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FOAM FRACTIONATION OF RARE-EARTH “LEMENTS
- George H, Robertson and Theodora Vermeulen
bDepartment_of Chemical Engineéring and
Lawrence Radiation Laboratory
University of California
‘Berkeley, California .

December_Bi, 1969

ABSTRACT

The foam fractionation of rare-earth eléments N4, Sm,

and Ce by'éxtraction of their EDTA chelates with a cationic

' surfactant, and the foam fractionation of an anionic surfac-

tant wére studied. The objective was to determine thm
usefulness of the foaming technique in fine separations and:
to examine quantitatively the propertles of transient foam-
ing in producing the separation.: |

The model of "persistent"™ foaming 2id not apply tovmost
of theqfoamingbc0nd1tions_whioh were found in this study to
favor foam formatlion, extraction, and_fractionation. There- »
fore, a two-property classification was adopted; the type.-
being détefmined by the persistence or transience of surfaoe

area, and the mode by the constancy or depletion of spécifio

liquid content with foam height or age.

In 2 preliminary study, fixed-height foaming ffom_

aqueous solutions of an_anionio surfactant (Aerosol 22) was
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_uééd to evaluate the effect of gaésrateVOn the relative
trénsiency7andvseparati§n performance. Foaming of Aerosol~
- 22'4in a tfansient regime 6f gas ratés yieldéd the,bést
enrichments and extraction. The foam liquid fraétion_Wés
propdrﬁional tolthe Q.ZOnpowef'of the gzas velocity ih the
'tfahsieht-régime énd to the Ol?fbpbwéf in éhe peréisteﬁt-
regime;' - B |

| No prefious foam fractionation betweenvrérenearth
elements'hés'béen repofted. For fafe4earﬁh'scparatiqn} Sebe
arate cationlc surfactant (Hyamine'1622) and chelating agent
(EDTA) Wére“employed to obtain good'foaming_ahd'extracﬁion
és'well,as_SéledtivAty. Experimental studies werexmade'§f
_Solﬁtion'variables (surfactant éoncentration, EDTA donben-l
_tratioﬁ;.total réreéearth concentration) éﬁd ofvphysica1  |
vériables (foam height and co1uﬁn packings) Qh‘the relative
foam.éﬁability, tdial-rarenéarth'éanChmeht; separation
factor, extraction rate, and foam liquid content;

| - Transient foaming for raie-earth separations was éb-.
served for all concentrations of surfactant tested; tﬁansiency
ihcreasgd‘as the surfactant concentration decreased, Enriéh-
ménts of rare earth were best for the most transient foaming
(lowest surfactant concentration). Separation factor (i.9'for |
Nci/Ce and 3.1 for Sm/Ce) was invariant above 17cm and
decreased sharpl& to 1.0 below 17cm. Extraction; cohstant 

above 17cm, was best in the most transient foams.
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- Appreciable sepafation improvement was achlieved by
blocking foam with stacks of ‘screens or plastic béad pack=-

ings. These dé#lces also increased the féam liquid content,
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INTBODUCTION

sorptive-Bubg;e Separation Methods

The objectlve of thls thesis is to apply foam fraction-'
ation to the extraction and separation of rare-earth lons

at low concentratiohs. Foamvfractionation. oﬁe of the

'~ adsorptive-bubble separatidn methods (ABSM), uses gas

_bubbles to extract soluble chemical species from solution.

The soluble species are extracted either because they are
surfade;active and adsorb on the bubble surfaces, or because

they are attracted by éhargelinteraction or chelate form-

" ation to a species which is surface-active.

Néarly'all of the previous study of foaming utilizes

stable foams. These foams may be characterized by bubble-

sizeland'liquld-density values that are independent of foam
height. = All of the semiquantitatlve design methodé'apply

strictly only to foaming of stable or persistent foams,

~ When unstable or transient foams have been encountered as

they must be in batch exhaustive extractions, no quanti- -
tative description of the foam structure or of important:
design consideratins has yet been given. Nevertheless, the.

\

que of foaming (transient or persistent) may be extremely

1mportant to the effectivennss of the separation,

This work applies transient foaming to the extraotion

of an anionic surfactant and to the extraction/separation_of
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bigéry rare-earth solutioﬁs. The sfﬁdj is 1@rge1& éxperi-
mental. It adopts a method of ciassifyiﬁg foaming,'anﬂ
demonstrates slgdificant‘design implicaﬁionsiofvthis
classification. | | |
Foam F;gbtionatlon

A process wherein pafticulafe matter or Qréolﬁtion |

species is brought from a bulk area of a homogeneous solu-

tion or suSpensibn towé surface area by attachh?nt_to a
bubble can bfoédly be'classified as an adsofpti#é-bubﬁlé‘ 
separaﬁion method (Kl); >Aithoughvsuperf1dially simiiar 1&
prcduéiﬁg a foam or scum, the various tYpes“of ABSM poésess
Quite different.medhaﬁisms ﬁo produce_ﬁhe subséQﬁént sepéﬁa-
tioﬁg _Table I belbw lists the various»types of ABSM. j
Fbamvffactionation. as a:member'of the adsorptive—’

;bubblé sepération_methods; is a proéess ﬁherein only.solﬁbie
solution species are drawn to thevsurféce.of a gas bubble
and collected in a foam (L2). It differs from the other
foaming ABSH in producing a true foam rather than a scum,.
Foam fractionation has been applied to the removal of cbn-
centration of sufface-activevspecies and to the removal_§r
conéen;rgtion of surface~inactive species by coadsorption.

- Several important features of foam fractionation as.an oA
extracfion technique should be pointed out. In the,seﬁée

thaﬁ the interactions between surfactant and counterion

are on:a mole-to-mole or electromequivaient baéls, thé  
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Table I, . . Adsorptive-bubble separdation methodsi*

A, Foaming.Separations.

ftWFoam fractionation - Removal of dissolved material
' by foaming._v .

2.‘Flotations o | Removal of. particulate mater-
ial by foamlng.

~a. ore flotation . 3 Particulate material is inor-
: S -ganic mineral.

b, 1on flotation Particulate_materiai is pro- -
- (1lonic precipitate)* duct from surfactant and
_ nonsurfactlve.1onicjspecies;

¢. molecular flotation Like (b) but with nonsurfac-
- (molecular precip- .tive nonilonic species,
itate)® o ‘ -

d;dprecipitate-flotation'Partlcﬁlate-material is a
- (activated precip- precipitate; the precipitatinq

itate)® agent is nonsurfactive.
~ e. adsorbing-colloid Removal of material by adSbrpe
~  flotation v tion on colloidal particles,
o followed by flotation of these

particles.
B, Nonfoaming Separations

1. Bubble fractlonation ' Removal of material (molecular
or particulate) by virtue of
adsorption at the surface of
rising bubbles. :

2. Solvent sublation . ~ Removal of material (molecular

' or particulate) by virtue of

- adsorptlion at the surface of

. : - : - . rising bubbles followed by

A o v . deposition within, or at the
: ’ horizontal interface of an im-

o ' : : miscible liquid atop the main
” - ‘ S . liquid,

#* Names suggested to be more in accord with the mechanism by _
which process occurs. .

#% This listing is different from recently published listings
(Ki,L2) in eliminating categories based on the size of the
extracted specles: macro-flotation and micro-flotation.
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.process'1s.stoichiometric. bhut becauée of.contamination of

the foam with bulk entrained fluid, -the end fesult of»a’

" foaming may not appear to be stdichiometrid. Competition

éxists between surface and miceilar formations for the |

metal species whigh_ié'to be gxtfacted, Coﬁpetltion exists

betweenZCbmﬁlexed and uncomplexed species for surface posj-

tions.'zThe pH can control enrichment because'ofICOmpétitibn
‘between H' and positive metallicvions; and becauss of 1ts

o éffecthﬁ the ilonization of the surfactaﬁtlif ioniiable;v_

Operating donditions affect ﬁhe ébsolute'enrichmentfin‘a ‘

'Gfgam;"Thé suffactantAaction'1n'éitract16n'1é thrdugh

‘¢harged-monolayer interaction or complex formation.r{The';

' separations achievable depend upon the ionic strength of the
'solution. | | |

Ion'Fidtatioh

of the other adsorptive-bubble separationé. ion flb-
tétion'is’most often confused with foam fractionation,iéhd
will sométimes occur simultaneously. In an 1on flotatioﬁ, 
ﬁhe surfactant~ion combination is insoluble, and the_peru§t
is'collegted as a scum rather than a foam. AThisvinsolu- |
Dbility effect 1ﬁvolves a change in the mechénism of
attraction at the bubble surface} since the insoluﬂle’prc;.
‘duct is no longer heteropolar, flotation ocecurs becausé.of
hydrophobicity of the particie surface and buoyancy bf-thé

particle-bubble comblnation, The presence of a scum
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'necessitates the operatiod of’thejextraction device at low
gas flow rates to prevent redispersion of particles collec-

. ted at the surface.

Ion flotation, morsover, is a rate process in which the

concentration of sublate (surfactant-ion combination) reaches

S equilidbrium in an initial area of gas—liQuid interface{ and

then apparently supersaturates-as phvsical coalescence
reduces the available interfacial area. When the increasing
concentration exceeds the solubility limit the sublate

crystallizes and appears as a scum. This is a local effect

vand occurs adjacent‘to solution whose totalnconcentratiOn

st11l lies below the solubility iimit'for'the'ionésurfactant
combination, Sebba (86) has discussed this at some length.

Whether or not a given system operates as a foam

' fractionation, an ion flotation, or a precipitate flotation

depends on the chain length of the surfactant, the pH, the

“lonic strength, the concentration and solubility of-the-

collector=-colligend combination in the solution and at the
interface, and the chemical nature of the colligendlunder

the conditions of the separation. As one proceeds from

_initially soluble to initially insoluble or colloidal

systems, ‘the resultant foam behavior (as classified in

" Table I) ranges from foam fractionation to precipitate :

flotation, and the surfactant requirements decrease from‘F

stoichiometric amounts to less than stoichiometric amounts.
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Cemparison studies of variables on a lihitedvnumbef of

systeﬁs havevbeen made‘by Rubin, Johneon,‘and Lamb (RL),

Rubin (Ri);>ahd'Gr1e?es;'Bhattechafyja, and Conger (G2).
An additional differenee between 1en flotation‘aﬁd

~foam fractionation may be observed in the nature of the

specific'interactions.} In an ion flotation, the specificlty

' between 1ionic constituents 1is ihdependent of the interface

composition, and depends only on relative activitiee and
 free'energ1es of formation in the bulk soiution. This |
specificity is only observed at the 1nterface where precip-
_itation occurs, In foam fractionatiov, the speclficity

-depends on charge interaction and complex formation’ that

-foccur at the interface between the Zzas bubble and the solu-e

-~ tion, and will differ from the selectivity obtained in  :

neninterfacial processes with»the same reagents. Althoumh

Table I 1mplies gtrict elassification, in many systems the

"hode of'operation may be intermediate between two or mdre
'typee. | o

The published research on ion flotation done by Sebba

(86,87,58,89,514) and Grieves (G4) has concentrated largeiy

on~extrgetion of individual ions or on separations.in which

one specles was wholly complexed and one was uncomplexed,'

- Little work has been done to investigate interionic separa=-

tions, due perhaps to the d4ifficulty in handling fiow

v_ streams-conta1n1ng solids. This difficulty.may be

b
|
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cbmpdunded in cascaded_sgstems; which are_uSueliy necessefy
_ for complete 1ntefionic separations.

Foam Stability

In order to eeparate aﬁy substance from 1ts‘aqueoue'
solution by foaming, either that substance or sbme_oﬁher
.'cemponentlin the solution must poséees certain properties
“which enable it to form a‘foam, Kitchener (KH.KS) tdenti-

fied ﬁheSe‘to be film elasticity, fluld viscosity, and

dbuble-léYer fepulsion-between adjecent'bubble surfaces.
These contributibns in varying amounts will-reéult in vafy—l
ing degrees of foam stability. |
Film elasticity is the restoring force produceﬂ under
‘the action of any stress that tends to,extend the area of_
ﬁhe film. The usual source of this elastic action is the:
depletion of aﬁ edsorbed surface iayer, " This force arlses
from local stfetching that raises the surface tension by
decreasing the average solute concentratioﬁ’in the film,
This result} observed also in the Marangoni effect, applies
barticularly to thin films where the underlying liquidff.
:contatns only a limited quentity of solute, This restorlhg v
force largely explains the dependence of féam stability'”
updn concentration of foaming agent, Too dilute a solution
means that the range of surface tension values which Pro-
mote stability is severely limited, Too concentrated a_i

~solfition means that diffusion of reserve material to the
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surface will restore the 1n1t1a1 surface tension too quickly
for a restoring force to be active. |

The enhanced viscosity of a foaming solution 13 1mpor- *
tant because it retards drainage of liquid from between.
!individual bubbles. The action of viscesity.in'retarding
coalescence can be seen in small—bubble ﬁisperqions in very
viscous fluids, where foams may be'fermed in the absence»of
‘eny surféce¥acti§e substance. |

Thebeamability of solutions has been measure” 15 a
number of ways (B#), euch as persistence of slﬁgle bubbles,
persistence of vertical films, steady-state foém beight.
rate of foaﬁ decey, and rate of'drainage out of the.foam.a
These cfiﬁeria afe not esbecially useful in underetanding_
the detailed history of foam formation and deeay.'

" The eleesificatienvof foams as stable or unstable
(persistent or trénsieht) is a relative"matter, since no
foam (unless solidified) can be maintained indefinitely.
Furtherﬁore, the visually observed results of foaming depend
not only'on the specific propertiee of the foaming agent,
but equally on'experihenfal conditions such as gas flow rate
and column height.‘ v

~For continuous operetions, the stability or instability
of the "foaming®, i.e. of the formation and transportvof"
foam, will be identified with the cbrresponding.stability

or instability that is produced by the combination of’
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Vi

compositioﬁal'ahd physical factorS‘used. A knowledqe,of the
»ffoam stricture changes -- the loss of surface and the loss
of intersticiél 11quid -- which characterize the stability

-of ‘the foaming will be 1mportaqt to the optlmum desiqn of a

foaming column.

.Foamigg Devices

A foaming device may operate as etther a singl°~

'oontaot or a multiple-contact device. In a single-contact

device, every =zas bubble injected into the bottoms pool takes

its place in the foam: 1t does not’ break or coalesce with

eahy other foam bubble, It wjthﬂraws 1ts complement of col-

leotor'aod colllgend from the surrounﬁing pool liqut
When it paeses'ihtobthe foam, a certain amount of pool 11quid
is withdrawn with 1t, so that the net effect is a somewhat
smaller enrichment than could have been obtained bf‘extraotf'
ing only the liquid associated with the bubble surface. Ae:
a conseguence of intersticial dralnege of pool-like 1liquiil,
the enrichment may vary over wide limlts.

A ﬁultiple-oontact foam device is one in which coal-
escence and breakage readlly occur at the fop of, anAd withln,
the foam'matrlx./ The result is that each rising bubble at

or near the bottom of the matrix draws its complement of

'coll°ctor and colllgenﬂ from the intersticial liquiAi, which

is no longer pool-like but has been enriched by the'coileotor

and colligend extracted from the downflowing,liquid initially
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assoclated withfthe now-broken foam bubbles..'Ehriehments'
aehieved in mﬁltiple-centact single-stage'devices shouldvbe
greater than'in,single-contact single-stege'devices, but are _;

also subject to wide variations associated with drainage

o
i X

effects. In practical_eases; theveoelescenée desired for
good multiple'centacting_may be induced by celuﬁn.geometries
which distbrt or:etresé the foam. | |

The most common apbaratus reported (L2) are shoﬁn sche -
maticallybin Figure 1. All of these may- operate as multiple-
eontact devices, depending on_the nature of the foam exit ‘and
the hature of the foam 1tse1f For a noncealescinélfoem;e
'only the refluxed columns will operate as multipleacontaot
,single-stage_devices, Stripping columns have been used (L2)
in applicetion to very-dilute process streams. In thesevt |
applications the feed stream is added to the foam, This"
addition may be ‘made at any level although provision 13.
generally made for a drainaze ‘section above the mldpoint

The experimental anparatus usei in foamlng stuiies have
usually been vertically mounted; constant diameter (up to-
.50Amm),vand fixed_height'(up to 100 cm) glass columns (R3).

Columns as large as 4 inches in diameter and & ft tall have

B

been studied (S12). A decreasingodiameter foam-draingge
section has been applied by Schutz (S15) to provide support
for a coalescing foam.‘ A horizontal foam-drainage section
has been used to minimize entrainment caused by vertica1lv

rising foam bubbles (H2).
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a.»Bétch opefation

' foam
' gondensed
foam -
pool
f gas
b, Gontinuous operation "¢, Batch with external
' recycle
cCoN=
‘ dense
con=
densed
a8 foam
pool
== pool EE— pool Tecycle

-~ |gas o 1:;;:r

Figure 1, Schematic foam fractionation units (L2),
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'GasAspargihg;has been accomplished with stainless-
steel -spinerettes (81), sintered-glass hubblers (B31,512),
and Single_orifices‘(RB). One obtains deCreasingvbubble;size_

o

uniformity 'usingt'orifices, spinerettes, and bubblers,

. Column cascades in which foam is condensed and refoamed ’
in a second appérétusvhave been examined by Jadbbelli—Turi
et.al, (JZ)Iiﬂ thé idn extraction of uranium complexeé.

- Countercurrent flow of foam and pool liquid'in a
_staged apparatus was testéd in foaming of.dodecyl henzene
sulfdnatéf The columﬁ was fitted with ﬁubble-cap trays

"(as in a distillatibn) with dovmcomers external to the

‘column; Tray efficiencies of 30%were reported (W2).

