is a complex science involving the inter-
action of a liquid-vapour interface (bubble);ia solid-liquid

inter face and the<£r9duction of a solid-vapour interface.

Flotation is most frequently described as the art of rendering

" the solid surface hydrophobic by the adsorption of low surface

energy surfactants (cg}led "collectors'") which enables contact
with a passing air bubble to occur (1). This places the em-
phasis on adsorption of collector at the solid-liquid (S-L)
interface and the resulting modification of the solid surfacé.
As a consequence, the bulk of flotation research has been
directed towards understanding the adsorption of collector at
the S-L interface and v;;;\*iitle is known of the adsorption
of the collector at the liquid-vapour (L-V) interface. __

The literatﬁre, however, holds quite a substantial
quantity of evidence which suggests that the L-V interface
can play a direct role in successful bubble-particle attach-
ment. Overbeek et’al. (2) in 1954 were the first to indicate
that, if the interfaces involved in developing a contact angle
are assumed to be at equilibrium, the adsorption density at
the solid-vapour interface (rsv) is greater than at the solid-
liquid interface (rSL). Work by Aplan and de Bruyn (3),
Somasundaran (%), Lin and Metzer (5) and Finch aqﬁ Smith (6,7)

on typical flotation systems, tends to support this claim;

Pl
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similar observations have been made in other fields besides
conventional flotation systems (8,9,10). This (i.e. sy > rSL)
is demonstrated by Finch and Smith (6,7) using the technique
suggested by Smolders (8). By substituting the Gibbs adsorption

isotherm into the differentiated Young equation, the following

expression can be derived:

g YLy ©os 9 sy = Tst
(R——) - SL_st
YLV — LV
T~ I
where YLV is the interfacial tension liquid-vapour (usually

referred to as ''surface tension"), rLV the adsorption density
at the L-V interface and 9 is the contact angle. By plotting
YLy ¢os ¢ vs v y @ measure of (rSV - rSL)/rLV can be made

from the slope. Figure l.l illustrates this plot for various

systems. In all cases the following observation holds;
-y cos ©
d( LY > e I.la
YLV
Hence:
rSV > rSL .................... 1.1b

The solid-vapour (S-V) interface is created upon
bubble-particle collision.‘ This factor alone appeafs'to dis-
tinguish the.S-V interface from the S-L interface indicating

that the additional adsorption is a result of the collision.
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FIGURE 1.1 ;
YLy ©os 6 VS YLy
(after Finch and Smith (6,7)) °
a) Hematite, Dodecylamine, natural pH

Magnetite, Dodecylamine, pH 9.5
Barytes, Dodetylamine, natural pH
b) Fluorite, Dodecylamine, natural pH

Quartz, Dodecylamine, natural pH

Hematite, Dehydroabietylamine, natural pH
Baddelyite, Dehydroabietylamine, natural pH
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The rSV is, thereforef a function of both rSL gnd rLV'
Somasundaran (4) and Sandvik and Digre (11) have noted that
er can be greater than rSL in the silica/dodecylamine system

making the bubble an important contributor to rSV'

o

The common‘feature noted in this work is the i;tive
role of the bubble in promoting‘successful bubble-particle\
adhesion. P%An important critipism,ﬂhowever, must be that flota-
tion cannot be considered as -an quilibrium process. The con-
clusions gleaned from a study of tﬁe contact angle (say as a

Q
function of collector concentration) where attalnlng equilibrium

is a pre-requisite (12) cannot, necessarily, be Eﬁ@lled to
actual flotation. The L-V interface in particular is unlikely
to reach equilibrium in all cases since_flotation is a process

relying on the continual creation of "fresh" bubbles in a

J

qkllector solutlon. Adsorptlon of collector at the L-V inter-

‘F ée (or, |ndeed any interface) is a function not only of

A . L4 7
composition but a¥so of time (13).

The influence of bubble '"age' upon bubble-particle

u

collision has been observed on a few occasions but has never

]

been fully studied. Wark and co-workers (14,15) have noted

29

that at certain concentrations of collector (e.g. sodium
cetylsulphate) fresh bubbles gave good contact with the solid
but bubbles allowed to age in the solution prior to contact,

frequently faildd férmake contact at all. Observationsof this

L
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nature have also been reported by Smith (16) and tai and

Smith (17) with the system quartz/alkaline dodecylanine solu-

tions, Rao (18) in the system caproic acid/chalcopyrite and

‘Lee (19) working with Aerosol 22 and hematite. Smith and

Lai (17) also demonstrated a time-dependent ("dynamic') gFontact
angle. After forming a contact angle of 80° with a fresh
bubble on a polished quartz specimen, it was observed that at
concentratigns of dodecylamine gr;ater than lO_u M and pH " J,
the contact angle decreased as a function of time frequently
resulting in zero contact angle after 100-200 sec. Wark (1+4)
introduced the idea of bubble "armouring'", the bubble buiiding
a '"wetting" layer with time which eventually prevents attach-
ment. Others have tended to agree with this explanation (15.
19,20). Under conditions Qhere the solid is conditioned so as !
to be at or near equilibrium with the conditioning solution, J
any effect of the bubble age is reasonably interpreted as due
to changes in the surface properties of the bubble.

_ Another effect of bubble age upon bubble particle
attachment -has been noted, namely a change in the induction
period* (or time)(15,22). At dilute collector concentrations.,

a tendency for the induction time to decrease initially with

bubble age was found (15,22). This observation will not be

—

*Induction time is the time required for the bubble and particle
to attach after being brought into proximity. It reflects
the kinetic stage ‘in the attachment process; the time for
thinning to rupture of the liquid film between bubble and par-
ticle. . SR J

o~




investigated in thg’%resent work. Reference throughout to a
bubble aging phenomenon will refer to the decregse in bubble-
particle attachment with increasing bubble age. Attempting

to explain thi's phenomenon should prove u;eful in understanding

the role the bubble plays in bibble-particle attachment.

Theory
a) Bubble Aging

(
In order to assess the role played by the bubble in
bubble-particle attachment from a study of the bubble aging
effect it is first necessary to understand the processes which
occur at the bubble surface as the bubble "ages'" in a solution
of surface-active substance. Figurell shows four stages in the
"life" of an L-V interface freshly created in,a collector
solution;
a) the bulk so[ptiéntwith randomly distributed
" collector moihcuies/ions, prior to creating
the L-V interface (i.e. t < 0). '
b) a freshly created L-V interface at time t = 0
showing that the adsorption density of collect-
or simply corres;onds to the bulk concentrationt

as insufficient time has elapsed for significant

diffusion and adsorption* of collector specieé.

*The rate controlling step may be either diffusion or an adsorp-
tion (energy) barrier at the interface. For present purposes
the rate controllin? mechanism is of secondary importance and
will be considered later (see Chapter Four). .

13




FIGURE 1.2

Aging of an L-V “Interface in
a Surfactant Solution







c) at_frme t = t', migration of surfactant to the
L-V iﬁterface causes an increase in adsorption
density.

d) at time t = t , the L-V interface can be consid-
ered at true equilibrium with the surrounding
bulk solution.

These stages'result from two known properties; that
surfactant species adsorb af the L-V interface since this offers
a low energy region (23), and secondly this adsorption will be
tinm-depen&ent since migration to the interface of the surfact-
ant molecules/ions is not instantaneous. The extent and rate of
adsorption wi ll depend on surfactant concentration, surface
activity, solute dime;s&ons and the nature of the rate controlling
step. It is quite possible for t_ to range from 10-3 sec to
several hours (if nbk éays) dependingbon the conditions (24).

As the adsorption density of a surface active substance
increases, the surface tension, YLy of the solvent (e.g. water)
decreases. The surface-tension decreases with time until an
equilibrium'yLv is attained, at‘time t_. A‘repqépucible sur-
face tensipn value which is a non-equilibrium value is called
a dynamic-surface tension (25). All surfactant solutions will
exhibit a dynam}C\surFacé tension to a greater br lesser degree.
ihat YLV is a function of the age of the interface in surfact-

ant solutions has been realized for many years (26,27).




This model of surface aging requires some mod}ﬁica-
tion in the turbulent conditions of a.Flotation cell. Relative
motion of the bubble and liquid tends to increase the rate of
equilibrium~attaihﬁent (reducesatw) (28). Expaﬁsion of the
rising bubble tends to retard equilibrium attainment due to o
creation of fresh surface. Nevertheless tﬁe principle of sur-
face aging remains unaltered.

For the present work, other manifestations of this
time-dependent adsorption (e.g. dynamic surface poteﬁtials

(29)) are omitted in favour of the effect of the adsorption

itself and the resulting dynamic surface tension.

b) Flotation Models
‘ i) Wetting Models

In order for a particle to be floated, a gas phase
must replace a liquid phase at the particle (solid) surface.
The condition'ﬁor this can be described either using the
Harkins spreading coefficient (30), SL/S,or by introducfng the
critical surface tensnoq,of wetting concept, Yoo of Zisman (31).

f AIREEN

These will be referred to ‘a3 the Harkins and Zisman models for

—

convenience.

i.i) Harkins Model !

" The spreading coefficient, S /g is defined as

-~

YLV '.ool-.o.o.cloz

Ss = Ysv T YsL

S

+



-10-

and is illustrated in Figure 1.3

X, vapour liqud v,
— - >
solid
SEY - Y -
w X T %X
Figure 1,3 The Harkins Model ,
o
» '];\’

The terms vy Vs and vLy @re the interfacial tensions solid-
vapour, solid-liquid and liquid-vapour respectively.

When SL/S is greater than zero the liquid spreads
to wet the solid; when SL/S is less than zero the liquid re-
treats. The second condition meets the flotation requirement.
Therefore, the condition for successful flotation can be

written as:

o

SL/S < 0 se o essss e o 000-0'03

-

The retreat is never complete, in the sense that vapour com-
pletely replaces the liquid at the solid surface but reaches

an equilibrium state with the establishment of a contact angle,

6 (measured in the liquid). This situation is described by




the Young equation (32):

cos 8 = -

YLV YSV YSL ooooooooo

i.ii) Zisman Model

This model states that in order to achieve a finite
contact a%gle on a solid, the liquid surface tension, YLV
must be greater than some critical value, vyc Two conditions

then become evident:

YLV YC > 0 y dewetting ----- -o]-5a

ve < 0, wetting ceeeeea1.50

“ YLV
Expression 1.5a describes the flotation requirement.

The value of y. is characteristic of the solid and
the condition of its surface. It can be used as a parameter
to describe the 'wettability" of the solid. The concept of
vc Was first introduced by Zisman and co-workers (31). Subse-
quent-work has failed to establish the exact nature of YC'but
that it is related to the surface energy Jf the solid-is
accepted (9,33-35).

Both models indicate that a high.value of Yy is
advantageous in achieving the flotation cona{zgon. This is
readily seen in the Zisman model. |In the Harkins model it is
also evident, since, regardless of the values of YsL and Ygy?

the larger is YLy the more likely is condition 1.3, or the

U N
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e
€

< wards testing this possibility.
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more negative is SL/S which implies a greater "dewetting power'.
Furthermore, the models include the possibility that a suffi-
ciently low value of YLyr ©n its own, will prevent flotation.
Again, this is readily seen in the Zisman model when Yiv is 'less
than y.; in the Harkins model the same is true if y , is less
than (YSV - YSL) because SL/S becomes greater than zero. This
in no way is meant to imply any equivalence between Ye and

(vsy = vsi)-

Thus the wetting model predicts that under circum;
stances where bubble aging produces a subgtantial decrease in
YLV’ bubble-particle attachment will decrease, and will cease
entirely if‘yLv becomes sufficiently low. A tiﬁe-dependegt

decrease in YLy has been suggested as the cause of the bubble

~aging phenomenon (15,17,36) but no work has been directed to-

—

o

ii) Transfer Model

i

Sandvik and Digré {(11) showed that adsorption of
dodecylamine (at natural pH) on quartz was greater if the ad-
sorption tests were performed in the presence of gés bubbples
than when all gas was rigorously removed. They concluded that
some of the collector adsorbed at the bubble surface Qas trans-

ferred to the quartz upon collision. Estimates of the er

"indicate that the bubble could be a significant source of
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1

collector (4,11). Such a possibility would mean that correl-
ation between rSL measured in’the absence of a gas phase (the
usual prochure) and flotation recovery may be misleading. The
successful flotation at low measured [¢, (‘.g. Gaudin and
Bloecher (37)) may bé accounted for by this transfer model.
The transfer model is considered to play a part (#) in the
reduced reagent consumption in flotation reported by Wada (38)
using aerosols to inject the collector in with the gas stream.
The transfer model is compatable with rSV being greater than
~ (5,6,39), which was discussed earlier. Each collision
cééatés S-V interface (even if only momentarily, in the sense
that permanent bubble-particle attachment does not occur).
I f rSV is greater th?n rSL’ it follows that after one or
more collisions an increase in total adsorption will be observed.
This will’be true whether or not successful attachment event-
ually occurs so long as the measurements are made before sub-
?tantlal desorption of collector. }
Recent work by Pope and Sutton (40) failed to vernFy
the transfer model. A decrease in adsorption density of
collector (sodium oleate, pH 9) at the solid surface (ferric
oxide) after flotation was recorded in comparison with immed-
iately prior to flotation (i.e. after the conditioning stage).

This result actually implies that the bubble strips-off adsorbed

collector, rather than dégositing it. In addition to the work




‘of Pope and Sutton a particular problem associated with the
transfer model is the actual mechanism of transfer. Sandvik

and Digre (11) considereg a mechanism based on the retraction
procedure for establishing monolayer coverage of smooth sur-
faces (31,41); Fowkes (42), after observing an increase in the
adsorption of surfactant onto wax in the presence of\gas bubbles,
suggested a surface diffusion model, (diffusion aléng the L-V
boundary to the solid) and Smolders (8) envisaged vibration of

the L-V interface about the triple point resulting in deposi-

tion of surfactant ﬁ&\ihﬁ S-V interface. The monolayer pene: e
tration model described by Leja et al (43,44), although not

directly concerned with collector transfer, is ahother possi-

bility. Transfer from the rear of a moving bubble, where

collector teﬁé% to concentrate (45), to the solid (generally Cos

held near the rear pole (46))might also occur. A useful con-
tribution will be made if this transfer model is further tested.
A reasonable supposition, assumipg the transfer ‘model
to be valid, is that transfer, and hence presumably flotation,
will improve as the adsqrption densﬁty of collector at the
X

bubble available for transfer increases. In the system where@x@

the adsorption density at the bubble surface increases with the
age of the bubble, an increase in floatability with bubble age
should be recorded. A correlation should be found under these

circumstances, therefore, between a decreasing surface tension

and improved floatability.
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w’th the same type of test both the wetting model
and transfer model-can be examined. Distinguishing between
the models should be facilitated by the completely different
predicted ef fect of increasing bubble age. |In terms of a )
bubble pick-up technique, the wetting mode | predicts a de-

crease in pick-up with bubble age, the transfer model an

increase.

G,

Choice of System

Ui
e

From the literature, and from previous experience
in this laboratory (47), alkaline solutions of dodecylamine
acetate were chosen as the collector system. The bubble age
phenomenon "has been well documented for such a system (16,17)
and a time-dependent surface tension was suspected (4#7). In
addition, dodecylamine is amongst the most frequently investi-
gated collectors and has figured prominently in experiments
purporting to demonstrate sy > TstL (4-7) and in testing the
transfer hypothesis (4,11). Alkaline dodecylamine solutions
are of practical importance being employed in the ,(flotation
of oxides and silicates (4#8-50). However, little is known of
the properties ;} dodecylamine solutions above pH 7; For
instance, the only dynamic surface tension data available (51,
82) is ?o: pH v;lues less than 7.5. Extending the dynamic sur-

face tension data for dodecylamine into the more important,

practical alkaline pH region will be a valuable contribution.
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Tge cho(ge of the solid phase on which to test alter-
natively the wetting model and the bubble transfer model of
flotation would&appear,superficially,to be of dess importance.
Magnetite was chosen for the bulk of the work since its flota-
tion response in alkaline dodecylamine solutions was known (47)
for the particular flotation cell in use (53) and the same

sample was still available. Quartz as a typical gangue oxide

was also considered to be usefully tested. Using magnetite -

as one of the solid phases facilitates testing two component

solid mixtures since the compdnents can be easily separated by

a hand magnet.

Aim of Thesis .~

A

The géneral aim is to study the role of the L-V inter-

4 - »

. face in bubble-particle adhesion as rélated to flotation. The

role will be examined in terms of a wetting model (i.e. attach-
ment as a function of YLV)‘and a transfer model (i.e. attach-
ment as a function of FLV).'7Both can be e€xamined from a know-
ledge of the tigg%dependent surface tension of a collector solu-
tion. |In particular an explanation of the bubblé\qgfng pheno-
menon is sought.' ' ’ \ "

The first part of the project (Chapter Two) is to

verify the suspecte&ipronOUnced dynamic surface tension of alka-

- e N
line dodecylamine salt solutions. ‘An<attempt to explain the

chemistry of these solutions will be made. A correlation between

[ -

\

(6%

~




Q!

i ,‘1
" -17- Qﬁ% &
4 [IRY
I Q N

o @
the dynamic data and soTe lit%;ature résults (notably dynamic ,
cgntact‘angles)iyill be included, ' :

) In Chapter Three, the dynamic YLy data will be used " -

o

to examine the wetting and transfer models of flotation. The
author's opinion on the advantages of introducing the y¢ concept

will be included. ¢

The adsorption kinetics will be dealt with briefly

in Chapter Four. Diffusibn-controi\ﬁjll be tested from an exam-
(:') 0 i “'E\: :’ o
ination of the short and long-time ~solutions- to the Ward and

Y

Tordai equation.
¢ Finally, the importance of the adsofption dynamics

in other surfactant systems (bothfin and out of flotation) will
9, e
be considered in Chapter Five.

=2
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&
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CHAPTER TWO
DYNAMIC SURFACE TENSION OF ALKALINE DODECYLAMINE
' ACETATE SOLUTIONS

Generally, two phenomena must be distinguished when

con5|der|ng dynamic surface tension (25): Co
a) the variation of the surface tension at con-
stant surface area, connected with the estab-
lishment of surface equilibrium}
b) the deviation of the surface tension from the
equilibrium value caused by an gjlargement
or diminution 6f the surface area.

The first group can “be conveniently described as

"surface aging". This refers to the time-dependence of the

- surface tension after formation of a fresh interface, as

previously described. The. second group refers to a local de- -
crease (or increase) in surfactaﬁt concentration at the sur-
face because of local enlargement (or diminution) of the sur-
face area.

Of importance here is the time-dependence of YLV
associated with freshly-created bubbles. This is of direct

%

concern to the flotation process. The problems associated

with the rising bubble (and consequent shape and volume changes)

are not of immediate interest to this thesis. Future reference
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to a dynamic surface tension will impfyvthe surface aging phen-
omenon, unless otherwise stated.
Measurement Wf dynamic surface tension presents its
own problems. Several techniques have been employed (28,54-60).
Some of the simplest and most ﬁréquently employed methods are
. based ‘on the maximum bubble pres;ure technique (52,57,60-66).
The procedure used by Kuffner'(57) (and later by Kragh (63))

is perhaps the most straightforward. This was the one selected.

Theory of Technique

For sufficiently fine capillaries (radius, r < 0.01

~cm) immersed in the surface of a liquid, the excess pressure
~y - Y

AP of an escaping bubble is related to the surface tension,

YLV of the liquid by:

r
. YLV 5 AP ...Q.-...........E.ol*

This is the basis of the maximum bubble pressure technique for

determining surface tension (67). In the modification for

3

dynamic surface tension determination, AP is measured and the
&J

time interval between bubble generation noted. This time in-

terval is frequently taken(57,63,65) to be the age‘of the bubble
4 thus enabling thel durface’ tension to be calculated for!a surface
of known age, t. Other workers (66,68) have pointed out that

AN
4 - . .
such a detsrmnnatlon of surface aqge iqnores expansion of the

"’ *This equation holds so long as the bubbling rate is not hi§h'
<

enough to involve air flow resistance in the capillary (69
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bubble. Austin et al (66) introduced a so-called dead-time
cotrection for the rapid expansion of the bubble immediately
prior to detachmeq}. Fgr t > 1 sec., the correction was less
than 3%. Kloubek (68) has extended the work to include a cor-
rection for the slow expansion of the bubble prior to the dead-
time. Suchuexpansion will of necessity take place. Thg cor-

@ . "‘(?Q«
rections only become significant for very rapid surface aging;
{

if the aging is less than 10 dyne em™ ! sec™! corrections are

minor (< 1 dyne cm-]), Work by Bendure (65) has shown that for

solutions of surfactant in which the surface tension change is

slow (tens of sehonds) it is reasonable to take the measured

time inte;val, t, as the age of the surface. Since the change

in surface tension with time for alkaline dodecylamine solutions
L%

is believed (47) to be of the same order as found by Bendure

(65) and others (57,63) the corrections outlined above were not

~

included.

By using a manometer to measure AP equation 2.1

reduces to:

Yt = KAh *® s a0 v-.-.--nolos‘.a.'a

Y -

where K is a calibration constant, Ah is the manometer reading,

and the subscript "t" employed to denote a dynamic surface

tension is being recordgd.

/"
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The apparatus, modelled on that described by Kuffner
(57) is shown in Figure 2.1. Nitrogen gas was admitted until
bubbling occurred. Tap T was closed, thus trapping nitrogen
at a certain excess pressure, measured by Ah. As surfactant
adsorbs at the bubble surface, Ye reduces until equation 2.1la
is temporarily satisfied, denoted by the generation of a
bubble. Consequently Ah drops and adsorption again proceeds
to a fresh interface. Longer and longer  times will be required
to satisfy equation 2.la as Ah continually reduces. By mea-

suring Ah and the time, t, between bubble generation, ‘cal-

Yt
culated from equation 2.la, can be determined as a function
of t.

. The technique requires the adjustment of the level
of "test solution such that the bubbling tip (r) "just touches"
the surface. This can lead to error by introducing a hydro-
sfatic head component into the measured AP. However, if r is
small, AP will be correspondingly large and hence the error

reSultiﬁg from slight variations in the depth of the tip

becomes negligible.

