A 8TUDY OF THE THEORETICAL PRINCIPLES OF
FROTH FLOTATION,

Being a thesis submitted by
William G4bb BeSGe,AeReloCopAsReToCo
to the University of Glasgow in fulfilment

of the requirements for the Degree of Doctor
of Philosophy in Applied 3o0ience,

Tecimical Chemistry Deparitment,
Royal Technical Qollege,

Glasgow, May, 1949,




ProQuest Number: 13870132

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13870132

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



AC3MOCnLBDOM3NTS »

The author wishes to acknowledge his indebtedness
to Professor W.M# Cumming, O0*B,K., D*So*, F*R«I.Cf,M#I*Chem#B#,
F*R*S.E», Director of the School of Chemistry, for providing
all the necessary facilities and for his help and keen
interest in the Investigation! to Professor G* Hibberd, Ph*D%*,
A*R*T#C*, H*I eMln»I«, of the Mining Department, for the use of
the Pagergren laboratory flotation machine! to I#A# Brownlie,
B«Soe, ph#D», for his help with the spectral work! and to the
other members of the Staff of the Chemistry Department for
their helplbl criticismi

Thanks are also due to Mr R# Barbour for fabricating
the various pieces of glass apparatus, and finally to the
Department of Scientific and Industrial Research for providing
financial assistance for the greater part of the time during

which the work was carried out#



~ v ™ oMo
{J O I\‘ 4 7 o)

P Y e

Jubject
Acknowledgments
Contents
Sumnary
Introduction

Theory of frotn FTormation

The IZroth

ietiods ol Joruins a froth
Partors influencin~ froti: formation
e nomenclature ol Ifrotiiing
Jacztors influencins frothin~ carpacity
Jactors influencins froth staHility
The orientation ticory.
Other factors in stubhility

Txperimental liethods of Ha'ins Jroth lleasurement

Tie Jirst “rotiing Apparaius
Freliminary Vork

Tre Variation of “rotih lelght with Applied
Iresasure

Resistance pressure

UIysteresis of the froti. column

Thie Variation of Froth Helght with Teinpe rature
frotiing Apparatus No. 3
Operation

The Variation ol froth eight and rfroth Volume
with Rate ol #low or Ailr

Prothing Apraratus To. 4.

OxXperimental

rothing apparatus Xo. 5.

Zxperimental

Theoretical

Variation of the jposition of the

digcontinuity witi: froth stability

Thue Tariation ol Lengtii of Actual “roth Jolwmn
witi Rate ol flow ol Alr

An ejuation for tie determination of froth

stability
Sxperimental

i~

ONU™

o

§NHHH
=\

N
O



Tie Varistion ol Lengtii of Actual ‘rotl. Jolumn
7ith Rate of Jlow ol Mr (contd.)

Tiscussion ol results

Jonxlrmatlon ol hypothes

Tri.e Rational Approacu to the Tuhble Column
a) The "¥wo-pnase’ systen
jzleriaent 11
(h) The "homogeneous" systen
ﬂxrerimental
The comyparison of froth stabilities

Tie Variation ol Jroth Stavility with Concentration

ol Jrotler
Turilication of reugents and prepuration
of wolutions
ErotLing tests
Re uU.l'L
?fr~wt of teuperature on tihe concentration
at w.ich maximmm Ifroth stability occurs
Tise sazion of results

Pine Oil as a Mlotation Reagent
Composition ol pine oil
Tlysical constants
The flotation proyperties ol pine oil

Trelivinary Tork witi: Tine 0Oils
letiod ol test
Results
Tine Cil Z.N.3. Toe 5o
Pliyzical constants of pine oils under tes
bsorrtion zpectra

5]

Srotl. Stanility ol Pine Nil Zolutions
’ -L
Leti.od

droth Stahility of Solutions of Pine 0il
Components
Sorneol, rfencnyl Alcoi:ol, anl CamiioT
Ads or%*ior on surface of glass frot ins tube
t-Tertineol
Anethiole
Diyentene
Srectral Stuldy of Jipentene
™eory ol node of action of a stabhilizer
utaﬂillﬁy constants for frotiier constituernts
o pine o0il

[
4+

¥
~ RO~ POW\O

HHEMHH
SLONTINOTNWOTWON

|
~ "
‘...J

e

2 Qe



[ SRS NN S e b 5l
sunject Tace To.

Motation Tests witi: Tine 01l and its Componentic 173
T2 problem ol recovery 174
TEperimental 100
The reproducibility ol the flotation test 1.0
Teste on pine oils, ete. 1.3
Discussion of results 195
frale 197
Recovery o. coal 199

Froth Stabilities Tith and Vithout Solids 203

Furtier Tork 207

™~

Sivlio rrarhy 210




>

Summary of Thesis.

The present state of knowledge with regard to froth
stabllity is raviewed and 1its importance In the froth
flotation process stressed. The bubble column is taken as
the ideal froth flotation mchine. The variables governing
the formation of a dynamic column of froth are studied. The
héight of the column increéses linearly with pressure of applied
alr and the resistance of the porous plate is always varying.
The effect of change of temperature is greatest at low
temperatures. Bikerman’s law connecting froth volume with
»air flow is criticised. A new empirical law is suggested
which provides constants for characterising froth stabilitles.
The froth columm is subjected to dimensional analysis and
two new equations are derived connecting helght of froth
column with air flow. The concentration of frothing agent
for maximum froth stability is evaluated for the lower
- monochydric alcohols and the implications of the results
discussed. The importance of Pine 0il as a fiotation agent
is analysed. The froth stabilities of aqueous solutions of
threce Pine 01l samples are compared with each other and with
agqueous solutions of the chemical components of the Pine 0il
complex. Terpineol, Borneol, Camphor, and Fenchyl Alcohol
are true "frothers" and Anethole and Dipentene are "stabilizerst
A stabilizer is belleved to act through its ability to spread

on the bubble wall. Flotation teats are carried out on a



Coal/Limestone mixture %o compare the relative effectiveness
of Pine 0il and its components. Traces of undissolved oil
caused by adding the reagenﬁ dropwise to the flotatlion machine
~ in moderate concentration gives increased recovery of Codl .
Adsorption of frother on the Coal surface is suspected. The
shape of the "recovery curve" in a bateh flotation.test is

discussed.
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INTRODUCTI ON.

The decision to undertake thils inveati :ntion arose
during an attempted separation of kerrous impurities from lime
and limestone by froth flotation methods. (1) As work
progrcssed on that problem, it became increasingsly clear tihat
frot: flotation methocs had a more or less empirical basis and
little or no theoretical background,.

Although the first flotation patent was taken out as
early as 1860 (villiam HFaynes, E.P. 488; 1860), and the first
worzable froth flotation processes were patented around 1902,
(Froment and Delprat Processes), research methods in this fleld
tocay still consist for the most part of a trial and error
search for new chemical reagents sultable for the senaration
of narticular mnerals, That these metho s were not without
success 1s evident from the fact that in 1931 up to forty one
million tons of ore were treated by flotation in U.S.A, alone,

At first sight the process seems to be based on very
simnle and commonplace phenomena, A so0lid material, finely
ground ané suspended 1n water, 1s treated to make it non-wetted
by the water, then brought into contact with a rising froth
procuced by some suitable reagent, Due to their non-wetting
pronerties the solid particles pass partly into the gas phase,
i.e. become attached to the bubbles of the froth, and in so
doing are lifted to the surface of the froth where they can be

re-nveé by mechanical means, Thus two or more minerals can

be senaratecd by causing one to be preferentially non-wetted bv
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water. The reagents used in the present day proce .~ are
prouped uncer four main headings and are best defined by

cark (2). These are:-

(a) Frothers, A frother 13 a gubstance which, when dlissolved
in water, enables it te form a niore or less stable froth with
aire

(L) Collectors. A collector for any mineral is a substance
(senerally organic) whnlch induces it to float at tle ajir-water
interface, and in the presence of a frother to form a more or
leas stoble sdneralized froth.

(¢) sctivators., An activator for any mineral iz 2 avbastance
( sencrally inorganic), the addition of which induces flotation
in thie presence of some collector that 1s otherwise without

effeect on the mineral,

(¢) Lepressants, A depressant for any ineral is a s bstance

(gzenerally inorganic), the adcition of which prevents a colliccto
from functioning as such for that -ineral,

This simplicity of the orocess has probably been its
undoing, for physical chemists did not feel called wupon to
carry out research in a field where the mining and metallurgical
engineer seemed to be so successful, As lonz as ~dncrals could
easily be separated by any one of a nuvbrr of byproiuct oils
acting as collector, manufacturers ~ere content tc vie that most
easily available ..... and cheapest. As Ceposgsits thinned,

however, and mineral mixtures encountered became more complex,

the need for & more chemlcal outlook has become obvious, and
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the work of organic chemists and physical chemlsts has made
itself felt in recent years in the application of flotation
to the separation of closely related i:inerals, e.g. sodium
chloride and potassium chloride crystals from their mixed
saturated brine,

It will be found that most books on the process
contain the statement that flotation 1s an art. This
argument 1s based on the fact that the process involves the
treatment of an ore, a natural product, and thus the mode of
oneration and reagents used rust be modified to sult each
particular ore. 1f, however, the process were thoroughly
understocd all that should be necessary, to indicate the
nature of the reagents to be used, would be an analysis of
tiie ore as regards constituent minerals and a determination of
the ore texture to indicate the size to which the ore should
be ground to liberate its mineral grains, l.e., into particles
consisting of only one mineral,

The possibllity of reaching this iceal state has
provoked much excellent work. The volumlnous literature of
tre American Institute of Mining and Hetallurgical inzlneers
on flotation indlicates the amount of present day research on
the subject, In the hope of predicting a suitable co  ector
for each mineral rmch fundamental work has been done on the
mode of action of the collector, The leaders of this funda-

mental research have been Wark in Australia and Gaudin and

Taggart in U.3.A. Ovinion has been divided on the nature
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of t'e reaction betveen tlhe minorals surface and the
coiiector, “he American school holds that tie re~jent
functlons by reason of cinemical reactions of well recosnised
tynpes betueen the reagent and the particle affacted, Thus
reactlon depends on the solubility of the comnound fored at
tiie mincral surface between tie roacting lon of tie collector
inc e lon of opposite clhiarge in tie ~inerpal lattice, It
coerefore annears thnt Sodium Hthyl Xanthate forva a stuble
coating on Galena due to tiie relative insolubility of leund
Ayl janthate. ihe Australian schwool consicer that the
nienaomona ¢an best be explalined In terms of adsorption, This
¢1n be nhysical adsorption or chemnlsorption. Tihus the
roaction botwesn collector and wineral 1s a form of exchange
adsorptlion and can take place in direct onposition to
solubllity proouct relatlons, ee.ge 30dium Laurate adsorks on
Earytes in splte of the fact that Barivs Laurate is about
thirty tines as soluble as Iarium Sulphate,. The flotation
of such inert :inerals as Coal, Granidite, and Hulphur cannot
be exnlained easlly by the chamical trhecry of Taszart,

Quite a few theories have leen put ferward in the
nagt (3) on tihe nhysical aspects of tie froth flotation process,
but the majority of these suffered from the fact that they were
not apnlicable to every case, Nowadays the fileld has grown so
~uel thiat workers tave become chary (4) of putting forward a
comnretensive theory. Thusg, althoush the chemlstry of froth

flotation is beginnin:; to ucuuvire a seientific busia, the
physical asnects of the process iave been a 1litile neglected
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and are as yet imperfectly understood. This is largely
due to the fact that a great nunber of variables jovorn thre
oneration of a flotation plant, and eacl operator has to learn
the caprices of his own mineral separ.tion to achieve the best
vesults. This has the effect of making a great amount of
flotation research too applied, and the results of that
rescarch only locally applicable, To that extent froth
flotation 1s still an art,

The physical aspects of froth flotation can be
separatec into two main topics. These are

(a) Froth formation and stability.
{b) Bubble~mineral adhesion,

They are independent of each other but may be together
effected by some of the many variables of the process.
Russian chemists have carried out mucit good work on bubtle-
mineral adhesion, This latter, however, is an extremely
Gifficult field of research in which to obtain practical
results consistent with theory, since the contact of a mineral
particle in a flotation pulp with a bubble can only be
discussed in terms of probabilities, It appeared to the
author that there was more likelihood of obtaining useful
results by attacking the first of the above two topics. The
subject of this thesis is therefore a study of the factors
overring the formation and stablility of froth on a flotation

cell, and an examination of the most com only used frothing

agent Pine 0il.,
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THEORY OF FROTH FORKATI ON.

The Froth.

If a bubble of alr be introcduced into a tody of pure
liguld it rises to the surface 1lifting a thin dome-shaped .
filn of 1liquid above the surface level. This thins and
breaks almost at once, If the 1life-period of this bubble
be increased and a continuous stream of similar bubltlcs comes
to tie surface, the bubbles arriving first will be lifteo
above the surface on top of those following, and timus a rising
mass of air cells, confined laterally by tire wal.s of the
contalning vessel, is formed. Such a structure is generally
known as a foam or froth, This increase in the 1life neriod
of the bublles can be produced by tie addition of substances
sencrally known as frothers to the liguid. Most so. uble
substances have some effect on tihe life-period of bubiles,
but the most effective are surface~active organic materials,
e.fe fatty aclids, alcohols, etc. |

Such a rising froth reaches its equilibrium level
when the rate of production of bubtles ecuals the rate of
destruction of bubbles, this latt r slways starting at the

upner surface of the mass, As explained by idser (5), the

bublles in 8 froth aporoximate in shape to rrhombic dodecahedra,

l.e, each cell has twelve approximately flat fuces; the rore
si:xllar in size the bubbles, the more plane the partitions

between them, and the nearer 1s the icdeal state of equilibrium

reached, Since, however, there 1s a difference in pressure
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between the atmosphere and the topmost bubbles, their upper
surfaces will be curved and an unstable state will exist which
eventually leads to the rupture of the filnms,

¥ethods of Forming a Froth.

The bubtles of air which lead to froth may be
introcuced into the liguid in a nunber of ways, The simplest
of tiese belnpg the shaking of the liquid in a closed vessel
whici 1t only vartially fills, This has 1ts comrercial
counterpart in the mechanical agitation machine used in
flotation practice, where a high-speed impellor churns air

into the 1liquid. Tagzart (6) has postulated that some of the

[
o

bubtles so procduced are the result of precipitation, due to the‘

pressure difference across the impellor blades, of gas
¢issolved in the liguid, Gas precipitation 1s actually used
in the Elmore tyne of flotation plant (7), where a nass of
water 1s subjected to a sudden decrease in pres:ure, causing
the gas in solution to be precipitated in the form of very
srall bubbles, Finally bubbles may be produced by passing
air through a porous diaphragm into the liquid as 1s used in
the Bubltle=Column type of flotation machine, e.g. the Callow
(8) and McIntosh (9) cells, This last method is perhans

the best for the study of froth formation and froth flotation
generally, as the bubbles can be produced under known condi-

tions of rate, size, etc.
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Factors intfiuencing Froti Foruatlon,

Experimenters early found thot not ail liguics could
be induced to frotii, Pure liquids did not frotl., and the
frotn forming capaclty of solutions varied witi: t.ie concentra-
tion of solute, Since some substances lower tne surface
tension of water, a low surface tension was at first thougnt
to be a criterion of froth formation, due to tize fact tunrt a
low gurisce tenslon should nermit a large increase in surface
PO, un the other hand, a liguld such as anyl alcohol with
a surface tLension as low ag 2Z4.4 dynes per cm, frotihs no more
t-an coes vure water; and solutions of sulpmuric acid and of
soie inorsanic salts having a surface tension greater than
toat of water form frotis to sonme extent, 1t is found
oreover that althougn solutions of surface-active substances,
1e®s substunces lowering tae surfuce tension of water, proluce
frotiig, saturated soiutions of the same aubatances (witr a
still lower surface tension value) have little frothing power.

Althougl: by 173 Plateau (10) had postulated a
relationsiip between tie surface tension of a solutlon and the
stability of its froth, Ostwald and Steiner (11) could find
no correlation in experinents witn humas sols, nor couid
Saucr and Aldinger (1:Z) for solutions of vurious glues.
pankimurat (13) studied a number of frotiers (wetting agents and
gelating) bubt could find no definite connection betwean frotn

stability and surface tension. Eartsch (14) on tie other
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hand made u study of the frotiing power of agueous solutions
of a wicfe range of frothing compouncs and reac:ned the

foll wing conclusionss -

(a) Aqueous solutions of all surface active substance, e.g.
alcohols, acids, amines, etc., at relatively small concentra-
tions show a maxirmum of frothing power .... saturated or
sunersaturated solutions of these substances have little
frotiing power,

(t) The influence of the surface activity on the frothing
power 1s conditioned by the solubllity of the solute. Thus,
since in a homologous series the maximum solubility is reached
by tie lowest members and tlie maxirmm surface activity by the
hi ‘i.ozt members (Traube's rule indicates that capillary
activity increases as we ascend & series), for certain
inter-ediate merbers there must be a favourable relationship
between these two variables which makxes them the best frothers,
e jey wryl alcohol, butyric acid.

(c) The surface tension corresponding to the concentration
of surface;active substance for maximum froth stability is
apnroximately constant and independent of the surface active
agent.

(d) 1t is evicdent that the frothing power of a solution is
influenced by the presence of a steep concentration gradient
betveen tiie surface layer anc the solution body as is sugrested

by tie Gibbs' adsorption eyuation aposlied to solutions of

surface active substances,
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(e, 'igk viscosity favours tie stabillty of tire frot: syster,
but i1, viscosity alone cannot brin.; about freoti: for=ation,

Iy studyling the frotii stabllity in relation to tihe
conentrtion of surface aetive substunce, Euartsel: found trat
23 eone cirvation 1a incrcased tie stabtillty increascg ranidly
at fipnt, reascha2a a oaximan, then fulls nore slio 1y, P e
sure Lo concentration corresnoncing., te mxiun freth
stotility for a isrvse number of substances in ater (10),.
e tyne of evrve he obtainoed 138 shoen in 11 . 1e tilon from
ome of Mla va~ers (139).

further to conclusion (b), bBartasch foure. to.ot toe
acdition of a second suisgtance to the solution cranoc tre
frot-iv; power in the swie cirsction ag it chonoo¢ tie
seivkility of tihe surface active sulbstance, bor instance,
nonylic acid wiich frothed only very slightly in auecous
solution 1a a very good frother in Oé agueous etlanol
s utione. In the same way the adcition of a sccond canillary
active sulantance may brin . atout a decrease in seclubility so
t at tie frotidng pover 1s ivnalred: for tie a7 ftion of
benzyl aleolol to so utions of isosuyl aleco-nl and of
~maroaol was found to recuce trelr frot in; noinr,

il:e tendency with worrers on frot+r statd ity 1sa,
naturt ly, to —mive easure--nts on soluticns for i- - vory
statle frotits sue! aa those for exam»le from solutions of

albu-in anc sanonin, sueh solutions, however, have beon
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shown to have a high surface viscosity which is evidently

due to the irreversidble adsorption of the solute at the
interface to form an ultra=stabdble film, Thus surface tension
lowering alone ewld not assount for the froth stability of

such solutions, On the other hand all the substances
tested by Bartseh wore of fairly low molecular weight and the

solutions could be said to have little or no surface vissosity,
In using Gidbbs! adsorption oqﬁnt&on to explain

frothing power Bartsch was only following a mumber of investiga-
tors who had already reached the same conclusion, In 1876 |
J. willard 0ibbs (17) proved from thermodynamlc 6onsiderations
that, 4if the sddition of a solute lowered the surface tension
of the solvent, there must be excess of lc;luto at the surface |
of the solution such thatie
U_-s . ds

¥ &

-

where ¢ is the eonsentration of the solution, R the gas constant
T the absolute temperature, and ds the rate of shange of
surface tension with comontmuz. Since, on the addition
of organic surfase-astive substances to water, ds i nognti'n é
(see the upper curve of Fig, 1), U is poutivo,af.c. there is |
an excess of so ute in the surface layer, In the case of I
inorganic salts the surface tension is ralsed slightly and U  »
boeomo's‘ negative, This equation has been t-sted experimentally

by many workers, Discrepansies have deen found in the ease of
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substances forming definite films on water, but this has
been explained by the fact that Gibbs was considering only
an oequilidrium state where the concentration at the surface
was thermodynamically reversible, whereas surface films of
such substances as saponin and albumin (18) and sodium
glycocholate (19) do not come strictly under this heading,
since, as explained above, adsorption of such large molecules
at a water surface tends to be irreversible, Otherwise, ‘
the ecuation is well supported by experiment. ' Referring
again to Fig, 1, it can be seen that the maximmm frothing
power coincides with a high negative value of ds and thus
the concentration difference in the boundary iggar has a
relatively high value. Edser attempted to explain frothing
in terms of this slope of the curve of surface tension against
concentration, but Shorter (20) went further and postulated
the existence of a surface "pellicle” formed from the molecules
of dissolved substance and solwent which leads to frothing
abiiity. He also asoridbed the maximum frothing power to s
certain degree of heterogenity of the surface layers with
reference to the molecules of so.ute and solvent, 1,e., at
infinitely small concentration of solute the Gibbs' layer is
composed of water molecules and at infinitely high concentra-
tion of solute that layer conslsts of molecules of surface
active substance, At the two extremes the boundary layer is

homogeneous with reference to the types of molecules, and the

frothing power is low, Between these two values the layer
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becomes heterogeneocus and foaming oscurs,

Foulk (21) developed Edser's argument a stage further
in the following manner, He considered the formation of a
liguid film due to two budbbles approaching each other under
vater, If the water be pure then the bubbles on anproaching
very near each other will coalesce, that is to say, there will
be no resistance to the indefinite thinning of the film between
the bubbles, In the case, however, of a solution of a surface
active substance there will be obtained a concentration excess
at the bubble surface and this will give rise to two forces in
equilibrium, viz,, the diffusion pressure tending to force the
adsorbed molecules dback into the body of the liquid and the
force of adsorption holding them in the surface, Now if the
two bubbles were to approach beyond a certain distance there
could no longer be a concentration gradient between the surfaces
and the centre of the film, and to achieve this state work
would have to be done sgainst the force of adsorption ....
thas the motion of the bubbles is stopped. Edser puts it as
followss«

"When the bubbles begin to approach each other, a
change otccurs in the molecular forces producing the local
concentration, with the result thet the osmotic pressure
becomes unbalanced, and the unbalanced force will tend.to stop -
the motion of the bubbles.”

The Nomenclature of Frothing.
At first sight it seems almost impossible to separa’
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the terms frothing power and froth stalllity, because in every
case the former is the presult of the latter, But it is
important that we should understand the difforence between
them to get a slear insight into the theory of frothing, Most
workers in measuring frothing power, frothing capacity,
frothing & 1lity are really measuring froth stadbility, Even
in cases where the volume of foam prodused by some standard
agitation method 1s measured at a doﬂ.ntu. time after cessation
of shaking, this 1 s only possible through the high froth
stability of the solutiom,

Let us now try to define these terms more olearly,
- The Frothing Ospacity of a solution is oontrolled Dy the
faoctors influencing the initial formation of froth, 1.e. it
4s really the latent alility of a given solution to form a froth,
The Proth Stability of a so.ution 1s eontrolled by the fastoms
4nfluencing the life period of the bubbles making up the froth
after its formation., It is the period of time which is the
total 1life of the froth from its formation to the bursting of
the last budbtle,
The term Prothing Power has no exast definition. 1t 1s the
direct result of the complementary action of frothing capacity
end froth stability, and is proportional to the amount of froth
formed under any given set of conditions,
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Factors influencing Frothing Capacity.
According to these definitions the frothing

capacity of any sclution must be theoretically proportional
to the decrease in free surface energy produced by the
adsorption of the solute at the surface, i.e. the change in
surface tension from that of a newly formed surface of the
solution (Dynamic Surface Tension) to that of the surface
after equilidrium adsorption of the salute (static Surface
Tension). With most solutions the adsorption process is so
ropid that it 1s very difficult to measure the surface energy
at gero time ( t. ) but with a solute of comparatively large
molecular dimensions equilibrium is established more adlowly
and we may approximate to the value at time £, . In the
case of a pure liguid with a high surface tension like water
or a low surface tensiomn like amyl aleohol the surface tension
is a constant quantity and there is no frothing capacity.
Where we are dealing with two liguids completely
miscible in all proportions, such as ethanol and water which
have & surface tension/consentration curve falling nowhere
below the surface tension of the pure alcohol, it is uncertain,
after a certaln solution eoncentration of alcohol in water is
reached, whether it 13 more correct to say that the aloohol is
lowering the surface tension of the water or the water is
ralising the surface tension of the sleohol, Thus it is,

that near the pure alcohol end of the concentration scale we
have the phenomenom of a solution that froths and yet has &
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surface tension greater than that of the pure solvent
{ethanol), We are therefore now able to bring into line
the frothing of solutions of inorganiec substances such as
sulpburic acid which have a surface tension greater than
that of water., There is still a change in free energy from
the dynamic to the static surface tension., Thus we should
consider the change in surface tension of a solution with
reference to its dynamic value and not with reference to the
surface tension value of the pure solvent,

This loosening of the surface, if we may be allowed
so to call 1t, is the frothing capacity.

Poulk (20) showed experimentally that for solutions
of sulphuric acid the frothing power was greatest when the
difference between the measured static and dynamic surface
tensions of the solutions was groitost. Hts frothing
meagsurements, however, involved froth stability rather than
frothing capecity.

An attempt has been made here to show frothing
capacity graphically. As shown in Pig. 2. PRQ is the normal
surface tension/concentration ourve for a two component system
 such as ethanol/water, PSQ i3 the hypothetical surface
tension/ooncentration ourve for the surface at zero time
(the dynamie surface tension). This cannot be measured
experimentally, so in taking a straight line relationship

we are only considering the simplest case possible, Agsoclia-
tion of either component would probably change the shape of
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the curve, The vertical distance between the two curves
at any point 1s thus a measure of the frothing capacity,

- Thus point R where the tangent to PRQ is parallel to P38Q

corresponds to maximum frothing capacity.

Factors influencing Froth Stability,

The emount of froth produced from a soiution is
dependent finally on its stability, Thus it becomes |
possible that a solution may potentially have a relatively g
high frothing cepacity yet produce very little froth in ' f
practice 1f the stability of the froth is very low, This is ?
recogni sed in froth flotation practice where substances
known as stabilisers are added to the pulp of ore and frothing
soiution to inorease the life of the bubbles in the froth,

Proth stability 1s a moch more tangible guantity and ﬁ

ean be measured in a number of ways,

The best 1dea of the fastors involved in the
stability of a froth can ba obtainsd by studying the forces
at work towards the destruction of a single bubble at the
surface of a liquid shown diagrammatically in Fig. 3.

!
i

The foroces ares- ’ !
(1) The force of gravity tending to drain liquid from the filni
back into the body of liguiad, T
(2) The surface temsion force tending to prevent stretohing of f
the film, |

(3) The visecosity of the liguid in the film tending to pre-~
vent drainage, and the thinning of the film,
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(4) Local forces, @.g8e., thermal agitation of the molecules
of the film,

e.8., mechanical agitation of the film by
outside sources,

6.gs» Ovaporation of surface astive i
molecules from the film,

Perhaps the most important of these is (3), but it is
doubtful when dealing with such thin films, whether we are
encountering the same viscosity of the liquid as it has in

bulk, particularly since there are gones of high concentra- |

tion of adsorbed molecules associated with the bubble surfaces.
In such & film the force of friction must be great, bescause,
according to the law of Polseullle the speed of liquid
movement in & caplllary varies as the fourth power of ﬁh‘

radius,

Gibbs (23) obtained an egquation for the mean velosity
of water falling between parallel plates, vis., |
V =899 D o--cemeeccmconcacaacs (1)
where D 1s the distance in mm, between the plates,
and V 48 the mean velocity of flow in mnm,/sec,
Ross (2¢) used this equation to derive an expression for the
drainage from & liquid film under the action of gravity,
relating the volume drained with time, s
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"This proved to bet-

Vo = ¥ - l  eccmcrceccaa-a- ‘(2).
By - s

where b - 2(899 D ) ses:'
e
and V., 4s initial volume of liquid in eos, in film,
V 138 volume drained ocut in time ¢ secs,
D, is initial thickness of film in mm, |
1 4is the vertical height of the film in mms, {
Though this was an advance the results could not be applied to
the more or less complex froth system,
Using Poiseuille's law for the drainage of n_quidq
through vertical plates, 1.e. ]

- av Dego® cmmemmcseeceemmeeae——e 5

yhoro b herisontal dimension,

H

& = gravitational constant) P = density of liquid. '
a = thickness of film; 77=viacoﬁ.ty of 1liquid,
V = volume of liquid in film, ‘

Brady and Ross (20) derived an equation in whioch the foam
colurm was considered to be made up of a series of vertical
films, and introduced the conception: of limiting thickness
of film below which the film would no longer thin due to

drainage, but would rupture,
This equation was, ;
I O

where t, is the time required for first film at top of

foam mass to rupture,
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A 1s the height of the film,
&, 13 the initial thickness of the film,
a= final limiting thickness of the film,
Further, it was found by applylng this equation that Lg, the

average life of gas in the foam, was given by the expression,

bg = 7B , KO--ommommooooooooooe- (5)
where h, 1s initial foam height, K 1s a constant; and

© 1s a complex function of the limiting foem density, 1.e.

a = "N

Ve + Uy

where V3 = volume of liquid and Vg= volume of gas in fomn|

This equation applies only to a static foam helght and
idealized foams,

Starting from the same Polseuille equation, No. (3),
Gonstable and Reixzi (2€) considered the case of drainsge from

. & hemispherical film as covers & bubble at a water surface, nnd@i

derived an expression like eguation No, (4) above, vis,,

1 - 1 - AL eme- cemcenn-=(6)
- T - grv r ,
Where the symbols have the same meaning as for

equation No. (4) and r= radius of curvature of hemisphere, and |

conaidering that (a,) is pmch greater than (a) this becomes

t_ 39 P comeccemmie e (" [
g0 L

BExperiment showed however that the bubbles seemed to drain
faster than required by the equation, It appeared from thelr
experiments that the local forces in a froth fer outweighed
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the normal diainago, in that the collapse of each bubble in
& froth gave a shosk to all the others and since small bubbles
are less affected by this than large, they have a greater
chance of remaining upruptured. Since also the probabllity
of rupture of a dbubdble is proportional to its exposed ares,
big bubbles will tend to collapse sooner than small, These
points pre#ent th; above equation No, (7) from holding
experimentally and serve to show the difficulty of applying |
mathematics to & complex froth. It 13 not clear whether we k
should kecp the bulk viscosity in such egquations or replace it ?
by & form of superficlial viscosity, | i
It should be 3aid with regard to the effect of t
surface tension on the stalllity that the inherent variability a
of the surface tension of such solutions plays a part in the
stabllising of a froth, For if a film is stretoshed after !
reaching the statiec surface temsion, liguid from the inner

part reaches the surface and the sconcentration of solute on

the surface is lessened with a resulting inecrease in surface |
tension which ccunteracts the force tending to break the film,
The Orientation Theory. | |
' The dkscussion of films drings us to a atudy ef the J
influence of the configuration of the molecules involved in 1
forming bubble films, According to the Langmuir-Harkins !
adsorption theory surface-active molecules at a solution W

surface have always a definite direction of orientation,
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It was during work with films of oleic acid on
water that Lord Rayleigh found that there was no fall in
surface tension until a certain concentration of oleic acid
was reached, This led to the discovery that the film in
this ocondition was one molecule thick, Hardy (27) while
working on the lubrication of surfaces with oil films suggeated 
that the molecules in such films must be oriented in a specific 
direction. Langmiir studying monomolecular films on water
propounded his theory of residual affinities by which he
explained the difference between the solubilities of fatty

acid films and those of the sorresponding hydrocarbons,

According to this theory a molecule of fatty acid on a water
surface 1s attracted in such a way that the carboxyl group

(a so-called hydrophilic or polar radicle) turns towards the
water molecules and the methyl chain (hydrophodic or non- d

polar radicle) is repelled in such a way that the molecule
stands with its long chein more or less normal to the water |
surface, Thus the thicimess of the film when the molecules
are closely packed 4s just the length of one molecule of fatty
acid, Harkins came to the same conclusion as lLangmiir from §
& different angle, lakins‘t study of the mutual attractiea %
( A6 ) of 11quid surfaces, he evaluated the separate surface :
tensions of the ligquids and their interfacial tensions when in ;
contact, It was found that the greater the attraction the |
greater the mutual solubility, but, that for a given hnnologoulé

series the value of A4 became nearly comstant from the four
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carbon-chain onwards, but the solubility continued to
diminish rapidly., The conclusion was therefore reached that
the value of the attraction was due to the characteristic
group of the series, e.g. aloohols...,.hydroxyl, acidsece...
carbaxyl, and the decrease 1n'aolubility to the inereasing
length of the carbeon chain, Thus a film of such molecules
on water would be so arranged that the characteristic group
was in oontact with the water surface.