General Foam-Pool Relations
A material balance for any foam operating continuously
with feed, condensed foam, ani pool flowstreams as shown
in Figure 2 will be
Fop = Pey + Sycg @)

Here F, P, and SV are -the liquid volumetric rates of the

feed, pool, and foam streams respectively, and ey Ch aﬁd
cg, are the'concantrations of these streams.
The result of dividing the last term into portiohs,to "

account for mass associated with the bulk liquid ani surface
in the foam is

Fer = Poyp + SE + Spey | (2)
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flow foam fractionation unit (L2).
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vﬁﬁere's is the area géneration rate,vP'ié‘tﬁe.surface
excess, and Sy 1is the bulk liguid rate for the foam., The
area-genefatiqn rate can be replaced by £G/4, where G is the
dry-gas flow rate énd 6/4 is the ratio of éurface‘to voluﬁe
for bubbles of size d. It 1is commonly assuﬁed that Sb = Sv’
that 13; that the volume assoclated with the. surface is
bnegligible. | ) |

Substitution-and»rearrangement'yield-

P = (Fop - Pop - Sycp)/(66/2) ()
or
F = (Fop - op(P + 5,))/(66/2) O
-piviaiﬁg‘by éb gives the distribution coefficlent
F/o_ = (Flop/og) = (P + Sy))/(66/a)  (5)

P‘ y

_and accounting'fdr the volumetric balance glves

P/ey = (FA/€G)(ce/cp ~ 1)
= (P3/6G)(E-- 1) L L)
where Evis,the enrichment ratib for any species or group of *

gpecies in solution.
An alternative to dividing the foam mass into surface

and intersticial contributions, as in Equation 2, has been
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'vprovided by7Gr1eveéF empirical approach to the'anming
prdcess (G3), relating the composition of the entire foam

mass to that of the bulk poolt

Syeg = mG(F)? | O

:where m is.anbempirical function of the feed concentration
for‘any_glven surfactant.
The separation factor for the foaming process is

defined by -
a = (Cascbv)/(cbécéb)b " -(8)

The effective mass extraction rate, M, may be defined |
-as’

M= (E - 1)c§sv o 1 | ;.(9)

and thié is equal to IS for high enrichments,
Semiquaﬁtitative predictions of expected enrichments
may be'made on the basis of several approxlﬁationé, 'Assﬁm-
ing spherical bubbles and a specific aresa of 30 xz’for each
‘surfactant molecule, the surface capacity is about O;leofg-
gmmmOIes/cmZ, and thevYolumétricvcapacityvis obtained by .
multiplying fhe surfaceﬁgenefation faté»by‘éé/d. -Clééfiy;
, , 4 _ - _

this ¢alcu1ation takes no account of the entralnment,,butﬁ

mnay be_usefui as an approximation when entralnment data are
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not»availeble. If the enrichment ratio is large, as ‘in
| stripping operations, the knowledge of the entrainment is
less important

Multiple-Stage Operetion. A calculational procedure

has been suggested by ?ldib (E1) for relating the number of
v casceded equilibrium stages to the separation produced. The
procedure'used is analogous to McCabe-Thiele analysis7of )
distillation, in‘which the operating line 1is given'by a com-
: ponent material balance, and equilibrium_is given by o

Cg = cp + ANOF L | ] - :(10)

_uHere'No'is'the'moleculef'weight‘ A is the'ratio ofvsurfaee
area to liquid foam volume and is a function of linear zasb
vrate, bubble size, and foam residence time; 1t is evaluated
by experiment or by a predictive equation as discussed below

in Foam Densitx,

The operatinz line for the enriching section 1is described

by
(Colpat = CpR/(RHL) + cp/(Re1) o

Where n“is‘a stege index,.cD refefs to the concentration of
surfactant in the bulk intersticial space, eq fefers to
the condensed foam concentration, and R is the ratio of down-
flowing liquid to total withdrawn condensed foam--the reflux

ratio,
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: In applying McCabe-Thiele analysis to the foaming unit,

each 1deal stage corresponds to a single-stage device as .

'long ‘as the device operates on a single contact Ir multiole'
-contactsvdo occur, then each calculated ideal stage will

correspond to a fraction of a single-stage device. Ir mul-

tiple contacts are allowed, howerer; the‘eqUations for both'

“the equilibrium line and the operating line are no 1onqer,

.strictly correct This 1s a consequence of the equilibrium

ourve being a function of bubble size and foam structure,

both of which change in a multiple-contact device; anduthe

‘slope of the operating line being no longer oonstant, since

~the reflux ratio will change drastioally for a coalescing

foam, - ‘

Lemlich (L2'L3) has considered a composite multiStage
cascade with both stripping and enriching sections, :

Up to this point, the terms for adsorption density (p )
and liquid content of the foam (A) have been left general.
The‘sections immediately following describe exact and_approx-

imate methods for inter-relating these terms,

Equilibrium Adsorption Density

The result of the thermodynamic theory, the Gibbs ad-
sorption isotherm (A1), relates the surface.concentration to
the gradient of surface free energy (surface tension) with

chemical potential
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w . : ' |
dy = -~ I'sd ' . 12
Y 12y T1AR o (12)

,where-§is'the_surface tension, p3 isthe chemical potential of
species 1, and Pi‘is the adsorption density in moles/c@z. |
Varioﬁs conventlons aié employed.to increase thé uéefulness
of this equation, as reviewed elséWhere (M4, R3). Tho'
simplest, the Gibbs convention, assignsF= 0 for the solvent.
oThis is eouivalent to compufing thé ercess by comparing a
surfaoe layer containing n moles of solvent to a “1ayer" of
_bulk solution contalning n moles of solvent. The excess of

.components_2.3....n is given by
w  | - '
B 182 1981 .W , | : : ( )

It should be noted that oquation 14 below may be substituted

for the chemical potential 1n Equation 13
dp, = RTdlna, (1w

-where ai is the aoiivity of species i and is equivalehﬁ to
-the product of concentration and activity coefficient., In
many dilute solutions the activity coefficient is unity ,
and thén.concehtrétions nay bevoubstitﬁted-directly for
activities, |

Casesvof adsorptioh of ionic and nonionic surféoténﬁé

from solutions of differing ionic strengths“haVe been cOn-l

sidered by Moilliet et al. (Mi),
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'Sﬁrfece-adscrption_predictioﬁs based on a rigorous.e
-thermodynamic analysis are extremely dlfficuit_in complei
systems because of,tﬁe number of specles to'be accounted;.con-'
'_ seqﬁently' mcst 1hVestigators are satisfied to make a few
‘foaminéveXperiments-rather than extensive Surfece-tensicn
measurements. Furthermore, the theory applies oniy'tc per=-
sistent foams and Drobably not to transient foams 1n which the .
surface area is always changing. | |

Surface—tension measurement ofVS1hgle—compohent solutions
ﬁas-noty;sufficientn  to predict the relative amounts of
two_surfactants,'sodium iauryl sulfate end_sodium dodecylf
benzene sulfate, on the surfaces of foams formed from-soluﬁlons
containing both agents. (J4). |

Coadsorption of Nonsurfactive Species. Apblication of

foaming to the extraction of nonsurfactive species requires
a method of predicting the specificity of the foam surface
for 1ndiv1dua1 ions in the solution. This specificity may
arise from charge 1nteractions between the adsorbed surfec-
tént layer and a diffusecdoucleolayer of counterions cr from
bonded 1hteractions of a chelatevtype between surfactant and
solution species, | |
Competitive coadsorption cf ions of oproslte charge.ﬁo
the surfactant has been predicted by Jorné’(JB), based on the
dlffuseudouble-layer theory of Gouy andFChapman, and allow~

ing for differences in the distance of closest approach'of
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" ions of different size; The theory is best summariéed by
dividing it into considerationvef 11ke-sizedfmm;uniike~'_
vcharéedeions, and then extending it to different—sized 1ons.
(a) Like-sized fons. Assumptions made are that charzes
are polnt‘charges, curvature of the interface 1s negligible,
'ahd exeese surfactant:is concentrated at the interface in a
monblayer. The excess of an 1hd1v1dua1 ion i may then be

defined as
00
(v

Fl/nmi I z) - 1)d‘X ’ o (15)

Xo-

where %;1 is the bulk concentratlon of 1, v i1s equal to
.exp(;eQVkT) which i1s the Boltzmann correction for ions at

potehtiallﬁ R x. is the distance’of'closest approach to the

0
-adsorbed surfactant layer and z1 is the charge on ion 1

Through use of the Poisson relation
.dzﬁ/dx2}= 2d(a¥/3x)2/4% =‘-&w6g/DDO'__  216)
where @k' fhe net charge densify,is
- O eTwbton ap
Equatlon 15.becomes

Ty /oy = <KT/(e (Bric2/0D )%),r%’?l—;—ﬁlg%l_ yE (a8

Here e ie the electronic charge, T is the'absolute~temperature,

k is Beltzmann's constant, and vo‘is'the value of v at X=X e

o
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D is thé'dimgnsionlesé 41electric constant of the sblvejt;
Dy, based on the_permittivity of free space, is 1.112x10*12
coul/volt.cm..

‘To determine v., 1t is necesséry'to.equgte the surface

o’
charge‘to-the integral of the diffuée charge of the fdouble

layer:
o0 .
Tzge = [ pedx (19)
Xo o

~where s indicates the surfactant. Substituting the Poisson

‘vexpression; Equation 17, gives
FgZge = (DD/bm)(a¥/0x), . - (20

Tyzge = (BmkT/oD) H (g, (v,7t - 1)? o (21)

With v_ determined from Bquation 21, Bquation 18 can be
evaluated, The relative adsorption for two components is

then defined as

B = F1/ney = J(v?1 = 1)av/v(Zney (vZ1 - 1))%  (22)
P /ey JUvEZ = 1)AV/v 20wy (VI = 1)) %

This équation predicts adsorption'preference.for the ion of

“higher charge at equal concentrations.
The analysis 1s extended to different-sized ions by
allowthg different distances of élosest approach, although

the charges ars still considered as point éharges, The
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distance of closest apﬁroach is associafed with the StOkés',
rédli. Figure 3 presents a physicél picturé of‘the hypo—_
theticai 1nterface in which a surfactant monolayer.of chafgé
zg 1s formed at x=0, a.layerQof small COuntefioné with charge
'zl‘ls fofmed no closer than x,¢ , and a layer of larger

countéfldns withﬁcharge z, is formed no cldser‘than X, 1.

o'
~ For a binary cationic system, the relative distribution

factor as defined in Equation 22 becomes

B —(.r°<v21 - 1)av/(v(n l(vzl 1% 4 f(vzl - 1)4v/

o' . 0" e
(v(n 1(in - f(vzz - 1)av/(v(sn g (772 -1h )
ﬂ
7o (23)

- In ordér to evaluaﬁe this éxpreSSion, the values of Vot and
.Vo" must be détérmined. As before, the diffuse,bharge is

integrated and equated with the surface Charges
., =(- ‘ < _ - >

F z e —(.DDo/uﬂ)((dg/dx)xb" (a¥/ax), + 0 (dY/dx) (o)

Provided the potential variation is contlnﬁous, Equation 2&

becomes
Fze = -DD /hm(al/ax)yy - (25)
from which Vor mAay be evaluated by substituting
(A9/4%)y _, = (BmkT/DD) P (ney (v,21 - 1% (26)

In the region Xpt<xX<xXgym , Equation 24 may be integrated.
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ﬁ

\
‘ fzs‘K\
x=0 XEX gt X=Xg#

Figure 3. Surface adsorption model for small ions of charge
zq and large lons of charge'z2 to monolayer of surfactant
zg at x = 0, : '

\
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analytically, and the result is
(-e/(KT)) (SrkT/ (00)) Pnk (xgux_,) =

-

tantZ) - 1E tanteZ - DE (27)

from which Vonu ﬁaj be evaluated, Jorné's theory shows.
qualitativé_agrgemeﬁtrﬁith the results of Wace'andeéﬁféld
(W2) for cases where data on hydratlon radii weié available.
. The tﬁeor& does not ﬁake into account the possibility of
chélafé formationlér surfaceépaCking effects. It neglects
_variatidns in ﬁhe diéléétric'C6nétaht} and although it
accounts fbr'rédius.effécts_ltsbaigebfa 1é still based on
vpoint éharges;.v o | | .v

In the development of the charge-interactidﬁ»theory;'_
severai idealizations wefévadopted in ofdér tb make the mathe-
matics tfactablé. Pfiﬂdifal among'thésewiévthat tﬁere are
no surfaéeu~packlng effecté'and'that, ex¢ept in fhe case7bf
cheiation. there 1s no specificity-for ions except as ob-
‘served ﬁhrough differences in chérge and rédius. 'Investigations
bf surface—paéking effects in rare-earth systems indicate
th&ée assumptions may hot“be?entlrelyivalid;

An 1ndicatioﬂ of the behéviér.of liqﬁid-phase monoiayers
is given by experimental interactions of rare earths with in- -
soluble monoiéyérs observed through surface-pressure
mea’surémehts° In 1ntéractions'betw¢én dialkyl phosphates of

fourteen, sixteen, and eighteen carbons, light raré-earth
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ions up to terblum had 1ittle effect on the packing of the
. monolayer and interacted stoichiometrically with thP mOﬂO—
 layer species. For the rare-earth ions above tervium, the
iimiting moleculanSurfaée area was reduced by a third;.ihm
"dicating three-dimensional domplexing with the smaller idns
.of hiéher‘charge density. Furthermore, the'phosphaté film
showed:seléctiiity fbr the heavy rare earths in binary mixed
solutions with light rare eai‘ths° The fact remains, where
charge inferactions aloné opérate, 1ittle or no selectivity
was observed (H3),. |

Chelate formation for a metallic 1on'ét a surface ré-
~quires that the surfactant have at least twb functional éroups
capable of H' replacement or coordlnation,'situatai so as to
form a ring with the cation. Cholate interactions in - the
surface'have not been descrlbed by exact mathematical theory,
bﬁt‘qualitativébéonclusions may be drawn from experimental
results. Specificity may be ascribed to differences,inf
chelate stability measured by bond strength and thus attri-
butable to Jdifferences in the charge-fo radius ratio of the
metallic species (D2,M1). The influence of surface environ-
mént on the stability of chelatiﬁg bonds, although unexamined,
is 1likely to be an important effect in some systems.

The principal usefulnnsq of theorles of chelate forma-
tion and charge 1nteraction has been to explain tho relative

~order of adsorption of ions of known dimensions.
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" In abcheléting system both the order of increasing strength

of adsorption and the extraction preference should be the
saﬁe as the order of 1ncreasing.charge-t04rad1us ratio; the

radii of interest in chelate formation are the crystal tonic

‘radii, TIn a purely double-layer type of interaction, the

order of foam extréction should be the same as the order of
increasing charge-to-radius ratio based on the hydrated or

Stokes radii. Since the order of increase is opposite for -

the'tﬁo‘klnds of radii, the order of foaming in chelate

systemé'for a'series of lons should be‘opposite to that in a

vﬁdnbﬁ@iating deuble-layer system. It should be noted that

'thé chelate stréngﬁh may also be affected by surface

'rearrangements‘and packing effects.

-Foam Density

v

Identification of the stability of foaming in an

apparatus selected for study is essentiai. because the design

‘considerations given below apply only to stable foaming, For
unstable foaming, a comparable hydrodynamic theory has not

yet been developéd. In the study of foams which behave in

an ideal fashion in the sense that they do not coalesce and

-aré'sttllfuhderbcontrol’of hydraulic effects, several ana-

lytical'and_empirical approaches have been applied to predict

the foam denslty from knowledge of the system parameters.'
' Haas and Johnson (H1,42) assumed that the individual

Plateauiborders'(foam lamella intersections through which
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.tﬁe majority of the 1iquid fioﬁ'in é foam 6ccurs) could be
approxiﬁated.by small capillaries, and that this flow was
described by the Polseuille relation for axial flow through
‘a right circular_gylinder; Their result for vertically

flowipg foam was
f o= (k) - 1)(32muv ) 6 prd?) (28)

whefe Vg is the foam velocipy,vp is the liquid density, g
is the liquid viscosity, and f is the volume'fraction of
1iquid in the foam. The constant k, 1is the value of the
ratio of total 1iquid to Plateau border liguid only and 1is
usually assumed to be 1.5. -
Leonard and Lemlich (L1,L2,IA4) used the'geometry of
actual Plateéﬁ borders, and by finite-difference pfocedures
were able to solve forvthe velocity profiles in the borders.
These authors wére able to predict the flow rate of con-
densed foam independentl& of the overall maferial balanceQ,
The procedure requires knowledge or estimation of the surface
» vlscosity»and.bulk viscosity., Since no coalescence was .
allowed; the ultimate enrichment was independent of the
height of the foam, and the foam density was constant be-
'tﬁeen feed points. The prdcedure is applicable to,bolumns
“ which are fed'diréctly to the foam as well as to those fed

- directly to the underlying pool. Their résult was

£32 = xpv 075 (29)
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wherevk2 is a constant and &2 is Zvni gﬁjnidi. Experimentel
verification (L3) by the author yielded good azreement

| Rubin et.al. (R5) reviewed the above approaches and
evaluated thelir applicabillty in_several-foamlng experiments.
They found that'the Haas-and Johnson model agreed better with
.experimental results than the Leonard and Lemlich model,
but that neither model predicted observed dependence on the
eolumn diameter. All of their results were correlated-by

~ the equation
f = kav /(3%D, 7" %) . 30

where D is the column diameter. |
Flow in stable foams hes been correiated recently by
D3, = kG0 (31)

'where-Dgz is the average bubble diameter .end ku is a-ﬁdi
constant. The value of n 1s'1.0 for plug foam flow ( ae
described in the Lemlich theory) and is 2.5 for_turbulent{
flow in which the foam bubbles are spherical and relatlveiy
1ndependent of the foam matrixlln their mevement. The trans-
ition between-piug and turbdient»flow-eccurred with 1ncreasing
"gas rate for f lower than 26%; at this value a subsﬁantial

fraction of polyhedral bubbles were evident, No coalescing

foams were observed (R6).
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' Wace, Alder, and Banfleld (Wl) considered hydrodynamic
behavior to be approximated by a swarm of bubbles rising in
a,étagnant pbol, and derived an expression for the maximum

solute throughput as a function of gas veloclty and bubble

diameter, They found that the solute throughput could be

optimlzed by using fhe makimum‘gas rate (the gas veioclty
.befofe the fdam~pbol'ihterf§ce disappeafsh and the optimum'
bubble diameter of’6.8'mm3 at these conditions approximatély
165 cmz/sec-cm2 would be the aréa throughput. :
"These authofs have.considered drainage in a horizon-_‘
tal foam section where the vertical foam velocity is zero,

Theilr result for the exit foam density e 1s:
e = e exp(-15.2 + dz)i : (32)

where :éoié the foam density at the start of the drainage

section, t is the drainage timé, and d is the bubble diameter.

Haas and Johnson (H2) also worked with horizon al foams and

- derived theoretical expressions for the foam density based

on their capillary model of the Plateau border. -

These hydrodynamic theories and correlations find no

~application to extremely dry or severely coalescing foams;

for these foams the only alternative is to perform experiments
in order to determine the foam density at the column exit.

For extremely dry foams, the liquid flow in the foam may

have stopped (the foam has solidified),... For éoalescing foams,
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the bubble size and distributlon chaqge so drastically that
any attempt to make an exact analysis would be difflcult
There is no.npriorl way to determine how a given system
will foam'because foaming is a result:of sueh a complex com-
bihation of chemical'and physicel factors., For the purpose
of 1nvestigating process possibilitles, experimental work
at an early and 1ndeed at every stage of development is
essential | |

Separation Problem: The Rare Earth; Elements

A particularly interesting and potentihlly useful appli-
cation of foam fractiohation is to the separetion and
extraction of the rare-earth elements, These'elements
(atomlc numbers 57 to 71) have been difficult to separate,
and consequently, the cost of the 1nd1v1dua1 elements has
been prohibitively high. (A2. B2).

