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ABSTRACT

The extraction of cobalt(II) from solutions containing either
lithium chloride, hydrochloric acid, calcium chloride, mixed lithium
chloride - lithium nitrate, or mixed hydrochloric acid - lithium
sulphate by solutions of tri-n-octylamine in benzene has been studied.

The stability constants of the cobalt(II) chlorocomplexes occurw
ring in solutions of LiCl up to 6M concentration have been calculated
from spectrophotometric data.

The dimerisation constants of the chloride and nitrate salts of
tri-n-octylamine have been calculated from data obtained by vapour
pressure osmometry,

Karl Fischer titrations have been used to obtain information about
the interphage transfer of water during the extraction of cobalt.

The organic cobalt complex is solvated by excess amine hydroch-
loride and its composition may be represented as (TOAH)200014.0'3T0AH01.

Slopes of 1+6€ obtained for log D o against log amine salt concentrat-

ion have been explained in terms gf the aggregation of the amine salt
in the organic phase., Extraction is believed to take place by transfer
of CoClg from the agueous to the organic phase. Slopes of log DCo
against log chloride activity indicate that the agueous activity
coefficient of the extractable complex increases very rapidly with the
bulk chloride concentration, The decrease in extraction observed in
concentrated hydrochloric acid solutions has been quantitatively
explained in terms of preferential formation of the amine hydrogen
dichloride, TOAH2012.

Extraction from mixed lithium chloride ~ lithium nitrate solutions
indicated that cobalt extraction could be increased by the presence of
a suitable second electrolyte in the aqueous phase, This effect has
been demonstrated by extractions from mixed chloride - sulphate

golutions,
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CHAPTER 1

INTRODUGTION

The work described in this thesis is part of a study of the solvent
extraction of metals that has been carried out in the Hydrometallurgy
Group at the Royal School of Mines, The overall object of the study is
to attempt to quantify extraction reactions in terms of the physico-
chemical parameters of the system, such as the activities of components,
stability constants and extraction constants, Previous theses have been
concerned with the extraction of wvarious metals by tertiary amines1 and
by alkyl phosphoric acidsz.

The extraction of cobalt from chloride solutions by trioctylamine
was chosen for this study because it is a system of industrial importance,
Cobalt can be readily separated from nickel by selectively extracting the
former with organic solutions of tertiary amines from chloride liquors
containing a mixture of the two metals, The separation of cobalt and
nickel has always been one of the major problems in extractive metallurgy.
The relative ease with which the separation can be made by amine extract-
ion resulted in this system being one of the first solvent extraction
processes that was given serious consideration by the traditionally
technologically-congervative base-metal extraction industry., At least
two commercial-scale processes utilising amine extractions of cobalt are
in operation at the present time, Since the problems associated with
handling highly corrosive chloride liquors have been largely overcome
with the increasing use of plastics, further applications of this separ-
ation method are likely in the future,

The work that was carried out during the course of this investig-
ation may be divided into several parts, each of which is briefly
described below,

The extraction of cobalt(II) by solutions of tri-n-octylamine in

benzene was studied, Extraction was carried out from agueous solutions
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containing either lithium chloride, hydrochloric acid, calcium chloride,
or mixtures of lithium chloride and lithium nitrate, A few experiments
were carried out using mixed sulphate-chloride solutions, Variables
investigated included chloride concentration, metal concentration, and
amine concentration. The extraction data were collected by the simple
batch shake-up method, in which equal volumes of organic and agueous
phases were shaken together in separating funnels, The distribution of
cobalt was measured by radio-tracer techniques using crystal scintillat-
ion counting of the gamma emission of 6000 isotope, In some experiments
the distribution of chloride was determined by liquid scintillation
counting of the beta emission of 3601 isotope,.

Preliminary analysis of the extraction data indicated that the
behaviour of this system was far from simple., In the hope of clarifying
the situation, the scope of the work was broadened, to include investig-
ations of both the complexing of cobalt in the agueous phase and the
behaviour of the amine salts in the organic phase.

Much controversy surrounds the identification of the complexes
formed by cobalt in the presence of chloride ions, It is generally
agreed that the highest complex is the tetrahedral tetrachlorocobaltous
ion, although it is not certain whether this ion is formed in agueous
solutions, Some workers maintain that cobalt is present as CoClB.HQO‘
even in very high chloride solutions such as concentrated hydrochlorio
acid or saturated lithium chloride gsolutions, There is also uncertainty
about the point at which the co-ordination of the central cobalt ion
changes from an octahedral to a tetrahedral configuration, These
uncertainties are reflected in the data available for the stability
constants of the complexes. DPublighed values for the constants above K1
are very few and far between, One of the main difficulties in obtaining
numerical values of stability constants for this system is that the
complexing is very weak., This fact necessitates the use of high chloride
concentrations and renders inapplicable the constant ionic strength
method to maintain constant the activity coefficients of the ions., With
gome irepidation, therefore, a spectrophotometric study of the oobaltous
chloride ~ lithium chloride system was undertaken, in an attempt to
obtain a set of stability constants which could be used to help to
elucidate the extraction behaviour, It is believed that partial success
was achieved in this endeavour,

Tn addition to the complexities of the agueous phase, the behaviour



of the amine in the organic phase is less than straightforward. Amine
salts, which are polar ion-pairs, tend to form aggregates when dissolved
in non-polar organic solvents., Aggregation of the extractant is known

to have profound effects on the extraction behaviour exhibited by this
type of system, Very few data were available on the aggregation of
trioctylamine salts and so a study of the aggregation of the chloride and
nitrate salts and the cobalt-amine complex was carried out, using the
technique of vapour pressure osmometry,

In view of the high chloride salt concentrations used in this study
and the resulting large differences in water activity between various
agqueous phases, some work was alsgo carried out to determine the behaviour
of water during extraction of cobalt, This was done by measuring the
water contents of various types of organic scolutions, representative of
those encountered in the extraction experiments, by Karl Fischer
titrations,

The organisation of this thesis is slightly unusual in that certain
parts of the work are presented as self-contained units, Thus Chapters
4, 5 and 6 are concerned respectively with spectrophotometry, vapour
pressure osmometry, and water determinations, These chapters each
contain experimental details, results and a discussion of the results,
Chapter 3 containg the experimental details and the results of the
solvent extraction work, but the discussion of thege results is left
until Chapter 7, which is a general discussion that attempts to draw
together the preceding chapters, In other words, it is a discussion of
the solvent extraction results into which numerical data derived in
earlier chapters are introduced where applicable,

Wherever possible, the results and derived data are presented
graphically in the text of this thesis. Only numerical data which do
not lend themselves to graphical presentation are tabulated in the text.
A1l other numerical data are collected together in Appendix 2. A table
number followed by the letter X indicates that the table can be found
in the appendix,
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CHAPTER 2

LITERATURE _SURVEY

2,4, Stability Constants of the cobaltous chlorocomplexes

The complexing that occurs between cobaltous ions and chloride
ions in agueous solutions is the subject of much controversy, The
determination of the stability constants of these complexes is
complicated by several factors, Cobalt(II) commonly has two co-ordin-
ation atates, octahedral and tetrahedral, The uncomplexed agueous
cobaltous ion is octahedrally co-ordinated with six water molecules
whereas the highest chlorocomplex is the tetrahedrally co-ordinated
tetrachlorocobaltous ion, 000142-. However it is not clear which of
the intermediate complexes are octahedral and which are tetrahedral,
The result is that the number of complexes that have to be considered
is uncertain, since the possibility exists of pairs of intermediate
complexes which have the game number of chloride jigands but different
numbers of water molecules due to different co-ordination states of
the central ion, e.g. 00012(H20)4 (oct.) and 00012(H20)2 (tet. ).
Katzin and Gerbert3 identified both the octahedral and tetrahedral
forms of the dichlorocomplexes in alcoholic solutions by the method
of continuous variations, Fine4 also detected tetrahedral CoClQ in
acetone solutions,

In addition to the uncertainty concerning the number of chloro-
complexes that occur, the fact that the stabilities of these complexes
in agueous solutions are low, leads to difficulties in the interpret-
ation of experimental data, The constant ionic strength method cannot
be used in the determination of the higher stability constants since
high ligand concentrations are required., Thus various assumptions
have to be made about the activity coefficients of the ions in the
system and the validity of the stability constants becomes very
dependent on the validity of the assumptiong,

Spectrophotometry has been the most widely used method of
investigating the complexing in this system. Aqueous solutions con-
taining uncomplexed cobaltous ions are pink., A broad weak absorption
peak is exhibited by such solutions, The maximum of this peak occurs



10.

at a wavelength of about 515 nm, In the presence of chloride at 3M
and above, cobaltous solutions develop an intense blue colour. This
strong absorption has three peaks in the 600 to 700 nm. wavelength
range, The pink colour is generally attributed to cobalt(II) in
octahedral co~-ordination and the blue colour to cobalt(II) in tetra-
hedral co~ordination.

The first attempt to obtain numerical values of the stability
constants was by Jobs. He investigated the 002+ - HCl system by
spectrophotometry and concluded that only three complexes occurred, i.e.
cot, cocl® and CoClj. ALl three complexes absorbed in the 500 mm,
region, but only the latter absorbed in the so-called tetrahedral
region, 600 to 700 nm. Values of the stability constants of these
complexes were: K1 =4 x 10"'3 and 53 = 12 x 10-6.

The value found for X, by Job is considerably lower than the

majority of wvalues obtaine; in more modern investigations. These
generally lie within the range 0+1 to 10 for a variety of media, A
compilation of the stability constants quoted in the literature is
given in Table 2.1, It will be seen that there are very few numerical
values given for the stability constants of complexes higher than
CoC1*, The paucity of data is a reflection of the inherent difficulty
of the system,

Many workers have assumed that the spectra exhibited by cobalt(II)
in concentrated hydrochloric acid solutions or saturated lithium
chloride6solutions are due to the CoClZ' ion. TFor example, Migutani
and Sone attributed the absorption in the 600 to 700 nm. region to
CoCli’ and then calculated values of 64 from extinction coefficient
data, Smithson and Williams7 made the same assumption and used
extinction coefficient data from this region to correct data obtained
in the octahedral region for absorption due to CoClZ-. The corrected
octahedral data was then used to calculate a value for K1. Gill and
Nyholms, in a paper which discussed factors likely to favour the
formation of tetrahedral complex halides of bivalent transition metals,
jmplicitly assumed the formation of CoClz_ in agueous solutions., They
presented a theoretical argument to show why both cobalt and copper do
form the tetrachlorocomplex ion whereas nickel does not,

While there is ample experimental evidence to shog :gat cobalt(II)

does form anionic complexes in high chloride solutions , it is less
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Stability constants of agueous cobaltous chlorocomplexes

Method ™¢ Medium Log values Reference
B0 P By By
Spect, 18 HCl various =240 - =592 = 5
Spect.,pHQO 0 corrected = =3.95 - - 18
Anion ex, 0 corrected - =128 - - 19
Spect, 20 M (0104) 043 - - - 7
Cation ex, 1+5M (Ni,NOB) -0¢60 - - - 20
Cation ex, 20 0+69M (HClO4) 0+69 051 = - 21
Polarography 1+5M (NaClO4) ~0¢3 - - - 22
Spect. 1+5M (NaClO4) ~0¢4 - - - 22
n,m,r, 27 HC1 various =077 =3+54 =605 =811 17
Transport 0 corrected KK, = 672 16
Calorimetry 25 oM (NaClO4) 014 - - - 2%
Spect. 3M (NaClO4) Q28 - -  =2¢15 6
Spect, 6M (NaClO4) 043 -~ - =2.82 6
Spect, 7+ 3M (NaClO4) -1 - - &-3 6
Ag/AgCl elect, 25 2M (NaClO4) -0+18 = - - 24
certain whether complete conversion to CoC12”

agqueous solutions of chloride salts,

Cotton and co-workers

14

4 occursg even in saturated
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studied the spectral and magnetic properties of several organic
compounds containing CoX42_ ions, where X = C1°, Br or I , The
spectra of solutions of these compounds in organic solvents were
significantly different from the spectra of cobalt in concentrated
aqueous solutiong of HX or LiX and they concluded that "..,.there

ig no doubt that the spectra obsgerved for the solutions in
concentrated HX or LiX are largely, if not entirely, those of some
tetrahedral species other than CoX42- eses.most probably C°X3QHQO'."
Other workers have assumed that the dominant anionic complex is
0001;.
the influence of temperature on the octahedral-tetrahedral equilib-

Scaife and Wood15 assumed this to be the case in a2 study of

rium, Venkateswarlu and co-workers16 made the same assumption in
order to calculate values of K2K3 from electrophoresis measurements,
They found that for cobalt in HCl solutions, migration of the metal
towards the cathode occurred up to 8:17M HCl, At higher acid
concentrations, the metal migrated towards the anode., They assumed
that only two metal species were involved, coc1t ana CoCl,, and that
at the neutral point, the concentrations of these two species were
equal, The data from a recent nuclear magnetic resonance study17 of
cobalt(II) in hydrochloric acid solutions indicated the presence of
up to five metal complexes: Co(H20)62+, CoC1(H,0) + CoC1,(H,0),,
00013(H2o)‘ and 000142". A full set of stability constants were
caleulated from the data., These constants involved the activity of
water. This interpretation of the data, particularly the proposed
tetrahedral dichloro-complex, CoCl,(H,0), is thrown into some doubt
by a statement in the paper which says that the data could alsc be
described by a somewhat different set of stability constants which
did not involve the activity of water. The authors maintain that
their interpretation of the species present in solution is not
altered by doing this., However it is not possible to distinguish
between octahedral and tetrahedral 00012 without involving water in

the equilibria, This point is developed more fully in Chapter 4.



13.

2.8, Aggregation and hydration of tertiary amine salts

Much work has been done to elucidate the aggregation of amine
salts which occurs when they are dissolved in organic diluents.
Aggregation into dimers is a general phenomenum in all but highly
polar organic solvents, Dimerigation is generally attributed to
ion-quadrupole formation which reduces the polarity of the monomeric
ion-pairs of the amine salt, Aggregation into polymers higher than
the dimer is observed in most amine salt-diluent systems as the
conoentration of the salt is increased. Amine nitrates appear to
form trimers quite readily in many diluents, whereas for most other
amine salts, trimer formation is rather unusual, and the dimer appears
to be the basic unit from which higher aggregates are formedso. Quite
large aggregates have been observed., TFor example the formation of a
90-mer by trioctylamine nitrate in o-xylene has been reportedss.
However the exact number of monomers involved in these large aggregates
is uncertain,

The experimental techniques that have been employed to study
aggregation include vapour pressure osmometry, light-scattering
measurements, cryoscopy, and two-thase e.m.f., titrations, A compre-
hensive review of the work up to 1968 is given by Marcus and Kertes in
their excellent monograph55. In view of this compilation, the present
survey is restricted to previous work on the chloride and nitrate salts
of tertiary amines, since this is directly relevant to the present
investigation, Table 2.2 lists the reported values of the aggregation

constants Kn of these salts, where Kn refers to the reaction:
N S
nRSNEX == (R,NHX)

The Kn values for large aggregates are enclosed within parcnthesés to
indicate that there is uncertainty about their exact composition,
Thege large aggregates have been detected almost exclusively by the
two-phase e,m,f, titration technigue, The analysis of results obtained
by this technique is done by computer, It is reported that the uncert-
ainty in the analysis increages with the agize of the polymer and that
the number of monomers n in the large polymers should be regarded as
some kind of average53.

From Table 2,2 it is evident that the diluent has a major effect

on the degree of aggregation of the amine galt. For example TLAHNO3
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Table 2,2 Aggregation constants of tertiary amine hydrochlorides
and nitrates at 25°C.

Salt Diluent log Kn Reference
TLAHC1  o-xylene K3=3-18,(K50=73-6) 33
TLAHC1  benzene K =127 34
TLAHC1  benszene K2=1-7O 25
TLAHC1  benzene K=1+48" 25
TLAHC1 benzene K2=1-30 26
TOAHC1  benzene K =111 36
TLAHNO3 octane K8=19-9,(K30=80-O) 33
TLAHNO3 dodecane (K8c20-3),(K6O=108°3) 33
TLAHNO3 o-xylene K2=1-46,K3=3-22,(K30=45-2) 33
TLAHNO; m-xylene Ky=1+70,K5=3-36, (K5 =49+5) 33
TLAHNO3 t-butylbenzene K2=1-89,K3=3~92,(K30=54-7) 33
‘I‘LAHNO3 toluene Ky=1- 66,1{3:3-16,(1{50:80-3) 33
'I'LAHNO3 bengene K2=O-9O,K3=2-28 20
TLAHNO3 benzene K2=1~82,K3=2-6O 25,30
TLAHNO3 carbon tetra~ Ky=1+34,K =343,k =5-64 30

chloride 5 4
EOAHNO3 o=-xylene K2=1-51,K3=3~36,(K9O=153'4) 33

* 8]
Temperature = 37 C.

in octane and dodecane forms octamers, whereas, in aromatic solvents,
dimers and trimers predominate, This type of behaviour is generally
attributed to differences in the sgolvating power of the various
diluents. Solvation of the amine salt by the solvent shields the
high dipole moment of the ion-pair and reduces aggregation, In
aliphatic hydrocarbons which are largely non-solvating, the greatest
degree of aggregation is observed, In highly polar solvents such as
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nitrobenzene and alcohols aggregation has not been observed and the
amine salt can even dissociate27. The degree of aggregation is also
related to the nature of the anion of the amine sa1t26’27. The
stronger the interaction between the anion and cation of the salt, the
less is the tendency to aggregate since the "solvation requirement" of
the ion~-pair is decreased.

The solvation requirement of the ion-pair is also thought to be
the cause of the co-extraction of water into the organic phase, which
is exhibited by all amine salts in varying degrees, Miller and
Diamond26 showed that, for the hydrohalide salts of TLA, the ratio
of water to amine salt in the organic phase depended on both the anion
of the salt and the diluent, For a given diluent, the ratio of water
to amine salt decreased with the anion in the order, C17> Br > I
»SCN ., For a given salt, the ratio decreased with the diluent in
the order, cyclohexane >benzene or toluene™ carbon tetrachloride ).
chloroform, They were able to qualitatively explain these effects in
termg of the solvation requirements of the anions and the solvating
ability of the diluents. The infra-red spectra of the hydrated salts
showed that the water was bound in the amine salt, However they were
not able to distinguish whether the water acted as a bridge between
the anion and cation or whether it was hydrogen-bonded solely to the
anion, Some recent work by Roddy and Coleman31 favours the latter
conclusion,

The work of Roddy and Coleman31 together with that of Frolovsz,
has demonstrated further complexities in the behaviour of water in
amine extraction systems, It has been shown that the concentration of
water in the organic phase is a function of the water activity in the
equilibrium agueous phase, For example, both TLAH0126 and TOAHCl31
at a concentration of 0¢1M in benzene have a water to salt ratio of
approximately unity when in equilibrium with dilute aqueous phases,
where the water activity is close to unity., However there is a linear
decrease in the concentration of water in the organic phase as the
water activity of the aqueous phase is decreased by increasing the
electrolyte concentration.

In spite of the rather complex behaviour of water in these systems,
it is generally agreed that the presence of water in the organic phase
has very little effect on the aggregation of the amine salts. This
has often been demonstrated by the similarity of results of aggreg-

. 26,28
ation measurements using both anhydrous and hydrated amine salts™ '™’

30,33
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2,C. The extraction of cobalt by tertiary amines and
guaternary ammonium salts,

As stated in the Introduction the solvent extraction separation
of cobalt from nickel in chloride liquors by tertiary amines was one
of the first applications of the technique that was given serious
consideration by the base-metal extraction industry, Several early
papers described processes which involved an amine solvent extraction
step.

In 1961, M‘agner37 outlined a process for the treatment of a
complex sulphate leach liquor containing Co, Ni, Cu and Fe, The
process, which at that time had been run at laboratory scale only,
involved treatment of the liquor with HQS to precipitate the copper as
CuS, and simultanecusly to reduce ferric iron to the ferrous state.
Nickel and cobalt were then extracted together from the gulphate
liguor by dinonylnaphthalene sulphonic acid in kerosene, The loaded
extract was back-extracted with éM HC1 to remove both metals, The
resulting chloride liquor was then suitable as a feed to a cobalt
extraction circuit using tri-iso-octylamine in toluene., Virtually
complete separation of cobalt from nickel was achieved in this step,
Nickel metal was recovered by electrolysis of the raffinate from the
amine extraction, while cobalt was also recovered by electrolysis after
back-extraction of the loaded amine solution with water,

Tri-igso~octylamine was also chosen as the extractant in a p:x:'ocess38
developed at the U,S, Bureau of Mines, and reported in 1963, for the
treatment of an impure nickel oxide, produced by ammonia leaching of a
lateritic nickel ore. The oxide was smelted with carbon to produce a
crude nickel metal which was cast into anodes, The anodes were
electrolytically dissolved in 4iaphragm cells., The electrolyte was a
mixed chloride-sulphate ligquor, The purification of this liguor
leaving the anode compartment involved solvent extraction with O+«éM
TI0A in xylene, This removed Co, Cu, Fe and Zn from the solution, from
which nickel was recovered by electrodeposition in the cathode compart-
ment of the cell, Cobalt was selectively removed from the loaded amine
by back-extraction with water to produce a solution suitable for
recovery of cobalt by electrolysis.

Russian interest in this type of process is evident in a paper by
Joffe and Duahkina39 who proposed a process for the extraction of cobalt
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from nickel by a O¢1M solution of a tertiary amine (07_9) in kerosene.
The process involved the use of calcium chloride as the source of
chloride ions instead of hydrochloric acid, This was done to take
advantage of the improved extraction of cobalt which occurs in the
presence of alkali or alkaline earth metal cations,

The early interest in these processes has culminated with the
introduction of industrial amine extraction of cobalt, At least two
commercial-scale processes are known to be in operation at this time
in the Western world, A description of one of them, operated by
Falconbridge Nickel at their Kristiansand refinery, has recently been
published4o.

Concurrently with the development work described above, fundamental
studies were being carried out to investigate the chemiatry of the
extraction of cobalt by tertiary amines and quaternary ammonium salts.

Good and co-workers undertook a lengthy investigation into the
extraction of various transition metals by amines and quaternary
ammonium salts, and the results were reported in a series of papers
published between 1960 and 1965, The extraction of cobalt from hydro-
chloric acid solutions by various primary, secondary and tertiary amines
was studied41. Tertiary amines were shown to be the most efficient
extractants and it was also shown that the type of diluent used had a
marked effect on the extraction, With all the amine~diluent systems
studied, the extraction of cobalt increased with increasing aqueous
hydrochloric acid concentration to a maximum in the region 8 to 10M HCI1,
At higher acid concentrations, the extraction decreased, The visible
absorption spectra of the loaded organic phases indicated that cobalt
wasg present as the 000142° ion, and it was suggested that the extraction

was due to an anion exchange mechanism, represented by the following

i;?i + Hl & R¥ET

2+ - 2=
Co(H20)6 + 401" CoC1,”" + 6H?O

equations:

ZR3NHCI + CoCl4 = RjNH 200014 + 2C1

The decrease in extraction obgerved at high acid concentrations

was attributed to the formation of non-extractable undissociated acidio
chlorocomplexes:
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(W4 + 2HCL =2 2@"}1’5’1’ + H,00C1,
This latter explanation was modified by the authors in a later paper42.
They showed that the decrease in the extraction of cobalt did not occur
when LiCl was used as a source of chloride ions instead of HCl., They
observed that excess HCl was extracted by the amine from concentrated
acid solutions, and the infra-red spectra of amine solutions containing

2
results, they suggested that the decrease in extraction of cobalt at

excess acid indicated the presence of HCl, ions, In view of these
high acid concentrations was due to competition between formation of

the organic metal ecomplex and formation of the amine dichloxride:

S S
RNHCL + HOl = R,NH,C1,

Anothex paper43
transition metals, including cobalt, from both HCl and LiCl solutions

by long chain quaternary ammonium halides, The chloride and bromide

in the series concerned the extraction of various

salts were shown to be good extractants, The extraction characteristics
of the quaternary salts were similar to those of the tertiary amine
salts, although the former were rather more efficient extractants.

These results were similar to those reported by Wilson and co-workers

in an earlier paper44. This concerned the effects of the structure of
quaternary ammonium halides on the extraction of 002+’ Fe5+, Zn2+,

and T13+. It was shown that the extractant molecule should contain at
least 24 carbon atoms in oxrder to obtain high metal distribution
coefficients,

Good and Srivastava45 returned to the problem of the nature of the
metal chloride complex existing in solutions of tertiary amine and
quaternary ammonium salts., They investigated the extraction of Fe3+,
Coz+, Ga3+ and In3+. The techniques used to establigsh the composition
of the organic metal complexes included slope analysis of distribution
data, loading ratios, direct analysis of the loaded organic phases,
infra-red spectra, and vapour pressure osmometry, They concluded that,
for all the metals and extractants examined, the metal existed in the
organic phase as the tetrachlorocomplex, Vapour pressure osmometry
indicated that, except for indium, the organic metal complexes formed
by both tri-n-hexylamine and Aliquat 336 (commercial trioctylmethyl-

ammonium chloride) in toluene were associated, and existed as trimers
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over a fairly wide concentration range, The authors noted that the
slopes of log distribution coefficient against log extractant
concentration led to several anomalies when compared with the theoret-
ical slopes expected from the law of mass action. This type of
inconsistency is not uncommon in amine extraction systems46 and it is
now generally attributed to aggregation of the amine salts into dimers
and higher polymers,

The extraction of cobalt from hydrochloric acid solutions by
tri-n-nonylamine in benzene was investigated by Venkateswarlu and La147.
They reported slopes of 3 and 1+5 for plots of log distribution
coefficient against log chloride activity and log amine concentration
respectively, They stated, without any attempt to justify their
conclusions, that the results indicated the extraction of CoCl-, HCoClZ,
and CoCl42~, and that the fractional slope observed for log DCo against
log amine concentration could only be explained on the basis that at
least two species are extracted, one being uninegative., Similar results
were obtained in the present investigation and it will bte shown that the
fractional slopes can be satisfactorily interpreted by taking into
account the aggregation of the amine salt,

The extraction of cobalt from hydrochloric acid by tri-n-octylamine
was studied by Sato, The results were reported by him in two virtually

identical papers48’49

published simultaneously in different Journals,
Fractional slopes for log DCo against log amine concentration were again
observed, The slopes varied between 1+30 at 4M HC1l and 175 at 8M HC1.
The cobalt to amine molar ratio at full loading was approximately 05,
and the ratio of cobalt in the organic phase to chloride in excess of
that required for the stoichiometric amine hydrochloride was found to
be 2, The visible absorption spectrum of the loaded organic phase
indicated that the metal was present as CoCl42: in agreement with the
work discussed above. The infra~red spectrum of the organic phase
showed that the organic metal complex was unhydrated and this was
confirmed by Karl Fischer titration, Analysis of the organic complex
gave a molar ratio of Co : C1 : TOA equal to 1 : 4 : 2, Sato proposed

that the extraction reaction should be represented as:

CoCl

RNHCL = (R, NH),CoCl
p + SRNHCL = THWH),CoCl,
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Two recent Russian papers have also been concerned with the
mechanism of the extraction of cobalt, Iwvanov and co-workers50
studied the extraction of cobalt and nickel with several guaternary
ammonium chlorides and also trioctylamine hydrochloride., They
concluded that the mechanism of extraction was the same for both
metals, involving the formation of the tetrachlorocomplex in the
aqueous phase, followed by extraction of this complex into the

organic phase:
M2t 4 4017 == w01

2— Am -
MC14 + ER‘FCI ;::E ZRAN;2M014 + 2C1

The extraction constants, k, were calculated using the following
equation:

[(R) ML, ] x[c17%y, [r, el %'
[M2+] -4

where Y, is the mean activity coefficient of the metal salt in the
aqueous phase, For cobalt, log k = 174 and for nickel, log k = -4:06,
These constants applied to all the extractants studied, It was found
necessary to incorporate the agueous activity coefficient of the metal
in order to obtain constant values for k,

Shmidt and Mezhov51 used a cryoscopic technique to examine the
organic metal complexes formed by extraction of cobalt with both
tridecylamine and trilaurylamine hydrochlorides in p-xylene., They
concluded that in both cases the organic metal complex was solvated by

four extra amine salt molecules, and could be represented as:
[(R4NHC1 ) RNH],CoCL,.

It may be concluded that there is a considerable amount of evidence
to show that cobalt exists in organic phases containing either tertiary
amine hydrochlorides or quaternary ammonium chlorides ag the tetra-
2=, Most previous investigations have been of

4 ° 50

a largely qualitative nature, and except for one Russian paper” , no

chlorocomplex ion, CoCl

attempts have been made to gquantify the extraction reactions in terms
of the physico-chemical parameters of the systemg., As in the case of
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most amine extraction gystems, it is not clear whether cobalt
extraction involves an anion exchange mechanism or whether it is

a solvation reaction involving the extraction of neutral 00012 into
the organic phase, The fractional slopes obtained for log Dco
against log amine concentration indicate that aggregation of the

amine salts affects the extraction of cobalt, but this has not been
investigated in detail,
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CHAPTER 3

SOLVENT EXTRACTION RESULTS

3.4, Experimental

2.A§12 Materials

Trioctylamine

Technical grade tri-n-octylamine was obtained from B, Newton-Maine
Ltd, The molecular weight of this material, measured by vapour pressure
osmometry was 349 (Section 6,D(iii)), which is within 1:2% of the
theoretical value - 353, whereas potentiometric titration with standard
HCl gave a value of 410, indicating the presence of a non~basic impurity,
Analysis of the amine gave results in good agreement with the theoretical
values: C = 8153, H = 14-47, N = 4-16%; calculated: C = 81:60, H = 14+43,
N = 3:97%.

Attempts to purify the amine by vacuum distillation, in oxrder to
improve its potentiometric molecular weight, were unsuccessful and the
material was used without further treatment,

Solutions of trioctylamine in A.R, benzene were prepared as required

and standardised by potentiometric titration with standard HC1.

Lithium Chloride

Concentrated stock solutions of lithium chloride were prepared by
dissolving G.P.R. lithium carbonate in 10M A.R. hydrochloric acid until
the reaction was complete, Unreacted solid was filtered off and the
lithium chloride solution was then standardised, The chloride content
was determined by Volhard's method and the lithium content was determined
gravimetrically as lithium sulphate, Two stock solutions were prepared

during the course of the work, and their analyses are given below:

Li content Cl content
18t LiCl stock sclution 9+.8TM 9« 84M

2nd LiCl stock solution 10-09M 10.08M
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Lithiuwm Nitrate

A stock solution of lithium nitrate was prepared in a similar
manner to the lithium chloride solutions,.,. 6+5M A,R, nitric acid was
neutralised with G,P.R., lithium carbonate, BExcess solid was filtered
off and the solution standardised, ILithium was determined as above and

nitrate was determined gravimetrically using Nitron reagent.

Li gontent yga ?ontent
LiNO, stock solution 6+54M 6+53M

3

6000 isotope

1 mCi of 6000 as 00012 solution was obtained from the Radiochemical
Centre, Amersham, This was mixed with a solution containing 500.ml.
0+973M HC1 and 70 ml., O-1M 00012. P
distilled water, and the resulting ~ Co stock solution had the following

composition:

The volume was made up to 1 1, with

[HC1] = 0-487M, [00012] = 0.001M, Activity = 1 uc§000 per ml,

Suitable count rates for cobalt distribution measurements were

obtained by adding the o0

in the proportion 2 ml, isotope solution per 100 ml, agueous phase,

Co stock solution to the inltial agueous phases

3601 igotope

100 uCi36CI contained in 5¢4 ml. of 3-9M HCl was obtained from the
Radiochemical Centre,Amersham, The isotope solution was diluted to
500 ml, with distilled water, to give a stock solution with an acidity
of 0+042M HC1 and an activity of 0¢2 ,Ci 3601 per ml, This stock

solution was used in the proportion 2 ml, per 100 ml., of agueous phase,

Other Reagents

A1l other reagents used were standard A.R, grade reagents.

Alil Digtribution Experiments

All distribution experiments were carried out batchwise in quad-
ruplicate, 20 ml, aliquots of the organic and agueous phase were sghaken
together in 100 ml, separating funnels for 5 mins., at ambient temperature -
18 to 2500. Within these limits a change in temperature had no detectable
effect on the distribution coefficients,
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Preliminary experiments had shown that equiljbrium was achieved within
the first minute of shaking. After settling, the phases were separated
and 10 ml. samples were taken for radiocactive counting to determine the
concentration of the distributing element (either Co or Cl) in each
phase, The counting techniques are described below, Prior to the
distribution experiments, the amine solution in benzene was converted to
amine hydrochloride, by shaking it with a two-fold excess of agueous
hydrochloric acid, In the cobalt distribution experiments, the amine
hydrochloride solutions were then pre-equilibrated by shaking with an
aqueous solution with the same composition as the test solution, but

containing no cobalt.

