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The work described in this thesis has bsen divided
into five chapters, In Chapter I a gensral revisv has been
pressnted on the most recent applicationsef solvent

extraction to inorganic chemistry,

The w:rk described in the remmining four chapters
is an investigation of the extraction of sulphuric acid and
ferric iron fyom aquesus sulphate solutions by the secondary
and tertiary amines di~ and tri(3, 5,5,trimethylhexyl)amines
digssolved in varicus organic solvente.

In Chapter II the extraction of sulphuric acid by the
sscondary and textiary amines dissolved in ise-amyl alcohol
has been discussed, and 1t has been shown that in the absence
of micelle formation of the amine salts in this solvent the
extraction obeys a simple equilibrium law, Aleo high values
for the equilibrium constants for the formation of the amine
sulphate and bisuliphate have been found, which is expected

for a high dielectric constant solvent,

The extraction of Fe(IlIl) from agueous sulphate
solutions by di(3, 5, 5, trimethylhexyl)amine dissolved in
bensene and chloroform has been describsd in Chapter 111 and
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it has besen shown that when using selutions (chloreform)

in which there is no micelle formation of the amine salts

the extraction can be described by an equation based on the
assumption that it is a partially hydrelysed spscies such as
FeOGiS 0, or (r.oasoh) 5 which is extracted from the aquecus
phase, However, when using bensens solutions, in which the
amine sulphate forms micelles, systematic deviations from the

predicted behaviour are obtalmed,

It has also heen shown that the extraction occurs by
adduet formatien of the amine sulphate with the species
FeQHSO, . or (Fotm..c.c:,.)z (er both) frem the aqueous phase to
give a complex in the organic phase which has the
stoichiometric formula (nzmz)zroau(sok)z. where R is
3,5, 5, trimethylhexyl. The presence of the species Feol'> and
possibly (Fcﬁi);h have been identified in the isolated
complex by ultra-viclet spectrosceopy, altheugh infra-red
spectroscopy failed to de this, Two possible structures
have been proposed for the complex, firstly, a chain-like
or linear structure, and, secondly, a cyeliec trimeric
structure, The former is preferred in view of certain

spectroscopic evidenoce,
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In Chapter IV' the phenowenon of micelle formatien
of ai(3, 5, s trimethylhexyl)ammonium sulphate has beon studied
in various organic solvents by the techniques of 1ight
scattering, isopiestic molecular weight moasurements, and
visocometry, in an attempt to relate this with the natuve of
the solvent for the amine sulphate, It has been shown that
micelle formation occurs in non-polar or weakly polar
solvents which have negligible hydrogen bonding ability.

It has been suggested that the micellar particle ie an
inverted Hartley micelle with the non-polar alkyl chains on
the outside and the polar groups and the associated water on
the inside of a roughly spheriecal configuration, which is

stabilized by inter-molecular hydregen bonding,

The effect of the solvent for the amine on the
extraction of Fe{III) has been discussed in Chapter V and
has been shown to depend on several factors, Also an
interface mechanism for the extraction has been proposed
on the basis of the surface-active properties of the awine

salts,
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Chapier I
GENERAL REVIEW S Rk
SOLVENT EXTRACTION IN INORGANIC CHEMISTR

Solvent extraction has become imsreasingly important
in recent years in inorganie chemistry, particularly in the
analytical, and process chemistry fields, This application
of solvent extraction to inorganic systems has been reviewed
by several authors!™®, The classification of selvent
extraction systems is purely arbitrary, hewever, some order
can be given to a discussion of such systems by considsring

the reactions involwed,

Diamond and M’, and Narou.‘ in the most recent

reviews on solvent extraction in inorganic chemistry have
classified extraction systems in this way. Thess authors
point out that in any classification system there will be
examples which will fit simltaneocusly into more than one
oategory, and, in fast, there will probably be grmdual

transitions from oas mode of beshaviour to another,

Extraotion systems can be divided into two very
broad classes. The first of these describes the simplest
of all solvent extraction systems in which a third substance
distributes itself betwesn two immiseible liquids witheut ~
chemical resction ocourring in either phase, Dorthelot in
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18727 first desoribed this simplest type of extractiem
system by stating that when a third substance is present
in a -y.toi of two immiscible liquids it distributes itself
between them in a definite manner if it is soluble in beth
of them, This led to the simplest form of the Nernst
distribution or partition hws, vhich states that if
4, and ¢

) § 2
1 and 2 at equilibrium at constant temperature then

are the concentrations of the soclute in phases

©1 = constant (the distribution or partition coefficient)
[ -
2 (1.9)

It will be as well to distinguish here between the
terms used in the study of selvent extraction systems. The
derivation of the thermodynamis quantity, which is the
distribution or partition coefficient or constant, has been
described by Morrison and Freiser’, and Diamond and Tuck®,
It is necessary to repeat this derivation in erder te
understand the nature of the approximations involved in the
distribution law, and the limitatious of the experimentally

determined quantity, which is termed the distribution ratio,

At squilibrium at constant temperature and pressure,
the chemical potentials [/, and U 5 (partial molal free
energies) of the solute in each phase are equal, provided
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the chemiocal nature of the solute species is the same in

both phases.

Ky = U,

but  [[ufl® + R.T.ln a

(1.2)

(1.3)

where llo is the chemical potential in the standard state

(usually taken as a hypothetically ideal 1 molal solution),

and "a" is the activity of the solute,
c o
Thus ul + R.T.ln‘l - uz + RoTcl“z

'( ug "u:)/Bo‘To

and rearranging a_ = e

e §
8,
but since :1 - mloy
3 “2‘32
where -‘ and =, are the molalities of the solute in

phases 1 and 2 respectively, and 2; and ?; are the

corresponding molal activity coefficients,

(U -UD)/R.T.

Hence m, _ 7. .
= Ta

In equation (1.7) the expensntial term is a constant

(1.4)

(1.5)

(1.6)

(1,7)

provided the presence of the solute does not significantly

affect the mutual solubilities of the two sclvents,
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Thus we can write ED the distribution cocefficient as

=i
whore K' is a constant for the system at constant

KD. I2 -K'. WZ (108)
1

temperature,

From squation (1,8) it can be sesn that the
distribution coefficient In is dependent on the activity
coefficients of the solute in sach of the phases, and as
the aotivity coefficients approach unity, at lew

concentrations, the wvalue of IB becomes censtant,

The quantity which is usually determined in
extraction experiments is the distribution ratieo D which

is defined as

- Total concentration in the organic phase
Total concentration in the aqueous phase (1.9)

D

The expression for D ineludes all species of the same
component in the respective phases, including those which
do not extract, If the conditions were ideal, with neo
interaetions in either phase, then D would be equal te

‘D' however, this is seldom encountered in the usual solvent

extraction systems,
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The usefulnsss of the experimentally determined
distribution ratio is demonstrated in Chapter 3 of this

thesis,

Probably the best known example of the first elass
of extraction systems, which describe a simple physical
distribution based on relative solubilities, in inorganiec
chemistry is the distribution of melecular ilodine between
water and carben totrnchlorid.9°". The distributions of
the other halegens and interhalegen complexes have also

been widely -tudiod12'16.

Other examples of the distribution of inerganic
molecules betwoen water and an inext organic solvent are
the distribution of mercuric halides between benzsns and
water'/, and the distribution of simple halides of arsenie

and germanium between aqueous hydrohalic aeid selutions and

various inert erganioc solvuntc‘s'19.

The extraction of osmium tetroxide into carbon

tetrachloride has also been studied?®, and it was first

20

considered by Anderson and Yost that a tetramer was formed

in the organie phase. Mart1n21. however, found no evidence
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for polymeric osmium tetroxide species. This system
can therefore be considered to beleng to the first class

of extraction systems,

A rather unique example of this class of extrmction
systems is the extraction of metallic mercury inte non-polar
solvents such as nehexans and c¢yolohsxans,. Hoser and
Vbigtzz have studied the dismutation of the mercurous dimer
in extremsly dilute nitric aeid solutions, into mercuric
ions and free mexrcury, by the distribution methed. Free
mercury was found to be soluble to a limited extent in
nonepolar sclvents, more soluble, in faect, than in aqueous
solutions, and so the use of the distributien teschnique

was possible,

The second wery broad class of extraction systems
in inorganic chemistry describes those in which there is a
reawtion, other than straight out physiecal solubility, of
one form or another in one or both of the phases. This
reaction may be merely solvation of a species from the
aqueous phase by the organic solvent, or may be the reastion
of a metal ion with a chelating agent to forms a chelate

complex, This clasas of extraction systems is by far the
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larger and mere important of the tweo, Almost all examples

of extraction systems in modern analytical or process chemnistry
will appear under this category. There are, of course,

many ways in which reactiens can oceur in extraction systems,
and so, this second class can be divided into several

sub-classes,

In a discussion of these sub-classes it is proposed
to mention each subeclass and give an example or two ef each,
and then to discuss in more detail the sub-class dealing with
the basic extractants, the high molecular weight amines, with

which this thesis is mest concerned,

The firat of these sub-classes describes the classical
extraction systems in whieh organic chelating agents such as
acetylacetons or 8-hydroxyquinoeline dissolved in organioc
selvents are shaken with an aqueous solution of the metal to
be extracted, A certain amount of the chelating agent
passes intoe the aquecus phase and reacts with the metal ions,
thus satisfying the coordination number of the metal, and
gaining electrical neutrality, The neutral complex, being
soluble in organic solvents, then distributes itself between
the organic and aqueous phases, This type of chelate

system is very important in analytical chemistry since it



enables quantitative extraction of the metal, and by
shoosing the correct conditiens for the aquecus phase,
enables the separation of ene mstal from another depending
en the relative stabilities of thelr complexes, Examples
of this type of syatem are the extraction of ferric iron

by cohloroform solutions of uotyhcotono23, and
S-hydroxyquinllinozh. A reagent which has acquired
considerable importance srecently is thenoyltrifluorocacetons,
and has been used successfully for the extraction of

B

The secoixl sube-class of extraction systems includes
these in which there is solwvation, by ths solveat, of a
species from the aqueous phass. It is pessibly necessary
at this stage te point out the diffurense in the terms
"selvent® and "diluent” used in the surrent literature on
solvent extrastion chemisntry. The term “solvent” 1is ‘
applied to a liquid whioch astually reacts with a species
contained initially in ths aqueous éhnn. The "eolvenit®
may thus be the organic phase itself or may be dissolved
in an inert organic liquid te foru the organic phase,
The inert organic liquid is usually termed the “"diluent”.
The use of the term "diluent™ is readily accepted in the

process chemistry field, but is not used as frequently
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in the literature dealing vith the fundamental chemistry
of solvent extraction systeums, Threugheut this thesis,
therefore, where reference has been made to the “solvents"
for the amine or amines, this means the "dilueants" fer
ths amine or amines in the sense used in the solvent

extracstien literature,

Probably the best known example of extraction
oecurring by solwvation is the extraction of ferric iron from
chloride solutiens by sthers29~2%, The species extracted
is now acocepted to be tihe solvated complex iron (III) acid
H!‘.clh. In actual fact it is the proten in this type of
complex acid which is solwvated and possibly hydrated, and
there is no primary solvation of the metal ion which is
tetrahadrally surreundsd by chloride ions, The species
in the organic phase can probably be considered to be
(nzon")(rocxg). As well as their ability to extract
complex metal acids like nr-cxh by solvatien, this type
ef sclvent can also extract streng mineral acids. Nitric
acid is strongly extraoted by ethers, probably as the
complex (sz*)(uo;)?g. It is generally ascepted that
the actual mechanism of the solvation of the acidie protemn

involves hydrogen bonding,
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It is intexesting to note that sulphuric aclid does
not extract into ethers, ketones, or esters, but will
extract into alcohels’0’3'*32,  sulphuric acid is known
to have a streng primary hydration in aqueous solution
arising from the pressnce of 2 oxy- and 2 hydroxyl=
greups which can hydregen bond water molecules very
strongly. Extraction of sulphurie acid into alcohels,
thus oceurs met by solvation of the acid protons but by

solvation of the anion,

Included in this class of solvating agents are the
relatively new and extremely important neutral phosphorus
compounds, Probably the most widely studied of these
being trie-n«butyl phosphate, Tri=-p-butyl phosphate was
found to extrmct nitric mcid as the complex (TBP.HHOB)BS,
with the proton of the acid strongly associated with the
anion, and the whole melecule being solvated, The
bonding mechanism is probably again a hydrogen bonding one
between the phosphoryl oxygen atom and the acidie proten
of the aoid, In fact, the reaction to form the solvated
complex is considered to occur by replacement of a
molecule of water attached to the TBP melecule by a

molecule of nitrie acid from the agqueocus phase, With
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very strong acids, such as perchlorie, hydrochleric, and
sulphuric acids, the extraction by TBP is thought te give
complexes of the type u(uzo);.At('rnp)”'”. Other neutral
phospherus compounds, including the esters of phospherie
acid, phosphinic acid, and phesphonic acid, and the
substituted phosphine oxides, have all been investigated

in varieus sxtraction systems,

Another very important property of this class of
solvating solvents is their ability to directly solvate
motal ions, The extraction of salts by primary solvation
of the catien does not necessitate the complexing of the
metal by the anien as in the extraction eof HP.CI“. For
example the psrchlorate salts of metals such as cobalt and
niekalss can be effectively extracted from aquecus solutions

by loeng chain water insocluble alcchels.

