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ABSTRACT 0 

The dynamic surface tension of dodecylamine acetate 

solutions from pH 7 to 13 and concentratioQs 2.04 x 10- 5 to ~ 
, 4 

8.16 x 10- M has been determined. A pronounced pH dependence 

is observed. A maximum surface activity at pH la is observe~ 

) and explained by assuming amine ion:mo1ecu1e complexes. 

" The time-dependent surface tension explains the dY7 

namic contact angle~ observed in the system quartz/alkaline 

dodecy1amine; the variation in surface activï'ty with pH is 
, 

shown ta correspond ta the flotation response of oxides. 

Wet t i ng and t rans fer mode 1 s of flo tat i on have been 

tested. A decrease in bubble pick-up of magnetite with de

creasing surface tension was opserved, supporting the wet-

ting modeL 

The critical surface tension of wetting, YC' is 

introdueed and measured for dodecylamine-coated magnetite and 
" 

quartz~varying the surface tension by control1ing the bubb1e 

,;Jge. The author's opinion on the advantages of introducing. 

Yc is given. 

The rate of adsorption is tentative1y conclude~ 

as diffusion-control1ed. 
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L'ADHERENCE ET L'INTERFACE .LlQUIDE-VAPEUR 

DANS LA FLOTTATION 

RESUME 

La tension superficielle dynamique de solutions 

d'acétate de dodécylamine à ~té ,déterminée dans le domaine 
~ , 

de pH s'étendant de 7 ~ 13 et pour des molarités variant 

entre 2.04 x 10- 5 et 8.16 x 10-4 • L'activité superficielle, 

très sfnsible au pH, présente un maximum pour une valeur du pH 
1 

égale à 10. Ce maximum peut ~tre expliqué en supposant 
) 

J'existence de complexes molÎcule-ion amine. 
/i ' 

La tension sup~cielle dépendente du temps pe rme t 

d'expliquer les angles de contact dynamiques observés dans 
.. 

v 

le système quartz-dodécylamine alcaline, il est montré ~ue la 
1 

variation de l'activité superficielle avec le pH correspond 

à ja réponse en flottation des oxydes. 
,; 

De5 modèles de flottation par moui llage et par 

transfert ont été testés. Une diminution de l 'efficaci~ du 

co 1 lectage 'de la magnét i te par les bul les à ~té' observée 

lorsque la tension superficielle décroit, étayant le ~dè'l'e' 
(1 

par moui lIage. , " 

La notion de tension superficie1,le critique de mouil

lage, Ye' à été introduite, et cette,tension à été mesuré pour 

de la magnétite et, du quartz enduits' de dodécylamine, la var

iation de tension superficielle étant obtenue par le controlé 

de 11~ge d~s bulles. L'auteur donne son opinion sur les 

avantages que presente l'introduction de YC. 
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CHAPTE'" 

INTRODUCTION 

Flotation is a complex science involving the inter-

action of a liquid-vapour interface (bubble):'-.a solid-liquid 

interface and the~rpduction of a solid-vapour interface. 

Flotation is most frequent~ described as the art of rendering 

the solid surface hydrophobie by the adsorption of Jow surface 

energy surfactants (caJJed "collectors") which enables contact 
" 

with a passing air bubble to occur (J). This places the em

phasis on adsorpt....L?n of collector at the solid-liquid (S-L) 

interface and the resulting modification of the soJid surface. 

As a consequence, the buJk of flotation research has been 

directed towards und€~standing the adsorption of collector at 

the S-L interface and v~~tle is known of the adsorption 

of the collector at the liquid-vapour- (L-V) interface. 

The Jiterature, however, hoJds quite a substantial 

quantity of evidence which suggests that the L-V interface 

can play a direct roJe in successful bUbble-particle attach

ment. Overbeek et'al. (2) in 1954 were the first to indicate 

that, il the-~rfaces involved in developing a contact angle 

are assumed to be at equilibrium, t~e adsorption density at 

the solid-vapour interface (fSV ) is greater than at the solid-

1 iquid interface (fSL )' Work by Aplan and de Bruyn (3), 
, 

So~sundaran (4), Lin and Metzer (5) and Finch a~d Smith (6,7) 

on typical flotation systems, tends to support this claim; 

c 
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simi lar observations have been made in other fields besides 

conventionaJ flotation systems (8,9,10). This (i.e. rSV> 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: 

YLV cos e 
d( ) = 

YLV 
• • • • • • • • • • • 1 • 1 

----where YLV is the interfacial tension liquid-vapour (usually 

referred to as "surface tension" ), rLV the adsorption density 

at the L-V interface and e is the contact angle. By plotting 
, 

YLV ços () vs YLVa measure of (rSV - rSL )/ rLV can be made 

from the s lope. Figure 1.1 i llustrates this plot for various 

systems. ln aIl cases the following observation holds; 
l, 

. YLV cos e 
d ( ) ~ 

YLV 
o •.•••••..•••.•••••• ~1.1a 

Hence: 

•••••••••••••••••••• 1 • 1 b 

The solid-vapour (S-V) interface is created upon 
. 

bubble-particle collision. This factor alone appears'to dis-

tinguish the~S-V interface from the S-L interface indicating 

that the additional adsorption is a result oi the colliiion. 

o 
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FIGURE 1.1 

YlV cos e vs 'YlV 

(after Finch and Smith (6,7» ( 

A 
B 
C 

Hematite, Dodecylamine, natural pH 
Magnetite, Oodecylamine, pH 9.5 
Barytes, Oodecylamine, naturaJ pH 

Fluorite, Oodecylamine, natural pH 
Quartz, Dodecylamine, natural pH 

/ 

/ 

A 
B 
C 
o 

Hematite, Oehydroabietylamine, natural pH 
Baddelyite, Dehydroabietylamine, natural pH 

o 

, 

, 
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The rSV is, therefore, a function of both rSL ~nd rLV ' 

Somasundaran (4) and Sandvik and Digrè (II) have noted that 

r LV can be greater tf'tan rSL in the silica/dodecylamine system 

making the bubble ~n important contributofto rSV' 
li", 

The common feature noted in this work is the active 
Q l 

\ 

role of the bubble in promoting 'successful bubble-particle 
" 

adhesion. tAn important criti,cism, however, must be that flot"a-

tion cannot be considered as ·an equi librium process. The con-
~ ~ 

clusions gleaned from a study of the contact angle (say as a 
(j 

function of collector concentration) where attaining equi librium 
~'I~ 

i s a pre- requ i site (12) cannot, neces'sar i 1 y, be .1 i ed to 

actual flotation. The L-V interface in particular is unlikely 

to reach equilibrium in aIl cases sinceoflotation is a process 

r~lyillg on the continuaI creation of "fresh" bubbles in a 

qhllector solution. Adsorption of colleotor at the L-V inter: 
",'\ t 

"'tt'the (or, indeed, any interface) is a function not only of 

composition but at?so ,of time (13). /1, 

The influence of bubble liage" upon bUbblé-particle . 
collision has been observed on a few occasions but has' never 

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

that at certain concentrations of collector (e.g. sodium 

cetylsulphate) fresh bUb~l~s gave gpod contact with the solid 
, 

but bubbl~sallowed _~? age i~ the solution prior to contact, 
~ .. \ 

frequently failéd iômake contact at ail. Observationsof this 

J " 

u • 
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\:\ 
nature have also been reported by Smith (16) and lai and 

Smith (17) with the system quartz/alkaline dodecylall1lne solu

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

Lee (19) working with Aerosol 22 and hematite. Smith and 
• 
Lai (J7) also demonstrated a time-dependent ('Idynamic") ,Ç:ùntact 

1 

angle. After forming a contact ang le of 80 0 wi th a fre~h 

bubble on a polished quartz specimen. it was observed that at 
- ~ "-4 

concentrations of dodecylamine greater than 10 M and pH' j. 

the contact angle decreased as a function of time frequently 

resulting in zero contact angle after 100-200 sec. Warl-- \1-+) 

introduced the idea of bubble "armouringll, the bubble buiiding 

a "wetting" layer with time which'eventually prevents attach-

ment. 

19,20 ) • 

Others have tended to agree with this explanation (l~. 

f 
Under cond i t ions where the 50 1 id i 5 cond i t i oned sa as 

to be at or near equi librium with the conditioning solution. 

any effect of the bubble age is reasonably interpreted aS due 

ta changes ln the surface properties of the bubble: 

Another effect of bubble age upon bubble particle 

attachment ·has been noted, nal!1ely a ,change in the induction 

period* (or time)(15,22). At dilute coJlector conc~ntrations. 

a tendency for the induction time to decrease initially with 

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

~ • 
*Induction time is the time r"equired for th~ bubb'le and particle 
to attach after being brought into proximity. It reflects .. 
the kinetic stage 'in the attachmen,t process; the time for 
thinning to rupture of the liquid 'fi lm betw-een bubble and, par-
ticle. • ) 
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investigated in th~resent work. Reference throughout to a 

bUbbl,e aging phenomenon wi 11 refer to the decrease in bUbble

particle attachment with incr~asing bubble age. Attempting 
) 

to ex'plain thi's phenomenon should prove useful in unders'tanding 

the role the bubble plays in bUbble-particle attachment. 

Theory 

a) Bubble Aging ( 

ln order to assess the role played by the bubble in 

bubble-particl~ 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. Figurel~ shows four stages in the 

"life" of an L-V interface freshly created in,a collector 

solution, 
~ 

a) the bulk sol~u't-u>~ with randomly distributed 
_ _1 -

colleçtor molecules/ions, prior to creating 

the L-V interface (i.e. t < 0). 

b) a freshly created L-V interface at time t = 0 

showing th~t the adsorption density of co11ect-
u 

or simply corresponds to the bulk concentrationé 

as insufficient tlme has eJapsed for significant 

diffusion and adsorption* of collector species. 

*The rate controlling step may be either diffusion or an adsorp
tion (energy) barrier at the interface. For present purposes 
the rate controlling mechanism is of secondary importance and 
wi 11 be considered later (see Chapter Four). , 
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FIGURE 1.2 

Ag i-ng of an L-V 1 nter face in 
a Surfactant Solution 
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c) at_ti-me t = t l
, migration of surfactant to the 

L-Y interface causes an i~crease in adsorption 

density. 

d) at time t == t, the L-V interface can be consid-
CI:) 

ered at true equi librium with the surrounding 

bulk solution. 

These stages result From two known properties; that 

surfactant species adsorb at the L-Y interface since this offers 

a low energy region (23), and secondly this adsorption wi Il be 

time-dependent since migration to the interface of the surfact

ant molecules/ions is not instantaneous. The extent and rate of 

adsorpt ion w i 1 1 depend on surfac tant concent ra t ion, sur face 

activi ty, solute dimen'srons and the nature of the rate control 1 Lng 

s tep. 1 t i5 quite possible for t to range from 10-3 sec to 
al 

severa 1 heurs (i f n'Ot days) depend i ng"on the cond i t ions (24),' 

As ~he adsorption density of a $urface active substance 

increa,ses, the surface tension, YLVof the so)vent (e.g. water) 

'decreases. The surface .. tension decreases with time until an 

equi 1 ib~i~m' YlV is attained, at time tOI)' AI rep~~ .. ~ucible sur-
" ~ 

face tens-i,on ~alue which is a non-equilibrium vatue is called 

a dynamic<sutface tension (25). AlI surfactant solutions wi 11 

exhibit a dynamic'surfacé tension to a greater br lesser degree. 

That YLV is a function of the age of the interface in surfact

ant solutÎons has been reaJized for mar\y years (26,27). 
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This mode l of surface aging requires sorne modiFica

tion ln the turbulent conditions of a flotation cel 1: Relative 

motion of the bubble and liquid tends to increase the rate of 

equilibrium'attairlment (reduces, t ) (28). Expansion of the 
c 00 

ris i ng bubb le tends to reta rd equ i 1 i br i um at ta i nment due to (.1 

creation of fresh surface. Nevertheless the principle of sur-

face ag i ng rema i ns una 1 tered • 

For the present work, other manifestations of this 

time-dependent ~dsorption (e.g. dynamic surface potentials 

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

itself and the resulting dynamic surface tension. 

D 

b) Flotation Models 

i) Wettinq Models 

1 n order (or a pa rt i c 1 e to be f loated, a gas phase 

must replace a 1 iquid phase at the particle (solid) surface. 

" The condition for this can be described either using the 
........ ~ 

.;. .... Harkins spreading coefficient (30), SL!S.o.r by introducing the 
.,:. 

~ritical su~face tensiq~~~f wetting concept, YC' of Zisman (31). 
i' .. ~ " • " ..,...... . 

These wi 11 be referred to'aS the Harkins and Zis~an models for 

con ven i ence • 

i.i) Harkins Mode l 

The spreading coefficient, SL!S' is defined 'as 

Sus 1 = YSV - YSL - YLV ..••..•••••. 1 .2 
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and i s i 11ustrated ln Figure 1.3 

vapeur liquid y.. 

solid 

S=v-y-V 
Lis 'sv 'al 'Iv 

Fiaure 1.3 The Harkins Model 

The terms YSV' YSL and YLV are the interfacial tensions solid

va po ur, soli d - l i qui dan d li qui d - va po u r r es pe ct ive l y • 

When SL/S is greater than zero the liquid spreads 

to wet the sol id; when SL/S i s less than zero the l iquid re

treats. The second condition meets the flotation requirement. 

Therefore, the condition for successful flotation can be 

wri tten as: 

< o ••••••••••••••••• 1 .3 

The retreat is never comp-lete, 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, 

e (measured in the l.iquid). This situation is described by 
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the Young equat ion (32): 

YLV cos e = ...••.•.••• 1 .4 

i • i i ) Z i sman Mode 1 

This roodel states that in order to achieve aflmte 

contact a~gJe on a soJid, the Ijquid surface tension, YLV' 

must be greater than sorne critical value, Yc. Two conditions 

then become evident: 

> o , dewetting ••••••• 1 • Sa 

CI < 0, wetting ••••••• 1 .5b 

Expressio~ I.Sa describes the flotation requirement. 

The value of YC is characteristic of th'e sol id and 

the cond i t i on of i ts surface. 1 t can be used as a parameter 

to describe the "wettabi lity" of the solide The concept of 

Yc 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 df the sol id· is 

accepted (9,33-35). 

Both roodels indicate that a highr,vélJue of ~LV is 
r., r--n" w' 

advantageous in achieving the flot~tÎon condi~ion. This is 

read i 1 Y seen in the Z i sman mode 1 • 1 n t he Ha r k i n s roode 1 i t i s 

~lso evident, since, regardless of the values of YSL and YSV' 

the larger is YLV the more likely i's condition 1.3, or the 

• 

( 
J 
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roore négative is Sl/S which implies a greater "dew~tting power". 

Furtherroore, the rrodels include the possibi lit y that a suffi-

ciently low value of YLV' on its own, will prevent flotation. 

Again, this is readi ly seen in the Zisman model when YLV is 'less 

than YC; in the Har1<ins roodel the same is true if YLV is less 

than (ySV - YSL) because Sl/S becomes greater than z~ro_. This 

in no way is meant to imply any equivalence between Yc and 

(ySV - YSL)· 

Thus the wetting model predicts that under circum-

stances where bubble aging produces a substantial decrease in 

YLV' bubble-particle attachment will decrease, and wi 11 cease 

entirely if<YLV becomes sufficiently low. A time-dependent 

decrease ln YLV has been suggested as the cause of the bubble 

.:·-aging phenomenon (15,17,36) but nowork has been directed to-

" é'; wards testing this possibi 1 ity. 

i i ) Trans fer Mode 1 

.' Sandvi k and 0 i grè (11) showed that adsorpt ion of 

dodecylamine (at natur~l pH) on quartz was greater if the ad-
, , 

sorption tests were performed in the presence of gas bub~les 

than when al 1 gas was rigorously removed. They concluded that 

sorne of the collector adsorbed at the bubbJe surface was trans-

ferred to the quartz upon collision. Estimates of the rlV 
indicate that the bubble could be a significant source of 

r 
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col1ector (4,11). Such a possibi lit y would mean that correl

ation between rSL measured in'the abs'ence of a gas phase (the 

usual procedure) and flotation recovery may be misleading. The 

successful flotatio~ at low measured 'SL (l.g. Gaudin and 

B loeche r (37») may be accounted for by th i s t rans fer mode 1 . 

/ The transfer mode! is considered to play a part (4) in the 

reduced reagent consumption in flotation repo~rted by Wada (38) 

using aerosols to inj~ct the collector in with the gas stream. 

The transfer mode 1 is compatable with rSV being greater than 

!SL (5,6,39), which was discussed earlier. Each collision 
~ 

creates S-V interface (even if only momentari ly, in the sense 

that permanent bubble-particle attachment does not occur). 

If rSV is greater th~n 'SL' it fol1ows that after one or 

more collisions an incrèase in total adsorption wi Il be observed. 

This wi II be true whether or not successful attachment event-

uaJJy occurs so long as the measurements are made before sub-

1tantial desorption of colléctor. 

Recent work by Pope and Sutton (40) fai led ta veri fy 

the transfer modela A decrease in adsorption density of 

collector (sodium oleate, pH 9) at the solid surface (ferric 

oxide) after flotation was recorded in comparison with i~d

iately prior to fJotation (i .e. after the conditioning stage). 

This result actually implies that the bubble strips-off adsorbed 
~ 

collector, rather than depositing it. 1 n add i t ion ta the work 
'" 



of Pope and Sutton a particular problem associated with the 

transfer modeJ is the actual mechanism of transfer. Sandvik 

and Oigrè (II) considered 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 ln the presence of gas bubbles, 
'-

suggested a surface diffusion model, (diffusion along the L-V 

boundary to the sol id) and Smolders (8) envisaged vibration of 

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

tion of surfactant _~_:~,e S-V interface. The monolayer penè~ 

tration mode 1 described by Leia et al (43,44), although not 

directly concerned with collector transfer,' is a)lOther possi

bi lity. Transfer From the' rear of a moving bubble, where 
(1 1 /1 

collector tends to concentrate (45), to the solid (general1y 

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, assumi~g the transfer~~del 

to be valid, is that transfer, and hence presumably flotation, 

wi 11 improve as the adsorpt ion density of collector at the 

bubbJe avai J,ab Je for transfer increases. In the system wher~~ 
the adsorption density at the bubble surface increases with the 

age of the bubbJe, an increase in fJoatability with bubble age 

shouJd be recorded. A correJation shouJd be found under these 

circumstances, therefore, between a decreasing surface tension 

and improved floatabi Jity. 

, , 
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9 
W 1 th the same type of test both the wetting mode 1 

and transfer model--CaD be examined. Distinguishing between 

the modelssheuld be facilitated by the completely different 

predicted effect of increasing bubble age. In terms of a 

bubble pick-up technique, the wetting model predicts a de

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

i ncrease. 

Choice of System 

From the literature, and from previous experience 

ln this laboratory (47), alkaline solutions of dodecylamine 

acetate were chosen as the collector system. The bubble age 

phenomenon ~has been we 11 documented for such a system (16, 17) 

and a t i me-dependent su r face tens ion was suspec ted (47). 1 n 

addition, dodecylé\.f!'ine is alOOngst the most frequently investi

gated collectors and has figured prominently in experiments 

purporting to dem:>nstrate rSV> rSL (4-7) and in testing the 

transfer hypothesis (4,11). Alkaline dodecylamine solut)ons 

are of practical importance beiQ,g employed in theôflotation 

of oxides and si licates (48-50). However, little is known of 

the properties of dodecylamine solutions above pH 7. 
'-

For 

instance, the only dynamic surface tension data available (51, 

--

52) is for pH values 1ess than 7.5. Extending the dynamic sur-

face tension data for dodecylamine i nto the rrore important, 
o 

practical alkaline pH region wi 11 be a valuable contribution. 
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The choice of the solid phase on which to test alter-,.,. 

natively the wetting model and the bubble transfer model of 

f lotat i on wou 1 d appear, supe rf ici a Il y, to be of lless ~mportance. 

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 sti Il avai lable. 'Quartz as a typical gangue oxide 

was also considered to bé usefully tested. Using magnetite 

as one of the solid phases facilitates testing \wo component 

solid mixtures since the compenents can be easi'y separated by 

a hand magne t • 

Ai m 0 f Thes j s F-' , .. 

o u 

The ~ne~al aim is to study the role of the L-V inter- \6 

face in bubble-p~rticle adhesion as related to flotation. The 

role will be examined in terms of a wetting model (i.e. attach

ment as a (,unction of YLV) ,and a transfer mode 1 (i .e. attach

ment as a function of f LV ). '1 Both can be examined from a know

ledge of the t~dependent surface tension of a collector solu

tion. In particular an explanation of the bUbbl~ing pheno-

"" menon is sought. \ 

~ The fir!;t ft of the project (Chapter Two) is to 

verify the suspecteJ pronounc~d dy~amic surface tension of alka-
, ~ 

1 i ne dodecy lam i ne sa 1 t sol ut ions. 'An:Pattempt to expiai n the 

chemistry of these solutions will be made. A correlation between 

~ .:; 

v' 
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\ 

/ 

the -dynamic data and sorne literature 
,:', 0 

rësults (notably dynamic 

c~ntact angles) ~ill be inc~~ded; 
\ ~ 

ln Chapter Three, ~he dynamic YLV data will be used 

to examine the wetting and transfer mbdels of flotation. The 

author~ opinion on the advantages of introducing the Yt concept 

w i 1 J be i nICt },ùded'. 
<, 

The adsorption kin~tics wiJJ Qe deaJt with briefly 
J' , 

ln Chapter Four. Diffusibn-controi ~Jll be tested.from an exam- . 
o ,)' (:.:;,.J 

ination of the short and long-time~~lutions--j to the Ward and 
~~' 

Cl Tordai equation. 

.. 
• ~ 0 

-

Finally, the ,},Q)portance of the adsotrliion dynamics 

in other surfactant systems (both,in and out of flotation) will 
()- \,' 

Jo 

be considered in Chapter Five. 
ç? 

(~J 

o 

() 
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o 

CHAPTER TWO 

DYNAMI C SUR~ACE TENS,ION OF A LKA li NE DODECYLAMI NE 

ACETATE SOLUTIONS , 
" 

Generally, two phenomena must be_ distinguished when 

considering dynamic surface tension (25): 

a) the variation of the surface tension at con-

b) 

stant surface area, connected with the estab-

1 ishment of surface equi l ibr,ium; 

the deviation of the su~face tension from the 

equilibrium value caused by an ~largement 

or diminution-'of the surface area. - - . 
The first gr"l5up ë:a~'-be conveniently described as 

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

surface tension after formation of a fresh interface, as 

previously described. The. second ~roup refers to a local de

crease (or increase) in surfac~ant 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 wi,th freshly-created bubbles. This is of direct 
. '" 

concern to the flota.tion process. The problems associated 
,t"t!... .... 

'" . 
witr"the rising bubble (and consequent shape and volume changes) 

are not of immediate interest to this thesis. Future reference 

., 
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\1 

to a dynamic surface tension wi Il imply-the surface aging phen-

omenon, unless otherwise stated. 

Measurement~f dynamic surface tension presents its 

own problems. Several techniques have been employed (28,54-60). 

Sorne of t~e simplest and most {rèquently employed methods are 
.' . 

,based'on the maximum bubble pressure technique (52,57,60-66). 

The ~rocedure used by Kuffner (57) (and later by Kragh (63») 

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

Theory of Technigue 

For sufficiently fine capillaries (radius, r < 0.01 

, cm) immersed in the surface of a l.iqu.id, .the excess pressure 
..... t" .... 

~p of an escaping bubbJè is rei~t'ed to t~e ~urface tension, 

YLV of the liquid by: 

= r 
2 ••• CIF ••••••••••••• 2 .• 1* 

j This is the basis of the maximum bubble pressure technique for 

determining ~urface tension (67). In the modification for 

dynamic surface tension determination, ~p is measured and the 
c" 

time interval between bubble generation noted. This time in

terval is frequently taken(57,63,65) to be the age(of the bubble 
1 

thus enabling th~urface' tension to be calculated forla surface 

of known age~ t. Other workers (66,68) have pointed out that 
\ 

such a determ'tnation of surface age ignores expansion of the . , 
*This equation holds so long as the bubbling rate is not high" 

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 

correction for ~he rapid expansion of the bubble immediately 

pr ior to detachment. 
p 

For t > 1 sec., the correction was less 

than 3%. Kloubek (68) has extended the work to include a cor-

rect ion for the s10w expans ion of the bubb le pr ior to the dead-
o 

time. Such expansion wi 11 of necessity take place. The cor
.... d:;. 

rections only become ;ignificant for very rapid surface aging; 
( 

if the aging is less than nID dyne cm- I sec- l corrections are 

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

solutions of surfactant in which the surface tension cnange is 

slow (tens of se'conds) it is' reasonable to take the measured 

time interv~l, t, as the age of the surface. Since the change 

in surface tensi.on with time for alkaline dodecylamine :;olutions 
, , 

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 us i,ng a manolT)eter to measure 6.P equat ion 2.1 

reduces to: 

= K.6.h ................. .. 2. la 
j ... - .... . : 

where K is a ca1ibration constant, .6.h is the manome~er reading, 

and the subscript lit" employ~d to denote a dynamic surface 

tension is being recorded. 
--v' ' ~ 

., 

D 
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The apparatus, model1ed on that described by.Kuffner 

(51) is shown in Figure 2.1. Nitrogen gas was admitted unti 1 

bubbling occurred. Tap T was closed, thus trapping nitrogen 

at a certain excess pressure, measured by 6h. As surfactant 

adsorbs at the bubble. surface, Yt reduces unti 1 equation 2.la 

is temporarily satisfied, denoted by the generation of a 

bubble. Consequently 6h drops and adsorption aga;n proceeds 

to a fresh interface. Longer and lon1jer"times will be required 

to satisfy equation 2.1a as 6h continually reduces. By mea

suring 6h and the time, t, between bubble generatlon, Yt 'cal

culated from equation 2.1a, 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 à hydro

static head component into the measured 6P. However, if r is 

smal l, 6P wi Il be correspondingly 'large and' hence the error 

resulting from slight variations in the depth of the tip 

becomes negligible. 

~pparatus 

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 < O.O~ cm) sheathed for 
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FIGURE 2. t 

Oynamic Surface Tension Apparatus 
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a 

protection; a water ma nome ter , 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 6h iovolved in ad-- , 

justing the tip position was estimated at less than i 0.5 mm. 

Connections were 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 mea

surable bubble age down to N 0.5 sec (cf Bendure (65) and 

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

ed room with a temperature of 23°C + 20 C. 

Materials 

The bulk of the work was performed on dodecylamine 

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

,by Aldrich Chemical Co. "An initial purification of the ami,f'e 

was carried out by recrystall ization at 2SOC. The amine acetate 
c' was then prepared according to the method of Harwood and 

Ralston (71). The melting point of the acetat~was determined 

as 68.4 ± 0.2oC compared with the published value (71) .qf 
-, 

68.5-69~t. The phase transition was sharp indicating ~ high 
V·,,,-

purity product. The dodecylamine hydrochloride tested was 

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

" 
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1 

Both were 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 (IIBaker 

Analyzed ll 98.7% NaOH). Buffering, where required, was by the 

addition of sufficien( standard buffer as supplied by Fisher 

Scientific. The sodium acetate employed to test the role of 

the::J50dium ion and excess acetate ion was certified A.C.S. grade 
1 

(Fisher Scientific) with < 0.002% stated impurities. 

Nitrogen-flushed, double-distilled water (pH 6.5-7.0) 

was used for the calibration and preparation of solutions. The 

stock solution of amine (4.08 x io-3 M) was fr~shly prepared 

every two weeks" High purity nitrogen, Canadian Liquid Air 

" 'Grade L (99.99%) was used to generate the bubbles.:y 

J 
P~cedure 

The calibration constant for both tips was determined 

assuming a surface tension of 72.0 dyne cm-Jo The calibration 

equations are: 

glass tip: 4 ~43 6h Z" 0.8 " Yt = 
" -"ai'", 

~\ .' 
metal tip: Yt = 6.44 6h + 1.2 

The errors (see Ap-pendix 1 ) represent the 

corresponding to the lowest values of Yt. 
', 

dyne cm - 1 ••• 2'.2a 

dyne cm- l ••• 2.2b 

maximum error i • e. 

L 
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Ta determine the dynamic surface tension, a sample 

solution was placed in the bubbling unit, the leve'J adjusted 

50 that the tip "just touched" the 1 iquid surface an,d bubbl ing 

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 intervaJ, t, was recorded, at Jeast for t > la 

sec. A suitable end-point was difficult to adjudge, generally 

the experiment was carried out unti 1 no further bubble gener

ation occurred after a five minute wait. Each test was re-

peated at least three times ta determine the consist~ncy of 

each individual experiment. Individual experiments were usually -

repeated once. The pH was recorded 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 bubbJe life-time estimated from a measure of 
1 -

the number of bubbles per second. "With the original glass tip, 

only bubble sur~es could be obtained, probably because of the 

conical shape of the tip (57,63). 

Standar9 buffer solutions (pH 10, 9, 8 and 7) were 
~ 

required to achieve pH stability during prolonged tests at 

concentrations Jess than-JO-4 H and pH less than 10. 
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AlI glassware was cleaned using acid-dichromate solu

tion. Final washing of the bubbling unit was with a sample of 

test 50 lut ion. 

Results 

The bulk of the data was determined using dodecylamine 

acetate (OAA) and the glass tip. Figure 2.2 indicates that 

essentially the same result is ubtained for both tips. Figures 

2.3a and b demonstrate that the hydrochloride salt (DAC) gives 
-

a dynamic surface tension similar to the acetate. 