5,A§iii) ¥ - counting.

The distribution of cobalt was determined by scintillation counting
of the gamma emission of 6000.

An Ekco N664B counter equipped with a thallium activated sodium
iodide scintillation crystal, coupled with an Ekco N53QG scaler was

used, The performance of the equipment had to be optimised for the

isotope in use by preliminary experiments to find the control settings
at which the least variation in count rate occurred with changes in the
high tension voltage (E,H.T.). The settings established for 6OCo,were=
E.H.T, = 850V, discriminator bias = 15V and amplifier gain = 100X.

Counting was carried out by pipetting 10 ml, samples of solution
into N552 polythene annular containers, Each container was then placed
in the seintillation counter and counted for at least 100 seconds.
Background count rates were obtained using enpty containers.

The distribution coefficients of cobalt, D.., were calculated from

Co
the expression:

Ry = Ry

D, =
' Co RA -,RB ’
where RO, RA and RB are the organic, aqueous and background cownt rates,

respectively. The percentage "mass balance" of counts was calculated
after each determination of DC¢=

- R R -
Mass balance = o (Ri)fa;)A " x 1007

where RT is the count rate of the initial aqueous solution prior to



25.

60

equilibration, The ~Co stock golution was added to the initial agueous
solutions in the proportion 2 ml, stock solution per 100 ml. agqueous
solution, Thus the 60@0 concentration in a 10 ml, aliquot of initial
aqueous solution was 02 ,€i, This gave an RT value of the order of
600-700 counts per second. Mass balances obtained in the cobalt

distribution experiments were generally better than 100 % 3%,

JA(Lv 8 = counting.

The distribution of chloride was determined by ligquid scintillation
counting of the beta emission of 3601.

The equipment used was an Ekco N612 liguid scintillation counter,
coupled with an Ekco N5306 scaler, The counter was refrigerated to
-20°C to reduce thermal noise and all samples were equilibrated to this

36

temperature before counting, Optimum instrument settings for “ Cl were
found to be: E,H,T, = 1200V, discriminator bias = 20V and amplifier
gain = 500X, ' o,

The scintillation golution consisted of 8 gm, 2,5-~diphenyloxazole
(P.P.0.) and 0+36 gm, 1,4~bis-{2-(5-phenyloxazole))-benzene (P.0.P.0.P.)
dissolved in 1 1, sulphur-free toluene., An organic reference solution.
was prepared by dissolving 1 ml, agueous stock 3601 solution in 100 ml,
absolute alcohol.

The counting solutions were made up as follows:

Aqueous background: 10 m}, scintillation solution,

10 ml, absolute alcohol, 1 ml. water.

Aqueous reference: 10 ml, scintillation solution,

10 m1, absolute alecohol, 1 ml., agueous phase before

extraction,

Agueous samples: 10 ml, scintillation solution, 10

ml, absolute alcohol, 1 ml. agueous phase after

extractien.

Qrganic background: 10 ml, scintillation solution,
10 ml, absolute alcohol containing 1% water, 10 ml.

amine hydrochloride solution.

Organic reference: 10 ml, scintillation solution, 10
ml, organic reference solution, 10 ml, amine hydro-

chloride solution,
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Organic samplegs: 10 ml., scintillation solution, 10
ml. absolute alcohol containing 1% water, 10 ml,

organic phase after extraction.

The counting solutions were made up in this fashion so that the
background, reference and sample solutions of each phase were of
identical cempositions, In the case of the organic background, reference
and sample solutions, it was found necessary to strictly adhere to the
order of addition of the ingredients given above. Addition of the
geintillation solution after the amine solution tended to lower the count
rate, Typical count rates obtained for the various solutions were as

follows:

Aqueous and organic backgrounds. : 1-2 c.p.8.
Aqueous reference : 65-85 c.p.8.

Aqueous samples : 65-85 c¢,p.8.

Organic reference : 460~480 c.p.s.

Organic samples : 2-10 c,p.8.

In spite of the very low count rates in the organic samples, satisfactory
results for the chloride concentrations of the organic phases were obtained,
The mass balances were not quite as good as those obtained for y—cownting
gince they varied between 100 % 4%, This was thought fo be mainly due to
inaccuracies in the count rates of the aqueous samples, as these all
contained 5% water, which is known to have a quenching effect on p~counting,

348, Results

«B(i Ixtraction of chloride

Two series of experiments were carried out to determine the behaviour
of chloride during contact of tricctylamine solutions with agueous solut-

ions containing chloride ions,

a) Chloride extraction from lithium chloride solutions

These experiments were carried out to determine whether there was any
"invagion" of the orgsanic phase by lithium chloride, That is, to determine
whether any excess lithium chloride was extracted, Amine hydrochloride
solutions in benzene (0+0983M) were shaken with lithium chloride solutions

containing 3601 tracer,and the chloride concentration of the organic and
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agueous phases (YCl and XCl’ respectively) were measured after equili-
bration. The results are presented in Table 3,1, and it is evident
that, over the lithium chloride concentration range examined (30 to
7+0M), the measured organic chloride concentrations do not differ .
significantly from the concentration of amine in the organic phase,
This indicates that the organic phase contains stoichiometric amine
hydrochloride only, and it is concluded that there is no invasion of
the organic phase by lithium chloride.

b) Chloride extraction from mixed 1lithium chloride~1ithium

nitrate anlutions.

The chloride contents of amine hydrochloride sclutions were
censiderably reduced after equilibration with agueous solutions
centaining mixtures ¢f lithium chloride and 1lithium nitrate. The
results obtained for organic chloride concentration after equilibrations
of 0-0983M TOAHC1 snlutions with aqueous phases containing various ratios
of lithium chloride and lithium nitrate are given in Table 3%,2. In all
cases the equilibrium organic chloride concentration was less than 50%
of the total amine concentration, Thus part of the amine. hydrochloride
was being converted to amine nitrate during equilibration. Inspection
of the results shows that nitrate ions are more strongly extracted than
chloride ions by TOA, These results are analysed to obtain the chloride~
nitrate exchange constant in Section 7.A(ii).

3,B(ii), Extraction of cobalt from chloride solutions

The extraction of trace cobalt (2x10-5M) from lithium chloride
smlutions by 0-0983M trioctylamine hydrochloride in benzene was deter—
mined and the results are plotted as the log of the distribution
coefficient of cobalt (log DCO) against chloride molarity in Figure 3.1
(Table 3,1.X.). The chloride concentration range investigated was
340 -~ 7+5M. The limits of this range were set by the distribution
coefficients of cobalt which varied from 10™° to 10°. These are the
minimum and maximum values respectively that can be determined accurately.
Across this chloride concentration renge, log DCo values increase
linearly with chloride concentration. Also plotted on Figure 3.1 (Table
3.1,X.) are results obtained for the extraction of trace cobalt from
calcium chloride and hydrochloric acid solutjons, The distribution
coefficients from calcium chloride solutions, plotted against chloride
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Table 3,1. Chloride extraction from LiCl solutions.

[TOAHCT ] = 0-0983M

[Lici M [oljtotal Xop (M) Yo (M) % Mass

Balance
T-00 T.0983% T+0727 0. 0954 1010
600 6+ 0983 59441 0-1004 997
500 50983 4:9167 0-0989 - 984
4-00 4+0983 349905 0.0984 998

3+00 309853 29496  0-0991 9844

[C1]; 45 = ([1iC1] + [TOAHC1]) = Total molar concentration of
chloride in the system.

Table %,2. Chloride extraction from LiCl ~ LiNO5 solutions.

[TOAHC1] = 0-0983M

[Licl]u [LiNOBJM [olﬂtotal xCl(M) YCl(M) % Mass

Balance
4-00 350 4-0983 3-9878 0+0059 974
5400 2450 5+ 0983 540129 0:0115 986
6+00 1+50 60983 642073 0-0185 1021
6450 1400 645983 6+8360 0+0285 1040
7+00 050 7+0983 70953 0-0462 10046
4+00 2¢50 4+0983 41176 0°0079 100+7
5.00 1450 5:0983  5.0010  0.0147 9846
6+00 050 640983 60862 00371 1004

[C1 % otay = ([LiC1] + [TOAHCI]) = Total molar concentration of
chloride in the system,



3'0 4‘0 5‘0 | &0 7.'0

[ci]m

FIGURE 3.1  EXTRACTION OF TRACT COBALT FROM CHLORTDE SOLUTIONS.

[C"]total = 2210741 [F0AHCT] = 9-83::10'21.1

Data from Table 3.1.X.
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concentration, where [Cl] = 2[Ca012], lie on a line roughly parallel
to the lithium chloride results. The distribution coefficients from
hydrochloric acid solutions behave similarly at low acid concentrations,
but they decrease relative to lithium chloride at higher acid concent-
rations,

The pH values of the aqueous phases before and after extraction
from lithium chloride solutions were recorded and the results are
presented in Table 3.1.X. There wag a small amount of free hydrochloric
acid (0+01M) in all these solutions, derived from the 6000 stock solution,
The pH of the solutions decreaged as the lithium chloride concentration
increased, This was thought to be due to the effect of the ionie strength
of the solutions on the activity coefficients of the hydrogen ions,
During extraction there was a small but almost constant increase in the
pH of the agueous phase, This effect was ascribed to the fact that the
pre-equilibration solutions used contained no acid, Thus during pre-
equilibration, some HCl could have been back- extracted from the organic
into the aqueous phase, thereby converting some of the amine hydro-
chloride to free amine., During equilibration with solutions containing
6000, this free amine would react with HCl to re-form amine hydrochloride,
and this could account for the small rise in pH of the agueous phase,
Further evidence for this explanation is presented below, (Section 3.B(v)),

3,B(11i) Extraction of cobalt from lithium chloride-lithium

nitrate solutions

In order to study the influence of a second electrolyte in the
agueous phase on the extraction behaviour of cohalt, distribution
experiments were carried out from agqueous solutions containing various
proportions of lithium chloride and lithium nitrate. Lithium nitrate
was chogen as the second electrolyte because data55 were available which
enabled the activities of the indjvidual salts in the mixture to be
calculated, In these experiments, macro amounts of egbalt ranging
between 9-6x10_4M and 1-4x10—2M were extracted into 0:0983M trioctyl-
amine hydrochloride in benzene., The agueous phases contained various
proportions of LiCl and LiNO3 with constant total molarities of either
65M or 7°5M, The results of these experiments are fully regorded in
Table 3.2.X. In Figure 3.2, log D, values for [Co]tota1= 9-6x10-4M
are plotted against the chloride concentrations of the mixed solutions.
For a given total molarity of lithium salts the results lie on smooth
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20
lOg DCO
x =[Lici]+ [Ling,] = 65M
o = [LiCl]+ [LiINO,]= 75M
3 /
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FIGURE 3.2 IXTRACTION FROM LiCl - LilNQ_, SOLUTIONS.
p

[Co]total - 9.60x10™ %1

‘Data from Table 3.2.X.

[T02EX] = 9.83x1o‘2M
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curves, which lie belew the log DCo values measured in solutions
containing lithium chleride enly which are also shown on the diagranm.,
Thus the extraction of cobalt is hindered by the presence of lithium

nitrate in the agueous phase,

3,B(iv) Variation of the amine concentration of the organic phase

The effect of varying the amine concentration of the organic phase
on the extraction of cobalt from both lithium chloride and mixed lithium
chloride~lithium nitrate solutions was investigated, Amine concentrations
from 4-9x10-2M to 1+0M and a constant cobalt concentration of 1-92x10~3M
were used, The results are tabulated in Table 3,3.X and displayed in
Figure 3.3 as graphs of log DCo against log [EEKEEJ where [EBZﬁi] is the
total amine concentration in the organic phase, For amine concentrations
of approximately O0+2M and below (log[TOAEX |<S0+7) the results lie on
straight lines of slepe 1¢6 for extraction from both lithium chloride
only and lithium chloride-lithium nitrate solutions, For amine concen-
trations greater than 0¢2M, the results deviate upwards from linearity.

3.B(v) Variation of the cobalt concentration

The results of varying the cobalt concentration of the agueous phase
for extraction from lithium chloride - 11thium nitrate solutiona have
already been reported (Table 3.2,X), The distribution coefficients of
cobalt are independent of cobalt concentration in the range 10_3M to
1+4x10"2M for solutions containing up to 5M chloride, Above this value,
the DCo values decrease with metal concentration, A similar effect is
observed during extraction from solutions containing lithium chloride
only at chloride concentration above 6M - Table 3.4.X.

An extraction isotherm was determined for the extraction of cobalt
from 6+5M LiCl by 0+0983M TOAHCl, This was done by varying the cobatt
concentration of the agueous phase from 1O~4M to 0¢4M and determining
the equilibrium agueous and organic metal concentrations - xCo and YCo
respectively, The results are presented in Table 3,5.X. and the
extraction isotherm -~ Y

againgt X, - is given in Figure 3,4, The

Co Co
horizontal portion of the curve indicates that the organic phase is
saturated with cobalt and this occurs at YCo = 0+0428M. Thus the amine:
metal molar ratio at full loading is equal to 1:2,29,

In the extraction isotherm experiments an amount of hydrochloric
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acid, equal to that present in the metal-containing solutions, was
added to the pre-equilibration solutions, There was no significant
change in the pH ¢f the aqueous phases during extraction, This
finding supperts the argument put ferward to explain the pH changes
noted in ether experiments (Section 3.B(ii)),

3,B(vi) Co-extraction of other cations

The possibility of co-extraction of lithium with cobalt was
investigated by earrying out extractions of 10_2M cobalt from varjious
lithium chloride and lithium chloride - lithium nitrate solutions,
representative ofthose used in previous experiments. The organic
phases were then back-extracted to remove the metal by equilibration
with dilute hydrechloric acid. Counting of the organic phases after
back-extraction showed that all the cobalt had been transferred to the
aqueeus back-extraction solutions, and thus any co-extracted lithium
sheuld also have been transferred. The agueous back-extraction
solutions were examined for lithium content by atomic absorption
spectrophetometry, In no case was any significant amount of 1lithium
feund, and it was concluded that lithium is not co-extracted with
cobalt, The other cation present in these solutions which could have
possibly been co-extracted with the cobalt was hydrogen ion. Rather
than attempting a direct determination of co-extracted hydrogen ion
by back-extraction, an indirect method was used, The distribution of
trace cobalt (2x10_5M) was determined from a series of solutions in
which lithium chloride was systematically replaced by hydrochloric
acid while the total chloride molality was kept constant at 6m.

If hydrogen ion was involved in the extraction reaction an increase in
the distribution coefficient of cobalt would be expected under these
conditions, This is fully explained in Chapter 7. A constant molality
rather than a molarity was chosen because dau?4 available for the
activity coefficients of hydrochloric acid in lithium chloride solutions
were expressed in molal units rather than molar units, However this
cheice of concentration units resulted in difficulties in making up
solutions of constant total molality from molar stock solutions,

This should have been done by weighing out aliquots of the stock
solutions and diluting them on a weight basis, At the time, it was

done instead by calculating the molal concentrations of.the stock
solutions from density data and then diluting by volume, This leads
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to inaccuracies in the total molality of the mixed solutions, which in
fact does not remain constant. The actual total chloride molalities of
the mixed solutions ranged from 6:0m at the lowest acid concentration
to 6°35m when half the lithium chloride was replaced by hydrochloric
acid, These inaccuracies are reflected in the results obtained - Table
3.3« A slight increase in DCo is observed as the hydrochloric acid
concentration of the solution is increased, However this increase is
attributed to the increase in total chloride molality of the solutions,
rather than an effect due to the co-extraction of hydrogen ions, The

actual molar concentrations used of LiCl and HCl are shown in Table 3,3,

Table 3,3 Distribution of trace cobalt from LiCl - HC1 solutions,

[TOAHC1] = 0-0983M, [Co] total = 2x10”M,

Total molal chloride concentration - nominally 6ém (see text)

[Licilm  [HEC1M D

Co
5430 0.02 2042
527 0-05 240
523 0+10 2¢35
515 0-20 2+35
492 0+50 2463
4-52 0-95 2469
3068 1490 311
2282 282 317

3,B(vii) Extraction from chloride-sulphate solutions

As a result of the analyses of the extraction of cobalt from lithium
chloride - lithium nitrate solutions, it was decided to carry out some
preliminary experiments on the extraction of cobalt into 0.0983M TOAHCl
solutions from agqueous solutions containing mixtures of chloride and
sulphate ions, The significance of these experiments is explained in
Chapter 7.
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In the first series of experiments, the extraction of trace quant-
ities of cobalt (2x10_5M) from 4+0M HC1 solutions containing various
concentrations of lithium sulphate was studied, The lithium sulphate
concentrations used ranged from zero to 1+415M, Across this range the
distribution coefficient of cobalt increased from 0:220 to 2¢02. This
is equivalent to an increase in the percentage extraction of cobalt
from 17¢8% at zero added sulphate to 66¢7% at 1¢415M added sulphate,

The results of these experiments are recorded in Table 3.6.X, and graph-

ically displayed as a plot of log D o against sulphate concentration in

Pigure 7.8, There is a linear incrgase in log DCO with lithium sulphate
concentration,

In a second series of experiments, solutions were prepared to
similate purified nickel - cobalt leach liguors., Varying amounts of
hydrochloric acid were added to these solutions and extractions were
carried out, The solutions contained 0933M NiSO 4(55gm. /1.Ni) and
0+0678M CoSO4 (4gm./1.Co) giving a total sulphate concentration of 1-0OM.
The added hydrochloric acid concentration range was zero to 5+75M, In
order to demonstrate the effect of the nickel sulphate on the extraction
of cobalt, a similar series of experiments were carried out on solutions
containing 0+0678M CoSO4
The results are presented in Figure 7,9. (Table 3.7.%X). It is evident
that the presence of 0+993M nickel sulphate increases the digtribution

only, to which hydrochloric acid was added,

coefficient of cobalt from hydrochloric acid solutions,

3,B(viii) Spectrum of the organic phase

A typical spectrum of the organic phase containing cobalt is given
in Figure 3.5, The characteristic blue colour of such solutions is due
to the strong absorption occurring in the 600 to 700 nm. wavelength
range, This absorption band has three peaks at 626, 662 and 693 nm,
regpectively,

The overall extinction coefficients at these three peaks, calcul-
ated from the slopes of plots of optical density against organic cobalt

E626 E662 = 572, 8693 - 635,

concentration, were found to be : = 422,
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CHAPTER 4

SPECTROPHOTOMETRIC INVESTIGATION OF COBALT
COMPLEXING IN LITHIUM CHLORIDE SQLUTIONS,

4,A, Introduction

In order to attempt to establish the stability regions of the
various chlorocomplexes of cobalt(II), a spectrophotometric investig-
ation of the absorption of agueous solutions containing cobaltous
chloride and lithium chloride was undertaken,

The main absorption pesks of solutions containing cobaltous and
chloride ions occur in two parts of the visible region, The wavelength
region 450 - 550 nm, is occupied by a broad weak abasorption pesk
characteristic of the pink cobaltous solutions. The peak wavelength
at low chloride concentrations is 510 nm, but this gradually rises to
530 nm, as the chloride concentration is inocreased, The overall molar
extinetion coefficient of this peak increases with chloride concent-
ration, reaching a maximum value of 12 at about 9M chloride. At
chloride concentrations greater than 3.5M, a second set of three peaks
of invariant wavelength appear in the region 600 - 700 nm,, in addition
to the broad peak mentioned above, The overall molar extinction
coefficients of these peaks rise very rapidly with chloride concent-
ration, reaching maximum values of the order of 600 at approximately
12M chloride, Cobaltous solutlons exhibiting thia spectrum have a
blue colour, These two distinct regions of abséiﬁtion are generally
correlated with two types of co-ordination exhibited by the cobaltous
ion - the broad peak in the 450 - 550 nm. region is attributed to
octahedral co-ordination, whilst the set of peaks in the 600 - 700 nm,
region is attributed to tetrahedral co-ordination, For ease of
reference in the following discussions, these two regions of the
absorption spectrum, i.e. 450 - 550 nm, and 600 - 700 nm, will often
be referred to as the octahedral and tetrahedral regions respectively,
In addition full details of the nomenclature used throughout this



chapter are given below,

The tetrahedral peaks were found to be very temperature semsitive
and absorption in this region increased rapidly with increasing
temperature, For this reason, all spectrophotometric measurements
were made with the sample cells held in a thermostatically controlled
cell-holder set at 25%,

Nomenclature
3 Effective chloride activity.
a, Activity of species x.
F Activity coefficient function - Equation (4B4).
Kn’ﬁn Thermodynamic eguilibrium constants.
K;, : Apparent equilibrium constants - Equation (4B9).

Kz*, *¥  Apparent equilibrium constants involving water activities.
Anion concentration - Equation (4B7).

ﬁA Average ligand number - Equation (4E23),

0.D. Optical density,

P.L. Path length in cm,

[Co]total Total cobalt concentration

%, Fraction of metal present as nth complex,

Y Activity coefficient of nth complex,

791 Activity coefficient of chloride ions,

€ Overall extinction coefficient at wavelength A,

eg Extinction coefficient of nth complex at wavelength X,

4,B, Basic Theory

A considerable amount of evidence has been amassed which indicates
that the higheét chlerocomplex of cobalt (II) is the tetrachlorocobaltous
ion, Gocli_. In this ion the central cobalt ion is co~ordinated tetra-
hedrally to the four chloride ligands, whereas the uncomplexed cobaltous
ion is lovovm to have six water molecules in its primary hydration sheath
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in octahedral co~ordination, There is uncertainty where the change from

octahedral to tetrahedral co-ordination takes place in the series of
O
- 4
CoClB.HQO are tetrahedrally co-ordinated and that the lower complexes,

00012 and Coclt are octahedrally co-ordinated, with water occupying the
unfilled co-ordination positions, However, there is evidence of the
existence of two dichlorocobaltous complexes In organic solventss, one
with octahedral co-ordination and the other with tetrahedral co-ordin-
ation, These may be written as 00012.48 and CoClQ.
where S represents a solvent molecule, In a recent n.m,r, investigation
of cobalt complexing in hydrochloric acid solutions17, the data was best
fitted by postulating the tetrahedral dichlorocomplex 00012.(H20)2
rather than the octahedral complex 00012(1{20) 4°

The possibility of the existence of these two complexes is important

chlorocomplexes of cobalt, It is generally assumed that CoCl, and

25, respectively,

because it relates to the way in which the equilibrium constants for
complex formation are expressed, It is conventional, when writing
equilibrium reactions in aqueous solutions, to ignore the hydration of

the ions, Thus the equilibrium constant for the reaction:

M2+ + A = mat

is written: K= M+
&
3M2+. A=

K involves only the activit#:s of the metal gpecies and the ligand,
This convention is eguivalent to assuming that the activity of the
water molecules occupying the unfilled co-ordination positions of the
metal species is the same as the water activity in the bulk of the
solution, Using this convention, it is not possible to distinguish
between the formation of the octahedral species CoClQ(H20)4 and the
tetrahedral species 00012(H20)2 since the formation of both these ions

would be written as:

Co?*+ 2017 = Coll,
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If it is postulated that these two forms of dichlorocobaltous ion can
exist, then the water molecules occupying the unfilled co-ordination
positions must be considered to be as much an integral part of the
complex ion ag the chloride ligands themselves, Thus the formation
reactions mugt involve the activity of water as well as the ligand
activity. The formation reactions for the octahedral and tetrahedral

forms of the dichlorocobaltous ion become, regpectively:

. 2+ -
(i) Co(H20)6 + 201 =2 00012(1{20)4 + 2H0
2

a,
CoC1,. 20,0
B2(oct) - 2.2

a, a2
CoCl

s 2+ -
(11) Co(E0)g" + 2017 === CoC1,(R0), + 4H0

4

B0001 aHao

N

Pa(tet) =
Co*

QN

1

If this type of convention ig adopted, then it must be used throughout
the geries of possible gtepwise complex formation reactions, since each
addition of a ligand to the central metal ion will generally involve the
displacement of a water molecule from a co-ordination position,

In this investigation, the data was analysed using both conventiouns
outlined above, It was found that the best overall fit to the data was
obtained using equilibrium reactions which did not inveolve water activity,
j.e, using the normal convention., The derivations of the basic equations
used for the analysis of the data are given below, To avoid complicat-
ions, these equations are derived using equilibrium reactions written in
the normal convention only, The results of the analysis using equations
in which water activities are taken into account, and which were found to

be less satisfactory, are digcusged in Section 4.,F,

Thus in the derivation of the basic eguations and the analyses that
follow, the possibility of the existence of at least five cobalt contain-
ing species is considered, Ignoring the hydration of the ions, these may
be written as Co°t, CoCl?, CoCl,, GoCl, CoC1%™, No assumptions are made

4
about the type of co-ordination exhibited by these ions,
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One of the basic assumptions of a spectrophotometric investigation
of this type, where numerical valueg of equilibrium constants are being
gought, is that the extinction coefficients of the individual complexes
remain constant as the compositions of the solutions being examined are
changed,

Since the complexing occurring in the cobalt - chloride system is
very weak, it was necessary to examine the total available ligand concen~
tration range, that is from zero chloride to just below the saturation
concentration of LiCl at 2500, which is approximately 13M, TFor this
reason it was not possible to control the ionic strength of the solutions
by the use of a swamping inert electrolyte, as is usually done in systems
where the complexing is strong, The effective "swamping electrolyte in
this system was the chloride salt itself since the metal concentrations
used were very low. As chloride concentration was the main variable
under investigation, the result was gross changes in the ionic strengths
of the various solutions. The assumpfion of the constancy of extinction
coefficients is difficult to justify under these conditions, since direct
experimental evidence is not available, This agsumption has been used
implicitly several times before in spectrophotometric investigations of
similar weakly complexing systems, e.g., References 56 and 57, The
validity of the assumption could be tested by comparison of equilibrium
constants obtained in this manner with those obtained by other experim-
ental techniques, Unfortunately the paucity of numerical data make such
comparisons difficult, However, it will be shown that the K, value
obtained in this study is in reasonable agreement with those of previous
investigations, some of which employed methods other than spectrophoto-
metry,

Thus the initial assumption of the analysis of the spectrophotometfic
data is that the measured optical density of each solution is the sum of
the individual optical densities of all the metal-containing species in
that solution, and that these individual optical dengities are directly

proportional to the concentrations of each species, i,e,

A Ap 2+ A + A
€ [Co]total e,[Co 1+ ej[coc1™] + e [CoC1,] + ...

2 2-n
g e [coc1 ] (481)
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wheres: el= Overall molar extinction coefficient of the
solution at wavelength X

ez = Molar extinction coefficient of the nth complex

at wavelength A
n=0 to 4 for the Co-Cl system

[Colio4gy = Total molar concentration of cobalt in the

solution,

The overall molar extinetion coefficient ek can be obtained from the
meagured optical density (0.D.) of the solution at wavelength A by the

use of the expression:

0.D,

P.L. x [Co]total

where; P,L, = Solution path length in em.

More accurately, eA is given by the slope of the Beer's Law plot - 0,D,
against metal concentration - since sA is then derived from geveral
separate measurements rather than one meagurement only, This latter
method was used in the present work,

By dividing both sides of Equation (4B1) by [Cojtotal’ the
following expression is obtained:

n
A A LA .o L
€7 = gyuyt+ slal+ AR ERRR g .0 (1B2)

where @ is the fraction of cobalt present as the nth complex:

2-n
L [coc ]
n
[coliotar

Bquation (4B2) is the general expression for the measured overall
extinetion coefficient at any wavelength and it states that it is a
function of the individual extinction coefficients and concentrations
of all the cobalt species that absorb at that wavelength,
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The concentrations of the cobalt species are related by the

stepwise equilibrium constants Kn:

[coc1 270 Y,
K, = n i (483)

[00012:’11] (1] %12

where Yn and Y,_q are the activity coefficients of the nth and (n-1)th
complexes, respectively, and Yol is the activity coefficient of the
chloride ions. Since none of these activity coefficients is known, it

is necessary to make assumptions about them, The approximation generally
used in such cases is that a single activity coefficient, ¥, can be used

to replace the activity coefficient term in Equation (4B3), where:

- — (484)
Y1701

=7 [ QP )
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This concept was first introduced by Bjerrum” and it is equivalent to
assuming that the activity coefficients of adjacent complexes remain in

a constant ratio as the ionic strength of the solutions are varied, i,e.

- = ¢ (485)

Bjerrum57 states that this assumption is '"nmot unreasonable in the case

of concentrated solutions, where chemical similarity between ionsg,

rather than the charge of the ions, determines the activity coefficients,"
He was able to show that, for the complexing of copper in concentrated

chloride solutions, F was related to the bulk chloride concentration by:

log P = A + B[c17] (486)
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The constant B was found to depend on the particular chloride salt
employed and had the values 0-20 in HC1l, 0¢23 in LiCl, 0+18 in MgCl2

and 0+21 in CaClQ. This expression is similar to the empirical equation
which describes the behaviour of the mean activity coefficients of many

electrolytes at high concentrations:

log Y, =P+am (4B7)

where:mA is the concentration of the anion,
For concentrations greater than 3N, Q values are 0¢18 for HC1 and 020
for CaClQ. These values are in good agreement with the values given above
of the constant B for these two electrolytes found by Bjerrum,
The fact that equations of the type given in (4B6) and (4B7) can
describe the behaviour of activity coefficients in concentrated electro-
lytea follows quite logically from an examination of the extended forms

of the Debye-Huckel equation, such as that proposed by Guggenheimse.

%
Lo Z+Z-I

1
14 I

log Ti = + bI : (4B8)

At high ionic strengths, the first term on the right-hand side of this
equation tends towards a constant value and the equation assumes the form
of those given above,

The agreement between the B values in the expression for log F found
by Bjerrum for Cu in HC1l and C3012 with the Q valuea in the expression
for log Xt for these two electrolytes shows that the term F is largely
controlled by the mean activity coefficlent of the electrolyte, Since
it is conventional to equate the activity coefficients of the anion and
cation with the mean activity coefficient, this is equivalent to saying
that the term F in Equation (4B4) varies in proportion to variations in
Yo1° This is the expected behaviour of F if the assumption concerning
the activity coefficients of the metal complexes (Equation(4B5))is valid,

i,e. that they remain in a constant ratio, Thus Equation (4B5) is
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evidently a reagonable assumption, This problem has been further examined
by Marcus6o and he has shown from theoretical considerations that the
function he calls the "effective activity quotient", which is closely
related to C in BEquation (4B5), remains almost constant across the
concentration range 2 to 12M in electrolytes of various valency types.
Thus the ratio of the activity coefficients of the metal complexes
in the equilibrium expression, Equation (433), can be incorporated in
the thermodynamic equilibrium constant Kn to give an apparent egquilibrium

»*
constant Kn .

2-n
[CoC1 ] 1

i (489)
[Coc1, ] [(C1)evyy

*
K =
n

since K = K., 11/ Yy then if sssumption (4B5) is valid, K should
be a constant, independent of the bulk electrolyte concentration,

The term [Cl].ybl in the above equation is equal to the activity of
the chloride ion in the bulk electrolyte., As it is not possible to
measure individual ionic activity coefficients, it is conventional to use

the "effective ligand activity", a, which is given by:

(for a 1:1 olectrolyte)

wheresm is the concentration of the anion and y& is the mean activity
coefficient of the electrolyte, For lithium chloride, the effective

chloride activity is given by:

801 = Pric1 Yiniol

Equation (4B9) may thus be written:
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* [CoCli_n]

K (4B10)

n]

3-n
[CoC1y " lan,

It should be noted that aCl

to the activity of free chloride ions in the solution. Since in this

in the above equation strictly refers

investigation the ligand concentrations were always in large excess
compared with the metal ion concentrations, the total chloride ion
activity can be used as a good approximation. Dividing top and bottom
of Eguation (4B10) by [Co]total gives:

KZ = % (4B11)
%-1%C1

Suitable combinations of the general expression derived for the
overall extinction coefficients (Equation (4B2)) and the above expression
for the apparent equilibrium constants,can be used to analyse the
speeirophotometric data to obtain numerical values of these constants,
However in view of the complexity of the system, with the possibility of
the existence of at least five cobalt species, a gualitative examination
of the spectra and changes in the spectra with chloride concentration is
necesgary in order that simplifications can be made before a numerical

analysis is attempted.

