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ABSTRACT

The thesis entitled *Binary Equilibrium for fhe
liquid-1liquid Extraction of Cobalt and Nickel' deals with a
systematic study of equilibrium for the extraction of cobalt
and nickel by di-(2~ethyl hexyl)-phospho;ic acid (D2EHP£) in

kerosene from an aqueous sulfate medium.

The method of solvent extraction has acquired a .

great importapge in recent years because of its increased

+
application in hydrometallurgy and the nuclear industry. It

is used for the separation and recovery of numerous metals.
" .

One of the jmportant applications of solvent extraction is

in the recovery and separasion of cobalt and nickel.

Acidic organophosphorous extractants are__fré~
quently used to extract metal from acidic solutions by ca-
tion exchange reaction. Dialkyl phosphoric acids, particu-

larly, D2EHPA are widely used amongst these extractants.

/
4

The subject wmatter of this study was to collect
the equilibrium &at; fbr the extraction of cobalt and nickel
from an aqueous sulfate - medium using D2EHPA in kerosene.
The data have been correlatéd numerically by differemnt cor-
relations and curve fitting techniques. An attempt has been
made to predict binary equilibria from the purelconpodent

isothernms.
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A \\fﬁ/;oi and 40% (by volume) D2EHPA diluted in .kerosene
) vas used to extract cobalt and nrnickel from aqueous metal
sulfate solutions. _5% Tributyl phosphate (TBP) was used as
a'thirdw‘phase modifier; D2EHPA was ‘pre-equilibrated with
varying amounts of ammonia and,the'resﬁlting ammonium salt
of D2EHPA wvas used for the extracﬁion. ‘ The initial metal
ion coﬁcentratiau in the aqueous phase uas'kept'at 10rg/l
Jappfoxéiagely) and the initial -pH was adju;ted at 4.0. The
phase ratio variatioa method was ' ﬁsed,to ébtain the equili-
brium Qata. The ratio (aqueous/organic) was varied f;on b.S
to 10.0. sAfger the shake-qut'tests, thé fwo‘phases/yere-se-
i

parated and the metal 4on concentration in the two phases

was dete%ﬁined using an ntomic'Absorption Spectrophotoaeter.

The expefinentai data were correlated numerically
using seni-empfrical and empirical correlations. It ‘was
found that quadratic and cubfc apéroximations did not fit
the data uell; A Freundlich extraction isotherm gave a bet-

(’Esf‘fflting than the polynomial app;oxinations. A Langamuir
,7 extraction isotherm however, gave the best fit for both bure
component and binary mixtures. These iéothe;ms enabled bi-

nary extraction equilibria to be predicted. -

The apparent equilibrium constaﬁt vas calculated
at various saturation levels of D2EHPA with ammonia by fit-
ting the data using the linear least squares method. . The
e@uilibrium constant decreased with the increase in satura-

tion level of D2EHPA iith ammonia.
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Interfacial tensions between the organic phase and
the aqueous phase and thg viscosity of the organic pﬁase
vere measured at a varying metallloéding in the organic
phase, An increasé in these properties fas observéd as the
organic phase metal loading increasd. Polymer formation in
thé organic phase was considered to have caused these

changes.
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Chagter I

INTRODUCTION

The application of solvent extraction for the re-
covery of metals on a large scale has grown in recent years.
Initially solveat extraction was ﬁsed‘ for the récovery of.
metals such as in the separation of uranium from leach li-

quers and -the treatment of spent reactor fuel to separate

plutonium and in the recovery and separation of rare earths

(2} . A great variety of %gtals can now be considered for
treatment of solvent extraction (3) .

/
As the advantages of solvent extraction becanme ap-

parent, the development of the extractants such as alkyl
phosphoric acids and chelating reagents took place. This

has enabled the application of solvent extraction to the re-

-

covery of less valuable but important metals such as vana-
diua, copper, cobalt, and pnickel (35). '

At present, copper is being recovered on a large scale us-
ing LIX reagents (35). Extractants used for the fecovery of
less valuable metals include chelati;g reagents, the alkyl-
phosphoric aci&s, carboxylic ;Eids,‘sulfoniun chlorides, hy-

droximes and LIX and KELEYX reagents (2).

-



. A
‘One important application of solvent extraction is
the recovery of cobalt and nickel. The, .cobalt and niékel
ores and concentrates can be léached with ammonia or aé}d.

In the acid sulfate leaching process, the leached slurry is

neutralized to remove metals such as irom or arseaic. Any

~
‘\Eopper present is precipitated out with iron powder. The

leach liquor now containing cobalt and niciel may be used
for solvent extraction. Cobalt and nickel can be répovered
and |, separated using di- (2-ethylhexyl) phosphoric acid
(DZEHPA) in ﬁerosene and this process was thé subject for

this research work.

Before énx liqhid-liguid extr;ction process can b;
evaluated, it is nécessa?y to obtain coeplete liquid-ligu;d
equilibrium data for each systenm. Such data are needed to
enable extraction efficiencies, solvent requireaents and
equipnent design calculatidss to be carried out. Eq&ili-
brium data for solvent extraction are generally determined
experiﬁentally due to the lack of suitable correlations to
predict equilibrium values for highly non -ideal liquid-1i-

quid systems (18).

The process of solvent extraction is an equili-
s ’ ‘ ' .
brium process vhich in simplified form cam be represented by

the following equation;

.

B+ E ---> KE , cevaalld

¢



‘where M and E repfeéent metal and extractant Tespectively.

‘The firsf'ﬁtep ;s/the extracfion of Mmetal, N, from an ague-

e

ous phase to ag organic phase by ahn extractant, E, (extrac-

tion stage) as the conmplex This process requires the

equilibriua to be shifte to the fight. The second step is

the reverse of the firstjand is termed stripping. Thus sol-

vent extraction is a mple process regquiring a shift in
equilibrium between eXtraction and stripping processes. The
reversibility of the{ process is achieved by @Qntrol of the

aqueous phase pH.

Equilibriﬁm studies for the Ssolvent extraction of,
cobalt and nickel in D2EHPA have been carried ;ut by Golding
et. §l. (20) uszng 10% D2ERPA (by volume) as an extractant.
They found that the presence 6f a second metal qffected the
metal-uptake of the first and the selectivity'for cobalt up-
take in the'presence of nickeffw;s 1.46. Tﬁzé investigation

4

wvas undertaken to

v

1. extend the work further to higher D2EHPA concen-

tration. &

2. _correlate the equilibrium data semi-empirically
and empirically to predict (a) ﬁure component and
binary isotherms (b) equilibrium curves for ‘binary

solutions using pure component equilibriun ddta.



determine the effect of metal loading om organic
i)hase physical properties. ‘

. *‘\"‘7’ . Co
determine separation factor, KN'_ ¢ and apparent
equilibrium constant, 'k, for the different sjs-

tems,



Chapter I

LITERATURE REVIEW

.

Generally solveny 'extraction has -‘been applied
where distillﬁtion techniques aée not suitaﬁle for separa-
tion. Treybal (47, 48) has discussed the general applica-
tions of solvent extraction techniques for rgcovefy and se-
paration of metals, Hughes (21; studied the recovery of
metals ffon secondary sources, thaf is, solvent extraction
routes. The hydrometallurgists have made successful uses of
liquid-liquid extraction for the separation of wuranium and
-Subsequent treatlént of spent reactor fuel to separate plu-
tonium from fission products (2), This basic work led to
the uée of diﬁlkyiamines to treat acid sulfate nmedia and

tributyl phosphate (TBP) to treat acid media.

A good review of all major publications in liquid-

liquid extraction is pPresented by Klinzing et, al. (@27.-

Bailes etf al. (2) have considered the solvents, extractants
(inert, acidic and solvating) , chelating extractants, ionic
extractants, modifiers and diluents ip the liquid-liq;id ex-
traction, Plett and Spink (16) have reviewed solvent ex-
traction of copper, cobalt, nickel, uranjum, rare earths,
molybdenua, tungsten, vanadiﬁm, chromiue, cadmium and Zinc.

Flett {15) has reviewed the application of solvent extrac-

{7\
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tion for the recovery of metals with particular emphasis on

cobalt, nicgel and copper. A survey of advancemeq} ino lif‘_
quid-liquid extraction during 1963-65 has been prepared by
Ellis and /Beckman (1#}. Contributio;s pertinent to the fun-
damental éhderstanding of the 1liquid-liquid extraction mass
transfer operations were reviewed. Experimental techniques
for measurihg wiscibility limits and compositions of co-ex-
isting phases for liquid-liquid systems have been revieved
by Gerster (19). He approaches approacheé for screening

solvents used in solvent extraction processes.

Vermeulen et. al.. (49) discussed fundamental fac-
tors in performance and equilibrium behaviour. They ex-~
Plained the .concept of equilibrium cu;ves and their uses in
éxtraction, adéQEBxion and jion-exchange. The equilibrium
curves are divided into five types depending updq ‘which
curves are convex oOr concave, Different types of isotherss
and models are 5150 suggested by them to fit the equilibriua
data. Bouboulis (8) has described-various types of diluents
used in the extraction of cobalt and nickel. He examined
the ef%ect of the organic solvent composition onr the sépara-
tion of cobalt and nickel from acidic soluetions. It vas
concluded that in the absence of TBP, any of the diluents
like ESCAID 100, ESCAID 200, or Aroaatic 150 (SOLYESSO 150)
vould be more than satisfactory, - However a highly aromatic
dilu;nt such as Aromatic 150 or -180 }SOLVESSO 150 or 185}

vas preferred when TBP is used as a third phase nodifier.



™~ ' - ’ ' :;

. g co
- The problem of phase equilibria was also dféaufsed by McCabe |

and Smith (30). ‘ ’ y

- Ritcey aﬂh kshﬁfook (35)>discussed aprlications of
solvent extraction in‘_netals Fecovery They studied_ the gx-
traction in two classés (1) in general (ii) in particular
for the recovery aad sepafation of cobalt and nickel. ot-
tertur and Strandell (33) investigated the solvent extrac-
tion of vanadium (IV) with D2EHPA and TBP giving more Siress
QD o-extraction of iron along uith Va(IV). Sabot. and Bauer
(400 studied liquid-liquid extraction of nickel (II} by di-
alkylphosphorodithioic acids. They also discussed the in=-
fluence of extractant alkyl-group and suggested ‘a féac%ion
mechanisw for distribution of extractaant énd the nmetal.
Cook and Szwmokaluk (12) ;tudied refining of~coba1t and
nickel sulfate solutions by solvent gxtractign using D2EHPA.
They observed tﬁat DREHPA gave the best results for the co-
extraction of copper, iron, zinc and mang;;;;e found in the
various sulfate fegd splutionms. They performed the shake-
out tests (qualitatively) with D2EHPA diluted with keroseme
type diluents and isodecanol as a third phasehinhibitor.~ It
vas al;o observed that eobalt is more favorably extracted at

pH in the ramge of 5 to 8.

Ritcey, Ashbrook and Lucas (38) have given an ac-
count of developnent of a solvent extraction process for the

.sepaQEBion of cobalt from aickel. A short description of
k



preparation of synthetic solution  for solvent ' extraction
vas given, They also deséribed A simplified chemistry of
solvent extraction process, the ‘solvent Systen a;d bench
scale tests, Extraciion isotherms for cobalt and nickel at
~various concentrations ‘of D2EHPA wvere given, A scale-up

method of a solvent extraction process was also described.

Mass transfer during solvénf extractapn of various
metals has been studied (20;. It has been observed-that the
metal uptake in the orgénic phase is a function of equili-
briaam pH. In some extr céion systems, a synefgistic effect

is observed when mixtufe of extractants is used (20) . This

effect can be us¢d for preferential extraction or separation

of metals. S Ake (41) has reported liéuid—liquid extrac—‘
tion of copper oxinate in naphthalene fronm aqueous phase at
90 cC. Equilibriun diagrams for the beneficiation of copper
by liquid-liquid extraction were studied by Ruiz (39) using
'LIX 64 and KELEX 120 in kerosene. Tatsuya et. al. (45) have
given formation and two pﬁase equilibriums. of cobalt and
zinc complexes with ‘B-~diketones in solvent extraction Sys-
tems, Equilibriuma and kinetic studies for solvent extrac-
tion of copper has also been reported by‘Lée.(ZB). Kinetic
studies of solvent extraction of metal complexes and equili-
brium and _rate of solvent extraction of iron perchlorate
with trioctylphosphine‘oxide in hexane have been considered .

by Tatsuya et. al. (45).
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Bauer et. al. (4) have darried out measurement and
cdrrelation of solvent'extracyion equilibrivm of copper by
' KFLEX.IOO.' .They used statistieql modelling procedures to
correlate ihe experimental data. Tatsuya et. al, (46) hav;
reported solvent extraction of nickel {II} B-diketonates' and
their trioctylphosphine oxide adducts. They compared forama-
tion constahts of (II) chelates with those of correspond-
ing Co(II) and CusXT) conplexes, Kinetics and mechanism of
solvent extraction of Ti(1v) from acidic aqueous solutions
with Di-(2-ethyl hexyl) phosphoric acid in benzene is 59-
ported by Islam and B‘:ﬁs (23). They also proposed fhe

reaction for the extraction of Ti(IV) and evaluated the ex-

traction equilibrium constant,

et

The mechanism of mass transfer of -solutes across
ligquid-liquid interfaces has been studied by Lewis (29) in
which he deterained the individual transfer coefficients for
biuary systems using a npew type of .hass transfeﬁ cell.
Houghton et. 51. (26) have developed a set of differential
equations for the mass transfer with chemical sreaction. A
numerical technique to solve the equations 1is also des-
cribed. = They (25) also studied rates of forced convection
hass t;ansfer. The significance of total mass analysis in
the study of the solvent extraction of gmetal complexes was
explained by Berger (6). Hughes and Leaver (22) have con-
sldered the equilibria established between Aliquat 336 and

various metal-anions iﬁvolving chromium, vanadium, and the



chloride and hydroxide anions. They also tried to develop
'gathenatical nbdel for binary equilibria.

Golding et. al. (20) stddied the equilibrium and
mass transfer behaviour for the sepa;ation of cobalt and
pickel in D2EHPA. The experimental conditions were (i) to-
tal metal ion cénqentration of = 10 g/1 (0.17 mol/l), (ii)
initial pH of aqueous phase = 4.0 and (iii) equilibration of
10X D2EHPA with ammonia at a level of 105%. TBP (5% by vo-

lume) wvas used as a third phase modifier. It was concluded

(20) that

1. The metal uptake of cne component is greatly in-

fluenced by the presence of the other metal.

2. The equilibrium pH varies over the range of aque-
ous to organic ratio, with higher pH values being
obsvered at low aqueous to organic volumetric ra-

tio. LY

3. Cobalt is élightly more favorably extracted than

nickel (by comparison of extraction isotherms).

Sharma and Baird (43) have reported solvent ex-
traction of copper with D2EHPA. Equilibrium data for the
distribution of copper between aqueous solution and a 20#
solution of DZEHPA indkerosene were obtained by shake~flask

experiments. They observed that the capacity of the organmic

phase for copper was greatly improved when the ammonium salt



’

of D2EHPA was used. They suggested the overall éhenical

equation for the extraction process as

4
2+ — -+
Cu + ZEH %---) Ezcu + 2H .o..-2.1

——

This simplified representétion of the true mechanisa of the
reaction vas not adequate as the o;ganic phase metal loaQing
vas féund to be higher than extractant concentration. They
also tried to correlate equilibrium constant for therneac-
tion proposed in terms of organic and aqueous phase ﬁetdl
concentrations, initial saturation level of D2EHPA and the
aqueous to organic/Bhase7ratio. However, it seems that this

approach was suitable\gnii)for a certain level of saturation

of DZEHPA with ammonia.

Brisk.and Hcﬂanémey {9) have déscribed the theor-
etical aspects of the problen involving the liquid-liquid
extraction. They suggested the reaction mechanisms for low
and high metal concentra@ions in the organic phase (less
than_0.1 nole of metal per mole of extractant). D2EHPA be=~
haves as a dimeric molecule in non-polar solvents such as

kerosene. Thus the extraction reaction for divalent metal

ion becones,

[

24 N - . +
| + 2(E2 Hz) —_———— (HEz-E2H2) + 2H .-.0.2.2

They concluded from their experiments that this

relationship was not adequate to explain the mechanism at



higher metal loadings, for which a co-plei,relationship in-

volving polymeric species was proposed.

N

2+ + .
(HE2) [1 - H2E2 + EEH2 + N ———=2 (HE2) r .EZ H2 + 2” R .2..3

vhere r repreéents- degree of polynerisatibn. They also
noted from their studies that the cobalt and nickel com-
Plexes polywerised to higher degree as compared to the cop-

per coamplex. The dégree of polymerisation, however, could

not be evaluated.

In the above paper Brisk and McManamey (10) tried
to find out possible evidence of polymerisation by measuring
_viscoéity of the organic phase as a function of the metal
‘loading in the organic phase. They also provided further
evidence of polymerisation by noting the change in color of
the cobalt co-plgx in the organic phase, Addition of ace-
tone to the"saturated organic phase resulted in precipita-
tion of blue so0lig, which vas insoluble in water. They con-

cluded that this solid may be a long chain polymer of the

cobalt~-D2EHPA complex.

Forrest and Hughes (17, 18) studied the modelling
of equilibrium data for the liquid-liquid extraction of me-

tals. In the firsf part of the paper (17), a survey of ex-

isting models was carried out, ‘Description of chenically
based models, semi-enpiriqal_nbdels and totally empirical
models was given. In'seni?empirical models, they have con-

sidered the analogies,to adsorption and vapor-liquid'equi~

- 12 -



" libria, while totally empiricail models are concerned. with

pelynomial fitting of the equilibrium data. Tn a second pa-
per, Forrest and Hughes (18) tried.nodels for the copper/LIX
64N and chromate/Aliquat 336. Various nodels were fitted to
the experimental data, and it was concluded for representing

surfaces that the: polyncomial approximation gave the best

Smutz et. al, (44) correlated multicomponent equij,///—\\\

librium data for the extraction of lanthanides with D2EHPR.
They considered all erpirical models for the prediction of
single component and ﬁultico-ponent eqguilibrium data. The

-

iodels were developed considering amalogy with vapor-liquid

equilibria. b model fog binary system predicts the total

-"

t

orgaaic Concentration as a function of mole fraction of com-
ponents in the aqueous phase and equilibrivm acidity at a
given total metal ion concentration. Some numerical exam-

ples géie‘§1vén ¥hich explain the utility of the model,

Berger and Graff {5) have given some mathematical
considerations in the treatmemt of the equilipria for the
solvent extraction of metals with dibasic ligands, The pa-
per is< mainly concerned with derivation of mathenatiE;i re-
léﬁionship to ‘shov that the solvent extraction of metals
with dibasic acids zay be considered to he an extension 6f
the monobasic case. Th;y have dévélopéd generalized. equa-

tions for the extraction of metals with mono and dibasic



acids, considering polymerisation, if any, of the metal in

\\\*the organic phase, & thermodynamic equilibrium aocdel to

P

predict the cobalt distribution coefficient in the cobaltous
chloride~hydrochloric acid-water-TBP liquid-liquid, extrac-
tion was given by Nevarég and Bautista Tﬁgl__b _gonsidering
the theory éf nénonuclear complexes equilibria. The appli-
cation of their model is flimited since (i) , the conplexes.
formed must be mononuclear and properly idengified qn& (ii)

the mechanism /g;“lheir extraction into 2 suitable organic

solvent must be “known. A distributed parameter model for.

liquid-liquid extraction was solved by Burge and Clements

(11) to obtain the frequency response for a cduntercurreut'

liquid extraction coluan.