TAggaratus

Shown diagrammatically in Figure 2.1, the apparatus
consisted of a nitrogen tank with a regulator and screw-valve

for adjusting to low flow rates; a bubbling unit B with iso-

.lating tap T and bubbling tip r (r < 0.0] cm) sheathed for
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FIGURE 2.1

Dynamic Surface Tension Apparatus

\

]
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7y
protection; a water manometer, M, with centimetre scale and

two stopwatches to determine the time interval between bubble

generation. The centimetre scale was read to + 0.25 mm, the

. stop watches to + 0.1 sec. The error in Ah involved in ad-

justing the tip position was estimated at less than + 0.5 mm.
Connectionshwére made with Tygon tubing. Later in the work

a metal burette tip similar to that employed by Bendure (65)

was also used in the determinations. This enabled a reprod-
ucible bubbling rate to be achieved, thus extending the méé-
surable bubble age down to ~ 0.5 sec (cf Bendure (65) and

Kragh (63)). The experiments were performed in an air condition-

ed room with a temperature of 23°C + 2°C. . o~

S

T

Materials

The bulk of the work was performed on dodecylamine

. acetate. This was prepared (70) from a sample of amine supplied

. by Aldrich Chemical Co. "An initial purification of the amipe

was carried out by recrystallization at 28°C. The amine acetate
was then prepared according to the method of Harwood and

Ralston (71). The melting point of the acetate was determined —
as 68.4 + 0.2°C compared with the published value (71) .of

purity product. The dodecylamine hydrochloride tested was

purchased from Fisher Scientific as was the sample of free amine.

&
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Both wer; the highest purity obtainable and were used without
further purification.

The pH was adjusted using sodium hydroxide solutions
made up from low-carbonate sodium hydroxide pellets ('"Baker \
Analyzed" 98.7% NaOH). Buffering, where required, was by the
addition of sufficient’ standard buffer as supplied by éisher
Scientific. Thé‘sodium acetate employed to test the role of
theisodium ion and excess acetate ion was certified A.C.S. grade
(Fisher Scientific) with < 0.002% stated impurities.

Nitrogen-flushed, double-distilled water (pH 6.5-7.0)
was uséd for the calibration and preparation of solutions. The
stock solution of amine (4.08 x io~3 M) was freshly prepared

every two weeks.’ High purity nitrogen, Canadian Liquid Air

“Grade L (99.99%) was used to generate the bubbles...

\

7
Pr{%cedu re

The calibration constant for both tips was determined

assuming a surface tension of 72.0 dyne cm-'. The calibration

*

equations are:

3 g, 97355 TiP: v, = HA3 Ah +0.8 dyne em’ ! ...2.2a
A Y

metal tip: y, = 6.44 Ah + 1.2 dyne em™! ...2.2b

The errors (see Appendix |) represent the maximum error i.e.

corresponding to the lowest values of y, .

~

A}
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To determine the dynamic surface tension, a sample
solution was placed in the bubbling unit, the level adjusted
so that the tip "just touched" the liquid surface and bubbling
commenced. At a convenient juncture, T was closed and timing
initiated from the emergence of the first bubble. By using
two stopwatches, each decrement in excess pressure and corre-
sponding time iﬁterval, t, was recorded, at least for t > 10
sec. A suitable end-point was difficult to adjudge, generally
the experiment was carried out until no further bubble gener-
ation occurred after a five minute wait. Each test was re-
peated at least three times to determine the consistency of
each individual experiment. Individual’experiments were usually -
repeated once. The pH was }ecorded prior to and after each
individual experiment.

When using the metal burette tip, a modification of .
the procedure was employed. A reproducible bubble rate was
generated and the bubble life-time estimétgd from a measure of

the number of bubbles per second. With the original glass tip,
.only bubble sufges could be obtained, probably because of the
conical shape of the tip (57,63). ]

Stanéard buffer solutions (pH 10, 9, 8 and T) were

required to achieve pH stability during prolonged tests at

concentrations less than-10"" M and pH less than 10.
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All glassware was cleaned using acid-dichromate solu-
tion. Final washing of the bubbling unit was with a sample of

test solution.

Results

Thé bulk of the data was determined using dodecylamine
acetate (DAA) and the glass tip. Figure 2.2 indicates that |
essentially the same result is obtained for both tips. Figures
2.3a and b demonstrate that the h;drochloride salt (DAC) gives
a-dynamic surface tension siéilar to the acetate. -

Figures 2.4 and b illustrate the beneficial effect
of pH adjustment using buffer solutions. The attempt to repeat
the dynamic surface tension after a 30 min.'wait in the absence
of buffer failed. This failure was universally accompanied by
a pH drift to acid. Buffering prevented the pH drift giving a
reproducible dynamic surface tension equivalent to that obtained
Jn the absence of buffer prior to any pronounced pH drift.
Figu;e 2.4c gives further support for equivalence of »the data
with and without buffer present. At 4.08 x 10—4 M pH 9.85,
no appreciable pH drift occurred permitting a more complete
comparison of the data. : - Y

T;e reproducibility was generally better than + 1

', corresponding to the expected range. Temperature

dyne cm_
fluctuations from 21°C to 253C did not affect the reproducibi-

@@, ity within this tolerance. Not all the data points available
oy »

»
A %
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FIGURE 2.2

Dynamic Surface Tensf}on of Dodecylamine Acetate
Solutions; Comparison of Bubbling Tips

N

#
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. FIGURE 2.4

Dynamic Surface Tendion of Dodecylamine Acetate
Solutions; Effect of Buffering

a) 4.08 x 10°°M, pH 9.85
\ ‘ b) 8.16 x 10°°M, pH 9.5
4
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are included on the figure to preserve clarity; the data points

shown are from individual runs.

Figures 2.5 and 2.6 show the effect of pH on the dy-

namic surface tension ofv4.08 X IO_5M and 4.08 x IO-4M solutions

of dodecylamine acetate. As the pH is increased, two distinct

regions are apparent.

Upto pH 10, the time, t_» to reach the

equi librium surface tension, Y, increased while ' decreased.

At pH > 10, the trend reversed until at pH 12 the value of o

was similar to that at pH 7, although surface aging was not so

[

- Approximate Values of t_ and vy, as a

rapid. Table 2.1 summarizes these findings.

TABLE 2.1

Function of pH

xiny . (sec) v, (dyne em™)
pH 4.08 40.8 4.08 40.8
6.9 <1 < 1 70 65|
7.85 < 30 69 ;6
8.85 - 90 60 58 31
9.5 140 -- 49 --
9.85 >240 100 <40 24
10.85 >240 100 <43 30
11.65 5 80 69 62
"12.5 -~ 5 -- 68
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FIGURE 2.5

Dynamic Surface Tension of Dodecylamine Acetate
Solutions at C = 4.08 x 10”"5M; Effect of pH

A 8.85 + 0.05
8 9.5 +0.1

C 9.85 + 0.05
D 10.8 +0.1
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, FIGURE 2.6
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Figure 2.7 shows that IO_2M sodium acetate has no
effect on the dynamic surface tension of 4.08 x IO-qM solutions
at pH 9.85. Thus the Na' ion does not contribute materially

4

to the observed effect of changing the pH, supporting the
reference to '‘pH-dependence'. '

Figures 2.5 and 2.6 indicate that the surface acti-
v{ty of the surfactant increases with pH tho pH 10 and there-
after decreases. One measure of surface activity is
lim (3y/3C), the slope of the surface tension vs. concentration
c:rve at infinite diluiion; another measure is to take the
values of 2 Neither method can be satisfactorily employed
here so Y100’ the surface tension of a surface 100 sec. old,
as an approximation to y_» was selé;ted. Figure 2.8 shows how
Yioo vVaried with pH. Solutions of B8.16 x 10"2M are also
iricluded. In 4.08 x 10-4M solutions, yjqq at pH 10 is some
40 .dyne cm-l less than the value at pH 7 and 12, illustrating
the pronounced pH-dependence of the surface activity.

m

A change in 53? appearance of the 4.08 x 107 'M solu-
tion with pH was noted. At pH 9.85 and 10.85, a surface
“"scum' was visible which was absent at higher and lower pH.

e ® Pﬁé dependence of the dynamic surface tension on
dodecylamine salt concentration is shown }n Figure 2.9 at pH
9.85 + 0.05 (the pH near that gixing the extreme values of
t and ym)., As the concentration increased, t decreased, the
surface aged more rapidly and y_ decreased. Table 2.2 illus-

trates these findings.
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FIGURE 2.7

Dynamic Surface Tension of_uDQQec;.ylamine Acetate
Solution at C = 4.08 x 10°°M, pH 9.85 + 0.05 in
the Presence of 10°2M Sodium Acetate
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FIGURE 2.9

&

Dynamic Surface Tension of'Dodecflamine Acetate
Solutions at pH 9.85 + 0.05; Effect of Total
Amine Concentration )

Concentration, C

2.04 x 1072 M

408 x 1072 M :

8.16 x 1072 M LT
2.04 x 1074 M _
4.08 x 10°% M .

8.16 x 107% M , -
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TABLE 2.2

Dynamic L-V Properties as a Function of Total
Concentration C at pH '9.85 + 0.05

Concentration t Y lim (%%)
C x 10°(M)

(secs) (dyne cm-l)

~

1

2.04 > 240 < Sk

- 0.1

4.08 > 240 < 40 - 0.4

8.16 200 28 - 0.8
20.4% 120 ’ 27 -2
40.8 100 2k -5
81.6 . 100 23 - 10

The general shape of the time-dependent surface Fen-
sion curves is that of a straight liﬁe through T2 dyne cm-]
(yo, the surface tension of water) foLlowed-bY a curve assympto-
tically approaching 2

Finally, solutﬂnsof dodecylamine as the free amine
were tested (Figure 2.10). The solutions were visibly satura-
ted (saturation concentration ~ 2 x 10°5 M (72). Natural
pH was 10 + 0.1 and the resulting dynamic surface tension was

4

comparable to 8.16 x 10" 'M at pH 9.85. The same marked de-

crease in surface activity at elevated pH (pH 11.6) was found.




-40-

- . g ) /
FIGURE,2.10

Dynamic Surface Tension of Free Dodécylamine
'~ Solutionsat Saturation; Effect of tncreasing pH -
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Figure 2.10 shows that the reproducibility was not as good as

for amine salt solutions, a spread of as much as 4 dyne cm-]

being observed.

v
Discussion - )
Clearly the susp;égfq;bronounced dynamic’surface ten-" -~
sion of alkaline dodecylamine salt solutions has been confirmed.
The data deserves attention from three standpoints: the adsorp- ]

< A'W“‘/

tion kinetics, solution chemistry and significance to flotation.

The latter two will be dealt with here and in Chapter Three, the/

former will be the subject of Chapter Four. S

A

a) Solution Chemistry

The dynamic surface tension has been shown to depend

on amine concentration and more importantly upon solution pH.
The passive role of the. buffering ions, sodium ions and excess
acetate (see Figures 2.4 and 2.7) strongly inQicate that the
pH-dependence is the result of interaction of amine ions with
hydroxyl .ions alone.

As the pH is increased hydrolysis of the RNH3® to
RNH2 is promoted:

& ‘

+ HO -'ooc0203

2

+ -
RNH3 + OH &T— RNH2

Figure 2.11 shows the concentration of RNH, (dissolved), RNH3+

(dissolved) and RNHé (precipitated) for dodecylamine as a
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" also 4.08 x 10”™M at pH 8.85 and 4.08 x 10~

function of pH and total amine concentration (72). The sur-
factant becomes progressively non-ionic with increasing pH.
Non-ionic surfactgnts’exhibit strong surface activitx at much
lower concentrations than do ionic surfactants having an equi-
valent hydrocarbon chain-length (25). This corresponds to the
present observations as the pH is increased to 10. High sur-
facg’activity at low concentration means .that: a proportionately
greater volume of bulk soﬁution behind the inlerface is fequired
to supply the equilibrium surface excess requirements. The
resu;ting extended diffusion_path will tend to increase t. (25) .
This corresponds with the present data upto pH 10.

Explainiﬁg the pH dependence by the generation of non-

ionic RNH upto pH 10, superficially at least is reasonable.

5
It also offers an explanation of the inert nature of added
electrolytes;‘Burcik (73), for instance, shows that the presence
of electrolytes did not alter fﬁe\Qynamic sur face tension of
non-ionic surfactant solutions. @&e‘passive role of.the eléct-
rolyte may not be so significant, however, in the light of
recent work (74) whiff?shows that the dynamic surface tension
even of ionic sgrfacfant solutions can be independent of the
presence of electrolyt;;t\\£learly the decrease in surface act-
ivity ;émonstrated'at pH greater than 10 does not fit this model
since the concentration ofﬁRNH2 either continyes to increase
with pH or else is canstant at the saturation level. Consider

4M at pH 7.85. Both

v



" amine concentrations of 2.04%, 4.08 and 8.16 x 10~

e

are calculated to yield ~ 7 x IO_?M RNH2 in solution. Inspec-
tion of Figures 2.5 and 2.6 revéals little similarity in the
dynamic surface tension. Figure 2.9 includes data for total
uM at pH 9.85.
All three are calculated to be saturated wi;h RNH2 but a stead-
ily increasing rate of surfacg tension depression is observed.
Simple dependence of the surface activity g: the RNH2 concentra-
tion in solution is insufficient.

The change in surface activity with pH can be accommo-

dated by introducing an amine ion-molecule complex reaction:
XRNH.*  +  yRNH, === x(RNH;*).y(RNH,) 2.4
3 2 L 3 .Y 2 e o o & 0 L]

Two assumptions are‘required: 1) {pat the x/y ratio has a more
or less fixed value and 2) the complex, x(RNH3+):y(RNH2) is the
dominant surface active species.. With these assumptions, it
follows that at a certain pH (called here the "optimum" pH) the
ratio of RNH3+ to RNH2 will be x/y resulting in a maximum pro-
duction of complex which will be manifested Qy a minimum in

the surface tension (by virtue of assumption é;%_'fﬁé surface _
tension will increase at pH less than and greater than the
ptimum pH, reflecting a limiting supply of RNH2 and RNH3+ re-
spectively. The optimum pH, from Figure 2.8, is 10 + 0.2. A
ilar argument (75,76) has been proposed to account for the

um in the surface tension of sodium laurate solutions as a

n of pH. “In that case, the minimum was associated with

— - - I - T
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active species. The correlation shown here between the optimum
pH and' the natural pH of free dodecylamine solutions may also
be in response to complex formation. Modifying species are
absent from natural solutions of free ggdecylamin; so the ratio
of RNH3+ to RNH2 can shift to satisfy:%%e equilibrium require-
ments of the complexing reaction (equation 2.4%). This shift
will be monitored by the solution pH, according to equation 2.3.
Consequegtly, the natural pH and optimum pH will be the same.
From Figure 2.10, the optimum pH corresponds to ;n
RNH3+ to RNH2 ratio from 2:1 to 5:1 i.e. 2 < x/y < 5. This
result must be treated with caution. Bringing more thanﬂtwo
" reactants tégether is unfavourable statistically. This must
be coupled with the observation that all the reactants, bar
one, bear a mutually repulsive positive charge. Also, this
estimate (of x/y) involves the unproven a§sumption that the 0
complex reaction does not modify the simple(hydrolysis reaction
(equation 2.3). In addition, it is possible, because of the
cationic nature 6f the complex“that hydroxyl ions wil]l be
attracted to'the interfacg thus locally raising the pH at the
surface. There is some evidence for such an occurrence from
work on ;he surface potential of bubblesgin alkaline dodecyla-
mine hydrochloride solutions (77). Replotting Figure 2.8 on
%ﬁhe basis of interfacial pH would shift the optimum pH to
greater than 10. At pH 10.6, the x/y ratio would be given as

’ 1:1. A possibility which arises from a 1:1 complex is that




the ion-molecule association is the result of- hydrogen- bondlng,
utilizing the lone pair of electrons on the nitrogen atom of

RNH2. A micelle-type structure banqot be ruled out, however,

which could accommddate a larger ratio. "

EN

Indirect evidence in stpport of amine |on-molecule
complexes is substantial. The pH- dependence of flotation

recovery (4,17, 78), zeta potential (77,79, 80), contact angle -

3

(17,81) and adsorptlon density on solids (17, 79 823 in dode-

cylamine salt solutions has been attributed to ion- molecule

4

interaction. The discrepancy between the-theoretical and mea-

L} o

sured interfacial tension of the water-fso:octane system in the
presence of dodecylamine has also geen ettribugedﬂtg amine
ion-molecule aggregation (83). Complexing between dodecylamine
ions and alien mo lecules, such as alcohol (78,84,85), -starches
(86-88) and polymers (89,90) has been suggested to explain the

properties of the mixed solutions.

oS

Amine ion-molecule complexes appear to be a reasonable
explanatuon of the pH-dependence of the surface actlvnty. The
long hydrocarbon chain (+ 24 carbon atoms) will {mpart strong
hydrophobic characteristics to the complex iie. the surfactant
propert?es will tend to non-ionic."This is in accord wi}h the

- reasonlng given for the ?ncrease in t_ as ihe PH is idereased
to TO ' Furthermore, the increase’ in size of the complex (?n
comparison with the free ion or molechle) will lead to a de-

‘ "crease in diffusivity, furgher promoting an increase in t .

o
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However, two problems are raised from the introduction of T

! ¥
complexes., * \ b '

'
N -

First, if the complexes are formed in the bulk solu-

.y € A

tion, as is assumed in accounting for the increéase in t. (i.e.
. v ¢ a

reference to an "increasing diffusion-path" and ndeckeased

diffusiQity”) then the hydrolysns model (equation 2.3) is over-

simplified since no account is taken of &he equullbrlum require- °
. 4

ments of equation 2.4. This possibullty did not ar(gé in the
} *
previous s.ityations where amine ion-molecule complexes were

considered since the complexing was tacitly assumed to occur’

3

at the adsorption interface not in the bulk. It is. poSsuble,
alth0ugh unlikely, that the present observations reflect the
Teaction kinetics of EOn-molecuye association at the L-V inter-
face. Otherwise, the hyd}o}yéis model represents only one of

the results of increasing the pH. This may have some bearing
i

+ .. )
3 /RNH2 ratio in alkaline

amine solutions is calculated assuming the validity of equation
L / N .

2.3-(16,20,72).

on flotation sthdies where the RNH

¥
»~

The second problem is concerned with a ‘closer examin-
ation of the assumption that the complex is the dominant sur-

-+

face active species. That the complex is more surface active

»
L

than the RNH3+ ion is not questioned, but that the surface act-

ivity of the complex is$ sa much greater than that of the free

RNH2 is debated. From Figure 2.8, clearly the surface activity
at_elevated pH is decreased. The hydrolysisimedel, even in ~
—y

-~
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conjuncture with the complex reaction, indicates that at pH-

¥

12, for example, over 95/ of the amine is present in solution

as free RNH At total amine concentrations greater than

-

2 x 10 5M, a saturated so]utlon of RNH2 is present. Comparlson

with non-ionig surfactants of similar chaln‘%ength (to RNH2)

decanofc acnd (56, 57) and decyl alcohol (56,57), Suggests that
at saturat;on a }arge decrease in the surface tension of water
should occur. Either the RNH2 for some reason is a poor sur-

factant or else at elevated pH the amine is not present as RNH2

N ‘* ¢
According to Sidgwick-(91), aliphatic amines .can exist in‘solu-

tion as the hydrate{/R’ HDQ\\Blhis is the result of hydrogen
bondnng between the nntrogen the amine and the oxygen of
water;

B3N + Hy0 === R N--H-OH or R;N--H--OH ...2.5a

>

and presumably; -

+

RNH2 + H20 — RH2N--H-OH or RHEN-H--OH «es2.5b

Being hydroxylic such hydrates will be readily so]uﬁle\in water
‘(91) and only poorly surface active.’ |f under the present .

conditions the equilibrium is well to the right in equation

2.5b then at elevated pH when RNH shouldsbe formed, tfé hydrate

2
will be produced instedd. This explanation must be:treated

as gpeculative. Fgerstehau et al (92) have postulated that the
N
hydrate is responsible for the flotation of salts observed at

pH > 10.
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Figure‘2.12 §Eows how the percent of amine present
as RNH3+}‘camp]ex and RNsz(or RNHQ.HQP) may vary with pH.
The assumptions used in the calculations for Figure 2.12 are:
1) no precipitation occurs (i.e. conce;trations less than i
2 x 10, 5M the complex is 3:1 ion:molecule; 3) the maximum .
posssble complex format|on is achieved (i.e. complex, RNH3
and RNH2 do not coexist in solutlon); 4) the ionization con-
stant for dodecylamine determined by Ralston, Hoerr and M
Hoffman (93) is valid for calcul;tioH'oT percenﬁ complex for-
mation. Details are glven in Appendix I.W

The surface activity of amines is believed to increase
with inéreassng quutaon pH (20). Thd_present.work has shown
this to beéponly partly true;, since at pH > 10 the surface
activity decreases. Nowhere:in the literature (excluding fhe
the author's own puﬁlifatiéns) has' the pronounéed sur face aging
at alkaline pH been demonstrated. Thi; raises the need to
investigatélnore'ﬁjlly the solution chemistfy at alkaline pH. -
The simple hydvolyéis’modél cannot furﬁish sufficient informa-
tion. The possible format}on of éomplexes and the nature of

the amine at pH > 10 (i.e. RNH, vs RNH .H20) shouldcbe con-

2
sidered. Such knowledge (of the solution chemistry) should aid
the understanding of the flotation response vbserved in alkaline

dodecylamine salt solutions.
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some of the known flotation results using dodecylamine as a

In a study by Manser (94) of the variation of the
critical micelle concentration (cmc) with pH for dodecylamine
salt eolutions, it is evident that at pH\> 9, the observed
cmc!' js greater ‘than the calculated saturatlon concentration
(47). This apparent lack of-accord with the hydrolysis mgdel

éhd accepted RNH, solubility corresponds with the observation

2
made here. Work by Somasundaran (4) showed that the adhesion
tension of dodecylamine salgusolutions against glass declined
W|th pH upto pH 10 and increased sharply at pH > 10. This is

also in agreement with the data presented here.
%

b) Significance to Flotation

4

It is pdssible from the data presented to reconsider
f 4

L d

collector, notably for oxidés.

0 @

Figure 2.13.s " the flotation récovevy vs. dodecyl-

amine acetate con

o

for magrietite at PH. 915 (47,95) . o

:"The observed contatt angle over the same concentration range \

is also given (47,95,96). Clearly, at'Loncentratlons greater
-4

than N 1.2 x 10 M, the excellent flotation recovery is not
predicted by the contact angle data. A similar lack of correl-
ation is also reported by Iwasaki et al (97) for goethite and
§Tith Flﬁ) anﬁ'Lai end Smith (17) for quarti.‘ ~ ) /

v
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a

A major difference between fiotation tests and contact
angle tests is that the former is a dynamic process, whilst
the latter apﬁroaches equi librium. Indeed, equilibrium is con-
sidered a pre-requisite for contact angle tests (12). This
differebce manifests itself ‘[;articularly vg‘lth ‘respect to the
age of tﬁe bubble at b'ubb'le-particle collision. In the flota-
tion cell with\ fresh bubbles be?ng created continuously and

“with a bubble residencg time from ~2 sec. (Hallimond tube) to

~ -1l sec (industrial cells (98,99))'fhey surface tension exerted
by the bubble upon collision'can be cdnsiderably greater "than
the equilibrium valug._'This is demonstrated in the present
results. At conc iﬁ‘étions greater,ithan 1.2 x IO-uM”, pH 9.85,. S -
the value of y_ is the lowest measured, about 24 dyne e V.