4,C, Bxperimental

Experimental solutions were prepared from standardised stock
solutions of cobaltous chloride and lithium chloride, and were acidified
with perchloric acid to pH 2, to prevent hydrolysis., The LiCl used was
G,P,R, grade, all other reagents were A,R, grade, Solutions were made
up in 25 ml, standard flasks,



49.

Optical density measurements were carried out on & Hilger and
Watts Uvispec spectrophotometer, fitted with a thermostatically controlled
cell-holder, which maintained the solutions at 25i0-1°C during measure-
ments, The solutions were held in matched 2 cm, path length silica cells.
The reference solution contained the same LiCl concentration as the
sample sgolution,

Optical densities were measured at the following wavelengths: 500,
505, 510, 515, 520, 525, 530, 535, 624, 662 and 690 nm, Generally
meagurements were made on sclutions containing four different metal
concentrations at each chloride concentration examined, In the 500 nm,
range, the metal concentrations used were (1,2,4,6)x 10—2M,whereas in
the 600 nm, range, because of the much stronger absorption in this
region, metal concentrations were (2,4,6,8)x 10-4M. The LiCl concent-
rations used ranged between 1 and 13 molar,

Overall extinction coefficients were obtained from the optical
density data by measuring the slopes of the Beer's Law plots, i.e.
optical density against molar metal concentration, In order to obtain
unbiased values of the extinction coefficients, the slopes were calcul-
ated by a linear regression programme on a desk computer., Good linear
correlations were obtained showing that Beer's Law was obeyed under all
conditions, Values of the overall extinction coefficients are given in
Table 4.1, Extinction coefficients for the uncomplexed cobaltous ion

were obtained from measurements made in cobaltous perchlorate solutions,

4,D. Qualitative Description of Results

The general shape of the absorption spectrum is shown in Figure 4.1,
This is the spectrum of a cobalt chloride solution containing 7.0M LiCl.
The broad weak peak in the 450-550 nm. region is the one assigned 1o

the cobaltous ion with octahedral co-ordination., It is present when



50.
Table 4,1 IExperimental values of the overall molar extinction coefficients.

A = 500 -~ 535 nm,

[e1lm 0 1.0 1.5 2.0 2.5 3.0 .35 4.0
e 4,505 4.965 5.008 5.260 5.464 5.646 5.886 6.210

e 4766 5.152  5.333 5.514 5.622 5.857 6.108  6.450
210 4,816 5.224 5.414  5.567 5.762 5.942 6.258  6.631
212 4,725 5,127 5.361 5.589  5.731  5.917 6,257  6.659
220 4547 4,980 5,175 5,395 5.587 5.817 6.119  6.511
€92 4,239 4,702  4.920 5.065 5.241 5.521 5.891 6.318
30 3,825 4,319 4,476 4.642 4.807 5.071 5.450 5.890

€257 3,368  3.852 3,985 4,161 4.573 4625 4.995 5.378

[c1M 4.5 5.0 6.0 7.0 8.0 9.0 10.1 11.0

g0 6.584 6.961 T7.730 8.350 8.563 7.7C8 5.805 5.476

e 6,859 7.287 8,149 8.838 9.175 B8.325 6.366  6.024
10 7,055 7.500 8.428 9.263 9.700 8.890 6.842 £.354
212 7,070 7.588 8.742 9.725 10.275 9.567 T7.610 7.084
€220 6,994 7.547 8.721  9.963 10.825 10.399 8.646 8.146
€925 6,784 7.355 8.700 10.075 11.475 11.669 10.573 10.159
€220 6,427  6.941 8,371 9.938  11.588 12.021 11.122 10.756
€990 5876 6.445 7.898 9.375 11.163 11.606 10.508 10.098

A = 624, 662, 690 nm.

[ecie 4.0 4.5 5.0 6.0 Te1 8.1 9.2 10.5

e624 0.509 0.942 1.234 3.863 40.00 111.25 230.00 332.25

Egss 0.448 0.948 1,314 5.100 57.50 145.00 335.63 357,50
9

€

0,353 0.763 1.248 5,100 61.25 149.38 357.50 530,00

[c11 10,7 113 1.7 1201 12,5 12,9 13.0

e624 51550 342,50 355.50 368.25 355.50 344.00 340.00
Ezgs 500,50 504.25 522.25 540,50 519.50 509,00 503,00
€

545.25 547.00 570.25 590.25 570.00 557.50 550,00
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there are no chloride ions in solution, due presumably to the co-ordin-
ation of water molecules around the cobaltous ion., As chloride is added
to the solution, the peak wavelength gradually increases from its initial
wavelength of 510 nm, to 530 nm. at 8M chloride and above. The absorb-
ence also increases with increasing chloride, reaching a maximum at about
9M, Figure 4.2, is a plot of the overall extinction coefficlents at
three wavelengths lying within this broad peak with respect to the
chloride concentration of the solution. It may be seen that there is a
gradual linear rise in the extinction coefficients up to 3M chloride, At
higher concentrations there is a steep rise to a maximum at 8 -« 9M
chloride, At the same time the peak wavelength rises from 510 nm., to

530 nm, The overall extinction coefficients for zero chloride were
obtained from measurements on cobaltous perchlorate solutions.

The three strong peaks which appear in the 600 - 700 nm, region are
assigned to cobalt in tetrahedral co-ordination, The peaks occur at 690,
662 and 624 nm., respectively and these wavelengths are invariant with
chloride concentration, The overall extinction coefficients at these
three wavelengths are plotted, on a semi-log basis, versus chloride
concentration in Figure 4.3. They first become detectable between
3+5 ~ 4+0OM chloride, at which point, they are about 0+1% of their maximum
values, At 6+0OM chloride they are about 1% of their maximum values which
are reached at 12¢1M chloride, At higher chloride concentrations (up to
1%3+0M) they decrease slightly. The ratios of the extinction coefficientsg
of these peaks are plotted in Figure 4.4. Up to about 7M chloride these
ratios vary, but at higher concentrations they remain constant, This is
an indication that above 7M chloride the absorption in this wavelength
region is probably due to one species only, whereas at lower concent-
rations the cb3orption is caused by at least two species.

The next section details the quantitative analyses from which the
stability constants and individual extinction coefficients of the
complexes were obtained. The octahedral wavelength region, i.e.

500 - 535 nm,, was found to be most amenable to analysis and all the
gquantitative work is carried out on data obtained in this region, The
number of complexes present in solution when significant absorption is
exhibited in the 600 - 700 nm, region is such that gquantitative analysis

ig not possible, and this data is used only for qualitative discussion

in Section 4.G.
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4.,E., Quantitative Analysis of the Results.

*

4.8(1i) Calculation of Ky and e?

Examination of Figure 4.2, shows that, in the chloride concentration
range O - 3M, the overall molar extinction coefficients in the octahedral
region exhibit a gradual linear rise from their initial values at zero
chloride, Above 3M chloride, the extinction coefficients rise fairly
rapidly,

If the simple assumption is made that at low chloride concentrations
only the two lowest cobalt complexes are present in detectable quantities,
i.e. Co2+ and CoCl+, then the extinction coefficient data may be analysed

¥*
to obtain K1 in the following manner:

Initial assumption : Oy + @, = 1 (kE1)
From Equation (4B2) : et = txa + a (kE2)
070 11
. * 4
From Equation (4B11l) : K., = (4E3)
1 %81

From Equations (L4El) and (LE2)

A A A
e = eo(l al) +ej0)
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A
—~—————-9— (LEL)
0 ,

From Equations (4E1) and (LE3)

Y L + o, = 1
K.a
17C1
. l _l
. e @, = m + 1 _ (LES5)
K181
From Equations (L4EL4) and (LES5)
A A
€ N . 1 . 1 -1
ex - el K*a
1 0 17°Cl
et - &
.. = g = - + 1 (LE6)
€ LT Kla01

O Y B W ot LS O VRS L NS R €50

Thus in the region where Equation (4E1) is valid, a plot of
( e"-eé )_1 against (a.C:L)"1 for each wavelength A should give a straight
line with a slope of (K:(e;‘. -aé))q and an intercept of (e; - eg )7L, ‘
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When these plots were drawn, it was found that for all wavelengths
measured in the 500 - 535 nm. region, the data gave good straight line
correlations for chloride concentrations ranging between 1¢0 and 3-0M.
At higher chloride concentrations the lines deviated from linearity,
indicating that Equation (4E1) is no longer valid and thus species other
than Coz+and 0oC1Y are contributing to the spectra., A typical plot,
for one wavelength (510 nm, ) is given in Figure 4.5. The data from
which the plots were made is tabulated in Appendix 2 (Table 4.1.X),
together with the results for the best slopes, intercepts and correlation
coefficients calculated by linear regression amalysis. The derived K:
and e§ values are given in Table 4,2, The values of K: are reagsonably
constant, ranging between 0:28 and 0+35 mole-1 with an average value of
032 mole.1. The calculated values of eﬁ, the molar extinction coeffic-
ient of CoCl+, are plotted against wavelength in Figure 4.6. It may be
seen that the absorption spectrum of Coc1t is similar in shape to that
of 002+ but that the absorption is stronger and the peak wavelength has

risen to 515 nm,

Table 4.2 Calculated values of K? and e;

A nm, ei K:(mole-1)
500 6455 0+30
505 6686 032
510 6799 033
515 64845 033
520 6+914 0-28
525 6+344 0-35
530 5:915 034
535 5556 0-30

Average (052
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4.B(ii) Combined Method for K)

Having obtained values of s?, it is possible 1o combine the data
for all wavelengths to give a more accurate value of K by the use of
Equation (4E6). The function on the left-hand side of thig equation
should be independent of wavelength and depend only on the chloride
A-1
o)
were calculated for each value of ) at each value of anq and then
averaged Examination of Equation (4E6) shows that a plot of
[( - € )(s - A71] agalnst ( )_1 should have an intercept of

unlty and a slope of (K ) ThlS plot is given in Figure 4.7 and the

activity of the system. The functionsg (e; - eé)(sx - g

relevant data is presented in Table 4,2,X., A good straight line with
*

an intercept very close to 1:0 is obtained, The value of K1 derived

from this plot is 0:33 mole~1, and this is the value used in subseguent

calculations,

css . * A
4,BE(iii) Calculation of K, and £,

*
A knowledge of the numerical values of eé’ s% and X

1 makes possible

an analysis of the data for higher complexes.
The next logical assumption is that over some region of chloride
concentration, greater than 3+0M, the species contributing to the

spectira are Co ’ coc1t , CoCl By using this agsumption, the data may

be analysed to obtain values of K2 and 82
Initial assumption: o +ag ta, = 1 (4E8)
Then from Equation (4B2):
A A A A
€ = eoao + slal + 52a2 (4E9)
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From Equation (4B11):

* al * * (

K, = . oo, = oK oa 4E10)
1 4n8aq 1 071°Cl

K* = "2 . a, = a K*K*ae (4811)
2 81801 2 0"12°C1

From (4E9), (4E10) and (4E11):

A A A * A ¥ ¥ D
e = ey * ogio0kian + ek KA
A A A * A* * 2 -1
.oy = € (eo + elKlaCl + €2K1KzaCl) (L4E12)
From (4E8), (4E10) and (4F11):
* K* * 2 _
o *+ oagKieny *toaKKya,, =1
_ * * ¥ 0 -1
4y = (1 + K, + KleaCl) (4E13)
From (4B12) and (4E13):
A * ALK F 2 ) # A¥ * D
e+ eAKle‘Cl + oeKKag =gt ei\K.‘-.au +oekkee
A A * A Ay _ JE*2 A2
(¢ = eo) + KlaCl(e el) KlKZaCl(e2 )
-2, A A * N U YL LS W N
(aCl) (e" - eo) + Kl(aCl) (e el) = K1K252 K1K2€ (kE1k)
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Thus from Equation (4B14), a plot of the function on the left-

A

hand side against ¢" should be a straight line with a negative slope.

The slope will be equal to —K:K; and the intercept equal to K:K;e;.

These calculations were carried out and the data plotted for all
wavelengths measured between 500 and 535 nm. The results were somewhat
scattered but in all cases the general shape of the plot was a parabolic
curve with a maximum at the el value corresponding to 4+5M chloride, A
typical plot is given in Figure 4,8,

From these resulis it was concluded that the initial assumption of
the analysis - Equation (4E8) - is invalid, That is, there is apparently
no chloride concentration region where the only species existing in

solution are 002+, coC1lt and CoClZ.

™
4.B(iv) Calculation of B, and Eg
7

The next simplifying assumption made was that there is a region
>+ coc1t
and CoClg with 00012 existing only in negligible quantities, The

of chloride concentration where the major species are Co

analysis for this state of affairs is as follows:

Initial assumption: o, +a, +a, =1 (4E15)

Then from Equation (L4B2) :

o A
€" = gy0y + €ja, + €a (L4E16)
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From Equation (4B11):

1 * *
K, = .. 0, =aK.a (4E17)
1 %Bcy 1 ® %%
» ) . * 3
= = 4E18
83 N 3.3 . . a3 u063301 ( )
0 Cl

Following reasoning similar to that in the preceding section, the
following equation may be derived:

-3, A _ A 2% A _ 2 *)_*2 E1
(am) (e eo) + (am) 2Kl(rzz - el) = Baes- Bae (4819)

Thus a plot of the left-hand side of Equation (4E19) against e'at a
given wavelength should be a straight line with a negative slope. The
slope*o)i“ the line will be egual to -Bg, and the intercept at €A= 0 will
be 8323.

When the data wvexecalculated, the plots for all wavelengths in the
500 - 535 nm, range gave good straight lines with negative slopes over
the chloride range 4+0 to 6+0M. At higher chloride concentrations the
plots deviated from linearity, indicating that Equation (4E15) is no
longer valid, A typical plot is given in Figure 4,9 and all the calcul-
ated data is tabulated in Table 4.3.X, together with the results of
linear regression analyses for the best slopes, intercepts and correlat-
ion coefficients, The derived values of 3* and t.;A
Table 4.3, The numerical values of 3; range between (0¢75 - 1.27)x ‘IO-3
moles-s, with an average value of 1.07 x 10’3 moles—B. The eg values

are plotted versus wavelength in Figure 4,6 and this shows that CoCl3

are presented in
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Table 4,3 Calculated values of gj and s%
7

A nm, sg B;x1033
(mole -)

500 8633 114

505 9222 109

510 9+485 127

515 10126 1:04

520 10628 075

525 104271 125

530 10+221 114

535 9:979 0-87

Average 107

has an absorption spectrum in the wavelength range considered which
resembles that of Co2+ and CoCl™, The absorption is stronger and the
peak wavelength is at a higher value, This is consistent with the
behaviour of the measured overall extinction coefficients with increasing

chloride concentration as shown in Figure 4.2.

*
4.E(v) Combined Method for 33

Having calculated values of e% it is possible to combine the data

*
for all wavelengths to get a more accurate value of g, by a method
similar to that used for K: (See Section 4.E(ii)).
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From Equation (4B19):

)

AL Ay Lt A
(e eo) + Klacl(e £

= B.a E20
Y o (4520)
€3 €

The function F' on the left-hand side of the above equation should
be independent of wavelength and dependent only on the chloride activity
of the system, Thus it is possible to calculate the function for each
wavelength and obtain the average value for each chloride activity.

A plot of the average value of the function versus a; should be linear

Cl
*
with a2 slope equal to 33. Alternatively, taking logs of Equation (4E20):

*
log F' = log B + 3 log ay, (4E21)

Thus a plot of log F' against log a0y should b: linear with a slope
of 3 and an intercept at log 8n = 0 equal to log 63.

The calculated values of the function F', using the previously
determined values of e%, are given in Table 4.4.X, There is a reasonable
constancy of the F' values at each chloride concentration except for
those at TM chloride,

The log-log plot of the average value of the function, F;v
against chloride activity is given in Figure 4,10, A line of slope 3
is a good fit to the data except for the point corresponding to TM
chloride, This is an indication that the original assumption of this
analysis, that only three species are present, i,e. C02+, coC1t and
CoClg, is invalid at chloride concentrations above 6M, In other words
a higher complex or complexes are contributing to the spectrum, The

regults of a linear regression analysis of the data log F;Q versus

log 851 WP to 6M chloride is given in Table 4.4, together with the
]
results of a similar analysis for Fav versus agl. A plot of these

latter data is not presented since the values range across several
orders of magnitude. 1In both cases the correlation coefficients are

close to unity indicating good linearity, The values of B* obtained

3
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from the intercept and the slope respectively (Equations (4E21) and

(4E20)) are in good agreement and they are both in reasonable agreement

with the average value of 3; = 1.07 x 1072 caleulated in the preceding
gection, -
Table 4.4. Linear Regression Analyses

. * -3
Egquation Data Corr.Coeff, Intercept Slope 33 moles
(4E21) log:F;v ve.log 801 0+9984 ~3.0086 3.0046 0+98 x 10"3
(4520) ¥ ve. a2, 019999  0:0424  0-00096 096 x 1072

*
Since this combined method for B3 is expected to yield a more
accurate value than the method used in the preceding section, the mean

of the two values given in Table 4,4, is used for subsequent calculat-

3 3

* - -
ions, i,e, B3 = 0:97 x 10 7 moles

4,B(vi) Calculation of o and n values

* *
The values of K1 and 35 obtained in the preceding sections may be
used to calculate the distribution of cobalt amongst its various

complexes as a function of chloride concentration, The stability



72-

conatants were obtained by agsuming the existence of three cobalt
containing specieg in solution -~ 002+, coclt and CoClg, with CoCl2

- present in negligible quantities, This assumption appears to be
valid for chloride concentrations of up to 6M, and thus the fractions

o, of each species may be calculated up to this concentration, where:

[coc1Z™]
o = (4E22)
1 [co]
total
It may be gimply shown that if,
+ + = 1 and C
o, o, + o [ ojtotal<< [c1]
then 3
" - ! I _ P
O Kia, +Bsar U e thm, P WK e 4fad
1801+P380 1201+P301 K20 +B380
Also the average ligand number n is given by:
K*a. +38%a3
- 17C1 3¢l
n = (4E23)

3 * 3
1+ Klagy + Byag

Calculated values of ¢ and n are given in Table 4.6,X and plotted

in Pigure 4,11,
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4,E(vii) Comparison of the Theoretical and Measured
overall extinction coefficients.

In order to demonstrate how well the measured data pye described
by the calculated stability constants, the theoretical overall
extinction coefficients have been calculated by introducing values of
a, and Er;: into Equation (4B2):

A n=3 ,

e = Le (4B2)
nsp * 7

The results for two values of ), 500 and 530 nm,, are tabulated in
Table 4.7.X, and plotted in Figure 4.12, where the solid lines
represent the theoretical values of the overall extinction coefficients
and the circlesare the measured values. It may be seen that there is
very good agreement between the two sets of data,

4.,F. Alternative analyses involving water activities

In Section 4.B. it was pointed out that it can be argued that water
moiecules occupying unfilled co-ordination positions of the central
metal ion should be considered as an integral part of the complex ion,
If this is the case, then, when writing the complex equilibria, water
should be treated in exactly the same manner as the complexing ligend,
Thus for a divalent metal ion, M2+, with a co~ordination number, n,

which forms complexes with the anion, A , the stepwise equilibria would
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be written:

K
‘ 2=-n - 1,
ma (B0) 7+ AT —""Mi (H

ag—

Y=
20 pmq + EpD

w1 aMA A

m

. %mmgﬁao

Hence the equilibrium constant includes the activity of water in the
system as well as the ligand activity.

In the chloro-cobaltous system the situation is complicated by the
possibility of a change in the co-ordination number of the metal ion.
If it is assumed that Co2+ and CoCl’ are both octahedral complexes, then

the equilibrium is of the type given above and K1 is given by:

Ky = #coc1**%m,0

a., 24.a
0

C Cl

Following the arguments given in Section 4.B, the apparent equilibrium
*¥
constant involving water activity K1 becomes:

E .3

Ky = o8y g
——t
%81

where aCl ig the effective chloride activity and a1 o is the water
activity of the bulk solution, which can be obtained fro% published data

for lithium chloride solutions,

Similarly if CoCl, is also an an octahedral complex then:
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**

K?(oct) = Y ?HQO

%y Zo1

However if the change to tetrahedral co-ordination takes place during

the formation of CoClQ, then the equilibrium is:

Ko(tet)
+ -
CoCl(H20)5 + Cl == 00012(H20)2 + 3H,0

aK, b
an K2(tet) ecomes:

**

- 3
Ko(tet) = % *1,0

% B

These modified forms of the apparent equilibrium constants can be
combined with the general equation for the overall extinction coefficient
(Equation (4B2)) to obtain equations from which the constants can be
evaluated using exactly the same reasoning as before - Section 4.E, parts
(1) to (v). Analogous equations are obtained; thus Equation (4E7)

becomes:

(et - 53)‘1 = & Oagi(K;(ei - 53))‘1 + (e; - 53)‘1 (LF1)
2

This equation applies where the only species in soclution are 002+ and
coc1?.

2+ +

y CoCl’ and octahedral CoCl

an equation analogous to Equation (4E14) is obtained:

Where the absorbing species are Co ¥
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2 -2: A A ¥ -1, X A
(8320) (aCl) (e —eg) + Ky aﬂzo(aCI) (e -el)

ot R A
1 “2(oet)®2 T *1 "2(oct)® (4F2)

If on the other hand the absorbing species are 002+, CoC1lt and tetra-
hedral CoClQ, the above equation is slightly modified and becomes:

(g o) (a0 ) et ~e) + 17 (o ) o) (2 -e))

- K**K** A

K** ** A
1 *2(tet)€2 T ™

K2(tet)e (4%3)
Finally for the case where the absorbing species are 002+, CoC1t and
tetrahedral c°c1;, a modified form of Equation (4E19) is obtained:

(aHQO)S(anl)-B(eA-eé) + (aH20)4(a01)-2(el-5§) = B;*e%—B;*eA

(474)

The extinction coefficient data, effective chloride activities, and
water activities obtained from data for lithium chloride solutions,
were introduced into the above equations. A summary of the results

obtained is given below,

%3 A
€
K1 and 1

chloride were described by Equation (4F1) with a success egual to that
obtained using Equation (4E7). The correlation coefficients for the
lines obtained at a given wavelength using each equation were almost

H**
identical, The values of K1 were about 10% higher than the values of

The extinction coefficient data in the range 1+0 to 3-OM
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K:, r?nging between 0+28 and 0+39 mole’l with an average value of 0+36
mole . The values of e? obtained using Equation (4F1) were about 5%
lower than those obtained using Equation (4E7). Thus over the chloride
concentration range 10 to 3¢OM the data are fitted egually well by
equations derived both with and without water in the equilibria,

¥
K, and 32 Equations (4F2) and (4F3) are of the same form. They apply

regpectively to solutions which contain only either Coz+, CoC1t and

octahedral 00012 or 002+’ CoCl™ and tetrahedral 00012. If either of
these sets of conditions apply then plots of the left-hand side of the

A

relevant equation arainst the overall extinction coefficient ¢*, at

various wavelengths ), should give straight lines with negative slopes
equal to - :*K;*. When these plots were made results were obtained for
both equations which resembled those shown in Figure 4.8., i.e. instead
of straight lines with negative slopes, parabolic curves were obiained,
Thue in this case, the fit to the data was not improved by introducing
water activity into the equilibria, nor was it improved by postulating
the existence of the tetrahedrally co-ordinated dichlorocobaltous ion,

CoCL,(H0),.

s;* and 52 In this case the introduction of water activity into the

equilibria proved positively disadvantageous. When the data vexe intro-
duced to Equation (4F4) plots of the left~hand side of the equation
against eA gave points lying on continuous curves rather than straight
lines, as the theory predicts. On the other hand straight lines and

; were obtained using Equation (4E19), in

which water activities had not been considered,

reasonably constant values of 8

Thus since no positive improvements had been demonstrated in the fit
to the data by the use of Equations (4F1), (4F2) and (4F3) and in the
cage of Equation (4F4), the fit was definitely not as good, it was
concluded that there is no mathematical case for including water active-
ities in the complex-forming equilibria in the cobalt chloride -~ lithium
chloride system, This conclusion is in contrast to that of Zeltmann17
who found that the best fit to data obtained from an n.m.r, study of

complexing in the cobalt chloride -~ hydrochloric acid system was achieved
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by using equilibria involving water activities, Zeltmann states that
his data could be described without the use of water activities,
although less accurately, by using different values of the equilibrium
constants, He also states that doing this does not alter the inter-
pretation of the data, This latter statement is difficult to under-
stand since one of the species he proposes in his interpretation is
tetrahedral CoClz(H20)2 and this species cannot be distinguished from
CoCl2(H2O)4 in a curve fitting exercise, unless water is involved in
the equilibria,

However the data obtained in the present investigation axe best
o whether in octahedral or tetra-
hedral co-ordination, exists in negligible quantities, and that up to
6M lithium chloride the detectable cobalt species existing in solution
2+ CoC1* and CoCl

interpreted by assuming that CoCl

3‘

are Co

4.G. Complexing in solutions containing more than €M chloride

In the preceding sections it has been shown that the experimental
extinction coefficient data up to 6M chloride can be adequately
described by postulating the existence of three cobalt species: Coz+,
coC1 and CoCl;. At higher chloride concentrations, the situation is
complicated by the presence of appreciable absorption in the tetra~
hedral region (600 - 700 nm,). Absorption in this region firat becomes
detectable at approximately 4M chloride, Examination of Figure 4.11
shows that, below 4M chloride, the majority of the metal is present as
002+ and CoClt, It is thus concluded that these two species do not
absorb in the tetrahedral region.

From Figure 4,3 it may be seen that at 6M chloride the tetrahedral
absorption is about 1% of its maximum value, From 7 to 10M chloride,
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this absorption rises very rapidly and attains a maximum value at 12+1M
chloride, Beyond the maximum the absorption decreases by about 8% to
13M chloride, At 6M chloride, 60% of the cobalt is present as CoCl,,
whereas the tetrahedral absorption is only 1% of its maximum value.
Thus if CoClg absorbs in the tetrahedral region, its absorption must

be very weak,

The absorption in the tetrahedral region consists of three peaks
with maxima at the wavelengths 624, 662 and 690 nm, In Pigure 4.4, the
ratios of the extinction coefficients of these three peaks are plotted
against chloride concentration, The ratios vary up to about TM chloride.
Thereafter they remain reasonably constant up to the maximum chloride
concentration examined, The most probable reason for the constancy of
these ratios is that the absorption at all three wavelengths is due to
one species only. DBelow TM chloride, where the ratios vary, the absorp-
tion is due to at least two species., Examination of the overall extinc-
tion coefficients in the tetrahedral region, given in Table 4.1, shows
that, at 7TM chloride, the extinction coefficients are about 10% of
their maximum values, attained at 12+1M chloride, Thus the variation
in the ratios of these extinction coefficients, shown in Figure 4.4,
takes place when the overall absorption is relatively low, This effect
could be due to weak absorption in this region due to CoClg, which is
of comparable magnitude to that due to the second species, when the
concentration of the latter species is low, Because the absorption
shown by the second species is very strong, as its concentration
becomes appreciable, the weak absorption due to CoClg will become a
negligible proportion of the overall sbsorption, Thus the overall
extinction coefficients will become effectively equal to those of the
gsecond species, and the ratios of the extinction coefficients will
become constant.,

The identity of this second species is uncertain, although it is

most probably CoClif The general shape of the abgorption spectrum at
high chloride concentrations and the peak wavelengths are similar to
those reported for the CoCli_ ion in various organic compounds,

Literature values of the peak wavelengths are compared with those
obtained in this study in Table 7.1, The maximum extinction coeffic~
jents observed at 12M LiCl are approximately 10% lower than those
i—in (PhBMeAs)QCoCI435, T8P°° and TOA (this study).

However, the ratios of the extinction coefficients for each of the

observed for CoCl
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above cases agree to within 5%, indicating that the absorption could
be due to the same species in each case, The fact that the uaximum
extinction coefficients are lower in the aqueous system suggests that
not all the metal is converted to CoClZ- in concentrated LiCl
solutions,

Although the behaviour of the tetrahedral absorption can be
qualitatively explained by the above argument, the behaviour of the
octahedral absorption above 6M chloride presents some difficulties,
Examination of Figure 4.2 shows that the extinction coefficients in
this region rise to a maximum at a chloride concentration of approx-
imately 8:5M, Thereafter they decrease, but even at 11M chloride,
they are still about 90% of their maximum values in the wavelength
region, 525 to 535 nm., However at 11M chloride, the tetrahedral
absorption has also risen to over 90% of its maximum, indicating that
much of the cobalt is present as the species assumed to be CoCli-.
Thus this species must make a large contribution to the octahedral
absorption.

The maximum values of the overall extinction coefficients in the
octahedral region are approximately 20% larger than the calculated
extinction coefficients of 0001; (c.f., Tables 4.1 and 4,3).
Therefore there must be another species absorbing in the octahedral
region, in order to account for the rise in the extinction coeffic-
ients to the maximum at 8¢5M chloride, Although the species assumed
to be Clei-absorbs in this region, it cannot be responsible for the
observed maximum, since, at 8¢5M chloride, its absorption in the tetra-
hedral region, and thus its concentration, is still rising rapidly,
In order to account for the observed behaviour of the octahedral
spectrum, it is necessary to postulate the existence of a species
intermediate between CoClg and CoCli_. This species absorbs in the
octahedral region but probably does not absorb, or has only very weak
absorption, in the tetrahedral region, since, above TM chloride, the
tetrahedral absorption is apparently due to one species only - CoCli—.

Two possible assignments for this intermediate complex are
suggested below, However, it is emphasised that both these suggestions
are entirely speculative, since the situation is too complicated, and
there are too many unknown factors, to allow a sensible numerical
analysis to be made of the data obtained above 6M chloride,

The first possibility is that the unknown intermediate complex
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could be a polymeric metal species such as 002012'. Although this
complex has not been postulated before, similar halide-bridged copper
complexes such as CuQClg‘ and CuzBrg- have been reported59’92. However
this suggestion suffers from one main disadvantage, This is that
solutions containing polymeric metal species are not expected to obey
Beer's Law, since the proportion of polymeric species will alter as the
concentration of metal in solution is changed, In this investigation,
Beer's Law was obeyed at all chloride concentrations. Nevertheless, if
the extinction coefficients of the polymeric species are similar to those
of the monomeric species, then the effect of changes in the proportion
of the polymeric species on the overall extinction coefficients could
be negligible., In these circumstances, the solutions would appear to
obey Beer's Law,

An glternative possibility, which avoids this difficulty, relies on
the fact that no assumptions were made about the co-ordination of the
various ions in the numerical analyses which established the existence
of 00015.
states, i,e., octahedral 00013(320)5 and tetrahedral 00013.1{20“. The

latter form would be favoured by increases in the concentration of LiCl

It is thus possible that this ion could have two co~ordination

due to the resulting lowering of the water activities of the solutions,
In this situation, the CcClg species existing below 6M chloride would be
the octahedral form and the unknown intermediate species, accounting for
the maximum in the octahedral extinction coefficients, would be the
tetrahedral form.,

As pointed out above, it is not possible to justify either of these
suggestions by a guantitative numerical analysis, The gualitative
argument shows that there are apparently at least two species higher

than CoCl3 occurring in solutions containing more than 6M chloride. The

highest complex is probably 00012", but the evidence is not conclusive,
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4.H., General Discussion

It was pointed out in Section 2.4, that the chlorocomplexes of
cobalt are the subject of much controversy. Rather than helping to
resolve the situation, the present study creates further complications,

The K1 value obtained in this work agrees reasonably well with
the valves obtained in previous investigations. A compilation of the
numerical values of the stability constants for the cobalt - chloride
gystem reported in the literature has been given in Table 2.1.