" Brisk anduﬁcuanaméx (10)  have, as preéiously
notedr reported that'the matal polymer formation can'siéni-
ficantly affect organmic phase physicai proper;ieé: This can
be expected to change mass transfer rateé for the éxtraction
of most of the metals. Viscosity and "interfacial tension
plays an inpdrthnt role in designing of plate and pulse
sieve extraction coluans. The 'significance_of sdrface‘ac-.
tivity in solvent extraction reagents is explained - by Cox
and Flett (13). Interfacial activity 50u1d be demonstrated
by measuring interfanialpténsion, interfacial potential and

interfacial viscosity. \\\\

P~



Chapter III -

THEORY g

3.1 HEMISTRY © SdLVENT EXTEACTION PROCESS

D2EHPA 'is classified as a liquid cation exchanger
in which the-cobalt/nickel cation is exchanged for hydrogen
ions of the solvent, The extraction 1is PH dependent as
shown in figuée i' During the extraction of cobalt/nlckel
u51ng the acid form of DZEHPA, hydroger ions are riberated
from the soivent (due to catlon-exchange reactlon). As a
- result, +the pH range for naxlnum cobalt/nickel e‘traction
(pH 4;5 approx. and‘hiqher) cannot be maintained,? because
the aﬁueous. Phase becomes more acidic as the metali is ex-
.tracted. Ritcey et. al. (38} shoved that the use ‘of an a]-
kali salt of thé D2EHPY solvent maintained the desired pH
for optimum extraction. as éuggesgéd by Ritcey et. al. (38)
.and Sharma and Baird (43}, cobalt/nlckel in acidic solutlon,
under the conditions considered here, are certainly in the
+2 oxidation state, One mole of D2FHPA extracted a maximunm

‘ of 0.5 mole of cobalt/nickel ‘and liberated ope mole of hy-

drogen ion. They have ggggested the following rechanismp:

L ]
Equilibration of D2EHPa solvent with amaonium hy-

droxide.
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=

D2EHPA~Co/Ni complex in the or

. 2 40 .
(30)29 + HH40H ----- > (RObF’ + H20 .q--.3-1
“oH  “ONH4
Extraction of Cobalt:
JO - -0
2(RO), P+ Co0SO4 =z-> |[(RO),P_ Co+(NH4),504 ,,,,.3.2
AN . O
ONH4
2
similar equations can be written for the extraction of

nickel. The overali chemical

can be taken as:

2+

Co ¢ 2FH

vhere the overbar denotes a

D2EHPA has one active hydrogen

It should

equation ig a simplified o

be emphasgized

equation for cobalt extraction

A+

BECO + l‘ZH -IJ..3-3

species in the organic phase,

atom and is written as EH,

that the above chenmical

LY

ne., Fep:esentation of

the

as 2:1::organic:metal comple
the actual species present,

cluded from their experiment
D2EHPA iﬁ kerosene was presdn
traction. However, this wvas
the equilibrium data at higher
phase. A comélex reiation'hi
was proposed by Brisk and
cobalt coeplex in the orgapic

even a polymerised complei.

cManamey (9).

ganic phase in these equations
does not imply that this is

Brisk and McManamey

(9)

con-

that a dimerised species of

t which took part in the ex-

also not adequate to explain

metal loading in the organic

p involviﬂg polymeric species

Thus, the actual

phase

may be a dimerised, or



Although the true mechanism of the reaction was

Y
not as simple as given in._eqﬁat;pn 3.2, Sharma and Baird
(43) assumed that the activity coefficients vere unity and

developed equaiions %o predict equilibrium constant,
L2
CO'CH
KH = ___-__ ’ . -...-3.u

2
CA'CE

..

The equilihrium'ratio of metal (organic to aqdeous) declinped
as the pH fell. To maintain a certain PH range the extrac-

tant, D2BHPA, was converted to its dEwoniuw salt im the or-

génic phase,

—_ o+ - +
EH + - NHJ ----- > ENHA + H .-..-3.5

and for this- reaction,

CH'CON .
K = _— 1--003-6
Cg-Can

When the ammoniated extractant was useﬁ to extract metal ac-

cording to:

£k
2+ : : 4

and



2

c..C - | :
W= QAN N ceess3.8
2 - Z ;
. CA-CON KN -

A simplified expression for k in terms of, theré%%e:imen-
tally measured quantities was derived‘as follows:

An ammnonia balance gave:

An ion balance on the aqueous phase provided,
= 2(c, - ¢, ceees3.10
> (Ai C, )

AN
from equations 3.9 and 3.10 the equilibrium distributiom of

ampmonia between the phases was:

C - ‘
ON
?f“\‘/ CON/C _ _"_1— - VA /vo ---0-3.11
| AN — 2(CATCA)
A metal balance gave:
Substitution for (CA1- C,) from equation 3,12 into 3.11 gave
the ammonia distribution inlte:ls of C,,, and C4
1
FON/CAN = (VA/ﬂa’(CopH/ZCO - 1) vessed.13
substituting equation 3.13 in 3.8,
Il.--3.1u

| K = (C,/C) [ (Va/¥) (Coy /2C5 = 1) ]
‘(\ or ’
i

;-



(% /) (65/Cy) = () [ - 1] cee..3.15

Thus k can be eva}uated‘by plotting (W)/VA)(QQ/CA,
against CONifzco . The daﬁa points for the lowest anmonia.
loading (CON1< 0.07 mol/1) did ot confirn‘well because in
this case the equilibrium with free D2EBPA cannot be ne-
dlected. The pH also fell below the desired range for ex-
traction after equilibration and so the assumption in equa-

tion 3.10 that neglects changes in C,, compared to Con was
' O"_——-"——_‘-_
not valid.

Some of the data for the highest ammonia levél (CON1
> 1.5 mol/1l) also deviated fronm eugation 3.15. This may be
due to the observed formation of turbidity in the aqueous
phase after equilibration with the highly ammoniated D2EHPA
and a precipitate formed. ﬁccording, to above appfoach-the
stoichiométfic extracfion corresponds to a maximum molar ra-
tio of metal to extractant of 0.5:1, but the experimentally
observed value was higher. This could be due to the pres-
ence of TBP which itself is an extractant. Tt also appears
to suggest that the extracted species may exist as a polym-

eric complex with the alkyl Phosphoric acid as a bridging

ligand.

A

L]

Brisk and McManamey (9) have stﬁdied the liquid
extraction of metal pixtures from sulfate solutioans by an
alkylphosphoric acid. According-to them, at low metal con-
centrations in the organic phase ( L less than 0.1 ) DZEHPA

- 20 -



behaved as a dimeric amolecule in non~polar solvents such as
kerosene, and the simple extraction reaction became (for di-

ialent metal iomns):

2t NPT + ‘ |
B 2(HpXp)  zemeo> (MXpuHpXp) ¢ 2H - .....3.16

BEquation 3.16 implies that the maximum value of i is 0;25.
However, vwvalues up to and over 0.5 vere obtained experinén—
tally vhen higher loading of organic phase was the éase. As
'percentage"qf D2EHPA increased, the- drganic'phase metal
loading per mole of the extractant‘D2EHPA, 1, decreased.

This may be explained on the basis of the formation of a .

metal-reagent polymer. Typical steps in the formation of

this polymer may be described as

r

—_— Pha 4
(MXp-HpXp)  # (HpXp) # BT —===> [ (HXp) .HpXJ +2H .....3.17

2+ +
[ (BXohroy o HpXp]l ¢ (HpXy) + M 2o==> [ (HXp). -HyXp) ¢ 2H

..O.I3018

where r is related‘to polymer size.

When r is'1, only the uonongric complex = (MX,.H,X, ) is
formed implying the foraation of a single ;atgé ppiyner.
As suggested in the equation 3,18, when the polymer is
formed a large number of hydrogen ions are generated,“ thus

lovering the pH of the aqueous phase at equilibriua, -

- 21 -



Brisk and chanamej (10) have discussed the exis-
tance of such polymers in reference to the viscosity of the
organic phase. The specific viscosity was related to mean

polymer size of the molecule by the relationship

N o= B eeess3.19

vhere FB is a coastant.

?urther qualitative evidence of polymer formation
vas providedgby the appearance of the organic phase at equi-
librium (10)i The blue colored complex of cobalt turned to
deep violet as the metal loading 1imp the organic phase in-
creased. Iﬁis complex was insoluble in water but soluble in
excess of acetone. Brisk and McManamey (10) suggested that

this solid may be a long chain polymer of Co-D2EHPA complex.

3.2 MODELLING QF EQUILIBRIUM DATA

pot— S —— -t

There are two types of models, (i} mechanistic and

(ii) empirical.

1. HMechanistic models have physical or cheaical basis‘
on Hhichgfhey are constructed. An extfapolation
can be done fof the required information froa data‘
vith some confidence, They are so-etine; single
but often eonplex.

i)

- 22 -



2. Enmpirical mdyels are made to sinulé%e the real si-

tyation, hey have little confidence on extrapo-
N '

3

lation of data. The form of the empirical model

is made as™simple as possible,.

The approaches ghich'have been made to the reére-
sentatibn of metal equilibria fall into three main catadgf
ries (17): (i) Chenically based models, which seek to ﬁodei
the data on the basis of lthe knovwn cheaistry of the extrac-
ition. These can be made thermodynamically rigorous if ac-
tivity data.are enploYed. (ii) Semi-empirical models using
‘analogies betveen gas adsorption aﬁd vapor=-liquid equilib*;.

ria. (iii) Totally empirical models which use generalised

mathematical expressions such as polynomials.

1. Chénically based models: Initial attempts at mo-
delling equiiibrium data were based on the extrac-
tion equation. Forrest and Hughes (18) tried to
correlate the equilibrium data for thé extraction
of copper and chromiua. Application of the chemi-
cal wnodel as suggested in equation 3.8 suffers
from two severe linmitations. In the first case
the solutions ' are not therscdyramically rigorous
and cdncentrations should be replaced by activi-
ties. If activity data are not used a second li-
mitation is imposed on equation 3.8 for nov k need

not necessarily remain constant and for the systen

- 23 -
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/N~
considered, it may change by a factor of ted or
more. The ;alue‘of, k, an apparenf equilibrium
cons%ant, is only an average . of the individual k
ialues over a giveﬂ concentration range, To con-

clude, the method is only as good as the proposed

reaction equation.

A '

Semi~empirical wmodels: The transfer of solute
between two 1liquid phases has analogies to other
two-phase systems where, for instance, a solﬁte is
adsorbed by a solid from a gas phase. Ellis (14)

noted the similarity between the shape of the ad-

‘sorption isotherm and the shape of the distribu-

kion isotherm for sblvent extraction systems in-
volving chemical reaction. He assumed that the
curvature was due to the reaction between the ex-
tracted substance and the extractant, so that, as

more material is extracted the amount of available

"extractant decreases, This was analogous to the

conditions considered beraﬁgmuir in the deriva-

f
I

tion of the equaiion for.the adsorption isot%erm;
In the case oﬁ the Langmuir equation for soldﬁ-gas
equilibria the curvature is due to the decréase in
surface area aQailable for adsorption as the sur-
face.becones covered with the adsorbed soluote. In

the liquid-liquid extraction Langeuir extraction

isotherm.is expressed in the fora-



61_92')( ' -"....3.20'
1 + 92.x

.vhere y is the concentration of the netai in the
organic phase and x is the concentration of the
metal in the aqueous phase. Parameter ©, repre-
sents the maximum orgamic phase metal loading and

parameter eérepresents an equilibriue coustagt.

Onée form of the FPreundlich equation, ex~-

pressed in terms of cobalt/pickel concentration,

is

Y = e ' ceese3.21
vhere x and y have definitions given in the previ-
ous case, and 9, and 2, are the paraneteré of

the model. This power relationship is of the
[} ' -

Freundlich adsorption isotherm'equation type.

Empirical models: The cobalt/nickel concentra-

tions in the organic phase -nuSt‘be described by
13

atleast two independent variables. A generaliseh

polynomiai can be written as, - : \

n m ) .

_ Poe, J

r= 20;0 HipX .[ﬁ:’]aq.(initiallﬂ""'3'22
1= i

-

AT
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Second and third order polynomials were tested on
‘the constant sulfuric acid concentration data by
Forrest and Hughes (18). for the extraction of cop-

per and chromium. The following polynomials were

used.
3 3 .
Y = a;x *+ ax” ¢+ a,x (cubic), asesed.23

a;x + a212 (quadratic) sesead.24

-
it

For one component sjstens equilibrium can be re-
presented by a simple curve. These curves are a fﬁncéion of
temperature and pH.' Typical iSotherns are. shown in figures-
2 and 3. Curves that are convex upward throughout ttype I)
are designated as *favorable' to metal uptake in the organic
phase; those which arerconcave ‘upvarq throughout (type II)
as ‘unfavorable' to metal uptake (34). Several models for
the rep:esentation of pure co;ponent and binary extraction

isotheras in hydrometallurgical systems are:

1. Constant Separation Factor (34)

X

Y = .-..0-3025
F+X — rx

2. Langmuir Extraction Isothern (17)

01 -9, X

= _— -000-3.20
y 14+ @,X

-zg.'



mol/l org. phase”

-/

.

mol/l aq. phase g

Fig. 2 Equilibriumrisotherm type: favorable for the metal uptéke

N ¢

org. phase

mol/|

mol/l  aa. phase

L ]
Fig. 3 Equilibrium isotherm type: unfavorable for the metal uptak:
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3. Freundlich Extraction Isothera (17)

]
1

2
y = 90X ceee.3.21
4. Quadratic Extraction Isotherm (17)
- y = a7x + a212 Ceeese3.20
5. Cubic Extraction Isothern 17
Y = a;x + a?rzf a3x3 ceses3.23

Forrest and Hughes (17, 18) previously found that
polynomial isotherms represented the extraction isothermé

very well for copper and chromium e ction. Langmuir and

Constant separation isotherms are gipila

!
e

3.3 PREDICTIOH OF BINA ARY/MULTICOMPORENT /EQUILIBRIA PRON
! PURE COHPONEBT ISOTHERHS

\ -3

L
Snutz et. al. (44 iyggested a method to predict

TN

|u1t1c01ponent data from pure component data for the extrac-
tion of lanthanides in D2EHPA. Their uethod and approach

vere %?gdﬁ}n the present study and are outlined as follows.

- .
The total metal concentration in the organic phase

may be predicted with a series of limear terms and a series
of terms which is a measure of the deviation froe ideality
(Ref. eqzation 3.30 ). The predicted térp is obtainedugy

multiplying the orgamic phase concentration of each elemgd%\

* - 28 - LN
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in the pure component state by its mole fraction in the
aqneous;phase (i*.i), JIt‘is termed as partial extractabil-.
ity of the element éé'an analogf to partial p¥essure. If
tbtal metal conqentrﬁtion is kﬁovn at an initial level of
equilibration of DZEHPA with‘ammonia, the infogmation can be

used to predict the equilibrium concentration of the binary

~mixture in terms of a deviatiom termay. The method is as

follows:

1. Pure component and binary extraction equilibriun
data are correlated numerically and the parameters
of the mnodel used for correlation are found for

each system.

2. AY is estimated using an analogy to Raoult's law

. * _ .
AY = Yexpt] . - X ) 0-10030'26

(for mix)

where ;(, X 1is 'partial extractability! analogous

to partial pressure.

y = predicted ideal organic phase concentration
K e
for a given value of x.

I = mole fraction of component in -the mirxture.

AY is termed as deviation from ideality.

/

3. AY is correlated by an empirical correlation

D (<] 2
e’ = 0. (x;)°. (1=x,) > . [H*‘]deq censa3.27

where Dy =AY



~

x, = mole fraction of cobalt in the mixture in the
aqueous phase at equilibriua.

[Hia = conceatration of hydrogen i?ns at equili-
brium in the aqueoﬁs phase,

0y ,0,,04 and Q, are parameters,

Hydrogen icn concentration in the aqueous phase 1is
correlated with metal ion concentration in the
aqueous phase at equilibrium.
pH = a, +a,x + ajx? " eee.3.28
Note: Since correct mechanism of the extraction
procéss is not known it is not possible to pfqdict
the pH as a function of initial ammonia concentra-

tion and metal concentration in the aqueous phase

. CO

Separation factor, KN, is calculated as
: 1

»

; /

o (ch ”XNi : ' 3.2
N Sen e R

Total orgamic concentration is definped as

* . ‘_
¥r = Yco‘YCo" i *Xni ¥ AT, Y AT eeeee3.30

also it is known from the experimentél results

that’

Y =17% Yy esesa3.31



9.

Using ,equations 3.29 and 3.31

Y
%o X
° 1 + (;ﬁl)
L' o
K. C
NTR teves3.32
and. Yni_z YT - Yeo : ceese3.3

Prediction of binary equilibria

a) y; is calculated from givem ¥., and X;

b) Ayco'AYNi and [H+] (required to calculate y7)
are estinated using corrélations for a particu-

lar system considered,

X * .

C) Yoo, «Y¥,; are estimated for a given x ' X
(that is for a known value of x and x in the

X

binary mixture). y

* "
co. and Y. are the estimated

organic phase metal'concentrations, calculated

L] -
as if it were a pure component.

. . Co '
.?bo and Yy; are estimated using KN% « the separa-

tion factor for the systen.

"The method has been suggested for the multicomponent solvent

extraction equilibria.

SEPARATION FACTOE

Co
Separation factor, KNi » 1s calculated imn the case

of extraction of binary mixture of cobalt and nickel. It is

defined as



o - {yco' LI ‘ 3.29
_ oNI Xco INi {

i
Separation factor is analogous to the term relative volatil-

ity in distillation, if the competitive cation-exchange pro-

cess is described by the equations:

ZE(NH,) +Co _=o--> Ep-Co + 2mH, eee..3.33
2E (KH + C 2" "jﬁ£—> E,-C + 2NH * ' 3.34
(NH,) o z====> E,-Co ) ceee.3.

it is difficult to calculate the individual equi-
librium constants for each metal due to the presence of ex-
cess quonia in the organic phase and the distribution of
thislspecies in the two phases is unknown (20). However,
the ratio of the tuo-equilibrium constants‘kCO and kN.r could
be expressed as in equation 3.29, which is a separation fac-
tor for the Co-N1 pair. :

-

3.5 - THE SIGHIFICANCE.QE IBTERFACIAL TENSICN AND
YISCOSITY IN SOLVENT EXTRACTION

Sclvent extraf;'on reagent are the mblecules
which possess’ hoth bydrophilic and .hjérophobic properties,
Their polar hydrophilic g}oupings a ‘h%cessary to interact

gzefthe ague . phase to

with the &metal ions or coaplexes

give ‘species which will be soluble \in the qa;Sé phase,

The hydrophobic <character provided by\ the organic part of"

the reagent molecule is required to maximise this solubility

of the metal conmplex and also-to reduce the aqueous solubil-

ity of the reagent itself thus minimising reagent losses to .

process raffinate.
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Such conpoundsIQill clearly exhibit interfacial
activity at the oil-wvater interface and- the addition of
these extraction reagents to an cil-vater system will there-~
fore modify these interfacial properties, For example, it

“facilitates the dispersion of the two phases by lowering in-
terfacial tension. It is unlikely that interfacial proper-
ties of reagents uill have a significant effect on the equi-
librium paraneiers of an extraction process as they are
dgpendent on bulk phase properties of the system. However,
vhen rates of extraction procesées are considered, these are
dependent upog the concentration of the species at or close
to the reaction site which may be the interface itself or a

zone close to the interface in the organic or agueous phase.

Replacing air by amn oil phase increases the dimen-
éion bf the adsorbed film. This increase occurs by a reduc-¥
tion of mutual.interactions of the non-polar alkyl chains by
solvation by the oil phase. Addition of imorganic salts to
the aqueous phase causes a slight shift in the interfacial
tension in addition to the change caused by pH. —if the var-
iation is im order cf affinity of the metal ions for the al-
kylphosphoric acid, then the metal salts are more interfa-
cially active than'the parent acid. The measurement of
interfacial tension indicates whether the hetal complex is

more (or less) interfacially active than the extractant.

.
e
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Viscosity measurements of thevorganic phase with
respect to metal loading in the organic phase may reveal
vhether there is any polymerisation in the organic phase. 3
rise in viécosity as metal loading increéses may indicate
that polymerisation does occur inm the organic phase. If
nuaber of wmetal atonms iA metal-D2EHPA-TBP polymer can be
found, it may be related to the viscosity of the organic

phase by the relationship

2
77 = Erm --ll.3-19
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Chapter IV

EXPERIMENTAL PROCEDURES

-

The present work was carried out to do futher in-
vestigations in the extraction of cobalt and nickel by 20%
and 40% D2EHPA (by volume). More recently, DéEHPA has re-
placed the carboxylic acids in metal extraction because of
swaller extractant losses, higher metal loaainqs and faster
mass transfer rates. TBP is used as a third phase modifier.
It also reduces the solubility of diluent kerosene in water
to a negligible extent. Kerosene is used as a diluent .for

the extractant DZ2EHPA and the modifier TBP.

The organic phase consisted ‘of DzEHPA extractant,
TBP phase modifier and kerosene diluent. Two levels of con-
centration of D2EHPA (20% and 40%) and 5% TBP were used.
All concentrations were om a volﬁme bésis. An alkaline salt
of D2EHPA was prgpared by adding requisite amount of NH OH
to the organic mixture. D2EHPA was equilibrated (saturated)
stoichiometrically at different levels of saturation with NH
such as 20X, 40%, 60%, 80X, 100X, and 110%; fo see the ef-

fect of imitial NH concentration onm the solvent extraction.

The aqueous solution was synthetically prepared by

dissolving CoSO,; .7H,0 and NiSO4.6H , 0 in distilled water.
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The initial metal ion concentration was kept at*= 10 g/1 or
0.17 mol/l. The initial pH was adjusted to 4.0 im sach
case. Equilibrium can be obtained in two ways. The first
enploys variation of the phase ratic of the agueous and or-
ganic phases, the second involves reéontacting the organic
phase with fresh .aqueous phase until ;he saturation locadiamg

of the solvent is reached.