This low value 6f the surface tension predicts a small contact
angle (see equation 1.2b), supporting the contact angle é.ur[ve .

in Figure 2.13. On the other hand, in the flotation cell with
Yol > Yo' 2 larger contact angle is -preidicted, support ing o .
tr‘\é flotation result. Knowledge ofnthe time-dependent hature

of the surface tension of alkaline dodecylamine solutions en- ~

ables the apparent contradiction in Figure 2.13 to be resolved.

More direct evidence of the role played by the dyna-

| v
mic surface tension is to be found in the dynamic contact angle

phenomenon repor:'ted by Smith (16) and Lai and smi th (17) and
mentioned briefly in Chapter One. Table 2.3 sumdarizes the

dynamic coptact angle data.
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TABLE 2.3
PH > 9, C > lduhg Dynamic Contact Angle
*  (After Smith and Lai (17))

Time (séc) Contact Angle (degrees)
0 80
30 ; | 55
60 R
90 .- 28
120 ' 20r ‘

- 150 ° Nil
: /

: The preseﬁt results ghow that a pronounced decrease
in surface tension can occurluﬁder the same conditions in .~
which dynamic contact angles were observed. Consider

4.08 x IO'4M amiﬁe at pH 9.85,“the sirface tension decreases
from — 72 dyne cm” ! (vo) to - 24 dyne cm”! (y;) over a similar
time interval of 150 sec. At pH less than 9 and greater than
1 the dynamit surfage tension and dynamic contact angle be-
come less proncunced. The wetting model predicts such a cor-
relation beéween‘a tfme-dependent YLV and a time-dépendent 9.‘
The observation that zero contact angle is obtained with
bubbles under certain conditions, always coincides with a low.
\vaiue'of the surface tension. According to the Zisman model,

this means YLV has reduced below the critical value, ve» for

the solid surface under the gtven conditions. Overall, the

" -

L

I~
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&ynamic surface tension data, coupled with the wetting model,
explain the dynamlc contact angle phenomenon énd the pH and
concentration ltmlts over which it was observed.

§andvikfgnd Digre (11), in discussing the transfer

model of flotation, noted that a time-dependent adsorption

. of collector at the bubble could be a controlling factor in

the flotation recovery achieved. Finch and Smith (95, 100),
taking the rate of surface tension depression as a measure

of the ratecﬂ:adéorption of Gol}gctor, showed that the recovery
of magnetite at'pH 9.5-usimg dodecylamine as collector, im-
proved with the rate of adsorption (see Figure 2.14). This
ostensibly is in accord with the transfer model. However,

to increase the rate of adso;ption Pequired:an iqcreasé in

the total amine concentration, C. 'Such an increase will also
modify the surface chemisx}y of the soliq;which was hot
considered. Figure 2.14 does not,'there%ore, necessarily
’constotute support for the transfer model.

Y o

Experience with the flotation of oxides using dode-

¥

cylamine salt collectors indicates that flotation is highiy

AN

-

pH~dependent with optimum conditions between about pH 9 and
11 This‘Eoincfdes with the maximum in the surface aCtivity

of amine solutions.shown in F!gure 2. 87“ The correlation is

sllustrated in Flgure 2-15. The flotatlon recovery data is

taken from Fuerstenau (101) (quartz) and Iwasaki, Cooke and

l

Kim (96) (magnetlte). This correlation has never been
‘ | : ‘ ‘

1
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demonstrated before, primarily due to a lack of surface ten-

sion data. ( - .

The highly surface active form of the amine pre-
sent at around pH 10 may also be capable of greatly lowering
_the surface energy of any solids suspended in the solution,
thus promo{ing flotation. This widl be true only if pasitive
adsorption occurs at the solid surface. The highly surface ’
active form is considered to be an amine ion-molecule complex.
The complex will exert a positive charge in comparison with
the, generally, negatively charged oxides at basic pH.
Electrostatic attraction between collector and oxide is fre-
quently considered responsibl; for adsorption in amine/oxide &
systems (20) and such attraction is retained in the case of
these complexes. The complexes will adsorb and as a result
of the extended hydrocarbon chain will create a solid surFaceM
amenable to flotation. At pH outside the range 93-11.5 the"
highly surface active complex is '"lost" (see Figure 2.11)
suggesting that solid surface energy will not be so signifi-
cantly lowered. There is also evidence thag the total adsorption
of amine at the solid surface also declines outside this pH
range (86,102), further lessening the Iowefing of the solid
surface energy. The generally higher adsorption on oxides
inside the pH range 9-11 may also be dué to the presence of
ion:molecule complexes. Adsorption density (16,101) and zeta

potential (77,79,101,103) measurements suggest that the amount
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of amine actually adsérbed at a quartz surface in this pH ‘
range is greater than would be expected from electrostatic
attraction between the oxide and the simple RNH3+ ion. |If
instead of simple ions, complexes are adsorbing, then the
available surface sites on the quartz will be occupied by,
possibly, as many as four or five ions and molecules. This
may exSlain the high adsorption density; the fact that these
" complexes may contain more ions than molecules may account
for the zeta potential of quartz becoming positive between
about pH 9.8 and 11.5 at concentrations greater than 4 x 107°M
(77,79,101). Smith (16) describes amine ions '"capturing"
molecules and MacKkenzie (80) considers chain-chain interaction
between the ion and nnlecu]é in order to explain the adsorp-
tion density and zeta potential versus pH curves respectively.
This is in broad agreement with the pr;posal of amine ion-
mo lecule complexes.

in the pH range 9-11 exists an ideal set of condi-
tions to promote flotation due to the presence of this highly
surface active form of the amine; conditioning of the solid
results in a considerable lowering of the solid surfgge
energy (hence a lowering of yc),whilst in the flotation cell,
the fresh bubbles, due to the adsorption kinetics, exert a

high surface tension at collision. The low Ye and high YLy

combine to yield successful flotation.

«©
0




CHAPTER THREE

BUBBLE-SOLID ATTACHMENT AS A FUNCTION

OF BUBBLE AGE

The theoretical section of Chapter One &escribed

two flotation models, a wetting model based on the work

of Harkins and later Zisman, and a transfer model based on

the work of Sandvik andiDigré and Somasundaran. The predicted
effect of increasing bubble age (i.e. an incréase iq er

‘and a decrease in yLv) are totally different in each model.

Referring to a bubble pick-up test, the predicted results of

increasing bubble age are: T
a) wetting model - decreased pick-up
b) transfer model - increased pick-up

- ° Chapter Two has shown how YLy s function of

bubble age could be determined Snd gave resqits for alkaline

dodecylamine sélutions. Examination of these results in the

light of available (i .e. published) data lent considerable

support to the wetting model. The aim of this Chapter is to

further test thenwetbbng and transfer modgl§ by performing

bubble-solid contact experimentgz The bubble properties:are

varied by controlling the bubble- age. Bubble pick-up and some

captive bubble tests were employed.



Lig

-61-

Theory of Technique

I's

, i
By pre-conditioning the solid sample, the necessary

changes can be wrought in the solid surface chemisfry to render

the solid floatable. 1In terms of the Zisman model, c is

decreased to less than 72 dyne cm_‘. The solid surface chem-

Py

istry remains constant during the bubble aging experiments, as

>
)

indicated by repeated testing of one set of conditions. [In
this way, only the bubble properties are varied, a unique
opportunity afforded by the dynamic properties of alkaline

dodecylamine solutions .

Met hod and Apparatué ;

A standard captive bubble contact angle testing
apparatus similar to that used by Mahne and Lovell (10%) was
employed for the bubble pick-up experiments (see Figure 3.1).
In the present design the bubble was generated by tightening
a scréw-clip on a piece of rubber tubing attached to éhe bubble
holder. The samjfle holder cell was constructed of Lucite.

Thé:procedure adopted was to condition approximately
one gramme of -65+100'mesh mineral sampie in 50 &N'vials for
30 min. The vials were stoppered with rubber serum caps pro-
teéted by "Saran wrap". The vial contents were thoroughly
mixed by rotati&q;about the\short vial axis at 60 rbm. Condi-~

—

tioning was performed with and without the presence of gas N



e

-62-

FIGURE 3.}

Bubble Pick-Up Apparatus
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)bubbles. The solid plus solution were than transferred to

the Lucite cell. To improve sample placement, the solids
were directed into a 3/4 in. diameter glass dish (approx.

/% in. high). This prevented the solids from being“scattered
over the Lucite cell. By gently tapping the glass dish, the
particles could be fairly evenly distributed.

Two variations of this procedure were also used;

1) after testing the bubble pick-up response in the presence

of the conditioning solytion, the excess solution was de--’
canted from the Lucite cell and distilled water addéd; 2) after
conditioning in the vial, the excess solution was decanted,
distilled water addeé and 30 min desotption performed. The
distilled water in each case ;as either at natural PH or
adjusted to the pH of the conditioning solution.

The bubble wa; generated at a thin-walled glass
capillary tip of approximately 1/% in. 0.D. (referred to as
the '"bubble holder'"). With the bubble at the desired age
after formation (measure; by a stop-watch), bubble-particle
collision was effected by moving the particle bed up to the

bubble. Contact was maintained for 2-3 sec. before the par-

ticles were withdrawn. A slight modification was incorporated

a

to obtain bubbles of less than one second age; the particles
were brought in®o contact with a bubble already formed and a

fresh bubble generated directly into the particle bed. ' The
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resulting bubble load was either viewed directly through the
eyepiece (magnification X4) or else projected onto a ground
glass screen and a photographic record made. Before performing

a second bubble pick-up test, the present load was dumped

outside of the Qlass dish. [n this way bubble ages from .. 1

sec . t& 300 sec. were tested. When employing the apparatus
for codyentional capt%ve bubble)tests, the only modification
to the procedure was to pre-condition the solid in situ for
30 min. Each set of conditions was repeated at least three
times. Measurement of the pH was mad;'before and after each
experiment.

The time-dependent surface tension data was deter-
mined for each of the solutions tested after contact with the
solid. The procedure was as outlined in Chapter Two. The
concentration levels specified refer to the measured concens
tration prior to conditioning.

Flotation data was determined using an all-glass
version of the cell designed by Partridge (53,70) (see Figure
3.2). The drive mechanism was replaced by a gear system to
give greater reliability. Nitrogen was used to generate the
bubbles at é flow rate of 100 ml/min. corrected to room pres-
'sure. The same sample conditioning procedure was employed;

Q
flotation time was 30 sec.

a
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FIGURE 3.2
Flotation Celd (After Partridge (53,70)5
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A1l the glassware was cleaned using acid-dichromate
cleaning solution. The Lucite cell was washed with copious
quantities of tap and distilled water and allowed to stand

for sevefal hours between tests employing different collector

-

J;trengths. All appropriate equipment was finally washed in

a sample of the collector solution being tested.

Materials

a) Minerals
Magnetite

This mineral was tested most extensively. A sample

of -65+100 mesh material was prepared (47) from a California
beach sand by magnetic separakfon (using the "Ding'" separator)
followed by stage grinding in an agate mortar under distilled

water. -
Quartz
""Water-Clear" rock crystal from Arkansas was passed

through a cone crusher and the -14+28 mesh fraction retained.
9,

Stage-grinding in an agate mortar under distilled water was used -

-
N

to reduce the sample to -65+100 mesh. Part of this sample
was acid-leached for 12 hours in 10% HC).

Bo;h the magnetite and quartz-samples were stored
under distilled water in sealed containers; The water was

frequently changed.

°a
X

P




Hemati te J .
A fresh sufface of ‘micaceous hemagiﬁe from Michigan
-was prepared by cleaviﬁg under ?istilled water. “Testing was
performed immediately. i
Glass
The glass dish (see Figure f?l) was used as a
representative glass. Composition is unknown. b )
The mineral samples were supplied by wsrd:s Négbral
Scieﬁce Establi;hment,lnc. s
.
b) Solutions ¢ >
] Qodecylamine acetate solutions were made up using
single distilled”and nitrogen-flushed, double distilled water.
Concentrition and pH levels employed were those covered in
Chapter Two. No buffering was needed sinc%fthe relatively
short duration of fhe tests precluded the prongunced pH drift to

‘acid described previously. !

r ’ ’
Gas ‘ >

o

The bubble pick-up and contact angle tests emplbyed
atmospheric air. High°purity nitrogen was again used in the

dynamic surface tensjon determination (cf. Chapter Two).
i o J Wi

Q ) I
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Rgsults \
/f‘\;;i;:al methods of recording bubble pick-up data
have be€n proposed (19,105, 106). Cooke and Digré (105)
weighed the bubble load, Sun anqATroxe!l (1061 counted the
number of particles picked-up and Lee (19) recently outlined
a technique for determining the cross-sectional area occupied
by the bubble load. All are tedious in one respect or another.
For the presené purposes, it proved suffinent to estimate the
;ngle, 6, subtended by a continuous load of particles on the
bubble. This was done either by using a progractor graticule
placed in‘the eyepiece or later by taking measurements of any

photographic record made. Figure 3.3 illustrates a '"typical"

view of a loaded bubble.

3
N
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- _r- Hpgure 3.3 *Typical’ }.o.d.d Bubble #
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g FIGURE 3.4

Pick-Up of Magnetite as a Function of Bubble
Age and Total Amine Concentration at pH 9.7;9.]
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Angles greater than 90° were arbitrarily taken as
90° (representing a fully loaded bubble). ’1ngles less tﬁah
10° were taken as zero. In the latter case such a pick-up
(amounting to 2 or 3 particles) could be obtained in the
complete absence of colléctor, a frequent observation in
'bubble pick-up studies (107,108). This poor pick-up was char-
acterized by the particles being easily dislodged on tapping
the bubble holder. A particular advantage of this method of
recording data (i.e. "6"), especially in the case of magnetite,
is that particles held mechanically, magnetically or by f!occul]
ation to other particles are ignored. That is, only particles
held at the L-V interface are measured.
Figure 3.4 shows the pick-up of magnetite particles
as a function of bubble age for amine concentrations 2.04% x 10'5'M
to 4.08 x 10_4 M at pH 9.7 + 0.1. The pH range corresponds to
the pH measurement made prior to and upon completion of each
_experiment. In allitases, some decrease with bubble age was
recorded, the decrease becoming more pronounced with increasing
amine concentration. At 2.0% x 10°2 M the decrease is almost
non-existent whilst at 4.08 x 10'4 M, zero pick-up was recorded
after only 10 sec.
Figures 3.5 to 3.11 give the dynamic surface tension
exerted by the dodecylamine acetate solutions after conditioning

of the solid under various conditions. Included is the photo-
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graphic record to illustrate the bubble pick-up as a function
of bubble age.

Figure 3.5 shows the result at 2.04 x 1072 M pH
9.7 + 0.1. Negligible change in surface tension or pick-up
with bubble age occurred. ‘The surface tension was constant

<
]. the pick-up was about 30°.

at approximately 69 dyne cm”

Figure 3.6 gives the result at 4.08 x 107° M, pH
9.7+ 0.1. A detectable‘dynamic surface tension was apparent.
along with a slight decrease in pick-up with bubble age.

Fromt =0 to t = 300 sec. ¢ decreased from 45° to -~ 30°
and v | from =~ 72 dyne cn ! to ~ 62 dyne cm !

The result at 8.16 x 1072 M, pH 9.7 + 0.1 is illus-
trated in Figure 3.7. There was a pronounced decrease in both
surface tension and bubble pick-up with time. YLy and ¢ de-
creased from - 72 dyne em™ ' and ~80° respectivély, to ~ 52
dyne cm-] and ~20°.

Figurg 3.8,curve A, demonstrates a dramatic decrease
in both vy , and 6 with time at 4.08 x 107" M, pH 9.7 + 0.1.

At t < 1 sec. 6 was greater than 90° (taken as 90° on Figure
3.%) and by extrapolation v y Was greater than 65 dyne em” !

At t = 10 sec., 6 was zero and YLy at about 45 dyne cm".
At t > .}0 sec, ¢ remained’zero. and YLy further reduced to
slightly less than 30 dyne cm'l (after 150 sec). Curve B

0 ,
illustrates the result if the conditioning solution was removed

D
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» FIGURE 3.5 ’
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Dynamic Surface Tension and Pick-Up of Magnetite é%
After 30 Min. Conditioning in 2.04 x 10-5M
Dodecylamine Acetate Solutijons, pH 9.7 + 0.1"
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FIGURE 3.6

'Dynamic Surface Tension and Pick-Up of Magnetite
ter 30 Min. Conditioning in 4.08 x 10~
/Dodecylamine Acetate Solutions, pH 9.7 + 0.1
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FIGURE 3.7

Dynamic Surface Tension and Pick-Up of Magnetite
After 30 Min. Conditioning in 8.16 x 10°5M"~
Dodecylamine Acetate Solutions, pH 9.7 + 0.1
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FIGURE 3.8

Dynamic Surface Tension and Pick-Up of Mﬁgnetite
"After 30 Min. Conditioning in 4.08 x 10°*M
Dodecylamine Acetate Solutions

A pH 9.7 +0.1

B as A but solution-replaced by <
. distilled water (pH 6.1)
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and distilled water at natural pH added.‘ Excellent pick=-up
is demonstrated at all Bubble ages, and no dynamic surface ten-
sion was measured, yLQpremaining constant at close to 70 dyne
cm'l. This result was the same whether the conditioning solu-
tion was replaced in the Lucite cell or the conditioning vial
and a 30 min. desorption performed.

Ifs instead of desorbing in distilled water at nat-
ural pH, distilled water at pH 9.7 was used and 30 min desorp-

tion performed, the result was as shown in Figure 3.9. A steady

‘ @

decrease in YLy and pick-up with bubble age was observed.
’ &y

] TIA Y

y W eé

YLV
reduces from ~ T2 dyne em™ ! to ~50 dyne cm

decreases from 90o to -150 over a time interval of 300 sec.

L)

Figure 3.10 compares the dynamic surface tension obtained by
desorption at pH 9.7 with that obtained by desorption at natural

pH, with the latter subsequently adjusted to pH 9.7.

L)

Fiéures 3.11 and 3.12 detai 4.08 x 10-4 M solutions

KN
B

at _PH 12.2 and G, (natural pH) respectiyely. At pH 12.2,
no pick-up was registered; the surface tension declined slowly

to yield ~ 68 dyne cm™! after 100 sec. The riéGT;\at pH 6.1

._ shows successful pick-up (6 ~ 45°) at all bubble ages. The

surface tension was constant at ~ 67 dyne cm-'.

The state of the bubbles inothe vials after condition-

3 ¢

an was als% noted. In 4.08 5}10’“ M solutions, pH 9.7, the

bubbles were completely bbarren after 30 min. conJitioning, but

9 iad N




* ﬂ
o
ws
-
o
L
L
-
[ -
JRpe.
.
.
’O
LS -
RILAR M IO
e ~
e
-
r

I

-77-

o )
Q
. ' P 27 & ~
‘ k]
Gl. \ °
N t °
( ]
FIGURE 3.9 )
Condjtipns as for Figure 3A, Then Solution in Vial
Reptaced by Distilled Water at pH 9.7 and 30 Min. ..
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St

FIGURE 3.10

Dynamic Surface Tension éxhibited by Distilled

Water After Dﬁsorption from Magnetite Conditioned

at 4.08 x 10-% M Amine, pH 9.7 for 30 Min. Using:
A) Distilled Water at- pH 9;7

B) Distilled Water at pH 6.1, Subsequent
Adjustment to pH 9.7
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FIGURE 3.11
Dynamic Surface Tension amd Pnck -Up of "’ Mﬂgnetitq
After 30° Min. -Conditioning in %.08 x 10
Dodecylamine Acetate, pH 12.2 . .
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FIGURE 3.12

Dynamic Surface Tension and ﬁick-Up of
After 30 Min Conditioning in 4.08 x 10
Dodecylamlne Acetate Solutions, pH 6.1
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fully loaded at amine concentrations less than 8.16 x TO'S:J}““
at the same pH.

Bubble pick-up tests were performed on the -65 + 100
mesh quartz sample at 4.08 x IO"4 M anb pH 9.7‘1_0.1. No
decrease in bubble pick-up with bubble age occurred with
either the "as prépared” or acid-leached material (see Fiqyre
3.13). A decrease in stability was suspected, at 300 sec
some of the load could be easily dislodged by tapping the
bubble holder, but this was far from satisfactorily deménstrated.
The dynamic surface tension after conditioning was the same as
for the magnetite sample (see Figure 3.14). Figure 3.13 shows " -
the different effect of bubble age on the quartz and magnetite

at 4.08 x 107* M, pH 9.7 + 0.1.

3

Captive bubble tests on glass and hematite were

carried out at 4.08 x ]0-4

M amine solution, pH 9.7 + 0.1.
Both materials revealed a sharp decrease in tenacity of bubble
attachment with incr;asing bubble age; at t > 5 sec attachment
was virtually impossible. Replacing thg‘sodution in the Lucite
~cell with distilled water (natural pH or pH 9.7) eliminated
the bubble age effect, adhesion being excellent at all bubble
ages tested.

‘ In all the examples involving a bubble age eﬁfect,

once attachment had been achieved no further time effect was

observed.
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T FIGURE 3.13
Pick-Up of Magnetite and Quartz 'in 4.08 x 10'4

Dodecylamine Acetate Solutions, pH 9.7 + 0.1 as
a Function of Bubble Age
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FIGURE 3.14%

4

Comparison of Dynamic Surface Tension of

Dodecy lamine Acetate Solutions, pH 9.7 + 0.1

After Conditioning a Quartz and Magnetite
SampTe
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Both single and double-distilled water were employed
0 ’ .
in the above tests. No difference was detectable Similarly a

o~ [T

whether ”fresh“\\g\“old" solutlons were employed seemed

o

immaterial. ~— -

w
-/

O/ l
The pH level most thqroyghly tested was around pH

Discussion

9. 7 From Chapter Two, this pH level was known to be in\}he
#
range giving the most pronounced dynam{ “surface tension.