Figures 2.4a 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 accompan ied by 

a pH drift to acid. Buffering prevented the pH drift giving a 

reproducible dynamic surface tension equivalent to that obtained 

-in the absence of buffer prior to any pronounced pH drift. 

Figure 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. 
o 

The reproducibility was generatly better than + 1 

dyne cm-l, corresponding to the expected range. Temperature 

fluctuat ions from 2.1 0 C· to 25°C did not affect the reproducioi
(/ 

lit y within this tolerance. ~, 

Il 

Not aIl the data points avai Jable .. 
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FIGU~E 2.2 

Dynamic Surface Tens~on of Dodecylamine Acetate 
Solutions; Com~arison of Bubbling Tips 
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FIGURE 2:4 

Oynamic Surface Te~ion of Dodecylamine Acetate 
Solutions; Effeet pf Buffering 
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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

namie surface tension of'4.08 x 10-~ and 4.08 x 1O- 4M solutions 

of dodecylamine acetate. As the pH is increased, two dist~inct 
< 

regions are apparent. Upto pH 10, the time, tO)",to .reach the 

equilibrium surface tension, y , increas~d whi le V decreased. 
(XI (XI 

, 

At pH> 10, the trend reversed until at pH 12 the valùeof V 
00 

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

rapide Table 2.1 surrma,rizes these 'findings. ' 

TABLE 2.1 

" A~prox i IT\9te Va 1 ues 0 f t and v as a 
CI) CI) 

Funet ion of pH 

CxlO- 5 
t (sec) ( dyne cm- 1) (M) 00 v (XI 

oH 4.08 40.8 4.08 40.8 . 
6.9 < 1 < 1 70 6'-5--___ 

7.85 < 1 30 69 ~ 46 

8.85 - 90 60 58 , 
31 

9.5 140 -- 49 --
9.85 >240 10O <40 24 

10 .85 >240 100' <43 30 

Il .65 5 80 69 62 
• 

. 12.5 -- 5 -- 68 . 
, 

r--
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FIGURE 2.5 

Dynamic Surface Tension of Dodecylamine Acetate 
$0 lutions at C = 4 !o8 x 10-5M; Effect of pH . 

A 8.85 .:t. 0 .0 5 J 

B 9·5 + O. 1 

C 9.85 .:!:. 0.05 
0 JO .8 + O. 1 

t- 11.7 + 0.01 
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FIGURE 2.6 

Dynamrc Surface Tension of ~odecylamine Acetate 
Solutrons at C = 4.08 x. 10- Mi Effect of pH 

0 A 7.85 ± 0.05 /fi. 

B 8.85 .±. 0.05 .1 

e 9 • 85 .±. o. a 5 
D, JO .85 .±. 0.05 

E 11 .6 .±. 0.05 

F 12.5 .±. 0.05 
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Figure 2.7 shows that lO-2M sodium acetate has no 

effect on the dynamic surface tension of 4.08 x lO-4M solutions 

at pH 9.85. Thus the Na+ ion does not contrlbute materially 
IJ 

to the observ~d effect of changing the pH, supporting the 

reference to 'lpH-dependence". 

Figures 2.5 and 2.6 indicate that th~ surface acti

vi ty 0 f the surfactant i ncreases w i t'h pH ü'pto pH la and there-

after decreases. One measure of surface activity is 

lim ()y/aC), the slope~of the surface tension vs. concentration 
c-o 
curve at infinite dilution; another measure is to take the 

values of y. Neither method can be satisfactori ly employed 
co 

here 50 YIOO' the surface tension of a surface 100 sec. old, 
() 

as àn approximation to y , was selected. Figure 2..8 shows how 
co 

vIOO varied with pH. Solutions of 8.16 x 10-1M are also 

included. In 4.08 x 10-4M solutions, vIOO at pH la is sorne 

40 .dyne cm- l less than the value at pH 7 and 12, i 11ustrating 

the pronounced pH-dependence of the surface activity. 

A change in ~f~ appearance of the 4.08 ; lO-4M 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. 
<. ~, 
~:'~.f ~ 

·i 
T~e dependence of the dynamic surface tension on , 

~. dodecylamine salt concentration is shown in Figure 2.9 at pH 
t 

9.85 ± 0.05 (the pH near that giving the extreme values of 

t and y)., As the concentration increased, t decreased, the 
œ œ œ 

surface aged more rapidly and y decreased. Table 2.2 illus-
CD 

trates these findings. 

,1 

1 
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FIGURE 2.1 

Oynamic Surface Tension of 40oçiec;.ylamine Acetate 
Solution at C = 4.08 x TO- M, p~ 9.85 + 0.05 in 
the Presen~e of lO-2M Sodium Acetate -
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FIGURE 2.9 

Dynamic Surface'Tension of-Oodecylamine Acetate 
So1utions at pH 9.85 ~ 0.05; Effect'of Total 
Amine Concentration 
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TABLE 2.2 

Dynamic L-V Properties as alFunction of Total 
Concentration C at pH '9.85 ~ 0.05 

Concentrat ion 
C x 10 5(M) 

2.04 

4.08 

8. 16 

20.4 

40.8 

81.6 
' .... 

-~. 

>-

t 
-CD 

(secs) 

> 240 

> 240 

200 

120 

100 

100 

::t..oo 
(dyne cm- I ) 

< 54 

< 40 

28 

27 

24 

23 
" 

1 i~ (*r) 
t-oO ~ t 

(dynè cm- 1sec- 1 

- O. 1 

- 0.4-

- 0.8 

2 

5 

10 

The genera 1 shape of the t ime-dependent surface 'ten-

sion curves is that of a straight line through 
( 

- 1 72 dyne cm 

(Yo' the surface tension of water) fo~lowed by a curve assympto

tical1y approaching y • 
00 

Finally, so1utionsof dod!:,!cylamine as the free amine 

were testep (Figure 2.1à). The solutions were visibly satura

ted (sàturation concentration ~ 2'x 10- 5 M (72). Natural 

pH was 10 ± 0.1 and the resulting dynamic surface tension was 

8 -4 8 comparab~e to .16 x 10 M at pH 9. 5. The same marked de-
~ 

crease in surface activ'ity at elevated pH (pH 11.6) was found. 

-'-.:... 

o 
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FIGUR~ 2 .10 
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. -' 
Dynamic Surface Tension of Free Dodecylamine 
Solutions lat 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- l 

being observed. 

Discussion 

Clearly the suspe~e((pronounced dynamic surface ten-' ~ 
sion of alkaline dodecylamine salt solutions has been co~firmed. 

The data deserves attention From three standpoints: the ~dsorp

tion kinetics, ~olution chemistry and significance to flotati~;;: 
The latter two wi 11 be dealt with here and in Chapter Three, the) 

former will be the subje~t of Chap~er Four. 

a) Solution Chemistry 

The dynamic surface tension has been shown to depend 

on amine concentration a~d more importantly upon solution pH. 

The passive role of the, buffering ions, sodium ions and excess 

acetate (see Figures 2.A and 2.7) strongly indicate that the 

pH-dependence is the result of interactionpf amine ions with 

hydroxyl Jons alone. 

As the pH is increased hydrolysis of the RNH3+ to 

RNH2 is promoted: 

RNH + + OH 3 .... .. 2.3 

Figure 2.11 shows the concentration ~f RNH2 (dissolved), RNH3+ 

(dissolved) and RN~ (precipitated) -for dod~cylamine as a 
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function of pH and total amine concentration (12). The sur

factant becomes progressively non-ionic with increasing pH. 

Non-ionic surfactant~ exhibit strong surface activity at much 
<> ( 

lower concentrations than do ipnic surfactants having an equi-

valent hydrocarbon chain-length (25). This corresponds ta the 

present observations as the pH is increased to 10. High sur

face'activityat low concen~ration means ,thatl a proportionately 
/ 

1 

greater volume of bulk solution behind the interface is required , 

to supply the equilibrium surface excess requirements. The 

resulting extended diffusion path will tend to increase ~ (25). _ CD 

1 Thi s corresponds wi th the present data upto pH 10. 
) 

Explaining the pH dependence by the generation of non

ionic RNH2 , upto pH 10, superficially at least is reasonable. 

It also offers an explana\ion of the inert nature of added 

electrolytes; 'Burcik (73), for instance, shows that the presence 

of e lectro l yte's di d not a 1 ter tn~ynami c su r face tens i on of 

non-ionic surfactant soluti·ons. 'e-passive role of the eléct

rolyte may not be so significant, .however, in the light of 

recent Wor,k (74) wh il11 shows that the dynami c surface tens ion 

even of ionic surfactant solutions can be ind~pendent of the 

presence of ele~trOlyt~'~~learly the decrease in surface act

ivity d~monstrated'at pH greater than /10 does not fit this model 

since the con~entration of.oRN~ either contin,ues to increase 

with pH or else is OQQstant at the saturation level. Consider 

also 4.08 x 10-1M at pH 8.85 and 4.08 x 10·4M at pH 7.85. Both 

-------- -
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are calculated to yield ~ 7 x 10-~M RNH2 in solution. Inspec

tion of Figures 2.5 and 2.6 revèals little ,simi larity in the 

dynamic surface tension. Figure 2.9 includes data for total 

amine concentrations of 2,.04, 4.08 and 8.16 x IO-4M at pH 9.85. 

AlI three are calculated to be saturated with RNH2 but a stead-
() 

ily increasing rate of surface tension depression is observed. 
't. 

Simple dependence of the surface activity on 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: 

o 

+ ... .. 2 ~4 

Two assumptions are required: 1) that 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 

fol Jows that at a certa in pH (ca,) Jed here the "optimum" pH) the 

ratio of RNH3+ to RNH2 will be x/y resulting in a maximum pro

duction of complex which wi 11 be manifested ~y ~ minimum in 

the surface tens ion (by vi rtue of assumpt ion 2j. Tlle surface c 

tens ion wiJ 1 Increase at pH less than and greater than the 

reflecting a limiting supply of RNH2 
+ and RNH3 re-

The optimum pH, from Figure 2.8, is 10 ± Cf.2. A 

argument (75,76 ) has been proposed to acèount for the 

in the surface tension of sod'ium laurate solutions as a 
- ' 

n of pH •. In that case, the minimum ~as associated with 

the aci soap which was assumed to be the dominant surface 

2 _ 
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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 ~qecylamine so the ratio 
~; c1j 

of RNH
3 

+ to RNH2 can sh i ft to sat i 5 fy 'the equ i 1 i br" i um requ i re-

ments of the complexing ,reaction (equation 2.4). This shift 

J wi 1,1 be monitored by the solution pH, according tO,equation 2.3. 

Consequently, the natural pH and optimum pH will be the same. 
\ 

From Figure 2.10, the optimum pH corresponds to an 
+ RNH3 to RNH2 ratio from 2:1 to 5:1 i.e. 2 < xly < 5. This 

result must be treated with caution. Bringing more than two 
• 

reactants together is unfavourable statistically. This must 

be coupled with the observation that aIl the reactants, 'bar 

one, bear a mutually repulslve positive charge. Also, this 

estimate (of x/y) involves the unproven assumption that the 
n 

complex reaction does not modify the simple hydrolysis reaction 

(equation 2.3). In addition, it is possible, because of the 

cationic nature of the complex0that hydroxyl ions wil) be 

attracted to the interface thus locally raising the pH at the 

surface. There is sorne evidenêe for such an> occurrence from 

work on the surface potential of bubbles in alkaJine dodecyla-
~ c 

mine,[)hydrochloride soJ,utions (77). Replotting Figure 2.8 on 
\ 

~he basis of interfaciaJ pH would shift the optimum pH to 

9reater 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 js tHat 
• 
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the ion-rroJecule association is the result of.·hydrogen-bonding, 

utiJizing the Jone pair of electrons on the nitrogen atom of 
-

RNH2 • A micelle-type structure cpn?ot be ruled out, however, 

which could acco~ate a larger ratio. 
'~ 

Indirect evidenca in sUfport,of amine ion-~lecule 

complexes is substantial. The pH-dependence of flotation 
/' 

recovery (4,17,78), zeta potential (77,79,fXJ), contact angle ~' 

(17,81) and adsorpt'ion dens'i ty on sol Ids (17,79,,82) in dode

cylamine salt solutions has been attributed, to ion-molecule 

interaction. The discrepancy between the-theoretical and mea-
" o 

sured interfacial tension of the water-i'so~octane system in the 

pr.esence 9f dodecylamine has also been attributed t9 amine 

ion-rrolecule aggregation (83). C?mplexing between dodecylamine 

ions and alien molecules, such as alcohol (7tl,84,85), ,starches 

(86-88) and polymers (89,90) has been suggested to expla~n t'te 

properties of the mixed solutions. 

Amine ion-moleeule complexes appear to be a reasonable 
'J 

expl,anation of the pH-dependence of' ttle -surface activity. The 

long hydrocarbon chain (+ 24 carbon atpms) wt11 impart strong 

hydrophobie characteristics to ~he complex i.e. the surfactant 

propertres will tend to non-ionic." This is in acco~d with the 
G 

reason i ng 9 i ven for the i ncrease" in t as the pH i s i ncreased 
\ CI)", Jo 

(, , \ 

to tU. Furtherrrore, the increase' in size of the compJex (In 

comparison with the' free- ion or rrolec~le,> wi Il "leÇid to a de

"crease in diffusivity, further protooting an increase in t • <) 
D œ 

l' 

\ 
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. 
introductIon 

'" ~ However, two pfoblems are ra i sed From 'the of 

comp ) exes : , 
1 

'<1. ... 
, ' 

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

tion, as is assumed in accoun,ti.ng for the incréase in t~ (i .e. 

re'ference to a.n "increasing ,diffusio,n-pathll and "dec~eas'ed 

diffusi~ity") then the hydrolysis rrodel (equation 2.3) is over-. . '- . 
'. 

..,v 

·'s i mp 11 f i ed si nce no· account i s taken of (the. equ i 1 i br i um requ i re- ' 
'1 

, . , ."'\. 
men/s ~f equatron 2.4. This possibi lit y did not arise i'n the 

, ' 1 . 

·r. 

• r 

pf'evious s.itl.Jations where amine ion-molecule complexes were .. 
considered since t,he complexing was tacitJy assumed to occur' 

at the adsorption interface hot in the bulk. It is ,po~sible, 
1 

although unlikely, that the present observations reftect the 
, 

reaction kinetics of iOn-rrolecule association at the L-V inter-
. . 

face. Otherwise, the hydro)ysis model represents only one of 

the results of increasing the pH. This may have sorne bearing 

on flo~ation s~~dies where the R~H3+/RNH2 ratio in alkaline 

amine solutions is calculated assuming the valid ity of equation 
, . " 

2 .3· (16, 20 , 72 ) • 

The second problem is 'concerned wi th ë;i ,'closer examin-.. 
ati~n of the assumption that the complex is the dominant sur-

I . ~ 

face .acti.v'e species., That the complex is more s~rface açtive . . 
• + ' " 

than thé R~3 ion is not questioned, ,but that the surface act-

ivity of the complex i~ SQ much greater than that of the free 
, 

R NH
2 

i s deba t'Qd • From Figure 2.8; clearly the surface activity 

a t· el èvated p'H i s dec.rea sed • -, 
.. 

l 
. ,~ 

" 
The hydrolysis·model, even in 

( 

. \ 

" 

--,:;-,.. 

1 
1 
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conJuncture with the complex reaction, indicat~ that at pH~ 

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

as free RNH2 " At tota 1 amine concentrat ions greater t-han 
-; 

2 x 10-5M, a~saturated solution of RNH
2 

is present. ComparisoM 
, ~~ , 

with nO,n-ionic. "surfactants of similar chain-iength (to RNH2 ), 
,j '>. 

decano'rà-~acid (56,57) and decyl alcohol (56,57), "suggests that 
"\ 

at satu\~tjon a large qecrease in tpe surface tension of water 

should occur. Either the RNH.2 for sorne reason is a paor· sur

factant or else at elevated pH tqe amine i5 not present as RNH2 . 

.' ' According to Sidgwick. (91), aliphatic ?~Ines -can exist in solu-

tion as the hydrate, J3N~ This is the result of }1ydrogen 

bonding between the~i~rogen~ the amine and the oxygen of 

water; 

--'=- • + - ( ± 
" .. 2. Sa ~3N + H

2
0 R N--H-OH or R N--H--OH ~ 3 3 

and pres umab 1 y; 
+ 1" 

RNH2 + H
2

0 --' -""- ~H N--H-OH 
2 

or RH N-H--OH 
2 

••• 2 .5b 

Being hydroxyliç such hydra~es wi Il be readi ly soluble in water 
'-. 

(91) and only poorly surlace active.' If under the present o ' 

conditions the equi 1 ibriLlm, is well to the right in equation 

2.5b then ~ el eva ted pH when RNH2 shou 1 d, be formed. tfe hydrqte 

will be produced inste~d. This explanation must beltreated 

as 9peculative~ Fuerstenau et al (92) have postulated that the 

. " 
hydrate is responsible fur the flotatron of salts observed at 

pH > 10 • 
J 

t 
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Figure 2.12 shows how the percent of amine present 

as RNH3+~ 'camplex and RNH2 .,(or RNH2 .H2;0) may vary with pH. 

The assumptions used in the'calcu~ations for Figure 2.12 are: 
\ 

1) n~ precipitation occurs (i .e. concentrations Jess than 

2 x 10.-~); 2) the ,complex is 3: 1 ion:roo1ecule; 3) the maximum 
l , + 
possible, complex f?rmation is achieved (i .e. complex, RNH

3 

and RNH
2 

do not coexist in solutio~); 4) the ionization con-
, 

stant for dode~ylamine determined by Ralston, Hoerr and 

11offmarr--(~3t Is valid for calcul~tio";' o'f percent complex for
t 

mat.ion. Detai,ls are given ,in Appendix 1. 

The ~ace activity of amines is believed to increase 

with increasing so~ution pH (20). Th~esent,work has shawn 

this to b.orlly partly true, since at pH > 10 the surface 

activity decreases. Nowhere· in the 1 iterature (exclading the 

the autnor's own publications) has' the pronounc'ed surface a~_ing 

at alkaline pH \teen demonstrated. This raises the need to 
, 

investigatemore fuUy the solution chemistry at alkaline pH. ' 
Q 

The simple hydvolysis 'mode 1 cannot furnish sufficient informa-

t ion. The possible formation of comp'Jexes and the nature of 

the amine at pH> JO (i.e. RNH2 vs RNH2 .H20) shouldcbe con-

sidered. Such knowledge (of tne solution chemistry) should aid 

the understanding of the flotation response observed in alkaline 

dodecylamine salt solutions. 

. ( 
/ 

.. 
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/ 
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FIGURE 2.12 

." !Y 

Possible Variation in Percent Amine Present aS 
+ ~ ) ,RNH3 ' 3RNH3 .RNH2 and,RNH2 (or RNH2 .H20 
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\ 
ln a study by Manser (94) of the variation of the 

critical micelle concentration (cmc) with pH for dodecylamine 

salt solutions, it is evident that at pH~> 9, the observed 
• t 

"crnc" is greater than ~he calQJlated saturation concentration 

(47). This apparent_ lack of :accord with the hydrolysis modef 
-

and accepted RNH2 solubility correspdnds w,ith the observation 

made here. Work by Somasundaran (4) showed t~at the adhesÎon 
~ 

tension of dod~cylamine salt sol~tions against glass declined .. . 
with pH upto pH 10 and increased sharply at pH > 10. 

also in,agreement with the data pres~ted here • 
... 

b) Si9nific~nce to Flotation 

Th i 5 i 5 

It is ~slsible From the data presen~ed to reconsi.der 
'. 1 

, -'4( .. 

50rne of the known f 10tat ion resu 1 ts > us i ng dodecy lam i ne as a 
,: 

collector, notably for oxi s. 
o 

Figure 2.13.5 

amine acetate con 

the f\otation recovevy vs. dod~cyl

for magrletite at pH,9,5 (47,95)." 
l ,,,,~ • • ->" 

: "Thè observed conta an91 e ove!::, the same concentrat i on range ,- . 
is also giv,en -(47,95,96). Clearly, atfc~ncentrati~ns greater 

··4 than .~ 1.2 x la M, the excellent flotation recovery is not 

predi~ted by tha con~act angl~ data. A sirnilar Jack of correl-
1 

ation is aiso reported by Iwasaki et al (91) for goet:hite and 
... " 

~ith ,(16) an~ Lai and Smith (17) for quartz. 

• 
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FIGURE 2.13 

t An~ 1 e and F Iota t ion
c 

Rècove'ry of Magnet i te 
Fu Ion of Total Amine Concentration _,at pH 9.5 
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A major difference between flotation tests and contact 

angle tests is that the former is a dynami.c process, whi lst 
1 J 

the latter approaches equil,ibrium. Indeed, equilibrium is con

sidered a pre-requisite for con·tact angle tests (12). This 
l. 

; • ... 1 

çjifferegce manifests itself particularly ~1th respect to the 

age of the bubble at b'ubble-particle collision. In the flota-
... 

tion cell with fresh bubbles b~ing created continuously and 

"'wi th a bubb le res i denc)' . t irne from ... 2 sec. (Ha 11 imond tube) to 

~.---~ -l-L-sec -{industr i a i ce 11 s (98,99 ))the surface tens ion \exerted 
" 

by the bubbl~ upon coll ision can be considerably greater 'than 

the equi Jibrium vaJ~._ 'I~is is dembnstrated in the present 

" 

- . , 

results. At 'conc~~'ations great:er~'than 1.2 x IO-4M~ pH 9.85, .. 

the value of y is the lowest measured, about 24 dyne cm- 1 
œ 

This low value 6f the surface' tension pred'icts'a small contact 

~ngle (see equatipn 1.2b), supporting the contact angle èurve 
. 

in Figure 2.13. On the, other hand, in the flotation cell with 

Yt-o » Y
œ

'. a larger contact angle is .predicted, suppor.th1g 
.. 

the flotation result. Knowledge of the time-dependent nature 

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-
1 

\ ~ 

mic surface tension is to be f~und in the dynamic çcntact angle 

phenomen9n repo~ted by Smith (lb) ar;ld lai and Smith (11) and 
.\ . 

mentioned briefly in Chapter One. Table 2.3 su~rizes the 
, 

dynamic co~tact angle data. 

/ 
T. 
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TABLE 2.3 
-4 

pH > 9, C > la M: Dynamic Contact Angle 

(Âfter Smith af)d Lai (17» 

, 

Ti me (sec) Contact Ang le 'degrees l 
a 

30 ., 
60 

90 

120 

150 0 

/ 

'-

80 

55 

43 
, ..-

28 

20 
r-

Nil 

The present results show that a pronounced decrease 
, ~ . 

in surface tensio'h can occur under the same conqitions in 

which dynamic contact angles were observed. Constder 
• 

-4' .. ~ 4.08 x la M amipe at pH 9.85, the surface tension decreases 

from -- 72 dyne cm -,1 ho) t? '- 24 dyne cm -1 (y (1) over a s imi 1 ar 

t i me i nterva 1 of 150 sec. At pH ,less than 9 and grea ~e'r than 

n the dynamit surface tension and dynamic c~ntact angle be-, 

come less prondunced. The wetting model predicts such a -cor-
, -

relation b'etween' a time-dependent YLV and a time-dependent 9. 

The observation that zero contact angle is obta'ined with 

bubbles under certain condit,ions, always coincides with a low, 
, 

'value of the surface tension. According to the Zisman mode 1 , 

this means YlV has reduced bel~ the critical value, VC' for 
, 1\ u v, 

the solid surface under the gi,:,en conditions. Overal1, the 

.:. 

.. 

" 

'1 
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., 
dynamic surface tension data, coupled wl'th the werting mode 1 , 

explain the dynamic contact angle phenpmenon 'ànd the pH and 

concentration liruits over which it was observed. 
-J 

S'andvik)JPd Digrè (11), l'n discussing the transfer:: 

mode 1 of flotation, noted that a, time-dependent adsorption 

of collèctor at the bubble could be a contrbl1ing factor in 

the flotation recovery achieved. Finch and Smith (95,100), 

taking the rate of surface tens ion depr,ess ion as a measure ' 
1 JI,~ 

of 'the rate of adsorption of Gollector, showed that the recovery 

of magnetite at pH 9.5 r usiPrg dodecylamine as collect'or, im

proved wi.th the rate of adsorption (see Figure 2.14). This 

ostensibly is in accord with the transfer model. However, ,.,.--
to i ncrea.se the rate of adsorpt i on re~u i red Jan i l'1crease in 

the total amine concentration, C. 'Such an increase wi 11 also 

modify the surface chemis,tryof the soliC\which was not 
, , 

considered. Figure 2.14 does nO,t, therefore, nec"essari ly 

.r;:onst i tute support for the transfer rrode 1 • 
)_ )1 0 

Experience with the flotation of oxides using dode-

cylamine salt col1ectors indicates that flota,tion is highly 

pH~dependent with opti~um,conditions between about pH 9 and 
, , 

11~ This coinci~es with the maximum in the surface aCtivity 

of amine solutlons.shown in ,Figure.2.a,.~ the correlation is 

i ll~strated in Figur:e 2:~15. The flotari'on recovery data i; 
taken From Fuers tenau (la 1) (quartz) and Iwasald, Cooke and 

Kim (96) (magnetite). This cor".4!lat ion has never been 
~ 

0' 
\ ' 
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FIGURE 2.14 

oC -~lotation ReC~'(dryo of Magnethe as a Funçtion of 
the Rate of Surface Tension Depression at pH 9.5 
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• f) 

demonstratea before, primarily due to a Jack of surface ten-
! 

5 ion data. • J 

The highly surface active form of the amine pre

Sent at around pH la may also be capable of greatly lowering 

the surface energy of any solids suspended in the solution, 

thus promo~ing f1otation. This wiÀl be true on1y if pGsitive 

adsorption occurs at the solid surface. The high1y surface 

active form is considered to be an amine ion-molecule complex .. 

The compJex wi 11 exert a positive charge in comparison with 

the, genera'Jy, negatively charged oxides at basic pH. 

E1ectrostatic attract~n between collector and oxide is fre-

quently considered responsible 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 resu1t 

of the extended hydrocarbon chain will create a sotid surface 

amenab1e to flotation. At pH outside the range 9-11.5 the~ 

highly surface active comp1ex is "lost lJ (see Figure 2.11) 

suggesting that solid surface energy will not be 50 signifi

cant1y lowered. There is also evidence that the total ~dsorption 

of amine at the solid surface also dec1ines outside this pH 

range (86,102), further lessening the 10wering of the solid 

surface energy. The generally higher adsorption on oxides 

inside the pH range 9-11 may also be due to the presence of 

ion:moJecule complexes. Adsorption density (16,101) and zeta 

potential (77,79,101,103) measurements sU9gest that the amount 

\ 
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of ami ne actua 11 y adsorbed a t a quartz surface j n th'j s pH 

range i5 greater than would be expected From electrostatic 

attraction between the oxide and the simple RNH3+ ion. If 

instead of simple ions, cQmplexes are adsorbing, then the 

avai lable surface sites on the quartz will be occupied by, 

possibly, as many as four or five ions and molecules. This .. 
may explain the high adsorption density; the fact that these 

'complexes may contain more ions than molecu}es may account . 
for the zeta potential of quartz becoming positive between 

about pH 9.8 an'd 11.5 at concentrations greater than 4 x JO-SM 

(77,79,101). Smith (16) describes amine ions "capturing" 

molecules and MacKenzie (80) considers chain-chain interaction 

between the ion and molecule in order to explain the adsorp

tion density and zeta potential versus pH curves respectively. 
F' 

This is in broad agreement with the proposaI of amine ion~ 

mo1ecule complexes. 

ln the, pH range 9-11 exists an ideal set of condi

tions to promote flotation due to the presence of this highly 

surface act i ve form of the ami ne; cond i t ion i ng of the 50 lid 

results in a considerable lowering of the solid surface 
t,l, ;'-.1 

energy (hence a lowering of Yc ),whi 'st in the f1otation cel 1, 

the fresh bubbles, due to the adsorption kinetics, exertoa 

high surface tension at collision. The low YC and high YLV 

combine to yield successful f1otation. 

o 

\ 
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CHAPTER THREE 

BUBBLE-SOUD ATTACHMENT AS A FUNCTION 

OF BUBB LE AGE 

, 
The theoretical section of Chapter One described 

two flotation models, a wetting model based on the work 

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

the work of S~ndvik and Digr~ and Somasundaran. The predicted 

effect of increasing bubb1e age (i .~. an increase in rLV 

~and a decrease in YLY) are total1y different in each mode1. 

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

i ncreas i ng bub.b 1 e age are: 

a) 

b) 

wetting model - decreased pick-up 

transfer model - increased pick-up 

i' 

... 
Chapter Two has shown how YLY as a function ôf 

bubble age could b~ determined and gave resu1ts for aJkal ine 

dodecyJamine solutions. Examination of these results 4 in the 

1 ight of avai lable (i .e. pub1 ished) data lent considerable 
.0 

support to the wetting mode}. The aim of this Chapter is to 

further test the wetb~ng and transfer mod~ls by performing 

bUbble-solid contact experiments. The bubble propertiesJare 

varied by controlling the bubbleoase. Bubble pick-up and some 

captive bubble tests were employed. 