In the phase ratio variation method, the ratios
tsually eaployed were in the range of 0.5 to 10. For état-\
‘ple, 100 ml., of an aqueous phase containing the metal, and\\\\
' 10 ml. of organic phase,uere contacted until equilibrium was
reached. 1In the present work aquecus to organic phase ratio
vas varied from 0.5 to 10, Shakeout tests were carried out
in separating funnels and the two phases were contacted for
about two minutes. Tﬁe equilibrium was reached within that
_time (22). . After allowing the Phases to disengage, they
vere separated and analysed for metal content in the aqueous
phase. The analysis was carried out using an atomic absorp-
tion spectrophotometer (Fisher*s Dial Atom Jerrel Ash III).
Details of the procedure for analysis are given in appendix
A. The'experimental solution collec?ed from aqueous phase,
was diluted 1000.times for the analysis, The organic phase
concentration was determined in most of the cases by mater-
ial balance calculafions. The organic phase was analysed in
- a few cases to check the material balance and i£ ;as found

to agree within 5% error and a maxipua difference of 6.5%.
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All the equilibrium shake-out tests were carried
éut at atmospheric pressure and at an ambient temperature of
2“-25°C. Samples from aqueous phase were collected and pH
vas measured for all the saamples using a pH meter. The pH
meter vas calibrated using standard buffer solutions. Sam-
ples from both the phases vere also collected separately to
leasure.the physiéal properties such as viscosity and inter-
facial tensioh.‘ fiscosity of the organic phase vas measured
with the help of a rotating cylinder viscoameter. The inter-
facial tenéion between }he organic phase and the aqueocus
phase vas measured by Fisher's Rutotensiomat. The viscosity
and interfacial tension were measured with respect to metal
lcading in the organic phase. Details of the method of vis-
cosity and interfacial temsion measurements are given in ap-

pendix B,

-

Models were fitted to the experimental data using
linear and non-linear least square techniques. In the ;ase
of linear models, the progfan *Linreg* was used to treat the
data, . while in the case of non-lipnear =models a
'Gauss—-Newton' method as wvell as a modified version of the
Gaqss-Neuton method, and, a program {(designated as)

*Nonlin', were used.

- 37 -



Chapter V

R ESUL‘TS
s

Equilibrium data have been collected for the sys-
tem Co=Ni-D2EHPA, The data were obtained for thé pure com-
ponents, as well as, bipary mixtures bf tvo metals. Data on
viscosity measurements and interfacial tension measurements
were collected for pure component and binary aixtures.
variation of pH with metal loading in the organic phase is
also noted,

~

The equilibrium data (x,y) is tabulated for the
separate cases considered (depending on concentration of
D2EHPA and its equilibration with ¥H, at various levels) in
tables 1 through 10. Plots have been made to represent the
equilibrium data for a constant cencentration of D2EHPA and
its varying eqﬁilibration with NH, . These plots show the
effect of ammonia concentration on the metal upt?ke in the
organic phase, The data is represented for the extraction
of cobalt and nickel as pure components and alse in the
mixture. Similar plots Lave been drawn for 10%, 20% and 40%
D2EHPA (Ref. figures 4 to 13). The material balance calcu-
lations to detérline organic phase concentration is dis-
played in appendix D. |

;"1 . .‘\.

£
'
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org.: phase

S

° © 20% sat.with NHy
3 .10 " 40% v . e m
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A 80% u  n
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‘Fig. 12 Equilibrium isotherms for cobalt in the mixture of cobdlt and
nickel for the system: 40% D2EHPA-at the different levels of

pre-equilibration of D2EHPA with ammonia
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The equilibrium data_have been correlated using
semi-empirical and empirical correlations. The experimental
curve as well as all the correiatioﬁs are plotted together
for a particular systen. Comparisons afe thus made to finﬁ
tﬁe best fitting of the correlations tried. - Figures 14 to

22 show some of the plots and comparisons of ' the correla-

/

tions. Plots have been made to compare the correlations for (’J

pure component as well as binary mixture 4isothernms. The
problem became more complicated when the binary mixture vas
considered. The presence of one metal affected the extrac-
tion of the other metal. Figures 23 and 24 show the isot-
herns drawn for the'extraction of cobalt and. nickel in the
presence of each other,_for 20% D2EHPA. The separation fac-
tor for a Cé-Ni pair, as defined by equation 3.29, i; gglcu—
lated for the binary extraction of cobalt and nickel by 20%
and 40% D2EHPA. The separation factors are tabulated in

/@ables 18(A to F) according to the systen.

The apparent equilibrium comstant, k, was calcu-
lated as described by equation 3.15. The values for k were

determined by fitting the data for a system using a least

squares method, A graph can also be plotted as_(%)/vA) (Co

1/2 . .
/C,)} versus COhH/2q3. Square of the slope of the graph

gives the equilibrium constant, k.
Tables 17 (A through D) gives the values of k for extrac-
tion by 20X and 40% D2EHPA at various levels of saturation

with ammonia and for pure components as well as binary

- 49 -
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Fig. 23 Effect of the'bréschCIOE nickel on thé extraction
of ccbalt by 20% DZEHPA (100% pre-cguilibrated with N“B)
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Fig. 24 Effect of presence of cobalt on the extraction of
nickel by 20% D2EHPA (1003 pre-cquilibrated with NH3)
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riXyures. .The sample calculations for k are given in the
appendif' b. Physical praperties.like viscosity and interfa- -
cial tension are deterrpined for a.particular systen, The
data collected on these properties are represented in the
tables 19 and 20, with respect to nmetal loading in the or-
ganic phase.  The measurements have been made ,f&?‘binary
mixtures, Figures 25 and %?' shov the increase .in interfa--
cial tension with respect to metal loading while figures 27 ,
and 28 show the effect of metal loading in the organic phase

on viscosity of the organic phase,
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Fig. 25 Interfacial tension versus metal loading in
the organic phase

System: 20% D2EHPA-100% pre-equilibration of D2EHPA
with ammonia
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Fig. 27 Viscosity versus metal loading in the organic phase

'System: 20% D2EHPA-100% pre-equilibration of D2EHPA with
ammonia .
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Fig. 2B Viscosity versus metal loading in the organic phase
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Chapter VI

DISCUSSIOK OF RESODLTS oo™

6.1 EQUILIBRATION OF D2EHPA WITH AMMONIA

The equilibriua data'for constant DZEHPA.concen*
tration have been plotted fo# the systeam Co-Ni-D2EHPA ih
kerosene, Various plots are shown in figures 4 to i3. It
is seen from the plots that as the level of saturation of
-D2EHPA with ammonia was increased, the extractionm of the me-
tal became higher and higher, Hence, it was believed frop
these_results that the extracting agent was an alkaline salt
of D2EHPA, as discussed in the theory. An alkaline salt of
D2EHPA wvas preparad by adding a concentrated solution of am-

monium hydroxide to the mixture of D2EHPA and TBP in di-

¥

luent kerosene. ‘ /
A O
, e f~d
: (RO)2 1-'{\ * HH4OH ----- > (R0)2P\ + H20 . essssadal
: OH . OMKRy,

Since, the extraction of metal increased, as the addition of
amronia in D2EHPA was increase + the alkaline salt was sup-
posed to be responsible for{the extraction of the metal.
Similar trend was observed for the extractiod-of pure compo-

nents and binary mixtures.
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A family of extraction isotherms f?r each metal ig
shown in figures 23 and 24 at various equilibrium aquéous
concentration ranges of the other metal. It was clearly

P .
seen that presence of one aetal inhibited or lowered the ex-
traction of the other setal, On comparing . the extraction
isotherms for both metals it was seen that cobalt vas

slightly more favorably extfacted than’ nickel as could be

expected from the data in the literature (20).

An operating equilibrium curve was also obtained
for different fnitial concentrations of cobalt and nickel;
It represented the equiliBriun concentrations of the metal
‘ions in aqueous and ofganic phases.  Such lines are useful
in devising counter current extractlon systems and in’ deter-

mining the number of theoret1ca1 stages required to achieve

a desired separation.

6.2 §§PARATIOH FACTOR

Treatlent of data in tables 5,6,9 and 10 accordlng
to equation 3.29 provided a valge for the separation factor,
xﬁf’ - Ritcey and Ashbrook (37) and Golding et. al. (20) re-
ported a value of 1.6 and -1.47+« 0,427 respectively for the
seéaration factor using the same extractant. The values of
the separation factor tabulated in table {8 indicated that
cobalt. vas slightly nmore favorébly extracted than.nickel.
Golding and Poudah(20) carried 'out shake-out tests keeping
the initial concentration of one Retal fixed and using vari-

able initial concentrations of the other metal. The total
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initial wmetal ion concentration was kepf\constant. It

appears, according to them (20) that the valup of the sepa-
ration factor was not affected by the setdl concentration.
A value  of 0.56 for the separation factor of cobalt and
.nickel vas reported forlvarious conce#trations using fatty

acids as extractants (7).
[ )]

The initial pH of agqueous solution was constant at
4.0 before extfaction tests were‘carried out. The.equilib-
ratioﬁ of the solvent with aﬁmonia maintained the equili-
briuam ﬁH higher than 4.5. However, in some cases, vheﬁg
“bZEHPA vas equilibrated with ammonia at 20% of the stoi-
chiometric amount, the pH was lower than 4.5, and hence the
eitraction of metals wvas suppressed. Tables 3 to 10 give
the value of pH in the equilibrated aqueous phase with res-
pect to metal Ioading in the organic phase. Higher pH va-
lues were observed at low aqﬁeous to organic phase volunme
ratio or lower pH at E}gher-organic phase ietal loading.

3

6.3 =~ MECHANISM OF EXTRACTION

RS Sharma and Baird (u3)l have suggested a mechanisa
for metal extraction 'in their study of extraction of copper
by D2EHPA. According to them, the process of extraétion
took place as suggested in equatior 3.7. It was assumed
that extraction by TBP is negligible, but Golding and
Fouda (2Q) have reported thq!sTBP vas &also an extractant.

While the stolchiometric extraction corresponded to a maxji-

- 68 -

-



N\

R

’

aum molar ratio of metal to extractant as 0.5:1. the maximun
value obgserved was higher than tbat; , 1t also appears to
suggest that the extracted species may exist. ae a bridging
ligand. The existence of a éolyneric structure for divalert,
ccbalt and nlckel conplexes with D2EHPA was previously re;
\ported by Brisk and McManamey (9, 10). Their propesed me-
chanisa of polymer formation is described Ey: equations

L 3.16-3.18.
\

There were several reasons to believe that a po-

lymer has been formed during metal extraction, as discussed

below:

-

1. The loading factok, L, .decreased as the volume
percentage of D2EHPA increaeed in the diluent ker-
oeene. This may be explained by equarions'3.16 to
3.18, " that is, a dimer or higher ordered polymer

was formed.

2. The existence of such polymer forlatien was ée-'
monstrated by viscosiry ueasurenents,ih the'gprk
by Baes et. al. (1)1 As thenloadiag,in rhe or-- 4.
ganieﬁphese increased, the viscositj increased-ra-
pidly. If By sone neans mean value of nunber of
metal atoas in metal- ~D2EHPA polyler, r , is maa-

-

sured; then it may be related to the speciflc‘wis-

~ -

c051ty of the organic phase aS,’ ﬁgﬁké‘ R
\ N=8tm . LNt
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wvhere g is a constant. @

.l;ﬁ o 3. Purther vizigl qealitative evidence polymer
a formation was provided byn the eppearanee of the
organic phase near saturation. The cobalt-D2EHPA
complexes were Elue in color at low io moderate
organic phase metal loadings! bet - as satu;etion
. was appreeched fhe:color deepened to violet. The
solutionsere;eined homegffeous vith no evidence of
the separation' of a solid phase eyen at satura-
tion:f However, the- addltlon ©of swmall quantities
ef acetene to the organlc, phase resulted im the
‘Frec1gyéat10n of a blue solid insoluble. in vater
but soluble in excess acetone OF kerosene. This
J ' ' solid may have been a long-chain polymer of the
. .cobalt-D2EHPA complex, :einilar in form to the
solid DZEHPA-lenthaeides observed by Baes et., él.-.
(1). Same type of éonplexes wvere ‘also obtained by

Brisk and McManamey (10) for extraction of cobalt

, and nickel_by_DzEHPAr . They also observed the si-

spilar qualitative results.

6.4 ;ppngfem EQUILIBRIUM CONSTANT

The apparent equilibrium c
»1atbd7esing equation 3215, ?s suggested by ‘Sharma 4nd Baird
(u3); The values of k are listed in “Tables 17 (A) to 17(n;‘

o]
k decreased as the\\gulllbratlon levél of DZEHPA vlth anno-

e . , -
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nia increased. ‘ The appdfent equilibrium constant was
calculated with the assumption that the activity coeffi~
ciemts in the equation 3.3 vére unity and the change in
equiligrium pPH was not appreciable, _Both ‘the assumptions
were not valid and, hence, a decrease in the value of k was
observed as the pre-equilibration of D2EHP with ammonia ln-‘
Creased., The equilibrium pH Haé highér ::\}tgher leyel of
eqﬁilihration of D2EHPA with anmmonia. It 1is clear f;om

equation 3.3 that the change in pH affects the value of k.

.

6.5 DATA FITTING
PR .

Pigures 14 to 22 show various types of isotherms

tried to fit the experimental daia. The ‘concentrations can
be dete;mined either numerically or graphically. In sol-
vent extraction processes, stage- concentrations are_daléu-
lated from equilibrium relationship and conservation of mass
expreésions. Hovever, these calculations are uainly‘depén—
denp on two factors (i) the accurzgy of the original data,
and (1i) tﬁe'precision vith which they can be apélied numer-

igally.

It is 'seep that quadratic and cubic approximations
of: the curve did not flt the experimental data very wvell.

It seemed that both the isotherms tried’ to approach the ex-

perinéﬁfﬁiTXaluq\in an os¢illating manpef which was not the

. ,.:j ! ) >

true represbntation of the expected behaviour. However, in
. . . [ . ”"‘\ \ . ’ ! +

the case of extraction of copper and chromium investigated

by Porrest and Hughes (18) ' bhoth the polynomials were found
‘ -71 =



to £it the data véry well, In fact, in their case‘the
trinomial approximation was found to fit the best. The rea-
son for bétte: g}t in their case might be the limited number
"of data collected from the experiments, so that the oscilla-

tions vere not seen. -

The Freundlich extraction isothernm gave a bg&;er
fit than the polynomial approximétions. However, it was ob-
' served from the plots that as the metal concentration in
aqueous phase vwas increased, the organic phase metal loading
élso increased rapidly. This was alsoc not the true represen-
tation of the experimental data as .uell as the e;pected be-
. haviour. It is a simple model which can be used to repre-
sent the extractioﬁ isotheras favoring the nétal uptake in
orgapic phase. It was also observed that value of the par-
.a-eiér in the model showed a definite trend for a con-
stant D2EHPA concentration and its various level of equili-~
. brium with asmonia, Tables 13, (A to N) reveals thls fact

~

both for pure conponent as well as binary mixture lsotherls.

From the values of the standard deviation calcu-
lated for cergain Systems and represented in Table 21 it was
seeﬁ‘;hat Langmuir extraction isothera fitted the experimen-
tal data better than Freundlich isothern for'pure component
as- vell as binary nixture solvent extraction by 10%, 20% and
uox DZEHPA. Langnu1r 1sotherm was also suitable for metal

uptake. It refﬁgéted the predicted behaviour of an extrac-

\
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tidn isotherm, - It vas also observed that the parameter
'in the model gepre?ented the asyiptotiq metal concentration
in the .organic phaggi/ wvhile the parameter represented an
equilibrium constant. Locking at the parameter values in
tables 14 (A to N) for the Langnuir model, the value of the
parameter showed a definite trend with the increase in
the level of saturation with ammonia for a fixed D2EHPA con-

centration.

Thé models tried in this work offer varying advan-
_tages for the systems studied. .Langnuir'égg Freundlich are
semi-empirical isotherms and their model fbrm is of mechan-
istic type. The polynomial férnf of the isﬁtherns re em-
pirical aodels. ’ Hence, while L;ﬁgpuir'and Freundlich isot-
héerms can be used with some confidence for the prediction of
the equilibrium data, the polynomial isotherms may be used
with :?li;tle confidence. The models based- on the chemistry
of the systea are highly specific ‘in that a prior knowledge *

of the Chemical reactions is . required, The chemical ap-

Proach becomes wmore sophisticated when activities are used

instead of concentrations, but. this knowledge requifes a
great deal of experimental effort and is.perhaps not worth-
while when other'simpler'ﬁodela»can give just as good.- a fit.
't' and *P* tests were aﬁpliea to the polynouiglvisotherms'
t? check up éhé fore of the model, while thﬁ'plots of resi-

duals were examined for Freundlich and Langlﬁir isotherns to

see the adequacy of the models.. Both 't* and 'F' tests were
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. found satisfactory and there was no definite trend observed’

in the plots of residuals.

6.6 PREDICTION OF BINARY EQUILIBRIA

Pure component and binary extraction equilibrium
data have been ‘used to find a method to predict the binary
extraction equilibrium data from pure component isot?@rus.
The detailed procedure is given in chapter 3. Some exanmples
have been dem?nstrated in appendix F. Sm@tz et. al. (44)
have tried .the sanme ﬁethod.successfully fo; thg extraction
of lanthanides by D2EHPA. All the correlations used in this

method were empirical and were not necessarily based on any

physical or_chémical'basis. It was observed that the mlethod

. was very simple in application and predicted the binary

equilibrium data within 10% érrorl‘ . The pH has been corre-
lated to ‘metal ion _concenﬁ:ationfin the aqueous phase at
equlllbtiul by simple polynonigdé{ . It uould have been pos-
sible to correlate it or predict it by using a cheaical

method or extraction equation, had the correct extraction

 mechanism been known. Since the correlations used vere

mainly empirical, -an interpqiption can be dome with some

confidence but its application for .extrapolation is very
' . . N ro-

a
lipited.
‘ he
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6.7 PHYSICAL PBOPERTIES

Physical properties like‘ipterfacial tension and

' viscosity (of organic phase) ;displayed definite trend with

- respect *to metal loading in the organic phase. It was re-

pottgd by Sharma and Baird (43) and vas also observed in the
present work that the anmoni?ted D2EHAPA had a low interfa-
cial tension with respect to water. Sharma and Baird (43)
also observed rapid break up'of~'£he organic phase vhen'it
entered ghe recibrocating*plate'extracfion col&jn, "in the
extract;on of-copper. Loading of the ofganic phase with me-
tal, cobalt or nickel or both, appeared to increase the in-
terfacial tension. This fact was revealed by the data on
ipterfacialltension liséed with respect to metal loaQing i;

orgénic phasé in T&ble 20. Figures 25 apﬁ 26 shby:ghe_in;
Crease in interfacial tension with the increase in thgﬂ;etal
loading in the orgamic phase. ~The change in interfac{al

tension with respect to metal loading is an important fac-

tor, particularly when the extraction is carried ‘out in'a

plate coluan. It helps in deciding the plate spacing at thé
entrance of extfectant and at iﬁe exit. If proper spacing
befueen the two piates_is nét proiided‘at the entréhce (of
extracta#t) of the column, it might result in the fl&odingr
due to lov interfacial tensiﬁh belveen the unloaded organic‘
phaé% and the agueous phase. Near the exit (0f organic
phase). oé the column; the orqganic Phase is loaded with the

metal and has a higher interfacial tension with the aqpéous

lbl



phase, so the close Spacing of the plates may be kept. In

"this way, a more unifora dropsize throught the column could

be obtained with higher\\iﬁroughputs before flooding occur-~-

red. - . -

It vas also observed from the data chtained for

viscosity of the organic phase that the viscosity increased

vith respeét to increase in getal loading in the organic
phase (Ref. Table 19), Figures 27 and 28 reveal the fact

that viscosity increased with the metal loading. This was

,

. quite consistent with the result obtained by Brisk and McMa-

»

namey (10) for th;\¢xtraction of cobalt by D2EHPA. 4 po-
lymer reaction was ;élieved to take place during metal ex-
tgaction by which a éolyneric cémplex ofiditfééted metal and
D2EHPA was formeda However, ‘ the degree of polymerisation

vas not known hence, a chemical reaction system suggesting

- exact mechanism of extraction could not be predicted.

£
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ﬁ#ﬁpter VII

CONCLUSIONS

The following conclusions can be'draun -fron the

results obtained in 'this study.

Di-(2-ethyl hexyl) -phosphoric acid extracted co-
balt and nickel from-an aqueous acidic solution of cobalt
and nickel sulfates over a range of pH of 4,0 to 9.0. Com~
pating:?xtraciion isotherns ﬁér one metal im the presence of
an another metal, it was observed that the Presence «of the
other metal affected the extraction of the first metal.
There existed two conpetitive extraction equilibria, the ca-

pacity of the organic phase being constant.

The'pﬂ vas a significant factor in the metal ex-

-

- traction, It was seen that for a particular éfstem! the

“egquilibriam pH decreased as the metal uptake in the organic
//p;Zase increased. Hence, in order to enablg the extraction
of metal in the organic phase, thé D2EHPA solution must be
pre-eqdilibrated with amiogia. The metal loading in the or-
gaﬁic phase incr;aseé vith an increase in the pre-equilibra-~-
tion leve{‘of D2EHPA vithfannbnia. Thérﬁfore, an alkaliﬁa

" salt-of D2RHPA .¥as responsible for the metal 'pptake in the

' organic phase,

- B | L 77 -
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The apparent equilibriue comnstant, k, as defined

by Sharma and Baird (43) was a function -of the equilibrium

- pH. The apparent equilibrium comstant decreased as the

equilibrium pH was increased,\i.e. it decreased vith the in-
crease in the pre-equilibratign level of D2EHPA with ammo-
nia. At constant pH, k increased as the metal uptake in the

organic phase was increased

The separation factor for cobalt-nickel .pair for
the‘systen ébhalt-nickel-D2EHPA was found to vary ’uith the
concentration of DZEHPA. The separation factor decreased
with an iqcrease in the concentration of D2EHPA. A higher
separation factor was expected in the lover pH range but a
considérable scatter was observed. It vas concluded by ob-
serving the values for the separation factor obﬁained in
this study (1.72 ;nd 1.402 for the extraction by 20% aﬁd 40%
D2EHPA respectively) and also reported by Golding et. al.
{20), = that cobalt was more favorably extracted comparéd to

nickel by D2EHPA.

