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FOAM SEPARATION METHODS

P. SOMASUNDARAN 2«)

An overview of vorious foam separation techniquet--

foam froctionatioo, ion flotation, foam flotation, micra-

f1otation, precipitate flotation ood, particularly, froth

flotation~sed on Pfeferentiol concentration at the

liquid/gas interfoce of detergents, protei~, microorgan-

ins, minerals, ood surfactant-ion complexes containing,

for ex~le, Mlch radioactive i~rities as radium ond

strontium or such inorganic wastes as dichromate, pi\os-

phote ond lead is prwsented. Recent theoretical and de-

velopmental work in the area is summarized. The rwlation-

ship between odSO4'ption at v~ious interfaces and froth

flotation of minerals is examined along with a brief analysis

of the pi\ysical principles involved. Finally, a discussion

of vorious foaming devices ond a summary of reported

appliGations of the techniques are given.

INTRODUCTION

The separation of soluble or i~luble materiols from solutions is difficult

when their concentrations are relatively small as most of the separation tech-

niques then become inefficient. The problem is all the more serious if the

components to be separated are sensitive, like enzymes, to changes in the
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operating conditions like temperature. A group af methods which ~r to

be u8ful far separating at~t any ~terial, particularly when ib bulk con-.
,

centratian is low, are what have been called foam separation techniques and ~

more recently adsorptiw bubble separation techniques (1,2). These methods .
are based prirrGrily on the tendency of the organic c...~-.vnb of a solution

to preferentially concentrate at the liquid/gas interface cx1d the tendency of

certoin other c~nb to associate with these arganic compounds. In mast

adsorptiw bubble separation techni~, the amount of liquid/gas interface

a~ilable for the above c~ponenb to adsorb is increased by generating foa~

and then the components are separated by simply removing the ~ mechani-

cally. These techniques Me listed and classified in T~le Ion the basis of

the particle size af the material and the mechanism by which it is separated.

Th. namenclatu,. used he,. is deriwd fram the suggestions of Karger et a~1),
Pinfald(3), and Rubin (4) for the wrious foam separation techniques. If a

species is noturally wrface active, it con be separated simply by providing

enough liquid/gas interface and by collecting the resultant foam. Such a

separatian is called -foam fracti~tion- for the separation af surface--active

molecules, "foam flototian" for that of hydrophobic colloids, and "froth flo-

totion- for that of sieve-size particles of crushed noturally hydrophobic

minerals such as wlphur and ~ile. If the species to be separated is not

naturally surface octive, a surface active agent that would associate with the

species in some ~nner is added and then foaming Conducted ta remow the

SUC"factont-species complex. This process is called "molecular flototion" or

-ion flatotion- for the separation of submicro species (ex: complexes of stron-

tium, lead, cyanides, and phospho.s with surfactonb). The separation of

particula88S of colloid sia by this 18chnique is called "microflototion- cx1d of

sieve-size particles of noturally hydrophilic minerals such as silica and alumi-

na is call.d -froth flotation-. Finally, there is the interesting technique

called -precipitate Rotation", where the species to be separated is first pre-

cipitated, usually by changing the pH of the bulk ~Iution, ond then floated
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with the help of MKfactonb which adsorb on the pncipitaNS. It has been

shown by reseorchen in this areo that it is possible to _porate 0 lorge n~r'

of materials using one or the ot her of the abow techniques, sometimes ewn

when the concentration of the maNnol to be seporated is as low as 10-10

tlt¥1(S). The reason for this becomes evident when the basic principles of

foam separation are examined.

8.A.SIC PRINaPlES

As sta..d e«lier, fOGn .paration is possible because either the ma..rial to

be ~ted or a ~Iex of it with a~tner reagent .lecti~ly concentrates

at the liquid/gas in"rface. An understanding of the mechanisms of various

interfacial phenomena is therefafW essential fot" obtaining best results using

these separation techniques. The principles of the adsorption of surfactants

at the liquid/gas in..rface are understood well and utilized ingeniously in

this area. Howe~r, the med1anisnB by which wrious ma..riols interact with

the surfactants leading to their separation, e~n though well established in

~ areas like fratl, flotation, are not yet fully utilized in oth.. foam sepa-

ration techniques such as precipitate f1otation and microflotation. These

mechanisms will therefore be reviewed in detail in this paper, after a brief

discussion of the relevant theor!es of adsorption at the liquid/gas interface.

Pasiti~ adsorption of surfactants at the liquid/gas interface results when

the interaction energy among the solvent ~"r molecules themselves is ~qt-

er than that between the soI~nt water molecules and the solute surfactant

molecules or ions, and hence the existence of the surfactant molecules in the

bulk is less favarable than their existence at the surface. 'MMn the size of

the ~polar part of the surfactant molecules is increa.d, they interfere with

the interaction of the water molecules to a greater extent and thus cause it ta

b. less favorable for them to stay in the bul~. Therefore such an increa. in

size should cause an increase in adsorption. This is actually found ta be the

case as sno~ by the results for the adsorption of alkyl anwnonium acetates of

wrious chain lengths at the liquid/gas interface(6)(Figure 1). It can be Men

120 c
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Figure 1. Adsorption density of various long-chain olkyl anwnonium ions at

the liquid/gas interfaC8(6).

~t the increase in chain length causes an increase in the surface excess of

tt'8 ~nt; this in hJm can be expected to lead to an increased separatian

of the reagent if foam is generated and re~ved. On the other ha.nd' in-

crwa. in the nu~r of polar groups or the nl.tber of ~Ie and triple bonds

on the surfactant willdecrease its incompatibility with a polar medium such as

~ter and hence its odsorption at tt'8 liquid/gas interface(7). Solution pro-

perties such as ionic strength and temperahJre also playa role in determining

the nature of the distribution of surfoctants be~n the bulk a~ the various

interfaces. In general, an increase in ionic strength or a decrease in temper-

ahJre increases the segregation of the surfactonts at various interfaces(8,9).

There arw, hawewr, several exceptio~ to the OOow statement in regard to

the adsorption of the slXfactonts at the solid/liquid interface, and these will

be discussed elsewhere.

Several theoretical nM>dels are available for describing the adsorption of

SlXfactonts ot the liquid/gas interface. ~st popular among them is that bas-

~
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ed on the Gibbs adsorption isotherm. Its application to foam separation
methods has been dl~used In detail by various ~~n including Rubin and .

Gaden(10), lemlich(11,12), and Karger and Deviva(13). For solutions con-

taining only one surface active agent, the Gibbs equation relates the inter-

facial excess r. to its bulk concentration C. by the expression:
I I

r. = (a( RT)(d'Y/da.) - (r '.sRT)(doy/dC.) (1)
I I r I

wn.re "is the surface tension of the solution under consideration and o. is the
I

activity of the surfactant species i and is eqwl .., concentration c. for the di-
I

lute solutions uswlly considered. .sis 1 for solutions containing nonionic sw-

factants only or ionic surfact~ts in the presence of excess electrolytes and is

2 for those containing an ionic surfactant without any excess electrolyte pr-

sent. ~tion (1) is based on the Gibbs convention of zero surface excess

for the solvent. Its application under various conditions has been discussed

by several wOfic.en including ~ttorai(14). The distribution coefficient

r ./C. which determines the extent of rwmoval of the surfactant by fooms, is
I I

given in Figure 2 os a function of the concentration of the surfactant. It con

be seen from an examination of f1is figure that the relative segregotlon of the

surfactant will actually be higher at lo_r surfactant concentrations. The de-

Figure 2. Distribution coefficient as a function of bulk surfactont concen-

tnJtion.

c122
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crea. in coefficient after a particular concentration is due to the formation

af micelles at this concentration. Above the critical micelle concentration

(CMC), increase in the activity and adsorption of the surfactant at the liquidj

gas interface with increase in the totol concentration of the surfactant is very

much ~ller than the increase below the CMC(15). This higher distribution
fa I . 0 II ofi d fa (16,17) 0ctor at ower concentration, an experlmenla y ven Ie ct , IS re-

sponsible for the success of foom separation methods at very low concentration

of the material to be separated, the only condition being that there be enough

surfactant of one kind or another for generating the foam.

for solutions containing nonionic surfactants, or ionic surfactants at very

low concentrations, the Langmuir isotherm is applicableo On the basis of

this, the distribution coefficient for the surfactant i is:-

rj k1r = k
2 C. + 1

I I (2)

..here k1 and k2 are constants for the system under consideration. At very low

concentratians, k2Cj becomes negligible in comparison with 1. Equation (2)

then leads ta the some conclusion as that obtained using the Gibbs equation

regarding the constancy of the distribution coefficient.

\M,en the reagent under cansideration is a long chain surfactant, the en-

hancing effect an adsorption of the lateral van der Wool's attraction between

the chains adsorbed at the interface must be considered, fXJrticulany at high

adsorption densities, the retarding effect on adsorption of the repulsion be-

tween the fXJlar heads of the adsorbed surfactant must also be considered if the

surfactant is ionic. An equation that would be valid for the adsorption of

such ionic long chain surfactants has been derived by Davies and Rideal (7).

The distribution coefficient for the surfactant on the basis of this equation

is:
r. ( 81/8 2) exp [(W - z.e, )j\. T)

I I 0
c:- = 1 + (8,/8.,) A- c. exp [(W- z,e 4I-)/k

l 8 2 ) A c. exp (W- z.e 41) T)

I 0 I I 0
(3)

121
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where W is the van der Waak' energy of desorption of 1 molecule of a long-

cJlain hy«ocarbon, z. is the valency of the long cJlain ion i,; is the sur-
I 0

face potentiol, A is the limiting area a~iloble to each long chain ion at the
a

surface and 81 and 82 are constants. W is related ta the number of -CH2-

groups, n, in the chain by the equation:-

600 1200W . n (- + ~ - 53.5) (4)
N A'/£

where A is the af'eO in .R2 a~ilobl. at the surface to each ion and N is the

Avogodro's nu~r. The moin ad~ntageof this expression over th. othen d8-

cussed earlier is that it takes into account the decrease in adsorption at higher

concentrations M to the electrical double layer created at the interface by

the process of adsCllption itself. This decrease in adsorption is reduced if ex-

cess electrolyte is present in the solution to provide a large amount of counter

ions. However, this is reflected in the equation only if; ~ the potential at

the plane d' closest approach of the counter ion ta the adsorbed long cJlain

ions, is used instead of ~ . Also, the tnJnsfer energy of the long chains from
0

the interface to the bulk will increa. with an increase in ionic strength of

the bulk ~lution(18). The numerical constonts in equation (4) are hence not

strictly applicable when external ions are present,~ l+8ywould be in the ease

of ion flotation. The distribution coefficients of the surfactants con be ex-

pected ta increase with an increow in ionic strength. The distribution coeffi-

cients fO(' a particulor inorganic ion associating with the adsorbed surfactant

cannot, ho-ver, be expected to increase ~der these conditions. If the ion-

ic strength increase is due to increase in concentration of oth- ions, the com-

petition p.-esented by them for association with surfactant species will reduce

the seporati~ of the particular inorganic ion under consideration at the inter-

foce. On the other hand, if the inc~. in i~ic strength is due to the porti-

cular inorganic electrolyte itself, its seporation at the interface will increase

(provided the increase in ionic strength has not caused the formation of mi-

celles of the surfactont), but not at a rate that is larger than the incre.ose in

the bulk concentration. Its distribution coefficient, r ICi ' could nat

121.
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be expected ta Improw ~ tho. conditions whe,. the ionic strength hos

Increased M ta an increase In Its own bulk concentration. It must be remem-

bered at this point, thot i~nic strength and such ~rlobles will also affect such

facton as the stability of foams and the drainoge of the bulk liquid from in be-

tween the foams, ~d thot It is the total of all these effects thot is important

far the seporation itself. Indeed, a good distribution coefficient Is the fint

necesmry condition f~ good seporatlon.