Turning now to surface active substances soluble in
water and which do not form insoluble surface films, we would
expect that suoch moleeules would orieat themselves im meh the
same way on adsorptiomg of course in this case they mast de
more or less hemmed in by water molecules rather than standing
freo on a water surface as in the case of an insoludble film,

This 1s supported experimentally by work by Derviohian (28) on ;
)

the lower memdbers of the fatty acid series,

It secems therefore that to have a particular degree
of stability froth films constructed from soluble surface
active molecules must have a definite architecture, The

"bricks® for the structure being surface active molecules and
water molecules in a definite proportion, This is not unlike
the heterogenity prineiple postulated by Shorter, 3ince the
surface active molecules are completely so.uble in water the
adsorption equation of Gibbs should be applicable in determin-
ing the concentration of surface active substansce in the

surface at equilibrium, ]
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Qther Pactors in Stabllity.

In the complex pulps of flotation practice there
occurs other materials in the bubble films., These include
electrolytes, solid mineral particles, and collolds,

Bartsch studied the sstion of electrolytes on the
stability of various froths and found that they are offoetivo

in the same way as they are on lyophobie sols, Precipitation

or decrecase of solublility of the froth agent by the addition
of the electrolyte causes a deorease in froth stability,
Protective c0lloids can be employed to prevent precipitation
in the usual way, Used at low concentration they increase
the stabllity of the foam since they are generally surface
active substances, If sclids, however, are present in the
bnbblo-rilma high ccncentrations of protective colloid can
displace the solid phase completely from the foam system with
& resultent loss in stability. This property of colloids
finds practical use in the flotation industry for the separa-
tion of minerals,

A high »igidity of the bubble film may have a bad
effect on its stability, particularly under the action of the
local forces montibned above, Thus saponin solutions form
rigid bubbles and the addition of soap solution to the films
is found to inorease the elasticity and the stability,
Similarly 4t 1s well known that the addition of glycerol to
soap solutions assists in the formation 6f soft and flexible

films not easily ruptured under stress,
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Solids have'only a stabilizing action on the bubbles
1f they are actually on the bubble wall, i,e. at the air/soln,
interface, in a condition to be floated. The froth in this
condition 1s saild to be mineralized and has an enhanced
stability. The degree of stabilizing produced depends on
the quantity and guality of the solid in the film, The
cuantity refers to the percentage of the total bubble wall
that is covered by mineral; the gquality refers to the fineness
of the s0lid particles and their shape. Thus the more
completely the bubble 1s covered by solid material the greater
1s its stability. As far as fineness 1s concerned, Bartsch
found that the stabllity passed through a maximum with
progressive reduction in size and fell again when colloidal
dimensions were reached,

Summarizing then the factors influencing froth
stabillty we have:-

(2) The production of Gibbs' adsorption layer,

(b) The shape of the surface active molecule with regard to
its effect on the superficial viscosity, and with
reference to its orientation at the surface.

(¢) The proportion of surface active molecules in the film
producing the degree of saturation of the interface
requisite for maximum stabllity.

(d) The action of electrolytes in precipitating or changing

the solubility of the surface active substance,
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(e) The action of protoctivo colloids both as surface active
agents and as doltdbililora in the removal of solid from
the froth,

(f) The action of solids in a qualitative and quantitative

It 18 obvious that the froth stability ean play a
great part towards the susceess or fdilure of any froth
flotation process, This is discussed from a practical poiht
of view by Gendin in his book "Plotation" (29). <The
characteristics of a "good" froth in flotation prastice, or
the maintenance of a mass of air bubbles with definite
properties above the surface of the pulp have a purely
empirical basis. Thus 4in the literature on froth flotation
we see the descriptive terms, "tough", "brittle”, "dry”,
"voluminous”", "stiff", "soapy", applied to froths, A good
froth should be stabdble enough to earry the mineral load,
but not so persistent or "tough" that it remains, after it
leaves the cell and passes over into the collecting vessel,
Pubbles should be smally and there should be rapid break of
bubbles at the top of the froth so that the mineral locad is
momentarily transferred to lower bubbles. In this way
further classification takes place and entrained gangue
particles get a final opportunity to drain back into the body
of the pulp., When the flotation agent is of an olly nature,
brittle froths having low carrying power are produced at low
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.

concentrations of oll, while “overoiling” or high eoncentra-
tions of oi) tends to produce tough films which hold solid
tensoiocusly,

Thus the "frother" mmst have a duplex character;
1.0, 1t must first be surface astive, lowering surface tension
to casuse bubbles to form and providing a large emocugh non-
polar group to give the film the required degree o stability,
but secondly it mst be able to modify the statility of the
film so that it becomes resistant to meshanical shock, bending
stress, rapid stretshing, ete, The bDubdble film must have more
of the nature of a flexible membrane, This second emutorxc-:
tie can be provided by an oil, Very few surface active
sompounds ocombine both featuresj thus mest practical frothers
are mixtures, Using a mrfaoo—uttvo material alone tends

to produce a brittle froth, e.g. the froth produced by solutimu

of amyl alocohol in water, Increasing the size of the none
polar group, €.g. Oleic acid, helps matters somewhat, but the
results are offset by the resultant decrease in soludbility
with a eorresponding detrimental effect on the frothing power.
If we attash to the molecule a more powerful selubiliszing

group and form & so&p, say, 6.g. Jodium Oleate, or a detergent,

0.8. Lauryl Sulphate, we obtain a tough socapy film which at
high csoncentrations of resgent seems to be armoured against
the entry of so0lid, and the mineral losd is decreased. The

exact nature of this armouring phenomenom is not as yet

understood (30), but it seems to be associated with the
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formation of a rigid matrix of frother molecules in the
buw}lo film, The 4dry drittle froths produced by solutions
of’ daponin are also of this nature.
o The addition of a pure non-polar hydrooarbon oil to
,wager produses no froth on agitation, In astual prastioce,
hoﬁiovor, most mineral or vegetable oils contain gquantities of
oﬂjﬁidiud material whose polar nature tends to make the oll a
frothing agent. If we mix with the o1l a further proportion
of a surface astive agent we obtain a reagent whose properties
ean be modified to suit the type of froth required as
desoribed above., The mode of action of the oil in modifying
the properties of the bubble film is bound up with its surface~
viscosity. In the same way, 1f the surface active agent
has an affinity for the mineral surface, 1.0, is a oollecto;r
for the mineral, the addition of the oil causes the film on the
mineral surface to be more stable and continuocus, with a
resultant increase in the contast angle and recovery of mineral,
We have exsmples of such compound frothing agontc in both the
natural and synthetic reagents,
Among the natural reagents we have,

Tar oils from Coal or Wood,
¢.8. Barrett No, 4, (coal tar oﬁonoto oil) containing neutral
oil and surface active tar secids,
e.g. Pine 01l or Buecalyptus 0il, containing terpene hydro-
carbons and surface active terpene alcéhoh. '

Among the synthetic reagents we have,
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0.8+ Cyanamid Co. Prothers 82, 88, and 60, containing
proportions of the higher aliphatic aloohols ard fuel oll,.
e.gs Flotal, a synthetic mixture of alcohols and terpene-
type hydrocarbons (similar to Pine 01l).

In the search for better reagents further mixtures
are sometimes used, e,g., Creostoe~-Pine 01l mixtures,

Prother 60 - Pine 0il mixtures,



Experimental Methods of Meking Froth
1 8y

An excellent review of this part of the subjest is
y.vui by Ross (31),

The best division of the methods is imnto static and
dynamic metheds, Static methods are those in which measure-
ments are made after the froth has been produced, Dynami o
wothods are those in which mesasurenents are made during the
formation of the foam, usually by a current of gas passing
through the liquid, The static methods are most suitadle
for high stability measurements and the dynamie for low,

Under the heading of static measurements perhaps the
most obvious is the measurement of the life period of single
bubbles at the surface of the solution, after they have been
prodused under standard oconditions, Sueh a method een de
very unreliabdle bdecause of the 4ifficulty of produwoing
standard bubbles, The ehief diffficulty ia that of keeping a
quiet solution surface uncontaminated or at least conteminated
to a repredusidle dogru. This was attempted by Hardy (32),
Talmd and Suchowelokaja (33), and E.E. Wark (34). The
reliability of the method is sush that only general trends cam
be discussed rather than definite conclusions,

The agitation method, also static, has bdeen very
popular in the past and in 1ts simplest form sonsists in the
shaking ¢f a vessel containing the solution under more or less

standard oconditions, and taking the time from cessationm of
shalding to total collapse of froth as a measure of the
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‘tahilltj. Although the method 1s rather crude, where the
investigator has a certain amount of patience and 4s willing
to repeat the test till reproducidle results are obtained,
quite an average degree of accuracy can be achieved, All
Bartsch's res:lts mentioned above were obtained by this method,
Alejnikoff (38) made a critical study of the method but
abandoned it in favour of the bubble columm, The accuracy of
the method vari#a with the stability of the froth and should
only be used for stabilities of more than, say, thirty seconds,
If the shaking 1s carried out by hand the amount of froth
formed is largely contro.led by personal vigour, time of
shaking, heat from hand reaching contalning vessel, eto.
After a certain amount of shaking has taken place, further
shaiing partly breaks up the foam first formed,  3asaki (36)
however, in confirming some of Bartsch's results used the
bubble column method, but later employed a mechanical shaking
apparatus to study the frothing properties of a number of
ternary systems,

The last bubbles to disappear in a static
collapsing froth eolumn are those arocund the edge of the clear
1iquid menisocus against the vessel wall, These appear to
have an enhanced stability due to the proximity of the wall,
If the time of collapse is taken to include the disappearance
of these bubbles one gets rather erratic results particuldarly
for froths of low stability, This can be avoided by the

method of Constable and Erkut (37) who took the time for the



32,

froth to settle until the first sign of a clear liguid

surface appeared, The bubbles round the edge of the surface
were ignored,

Ardbusov and Grebemshchikov (38) produced froth by
gucking drops of liquid through a porous di sc where air was
taken up and froth produced, The froth was collected in a
measuring veassel, They maintained that methods where the
‘foam remained in eontact with the liguid from which 1t was
formed gave erroneous results since the liguid is at first
depleted of surface active substance and it is thus sometime
before equilidbrium is reached,

Most of the dynamio methods utilise the bubble
column (or Dyneiic Foame-meter) used dy Poulk and Miller (39);
Alejnikoff; Lederer (40); and Bikerman (41). |

This apparatus is depiocted in its simplest form in
Fig. 4. and consists of a long tuhe with a porous diaphragm
at the base through which air is passed. The liquid to be
frothed is put in the tudbe and the air pressure raised to a
constant level., VWhen equilibrium froth height 1s reached
measurements are made, Some workers have taken the time
for the froth to reach its maximum height as a measure of
stability but this has been shown by Lederer and by Ross to be
really only & measure of the inflow rate of the air, This
instrument has the great advantage that it has a counterpart
in the flotation industry in the Callow cell and its variations
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pores in action giving a constant average value which is a
good approximation to an isoporous diaphragm,

Since the method of the budbdble column seemed the most
likely to produce reliable results, and since the solutions
likely to be encountered would be of falrly low stability,
i1t was decided to use an apparatus of this form, The
industrial counterpart of this apparatus 1s the most useful
for making complex separations, thus it was felt that s study
of the principles involved in its operation would be of great

interest.
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The Pirst Frothing Apparatus.
Before designing a frothing spparatus a stgdy was

made of that used by previous workers and the following
eénolusiona were reached, The apparatus should have =«
(1)
(2)

A convenient air supply.

A
(3) A pressure gauge for the alr,

A‘

A

A

filtering system for the air,

(4)
(5)
(6)

means of supplying solutions free of contaminatiom,

means for easy removal of solutions,

frothing tube of convenient length fitted with

a sintered glass disc for producing the bubbles.
All of these were included in the apparatus designed
and built, It is shown in Fig. 5 and photograph 1,
(1) The air supply first used was that available in the
laboratory from a supply tank and compressor. The supply
pressure varied from sero to 40 lbs/sq. in. depending 6n when
the compressor was last run, and was controlled by a needle
valve, It was soon found that not only was this ocontrol
not fine encugh but that if a further valve (sorew clip) was
fitted at some convenient point in the apparatus, the whole
supply pressure weas apt to be thrown on that portion of the
apparsatus bofcro the sorew clip with disastrous results,
A spring loaded reducing valve designed to drop thp‘preasuro
to 2 1bs/sq.in, wad installed, This pressure was too low to
operate the apparatus, and adjustment of the spring loading
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Photo» 1.
Frothing Apparatus No. 1»
The clock-face to the left of the frothing tube is tint

of the wet gasmeter used to calibrate the air flow meter
on the lower right of the frothing tube.



device was found to be trisky and the spring apt to stick om
sudden loading of the high presszure side so it too was
discarded, It‘wuc decided to use en independent alr supply
and this was finally derived from a motor driven rotary oil
vacuum pump by connecting the exhaust side of the pump to the
apparatus, It was found that.tho pump would sontinue to
operate with more than ten 1lbs/sq.in, back pressure on the
exhaust side., The volume rate of alr being supplied by the
pump was found, however, to be larger than that normally
required and that fitting a c¢lip in the supply line to threottle
the air flow rate inocreased the back pressure till the pump shut
down, This also occurred when the reducing valve was fitted
to the exhaust side of the pump, The final arrangement used
is that shown in the diagram (Pig. 6.) and has never given
further trouble, The nmln‘pnrt of the device i3 a springe
loaded safety valve which act® as a bleed-off for the excess
alr and keeps it at & more or ioa§ constant pressure as
indicated by the supply pressure gauge. The valve is clamped
in place over a Woulfe's bottle which also acts as a trap

for oil coming from the pump, A scavenient pressure setting
has been found to be 8 lbs/sq. in., and thus the alr pressure
to the apparatus ocan be regulated from zero to 8 lbs/sq. in,
by meszns of a suitable vallve, e.g8. & sorew clip,

(2) with all the methods of air supply used above the chief
impurities in the air were ¢il from the pump, as droplets, and

dust and moisture, The absorption train used in this apparatr
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consisted of,

(8) A serubber filled with glass beads and broken glass
which esould be wetted at intervals with fresh water
from the supply vessel A(A) and emptied of eontaminated
water through eock (B),

(b) the trap (C) whish caught water spray sarried over tro;n
the socrubdbber,

(¢) A drying tower (D) filled with caleium shloride and
cotton wool for removing water vapour,

(3) The air pressure gsuge for measuring pressures on the
underside of the sintered disc was a mercury manometer zet
vertical on a meter stick by plumd line, Pressure differense
could be measured by a cathetometer to 0,01 m.m,

(¢) In such work where surfase tension comes into play
contamination is the greatest hasard, This results largely
from dust in the atmosphere and traces of grease from hands
and mouth, It was therefore decided to prepare the frothing
soiutions in situ, This was done &s follows, Diatilled
water was supplied to the apoaratus dy the burette and bottle
device generally used to supply stoock soclutions in the

laboratory, This has the advantage that the 11quid is alweys .

taken from under the surface., The alcohol was supplied
through an opening in the other side of the frothing tube
from a specially shaped burctte as shown in the dlagram,

The burette stop-eoek barrels were held in place by rubber
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bands aé no grease oould be used, It is convenient at this
point to mention (6) the frothing tube of the apparatus,

Thig consisted of a 100 om. length of 30 m.m, glass tubing
fitted with opening (E) for alcohol burette, and stop cock (G).
A paper om./mm, scale was fixed on the ocutside of the tube so
that the divisions ocould be read through the tube from the
front, A pilece of wide bore rubber tubing connected the

lower end of the tube to an inverted crucidble fitted with a
sintered dises. The above mentioned scale was 80 arranged

that its szero colncided with the upper surface of the sintered
dis6. To the other end of the srucidble by a rubber joint '
was fitted a further plece of glass tubing with stop-cosk (H) ?
and inlet for air supply. This stop-cock faclilitated the ;
removal of solutions after use as demanded above by;....(s) ?
(5) In one position of this cock the underside of the dise 'tl;

subjected to the vacuum of & water pump which caused the

contents of the frothing tube to be sucked into the waste
bottle (W), The second position of the cook was used in
conjunction with oosk (G).to return any solution passing
through the disc before it was required to do so to the main
body of solution,

A solution of known strength was prepared in the
frothing tube as follows,

With a slight pressure of alr on the apparatus and

cock (B} turned so as to return liguid to the frothing tube,
a known volume of water was run from the burette via stop-




39,

cock (G) into the tudbe., A known volume of alcohol was now
added through (E) and the opening close4 with a rubber
stopper, The air pressure was then rsaised to mix the con-
tents of the tube then lowered to stop the frothing, A
further known voiume of water was added from the burette to
bring 4t up to an arbitrary level in the frothing tubes The
strength of the solution in the tube coculd now be calculated.
The froth could now be produced by bringing the air

pressure on the underside of the aintered disc up to the

required level as shown by the manometer, after closing all the

above stop~cocks.
Before use, the frothing tube was alwuys thoroughly
cleaned with chromic acid followed by distilled wator,

It was not long before the rﬁbbervjoint betweeon
frothing tudbe and sintered dise orucitle gave troudble. At
hMgh concentrations of ethanol, substances were leached from
the rudbver which raised the froth stablility markedly. The
joint was therefore remade using polytheme a; a cement,

The surfaces conscerned were ground with sarborundum
power to make intimate contact and then were heated to 260 C.
The heated parts were wiped with polythene then clamped
firmly together and allowed to 60ol, The joint gave no
farther trouble and had not the slightest effect on the froth
stability of solutions,

Podsstey o=

e
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Preliminary Work,
Before starting the main series of tests some

preliminary work of a qualitative nature was carried out,
and the observations made are in general agreement with
previous workers,

Solutions of ethanol in water were found to be very
sultable as frothing media, since their frothing power was
sufficiently low to keep the eolumn of froth within the
apparatus at a convenient value of air pressure, It was

found that with an adequate volume (about 756 sos,) of dilute

ethanol solution in the frothing tube, the froth formed at sny ;

‘given air pressure was in a state of dynamic ecuilibrium
such that the froth height 'Qs_conntant for that pressure,
This could only happen if the rate of loss of air at the top
of the froth by bubbles bursting thofo was exactly egqual
to the rate at which the spplied pressure caused air ta be
supplied as bubbles at the base of the froth, This
oequilidrium height inscreased with increase of pres-ure, At
lower pressures there wasg a definite demarcation line bdetween
‘the froth proper and the budbble-containing liquid, As the
pressure was increased and the froth height rose this line
fell as the liguid was converted into froth, A point was
finally reached vwhere the line disappeared and the liquid
seemed to have been completely turned into froth,

The average size of bubble increased slowly with
increasin: pressure then at quite a definite point very large

U O g

[
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budbbles began to anpecar in the froth mass, few at first,
then many as the pressure was further insreased,sesccctintil
the froth was being agitated and broken up by the large
globules formed, - The pressure at whish the large bubbles
first made thelir appearance was called the Limiting Pressure,

and the corresponding height of the froth as the Limiting
Froth Height, '

For imoreasing conoﬁtrat;em of alocohol the average
size of bubltle in the froth dwﬁaod. This is to be

expected from the decreasing surface tension,

A determination was made of the limiting froth height

and limiting pressures for var ous soncantrations ef alecohol,
The solutions were prepared in the apparatus as desoribed
above, 75 ecs, being made up in every case, Since the volume
of soliution taken was constant it was decided to always
measure froth heights from the sintered disc as sereo line,
This was simpler than measuring them above the height of the
liquid at rest as 1t only involved taking the reading of the
height given by the om, scale on the frothing tube, The
readings obtained are plotted in Figure 7, The height of the
licuid level at rest is given for comparison. It should be
noted that thes ' ‘values are purely relative but show the
trend of the variadles, It can be seen tha€ the limiting
values deorease with increasing concentration followtng a

roughly hyperdolic law,

It is eonsidered that the limiting froth height
oorresponds to a state where the liquid has reached its
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1imit of dispersion and the r:te of inflow of air is egqual

to the rate of return of liquid to the diaphragm to form new
bubble films, Above the limiting value there is not enough
liquid available at the diaphragm to form normal sised bubbles
80 numbers of pores group together to form a large bubble with
the liquid available. 8ince the average bubble size
decreases with decreasing mrraec‘tonnion, 1.0.; inoreasing
concentration of the alcohol, the amount of liquid per umit -
volume of froth increases} thus the limiting value of
dispersion is reached at a lower pressure and corresponding
froth height, The curves obtained for the plot of pressure
and@ froth height against eoncentration should be somewhat
dmilar to the plot of swrface tension against concentration
for the same solutions. As oan be seen from Figure 7. this
18 the oase,

From this preliminary survey it appcared that the
anount of froth formed under standavrd comditions would bde
effected by the following variables,

1, Pressure of inflowing alr,

2+ Rate of inflow of ai >,

3¢ Amount of liquid initially in the tube,

4, Temperature of ligquid, alr, and surroundings,

5« Surface tension of liquid in tube,

6, Constitution of liquid, i,e, nature of surface active

agent and its concentration,
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0f these variadbles the first four are particular
to the apparatus and the last two to the frother unier
consideration. In the portion of work which follows these
anparatus variables are studied in detail,



The Variation of Froth Ktight with Applied
Pressure.

Various solutions of aqueous ethanol were used for
these tests. Pressures were measured on the manometer in
centimetres of mercury by the cathetometer reading to 0,01 mm,
75 ccs. of solution were taken in every case and froth heights
were read directly off the scale as before, At most of the
pressure values the froth height could be read to the ncarest
mm., but at high pressures the increased size of the bubble
made the error greater, It was soon found that it was
difficult to obtain consistent results unless the pressure
value in quoation was approached always in the same way, i.e.,
always, say, from a lower value. Two slightly different froth
heights could be obtained depending on whether the pressure
was raised or lowered to the value to be measured, This
phenomenon is studied more fully lnfor. For the purposes of
the present tests froth heights were always taken on an
increasing pressure value. The results obtained were plotted
on Figure 8, Curves are given for two typical ethanol
solutions and & corresponding ecurve for the same volume of
pure water, This last should not really be called a froth
height curve as no froth is formed, but the bubbles passing
up through the liquid increase its volume and raise.tho level
to the extent shown, The readings for this curve were

difficult to take due to the size of the bubbles,
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A test was made to see if evaporation of alcohol
occurred during the frothing tests. A solution was frothed
at constant pressure for a half hour without significant |
change in the froth height, Thus evaporation does not
appear to take place to any extent from such dilute solutions
as are under oonsideration,

Considering Figure 8, 4t can be seen that although
the graphs for the frothing solutions are initially curved
they soon straighten and seem to follow a straight line law,

1.00 H=mP + 0 ~vvcmmcccnccccccncenaa-(8)
Where H 13 the height of froth above the budbble origin
at the sintered disc, and P is the applied pressure, The

gradient m increases with froth stability, The constant O
should be the pressure required to start frothing,

Rudolf (42) obtained ourves of a similar nature and in
discussing their theoretical significance sonsidered that the
applied pressure (P,) was made up of

l. P pressure to overcome pore resistance.
é. P, pressure to expand the bubble to equilibrium size
at time of detashment against the hydrostatic head of the

froth eolumm

1.6 P. = P + P ecomecccrccccncncae=(9)
He took the equation no further,
Rudolf's "applied pressure" is really only the
pressure required to start bubdling against the resistance
of the apparatus, i,e, pore frioction, froth head, etc. It
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takes no aecuﬁnt of that portion of the applied pressure
required to maintain the rate of alr flow which in turn
icobpa the froth in dynamic equilibrium, and is therefore
eonsiderably less than the applied pressure P in equation
Xo, (8) above. It becomes equal to C when there is no
froth in the tube, and 1s therefore best termed the

Resiatance Pressure.

By developing Rudolf's Equation (Equation No, (9))
the Resistance Pressure can be determined for any .conditions.

P, above is further made up of the physical pore
friction pressure drop and the pressure required to overcome
the surface .tonaion of the solution,

1,0 P = ‘P, 4+ 23
r

where 8 is surface tension and r is the pore radius,
Thus for any given pore or range of pore siges with a oonstant
average diameter, P, is constant,
Now P, = 0. 8¢ he
In evaluating P, , however, the values of o. and h will depend
on the amount of air dispersed as bubbles at the gliven moment
throughout the froth column,
Let the volume of water in the colummn = V ocs,
Let the radius of the frothing tube = R oms,
.‘. Equivalent height of water in tube (h) =.ﬁ_v!,m.

Let volume of air as bubbles in the columm = V oas,

+'s Equivalent height of air in tube (h,) - V. oms,
518
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Let density of water = X gms/oc.

Let density of air in bubbles=X gms/oc,
Now with the top of the froth columm at a distance H oms.
above the porous diaghragm the hydrostatic pressure on a newly
formed bubble is :-

P,= Mean density of froth eolumn ,g. H

g being the gravitational constant,
The mean density of the froth columm is given

by Vx4V, .Xx,
v 4

e P o(VeX + V. oX) BoH

’ 2 v+ ﬁ ) &

= (hx + h,x,)g
But h = H-h
*
o opex o+ (Eemx ]
The effect of the capillary lift on the column of
froth must be taken into account, If the liguid of the
froth completely wets the walls of the frothing tube this

capillary pressure

- - S. ZWR - - 28
= a2 OulR R
Thus the complete expression for the resistance pressure
beocomes
»=P, 28 +[hx +{(H-h)x,| g8 — 28
T R
=[n -28 +be (xex,)] + Hgx ------ —mmmee- -(10)

Now for a given set of conditions the expression within the

squared brecket is constant, say X
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PR ,o = %‘4— K aonﬁ---o-----—-u----—-(11)

This linear equation gives the applied pressure
required just to start frothing with any given height of
froth above the sintered diss, It cammot be determined
experimentally in presence of a froth, since 4f the pressure
were dropped to the level required to start bubbling the froth
would start to collapse upsetting the initial conditions,

It could be calculaﬁed, however, by finding the pres-ure just
to start bubtling with various heads of water on the sintered
disc and by substituting values for the other constants and
variables in the egquation,

The difference P - P, is directly proportional to
the height reached by the froth above the point of formation
of the bubble. Thus it appears that a froth column in
dynamic egquilibrium dehaves like a jet of water directed
vertically upwards from an orifice, in that the height reached ;
is proportional to the sapplied pressure, The kinetis energy
imparted to the gas bubbles is converted into potential energy
which 1s proportional to the pressure causing motion,

This explains the linear portion of the curves dut
not the initial curved portion. The ourved portion suggests

that P, i1s not constant in that region; 1i.,e, the radius of
curvature of the pores (r) is not constant, This san only de
the case 1f different sizes of pores are coming into play as

the pressure is increased, This is just what we would
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expect, since only the large pores will gas at low pres-ures
and as the pressure is increased smaller .pores will continually
be coming into play, until finally all the pores are gassing |
freecly, At this point the average radius of the porﬁa is
oconastant and the straight line law is followed, 1.e, since P, g
19 now linear with respect t0 H ;
PP =nmH is also linear,

Hysteresis of the Proth Qolumn,

The previous inconsistency of the froth height

obtained at constant pressure, depending on whether the wvalue
was approached from a lower or higher pressure, was now
investigated,

‘In case this inconsistency might be due to the
apparatus itself an improved frothing tube was designed in
Pyrex glass, This was an all-glass structure to avoid the
use of rubber joints. The new frothing tube is shown in
Figure 9. The method of operation is identical with that of ,
the original tube., To differentiate it from the previous snd |
further apparatus it will be called Frothing Kpparatus ¥o, 2,
The pores of the new sintered glass disc were rather larger
than in Prothing Apparatus No. 1. The mercury manometer was
therefore replaced by a water manometer to permit the applied

pressure to be measured more ascurately, An improved
scrubber and absorption train were also designed and built,
This is drawn 4in Figure 10, The &bsorption train now
consisted of a vessel containing solid sodium hydroxide, &
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trap, a vessel containing a saturated solution of chromic

acld in esoncentrated sulphuric acid, another trap, and finally
& vessel containing silica gel and cotton wool, By this
means it was hoped to free the inflowing air of oil, dust

and molsture,

It was found that 100 cos. of solution was a suitable
volume for the new tube, The first tests carried ocut were
designed to see 1f the new apparatus showed the same inoon-
sistency as the old, The solution to be frothed was made
un in the usual way from ethancl and distilled water, From
now on greater care was taken with the reagents used. f%he
distilled water used was double distilled and sondensed on
Pyrex glass, The ethanol was the laboratory absolute
alecohol redistilled, and its concentration was dgtorminod by
density measurement., Conc, of redistilled absolute aleohol;
99,4¢ ethanol,

Por the first test in this series a 3 aqueous
ethanol solution was prepared in the tube and the pressure of
air increased slightly until a small measurable head of froth
had formed, The pressure reading was taken and the corres-
ponding froth height noted, The pressure was then inereased
slightly to a new value and the operation repeated. Care was
taken that the pressure névor fell in the slightest between
readings, The readings were continmued for suitable increments

of pressure until the maximm dispersion of the solution had

been reached. The pressure was then dropped in suitable
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increments, taking care that the pressure never rose in the
slightest between readings, and the readings were continued
until the freth was no longer formed., The tube was then
rinsed out and the test repeated for a new solution, The
results are given for two typical solutions in Figure 11,

The great difference in froth heights for a constant
pressure value is obvious from the curves, Bvidently this
phenomenon was not peculiar to the first frothimg éuhe.

The shape of the curve suggests & hysteresis effect, since
the froth helght obtained on an increasing pressure value 1s
always lower than that obtained on a decreasing pressure
value, as if the froth height lagged behind the change in
pressure. This was thought at this stage to be due to the
incomplete wetting of the glass surface of the frothing tube,
As the froth rose over dry non-wetted glass the height
reached vauldkprobabay be modified by the degree of wetting
tak}ng place. On the other hand a froth column falling to

a definite position would only be moving over fully wetted
glass and the final height should be independent of the glass
surface. If this theory was correct it was probable that the
latter gave a more correct value of the froth height at the
applied prossnio.