Equilibrium data wvere fittéd using four different
numerical approximat;éns: (i) Quadratic (ii}  Cubic (iii)
Preundlich and (iv) Langmuir isotherms. The best fits wvere
the Freundiich and Langnuig,isotherns, but the Langmuir
isotherm gave a superior fil to the Freundlich isothers.

This wvas due to the violation of two basic assumptions in

the Preundlich isotherm: (i) low solute concentrations and

'
1

N
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(i) small fange‘of concentration of the soluée_in the or-
ganic phase. It can be concluded that the assumtion of an
analogy between the Langmuir adsorption and extraction isot-"
herms was fairly cofrect. The average sta;dard deviation
observed for the Langmuir isotherm was 1.36%. The parameter

.in the Langmuir isotherm gave an asymptotic equilibrium con-

centration of the metal in the organic phase.

Pure conpénent data were successfully used to
predict the binary extraction equilibria following the
method suggested by Smutz et. al., (44). The de;iation.term.
Y. vas found to be a function of metal ion‘concentrations at
equilibrium and the equilibrium pH, The mefhod predicted
thé binary equilibria with an average' error of 8% and the

pmaximum error of 10%.

It was observed that metal 1loading in the organic
phase had an appreciable effect on the physical proPGr{ies

like interfacial teasion and visco

Hty. For 20% D2EHPA the

‘interfacial tension was found to
{

dynes/cm, while for 40% D2EHPA it varjed from 0.75 to 7.0

Yy .from 0.5 to 3.5

dynes/ca. The variation of the visfosit nic

phase was from 2.2 to 6.92 cp for 20% DJEHPA,

D2EHPA it varied from 6.94 to 78.19 cp. An increase i

*

the properties was observed as the metal loading' h the or--

ganic phase increased. An increase #éﬂzié/;iscosity vould

be’ expected to reduce the masSs transfer rates significantly.

~
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'due to reduced diffusion in the organic phase, In addition
the change in interfacial tension could be expected to af-
fect Ehg drop coalescence and flooding characteristics in

the pulsed sieve plate extraction columns,
[
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Chapter VIII

RECOMMENDATIONS

The following recommendations are made with regard

to pursuance of this study:

1. Experiments should be carried out for the extrac-

erisation. This will help 2

tion of cobaltr and nickel using higher concentra-

" tions of D2EAPA. This will permit the correlation

of equilibrium data for a particular level of
equilibration of D2EHPA with ammonia. Tt vill
also‘hglp in estimating the egquilibrium déta using
any percentage of D2EHP)A in.kerosene.

-

The struéture of the eaxtracted species is not
clear. As observed'by Brisk and McManasey (9, 10)
and also in this study, a polymer foradtion is
suspected during the extraction. Other methods
like infrared spectrometry and molecular uéight

! - 4 .
neasurelggfs‘could ‘be used to indentify the ex-"

tracted species and to study the extemt of polym-

a) to find out degree of polymerisation and the
polymeric species.

[3

™

- 81 =



b)

<)

/

to correlate physical properties like interfa-
cial tension and viscosity with degree of po-
lymerisation and @metal 1loading im organic

éhase.

in applying rigorous cheniéal‘ method to corre-

late the equilibrium data.

C o

TN
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Chapter IX

" NOMENCLATOURE

-
-

a = Parameter polynromial isotherms
4 .

C = Concentratign nol/l

D = symbol for difference ’

BEH = Dr2-Bthyl-Hexyl-Phosphoric acid

complex of cobal d D2EHPA
, = ammoniated D2EH o

-

3}
(9]

o]

It

t
=

=
1

H =‘hydrogen ion

k = apparent equilibrium constant

. { B .
H equilibrium constaat in equatiom 3.4

Fall
i

o
ft

N = equilibrium constant in equation 3.6

~

Co f
K = sepdration factor for cobalt-nickel pair

LN , :

= ratio of metal coancentration in the organic

L

ase to initial concentration of D2FHPA

o
metal

alkyl group .of D2EHPA

nunber of metal atoms in metal-D2EHPA polymer

H
]

f
n

A volume of aqueous phase

t

volume of organic phase
x = concentration of metal in aqueous phase
at equilibrium mol/1 -~ ____ .

x, = mole fraction of cobalt in aqueous phase

T~
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';t equilibrium
x = mole fractioﬁ of metals inkhgueous.phase
. at equi%}briun - | .
X = alkylphospha£e radical o f’/ﬂf\\\
Yy = concentratidn of metal in orgamic phase

at equilibrium mol/1 B
Subscripts

A = agqueous éhase

!

AN = ammonia in aqueocus. phase C,

il

A; = meta} in aqueous phase prior to

+

Ehake-up equilibration
R-.

~

If

extractant in organic phase

H for hydrogan ion

o organié phase
ON = ammonia im organic phase
OF, = aamonia in organic phase prior to

shake-up equilibration

T = total
v = aqueous phase

!
Superscripts : (

* = equilibriuva*for organic phase with respect to

a pure component in aqueous phase

NE viscosity
p = constant
2

= parameter



Appendix A !

’

ANALYSIS BY ATOMIC ABSORPTION\S‘PECTROPHOTOHETER'

=

2 ' Analysis of the experimental samples for ometal

content were done by Fisher's "Jarrel-Ash Dial-iton IIT®

\ S

The bDial-Atom III Atoaic Abso;ﬁtion.Spectrophotdm-

Atomic Absorption Spectrophotometer.

-

§
eter is designed for measuring metal content in either aque-.

Al

ous or organic solutiom by atomic absorption/flame e?issioﬂ
techniques, The'instrument consists of a hoilou cathode as
a light source, a flame as an absorption cell, a monochroma-
tor as a resonant wavelength isolator and a photomultiplier
as a detector. The hollow cathode emits a spectrum of the
element of interest. fhis_light is passed through a high
temperature flame and into a monochronator.. The monqéhrona-
tor isolates the particular analytical 1line of the\nglou
cathode spectrum. The intensity of this line is measuredsat
the exit slit of the monochromatog by a detectar.
The optimum operating current, slit-size, - gases
used for tye flawe and optimup range of conqentratiéz/for
analysis . are tabulated. in the ' instrument ménual( no.

B2-760-b~1 (4-76). The solautions are prepared by dilution

with distilled vater so that the metal concentration analy-

sis may be done within the optimum range specified.
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¥hen a solution containing the element to be ana-.

lysed for is a;pirated into the flame, ground state atons'of
the element are produced. These are capable' of absorbing
light at the seleéted analytical wavelength. The decrease
in intensity of the analytical line produced by the sample
as compared to absorptiom produced by that of a standard
gives a measure of concentration of the element of.interest
ip the sample. Thg basic medsufement is that of the tran-
1imittance of light through a sample. The electr&nic photom~
‘eter system converts the transnittancé measurement ‘to absor-
bance or concenté;gion units for direct read-ocut on the

instrument's digital display.

There are thfee modes of operation, (i} Absorbance
(1i) Enmission and (iii) Coné;uiration. - Normally amalysis is
done in absgrption mode. 2 Standard plot of absorbance ver-
sus concentration is prebared for each elerent imetal)‘ ana-
lysed. ~ The experimental samples are then analyséd for the
absorbance and the metal concent%ation of each sample is

determined from the calihration-plot. The optimum settings

for cobalt and Nickel are:

| ) 1
o |
| element current slit size. optimum gases |
( (nid) : range (ppn) . !
[ cobalt 12 . 50 1 - 10 air-actl. N
i nickel 8. 50 2 - 12 air-actl. |
|

¢ .

»
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Appendix B

DETERMINATION -OF PHYSICAL PROPERTIES

e
-

e 1V AN

B.1 (%EASUREHENT OF INTERFRCIAL TEﬁSION -
Interfacial tension ugé measured with Pisher's
*Autotensiomet’.’ It uses a silicon stfgin gage to measure
surface and irterfacial tensions, The gagetis a strain-sen-d/
. 8itive ;ipe fixed at one end fo the balance beam and at the
other to.a transducer, Whan the measurenment is done, the
transdugér'provides a force-summing displacement signal that
is proportional to the force or veight measured.'-There is a
simple iineqr relationship between neasured fofce. and sur-

face tension/interfacial tensipn.

i

Kk standard routine (as mentio;eﬂ_in the manual for
Autotensiomet) for cleaning upifhe glass ware, "platimum ring
and inteffacial tension measureament Mas folloved.,  The in-
- terfacial tension was measured with the help of a‘cha;t-re-
céfder. ﬂ

- "

B.2 MEASUREMENT OF VISCOSITY

Viscosity of selected samples was determined with
the help of the Brookfield U.L. - Adapter Viscometer., .The

measurement of low viscosity materials with extreme preci-

4 W .
sion and accuracy may readily be made with Brookfield vis-
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cometer. The range O this viscometer is™ 0-200 Cp,
depending upon the selected speed of the viscometer cylin-
der. The equipment is suitable for both nevtoniaqu§;qnon-
nevtonian fluids. . \\///

™

The instrument consists of a precision cylindrical

spindle rotating inside an accurately nachined tube. Aalign-
Ly

ment of ese parts is accomplished by a special pivot hous-

ing and adapﬁ?r body. A tube holding 20 cc. of the sample

_is slipped pfér the cylinder. The tube can be immersed in a

temperature bath.
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Appendixlc

EXTRACTANTS AND MODIFIERS
Ce Normally a metal ion exists in aqueous solution as
- a hydrated ion, with little or no tendency to transfér to an
organic phase. Thu; in order to ;chieve the required trans-
fer the metal ion paé to be modified. To convert a metal
ion to an extraciable species itg charge re@uires_neutrali-
sation and some or all its uatér of hydration has to be re-
placed py sone‘other moleculas or'iong. These requireueﬁts
can be met by complexing " the ion with an ion of obposiie
charge to form a neutral §pecies.‘ﬁhich at_the same time re-
places some or all of the water of hydration around.the he—
tal ion; by formation of ion-associé%ion complexes which
also préovide for the foraatiom of a neutral species with the

extractant; and by repla;ing the water of hyd;ation.uith mo~

lecules of a éolvent.

The nature of extraciable, neta{ species is there-
fore importaﬂt in metal extraction systems. Accordingly,

- the systems are classified as
1. those which involve compound formation : <,

2. those which involve ion association and
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J. thosepwhich involve solvation of metal ion.

Some extractant may belong to waore thah one class depending

»

on the experimental conditions.

"C.t  EXTRACTANT CLASSIFIC TION. .

There are mainly four classification for extrac-
tants:- acidic, basic, neutral and chelating. The acidic and

basic are also referred to as cationic and anionic extrac~
tants respectively. . .

C.2  ACIDIC _;TBACTAHTS

The extractants, vhich are used considering cost
and-insolubility in water, ° are alkylphosphorifi sulphonic

and aliphatic, monocarboxylic ac1ds.
D2EBPA is perhaps the most .popular among the

acidic extractants. The effect on extraction of metals us-
v . :

ing D2EHPA is expected to increase in the order c1o; < N0 <

€1 < CO3 < SO . This is also similar for carboxylic

acids. The other acidic . extractants are aliphatic carbox-

ylic acilds. /Their use is mainly 4in alkaline’ solutions.

These ex;réctants operate by a cation-exchange mechanisa.
Eaximum extractiom occurs just below the pH at which hydro-
lysis occurs, and' therefore their uwse is highly pH-depen-=

dent.

W



C.3  BASIC EXTRACTANTS

1

.These are mainly anine or aniomn-exchange extrac-

tantg. ( 3
. —_

. '

)
C.4  NRUTRAL BXTRACTANTS

The neutral extractants are best exeaplified by
TBP. It has mostly been used on the nucleaf field. TBP can
ﬁé used at 100% concentration, as well as at lower comncen-

trations in a diluent.

H

The commercial chelating extraEtants used are LIX
64, LIX 64N, KELEX 100 and LIX 63. Organic chelgting extrac-
- tants are those which contain dbnof groups capable of form-
ing chelates with metal ions, &bey have been used success-
fully in the extraction of copper from ' acidic solutions as
vell as alkaline solutions.

For coamercial operation of a solvent extracfion

process, the following criteria shoulad be met in regards to

reagent choice:
- )

1. reagent availabilitj and cost

2.. high solubility in the organic diluent and low so-

lubility in the-aqueous phase
. T
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3. ease of formation of complex w setal and high
solubility of the ,metal complex in the organic

S

phase .

4, ease of recovéry of metal from the organic phase

and regemeration of .extractant for recycling.

-

Cc.6 DILUBNTS

N

The diluent, or carrier solvept, 1is wmainly re-
quired as a diluting medium to lower the viscosity of the
organi¢ phase and .facilitate contact between the two phases,

The additional important carrier properties are:

1. the ability to retain ir solution both the coa-

plexed and uncomplexed extractant. -

2. a lowr'solubility im the aqueous phase

%
3. a high flash point and a consistent low rate of

evaporation’

4. high chenmical stability over the range of condi-

tions for plant operation,

P, :
./? The third point is important im plants, erected in

countries having high ambient teaperatures, or where it is
proposéd to run the solvent extraction process at a high
temperature. Although gemerally it is assumed that the di-

luent is inert and does not - enter into the nechanisn of ex-



T
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tractioq. - certain diluents can assist and enhance the

extraction.

C.7 MODIFIERS . ' {

Additional chemicals called modifiers are so.e-

times added to solvents to prevent third phgse formatipn.
- Theflod;fiefs must also be inert tp';he system, soluble in
the Qildent, and insoluble in the a'ueous.phgse. " The l;in‘
function of the modifier is to ensure that intermediates im
the extraction reaction remain soluble'in the diluészkand do
not cause a third pkase or emulsion fornatipn.‘ Modifiers
that have been wmost commonly used include fBP and alcohols
such as 2-ethyl hexanolﬁand 1soaecanol. Expérience.sﬁéus'
that (2) . the alcdhols have the disadvgntage of being appre-~
ciably soluble in the aqueous phase ahd may coatribute 3

.

severe envirommental problenm.

Bouboulis (@) bhas shouﬁ expérilentally'that vhen
TBP is uséd 53 a modifier. with D2EHPA extractamt, a highly
aromatic diluent such’ as Aromatic 150 or 180 (SOLVESSQ 150
or 180) is preferred, othervise the percentage extraction of

cobalt/nickel is affected.

P

. = 93 -
—



Appendix D .

. SJHPLE:EALCULATIONS . 0

D.1  SAMPLE CALCULATIONS FOR MATERIAL BALANCE

. (i) system: pure component cobalt-20% D2EHPA-5% TBT and BO%

equilibration with NH, . ' ' -

data no. 6 of Table 3 (D).

V. /Vo5 = aqueous to organic volume ratio = 6

initial concentration of Co in aqueous phase.
= Cgqe = 10.4 g/1 = 0.1765 mol,l i
o ' initial
‘after shake-ount test,’
equilibrium concentration of Cp in aqueous phase
= Cgqe = 6.7 g/1 = 0.1137 mol/1
eq. - - . .
using m_ateria’balancé equation .
Corq . = i(cdqc- - CQq- )
VO Initial eq.
= €(10.4 - 6.7) = 22.2 g/1 :
=.0,3767 mol/l
(x,¥) = (0.1137.0.3767)
}
. N .
{ii) system: pure component nickel-40% D2EHPA-S5% TBP . »

- 40% equilibration with NH,

Ref: Table no. B(B)

.94 _
N



data po. 3

ﬁ\yvo = aqueous to oranic phase volpmé ratio = 1.5

2 initial concentration of Ni in aqueous phase
= Cgq. = 9.6 g/1 = 0.1635 aol/l
initial .

after shake-out test,

equilibriua concentration of Ni -in aqueous phase =g.q0 426
o/l
~ COr‘Q" = (Ca.q..- - Cuq. )
initial eq. - .
1.5(041635 =~ 0.00043)

0.2446 mol/1l T

(x,y) = (0.00043,0.2446) .

A\

-

D.2° SAMPLE CALGULATIONS FOR ARPARENT EQUILIBRIUN
CONSTANT K

Jhe apparent eguilibtiumrconstant k is defined by the equa-

tion 3.15,
(VO/VAJ (CO/CA) = (k)[—zco- 1 ]_ :
%)/%\ = organic to agueous phase volume ratio

Co = concentration oflthe metal in the organic phase
at equilibrium
C, = concentration of the netal‘in the agueoué phase
£ at equilibrium : .
Con = initial concentration of aamonia in the organic
phase extractant mixture.

(i) system: pure component Co-40% D2EHPA-S5% TBP

< 110% saturation with NH3/ ¢

Ref:aTable‘no. T (F)
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L1/2
No. (% /%) (G5 /C,) Cony 72%
. R 14,5602 8.1833 —
2 2 10.2960 u;q317
3 ‘ 11.9260 2.7127
: ’ 3
4 o 5.1235 2.0671 I
5 . 3.7303 . 1.6693 /,/’L
6 2.1823 1.4467
, 7 . 1.0624 1.2378 .
8 0.7000 ' 1.1419
9 0.5340 1.0717
! 210 0.4154 1.0587
. K /
) : 11 0.3600 0.9953
\\ . \ Las
12 0.2756 0.9442

mean 4.,2838 T 2.2184

éorrelation = 0.88

k = 0.2143 .

(ii) system: mixture of cobalt and nickel.

¥i-20% D2EHPA-5% TBP-40% equilibration with NH

.- Ref. Table no. 6(B) e . ' .
\ | . 12 ’
! No., (Y% /¥4 ) (Co/Ca) " Cony/2Co
5 - o )
1 10.020 3.150
’ 2 3.690 ’ ~1.660
f 3 % 0.800 ‘ 1.380
u . 0.460 BT
5 0.303 1;452
. - 96 - L
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mean

)

0.203
o.iiu
0.101
1.965

correlation = Q,Q.SJ

k = 28.87

1.300

1,363

1.660 "

1,660
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" Appendix_ E .
LEAST SQUARE ESTIMATION FOR A SINGLE RESPONSE
A

The least sgquare estimates of the parameter & in
the model n = £{({,0), fitted to the data (x,y) are those

values of 0 for which

'S(0)= I(y, - £lx;-0) )7

is minimised.
Gauss-Newton mgthod of fitting non-linear model.
It is also known-as linearisation methqQd. Let the
general non-linear model be,
v,
= 4 L =
Y; f_;(?xi,r 9) £ i 1,n
where x. areée independent variables
i ~ )
y; are dependent variables \\\ '
6 is a parameter vector

n is number of data points &ﬂ\

let initial estimates (guesses) of the parameters be,

(o,

~o T

(6 0 6 7T

10’ %20’ 0

p is number of parameters

expanding f(xi, 8} in a Taylor series, about 6, and neglec-

0
ting 2nd and higher order terms,

e
. P af(xi,o )
f(x.; e) = f(x-; E) ) + Z (6 - 8. ) X { }
i i 0 =1 J jo a@j g =
P af(xl,e)
.oy, o= £(x.,0.0+ & (6. -6.1) x { } +
* 1700 o 3 90 20 8 = ¢,

Qﬁich is a linear model of- the form.

S \__



el
¥
Tt B ETRY ’

‘ B
~ Y\
R 8 \\_
Ny -
- P
2. = ¥ B X.. + ¢
i j=1 jo~j0 i
whgre Z:L =y, - f(xi, 80)
B..= 6. — &
jo 73 j0
{ Bf(xi,e)
X.opf= {[—————1}
j0 30 : 6 =0 0

Least square estimates of .the R's can be obtained by linear least

square methed and thus prdv;des estimate of the ej -0

jo’

Thus, given data (xi’yi)* i=1,n

2020 =
where _ A
E =
\ yn - f(xh,O )
917 %10
Bo=1 957 8y
8 - 9 '
rp jolt
. — L
A
' af(xl,e) oﬁ(xl,e):
C _ael . e= -------------- —.w_f‘—_‘ e=
==0 -=0
X0 7 : |
Df(xn,e) ?f({x ,6)
; =5 IREEEEEERRRRRY =5 )
1 _8—_0 _6-....0




_ T, -1 T
Bo = pXy) "Xz

Thus the new estimate of § is given by glz 90 + EO
The above procedure is repeated using 91 in place of

0, until both S(8) and § converge.

=0 ) ‘ . .
Box modified Gauss-Newton method uses a scaled advance
5 = + ) .
S8 =yt B
where ’<i "
_ 1 T, -1.T, .
. .@ -1 + { (502(_) ﬁoz_} .

This algorithm is used in the WATFIV program 'NONLIN',

The program to fit Langmuir isotherm is given on

the next paée.
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/7 JoB (SFabcdaf,

// ) 4'SANAT',MSGLEVEL=(1,1),CLASS=K
// EXEC WATFIV.