The neutral phosphorus compounds are also well
known for their ability to extract metal salts from agqueous
solutions, Madigan and Cattrall’® nave studied the
extraction of thorium (IV) from aquecus nitrate solutions
by dibutylbutylphesphonate and have found evidence for
the extractien of a tri-solwate of the type

['rh"'(uo «3DBP ]‘no'. Solvation of the metal ion is

3)3 3
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thought to occur by donation of the pair of slectrons from

the phosphoryl exygen atem,

It is generally accepted that extraction of metal
salts by the nsutral phosphorus compounds occurs by direct
coordination of the compounds to the metal ien by donation
of the pair of electrons on the phosphoryl oxygen atom,

It is, however, also possible that certain complex metal
acids may be extracted by solvation of the protemn of the
acid by the neutral phosphorus compound, An example of
this is the extractien of cobalt (II) from concentrated

hydrochloric aeid by tri-nmebutyl phosphate !, whers the

extracted complex is thought to be (rnm")z.cocx"z.

The third sub=class of extraction systems includes
those compounds which are often referred to as the "liquid
ien-exchangera®, due to their similarity in behaviour to
ths ilon-exchangs resins. Probably the best known ligquid
cation exchangers are the scidic esters of phosphoric asid,
an example of which is the di-ester, di(2-ethylhexyl)
phesphoric aecid, Compounds of this type are almost
inseluble in water but gquite soluble in organic solvents,
and most impertant have the ability to extract metal ions

from aquesus solutions, They are thus ideally suited te
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solvent extraction systems, and have been widely used in
process chemistry, especially in the atomic energy field
for the recovery of valuable constituents from irradiated

fuel elements,

Di(2~ethylhexyl)phosphoric acid was found to be
extremely useful for the extraction of beryllium from
aqueous sulphate solutions obtained during the processing
of the mineral boryljs. The extraction of metal ions from
agqueous solutions is considered to occur by the release of
a proton to the aqueocus phase from the phosphoric acid
ester, and by donation of the pair of electrons from the
phosphoryl oxygen atom to the metal, to form neutral
complexes of the type (RzPoh)2B°' The term "liquid catiom
exchangers” was applied to this type of reagent since it
was found possible to replace one metal ion by another
depending on the stability of the complex formed with the
alkylphosphoric acid., The order of replacsment was found
to be similar to that of cation exchange resins, This
difference in stability of the complex formed in going from
one metal to another was demonstrated by Ma 39, une

suggested that a separation of copper, cobalt, and nickel,
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from sulphate solutions, was possible using di{2-ethylhexyl)
phosphoric acid by choosing the correct conditions for the

agqueous phasge,

The “liquid anion exchangers® have been investigated
very extensively recently, and include compounds such as the
primary, secondary, and tertiary long chain alkylamines,
the arylamines, and the alkyl and aryl derivatives of the
amnmonium, phosphonium, and arsonium ions. The alkyl and
aryl derivatives of the ammoniwm, phosphonium, and arsonium
ionw have been fully discussed by Diamond and Tuck5 .

Large cations such as the tetraphenyleamsonium, phosphonium,
and arsonium ions have the ability to extract large anions
from aqueous solutions as ecordinately unsolvated salts or

ion pairs. Reagents of this type have been used to some
extent in analytical chemistry, ‘l'g':lbala‘t:zm’gﬂ has
extracted tetraphenylphosphonium chleride and perrhenate
with ehloroform, Ziéglerhz has extracted halide complexes
of silver and copper by the addition of tributylammonium
chloride to the aqueous phase, and by extraeting the ion
pair formed with an organic solvent. Zioglcrhs'h5 has

also used several other large cations such as the

tripropylamronium, hexadecyltrimethylammonium, and
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tetrabutylammonium iens for the extraction of anions such
as chromates, permanganates, chloroplatinates, chloropalladates,
rhenates, thiomolybdates, vanadates, and ferro- and ferri.

cyanides,

The use of high molecular weight amines in solvent
extraction systems has developed rapidly over the last decade
and again, as with the organic phosphorus compounds, the
majority of the work in this field has been done by process
chemistry laboratories associated with the various atomie

energy authorities,

The similarity of the organic amine salts to anion
exohange resins was suggested initially by Smith and Pagahé,
who suggested the possibility of their use for the extraction
of complex metal anions from aqueous solutions. Since this
initial publiocation on the solvent extraction properties of
orgtnic amines, many papers have appeared in the literature
describing the use of amines for the extraction of metals
from aqueous solution, amd the subject has been reviewed

thoroughly by several authorsh7-53.

The high molecular weight amines and their salts,

generally, are almost inseluble in water and very soluble in
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organic solvents, and so lend themselves ideally to solvent
extraction systems, The free amines themselves have been
used extensively for the extraction of acids from aqueous
solutions. However, whilst the free amines are usually
added initially to extraction systems for the extraction
of metal species, it is generally accepted that they are
first converted to their salts, and that these species are
responsible for the extraction of the metal, This type of

system can, therefore, only operate in acid solutions,

It should he mentioned that the fully alkyl
substituted gquaternary ammonium salts RAN*X' have been
investigated to some extent, and have ths advantage that
they can be used in high pi solutions in the region where

the ordinary amine salts would hydrelyse.,

Primary, sscondary, and tertiary alkyl- and aryl-amines
have all been used in extraction systems, and results have
shown that the nature of the amine, and the organic Yiluent"
used for the amine, exert a profound influence on the
extraction, Metals such as iron (ill), vanadium (IIX),
the rare earths, titanium, sirconium, therium, and
uranium (IV) are effectively extracted from sulphate

solutions by primary amines, but the extraction decreasss
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with change to secondary and tertiary amines. On the eother
hand the extraction of vanadium (V), molybdenum (VI), and
uranium (VI) tends to increase from primary to secondary and
to tertiary amines. VWith chloride and nitrate solutions,
generally, tertiary amines show greater extractions than
sscondary or primary amines, and fluoride and phosphate

solutions were found to behave more like sulphate solutiens,

For the long chain alkylamines the length and nature
of the alkyl chain appears to have a significant effect on
the extraction by the amine. Generally a branched chain
secondary amine behaves more like a straight chain tertiary
than like & straight chain secondary amine, and a highly
branched alkyl chain interferes seriously with the extreaction

possibly by a steric hindrance effect.

The "diluent® for the amins also has a great influence
on the extraction, depending on the compatibility of the amine
salts with the "diluent", Some amine salts are less soluble
in certain solvents than in others, and show a decreasing
solubility in the order sulphate, bisulphate, chloride, and
nitrate, and in the order tertiary, socondary, and primary
ammonium salt. The amine salts appear to be more soluble
in long chain alcchols than in hydrocarbon type solvents,
and so in cases vhere difficulty has been obtained in

keeping the amine salts in solution, small suantities of a
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leng chain alechol have beenn added te the organiec phase,
The presence of this leng chain alechol, however, in the
oerganic phase was feund te deerease the extrectien,

In certain "dilusnts"™ the amine salts tend to form
molecular aggregates or micelles, and this also has a
detrimental effect on the extraction,

The extraction of metals from aquesus solutions

by the high melecular weight amines is also very dependant
| on the mature of the iqmoul phase, which must of course
contain sxtractable metal spescies, The aqueocus phase must
also be acidie, as mentioned befere, since it is assumed
that initially acid is extrmcted to form simple amine salts
which subsequently reaet with mstal spescies from the
agusous phase, Since the amines are weak bases their
salts are fairly readily hydrolysed, and can be converted
back to the free amine form simply by shaking a solutien
of the salt with a high pH aqueous phase, This has been
found to be very useful in precess work for the recovery
of the extracted metal from the organic phase, since by
simply shaking an organiec solution of the extracted metal

compound with an aqueous selution of sedium hydroxide or
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sodium carbenate, the metal can be re-extracted from tho
organic phase. This re-extraction from the organic phase
can also be accomplished by shaking the organic phase with
an aqueous phase containing a high ionic strength of a
simple anion, The complex metal anion is then replaced

by the simple anion in an anion exchange reaction,

The reactions involved in the sxtractions by all
three classes of amines are simply described by Coleman
L8

et al, . The first reastion to oceur ia the extraction

of acid from the agueous phase,

p—
RN, ¢ HX, == RaNHK, (1.10)
where Rsx is any tertiary amine, and HX is a

monobasic acid, Subscripts "o" and "A" refer to the

organic and aquecus phases respectively,

¥With a dibasic acid sueh as sulphuriec acid, the normal amine
sulphate is formed together with the acidic amins bisulphate

salt,

One anion is then readily exchanged for another
from the aqueous phase as shown in equation (1.11)

RyMHX |+ Y, = RMNHY S+ X, (1.11)



vhere YA is another anion from the aqusous phase.
For the simple anions the order of preference in the amine
solutions is perchlorate > nitrate > chloride >
bisulphate > fluoride, vhich is similar to that in anion
exchange resins, The anion YL can also be a scomplex
metal anien such as Uoz(soh);z. This rwaction for the
extraction of metals from the aqueous phase implies the

transport of an anionic species across the interface.

suggests that the acid HX can also be a
complex metal acid such as un(ub, the cpocigc formed in
the organic phase would then be (nsm*)(r.u;). This
reaction, however, cannot be separated from the two stage
reaction where hydrochleric acid is extracted initially to
form the amine hydrochloride, followed by the ion exchange

replacsement of chleride for the complex meotal anien rom.;‘.

Aecording to Coleman ot 11!?8'53

there is yet a
further possible reaction for the extraction of metals from
aqueous solutions by amines, that of adduct formatienm,
which implies tho transpert of a neutral species across the
interface. It is proposed at this stage to disregard the

extraction of a complex metal acid, as suggested by Moorolﬂi,
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as a separate reaction for metal extraction, since although
it has some merit shen dealing with the free amine in the
organic phase, it seems unlikely that it would oceur in

the usual extraction systems where the amine is reacted with
aeid beforehand, and is actually introduced into the system

as the amine salt.,

There are thus twe possible reactions to be discussed
for metal extraction by amines, that of amnion exchange, and
that of adduct forwation, which according to Coleman’>,
although they may sound drastically different, represent only
an arbitrary choice of deseription for equilibrium extractions,
as the alternative squations are thermodynaminally aquivalent,
There is, however, an important distinction beiween the tvo
extraction reactions, which Coleman has coverlooked, and this
is the fact that extraction can occur in the absence of any
complex metal anionic species in the aqueous phase, providing
that the metal, in the form of the meuiral species, is not
fully coordinated in the aqueous phase. Previouasly it had
been guggested that for an officient'oxtruetion to occur it
Was necessary to choose the conditions of the agqueous phase

so that there were extractable complex zetal aunlonic species

present,
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In actual practice in any equilibrium study the two
reactions would be indistinguishable, and would lead to the

formation of the same metal complex imn the organic phase.,

Colonan»gg_glﬁs. as exawples of the two reactions,
have described the extraction of urenium (VI) from sulphate
solutions as éecurring by either the replacement of a
sulphate ion from the organic phase by a ¢complex anionic
uranium species such as UOZ(SO&);2 as mentioned before, or
by the direct reaction of an amine sulphate species from the
organic phase with a neutral uranyl sulphate speciea such as
Uozsoh from the aqueous phase. These two reactions ars

shown in the following equations.

vo'? + 8072 = vo.so (1.12)
EA 2 hA

Equation (1.12) describes the formation of undissociated

uranyl sulphate in the aquecus phase,

“°2§°§A + (nsnu)zso&fﬂ(nann)zuo2 (scu)zo (1.13)

Equation (1.13) describes the reaction of undissociated

uranyl sulphate in the aqueous phase with amine sulphate

in the organic phase,
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The alternative reaction is shown in the fellowing equations,

+2 -2 -l
Uo + 280"1 .k---uo‘.!(so,‘)z‘L (t.1%)

Equation (1,14) describas the formatien of the complex metal

anlion in the aqueous phase,

(ij)zsoko + uo_‘,(so,‘)2A$(nﬁm)2 Uoz(soh)z. * so,‘A (1.15)

The simple anion exchange reaction is shown in equation (1.15).