( 
; Il 
, 1 
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Theory of Technigue 
i 

Sy pr~-conditioning the solid sample, the necessary 
, 

changes can be wrought in the solid surface chemistry to render 

the solid floatable. In terms of the Zisman model,)( is , V c 
decreased to less than 72 dyne cm-l. The solid surface chem-

istry remains constant during the bubb1e aging experiinen~s, as 

~, indicated by repeated testing of one set of conditions. !J1 
this way, only the bubb1e properties are .varied, a unillue 

opportun,ity afforded by the dynamic properties of alkaline 

dodecy lami ne 501 ut ions ., 

Method and Apparatus 

A standard captive bubble con~act angle testing 

apparatus s i mi la r to that used by Mahne and Love Il (104) was 

emp10yed for the bubble p(Ck-up experiments (see Figure 3.1). 

ln the present <;Jesign the bl:'bble was generated by tightening 

a screw-cJipon a piece of rubber tubing attached to thebubbte 

holder .. TheoSam\51e holder cell was constructed of Lucit~. 

The procedure adopted was to condition approximate1y 

one grarTlTle of -65+100 /mesh mineraI sample in 50 .rif vials for 

30 min. The vials were stoppered with rubber serum caps pro

tected by "Saran wrap"oO The vial contents were thor~ughly 

mixed by rotation about the short vial axis at 60 rpm. Condi" 
~ ... -.... .., 

tioning was performed wi th and without the presence of g8S 1 

\ 
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' ... 

FIGURE 3.' 
~ 

Bubb 1 e Pick-Up Apparatus 
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bubb 1 es. 
.\~ , 

The solid plus solution were than transferred to 

the luci te cell. To improve sample placement. the solids 

were directed into a 3/4 in. diameter gIa_55 dish (approx. 

1/4 in. high). This prevented the solids from being~cattered 

over the Lucite cell. Sy gently tapping the glass dish, the 

particles coul~ be fairly evenly distributed. 

Two variations of this procedure were also used; 

1) after testing the bubble pick-up response i,n the"presence 

of the conditioning sol~tion, the excess solution was de~ 
. 

canted From the Lucite cell and Qistilled water added; 2) after 

:~:::::::i::t:~ :::e~i::: ;:em~:C:::o:::~::O:e:::r:::~nt~:: ,1 
dis t i Il ed water if) each case was e i ther" at natura' pH or 

adjusted to the pH of the conditioning solution. 

The bubble was generated at a thin-wal1ed glass 

capi llary tip of approximately 1/4 in. 0.0. (referred to as 

tlle "bubble holder ll
). With the bubble at the desired age 

after formation (measured by a stop-watch), bUbble-particle 

collision was effected by mov;ng the part;cle bed up ta the 

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

ticles were withdrawn. A slight modification was incorporated 
" 

to obtain bubbles of 1ess than one seéond age; the particles 
-, 

were brought in~ contact with a bubb1e already formed and a 

fresh bubbJe generated(,direç_t1v inta the particle bed. 1 The 

J 



resulting bubble load was either viewed directly through the 

eyepiece (magnificat ion X4) or else proJected onto a ground 

glass screen and a photographic record made. Before perfor~ing 

a second bubb 1 e pi ck- up tes t, the presen t load vIa S d umped 

outside of the glass dish. ln this way bubble ages frof1' -: 

sec. to 300 sec. were tested. When employing the apparatus 

for cor\ventional captive bubble tests. th~ 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 
\( J 

times .. Measurement of the pH was made before and after each 

exper iment. 

The time-dependent surface tension data was deter-

mined for each of the solutions tested after contact with lhe 

solid. The procedure was as outlined in Chapter Two. The 

concentration levels specified refer to the meas~red concen~ 

tration prior ta conditioning. 

Flotation data was determined using an alI-glass 

version of the cel1 designed by Partridge (53.70) (see Figure 

3.2). The d~ive mechanismowas replaced by a gear system ta 

give greater reliability. Nitrogen was used to generate the 

bubbJes at ~ Flow rate of 100 ml/min. corrected ta room pres-

'sure. The same sampJe conditioning procedure was employed; 

flotation time was 30 sec. 
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o 

FIGURE 3.2 
" 

Flotation Ce14 (After Partridge (53,70)) 
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vAll the glassware was cleaned uSing,acid-dichromate 

cleaning solution. The Luci te ce"ll was wasvhed wi th copious 

quantities of tap and disti lIed water and allowed to ~tand 
~ 

for several hours between tests employing difterent collector 

strengths. AlI appropriate equipment was finally washed in 

a sampJe of the collector solution being tested. 

Materials 

a} MineraIs 

Magnetite 

This minera) was tested most extensively. A sample 

of -65+100 mesh material was prepared (47) from a California 

beach sand by rnagnetic separation (using the "Ding" separator) 

followed by stage grinding i~ an agate mortar under disti lIed 

water. 

Quartz 

"Water-C lear" rock crysta 1 from Arkansas was passed 
"" 

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

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

to reduce the sample to M65+100 mesh. Part of this sample 

was acid-leached for 12 hours in 10% HCI. 
'é 

Both the magnetite and quartz-samples were stored 

under disti lIed water in sealed containers. The water was 

frequently ~hanged. 

'. 

.... 

o 
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Hemat i te 
~ 

A (resh stffface of "micaceous hemattte From Michigan 

.was prepared by cleaving under dis~illed water. °Testing was 

o performed immedia~ely. 

J 

Glass 
~ 

The glass dish (see Figure 3:l) was used as a 

representative glass. Composition is unknown. 
~ 

~ {;~\.. 
The mineraI s~mples were supplied by ~ard's Na~ral 

Science Establishment, Inc. 

b) Solutions a 

Dodecylamine acetate solutions were made up using 
~ 

single distilled·~nd nitrogen-~lushed, dOUble distilled water. 

Concentration and pH levels employed were those covered in 

Chapter Two. No buffering was needed sinc1r the relatively 

short duration of the tests preéluded the pron9unced pH drift to 

~cid described previously. 
o 

The bubble pick-up and contact angle tests employed 

atroospheric air. HighQpurity nitrogen was agai_n used in the 
? 

dynamic surface tension determination (cf. Chapter"Two). , J 
1 

o 

1 

.. 
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R§sult~ \ 

Several methods of recording bubble pick-up data 

have be~n proposed (19,105,106). Cooke and Digr~ (105) 
ta 

weighed the bub~le load, Sun an1~Troxe!1 (106~ counted the 

number of particles picked-up and Lee (19) recently outlined 

a technique for determining the cross-sectional area occupied 

by the bubble 10ad. ,AIl are tedious in one respect or another. 
Q 

For the present purposes, it pfoved suffi)ient to estimate the 

angle, ~, subtended by a ~ontinuous 10ad of particles on the 
(-

bubblel. This was done either by using a protractor graticule 

placed in the eyepiec~ or later by taking measure~nts of any 

photographie record made. Figure 3.3 i 11ustrates a "typica1" 

view of a 10aded bubble. 

........ ~ 
~ . - . 

, .. ;..... ....~ . 
li,ure J.l -.. ~ .--

.,.~ 
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•• 

", fiGURE 3. 4 

Pick-Up of Ma~e~ite as a Function of Bubble 
Age and Total Amine Concentration at pH 9.1+0.1 
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Angles greater than 90° were arb;trar; ly taken as 
l' 

90° (representing a fully loaded bubble). Angles less than 

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 col1ector, a frequent observation in 

bubble pick-up studies (J07",108). Thi~~ poor pick-up was char

acterized by t~ partic1es being e~si1y dislodged on tapping 

the bubble holder. A particular advantage of th;s method of 

recording data (i.e. "6 11
), especial1y in the case of magnetite, 

is that particles held mechanical1y, magnetically or by floccull 

ation to'other particles are ignored. That ;5, only particles 

he1d 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.e4 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 complet ion of each 

,experirnent. In all:~-.cases, sorne decrease with bubble age was 
"---

recorded, the decrease becoming more pronounced with increasing 

amine concentration. At 2.04 x 10-5 M th~ decrease is almost 

non-existent whilst at 4.08 x )0-4 M~ zero piCk-Up was recorded 

after on1y 10 sec. 

Figures 3.5 to 3.11 give the dynamic surface tension 

exerted by the dodecylamine acetate solu~ions after conditioning 

of the solid under various conditions. Included' is the photo-

J 
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graphie record to i llustrate the bubble pick-up as a function 

of bubble age. 

Figure 3.5 shows the result at 2.04 x 10-~ ~\ pH 

9.7 ~ 0.1. Negligible change in surface tension or plck-ûp 

with bubble age occurred. oThe surface tension was constant 
- 1 ~ 

at approximately 69 dyne cm the pick-up was about 30°. 

Figure 3.6 gives the result at 4.08 x 10- 5 M, pH 

9.7 ~ 0~1. A detectable dynamic surface tension was apparent. 

along with a slight ~ecrease in pick-up with bubble age. 

From t = 0 to t = 300 sec. tb decreased From 450 to - 30° 

and vLV From • 72 dyne cm - 1 to - 62 dyne cm 
- 1 

The result at 8. 16 x 10- 5 M, pH 9. 7 ~ O. 1 i 5 i 1 1 us-

trated in Fi gur;-e 3.7. There was a pronounced decrease in bot h 

surface tension and bubble pick-up with time. vLV and 0 de

creased from -72 dyne cm- I and _Boo respectivêly, to --52 

dyne cm - 1 and ~ 200 
• 

o Figure 3.8,curve A, demonstrates a dramatic decrease 
A 

in both YLV and 6 with time at 4.08 x 10.4 M, pH 9.7 ~ 0.1. 

~k t < 1 sec. 6 was greater than 900 (taken as 90° on Figure 

3.4) and by extrapolation YLV was greater than 65 dyne cm- 1. 

- 1 At t = 10 sec., 6 was zer~ and YLV at about 45 dyne cm 

At t >.N) sec, 6 remained zero. and YLV furt~er reduced to 

slightly less than 30 dyne cm- I (after 150 sec). Curve B 
p 

i 11ustrates the result if the conditioning solution was removed 

., 
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'j FIGURE 3.5 

Dynamic Surface Tension and Pick-Up of Magnetite 
After 30 Min. Conditioning in 2.04 x 10-SM 
Dodecylamine Acetate Solutions, pH 9.7 ± O~l . 
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FIGURE 3.6 

'~~namic~rface Tension and Pick-Up of M~gnetite 
~tter 3 Min. Conditioning in 4.08 x 10-JM 

/Dodecyla ine Acetate Solutions, pH 9.7 ± 0.1 
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FIGURE 3.1 

Oynamic Surface Tension and Pick-Up of Magnetite 
After 30 Min. Conditioning in 8.16 x lQ-SM-" 
Oodecylamine Acetate Solutions, pH 9.1 + 0.1 
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FIGURE 3.8 

Dynamic Surface Tension and Pick-Up of ~gnetite 
"After 30 Min. ConditJoning in 4.08 x 10- M 

Dodecylamine Acetate Solutions 
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and disti lIed water at natural pH added. Excellent pick-up 

is demonstrated at aIl bubble ages, and no dynamic surface ten

sion was measured, 'Yl~,_,remaini~g constant at close to 70 dyne 
- 1 0 cm . 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. 

If, instead of desorbing in disti lIed water at nat

ural pH, disti lIed water at pH 9.7 was used and 30 min desorp-

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

decrease in YlV and piCk-Up with bubble age.was obi:rved. 
-1 -1 '~~.~~ teduces from 

decreases from 

-72 dyne 

90° to 

cm to - 50 dyne cm ~ w~e 1> 

- ISO over a time interva1 of 300 sec. 

Figure 3.10 compares the dynamic surface_~ension obtained by 

desorption at pH 9.7 with that obtained by desorption at natural 
J 

pH, :wl,th the latter subsequent1y adjusted t,o pH'9.7. 
1,\ 1\':.' -4" 

Figures 3.11 and 3.12 detai 1 4.08 x 10 M solutions 

at pH 12.2 and ~~l (natural pH) respectii~ly. At pH 12.2, 

no piCk-up was registered; the surface 

to yield - 68 dyne c~-l after 100 sec. 
o 

showS successful piCk-up (6 - 450
) at 

tension declined slowly 

The rF" a t pH 6. 1 

ail bubbJe ages. The 

surface tension was c~nstant at - 67 dyne cm- l . 

The state of the bubbles in the vials after condition-
a ., {,,' 

ing was also noted. In 4.08 x 10-4 M solutions, 'pH 9.7, the 
il - 6-

Q " 

bubbles were completely t~àrren after 30 min. conditioning, but 

J 

'1 

" 
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FIGURE 3.9 

Condj~pRs as for Figure 3A, Then Solution in Vial 
Rep.l~e'èr- by 0 i st i 11 ed" Water at pH 9.1 and 3~O Mi n. ../ 
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FIGURE 3.10 

Dynamic Surface Tension Exhibited by DistiJJed 
Water After D~sorption from Magnetite Conditioned 
at 4.08 x 10-~ M Amine, pH_9.7 for 30 Min. Using: 

A)' Di~i lIed ~at~r at'_-pH 9~7 
B") 0 i st il Jed Water at pH 6. 1, Subsequent 

Adjustment to pH 9.7 
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FIGURE 3. 11 

Dynarnic Surfaèe Tension artel Pi'ck-Up of'M~gnetite 
After 30· Min. -Cf'>nditioning in 4.08 x 10- M -
Dodecylamine Acetate~ pH 12.2 
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FIGURE 3. 12 

Dynamic Surface Tens ion and Pick-Up of ~agnet i te 
After 30 Min Conditioning in 4.08 x 10- M 
Dodecylamlne Acetate Solutions, pH 6.1 . 
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fully loaded at amine concentrations Jess than 8.16 x 1'0- 5," ~,:-,~

at the same pH. 

Bubble pick-up tests were performed on the -65 + 100 

mesh quartz sample at 4.08 x 10-4 M and pH 9.7 ± 0.1. No 

decrease in bubbJe pick-up with bubbJe age occurred with 

e i the r the "as prepared" or ac i d- 1 eached ma ter i a 1 (see Figure 

3.13). A decrease in stabi lit y was suspected, at 300 sec 

sorne of the load couJd be easily disJodged by tapping the 

c 

bubble holder, but this was far From satisfactorily demonstrated. 

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 10 -4 M, pH 9.7 + o. 1 . 

Captive bubble tests on glass and hematite were 

carried out at'4.08 x 10-4 M amine solution, pH 9.7 + 0.1. 

Both materials revealed a sharp decrease in tenacity of bubble 

... •• p'. 

attachment with increasing bubble age; at t > 5 sec attachment ,\, 

was virtually impossible. Replacing th~so.lution in the Lucite 
, 

cell with distilled water (natural pH or pH 9.7) eliminated 

the bubble age effect, adhesion oeing excellent at aIl bubble '. 

ages tes ted . 

ln aIl the examples involving a bubble age e~fect, 

once attachment had been achieved nO further time effect was 

observed. 

;' \ 
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, 
FIGURE 3. 13 

Pièk-Up of Magnetite and Quartz 'in 4.08 x 10-4 M 
Dodecylamine Acetate Solut'ions, pH 9.7 + 0.1 élS 
a Function of Bubble Age 
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FIGURE 3.14 

Comparison ot Dynamic Surface Tension of 
Dodecylamine AC,etate Solutions, pH 9.7 + 0.1 
Aft~r Cohditioning a Quartz and Magnetite 
Sampre 
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t!1 
Both sirfgJe and double-disti lIed ,water were empJoyeQ 

() 1 
~ ,r 

in the above tests. No difrerence was detectable. Simi larly 
ua o 1 ./~ ... , 1 

whether "fresJ]1 ~\"0Idll solutio~,5 were employed seemec,i 

immater i al. '---j 
Discussion 1 

,/ 
The pH le'vel most tnoroughJy tested was around pH 

, " 
9.7. From Chapter Two, this',pH lev~J' was known to be in\he 

range giving the most~ronounced dyl,~m(~~"surface_,tensi~n. 
~ ~-I,j 

< 

,Jherefore, this pH was the most useful in testing the wetting 

and t ra n s fue r mo deI s 0 f f1 0 t à, t ion, i n t h'e ma n n e r 0 ttt·J i ne d i n 

Chapter One. So that the dynamic surface tension would rel-ate 
,J 

to the bubbfe pick-up tests,' the dynamic surface tension data 
(' 

9 
was d~Jirmined after sample conditioning. Comparing with 

Figure 2.9, total amine concentr'ations oOf 2.04 to 8.16 x 10- 5 M 

show a marked change in the dynamic su,rface tension. A closs , 
.~~f collector ~rom solution through adsarp~ion anta the salid 
<;, -l:' \.,-;, 1_ 

-,,:>.) 

is ,indicated. Little change followed conditianing in 

4 -4 .08 x ID M solutions. The conditioning time of 30 min, 

although not Jlecessarily suff"icien't for IIt,rue" equilibrium 

to be a't,ta i ned was chosen because \l,t wa~ u~ed in the or i 9 i na 1 

flotation work on magnetite (47J'~~~The abiJity to reproduce 
• ,b-

the bubble age results suggests that 30 min conditioning time 

is sufficient for the bulk ofOthe changes at,the solid surface 

to be completed. 
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Cl 

It was deduced (in Chapter One) that a decrease in 

pick-up with a decrease in YLV would support the transfer 

mode 1 . Based on evidence contained in Figures 3.4 to 3.9, 

the wetting mode 1 alone is supported. 

The correlation between a decrease in pick-up and a 

decrease in YLV 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 YLV is accompanied by an equal ly rapid decrease 

in pick-uPr Figure 3.6 and 3.7 identify slower rates of decrease 

in ~LV with slower rates of decrease in pick-u~. Even t ua 1 1 Y , 
~', t.· 

with the dynamic surface tension aIl but lost (Figure 3.5), 

'ittle decrease 1n pick-up occurs. The shape of the ~ vs 

bubble age curves at various total amine concentrations 

(Figure 3.4) .is simi Jar to the Y
t 

vs t curves at the ~ame 

pH (Figure 2.7). rig~re 3.9 shows that the correlation be

tween pick-up and \~~iS maintained even through the dynamic 

YLV is obtained by desorbing collector From the rnagnetite. In 

comparison Figure 3.Bs shows the same procedure as used in 

Figure 3.9 but with distilled water at natural pH. Nb decrease 

in YLV Or piCk-Up was observed. ·That desorption had occurred 

is proved in Figure 3.JO where the desorbing solution has peen 
~ 

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

was desorbed at natural pH than at pH 9.7. 
l' 
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Whenever the pick-up was constant. YLV was deter

mined as constant. ,This was regardless of whether the situa

tion was achieved by: 1) u~-ing very di lute solutions (Figure 

3.5); 2) replacing the conditioning solution by disti lIed 

water at natural pH (Figure 3.8B); or 3) using solutions at 

pH < 7 or '> 12 (Figures 3.11 and 3.12). ln the case of 

solutiont at pH > 12 no pick-up at aIl was observed (Figure 3.11). 
, ... 

Figures 3.5 and 3.6 sno~ld be particularly sensitive 
, .. ,y 

ta the transfer model since the change in Y~V (and by infer-

ence ~LV) is more controlled. The rapid decrease in v
LV 

shown 

in Figure 3.8A, it might be argued. could obscure any t,ndency 

for pic k - u P toi n cre a 5 e a t s ho r t t i me i n ter val s . T h i 5 a r g u -
..... 

ment is not applicable at 2.04'and 4.08 x 10- 5 M sQlutions. 

However, only a tendency.for the pick-up to decrease, correlating 

with a gecrease in YLV is observed. In the case of quartz, 

~h~6ugh no direct evidence is fùrthcoming to support the 

wetting mode 1 (no decrease in piCk-up was observed, see 

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

mode 1 • Under no conditions was a systematic or reproducible 

increase in pick-up with bubble age observed: It is concluded, 

therefore, that in the system under investigation the transfer 

-,mode 1 is of fittle sigr(l1Jicance in comparison with the wettirg 

mode 1 . This denial of the transfer mode 1 strongly supports the 

conclusion rèached oy Pope and Sutton (40). Hence attempting to 

ascertain the transfer mechanism may prove fruitless. 
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Establishing that YlV decreases with bubble age 
. ~ 

and that this can be detrim~ntal to bUbble-particle adhesion 
\ 

has broad ramifications. For instance, in the laboratory 

such tests of floatabi lit y as contact angle and bubble pick
l ' 

up can be misleading if the possible influence of bubble age 

is not understood. 
(\ 

Figure 3.15 gives ~ as a function of total 

amine concentration. Curve a is"at t = 0 and b at t = 300 sec. 

The former corresponds to the flotation recovery of magnetite 

detailed in Figure 2.14 whi lst the latter coincides with the 

contact angle data. This supports the previous conclusion 

that the flotation of magnetite at pH 9.5 and total amine con-

t t . t t ha n 10 - 4 M . h d d t th cen ra Ions grea er IS as muc epen en on e 

generation of fresh bubbles as to "modification" of the surface 

c hem i s t r y 0 f the 50 l id. 

Flotation, in general, would appear to benefit 

from the continuous creation of fresh bubbles, which is funda-

mental to the operation of a flotation machine. Due to the 

'design of the Hallimond tube (used in establishing the flota-

t~on response of magnetite (47»,bubble-particle collision is 

effected''almost irrmediately upon bubble generation. This~. 

emphasises the fresh bubble properties, and these favour attach

ment. In the industrial cell, however, bUbble-particle collisions 
1 

occur with bubbles both fresh and "aged". 1 f only the coll isions 
, '>' 

with fresh bubbles are productive (in the sense of yielding 

attachment), i t i s feas i b 1 e that the Ha 11 imond tube rfu ~ twill 

.. 
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FIGURE 3: 15 

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

b) Contact Angle Using Dodecylamine at 
pH 9.5 ,and PiCk-Up at t = 300 sec, . 
pH 9.1 + 0.1 

1 • 

" 

l' 

, 

.. 

. , 
• 

• 



e 0). 

-RECOVERY ~- -~ ;'-, 

J/~ '" 80 0 

--- cI>, t 1& 0 , 
l' , 

1 

60 1 
;. 1 ;e 1 • - 1 

~ 1 

! 1 
40 

1/ 
1 » « 

1 

j -.IZ 
0 

i&: 

cG 
• Ct) 

10
5 104 

-

f - b). u 
ANGLE (lwosaki, Cook. 8 Kim(96») 0 -C<»ITACT 

l' 
o 80 ___ cI>, t:a3QO .. 

• 
-&-

Q. 60 ::l 
1 

"ft a: 

1 
40' 

::J • CD 1--+ - ' ...... ..... 

l'" 
.. , , 
e -5 

10
4 

10 -.. 
Conc.ntrotion C, mole litr;-

'" 



e-' 
-89-

not be achievable in ~n industrial cell. The same result May 

weIl be obtained at a lower concentration, or different pH, .. 
where the bu8ble does not age sufficiently to prevent adhesion. 

ln this case, the result will be in response to a series of 

moderately productive collisions as opposed to the one highly 

productiv~ collision involved in the Hallimond tube. The ob-~ 

served state of any bubble~ in the vial after conditioning 

appears to testify to thïs possibility. At Jess than 

8.16 x 10- 5 M, the loaded bubble reflects a serres of moderately 

productive collisions (Figures 3.5, ).6 and 3.7 show even 

300 sec "0 1 d" bubb 1 es capab 1 e of so,~ , pick-up). The bub-

ble in 4.08 x 10-4 M solutions emphasizes the poor pick-u 

power of bubbles which are anything other than fresh in 5 ch 

solutions. 

ln many cases the flotation result in the labor tory, 
" 

wi J 1 refJect accurately the ff6tation result in industry ecause < 

such aging problems do n9t existe One area in which bubb e 

aging may be an important consideration is the modern rat ion 

of flotation cells (e.g. column cells, and the large, Ma el'-

type cells (98». Especially in the former cel 1, the 

will probably age more than in conventional cells. 

le 

cl ine 

in YLV as a function of bubble age in a flotation cel) iSf 

complicated by the relative fluid motion tending to incre se 

the rate of attainment of equilibrium (28) and th~ expansion 

of ~rye ris~~g bubble tending ta delay equilibrium. Neverth~I~SS, 
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that the exerted YLV can vary with bubble a~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 cel]' design would be too specu

lative. The data, however, demands that the wetting model be 

more fully described. Clearly, the di-fferent results for quartz 

and magnetite need explanation. Rogers et al .,(15) noted that 

although the L-V interface was common in tests using different 

mineraI substrates, no common eut-off in bubble-particle attach-

ment was observed. Differences in mineraI su~face chemistry, 
'j .• :-~_I'!o--._ ' 

modified by collector adsorption, were considered the reason. 

The observations correspond to the present case. As ~n illus-

t~ation of the importance of the solid to the attachment, 

consider Figure 3.15a which shows ,1> increasing ,with total amine 

concentration (as expected). Since YlV is the same in aIl 

cases (t = 0, YlV = 72 dyné ~m-l) _the increase -in /) must be 

the result of changes in the solid surface chemistry. The 

~isman model appears to be quite useful in describing the 

effect of the solid on bubble-particle attachment. In the case 

of Figure 3.ISa, the increase in /) could be ascribed to a 

decreasing value of YC as the to~al amine concentration is 

increased. Such a decrease is to be expected (at least unti 1 

YC has been reduced to a minimum). 

/ 



.e 

.. 
-91'" 

By noting the val.ue of YlV at which pick-up ceases, 
-a measure of YC for the particular conditions can be made. 

For magnetite conditioned for 30 min in 4.08 x JO-4 M ami'ne at 
- Fe304 . 1 

pH 9.7, from Figure 3.8A, YC '~IS approximately 45 dyne cm- • 

For quartz undef'--Ldentical conditions, on the other hand, the 
5i02 conclusion must be from Figures 3.)3 and 3.14 that YC 

is less than 30 dyne cm-I. 

Thus we have: 

Fe304 
45 dyne - 1 

YC - cm 

Si02 
30 dyne cm-) YC < 

The difference in Yc reffects the difference in minerai 

surface chemistry. 

,r; It must be emphasized that these results are for "the 

_~pecified conditions only and no suggestion of a measure of 

Yc for magnetite and quartz as "pute" samples is implied. " 

AlI things bei~g equal, it may be ~pecu'ated that YC for pure 

q.~~rtz i s l.ower than for ma.gnet j t.è. The va 1 ue of YC deter

mi~ed here must reflect n6t'only the soli9 in question but also 

the extent and nature of the adsorbed species. Consequently, 
, 

YC is expected to be a function of collector concentration, pH 

and-~conditioning time (if short). The property of YC' of 

course, remains unaJtered, the value simply changes to reflect 

the cond i t ions. 
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, 
The deseribed technique of estimating YC using dy-

namie YlV data appears to meet the main requirement of such 

determinations, namely that there be no interaction between 

the liquid and solid phasés (31). In the present case, the , 

solid is pre-conditioned so ·that interaction is permitted 

to approach equiJibrium and YlV is subsequently varied by 

cont~olling the- bubble age, not by aliering either of the 

phases. The particular advantage from the flotation viewpoint 

IS' that it enables some estimate of the surface energy of the 

solid to be obtaine'd under the exact conditions which render 

the solid amenabJe'toflotation. 

Figure 3.16 is included in an attempt to clarify the 

rote-of YC in deseribing the observed results. If the condi

tioned sample could be isolated from the conditioning solution 

and the solid surface examined by determining the variation in 

contact angle, e, with the surface tension of various test 

liquids (Iiquids having no reaction wjth either the solid or 

adsorbed collector) the .result may be a~ in Fi<gure 3.16. This 

figure ,is a Zisman plot, except that the liberty has been taken 

of assuming a linear rélationship between a and YlV instead of 

the more genera 1 re'lat ionshil between cos 8 and YlV (3 J). The 

va!ue of Yc is determined as the value of YlV at a - O~ For 

mignetite this intercept would occur at -- 45 dyne cm-l, and 

for quartz, say, at N 30 'dyne cm-I. Determinations of Yc in 
, . 

the presence of adsorbed collectors have beeo made (3 1,lO?). 

, . 

1 
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Striac. Tension, \.V 

, Fiaure 3.16 Diq __ tic Itepre •• ntation of Contact Anale .. a 

tens ion 

Function of Surface Tenaion for Maauetite and Quartz 

-4 conditioned for 30 1I1n at 4.08 x 10 M Mine, pB 9.7 

Figure 3.16 shows ~at if a liquid exerts a surface 
Fe304 - S 2 

between YC and YC J 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 flQat, quartz reporting to the 
\"û:1b 
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floats and magnetite remaining as sinks. The implication is 

that, after conditioning a mixed sample of quartz and magne

tite in 4.08 x 10- 4 M amine at pH 9.7 for 30 min., then de-

canting the excess solution, a differential float of quartz 
j' 

can be effected if flotatio'h is subsequently performed in a 

liquid~exerting a surface tension between 

This possibi lit y is worth investigJting. 

Figure 3.17 shows the res~ t of 

- 1 30 and 45 dyne cm . 

such a procedure for 

a 35:65 w/w quartz:magnetite sample, the float being per-

formed 1 n methano,l/water mi xtures. These mi xtures fac il i tated 

change of YLV and were completely miscible with the small 

quantity of conditioning solution unavoidably remaining after 

decantation. Up to 15% methanol, 100% recovery of both quartz 
\.,t' , 

ltC' \ 1 
and magnet i te was obta i ned. Between 15% and 40%. the magnet i te I.,;;~) 

recovery declined to zero with little apparent dépression of 

the quartz; at - 40%, nearly perfect separation was achieved. 
'l 

The YLV at 40% methanol is 40 dyne cm- l (110), a value in 

the predicted range. At methanol concentrations gr~atèr than 

65%, complete depression of both quartz'and magnetlte occurred. 