Uses of the Rare Earths. Current 1nterest in the rare“

earths stems froﬁ their present and anticipated usefulness
in medicinal, metallurgical and 1ndustrial applications.
The salts of the rare earths are used in embalming to pre-

- vent blood coagulation; neodymium sulfoisonicotinate is a
thrombosis preventative (KB); and cerium oxalate is an_ahti-
nausea pharﬁaceutical.’vThe rare earths have found use as

. catalysts in emmonia_aynthesis, esterifications,vhalogeng;
tions, and.hydrogenations. 'They are usedrgggﬂass-p011Sh1ng

compounds, ﬁltravlolet absorbers in giass,'and forvimparting‘
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¢ ,
color folgless,(Slb);.'Their high fﬁefﬁaleeeuiroh'efoss-sectlon
makes them eXcellent abserbefs in nuclear reacter cores, and
they have been employed 1n a neutron~absorblng paint (Pl)
The largest user of burified rare earths has been the tele-
vision industry which uses Fud as a red phosphor in color—
television tubes. | |

Separation Difficulty. The difficulty of separation of

the rare;earth ions arises ffom e similarity in electrohic
structﬁre, the lack of a variety of oxidation states, and a
: highbdegree'of hydration.v All the rare earths §ossessvcom-
pleted 58 and 5p orbiﬁals, and dlffer in the numbef of
electrons in the 4f orbital as shown in Table II. Filling
_of fheselorbltals 1s observed by fhe redius which decreeses
with lnereasing atomic number--the lenthanlde centractien.

‘With a few exceptions, all of the rare earths comhohly
- Occuf'as trivalent iohs. The exceptions are'Ce, Pr, Tb, N4,
vend Dyiwhich also have quadrivalent forms; and Eu, Sm, Yb,
Th, aﬂd Nd, which may occur in divalent form.. In solutien
only ﬁhe trivalent species of tﬁe rare earths and the |
”quadrivalent form of Ce are observed,

Through hydroljsis, the lanthanons_forﬁ the aquo eem-
| lplex ’M(OHZ);3 where nig larger than six and may be_asbhlgh
as nine (S11). The hydrated radiil increase with'incfeaslng B

atomic number. .
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‘Table II. -Outer electronic structure and crystal radii of

the lanthanides.

change
: - from
crystal breceding

Uelegent atom. M2+_ M3+_ 't (i4lus ?iimnnt
La sae? e (Xe) == 1,081

Ce Mfzﬁszx ——- bf (Xe)  1.03% 6.627

Pr 4r%s? . aee nr? nr 1.013 0.021

Na w62 e wed  ur2 0,995 0,018

Pn u4r%%s? oo uf® . o.979 0.015

sn wrfes® e ueS o o0 o.015

"Eu ur’6s2 v' ur? o ugb e 0.950-. . o;oih_

6 75262  aem 8£7  aee 0933 0,012

Tb br9%s2  aee 4r® ug? 0.923 0.015

| by 4ri0s2 R 169 ue® 0.908  0.015%

Ho  urlles? oo wel® oo oo o014

o T O 0.013

em arlles2  ael? onel2 L 0.869  0.012

w o ourts?  uet™ ald L olgs 0.011

Lou  orl¥sa6s2 o uel® 0 o.su8 0.010

Only the valencé shéll electrons, that is, those outside 6f
the (Xe) shell , are given. A dash indicates that this
oxidation state is not known in any isolable compounds,

Orbitals:. H.H. Sisler, C.A. VanderWerf, A.W. Davidson,
: Ganeral Chemistry,2nd ei,.(Macmillaq Co.,Vew York
. 1959) . p.631,
Radii: F.A. Cotton, G. Wilkinson, Advanced Inorzanic
Chemistrg(interscience New York 1962),p.870.
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Separation Methods for the Rare-Earth Tlements. The
chemistry of the rafe earths.is-larzely ionic,‘sﬁd clasSicall
| separations of them have been based on ionic interactions,
Because of the previously mentioned factors. these separa-

- tions have not been very specific., The main industrial unit;
operationS'have been basicityisepeiations and precipitatibn
of sulfétes, double sulfates; oxalates; fiuorides, and‘cei-
bonates. Even with.the‘aﬁveﬁt ef'mere advaneed methods tbv
be'discussed.below Y21l recently published schemes—-without
vexception-—for the separation of the rare-earth elements are
based upon the elimination of the bulk of thevmajor elements
(ceriﬁm end 1anthaﬁum in the cerium subgroup, yttrium in the
yttriumasubgroub) by “clessical" methods.' Europium, samaf?.
ium,vand ytterbium are recovered by velencesehangevreactions,
_ Ionnexehsnge methoas‘afebalﬁays employed, but only after vpre-
liminary enrichment\by othef meaﬁs;.;" (BZ).v'The’details,of
vthe classical methods are indicated in the excellent review
by H.E.Kremers (K3). |

:Recent large-scale separations make use of complexing
and chelating agents as separating agents, because they:penef
trate into the %ydratien spﬁeres ef the lanthanoﬁs‘and fesult
in greater specificity than is observed through ionic inter-
'actions. The strength of each chelate is governed-by tonie
_charge; fonic radius, basic strength, steric hindrance fer

ring formation, ring size, and the number of rings. For a
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| given‘chelating agent and for'like-chargei 1053, the.order '
" of chelate stability of rare earths increasesvfrom La to Lu
in the saﬁe Atrection as decreasing crystal radius and in-
creasing basicity. ‘Separatioﬁs have'been performed using
lchelatin;z agents as‘precipitating agents and in ion exchanqe
(Pu T1,W5).

Ionfexchange.separations_of thebrare earths are of two
types} Elution chromatography'employing chelating agents
as elutants is of interest in analytical applications, tut

| uneconomical otherwise.' Disnlacement chromatography. employ-

ing EDTA or other chelatina agents as elutants and ammonium

or alkali-metal ions as disolacement ions. iS'capable of pro-'

ducing tOn sized quantities of pure rare earths (P3) Tabln

VI shows theoretical sinqle-stame separation factors for

| each of the adjacent rare earths in a displacement-
chromatographic separation using I3‘D’I‘A as the elutant (Ph)
These values range from 1.1 for the Gd~Eu separation~to 4,2
for the Tb-Gd separation. The average separation.factor‘was
2. EDTA provides good seoaration of all the lanthanons but
is restricted somewhat by its low: solubility.
» Tompkins (T1) found that in separations using Dowex 50
rare earths should not axceed 3x10 Lﬂ in rare earth; usinm
.Amberlite IR-1, the concentration should be IO 6M or less.

Several different eluting agents have been employed (Sll)s

EDTA was considered to be the most effective, Otherjelutants

used were hydroxyacids, amion acids, and amino-polyCarboXylic.
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.acidsf All 1on-exchanze related seoaration techniques are

limited by not belng continuous.
Much recent interest has been focussed on liquid liquid

extractlon of the rare earths using nhosphorus-based extrao-

- tants. Most'commonly mentioned has been TBP, tri-n-butyle

;phosphate,_which extracts'nitrate-complexed.rare earths from

ooncentrated'nitric acld solutions. Extraction by monoacldlc

phosphates ‘and phosphonates displayei larger separation fac-

»tors, but was comnlicated by precipitation phenomena (w6)

_ Molybdenum Corporation of America (Molycorp),_whlch is‘

currently the largest pioducer of'rare-earth produots 1n the

-Unlted States. uses a‘liquid-liquid.ion-exohange process for

the separationbof rare-earth oxides.v The process nas tne
caoablllty of producing 10 tons of eurooium oxide annually
at 99.9% purity (M5).
The search for better rare-earth separation methods has
largely been in the direction of | »
(a) eliminating the 11m1tatlonsrimposed by the need to exoeed
the solubility product, |
(b) eliminating the limitation imposed upon the ultimate

purity by carrying of‘a”contaminant rare earth,

-~

‘(c)'enhancing.the single stage'ﬁifference betueen a given

pair of rare earths and .
|

ily.
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The lon-excnange technique has.made majofvimprovements in the
'flrst three of these criteria; lf it'is'operated in the batch
mode, 1m§rovement 1s achieved in all four.

Liguid-liquid extraction meets all four iequirenents
but fs limited since the utilization of more that 20 stages
(countercurrently) ts frequently difficult (P5).

Foam fractlonation would seem to satisfy a,b, and 4 with;
lout question and 1s readily operated continuously._xlts |
‘-potentlal usefulness will depend on its abillty tovsatisfy
. the reQuirenent of single-stagevenhancement, and this will
depend in turn on the extent of multiple ccntactingzin.the

foam,

Application of Foam Fractionation in Ion Extractions and

Separations

Much of the recent research with foam fractionation has
been applied to the extractlon of surface inactive metal lons
by surface-~active counterions., These extractions have demcn-
strated selectivity based on charge»interactlons and on
- chelate formation in a wide varlety o systems. Although some
attention has been focussed on rare-earth elements, no attempt |
has been made to separate between rare-earth ions bv the
method. Table ITT summarizes the research by listing the
vmetallic 1ons extracted from solution, the extracting surfac-
tant, and the ions from which a selective separaticn was -

‘made if other than sodium.” The table includes a 1listing of
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Table III, Foam fractionation of metallic lons. .

ion
in

foam

Ag+

A1+3 -

Ca+2

cat?
Ce?3
iCe+3
cot?2

Cs+

cs?
og*?

Cu+2

ret3
Fe+3
Fe'é'3

(table continued on next vage)

R o S refer-
retained ion* surfactant®# ences
' | a Wh

.Scf?, e,AS .31
a Wi
cstt b W1, W2
cs*t b Wi, W2
set? e, AS Bl
h,1,J3,k Sk
a;d,e.f,z,l,m,n,o,p,q, Sév
r,s,t,u,v,w,x,y,z,4AA,
AB,AC,AD,AF,AP,AQ,AR
Ce+3,Ca+2,Sr+2,Th+u b | WI;WZ
| Rl
AD R
a Wl
AD R
| Sc+3 efAS Bi»
a W
a | Wi
o a
a who o
se*? e,AS Bt
a Wb
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,§§§ - : - réfer-
foam retained ion* surfactant®** ences
Nat Set3 e,AS Bt
NHL;" a | Wb
Ra*2 | h,1,38,k Sk
. Rat? Ca+2,U+3.Na+ c,ﬁfe;f.g,h; .'; 83
set? -g::3§%:§:g$;3,A1+3,_ e,AS -: _BL
ém+3 _ | h,l,.v,j',l.( SL‘
sm*3 a,d,e,f,z,1,m,n,0,p,q,
r,s,t,u,v,w,x,y,z,4A,
. " AB,AC,AD,AF,AP,AQ,AR S5
Sﬁ+3 srt? (seé feferénce S5 above) Séu
ap*2 AH,A0,v,p,0 51
£ AE | 52
B b W3
srt? cs* b WL, W2
Sr+2 ”Sh+3_ (see reference S5 above) S5
™ et b | WL, W2
Tt ucy -2 AL, AM, AN 32
ut3 Sc+3r e,AS | vBi_
ucrm2  mtt AL, AM,AN J2
U(Co,) ;% V(coyT3 (AT,AJ,AK, AL J1
vo,*? B AE w;-
v(coy) [~ U(C0,4)5? AT, AJ,AK,AL g
VAR e,AS B1
zn*2 a W
zn™2 gt AT K2

- retained ion iS'Na* in cases where no other ion specified.
## key to surfactants is given on following pages,



‘Table III continued,

Xey

2
b

cCOmmon nsame

Key to surfactants.

N

‘ chemical structure .

- PMT

NaDBS

Sipon LT-6

Aerosol-22

Igepon TC=42

.Terg1t61-7

DBDTTA

Nacconol 60s

Areskgplloo
Alipal CO-436

chemical name |
palmitoylmethyltaurihe

sodium dodecylbenzene sulfo=-

" nate

triethanolamine laurylsulfate

tetrasodium N=(1,2-dicarboxy-
ethyl) N-octadecylsuccinamate

sodium N-methyl-N-coconut o1l
acld taurate

sodium sulfate of 3,9dilethyl-

tridecanol

dodecyl-benzyldiethylenetri-

amine tetra-acetic acid

alkylarylsulfonate

toluene sulfonate

alkylsulfosuccinates

coco-0il acld laurates

‘aromatic sulfonate

Cy o Hy s CgHuS04Na

C12H25N(CHZCH20H)3SOH

018H37N(CHV(CQQNa)CH§COONa)-;

(COCH,S(CHCOONA ) 0, Na

¢I9H2200N<CHQ)CH2CH2803Na

ChchH(CzHS)CZHUCH(SOuNa)°
CH,CH(CH,),
€1 2%25

CgHy, CH,N (CH,COONa ) CH,~

..6€-

CHZN(CHZCOONa)CHZCHzN(CHZCOONa)2'

Na S0, CgHy, CH,
NaSOQCHcooRCH?coonf

RCéHh(CHZCHZO)uSOQNHa

$2561=THoN



Key to surfactants

key

& a d

COmmon naige

continued,

Aerosol OT

Deriphat 160
Deriphat 170
DIDAA

Dowfayx 241

Igepon T43

Igepon IN=-74
Maypon K

Triton-100
Triton-200

_ Ultrawet

Victawet 58-B

chemica1 n§ge chemical structure

- sodium dioctylsulfosuccinate  NaSO,CH(COOC, gHy 7)CH2000018H37._

‘lauryl-B-slanine Gy ,HpgNH,CH(CH;)COONa
dodecylimlnodiproplonic,acid CH3(CH2)1000N(CH2CH2CQOH)2
‘aminocarboxylic acid

dodecyliminodlacetic acid CH3‘CH2)1000N(CHécOONa)2

(sodium salt)

dodecyld1phenyloxidedisu1-
furie acii

éodlum N-methyl=N=olelyltaurate ,C17H33C0N(CH?)CH2CH2303Na
(see a)

polypeptide | _ ‘
N-dodecylbenzyldiethylenetfi-. 012H25C6H4N(COOH)CH2CH2N-
amine triacetic aciAd _

' (COOH)2

| RCGH), (CH,CH,0) (OH
sulfonated‘polyeﬁhyiene oxide »
| | | | C6H,RS03Na

phosphorated capryl alcohol (capryl) (P1°10)2

- =0f-

| SZSét-THQn



Key to surfactants continued;_.

key
AB.
AC
_AD
AE
AF

AG
AH
AT
AJ
AK
AL

AN

common name

chemical name

chemical structuré

Aresket 1300

Miranol 2MCA

'RWA=100

Bacto=-tryptose

Ammonyx TRM

Aliquat 336

Hyamine_1622

Ammonyz_

sodiun oleate

sbdium laurylsarcosinate

sodium laurylsulfate

protein digest mixture

cetyltrimethylammonium
chloride

decyltrimethylammonium
chloride

cetyld1methy1b°nzylammon1um

‘chloride

diisobutylphenoxyethoxyethyl-
Aimethylbenzylammonium
chloride

,stearvld1methy1banzv1ammonium

chloride'

CypHygN(CH;) 5C1

C HZBCON(Cﬁz)CH COONa

1 Hy,C(- )NCHZCHZN( )(0303012

Hp5) (CHpCOONa ) CHy CH,OCH, COONa,

616H33N(CH3)301;1
C10H21 N(CH5) 5C1
Cy ety (G (OO

({CH:)3CCHpC(CHA), CxHy OCH,CHp=
OCH CHN (CHy) 5CHyCgHg ) €1+ HpO

$2561=1800 -



Key to surfactahtSjcontinued;

AN

A0
AP
AQ

As

AT

chemical name

common name

Intramine Y

Miranol CM

Nekal 75
DBS ’

’cetyldimethylbenzylammon1um

chloride

sodiumoleate (see AB)

dodecylbenzenesulfonic acid

sodiumalkylbenzensulfonate

chemical structure

Cy 613N (CHy) 5(CgHs) O

RCONHCHCH0503Na

ONa) 20H - .
Cy Hy CgH,RSO,Na

-2h-

. 6256 1-T40N
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o the surfactants with their chemical and commercial names,

Selectivity Among Divalent and Monovalent Metal Ions.

In an extenslve study of the foam fractionetlon of various -
vdivalent and monovalent 1ons an order of selectivlty based
on the strength of adsorption of 1nd1v1dual ions was found by
Welling(Wh); In the divalent series, Mg'' was more strongly
adsorbed then Ca++a in the univalent series,.the order of
decreasing adsorbtiOn was NHb+> x*> Na*> H'. Both serles
‘were formulated from experiments where the ions were foamed
individually, at different concentrations, from solutions
of PMT (palmitoyl methyl taurine), and thus the'conclusions
drewn ebout relative'selectivlties may be 1n.error;'.In |
Walling's results, . diValent ion separation varies inversely
with the crystal 1onic radil and thus with bonded chelate
1nterection- whereas monovalent-ion separatlon varies nearly
inversely with the Stokes radiL i.e. the hydrated radii, and
thus appears to depend on charge interaction 1n the surface
layer. Table IV reports crystal and Stokes radii used above.

 Separations of Metal Tons from Rare Earth Ioms. The

separation of Cs+ from Sr++, Ce+3,Th+u, and Ca++ resulted in
‘the following molar'edsorction ratios in the foaml Sr++/Cs+=
55, ca't/cst=38.5, cet3/cst=3.7, and ™*t/cst=1.s  (u1u2),
The eXcessive suppression of tne highly cnerged specles
“of cerium and_thoriﬁm was explained on the basis of steric

‘hindrance at the two dimensional interface., It was noted
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Table'IV, Crystal and Stokes ionic raitt for selectédr_

cations.
cation “erystal radii Stokes radil : >
(A) . (4) ’
CE e 00293 i
Nat 1 0.95 N 1.80
+‘ .
NH, " 1.48 | 1,275
Mt 0.78 o 1.725
catt 1.05% 1,53
Crystal raiii: R.C. Evans, An Introduction to Crystal
: , Chemistry(Cambriige University Press, .
Canbridge, 194%), _ o
Stokes radii: E.A. Moelwyn-Huqhes. Ph sical‘ChemiStrv.'Zni
_ - ed,, (Pergamon Press, New York, 19%1). _
)
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that in comparable 1on-exchange and solvent-extraction pPro-
cesses, the separation between Cs and the other 1ons
1ncreased with increasing valence. '

Foam fractionation of radioactlve specles to reduce con-

"tamination in dilute plant wastes has been reported in several

articles (Sl 32 84, 85) In the most complete of these (35),

three surfactants--dodecyl1m1nod1propionic acid (Deriphat 160),

' dodecyllminodlacetic acid (DIDAA), and dodecylbenzyldiethylene~

 triamine tetra-acetic scid (DBTTA)--were applied to the

+3

separation'of Sm-- 7 from se*?t,

‘Hydroxide competition with
the surfactant was observed at pH values over 6.0 for Deri-

phat 160 and DIDAA, and caused samarium adsorptionlln the

" foam to‘be depressed- rare-earth hydroxldes precipitate'near

and above pd.é (M2). DBTTA shoﬁed evidence of chelate form-
ation since adsorption of both samarium and strontium
1ncreased as the pH 1ncreased to values above 7 wherevhydrox-
ide formation ordinarily depressed extraction. In all acid
solutlons, samarium was preferentially adsorbed from solu-

t1ons 107N 1n sn*’

, 1075¥ 1n sr*?, 1.0 1n naNo,, and 0.2
to o;b.gm/l in surfactant,

Extraction of Rare Earth Elements, The enrichment of

*3 with the commeroial surfactant BWA-100 was. strongly de=~

pendent on the pH as reported by Schoen (32). Maximum

enrichment occured at about pH 4.5, At higher pH, compe-

tition_ﬁith La(OH)3 precipitation was experienced; and at
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lower pH, competition with the acid form of the surfactant

,#as experienced This type of pH dependence is typical of

metal ions and was reported by achoen for Sr ++ and U02 ‘;as
well._ | |

| In studying the extraction of Sc+3'by dodecylbenzene.

 sulfonic acid (SA).and sodium n-methyl-n "coconut_ollzaeid"

+3. Bauer-(Bl)'found

‘taurate (MT) from solutlons'lO'@ﬂ in Se
"enriehﬁent fatios as high as 6.5.at‘gas flowrates of-éSml/min.
Other.iens competed strongiy for surface positions; eitHOugh
HfSA showed some preference for Sc in the presence of Ce.t‘High
temperature (30 C) 1mproved enrlchment by lowering the sur-

e_face tension; ad justing the pH to 5.0 yielded the_maxlmum,f

‘.enrichment of Se.
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STATEMENT OF THE PROBLEM

Foaming separations by.stable (persistenf or noncoa=
lescing) foams are well established in the literature, The
properties ahd characteristics of unstable (transiént or

coalescing) foams have not received the same attention..

