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“The removal of copper. lead and cadmmm ions from aqueous solutmn
y foam fractionation usmg sodm.m dodc cylbenzene sulphona.te (NaDBS)
has been experimentally stud;ed and theoretically pred:.cted for solutions
with-a pH less than 4. A mathematical model of the system consisting

o£ the ethbrmm relat:ons of chemical reactions occurrmg in the

system was solved for .the equilibrium concentration of ail ions in the

solution. | Based on this equilibrium concentration and the effective radius aof
the hydrated ion, a ‘modified theory of the" Gouy-Chapma.n diffuse double
"layer developed by Jorne and Rubin (9) was used to predict the distri-

bution factor of the meta.l ions. The work was éxtended to systems

&
contammg two metal ions for the d‘eterm:.nat:on of the separa.bxhty of 3
the ions wzth respect to each other.

It was found that the d:.stribntxoxx factor for solutmns containing one
metal ion could be predxcted theorencally for a bulk solutmn PH less
than four. Dena.non of results above this pH was attnbuted to the

| hm1tat10ns of the bulk solunon react:on model beca:;se it did not,

include react:.ons for thc formatzon of pol.y hydrczyl and poly muclear
hydro:yl complexes.

Good agrecnnent was also obtained between
c:penment and theory in the separabzhty study. The results indicate

that the order of removal of the ions from solution is Pb 7Cd ottt O
" This sequence is the referse order of the effective radii of the hydra.ted
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ions. ‘I'he results support the fact that the mechkanism for removal of

™

thc mns from soln.t:on is that of eled:ncal attraction and that selec;ivity
depends upon the cha...ge and size of the hydrated ion.

13



—
TABLE OF CONTENTS )
Lo - \E‘-. Lo . ' < Page |
ACKZNOWLm-EM P 1
TABLE'QF CONTEWTS P |
LIST OF FIGURES - B . v
LIST QF TABLES | | I N
 NOMENCLATURE . ) x4
1. INTRODUCTION o - - 1

2, .LITERATURE SURVE!
3. Tmommxc.u. BACKGROUND 3

).1 Measuremen_t of the D:Lstribution Factor ";jj'
3.2 Bstimation of Bulk Liquid Tonic Composition 13
[. 3.5 The Gouy-Chapman Diffuse Double Layer Model 21
‘4, EXPERIMENTAL INVESTIGATION ¢ =~ : 36 U‘
| b1 Féam]ﬂractionation o - 56 - }
-2 - Equilibriun Constant Determization 5 \
q:;- Instmment and Material - 53 o
5. BI-BUI.TS ~_, C e -‘ .- ‘ o \7#(-' -

| 5.1 Results of Equilibriim Constants ny

5.2 Results of Foam Fractiomation - 47 -

6. n:scussxou | ‘ 4T o . &7 N

6.1 Error Analysis 2 ST 79

; . . o
.
}




) v~ g SN
3 ~ Page
CONCLUSIONS L - 82
RECCMMENDATIONS FOR FUTURE WORK ‘ - 83
REFERENCES T ey
GLOSSARY _ S - 89
APPENDIX A o | e -
A ~bA Mathem‘:s.tical Model of the System
<" - Containing Two Metal Ions 92
4.2 Derivation of Equation (3.7) ” 97
4.3 Method of Contimuous Variation 99 ‘~:‘.i,
A.4 Derivation of Equation (3.34) 101
4.5 Derivation of Equation (3.42) o 103 .
| a.6 I;erivatio; of Equation (5.44) ] 10 N
4.7 Determination of the’ Effective Radii of 53
Eydrated Ions ' ’ , 105 13
APPENDIX B Tables-of Experimental and Calculated -0 l
: | Data - . ~ 7107 - \ e
\‘ APPERDIX C  Gomputer Programs , 137 \
¢ "
o _ )
- 4 :



W
1
<
]

LIST OF FIGURES -
' \
Figure oo Page
1t A Schematic Representation of the Variation of |
I.nter.facé Concentration With Distance. . 24
2 A Lamina in the Solution, Parallel to.An
Interface, o 26
3 Surface Adsorbtion Model for Small Ions of
Charge z} and Large Ions of Charge z5 to
Honolsw of Surfactant of Cha.rge Zg at -
b 4 : 32
L Schematic D:Lagram of -the I-'.:xperimental |
| Apparatus. 37 -
5 - Spectrophotometric Ana]ssis for the Deter-
s mination of k of Cu=-NaDBS Sy\stem. 48
6. Spectrophotometric Analys§s for the Deter-
mination of ky of P'o-NaDBS Systen, : 49
4 Spectrophotbmetric Anahsis for the Deter- ,
mination of k, of Cd-NaDBS System. A 50
3 Method of Continuous Variation for ths -
' . Determination of the value of n in Cd(DBS) 53
- 'Bffect of oﬁa the D:Lstrib tion 0 o
' of Copper, {Cu| = 10 ppm, HaIJBS « 50 . .
g/l . 57
10 Effect of -on° the Distribu Factor 0 p
- Cadmium, [Cd] = 10 pmm, [NaDBS]= 0.50 58 )
11 Bffect _of pH on the Distributiocn Factor of k .
; Lead, [Pbl= 10 ppm, {§aDBS] = 0,50 gn/1. %
12 7  Effect of Bulk Copper Concentration on o
. .Idstribution Factor, ;H 470 + 0.05, -
« [NaDBS] = 0.50 gr/1. - _ 60
1> o Effect of Bulk Cadmium COncentration on
——y _ ‘Distridbution Factor, pE = 5.00 * G.05,

[¥apBs}+= o.5ostL el

. ‘ . . 5



v e sy ey a Ry T TTY

1L
15
16
17

18
19

20

ﬁffect‘of Bulk Lead .Concentration on‘
Distribution Factor, PE = 5,15 + 0,07,
[NaDBS] = 0.50 gm/1. T

Comparison of Predicted and Measured
Selectivity Coefficients of Pb-Cu~

NaDBS System, pE’3~4.10 * 0.05, [NaDBS] -

0.50 Em/lo

. Comparison of Predicted and Measured

Selectivity Coefficients of CdeCu~

-[NaDBS] = 0,50 gm/1

NeDBS System, pE = 4,10 * 0,05,

Comparison of Predicted and Measured

Selectivity Coefficients of Fb={(d=

NaDBS System, pE = 4,10 *.0.03
[NaDBS] = 0.3%0 gn/1l. - ’

PE Change of Cu-HaDéS System : pHF,
PE of Foamate; pHB, pE of Bulk, .

il Change of Pb-NaDBS System : pEF, .
p¥ of Foamate; pHB, pE of Bulk,

PH Change of Cd=NaDBES System : pHF
DE of Foamate; pEB, pH of. Bulk,

LY

| Page

62

65
71

72

L)




LIST OF TABLES

. -Page
. ‘ . \ﬂ - ‘-
1 Various Adsorption Bubble Separation
Methods Classified on thé Basis of >
Mechanism of Separation and Size of .
.- the Material Separated., L
2 Instruméntal Para.metersl for the :
: ~ Analysis of Metal Ions, : 41
3 Equilibrium Constants k, and kg of
Three Met2l Ions, . : LS
4 Equilibrium Constant of Acetic Acid
Measured by Spectrophotométric Analysis. 46
5 . Equilibrium Constant kc of HDBS 51
Slopes and Intez:cépts of Figures 5 to , .
. 7 and the Results of k‘b 52
~ : '
The Effective Radii of Hydrated Ions 56
Comparison.of Selectivity Coefficients
Measured from Mixture Systems and That
, . Calculated from Pure Component Systems. 66
9 TH Change of Foaming NaDBS Solution Jithe '
‘ out. Metal Ions, - o 78
A= Squilibrium Constants of the Model of E ' :} i
‘ . Mixture System ‘ 9> ‘11
Bel Spectrophotometric Analysis for the | . %fz
o Determipation of k, of Cu=-NaDBS System, - 108 E
’ B-2 ' Spectrophotometric Analysis for ‘the T o
Doterminatios of k, 0f Pb-NaDBS System. 109 “ a
‘B3 -Spectrophotometric Aralysis for the L -
' qu;a\rm:l;nation of k‘b 0f Cd=NaDRS Systen, 110 ; |
By - Sflectrophotometric Measurements for the - |
' - Method of Continuocus Variation. - 131
. 1) . L
o - - _/ ' ‘; - : ) '.- ‘\ |




* Table

B-10

B~12

Bel3

B1k

- Bel5

Be16

Ball

¢

-vildi -

Spectrophotometf"‘c Heasurements of FDBS ,
Solution, : 112

Effec; of pH on ;he D:Lstribution Factor ‘
of Cu  and CuQH 113

Effect of Bulk ¥opper Concentration on

the Distribution Factor of Cu'* and cuom®.11

Effect of pE on the Distribut:.on Factor
of ' and PbOH" . . 115

Effect ,of Bulk Lead Concentration on the

s ..ribution Factor of P‘b and PbOH" . 116
: Effact of pH on the mstri‘bution Factor

Effect of Rlk Cadm:Lum Concentration on

the Ddstribution Factor or Ca** and CJOE™, 118
| Theoretical Prediction of Disgrdbuiian

Factor of cv. and CuOE vs. Bulk COncen-

tratdon, - - g

Theoretical Prediction of Distribu‘d.on

'Factorofcu andCuDH V8. PH. . 120

Theoretical Prediction or Dist:d.bution

?actorofpb and PbOE” ~vs. pH, 121

Theoretical Prediction of B:Lstnbution
oroi’Pb andeOH vs, Bulkconcen- '

‘tration, . e v 122

Theoretical Predictidn or D:!.stribution

",?actoroftZd andchE vs.pa. 125

Page

b
-
H
x
..
>
o
~

LIS SO .9., .

s ey



Table

B-17

~

Theoretical Prediction of Distribution
Factor of Gd
tration.a ) S

-~

Experimental and Predigted Selectivity
Coefricient 0f CdwCu~N¥aDBRS System.

Experimental and Predicted Selectivity
Coefficient of Pb—Cu-NaDBS System.

Experimental and Predigted Selectivity
Cosfficient of Pb-Cd-NaDBS Systenm, °

Spectrophotometric Heasuremente of
Cu-NaDBS Systen. : .

[N}

Spectrophotometric Heasurements of
Pb-NhDBS Systen, <

SpectrophotometricﬂHeasuréeents of.
Cd=NaDBs System; : ,

Experimental Data of Cu-NeDBS Systen,
Experimental Data. 0f Pb-NaDES Systen,
‘Ezperimental Data of Cd-NaDBS System.
Experimantal Data of Cu-Cd-ReDBS System.
Bxperimental Data of Cn- System.
v~Exper1mental/pata ol Cd-Pb-EenBS System.

and CdOH vs. Bu;k Concene

125
126
127

. 128

129

150

151

132
135 -
134
135

136




“n

~ equations of the mathe:atical model
Boltzmann constantﬁ=-1.3805 = 10'16 rg/holacule.ox
‘equilibrium constant of chemical reacfibn in solution

S
g

NOMENCLATORE L

Sl URE
activity of siecias 1 (molesfl.,) -

equilibriun concentration of ions. in soluticn (moles/l.)
Concentration of solute i in solution (molea/l.)
diameter of {Rdividual bubbles (cm.) '

‘distribution factor of netal icn

electronic charge 1.602 10'19 coul, |
4.8029 x 10710 su,

volumetric gas rate (cz /min).

the Debye-ﬁndkel reciprocal length
= (8Te 2z2n1°/em)

length of the optical. path ' R
nunber of caplllaries in a bubbler |
bnbble emission rreqnency (bnbbles/hinnte/banilla:y) a

_ concenuration of sPecies i (moles/l1.)

/
concentration of species 1 in bulk liqnid
volume of solution (liter) _ /f

volnmetric rate of foanm bverflou on a gas-rree
(collapseq) basis

surface generation rate (cn /hin) ;‘

absolnte tenperature (QK)

the Boltzmann correction for ioms at potential

g = e"a(-eoﬁlﬂ)
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uncertainty in the independent variable
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. 1dgquid (em.) '

independent variadble ° .
distance of closest approach (czm.)

the difference between the optical density found and
calculated for no reaction

W nn s

charge of species 1
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CHAPTER 1

INTRODUCTION

. H

The use of roam:,g as a separation t".echnique is well
docunented, General references concerning the techn:i.qne have
beenpublishedbySebba(l),Lamlich(Z)andRubinetal( Yo
" The separaﬂonmionsfronaqueoussolnﬁonnsingmanrraétion-
ation is based on the fact that snrfaze-ecﬁva paterials accue

mulate at an a:i.r-]icuid interface, Finely dispersed air bubbdble
introduced into such a soluti:;:, wiil erfectively Temove tba{
surface-e.cuve substance from the solution into the foam, Surface
inactive icrs, such @s fetal ions used in this study, can be .-
removed us:Lng an icnic surfactant of opposﬂ.te charge, The actual
mechanism of attachmémt of the surface iractive ion to the sur-
factant ion depemds cn the gystem, ZExperimental ovidence from
metal ion rexoval studies reported by Walling et al ( 1+ ), Rubin
et a1 ( 5,6,7" ),anndkandralbot(S)indicatethemchanim,_
to be one of. electrical attraction, That is, the Mer of anionic
surfactant adsorded at the air=liquid interface has associated
with :!.t a diffuse layer of ionsxof opposite charge in order to
ma:mta:i.n electrical ‘zeutrality, T_he fact that countarions
associated with the anicn layer could consist-of a rdxture of
all the cation species in soluticn complicatesths matier, Proe
\rerentia.l attraction ‘of cations to.the lgyer depends oo concen-
tration, phasical size, and electrical chorge,