MeDowell and Caao5h havc attempted to determine
whether or not the extraction is a simple anion exchange one
by the introduction of labelled sulphate inte the organic
phase. These workers obtained no evidence for the transfer
of an anjonic uranium species across the interface, and have
suggested that the extraction occurs via & neutral or even a
cationie ursnium species from the sgueous phase, It should
be pointed out also that McDowell ard Case postulated an
interface mechanism for the extraction as opposed to the
usually accepted extraction mechanism of the reaction actually
occurring within one or other of the two phases, followed by
transference of the complex across the interface, This

interface mechanism has soxme merit in view of the surface-active
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preperties of the long chain amines and their salts. It
would be extremely diffieult, hewever, to distinguish between

the two mechanisms,

There is quite a large amount of evidence in the
literature for the extraction of anionie species from aqueous
solutions, but it should be borme in mind that it may still
be possible, in marny cases, to postulate the extraetion of
a neutral species as McDowell and Case have for uranium (VI),
and ohtuin‘g complex in the organic phase identical to that

obtained by any anion exchange reaction,

It is not proposed to male a complete survey of the
literature on the extraction by amines, since this has been
done very tharoughly in the several r.vi.w-k7'53, vhich
adequately dessribe the work repeorted up until 1961, It is
proposed, however, to disocuss several papers which have been
published recently, wvhich give support to.both sxtraction

theories,

Good ot a17%"3? nave published an interssting series
of papers in which they explain their results on the basis
of the ion-exchange reaction, Good and Brynn55'56 have
studied the extraction of irom (IXI) and cobalt (II) frem

chloride solutions by various amines dissolved in various
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*diluents! and have examined, spectrophotometrically, the
organic solutions obtained, The results of this work

i and

suggested the presence of the anionic species F001;
0001;2 in the organic solutions, and Good and Bryan
concluded that these anionic species must be involved in

the extraction process, The reactions are described by

the following equations,

+1 .=l -1 _ = + =1 sol

Ryt lo1st FoClhA‘-—RBNH l|=-.<:1‘.‘o + C15 (1416)
+1 . =1 . -2 __~ +1 -2 -l

znsm c1. " + LoCl,‘A\——(RSNH ) 2c«\c1h° + 21, (1.17)

Good and Bryan also suggest that an alternative reaction for
the extraction of iron(III) from chloride solutions could be
written by assuming that the extracted species is actually
the complex metal acid as shown in equation (1.,18)., This
roaction can probably be disregarded, hovwever, as has been
discussed previously, since Good and Bryan converted their
muines to the amine salts before the extractiion of the metals,
RyN, + Hy + F.Cl;:: —— Rsm"r.m;: (1.18)
Good and Bryan57 have also investigated the
extraction of the oxalate complexes of iron(III), nickel (II),

and cobalt (II), by wvarious amines in chloroform as "diluent”,
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and have found evidence for the presence of the complex anions
- : p 4 2
[r.”(cao,‘)a] 3, [Co*:’(czo,‘);‘*. [m" (°z°u)z.r , and

+2
[co “’z"h)J“
in the organic phase, The anion exchange reaction proposed
by these workers is shown in equation (1.19).
. “-q) =n
¢ > +n - + [ *n ] -
nn3m A+ [a (czo,‘)n]A.\_ [331m ]n M (Cz"b)n . + mA, (1.19)
where n = 2 or 3, and A" 1s the anion of the amine
salt present in the organiec phase prior to extraction, since
the a::ine solutions were reacted with wvarious acids before

the extraction experiments.

In asimilar series of experiments, Good, Bryan and

Hauass

studied the extraction of the ecyanide complexes of
iron {II), iron (IXIX), cobalt (IIX), and cobalt (II), and again
found evidence for the presence of the anionic cyanide complexes
in tue organic phases,. The proposed anion exchange reaction
is shown in equation (1,20),
4, - -y — * A
YRGNMITAZ ¢ u(cu)x, ] [n Nit ]y[M(CN)z] o+ YA, (1.20)
A 3 o
The anion exchange reactinn is a'so postulated by

Good, Bryan a:d Jug059 for the extraction of iron (III) from
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sulphate solutions by a primary smine, since there is spestral
evidence foi the presence of the species n(se,‘);" in the
organic phase.

The results cbtained by Good and Bryan® *3> for the
extraction of the chloride somplexes of iren(III) and ccbalt
(II) are further supported Ly an investigatien carried eut by
Lindenbaaa &:d Bqd“ who studied the extrastien of iremn(IlI),
cobalt (I1), copper (II), wanganess (II), and nickel (II), fro=
aqueous chloride anxi byduide solutions by tri-pecctylamine and
tri-iso=cotylamine dissclved in tcluemne. A speftrophotometrie
study of the organie phases demonstrated the presance of the
tetrahedrally coordinated species (,{ﬂx"’-l ana (n* ,‘)"2.

Vhite, lislly and u"' on the other hand suggest that
for the emtraction of iron(Iil), and indium (IX1) from
chloride solutions by tri-peocctylamine dissclved in bensene
the anionic species present im the organic phase are Mlgz
and Iml;z. Their results, however, were not based em &
spectrophotometrie study, but were obtained from a study of
the depemdence ef the distributiomn ratio on the amine
hydroohloride cancentration, JThey cbtained a second power
dependsnce of the ¢ stridbution retio on the amine
hydrochloride comcentration in the organic phase, and suggested
that this was evidence for the presengeof a doubly charged

anion in the organic phase such as lal.‘.l;zt
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The extraction of uranium (VI) has been studied
extensively, and a recent series of papers by Snnsf»&""é5 have
shown that the extraction of this element from sulphate
solutions by varicus amines in wvarieous "diluents” is not quite
as simple as postulated by Colsman M‘.‘so Sato has found that
for the several amines studied the species formed in the organic
phase is generally the same, with two amine sulphate melecules
associated with esch uranium, The generalised extraction
reaction, as suggested by Sato, is shown in the following

equation,
2(“3’“‘)230&0 . Uozso,';—_-* (nsm) ,‘uo‘z(sou)% (1.21)

Equation (1,21) thus repressents the adduot formation reactiom,
and agrees with the sugzestion of McDowell and ca.c“ that

no anionic uranium species is transferred across the interface,
It must not be overlooked, however, that an altermative anion

exchange reaction could still be considered for the extraction,

The extraction of therium (IV) from sulphate solutions
by several primary amines in various "diluents™ has besn studied
by Vdovenko M§6, who obtained widonoo for complexes of
the type (mm,),‘ 'rh(so,‘)h in the organic phase, MoDowell
and A110n67 have also investigated the extraction of thorium
(IV) from sulphate solutions using di-nedeeylamine dissolved
in benzene, and have identified the extracted complex as
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(Rzmz)nm(soh).bg e N can have various values up to a

2
maximus of about 6 whieh occurs at high aqueous thorium
concentrations, There are thus several possible complexes
in the organic phase such as (nznaz)zso,’. m(soh)z,
2(nzmz)zso,‘. 'rh(sok)z. and 3(RAH,) S0, ‘rh(so,‘)z'. In
other words adducts can be described ocontaining one malecule
of neutral thorium sulphate and 1,2 and ) molecules of the
anine sulphate. The species trarn.ferring across the
interface in this case would be a neutral thorium sulphate
molecule, On the other hand the anion exchange reaction
would suggest the transfer of the anionic species 'rh(soh);z.

Th(sok);“. and ’1‘1.1(8(),‘);6 across the interface,

In a further study MecDowell and Allon‘a have used

the distribution method to ubtain values for the formatien
constants of the thorium tri~ and tetra~ sulphate-complexes

*rh(sou) 2 and -m(so,‘);".

The extractien of uranium (IV) and (VI) from nitric
acid solutions by various smines in various "diluents" has been
suggested te oceur by an anion exchange reaction, and the ienie
spoci.o. that are extracted have been identified as the

69=-71
.

u(wo . and Uoz(no3);' complex anions respectively

36
The identificatien of the anionic species was done
spectrophotometrically, and the spectra of the organic phases

were very nearly ideatical to the spectra ef U(IV) and U(VI)
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in nitric mcid solution, Thin\io not absoclute proof, however,
of the transfersnce of a complex anion across the interface,
but since the complex anion is the predominant species in

the agueous phase the postulation of the anion exchange

reaction sesms reasonable,

Similar results have been obtained for other
actinide-nitric acid systems, and for the trivalent actinides,
Mareus, Givon and Choppin?z have found a second order
dependence of the distribution ratio on the amine nitrate

concentration, indicative of the extraction of the anionic

-2
spescies, 3(303)5,.

The extrasotion of tstra« and hexavalent actinides
from hydrochloric acid solutions by tri-n-octylamine dissolved
in xylene has been investigated by Ieder73. who deseribes
the reaction as being an anion exchange ane with the
transfersnce of the species ncxzz and M0201:2 across the

interface.,

A study of the extrmction of thallium (III) also frem
hydrochloric acid solutions by trinonylamine in bonsono7~

has confirmed the existence of the T101;1 anion in the

erganic phase.

An extremely interesting example of the two possible

extraction reactions is the extraction of plutonium (IV) from
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nitrate solutions by various tertiary amines whieh has been
studied by Baroncelli, Scibona and Zifforuro75. Their results
show that only one complex is forwed in the organic phase, this
being (R:,Ml)z!’n(ﬁoj) g but according to Daroncelli gt al. there
are two possible reactions for the formation of this compound
in the organic phase, Firstly there is the anion exchange
reaction with the transfer of the species Pu(NOa)Ez across

the interface as shown in equation (1,22), Aqueous nitrate
solutionse of plutonium (IV) are known to contain this anionie

complex,

mmoj‘—(R Nli)zPu(NO ’5 + 2NO.. (1.22)

Pu(kos)gi + 2m, i
A
Alternatively, Baroncelli @t al. have suggested that an adduct
type reaction may occur as shown in equation (1.23) with the
transfer of the neutral species Pu(Nos)k across the interface,

which is also known to exist in the agqueous phase,

Pu(Nos)hA + =M NHNOS‘__(R Ni) N(N03)6 (1.23)

3

Throughout this chapter it has been emphasized that
the extraction of wmetals frum agqueous esolutions by high
molecular weight amines is not as simple as first thought, and
may occur by reactions otherxr than the anion exchunge one
originally proposed, The reaction in any extraction syst§m
may occur by either simple anion exchange or by adduet
forwation or more probably by a combination of both, but

regardless of whichever reaction does take place the complex
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or complexes whieh appear in tha organic phage are always the
same, and are determined by the coordination properties of the
metal being extracteds, The nature eof the "diluent" for the
amins will also have a large effect on the extragted complex,
in such a vay that for a "diluent" of low dielectric constant
the complex will be largely undissociated, and unsolvated by
the "diluent®, whereas for a higher ¢ielectric constant s lvent,
the complex may be partly dissociated, and solvated by the

"diluent®,

There is, hovever, a much more imporiant aspect of
the extraction which has received wvery little consideration
from other workers in this field, and this is the mechanism
for actual transference of the metal species across the

interface.

There appear to be two schools of thought on this
subject, firstly there is the consideration that complex
formation occurs wholly within the aquecus phase, and the metal
species is transferred acruss the interface as the amine salte
metal salt complex, The second mwechanism considers that
complex formation occurs at the aqueous-organic interface, with
the amine salt never completely passing into the aqueous phase,
but orientated in such a way that the hydrophilic groups
penetrate into the aqueous layer, and complex or ion exehange

w#ith the metal species, on the aqueous side of the interface,
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Yan Ipanburghg, in his discussion on the extraction
of metal salts by amine salts, assumes that the complex is
formed in the aqueous phase, or at least on the aqueous side
of the boundary layer, and is then transferred across the
interface to the organic phase. This worker bases his
assumption on the fact that reactions and equilibratien
gonerally will be much faster in the aqueous phaho than in the
organic phase, dus to the lower viscosity and higher dieleetric
constant of the agueous layer, Van Ipenburg also suggests
that it is quite plausible that a 1ittle of the peolarizable
amine should distribute into the agqueous phase to form,
firstly, the amine salt, and then the metal complex, In
fast, it is generally assumed that in solvent extraction
systems the complexing reagent, if it is introduced into the
system as a separate organic phase, will distribute itself
between the aqueocus and organic phases Complex formation will
then occur in the aqueous phase containing the metal to be
extracted, and the neutiul complex, which is soluble in
the erganic phase, will then distribute itself between the

two phases,

Most quantitative treatments of extractien.
data3’36’38'39'76 have been dealt with in this way, and the
equilibria involved in the extraction are described om the

basis of the complex formation ccourring in the aqueous phase,
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The interface mechanism of MeDowell and Cu-osh; as

mentioned previously, has considerable merit when dealing with
the extraction properties of the high molecular veight amines,
since they and their salts are generally only very sparingly
soluble in the aqueous phase, and have been shown to have
surface.active properties, In any svent, the interface
mechanism suggested by McDowell and Case does suggest that

the reaction oceurs on the agueous side eof the interface, so
there is very little difference between the two mechanisms,
except that for the interface ons it is net necessary for the
organioc part of the amine or amine sulphate to actually pass

through the boundary inte the aqueous phase,

The surfaos sactive properties of the leong chain amine
salts are discussed in Chapter 5 of this thesis, however, it is
reasonable to assume that the leng chain amines and their salts
will concentrate at the aquecus—-organie interface with the
hydrophobic parts immersed in the organic phase, and the
hydrophilic parts penetrating into the aqueocus phase,

MéDovnll and Cnoosh have suggested that, for the
extraction of uranium (VI) frem sulphate sélutions, the amine
sulphate concentrates at the aquecus-organiec interface with
the sulphate groups immersed in the aqueous phase, and studies
have shown that the sulphate part of the amine sulphate
remains strongly associated with the organic amine and does
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not predominantly ionize, as would be expected, This is
reasonable in view of the high sulphate concentration in the
agueseous phase, The reactien of amine sulphate with a2 neutral

uranyl sulphate molescule can thus occcur at the interface,

It womnld bo‘ expected that some ionization of the
amine sulphate wvould oceur at the interface, and so the anion
exchange reaction would also be feasible for the interface

mechani sme

The final equilibrium is of course :hulopondont of the

way in which it is reached, and so the consideration of either

extraction mechanism will lead to the same resulty
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Chapter 1I

TiE EXTRACTION OF SULPHURIC ACID

BY DIe~ AND TRI‘3.§.2.TRIMETHYLHEXYL!AMINES.