If two or more ..,ractonts are present in the system, ~tion of one from

the other Is best conducted just below the critical micelle concentration of

the reagent thot is present in relatively large quantity. The reoson for this be-

comes evident if - examine a surface tension wnus concentration curve for
a surfactant solution containing an additional surfactant as impurity. Such a

curve is given In Figure 3. Initially, the surface te~ion is seen ta decreose

steadily with increose in concentration of the major surfactant as all surfact-

ants ore odsorblng at the liquid/gos interface in increosing quantities. Once

the critical micelle concentration of the surfactant is reached, the impurity

is ~ll.hilized by the micelle and the concentration of the impurity at the li-

quid/ga1 interface decreoses causing an incr~e in the surface tension of the

Surface tension of impure and foam-fractio~ted sodium lauryl

sulfate solutions(19).

Figure J.
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solution. If it is desired to remove tf1e impurity, it is therefore helpful to foan

the solution below tf1e CMC of any of tf1e s..factants present in the solution.

'M.n tne solution has been ~ed a sufficient n4.mber of times below ~ch

CMC's a~ the f~ containing the impurity removed, tn. minimum in surface

tension will gradually di~ppear a~ tne resultont solution can be c~sidered

ta contain a pure ~rfactont. The f~te collected will contain a relatively

higher c~centration of the impure s..factant in it than in tne original solution.

This technique has been used by several workers(15) ta purify tn.ir surfactant

solutions. Rubin and Jorne(20) have recently described expressions for the

distribution coefficient af a s..factant in the presence of other surfactants.

They have also derived theof'etical expressions for the distribution coefficient

of one surfactant relative to that of anotner on the basis of the Gibb's iso-

therm, tf1e Langmuir isotherm, and tne Davies and Rideal isotherm. These ex-

pressions have direct appl ication in the separation of one surface active agent

from anotner and are given below. The relatiw distribution coefficient ~B
r r

f~ two surface active species A and B defined as -f/~ on the basis of
A B

Gibb's isothem1 is given by:

(S)

in the absence af excess counter ians and by:

(-.f:-r: 1 CB

a'Y (6)

(ai;;-C; ~ A-
in the presence af excess counter ians. r A- and r B are again adsorption den-

sities of species A- and B at the liquid/gas interface at bulk concentrations

CA- and ~ respectively. On the basis of the Langmuir isotherm, the relative

c126



(

POAM SEPARATIOB ~OOO

distribution coefficient is a constant and on the basis of the Davies and Rideal

imtnenn, it is given by:

521 1200 X 7750 1/2
..I AI . K exp [ (n A - nB) (Ir + k T r A, B) 1 (7)

where r A, B is the totol surface excess of the two solutes, and K is a constant

Equation (7) indicates that the relatiYe distri~tion coefficient will not be a

constant, but will be proportionol to tlw square root of the total adsorption

density. Furthermore, n, the effectiYe number of -CH2-graups, should

not be considered as a constant but rather as a function of the total adsorption

density. The relative distribution coefficient obtained by Rubin and Jorne on

the basis of various adsorption models is reproGlced in Figwe 4 along with

some of their experimental oota for the selective removal of sodium laurylsul-

fate from sodium dodecylbenzenesulfonale. In spite of the lorge scattering of

oota, it could be seen thot the relative distribution coefficient is not con-

stant. For separation of A from B, one must then conduct foaming under con-

dition of maximum Q AB. Since it is found thot Q AB increases with increase

in concentnJtion of either surfactant until a CMC is reached and then de-

crea.s sharply, best separotion could be expected just below the CMC of

either compound.

'Mtile successful separation af S\Kface active materials depends on their ad-

sorption at liquid/gas interfaces, that of the nonslXface active materials by

~ seporation techniques depends on the extent of association thot is possi-

ble between these nonsurfactive materials and a surfactont thot can be safely

added to the system. For example, in ion Rotation the association be~en

the ions to be separated and the oppositely Chorged surfactonts due to the

electrostatic attraction between them is put to use. In the ab.nce of excess

electralyte, adsorption of the ions due to electrostatic attroction alone will

be given on the basis of the Bolt~nn distribution equation as:

;-

~
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Figure 4. Adsorption coefficient of docecylbenzene sulfate (085) relotive

to that of lauryl sulfate (lS) as a function af total surface excJ:so.)

1. Langmuir model (foaming experiment),

2. Long-chain ions model,

3. Langmuir model (wrface tension).

where C(+)(-) is the bulk concentration of the positive or negative counter

ions under consideration, z is its valency including sign", is the potential
T

at the plane of cl~st approach of these ions to the inerface and generated

128
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due to the adsorptian of the surfactant and k' is a constant for converting

moles/unit vol\.ne into moles/unit areo. ~(+)(-) is the specific odsorption

potential due to reasons other than the electrostatic attraction. The above

adsorption can alS) be expressed with the help of Gour~~n equation of

the fonn: m--~~~~~(kT . h (1(+)(-) = 2 2- C(+)(-) sin ze",.!kT) (9)
-zeN

On the basis of equotlon 8 or 9, adsorption of the ions ot the liquid/gos inter-

face is a function of their valency and bulk concentnJtion as well as tf1. p0-

tential at the interface. If tf1e counter ions can penetrate into the complete

interface, this potential con be considered the some as the surface patential,

usually designated as, . If they caN1Ot penetrate", will be essentially the
0 'T

potential at the piano of closest appoach, and ~y or may not be equal to

" , the Stem layer potential. A factor having a ~iar effect on the adsorp-
0

tion of ions and their separation by foaming techniques is the concentration of

other ions in solution, and tf1e extent of corrf)etition that they face from these

fareign ions to occupy the adsorption sites. One way to study tf1is is to exam-

ine the ,.duction in " that is coused by tf1e adsorption of the foreign ions and
'T

the resultont reduction in the adsorption of tf1e ion under consideration accord-

ing to equation 8 or 9. According to equation 9, adsorption of ions in the

c~lete diffuse layer at the liquid/gas interface should increase linearly witf1

the square roat of in concentration when 4'0 can b. assumed to be fairly con-

stont. This is indeed applicoble only in the absence of excess electralyte. If

exce. electrolyte is present in the solution, adsofPtion of tf1e ion under con-

sideration will be linearly proportional to the concentration, since the ad-

sorption con now be considered to be taking place by mere ion exchange (21).

Otf1er factors tf1at c~ld be expected ta have significant effecn on tf1e per-

formance of ion Aototion are pH which will determine the extent of hy«olysis

and hence the d1arge of the species, and the octivation or depression of the

adsorption of the ions by other chemicol species present in the system. As

129
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pointed out by Sebbo (22), the concentration of the adsorbed iOt\$ at the I iquid/

gas interface can often be above the solubil ity I imit and therefare can cause

its own precipitation at the interface. Such precipitation is of course ad~n-

tageous, since it makes it easy ta collect the materials from the faamate by

simple filtr:Jtion or similar techniques. "M1en the surfactant species responsi-

ble far the double layer at the liquid/gas interface is af the anionic type hy-

drogen ions will adsorb at the interface as counter iOt\$ along with other ca-

tions. Foaming and the _paration of the foams can lead in such cases ta a

change in pH, which in turn can affect the surface tension of the solution and

hence the efficiency of the foam sep«ation. Such effects have been observ-

d o 0 0 th 0 f 1 0 (10) nd ° th ~ .
e In practice In e separation 0 meta Ions a In e roam separation

treatment of sewage efnuents (23). If the hydrogen ions preferentially adsorb

at the interface, it can also lead ta surface hydrolysis of anionic surfactants

whi\;h in turn can enhance the pH changes sufficiently to couse the fonm-

tion of precipitates, and this also can affect the foam properties and the effi-

ciency of the separation (24). If the pH of the bulk ~Iution itself is above

the precipitation pH of the ions to be separated, a precipitate is naturally

fonned, and this is separated by precipitate flotation. The principles of pre-

cipitate notation have been used by several workers extensively to remove
h 0 I h 0 h dro od (25,26) ode(27). k 1(28) Isuc materIa s as c ramlum y XI e , cyanl , nlc e , pa -
. (29) 0 (30) 0 0 (31) (32). (33)lodlum , strontIum, sIlver, uranIum, gold, copper, ZInc

nd 0 (34) Th 0 ad f 0 0 n 0 0 fI 0 ,a Iron 0 e maIn wntage 0 precIpItate otahon over Ion otahon

is that it does nat ..ed a staichiometric concentration of the surfactant. It

needs only enough surfactant ta impart hydrophobicity to the colloidal parti-

cles of th. precipitate by covering a fraction of the surface of the particles

and ta i~rt stability to the foams by adsoriJing at the liquid/gas interface.

However precipitate notation, unlike ion flotation, requires the addition of

alkal i or other reagents to cause the pc-ecipitation of ions under consideration.

Aport from the above considerations, the basic principles of precipitate Ro-

tation are similar in a number of ways to thase d froth flotation. It is important~

130
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to realize this similarity, and 10 use the signifICant ~nt af basic knowled-

ge dewl~d in recent years in the area of froth f1oloti~ for a basic under-

standing af precipitate flotation.

FROTH fLOTATION

In froth Rotation, particles ta be separated are agitated by rotating impel-

len and the gas is either intrOOJced through the central pipes or precipitated

Mar the impell.en. Gos bubbles stick ta those particles that are hydropl1obic

and carry them tawards the air face where they are separated from the main

body usually by mechanical skimming. The froth Rotation of minerals or pre-

cipitates is possible only if the particles could preferentially be _tted by gas

rather than by ~ter. Only a very small fraction of the minerals ond precipi-

tates of the -second kind-(3)(formed by reaction between ions and certain or-

ganic reagents) are naturally hydrophobic and attach to gas bubbles by them-

selves. Most minerals and pr.cipitates ~ve to be made hydrophobic for flo-

tation purposes, and lf1is is achieved by selectively adsorbing surfactants on

lf1em. A surface cowrage of only 2 to 5"/0 is found necessary for imparting

Aoatabil iff to minerals (35). In order to impart floatabil iff to minerals, they

are treated with heteropolor reagents called "colleclon-, These reagents pos-

sess at least one nonpolar and one polar portion. The ocquired hydrophobicity

of lf1e minerals is the result of the adsorptioo of those reagents on the mi...ral

particles wilf1 their nonpolar end oriented towards the bulk solutioo, The sur-

factant species adsorb on the bubble surface and lf1is is also directly re~~e

for the attachment of b~les 00 the mineral particles (6). This can be easily

seen by examining the Young's equation given below which relates the various

interfacial energies to the contact angle created by a gas bubble 00 a particle

surface in solution. - = cas 9 (10)
"59 Ysl Ylg

where Y , ~ I ' and 'Yil are solid/gas, solid/liquid, and liquid/gas interfacial
sg s g

tensions respectively, and 9is the contact angle. For the adhesioo of the gas

bubble ta the particle in solution, a contact angle tm t is fairly larger lf1an
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zero is required. One then obtai,. the following condition fr~ Young's

equation for bubble - particle attoch~nt: 'Y1g - 'YsI< 'Ylg

Fr~ this, it c~ be seen that a change in the surface tension of the tiquid/

gas interface is as much important for establishing the attachment of the bub-

ble ta the pl:.-ticle os a change in 'Y or 'Y I. The extent of changes pt'oduc-
59 s

ed by a swfoctant on ~rious interfacial energies will be determined by the

notu,. of the surfactant. For ex~ple# a nonionic surfoctant will change 'Ylg

more than on ionic surfactant while the latter will be m«e influentiol in af-

fecting the in terfac io I tension between ttIe solution ~d 0 polar swfoce which

is charged oppositely ta the surfactant species. This is due to the foct that

while at the liquid/gas interface adsorption would be retarded by repulsion

between the ionic heads of ttIe adsorbed surfactant species, at the solid/liqu~

interface, it would be emanced by the electrostatic attraction between the

ionic heads and the o~itely charged surface sites. Indeed, repulsion be-

tween the charged heads of the adjacently adsorbed surfactant ~ies would

tend to slightly retard the adsorption even at the solid/liquid interface as

snown indire-;tly by the experiments of Yamada and Fuentenau(36)and Somo-
(37)sundaran and Fuerstenou on the effect of neutral surfactant molecules on

the froth flotation of minerals using ionic swfoctants. Our post experiments .