Jherefore, this pH was the most useful’ in testing the wetting
and transfer models of flotatuon, in the manner ogiluned in
Chapter One. So that the dynamic surface tension would rebate
to the bubb?e pick-up tests, theodynamic surface tension data
was degefﬁined after sample conditioning. Comparing with

Figure 2.9, total amine concentrations of 2.0% to 8.16 x IO.5 M

show a marked change in the dynamic surface tension. A Joss

Lx»gf collector from solution through adsorption onto the solid

s - < M \’ 2 \

is sindicated. Little change followed condltlonlng in

4.08 x 10°* M solutions. The conditioning time of 30 min,
although not necessarily sufficient for "true' equilibrium

to be atteiqed was chosen because“dt was used in the original
flotation work on magnetige (47)ﬁ3}The ability to reproduce
the bubble age results suggests that 30 min co:ditioning time
is sufficient for the bulk of the changes at the solid surface

to be completed.

.
] . g
N



It was deduced (in Chapter'One) that a decrease in
pick-up with a decrease in YLV would support the transfer
model. Based on evidence contained in Figures 3.4 to 3.9,
the wetting model alone is supported.

The correlation between a decrease in pick-up and a
decrease in YLy shown in Figures 3.4 to 3.9 is excellent and
is supported by the contact angle data. |In a sense, bubble
armouring, has been measured. Figure 3.8A shows that a rapid
decrease in Yoy is accompanied by an equally rgpid decrease
in pick-up; Figure 3.6 and 3.7 identify slower rates of decrease
in Yiv with slower rates of decrease in pick-up. gyentua}ly,
with the dynamic surface tension all but lost (Fig;re 3.5),
little decrease |n pick-up occurs. The shape of the é vs
bubble age curves at various total amine concentrations
(Figure 3.&)‘is simi lar to the Y¢ Vs t curves at the same
pH (Figure 2.7). }ijre 3.9 shows that the correlation be-

tween pick-up and /is maintained even through the dynamic

L
YLy is obtained by &E§orbing collector from the magnetite. In
comparison Figure 3.88 shows the same procedure as used in
Figure 3.9 but with distilled water at natural pH. No decrease
in YLy °r pick-up was observed. » That desérption had occurred
is proved in Figure 3.10 where the desorbing solution has been

adjusted to pH 9.7. iT: seems, in fact, that more collector

was desorbed at natural pH than at pH 9.7.
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Whenever the'pick—up was constant. v , was deter-
mined as constant. ,This was regardless of whether the situa-
tion was achieved by: 1) uéing very dilute solutions (Figure
3.5); 2) replacing the conditioning solution by distilled
water at natural pH (Figure 3.88); or 3) using solutions at

pH . 7 or > 12 (Figures 3.11 and 3.12). 1In the case of

solutions at pH > 12 no pick-up at all was observed (Figure 3.11).

i

Figures 3.5 and 3.6 shouwld be particularly sensitive
to the transfer model since the 6Egﬁge in VLV (and by infer-
FLV) is more controlled. The rapid decrease in iy s hown
in Figure 3.BA, it might be argued., could obscure any tgndency

ence

for pick-up to increase at short time intervals. This argu-
5 A

ment is not applicable at 2.04% and 4.08 x 107~ M solutions.
However, only a tendency .for the pick-up to decrease, correlating

with a decrease in is observed. In the case of quartz,
, YLy q

‘atfthough no direct evidence is forthcoming to support the

wetting model (no decrease in pick-up was observed, see 7

Figure 3.13) neither is there any in favour of the transfer

0

model. Under no conditions was a systematic or reproducible
Ca
increase in pick-up with bubble age observed. It is concluded,

therefore, that in the system under investigation the trarsfer

.model is of little sigfificance in comparison with the wetting

model. This denial of the transfer model strongly supports the
conclusion reached by Pope and Sutton (40). Hence attempting to

ascertain the transfer mechanism may prove fruitless. %

N
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Establishing that YLy decreases with bubble age
and that this can be detrimental to bubble-parékcle adhesion
has broad ramifications. For\instance, in the laboratory
such tests of floatability as contact angl§ and bubble pick-
up can be misleading if the possible influLnEe of bubble age
is not understood. Figurgx3.15 gives 6 as a function of total
amine concentration. Curve a is,at t =0 and b at t = 300 sec.
The former corresponds to tH; }Iotation recovery of magnetite
detailed in Figure 2.14 whilst the latter coincides with the
contact angle data. This supports the previous conclusion
that the flotation of magnetite at pH 9.5 and totaluamine con-
centrations greater than 10-4 M is as much dependeqt on the
generation of fresh bubbles as to "modification'" of the surface
chemistry of the solid. .
- Flotation, in general, would appear to benefit
from the continuous creation of fresh bubbles, which is funda-
mental to the operatidn of a‘flotation machine. Due to the
'design'of the Hallimond tube (used in establishing the flota-
tion reéponsg of magnetite (47)),bubble-particle collision is
effected \almost immediately upon bubble generation. This
emphasises the fresh bubble properties,,and these favour‘attaéh-
ment. In the industriél cell, however, bubble-particle collisions
occur with bubbles both freshﬁand ""aged". |If only ng‘collisions

with fresh bubbles are productivéF(in the sense of yielding

attachment), it is feasible that the Hallimond tube rfsult will




FIGURE 315
Flotation Recovery of Magnetite Using
Dodecylamine at pH 9.5 and Pick-Up
at t = 0 sec, pH 9.7 + 0.1

Contact Angle Using Dodecylamine at
pH 9.;,and Pick-Up at t = 300 sec, ’
pH 9.7 + 0.1




100

80

60

20

40

Bubble Pick-Up ¢° , Cofact Angle’ 9'& Flotation Recovery (%)

20

40F

b). (96)
—— CONTACT  ANGLE (iwasoki, Cocke & Kim" ')

——~¢, t=300

160 et
Concentration C,mole litre ’

° f ; tead f




-89_

/ :
not be achievable in an industrial cell. The same result may
Qell be obtained at a lower concentration, or different pH,
where the buBible does not ;ge sufficiently to prevent adhesion.
In this case, the result will be in response to a series of
moderately productive collisions as opposed to the one highly
productive collision involved in the Hallimond tube. The ob-"
served state of any bubbles in the vial after conditioning
appears to testify to this p&ssibility. At less thaq
8.16 x 107° M, the loaded bubble reflects a series of moderately
productive collisions (Figures 3.5,53.6 and 3.7 show even|
300 sec '"old" bubbles capable of some : pick-up). The barrin bub-
ble in 4.08 x IO-4 M solutions emphasizes the poor pick-up

power of bubbles which are anything other than fresh in such

solutions.

In many cases the flotation result in the laboratory .
will reflect accurately the fféfation result in industry because |,
such aging problems do not exist. One area in which bubble
aging may be an important consideration is the modern gen ration‘
of flotation cells (e.g. column cells, and the large, Maxwell-
type cells (98)). Especially in the former cell, the bubble
will probably age mﬁre than in conventional cells. The decline
complicated by the relative fluid motion tending to increase
thé rate of attainment of equilibrium (28) and the expansion

in QLV as a function of bubble age in a flotation cell is%
|
of the ris}qg bubble tending to delay equilibrium. NeverThelgss,

|
!
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3
that the exerted YLy can vary with bubble é?e remains true.

The present work has demonstrated that the variation can have
important consequences.-

Further discussion of the implications of dynamic
surface tension on flotation cell design would be too specu-
lative. The data, however, demands that the wetting model be
more fully described. Clearly, the different results for quartz
and magnetite need explanation. Rogers et al. (15) noted that
although the L-V interface was common in tests using different
mineral substrates{ no common cut-off in bubble-particle attach-

ment was observed. Differences in mineral surface chemistry,

Ve,

RIS

dgg?ﬁtion, were considered the reason.

T he obggkvations correspond to the present case. As an illus-
tration of the importance of the solid to the attachment,
consider Figure 3.15a which shows 6 increasing with total amine
concentration (as expected). Since YLy is the same in all
cases (t =0, Yy = 72 dyné';m',)-tﬁe increase ‘in 6 must be

the result of changes in the solid surface chemistry. The
Zisman model appears to be quite useful in describing the
effect of the solid on bubble-particle attachment. In the case
of Figure 3.15a, the increase in 6 could be ascribed to a
decreasing value of Y @s the total amine concentration is
increased. Such a decrease is to be expected (at least unti |l

vc has been reduced to a minimum) .

t 3
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By noting the value of YLy @t which pick-up ceases,
a measure of Yo for the particulaF‘conditions can be made.

For magnetite conditioned for 30 min in 4.08 x lo'“ M amine at
pH 9.7, from F}gure 3.8A ,yze304uis approximately 45 dyne em™ V.
For quartz under-identical conditions, on the other hgnd, the
conclusion must be from Fig;res 3.13 and 3.14 that 5202

is less than 30 dyne cm '.

Thus we have:

Fe 0 -
Ye 374 ~ 45 dyne cm '
Si02
-1
Yc < 30 dyne cm

The difference in Ye reflects the difference in mineral
surface chemistry.

35 It must be emphasized that these results are for .the
‘§pecif{ed conditions only and no suggestion of a measure of
Yo for magnetite and quartz as 'pure" samples is implied.
All things being equal, it may be §peculated that Ye for pure
qyﬁrtz is lower than for magnetité. The value of Yo deter-
mired Here must reflect naf\only the solid in question but also
the extent and nature of the adsorbed species. Consequentiy,
Ye is expected to be a function of collector concentration, pH
and.conditioning time (if short). The property of ve» of
course, remains unaltered, the value simply changes to reflect

the conditions.
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The described technique of estimafing Ye using dy-
namic YLy daté appears to meet the main requirement of such
determinations, namely that there be no interaction between
the liquid and solid phases (31). In the present ca;e, the
solid is pre-conditioned so ‘that interaction is permitted
to approach equilibrjum and yLv is subsequently varied by
controlling the‘bubble-age, not by altering either of the
phases. The particular advantage from the flotation giewpoinp
is that it enables some estimate af the surface energy of the
solid to be obtained under the exact conditions which render
the solid amenable;h)flotation.

Figure 3.16 is included in an attempt to clarify the
robPe -of Ye in describing the observed results. |[|f the condi-
tioned sample could be isolated from the conditioning solution
and the solid surface examined by determining the variation in
contact angle, 6, with the surface tension of various test
liquids (liquids havinglno reacgion with either the solid or
adsorbed collector) the result may be as in Figure 3.]6; This
figure is a Zisman plot, except that the liberty has been taken
of assuming a linear relationship between 6 and YLy insteadgof
the more general reTationshig’between cos 6 anJ YLy (31). The
value of Ye is determined as the value of vy at 6 = 0, For
méénetite this intercept would occur at -~ 45 dyne cm", and

for quartz, say, at w~ 30\3?ne cm '. Determinations of Ye in

the presence of adsorbed collectors have been made (31,109).
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. Figure 3.16 Diagrammatic Representation of Contact Angle as a

Function of Surface Tension for Magnetite and Quart:z

/

conditioned for 30 min at 4.08 x 10'4 M Amine, pH 9.7

. Figure 3.16 shows that if a liquid exerts a surface

tension between Ye and \74 , a finite contact angle would

develop on quartz whilst magnetite would remain wetted. (see
dashed line on Figure 3.16). This same liquid, therefore,

should yield a differential float, quartz reporting to the

® oy




floats and magnetite remaining as sinks. The implication is
that, after conditioni;g a mixed sample of quartz and magne-
tite in 4.08 x IO-4 M amine at pH 9.7 for 30 min., then de-
canting the excess solution, a differential float of quartz
can be effected if flotation is subsequently performed in a
liquid“exerting a surface tension between 30 and 45 dyne em” !
This possibility is worth investiggting. .

Figure 3.17 shows the result of such a procedure for
a 35:65 w/w quartz:magnetite sample, the float being per-
formed in methanol/water mixtures. These mixtures facilitated
change of YLy and were completely miscible with the small

quantity of conditioning solution unavoidably remaining after

decantation. Up to 15% methanol, 100% recovery of both quartz

Lol

;[‘L} o

and magnetite was obtained. Between 15% and 40%.the magnetite\:\”/
recovery declined to zero with little apparent dépression of
the quartz; at -~ 40%, nearly perfect separation was achieved.

-1 (110), a value in

The v, at 40% methanol is ~ %0 dyne cm

the predicted range. At methanol concentrations greatér than

65%, complete depression of both quartz- and magnetite occurred.
It is more than probable that the presence of methanol

not only caused a reduction jin YLy but also increased o by

desorbing some of the adsorbed amine, methanol being an excel-

‘lent solvent for molecular amine. For instance, flotation could

not be regenerated after the test involving pure methano!l by

kS
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*FIGURE 3.17

¢+ Flotation Recovery of a 35/65 w/w Quartz/
Magnetite Mixture as a Function of Methanol -4
Concentration after Conditioning at 4.08 x 10
Amine, pH 9.7 . -
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replacing by water as should be the case if Ye remained un-
altered.

Qp alternative procedure attempted was based on the
ability to increase Yo by desorbing some of the adsorbed
collector. Figures 3.8 ané 3.9 testify that desorption has
an effect. |f the desorption could be sufficiently well con-
trolled such that Ye 30 > vy > YSIO occurred then again,a
differential float of quartz might be possible. Distilled
wate} at pH 9.7 and 6.1 (natural pH) were employed as the

o

desorbing medium. Table 3.1 gives the resuits.

- TABLE 3.1

Controlled Desorption Using Distilled Water
Sample Condntlonlng 4.08 x 10-* M Amine, pH 9.7, 30 min

.
[N

Desorption % Recovery in Floats
Silica Magnetite ’
A o 30 min; pH 9.7 " 100 80-90
B "/ Jn/n, pH 6.1, 1st cycle 100 60-70
c 30 min, pH 6.1, 2nd cycle 0 0 “ix\
Somewhere between one and two desorption |cycles \\/
employing "natural" dustulled water a separatnon maly be achieved. N
This procedure is similar, in pr:nc1p+e, to the contro!led ¢

W

adsorption advocated, for instance, by Marchandise (111). In
practical terms, controlled desorption is probably more logical

than employing qlgohol/water mixtures as a medium for flotation. (
(] . ) ~

~

AY

™
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The wetting model, especially the Zisman model has
been shown to offer an explanation of the bubble aging pheno-
menon. However, two %pparent contradictions remain. Firstly,
the quartz~sample,‘-65 + 100 mesh. gave results contrary to
those reported by Smith and Lai (17) on a polished quartz
specimen, and diffgcgm:too from those observed here for the
glags* specimen. (gi;ée "'smooth' surfaces are often prepared
in order to investigate flotability such differences may be
relevant. Secondly, the stability once contact had been ac-
hievéd, although obviously vital to successful flotation is
not immediately explicable .and is again contrary to the ob-
servations of - Smith and Lai (17). The following are tent-
atively proffe;éa as explanations. J |

When a parzicle is contacted by a bubble, the gUbble
deforms. DeformatiaQ will also occur upon contacting a bubble
with a flat specimenf but in the case of the particles, the
deformation will probzkjy be more pronounced. Upon deformation,

the surface concentration of surfactant is lpcally decreased

i.e. the surface tension i5 locally increased. An increase in

. \ :
hYLV is favourable to de-wetting. ASs a conseqguence. particulate

material may be easier to de-wkt than flat spebimens. This

surface tension gradient will exist longer in solutions exhi-
\

biting slow adsorption characteriskics because the local de-

pletion is only slowly '"repaired" by\ﬁfsorption from the bulk

*frequently considered an approximatio&&{? quartz (e.g. ref. 4).
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solution. The preseht system is, therefore, ideally suited.
This property of a deformed bubble figures brominently in
explaining the stability of froths, a subject which will be
dealt with briefly in Chapter Five. The contradiction may
well, therefore, be one of the physical contours of the sur-
face. Buckenham and Rogers (112) in an earlier study of the
quartz/alkaline dodecylamine system afse noticed a discrepancy
between co;tact angle and%bubble pick-up data. The explana-
tion was based on the irregular particles being able to reduce
the induction time. -
The explanation offered to account for the metasta-
bility of the bubble-particle adhesion once effected, also
centers around the physical condition of the surface. A rough,
irregular .surface of fers considerable resistance to the move-
ment of the L-V interface across--it; which is what is reguired
if the adhesion is to reil with time. Thus although the wetting
model may demand movement, the energy barrier associated with
such movement may be sufficient to induce metastabj)}&y. In
the measurement of dynamic contact angles by Smith/and Lai (17)
it is notable that a well-polished specimen was employed and
resistance due to roughness may be expected to lessen as a
result. Buckenham and Rogers (112) noted no such '"dynamics",
indeed no other workers have in the much-studied dodecylaﬁine
system. The dynamic coy&act angles reported by Schulman and

Leja (113) were in an, éntlrely different system (polyoxyethylene




’

frothers). It is not unusual in contact angle work to attri-
bute varying results for ostensibly equivalent systems to
s S

virtually unavoidable differences in sur face preparation (114).

The above discussijon falls into that category.

Critical Surface Tension of w%tting and Flotation

Both the Harkins and Zisman wetting models predict
the observed decrease in bubble pick-up with decreasing
YLV' The Zisman model, however, proved simpler to use since

only two energy terms, and vy Were involved. In the

YL ;
author's opinion, the Zisman model offers a number of advan-

tages over the Harkins model.
Flotation, in the Zisman model, reduces to collision

between a bubble exerting a certain surface tension, Yiv and
a solid whose critical surface tensipn of wetting is Ok | f
condition 1.5a is met Fflotation is possible, if c¢ondition 1.5b is
met then flotation is impossnﬂe.Tthisman model emphasizes the*
relative surface energy of the bubble and solid prior to col-’
lision as opposed to the Harkins model which‘quuires knowledge
of the S-V interface, an interface‘whjch exjsts only after
successful attachment has been achieved. EQ nef«l

| Another conceptual difficulty involved with the

Harkins model surrounds the Ysi term. Adsorption of surfactant

at the S-L interface will tend to reduce Y * Inspection of

<
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Egs. 1.2 and l.% show that a lowering of Yo is detrimental
to flotation. Some workers (2-7) have circumvented the problem
by assigning added adsorption at the S-V inter face, thﬁé
lpwering VSQ to counterbalance the unfavouraﬁle decrease in
vg, (and yp,, too). This argument has been advanced in other
systems as well (8-10) and was ‘considered in Chapter One. The
bubble transfer model has been employed as a‘possible explana-
tion of this'added adsorption at the S-V interface. Not only
does the present work fail to support the transfer model, but
also the imd}ication that adsorption at the S-L interface
is unde;irable is not tenable. Consider, for instance, the
frequent need to condition the solid prior to flotation; con-
ditioning involves the S-L interface almost exclusively. In
the Zisman model adsorption would lower Yc» @nd this is favour-
able to flotation.

Jhe non-adhesion of bubbles exerting sufficiently
Tow vy vé}ﬁgg is explained using the Zisman model by stating
that the YLV is below the critical value. In the Harkins model
non- adhesron is predicted if YLy is less than (ysv - VSL)'
Taknng{(ysv,-“y&L) as a constant for the system, the Young
equation gives a’required reduction in v y from 72 dyne cm™ !
to 12 dyne cm “! to accommodate the decline in o from 80° to
zero observed by Smith and Lai (17). The value of 12 dyne cm"

is below that attainable in dodecylamine solutions., This obser-

vation led Smith and Lai (17) to argue that the dynamic contact’

‘. %&
N >
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angle was partly caused by an increase in Ysy (surfactant

be ing ";&Lgunu#bff“ by the retreatiﬁg L-V interface). This
would pe( detrimental to bubble-particle adhesion (see Eq.

.~
1.2). Leja (21) in discussing the observations of Smith

and Lai (17) considered the retreating bubble to be deposii-
ing a reversely oriented surfactant layer, thus increasing the .
"hydrophyllicity" of the solid surface. Both explanagjon‘
however, depend on the bubble already being in Eetreat;ﬂ;ny
changes at the S-V and/or S-L interface must be the result

" of the bubbles' retreat, not its cause. This leaves a dej
creasing YLy to account for the dynamic 6 values observed.
This involved argument, invoking changes in _the S=V and S-L
interfaces, is é direct consequence of employing the Harkins
model. The Zisman model offers a great simplificationf‘

The critical surface tension of wetting can be mea-
sured. The present investigation has outlined a techniqué
for determing e under actual flotation conditions. This is
a decided advantage over the Harkins model where YL and Yy
are recognized as indeterminate. In this reseegt, the Zisman
model is less abstract than the Harkins model. !

A working definition of the terms "hyd'ophobic" and
"hydrophyllic', as they are employed in flotatiol, appears
possible from introduction of the critical surfaéE tension of
wetting concept. Eq. l1.5a represents a hydrophobic condition,

Eq. 1.50 a hydrophyllic one. This is felt to be important for,

in flotation, reference is often made to rendering
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a solid hydrophobic, meaning floatable, as if it were a pro-
perty of the solid gxclusively. However, a solid may well be
water-repellent (the strict meaning of '"hydrophobic') but 4ot
solution-repellent as required in flotation. In flotatioq;

the term, it is claimed, refers to a relative property of the

bubble (y ) and solid (y.) such that vy y S greater than y..

Attempting to explain the transi%ion from pick-up to non pick-
up, described here, is impossible based on a concept of solid
hydrophobicity. TQE successful flotation of magnetite using
fresh bubbles at 4.08 x lo-g M, pH 9.7 may be attributed to
the ict that the fresh bubbies possess properties not too
dissimi lar from bubbles generated in surfactant-free water.