It is more than probable that the presence of methanol 

not only caused a redu~tion ,in YLV but aTso, increased ~C by 

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

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

not be regenerated af.ter the test involving pure methanol by 

o 

" 
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u F lotat ion Recovery of a 35/65 w/w Quartz/ 
Magnetite Mixture as a Function of Methanol 4 
Concentrati'on after Conditioning at 4.08 x 10- M ' 
Amine, pH 9.7 
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replacing by water as should be the case if YC remained un~ 

a ltered . 

A~ alternative procedure attempted was based on the 

~bi lit y to increase YC by ~eSorbing sorne of the adsorbed 

collector. Figures 3.8 and 3.9 testify that desorptJon has 

an effect. If the desorption could be sufficiently well con-
Fe304 Si02 

trolled such that Yc > YLV > Yc occurred then again,a 

differential float of quartz might be possible. Oisti Iled 

water at pH 9.7 and 6.1 (natural pH) were employed as the 

desorbing medium. Table 3.1 gives the results. 

TABLE 3. 1 

Controlled Desorption Using Oisti lIed Water 
Sample Conditioning: 4.08 x 10-4 M Amine, pH 9.7, 30 min 

Oesorpt ion % Recovery in Floats 

Sil i ca Magnetite 

80-90 

60-70 

A 30 min, pH 9.7 100 ,-
B Il-J~~- pH 6.1, lst cycle 100 t;~~ , in, 

~ 30 min, pH 6.1, 2nd cycle a 0 

ri 

,-, 

'\ Somewhere between one and '--
, . 

" , 
emp loy i ng " na tura 1" dis t i lled water be ach i eved • 

This procedure is similar, in princip+a~ ta the cantrolled ~ 

adsorption advocated, for instance, by Marchandise (III). In 

practical terms, controlled desorption is probably more logical 

than employing a)cohol/water mixtures ÇlS a medium for flotation. (.'_ 
• ù-

'-
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The wetting model, especially the Zisman model has 

been shown to offer an explanation of the bubble aging p~eno

menon. However, two ~pparent contradictions rempin. Firstly. 

the quartz sample" -65 + )QO mesh. gave results contrary to 

those reported by Smith and Lai (17) on a polished quartz 
) 

specimen, and diffe~e~ too From those ob~erved here for the 
-,," -"'If 

glass* specimen. \.~·~te "smooth" surfaces are often prepared 

in order to investigate flotabi lit y such differences may be 

relevant. Secondly, the stabi 1 ity once contact had been ac-
, -, 

hieved, although obviously vital to successful flotation is 

~ot immediately expl icable .and is again contrary to the ob-
I 

servations of':$mith and Lai (17). The following are tent-
... ~ .. 

atively proffered as explanations. 
, 
\ 

When a particle is contacted by a bubble, the bùbble 
\ 

deforms. Deformatio~ wi Il also occur upon contac~ing a bubble 
\ 

with a fIat specimen;\but ln the case of the particles, the 

deformation wi II proba~ly be more pronounced. Upon deformation, 

the surface concentrati~of surfactant is !ocal Iy decreased 

i.e. the surface. tension i,\ locally increased. An increase in 
\ 

\ , 

'YLV is favourable to de-wett~g. As a consequ~nce. part iculate 

material may be easier to de-w~ than fIat specimens. This 
, 

surface tension gradient wi Il exi,st longer in solutions exhi-: 
\ 

biting slow adsorption characteris~s because the local de-

pletion is only slowly "repaired" by 'adsorption from the blJ,lk 

*frequen~ly considered an approximatio~ to quartz'(e.g. ref. 4). 

\ 
\ 
\ \. 

\ 

) 
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solution. The present system is, therefore, idea11y suited. 

This property of a deformed bubble figures prominently in 

expJaining the stabi lit y of froths", a subject which wi 11 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 (J12) in an earlier study of the 
f, 

quartz/aJka1 ine dodecylamine system also n~ticed a discrepancy 

between contact angle and bubble pick~up data. The explana-

tion was based on the irreguJar particles being able to reduce 

the induction time. 

The explan~~ion offered to account for the metasta

bi ~ity of the bUbble-particle adhesion once effected, also 

centers around the physical condition of the surface. A rough, 

irregular,surface offers considerable resistance to the move

ment of the L-V interface acros.s--i-t,--wtHcn is-what- is-re-qui-r-ed 

if the adhesion is to fail with time. Thus although the wetting 

mode 1 may demand movement, the energy barrier ~sociated with 

such movement may be sufficient to 

the measurement of dynamic contact 

induce metastabi lVty. In 

angles by Smith~nd lai (17) 

it is notable that a well-polished specimen was employed .n~ 

resistance àue ta roughness ~y be expected to lessen as a 

result. Buckenham and Rogers (112) noted no such "dynamics", 
o 

indeed no other workers have in the much-studied dodecylamine 

system. The,1 dynamic cortact angles reported by Schulman and 
1 

Leja (113) were in an, éntirely different system (polyoxyethylene 
-. 
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frothers). It is not unusual in contact angle work to attri

bute varying results for ostensibly equivalent systems to 
-'\"- -", 

virtually"unavoidable differences in surface preparation (114). 

The above discussiPn fans into that category. 

CriticaJ Surface Tension of ~tin9 and FJotation 

Both the Harkins and Zisman wetting models predict 

the observed decrease in bubble pic~-up with decreasing 

YLV. The Zisman model, however, proved simpler to use since 

only two energy tE}t"ms, YLV and Yc were involved. In the 
. 

author's opinion, the Zisman mode) offers a number of advan-

tages over the Harkins'model. 

Flotation, in t,he Zisman model, reduces to collision 

between a bubble exerting a certain surface tension, YLV and 

a solid whose critical surface tensi.i>n of wetting is Yc. If 

condition 1.5a is met fJotation is f)OssibJe, if çonditidn 1.5b is 
\ 

met then flotation is impossibJe.Tt-eZisman model emphasizes the'-

relative surface energy of the bubble' and sol id prior to col-" 

lision as opposed to the Harkins rrodel which'r-equires knowledge 

of the S-V in~erface, an interface whJch exists only after 

SUccess fu lat tachment has been ach i eved • lJ r_~: .. ""-

Another concept ua 1 difficulty 'involv~d with the 

Harkins mode 1 surrounds the YSL terme Adsorption of surfactant 

at the S-L interface will tend to reduce,YSl. Inspection of 

, .. l' 
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Eqs. 1.2 and 1.3 show that a lowering of YSL i s detrimental 

to flotation. Some warkers (2-7) have circumvented the problem 
" 

by assigning added adsorption at the S-V interface, thus 

l~wering YSV to ~ounterbalance the unfavourable decrease ln 

YSL (and Y L'v' too). This argument has been advanced in other 

s ys tems as we 11 (8-10) and was "cons i dered in C hapter One. The 

bubble transfer mode l has~ been employed as a possible explana

tion of this added adsorpti~n at the s-y interface. Not only 

does the present work fai1 to support the transfer model, but 
, 

a1so the im~lication that adsorption at the S-l interface 

is undesirab1e is not tenable. Consider, for instance, the 

Frequent need to condition the solid prior to flotation; con-

ditioning invo1ves the S-L interface almost exclusively. In 

the Zisman model adsorption would lower YC' and thi~ is favour-

ab 1 e to fI 0 ta t ion. 

Jhe non-adhesion of bubbles exerting sufficiently 
- .... 

t ...... ~ .... "rw! ... 

low YLV val.ues is explained using the Zisman model by stating 
. 

that the YLV is be10w the cr"itica1 value. 'n the Harkins mode 1 

non-adhesion is predicted if YLV is less than (ysv - YSL)· 

Taking, (ySV' -,' YS,J..) as a constant for the system, the Young 

equation gives a~ required reduction in YLV From 72 dyne cm- 1 

to 12 d()'ne cm" 1 to ~'ccommodate the decline in tI from Boo ta 

zero observed by Smith and L~i (17). The value of 12 dyne c~-I 

is below that attainable.in dodecy1amine solutions. This obser-

vat ion 
(f 

led Smith and Lai (11) to argue that the dy~amic contact 

"d 
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i , 
in YSV (surfactant angle was partly caused by an increase 

-
be ing Is5!:l .. BP~off" by the retreating L-V interface). 

would be(~etrimental to' bubble-particle _adhesion (see Eq. 

This 

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

and Lai (17) considered thé retreating bubble' to be deposit

ing a reversely oriented surfactant layer, thus increasing the 

IIhydrophyllicity" of the solid surface. Both explanation' 

however, depend on the bubble alrea~y being in retreat; any 
-

changes at the S-V and/or S-L interface must be the result 

of the bubbles' retreat, not its cause. This leaves a de-

creasing YLV to account for the dynamic e values observed. 

This involved argument, invoking changes in,the S~V and S-L 
1. 

interfaces, is a direct consequence of employing the Harkins 

model. The Zisman mode 1 offers a great simplification. r 

The critical surface tension of wetting can be mea

sured. The present investigation has outlined a techniqui 

for determing Yc under actual flotation conditions. This is 

a decided advantage over the Harkins model where YSL and YSV 

are recognized as indeterminate. In this respeçt, the Zisman 
, , 

model is less abstract than the Hark--Lns mode 1 • ,\ 

A worklng defln 1 tlon of the terms "hYd~OPhobIC" and 

"hydrophyll ic", as they are employed in flotatio~, appears 

po~sible From introduction of the critical surfac~ tension of 

wetting concept. Eq. 1.5a represent~ a hydrophobie condition, 

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

in flotation, reference is often made to rendering 

.. 
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1 
o • a soJid hydrophobie, mean.ng fJoatable, as if it were 

pert y of the solid ~xclusively. However, a solid may 

a prol-

we 11 be 
1 

water-repellent (the strict meaning ~f "hydrophobic") but ~ot 

solution-repellent as required in flotation. In flotation~ 

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

,bubbJe (YLV) and solid (yC) sueh that YLV is greater than,yC· 

Attempting to explain the transition From pick-up to non piek

up, deseribed here, is imposs,ible based on a concept of sol,id 

hydrophobicity. TJe suecessful flotation of magnetite using 
-4 fresh bubbles at 4.08 x 10 i~ M, pH 9.7 may be attributed to 

" the Éct that the fresn bubbles possess properties not too 

dissimi lar From bubbles generated in surfactant-free water. 

ln this sense, the solid surface will, therefore, appear 

hydrophobie. The bulk of flotation can be described in terms 

of solid hydrophobicity, but recognizing it as a relative 

property·offers certain advantages. Control of YlV as weIl 

as Yc to achieve the desired float is introduced; the differ

ential float in the methanol/water mixture was a direct conse-

quenee. 
. ~ 

Measurement of YC may prove useful in evalu~ting 
"'\. ",(,,"i t *' 

flotation reagents and in predicting possible flotatron schemes4 

Changes in yC can be expected to reflect coJleetor ads~.!ption ' ... 

and any re levant chemi ea 1 changes. The 1 presence of ami ne- ion 
1 

~leeule complexes at pH 10 was consid~red a possible cause if 
the improved fl'oatabi lit y of oxides at this pH; the exten~,e~' 

.~ -.-, 

i 
1 
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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 th~ naturally lowenergy surfaces 

considered by ZÎsman -to high energy surfaces through the work

- of Rhee (35,115,116) and others (1J7,118). Flotation dealing, 

mainly, with high "surface energy solids converted to low energy 

surfaces by adsorption of surfactant suggests a closer analogy 

to the original work of Z'sman. The concept has not been in

troduced into the flotation literature. Ginn (48) makes a 

passin..g 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 YC f"or solids treated by flotation 

are available. The YC for sulphur is quoted between 30 and 

32 dyne cm- l (119) dependi ng on crysta 1 str_ucture. The YC 

of glass (frequently considered a reasonable approximation 

to quartz e.g. reL 4) has been determined at 73 dyne'cm- 1 (118) 

although if the surface moisture was removed a value near 260 . ~ 

dyne cm- l was obtained (118). The natural floatability of 

l' 
J 

sulphur is supported by this data. Other naturally floatable 

substances could be tested e.g. talc, molybdenite, graphite, 

coal, etc. The higher surface energy solids (yC> 12 dyne c,m- l ) 

present difficulties because liquids of YLV greater than the 

YC to be measured are requ i red. The va lue of 73 dyne cm- l for 

glass was determined using salt solutions. This increased the 
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surface tension of water s~fficiently to yield finite contact 

angles. Incidentally, the improved flotation of coal in salt 

solutions (120,121) (so-called "salt F1otation ll
) may, in 

part, be due to the increase in YlV of such solutions. The 

higher YC for glass was determined using mercury and gallium 

as the liquid phases. The technique presented here utilizing 

dynamic surface tension data may have applications in other 

systems. 
, 

An assumption being made here is that YC measured by 

using dynamic YlV values is equivalent to the YC measured in a 

E
nventional manner. Figure 3.16 ma~es 'this assumption. 

onfirmation of this assumption should be possible. Without 

a ternate evidence, uti lizing the critical surface tension of 

wetti~g concept of Z;,sman 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 
"'-

haïr at high relative humidity (50%). 
• i s 1 ess than the YC of human ha ï r ( 

Initially, YlV of ethanol 

26 dyne cm- l (122» but, 
, 

with time.absorption of atmospheric moisture occurs until YlV 

ïs raised above 26 dyne cm- l and a finite contact angle is 

obtained. In ge~eral, the assumption that dynamic surface 

tension values 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 vali'dity 

of the assumption is still not knOWh. 
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Induction Time and Interaction of Double Layer 

Although the'wetting models have proved very infor-

mative, the data would be weI} complemented ~y taking into 
'l 

account s~ch factors as induction time and the interaction of • 
1 

the electrical double layers ~that of the bubble and sol id}. 
~ 0 

Induction time (or period) is the time required for 
• ,/ 'v 

the liquid fi lm intervening bétween the -bubble and solid to 

• 

r, 

thin and rupture. Some workers have placed great importance~, " 
.. 1..\-v-; 

, \,' p, • 

on its role in flotation (22,121). It is possible that the ~0 

induction time is suffici~rt to preclude bUbble-particle 
'" .. ' ",t'\ 

attachment under actual flotation conditions even though the 

relative surface energies were favourable because of the 

1 imited 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) weIl in excess of the probable 

available contact time so that the role played by the induction 

period is not known. 

The int~raction 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 work 

has been directed towards understanding the double layer 
1 

1 

properties of the sol id. However, comparatively little is 

known oJ the equiva1ent properties of the bubble. Even 1ess 
Ir 

is known of how t1e properties change with bubble age • 

.~- , 
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Recent1y, r~newed interest in the bubb1e has prompted just 

such investigations (77,124). A technique for determining 

dynamic surface potentials is ava~1able (29). 

ln the present case, postulating that a bui ld-up 

of surface charge on the bubble which is detrimental ta bubble

partic1e attachment wou1d offer', it seems, little improvement , 
over the described wetting mode1. However, a surface charge 

mode 1 which predicted continued bUbble-particle attachment 

e~~n at low'YLV might provide an alternative explanat,ion to the 

continued pick-up of quartz wi th "aged" bubbles. 

( , 

• 

( 
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CHAPTER FOUR 

ADSORPTION KINETICS 

\ 

/ 

1 The dynamic surfa~e tension data presented in 
.' 

Chapter Jwo must be the result either of a rate controlling 
~4 1 

lrf'fusion process or of an ~nergy barrier at the interfae'k 

(25)., ln this Chapter, a di)ffusion ~dél, based on the work 
/ 1 

of Fowkes (58) and Hansen (1'25,126) is developed t,o test 

the data. 

Theory 

Ward and Tordai (127) have developed the full 

solution to Ficks laws for adsorption into an interface with 

attendent "back-âi ffus ion". The equa t ion can 
t 1/2 

be written: 

where r 
t 

" ,-

-D 

Co 

= 

= 

= 

= 

.) Cz d(t -
o 

1/2 z) ] ••. 4.1 

surface concentration of solute (mole cm-2 ) 

at, time t 

diffusion coefficient (cm2sec- 1 ),assumed 

constant 

bulk concentration (mole cm- 3 ) 

Cz• = concentrat ion "just bel<>w" the surface. at / 
/ 

t ime Il Z Il' (somet imes ca lIed the sub-surface 

concentration (127), where z is a variable (127)) • 
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The derivati010f Eq. 4.1 (the IIWprd and Tordai" 

equation) is well doclt~ented in the l iterature (13.125.127., 

128). From the experimental dynamic surface tension curves 

and knowledge of the equi librium surface tension/concentration 

relationship, an average value of the diffusion coefficient 

over a time interval t can be determined. If the calculated 

diffusion coefficient is not a function of time or bulk con-
. . -5 -6 2 -1 

centratÎo~ and is ln the cJassical range of 10 to 10 cm sec 

diffusion control is deemeij proved (127). The detai ls of the 

necessar~ calculations are given in the literature (24,47,55, 

56,127). Since, in the present case, the equilibrium surface 

tension/concentration relationship is not known, this proced-

ure of testing for diffusion-control cannot be used. In addi

tion,Hansen (126) and later TsonopouTos et al (13), note that .. -
calcuJation of an average diffusion coefficient m~ybe misleading 

A more powerful test is to predict the dynamic surface tension' 

data for given conditions and compare with the measured values. 

(~~ ) 
'-l' 

a )' S ho r t - T i me 50 J ut ion 

,_~~~;,sumipg that the subsurface concehtratiQn approaches 
~{a:i \t;} 

zero then Eq. 4.1 reduces to ~he_Langmuir-Shaefer (129) 

equation. 

= . .............. 4 .2 

, . 
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The stated assumption ;s approached only when the surface is 
/' " 

IIfrL~ce "short-time solution". 
( "") 

" ~/ To use Eq. 4.2 an adsorption isotherm is required. -

Two have been emploxed, the Langmui,r-Syskowski isotherm (130) 

and one derived thermodynamica11y by Fowkes (131). The basic 

assumpt;on is that any adsorption isotherm valid for the 

equi1ibrium condition will also be valid under dynamic condi

tions, the bulk concentration term being rep1aced by the sub-

surface conûentration. 

" 
i ) 

where 

Langmuir-Syskowski Isotherm 

The Langmuir equation can be written 

= 

a = 

= ............. .. 4.3 

mono layer surface concentration (mole cm-2 ), 

Langmuir constant (cm3 moJe- 1) 

Assumi n9 Ct ..... 0, Eq. 4.3 becomes: 

.••••...•.••••• 4.3a 

somet i mes ca l1ed the "1 i near adsorpt ion i sot herm" . 

The Syskowski equation relates the surface tension 

to the solute concentration. Modifying for the dynamic case: 

Yo - Yt = Tm RT ln (1 + aC t ) •••••••••••••• 4.4 



e 
o 

where 

R 

T 

= 

= 

= 

. , 

solvent surface tension (dyn~ cm- 1) 

gas constant (8.31 x 107 erg mole- 1oK-1) 

abs'o1ute témperature (298 oK) 

When Ct-.O, the logari tnm e*j)ansion can be truncated to: 

............... .. 4 .4a 

Comb in i ng ,Eqs. 4.3a and 404a and subst i tut i ng i nto Eq. 4.2 _ 

gives: 

y - y = o t· 

Dt 1/2 
(-) 

1r 
.............. ~ . 5 

A 1° 1 ° hO d 1/2 ° dO d hO h Inear re atlons Ip between Yt an t IS pre Icte , W IC 

is subject io experlmental v~rification. 'From the slope, 

kno~.ing Co' 0 can be calcu1ated. Showing that 0 is independent 

of Co and has a valuè between 10~5 to 10-6 cm2 sec- 1 would 

support a diffusion control model. 

neither Co nor 0 areiknown. 

be fa Jeu Iated. 

tn the present case, 

value 'of Co (0)1/2 At best a 

( 
can 

An impo.rtant limitation on the use of Eq. 4.5 is the 

requirement that the Langmuir~SYSkOWSki~re1atjonShip be satis-
, 

fied. Non-ionic surfactants tend to meet the requirement"(25, 

130, 13~). Dodecylamine acetate at natural pH has also been 

shown to obey the Syskowski equatlon (133). AIso, the assump

tion that th~ sub-surface concentration must approxJmate zero " 
" 

i~ ~hown in Appendix 111.1 to'be valid onl~ for (Yo - Yt) < 3 

dyn~ cm- 1. DesRite this limitation, Eq. 4.5 has been empfoyed 

... 

/' 

l' 

" 

, ...... 
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!for surface tension dep,ression up to 20 dynUe cm- l (59,65). 

ln the present case the bu1k of ~he data refers to 
- l cm . 

L Q 

/ 

J ' 

/ 
ii) towkes Isotherm 

ln a surf~e layer of component adsorbed From 

solvent 2 (in this case water), the mole fraction of solvent, 

x
2

,' in t,he surface"is related to the decrease in surface 

tens"iofl' by (131) '(rrodified for dynamic 'case (58»: , 

where '~2 

,r. - , N 

Sy 

= RT, 1 - -N n x 2 0"2 
...........•. 4 .6 

= average partial mo1ecular area of the solvent 
""' , " 

over the range of surface tension, y ,to v
t , 0 0 • 

<~ (jn12 ). For wa ter ... 2 0".· 9. 7 - 1? 0 A 2 (58). 

= Avogadro's number (6.025 ~ 1023 ) 

i 

r-

It ,= , ~---~ .......... '7' .. 7 

~(> 

" 0 

!wher~ Al = are~ per adsorbed molecu)e (A2 ) 
IJ 

Ali 6 "g i ven -by ~. _ 
4' ..... '.' . - , ~ ~ . 

= 

where' 
"T 1 = the 

- ion 
-. . 

• 

... 

area 9ccu~ied 

in the surface .. 
.'> 

) 

b 

........•... 4 .8 

by a 5dl~te moJ~cule or 
0-

(A
2 )'t 

" 

" 

-
1 

-. 
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o 

Combining Eqs. 4.7 and 4.2 gives 

C (Ot)1/2 
o = 

7r 1/2 
x 10 16 

2NA l 
.......... 4.9 

Knowing ITI andosolving Ëqs. 4.6, 4.8 and 4.9 for 

various values of x2 , the relationship between Yt and Al 
1/2 .and Co(D) can be computed. The graphs of Yt vs Al and 

Yt vs Co (Dt)1/2'are given in the Appendjx. By co~pari~g the 

~umericl~ll,y obtained Yt vs Co (Dt)'/2 curve with the experi-

l ' , 1 /2 1 f Co ( 0 ) 1 /2 menta Yt vs t curve, a va ue 0 at any t can 

b~:;estimated. 1 f' C (0) 1/2 is not a function of t then o 

diffusion-control is indicated. In the only prevtous such 

use of the Fowkes isotherm , (58) , a good fit with the mode) 

was obtained for values of (y -
0 

Yt ) up to 20 '" -1 dyne cm . 

Thi s is a considerable extension of the rânge permi tted by 
" 

t~~, L~ngmuir-Syskowski relationship. 

''', 
b)t Lon~r"Jin'ie Solution 

This solution is due to Hansen (126). Assuming 

that rt~ le' wherè le i s the equi 1 ibrlum surface concentrat ion, 
',. 

the Ward and Tordai equat ion yields: 
" . 

() e 
Ct le .........• 4. 10 
Co' = ~ ('1rOf) 172 -.";. / 

o ' 
~ ~ 

E9' ~.10 is sometimes referred to as th~~ansen assymptotic 
" solution". rt appro,aches re only if the surface is . .a.ged, 

hence·the "long-time solution". 
- " ' ~ 

of 

'( 

• 

IJ 

1 

1 

Il . \\ 
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Mod i fy mg the Gibbs adsorpt ion i sotherm to the 

dynamic case, the fo110wing treatment is possible • 

= • . . . . . . • • . . . • • . • • . . 4 • 11 

Thus y C 

~ 
t ~t 1 dC t dY t = - RT rt c; .......•.. .. 4. l1a 

Yen . Co 

~ 

Ass,-!ming 't --fi re (a constant), and integrating 

= 

Substitutin'9 Eq. 4. la into 

Yt - Yœ = - re 

C 
re RT ln (~) 

"0 

4. Il b gives: 
v 

RT ln r 1 -

/' 4 • • • • • • • • • • •• • 11 b 

re 
1/2 ] ...... 4.12 

Co (1rDt),4 

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

fi rst term: 

= 
r 2 RT" 
e ............... . 4. 13 

. 
,. . Hansen notes that Eq. 4.13 is valid on1y for values 

The reasoning behind this , 

limitation is given in Appendix 111.2. 

• 

- '-- - -~------- ----~ - --- - -~--~ 
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. ~. 

- Equation 4.13 is not dependent on the applicability 

of 'a particular adsorption isotherm, being derived From the 
'1 

Ward and Tor~ai and Gibbs equations both of which make no 

assumptions concerning the adsorption isotherm operating. 

ConsequentJy the determination of the stated limitation on 
1 
1 

the use of Eq. 4.13 which ipvolves the Langmuir-Syskowski ex
( 

presskon maybe a little misleading. 

The linearity indicated by.Eq. 4.13 is subject to 

e~perimental verifi~ation. From the slope, knowing le' 

Co (O)1/2 call be ca1culated. In the present case, re is not 

known under a Il cond i t ions. 'However, lm' the mono layer sur

face concentration can be calculated From the value of ~1 

introduced previously. Equation 4.13 can be modified by 

introducin9 the approximation 1 -tl valid for (yo - yoo) > 35 , ,e m 

dyne cm- l (as shown in Appendix 1 Il .3). 

Values of Co~Ot)1/2 can, therefore, be calculated 

using the short-t ime and the long-time solutions. The values 
-, 

From th~ estimated Co (0)1/2 value should be the same. a 
) , 

numer i ca 1 plot of Yt vs 1/2 t can- be cons t rl,lc ted and tested 

against the experimental data. 

Results and Discussion 

The time-dependent surface tension of dodecyla~ine 

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

will be examined. The data covers a wide range of amine 

\ 

o 
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concentration and includes data where (Yo - ~t) is greater 
-1 

than~35 dyne cm ,enabling the modified long-time solution 

to be used. " , 

î' 

Since the bulk of the data refers to (Yo - Yt ) > 3 
-1 dyne cm , the short-time solution using the Fowkes isothérm 

was employed. Figure 4.1 gives the experimental plot o"f Yt 

vs t
'
/ 2 . The suggested shape is simi lar to that shown by 

Fowkes (58). 

ln order to perform the necessary calculations to 

determin~ the constant, Co (0)I/2, ~I must.be known. A value 

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) indicate~ that al for amines is independent 
o 

of pH. Hence, al = 20.5 A2 ;5 taken as valid at pH 9.85. 

Clearly, the result of us;ng this estimate can only be as 

reliable as the estimate itself. 

Substituting the known values~ the following was . , 

obtained: -from Eq. 4.6 

41.7 1 n x2 + 72.0 ......... . 4 .6a 

From Eq. 4.8 

= 26.5 + . -.. "' ....... 4. Sa 

) 

, 
J 
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FIGURE 4 ~;l 
~ 

Compa ri son 7f. Nume ri ca 1 and Exper i menta 1 Plot 
~f Yt vs t l 2 for Dodecylamine Solutions at 
pH 9.~5 at Various çonc~ntrations 
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= .....••...• 4 .9a 

The nume~ical solutions to these equations, including graphical 

relations, are given in Appendix 111.4. From the comparison 
.. "\- ~ 
, ' 

of the numerical solution with the~~xperimental curves, values 

of C (0)1/2 were calculated (see Appendix 111.5). Up to o 
JI " - 1 1/2 . . (Yo - Vt ) = 20 ayne cm ,Co(D) was constant wlthln,~ 10%. 

The "average" Co{l) 1/2 valu~ is gi_~e~ in Table 4.1. 
2 -10-2 Si nce cr 1 i s 26,5 A, ris 6.3 x 10 mo 1 e cm 

m J 
Consequen t 1 y, Eq ... ~-13 becomes: 

termined by a linear 

within the range (V t 
The results are given 

• . . . ... . .... 4. 13a 

/ 

regression analysis performed on the data 
..":1 

- V )< 6 dyne cm J{see Appendix 111.6) ,. 
(1) 

in Table 4.1. This 1 imitation was too 

severe in !he case of 4.08 x 10- 5 M amine solutions (although 

the result is included). No result is given for 2.04 x 10- 5 M 

solutions because the restriction that (Vo - Y
m

) be greater 

than 35"dyne cm- l '(inorder for re ..... r) did'not hold." m , 

.. 

l ' 
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TABLE 4. 1 

Calculated Values of C (0)1/2 
o 

Concentration 
C x 105 M 1 

C'0(0)1/2 x 1010 mole cm- 2 sec- l / 2 (.:t lO%) 

2.04. 

4.08 

8.16 

20.4 

40.8 

81.6 

't-short t-long IIBest li 

Langmu i r/ 
Syskowsk i 

0.24 

0.43 

0.71 

1.25 

1.85 

3.04 

Fowkes 

.. 
0.22 

0.42 

0.69 

1.25 

2.32 

3. 1 1 

0.30 

0.65 

,0.96 

1.31 

2 .. 05 

1 

*value used to calculate.numerical Yt vs t l/2 

relationship - see Figure 4.1 

Value* 

0.22 

0.42 

0.69 

1. 15 

2.05 

2.75 

As Table 4.1 illustrates, the calculatèd values of' 

Co (0)1/2 From the t-short'and t-long cases agree reasonably 

weIl. Thi~ agreement, plus the consta,ncy of Co(0),~/2 in the 

t-short case suggests a diffusion-control\ed process. The 

::~:::c:h::rt::et:::::: :::~:::: ::yY~:I:e::::: ::(:~~/:equ;r\:-
ment that Yt be close to YOD to utilize Eq. 4.13. Taking too J . 

large a range of (Yt - Y
œ

) tends to increase the slope, hence 

decr~ase the calculated Co (D)1/2. Bendur~ (65), using the 

. 