(6,37) have indicated that significant transfer of surfactant species from the

liquid/gas Interface to the $Olid/gas interface is possible during particle-bub-

ble attachment. Since adsorption at the liquid/gas interface is usually signi-

Ficantly higher than that at the solid/liquid interface (see Figure 5), the ad-

sorption at the liquid/gas interface has a larger role in effecting bubble-min-

erai attachment.

The _paation of one mineral from another, or one precipitote from another

using flotation is certainly dep..:B'1t on the selective adsorption of surfactants

on only the ones ta be fI~ted. An ~nding of the mechanisn of adsorp-

tion is therefore essential to select the appropriate conditions for separation.

c
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Adsorption density of ~cylommonium acetate at different inte...

faces(6).
Figure S.

RaATIONSHIP BETWE~ INTERfACIAL

ADSORPTION AND FROTH FLOTATION

t..Icst surfactants adsorb on noMietallic minerals such as silica and alumina

due ta the electrostatic attraction between the polar heads of the surfactant

and the charged minerJI surface (38-42). Selective adsorption and flotation

in the ca. of such minerals is essentially the result of the difference betwe«1

their electrical characteristics in aqueous solution. For oxides and silicate

minerals, hydrogen and hydroxyl iam have been considered ta be the poten-

tial-determining ions (41), and therefare, the solution pH will determine the

sign and magnitude af the c~ge on the mineral surface. Below the pH of

the point of zero charge (pzc), the particle surface will be positively charged

and will preferentially adsorb aniON including anionic surfactants. Above

the point of zero charge, the surface will be negatively charged and will pre-

1.33
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ferentiallyadsorb cations. W'\ire ions such as sodium, patassium. nitrate and

perchlorate odsorb at oxide-solution interfaces exclusively due to electro-

static ottraction. other forces such as van der Waals' interaction between

adsorbed species, cavalent bonding and hydration effects at the interface are

important in the adsOfption of certain other ionic species. These adsorptions

are usually referred to as specific adsorptions. Examples of the species that

are found to specifically adsorb on minerals are palyvalent ions, such as cal-

cium and ~Ifate, and long-chain surfactants like laurylsulfate. Becau. of

the specific adsorption, the above ions con adsorb in the i~rm~t layer of

the diffuse layer in concentrations larger than that oM, ich is needed to neu-

tralize the charge on th. surface. Consequently, they revene the sign of th.

potential at this plane, commonly referred to as ;~ar ~6 potential as the case

may be. Since the sign and magnitude of ~ will determine the further ad-

sarption on the particle, it is important it) examine th. effects of all the ions

no~lly present in a system an the electrical double layer characteristics

like "& potential. Such an examinatiCf1 ~uld help in choosing the optimum

conditions for p4'0cesses such as flototion and flocculation.

n,. fact that th.re is good correlation between froth flototiCf1 and other in-

terfacial phenomena becomes evident on examining Fig. 6~ The noit)tion re-

cowry of quartz particles is plotted here as a function of surfoctant concentra-

tion along with zeta potential, surfactant adsorption and contact angle. A

sharp rise in all the interfacial phenomena occun at a cbdecylammonium oce-

tate concentration of 10-4 male/liter. For a system containing a mineral like

quartz (the potential determining ions of which are hydrogen and hy«oxyl

ions) in aqueous salution containing no specifically adsorbing ions other than

the collector, froth notation using a cationic surfactant should be possible if

its pzc is below the salution pH and not possible if its pzc is above the salu-

tion pH. Similarly, significant notation with anionic surfactants is possible

only for those minerals which have a pzc above the solution pH. The signifi-

cance of the relation between the salution pH and point of zera charge is il-

, .,1.
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monium acetate concentration at pH 6 to 7, 20 to 250 C(21).

lustrated in Figure 7 ~e Rotation of calcite with onionic ond cationic cal-

lector is given os a function of pH(43). The point of zero chorge of colcite

I ies within the nmge of 8 to 9.5 (43). It can be seen that significont flota-

tion ~th the anionic callector, sodi~ ~cyl sulfate, is pouible only

below pH9 where.the mineral particles are positively charged and, with the

calonic collector, dodecyl~monium acetate, only where the mineral parti-

cles possess a net negatiw Rlrface chat-ge. If calcite was pr..nt in solution,

for exmnple, mixed with qu«tz (pzc -" pH2), preferential flotation of cal-

cite leaving quartz in the Rlspension is possible using anionic surfactants ot

about pH 5 10 7. It must be noted at this point thot moterials differ signifj-

contly in their properties depending on lf1eir source os well as tn. method of
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Figure 7. Rotation of calcite with dodecylammonium acetate (DDA) and
sodium dodecylsul fate (DDSO 4) solutions (43) .

preparation. Such differences can contribute significantfy to variations in sur-

face properties and hence their response ta separation processes. Variations

in sxface properties as well as flotation respo.- due ta va-ious ~chanical

and chemicol treatmenn including leaching, ctying, and doping have been

recently disc~d by the author(44).

It is also evident fr~ FigtXe 7 that flotation obtained at any given pH

inCteases with bulk surfactant concentration. This is in a9,.e~nt with the

Stem-Graham's equation, given below for adsorption at the solid/li~id inter-

face which Pfedicn an incrwase in the adsorption due to electn)itatic attract-

ion with ~ increase in bulk concentrati~. The adsorption density in mole/

cm2, rs' in the Seem plane at the interface is given by:

AG'
16 = 2r ~ exp (':if2~ (11)
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where r is the radius of the adsorbed ion, CB is the bulk concentration of the

adsorbent, and A G ods is the standard flee energy of adsorption of the ion at
the . ria nd . a. b F (41)Int. ce a IS given y uerstenau as

A Go = A Go + A Go + A Go (12)
ads elect hydroph chern

A G:lect is equal to zf '6' with F as Faraday's Constant and 111& as the poten-

tial at the Stern plane. A G~ydroph is equal ta n ~ the interaction energy

due to the association of the adsorbed surfactant ions containingn -CH2-or

- CH3 graups with ~ os the standard free energy for removing one ~Ie of

- CH2- groups fram water through association (38-40). A Goh is the free
c em

energy change due to chemical reactions between the surface species ond the

adsorbing species. equation (11) in the ab.nce of any chemisorption becomes

(-zf ~ -n~ )
rs = 2r CB exp RT (13)

The extent of adsorption and, hence, Aotation obtained at any given pH, ion-

ic strength and surfactant bulk concentrotion is dependent on the length of the

chain as well as its shape which will determine the effective number of -C~-

graups that can be re~ved from water by lateral cohesive interaction. This

is indeed the case as .91own by the data in figure 8 for the flotation recovery

of quartz with alkyiammonium acetates of varying chain length. It can be

seen that flotation is obtained at lower surfactant concentrations as the chain

length is increased.

Variables like solution pH, in oddition ta their inAuence on flotation due to

their effect on surface charge, have also other important effects on the sur-

factant performance. for example, above pH 12.1, even though quartz is

still negatively charged, its Rotation with cationic alkylommonium acetates

is found to cease completely (37). This is becau. above this pH almost all
.,

the amine is in its neutral molecular form which by itself is unable to adsorb

at the solid/solution interface and act as collectars. At least a good fraction

of the surfactant should be present in its ionic form in order to cau. good

flotation. However, when present with ionic collectors, neutral surfactant
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Figure 8. The effect of alkyl chain length on the Rotation of quartz in
I' I . I . (21)a KY anvIIOnlum acetate so uh0t8 .

species can act as very good collecton, since totol adsorption in a system c«t-

taining barn ionic am neutral species is higher than in orw containing only

one kind. This is dIM 10 the fact that the neutral molecules that coadsorb due

to It,. cahesive attraction between tne chains can actually screen the repul-

sian between tne charged heads of the a~d surfactant ions. Other note-

worthy effects of the stNcture of tne molecules include the positive effect of

benzyl radicals in the chain and tne negative effects of cbuble bands and

triple bonds as well as of branching af chaim.

The solution properties which have important effects on tne surfactant ad-

sorption or flotation include temperature, ionic strengtn, and the pretence of

specifically adsorbing inorganic iom am certain colloids Of' mocr~lecular

reagents. ~ ionic strengtn effect is based on the fact that electrostatic ad-

sorption of the surfactant at the solid/liquid interface is in competition with

other ions carrying charges like thote of the surfaCh:.1t ions. A significant in-

create in the concentration of orner ions will, decrease the adsorption of the

surfactant on tne solid and, as a result, its flotation. The data of Modi and
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"1

Fue ntenau (45) for flotation recovery ofolumino at pH6 with 4 x 10-5mole/

liter sodium dodecylsulfate as collectar is given in Figure 9 as a function of the

the concentration of sodium chloride. It con be seen that sodium chloride,

when present in concentrations ~ve 10-4~, has a deleterious effect on

flotation. In Figure 9, data for flotation in the presence of sodium sui fate is

also presented. The effect of sodium sulfate in depressing the flotation of the

positively charged alumina at pH6 is almost 500 times larger thon thcl of sod-

ium chloride. The greater effect of sulfate over that of chloride is the result

of the tendency of the bivalent sulfate to specifically adsorb strangly and to

compete with dodecyl sulfonote ta a greater extent thon the monovalent chlo-

ride. $imilor effects have been observed by various worken for bivalent cal-

cium ond magnesium on the flotation of negatively chorged minerals using do-

decylammonium chloride. As pointed out by Fuentenou(41), such effects be-

come important if flotation seporation is being conducted in a medium like

sea water which contains lorge concen Wations of polyvalent ions. It must

however be noted thot the specific adsorption praperties of bivalent ions con

-1

The depression of flototion of alumina by NaO and Na2S0 4 with

sodium dodecylsulphate as the collector at pH 6(41).

Figure 9.
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be u.d to enhance Rolation when the surfactant hm g charge opposite to thCJt

of the i~. This is illustrgted in Figure 10, where flotation of al~ing at

pH6 with a cationic surfactant, dodecylammonium acetate, in water and in

10-2 mQle/1 Na2S0 4 solution are plotted as a function af the concentratioo

of the surfactant. At pH6, alumina is positively charged gnd, hence, there

is no Rotation with the above cationic surfactant. ~ver, in the presence

of bivalent sulfate ioos, flotation occurs m the specifically-odsorbing sulfate

i~ adsorb in qum1titites larger thCJn ngt only what is neces.mry to negate the

surface charge, but even enough to revene the si~ of the charge of the

Stem plane and thus mCJice it possible for the cgtionic surfgctant ta adsorb and

make the porticles hydrophobic and flotable. Similarly, flotation of negative-

ly charged mineral porticles with onionic collectars is possible if the solid

particles are first activated by means of divalent catioos such as thCJt of col-

cium and magnesium. These ioos 0.. found ta function mast effectively in the

pH range where they are in hydrolyzed soluble form (46-48). Angth.r type of

reagent which gffect flotgtioo operations are polymers like starch. An ex-

Figure 10. The activation of alumina flotation by Na2SO 4 with dodecylam-

monilHn chloride as collector at pH 6(41).
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ample of the effect of this type of reagent is illustrated in Figure 11. Flota-

tion data(49) for calcite with sodium oleate as collector is p~sented in this

figure as a function of the starch concentration. It can be seen that starch

acts as a depressont for the fI~tation of calcite. The mechanism by which

starch acts appears to be, however, different from the way in which most de-

p~ssants act. JIIost reagents depress flotation normally by adsorbing on the

mineral particles, making their surfoce unavoilable or unsuitable for the ad-

sorption of the surfoctant. However, on t't\e bosis of the data in Figu~ 12 for

the adsorption density of oleate on calcite as a function of starch concentra-

tion, it is evident that starch, which prevented the flotation of calcite with

oleote, has actually enhonced the odsorption of oleate on the mineral. In

other words, even though the mineral odsorbed more surfoctant in the presence

Figure 11. Percent of calcite Rooted as a function of storch in 10-4
I" sod" 1 I " (49)
Iter lurn Q eate so utlons .

mole!