In this sense, the solid surface will, therefore, appear
hydrophobic. The bufk of flotation can be described in terms
of solid hydrophobicity, but recognizing it as a relative
property offers certain advantages. Control of Ypy @S well
as y. to achieve the desired float is introduced; the differ-
ential float in the methanol/water mixture was a direct conse-

quence. o

. °
Measurement of Yc may prove useful in evaluating

_ d‘ﬂ"'{

|
: -
1

{w

flotation reagents and in predicting possible flotation schemes |

Changes in yc can be expected to reflect collector adsorption -

and any relevant chemical changes. The/presenceof amine-ion /

mo lecule complexes at pH 10 was considered a possible cause ?@

the improved floatability of oxides at this pH; the extendeq

-~
~T

L4
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hydrocarbon chain of the complex would reasonably seem able
to depress yc more than the simple amine ion. The concept
(of yc) has expanded from the naturally low energy surfaces

considered_by Zisman ‘to high enecgy surfaces through the work’

- of Rhee (35,115,116) and others (117,118). Flotation dealing,

mainly, with high surface energy solids converted to low energy
surfaces by adsorption of surfactant suggests a closer analogy
to the briginal work of Zisman. The concept has not been in-
troduced into the flotation literature. Ginn (48) makes a
passing reference to it and a recent paper by Parekh and Aplan
(109) appears to deal with the topic but no details are
available. &

Few values of Yo for solids treated by flotation Y
are available. The yé for sulphur is quoted between 30 and
32 dyne cm” ! (119) depending on crystal structure. The Ye
of glass (frequently considered a reasonable approximation
to quartz e.g. ref. 4) has been determined at T3 dyne‘cm'] (118)
although if the surface moisture was removed a value near 2§p
dyne cm-] was obtained (1{8). The natural floatability of
sulphur is supported by this data. Other naturally floatagle
substances could be tested e.g. talf, molybdenite, graphite,
coal, etc. The higher surface energy solids (yc > T2 dyne cm-')
present difficulties because liquids 6f v y 9reater than the
yc to be measured are required. The value of 73 dyne cm_' for -

glass was determined using salt solutions. This increased the
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surface tension of water sufficiently to yield finite contact
angles. Incidentally, the improved flotation of coal in salt
solutions (120,121) (so-called "salt flotation") may, in
part, be due to the increase in YLV of such solutions. The
higher Ye for glass was determined using mercury and gallium
as the liquid phases. The technique pfesented here utilizing
dynamic surface tension data may have applications in other
systems. _

An assumption being made here is that Ye measured by
using dynamic YLy values is equivalent to the Ye measured in a

mor, nventional manner. Figure 3.16 makes this assumption.

onfirmation of this assumption should be bossible. Without
alternate evidence, utilizing the cr:tocal surface tension of
wetting concept of Zksman appears justified. Rance (122) has
recently made a similar assumption in explaining the transition
from a wetting to a non-wetting condition for ethanol on human
hair at high r:lative humidity (50%). Initially, YLV of ethanol
is less than the yc of human hair (~ 26 dyne cm” (l22))but
with tume absorptlon of atmospheric moisture occurs until Yy

is raised above 26 dyne cm -1 and a finite contact angle is
oﬁtained. In gereral, the assumption that dynamic surface
tensionuvalues exert the same properties (in this case wetting
properties) as the equivalent equilibrium values is made, al-
though this may not be recognized (55). Hansen and Wallace (55)
seem to be the first to have raised the point. The valihit;

of the assumption is still not known.

+
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Induction Time and Interaction of Double Layer

<

Alfhough the wetting models have proved very infor-
mative, the data would be wel] complemented by takiné into
account such factors ;s induction time and the interaction of ’
the electrical double layers (that of the bubble and solid).

© . - .
Induction time (or period) is the time required for

v

the liquid film intervening between the bubble and solid to

v
q

thin and rupture. Some workers have placed great importance

T T
on its role in flotation (22,121). It is possible that the e
induction time is suffic{sgt to preclude bubble-particle

attachment unde; actual flotation conditions even though the
relative surface energies were favourable because of the
limited bubble-particle contact time in a flotation cell. In
the present case, the induction time was held more or less
constant at a value (2-3 secs) well in excess of the probable
available contact time so that the role played by the induction
period is not known.

h . The interaction between the bubble and solid elec-
trical double layers is considered to be a major factor in
determining the flotation of fine particles (123). Much wor k
has been directed towards undérstanding the double layer
properties of the solid. However, comparativel& little is
known of the equivalent properties of the bubble. Even lggsw

L ) .
is known of how tqe properties change with bubble age.

4
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" .
Recently, renewed interest in the bubble has prompted just
such investigations (77,124). A technique for determining
dynamic‘surface potentials is available (29).

N In the present case, postulating that a bui ld-up -
of surface charge on the bubble which is detrimental to bubble-'
particle attachment would offer, it seems, little improvement
over the éescribed wetting model. However, a surface charge
model which predicted continued bubble-particle attachment

even at low- might provide an alternative explanation to the
V¢ Yy ™M9nt e P ' :

coﬁtinued pick-up of quartz with "aged" bubbles. .

e

,1
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CHAPTER FOUR
ADSORPTION KINETICS

<
X

i The dynamic surface tension data presented in

Chapter Two must be the result either of a rate controlling

-

-~ 4‘(\
diffusion process or of an qnergy barrier at the interfade i

(25)., In this Chapter, a dﬂffusion model, based on the work
7/ | N
of Fowkes (58) and Hansen (125,126) is developed to test

the data.

Theory .
Ward and Tordai (127) have developed the full

solution to Ficks laws for adsorption into an interface with

\

attendent "back-diffusion'". The equation can be written:

e ¢1/2 . :
_ D /2 _ ¢ - 2 :
e = 2(v) (¢t 3 C, d(t - z) "% AR
0
. . -
where Ft = surface concentration of solute (mole cm ©) \w
¢ at time t
¥ -
D = diffusion coefficient (cmgsec ]),assumed
constant
C, = bulk concentration (mole cm'3)
Cz‘ = concentration "just below'" the surface at /
. /

time '"2'" (sometimes called the sub-surface

concentration (127), where z is a variable (127)).
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The derivationof Eq. 4.1 (the "Ward and Tordai"
equation) is well docu@ented in the literature (13,125,127,
128). From the experimental dynamic surface tension curves
and knowledge of the equilibrium surface tension/concentration
relationship, an éverage value of the diffusion coefficient
over a time interval t can be determined. |f the calculated
diffusion coefficient is not a function of time or bulk con-

2 to 10-6 cme sec”!

centration and is in the classical range of 10~
diffusion control is deemed proved (127). The details of the
necessary calculations are given in the literature (24,47,55,
56,127). Since, in the present case, the equilibrium surface
tension/concéntration relationship is not known, this proced-
ure of testing for diffusion-control cannot be used. |In addi-
tion,Hansen (126) and later Tsonopoulos et al (13), note that
calculétion of an average diffusion coefficient mgybe misleading

A more powerful test is to predict the dynamic surface tension

data for given conditions and compare with the measured values.

.,
By,
At

a) Short-Time Solution

essumigg that the subsurface concehtratiaon approaches
ped® P
zero then Eq. 4.1 reduces to the Langmuir-Shaefer (129)

equation.

1

1/2-

- Dt
e = 2C, (& ) 4.2
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O

The stated assumption is approached only when the surface is

Ve

"fszf%f%heﬁée "short-time solution't. R
( 2 f
A N

To use Eq. 4.2 an adsorption isotherm is required.
Two have been employed, the Langmuir-Syskowski isotherm (130)
and one derived thermodynamically by Fowkes (131): The basic
assumption is that any adsorptfon isotherm valid for the
equilibrium condition will also be valid under dynamic condi-
tions, the bulk concentration term beiﬁg }eplaced by the sub-

surface concentration.

, i) Langmuir-Syskowski (sotherm

The Langmuir equation can be written

a [, Ct "
rt = T-:{-—EE_t- ..... s s e e s 00 e e '3/
where nn = monolayer surface concentration (mole cm-z)
a = Langmuir constant (cm3 mole-') )
Assuming C, -~ 0, Eq. 4.3 becomes:
r = a [ C Y S £~

t m "t

sometimes called the "linear adsorption isotherm'.
The Syskowski equation relates the surface tension

to the solute concentration. Modifying for the dynamic case:
e .

Yo-Yt = ‘rm RT 'n (]+act) ..........l'.‘u.u



)

e
-1Kg7

where vo = solvent surface tension (dyne cm'l)
R = gas constant (8.31 x 107 erg mole-10k-1)
T = absolute temperature (298 °K)

When C,—0, the logarithm exXpansion can be truncated to:
v, ~ Yy = aTl RTC.  ...oocnenn... ceo i b

Combining .Eqs. 4.3a and 4.4a and substituting into Eq. 4.2

gives:

-

Dt 1/2 ~
Yo Y. = 2RT C_ (35} aeeeiiiiin.nn 4.5

1/2

A linear relationship between Y and t is predicted, which

is subject to experimental verification. ‘From the slope,

knowing C , D can be calculated. Show}ng that D is independent

of CO and has a value between 10-5 to 10-6 cm2 sec'] would

supporf a diffusion control model. In the present case,

neither C_ nor D areiknown. At best a value 'of CO(D)”2 can

be galculated. ] //

An important limitation on the use of Eq. 4.5 is the
N

<

requirement that the Langmuir-Syskowski ‘relationship be satis-

fied. Non-ionic surfactants tend to meet the requirement ‘ (25,
130,132). Dodecylamine acetate at natural pH has also been
shown to obey the Syskowski equation (133). Also, the assump=-
tion that the sub-surface concentration must approximate zero

is shown in Appendix I11.1 to'be valid only for (v = v¢) <3

dyne cm’l. Despite this limitation, Eq. 4.5 has been empToyed

Q
]

-

: N
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a

, for surface tension depression up to 20 dyﬂe cm" (59,65).
1

In the preserit case the bulk of the data refers to

0
\ -1 : - o
(vo = ¥¢) > 3 dyne em™l. W

.8 ’ \*/
ii) Fowkes Isotherm o

o
¥

rd

In a surfage layer of component 1 adsorbed from
-sqlvent 2 (in this case water), the mole fraction of solvent,
x2,‘in the surface 'is related to the decrease in surface
tensiofi by (131) (modified for dynamic case (58)): .

‘ RT .
- = - o In X,  cieeeeeeens Lol
. Yo T Yt Nep, 2 6
.where . .-, = average partial molecular 3rea of the solvent
¢ ‘ over the range of surface tension, vg tO v,
: s

(an®) ‘=t 9.7 = a2 (58
{@n”). For water ~,’= 9.7 = 10.0 A® (58).

t e

Avogadro's number (6.025 x'1023)

/

= i x 10%6. e AT
. WA,

- ot /(’ .

<
N b " 02

‘where A, =" area per adsorbed molecule (A%)

A o - v
A, ié“given~by?i_ . ] - . : )
L e b~
l . AN ° . X

s 2 rs
"A]l=° 7 + ('i-—_"—4’-'<—2-) 02 ceeeeeeas.. 4.8

f T 4

where Ty =, the area occupied by a sGlute molecule or
T Ov—- .
.ion in the surface (A2) . e
L N -

- \ " .
]

N 3

. ”
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Combining Eqs. 4.7 and 4.2 gives

1/2
/2 _ w 16
Co(Dt) = ——2NA] X 107 = ceeceessee 4.9 s
Knowing g] and .solving Eqs. 4.6, 4.8 and 4.9 for Q
Ka
various values of Y the relationship between " and A,
and (‘,O(D)]/2 can be computed. The graphs of y, vs A, and

Yy VS QO(Dt)Ilz‘are given in the Appendix. By cohpariﬁg the
)1/2

curve with the experi; ¢

(0)1/2

ﬁumericPlly obtained y, vs C_(Dt

mental y, vs t”2 curve, a value of C_

t
be estimated. IF”CO(D)I/2

at any t can

is not a function of t then

di ffusion-control is indicated. In the only previous such

use of the Fowkes isotherm (58), a good fit with the model . 1
was obtained for values of (Yo - Yt) up to 20 dyﬁé cm-l.

This is a considerable extension of the range permitted by

the Lgngmuir-Syskowski relationship.

~ ']
™~

b) i Lonékliﬁe Solution

This solution is due to Hansen (126). Assuming
that [ =Tl where [o is the equilibrium surface concentration,

the Ward and Tordai equation yields:
% G

‘
& 'S -

Eq. §.10 is sometimes referred to as thggﬂansen assymptotic
solution'. Me approaches [ only if the surface is..aged,

hence-the '"long-time solution”;
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Modi fy™g the Gibbs adsorption isotherm to the
dynamic case, the following treatment is possible.
Foo= BRTRAT: 4.1
t RT Ec—t- I EE R RN e e s 0o -
Thus ~ Y o
t . t, dCt N
S dyt = « RT S rt -—E: ....... eese.t¥.11a
Yco- CO
Assuming rt""é (a constant), and integrafing
) - [ RT ln‘(ct) RIS
Y -y = S . NI\ E™)  eeeces e esoes T
t ® e t;
Substituting Eq. 4.10 into 4.11b gives:
e
ve v, = " Te RT In 1 - I/2] ...... 412

CO(WDt)

¢
For large values of t, the expansion can be simplified to the

first term:

- r2R1 , \ !
Y Ty = € ‘/é ------------ ....4.‘3
t - C_(wdt) "
o
- . Hansen notes that Eq. 4.13 is valid only for values

of (v, - Qm) less than 3 dyne cm . The reasoning behind this

limitation is given in Appendix 1l1].2.
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Equation 4.13 is not dependent on the applicability
of a particular adsorption isotherm, being derived from ghe
Ward and Tordai and Gibbs equations both of which make no
assumptions concerning the adsorption isotherm operating.
Consequently the determination of the stated limitation on
the(yse of Eq. 4.13 which i#volves the Langmuir-Syskowski ex-
pression maybe a little misleading.

The linearity indicated by Eq. 4.13 is subject to
eXperimental verifikation. From the slope, knowing [
CO(D)I/Q can be calculated. |In the present case, [, is not
known ynder all conditions. 'Howéver, ﬂn’ the monolayer sur-
face concentration can be calculated from the value of a2
introduced previously. Equation 4.13 can be modified by
introducing the approximation f, — T valid for (y, - y_)> 35
dyne cm™! (as shown in Appendix 111.3).

Values of Coth)l/a can, therefore, be calculated
using the short-time and the long-time solutions. The values

1/2

should be the same. From the estimated Co (D) value a

1/2

numerical plot of y. vs t can- be constrycted and tested

against the experimental data.

Results and Discussion

-

The time-dependent surface tension of dodecylamine

acetate solutions exhibited at pH 9.85 + 0.05 (see Figure 2.7)

3

will be examined. The data covers a wide range of amine
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concentration and includes data where (yo - 1&) is greater
than‘35 dyne cm ', enabling the modified long-time solution

to be used.

Since the bulk of the data refers to (Yo - yt) >3
dyne cm_l, the short-time solution using the Fowkes isothe€rm

was employed. Figure 4.1 gives the experimental plot of 2

Vs t'/e. The suggested shape is similar to that shown by

Fowkes (58).

In order to perform the necessary calculations to

determine the constant, CO(D),/z, n| Must be known. A value

(o]
, of 26.5 A2

has been given for dodecylamine (133), a value
supported by previous work in this laboratory (47). Fowkes
(58) reports the same value for another 12-carbon surfactant,
sodium dodecyl sulphate. The work of Finch (47) and Ruch and

Bartell (134) indicates that oy for amines is independent

(o]
of pH. Hence, g, = 26.5 A® is taken as valid at pH 9.85.

]

Clearly, the result of using this estimate can only be as
reliable as the estimate itself.

Substituting the known values, the following was

obtained:
from Eq. 4.6 '
Ve = M.7 1n Xy + T2.0 ceeieara..l.Ba |
from Eq. 4.8
. X |
. AI = 26.5 + (T—:—;;) 9.8 .'.M ....... .4.8a
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Comparison 7f- Numerical and Experimental Plot
of y, vs t!/2 for Dodecylamine Solutions at
i pH 9.85 at Various Concentrations
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from Eq. 4.9 . - 2
co(ot)”2 - (—'%'ll) x 10710 . .4 .9a

The numerical solutions to these equations, including graphical

relations, are given in Appendix {11.4. From the comparison

v

of the numerical solution with thesexperimental curves, values

of CO(D)‘/Q were calculated (see Appendix I11.5). Up to
(Yo - Yt) = 20 d&ﬁe cm-], CO(D)]/E was constant within + 10%.
The "average" CO(E)'/Q value is given in Table 4.1.

o o

Since g, is 26.5 A2, M, is 6.3 x 10']0 mole cm 2.

Consequently, Eq. 4.13 becomes: /

]

_ __55_._5x19"0, et s 4.13a
Yt - c 2 + Ym
o(Dt)

The slope (55.5 x IO—]O/CO(D) 1/2) and y_ were de-
termined by a linear regression analysis performed on the data
within the range (yt - v )< 6 dyne cm;]a(see Appendix 111.6)..
The results are given in Table 4.1. This IiTitation was too
severe in the case of 4.08 x 10°2 M amine solutions (although
the result is included). No result is given for 2.04 x 1072 M

solutions because the restriction that (yo - ym) be greater

than 35 dyne cm'] (in order For [é'—ﬁrh) did not hold. -
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TABLE 4
Calculated Values of CO(D)”2
~
. /2 10 -2 -1/2
Concengratlon €., (D) x 10" mole cm © sec (+10%) -
C x 10- M 4 t-short t-long "Best"
Value*
Langmuir/
Syskowski  Fowkes
\ /
2.04. 0.24 0.22 -- 0.22 .
4 .08 0.43 0.42 0.-30 0.42
' 8.16 0.7 0.69 0.65 0.69
20.4 . 1.25 1.25 <0.96 1.15
40.8 1.85 2.32 1.31 2.05
81.6 3.04 3.11 2.05 2.75
*value used to calculate.numerical Y¢ VS t”2
relationship - see Figure 4.1
As Table 4.1 illustrates, the calculated values of"
CO(D)”2 from the t-short°and t-long cases agree reasonably
well. This agreement, plus the constancy of CO(D)!/a in the
4 s ,

t-short case suggests a diffusion-contrélled process. The

tendency for the t-long solution to yield lower CQ(D)]/2

P

‘ \
values than the t-short solution may be related to the requirg-

—
o

ment that y be close to y_ to utilize Eq. 4.13. Taking too
large a range of (Yt - ym) tends to increase the slope, hence

‘decrease the calculated CO(D)]/2. Bendure (65), using the
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same t-long solution, noted that _the calculated values of D

for a series of non-ionic surfactants were |9W ih compa;ison
with the '"classical" range. In that work, no limitation on

the applicability of Eq. 4.13 was included. The need to be

aware of the limitations must be stressed.

The "best" values given in Table 4.1 are the values

1/2

used in producing the numerical Yp VS t curves, shown as

solid lines in Figure 4.1. For the t-short solution, the

appropriate value of CQ(D)]éz was substituted into Eq. 4.9a,

1/2

A, calculated as a function of t and Yi estimated from the

1
ve¢ VS Ay curve. In the case of the t-long solution, the

)1/2

appropriate C_(D and y values were substituted into
- -}

1/2

Eq. 4.13a and v, @s a function of t calculated directly

(see Appendix 1H1.7).
X Figure 4.) demonstrates a good fit between the

numerical solution and the experimental data. Figure 4.1 also

illustrates the agreement between the t-short and t-long

D)1/2

solutions sipce the same value of o was used in both

sets of calculations. Only at intermediate times do the
experimental data deviate significantly from the theoretical

curves. This is expected because of the restrictions placed

on the t-short and t-long solutions.

- The numerical fit to the data enables the Ye VS /e

1/2

relationship to be extrapolated to t =0, i.e. Ye = vg = T2

dyne em™ . . By taking the limiting'slape, it should be possible
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b

to estimate CO(D)]/2 from Eq. 4.5 i.e. the t-short solution

using the Langmuir-Syskowski isotherm. The estimate of the

slope is given in Appendix 111.8. The value of CO(D)]/2

is included in Table L.1. The value closely agrees with
those given by the other two techniques.

The indication is that the time-dependent surface
tension exhibited by dodecylamine salt solutions at pH 9.85
is the result pfva diffusion controlled adsorption process.
This supports‘the qualitétive reasoning given in Chapter Two

concerning the extended "diffusion" path of non-ionic surfact-

5

ants in comparison with ionic surfactants. However, without

an independent measurement of CO or D to check against the

1/2

éstimated CO(D) value, the\diffusion-control model cannot

be considered proved. The analysis probably represents the
A

nearest one can come to such proof in a system about which

so little is known. = An attempt was m de to measure D using
* <

!‘; ey /:.

a Zeiss diffusion apparatus with Schlieren optics. However,

4

the solution proved too dilute (C <« 1007 M to avoid precipi-

tation) for the necessary difference in refractive indgk to
be identified. Alséz the D for the surface active species
alone is required, the p}oposed technique could‘only give an
average value reflecting all Ege various species present.

o

.As stated, in order to use the Fowkes isotherm, ¢,

must be kﬁown. However, the analysis appears relatively in-
/ . . o
sensitive to this quantity. For oy > 26.5 A2, the Yy VS

!
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CO(D)”2 curve shifts to the left, resulting in lowen\esti-
mates of CO(D)'/2. In addition; [ becomes less than
6.3 x 10710 mole cm™ 2 so that the estimate of CO(D)]/z using

<

Eq. 4.13a also decreases. Within + 10%, variation in )
probably would not alter the agrékment with the diffusion
mode . ‘

| With knowledge of D, C, could be calculated. Com-
paring this value of Co with the known total amine concentra-
tion, C, the percent of C actually responsible for the observed
surface activity could be estimated. This would help in
elucidating the nature of the surface active species (freé
amine or complexes). This is an extension of the work of
Fowkes who estimated the molecular weight of the surface
active species from a determination of the dynamic surface

1/2

tension. Figure 4.2 shows a plot of C,(D) vs C. The

curve approaches linearity as Ciapproaches O. The limiting

1/2 ' .
where K is CO/C, a measure

slope (at C< 6 x 1072 M) is K(D)
of the percent amine present as the surface species. At such
low concentrations, thas meaning because at pH 9385, the
solution is free of precipitated aminé. From the literature,
assuming a similar diffusivity for dodecylamine and dodecy)tri-
methylamine in aqueous solution, then the diffusion‘coefficient

(at natural pH) lies in the range 2 to 8 x 10'6 cm® sec:];(135).

1
“
%
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rvThe higher value indicates ffee ions, the lbwer, micelles.
“ 4
f%is range seems Jdpplicable ik the present case, the nature of the

surface active species at\pH 9.85 being anything from free

" amine upto a proposed complex of six ions and molecfles. The
0)1/2. 3 -]/2.

estimated K( is —~ 10 ° cm sec . Taking the quoteé

rang; of D, Kllieshinqghe range -—35%’to ~ T0%. At pH 9.85,
the amine ﬂsrpiesent as 15% free ;mgne and 85%’amin§ jon,“\
G ac§9rdin§ td Figure 2.11. Assuming all the free amine is com-
plexed~;ﬁd that. this does not invalid;te the calculation, <
- then the ramgeibf K.corresponds to an x/y (RNH;/RNHz)
ratio in theucomplex of from 1:1 to 3:1. This is similar to

that determined from a measure of the "optimum" pH.

Included in Figure 4.2 is the intercept between

th% two limiting slopes. This intercept may have meaning as

either the critical micelle concentration (cmc) or the pre-
nciﬁitatEOn éonceﬁtraéion (ppt). The fntercépt is at approxi-
matély 2 x lo'lf M. The difficulty in distinguishing the cmc

- f rom the ppt in alkaline dodecyiamine solutions has already
- been discussed’(47).' The cmc/ppt value is close to the cal-
culated ppt} taking the results of Mansegh(9¢), the value is

f;lso close to the cmc. ‘ |
Thé\data shows an encouraging internal consistancy.