(, 

- - - -- -- -- - ----- ------
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, same t-long solution, noted that(Jhe calculated values of 0 

for a series of non-ioni~ surfactants were low in comparison , ,. 
with the "classical" range. In that work, no 1 imitâtion on 

the applicability of Eq. 4.J3 was included. The need ta be 

aware of the limitations must be stressed. 

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

used in producing the numerical Yt vs t l/ 2 curves, shown as 

sol id Unes in Figure 4.1. For the t-short solution, t~e 

'\\ appropriate value' of CQ(D)I~2 was substituted into Eq. 4.9a, 

Al calculated as a function of t l/ 2 and Yt estimated from the 

Yt vs Al curve. In the case of the t-Iong solution, the 

appropriate Co (D)I/2 and Y
œ 

values were substituted into 

Eq. 4.13a and Yt as a funetion of t l / 2 calculated directly 

(see Append i xiii. 7) . ... 
;., 

:'\. Figure 4.1 demonstrates a good fit between the 

numerical solution and the experimental data. F i gu re 4. 1 a 1 50 

i Ilu,strates the agreement between the t-sho,rt and t-long 

s~Jutions sin~e t~ same value of Co (D)I/2 was used in both 

sets of calculations. OnlY at intermediate times do the 
\ ' 
\ experimental data ,deviate significantly from the theoretical 

curves. Thi~ is expected because of the restrictions place& 

on the t-short and t-long solutions. 

. l'he numerical' fit to the data enables_ the 

t l/~ = 0, i . e . Yt 

Yt vS t l / 2 

= Yo = 72 

• 

relationship to be ~xtrapolated to 

dyne cm-Jo '-By taking the limiting s lope, i t should be possible 

• 1 
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,<1 

to estimate C (0)1/2 from Eq. 4.5 i.e. the t-short solution o , 

using. the Langmuir-'Syskowski isotherme The estimate ot the 

slope is given in Appendix 111.8. The value of Co (0)1/2 

is included in Table 4.1. 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 of"a diffusion controlled adsorption process. 

This supports the qualitative reasoning given in Chapter Two 

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

an~s in comparison with ionic surfactants. However, without 

an independent measurement of C or 0 to check against the 
o ,-,. 

és"t'imated Co (D)l/2 value, the,diffusion-control mode 1 cannot 

be considered proved. The analysi~ probably r~pre:ents the 
1\ 

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

so little is known. '~~~ at~empt was m~e to mea5ure 0 using 

a Ze i S5 diffus i on aRpa~,atu5 wi th Sch 1 i eren opt i cs. However, 

'the solution prove~ t~o di lute (C < 10-4 M to avoid preèipi-

tation) for the necessary difference in refractive ind~x to 
" be identified; Also, the 0 for the surface active spec~es 

alone is required, the proposed technique could onJy give a~ 

average value reflecting aIl the various species present. 
'- L __ - - {J r 

, As" stated, in order to use the Fowkes i'sotherm; (J 1 

must be k~own. However, the analysis appears relatively in-
, °2 sensitive to this quantity. For al > 26.5 A , the Yt vs 

," 

.. 

'" 
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Co (D)1/2 curve shifts to the left, resulting in lower,esti

mates of Co(D) 1/2. In addi tiop; rm becomes less than 
-10 -2 " 1/2 6.3 x 10 mole cm so that the estimate ~f Co(D) using 

Eq. 4.13a also decreases. Within ± 10%, variation in ~1 

probably would not alter the agr~ment with the diffusion 

mode 1. 

With knowledge of D, C cauld be calculated. Com-
. 0 

-~ paring this value of Co with the known total amine concentra-

tion, C, the percent of C actual ly responsible for the observed 

surface activity could be estimated. This would help in 

,lucidating the nature of the surface active species (free 

amine or complexes)r This is an extension of the work of 

Fowkes who estimated the molecular weight of the surface 

active species from a determination of the dynâmic surface 

tension. Figure 4.2 shows a plot of Co (D)I/2 vs C. The 

curve approaches linearity as C approaches o. The limiting 

slope (at C< 6 x 10- 5 M) is K
I

(D)1/2 where KI is CoIC, a measure 

of the percent amine present as the surface species. At such 
1 

10w concentrations, K has meaning because at pH 9.85, the 
" 

solution is free of precipitated amine. From the literature, 

assuming a simi lar diffusivity for dodecylamine and-dodecyJtri-
• 0 

methylamine in aqueous solution, then the diffusion coefficient 
o -6 2 _', 

(at natural pH) lies in the range 2 to 8 x 10 cm sec ',_(135). 
~ , 

, , . 
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FIGURE 4.2 
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, . 
, The higher value indicates free ions, the lower, micelles . 

.. ~is range s~efT\.fi .1ppllcable i~ the present case~ the nature , of th~ 

sJrface active species at \p~ 9.85 ~eing anyt~ing From free 

. am i ne upto a proposed comp lex of s,i x: i Ons and 100 1 ecdles . The . ' 

. '( 0 ) 1/2 . - 3 - 1 / 2 \ estlmated K 'I,S - 10 cm s.ec .. Taking the quoted 
,1 • 

range of D, K lies in the range -35% ta -70%. At pH 9.85, 
, h ~, 

the amine 1s- present as 15~ free amine and 8~a(lline ion, 
• '1 " \" 

acc~rdin~'td Figure 2.11. Assuming aIt the free amine is com-
, f 

plexed'and that.tnis does not invalidate the caTculation, 
0\ ,lof 

then the raoge 'of K corresponds to an x/y (RNH
3

/RNH
2

) 

rat i 0 i n the comp l ex 0 f f rom 1: l to 3: 1. Th i sis sim i 1 a r to 

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

Included in Figure 4.2 is the intercept between 

the twd 1 imiting stopes. This intercept may have meaning as ., 
either the critical micel le concentration (cmc) or the pre

~ci~itation 2onceritr~tion (ppt). The intercèpt is at approxi

matêly 2 x 10-~ M .• The difficulty in distinguishing the cmc' 

V' 

" 

from the ~pt in alkaline dodecylamine solutions has ~lread~ 

been discussed (47). The cmc/ppt value is close to the cal

culated ppti taking th~ results of Manse~·(9'). the value is 

also close to the cmc • 

The~data shows an'encouraging internaI consistancy. 

Clearlya value of the diffusion coefficient wo~ld be most 

useful. A'measure of the diffusion coef.ficient plus de,ter-

''-, 

. ( Il 

. , 
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l' 

., , 

minati6n of the 9ynamic surJ.ace tens ion (so long as-.the rate 
" \ ~ , 

of adsorption is diffus-ion-con~roll,ed)'may provide a vàluable 

'l... to~l ln assessing ttJe solution chemistry of flotation systems. 
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CHAPTER FI VE 

OTHER SYSTEMS 

This Chapter outlines briefly sorne other systems 

in Iwhich dynamic surface properties may play a role. 

,'n any liquid, introduction of a fresh interface 

(another 1 iquid or vapour) wi Il produce a dynamic effect • .. 
This"reflects the tlme required for readjustment of the 

1 

interfacial molecules to the new, equi libriurn conditions., As 

well as surfactant soluti<;>ns, dynamic effects "have been noted 

in inorganic electrolyte solutions (77) and in pure water 

(136- 138). The dynam i c surface tens ion ~or téd 'for pure 

water (~36-138) has recently been ~uestioned (1~,74)~ 

Tsonopou los :t al (13), have c;a leu 1 ated t .. fO~ pur~ wa ter i s 

less than 10 9 sec, beyond the capabiliti~s Lt present rnea-
o 

suring techniques. 

Flotation 

- , 

Of major importance to the flotati industry are 

xanthate collectors. These substances demonstrate little 

surface tension depression ôver the concentration range of , 

practical importancè (139-142) (upto 100 mg. litre- 1). The . . 

indication (139-141.) is that equi 1 ibrium is attained rapfdly, 
, 

a lthough ): ime ef f'ect 5 have been noted' in the ~ in terfac i a 1 tens ion 

of pine o,il-water in t'he present,of xanthf!lte (139'. The effect 
" 

. . 

r 

, 
, , 
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, 

of dixanthogen, an oxi dat ion ptoduct 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 

ofaxanthate fi lm, which was attributed to oxidation to dixan~ 

thogen. Similar considerations may apply to dithiophosphates (146). 

Ot her ,frequen t 1 Y usèa co 11 ec tors are fat t y ac i ds and 
~' 

their salts. Powney (76) and recent~ly Cante et al (147) have 

shown a si mi 1ar pH d,ependence of the surface tens ion of laur

ate solutions to thatVshown here for dodecylamine. The minimum 

surface tE!.~sion occurred around pH 7.8-8.0. Figure 5.1a gives 

the dynamic sl}rf'ace tensipR of 3.5 x 10- 3 M (0.1%) sodium laur

ate solutions at pH 7.6 and 9.5, ~etermined by the ~rocedure 

'outP'i,neE!' in Chapter Two. The4'ïnci"ease in y with pH is 
, ]' _ 00 

4' 

clearly shown. UPOfl adding acid to t ",n~tural solution a 'dense . , 
precipitate of lauric, acid formed; th 'dynamic surface' tensron 

, J. 

became err~,tlc. 

ln studying flotation,' fre uently th&pçoll~ctor alone 

is considered. However, the presence of modifyi~g agênts and 

frothers can 'control flotation. The presence of neutra' mole-
\ . \ 

cules has been observed to promote f1o~atioIT in certain systems 

(17,78,'112,148), sometimes with accompa~ying ~yn~miè effects 

(11,148)'. Somasùndaran and 'MoUdgil'(14~) have~r'eported 
1 

an impr6)~ement in t~e fJotation of a~umirla using sodium dodecy'l 
. 

sulphate in the presence'of dissolved hydrocarbons (methane and 

\. 
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FIGURE 5.1 ., 

Dynamic 'Surfaée Tension of'O .1~ Sodi,um 
Laurate fo1u\lon ~t pH 7.6~and 9.5 

" 

Dynamic Surface Tension of Pine Qi l-Amine 
Mixtures at Natural pK 
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butane); a pronounced dynamic surface tension was also re-

ported. Smith and Lai (17) obs~rved dynamic contact angles 

in dodecylamine solutions at pH less than 9 in the presence 

of dodecyl alcohol. Buckenham and Rogers (112) demonstrated 

i'mproved floatâbîlity of quartz using a dodecylamine collector 

i~ the presence ,of pine oi ~ as frother at pH 4.1. Figure 

5.lb shows the effect of"adding pine oil to r~tyral solutions 

of dodecylamine acetate. A depression of y and an increase 
co 

ln t is observed in comparison with the pine oil or amine 
m f 

alone. Inorganic ions are also known to affect flotation re-

covery and an effect on the adsorptio~ kinetics 'is to be 

expec ted (73). 

Foams and Detergents 

ln order for a froth to resist deform~g forces* a 

force opposing the deformation must b~ established. GibbS 

(1 49) proposed that a surface tensidn~gradient could supply 

this force, a prdposition which has been frequently endorsed 

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

length of the surface occurs with a consequent local decrease 

in the su~face concentration of surfactant. This results in ~ 

surface ten~.ion.-,gradient awaY' from the poi,n't o~ maximum deforma

tion' i .e. ~ force opposing the deformation is generated.' 

*resulting From thermal or ,mechaniè shock or fi lm-drainage. 

. . 

1 
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The faster the surface tension gradient is destroyed 

by adsorption of surfactant from the bulk solution, the l~s 

effect this restoring force wi Il have. One measure of the rate 

of adsorption is the dynamic surface tension. Bickerman (151) 

and Burcik (73) have shown ~ correlation be~w~en increased 

froth stabi lit y and a slow rate of sur~ace tension depression. 
" 

Many workers consider the slower :the rate the better (151-154), 

al though Burc i k (73) fa-vours a "modera te" ra te. The fast rate 

in pure liquids supports the poor fdam stabi lit y observed. 

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

~ maximum foam stabi lit y was attained at a c~ncentration of 

\
surfactant ,juch that [Y t Iy] was".'S maximum. Clear1y, the 

, ~O CIO, ' 
JI, " 

1 owe r y t:XJ the grea ter the s.u..t fac,e- tens ion 9 rad i en t " p.roduced. 

However, that a 10w y a lone can' character i ze froth i ng has b'een 
l./î t:XJ , 

discredited on many occasions. Consider the change in y and 
CI:) , 

froth stabi lit y upon eth~~l addi~ions to water: B}ckerman 

(151) notes that foam exhibiting the longest col1apse-time 
, .1:. 

'\ '- 4 -1 gave y values in the range 5 -70 dyne cm ln 'flotation, 
00 

good fro..thlng is achieved with pine oi 1 additions causing 

r'Ônly slight surface tension depression (140) (see Figure 5.1b). 

) 

ln addition to his'contribution to the theory of 

;, oaming"Burcik (73) a)so demonstrated a corr,el~~on b-etween 
• 

dynamic surface-tension and dètergen'cy. As. the ,rate/of sur~ce 

• tensi~n depression incr,eased 50 too did the de~ergency, i.e. 
J 

the abi lit Y .to rernove "soi 1" from clotho TtJis remained the 

i i 
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case whether the change in surface tension depression was 

effected b~ temperature or pH change, or the addition of 

inorganic salts. 

Summary 

'Any process which involves the creation of fresh 

interfaces warrants investi~ation of the adsorption kinetics. 
e , 

This is especially ~so when surface active substances are pre-. ~~ ~ 
- ..... 

sent. In maï'ly instances, the desirable ~property of the s.ystem 

is provided by the adsorption kinetics displayed. 

J . 
~. 

. ,;1 
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CHAPTER SIX 

CONCLUSIONS; CLAIMS TO ORIGINAL RESEARCH; 

SUGGESTIONS FOR FUTURE WORK 

, Conc 1 us ion s 
, .' 

Chapter One, 

The wettM19)and transfer models of flotation can 

be tested from a knowledge of the dynamic surface tension. 

v . , 
Chapter Two < 

\ 

.,-)" 

"; 1. The technique of Kuffne'r provides a simple 
, ' 

method for defer~i~ing dynamic surface tension .. 
li! 

2. The dynamic surface tension of dodecylamine 

acetate solutions is strongly PH~depenSent between pH 7 and 

13; up to pH 10, t increases; y decreases, at pH > 10, t 
CIO Q) CIO 

decreases and y increases. A maximum surface .activity, is 
CIO 

, . 
displayed between pH 9.5 and 10.5. 

J 

3. The ~ynamic surface tension is relatively . . 
i nsens i t ive to the presence of i 0'n5 cHher than hydroxy 1 ions.. '.f 

'4. The pH-dependence i'-'explained by assuming 

tnat' an RNH3+-RNH2 comp1ex is the dominant surface active species 

present, in solution. 
\ 

su'r face active or is 

RH2 NHOH at pH > 10 .5. 
- , 

The fre,e amine, RN~, is 'ei ther poor1V 

present mainly in the hydrated form, 

-------- , ;-.. 
,.r 

, 

',' 

" 

.<) 
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" 

1) 

<-
The RNH

3 
+ IRNH

2 5· rat i 0 in 

<- l' 

the çomplex i s 

0 

esti-

, , 

~ . .. , 

mated betweel" 1: 1 and.\ 5: 1. This estimate assumes no surface 
~J 

pH eff~, hydration reactions or that" the simple hydrolysis 

mode) is affected by generation of this complex (not 

neces~r i 1 Y va 1 id) • 

. ~. 6. The similarity between the "optimum" pH and 

the natural pH of free, saturated dodecyla~ine sqlutions is 

considered to be the ~esult of complex ~orm~ 

7. The dynamic contact angle observed by Smith 

and Lai (17) in the dodecyla~inef~uartz sy~tem at pH> 9 , -
-4 1 

~nd concentrations greatér than lQ M has been"explained. 

8. The 100% fJoqition recovery of magnetite at 
.,-. 

~ " -! 4 
'pH 9.5 and concentrations greater than' N 1.2 x 10 M and 

../ 

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

reconc i 1 ed . 

"9. The excellent flotoetion recovery of oxides 
o 

between pH 8 and 11 coincides.with the maximum surface ~ctivit(y 

~' of amine solutions. The.highly surface active spec~es (con-
," 

sidere'd'to be complexes) can 'greatJy modify the solid surface 
, , 

chemistry. This.coupled with the strong de-wet~ing power of 

fresh bubb,l~s. give good flotation cond..jtions . 

, 
• 1 

\ 

, > 

. ' 
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Chapter Three 
( 

1. The decrease in bubb1e pick-up of magnetite 
~ . 

with bubble age is closely correlated to the decreasè' in sur-

face tension. This is in agreement with the wetting model 

and raises doubts concerning the veracity of the transfer 
;;:J 

mode 1 . 

2. Similar evidence was accrued from captive 

bubble experiments on glass and freshly-c1ea'ved hemati,te. 

for quartz,pick-up_was ind~pendent of the exerted surface 

tension. 

3. Attachment r once estab1ished, did not exhibit 

any II~ynamic" properties. Surface roughness was consi'dered 

to be a contributing factor to this " me tastabi1it y". 

4. ~The Zisman wetting model, introducing a crit-

ical surface ~ension of wetting, Yc' proved useful in explain

ing the observed difference between magnetite and quartz pick

! up. The Ye for magnett~te and. quartz wa\s estimated after 30 

min. conditioning at pH~.7 ± 0.1 and amine concentration of 
-4 4 .0 8 x 10 Mas ; .... , 

Fe304 4 -1 ... Yc - 5 dyne cm 

< 30 d Y ne cm - 1 

" ,This diffe."ence was exploited in a differential float employ-' 

ing a water/methanol flotation medium. Good separation was 

"" , 1 .' \ 1 

J' 
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achieved at a surface tension of ~ 40 dyne cm- l (in the pre-

dicted range). 

l' 5 .. 

of advantages 

model was shown to off~r a number 

over he Harkins model. 

i) 1 Yc can be measured, 

J are indeterminate. 

whereas YSl and YSV 

i i) the requi rement that rSV > rSL ' which has 

intro~uced many conceptual difficulties, 

is not necessary in the Zisman model. 

i'ii) the Zisman mode 1 emphasises the solid 

and bubble 'properties prior to collision . . , 

6 .. A working definition of the terms "hydrophobie" 
.1 [ ____ 

and IIhydrop~y'llic", aSjthey are employed in flotation, is 

possible using the Yc concept. The possibi lit y of effecting 

differential flotation by control of YlV is thus introduced . 

Chapter Four 
,"i:;r~ } 

• 

'V' 

1~ The t-short solutioq to the ~ard and Tordai 

diffusion equation coupled with the Fowkes surface model and 

the t-long solution of Hansen,modifi-ed for !f1Onolayer cov~rage,' 
/ 

wer"e used to tes t for di f.fus ion cont ra 1 . 

2. The agree~nt between the "theoretical" curves 

and experimental data ind~cates a diffu~ion-controlled process. 

Calculation of'- Co (0)1/2 uSing, the lan9muir-Sysko~ski isàtherm 

agrees wi th that given by the Fowkes isotherme ·r 

" 
" 

~ 
..; 

1 • .. , ~ . ' 1 

• 1 

1 \ 
d . " . ' . ~;- ~ ., Q • 
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,) 

1 /2 ~ 
3. From a p~ot of Co(O) vs C, and assuming 

" reasonable" values for 0 (2 to 8 x"'10-6 cm2sec- 1),C IC 
o ." 

was determined at 35% to 70%. Taking the calculated per cent 
,~ 

amine present as RNtl2 at pH 9.85 ("'15%), t,his range (of 

Co/C).fits an RNH3+-RNH2 compJex with an RNH3~RNH2 ratio 

of 1: 1 .tô 3: 1. Tnis ratiQ is consistent with that found from 

optimum pH measurements. 

, , 

~ _ \claims to Original Research 

. 
• 

1. The relative adsorption density at the S- L 

and S-V interface in typical oxide/am~ne fJotation systems 

has been determined by uti 1 izing< ~he approach of Smolders (8) • .; 

2. Oyn~mic surface tension of dodecylamine as'a 

function of pH (pH 7-13) and total ~mipe conce~tr~tion·(;.04 x 

10- 5 M to 8.16 x 10-4 M) has been measured. The influence of 
D 

alien ions was also tested .. 

3. 

i s shown. 

formation. 

and La i 

A decrease iOn surface activi ty above pH 10 

Evidence + is pr~sented of RNH3. -RNH2 complex 

The dynamicJcontact angle phenomenon 0f Smith 

is explained. 

6. The 100% recovery of magnetite and zero contact 

'angle ,in ~mine solutions greater than 10- 4 and pH ,> 9 havè' 

been reconc i 1 ed . 

\ 

. . 

l' . -\ ~---~- ----

1 ' , . \ , 



7. The variation in surface activity ~h pH 

has been sho~n to correspond to the flotation response of 

oxides. 

8. The wetting and transfer models of flotation 

have been tested using dynamic surface tension data. 

9. A decrease in pick-up of magnetite has been 

correlated with a decrease in solûtion surface tension. 

10. The critical surface tension of wetting concept 

has been introduced. Dynamic surface tension data has been 

used to estimate critical surface tens~ons of wetting of 

magnetite and quartz. 

11. A'differential fJoat of quartz from magnetite . 

has been achieved u~ing water/methanol solutions as fJotation 

med i um. 

12. The t-short and t-long solutions to the Ward 

and Tordai equation using the Fowkes isotherm and the Hansen 

assymptotic solution modified for mono layer coverage has been 

employed to test diffusion control. 

w Suggestions for Future Work 
~~ 

1. Dynamic surface tension work on other surfact

ant systems known to exhibit a bubbJe aging phenomenon would 

inçlicate if a correlation between YLV and de-wetting power 

was genera 1. o 

2. Know1edge of the dynamics of such systems which 

show a decrease in induction time with bubble age would be .. 
i ri fo rll\j! t i vt! • ,'" 

J. ) 

• 0 
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3. Dynamic su~ce tension determinati'on on mixed 

systems (collector!frother, cpllec~r/modifier) may he1p 
" . 

ellucidate the surface active species generated by such 

mixtures. ,-
4. The poss i b i li ty of measur i n9 the YC of co lleètor 

èoated minera1s shou1d be investigated, with a view to effect

ing a differential f10at by exploiting any pronounced differ-

eoces in YC. 

5· The technique of measuring YC outlined in thjs 

work (using dynamic surface tension data) should be examined. 
<~ '-

1 t should"be possib,Je to show if ,the Vc 50 l11easured is the same 

as the YC measured con'tvent iona 11 y. 

6. The influence of surface condition should be 
, 

considered. A smooth surface and a crushed sample of the same 

material should yield the same yC. This is subject to ex

per i men ta 1 ve ri fi cat ion. 

, ) 

f, 
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APPEND IX 

CHAPTER TWO 

CAL1BRATION AND RESULTS 
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Con tents 

0-

Ca 1 i brat ion 

Results 
0> 

Calculation of [3#RNH:3+.RNH2 ] for Figure 2.12 

, 

... 
) 

". 

1 

140 

143 

171 " 

J 

1 
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CALIBRAT ION 

1 
= Kl.\h 

K determined against wa~r assuming surface tension of 

12.0 dyne cm - 1 • 

f; 
Glass tip 

16.30 

1 

Measurement of ~h(cm) 

.,JGlass tip (ri) 

. 2 

16. l8 

2 

1 1 • 18 1 1 • 18 

( ri) : 

6h = 16.25 1: 0 .O~ - ---

Yt = 4.43 ~h 
-~ 

-

'3 

16.26 

Me t~~;l9-ff2Î: 
6h == 

Yt = 

Estimate of Errors: 

Error in "6h" : a) 

~ 
" in error 

• 

11. J 8 

6.44 ~h 

reading, ± 0.05 cm 

hydrostat ic, ±. 0.05 

6h .:!:. O. 1 cm 

cm 

, 

/ 
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r· 

Error in "Kil : 

r J : a) ~h, + o . 1 cm in 16 cm 
~ 

error ± 0.6% 
/ 

, 

b) temp. , ±. 0.3 dyne - 1 in 72 dyne cm- 1 cm 

e r ro r .:!:. o. 5% 
'\ 

error in K + 1.1% . r· 1 -

r 2 : a) 6h, ±. O. 1 cm in 1 1 cm 

~) error + 1% 

\, i) 
b) temp. , as above 

error(ï n K + 1.5% r 2 -

Error i[! lI~tl~:l 

Low~st Yt recorded - 25 dyne cm- J 

c 

r l : ~n 5 cm 

error + 2% 

error in Yt : ±. 3% 

r 2 ! 6h 3 cm 

error + 3% -
in 4.5% 

0 

error Yt: + ~ 

Thi s represents the wors t cond i t ions j .e. max~ 1 error 

Ca 1 i brat ion equat ions: 

r 1 : 4.436h + 0.8 dyne -l 
Yt = cm - \ , 

r 2 : Yt = 6.44 6h + 1.2 dyne cm- l 

e- - l\ -. 

f 
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Error in lit": 

t > 1 

1 

j 
1 

/ 

/ 
l 

Stop-waitch read 110 + o • 1 sec. -
t > 1 s'ec! 

error < +r' 10% 
7 

t > 1() sec 
) 

error ~.' ± 1% 

"~of data for t> 10 sec,nearly aIl data for 
1 

sec. 

/ 

{ 

f 

ft 

/ 
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TABLE 1,. 1 

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

8.16 x 10- 5 Mr pH 9.85 ~ 0.05 
'" 

r l -J r 2 

t () ~h Yt t \ 6h Yt -1 
(seçs )- 19n1 - 1 ~ sec'S } ~ (d~ne cm l (d~ne cm ) 

1~.6 13.84 61.3 6.,5 la .40 t 67.0 
1 .6 13.60 60.2 8. 1 - la . la 65. , 
16.5 13.28 5tL8 9.5 9.84 '- 63.4 

/' .- 18.0 12.94 57.3 11.2 9.58 61.7 - -20 .• 7 12.60 5~.8 13. 1 9.36 60.3 
.,., 

- ~ -or 

22.3 12.36 5 .7 14.7 9.08 58.5 w 
1 

24.1 12.04 53.3 17.3 8.82 1 56~~ ;. 

25.8 Il .78 52.2 A3 8.60 : 55. --
27.9 11 .46 '31:), 7 - 1 : 6 8.38 54.0' _ 
29.6 11 • 16 . 49.4 [ .0 -8. 18 52.7 
31.7 '10.88 48.2' 7. 1 . --- 7.98 -/ 51.3 
34 .. 0 JO .60- 46.9 2~.9 7.78 ~ .1 
~~.6 10.36 45.9 3 • 5 -'7.58 8.8 "",.". 

... ~.O 10.06 . 44.5 37.9 7.38 47.5 
41.1 9.80 43.4 42.4 7.18 . 46.2 , , 

48.4 45-. 1 ~.8 ( 9.14 40.5 7.00 i 

63.2 - '" 8.84 39. 1 52.0 - r 6.70 43.2'-
69. 1 8.60 38. 1 62.5 . 6.52 41.9 /. ~ - . .~ , 

. 
\ .' . 0 

.' 

~ .. 
, 

... 
Il. 
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(if T AB LE 1.2 

\" 
Dynamic Surface Tension: Comparison of Dodecylamine Acetate 

and Hydrochloride 

a) -4 4.08 x 10 M, pH 9.85 ~ 0.05 

...-1' DO D"ECY LAM 1 NE AC ET A'T E 

Yt Yt • . y t. 
t 6h (dyne t 6h (dynei ' t 6h (-dyne 0 (secs) ll!!ù cm-Il (secs} ~ cm- l _ (secs} is.!Jll cm- 1 

2.(1 14. 16 62.7 1.4 13.60 60.2 .3 . 1 12.98 57.5 ( 
, 

1~5 12.46 55.2 2.6 12.22 54. ) 2.0 Il .66 51.6 
6.2 Il .22 49.7 3.8 Il .20 49.6 5.8 10.76 47.6 1 -0.8 1 .344 59.5 9.3 10.02 44.4 8.4 9.84 43.6 -+= 
4.1 12. J 6 53.8 8. 1 9.60 42.5 8.8 9.58 42.4 -+= , 
5.~ Il .24 49.8 )2.7 9.34 41.4 10.2 9.36 41.4 
6. 10.98 48.6 11.7 9.04 40.0 9.3 9.06 40 . l 
9.3 la. 12 44.8 13 • 1 8.80 39.0 12. 1 8.82 (39. 1 
9.7 9.84 43.6 1l.7 8.60 38. 1 13 .3 8.60 38. 1 
8. 1 9.58 42.4 9.9 8.'36 > 37.0 15.9 8.36 37.0 
9·3 8.80 39.0 l~.3 8:10 3~.9 15.9 8.10 35.9 

11. l 8.62 38.2 1 • 1 7.82 3 .6 16.9 7.94 35.2 
13.9 8.36 37.0 18.7 7.60 32.7 17.9 7.72 34.2 ' , 

13.9 8.14- 36.0 19.6 7.40 32.8 22.9 7.54 33.4 
" , 

..... ~ '" 

15.3 7 .-')6 3~.2 24.2 7. 18 31.8 24.2 7.24 32. l 
15.4 7.68 3 .0 20.3 

. 
7.00 31.0 25.6 7.00 31.0 

'20.3 1.54 33.4 27.2 6.80 30. 1 33.7 6.80 3.0 • 1 
24.7 t.30 32.3 29.8 "6.60 29.2 41.8 6.60 29-.2 
28.2 7.06 31.3 38. 1 . 6.40 28.3 55.4 6.42 28.4 
34.8 ·6.84 30.3 54.7 • 1 6.20 27.5 .73. 1 6.26' 27.7 
42.3 6.68 29.6 77.0 6.06 26.8 120.8 ( 6.08 26.9 
55.3 6.50 28.8 112.0 5.92 26.2 , 45.0 5.94 26.3 
69.5 6.30 27.9 148.4 5.76 25.5 "- 1.3 " 9.:;6 61 .6* 

101 .0 6.14 27.2 pO.6 10.66 68.7* ., 
1~.6 5.96 26.4 *metal tip 
2 .0 5.80 25.7 
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TABLE 1.2 (cont'd) 
-", 

DODECYLAMINE HYDROCHLORIDE '- .. 