1. INTRODUCTION

Long chain alkyl amines were first used in 1948 by
Smith and Page' for tue quantitative separation of strong
acids from water scoluble organic acids such as glycine and
glutamic acid, The extraction of acids from aqueous
solutions by the amines dissolved in organic solvents such
as chloroform and nitrobenszene, relies on ti.e property of
the amine salts of being soluble in the organie phase and
almost insoluble in water, Smith and Page found the
extraction to be dependent on several factors such as the
nature of the amine, the type of organiec solvent used for
the amine, and on the type of acid to be extracted from the
agqueous phase, Tertiary amines were found to be more
efficient acid binders than primary or secondary amines,
and the chain length of the alkyl group attached to the
nitrogen atom had an effect, in that the bindiﬁg efficiency
improved as the carbon chain was increased, Several
aolQents for the amine were investigated and chleoroform and
nitrobenzene were found to give the most satisfactory results.
The solubilities of the amine salts in the organic phase
were also found to be important and certain salts, such ae

those formed with sulphuric acid, were found to be less
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soluble in chloroform than the correspending hydrochlerides,

arxi separated out as third phases,

Since this initial application of amines to the
extraction of mineral aeids, a considersble amount of work
has been earried out on the investigation of the suitability
of many amines in many "diluents®™ fer the extraction of
acids from aqueeus solutions, The results of this werk

have been reviewed by several authorn2.6.

Howsver, it was not until 1956, when Allen o8

studied the equilibria between tri-n-vctylamine in benzene,
and di-p-decylamine in bensens, and sulphuriec aeid, that
any real progress vas made towards the elucidation of the
physical chemistry eof this type of system, The sxtraction
of sulphuric aeid can be considered te ocour in two steps,
firstly, the neutralization of the amine to form the normal
amine sulphate, and secondly, the reaction of this normal
amine sulphate with more acid to form the amine bisulphate,

as shown in equations (2.1) and (2.2),

K,

|y ¢ B0, == RS0, (2.9)
aznzso,'. + 1:12:30,‘A —:—3*-_ mzsoh. (2.2)

where R is the amine, Rznzso,‘ and RHZSO& are the amine

sulphate and bisulphate respectively, and the subscripts
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"o" and "A" refer to the organic and aqueous phases,

K‘and xz are the corresponding equilibrium constants,

Allen found that the extraction to form the amine
sulphate did not obey ; simple equilibrium law, as described
in equation (2,3), over a large concentration range, as
expected, and explained his results on the basis of the

polymerization of the amine sulphate in benzene solution,

£ = __[Rzﬁzsoh]:_o_ (2.3)

L )
[n]o * s OI‘A

uhort[?zﬁzsﬂéL and [R]q are the molar concentrations of

the amine sulphate and free :vains in the organic phase

respectively, and &y 50 is the activity of sulphurie
2 “A

acid in the aqueous phase,

For the formation of the tri-meocctylammonium sulphate
the extraction was found to obey the equilibrium law, provided
the concentration of the amine sulphate did not exceed a value
of 0,02M, For values of the amine sulphate concentration in
benzene which exceeded 0,02M, systematic departures from the
expected behaviour were obtained, Allen explained these
anomalies by referring to the withdrawal of the amine sulphate

from the system as a micellar type colloid,

For the formation of the amine bisulphates of the

amines, the simple equilibriuws law as described in
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equation (2,4), was again found not to be cbeyed,

R s O] :
(27254 o'%“zs"u "

Kza

(2.4)

[R“zsoh]o is the molar concentratien of the amine

bisulphate in the organic phase, Allen explained his

results by censidesring the formation eof the amine bisulphnate

to be an anion exchange reaction in which sulphate ions werse
exchanged for bisulphate ions. This reaction is
thermodynamically indistinguishable frowm thq former one

which suggested that amine bisulphate is formed by the

reaction of the normal samine sulphate with more acid, In

this treatment, Allen again suggested that the amine bisulphates,
and the amine sulphates were bound up in a colloidal type

micells,

In an attempt to determine the actual sisze of the
colloidal particles in these systems, Allon’ carried out a
light .cattorihg study of various amine salte, The
results of this work, however, did not substantiate his
suggestion that the anomalies in the extraction behaviours
could be explained by assuming aggregation of the amine
salts in benzene solution, In fact, the only salt whieh
was found to have a size large enocugh to be considered

reasonable for oconsistency with the extraction behaviour,
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was the di-p-decylammonium sulphate, The
tri-n-¢ctylasmonium sulphate proved to be monomeric in
benssne solution, However, this result does net agres

with work oarried out by Fomin et .1:0

who studied the
polymerization of tri-p-occtylammenium sulphate in bensens
by cryoscopic methods, and suggested that, even though at
low acidities in the aqueocus phase the amine sulphate is
moenomeric, pelymerization does occur at higher aquecus

acidities to form a trimer or pessibly higherxr polymers.

11,12

Yerstegen and Ketela=zy studied the distribution
of sulphuric acid between water and solutions of
tri-n-cctylamine and tri-n-hexylamine in kerosens and bensene.
These workers found that when using kerosene as solvent for
the amines, the extractions did not obey the simple
equilibrium law for any concentration of the amines, but
found that the equilibrium law was obeyed for concentrations
of the amines in benzene which were below certain values,
The concentration values were 0,019 mole/l. for
tri-p~octylamine, and 0,005 mole/l. for tri-n-hexylamine.
The results obtained by Verstegen and Ketelaar were in

agreement with those found by A110n7o

14

Boiri013 , and Shevchenko and Zhdanov = inwestigated

the extraction eof sulphuric acid from aqueous solutions by
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tri-n-octylamine in bensene and carbon tetrachloride,
Boirie suggested that the simple equilibrium law should
be followed until an amins sulphate concentration of at
leaat O0.48M is reached. However, her e¢alculations were
based on thermodynamically, rather insubstantial grounds,
since she neglected to take into account the activity of
sulphurie acid in the aquecus phase, Shevchenke and
Zhdanov‘h obtained results which were in agreement with
those found by Boirie, but also neglected activities in

the aqueous phase,

Bl.l‘s studied the extraction of sulphuric acid
from agqueous solutions which contained large amounts of
sodium sulphate (0.50M), by the secondary amine
di-n-decylamine in benzens. He also found that the
equilibrium law was not obeysd, amxi assumed polymerization
of the amine salts in benzens solutien, This assumption
has been found to be correct in view of Allen's light

scattering ltudie.9.

The extraection of other mineral acids has been
investigated by many workers, Newman and Klots'é studied
the extraction of hydrochleric acid by tri-ns-octylamine
dissolved in benmene and showed that the reaction can be

described by the simple equilibriue lawv with the formation
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of the amine hydrochloride in the organic phase, A
similar study was made by Bimot and Tro-dllon‘7 for the

same amine dissolved in carbon tetrachloride,

¥ilson and Uog-un'S studied the sxtrmotion of other

hydrohalic acids by tri-n-octylamine dissolved in several
solvents of wvarying dielectric constants and their results
showed that the equilibrium constants for the formmtion of
the amine hydrohalides increassd as the dieleotriec constant
of the solvent increased, WVilson and Wogman found that
for aqueoua solutions of hydrohalic acids below 2M in
concentration the formation of the simple amine salts took
place as expscted, however, for higher concentrations of
the asids, the extraction of excess acid cecurred. Thus,
at an agqueous concentration of hydrochleoric acid of 10M,
two moles of acid were found to be associated with one mole
ef amine, This had previously been noticed by Berteoecci
and Rolandi'? for hydrohalic acids. A similar effect has
bsen noticed by several workers for the extraction of nitrie
acid by amines, and Shevehenks et al-C concluded that the
3).HN03 was formed in the organic phase,
TOA refers to tri-n-occtylamine, Wilson and Wogman

species (TOA.HNO
suggested that a similar species may be formed by the
hydrohalic acids,

The extraction of nitric acid from aqueous

solutions by amines disselved in organic solvents has been
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investigated more extensively than any other mineral acid.
This is due to the relatively high cost of nitric aeid in
Process chemistry which makes its recovery for re-uss
sconomioally possible.

Vorltegonz' studied the distributien of nitriec acid

betwveen water and solutions of tri-n-occtylamine in wvarious
solvents. In most cases this worker found the equilibrium
law to be obeyed, but found that the equilibrium eonstant
wvas strongly dependent upon the selvent msed for the amine,
The equilibrium constant was found to be greater for solvents
with high dielectriec constants, as was foeund for the

extraction of hydrehalie aeids by wilsom and wqgnanis.

Shevchenke et .1%0

acid by tri-n-octylamine in go-xylens and in carbon tetra-

studied the extraction of nitrie

chloride and found high partition coefficients provided
the equilibrium concentration of acid in the organic phase
was not greater than the initial amine concentration,
These workers concluded that the simple amine nitrate

salt TOA.HNO,.vn: formed in the erganic phase. However,
at very high nitrie ascid concentrations in the agqueous
phase, excess nitric acid was found to be sxtracted as
mentioned previously. Shevohenko et al suggested that

the speeies (TOA.HNO,).HNO, was formed in the organie

3) 3
phase and were abls to obtain eguilibriius constants for the

extraction inte g-xylene and earbon tetrachloride, The
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values for the equilibrium constants were 0,09 and 0,1)
respectively which compared favourably with values found
for the sxtraction of nitric aeid by tributyl phosphate and
di-isopentylmethylphosphonate of 0,22 and 0,30 respsotively
for the formation of the species (Tnp.uuoj) and (npup.ﬁxoa)
The values for the amine nitrates are, however, lower than
those for the phosphorus compounds suggesting that the

(TQA.HNO:,).KNO species is less stable., It has been

3
suggested that the extraction of nitric acid by tributyl

phosphate is analogous to the extraction by amine nitrates.

This extraction of excess nitric acid by amines has

19, 24,25, 26,27

been reported by aseveral other workers Most

of these are in agreement with the extraction of two moles

of nitric acid for each mole of amine, but Vdovenkeo !t_a}_zgé
have suggested that a third mole of nitric acid ean be
extracted when the agqueous nitrie acid concentration is

124, It has also been suggested->’27, tuat there is evidence
for polymerisation of the amine nitrate species in certain

erganic solvents,

It can be sesn from the above summary of the work
already reported in the literature that a great amount has
besn dones on the investigation of the extraction of mineral
acids from aqueous solutions by long chain amines dissolved
in various organic solvents, An attempt has been made to

summarise the results of this work in table 2,1, by listing

22,23
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the values for the egquilibrium constanta for the extraction
of various acids by various amines as reported in the

1i terature,

It can be seen from the values for the equilibrium
constants shown in table 2.1, that there are several
factors influencing the extraction of mineral acidslfrom
aqueous solution by amines as suggested by Smith and
Pago‘. The extraction order appears to be 11280~> HN03> 1,
There is also dependence on the amine, and on the solvent
for the amine, Amine salts are extracted to a greater extent
by solvents of high dielectric constant, Polymerization of
the amine salts in the organie phase also has an effect on
the equilibrium constant for the extractiom, and aocording
to Allen ,8' is responsible for the observed deviation from

the expected simple squilibrium law behaviour,

The equilibrium studies deacribed in this chapter were,
therefore, carried out using a solvent for the amines,
iso-amyl sleohol, in which it was known that no aggregation
of the amine saolts oceurred. The aggregation properties

of the amine salts are discussed in Chapter 4 of this thesis.

It was expected that the simple equilibrium law would
be obeyed for the extraction of sulphurie acid by the
secondary and tertiary amines, di(3,5,5,trimethylhexyl)amine,

and tr1{3,5,5,trimethylhexyl)amine, and that regular
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2.1

Equilibrium constants for the extraction of various acids by variocus amines

Temp, % Ref,

Amine Acid Solvent Dielect., Equilibrium Units
congtant constant

Tri-n-hexyl H,80,  benzene 2.28 Kluo.h51107 (molo/l.).h 25 (12)
anine
Di=pn-decyl H,S0, benzene 2,28 W, K1a1.6711017 (nmll!tol'l.).6 25 (8)
amine *es K u2.6 x10°  (mole/1.)”
Didecylamine H_S0, benzene 2,28 K1-0.25x1012 (mole/l.)-h ns. (13)
Didecylamine Hy30,  CCl, 2,24 K1u0.3211011 (mole/l.)'h ns. (13)
Methyldiectyl H,SO, benzene 2,28 x1-0.20x109 (molo/l.)'h ns. (13)
amine
Methyldiectyl H,S0, CCl, 2,24 xléo.sleos (molo/l.)'“ ns, (13)
amine
Methyldidecyl stoh bensene 2,28 Kluo.asxlolz (nole/l.)'u ns, (13)
amine ;
Methyldideeyl H,SO, CCl, 2,24 K1-0.13x1011 (mole/1.)~" ns.  (13)
amine
Tridecylamine H,SO,  benzens 2,28 K1=0.56x109 (nnlo/l.)'“ ns. (13)



Table 2.1 contd,

Amine Acid Solvent Dielect. Equilibrium Units Temp. °C Ref.
constant constant
Tridecylamine H,80, CCl 2.2l K1-0.891107 (nolo/l.)"h ns, (13)
Trideoylamine 1,80, white - K,=0. 50x106 (mole/1. )'h ns. (13)
spirit

Tri-n-octyl H_80,  bensmene 2,28 11-1.87x108 (mololl.)'“ 25 (12)
amine
Tri-n-ectyl H,S0, bensene 2,28 K1-1.90x108 (mole/1. )-Jo 25 (7)
amine K,=1,49x10°  (mole/1.)
Tri-pn-octyl H S0,  benszene 2,28 K1-0.33x109 (mu/:..)"4 ns, (13)
smine K2=0.251102 (nolo/l.)'1 ns. (13)
Tri-p-octyl H,80, CCl, 2,24 xl-o.sox107 (nolo/l.)-h ns, (13)
amine
Tri-p-octyl H,S0, cCCL, 2,24 xluo.ahx107 (mole/l.)-h ns. (14)
amine
Tri-p-ectyl HC1 benmene 2,28 X -1.&:10“ (mlo/l..)'2 ns. (16)
amine
Tri-n-octyl HC1 cC1, 2,24 K =1.0x10" (mole/1,)™2 ns. (17)

amine



Table 2,1 contd,

Amine Acid Selvent Dielect. Equilibrium Units Temp.’C  Ref,
constant constant

Tri-n=-octyl HNO,, nitro- 29,.8 K -50:10° (mh/l.)'2 bo (21)
amine benzene
Tri-pn-octyl HNO CHC1 b.5 X -6.2:106 (mlo/l.)'2 (21)
amine 3 3
Tri-n-octyl on3 benzene 2,28 K -0.113106 (molo/l.)‘z ko (21)
amine
Tri-n~octyl HNO, benzene 2,28 K -0.38:106 (mo1e/1.)'2 25 (21)
amine
Tri-n-octyl HNO, modified 2,0 K -o.oshx106 (nolo/l.)“2 25 (21)
amine dodecane

The equilibrium constants in this table were obtained assuming the

equilibrium law to hold, except whers otherwise stated.