1'-1
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Figure 12 Adsorption density of oleate on calcite at natural pH 9.6-9.8 os

a function of storch added prior to the oleate addition; vertical

lines indicate the s~rd deviation in adsorption density due to
he .. " th "" II t " t " (49)t variation In . sclntl a Ion coun Ing .

of starch, the mirarol surfoc8 remained hydropnilic. This was oscribed by the

outhor 10 the peculior helical stNcture that starch ~ in the presence of

hydroptlObic materials or in al'<aline solutions and 10 the fact that this helix

interior is hydrophobic and the exterior is hydrophilic(50). The mutual en-

hancement of adsorption ~s ~rentty due 10 the formation of hel ical starch-

oleote clothrote with the hydrophobic oleate held imide the starch helix. The

hydrophil ic nature of calcite in the preS8\ ce of oleate and starch resul ts be-

cause th. adsorbed oleate is obscured from the bulk solution by such wrapping e
142
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by starch helixes wJIOse exterior is hydrophilic and also by simple oye1'W+lelm-

ing by ~e ~iw starch ~cies.

Another i~t varioble in Rotation SY1tems is t~ture. Figure 13
(51 52)shows the effect of temperature on the surfoctant adsorption I on alumi-

no as aqueous soluti~. As expected for physicol adsorpti~1 swfactant ad-

sorption decreased with temperature. Flotation can also be expected ta de-

.0-' , , , , "". '" . ""1 '" , ",...

.25.C

.45.C

pH6.9
IONIC STRENGTH 2 . IO-~

10-1~. . , . , ..,.1 ,.. ",..1 ., I IIIIII
10-- 10.5 10-4 10-3
EQUILIBRIUM CONCENTRATION. mole/liter

Figure 13. The effect of temperature on adsorption density of sodium dodecyl-
. (51)sulfonote on olumlna .
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crea. with temperaf\lre, especially since the effect of temperaf\lre an ather

porameten like adSOfPti~ derwity at liquid/gas interface will not be condu-

cive to flotatian. It must be noted at this point that If the adSOfpti~ is af a

chemical noture, as In the case of stearic acid ~ iron ~ide minerals Of' xan-

thates on sulfide minerals, it would increase with temperaf\lre. In practice
fl .. h . I c nd . .

th (53-55)

otatlon In suc cases IS a so rou ta Increase WI temperaf\lre .

It is important to realim that the v«ibales discussed abow haw similar

effects on other foam S8paratl~ techniques. for example, the results of

Karger and co-worken (56), shown in figure 14, for the effect of pH on the

distrlbutl~ factor of mercury and Iron shaw that .~tion con be obtained

in this ca. by choosing the appropriate pH conditiorw under which only one

Figure 14. Distribution coefficients for Fe and Hg os a ~ction of HCI con-
- -3cenhotion. a) Fe a 2 X 10 WI, surfactant (HOn . 10 H/I

-7 -b) Hg = 2 x 10 H/I, surfactant (HOn = 10 M

1~1J c
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of the species is in hydrolyzed soluble form. Figure 15 contains similar re-

sults of Rubin and co-workers(S7) for the effect of pH on the flotation of

micro-organism E.coli using lauric acid, and Figure 16 on the ion Rotation

of iron using sod~u~urylsulfate (3). The next Figure (figure 17) shows the

activating effects of an external elecn-olyte like aluminium sulfate on the

flotation of .!. cereus using lauric acid(58) and Figure 18 shows that of fer-

ric chloride on the removal of phosphate from waste-water by foam fractiona-

tion (59). It is evident that, as in the case of froth flotation of minerals,

these polyvalent elecn-olytes can influence the performance of foam sepora-

tions significantly.

PHYSICAL PRINCIPLES OF FLOTATION

As opposed to the chemistry of ftototion, the physics md mechanics invol-

ved in tne generation of bubbles and tne attachment af bubbles to particles

are not well undentaod. FIXtnermare, tne physical conditians inside a con-

ventional ore ftototian cell and a cell used for precipitate Rotation or ion

flatatian are significantly different from each other since, unlike in tne case

,
lOG. . . " .. ~.'c'~~

.

...

...

~40
..I
~

9min .I.
1 min

201 ,

, .
, I

o' . . . . . . . .. . .

0 2 4 6 8 10 12
pH

Figure 15. The effect of pH on the microflotation of E. Coli. Initiol concen-

hation of orgonisns, 7.2 x 108/m',; gas flow rote, 10.8 ml./min;

collector concentrotion (lauric acid), 40 mg./i.; alcohal frather

dose, 1 ml./400 ml; AI2 (SO;3 18H20 concentration, 100 mg./

1(57) .
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Figure 16. The effect of pH on flotation of iron species using sodium lauryl-
lfa P ... . .L ha hed . (4)su N.. reclpltatlon occurs In me tc region.

of precipitate or ion flotation, ore flotation mokes use of a high flowrate of

air and a high degree of mixing by intense agitation. The mechanism of

bubble generation in the cose of precipitate flotation and other such techni-

ques is relatively simple since the bubbles ~e formed by the mere forcing of

air through a sparger and the bubble size distribution is 90~med mainly by

the size distribution of the sparger pores and the gas flowrote (60). For the

case of froth flotation of ores, the recent study of Grainger-Allen(61) using

high speed pI1otographic and stroboscopic techniques suggest that bubble for-

motion is brought about by flow separation ond formation of a ventilated ca-

vity attached to the trailing edge of the impeller blode used for the agitotion

of the suspension followed by \/Ortex shedding of the air cavity to generate

146
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Figure 17. The effect of alum on the microf1otation of B. cereus at pH 7

using 20 mg./1iter I~ric acid(58).

wry snail bubbles. The small size of the bubble seems to generate M to the

implosion af the bulk I iquid into the cavity and further division of the bubbles

into the general turbulence. Grainger-Allen observed striations of larger

bubbles ottributed to large-scale vibrations of the bubble surfoce. The signi-

. PHOSPHATE
0 SUSPENDED SOLIDS

~ . C.o.D. . -~ ~-_. -.J,.~.: ,--~~'TE
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C~NTRAT'0f4 a:- FeCl,.6"zO. ftl9il
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Figure 18. The effect of ferric chloride on lf1e removal of pnosphate and sus-

pended rnatter(59).
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ficance of such vibrations(62) in making ~e collisions between particles and

~Ies fNitful and in ~sing the coalescence be~n ~Ies suggests

ht the .- of Mlch techniques as ultrasonic vibration in foam separation tech-

niques that involve no high degree of turbulence might inc~ the effici-

ency af sepal'ation, particulorly those involving fine precipitates.

n,. mechanics of ~e attachment of particles to bubbles have been subjected

to ~Iy a few quantitative studies (63-68). n,. attachment of bubbles to

particles is .nc8nt, among other things, on the relotive velocity af ~e por-

ticle, the c~toct angle and the interfacial tensions of the system, the visco-

sity of the liquid film between the bubble and the particle, am the internal

pressure of the bubble. Relative velocity of the particle should be high

enaugh to overcome the ~II energy barriers ta attach~t bn)ught abaut by

the in~1 pressure of ~e bubble, but not large enough to exceed the eMr-

gy barrier for detach~t. A finite contact ongle is a necessary condition for

attachment. In addition, the pc-operties of the liquid film between the bubble

and the particle should be such ~at it can ~in, Npture ond recede within the

period of the collision between the bubble and the P«ticle. SheludcJ67)has

evoluated the critical speed at which ~e liquid film should move in order for

the attachment to occur. From the practical point of view, the design of im-

pellen and oth.. parts of the notation cell and the power consumption during

the operation have been studied by several worken. n,.se studies have been

discussed by Harris and co-worken(69); it nwst be said that this ~ of froth

notation is relatively dark and that further work is called for to shed same

light.

In the r..ld of foam separation techniques, there has been only limited work

dcx1e to study the effects af bubble siza, agitation or ather such physical para-

meters on the sepal'ation operations. In general, agitotian is avoided lest the

materials which have concentrated at the surface of the bubble become detach

ed from it. ~wever, the 98Mral optimum requirements of mixing or of the

size distribution of bubbles and its residence time for best separation have not

1..8
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been established. In this corwwcti«t, it might be ~ted that Habemlan and

ItkJrton (70) have obsenled the tenni~1 velocity of bubbles ta increase with

size up ta a size of cmout 0.7nwn radius in filtered tapwater and then ta de-

c~ with size until a siD of 3nwn radius is reached. Increase in bubble

size above 3nwn causes further slight increase in the termi~1 velocity. EIc-

periments on bubbles in unfiltered ~ter yielded simil~ results, except f~

the fact that the decrease of the tenniMI velocity with increase in bubble

size in the range of 0.7nwn ta 3nwn was absent. It might be pointed out that

~ and lemlich(60) have i"epc;.~d the gas ~Iocity ta decrease with bubble

size in the complete range of their study, but their study is restricted ta the

narrow range wn.-e tbbe~ ond IoI.,rton aim observed a decrease. In any

case, bubbles smaller than 0.7mm could be expected ta have a larger residen-

ce time in the solution and, therefore, aim a larger collection of surfactant

species on its face. The difference in behaviOf' be~ filtered and unfil-

tered tapwater was ascribed to the pre_nce of particulate natter in the tap-

water (70). The particulate matter is in general found ta have a beneficial

effect on fOGn stability wnich is a desired property wnen fOC8ning methods are

used for separation, since it is euential ta give the foams on the liquid sur-

foce e~ time 10 ckain the bulk I iquid as much as possible and thus imprave

the ~ of It,. product collected in It,. foam.