//RATPIV,.SYSIN DD +# o

$J0B SPabcdef, WATFIV,PAGE5%1S, YIME=15

o THIS IS POR 40X D2EHPA, CO 40%, CNuDn@®
CALL NONLIN(0) ;
SToP
END \
SUBROUTINE DEFIV (Z,THETA,X,P,DELT,TPD,D)"
COMMON/DIM/NVAR,NPAR,N ,NVND,NPNP,NPND

DIMENSION Z(NVND) D(NPND),X(HVAF),P(NPAF;,THETA(NPAE),DELT(KPAR
1 TPD {NPAR)., .
COHHON/HEIGHT/H(TOO) INATE
M1 = -NVAE .
M3 = =-NPAR
DO 100 RK = 1,NDATA
M1 = M1 + NVAR
M3 = M3 + NPAE
DO 101 J = 1,NVAR
M2 = H1 + J
X(J) = Z(M2)
101 CONTIND®
c INSERYT DERIVATIVES HERE IN FORM
C PARTIAL DEBIVATIVE WITH BESPECT THETA1 IS P (1)
C PARTIAL DERIVATIVE WITH RESPFCT THETA2 IS P(2)
P(1) = (THETA (2)*X (1)) /(1.0+TRETA (2) *X (1))
P(2) = ((THETZ (1) *X (1)) *(1.0¢THETA (2)*X (1)) - (X (1) *THETA (2) *
1THETA(1)*X(1)))/((1 0+THETA(2)*X(1))**2‘
DO 102 J = 1,NPAR p
MYy = M3 + J
D(M4) = P {J)*H(KK)
102 COKTINUE
100 CONTINUE
RETURN
BND °
SUBROUTINE RBSID (Z,THETA,Y,NCP,X,DELY,SS)
COMMOYN/WEIGHT /% (100) , INATE
COMMON/DIN/BVAR,NPAR, NDATA,NVND,NPNP ,NPND
DIMENSION 2 (NVND),Y (FDATA),DELY (NDATA}, THETA (NPAR) , X (NVAR)
PORMAT (5X,15,5X,3E20.5) :
2 FORMAT ('1',20X,'EESIDUALS ANPLYSIS',/,€X,'RUN NUMBER',13%,
'PRIDICTED',12X%, 'ACTUAL-,11x”'R°srnnnL',/)
IF (NOP.EQ.3) WRITE (6,2)
¥1 = -NVAR : '
SS = 0.0
DO 100 I= 1,NBATA
IF (IAATE.EQ.0) W (I) = 1.0
%t = M1 + NVAEH
DO 101 J-= 1,NVAR
M2 = H1 ¢+ J
X(J) = Z{(M2)
101 CONTINUE
C INSERT MCDEL IN FORNM

-

-t

-
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F = (THETA(1)*THETA(2)*X(1))/(1.0+THETA(2)*K(1]) £

DELY(I) = Y(I)~P 9 '
- IF (NOP.E2Q.3) WRITE (6,1) I, F,Y(I) ,DELY(I) -k

C ' DATA AND RESIDUALS NAY BE PUNCHED OUT HERE

DELY (I) = DELY(I) *¥ (I) ‘

55 = S5 + (DELY (I) #%2)

100 CONTINUE .

RERTURN

END ) _ : . ‘
FPNTRY . - v
NON LINEAR REGRESSIGHN nuanysxs

{2F15.8) ,

. 8 2 ' 1 50 1 0.001 1.0
0.9 100.0 : ‘e ///“

0.001273 . 0.0411 .

6.0017 . 0.08145

0.0042u42 0.15781

0.008739 0.15272

0.01315 0.2101 ~

0.026604 0.2342

0.04€67 0.2189

0.0467 0.2172

$3TOP
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Apﬁendix F
SAMPLE CALCULATIONS
1. To calculate the equilibrium organic phaée concentra-
tions in a binary system Co-Ni-D2EHPA in kerosene contginihg

-

cOso& and NiSO4 solutes.

. -.’ b - 3
The equilibrated aqueous conditions are:

Xeo = 0.5, Xeo = B‘g/l = 0.05091 mol/1 -

system: 20% D2EHPA + 5% TBP in kerosene '
110% equilibration with NH
injtial total metal concentraﬁion = 0.17 mol/1

(a) calculations for cobalt ‘

estimated pH for the 'system = 7.373 (Ref. Table no. 16(C) )

estimation.of Y,

. . -
9 0 G
Dy _ 2 _ 3 +7 4 .
e = Ol X X7 x {1 xl) x H
x, = mole fraction of cobalt =.0.5
" = Hydrogen ion concentration at equilibrium

= 4.2394 x 1078 mo11

from Table 15(A): 81=2.636, 02=0.2883, 83=0.77962, G4=O.01476

Dy = Ay = -0.0£157 mol/1
8182 X . .
y = =—— where x = 0.05091 mol/1
1 +82 X

'Bl and 02 are selected using Langmuir isotherm for the system

Co-D2EHPA -in kerosene for 209 @2EHPA, 110% equilibrated with
- ~

NH,. (Ref. Table no. 14(C) -}

3
01=0.4563, '62=183.70

y = 0.4025 mol/1l

yCo(estimated) Y - X1 tay
0.4025(0.5) + (70.02157)

- 103 -
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s

0.1797 mol/1

]

yCo(experimental-) = 0.177 mol/1

error » = 1.53%
(b) Calculations for nickel 4
xNi = 0.5, xNi = 2.9889 g/1 = 0.05091 mel/1
estimated pH = 7.27 (Ref. Table no. 16(D) )

estimation of Ay,

from Table.no. 15(8):0,=0931s, 0,=-0.1103, 0,=-0.2964, 0,=0.00739
H' = 5.3692 x 107° mo1/1
e™ = 0.9316(0.5)70 1103, (475, =0.27964 (5.3692x10 8)0-0073%
= 1.0787
Dy = 4y = 0.07573 mol/1
9182 X
YT e
+
. 2
0= 0.58,  0,= 29.634 (Ref. Table no. 14(D) )

Yy = 0.3488 mol/1l
yNi(estimated) = 0.3488{0.5) + 0.07573
’ = 0325013 mol/l

yNi(expérimental) = 0.256 mol/1

error = 2.34%

-"104 ~



2. To find equilibrium organic phase concentrations in a binary

system Co-Ni-D2EHPA in kerosene containing CoSO, and NiSO4

4

solutes. Ay

The equiiibfated aqueous cdhéﬁtions are:
- Xy, = 0.345, X, = 0.00382 mol/l
s?stem: 40% D2EHPA + 5% TBP in kerosene
) 20% equilibration with NH,
(a) ~ calculations for cobalt
estimated equilibrium pH = 3.91 (Ref. Table no. (G) )

_estimation of Ay (Ref. Table no. 15(C) )

Ol =.0.56074, 62 = ~0.3076, 93 = -0.3344, 64 % -0.0175
+ -4 : . o

H = 1.2313 x 10 mol/1

ePY - 1.04905

Dy = Ay = 0.047884 mol/1
* /
eioz X ’
y = ——— 81 = 0.3365, 82 = 100.66
1 +8.,x .

(Ref. Table no. 1l4(c) )
y = 0.09345 mol/l '

Yo (estimated) ~ 0-09345(0.345) + 0.04788

0.08012 mol/1

.

]

yCo(experimeﬁtal) 0.078 mol/1
error. = 2.72¢ .
(b} calculation for nickel
Eﬁi = 0.655, xg . = 0.007253 mol/1
_estimated equilibriuﬁ pH = 3.8B49 (Ref. Table no. 1é(H) )
estimation of Ay, {Ref. Table.no. 15(D) )

. el = 0.29553, 82 = -1.4594, 63 = -0.9172, 94 = 0.04363

-

- 105 -~



N

il

H = 1.415 x 107% mo1/1 -

6 6 8
Dy _ 2 3 Lt 4
e = 01 4 (xl) X (l—x1J X 'H

.- Dy = Ay = -0.011972 mol/1

y = ———— 8, =0.212; 9, = 332.80
1+8, x -

(Ref. Table no. 14(H) )
¥ = 0.1499 mol/1

yNi(estimated) = 0.1499(0.645) + (-0.011972)

0.08621 mol/l

yNi(experimental) = 0.081 mol/;ﬂh‘
error = 6.,43% d
»
Y
y
. S

J
L
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mol/1 aq. phase
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0.04582
0.07127
0. 10011
0.12981

- 0.15441
0. 18071

TABLE 1(A) PUBRE COMPONENT COBALT-IOSD2EHP!-20’NH3

~ ®Ol/1 org. phase

3

0.06787
0.11539
0.16968
0.19853
0.21804
0.22738
0.23077
0.23162

PURE CCOMPONENT COBALT-10$DZEHPA-HOIHE3
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0.00428
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0.14678
0.15950
0.17902

wol/l org. phase.
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0.17477
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0.23416
0.24604
0.24265

PURE COMPONENT COBhLT-10$D2EBPAf60%NH3
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0.25113
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TABLE

No.
[
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TABLE

=
[o]
L]
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e

1(D) PURE COMPONENT COBALT-10%D2EHPA-BO%NE

A/0

.
ocooO00oOooWn

d‘ L
CEoNREWNO

1(E)

A/0

T T L I T T |
o NoRalleloNellaRS,

N . |
OO EWN=-O

1(F)

A/0

-

OO EWN 2O
s ¢ & 8 & 0 @

aNoReRoRelelels)]

. mol/1 agq.

npl/l aq.

0.02376
6.00170
0.06448
0.11284
0.12641

0. 1544 1.

0.16205
0. 16544

0.00212
0.01358
0.0339u
0.05430
0.07212
0.10520
0.11878
0.16799

mol/l1 aq. phase

0.00127
0.00212
0.01103
0.01951
0.05260
0.08484
0.12557
0.16035

phase

phase

0.19174
0.09672
0.25962
0.26810
0.26980
0.27149
0.27143
0.27319

0.11454
¢.21211
0.25453
0.27658
0.28846
0.29355
0.30373
0.30543

0.10860
0.15611
0.21890
0.24265
0.28846
0.30374
0.31052
0.31392

“3

3

mol/l org. phase

PORE COMPONENT COBALT-1O%D2EHPB-1OOSNH3

mol/1l org. phase

PURE COMPONENT COBALT—10$D2EHPA-110$NH3

mol/l org. phase;

.- 1l2 -

L



TABLE

-3
(o]
.

@D~ NN & WP -

TABLE

=
Q
.

W= E W -

TABLE

- 4
Q
.

AN E W

2(A) PURE COMPONENT NICKEL-10!D2£HPB-20$HH3

A/0O

4 85 & » 8

DSONEWNaO
. .
COoOOOoOQOOoOOWN

-

2 (B)

A/O

OOAEWN 2O
[ ]

[y
[ S & & & &
OO OO0 OCOQ WL

2(C)

A/O

OO OoOOOOTL

OCONEWNSO
. 2 s s 2 8

-t

mol/l agq. phase

0.01278
0. 02555
0. 04769
0.06813
0.09453
0.11582
0. 14137
0.17033

mol/l org. phase

0.05451

0.09709
0.13626
0.16011
0.17885
0.19332
0.20270
0.20610

Y
PURE COMPONENT NICKEL-1O$D2EHPA—HOXHH3

m %/1 ag. phase

~

0.01278
0.03747
0.06813
0.09879
0.08687
0.10475
0.15670
0.17714

mol/1 org.

0.09368
0.16011
0.20269
0.18055
0.21802
0.23505
0.24357

" 0.24357

phase

-

PURE COMPONENT HICKEL-10$D2EHPA-60%HH3

mol/1l ag. phase

0.00596
0.01278
0.02214
0.04599
0.07239
0.12179
0.16437
0.17629

L 3

mol/1 org. phase

0.06473
0.11071
0.1481
0

9
« 23335

b 0.25975

0.26912
0.26997

R e e R ma AR eme EED L S mmm S SR A S i T o, o T — A — D D D WS i S — — o o man =]
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No. A/0
1 0.50

2 1.0

3 2.0

4 3.0

5 4.0

6 6.0

7 8.0

8 10.0

TABLE 2(E)

- No. /0
1 0.5

2 1.0

3 2.0

y 3.0

5 4.0

6 6.0

7 8.0

8 10.0

TABLE 2(F)

No. 4/0
1 0.5
2 1.0
3 2.0
4 3.0
5 b.0
6 6.0
7 8.0
8 10.0

- - en SR WA MR S SR mma R o e e S e s b B MM e GER A S S S e S e A e SN e e A el EEE SR S AN AR el il A S e A e e s )

mol/1l aq. phase

0.00596
0.01703
0.05536
0.07750
0. 10731
0.12775
: 0.15330

Y»nfi_\g;:TBBS

PUFE‘COHPOHENT NICKEL‘1OZD2EBPA—1OOKNH3

mol/l ag. phase

0.00426
0.00937
0.02129
0.0u4258
0.07154
0.11582
0. 14733
0.17799

PURE COMPONENT NICKEL=-10XD2EHPA-110%NH,

mol/l aq. phase

0.00170
0.00596
0.02218
0.05425
0.07410
0.10050
0.13115
0.16777

3

P

TABLE 2(D) PURE COMPONENT NICKEL-10%D2EHPA-B0XNH

mol/1l oDy

0.08516
018140
0.24698
0.26401
0.27593
0.28104
0.28275
0.28615

mol/l org.

0.09368
0.18736
0.23846
0.28104
0.30148
0.28956
0.30659
0.30830

mol/1l org.

0.12608
- 0.19758
0.26231
0.29637
¢.30490
0.31000
0.31170
0.31381

3

phase

phase

3

phase

e o i i S e S R MR e e . . ——— G i A v el SN e SEE A e S e e e SEE e e e S A den S i b il B . AR e e e A
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W I N EWN -

A/0

# & & s s 8 a a
COO0OO0OOO W

. .
DO TWN O

mol/l aq. phase

0.00424

0.05939
0.12132
0.12560
0.14170
0.14932

0.15340

0.16500

+

mol/1 org.

0.08611
0.11708
0.11369
0.15271
0.13914
0.16290
0.18411
0.11880

phase

TABLE 3(A) PURE COMPONENT COBALT-ZO*DZEHPA-20%NH3

“DH

4.9
4,30
4.10
4.10
4,05

Q.OO '

3.97
4.00

TABLE 3(B) PURE COMPONENT COBLLT-ZOSDZEHPA—UOKNH3

-1
=
.

O~ E WA -

as/0

%_,

CON EWN =S

" s e T, 5 .

—

OOOOOOOU‘\

mol/l agqg. phase

0.00127
0.00510
0.04751
0.07636
0. 10690
0¥ 12780
0. 16084

0.14253

zol/1 org.

0.08761
0.17138
0.25792
0.30034
0.27828
0.29270
0.28507
0.33%40

-

b

phase

‘\
4
i
\
i

pH

6.10
5.82
5.67
5.58
5. 34
5.27
5. 15
5.05

TABLE 3(C) PURE COMPONENT COBALT-20%D2EHP A-60%NH;

=
o]
]

DN EWN =

A/0

L I S S
COoOO0OoOOoOOWn

O RN FIWN D

mad

mol/1 agq.

-

0.00127
0.00594
0.04670
0.08150
0.09842
0.12220
0.13066
0.15102

phase

bl

mol/l orq.

0.08761
0.17053
0.25962
0.28507
0.31222
0.32579
0.36652
0.25853

phase

pH

7. 15
7.00
6.85
6.75
6.70
6.65
6.42
6. 31
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TABLE 3(D) PURE COMPONENT COBALT~-20XD2EHPA-80% NHB'

-

P

A conm —-—-—-—1————-—————--.-—-—.—-—————_—-—————-——-———-—————‘FL————-—--_-—.——-I

-~ 116 -

No. A/0 mol/l agq. phase mol/1l org. phase pH
1 0.5 0.00042 0.08807 7.45
o2 1.0 0.00594 0.17562 7.00
3 2.0 1 0.03224 0.28846 6.90
4 3.0 0.07127 0.31561 6.75
5 4.0 0.08910 0.34955 6.75
6 6.0 0.11369 0.37330 6.65
7 8.0 0.13660 0.31900 6.45
8 10.0 0.13914 0.37330 6.15
1 )
| TABLE 3(E) PURE COMPONENT COBALT-20%D2FHPA-100% NH3
{ : .
|
|
{ No. A/0 kol/l ag. phase mnol/l org. phase pPH
|
| n 0.5 0.00255 0.07933 8.05
| 2 1.0 0.00212 0.15908 7.60
i 3 2,0 0.00764 0.30713 7.29
i 4 3.0 0.03309 0.38433 7.18
{ S 4.0 0.06193 0.39706 7.10
| 6 6.0 0.08824 0.43778 7.07
! 7 8.0 0.10860 0.42081 6.95
i 8 10.0 0.11540 0.45814 6.89
{ ' .
: | o
| TABLE 3(F) PURE COMPONENT COBALT-20%D2EHPA-110% NHB
| ' - :
l
| . \
{ No. A/0 mol/l aq. phase rol/1l org. phase pa
! .
I 1 0.5 0.00255 0.07933 8.65
1 2 1.0 0.00170 0.15950 . 8.10
| 3 2.0 0.01018 0.30204 7.80
I 4 3.0 0.03903, 0.36651 7.50
| 5 4.0 0.06193 0.39706 ~7.480
{ 6 6.0 0.10096 0.36143 7.30
| 7 8.0 - 0.,08781 0.38710- 7.22
| 8 10.0 0.12560 0.35633 7.20
|
.



—_—

=

| .
| TABLE 4 (A) PURE COMPONENT NICKEL-ZOSD2EHP!-2OS HH3
{ B .

o
( , ' - .

\ | No. A/0 wol/l aq. phase mol/1l org. phase pH
N
N 1_ 0.5 6.01278 0.08091 5.22
" 2N1.0 /  0-06020 0.12945 5.10
i 3 2.0 0.10305 0.14308 5.05
i 4 3.0 0.11327 0.18396 5.03
| 5 4.0 0.72945 0.18055% _5.02
1 6 6.0 0.14648 0.16863 5.01
| 7 8.0 0.15755 0.17033 5.00
| 8 10.0 0.13626 0.17033 5.00
| -
{
| . :
] TABLE ﬁ(B) PORE COMPONENT NICEKFL-20%D2FHPA-U40% HH3
| .
{
| .
l No. A/0 mol/l agq. phase mol/1 org. phase pH
' . -
| -1 0.5 0.00170 0.08644 6.00
| 2 1.0 0.01278 0.16182 5.90
{ 3 2.0 0.06302 0.22313 5
{ 4 ° 3.0 -0.08942 ‘0.25550 .90
| 5 450 0.10901 0.26231 5
| 6 6.0 0.13286 0.33384 5.82
i 7 8.0 0.13541 0.23505. 5.82
i 8 10,0 C.13371 0.23676 5.81
I ' - '
|
I .
{ TABLE U4(C) PURE COMPONENT NICKEL-20%D2EHP A-60% NH3
| :
|
t .- ‘
{ Has A/0 m0l/l ag. phase mol/1 org. phase pH
] - o - :
i 1 0.5 0.00170 0.08516 6.90
| 2 1.0 0.00852 0.16522 6.85
| 3 2.0 0.05536 0.23846 6.70
t 4 3.0 0.08534 0.26571 6.45
[ 5 4,0 0.10237 0.28450 6.35
| (3 6.0 0.12690 0.29467 6.15
I Fé T 8.0 0.14222 0.29637 6.15
i 8 10.0 0.16352 0.29467 5.95
i
L N

‘ .
-——_—-—-————-—-————-—-—————_——.———__—..—.—-——-._————.———-—-_._—_——d
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TABLE U4(D) PURE COMPONENT NICKEL-20%DZEHPA-80% N53 |
: |
N
‘ |
No. A/0 mol/l aq. phase Bol/l org. phase ' pH ' |
. . 1
1 0.5 0.00170 0.08644 T.45
2 1.0 0.,00511 0.16948 T.40
3 2.0 0.05025 0.24868 7.39 |
4 3.0 0.07665 0.29382 7.39 |
5 4.0 0.10050 0.29637 T7.38 |
6 6.0 0.12180 0.31681- T.37- 1}
7 8.0 0.13371 0.32703 _ 7.35
8 10.0 0.148222 0.32363; - 7. 31 l
i f i
‘ - |
TABLE 4 (E) PURE CONMPONENT NHICKEL~20%D2ERPA=100% NH3 |
|
|
. |
No. A/0 mol/l aq. phase wol/1 org. phase pH 1
. ‘ 1
i o.s 0.00596 0.08516 7.96 |
2 1.0 0.01192 0.16352 T.82 |
3 2.0 0.02896 0.25550 T.70 |
4 3.0 0.05025 . 0.37302 7.56 |
5 k.0 0.07324 0,40538 7. 31 i
6 6.0 0.10390 0.42412 6,92 | .
7 8.0 0.13158 0.43092 6.83 |
8 10.0 0.159683 0.430932 6.71 |
™ f
\ i
|
TABLE 4 (F) PURE COMPONENT NICKEL-20$D%§H?R-110% NH i
: ' |
{
: 1
No. A/0 mol/l ag.. phase mol/l org. phase pH |
. |
1 0.5 0.00085 0.177]“ 8.50 1
2 1.0 0.02555 0.32363 8.31 4
3 2.0 0.05110 0.18494 8.20 |
4 3.0 "0.07963 0.45307 T.58 |
5 4.0 0.10135 0.47011 T.30
6 6.0 0.12604 0.46670 7.05
7 8.0 0.15117 0.4854¢4 6,93 |
8 10.0 W.17288 0.47181 6.80 |
) I
']
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TABLE 5(A) COBALT IN MIXTURE, CO-ZOSDZEHPA-ZOI NH{
1]

A by

-4
[}
.

DN E W -

A/0C

COMEWN =0
s s o+ 8 2 o
OCOOoOCOoOW

b

mol/l agq.

0.00340

phase

0.00221

0.04670
0.05850
0.06957

0.07300°

0.08000
0.07890

mol/1l org.