The majority of the K1 valueg given in this table, which were obtained
in a variety oi media, lie in the range, log K, = -(0-5 & 0¢4). The
value of log K1 = =048, obtained in this work,lies well within this
range,

It could be argued that this agreement is evidence of the validity
of the basic assumption of this investigation, i.e, that the extinction
coefficients of the individual complexes are independent of ionic
strength, However it should be emphasised that K: wag calculated from
data obtained in the LiCl concentration range 1 to 3M, which is quite
restricted compared with the total range examined., Furthermore,
evidence to the contrary is furnished by the behaviour of the extinct-
ion coefficients in the tetrahedral wavelength region. After reaching
a maximum at 12¢1M LiCl, these decrease by about 8% as the lithium
chloride concentration is increased to 13M, Since the major absorption
in this region has been attributed to CoCli_, the decreage in extinct-
ion coefficients can be explained either by postulating the appearance
of a higher complex, such as CoClB—, which seems unlikely, or alter-

5

natively by assuming a decrease in the extinction coefficients of

CoCl
4 .
absorption of copper in concentrated calcium chloride sclutions, He

. However a similar effect was noted by B,jerrum57 for the

explained the apparent decrease in the extinction coefficients at
given wavelengths in very concentrated solutions by assuming that the
whole absorption spectrum was shifted, due to the formation of ion-
pairs between tetrachlorocupric ions and calcium ions. A similar
argument could be put forward for the present system,

Nevertheless the constancy, or otherwise, of extinction coeffic-
ients remains unresolved, Because of this difficulty, the numerical

results obtained in this work, and in others of a similar type, must
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be treated with caution,
The fact that the data obtained up to 6M LiCl can be adequately

described by postulating the existence of the three species C02+,

CoC1t and CoClB, raises the problem of the apparent abgence, or the

pregence in undetectable quantities, of CoCl, in these solutions. The

reason for this remains obscure, Both the oitahedral and tetrahedral
forms of 00012 have been detected by the method of continuous variat-
ions in non-agueous solventsB, and the work of Zeltman&7 on the cobalt =
hydrochloric acid system, in which CoClQ(HZO)E wag postulated, has
already been discussed,

However in spite of these, and other, theoretical difficultieg, it
will be shown that the stability region of CoClg, calculated from the
results of this spectrophotometric investigation, correlates well with
the behaviour of cobalt in the solvent extraction experiments., Thus
although the equilibrium constants obtained here are merely the result
of an exercise in curve-fitting, the fact that the results of this
exercise correlate well with a completely independent technigue, lends
confidence to the view that these equilibrium constants have both

physical significance and numerical validity,

4.J. Conclugions

1. Malysis of extinction coefficient data obtained from
solutions containing cobaltous ions and lithium chloride

2+, 0oC1 and.

CoCl, exist in the lithium chloride concentration range

3

0 to 6 molar,

indicateg that three cobalt species, i.e. Co

2, The apparent equilibrium constants of these complexes,
which relate their concentrations to the effective chloride
activity of the solutions, are:

&
1

= 0+33 mole” and B; = 097 x 10-3 mole-B.
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4.,

5.
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The extinction coefficients of the two complex species
have been calculated for the wavelength region 500 to 535
nm, and these are presented in Figure 4.6,

No evidence was found to support the existence of CoCl2

in these solutions.

Solutions containing more than 6M LiCl show strong
absorption in the wavelength region 600 to 700 nm, It is
thought that the major source of this strong absorption is
the 00012' ion, although the evidence is not conclusive.

In order to account for the behaviour of the extinction
coefficients in the wavelength region 500 to 535 nm., at
chloride concentrations above 6M, it is necessary to
postulate the existence of a complex intermediate between
CoClg and CoClz-. Speculative suggestions concerning the

nature of this intermediate complex have been made,
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CHAPTER 5

HYDRATION IN THE ORGANIC PHASE

2:A, Introduction

In order to determine the extent of tranafer of water into the organic
phase during extraction with amine solutions, various types of organic
phases were prepared and their water contents were determined by Karl
Fischer titrations. The compositions of the organic phases investigated
were typical of those encountered during extraction experiments, They

may be classified into the following five series.

Series 1 : Solutions of TOA in benzene saturated with
water,

Series 2 : Solutions of TOAHC1 in benzene formed by
shaking amine solutions with dilute HC1.

Series 3 Solutions of TOAHC1 in benzene formed by

shaking amine solutions with aqueous
solutions containing dilute HC1l plus various
amounts of LiCl,

Series 4 & 5: Solutions of TOAHC1l in benzene fully loaded
with cobalt, prepared by equilibration.with

agueous phases of various compositions,

Full details of these solutions are given in Section 5.B(i).
Water determinations were carried out in triplicate using 5 ml, aliquots
of each solution., The results are reported in Section 5.C, and discussed
in Section 5.D.

D.B. Experimental

5.B(i) Preparation of solutions

Five geries of organic solutions were prepared for water analysis,
The solutions were made up by shaking together, for 30 minutes at ambient
temperature, 20 ml, of the required concentration of TOA in benzene with
an equal volume of the appropriate agueous phase,
Serieg 1 : Solutiona B ~ E
Solutions of TOA in benzene ranging between 0.0099 and 0O«1480M
equilibrated with water,
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Series 2 : Solutions F - I

Solutions of TOAHC1l in benzene ranging between 00099 and
0+1480M formed by equilibrating TOA solutions with 0.23M HC1,
Series 3 : Solutions J - N

Solutions containing 0+<0985M TOAHCl formed by equilibrating
0+0985M TOA solutions with aqueous phases containing 0+23M
HCl plus various eoncentrations of LiCl ranging between
3¢0-T<0M,
Series 4 : Solutions 0 - Q

Solutions of TOAHC1l in benzene ranging between 00490 and
0+1480M, all fully loaded with cobalt, formed by equilibrating
TOA solutiens with aqueous solutions containing 0¢23M HC1,
O« 30M 00012 and 6<0M LiCl.
Series 5 : Solutions P,R,S

Solutions containing 0¢0985M TOAHC1 fully loaded with cobalt,
formed by equilibrating 0-0985M TOA with agqueous solutions

containing 0+23M HCl, 0-30M 00012 and 5+0-T«0OM HCI1,

Table 5.1. contains details of each organic solution and the corres-
ponding agueous phase with which it was equilibrated.

5,B(ii) Experimental procedure

Water determinations were carried out on three 5 ml. samples of each
solution, using a B.T.L. Karl Fischer apparatus. The Karl Fischer (K.F.)
reagent and water-methanol solution were both supplied by Hopkin and
Williams, The nominal water equivalent of the K.F. reagent was given as
50 mg.H2O/m1. The actual water equivalent was found to be 57 & 0-1
mg.HZO/ml., by standardisation of the reagent against weighed samples of
water,

A back titration technique, detailed below, was used, in which a
small excess of K.F, reagent was added to the sample and then the excess
reagent was titrated with the water-methanol solution.

Titration technique: The titration beaker, the electrode and the magnetic
follower were washed with acetone and dried in an air blast, Approximately
10 m1, of water-methanol solution were introduced from the burette. X.F.
reagent was then titrated into the beaker in small portions - approximately
0+5 ml, per time, As each portion of reagent was introduced, the indicator
needle swung over to "excess Fischer" and then rapidly swung back to
"excess water", As the end point was approached the swing back to "excess
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Table 5,.1. Compositions of the organic and corresponding
aqueous phases used to prepare the experimental
solutions
Solution Organic Phase Aqueous Phase
[TOA] M [Ec1] M [zici] m [cocl,] M
A Benzene only Water only
B 0+0099 Water only
C 0-0490 Water only
D 0-0985 Water only
B 01480 Water only
F 0-0099 0+23 - -
G 00490 023 - -
H 0-0985 0+23 - -
I 0+1480 023 - -
J 040985 023 3-0 -
K 00985 023 440 -
L 0-0985 0423 5.0 -
M 0+0985 0-23 6+0 -
N 0-0985 0+23 70 =
0 0+0490 0+23 6+0 0-30
p* 0-0985 023 6+0 0-+30
Q* 01480 0.23 6:0 0+30
R* 0-0985 0+23 50 0+30
S* 0-0985 023 740 030

* 40 ml, of agueous phase equilibrated with 20 ml., of organic phase
to ensure full loading.

water" became,K slower, When the needle stayed on "excess Fischer" for.
10-12 seconds, one further small addition of reagent was made (0,1 ml,)
and then immediately water-methanol solution was added, dropwise, until
the needle swung back to the centre of the indicator scale. Readings
were then taken from both burettes, A 5 ml, sample of the unknown
organic solution was then introduced into this balanced solution in the
beaker and the titration repeated - i,e. X,F, reagent was added until a
small excess was present and then water-methanol was added.to bring the
golution to balance, Burette readings were again recorded, A second
sample was then introduced and titrated, followed by a third sample,
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The titration beaker was then emptied, washed and dried, ready for the
next set of determinations,

The reproducibility of the end points was found to be rather poor.
This was mainly due to the inherent instability of Karl Fischer reagent
which decomposes quite rapidly in the absence of water and thus causes

the meter needle to show "excess water",

5.C. Results

LCli Standardisation of Karl Fischer Reagent

Standardisation of K.F¥. reagent with weighed amounts of water gave

the following resultis:

1 ml, K.F, reagent = 57, 5+8, 56, 5:6, 58 mg, H,0,

Average value = 5-7 * 0-1 mg, H O/ml, K.F, reagent

5.C(1i) Water contents of organic phases

The results of the water determinations are reported in Table 5.2.
The second column of this table gives the solute concentrations of the
organic phases - further details may be found in Table 5,1, The third
column contains the results of the three separate determinations carried
out on each solution, The fourth column contains the average value of the

water concentration and this is expressed as a molarity in the fifth columm.

5.D. Discussion

As stated in Section 5,B., the reproducibility of the results was
rather poor, This can be seen on examination of the third column of
Table 5.,2. which contains the measured values of, the water contents of the
three samples taken from each solution., However, the averaged values, .
given in the fourth column have a reasonable internal consistency and they
are also in general in fairly good agreement with published data., The
major diserepancy with publisﬂed work is for the solubility of water in
benzene - Solution A, The wvalue obtained in this work was 0+019M which
does not compare well with the literature value of O-O3QM61,

The presence of TOA in benzene does not appreciably increase the
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Table 5.2 Water contents of Solutions A « S

Solution Composition Water content Average water content
(mg/5 ml) (mg/5 m1) (M)
A Benzene only 144,240,146 1e7 0+019
B 0+0099M TOA 1¢7,1+8,2-7 241 0+023
C 0-0490M TOA 2+3,%+2,1+8 2:4 0:027
D 0+0985M TOA 196,2:6,2+2 2+1 0:023
E 0+1480M TOA 202,2:4, . 2:3 0:026
F 0+0099M TOAHC1 2¢8,2+7,223% 26 0+029
G 0-0490M TOAHC1 620,447,644 57 02063
H 0-0985M TOAHC1 902,1147,8+9_ 9+9 0-110
I 0+1480M TOAHC1 165,142:2,16+5 157 0:174
J 0+0985M TOAHC1 8¢9,9°0,8+4 88 0-098
X 0+0985M TOAHC1 8°2,7°3,9+3 83 0:092
L 0+0985M TOAHC1 7+7,51,840 69 0:077
M 0+0985M TOAHC1 7+%,4+8,6¢8 63 0+070
N 0+0985M TOAHC1 542,5¢3,56 54 0-060
0 0+0490M TOAHC1* Tedy1e1, 13 0-014
P 0+0985M TOAHC1* 141,244,140 1+5 0:017
Q 0+1480M TOAHC1* 302,148,144 2e1 0:02%
R 0+0985M TOAHC1* 2¢6,149,2:2 2¢2 0:024
S 0+0985M TOAHC1* 147,046,047 1.0 0+011

* Solutions fully loaded with cobalt,

water content of the organic phase, Solutions B to BE are water saturated
soclutions containing concentrations of amine ranging from 0+¢0099M to
0-1480M, In all cases, the water contents are slightly higher - up to
0°008M ~ than that of pure benzene, However considering the accuracy of
the results, and the fact that there is no correlation, between the water
contents and the amine concentrations of the solutions, these slight
discrepancies are considered to be negligible, It is concluded that TOA
in benzene is essentially unhydrated, |

On the other hand, the hydrochloride salt of the amine shows definite

evidence of hydration. Solutions F to I contain various concentrations of
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TOAHC1 ranging from 0+.0099M to 0-1480M, formed by shaking amine. solutions
of the appropriate concentrations with 0+23M HCl, It is evident that as
the amine salt concentration increases, so does the water content of the
organic phase, Within experimental error, the ratio [52_0'] [TOAHCT ks

1 : 1, This is demonstrated in Figure 5,1. in whieh the average molar
concentration of water in the organic phase is plotted against the molar
concentration of TOAHCl, The results are adequately fitted by a straight
line with a slope of unity and an intercept equal to the measured value
of the solubility of water in pure benzene (Solution A). Thus it is
concluded that TOAHCl in benzene, when formed by equilibration of the
amine solution with dilute HC1l, is associated with an equal molar concen=-
tration of water, This water is presumably held in the organic phase
due to the formation of the monohydrate of the amine salt, Thia result
is in agreement with the work of Bertocei and Roland;tl;2 on TOAHC1
disaolved in xylene. They also found that each mole of amine hydro-
chloride was associated with one mole of water, Similar results were
reported by Miller and Diamond 26 for solutions of trilaurylamine hydro-
chloride in benzene,

Although amine hydrochlorides may be monohydrated when in equil-
ibrium with dilute agueous solutions where the water activity is close
to unity, some recent work by Frolov and co-workersj 2 has shown that the
degree of hydration varies with the water activity of the equilibrium
aquesus phase, They were able t0 express the solubility of water in
selutions of various amine salts in a variety of diluents by the

expression:
CW = a'HQO(CWO + h.Cs) (531)

where: Cw = Total molar concentration of water in
the organic phgse.

C._ = Water solubility in the pure solvent
wo
at aH o= 1.
2
C8 = Molar concentration of amine salt,

aH o= Activity of water in the equilibrium
aqueous phase,

h = Cw- Cwo = Degree of hydration of the salt

at = 1,
C, "H?o

The results obtained in this work for Solutions H and J to N
demonstrate the effect of water activity. In these solutions, the amine
hydrochloride concentration was kept constant, but the agueous phases
from which the amine salt solutions were formed contained varying amounts
of LiCl ranging from O to 7¢0M, Thus the water activities of the agueous
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FIGURE 5.1  VARIATION OF ORGAWIC PHASE WATER CONCENTRATION
WITH TOAHC1 CONCINTRATTON.

Data from Table 5.2,
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phases decrease from Solution J to Solution N, Examination of Table 5,2,
shows that the water contents of the organic phases also decrease in this
order, The decrease in total organic water content is directly proport-
ional to the water activity of the equilibrium agueous phase, as illus-
trated in Figure 5.2. This is a graph of total organic water content
versus aqueous phase water activiliy. The water activities were calcul-
ated from published data for LiCl, assuming that the effect of the small
concentration of HC1l (0+23M) present in these solutions could be neglected,
The results obtained by Frolov32 for TOAHC1 in benzene are also plotted
in Figure 5.2, These results were calculated from Hguation (5D1) by
introducing values of the parameters in this equation quoted by Frolov
for this system, i.e. h = 0«70 and Cwoz 0+:0%35, It may be seen that there
ig quite good agreement between the two sets of data,

So far in this discussion only the total water contents of the organie
phases have been considered. In order to be able to calculate the amount
of water associated with the amine hydrochloride, it is necessary to know
how the solubility of water in benzene varies with agueous phase water
activity, PFrolov states that there is a linear dependence of water
golubility with water activity in many organic solvents., If this assump-
tion js held to be true in this case, then the, excess water in the organic
phase, associated with the amine hydrochloride, can be calculated using

the following expression:

Cq = C, - aH20'Cwo (5p2)
where: CH = Molar concentration of water associated with TOAHC1,

The composition of the organic phase may be represented as TOAHC1,xH,0,..

2
where x is the degree of hydration, and is given by:

x = Cy/C, (5D3)

Since the water activity varies with the chloride concentration of the
equilibrium agueous phase, x may be related empirically to the chloride
concentration, Values of x calculated from the experimental results for
Solutions J-N are given in Table 5,3, x is plotted against agqueous
chloride concentration in Figure 5.3. A straight line passing through

x = 1 at zero chloride adequately describes these results, indicating that
the degree of hydration of the amine hydrochloride decreases linearly as
the molar chloride concentration of the aguecus phase increases, This
information is utilised in Chapter 7,
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Table 5.3, The change in amine hydrochloride hydration with agqueous

chloride concentration,

Cho = 0°01M  C_ = TOAHCL | = 0+0985M

w

(M) (M) (M) (m)

Solution [01]aq c aHQOcW0 c x

J 3+0 0+098 0+016 0.082 083
K 4-0 0+092 0+015 0-077 078
L 50 0+077 0:013 0+064 0-65
M 60 0+070 0:012 0+058 0+59
N 70 0+060 0+010 0+050 0+51

The results for the amine hydrochloride solutions loaded with
cobalt -~ Solutions 0 to S -~ can be analysed in a gimilar mammer, The
asgociated water is calculated by subtracting the solubility of water in
benzene, corrected for aqueous phase water activity, from the measured
total organic water concentration., The results of these calculations
are given in Table 5.4. The calculated values of the concentration of
water associated with the cobalt species in the organic phase are given
in the right hand columm of this table, In general, these values are
very low and they are comparable with the concentrations of excess water
found in benzene solutions containing trioctylamine only, Thus within
experimental error, it is concluded that the extracted cobalt species
in the organic phase is essentially unhydrated,

5.B. Conclugions.,

This study of hydration in the organic phase when solutions of
trioctylamine in benzene are contacted with various types of agueous

phase has resulted in the following conclusions:

i) Trioctylamine in benzene, and the cobalt species extracted by
trioctylamine hydrochloride in benzene are both essentially unhydrated,
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Table 5.4, Association of water with the extracted cobq;f species,

Solution [TOAHCll Total &y cho Agsociated
[H.0]M 2 [E.0lm
(M) 2 2
0 O+ 0490% 0014 0012 0002
P 0+0985% 0«017 0«012 0+005
Q 0-1480% 0023 0«012 0011
R 0+0985%* 0024 0«013 0+011
S 0+0985%* Q011 0+010 0001

*Organic phase fully loaded with cobalt

ii) Solutions of trioctylamine hydrochloride in benzene contain
water when formed by equilibration with aqueous solutions. When the

aqueous phase water activity is close to unity, the molar ratio of

H20 : TOAHC1 is 1:1., The organic water concentration decreases linearly

with the equilibrium agueous phase water activity,
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CHAPTER 6

VAPQUR PRESSURE QSMOMETRY

6,4, Introduction

Previous work on amine extraction has repeatedly shown the
important effects which the behaviour of amine salts and metal
complexes in the organic phase has on the observed extraction
properties. Solutions of long-ehain amine salts, which are polar
ion-pairs, in non-polar solvents such as benzene, readily form
aggregates due to dipole~dipole interactions., An understanding of
this type of non-ideal behaviour in the organic phase is necessary
in order to meke a proper interpretation of the solvent extraction
data, With this objective, work was carried out to determine the
apparent molecular weights of solutes dissolved in benzene, by vapour
preasure osmometry, The change in apparent molecular weight with
concentration was determined for the various types of solute
encountered in the solvent extraction work described in Chapter 3,
Where appropriate the results were analysed to give aggregation

constants,

6,B, Materials

6,B(i) Benzil

Benzil (m.p. 94°0 - 94-8°C) was prepared from benzoin by a
standard methodéa. 14976 gm, of benzil were dissolved in 20-418 gm,
of A.R, benzene to form a stock solution with a concentration of 96769

gm, benzil/kg. benzene,

6,B(ii) Trioctylamine

4 vdry" stock solution of trioctylamine was prepared by dissolving
1418 gm. TOA in 20481 gm, A,R. benzene to give a solution of concente
ration 69+211 gm., TOA/kg. benzene, A "wet" stock solution of trioctyl-
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amine was prepared by dissolving 1244 gm, TOA in 20428 gm, A.R.
benzene and ¥hen shaking this solution with 25 ml, water. The
concentration of the "wet" stock solution was 60:891 gm, TOA/kg.

benzene,

6.B(iii) Trioctylamine Hydrochloride - '"Pure"

Selid trioctylamine hydrochloride was prepared from triocctylamine
by shaking a solution of 40 ml, TOA dissolved in 40 ml. benzene with
three separate 80 ml, volumes of 1.5M HC1l, After seraration of the
phases, the benzene was evaporated off, leaving an oily brown residue.
The residue was dissolved in petroleum ether (b,p, 40 - 6000) and the
solution was cooled to -20°C, & precipitate was formed which was
filtered off, The precipitate was then redissolved in fresh petroleum
ether and the solution cooled again, The recrystallisation procedure
was repeated twelve times., The final product wag a waxy white solid
with a melting point of 55 - 5600. Mnalysis of this s0lid gave results
in good agreement with those calculated for anhydrous trioctylamine
hydrochloride: C = 74¢13, H = 1325, N = 3.52%; calculated, C = 73:94,
H= 1335, N = 3+59%.

1507 gm. of this material was dissolved in 20+356 gm. A,R, benzene
to form a stock solution containing 74.008 gm. TOAHCl/kg. benzene,

6,B(iv) Trioctylamine Hydrochloride - "Practical"

In order to be able to compare the behavicur of TOAHC1l as used in
the distribution experiments with that of the purified salt, a stock
solution of "practical™ TOAHCl was prepared by shaking an amine solution
with HCl. This method of preparation necessitated calculation, rather
than direct determination, of the weight concentration of TOAHC1 in
the sclution, This was done by determining the equivalent weight of the
trioctylamine by potentiometric titration with standard HC1l, Assuming
that the monohydrate of TOAHCl was formed during the equilibration with
aqueous HC1 (see Section 5.D), the weight gain of the organic solution
could be calculated, The procedure was as follows:

4+033 gm, TOA were dissolved in 39-329 gm, A,R, benzene to give a
solution containing 102¢53%5 gm, TOA/kg. benzene, This solution was
shaken with two equal volumes of 1-1M HCl, The equivalent weight of
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the TOA was found to be 419¢6 gm, Hence x gm, TOA would form
x(4741/419-6) gm, solute by reaction with HC1, assuming the
formation of TOAHCl.Hzo.

Thus the stock solution of "practical" TOAHCl contained:

2102-535 x 474+1) = 115853 gm,/kg. benzene,
419+6)

6.B(v) Trioctylamine Nitrate

A stock solution of trioctylamine nitrate was prepared by shaking
a solution of pure TOAHCl1 in benzene with 6M HNO5.

constant for the nitrate-chloride exchange reaction for TOA is such

The equilibrium

that effectively complete conversion to the nitrate form occurs under
these conditicns, In view of the unknown state of hydration of the
nitrate salt, the concentration of the TOAHI\TO3

as a molality rather than a weight-~weight concentration, by assuming

solution was expressed

that the molal concentration of the nitrate salt solution was equal
to that of the original chloride salt solution. This avoided having
to make assumptions about the total molecular weight of the nitrate
salt.,

Thus 1¢394 gm., of solid TOAHC1 were dissolved in 20:560 gm, A.R,
benzene giving a sclution of concentration 0¢1740 molal, This solution
(25 ml,) was shaken with 50 ml. 6M HNO
0+1740m TOAHNO

to give a stock solution of

3
3!

6.B(vi) Cobalt galt of trioctylamine hydrochloride

Several attempts were made to obtain the cobalt salt of TOAHC1 as
a pure solid. This was done by preparing the salt in benzene solution
by shaking a solution of TOAHCl with an aqueous phase containing
sufficient cobalt ions and chloride ions to ensure full metal loading
of the organic phase, After phase separation the benzene was evaporated
off leaving a dark blue oily residue. A recrystallisation procedure
similar to that used for the preparation of pure TOAHCl was carried cut
on the residue., A number of different solvents and solvent mixtures
were used but in no case could a solid precipitate be made to form, and
the attempt was abandoned.
‘ Samples for molecular weight determinations were instead prepared

in solution in the following manner:
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2977 gm, pure TOAHC1 were dissolved in 40608 gm, A,R, benzene,
This solution was ghaken with three 50 ml, portions of an agueous
solution containing 0+5M CoCl, and 6+0M LiCl, The equilibrium
cobalt concentration of the organic phase wag found by taking a 5 ml.
sample of the organic solution and back extracting the cobalt into
25 ml, of water for subsequent analysis by atomic absorption spectro-
photometry, The weight of cobalt extracted was found to be 0195 gm.
Assuming extraction of cobalt as CoClg, the total weight gain of the
organic phase due to metal loading was 0:430 gm, The concentration
of the stock solution of the cobalt salt in benzene was calculated as
8391 gm,/kg., benzene,

The molar ratio of cobalt to TOAHC1l at full loading calculated
from these results was:

[co] : [ToAHC1] = 1 : 231
This result was in good agreement with the value of 1:2¢29 obtained
from the extraction isotherm experiments (Section 3.B(v)).

An analysis of the molar ratio of cobalt to chloride was also
carried out on this stock solution, A samplé of the cobalt salt
solution was back-extracted with 6M HNO3 to ensure total removal of
the chloride as well as cobalt from the organic phase, The agueous
back-extraction solution was then analysed for cobalt by atomic
absorption and for chloride by Volhard's method. The molar ratio
obtained was:

[Co] : [c1] =1 : 390
In order to check that all the chloride had been removed from the

organic phase, it was recontacted with fresh 6M HNO This second

3‘

aqueous solution gave a negative result when tested for chloride,

6,0. Procedure and Results

A Hewlitt-Packard Vapour Pressure Osmometer (V,P,0,) was used for
the molecular weight determinations, The bridge output from the V.P,0,
was recorded on a Honeywell Electronik 19 recorder, set to give 1 mV
full-scale deflection with up to 10 mV back-off available.

In order to maintain thermal stability within the V,P.0,, it is
necessary to operate the thermostatic chamber of the instrument at a
temperature a few degrees above ambient, For this reason all measure-

ments were carried out at 320500.
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The instrument has to be calibrated with a solute of known
behaviour to determine the calibration constant K, which depends on
the temperature and the solvent., Solutions of benzil in benzene were
used for the calibration,

Molecular weight determinations were carried out on golutions
derived from all the stock solutions described in the preceding
section, Concentration series were prepared from these stock solutions
by diluting weighed amounts of the stock solutions with weighed amounts
of benzene,

The results obtained are presented graphically as plots of the
bridge output from the V,P.0, (V) in millivolts, against solution
concentrations (C) in gm. solute per kg, benzene in Figures 6.1 and 6.2,
Numerical values of the results are contained in Tables 6.1.,X to 6.7.X
in Appendix 2, All results reported are the average of at least three,

and in some cases many more, determinations on each solution.

6.D, Discussion

6,D(i) Theory

For a solution that obeys Raoult's law, it may be shown64 that the

bridge output of a V,P,0, is related to solute concentration by:

v K
T < 3 (éD1)

where V.P.0, bridge output in volts

]

]

Solute concentration in gm./kg. solvent

Molecular weight of solute

) O <«
i

Empirical constant dependent on the temperature,

solvent, and instrument characteristics,

For non-Racultian solutions a power series may be used to correlate
the data:

al<

=
(

Q<

; (1 + AC + BCQ+...)
C=0

where A,B, etc, are the second, third, ete,, virial coefficients.
Generally an expression involving the first and second terms only of

the above expression is sufficient:
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FIGURE 6.1 V.P.0. BRIDGE OUTPUT AGAINST SOLUTE CONCENTRATION.

Data from Tables 6.1.X to 6.3.X.
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Data from Tables 6.5.X to 6.7.X.
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% = g%; (1 + AC) (6D2)
C=0

The intercept at (=0 of a plot of V/C against C gives the value of
(V/C)c=o’ and the slope gives the second virial coefficient A,
Since all solutions approach Raocultian behaviour at low sclute
concentrations, the value of (V/C)G=O may be used in Equation (6D1)
to give a value of K/M.

K is an empirical constant, and it must be determined by
calibrating the instrument, This is done by determining (v/c)C=O
for a solute which behaves ideally in the chosen solvent, The
calibration is carried out at the same temperature as that to be used

for the unknown determinations, The value of K is then given by:

K = gggczo.ms (603)

where Ms is the molecular weight of the "astandard" solute,

6,D(ii) Calibration

Benzil was chosen as the solute for calibration in this investig-
ation, since it is expected to behave ideally in benzene golution,

A plot of V/C versus C for benzil in benzene at 32:5°C is given
in Figure 6,3, Linear regression analysis of the data gave the
following results:

Slope = 00000 mv/(gm./kg.)2
Intercept at C=0 = 00635 mV/(gm. /ke.)

Correlation coefficient = ~0-1902

The glope of the best line through the data is equal to zero, Thus the
second virial coefficient, A, in Equation (6D2) is equal to zero,
indicating that benzil does behave ideally in benzene, The intercept
obtained is the value of (V/C)C=O and this may be combined with the
molecular weight of benzil (210+2) to give the value of K from Equation
(6D3),

K= 13 mV/molal

6,D(iii) Trioctylamine

A plot of V/C versus C for TOA in benzene is given in Figure 6,3,

The results lie on a straight line with a small positive mlope, These
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results include both dry and water saturated solutions. Linear

regression analysis gave the following results:

Slope = 5 x 1072 mV/(gm./ikg.)2
Intercept at C=0 = 00383 mV/( gm. /kg. )
Correlation coefficient = 0:9642

The intercept and the value of K determined above were introduced into
Bjuation (6D1) to obtain the molecular weight of TOA;

MW, of TOA = 349

This value is 1.2% less than the theoretical value of 353. The small
positive slope of the line in Figure 6.3 indicates a positive deviat-
ion from ideal behaviour of TOA in Vbenzene over the concentration
range studied,

The molecular weight of the TOA determined by potentiometric
titration with standard HC1 was found to be 419+6 (Section 6.B(iv)).
This discrepancy was assumed to be due to the presence of a non-basic
impurity. If this is the case, then the weight fraction of the
impurity is given by:

Wt, fraction =M - M
2t
M
P
where M_ = Apparent molecular wt, by potentiometric titration.
Mt = Theoretical molecular wt, of TOA,

Substitution of the values Mb = 419+6 and My, = 353 gives a value for
the weight fraction of the impurity of 0+159 and thus a weight fraction
of 0841 for the pure amine,

The apparent molecular weight M& of a mixture of two substances

in solution measured by vapour pressure osmometry is given by:

where X1 = mole fraction of substance 1 of mol, wt, NH

X2 mole fraction of substance 2 of mol. wt. M2

]

If the solution contains x gm. of substance 1, and y gm, of substance
2, then:

X, = x/M1 _ x,,
X M1+ ¥ Mé xM2+ yM1
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Similarly X, = yM
xM2+ yM1

Substituting for X, and X, in equation (6D4) gives:

M, = MM (x + y) (6D5)
xM2+ yM1

Considering 1 gm, of TOA, the following values may be substituted
into Muation (6D5) to obtain the molecular weight M2 of the impurity -
M, =349, M, = 353, x = 0°841 and y = 0159

0°841M2+ 353 x 0+159

Thus the molecular weight of the impurity in the trioctylamine is 332,
providing the assumption of non-basicity of the impurity is correct.
However it should be noted that the accuracy of this calculation is

rather low, since an error of i1% in M& produces an uncertainty of

6% in M.,

6,D(iv) Trioctylamine hydrochloride - Pure

The V/C versus C plot for solutions of sclid TOAHCl in benzene is
shown in Figure 6.3, The points lie on a curve which approaches
linearity as the solute concentration increases, This type of plot is
indicative of highly non-ideal behaviour, and it is typical of the
results obtained for all the amine salts investigated in this work.
Yon-ideal behaviour of long-chain amine salts in non-polar sclvents is
generally attributed to aggregation of the salts into dimers and higher
polymers, Previous work on these types of systems has been discussed
in Section 2.B,

The data obtained for TOAHCl were analysed on the assumption that
the non-ideal behaviour was due to aggregation, The apparent molecular
weight of the solute at each concentration was calculated by introducing

eaeh measured V/C value into FEquation (6D1), Dividing the apparent
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molecular weight by the monomer molecular weight of TOAHCL (389-5)
gave the average aggregation number n for each solution, The
apparent molecular weights and n values for TOAHCL in benzene are
tabulated in Table 6,3.X, and a plot of n versus the molal concent-
ration of TOAHC1 is given in Figure 6.4.