N.S.

Temp, not stated, but extraction work was done at Room Temp.

K, and K

1 2
respective

refor to the formation of amine sulphate and bisulphate

ly °
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Due to suggested polymerisation of the amine salts in bensene, Allcnha
ealculated his X values using the following equations.

3
x
. X, RH 50y, where X dsnotes mole fractions
% of amine sulphate and bigulphate
%80, * *RH,50,
» K= - An empiricsl relatienship wvhich
: 3
'sto“ ’[R] explained the extraction results,
2
X p_s0,
san ‘3 - aa 4 Vhere X again denotes mole fractions,

*n 80, * TR B0,
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equilibrium constants K, and K, for the formation of amine

1 2

sulphate and bisulphate respectively would be obtained for
sach amine, This was, in fact, found to be so for amine

solutions in iso-amyl alcohol whose initial concentrations

were in the range of 0,01M to 0.10M,

It was also expected that, due to the higher
dielectric constant of the solvent iso-amyl alcohel for
the amines, higher valuesfor the equilibrium constants
would be obtained than found by other workers for amine

solutions in benzens. This again was found te be so,

II, EXPERIMENTAL

1. Reagents
Di- and | trimsth 1)amines.

The samples of the secondary amine
di(3, 5, 5, trime thylhexyl)amine and the tertiary awmine
tri(3, 5. 5, trimethylhexyl)amine used in this investigatien
were obtained from L, Light and Co., as very pale yellow
almost colourless liquids, Micro-analysis of the
secondary amine gave the fellowing figures, (Found:
C,80,.%8; H,14,23; N,5.64, Caled. for cwn”m c,80.22;
H,14.593 N, 5.20).
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The equivalent weight of each amine was determined
by titration in an aqueous ethanel solution using standard
aquecus hydrechloric acid, The titration of the amine was
followed using a direct reading pii meter (Philips PR940O),
and a glass electrede, The agquecus othanol solutien was
cbtained by mixing 50ml of ethanel with 25ml of water, and
then 50ml of this solution were ussd to dissolve the weighed
amount of amine, It should be pointed out that the pH
values measured in this selutien are probably mot absolute
values, and since this determinatien only required a
measurenent of the sharp pil change at the end point, the
recoxding of the pi{ values was permissible,

A typiecal titratien ecurve for di(3, 3, 5, trimethyle
hexyl)amine is shown in figuvre 2,1, for the titration of
0,2976g of the amine with a 0,157N hydrechlorio acid
selutien., The presence of only one inflection in this
curve shows the absence of any appreciable amounts of

primary or tertiary amines as impurities,

The equivalent weight of the tertiary amine was

determined in the same way,

This type of pH titration in an agquecus ethanel medium

has been used by Verstegen and Ketelaar'>, and by Beiriel>

for the estimation of trie-p-ocotylamine solutions in bensene
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2 1 1 1 1 1

4 5 6 7 8 9
ml 0-157N Hydrochloric Acid

Figure 2,1 pH titration of di(3,5,5,trimethylhexyl)amine
in an aqueous ethanol medium,
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with standard aquecus perchloric acid. ﬁo:lz':l.on alseo
ocarried cut titrations using standard sulphuric aecid
solution, and obtained two inflection points in the
titration curve corresponding to the formation of the amine
sulphate and the amine bisulphate,

Llhn7’8, previously, had determined concentrations
of amines in organic solvents by potentiometric titrations
in completely non-aqueous media, using perchlerio scid
dissolved in dioxan,

Bertocoi and Rolandi!? determined concentratiens
of amine solutions in xylene by titration with perchlorie
acid dissolved in glacial acetic ascid, and exrystal vieclet

as indicator,

The values obtained for the equivalent weights of

the two amines are given in tadble 2,2,

Table 2,2
Ihe equivalent veights
- t: th
caled, found
D1(3, 5, 5, trimethylhexyl) 269.5% 272,6
amine
Tri(3, 5, 5, trime thylhexyl) 395.7 396,9

amine
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Relative values for the basicities of each of the amines
were obtained from the pH titration curves by assuming that the
pii values at the 50 per cent, neutralisation points were equal
to the pKa values of the amines, It should be pointed out that
these are probably not the absolute pka values, since the pi
titrations were done in an aqueous ethanol medium, It is,
hovever, possible to compare the two values, as each pi
titration was carried out under identical conditions. The
values obtained were 8,72 for di(3, 5,5, trimethylhexyl)amine,

and 7,45 for tri(3, 5,5, trimethylhexyl)amnine,

The basicity of the secondary amine is, therefore,
considerably greater than that of the tertiary amine.

Zso-amyl alcohol
B.D.,H. reagent grade, which was specified to

contain Jemethylebutanol with 15=30% of 2-methyle~butanol
(B.Pt.128+132°C), was fractionally distilled, and the

fraction boiling at 130-132°C was collected.

For the extraction experiments using di(3, 5,5, tri-
we thylhexyl)amine, solutions were made up at 25,09C in the
conoentration range 0,01 to 0,10M by dilution
of a etandard 0,10M amine solution, which had previously
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been chtained by dissolving a knewn weight of the amine in
iso-amyl alcehol at 25.0°C. The concentratien of this
atandaxd 0,10M amine solution was checked by titratiem
using the indicator method described in section 3,1,

Prior te the extraction experimesnts, the amine solutioms
were saturated with water at 25.0°C. The water used fer
this had itself been previeusly saturated at 25.0°C with
iso~amyl alechel to prevent any volume change ef the
organic phase,

golutiens in iso-amyl aloshol.
Only one concentration, 0,10M, was used in the

sxtraction experiments with the tertiary amine, However,
the same pre-treatment was applied to this amine as for the
secondary amine,

u o id ti o
Aquecus solutions were mads up using “Analar"

grade sulphuric asid in the concentration range of 0,001M.
to 0,5N, by dilution of a standardised 1,0M stock solution,
The actual concentrations of these selutiens, initially,
were not important, and the selutions were used without
further standardisation, since only the aqueocus sulphuriec
acid concentrations at equilibrium were required for
ealculation of the squilibxium constants.



6o,

These solutions were used in the equilibria studies
for the two amines. The lew concentration solutions were
used for the study of the formation of the amins sulphates,
and the higher acid concentrations were used for the study

of the formation of the amine bisulphates,

For the investigation of the distribution of
sulphuric acid between iso-amyl alcohol alone, and water,
sulphuric acid solutions of concentration 0,10M te 5.0M

were used,

All sulphuric acid solutions wvere saturated with

iso-amyl aleceheol at 25.0 prier to the extraction experiments,

2, Extrwction Proesdure.

All extraction expsriments were carried out at
25°C using s rapid stirring technique., No anomalous
results were obtained using this technique as found by
Allen and Honomllza for the extraction of uranium by amine

sulphates (see Chapter k),

Equal volumes (20ml) of aqueous and organic
solutions were thoroughly mixed in the vessel shown in
figure 2,2, This vessel was fitted with a stirrer A
attached through a "Quickfit" stirrer £land B, This

enabled several such vessels to be placed in a thermestat



Figure 2.2 Vessel used f'or equilibration studies.
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simultaneously, and enabled the stirrers to be driven by one
motor using a systewm of pulleys C, The vessel contained an
opening D in the side for introduction of solutions and

had indentations in the sides E which acted as baffles to
¢ive more efficient mixing, For the study of the formatien
of the amine sulphates it was found necessary to bubble
nitrogen through the vessel, This was done to prevent any
absorption of carbon dioxide, since the concentrations of
sulphuric acid at equilibrium in the agueous phases were
very low, The nitrogen stream was first bubbled through
iso-amyl alcohol, and then through water to minimize the loss
of either phase by vaporation. The nitrogen gas escaped
from the vessel by diffusion through the felt gland sealing

the stirrer,

Each equilibration was carried out ior 60 min,
This time was found adequate to enable equilibrium to be
reached, When equilibrium had been reached tie phases
were separated in laboratory separatory fummels and
filtered, The filtration removed any entrainment of
either phase in the other, For the experiments wentioned
previously where the equilibration was done under nitrogen,
the separation was also done under nitrogen, The aqueous
phagses in these cases were immediately analysed by pH

meagurenent undexr nitrogen.
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3. Analyses of the Phases.
3.1 The organic phases.

T det t of free o

For the cases where there was insufficient
sulphuric¢ acid in the aqueous phase to completely foxrm the
anine salts, and equilibrium mixtures were obtained which
contained a mixture of amine sulphate and free amine, the
cencentrations of free amine were determined by pH
titration, The titrations were carried out on aliquots
of the iso-amyl alcohol solutions dissolved in an aqueous
ethanol mixture, using the preocedure described in section 1
of this chapter. Similar titration curves to the one shown
in figure 2,1 were obtainsd, This methed enabled the
determination of very small amounts of free amine in the
organic phase to be made in the presence of amine sulphate,
The presence of the amine sulphate did not have any effect

on the titration results,

The concentrations of the original amine solutions

before sxtraction were determined also,

It was alsoe founi possible te carry out the
determination of free amine by the use of an indicator, The
amine dissolved in ethanol was titrated with standard
hydrochloric acid solution using the indicator bromo-phensl
blus, The end point was determined by the very sharp colour
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change of bright blue te yellow,

T ] t £ th

The concentrations of the amins sulphate in the
organic phasey for the solutions which eontained a mixture
of amine sulphate and free amine, were ebtained by firstly
determining the free amine conecentration as above, and by
subtracting this from the concentration of amine initially.
This gave the concentration of amine cosbined as amine
sulphate, and enabled the concentration of amine sulphate

to be determined,

For the cases where there was a mixture of amine
sulphate and amine bisulphate, the methed of difference was
also used, The concentration of amine bisulphate,
determined as below, was subtracted from the concentratien
of amine initially, which gave the eoncentration of amine

bound up as the amine sulphate.

To check the accuracy of this methed, several of
the di(3,5, 5, trimethylhexyl)amine solutions containing
sulphuric acid as amine sulphate or bisulphate were shaken
with an agqueous sclution of standard sodium earbonate. Thia
procedure, dus to the weak basicity of the amine, resulted
in the back extraction of the sulphuric acid from the
organic phase inte the agqueous phase, with the conversien
of the amine salts in the organic phase to the free amine,
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To ensure coaplets re-sxtraction of sulphurie acid from the
erganic phase, a 511 mtio of sodium earbonate solution te the
iseo-amyl alcehol selutien was used. The ssdium carbonate
solution had imitially been satureted with ise-amyl alccohel

to prevent any volume change of either phase, After this

back extraetion, the phases were ssparated and filterxed,

The amount of standard seodium carbonate selution used up

was then determined by titration, The free amine concentrations

of the organie phases were alse determined in the usual way.

The results obtained from these check experiments
were in excellent agresment with those obtained by the
difference methed,

The determination of the amine bisulphate.

The formatien of amine bisulphate is considered to
take place by the sxtraction of sulphuric asid, the ameunt of
which is greater than required for complets formation of the
normal amins sulphate. Therefore, it has been assumed that
in solutions which contain amine bisulphate, the cencentration
of free amine is negligible,

All.ns determined the total concentration of

sulphurie acid in the erganic phase for extraction experiments
using di~-pedecylamine disselved in bensens, by titration
vith standard sedium ethoxide as desoribed by Frits>>,
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A similar estimation of the total sulphurie acid
concentration in the organic phase was attempted in the
presant study, by pH titration with standard aquecus sodium
hydroxide solution, in an aquecus ethanol medium, An
infleoction was obtained, in the pii titration curwve,
gcorrespending te the titration of the hisulphate ien,
which snabled the direct determination of the amine
bisulphate concentration in the organic phase,

Typical titratiem curves are showm in figure 2.3, for
ai{3,5, 5, trimethylhexyl)anine salt solutions which were 0,021K,
0.087N, 0,076K, and 0.089N with respeet to amine bisulphate, in
iso-amyl alecohel, Aliquots (2ml) of these solutions which
centained a mixture of amine sulphate and bisulphate were
dissolved in 50ml of ethancl and 25 ml of water and were
titrated with 0,097N sodium hydrexids solution using a

éirset reading pi meter,

It was found impossible, using the above conditions,
to obtain a second infleetion corresponding te the titratiom
of the total ameunt of sulphuric asid in the organie phase,
The reliability of the above method for the determimation of
the amine bisulphate concentration was tesied by the
determination of the total amount of sulphuric acid present
in sach of the above amine salt sclutions using the °
re-extraction technique described asbove for the determinatiom
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Figure 2.3 pH titration of the di(3,5,5,trimethylhexyl)ammonium
bisulphate in the organic phases.,
1. 0.021 N Amine bisulphate
2, 0,057 N ! !