Clearly a value of the diffusion coefficient would be most

useful. A measure of the diffusion coefficient plus deter-

xn
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mination of the dynamic surface tension

°

of adsorption is diffusion-control[ed)'may provide a valuable -

“

3 .
. .

(so long as—the rate

.

I‘tool in assessing the solution chemistry of flotation systems.
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CHAPTER FIVE
OTHER SYSTEMS

This Chapter outlines briefly some other systems

iniwhich dynamic surface properties may play a role.

| In any liquid, introduction of a fresh interface
(another liquid or vapour) will produce a dynamic effect.
This reflects the time required for rea?jLstment o% the -
interfacial molecules to the new‘equilfbrihm conditions.. As
well as surfactant solutiqns,adynamic effect§“have been noted
{n inorganic electrolyte solutions (77) and in pure water
(136-138). The dynamic surface tenshmwgﬁmorteQ‘For pure
water (136-138) has recently been questioned (%3,74):
Tsonopoulos et al (13) have gafculated t_ for) pure water is

less than 1072 sec, beyond the capabilities of present mea-

o
suring techniques.

Flotation »
\  0f major importance to the flotatjeh industry are
xanthate collectors. These substances demonstrate little
surface tensjon depression over the concentration range of
practical importance (139-142) (upto 100 mg. litre-l). The
indication (139-141) is that equilibrium is attained rapidly,

although time effects have been noted in the,interfacial tension

of pine oil-water in the present.of xanthate (139). The effect

]
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of dixanthogen, an oxidation product of xanthate ion, ‘on the
solution surface tension may be worth studying in view of the
controversy over the role of dixanthogen in flotation (143-145).

Leja and Schulman (43) reported an increase in surface pressure

of a xanthate film, which was attributed to oxidation to dixan-~

thogen. Similar considerations may apply to dithiophosphates (146).
Other -frequently used collectors are fatty acids and

their salts. Powney (76) and recently Cante et al (147) have ‘

shown a similar pH dependence of the surface tension of laur-

ate solutions to that shown here for dodecylamine. The minimum

surface tgnsion occurred around pH 7.8-8.0. figure 5.lalgives

the dynamic surface tensipn of 3.5 x 1073 M (0.1%) sodium laur-

ate solutions at pH 7.6 and 9.5, determined by the procedure

‘out Pineg in Chapter Two. The ‘increase in y_with pH is
A .

c]early shown. Upon adding acjg to the ,natural solution a dense
precipitate of lauric acid formed; th dynamic surface tension
became erra?ic. |

In studying flotation, frequently thescollector alone
is considered. However, the presence of modifying agénté and
frothers can control flotation. The presence of neutral mole-

»

cules has been observed to promote floéptfon in certain systems
(17,78,112,148), sometimes with accompakyiné Jy?émic effects
(]7,148)\ Somasundaran andxM?udgill(IWB) havé“fgported

an imp;ovenwnt in the flotation of a)umiﬁa using sodium dodecyl

sulphate in thclpresence'of dissolved hydrocarbons (methane and

> : o : L

A
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FIGURE 5.1 . - ]

>
s .
‘

. Dynamic Surface Tension of‘0.1% Sodium

Laurate folug&on at pH T.6"and 9.5

Dynamic Surface Tension of Pine 0il-Amine
Mixtures at Natural pH
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-

butane); a pronounced dynamic surface tension was also re-
ported. Smith and Lai (17) observed dynamic contact angles
in dodecylamine solutions at pH less than 9 in the presence
of dodecyl alcohol. Buckenham and Rogers (112) demonstrated
improved floatability of quartz using a dodecylamine collector
in the presence of pine oil as frother at pH 4.1. Figure
5.1b shows the effect of adding pine o0il to ﬁéggral solutions
of dodecylamine acetate.( A depression of \ and an increase
in t_ is observed in comparison with tHe pine oil or amine
alone. |Inorganic ions are also known to affect flotation re-
covery and an effect on the adsorption kinetics 'is to be

x

expected (73).

Fdéms and Detergents

In order for a froth to resist-deformvﬁg forces* a
force opposing the deformation must be established. Gibbs
(149) proposed that a surface tensidn{gradient could supply

this force, a proposition which has been frequently endorsed

[
e

(26,27,73,150-154). Upon deformation, a local increase in

length of the surface occurs with a consequent local decrease

)

in the surface concentration of surfactant. This results in a

surface tensjon.gradient away from the point of maximum deforma-

tion i.e. § force opposing the deformation is generated.’

*resulting from thermal or mechanic shock or ?ilm-drainage.
7 g *

1

.
. - v .
& /] " %
. ” ¢
5
. ~ . N
f
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The faster the surface tensioﬁ gradient is destroyed
by adsorption of surfactant from the bulk solution, the ldss
effect this restoring force will have. One measure of the rate
of adsorpiion is the dynamic surface tension. Bickerman (15])
and Burcik (73) have shown a correlatibn between increased
froth stability and a slow rate,pf surface tens}on depression.
Many workers consider the slongJthe rate the better (151-154),
although Burcik (73) favours a “moderéte“ rate. The ;ast rate
in pure liquids supports the poor foam stability observed.

Dervichian (153) and Donnan (154) have shown that

v

\\ maximum foam stability was attained ét a concentration of
\surfactantxﬁuch that [Yt4o/Yq] ;asgehmaxiﬁhm. “Clearly, the
lower Y, the greater the suréacg,tensioﬁ gradient produced.
Hqﬁ?ver, that a low - alone can‘charactgrize frothing has been
discre&ited én many occasions. Consider the change in y_ and
froth stability upon ethq@bl additions to water. Bickerman
(151) notes that foam exhibitjng the lquest collapse-time
\bave‘yw values in the fénge 54-70 dyne cm—'. In~flotation, ‘
good frothing i; achieved with pine oil additions causing
r“émly slight surface tension depression (140) (see Figure 5.1b)."
f In addition to his contribution to the theory of .
A)oaming,vBurcik (73) also demonstrated a cornelééTQn between
‘dynamic surface‘tgnsion'and détergeﬁby. As. the rate of suF{ch
" tension depression ingceased so too did the detergency, i.e.

. ", the ability .to remove "soil" from cloth. This remained the
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.

. L .
case whether the change in surface tension depression was

effected by temperature or pH change, or the addition of

inorganic salts.

‘Any process which involves the creation of fresh
interfaces warrants investigation of the adsorption kinetics.

This is especially s;so when surface active substances are pre-
. g

LS

_sent. In mény instances, the desirable ‘property of the'system

is provided by the adsbrption kinetics displayed.

ATER)
o

.

/{:J\



CHAPTER SIX
CONCLUSIONS; CLAIMS TO ORIGINAL RESEARCH;
SUGGEST IONS FOR kUTURE WORK

Conclusions

Chapter One.

The Wettnng and transfer models of flotation can

be tested from a knowledge of the dynamic surface tension.

i

Chapter_Two R ‘ }
MR b
“1. The technique of Kuffner provides a simple

method for deéerﬁiﬁfng dynamic surface tension.. v
2. The dynamic surface tension of JZdec?lamine

acetate solutions is strongly pH:depenSEnt between pH 7 and

13; up to pH 10, t_ increases; y_ decreases, at pH > 10, t_

decreases and \ increases. A maximum surface~activit§,is

displayed be tween PH 9.5 and 10.5.

3. The\dyngmic surface tension is‘relatively
insensitive t; the pregence of ions cther than‘hydroxyl ions.. g
k4, D The pH-dependence i explained by assuming
that an RNH3+—RNH2 éomplex is the dominant surfac? active species

present in solution. The free amine, RNHQ, is either poorly

surface active or is present mainly in the hydrated form,

[ .
\

RH,NHOH at pH > 10.5.

. I
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£
5. The RNH3+/RNH2 ratio in the complex is esti-

mated between 1:1 and; 5:1. This estimate assumes no surface
pH EFfé5£§’ hydration reactions or that the simple hydrolysis

model is affected by generation of this complex (not

necessyrily valid).

. éﬁ, 6. The similarity between tﬁe "optimum'" pH and
the natural pH of free, saturated dodecylamine solutions is
considered to be the result of complex formatiop.

7. The dyﬁamic contact angle ob;;:izz by Smith
and Lai (17) in the dodecylamiqefdpartz system at pH > 9
and concentrations greater than Iqu M has been'explaine&. \
8. The 100% flotation recovery of magnetite at

J

pH 9.5 and concentrations gFEafer than e 1.2 x 10'4 M and

2
the zero contact angle measured in the same system have been

4
14 B ;

» Y-
pats
e

reconciled.

14
A

9.  The excellent flotetion recoﬁeny of oxides
between pH 8 and 11 coincides.with the maximum surface activigy
of amine solutions. The .highly surface active spec}es (con-
siqeréd'tq be complexes) can grégtly modify the solid surface '

chemistry. This,coupled with the strong de-wetting power of

fresh bubbles, give good flotation conditions.

) . 4

I'd
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Chapter Three

> -

,
1. The decrease in bubble pick-up of magnetite

with bubble age is clbsely correlated to the deéreasé'in sur -

face tension. This is in agreement with the wetting model

and raises doubts concerning the veracity of the transferb
o2

model . i

2. Similar evidence was accrued from captive
bubble experiments on glass and freshly-cleabed hemati te.
For quartz,pick-up was independent of the exerted surface

. /
tension.

3. Attachment, once established, did not exhibit
any "“dynamic" properties. Surface roughness was considered
to be a contributing faﬁtor to this "metastabflity”.

4. ™®The Zisman wetting model, introducing a crit-
ical surface %ension of wetting, ok proved useful in explain-
ing the observed difference between magnetite and quartz p}ck—
up. The VC for magnetiﬁe and quartz was estiméted after 30
min. conditioning at pH™9.7 + 0.1 and amine concentration of

4 .08 x 10-4 Mas;

Fe,0 ) -

Ye 374 ~ 45 dyne cm ™

SiO2 1
. Y < 30 dyve cm

-

This difference was exploited in a differential float employ-

ing a water/methanol flotation medium. Good separation was
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achieved at a surface tension of <~ 40 dyne cm”! (in the pre-
dicted range). 0\
¢ 5. The Zisman model was shown to o%fer a number
of advantages over t\he Harkins model. —
: : i) /ve can be measured, whereas ygL and YSV
are indeterminate.

ii) the requirement that sy > lgp > which has
introduced many conceptual difficulties,
is not necessary in the Zisman model.

iii) the Zisman model emphasises the solid
and bubble'proper;ies priok to callision.
6. ° A working definition of the terms '"hydrophobic" ~
and “hydrophyllic“, as/EBey ére employed in flotation, is
possible using the yc concept. The possibility of effecting
differential flotation by control of YLV is thus introduced.

Chapter Four

N RPN
T w7

1. The t-short solutiop to the Ward and Tordail

diffusion equation coupled with the Fowkes surface model and

the t-long solution of Hansen, modified for monolayer coverage,-

/
/

were used to test for diffusion control.

a. The agreement between,the "théoretical"‘cu;ves
and experiméntal data indicates a diffusion-controlled process.
Calculation of"Co(D)”2 using»the Langmpir-S;skowski isotherm

agrees with that given by the Fowkes isotherm. r
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2

)1/2

vs C, and assuming
2

3. From a plot of CO(D

“reasonable" values for D (2 to 8 x"lO"6 cm sec-]),CO/C

’ . ¢
was determined at 35% to 70%. Taking the calculated per cent
amine present as RNH2 at pH 9.85 (~15%), this range (of
CO/C)‘fits an RNH3+-RNH2 complex with an RNH;':RNH2 ratio
of 1:1.to 3:1. This ratio is consistent with that found from

optimum pH measurements.

-angle in amine solutions greater than 10~

\Claims to Original Research

\ 1. fhe relative adsorption density at the S-L

and S-V interface in typical oxide/amine flotation systems

has been determined by utilizing the approach of Smolders (8 ).

2. Dynamic surface tension of dodecylamine as’ a .
. coo
function of pH (pH 7-13) and total amine concentration (2.04% x

107° M to 8.16 x ]0-4 M) has been measured. The influence of

alien ions was also tested.
. ¥

3. A decrease in surface activity above pH 10

K

is shown. . . , . f

»

Evidence is presented of RNH3T-RNH comp lex

2

-

formation.

©

5. The dynamic.contact angle phenomenon of Sﬁith
and Lai (17) is explained. ﬂ )
| 6. The 100% recove}y of magnetite and zero contact
4 and pHI> 9.havé\

been reconciled.
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7. The variation in surface activity w{:h pH
has been shown to correspond to the flotation response of
oxides.

8. The wetting and trangfer models of Flotatioﬁ
have been tested using dynamic surface tension aata.

9. A decrease in pick-up of magnetite has been
correlated with a decrease in solition surface tension.

10. The critical surface tension of wetting concept
has been introduced. Dynamic surface tension data has been
used to estimate critical surface tensions of wetting of
magnetite and quartz. c

11. A-differential float of quartz from magnetite
has been achieved using water/methanol solutions as flotation
medium.

12. The t-short and t-long §olutions to the Ward
and Tordai equation using the Fowkes isotherm and thé Hansen
assymptotic solution modified for monolayer coverage has been

employed to test diffusion control.

<

-

Suggestions for Future Work
L

o v

1. Dynamic surface tension work on other surfact-
ant systems known to exhibit a bubble aging phenomenon would
indicate if a correlation between v , and de-wetting power
wasigeneral. ° .-
. 2. Knowledge of the dynamics of such systems which

show a decrease in induction time with bubble age would be

iﬁformatigé.

s
i ¢
£ }
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3. Dynamic Sunigce tension determination on mixed
systems (collectot/frother, qpllecpor/mo@ifier) may help
ellucidate the surface active species generated by such
mixtures. N

4. The possibility of measuring the Ye of collector
coated minerals should be investigated, with a view to effect-
ing a differential floatnby exploiting any pronounced differ- _
ences in Yo+

5. The technique of measuring Ye outlined in thjs
work (using dynamic surface tension data) should be examined.
lt“:;ould‘be possible to show Ffﬁ;he Ye SO measured is the same

as the QC measured conventionally.
6. The influence bf surface condition should be .

qonsidered: A smooth surface and a crushed sgmple of the same

material should yield the same Ye© This is subject to ex-

perimental verification.

- X
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APPENDIX |

Moo \
* CHAPTER TWO ‘ -
CAL1BRATION AND RESULTS
7
[}
?

Q o )
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1v4
Calibration .

Results

&

Calculation of [3RNH3+.RNH2] for Figure 2.12 S

“t




L3N

Meéawz

K determined against water assuming surface tension of

72.0 dyne cm b,

NI

16.30

1

£
Glass tip (rl):
Ah

Yt

Ah
Yt V

Estimate of Err

-140-

L] ”‘/‘ ‘g
CALIBRATION
{
Yt = KAh . [}

Measurement of Ah(cm)
1 i ’
(!G ass tip (r])
.2 '3

16.18 16 .26

Metal tip (r2)

1 . 2
1.18 11.18

i

16.25 + 004/ -
443 A

LT

11.18
6 .44 Ah

it

i

ors:

Error in "“Ah":

a) reading, + 0.05 cm

bj hydrostatic, + 0.05 cm

error in Ah + 0.1 cm




Fye a) 4h, + 0.1 cm in 16 cm
e

error + 0.6%

b) temp., + 0.3 dyne em™! in T2 dyne cm” !

error + 0.5%
\

error in K. + 1.1%

r2:' a) Ah, + 0.1 cm in 11 cm

E . error + 1%

u

b) temp., as above

errorﬁn K.+ 1.5%
- 5

Wi

’

Error in "yt".:‘ |
Lowest Yi recorded ~ 25 dyne c:m’l
ry: Ah 5 cm

error + 2%
error in y.: + 3% o
ro: Ah 3 cm

error + 3%

error in y.: * 4.5% g ¢

This represents the worst conditions ..e. max? error
Calibration equations:

4.43 Ah + 0.8 dyne cm”!

6.4% Ah + 1.2 dyne cm’!

& i

-
N
<
e
L]

o



Error in "'t": . Ai

Stop-watch read to + 0.1 sec.
K t > 1 sed ,
error < + 10%
T
t > 10 sec
i
error ¢ + 1%

v _Bulk-of data for t > 10 sec,nearly all data for
/¢

t> 1 sec. ‘

“
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TABLE .1

Dynamic Surface Tension of Dodecylamine Acetate Solutions:
Comparison of Bubbling Tips '

8.16 x 1072 M, pH 9.85 + 0.05 ) ‘

e I‘2
v, t » Ah R
(dyne cm ') (secs) (cm) {(dyne cm ')
61.3 6.5 10.40 £ 67.0
.60 60 .2 8.1 10.10 . 65.1
.28 58.8 9.5 9.84 - 63.4 )
57.3 1.2 9.58 61.7 s -
52.8 13.1 9.36 60.3 = 7
54,7 14.7 9.08 58.5 "
53.3 17.3 8.8 56,&;/ 5
52.2 3 8.60 T 554 - -
EO'Z 1.6 8.33 54,07 :
. ) 91 uo - a] &-7
10.88 ﬁg.g- 5 7.;, - ;.gg ~ 51.3‘»,
: . 29, . .
45.9 ) 33.5 “7.58 E%.B —
kL .5 37.9 7.38 47.5 .
4304 42-4 70)8 46_.2
4005 4814 7000 ‘ * 450]
39.1 52.0. 6.70 43,2
38.1 62.5 6.52 41.9
/" b i \ . N
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TABLE I.2

Comparison of Dodecylamine Acetate

and Hydrochloride

Dynamic Surface Tension;

M, pH 9.85 + 0.05

4.08 x 107%

a)

DODECYLAMINE ACETATE

Ah
(cm)

cm

Ah
{em)

t
- (secs)

t
(secs)

(dyne
cm=1)

Ah
(cm)

t
(secs)

»
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TABLE 1.2 (cont'd)
DODECYLAMINE HYDROCHLORIDE ~-

—

Yt : Yt Yi
t Ah (dyn? t 4h (dyne t &h (dyne
zsecs) (cm) cm™!) (secs) (cm) cm™ 1) (secs) (cm) cm-1)
2.2 13.36 59.2 1.4 13.64 60 .4 0.6 13.60 60 .2
3.7 12.02. 53.2 3.6 11.9% 52.9 3.8 11.74 52.0
3.1 11.18 49.5 4.1 10.80 47.8 ‘2.4 10.88 48.2
3.4 10.28 45.5 7.0 9.74 43.1 7.6 10.00  44.3
8.8 9.54 k2.2 8.2 9.48 42.0 8.7 9.5 42.3
10.2 - 9.36 M4 8.7 9.20, 40.7 11.1 8.84 39.1
10.7 9.06 40.1 9.7 8.98 | 39.8 12,8 8.60 38.1
10.4 . 8.82 39.1 1.1 8.74 38.7 13.Q 8.40 37.2 !
11.3 8.62 38.2 . 12.1 8.500 37.6 13.6 8.20 36.3 =
12.1 . 8.40 37.2 13.1 8.28 36.7 14.0 8.00 35.4% v
13.7 8.20 36.3 13.3 8.00 35.4 16.7 7.76  34.4 -
T 7.89 35.3 15.9 7.80 3k.5 16.7 T.76  34.4
13.9 - 7.80 34.5 18.2 7.60  33.7 19.0 7.54  33.4
15.8 7.60 33.7 18.0 7.40 32.8 20.3 - 7.32 32.%
16.4 7.36 32.6 20 .4 7.2% 31.9 - 23.3 7.02  31.1
19.4 7.18 31.8 23.3 6.9 30.9 25.3 6.84 30.3
23.0 7.00 31.0 25.0 6.78 30.0 26.0 6.68 29.6
26.0 6.8 30.1 33.0 6.60 29.2 28.2 6.50 28.8
24 .1 6.60 29.2 32.9 6.40 28.3 30.5 6.38 28.3
32.5 6.48 28.7° 43.0 6.22 27.5 40.1 6.20 27.5
32.2 6.34 28.1 ° 53.8 6.00 26.6 49.6 6.00 26.6
o .4 6.14 27.2 72.0 .5.86 25.9 64.5 5.90 26.1
62.7 6.00 26.6 101.5 5.76 25.5 90.3 5.80 25.7
8.4 .5.88 26.0 155.6 5.56 24,6 120.0 5.62 24.9
105.6 5.68 22.2 210.0 5.26 23.3
152.4 5.54 2k.5
186.3 <2"5,32° 23.6 .
> 7 min 5.18 22.9




TABLE 1.2 (cont'd)

H9.85 + 0.05

1
i
s P

8.16 x 10”4 M

b)’

DODECYLAMINE ACETATE

d
(C%Q7)

Ah
{cm)

t
{secs)

cm‘?l

(dyn

Ah
(em) ',

t
(secs) .

d
(évng,

Ah
{(cm)

t
‘ secs !
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TABLE 1.2 (b) (cont'd)

DODECYLAMINE HYDROCHLORIDE
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TABLE 1.3

Dyhémic¢8urface Tension of Dodecyl%mine Acetate Solution;
Effect of Buffering

w

o rt i
O T
n . e,

AMOWn 4+ Wl
.