: Nevertheléss; foaming in the transient mode may be necessary

if the syétem'will nct form a persistent foam, and may be

desirable if the maximum enrichments and cxtractions are ob-

“tained in this mode. In transient foaming, the coalescence

of foam‘bubbles resﬁlts in surface-area decrease with increaSa

ing height in the fcam layer. It should create an 1nterna1

reflux of‘material displaced from the rapidly shrinking area,

‘and should thus promote a foaming extraction and separation

of materials such as the rare~earth elements by nroducing a

multiplication of stages within a single contacting unit. An

'~ experimental program was therefore undertagken to examine -

~ transient foaming from several different aspects,

Surfactant Extraction

Anionic surfactants merit particular study’because cf_
their potentlal salt-forming cabacity in metal-cation adsoro-

tion. For- this reason an. excloratcry study was carried out

to determine extraction efficiekcies and rates for such a

- surfactant, over widely varying’gas rates and at two scluf

ticnfphasevccncentration levels, in apparatus of fixed;foam

height.
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-Earth Sep ation
An extraction system was adopted in which the selectiv-

Vity property for rare-earth elements was proviied by a
vchelating agent, and the foaming»and extracting function was
'supplied by a cationic surfactant, Measurements wefe made
{to deternine the effects of concentration levels of surf-
actant; complexing agent,'rare-earth ions, and pH‘on the
'-nature of the foaming'seoaration}lmode of faaming; and effec-
 tiveness of the separation and extraction.i It was deS1red
to determine whether ion: flotation. precipitate‘flotetion,
or foam fractionation would occur, and to find means of |
controlling the foam stablility and wetness so as to maxi-
mize the separation capactiy.

The preliminary studies iniicated that residence time
in the foam column controls the specific liquid content and
'separating capacity, and hence that foam heiqht gas flow
.rate,'and-column diameter need not'be_varied separately. -
LIt proved convenient to adopt a constant relatively.low:
:gas flow,rate for all runs, and to vary the foam height oVer
a substantial range.
| Cerium-neodymium and cerium-samarium mixtures wefe
selected as typical systems for foam-separation tfials,fas
| being relatively difficult to separate and relatively easy
‘to analyze. Because separation rather than complete removal
was the postuleted objective, a steadypstate_continuous-flow

operation was ddopted. s
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- EXPERIMENTAL PROGRAM

App tus ‘ u

In order to determine the practicality of a foam for
Eseparations, it was necessary to study foams formed under
‘Vvarious contrived conditionso These conditions were both
' chemical and physical and included'such'variebies.es epecies
'concentration pH, gas flowrate. and foam height. |
_ An apparatus was constructed in which the chemical
»effects could be studied and which 1tself provided for the
vphysical effects, Since this apparatus was both an experi-
‘mental tool and a prototype of production equipment, it’had
to provide for vieibility,'tersatility. easy cleaning. and
eaSj aesembly. All of these criteria were met by using a.
tall, SOmm diameter glass pipe fitted at the bottom-with a
‘a gas;pubbiing device’and‘at the top with a means of remov-
ing and collecting foam . This glass pipeeor foaming colnmn
"i8 1llustrated ianigure L and was constructed‘of femovdble
e:‘sections gasketed with Ooring joints.

The top or foamuexit section featured a diameter reduc-
tion from SOmm to 4mm, A piece of 4mm glass tubing connected
to the'top carried the foam to a suitable receiving vessei;

The next section or feed section was provided with a
.bmm inlet tube._ In all of the experiments, the pool-liquid
interface.with the foam was maintained just abovebthenfeed‘

inlet.
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B 50mm
foam with-
drawal tube
' .
20mm
50mm.. o — foam-exit
1 : section’
% _ ‘{} , > - _o-ring. joint
!4 5mm i feed sectidn

feed 1nlet-

40mm

TN

o-ring joint

pool section

pool inlet

o *"‘E’T

Figure 4., Foaming column (not to scale),

__gas sparger

rubber .

stovpper

gas inlet




~51-  UCRL-19525

The bqttom»or pool sectibn was pfbvided witﬁ.a mm inlet
tap and a:éas bubbling'device.  The'pobl.seétion'wés opén_at
thevbotﬁom, and Nzlwas added:thrOugh an.extféécbarse-gradé
sinteredéglass Sparglng tube, which’wéé inéerted through é‘
rubber'étdpper placed in the open bottom. This sectioh was
easy to clean énd would allow fof fapiﬂ sﬁbstitution of
other éas;bubbling devices,

Foam‘drainage was provided for in the 10cm height be=
tween the liguid-foam interface in the feed section and the
ﬁop of the foam-exit section; ‘Greatef-drainage'lengths
could be.stﬁdiéd‘merel& by inséfting glass extensions be-
tween the.foaméexit ana the feed section. In actual pfactice,
18, 24, and.jjcm»foéms were also used. The.pool volume was
about 20qm1. |

This column was always operated W1th.cont1nuous foam,
féed, &nd pool‘stfeams, |

A 25mm diameter,glass column was used in early develép-
mental work and for the foaming of the énioﬁic surfactant
Aerosol 22. The column was constructed in two sections, a
foam‘exlt section aﬁd a pool sectlon, cohﬁécted at an Osring

joiht;__Thé pool section featured two 4mm taps,.one_for feed
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and one for pool7drauoff, and an eitra-coarse-grade sintered-
glass disk for gas bubdbling. Tne foam exit was similar to the
S50mm-column exit in providing a sharp reduction in diameter
at the column top. Foam drainage in this column occurred in
. the fixed écm height between the pool surface and the bemin-
.ning_of the exit constriction. Liquid volume of the pool was'
60m1. | | | |

This column was also onerated only with continuous feed
and continuous foam and pool offtake. |

Several reflux—inducing devices were provided for -the
50mm column. These'included a Mylar disk perforated_with_
150 holes of O 75mm diameter,.equally spaced over the disk
cross-section. The surface of this disk uhich was roughened
by perforation at the edges of the holes faced downward in
the column. Other devices tested were a 60mm'deeo oackinz
of 9mm plastic beads, a single 30-mesh stainless steel screen.
a compact stack of three 30-mesh stainless screens,; a single
iSamesh rlastic screen, and a single 100-mesh stainless‘Steel
screen. The devices were inserted at Joints between major
sections of the foam column.

Auxili@gz Equipment. Auxiliary components for thec.
column'are 1ndicated in the schematic diag:am of Figure 5§,
These included a constant-head feed-liquid tank, 1iquid

2
s bubble counter for measuring the gas flow rate. Most of

rotameter, N, source, feed-gas humidifiers, manometer, and
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theSe apparatus were of standard desién.and need no furtherv
description. The bubble counter, however, was a 10 Oo-ml
pipet mounted between two gas bubblers: the upstream bubbler
containing an aqueous solutlon of a foaming surfactant
Igepon AP-78 (GAF Corporation), and the downstream bubbler
contalning an aqueous solution of a defoaming agent Antifoam
60 . (General Electric Co ). Volumetriec flow was measured by
'ltlming the passage of a bubble lamella between marked divsions
on the pipet.
FChemlcals | |

The chemical reagents.used 1n the foaming experiments
included three rare-earth chlorides and two surfactants.-
Table V presents a listing of these ohemicals, their com-
lmercial and chemical names, chemical structures. molecular
'welghuss and the commercial source from whlch they were p
'obtained Concentrated (2. 5g/1) stock solutions of the lt
lanthanide chlorldes (Ce,Nd,Sm) were prepared directly from
the supplied reagents, The SmCl3 stock solution requlred
mi1d acidification with HCl to completely dissovve the salt.
Feed solutions were prepared by adding small: volumes of the
stock solution to a sultable volumetric_contalner. Dlstilled
: water‘andnany other solution components were then'added'and
the entire_solution mixed thouroughly. Feed pH was adjusted
with dilute HCI. ’

The laboratory supply of distilled watervwas delonized

by treatment with a Barnstead #0802 ion-exchange cartridge.
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Table V., Chemicals used in foam-fractionation studies.

chemical name - commercial "~ structure molecular supplier
: . ' name oo . Melght
~cerous chloride | . CGeCl, . 2Mk5 KK Laboratory
neodymium chloride . NdClé L 250,56 K&K Laboratory
‘samarium chloride . '- '_~ SmCl4 -~ . 254,4 - Bryant Laboratory
tetrasodium N-(1,2-dicar- Aerosol C% »N(CHCOONa - £53 . American Cyanamid .
boxyethyl)-N=(octadecyl= .. C QCBONa)(ECCH2- : L
sulfosuccinamate (?5%) ~ CHSO3NaCOONa
d1isobutylphenoxyethoxy=- Hvamine - ((CH3) 3CH2C(CH, ) LEA,1 ° - Rohm & Haas .
ethyldimethylbenzylammo- 1622 -CsHuOCHZCH OCH ' o o
niom chloridie monohyirate o 'N(CHg)gCHgCgHg?*Cf- ' ' '
_ ' i
ethylenediaminetetra-~ EDTA (HOOC) ,NCH, CHoN= 172 -~ K&K Laborato
acet%c acid (disodium ' : (COONg)z 2=72 | R i
salt : ’ : o

$2561=1HoN
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Two:surfactants were nsed_for foaming.' The anlonic'cone
'pound used AeroSol 22, lhas‘an e1ghteen~carbonhchaln
hydrophoblc portion, and a hydrophlllc part comprised of
“three carboxylates and one sulfonate group.

The cationic surfactant studied was a quaternary ammo
rﬁum.salt dyamlne 1622, contalning a long chain with both
aryl and alkyl groups, and two ether linkages.

 The chelating agent WDTA contains four carboxylate ions
avallable for chemical bonding. Tts disodium salt form
_yields a singly charged negative ion 1n combination with the
tripositive rare-earth 1ons.f

Procedures

Criterla for Selecting Operatlng Conditions. Liquid '

flow. rates were selected that would allow the pool to remain
essentially undepleted during the foaming experiments. A”
volumetrlc feed’rate approximately.ioo_times the condensed-
foam'volumetric rate was considered sufficient for this
purpose, | | |

Gas flow rates and most solute concentratlons were*con-
sidered as experimental varlables. The only ceriterion for l
“the 1atter was that the total rareoearth concentration be 1in
excess of the complexed rare-earth concentration to a_suffl-

cient degree for the system to show specificity.

Eguipment Operation and Experimental Procedures. Prior

to each new experiment, the entire apparatus was rinsed:
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Athorougbly with delonized water.: If,the.fbam—e#itVSeetion‘
and withdrawal tube appeared cloudy, theyIWere washed also
"with soap-and—water gsolutions before the rinsing.

| To»start a run, the gas flow rate: was set and feed
solution was then introduced from the reservoir through
”process‘lines; to bring thevpoolaseetion'leVel up te 6 or:
10cm (for the 25mm or 50mm column respectively) 'Norﬁally;'
foam began to form 1nmed1ate1y, above the pool»liquid surf‘acee
- When the foam first overflowed through the withdrawal tube.
the time was recorded, and continuous input and drawout of
1iquid was begun, | , o - |

Fo@mvheight was deflned ae.the distence.from the pool-
foam lnterfacekto the'level in the upper or exit section
vwherelthe inside diameter first decreases. Othei measﬁre;
ments made were gas flow rate, 11qu1d feed rate, and
.temperature., Notes were taken on the stability of the foan.
. approximate eize of the 1nd1v1dual foam bubbles, vislble
effects of coalescence-promoting divices, and the presence
' of particulate natter.

Some coalescence of'foam.occurred during its pasSage
into the collecting vessel, and coalescence was completed
by standlng for several hours. The total-c0aleseed bverflow
‘was then collected, and its exact volume noted. This entire
sample was quantitatively'transferred.inte ; digestien crﬁ-

cible (as described under Chemical Analysis). 'The'total':
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pool overflow was also collected, and its exact volume and

- pH were noted.,

Chemical al Analysis of Rare-Earth Content

Two analyses were performed on each foam .pool or feed
sample. First, the Ce content was determined by oxidation-
reduction.titration. Second total rare‘earth was established
by complexim@tric titration with EDTA. Standard:samnles of
Ce N4, ‘and Sm were run as checks each time the analyses were_
vperformed The procedures as described here apvlied to foam-
‘ing runs with Hyamine 1622. | . |

Sample Preparation. Destruction of complexing agents

’ I
and surfactant present in the. sample was necessary, because

“of competitive effects of these constitients durinz the
compleximetric titration. | '

The condensed-foamxliduid'voiume was‘measured and’ree
" corded, and then the sample was quantitatitely transferred
to = 36m1 silica crucible, Soap accumulations on the foam
exit doﬁncomer were rinsed off and were added.to this crucible.'
Silicsa giass was used hecause of 1ts low content of inter-
fering oxides such as A1203 | |

One to two ml of concentrated sulfuric acid were added
to the crucible contents, and the solution was heated slowly
(not boiling) in a laboratory hood to evaporate the water

content. When the volume was reduced to a few ml, the heat-

v ing rate was increased to cause both the charring of organic
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matter and the'evaporation of sulfuric acld, Tﬁis'low;
temperature charring prevented any attack on the crucibles by
,EDTA during subsequent steps of the sample digestion.‘

The e¢harred sample was ashed in an eleotric muffle fur-
nace, and the ashed sample was dissolved with neating invone
ml oflconoentrated sulfuric acid. This sample was quantita-
tively transferred into a 100ml volumetric flask and
subsequently split into two or nore samples.'

Wet oxidation of the organic matter 1n the samples was

202+ HNO5, or fuming HNO3 but was found
unreliable- these oxidizlng agents attacked the Pyrex
'glassware then 1n use, and the time to carry out the oxidation
was excessive. Precautions were also necessary to reducelﬁ
heating rates near dfynees because of possible nild nitrate
explosions. | | |

Cerium Analysis(W7). ‘One sample fraction was added to

- 250ml of a 0,9h§ sulfuric acid solution, the acid being used

to prevent the hydrolysis and precipitation of Ce+u.

+3

To oxidize Ce*’ to ce™™, 5.0 ml of a 0.15N solution of

AgNO3 were‘added as cetalyst followed by approximately two
grams of ammonium persulfate as oxldizing agent ‘The Ce+u
solution which has a fairly intense yellow color was bolled
gently for 10 to 20 minutes to decompose excess persulfate

and was then cooled to room temperature,

To this solution, 50A of & 0,025M solution of ferroin

1l
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indicator; '1,iO-(ortho);phenanthroliﬁe ferroﬁs;sdlphate;;were
addedv This indicator is oxidized from its red form'to a
colorless form by the Ce u; end the subsequentztitration must
account for the indicator blank. FeSOh in a solution cf:acout
1 0.02° gm/l was used to titrete the excess Ce’ +h and oxidized
'indicator., The Ce b was reduced before the indicator be-
cause it is the stronger oxidizing agent The endpoint
‘transition was from yellow to colorless to orange, and the l
:orange intensification was followed on a Bausch and Lomb

#340 spectrophotometer or a Beckman DU-2 at 505mp Ihé’v
:endpoint was taken as the point where full orange intensity

. was reached, as determined from a ‘plot of absorbance versus
'ivolume of FeSO, solution added |

L : : _
Total RarenEarth Analysis (313) The second sample

fractioniwas diluted to about 250 ml with deionized water.
A small spatula of ascorbic acid was added tc prevent oxldas=
“tion of indicator by Ce+4, ' To insure proper color'transitions
'“of the indicator and to prevent.precipitating hydroxides.'the
'pH was ad justed to 7.5 by adding the needed amount cf-a'ZO%
1A801ution of triethanolamine (TEA}. Sharper transitionsvih
color'were obtained #hen the pH of the solution was pH2 cr
less . - before adding the TEA, o '

About 0.15 to 0.20 gms of a solid dilution of the ird-
»Jicator eriochrome black T (EBT or 1%1—hydroxy—Z-napthYlaéo)~

6-nitro-2napthol-tsulfonic acid sodium salt) with NaCl

¥
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( 1 part EBT to 300 NaCl) were added to thls solution. uThe
solid dilution of the 1ndioator was necessary because FBT

liquid solutions are susceptible to oxldation (W10), The

'resultingvreddlsh violet solution was . titrated to a versis-

~ tent blue endpoint with_a standardized 0.002N solution of

EDTA.

Nepdymium or Samarium Determination. The amount of Nd

.or Sﬁ in a given sample was determined by'the difference be-

tween. the observed total rare-earth content and the Cé content,

Physical Analysis for Aerosol-22 Runs.