£
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Appncation of foaming to the extraction ot nonenrface-
' active species requﬂ%s a method of predicting the epeciﬁ.city
of the foan surface for indtivideal ions in the eolntion. Thie
specificity may arise from charge. interactions betwsen the ,adsorbed
surfactant layer and.a ditmse-double-layer of counterione or ﬁ:om ,
bonded interactions of.a conplez Lype between surfactant and _
}clution species, Competiti.ve coadsorption of ions of opposite
charge to the surfactant beeed cn the diffuee—donble-layer theory
ofGowandChamanandanoﬁ.ng forthedﬂferenceinthedis-
tance of closest approach of ions of different si.ze has been
reported by Jorne and Rubdin ( § ), The theory enables one to
predict the distribution factor of each species.between a solution
of mzed electrolytes and a surface layer, and 'therééofe to
calculate the selective eeperation coetﬁ.cient between two
elements. They reported that t.'b.e difruee-double-la;yer theory |
agreed well with ezper:lmntel results for solutions containing
sz or 70, 1a the presencé of monobutyl biphenyl sodimn _
sulfonate as the collector. ' | |
This study comsists of the applicaticn of the above .
pr:i.nciplee reported by Jorne and Rubin combired with an equie
lihrinn model of the eolntion to predict the - surface . epeciﬁ.cify
of cop'oer, lead and cadmiwnm in dilmte aqueoue eelntion ns:!.ng
sodium dodecylbenzene sulfonate as collector. The trork represents
a var:f.ety of bulk eolution condit:!.ca:s ;diffe:-ent netal don species,
and miztures b2 netal ions.

o . ’ o ' ~
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It is ditﬁ.cult to separate rsolnble na.ter:l.ala from solutions
whenMrconcen&aﬁonaarerelaﬁWmllnsmstofthe
separation techmiques beccme :!aefﬁ.cient. 4 number ¢f separation °
methodswhichappeartobaasammrseparatingmmtenal |
paticularly when its'bulk comcentration is lov, are called .  °
adsorptive bubble separation techniqnes and are discussed by \
,I-enlich(a). !hesemethodsareb@edonthe fact that the
?mraceﬁzzﬁve materials are prefarem::ian: concentrated at
ai.r-.iqu:!.d interface and certairr other comnonents that are not

techm.quesbaaedontheparticlesizeofthemteﬁ.alandthe

mechanimbyuhichitmeeparatedmlq.stedintablel. Iz

a species is na:nrany snrface a::tive, 1t can be separated simply
by providing enough ain-liquid nterface and b:r collecting the

regultant foam, Such a separation is called " foan :ractionation n
'i’or the separaﬁ.on oL surfaco-acﬁ.ve molecnlea, " focam notation n
for that of hydropholic colloids, " froth flotation ® for that | 2
of sleve=size partd.cles of cmshad naturan; hydrophobdc minerals T
such as sulpimr and grapiite. If the species to be soparated |
is not raturally surface active, a surface active ‘agent that -k
ould associate with the spocies in some mammer 1s added and

e
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then foaming is condnc»ed. This process is called " ion
flotation " for the separation of submicro species, The .
separation of particnlates of colloid size by this technique _
is called " micro flotation " and of sieve-size particles of
naturally hydrophilic minerals such as silica and alumina is

called " froth flotation m,

— In the early stage of exploring'the fbam separation

technique, all the experiments reported deal with the. separation
or purdficatior of naturally surface active substances such as
proteins, enzymes, various fatty aclds, salts, and detergents.
In recent years, the foam separation method has found increasing
application in water treatmenﬁ and the recovery of’ valuable

substances. iﬁﬂeﬂformer is mainly irn the rem val of radio=active

materials (11 12,13 )} and orsanic substances (1) from waste
waters; an éxample of the 1atter is the uranium and vanadium
extraction from carbohate solution ( 15). A comprehensive
review of the materials separated by foam separation techniques
was summarized by Rubin and Gaden ( 3) in 1962 and by _ L///“\
Somasundaran (10) in 1972, : .' >
00pper, cadmium and lead iens were chosen for this stui§j
ehgge it isaapprepriate to review. all the works that have géen
done’ on these elenents. Rubin et al ( 6,7 ) studled the effect
of pH on the separation of copper from dilute aqueous selutien
using stearylamine .or sodiunm ryl sulfate ( NalsS )., The

mechanism.o: lon flotation they proposed was that attraction
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between the cation and anionic surractant'must be due to -
'5peci£io ion-pair interaction or compleéx formation, that 15'
the charge on LS is neutralized so that electroneutrality in -
‘the roan is meintained, Ddck and Talbot (8) 2ls0 worked on”
the same system. but more factors were studied. The/optimum
conditions of removal were found to be as followa ¢ pH range
between 3.6.-and 2+7 and surfactant concentration of 0.5 gn/l..
It vas also found in this. work that as the ratio of molar cone
centration of_sodinm ion to cupric ion was increased, the
distribution factor of copper decreased. A similar decrease
vas noted for the hydronium ion. Thie behayior supports the

: ion attraction mechanism proposed by Rubir et al ( 6,7 ) for
the removal o!_cnpric ion trem solution using FalS. The work

vas extended to etudy the effect of the addition of an auxiliary

ligand and the results indicated that nnder certain conditiong
the - separation efficiency was dnproved.

4Rubin ‘and Lapp (16 ) reported the atudy on the removal
of leac fronm Pb(II)-NaLS systen, An attempt was made to relate
the mechaniem of the process'to'thq‘hydroxytic behavior of the
netal and the soiution PH as ueli as the ionic strength and
collector concentration, The nesulte nresented in the per'cent
' removal dezonstrate the applicability of hydrolysis data: to
estimating ‘mazimmm removale by zoan soparation, It also nene
 tioned that increasing the icmic strength results 1z a reduction
in i\‘ (II) removal at all pB vdlues, Thia reduction is
attribnted “to a, rednction in the activity of the lead epeciea

and increased conpetition between cations for the collector.
‘ &
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] fz‘ﬂ " There are 1o Teports available in the literature on the

-separation of cadmium ion, and thie is the first work on thie
elenent, . ‘/

Grie;es e%'el have reported aranmber of extensive studies
‘on the foanm separatien process-in an effort to establieé:the
effects on the extent or separation of each of the following
independent variables : surfactant concentration5 temperature,
pE and ionic strength etc, The systems they “have studied include
the Beparation of orthophosphate ( 17 ), phenol ( 18,19 ),
chromium(1V) ( 20 21 ), cyanide complexed by ircn (=22),
colloidal ferric oxide ( 2; 7, bacteria ( 24 225 ), clay (26)
and active carbon (27 ) All the ucrks hare been summarized
and discussed in the book ( 2 )o | |

Robertson ( 28 ) investigated the fbam fractionation of .
rare=earth elements by extraction of their EDTA chelates with
z a2 cationic surfactant and the f?em fractionation of én anionic
surfactant, The results suggestéd that appreciable sepamtion
improvement was achieved e?-blocking foam with atacks of ecreen\‘
or plastic bead packings. The published research on icn
flotation done by Sebba ( 1,29,30,31 ) and others ( 2;) ) hes
concentrated largely on extractioh of individual ion, Idttle
vork bas besn.done to investigate interionic separation,

Wa..l.hngeta.l (4) -ePOz-ted a stndy of the welative- = . .- -
‘adsorption of calciwn and sodium ion by E-nalmitoyl nethyl
tanrine; The result 1nd1ca§ed a streng preferential adsorption
of calcium cn by the anionic surface layer., The results among

I
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the univalent ions su,ggest an order of increasing adsor;ption

-

-E < Ka'< K < HH A selective eztraction of copper from
solution containing zinc by nsing increased pH has been invege
tigated by Jacobelli-&‘uri et al ( 22'), This is based on the

.di/fference in values of stabi]ity constant of the 'cwo metallic
.c\qmple"es. In this case, at pH values above 10.5 the copper

* surfactant complex is stabdle while the zinc conﬁs:: is less
stable. . ' \
. Fron the above e'-per:!.mental evidence of metal ion removal

:Lt can be concluded that the specificity depends on charge

: interaction and complex formation that occur at the gas=liguid
interface between the adsorbed surfactant lmrer and a diffuse=
double=layer of counter:!.ons in solution. The adsorption model

. was first given independently by Gouy ( 34 ) and Chapman ( 35 ).

- The baslc assumptions are that the charged surface is impense

, tre.‘ole, that the charge is zmifom]s spread’ over :!.t and that

~ the counterions behave as point charges, being able to approa;:h
right up to the p].ane of the charges. On the bagis of theee
assnmptions they solved the Boltzmann equation for the distrie

- butlon of catioms and anions in terms of a potential near the
charged Jurface relative to the bulk of the solution,

In the above theory, :!.t is :ssuned that the ions are
point - chargesand therefore no selectivity exists between

ions of the same valencye. Houever, 3 receat paper: ( 4 ) indicated
that there is solectivity between d:!.fferemt ions ©f the same __
valency, It was Jornme and Rubin ( 9 ) who first modified the :
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theory that enables one to predict the distribution factor of each species
between'a solutmn of mixed electrolytes and a au::face layer. The basis
of this rnod:.fzcatzon is that the distances of closest approach of the
hydrated ions to the aa.r-hquxd interface are different. They reported
that the dz.f.fu.se-double-la'yer theory agreed well with erperunenta.l
results for solut:ons containing Sr'H' -or UO in the presence of
monobutyl b1phen1_,r1 sodium su]_fonate as the collector.

Various. modes of the foam separation column have been used in
research and are a!mmarzzed by Lemlichk { 36 ) and Rubin et al (3).
They include foam fractionation in the simple mode with batchwise
and continuocus flow operation, "and in the higher modes with enn(hmg,
stripping and combmed enriching and stripping. Since the goal of
this work was to study the separation mechanism of ions at the air-
liquid interface, a reliable ope theoret::.cal stage foam .fract:.ona.tmg
column was chosen. Operatmg conditions ‘of the column must fulfil
the requirements for a theoretical stage as discussed by Lemlich
( 2b) ; they are, the liquid pool is well mixed, sparger submergence

is over 30 &m, and there is no coalescence in the rising foam. -

Usually, such coalescence would release adsorbed solute which would
run 'ba.ck down through the rising foam as internal reflux, thus

. enriching the foam overflow beyond that of a smgle stage of separation.

Coalescence of bubbles in the lquid Just bel'ore ‘they enter the foam

~

can also ma.ke\"for a richer foam.
Foam fractionation of c;pper, lead and cadmium ions was: investi-
gated in this study using sodrum dodecyl'benzene sulfonate ( NaDBS ) as
the collector For the systerns containing one o.f above elementa
dmt?-zbut-_mn factor of that element was measured as function of the -

~ )
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a.cidity of solution or the concentration of the element. For the systems
' containing.two of above three elements, selective separation coefficient
between the two elements was ﬁ:easured. All the experimental
results were predzcted by the modified d:ﬁfuse-double-la.yer theory.

_ - Since the e£fect of mmc interactions is essential td the eﬁ:qency

of extraction, the ch&mzstry of the soluhon foamed was examiined,
that.is, the equilibrium composition of species were determmed by

considering all the eth‘bnxnn reactzons ocqn-rmg in the solutzon.
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CHAPTER 3
"v\ . . 5 - R
THEORETICAL. BACKGROUND

The original theory dﬂ-fGouy-Chapman chﬁfuse layer predicts
that hke—-charged mns have like- distribution coeffzc;ents But, .this
is not usually true. since the relative’ separability exlsts ‘tgltween
like charged ions. Jorne and Rubin (9) was- then the first to modify
the theory allowing for the dxiference of closest approach of ions of
dziferent diameter. The ph-ysica.l size of the hydrated ions in a
solution pon the conditions of the solution such as PH. ionic : \»
concentration. efc. Hence. a funiam.ental investigation on the
chemistry of the solution foamed was’ thought to be essentxal to
the study of foam fractionation. It is known that ionic size increases

as solution pH is increased due to the formation of poly muclear

species. A bulk solution reactzon model ha.s been developed to
estimate the equilibrium concentrat:ons of vanously charged ions
at different bulk conditions,

-

3.1 Measurement of the Distribution Factor o P

- The distribution factor of a surfactant or colligend adsorbed on

e ———
. .

the surface layer is a measure of the degree of ‘separation and is defined
as the ratio of the surface excess to the bulk concentration of the speczes ‘ /

in question. It can be measured experimentally usmg 2 single, equili- _ _—

“brium stage foam fractionation column. The method consists of bubbhng




prebumidified air through a large volume of solution containi.ng
the surfactant and colligend to be studied and collectd.ng

relativeh small volume of foanm, Assuming no bubbile coalesance :

in the foan and that the interstiﬁ.al liquid is identical to

that of' the bulk, a mass balance carried ont\qx; the collapsed .
 foam produces the rollouing relationship :

QC,p - = SP + Qg G
'where Q is the volumetric Trate of foam overflow 08 2 gas=free
'~(collapsed)basis Sisthesur:raceovg‘y:ﬁowinthefoan

Cf is the concentration of the collapsed foan and cb is the
bulk.'ﬁiiquid ccnmosition. If the air bubbn.e 1s designed such

that the bubbles are spherical and uniform, the surface rate

generated from a bnbbler of n cap:i.llaries can be estimated by :
4
4 'S = nI‘IJ'l’d‘_2 (3.2)

-
!

where d is the bubble diamster, 1?@3 the bubble ezr.i.ssion -
frequency and- 7 g° is the: surface of a sphere. Since the !
voluneofaszzhereis Tgld)/é andthegasrateGisk.rwun
the bubble diameter can be calculated from : = <4

d - ?\%‘3_.)1/3 . 53

‘\2_1‘ ‘I =

2]

&
. -

.




Rearranging equation (3.1) Yields equation (35.4)

- Q(c - .3
R — % - (5e4)

Thus, from measnrements of Q, N, G, c and Cy > r’can be
found, The distribution factor, indicating the possible

extént or degree of separatibdn, of~;§9 solute is'then
determined by the relation

D = —— (3.5)
%

L 3%

- A selective separation coefficient of element A to element B

is defined as the ratio of their individual distribution factors:

- 7y,
d =
2B (/¢ g

(3.6)

@
Se2 _BEstimation of Bulk Iiquid Tonic Composition

In this study, an attempt has been made to estimate the
concentration of all ionic species in the bulk solution by
postulating a set o2 equilibriumn refctions and calculating the
'equilibriun conpositian. The metal ions, copper, cadminm and
lead, used in this study fbrn~pcly hydrozy complexes and in

’
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 the case of lead and copper, polynuclear compleze;}in basic
solution ( 37 ). In order to keep the system as simple as
possible only acidic selntions with pE <:# were considered.
In this region the equilibrium reactions present in solution

were assumed to be _ o .
Mt B0 = MoE® + f§ (a)
. ——— '. | -
¥ v B = M(mBS), (b)
HDBS &= 1§ + pgs™ (c)
. 4 , - - ‘l" .