3. 0.076 N 1" "

e 0,089 N " i
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of the amine sulphatse, The amounts of amine bisulphate
which should have been present in the organic phases were
calculated, and were found to be in sxcellent agreement

with the values found by pH titratien,

The dete ati f su ric acid lved
in iso 1 aleolio he absence of ine.

During the equilibration experiments with iso-amyl
alochol solutions of the amine, it was found that at very high
(greater than about 0.40M) aqueous concentrations of
sulphuric acid, an appreciable ameunt of the acid was soluble
in the aleohol itself. The amount of aoid dissolved in the
iso-amyl alcohol was determined in a series of experiments
which were carried out in the absence of amine in the erganic
phase. This determination was done using the pH titration
mathod described previcusly for the determination of bisulphate,
In this case the inflection in the pH titration curve gave the

total amount of sulphuric acid dissolved in the iso-amyl

alcohol,
3J»2 The agueous phases.
The determination eof sulphuriec ascid
(a) greater than 0,01M The aqueous phases containing

sulphuric acid of concentrations greater than 0,01M, were
analysed by titration with standard sedium hydroxide

selution, using phenol phthalein as the indicator,
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(b) less than 0,01M. The aqueecus phase ceontaining very
small concentratiens of sulphuric acid were ananlysed by pi
measurement, using a direct reading pi meter, and a glass
electrodse. it was found necessary te carry out the pii
measurements under an atmesphere of nitregen to prevent the
abserption of carbon diexide. It was alse nocessary to
prevent the diffusion of potassium chlorice from the calomel
electrode, In erder to do this a special salt bridge was
constructed, This econsisted of a glass tube with a fine
asbestos fibre sealed into one end. This snd was them
ground dowa until the fibre was exposed. The loakage of
potassium chleride was found t> be negligible using this
salt bridge, and the pH mesasurements appeared to be
unaffected.

The concentrations ef sulphurie acid in the
aqueous phases were then obtained from the pH mesasurements
using a standard ocurve of pH against sulphuric acid
concentration., The standard pil eurve was obtained by the
titration of 50ml of pure water with a 5.17:10'“)( sulphurie
acid solutioen, The pH valus of ths water was measured
after each small addition of scid, The determination was
carried out under nitrogen te prevent interference by earbon
dioxide, It vas found exeesdingly diffieult to measure the

pHi value of pure water in such an unbuffered system, and
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ocbtain a wvalue eof 7.C. This was apparently due to the
desorption of ions frem the surface of the electrodes, and
from the surface of the vessel used in the measurements.

A plastic vessel was used for the wmeasurements to minimize
this effect,

Allen® used this procedure to obtain sulphuric
acid concentrations from pi measuremsnts, but the pi values
measured by him were much lewer than those¢ obtained in the
work with di(3, 5,5, trimethylhexyl)axins, Thus Allen did
rot need to eonstruct a calibratieon curve which extended to

the low acidities experienced with the above amine.

Two calibration curves were constructed, The
first using pure water, and the second using pure water which
had been equilibrated, with an amine solution in iso-amyl
alcoheol, This equilibratod water phase was then shaken
several times with iso-amyl alcohol to remove any amline
which may have partitioned inte the aqueous phase. The
presence of the amine in the first organic phase was
considered likely to remove any trace of hydrogen ions which
may have been present in the aqueous phase, Water treated
in this way was considered to be a close approximation te
the aqueous phase obtained in the sulphuiic acid distribution

experiments.
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However, the pH of this treated water was still not equal to
7.0, this again being due possibly to the presence of traces
of ions desorbed from the glass-ware, and to the presence of

iso~-amyl alocohol.

The second curve was used for the actual computing
of results from the extraction work involving the secondary
amine since it most closely represented the conditions of the

experiments,

It would be expected that the actual equilibrated
aqueous phasesfrom the extraction work with di(3,5,5, tri=
methylhexyl)amine would contain traces of the amine salts,
even though they are practically insoluble in water,. Thus
the second type of calibration curve, even though it more
closely approximates the system investigated than the first,

still invelves some orxrTor,

Fer the tertiary amine tri(3,5, 5, trimethylhexyl)
amine, this difficulty in pi measurement was net as great
since the basicity of the amine was found to be less than
that of the secondary amine, and io the equilibrium pH
values were much levor, and were in the range investigated

by Allonp for di-p-decylamine.
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IIX, RESULTS AND DISCUSSION.

1¢ The Extraction of Sulphuriec Acid by
Di trimethylhex .

1.1 The formation of the amine sulphate.

The equilibrium*® involved in the formation ef the
ai(3,5,5, trimsthylhexyl)ammonium sulphate can be written as

K
BSO, * % = RSO, (2.5)

vhere R is di(3, 5,5, trimethylhexyl)amine, and for brevity
and convenience, reacting sulphuric acid is written in ths
undissociated form, Subscripts "A" ani "o" refer te the
aqueous and organic phases respectivaly, The equilibrium

censtant Kl can then be written using activities as

‘(Rzﬂzsoh). (2.6)

2
':n:‘!so,.jk 8 'ﬁta

Making the assumption that the activity coefficients of the

amine sulphate in the organic phase are unity, and alse

# The individual equilibrium reactions invelved
in the formation of amins sulphate and amine bisulphate are

given in Appendix I,
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assuming that the concentration of amine bisulphate ie
negligible as long as free amine is present in the organic

phase, we can write the expression for Kl as

i Yy [Rzuzsog]ﬁ-z- (247)
‘HZSOQA.[R]O

where [Rzﬂzﬁohlo and [R]° refer to the molar concentrations

of amine sulphate and free amine in the organic phase

respectively,

The activities of sulphuric acid in the aqueous

phases were obtained using the equation used by Allon?,
and Vor-tegonlz.
. P 3 3 3
auz,.oh Zy: . c: = Ey; e« © (2.8)

vhere )& s mean molal activity ceefficient,
¢+ = mean ionic molality.
¢ = molal concentration,
Values of the mean molal activity coefficient 2& are listed
in Harned and Owen’® for varying sulphuric acid molalities.
Molalities were obtained from melarities using the selvent

density as given in "Handbook of Chemistry and Physics“31.
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It should be pointed out that for this initial work om

the formation of the amine sulphate, the concentrations of
sulphuric ucid in the aqueous phases were 86 lew that
molarities were eguivalent to molalities and the values
for W& were taken as unity, However, for the follewing
sections of this chapter it was necessary to convert
molarities to molalities, and obtain the corresponding 2&

values from Harned and Owen,

The results of the extractien experiments for
the formation of the amine sulphate are shown in table 2,3.
The concentrations of amine used in these sxperimsnts were

in the range of 0,01M to 0,1l0M,

i S
The values for the ratio[ﬂZHE“oh] the

2

o ]

R
aqueous pi values at equilibrium, the calculated values

for the activities of the aqueous sulphurie acid solutions,

and the calculated values for Kl' are shovwrn in the table,

The values for Kl given in table 2,3 show considerable
variation even though they are of the sawe order, The
reason for this is the inability to measure the pH wvalue
of the aquecus phases with the precision necessary to obtain
very comnstant wvalues for Kl’ The aqueous solutions

contained considerable amounts of iso-amyl alcchol, which



Table 2,3

The values of K. for the formatien of trimethylhexyl)ammonium sulphate,
s DR mae mrm sve e e

M ’ c:u.o‘.;
0,10 782 4,48 32,26 1343 5.8
0.10 395 h.96 24,49 587 6.7
0.10 103 536 17.52 215 4,8
0.10 778 5.45 16,18 169 4.6
0.10 30.7 5063 12,68 81.5 3.8
0,10 23.4 5.60 13.41 96,k 2,h
0.02 23.0 553 14,85 131 1.8
0.01 21.0 5,61 13,09 89.5 2,4
0.01 19.4 5.76 10.73 49,3 3.9
0.02 9.64 5.68 11,96 68,4 1.h

0,02 8.81 5.76 10.73 49.3 1.8



Table 2.3 contd,

R_i_80
Initial amine [ o *]! Aqueocus pi value Melal concentrnm. 16 K x10~17

cencentration [n z at equilibrium H,80, 1: aqu. ph. anzsoyAx 0 X
M, Cx1l0
0.02 8,81 577 11.35 58.5 1.5
0.10 7.80 5,74 10.83 50.8 1.5
0.0k 4,65 5.92 7 .64 17.8 2,6
0.06 3.11 5.92 7.6k 17.8 1.8
0.05 2,69 6.02 5,68 733 3.7
0.10 2.29 6.08 b, Uk 3.5 6.5
0.10 1.92 6.02 5,68 7.33 2.6
0.10 1.92 5.96 6.81 12.62 1.5

0.10 1.72 6.05 5.36 6.15 2,8



754

appeared to have an effect en the glase slectrode and caused
soms drift in the plH readings. This was possibly due fto
some kind of surface action, in view of the surface-active
propexrties ef iso-amyl aleohel. Also the amine salts
themselves have been shown to be surface .active agents,

and since the agueous phases almost certainly ceontained
traces of these salts, it might be axpscted that these also
would have an effect on the glassdectrede, This surface
effect added to the usual difficulties in measuring pil
values in unbuffered solutions of such low acidities, were

probably responsible for the scattered K, values shown in

1
table 2.3,

However, the systematic deviations as reported by

Allen o8

for tri-n-octylamine, and for di-n-decylamine in
benzene were not apparent, The wmlues for 11 found by
Allen’ for s 0,10M solution of tri-n-occtylamine in benzene
are shown, for the sake of comparison, in table 2,4, It
can be seen that the values feor Kl vary systematically from
about 70 x 108 (-olo/l..)'h at the higher aquesus sulphuric
acid sotivities to about 2 x 108 (mele/1.)™ for the lower
sulphuric acid activities, It can alsc be seen that the

valuss for the aqueocus sulphuric acid activities at



Table 2.4

The values eof X, for the formatiea of tri-n-octylammonium

u ben fo by Al 7
.‘“zé%‘l x 107 *[‘_‘f‘;:]asz"u] X, = 107°
1000 7200 72

800 2800 35
680 1200 18
500 540 11
koo 300 745
310 160 5.2
210 81 3.7
170 52 340
120 32 2,7
85 22 2.6
h 765 1.8
28 h.8 1.7
19 2,9 1.5
5.5 0.89 1.6
1.8 0.38 2,1

#* The values in the above table were abtainsd

from a graphical representation ef Allen's

results, and so are only approximate,
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equilibrium as found by Allen, are considerably greater than
those found in the present study, It should also be pointed
out that, although the highest wvalue obtained by Allen for

the rat_io[nzu 2s°h] , as shown in table 2.4, would seem
S

R
to be about ten times greater than the highest value shown

in table 2.3 for di(3,5, 5, trimethylhexyl)amine, the actual
difference in the compositions of the two phases involved
is only small, This is because the concentrations of free
amine are so small for the higher aqueous sulphuric acid
aetivities that a very small change in the concentration
of tm former will cause a very large change in the value
for the ratio [RZHZSzOh . Thus the accuracy of this ratio
is strongly dopcndl:nt on the precision with which the

concentration of free amine is determined,

The results shown in table 2,3 do, therefore,
suggest that the formation of the amine sulphate for
a1(3, 5, 5, trimethylhexyl)amine dissolved in iso-amyl
alcohol does obey the equilibrium law as described in
equation (2.,5), over the initial amine concentration range

of 0,01M to 0,10,

The value for Kl’ obtained from table 2,3 is

approximately (h::)) x1013 (mole/1. )’h .



78.

The valus fer ‘1 is quite large, and is semevhat
greater than the value of 0,25x101%(mo1e/1.)"" found by
B.ir!.olj for didecylamine in bensene, However, previous
studies have shown that the wvalueaf the eguilibrium censtant
is strongly dependent en the dielectric censtant of the solvent
for the amine, and so w» might expect a value fer !1 for
41(3, 5, 5, trimethylhexyl)amine dissolved in iso-amyl alcochel
which is larger than that for didecylamine dissolved in
bensens, It is alse possible that the basicity of
d4i(3, 5, 5, trimethylhexyl)amine may be greater than that of
dideoylamine, and this ecould also acscount for the larger
value of !1 for the former amine, This differencs in
basicities, however, between two somewhat similar amines,
would seem to be insufficient to account for suech a large
difference between the Kl values. This suggests that the
solvent for the amine does have an important effect on the value

for the overall eqiilibrium coanstant, as mentiomsd above,

The overall equilibrium for the extractien is composed
of several individual equilibrisx, as shown in Appendix I,
vhich are related to the varicus factors influencing the
extraction such as the basicity of the amine, the nature of
the solvent for the amine eto., The distribution of the
amine salts betiween the agqueocus and the organic phases is
one of these individual equilibrium remctions, and,
naturally enocugh, will be strongly dependent on the nature
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of the solvent for the amine., A solvent which is wmore
compatible with the amine salts will be expected to give a
higher value for the oversll equilibrium constant than a

solvent which is less compatible with the amine salts,

The long chain alkylassmonium salts are essentially
"soap-liie” in nature, consisting of polar and non-polar
sections, The behaviour of seaps in solutions with organie
solvents is strongly dependent, according te:Jiranaonosz.
on the nature of the selvent, In aleohol, soaps are
molecularly cdissolved because the aleohol melecules have some
affinity for the polar and non~polar sections of the soap
moleeulén. and caix selvate voth, On the other hand in a
nopn=polar solvent, such as benzene, there is strong solvation
of the hydrocarbon chaine, but no interaction of the polar
'ho#ds" with the solvent molecules. Consequently, the polar

“heads" are pushed out of solution, and micellee are formed

with the polar groups turned to the inside of the micelle.