Aerosol 22 in foam samples was determined by measurinq

its ultrviolet absorption at 206 mp in a Beckman DU=2 spec-

trophotometer.
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RESULTS AND DISCUSSION (PART D: GENERAL OBSERVATIONS

This sectlon provides an analysis of both experimental
and conceptual aspects of foam fractionation in the transient
mode. Its objective 1s to establish the design consiiera-
tions necessary for conductinz a transient foaming separation.
and also to compare transient and persistent foams. The )
systems examined are the foam extraotion of an anionic sur-
factant,'Aerosol 22, and the foam extraction-separation of
_ rare-earth ions, o |

Surfactant Selection

Interactions with Metal Ions. ' The foanm extraction-

separation of nonsurface-active materials (rare-earth ions)
requires use of a surface~active substance which can extract
ions, distinguish between these ions, and form a foam. The
- chotce of surfactant will depend on both the;magnitude.of'the'
specificity for the ions and the mode of foaming”reQuirede'

| Essentially, two different types of surfaotant/rare;earth
interactions can be identified. The first of these,-nonbonded
interactions as described in the Jorné theory (see Introﬁuction),
show speeificity for ions as a result of differences in‘oharge
or radius only. The preferred surfactant for this.tyne.of
interaction would probably be one of the large number of anionic
univalent surfactants,

The degree of specificity attainable in a nonbonded

Iinteraction was determined by'numerically evaluating the
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‘Joroé'theofy for separafing'betweeh pairs of.fareeeafthlions
over a solution 5x10 ¥ in tetal rare earth, with a surface
tent eurface coﬁefage of 30 Az/moiecule; Differences in radii_
for the-triposiﬁive iafe-earfh lons were estimated to be.oom-
perable to the differences.ih the crystal.radii, about 0;009’
4 beﬁween:adjeoenf elemente, The calculation showed that
such a radius difference would yield a seoaration factor of
1.05 forAa very dry foam. This marginal result 1s believed
to disqualify monhonded interactions from consilderation as
a gotential'separating effect, On the basis of this con-
ciusloh:'the main effort of this work was devoted to seeking
optimal conditions for bonded- interaotion operation.

In the following paragraphs, algebraic relations will
be developed that have proved necessary for 1nterpret1ng
_experimental runs involving bonded 1nteractions.

An overall separation factor for the contactinz unlt is

given by
a = (Caécbs)/(capcbs) - (33)

where9§.andc5“are the»activities {equal to concentratioﬁs_in
'dilute'foaming solufions) of ions A and B in the foam (3) and
pool (p) streams. for the special case in which‘all of both
A and.B.are complexed with surfactant, ﬁnless surface-activ-
ity or surface-vacking effects occur,vthe ratio of.- A to B |
will be the same_in the foam and in the pool, end no-sepafa».

tion will occur ( a =1 ),



-6l  UCRL-19%25

Por the practically significant situation where the -
éoneeﬁtfation of faré-earth ions ex@eedsrﬁhat of the.surfac-__
taﬁt. ﬁﬁe separation factor becomes |

) (c! +c

. "op” bp)/((cab ap) (ofgterg)) (34)
where prlmes indicateiconcentrations of complexed substances.

a = (cfgeteys) (o]
For small extents of extraction, the ratio of A to B 1n the
pool matches the feed (a_ /Db,):
((gas cas)/(cbsfcbs))(bo/ao) (35)

This result may be combined with equilibrium-cohstant
expressions for complex formation with surfactant at concen-

tration e,
Ky = cé/(cagQ)s | KBL==Cé/(CbC°) ;  (36,37)

The ieéult is

((KAcas bs /(KBch))+c )(bo/ao)/(°g3+°bs) : 138)_

If the fraction of the total A and B which is;complexed‘is
small the ratio of uncomplexed A to B in the foam is the

same as that in the pool (a /b =g /b ). Hence

a = }((_%Aao)-/E(KBbo)+c*as/cgs)(bo/ao)/(l + ’_cbs/c'bs) (59)

If the enrichment is high, so that bg§ > b and bv > ag then
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o = K,/Kp o - (s0)

The extent of liquid entrainmeﬁt;affects the_ialidity
of the:éséumptioh just made;' £f ﬁhé'ehtrainmént is ioﬁ,
the enrichment is in fact high and Equation 40 is valid. As
entrainment 1hcréases} the enriohmént'decreases;.andia
approaéhéé'uﬁity. | | vi |

In the ultimate sélection amohé avallable surfactaﬁfs,
the'vélues of the respective'eQU111br1um cOnStants willl '
often be the determining factor. It 1s noted that the K's
forIChelaté*typé interactions are usUaliy mﬁch largérythéﬁ-

those for similar nﬁmbers of unidentate interactions (Ml).

Féamabil;ty. An ~ven more esséntial'conside?ation in
thevselection of suffaétaﬁt is 1ts'ability to‘form meohé-
nically suitable foams. Aé noted earlier a chelating R
surfactant will be resﬁricted to concentrations below the
total rare-earth concentration, in order to maximize the
selectivity. For a given available surfaétant, this re;
striction may prevent foam formation altogether;-or it may
restrict foaming fo a single mode. Furthermore, the paﬁ--
ticular surfactant must not form an insoluble product with
the rare-earth»iqns, since this will'result,in a précipiﬁate

flotation which markedly réduces internal reflux.
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Proposed System

A highly effctive.alternative way of obtaining thé bene -
fits of a chelating surfactant, which was adopted in this
study, is to remove the funcfion of specifiéity from the
surféctant. introducing a separate chelating:agent‘tb cdﬁplex
selectivély‘among_rare-earth 19ns.” Now the'maln reqﬂirément
for the surféctanﬁ is fhat it be‘bapable of attrécting che-
lated ions 1ﬁto the surface. The sﬁrfactant cbncentrgtlon
‘nolomger is limited by the'total rare-earth cdncehtrétlon,
and may béﬁchoseﬁ fo yield optimum mechanical and chemical
results;. | '_

From the standpoint of research flexibility this kind

of systém has other major advantages. Firét; a wide»cﬁ61Ce
of éhélatihg agents 1s available ffom among those whicﬁ‘have
shown lérge'equilibrium cdnétants and iatge éelgbtivities.
Theucﬁeiating agent_éould be changed to obtain maximum Sep-
.aratioﬁ fér a given paif of ions wlthout changing the -
‘ surfactant. Secohd.aby the same.réasoning.-the'surfactant
chemical could be changed without alterihg the specificity
of chelation. while avoidihg the use of any that wduld pre-
cipiféte with the particuldr rare-earth chelate.

Chelating Agent. Ethylenedlamine tetra acetic acid

(EDTA) has been studied extensively as a chelating agent for
mayy metal ions, and provides an average spec;ficity over

0.
the entire range of rare-earth ions of 10 (311).
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Equilibrium constants.are shown in Table VI., alcng with the
singleéstageiSepcratlonAfuctor calculated ffom Equétlon 50"
for the adjacent iohs. | The Nd/Ce scnaration 1s seen to be
L,27, and the factor for Sm/Ce to be 14,5,
The reaction between metal ion and EDTA 1s reoresented
Ey. v _ |
| WF e my2 = wy () 2ut
- at pH u to 5, and by ' |
' Mt w3 - om(n) - o
at pH 7 to 9 (Lé) ' Since tue tripositive rare-earth ion
yields a negatively charged complex a cationic surfactant
ig requlred to promote the separation.
The solubility of the EDTA/rare«earth chelate is ade-
quate for a wlde ranze of foaming testsa -the chelate solubility
+3 . '

for Sm 45 10.6 gm/1 or O. 02M at 25° ¢ (Mé)

Surfactant A cationic surfactant Hyamine 1622 was

selected to extract the negatively-charged rareoearth chelate.
A quatcrnary ammonium salt, it has found application in other
anionic_extractlons (J1,J2), In bulk soluticns the Hyamine/
EDTA/frare-earth combinétlon‘showed_no,precipitatlonvovef-thc
full rangé of.conditions studied. |
Tepminology: Cldsges of Foaming |

A wide difference in the observable foamabilities and

foém beh&?ior of different systems makes it necessary to
classify the types of. foaming which’may be encountered in the

range of foam-fractionation operations., The classification
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Table VI Stability constants for rare-earth/EDTA chelates

w,-} .

and separation factors for adjacent species,

0li“element _ ,105 of - | separation
N © stability . factor
e ——— a ( # ) L. (*# )
Ia 15.30 4.8 3.7
Ce 15.98 2.5 2.5
Pr 1640 163 1.8
oM 164 3.40 3.2
sm 17 1.63 1.5
it Eu 17.35 0.64 1.05
| - Gd © 170 7,96 9.5
. Dy 18.00  7.10 o ap
CoUEr 885 2.96 3.
R o 19:32 0.438 0.55
Y» 18.88 3.94 1.9
In 1983 eeem === N
'*f_-Hd C aee- ———e 2.6
Dy S  mem- 1.6
O — 1.5
b S [Ep— 4,2
Ga [ —— C mem

(#) Bjerrum,Schwarzenbach,Alllen, Stability Constants Part I
{Chem, Soc., London, 1957)
(#%) J.E. Powell, F.H.Spedding, Chem, EngLProg_ﬁxg Ser.,55,
no.24,101 (1959)
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used here 1s based both on surface area snd on specific liqu

content (ratio of liquid volume to surface ares, equal also

to the laus 11 r half-thickness); 1t euwvloys numerals to ab-

breviate a two-variable tarinology involving “oversistence”

and uniforxity vhich is essential slthouzh frequently over

3

¢

looked, VFore than a sinzle cqus of foaming is somstine:
observed for a given systemn,

Class I foaming has the surface area constant with

height (pérsistént), andl the specific liguid content constant

with height (uniform).

Class IT foaming has the surface areca consta»t with
heig t (paresis thnt) and'thé specific liguid content decreasi

continuously with heizht (nonuniforn),

Class III fozming has the surface area decrcacsineg with

hcipht (Lra% sient), and the gspecific 1iquld conteont constant

with height (uniform),

Class IV foawing has the surface arca decreasing with

height (transient), and the snocific liquid cont ht dﬁcreaon

ing %itﬁ“heiéht (no uniform).

Tre benavior of each class is indﬁcated schematically

in Plgure £, The frontal dimension re brcsents surface

area,S, the recedinz dimension the specific liquii'conteﬁt,

qQ, and the vertical dimension the height, h, in the foom,

Class T foauing thus Involves no change in height, while

Class IV foauwing involves the wost marked change,

~
n )
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Schema‘bic of' surf'ace S and snecific 11qu1d con*-‘
tent qa at different heights for the foaming
classes.
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The 1mplicatienvef this classification 1is seen mosf
vciearly'in the behavief of the ehrichment,E; exbressed for
onévcoﬁponent'or for a combinatioﬁ of several components;,
the'separatlon factor, a3 and the effective extraction rate,
LA P | | |

Bi= (concentration in foam)/(concentration in. bool)

(concentration of A in foam) /(concentration of A in pool)
(@oncentration of B in foam)/ (Concentratlon of B in pool)

M = (E-l) (pool. cohcentration): (35,)

The variatlon of E, M, @, and 3 with height or 1/v§'1s
,shown in Wigure 7 for foaming in each class. based on a foam
'with the same structure for each class at zero height

Enrichment in a classT foaming is 1nvariant with height ‘
(1/v ) because the ccncentration of the foam (the average of
surface concentrgtion and 1nterst1C1al ' concentratlon weigh-
ted by the eurfaee area and 1ntersticia1 volume) is 1nvar1ant
withwﬁeigﬁt. .Enrichment continuously increases with height
dﬁriﬂgme'clase;II foaming because of continuous reduction of
1ntereticiai volume (andvmass)‘and complete retention of the
surface area and mass). |

Enrichment increases with height in both classes of
'trénsient foaming. In a class-III foaming,nart of the eur-
face material re jected to the 1nterst1ces will be retained in
the foam and will not drain downward to the pool. Therefore,

the actual rate of loss of total surface mass with height is
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slower than the loss of total foam volume so that the enrich-
nent musﬁbincréase. In a class IV‘foamlng,both the retention
of reJected surface material and the loss df the speclfié,
liguid cdntént. q, will contr;bute to increasing the enfich-
ment.. o | o |

No variation in the separafion factor ﬁith height can.
occuf in either class Ior II foahing because the‘surfaée
contacts only the pool-llke liquid from which 1t was origi-
nally formed Separation 1mprovement with height may be
vobtained by supplying a reflux of condensed-foam product'
provided unéomplexéd.ions remain in the interstices to allow
redistribution of the 1ons with the complexlng agent. .

Both class IIT and IV foaming should exhibit a separa-
tion factor which increases with helght because of multiple
'contacting. The rejection of surface material to the inter-
stices w111 change the distribution of complexed ions and
1ncréase the overall concentration in the intersticial liquid
from the paolaliquid levels; and, thus, alter the equilibrium
aistribution of ions on the rising surfaces, A progressiVe
displacement of uncomplexed ions will occur in the inter-
sticial liquid‘with height, so that the greatest change in
distfibﬁtion’of compiexed ions will occﬁr at an infermediate
height,

1TheNéxtraction rate in a class I foaming cannot change

with height simply because the foam concentration and‘volume
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1s 1hvarlaﬁt.' The'extracticn rate in a-clasvaI foam wlll
increase in the ‘Tange of heights In which the surface and
1nterstlcial mass are ccmparable and remain constant for |
heights where the surface mass predomlnates.VF ,

‘The extraction rate in class III and IV foamlng will
decrease‘wlth height because of loss of surface (and surface
mass) 1f not all of the surface material rejected by coa—‘;:
1escence 1s retalned in the 1ntersticlal spaces. Initial
1ncreases 1n the extractlon rate may be observed for class
vIV fcaming as the result of more rapid loss of q (1mnrov1ng '
.E) than of loss of surface. _

The volume fraction of 1iquid in the foam is shown in
Figure 7 as a function of height for the four foaming classes.
In class I foaming f is constant. In class II‘anming £
decreases becaqse of drainage, and in class III f decreases~‘
because of foam losses, In a class IV foaming f decreases
because‘of'drainage and foam losses,

‘In actual practice, all of the curves of Figure 7 willi
be preceded by a sectlon»of class IT or class IV foaming
V(Qecreaslng q with height) from the nool'surface up to an'
intermediate height where the 1llustrated curves begin, Generally.
E, a ,g and M ailwill start at zero values in this reglon )

because of the large amount of entrained_llquid.
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,Experimental Effect of Gas Flowrate

In-a fixed—height apparatus, for foaming at constant
surfactant concentration, increasins the gas flowrate affects
the class of foaming by reducing the time for coalescence and
by increasing the liquid-content (which protectively cushions
tne individual bubbles). ~Thus a low gas rate will favor class
IIY and Iv foaming. and a high gas rate will favor class I
and II

Foaming experiments for the extraction of the anionic »
surfactant Aerosol-22 at gas rates between 1, 6 and 53 cma/min
were performed from pool solutions maintained at 2. qxio'uM
and 11 8x10 hM in surfactant by continuous feeding. The foam
height was fixed at 6cm, and the pool volume was 60 cm3 "As
shown‘in Table ﬁI and’ Figure 8, increasing the gas rate from
1, 6 to 53 cm /min caused a marked increase in the liquid con-

- tent . of the foam, and a suppression of the surfactant |
'enrichment ratio. The maximum enrichments, at lowest gas flow

rates, were 2,55 and 1.40 respectively, for solutions 2,8x10" -4

and 11,8x10 bﬁ in surfactant, At 5 cm3/min, the dilute solu-
tion gave an E around 2.0, while the more concentrated solution
had E = 1.h. | | |

| ‘Bubble coalescence,iobserVed qualitatively.twas seenbto

be excessive at thealowest flow rates but decreased to zero

at the highest flowrates, as predicted, Thisvvariation fron

class IITI-IV foaming to class I-II foaming with increasing gas



Table VII, Foaming of Aerosol-22 solutions: effects of surfactant concentration

Aerosol
feedu

- (Mx10%)
1.7
11.8
11.8

11.87
292

2,95
2,95
2.78
2.78

and gas flowrate,

S _ foam
gas rate, Aerosol enrich- liquid foam

G 3 Vg foamu ment, rate, S liquid
(cp'/min) _(em/see)  (Mx10 ) E__ (cm?/min) fraction,f

5.1 0,0168 16,4  1.50 - 0.26 - 0.0481
2.6 0.0713 11.8 1,00 2,02 0.0856
52,3 0.169 11.8 1.00 11.8 0.184
52,6 0.170 13.6 i.1u 8,07 0.133
1.59 0.00525 7.50 2,56 0.07 - 0.,0429
8.8  0.0293 5,02 1,70 0.58 0.0A17
13.8 0.0456 bk 1,40 0.86 0.0585
25.8 . 0.0852 3.62 1.3  2.26 0,080k
42,1 0.139 3,00 1.08  5.17  0.109 .

All'experiments performed'in a fcm tall foaming coiumn.'
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flow rate 1s also shown by the data for llquid entrainment
whlch may be compared with the schematic Figure 7.

Experimental data for foam liquid-fraction £ are plotted o
against gas velocity vs on 1ogar1thmic coordinates in Flgure
a 9.: For such plot. 1n class II foaming, the theoretical slope
will be between 0. 75 and 1,0 (H1,H2,11,L2,IA4,HS, R6) The
experlmental data observed have a slope of about 0.2 belcw
0,06 . cm/sec and approach a slope of 0, 71 above this value.,
Thus, 1nd1rect1y, classIIXIand IV foaming can be identified
by the gross deviation from classII”behavlor at the low gas
ratestl;Qualitativelj,v1nclusioh-of the 1ncreas1ng'bubble
rsize,(aSMobserved at the foam exit at low gas velocitiesl
would sive higher £4° values.(applicable in classﬁ:foamlng)
_and would shift the transitlon point to class I-TT foaming
to about 0.1 cm/sec. |

The effect of gas flow rate on the effective extraction
rate (M calculated from the smooth curves of Figure &, is
reported in Table WEIand Figure 10. Maxima in M at gas rates
of 9 cm3/min for the concentratéd solutions and at 25 cm3/m1n
for the dilute solutions are the result of a balance between.
the 1ncreasing surface area fwhich increases M and 1ncreaslng
ligquid content (which decreases M), |

Thelimportant’consequence of this last result is that
maxlmﬁm extractlon ocecurs in class III-IV foaming for hlgher

bulk surfactant concentrations, but in the direction of class



Foam liquiAd fraction, f

0.1
0.08

o‘ﬂ 06

0.04

0.02

0.014

{ 1 1 1 { N T I T
| o
R L R N | | |
&8 10 20 — &0 80. B0 100 200
' Gas velocity, cm/sec x1000 : ' '
Figure 9. Effect of gasvrate on foam liquid fraction: Aerosol 22

experiments,
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~ Table VIII, Foaming of Aerosol-22 solutions: smoothed values

‘of extraction rate at 6em heights,

foam . extrac-

_Aerosol = gas ~enrich- liquig tion
feed 5 rats» ment : rate, Sy - rate
(moles/cm’) (cm’/min) E-1 (cm3/min)  (moles/min)
- 2.85x10°7 2.0 1.35 0.075 2.88x10~8
’ 4,o 1.04 0.1bk5 b, 25
6.0 0.83 0.235 5.56
8.0 - 0,67 0.365° .A.,95
10.0 0.57 0.510 8,27
15.0° 0.42 0,900 10.7
20,0 0.1 1.27 11.2
25,0 0.23 1.73- 11.3
30,0 0.16. 2,38 10.9 .
3500 0.12 3025 11.1
40.0 0.08 4,50 10.9
42.5 0.06 5.25 8.95
45,0 0,04 £.10 bh,st
50.0 0.00 8.40 0.00
11.8x10°7. 3.0 0.58 0.105° 7.18
: Lh.o 0.50 0.145 - 8.55
5.0 0.43 0.185 9.40
6.0 0.38 0.235 10,5 -
8.0 0.28 0.365 ' 12.1
9.0 0,24 0.435 _ 12.3
10.0 0.20 0.510 12.1
11,0 0.17 0,590 11.8
12.0° 0.15 0.670 11.9
13.0 0,12 0.760 10.8
ik,0 0.10 0.850 10.0
15,0 0.08 0.900 “8.50
1€.0 0.0% 0.990 £.95
17.0 0.05 1.05 6.15
18,0 - 0.0L 1.12 5,31
19.0 0.02 1,20 2.83
20,0 0.01



12,

EBxtraction rate, moles/min 3&08A

&

F
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Figure.lo} Effect of gas rate and concentration on Aerosol-

22 extraction.
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}II foaming for 1oﬁer surfactant concentratlons. The general
;impllcation is that a system susceptible of foaming 1n either
mode I&IT (nersistenﬂ or modes III IV (translent) may be

I separated to advantage in a transient mode. The zreater
'Ienrichment observed with high extents of coalescence ( at

low gas rates) reinforces this conclusion.