The equiiihrium expreossions for the above reactions, inclyding
their respective equilibrium constant, k » kb k , and kd ’
plus the following material balances constitutes the model
assunmed in this stndy. ‘

Tiad " [Hos‘}[ucnes)a] [mm ]= c,, | (e)

v o

_ [DBS"J + [ZH(DBS)?_] . (mmms) = | cm_,\i\ (£) ;
N I

Cu*+ CDBS cm ~ are the total concentration of metal

, ions, surfactant, and mitrate added to the solution, TeSpeCe
tively, Such a mathematiecal podel can be solved on a digital

o~
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B

coemputer, using an iterative technique, to estd.mate equilibrium
concentration of all the molecular species defined in the

model, _ It is noted that foxr the Systens cantaining two

Thisisshowninanpendizkl. The equilibrium constantsk.b
and k were not available in the" ldterature arng were deternﬁ.ne?
experimentally by the author,

502.1 Determination of Equilibrium Constants

equilihria in solution. Hany'
sition in the near=ultraviolet s .
spectrum, and the intensities of the correspanding absorption
bandsofasolution have boeiwidely vseil as 2 . measure of the.con=

rt

‘centratipn of the various species present. 'The quantitymeasured

.'\ - - - - —

. - h ‘,”_:_ -_‘5;“ . - .- P

is the,opncal density which” can de emssed as OD=1¢€, [s] ,
uherelisthelengthcftheopticalnathande :Lsthe

rolar extinction coefficient of Species Be-

Determination of | consider a monobasic acid reaction
HDBS. == E + DS, [hen the two conjugate forms, EDBS and
IBS” , coexlst in solutian, the observed molar extincticn
coofficient for tho solute at any wavelength is equal to the -
Sum of tho producty of molo frectlon and molar extinction’

./
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coefficient of each}ro.m. This has provided a con‘venient
means of detem:l.ng the equilibrium constan of snch reacticn.

Eowever, tke r:olar extinction coefficients of pure

® notrequ:i.repureconjusate forms, Asemraleqnatd.onuas
derived ( see appendix A.2 Y. as ?'

B €n (M) =y () - (€)= =€, G.?)

vhere €p is molar extinction coefficient of HDBS, €y is that
ofDBS'"- and € , is that of a mixture at hydrogen ion -
activity a, and containing solute concentration of [EZDBS]
aradeBS"] . Thisisalinea.reqnationinfourtemsand
three_unknouns-( the latter in parentheses- ), since ,en ;a:nd
%, are measurable quantitdes. Solution for the wnkom k

c
requires three sinltaneous equations which may be solved ui&
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Optzca.]. d:ex;sxty OD, is the mstrmentally measnred quantity. ‘ v
If the light path and total concentrahon of absorbing solute are the
‘same in eag}x measurement, then [s} and 1 will cancel out, and
OD may‘then be ‘substituted for E in equation (3. 8). This means that
the optical densities were measured at a particular wavelength for
three solutions with different hydrogen ion concentration and that k
can be calculated from equation (3. 8) : . o \

-

Determination of kb | equhbnum constant kbw:as determined by
u,smg a spectrophotometric method which combmea the method of
contmqpu.s variation (39. _40) with loganthzm.c analysis similar to
that used by Bent et al (41) and Kingery et al (42). The method can

be used to dcm:onstrate the existence of metal-DBS comg]-e: in a
solution and to determine its ethbnmn constant, _
For the application of the method of -continuous variation, consider

an equilibrium reactjon such as .

L

M.+ aDBS .z= _M(DBS)h h)

In general, a series of equ.im.ola.r mixtures prepared by adding p'liters
of DBS to (1-p) liters of M w:ll bhave varying optical densities. If(y.
the difference between the value of optical dcmnty found and the va?l\e
calculated for no reaction. is plotted against Pr 3 maximum will be
obta.med. The complex sumber n. can be calculated using the
relationship n= p /( l-p). ( see appendix A.3 )-

“
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A1s0 in above equilibrium reaction (ﬁ), the mass action
expression k = [H‘(D'%)n] / [M] [DBS] ® can be converted to
the logarithmic form :

i

. | log _ T ' == ioglf.b + log [M] G

It is sden that a plot of log' [H(DBs)n] / [oBs]® ~ against
log [¥]'" should yield a straight line uwith a slope of one and
an intercept. equal to log ky o Thisg methogi- vas‘app]ied to
solutions containing only upcomplexed metal ion, |

‘Once all the equilibriunm constanté are known, the equie
librium model of the system can be similated using the modified
Regn]i-faléi iterative method ( 435 . 35 76) | |

3.2.2 Simulaticn of the Equilihrium Model ‘ L

Asswxing the identities A(1) ;[u"] , A(@) = [m0a"]",
a(3) =[u(mBs),] , A = [0857], a5) = [mas] , a(6) =[5"] \
and A(7) = [!mo;] ; the equilibriunm expressions for the
reactions (a) “to (d) plus the material balance ( equations (e)
to (g8) ) can be rewrditten as : ' |
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N

[H+j A(2) 4 : ) _ :

A1) kK =0 o G.10)
: ' | A0G) l- | | - b-\.f“
/T TRmawiny T M (\3‘11’

T gmiERTIAEC e E

T "—vmﬂ'm]wurqw-x—‘—.,-,-....--

2] aw) ) | 4.0 C

A(5) k,

A

a(1) a8) i, (-39
AQL) + A(2) + AG) *+ A(D) | L .
. ~ , 10 (3614)
.ot

ALY + 2A(3) + A(5) .. |
NG R | °
™ - ‘ = 1.0 (3.16)

L ' o

Assuming a function G(“i) uh:!.ch is equal to any one of a.bove
equations and is defined %o se.tiafy the conditd.on of

o 6(x ) = O - (5.17)
Ry e 0 :
‘For Mple. thé varisble A(2) in equation (3.10) is.equivalent to -
the mdependznt vanable X. in the. above equa:zon. and in the case of
. equa.t:on (3. 11) it 13 A(B). etc. Tke mathemancal solutzon of the model
is then obtained when the conditions of G{x ) equal to one are met

L.

simultaneously.




From the iterative process, the r=2 approximation is

' glven by : ' a
’ 1 5 | '
- ™+ : l N
. =y’ = ._(_._? . (3.18)

To prevesnt from the divergency of fiteration, the’ follomwing.
improvement- is made, ‘ |
T+l | o+l ~ =
[. e = Flxza +x) (5.29)

i

Substituting equation (3.18) into.(3.19), it becames

Pz 1-
\ _ {
x "'t & %3 T30 v 7)) G0
D '
Based on this developmeni: the mathamatical model can be’
‘ v-euritten far sd.mnlatd.on as : § / | s ._
o ' _ o AQL) k =
AT = FART 1.0+ =B 3T (5,21 _ 5
[ "] A(2) : .
' e AQ) AW K, .
26 =z aG)T (Lo il ¥ (3.22)
. - (( A(3) '
| A(5) k.
AT = AT (Lo =) a

. (3.25)
A 57 .

. - J.:-T' . \ .
. f | -
\ ¢ .
. \ .
.



A1) A6) By

AT = 3 AMT (104 .24
) NG (3e24)
AT - £ AT (1.0 i -)“. (3.25)
P ' - S . AQRA@vA(3)+A(?)
‘ . a : . c . _
A5 = 2 AT (Lo« DBS T (3.26
| A 2AGIAG) (3+26)
and B , |
| R CCgem s
A6 = 246)° (1.0 2 ___)* (3.27)
: ,_ A(6) + A(7)

In sunq;ary the simnlation started with the reasombly init:!.al
: R TON

guesses of variables, then followed by successive appro.ﬁ.mations ’

until the process converged. The f.inal values of the var:!.ables
are the equilibrium concentration of species in the so;.ntion.

3¢5 _The Gouy«Cha mn Diffuse Double layer Model

A deeper level of nnders@.ing 02 the separation process

15 gained if the doublewlayer structure can be predicted on
the basis of the properties of the bulk phase, The Gouy and
Chapman treatﬁent of the behavi’or of 10::8 in the vicinity of
the charged sn:!:ace is that the ions are azfected by the gleC=
trical force ar:l.sing frcn the charge--on the interface and by
thermal Jostling, The ionic distribution is lmown afte. the
equilibriun between electric and thermal 'forc'es'is attained, |




- The ions are. scattered 80 much that it is imagined that only
scattered partlcles existed in the 1nterphase and none of the
rigldly fixzed charges of the simple double-layer.model is\
loft ( 4h,45,46,47,48 Ju ‘

It is noted that the eencept of surface excess is diff-
erent from that of adsorpticn, though‘the sprface excess nay
become nearly identical to the total améunt adsorbed under
certain limiting conditions ( i.e., bulk concentretioe equal
to zero )« The surface excess of a particular species is the
excess of that species present in the sirface phase relative
to the amount that would be preaent it the double layer were
not here, The surface excess, therefore, represents the
accur on of the species in the entipedinterphase region,

Applicapion of the difruse-deuble-leéer theory to foaﬁ
separation process was first proposed by Jorne and Rubin (9)e.
In the foaming precess, 1f the air is bubbling in water con-
taining surface active raterial, an excess of this material
will genefélly be present .on the air-liquid interface and an
eqzzzgient amount of ions of oppogsite charge will be distrie
butéd in the solnzion near the interface, The charge on the

air-liquid interface is treated as a surface charge .spread
unifornly over the surface. The charge in eolution is consie=

' dered to de. compoeed of an unequal distribution of pointelike
ions, The solvent influences the double layegkenly through its
dielectric conapant. According to the Gouy-Chapman treatment,
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the distribution of the ions ir the solution is govermed by a
Boltzmann'relation, Positive ions are concentrated at places
of negative pdtential and repelled at places of positive poten-
tial. The reverse occurs for negative ions.

Conzider a solution of an anionic Burfactant and seieral

- gpecles of caticns and anions, The surfag}ant adsorbs to the

air-liquid interface forming a negatively charged interfacial
layer. The ionic atmosphgre_near the charged interfacé COn=
sisting of an ezceés of ions of positive charge represents a
talling-off, With distance from the imterface, of the e -
charge density in a lamina parallel to the interface and at
increasing distances out into the solution. e

Gibbs concedved the idea of measuring adsorptidp in the
inter4 ape by using the integral of ‘qize perturbation in con=
centration with distance, A schematic representation of these
perturbation is shown in figure 1, "The surface excess of ions

0

of species 1 of valence éi is given, as - ~ |
) | o . y>
PR IR SR
= Y
= (' @ =) e (3.28)

vhere o 15 the distance of closest approach of ioms to-fﬁij .
; P
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tance x from it ( -figure 2 ). . The charge density P in ‘this

" lamina can be expressed in two ways.: . () 1n terms
of the Poisson eguation for the = dimeneion in rectanguler
coordinates - N

e dag cL- L
/\ P 2 e — . : (3.30)

-25 =

>

surface,. Introducing the Boljzmann relation, equat:!.en (3.28)
yields equation (3.29).
N\
/
—
A @ — L |
My o= | 7 (vH - o G

&

whera v = oxp(=ey @/ k T ), @ is the outer. potential difference

between a distance z from the interface and the bulk of the
solution ( taken as . ﬁx wo =0y % 1is the electronic charge,
ni is the bulk concentration of ions of species i.

<-Consider a lamina par@illel to the interface and at dise

N s e

where € is the delectric constant of the medium and is

taken to te that of bulk water,A 2) in terms of the Boltzmann ot

aquation P

A




o
M

niiieo

R % r_li°lz1eoe=p(-zieog?kT) p.:l)

fad

A N . . . .
vhere the factor Z; 89 8 / kT represents the ratio of the

electrical and thermal ermergies of an ion at the distance x

L)

from the interface, From the two expressions ( equations (3.30)

and (3.31) ) for the charge density, one obtains the Poissone
Boltzmann equation ( 47a )

s

d;g = =L =20, o om( - e, 9/ kT ) A 0
2 e T A 9o~z nF =it
ry | | 3%

, . / I

- (3.32) 3

z {'E

° ’ ‘ .E. E ‘

Solving for the solutionm of the nenlinsar differcntial T

equation ( equaticn (35.32) ), a =sinple transformation can be

d. _ d ¢ &g
> — (—io’—') = +2( ) — -
&g ax. e e
- az & }r_ﬂﬂ) &g |
._ L " @amex @
. e — ' (3:33)
| ae :



Thus, the identity, equation (3.53)4 cam be used in the equation
(3.32) which can then be integrated ( see appendix A% ) 'to
give :

oG , SII'kT )
— = 2 )% [I»:zxi vl G

v

To decide which root is to be taken, one remembers that, at

the pogitively charged interface, § >.0, but & / ax < 0,

vhile, at the negatively charged interface, g ¢ 0, and r

49 / &z >0, Henmce, it is clear that cnly the positive rbot

of equation (3.34) corresponds to the phym.cal s:ltuatio.n. ' :
Equation (BGe34) reprasents the ﬁ.eld ( or gradiemt o potential )

~ @t a distance T fron the interface according to the diffuse-

charge nodel of Gony and Chapmen, and spells out the relation . Lg
betveen the electric fleld and the potential at amy distance : "_f‘
X from the interface, o | ] ~ I:-:
mrferentiat;!.ng v with respect to x, one obtains a
relation "
dx BT é= : (
. v ® (5435)
kK2 g= ¢
e ,-’




By change of variab.t!.es, equations (3.29); (3.34) and (3.35) - '
reduce‘to equaﬁ‘o.n (5036)‘ |

(—); =
, i ““'1?‘

[ ;_ kT¢ %‘gfjwcfi-l)w

‘,‘ ) ( 3036)
rd
This is an equation %o calcnlate the distribution factor °

([ /a ); of ions of species 1 in a multicomponent solution
(9)e The lower it of the above intgsraticn, Vo » Can
be determined in the later develorment, .