As a test of this theory a series of tests were
carried out with the inner surface of the frothing tube
deliverately contaminated to make it non-wetting, Various

coatings 11ke vaseline, collodion, and wax were tried, The
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most durable was produced by rinsing the frothing tube with
a very dilute solution of white wax in ether then bl wing
with air ti11) dry. The ethanol solution was then prepared
in the tube in the usual vaﬁ. A typical ;;sult i3 that
shown in Pig. 12, This should be compared with that cobtained
for a similar solution and a clean tube in Fig, 11, The
froth helights for a given pressure are much greater in Pigure
12, This was probably dune to the dilute ethanol solution
extracting the wax from the glass surface, In the case
shown in Fig. 12 a series of inoreasing pressure readings were
taken a second time immediately after the froth had been
brought to zZero the first time. The similarity between the
two increascing pressure curves suggests that wetting alone 4s
not the cauge of the hysteresis, since it would be diffiocult
to obtain the same degree of wetting on such a surface on two
successive runs, On the first run the tube was completely
dry, while on the second it was covered with droplets of
solution, |

The comparison between clean and contaminated tubes
is shown better in Pigure 12A. In this case a very dilute
solution of isoamyl alcohol in water was used, which should
have had little solvent action on the wax film. It can be
seen that, although the froth atability (as indicated by the
froth height at any air pressure) has been affected by the
wax, thorq is little differonce between the two in the amount
of hysteresis shown,
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hysteresis effect is sgain evident, It must therefore be
due to the changing pore resistance of the sintered dise.
?his could only ocour if the pores are being partially clogged
with water. A closer study of figure 15 shows that this
mast be the sase, JIn the first traverse of the pressure
range the pores are badly clogged with water wnich is
gradudlly blown out as the air flow rate im inoreased,

On the descending traverse the pores have the maxinrum
dianmeter they reached on the rising pressure traverse, thus
the alr-flow rate, and the froth height is higher for any
glven pressure than it was in the previous case, The exact
rate of flow value for any second ascending pressure traverse

depends on the time the solution is allowed to lie static on

top of the pores, If the pressure is increased again

imnediately, the curve ias similarly to that for the descending

traverse; 4f some time is allowed to elapse the pores take
up water and "necking®™ takes place, 1,e, the water reduces
their effective dlamter, and the curve produced is sirdlar
to that for the first traverse. Thus the curve is also s
function of the time the solution has stood over the pores,
Discussion of Pressure/Froth Height Relationship,

The ntraight line portion of the height of froth/

pressure curves (Fig, 8,) seemed at first to be useful for
characterising frothing solutions, since the gradient of the

lines inocreased with stability, In view, however, of the
hysteresis effect discussed above wiich mst necessarily bde
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a feature of all pores diaphragms, the method would be of
little reliabllity. To obtatn consistent results very
great care would be necessary to ensure & constant degree of

"necking” of the pores.
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The Variation of Proth Height with Temperature.

A number of tentative experiments had been made
on the variation of froth height with conscentration of the
squeous aloohol solution and it was found that the curve ob-
tained tended to move with reference to the froth axis,
depending on the temperature of the surroundings. A test
was therefore made to investigate the effect of temperature on
the froth height,
Apparatus (Froth Apparatus No. 3.)

A new apparatus was built as shown in M gure 16,
The frothing tube is of much simpler design in this case and
is surrounded with a thermostatis jacket, The air for the
dispersion is preheated to the same temperature by passing
thrcugh a c¢oll of copper tubing placed in thermostatic jacket
as shown., A loop is made in the alr inflow tube below the
sintered disec to allow the air to be passed into the tube and
the waste solution removed by indopanﬁont routes, A
thermometer indicating the temperature of the water in the
Jacket passes through this loop. The jacket water is
supplied from a thermostatic bath shown in the diagran, ciréu-
lation being achieved by a small centrifugal pump driven by an
electric motor, 8ince the froth height at congtant alr flow
rate has been shown to be more consistent than that at constant
pressure a flowmeter was used to control the air flow, !hinﬁ

was of the orifice variety and was pfevlouely calibrated by

8 wet gasmeter, For simplicity the flowmeter was attached
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Photo* 2«
Frothing Apparatus No. 5%

Viewed from the side nearest the thermostatic "bath;

the water circulation pump can he seen, together with

two of the automatic pipettes (on the extreme left of
the photograph) *



Photo* 3*
Frothing Apparatus No. 5*

Viewed from the side nearest the air purification train.
The condenser shown on the top of the frothing tube was
designed to prevent evaporation losses hut was later
found to he unnecessary.
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to the air line before it entered the thermostatic Jacket.
Under the conditions of the experiment a vatoiproof coating
was required $o keep the paper scale on the outside of the
frothing tube, and therefore, in the water space, from peeling
from the tube surface, The most suitable coating was found

to be black waterproof ensmel covered by two coats of thin
shellac varnish, Even this procedure had to be repeated
after about four weeks constant use.
Operation, i
S8ince the flowmeter measured the rate of air flow :
at room temperature, and since it was necessary to have a
constant air flow rate through the porous disc for all the
various temperatures used, a temperature correction had to be

applied to the flowmeter reading to offset the volume change

in the air in passing through the preheater, In this way
it was ensured that the same volume rate of alir flow through
the porous disc was obtained in every case,

. 4 '/i solution of aqueous ethanol was used for all
the tests, great care being taken in its preparation to avoid ;
contamination of amy kind,  With this in view a special |
sutomatie pipette was devised for use in transferring aolutionsé
from the stock bottle to the frothing tube. It 1s shown in
the same diagram, In one position of the two-way cock the

pipette is connected to the vacuum of a water pump, and in

the other to atmosphere. Thus the pipette can be filled

without using the mouth,
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It was decided to measure the froth height at three
separate rates of air flow for each temperature tested, The
three riutes chosen corresponded to readings of 43 8; and 12
oems, of wator, respectively, on the flowmeter manometer,

To oarry out a test the thermostatic bath was se¢t to supply
witer at the reguirsd temperature as shown by the thermomater
pasaing into the Jacket of the frothing tube, At normal
tomperstures the temperature coulé be kept staadyﬁgithin

+ 041°C and at the higher temmeraturcs to within:t0.5°d
(at 60°C), when conditions were steady the frothing tube
was c¢lesned out with strong chromic acld fo._owed by distilled
water, the liquids belng admitted through the ton of the tube
and drawn to waste through the sintsred dise. The loop n
the atr line prevented the ehromic acid from coming in contact
with the copper coll. The tube was then rinsed out with the
solution to be frothed and 100 ccs, of the solution placed in
the tube with a small rate of alr flow to prevent the solution
possing through the porous <isc,. A rubber stopper fitted with
an inverted U shaped tube was fitted to the top of the frothe
ing tube to keep out dust, A previcus test with & thopmometer
in the frothing tube ﬁad shown that the solution took about
four minmutes te reach the temperature of tho jacket, so the
so'ution was froth-d gently for five sinutes in all cases
before taking readings, The flow rate was now lowspsd to

break -tne froth then ralsed to the lowest of the flow r:tes

decided upon and the reading of the equilibrium froth height
takon,
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taken. This was repeated twice more, then the flow
imreased to the sesond flow-rate, and finally to the third,
The solutiom was then drawa to waste and the whole operation
repeated with a new sample of solution, When the results
had been obtalned the thermestatic bath was set at a new
temperature value, With the apparatus available the highest
temperature to be reached was 60°C and by passing the water
from the thermostatic bath through a vessel containing ice a
number of temperatures below room temperature were obtas.ned;

The results are tabulated in Table I and the curves
they give in Fig. 17 for the three flow rates tested. They
can be seen to be approximately hyperbolic in shape and shew
that change of temperature has a greater effect on froth
stabllity at low temperatures than at high., This was
important from the point of view of obtaining sonsistent
results and suggested that all future apparatus should de
thermostatically jacketed. The curves show that increase in
temperature decreases froth stability., This is probably due
to the change in surface tension and to the effect of the
thermal agitation on the adserption of the surface active
molecules on the bubble film,



Table I.

variation of Froth Height with ¥ rature for X
W, eous Ok o

Corrected Equivalent PFroth Height
Flowmeter JFlowmeter Readings

Room
Tenmp,
°C.

17

7

19

20

- w= o

20

20

30

Froth
Temp,.
°Ce

5.0

10.0

- e - =

15.0

- e & -

40,0

50,0

- s W -

60.0

Reading Reading

Cm, Om,
8.5 8,0
A3 &0
8.3 8.0
4,1 4,0
12,2 12,0
8.1 8.0
4,1 4,0
12,0 12,0
8,0 8.0
4,0 4,0
11,6 12,0
70‘8 800
3.8 4,0
11,2 12,0
7.6 ‘ 8,0
10.9 12,0
700 8.0
10,6 12,0
7el 8,0
lo.2 12,0
LY 701 800
St _ &0
10.2 12,0
6.8 8,0
33 4,0

Cm,

out of apparatus

. 3203 30,03 _30.6

43,93 44,33 43.4
24,43 24,33 24.2
out of apparatus
37453 38,03 37.8
22,03 222§ 22,0

45,8; 46,43 45,8
55.4’ 35.5’ 36,2
19.23 21,03 £20.4
39.03 41,03 40,7
3035 30,93 31,3
18,73 19,23 19.4
36.8) 35.53 35,7
2733 27.03 27,86
-18.81.18.8).18.8
31,73 32,03 32.4
25.83 26,23 25,7
-18+43_18.03_18.6
29,03 29.63 29,7
24.5) 24,53 24,0

- 1825 _18.63 18.5

27.33 27,23 27.3
23,33 23.33 23.4

. .18.33 18,35 18.4

27.43 26,63 27,6
22,65 22,4} 22,6
17,73 18,03 17,9

Mean Froth
Height

Cm,

- 4848, .
32.0
255

- 4843, _
29.4
24,3
18.4

- - & o= -

27,3
2343
18,3

- o o o o

27,2
2246
17,9
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T O e Fate-or v or Lie, —
) ow 0 e

Bikerman (41) attempted to find "a unit of foaminess"
which would be & physical property of the liguid under test
and independent of the apparatus, and the amount of material
used, He employed an apparatus of the type used by Foulk
(39)ec.en .simplo budbble columm. The pressure for foroing the
alr through the disc was produced by displacement of water
or nercury. The time for a measured volume of adr to pass
through the apparatus was taken together with the maximm
height of froth produced in the tube by the alir flow,

He found, (a) The froth volume was & more precise
measurement than the froth height, since the latter was a
funotion of the shape of the tube, the froth volume being
defined as the difference between the total volume of liquid
and froth at the given rate of air flow, and the volume of
liquid at rest,

(b) The froth volume was direotly
proportional to the rate of streaming of the aly, Thus if
v = volume of froth, V = volume of alr forced through the
sintered disc per second, 1,e, is the rate of flow of air,

Them v= XV 2. being a oconstant
* s U= ;

(0) The value of X was independent of aip

pressure, porosity of sintered disc, and the sise of disec,
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(4) The value of T was independent of the

amount of liquid for large amounts of liquid,
2. had the dimension of seconds, and was the lifetime of a
bubble in the froth,

If uis the l(i.noar velocity of the air in the froth
and h 1s the helght of the froth layer, = = D/u

While 1f Q 1s the oross-section of the tube,

n - % , but h = Y/Q

e B =Y =T
Apart from Bikerman's rather unfortunate choioe .
of the symbol {Z ) for his comstant, his "unit of foamdiness"
18 very attractive as it would allow us to assign a definite
numerical value to the frothing power of a given frother in
flotation practice. This value would then only be dependent
" on temperature and concentration of frother used in the -
solution. A eritical study was therefore made of this work.
Taking his findings one Dy One ....ecose
(2) If a uniform tube is used to eontain the froth volume (v)
1t may convemiently be replaced by froth height (X ) when
eomparative values only are being sought, h 4s then
defined as the difference between the height of froth plus
bubble containing liquid (H), previously called in this work
"height of froth", and the helght of the liquid at rest (h,)
1.0, 1 |
(b) It should be noted that 1t is not strictly true that Z 4s
the lifetime of a bubble in the froth, The error arises in

H-h,
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the definition of froth volume (v), 1.e. froth height (h ),
and Pig. 18 shows dlagrammatically how this ocours. The
volume of liquid that the bubble has to pass through to reach
the froth is not now equivalent to h,, since the volume has
been (1) inereased by the volume of the bubbles passing
through it, and (2) decreased due to the amount of liquid
teken up to form the bubble films, The 1&“1 measurement to
meke 138 h, (see Pig. 18).....in practice very difficult,

Any variation im > will be detected by studying the
gradient of the plot of the height of froth (H) or (X )
against the rate of air flow (V), A straight line law would
prove X constant and its value could be easily computed,

Figure 14 prepared during the work on the hysteresis
of the froth solumn indicates that the relationship between
height of froth and rite of air flow is not exasctly linear,
It appears rather to take the form .

B = V™4 K eeeeamememesmeonanmmmeeneenan=(12)
In this egquation (h; ) has replaced the imitial height of the
liquid at rest (h, ) since it appears that the ocurve of
Figure 14 does not cut the zero flow rete value at (h, ) dut
at a slightly higher value, For example 100 ocs. liquid in
Frothing Apparatus No, 2 reached a height of 10,6 oms,, while
Flgure 14 gives & value for sero rate of air flow of 12,0 onms.
Thi s increase is thought to be due to the volume of liguid |
ocontained in the pores of the sintered dise and to the volume

of bubbles passing through the solution at an infinitely



Ficure 18.

ERRORS (N MEASUREMENT OF FROTH HEIGHT

(A) SHows HEIGHT &, OF X ccs. oF LIQuID.

(B) SHOWS CHRNGE OF HEIGHT OF X ccs. OF WATER (N0 FROTH)
ON BLOWING RIR THROUG&H IT.

(€) SHOWS CHRANGE OF HEIGHT OF X cco. OF LIQUD(WITH FROTHI

ON BLOWING RIR THROUGH IT. oLk THAT LENGTH OF

COLUMN OF FROTH IS NOT s H-£, ,BuT=R,.
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small air flow rate. This inoreased helght has been given
the term, Virtual Height of the initial solution volume,

The equation,

/

h - k, vw.-o--“—noaanc“nn;-ou..-(13)

should also hold, where (h ) 1s now given by
K H « b
and the coefficlent (X ) and index (n) are constant,

Thus - )
logh = nlogV + log k

and the relationship between log h and log V qheuld be
linear,

In Figure 19 the results of Figure 14 are plotted
in this form and they can be seen to follow a straight line,
The values of the constants for this particular case were
caloulated to be

| K = 0,0138 and n = 2,00
It is suggested here that this value of (n) is universal fer
solutions frothed in a bubble columm,
Thus equation No, 12 Decomes

H= 0,0138 V" + 12,0
and equation No. 13 becomes

B = 0,0138 Vv*
The present apparatus (No. 3,) was gquite suitabdle

for measuring heights of froth at varying rates of air flow,

Due to recent refinements in measurement of froth height, and

to better control of the air flew rate at high rates of flow

& more ascurage pieture of the variation was obtained for

-
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certain isopropanol solutions., 100 ccs, of the solution
were frothed in cach ease, The results are shown in Figure
20, The curves can be seen to consist of a curved portion

and a straight portion,

A Larger Frothing Tube (Frothing Apparatus No. 4.).

The present frothing tudbe limited the froth height
measurements to 50 oms, In order, therefore, to increase
our range & larger frothing tube was built. The new tube
was made to have a reading length of 100 cms, and tonped by
& B,19 standard ground-glass joint s that a condenser sould be
fitted 1f it were required to froth very volatile liquids,
In other respects the tube was identical with Fo., 3 frothing
apparatus, A drawing is given in Fig. 21.
Experimental,

Height of froth/rate of alr flow curves were plotted

for various volumes of solutions o0f anumber of alcohols

(6.8. 1so-propancl and iso~butanol) of which the results

shown in Fig. 82 for 4,08 iso-butanol solution in No. 4
apparatus urovtypicnl. The change from the ourved portion to
the itraight portion whish forms a point of inflexion,
occurring in this case at an air flow rﬁto of about 1,6 cu.
-ft./hr., is evident in all the curves,

A New Frothing Apparatus (Frothing Apparatus No. §,)

The need was felt for a smaller alleglass apparatus

for more exact work on these two-phase froths, Such an
apparatus should only require about 20 occs, of solution per
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Photo * k>
Frothing Apparatus No. if*

The cathetometer used for accurate measurement of froth
heights stands to the right of the frothing tube.
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test, and with a hnoh narrower frothing tube and a sintered
diso of tinor porosity, it would give the frothing characteris-
tics more acourately,

Such an apparatus was designed and constructed, A
dimension sketch of it is given (Mg, 23). The apparatui
i3 made in one plece from Pyrex glass, like previous
apparatus it was thermostatically jacketed and had an aiyr |
preheating coll. The difficulty of the paper scale was
obviated by sealing it inside a separate glass tube which was
sealed to the back of the frothing tube in the water jascket
space, so that the zero of the scale coincided with the top
of the sintered disc, The latter had a known porosity
(Pyrex No, 3), 20-30 miorons. Under operating conditions
the temperature of the water in the jacket could be kept
constant to within +0,2°C, the same method of oirculation
being used as before. The same type of absorption train
was used as in the previous apparatus, The control cocks
for regulation of the alr flow on No, 4 and previous apparatus
had been screw clips fixed to the bench and proved quite
serviceadle, With Xo, 5, however, the rate of flow of alr

was required to be 30 small that sorew clips could not give a
fine enough adjustment, e.g. maxirum aiyr flow rate for Mo, B |
is about 0,5 eu.ft./hr, The screw~clips were thus replaced |
with glass stop=6ocks with notched keys and extension handles |
as used for delicate control of gas flow rate in Micro-Analysi g
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A drawing is given in the inset to rig. 23, These proved
very delicate {n operation and gave very stable air-flow
values, The calzbratienAof the flowmeter at such a low flow
rate proved a difficulty. It was finally accomplished by
welgting the volume of water displaced by the alr at atmospher-
ic pressure in a noted interval of time,
Experimental,

Rate of air-flow/height of froth curves were plotted

for a number of different alcohol solutions in No, 5 apparatus,
Attention was particularly paid to the changing shape of the
curves for different volumes of the same solutions, i,e, 50e6s,.}
10 ocs,; 15 ccs.j 2000s.} and 25 ecs, were tested in turn.

The temperature of all solutions during frothing was 25 %
0.2°0. ‘Typical results are plotted im Figs. 24, 26, and 268, |

Theoretical,

From & atudy of the curves we may come to the
following sonclusionss«
(1) All the surves show a discontinuity,
Hotei~ This term has been given to the point of inflexion
since the law, which the height of froth follows, is discon-
tinuous at this point,
(2) The position of this discontinulty with reference to the

rate of air-flow 15, for a given solution, independent of the
volume of solution being frothed., If the initial volume,

however, falls below a certain value this is no longer true




Photo. 5 *
Prothing Apparatus Ko. 5

The frothing tube ia on the extreme right of the photograph.
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as can be seen from the 5 cc, curve in Figure 256, Bikermen's
postulates were only fulfilled for "large volumes of solution.
It 18 hers considered therefore that 100 ces., solution in
Frothing Apparatus No, 3 and No, 4, and 20 ecs, soiution in
Frothing Anparatus No, 5 were "large" volumes., It is showm
later that the position of the discontinuity is dependent on
the rate of formation of the froth column and is thus dependent
on the dimensions of the apparatus,
(3) The curve below the discontinuity is not a straight line.
This is the range covered by Bikerman, Thus his lawv = XV
is merely an approximation to the truth,

It has been suggested above that curves below the
discontinuity follow the law

hl = k, va' o-u-ooo------a--n-—---—-qun‘13‘)

In Plgure 26A froth height (H ) is plotted against (V) for
the results of Figures 25 and £26 up to the discontinuity flow-
rate, They form a series of straight lines. Equation No.l3s
thorqforo appears to be & general ome for solutions frothed at
low rates of flow in this type of apparatus, The values of
the constant in Equation No. 13a for these solutions were
caloulated and are tabulated below,

Table /
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Table IX.

Initial Volume  0.2% Isoamyl Alcohol 0.28¢ Pusel 011
¥ h h K W

(cas,) . h,
5.0 10,8 5,1 4,40 - - -
10,0 12,4 9.7  8.86 8.6 9.7 8,66
15,0 16,0 14,2 12,85 10.8 14.2 12,85
20.0 16,6 18,9 18,10 12,8 18.4 17.10
25,0 - - - 14,6 22,6 21,30

The actual height (h,) of the initial volume which
could be read off at the start of each test 1s included in
the table for the sake of comparison with the virtual height
{nl), the ordinate intercepts of the lines of Figure 26A.
It can be seen that the gradient (f ) increasss regularly with
initial volume, the rago of increase being 1,6 units per 5 ecs.
for the isoamyl alcohol solution and about 2,0 units per 6 colJ
for the Fusel 0il solutionm. |
(4) The curve above the discontinuity is linear, This is
shown best in Plgures 24 and 25, It appears therefore that
Bikermsn's law holds in this region, though it is doudtful
1f he studied froths in such an advanced state of dispersion,
The gradient of this linear portion also seems to increase with"
initial volume of solution, It may become constant at larger
initiel volumes. The equation takes the formi |

/

h kV + ) 4 “ooodaunoﬁo.“-aooo(l‘)

The value of the intercept (K) depends on the initial volume
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of solution and on the frothing power, (k) should not be
confusod with the earlier square law constant (X ). The
values of (k).tor the solutionz of Figure 25 are given in
fable III. The units have been rationalised.

| Table III.

0s2f Iso-Amyl Alcohol.

Initial Volume:=- 5 oc. 10 6e. 15 6c. 20 cc.
ke om 5,72 % e 56 9,53 10,056
S8 800) ‘ * *
K [( cm ] 10,8 12.4 15,0 16.6
tca./300)
C (ocs,/sec,) 0.530 0,594 0.636 0.607

It was thought that the ratio of the constants
might be independent of initial volume, 1.,

k/f:@
This new oconstant has the dimensions of a rate of flow, i.e,
(scs./3ec,), and from the volumes given in the above Table it
seems to be less influenced by the initial volume of solution,
(5) The greater the frothing power of the solution, the smaller
the rate of flow at which the dissontinuity occurs., Cf. Figs.
24 and 26, This might be a oonv,niont method of characteris-
ing frothing solutions,.
(6) while FPigs, 22 and 24 are of results from comparatively
poor frothing solutions, Figs, 25 and 26 are results for

solutions of the froth stability value necessary in flotatiom
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practice. These latter curves are limited at the upper end,
by the rate of flow value scorresponding to the limiting froth
height, For poor frothers this ooccurs at high rates of

flow, for good frothers at low rates of flow, Thus for

the solutions .in which we are most interested (PLg, 25 and 26)
the length of curve available is the shortest, This is
unfortunate and 1s most evident in Fig, 26 giving results

for a solution of pure Fusel 011,  With increase in initial
‘volume it can be seen that the transition constituting the
dlscontinuity takes place over a wid-r range of air flow rate,
With the 20 cc. and 25 oo, ourves for this solution the
straightness of the liine above thé discontinuity has barely
time to develop before the curve is stopped by the disinte-
gration of the column above the limiting froth height,

Variation in the Position of the Discontinuity with Froth
3tablIity.

It was suggested above that the position of the
diecontinuity with reference to the rate of air flow axis
might be used as a means of sharscterising the frothing

properties of a solution,

| A test with distilled water was sarried out in No, 5
Frothing Apparatus., The al» bubdbles which would have formed
a froth in the case of a frothing solution merely increased
the volume of the water, The new water height was measured

for different rates of sir-flow. The results are plotted

for various imitial volumes of water in Fig, 27, The curves
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show no discontinuity, The dlsoontimuity previously
obtained is tims a property of the frothing solution and not
of the apparatus. It is not shown by non-frothing solutions,

A sample of pure iso-amyl alcohol was obtained
(distilling between 130,5°and 131.5°C) and solutions of |
various consentration were prepared in double distilled water,
20 ocs, of each ooncentration value were frothed at various
rates of flow of air in No. & Prothing Apparatus, The
temperature of the solutions was in all cases 26 + 0,2°C.

The height of froth obtained at each rate of flow value was
measured and the results plotted as in Fig, 28,

S8imilar solutions of Tert., Butanol (sample distilled
between 82,0°and 82,5°C) were prepared and frothing tests
carred out in the same way, The results for this alcchol
are in Figure 26A,

A study of the curves in Figs. 28 and 28A shows that

for solutions of high froth stability, i,e. iso~-anyl alcohol

solutions, the exact position of the discontinuity 1s difficult

to determine, There seems in most cases just to be a gradual
transition from the curve below the discontinuity to that
above 1t (e.g. 2.5 iso~amyl alcohol). Iﬁ'tho case of
solutions of moderate froth stabllity, i.e. Tert-Butanol
solutions the exact position of the discontinuity can be
determined by producing the two portions of eash curve to a

sharp intersection, (See dotted intersections on the curves

of Figure 28A), Although this is not u‘vory exasct process
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the lower curve of Figure 28B was obtained by plottiné'the
air flow values of the dlscontinuities against frothing agent
concentration, The upper curve in the same disgram is a
reproduction of one of the Froth Stability/Concentration
curves for solutions of slmilar strength obtalned as
described in a later section of thls work, The two curves
show an inverse similarity to each other and indicate that the
discontinuity air flow rate of a solutlon is inversely
proportional to its froth stability. - As a method, however,
of determining fro;h stability 4t would be diffleult to apply
owing to the inexact method of determining the positlon of the
discontinuity.
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Photo > £ .

Frothing Apparatus Noa . if and 5 *

In this case the apparatus is viewed from the reverse
direction to that of Photo,
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Yariation of 1 th of actual foam column
rate of Tlow O To

Up t1ll now "height of froth" was taken as the total

height reached by froth and bubble-containing liquid for any
given rate of flow. As explained previocusly aﬁ low rates

of flow of air the demarcation line between froth and liquid
is gquite visible but disappears at high rates of flow,

With the No. 5§ apparatus by viewing the column from the side
it was quite possible to measure the position of this line
with reference to the height scale. A powerfulf light placed
behind the froth column helped to show it up in cases where
its position was difficult to estimate,

This measurement was therefore made for a number of
solutions of the various aloohols simultaneously with the
height of froth meagurements, and the results plotted, A
typical result is shown in Fig, 29, for 25 ccs, of 0,48
tertiary butanol solution., The upper curve is the usual
height of froth curve, showing the change in position of the
top of the froth colummj the lower curve is that for the
change in position of the demsrcation line between froth and
li-uia, Thus the vertical distance between the lines at
any point is the length of tiu actual froth column,

It ean be seen from Fig, 290 that the lower curve
rises to a mnxlmnm.valﬁo then falls away rapidly and disappears
as all the liquid is virtually turned into froth, The

shape of the lower curve may be explained as followsi~
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The volume of the liquid is at first inoreased by
the bubbles passing through it and therefore its height
increases with the rate of air-flow, Worovit & non-frothing
liquid, it would continue to do so, but at the same time the
volume im being decreased by the amount being taken up to
form the bubble films of the froth, This secondary effect
increases rapidly, becomes equal to the first effect at the
maximum, &nd then becomes greater than it, causing the curve
to descend again., As the rate of flow further increases,
the difference between the number of bubbles per unit volume
of froth and of liquid becomes so small that the line finally
di sappears, |

It can be seen at once from the Figure that the
discontinuity occurs at the point where the ligquid columm
becomes completely dispersed as froth, Tmus the portiom

of the curve below the discontinuity refers to a column of
liquid containing bubbles and having a head of froth in
Gynamic equilibrium, while the portion above the discontinuity é
refers to a more or less homogeneous froth column also in
dynamic equilidbrium, ,

The variation in the length of the froth colum for |
vafiaui initial vélumol of solution is an interesting point,
The table below shows the value of this length at various ratci
of flow for various initial volumes of 0.4% Tert, Butanol i
solution in No, 5 Prothing Apparatus,
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Table IV.

Rate of Alr Flow Length of Proth Columm {(cms,) for an
cu.it,/hv, Tnitlial Volume ofi-

Sees, l0O6cs, J10ccs. 2Uccs., 28ces.

0,025 . 0u7 0.7 0,7 0.6 0.6
0,060 1.3 1.0 1.2 0.9 1.2
0,073 1.8 20 231 1.8 1.9
0.097 2.3 2,0 2 1,8 1.9
0.120 , Sel 247 2.5 242 2:3
00143 - 5.6 3.6 2.9 3.
0,167 - 4.6 4.5 3.7 5.0
0,189 . 6.2 5,1 4.9 5.4
0,210 : 7.7 T 8.9 T
0,232 . 8,9 8.4 9.6 9,3
0,252 . - 0.9 - 1.6
0,270 . - 16,8 -  15.9

The blanks in the table are due to the dsappearance
of the demarcation line, Considering the experimental
difficulties involved 1t can de stated as shown by the table
that the length of froth column produced at any rate of flow
is independent of the initial volume of liquid in the
apparatus, i1.e. as long as there are two distinct phases in
the system, liquid and frog$h, This may be extended by
stating that the volume of actual foam produced in a froth
flotation bubble oolumn machine, under any fixed sonditions
of alyr flow and soncentration of frothing reagents, is
independent of the initial volume of liquid in the apparatus, ’
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This 1s only true so long as the ligquid has not been complete-
ly converted into froth,

On theoretical grounds too it is evident that the
volume of froth is dependent only on the number and volume
of bubbles constituting it and their stability, i.,e. the rate
of alr flow and the chemical nature of the froth solution -
and not on the volume of liquia,

By plotting length of actual froth column against
air-flow rate, curves are obtained of the type shown for three
solutions in Figure 30, It can be seen that these are
regular curves and are independent of the volume of solution
undergoing frothing. The constant from the equation of sush
& curve could be used to characterise the froth stability
of solutions, |
in Equation for the Determination of Froth Stability.

Ross and his co-workers (24) obtained an empirical
equation for the collapse of high stability static froths

produced by mechanical meams from such diverse substances as
beer, wine, saponin, aerosol 0T, and lauryl sulphonic acid,
This 181~

~kt
V= Voo  emem-emsmcessmeneeee(15)

where ¥V, 1s the initial volume of foam and V is the
volume remaining after time t secs, K is a constant
for the given foam,
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This formla implies that the rate of collapse of
a static froth («dv) is proportional to the amount of froth
present at that instant, or

bd' = k.'------c- A5 204 A 400 4D e G > T TH 4 WY W av o ‘ 16)

Now in the dynamic froth system of the bubdble columm
the volume of froth produced by a steady air flow rate
increases until its rate of collapse of bubbles equals the
rate of production of bubbles, i.e. rate of alr flow. Thus
& dynamic equilibrium is set up with a steady volume of froth
when,

Rate of air fhow . -av
at

Thus 1f equation No., 16 is true for dynamic froths
we would expect that |

Rate of air flow = k,V
1.0, rate of alr flow 1is directly proportional to the volume
of froth formed at that rate of flow,

This is dmilar to the law suggested by Bikerman,
‘although in no case did he measure the true froth volume,
It has, however, been shown above that as soon as the rate
of air flow 1s insreased until dispersion is complete, 1.0,
there 13 no longer bubble-containing liquid tepped by a
head of froth in dAynamic equilibrium bdut a homogeneous
colurn of froth, Bikerman's law holds, Accordingly, the
law of Ross must hold, (equation No, 16), It secems therefore |

that the law of collapse of a froth is universal whether the

i
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collapse be in the static state or the collapsing froth be
held in dynamic equilidrium by an sir flow., Themreliminary
results of Figure 30 indicate that a froth held in dynamo
equilibrium on top of the liquid from which it is formed
does not follow this law, This can be due to the fact that
in thls condition the froth column csm grow or decrease at
both ends, while when the ligquid is completely dispersed the
froth can only grow or decrease at the upper surface.
Experimental.

An extensive series of tests was now carried ocut
to discover a new equation connecting rate of collapse of
froth with froth volume, The results given below were chosen
at random from a wide range of concentrations and alcohols,
The aquecus solutions were prepared as described in the later
section on the variation of froth stability with concentra-
tion of reagent (see page/ci), Samples of each solution
(100 06.,08,) were frothed in apparatus No. 4 and (20 c.6s8,.) in
apparatus No, 5.

An extra mm,/cm. paper scale was fixed to the
outside (in front and slightly to one side) of the thermostatic
Jacket tube of No. 4., so that, viewed horizontally, the
divisions were coincident with those of the inner scale on the
back of the frothing tube. A large (100 oms,) cathetometer
was set vertically before No. 4 frothing tube as shown in

Photograph 4. 1t was possible, by foousing the cross wires
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Table V.

Froth Volume results for an aqueous solution containing
1.“ “/' mrromel at 26 * 0.2°C,

Prothing Apparatus Xo, 4.

Internal oross-sectiona)l area of tube = 7,56 + 0,01 sq.cms,.