The principles of f«mation of foam films, It,.ir struchJre and stability and
the «ai~ge of foam have been di~ by Rubin and Gaden (10) in early

1962, by Kik:f1eMr(71) in 1964, by lemlich(ll) in 1968, and recently by

RoJ7.2hainage and thinning of films «e also discussed in detail in a mo~

graph by Mysels et al(73) on their r..~ch on loop films. ~iroge ~es

place by dawnwa'd flow under gravity as _II as by suction inta plateau bor-

den. Yft1en It. foam is fairly dry, they call~ by ~tut'e as _II as coale-

scence. Transient-type f~s, which are beneficial for separation ~r cer-

tain conditions, collapse mainly by rupture of the thin films in a regular man-

ner. Metastable foams, such as those usually employed in foam separation

1~9

l



SOMAStnmARAB'

techniques, collopse moinly due to therma~ mechanicol.or radiational disturb-

ances. Collapse of the foamate is often achieved by purposely disturbing the

f~m using various devices described elsewhere. Since the amount of bulk

liquid in the foamclte ~Id be determined by the thickness of the metastable

lamellae, it is important to maintain suitable conditions thot would yield fair-

ly thin lomellae. The thickness of the lamellae is controlled by the electri-

cal double-layer repulsion between the two liquid/gas interfaces binding the

fillm, the long-range van der Wool's ~essure, the Laplace copillary suction

pressure and, ta some extent, by the steric hindrance of the close-pocked

monoloyers. The stability of the lamelloe has been identified by Kitche~l,

74) ta be governed mainly by film el~sticity, fluid viscosity and double-layer

repulsion. Film elasticity con be considered as a type of restoring force that

occun when the film is extended due to sudden mechanical or thermal fluctu-

ations in the film. It results from the increa. in surface tension produced by

the decrease in surfactant concentration at the interface during the sudden ex-

tension of the film and from the inobility of the bulk solutiontarestore the con-

centration back ta its originol value instantaneously. In order that there is a

significant change in surface tension on extensian, it is necessary far the bulk

surfactant concentration to be in the range wi1ere change in surface tension

with change ia surfactant concentration is significant. Also, in order that the

surface tension fluctuation is not restored insta~neously, the type of surfact-

ants and their bulk ~onc:entrotion should be such that there will be no signifi-

cant rapid diffusion of the surfactant from the subsurface regian to the extend-

ed interfacial region. Furthermore, enhanced surface viscosity is required ta

reduce the transport of the surfactant species instantaneously over the surface

to expanded areas as well os ta minimize frequent extension or any such dom-

oge of the interfacial region. Bulk fluid viscosity should also be optimum so

that the drainage of the liquid from the lamellae will not be either too ropid

to damage the stability of the foam or too slow 10 prevent the draincge of the

bulk liquid.
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fACTORS IN fOAM SEPARATION

The factors that have been experimentally investigated for their influence

on .foam separation techniqtJes include basic variables such as concentration of

the surfactant and auxiliary reagents, pH, ionic strength, temperature, vis-

cosity and other operating variables like gas flow rate, feed rate, reflux ratiq.

foam height, ond equi~nt design. The effects of factors which were recent-

ly investigated by various worken are sunwnarized in the following sections.

Surfactant Concentration

A large number of worken have found that the '~st surfactont concentra-

tion, which would still poaess desirable foaming properties, is the most suit-
. (5 75-77) (78) .able for separation' . Recently Robertson and Vermeulen during

their foam Fractionation study of rare-earth elements have noted transiency of

the foam, which is higher at lower surfactant concentrotions, as a desirable

property for effective extraction. It must be noted that flotation of ions and

minerals is essentially dependent on their association with surfactants and

hence their extraction con be expected to increase with surfactant concentra-

tion at least until the critical micelle concentration of the constituent surfact-

ants is reached. Rubin and co-warken(32,33) have, in fact, found the re-

moval of zinc and copper by ion flotation_using sodium laurylsulfate as coiled-

or ta increase with surfactant concentration. Removal of these metals as pre-

cipitate was, however, not as sensitive to the concentration of the surfactant,

provided enough surfoctant was present to produce a slable foam. Increase in

the flotation of minerals with concentration of the collectar is a rather com~
bse . (63,64)0 rvatlon .

Concentration of Auxiliory Reagents

Various auxiliary reagents a. being used successfully in foam separation

techniques for improved extraction. The effects are, in most cases, due to

the flocculation of the particulates or the activation of collector adsorption

on them. Most commonly used auxiliary ogents in foom separotion techniques

are alum and ferrous sulfate. Garrets(59) has used them for enhancing the re-
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of phosphate and suspended sol ids from waste water, and Rubin and co-

rs(57 ,58) have used them beneficially far the separation of ~. S2li ~d

~ by micro flotation. In the flotation of B. ce..us with louric acid as

tar, addition of ol~ caused broadening of the pH I'1nge of flotation.

:tent af broadening was found to be proporti~1 to ti'8 QrfOJnt of alum
~ .

With the addition of 150 mg of alum per litt.'of solution, the pH

)f nototion was broadened ~ 3 to 5 to as much os 3 to 9. Below pH

we-r, ..mowl of!. ~ by both lauric ocid and laurylomine is re-

to be better without al~ than with it. Brunvner ~d Stephen(79)have
klring their study or the decontamination or municipal waste waten that

ition of certoin conwnerciol palyelectrolytes to the system is useful.

~ or the Fourteen polyelectrolytes inwstigated (primo noc C-7 from

Id t-bas and UCAR Resin C-149 ~ lok1ion Carbide) was, howe-r,

I show any significant effect. In this connection, it might be noted

nvo and J(arger(79) in their studies of notation or kaolinite and mont-

ite, have found agg..gation to hove opposite erfects in two systems;

loying bubbles or 1 to 2 mIn. diameter and the otfw r using b~les of

III. diameter for coagulated cloys. Rotation was faund to be better
finer bubbles than with the coarser ones. Grieves (81) also has report-

and ferric salts to ha- detrimentol effects in the cleaning of synthe...

(containing distilled water, cloy and surractants) using cationic sur-

Sheihom and Pinrold(82)ho- studied the flotation or -ry dilute

or two cationic collectors, hexodecyltrimethylorrwnoni~ chloride

:ylpyridini~ chloride, in the presence of various electrolytes and

d the concentration, charge and notu.. of the electrolytes to hove a

d erFect on the rates or roam separation. Furthermo.., improved e~

os obtained, by Robertson and Vermeulen(78)in their Foam rractiona-

I earth elements with cationic surroctant and EDTA by the addition

I chelates and, except at low pH wlues, by Dick and Talbot(83)in

-~
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their foan separation of copper with sodi~ laurylsulfate by the oddition of a

s~stituted ethylene diomirw. The diamine \Ad is a neutral liquid capoble cJ

complexing with copper in ionic form. In tf1e fmth flotation of minerals, the

U8 of additives like colci~(84)and depres~ts like cyanide(85)is 0 convnon

practice for the effective separation of one minerol from the other.

Solution p!:!

As mentioned earl ier, the pH of !tie sol ution will determine the sign and the

mognitude of d1e charge on 0 variety of iMrganic particulates. Therefore,

adsorption of d1e surfactants and the extent of removal of the particulates by

foam separation techniques will be controlled by solution pH as well as other

important variables. The effect of pH on tf1e fmtf1 flotation of mirwrals is

mast significant(63, 86). Excellent separations of minerals from one aMther

is achieved in practice by ch~sing appropriote pH conditions. The effect of

pH on ion flotation and precipitate flotation hes been examined by R~in and

co-workers(32-34,87)and Grieves and co-worken(88,89). Indeed, the initi-

al pH of the solution will determine whether the pt'ocess ta be used is precipi-

tate flotation or ion flotation. For ex~ple, 8 being the precipitation pH for

zinc, it can be removed below pH 8 by ion flotation and above by precipitate

Rotation. Grieves Mted tttat precipitate Rotation is mast efficient when the

sign of the charge of the pc-ecipitate is opposite to tttat of the collector and

when the omount of sol~le species is minimum. For tf1e ion flotation of

copper using sodium lourylsulfate, Rubin and ca-worken(32)observed signifi-

cant effect of pH only when the ionic strengtf1 was 10-2~ or higher. The di~

ference in behavior between high and low ionic strength wos ottributed by the

authors to the difference in the state or type of the cations pc-edominoting ot

each pH. Flototion of microorganisns is often found to occur in 0 particular

pH range only. For example, removal of !,. ~ using lauric acid and

olcohol is moxi~ in the pH range of. ~ 8(57) and tttat of ~c~r oero-

genes using lauric acid or lauryl ~irw below pH8(CX».
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Ionic Strength

The effects of i~r~ in ionic shvngth on different foam _p«ation techni-

q..-s are apparently not of similar nature, the major reason for this probably

being that increase in ionic strength has different effects on the odsorptions

ot v«ious interfaces that are responsible for YOrious separations. Incr~

in ionic strength is in general detrimental ta froth flotation, si~e the odsorp-

tion of .,rfactant on particulates usually decrea.s when the concentration of

the counter ions Contpeting with the surfactant is i~reased. ~n though in-

c~ in concentration of the acti'WOting ions or potentiol determining ions

would couse an increa. in ionic strength, the beneficial effects on flotation

due ta .,ch changes connot, of course, be attributed ta the increo. in ionic

strength. It must, on the other ~nd, be ascribed 10 favorable chonges in the

surface potential or Stem layer potential of the particles.

Since .,rfadant odsorption at the liquid/gas interface I~reases with in-

c~ in ionic strength, foam separation of surfactant itself might be assisted

to soaIe extent by an increase in ionic strength, provided that the critical

micelle co~entration of the .,rfactant is not lo_red below the concentration

of the surfactant and that l+Ie effects of ionic strength on the other focxn pr0-

perties are not of 0 detrimental mture. Rubin(29) has reported that the re-

mo'WOl of surfactants by foam separation was not affected significantly in

their experiments by a change in ionic strength. Increase in ionic strength

was found ta ~ve no deleterious effects also on the precipitote flototion of

the -.cond kind- of nickel and pallodium with nioxime (29,91). Ho_ver,

in the case of the precipitate ftotation of the -fint kind-, recowry of stran-

tium ~ing dodecylpyridinium chloride, hexadecyltrimethylannonium chloride

and 0 dialkyanwnonium chloride was reduced by an increase in ionic streng~)

The reduction in recovery was attributed ta slo_r precipitation, less .cure

attachment of the collector to the precipilote, rapid flotation of the collect-

or and highef' f~ «ainage and redispenion. Rubin and co-worIcers(32,33)

reported the ionic strength ta have very little effect on the precipitate ftota-
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tion of zinc or copper, but to have 0 detrimental effect on their ion flotation.

In addition, ionic strength increase magnified the effect of pH on the flota-

tion of c~r using sodium laurylsulfate. Finally, Grieves(89) has reported

that increase in the solution concentrotion of chloride ond sulfote have de-

trimental effects on the foam fractionation of phenol ond phosphate using

ethylhexadecyldimethylommonium bromide. The removal of the anionic ortho-

phasphate was in fact more affected by the presence of the obove anions than

that of the phenol.

Temperature
Temperature has been suggested as an operating varioble for cases where the

foam stability of surface active components is different at different tempera-

tures (92). In the case of froth flotation of minerals, surfactant od~rption and

hence flotation could be expected ta decrease with increase in temperature if

the binding of the collector ta the mineral surface is due to physical adsorp-

tion(51). If the adsorption is due to chemical forces be~n the surfactant

ond the mineral particles, opposite effects could be expected(93). For the

case of foam fractionation, Grieves reports increase in temperature to be be-

neficiol for the separation of ethylhexadecyldimethylommonium bromide, but

to have na effect in the cleaning of synthetic waters mode up of distilled
~ter, cloy and sol t using cationic surfactants (94) . Ion flotation of cuprous

ions using sodium laurylsulfate is reported by Rubin to be insensitive to temp-
o . 0 (32) (95)

erature changes In the range 15 to 34 C . Schoen and Mlzella also

found change in temperature 10 be of little effect in the faam fractionation of

radioactive materials, provided the foam is nat destroyed. tbwever, precipi-

lotion flotation of both the "first kind and the second kindD is reported to im-

prave with increase in temperature(28,30). For example, Mlhne and Pinfold

found the precipitate flotation of "second kind" of nidtel with nioxime in the

pH range 8 10 11 to improve when the temperature was increased from 21oC

10 4QoC(28). Precipitate flolotion of the Dfirst kind" of strontium with ~~

ic collector was also found to i~rove with increase in temperat\Jre, possibly
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due 10 an increase in size of the precipilote. Flotation of pollodi~-nioxi~

pfecipitate was, however, an excepti~ 10 the above effects in thot it was

without much sensitivity 10 tempefONr8 (29). It might be noted that the effect

of temperature could be rother' complex because of its influence on various

other facto" alch al acBorption, alrface elasticity and viEasity.