Instead of the field, it is preferable to have an
expression for the total charge in the solution in terms of

L ek

u o e
the potential ., This diffuse charge is obtained as follous, ) £z
Accord:!.ng‘ to Gauss' theoren assuming that no syeciﬁ.c adserp= : :1

tionezistsandthereisnoorienteddipolelaseratthe
bomdaryorthepotenﬁgl dnetosuchalayerisneg]igib;e
t::):o,_‘ ‘ '

o . . € j*= é &g )_dz'
-'FP -4}7-:&::2 ,.
- L TR B
€

- =

| dg
\ 5T - axz

o (3.37)
m N -
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where o :Ls the surface charga density at the surface expressed
in ( est:u./c:n:m2 de

Therefore -:Erom-equatiqn (3.34) and (3.37)

o = -(—;;t—-)i' [Zni (v -1)]% ‘.(3.3('8)—

where v, isthevalneofvnhenﬁ ﬁoat distance x; from
the interfaca, or at the onter Helmholtz plane. The negative y
sign in egquation (3.38) is chosen !or the case of negatively |
charged surface. ('amionic surfactant )e . The surface charge

density can be calculated from h:.owing surface excess of the

ilonic surfactant r'

o = zrs % r's - " G.593

Fromeanationboaa)and(g.ﬁ), (orgo)canbe )
calculatedbytrialandem. Tald.ngvoasthelowerlind.t e
equation (3,36) can be integrated to give the distribution
factorofionsofsneciesiinaaolnt:mn. It is important
~ to note that the summation over all the lomic species includes
the catioms, the aniona,andthesarfactantions.

Assumptions that have been made in the development of
the above thoory are as follows : (1) tho dislectrical comstamt.

o

o~



is constant over.the diffuse double layer, (2) the ions are
points ﬁr charge. The latter means that no selectivity exists
between ions of the sane valency. However, it was found
experinentally that there is selectivity between differeit

- lons of the same valency ( 4, 49, S0 ). The podifcation

vhich ensbles ome to distinguish the selectivity mas first |
done by Jorme and Rubin ( 9 ).

A - '
e3¢l Modified IMffuse Model o / p

The concept of difference in the distance of closest.
approach, X » was ‘:!.ncorporafed into the diffuse model,
- because, in genmeral, that are strongly solvated have
larger x, than those that are weakly solvated. Figure 3
presents a physical picture of the hypothetical interface in
uhichasm-tactantmolavarofcharge 2. is formed at z = 0,
alzwero.fsmllconntericnsuthcha:ge.iisfomedm
.floser than 4!, and 2 layer of larger counterions with |
charge z, is formed mo f:loser Vaam " . Tho diffuse layer
canthenbedividedintotuo*esions ez <o , a1l ions
ammsant;.o< <..° onhsmlle..ionsarepresent.
Therefore, a correction term A r‘B ir pddition to the excess
orthe'maierionbetuaenthemw:or<zczonis‘mqmed. ,
For zeg eleﬁtrolyée - ’ °

o | % 0y & s ey

A = - -1]|ax . (3a40)

I's J.- 25 { ozp(= - ) ] |
-0 - v

[ -]
+3
\\.
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Egu.re 3. Surface Adsorntion Model *’or Sepall Ions of %gz o

zlandI.arge Ions oz charge zato:fonolea L@g
Su...fa.ctantof(:hargez atz-0(28).

A




This integral can be evaluated analytically to give o - o
N ‘
kTE . [ ' |
Al = —25F (vt e (3] o) N
2T ey - ST

e :
In order to evaluate A r‘B "s 1t is necessary to find that.

relation between . 60' and éo" ( or equivalenth Vo' and N )e
For z=z electrolyte, the total diftuse-charge density scattered °

in the solution under the interplay of thermal and electrical
forces is obtained ( see appendix A.5 ) as :

&

2k°® e-gi -2 eg g . -
o~ = ) sinh ( —) (Be42) -
7T E ’ 2kT =

eIy,

dgain, grom oquatien (5.57) and (Gu42), the result 1 |\ y

/I
/

Geli3)

‘whero X _ie-tho Dehsed&n:kel reciprocal longth and X2 = SJro
zani / ex2, Ehephyaicalneaningofx’lis.hee’zecuve

: i

j
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thickness of the diffuse double layer. By :lntegrat:!.on with
theboundaryconditions“==0,9' Fo's T= 25" , 8 = Fo" 3

ve get the desired relationship(ser appendiz 4.6 ) :

Z ey 8,7 Z en F 0 .
0 0 --0 0
tanh( = exp[R ( =" = =.* )] tanh( )
LT o EET .
(Ge44)
vhere ( Zy' = 3" ) is the difference in closest approack to

the surface,

" The distribution faétors of the tuo cationic species are :

N

3 . Zp
: (RTE)%[‘. (vEel)av
)y = (T -
nf’ BJTeo e v EE nj&.o( v“i_l)]%
(Gos5) = 1

. (EZ€ )"'“\S v |
n B - 8”6 v [z 0( vzi-l)]i‘

. 0" T y

3 - ~

1 ‘ 3
+ 2 () [Cvgr ) m (vpm )i’]}
33 | :

Lt
i

whereﬂisthe;e.a:ge:ionandBisthes::allerion.



In summary, the above discussion.has'ontlaned a method
to predict the distribution factor of an ion in a dilate
aqueous solutiop. Th9 procedure 1s to estimate the equilibrium
éomposition of all ions in the solﬁtion, calcﬁlate the surface

potential, then integrate equations (3+45) or (3.46) to obtain
the distribution factor of the idnm. v

' . N *

O
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. EXDERIMENTAL  INVESTIGATTON

This chapter consists of two parts; ﬁrst, the descripe
tion of apparatus and experimental procedure for foam fractione
~ation, and second, >the gpectrophotometric_ analysis for the
determination of equilibrium constants of a reﬁction. The ~
instruments and ma.térials used for the study are also listed.

4.1 Foanm Fractionation

The distribution factor of a surfactant or colligend
adsorbed on the surfate -Z.L‘a:rer can be measured experimentajl;v H
using a single stage foam fractionation columm, The method
censists of ‘bub‘b:l:l.né Prehumidified air throughk a large volums
of solution containming the surfactant amd colligend to be
studied and couecti.ng a relatively small volume of foam, |
Experinmehtel apparatus similar to that developed by -
DickandTalbot(B)wasusedinthisstudytoneasurethe H
distribution factor of the varicms metal ions, 4 schematic
“diagramof the equippentis showninfigure#.

Pescription of A_’gm‘ms For all runs, oile=free com-
prossed air froff cyl:.nders was first reduced to 9 ps:i.g and '
then humidified using a gas vash bottle followed by a saturator : S

N
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nade of a fritted sparger contaimed in a flask of distilled
water, The flow rate of the humidified air was thé; adjusted
with 2 néedle valve, measured with a cal?!.bré.ted fﬁfometer.

The downstream pressure of,calibrated flowmeter was recorded using
'a manometer. The humidiffed air then passed to the bubbler
in the foam columm, Because a stroboscope was used to determine

the bubble diameters, i’c was necessary to utilize a bubbler
capable of producing hub‘bles. of a dunifoz_m size, This requiree

© ment was met using'a bubbler consisting of five glass capillary

tubes\0.240 iz long end 0,007 in. 1.4, imbedded ina teflon
chambeir, . e
e colum was constructed of’an inverted 3=liter sepa= -
ratory/ funnel with the shopcock portion removed and replaced

by a foam delivery tube an e bub‘bler inserted :!.nto the v

bottom. The liquid pool depthk was approx:l.mately 35 cm, above

| the'bubbler, and the foam/liquid interface height vas controlled
" by means of a ;Oo-ml level:i.ns bulb and adjustins screw, The
calidbrated alr ﬂowra:be ﬂas controlled by keeping constan’c

‘readings in both calibrated manometer and flowneter.

™~

On leaving the'- column, the foam was directed aleag a
15=cm long by 0.9-cm i.d, foanm delivery tube to a weigh ed
1000en1 erlenmeyei- ‘flagk, The foam delivery tube was adjusted

so that it had a declination of about 10o nra:!.nage vas thero=
fore tor:ard the flagk, The overall foan helght :!.n the appa_ atus,

includ:l.ng the vertical port..on ©f the delivery tube, vas about
6 cn,




e TR T,

gt go that the feam breke naturally : e

e

Experimental Procedure h Fbur litere of feed ‘solution
were prepared fer eaeh run nsing deionized distilled water;
which yas prepared bylpassing the distilled water through a
Barnstead mixed ion e*changerz After e&dition of the required
quantities e; chemicals the p¥ was then adjusted to the desired -
value using HBO~ -“

“ Prior to chhrsing the column, the foam receiver was
weighed. to 0.1 mg;‘ The air was turned on 2hen the column was
#i1led through the leveling bulb, The air flowrate was then
adjusted to the exact value desired after the £oam-liquid
interface height had been set at .the merk. ' o

The air flowrate was kept constant during the run. Oneo
steady state had been reached, the ﬁéam receiver was placed in;
rosition and the timer started, Bubhle reé% was measnred by
means of the etrebescope. o - T

on cempletien of a run ( apnre:ima»ely 1: min. ), the
leem receiver was removed, eteppered weighed and allowed o

Since the solute cencentratien uere 80 low, a dengit y ef

1.0 was assumed so that.foanm we;ght was equivalent to foam -

volume. ? ) :
. \

1

AQlezgcal Technique : Snrfactant concentrefion vas-

. determined using the methylenme blue nethed ( 2 )o This .edious,

but reliable, eztractien methed was ésed becanse it vas ‘found

“that the direct measurement of ahsorpﬁ;on of the eolutien at

\
ultraviolet wvavelength regien ( 52 ) uee interfered by the
- \ : .

!
’ . 1
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‘presence of metal ions and the it of solution, -
‘ Methylene blue is a cationic dye which, in the form of an -
_ inorgamic salt such as the, chloride or sulfate, does not '
‘extract from %ater irnto an organic liquid such as c¢hloroform, <
'But ifﬁ:nionic surfactant is present a salt of much lower water
solubility is formed with the- surfactant an:i.on, a salt whj,ch
is readily extractable 1nto organic solvents. "
| Absorption measurements were made at a wavelength of 652 mu

" with a Bansch & Lomb precision spectrophotometer., The intensity
of blue color in the solvent gives a measure of the amount of
anionic surfactant present, one molecule for each nolecule of
methylene blue. Its intense color ‘nmakes for adequate sensi-
t171ty lo,ug og surfactant is readily detected, corresponding
to a 100 ml sample of O,1 ppn ¢oncentration.

The concentratien.of,heavy.metals studied were determined
using atomic absorption spectdophotodeter, UNICAM SP 90, It
was found that the presente of surfactant did not interfere with ‘
' the absorption neadinge of the heavy metals, ' Operating-cone
ditions of the analysis are tabulated in table 2,

L,2 Equilibrium Constant Determinatiorn

'Tranamittance‘neas@renents were made with a Bausch & Lomb
precision,spectrophetometer equipay!with'af&;gital readout,
The same cells were used for all measurements and'eriented in

the same direction, In all cases, measurements were made with
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I.reference to a blank solution containing all constituents

save one, nanely, the conplex forming constituent in 1owest
concentration. A1} measurements were made at room temneratnre,

20 - 25 %¢ ..

Determination of k, for Metal-DBS Solutions were
‘prepared from mixing 100 m1,1,0 gn/l KaDBS and 100 ml, 1 M
perchloric acid, Different amounts of 0,1 M metal nitrate were

added to each oﬂ‘.’ 20 ol of above solution. In order to repress
hydrolysis of A'he metal in the more concentz_-ated solutions, it
vas necessary’to work in 0,5 M perchloric acid, which brought
the pH of solution down to 0.5. Perchloric acid is Known to
have 1ittle or no tendency to .fom complexes and- transmits

. well in the ultraviolet as well as in the visi‘ble section of
the spectrnm. ‘

A1l neasnrements vere perf?:med at wavelength 250 to 320
nu o It vas fourd that 500 nu was a peak uavelength Zor the
optical density.\ Therefore, the nlot detemin:l.ng the value of
k, is based on the measurements at this vavelength,

\‘\

Determination .of k. for EDBS ~ The acid HDBS was prepared
by passing HaDBS solution through an icn exchanger, REXYN 101(H)
resin, to remove sodium ion, Hinety-eight percent removal
was obtained, Three HDBS solutions with different pH ad;;ustia_d”
by 0,1 N NeOE vere examined with a precision spectrophotometer
at wavelength§of 500, 320 and 340 0 A . |
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)
Deionized water was used in the referemce cell for all the

measuramnents,

-

4¢3 Instrumentsand Haie;gals

The instruments used in the study were as follows @

1) ggzéésion spectrophotoneter' Bansch & loob, Cat. Ho.,

2) Digital readout;. AT=20, Bausch & Lomb, Cat, No. 33-26=58,
for used with the precision spectrophotometer

3) Digital pE/mv meter; model 801, Orion Research Inc. - {

4) Strobotac electronic stroboscope, type 1538qA General
’ Radio Company,.

T
~

'3) Atomic absorption s§§afrophotometer Unican SP 90,

. Unicam Instruments England. ;}

The material and reagent used wers listed as follows : _;}1
1) Copper nitrate; 0,1000 + 0.0005 moles per liter, Ordcn | é\rﬁ
Research Inc, . | '§?§?

2) Cadmium nitrate; Fisher Scientific Company, Lot No. 706011, "'-: ‘C
3) Lead nitrate; Fisher Scientific Company, Lot No. 712226, Y

L) HHO~ . RaOH research and analytic grade,

T L

) Sodium dodecylbenzens sulinmate' K&K Laboratories, Inc.,
Lot No. 60959. :

6) Perchloric acid; analytical grade, The British Drug
Houses Ltd. Lot No. 44995.' -

-

7) Chloroform; certified A.C.S. spectranalyzed, Fisher
Scientific Compeny, Lot No. 7119:8.

8) Methylene blue; U.5.P., Fisher Scientific Company, Lot
No, 790255.