‘A similar effect has been found with the long chain
alkylammonium ealts, as discussed in Chapter & of this thesis,
and 1t has been shown that di1(3,5,5,trimethylhexyl )asmonium
sulphate is molecularly disscived in ise-amyl alechol, with

perhaps some dissociation, but is highly aggregated in benzene,
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It is not unreasenable, therefore, to expect that
in a solvent such as iso-amyl alcohol, which is more
conpatiblo than benzene with the amine salts the valus for
the overall equilibrium constant might be larger than for
bensene, In fact, the wvalue obtained for Kl for
d1(3, 5, 5, trimethylhexyl)amine dissolved in iso-amyl alcohol

suggests that this is indeed so,

1,2 The fe tion of the amine bisul te
The equilibrium involved in the formation of the
di(B,S,5,frimethylhexyl)ammoniun bisulphate can be written

K
2
_a.‘,uzso,‘o * sto% _‘::\. mzsoho (2.9)

wvhere Kz the equilibrium constant is given by

2
Y
- (R1804), (2.10)

(RHS0)g o TS0

By making the assumption as previously that the activity
coefficients of the species in the organic phasa are equal
to unity, and by assuming that in the presence of amine
bisulphate the amount of free amine is negligible, we can

write the expression for Kz us
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[r1,80,)2

K, = 5 : o

. l“z“zsohjo * %50, (Zere)
A

Vhere [ansok]. and [Rzﬂzpo‘]. refer to the molar
concentrations of amine bisulphate and amine sulphate in the

organic phase respectively,

Equation (2,11) can be written in the logarithmic

form as

2

log [mzs%] - log my g0, + 108 X, (2.12)
: |R21{250h=i° hA

A plot of log [m'{zsoh]

Rzﬂzso
against 1og.aB soh should give a straight 1line of slope ons,
2
a

The results of the extraction equilibria for the formation of
the amine bisulphate, are shown in table 2,5, The
concentrations of amine used in these experiments, as shown
in the table were in the range of 0,01M to 0.10M. The

2
values for the ratio l?nzsoh]o , the aqueocus sulphuric aeid

EZIP

molarities and the calculated molalities, the calculated

activities of the aqueous acid solutions, and the values for
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K2 are also shewn in the table, The aquecus sulphuric acid
activities were calculated using equation {2.,8), The
molarities of sulphuric acid were coaverted to molalities
using the values of the solution densities, The values for
the mean melal activity coefficients were obtained using a
graphical plet ef values of Z& for various sulphuric aeid

solution molalities as given in Harned and Ovcngoo

It can be seen from the table that the values for
Ka are reasonably constant over the concentration range
studied, The average value for Kz ebtained from table 2,5

is (1.18:0.2)&103 (molo/l.)-za

The result of the logelog., plot is shown in figure
2.4, A straight line is certainly obtained as predicted by
equation (2.12), and the slope of this line is 0.95, which is

in excellent agreement with the expected value of one,

These results show that the equilibrium law as
described by equation (2.9) is certainly obeyed over the

amine concentration range studied,



Table 2.5

The values of K, for the formation of d1(3, 5, 5, trimethylhexyl)ammonium bisulphate

Initial amine lé“ °h]? Equilibrium Equilibrium Mean molal a, 6 X, x10"7
soncentration R§H§SOh e Sdueous stoh aqueocus H SO“ activity 2504Axlo .
molarity molalitg coofficient
M M Cc )&

0.10 0.867 0,348 0.355 0.170 877 0.99
0.10 0.365% 0.219 0,222 0.205 375 0.97
0,06 0,208 0,147 0.148 0.232 162 1,28
0,10 0.132 0,120 C.121 0,247 107 1.23
0.02 0.061 0,085 0,085 0.280 54,2 1,13
0.04 0,046 0.072 0.072 0.279 38.8 1,19
0.06 0.035 0,060 0.060 0.318 8,2 1.2h
0.01 0.018 0.042 0.042 0.350 14,2 1.27

0.10 0.010 0.031 . 0.031 0.397 777 1.29



ammonium bisulphate.
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Figure 2.4 Log —————— gagainst log &, for the formation of di(3,5,5,trimethylhexyl)-
[RH,50,1, 250,
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2, The Extraction eof S Aci
Tri t thylhexyl jamine.

The extraction of sulphuric aeid by the tertiary
amine was much less extensively studied than the extraction
by the secondary amine, since only a comparison of their
relative extraction abilities was required, It vas assumed
that the extraction by the tertiary amine in iso-amyl alcehol
would also follow the simple equilibrium law, since in this
= 1lvent there appears to be no tendsncy for the amine salts
to aggregate, The comparison of the abilities of the two
amines for the extraction of sulphurie acid was desirable
since the secondary amine was found to be suitable for the
extraction of ferric iren from agqueous sulphate solutions
using solvents such as benzene, whereas the tertiary amine

did not extract iron under sny conditions,

2,1 The formation of the amine sulphate.

The equilibrium involved in the formation of the
tri(3,5,5,trimethylhexyl Jammonium sulphate can be writtem
as in equatien (2.5)s R. in this case is tri(3,5,5,trimethyl-
hexyl)amine. The equilibrium constant is again given by

equation (2.7).

The results of the extraction equilibria for the

formation of the amine sulphate are shown in table 2.6,
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For the investigation using the tertiary amine only one
concentration of the amine in iso-amyl alcohol was used,

this being 0.10M,

The values forx Kl given in table 2,6 do show some
variation, However, this again may be due to the determination
of the aqueous sulphuric acid éoncentrations, which as before
were obtained by pH measurement, Even so, the values for
xl are of the same order, and do once sgain give support to
the equilibrium law for the formation of amine sulphate, The
systematic variations found by Allan7, for trie-n-octylanine

are not apparent from the results shown in the table,

The value for K, is (1.1011):10”‘ (nole/l.)-h.

This value is somewhat lower than that obtained for
the secondary amine, in fact,it is about one tenth lower,
This is due to the lower basicity of the tertiary amine whose
pka value was found io be 7.45 compared to 8,72 for the

secondary amine, as discussed in experimental section 1,

For a secondary and tertiary amine of comparable
basicities, one might have expected a higher K1 value for the
tertiary amine than for the secondary amine simply on the
grounds that the solvent, iso-amyl alcohol, would have a
higher affinity for the tertiary amine sulphate due to the
presence of the additional carben chain, This would possibly
tend to make the amine sulphate and isc-amyl alcohol more

compatible,



Table 2,6

The values of K, for the formatien of tri(3,5,5, trimethylhexyl)ammenium sulphate,

m—

[Fl A5 ou] Aqueous pH value Molal concentrn, x10 1h K xlo'lh
-'“T'TE“J! at equilibrium H,S0, in aqu. ph. .“zs°§‘ 1
R ° 5
Cx10
147,.9 3.72 8.70 263,6 0,56
32.21 5.84 5,62 71.0 0. 45
16,56 h.26 2,72 8.0% 2,06
10.35 .23 2,88 9.35% 1,11

3.93 bkl 2,04 2,94 1.4
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It is interesting to compare this valius for ‘1
with these found for trieg-cotylamine and tri-p-bexylamine
dissolved in ¥wsnzens, as determined by Verstegen and

Kntolanz. These workesrs obtained values of 1.87x10

8
3 7 5 1 v
(mole/1.)"", and 0,43x10 (mo1e/1.)"" repectively for the

two amines,

It again seems unreasomable that this very large
imerease im K, for tri (3, 5 5 trimethylhexyl)amine is due te
a basicity differense alens, and, as has been suggested for
the sscondary amines in the discussion section 1,1, is more
probably dus to the greater compatibility of the amine salts

with 1so-amyl alechol than with bensene,

2,2 o the amine b te
The equilibrium invelved im the formatien of the
tri(3, 5, 5, trimsthylhexyl)ammsnium bisulphate can be written
as in equatien (2,9). R in this case is tri(3,5,5,trie
me thylhexyl)amine, The equilibrium constant is again given
by squatiom (2.11). |

Only twe experiments were carried out te determime
the equilibrium constant for the formation of the tertiary
amine bisulphate. The initial amine concentration in
sach case was 0,.10M, The rssults for these equilibria

are shoun in table 2,7,



Table 2,7

The values of X, for the formation of tri(3,5, 5, trimethylhexyl)amaonium bisulphate

2

2
RH,50 ] Equilibrium Equilibrium Mean melsl % so. x10° xzx10'3
R zsoh o aqueous HISO,‘ agqueous uzso,‘ activity 2 hA‘ _
molarity molality coefficient
M c 7:
0,013 0.02h 0,024 0.430 4,58 2,84
0,062 0,056 0.056 0.325 23.6 2,63
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The value for K, ebtained from the table for the
formation of the amine bisulphate is (2,73% 0.11)x10°
('010/10)-2. This wvalue is greater than the corresponding
Kz valus for the secondary amine by a factor of abeut two
which weuld suggest that the affimity of iso-amyl alcohol for
the tertiary amine salte is greater than that for the
secondary amine salts, which, as discussed in section 2.1

above, is net unreasonable,

3. The Distribution of sulphurie Acid Bstween

Water and Iso-amyl Alcohol.
During the extraction work described previously

using iso-amyl alcohol as the solvent for the amines, it wae
found necessary to determine the distribution, if any, eof
sulphuric acid between water and iso-amyl alcohol itself,

It was found that generally in the concentration range of
aqueous sulphuric acid solutiens sgudied, in the previocus
work, the ameunt of aeid soluble in iso-amyl alcohol alene
was negligible, Heowever, at much higher aqueocus sulphuric
acid cencentrations (greater than about O,4M), which were
only used in one or two experiments with the amines, the
distribution of sulphuric acid betwveen ise=-amyl alceheol

and water became appreciable,

The distributien of sulphuric acid betwsen water and

iso-amyl aleohol sheuld follew the form
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KD

(450 pa a2 (850,), (2.13)

where (stob‘md.)A and (sto~)° are the undissociated acid
in the aqueous and organic phases respectively, ‘D the
distribution constant or distribution ratio is given by the

following expression,

'nzsoko

° __. (2.14)
* (504 4na . a

ID-

are the activities of

VheT® fu,50, "0 (1,504 una. )4
(-}

undissociated sulphuric acid in the organic and aqueous phases

respectively,

If we assume that the activity coefficient of the
sulphuric acid in the oxganjc phase is unity, equation (2.14)

can be written as

[“2s°h]°
a
(ﬂzsohund.)A
where [3250“]. is the molar concentration of sulphuric acid

in the organic phase.

(2.15)

Table 2.8 shows valuss for the concentration eof
sulphuric acid in the organic phase for various molarities

of sulphuric acid in the aqueocus phase, The corresponding
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molalities and activities of the total sulphuric acid are
also shown, It can be seen that the concentration of
sulphuric acid in the organic phase increases with
increasing concentration of acid in the aquecus phase,
Zharevski and Mol'nikjg, and Whitehead and Goankopli.zk had
found this to be so for the extraction of sulphuric acid
from aqueous solutions Ly several oxygen containing solvents,

including iso-amyl alcohel,

Tuck35 has studied the distributien of nitric acid
between water and diethylene glycol dibutyl ether, and has
determined the activity coefficients eof undissociated nitric
acid in the organic phase, by a knowledge of the activity
coefficients of the acid in the aqueous phase, The
thermodynamic extraction or distribution coefficient for

nitrie acid in this system is described by the relationship,

KD-“-%, (2.16)
-u'zu
vhere '022 is the activity of nitric acid in the organic
phase, and 'uw; is the activity of undissociated mnitric acid
in the aqueous phase, By knoving the ionizatioen cons tant
for nitric acid Tuck was able to calculate the activity ef
the undissociated nitric acid in the aqueous phase using
the relationship,
2&72
Y .20
Byl ®

(2.17)
I




Table 2,8

The Extractien of Sulphuric Acid by Isc-amyl Alcohol.
&

Equilibrium Equilibrium Msan molal % so x10 Organic stoh
aqueous H,80, aqueous H, 30, astivity 2° “A welarity
melarity molality coefficient
M - C 7; uxlo3
0.094 0,098 0.270 0.6504 0.620
0.180 0.182 0.215 2,400 1.460
O.ul45 0.457 0,160 15.60 5.410
1.45%0 1.576 0.125 305.0 51,90
1,826 2,027 O.12h 632.8 . 89.%
2.212 2, %06 0.130 1383 160,6
3.662 L. h6h 0,190 24410 811.0
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where I is the ienization constant for anitric aecid, m¢ is the
mean ionic molality of nitriec acid in aqueous solution, and

7: is the mean melal activity coefficient.