0.04242
0.06620
0.08315
0.08904
0.07466
0.09163
0.06787
0.09333

phase

pH

_4.60

TABLE S(B) COBALT iN MIXTURE, CO-20%D2EHPA-80%

No.

O ~NUEWN =

TABLE

=
o}
'

D~ & WN -

A/0

COCOoOOQOoOu

N

[ ] » L] L] [ ] L] * o

QONREWN 20

—

>

mol/1 aq. phase

0.00170
d.o00509
0.02890
0.08160

0.05350

0.06700
0.06957
0.07721

n

mol/l org.

0.04330
0.08315
0.11880
0. 14000
0.13710
0.1273
0.14932
0.11030

phase

5(C) COBALT IN MIXTURE, CO~-20XD2EHPA-60%

A/0

OO0 ooWm

b
CONEWN aC

\

mol/l aq. phase

0.00170
0.00255
0.02800
0.04242
0.05350
0.06363
0.06872
0.07130

.

mol/l orgqg.

0.04330
0.08570
0.12050
0.13744
0.13800
0.14762
0.15611
0.16980

phase

4,30
4.20
4.10
4.05
4.05
4,05
4.00

NH

pH

6.10
5.82
5.67
5.58

5. 34 -

5.27
5.15
5. 05

pH

6.90
6.63
6.30
6.22

6.15

6.10
6.05
6.00

e

7

/

— e — i — ——— oy —— — — — — o]

— ey —— —

b‘——-—-——-—-——-———-——.-—-—-————-—J—-——-——-————-——-—
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TABLE '5(D) COBALT IN MIXTURE, CO-20XD2EHPA-80% NH3

mol/l org.

"
|

i

|

|

_ "

No. A/0 rol/1l ag. phase phase pH |

t . & -~ |

T 0.5 0.00170 0.0u327 8.20 |

2 1.0 0.00340 0.08484 T.60 |

3 2.0 0.01870 0.13914 7.18 |

4 _ 3.0 Q, 03400 0.16290 7.00 7T

5 4.0 0.04812 0.17650 6.95 |

6 6.0 0.06190 C.16120 6.89 |

7 8.0 0.06618 0.17647 6.85 |

8 10.0 0.06900 G.19514 6.80 |

. |

- |

) : |

TABLE S(E) COBALT IN MIXTURE, CO-20%D2EHPA-100% NH_ i
LN :

. {

No. As0 mol/l ag. phase mol/l or3. phase _pH |

i

1 0.5 0.00170 0.04330 8.98 |

2 1.0 0.00255 0.08600 8.35 |
37 2.0 0.00764 , ¢.16118 T.70 _t-

4 3.0 0.02291 0.19598 T80 |

5 4.0 0.03903 ..0.19683 7.23 |

6 » 6.0 0.04921 0.23416 7.10 |

- 7T " 8.0 0.06278 0.20400 T.05 |
© 8 10.0 0.06957 0.18700 7.00 |
. |

|

|

TABLE 5(F) COBALT IN MIXTODOBE, CO-20%D2EHPA-110% NH3 {
(

. {

. |

No. A/C mol/l ag. phase mol/l org. phase PE |

. . !

1 0.5 0.00127 ‘E 0.04095 9.50 |

2 1.0 0.0025% 0.08060 9,00 |

3 2.0 0.01061 0.14508 ‘8215 |

q 3.0 0.02673 0.16935 7.60 |

5 4.0 0.0u4454 0. 15441 7.45 |

6 -6.0 0.05091 0.19344 7.25 |

7 8.0 0.064u48 0.1u932 7.20 .

8 10.0 0.06278 0.20362 7.10 |

o |

© »
» - T - 120 -
. . o > e o
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TABLE 6 (A) NICKEL IN MIXTURE, NI-ZO%DZEHPA-ZOS NH3

-~

L

No. A/0 @mocl/l aqg. phase  mol/l org. phase pH
1 0.5 0.00511 0.02725 _ 4.60
2 1.0 0.03750 0.04982 4,30
3 2.0 0.06387 ' 0.05114 4.20
4 3.0 0.G7240 . . .0.05200 ’ 4.10
S 4.0 0.08010 0.05212 4,05
6 6.0 0.08261 0.05246 - 4,05
7 8.0 0.08520 - ., * 0.05280 4.05
8 10.0 0.08431 0.05230 4,00

°. TABLE G(B}‘NICKEL IN MIXTURE, NI-20%D2FHPA-U0% NH3

=
Q
..

A/0 mol/l aq. phase mol/l org. phase pH

0.00170 ‘ 0.0u4275 6.10
0.00596 0.06430 5.82
0.03832 0.09800 S.67
0.05365 0.10092 - 5.58
0.06387 0.09710 5.34
0.06984 0.10390 5.27
0.07495 0.10050 5.15
0.07920 0.10135 5.05

OO E WD =S
LR S T R
OO0 O0OO0O0OW

#
O NEWN

—

K
r .

7 :
A/0 * mol/l aq. phasef mol/l org. phase pH

-4
o]
.

0.00256 0.08241 6.90
0.00426 0.08304 6.63
0.03066 0.11330 T 6.30
0.04812 0.11753 - 6.22
0.06473, 0.09030 6.15
0.07154 0.09450 6.10
0.07835 0.07154 6.05

0.07495 0.12350 6.00

O JANNEWN
OSOANEWN 2O
a § 8 & & 9 8 2
[=ReNoRoNoNaoNaRy,]

-—h

i
l
1
|
[
f
!
|
|
f
|
§
i
|
|
I - ) -~
| TABLE 6(C) NICKEL IN MIXTURE, NI-20%D2EHPA-60% NH
. l - . .
|
t
|
|
I
R
!
H
|
|
I
|
1.
[ §
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TABLE 6(D) NICKEL IN MIXTURE, NI-20XD2EHPA-80% NH

=
[
0

AN EWN -

TABLE

=
Q
.

O~ NEWNa

QN NE WM =

4

A/0O mol/1l aq. phase nol/l org. phase pH

0.5 0.0Q255 0.04241 B.20
1.0 0.02680 - 0.06090 @ 7.60
2.0 0.02299 0.12860 7.18
3.0 0.03747 . D. 14950 7.00
4.0 0.0Q4940 0.15160 6.95
6.0° 0.06387 0. 0.14050 6.89
8.0 0.06898 0. 14650 6.85
10.0 0.06984 0.17660 . 6.80

6(E) NICKEL IN MIXTOURE, NI~20XD2EHPA-100% NH3

A/0 mol/l aq. phase mbl/l org. phase pH

0.5 0.00256- ©.0.04241 8.98
1.0 0.00767 ' 0.07963 8.35
2.0 0.01448 0. 14563 7.70
3.0 0.03066 . 0.17000 7.40
4,0 0.04430 0.17203 7.23
6.0 0.05962 . 0. 16610 7.10
8.0 '0.06387 . 0.18740 7.05
10.0 0.07069 0.16610 7.00

6 (F) NICKEL IN HIKTQRE, NI-ZOSDZEHPA—11OX NH 3
1

\

hY

/0 mol/1 agq. phase nol<1 org. phase pH

0.5 0.00400 - 0.04310 9.00
1.0 0.00470 0.08560. 9.00
2.0 #0.01811 0.14430 8.15
3.0 - 0.02981 0.18140 7.60
4.0 “0.04216 0.19250 7.45
6.0 804812 0.25300 7.25
8.0 © 0.05876 0.25210 7.20
10.0 0.05834 0.32000 7.10

—————-—p————--——o-_——-——_————-———-——_——n——d
v
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1
119
|
|
|
]
|
1
|
|
!
1
{
|
1
1

[y

|
|
1
1
{
|
{
!
|
{
|
|
1

|
|
|
|
|
1
|
1
|
|
t
|
|
{

%,

TABLE .7(A) PUBE COMPONENT coanLT-uoxDZEnén-zoanB

-

-4
o
.

QOO UNEWN =

/0

OO~ANE WK =20
s o s &
OO0 OO Nnou

s & s 3,8 & @

-

mol/l aq.

0.00170
0.00680
0.02800
0.04800
0.06790
0.08060
0.09672
0.11200
- 0.12130
0.12900
" 0.12300
0.13400

bhase

mol/l org. phase

'0.08500
0. 16500
0.21520
0.24690
0.25900
0.27230
0.29900
0.29900
0.30000
0.29900
0.38700
0.37330¢

-5

pH

u, 69
4.25
4.00
3,93
3.85
3.85
3.85
3.75
3.73

3.75 .

3.73
3.70

TABLE 7(B) PURE COMPONENT COBALT-QOKDZEHPA—RO!NH3

mol/l aq.

No. B&A/0 phase mol/1l org. phase pH
1 0.5 0.00170 . 0.08990 6.55
2 1.0 0.060170 0.18000 6.50
3 1.5 0.00170 0.36000 6. 45
4 2.0 0.00594 * 0.35120 6.35
: 5 2.5 0.01360 0.42000 6.22
‘ 6 3.0 0.02210 0.47900 6.17
7T - 4.0 0.08242 0.55700 6.10
8 5.0 0.06363 0.59000 6.05
9 6.0 0.07300 0.59000 5.50
=1 7.0 0.09000 0.57010 5.70
1 8.0 0.10000 0.57010 5.65
12 10.0 0.11370 0.57700 5.60
/ A
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TABLE 7(C) PURE CONMPONENT COBALT-UO!DZEHPB-GO%HHB

=
o -
[}

Y
— ot -t

TABLE 7(D) PURE COMPONENT COBALT-“O%DZEHPA-BO%NH3

=
o
)

NeamOOUo-NEWN -

—_ ok .
Nua SO EWRN=

A/b

-

e & & & & & 2 8 8 & & 0

O JdJOUNEWNND A0

—

A/0O

» * 8 L] L] L] [ ] . L N )

CO0O0O0CQQoUnoLowm

O~V T WO 22O

b

OO0 oL OoOoUmounoWn

mol¥1 aq. phase

0.00255
0.00127
0.00255
0.00424
0.00933
0.01696
0.04160
0.05430
0.07127
0.08740
0.10000
0.11300

mol/1 ag: phase

0.00085
0.00127
0.00170
~0.00340
0.00600
0.01270
0.03224
0.05260
0.06790
0.07720
'0.08910
0.10950

loi/l org. phase

0.09000
0.18030
0.26900

+ 0.35500
*  0.u3070
0.49400
0.56000
0.51000
0.66200
0.66000"
0.65840
0.68720

mol/l org. phase

0.09040
0.18030
0. 27000
0.35630
0.,43910
0.50650
0.59730
0.64500
0.68210
0.73050
o.7uoe?
0.72101 -

pH

6.75
6.75
6.70
6.65
6.50
6.41
6.20
6.30
6.20
5.61
5.:60
5.45

pR

7.80
7.00
7.35
7.20
7. 06
7.00
6.81
6.80
6.71
6.71
6.70
6.70

|-___—_——_-_...-._..__._.___...._—.f_———......——._—_____-——-—-—-—-———-_.———d

N
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|
1
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e
A -

.
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x-
"

QWA NEFwN

A/0O

- O

N

OCO0O0COOoOOoOnNO

-t

ouw

mol/]l aq. phase

0.00085
0.00085

) 0.00340

/5“\\\\:.00255
.00594°

0N01272

0.03521 .
0.05260
0.06787
0.08060
0.09080
0. 10000

TABLE 7T{E) PURE COMPONENT COBALT-‘IDXD2]€HPB-—1DO$NH3

rol/1l orgq. Bﬁase - pH

0.09000 8.30
0.18070 8.25
0.26900 8.00
0.35630 7.78
0.43910 7.65
0.50650 7.50
0.58530 7.35
0.64480 7.3
0.68210 T.40
0.70670 7.31
0.72630 7.30
0.82300 7.30

“.3TAHLE 7(F) PUKE COMPONENT COBALT-uosnzzﬂpA-1105na3

o o e e S M S e L S e — — v — s - A i e EE e SN AL e D e sl emn b e G G . ot i i ud

¥o. A/0O aocl/1 gﬁﬁbphase .mol/l org. phase pH
. Wt .

1 0.5 0.00170' 0.09000 9.00
2 1.0 0. 04 ’ 0.18000 8.50
3 1.5 0.00085 0.27150 8:25
4 2.0 0.00339 " 0.35630 7.97
5 2.5 0.00509 0.44120 7.81
6 3.0 0.01190 0.50910 7.71
7 4.0 0.03292 0.59500 7.56
. 8 5.0 0.05260 0.64500 7.48
9 6.0 0.06700 0.68720 T.42
10 7.0 0.08230 0.69570 7.38
11 8.0 0.08910 0.78000 7.39
12 10.0 0.10350 0.7800Q,a’%) 7.31

N
R Q\ .
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TABLE B8 (A) PUKE COMPONENT ﬁICKEL-uo:nztapa-zoznu3

w
o .
.

OO EWN -

TABLE 8(B) PUERE COMPONENT NICKEL-“O%DZEHPA-UOSNHB

-]
OO DU & W - [}
[ ]

- b b
N =2 O

A/0

. & &

O NEWNN =D
OO0 00COOUNMONG W

-t

g

o
~
o

OO~ ELWN DN - -
4 ¢ 4 8 8 4 4 8 2 8 M
COOOOOoOoNoWnoun

—-—

mel/l aq. phase

0.00085
0.00852
0.03280
0.05540
0.07370
0.08133
0.10310
0.11240
0.11070
0.11670
0.12260
0.14560

~

mol/1l aq. phase

0.00256
0.00085
0.00426
0.00852
0.01450
0.02730
0.04770
0.06730
0.08010
0.08390
0.09900
0.10390

mocl/l org. phase

C.07410
0.14050
0.17440
0.18730
0.18840
0.20320

0. 18400 3.7
0.18310 /<3Tﬁ%/%
0.26830 3.85

0.22650
0.21120
0.22140

mol/l crg. phase

0.08050
0.16270
0.24460
0.31000
0.37300
0.40900
0.46330
0.48120
0.50100
0.55750

. 051800
0.59620

C4.20

‘4,81

- 4.20

. d

-,

pPH

4

S s SRR

4.50

.05
4.00
3.95
3.90

3.90
3.85
3.85

pH

5.10
4.95

4.73
4,64
4,58
4.53
4.42
4. 38
.24

4.15

oo
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TABLE .j&C) PURE COMPONENT NICKEL-4OXD2EHP A-60%NH1

No.

N -

OO~ wnE

10

12

A/0O

O ~-TAVNEWNND 2O
s s 3 8 5 8 B & 8 4 s *
OO0 OoOoVNOoUnouWw;m

—

mol/1l aqg.

0.00085
0.00170
0.00170
0.00511
0.01235
0.04430
0.06220
0.06217
0.07500
0.08300
0.09500
0.10800

d

phase

mol/1 org.

0.08130
0.16180
0.242790

0.31680

0.37800
0.42600
0.47700
.0.50700
0.53140
0.56600
0.55190
0.59620

phase pH

6,20
6.20

6. 10‘

6.00
5.87
5.80
5.75
5.70

5.70 -
5.65

5.65
5.61

TABLE 8 (D) PURE COMPONENT NICKEL-40%D2EHPA~BORNH;3

L e e e e e i e o —— - e = = e i e e e = = - — . m = = e =

No. A/O mol/l aq. phase mol/1l org. phase pH
1 0.5 0.00256 - 0.08050 6€.80
2 1.0 0.00340° 0.16010 6.61
3 1.5 0.00340 0.24020 6.52
4 2.0 0.00680 ° 0.31340 6.39
5 2.5 0.00340 0.40000 6.30
6 3.0 0.01703 0.44000 6.20
7 4.0 0.03410 0.51800 ©6.15
8 5.0 0.05450 0.54500 6.10
9 6.0 0.06890 0.60000 6.08

10 7.0 0.08500 0.61100 6.05

11 8.0 0.09300 0.68730 6.02

12 10.0 0.11000 0.63900 6,00

2
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TABLE 8(E) PURE COMPONENT NICKEL-40%D2EHPA-100%XNH3

-4
Q
.

-
[=JRVo < TN Y- W W) B VU IR

-k
N =2

A/0

s &+ 8 & & s & 8 & 8 B
coooococoocwUnoown

OB~ ONEWNR==O

—

mol/1l ag.

0.00100
0.00150
0.00210
“0.00530
' 0.01000
6.01810
G.03620
0.05630

phase -

0.06890

0.08500
0.09300
0.11000

mol/1 ofg. phase

0.08340
0.16900
0.25340
0:35030
0.41900
0.46300
0.55700
0.59300
0.65100
0.67100
0.68300
0.69000

pH

7.20
7.00
6.90
6.75
6.62
6.55
6.51
6.49

_6.040

6.35
6.35

. 6430

TABLE é(F) PORE COMPONENT NICKEL-U4ORD2EHPA~TTO%NH;

VDTN EWN =

10

. & & & &

fooocouwnwounouwn

S

DO AN EWNN = = O

=K
s OO

o

wol/l agq.

"0.00043
0.00085

phase

0.00128 -

0.00426
0.00980
0.01960
¢.03830
0.05750
0. 07410
0.08602
0.09240
0.10990

rd
mol/l org. phase’

0.08921
0.17800
0.26640
0.35000
0.42300
0.47800
0.56210
0.60680
0.62850
0.65000
0.69200
0.69000

-pH

7.80
7.40
7.15
7.00
6.85
6.75
6.60
6.50
6.40
6.32
6.32
6.32

b e N NS L SN SR e R e e e S e e SR AR e TR AR i S e e e e e e ML ML SN ED S D S R e e S R ek e e SR e
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TABLE 9(A) COBALT IN MIXTURE, CO-40XD2EHPA-20% NH3

S

A/0 mol/) .aq. phase mol/l org. phase pH

k-
o]
.

0.00085 ' 0.04123 4.00
0.00382 0.07933 3.90
0.02376 . 0.11880 3.70
0.03776 0.13620 3.70
0.04878 0.13744 3.65
0.05812 0.15020 ~ 3.60
0.06533 0. 14253 3.35
0.06872 0. 14023 3.25

DN E WA -
CTONEWN 2D
[ ] L[] [} [ . L] L] L]
ocooocoouwm

-t

=
Q
.

: L
A/0 mol/1l aq. phase mol/l org. phase pH

0.00127 0.08110 5.10
0.00170 0.08145 o 5.10
0.00428 0.15781 5.05

0.01315 0.21010

0.00874 0.15272 ;.05
.00

0.02460 0.23420 4,85
0.04667 0.21890 4.80

LI I T T T T T |

W~ R R

-
L O O E W -

0.04670 | 0.2172¢0 3.50

hJ
|
|
|
I
|
{
|
|
1
{
i
|
|
1
I
|
!
- Y ' !
TABLE 9(B) COBALT IN MIXTURE, CO-40%D2EHPA-40% HH3 |
|
f
1
1
{
|
l
|
l
{
1
|
1
1
|
|
{

TABLE 9(C) COBALT IN MIXTURE, CO-GOXD2EHPA~60% NH

A
. {
. . /} |
A/0 mol/1l aq. phase mol/1l org. phase pH

0. 05532 0.278360 . 9.20

3
No.
|
1" 0.5 0.00170 0.04072 6.30 . |
2 1.0 0.00255 0.08298 6.15
3 . 2.0 0.00170 . 0.16290 '\4-§l§9//'
4 3.0 0.00804 0.22534 <60 |
5 4.0 0.01951 - 0.25453 ! 5.35 |
6 6.0 0.03733 0.27490 5.35 |
7 8.0 0.04794 0.28170 \\\ 5.35 |
8 10.0 I
I
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TABLE

-4
[+)
.

O~V E WM

9(D) COBALT IN MIXTURE, CO-40%D2EHPA-80% NHo~

4/0

SR EFEWNSO
s s & & = & & @
OO0 O0OoOOWMm

—

mol/1 agqg.

6.00042
0.00042
0.00127
0.00721
0.01867
0.03563
0.04794
0.05220

phase

mol/l org. phase

0.04140
0.08272
0.16375S
0.22780
0.25792
0.28507
0.28168
0.30967

TABLE 9 (E) COBALT IN HIK&URE, CO-4LOXD2EHPA-100%

>
o]
.

N EWN

TABLE

=
0

IRV EWN 2

A/0

S s 8 8 5 8 s @
[eRalelsNoleNaRT)]

DN EWN SO

—

9 (F)

COoOOoooOoouw

0.00064
0.00170
0.00170
0.00428
0.02750
0.02757
0.04285
+0,05010

" mol/l aq. phase

W

ers

nol/l-aq._phase

0.00106
0.00042
0.00170
0.00552
0.01358
0.03139
0.04200
0.04921

L

mol/1l org. phase

0.04127
0.08145
0.16290
0.23671
0.27830
0.33343
0.32240
0.33090

COBALT IN MIXTURE, CO-U40%D2EHPA~110%

mol/l orqg. phase

0.00105
0.08272
0.16290
0.23290
0.27830
0.31052
0.32920
0.33940

3

pH

6.15
5.95
5.75
5.15
5.25
5. 25
5.15
5.00

pH

6,40
6.20
6.00
5.90
5.70
5.50

"5.40

5.00

pH

7.25
7.25
6.85
6.60
6.55
6.00
5.60
5.25

e R S S W S SR s e o e S — G S S . D WD S R i o o i i - —— i S S S SN L WS WER b S Amih o ey S o o
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TABLE

-4
)
.