It is noted that all the chemicals vere used directly without
further treatmentaﬁ\\



RESULTS

This chapter presents all the e::.per:l.mentél foaming results
and the theoretical predictions of distribut:l-.on factor, both
are plotted on the same figure for easy comparisc;n. The
detailed discussion of the results are ;:resented in e mext
chapter, The complete tabulation of datd is shown in appendix
3. Computer programs for the pure component and mixture systens
are presented separately in appendix C. -

5.1 Results of Egquilibrium Constants

The equilibrium constants of the modeln k, and k, have
been reported and are summarized in table 3, The values of
ky and k. were not availabie\ in the literature and were deter-
mined by the anthor using spectrophotometric analysis, The
quantity ﬁeasured vas the optical density vhich can be. calculated i
fron the transmittance measurement of a solution at wa‘welengthst -
near ultravioclet region. Experimental details have been given
in secticn Le2 o )

In order to verify the applicability of the spectéopho—
tometric analysis for determining K, of EDBS, an acid with the |

. - \‘_*‘
knmown value of equilibriunm constant was tested, . Acetic acid

L4

vas chosen and the measured data are presernted in table 4. o



et

Table 3. Equilibrium Constants k, and k,>of Three Metal Tons,.

—

element ka. k s

copper  3.400x107 (54)  4.237z10~L7 (5p)

cadmiun |, 4,56531070 (55)  7.413x107 (58)
lead . 6.760z107 (56)  2.291 © © (59)
v x
“(\/\ N |
| ~/
/I“
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fTable 4. Equilibrium Constant of Acetdc Acid Measured by

Spectrophotometric Analysis, ~
“\ .
I
.3.
hydrogen ion opticel density c = 105

activity, a 230 mu 235 nu 240 mu  ( average )

8.811x10™% 0.2253 0.1107'. 0.0395 )

9.638210™2  0.2055 0,0980 0,0362

1,037x10™° 0,109 0.0630. 0.0232 )
kzag X107 1675 2.569  L.455 - 1.899
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Tﬁe average equilibr%m‘constant is equal to 1, 899 x 10?( which is
closé to the known value of L. 800 x 10-5 (60). It is therefore
assumed that the spectrophotometric analys:s method was smtable .

The results for the determination of l% an&.k are presented /
in figures 5 to 7 and in table 5. In figures 5 to 7, alopes and intercepts A\
of the lines were obtained by the least square 'c?rrel.a.tion and the
‘results are tabulated in table 6. The solpe close to one demonstrates /s
the cxisténce of M({DEBS) n in the sclution. The value of n in the
complex species DBS) was determined by the method of

'
-

continuous variation {39). The result is shown in figure 8 from

which it is known that the value of n is equal to 2.

5.2 Results of Foam Fractionation —

Expe\:riments for the systems containing one metal jon were
carried out to study the ef.fecé of s\élution PH and bulk metal concen-
trations on the distribution factor of the ions. The systems ébntaining
two metal ions were used to sfﬁdyl the selectivity between them and
to fﬁnil /oi':.t what factor contr%lled the selectivity. ’I‘h}‘solutions
used in the mixture studie%ere made up in such a way that pH and
surfactant concentration was constant. In these solutions the metal |

concentrations were val.ried. however. the total concentration was ’ ,
kept constant. s e

Expenments were performed at room temperature, constant . - - ;
surfactant concentration and comstant gas flow rate. A surfactant ' .
concentration of 0. 50 gm/1 was used because it was found to

produce 2 stable foam and the most efficient Qoparation. The
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Table 5. Equilibrium Constant k_ of HDBS,
e
T )
: "'\\f'"\,
S -
hydrogen ion . optical density k, X 10
activity, a - 300 mu 320 ma™ 340 mu  ( average )
o | |
1,230%10 0,401 0.2007 0,112
1.504x10™% 0.4225 0.2125 0,1175
1,140x107°  0,4437 ©0.,2219  0.1226
k, x 0% 0.88:8 1.9283 1.5068  1.4400
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Table 6. Slopes and Intercepts of figures 5 to 7 and the
Resulis of kb . |

-~

—

| system ° slope | interceptl Iy
- (log k) - |
Cu~NaDBS | 1.059_‘ L2niz 5.759m02
Ca~FaDBS 1,203 .1475 ﬁ?.lZl_::lO'? -
PoeNaDES 1,209 < =0, 5640 2,729z207
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enrichment ratio, wh:i;:}his defined as f‘;he; concentration ratio of
the foamate to the bulk.of the ion depends upoh ga.s flow rate and
bubble size. However, it bas been shown ( 50 )Ithat fo; condiﬁoﬁs
" of stable foa.ms and constant bulk concentration during a run, the
dxstr:butxon factor of ions is independent of gas flow rate and bubble
size. Thus. it.is better to use the distribution factor rather than
enrichment ratio for 'cox_-.relation of experim;ntal results.
All the theoretical predictions were -ca.l'cula.ted using the same %
conditions at which the experiments were performed. The procedure
of calculation staxted from an estimation of the equilibrium com position
* «of the ionic species derived f;'om the bulk solution reaction model.
Next, the s-urfac.;c poécntial of the ions at their distance of closest
approach was calculated followed By the calculation of their distri- &
bution factor using equa.tioﬁ ( 3.45). The surfaée excess of NaDBS
used in‘all the calculations is equal to 3.10 x 10 -10 moles / em ¢ (61).
The el:fecnve radii of hydra.ted ions are available in the literature (62)
( see appendix A. 7) and are summarized in table 7.
A number of experimental runs were performed to obtain data

for comparison with the theoretical prechctzons I-"i:gures 9toll

show the results of distribution factor as a function of solution pH

for the systems containing one metal ion. When bulk concentration is
a variable, the -results are shown in figures 12 to 14. Figures 15 }
to 17 show the results of a get of expcruncnts to measure and pred:ct

- the  separability of the metal jons with respect to each other. ’
The e:-cperimentfal results havc been shown in a form similar to the

familiar x-y diagram used in vapor-liquid equilibrium studies..

3

~—

.7



In figures 15 to 17 the ordinate is treated as the mole fraction of ‘ | )
the smaller ion in foam (vapor ) pha.se and the abscissa is that in 9

“bulk hquxd phase. The sohd lines in these f:gures are the thcoretzca.l

predictions. Selec,tzxg_‘,ﬁepa.ra.tzon coeffzczents of both expenmental

results and theoretical predictions were also determmcd and are ’

tabulated in tables B-18 to B-20. Compmson of the selective sepa-

ra.uon coefﬁczc:;vts measured in the mixture ‘systems and that calcu-

lated from the pure compouent systems at.the same opera.tmg

conditions is also presented in table 8.

t
H

S~



Table 7. The Effective Radii of Hydrated Ions, |
N R P

element effective ragius g

x10% cm. )

Na o ll-o.?

Cu v 6.8

g

++

Pb 5.9

¢o



Loy
e

vyt 01X \

| Y Y | A | B D O i | I T I | A | ?.
- . C
U '
.?” . .- ho
w O ¢

c.o W ~

{: vhoe . . . .
.”a... A.U o~
a) ncl.l ! R
0, Q -1 1O
i be ¢ /
() Q. /

M

ol

O3
I
th

[

N

L -
LWL o

-
~

- - . +
P AP SR Tk RN
-Su-...uh v_c...

¢n the I

pei=t

ect of

Pe
— e

”~
Vo
wre . o,

- -

=



")

iy

£

| I l--—...l..mrc!'—;l-llll.llli._--—t.—.....”-.;.l—..ﬂ!—.l...ﬂ.._.l I i~ T
e 3_‘)/.
g
1y I £ -
o) .,,.w.
m e
o 9
LU I | -
o o) -
; Y.
O -
B + _ -
A U T D0 T P S O
. @) N
— .O

“1 (D

19

0UuTLOn

o ]

UrgSe

cn tzhe D

Lad
el

-
v

ITfect of

wre 10,

-
-

= 0,30 z=/-.

[ce] = 10 o, [xaDzs]

P



[ B2
Uy

REL RN L

byl

1

va

N

! ...u.l—'-nl '!—.u..lcll.l—llilli:lllll..lt.. .‘—... .-. B R R R | R | .l..nl._.ll et .‘—nuo.ll...lqcin:u»oll

V-

1Y, )

89

(@]

<3

W R
st e -
o W e —

D)

on tne

PO S SR

-

..:/

—

=5
- -

-
ey

i0

[=v]



4

Y

(1)

T B IR |

S

—

LO1 %

[

-

i

B AR IR Iy Wy R B it Bt R Bt iy B

R-

O‘

P e S

— .
- AL rnde e
ia A e e

Yo e eny e = A
- o i de

per Conce

30



ﬁnlus ..
(uiD)

¢

e

JTRE T DO DR Y TSN UL MU SUNN N B 20 NG

[ ML T R

O

.
——

0 JEVSR RO Y

JTTRrTTTyT Ty T T T T T

(& -
apee T .
. -

(- Q2 -

vema’ ﬁU /f

01 %a

[

H

i
-

=/ 7

.
_—

N oseverestds

o~
-

!
\

. .rm.

QD
el
R

e i N
—— e A

. -
oL S o

o
-y o gy

-—
)

1
:.
e R ~ -~
- - -
QOO UIT WO E

™

- 1
.
Sulk

ol

ffect

>
-

-
-

- 4 -
Jactor, »=



: 2 _ o _
I el e e e B o ol e e e T IR LD _T, ,
: (1 ' | *
LS
| “q
N . ] 1)
- 4}
O
~ 3_ BN %
. 9 . ’
5 O A4 »
\ : S
12 m 5
. 1 .“ o0y
(S T
m ._.u_ “2
t .
- er. 4 ;
[ m_. ".n
1« o
’ O & n
' ——— O -
. i)
i’ 3¢ Q .
— ! (&) (@)
o = TN T SN
] ) : quh
L. - . QN
Q) U . — : N, I
& _ouv . -2 .».,_ T
w9 -, ST
Ql.w .ﬂ.U. R m '
Q. (OR 1 2 f .L_
b L 10 o)
- L.
@ . ! ' .
v (3] Q
B 41 42
C . 4. 3]
- iy 0}
. M Iy
i0 / :
N P0S N U R AR ST S - . vo L. '_.. | M. ..I.:“.O -t
Q R o
SURA g . . 3 :
\ ) V CO_ ' "y



A
\D

R

) o
O
4l )
o ()
“al IR
HE *
) s
i)
e I
+J
y T5] "y
Rl
(4
(i3] L
it 1}
& Q
- SIS
9] 0
) R
PO
\
3 n}
R g
- — . ( - -
L y .w. /_
], D A U &
g | 1 e L T
cﬁu !". t) ﬁ-v _A._.ﬂ.vJ
_D.w._ ] doa
N B O Mu e Q
: 1
_.DLL 1 Hw H
h 3 a0 9
L i
I3 £ -
(o] Q —w
) wl 4
— .M_ [43 4
Ly “ ~ N.\
ST S I Y
1l O O
0D O »
. (& ) Q
[ ]
iy
1
)
£
4]
)
u
I |



lcd
d t rEu

\
I
~

o8 - . o - R

0.6F - - | - i

£y,

-

[° 0.4} S S

£ | - . O experimental

02 -_  | — predicted ]

O 0.2 047 y0.6 08 - 10 S
S - [ed | |
[ [Cdl + [cul S

; -
Figure 16. Comparison of Predicted and Measured Seieg;ivity ; -
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Table 8, Comparison of Selectivity Coefficients Measured
from Mixture Systems and That Calculated .from
Pure COﬁponent Systems, |

- 4

systen B Koo es (VR / (TR,

Po/Cu 4ol .28 . 3.5
Pb/Ca &1 L6 1.75

cd/Cu - 4.1 1,08 | 2,00




CHAPTER 6

DISCUSSION - . =

.

2

™~
Figures 9 to 11 show the. distribution factor of metal

ions as a function of bulk ‘solutlon pH, The concentration of

o

metal ions was kept constant at 10 ppm; the concentration of

surfactant was at 0,50 gm/1, It ie obgerved that tﬁe'%heore-
‘tically predicted distribution factor is in good agreement with
‘that meaeured expefimentally for pH Iese“than 4,0 . AL apr-
' greater than 4,0, deviation of the predicted and experimental
results becoees unacceptable., This deviation is due to the
fact that the equilibrium model assumed in this study does not
aceount_fof the complex reactions occurring in ﬁﬁis pH region,
| Figures 12 to 14 show the results fo# the"chenges of
distribution‘facfor with respect to bulk metal concentrations
at constant pH, In these figures; the theoretical curves were
normalized by adjusting the distance o§’closest approach of
metal ions. The data are shown in tables Be=l2 to B=17, in
* whick- the operat_ng 7H of each system is also, indicated. It

is noted thgt the pH of solutlon foamed 1s higher than the
applicable pH rangeiof gquilibrium model and therefore the
_radius of hydrated ion is greater. The figures confirm the

L di it

trend of the theoretical nrediction. Axs;gglar observation
(/

{

J
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liquid phase in distillatiod is analogous to the bulk liquid .

nas been reported by Jorne and Rutin-( 9 ) for a difierent‘

system. o L R ) ;.; - : J
_From the results of systems containing one zetal ion, it

is observed that the magnitude of distribution factor is in

the order of DF ++ > DF L, >DF _.- . The sequence is just
Pb Ccd Cu -

the reverse of -themorder of their.effective radii of hydrated
ions. It caa then be understood that the smaller the hydrated
ion, the more the preferential adsorption on the interface, if
they have the same ionic charge. ‘This conclusion is supported
by equation’ (3.44) which reveals the fact that the smaller ion
oossess a higher surface potential, Experimental nroof, there-

fore, was conducted to examine the effect of ionic size on the <

T
separation in a,system_coutaining two different metal ions.
The results of systems containing two metal ions are
" shem in riguree-ls to 17. ZExperiments were performed at
cohstant-surfactant concentration at 0,50 5m/l‘ and pE at :
.10 * 0,05, The predicted and measured selectiV1ty coeffi- {fg ; "ﬁg;é
\\ / ‘ RS

czents agree very well.— The experimental results are expressed [,

in a form similar to the familiar Xe=y diagram used in vapor-
l_ou_d equilibrium studies. It is because the similarity of the

£ WO ‘separation processes, foam fractionation and distillation,

have loug been well kunwn. The analogous features of the two
ocesses are worth summarizing (3 ). For example : (1) the
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which the foam is generated in foam fractionation, (2) the vapor

phase in distillation is analogous to the interfacial area in foam

. fractionation, (3) the vapor plus entrained liquid in distillation is
analogous to the foam over.flow in foam fractionation, {4} the heat

_ input in distillation is analogous to the gas flow in foam fractionation |

(5) the pressure in distillation is analogous to the surfactant concen—

tra.tion in foamn fractionation (1l). In foam fract:.onanon, the concentration

-

of solut Jn foam ( vapor } phase is cxpressed as the surface excess,
and in liquid phase , that is the rnolar concentration.