Rate of Air Length of Froth Volume of log,. V
Fiow gqumn Froth

(lff_iﬁ‘_h_r.) !Ena.) !50350)
17,30 0.90 6,80 0,833
20.71 1.29 0,74 0,989
23,90 1,57 11,84 1.073
26,7 8 1,97 14,87 1,172
29,49 24,44 18,43 1,266
32420 2,88 21,8 1,359
34,75 3.74 28,2 1,450

Frothing Apparatus ¥No. 5.

Internal cross sectional area of tube - 1,17 + 0,01 8ge.oms,

2.12 1.8 2.11 0.324
2;80 2.4 2.81 00“9
Se46 Se2 . 3476 0,574
‘014 ’ ’ 3.9 ‘0 57 0. 660
4,80 5.1 5,97 0.776
5,47 6,6 7.73 0,882

Discussion of Results,

8inoce the froth columm under comsideration is in
dynamic equilibrium, the volume rate of air flow up the
column mst equal the rate of destrustion of froth at the top
of the colunn, and the law of the curves in Figs, 31 and 32
mey be stated generally as,
-ay _ f(V) ~e-cvcocncmcccrccncacncnaaa(17)
at

where the R.H.3, of this equation is some funotion of the
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volume of froth., The shape of the experimental curves
suggests a logaritimic function, so the log,, of each value
of froth volume was evaluated as shown in Table V, and the
rate of alr flow plotted against log,V as shown in Flgures
33 and 34, It can be seen that a linear plot is obtained for
nearly the whole of the range chosen, The only divergencies
ooccur at very low rates of alr flow (See dotted portion of -
curve for 0,04f n-amyl alcohol solution in Figure 34), i.e.

at rates less than about twelve litres per hour for No, 4

and less than about two litres per hour for Xo., 5, T™his is
due to the fact that sero rate of alr flow demands zere froth,
whereas the law followed by the straight lines,

- ) ) 108 VY+8 a----.“--“om-"“-(le)

L

where & and b are constants, cuts zero rate of flow at a

definite volume not equal to mero but given by

o
>
1]

<
]

-s
oo logV =ea -1log (1 ~6¢), o being a constant,

s e V=(1-~ ;§ 6.08,
1,0, around seven e.cs, for the tests carried out in No, 4.
and around one ce. for No. 5,

The initial non-linear portion would seem therefore
to indicate the transition to dynamic equilibrium reached at
sbout 12 litres/hr, for rrotﬁing Apparatus No. 4 apd 2 litres/
hr, for No. 5. Since the constants a and b are independent

of initial voluyme of solution they would seem to be suitable
for characterising frothing solutions, A
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The values of & and b taken from Figs. 33 and 34 are
glven below in Table VI, In calculating the conatants the
unit of rate of air flow has been changed from (litres/hr,) to
the more rational (6.0s./second), ]

Table VI

Froth Volume Constants,

Alecohol C(Conc,.in Constants Ratio
Agueous ¥or No. 4, For No. 6. of i
Soln, gradiets
(X w/w) a b a ) (v/b)
n-Prooyl 1.2 =1,79 7.88 4,12 x 107 1,67 4,72
n Amyl 0,04 7,71 10.32 24.4 x 10° 1,20 8.00
O0ul4 =3,25 5,61 «4,73 x 10° 0.903 6,10
n-Heptyl 0.018 -2,16 5,02 12,4 x 10° 0,650 7,61

The units of constant & are c.0s, per second, and of b are
8.08, per second per 165. 6ce The above table shows that
they are not independent of the dimensions of the apparatus,
Although no obviows connection san be seen between the values
of the intercept A for a given solution in No, 4 snd No, 5, the
ratio pf the gradiemt of the limear plot for the solutiom in
No. 4 to that in No, 65 (.e, b for o, 4/b for No, 6) 4s
approximately constant, and is given as the last column of
Table VI. The mean value of this ratio above (6,61) is very
near the ratio of the oross-sestional areas of the frothing

tudbes, 1.0, oross-sect, area No., 4/eross-sect, area No, &

". 56/1‘17 - 6.“
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If it 18 postulated that under 1deal conditions

bf measurement these radios are equal, the gradient (b) of

sectional area of the frothing tube, 1,0, 1f b-mA )
where A 1s the eross-sectional area of tube and m is a new
conatant, equation Nos 18 beccmes

~-@Qv _mA log V + &
dt

If we let the volume rate of edlr flow up the tube be R,

then R - « dv and
dat

% =M 1log V4l ~reccncessvesconsascaccones(19)

where n = a/A
If we let (=F) be the linear falling velocity of the top of
the froth column, since there is & state of dynamic equili-

brium, the equation becoues,

eF=m 108 V + Nl meccancossnmncncancacceaes (20)
This final equation should be a universal one for a
head of froth in dynamio equilibrium on top of the liquid
from which 4t 1s formed, sinoce the constants shauld be
independent of the initial volume of solution and dimensions
of the frothing tube, They would therefore warrant the term
froth stabllity oonstants since they depend only on the nature

of the solution being tested,
Gonfirmation of Hypothesis,
In order to test the above hypothesis one alcohol was

chosen whose gqueocus solutions cover a wide range of froth




84a

2l°9 Go T 29T 06°¢T (a) 3ueTpBIY
2°04T T¢°T €°4g oW T Tl 90° 2 Q*HIT 06° €2
M °T w.mm Gol°1T N.om A JARY N.mm ww °1 0°49 Tl°02
mmm. oh ¢z ophT 2°08 Q€4°T GeH¢ 204" T 2°g¢ 0¢° LT
ém.w 092° T om.ma T€° T Gl-02 0T¢" T ot 02 29°¢T1
oTH* 0 léz  glé-o 16°6  9l0°T 26° 1T L¢or T 99° 0T 116
TH2° 0 Y/°T 9lG°0 Q/°¢ T26°Q A4 Z4a°Q oY 4. 9€*§
#0° 08 0" 09 0" 06 0 O
T2+t A . 1 88°9T (4) 3uaTpBID
- - - - - - lgote 0°60T gl* oz
620°2 6° Gzt e W gCT €20°2 GOt ®Go° T w1l 06°¢2
018° T g° T9g°T 9+2l wﬁm.ﬁ §* 4o mhw.a A Tl° 02
%64 1 m G¢  09G4°T €°9¢ C64°T 2°6¢ T T°0¢ o¢°/l1
léz 1 661 6T¢°T G 02 T9¢'T G6°22 §Geg° T le°lt 29°¢T
oho° T G6°0T ©696°0 /°6 QTO° T rA ) mmm.o wl*6 116
9l6°0 9l ¢ 6356°0 29°¢ wh 0 0T ¢ 949° 0 ¢G % 9¢*§
»o«wcH h £0°0)*T0op A°¥FOT (°850°0)°T0, bw«on,a.mo.ov T0A A°Y30T (°E0°0)°TOA (*xu/s8333T)
o¢ $0° 02 %0° 0T $0° G &OTJ TV JO 938y
*dIsje) UT UOCTINTOS JO UOTIIvBANIBS D4 viusoasg

*% coN sngeasddy JuUTyjoag Uy *D.G2 38 Touesdep--oeg
JO SUOTINTOS JOT MOTJd JITV JO 938y UJ[4 SUMTOA UFOXJ JO UOTFSTIBA

IIA ®TqEg



84n

T rd 4 l¢z rARES (Q) $UeTPBIY
64/ L IAN 1o 0 64/ ®16°0 02* 2 0¢6° 0 wm.w 0g*2
9g2° 0 0¢6°1 cob Q6 ¢ 629°0 F AR oow.o *¢ 212
0T1*0 gue° T 0 G¢o*e 6%% 0 o102 G¢o°z °T
Mms,y 906°0 662°0 066° T ¢€z¢° 0o 90T* 2 mmm. 066° T G T
oI ¢62°0 Nmn.a 1260 mmm. T9l°0 T90° & Hm&.o 66°0
oWe I 9lT°0  €T9°% oTh* 0 Hwa g T4¢°0  T99°3T abke 0 Tl°0
50° 09 %0° 09 %40° 04 %0°* o
g2 €6°T 62°2 0G*2 (a) jueppead
11 64 HT  fze I 2z T 06T°T 64 g1 mmo. 11 ghe & |
alg* o el Lo Gt R A0 LI mm 002
*0 oMm.m Nﬁm.o 60 leuc Ak % o mm. 21?2
62°0 6°T 291°0 226° T €62°¢C 6° T G2*0 log° 1 G
2zleu lzG 0 z2l°a leso Qul*l 9gG°* 0 22l % l2s° 0 ) VAN
A°Y50T (°800)°TOA A°'80T (*800)*TOL A°'60T (°500)°[Oh A°YGOT (°600)°TOA (*xu/89a31T)
%0* 0¢ 20° 02 %0° 0T ¥0°G HOTJ ITV Jo 83ey

cd9lBL UT UoTINTOG TO0 UoT3BINLIEN 8,589 U80J0. ]

Jo

*G§ coy snyexeddy SUTUload UT * 0,42 e Touezdsi-cosg
SUOTNT 0S8 I0J MOT, XTIV JO ®38BH UYJTM SUMTOA U30XJ JO UOFFBTIBA

“IITA ®TqaeL




84¢

s puUOORE/* 5. 1 s BLLu] SLOCE UT B JO BITUN
*00 FOT/pPU0OSS/* S0 = STCBE SL0GB U0 Q JO SRTUN
* et10° b8 g m SEaTB TRUOTFOTCAB5040 sngBIBGl® JO OF1®

€6°9 m OT3BI LUSTPBAS TO SUTBA UGS},

— . s S c— ——

60°¢+  g¢°9-  T2*TI- €94~ | TH - G¢*2-  ll*6-  lh6-(®/8)otywy sdeoaesur

6T°9 G 9 W69 1G*9 0" ¢ Rl gleo 9l*9 (a/a) or3®y JuUeTPEBID

OTXT Q% , 0TX2* T2 OTX0°QT OTXY* 22 OTXT*TZ OTX* 0¢ 0TX2" T2 ,0T1Xe’a” (©
“Tgh9c0 me.o mmm.o ¥ : ‘ i M

260 TGu*0 LG 0 PN 469°0 pw ¢ ¢ o sngexeddy
6% T+ q¢-1- mm.w- QZ° T~ G T- HT.*0 - Lotz- T°2- Muw .
The oT la% 99 ¢ 66 ¢ oW ¢ e H 9°% (a) % *oN sngeyeddy
708 709 04 Lot 70¢ 07 JOT "8 %4 -1y3fucays curog

pr—

*IIIA Pu® IIA S3TQEY JO SUOFINTOS J0F £3UTVFCUIL JUMTOA YFoId

————

“XI 9Ta®L



5.

tiiat the ratio ol the gradientsis constant ani e (juzl fto tie

ratio ol tiie crous-sectional areas ol the Lfrot ins tudes

L]

witlidin the 1iiits ol experimental error. On the obier nand

thie rotio ol bie intercepts is subiject to wile vari.tion.

v

It iz eviient tiat tie actual value ol the irtercent will

deyend on t.e r-te ol Jlov ot w . icl tie transition to tle
linear lawv is com;lete. Ti:is ftransition period will not
nly be derenient on t:e Ifrotiin~ power ol tiie solution Hut
will alzo bHe a [unction of the dimensions orf tlie Irotiing
ayparatus. Shuaation ol 20 tlereiore ajpears to be
veriied as a Jundanentnl relationsi:iiy for a Jrothin~ tude.
Altious. trne lJorm ol tlhe e uation, in which (=)
is used to simniry the dowmward linear velocity oi tie top
surfacze of the frot., is tiie more I"mdamental one, e uation
Ko. 19 is a more convenient form for calculation. It may be

put into tiie nore ceneral e xponential form as follows:i=-

R=mnlog V+n
X

= (m log e) log V+n

«++« R - n = logeV
Aln log e) m l1og e

and M = 1 = 24303
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Tie vilu=2s of Table IX have bean used to
c.leul.te (), (n), (i), @né (N) as shown in T:ble X, As

] b
3

predisted, for ot of the agueous solkbtions, thers iz jood

corzement tetwosn the value of (i) siven bv 2 potus Yo. 4
canc st Jlven Ly enooratus ho, £, n tiio oty nc, for

cuy sclutinon, the two arporati rive wicely Jifiersmt - :lues
ol (1), Thic miedroe the latter uoeless for counoring freth
stabilitics a2 1t -unt 9841l be 4 functlon of the ¢iwensions
ol LU o aomaritus,. Since, Lowever, the constant (k) is now
only deoenuent on the nature ef the frothing solution it may

Le 1 »n the titla, Froth Vo ume Stabllity Gonstagg.

If =2 soume thnt hish froth stability is
szeciated with a lar-e incrsase in froth volume per unit
Increazce in rate of alr flow, (&) from its wode of deriva-
tion will incresse witr froth stability. The change in (i)
fro.. solution to solvution cf Table X is not very .Peat, Tuis
is due nore to the fact that these solutione ave ruiiler
sl dlor froth stabilities than that (k; is insensitive to
chanze in.froth stablility.

The Froth Volune Stability Constant (i) of any

sclution 1s therefore obtained by measurin: in a frothing tube
the volur» of froth procuced by a current of air at varlous
rites of flow 1o to the disanmedaranca of tue demarcation line
betveen ths froth snd bubblee-containing li~uid, anc then

Geter.ining tle pradiert (b) of the nl t of rate of sir flow
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apoinst tihe logarithm of tre froth volume, Tien

B _ 24303 A ===e=e mmececmmmccmecceeaca(-])
= Zedlo b

wiiere the symbole huve tLe sume slgrificance o3 akove,

the varistion ol (i) witl asoncentration of frothin-~
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The Rationsl Approash to the Bubble (ojumm.

The complexity of the bubble column proble  and
the large number of varisbles involved make a rigorous
mathematlical analysis extremely diffiocult, 1f not impossible,
The empirical relationships, however, of equations Xo, 12, 13
and 14 give some indication of how the varlables are related,
These have been used in conjunction with & dimensional
analysis of the variables to derive the more fundamental
formilae given below,

The problem 1s best divided into two sections,
(a) thﬁt covered by equation No, 13a, where we have a head of
froth on top of a column of bubble~containing licuid, what
might be termed the "two-phase" system, and (b) that covered
by equation No. 14, where the column of bubble~containing

liquid has dlsappeared, what might be termed the "homogeneous"
syatem, ;
(a) the "two-phase™ system, |

|

In the formation of a vertical sylindrical columm or:
froth on top of a column of bubbleescontaining liquid, bdy |
blowing air into the base of a liquid column through a
sintered disc, the follewing variables are likely to de |
involved,

R, the helght of froth above the initial hoad
{h,) of liguid on sintered éise,

1... h’ = H = h‘
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©, the density of the column averaged over its
total length, (i.e. from top of froth to sintered diss).
Thus, 1f density of the liquid in the colummn is x gas./oc,.,
and density of gas in the bubbles 1s x, gms,/oc.,
- xh, + x»(ﬂ - h()
A0 = = :

4P , the pressure gradient up the columm, This variable is
gn—unitorm since the pressure gradient up the bubble-contein-
ing liquid coiumn mst be relatively bigh and that up the
froth relatively low, but it may be averaged as was (o)

above,

S B

vhere g 1s the acceleration due to gravity,
V, the linear velocity of air bubbles up the colum,
1.0 V= «F of equation No, 20
- % of equaetion No, 19

Js the viscosity between bubble films and between
bubbles and the tube wall,
S, the surface tension of the liquid,

It is supposed that this analysis is carried out at .

constant temperature, (25°C).
Then for the bubble columm there is some funetion

of these variables equal to sero,




P4
1.600 r(h,/)’_g{{, v, 3) = 0
According to Buckinghem's II theorem (43), if these six
variables are described by three fundamental dimensional
units (Length, L; Mass, M3 and Time, T.), they may be

grouped into three dimensionless terms, there being only four

varlables to each tomm, Only one of these need be changed

.frcm term to tewm.

In the following, three of the variables (n Iy r v3

have been selected to be common to all terms, These were
assigned the unknown exponents a, b, ¢, ete,, while for
convenlence the remalning variables were given the expomeant
-1,

Then 1f the non-dimensional groups are symbolised
bty IT

B(IX,, II,, II,) = 0 =emmmeceemomceccceoaaao(22)

and 17, = K * 0P y© ()

/ R b c, .
na:‘haﬁa v&)‘]

na = h/ ‘3/°b3 '03 a"l
Each non-dimensional group may be assembled by
replacing the varisbles with their dimensional equivalents,

®sge in IT,
a, b, e -1 © 340 g
(L) (%) g)'tﬁl‘) = L°N?
L1 &, =« 3b,+0,+2 =0
W b =0 +.e.b=1
T -6 +2=0 o o0 =2
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[ ]
) s o & = "'1
..' n: /Jva
)4
" The remaining nonwdimensional groups are obtained in the

seme way, Thus equation No., 22 finally takes the form
£/ LoV hpev') . o
o S -l o
I

It has been indicated on page 67 that with the froth
column in this condition the height of froth 1s dlrectly
proportional to the sesond power of the rate of alr flow,

Thus -

R
If 1t 48 oonsidered that at small heads of froth, and for one
particular 1iquid (i.e. S constant and p constant), g 1s

constant, ¢'. # = ¢’
" a

a _ 0 . oV

== 4w

. Y a

. » 8/3 =0,/JV,

.
s @ l‘, = ol/ o va------p_--..-..-----------..--(25)

3
No mention has as yet been made of the effect

notie:d on page 68, that the gradient of the plot of height
of froth against the sauare of the aly flow rate increased
with initial head of liguid., A number of experiments were

carried out with pure water in the frothing tubes and it was
found that the expansion produced by the rising bubbles at an-
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air flow rate was directly proportionel to the initial
liguid head snd inversely proportional to the tube diameter
(D). Thus equation No. 23 becomes

B =Q.h,, Yemecomaoeee- mememmmm - (24)
where 0 - Q?h. &
b))
or H:Q.h  R'ecemraccmccnecccencn-conanas(25)
where Q 1s & non-dimensional constant which should be
independent of the apparatus dimensions, and as previously
h,,1s the inltlal head of lijuld
Ry 1s the volume rate of air flow,
Ay, 418 the cross~sectional area of the frothing tube,
8ince this relationship will only hold for small
heads of froth, Q. b, i1s the gradient of the plot ot(ﬁ )
against R* at sero rate of flow,
The ocomplete equation in terms of the total "height
of froth" (H) above the sintered disc is thon
E=Q.h R + N cecmmccean--a(28) .
where h 1s the virtual height of the initial liquid volume

as introduced om page 63

.

Experimental
Proth heights for a number of dilutions of a

saturated solution of Sec~Heptanol in water at & range of alr-
flow rates are given in Table XI, The results obtained for
100 €os, of solution in Mo, 4, apparatus are compared with




Tsle XI .
ot it

Froth Felchts ifecr various solutions of

ﬁoc-‘iev"é'?no] Tn “ater.

Frotring Annoratuvs No, 4.

T Pate of

eir flow 18

(R)

feiuht ol Frcin

Solvtion - 7

(H) cms.

“nturation

cce./sec, _ 40% 50/ 6 80%
1,73 2,99 13,31 15,58 15,18 13407
o7 7«40 14,60 14480 lda31 13,74
Be T 14, 36 13,09 16.%8 10.71 14,94
Ao Bl shedd Lol 18,18 174492 16,89
5474 T 20,70 2094 20.66 19,89
a6 44,30 “he93 56 56 e 68 23470
e ld bi g, 37 29420 O0e6%7 nt e 80 Z7.66
fa 0 67 e o5 379 DD S e 5063
0, 68 - 37,3 5748 5648 34,7

1‘!.54 - 42‘7 -Qz‘.ﬁ 41.8 68.4

19,17 - 45,5 46,0 44,4 41,5

14,42 - 49, 5 2Ce 0 4Ge0 46,0

16,20 - ole® B 0le & 48,7

Frotihins Annaratus No. 6,

CelQY 0. 0588 19,0 1940 1940 18.75

0403 0.162 “led L.)1Q4 le2 20 6

0e 273 0.2 -4 s et Piied DNie? 21.7

. 589 0, 347 4.2 2ded cd.1 233

0,588 Q.4 2 25.8 2549 rhed 24.5

(‘.839 - 50.3 51.1 9.6 27.7

0,081 - 32,9 3349 Sced 29.0

1,332 - 36.6 SV Ube 8 31 3

1.f.'19 - 87.6 58.4‘ 56.7 52.2
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those for 20 cecs., in No. & spparatus, All frothing tests
were carried out at 25°C, The results are plotted in
Figures 35 and 36, The curves take the usual shape, The
plot of height of froth (H) against (R') for these solutions
at low air-flow reates 1is shown in the composite figure 37A
and Be As expected, the curves are only truly linear at the
lowest flow rates, The values of (Q) in equation No. 26
for these sclutions have been calculated from these gradientas
at zero flow-rate, and are shown below in Table XII,

Table XII

‘ = -d . “l - L4 - - 4 D°
Ea - H: El
Aggaratus Xo. 4, 100 ccse, solution,
o G WY P K ) ‘, - W A A A X ] wd-“"vu‘

K =57,15 sq. ems’ D= 3,10 oma,

h,=12,40 cms, g = 981 oms/sec:
~ Bolution Strengths 408 saf 60f 8ok
q 2932 3012 2834 2417
h, oms, 13,13 13.27 12,89 12,587

A]

Apparatus No, 6, 20 occs. solution

A'=1,37 aq. omsi D =1,22 oms,
h,=17,4 ons, g =981 cms,/sec’,

86luticn Strength: 408 5080 60 80f

Q 1760 1836 1683 1524
h': Cnis, 18,22 18,22 18,22 18.15
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Although the values of Q should theoretically be
independent of apparatus dimensions the two frothing tubes
do not glve exactly the same value for any solution, The
results, however, are of the same order aﬁd change in the
same sense with concentration of frothing agent, It is
“thought that the porosity of the sintered disec with its
effect on bubbie slze may bo causing the diserepancy., If
the porosity and average ‘bubble size could be determined
accurately, it should be possible to gét values of Q giving
" an absolute measure of froth stablility,
(5) the "homogeneous system"

When the liquid has been completely diupeisod into
froth, the viscous forces between the bubble films play an

increased role, and the motion of the bubbles becomes &
laminar one. The froth behaves like a ligquid flowirg slowly ‘
up the column and expands through the thinning of the bubdle
films, In the light of the results of the previous
analysis. the important variables should be
B, in this case the height of froth above that

height at which the hemogeneous system 1s reached, together
with D, V, 8, p. There must again be a function equal to
Zero,

100 £(B , D, V, 8, 1) = 0 =o---o-mmmcoamnen (27)
A dimensional analysis of equation No, 27 gives

ﬁ(n/)ﬁ. ﬁ):o

since 1t has been shown experimentally that in tMs
state the height of froth is directly proporticnal to the
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rate of air flow, we have
E_Q . av
5= 53
o @ hl = Ql_ % .v—----m-.--“.‘-””--c---‘gs)

The initial dimensions of tine liguid ocolumn
(404 h, /D) should have no longer any effect on the results
of this equation, since the liquid 1s completely dispersed
into froth, 1f care is taken as was stated by Bikerman,
to see that the initial volume is a relatively large one,
e.gs not less tham 100 0cs, in apparatus No. 4 and not leas
than 20 ccas, in Ko, 5, the initial dimensions will decide
only the height at which the homogemneous system is reached,

Thus Q' 1s another dimensionless conatant which
should be independent of apparatus dimensions. It is
interesting to note that

Q. % - /E
1,0, 13 similar to the constant of Ross's equation as
already indicated en vage 77 of this work,

| If then the variatiom of froth height with flow

rate 1s being considered for ome particular solution (L.,e, 3
conatant and p constant) we may put

Q’.§ - v .

where U is & constant of dimensions, secs, cms,  and

equation No, 29 decomes
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B = U.D.R meem-meoaceconmcocccccea(30)

»

or H = U.D.R + K ==cecee-- e cene(31)

where X is tlh.e intercept of this linear portion at
zero air-flow, |
Experimental,

If reference 1s again made to the results shown
in Table XI and Figures 35 and 36, i1t can de seen that the
linear portion of the curves for solutions of such high froth
stabllity is relatively short, In Pigure 3 only the 80%
saturated solution has a linear portion long enough for
agcurate measurement of the gradient, The froths of the
other soTutions in this figure are so near their limiting
height that the linear portiofx tends to be masked, In )
Flgure 36 the two effects are seen better, The linear portion'
is quite obvious before the limiting height has its effect
on the gradient, The values of U for these solutidna in
each apparatus’ have been saleulated from the gradients of
these linear portions and are given in Table XIII below,

In spite of the difficulties in obtaining an
accurate value for the gradients, the value of U, for any
solution, given by each apparatus are in good agreement
indicating that U is independent of apparatus dimensions,

The change in value of U with concentration of reagent is
in the same sense as was Q. 8ince Q and ¥ give absolute

values for froth stability we may give them the term,
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Froth Height Stability Constants to distinguish them from
the froth volume stability constant, M,
Table XIIIX

U___ Hg - H' X A
ua - “l v

Apparatus Ko, 4, 100 ces, solutiom

A =7,56 sq, oms, D = 5,10 oms,

Solution Strength,- 408 58 607 8o%
U secs, Qm':' 7.57 7.70 7438 G¢89
X ons. 7¢ 56 7667 7.56 T.07

Apparatus ¥o. 5, 20 ocs, solutiom,

A = 1,17 8q, oms, D = 1,22 oms,

golution §trengthi~- 40F 70 4 ok sof
U secs, oms,' B.41 8,79 7,91 5,96

K oms, 24.9 25;1 24.4 23.0

The Comparison of Froth 8tabilities,
With the apparatus variables arbitrarily standardised

attention can now be given to methods of studying the effect
of reagent consentration on froth atability, The various
constants, (M, Q and U) that have been derived in the fcre-
going werk might well be ermplcyed in the comparison of froth
- stabllities, They would seem to have varying degrees of

usefulness, @, the square law non-dimensional constant,
with 1ts limited range of application, would serve as a
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measure of the stability of high stablity froths since in
such cases & sultadle head of rroth.waﬁld be obtained at a
low rate of air-flow, On the other hand, U, the constant
of the linear law i1s best used ror‘rrothe of low stablility,
beeauao‘gueh froths, ss we have already seen, have a compare-
tively large range of height over which the linear law is
applicable.

As mentioned in the historical section of this
work, previous investigators, by comparing the different
mothods of measuring froth stadllity, heve shown that the
total height of froth {(here, H) above the porous dise in a
frothing tube at dynamic equilibrium i3 proportional te the
stability of that froth,  If this statement is accepted,
an anomaly 1s at once evident in the results of Table X whea
& comparison is made with Figuvres 35 and 36, Xt will Dbe
remembered that a high value of X indieated a high froth
std 111ty., Thus while ¥able X suggests that the solution of
80f saturation has & higher froth stabilkity than the 60
saturated solution, Figures 38 and 36 show it to be consider-
Jablo less, This would seem to indicate that X is not a true
indication of stability for solutions near saturation, It is
suggested that X would dbe most vseful in comparing froth
stabilities of solutions of frothing agents, where the
solutions compsred are those of maximum stability for the
particular frothers deing tested, In this way any concem=

tration effect on N will be avoided,
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Although the absolute values of stability offered
by Q and U are attractive, their limited range of applica-
tion will tend to make them inaccurate in many cascs, and
thus of little uso';n measuring small differences in froth
stabllity. The fact that they are dorived from gradient
measurements makes them less sensitive than a single determina-
tion of froth height, For example in the linear portions of
the curves in Figures 356, 56, and 37 the gradients of the
40f and 50 saturated solutions are nearly eqﬁal while at
some iatoa of flow (e.g. in apparatus No. 4 above 8,0 ecs./sec.
and in apparatus No. 5 abeve 1,0 0cs./sec.) there is as mieh as'
0.8 oms, difference in height between them, This §s quite &
large difference when froth heights can be measured to - 0,02
oms.  The difference in froth height is roughly preportiemal
to the rate of alr flow used, Thus where comparative values
of froth stability are required froth helght measurements at a
fixed rate of air flow are more sensitive and can be made
more quiockly than determinations of M, Q, or U, The change
in sensitivity, 1.,e, the variation of froth height with com~
centration of r‘aganﬁ at a number of different air flow
rates, is obvious from Figure 39, | As the rate of air flow is
inoreased, the maximum of the plet of froth height against
reagent concentration can be seen to develop from a small rise
to a sharp pesk, The position of this peak with reference to

the soncentration axis seems to be unaffected by rate of alr

flow, By making measurements, therefore, at a suitable aiy
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flow rate the semaitivity of the experiment can be set at
the value required,

Por these reasons, Q and U will not be used in
the experiments which follow, but froth heights will be
measured at arbitrary rates of air flow, Wherdabsolute
values of froth atability are required M will be ealculated,
but care will be taken to see that M 1s used only for the
comparison of solutions whose stabllities lie at similar
points on their respective froth stabllity/concentratiem
curves, 1,0, 8t the maxima,
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The Variation of Froth Stability with Conoentration of Prosher.
In the measuremsnt of ocomparative £roth stabilities

by the bubble column the determination ef total height of freth
above the porous diaphragm at dynamic equilibrium is $he
simplest and quickest methed, and, as shown above, the order
of sensitivity of the method is ocontrolled by the rate of
air-flow. I% is8 thus very suitable for plotting the pesition
of maximum froth stability frem solutions covering a range ef
reagent concentration. Of course, using this methed, the

solutions compared must have the same initial volume, de at
the same temperature, be subjected to the same rate of air flow,
and be compared in the same apparatus. |

¥any investigators have indicated that solutions of
surface aotive agents show a maximum froth stability at sems
definite concentration value. Bartsch determined this vulue
for a large number ¢f substances, bhut his results suffsred
fron the orudity of the agitation methed he used.

The surface active agents, ¢r frothers, chosen for
this investigatien were as in the previocus experiments the
lower menohydric alcohols as being the simplest type availadle.
Apperatus.

, Freth sapparatus Nos. 3 and 4 were used in this
investigation. ¥Neo. 3 was used first for the aloshols of low
froth stability but 1t soon became obvious that the frething
tube (50 ems.) would be dangereusly shert for the freths
produced by the higher aleohols with the initial velume of
selution being used. Thus frething apparstus No. b (see
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figure 21) was brought into use, with its 100 om. frothing

tube. In changing from Fo. 3 to No. & a test was carried out to

ascertain if a correoction factor would be necessary fer cempar-
ing the results obtained from the two apparatus, but the
difference in froth height for the same solution was not great
enough (never more than 0.5 em. difference in 40 oms.) $o
warrant a correction factor. This may be attributed to the
fact that the apparatus had been made as far as possibdble
dimensionally identical and had perous dises of similar
porosity (40-50 microns.) Rate of flow measurement was by

an orifice type flowmeter which had been previously calibrated
by & wet gasmeter. In all the tests water was ciroulated
through the thermestatic Jacket to keep the solutions at 25°C +
0.2°C. The automatic pipetites described previously were used
for transfer of solutions. A dust-cap made from a small
beaker inverted and filled with cotten wool was used on top of
the frothing tube during tests.

Purification of Reagents and Preparstion ef Selutions.

The alcehols were odbtained from different sources and
were of different degrees of purity.

Methanol and Ethanol were the absolute al ® hols
available in the labvoratery. They were dried by refluxing
ver Grignard Magnesium, the methanel for 24 hours, the ethanel
for 48 nours. The samples wore then redistilled. The |
Gensities of the dried materials were taken as & check en their

mrity. 7The values given delow are compared with these frem

ey e

TV P VI &
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the Kational Oritical Tables.

Density of dried methanol at 20°C = 0.7921 gn./oc.
/’

Density of 100% methsnel (I.C.T.) at 20°C = O0.7917 "

Density of dried ethanol at 20°C = 0.78% "

Density of 100% ethanol (I.C.T.) at 20°C = 0.7893) *
Samples of the aloohols, m~propanol, isepropansl,
n-butancl, iso-butanol, sec. butanol were ebtained ocure from
B,D.H, These were in carefully sealed bottles and therefere
it was taken that their only impurity likely to effect resulds
would be water. Denaity determinations were made en the

samples.