It should be noted that this derivation of n values implicitly
assumes that all the various species in solution behave ideallys
that is, that the observed non-ideality of the solution is due
to polymerisation of the solute, but that the individual polymeric
species behave ideally, This is obviously questionable, especially
in the light of the results for trioctylamine itself, which does not
undergo aggregation, but nevertheless shows slight deviations from
ideal behaviour. However in ordexr that an analysis of the data can
be attempted, this simplifying assumption is made,

The n values for the concentration range examined lie between
140 and 17, In order to calculate the dimerisation congtant, it is
assumed that the major species existing in solution are monomers and
dimers, The validity of this assumption is demonstrated by the
analysis that follows. Thus the equilibrium reaction is:

— K
STORACI =% (TOAHCI),

. 2
* @ T2 - K2 .T1

where T2 = molal concentration of dimer
T,, = molal concentration of monomer

K2 = dimerisation constant
The total molal ooncentration of monomers and dimers, M, is given by:

2

The total stoichiometric molal concentration of TOAHCl, S, is given by:

+ %X..7.°

=1 1 2*4 (607)

1+2T233T

By definition, the average aggregation number, E,- is equal to the total
stoichiometric concentration divided by the total concentration of
monomers and dimers:

(6D8)

s
]

4 [
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Elimination of M and T, from Fjuations (éD6), (6D7) and(€D8) gives
the expression:

o(n - 1) K..S (6D9)

(2 - m)°

Thus a plot of the function on the L,H.S, of Equation (6D9) against
the stoichiometric molal concentration of TOAHCl should give a straight
ot This plot

is given in Figure 6.5, and the numerical data are contained in Table

line pasgsing through the origin, with a slope egqual to K

6.3.,X. The results lie on a straight line, indicating a monomer-dimer
equilibrium, up to approximately O1m TOAHCl, At higher concentrations,
the line deviates upwards from linearity, indicating the presence of
higher polymers, Linear regression analysis of the data gave the

following results:
Correlation coefficient = 09990

Intercept = =0-0326
Slope = 244326

The slope of the line is equal to the dimerisation constant, K?, of
TOAHCL, thus:

K, = 244 mole | at 32.5°C

The only reported value for the dimerisation constant of TOAHC1
in benzene is K2 = 129 at 25°C, by Kojima et 31,36 who used a
distribution method, The agreement with the present work is not good,
but the discrepancy is comparable with the discrepancies between
reported values of K, for TLAHC1 in benzene, i.e, K= 18-654, 20
5027, at 25°C and K= 30%at 37°0.

Having established the concentration range over which only

26

monomers and dimers exist, the concentrations of these two species may

be calculated from the n values: From pquations (6D8) and (6D6):

n =

S
T1+ T2
From mquation (6D7):

T, = %(S-T1) md T, = S-2T
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. n = _28 = _35S
5 - T, 5 -1,
" T, =5(2-n) ad T,=85(n-1) (6D10)
= 2 =
(7 ) (@)

Thus the monomer and dimer concentrations, T1 and T2 regpectively, can
be calculated from the total stoichiometric concentration of TOAHC1, S,
and the n value, Equation (6D10) is valid for concentrations where
only monomers and dimers are present, Calculated monomer and dimer
concentrations are given in Table 6,4.X and the results are plotted as
log concentration (log T1 or TQ) against log total stoichiometric amine
hydrochloride concentration (log S) in Figure 6,6. The concentrations
have been changed from molal to molar so that they are compatible with
the solvent extraction results discussed in Chapter 7, This conversion
wag done by using an empirical relationship relating molal and molar
concentrations, which was determined for solutions of trioctylamine in
benzene: m = 1.29M, It was assumed that this relationship could also
be applied to solutions of TOAHC1 in benzene.

Examination of Figure 6,6, shows that up to S = 0:08M, the log
of the monomer concentration, log T1, increases linearly with log S,
the slope of the line being 0-67, Log T,, the dimer concentration,
also increages linearly with log S. The slope of the dimer line is 145,
approximately double that of the monomer line.

It is interesting to note that the two lines intercept at a log S
value of -1:0, This is equivalent to a molal concentration of TOAHC1
of 0+13m, which is slightly greater than the concentration at which
deviation was observed in the monomer-dimer equilibrium for this salt -
Figure 6,5. At the interception of the lines in Figure 6,6, the monomer
and dimer concentrations in solution are equal, Thus it appears that
higher polymers are not formed until the dimer concentration is

approximately egual to the monomer concentration.

6,D(v) Trioctylamine hydrochloride - Practical

The apparent molecular weights of practical trioctylamine hydro-
chloride, calculated by introducing V/C values into Equation (6D1),
are given in Table 6,5.X., In Figure 6,7, they are compared with the
apparent molecular weights obtained for pure TOAHCl by plotting both
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sets of results against the molal concentrations of the solutions,
The results for practical TOAHCl are somewhat scattered but in
general they follow those of the pure material, The compositions
of solutions of practical TOAHCl differ from those of the pure
material in two respects, Firstly solutions of the practical
nsterial ocontain water of hydration, since they were prepared by
equilibration with agqueous HC1l, and secondly they contain the
impurity which is present in the amine itself, It has been Bhown?6’65'66
that the state of aggregation of amine salts is affected to a very

minor extent by the presence of water in the organic phase, The
presence of the impurity, which has a molecular weight of 33?2

(Section 6,D(iii)), will tend to lower the apparent molecular weight

of the amine salt, In view of these uncertainties, the agreement
between the results for the practical and pure TOAHC1l solutions is
considered to be reasonable, In the general discussion - Chapter

T - V.,P,0, data are used to explain the extraction behaviour of the
amine hydrochloride, and it ig assumed that the numerical results
obtained for the pure amine hydrochloride can be used to describe

the behaviour of the salt in the practical extraction systems,

6,D(vi) Trioctylamine Nitrate

In Section 6,B(v), it was stated that in view of the unknown
state of hydration of the nitrate salt, the concentrations of the
solutions of this salt were calculated as molalities, rather than
weight-weight concentrationg, This necessitates expressing the
V.P,0, results as V/m instead of V/C, where m is the molality of the
solution, When values of V/m are introduced into Equation (6D1),
the average aggregation number n ig obtained directly instead of the

apparent molecular weight, This may be shown as follows:

m = C/Mo

where C = concentration in gm., solute/kg, solvent

Mb= menomer molecular weight of solute

l = [¢]
« o ™ =

From Fguation (6D1)

al«
"
=2
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n values for TOAHNO3 are given in Table 6,6,X and they are compared
with n values obtained for pure TOAHC1 in Figure 6,4, The n values
for the two salts are similar for concentrations up to 0:03m, At
higher concentrations, the n values for the nitrate salt are much
higher than those of the chloride salt, indicating greater
aggregation of the former salt.

Equation (6D9) may be used to obtain the dimerisation constant
of TOAHNO5. The function on the L,H.S. of Equation (6D9) is plotted
against the molality of ‘IDAHNO3

expected for a monomer-~dimer equilibrium extends only to a concentration

in Pigure 6.5, The linear behaviour

of 0:03m, Above this concentration there is an upward deviation of the
points, indicating the presence of higher polymers. The value of the
dimerisation constant is given by the slope of the linear portion of
the graph and is equal to:

K, = 25 mle |  at 32.5°C

The concentration range over which the monomer-dimer equilibrium
is obeyed by TOAHNO3 found in this work is similar to that reported
for tridodecylamine nitrate by Scibona and co-workerszs. They found
that the monomer-dimer equilibrium was followed by solutions of this
8alt in benzene up to concentrations of 0:04m, At higher concentrat-

ions, the data indicated the formation of trimeric species.

6,D(vii) Cobalt salt of trioctylamine hydrochloride

The apparent molecular weights of the cobalt salt of TOAHC1 are
given in Table 6.7.X, In Figure 6.8 the results are plotted as a
function of solute concentration, expressed as both a weight-weight
concentration and also as the equivalent molar concentrations of
cobalt in the organic phase, The apparent molecular weight of the
solute increases by about 30% over the concentration range examined,
indicating that association is occurring,

The molar ratio of cobalt to TOAHCLl in these solutions is 1:2-3%1,
The theoretical ratio required for electrical neutrality, assuming
cobalt is present as the tetrachlorocomplex, is 1:2¢0, The excess
amine salt presumably solvates the metal complex, The composition of
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the organic phage at full-loading is assumed to be:

(TOAH) ,CoC1,,,0* STOBHCL

4

This composition has the required metal to amine ratio and indicates
that each mole of metal complex is solvated by 0¢3 mole of amine
salt, The theoretical average molecular weight in a solution of this
composition, where both components of the solute exist as monomers,
may be calculated from Fyuation (6D4):

Mv = X1M1 + X2M2

]

where component 1 (TOAH)QCOCI4, mol. wt, = 909

TOAHC1, mol., wt, = 389+5

component 2

The mole fractions of the two components, X1 and X2, for the
composition given above are:

X1 = 1 = 0‘77 znd X2 = 0'5 = O¢23
14+ 03 1 + 03

Thus M% = 077 x 909 + 023 x 3895 = [89H

Since the results indicate that association of the solute occurs
in this system, the solute components will only exist as monomers as
the solute concentration approaches zero, Thus the theoretical
molecular weight calculated above should be exhibited by the solution
at zero solute concentration. The theoretical value is plotted at
zero concentration in Figure 6.8, and it may be seen that a smooth
curve through the majority of the experimental points may be
extrapolated back to the theoretical point, It is considered that
this agreement is satisfactory and that the V,P,0, data support the
agsumed composition of the organic species given above, Since this
species is effectively a mixture of the metal complex and the solvating
amine salt, it is not possible to analyse the assoclation which occurs
at finite solute concentrations in terms of equilibrium constants,
because the behaviour of the individual components is not known.
mOverall” apparent aggregation numbers (n*) can be calculated by
dividing the measured apparent molecular weights by the theoretical
monomeric average molecular weight calculated above, Values of n*
are given in Table 6,7.X, These increase with solute concentration,

the maximum value being 1392, These results contrast with those of
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45

Good and Srivagtava™ who found that the apparent aggregation number
of the cobalt species extracted by trihexylamine hydrochloride in

toluene was close to 3 over the concentration range 0402 to O-1M.

6,E, Conclusions

1e The molecular weight of trioctylamine was found to be 349,
compared with a theoretical value of 353, The impurity in the amine,
indicated by the potentiometric molecular weight (4196), was assumed to

be non~basic, and its molecular weight was calculated - 332,

2. Pure trioctylamine hydrochloride forms aggregates when dissolved
in benzene, The aggregation was found to follow a monomer~dimer
equilibrium up to solute concentrations of approximately O+1m, with a

dimerisation constant, K, = 24+4 mole” ! at 32.5°¢,

2
3. Practical trioctylamine hydrochloride, formed by direct equil~
ibration of amine solutions with agueous HCl, was found to behave

similarly to the pure salt,

4, Trioctylamine nitrate solutions in benzene show a greater degree
of aggregation than the chloride salt, The monomer-dimer equilibrium
was obeyed only up to 0:03m, higher polymers being formed at higher
solute concentrations, XK, was found to be 25 mole” ! at 32.5°C,

Se The cobalt salt of trioctylamine hydrochloride forms aggregates
when digsolved in benzene, As the solute concentration approached
zero, the apparent molecular weight of the solute approached the
theoretical molecular weight calculated for a monomeric solute of the

following composition:

(TOAH),CoCT,,.G+ STOAECL
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CHAPTER 7

GENFRAL DISCUSSION

f{.A. The chloride and nitrate salts of trioctylamine

Z,A{i! General

Measurements of the chloride concentrations of trioctylamine
hydrochloride solutions equilibrated with both dilute HCl soluticns
and concentrated LiCl solutions (3¢0 - 7.0M) have shown that, under
these conditions, the stoichiometric amount of chloride ig present
in the organic phase, Thus there ig no invasion of the organic phase
by LiCl as is found in the case of guaternary ammonium chloridessB.

This 1is igfagreement with the work of Sato49’52 on TOAHCl and of Good42
on geveral tertiary amine hydrochlorides,

The amine hydrochloride was found to extract water into the organic
phase, At low aqueous chloride concentrations, where the water activity
was close to one, the molar ratio in the organic phase of water to amine ‘
hydrochloride was approximately unity, As the chloride concentration
of the agqueous phase was increased and thus the water activity decreased,
the water content of the organic phase also decreased, in direct prop-
ortion to the water activity. Solutions of trioctylamine hydrochloride
in equilibrium with aqueous lithium chloride may be represented as,
IOAHCl.xH2O, where x is less than or equal to one, and depends on the
water activity of the equilibrium agueous phase, The change in x as a
function of the chloride concentrations of the equilibrium agueous
1ithium chloride solutions is given in Figure 5.3,

Water measurements were not carried out on trioctylamine nitrate
solutions, but previous work has shown that solutions of amine nitrates
generally have much lower water contents than the corresponding
chlorides, Bertocci and Rolandi62 showed that solutions of trioctyl~
amine nitrate in xylene extracted both water and excess acid from
nitric acid solutions, The organic phase water concentration was
related to the organic phase acid concentration with a molar ratio

for water to nitric acid of one to approximately five, In addition,
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the organic nitric acid concentration was proportional to the agueous
acid concentration, Thus the behaviour of water in amine nitrate
solutions is apparently more complex than in amine chloride solutions,

V,P,0. measurements carried out in this study indicated non-ideal
behaviour of both TOAHC1 and TOAHNO3 in benzene., This was attributed
to aggregation of the solutes. The chloride salt was less aggregated
than the nitrate salt, The average aggregation numbers, n, of the
two salts were very similar up to a concentration of 0.03m, but
thereafter, the n values of the nitrate salt were higher than those of
the chloride salt, e,g, at O¢12m, n was 1+5 for TOAHC1 and 20 for
TOAHNOB.

The aggregation of the chloride salt was satisfactorily explained
in terms of a monomer-dimer eguilibrium for concentrations up to 0-im,
with evidence of higher polymers at higher concentrations, The
dimerisationconstant for TOAHCL in benzene was calculated and found to
be Kg = 24+4 mole"1 at 32-500. In the case of the nitrate salt, the
monomer-dimer equilibrium was obeyed only up to a concentration of 0+03m,
with X

2
indicated at concentrations greater than 0+03m, Similar results have

= 25 mole_1 at 32-500. The formation of higher polymers was

been reported by Scibona25 for solutions of trilaurylamine nitrate in
benzene which were shown to follow a monomer-dimer eguilibrium up to
0+04m, with the formation of trimers at higher concentrations.

The influence of water in the organic phase on the aggregation of
the amine salts wag not investigated, but previous work has shown that

there is little or no effect26’27’66’81.

7.A(ii) The chloride-nitrate exchange constant

The results given in Section 3,C(i) for the organic chloride
concentrations after equilibratioms of TOAHC1l solutions with agqueous
solutions containing lithium chloride and lithium nitrate, indicate
that nitrate is extracted into the organic phase, These results were
found to be consistent with the following extraction equations

TOAHC1 + NO; — IOAHNO§ + C17 (7A1)

The equilibrium constant for this reaction is:
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[TOAHNO, ] Y »2
- _ 3 +1NO""C1 (702)

[ToAHC1] |, Yoy 31\103

where ?NO3 and ?Cl are the organic activity coefficients of the
amine nitrate and chloride, respectively, &350 and

3

&g, are the agueous activities of the ions,

It is assumed initially that the activity eoefficients of the
amine chloride and amine nitrate are equal, This assumption is
discussed later, Secondly it is assumed that the equilibrium

concentration of TOAHNO, is equal to the initial concentration of

3

TOAHCl1 in the organic phase minus the equilibrium concentration of
TOAHC1, i.e.

[ToARNO, ] = [ToAHC1]; - [MOARCI] (743)
where [TOAHC1] = initial concentration of TOAHCI

Using these two agsumptions, Eguation (7A2) becomes:

K, = ( [ToAHC1]): - [’I‘OAHCl]).aCl

[TOAHC1] .y,
3

ot a & [TOAHCI) (724)
o, [TOAHCI], - [TOAHCI]

Thus a plot of aCl/aNO against [Tdﬁﬁ01l/([ﬁﬁﬁgﬁf]i - [TOEEE1])

should give a straight”line passing through the origin, with a slope
equal to the exchange constant, Ki. The agueous chloride and nitrate

ion activities for the mixed salt solutions, a,, and o ? Were

C1
calculated from data published by Robinson and Lim55. 5 Details of
these calculations are given in Appendix 1, The plot of equation
(744) is given in Figure 7.1 and the numerical data is given in

Table 7.1.X, Examination of Figure 7.1. shows that the theory
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Data from Table TeleXe
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describes the experimental behaviour satisfactorily, with X = 24-4,
calculated by linear regression analysis, The values of
[m] calculated using this value of K, are given in Table 7.2.X,
and it mey be seen that the calculated and experimental figures are
in good agreement,

The chloride-nitrate exchange constant for TOA in benzene has
not been previously reported., However the association constants K11
for extraction of the acids themselves by TOA in benzene are available,

where K11 is given by:

K, = _ o] (745)
[FN] ooy

For TOA in benzene, K, values are 38 x 10° for X = N 68 .na

0+15 x 10° for X = €1~ 3°, From eguations (7A2) and (745) the relation-

ship between Kx and K11 is given by:
X 5
11(NO, ) 38 x 10
I-{_-_——L = Kx = 5 = 2503
11(C1) 0+15 x 10

This value is in good agreement with the value 24¢4 calculated above.

It is ooncluded that the reaction given by Equation (7A1) adequately
describes the extraction behaviour of trioctylamine in benzene when it is
in equilibrium with agueous solutions containing mixtures of lithium
chloride and lithium nitrate, and that the nitrate ion is strongly
extracted by TOA compared with the chloride ion,

One of the two assumptions made in the preceding analysis was that
of equality of the activity coefficients of the two amine salts when in
the presence of each other, It has been shown that the aggregation
behaviour of the individual chloride and nitrate salts of the amine in
benzene differ considerably for concentrations above 0°03m, The success
achieved using the assumption of equal activity coefficients in the
mixed solutions indicates that the aggregation behaviour in such
solutions may be different, It is probable that the {wo salts will
interact and this may lead to an "“averaging" effect on the non-ideality
of the mixed solute, Furthermore it will be shown subsequently that
the extraction behaviour, with respect to cobalt, of mixed amine chloride-



127,

amine nitrate solutions, is, in many respects, similar to that of
solutions containing only the amine chloride, This suggests that
the aggregation behaviour of the mixed solutions resembles that of
the chloride salt rather than the nitrate salt,

1:B. The nature of the extracted cobalt species

There is much evidence in the literature which suggests that
cobalt exists in orgenic solutions containing either tertiary amine
hydrochlorides or quaternary ammonium chlorides as a complex which
contains the tetrahedral 000142- ion41’42’45’48’49’82. The results
of this study also support this conclusion.

The spectrum of the organic cobalt complex, shown in Figure 3.5,
regsembles the spectrum of aqueous solutions of cobalt containing high
concentraticns of chloride ions. The overall extinction coefficients
of the organic complex are higher than the maximum values obtained for
cobalt in LiCl solutions, which occurred at 12+1M LiCl (See Table 4,1).
They are also higher than the extinction cocefficients reported by Good

41,42 £or cobalt in tri-iso-octylamine and tri-n-hexyl-

and co-workers
amine, However they are close to the values reported by Gill and
Nyholm8 for 006142- in bis(triphenylmethylarsonium) tetrachlorocobaltate
and also close to the values for 000142- in TBP given by Morris and
co-workerses. Numerical values of all these results are given in

Table 7.1.

Table 7.1 Comparison of peak wavelengths and overall extinction
coefficients for CoCl%_ in various media.

A At A"

Medium A max € Max € A;ax £ Reference
THA in CH, 700nm 583  665nm 571 630nm 408 41,42
PIOA in <:2,15r013 695nm 542 665mm 506 6250m 365 41
TEP 69%nm 640  660nm 7 630nm ? 83
(Ph3MeAs)2(C001 4) 693nm 653  668nm 580 635nm 419 8
TOA in C B, 693nm 635  662nm 572  626nm 422  This work

12.1M LiCl 690nm 590 662nm 540 624nm 368 This work
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The cobalt to chloride molar ratio in the TOA complex obtained
by direct analysis of the complex was 1:3+9, which is close to the
theoretical value of 1:4 for 000142-.

Analysis of the organic complex for lithium after extraction of
cobalt from LiCl solutions gave negative results, indicating that
lithium is not co-extracted with the cobalt,

When part of the LiCl in the aqueous phase was replaced by HC1
there was no appreciable change in the distribution coefficient of
cobalt, This indicates that hydrogen ions are not co-extracted with
the cobalt, If hydrogen ions were co-extracted with the metal, an
increase in DClo with the hydrogen ion content of the agueous phase
would be expected,

The cobalt to amine molar ratio in the organic phase at full
loading wes found to be 1 : 2¢3, This result was obtained both from
the extraction isctherm and from an analysis of purified TOAHC1 loaded
with cobalt, An identical loading ratio for cobalt in THAHC1 in
toluene has been reported45. Agsuming the metal species in the
organic phase is 000142-, then two RBNH% ions would be required to
maintain electrical neutrality, Thus the theoretical cobalt to amine
molar ratio should be 1 : 2, In order to account for the observed
ratio, it is necessary to postulate that the organic metal complex is
solvated by 0+3 mclecules of amine hydrochloride, and the extracted

species may be represented as:

(TOAH)QCOCI .0¢3TOAHC] (781)

4

This formulation, however, gives a theoretical metal to chloride
ratio in the complex of 1 : 4¢3, whereas the measured ratio was 1 : 39,
An alternative explanation which satisfies both measured ratios is that
the metal complex is golvated by free amine rather than amine hydro-
chloride, i.e, (TOAH)200014.O-3T0A. This species has a metal to chloride
to amine molar ratio of 1 : 4 : 2¢3, in agreement with the experimental
values, However the formation of this species requires the conversion
of part of the amine hydrochloride to the free base during contact with
aguecus solutions of pH less than 2 and which contain high chloride ion
concentrations, This seems improbable, Furthermore, with the form-
ation of free amine during the extraction, the reaction should become

dependent on the hydrochloric acid concentration of the agueocus phase,
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gince the reaction would involve transfer of the acid from the organic

to the aqueous phase as shown in the following equation:

CoCl, + 2+3 TOAHCI = ('I‘OAH)200014O-3 TOA + 03 HC1 (7B2)

A reaction of this type should show a decrease in DCo as lithium
chloride in the agueous phase is replaced by hydrochloric acid, This
effect was not observed, Similarly, extraction of cobalt from pure
HCl solutions would be expected to be lower than from pure LiCl
solutions, It is shown in Section 7.E., that identical cobalt distrib-
ution coefficients are obtained for HC1l and LiCl solutions of equal
chloride ion activity, providing the extraction of excess acid, which
occurs with the former solutions, is taken into account,

The reason for the discrepancy between the theoretical and
measured metal to chloride ratios is not understood, since it is

" thought unlikely to be accounted for by experimental error, However
in view of the arguments presented above, it is assumed in the
following discussions that the metal complex is solvated by amine
hydrochloride rather than free amine, and that its composition is
given by Zquation (7B1). The solvation number of O¢3 was obtained
for amine solutions which were fully loaded with cobalt, The solvat-
ion of the organic complex at low metal loadings is not known, but
evidence will be presented which shows that the number of solvating
molecules is probably independent of the organic phase metal concent-
ration,

Water determinations on cobalt-saturated amine hydrochloride
solutions, discussed in Section 5.D., showed that the organic metal
complex ig essentially unhydrated, This is in agreement with the work
of Sato48 on the cobalt - TOA system,

The molecular weight determinations, discussed in Section 6,D(vii),
have shown that the apparent molecular weight of the organic metal
complex in solution in benzene increases as its concentration increases.
As the concentration of the complex approaches zero, the apparent
molecular weight approaches the theoretical value calculated for a
solution containing a monomeric mixture of 1¢0 mole of (TOAH)200014
and 0+3 mole of TOAHC1, The overall n values of the solute, calculated

from the theoretical apparent molecular weight, increase quite slowly
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with concentration, reaching a value of 1+39 at a concentration of
84 gm, solute/kg, benzene, This solution contains approximately
O+19m TOAHC1l, The n value of a pure TOAHC1l solution at 0¢19m is
162, Thus the aggregation of the metal complex is less than that
of the amine hydrochloride.

[«C. Variation of amine concentration

The variation of DCO with total amine salt concentration is shown
on a log-log scale in Figure 3.3. Each line on this diagram represents
extraction from an agueous phase of constant composition, Extraction
from both lithium chloride and mixed lithium chloride-lithium nitrate
solutions is represented, TFor amine salt concentrations of up to 0+2M
(10g[TOABX] = =0.7 ) the results lie on a series of parallel lines
with slopes of 1-60, At amine salt concentrations greater than 0-2M,
the lines deviate upwards from linearity, Because of the low total
metal concentrations used (192 x 10-3M), the slopes of these lines are
not significantly altered if the concentrations of free amine salt are
Plotted, rather than the total salt concentrations, by correcting for
the concentration of amine salt bound to the metal complex.

Similar amine dependencies for cobalt extraction by tertiary amine
hydrochlorides have been reported previously. Venkateswarlu and Lal47
found slopes of 1¢5 for the extraction of cobalt from HC1l by tri-n-
48,49 reported slopes varying between 130 and
175 for cobalt extraction by TOA from 4 to 10M HC1l solutions, '

It is conventional to regard a p th power dependence of the

nonylamine, and Sato

distribution coefficient on the amine salt concentration as indicating
the participation of p amine salt molecules in the extracted metal
complex, However, in general, the situation is more complicated than
this due to the aggregation of amine salts, which occurs in many
diluents., Failure to appreciate the effects of aggregation led to the
proposals of erroneous extraction mechanisms in some of the early
investigations of amine extraction systems, as pointed out by Kertes46.
Nevertheless it has frequently been observed that the distribution
coefficient of a complex MAﬁ:p varies with the p th power of the amine

salt concentration, in spite of the fact that the amine salt is
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aggregated, To account for this, Marcus7o has suggested that

aggregated amine salts may be monoionised and thus exchange only
one anion:

(F;NTIK)q P (R3NHA)q_1.R3NH+ + A”
Providing the aggregation number g only varies slightly with the
total amine salt concentration, then the concentration of the g-mer
will be directly proportional to the total amine salt concentration
and the required p th power dependency will be observed., This
concept, however, does not explain non-integral power dependencies
which are also frequently observed and generally attributed to amine
salt aggregation. Very little quantitative work on this aspect of
the extraction of metals by amines has been reported and the situation
is not really understood,

In this investigation it has been found possible to calculate the
monomer and dimer concentrations in TOAHC1 solutions of up to O-O8M.
This information can be utilised to analyse the observed amine salt
concentration dependencies in terms of reactions involving extraction
of the metal complex by either the monomer or the dimer of the amine
salt. In order to do this, a generalised extraction equation is

written, utilising the following experimentally observed information:

i) The orgaenic metal complex contains the CoCli-iion.

i1) The amine hydrochloride is hydrated by x water molecules.
X is generally less than one, and depends on the agueous
water activity.

1ii) The organic metal complex is unhydrated, but is solvated
by s amine salt molecules, s may be variable.

iv) At low concentrations, the organic metal complex is

unaggregated.

The generalised extraction equation is:

I <
c°01r(12 n), a(TOAHol.xazo)bé (TOAH),,CoC1,, sTOARCT

4

+(n=-2)C1" + abxH 0 (7¢1)
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In this equation, a and b are related variables, where b is the
aggregation number of the amine salt species involved in the
extraction, The relationship between a and b depends on s, the
number of amine salt molecules which solvate the organic metal
complex, and s itself may be variable, The equation relating a,
b and s is:

8 = ab-2 (7¢2)
Kex’ the extraction equilibrium constant is given by:
" ) {(TOAH)gCo 14 sTOAHCL} {C1} {H2O} (703)
ax

(coc2{?n)y ((ToREeL),) 2

In the case of low organic metal loadings, the activity coefficient
of the organic metal complex may be assumed constant, and can be
incorporated into Kex'

For the results under consideration, where the amine salt
concentration was varied, while the aqueous phase composition was
kept constant, the expression for Kex may be further simplified. For
constant aqueous phase conditions, the water activity, the agueous
chloride ion activity, and the indicies x and n will be constant, and
the activity of the extractdble metsl complex 0001512"‘) will be
proportional to the total agqueous metal concentration, Xco' Thus,
from equation (7C3):

[(TOAH),CoC1, . sTOAHCI | D
2 4 = constant = Co (7c4)
Xy {(TORHCT), 3 {(TOAHCT ), }°
'o, d 108‘ DCO - . (705)

d log {(‘IOAHCI).D}
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Equation (7C5) shows that the change in log Dy, With the log of the
activity of the extracting amine salt species will be equal to the
number of molecules of this species which are involved in the extraction
reaction,

If it is assumed that the extraction of cobalt takes place via the
monomer of TOAHCl, then the extraction reaction, Equation (7C1), becomes:

c°c1£2‘n) + 2,T0AHCL,xEO += {TOAH),CoCl

" o . sTOAHC1

4

+ (n-2)C17+ a,xH,0

2
If it is further assumed that the monomer behaves as an ideal solute in
benzene, and its concentration is represented by T1, then from Equation

(7c5):

a
log Doy a, (706)
d log T1

Thus if the change in log D o with the log of the monomer concentration

can be determined, the slopg of the line will be egual to 84y the number
of monomer molecules involved in the extraction, A knowledge of 2,
enables s, the number of amine salt molecules solvating the organic
metal complex, to be calculated from Bguation (7C2), since, for extract-

ion by the monomer, b is equal to one., Therefore:

8 = a,-2 (707)

If, on the other hand, extraction is assumed to take place via the
dimer only, and the dimer is assumed to be an ideal solute in benzene,
an analogous met of equations is obtained, The extraction reaction

becomes:

CoClI(12-n) + o (TOKHCL.aH0), + (TOAH),CoCl, TOARCL

4
+(n-2)C1” + 2a,,XH 0

d log DCo
d log T2

2 (7c8)
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where T2 = concentration of dimer

s = 2a,- 2 (7¢9)
Experimentally it is only possible to determine the change in
the distribution coefficient of the metal as a function of the total
amine galt concentration, PFigure 3,3 shows that DCo varies with the
1+6th power of the total amine salt ooncentration for extraction from

various aqueous phases, i.e,

Co
d log [TOAHX]total

d log D
—— = 160

In order to show the dependency of DCo on the monomer oxr dimer concen-
trations, it is necessary to know how the concentrations of these species
change with the total amine hydrochloride concentration in the organic
phase, aince:

d log D

dlog D, _ Co , @ 1og[T0AHciL0tal
d log(T,or T2) d log[TOAHCIJtOtal d log(?,or T2)

~ 1.6 x 4 1og[TOAHCL], '\ o (7¢10)
a log(T1or Tg)

The calculations of the monomer and dimer concentrations as functions
of the total amine hydrochloride concentration, up to 0°08M, were made in
Section 6,D(iv). Figure 6,6 shows that the log of both the monomer and
the dimer concentration varies linearly with the log of the total amine

hydrochloride concentration, and that for the monomers:

d log T, = 0467 (7011)
d log[ TOAHC1 total
and for the dimer :
d log T, = 1445 (7¢12)

d logl TOAHC1 total
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These results were obtained for solutions of pure TOAHCI in
benzene, but it is assumed that they can be applied to the impure
practical TOAHC1 solutions used in the extraction experiments,

Thus for the case where extraction is assumed to take place via
the monomer only, from Eguations (7C6), (7C10) and (7C11):

8, the number of solvating amine salt molecules is then given by

ipuation (707):

8 = 8,1"'2 = 0-+39

For the case of extraction via the dimer only:

d log DCo = a8, = 7%23 = 1+105
d log T2
8 = 23~ 2 = 021

2

Both the values of s obtained above are in reasonable agreement
with the value 0-3, which is the number of molecules of excess amine
salt asscciated with the organic metal complex at full loading,
determined both by analysis of the organic phase (Section 6,B(vi)), and
also from the extraction isotherm experiment (Section 3.C(v)), This

agreement leads to two conclusions -

i) 4 knowledge of the concentrations of the monomeric and dimeric
forms of TOAHCl enables the observed slopes of log DCo against log
[TOAHCI], , . to be rationalised, This could not be done quantitatively
if only the ©n values were known. However it is not possible to
distinguish, by this method of analysis, which of the two species
existing in TOAHCl solutions up to 0:08M is responsible for the extract-
ion of the metal complex. This is because extraction by the monomer or
the dimer of the amine salt, or a combination of both, will result in

the observed change in Dco with the total amine salt concentration,

ii) The values of 8 calculated above were obtained using solutions of
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low organic metal concentrations, The agreement of these values with
the number of solvating amine salt molecules found at full loading
indicates that the solvation of the organic metal complex is probably
independent of the organic metal concentration, In other words s is
not a variable quantity.

It should be noted that, in calculating the monomer and dimer
concentrations from the V,P,0, data, it was assumed that these gpecies
behave as ideal solutes in benzene (see Section 6.D(iv)). Since these
V.P.O0, data were used in the analysis given above it is justifiable to
use the same assumption again. Thies was done in order to derive
Equations (7C6) and (7C8).