Yt Yt Yt 

(s;cs) ôh (dyn, t 6h (dyne t 6h (dyne 
.!..9cl Qcm- l (secs) i2!ù. cm- 1 ) (secs) l.s!!!l 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 Il .94 52 .9 3.~ 11 • 74- 52.0 
3. 11 11 • 18 49.5 4. 1 10.80' 47.8 . 2.1f 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 42.2" 8.2 9.481 42.0 8.7 9.56 42.3 

10.2 r 9.36 41 .4 8.7 9.201 40.7 1 1. 1 8.84 39. 1 
10.7 9.06 40. 1 ' 9.7 8.98 39.8 12.8 8.60 38. J 
10.4. 8.82 39. 1 11. , 8.74 . 3~L 7 13.Q 8.40 37.2 --11.3 8.62 38.2 12. 1 8. 50! 37.6 13.6 8.20 36.3 ~ 

12 .. 1 8.40 37.2 13. 1 8.28 36.7 14.0 8.oU 35.4 \J1 , 
13.7 8.20 36.3 . 13.3 8.00 35.4 16.7 7.76 34.4 
)4 .• 7" • 7.89 35.3 15.9 7.&J 34.5 16.7 7.76 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 32.4 
16.~ 7.30 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 6.80 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 2a.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 
42.4 6. 14' 27.2 12.0 . 5.86 25.9 64.5 5.90 26.1 
62.7 6.00 26.6 10'1 .5 5.76 25.5 90.3 5.80 25.7 
Sè.4 5.88 26.0 155.6 5.56 24.6 120.0 5.62 24.9 

105.6 <> 5..68 2,.2 210.0 5.26 23.3 
152 .4 5.54 2 .5 
186 .3 . ./. " 5.32' 23.6 
> 7 min 5. 18 22·9 

;f' 

'" 

\) 
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: TAS LE 1.2 (con t 1 d j 

8 -4 i S br. 16 X JO M, pH 9. 5! 0.05 

DODECYLAMINE ACETATE 

Yt Yt Yt 
t ~h (dynT t 6h 1 (dynT t 6h (dynT Ls~cs ) .L.9cl. cm- l , secs 2 , ~'. C!J,1- 2 (secs) if!!!l cm- ) 

1 

1.1 13.00 ~7.6 0.7 12. Bd 56.7 0.8 12.96 57.4 
1.ê 10.48 6.4 2.0 10.46 46.3 1.4 10.54 46.7 
3. 9.96 44.1 1.8 9.30 41.2 1.5 9. 18 40.6 
4t8 ' .. ' 8 20 36.3 0 4.6 " 8.3ç 37.0 2.2 8.36 37.0 t l. ~ • 

7.4 : 7.40 32.8 ' 6.8 7.64 33.8 5.4 7.62 33.7 
8.7 . 7.20 31'.9 7.5 7.40 32.8 . 8.8 7.20 31.9 

12.3 6.60 29.2 9.5 7.2~ 31.9 9.7 6.98 30.9 , -12.7 6.40 28.3 9. 1 7.0 31.0 l 1. J 6.78 30.0 ç 

16.3 6.22 27.5 12. 1 6.8() 30. J 12. l 6.5S 29. l 0\ ... , 
22.0 6.04 26.7 12. 1 6.60 29.2 15.2 6.38 28.3 
25.9 . 5.88 26.0 13.8 '6.40 28.3 17.3 6.22 27.5 
29.7 5.76 25.5 \ 15.0 6.22 27.5 20.2 6.04 26.7 
36.4 5.56 2~.6 J9.9 6.06 26.8 26.6 5.88 26.0 
53.2 5.42- 24.0 26.8 5.94 26.3 29.9 5.78 25.6 
69.7 5.3& 23.6 30.0 5.7$ 25.5 38.~ 5.60 24.8 

• 47.0 5.60 ~4.8 54. 5.42 24.0 
- 55.6 5.48 24.3 119.6 5.34 23.6 

73.0 ~8 23.8 -'2700'0 5. 12 22·7 

l 
134.2 5. 18 22.9 

0 , 

.. 
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TABLE 1.2 (b) (cont'd) 

DODECYLAMINE HYDROCHLORIDE - ..-

Y
t Yt Yt 

t 6h (dy,n, . t . 6h "' (dyn , t 6h (dyne 
Ls_ecs) ~ cm- , ) (secs) if.ml cm- l (secs) liml _cm- l ) 

0.7 -11 .76 ~ .1 1.3 12.22 54. 1 ! 1.7 11 .38 50 .4 = 1 4.3 9.42 41. 7- 2.8 9. 14 4CL5 4.4 9.50 42. 1 
4.8 8.78 38.~ 6.6 8.02 3~.5 6.6 8.68 38.4 
9. 1 7.76 34. 9.5 7.84 3 .7 7.7 8.22 36.4 7.8 7 . r;IJ 33.2 . 9.7 7.60 33.7 7.8 8.06 35.7 

li 
"cl 9.5 7.30 32.3 11.3 7.40· .... 32.8 8.7 7 .. f!t2 34.6 

11. 1 7.06 31.3 12.5 7. 16 31.7 11.5 7.68 34.0 
12.3 6.80 30. 1 15.3 6.96 30.8 11.7 7.46 33.0 1 14.5 " 6.58 29. 1 16.7 6.76 29·9 o 11 .8 7.32 32.4 -.r:::-

l 15.3 6.38 2S·3 18.3 6.56 29.0 12.6 6 .~8. 30.9 -.J 
1.7.0 6.20 27.5 21.0 6.36 28.2, 12.8 6.70 (~9. 7 1 

19.5 6.06 26.6 22.8 6. 16 . 27.3' 15.2 6 . 50, ,- 28. 8 
23.9 .. 5. f!t2 25.8 22.6 6.04 26.7 17.6 6.32 28.0 
29.2 5.66 25. 1 28.5 5.86 25.9 20. 1 6.10 27.0 
28.2 5.46 24.2 35.3 '5.64 25.0 22.~ 5.92 26.2 L 

~9.9 5.36 23'è 41.0 5.54 24.5 27, 5.76 25.5 
1 .9 5. 14 22. 29.9 5.34 23.6 34.7 5.60 24.8 ~ 

54.1 5.00 22. 1 50 .4 5.20 23.0 35.4 5.40 23.9 r-81.1 4.94 2L9 86 ... 3 5. la 22.6 54.4 ' 5.24 23.2, 
Ib9.4 4.78 21.2 133.9 4.96 22.0 59.5 ~.04 22.3 0> S'min 4.60 20.8 199,.2 4.78 21.2 131 .9 .94- 21.9 

> 5 mi n 4.66 20·9 256.9 4.80 21.3 1 

0 
. 0-

~!-
( 

,..--

CI 

,J. 
e 

ôO 



,f! 

l.t 

-e 
... Q, ... e 

t?-

; . 
~ ". , ' 
!, -

t 
(secs) 

29.2 
.. ·33.2 

36.9 
~9.8 
2.7 

49.0 
53.2 
60 .5 
62.0 
à§'0 , • 1 
55.2 
62.2 
6b·2 ' 
6 .2 fol, 

r • '" 

{J 

a .. 

~ c 

TABLE 1.3 
- « 

Dynamic ~urface Tension of Dodecylamine Acetate Solution; 
Effect of Buffering 

..... a) 4.08 x 10- 5 M, pH 9.85!. 0.05 

Buffel'ed Non-BCJffered Non-Buff~red (after 30 min] 

f nit i a 1 pH 9.9 ,. Initial pH 9.9 
Final pH 9.8 Final pH 9.8, 

1 nit i a 1 pH 9.8 .... 
Fi na 1 pH 9 & 4" 

\ 

" 
4h Vt t Ah 

i9!ll , d ~ n e & cm - 1 l (secs) lEml 
vt t ~h Yt 

(dyrte,cm- 1l (secs) lE.cl (dyne cm-I) 
3l 

14.52 {)4.3 30.9 14.48 
14.20 62'4 35.5 14. 18 

. 13.86 61. 37.7 13.82 
13.58 60.1 42.7 13.56 

64. 1 
c 

14.84 6~.7 30.2 
62.8 34.8 14.48 6 . 1 
61.6 -37.6 14. JO 6f .5 
60. 1 4.34 13.86 60.8 

13.24 58.6 44.8 -l3.20 
12.56 0"; 55.6 53.~ 12.58 
12.28 ·54.4 57 : 12.20 
11.96 53.0 . 68.2 11 .96 
11.63 51.5 68.8 11 .68 
Il.38 ~.4 ~ 76.0 11 .38 

c- 11 • 10 4.2 ~ 72.9 11 . 10 
9.94 -4 .0 58.S\ 9.50 
9 .. 36 41.5 63. 1 9.32 
9.20 40.8 75.0 ~ .00 
9.00 39~6 76.9 .78 
8.80 39. ,/ 

58.5 49.7 13.30 c 58.9 
55.7 57.3 12.88 57. 1 
54.0 14.6 12.46 55.2 
53.0 78.5 12. 16 53.9 ".0 

51.7 v 
. 96. 1 4~ 11 .78. 52 .2 

50 .4 
49.2 

142. l 
41.3 !} 

39.9 " 38.9 

'0 0' ,.... 
? 

1 
( ';:-' - , 

? 
.."t ~' 

0 

" 

4 

'\ 
o 

--... 
Cl 

r ..... 
ç 
co 
1 

'-
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TABLE 1.3 (cont'd) 
5 . 

b) 8.16 x 10- H, pH 9.5 

Buffered Non-Buffered Non-Buffered (after 30 minl . 
-- . 

_ ~ '1 

Initial pH 9.6 Initial pH <j.6 Initial pH 9.5' 
Fi na 1 pH 9.5 Fi na 1 pH 9.5 ) Fi na 1 pH 08.5 

./ 
t 6h Y t t ôh Y t t 6h Y t - 1 

. (secsJ .l5!!!l (dyne cm-l) (s.ecs). (cm) (dyne cm- 1) (secs) (cm) ~cm ) 
, ( 1 

9 .0'0 1 5.04 66 .6 . 1 1 . 3 1 4 . 80 6 5 . 6 2 1 . 8 1 3 . 56 60 . 1 ~ 
13.7 14.40 63.8 15.3 14.20 62.9 24.8 12.92 57.2 \,0 

"\: 15.8 14.04-.. 62.2 20.0 13.30 58.9 28.0 12.60 55.8 1 

20.0'" 13.20 58.5 21.7 12.96 57." <:> 29.2 12.36 54.8 
22.7 12.84 56.9 23.4 12.60 55.8 33.3 Ja-~4 53.3 
25.0 12.60 55.8 24.5 12.36 54.8 46.5 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 fi9.7 
29 .0 1 1 . 70 51 • 8 -28 . 8 1 1 • 50 50 .9 
30 .4 , 1 • 44 ';I:J. 7 3 L 0 , J • 32 50 . 1 
32.3 11.16 49.4 33.0 10.Q6 48.6 
35.0 10.96 48.6 40.3 10.52 46.6 
37.4 10.64 47.J /,43.8 10.40 46.1 
45.4 10.40 46.1 48.3 10.20 45.2 
48. 7 'J 10 • 16 45 .0 52 • 0 ~ • 92 43 . 9 
50.1 9.94 '44.0 0 54.6 09.76 43.2 

jl' , , 

J 

• , & 

". .. 



~ e 

t 6h 
{sec.ù . ( cm) 

3.6 13.48 
5.4 12.30 
5.9 10·90 
~.O 9·90 

1 .0 9.00 
17.4 8.46 0 

20.9 7.94 
22.5 7.70 
2~.1 
2 .6 

7.40 
7.20 

50.§ 
64. 

6.10 
6.50 

128.2 6.26 
214.6 6.04 

" 

.J 

0 

~ 

~ , T 

, TABLE 1.3 (cont'd) 
-4 c) 4.08 x 10 M, nAA, pH 9.85 

Buffered 

Yt t 6h Yt 
(dyne cm- 1) (secs) ~ (dyne cm- l ) 

~.7 2.7 13.74 60.8 
.5 5.0 ' 13.~ 59.8 

48.3 " 4. 1 12.~ 55.4 
43.8 6.7 Il .62 51.5 
39.9 7.9 10.90 48.3 
37.5 ') 9.8 10.20 45.2 
35.2 c 11.5 9.60 42.5 
34.1 13.4 9. 10 40.3 
32.8 18.7 8.22 36.4 
31.9 21.0 8.02 3~.5 
~9.7 23.0 7.70 3 . 1 
28.8 2f.4 7.48.] 33. 1 
27.7 4 .3 ~.7Q 29.7 
26.7 54.0 .48 28.7 

79.6 6.30 , 27.9 . 
-145.4 6. ro 27.0 
236.8 5.90 2é 001 

." 
'-

a 

t 
(secs) 

2. 1 
5.0 
7.3 
8.6 

la .4 
11.7 
22.8 - 25.6 
27.0 
30.2 
38.8 
18.4 
75.0 

100.8 

Non-Buffered - see Table 1.2 

'-

c-

e 
, 

? 

6h Yt -
(cm) (dyne cm- 1) 

13.88 61.5 , -12.50 55.4 ~ 11 .38 50 .4 1 

10.40 46. 1 
9.44 41.8 
9. 14 40.5 
8.06 35.7 
7.78 34.4 
7.50 33 • .2.--
7.26 32. 1 
6.93 30.7 
6.71 29.7 
6.48 28.7 
6.26 27.7 
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TABLE 1.4 
Q 

~ 

Dynamic Surface Tension of Dod5cylamine Acetate Solutions 
at C = 4.08 x 10· M: Effect pf pH 

t bah Yt t- ~h Yt t bah Yt 0 

(sec:s) (cm) Ld:tne cm-ll. {secs l llr!ll (d:t ne cm-Il ,C secs) iEll (dyne cm- 1) , 
pH 6.90 .:t. 0.05 

no effèct 
y - 70.0 

ex> 

" pH 7. 85 + 0.0 5 -
... no effect • 

- 69.0 
.. 1 

y ex> -VI -1 

pH 8.85 .:t. Q .05 

44.6 14.44 63.9 ~ 45.80 14.26 63.1 lt8.7 14.20 62.~ 't' 

52.6 -14.06 - . 62.3 57.6 13.90 61 .5 62.0 13.86 61. 
~1.8 13.66 60.5 69.6 13.54 ~~:~ 78.7 13.50 59.8 

1 1.9 13.26 _ .'58.7 120.2 13-.20 132.2 13. 14 58.2 

50 .2 1-4.26 . 63.1 
68.3 13.88 61.5 

, 

84.9 13.54- 60.0 
114.2 13. H~ 58.4 

• 

-:l " 
'il 

~ 
lb .. 

? 
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TA BLE Cl .• 4 (co ~ t 1 d ) 

J 
; 

t L\h Yt t 6h Yt t t:.h Yt 
{secs) (cm) {d_yne CI}1~ ( secs ), i2!!l Lgyne cm- 1). . lseill (cOll LQYJ1 e_ CfT(] ) • 

, 
9.6 ± 0.1 64./ . pH 

24. 1 14.56 26.2 14.40 63.8 '24.4 14.36 63.4 ... 
~ 

~~ 14. 18 6~<8 ·25.8 13.98 61.9 25.3 '1~.88 61.5 "-
30. 1 13.80 61.1 ~.9 13.62 60.3 31.9 1 .56 60.0 
33.0 13.44 59.5 37.0 13.26 5tL7 .36.4 13. 16 58.3 
37.8 13.08 57.9 44.2 12.86 56 .9 42.4 12.76 56 .5 
45. 1 12.72 56.3 50 .0 12.~ 55.4 51.6 12.42 55.0 1 -54.0 l2.36 54.7 58.8 12.'16 53.8 64.6 12.00 53. 1 . . • )tS 

~.2 11 .96 . . 53.() 69.4 1 1 .8Q 52 .3 67.5 11 .68 51.7 
.5 11.62 ' 51.5 95. 1 11 .44 r:JJ .7 79.7 11 .42 5J .6 

107.5 1 1 .30 50 .0 224.6 1 1 • 14 49.3 100.0 Il .02 48.8 
> 5 mi n 10.94 . 48.3 > 5 mi n 10.76 47.7 164.6 10.8Q 47.8 

> 5 min 10.70 47.2 

pH 9. 85=0.05 

22.9 14.52 64.3 29.0 ~.68 65.0 24.7 14.78 65.4 
33.2 14.20 62.~ 32.3 1 14.36 63.6 27.4 14.40 63.8 
36.9 13.86 61. 35.0 14.02 62. l 32.2 14. 12 62.5 
39.8 13.58 60.0 ~8.9 13.68 60.6 35.7 13.76 60.9 
42.1 13.24 58.6 O. 1 13.38 59.2 39.3 13.44 59·5 
41.6 12.88 57.0 44.7 13.02 57.7 ~2.2 13.08 57.9 
49.0 12.56- 55.6 48.6 12.68 56. 1 .45. 1 12.16 56 .5 
53.2 12.28 54.4 53.0 12.40 54.9 41.1 12.42 55.0 
60 .5 11 .96 53.0 56.7 12.t{)8 53.'5 59.2 12.20 54.0 
62.0 11 .63 51.5 .61 .5 11.80 52 .3 '57.4, 11 .94 52 .~ 
72.2 11 .38 ~.4 66.9 11 .:0 :0 .9 60.3 Il .60 51. 
83°(. 1 J • 10 49.2 75. 1 11 .20 . 49.6 61~5 11.38 5) .4 

76.4 10.94 ' 48.4 , 
88.0 lO .16 4~.6 

IJ , 
(;< 
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TA BLE I.~ (con t 1 d) .. . ~ 

\.. ~ 

t Ah Yt t Ah Yt t Ah Yt 
~~çsJ .L9!ù (~ne cm:"J) (secs) J.E.œl (d:tne cm-Il ':ecsl ~ (d:t ne' cm- J) ) 

pH 9.85~ 0.05 (cont1d) 
0 

28.9 14.30 63.3 ~8.3 14.36 63.6 26.5 14.60 64.6 
32.9 13.96 61 .8 7.3 14.00 62.0 35.7 13.64 60.4 
~8.3 13.62 60.3 34.5 13;72 60.8 39.8 13.30 58.9 

1.1 13.28 58.8 38.0 13;38 59.2 . r- 44.4 12,.96 57.4 
45.6 J2.9l' 57.3 43.9 13.00 57.6 47.3 121.62 55.9' 1 

49.7 12.60 - 5(.8 48.2 12.64 56 .0 52.5 12.28 54.4 -.. 

55.0 12.30 (" 5 .5 52 .8 12.32 54.6 58.6 11.98 53.0 
\]1 
L.ù 

59.7 12.00 J 53.1 55·5 12.00 53. 1 62.7 11 .70 51.8 1 

61.8, 11.62 51.5 64.0 11.66 51.5 70.4 Il .36 50 .3 
66.~ 11 .38 • ~.4 68.~ Il .38 ~.4 ~.2 Il .00 48.7 
73. 11 .00 8.7 73. 11 .00 8.7 .7 10.76 47.6 
79·0 10.76 47.6 M 81.8 10.78 47.7 97.8 10.48 46.4 
95.2 10.46 46.3- 96.2 10 .~ 46.5 118.7 10. 16 45.0 

112.2 10. 12 44.8 115.2 10. 18 45. 1 132~ 9.84 43.6 
14 J .2 9.86 , 43-.7 130.6 9.88 43.7 164. 9.54 42.2 
171 .9 9·52 42.2 147.0 9.60 42.5 1 2 •0 10.94 70.5* 
207.0 9.24 40.9 175.8 9.36 41.4 1.0 10 .98 70.7* 
233.4 8.96 . 39.7 215.4 9.14 40.5 13.6 ID .80 69.6* 
301.6 8.62 38.2-' 279~6 8.84 39. 1 21.5 JO.54 67.9* 
386.2 8.36 37.0 330.0 8.54 ~8.0 28.5 10 .26 66.1* . c; -

/ 
*: metal tip 

.. 

.. 

"f. 
/~ .. 
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" TABLE 1.4 (eont'd) 

., 
t 6h Yt t l ~h Yt t ~h ' Yt 

(secs) (cm) (dyne em -1 ) (sees) lE!!l {dy nLÇ[ll ___ ~ ~C;_$~J Le_ml' Lc:l~/nJL c::1Tl- 1 ) 

pH 10.1 + 0.1 

6.56- 15 .. 56 68.9 3.5 14.50 68.2 
20.8 14.92 66. 1 30. 1 14.26 _ 63.2, 
27.3 r4.56 64.5 35.0 13.92 - 61.7 
~4.5 14.20 62.9 " 38.7 13.60 60.2 
2.1 13 .. 84 61.3 \. ~ ~ .. 40.2 13.28 58.8 • 4S.e 13.54 60.0 ~ , 42. ~ 12.96 57.4 -

52.4 13.20 58.5 48. 12.60 55.8 \JI 
~ 

55.1 12.88 57.1. 52.7 12.34 54.7 1 

53.6 12.56 55.6 56.0 12.00 53.2 
60.7 12.30 54.5 63.6 11 .76 52. 1 
70.1 12.00 53.2 67fO 11 .42 50 .6 Q 

fi 

71.6 1'.6~ 51.7 72.4 Il . 12 49.3 
è8•2 11.40 ~:~ - 70.8 10.86 48. 1 
~.9 11. 14 93.3 ID .00 44.3 

.5 la .86 48.1 116.2 9.12 43. 1 
97.0 10.58 46.9 10 1 • 1 9.42 41.7 
96.0 10.32 4~.7 
92.0 10.00 4 .3 

128.3 9.14 43.1 
140 .5 9.50 42.1 

\ 
pH 10.2 ±. O. 1 

7.0 1~.42 ,~ 68.3 7.0 15.60 69. 1 
33.2 1 .00 62 .. 0 25.0 14.80 6~.6 

- 37.0 13.74 60.9 28.'5 14.44 6 .0 
40 .1 13,,40 59.4 33.4 14. 10 62.5 
45.1 13 .. 02 57.7 36.7 13.78 61.0 

• 

6 CI 
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·'1 ,TABLE "1cont'd) 

~ 
t 6h Yt t 6h Yt t 6h Yt 

(secs) (Ctn ) (dyne cm- l l (secs) lf.ml (dyn~c[T( 1 ) Ls~c~J . lcml {gyne_ cm-_1) 

pH _ 10.2 .±. o. 1 (con t 1 d) 

45.7 . 12.72 56 .3 34.6 13.40 59 .4 
51.8 12.38 54.8 4 .6 J3.02 57.7 
S4.~ 12.02 53.2 45.7 12.72 56.3 
59. 11 .78 52 .2 51.2 12.38 54 .8 
55.3 11.43 ~.6 57.3 12.02 53.3 1 

71.0 11 • 16 9.4 57. 1 11 .76 52. 1 -\J1 
, 70.0 JO .82 47.9 7-7.0 J J • 1 b 49.5 \J1 

1 

74.8 10.60 47.0 84.9 la .86 48.1 , 

101.0 10.38 46.0 73-.7 10.56 46.8 
101.9 10.02 44.4 . 82.6 10 .. 24 ' 45.4 
88.8 9.78 43.3 96.2 9.96 44. 1 

122.7 9 .. 50 42. , 120 . 1 9.64 42.7 
~ 117.2 9.40 41.6 

pH 10.4 + 0.1 

5.0 1~.60 69.0 -7.0 15.48 68.6 
~.4 1 .98 66.4 1,29.S 14.60 64.7 

~ 29·0 14.60 64.7 35.0 14.22 63.0 ':i. 

33.1 14.20 1 62.9 40.4 13.82 01.2 "'" 38.5 13.82 61.2 46.4 13.48 59.7 
~9.3 13·50 59.8 48.8 13. 12 58. 1 

,.3 12.74 56 .4 54:8 12.78 56 .6 
4 .3 12.74 ~.4 

"' 54.6 12.40 54.9 
49.6 12.'40 54.9 64.7 12.08 53~5 

0 

.. " "'" 
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, TABLE t.4 (cont'd) 

G 

, 
t ~h Yt t ~h Y t '; ) t 6h Yt 

(~e~cs 1 iEm.l \\ (d:tne cm - J l (secs l if.cl (d:t ne cm;;'1) (secs) ~ (dyne cm- 1) 

pH 10.4 ± 0.1 (c~t'd 0 

61.2 12.06 53.4 57.4 11 .78 52 .2 
66.4 Il .78 52.2 75.7 1 ) .44 W· 7 ~ -:, ..... -
74.9 11 .48 ~:~ 83. 1 11 . 16 9.4 ~ 

68.3 11 . 16 73·9 10.80 47.8 
67.7 10.84 48.0 83.0 10.56 46.8 1 

100.6 1~.58 ' 46.9 83.5 10.24 45.4 -
98.3 1 .20 45.2 100.7 9.92 43.9 ~ 

105.8 9·90 43·9 138.0 9.60 42.5 1 

1 1 1 .3 9.36 41.5 
,-

pH 10.8 1: O. 1 

_ ~ 1.7 1~.00 66.4 45.2 14.36 63.6 27.5 1~.40 68.2 
4.0 1 .36 63.6 47.1 14.18 62.8 42.4 1 .76 65.4 ' 

48.5 14.16 62.7 38.1 fi' 13.90 61 .5 . 46.5 14.40 63.8 
48.6 1~80 61.1 5{) .4 13.56 60.0 52 .6 14.06 62.3 
56.2 13.46 59.6 56.S 13. 16 S8.3 52 .6 13.68 60.6 
52.1 13.12 5ti.l 82 .-7 12.52 S5.4 58.8 13.36 59.2 
61.6 12.76 :;6.5 85.2 12.08 53.S' 65.4 13.00 S7.6 

85.8 Il .76 52. 1 77.0 12.56 , 55.6 

~ 170.5 10.54 46.7 
82 .6 12. 16 . 53.8 
85.9 11 .84 52 .4 

127.4 11 .26 50 .0 

~ 
121 .8 10.94 48.4 
132.4 10.66 47.2 

'i; 



e v L 
TABLE 1.4 (cont'd) 

\ • , 
, r ~ 6h Yt t· 6h Yt t 6h Yt 

Lse~s ) llcl (d~ne cm-ll (secs) lE!0. (d~ne cm-Il (secsl ~ (dynecrn- 1 ) 
pH 1 0 • 8 ! O. 1 (co n t 1 d ) 

'. 

154. 1 10.36 4~.9 
173.7 JO .06 4 .5 

\ 239.3 9,.76 43.2 
272.6 9.44 41.8 
323.0 9 ~ 14 " 40.5 
431.3 8.82 39. 1 1 -

pH 10.8;to.l lJ1 
: ~ "-

~t 

44.1 13.94 61.7 19·9 15.00 66.4 28.5 14.34 63.5 

~ 50 .5 13.60 60.2 23·9 14.72 Q5.2 35.2 13.98 61.9 
62. , 13. 16 58.3 30.2 14.36 63.6 41.5 13.68 60.6 
69.~ 12.78 56 .6 ~6. 8 14.00. 62.0 51.8 13.32 , 49.0 
80. 12.40 54.9 .. 6.4 1 13.60' 60.2 60.9 12.96 57.4 
93.3 12.08 53.5 47.3 13.24 58.6 69.0 12.58 55.7'" 

106.2 1-1.76 52.1 57.5 12.94 57.3 77.8 12.20 54.0 
114.8 11 .40 ~.5 ~69.3 12.58 55.7 95.6 11 .80 52 .3 
48.0 11 • 12 .' 9.2 85.6 12.08 53.5 101 .6 11 .46 50-.7 
25.7 10'48 47·4 108.,4 11 .44 ~.7 112.6 11 . 16 49. 4 " ." 

T6a·6 10. 8 46. 116.8 1 1 . 16 9.4 130.2 la .94 48.4 
19 .6 9.94 44.0 J08.5 10.60 46.9 127.5 10.60 46.9 
325.4 9.32 41.3 172.0 10.34 45.8 202.2 10.32 45.7 

210 .2 9.94 44.0 "221 .9 9.94 . 44.0 
44.5 9.36 41.4 490 . 1 9.54 43.2 
422~ 9. 16 40.6 734.2 9.20 . 40.7 
394 "-: 8.90 39.4 

Q 

'\ 

~ 
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TABLE 1.4'(cont ' d) 

t 
Yt Yt Yt t :àh t ' ôh t ~h 

(secs) (cm) (Qyn~cm-lJ (se_~~) 19!1l (dyne cm- 1) (secs) l.Er.ù. (dynecm- 1 ) 

pH Il.7 .:t. 0.01 
, 

38.9 16.00 70.9 179·7 15.56 68.9 4.7 16.00 :70.8 
233.5 '5.72 69.6 137.7 15.30 67.7 ~25.0 16.00 70.~ 
232·9 15.12 67.0 169.3 15.00 66.4 77.0 15.98 70.8 
650.2 14.74 6~.3-, 319.8 14.72 65.2 169.6 15.22 67.4 

~ > 10 min 1 4 .60 64.1 , 
, .--

lJ1 

" 
CD 
1 

r ' , .. 