Density ef B.D.H. n=prepyl alcohol at 25°C = 0.7999 gm./oc.

Density ef 1004 n-propyl aloohol at 25°C
*’ w (Iogo!o) = 0, m "

Density e¢f B.D.KH, hqpropyl alocohol at 20°C = 0.787% "
mit’ of 1M isoprepanel at 20°C (IOGOQQ )‘ OQM -
Density of 99% isepropenel at 20°C (I.C.2.) = 0.7877

Density ef B,D.E. m~butyl aloohol at 20°C = 0,810 ~
Density of 100% m~bdutanoel a% 20°0 (I.C.T.) = 0.8097 *

Density of B.D,H. isobutyl sl cohol at 20°C = 0.808) "
Density ef 100f isobutamol a$ 20°C (I.C.T.) = 0.8017 *

Density of B.,D.H. sec, dutyl alecohol at 20°C= Oqﬁﬂ)’ "
Dnlity of sec., butanel at 20°C (Handbk.

Physios. = 0.808
(This was thc enly figure available for this aloshel)

The Tert. Butamo) edtained was a commercisl smiple and

B . I RTIRE
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was therefore distilled through a Penske fractionating columm.
The fraction distilling between 82.0°C and 82.5°C was
collected. (B.P. of pure Tert. Butamol = 82.5°C)
Density of redistilled texrs. butanol at 30°C = 0.7787am./cc

Dcnzity of tert. butanol at 30°C : = 0,7788
Dict. App. Chem. Therpe. _

The n-amyl alcohol was B.D.H. pure.

Density of B.D.H. n-amyl alcehol at 20°0 = 0,815, "
Density ef 100% n~amyl alcohel at 20°C = 0.8139 *
zAddison, 300030. p.Sﬁ, 1*5-? ¢

The sample of iso-smyl aloohel ebtained was of
unknewn origin and was therefore alse ocarefully redistilled,
the fraction distilling between 130.5°C and 131.5°C bdeing
collected. (B.P. of pure iso-smmyl alcohel = 131.5°C.)

Density ef relistilled §so-amyl alochel at 20°C = 0.8136 .

Density of iso-amyl al cehol at 20°C = 0.8127 *
‘ﬂd:{l.n, JeCeSey PQ,BQ 1*5)0

The heptyl aloehols were B.A.H. pure.
Density of B.D.H. m-heptyl aloshol at 20°C = 0.8212 *

- e VR es

I S Pa

Density of n~Hep¥anol ¢t 20°C (Handdk. = 0.8229 *
ng. and xﬁuu .’
Dmiu of B.D.H. sec-heptyl aloehol at 20°C = 0.518%
+8« h=heptanel) |
Mig of h-heptenol a$ 20°C (Hsndbk. = 0,518
em. and 1as.

Solutions ef the adeve alcohels wcr-\ pepared on a
v/w percentage basis in water doudle distilled and condensed
on Pyrex glass. The weight of alcehol required for a
selution was calculated and acocurately weighed out using

‘mlore~pipettes. This smeunt was then made wp to ihe required



105.
volume with water and stored in carefully cleaned glass
stoppered bottles. In the case orf heptyl aloohols, agieous
solutions were prepared by smuitably diluting a saturated
solution. This was prepared by shaking excess slcohol in
distilled water for 48 hours at 25°C. For meHeptanol She
concentration in the uturatcd solution was taken 0 be that
glven by Butler (44), viz. 0.180 gms. per 100 gas. saturated

|
l

"solutien at 25°C. o figure could be found for the solubility|

of the secondary heptyl alcohol, h~Heptanol. Stress must be

)
»
»

laid hexre on the absolute cleanliness ¢f all apparatus necess- :

ary in this work. Chromic acid was used freely to remevo
grease films from all glassware. Solutions were used as
soon as possible after being prepared, bHhut later tests showed
that many stored for over a month under these conditions
showed no change in froth stadbility.
Frothing Tests.

Ths first tests made were with solutions of ethanel.
The whole range (0+100% ethanol) was covered to verify the
general shape of the curve indicated by previous workers fer

solutions of a surface active agent in water. For the
other aloohels enly a suitable range ef concentration values
to shew the pesition of maximum freth stability were tested.
The frothing tudbe was first theroughly cleaned with
chromic acid followed by double distilled water. The dust
eap was always placed on the top of the column during the
interval of drawing the washings to waste through the poreus

T e O WIS L ZAT R T TFE ™ ] N AN e rw



o6

disc. The tube was finally rinsed out with a little of the |
solution te be frethed and that drawn to waste tco. It was |
found better te have a small rate of air flow passing inte the |
tube even whem it was under the slight vacuum of the waste
pump. - This made doubly sure that no waste lijuid traversed
the leop and entered the air line. . The vacuum line was then
closed, the aix flow drought up %0 a suitabls value and the
volune of solution %o bde tested transferred to the tude dy
means of the subomatio pipette.

For the earlier alcohels tw velumes of esch solutien
(50 cos. and 100 cos.) wers tested frem separats pipettes.
This was done %0 prevent ths ascidental econtamination of exe
ripette passing unneticed, and to allow us %o fall mck en the
freth height fer 50 cos. if the 100 oc. value for later aloshels
eould net be maintained in the apparatus. Since this was
found unnecessary the use ef the 50 co. pipette was finally
discontinued.,

As & sheok on lecal centauinatien ef the fubs each
selution was frothed at thres rates ef flow, giving flowneter
Teadings as shewn in Tabie XIV delewi~ | | '
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Table XIV.
Abritrary Air Flow Rates for Frething Apparatus No. 4.

rm i:ztor ' h;o of r::.:w (31 gg; o:;sd%“o“
cm. water) mg 5'03'
su.ft/hr. litres/hr. ocu.ft./hr litres/hr.
Rate No. 1 2.0  1.39 59 1 ohdy 40,8
Rate No.2 A.0 2,08 58.0 2.12 60.0
Rate No.3 6.0 2,62 74.3 2.1 76.8

There was a chance tha$ variation of reom temperature
aight cause variatien of volume flow at the porous disc, se care
wan taken %o carry out the tests during that yart of the day |
when room temperature was 15°C + 2,0°C, The three rates of |
flow allowed thres ourves %o be plotted for the one solutiom |
in the concentration range covered and showed up any inconsis~ ’
fency in any one of the curves. It has already beem shown $hat)
the variation of freth height with concentration ¢f frother is
rroportional %0 the rate of air flew, thus the highest rate of
flow was the most suitable for showing the pesition of the |
maximm, but, of course, the errors involved were alse at their &
highest, On the other hand the lower rate of flow values were ?
less sudbject te error snd the maximum was flatter. Thus ene
ceuld ebtain the correct shape ¢f the 6 em. curve frem the
lower flew rate curves snd the exact position ¢f the maximum
from the 6 om. cwrve itmelf,
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The solution under test was gently froethed for five
minutes to bring it to the temperature of its surroundings.
The rate of flow wes then lowered to break the froth and |
raised to the highest rate of flow value. When dynsmic
equilibrium was reached the froth heigh% was measured, then
the froth was broken and buil¥ up agein in a repeat teat.
This was done in turn with each of the air flew values.
Finally, the solution was drawn te waste and a new sample
substituted.

Results. !
0f the aloohels tested the results for methanol were
the most Aifficult to obtain due ® 1i%s low freth stability
and flattish maximwm, The results for the individual |
alcohols are plotted in Figs. 38~50 respeotively. Diffiouldsy
was also experienced with the heptyl alceohels. Under the :
oconditions of the experiment the rate of air flow asseciated .
with the limiting height of freoth was, for most of $he heptyl {
alcohol @ lutions, belew thLe © oms, rate and even in some
cases below § cms. Solutions ef these smngly surface aetivo
substances partioulsrly near saturation have such small~
bubbled freths that complede dispersion is achieved at a i
comparatively low rate of alr flow. Froth heights cannot be
measured abeve the limiting height since the column no lenger
expands dut is oscillating violently as large bubbles pass
Wp through 1t. These large bubbles tend %o destroy the celumn,

as shown in Pigure A6 whers the freth height of the 100%
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FOR SOLUTIONS OF /soAmYL ALcoroL
AT 2X5°¢.
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(SEE KEY ON FIGURE 38)
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saturated selution of n-heptanol at the 6 om. air flow is lower
thau at the 4 om,. air flow. No socurate heights could be |
obtained for these solutions at the & am. or 6 om. rates.
The curves plotited at the 2 om. flow rate, howaver, for
solutiens of the %wo heptanols sre compared in Figure 48. The
fragments of the 4k cm, and 6 cm. curves for n-heptanol
solutions are also shown.
The heptanol solutions were then tested in arperatus
No. 5 using an initlal volume of 20 ces. Three arbitrary
air flow rates were chosen &s indicated in Table XV below and
the results are plotted in Figures 49 and 50.
Table XV,
Arbitrary Air Flow Rates for Frothing Apperatus Ne. 5.

rh:utor Rate :t Flew B::e otaﬁu a¥
a s s ise.
mfngatar) Pl?mto 25°C. g

Rate 1., 2.0 1.42 litres/hr. 1.6 litres/hr.
Rate 2. O ' 2.7’ ¥ 2.86 "

Rate 5. 6.0 Oy S . Ne19 "

For all the secondary heptanol solutiens the rate ef
alr flow associated with the limiting height was now abeve the
highest of the three rates chesem, dut for most of the n~heptmn-
ol selutions the highest ef the three rates was again abeve
the limit., This 4s shewn by the erratic shape of the teymest
full-line curve of Figure 49. The bdrokemn-line curve indicates
the prebable shaps of $he topmest ourve wers there sufficient
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1iquid in the tube to allow further freth to be formed,

Measurements on the 100% saturated aolu%i&né had teo
be made quickly since continued frothinz caused precipitation
of droplets of alcohol in the froth. The suddan\change; of
surface area taking place at the top of the froth wers cauging
the concentration of adsorbad molacules to locally exceed the
saturation value. The resultant decrease in bulk concentra=
tilon of aleohol caused a progressive increase in the height of
the froth produced by the soiution.

The 6 cm, curve for all the alcohols except the
heptanels are compared in Pigure 51. Thelr significance
iz discussed later. At this polnt it was impertant to see
the effect of temperature on the position of the froth
gtadillty maximum with reference to the concentratlon axla,

before one could attach any signiflcance to the values obtained

- abave.

Effect of Temperature on the concentrationwalue at wkich
; Iroth 8tabllity occurs.,

’ Isopropanocl was chosen as the alcohol to be teated and
frothing was carried out as explained above. 100 ccs. of |
solution were taken in every case. The concentration renge
was covered for solution temperatures of 25°% %5°3 45° and
60°C. A temperature correction was applied to the flowmeter
Y0 offset its difference in temperature from the temperature of
the solution and thus correct changes in volume flow.

| The results of the test are shown plotted on Figure
52 and it can be seen that there is a slight movement of the
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maxizum value with temperature change. But considering the
large range of temperature covered (35°C) we may cay that the
position of maximum froth stability is independent of
temperature at ordinary temperatures.

Disoussion of Resulis.

A study of Figs. %0-50 ancC particularly 51 allows one

to draw the following conclusions - _

1. 4As one ascends the homologous series the froth stability

of the solutions incoreases, i.e. the longer the mon-polar chain
the more atable the Iroth.

2. Por each concentration range there is a well-defined
maximum value (becoming sharper on ascending the series)
soocurring at = comparatively low concentration of alcohol.

3. With inorease in molecular weight i.e. increase in size of
the non-pelar group, the cencentration of aloehel required
to give the maximum froth stsbility decreases. The estimated

molar concentration for maximum froth stadility for itlLe vaxioeus.
| aloohols tested is given below in Table XIX.
A+ For the iscmeric butyl alcohels the froth stability decreas-
¢s in the orxder m~; iso-} sec.-} tert- i1+.0. a8 the nen-~
polar chain is mcons’iwly shortened. This is in agreemems$
with 1 above.

5. Por the isomeric butyl alcohols the concentration of
alcohol 40 give maximum freth stability t¢ the selution

decreases in the order n~§ 4so-} sec-j fert,.

6. The surface tensien corresponding te the concentratiom of
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surface-active substance for maximmm freth stability (as
obtained from International Criticsl Tablea) is approximately
constant. The values are included in Table XIX. This $s in
agrecment with:- Bartsch.
7. Since these results wers obtained, Xysw Htin (45) using
No. 4 Prothing Apparatus has carried out exmc$ly similar
tests en the lower aliphatic acidas. His recults are shewn in
Pig. 5% and are included for comrarison in Table XIX. They
ere in agreement with the first three cenclusiens for the
alcobhols given above. He explains the apparent snomalous
results of acetic acid by assuming that the molecules of acetic
acid had associated %0 & certain extent giving an increased
moleculay creoss-sectional area. Frou a comparison ef the
aloohels and their corresponding acids it is clear that the
acids have a greater maximum froth stability than the alcohels
(about twice that of the alcohol for the lower members), and
in general it requires a higher concentration to reach maximma
froth stability for the acids than for the aloohels.
These numbered conclusions can now be discussed in

more detall. |

" Comolusions No. 1 4s in agreement with the results
of Bartsch i.e. that freth stability increased up the
hemplegous series, btut i% will be remexmbered that he held
| that freth stabilities again became less after passing amyl
aleohol, due t0 the mpidly deoreasing solubility. Since it
Ras besn showa here than n-hepiyl asloehel selutiens have a
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graater stability than those of n-smyl alcohol it seems that
the optimum aloohol lies higher up the series than Barssch
imaginéd. For the sake of completeness Bartsch’s results
for alcohels and acids are givem in Table XVI, together with
results obtained by Sasaki (36) for similar compounds. “he
latter used dynamic freth heilght as a measurs of froth
stability. Thus while Bartsch zhows that the highest froth
stability for the alcohols tested ocours at Iso-smyl sl cohel,
and for the acids at Heptylic acid, Sasaki finds the eptimum
alooliul to bhe n* Hexanol. Again, using a frothiang tudbe
Consteble and Erkut (37) found that the maximum height fer
Octyl alcohol selutions was greater than that foi Heptyl
alcohel, and Talmud and Suchowolskajs (33) that froths frem
Capreylic Acid sclutions were more stable ithan those from
Hep$ylic aeid solutions. I% is therefere felt that in the
11ght of these and our ewn results that solutions of mn
alirhatic alcohel showing the greatest froth stadbility will
prodably be thoss of n-Octyl alcohol, while the optimum fatty
acid may be Heptylic or Capryluc Acid. Cenclusion No. 4 i=s
also relevant here in that it shows that a brmmched non~
polar chain imparts & lower froth atability than does the
straight chain ¢f the isomeric aicehol., Thus froth etadiliey
seems to depend on the length of the non~poler carben chair.
It 18 of fntereszt to note that A-Heptanol gives aprproximately
the same froth heights as n-Amyl alcohol. This imdicates
that one carbem added ts a four carben alcohel (n-Butenel)
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Table XVII.

Froth Stability of 1.50% w/w Isopropanol at 25 + 0.2°C.

Internal cross sectional area of frothing tube = 1.17 +
0.01 sq.cnm,

Rate of Alr Flow Froth Readings Le h of YVolume of log,,V
tu..%./0T. ccs./hr. Bottom TEEE' Toth column  FIO LA

0.025 708 18.1cms.18.7cms. 0.6 cms. 0.70ces. T.847
0.050 1417 18.7 19.5 0.8 0.9% T.971
0.073 2606 19.8 20 o4 0.6 0.70 T.647
0.097 2742 20.0 21 o4 1. 1.64 0.215
0.120 3395 20.6 220 1.8 2.11 0.324
0.1ik 4070 21.3 23 2.1 2.6 0.391
0.167 4730 22.1 24 .5 2.4 2.81 04449
0.190 5380 22.9 26.0 3.1 3.63 0.560
0.211 5970 23.9 27.6 3.7 4 3% 0.637
0.232 6570 2.9 29,2 4.3 5 .0k 0.702
0.252 7130 25.5 30 .4 ke9 57k 0.759
0.270 7640 25.7 31.5 5.8 6.79 0.832
0.287 8120 25 .4 32.% 6.9 8.08 0.907
0.303 8570 25.2 33.3 8.1 9.4.8 0.977
0.321 9080 25.0 33.9 8.9 10.4L 1.017
0.337 9540 24 .8 34 .8 10.0 11.80 1.072
0.353 9990 2l .5 35.7 11.2 13.20 1.121
 0.367 10390 2,.0  36.2 12.2 Ly 40 1.158
0.382 10830 23 .6 36.8 13.2 15.58 1.193

0.395 11180 22.9 37 .6 .7 17.35 1.239
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in $he n=position has as much effect on the froth stability
as three added in the secondary pesition, 1.e.

CHy (0H; )y OH
(+ iitl/////’ \\\\\\\\\:f Ctia Vs
OHg (GHg )¢ OH - CHg (CHg )s _
Cﬂb(cﬂa)z',an.on

The Froth Volume Stability Constant was evaluated ferxr
the solutions of maximum stability of the alcohols tested
in this work. Solutions of a concentration having the
maximum froth stability for each alcohol were prepared in
double distilled water. Frothing tests were carried out
with 20 cos. of each alcohol solution in the No. 5 apparatus.
The length of froth column produced over a range of air-flew
was measured, and from the resulis obtained (plotted in FPigure
54) and tabulated as in the specimen Table XVII, the linear
plots of rate of alr flow against log. volume of freth were
derived as in Pigure 55. The values of ¥ and N vwere then
calculated as explained in fhe previous section. The
values are given in Table XVIII belew.

Sable XVIIT /
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Table IVIII

Stability Constants for lower Monohydric Alw hols

Alcohol Max. Froth QS::; | § X
co. « Pro .

l‘? w/w
Methanol +50 0.551 0.6
Ethanol g .go 0 .ggz ] .833
n=-Propanol 1.20 1.61h 0. z
iso-Propancl 1.50 1 .182 0.
n-Butanol 0 .400 2.60 0.
iso-Butanol 0. 2.304 0.
sec~Butanol 0.350 2 .21; 0.
$sers-Butanol 0.250 - 1.78 0.632
n-An,yl Q.10 20 1 .gB
1.""‘m1 0 «200 2. 0 .
n-Heptanol 0.031 6o 0.
&‘Hoptwcl m sat. soln. ~ 0 0. ’

The appropriate values for Sec. Heptanol were extracted
from Table X and again included here. ‘The results fey |
n-Fropanol and n-Amyl alcohol are not ineluded in Figures 5
and 55 as they have already been given in the earlier part
of this work in the preparation of Table VI and Plgure 34.
The values of M are pletted in Figure 56 against the numbder
of carbon atems in the alcohol, and it can be seen that X
inoreases steadily with the length of the non-pelar chain
in the n-alcohols. The value for n-Amyl alcohol dees no#d
fall clese to the full~line curve, but it may be that the
true shape of the curve ié as shown dotted. This could bde
verified from measurements with n-Hexanol. Unfortunately
this material was not availadle at the time of ocarrying out
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these tests., The chain-dotted curve shows the variation of
M for the iso- alcohols tested.

The value of N is remarkably constant for all these
materials, It is therefore felt that N is really an
"apparatus" constant and varies only with the linear dimensions
of the apparatus, initial volume of solution, etc, This was
| also indicated by the results of Table X.

In conjunction with eonclusion No, 6 it should de
recalled, as mentioned earlier, that the static surface tension
value at maximum froth stability is less interesting tham the
change in free energy of the surface from the dynamie surface
tension of the surface at zero time before adsorption starts
to the static surface tension when adsorption is complete.

As this, in the cases being discussed, constitutes a decrease
in surface tension one may speak of a “"loosening" of the
surface which provides the solution with a latent ability to
froth, Since the solutions under consideration are relatively
dilute their dynamic surface tension will approach that of

pure water and thus from conolusion No, 6 it seems that at =
maximum froth stability the latent froth forming ability of
all the solutions is approximately equal,

Gonstable and Eriut (37) by combining the equations
of Gibds and Ssysskowski, and again by combining the equations
of Schofield and Rideal and of Ssysskowski, have sought with
1imi ted success to show that for surface active substances of

low solubility the maximum froth stability will occur in the
region of 40-50f saturation in water, They give experimeata’
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results showing that for aqueous solutions of Heptanol and
of Heptoic and Gaprylic acid the maximum stability is near
408 saturation, This i1s in agreement with the results given
here for the Heptanols,

The remaining conclusions given above if grouped
together, naturally lead one to consider the concentration
of surface-active agent in the surface film of the bubbles.
It 1s easy to fall into the error of drawing eonclusions from
the various bulk concentrations of surface-active agents in
solution necessary for maximum froth stability, but it 4is
the soncentration of surface-active agent actually in the
surface 1ay§r which contributes to the stability of the bubble
ilm, This concentration is not merely proportional to the
bulk eoncentration but is connected to it by the Gibbs!?

|
|
r
¥
adsorption equation, By utilising this equation the number
of frother molecules in unit area of the bubble film can be
estimated, Since none of the mbstancoa' tested forms
insoluble films on water at the dilutions involved, the Gibbs! ;
equation may be expected to hold more or less accurately,
Thus using the surface tension/ecnsentration curve for each
substance the excess of frothing agent in the surface film
can be calosulated,

The surface tensiom/consentration curves were plotted
from figures given inm Intermatiomsl Critical Tables (46).
In some cases these were mot svailable at 25°C, but, since the
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value of ds does not change much with temperature, and since
it has beg already found that the position of maxinmum
stabllity 4s little affected by change in temperature, values
at 350°C or 20°C were substituted where these only were
available. The value of the tangent, ds, to the ourve at
the required sconcentration was computed ﬁd the required
quantity calculated as shown below in the specimen calculation,

Specimen Caleulation ~

Gidbbs' equation 8 U = -6 ds
M &

Where U is the excess concentration of surface astive agent
per square om, of surface,
Tius UN is the excess number of molecules per
square om. of surface, where N is Avogadro's Number b
=6,02% x 10
R = 8,316 x 107 ergs per degree

T = 208° absolute
[ ]
s o UR = &« k.0, g%

vhere k 1s & constant - N, here - 2,481 x 10"

For ethanol at maximum froth staddlity e = 2,60 w/w
= 0o 544 moles. per litre and from the surface tension/oomcentr
tion curve plotted from the I.C.T. figures, at 0,544 moles,
per litre  ds - ~l4,3
Thus UN = -2,4.3 x 10° x 0,544 x (=14.3)

1,88 x 10 molesules per sguare om,
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The values of UN for the other compounds are
given in Tadle XIX together with the references from which
the I1.C.T. took the surface tension/concentration values,
In some cases no suitable figures were available at all,

Consldering the large possible errors in the
evaluation of UN, such as errors in the original surface
tension determinations; errors in drawing a smooth curve
through the pointsy errors in the graphical determinatiom
of the tangent to the curve at the required concentration
value; and errors in the original determination of thig
ovoentration for maximum froth staMlity, & study of the
values of UN obtained shows that they are remarkably constant, |

i

By taking the reciprocal of UN & value 1s obtained for the |
‘i

!
!
|
offective area of surface per molecule of surface active agenth
This constancy of UN means that the surfase-astive molecules
rmst all have the same cross-sectional area in the adsorbed
position, and this can only occcur for sush unlike molecules

Vas acetic acid (with two oarben atuma).lnd esproic acid

(with six carbon atoms) if they are oriented in the surface as
demanded by the lLangmuir-Hariins, that 1s, they are standing |
in the Qurfteo with the nom=-polar group in the gas phase and
the polar group in the agueocus phase. The results of Table
XIX are thus an indirect proof that the orientation theory
holds for tﬁo-o comparatively small and completely so.uble

molecules as it does for the larger molecul:s,

The second point emerging from the results is that
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maximun froth stability corresponds to a definite concentra-
tion in the surface film, independent of the siﬁc of the non-
polar end of the molecule but im some way related to the
cross-gectional area of the iurtlco¢act1vo molecule, X~ray
measurements on orystals of the fatty acids have shown the
oross-sectional area of the molecules to be about 15&
Measurenents on the compression of insoluble films of fatty
acids, alcochols, etc., on water, give figures of 20,6 A for
the cross~sectional area of the fatty acids (R.000H) and

21,6 A for the alcohols (R.GH,0H), These figures show that
at maximum froth stability the frother molecules in the
surface of the bubble are by no means clo:ely packed, since,
from the results of Table XIX it seems that each molecule is

permitted about two to three times its mecessary free ares on |
the surfaoce,

Pal mud and Suchowolskaja (33) measured the life of
bubbles at a water surface coated with insoluble films of
leng chain fatty acids, ets, The ooncentration of reagent
per unit area of surface was varied by lateral compression
of the film, They were thus able to determine the surface
concentration required for maximum stablility of the bubble,
The results they obtained for films on pure water are given
below in Table XX.

Table / |
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Table XX.
(After Talmud and Suchowolskafa (33))

Surface Concentration Ior Area per
Substance in Film Maximum stabilit{ Molecule
' Moles.10™” /omi Molecules/om A
Palmitic Acid 3,06 1,8¢ x 10" 54.4
Stearic Acid 5,08 3,06 x 10™“ 3247
Oleic Acid 2,73 1.64 x 10™ 61,0
Getyl Alcohol 2,30 1,39 x 10* 72.3
Ethyl Oleate 0.89 0.636 x 10“ 187

It can be seen at once that thelr figures for
area per molecule at maximum stablility are in excellent
agreement with those obtained in this work and already givcnv
in Table XIX. ’ |

Adams (52) rather doubts the results of Table XX in
that the area per molecule is greater than that which coherent
films can oazupy and claims that the variation of surface
tension with area per molecule in the films is praotiéally
gero at these areas, S8ince, however, froth stabllity is
essentially bound up with the architesture of the bubdble film,
it will depend net only on the resistance to rupture of the
sdr/1iquid interface but also on the rate of drainage of
water molecules from the film, Thus while it has been shown
that with a constant polar zroup the stadility increases with
the length of the nom-polar chain, the concentration of
frother molecules in the surface film for maximum stability -
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will depend on the ability of the polar group to prevent
drainage of water molecules, It will do this through its
power to attract water molecules, If it is assumed that

sach polar group can lttriot snd hold a definite number of
'atogylfc:%fE; will be reached as the concentration of frother
molecules 1s increased where the maximum nimber of water
molecules per unit area of film are held by the force of
attraction, This will be the point of maximum stability

of the film, At a higher surface concentration than this

the frother molecules will be packed suffiociently close for
their polar groups to be within the field or-attrnot;en of
each othepy, the overall effect of which will reduce the
effective atirastive force for water molecules, Drainsge
will then be quicker and the films less stable, The most ;
stable film therefore will not be a ccherent film of frother %
molecules but one having a configuration made up of frother 5
and water molecules in a definite ratio, and the bulk econ-
centration of soluble snrfhonotoiivo subgtance for maximum
froth stability 4is that giving this ratio in the surface

£ilm,
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PINE OIL AS A FLOTATION REAGENT,
Although the lower monohydric alcohols are ideal
_ surface-active agents for a theoretical study, the majority

are too ooluﬁloAin wdtor, i.e. their non-polar chain is too
short, to make them practical frothers., Amyl alcohol is
‘perhaps the smallest molecular weight aicohol used in
\practico. Even here the sompound is used as in Fusel 011,
where it 1s no doubt mixed with alcohols of greater molecular
weight, S8ince, as indicated earlier, the majority of
industrial frothers are impure compounds or deliberate
mixtures, the difficulties of a study into their mode are
thereby increased, Unless one studies singly the components
of the mixture and their various influences on the mode of
action of the reagent, one can never be sure that results
given by §no particular sample of an industrial frother will
be duplicated by another, It was decided, therefore, to
apply this method of attack to Pine 01}, perhaps one of the
most widely used frothers in mineral froth flotationm,

_Pine o1l has long been used as a "frother" for the
flotation of minerals, yet there is very little to be found in
the literature about its chemical and physical proporttoa in
relation to froth flotation, This is rather surprising in
view of 1ts extensive use, but is no doubt due to the fact thai
1t 1s & natural product, a complex mixture of terpene
derivatives, and thus subject to a certaln amount of variation,
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The production from the processed wood of American
pine trees, chiefly the American long-leaf pine (Pinmus palus~
tris), but also from other southern pines as the slash pine
(Pinus heterophylla), the shorteleaf pine (Pimus echinata),
the Loblolly pine (Pinus taeda), the spruce pine (Pinus glabra
the yellow pine (Pinus pondeross), etc, has beer well
described in a number of pepers, (53), (54), (55), (56), (87).
Pine 011 really occurs as & byproduct in the production of
"wood” turpentine from waste pine wood. The wasteful
American methods of harvesting turpentine in whicﬁ the trees
tend to be "taitped to death” has left large quantities of
waste wood in the pine forests in the form or‘doad and fallen
timber, together with hugR numbers of pine tree stumps,

These still contain proportioms of oleo~resins and have

beoome valuable raw material in the produstion of "wood"
turpentine and Pine 011, 1In outline, the process consists in
the shredding »f the wood to small ehips, the extiaetion of
the wood with steam to remove the turpentine and part of the
Pine 0il, fo.lowed by extraction with p troleum naphtha to
remove the remaining Pine 01l and rosin, The turpentine and
Pine 011 are subsequently separated by fractional distillation
In a modern version of the process the use of steam is omitted
and turpentine, Pine 0il, and rosin are extracted from the
wood by a volatile solvent, and separated by fractional
distillation leaving erude wood rosin as residue in the still,
Bumphrey (56) gives & figure of 12 gallons of volatile
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terpene oils per ton of wood,

Composition of Pine 0il.

In splte of its complexity the composition of Pine
011 seems to be falrly well established, Teeple (53)
showed that it contalned 4~terpineol by the production of
terpin hydrate on shaking the oil with sulphuric acid,
Schimmel and Co. (59) examined systematically the oil from
the stumps of Pimus palustris and found that it oontained:~
(a) the hydrocarbons,
d-Plnene, S-~Pinene, Camphene, lelimonene, Dipentent,
Terpinene, Terpinclene,

| (b) the alcohols,
oA=Terpineol, Borneol, Fenchyl alcohol, and probably

1so-Fenchyl alcohol,

(c¢) the phenol ether, methyl chavicol,

(d) the oxide, Gineocl.

{(e) the ketone, samphor,

Adams (60) investigated the oils from different
specias, but unfortunately after frastionating the oil he
only examined the frastion beiling below 160°0, In the
wood oil of the single-leaf nut pine (Pinus meniphylla) he
ldentified 3-4- Pinene and pbesibly SPinene, and of Pinus
ponderosa he ldentified d-and A-Pineses and lLimenene, Benson
and Darrin (6l) Sdentified Terpineol in Pine 0il from the
Douglas Fir, In 1923 Gill reported that he had identified

is0-Penchyl alcohol and lememthone in a sanpio of oil (62)
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More recently, dihydro terpineol and small amounts of
verbenone have been found in U.S. Pine 01l (63) and Humphrey
(56) states that the borneol separated from Pine 011l contains
approximately 10%€ of Isoborneol.

) As 18 to bve expootod it appears that there is a
wido possible variation in the proportion of the various
oonstituonts present. The terpene alcohols- constituto the
greater proportion of the oil, the best quality e¢il contain-
ing not more than 5%'of hydrocarbons. The following
approximate analysis of Pine 0il is given by Pickett and
Schantz (64). |

Constituent _ Por cent.
d ~Terpineol 50 - 60
Other Terpineols 15 - 25
Borneol - ' 5 - 10
Fenchyl Alcohol. 5 - 10
Terpene Ethers | 5 « 10
Ketones and Phenols : 1-2

More recently, Bishop (53) gives the approxinati
composition of Yarmor F. flotation grade Pine Oil, as,
Tertiary Alcohols (chiefly Terpineol) 55 - 65
Secondary alcohols (Berneol, Fenohyl Alcohel)10 - 20

Hydro carbons (moneooyoclic % es such as
7 dipcnzizo 10 - 20

Ethers (-neiholc, methyl chavicol) 5 - 10
Xetones (campher) 5 - 10
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The most interesting of the physical constants of

Pine 011 are the Distillation Range, the Specific Gravity,

and the Refractive Index,

A reference table of these

constants for the various key components of Pine 01l is gkven

below, The compounds are arranged in order of increasing

Boiling Point down the table,

Teble XXI.