If-the vapor is richer in the more volatile substance, the curve,
on fthe %~y diagram, will be above the diagonal. The greater the
distance between the equilibrium curve and the diagonal, the gre - - =
the d1££erenc:e?n liquid and vapor cornpos:t:ons and more readily

is the separation made. " In foam frac:tmnatzon process, an ion

having a smaller ionic size is richer in the foam.

The results ( figures 15 to 17 ) show that cadmium ion is pre-
ferentially separable in Cd-Cu-NaDBS system and the same for- '.\\
lead ion-in both Cu-Pb-NaDBS and Cd-Pb-NaDBS systems. The
. differences in values of selective Sepa_r:ation coefficients of the
three systems studied could be explained as the relative differences )
of the effective fadii of hydrated ions. It was therefore proved that the

ionic size determmes the selectivity. Other evidence can be found

in the work { 4 ) wh;ch reported
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that tHe order of :Lucre%d séle_ctivity is: H“(Na*( K< NEL:,
which is the order of decreased hydration gumber,

Another important finding of the foaming regglts Fas , )
N o -
that the pH of foamate was higher than that of the™ bulk in the 4
nigh pi region. This was observed by measuring the pH of both S\v// A
f.’- -
foacate and bulk solutions<and the results are present graphi=
cally in figures 18 to .20 and in tables B=2L to B=29, This
result 185 not from the hydrolysis of anionie surfactant but
from the preferéntial removal of MOE' ion in solution, Fom
~no pE change in foamate, both DBS™ hydrolysis and preferential
removal of MOH® must have equal weight or both are negligible,
that is no derolyéis of surfactant and no preferential removal
. : S .
of MOE' ', But, the experimental evidence shows that it is not
the cise. In view of the preferential adsorption of MOE® ionm,
the pH change
reported by.Rubin an Jorne ( 63 Yo mhe latter will be discussed

to the opposite direction to -that

-3

later, The distribution factor of HOH lon of six systenms

studied is alsccalculated based on the pH and the ionmic com=- - '%i"
centration of metals and surfactant in both bulk and’ foamate : ‘ ?é.
solutions, The equilibrium rodel is applied on both so%gtions . | -1 ) ﬁt
to obtain the composition of each species, The distribution g
factor_o MOE" can then be calculated and the resulus are

tabulated'in tables B;6 to B=17, in which the preferential .
'adsorution of—MQH‘ over hydrated metal ion can be observed, it

is noted that the pH change in the foamate is caused by the
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Figure 19, pHE Change of PbeNaDBS System : pEF, pﬁ of Foamate;
pEB, pH of Bulk, - . . ~
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.Flgure 20, pH Change of C4-NaDBS System : pHF, pi of Foamatej .
" pEBS, p¥ of Bulk, '
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surnlus of hydroxyl ion, in the form of MOHE" » carried over by

the foaxu _ ‘ ~

It was found in figures 18 to 20 that at pH below 3.0

~

'no p¥ change was observed. This is because-at conditions of low

»

pE and dilute solﬁtion, soluble metal hydroxides ére not formed
or make up only an insignificant fraction of the total, 1In
bhls region, it can also be imagined that hydrogen ions domi-
nate the separation role,.suppressing the charge density of
anionic surfactant on the air-liquid interface and therefore
the distribution factor of metal ionms ( see Pgures 9 to 11 ).

) However at highe:;_pH. it is
well known that the metal:ion does not exist in solution as a
‘ naked ion, But is surrounded by water dipoleSwhich form the -
so called hyaration sheath, ir fhe central\ion is small, i.e.,
the'charge.density isfhigh, these coordinated water molecules

can exhibit acldic properties, owing to/the‘charge attraction

exefted by the central ion on the electrons of the associatqg

wvater dipoles. For example, at’ least one of these watérs of]

M(HEO) * %41l tend to lose its proton to a base, i.e., beh;ve ' ' g

as an acid (-la ), or

+

_ (50 ‘
_ ++ — 2 n-]_ +
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Should there be enough base to accept the protons offered, this-
typé of ionization can continue so that further water molecules
.ionisé to a stage at which the metal hydroxide can be expected
- to be precipitated., However, before that héppens, anoéher effect
cozes into operation, This is the tendenc} for the polynuclear
species Lo form  through an oxygen bridge.

The degree of bridging is comparatively little
and the ions are comparatively small, but with increasing pH <
they tend to grow until finally such a large mglecule is produced
that it can no longer remain in solution and precipitates out,
t should be noted that the formation of a precipitate can
often'be considered the final stage in the formation of poly=
nuclear comp;exes. It hés been méntioned ( 64 ) that the
tendency to form metalemetal bonds increases with increasing
atomlc number within a family Ringbom ( 37a ) and Sillén ( 65 )

c1scussed in detail on the behavior and characuer of poly-
ruclear sPecies. o ; ﬁ:ii
It is not yetlcléar that‘whether, at-any.fixed pE before . E;%
;recipitation, a specific species of exact‘formﬁlation exists ks
of.wﬁether, glven. time, a range of different sizes 1s produced.
But it is clear that the formation of polynuclear sPeciqs, |
which is so- complicated that was not considered in the;équi-
librium model, causes the deviation between the theoretical

rrediction and experimentallrgsuits. In region pH below 4,
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the hydrolytic reaction of metal -ion is minimised and the

agreement is considéréd reasonably well, ‘
Hydrolytio reaction of the anionic surfaotant ion on the

air-liquid.intefface is also an important ;zctor in the foam -

fractionation process. It has been pointed out by Cook and

Talbot ( 66 ) that free acid was forme ¥y the surface hydrolysis,

Lhey studied the surface hydrolysis of sodium lauryl sulfate

( SLS ) at different ionic strengths by pH measurements of

_ foamed solutions and by the pH dopendigce of surface tension.

The latter saowed that an increase 'in pH resulted in an increase

in surface tension explains that there is adequate surface

hydrolysis to account for thefobserved collector properties «

of SLS sg}utzons by hydrolytic adsorption. meey found that

foaming a solution of SLS produced a measurable increase io

the pE of the substrate, This can only mean that tke ratio of.

( €S / 1s™ ) at surface was appreciable as a result of which’

the continuous removal and reforming of the.surface phase

caused an accumnlafion of OH” in the bulk solution, This can

be accounted for the fact that the reaction is ghifting toward

the right (~d£; to extraction of (HLS)B ) of the equilibrium

(EmS)g + (0B ), (@
\

Here the subscripts s refers to the surface, Therefore, it

2
)
g
I

.
]
-
i
T




is suggested that, 1f the_ratio ( HLS / 1S™ ) were the same
in the surface as in the solution, foam extraction would not
affect the pH of the solution, In thig report it was found
_that the degree of surface hydrolysis was 1 to 4%,

Rubin and Jorme ( 63 ) also reported the surface hydro-
lySis effects on foam separation, in which the results indicated
that the pH of the foamate was lower than that of the bulk
liquid, The system they studied was foaming a solution of
NaD3S alone. dﬁdrolysis implies, for anionic surfactants, .the
preferential adsorption of hydrogen ions over the counterions
( sodium in this system ) of the surfactant salt, with or without
the formation -of un=ionized acid,

Two runs were conducted foaming NaDBS solution aldne
with -the apoaratus used in this study, The results showu in
table 9 indicate that the pH of foamate is lower than that of
bulk solution. This is to support the result of Rubin and Jorne.

It should be noted, however, that the system studled in
- this work is much more complicated than those mentiocned above. ' ?{?
Furthermore, the apparatus designed and the systems studied .

were not for the purpose of investigating the effect of surface.

hydrolysis of surfactdmt. But the formation of EDES on the

air-liquid interface does reduce the surface‘chargehdensity,
and'according'to‘ths diffuse double layer theory, the distri-

bution factor‘of metal ions is decreased, The pkhenomenon 1s '

importagt \JE is worthwhile to be extensively investigated.

=
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Table 9., pE Change of Foaming NaDBS Solution without

’ Metal Ions,
Run No. NaDRS “pHB DHF H
. (sa/1.)
43 1.75 7.18 6.93 &
Lk 0,50 6.82  6.63 o
i
- \ ‘
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6.1 Error Analysis

In general, the results of sevéfal independently neasured
quantities are combined to give the“desired result of the
experiments, Suppose a set of measurements is made and the
uncertainty in each measurement may be expressed with thé
sane odds,. Thefefore, the uncertainty in the caléulated result
can.be estimated on the basis of the uncertainsies in the
primary measurements, Suppose'the result R is a given function

of the independent variables Xy, X5, X33 eee » X o Thus,

A

R = R Xq, X5, X3y eee » Xy ) (6.1)

Let wy be the uncertainty in the result and wi, Wos ses 5 Wy

be the uncertainties in the irdependent variables, If the ‘ =
uncertainties in the independent variables are all given with- L
the same odd%, then the uncertainty in the result having these ‘%5
odds is given ( 67,68 ) as

>R  arm oOR - 3
= w )2+ ( )2 W, 2]

3x;, S x, | X
 (6.2)

Particular notice should be given to the fact that the uncere

~



inty nronagation in the result LY depends on the sguare of

L.:v‘rzc\&g\unc tainties in the independent “variables ¥, « This
neans that if ‘the uncertainty-in one variable is significantly
larger than the uncertainties in the LOther variables, then it
is the largest uncertainty which predominates and the others

nay nrobably be neglected

| The desired result of the experiments in this study is

/
the distributi cn factor which has the expression as

-

—_— Q(Cr=C)  Q(cC,/C =1)
Cp S ( 36 anN G2 YL/3

The independent variables are Q, ' b s, N and: G, The

partial derivativesof distrinution factor wit%-respect to

~ each independent variable are as follows :

3 (DF) (Ccp/Cy =1 6.1)
3¢  (36nwNc2)L/3 )
=08 . % | - . (6.5)
®c, ¢ (zEemNe )Y ‘
208 - Q’_Ef‘ 7 | (6.6)
ac, ¢, (36 amN 6® )3 - |
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) dF) —=(C/¢Cp =-1) | , :
T arx T 3 (36058 625 ©n o
. = — : : f_
and N
2 (DF) -ZQ(cf/Cb-l)/\-d e
- = ——— = i (6.8) -
3 G 3 ( : - | ' |

The‘u.ncertainEies in the indenende’nt variables are

assumed to be 1

5 per cent for gQS flow rate > per cent for the bubble emission

frequency, and Q.1 per cent for the welght of foamate, or},

- and

Q

.ot

‘The uncértainty

bases is then in the range of 3.5% to 4.8% and the data are.
D.esented in-tables B-6 to B-ll. : o ‘

36 aN @2 )1/3

N

per cent for both concentratlon measuremsnts,

-

- %o B .
= G r 1% ~

{]

mw
£+
®

i
=
I+
!
R

- in '0'.';1%'

of the distribution factor calcilated on these

t ’ 4 ’ ) . - /

N




CHAPTER 7 -

CONCLUSIONS

-

In conclusion, the distribution pfactor of. copper cadmiun
and lead ions measured by foam fractionation can be jpredicted
by the modified theory of Gouy-Chapan diffuse double layer
for the system studied bdelow a pH of 1;.. Compar:!.son of the
results, when bulk concentration was a va.riable, vas also in.

a good qualitative agreement

It may also conclude that the -surfactant a.dsorbed on ajre

liquid interfaze part]s is in the form of whole nolecules

rather than complete in ionic form, usually cansed by hydrolytic '

-

adsorption.

The results of the astens conta:i.n:!;ng too metal 1ons W
shoved that the lonic size determines the melectivity, f.e.,
- for the same ionic che.rge, gmaller ion: is preferentially

separable,

~F '

Because of the effect of bLydropium ioms at low pd and
the hydrolytic reaction at hi.gh 3, the optimum conditions for

<

the foam fracticnation of aqueous colutions of zietal 1ohs
vith NaDBS were found o be as fonows : @I range betveen 3.0
and 5,7 for copper, 3.8 and 5.5 for cadmium, 3.0 and 4.5 for

lead, and NaDBS concentration of 0.50 sa/l.

»




RECOMMENDATIONS FOR FUTURE TORK - |

: From the fact that the ionic size determines the selec-

tivity between ions, it is practical to separate a particular
element frcm a multicomponent system. This could be achieved
by controll:!.ng the condi..ions of the systen, i,e,, by ways of
n_;fsical or chenical treatment to eunlarge the relative diff-
erence of - the ionic sizes N

- A further work is reccrzmended t& expand the ax:plicability

of the ec‘iuilibriun model over a wide pF range by tak:Lng into
account the comle:: reactibn occurring in the high p= mgigu.
It is also recomended to exploiR the e:tent of surface hy}kiro-
lysis of aniocnic surfactant ion either by neasuring surface
tension versnepa'o*’ solntionorbydesi@inganeuanmratns
to measure th.e cbz:nfoaiticn of s;ecies ':Lght ez the bubble

surface, s
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CLOSSARY

Eﬁﬁbrption - the adhesion of a tkdn film of molecules.to a
- surface. N
'anionic surfgptant = a surface=active materizl tha; ionizes‘

'; ' " in ‘agueous sblution. Tho ion that bears: a negative

el

charge has a pronounced tendency to concentrate
at the interface between two phases.
'coiﬁeotor = surfactant or an agent used in ore flotation to
promote attachnent of so0lid particles to air bubbles‘
counterion ( coll;gend ) = an ion with electrical charge
opposite to the gharge on the surface of an aggre=-
gate, ’ | .
electric donble layer = the extess of lons of one charge type
/ nresent ‘at an interface and the equivalent aﬁount
of ions of opposite charge present in one liquid
phaso, genera.uy water, In the @iffuse double
! 1lzyer, it 15.assumed that the charges in the liquid
‘ phase are diﬁfribmted in accordance with a Boltznamn
relatd.cn.
foan = budblles of gas vhose walls are thin liquid filns.
foan zractionation the sgparation -0f solntes by trothing
selective ddsorption = the tendency for one adso.bable -specles
‘%o concentrate at a surface o interface in weolew

T .