, ' 
1\ 

:! 

.. 
J 

, 
. ~ 
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c TABLE 1.5 

Dynamic Surface Tension of Dodecyla~ine Acetate Solutions at -
- C = 8.16 x 10- M; Effect of pH 

'-

t ~h Yt t ' 6h Yt t 6h Yt 
(s_~~s) isœl !dl:ne cm-Il (secs} ~ (dl:ne cm-Il (secs l ll!tl lc:!ïO~~CrTl~lJ 

pH 9.4.:t o. 1 
( 

8. 1 14.00 62.0 7.8 13.96 t<~ 61 .8 7.3 . 14.00 ~.o 
11.4 13.36 59'.2 11.0 13.20 58.4 9.7 13.98 6 .9 
15.8 12.60 55.8 '16.2 1~.60 55.8 13.0 . 13.24 58.6 
22.6 12.-00 53. 1 19.8 Il .98 53.0 18.2 12.60 55.8 
.~2.8 11 .:D ~.9 27.6 11 .'42 50 .6 29.2 1.200 53. l 

1 

1.0 10.90 8.3 38.8 10.80 47.8 ~2.7 11 .44 '3/:). 7 -
64.0 10.39 46.0 70.8 10.30 45.6 1.2 10.&J 47.8 V1 

\D 

pH 9.85 ± 0 iD 5 

1~.6 13.84 61.3 14.Jf' 13.76 60.9 11.7 13.'72 60.8 
1 .6 13.84 61.3 16.2 13.44 59·5 12.7 13.44 59·5 
14.5 13.28 5tl.8 18.0 13.20 58.4 14.5, 13.20 58.4 
18.0 12.94 57.3 19.2 12.88 r 57.0 16.2 ' 12.84 56 .9 

<20.7 12.60 ~.8 20.4 12.58 55.7 18.0 12.60 55.8 
22.3 12.36 .7 22.0 12.30 54.5 19.0 12.30 54.5 
24. 1 12.04 53.3 24.2 12.00 53. J 21.2 J J .96 . 53.0 

. 25.& Il .78 52 .2 25.0 11 .76 52. 1 23.9 11 .75 52. 1 
27 ·9' 11 .46 ~.7 26.9 Il .44 60.7 24.5 11 .50 50 .9 
29.6 Il • 16 1 9.4 28.0 Il • 16 49.4 26.3 11 .22 49.7 
31.7 10.88 48.2 30.9 M 8 48.2 28.2 la .96 48.5 
34.0 10.60 46.9 33.7 .60 46..9 30.2 10.70 47.4 

~~:g ta .36 4~.9 40.0 10.36 45.9 34.9 la .40 46. 1 
10.06 4 .5 45.2 \ la . 12 44.8 40.2 10. 18 45. 1 

47. 1 9.80 43.4 49.3 9.80 43.4 43.7 9.92 43.9 
tl2.5 9.50 42.1 55. 1 9.58 42.4 48.2 9·72 43.0 
58.8 9. 14 40.-5 55.4 9.30 41.2 53. 1 9.44 41.8 
63.2 8.84 3~. 1 . 61 .7 9. 12 40.4 50.5 9·20 40.~ 
69. 1, 8.60 3 • 1 61.6 8.80 39.0 61.8 8.98 39. 

10 
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TABLE 1.5 (cont1d) 
, 

" ~ 
'-1 " \. 
~ 

t toh Yt t toh Yt t toh Yt 
Cse_çs) ( cm)- Cdyne cm- 1) !secsl iE!!l (d~ne cm- 1l (secs} (cml ,d~r.e cm- 1) 

oH. 9.85 ±. 0.05 (cont'd) 

71.8 8.40 37.2 75.0 8.60 38. 1 '\ '69.3 8.76 38.8 
77. 1 8. 18 36.2 77.3 8.36 37.0 61.8 8. :il 37.6 
84.3 7.96 35.2 87.0 8. 16 36. 1 79.6 8.32 36.8 
86.0l5 7.76 34.4 95. 1 7·92 35. 1 91.5 8. 14 36.0 
90.0 7.~ 33.5 98.8 7.70 34. 1 94.6 7.88 34.9 
95.4 7. 0 32.9 108.0 7.52 33.3 128. 1 7.24 32. 1 1 -

III .4 7.20 31.9 109.7 7.40 32.8 140 .4 1.00 -- -31 .0 ~ 
0 

1~ 1.6 7.00 31.0 118.0 7. 18 31.8 155.2 6.94 30.7 1 

1 8.9 6.80 30. 1 . 127.9 7.00 31.0 . 173. 1 6.76 29.9 
155.8 6.61 29.3 134,7 6.92 30.6 186 .6 6.58 29. 1 
153.6 6.~ 28.9 156.7 6.78 30.0 244.5 6.40 28.3 '" 
160 .3 6. 28.3 185.4 6.60 29.2 332.5 \ 6 .22 27.5 
171 .~ 6.28 27.8 226.0 6.40 28.3 > 14 min 6.08 27. 1 
207. 6.16 27.3 266.5 6.22 27.5 6.5 10.40 67.0* 
269.4 6.00 26.6 3:il.4 6.02 26.7 8. ~~ 10 . 10 65.1* 
233.4 5.80 25.7- > 18 min 5.90 26. 1 9. 9.84 63.4*' 
56.7 .8 5.64 25. 

*' metal tip 

pH t t 0 .2 ± 0.2 ,.. 

7.4 t 5. 16 --o-r. 1 12.7 14.08 62.3 8.5 '14.64 64.8" 
14. 13.96 61.8 15. 1 , 13·76 60.9 12.2 . 13.94 61.7 
17·0 13.62 60.3 17.3 13.38 59.2 14.3 13.58 60. 1 
16-.8 13..20 '58.4 12.7 13.00 57.6 16.6 13. 16 58.3 
29·0 12.52 55.4 21 .5, 12.66 56. 1 18.3 12.80 56.7 ~ 

25.7 12. 14 53.8 23.8 12.38 . 54.8 21.0 12.52 55'.4 

~ 



-

t 6.h Yt 
LseçsJ l..9!ù. (dyne cm- J ) 

2~ .0 11.80- 52 .3 
2 .6 11 .48 50 .8 
~0.6 11 • 12 49.2 
4.6 10.20 45.2 

45. t 9.84 43.6 
0 46.5 9.52 42.2 
:i) .4 ~h24 40.9 
53.8 9.00 39.9 " 
60.1 8:70 38.5 
63.4 , 8.40 37.2 
'l0 .0 8.20 36.3 
~.4 7.98 35.3 

.8 7.66 33,,9 
95.4 7.42 32.9 
88.6 ... 7.20 31.9 

105.4 7 .. 06' 31.3 
109.9 6.80 30. 1 
256".0 6.68 29.6 
141 .8 . 6.32 28.0 
> 5 min 

c:::--'N>.t;;.J"4._ 
~,::-

c '-_ 

lJ -':: 1 

p 

t' 
o 

TABLE 1.5 (cQnt'd) 
... a: 

(' .: [ 

::: 

t 6h 
(K§] isœJ. 

Yt 
(dyne cm- 1) 

pH 10.2 ± 0.2 (cont'd) 

0 

25.5 12.00 53. J 
28 .. 0 11 .72 51.9 
28.0 11 .38 50 ~4 
34~9 10.76 47.6 
44.1 10.42 46. 1 
43.5 10.04 44.5 
43.0 9.72 43.0 
46.5 9.42 41.7 
48.8 9. 18 - 40.6 
54.0 8.90 39.4 
58. 1 8.62 38.2 
65.0 8.36 37.0 
70 . 1 • 8. 12 36.0 
75. 1 7.90 35.0 
79.5 7.62 33.7 
90.4 7.40 c. 32.8 
96.0 7.20 31.9 
92.2 7.00 3 La 

( 116.8 6.82 30.2 
122.5 6.62 29.3 
12l.0 6.52 28.~ 
135.6 6.42 28. 
156 • 1 6.28 27.8 
192'=. 1 6.12 27. 1 

> -5 mi n 5·90 26. 1 

e 

:, 0 

t 6h Yt 
(secs) (cm) ( dyne cm- 1J 

23.0 12. 18 53.9 
25.2 11.82 52 .3 
38.4 11 .22 49.7 
34.4 10.86 48.1 
46.2 9.84 43.6 , 
50 . 1 9.58 42.4 --0'1 
36.2 9.28 41.1 --1 

58.4 9.00 39.9 
6'5.3 8.66 38.3 
70 .2 8.40 37.2 
76.3 8. 16 36. 1 -
76.6 7.88 34.9 
91.9 7.66 33.9 

100.6 7.40 32.8 
97.0 7.20 31.9 

124.2 7.00 31.0 
137.0 6.66 29.5 
139.8 6.46 28.6 
15{l. 7 c 6.40 28.3 
355. 1 5.90 26. 1 

:> la min 5.74 25.2 

S 
.:::.. 
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TABLE 1.5 (cont'd) 

-f-

~~ r' 

t 6h Yt t ~h Yt t 6h y t \. 
'Lseçs) .!slù- ~ ,d~ne cm Il (secsl ..lf.cl ,d~ne cm-Il (secsl .lfcl Ldyne Cf1J- 1 ) 

-
to.85i O.05 '" pH 

Q 

t-
e;, 

_f2-.8 14.28 63.3 11.6 15.00 66.4 (>'13.8 1 ~.04 66.6 
9.8 14.00 62.0 Q 15.4 , 14.62 64.7 18 •. 2 l '060 64.6 

'" 11.8 13.~ 59.8 17.3 14.28 63.2 10.2 1~20 62.9 
20 .7 13. 16 58.3 

c 23·t 13.92 61.6 22.7 - 13.92 61.6 
30.7 12.80 56.7 23. 13.58 60.1 30.2 ~.56 60.0 ~ 

31.1 12.56 55.6 28~5 < 13.2'0 58.4 32.8 1 3. 1.6 . ~~ 58 • J 1 -c _~9.4 12.28 Co 54.4 34.7 12.92 57.2 36.8 12.78, 56.6 0'1 

3.0 Il.9€? 53.0 39.0 12.60 55.8 Q 41.8 12.50 55.4 1\) 
1 

53.1 11 .70 51.8 43.8 12.26 54.3 36.2 12.20 54 .0 
.. 67.8 ',1+.40 Ç> 

~:~ 46.2 Il .98 53.0 50 .2 Il .90 52.7 

~:~ 1 1 . 14 52 .8 11 .68 5T.7 57.0 Il .62 51.5 
10.86 48.1 54.2 Il .36 ~ .3 18.0 Il • 16 49.4 

79.0 10.60 47.0 59. 7 J J .02 8.8 70.2 ~ "11.02 48.8 
è8•4 10.30 ., 4_~.6 5~. 1 10.74 47.6 78.4 la. &J 47.8 

1.4 9.98 4 .2 7 .8 10.46 46.3 ,/ 94.2 10.58 46.8 -.' 

120.8 9.76 43.2 81.8 10. 16 45.'0 100.3 10.30 45.6 
127.Ô 9.52 42.2 99.8 9.84 43.6 113.2 10.00 44.3 
109.0 9.24. , 40.9 116.7 9.58 42.4 107.8 9.76 43.2 
129.4 9·00 ·39.9 131.~ 9.32 41.3 147.2 .. 9.56 42.3 
106.6 8.76 38.8 133. ,l 9.08 40.2 170.0 9.32 41.3 ,. 

121 • 1 8.52 37.7 102.6 8.80 39.0 169.8 9.06 40 • 1 
125.7 8.28 36.7 191 .. 7 8.58 38_ 200.3 8~80 39.0 6 163.6 8. JO 3~.9 202.3 8.28 3t) ,,':' 232.2 8.60 38.1 
196.3 7.86 3 .8 232.80 8.06 35~ 253.1 8.48 37.5 
317.9 7.66 33.9 431.8 7.72 34,2 281 .6 8.20 36.3 

, 330.0 8.00 35.4 

t,. 



t 
(secs) 

~ 

- 6h 
Ls.œ.2 

" 
,.. e 

J 

TA~E 
;1 

TABLE 1.6 

Dyna[J1ic 

Yt -1 
(dyne cm ) 

Surface Tension of Dcid.cyla~ine Acetate Solutions 
at C ~ 4.08 x 10' M: tffêct of pH , 

t 6h' .... y t t 6h . Y t 
(secs) ifœl (dyne cm-l) (~ecs) (cm) (dyne cm- I ) 

pH 6.9 + ~.o 5 . 

_cO 

2.2 
11.4 
36.2 
95.0 

816.6 

2.3 
4.3 
6. 1 
8.8 

10.4 
15.9 

1. 

11.84 
JO .96 
10.68 
10.36 
JO :0* 

, 13.10 
11.84 
'1 .02 _ 
10. J 2 
9.66 
9. 16 

"',~ 

.0. 

r3 -
~.4 . 
48.5 1 

47.3 
45.9 
44.6 

1 
/ 

58.0 . 
52.4 
48.8 
44.8 
42.8 
40.6., 

~ 

,.. 

..v--~~ 
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TABLE 1.6 (cont'd) 

t 6h Yt t 6h Yt - t ~h Yt 
(secs) (cm) i (Qyoecm-1l (secs} if!!!l ,d~ne cm: l ) (secsJ lcm1' J dyne_cm- 1 ) 

pH 8.85 ± 0.05 (cont'd) 

19.0- 9.06 40.1 18:6 9.00 39.9 1'9.2 8.90 39.4 
23.7 8.84 39·1 19.6 8.72 38.6 22.4 8.68 38.4 
2'7.7 8.60 38.1 25.8 8.52 37.7 24.8 8.46 37·5 
25.3 8.34 -36.9 29.5 8.28 36.7 2"5.9 t8.22 36.4 
41.8 8.10 35.9 " ~3.6 8.08 3~.8 ~3.6 8.02 35·5 

"' 1 47.5 Y·90 35.0 1.5 7.88 3 .9 5.8 '7.56 33.5 -60 .5 7.70 34.1 50 .3 7.66 33.9 56: 1 7.36 32.6 0'\ .,.. 
75.3 4> 7.~ 33.2 54.8 7.4,8 33. 1 73.8 7. 16 31.7 , 

101 .6 7.36 32.6 85.6 7.26 32. 1 109.6 6.94 30.7 
74.2 7.06 31.3 183.2 6.80 30 . 1 

0 

pH 9.85 ±. 0.05 

,see TABLE 1.2 

pH, 10.85 ± 0.05 

2.3 ,g:!~ ~3.8 4.5 12.40 ra:~ 5.2 12.70 56 .2 

) 
7.9 6.4 7.3 10.-92 5.5 11 .70 51.8 

-4-.5 9~6' 42.8 6.0 la .34 45.8 6.0 11 .00 48.7 
8.~ 8.88 1 39.3 4.9 9.40 41.6 15.2 10.74 47.6 

27. 8.14 36.0 9.3 8.78 313,9 13.7 la .42 46. 1 
15.0 7.88 34.9 45.0 8.32 36.8 22.0 10.00 44.3 
9.2 7.60 33.7 37.6 8.04 3~.6 21.0 9.70 41.6 

82.3 7.24 32. 1 58.2 7. &:J 3 .5 21.0 9.26 41.0 
22.2 7.'18 31.8 17.0 8.98 39.7 
53..-6 6.64 29.4 10.2 8.76 .38.8 

(, 

" / 

• 
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TABLE 1.6 (cont'd) 

t 6h Yt" t ~h Yt t 6h Yt c.... 
(seçs) (cm) (dyne cm- 1) (secs} if!!ll (dyne cm- 1) L$ecsJ {cmJ ( dyne __ cm- 1) 

pH 10.85 ± 0.05 

199 .. 1 
. 6.28 27.8 '38. 1 8.42 37.3 

136.0 5.96 26.4 25. 1 7.84 34.7 
78.3 7.44 32.9' 
53.7 7.30 32.3 
44.6 7. 14 31.6 

1 55. 1 6.90 30.6 -220.0 6.54 29.0 0\ 
lJ'1 

230.2 6.36 28.2 1 

. 
5.0 12.40 54.9 4.9 12.64 56.0 

11.1 11.56 ~1.2 7. 1 12. 14 43.8 
13 .. 5 10.70 7.4 11.1 1 J .52 51.0 
16.7 10.40 46.1 11.0 11 . 16 49.4 
18. 1 10.06 44.~ 19.9 9 .. 82 43.5 ~ 
18 .. 3 9.80 43. 22.3 9.56 42.3 

"19 .. 5 9.58 42.4 19.3 9.26 41.0 
28.3 9.32 

. 41.3 23.7 8.98 39.8 
·27 .. 0 8.92 39.5 23.0 8.76 38.8 

27.0 8.60 38. 1 17.8 8.52 37.7 
49.7 8.24 36.5 44.8 8.20 36.3 
5~.6 8.04 35.6 \ 63.8 7.92 35.1 
6 .3 7.80 34 .. 5, - 87.3 7.62 33.7 
1~8 .. 7 7.44) 32.9 90. 1 7.32 32.4 
~.5 7.20 31.9 90.7 7.02 31.1 

4 .2 6.98 30.19 . 26.4 6.78 30.0 
74.6 ' 6.68 29.6 153.0 6.60 29.2 
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TABLE 1.6 (cont'd) 

t 6h Yt ' t t.h Yt t t.h Yt 
(secs) i.E!!l Ld~ne cm- 1) , ,(secs} l.f!!!l (d~ne cm-Il (secs) 1f!!ll. (dy~e _cm- ~J 

pH 11.60.::0.05 
s 

8.7 - 1 ~.30 67.7 1.8 J 5.96 70.7 2.2 l5;80 70.0 
17.7 , .84 65.7 7.6 15.38 68. 1 3.3 15.80 70.0 
30.8 14.42 63.9 J9.3 15.02 66.5 29.5 14.82 65.6 
72.4 14 .. 14 62.6 

1.8 1~.70 69.~ 5.2 J 5.76 ' 69.8 12.3 1~.20 67.3 , 
30.4 , .76 65. J8.2 J5.30 67.7 25.2 1 ,.82 65.6 -- ". 

O"l 
58.8 t 14 .30 63.3 20.7 14.78 65.4 47.5 14.44 63.9 O"l 

') 50.3 PL38 63.7 ' 64.3 14..08 62.3 
, 

84:y'; 13.98 61.9 426.3 13.46 59.6 
467.2 13.08' 57.9 

p la .25 + Q.05 
c- o 

~.1 15.30 67.8 66.5 15. 18 67.3 
1 .5 1 (.30 ' 67.8 > 5 min 14.80 65.6 ~, > 2 mi no> 1 .68 '65.0 

",,-
pH 12M 0.05 ' 

9.3 15·.48 6H.5 5. 1 14.80 70~0 ,1'.7 15.84 70.1 
8.3 15.50 68.6 187.1 1.5.40 68.2 9.7 15.56 68.9 

> 5. mi n 15.10 66.9 > 6 min 15.04 66.4 > 8 min 15.20 67.4 
J 

0 

fi/-

, 

~ 
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TABLE 1.7 -

Dynamic Surface Tension of Dodecylamine Acetate Solutions 1n' 
the Presence of 10-2 M Sodium Acetate 

t ~h Yt t t.h - Yt . t ~ t.h Yt 
(sec.s) i9!ll (d~ne cm- 1l (secs 1 (em) . f dy n~cm_-_ lJ L~_EtcsJ icrn) (dyne cm- 1) 

"'-

2. 1 13·36 59.2 1.4 15.80 70.0 . 1.6 13.54 60.0 
~ 

3.6 11.88 ~.6 1.5 15.50 68.7 3.4 1 1 .82 52 .4 
6.2 10.42 6.2 2. 1 13.84 61.3 4. 1 11.05 49.0 
7.4 10.18 45. 1 2,11 13.76 61 .0. 8. 1 9.80 43.4 
7.8 JO .00 \44.3 4. 1 JI. 56 51.2 8.9 9.64 . 42.7 
6.3 9d4 40.5 6.0 J 1 .00 48.7 9.7 9.44 41.8 
J~.7 8.34 36.9 6.3 10.36 45.9 11 .8 8.82 39. 1 1 1 .3 8.14 36.1 6. 1 9.62 42.6 . la .3 8.64 38.3 -
1 ~.O 8.00 3~.4 9·9 9.40 - 41.6 12.7 8.44 37.4 m 

~ ,1 .6 7.80 3 .6 11. 1 9.20 40.8 JO. ~ 8.26 36.6 1 

14.9 7.62 33.8 12. 1 9.00 39·9 14. 8.06 35.7 
16.2 7.44 33.0 10.7 8.78 38.9 12. 1 7.90 35.0 
.16.5 7.26 32.2 14.5 8.60 38. 1 15.5 7.72 34.2 
17.3 7. 10 31.5 "\ 19.5 7.52 33.3 
20. J- 6.96 30.8 16.3 7.40 32.8 
-20.5 6.72 29.8 16.4 7.20 31.9 
21.3 6.54 29.0 19.3 7.04 31.2 
22.1 6.40 28.4 22.6 6.84 30.3 
27.9 6.30 27 .~ "30.2 6.68 29.6 
29·3 6. 18 27. 38. 1 6.56 29. 1 
30.9 6.06 26.8 36. 1 6.40 28.4 
~8.2 5.88 26.0 46. 1 6.24 27.6 
6.2 5.78 25.6 63.6 6.06 ' 26.8 

57.3 5.70 2~.3 
26.2 67 .. 1 5.54 2 .5 79.0 5.92 

107.4. 5.82 25.8 
143.6 5.64 2~.0 

> 5 min 5.50 2 .4 

e 
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TABLE.,I.8 

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

to_ncen.t.rat ion 

t ~h Yt t ~h Yt t 6h Yt 
(se_~s ) 19E1 (d:x:ne cm-Il (secsl if.!!ll Ld ~n~_Cln--= 1~ b~_cil {cru iqyne_cm- 1) 

2.04 x 10-~ 

45.4 1~. 70 69.6 25.4 15.64 69.3 '49.0 14.98 66.3 
122.0 1 .38 63.7 80 .2 14.48 64. 1 

'" 
72.2 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 
Il4.8 13.54 60.0 11.38 13.56 60.0 118.5 13.68 60.6 1 

1 7.6 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 

0\ 
ex> 

178.3 12.58 ~.7 163.7 12.60 5~.8 235. , 12.02 53.2 1 

190.9 12.28 .4 176.3 12.34 5 .6 
217.7 12.04 53.3 227.6 12.08 53.5 
244.7 11.84 52.6 > 5 min 11.82 52 .4 
33~.2 11.56 ~1.3 
39 .8 11 .24 9.8 

~, 

23.0 1 

J5.76 69.8 
31.9 15. 16 67.1 
63.6 14.82 65.6 
à6 •0 14.46 64.0 
9.2 14.16' 62.7 

4.08 x 10-~ 

see TABLE 1.4 

8. 16 x 1O-~ , 
" .. see TABLE 1.5 C' 

.. 
l "', 

Q. 
'V"J.. 

~ 
, ~ 
~ 
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TABLE 1.8 (cont'd) 

\ C4 

~ 

t ~6h Y t t 6h Y t t Ô~ Yt 
-c secs l ( cml (d:z:ne cm- 1 l (secs} ..lE!ù ld_YDe cm---=-ll li~~ Lc __ ) {Qyne cm- 1 ) 

2.04 x 10-4M 

5. 1 13.88 ~ 61.5 3.3 ,J 4.46 64.0 2.8 14.74 65.3 
4.5 12.74 56 .4 4.6 13.34 59. 1 5.6 13.30 58.9 
8.4 12.08 53.5 5.2 12. 18 53.9 7.5 12.20 54.0 

10.0 1-1.36 ~.3 7.9 Il .20 ~.o 11.0 10.86 48. 1 "-11.2 Il .06 9.0 9. 1 10.90 8.3 13.3 9.84 *.6 11.4 10.70 47.4 10. 1 10.54 46.7 16.6 9.52 .2 
14. 1 10.38 46.0 12.5 9.90 43.8 17.6 9.26 4 .0 -0"1 
lb .0 10.04 44.5 17.5 9.58 42.4 25.3 - 8.68 38.4 1..0 

1 

"18. 1 9.70 43.0 20.6 9.06 40. 1 26.5 8.40 11.2 \ 18.6" 9.40 41 .6 21.4 8'48 38.9 31.6 8.06 ~ ~~:4 22.2 9. 10 40 .3 27.9 8. 6 37.5 36. 1 7.78, 
26.0 8.82 39.0 31.0 "8. 18 36.2 38.4 7.50 33.2 
30.2 8.5{) 37.6 37.8 7.70 34. t 51.7 7.2@} 32. 1 
35.4 8.26 36.6 ~5.6 7.46 33.0 68.9 7.02 31.l 
41.3 "7.96 35.2 5. 1 7.22 32.0 90.4 6.70 29.7 
42.0 7. 70 34.1 59.0 6.96 30.8 80 .6 6.48 28.7-
43.7 7.48 33. 1 77. 1 6.76 29.9 114.7 6.30 27.9 
~.7. 7.22 32.0 102.3 6.54 29.0 > 6 mi n 5.96 26.3 
44.2 7.02 31.1 147.8 6.34 28. 1 
~.8 6.74 29.8 

.7 6.52 28.9 
101.0 6.32 28.0 
189.6 6.12 27.1 , 

~·.08 x - 10-4M 
see TABLE 1.2a) 

8.16 . JC.-_I~-4M 
() 

see TABLE 1.2b) 

• 
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TABLE 1.9 

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

,", .... ' 

t tlh ~ \ Yt t t.h ft t ~h Yt 
(secs) (cm) ~~.cll1-1 ) (secs) if!!:!.l (d~ne cm- 1) (secs) i9nl Ld_yne cm- 1 } 

20 Hours pf 'Contact 
Natural eH ~, 0 

3.5 7.50 33.2 0.8 8. 18 36.2 3.4 7.60 33.7 
2.3 6.80 30. t 2.2 7.78 34.4 4.8 6.96 30.8 
7.5 6.10 27.0 2.5 7.06 3i .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 . 4.&J 21.3 1 -, 12.9 5.82 25.8 -.J 

20.3 5.54 24.5 • 0 

91.2 5. 14 22.8 t' 

34.9 4.92 21.8 

1.0 8.00 35.4 1.2 7.78 34.4 
9.9 6.~ 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 
29.0 5.60 24.8 21.2 5.64 25.0 
28.9 . ~.02 22.2 19.7 ~:~ 23.7 
43.7 ;44 19.7 27.0 21.3 

pH 11 .65 

7.5 15.78 . 69.9 8. 1 15.12 69.6 12. 1 15.62 69.2 
514.3 1 ~.40 68.2 40 .6 1~.~2 67.8 55.8 15.34 67.~ 
86.1 1 .86 65.8 "'349.9 1 . 2 63.9 328.9 15.00 66. 

Q. 
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1 

3+ CALCU LAT ION OF [3RNH3 .RNi-f2 ) FOR F} GURE 2. 12 
) 

t. Bas i c Equat ions 

RNH2 + H20 

KI 

~:~ 

Assumpt ions 

RNH + -3 

K3 

= 

-
= 
. .. 

= 2.4 x JO - 11 
... 

1 )' no prec i pi tat ion ( i .e. concentrations less than 

2) 

3) 

2 x 1a- 5M). 

the complex is 3,1 ion:molecule. 

the maximum pOssible complex formation is 

achieved (i .e. compJex, RNH3+ and RNH2 do not 

coexist in solution). 

4) the ionization constant for dodecyJamine (K 1) 

is val id for the calculations.' 

1 

J 

, 

r 
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.2tl 
8 

9 

9·5 

10.0 

10. 14 

10.5 

11.0 

12.0 , 

• 
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TABLE 1. JO 

Per Cent Ami ne "Prèsent as RNH
3 

+J 3RNH
3 

+.:RNH2 
and RN~ (o~ RNH2 • H20) [ 

RNH + + 
-3 3RNH3 .RNHe 

99.04 0.96 ,. 
go.8 9.2 

12.0 28".0 

22.6 77.4 

100.0 

23.9 76.1 
JI 

61.3 38.7 

"" 
94.7 5.3 

1 

-, . 

.. 

.! 

) 

r 

) 

~. 

L 

. 
o 

1 

,. 

. . . 
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Bubble Pick-Up of Magnetfite: (1) .:!:. 5°) 

i) DistiJ1ed Water, é= 0° a 

8 -4 i i) 4.0 x 10 M, natural pH, see photographtcl 

\record ~n text. 

i i i ) 
. -4 4.08 X 10 M, pH 12.2, see photographXé record 

in text. 