Constants of the Principal Gomponents of Pine 0il.

Substance
& =Pinene
Gamphene
Dipentene
Terpinene
Terpinclene
Fenchyl Alcohol
Camphor

Dihydroterpineol

Berneol

~ Methyk Chavicol
A-Terpinecl
Anethole

Fotat ™
164°0
159 -
176
180 *
186 -
201
200 °
210
212
236 “
219,8
233 -

amfoi fie

0.8682 ¥,
0.879
048425 *
0.846 "
0,856
0.942 *
0,990
0,901 2.
1.011 %
0.9645 %"
0.9357 '+
0,9936 '5-

Refractive
-n--;.nx-

1,4668 5
1,4730 *
1,4846 °
1,4823
1,4708 -

-

- 1.4630 °

1,6244
1.4831 3
1,5613 -

The Specifiec Rotation of the variocus components

might also be liated, but so many of them are optically active

that there is mich mmtual cancellation of rotation in the
0il to give it a low value either dextre~ or laevo-,
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It can be seen from the above table that if Pine
01l 1s to contain u minimum of hydrocarbons, as stated by
Bumphrey, there must be little distillation below 200°C,
For instance the sample examined by Teeple (58) started
distillation at 206-230°C,7856 distilled beiween 2]11°and 218°0,
and 50f between 215° and 217°C. The sample of Schimmel & Co.
(59) started distilling at 156°C, 8 distilled between 160°
and 190°C and the bulk between 190° and 220°C; thus it is to
be expected that they would find a fair proportion of hydroe
carbons, as was the case, As an example of an oll coming
between these extremes we have that of the Douglas Fir
examined by Benson and Darrin (61) which distilled between
1756° and 260°C, 57€ distilling between 214° and 226°G, and
3% between 218° and 222°G, Bishop (53) gives the typleal
distillation range for Yarmor P, shown below in table XXII,
It is instructive to compare the figures with the Boiling
Points of table XXX,
Table XXII.
Distillation Range for Yaymor F. Pine 011 (A.3,T.Ms)

Per gent Degree Centigrade Por Jent Degree Centigrade

5 201,7 70 215,6
10 £04.0 90 219,3
30 209,0 96 222,6
50 £12,9

A study of the Speeifis Gravities of Table XXX shows

that the “"active” components of the Pine 011, 1.0, the
slcohols, have hMigher values than the hydrocarbons, - Tims
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one would expect the best quality Pins 01l to have a
Spgcifie Gravity near the upper end of the range, e.g. about
0.95, near the Spooifio Gravity of its chief component,
Texrpineol.

Again, since the Refractive Indices of the
components are fairly near each other, one would expect the
Refractive Index of Pine 0il to be near that of Terpineol,
i.e. about 1.48. e.g. the sanmple of, ‘

Teeple n}° = 1.4830
Schimmel & Co. nfe = 1.48%)
Baason & Darrin, np° = 1,818
Bishop, np’ = 1.4803

Thus the constants for the best grade of Pine 041,
i.¢:. with maximum alcohol content, s ould appreximately bde,
Distillation Range = 200 -~ 225°C.
Specifio Gravity = 0.9
Refractive Index (nf* § = 1.8

The Flotation Properties of Pine 0il. |
The reason for the centinued use of Pire 04l as a

frother in the presence of s many synthetic agents which can
be *tallor-made” to produce desired results lies in the

fact that 1t possesses all the attridutes of the ideal
| frother discussed at the bdeginning eof this work. Apars
from possessing the "duplex" character defined there the
ferpene hydrocarbons of Pine 01l have the added advantage
that the unsaturated linkages make them slightly surface-
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aotive and more easily emulsified with water. This tends to
prevent the froth from bdecoming %00 o0ily, and permits easy
extraction of terpene alcohol into the aqueous phase. The
alcohol remaining in the undissolved hydrocarbon phase renders
it highly surface~active so that extremely small quantities of
reagent are effective (0.05 = 0.10 lbvs. per ton of ors).
Thus , although_th- froth 1s less brittle than that produced by
pure Cresol or by the higher alcohols, it is not so tough nor
has the 0lly characteristics of that produced by Creesote oils
like Barrett No. 4.

Terpinecl, the chief component ¢f Pine 011, has deen
mch used in flotation experiments as a standard frother, (65)
dut very little work has been done on the other componentsa.

Taggart, Taylor and Ince (66) in their large
classification of flotation agents, class Terpinecl as
“excellent", and Borneol and Camphor as "geood"™ frothers.
Bishop (53) indicates that the terpene ethers alse have
considerable merit as frothers. This last author showed how
the polar group ¢f Terpineol includes net only the Hydrexyl
group dut also the double bond by comparing in similar fleta-~
tion tests, Terpineol, Dihydro-~terpineel, snd Pine 0il, His
results are given in Table XXIII dbelew.

Table /



132.

Table XXIIX

Plotation Tests qn a Lead Ore (Galems in a Dolomite gangue)
after Bishop).

Fﬁthor ' Assay for lead

Desoription 1v./ton ﬁ In  Recov- Quality

Tailing Concen- z of

trate z Froth
d~terpineol 0.12 0.56 59.9 87 Good
Dihydre-i~terpineol 0.12 1.03 64.2 76 Fair
Pine 011 0.12 0.57 65.7 87 Goeod
Other reagentst(in each
test)

Potassium iso 1
xanthate ProRy 0.10
Sedium Sulphide 0.15

Bishop also carried out tests with a number of
synthetic Pine 0ils (mixtures of Terpineol and Dipmntene),and,
although his results were not very ooncluivo. they seen to
indicate shat the blend of terpene derivatives in a fiotation
&ade Pine 01l ocould not be bettered by a different ratio of
the variocus components nor even by pure Serpinecl itself.

De Witt (67) made a study of the effect of Pine 01l
and its ocomponents on the Jurface Temnsion of water. As was to
be expected, the hydrocarbons, Pimene, Dipentene, and Terpine-
lene had little effect on the Surface Tension. For the
aloohols, Terpineol, Penchyl Alcohol and Berneel, the lowering
of Surface Tension of a dilute agueous selution was practically
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the same. The Surface Tension lowering effect of Campher
Per mole. was just a little over half that of Bornsol due to
the greater solubility of Camphor. Comparison of the Surface
Tension lewering effects of Pine 0il and Terpinecl shewed

that weight for weight Terpineol was more effective. This
was presumably due to the faot that in Pine 0il some of the
Terrineol must remain locked in the hydrecarbon phase to

help it to spread on the bubble film. Thus the Surface
Tension effect measured dy the authors waé only t$lat produced
by the Terpineel extracted inte the agueous phase.
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Preliminary Work with Pine Oils.

The first samples of Pine 01l made available were
very kindly supplied by Messrs Maecneill & Slean Ltd.. These
were designated ~ “Steam distilled Pine 01l (High Grade)",
and "Pine distillate (second quality)", and will be knewn for
the purpose of this work as Pine 0il A and Pine 0il B,
respectively. ' ‘

It was not known at this stage whether these materials
would be of flotation gradej and a standard flotation test
was required for such materials. A series of preliminary
flotation tests was therefore carried out to test and compare
Pine Oils A and B, sand to develop a method of testing rather
$han t0o ebtain a final series of figures fer these oils.

In deociding the moat suitable ore mixture to use in

these flotation tests the following factors were taken inte
considerationt~ Supply of ore} ease of separation} <time
t0 be consumed in assay of feed and concentrate} practiocal
interest of separation. The separation finally chosen was
that of coeal from limestone, both of which were easily
available and are easily separable by froth flotation. The
concentrates and feed can be easily and quickly assayed by
determination of ash centent} and the production of clean
coal is of great interest teday.

Fletation Machine.

The machine used in these and subsequent fletatien
Sests was a Pagergren laboratory fletation machine manufactwred
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by the American Cyamamid Co. This 13 a high speed agitation
unit with a Pyrex glass cell. I% is shown in Figure 57.
The retor-stator assembly of stainless steel and designed
for easy cleaning can be raised from or lowered inte the glass
cell by a hand lever. In operation, the action of the roter
draws air in through the stop-cock provided and down the hollow
standpipe into the cell., VWhen this cock is closed air is
shut off and the machine decomes an ore conditioning unit, and
no frothing of the pulp takes place. An opening normally
closed by a rubbir bung is provided in the base of the cell for
renoval of tailing, and the cell itself is easily removable
for washing. The recommended solid capacity of the oell is
600 gms. The rotor is belt driven by an 1/8 H.P. electric
motor, the spesd bdeing ocontrolled dy a suitable xhooﬂat.'
Vith the setting of the rheostat used the average rotor speeds
wers measured on s revolution counter,

Average Rotor speed with oell empty = 2300 r.p.m.

Ave Rotor speed with ocell filled = 1800 r.pam.
(wiﬁ pulp specified b.hw%.

Kethod of Test.

The feed material was a synthetic mixture ef finely
&ound coal and limestone. The tw materials were finely
greund separately and not mixed $ill required for a test. The
ocoal itseli had an average ash content of 5.5% and a size
dissritution as shewn in Table XXIV. The limestione was greund
%0 the size distributien shewn in Tadble XXV,
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Table XXIV.
Size m-tribﬁtion of Coal.
Size Mesh % on Mesh % Undersize
70 23 .2 76.8
80 6.7 70.1
90 10.1 60 .0
<90 60.0 -
Table XXV.
Size Distribution of Limestone.
Size NMesh On Mesh % Undersize
20 | 10.3 89.7
30 ' 22.6 672
O 13.5 53 .6
50 104 3.2
70 13.2 30.0
80 ‘ 2.1 27 .9
90 W 4 23.2
< 90 2j.2 -

A small quantity of Potassium Ethyl Xanthate was used as a
supplementary collecting agent in the tests. This was chosen
as it has itself no frothing properties.

Por each test the following quantities were placed
in the celli~

150 gma. ground limestone

M50 gms. ground coal.

2300 c.os. water containing 25 mgm. of X. Ethyl
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Xanthate per litre. The volume was just sufficlent to £1l11
the cell without losses through splashing when the rotor was
rumning. The roter waz started and run without the addition
of air until all the solid was in suspension. Then & knowm
weizht of the Pine 011 was aGded dropwise and the oopditioning
of the pulp continued for exsotly one minute. VWhen the airy
eock was opened the froth formed was ocollected in a suitadle
vessel till no more came over.,

The floated material was filtered, the volume
- of liquid which had come over u‘ froth measured, the fleated
8014ds dried and weighed, and the ash content of the floated
concentrate determined by the usual methed.

The flotation cell was thoroughly cleaned between
tests.

Results.

The results of these testis with Pime Oils A and B
are givo:}. in Tables XXIVI and IXVII, respectively, and plotted
in Figures 53 and 59. '

The estimation of the recovery of ceal by flotatien
i3 made difficult by the change in weight that takes place
in the limestone (CaC0;) on ashing (te Cal). Representative
samples of the feed mixture were taken and the ash content
deternmined., '

Average Ash in Feed = 20,14

This figure, which, due %0 the change in weight of
ftho limestone, makes 1# appear $hat there is more ceal u, the
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feed than is actually the oass, was taken as & basis on which
to caloulate the recovery. This was used {n place of the
t:lgufo given by the simple addition of the weight of limestone,
added to the known weight of ash in the coal. The latter
figure would de difficult te apply since it cannot easily be
said how much of the ash in the final concentrate was the
original ash of the coal and how much the limestone.

Figure 58, gives the curves for the volume of water
carried over as froth by the action of the Pine 0ils and thws '
affords a convenient measure of their frething power. PFigwre
59 gives the curves for the s011d floated in the froth. All
the ourves are plotted to a base of initial concentration of
Pine 0il in cell.

The greater froth stability of Pine 0il A is at ence
obvious. The actusl otﬁ.oiopcy of the reagent is b_otfox'
glven by the curve connecting volume frothed per gm. Pine 0:11'
added to the cell with oconcentration of Pine 01l in cell. Per
Pine 01l A this curve passes through a mximmn as the gradient
of the "actual volume frothed" ourve changes sharply, showing
that the reagent funoctions dest at low concentrations.

At these low oo#oentmﬂons the variation of the volume of
water frothed with conceniration of Pine 01l is to all intents
and purposes linear. This 1s soen bdest in the "acmi

velume frothed" ocurve for Fine 0il B which is linear for the
range tested. This may be caused by the probadle low terpens
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Table XXVI
Preliminary Flotatlieon Tests - Series I.  Pime 0il A.
woiggt Peod = 600 gas. Per cent ash in feed = 20,7%
Yolume of water in cell = 2300 c.cs.
Per cent solids in cell = 20.7¥
Collector:~ 0,214 lbs., K. Ethyl Xanthate per ton feed.

Test Ro. ' ) 2. 5. L. 5. 6.

1

W&, Pine 011 (gms.) 0.0225 0.0338 0.0450 0.0670 0,0890 0.1125
-do~ 1bs/ton feed  0.08% 0,126 0,168 0.250 0.332 0.420
~do~ gma/litre water 0.00% 0,01A7 0.0196 0.0291 0.0387 0.0489
Yol. of water f:f:%:%’s'o 282 500 628 680 778
¥4, dried conoeniratelO.l 82,6 130.,9 195.3 202.5 282.5
% Ash in Oencentraie 3.4 4.5 5.5 5.2 6.2 74

Vol. water frothed/ 1,600 8,340 11,110 9,380 7,640 6,890
an. 011, Ce0B .

¥4, “oncentrate/sm. 448 2,440 2,910 2,920 2,280 2,20
0il 8 .

Conoemtrate, % 21.9 22.6 20.8 23.7 23.0 24.6
Selids

Recovery of Coal,? | 2.0 16.6 26,0 38,9 39.9 9.2




0.
Table XXVII.
Preliminary Flotation Tesis - Serles II, Pime 041 B.
Welght Feed = 600 gna. Per cent Ash in Feed = 20.7%
Volume of water in cell = 2300 c.cs.
Per cent 90lids in cell = 20.7%
Collectors~ 0.21% lba. K. Ethyl Xanthate per ton feed.

Test Ko. 1. 2. 3. | ' 5e
¥¥. Pine 0il (gme.) "~ 0,0702 0.0936 0,1170 0.1404 0.1638
=do= 1bs,/ton feed 0.262 0.349 0436 O0.52% 0,610
~do~ gms/litre water 0.0308% 0.0407 0.0509 0.0610 0.0712
Yol. water frothed (e.cs.) 37.5 198 328 580 <%}
WS, dried © 0‘1*?%0 12.0 #5-6 1,501 17800 2, .0
&0 .
% Ash in Conocentrate 55 b b 5.5 5.8 5.3
Yol. water frothed/ 33 2,120 2,800 3,520 3,920
&ms 011, .08,
LT Ooncmtmgﬂ@ il &87 1,155 1,267 1,308
SR8 .

Cencentrate, % Selids 2% 42 18,7 29.2 27.0 25.1
Recovery of Ceal &) 240 9.15 26.8 35.2 2.5




1nd.

alcohol eontent of B. Thus a much larger range ef concentra~
tion of Pine 011 B is needed to oover the same range of
concen$ration of terpene alcohol in the cell than is the case
for A. Then in terms of terpene aloohol oonconti'ation the
ourve for Pine 01l B becomes merely a magnified portion of
that for Pine 041 A.

The "solia® carveaA of Pigure 59 follow more or less
the shape of the "liquid frothed" aurvoa; This indicates the
importance ¢f froth stability where two roagonta under
comparison have almost equal oollecting power, as in the case
here, as shown by the similar ash content of the two sets of
concentrate. IS can be seen from the Tables that Pine 011 B
Yends %o preduce a greater concentration of solid in the freth
than does A. This may be dus to the fact that although there |
is probadbly about the same initial load ef ore per bdubdbls in
all cases, the lower stadbility e¢f the Pine 0il B froth causes
this initial load %0 de divided among a amaller number of
bubdbles in the final overflew. If we take Pine 01l A as
being of flotation grade, Pine 011 B 1is of a much lower
standard., To obdtain the same recovery ef ceal one has %o use
an smount ef B that is from tw to Ahires times the weight of
Pine 011 A required.

Pine 041 G,K.3, No. 5.

A quantity of the flotation grade Pine 011, G.K.S,

Ko. § was kindly supplied by Oyanamid Preoducts L$d. I§ was

%hus decided %0 compare the physical constants ef this eil
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with the above Pine Oils.
Physical Constants of Pine 0ils under test.

A standard distillation test was carried out on the
three Pine 0ils in turn. The distillation curves obtained are
compared in Pigure 60. A distillation test was also carried
out on the Cyanamid Co. synthetic frothing agent, Frother 60,
(this 1s a synthetic mixture of alcohols and fuel oil), and tis
distillation curve is included in the dlagranm.

It can be seen that the ourves of Pine 011, G.N.S. Ne.

5 and Pine 011 A are very similar, while that ef Pine Oil B
| suggests that it contains about 30% ef the constituents ef A,
Plus an unimouwn higher Boiling constituent. From the peory
frothing propexties of Pine 0il B already neted, 1t is
suggested that this constituent is some high boiling hydro~
carbon, |

The Specifioc Gravity, Refractive Index, and Speocific
Retation of the three Fine 0ils were measured by normal methoeds.
The results are givent~
Specific Gravity

GN.Se Noo § ) = 0.9313
Pine 01l A. Di. = 0.9272
Pine 04l B. 5 o = 0.927%
of. Terpineol DL = 0.9357

Thus GN.S. No. 5 gives the result nearest 40 that of
ferpinesl.
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Refrastive Index

- G.X.S. No. 5. ny = 1.4827
Pine 011 A, 75 = 14830
Pine 011 B. 7y = 1.5100
ef. Terpineol 7, m 14831

This time Pine 01l A gives the value nearest to
Terpineol and the high refractive index ef Pine 0il B shows
up its essentlally different character.

Specific Rotation.

@.N.S. No. 5. [A), = + k.22°
Pine 041 A. (4], = + 8.98¢
Pine 011 B. (4]; = + 0.65°

We would expect from these constants that the frething
properties of G.N.3. Ko, 5 and Pins 0il A would de very
similar, and that Pine 0il B would give different and probadly
somewhat poorer results.

Absorption Spectra.

As a further means of oclassification, the Ultra
Yiolet Absorption 3pectra of these Pine 0ils were determined
and plotted in Figure 6l. The speotra were determined en s
Hilger medium Quartz Spectrograph, EA498. Absorptiom cwrves
A and ¢, for Pine 0Oils A and G.N.5. Fo. 5 respectively, were
ebtained from selutions in Ethanol (0.840 gms./litre) amd
using a 0.5 om. cell. Curve B, for Pine Oil B, was obtained
from & 0.210 gms./litre solution in Ethanel, again using a
0.5 om. cell, In calculating the melecular extinctisn fey
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these substances their uloonlai weight was taken to de that
0f their major constituent, Terpineol, 1.e. 154 gms. The
absorption curve (D) fer Terpineol, itself, is also given in
the figure. I& was obtained from a 0.888 gus./1itre
solution in EBtharyl wusing a 4 om. cell.

A study eof the ocurves shows that pure Terpineol
gives the lowest extinction values of the group. G.N.S.
Ko. 5 follows Pine 011 A at higher wavelengths, and appreaches
the Terpineol curve at lower wavelengths. It has a low
peak at about 259 mp net shown by any of the other materials.
Pine 011 B gives the greatest extinction values, these being
about four times the value, at any given wavelength, given
by the other materials. I¥ is suggested that the high
values given dy Pime 01l B are primarily due te partial
polymerisation of the Serpenes. Pure terpineol is water
white, Pine Oils A and G.XN.3, No. 5§ had a yellewish tings, snd
Pine 011 B had a deep yellew colour. It is thought that the
various shades of soleur indicate preogressive polymerisation
of the terpenes in the eil and that various grades of Pine 041
will therefore give abserption curveas ranging from that of pure
texpinecl as the lower limit S0 the upper limit approached
by Pine 011 B,

These faotors again indicate that Pine 011 A is
somewhat similar to G.X.S. No. § while B i3 materially
difterens.



5.

Froth Stability of Pime 0il Solutiomns.

The technique employed with solutions of the mono-
hydric alcohols and fatty acids was now utilised to study the
froth stability of solutions of the Pine Oils in water.

Prothing ipparatus No. § was used for these tests.

Since, to obtain results with these frothers, it is
necessary to use much lower concmtrations than in the ocase eof
the alcohols, a micropipette was constructed which del ivered
drops of oil of known and constant weighs.
¢.g. BEach drep of G.N.5, No. 5 = 0.010 gms.

Each drup of Frother 60 = 0,009 gus,
Such & pipette made it unnecessary to use large quantities of

water to reach the necessary dilutioﬁa. since one dro p of Pine
011 G.N.S. No. 5 per litre of water is equivalent to a concen-
*ration of 10 parts per million eof water.

The iolntiena wero made up in carefully cleansd, half
1litre, glass bottles with ground steppers. The water used
was doudle distilled and condensed on Pyrex glass. m
contanination was avoided in the preparation of the solutioms.

The results were more diffiocult teo ebtain than in the
case of the aloohols, and some modifications in method were
Recessary. This was largely due to the fact that these oils
are not simple substances and contain proportions of insoludle
material, ... .insoluble even at the higher dilutions. Fer the
first of the curves, that of G.N.3. Fo. 5, over thirty
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different solutions had to be rrepared before it was complete.
A.lthongh it was found that Pine 0il formed quite a stable
cmlsion withk wator, care was taken to shake each "= lution”
before taking a asample for test. It was necessary alse to
clean the frothing tube with Chromic Acid after each solution
wag tested to remove insoluble 0il adhering to the glass walls.
In the case of the alcohols as stated already the method of
testing had simply oconsisted in adding a volume of solution %o
the frothing apparatus} raising the rate of air flow te the
fixed values} and determining the equilibrium height of froth
after the liquid had reached the temperature of the apparatus
(25°C). 1In the ocase ¢f these "insoludle” frothers, however,
there was a falling off in froth height with time of Lrothing.
This was comparatively small in the case of Pine 01l G.N.S.
Fo. % and Pine 01l A dut quite marked for solutions of Pine 01l
B and Prother 60. It was thought to be due te the collection
of insoluble o0il at the top of the freth, resulting in lecal
lowerings of Surface Tension with corresponding increase in
Speed of bubble oollax;so and loss in froth height. After some
¥ime, however, the froth colum reached emilibdrium.

Kethed.

The olean frothing tubde was rinsed with a little of the
selution 4o be tested, the rimsings drawn to waste, and twenty
s.08, solution piaced in the frothing tudbe. The air flow rate
was then raised 4o seme convenient value and held thers for
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five minutes, until the solution reached the operating tempera~
ture. The alir flowwas dropped and the froth allowed %o
colIupse, then the air flow was brought up to the predetermined
fixed wvalue and the freth height reasd off on the scale e very
half-minute until it became constant at the point of dynamie
equilibrium. This was taken as the froth height for the
solution. This was repeated on the same solution aa a dheck
before running 1t to waste. |

The predetermined fixed rate of air flow was Rate
No. % ag given in Table XV and corresponded %0 6.0 ems. of
water gauge on the mmet-r manometer.

The resulta ef these frothing tests are shown in
Flgure 62 where the Froth Height/Concentration curves are
given for the four frothing agents tested. The results
for G.X.3. Ko. 5 and Pine 0il A are very similar at lower
soncentrations, and Pine 01l A has greater stabilities at
higher concentrations. Both reagents have a maximum fyoth
stability at %00~600 mgm./litve. Keither Pine 0il B ner
Prother 60 shew a maximm within the range tested, The
shape 0f the Prother 60 curve is e ssentially different from
the others, being almost linear in the range tested. Parther
tests sesm %0 indicate that a maximum value lies detween 1
and 2 gas./litre, but the large quantities of insolmble eil
in the frething tube at these concentrations make it diffiouls
to get consistant results.

The concentration ranges covered for these reagemats
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(up %0 1 gn/litre) of course far exceeds that used in practice.
The maximum concentration of Pine 0il {3.N.3. Xo. 5) used as a
frother is generally 0.2 lb. per ton of ore, and for Prother 60
the maximum is 0.5 1b. per ton. In an ore pulp of 204 mlids

this 1z equivaleut t0 a conscentration fer Pine 0il of 22.4
ngm./litre water, and for Prother 60 of 56 mgm./litre water.
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Proth Stability ef Solutions of Pine 0il Cemponents.
In the 1ight of the little information available on
the i{:othing properties of the components ef Pine 0il it was
decided to carry oubt a series of systematic frothing tests en

solutions of various pine oil components. _

Instead of testing all the known components it was
decided to test only the major ones, and the materials chesen
for test were those that could readily be ebtained pure and
were easily avallable in tho ladoratory.

These chesen in each class weret~
(a) The Secondary Alcohols, Bermeol and Fanchyl Alcehel.

(b) The Tersiary Alcohol, «=Terpineol.
(e) The Ketone, Oamphor.

(d) The Methyl Ether, Anethole.

(e) The Hydrocarbem, Dipentene.

The preparation ¢f standard selutions of such
substances in water is made &ifficult by their ley solubility,
and to the faot, as stated by Rhode (68), that the temm
"solubility"” in the strioct physical sense 1s a somewhat leese
conception when dealing with compounds of this typs. The
eass with which they form emulsions with water tends te cause
the purely molecular and colleidal regions % merge inte one
snother.
Frothing Pro

Rleoho 3 no
Pure samples of Barneol and Campher were promod by
repeated orystallisation ¢f the laboratery gade materials

srties of Solutions of Boyneol, Fenohyl

iR OY -
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from aqueous Ethanol, and vacuum dried. Fenchyl aloohol was
purified by vacuum distillation. The &istillate .waa cooled in
a f;;;ziag mixturs and the crystals filtered off and dried.
M.,P, = 38°C. Saturated solutions of each of these substances
were prepered by shaking excess of the purified materials im
doudle distilled water for 48 hours.

The solubility of Berneol in water at 15°C was taken
from the work of Mitchell (69) %o de 0.697 sm. per 1000 c.os.
water, and the soludility ef Camphor frem the work of Rhode %o
be 1.70 gms, per 1000 c.cs, water. The selubility of FPemahyl
Aloohol was taken 0 be the value givem by Wright (70), 1.s.
1.30 gms. per 1000 s.08, water,

Pyothing Apparatus No. 5 was used in all the tests.
The various selutions used were preparsd by diluting the
required quantity of the saturated selution with distilled
watexr. 20 c.08, ¢f solution wers used per test and frothing
was carried out in the ususl way at 26°C, The froth heights
were neasured at two separate rates of air flew, These weret-~
1. 6 oms, water gauge (the rate of flow already used for

the Pine Oils), |
2. & oms, water gmge, equivalent e 2.36 litres/hr at 25°C.
This latter rzt¥e was used in case any solutions were
found that could net be kept in the tube at the higher
flow rate.
" fhe froth heisht/concentration ourves fer Berneel
solutions in water are shewn in Figurs 63. It can be seen
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that the curves, unlike these obtained with earlier frothing
agents, have no maximum, It was a2t £irst thought that this
was -due to the fact -that we had not been using a completely
saturated solution, but no significant change in the shaype of
the curve could e detected using solutions prepared from a
saturated solution which had been in contact with s011id Bermeel
for a much longer period than 48 hours. It was noted thas &f
solutions of Bormeol more than 50% saturated wore frothed for
any length of time, s01lid orystalline Bornmeol separated frem
the surface of the froth. This 1s caused dy the rapid changes
of surface area taking place at this point causing the
solubility to be locally exce:ded. This separaticn of s:o14d
material may stabllize the froth at the higzher cencentratiems.
Yo particular diffioculiywas encounterel with the solutions ef
Fenochyl Aloohel. VWith solutions near saturation point
neasurements were made quickly to avoid precipitation in the
froth. The greatest froth heights were glven by the 50%
saturated solution. The ourves for the tw air-flew rates
are plotted in Pigure 6h.

In the cass of Camphor the estimation of freth
heights of solutions more than 50% saturated was atteded by
the same difficulty as was met with in solutions of Bermeol.
I% was felt that the changes in concentration would effects the
acouracy of the results, se dilutiens of feur separate
satursted solutions were so fyothed and the mean surves from
the four sets of results are given in Pigure 65. X% can be
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sean that Camphor gives the curve of a true frother with a
maximum stability at abvout 40-50% saturation.
Adserption on Surface of Glass Prothing Tubde.

As already mentioned i% was soon found that it teok

the froths of such tegrpene compounds much longer to reach
dynanmic equilibrium. As an example of this a typical Froth
Height/Time Curve for a solution of Camphor in water is givem
(Pigure 66). 'The ourve showa how the froth height changes
from the beginaning of the flow of alxr to the reaching eof
equilibrium. This rapid changs in froth height is net due %0
the solution ceoming to the temperature of the apparasus, asimoce
the same curve can be obtained again and again by merely |
stopping and restarting the air flew.

Another new phsnomenon seon beocame obvious. Afder
¢lesaning the frothing tude thersughly with Chremioc Acid,
frothing of u.. certain solution of Jamphoy was carried eus, and
the froth height recorded with time as ahove. This was
repeated three times for the same smmple of molution and the
resulta found \m plotted in Pigure 67. It can be seea that
with each successive frothing the freth height beocams pIvgress-
ively less. The first explanation that springs % the mind
i3 that this is merely caused dy the evaperatien of $the Camphey,
But on repeating the test with a new solution of Campher im the
frething tube (without again cleaning with Glromic Acid) 4%
was found tha$ equilibrium was reached at the secomd period eof
frething. This i{s best shewn by the Table given belew.
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Table XXVIII.

Three successive frothing tests on & sample of a

60f saturated solution of Camphor in water. Frothing
carried out at a constant rate of air flow equivalent to a

flowmeter reading of 4 cms, water gauge,

Time in Mins, Frothing Tests.

(1) §)) (3)

o - L -
0.5 36,2 26,8 28,1
1.0 40,8 27.3 27,1
1,56 32,5 26,7 26,6
2,0 30.8 26,6 26,4
2.5 29.9 26,56 26,2
3.0 28,8 26.4 28,2
3¢5 . 27,3 28,3 26,2
4.0 27.3 26.2 26,1
4,5 27.1 26.1 26,1
8.0 27,0 26,1 28,1
S5¢6 26,8 26,2 26,1
6.0 26,7 26,1 26,1
6.5 26,7 26.1 26,1
7.0 26,7 26.) 26,1
8.0 26,6 26,1 26,1
9‘0 25.6 26'2 26.1
10,0 26,6 26.1 26,2
15,0 26,0 26,1 26.1

It can be seen from the table that equilibrium was not reached
at all in the first frothing, but in the second 1t was reached
after about four minutes, and in the third after about three
minutes, Samples of later solutions reached equilidbrium at
the first frothing, It seems that this can only be explained
by assuming that the freshly cleaned glass wall of the
frothing tube was removing Camphor from solution in successive
frothings (as in Figure 67) until the glass was saturated,
This was verified by cleaning the tube again with Shromic Acid

when the phenomenon was again evident, Although this
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adsorption may be peculiar to Gamphor, precautions were
taken in later tests to saturate the tube with a suitable
solution each time it was cleaned with Chromic Acid, This
adsorption has only made itself felt due to the small weightn
of material involved in the frothing tests of these terpene
doniativos. In the tests with previous substances
(aloohols and acids) the weight of material to saturate the
glass would not be suffieient to markedly change the dbulk
concentration of frothing agent,

Frothing Properties of Solutions of oA -Terpineol,

A sample of L~Terpinecl was dried over anhydrous
Sodium Sulphate and purified by vecuum distillation; the
solidified material melted at 35°G., A saturated solution
of this material was prepared by shaking in distilled water
at room temperature for 48 hrs, The saturated solution was
separated from ’undi ssolved materisl and finally clarified
with "Hyfle" celite,

Prothing tests were carried out in the usuasl way
in the No. 6 apparatus, It was irmmediately evident that
the frothing properties of Terpinecl solutions far exceeded
those of the previous tested constituents, The "€ om,"
rate of air flow gave measurable froth heights only at the
lowest concentration values. At the higher soncentrations
the froth came ocut the top of the apparatus, or was
generally above tho' oritical froth height so that large

bubbles were formed and results were impossible to obtain,
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We must therefore revert to the "4 om," alyr flow rate
eurve for comparison with the other Pine 011 constituents.
The ocurves are shown in Figure 68, It can be seen that
1ike Camphor there is a typical "frother” maximum at about
40% saturation,
Frothing Properties of Solutions of Anethole.