‘As a corollary practical result, the gas rate to bev
selected for maximum effective extraction (of for a'cOmpre-
ITmISe'between maximum effective'extraction and maximum
'Ienrichmenﬁ'will depend strongly on the concentration of the
solution. As the concentration falls, in a batch extraction,
the‘ges rate should be coﬁtinuously increased; in a continuous
extrectioﬁ; operation in stages.would be necessary._withethe
_respective gas flow rates increasing from.the'solute-ftchito

the solute-léan end of the cascade.



-83-  UCRL-19525

E

RESULTS AND DISCUSSION (PART ID: RARE-EARTH SEPARATIONS

CiaSS;of Foaning

Experimental @ffects of Surfactant Concentration. Sur-

factant concentration is imnortent to the class of foaming;
increaeing ‘the concentration increases film elasticity and bulk
visooeity g0 that a transient class of foaming becomes more
persistent @lthough.classviyor II‘foaming may not be'reached).
The extent to Which foaming becomes persistent depends on the
natnre'of the surfactant and on tne‘ohysical conditions.
Increeeing”the suffactént coneantration to a hign value will
reduce the £1lm elasticity, and thus return the foaming to a
more transient mode. |

This increase in persistenoe of foaming was obeerved
in experimental studies of variation in total liquid content
at diééefent heights of foaming. at different concentrations
oftﬂyamine 1622 in the presence of EDTA/rare-earth chelates.,
Ae reﬁorteqrin TableIxuand Figure 11, the constant—oonoentra-
tionieontonrs tend steadily toward a limiting class II oblique
or a liniting clasérI horizontal curve; the closest approach
to bersietent-foaming occurrec at the highest tested concen-
tr&tion_of surfactant (10.hx10‘4&. or 0.5gm/1). |

=Bubb1e‘coa1eScence was considerable at every'concentra-

tion 1eve1, and greatest at the lowest lex}els° Coalescence

was 50 great'beiow 0.1 gm/1 of surfactant that the foam
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' Table (IX, Foaming of Hyamine/EDTA/rare-earth solutions:
| - effects of surfactant concentratlon and foaﬁ

height on foam liquid content, **

o , foam , : . gas
- . Hyamine liquid foam velo=-
run feed I content 2 height city ‘
ne, (gg[ ) (Mx107) (cm3(minx10 ) §cm§ (em/min)
328 0.486 - 10,4 2.18 - 33.0 - 1.21
335, 0,100 2.14 11.19 10,0 0.943
336 . 11,03 10,0 0,858
332 . : o 0.906 17.6 - 0,800
338 - 1.36 18.5 . 0.858
- 345 1,45 18.0 - 0.830
352 k2 . 17,2 . 0.875
354 o o -.1.88 0 - 17.3 - 0.890
361 o 1. 17.2 0.862
63 L1k 17.7 0,843
334 ‘ 0.628 - 23.7 - 0.940
- 353 ' : - 0.667. 23.7 0,850
- 370 ’ 0.328 33.5 0.856
333 o - 0.198 33.5 0.860
- 316% . 0,080 - 2,00 27.7 6.0 0.860
340 - 0.050 1.07 5.07 : 10.0 0.858
339 , _ 0.537 18,0 - . 0,825
33 0,491 18,0  0.863
348 - _ v 0.364 18,0 0.850
358 - o 0.215 . 18,0 0.958
317% 0.0450 0.967 30.0 ' 6,0 . 0.860
341 0.0300 0,644 1.82 A 10.0 0.963
318% . 0,0240 0,516 30.0 6.0 0.860
Sl . 0.0200 0,430 1,35 10.0 0.821

® %hese values corrected to 50mm column from 25mm column

- A1l other values are for 50mm column

* % Vbrious EDTA and rare-earth concentrations.



~85-  UCRL-19525

— T ]
o.sL T ] ] T ] ]
0.2l -
0.11. -
c
B
~0.05. -
= .
a; , -
3
@
& -
T .
== _
o \
- ‘
h :
; —
(o]
s
0.005 |_- _
0,002 |_ -
. 0.001 1 1 i 1 L 1 1
S + 10 20 . v 30.

Figure 11,

Foam height, cm

Effect of héight and concentration on . foam-

"1liquid content of Hyamine foams. Surfactant

at 0.52/1 (A), 0.1g/1 (B), 0.05g/1 (C), anA
0.02g/1 (D). ; S




.86-  UCRL-19525

would not riée the entire 32-cm heizht of the apparatus
during 5 hour run periodé (curﬁe Cand D). The 1imiting
height for foam collectlon'decreased with éccrnasina con-
centration as 1ndicatnd for curves B ¢, and D of the figure.
The convergence of the constant concpntration curves of
Figure 11 to a common liquid content at low foan hpiqht inﬂi-
cates that the foam stability at such heights 19 due to tha
coalescencn-resisting action of the bulk fluid, and to a.
concentratlon-independent drainage rate 1n this region of the
column.v The divergence of these curves at higher helzhts in the
foam indicates that as the liquid drained downward. from the
foam, the concentration-depen&@nt elasticity and viscosity
becameﬂlmportant in-promoting the stability. -

fﬁ@ntlficaﬁion of Foaming Class. The mode of transient

foaminﬂ exhibited by Hyamine 1622 (0 100 gm/1, curve B) in the
pregence of EDTA/rare-Aarth chelatos, wag found to bp class
v, by calculatlnz thn @urfaca-area generation and sp°ciflc
liquid content from experimental Aata, The formulas used_in-

the calculation were

(03]
)

G/(a/6) o (1)

and
S, = Ga/(a/6) w2)

Bubble  Alameters substituted into Equation 41 were taken from
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the smbothe& data reported in Table X' and Figure 12 for a

“h
single foaming experiment from a solution 0 100 gm/1 (2. 1&710

' M) in surfactant 0.536x10 uM in EDTA and 3 90x10 uM 1n total
rare earth. Theavalnes.ofu Sv substituted 1nto -Equation
42 were taken from the smoothed data of Figure 11 for foaming
at 0. 100 gm/l in surfactant
| The eurface zeneration rate réported in Figure 12
decfeased from nearly 2000 cm /min at the pool surface to
595 cm /min at the ?3-cm heimht The variation with height
was linear above a height of 106om. but decreased_more rapidly
in the 0 to 10-cm region. The shaps of the individual bubbles
Changed'from spherical below the ii~ém'he1ght to polyhedral
aboveyﬂwhich is coﬁsistent with the inﬁerprétatiqn jusﬁ'given
';for fﬁe.observed.surfactaﬁt-ihdependent draihage rates éﬁ:.
(or beioW) € cm;. | | o
The specific liquid content reported 1n Table X aﬁd 
Figure 13 was proportional to the‘-2.2 power of the foam'”
heighﬁ.' The thinnest lamella were 1.06x10 5em, only 1/50th
as thick as the lamella near the pool surface, :
The class IV foaming may apply only to foaming from .
solutions near 0.100 gm/l 11 surfactant ani at a gas velocity
~of 0.86cm/min. More extensive bubble-size measurement versus
heighfﬂat different concentrations would be required fof;éoﬁ-

plete characterization.



Table X. Foam geometry (smoothed Jata)*

average

 féam = bubble .

f?;;irt diameter,d
0.5 _ 0.53 %0.02.
205 emew
55025] “—--
755'ﬁj -om-
9.5  1.00 %0.05

10,0 —ma-

E I S —

15,0 - wee-

S R—

20,0 weem
22,5 1.39 $0.07
25,07 - =mem |

27,5 mmae
30,0 =e--
31.5 165 8008

¥ Hyamine 0,100gm/

- SmCl4
CeCly  2.02x107

S 1.93x10~}

I

¥

M
i

18,2

16.7
16.7

16.7
16.7

17.5

17.5
16.9

16.9

10.7

9.20
8.61
8.10

pH = 6.7

7.67
7.55
7.20
£.62

£.30

0.105

0.112

0.0055

10.00332

- am o
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surface ‘
: genera- foam specific
gas tion liquid ligquid
rage “rate rate - content
(cm’/mim) (cm2/min) (cm3/min) (cm)
N 2 |
18,2 16,3%10° =m== —
18,2 13.5 0.36 26.7%x10°°
18,2 11.8 0.193 16,2

9.80

3,70

1,47
0,77
0.53

-Surface genergtion from smoothed data of Figure 12.

Liquid content from smoothed data of Figure 11,
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z 5 10 20 , 50
e Foam heicht, cm

Figure 13. -Effect of height on specific
: l1iquid content of Hyamine
(0.10g/1) foam.
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'__Fbr‘want of bubble-size data, the’caiculation made at
'_O.100:gm/1 in surfactant cannot be reﬁeated féf the lower |
éoncehfratiohs. Itvwduld be Aifficult ﬁo measure bubble -
sizes at concentrations below 0.05 gm/1 vecause of excessive
i coalescence, channeling, and gappiﬁg. |

Effect of'Column Height

The effect of height on rare-earth enrichment, separation
factors, and extraction rates in a class IV foaming was

examined for feed solutions containing 0,54x107 M EDTA,

LP;M_ Nd-b? L

u.exiof . 5.03x10™"M ce*?, and 0.100 gm/l(Z.lhxlOf&E)
Hyémlhg-lézz. éndvis reported in Table XI and
as-cgrfé E in Figure-1i4 and'fs. Experiments at a lower
rare-earth loading of 2.02x10 M ce*? and 1.93x107"y Na*3
afé.aléo reported (curve F). | R

" As eipeéted in dlass IV foaming, the enrichﬁeht in-
_creaéédﬂcontinuously with height; reaching'1.99 at 33cm’fof
the high rare-earth loading and 5.31 at 24-cm fof tﬁe low
réreaearth loading. |

lihe extraction rate M reported in Table XI. and Figure

15.dié not gquite vary with height in the expecter manner.
Instééd of reaching a ﬁaximum at an 1ntermediate height.énd
theﬁ3decreasing, the extraction rate at the high rare-earth
loading'increaséd from zero at 10 cm to a value of 1,90x10‘9
moles/min which remained constant for heights gresgter than

20cm (up to the maximum height measured,}Bkm), ‘The



Table XI, Effect of foam height and rareoearth loading on separgtion performance.

TUun
0Q..

b3
337
335
332
334

333

gH'_‘(Mx1o“)(Mx1ou)
6,75

6.70
6,50
6.56
6.48
6.55

2.02

2,02
5.03

5.03

5,03

5.03

feed
CeCl3 NdCl3

1.93

1.93
4,80

h,80
4,80

4,80

foam
height
gcm}_

17,5

24,0

10.0 -

17.0

24,0 .

33,0

enriche-

ment,
E

2.96
5.31
0.96
1.19
1.31
1.99

‘8urface generation rate from Figure 12.

separ=
ation
factor,

1.81
1.15
1.80
1.89

1.90

foam
liquid

t X
(omd/

‘ min)

0.0145

0.0026%

0.1119

0.00906
0,00628
0.00198

.,x10

effec-

Sure

tive face
extrac- gener-
tion ation
rate vrats
(moles/ (em</
min . min-.
9) - x10=2)
11.2 7.10
10.7 5.90
1.9 8.30
1,9 7,10

”adsbrﬁ;»

tion.
dens=-

ity
(mgle/ :
cm

x1011)
1,58
1.82

0,204

0.261
0.326

# Leak in foam=-exit section makes thig lower than actual; value used in calculaé

tion of adéorption density and effecfive:extraction rate:was‘0.0063 cm’/min from

Figure 11,

=26~
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Uncl (UCRL-Trans—--1522) Studies for dimensioning a
‘heavy ion linear accelerator of the Wideroce type
(dimensioning of the four Widerce sections of the UNILAC
accelerator). KASPAR, K. (GESELLSCHAFT FUER
SCHWERIONENFORSCHUNG M.B.H., DARMSTADT (F.R. GERMANY)).
Oct 1973.  Translation of GSI--73-10. 92p. Dep. NTIS
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20G particle accelerators; translatiohs
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‘surface extraction

expected o
... effective / ) ' ‘ -
. extraction, Y/ __——O : A
. actual extraction, E

_ Bxtraction rate, M, moles/mtn x10% '~ . o

10

: o 1
10 20 : 30
; Foam height, cm '

 .;751gure 15, aﬁffect of height on extraction rate :
R : of rare earthvf‘oE high total :
loading (9.8x10-"HM).
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extrdetion rate ét]tne'low rare-earth ioading‘wes'constant
at.ld,?ﬁlo’g moles/min above 17cm (up to the highest measured,
'Zbcm)” The expected kind of Variation of mass extraction with
foaming height is shown by the dashed curve of Figure 15 _
This éurve parallels the surface-excess curve (back—calculated
assuming the adsorption density is constant at the actual foam
valuepmeasured for 32cm) for tall foam heights, but drops to
zero'fcr short foam’heights where the bulk negative Moxcess®
of rare earth in the 1ntersticial 1iquid balances the posi-‘
tive excess on the foam surfaces.

-Constancy of total rare-earth product, whilé the_sur-
face erea:is decreasing, may be explained in one or more of
threepweys, First, the coalescence of foam bubbles may not
result 1n a loss of surface material to the. 1ntersiicia1
-:1iqu1d but 1nstead may involve surface rearrangement to a
greater ‘packing density. This possibillty occurs because the
,surface coverages are many times greater than molecular
areast 8150 Rz/rare-earth ion at 17cm and 509032/rare~earth
1onvat-33cm for high loading, and 9253?/rare-earth ion at
17cm and 10603./rare-earth ion at 24cm for low loading.
ﬂhese high coveraqes are not uwncommon, and are comparable to
those_observed in surface-pressure studies for quaternary
ammonlum salts reported by Davies and Rideal (D3).)

A second explanation is that coalescence may accelarate

a replacement in the new surface of uncombined surfactant by
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surfactant combined with rare-earth chelates. “Tnie eXchanme
does not alter the surface density of total adsorbed surfac-'
tant, but does result 1n a greater density of combined
surfactant. Since cnly the rare-earth content of the foam,
and not its EDTA content, was measured, such exchange would
be'seen only as a constant rare-earth mass with height.

kmeither the total mase conservation or the rare-earth
mass’ conservation wouli result in an internal reflux, ‘and
both would therefore yield a.constant senaration factor wlth
height This constancy of '« at 1.90 for both loadings 1s
conslstent with the valliity of either of these two 1nter-
'pretations. | | |

A third explanation is that coalescence results 1n the
rejection of both combined and uncombined surfactant from the
;newlygformed surface, and that no rearrangement or change4of
density of surface materfal occurs, The ocserved constancy
of mass with height is the result of retention of the re-
Jected surface material in the foam interstices, This. _
explanationris not entirely acceptable, because continuing}
drainage of intersticial liquid must carry some of this re-
jected material>downward‘through the foam, For 1nstance,
'between 17 and 33cm the 25% loss of surface (830 to 590
cmz/min) . by: this mechanism would reject 25% of the
surface mass to the 1ntersticial liquld. Only a fraction

of this mgss could be retmined, however, because there 1is



from 2. 0x10 ’ to 0. 4hx10” cm.>
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a concurrent 80% reduction in the specific liquid “content
-5 =5

!

Further exnerimental study might be useful to 4etermin=
which of the'first_twc mechanisms was acting. A foaming
extfaction of rare-earth ions by an anionic;chelating»suré.
factant‘would ce susceptible ohly to the 3ﬁfface exchange,

Surface repacking'and density increases would not be likély

c_bec§u§§ the surface coverages of 20 to 130 32/1on typical of

anlonic suffactants are on the order of the molecular dimen-
sions,
.Extraction by an anionic surfactant would élsc achieve

greaterfenrichments as a result of the smaller surface covere

age and enablp efficient foamlng at hiaher loadinqs of rare

earth

The constant Nd/Ce separation factor of 1.90, obtained

lx,’,

»above tﬁe 17cm 1lsvel at both rare-earth loadings, was lowcr

B

than expected The limiting vAlue of a should be the same

:as the ratio of chel&&gd Nd to Ce (3.7%:1) as calculated from

the equilibrium constants,  The reason for a 1ow a (in spite
of continuously increasing enrlchmenﬂ'was taken- as evidence
of nonspecific coadsorption of uncomplexed rare-earth lons
ina triple layer or extendcd double layer, Thls coadso;n-
tién of uncomplcxed rarooearth 1ons is coneistent with the‘ &

constancy of & with height in the foam because the coad-

sorbed ions would be retained with the chelated rare earths,
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.F&tﬁre experiments.eOﬁid aﬁaid thms;ceadeorﬁtionrby
foaﬁing . uncomplexed rare-earth ions with an anionic Sure-
factant in the presence of a chelating agent which forme'
uncharged'complexes with the rare»earths.

'Effect of Rare-Earth Loading

Tﬁe large difference lh extraction rates reported in
Table. XII between the high and low rare-earth 1oadinzs 19
‘the probable result of a pH effect and a solubilizlnr effect
The pH change between the two 1oad1ngs (pH:é.S_at high load=-
ing and . 6‘7 at low leadihg)lie sﬁfficient to.cause‘a nearly
four~fold 1ncrease 1n extraction. (As seeh in the censfant
rare-earth concentration experiments 338 and 3&? of Table

| of-the section on the effects of pH a pH chanze from
6.5 to 6 7 causes E-1 (andM) to increase by a factor of 4.)