» rTence to arother, LT s




< . . .t'/—j /l“
surface=active agent = a substance that exhibits a_ marked

/

tendency to adsorb'at a surface or interface,
surface charge density = the excess of ilons of one- charge

type-per unit area of surface.
surface excess

the difference botween the.concentration of

solute in the surface region and in the interior
| Qf-the solution,

i

surface potential = the charge in the .potential. dcfference

betueen¢a liquid and air arising from the presence

cf a surface £film,
surface tension --a.force with the dimmensggns of dymes/cm,

that is a measure of the work required to increase
the area of 2 surface by one square Ci.
surfactant = a surface-active agent,

- }
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-  APPENDIX A.1

A Mathematical nodel'df the System Containing Two Metal Ions
I ‘% .

1

Equilibrium reaction of the system tontaining copper and

cadmiun ions arg_presentéd'heré. The equilibrium constants ,
| CONC, of the three binary systems studled are tabulated in.
table A-l. .The following notations are made for the systeﬁ
(1) =[ca™), a(2) =[cuoxY),; a(3) =[cu(Bs), ], ay) =[oes™),
a(5) =[mas], ac6) =[m05~ ], a(7) =[ounos"] a(8) =[ca™], a(9)
lcaox"F a(10) =[catrss),], and 2(11) =[caro;"}. It is moted

that the larger hydrated ior, copper in this case, is chosen -

as the numbep one ion, The equilibrium model of the system -
can be obtained as follows :

++

c’t + B0 = CuoE + 5

—

a2 (81 T S
@1 -] = 1,0 . - (A.1-1)
aQ1) .CONC(I) _

++ + +

cd- "'HZO & CdoE +. E

. |
. A,(g) L=l = 1.0 ' (2.1-2)
A(8) £ORT(2)

-7 |

e’ + ammsT & cu(ES)y -

/ 3 v

/ :

o




Pable A=l. Equilibrium Condtants of the
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(;i.

Model of Mixture

Systens, X

equilibriu;’ Cu / Cd Cu / Pb cd / Pb

constant ‘
CONC(1) 3.#00x16f7 3.400x1077 4. 56521077
CONG(2) - 456521070 6.760x1077 6.76~x10"7 -
CONC(3) 5,3590z1072  5.390z107C  6.645x107° (‘\\
CONC (&) 6.645x1072  2.208z1070  2.208m07t A
CONC(5) . - 12371077 4a237a0™ ”3;5*13\%10'1 o \
CONC(6) 2.5152107 2,291 2,291 '
CONG(7) 113622077  1.136x1077 _1.136xio‘5

CONC(8) = concentration of iargér ion

CONC(9) = concgntratioﬁ of émallgr ion .

CONC(10) = surfactant concentration

CONG(11) =

EOB- concentration

—



++

- Ca
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A(3) _ T

[}

= : -
M .

'e) .

A(1) A(K)S cONC(3)

a

Cca + 2DBS &= ,Cd(DBS)af;\
A(.lC") '
. 5 = 1,0
A(8) ‘A(4)2 CONC(4) ,
++ - +
cu + NO- = ’CU.UOS
A7y A
: = 1,0
T AQ2) A(6) CONC(5)
++ - . -
+ NOB N CdHUS
AQLL .
(). 1o
A(8) A(G)'GOHC(\G) g

EDBS = E +~DBS

A [ET:

- l * ) ’
cu'# cooE” + cu(DES), * CuNOz = Cgy

5
)

RS

" A(5) CONC(?)

(A 1=3)

(A, 1- &)

(A.1-5)

- (A1)

(a.1-7)
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AQ1) + A(2) + A(3) +a(7) . |
L \ L= 100 (A.l.a) - : ?
CONC(8) e

[F1d

-+ * N . ‘
cd + C4OE + cd(DB§)2 + c:dho3 = Cgq

o

A(8) + A(9).+ A(QLO) + A(11)

- e 1.0 (&4.1-9)
’ CONT(9) ) .
DES™ + 2Cu(DBS), + 2CA(DBS), + EDBS =-C_ _
c - DBS
N -
A(L) +28(3) + 24(20) + 4(5) =
¢ 27 = 1.0 (A.1-10)
CONC (10)
M ) if
NO.~ + CuB0.® + GHOL'. = € ,
- U3 3 3 KO~
3 .
- a(6) + A7) + A(LD) o -
N (6) » ) 7, = 1,0 (A.1-11)

CORC(11) l
Hanipulating abové equations, a set of eguations for the use -

of the Regula-falst iterative process is obtained as follows :

\

a2 1, 3 A(2)T ho'+ h(1) comc(1)/a()[E1]7 (8.1-12)

’/'\
.

b
+
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()T =+ A(9Y]L0 + A(8) comc(2)/a9) (£} (4.1-13) *
AT = 1 4T[0 + 2 AW come(3)AGY]T (a1

20T = 3 A(20)7[1.0 + A(8) A(4)° CONC(4)/A(10)]% (2.1-15)

.Q?).”l = + A(7YL.0 + A(2) A(6) CORC(S)/A(D]T .  (A.1-16)

-

AT = 3 a@)” [1.0 + A(8) A(6) comc(6)/A(1V]T (A.1-17)

)r+1

a™? = 3 27[1.0 + a(5) coR/AWEYT (4.1-18)

™ - 2 A(l)r[l.o + COEC(8)/(MD*MQ*MJVM'H@

(4.1-19)
N
A®TL = 3 4(8)7[2.0 + CONT(9)/(A(8Y+A(9)+A(10)+4(11))] T
S (8.1-20) ]

AT = 3 a5) [0+ coxc(lo)/(A(4)+2A(:)+2A(10)+&(5) )

: (a.,1-21)
and

467 = 2 A(6)7 [0+ BIC(LLY/(A(E)+A(7I*A(IN] T (2. 1-22)

A7 -



APSENDIX A2

( ’ ) . * . -
Derivatioz of Equation (3.7) : . . - . \
- . . -

Consider a monobasic acdd réection EA = EH& + 4~ ,
and the two corjugate forms, EA and A~ , coexist in the solution,
/Accofding..to_ the Beer's law, the optical density of the solution

&

V.cad be expressed as 3

op = 1 C-'n C, - (A.2-1)

3
L . ", ‘\);,' .
vhere € n is the extinction coefficient of the mixture, a |
characteristic intensive factor of the absorbing species, and -
C, is the sun of the conceﬁtrations of the 1light absorbing

species and is equal to

Q
i

o C-A- -z CHA o (2.2-2)

-

And 1f, as seems generally to be the case, each substance

absorbs m&deﬁuﬂof the presence of the other, then the
optical densi.ty\"..s eq*dal&to (

. | - (A 23
oD’ = é_rcA_ + 65953)1 (A _;)
ﬁhere"er is the e::tinction coefficient of species A” and -
) . N
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is that of species EA, From above three equations, it
f01lovs that e
é r © e ’
- S 2 (A 24)
c € n = <€ ]
A-

b

By combination of equation (A.2=4) with the common expression

of the reaction
k 2 ——  (A.2-5)

. +he following general equation is then derived.

. 4 ‘ |
anen(-—l’:-—) - %(_%B_ - ('el’)‘: "én




Method of Continuous Variation

The formation of complex ion can he represented by the -
equation '

‘,/’ A + 1B & AB, . _ (k)

iz uhich A is a metallic ion and B is an anion, To determine

n, solution 'of Aiﬁand B of the sane molar comcentration, ﬁ, are
mized in varying nroport:l.ons, and optical density of the resulting
solutions is measured, I-et the mixture be ‘made by the addition

of p liter of B to (1-p) literof.a.(p-cl), uithnoappre-
ciable volume change on mizing, I-Bt_cl and c.. be the
concentration of A, B and ABn ’ «mspecti?ely. For the mixzture -~
the following equations applsr | |

¢, = (1) -G | . _ (A.3=1)

“ ‘ |
C, = Mp = nCs . (4.3=2)
R . gj : , = =y ¢ :

¢y Cs K C5 | (2.3=3)

! The condition for a maximun in the curve of C3 plotted
against p iz that |

=2 . o | B ¢ VR S



Diftferenting equations (A.s-]_.), (4. 3=2) and (A.3=3) with res-
pect to P, "

L |

¢ = HM-Cy Y (A3-5)
s
] : T . .
L - ? . L
€26 *Cncy” > c; = K 63' (4.3=7)

“and consiaering the equation (A.3=4), we obtain

gt o= w0 o (a.3-8)

c,, =-M % © (4.3-9)
t v _ : - '
C;C *+B8G6 =0 - (8.3-10)
or a 2
-Co M + zC ¥ = O | (A.5-11)

Substituting the relat:!.on Cy =Gy / n into equation (A.3=1) .
and combiming with equation (4. ;-2), e irmediately deduce the
equam (Ao)-]-a)o

(e
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APPENDIX A4

A

N .
- —

Dérivation of Equation (35.34)

The identity |

\“\ﬁ)

2L (e & | (3.33)
ig  dz - el

can be used in the differential equation (3.32) to give

'd  dd a 81r s o/ T
i mT Tt n° 2y e e’P(-zi 0 8/ T)
” (A.h-l)

' ﬁhich'can be integrated to give _

¢

dg 8W
(—)a-v- --——Sini zie e*p(-zieog/kﬁ!)dg

4

, *
= 87;? - £ 2, ezplezyoqf / K1) + C (80 1m2)
(S . h

]

%
b3

3 |

The integration constant C can bé evaluated by considering
that, deep in the bulk of thé solution, i.e., at T =, ot
only is the volta potential zero, Qz o~ O, but the 2ield
49 / dz iz also zero. Under these conditions,

\\

0
("



By introducing this value of the i:it.egration constant into
'e..quation (A.4=2), the result is ‘

g 5 8 /%t o ,
¥ =g =y [emp(ezged / D) - 1] (4=t

Pt ax €
or
— = ———) p2l (v -1 ) = ‘ (3031’1')
- r — [1n1 ] \
‘,_/'—’L .
P \
i
--.\'. 4 \’

(A.4=3)

.,
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APPENDIX A.5

Derivation of Equation (3.%42)

Equation (3.38) shows that

.,). o\z -(

KT € 2,0 /KT ".
= \F b C -ziog . <+
2T )[ini_(e | 1)]

hY \_
Consider a z-z eletrolyte, and

e g
-( )i'[nio ( ezeog -1+ e—zeog/ki‘ -1 )]%

0~ -
. 27 -
\ XTE | | ze g/kT - - ' ze g/2kT
L (EE o[ Ly
\ ' ?JT '
- .
¢ e-zeogl N +_e-zeog +
- o '
kTe /. ~z0.8/2KT .
z - (—-Dl- )"1" ( eze?g =8 Og ) (4. 5=1)
R 27 i'
; :
Since ‘1
e’ - o™ = 2snhx

e
-3 SR -~ ’ '
At = == ' ' ’
kT e : Z0
O ==-0.= ( ! )'3 sm;m'(--—-—-og (G.42)
M ) t 27
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perivation of Eguation (3..4k)

" From e}uat:i.'? (3.1;35 ,» Yo lknouw tt:at

dg 'I _ ﬁ.l'.::-—eog B 1

(—)_. = =-(Z=L)k simn -

dx =0 2""o) j (ZkT ) | P
. _EK

-5 &Szoh (ag) (&, 6-1)

+

where a = zeq / &T . By integ{ation with the boundary
conditions =X = Xu', & = G5'; X = X" g = g, , Ue have .

g n | - 1 "
3 ° u K :
= -j (—) ax (4, 6=2)
sinh( 2 )} a -
‘ gol ' ‘ xol
g1 ) .
ag 0 K
1 - - - - "
T,ln[tanh(—é—-_-)]g' _( - (*o"’ 9" )
| : 0
; (4. 6=3)
) ) £
1. X |
1n : = = E(z" =) A, 64

or
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_ APPENDIX 4.7 B} 'K,‘_

Determination of the Ef}ective Badii of Ezgrated-Ions

. It has been shown by Brull ( 70 ) that the s:L parameter
of the Debye-Huckel formula may be regarded as the effective
di eter of the hydrated ion., It uss also concluded that the
ay parameter has no definite physical significance and is

only empirical’cerreciive coeffi;ient to make theoretical -
'results conform to experimental data, On the other hand,

the, ai parameter of the theory of Boninoe ( 71 ) has an unques~
: uionable physical significance, both becanse on a basis of

| hiskphysical significancé the parameter cam be calculated
from the fundamental phyeical constants of the ions, i.e.,

the true redius and -the deformsbility, and because the same
physical significance makes it possible to deduce the para=
meter from other experizents, e.g., mobility measurements.

- The expression proposed by Bonino was written as j3 ‘

8 . ' ’
0" - o9 (18 s10PFg 2 (A7-D
X -
where Zy ,is jonic valence, Ty is effective ionic radius, and
&4 is the deformability. From the ilonic mobilities, a4 can

be calculated from the equation

102 = 182 23 /14 & (8.7-2)




2

4

where 1 is the equivalent conductivity limit, or its empirical

modification given by Brull ( 72 )

B

108 ay = 216 ziJ-’./ lg . .. (A.7=3) _

.One'can also détermine the cherdical hydration number by the
entropy de?iciency ;éthod ( 73;74 } and calculate ay froﬁ

‘this and effective radius of the ion, The results has been
partly revised, using the recent entrouy values of aqueous ions,
by Klelland ( 62 ) and the values of effective radii of hydrated
ions from this work were used in this study.