Anethole and Methyl Chavisol (Estragole) are the

isomeric methyl ethers contained in small proportions in Pine
0il,

s oy
(o} o]
CH = CH.CH, ' CHy.CH=CH,

(fht%frﬂﬁ)

8ince the only difference in the two structures is
the position of the double dond in the side chain, one would
"expect their frothing properties to be very similar, This
double bond and the ether oxygen atom at the other end of the
molecule should make it fairly surface-active. Ne figures
could be found in the lifortturo for the solubility of these
materials in water, Anethole is meraely classed as deing
"very slightly seluble® in water and Estragole as "insoluble”,
Due to the similarity of the structures it was decided to take
the frothing properties of Anethole as typifying the ethers
in Pine 011,

|
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The slhplo of Anethole obtained was frozen and the
orystals filtered off, Thias was repeated until the material
gave a Melting Point of 22°C,

A saturated solution of Anethole in water was
prepared by the method already described, After the
agitation the agqueous phase had to be cleared with repeated
quantities of "Hyflo" celite to remove the finely dispersed
droplets of undiasolved Anethole, Dilutions of the
saturated solution were frothad in the usual way and the
Froth Height/Concentration curves obtained are given in
Plgure 69,

It can be seen that the curves do not possess the
usual "frother" maximum, In this they are like Bormeol, bdut
unlike Borneol we cammot explain the shape in terms of the
s0lid precipitated in the foan,

It has already been found that a mormal frother
such as, say, Amyl Alcohol gave a curve with a maximum froth
stability at an intermediate concentration value, For the
materials tested this conooncrauo‘n value sorresponded to a
constant eoncentration in the surface film which was much less
than that required for a coherent momomolecular layer of
surface active molecules and water molecules in a definite
ratio, This maximum stability is likely to be associated
with the maximum possible difference in soncentration between
the surface film and bulk of the solution asccording te the

Gibba! Adserption Equation, It was also found that
saturated or supersaturated solutions of the frother had
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little or no frothing power, and that additions of excess
liquid frother to a froth already formed by some sultable
dilution caused its 1mmed1ato'eolltpao. These factors were
taken as the criteria for a frother, }

Now for Anethole there 1is no maximum at an intere
mediate dilution; the maximum froth stability occurs at
saturation; and the addition of Anethole to the frothing
saturated solution did not cause the froth to scllapse, if
anything it made it a lititle more stable, We shall thus
take these fastors as defining a Stabiliser,

Frothing Properties of solutions of Dipenteme,
The material obtained was designated "limenene" eand

was purified by vasuum distillation, The solution prepared
by shaking excess of this materisl with distilled water
remained cloudy even nfier standing for a week, It was
therefore shaken with successive quantities of "Hyfle" selite
and filtered until the solution was completely clear, Prothing
tests were carried out with thia solution in the usual way,
and the curves obtained, plotted as in Figure 70, Again it
can be seen that the curves have no intermediate maximam,

It was also found that the froth height of the saturated
solution could be further inoreased by the addition of
quantities of limomene to the solution, showing that the
nndllsolv;d oil has a stabilising action on the froth,
Although the Limonene seems at first sight to possess all the

factors of a stebiliser it seems peculiar that near
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stturation 1t, a hydrocarbon, should have as large values
of froth stability as Borneol, an alcohol,

It was thought that this anomaly might be due to
polar impurities in the Limonene, 80 a new sample was
obtained as a check, 8ince the substance is known to be
sensitive to satmospheric oxidation, it was distilled in a
current of Nitrogen and the fraction distilling at 176°C
collected and stored under Nitrogen, !h. density and
Specifioc Rotation of this purified material were determined,

Density of distilled "Limenene” [, = 0,853

of. Density of Limonene Dt = 0,848
(Hbk, Chem, & Phys,)

~ Specifio Rotation of distilled
14

monene" [o(]:‘: «21, 56
cf, Sp. Rotation of -Limonene [ok]f= 126,84 '
. 8p. Rotatiom leLimonene, | [&];6: «122,6

fs&monson, "Terpenes"), o

The sample muset therefors have contained proportions
of both iscmers, and therefore ir spite of its slight rotation
shall now be salled PApentene,

The frothing properties of "solutions” containing
known quantities of this Dipentene were determined by adding
weoighed drops of the material to Aistilled water, shaking for
2 few minutes, and then frothing 20 e.6s, of easch solution in
the apparatus, Ir no case could the solution of the
Dipentene be said to be complete and at the high sonsentrae
tions the "solutions” became gquite opague with suspended

drops of undissolved hydrocarbon. The large quantity eof
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undi ssolved o1l in the froth columm at the higher concentra-
tionas hindered the attainment of ecquilibrium and in some
cases 1t was nearly 15 mins. before a sonstant height was
reached, The resulting Proth Height/Concentration curves
for the two rates of air flow are given in Figure 71, It
can be seen that the curves pass through no maximum value,

50 c.08, of Dipentenc were vigorously agitated with
400 c.cs8, of dlstilled water in a olosed § litre bottle for
thirty six hours, then allowed to atand for two days and the
phases separated, The separated Dipentene phase was stored
_under Nitrogen and its Density and Specifio Rotation
determined,

Density jsz

Sp. Rotation ENEY
These figures seem to indicate that the water had little or ne

00,8613
020. 78

]

"

effect on the Dipentene phase,

The frothing properties of the saturated agueocus
phase were now tested in the usual way, The froth height/
econsentration curves are g;von in Pigure 72 These should
be compared with PFigure ’70. which shows the curves obtained
for the earlier saturated solution, The new curves show
that these solutions can have an even greater froth stablility,
than was at first thought.,. Comparison of Figure 72 with
Figure 71 should at first sight allow one to calsulate the
conocentration of Dipentene in the saturated sclution, since
Figure 71 gives froth heights corresponding te imown
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csoncentrations, But 1t 13 seen immediately that the
"solutions” of Figure 71, most of which exceed the saturation
limit, have a much lower froth stability than those of Figure
72, 8ince it has already deen found that the addition of
Dipentene to the saturated solution inoreases its froth
stability, 1t cannot be said that the low froth stabilities
of Pigure 71l are due to the undissolved material in the froth
lowering the froth stabdility, A simple qualitative test of
frothing of Dipentene/Water mixtures was made by shaking
samples in a test tube and 1t was found that a froth was
for ed even from a mixture oomtaining equal proportions of
Dipentene and Water, It appears therefore that to explaim
the enhanced froth stabilities of Flgures 70 and 72, ene must
either assume that Dipentene requires prolonged agitation teo
csuse any amount to pass into “"solution®, or that the material
in the aguecus solution is not Dipantene but some reactiom
product formed between it and water, |

By "solution" is meant in this case & dispersien
#hich is more of a colleidal than a molecular nature, The
differences in Figures 70-72 would then de due to the
different amounts of Dipentene “taken up" by the water in
eagh oa;o. It was found in some cases that clear solutions
of Dipentene in water after standing a few days began to shoew
interference fringes on the surface, indieating that
presence of undissolved material =« and this in solutions thas

had been repeatedly cleared with celite, Thus it is odviowr
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that it is very difficult to obtain a solution than can be
truthfully s=1d4 to contain only molecularly dispersed
Dipentene,

In passing it should be noted that De Witt (67)
recorded surface tenslon measurements on a solution containing
0763 gms, Dipontene per 1000 c.cs. water, This should Dde
compared with the solubility of Borneol as recorded by
¥itchell (69), 1,e. 0,687 gma, per 1000 6,03, water, It
hardly scems likely that of two terpeme compounds, of roughly
similar molenular weights, the hydrocarbon would De more
soluble than the aleochol, ‘

There is & chanse that Dipentene (I) held in
contact with water for some time becomes hydrated to !oipan
Hydrate (XI), It is known to do this in contast with
mineral &cid, This transformation may even go as far as
Terpineol (IXI). Wo have already noted the excellent
frothing properties of Terpineol; and (II) from its structure

should be as good.

1

{=]

H,
CHg Ho Cﬂa C 3
H, H e Hy H, H
" H CH,0H
2 2 H, Ha 2 Hy LA
AN CH~C—CH, CHy—~ C — CH,
cH, € H, ‘ !

OH OH
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A rough qualitative test of an aqueous solution of Terpin
Rydrate showed that it had good frothing properties. The
small quantities of material involved ¥ill hinder the
verification of the above transformatiom, . No rotation oounld
be detected when a sample of the saturated Dipentene solutiom
was viewed by polariged light,
apectrai Study of Dipentene.

It was thought that the eonversion to Terpin Hydrate
or some similar compound might be detected through the U,V,

absorption spectra of the agqueous solutions. This was
determined on a sample of the saturated aqueous Dipenton.’
solution, as used in the frothing tests, by means of the
spectrograph mentioned earlier, S8ince the concentration of
this solution was unknown it was not possible to plot the
moleculayr extinction cocefficient but only the observed
extinetion (E), 1.0, log I0 « In order to obtain the full
range of the curve to th;!;;'.lt wavelength recorded by the
photographic plate, a number of dilutions were made and the
extinction values oalculated back to that which would have deen
given by a 1,0 om, ¢6ll and the saturated solutiom, ™his is
plotted in Figure 73 against wavelemgth, The ocurve has no
characteristic peaks but indicates a sharp rise to almost
ocomplete absorption below about 300 m. The absorption
spectra of a purified sample of Dipentene in Ethanol (1,074
gn./1itre) was also obteined using a 2,0 om, cell, This is

plotted in Figure 74 along with the curve already obtained for
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Terpineocl, While Terpineol shows a sharp rise to almost
complete absorption over the range 300 - 2560 m, the
~ Dipentene sample, although somewhat simllar, has an
adcditional narrow band rising to a sharp peak at about 272 m,
This was not evident in Figure 7S, Attempts were made to |
obtain the absorptidn spectra for Terpin Hydrate in water
but even with a solution of 1.0 gm,/litre and a 4,0 cm, cell
no absorption could be detected,

At first sight the curve of Flgure 73 appears to be
- more similar to that for Terpineol in Figure 74, in that there
is no odvlious band formation,

Using the fundamental spectral formula,

1.0, €. B x XK
’ Py

where e. is the moleoular extinction coeffielient,
E is the observed extinctiom, |
o 15 the concentration (gms,/litre),
d is the cell length (oms.),
and M is the melecular weight of the substance,
an attempt cem be made to xgako the ocurve of Figure 73 coincide
with the molecular extinction surve for Terpineol in Fi'guro T4,
Pug, for the curves to coincide at 285 =, say,
there would require to be concentration of Terpineol in the
aqueocus Pipentene saturate equivalent to

e _ 5.1 x 154 _ 174 gms./litre
. X .

and at £70 71, a conoentration equivalent teo



e . 7.2 x 154 _ 58,4 gm/litre,
oV X . -

Since these figures are infinitely greater than the

solubility of Terplneol in water the curves cannot eoincide,
If in the same way one tries to identify the ocurve of

Figure 73 with the lower portion of the Dipentene curve in !

Figure 74, the concentration in solution from values at 300 m

1s given be

6 . 2.84 =x 136 _  39.8 gms/litre,

- . X le
and adp 280 mu

6 = 5,87 x 136 _ 33.3 gms./litre,
. X . :

again 1mpossibly high figures for the solubility of a terpene
in water,
It was obvious therefore that the solution of

Pigure 73 was giving much higher absorption values than the
pure materlials dissolved in Rthanol, It will be remembered
that Pine 011 B (Figure 61) showed high absorption values
similar to those of Figure 73, and in that case the ancmaly
was explained through polymerisation of the terpene content of
the oil. This also may be the explanation of the high
values of Figure 73, Watermsn and Perquia (71) indicate that
the terpene Dipentene in presence of air and a diatomaceocus
dubstance polymerises readily. 8ince the saturated
"golution” of Dipentene in water used in the frothing tests
and spectral study had been repeatedly cleared by agitatiom

with quantities of celite (a diatcmaseous material) before
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us;a', and no particular eare had been taken to exclude alr
from it, it was quite pussible that polymerisation of the
small quantity of Dipentene in the aquecus phase had taken

place,
| A pure sample of Dipentene was roﬂﬁxod for some i
hours, until it turned a golden yellow colour., This material
was distilled to separate unchanged Dipentene and only the
sample distilling above 180°C was collected, The abscrption
spectra of this material dissolved in Ethanol (0.986 gns/1itre)
was obtained using a 0.5 cm, cell, The experiments was
repeated with A fresh sample of Dipentene which was rof'lﬁxod
until it was a red-brown colour, Thil. was distilled as
before, only the sample distilling above 200°C being sollected,
This was & dark brown viscous resin, and its absorption curve

{0,992 gm/litre Bthanol and a 0,5 om. 6ell~ 43 given in

Flgure 75 togethor with that given by the sample distilling 3
above 180°G. 3ince the molecular weights of these polymers
were not known the extinetiom coefficlent was caloulated to a

" basis of a solution sontaining 1,0 gmn/litre and a 1,0 cm, cell.
The sbsorption curve for pure Dipenteme resalculated to this
scale is given in Figure 75 for comparison,

Although the polymers de not show the pesk at 272 m
given by pure Dipentene the inorease in adbsorption with
polymerisation is at once obvious, As indicated by the
darkening in colour of the polymer, the more viscous the
material, (i.,e. the larger the polymer units) the stronger is

the absorption,
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This study seems to indicate that although the

saturated solution of Dipentene in water may contain traces of
Terpin Hydrate and Terpineol, it most probably contains
polymerised Dipentene, One 4s unable to czloulate the
 quantity of polymer in selution since the degree of polymerisa~
tion is unknown, It seems, however, that the terpeme has
retained: something of its polar properties in the polymerised
form to be suffioclently soluble in water to give the ultra
violet absorption recorded in Mgure 73, and to furnish froths
of the stabilities shownm.
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Theory of Mode of Action of a Stabiliser.

Having discussed the reasons for the froth stability
of the saturated solution of Dipentene and the non-stability ef
the saturated solution of Terpineol, it must now be discovered
why it is that excess Dipentene further stadilises its freth
and excess Terpineol has no effect. An explsmation can be
offered in terms of the Spreading Coefficient of ‘.'htl undissolved
material on the solution.

For a thin lens of o0il to spread on water we mus$
have the relation

Taw > TRO + TPOWeeeoovcscsconvassosscsscssssl32)
where

Taw = the surfafe tension ¢f the water.

Tao = the surface tension ef the oil.

Tow = interfacial tension between 0il and water.
From this can be developed the Spreading Coefficient,

Sw Paw « (T80 + TOW)eosccocrcenccnsssosncsae(3’)
The interfacial tension and the two surface tensions are now |
those of the mutually saturated liquids. I& ocan de seen that |
if S be negative, spreading cannot take place, while if it is
positive or zero spreading occurs. Thus ene oan increase the
possibility of spreading dy lowering the oil surface tension
and the interfacial tension while Taw remains relatively high.

Oleic acid placed on water first spreads thean con-~
treacts into lenses. This is due to the fact that at firss

the water Surface Tension is high enough $¢ dalance eut the
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other farces but as a menomoleoular film of scid ferms on

the water surface, {.e. it becomes oontaminated, the Sufface
Tension drops and S becomes negative. The spreading en
water of paraffin oil containing various "spreaders™ has deen
studied by Heymann & Yoffe (72). These “"spreaders” are
substances which greatly reduce the interfacial tension
between water and o0il without greatly effecting the Surface
Tension of the latter. They contaminate water only slewly
80 that for the first stage of spreading the Surface Tension
of water still has its usual value. As a yesult the
difference Taw - (Tae + Tow) is inoreased by the "spreader",
and spreading ocours. However, they gradually pass fni
the 0il phase into the surface of the water thus reducing the
Surface Tension, the difference Taw - (Zas + Tow) becomes
negative and the film gathers into lenses.

Now if 4% is presuppesed that Dipentene stadilizes by
virtue of the factd that it forms a stadls film on the bdubdle
wall, 1%t must fulfil the above relation for spreading. Used
alone it has the important advantage that 14 cannet lewer the
surface tension ¢f the agueous phase much. De Witt gives
the surface tension ¢f a saturated selutien of Dipentene in
water a$ 25°C as 71.5 dynes/om., thus the value of S w1l be
kep$ pesitive and s stable film is formed.

In tbe case of Terpineol the surface tension of the
saturated solution in water is about 38.4 dynes/cm. This is
80 low that, en the addition ¢f Terpinecl te the surrace of
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the saturated solution, 8 will be negative and no filming wll
ecour. If one adds Terpineel ¢o a froth formed by anether
frother, or by say a solution ef Dipentene ~ as Dipentene acts
as a weak frother below its saturation peint, contact with the
bubble films locally lowers the Surface tension and the bBubbles
collapse., This is the same phenomenon observed as when Ether
vapour is brought in contact with a soap froth. The terpsne
alcohol thus diasolved in the solution and with continued
asration is adsorbed at the interfaces fermed. Since the
energy of a system always tends to a minimum, that eompound will
be adsorbed moest which produces the lowest surface tansion.
The froth will new ¥%ake on the characteristics ¢f this compeund,
1.0. a more stadle or less stadble froth will be preoduced.,

Thus a frother can be used as a "destabilizer". As
an example of this we have the use of syl almhel in organic
preparative work te destroy frething preduced during distilla-
tien, refluxing, evaporation, eto. Hers the froth is gmerall)
preduced by large surface-smctive melecules in solution whioch |
have quite a small effect en the surface tension dut produce a
very stable freth by virtus of their size. The addition of
ahyl alcohol causes the largs surface active melecules to Ve
displaced from the interface and de replaced by amyl alcohol
a0lecules as the surface tensiondrops. Any froth now formed
will be characteristio of amyl alcohol, and w1l be negligidle
&t the temperature and concentration used.

The addition of Dipentene to & !‘crp_in«l solution



170.
froth does net cause 1its immediate ocollapse since 1§ will
have 1ittle effect on the surface tension. XNew factors,
however, oome inte play. As soon as the Dipentene comes inte
eontact with the solution interface Terpimecl begins to pass
inte the Dipentene phase to satisfy the Partition Ooefficient
of Terpinesl between Dipentene and water. As a result the
surface tension of the msolution (Taw) rises and the inter-
facial tension between Dipemtene and She solution (Tow) dreps.
Thus the difference Taw =~ (Tao + Tow) becomes more positive
and a stadle film 4s fomd, with an acoempanying inorease in
froth stadility. .

If we neglsct for an instant this stabdilizing actien,
we see the froth will %ake on the characteristics e¢f the final
econcentration of frother im the aquecus phase. The stabilizer
san Sherefore play a part in controlling the concentratioen of
the frother in the aqueous phase, and dy judicicus choice of
stabilizexr and cencentratien of freother in 1t the partitien
coeffiolent oan be @ arranged that it should be pessidle %o
edisin any desired conoentration of frother in the aguecus
phase. I$ also decomes less possible 4o add toe much
Yoagent, which is liable to happen with a plain frother. Thus
apart from its purely stabilizing aotion the stadilizer makes
1% pessible t6 work with larger quantities of reagent and %o
stretch the desiradle portion ef the frether’s stability/
concentration characteristics, 1.e. zexo to maximum freth
Ihbmﬁ. over a much larger concentratiem range ¢111 it
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finally bhecomes almost linear. Of the Pine 0ils studied, Pine
01l G.N.S. No. 5 and Pine 0il A contein little stabilizer, and
Pine 0il B and Prother 60 oontain much. It should be noted
that if %00 much stabilizing hydroocarbon is used the adverse
effect of the greatly reduced frother cencentratien in the
aqueous phase whill greatly outweigh the advantageous
stabilizing action. This is seen in the reduced frothing
power of Pine 0il B, Of course, when sclid mineral is alse
considered in this analysis, other factors such as olling eof
the mineral surface have to be weighed up before the final
concentration >f stabilizer to be used is decided upem.

In Figures 76 and 77 a comparison is made of the Freth
Height/Concentration ourves of the varieus reagents tested.
The ourves are only repeated where the actual concentration ef

reagent in solntiaa is known. |
Stability Constants for Frother Constituents ef Pine Oil.

The froth velume stability constant (M) and apparstus
constant (N) wers determined for 507 saturated » lutions of
Berneol, Campher, Fenchyl Alcohol, and Terpineol. This was
accomplished in the usual way using 20 cos. of each selution in
frothing apparatus Xo. 5. The values obtained weres-

X X
Mnl 2-86 .
15 0 122

r-rps.nnl | 6.9 0.1138
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These values of X increase in the same order as de
~ the heights ef the same solutiens shewn in Figure 76. These
materials can now bs compared with the memohydric alcohels, and
it m be seen that only n~Heptanol with an X value of 6.17
oan coumpare with these terpene derivatives as a frother.
If 4% 43 accepted that they have the order ef f£roth
stability required for freoth flotation, it appears that s
frother intended fer use in flotation practice should have a
value of froth vélume stadbility oonstant (M), at 50% satwatlen
in water, between 6.0 and 7.0 units (leg cc. sec. oms’ ) |
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PINTATION TESTS WITH PINE OIL AND ITS OOMPONIXTS.

A standard flotation test was developed from the
infeormation gained in the tests slready reported in order te
compare the properties ef the various Pine 0il cemponents.

The feed material for the tests was a Coal/Limestone
mixture. About one owt. of small cosl ("washed singles") was
rough ground t0 20 mesh in a reller mill, then passed through a
hizh speed squirrel-cage grinding unit simultaneously with am
equal weight of about 10 mesh Limestone chips, giving an
intimately mixed flotation feed ocontaining about 504 Limestens.

The ash content of the original oosl was determined
prior %0 mixing with Limestone.

Average ash content of coal = 8,54,

A sample of the Coal/ILimestone feed mixture was
soreened. The resultant analysis is given delow.

Soreen Analysis of PFeed Mixturs.

Sieve < on Sieve £ n’ndcr-:lzc.
16 B.S.S. %-
0 " 13.
8 : ioo Gloé
100 = a: ?
150 " 10.2
<150 " 55.

~ This feed material was stored in a large, clesed,
galvanisedeiren bin, and before starting each series of
flotation Sests sufficient feed was withdyawn from the din te
- cover the ¥ests and the din closed. 3ince each series
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comsisted of about six flotation tests each with 600 gms. feed,
about five kilos were taken in each series ssmple. This
series sample was thsroughfy nixed in a plastic bucket, a
representative sample %aken, and the ash content determined.
This last was carried eut dy reducing the representative
sample by "coning and quartering” to about 50 gms., grinding
in a mortar to pass 100% through & 50 mesh sieve, and doing
four ash determinations on this material.

Before any series samples were taken fiom the bin,
however, the ash content ef the material at the top surface eof
the bin was determined %o odtain an idea ef she figure o be |
expected., s

Average ash content of material at top of bin = 36.6%,
¥ow since Lhcafono on ignition leses weight in the ratio ef -
100/56, this figure is net s accurate one for giving tho oeal
content of the material, i.e. the true percentage of coal in
the material is ne% (100 - 36,5)%. It 1s mearer (100 - 36.6 x
100/56)%. |
The Problem of Recovery.

It is oustomary for the flotation rocess to be pub
on & numerical basis in terms ef tw variables, Grade and
Recovery. Grade is -ilnpl;f the percentage of valuable mineral
in the finished conomtrate, and Recovery the psrcentage of She
valuabls mineral rscovered. ‘

¥ith the feed mixture here in use the loss in woight

of limestone on ashing makes it rather &ifficult te caloulate
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the recovery of valuable mineral (here coal) in any one

flotation %est.

Recavery = Weight Concentrate x # Valueble mineral in Conc.
Weight Feed x £ Valuable mineral in Peed.

With coal the percentage valuadle minersl in any sample
becomes (100 = A)% where AY is the percentage ash in the sample.
Thus if we les,
C = VWeight of Ooncentrate.
F = VWeight of Peed ,
Ay = Der cent ash in Peed. ‘r
A = Perxr cent ash in Concatrate. §

Recovery = C x (100-As) 100%
7 x (100=A,)

Since this fermuls does not take into acount the loss
in weight of the Limestone on ignition, it may convenimtly
be knewn as *Uncorrected Recevery®. This figure, al though
giving an appreximate estimate of the recovery, is net very
suitable for a theoretiocal study. One may come nearer the
trath, 1f, ignering the original ash centent (8.36%) eof the |
ceal, ene assumes that the ash is all Iime (0a0). Thusve ;
ebtain a

Corrected Recovery = C x (100-'1. x 100/56) x 100%
¥ x (100<A, x 100/50)

L.0, Cerrected Recovery = 0 x (56 = Aq) x 1008
Px (564,

I 12 now propesed to verify that this last yrecevery figwre
gives a true value of Pecovery 6f the valuables cemponant.
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A formula will be first obtained from which om be calmilated
the organic carbenscecus centent of the ceal in the mixture.
As shown sbove one cannot deduce the percentage of sarbonaceous
material in a sample frem a simple ash ealoulation. The true
sarvbonaceous content of the mixture may, hewever, de obtained
as follews.

In the Coal/Caleium Carbonate mixture und er considera-
tion, let |

"(e)"® represent the proportion of ergmaic carbemsceous
mtter.
n(A)w foprcscmt the preportion ef nem-calcareous adh .
. {.8, the ash content of the original coal).

"(Ca0)" represent the proportion of Lime ash presenst.

"(00s )* - represent the proportion of Carben Diexide evolved
in ashing process.

"(CaC0qy )* represent the proportion of Calcium Carbomate im the
mixture before ashing. ‘

In the following mmalysis it is assumed,

1, that the originsl ash of the coal centains no lime.

2, that under the cenditions of the standard ashing test the
resction 0a00; —> Oad + 0Oy gess %o compledion.

3. that the Limestone is 100% CaCOy .

h. that in the ash of the cencentrates the ratie Té%!)ﬂ‘ is
constant.

This last assumes $hat the eriginal ash of the coal and the

Oalcium Carbenate are equally non~fleatabls. This is the

vlout likely of the four assumptions, but 1% does not materially

affeot the result due te the low valus ¢f the ariginal ash

centent.
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Then if u = % ash in mixture, i.e. (A) + (Ca0)

100 = u = volatile material in mixture, 1.s. (e) + (COp)
and 1f v = 4 ash in originsl coal

100 - v = £ Carbensceous matter in original coal.
Thus we have the relatienships

‘ = v ".0'""..‘.".....'...D"..’.‘.(’#)
{’5; IV
(4) - v
(e ¥ (X o0
(B) ® JOO ® ¥ sevncvecscocsncasce o-oooo-co(’e)

Gr+(x7

A) ¢+ (Cal = u N R R Y Y R X 7
| + ’ B U eesrecssssscnnce 58

We have also the stoichiometric relationships

Ca0 - 6 ..Qo.o!.otooocooooiOooooo0000000(59)
[+ 10

Qo= - I& ssascaciccncsecsssensoscsore seee(h0)

Subatituting fer (1), (Ca0) and (COs) in equation No. 37 we ge$,”

;!(JS'EV + 56 (0a00,)

u
¢ To00=A

ie0 (o)vsloo-n; + Igg‘ (100+u)(Ca00, )-u(o)‘r&n(c;co.) |
1.0¢ (0) {tfvg%oo-u))} | - (Gcg%.) {56(100—11)—##11}

1.0, 100( )(n" had (&%)(56‘“)

thus (c; - --§§6-n?(100~r) RN (X B | 4

[ RN BN N N NN N N NN ] 0.‘..‘.......’..(35)
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Prom this ratio the peicentage of ocarbonaceous material is

given by

% (¢) = LO) x 100
(CaCOg) + (o) + (A?

Thus combining equation: No. 36 and FNo. 4l

%4 (c) = (56-1)(100=v) £ 100
Tt~ T;E;mm
| | (TO0=¥)
1e0s % (c) = (56-8)(200=v)
e (o] = -y

Now for the coal being used, v = 8.367
o #(0) = (56eu) % = 1.923(56+n)

¢.8. For the mixture at the top of the bin u = 36.6%
. d(e) = 1,923(56 - 96.6)

= 37.3% |
Now true recovery is given by

cx '-E*';fc;, x 1005
Cin

Vhere C and F are as bafore the weights of cenceatrate and
feed} %(c), i3 the percentags cardonmceous material in the
conoentrate and %$(c)s 1= the percentage ocarbenscecus ‘material
in the feed mixture. When ene puts the formmla for %(e) inte
the recevery iq,ution it is seen to reduce %o

Recovery = C x 6;6%; x 1004

and since u, and ug have the same significance as Ay snd A
used in the “Oerrected Recovery™ formula, we 5¢e tha$ the
*Correoted Recovery” fermuls gives the true recorexy figure.
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Experimental .

All the quantitative testa gliven below were carried
out imn the Fagergren flotation machine describved previously.

The &féed used was that described above. The water was the
nermal tap water. In (Glasgow this is quite soft and has a lew -
80l1d eontent. It is therefdrc quite interchanzeable with -
distlilled water for these testis,

The Reproducidility of the Fletation Test.

This consisted of a series of five similar fletation
testc. 600 gms. feed material and 2200 c.cs. water were
placed in trs cell and the yotor set in motion. Six drops of
known weight of Pine 011 A were added snd conditioning carried
out for two minutes with the air oock oclosed. The eock was
then opened and frothing carried out for tw minutes. All $he
eoncentrate had passed over in adout one and a half minutes.
The air cook was azain closed and all cencentrate that had
adhered teo the zides of the cell and not passed over the
launde® was wiped back into the cell by means of a rudbder
"policeman® on the end of a glass rod. This was cerried eous
duﬁng the interval of one minufte, The air coock was then
openod and frothing carried out for one further minuts. I%
wae very rarely that any materinl came over in this las$
minute. The pan in which the frothed concentrate was
cellected had been weighed previously; 1% was now weighed
sentaining the sconcentrate. The =01i1 material was ocsrefully -
£il%ered off in & Buchner funnel, dried in an air even sad |

!
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weizhed, The dried cake was then powdered im a mortar, a
representative saugle taken, and sn ash d etermination carried
out in duplieate. The weight of Pine 01l used per test was
oa’ci;atad by weilgiing various numbers ¢f dxops of the material
from the same Aropper as uscd in the tests. The results
oviained are shown in Table XXIX.

Table XXIX

Flotation tests ~ Serieas I.
Weight Feed = GO0 gms. DPer cent ash in feed = 38,34
Voluine of water in cell = 2200 c.cs.

Pine 04l added = 0,080 gms.
= 0,216 1ba. per ton feed,

Conc. of Pine 01l = 0.02& m.lntr‘.