“hhbohP-oonmv oo

. G\MYOU‘I$M N O LW\O ND\D OO

A~ 3OO

- a) 4.08 x 1072 M, pH 9.85 + 0.05
Buffered Non-Buffered Non-Buffered (after 30 min)
initial pH 9.9 - Initial pH 9.9 Initial pH 9.8 o =
Final pH 9.8 Final pH 9.8 Final pH 9.
&h Yoo t ah Y¢ | t Ah Yo o,
(cm) . (dyne cm ') {secs) (em) (dyme.cm”') (secs) (ecm) (dyne cm )
14.52 64.3 30.9 14.48 64.1 30.2 14,84 62.7
14.20 62.3 35.5 14.18 62.8 34.8 14.48 64.1
-13.86 61. 37.7 13.82 61.6 37.6 14,10 6?.5
13.58 60.1 ho .7 13.56 60.1 4,34 13.86 60.8
13.24 58.6 44.8 13.20 58.5 4g.7 13.30° 58.9
12.56 °J 55.6 53, 12.58 55.7 57.3 12.88 5T.1
12.28 54 .4 57 : 12.20 54,0 T4.6 12.46 55.2
11.96 53.0 68.2 11.96 53.0 78.5 12.16 53.9 .-
11.63 51.5 68.8 11.68 51.7 96.1 11.78. 52.2
11.38 Eo.u 76.0 11.38 50 .4
° l]o]O g-a } 72‘9 I].]O 49-2
9.94 44 .0 58.%2 9.5 Yot
9.36 41.5 63.1 9.32 43.3 ®
9:20 40 08 ?5-0 g-oo 39'9 1]
9.00 39,8 76.9 .78 38:9
8.80 39. <
@ [+

-gHL -



TABLE 1.3 (cont'd)
b) 8.16 x 1077 M, pH 9.5

Buffered Non-Buffered Non-Buffered (after 30 min) -
~Initial pH 9.6 Initial pH 9.6 iti H .
Final pH 9.5  Final oH 3.8 P é?égia;HpH %:2
t oh Ye oo t 8h Yt t ah T Ve o1
(secs) (cm) (dyne cm ') (secs) . (cm) (dyne cm~!) (secs) (cm) (dype cm” )

9.0- 15.04 66.6 1.3 14.80 65.6 21.8  13. 60.1 —
13.5 15.40 63.8 . 15.3  14.20 62.9 24.8 lg.gg 53.2 v
]50 - '4.04"\ 62-2 2000 ]3.30 58-9 28-0 ]2-60 55-8 !
20.0 13.20 58.5 21.7 12.96 57.% . 29.2 12.36 - 54.8
22.7 12.84 6.9 23.4 12.60 55.8 33.3 12504 53.3
25.0 12.60 55.8 ak.5 12.36 54.8 16.5 11.80 52.3
25.6 12.26 54.3 27.2 12.00 53.2 49.8 11.50 50 .9
27.2 11.98 53.1 27.5 11.76 52.1 75.4 11.22 §9.7 .
29.0 . 11.70 51.8 "28.8 11.%0 50.9 ‘ - .
30.4 11.44 50.7 31.0 11.32 50.1
32.3 11.16 49 .4 33.0 10.96 48.6
35.0 10.96 48.6 40.3 10.52 46.6

37.4 10.64 ° 47,1 743.8 10.40 46.1

s 4 10 .40 46.1 48.3 10.20 k5.2
48.7 - 10.16 45.0 52.0 9.92 43.9

mo] 90 '44.0 I 54.6 i 9.76 ""3.2
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A TABLE 1.3 (cont'd)
c) 4.08 x 10 4 M, DAA, pH 9.85 ©
Buffered
Ah e t Ah M- t bh Yoo g
. (em) (dyne cm ') (secs) (ecm) (dyne cm") (secs) {cm) (dyne cm ')
13.48 22.7 2.7  13.74 60 .8 2.1 13.88 61.5
12.30 ) 5.0 13.5%0 59.8 5.0 12.50 55.4
10.90 48.3 » 4,1 12.50 55.4 7.3 11.38 50 . 4
9.90 43.8 6.7 11.62 51.5 8.6 10 .40 46,1
9.00 39.9 7.9 10.90 48.3 10 .4 g.44 4y.8
8.46 ° 37.5~> 9.8 10.20 k5.2 11.7 9.14 4o.5
7.9% 35.2 /- 11.5 9.60 ko.5 -~ e2.8 8.06 35.7
7.70 34,1 . 13.4 9.10 40.3 25.6 7.78 34,4
7.4 32.8 18.7 8.22 36.4 27.0 7.50 33.
7.20 31.9 21.0 8.02 32.5 30.2 7.26 32.1
6.70 29.7 23.0 T.70 34.1 38.8 6.93 30.7
6.50 28.8 2%4 7.48, 33.1 18.4 6.71 29.7
6.26 27.7 43,3 2.70 29.7 75.0 6.48 28.7
6.04% 26.7 54 .0 .48 28.7 100.8 6.26 27.7
79.6 6.30 . 27.9 .
1454 6.10 27.0
236.8 5.90 26 .1

Non-Buffered - see Table |.2
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TABLE 1.4 .

¢ . & |
' Dynamic Surface Tension of Dodgcylamine Acetate Solutions
at C = 4.08 x 10"2 M: Effect of pH

t sh . Yoo, t- &h Ye oo t Ah Yt .
(secs) (cm) (dyne cm ') (secs) (cm) (dyne cm™ 1) (secs) (em) (dyne ecm~!)

pH 6.90 + 0.05

/ no effect
vy = T0.0

©

pH 7.85 + 0.05 : '

- ) » no effect
' y Y = 6900

@

~151-

pH 8.85 + 0.05

44 .6 14 .44 63.9 S 45.8. 14.26 63.1 48.7  14.20 62.2
52.3 l#.gg- 22.3 27.2 }g.gﬁ 21.5 gg.g :g.gg 25'8
. ' . 0-5 90 . . . . .
lg}.g 1%.26 58.7 120.2  13.20 5%.2 - 132.2 13.14 58.2
50.2 4.26 63.1 ) y
68.3  13.88 61.5 .
84.9 13.54 60.0
114.2 13.18 58.4
L
o




(cont'd)

TABLE |4

-

ot Yt
. (secs) (cm) (dyne cm

ﬂr

(dyne cm

(dyne cm'x)

Ah
{cm)

t
(secs)

sh
(cm)

t
(secs ).
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" TABLE | % (cont'd)

%, Lo )
t Ah Yty t Ah Ye
(secs) (cm) (dyne cm”') (secs) (cm) (dyne cm™!)
pH 9.85?; 0.05 (cont'd)
o -
28.9 14.30 63.3 8.3 14.36 63.6
32.9 13.96 61.8 7.3 14.00 62 .0
28.3 13.62 60 .3 34.5 13,72 60 .8
1.1 13.28 58.8 38.0 13.38 59.2 .
1&5.6 12.9§ 57.3 43.9 13.00 57.6
49.7 12.60 - 53.8 48.2 12.64 56.0
55.0 12.30 —~ 54.5 52.8 12.32 5% .6
59 .7 lz.oo/y 53.1 55.5 12.00 53.1
gé.a\ ;1.6% 51.3 gg.o 11.68 51.2
. 1.38 - . . 11.3 .

73.E 11.00 E%.? o 73.3 11.00 E%.?
79.0 10.76 47.6 - 81.8 10.78 4r.7
112.2 10.12 44 .8 115.2 10.18 45,1
4.2 9.86 . 43.7 130.6 9.88 43.7
171.9 9.5 42.2 147.0 9.60 k2.5
207.0 9.24 4.9 175.8 9.36 4y.4
233.4 8.96 . 39.7 215.4 9.14 40 .5
301.6 8.62 - 38.2 279.6 8.84 39.1
386.2 8.36 37. 330.0 ¢8.54 38.0

N

t Ah Yt
(secs) (cm) (dyne cm']);>
26.5 14.60 64.6
35.7 13.64 60 .4
39.8 13.30 58.9
T} 12.96 57.4
47.3 12.62 55.9°
52.5 12.28 54 .4
58.6 11.98 53.0
62.7 11.70 51.8
70 .4 11.36 50.3
gZ.Q 11.00 48.7
T 10.76 47.6
97.8 10.48 4o .4
118.7 lo.ég ﬁs.g
132 9. 3.
léh’g 9.54 4o .2
'2.0 10.94 T0 .5%
1.0 10.98 T0 .7*%
13.6 10.80 69.6%
21.5 10.54 67 .9%
28.5 10.26 66 . 1%

* metal tip
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TABLE |.4% (cont'd) : o .

t _ &h Ye o, t NN Yt t ah - Yt
(secs) (cm) {dyne cm )  (secs) (em) (dyne cm'g (secs)- (cm) (dyne cm~ 1)

PH 10.1 £ 0.1

6.5« 15.56 68.9 3.5 14.50 68.2
20.8 14,92 66.1 30.1 14.26 _63.2
27.3 14.56 64.5 35.0 13.92 T 61.7
24.5 14.20 62.9 38.7 13.60 60.2

2.1 13.84 61.3 4o.2 13.28 58.8
45.8 13.54 60.0 - 42.2 12.96 57 .4
52.4 13.20 - 58.5 48. 12.6€0 55.8
55.1 12.88 57.1. 52.7 12.34 54.7
53.6 12.56 55.6 56.0 12.00 © B3.2
60.7 12.30 54.5 63.6 11.76 52.1
70.1 12.00 53.2 67:0 11.42 50.6
1.6 11.68 51.7 72.4  11.12 49.3
58.2 11.40 EO'E 70.8 10.86 48.1

5.9 11.14 9.4 . 93.3 10.00 4y .3
92.5 10.86 48.1 116.2 9.72 43.1
97.0 10.58 46.9 101.1 9.42 4.7 —
96.0 10.32 43.7
92.0 10.00 44,3 B
128.3 9.74 43.1

140.5 9.50 42 .1
pH 10.2 + 0.1
7.0 12.42 ~ 68.3 7.0 15.60 69.1
33.2 14.00 62.0 25.0 14.8 65.6
- 37.0 13.74 60.9 28.5  14.414 64.0
40,1 13.40 59.4 g 33.4 14,10 - 62.5
45,1 13,02 57.7 36.7 13.78 61.0

'ﬂgl'



. TABLE l.;/ftont'd)

-])

Yt

(cm) (dyne cm

Ah

t
1) (secs).

Yt

Ah
(dyne cm

(cm)

t
(secs)

Y

(cm) (dyne em™ ')

Ah

t
(secs)

pH.10.2 + 0.1 (cont'd)
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Yt
(dyne cm")

Ah
(cm)

t
(secs)

A
1

: Yt -
(dyne cm”

sh
{em)
10.4 + 0.1 (cot'd

o}

TABLE 1.4 (cont'd)
t
(secs)

-.]l

Yt
e Ccm

Ah
(cm) A (dyn
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pH
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TABLE 1.4 (cont'd)

[i,

..])

Ye

(dyne cm

Ah
(cm)

t
(secs)

-])

Ye
(dyne cm
(cont'd)

v, t Ah
(dyne cm ') (secs) (cm)
10.8 + 0.1

Ah
(cm)

t

(secs)

pH
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pH
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TABLE | .4 (cont'd)

-

P
t ‘Ah Yoo | t ah Ye o t Ah £
(secs) (cm) (dyne cm ) (secs) (cm) (dyne cm™1) (secs) (em) (dyne cm™!)

pH 11.7 + 0.01

38.9 16.00 70.9 179.7 15.56 68.9 4.7 16.00 ° .70.8
233.5 15.72 69.6 137.7 15.30 67.7 25.0  16.00 70.8
232.9 15.12 67.0 169.3 15.00 66 .4 77.0 15.98 70.8
650.2 14.74 65.3. 319.8 14.72 65.2 169.6 15.22 67.4

2 .oN S 10 min 14.60 64,1
N

.
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c TABLE 1.5
Dynamic Surface Tension of Dodecylamine Acetate Solutions at .
“C = 8.16 x 1072 M; Effect of pH
t Ah v, t . Ah Yt t Ah
(secs) (cm) (dyne cm ') (secs) ‘'(cm) (dyne cm™ 1) (secs) (cm)
pH 9.4 + 0.1 ) ’

8.1 14 .00 62.0 7.8 13.96 €61.8 7.3 . 14.00
1.4 . 13.36 59.2 11.0 13.20 58.4 9.7 13.98
15.8 12.60 55.8 '16.2 12.60 55.8 13.0° 13.24
22.6 12.00 53.1 19.8 11.98 53.0 18.2 12.60
,32.8 11.50 30.9 27.6 11.42 50.6 | 29.2 1.200

1.0 10.90 8.3 38.8 10.80 47.8 2.7 11.44
64.0 10.39 46.0 70.8 10.30 . 45.6 1.2 10.8%
13.6 13.84 61.3 14.4° 13.76 60 .9 1.7  13.72
14.6 13.84 - . 61.3 16.2 13.44 59.5 12.7 13.44
14.5 13.28 55.8 18.0 13.20 58.4 4.5 13.20
18.0 12.94 57.3 19.2 12.88 * 57.0 16.2 12.84
0.7 12.60 23.8 20 .4 12.58 55.7 18.0 12.60
22.3 12.36 T 22.0 12.30 54.5 19.0 12.30
24.1 12.04 53.3 24.2 12.00 53.1 21.2 11.96

- 25.8 11.78 52.2 25.0 11.76 52.1 23.9 11.75
27.9 11.46 20.7 26.9 11.44 60.7 24.5 11.%0
29.6 11.16 i 9.4 28.0 11.16 kg .4 26.3 11.22
31.7 10.88 48.2 30.9 1088 48.2 28.2 10.96
34.0 10.60 46.9 33.7 .60 46..9 30.2 10.70
33.6 10.36 45.9 4o.0 10.36 45.9 34,9 10 .40

.0 10.06 4y .5 45,2, 10.12 4y .8 ho.2 10.18
YR 9.80 43.4 49.3 9.80 43,4 43.7 9.92
g2.5 9.50 42 .1 55.1 9.58 ho .k h8.2 9.72
23 B 0 a1 4k 405 2% 9720

. . . L] . 2 . * .
23.? 8.60 % .1 61.6 8.80 39.0 61.8 8.98
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TABLE 1.5 (cont'd)

Yt
{(dyne cm

Ah

t
{secs)

h

Ye

Ah )
(dyne cm

(cm)-

t
j§ecs)

-]J

(cm)

pH .  9.85 + 0.05 (cont'd)
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]

Ye
(dyne cm

Ah
{(cm)

t
(secs)

. NNt

-]l

Yt

(dyne cm

Lh
(cm)

'3
10.2 + 0.2 (cont'd)

t
cS
pH
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TABLE 1.5 (cont'd)

)

:])

Y

(dyne cm

Ah
(cm)

t t
") (secs)

Y
(dyne cm

(cm)

Ah

t
(secs)

t

Y
(dyne cﬁ'])

Ah
(cm) -

t
‘(secs )

10.85 + 0.05

pH
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Tgm.’e TABLE 1.6

Dynamic Surface Tension of Dddﬁcylamfpe Acetate Solutions
at C = 4.08 x 10- M:/;ffect of pH

t . Ah oo, t Ah ~ Yt t Ah . Yt
(secs) (cm) - {(dyne cm ) (secs) (cm) (dyne cm™!) (secs) (cm) (dyne cm~!)

pH 6.9 i‘d.os

no effect oA
\ | y = 65.0 ‘ .2
@

PH 7.85 + 0.05

11.84

6.3 11.36 5.3 4.5 11.56 51.2 2.2 2.4
28.3 10 .60 46.9 Wr.7 10.60 46.9 11.4 10.96 48.5 '
83.5 10.36 42.9 - 195.0 10.36 45.9 36.2 10.68 ' 47.3
271.7 10.12 4.8 . - 95.0 10.36 k5.9
, 816.6 10.0% 4y 6
1.1 J12.20 . 0 1.6 11.96 - 53.0 ’ » e
15.3 11.00 Egvj . 11.3 11.18 49,5
. 36.8 10.76 - 47.6 22.6 10.86 48.1 -
1 3.6 10.40 46,1 66 .2 10.58 46.8
1074.3 10.10 4y, 7 . 614.5 10.24 45.3
. pH 8.85 + 0.05 “
2.3 '~ 13.28 58.8 23 13.50 59.8 2.3 +13.10 58.0°
4, 12.04 23.3 * 3.6 12.28 4 4.3 11.84 Ea.u )
5.4 11.18 9.5 6.4 11.08 - 49,1 6.1 11.02 8.8 ;
8.1 10.30 k5.6 8.9 10.26 45.4 8.8 10.12 Ly .8
10.7 9.82. 43,5 - 11 9.72 43.0 10.4 9.66 42 .8
16.0 9.28 by . 16.4 9.24 40 .9 15.9 9.16 40 .6

s




TABLE 1.6 (cont'd)

-])

Yt

(dyne cm

Ah c
(cm)

t
-1y (secs)

Y -
(dyne cm

Ah
(cm)
pH 8.85 + 0.05 (cont'd)

t
(secs)

-]l

Ye
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t
(secs)
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-])

Yt
(dyne cm

Ah
(cm)

t
(secs)

-]l

Ye
(dyne cm

Ah
(cm)

TABLE 1.6 (cont'd)
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TABLE 1.6 (cont'd)

-]l

Yt
(dyne cm

Ah
(cm)

t

(secs)

-')

Yt

(dyne cm

Ah
(cm)

t t
) - (secs)

Y
(dyne cm

ah

(em)

t
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TABLE 1.7 -

»

ylamine Acetate Solutions "in

M Sodium Acetate

Dynamic Surface Tension of Dodec

. Y
- (dyne cm™!)

the Presence of 10-2

-])

(dyne cm

Ah
{cm)

" (secs)

(em)

t
(secs)

(dyne cm")

Ah

(cm)

(secs)
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TABLE _I1.8

Dynamic Surface Tension of Dodecylamine Acetate Solutions
at pH 9.85 + 0.05, Effectof Total Amine .
ncentration

t Ah Yt t Ah Yt t Ah Yt
(secs) (cm) (dyne cm ') {secs) (cm) (dyne cm™ 1) (secs) f{cm) (dyne cm~!)
2.04 x 10°M
¥5.4  15.70 69.6 25.4  15.64 69.3 49.0  14.98 66.3
122.0 14.38 63.7 80.2 14.48 64.1 . T2.2 14.70 65.1
119.4 14.12 62.6 93.5 14.20 62.9 87.3 14.36 63.6 -
123.0 13.80 61.1 104.2 13.94 61.7 102.1 14.04 62 .2
134.8 13.54 60.0 11.38 13.56 60.0 118.5 13.68 60.6 - .
147.6 13.18 58.4 128.4  13.24 58.6 127.0 13.34 59.1 =
161.3 12.86 57.0 140 .0 12.94 57.3 146.2 13.02 57.7 o)
178.3 12.58 23.7 163.7 12.60 - 53.8 235.1 12.02 53.2 '
190.9 12.28 A 176.3  12.34 5k .6
217.7 12.04 53.3 227.6  12.08 53.5
2u4.7 11.8516& 52;2 > 5min 11.82 52.4
333.2 11. . i
393.8 11.24 39.8 ~
23.0 ' 15.76 69.8
31.9 15.16 67.1
63.6 14.82 65.6
g6.0 14.46 64.0
9.2 14.,16° 62.7
:; 4.08 x IO-SM
see TABLE |.4 '
8.]6 X ]O-SM -»

' . 'see TABLE 1.5 - .
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TABLE 1.8 (cont'd)
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TABLE 1.9

Dynamic Surface Tension of Free Dodecylamine Solutions
at Saturation: Effect of Increasing pH

'~

h - Yt t Ah Ve Ye

t Ah ‘ t Ah
(secs) (cm) (dyne cm") (secs) (cm) (dyne em™ ) (secs) (cm) (dyne cm~!)

20 Hours of Contact

Natural pH ¢ ¢
3.5 7.50 33.2 0.8 8.18 36.2 3.4 7.60 33.7
2.3 6.8 30.1 2.2 7.78 34,4 4.8 6.96 30.8
7.5 6.10 27.0 2.5 7.06 31.3 3117 5.20 23.0
7.7 5,98 26.5 2.3 6.78 30.0 22.7 5.00 22.1
8.9 5.60 24.8 12.9 6.42 28.4 17.1 .80 21.3
. 12.9 5.82 25.8
20.3 5.54 24.5
91.2 5.14 22.8
. 34.9 4,92 21.8
1.0 8.00 35.4 1.2 7.78 34,4
9.9 6.54 29.0 5.6 6.70 29.7
10.5 6.18 27.4 8.2 6.36 28.2
21.9 5,84 25.9 8.7 5.96 26.4
28.0 5.60 24.8 ?;.g 5.62 22.3
28.9 . .02 22.2 . . 23.
43,7 - 3;44 19.7 27.0 E.ge 21.3
' pH_11.65
s 1ok e82 w0 125 223 2y 2% 2
' . 2 o 02 7- 550 5' L4
1 13.86 65.8 “349.9 1E 32 63.9 328.9 15.00 66.2

&
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CALCULATION OF [3RNH3'.RNH,] FOR FIGURE 2.12
N g

t Basic Equations - -

K
1 L
“ RNH, + H,0 == RNH3+ + OH
Ky = k.3 x w0t (93)
H,0 —= H +OH
_ 14 *
K, = 10
K
+ 3 +
RNH, == RNH, + H
' o, -1 )

Assudptions
1) no precipitation (i.e. concentrations less fhan
"2 x 107°M).
2) the complex is 311 ion:molecule. : ~ 4
3) the maximum possible complex formation is
achieved (i.e. complex, RNH3+ and RI‘QH2 do not
coexist in solution). |

4) the ionization constant for dodecylamine (K,)

is valid for the calculations.
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/ TABLE 1.10

Per Cent Amine Présent as RNH3+J 3RNH3+..'RNH2

and RNH, (or RNH, -H,0) |

pH . " RNH, RNHSY 3RNH. .RNH, '
8 n - 99.04 0.96
9 - 90.8 9.2
9.5 - 72.0 280
10.0 - 22.6 o TT.h
10.14 - . 100.0
10.5 23.9 - 76.1
1.0 61.3 - 38.7
12.0 T A - 5.3
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Bubble Pick-Up of Magnetite: (6 + 5°)

i)
i)

i)

"4.08 x 10°

Distilled Water,

‘record #n text.

4

in text.

6= 0°

TABLE 1.1

4.08 x IO-“M, natural pH, see photographici

M, pH 12.2, see photographi¢ record

Bubblie Pick-Up (8) of -65 + 100 Mesh Magnetite
at pH 9.7 + 0.1

t

‘SECl

7-5
17
27
57
o n7

178

6

)

30
15
20
15
25

45 |

4o
20

“ 15

30
30
60
4o

30

b .
)~

lié&l igl . i§;cl
C = 1.02 x 10°°M (no flotation)

< 35 . <1 35
9 15 12 20
18 20 18 <10
30 35 57 30
57 15 59 20

"7 30 N7 20

C = 2.04 x |o'%M (no flotation)

<1
5

5
16

4]

20

58
60

300

25 <
35 5
30 5
30 17
b5 57
30 o8
35 120
30

50
50
20
30
30
4o
40 -
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TABLE 11.} (cont'd)

s " cC = ltéoa x 1‘0'52ﬂ ¢ - 4
(sec) oy (sec) ) [sec) (O
o< 60 < 90 <1, 50
<1 45 < 15 P 80
<) 25 o 60 <1 90
5 35- 5 % 0 ko
12 30 12 »@3‘0 D‘ S K 4o
15 30 2] %o 9 By 30
33 30 60 30 “60 35
88 3 89 b5 & 30
, 90 10 - |
G % °
<1 50 <1 40 < 50
<1 njﬂso < 40 <1 - ho
2 40 5 20 % 40
9 4o 9 " 30 9 50
° 9 50 10 30 16, 25
- e e
15° .30 .24 30 30 4o
17 4o 120 25 17T 30
297 35 298 .30 . ’
| C = 8.16 x 10™°M &-050% flotation)
< 85 PR T R T &
9 70 10 55 N 60
1 50 15 50 15 45
25 45 30 35 ° 30 30
59 25 60 30 65 20
120 20 30, ¥ (300 )5
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TABLE 11.) (cont'd)

¢ t : 6 t 6-
&) (sec) - (%)  (sec) (°)

C = \4.08 X Io-uM (100% flotation)
90 <1 90 <) 90,
9 . <1 90 <1 90
20 13 10 15 | 0
15 éo 0 59 0
. :
90 < 30 <1 90
% <1 9% <1 90
0 5 \ bor 0
20 ‘ 0 5 . 20
10 10 20 N 0
0 13 0 15 0
0 28 10 30 0
0 58 0 300 0.
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Bubble Pick-Up of Quartz (6 + 5%)

i) Distilled Water, 6 ~ 25°

TABLE 11.9

Bubble Pick-Up of -65 + 100 Mesh Quartz at pH
9.7 + 0.1 (Acid Leached of '"As Prepared")

¢ = 4.08 x 107M (100% flotation) g
B 4]
t 8 ) t é t é
(sec) ) (sec) (°) (sec) ©)
< 1 90 <1 90 < 90
<1 90 <1 90 10 90
10 90 15 80 30 90
60 * 90 300* 80 300% 90

* tendency to drop load on tapping holder -'but inconclusive

TABLE 1.3
. Bubble Contact Experiments

pH 9.7 + 0.1, C
C=4.08 x lo'uM

. Contact Contact °
{zec) Glass/Hematite < {sec) Glass/Hemati te ,
<1 /Excellent e Excellent
> 5 ~ Poor .y 5 Poor
S > 30 B Zero > 30 lero



TABLE (1.4 o _

Flotation of a Mixed (35:65 w/w) Qdartz: Magnetite Sample in
Methanol/Water Mixtures After 30 min. Conditiontng in
4.08 x 10"*M Amine at pH 9.7 + 0.