Q
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TABLES OF EXPERIMENTAL AND CALCULATED DATA AND

SAMPLE CALCULATION
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Tablé B-l. Spectrophotometric Analysis for the Determination
of k, of Cu-NaDBS Systen. |

—

i
\

- 1ogled™] oommiexea  2og[Cu(DBS),1/ [DBEST] e

\-_14950 - - 3,415

- 1,796 \ - - 3,157
- 1.656 _ - 2,996
- 1,606 - 2,949
- 1.564 o, 2.882

Lot SR SRR
B T
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Table B-2. Spectrophotozetric Analysis for the Determi-
pation of k, of Fb-NaDBS Systems
s \‘..".

208[7" T ncompremea  108[ER(DES),)/ [pasP
. ‘ Q o

Ly

“ |

A -2 - 3.778
L - a0 C =35%0

- 2085 o - 3.081

-159%2 - - 2.875

="1,869 - 24856

3
. e T
0T
-
. . .-
- . " A-.
- . t W
Li ' .o -

¢3
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Table B=3, Spectrophotometric Analysis for the Determination

of k, of Cd-HaDsS System, - ¢
108[64""] ncomnomsa  1o8lCa(mES),)/ [mms)2
¢ - 2,055 - = 3597
-l.711 ’ = 34260 . .
- 1.555 = 3.010
c= 1492 - 2,952
- 1452 - 2,870 _ I
' P | X
" !
;



»

solution transd ttance
joi= 300 nu 320 ng 340 ou

1, LS10  0.389 0.6 0.772
2 3.820  0.578  0.615  0.763

W

S5¢SL5 = 0.360 0.6C0 0. 754

L
Lo
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T3ble B-6. Effect of pH on the Distribution Factor of Cu™"
and CulE’ . |

Run No. pE  DFg** #DFo*+ DR o* #DFouom

T10° em) (10° em)’ (10° cm) (10° cm) SN

31 5.877 0,916 0,056  0.259 0,012

52 5,728 0,806 0,032 1420 0,055

55 Lol 0.800 0,032 1610 0,062

34 3.357 0.802 0,032  0.965 0,038 !
55 2,167 0.615  0.025 0,560 0-023_13?“
56 2,467 0,795 0,032  0.765 0,031  °
37 L.470 . Ou2ih 0,011 0,227 0,011

{cu] = 10z
[NaBS] = 0.50 gvi..



4

Table B=7,. Bffect of Bulk Copper Concentration on the
Distribution Factor of Cu'' and CaoE’ .

e

<

-

'.l‘ } .v 1{. — '
Run Nou [Culx 10% DFg ++ 2DFo** DFoygp*t  2DFgys®

(mole/l.) (10° em) (10° em) (10° cm) (10° em)

)
.
gt

32 1,574 0. 806 0,032 1.420 0.055

38 2,361  0.556 . 0.025 0,664 0,027
39 3,955 0.555 0,015  0.62% 0,025 -
0.787 L5500 0,05 2250  0.086
B O.472 2,240 0.086 5,070 - 0.155
42 0,157 © 3.,120 0,119  351.900 1,200
("
- N\

AN

pE = 4,70 * 0,05
‘[maDBS] = 0.50 gn/l.
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Tab% 3-8, Effect of pE on the Distribution Factor of
.Pb++ and + . . .

Ren No,  pE DFpgytt  DFrt  DFpozt  tDRppop
(10° cm) (107 cm) (202 em) (107 cm)
82 3,570 2,010 0.078  -2.400 0.093
85 6,000 0,83k  0.03% 0,498 0,022
8 2,762 1.890 0.073  2.080° 0,08
85 2,085 1,620 0,063 1,630  0.065
86 = 1.670 1.320 0,052  1.320 . 0,052
87 5.443, 1,360 0,054  2.240 0,086
88  L.634 1.840 0,072 2340 0,090
89 3,288 2,040 0,079 2,870 0.110
O 5,215 1,640  0.064 2,090 0,081
[b] = 10 pmm

[NeDES] = 0,50 ga/l.




Table B~§, Effect of Bulk Lead Concentration on the Distri-
bution Factor of Pb" and Foom’ .

.

DFepor". PFpnog®

(zole/1.)(20° em) | ¢z) (10° cm) (10° cn)

-
——
]

50 2664 2,650 O 5.340 0,128

91 1,158 35,490 0,135 . . 4600 0,175

92 7,480 1,110, 0.04% 1,500  0.059

93 12,310  0.699  0.029 0.832  0.03% _
94 | o826  1.640  0.064 2,050 0,081

pE = 5000.'_"_0‘005 -

[NaDaS] = 0.50 g=/l.




Table B~10. Effect of pH on the Distribution Factor of Cd'"
‘and CQOE" .

1
S

{

Run No, pE = DFpg++  #DEg+ Doaos®  *Doaor® |

(20° em) (10° cm) (202 em) (10° em) -

-

95  4.982 1.890 0,074  .4,510 0,170 |
96 4,168 1.860 0,072 . 3.640  0.137
97 35,420 11720 0,067 | 0,207 0,008

\

98"  3.007 1.7  0.069 \H\\g.asa 0,010

99 2,625 1,650 0,064 ~ 0.158 0,006
100 1,761 1,110 T 0.04% 0,113 , 0,004
101 5.400 1.800 0,070 0.268 / 0,010 ’

106 5,001 1.8%0 . 0,075 1010 0,038

o] = wpm | 7

I5apas] = 0.530 sv/i.



Table B=11l, Effect of Bulk Cadmium Concentration onr the
Distribution Factor of ¢d & and CdoE® .

' ) . ) .
) *

- . N A

-, | | é
Run Ho; [Cd] = 10 DFCd'.""' . :DFCd“ DFCdOE+ :_DchOH"'
(mole/l.) (105 'em) (10° em) (10% em) (10° cm)

I'd
: L
102 1,379 1.290 0,051  0O.542 -0.021
105 - 2,206 © 0.816 0,033~ - L3450 - 0,055 ‘
104 RAX 5,030  0.116 1.230  0.046
105 0.165 4550 0,175 1370 0,052

106 0.850 ~ 1.8%0  0.075 1,010 0,038

A\

Al

PE = s.m :. 0.05 i .. ‘
[8aDBS] = 0.50 gn/le o - : ,

P



-119.. "“ e

rd

Table B-12, Thecretical Prediction of Distribution Factdrs

+*+ + N
.o0f Cu  and CulE -vs., Bulk Concentration, -

-
.

Run No. . Tgep (108 cn) DF,,*+* (103 cm) D?CuOH* (103 cn)

. 32 6.8§ - 1.575 2,025
. 8.8 . 0.950 - 1,352
58 6.8 . 1098 . 1.463
- - 8.8° 0717 YT 1016
\;gg\ 6.8 0.728 - 0.957
80 8{’ Oo 496 T, 00 68?

40 6.8 T 2532 54325
8.8 1,487 2309

41 - 6.8 ¢ 34633 732
©8.8" . . 2020 . . 2.864

s2_- 6.8 6757 - 9.118

-

/ . 8.8 5.518 5.067

/

¢ effoctive redius of hydrated ion used in the
normalization curve in figures 12 to 1l

[«

—




o

Table B-lj. Thecretioal Prediction of Distribution Factors

6§_&uf+ and CuOE' vs, pH;'

™

Run Ko, .reff (108.cm) DF ot (10J cm) D@buo (103 cm)

31 648 2,625 ,_ 2.726.
8.8" 1,591 1,710
32 68 1,575 2.025
7 8.8 0.990 1,352
33 6.8 C 1,169 G 2,035
8.8" 0.742, lo4h2
34 68 0.858 2,969
8.8n “ 0.548 2.261 -
35 6.8 0,506 8.601 \
8.8 04325 60918 . \
36 . 68 0.60? , 6u1412 ’
© g.8" 0,385, 5,108

* asg noted before
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Table Bely, Theoretical Prediction of Diétribution Factors
| of Pb** and ptog’ vs. pE .

Run No. Torp (108 cm) DFPb++’(103 cn) D?Pb03+ (103 cm)

82 5.9 . 2365 ? 581
\ ¢ - 1L.7 0.536 : 2,112
81‘1' ¢ 5‘9* 10659 9.033 .
11,7 0,587 he172 )
. . __/ ]
w7t 0.256 8.211 -3
8 5.9, 0,834 2o ity
7Y 0,209 12,92
87 59 onoa 0 1222
1.7° 2,155 2,370 {
88 5¢9 Le739 ' 50697 ?
1.7, 0999 1.469
89 5.9 2,146 64434 Y
1.7 0.487 - 2,684
94 5.9 8.405 8.984 —
11.7 . 1.6%0 1.895 ‘

® -as moted before



Tabie B=l5,

hs

. . P _
-Theoretical Prediction of Distribution Factors

o2 Pb'" and PbOE vs. Bulk Concentration, e

—_——

. 9

- Run No. Topp (108 cm) DEPb++ (103 cnm) DFPbOH+ (103 cm).
90. 5.9 * 12,62  13.60
11.7° 2,075 2.5493
91 5.9 25.65 2746
B - 5 30234 3.919
92 5.9 ‘ 5,468 5.878
117" . La3 1,431
93 5.9 3.313 . 3.594
11.7° © 0.850 0,995
9% 529 - 8.405 8,984
11,7 1.630 T 1,893

RN

« asfﬁotéd before S

.
"
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Table B=16. Theoretical Prediction o2 Xstridution Factors
oz cd"" and Caox’ vs. p= .

~

.

R Fo.  Tope (0% e3) DR 0% em) DRpupr (0% em)

“caoE
95 6.40 -t . 3.132 l 70616
’ 8.6 1722 5176
96 o bk . 1.89% ¢ 13.29 -
8.6 1,065 4 9.860
~97 6olt | 1554 2826
- 8.6 0,768 . 21.54
98  6ek 1.176 bhe3h
| 8.6 0. 668 34,01 L
: - 8.6 0. 568 | -
100 Boli . 0.578 - s
_ _ ‘.3.5’ 0.335 — XE
101 . 6 5.841 | 6.627
' 8.6 2.091 4232
106 -  3.166 7554
| 8.6 .70 - 5,120
* as noted before ' .



o | ~ “ -
Table 3—1?.-‘ Theoretical Prediction of Msitribution Factors._
+4 & - l
of Cd  and CAOE vs. Bulk Concentrations

4 . | L
Run Noe  T,ep (ZLO8 cr) DE g+ (10° c=m) DFesor® (10° cn)

102 6uts_ 2,254 5133
8.6 L2953 3.567
103 . Bl 1,394 © 3.801
8.6 ' 0.853 2,777
104 6uti 5.850 12,66
8.6 .. 2,920 - 8,017
105 Gk 11.96 25,01
8.6 . S5.216 15.22
106 Geli | 3.166  7.534
8.6 1.740 5.120
4

®# as noted befo;e
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Samplc Calculation of the Pred;ctcd Value of D:str:bunoa Factor
in F1gu.res 10 13 and 16.

Runs 96.-102 a.nd 109. representing one point in each of figures

10. 13 and 16. are choscn for thc sample calculation of cadmmm ion.

The following constants wete used for all the calculations.

XK - Boltzmann constant, 1. 38 x 10 -16 erg/molecule.°K
XT Absolute temperature. 298 °K .

XA - Dielectric constant of water 81

XE - Electronic charge, 4.803 x 10 -_710 esu

XN - Avogadro number. 6.023 x 10 23 molecules /g-mole
XG - Surface excess of NaDBS. 3.10 x 10 -10 mqlcs/cznz

Step 1 Solve for equilibrium concentration of all ions in the solution.

From the knowm equilibrium constants of the reactions and the
total amount of metal ions and surfactant used. the equilibrium
conc¥ntration of all ions in the solution were calculated from the
equilibrium model. The results are grcsentcd in table B-30. .
Step 2 Solve for surface potential of the smallest.ion in the solution.

Based gn the above equilib"_z'iuna concertration and equation(3. 38)
and (3. 39). the surface potential of Na' was calculated. The values
are tabulated in"table B-3l as VNa+ . .
Step 3 Solve for the surface potential for other metal ions:

Since we are oanly interested in the separation of metal ions, the
surface potential of othéir larger size of metal ioas were calculated
based on cquation‘(S. 44), The rcsul.!:s are shown in ta.blc B-31 as
de'H'. and V. 4 - The term‘ (kT&/ 8Ney %) =758.1
Step 4 Integrate for the distribution £actor. : <

| The distribution factor of cadmium ion was calculated by using
the value of its surface potential. the equilibrium composition of

all ions and equation (3; 45). For the smaller metal ion. equation

|
!

R
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(3. 46) was uged. The results are presented in table B-3! as

DTF P Since the surface excesses of cadmium and copper

cd
ions are needed in Exgu:e 16, they are calculated and shown as

['7 and
+ R l )
Cd r .o T CuH
-
5
o
- 1 o
) L
: A
b
\'l
N
s
- " /
N
. N .
~ ;
- 3
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Table B-3lL Sample Calculation, {NaDBS] = 0.50 gm/L

figure no.
Run no.

{ca] cw

Vo4
‘Na.

v d~}-—{»(V‘

C uH)

C

DTF c d-H-

. ( DTFCu-i-i-")

Peatt ( [eutt)

X Cd-H- (Xcu-H-).

(em)

pH

e ]

10 | 13 16

96 - 102 109

-4 -5
10 pp L379x10° M 9. 80x10 M
, ( 2L 810 "M)
523. 7 4a22.3 280.3
18. 48 . 13.79 14. 26 ( 13.78)
-3 3 - -4
L 892x10 © L 290=I0 ~ 7. 540x10 P
(7.035x107 )
—— _— 0. 739:10'10

(L 527=10"9)

6.'40-.-:10'8 8. 60=10"8 6.40:10'8
- ' (6. 80:10'8)
4,168 5.00 4 10
Q—.
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APPENDIX C

Two computer programs for the calculatidn of ddstribution
factor are presented here separa.teh';: one is :_for the systenm
contadning one metal ion, the other is for that containing
two metal ions, The notation and ﬁhe method of use are inter-
preted as the corment in the computer program.

)

;
[
i
{
{
!
!
!
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