Test XNo. 1, 2. ’o Lo "0
Wt. Pan (gms,) 3751 A04.1 379.1 340.2 341.2
W$. Pan and '
frethed Conc. 0 &70 g g 68108 601
W4, Prethed Conc., 9 #33 52 )tloG 260,
%t. dried Conc. b o 3.5 .ﬁo
ﬁ Ash in Cona. . 6

oy
Volume frothed (c.cs.) 340.0 3 -0 #7’1-3 2%3-{ 208.7
Volume frethed
., Pine 01l c.os.) 5862 6207 8125 AT95 3599
L2 T8 "dried Cmo
Ggm. p%g;ogni ?a) 6.6 1hk0 1510 1095 889.6
Coe ns
4 s0118). 13.9 18.8 _1%.7 18.6 19.8

%ctod é;.g 35 18.8 L6

Corracted
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I% can be seen that there iavquite a 1argé varistion
among tha testsy toeo large for accurate woxrk. This vu&iatian
iz most probadvly due to a correaponding variation in the |
anounnts of Pine 0il added per test, since it is difficult te
mzke a drorper deliver always exactly the same amount of
material. It may elso be that an insuffieiently long interval
wes allowved bebtween the time of starting the rotor and the tinme
of' adding the Pine 0il. The acouracy of the tesis was also
affeeted by the fact that during agltation splashing was apt te
occur and material passed down the launder hefere the Pine 0il
was acturlly added. This lagt difTiculity was overcome by
congtructing a gate from " sheet Perspex moulded and shaped
to £it neatly into the moukh of the Tesunder. Tt was held in
place by a rubber band and could be easily removed on the
instant that frothing sitsrted. In order to know accurately
how wuch Pine 011 had been added, a small dispensing bottle
was constructed from a2 5 c.es. graduated flask as shewn in
Figure 78. Tn wie this hottle and 1ts attached pipette
were wel-hed, some material was sucked uvp into the pipette,
the plpette removed and a numdber of drops dispensed, and the
pipette snd bottle agein weirhed., These tozether with other
refinements in technisue were employed in the second series of
tests whick were carried out zg follows,

600 gms. of feed material and 2200 ec.cs.water were
placed in the cell and the rotor set in motion. Agitation

was allowed to go on for exactly five minutes. Six drops of

Pine 011 A were added from the dispensing bottle, smd the
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conditioning onrried out for two minutes. he air ceck was
then opened and frothing allowed to take place for twominmbes.
The @ides of the cell were cleared and resrothing carried ous
for one further minute mas explained above. The frothed cencen«
trute was then treated as in the firat series of tests. The
reaults for thls second series are given in the Tahle XXX.
They oan be seen to de very much more reproducidle tham the
previous series and well within the limit of the experimental
error of the method. This methed of testing waes therefeore
strictly adhered %o in the following work.

Teats on Pine 01ila, etc. o
Theae were carried out with varying smounis ef n.c!t~

reagent as described abeve. Vhere the froth was vexy eepleus
an initial fretuing time of two minutea was not adhered %o dut
instead frothing was continued till no more came ovex. In seme
oases, e.g, at high concentrations of Terpineol this vuﬁ as mach
as 15 mins, In soms case3s the reagents were added dyopwize and
in others as volumes of a saturated agqueous solution. In the
latter case care was taken to ensure that the final imitial
volume of watey in the cell was always 2200 c.cs. The follew-
ing reagents were tezted, TPine 011 G.X.3, No. 5, Pine 011 A,
Pine Cil B, each added drépwise; Terpineol, added heth drepwise
and as e selution in waterj Fenchyl Alcelol, Co;mp}wz" and
Berneol, added as selutions in water; and Anethele amnd Dipmtew

added drepwize. The experimental results are fully tabdbulased

~ Welew and the required grarhs drawn. Oaly cerrected receverie
were oaloulated.
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TAELE XY .
Plotation Tests = Series II. Pine 011 A.

Woight ‘of Feed = 600 gms, Per cent Ash in Feed = 37.2%

Volume of water in cell = 2200 s.cs.

TQSt ’OO 10 2. 30 40 5' 60

Wt. Pan (smﬂq) 575.6 40401 378’3 340.5 541’1 390‘0
wte Pine 011l

added (gms,) 0.0671 0.0669 0.0672 0,0686 0,0659 0,0871
(1b.n/t0n P.‘d) 0,261 0,260 0,261 0,256 0,246 0,251
(Em8./1tr. water) 0.0805 0.0304 0,0306 00,0312 0,300 00,0306
wt, Pan and

frothed Conoc, 941,7 968,5 940.2 918,1 859,5 956.4
Wt, frothed Conc, 566.1 b564.4 561,9 577.6 518.,4 565,4
Wte dried Cone. 100.,8 106,.8 101.8 101.2 95.8 99.7
£ Ash in Cone, 16,6 16,7 14,9 15,6 16,6 16,5

Vol, frothed (6,0s,) 465,33 457.6 460,1 476.4 422,6 465,7
Vol. frcth@d/

gm,Pine 0il.(c.os.) 6936 6841 6847 6945 6412 6940
Wt. dried Cono./

gm, Pine 011 (gms,) 1502 1696 1515 1475 1454 1486
Cone, Puly Density

(£ solids 7.8 18,9 18,1 17.5 18,56 17,6
Recovery

orrected 22,3 23.68 23.0 22.7 21,2 22.1
co’rect‘d’ 35,2 37.2 37.1 36,8 33.4 34,9

Mean values of above !153?33.

Average weight Pine 01l added 0.,0871 gms,
Average Wt, dried Cons. (at 0.0671 gma.) 101,0 gms,
Average Vol, frothed (at 0.0671 8.) 468,9 o¢,.0s,
Average Vol, frothed/gm., Pine Oi 6820 o©.08,
Average wt, Oons./gm. Pine 01l 1506 gms,
Average Recove
rae ,,fnnorroctod 22, 6
Corrected 35, 7%

Average Pulp Density (f S0lids) 18,1




PABLE XK.

Plotation Tests - Series III

i3s.

Pine 01l G,N.S8, No, 5.

Weight Feed = 600 gms,

Volume of Water in cell = 2200 e.cs.
Method - Agitated 6 mins,}
Conditioned 2 mins,}
Refrothed 1 min,

Per coent Ash in Peed =

37.8

Added Pine 01l dropwise,}
Prothed 2 mins,s

Resonditioned 1 min,}

T.s‘b HO. 1. 20 3. 40 50 60
Wt. Pine 01l (gms,) 0,0438 0,0662 0,0860 0,109)1 0,1451 0,178
- (1bs/ton feed) 0,156 0,247 0,321 0.407 0,542 0,665
- (gma/litro water) 0,0119 0,0301 0,0391 00,0498 0,0660 00,0810
Wt. Frothed Om.(@l.) 1“.0 545." 911.5 “806 1022.2 10‘5.‘
wt, 4dried Cone, (a‘.) 31,7 101.1 1“08 209.0 822.1 82500
€ Ash in Oono, 10.2 13,5 14,1 14,2 14,3 14,3
Vol, frothed (e.0s.) 132,383 444.,6 748,7 754,6 800,1 820.4
Yol. frothed/gm,
Pine 01l (c.0s,) 3021 6716 8682 éoleé 5514 4607
Dry Conc,/gm.Pine 01l
(gms.) 723.8 1527 1916 1015 1631 1264
Concentrate Pulp
Density (X So.ids) 19,3 18,6 18,1 21,7 21,7 21,56
Recovery of Goal
Corrected, % 13,5 39.4 63.3 80,0 84,8 85,9
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TAELR XXXIXI.
Flotation Tests - Series IV, Pine 0il A.
Welght Feed = 600 gms, Poer cent Ash in Feed = 37,56

Volume of water in cell = 2200 c.cs,

Method - Agitated 6 mins,3} Added Pine 01l Dropwises
onditioned 2 mins,; Prothed 2 mins,; Reconéitioned 1 min,}
Refrothed 1 min,

Pest Xo. 1. 2e 3. 4, 5. 6.

Wt. Pine 01l (gms,) 0.0440 0,0885 0,1049 0,126 0,14564 00,1710
ilbq/tan Feed) 0,164 0,330 0,391 0,476 0,543 0,638
gms/litre water) 0.0200 0,0402 0,0477 0,0880 0,0661 0,0778
ut. Prothed comn.(smad 162,35 848,09 970.4 1048,2 1062,8 1091,.4
Wt. dried Conc, (smﬂo 51.5 156.4 197.‘ 21‘7.7 261.6 255.1
% Ash in Cone, 11,6 16,3 14.7 14,¢ 14,6 14,7
Vol. frothed (6.08.)' 151.0 692.5 773.0 83005 851.2 85803
Vol, frothed/gm, -
Pine 01l (c.08.) 2977 7828 7369 65156 5853 4903
Dry Com ‘/ o Pine
01l (gms,) 71i.2 1716 1881 1708 1387 1480
Consentrate Pulp
m‘ity u Olid.) 19.5 180‘ 20.‘ 20‘8 1901 2302
Recovery of Cosal
Corrected, % 12,6 57.4 73,6 B8l.,6 75,2 94.2
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IXXIII.
TABLE

Flotation Tests - Series V, Mne 011 B,
Weight Peed = 600 gms, Per oent Ash in Peed = 37,2

Yolume of water in cell = 2200 e.ci.

Method - Agltated 5 mins.} Added Pine 01l dropwisej
UondITioned 2 mins.; Frothed £ mins,j} Reconditioned 1 min,}
Refrothed 1 min,

Tost Xo. h 8 2. Se 4. Se e

Wt, Pine 011 (gms.) 0.1098 0,1354 00,1661 90,2009 0,2322 0,2656
- (1lbs/ton Feed) 4,09 5,08 6,19 7.49 8,687 9,90
~ {(gms/litre water) 0.0498 0,0616 0,0755 0,0913 0,1056 0,1207
Wt, Frothed Cone,{(gms) 153,4 351,353 571.4 882,56 919,99 1132,6
Wt, Dried Cono, {gms,) 33,6 70.0 100.7 156,5 171,86 226.9
‘ Ash in Coneo, 11.6 12,7 15‘0 1‘." 16-‘ 20,6
Vol, water frothed(c.0s)119,8 281,3 470,7 626,0 748.3 906,7
Vol, frothed/gnm,

Pine 011 (o.cs,) 1091 2078 2833 3117 3222 310
Dry Cons,/gm. Pine 01l

(gms,) 306,0 617,1 608,1 779,1 738,9 854,3

Concentrate Pulp

Dﬂﬂity " s@lid.) 21.9 1’.9 17.6 17." , 1807 2000
Recovery of Coal
' Gorreoted, % 13,23 26,8 36,6 54,5 60,1 T1.2
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PARLE IXXIY.

Flotation Testg - Series VI Terpineol (1)

weight Feed = 600 gms, Per cent Ash in Peed = 37,7
Volume of water in cell = 2200 c.c3,
Method - Agltated Smins.; Added Terpineol dropwise; Condltioned

2 mins.} PFrothed 11l no more froth passed overj Reconditioned
1l min,; Refrothed 1 min, '

—West ¥s,
es o. 1. 2. 50 4. 5. 6.

Wt, Terpineol (gms.) 0.0467 0,0740 0,9782 0.13563 0,1573 0.,1709
= (1bs/ton Feed 0,174 0.376 0.202 0,508 0,387 0,637
- (gma/litro wator) 0.0212 00,0336 0,03556 0.0816 00,0715 00,0777
Wt, Frothed Cons.{gms)333.,7 835,1 1031,0 1103.0 1216,8 1241,7
Wt. dried cﬂnc.(su.) 56.4 157.4 229.9 869.0 286.2 240.2
‘ Ash in Cono, 10,8 11.1 11,8 1242 12,4 14,8
Vol, Water Frothed

iO «0 8, ) 77,3 87T7.7 80101 834,0 930‘6 1001. B
vol. Froth/gnm.(c.cs.) 5939 9160 10360 61656 65917 5861
Dry Gonc./gm(gms.) 1208 2127 2824 1988 1820 1406
ConcPulp Density
“ Solids) 16.9 18.9 21.5 24,4 2345 1934
Recovery of Coal
Corrected, ¥ 28,2 64,3 88,9 107,1 113.,6 90,2
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Q‘B&!}IIIIa
Flotation Tests -~ 3eries XI Anethole
Weight Feed = 600 gma, Per cont Ash in Peed = 34,8

Volume of water in cell = 2200 c,cs,

Mothod - Agitated 5 mlns,} Added Anethole dropwise
Tonditioned 2 mins,; Prothed 2 mins,} Reconditioned 1 min,:
Refrothed 1 min,

Test No, 1Q 2o 3. 4, 5. 6.
Wi, Anethole (gms,) 0.2617 0,5084 0,3193 0,4446 0,5388 00,6407
« {1bs/ton Feed) 0,976 1,151 1,191 1,631 2,010 2,392
- (gms/litre water) 0,1199 0.1103 0.L4861 0,2928 0,24560 0,2912

Wt, frothed Cons, ‘m'c 752.2 80,4 136,6 920.9 1003.‘ 1027.7
Wt, dried QG!IQQ(@IQ) 9.9 1‘.9 28,6 186.5 198.1 197.2
‘ Ash in Conc, 18,0 10,6 11,6 14,7 17.2 15,9
Vol, water frothed
{c,.c8,) 42,8 66,6 108,0 732,85 905,83 830,56

Vol, frothed/ io.cs.) 161.6 212,838 338,3 1652 1680 1298
Wt. dl"y Oono.% gml. .8 ‘8.8 89.6 ‘19.0 867.7 20706
Conc, Pulp Density .

{£ Solids 16,0 18,6 20,9 2C.2 18,7 19.2
Recovery of Coal

Corrected, £ S.50 6,14 11,54 69.9 69,7 71,8
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Flotation Tests « Series XII Dipentene
Weight Feed = 600 gms,  Per cent ash in feed = 34,3

Volume of water in cell = 2200 Ge08.

Hethod - Agitated 5 mins.,; Added Dipentene dropwise;
Conditioned Z mins,l Frothed 2 mins.; Recondltioned 1 min,;
Refrothed 1 min,

Tost Noe : 1. 2e 39 4, 5,
‘Wt. Dipentene (gms.) )¢ 3410 0.4728 n,4954 n,7687 00,9283
- ilbs. ton Feed) 1.272 1,763 1,850 2,870 3,470
- gms litre Water) 0.155 N0.214 6,220 9,350 Dedz2

Wt. frﬂthed Conc. {gmso) 85.0 195.2 303,0 956.0 1097‘8
Wte dried Conc. (gmsa) 18.6 45,2 66,0 198,4 243,1

£ Ash in Cone. 14,0 15,5 15,1 17,9 18.4

Vol. water frothed (c.cs,)64.,4 150,00 237,0 757.,6 854,7

Vol, frothed/gm. (e.cs.) 188,8 317,8 478,33 985,4 921,0

wt, Dry Conc./zm. (gms.) 54,5 132,56 133.2 268,1 #261,9

Conc. Pulp Density

(4 so.ids) 22,4 23.2 21.8 20,8 22,1

Recovery of (Qoal

Corrected, % 6,00 14,42 21,0 58,1 70.2
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Discussion of Results,

The results obtained are plotted in Figures 79-82,

An attempt has been made to include all the reagents tested in
one sheet, but since susch a large concentration range had to be
covered, the curves tend to be slustered together at one side
and spread out at the other, Each graph might be put on a
separate sheet to avoid any confusion but in that case one might
miss valuable ecomparisons, All the greaphs have been plotted
to a base of concentration of reagcnt in gms. per litre, This
was thought to be a more useful variable than lbs, per ton feed
rmixture, although any value on the one system can eagily bhe
converted to the other by the simple use of a factor,

The curves for the reagents can be divided into two
groups: -

(a) The frothers; i.e. the Pine 0ils, Teroineol, Fenchyl
Alcohol, Bormeol, and Camphor,
(b) The stabilizers; 4,e. Anethole, and Dipentene,

Since these two groups are separated by a relatively
large concentration interval, it was decided not to plot the
figures for the stabilizers except on one sheet, vis,, the
recovery curve on Figure 81, In this way the figures have
been kept within the bounds of a quarto sheet, while using a
fairly hrgouah on the base line,  Thus Figure 82 is merely
i repitition of Figure 81 on a larger scale and with the values
for Anethole and Dipenteng omitted.
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Pigure 79 indicates the volume of water frothed and
this gives a measure of the froth stability of the solution
under the conditions of the test, and since the curves cross and
re=-cross each other in a most dbewildering manner, comparison
is difficult. 1In the tables "volume of water frothed per gm,
added reagent” has also been evaluated and this gives a better
indication of the efficliency of a reagent in forming a froth,
Curves connacting volume of water frothed/gm. and concentration
of reagent in gms./litre water have not been drawn but it can
be seen from the figures that they all pass through a maximm,
One might take the value of this maximum for each reagent as a
basis for comparison, Thms & study of the tables shows that
the reagents appear in descending order of Frothing Efficiensy
as follows:~
Boinool; Terpineol; Pime 911 G.n.é. Ro. 5, Pine 011 A,
Camphor, Fenchyl Alocohol, Pine 0il B, Anethole, Dipentene.

The Pulp Density of the wet Concemtrate can be used
as & measurs of the aoiid carrying power of the froth, A
study of the pulp densities shows that they are fairly constant
for all the reagonts; tus it must be concluded that all the
reagents tested have a ﬁlmilar carrying power when they form
a froth, If the weight of dry concentrate/gm, of reagent
1s plotted against concentration of reagent in gms,/litre one
again obtains a curve passing through a maximum, From the
tables 1t can be seen that the maxima are in descending order

as above, Thus the amount of solid passed over per gm. added
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reégent again gives a measure of the frothing efficiency of
the reagent under test.
Grade, |

In the case of soal the ash content may be taken.as a
measure of the grade of the sample, An attempt was made to
plot on one sheet the ash content of all the concentrates
agalnst concentration of reagent, but the confusion resulting
made comparisons impossible, In some cases at very low
concentrations of reagent the small amount of concentrate was
found to contaln a fairly large proportion of ash, e.g. see
Tables XXXV and XXXIX. Since this is contrary to theory, it
mast be assumsd that these results were due more to splashing
over the lip of the cell than to true froth formation, A
comparison between the reagents was finally achieved in the
following way. The reagents were arranged in descending order
of grade at minimum ash content, this generally ococcurring at
the lowest concentration of reagent, This was repeated at
the maximum ash content of each series, The results are shown
in Table XXXXI below,

Table /
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Table XXXXI.
. Grade ‘Per oent Order of Merit
R‘es.n -] IE lax IE Hno

Maximum Minimum Orade * Orade
Fenchyl Alecohol 8,9 10.1 1 1
Gamphor 9.7 12,8 2 3
Pim 011 G.!l. 3. No. 5, 10.2 14.3 3 4
Terpineol (2 10.5 11,8 4 2
Terpineol (1 10,8 14,8 5 7
Pine 011 B 11,6 20,6 6 10
Anethole 11,5 17.2 6 8
- Borneol 11,7 14,4 7 5
Dipentene 14.0 18.4 8 9

If one now adds the two merit figures for each reagent
and divideseach sum by two, one obtains an average merit figure
for the concentration range tested for each reagent from which
an average order of merit can be derived,

Table XXXXIX.

Reagent V Average Order of Merit
¥erit ,{5gro Order

Fenchyl Alcohol 1,0 l
Camphor Y 2
Terpineol (2) 3.0 3
Pine 01l G, N.S. Ho. &. 3.5 4
Terpineol (1) 6.0 5
Pine 01l A 6.0 5]
Borneol 6,0 b
Anethole 7.0 6
Pine 011 B 8,0 7
Dipentene 8,5 8

Thus 1t can de seen that Terpineol added as a solution
to the cell is more effieient in floating coal than when added
dropwise, This 18 probably due to the better dispersion

achieved,
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Recovery of Coal,

One cannot compare the recoveries of coal produced by
the farioua reagents in the same way as above, since a rmuch
greater range of values 1s covered. A qualitative indication
i1s obtained by a study of Flgures 8] and 823 ourves furthest
to the left and furthest up the diagram show the reagents having
the largest recoveries for the lowest ooncentration, Thus the
poorest recovery is given by Dipentene, and Anethole is little
better, Pine 0il B occuples an intermediate position between
these materials and the actual frothers, The frothers can
best be seen in Figure 23 which 1s drawn to a larger scale. Por
recoveries below 508 the frothers used in solution give better
results thankthoso‘addad dropwise, Thus in this rahgo Borneol
is most efficient, followed by Terpineol, Camphor and Fenchyl
Alcohol. The frothers added dropwise ere less efficient and
fall off in the orders- Terpinecl, Pine 01l G,N.S. No, 6, Pine
011 A, snd finally Pine 0il B, with a very low efficiensy indeed,
At recoveries abévo 5Gf there is a complete ch#ngo over; and the
t&others added dropwise become more efficient tham the dissolved
materials; on the other hand it is difficult to obtain a
recovery of more thsm 8CF with a dissolved frother even at
high sorcentrations, since the curves flatten ocut after a
certaln concentration is reached. Thus is aﬁpoara that
although the amount of dissolved frother may be increased in an
attempt to inorease the stability of the froth, there is no
corresponding increase in the recovery of Goal, This non-

inerease in recovery is not due to the increasing flotation
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of Limestone (since the ash content does not increase markedly),
but to the non-flotation of the remaining 208 of the coal,

It eould be assumed that in the two minutes allowed in the
flotation tests for dlspersion of the reagent added dropwise,
solution is not complete and the undissolved material present
enhances the stability of the froth, A more attractive
solution, however, to the problem 13 that the undissolved
material is used to fllm the coal to enhance its floatability,
It 1s therefore suggested that the flotation agents used here
are not merely creating a froth to whicbh the air avid surfaces
of the coal cling, but are also adsorbed on the coal surfaces
both in the dissolved and undissolved state,

It has long been sunposed that such materials as coal,
graphite, eto, are inherently floatadble, i,e, they require no
collector to give'thcm the neoossar& non=polar hydrocarbon
surface which causes a mineral to adhere to & dubble of alr,
The Australian schoocl under Wark (2) and the Americans under
Taggart (73) have investigated this problem by means of contact
angle measurements, but there 1s no certainty as to whether coal
poszesses this property or rot, ' The results are made difficult
to obtain by the fact that it is extremsly Aifficult to prepare
a oompletely clean coel surface,

| In laying down the properties of an ideal frother for
flotation work, Dean and Hersberger (74) stipulate, "It must be
absolutely noncollecting to both sulphides and non-sulphides,”

Now & flotation reagent can only have co’lesting
.properties 1f it is adsorbed on the mineral to be collested,



201,

Terpineol has always been claimed to be a practically ideal
frother because it did not collect the common minerals,

Figure 82 of this work, however, seems to indicate that
adsorption of Terpineol and the other reagents is taking place
on the foal for,

(a) the recovery curves do not cﬁt the ooncentration axis at
zero concentration of flotation reagent, 1,e., 1t requires a
definite amount of reagent to be in the cell béfore enough
frothing takes place to pass material over the lip of the cell, |
It is suggested that this minmimum quantity (0,007-0,009 gms./
litre - in the case of the dissolved materials, Borneol, Penchyl.
Aleohol, Camphor and Terpineol) is adsorbed on the coal making %
it air avid,
(b) the reagents added dropwise, Terpineol, Pine 01l G.,N,S, 30.5;
and Pine 01l A cut this axis at a slightly higher concentration
valune (6.014~0.015 gms,/litre). Since the Pine 0ils are |
mostly somposed of Terpineol, one ocun only assume that the
greator concentration is uaod’aa undissolved oil whioh is
directly filmed on the coal surfaces, An explanation of the
enhanced recovery obtained by the dropwise added reagents is
tims available, viz,, that the remaining 208 of the coal |
{probably the larger particles) canm only be floated if there is
direct filming of the surfaces with undissolved oil, This
would increase the contact angle and make it easier for the
heavier particles to adhere to the bubbles. Anethole and

Dipentene possessing little or no polar properties require
about ten times the amount of material before flotation starts,
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e.g., these materials cut the axis at about 0,13 gms,/litre.
According to Taggart et al, {76) the filming of coal with
& nom=polay hydroocarbon is bound up with considerations of
matual solubility of the materials, If there is no mutual
solublility there is no filming., This might be the mechanism
in the case of these materials, Of ocourse, this is just the
same as saying that there is a low interfacial tenaion at the
00il/011 interface; of. the spreading of an oil on water,
A final suggestion is rather hesitantly made that if one takes 1
the concentration of 0,007 gns;/ittro as being equivalent to an
adsorbed monolayer, the dropwise-added materials at 0,014 gms./
litre have a double layer, i.e., & nonoltyoi plus a layer one
molecule thick of'undiasolvod oil, and the non-polar substansces
have a layer about 20 molecules thigk,
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Proth Stabllities with and without Solids,

The shape of the ourves in Figs, 79-82 raises a
number of interesting points which may be explained best by
considering idesl gsases,

Consider a batosh flotation machine of the type used
in the above tests and containing water only. If one adds
frothing agent to the cell during sgitation and aeration, froth -
begins to pass over and down the launder to the collecting
trough as soon as the stability of the froth increases beyond I
a coertain value, The value of this critiocal stability will
depend on the physical dimensions of the cell, i.,e. the length
of path the froth has to traverse before it is out of the cell,
Any froth of a lower stability will remein in the cell, This
critioal stability will occur at some definite concentration of
frothing agent, Due to Gibbs' adsorption of the reagent on thﬁij
bubble walls the removal of froth from the cell will gauase the
concentration of frothing agent to drops, Inerease in |
stability mmch above the critical value will only be evident in '}
the time taken to collapse by froth passed into fhs collecting A
trough, Yor sny given concentration of reagent greater than
that equivalent to the critical stability, snd with the machine '
supplying air at constant rate, bubbles will oontinuwe to pass
over until the concentration of frother has decreased to that
value at which the bubbles are no longer strong enough,

In a batch type of machine like the Pagergren the

volume of water in the cell will have been desreased by the
frothing procesas so that the path that the final bubbles have
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to traverse to reach the collecting drough will now be greater
than at first, and thus the oritical stability with its
associated concentration of reagent will also be greater,

It is evident that for a given size of flotation cell
and rate of air supply the volume of froth (i.,e, 1liquid) collec~
ted 1s proportional only to the concentration of frother, and
for large volumes of water will be independent of the volume of
water in the cell, FPor the small range of reagent concentra-
tion covered the plot of Volume of liquid frothed against reagent
concentration can be oonsidered to be a straight line as shown
in Flgure B3A. The gradient of this line AV will be constant
only where the volume of liquid in the cellzgoes not change meh
during the process., It gives a measure of the Frothing Power

of the frothing reagent,

Furning now to froths contalining solids in a condition
to be collested by the budbles, It is well known that solid
in this condition stabilizes froth, Thus the oritical stabllit)
will ogcour at a lower reagent goncentration ¢ this concentration
may be so small as to be taken as practiocally sero, and since
the 80lid nineral plays a part in stabilizing the froth more
material will pass over than previously {i.e. it will need less
reagent to produce the same amount of froth), before the
reagent concentration is lowered to the critical stabllity
level, Tmus the gradient will be imsreased as shown in PFig,
83A, where AP is the line for a two phase froth and @D is the

line for a three phase (1.0, containing -ol:ld)‘ froth, OA and
00 are the respective reagent concentrations for critical
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stability.

If sufficient frothing agent is used all collectable
solids will be passod;avor before the reagent concentratiom
has dropped to the critical stability level, The concentree
tion of reagent remaining at this point will control the subse-
guent volume of liquid passing over, and thus the gradient of
the curve of volume frothed/concentration cf reagent will change
to that of the two phase froth (As AB in Figure 83A) after all
s0lid is passed over, The oompiete plot will then take the
form shown in EFG in Figure 83B, For concentrations of
reagent between F and G, the volume of water ﬁp to F comes
over with solid and the remaining volume as water alone,

EPG'is then the ideal case of the curves for the
dissolved frothers shown in Figure 79, FPor Terpineol (2),
Borneol, Fenshyl Alcohol and Gamphor for concentrations up. te
about 0,03=-0,04 gms./litre water the gradient of the curves is
sharp and obviocusly influenced by the 80l1d present., At

higher concentrations the gradient becomes much less due to the

fact that all the solid available 1s already collected and furth-

or reagent only carries over water, Furthermore, the
relative poaitiahs of the curves for these reagents exscept in
the case of Fenchyl Alcohol are now similar to those givem by
the frothing tube experiments as shown in Figure 76,

Where the frother is also a collector, i,0. & small
indtial oancqﬁtration is adsorbed on the mineral before froth-

ing starts, the distance OR will be inoreased, Thus if & non-
adsorbed frother and solid curve cuts the axis at or near the
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origin when one plots resovery of valuable mineral against
sancentretion of reagent, the dlstance OB becomes the
concentration initially adsorbed as suggested in the previous
section,

In the case of a frother and non-frothing collector
acting together, three things may happen with increase in
concentration of collector, |

(a) the concentration of frother for critical stability
is further reduced, i,e. the line EP3 will move further to
left, e.g. B'F'GL (1f the collector has 1tself frothing pro-
perties the line may further mowve till it cuts the volume ’
frothed axis a definite volume of froth for Zero concentration
of frother, e.g. to B"F”G'.’,) | :

{(b) the gradient of the line (0D and EF) may further
inorease due to the fact that more solid 1s available for

“,..n‘ -

flotation, and thus for stabilising the froth,
(e¢) the upper limit of EF will probd ly rise due to
the greater amount of solid avallable,
In the practical flotation test all these factors will
oambine to give the shape of curve shown in Figs, 79-82,
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FURTHER WORK.,

Although it is hoped that the work described in this
thesis 1s complete in itself, a mumber of possible avenues of
future research have been opened up,

Perhaps the most ilnteresting of these would bet~
(a) A further detailed study of the variation of M, the froth
volume stability constant, w#with conceatration of the frothing
agent 1h its aqueous solution, This should make M the
ultimate criterion of froth stability for these relatively
unstable froths, Since, however, froth heights can be measured
more accurately than froth volumes, of major $mportance
would be
(b) A study of the effect of the variables on the intercept
constants b}, (equation No., 26), and K, (equation No, 31), so
that it would be possible to correlate the froth helght at any
rate of alr flow in any apparatus with the froth height in any %
other apparatus merely from & knowludge of the apparatus t
dimensions. |
(c) A study of the frothing properties of the aliphatie
aldehydes to link up the results already given for the alschols
and fatty acids, One mght spend a 1ifetims evaluating the
consentration for meximum froth stabllity of all the remaining
surfece active agents dissolved in water, but of immediate
interest would be the determination of’tho concentration
necessary in the surface film for the maximm froth stability
of solutions of a number of aromatic compounds, &.g. the
phenols, Further extension of the method will be hindsred
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by the leck of accurate surfsce tension data for the agueous
solutions involved, This would lead naturally to

fd) A study of sanether pepular froth flotation agent,

Oresylio Acid, This oould be carried ocut in an exactly
gimilar manner to that used with Pine 011,

(e) An analysis of the agitation froth flotation machine on
the lines of that of the bubble~column machine carried out
here, The snalysis of the batoh machine could also be
extended to the continuocus flotation process,

(f) A study of the dynamics of three phase froths in a bubble-
columm, i,e, froths containing solid particles, This drings
one into the realm of the force of adhesion of the mineral
particle to an eir bubble,

(g) A study of the possible adsorption of the terpene
derivatives on coal, This could lead to the moasur.mnnt of
the possible adsorption of frothers in general on mineral
surfaces, A method is, therefore, required for the measure-
ment of swall oconcentration changes of the surface active
agents involved, A reliable Surface Tension method seems the
most likely to give ascuract results, e.g. Ferguson's method
(76), or the method of Maximum Bubble Pressure, Such &
method would require an apparatus capable of measuring surface
tenslon of aqueous solutions under all oonditions from almost
pure water to the mineral suspensions which constitute flotatien
ﬁntpn. The author is at present developing en apparatus

sapable of measuring surfasce tension dy either of the abovd
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mentioned methods and of giving accurase results under the
range of conditions enoountered in froth flotation practioce,
Froth flotation offers a partiocularly fruitful field
for fundamental researcl, touching as it does on most aspects
of physical, inorganis and nrganic chamidtry, Although
originally confined to purely mineral concentration, it is now
being employed in the most unlikely flelds, e.gs from the
separation of ergot from rye (77) to the purification of
industrial wastes(78), This extension of its application
together with the simpiicity of the apparatus involved is
csusing it to be recognised today as one of the more important
unit operations of chemioal engineering (79),
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