The use of the V,P,0, data limits the applicability of the analysis
to amine salt concentrations up to 0-08M, Above this concentration
higher polymers exist in the organic phase, and the monomer and dimer

concentrations are unknown, However the slopes of log D, against

log [Eazﬁi}total shown in Figure 3.3 remain constant up 22 0-2M, This
indicates that the extraction reaction is unchanged up to this concent-
ration. At amine salt concentrations greater than 0+2M, the slopes of
the lines in Figure 3.3 increase, This phenomenum requires comment,
The slopes of the lines approach 2+3 although the data are rather
limited. If the slopes in fact remain constant at 2+3 at high amine
salt concentrations, this could be due to the amine salt exhibiting

70

the behaviour postulated by Marcus' , i,e, monoionisation of the higher
amine salt aggregates. An alternative explanation is a change in the
nature of the organic phase due to the presence of high concentrations
of the polar amine salt., Miller and Diamond26 have shown that the
dielectric constant of solutions of tridodecylamine hydrobromide in
benzene begins to rise when the amine salt concentration is greater than
0+1M, A similar effect occurring in the TOAHCl solutions could account
for the enhanced extraction observed at high concentrations, since an
increase in the dielectric constant would facilitate the accommodation
of the ionic metal complex in the organic phase,

Finally attention is drawn to the fact that the change in DCo with
amine salt concentration is the same for extraction from mixed lithium
chloride = lithium nitrate agqueous solutions as it is from solutions
containing only lithium chloride. The organic phases in contact with
the former solutions will have much of the amine in the nitrate form

due to the preferential extraction of nitrate by TOA, This indicates
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that the behaviour of organic solutions containing mixtures of amine
hydrochloride and amine nitrate is very similar to solutions containing
only amine hydrochloride, Thus the assumption of similar activity
coefficients for the two salts when in the presence of each other,
which was used in the calculation of the Cl—NO5 exchange constant

(Section 7.A(ii)), appears to be reasonable,

{«De Variation of total metal concentration

Z,Dfi) Extraction from lithium chloride golutions

It was found that for extraction from lithium chloride solutions
the relationship between DCo and the total metal concentration depended
on the metal concentration in the organic phase. When the molar ratio
of organic cobalt to the total amine concentration was less than
approximately 0:03:1+00, DCo wag independent of metal concentration,
Agsuming a metal to amine ratio in the organic complex of 13243,

DCo remained independent of metal concentration until approximately 7%
of the amine salt was pound in the metal complex. The range of metal
concentrations used in this investigation, which were generally up to

a maximum of 1+44 x 10_2M Co, were such that the organic metal concent-~
rations were greater than the above limiting ratio only when the agueous
solutions contained more than 6M chloride, At lower aqueous chloride
concentrations, the distribution coefficients were low so that the
metal to amine ratio was always below the limit., Thus DCo was
independent of total metal concentration, up to 1444 x 10_2M Co, for
agueous chloride concentrations below about 6M,

Where variations of DCo with total metal concentration were observed,
the equilibrium concentrations of free amine salt were calculated from

the following expression:
[T0AHC1], . = [TOAHCI], . . - 23, (7TD1)

where‘YCo is the metal concentration in the organic phase and the metal

to amine salt ratio in the organic complex is assumed constant at 1:2-3,



138.

The numerical results are given in Table 7,3.X and they are plotted as
log DC§ against log [EBEEEEjfree in Figure 7.2, Each geries of points
on this diagram represents extraction from an agueous phase where the
bulk electrolyte concentration was kept constant while the cobalt
concentration was varied, The results lie on a series of parallel
straight lines with slopes of 2¢3, These results represent up to about
30% of the total amine hydrochloride bound in the metal complex, In
one series of experiments, at [Cl]aq = 6+5M, the metal concentration
of the aqueous phase was increased until full metal loading of the .
organic phase was achieved, and it was found that the slope of the line
remained constant at 2¢3 until about 50% of the amine salt was bound in
the metal complex, At higher organic metal concentrations, the slope
decreased and became zero at full loading,

From these results it is concluded that at low metal loadings the
distribution coefficient of the metal is proportional to the free amine

salt concentration to the power 243:

Dy, = x [TOARCT 2.2 (7D2)

free

The power dependency 2¢3 is equal to the amine salt to metal ratio
in the organic complex, which was observed at high metal loadings end
deduced for low metal loadings in Section 7.C, and it indicatea that
the amine salt behaves in a pseudo-ideal fashion under the conditions
of these experiments, This is because if the amine salt behaved
ideally and did not form aggregates, an equation similar to (7D2) would
describe the relationship between DCo and the total amine salt concentF
ration, This pseudo-ideality must be due to the fact that the aggreg-
ation of the amine salt remains constant in each series of experiments
gshown in Figure 7.2. The aggregation 1s thus dependent only on the
total concentration of amine salt and is independent of the free amine
galt concentration, It is also apparently unaffected by the presence
of the organic metal complex, If this was not the case, and the
aggregation was a function of the free amine salt concentration, as
might be expected, then the degree of aggregation would vary as the
amount of metal entering the organic phase increaged, This would lead
to a lowering of the slopes of the lines in Figure 7.2, in the same
way that a slope lower than the theoretical value is observed for the

change in DCo with the total amine salt concentration - Section 7.C
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and Figure 3,3, It is concluded that up to about 50% of full metal
loading, the aggregation of the amine salt in the organic phase is

independent of the organic metal concentration,

JD{ii) Extraction from lithium chloride - lithium nitrate golutions

The effects of varying the total metal concentration on extraction
from agueous Bolutions containing mixtures of lithium chloride and
lithium nitrate were very similar to those observed for extraction from
chloride only solutions, This is in gpite of the fact that the presence of
nitrate in the agueous phase leads to a large proportion of the amine
in the equilibrium organic phase being present ag the nitrate salt,
Where variations of DCo with metal concentration were observed, the
free amine salt concentrations were calculated by an equation analogous

to Eyuation (7D1):

[TOAHX]free = (TOAHx]total - 23 Y (7D3)

The use of X in the above equation indicates that the amine salt is a
mixture of chloride and nitrate.
The results of these calculations are given in Table 7,.3.X and

plotted ag log D o against log [TOAHX]free in Figure 7.2. The resulis

lie on a series gf gtraight lines which are parallel to those obtained
for extraction from agueous solutions containing lithium chloride only,
This similarity of slope again suggests that the extraction behaviour
of mixed amine nitrate - amine hydrochloride solutions is similar to
golutions containing only amine hydrochloride, Furthermore, the fact
that all the lines plotted in Figure 7,2 have the same slope indicates
that in the chloride - nitrate systems, log DCo is proportional to the
log of the total free amine salt concentration and it appears to be
virtually independent of the proportion of the free amine salt which is
in the chloride form, This is because the chloride to nitrate ratio in
the organic phase is controlled by the chloride to nitrate ratio of the
equilibrium agueous phase and this agueous phase ratio is different for
each of the sets of results plotted on the diagram. Thus the proportion
of amine salt present as the chloride differs for each set of results.
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1.E. Yariation of chloride concentration

1.E(i) Extraction from lithium chloride solutions

The generalised extraction equation for the extraction of cobalt

by TOAHCl, which was developed in Section 7.C, is:

( 2—1‘1) et Kex
CoCl, + a(TOAHCl.xHZO)b;;:t (TOAH)zcoCl

4+ STOAHCL +(n-2)C1"

+ abxH,0 (781)

In the above equation, a, the number of molecules of the amine
salt species involved in the extraction is related to b, the aggregation
number of this species, The relationship between a and b depends on s,
the number of amine salt molecules which solvate the organic metal

complex, since:

8 = a,b-2 (7E2)

In Section 7.C it was shown that s is probably not variable and
has a value of 0+3%, which is independent of the organic metal concent-
ration, Introducing this value of s into Equation (7E2) shows that the
product of a and b has a value of 23, This information may be utilised

in rewriting the extraction equation:

) Kex
COCng-n)+ a( TORHCL.2H,0), ¥ (TOAH)_GoC1

4.o~3T0AH01 +(n-2)c1"

+ 2¢3xH,0 (7E3)

The extrastzble aqueous cobalt species has been written as
CoClg2‘n), where n can take any value between O and 4, and will depend on
the agueous chloride concentration. It is not known whether a particular
metal complex is extracted by TOAHC1l, or whether all the agueous metal

species can be extracted by either adding or losing ligends during
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extraction, so that in effect neutral CoCl, enters the organic phase,

In the latter case, the dependency of the gistribution coefficient on
the ligand concentration will be expected to vary., The basis of this
statement is developed in the following argument.

From Equation (7E3) the extraction equilibrium constant K. is

given by:

(n-2) 2¢3
. a_ o (184)

[CoClgz-n)] yh[(TOAHCI.xHQO)b]a §5a

[(T04H),CoC1,,0+ 3(TOAHCL)] Y. 2

Kex

where YC = activity coefficient of the organic metal complex,

Yo = activity coefficient of the amine salt species,
Y, = activity coefficient of the extractable agueous
metal complex,
Assuming - ey = [(TOAH)20001430o3(T0AH01)] (7E5)
XCo

where ¢ XOo = equilibrium agueous cobalt concentration.

From Bquations (7B4) and (7E5) s

(2—n) T, w8 = 8
) K [CoCL "] v, [(TOABCL.xH0), 1" ¥y (786)
Co ~ -~ (n=2) 2:3x

Koo Yer®e1 "%H0

<"« log Dy = log K_+ 10g[0>01n }XCo + log ¥y, + alog[(TOAHCl.tzo)b]

+ log ?ba. ?;1 - (n-2)log By - 2.3xl0g aﬁzo (7E7)
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For conditions where the amine salt concentration in the organic phase
is kept constant, and the organic metal concentration is wery low,

?b and "?c may be assumed constant., Thus differentiating Bquation (7ET7)
with respect to log 2w givess

2-n)1,~1
d log D d log[CoCI( ]X d logy, d log
Co n Co . D, oy B0 _ (n-2)
d log any d log an d log 801 d log 8 (7E8)
The first term on the right-hand side of Equation (7E8) may be
gimplified:
(2-n)7 _ 249 ¥ n
i) [0001n 1 =[co™] B, 2a
* .
where Bn is the overall apparent equilibrium congtant,
n
- 2+ * n
ii) Xy, = [co“™] Eo B, 2c
From (i) and (ii):
1og Poc1{ZMNx=! = 10g8” + n log 4. - log P gt oaP
g n Co = EPn aCl ° ﬁn Ccl
R (2-n) ,~1 _
. d log [0oC1 )]xCo - (789)
d log any

where n = average ligand number which is given by :

*

n n
n * n
n 21 Bn 81 /Ean 2m
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Substituting gouation (7E9) into (7E8) gives:

d
08P | 116N + 2.3xg¥ifflf§29 +2-1 (7E10)
d log 2 d log aCl d log ac1

Bquation (7E10) gives the change in log D, With the log of the
chloride activity for the situation where all of the agueous metal
species are extractable, The terms log Yy and log aHﬁo will both
change with log a,; but the differential functions in“Equation (7E10)
are likely to vary only slowly with log aCl. Thus the major influence
on log D, will be the change in n with log agp+ and variations in n
should be reflected by variaﬁions in the slope of log DCo against log
8npe This type of behaviour has been observed for the extraction of
certain metals such as In77, Zn76’78, Ag79 and Cd76 from halide
solutions by both tertiary amines and quaternary ammonium sgalts and
also by anion-exchange resins,

In the cobalt-chloride system, n can vary from zero to four,
Calculated values of n for cobalt in lithium chloride solutions are
shown in Figure 4.11. These rise from zero to a value of 2+2 at 6M
LiCl, This change in n should result in a change in the slope of

log DCo against log a However this is not the observed behaviour,

c1’
In Figure 7.3, experimental values of log DCo’ obtained for the
extraction of trace quantities of cobalt (2x10_5M) from lithium chloride
solutions, are plotted against log anqs where an is the effective

chloride activity, given by m For the chloride concent-

Licl® Y3Licl®
ration range investigated - 30 to 7:5M - log DCo increases linearly
o1 the slope of the line being 3.16, This slope is close to

the value 3 previously reported by Venkateswarlu and Lal47 for the

with log a

extraction of cobalt from HC1l solutions by both trihexylamine and
trinonylamine,

From these results it is concluded that either the terms on the
right~hand side of Fquation (7E10) change fortuitously in relation to
each other to maintain the observed constant dependency, or more
probably, the basis of the analysis is wrong, for the system under

congideration,
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Further information about the extraction mechanism in this system
can be obtained by comparing the distribution data with the stability
congtant data given in Chapter 4, It was shown that only three cobalt
species can be detected in LiCl solutions up to 6M, i.e, Cog*, coc1t
and CoClg. The fractions of total cobalt contained in these three
species, ocn,were calculated as a function of the total chloride concent-
ration in Section 4,E(vi),

In order to compare the extraction data with the % valueg, the
distribution coefficients obtained for the extraction of trace cobalt
from LiCl solutions are plotted against aqueous chloride concentration
in Figure 7.4, together with the «, values calculated in Section 4,B(vi).
It is evident that the beginning of extraction of cobalt into the organic
phase coincides almost exactly with the beginning of the stability region
of the trichlorocobalt complex, CoCl,, in the agueous phase, This .
strongly suggests that CoClg is the extractable metal species, at least
for concentrations up to 6M chloride. At higher chloride concentrations
other anionic metal complexes start to form and these may also be extract-
able, If CoClg ig the extractable species, then the transfer of metal at
the aqueous e grgsnic interface can be envisaged as a gimple bimolecular

anion exchange of the anionic metal complex with an organic chloride ion:

CoCly + TOAHCl:.:=='Z=T0AHCo<313 + 1" (7B11)

This reaction is analogous to that which has been shown to describe
the extraction of nitrate ions by TOAHC1 - Egquation (7A1)., Following
the transfer of CoClg, further reaction within the organic phase will
lead to the formation of (TOAH)200014.

In the following discussion, it is assumed that for aqueous chloride
concentrations of 6M and below, the extraction of cobalt by TOAHCl is due
to the transfer of CoCl;
Examination of Figure 7.4 shows that although values of DCo andas

initially coincide, they rapidly diverge as the agueous chloride is

ions from the aqueous to the organic phase.

increased, with DCo becoming larger thanqa. The fraction of CoCl; in
the aqueous phase, 03, will be independent of the total agqueous cobalt
concentration, providing this is small compared with the aqueous



10

FICURE 7.4

30 40

-I-)Cu AND o AGAINST AQUEOCUS CHLORIDE CONCENTRATION.

Data from Tables 3.1.X z2nd 4.6.X.

0 reilm

*Lv



148.

chloride concentration., The data under consgideration were obtained for
the extraction of trace cobalt (2x10-5M) so this condition is met, If

the metal complex behaved ideally in both phases then D, and o should

Co
rempin in a constant ratio, since:

CoC1, ]
Co = Co 5 XCo

(=]
1
Xl <
Q
\e]
feh)
Q
t
Lr"*w

At equilibrium the activities of the extractable species in each phase

will be in a constant ratio, this ratio being the partition coefficient,
P, of the extractable species, For ideal behaviour in both phases, the
partition coefficient is equal to the ratio of the concentrations of the

extractable species in each phase:

Ybo

[0001;]

g
1

Combination of the above expressions for DCo’ o, and P gives:

3

D = P.o (7E12)

Co

Apparent values of P were calculated from the data for DCo
(Table 3,1.X) and o (Table 4.6.X), and the results are given in Table
Te2, It is evident that P is not constant. This indicates non-ideal
behaviour of the extractable species in either one or both of the

phases.

In the organic phase, since the concentration of the organic metal
complex is very low for trace metal extraction, and the total amine
concentration is held constant, the activity coefficient of the complex
may be assumed constant, In the agueous phase, the activity coefficients
of the metal species will be controlled largely by the eoncentration of
the bulk electrolyte, LiCl, Since the chloride concentration is the
variable under investigation, the activity coefficient of CoClg in the

aqueous phase is likely to vary. The criterion of equilibrium in a



149,

Table 7,2, Apparent values of the partition coefficient P
calculated from Bquation (7E12), Data for the

extraction of trace cobalt from LiCl solutions,

[Lic1 M Doo o P
340 04020 0.024 0+834
35 0-052 0+050 0962
4+0 0+136 0+097 1+402
4¢5 0348 0179 14943
50 0+936 0312 3000
5+5 20492 0446 5¢680
6+0 6+685 0601 11+120

two-phase distribution system is that the ratio of the activities in
each phase of the distributing species is constant, Hence, under
conditions where the activity coefficient of the metal species in the
organic phage remains constant, the equilibrium concentration of metal
in the organic phase is a mecasure of the activity of the extractable
metal species in the aqueous phase, The non-constancy of the apparent
partition coefficient, P, can be attributed to non~ideal behaviour in
the agqueous phase. Specifically, it can be attributed to variations in
73 with chloride concentration, where 13 is the activity coefficient of
CoClg in the agueous phase, since o in Equation (7E12) is a measure of
the concentration rather than the activity of this species., This
argument can be quantified for extraction from LiCl solutions up to 6M,
where values of oz are available,

The relevant extraction equation can be obtained by putting n equal

to 3 in Bquation (7E3):

- r——T——-——_-. - n
00013 + a(TOAHCT.xﬁ;5)b=F== TOAR 2000140.5T0AH01 + 017 4+ 2.33H,0 (7813)
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The egquilibrium constant for this reaction Kex is given by an expression
similar to Equation (7E4):

[(T0AE),CoCL 40-3TOAECT ] 2, aé'é" Y,

K, = 2 (7E14)
[0001;] Y5 L(TOAHCL.::Hzﬂb]a Y

This expression for Kex may be simplified by introducing the terms
DCo and %9 sinces

[(T04H),CoC1 20+ 3TORHCT | [0001;]

%o S

2.3X“‘
DCoa'cr"’Hzo Yo
A K, = — (7E15)
oc3L(TOAHCl.xH20)b] Y%,

Taking logs and rearranging the above expression gives:

log 73 = log DCo + log 8y + 2.3xlog aH20 - log as -~ log Kex

- a.log[ (TOARCL.:H,0), ] ¥, + log T, (T216)

For conditions where the amine salt concentration in the organic
phase is kept constant, and where the organic metal concentration is
very low, the last two terms on the right~hand side of Equation (7E16)
can be assumed constant, Differentiating this equation with respect to

the agueous molal chloride concentration eliminates the constant terms
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and gives an expression which relates the change in log 73, the agueous

activity coefficient of CoCl3 to the change in the bulk chloride
concentration:

d log Y3 d (log Dy, + 108 8y, + 2.3xlog aHZO - log as)

= (T17)
4 gy d myy

All terms of the function within parentheses on the right hand side of
Equation (7E17) are known and thus the change of log 73 with chloride
concentration can be calculated, The results of these calculations for
chloride concentrations up to 6M are given in Table 7.4,X, and plotted
in Pigure 7.5. Values of a0y and a5 used in these calculations were
agssumed equal to those for pure LiCl solutions, since only trace
quantities of cobalt were present, and values of x, the degree of
hydration of amine hydrochloride, were obtained from Figure 5.3. Examin-
ation of Figure 7.5 shows that the change in the bracketed function in
Equation (7E17) with agueous chloride concentration is approximately
represented by a straight line with a slope of 0+47, From the above
equation, it is evident that this is also the behaviour of log 75 with

chloride concentration, i.e.

d log v
a2 S

d mCl

Integration of this expression gives:

logyz = C+ 0-47@01 (7E18)

This equation shows that the log of the activity coefficient of
trace guantities of CoClg is a linear function of the concentration of
the bulk electrolyte, lithium chloride, The equation alsc shows that
Y3 increages very rapidly with lithium chloride concentration, since an

increase of mCl by 2 molal units leads to approximately an order of
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magnitude increase in 73. In a study of the activities of NiCl2 and
CoCl2 in hydrochloric acid solutions by vapour pressure techniques,
Moore and co-workersso noted an "enormous increase in the salt activity
in the acid solutions relative to that in aqueous solutions." 4n
example quoted was for 1m NiCl, in 6+86m HC1, where the salt activity
was ca.‘lO5 as great as 1t was in water, Because of complex formation,

Moore was unable to quantify his results for CoCl, in HCl, so a direct

comparison with the present work is not possible.2 It is interesting to
note, however, that an equation derived by Moore to describe the
behaviour of the mean activity coefficient of HC1 in mixed nickel
chloride - hydrochloric acid solutions, bears a close resemblance to

Equation (7E18):

108 Ypeg = B+ 0‘45“‘1@5.012

where B = log y; for HC1 at zero concentration in N1012

at the same ionic strength as the mixture,

Although the lack of information on activity coefficients in
transition metal chloride - alkall metal chloride systems precludes
direct justification of Equation (7E18), by using certain well proved
empirical relationships, it may be shown that an equation of this form
may be expected to apply. To do this, it is assumed that the system can
be considered as a mixture of lithium chloride and trace gquantities of
the hypothetical 1:1 e%ectrolyte Li+CoCI

1
coefficients of many binary mixtures of electrolytes, For a mixture of
electrolytes A and B, Harned's Rule states that:

3‘

, describes the behaviour of the mean activity

The empirical relationship,

known as Harned'!'s Rule

log YA(B) = log YA(O) - CXAmB (7E19)

wheres YA(B) = mean activity coefficient of salt A in a mixture
of A and B of total molality m,
YA(O) = mean activity coefficient of A in its own

solution of molality m.
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empirical eoefficient,
molality of salt B in the mixture,

fl

i

%
By

For trace quantities of A in B, Equation (7E19) reduces to
log Ta(s) = log Tago) = ¢ & (7820)

where m, the total molality of the solution, is equal to

gy the molality of B,

In the gystem under consideration, salt A will be the hypothetical
electrolyte LiCoClj. Thus log YA(O) is the mean activity coefficient
of LiCoCl3
However if it is assumed that this hypothetical electrolyte would behave

in its own solution at molality m, This of course is unknown,

similarly to many other electrolytes at high concentrations, then its

mean activity coefficient should obey the empirical relationship:

logy, = P + Qm (7E21)

This equation was discussed in Section 4,B ~ Equation (4B7), It states
that in concentrated solutions, the log of the mean activity coefficient
of an electrolyte is a linear function of its molal concentiration,

Substituting log Y, for log YA(O) in Bguation (7E20) gives:
log Ya(B) = P+ (Q- oy)m (7822

Equation (7E22) thus describes the behaviour of the mean activity
coefficient of trace quantities of LiCoCl3 in the bulk electrolyte LiCl.
Comparison of this equation with Equation (7E18) shows that they are of
the same form, as required, It should be noted that Y3 in Egquation (7E18)

is a single ion activity coefficient, whereas YA(B) is & mean ion ac%ivity
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coefficient. However this discrepancy is overcome by the fact that for
1:1 electrolytes it is conventional to equate the gingle ion and the
mean ion activity coefficients, By equating coefficients of m in the

two equations:
Q- g, = 0°47

If Q is assumed to be approximately 0:2, a typical value for

several chloride electrolytes, then q,, the Harned's coefficient for

s
LiCoCl3 in LiCl becomes approximatelyA;0027. The reasonablenegs of
this value is difficult to judge, since it is based on a hypothetical
situation, The only reported Harned's coefficients for systems
containing transition metal chlorides are for mixtures with HCI72.
For the system CdCl2 - HC1, oy = 0-18, for NiCl2 - HC1, oy = 013,
and for ZnCl, - HCI, Ugep = 0<069, Since in a mixture of salts 4 and
and g

B, « are empirically found to be generally of the same magnitude

but éf oppogite sign, the value of approximately -0:27 found above is
possibly reasonable, both in magnitude and sign.

It may be concluded that the preceding argument shows that the
extraction of trace gquantities of cobalt from lithium chloride solutions
up to 6M by trioctylamine hydrochloride can be considered as an equil-
ibrium reaction involving the extraction of the agueous species CoCly,
providing that the effects of changes in the concentration of the bulk
electrolyte on the activity coefficient of this species, Y3 are taken
into account., Because of the unknown constant of integration, C, in
the equation for log Y3 (BEquation (7E18)}),it is not possible to calculate
numerical values of 73. This unknown factor also prevents calculation of
the extraction egquilibrium constant Kex'

The preceding analysis is valid only for LiCl concentrations of up
to 6M, since values of a3 are not available for concentrations greater
than this, However examination of Figure 7.3 shows that the slope of

against log a

tog Dg, c1
highest concentration examined in this investigation. This may be an

remains constant at least up to 7¢5M LiCl, the

indication that the extraction reaction remains unchanged up to 7+5M
LiCl, Aqueous solutions with this chloride concentration probably
contain appreciable quantities of CoCli_, which may also be extractable

by TOAHCl, Extraction of this species as well as CoCl3 would be expected
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to cause a change in the slope of log DCO againgt log a However

in view of the apparent extreme sensitivity of the actisity coefficients
of the metal complexes to the bulk chloride concentration, small changes
in the slope of the line,due to a gradual change in the extraction
reaction, may be masked by gross changes in the agqueous activity

coefficients,

7,B(ii) Extraction from calcium chloride solutions

The results for the extraction of trace cobalt from calcium chloride

solutions are plotted as log DCo against log a,, in Figure 7,3, where

C1
aaps the effective chloride activity of calcium chloride is given by:

2mCaCl *'+CaCl

2 2

The results lie on a straight line with a slope of 292, The
similarity of this slope with that obtained for extraction from lithium
chloride solutions indicates that the extraction reaction is probably
the game in both systems., This similarity of slopes is further evidence
against the co-extraction of the bulk cation with cobalt, If Lit in the
one cage, and Ca2+ in the other, were co-extracted with cobalt, then the
8lopes of the lines in Figure 7.3 would be expected to differ, due to
the difference in valency between these two cations.

The distribution coefficients for extraction from calcium chloride
solutions are larger than those from lithium chloride solutions of equal
effective chloride activity. This may be due to a specific ion effect
in which the presence of calcium ions may increase the stability
constants of the cobalt ¢hlorocomplexes relative to those in the presence
of lithium ions., This type of effect has been reported for the chloro-
complexes of cadmium?3 and of 1ead74 as the cation of the bulk chloride
salt is changed, In addition to cauging an increase in the stability
constants, changing the bulk cation may also increase the activity
coefficients of the metal complexes, Both these effects would lead to

an enhanced extraction of cobalt,
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7.F(iii) Extraction from hydrochloric acid solutions

Up to a concentration of about 4M, values of log DCo for the
extraction of trace cobalt from hydrochloric acid solutions coincide
with those obtained from lithium chloride solutions, when plotted
against the log of the effective chloride activity. This again
indicates a similar extraction reaction for both systems., As shown
in Figure 7.3, at concentrations greater than 4M, extraction of cobalt
from HCl is less than from LiCl, This phenomenum, known as the
"hydrochloric acid effect" occurs in many metal chloride - amine
extraction systems, It is gemerally attributed to preferential extract-
ion of excess hydrochloric acid instead of the metal complex by the amine

salt, resulting in the formation of amine hydrogen dichloride,

R,NVHCL + HCl &= RBNH“LHCZL:

The effect has been studied in detail for the extraction of cobalt
from HCl by trihexylamine by Good and co-workers42. They showed that
the characteristic infra-red absorption of the HClE ion was exhibited
by amine hydrochloride solutions containing excess hydrochloric acid.
They concluded that the decreased extraction of cobalt from HCl sclutions
compared with LiCl solutions was largely due to the preferential form-
ation of the amine hydrogen dichleride, They did not rule ocut the
formation of non-extractable halo-acid complexes such as HCoClz and
H200014 in concentrated acid solutions, However they pointed out that
if these were the cause of the decreased extraction, then the same
decrease in extraction should be observed for extraction by quaternary
ammonium chlorides, In practice, these salts, which extract more excess
HC1 than the tertiary salts, show a greater decrease in extraction of
cobalt,

Bertocei and Roland162 have shown that solutions of trioctylamine
in xylene begin to dissolve HCl in excess of that required for formation
of the stoichiometric amine hydrochloride when the agueocus acid concent-
ration is greater than 3-5M. This corresponds well to the acid concent-

ration at which the curves for extraction from HCl and ILiCl shown in
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Figure 7.3 begin to diverge.

The data of Bertocci and Rolandi can be used to show quantitatively
that the decrease in extraction observed from HCl solutions in this
study can be accounted for entirely by the formation of amine dichloride,
on the agsumption that this species does not take part in the extraction,

This is done by adjusting the observed log D, values in HC1 by a

correction factor, which allows for the amougz of amine in the non-
reactive dichloride form, and showing that the adjusted log DCo values
are very close to those obtained from LiCl solutions of egqual chloride
activity,

It has been shown in Section 7.D that, for conditions where the

aggregation in the organic phase remains constant, D, varies with the

Co
concentration of free amine hydrochloride to the power 2.3, i,e,

log Dy, = log k + 2+3 log [TOAHC1]..

Co

where k is a proportionality constant.

Thus for two different free amine hydrochloride concentrations, (1) and

(2), the log D o Values are related by:

C

%8 Dy (2) %8 Dao(q) * 2 3(10ng0AHCl!free(2) log[TOAECIIfree(1))

(7m23)

If the aggregation in the organic phase is assumed constant in the
presence of amine dichloride, then Equation (7E23) will apply, and can

be used to adjust the observed log D o values to allow for the effect

C
of dichloride formation., Dichloride formation is assumed to reduce the

concentration of free amine hydrochloride available for extraction.
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Thus ¢

[ToAHCT],,, , = [TOAEOL] sotal = [TOAE 201'2] (TE24)

The concentration of amine dichloride in the organic phase,[@5§ﬁ£5i§],
was obtained by interpolation from Bertocci and Rolandi's data for the
proportion of excess HC1l in the organic phase as a function of agueous
acid concentration for 0¢1M TOA in xylene, It was assumed that excess
acid in the organic phase, Eﬁfflxs, was present as the amine dichloride,

i.e.

[BC1], = [TOAH,CL,] (TE25)

Using Equations (7BE24) and (7E25), the concentiration of free amine
hydrochloride can be obtained as a function of the equilibrium aqueous
phase acid concentration., The observed log DCo values can then be
corrected to give values which would be obtained in the absence of amine
dichloride formation, The equation used for this correction is analogous
to Equation (7E23):

1 - . [FOREGT]
°e DCo(corr) log DCo(obs) + 2.3(1og[TOAHCT total
- log[TOAHC1] free) (7E26)

where ITOAHCl]free is given by Equation (7E24),

Values of log D ) are given in Table 7,3 together with

Co( corr.

log D values, which are those observed for extraction from LiCl

Co(LiCl)
golutions with effective chloride activities equal to the corresponding
HC1l solutions. Good agreement between the two sets of results is
observed, indicating that the decreased extraction of cobalt from HCl
solutions can be accounted for entirely by formation of amine dichloride

in the organic phase, which does not extract the metal,
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Table 7.3 Adjusted values of log D, for extraction from HCl solutions,
VWW

ugi Rauation (7E26).

ko kil

[mc2] [EC1 xg LTOMECLlp oo 108 DCo(obs) log Dgo(calc) log DCo(LiCl)
(11) () (1)

3.5 0 0.098 =111 -1,111 =1.10

4.5 0.012 0.086 -0.320 -0,.189 -0,20

5¢5 0.027 0.071 0.352 0.672 0.62

6.5 0.042 0.056 0.910 1.471 1.42

T+5 0.058 0,040 1.270 2.167 2,20

s
From Reference 62, Table 3.
H.
From Equations (7E24) and (TE25).

7.F, Extraction from mixed lithium chloride - lithium nitrate solutions

The distribution coefficients obtained for the extraction of cobalt
from two series of solutions containing mixtures of lithium chloride and
lithium nitrate at constant total molarities of 6+5M and 7+5M respect-
ively are shown as a function of agueous chloride concentration in Figure
3,2, These results are replotted against the log of the effective
chloride activity in the mixed solutions* in Figure 7.6, Also plotted in
this figure are the results obtained for the extraction of trace cobalt

from solutions containing only lithium chloride, It is evident that for

*Calculations of effective chloride activities in LiCl--LiNO3 solutions
are given in Appendix 1.
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x = [LiCl]+ [LINOg] = 7:5M
o = [Licll+ [uNogl = 65M
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a given chloride activity, extraction from the mixed solutions is less
than from lithium chloride solutions.