Gas Flow Rate

Low gas flow rate Is in generGl beneficial for sep«ation, even ~gft the

rGte of separotion will be lower at lower Row rates. Variola worken, in-

cluding Gaden et al(77), lemlich et al(96,6~ aad Robertson and Vermeulfn~

have found that high e,..ichment and low foam density is obtained at low flow

rates. There must, of coune, be sufficient gas flow to maintain tt,e f~m

height that is essential for good separation, the optim~ flow rate being d-

termined by th. concentration of the SlKfactant and the transiency of th. foan.

Feed Rate

Low feed rate is also faund 10 be good f« foam separation (76). Again, tne

QftQJnt of materiGl 10 be sep«ated in ~it time will be I~ ot low feed

ra" and hence a compromise between tn. rate of removal ond the _tent of

remaval will have 10 be 5aUght to determine the optim~ feed rate.

Reflux Ratio---
The degree of enrichment obtained by v«ious ~rken (96,98,99) is, as ex-

pectwd, PfOP«ti~1 to the reflux ratio. The ratio of the concentration of the

surface active material or coil igerid in the overhead to that in the bottom- in-

creases with increa. in reflux ratio unlea and until the surface of the foams

is saturated with surfactant.

F~m Height

As mentioned earl ier, same foam height is needed to obtain good sepc.-ati~

If the foam is tra~ient, f~m height is particularly e~ntial ta obtain good

enrichment and ~tion. Rober~n and Vermeulen(78) noted, ~ring their

study of foam separation of rare earth elements using transient foaming, that

the extraction rate decrea.s with increasing foam height up ta 17 cm. of
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foom height a~ ff1en stays coostont. The initial decrease was attributed by

ff1e authors to the continuous loss of the slKface contoining ff1e separated ma-

terials.

Pulsed Addition of Reogen~

Pulsed addition of the reagent is usually mare efficient than a single addi-

tion of it. ~ing a study of foam separation of complexed C)Onide using a
cationic surfactont, Grieves and BIIottacharyo (99) obser'led that they could re-

mow l~more of the complexed cyanide with one fifth less surfactont when

ff1e .,rfactont was added in three dosages as compared ta when it ~s added

i n one dosage.

FOAMING DEVICES

The majority of tn. fooming devices are designed for operations without any

significant agitation. froth flotation devices, however, consist of tar*s de-

signed for high agitation af the P'Jlp with impellers which aim help ta dis-

perse tn. air and ta keep the solid particles and the air in suspension. Air is

introduced in one or more of the following different modes. In agitation cell\.

air is drawn in by the vortex created by the rotating impellers. In the sub-

aeration cells, air is sucked through or blown ta the bo$e of the impeller,

while in pneumatic cells it is introduced by simple direct blowing into the

pulp. Also, air could be precipitated from the mlution and entrapped by the

tumbling action of the P'Jlp under proper impeller speed and cell depth as in

the case af the mechanical cells. v,t,ene~r the air precipitation is not

enough low pressure air could easily be supplied. In some cases, the precipi-

tation of air hos been achieved by first dissolving the air under pressure and

then releasing the pressure during the actual flotation. In proctice, flotation

cells are arranged in series so that the unfloated portion of one cell becomes

the feed of the succeeding cell. Various cells used in plants are described

in detail by Taggart in hi~' Han~k of Minet"al Dressing ,,<100~nd Gaudin in

his book on flotation <101) .

157



SOMASUBDABM

A ~cial cell .,itabl. for labara~ flotation ~rch is the Holli~M

c.11 as modified by fu.-sterau(102). A sketch of the apparatus is given In

figure 19. The lower part of tf1e cell corwlsb of a gloss with a fritted gloss

disk with a maximum pore size of ~ microns sealed ta the bottom. This gloss

well is COfW18Cted at the bottom 10 a ~Iy of pKified nitrogen to produce

gas bubbles. The upper port corwisb of a bent glass tube with a stem just 0-

bow the bend. A flowmeter is connected to the ~ of the tube to meo~e

tf1e gas flow. The Hallimond tube with a ~gnetic bor coated with polyethy-

lene in it is placed on a magnetic stirrer and this enables controlled stirring

of the quartz in the solution. The flow rate is controlled by adjusting tf1e

pressure in the gas re$8~ir which is read on a manometer connected to it.

Figure 19. /tIodified Hallimond cell f« labOf'atary froth natation research(1~2)
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Quantitatiw flotation experimenb can be conducted by In8ON of the modified

Hallimond tube since I~tant wriobles wch as the flow rate of gas, stirring.

pulp density, pH af the solution and time of flotation cauld easily be control-

ed~

Devices used in other foam sepaatlon techniques consist e..ntlolly of a

colUftW1 with a maximum height of about 100 cm to 200 cm a~ a maximum dia-

meter of S cm to 10 cm which contains the moterlals to be foam separoted, a

charger to introduce the gas in a dispersed form and a w..1 to receive the

foam. Various modes of operation haw been discussed by Rubin and GadeQO)
(11) 178)

and lemlich and been recently wnwnarized by Robertson and VemleUleh .

These include the simple mode (batch or continuous), the stripping mode, the

enriching mode and the c~ined 1IM)d.. In the stripping mode the feed is in-

troduced into the foam abow the pool level so that some amount of stripping

by foam is achieved even before the liquid reaches the pool level. In the en-

riching mode, part of the foamate is fed back to the top of the column so that
. (78)a certain amount of reflux can ~e place. Robertson and Vermeulen haw

classIfied the devices into two categories called single-cantact and multiple-

contact devices. In singl_contoct devices, there is na coalescence between

bubbles, whereas in multiple-contoct coalescence and breakage occur and

this causes 0 certain amount of internal renuxing, since DM adsorbed mater-

ial is always released into the foam during their breakage. ""'ether a device

is single-contact or multiple-contoct is determined mainly by the non... and

concentration of the surfactonts in tne pool and by the viscosity of the bulk

liquid that would contral the f~ aoainage and the s...face elasticity. The

now rate of the gas also has an influence on the type of contact that is 0b-

tained. A certain ~t of multiple contact can be induced by cal\.nn ge0-

metries which distort or streB the foam. Various modifications tawards this
. lude ~-h I (103).. de ' ,4"pwpo.- Inc ~ un s apparatus containIng a creasl.~-~lameter

foam-drainage ~tion which, in additian to stressing the foam, would also

pfOvide support for coalescing foam. Robertson and V~ulen(78) inaeased
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the multiple-contact in their foam sep«ation of rare earth elements by partial

blocking of the f~m with stacks of screens as well as with packings made out

of plastic beads. They obtai~ impro~d sepafQtion with the abo~ arrange-

ments as a result of the internal reflux produced. In contrast to the decreas-

ing-diameter c8'ainage section, an expanded foam-c8'ainage section has been

h'ied in the separation of metal ions from nucle« process wastes. The purpose

of this was to provide for better foam c8'ainage and hence a greater volume re-

duction of the foamate. t'brizantol foam-drainage sections ha~ been used
(104) . . (105)by Haas and Johnson and by Shlnoda and M2shlo to help the bub-

bles attain equilibrium faster and to prevent the entrainment of materials by

the wrtically rising foam bubbles.

The majority of the past studies has been with single stage apparatus, but ~
. (10 106-109)warken ha~ used multistage systems also' . Column cascades,

in which the residue from one column-bottom is ref~med in a second and

third column, have been tried in the separation of metal ions from nuclear

waste in order to achie~ a high degree of decontamination of the waste. In

the same area, a high degree of foam concentration was achieved by condens-

ing and refoaming the foamate in a second column (108).

A recent noteworthy development in the area of f~m separation device is

the use of electra-flotation (111). Here gas bubbles are produced by elech'o-

lysis and then separation is achieved by f~m Fractionation as well as by bub-
ble fractionation. It might also be pointed out that Harper and leml ich (112)

obtained a high degree of separation by combining bubble Fractionation in

series with foam fractionation. In the case of bubble fractionation of dyes,

lemlich and co-~rken(97) successfully used a ~otometer ta follow the sepa-

ration quantitatiwly. Othen haw used conQ,ctivity measurements between

pain of electrodes inserted at different places in the f~m column to deter-
. h f . (113)mine suc parameten as ~m density .
Finally, it is necessary to break the foam once it is separated from the main

column. Foam breaking techniques tried by various worken include chemical
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~thods(114) where sprays of foam inhibitors are used, thermal methods(lOS,

115-117)__.1..-sha _L - - dde ha_re rp cnange In temperature IS used to create a su n c nge

in viscosity, evaporation of solvent and ~etimes a breakdown of chemicals,

aM mechanical methods using rototing stirring rods(119), whirling poddIJ1~)
_, (114,119) - de sk (116,121) nd ~...I__(122) 'FL--- decentrl.~~ , rototlng I s a ex~~ . I~ -

vices have been discu,.d in detoil by Goldberg and Rubin (114). Rubin and

Golt(121), while testing a high speed rototing di- for foam breaking, found

that for foams impinging on a small area on top of a rototing di.-, there is a

critical speed above which all the foam would callapse. They report that a

rototing di_, placed f« the foam to fall on can serve as an effective foam

breaker. Their preference far a foam-breaking device appears to be a high

speed rototing di- with teflon walls around it. Strong liquid sprays also act

as good foam break en; but they are not as popular because of the dilution of

.'". foam with the liquid. Other devices used include sonic vibrators(123),

,clone-type breaken(124) aM combinatians of various themtal and mechani-

~al devices(116).

,
MODELLING Of fOAMING TEOiNIQUES

VariOtls mathematical models have been developed for froth flotation by

several woricen including Kelsall(l25), Loveday and Woodbum(126,127},
. .(128) (129 1~)Hams and o,akrawrtl and fuentenou et al ' . In foam separo-

tion moinly, lemlich et al(11, 131,132), Grieves et al(133), Haas and John-
(104,122) . (134,135) .son , and RubIn et al are responsIble for the successful m0-

dels. Vorious models for froth f1otation have been recently discussed by

Horris and o,akrawrti(128). Special mention might be mode of their use of

a "species distribution of rote" fora given - size ~rticles of "a given miner-

ai. The frequent observation of the order of the kinetics of f1otation different

than 1 is attributed to the presence of such distribution. Of course, the fact

thot such an explanotion is possible does not exclude with any degree of cer-

tainty the existence of non-zero order kinetics in the froth flotation of miner-

als. The mathematical models used in other foam separation techniques have
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been reviewed by Robertson and Vermeulen (78). Due to the large number of

variables present in hoth notation and other f~ sepalQtion techniques, ~

experimental and theoretical work remains ta be tbne to obtain satisfactory

working ~Is of these operations. Optimization of a flotation operation

with at least three facton varying at a time has been successfully attempted
by Solmsuncbran and Priclcett (136) .

EXAMPLES OF FOAM SEPARA nON

Foam S8palQtion techniques have been used for the sepalQtion of purification

of minerals, surfactants, proteins, enzymes, microorganisms, and various ~

tals. In 1962, Rubin and Gaden(10) presented a comprehensive r8view of the

Imterials S8palQted thus far by foom separation techniques. The following

tables swwnorim most of the work publiNd since then along with some of the

salient wotlcs reviewed by Rubin and Gaden(10). It has been possible to give

only a brief reference to the ~ MpalQtions. For detoils the original

publication must be consulted.

,
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TABlE 2. EXAMPlES OF FOAM FRACTI ONA TION

~stanc.