The observed extractlon 1ncrease from 1 9 to 1Q9x10 =9
moles/min be tweenrthe high and low loadlngs is greater ‘than
'a five-fold change, however; the additional difference mey
be due to the effectkof excess uncomplexed rare earth. in
'jeoluﬁi;izing the chelated rare earth and preventing its sure-
face edsorption. This‘solubllization would. be greater in the
high loading (greater reduction of M) where the excess of
uncomplexed rare earth 1s greater by a factor of 13,

Effect of burfactant Concentration |
The effect of the foaming stability ofi rare-earth enrich-

ment, separation, and extraction rate was exapined in
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| exﬁeiiﬁénts'in which surfactant coﬁcentrationvwas the inde-
| pendent variable, as reported in Table XII and Figure 16
The. faed solutions for these experiments wsre 2 i&xlo M or

“M in EDTA, 2. oleo M in cet?,

fleSs:in surfactant» 0.55%10
" and 1, 89x10 ‘M 1n Na*3,

Th@ total rareaearth 9nrichmpqt ratio was supbressed
vinkboth'&o and ;7cm foams, as the concentration of surfac#
tant lncreased and forced the foaming toward a persistent
modé._ The suppression of enrichment ratilo E 1n 2 10cm foam

was from 1.26 to 1. 06 for the surfactant range of 0. Obhxlo M '

"I"‘M . ) o . &

- to: 2 1bx10 |
Inoreasing the surfactant concentration could have'
ssuppressed~the enrichment ratio in either of two ways..Fifst,
a highfsurfactantAooncentration should tend to favof #urf&c@-

.adsofbtioﬁvof the free surfactant over that of Surféctant
'combined with. rare-earth chelates, Second, the speoific‘
liquid content of the foam should be raised by the effects
of larger surfactant concentrations in increasing the bulk
ond-sﬁrfacé viscosities, Competition betwsen the foam
Lsurfaces and homogeneously dispersed micelles is not 1ikely
since the critioal concentration for micelle formation

(3 g/l) determined from the break in the Hyamine surface-
tension/oonoentration curve, was not exceeded in any experi.s

ment (R7).
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The separation factor in the 10cnm foam was. constant at
-1 35, up to a surfactant concentration of 0. OSF/I It then

decreased reaching 1. 09 for a concnntration of 0. 100g/1

L2



Table XI

run
no,

31
b0,
336

339
338
337
o '09c13
N4 C14

EDTA
gas r

##% Leak In foam=exit section makes this lower than actuél

I, Effect of surfactant concentration on separation performance,®

foam '

Hyamiqeufeed - hei%ht>

(Mxlo ) (cm

0.6k 10.0
1.08 10,0
2.13 10.0
1,11 - - 17.5
2,16 18,5
2.12 2h,0

2.02x10"*H

1, 91x1o~4m

0, 55x10-+m

ate 0,86 cm/min

b8l

1,54

5.31

'.we@fiehmeht,

5%
1%

U7

4%

#5%

2%

‘separation

factor,
e

C1.91 7%
1.36 48%

1.09 %8%

1,84 9%

- o> T

€

=001-

$2$61-THON



-40t- UCRL-19525

! I T T Y
N
.. T
- S U .8 .
’:. TCm 5}
) L ‘
S b
- o o..s_ ——n
“ : i .
5 10cm |
-
% .
I 0.2- -
" P
0. .
., ®
0 .
z.0.06 3 } } 1 + 8'
Wl 3
R 18cm
__.:2' -~ .
. -
T ol
[ﬂ» Q"’J’v— -
iy
B . | v
ﬁ. Q?zb . ‘10cm. -
© ' :
od -
E
£ 001p -
Ce
) .
y o
? 0.04
oooo = -
g
s _
0.02| . -
) 0.015 1 ! 1 1 1 ,
! o 0,04 0.08 - 0.11
Surfactant concentration, g/1

Figure 16, Effect of surfactant concentration
' on rare-carth enrichment and
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. The cénstahcy of”a.iu'the low-surfactant‘ranze.inéicétes that,
here,. increments of surfactant increase the total surface more
than they 1ncreage ‘the specific liquid content The decrease
in the-separation factor in the range above 0, 05 gm/1 is
viewed ns beinsz due to a greater 1ncrease 1n q, alonsz. with
_1ncreased competition for surface sites as discussed in
the ‘preceding paragraph

The extraction rate (calculated from.Figure il-and;
’ Figure ..1"6, va‘md reported in Table XTI and Figure 17) dec:r'eﬂé.sed
1continucusly aslthe concentration of surfactant 1ncreased
above 0.05’gm/1 in both 10 and 1?cm foams. The reasons for
thisfgeneral decrease in extractiou rate were discussed |
earlier in this sectlon. |

bHowever, extraction rate for 10cm foaming at low ccne
~ centrations (below 0.05 gm/l) increased to a maximum as a
resuit:cf'the balance between increasing surface'area_and
1ncressing specific liquﬁd content. Foaming below-0.0S zm/1,
.‘obserued visually, exhibited gapping and channeling in the
foam-cclumn. | 7 |

The:most imbortant observation to be made‘from these
'studieé is that the best separation, enrichment and extrace-
tion rate (provided no gapping or channeling occurs) are'
obtained for the most transient foaming. Increases in
.'surfsctant concentration promote greater stability and wet-

‘ness,'and'thus decrease the effectiveness of separation.



Table XIIL Effect of surfactant concentration on extraction rate (smoothed data).®

effective
o _ ~ foam . ’ ' extraction
- foam ~ Hyamine total raree- liquid . enrich= rate
helght feed . earth feed zate “ment, .. (mol%sémin)
(cm) - (gm/1) (Mx10%). (cm 4m1nx1o )  TE-1 _x107.
18,0 0.051 3.91 0.537 - 3.84 - .8.04
: 0,060 o ' 0.640 2.75 - 6,87
0.070 - 0 800 .1.81 ' 5.66
0,080 0.970 1,20 o bsé
0.090 1.,20 0,80 . 3.76
0,100 1.36 , 0.53 2.82
10.0 0.03 . 3.91 2.15 ‘ 0.260 2.18
: 0.04 3.35 0,210 2.75
0,05 ' 5.20 - 0,170 3. 36
0.06 ' 6.00 ‘ . 0.1358 3,17
0.07 7.00 0.110 3,01
0,08 8,00 0.089 . 2.78
0.09 9,40 , 0,073 2.68
0,10 , 10,00 ; 0,060 2.35

* Data based on Figure 11 and Figure 14,

-£01f

$ 256 T=THIN
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Surfactant cdncentratlon,‘gm/l
Figure 17. Effect of surfactant concentration on
. rare-earth extraction rate, ' '
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A corbllary obeervation'is thaf'the hds£ effective betoh
'extractiqn oflfare earths will be achieveﬁ Ey ﬁaiﬁtalﬁihg,the ‘
‘>surfactan£'cencentration as low as possibie during the opera-
tion. This might be achteved by repeaﬁing the,two‘steps of
(1) sﬁffactant addition and (2) fbaming until the desired.
level of-depletlon is obtained. ” |

Effect of the Compiexinq Agent

Tﬁe chelating agent, EDTA, was selected 1n.ofder to
obtain‘large separatien factors between the indivi@ual'rafe—
earth ions. The sole restriction on the EDTA seemed to be
ﬁhaﬁ 1ts-cbncentfation be less thaﬁ the total rare-ecarth con-
centéaﬁion.»so thaﬁ interionic specificity could be observeﬂ,
It was decided to test thie”premlse experimentally by.lnefeas-'
ing the EDTA concentration from nil to a Value in excess Of.
the total rare-earth concentration. The results of this{j
experimentation are reported in Table XIV and FigureflS.

Synergistic Behavior in Foaming. An important observa-

tion to be drawn from these data is that both free surféctant
and combined surfactant must be present in order to produee
foamn, aqtinggtherefore in‘a synergistic relationship.‘ The
molar ratiocs of EDTA

to surfactant in experiments 3L4F end 347 were M.?'i ‘and

2 Sé'iﬁ and in neither case was an? foam formed In experi~
ment 346 enough excess EDTA was present to- complex the

. and thus.
surfactant comnletelyﬁpo prevent f‘oamflmz. In experiment 3h7




Table XIV,

Effect of EDTA concentration onvseparatiOn perfprmance,

- feed
run - _Hyamtng EDTA
no, pH  (Mx10%) (Mxlo )
325% 5,98 2,12 none
371* 6,70 2,14  none
355 6.71 2.14 0,174
379 6.68 2,16  0.Lob
WS- 6.75 2,09 0,564
363%% 6,70 2,18 1,26
346% 6,71 1,03 L, Lk
6.72 1,26

LA

3.17

effec=

tive

extrac-
foan tion
liquid rate

% enrich- (moles/

(cm /min) ment, mi
x102 E X107
1,96  1.16a5% 1.24
1.85 2.07%5% 7.80
1.45 2.96%22% 11,2
1.2  5,7881% 24,8

. co o> -

Theoretical surface ratio calculated from equilibrium constants.

Theoretical separation factor from_théoreticai surface ratio and

ment.

# No foam formed.,
#% White precipitat observed 1n condensed foam sample,

theoret-
separa- leal 'z
tion ratio of
factor, N4/Ce on
N surface
1.30#15% 4,10
1.80# 8% 3,55
1,81+ 3% 2,60
experimental

. semi=-

theoret-

1eal

separaw=
tion
factor,

ag

o> e om =

1.43

2,32

2.69
2,32

enrichs=

$2S61-THON

=901~
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hdwever;:alllof thé EDTA was complexed with rére eartn and
the chelated rare earth was in excesé of thelﬁotal sﬁrfacfént
concentraﬁion so that the probability of.occurrénce ofvfree
sﬁrfactaﬁt in thevsolutioh was Small In»éxperiment ?25'and
371 no EDTA was present (hence no combined surfactant) and,
Aagain no foam was produced even thouzh the surfactant oon-’
centration was at a normal level. The synergistic roles of -
v the individual constitvents in f‘oamflnsg were not exploreﬂ
further: in the future, systematic measurements of bulk and
_surfaceuviscosify and surfa§é bfessure might provide a more
-detailed_understanding of the foaming process.‘

‘Se paratioﬁvPerforménce. Both the total rare-aarth'enrich-

ment ratlo ani extraction rate (Table XV and Figure 18%)
1ncreased as the EDTA concentration 1ncreased. The foam-f
liquld.rate was approximately constant, so that the.obSerVed
behavior is believed to result from competition beiwéén'ffée
énd coﬁbinéd'surfactant for surface sites, For a given rare-
'earth and surfactant loading, higher EDTA concentra 1ons would
favor adsorption of the EDTA/rare-earth /surfactant combina-
tion. _ »

AﬁlEDTA levels above 1.26x10-um (exn 363); précipitaﬁe

- was observed to form in the foam,

This EDTA concentration was taken as an

approximate limiting value for rare-earth separatlon.because
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‘precipitate was undesirable. Precinitate undesirabllity
stems from complicatinz the han%lina of the foam, and
because 1t often leads to less selective separations. The
precipitation occurs because the solubllity product of the
surfactant/EDTA/rare~earth combination'is.local}y exceeded
a8 a result’of surface coalescence. Foam fractionation at
higher EDTA bulk concentrations mizht be feasible at still
hlgher surfactant concentrations which in prineciple couldv
lower the surface concentration of combined surfactant by
1ncreased adsorption of the free surfactant. | |

The variation of»the.separation factor for foaming.
at di%ferent concentrations of EDTA is reported in Table
Xy, 5emi;theoretlcal'separation factors ty are given for
comparison, calcﬁlated from the experinentalkenrichments and
the tneoretical ratios of chelated Ni to Ce. Thevexperlmental
Separation factors are significantly loner;‘the difference
may be-attributable to nonspecific triple=layer adsorption of
N4 anévCe as disousSed eariier. | |

~ The markedly low o of 1.30 in Exp. 355, in spite of the

large‘theoretical surface ratio of 4,10, is evidently caused
by low surface adsorption at the low EDTA concentration
(0. 174x10'uM) employed. t |

The results indicate that the best EDTA concentration
does not.l;e in the low range which yields the Iargest sSur=

facevratio of N3 to Ce, but rather at an intermediate



-110- . UCRL-19525

concentration wﬁiéh glves significaﬁtly greater'eﬁrichﬁent

' ahd thus givésva maiimum separatioﬁ. Forhthe conditions of
thése experiments, tﬁe vest EDTA concentrafionblies“attorj
above 0.56x1o'”&. Further EDTA concentration increments

into the range of precipitation are not desirable ‘because of
!redu¢ed theoretical and experimental seﬁaratioﬁ-faétbfé; -

Effect of pH

Control of the acidity or alkéliﬁity of the booi 1iquid
was found to bé'very'important to the séparatlon, A pH‘above
‘7.0 must be excluded because of precipitation.of rare-eérthb
' hydroiidés (see Table XVII). 'Toé low a pH 1s_undésirab1e
because it tends to form neutral EDTA/rare-earth chelates
which appear to be unextractable(

The role of'the pH was evaluated by foaming at;17cm from
solutions 2,14x107"M in surfactant, 2,01x10™'H in Cs'’, and
1.93x10™" 1n Ma*?, Most solutions includsd 0.551x10™ M EDTA,
but two had none. The results of foamine in the pH rgﬁgé'
4.14% to B.07 aré reported in Table XV , :

Effects at High pH (6.9 and Above)., Precipitation of

.the white, gelatinous rare-earth hydroxides was obsesved at
‘and above pH 6.90. Data of Table XVI abpear to be based on
instantaneous visible precipitation, rather than'on_agéd
vsamples and thus‘could be expected to be slightly higher; 
Foaming from solﬁtions at pH greater than 6.9‘and-con-

taining surfactant but no EDTA was taken as evidence‘of:ﬂ



‘Table XV, Effect of pH on separation factor.*

run
no,
376
375
338

345

377
361
378

- start
b,10
- 5,00
6.60
6.71
7.92
_ .90
8,07
Hyamine
Nd013
- CeCl
gas rate
helight

pH

end

Bo1b
5.33
6,47
6.75"
7.95
6,24
A.01

2.1uxxo:t§

> 0x10-4K

0.86em/min
17cm

‘feedi

EDTA I
(Mx10
0.551
0.551

)

0,551
] 00551 .
0,551

none

none

enrich-=
ment, E_

1.5312%
1.72817%
1., 54412%
2,96% 2%
0.98% 4%

0,854 7%
0.53%1 2%

separation
factor,
a

1.26#15%
2.02417%
1,89+ 8%
2.602 8%
0.92%15%"

foam

‘1liquid

rake i

(cm /gin)
x10

-Tit-

G246 T8I0
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_Table-XVI._ The bH for incidence of vreciplitation of -

rara-earth hydroxides,

- glement

La

8.03

7.41

7.05
7.02
7.40
A.83
A.78

Reference: T, Moeller, H.E{Kremers.'Chem.Revs.. 32_7(19&5),
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synergism between free surfactant and the hydrolyiedISUrféd-
tant. The‘suffactant amine (Mi) assumes the s;me stabilify .
promoting role at high pH that the combinﬂd surfactant
assumes at 1ow pH

Uhhydrolyzed surfacﬁant ﬁay also Have beénvpresent; The
ﬁH cﬁéhgéé from 6.9 to'6.2 and from 8.1 t6 £.b (Exp..361.and
378) for foaming in the absence of EDTA and from 7.92 to
6,95_f6r foaming in the presence of EDTA (Eip. 377), weré
takeq_;s e&idence of hydroxide extraction by the unhydrolyzed
and charged surfactant. | | o

Supporting @videncp for the similarity of the surfac-
tant amine to the combined surfactant in synergizinz th°
foaming is seen in the similarity of liquid contents b»twoen
the foams formed at low pH with EDTA present (1. ¢Ox10 2cm3/
'min) and those formed at high pﬂ without EDTA (1.38x10 ?cm3/
min)..‘ | |

The separation performance in the pH fange aﬁove 6;90
was useful to a more complete understanding of th@ comblex
phenOména occurring in this system, Whnn no EDTA was pre-
sent (Exp. 361 and 378) enrlchments less than one and
separation factors of about one were observed. The low éﬁ-
richments reflectithe precipitation of thes rare-ear%h

A

.hydrbxides and the lack of separation indicates the non-.

o

'sp»cific action of the surfactant in the absence of nDTA
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When EDTA is present at a pH of 7. 92 an enrichment of
0. 98 was obtained, The low enrichment 1nﬁicates the nresence
of the rareoearth hydroxides since they deplete the solution
of free rarn-earth ions. Precinitate was notﬂd 1n the foam

sample of this °xper1ment and ‘was bblieved to be rarﬂ-earth

hydroxl&e activatnd by adsorption of EDTA on the solid qurface.j

The separation factor of 2.60 obtained in this experiment was

larger than the.séparation at lower pH where higher enfich-

ments wére obtalned The large separation is explained by

the absence of a trlpleolaypr adsorption since the number

- of 7 free rare-earth ions has been greatly rnduced by precip-
'itation;' This result emphasizes the 1mportance of the trinle-

’.layer adsorption and points in the direction of selectinz

‘ichelating systems for optimum separation whiah yield-a .

charged and uncharged species rather than two charged species.,

Effeéts ét Low pH (Below %.9). Variaﬁion 6f thp pH in

_ the range of well bohavnﬂ transient foaminq,roporteé 1n
”Table XVI 1ndicated a rather sharp increase in enrichmpnt

| from 1 54 to 2.9€¢ at a pH between £.47 and £.75. Below a

‘va of about 6,6, the enrichment of rare earth was approxi;

‘ matei& constant at 1.54, The sharp 1ncreaée in E is pernéps
connééted-with the ionization of the EDTA/rare-eérth cnéinte{-
above pH of about 6.6 all the EDTA chelate is uni?alentn
“and below £.6 significant amounts of the cheiafe méy be
neutralized_by‘H+, Below pH .4 the surfactant must compete

+ v
with H to achieve the observed enrichments.

-
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‘Most of the.experiments‘previously reported were for

"solution pH's in the neighborhood of .70, Collectively,

they confirm the conclusion that separation 1is better at

6.70 than at low pH's. Because interaction betwesn surface

and bulk liquid ‘may appreciably change the pH of the lattﬂr,

it does not appesar feasible to try to control pd more'closely_
than about 0.1 of a pH unit | | |

The observnd enrichment 1ncr@ase near pH 4 .7 may result

' from hydroxide-lon initiatnd surface coniensation.' Sansi-

tivity to pH has been reported 1n Lanzmuir-balance surface-

' pressure studies. of 1ntﬂra0tions betwmen metal 4ons and-

anionic surfactants (W11)- Wh@re chanqns from an exvande4

(or dilute) to a condensed (or concentrated) surface layﬂr
typically occurred over a narrow pH range (0,5 to 1. 0 pH
units) near the pH of metal hydroxide precipitation. The
activation of beryl to flotation by long-chain heavy-métal
sulfonates also shows maximum éitraction just below thé pH

of precipitation of the heavy metal hydroxide (F1). This

' action appears to result from a OH™ actlvated condensation

of adsorbed collector on the solid surface of the mineral.
The mechanism by which the OH 1on promotes condensation

has been hypothesized as formation of monohydirates of the

heavy metals (F1,W1l) and subsequent hydrogen bonding within

the_surfacé,, Hydroxide initiated condensation in the

Hyamine/rare earth/EDTA system may result. from (a) the
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formation bf monohydrates of raré garth in thé coaésérbed
triple léyer. (b) the adsorption of OH—,iﬁté.ihe surface by
Hyamine and subsequent hydrogeﬁ bdnding between OH~ énd “
rare-earth/EDTA complexns. and (¢) the’ hydrolysis of the
surfactant to an amine and éubsequent reduction of the»

charge repulsion between ‘the surface species.