It has been shown that trioctylamine extracts nitrate ions in
preference to chloride ions, It can be postulated that the decrease in
the extraction of cobalt from the mixed solutions is due to the partial
conversion of the amine hydrochloride to the nitrate form, the amine
nitrate being unlikely to extract the cobalt chlorocomplex, In Figure
7.7 the log DCO values obtained in the mixed solutions,are plotted
against the log of the concentration of amine hydrochloride that is in
equilibrium with each chloride -~ nitrate agqueous solution, given in
Table 7.2.X., The results lie on two almost parallel straight lines of
slopes 2-53 and 2+50. Bach line represents extraction from a series of
mixed solutions of constant total molarity., Thus, by experiment, DCo
varies with the concentration of the amine hydrochloride to the power
25, This value is close to the value 2¢3 obtained in Section 7,D for
variation of DCO with free amine hydrochloride and also shown to apply
in Section 7,C for variations in total amine concentration when aggreg-
ation is taken into account, At first sight it would appear that the
value 2+5 obtained here is a further manifestation of the solvation of
the organic metal complex, However there is a significant difference
between the present results and those previously discussed, This is
that the chloride concentration, and thus the chloride activity, of the
mixed solutions in each series is varied, although the total electrolyte
cohcentrations of the solutions in each series are kept constant by
replacement of the chloride with nitrate., Under these circumstances it
would be expected that the decrease in the extraction of cobalt from the
mixed solutions would be caused by two effects: firstly, a decrease in
the equilibrium concentration of amine hydrochloride in the organic
phase due to preferential extraction of nitrate; and secondly, a decrease
in the concentration of the extractable agueous cobalt chlorocomplex
as the chloride concentration of the agueous phase is reduced.

In Figure 7.7, the vertical dotted line is drawn at the YC1 value
which corresponds to all the amine being in the hydrochloride form.
This situation eccurs when extraction is carried out from solutions
containing lithium chloride only, Also plotted on this diagram are the
log DCO values obtained for extraction from lithium chloride solutions
of concentrations 6+5 and 7+5M. These points lie on the dotted line.

They also happen to lie on the extrapolations of the lines passing
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through the log DCo values obtained from the mixed solutions, This is
interpreted to mean that in the hypothetical situation where nitrate

was not extracted by the amine, then the distribution coefficients of
cobalt from 1lithium chloride - lithium nitrate solutions of constant
total molarity would be equal to those obtained from solutions contain-
ing only lithium chloride, at concentrations equal to the total molarities
of the mixed solutions, This conclusion is surprising and requires
examination. Assuming the extractable species is CoClg, then the concen-
tration of this species in a solution containing, say, 5¢5M lithium
chloride and 2:0M lithium nitrate, would be expected to be different
from a solution containing an equal total molarity, 7-.5M, of lithium
chloride, The chloride activity of the latter would be larger and thus
this solution would be expected to contain a greater proportion of the
higher chlorocomplexes than the former solution, providing the stability
constants of the complexes in the two types of solution were not signif-
icantly different, However the argument given above leads to the
conclusion that the activity of the extractable cobalt chlorocomplex in
Co value for the hypothetical
situation where nitrate is not extracted by the amine from the mixed
aqueous solution, is egqual to the DCo value obtained from the chloride
only solution., Thus the activity of the extractable metal complex
appears to be controlled by the total molar concentration of the solution

two such solutions must be equal, since the D

rather than the chloride concentration or activity, This can be
explained by an increase in the activity coefficient of the CoClg ion

in the agueous phase, as LiCl is replaced by LiNOB, which compensates
for the decrease in the concentration of this complex which occurs as
the chloride concentration is decreased. The rise in the activity
coefficient apparently maintains the activity of this complex at a
constant value, This effect may be regarded as a "salting out" of the
metal from the aqueous phase due to the addition of the second electrolyte.
If it were not for the fact that nitrate is preferentially extracted by
the amine, to form the apparently non-reactive amine nitrate salt, the
distribution coefficients of cobalt would be expected to be greater from
solutions containing LiCl plus additional LiNOB, compared with those

containing LiCl only.
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1.G. Extraction from mixed chloride - sulphate solutions

The activity effects discussed in the preceding section indicated
that enhanced extraction of cobalt should be observed from solutions
containing a second electrolyte having an anion which was not prefer-
entially extracted by the amine, It has been shown that “heo
gulphate ion is less extractable than the chloride ion by tertiary

1,75,

amines Since sulphate solutions are of great importance in hydro-
metallurgical processes, some experiments were carried out to determine
whether the addition of sulphate salts would increase the extraction of
cobalt from chloride solutions by TOA.

In one series of experiments, lithium sulphate was added to

5M cobalt chloride, It was found

solutions containing 4-0M HC1 and 2x10
that log DC

lithium sulphate, The results are shown in Figure 7.8. (Table 3.6.X).

o increased linearly with the molar concentration of added

The observed rise in the distribution coefficients is attributed to two
effects, both caused by the presence of the gecond electrolyte in the
chloride solutions: firstly, an increase in the chloride ion activity,
which leads to an increase in the concentration of the extractable
complex, assuming extraction of CoClg; secondly, an increase in the
activity coefficient of this gpecies.

Having demonstrated the heneficial effects of the addition of
sulphate, a second series of experiments was carried out on solutions
prepared to simulate purified leach liquors, The solutions contained
0+0678M CoSO4, 0-933M NiSO
from 1 to 6M. The log DCo

Figure 7.9 against the molar concentration of hydrochloric acid, Also

and various concentrations of HCl, ranging

4

values for these golutions are plotted in

plotted on this diagram are results for solutions containing only
0-0678M CoSO4 and similar amounts of hydrochloric acid, The distrib-
ution coefficients are higher in the presence of nickel sulphate, which
acts as a salting-out agent for the cobalt extraction, The decrease in
gslope of the lines in Figure 7,8, at high acid concentrations, is due
mainly to the fact that the amine is approaching full loading, Similar
effects have been reported by Brooks and Rosenbaum38 who noted that the
addition of sodium sulphate to golutions containing nickel and cobalt

chlorides improved the extraction of cobalt by tri-iso-octylamine,
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These demonstrations of enhanced extraction in the presence of
sulphate are considered to be of practical importance when considering
the application of amine extraction to cobalt - nickel separations,
Sulphate is present in many leach liquors and electrolysis solutions

and can have a beneficial effect on the extraction of cobalt.

7.H, General Observations

The use of slope analysis to establish reaction mechanisms in metal
extraction systems has come under increasing criticism recent1y28’86’87.
In the case of extraction by amines and quaternary ammonium salts, much
of the criticism has been engendered by interpretations which have
utilised slope analysis indiscriminately, without taking into account
the non-ideal behaviour exhibited by these salts in many solvents,

It is considered that slope analysis has been used with some success
in this investigation, and the following are some observations about its
application to amine sgystems,

The validity of slope analysis depends on the applicability of the
law of mass action to the system under consideration., Since most metal
extraction reactions are reversible equilibria, the law of mass action
will apply, providing the activities of the reactants and products are
known or can be obtained, In many extraction systems it is possible to
avoid the difficulties of activity measurements by firstly, maintaining
a constant ionic strength in the agueous phase and then assuming constant
agueous activity coefficients, and secondly, assuming ideal behaviour of
solutes in the organic phase,

In amine extraction systems, only exceptionally can either of the
above agsumptions be used. Generally high anion concentrations in the
aqueous phase are reguired to bring about metal extraction, This makes
impracticable the application of the constant ionic strength method,

In the organic phase it is known that, in many diluents, amine salts
behave non-ideally in that they aggregate to form polymeric species.
Thus slope analysis in this type of system has to be applied with some

care,
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Many investigations of amine extraction have utilised the slope of
log D, against log [ﬁgﬁﬁi]total to establish the charge on the metal
complex in the organic phase, Very often the result obtained is not in
agreement with spectral and other data for the organic metal complex,
In this investigation it has been possible to rationalise the observed
slopes of log DCO against log [EBKEET]tOtal in terms of extraction by
either (or both) the monomer or the dimer of the amine salt, However

this rationalisation required a knowledge of:

i) the change in concentration of the various amine salt species
in the organic phase as the total amine salt concentration was

varied;
ii) the charge on the metal complex in the organic phase;

iii) the number of excess amine salt molecules associated with the

metal complex,

Without this type of information, because of the variations in aggreg-
ation and, possibly, in solvation, the interpretation of results
obtained under conditions of varying amine salt concentration seems
fraught with difficulties,

On the other hand, for conditions where the amine salt concentration
is held constant, the behaviour of solutes in the organic phase appears
to be surprisingly simple, There are several examples in this work
where the organic phase exhibited pseudo-ideal behaviour, in spite of
gross changes in the composition of the phase, For example, the
chloride - nitrate exchange reaction was successfully interpreted by the
mass action law by assuming equality of the activity coefficients of the
chloride and nitrate salts of amine, and taking into account only changes
in the activity coefficients of the agqueous ions, Under the conditions
of the experiments up to 90% of the chloride in the organic phase was
replaced by nitrate, 1In gpite of the considerable difference in
aggregation behaviour exhibited by these two salts individually, they
appear to behave similarly when mixed, A similar effect was observed
by Lindenbaum and Boyd84 for the extraction of trace guantities of
bromide from glkali metal chloride solutions by TOAHCL in benzene, 3By
using the agsumption of egual activity coefficients in the organic phase,
they also were able to gquantify their results for the extraction of

bromide in terms of non~ideal behaviour of the agueous phase only.,
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A second example in this work of pseudo-ideal behaviour in the
organic phase is that of solutions containing the amine hydrochloride
and the organic metal complex., The results discussed in Section 7.D
suggest that the aggregation of the free amine hydrochloride is
unaffected when up to 50% of the total salt is bound in the organic
metal complex.

The implication of all these results is that at a constant amine
salt concentration, the aggregation in the organic phase is determined
by the total salt concentration, rather than the chemical nature of the
species present, This type of behaviour has been observed experimentally
in mixtures of trilaurylamine salts, Orlandini and co-WOrkerse5 have
shown that the average aggregation numbers for solutions of trilauryl-
amine perchlorate in benzene, obtained by vapour pressure osmometry, are
also obtained in solutions where up to 50% of the perchlorate salt is
replaced by the chloride salt., Thus it appears that, over certain
composition ranges, the structure of the organic phase is determined by
one component of the mixed amine salt solute, and that the other
component arranges itself to keep the overall aggregation constant.

An equilibrium study such as the present one cannot be expected to
provide conclusive evidence about the path of a reaction, Nevertheless,
there is strong circumstantial evidence which suggests that the extract-
ion of cobalt occurs by transfer of the uninegative trichlorocobaltous
ion, CoClg,
ion of the monovalent complex anion by TOA is quite feasible, since, in

the case of extraction of simple anions, all tertiary amines extract

from the agueous to the organic phase, Preferential extract-

monovalent anions more strongly than polyvalent anions such as sulphate
and phosphate. By analogy with the Cl-NO3
obtained for log DCo against log a4y, Was interpreted in terms of non-

jdeal behaviour in the agueous phase, Pseudo-ideality of the organic

gystem, the anomalous slope

phase was assumed, since constant amine salt concentrations were used.
This interpretation enabled the change in Y3’ the aqueous activity
coefficient of CoCl,, to be calculated as a function of the bulk chloride
concentration of the agueous phase, It was shown that 73 increases very
rapidly with chloride concentration, There is a small amount of evidence
in the literature which supports the concept of a rapid rise in the
activity coefficients of the aqueous cobalt species, The work of Moore
and co—WOrkersso has already been guoted in Section 7,E(i). Additional

evidence is provided by an early polarographic investigation of cobalt
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in calcium chloride solutions91. The large rise observed in the
cathodic deposition potential of cobalt from concentrated calcium
chloride solutions was explained in terms of a large increase in the
activity of cobalt ions in these solutions,

If the above interpretation of the extraction mechanism is indeed
correct, it indicates that, for metal-ligand systems where the distrib-
ution of the metal amongst its various complexes in the agueous phase
is known, amine extraction, using trace quantities of the metal, may
be a method of gaining information about the activity coefficients of
at least the anionic metal complexes,
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CHAPTER 8

CONCLUSIONS

1. Analysis of extinction coefficient data,obtained from solutions
containing cobaltous ions and lithium chloride,indicates that three
cobalt species, i.e. Co’T, CoCl* and CoCll, exist in the lithium
chloride concentration range O to 6 molar, The apparent equilibrium
constants of these complexes, which relate their concentrations to the
effective chloride activity of the solutions, are: K: = 033 mole_1

and B; = 097 x 10-3 mole_3. No evidence was found to support the

existence of 00012 in these solutions.

24 Trioctylamine in benzene, and the organic cobalt complex in
benzene, after equilibration with agueous solutions, are egsentially
unhydrated,

5 Solutions of trioctylamine hydrochloride in benzene,formed by
equilibration with agqueous solutions,contain water, When the water

activity of the agueous phase is close to unity, the molar ratio of

H2O ¢ TOAHC1 is 1:1, The water concentration of the organic phase

decreases linearly with the egquilibrium aguecus phase water activity.

4, Trioctylamine hydrochloride forms aggregates when dissolved
in benzene, The aggregation follows a monomer-dimer equilibrium up to
solute concentrations of approximately O<1m, with a dimerisation
constant, K, = 24+4 mole” | at 32.5°,

Se Trioctylamine nitrate in benzene ig in general more highly
aggregated than the chloride salt. The monomer~dimer equilibrium is
obeyed only up to 0¢03m, higher polymers being formed at higher solute

concentrations. K, = 25 mole | at 325°C.

2
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6. The cobalt salt of tricctylamine hydrochloride exists in the
organic phase as a soclvated complex, The composition of this complex

may be repregented ag:

(TOAH)20001 <0 3TOAHCI,

4

This complex forms aggregates in benzene, but as its concentration
approaches zero, the apparent molecular weight of the complex approaches
the theoretical molecular weight calculated assuming a monomeric solute

of the above composition,

Te The extraction of nitrate ions by trioctylamine hydrochloride

in benzene obeys the following equilibrium:

NO3

+ TOAHCI ——= 01~ + TOAHNO

The equilibrium constant for this reaction, Kx’ is given by:

& TOAHNO
K, = cil 31- 240

aNOB[ TOAHCL]

8. The anomalous slopes observed for plots of log D, against

Co
log [TOAHCII have been rationalised in terms of the law of mass action
by taking into account the effects of the aggregation of the amine

salt in the organic phase,

9. Circumstantial evidence has been obtained which indicates

that the extraction of cobalt from solutions containing up to 6M

lithium chloride takes place by extraction of CoCl3 into the organic

phase:

+ TOAHCl = TOAHCoCl

CoCl; — 3
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Reaction within the organic phase with further TOAHC1 would lead to

the formation of the solvated complex given in '6!' above.

10. On the agsumption that the mechanism given in '9' is correct,
an expressgsion has been derived which enables the change in 73, the

aqueous activity coefficient of CoCl,, to be calculated as a function
of the chloride concentration of the agueous phase, It has been shown

that 73 increases very rapidly with chloride concentration.

11. The extraction of cobalt from calcium chloride solutions gave
results similar to those obtained for lithium chloride scolutions, and

it is concluded that 2 similar mechanism is involved,

12. The extraction of cobalt from hydrochloric acid solutions has
been shown to be hindered by the preferential formation of amine
dichloride, TOAH2CI2, when the aqueous acid concentration is greater
than 3%¢5M,

13, Analysis of the results obtained for the extraction of cobalt
from mixed lithium chloride - lithium nitrate solutions indicated that
the extraction of the metal could be enhanced by the presence in the
agueous phase of a suitable second electrolyte. This effect has been
demonstrated for the case of extraction from chloride - sulphate

solutions,
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APPENDIX 1

CALCULATIONS OF EFFECTIVE LIGAND ACTIVITIES

In agqueous systems where it is not possible to maintain constant
the activity coefficients of apecies in solution by the use of a
constant ionic medium, it is conventional to use the concept of the

effective ligand activity, &y where:

8o = T4 Yaca

mA = molal concentration of the anion of the bulk
electrolyte CA.

Y g = Ween molal activity coefficient of CA.

a, is assumed to be a measure of the anion activity of the electrolyte
CA providing the concentrations of any other species in solution, e.g,
metal ions, are very small compared with the concentration of CA.

Activities on the molal and molar concentration scales are related
by:

my, = ey, /d,

where: m = molal concentration

Yi = mean molal activity coefficient

¢ = molar concentration
¥, = mean molar activity coefficient

do = density of water
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Since at 25°C, do is very close to unity:

8y =My Yoca = CaVica.

Thus the effective ligand activity is the same (at 25°C) when

expressed in either molar or molal units,

A(1) Effective chloride activities in LiCl, HC]l,and CaCl2 solutions

As most compilations of activity coefficient data in the liter-~
ature are expressed in molal concentration units, whereas for conven-
ience most practical work is carried out using molar units, it is
necesgary to convert molar to molal units, in order to calculate
effective ligand activities,

In the case of solutions containing one bulk electrolyte only
the following equation can be used to convert from one concentration

scale to the other:

2'-(1 (1_&) (A1)
m o ( 1000)

o =20° 45 0f (a2)
v T Oy 0

where ¢v = Apparent molal volume
9 = Partial molal volume in the standard state
S. = Experimental slope for the apparent molal volume,
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88

Values of @3 and S are available in the literature

o}

Electrolyte @V sv
LiCcl 17+00 1488
HC1 1820 083
Ca012 18+25 599

The calculated molalities, together with molal activity
coefficients®?®? and effective chloride activities for LiCl, HCL,
and Ca012 are given in Tables A1, A2, A3 respectively. For calcium

chloride, the effective chloride activities were calculated from:

%01 = *Mcac1,"s0a01,

A(ii) BEffective ligand activities in lithium chloride -

1ithium nitrate solutions,

As far as is known, the concept of effective ligand activities
has not previously been used for solutions containing a mixture of
two electrolytes, However it appears logical that the concept can
be extended to include such solutions, provided the mean activity
coefficients of each electrolyte in the mixture are known, Thus for

a solution containing two 1:1 electrolytes CA and CB, the effective
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ligand activities a, and ap will be given by:

% = ™%a(3) (23)

ap = D5Y,p(4) (a4)

where: m, is the molal concentration of anion A,
mB is the molal concentration of anion B,
YiA(B) isg the mean activity coefficient of
CA in the presence of CB,

Y,p(4) 18 the mean activity coefficient of
) CB in the presence of CA,

The behaviour of the mean activity coefficients in many electrolyte
mixtures of constant molality and varying mole fraction can be
expressed by the equations known as Harned's Ru1e71-

°

log Yy (p) = 108 Yy(0) = %%F BA"‘123 (85)

108 Yp(y) = 108 Yp(o) " o~ By (46)

where: YA(B) = mean activity coefficient of salt A
in a mixture of salts A and B of
total molality m.
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YA(o) = mean activity coefficient of salt A
in its own solution at molality m.,

aA,BA = experimentally determined coefficients.

my = molality of salt B in the mixture,

and similarly for YB(A)‘

Data for the o and g coefficients for mixed lithium chloride - lithium
nitrate solutions were taken from the work of Robinson and Limss.

Since all the solutions used in the solvent extraction work were
made up on a molar concentration basis, it was necessary to experiment-
ally determine the molal concentrations of the two electrolytes in the
mixtures, This was done by first calculating the molal concentrations
of the LiCl and LiNO3

repregentative of those used in the solvent extraction experiments,

stock solutions, A series of mixed solutions,

were then made up by titrating the required volumes of the stock
solutions into standard flagks and making up with water, The flask

was weighed before and after the addition of each solution, so that

the weights of each solution and the weight of water required to make
up the volume were known, From this information the number of moles of
each salt plus the total weight of water in the solution was calculated,
thus giving the molality of each salt in the mixed solution, The
calculated molalities are given in Tables A4 and A5, together with the
mean activity coefficients of the salts in the mixed solutions calcul-
ated using Equations (A5) and (A6), and the effective chloride and

nitrate activities,
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Table A1 Effective chloride activities in LiCl solutions.

[Lici]M [LiCllm Y1101 30y log ay, agzo
05 0504 0-740 0373  -04428 0-9813
140 1-019 0777 0:791  =~0-102 049625
145 14543 0-845 1302 0:11% 0:9412
2¢0 24080 0-938 14951 0+290 0:9174
2¢5 2:630 1060 2:790 0-446 0+8900
3.0 34185 1.204 34835 0-583 0-8597
3¢5 34760 1041 5430 0+724 0+827
40 4340 1067 Te25 0-860 0-790
45 4950 1.99 9+85 0-993 0-749
5-0 5565 2445 13463 14135 0-708
5¢5 620 2:89 1791 1253 0+664
6:0 6+84 3:51 24+00 1380 0+620
6+5 7+52 438 3290 1.517  0-572
70 8+22 5045 44+80 1+651 0-523
75 891 6+80 60450 1782 0477
8+0 962 8+45 8125 14910 0-432
90 1111 12.93 1437 2:157 0+350
1040 12469 194 24640 2391 0+ 277

*
Data from Reference 90
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Table A2 Effective chloride activities in HCl1 solutions.

[HC1 M [HC1m log &

YiHCL c1 c1
0+5 04505 076 00384  -00416
1:5 14543 0+89 14372 0-138
2.5 24630 1.18 3411 0492
35 3760 164 6+16 0790
40 4+358 195 850 0-930
445 4+950 2+34 11-59 1-064
545 6190 3440 21405 1+323
65 T+49 504 37-80 1577
7+5 8+86 7455 6690 1:826

Table A3 [Effective chloride activities in CaCl. solutions.,

[CaCl2]M [CaC12]m a log a

"4CaCl, c1 c1
2400 24113 0845 34565 04552
2425 24400 14000 4+800 0+681
2450 24690 1.210 651 0814
2:75 2+981 14470 876 0:942

5+00 5+ 284 1815 1193 1076
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Table A4 Effective chloride activities in LiCl - LiNO, solutions,
J

(1) Total molarity = 7-5M

* *

[Li1]u  [LavogIw  [1ici]m logy.  log ay &g
75 0 8:91 0829 1.782 605
70 05 8+51 0+833 1.763 579
65 140 802 0824 14728 554
60 145 T+44 0+801 14673 47+1
5¢5 240 6486 0-784 1+620 417
540 2+5 6+26 0:763 14559 3642
445 30 5+ 67 0-745 14499 3146
40 35 511 0734 12442 277
35 4-0 4448 0713 14365 25+2

(i1) Total molarity = 6+:5M

* * * i-)(—

(Lica M [LiNOBJM [Lic1 T logY log agf* ag
65 0 Te52 0-640 1517 329
6:0 0+5 7:18 0¢653 1+509 3243
55 1.0 6462 0+ 634 14455 28¢5
50 15 605 0-618 14400 251
4+5 2.0 546 0+ 603 14340 21.8
40 245 4+90 0589 1:279 190
35 340 4+29 0+572 14204 16,0

¥ -~ BExperimentally determined molal concentrations,
** - ¥, of LiCl in the mixed solutions calculated from Egn, (A5).
%* - Effective chloride activity calculated from Eqn, (A3).
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Table A5 Effective nitrate activities in LiCl - LiNO, solutiong,
J

(1) Total molarity = 7:5M

* X% :))i-)(- :)):-X-
[LiNOBJM [Lici]um [LiNOBJm log vy log aN03 aNO3
05 740 0:613 0+645 0+433 271
140 6+5 10245 0+630 0:726 532
15 60 1855 0+ 605 04873 7446
2:0 5¢5 2:515 0583 0:984 961
25 50 3415 04560 1058 11440
3.0 45 381 0539 10120 13420
35 4+0 4-49 0-524 14176 15-00
440 345 5415 0+502 10214 16+37
(ii) Total molarity = 6:5M
* * % 3?* ;-X-
[LiNO3]M [Licim [LiNOB]m log ¥ log aNO3 aNO3
0+5 6:0 0+609 0+ 526 0:310 2:05
140 505 14195 0+502 0580 3480
145 50 1+808 0+480 0737 5+46
2¢0 445 2445 0-460 0.849 703
2¢5 4-0 3407 0+441 0-928 8-47
3.0 3¢5 371 0:421 0+989 975

* - Experimentally determined molal concentrations,
*H = Yt of Lil\IO3
¥x - gffective nitrate activity calculated from Eqn.(A4).

in the mixed solutions calculated from Eqn. (A6).
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APPENDIX 2

TABLES OF RESULTS AND DERIVED DATA,
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Table 3.1.X, Bxtraction of trace cobalt from chloride solutions

["m‘j 2+ -
T 1] = 0.0983, [Co ]total 2210”7

a) From LiCl solutions

] *
[Lici1]M 1log 2 Pl pH D log D, % Mass
cl (b) (a) Co Co Balance

3.0 0.583 1.44 1.63 0,020 ~1.T01 98.9 0.019

3¢5 0.724 1.21 138 0.052 1,282 98.9 0.049
4.0 0.860 1.10 1.29 0.136 ~0.867 98.5 0,120

4.5 00995 Ol98 1.18 00548 “0-458 9909 00258
5.0 1.135 0.90 1.04 0.936 -0.,029 98,1 0.484
55 1.253 0.75 0,92 2,492 0.396  99.0 0.714

6.0 1.380 0.59 0.78 64685 0.825 99.0 0.870
6.5 1.517 0.45 0.64 17.35 1239 99.3 0.946
7.0 1.651 0.28 0.50 44.90 1.652 98.6 0.978
Te5 1,782 0.18 0.37 99.50 1,998 100.5 0.990

#* PH(b)= pH before extraction, pH(a,)= pH after extraction.

b) From HC1 solutions

[BC1 M log a5, Daq log Dy, % Mass
Balance
305 00790 00078 -10111 99.4
4,0 0.930 0.220 ~0.658  98.5
4.5 1.064 0.479 =0.320 98.1

55 1.323 24250 0.352 99.9
645 1577 8.142 0.910 99.1
Te5 1.826 18464 1,270 104.9

(continued)
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(continued)

¢) From CaCl, solutions

[CaClz]M log a5 Do, log Dy, ?'f :fZSie
2,00 04552 0.060 ~1.222  105.9
2.25 0.681 0.135 -0.870  102.8
2,50 0.814 0.309 ~0.510 99.1
2,75 0.942 0.744 ~0,128 99.8
3,00 1.076 1.817 0.260 96.6

Table 3.2.X.

Bxtraction of cobalt from lithium chloride - lithium
nitrate solutions.

[TOAECI ] = 0.0983M

a) Total Molarity = 6.5M
Aqueous phase [co] total Yoo Y,, % Maso Dy,  log Dy,
composition (Mx103) (wa}) (Mx103) Balanoo
(1101 ]=3.5M 0.960 0.926 0.016 98.2  0.0173 ~1.762
[LiNO3]=3.OM 4,800 4.685 0,077 99.3  0.0164 -1.785
log ay, =1+204 9.600 9.415 0,167 99.8  0.0178 ~1.750
[Lic1])=4.0M 0.0960 0,915 0,026 98.0  0.0285 -1.545
[LiN03]=2.5M 14920  1.840 0,052 98.8  0.0285 =1.545
log a.Cl=1.279 4.800 4.630 0.149 99-6 0.0321 "1-494
log ay, =0.928 9,600 9,252 0,282 99.4  0.0305 =1.516

5 14,400 13,690 0.428  98.1  0.0313 =1.504

(continued)
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Table 3.2.X. (continued)
(1401 ]=4.5M 0.960 0,894 0,064 99,8 0.0677 =1.170
[LiN03]=2.QM 1,920 1.768 0,138 99.3  0,0780 -1.108
log a,,=1.340 4.800 4,450 0,263 98.2  0,0591 =1.299
log 2y, =0.849 9.600 8,820 0.556 97.8  0.0631 =1.200
5 14.400 13.615 0.861  100.4  0.0632 =1.199
[1ic1]=5.0M 0,960 0.813 0.013 98,2  0.158  =0,802
[LiN03]=1.5M 1.920  1.702 0.304  104.5 0.179  =0.748
log ay,=1+400 4.800 4,086 0.731 100.3  0.179  -0.748
log aN.O =O¢737 90600 8,118 10443 99.9 00178 —00750
5 14.400 12.573 1.672  99.0 0,134  =0.872
[1iC1]=5.51 0.960 0.695 0,257 99.1  0.369  =0.433
[LiN03]=1.0M 1.920 1,387 0,522 99.5 0,376  -0.425
log a01=1.455 4.800 3.476 1.276 99. 1 0067 ) -00435
log ay, =0.580 9.600 6.980 2,482 98.7  0.356  -0.449
5 14,400 10.820 3.630  100.4  0.336  =0.474
[1iC1]=6.0M 0.960 0,379 0.590  100.7  1.561 0.194
[LiN03]=O.5M 1,920 0,730 1.198  100.4  1.642  0.216
log ay,=1+509 4.800 1,946 2.850 99,9  1.465  0.166
log ay, =0.310 9.600 4,260 5.190 98.5  1.216  0.085
5 14,400  6.830 7.730  101.1 1,132  0.054
b) Total Molarity = T.5M
Aqueous phase [co] total Foo Yoo % Mass Dy, log Dy,
composition (11 03 ) (Mx 1 03) (Mx1 03 ) Balance
[ric1]=4.0m 0,960  0.851 0,101 99.2 0,118  =0.927
[I.:mo3 J=3.5
log a,Cl=1 . 442
log aN03=1 176 (continued)



Table 2. 2eXe

[1101]=4.5M
[LiN05}=5.0M
log a01=1.499
log §N05=1.12O

[Lic1l]=5.0M
[LIN03]=2.5M
log a01=1.559
log gNO3=1.058

[1ic1]=5.5M
[LiN03]=2.0M
log ac1=1.620
log §N03=0.984

[1401]=6.0M
[LiN05]=1.5M
log aCl=1.673
log gN03=0.873

[14C1]=6.5M
[LiN03]=1 «OM
log aC1=1.728
log 5N03=0.726

[Lic1]=7.0M
[LiN03]=0.5M
log abl=1°763
log gN03=O.453

(continued)

0.960

0.960

0.960
1,920
4,800
9.600

0.960
1,920
4,800
9,600

04960
1.920
4,800
9.600
14.400

0.960
1.920
4,800
9.600
14,400
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0.747

0.646

0.520
1,030
2.734
5.460

0.343
0.712
1,851
3.927

0.175
0.384
1.014
24350
3950

0.063
0.128
0.363
0.926
1.830

0.217

0.275

0.426
0.870
2,115
4,000

0.609
1,212
2.933
5390

0,760
1559
3,786
7.200
10,270

0.886
1.788
44400
8.365
12.440

100.4

96.0

98.7
98.9
100.9
98,6

99.1
100,2
99.7
97 .1

97.4
101.2
100,0

99.5

98.7

98.9
99.8
99.3
96.9
99.1

0,291

0.427

0.820
0.868
0.774
0.732

1.778
1.703
1.585
1,373

44335
4.071
3.742
3.095
2.598

14.08
13.91
12.11
9.03
6.80

"‘0. 536

-0,370

~0.,086
~0,062
-0e112
~-0.136

0.250
0.231
0.200

0.138

0.637
0.610
0.573
0.491
0.415

1.148
14143
1,083
0.954
0.832
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Table 3,3.X, Variation of the amine ooncentration of the organic phase

(a) 2queous phase composition : [1iCl] = 6-5M, [Co] total™ 1°92 X 10™ o

[401] logl TOA] Xoo Yo, % Mass Dy log Dy,
2 3 3. Balance

(Me10°) (kx10”) - (Mx107)

0+983 ~2-007  1-479 0+444 1001 0+300 -0:523

14966 -1+706 04973 0946 10040 04972 ~0+012

44915 -1+308 0+340 1+569 994 44621 04665

9830 ~1+007 0-132 12766 99+0 1311 1+118

19+660 ~0+706 0-040 1874 997 47+30 14675

(b) Aqueous phase composition : [LiC1] = 4.OM, [Co]tota,f 1:92 x 10" M

[TOA] 10g[TO4A] Xno Yoo % Mass D, log Dy
) 3 3 Balance

(Mx10°) (Mx10”)  (Mx107)

4+915 -1+208 14818 0-084 99+1 0+046 -1+337
9830 ~1+007 1+708 0+226 100-8 0+133% -0+878
194660 -0+706 1380 0-534 99:7 0-387 ~-0+413
49150 ~-0+308 0-488 14409 988 2+888 0-416
98¢ 300 ~0+007 0+113 1+755 97+3 15+82 12200

(¢) Aqueous phase composition : [IiCl] = 5+5M, [LiNO3] = 1.0M,
[Coly nq= 1+92 x 107K

[T01] 1og[TOA]  Xg Yoo %algszz' L log Dy
(¥x10?) (c107)  (Mc107)

04490 ~2+310  1+906 0+006 9946 0+003 ~2+523

0+980 -2-008 1+889 0-022 996 0-012 ~1+921

1+960 -1+708  1+824 0+064 986 0+036 -1-444

4+900 ~1+310 14656 0255 9945 0154 ~0*813
(continued)
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Table 3,3,X. (continued)

9+800 ~1.008 1337 0+558 990 0419 -Q+378
19+500 -0+710 0-886 1.023 99+4 14156 0+063
48+800 -0+311 0+290 1603 987 5+538 0744
97500 ~0+011 0+055 1820 998 33+50 14525
Table 3.4.X. Varistion of the agueous metal concentration - extraction

from LiCl solutions,

[TOAHCI) = 0-0983M

[rica] [c°]t°tal L Y, ?L;Ziii Dao log Dy,
M)  (x10°)  (x107)  (Mx107)

4+0 0:0200  0°0173  0:0024  98+5 021357  ~0+868
440 1+920 14708 0226 100+8 0+1326  -0-878
4+0 9870 8510 14390 1004 0¢1635  ~0-786
50 0+0200  0:0102 00094 981 04936 -0+029
50 9870 4+750 5¢080 996 14068 0+028
640 0+0200  0+0026 00172  99+0 6+685 04825
60 9870 14340 8610 100-8 6430 0+808
70 0:0200  0-0004 00193  98<6 4490 1652
7.0 0960 0023 0939 10042 4180 14622
740 1920 0+047 1.847 987 3800 14570
7:0 4+800 0+139 4566 98¢0 32+90 1517
70 9+600 0+387 8993 977 23+20 14366
70 14400 0-737 13+515 99+0 18+34 1263
75 0:0200  0-0002 00199  100+5 99+50 12998
7+5 0-960 0-0097 0+928 977 9570 1981
745 14920 0+021 14907 10044 92+60 1967
745 4+800 0058 4+700 991 8100 1908
T¢5 94600 0+170 94240 98¢2 5430 10736

7+5 14400 04358 14°220  101+2 39460 14598
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Table 3.5.X, Extraction Tsotherm

[ TORRTL] = 0-0983M, [IiCl] = 6+5M

[COJ total XCo YCr) % Mass DCo
> > 2 Balance
(Mx10%) (Mx10°)  (Mx10°)

0-0987 0-0045 0-0949 1012 21+31

0+4935  0-0270 04610 989 1705
0-987 0-069 02917 99+9 13421
1-974 0+227 14698 978 7+480
3+954 1+113 2+805 99-2 2¢520
5932 2:544 3-278 98.2 1289
7909 4+301 34561 99°5 0-829
9+886 6+010 3.764 98+9 0-627
19-772 15+488 4014 987 0+259
29.658 254391 44270 100+0 0+169
394544 344628 44282  98+4 0+124

Table 3,6,X. [Extraction of trace cobalt from hydrochloric acid -
lithium sulphate solutions,

TOMICI] = 0-0983M, [Co], , .= 2x107°K
[Hc1] [ 11,50 4] Do, log Dy, %alr:zzz % Extn.
(M) (M)
4+0 0 0220 ~0+658 9845 17.8
4+0 0283 0+332 -0:478 1010 2546
40 0+566 0+507 -0¢294 1011 33¢1
4+0 0+849 0+801 -0+097 996 443
4+0 10132 1251 0+097 102+0 5648

4+0 14415 2+020 0+305 997 667
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Table 3.7.X. Extraction of cobalt from hydrochloric acid - nickel
sulphate solutions.