Floats p © Sinks g}
Methanol Quartz Magnetite Quartz Magnetite
(am) (B f(am) (B - (gm) (gm}
0 0.27 100 0.69 100 - 0 o 0.0 0 |
15 0.25 100 0.70 95 0 0  0.05 5
25 0.4 98  0.24 35 0.01 2 0.4 65 3
o - 0.32 99 0,01 ! 0.01 I 0.5 99 L Y
© 50 0.11 22 b 0 0.5 78 0.5 . 100
50 - 0.25 . 62 0 0 0.15 38  0.61 100
0 0.04 12 0 0 0.27 96 0.75 100
100+ 0.01 3 0 0 0.24 97 0.8 100

* replacing 100% methanol with distilled water gave zero recovery of
both quartz and magnetite. o



39 min Des rption in Distilled Water, Following Conditioning in
08 x 10~ M Amine at- pH 9.7 + 0.1 for 30 Min.

Quart

Desorption | (gm)

A: pPH 9.7 . 0.25

B. pH 6.1 (1) 0.31

-

C. pH 6.1 (11)%  0.02

*

* C 2nd desorption, after B

100

99

9

- TABLE 11

5

Flotatnoﬁ of a Mized (~ 35:65 w/w) Quartz:

T

Magnetite Sample After

Quartz

Floats ’
Magnetite
{gm (#) (gm)
0.7 98 0
0.60 ° 80 0.01
0.07 5 0.16

Sinks
(&)
0 0.01
] 0.15
91 0.96

Magnetite
Lsmi (%)

20

95

-ml-



TABLE (1.6

Dynamic Surface Tension of Dodecylamine Acetate Solutions After
Conditioning ~ One Gramme Magnetite Samples

t Ah Yo t ah Yo O t Ah Yt
(secs) (cm) (dyne cm ') (secs) (cm) (dyne cm™!) (secs) (cm) (dyne cm~!)

2.04 x 10°2M, pH 9.7 % 0.1
no effect, y_ = 69.0 + 1.0

%.08 x 10°°M, pH 9.7 £ 0.1
144 .0 14.58 65.3 61.3 15.56 69.7 79.5 15.42 69.1
162.0 14.14 63.3 . 1347 1%.76 66.1 117.0 15.02 67.3
224.8 13.68 61.3 151.9 14.26 63.9 144 .9 14.56 65.2
286.4 13.26 59.4 211.3 13.82 61.9 183.7 14.06 63.0
8.16 x 10°°M, pH 9.7 + 0.1
15.7 15.52 69.5 14.5 Jg.uo, 69.0 20.6 14.80 66.3
42.5 lu.gg 64 .2 4y .3 14.20 63.6 ky.o 14.20 63.6
50.1 13. 61.8 54 .6 13.66 61.2 54,4 13.64 61.1
61.1 13.26 59 .4 64.7 13.08 58.6 62.9 13.04 58.4
69.7 12.66 56.7 - 81.7 12.44 55.7 81.1 12.44 55.7
83.3 12.16 54,5 119.4 11.82 53.0 119.2 11.84 53.0
128.9 11.58 51.9 > 5 min > 5 min
> 5 min
4.08 x 10" *M, pH 9.7 0.1
4.3 12.14 gg.o/ 0.5 13.82 62.6 3.8 12.84 58.2
- 4.3 12.00 4 3.3 13.00 58.9 3.5 12.64 - 57.3
g.é 10.36 46.2 4.3 12.24% 5.4 4.3 12.58 57.0
.3 10.02 4s, 5.8 11.00 9.8 5.8 11.60 52.5
8.3 9.86 Wy 7 6.3 .11.00 49.8 6.9 10.94 49.6
9.1 ‘9.40 42.6 6.8 10 .60 48.0 6.9 10.60 48.0
4.5 '8.76 40.0 7.5  10.42 47.2 7.3 10.20 46 .2

-1g1-




TABLE 11.6 (cont'd)
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TABLE 11V _ s

Dynamic Surface Tension Generated by 30 Min. Desorptibn intg
Distilled Water After Conditioning for 30 Min in 4.08 x 107"M
: . at pH 9.7 + 0.1
t ah Yo o, t oh Ve oo t ah? Ye
"(secs) (cm) (dyne cm ) - (secs) écmz (dyne cm~1) (secs) (cm) (dyne cm~!)
0.1 ,

V o =

Distilled Water, pH 9.7 +
17.5 15.18 68.0 13.9 15.22 68.2 .
30.7 14 .24 63.8 , 25.6 14.76 66.1
5.7 13.84 62.0 33.7 14.32 64 .2
200 ‘ '3;4“ 6002 390] ]3.84 62’00
48.2 13.06 58.5 ks 13.42 . 60,.1 .
53.4 12.62 56.5 52.0 12.98 58.2
59.7 12.22 Sh.T . 59.8 12.54 56.2 y
75.6 11.46 1.3 74 .6 11.70 52.4
85.1 11.08 9.6 91.3 11.34 50.8
05.5 10.76 48,2 109.3 .10.98 k9.2
42.3 10.40 X 46.6 155.9 10.62 47.6
5 min 4 > 5 min
<7 Distilled Water, Natural pH
2-7 ]5-56 6909
. 6.7 15.92 71.3
11.3 15.62 70.0
19.5- 15.62 70.0 g
49.7  15.62 70 .0
5 min ' =
> Distilled Water, Natural pH with Subsequent
’ Adjustment to pH 9.7
6.4 15.44% 62.2 7.0 15.38 ‘68.9 3.2 15.56 69.7
20.5 14.30 \ “6h.1 - 17.0  1%.78 66.2 19.7 1%.00 62.7
22.0 13.92 62.4% . 21.1 13.64 61.1
24 .6 13.62 61.0 24.2 13.32 59.7
27.7 13.26 59.% 33.5 }2.26 gg.;
g?:s }2:%2 ggie 2.7 15752 243
33.5 12.22 54.7 341 11.96 53.6

'EB["



TABLE I1.7 (cont'd)

ah Yo .- t¥%. ah Ye oo t ah e
(cm) (dyne cm ') (secs) (cm) (dyne cm™!) ‘(secgl (cm) (dyne ecm™!')

Distilled Water, Natural pH with Subsequent
Adjustment to pH 9.7 (cont'd)

' 35.8 - 11.60 52..0

11.88 53.2
11.54 51.7
11.24 Eo.u
10.96 9.1
10 .64 4r.7 \L
10.32 - 46 .2
10.0 45.C
9.T4 43.6
9.46 4z 4
) g.zo 41.2
92 40.0
8.74 39.2 ’
8.48 38.0

_ﬂgl_



TABLE 1.8

Dynamic Surface Tension of Dodecylamine Acetate Solutions after
Conditioning ~ 0.3 Gramme Quartz Sample

t ah o 4 t ah - Yt t Ah Ye |
(secs) (cm{( (dyne cm ') (secs) (cm) (dyne cm™1) (secs) (ecm) (dyne cm™!)

3.1 13.24 58.7 1.3 13.24 58.7

3.3 12.16 53.9 . 3.9 . 12.42 55.0

5.7 11.36 Eo.3 4.8 11.% 1.2

5.9 11.10 49.2 7.0 10.58 6.9

6.8 10.80 47.8 6.7 10.38 46.0

7.3 10.58 46.9 8.3 10.04 4y .5

7.5 10.36 43.9 11.2 9.86 43.7

9.5 10.10 44 .7 10.5 9.62 42.6

9.7 9.82 43.5 11.9 9.40 . W1.6

12.1 9.60 42.5 13.7 9.14 4o.5

8.7 9.36 . k1.5 10.5 8.98 39.8

IE.I 9.14 40.5 11.5 8.78 38.9

14.7 8.96 39.7 15.2  B8.58 38.0 /
15.1 8.7h 38.7 17.5 8.38 37.1 _

ll.o 8.50 37.7 13.7 8.16 36.1

14.1 8.28 26.7 . 18.7 7.96 35.3

15.5 7.94 35.2 :
20.g 7.76 34,4
20.8 . 7.60 33-g
22.7 7.40 32.

-Gg8l -
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it Limitation on Application of Equation 4.5
) P :}} f o ¢

The assumption:

! 'Ct - 0 ] ’(])
The Syskowski equation:

f

Yo ~ Yt = [, RT In [k)+ aC.] ' (2)
Expanding:
' <t - 1 2 ]
Yo " Ye = T RT [aC - 3(ac)® + g(ac,)? + ...)
' O
(3)
O

The zero order approximation:
(€2

Yo T Y < m RT a C, | (cf Eq. 4.5) (%)

The first order approximation:

;o vy = [L,RTac, [ - %(act)] (5) -

Substituting zero order approximation into fisst order approx-

imation:

o T Yy = TpRTacC [l - 37 g1 (6)

Yo T Y ’ .
For %(Tﬁ%ﬁT—i) < 0.1, Eq. (6) is within_lo% of Eq. (4). Hence:

Yo - Y¢ < 0.2 [ RT (1)



W, Taking [ = 6 x 107!

carboxylic acids (125,155)and amines (133)), R = 8.3 x 107

0

-189- L

mole cm” ! (the value for simple alcohols,

erg mole”! k™Y and T = 300%:
[ RT = 15 dyne cm” )
Hence:
'I- Yo - ¥¢ < 3 dyge cm”! 2
(.2 Limitation on Application of Equation 4.13
Assuming the Langmuir/Syskowski relationship:
¢ Yo T Yy = (o RT In [1 + aC.]
and:
- Yo Yo = I’m RT In [1 + aCo]
G
hence:
1 + aCt
e ° Yo T Y, = " [pRT Inly aCo]
A
by making the'following substitution:. o

[}

Ce

i.e. equilibrium is

Co - AC,

approached, Eq. (12) becomes:

0 - a ACO
ST R In O e )

o

<o

(8)

(9)

-(10)

(1)

(12)

<
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expanding:

aAC anc 2 anc 3
e T T T -3 )+ 3a) -
Yt Yo U'm +aC, 2 ‘T +aCj 3V + aC,
v (14)
Substituting a re-arranged-Langmuir equation:
l+aCo
o= o (——>) (15)
, o
gives:
aC, ), aAC, 4, ahc, 2
Yo © Yo = fe RT —Q[] "2'(1—;—;5;) *3(1"??(::) EERES |

(16)

The Hansen assymptotic solution (EQ. 4.10) can be modified:

C_ - AC ' r

e
- (1)
o co(mot) 72 |

,,!

thus:

e ' . : 5
(18)
. (mor) /2

codbinfng with Eq. (15) gives:

aACo Fe2 .
TvaC, - 7z | (13)
° M Co("Dt) o ’
Thus Eq. (16) can be written:
Yo " Yo T 7 72 -1 72t o
C_ (wDt) cC. r_ (mt)
(™ o m (20)
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The zero order approximation:

Fez RT (n §.13) (1)
- = =73 cf Eq. 4.13 2
Yt YQ CO(TI'Dt) 2 , ' .

o

The first order approximation

S e .- 2
ve -y e ————17~re i [1-4 e 1 (22)
t © Co(ert) 2 2 Col’m(th)Uz

2 v

Substituting the zero order approximation into the first order -

>

approximation ]

) rZ2 Rt o A 4 3)
Yt Yoo Co(TrDt)l;z 2 rm RT "

Ye T ¥ ’ c e e
For % (—%:rﬁTﬂ) < 0.1, Eq. (23) is within 10% of Eg. (21).

Substituting the value of [ RT (Eq. (8)):

Ye v, < 3 dyne em”! (24)
.3 Restriction Placed on Equatien 4,13 by
' . Assuming [ = [
§ , 4
Assuming the Langmuir/Syskowski relationship:
9 it
Syskowski equation: U
- Yo " Yo~ = TuRT In [1+aC)) (25)

Q

o




- ]92-

Laﬁ?muir tsotherm:

rac '
r = £ (26)

e 1 + aC0

I f re--bl'm, then 1 + aCo—;aCo.

For aco > 10, error is < 10%.

Hence:

1.4

)

OCOO0OO0O0OO0OOO0O00O0O0O0O

ot Tabnin misio

© @®
Ui

. ,
| -
Yo ~ Y, > [,RT In 0 (27)
/
> 2.3 x 15
o= ’ 1
Yo - v. > 35dyne e’ (28)

Numerical Solution to Equdtions

4.6a, 4.8a and 4.9a

A, ve ¢ (0t)'2 x 1010
(A2) (dyne cm” ') ‘(mole cm 2)
27.6 <0 -5.33
29.0 5.0 5.08
30.7 21.9 4.76
33.0 33.8 4 .45
36.3 43,1 4.05
4]02 m-? N 3'55
49.3 57.1 2.98
55'9 60-0 2.62
. 65-7 * 62-7 2.24
gé.l 63.7 2.07
0 65.2 1.19 L
,.‘98;!"’ 6607 l- 9 e
f14.8 67.6. 1.28
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FIGURE 1Il.2"°
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1.5 Evaluation of C (D)”2 Using t-short
Solution and th@ Fowkes Isotherm

1/2 are estimated from the experimental

Values of Yi and t
plot (see Figure 4.1). The corresbonding value of Co(Dt)lla

is estimated from the accompanying graph of Yy VS Co(Dt)'/2.

The value oflcéf(D)”2 is then calculated (CO(Dt)lle,/ t]/2).

/2 \\ ve - ¢ (0t)/2x10' ¢ (0)"/2x10'0
(sec)t/2 ~ dyne cm” ! mole cm 2 mole cm 2sec” /2
. ¢ =2.04 x 1078 mote cm™3
7.0 " 67.0 1.37 0.195 ’
8.0 : 65,7 . - 1.70 0.212
9.0 64.0 . 2.02 0.224
10.0 62.5 2-é7’ 0.227
11.0 60.3 - 2.55 0.232
2.0 ' 58.0 2.8 0.238
"Average" 0.2240.02
¢ = %.08 x 1078 mote cm™3 g
5.5 62.5 - 2.23 0.406
6.0 60.5 : 2.53 0.422 ’
6.5 58.5 2.8 0.431
7.0 56.0 3.07 0.438
T.S 28.5 3.31 0.441
8.0 51.0 3.52 0.440




1/2
(sec)]/a

805

9.0
10.0

3.3
3.5
3.7
4.0
4.3
4.5
4.7
5.0
5.2
5.5

1.5
2.0

ve ¢ (ot)/2x1010
- / -
dyne cm ! mole cm 2

-196-

1/2 10
Co(D) x10

2 -1/2

mole cm < sec

C=4.08x 108 mole cm-3(cont'd)

k9.0
k7.5
45.5

é = 8.16 x 10'8 mole cm 3

62.5
61.5
60 .3
58.7
56 .8
55.2
- 53.9
51.2
50 .0
48.2

C=2.04 x 1077 mole em™3

1

67 .4
63.6
60.0

3
3
3

"Average"

w w w w w P PP

3

"Average'!

l 0275
2.100
2 .600

.78
.78
.92

27
4o
.57
77
.00
.15
27
.51
.61
.73

© O O O O o o O o o o

420
420
392

4240 .02

687
685
695
692
.695
700
.696
701
693
677
.69+0.01

275
-%00

.300
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/2 Ve ¢, (0£)"2x10"  ¢_(p)'/2x10'0
(sec)l/2 dyne cm”! mole cm™2 mole cri 2sec” /2

C =2.04 x 1077 mole cm'.3 (cont'd)

2.5 " 56.1 3.075 1.230

3.0 51.5 3.500 1.170 )

3.5 . 45.0 - 3.950 1.130 ‘

"Average" 1.25+0.15

C =4.08x 107 mole cm™3

0.6 66.5 1.50 2.50 v

0.7 65.5 1.72 2.46

0.8 64 .2 1.98 2.48

0.9 63.0 2.20 2.44

1.0 62 .0 2.35 2.35

1.1 60.5 2.55 2.32

1.3 58.0 2.86 2.20

1.5 54.8 3.18 2.10

1.8 k9.5 3.65 2.03

2.0 "5'9,// 3.95 1.97

"Average" 2.32+0.15

C=8.16 x 1077 mole cm™3 ‘

0.5 ~ 66.0 1.62 ' 3.24

0.6 65.0 1.8 3.0%

0.75 | 62.5 2.27 3.03

0.8 ‘~6l.o 2.47 *3.09
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V2 ve © e (06)2x1010 ¢ ()2 x10'0
(sec)l/2 dyne cm” ! mole cm 2 mole cm 2sec” /2
C=8.16 x 1077 mole ecm™3 (cont'd)
0.9 . 580 2.8 3.14
1.0 55.0 3.17 3.17
] 02 “‘9-5 3-65 3-04
1.4 43.5 } .02 2.87
'"Average" 3.1140.1
¢~
N
111.6 Determination of C SD)”2 from t-long
Solution (Eq. 4.138). Linear Regression Analysis
’ Concentration intercept Slope CO(D)'/exloIO
(C)5 (v,) dyne mole Correlation
M x 10 dyne cm” Secl/2cm-l cm-2sec” ! Coefficient
2.04x -- -- -- -
4.08%x  27.9 182.6 0.30 0.996
8.16 ~21.6 85.9 0.64 0.883
2.04 23.0 . 57.5 0.96 | 0.857
4.08 .  .21.0 42.2 1.31 0.975
8.16 20.7 26.9 2.05 0.977

) * Equation 4.13a not applicable: Yo ° ym"< 35 dyne qm-]

** Of doubtful valuex vy, - vy > 6 dyne cm” !
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L7 Sample Calculation of Numerical Evaluation
of v, vs t1/2 curves <
: _ -y i
Consider C = 8.16 x 10" M
t-short
10

147 x 10°
2.75 x 10°10 /2

o ' Ay = 22

t

Solve numerically and determine Y from accompanying plot

of Yy VS A].
5 .

t-long

N -10

: 55.5 x 10
Y = - + 20-7 oy
t 2.75 x 10710 ¢172 -
_ 20.@

) yt = —;—175 + 20 -7

Solve numerically and obtain vy, direct.

3

1/2 s
viii.8 Estimate of C (DVs tlfgom the lelt‘?g

Slope of the Yt Curves as t
Employing Eq. “4.5

t

Rewriting Eq. 4.5 to apply to Figure 4.1:

Dt 1/2
Ye = ; 2RT CO (TT_) ,+‘y,0
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e e 2RT - , 1/2
Limiting slope = - Cc. (D)
1 Tr|7.'E‘ o |
- -2.8x 100 ¢_(p)!/?
" Concentration Limiting CO(D)'/QxIOI—O
(C) . , ' Slope + 10%
Mx 102 . Intercepts* dyne cm™ 'sec™1/2 mole cm-esec-”2
| 2.04 (9,66) - 0.67 0.24
4.08 (7.63.%) - 1.2l 0.43
8.16 (4,64) - 2.00 0.71
)
ZZ'.A' S (3,62.5) L30T 1.25
.8 ' (3,56.5) - -95.16 1.85
81.6 (2,55) - 8.50 3.04
*'0ther intercept is (0,72) ) o 0O .
) (
N )
&, -
: de
. | t \
’Lt ‘%
N3 ' ’
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* © . . TABLE V.1
- | “Dynédﬁc Sprface Tension of éodium lauréte Solptions
- a . c - - A - -
) - Yt o to = Ah \£: ) t

ah’ e
(cm)y ° (dyne e 1) (#ecs)  (em) -

3-95 * ’]0-3'{1,
. B

" (dyne cm™ ! - (secs)

Ah
(cm)

Yy .
(dyne cm'J)

pH f.6 (natural)

10.22 p45.3 ~.
10.20 . 45.2
9.76 43.2 “
9,Eﬁ 42,1 ' _
9« ¥).88 ~—
9.36 41.5 o . .
: 3.5°x 1073, pH 9.5
5
7130700 60 -7 e i
13.30 58.9 N
13.00 57.6 .
13.00° ° 57.6 .
12.58 55.7 .
. - Yl . 4
- , o 0’
e v
1 v ’ , . -
’ . ° a ‘e

3

-€02-
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Dyﬁémi; Surface Tension of Pine 0il

LN

Y

t‘ Ah ¢ _]
jséfs) (cm) (dyne cm )
33.8  15.% . 58-9
2.3 15.42 . 68.3
> 3-mid 1%.26 67.6
| . _ c
. -
l‘ ’ -
346 1450 64 .2
31,2 - 13.98 61.9
63.0 13.56 60 .1
N Q
J ™
- .

b

r

) TABLE V.2

@

-
<

Y t - 2t

(dyne cm'[l X

i (secs)

t Ah
(secs) [(em),

PINE OIL 0.02%

51.0 15.48 68.6
> 5 min 15.24 67.5° !
N
Vo4
0.02% PINE OIL + 4,08 x 10 M
AMINE, NATURAL pH |
35.3 14.06 62.3
70.5 13.60 .2
166.3 " 13.26 58.7
N
®

36.2

11.1
47.0
155.0

Ah
(cm)

17.75

14.08
13.76

-13.38

and Pine 071 + Amine Solutions

Yt
(dyne em~!)

68.7

- -402-
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