ANIONS

Remarics References

119, 137, 139Remowd from waste wderAlkylbenzyl suI fonate

Alkyl sulfate I Cited in ref. 10
page 361

Ani~ic surfactant
Aerosol 22

78

F~-separated during tile
ltudy of faclon in f~ 58-
parati~

F~-separat.d fr~ oqueous
solutions

~decyl sui fate Selective removal from im-
puri ties

139

Fatty acid mixtures Oted in ref. 10,
I1Qg8 361

105

From alkal i,. aqueous solu-
tiom

Preferential removal af p0-
tassium hexodeconoote From
solutions containing ~ass-
ium tetradeconoate also

Hexadeca~te

Laury I sulfonic acid from aqueous solutions 1«1

Metnylene blue actiw sur-
factants

141from paper and pulp waste
wat8n

M,nobutyl di~.nyl
sodi~ mOnophosphate
(Are.., 300)

96,119Frcxn ~.t in distilled -3
water at 5 x 10-4 10 6 x 10
Mil initial concentnJtian

Myristic acid
Nonylic acid

Oleic acid

From oqueo'4 solutions, re-
sults ogree with Gibbs equ-
ation

Alkali solts sepG'ated from
aqueous mlutions containing
ste«ic and FXJlmitic acids

I Oted in Ref. 10

pages 361 and
362

I Cited in ref.. 10
pages 361 ~
362
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R.~rks ReferencesSubs lance

ANIONS (Cont'd)

Ir-rom alkal ine solutions;
al~ in the ~sence of
stearic and oleic acid

Cited from ref. 10
pages 361 and 362

I Cited from Ref. 10
pages 361 and 362

Sodium laurate Itrom aqueous solutio,., lourates
~oncentrates in f~ and hydro-
yzes in it

Ir'referentiol separation from
jaqueous solution containing
sodium laurate

142Sodium oleote

Stearic acid Cited from ref. 10
page 362

Alkali salts, from aqueaus
lsolutions and in the presence
of oleic and palmitic acids

c.A.T10NS

From aqueous solutions 120

~cylpyridinium
chloride

'rrom very dilute solutions in the
presence of various types of
lodded elecholytes

82

Hexadecyltrime-
thylammoni~
chloride

I From very dilute solutions in the
presence of various types of

I
added electrolytes

82

NONIONICS

Cited from ref. 10
pages 362 and 363Isobutyl alcohol

INom aqueo\4 solutions;
some concentration in tne foom

A study of relotion between
concentration in foam a~ the
I residual liquid

rr~ waste water containing
these non ionic wrfactants
ond soaps

1~. 1~0P-7 and OP-10
(reactian procilct
of dioctyl phenol
with ethyle". oxide
containing 7 and 10
oxyethylene uni" respJ

~~
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Substm\C8 Re~rks

NONIONICS (Cont'd)

References

Triton X-100 (tert.
CaH17 - ~O0i2

C~) 9.7°H)

132I Fomned ciJring the empirical
I test af theory For foam drain-
age and overflow in foam
fractionation
I -4, Fran 2.2 X 10 WI aqueous
solutions using foam and bubble

I fracti~tion c~bined

112

MIScalAN EOUS

From a mixtwe of it with
municipal sewage

145Acid mine water

Bilil",bine Fr'(Wft wi.. Cited
DOge

Fr~ benzeM solution I Cited

100ge

Cellulose esten

From -wage 1-46Detergents

147Dissolved or su,.
pended organic
materials

Methyl cellulose

Along with nitrates and ~-
phates f1'~ aqueous sewage
plant affluent

Fr~ aqueous solution 148

Phenol 149

Surfactants 141

From a cationic surfactant
soluti~ at an optimum pH of
11.6

From pulp a~ paper mill waste

Sugar juice An attempt an full scale puri fi-
cation af sugar juices by foaming

I ,-ited from ref. 10
page 363

Synthetic 1Urfoce
active agents

150From tannery w~t. woten

Urobilin. Fran urine Cited from Ref. 10
I page 363

l 165

in ref. 10
362

in ref. 10
363
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TABLE 3. EXN/tPLES OF MOLECULAR FLOTATION
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TABLE 4. EXAMPLES OF ION FLOTATION

ANIONS Remarks Reference

Aluminum separated from beryl-
I ium by floating oxalatoal\MI;'
note camplexed with amines

Cerium-EDTA
d1.laf8

78Using 0 cationic surfactant
Hy~ine 1622

Gromate 76,153Soluble acid chromate separot-
ed at pH 4.2 using ethylhexade-
cyldi~thylmn~ium bromide

CYGnide As soluble ferrocyanide at pH 7
using ethylhexodecyldimethyl-
ammonium bromide at a fe/~
ratia af 10.21 male: 1 mol.

2-As polynucleated feFe(~)6
at pH 7 using ethylhexade- '

cyldimethylanmonium bromide

27, 76, 99, 154-
156

27, 76, 99, 154-
156

Oich~ate Separated using ethylhexadecyl-
din.thylammanium bromide

106, 159, 160

Gallate

Iodide

157, 158

153

l-Na~thaic acid"'

2-Naphthaic acid J

Using a cationic surfactant

Using ethylhexadecyldilNthyl-
ammonium bromide
Concentrated in f~ from aque-
ous solution using surfoctants as
pol ye thoxysleoryl me thy I ~moni-
um chloride

151

Neodymium-EOTA
chelate

78Using the cationic surfactant
Hy~ine 1622

Orthophospha te Using ethylhexadecyldimethyl-
ammonium bromide, optimum
pH 8 10 9

89, 106, 161

(
161
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ReferencesANIONS(~t'd

in ref. 12

106

157, 158Picrate

By diazo coupling

Using cetyltrimethylalnmQ1ium
brQnide

Using. thyhexodecyldimethyl-
am~nium bromide

Using a cationic surfactant

Samarium-EDTA
o,elate

78Using a cationic s""fac~t
Hy~ine 1622

157 I 158Silica.. Using a cationic surfactant

Thiosul fore 153Complexes Ag,(S203>;'
Ag(S20;- ~d"

S20; floated using ethylhexa-

decyldimethyla~il.-n bromide

FI~ted as fluorozirconate with
cationic wrfactants

162Zirconate

CATIONS

163

164

153

AI 165

152

165Au

Be

From aqueous solutions using I

surfac tan ts

Using sodium dodeql sui fate I

Thiosulfate ~Iex with ethyl-
hexadecyl dimelt1ylammoni um
b~ide

From dilute mlutions using on
onionic surfoctont

As oxolatoaluminote with amines

From dilute solutions using onion-
ic surfactants

From aqueous solutions using coco
oil o<:id laurate

9S

168
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CATIONS Referen ce

From aqueous solutions by anionic surfactanr

Fn)m solutions of its salts using long choin
alkyl sulfates and polyoxyethylene sulfates

Separated from aqueous solutions using No
dodecylbenzylsul fonate

166

c. 167

EDTA-chelate of cerium removed using
cationic surfactant Hyamine 1622

78

Co With Aresl<et ~ 95,158

Its anionic chlorocomplex removed using
hexodecyl trimethylommonium bromide

~68

Cr Using anionic surfactant from dilute
solutions

165

Removed as acid chromate using ethyl-
hexadecyldimethylammanium bromide
at pH 4.2

76,153

Cs From radioactive waste waters with soaps,
and using electrolysis for producing foams

169

170F~m cootaminated waters using .detergents

From aqueous solutions using sodium dodecy\
ben zyl sui (onate 167

Cu 34Fn)m aqueous solution using stearyl amine
or sodium laurylsulfate, effect of pH
examined

From dilute aqueous solutions using sodium
laurylsulfate and an auxiliary reagent N,N
N'N'-tetrakis (2 hydroxy propyl) ethylene
diamine, NaCl improved separation

83

Separated from solutions containing Zn by
using increased pH

171

];69

l
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CATIONS (Q)nt'd Remarks Reference

158,165

Fe 95

172

I From aqueous solutio.. using toulene sulfonate.

I From aqueous solutions using anionic deMrgents
I Nonionic detergents also tried, effect of pH
studied, acid pH best .

34

173

164

3

166

56, 168

Using stearyl aniOn. or sodium laurylsulfote,
I effect of pH studied.

trom contaminated natural- streams

[Using sodium dodecylsulfonote

I trom aqueous solution containing 0.2 mM/1
()f Fe (III) using sodium lourylsulfate

[F~ aqueous solutions using 1Q1g chain
()Ikyl sulfotes and polyoxyethylene sulfotes

IAs d1loroc~lex using hexodecyltrimethyl-
'Jmmonium bromide ot pH 6-11

IF~ dilute solutions using onionic collectof1 165

Hg I HgNO; and HgC1 complexes floated using

nexadecyltrimeltlylammonium bromide

fUsing anionic collecton

56, 168,174

Mg 163, 165

M1 rrom aqueous solutions, some separations
fusing long chain alkylsulfates and palyoxy-
ttlylenesulfates at pH 4 to 7

IUsing sodium laurylsulfate

158, 166, 172

l-Na~-
thyl
amine

Ni

151

165Frcxn dilute solutioos using aniooic collecton

169

3,87Pb

165

Using Aresket ~
I
Itr~ aqueous solution containing 10-4
WI lead (II) using 2 X 10-3W1 sodium
lourylsulfate at pH 8.2 or below
,;r~ dilute solutions using anionic collectors

iTa
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CATIONS (Cont'd) Rema~s Reference

RadionJ-
then i \.n

Radium

lUting dodecylamine and gelati,.. at pH 5.6 to 8.5 175

I From uronium mill waste waters using Aerosol 22 5,95

Sm From aqueous solution using anionic surfact~ts Cited in ref. 10

95

167Sr

IWitt, polyaminopolycarboxylic acids
IF I . .. 10-13 10-5 ram sa uhon containing to

M/I Sr using sodium Q)dccylbenz.ylsulf~te

169IFrom radioactive waste waters using soaps
and electrolysis ta produce foams

IFr~ aqueous solutio... with oromotic sul-
fo~tes ond other surfoctants, interference
of Ca ond Mg studied

IUsing Aresket ~

77, 95, 158

u 116

From acid (HC1) solutions containing thor-
rum salts with benzylthorium chloride

1110

I
From solutiom containing vanadium ond car-
~tes with benzylthori~ chloride

176

v Fran aqueous solutions 158

Th IFrom aqueous solution! ,158

Zr Fr~ ~ueous solutions 158, 163

l 171
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57

o,lo,.lla
ill ipsoi~

177

57

General 178, 179

TABLE S. EXAMPlES OF FOAM flOTATION AND MICROFlOTAT10N

Subs lance
ALGAE Remarics Rerer.nce

~Iamy~ .. ... , --
d~onas Using collecton mhlrally produced I 177

,.imardtii b .1-- .- - y ~ organism

Using stearyl ~ine as collector and
etha~1 as frother

Using collecton mturolly produced
by organism

Using stearyl amine as collector and
etho~1 as frother

Using commercial coogulants ond
collectors. Only p~mising re-
ogents tested was orquad S, 0
qwrtenary omine ~nd, with
bentonite and laurylam~nium
chloride. Optimum pH less thon 4

BACTERIA

90Using collectors and coagulants~r. aerogeMS

Bacillus ~thracis ISO

Bacillus cereus
~--- 58

ISO

Bacillus subtil is 181,182,183

ISO

Floated using surfactants naturally
produced by or9Jnisms

Floated using surfactants such as
cetyltrinwtflylam~nium bromide,
laurylamine, sodium lauryRllfate or
lauric acid; alum used os coagulant;
pH effect 'Studied

Floated using surfactants naturally
produced by the organism

Separated using dioctyl amine

FloaMd using surfactants naturally
produced by the orgonisn

172
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BACTERIA Cont'd Remarks Reference

Bruc.lla suit- Partial Rotation using surfact-
ants naturally produced by the
organism

18)

Using a quartenary ammonium
surfactants

184,185,186fr,cbmoe~ hY1tol y-
~
EScherichia ~ Flotatioo from sal~tion con-

taining 3100 x 10 cells/cc
with collectan in the pre-
sence af inarganic salts such
as NaCl and Na Hydrogen
phaspnate; bavine albumin
used as frother