TOAHCI | = 0-0983M, [00504] = 0+0678M

[?01] [Ni§04] Do log Dy, %alzﬁzz % Extn,
M) (M

345 0 0+0625  =1.204 976 57
4+60 0 02825  -0550  99°2 218
5475 0 0+688 -0+162  99+5 4046
115 0+933 0-0017  =2°770  99+5 0
2430 0-933 0-0155  -1+808  98+3 1.5
3445 04933 0+1384  ~0¢859 10049 128
4460 0+933 0451 ~0+346 981 30+4

575 0933 0-821 -0.085 1007 455




Table 4.1.X.

193.

Calculation of K

¥*

1a.’t’l.d.e:l

A

3= 500 nm. egOO = 4.595
- 0 500\~
Lol (agy)” 500 e5°9eg°° (550-58 0y-1
1.0 1.265  4.965 0,368 2.720
1.5 0.723  5.098  0.503 1.990
2.0 0.514  5.269 0.674 1.485
2.5 0.358  5.464 0.869 1.150
3,0 0.261 5.646  1.051 0,951
A= 505 nm. eg°5 = 4.766
(eIl ()" 9% 505305 (503, 505)1
1.0 1.265  5.152  0.386 2.590
1.5 0.725  5.333  0.567 1.765
2.0 0,514  5.514 0.748 1.335
2.5 0.358  5.622 0.856 14170
3,0 0.261  5.857 1.091 0,917
\= 510 nm. &3 %= 4.816
rLc1 T (301)-1 S0 519,510 (5105101
140 1.265  5.224  0.408 2.450
145 0.768  5.414 0.59 1.671
2.0 0.514  5.567 0.751 1. 333
2.5 0.358  5.762 0,946 1.058
3.0 0.261  5.942 1.126 0.890

from Egquation (4ET7).

Slope = 1.773
Intercept = 0.538
Corr. coeff. = 0.996
K. = 0,304 mole "
e2% = 6.455

Slope = 1.637
Intercept = 0.521
Corr. coeff. = 0.998
K = 0.318 mole™

e %05 = 6.686

Slope = 1,543
Intercept = 0,505
Corr. coeff., = 0,999
K. = 0,327 mole |
8110 = 6.799

(continued)
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Table 4.1.X. (continued)
=515 m. " = 4.725

[LiClJM ( l)—1 8515 35128315 (851_‘28315)"1
1.0 1,265  5.127 0.402 2.490% Slope = 1.438
105 00768 50361 00636 1.573 In‘tercep'b = 0.472
2.0 0.514 5.549 0.824 1.214 Corr. coeff. = 1.000
2.5 0,358 5.731  1.006 0.995 3 = 0,328 mole |
3.0 0.261  5.917  1.192 0.839 Y - 6885
)= 520 nm, egzo = 4,547
1.0 1,265  4.980  0.433 2,310 Slope = 1.502
2.5 0.358  5.587 1.040 0,962 Kg = 0,281 mole™ -1
3.0 0.261  5.817  1.270 0.788" 120 6.914

A= 525 nm, %25 = 44239

[Licilt  (ay)™ 027 SRIP (929%)
1.0 1.265 702 0,463 2,180 Slope = 1.348
145 0.768 4.920 0,681 1.470 Intercept = 0.476
2.0 0.514  5.065 0.826 1,211 Corr. coeffs = 0.997
2.5 0.358  5.241 1.002 0.998 K = 0,353 mole |
3,0 0.261  5.521 1.282 0.780 525 _ 6.344

1

(continued)
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Table 4¢1.X. (continued)
A = 530 nm. eg3° - 3,825
[0l (ay)™" 5% SRS (5305301
1.0 1.265 4.319  0.494 2.025"
1.5 0.768 4.476  0.651 14538
2.0 0.514 4,642  0.817 1.225
2.5 0.358 4.807 0.982 1.019
3.0 0,261 5.071  1.246 0,803
A=535m. €27 = 5.368
. 35 35535 35 935y~1
[l (ay,) P &28¥ (9329
1.0 1.265 3.852  0.484 2,065"
1.5 0.768 3,982  0.615 1,627
2.0 0.514 4.161  0.793 1,264
2.5 0.358 4373 1.005 0.995
3.0 0.261 4.625 1,257 0.796%

Slope = 1,404
Intercept = 0.479
Corr. coeff, = 0, 993

= 0.341 mole
53 - 5.915

Slope = 1.532

Intercept = 0.457

Corr. coeff. = 0.999
= 0,298 mole -1
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M,
n

Table 4.2.%. Data for the combined method for calculating K1

from Equation (4E6).

Velues of (e]A_ - eé)/(EA - 53)

[1361] (3,)7" 5% 505 510 595 520 525 530 53 Average
1.0 1.265 5,052 4.972 4.853 5.271 5.473 4.538 4,227 4.521 4.864
1.5 0,768 3,696 3.384 3.311 3.332 3.774 3.085 3,207 3.558 3.418
2.0  0.514 2.758 2,566 2.636 2.572 2.801 2.544 2,556 2.759 2.648
2.5 0.358 2.139 2.242 2.09% 2.106 2.279 2.097 2.126 2.177 2.157
3.0 0.261 1.769 1,759 1.758 1.778 1.866 1.639 1.676 1.741 1.748

Corr. coeff, = 0.999 Slope = 3.057
Intercept = 1.032 Kﬁ = 0.327 mole
Table 4.3%.X. Calculation of _5% and @; from Equation !@122.
Note : 4 = (agy) (e - &)
-2 %
B = (ay;) K1(£A - E;)
)= 500 nm. e2% = 4.595 e3% - 6.455
[ric1im 7% e5°95300 55098?00 Ax10°  Bx10° (A.+B)x1o3
3.5 5.886  1.291 -0.569 8.960 -6.690 2.000
4.0 6.210 1.615 ~0.245 4,290  -1.550 2.740
4.5 6.584 1.989 0.129 2,080 0.439 2.520
5.0 6.961 2.3%66 0,506 0.894 0.870 1.764
6.0 T7+730 3.135 1.275 04227 0.732 0,959
8.0 8.563 3.968 2,108 0.008 0.107 0.115

(continued)
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Table 4.3.X. (continued)

A = 200 nm,

Corr. coeff. = 0.99490

B; = 1.14x10™2 mole™>
Intercept = 0,00986

500 _
Slope = -0.00114 €3 = 8,633
A = 505 nm. 2% = 4,766 e2% - 6.686

[ 2P P%2P 95025?05 Ax10°  Bx10?  (A+B)x10

3.5 6.108 1,342 ~0.573 9.050  -6.800 2,250
4.0 6.450  1.684 ~0.236 4,480  ~1.430 3,050
4.5 6.839 2,073 0.153 2.170  0.520  2.690
5,0 T.287 2,521 0.601 0.952 1,032 1,984
6.0 8.149 3.383 1,463 0.245 0.840 1,085
7.0 8.838 4,072 2.152 0.046 0.357  0.403
8.0 9175  4.409 2.489 0.009 0,131  0.140

Corr. coeff. = 0,99723
Intercept = 0.01003
Slope = -0.00109

B; = ‘1.09;1110-3 mole-3

%05 = 9.222

A= 510 nn. 2" - .81 &' - 6.799

[uoan 2 210210 e 2210 107 Bx10®  (asB)x10?

3.5 6.258 1.442 -0.541 9.710  -6.360 3,350
4.0 6.631 1.815 -0.168 4.830  -1.065 3.765
4.5 7.053  2.237 0.254 2.340 0.864 3,204
5.0 7.500 2.684 0.701 1.014 1.207 2.221
6.0 8.428 3.612 1.629 0.262 0.934 1.196
7.0 94263  4.447 2.464 0.051 0.409 0.460

8.0 92.700 4.884 2.901 0.010 0.152 0.162

(continued)
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Tsble 4.3.X. (continued)
a = E10ﬂm~

Intercept = 0.01203

B; = 1.27x10™2 mole™”

Slope = =0.00127 eg1° = 9.485
A= 515nm. 3 = 4.725 €210 - 6.845

e £ 21231 R 10’ Ex10?  (mB)x10?

3.5 6.257 1.532 ~0,588 10.310 -~6.910 3.400
4.0 6.639  1.914 ~0.206 5,100  =1.306  3.794
4.5 7.070 2.345 0.225 2.450 0.765 3.215
5.0 7.588 2.863 0.743 1.083 1.278 2.361
6.0 8.742 44017 1.897 0.291 1.088 1379
7.0 9.725 5.000 2.880 0.057 0.478 0.535
8.0 10.275 54500 34430 0,011 0.180 0,191
Corr, coeff, = 0,99108 B; = 1.04&:10-'3 mole"3

Intercept = 0.01052

515 _
Slope = =0.00104 €3~ = 10,126

A_= 520mm, e2? = 4.547 €% - 6,914
[Licilw 220 2020 920 4103 Bx10®  (aB)xi0?
3¢5 6.119 1.572 -0,T795 10.600 -9,340 1.260
4.0 6.511 1.964 “00403 5-220 -2.560 2.660
4.5 6.994  2.447 0.080 2.560 0.272 2,832
5.0 T.547  3.000 0.633 1.133 1,088 2,221
. 6.0 8.721 4.174 1,807 0,302 1,036 1.338
o 7.0 9.963 5.416 3,049 0.061 0.506 0.567
8.0 10,825  6.278 34911 0.013 0.205 0,218

(continued)
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Table 4,3.X. (continued)

= 20 Nl

¥ 0.751:10"3 mole >

Corr. coeff. = 0.99452 ﬁ;

Intercept = 0,00796

520 _
Slope = —0.00075 83 = 10.628
A= 525 nm. 2% = 4,239 525 - 6504

[l PP PRIP SRIP w100 107 (a4B)x10°

3.5 5.891 1.652 -0.453 11.120 =5,.3%0 5.790
4,0 6.318 2.077 -0,026 5.520 -0.165 5355
4.5 6.784 2.545 0.440 2.660 1.498 4.160
5.0 T+355 3.116 1.011 1.178 1.739 2.917
6.0 8,700 4.461 2.356 0.323% 1.350 1.673
7.0 10,075 5.836 34731 0.066 0.619 0.685
8.0 11.475 7.23%6 5.131 0.014 0.269 0.283
Corr. coeff. = 0.97258 B? = ‘1.251:‘10"3 mole'-3
Intercept = 0.01281 525
Slope = =0.00125 ez ~ = 10.271
= 530 am, 2 = 3.825 2 = 5.915

el 20 2220 2P mo® m0® (@m0’

3.5 5.450  1.625 -0.465 10,930  =5.460  5.470
4.0 5.800 2,065 -0.025 5.490  =0.016  5.4T4
4.5 6.427  2.602 0.512 2,700 1.740  4.460
5.0 6.941  3.116 1.206 1.178 1.763  2.941
6.0 8.371 4.545 2.455 0.329 1.407 1.7%6
7.0 9,938  6.113 4,023 0.069 0.669 0,738
840 11.588  7.763 5.673 0.016 0.297  0.313

(continued)



Table 4.3.X. (continued)

A = 0 nm.
Corr. coeff. = 0,96772 B§ = 1.14x10™> mole™>
Intercept = 0.01162 530
Slope = -0.00114 €3 = 10.221
= 535 nm. €2 = 3.368 e = 5.556

ol 5% SBJP IBSEB xiod mm0® (mm)xao’

3.5 4,995  1.627  =0.561  10.950  =6.600  4.350
4.0 5.5718 2,010  -0.178 5.350  =1,130 4,220
4.5 5.876  2.508 04320 2.615  1.087  3.702
5.0 6.445  3.077 0.889 1,162 1.530  2.692
6.0 7.898 4,530 2,342 0,328  1.343  1.671
7.0 9.375 6,007 3.819 0.068 0.635 0.703
8.0 11.165 7795 5,607 0,016  0.294 0,310
Gorr. coeff. = 0.98790 B§ = 0.87%1072 mole™>

Intercept = 0.00869 35
Slope = -0.00087 &7 = 9.979
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Table 4.4.X. Calculation of the average value of the function 3’
in Equation (4E20).

[Lic1]  Value of the function P' at the given wavelength 7'
(M) 500 505 510 515 520 525 530 535 O
3.5 0,108 0,108 0.154 0.130 0,040 0.196 0.170 0,130 0.129
4,0 0427 04397 0.496 0,408 0,244 0.510 0.463 0.345 0.411
4.5 1,180 1.070 1,271 1.015 0.T4T7 1.152 1.138 0.872 1.056
5.0 2,790 2.725 2.965 2.465 1.912 2.650 2,630 2,020 2,520
6.0 14,58 13,93 15.63 13.75 9.69 14.70 12.96 11.10 13.29
7.0 112.0 93.5 183.1 118.0 75.6 309.5 230.0 102,9 153.1
Table 4.5.X. Data for Equations 120) and 21)
[ricim 851 (8‘01)3 F;,v log ayy log F;v
345 530 148,9 0.129 0.724 -0,888
4.0 7421 374.8 0.411  0.858 -0.386
45 9.85 955.7 1.056 0.994 0.023
5.0 13.83 2645.3 2.520  1.141 0.399
6.0 24,00 13824.0 13,29 1.380 1,123
7.0 44.60 88716.5 153.1 1.650 2.185




Table 4.6.X. Calculated values of % and n.

Using ﬁ = 0,33 mole” ' and e; = 0.97x10™2 mole™?

[Lic1iTm 801 % oy g n
0 0 1.000 0 0 0
0.5 0.373 0.890 0.110 0 0.110
1.0 0.791 0.794 0.207 0 0,208
1.5 10302 0.698 0.301 0.001 0.305
2.0 14951 0.607 0.390 0.005 0.403
2.5 2,790 0.515 0.474 0.011 0.507
3.0 34835 0.432 0.546 0.024 0.617
345 5430 0.345 0.605 0.050 0.753
4.0 T.25 0.267 0.636 0.097 0.926
4.5 9.85 0.193 0,628 0.179 1,165
5.0 13.63 0.123 0,562 0.312 1.509
545 17.91 0.080 0.474 0.446 1.810
6.0 24,00 0.045 0.355 0.601 2.160

Table 4.7.X. Comparison of the measured overall extinction coefficients
with the theoretical values calculated from Equation (4B2).

A_= 500 nm. Egoo = 4.595 5?00 = 6,455 Egoo = 8.633
. 500 500 500 500 500
[zic1 Ju g0 % £1 % €3 %  foale. € exp.

0 4.595 0 0 4.595 44595

160 3,645 1¢337 0 4,982 4,963

2.0 2.785 2.515 0.013 5.31% 54269

340 1.983 3.525 0.205 5.713 5.646

4.0 1.227 4.110 0.839 6.176 6.210

5.0 0.566 3,625 2.725 6.916 6.961

6.0 0.206  2.290 5,190  7.686 7.730

(continued)
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Table 4.7.%. (continued)

i

0 nm. 5830 = 3,825 e?3° = 5.915 eg3° = 10,221

0 3,825 0 0 3,825 3.825
1.0 3,035 1.224 0 44259 44319
2.0 2,320 2,305 0.046 4,671 4,642
3.0 1.652 3,230 0.243 5,125 5.071
4.0 1,021 3.762 0.994 5777 5.890
5.0 0.472 3,325 3,225 6.922 6.941

6.0 0.172 2.100 6.140 8.412 8.371




Table 6.1,X, V.P.0. results for Benzil.

204.

¢ (am/kg) v (mv)  (V/C)

18471 1+185 00642
24+581 1540 0-0627
312667 2000 0+06%2
48+308 34070 0-0636
60+863% 3+850 0-0632
724327 4+570 0+0633

Iinear regression analysis
of V/C vs, C :

Slope = 00000
Intercept = 0+0635
Corr, coeff,= -0+1902
K = 13+352 mV/molal

Table 6,2.X. V,P.0, results for Trioctylamine

¢ (em/kg) Vv (mv)  (V/cC)

14-525 0+565 0-0389
17+290% 0675 0-0390
22636 0+910 00402
30-818 14225 0-0398
34-998 14403 0-0401
35.310% 1410 0+0400
41869 14690 0+0404
44+915% 1833 0-0408
51049 2+100 0+0412
60891 2530 00416
69+589 20925 0+0420

Linear regression analysis
of V/C vs, C :

Slope = 000005
Intercept =.0+0383
Corr., coeff. = 049642
Mol, wt, of TOA =

-1

Results for water-saturated solutlons,
except those marked * which are water

free
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Table 6.3,X, V.P.Q. results for Pure TOAHC1

c c v (v/c) App. = m(m-1)
(en/kg)  (molal) (mV) MW (2-7)°
1+553 0+0040 0+050 0-0322 415 14065 0-079
34234 0+0083 0¢100 0°0309 432 1109 04153
6+561 0+0169 04190 0-0290 461 14184 0-3%27
12-251 040315 0+325 0+ 0265 503 1292 0-753
13223 00330 0350 0+ 0265 505 14295 0-768
17-490 00449 0+445 0.0254 525 14347 14100
22¢930 00588 04570 00249 537 1379 1353
34628 0+0889 0817 0.0236 566 14453 2.205
40+312 0-1035 0:940 0+0233% 573 14470 24460
484032 0-1235 1090 00227 588 1511 3240
62:099 0+ 1595 1360 040219 610 14565 4+ 660
74.008 0+1900 1570 0-0212 629 14616 €+760

Table 6,4.X. Monomer and dimer concentrations in TOAHCl, calculated

from Equation (6D10),

8 s log S T log T‘I T log T

1 2 2
(m) (M) (M) ()

0-0040  0-0031  =2:509  0-0027  =2¢566  0-0002  -3-698

0.0083  0-0064  -2:194 00051  =2288  0-0006  -3-222
0:0169 040131  ~1.883 00090  =-2.045 00020  -2-698

00315 0+ 0244 -1+612 0:0134  =1.873 0+ 0055 ~2+360
0°0330 040256  =1+592 00140  -1.854  0:0058 -2+336
00449 0+ 0348 ~1+458 0-0169 ~1+772 0°0090  -2¢045
00588 0+ 0456 -1+341 0.0206  -1-686 0:0125 ~1+903
00899 0+ 0696 -1+157 040262  =1.582 00217 -1+663
0:1035 00802 -1+096 0.0290 ~1+538 0+ 0256 -1+592




Table 6,5,X. V.,P,0, results for Practical TOAHCl.

206,

C C v (v/c) App.
(en/kg) (molal) (mv) Hewe
10-999 0+0233 0+280 00255 525
20+969 0- 0442 0530 0+ 0253 528
29+967 0-0632 0723 0+ 0241 553
40-721 0-0860 0+980 0-0240 555
524275 0-1102 14195 0+ 0229 584
60+304 0-1272 1+378 0+ 0229 584
724262 0-1524 1615 0-0224 597
83-477 041760 14855 040222 601

Table 6,6,X, V.P.0, results for TOAHNO .

c v (v/c) ) a(n-1)
(molal) (mV) (245)?
0+0085 0-100 114765 14135 0+ 205
00175 0195 11+143 1198 0- 368
00297 0+307 10337 14292 0+754
0-0430 0413 9+ 605 1390 14457
0-0622 0553 8891 14502 34045
040877 0690 . 7867 1697 12487
0+1182 0-800 6768 1973 2630
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Table 6,7,X. V.P.O., results for the Cobalt galt of TOAHCI.

C [6-5] v (v/c) App. 5*
(ew/kg) (M)  (uv) MW

T+29 0+0055 04115 0-0158 846+5 14086
16412 0.0122 0-252 0+0156 8542 1097
27469 0+0209 0390 0:0141 948+ 1 1218
4107 00311 0+555 0:0135 9881 1270
46416 0+ 0349 0+605 0+0131 10188 1309
5322 00402 04705 0+0133 1008+0 10295
68+74 00520 0+885 0-0129 10372 14333
83491 0+0635 14035 00123 108246 14392

*
See Section 6,D(vii)
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Table TeleXs. Calculation of Kx for Cl-NO., exchange from FEquation QIAmg
7

|TOAHCl|i= 0.098311

[c1]  [wo,] a1 a;03 [FoAECT] Yﬁéi o Tgﬁﬂﬂl
@ m W o, %

4.0 545 27.7 15.00 0.0059 0.0924 1.85 0.0639
5.0 2.5 3642 11.40 0.,0115 0.0868 3.17 0.1325
6.0 145 4741 T+46 0.0185 0.0798 6.31 0.2318
6.5 1.0 53.4 532 0.0285 0.,0698 10,03 0.4083
7.0 0.5 57.9 271 0,0462 0,0521 21.30 0.8868
4.0 2.5 19.0 8447 0.0079 0.0904 2.24 0.0874
5.0 1.5 25.1 5046 0.6147 0.0836 4,60 0.1758
6.0 0.5 32.3 2.05 0.0371 0.0612 15.75 0.,6062

#* = Data from Appendix 1
** -~ Data from Table 3.3

*eE - Yoo = ITOAHNO3] = [TOAHCI ],~ [TOAHCI ]
3 1

Table T.2.X. Calculation of orgamic chloride concentrations of TOA
solutions in equilibrium with LiCl-Lil\IO3 solutions,

For [TOA] = 0.0983M, using Fquation (744) with K= 24.4.

[c1] LN03] 201 %NOB [TOAHCl]calc. [TOAHCl]eXptl.
(1) (1) () (11)

7.0 0.5 57.9 2.71 0.0458 0.0462

6.5 1.0 5.4 5432 0.0286 0.0285

6.0 1.5 471 T.46 0.0202 0.0185

545 2.0 41,7 9.61 0.0148 -

5.0 2.5 36,2 11,40  0.0113 0.0115

(continued)
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Table J.2.X. (continued)

445 3,0 31,6 13.20  0.0088 -
4.0 3.5 27.7 15,00  0,0069 0.0059
6.0 0.5 32.3 2.05 0,0385 0,0371
5¢5 1.0 28.5 3.80 0,0232 -
5.0 1.5 25.1 5.46 0.0156 0.0147
4.5 2.0 21.8 7.0% 0.0111 -
4.0 2.5 19.0 8.47 0.0083 0,0079
3.5 3.0 16.0 9.75 0.0062 -

Table 7.3.X%. Variation of D"o with free amine salt concentration.

a) Amine hydrochloride systems.

[®OARC1 Ifree = | TOAHC1 'total - 2.3YCO

[c1] = 7.5M, ITOAﬁblltotal= 0.0985M

YCo [TOARCY ] free log[TOAHCL | free DCo log Dc

(Mx1o3) (Mx102)

(o]

0.93 9.63 -1.016 96.2 1,984
1.91 9.40 -1.028 92.9 1.964
4,70 8.76 -1,058 81.0 1.909
9.24 7470 -1.114 54,5 1,736
14422 6.57 -1.182 39.6 1.598

(continued)
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Table 7.3.X. (continued)

[c1] = 7.0M, [TOAHCL] = 0,0983M1

total

o, lTOAHCl]free longOAECl]free Deyq

leg D

Co

(Mx1o3) G%x102)

0094 9061 "'1.017 4108 1.622
1.85 9.41 -1.026 38.0 1.580
4,57 8.78 -1.056 22.9 1.518
8Q99 7-76 "'1.110 2302 1Q366
13.52 6.72 -1.172 18.3 1.264
[c1] = 6.5, [TOAHCI]tOtal= 0,0983M

Yo [TOAHC1 | froe log[TOARCT ;.. o Dg, log Dy,
(x10%)  (1x10%)

0.95 9.61 ~1.017 21.31 1.328
4.6 8.77 ~1.057 17.05 14232
9417 7.72 -1.112 13,21 14121
16.98 5.92 ~1.228 7.48 0.874

b) imine hydrochloride - amine nitrate systems.

ITOAHXIfree = ITOAHX]tOtal - 2.3Y
vwhere ¢ X = Cl + NO

3

[c1] = 7.0M, EN03] = 0.5M, [TOABX], . .= 0.0985M

(continued)
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Table 7.3.X. (continued)

Y TOARX log|TOLEX log D

free DCo

Co free Co
(x10°)  (1x10%)
0.89 9075 —1-011 14008 10149
1079 9044' "'1-025 13091 1.14‘4
4040 8085 "10053 12011 10084
837 7.83 ~1.106 9,03 0.955
12044- 7.02 "'1-154 6080 00833
[c1] = 6.5M, EN03] = 1.0M, [TOAEX], . ,= 0.0976l
Yoo [TOAHX]free 1og[!9ﬂHX]free Dao log Dy
(Mx103) (Mx102)
0|76 9.58 "1 0018 4034 00638
1.56 9.40 -1.027 4.07 0.610
3479 8.89 -=1.051 3.T4 0.573
7420 8.10 -1.091 3,10 0.491
10,27 7.40 -1.130 2.60 0.415
[c1] « 6.0mM, [N03] = 0.5M, |T6AHXltotal= 0.0980M
Ty, [ TOAHX | free log| TOAHX | free Dy, log Dy,
(10°)  (1x10%)
0.59 9,66 -1.015 1.561 0.192
1.20 9.52 -1,020 1.642 0.216
2.85 9.14 -1.039 1.465 0.166
5.19 8.61 -1.065 1.216 0,085

7.73 8,02 -1.096 1.132 0.054




Table TedeX.
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Calculations for Equation

E1

.

[crlr [c1]m 210 loga.Ezo x 2.3xlo,g'aH20 logay, logDy, -logus Total™
3,0 3.185 0,860 -0,065 0,81 =0.121 0.583 =1.701 1.620 0,381
3.5 3.760 0,827 -0,083 0.78 ~0.149 0.724 =1.282 1.301 0.59%4
4.0 4.340 0,790 -0,102 0,74 =0.173 0.860 ~0.867 1.013 0.833
4.5 4.950 0.749 ~0.125 0.71 =0.204 0.993 0,458 0,747 1.078
5.0 5.565 0.708 -0.150 0,68 -0,234 1.135 =0.029 0.506 1.378
5.5 6.20 0.664 -0.178 0.65 ~0.266 1.253 0.396 0.351 1.734
6.0 6.84 0,620 ~0.208 0,62 ~0.296 1.380  0.825 0.221 2.130

# Total = log y3



213,

APPENDIX 3

LIST OF SYMBOLS

The equation where first used is given in parentheses after

some of the symbols, Overlined symbols indicate that the species

or quantities pertain to the organic phase.

Effective ligand activity,
Effective chloride activity.
Activity of species x,

Number of amine salt monomers involved in the
extraction (7C6).

Number of amine salt dimers involved in the
extraction (7C8).

Solute concentration in gm./kg. solvent (6D1),

Molar concentration of water associated with the
amine salt (5D2).

Molar concentration of amine salt (5D1).

Total molar concentration of water in the organic
phase (5D1).

Water solubility in the pure solvent at aH20 =1 (5D1).
Distribution coefficient of cobalt.

Activity coefficient function (4B4).

Excess HCl in the organic phase (7E25).

Degree of hydration of the amine salt at aH?O =1 (5D1).

Jonic strength,
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X Empirical calibration constant for the vapour

pressure osmometer (6D1),

Kex Extraction equilibrium constant,

K, Thermodynamic stepwise equilibrium constant,

K: Apparent stepwise equilidbrium constant (4B9).

K;* Apparent stepwise equilibrium constant involving
water activities (Section 4.F),

K, Cl—NO3 exchange constant (742),

Lo Amine-acid association constant (7A45).

K2 Dimerisation constant,

M Molar concentration, or molecular weight of solute (6D1),

Mo Monomer molecular weight of the solute,

Mp Apparent molecular weight by potentiometric titration,

M, Molecular weight of standard solute (6D3).

Mt Theoretical molecular weight,

Apparent molecular weight by vapour pressure osmometry,

5

Molal concentration.,

n Average aggregation number (Chapter 6), or average
ligand number,

a Overall apparent aggregation number (Section 6.D(vii)).

0.D. Optical density.

P.L. Path length in cm,

S Total stoichiometric molal concentration of TOAHC1 (6D7).

Sy Experimental slope for the apparent molal volume (A2),

8 Number of amine salt molecules solvating the organic
metal complex (7E1).

TBP Tributyl phosphate,

THA Tri-n-hexylamine, -

TIOA Tri-iso-octylamine,



TLA

TOA

-t

Co
C1

oo oMo 3 13
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Trilaurylamine (tridodecylamine),
Tri-n-octylamine,

Molal concentration of monomer,

Molal concentration of dimer,

Aguecus phase oobalt concentration,
Agqueous phase chloride concentration,

Mole fraction of substance n (6D4).

Degree of hydration (5D3).

Organic phase cobalt concentration,

Organic phase chloride concentration,

Mbén molar activity coefficient.

Valency of cation (anion).

Bmpirical coefficient in the Harned Eguation (7E19).
Fraction of metal present as nth complex,
Thermodynamic overall equilibrium constant,
Apparent overall equilibrium constant (4E18),

Apparent overall equilibrium constant involving water

activities (Section 4.F),
Mean molal activity coefficient,

Mean activity coefficient of salt A in a mixture of
salts A and B of total molality m (7E19).

Mean activity coefficient of salt A in its own
solution of molality m (7E19).

Activity coefficient of the amine salt species (7E4).
Activity coefficient of the organic metal complex (7E4).
Activity coefficient of chloride ions,

Activity coefficient of the nth metal complex,

Overall extinction coefficient at wavelength A
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Extinetion coefficient of nth complex at wavelength A
Wavelength,

Apparent molal volume,

Partial molal volume in the standard state,
Concentration,

Activity,

Species existing in the organic phase,
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3.
4.
5.
6.
7.

9.
10,
1.

12,

13,

14,

15«

16,

17,

18,

19,
20,

21,
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