L

D JONEWN

TABLE

z_.
e}
L]

@~ AN EWN =

TABLE

-4
[0}
P

O~ OV & B -

10(A) NICKEL 1IN MIXTURE, NI-HOfDZEHPA-ZOi NH

A/0

OO EWN=O

—h

<

CooCooOoWm

[ ]

mol/1l agq.

0.00085
0.00724
0.03662
0.04770
0.05920
0.06260
0.06730
0.07070

phase

-

mol/l org.

0.04480
0.08312
0.10731
0.12780
0.12440
0.16611
0.18396
0.19588

o

phaﬁg

10 (B) NICKEL IN MIXTURE, NI-QOSDZEBPA-HOS

A/C

SO EWN O

-b

8 s s 8 8 8 @
[=N=NwNoNoNNeQ¥]

mol/l aq.

0.00085
0.00170
0.00409
0.00554

phase

0.01916

0.03236
0.05280
0.06174

-~

»

rol/1 6rg.

0.04480

0.08860 -

0.09880
0.16950
0.21334
0.23165

" 0.22083
0.22824

-

phase

10(C) NICKEL IN MIXTURE, NI-40%D2ERPA-60%

A/0

COPBEWNaD

—

DO OOODOWLN

N

mol/l aq.

0400170
0.00255
0.00170
0.00804
. 0.01951
0.03733
0.08794
-0.,05532

phase

m0l/1 org.

0.04072
0.08298
0.16290
'0.22534
0.25453
0.27490
0.28170
0.27830

!

.~

phase

3

pH

4.00
3.90
3.70
3.70
3.65
3.60
3.35
3.25

NH

pH

5.10
5.10
3.50
5.05
5.05
5.00
4.85
4.80

NH

pH
6.30

6.15

5.0

5.60
5.35
5.35
5.35
5.20
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®© NN E W 2

=
o]
)

DN FE Wk -

10(D) NICKEL Ii MIXTUBE, NI-4O0XD2EHPA-80%

.+

A/0

OWMNEWlh 0O |
« 8 & & & o 8 8
[eNoNoNeNoNeR-NE)]

‘aol/l ag; phase

0.00085 ~
0.00128
0.00170
0.00852
0.02129
0.03918
0.05540
0.05834

-~

mol/l org. pRase

0.04621
0.09198
0.18310
0.25430
0.28786
¢.32450
0.30320
0.34917

K

NH;

pH

6.15
5.95
5.75
5.25
5.25
5.15
5.15
5.00

. !
.

10 (E) NICKEL IN MIXTURE, NI-40XD2EBHPA-100% NH;

A/0

COORWN =

=

L ] [ ] [ ] L] [ ] L] [ ] L ]
 ococoocooown

mol/l aq. phase

. 0.00170
- 0.00341
0.00341

0.00852 K

0.01618
0.02683
0.05408
0.05970

mol/l org.

0.0u4582
0.089%3
0.17970
0.25430
0.30830
0.39860
0.31381
0.33560

phase

pH-.

6.40
6.20
6.00
5.90
5.70
5.50
5.40
5.00

10(F) NICKEL IN MIXTURE, NI-40%D2EHPA-110% NH;

A/0

® 4 & 5 8 & 0
ooococoooWw

SN EWN=LO

-

mol/l aq. phase

, 0.00107

* 0.00256
0.00298
0.00767
0.01703
0.03364
0.044830
0.05536

mol/l org.

0.04616
0.09070
0.18055
0.25677
0.30490
0.35770
0.39100
0.37898

phase -

pH

7.25
7.25
6.85
6.60
6.55
6.00
5.60

5.25

h——————'——-.———————}—-—.—-—.—-————--—_——.———.—————————-——-—.———-
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TABLE 11(A) PURE COBPOHENT COBALT~10%D2EHPA
* ]

L)
1

sat. wjth NHB - parameter ajl parameter
20% 3.8668 -14,.9780
40% ) 3.4789 ¢ -13.1639
60% - 4,2842 -16.9506
BO% 5.2645 -22.6468
-100% ‘ 6.2709 -28.0112
L10% 7.2910 ~35.0760

LX)

L

TABLE 11(B) PURE COMPONENT NICKEL-10%D2EHPA

sat. with NH3 parameter a1l parameter
20% ©3.1489 -11.8176
40% . 3.6801 -13.4733
60% 4.8851 -19.7248
80% 5.0502 -20.3613
100% 6.6103 -29.2078

110% 6.68B14 -30.3192

TABLE j1(C) PURE COMPONENT COBALT-20%D2EHPA:

parameter

sat. with NHB paraneter afl
20% 2.3369 -09.0402
uox : 6.1999 -29.2656
60% ' 6.5516 - =31.5997
80% 7.7566 -38.7100
100% 12.2387 T -75.8022
110% 12.6766 -80.5548

az

az

a2

-—._——-———-—.———__—____—...—'_—_—-..__—._—._———_—————-——.———-—_.-_4
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TABLE 11(D) PURE COMPONENT NICKEL~-20%XD2EHPA

—

<
sat, S¥ith HB3

20%
40X
60%
80%
100
110

TABLE 11(E) COBALT IN MIXTURE, CO-20%D2ERPA

sat. with HH3
20%
4Ox
60%
B0%
100%
110%

sat. with NH,
20%
40%
60%
80%
100%
110%

paraneter‘°5t=l_ﬁ_pgéfueter "a2

3.1353
5.3350
5.0984
" 5.9800
B.5611
7.3704

parameter’

3.2856
5.8842
- 5.1716

7.6380

10.9753
9.2264

parameter

1.8186
3.8970
5.2717
5.1474
8.4713
T.7476

-13.5942
~25.3074
*20.958&\
-26.9101 -
-38.3299

-27. 3“93

al parameter a2

~29.1959
~57.4718
~42.0367
=75.1046
=122.7200
-104,.7240

— e n S e B s — e il A e i S G D Sm S cEe S e e oy o e ol

- TABLE 11(FP) NICKEL IN MIXTURE, NI-20%D2EHPA

a1 ‘parameter a2

-14.4410
-34.4950
-549.3414
-42.0874
-89.5722
-51.8751

= o o o Eme s em e e ———
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TABLE 11(G) PURE COHPOHENTlCOBRLT-ﬂOXDZEHPA

sat. with NH, -parameter
20% 5.3499
40% . 18.8129
60% - 18.5716
80% 21.6870
100% 21,9994
110% 22.04873

al parameter a2

-026.5548
-129.6390
-111.3480
-146.8370
-151.7530,
-152.4940

TABLE 11(H) PURE COMPONENT NICKEL-UOXDZ2EHPA

sat. with NH4 parameter
20% 4.2190
40% 15,5847
60% 14.1086
80% 18.4930
100% 19.8120
110% 19.4664

al parameter a2

~019.7637
-104.1850
-086.7290
- =123.3950
. -131.7500

-1295.0670

ar

TABLE 11(5) COBALT Iﬁ'ﬂIXTURE,'CO‘ﬂO%DZEHPA

sat. with NHy; ' . parameter

20% 6.0608
40%, 17.8143
60X 18.5901
80% 19,4283

100% . 19.9859

110% . & 23.6159

al . parameter a2

-059.5884
=276.2230
=257.8470
-274.29
-2680.0430
=-359.6670

\ .
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TABLE 11(¥) NICKEL IN MIXTURE, NI-40%D2EadA

s‘at. with HH3

20%
40%
60%
80%
100%
110%

TABLE

sat. with

20% -
40%~
'60%
8O%
100%
110%

TABLE

oSat, with

20%
L4ox
60%
80%
100%
110%

parameter

3.4251

14,2495
14,9820
19.6422
25.1198
22.7831

12(A) PUBE COMPONENT

L & param., a1l
5.7450
7.34819
6.6059
9.2132

11.048¢0
13.9539

a1l P

COBALT-1

parm, a2

- =77.36
=57.50
-93.09

=-119.47

-169.40

arameter a2

~012.5845
=-179.0010
-174.7680
-248.4590
=339.8440
-300.8700

n

OXD2EHPA

parm. a3

131.17
2u7.7¢
160.57
288.02
385.84
594.54

12(B) PUEE COMPONENT NICKEL-10%XD2EHPA

NH, parm. a1
4.,2373
6.0867
7.3719
8.6172

11.8010

< 12.6403

pérn. a2

-32.39
-56,.33
-68.30
-125.24

parm, a3

86.45
169.89
169.89
240.26
389.30
473,01
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TABLE 12(C) PURE COMPONENT COBALT-20%D2EHPA
o

sat. with NH;3

20%

80%

60%
80%
100%
110%

TABLE

sat. with NH;

20%
40%
60%
80%

100%

110%

. %

¢

o
parm, al

3.5575
12.0706
86.5834
13.6331
24,8693
17.7758

N

12(D) PURE COMPONERT NICKEL-20%D2EHPA

parm. ail

5.0916
10.5643
8.7097
10.6129
12.2086
8.9912

parm. a2

~29.86
-151.28
-70.89
-163.16
-410.83
-203.64

parm, az2

-49,11

-133.45°

-85.74
-122.62
-113.10

-56.63

parm. a3

B4.11
578.59
177.10
602.48

. 2000.77
677.77

parm, a3

151.90
520.07
269.68
456.50
336.98,
119.35

TABLE 12(E) COBALT IN MIXTURE, CO-20%D2EHPA

sat., with WNH;

20%
40%
60%
80%
100%
110%

para. a1l

10.6737

9.0000
11.7058
- 18.2334
18.6114
16.6981

parm. a2

- =260.71

=-177.07
-304.96
-371.29
-459.67
-451.72

pari. a3

1840.09
1059.02
2452.46
2978.50
3363.79
3669.24;

—————-_-—_————u——-—————h—‘———d

v

—
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TABLE 12(F) NICKEL IN MIXTURE, NI-20%XD2EHPA

sat., wvith NH,

20%
40%
60%
BO%
100X
110%

parm. a1l

3.4210
8.8677

10.2230°

6.3906
12.9642
13.4262

parm. a2

-67.28
'-207.85
=240, 34

-97.61
-293.94
-343.23

parm. a3

406.18
T432.60
1609.28

551.07
2068.37
3385,20

TABLE 12(G) PURE COMPONENT COBALT-40XD2EHPA

sat. with NH,

20%
40%
60%
80%
100%
110%

parm. al.

11.3451
33.7162
36.2525
41.6357
47.6487
45.3067

A

parwm. az

-149.50
=-542,22
-610.50
=700.54
-9340.60
-841.52

7

parm. a3

639.08
2582.19
3088.57
3519.76
5523.62
4670.60

' TABLE 12(H) PURE CONMPORENT NICKEL-40XD2EHPA

v

e e e e e e e e e P e M e At . men e e e N . L G e amn o s o . —— —— —— —mw = ve T M A . S e e e A aa

sat. with FHy parm, ail para, a2 parm, a3
20% 6.7426 -71.13 . 245,83
40% 2B.58u48 -493.13 - 2635.76
60X 32.9431 -605.21 3350.04
80% 33.7200 -557.85 2808.25
100% 35.5100 -580.16 2900.3%
110% 35.3225 578. 26 2899.45
e
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TABLE
y,
sat. with Nﬂj parm. a1l
20% 10.5511
40% ¢ 30.8812
60% 31.9204
80% 36.5171
100% 55.3756
110% 42.5505
TABLE 12(N) NICKEL -IN MIXTORE,

pari. az2

-251.38
~-1244,.93
-1034.89
-1326.61
=-2313.50
-1580.41

12(M) COBALT IR MIXTURE, CO-40%D2EHPA

parm. a3

1890.33
14645.40

10017.20

14267, 30
27026.00
17574.70

NI-40XD2EHPA

e o At M N am MR N AR MR e e . SR Am R s e S e e S e e el e b Bl e - e o

sat. uith NH, parm. a1 parm, a2 ‘parm. a3
20% (., 12.1955 -356.12 3184.16
40% » 25.5071 -789,49 7133.00
60% 24.0886 -623,.39 4757.13
80% 37.0601 -1217.22 . 11733.60
100; 36.2068 -1060.41 9191.90
110 \\\J 36.765%6 =1110.47 10384.50
-3
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Im

TABLE

'sat. with NHy

20%

40% -

60%

80%
100%
110%

" TABLE

sat. with NHy

- 20%
40%
60%
80%

100%

110%

TABLE

sat. with Nk

20%
40%
60%
80%
100%
110%

parm.

0.43991
0.31852
0.39195

. 0. 40724

0. 45636
0.45674

thetal parcn.

0.33476
0.20598
0.23579
0.20440
0.19075
0.17838

theta2

13(A) PUFEE COMPONENT COBALT-10%D2EHPA

53

0.0014
0.0159
0.0006

0.0012

0.0018
0.0021

13(B) PUFEE COMPONENT NICKti:iiXDZEHPA
/

parnm.

0.19794
0.473484
0.50091
0.56748
0.80611
0.76617

thetal parn.

0.16194
0.21386
0.22527
0.22227
0.25654
0.24720

theta?

parm. thetal parm. theEE?"//ss
0.46739 0.42751 0.0008
0.43900 0.31952 0.0022
0.50742 0.33622 0.0020
0.48262 0.26453 0.0033
0.47820 0.20756 0.0070
0.44817 0.16576 0.0026

PURE COMPONENT COBALT-20%D2EHPA

55

0.0036
0.0037
0.0090
0.0038
0.0185
0.0567
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v

TABLE 13(D} PURE COMPONENT NICKEL-20%D2ERHPA

sat. with NH; parm. thetal parm. theta2

ss

20% /) 0.30217 0.28306 C.0010
40% 0.44061 0.24118 0.0068
60% ) 0.47626 0.24100 0.0008
80% 0.53100 0.24633° 0.0014
100% 0.94207 0.36953 0.0122
110% 0. 74592 -0.2u659 0.0390

TABLE 13{E) COBALT IN MIXTURE, CO-20%D2EHDA

sat, with NHj4 _ parm., thetal parm. theta2 ss
20% 0. 11524 0.12362 0.0009
405 0. 24500 0.227u8 0.0019
60% -0.31067 . 0.26162 0.0009
80% 0. 40846 0.29134 0.0014
100% 0.44010 ) 0.25605 0.0042
110% . 0.37755 0.25579 0.0042

TABLE 13(F} NICKEL IN MIXTURE, NI-~20%D2EHPA

sat. with NH, pérn. thetal parm. theta2 13
20% 0.09031 0.21286 0.0000
40% 0.17640 0.20476 "0.0001
60% . 0. 14563 0.13502 0.0032
80% 0.86235 . 0.39957 0.0043
100% .0.42398 0.30751 0.0031
110% 1. 47800 0.59190 0.00u46

L4
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TABLE 13(G) PURE COMPORENT COBALT-40%XD2EHPA

h ]
|
1
{
|
|
sat. uith‘yﬂ3 para.” thetal parm. theta?2 ss |
¢ . . ]
20% 0.59169 0.28850 0.0102 4
40% 1. 0096 0.22158 ¢.0548 |
60% 1.25950 0.26855 0.0498 |
80% 1.38960 0.26066 0.0365 |
100% 1. 46570 0.27400 0.0327 |
110% 1.41760 0.26534 0.0560 |
{
i
i
|
|
TABLE 13 (H) PURE COMPONENT NICKEL-4OXD2FHPA |
|
|
' |
sat. with NHj parm. thetal parm. theta2 ss |
|
20% 0.46739 0.02751 0.0008 |
20% 0.32u498 0.19201 Q.0052 |
40% 0.98794 0.25273 0.0359
60% 1. 04610 0.26257 0.0184 |
80% 1.27700 0.29081 0.0728 |
100% 1.35520 0.28420 0.029? |
110X 1.22180 0.24971 0.0143 |
i
|
. .‘
TABLE 13(M) COBALT IN MIXTURE, CO-40%D2FPHPA I
{
< i
i (
sat. with NH, parm., thetal parm. theta? ss |
. {
20% 0.29044 0.2877 3 0.0003 |
40% 0.54650 0.26989 0.0079 |
60% 0.68163 0.28456 C.0140
80% 0.63402 0.24134 0.0674
100% 0.83693 0.29165 0.0134 |
110% 0.83605 0.28485 C.0100
l.
) |

L - 142 -



) T
. ] |
TABLE 13(N) NICKEL IN MIXTURE, NY-4O0XD2EHPA i
|
|
i
sat. with NH, parm. thetal parm. theta2 ss (
' |
20% 0.44476 0.37036 0.003u4
40% 0.52584 0.26885 0.0053 |
60% 0.53085 0.25836 0.0161
80% 0.74u61 0.26748 0.0121
100% 0.89041 0.30424 0.0320 |
110% 1. 143380 0.35189 0.0120
: t
i
|
ss = sum of square of errors L/f
: ' |
rs /

%)
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TABLE 14 () PURE COMPONENT COBALT-10%D2EHPA

-

sat. with NH3  parm. thetal parms. theta2
20% 0.26941 038,84 0.
40% 0.22019 162.20 0.
60% ~ 0.25478 T 115,74 0.
80% 0.27437 222.19 0.
100% . 0.30461 218.01 C.
110% 0.30377 . 391.35 0.
TABLE 14 (B} PURE COMPONENT NICKEL-10XD2EHPA

sat. with NH3 parm. thetal parm. theta2
20% 0.26579 021.98 0.
40% o 0.27643 037.49 0.
60% 0.30644 0u2.99 C.
80%° 0.30961 073.69 0.
100% 0.32452 125.27 0.
110% 0.31500 ' 321.65 0.
TABLE 14(C) PUEE COMPOMENT COBALT-20%D2EHPA

sat., with NHj parm. thetatl parm. theta2
20% 0.14530 316.51 0.
40x 0.30436 266,52 0.
60% . 0.31585 218.37 0.
80% 0.36209 .173.38 0.
100% - 0.84690 © 178,17 0.
110% ‘ ' 0.45627 183.70 . 0.

S8

0001

0159

0033
0021
0010

0028

S5

0001
0017
0001
0002
0009

0006

58

oou1
0030
0085
001
0445
0083

—

- 144 -



-

TABLE 14 (D) PURE COMPONENT NICKEL~20%D2EHP A

sat, with NH 5 parm. thetal para. theta? sSs

20% .. 0.17366 053.23 0.0008
40% 0.27308 153,25 0.0085
60% 0.29645 163.72 0.0018
80% 0.31812 205.71 0.0263
100% 0.52378 038.51 0.0022
110% 0.58000 029,63 0.0630

.

TABLE 14 (E) COBALT IN MIXTURE, CO=-20%XD2EHPA
e

sat. with NH; parm. thetal parm. theta?2 ss
20% 0. 08451 708.27 °  0.0845
40% 0. 13887 282.68 0.0010
60% 0.154990 320.20 0.0014
80% .0.19060 194,00 0.0008
100% 0.22446 239.59 0.0022

* 110% 0. 18852 274.82 0.0023

TABLE 14 (F) NICKEL IN AIXTUORE NI~-20%XD2FHPA

A

sat. with NHj Parm. thaetal parm. theta? ss
20% 0.05583 188.98 0.0000
40% 0.10500 331.79 0.0000
60% . 0.10577 : 457.89 0.0025
80% 0.20450 046.88 0.0047
100% 0. 20158 119.12 0.0012
110% T 0.46425- 023.92 0.0062
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TABLE 14.{G)}) PURE COMPONENT COBALT-QOSDZEHPA

sat. witk HHB

20%
a0x
60%
80%
100%
~110%

TABLE

sat. with NH 4

20%
v 4o%
60%
80%
100%
110%

TABLE

sat. with NH3

20%
80%
60%
80%
100%
110%

park. thetail

0.33647

0.59346
0.67312
0.72798
0.74251
0.74048

para, theta1l

0.21200
0.56231
0.54840
0.70340
0.65530
0.68910

parm. theta?

0. 14790
0.24586

1 0.30510

0.29310
0. 34510
0.34767

parm,

parcn,

100.66
277.23
184.52
251,12
227.47
226.99

t4(H) PURE COMPONENT NICKEL-40XD2EHPA

parm, theta?

332.80
142.92
265.66
125.86
146.86
178,19

14 (M) COBALT IN MIXTURE, CO-UO*DZEHPR

329.43
284,91
251.79
732.59
350.12

356.94

theta?