Effect of Induced Reflux'

| Thn class IV foaming of the preceding sectlons did not
show 1mproved separation with hnight because the coalnscinz
bubbles.appear not to have released surface material to the
intersticial iiQuid.. ThisbéQﬁseffétive act1on ﬁay havé
resulted from the'iﬁther gentle ﬁéture of the coa1eséen§e

Ir this‘is so, intefnal réflux.may:be indqqed'by sub ject-

ing foam bubbles to strenuous Aistortion, sb that the sﬁrface
material 1s thoroughly mixed with the intersticlal 1iquid,
énd then readsorbed with a new distribution’of ions. “

To test this idea, several kinds of obstructing devices
bwere.placed in the path of the upflowing foam..'The$e de-
vices included stainless-steel screening. plastic screeniﬁg,.
a perforated'Mylar disk, and a.packed sectlon of plaét1¢f 
_beads. ~In every instance, for practicallreQSOns, the dev;ges
weresinserted at the joints between sections of the glass:
column., Thus, in a 2l4cm foam the Aesvice was at 20cm, in an
18cm foam the device was at 13km, and in a 10cm foam the .

device was at Skm.
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. Bven the highest placement of a device (20é) should be

effective.in inducing multiple contacting, since the ratio of

uncomplexed to complexed rare-earth ions at 20 em was 1#2(

assuming the intersticial liquid had the pool concentration.

_HOW&VQI; ih'the‘tallerucolumns, the fraction of ions which

are not ommplexed decreases rapidly (1:3 at Zﬁpm. for example),

‘80 that the opportunity for internal reflux to brinm about

a redistrlbution of ions is markedly smaller.

~ In foaming runs the feed solutions were 0.100 gm/1 in

+3 A+

-/} -l :
Hyamine 1622, 0.53%6x%10 M in EDTA, 1.90x10 M in Sm or NA

and 2.02x10 M om Ce*3; a gas rate of 0.86 cm3/cm? min was

“used, The effect of the devices on the foam liquid content,

extraction rate. and sebaration of rarn-narth fons was

measureﬁ and compared to unobstructod foaming, with the
rpsults given 1n Tablo XVII .

-Effect on Liquid Content. The most general observation,

concerning all of the Adevices placedvin an 18ecm or shorter
foam; was that their presence resulted in a higher foamQ
liquid volume. The magnitude of this effect was greatest_in

180m'foams where 100% increases in liquid cdntent were typ-'

v 1ca1.v

The increased liquid content was viewed as resulting from
the action of the devices in retaining liquid and preventing
drainage, As more of this liquid, which would ordinarily

drain to the pool, was retained at the device, more was



Table

XVII, Effect of réflux inducers on separation performance, %% -

height
of
~device
in
. Tun inducing foam
no, = device (cm)
345  none -
350 perforated plate 13.0
349B perforated pvlate 12.5
& fcm of 9mm ‘
plastic beads
352*% none -
- 359% 30-mesh stainless 13.0
steel screen
360% three-tier stack 13.0
: 30-mesh screens
367% two perforated 5.0
plates _ - &113,0

 total

. foam-
height

(cm)
18,0

17.5
-17.3
18,0
18,0

18,0

enrich-

ment,

E

2,69

1.74%

1.814%

1,08

2%

2%

2%

9%

8%
5%
2%

(table continued on next page)

separa=
‘tion ’

factor.
o .

1.89% 8%

1.484 K%

2,19+ 2%

3.15416%

2.35%13%

L, 81+12%

1474 5%

semi-
theo =~
retical
separa-
tion
factor,
o

2.68

2.09

foam

liquid
ratg
(ecm’/
min

x10

- 1.45

3.01

3.34

8.23

-g11-
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run
no,

inducing . . ©

device

336

 349A
353%

356
369*

none
perforated plate
none

perforated plate

perforated plate

height
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20,0
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total

- foam
. height
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10,0
io.0.
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enrich=-
ment,

B
1,064 1%

1,114 1%

3,824 €%

2,75 7%,

2.14s 5%

§ep;§é~
tion

f‘actor," ’
a .

x.o9§'6%

1.12¢ 6%

5.61816%

2.06#15%

*  Indicates Sm/Ce separation; all others Nd/Ce separations,

##% . CaCl 2.01X1°°3ﬂ-
~ NACl3Z 1.93x10-7M
EDTA (),5_‘38){10"’21""M

Hyamine Z,IQXIOBAE

PH = 6.7‘»

gas rate = 0.87cm/min,

seﬁi-
theo-

retical .

Separa-

_tion
:f'a,_ctor v

ay

- o aw

foam
liquid.

ratd "
tond)

min)

-x10~ -

11,03

15.5

 0.667

0.389
0.628

=611~
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carried away by the‘rising foam, and aisteady-stete foaming
was reached which was wetter than the unobstructed foaming.

An extreme example of liquidbretentiodAwas observedlin

'experiﬁent 367, where a 2 to 3mm depth'of liquld accumuiated

. on the lower of two perforated Mylar plates in an 180m foam.

content (Exp. 356 and 369) of 0.507x10"

N

The liquid content’ of this foam at exit was larger than that
of the unobstructed foam by a factor of 5. ‘

An exception to the general observation of 1ncreasei :
ﬁetness was observed in 2hem foams with a-perforated Mylar
plate et‘the 20cm level.. In this case, the average 1iquid

2omq/m-in was about

1/3 less than the 1iguid content of 0.667x10"2cm’/min for the
unobstructed foam (Exp. 353) Presumably, this was a result

“of* loss of foam because of extreme coalescence caused by

the encounter of the device with the relatively iry and

fragile 20cm foam.

Effect on Separation Factor. A Airect 1mprovementv1n

the Sm/Ce separation factor from 3 15 to L, 1 was observed

‘for the use of a three-layer stack of stainless-ste°l screons

(Exp. 360 Table XVIII) This 1mprovement occurred 1n 'spite

I
of the nearly 50% inerease in liguld content of this foam.

In contrast to this, no improvement was obtained for foaming

throﬁgh a single screen (Exp. 359),.
The Nd/Ce:separation may have been improved by the use
of a packing of glass beads, The improvement in the,eepara-

tion factor from 1,89 to 2,19 is viewed as significant, when
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the sepaiatioﬁ‘factors are compared to the theoretical
separation factors based on the experimental enrichment and
 .the theoretical ratio of chelated N4 to Ce. In the case of
ﬁunobstructed foaming or of a perforated plate blockage, the
actual separation factor ﬁas;less than the theoretical by
50%. For foaming through the piastic-bead packiné, the
actua1 .& differed from the theoretical ay by oniy a few

| percent, and constituted a significant 1mpfovement. |

| The effect on separation inllocm foams was 1nsign1ficant
vdué to excessive liquid content of the foams at this height.

Effect of Material of Construction of'Dnvice. The choice

of the material of COnstruction of the device was 1mportant
to the kind of action obgerved in the foaminz. An-experiment
using an 18-mesh plastic screen (at 12.5cm in an 180m foam)
produced a foam so fragile that it could not pass throﬁgh the
foam exit secticmo Whenever the top layer of the foam reacheﬂv
the constriction at the foam=exlt section, the entire mass of
,foam above the screen immediately collapsed back to the séreen.
Normal; unobstrugted foaming was reestablished wheﬁ'thé
écreehvwas»removed. A waxy yellow waterésoluble residué was
depoéited on the screen, either'directly frbm confact with
the foam'orrindirectly from the total coaleséence of the foam
above1  |

Although this action was not suitable for a foam frac-

tionation in the kind of:equipment used in this program, it
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wmay”have appiicatlon as a collection schéme 1n.ﬁhich_a
vplastic screen belt continuously passes across avfoamingf
column collects the product of total coaleécence, 1s washed’
to remove the product, dried, and returns to the same or
another column. | | . -

In another experimont employinz an 80-mesh stainlos-
steel screen, no foam coulﬂ pass the obstruct1on dun to ‘total
coalescenco at the sereen surface; |

| Tho use of obstructing devices app°ars to cause separa-
_tion 1mprovement only when the device causes strenuous
distortion of the foam. The presence of single,screens.or

of a perforated Mylar plate increased the total liquid content

"»to the foam but not the separation factor.

The results of this section 1ndlcate that a wide varipty
of packing configurations and materials ought to'be-inves-
tigated, Of particular interest would belthicker stacks or
packings and packings placed at intervals in talier columns,
The total coalescence of persisteht foams by plastié screéns
 m1ght be of interest both from the standpoint of foam feduction

and separation improvement,

-
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‘CONCLUSIONS

| gziorvért

1. The exieting literature provideéﬂdesign guidelines for
persistent" foaming, 1.e foaming which maintains bubble
area (and also liquid content) invariant with height. Foam

density may be predicted, but only for invarisnt 1iguid con-

. tent. Surface adsorption mey be predicted for foans'wnose

surfaces are in equilibrium with the underlying liquid

2. Two regimes of persistent foaming are correlatod in thn

‘literature: the polyhedral-bubble regime, where foam‘liquid

_fraction f is proportional to the 0‘75 power of gasvflowrate'

vé, and the spherical-bubble regime where f is proportional

to v squared

S

3. Selectivity in foam extraction of nonsurfactive iOn

species depends 1arme1y on ion-surfactant charge~ interaction‘

‘and complex formation, as developed by Jorne. Jornes theory

of charge interaction predicts an average separation factor

of 1, 05 be tween adjacent rare earths,

L Rare-earth separations by precipitation have been quite

_difficult and those by multistep crvstallization exceedingly

tedions. Among methods not involving solid formation,lion
exchange separation with complexinz, has been effective in:

transient (chromatographic) conditions but has not been

adapted to continuous operation. Ligquid-liquid extraction
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often requires heavy loading of an aqueou;sOlutiOn’wlth'

‘ auxiliary salts or'acids, andbalso involvesreextraction and
attendant handiing of antorganic phaset ' '

5, Foam fractionation has been applied to rare-earth
Iprocessing for separation from other metals (Sr+2, Cs+ Sc 3)3
but not to separations between the 1anthan1des. |

New Develogments 1n the Present Study

1.  The model of “persistent“ foaminz does not apply'to most
.of the foamlng conditions which were found in this study to
favor foam formatlon, extraction and fractlonation. A two-
property classlficatlon was therefore adopted the. type beina
determined by the persistence or transience of surface area.
and the mode by the constancy or depletion of specific liquld
content with foam height or age. The consequence of a suc-
cessful demonstration of foam fractionation in the transient
regime of foaming is that many weakly foaming substances S
hlthefto rejected for the purpose can in fact be used advan-
" tageously. | |
2. Solutions of an anionic surfactant (Aerosol- 22) exhib-
ited transient foaming at low, and persistent foaming at
high, gas rates, In the transient regime, f was_proportlonal
to the 0.2 power of Vg Maximumvenrichmentvwas-obsefved_for
: the mOSt transient foaming. Maiimum extraction occurred,at
somew@at higher gas rates, (still within the range of trans-

ient foaming) which increased as the solution concentration



-125- o ”UCRL-19525.

vvdecreaSed 'Hiéh foam-liquid rates such as are.ehCOﬁnteréd
vt in persistent foaming appear quite unfavorable for extraction'
because they represent a large entralnment of bulk liquid.
3. As with lon exchange or extraction._chelatlon'or simi-
lar coﬁplexing appeafs essential for providing reasonable
éeparétions be tween raﬁe earths in foam fractionation.
-Although a éurfaétaht thch alsd ehters into selective conm-
plex.formatibn‘might be found, these two functions were
séivéd ih'the present expérimentél'prbgram_by a cationic‘Surol
factant (Hyamine 1622) and by EDTA. To obtéinvfoaming, both
free surfactant and surfadtant;EDTA-metél (or hydroxide ) com-
plex &@r@:required 'Foaming of this system shows transient
surface-area behavior and dlminishing liquid content per unit
- areas transiency increases as surfactant concentration
decreases, |
L, Rafé-éarth enrichients 1hcreased continuously with
height in the foam, Effective extraction rates were constant
at foém heights above 17em, Constancy of eitraction, in t
spité of surface loss, was viewed as a conservation 6f tbtal
rarenearth mass on the diminishing surfaces. Separation
factors () for the N4/Ce separation were 1.9, and for v
Sm/Ce 3.85 above 17cm. The separation factor drops sharply
toward 1.0 at shorter heights. Evidence of non-specific |
coadsorption of rare earth was observed, since the value of
[ éXpéoted on the basis of the liquid-phase equilibrium

was not reached,
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5, The loweét»éurfactant concentration_(0.0?g/l) fhat willv
still produce-fbaming (of the most tfansiént type);'élso‘
yiéldsﬂthe best separ#tion factor and enrichment‘at_cdnstént
" height. | |
_6. ‘Extraction rates 1ﬁcrease proportionately to 1ncreasing
EDTA Qoncentratlén.at fixed rare-earth and'surfactantllevels,
but aré accompanied' by decreasing éeiectivity. _}v |
7 At a felatively high EDTA.soldtion concentration
”(i.Bxlo'aﬁ). a light precipitaté (presumably cdntaining EbTA,
'.frare éarth,‘and éuffactant)vforms; This condition is oﬁera-
tionally undesirablé. and élso departs from:purevfoam - |
Ifractionatlon,:théréfore setting én upper limit to the allow-
‘ablevEDTA level which appears fo bé relati?eiy 1nsensitiﬁé
to the variations allowable in rare-earth and surfactant
levels. . -
8, A pool-liquid pH above 6.9 causes bulk precipitafion'of
rareQearth hyd_roxideso Maximum éeparation and extraction‘are
obmainéd ad jacent to this 1imit. Hence a pH near 6.7-1s'ﬂ
recommended as optimum, |
 9," Reflux inducement by inserting obstructions was effébtive
.in 1mprdv1ng the separation factor in cases of prolonged dis-
tortion of the foam matriz. For plastic bead packings or
_stacked three=-tier Stainless-steel screens, the ¢ fof f
Nd/Ce was raiséd from.1.9 to 2.2, and the q for Sm/Ce:from

3.1 to 4,8, Single screens and single finely perforated
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: plétés were'found to reduce drainage and 1ncreaée:the’foah

liguid-content, but without altering the q . Still other

materials (plastic screens; small-mesh stainless-steel screens)

rejectéd liquid more completely and hence destroyed the foam.

Suggestiohs for Fnturé Work _

1. By dontraéﬁvto'thefpreéent study-whichvfocusseg uﬁod
extractidn of coﬁplexed rare earth;‘it éppéafé that'highér

a values will prdbable be obtained by using"én aniéhlc sur-v
factaﬁt which will interact with and co-adsorb 6n1y unéhélated

rare-earth cations. Also, the low surface area typicalbcf

| many anionic éurfactants may provide higher molar concentras=

tions pér uhit surféde area. ana thué iead to‘greater :
enrichménts. | | | |

2. vBebaﬁée of its potential as the basis of more'and better
foamofractionation'pfocessés;rtrénsient foamihg Shoﬁld be..
investigated thbroughly. For_example; fﬁrfher stﬁdy df

liguid=content variation with gas rate 1is needéd° Because

of the lower strength of a foam column in transient fdaming v

stabilizing vanes or guide-wires may be needed in large=-

’diametef columns.

3; Réfluxainducing devices deserve much broader study ﬁith

respect to their surface properties, degree of defqrmatidn

~of the foam, and duration of contact. For instance, long -

sections of a suitable packing followed alternatively by

drainage sections might prove to be very effective 1n.
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 promoting multiple contacts. Application of such'devicés'in 

peréistent foamning systemsmmightAproduce stépwise dfbps in

'liquid content with attendant improvement in the separation

performance,

vaerg;;gPrdépecés
 1; The”overail-ﬁrospects'for foam fractionation are
directiy related to‘theafeatufes 1isted belowt
a. It 6perates in a low concentration range,
ﬁ. High degréés Qf puriflcation are péssibie.'
C. Produét recovery iS'easy.ﬁ |
d;- Suppleﬁentar& prdcessing to recovéf suffactant |
from the concentrated foam liquid is accessible,’
é} ;The process consumes a minimum of materials'énd
”_produces littlé wasté. ’ - - o
£. It is operatioﬁally very simple,
g. Power requirements are low Because of very low '
| preséure drops through the equipment.
2.  Although the method is studied here only for metal
salts, it may be well suited for separating and recovering
many other compounds including organic contaminants in water
‘supplies; | | |
3. Applicatiqn may be made to processingvand_recovery'of
actinides and flssion products if suitable chelating spedies

are employed.,

-



4

o)

Qg
N

o o

RN R QM Ot m ® 2 O
- PN e

g2 = B

H]

L] it |

u

]

-129- | ~ UCRL=19525

 NOTATION

activity of species 1 (moles/1l)
ratio of surface area to foam liquid volume

Ahgstromsv(lo'gcm)

]

éénceﬁﬁratidn, j=5s,p, (moleé/l)

Qohcéntratlon. { = components a,b,C,...
| : j = flowstreamsvs,p,f (moles/l)

dlameter of individual bubbles (mm)

squared average diameter =§ hidi3/§ nidiz (mm)

dimensionless dlelectric constant

-12

1,112x10™ % coul/voltscm

foaming column diameter (cm)

az

electronic charge = 1.602X10'19 coul,

enrichment ratio

voiume fraction of liguid in foam
volumetric feed rate (cm>/min)

volumetric gas rate -(cma/min)

o 16 _ v
‘Boltzmann constant = 1.38x10 ! erg/molecule-oK _

empirical constant, i=1,2,3,4,...

formation constants for complexes with metal ions;ﬁ

and complexing agents, I = A,B,...
empirical constant |
effective extraction rate (moles/min)

moles/1
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. v L v
‘bulk number concentration of i (number/¢m3)'

Newi = ‘
N = molecuiéfvweightv (g/mole)
P = ﬁool vélumétricvW1tﬁdrawal rate (cmB/miﬁ)
= sﬁeciflc liquld;contént (em) -
= £ef1ux rat16 of 1liquii returned to column/ liquid';
reéovered és proiuct |
S = surface génerétién fate:‘(émg/min)
8, = volumetric rate'of.liquid in foam not assoctated with
the surface (cm3/min) : N
Sv = VQlumetric rate of totallfoam-liquid (cm3/min)
t = time (min) | B -
T =Labsélute_temperature (°K)
Vg = gaé velocity (qm/sec)
v = exp(-e¥ /KT)
i aldisfgnce ffoﬁ interface into the intersticial 1liquid
4 = Charge of speciles i | | | -
'Zs = charge of surfactant 1on
Subscriptss
c = surfactant
f = feed
P = pool
S . 7= foam

Greek_letters#-

o -

separation'factor
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relative distribution factor
foam denéity (gm/cma)

surface tension (dynes?cm)

surface’adsorption density of Speéies 1 (moles/cmz)

electrical potential (erg/coul)

3;1&16

liquid density (g/cm’)

net charge density (cou1/¢m3)
chemical potential of species 1

liquild viscosity (centipoise)
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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