TABLE 1 1 • 1 
'" 

Bubb le Pick-Up (1)) of -65 + 100 Mesh Magnet i te 
at pH 9.7 + O •. J 

t 1> t 1> t 1> 
(sec) Ô (sec} ~ ~ (sec} .ô ct' 

c = 1.02 x· 10 -5M (no flotation) 

< 1 30 < 35 < 1 35 
() 

7.5 15 9 15 12 20 

17 20 18 20 18. < 10 

27 15 30 35 51' 30 

57 25 57 15 59 20 . 
117 45 ':0 

~. 117 30 117 20 

C = 2.04 x JO - 'SM (no flotation) 

< 1 40 < 1 25 < 1 50 

5 20 5 35 5 50 

5 . 15 5 30 5 20 

,. 14 30 16 
0 

30 17 30 
0 

20 30 20 45 57 30 

e 58 60 sB 30 sa 40 

59 40 60 .. ~5 120 40· 

178 30 300 30 

t:l 
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TABLE " • J (cont'd) 
C = 4.08 x l'o-5M () 

t I-
I /J , ut 8~, t -IJ 

(sec~ ~.r (sec l .L1;j tsec) .ô 
1 

0 0' 

< 1 60 < 1 90 < 1ft' 50 
< 

\ 

< 1 45 < 1 15 ,< 1 80 

1 25 1" 

1 60 1 90 < < < v 

5 35' 5 #0 10 40 
'\'> 

12 30 12 ".30 
-" 

) v , 13 40 

15 ~b 16 40 \J , [~tf 0
30 

t " 

33 30' 60 30 &60 35 
c' , ' 88 3,0 89 45 89 30 

0' 
,'-~ Ç\ 

90 10 
J (11\1' Jo 

l,J' 40 < 1 50 < 1 < 1 50 
;;? 

< 1 
(~5 50 < 1 40 < 1 40 

0 

\' 2 40 5 20 5 40 

9 40 9 ' 30 " 9 50 

<,~ (9 50 v 10 30 le 25 _ c-

ç.-1rr 1:' \~Id 
15 Ù ~30 ,-2~ 30 -30 40 

t!! 117 40 120 25 - 177 30 

298 
0., 

297 35 " " 30 ~, 

c - 8.16 x 10-~ '~~50~ flotation) 
~~L 

< 1 85 < 1 • 90 < , l?-
9 70 10 55 11 60 

e 11 50 15 50 15 45 

25 45 30 35 ' 30 30 

59 25 60 30 65 ~O 
1 

120 20 30n )05 \.300 ~ 15 
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TABLE Il. J (cont 1 d) 

'~ 6 t /) t /)c 
. sec (sec) " ~ (sec} .t?J. 

C = 4.08 x JO- 4M (100% fJotat ion) 

<1 90 < J 90 < l 90) 
'i 

< 90 < J 90 < J 90 

13- 20 J3 10 15 0 
/ 

15 15 20 0 59 0 
f 

61 0 

< 1 90 < 90 < 90 

< 1 ~ < 90 < 90 0 
, 

5 0 5 '\ 4() 5 0 

5 20 5 0 5 , 20 

9 10 10 20 1 1 0 
:. 

1 1 0 13 0 15 0 

17 0 28 10 30 0 
T, 

57 ' 0 58 0 300 0, 

• 

• t 

• - \ , 

. .. ' 
._,.. ,..:.: •• :<~ M~~ 
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Bubble Pick-Up of Quartz (6 ± 5°) 

i) DistiJled Water, 6 N 25° 

t 
(sec) 

< 1 

< 1 

10 

60* 

TABLE 1 1 .'2'. 
Bubble Pick-Up of -65 + 100 Mesh Quartz at pH 
9.1 .±. O. 1 (Ac i d leached 0 filAs Prepared") 

C = 4.08 x JO- 4M.(100% flot~tion) 

i' t 6 t 6 
.Ll (sec) .ô. (sec} .B 
90 < 90 <.' 1 90 

90 < 90 10 90 

90 15 80 30 90 

90 300* 80 300* 90 

*, tendency to drop Joad on tapping holder -'but inconclusive 

TABLE Il.3 

Bubble Contact Experiments 

pH 9. 7 + o. 1, C 
- -'4 

c~ = 4.08 x 10 M 

t Contact t Contact ( sec') (sec) 
G 1 assLHemat i te c~ GJass/Hematite 

. 
< 1 J Exce J lent < J' Exce llent 

> 5 Poor 
({;) > 5 poor 

> 30 Zero > 30 Zero 

0 
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JABLE Il.4 
~ 

Flotation'of a Mixed (35:65 w/w) Quartz: Magnetite Sample in 
Methano'lIW~ter Mixtures,After 30 min. Condition't.ng in 
4.08 x 10- M Amine at pH 9.7 ± 0.1 

Floats ,J 
. Si nks 

"' Methanol Quartz ~netite Quartz ~netite 
(~) .L9ml ill m œ llcl 'ill m œ 

0 0.27 100' 0.69 100 a 0 0.0 0 

15 0.25 100 0.70 95 0 0 0.05 5 

25 0.41 98 0.24 35 0.01 2 0.46 65 

40 0.32 99 0~01 0.01 0.56 99 
" 

:Al o . Il 22 b 0 o .51 78 0.56 100 

:Al 0.25 62 0 0 o . 15 38 0.61 100 

50 0.04 12 0 0 0.27 96 0.75 100 

100* 0.01 3 0 0 0.24 97 Q .80 100 

• replacing 100_ methanol with disti lIed water gave zero recovery of 
both quartz and magnetite. 

~!'~ ~.;::! 

/ 
~ 

u 
.\-

e 

;;" 

" 

? 

.. 
" 

1 -~ 
\.0 

/, 1 
'::J 

c 

"'-
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. TABLE Il.5 
::. 

Flotation of a Mized (-35:65 w/w) Quartz: Magnetite Sample After 
30 min Desorption in Disti lIed Water, Following Conditioning in 
~~08 X 10-~M Amine ato pH ~.7 + 0.1 for 30 Min. 

Floats Sinks 

Quar,lli ~netite Quartz ~netite 
Desorpt ion '--' i.gml m ~ lsml (~ m ill 

A; 'pH 9.7 0.25 100 0.71 98 0 0 0.01 2 

B. pH 6. J. (1) 0.31 99 0.60 0 80 0.0 J O. 15 20 

C. pH 6. 1 (1 1 ) *; 0.02 9 0.07 5 O. 16 91 0.96 95 

* C 2nd desorption, after B ." 

e "'- ~ 

g> 
1 



e e 

TABLE Il.6 

Dynamic Surface Tension of Dodecylamine Acetate Solufions After 
Conditioning - One Gramme Magnetite Samples 

6h ,Yt 6h Yt 
. 

6h Yt t t t 
~e_~sJ iscl (d:t:ne cm-Il (secs l liml (d:t:ne cm-Il (secs) .lsml Lctyn~ cm- 1 ) 

2.04 x 10-1Mz ~H 2.1 ~ 0.1 
no effect, y • 69.0 + J.O . ~ -
'~.08 x 10- 5Mz ~H 2'.1! 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 l34:7 14.76 66. J l17.0 15.02 67.3 ". 

224.8 13.68 61.3 151 .9 14.26 63.9 144.9 14.56 65.2 1 -
286.4 13.26 59.4 211".3 13.~ 61.9 183.7 14.06 63.0 Q:) -1 

,..8. 16 x 10 - 5M.E ~H 2. 7 .! O. 1 

15.7 15.52 6~.5 14.5 ,) ~. 40_ 69.0 20.6 14.80 66.3 
42.5 14.~ 6 .2 44.3 1 .20 63.6 41.0 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 '315.7 81.7 12.44 55.7 81.l J2.44 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 mi n > 5 mi n 
> 5 min 

4.08 x 10·4M, pH 2.7 ~ 0.1 

4.3 12.14 ~.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 

é·6 10.36 46.~ 4.3 12.24 ~5.4 4.3 12.58 57.0 
.3 10.02 45. 5.8 11 .00 9.8 5.8 Il .60 52 .5 

8.3 9.86 44.7 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 

14.5 18.76 40 .0 7.5 10.42 47.2 7.3 10.20 46.2 
1 



e 
( 

t 
(secs >-

1~.3 
1 .~ 20. 
25.4 
76.7 

,. > 4 mi n 
-" . 

~~ 

Ah 
(cm) 

8.42 
7.96 
6.96 
6.68 
6.42 

{ 
1 

/ 

, 

\ 

Yt 
(dyne cm- 1) 

10 
:J \ 

38.1 
36. 1 
31.5 
30.3 
29.1 

,-

:. e 
--

TABLE Il.6 (cont1d) 

t 6h Y t . t Ah Yt 
, 

(secs) .ifml . (dy n e cm - 1 ) -(secs) (cmJ (dyne cm- 1) 
~ 

4.08 x 10-4M, pH 9.7 + 0.1 (cont1d) 
, ft 

8.5 9.80 44.4 ' 8.5 10.00 45.3 
1'0.7 9.20 41.7 8.3 9.78 44.3 
20. 1 8.20 37. 1 9. 1 9.60 43.5 
23.8 7.70 34.9 10. 1 9. 12 41.3 
16. 1 7.22 32.7 10.3 8.80 39.9 

15.7 8.50 38.5 1 -3.8 12.42 56.3 19.4 7.94 36.0 ~ 3.6cf 12.24 55.4 13.7 6.98 31.6 
5.3 11.32 51.3 45.0 6.70 30.4 
6.5 10.82 49.0 103.8 6.50 29.4 
7.~ 10.40 47. 1 
7. 9.94 45.0 
8·9 9.60 43.5 
9.5 9.24 41.9 

J 

'\. " 
\ ..... 

\ 

! .; 
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~-\ 

t 
'(secs) 

17.5 
30.7 
35.7 
42.0 
48.2 
;23. 4 
159.7 
57.3 
75.6 
85.1 

105.5 
142.3 
> 5 min 

2.7 
> 6.7 

11.3 
19.5~ 
49.7 

> 5 m'i n 

6.4 
20.5" 
22.0 
24.6 
27.7 
28.6 
31.7 
33.8 

6h 
LE!2.2 
15. 18 
14.2lj. 
13.84 

. 13.44 
13.06 
12.62 
12.22 
11.82 
11 .46 
11 .08 
10.76 
10.40 

15.56 
15.92 
15.62 
15.62 
15.62 

( 

, 15.4lj. \. 
14.30 
13.92 
13.62 
13.26 
12.90 
12.~ 
12.22 

-
TABLE Il'\J 

Oynamic Surface Tension Generated by 30 Min. Oesorptton 
Disti lled Water After Ç<;?n_çti_tjoning for 30 Min in 4.08 x 

a t pH 9" 7 .:t O. 1 
Y t i 6h Y t 

(9yne cm- 1) , (secsl (cm) (dAne cm- 1) 

68.0 
63.8 
62.0 
60.2 
58.5 
56.5 
54.7 
53.0 
51.3 
49.6 
48.2 
46.6 

69.9 
71.3 
70.0 
70.0 
70.0 

o i st 1 1 -1 e"dWa ter, p 9 . 7 + O. 1 
13.9 15.22 68.2 -" 
2 5.6 14 . ~6 66 • 1 
33.7 14.32 64.2 
39. 1 13.84 62,.0 
46. 1 13.42. 60,. 1 
52.0 12.98 58.2 
59.8 12.54 56.2 
65~7 12. 12 54.3 
74.6 11.70 52.4 
9 T .3 11 434 :D .8 

109.3 .-10.98 49.2 
155.9 10.62 47.6 
> 5 min 

Disti l1ed Water, N~tural pH 

t 
(secs) 

~ 

into 
10-IfM 

6h~ 
( cm) 

Distil1ed Water, 
" Adjustment 

Natural pH with Subsequent 
to pH 9.7 

69.2 
/ 64.1 

62.4 
61.0 
59.4 
57.8 
56.2 
54.7 

7.0 15.38 
17.0 14.78 

'68.9 
66.2 

3.2 
19.7 
21.1 
~4.2 
26.5 
28.5 
30.7 
34.1 

15.56 
14.00 
13·64 
13.32 
12.96 
12.62 
12.26 ' 
11 .96-

-
.1 

• 

Yt 
(dyne cm- 1) 

,.. 

69.7 
62.7 
61.1 
59.7 
58. 1 
59.5 
54.9 
53.6 

'" 

---

-& 



e 
-( 

~~ 

t 6h 
(secs) is!!ù 

36.4 11.88 
~9.9 11.54 
3.8 11 .24 

• 1 41.2 10.96 
53.3 JO .64 
61.3 10 .3~ -
75'è 10.0 
79. . 9.74 
92.9 9.46 

107.8 -ê·2O 
122.5 .92' 
141.0 8.74 
167.6 8.48 

) 

TABLE Il.7 (cont'd) 

Yt ~ t~.- 6h 
(dyne cm- l ) (secs) lfml 

Yt 
(dyne cm- 1) 

t 
(secs) 

53.2 
51.7 
~.4 
9.1 

47.7 
46.2 
45.0 
43.6 
42.4 
41.2 
40.0 
39.2 
38.0 

c 

Distil1ed Water, Natural pH with Subsequent 
Adjustment to pH 9.7 (cont'd) 

.. 
35.8 

"-

" 

6h 
(cm) 

' 11.60 

e 

Yt 
(dyne cm- 1) 

52.0 

~ ;,. .. 

~ 



e • 
,[) 

TABLE Il.8 
Dynamic Surface Tension of Dodecylamine Acetate Solutions after 
Conditioning -0.3 Gramme Quartz Sample 

t ~h Yt t ilh Yt t ilh Yt 
_(se~s ) {cml (dyne cm- l ) (secs) 1E!ll ( dyn_e ___ cm - lJ (secs) (cm) (dyne cm- 1 ) 

:P'" . 
3.1 13.24 58.7 1.3 13.24 58.7 
3.3 12. 16 53.9, 3.9 0 12.42 55.0 
5·7 11.36 ~.3 4.8 11.56 ~1.2 
5·9 1 1 . 10 - 9-.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 44.5 
7.5 10.36 4~.9 11.2 9.86 43.7 J 

9.5 10. 10 4 .7 10.5 9.62 42" .6 -CP 6 9.7 9.82 43.5 11.9 9.40 41.6 lJ1 
la.l 9.60 42.5 13.7 9.14 40.5 

, 
8.7 9.36 , 41.5 10.5 8.98 39.8 
1~. 1 9. J4 .- 40.5 J1.5 8.78 38.9 

1 1 .7 8.96 39.7 15.2 8.58 38.0 
15. 1 8.74 38.7 17.5 8.38 37.1 
lI'O 8.50 37.7 13.7 8. 16 36. 1 -
1 • 1 8.28 26.7 0 18.7 7.96 35.3 
J5.5 7.94 35.2 
20 'è 7.76 34.4 
20. 7.60 ' ' 33.~ 
22.7 7.40 32. 

.\ 

.. . 
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APPENDIX III 
1 

CALCULATION OF Co(O) 1/2 
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111.1 Limitation on Application of Equation 4.5 

The assumption: 

. Ct ... o 

The Syskowski ~qu~tion: 

= (2 ) 

Expanding: 

YQ - Yt 

(3) 

The zero order approximation: 

Cf 
= r m RT a Ct (cf Eq. 4.5) ,( 4) , 

The first arder approximation: , 

Yo - Yt = ( 5) 

Substituting ~ero arder approximation into fi6st order approx

imation: 

Yo - Yt = 
Y - Yt _

1 ( 0 ) r m RT a Ct [' - 2 r m RT J (6) 

t Vo - Vt 
For 2( r RT ) < 0.1, Eq. (6) i,s within 10% of Eq. (4). Hence: 

m 

(7) 

( 

o 

a 



o -189-

Takiog r = 6 x 10- 10 mole cm- I (the value for simple alcohols, 
m 

car.boxylic acids (125,155}and amines (133)), R = 8.3 x 101 

erg mole- I °K-~ and T = 300o K: 

= 15 dyne cm- 1 

Hence: 

< 

Il 1 .2 Limitation on Application of Equation 4.13 

Assuming the Langmuir/Syskowski relationship: 

and: 

o 
hence: 

\ ) 

= 

= 

= - r m RT ln [ 
+ aC

t 
+ aC ] 

o 

by making the"following substitution:-
u 

= - t'le o 

i.e. equilibrium is approached, Eq. (12) becomes: 

= - rm Rt ln 

o 

o 

.. 

( 8) 

(9) 

-(ID) 

( 1 1 ) 

( 12) 

(13) 

.. 

J 



• 

, ... ~ 

(, 

o 

o 
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expanding: 

1 a6Co 2 a6Co 3 
- 2 (1 -+ aC ) + 3( 1 + aC) -. • •• ] 

o 0 

( 14) 

Substituting a re-arranged,Langmuir equation: 

1 + aCo 
( aC ) 

o 
( ) 5) = 

gives: 

Yt 
- y = r RT ~Co [1 l( al:\Co ) 'l( aboCo )2 _ •••• J. 

CI) e . Co - 2' 1 + aC + J 1 + aC o 0 
( 16) 

... The Hansen assymptotic solution (Eq." 4.10) can be roodified: 

= 
C (ma) 172 
o 

thus: 

combining with Eq. {15} gives: 

= 
r 2 
e 

r C (7rOt) 1/2 m 0 

t " 
-Thus Eq. (16) can be written: 

r 2 RT 1 r 2 
e [ 1 ._ - e, + 

Ç;(1TO,t) 1/2 2 Co ~m (7rOt) 1 2 
y - y = t CIl 

Q .. 

( 17) 

(lB) " 

( 19) 

... ] 

(20) 1; 
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The zero order approximation: 

r 2 RT • 

y t - Y rIO = C ~ ma) 1-12 , (cf Eq. 4. 13) (21 ) 
o 

The first order approximation 

r 2 RT 

,r 
. / 

1 Yt - YCIJ e (1 _ 
C (1TÙt) 172 

o . 
2 ( r RT )] 

m 
(23 ) 

1 Yt - Yf10 O. 1 , Eq. (23) is within 10% of 'E:-q. (21) . For 2 ( r Rf ) < 
m 

~ubst i tut i ng the value of r mRT (Eq. (8»: 

-1 (24 ) 3 Yt - Yf10 < dyne cm 

111.3 Restri ction P laced on Equat~n 4.13 by 
Assuming 4: = ,Cm , 

't' 
Assuming the LangmuirfSyskowski relationship: 

/ 

0 'i 
Syskowski equation: )" ; 

Vo - Yœ 
-- = Cm RT ln [ 1 + aCo] (25) 

'0 • 

, 
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LanJmuir rsotherm: 

.l fm aCo 
fe (26) = 1 + aCo 

1 f re ..... rm' then 1 + aCo ____ aC
o

• 

For aCo > 10, error i 5 < 10~. 
(; 

Hence: 

Yo - YOD > rm RT ln 10 (27) 

J 
> 2.3 x 15 

ca. . [ - 1 • u 

(28) Yo - YOD > 35 dyne cm 

) 
1 Il .4 Numer i ca 1 Equëftions So 1 ut ion to 

4.6a z 4.8a and 4.2a 
; 

Al Yt Co(Dt) 1/2 x 10 JO 
0 

( dyne cm - 1 ) . (mo le cm-2 l ~ (A
2 1 

0 

o . 1 27.6 < 0 ·5.33 
. 0.2 29·0 5.0 

) 
5.08 

0.3 30.7 21.9 4.76 
0.4 33.0 33.8 4.45 ) 

0.5 36.3 43.1 4.05 
0.6 41.2 r:xL7 -\1 

3.5è 
0.1 49.3 57. 1 2.9 
O·èS ' 55.9 60.0 2.62 '-

" o. 65.7 62.7 2.24 
• 0.82 'lt!.1 63.7 2.07 

0.85 .0 65.2 I·I' .. 
0.88 .~98'.4 66.7 1. 9 

... 0.9 14.8 67.,6 _ 1.28 '" 
e , 

, . 
d . 

'~ 

li( 

-
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FIGIIRE 111.2 
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Evaluation of C
O

(O)1/2 Using t-short 
Solution and the Fowkes Isotherm 

Yt and t l / 2 are esti~ated from the experirnental 

Fi gu re 4. 1 ) . The corresPonding value of Co (Ot)l/2 

is estimated from the accompanying graph of 1/2 
Yt vs Co(Ot) . 

The value of" C6(D) 1/2 is then ca lculated (Co(Dt) 1/2 / t 1/2) . 

t U2 \ Yt . Co(Dt) 1/2x10 10 Co(O) 1/2x10 10 

(sec} 1/2 - 1 mo le cm-2 mole cm-2sec- 1/ 2 
d~ne cm 

C = 2.04 x -8 -3 10 mole cm 

7·0 61.0 1 .37 o. 195 

8.0 65~7 1 .70 0.212 

9·0 64.0 2.02 0.224 

10.0 62.5 2.27 - 0.227 

11.0 60 .3 2.55 0.232 

12.9-_-
/ - 58.0 2.86 0.238 

IIAverageti 0.22+0.02 

c = 4.08 x 10 -8 mo le cm- 3 

5.5 62.5 2.23 0.406 

6.0 60.5 2.53 0.422 

6.5 58.5 2.a> 0.431 . 
7·0 56.0 3.07 0.438 

7.5 ~.5 3.31 0.441 
• 
8.0 51.0 3.52 0.440 
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e \ - C (Ot)1/2xIO IO Co(O ) 1/2 xlO 10 t 1/ 2 Yt 
(sec) 1/2 - 1 o 1 2 mole cm-2 sec- 1/ 2 dïne cm mo le cm-

C = 4.08 x 10-8 mole cm- 3(cont'd) 

8.5 49.0 3.18 0.420 

9.0 47.5 3.78 0.420 

10.0 45.5 3·92 0.392 

"Average" 0.42+0.02 

-; 

" c = 8.16 x 10 -8 mo 1 e cm - 3 

3.3 62.5 2.27 ,0.687 

3.5 61 .5 2.40 0.,68,5 

3.1 60 .3 2.51 0.695 

4.0 58.1 2.77 0.692 

4.3 56 .8 3.00 0.695 

4.5 55.2 3. 15 0·700 

4.7 ( .. 53·9 3.27 0.696 
, 

5.0 51.2 3.51 0·701 

5.2 50 .0 3.61 0.693 

5.5 48.2 3.73 0.677 

"- "Average" 0.69±.0.01 

c = 2.04 x 10-7 mole cm- 3 

1 67.4 1.275 1.275 

1.5 63.6 2.100 1.400 .-e , 

2.0 60.0 2.600- 1.300 



- 191-

e 
t 1/ 2 

(sec)J/2 
Yt 

d:tne cm - 1 

C
o

(Dt)1/2xl0 10 Co(D) 1/2xlO 10 

mo le cm-2 mo le cril-2sec -1/2 

C = 2.04 x 10 -1 mo Je cm - 3 (cont Id) 

2.5 56. 1 3.075 1.230 

3.0 51 .5 3.~0 1 .170 

3.5 
lb 

45.0 3.950 1.130 

" ' 
"Average" 1 .251:0.15 

C = 4.08 x 10-1 mole cm-3 

0.6 66.5 1.50 2.~ {, \!. ... J, 

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. l8 2.J9 

1.8 49.5 3.65 2'.03 

2.0 45.0../ 3.95 1.97 

"Average" 2.32+0.l5 

C=8.16x 10-1 mole cm-3 

0.5 66.0 1.62 3.24 

0.6 65.0 1.~ 3~U4~ 

0.75 62.5 2.27 3.,03 

0.8 ·61.0 2.47 . 3.09 

, 



L--

,. 

t 1/ 2 

(sec)1/2 

0·9 

1 .0 

1 .2 

1 .4 

1 Il.6 
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Yt - 1 dyne cm 

-' ~ 

C (Dt)I/2x10 10 
o -2 

mo le cm 

Co (0)1/2 xlO IO 

mole cm-2sec- I / 2 

C = 8.16 x 10-7 mole cm- 3 (cont'd) 

\ 
58.0 2.82 3. 14 

55.0 3. 17 3. 17 

49.5 3.65 3.04 

43.5 '4.02 2.87 

"Average" 3. 11+0. 1 

JI1 

Determination D) 1/2 from t-long 
So 1 ut ion E . Linear Re ression Ana 1 sis 

, . 
" " 

CO/l'centrat ion 1 ntercept Slope C (D)1/2x10 10 
0 (c) (y CI) 

M x 10 5 
dyne cm 

2.04* 
\"-j 

4 .08** 27.9 

8. 16 21.6 
, 

2.04 23.d 

4.08 -21 .0 

8. lE? 20.7 

- 1 
dyne 

sec 1/2cm-l 

182 .6 

85.9 

57.5 

42.2 

26.9 

mole ,;al 
cm-2sec 

0.30 

0.64 

0.96 

1.31 

2.05 

Corre lat ion 
Coefficient 

0.996 

0.883 

0.857 

0.975 

0·977 

* Equation 4.13a not applicable: y - y '( 35 dyne cm- l 
o CIO 

** Of doubtful value'? Yt - Y
CIO 

> 6 dyne cm- 1 
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1 1 1 .7 Sample Calculation of Numer i ca 1 Evaluation 
2f-yt vs t 1/ 2 Curves 11 

" 

Consider C = 8.16 x 10 -,4 M f' 

t-short 

Al 
147 x 10 -10 

= 10 -10 t 1!2 2.75 x 

= 5~ 
~ 

Solve numerical1y and determine Yt from accompanying plot 

of y t vs Al· . ) 

t-long 
", 

= 
55.5 x 10- 10 

+ 20.7 ',-

= 20.7 

Solve numerically and obtain Y t direct. ' 

VIII.8 Est imate of C (0) 1/2 f~om the Limi t ,?~ 
S lope of the ~t vs t 1 Curves as t - 0 
Employing Eg. 4.5 

Rewriting Eq. 4.5 to apply ta Figure ~.l: 

= 

, . 
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.e 1 

Li mit i n9 s lope = _ 2RT C· (0)1/2 ;m 0 

= - 2.8 x 10 10 Co(O) 1/2 

~ 
C (0)1/2x10 !0 Concentrat Ion Limi ting 

(C) S lope o + 10% 
M x 105 Interce~ts* d:ine cm- 1sec- 1/ 2 mo 1 e - cm -2 se c - 1/2 

.; 

, 2.04 (9,66) 0.67 0.24 
~ 

4.08 (7.63.~) - 1 .~.1 0.43 

8.16 (4,64) 2.00 0·71 

t 04 (3,62.5) 3. 17 1.25 
" dJI .8 (3,56.5) ,-~.16 1.85 

81.6 (2,55) - 8.50 3.04 

'* 'Ot her (0,72 ) . l i ntercept i s 0 \ 
/ 

\f 

• 

• 
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. 
~ , 

1 

1 • 

1 

e 
. " 

~ 

~ 

.. -l''~' 

~ 
~- -6h , 

(cm} 
0 

1 .. ~ \ . 
( '.0 

.4 

.. 

r; 

~.3 
Sir .9 
6g.{) 
3~.9 

1 

1. 
1 

Il J7 
.6 
• 1 
·5 > /100 

f/-Y 

/.. 
.t\I 

Q . 
./ 

1 

4 . , 

. 10.22 
10.20 

", 9.76 
9.~ . 
9., 
9.36 

., 

'f13.70' 
13.30 
13.00 
1:3.00 . 
12-.58 

i> 

lit 
• 

~ . TABLE 1 V • 1 

.-..Dynafll"ic S,u~face Tensron qf Sodium i..aur~te So-lutions 

R 

; .'" y t" , . 

(dyne cm" l ) -

, 

" 

, '. 

" \ 

'" 

" 

f' 45.3 
45.2' 
43.2 

. 4:2. 1 
'1;1.8 6 

. 41 .5 
", 

~ 

60.7 
58.9 
57:6 
57 .6~ 
55.7 

, (" 

" 

~ 

.. 

to ..., 6h Y t • t 
. (..tees}" ~ .. " (dyne cm- 1 r (secs) 

6h 
!..E!!!l 

• 3~5 ~, 10-3~1 pH 1.6 (natura1) 
_ t 

\ 
l.,.. 

f .. c 

," "-

3,5 - x 10-3M 1 pH 9.5 , 
, 

.. 

/" ~ 

.,.~ .. 
1 • 

fi 

~ ';, 

. " 

, 

~I 

, 
l' • 

li 

.. ' 

1 e 

Yt ' 
(dyne cm- J ) 

J 

o 

-' 

-'l 

o '\. 

6 

1 
1\) 
o 
w 

6 

, ~ 

~ 



., 

} 

'. 

-
1 
1 

r; 

l ' 
• 1 ( t: . ~h 

~llcl 
o 

1 • 

.331'8" ) 5.56 
'52.3 15.42 

. '> 31, mi ri 15.26 
1 
~ 

'/ 
~. :3.,6 

. '3!,2 
6~.O 

('" 14 .• :;D 
0- 13.98 

13.56 

., 

. . ; 
... 
1 . 

.., 

~ 

.-

) 

1 
1 

;1 .. 

" 

, 
" 

~ 

"-

~ -
J' 

TABLE'IV.2 . 
!J 

Dynamic Surface Tension o-f Pine Qi 1 and y,ine Qi·:)1 + Amine Soluti'ons 
t:-.i 

,Y t 
(dyne cm- 1) 

.-68.9 
~ . '-68.3 

67.6 

64.2 
61.9 
60.1 

. '" 

l' 

... 

t 
{secs) 

6h 
{cm). 

Yt· .r:~ "t 
( d Y n e cm - 1) U-l ( 5 e cs) 

1"1 NE 01 L 0.02% 

51.0 
> 5 min 

15.48 
15.24 

68.6 
67.5

Q 

'\ 

0.02% PINE ail + ~~08 x '10-
4
M 

AMI NE, NAT RAL pH ) 

35.3 
70.5 

166.3 

"" 

14.06 "-'- 62.3 
13.60 60.2 
13.26 -58.7 

a 

., 
• ~-

•••. .....",;;;l 

36- .2 

11 .-1 
47.0 

155·0 

c 

6h 
@ 

17.75 

" 
14.08 
13.76 

. 13.38 

" 

Yt 
(dyne cm- 1) 

<> 

68.7 

62.4 
61.0 
59·3 

o 

1 
1\) 
o 
~ 
1 

« 
\Z 
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