0.0159

theta?2

'sS

0.00u4u
0.0413
0.0141
0.0281
0.0522

55

0.0729
0.0700
0.0223
0.0603
0.0520
0.0160

58

0.0004
0.0025
0.009
0.0026
0.006u
0.0059 i
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TABLE 1“(3) NICKEL IN MIXTORE NI-40XD2EHPA

sat. with NHj parm. thetal parm. theta2 ss

20% 0.18410 ’ 089.721 - 0.0058
40% 0.24790 270.83 0.0017
60% 0.27M 195.13 0.0108
80% 0.33940 374.53 0.0055
100% 0.39818 168.88 0.0150
110% . 0.42806 167.28 0.0039

ss = sum of square of errors
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KH
3

NH

|

/
TABLE 15(2) COBALT IN MIXTORE, CO-20%D2EHPA

level

20%
4o%
60%
80%
100%
110%

theta1

1. 0053
1. 7084
0.1320
3.7367
1. 4750
2.6360

theta?2

-0.02001

0.05662

-1.60100
0.27636
-0.01670
0.28830

theta3

0.00u458
0.42510
-1.80800
0.90511
0.26200
0.77962

thetad

0.000047
0.020870
0.022900
0.030360

0.013600

0.014762

TABLE 15(B) NICKEL IN MIXTURE, KI-20%D2FHPA

3 level

20%
40%
60%
80%
100%
110%

thetai

1.4874
0. 5659
~7.0580
0.7974
1. 1061
0.9316

theta2

0.15233
0.00236
-3.96860
0.08040
0.09771
~0.11030

theta3

0.53820
-0.39615
-5. 00
-0J24020

0.17920
-0.27964

[y

thetal

" -0.002600

-0.023890
-0.040400
-0.006170
-0.004561

0.007390

b e o e e e . e e e R e e e e E T R e e Ee AN den e e v e e .
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TABLE

il

NH; level

20%
40%
60%
— 80%
100%
110%

15(C) COBALT IN MIXTURE, CO-40%¥D2EHPA

thetai

0. 5607

1. 1351
0. 5600
1. 2696
2.3330
2.2391

theta2

-0.39760
0.00820
-0.76320
-0.02000
0.38712
0.22516

thetal

-0.33440
0.17625
-0.86350
0.28040
0.74281
0.75857

thetal

-0.017500
0.001704
0.042350
0.007020
0.004544
0.010860

TABLE 15{D) NICKEL IN MIXTURE, NI-4OXD2EHPA

h————-—-——-——-—.————-—-——-———---———-———-—-———--—-—- Toeend
N

NH, level thetal thetaz theta3 thetal
20% 0. 2955 -1.45962 -0.91723 0.043630
40% 1. 0364 0.00119 0.14030 -0.005584
60% 3.6270 0.53060 0.98108 0.026570
80% 0.7640 0.18825 -0.01820 -0.037040

100% 1. 1089 0.28734 ~-0.00224 =0.012500
110% 1.7077 0.14931  0.11190 0.022800
2 X
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TABLE 16 (A) PURE COMPONENT COBALT-20%D2FHPA

sat. with NHy parameter al parameter a2 parameter a3

.20% 4,934 -11.652 -. 36.790
40% 6.815 . -8.562 18.184
60% - 7.073 -2.727 -13.873
80% 7.351 ~7.502 1,542

100% 7.704 -15,242 76,413

110% 8.288 -27,269 113.279

TABLE 16(B} PURE COMPONENT NICKEL-20XD2EHPA

sat. with NH3 parasfeter at parameter a2 parameter a3

20% 5.237 -2.963 9.531
40% 5.956 -0.294 -5.070
60% . 6.908 -4.343 -9.320
BOY% 7.423 -0.183 - -3.230
100% 8.017 -11.760 - 21.120
110% 8.618 -13.714 16. 342

TABLE 16(C) COBALT IN MIXITURE, CO-20XD2EHPA

-

sat. with HH3 parameter at paréueter a2 paramater a3

»

w

20% 4.467 -6.59 11.781
40x 6.003 =10.502 -20.470
60% : 6.800 - =19,280 121.880
80% 7.981 -42,.892 384.660
100% B8.267 -41,800 350.793
110% 9.270 -79.467 744,803

. L]

-

\
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‘TABLE \16(D) NICKEL IN MIXTURE, NI-20%D2EHPA

L

i

|

{

i

‘ i
sat. vith NH; parameter al parameter a2 paranmeter a3|
' ' {

l

20% © 8,636 -8.866 20,624
40% 5.981 -3.280 ~102.900
60% . 6.822 -18.632 113.600
80% 8.289 -45,627 358.740
100% 8.895 : -67.7%0 ~ 605,186
110% 9.596 -89.163 821.411

TABLE 16 (E) PURE COMPONENT CCBALT-40XD2EHPA

20% 4,463 -13.069 58.342
30% _ 6.485 -13.263 47.596
60% 6.685 -7.67% -30.329
, 80% 7.409 . =19,755 128.152
100% [ 8.026 ~23,505 172,781
110% 8.256 -22,525 137.3045

sat, with NH3; parameter a1 pananéter a2 parameter a3
TABLE 16(F) PUKE COMPONENT NICKEL-40%XD2EHPA
a

sat. with NH3; parameter a1 parameter a2 parameter a3
20% 4.387 ' -9.601 42.151
40% ' 4.914 -10.590 35.300
60% 6.123 -9,676 " 48.469
80% 6.552 -13.083 78.036
100X 6.934 -13.794 ' 717.770 .
110% 7.315 -24.168" 143.912 °

|
{
I
{
|
|
{
{
!
|
|
|
}
i
|
|
!
|
|
|
{
=
i
|
|
I
|
|
{
|
i
|
|
i
|
|
|
i
I
|
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TABLE 16 (G) COCBALT IN BIXTURE, CO-40%XD2ERPA

20% \ 3.937 " =3.701 - -84.810
40% 4,944 35.92 -974,772
, 60% © 6.140 -45.941 .+ 565,491
80% - 5,879 -44,411 581.685
100% - 6.174 -19,558 -39.211
110% 7.093 -40.950 100.382
o »
TABLE 16(H) NICKEL IN NIXTURE, NI-40%D2EHPA A

sat. with NH; parameter al parameter a2 parameter a3l

3.946

-129-613

20% 0.731
40% 4.681 15.982 -228.678
60% 6.206 -39.632 392.432
80% 5.928 -43.706 512.910
100% 6.279 -37.970 326.610
110% 7.153 -40.234 115.140
--f‘
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TABLE 17 (A) APPARENT EQUILIBRIONM CONSTANT-20%D2EHPA

L

pure component pure component

sat. uith NHy

cobalt nickel
20% 362,98 172. 31
40% 229,00 114.07 .
60% 141,03 69.63
80% 95.52 31. 26
100% 10.79 5. 37
1123 9.64 .69

TABLE 17 (B) APPARENT EQUILIBRIUM CONSTAHT-ZO%bZEHPA

e R M SR B R S e SR W e e e A e e e e dme SED ML SEn SR mmm S e e Su S o S SR s

e e e SEE i v Gem MR Y MR MR e S e S mmn e SN R e S S M TR B e e e - A e o]

sat. with KH, cobalt in nickel in
mixture mixture

20% 62.15 11. 10
40% 21.60 28,87
60% 9.51 5.92
80X 4.53 2.03

. 100% 2.60 1.63
110% 2.57 1.02
-

g
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TABLE 17(C) APPARERT EQUILIBRIUM CONSTANT-40%D2EHPA

sat. with NH34 pure component pure coaponent

cobalt nickel
20% 151.38 229,46
uox 34,50 23.u3
60% . 11.86 ’ 21.68
BOX ‘ / 16.71 3.70
100% 11.23 ‘ o 7.08
110% 4.65 . 16.92

TABLE 17(D) APPARENT EQUILIBRIUX CONSTANT-4O%D2EHPA

sat. with NH, cobalt in nickel in

mixture . mixture

20% 34.89 40.29
40% 4,41 7. 95

60% 1.21 0.79
80% 3.46 2.12
100% —1.16 ' " 0.58
110% 0.78 0. 80

w1
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TABLE 18 (A) SEPARATION FACTOR FOR CO~-NI
. PAIR-U4OXD2EHPA

e

No.  A/0 20% sat. with NB  40% sat. with NH,
K \ K
., S
//
1 0.5 0.928 | 0.613
2. 1.0 1.810 0.923
3 2.0 1.706 1.332
4 3.0 1.388° 0.571
S 4.0 1.341 _ 1.435
6 6.0 0.974 - 1.330
7 8.0 0.800 1.102
8  10.0 0.757 : 1.050
~

TABLE 18 (B) SEPARATION FACTOR FOR CO-NT PAIR-U0XD2EHPA

No.  A/O 60% sat. with WH 80% sat. with NHj
K ) K
PP ‘
1 0.5 1.882 : 1.800 -
2 1.0 1.278 2.708
3 2.0 1.882 1.197
4 3.0 1.623 1.058
5 4.0 1.379 1.022
6 6.0 1.582 0.966
7 8.0 1.862 . 1.073
. 8 10.0 1.437 " 0.992

{
|
(
i
|
|
{
|
|
{
l
{
1
|
|
|
|
|
I
' .
I .
> _

|
|
1
|
|
!
i
|
|
|
(
|
1
1
|
|
|
i
|
|
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TABLE 18(C) SEPARATION FACTOR FOR co-uﬁ“*ﬁ
PATR-40%XD2EHPA .

/

J S

No, A/0 100X sat., with NH 110% sat. vith NH;

K - K
1 0.5 6.725° : 0.883
2 1.0 0.550 - 5.493
3 2.0 0.550 1.585
4 3.0 0.540 | 1.261
5 4,0 1.882 - 1.145
6 6.0 1.223 0.930
7 8.0 0.770 0.886
8 10,0 0.850 1.007

TABLE 18(D) SEPARATION FACTOR FOR CO-NI PAYIR-20%D2EHPA

No. As0 20% sat, with NH 40% sat. with NHy
K K
1 0.5° 1.556 1.016
2 1.0 2.256 ‘ 1.197
: 3 2.0 2.429 : 1.611
4 3.0 2.464 1.790
//’\\ 5 4,0 2.967 1.775
6 6.0 3.691 . 1.276
1 7 8,0 4.225 1.628
] 8  10.0 3.346 1.399
- ' - ‘
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TABLE 18 (E) SEPARATION FACTOR FOR CO-NI
PAIR-20XD2EHPA

No. A/0 ., U40% sat. with NH 60% sat. with NHy
K K

1 0.5 1.536 1.536
2 1.0 1.727 1.840
3 2.0 1.165 1.333
4 3.0 1.327 1.203
S 4,0 1.866 1.303
6 6.0 1.772 1.183
7 8.0 2.488 - 1.256
8 10.0 1.445 1.136

v

TABLE 18 (F) SEPARATION FACTOF FOR CO-NI PAIR-20%D2EHPA

No. A/0 100% sat. with NH  110% sat. with NH;
K ) K
1 0.5 1.536 : ' 2.988
2 1.0 3.241 1.733
3 2.0 2.100 . 1.716
4 3.0 1,548 1.044
5 4,0 1.300 0.760
6 6.0 1.710 0.723
7 8.0 1.106 0.540
8  10.0 1.142 0.592
t
[
yd
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TABLE 19(A) VISCOSITY OF THE ORGANIC PHASE-20%D2EHPA

5@% equilibration with NH3

No. metal loadjpg im  viscosity  (cp)
: . ’/f Iganic phase ‘
1 ‘ . 05942 2,20
2 0.09430 2.62
-3 0.09687 2.65
4 0.12525 | .80 .
5 0.13379 . :
-6 0.13847 " .01
2

TABLE - 19(B) VISCOSITY OF THE ORGANIC PHASE-ZO!DZEﬁPA

40% equilibratiom with NH,

v

No. metal loading inm viscosity (cp)
' organic phase

1 0.04500 - 4.951

2 0.08911 4.64

3 0.15712 : 4.96

) 0.19497 5.21

5 0.19714 5.27

6 0.22027 5.30

b o S MER G M AN WS e PME S e . ER ety me S e amme e Sl AN S SN GG ST SR e SN MR m g S e M amm e ]
. .
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TABLE 19(C) VISCOSITY OF THE ORGANIC PHASE-20%XD2EHPA

{

60% equilibration with NHj x(jgzﬂ
S .
"No. ‘ metal loading in viscosity (cp)
organic phase
1 “0.08571 4.51
,2 0.15724 4.59
«3- 0.20354 LT T 4,93
4 0.23364 4.85 -
5 0.26092 . 5.12
6 0.27634 5.21

TABLE 19(D) VISCOSITY OF THE ORéQNIC PHASE-20%XD2EHPA

/Bﬂf'eguilibration with NH3
-

1
1

“Wo. . metal loading in viscosity (cp)
organic phase

1 0.08568 4.61

2 0.14574 5.01

. 3 0.26774 . 5.34
4 0.30170 5.39
"5 0.32297 5.63
6 0.32818 6.78

e o e e e A S T R R e b —— SR e e, G T MR SR G A S e Gk S e = mmm e e e i e o
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TABLE 19(E) VISCOSITY OF THE ORGANIC PHASE-20%D2EHPA

100% eguilibration with NH

No.

N EWN -

TABLE 19 (F) VISCOSITY OF THE QRGANIC PHASE-20%D2EHPA

110% equilibratiomn with NH

3

metal loading in
organic phase

0.08571
. 0.08823
0.30681
0.36886
0.39140
0.40026

3

L]

metal loading in
organic phase

« 08405
0.16620
0.28938
0.34691
O.44644
0.52362

viscosity (cp)

4.4y
5.11
5.62
5.90
6.36,
6.83

viscosity (cp)

h.47
3.67
5.60
5.63
6.07
6.92

e . e R M e e e R e e e S G E— - e o - e o
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TABLE 19 (G) VISCOSITY OF THE OBRGANIC PHASF-GOXD2EHPA

20% equilibration with NH,

¥No. metal loading in viscosity (cp)
organic phase
1 0.16245 6.94
2 0.26400 T.10
3 0.26184 7.16
4 0.31630 : 12.16
-5 0%326u9 16.87
6 034011 20.14
8

TABLE 19(H) VISCOSITY OF THE ORGANIC PHASE~-U40XD2EHP2

40% equilibratiom with WH,

~
No. metal loading in viscgsity {cp)
organic phase ‘
1 0.17005 . 18,15
2 0.32723 23.63
3 0.u42344 27.53
5 0.44544 34,55
6 0.46585 40.65
L\
- 161 =~
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TABLE 19(M) VISCOSITY OF THE ORGANIC PHPSE-“0§D2EHPA

: %
60% equilibration with NH,

No. ‘metal loading in viscositf {cp)

organic phase
1 0.16985 26.80
2 D.45614 36.81
3 0.50833 44,16
4 0.51930 49,23
5 0.52020 51.44
6 0.53723 - 57.71

TABLE 19 (N} VISCOSITY OF THE ORGANIC PHASE-40%D2EHPRA

"B0X equilibration with NHy-

No. . metal loading in ‘viscosity {(cp)
organic phase -
1 0.17470 . . 31.90
2 0.48210 ’ 43.00.
3 0.54518 48,54
L 0.58490 . 53.33
5 0.60957 : 61.19
6 0.65889 67.75

i
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TABLE 19(P) VISCOSITY OF THE ORGANIC PHASE~U0%XD2EHPA

100% equilibration with NH3-

Ho. ' metal loading in viscosity (cp)
organic phase )

1 0.17138 37.80
2 0.49101 44.32
3 0.58660 50.61
4 0.63581 63.32
5 0.66650 68.54
6 T 0473203 o 73.34

TABLE 19(Q) VISCOSITY OF THE ORGANIC PHASE-UOXD2EHPRA

110% equilibration with NH,

No. metal loadipg in viscosity (cp)
organic pﬁgse '

1 0.17342 41.66

2 0.48987 47.38

3 0.58320° 54,87

4 0.66822 66.76

5 0.72100 : 69.38

6 0.71838 78.19

Yiscosity of unlbaded crganic phaée

20% D2EHPA T 2,12 cp
40% DEEHPA 6.38 cp

- 163 -
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20% equilibration with NHj

No.

N EwWwh -

Cad,
B

petal loading in
organic phase

0.05942
0.09687
0.12525
-0.13379
0.13842

int
tension

er‘acial-

TABLE 20(B) IRTERFACIAL TENSION=-20%D2ERPA

40% equiligﬁation with ¥H;

No.

NEWwn =

metal loading in
organic phase

0.04%00
0.08911
0.15712
0.19714
0.22427

int
teasion

erfacial
{dynes/cnm)

0.250
0.750
1'500
2.250

T 2.500

TABLE 20(C) INTERFACIAL TERSION-20%D2EHPA

60X equilibration with HHy

No.

VN E WK -

petal ioading in
organic phase

0.08571
0.15724
0.23364
0.26092
0.27634

int
tension

erfacial
{dynes/ca)

0.875
2.000
2.250
2.260
2.500

»
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- 164 -



TABLE 20(D) INTERFACIAL TENSION-20XD2EHPA

.
-~

1
|
|
l
I
{
|

80% equilibration with NHj o L e
: . . . |
No. - metal loading in . interfacial {
w. organic phase: . temnsion (d&nes(cn) i
. . ' S i
1 . 0.08568 ¥ 0.500 -1
2 0.26774- 1.500 . |
3 0.30170 : 2.500 .
4 0.32297 2.500. [
5 0.32818 . 2,500 |
P |
- i
M
TABLE 20(E) INTERFACIAL TENSION-20%XD2EHPA [
l.
‘ |
|
100% equilibration with NH, i
) . . £y I
No. metal lcading in interfacial i
organic phase tensionI (dynes/ca) |
|
1 0.08571 2.250 |
2 0.08823 2.250 |
- 3 0.30681 2.500 |
) 4 0.39140 3,250 !
T 5 0.40026 ] 3.250 i
| .
I
|-
TABLE 20 (F) IHTERFACIAL.TENSION-ZOSDZBHPA % B
: ' |
I.
|
110% equilibration with RHy (
. i . ‘ . |
No, metal loading in interfacial © |
organic phase tension (dynes/cm) |
|
1 0.08405 . 1.500 t
2 ¢ 0.16620 © 2.250 |
32% T 0.34961 2,900 uh
4 0.84644 ' 3.250 1
5 0.52362 . 3.500 |
I,
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] TABLE 20({G) INTERFPACIAL TENSION~-U0XD2EHPA i
l ‘ ' [
{ {
| ) ‘ |
I 20% equilibration with NHy |
! , ' e
i No. . metal loading in interfacial N
M . orgamnic phase - tension (dynes/cm) |
| * . 1
1 1 0.16245 . 0.75 {
i 2 . 0.36400 ) : 2.500 A
| 3 ‘7/ *0.26184 . 3.000 |
{ 4 0.31630 3.000 |
| 5 0.32649 3.500 |
| 6 0.34011 4,000 I
! . : : . |
| . {
| . !
N ; :
P TABLE' 20 (H) INTERFACIAL TENSION-40XD2EHPA i
i ) : |
H |
{ ' _ ' (
I 40%>equilibration with NH3 |
t- : ) {
|- -, No. metal loading in interfacial {
I ) organic phase tegsion (dynes/cm) |
| ¢ : . |
{ 1 0.17005 ‘ 0.500 {
| 2 0.32723 i 2.000 |
| 3 - 0.42344 - -3.000 |
| 5 - - ' 0.84373 . 3.500 |
| 5 0. 84544 . 4.000 l
| 6 _ 0.46585 : 4.000 I
| L 3 e l
[ — — ']
: L
NG ey
. . s .
L] L
1+ ’_ ' ' » w
: ! P
.f, * Q
- 4_ -"' . . ‘.‘ . . -~ e
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L
TABLE ZO(H) I ERFACIAL TENSION-UO%D2EHPA

60% equilibration with NH,

. No. ~ metal loading in interfacial
‘" organic phase tension (dynes/cm)
1 . 0.16985 . 1.000
2 . 0.45614 3.000
3~ 0.50833 » 3,000
4 0.51930 . ‘ 4,000
5 0.52020 ° 4,500
6 0.53723 " 4,500 :

TABLE 20 (Ny INTERPACIAL TENSION-U40%D2E®PA

80% equilibration with NH;  °

b—-—_-—————h-—n-—-_————————t-————-_—_———_c-d

No. ’ metal loadinq.if - - interfacial
organic phase tension (dynes/cm)
1 0.17470 2.000
2 0.48210 3.500
3 0.54578 ) 3.500
# 0.58490 . . 4,000
5 0.60957 <, 4.000
6 0.65884 _ LN 4,500
S -
4 ’ P L
- \ ‘ .
. \F\
- T
. . ) i
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TABLE 20(P) INTERFPACIAL TENSION-40XD2EHPA

100% equilibration with Ni,

No.

(= W, B0 PRI R

TABLE

metal ldading in int

organic phase

tension

0.17138
0.43101
0.58660
0.63581
0.66650
0.73203

erfacial
{dynes/cm)

3.000
3.225
4,250
4.750
5.500
6.250

20(Q) INTERFACIAL TENSION-U4OXD2EAPA

110% equilibration with NH,

No.

N E Wk -

7

metal loading in int

organic phase

tension

0.17342
0.48967
0.58320
0.66822
0.71838
0.72100

erfacial
(dynes/cnm)

4.000
5.500
6.000
7.000
7.000
7.000

Interfac1a1 ternsion between unloaded aqueous phase

and organic phase

'20% D2EHPA
4OX D2EHPA

-

%

K

0.050 dynes/cm:
0.025 dynes/cn

]
|
|
!
I
|
!
|
|
1
|
[
|
{
[
i
!
|
!
{
1
|
l
|
|
i
|
{
i
|
|
|
|
!
|
{
|
I
!
|
i
i
!
l
!
|
|

*
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TABLE 21 COMPARISON OF STANDARD DEVIATIONS

¥

-

Fig. no. system std. deviation

std, deviation

1 ]
f
|
|
!
{
l
| Langmuir Freundlich
{ isotherm isothernm
' /
i
| . -
| 14 Co1020 0.0041 0.0153
1 15 Ni1040 0.0168. 0.0192
] 16 Ni12020 0.0116 0.0130
| 17 CHN2040 - 0.0130 '0.0178
| 18 CN2080 0.0116 0.0153
I 19 . CN20100 -0.0192 0.0265
§ 20 NC20100 0.0141 0.0227
| 21 - Col0u0 0.0271 0.0956
I 22 NC4040 0.01€8 0.0297.
.
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|
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