183,187,188

MYcobacterium ~
5!d2.!!.s vor. hominis

189,190Used flotation to concen-
trote the orgonism

SemJtia
marcescens

Removed by flotation from
Bacillus subtil's var. niger

183

Miscellaneaus Removal of unidentified bac-
teria from .wa~

191

COLLOIDS

192,193

Carbon (active) 194From synthetic WO1te water
containing phenol and ethyl-
hexadecyl di me thyl ammon ium
bromide or dodecylsulfate or
alkylphenoxy ethanol

195,80Carbon
(deactivated)

Clays Separated at pH 2-12, bath
in the absence and presence
af ferrous and ferric iran

196

Cr oxide sol 192,193

(
.
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Remari<s ReferenceCOLLOIDS (Cont'd

Separated in colloidal fOtn1 using

ethylhexadecyldi~thyl~ium
bromide best above pH 10.5
using No dodecylsul~te below
pH 10.5

see claysIllite 196

Iron dust Oily dust floated using gas bubbles
formed by electrolysis

1197

Kaolinite Using ethylhexadecyldimethylam-
monium bromide, see clays also

180, 196

Methyl cellulose 148Foam fractionotwd according to
molecular weight cx1d methylation

Mol ybdenum 198

~tmorillonite

Collected fr~ sea water by adsorbi
ing on iron hydrl)Xide precipitate
and floating using No dodecyl sul-
fate

Using ethylhexodecyldimethyl~
manium bromide, 8e cloys also

~, 196

Stannic oxide sol 12

Wastes Ink and pigments separated from
sc~ paper

199 (P.89),

63 (p. 550)

200Solids removed from laundry wastes
after adding ferric chloride to pH
6.7, 9S%grease removol

Re~wl of colloicbl ~terials
from sewage using pressure re-
lease Rotation

191, 200

Radioactive ions removed from
waste waters by adsorbing on
ferric hydroxide precipitate and
Rooting

1202

1Tk
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TABLE 6. EXA~lES OF PREOPITATE FLOTATION

Substance Remarks Reference

Ag
-.;,

Separated at 5 X 10
from ten-fald excess a
a - nitraso ~napI1~1
01 at pH 7 to 9

Au 31
-4Sepaated at 3 X 10 WI! I concentration

from ten-fold exC8$S of U using phenyl
~Y'"idyt ketoxinw at pH 3 to 5

Co I Floated as fenocyanide precipitate

I using gelatin
217

I Using Q- nitroso ,8- naphthal at pH 2
I 91

0 I Floated as ferrocyanide precipitate using
gelatin

1218

i Using sodium laurylsulfate at pH 8 176

154

Cs 1218

I Using Na dodecylwlfate below pH 9 and
abow pH 4 and using ethylhexadecyldimeth-
ylanvnanium bromide above pH 10

I Cs137 Pfecipiloted with Cufe (CN)6 at pH

1 2 ta 3 and floated best using Sapogen T
(condensation product of chlaroleic acid
and methyl taurine) or cetyltrimethylw oGo-'-

li~ bromide

1219Iprecipitated with Cu f.rrocy~ide ~d floated
Iwith No dadec:ylwlfate

Cu
. Floated as Cu ferracyanide using gelatin

J "1;17

"Using Benzoinoxime at pH 8 10 9 191

fUsing hydroxyquinoline at pH 6 q1

i Using Na laurylsulfate at pH abaw 7 3.4

111

- - -

MIl cOf1centratiOf1
f Cr, Zn and Pb using
or ,$-nitraso Cf.~th-
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Substance Re~rks Reference

32, 34

F. 217

32,34

Mg

M1

NI

217

217

28, 91

91

217

Pd 91

91

217,219-221Radio-
active
ions

58 91

Sr 91,218

u 217

Nearly 1~ removal above pH 8 using stearyl
amine ar sodium laurylsulFatw

Floated as ferracyanide using gelatin

Nearly 1~~val above pH 3 using Na
laurylsul fate

I Floated as Ferrocyanide complex using gelatin

Floated as FerrocYm1ide COfr1'lex using gelatin

S8pJ~ted at initial Ni concentration aF 1.5
x 10 gin ian/I from hundred-raid excess aF
Co by precipitating with niaxi~ and floating
at pH 4 to 12 and te~rature 21 to ~C

Using a-furildiaxi~ at pH 10

Floated as Ferracyanide ~cipitate using
gelatin

Precipitated with niaxime and R~ted with
i na addition af callector at pH 1 ta 2 Fram
I ,undred-Fald excess af Pt, Co or Fe, faur
I nundred-fald excess af Ni m1d ten-raid ex-
cess of Au

Using a -nitraso ~-naphthol
'I' Occluded in Ferric hydroxide and floated

with naphtholene .,Ifonic acid, gelatin and

soap

Precipitated at pH 2 using 3-3'-diamina ben-
I zidene and Roated ot pH 8 - 8.5, 35% re-

cowry, slow precipitation

I Separatedat initial concentrationof 10-3WI
,rom Cs using dodecylpyridinium chloride

" Floated as Ferracyonide precipitote using
gelatin

-4
~ Separated at 10 WI U (VI) concentration
ifrom ten-Fold molor excess of Au and Fe, ond .
:hundred-fald exceu of sulfate and Mn using "

Iphenyl-a-pyridyl ketoxime and benxoyl acetane

31

178
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TABlE 7. FROTH flOTATION WITHOUT ADDITION OF COLLECTOR

Substance Remarics Reference

63 (p 539) I
100 (p. 12:34 ~
p. 12: 129)

100 (12:129), 215
,

63 (p.53J)

Rotation depetd ~ rQnk of coal-maxiftlm
I a! ~c.arbon content; cresylic acid, pine

011 or alIphatic alcohol etc. u.d as frothen

Grapi1iM Easily floatable, pine oil is the p.-ferred
frotne" might contomi~te otne, ~te,ials

I easily and cause them to float, can be de-

pressed using organic colloids

~I ybden i Ie II Natural flotati~ with ar without the help

of miMral oil, can be depressed using
dextrin, starch, etc.

223

RWber Rubber recovered by flotation from milk-
I weed plant after leaching, wo~ing and

ball milling

224

Sui fur 100 (12:1~),
62 (p. 529)

I Floated using creosote as fratf1er and Na
silicate as a dispersant

Talc 225, 100 (p 12:3-4I Naturally f1~tabl., can be depressed

using galactam~nan, starch or glue

Wastes 226, 227,
100 (p. 549-550)

Paper and plastic materials from wastes

Waxes I Easily Aoatcml. 63 (p 548)

180
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TABlE 8. EXAMPLES OF FROTH FLOTATION USING COLLECTORS

Re~rir.s ReferenceSubstan~

1229 (p. 334)FI~ted at pH 9.S to 11 using .th~ xan-
thate. NaH phospho.. beneficial in small
amounts

R.~ to ~rcaptobenzo"'iazol. in al-
kalln. solution

1228

223 (p. 238)FI~ted at pH 8 to 9 wing fatty acids
combination (fuel oil + toll oil +
caustic soda)

Apati..
( (F. a. OH)CaS-

(PO.)3)
1230

Barile (BaSO 4) 231,
1 234 (p. ~),
100 (12: 12,3)

232

U1ing dodecylomnoni~ chloride c»oye
pH 6 ~d Na dodecylsul fonate below pH6

Floo~le with fotty acid ~ ond all
anionic reagents such as sulfonates and
sulfotes in alkoline solutions (optimumpH with oleic acid 10-11) .

Using fatty acids at pH 6 or petroleum
sulfonates at pH 3 to 4

l~oO (12: 109)
Using ethyl xanthates~ fatty acids,
alkyl sulfates and sulfonates

.etyl

(Be3AI2(Si~)6)

&ami..

(Cu2SCuSFeS)

CDlc... (CacO3) 231

1100 (12: 123)

223 (p. 341)

Using fatty acid soaps at pH 8 to 9.5

Using No dodecyl.,1 fate below pH 8
or ~cylonwn«ti\n chloride at pH
10 to 12

Using ol.ic acid a1d No silicateyment

1100 (p. 12:127)Hig+,.r xanthates, sometimes with
sodium sulfate

Carrusi.. (PbC~)

Readily floand by ethyl xanthates,
fatty acids and lang-chain wi fates
and sui fonates

O1alcocite (Cu2S) 35
1100 (p.12:109)

Using ethyl xanthates, fatty acids and
alkyl sulfates and sulfonates

Otalcopyrite

(CuFeS2)

1 35,
100 (p. 12:109)

1.81.
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Substance

an~bor (HgS)

Reference

223,
100 (p. 12:108)

100 (p. 12:126)

Re~rks
'-Onditioning with CuSO L at pH 8 and
floating U$ing higher xanthates and

Idi thiop,osphates

cloatable with ~ in acid pulpCDNndum (A1201

223 (p. 342),
100 (p. 12:126)

,Conditioning by HF ot pH 3 followed
DY flooting with amine acetote, float-
able with soap olso

Feldspar

(KAISi30So

NaAISi30so

CaA12Si20~

Uing oleic acid a~ soap, optimum
DH 8 to 9.5

FluOf'OSpar (CaF~ 233,
100 (p.12: 123)

Using ethyl xanthate as CoOl lector and

oil as 'frother
Galena (PbS) 35,

223 (p. 334)

100 (p 12:109),Usin6 fatty acids ~ long-chain sul-
ronotes and sulfates, activated by

CuSO 4.

234
Hematite (Fe203)

100 (p 12:119)

Using oleic acid at pH 7 to 7.4, No
nexametophosphate and excess leod
nihate helpful
Using aleic acid along with cam oil
land No silicate, lsopolyocids helpful

Ilmenite (FeTi~)

Floated using petroleum sulfonates and
alcohol frori1ers at pH 3 223 (p. 344)Kyanite

(A1203oSiO1

100 (p 12: 124)Floats readily with oleic ocid(i'/Ggnesite MgCO.)

100 (p 12:120)Using Na oleate and aux. reagents<o'IGgnetite F~O4)

235,
100 (p 12:127)

Floa~le with short c},ain alkyl amines
or fatty acids, lead nitrate is an acti-

vator

223 (p. 335)i floatable using a Sf'8cial process using
I tall oil, fuel oil and Oronite S wetting
I
I agent

Mica
(H, K, Mg, F)x

Aly(SiO .)3

Psilomelane

~H4Mn°5)

182
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ReferenceRe~rksSubstance

Using ethyl xanthates or fatty acids in
acid solutions

35,
100 (p 12:109)

Pyrite (FeS2)

Pyrolusite (~~ Same as PsilomelaM

Using ethyl xanthate below pH 6 35Pyrroh t i te

(Fe"S'2)

Quartz (SiO2) FI~toble with cationic collectors like
dodecylammonium chloride or anionic
collectors in presence of heavy metol
ions

38,
100 (p 12:127)

Using higher xanthates and dithiophos-
phates and frothers like cresylic acid or
Aerofloat 15

223 (p. 338)Sphalerite (ZnS)

100 (p 12:111)Fatty acids in acid pulps

223 (p. 345)I)podumene

(liAI(Si~)2)

Some floatable using oleic acid and
frothers in slight1y alkaline or neutral

pulp

Ft~table with ~ps 100 (p 12:128)

Stibnite (Sb2S3) 100 (p 12: 112)

100 (p 12:112)

Floatable with xanthate in presence af

CuSO4

Floatable with thiocarbanil id as Aero-
f1oat in presence of lead

KO can be floated away Fran NaO
using amines

136,236,237,
237

Sylvite (KO)

Textile fibers With or without a frother, vinyon and
wool float well at all pH without any re-
agent, rayon does not float at any pH,
silk, casein and nylon float in acid pH

239

237Vegetable and
seed products

Peas cleaned by d~ing in aefQted
emulsion of hydrocarbon in dil. Na

, lauryl sulfate and Rooting contaminants
, and damaged peas

1.83
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