This treatment can be applied to the extraction of
sulphuric¢ acid by ise-amyl alcehol, since it is necessary te
obtain the activity of undissociated sulphuric acid in the

aquecus phase as described in equation (2,11) to obtain KD'

Tuek35 has suggested that nitric acid is extracted
by diethylene glycol dibutyl ether as a hydrate and suggests

that a hydrogen bonded species is formed such as,

\\\\0-——--—H

~

~
H’/’ 2
The extraction eof a hydrate is alsc suggested fox the
extraction of sulphuric acid by tributyl phosphate, and
Gignanov and Pona-nruv36 have found that up to 3M aqueous
sulpburic acid the complex H,SO, ,TBP.2H,0 is formed, For
higher concentrations of sulphuric acid there 1is evidence

for the formation of the complex H280~.TBP.HZOQ
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Sulphuric acid, however, does not extract into
ketones, ethers, and esters, but does extract into alecohols,
and according to Diamond and Tunk37 these facts i1llustrate
the competition between water and the organic solvent for
the acid, Sulphuric acid is known to have a strong primarf
hydration in agueous solution arising from the presence of
2 sxy- and 2 hydroxyl = groups whicﬁ can hydrogen bond water
molecules very stroungly. Extraction inte alcohels is
possible, since such solvents can solvate the anion again by
a hydrogen bonding mechanism, In non-~hydroxylated solvents,
however, there is no such competing hydrogen bonding reactiom,

and thus the sulphuric acid favours the agqueous phase,

This would suggest that in this case there is
direct solvation of the undissociated sulphuric acid molecule
in the organic phase by iso-amyl alcohol by extensive hydrogen
bonding, It is almost certain that there will be some
water in the organic phase and consequently the acid may be

partly hydrated.

If we assume that the extraction of sulphuric acid
by iso-~amyl alcohol occurs by way of the undissociated
molecule, the activity of the undissociated acid in the
agueous phase can bLe related to the activity of the
dissociated sulphuriec acid in the aqueous phase in the

following way,. It should be pointed out that the
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concentratien of undissociated cid in agqueous m lution only
becomes apreciable at high concentrations, and hence the
activity of th'e dissociated aecid in the squecus phase can be
substituted by the activity of the total sulphuric acid.

0@-6‘2)5250“‘ (2.18)

Ky eX2

“(H,804na)s

wvhere Kl and 1{2 are the first and second ionization constants
fox .u:l.plmr!.o acid, % is the mean molal activity coefficient,
and C+ the mean ionic molality. The activity of undissociated

acid in the aqueocus phase is thus,

activity of total (H,SO.)
‘(“zs"bma.)A B Ky oK, | =~ (219}

Expression (2.15) thus becomes,

i [nzso,‘]’ . KjoK,
‘n..!so,"A

{2.20)

p

Vriting this equation in the logarithmic form gives,

Mg[uzs%]o = logaygg +K (2.21)
A



where X = _Sp (2.22)
xl.xz
The result of plotting the logarithm of the sulphurio

acid concentration in the organie phase againmst the logarithm

of the activity of the total sulphuric acid in the aqueous phase

is shown in figure 2.5, A straight line plot is certainly

obtained, but the slope of this line is 0,72 instead of unity

as predicted by equ~tion (2.21). K 43 obtained and is equal

to 7.08x10 1 (mo1e/1.) "%,

There must be, therefore, considerable errer
invelved in neglecting the activitiss of sulphuric acid in the
organic phase, The eoriginal assumption im cbtaining
expressien (2.,15), that the sctivity coefficients of sulphuric
acid solutions in ise-amyl alcchsl are unity, must be wrong,
Low values obtained for the slopes of di_stnbution ratio plots
in other im.tigat:lm’s'39 have been suggested to be due to
the assumptien that the activity coefficients of species in the
organic phase are equal to unity. This was found not to be
the case for the \oztmtion of sulphuric acid by the awines
in iso-amyl alcohol as described im this thesis. The
assumptien that the metivity coefficients of the auine salts
in the erganic phase are unity was found to be a reascnable
one, Thin is demonstrated in figure 2.k where the slepe
of the astraight line obtained for the log.-log. plot is

vory close to the predicted value,



= l 1 | | |
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Figure 2.5 Log (MHZSOA x 103) against Log (aﬁz. x 1OL} for the extraction of

SOI{-A

sulphuric acid by isco-amyl alcohol.
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It is desirable, therefore, to gain s knowledge of
the activities of sulphuric acid in iso-amyl alecchel solution,
Howvever, this is not possible using the method eof Mk’h dus
to the uncertainty of the first ionization constant of
sulphuric asid.

IV CONCLUSIONS

The results presented in thig chapter show that the
extractioen of sulphuriec acid by the secondary and tertiary
amines, di(3, 5,5, trimethylhexyl)amine and tri(3, 5,5, trimethyle
hexyl)amins dissolved in iso-amyl aicohol does cbey a simple
equilibrium law ever the amine concentration ranges studied,
and that high valuss for the equilibrium constants are
ebtained as expected,

The difference in the basicities for the two amines
is reflected in a differencs in the egquilibrium constants
for the formatieam of the amine sulphates, showving that the
smine basicity is important in determining the aeid
extraction ability of the amine.

The large increase in the valunes for the equilibrium
constants in going from a low dielectric constant solvent
to a high dielestric constant solvent can be explained on
the basis of a better sempatibility of the high dielectric

constant solvent for the amine salts. The ability of the
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amines to extract acids has, therefore, been shown to be

strongly dependent on the solvent for the amine,

The values for the squilibrium constants are

sunzarised in table 2,9,



Table 2.9

The valueg for the equilibrium constants for the formation ef

the amine sulphates and bisulphates.

Amine pKa K, K,
(mole/1.) (mole/1.)
a1 (3, 5, 5, trimethylhexyl)amine 8.72 (8+3)x1013 (1.18+0,2)x10°
tri(3, 5, 5, trimethylhexyl)amine 7.45 (1.10:1):101" (2.7340.11)x10°
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Chapter III

THE EXTRACTION OF IRON(III) FROM AQUEOUS SULPHATE SOLUTIONS

DX (" TRIMETHYLHEXYL )AMIKE .

I. INTRODUCTION

The extraction of iron(III) from aqueous sulphate
solutions by high mseslecular weight amines has heen
investigated by two workers, Bn.sl in 1955 first published
a fundamental study of the extraction of iron(IXI) from
aqueous sulphate solutions by the secondary amine di-p-decyle
amine disselved in bensene, and then in 1963 Good.gg_;_?
published a similar study using several amines dissolved in
chloroform, The results reported in these two publications

are somewhat at a variance with ome anether,

Baes! studied the dependence of the distributiem

ratio of iron(II1) on the aquecus acid concentratien, the
aqueous sulphate concentratiem, the agueous iren(III)
eoncentration, and on the concentration of amine in the
organic phase, Baes interpreted his results on the basis of
the extraction of a partially hydrelysed species from the
aqueous phase such as rooﬁsok to form an adduct in the organiec

phase of the type (nzmz)gob.roonsou, where R is g-deecyl,

Geod, Bryan and Jngoz, on the other hand deteruined

the stoichiometry of the extracted iron(III) species, for
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extraction by the cemmercial primary amine "Primene 81-R"
dissolved in chloroform, by analysis of the aqueous solutions,
before and after extraction, for H"’, total sulphate, and
iron(II1), The results of this study indicated a net gain
in the organic phase of two iron(III) ions for every three
sulphate ions, which can be explained, according to Good

2t al., by assuming that the following ion exchange reaction

ocourred.
+1 -l + =1 -2
(RNi )zso,‘o . ZF.(SO,‘)zA V—Zngll‘.(SOk)ze * SO (3.1)

Good et al. thus suggested that the complex iren(III) aniom
_FQ(SO,‘);1 was extracted from the aqueous phase, and further
supported their suggestion by measuring the spectrum of the
extracted complex in the organic phase, - This, they said, vas
similar to the spectrum obtained by +“hiteker and Davidoons for
aqueous iron(I1I) sulphate solutions containing the species

rosoz" and ro(soh)?‘

Good st al. point out that the spectral evidence
while in agreement with the postulated existence of the
P‘.(SO");1 species in the organiec phase does not provide

final proof of its oxi.touco;
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In each of these studies it would seem that
insufficient work was done to prove, without any doubt, the
existence of the suggested extracted species, This wvas
especially true for the work done by Bnosi, who relied
largely on sextraction data to determine the nature of the

species extracted,

The work described in this chapter was carried out in
an attempt to determine the exact nature of the apecies
extracted from aqueous iron(III) sulphate solutions by the

secondary amine di(3, 5, 5, trimethylhexyl)amine,
The problem was approached in three ways.

(1) Firstly, an attempt was made to isolate the
complex formed in the organic phase om extraction and to
study its propsrties using spectrescopic and magnetochemical
techniques. Neither Baes’ nor Good ot al” in their studies
of the extraction of iron(III) from agqueous sulphate solutions
by high molecular weight amines attempted to isolate the
extracted complex from the organic phase, and hence by
analysis determine the stoichiometry. Alternatively the
complex could be examined in situ in the organic phase
without actually being isolated, by extracting enough of

the metal to react fully with the complexing agent,
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Subseguent analysis of the organic phase would enabls its

composition to be determined,

(2) Secondly, a purely physico-chemical study was
wads of the equilibria imvelwved in the sxtraction, in which
the dependence of the extraction on certain variables in the
system was dctorn}ncd. This kind of study vwas made by Bnoul
for the extraction of iren(III) from sulphate solutioms by
di-p-decylamine, and whilst 1t lends suitable support to
other svidence, dees not alone enable the exact nature of
the extracted species to be determined, On the other hand
this type of study is extremely waluable for determining the

equilibrium constants involved in the extraction,

(3) Thirdly, a spectroscopic examination was made
of the selutions obtained in actual extraction experiments,
This type of study has been used extensively by Good gs_g;.z'k'7
who have relied on ultra-violet spectroscopic studies of the
organic phases after extraction experiments to identify the

metal complex species present.

IX. EXPERIMENTAL
1, General Reagentsg

Ferric Sulphates
"Baker Analysed® reagent grade,
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D trime 1 ne t
As in Chapter 2, experimental section 1,

Benxens:
"Analar" reagent grade extracted several times with
conc, sulphuric acid then with water, dried over
CaCl,, fractionated, and fraction boiling at 80,0%
collected. (B.Pt.80.1°C).

Acstones

"Analar" reagent grade, dried over CaCl fractionated,

20
and fraction boiling at 56-57°C collected.
(B.Pt.56.5°C),

Chloroform:

"Analar® reagent grade purified to remove phosgens
and HC1 by 10 extractions with 0,5% sodium hydroxide
solution followed by 10 extractions with distilled
wntof. Pried over Gaclz, fractionated under nitrogen,
and fraction boiling at 61.0°C collected.
(B.Pt.61.3°C). Stored under nitrogen away froa
light, Before use in the extraction experiments

the chleroform was again extracted with water, and

the aqueous extracts were tested for traces of

chloride.

All other reagents were "Analar" grade.
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2, The Pre tion and E nation of the Iron(IIX)

Complex the e Sul te d Bisu *
2.1 Preparation
he di trimet xyl)amuo
yon(IIl)=8 te C ex

The iron(I1I) complea was prepared by the gensral
technique of extracting enough of the ferric iron species
from the aqueous phase to react fully with the amine salts
in the crganic phase, and by subsequently evaporating the
organic extract to dryness ard collecting the solid remaining.
There are several difficulties which immediately become
evident in any proposel to carry out a preparation such as
this, Firstly, the amine dissolved in an organic solvent upon
equilibration with an acidie agueous iron(III) sulphate
solution will be converted to its salts and a mixture of the
amine sulphate and bisulphate will be obtained. The second
problem is in the choice of the acidity of the aqueous phass
to ensure that, in faect, iron(II1) does extract efficiently
at a particular aquecus acid atrength. If the aecidity of the
aqueous phase is too low (with a pi greater than about 2,5)
then the amine will not be fully converted to its salts and
a mixture of the amine sulphate and free amine will be

obtained in the organic phase, On the other hand if the
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aqueous acidity is too high (with a pi value less than
about 1,0) then the ameunt of saine bisulphate present in
the organic phase becomes very large and the extractien of
iren(IYI) will become very inefficient. The third difficulty
which arises is in the choice of the iron(III) concentration
in the aqueous phase. Since the iron(III) extraction ratios
are only fairly small for extraction by 4i(3,5,5,trimethyl-
hexyl)amine 1t is necessary te use a large excess of irom(III)
in the squeous phase over the amount necessary to reast fully
with the amine salts in the organic phase, Hence the
concentration of iron(IIl) in the agusous phase must be quite
large, and this will cause the added complication that
certain polymeric iron(IXII) species will be present im the
aguecus phase in appreciable amocunts which are normally
absent or only present in traeo.annunt- in very dilute agqueous
iron solutions, Also at agueous pH values uf much greater
than 2,0 it was found that highly concentrated iron(III)

solutions tended to hydrelyse.

The actual preparation was carried out by exiracting
an aquecus solution containing about 1l,0M ferric sulphate with
an equal volume of a O,1M amine solution in benzene, The same
erganic solution was shaken about five times wi th fresh
samples of the agqueous phase until no more iron(III) was

extracted, The extraction was carried out using aqueous
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solutions of different pi valuss vis, 0.15, 0,45, 0,60, 0,87,
112, 1,39, 1.85, and 2,32, The various pH wvalues were
obtained by adding sodium hydroxide to the agqueous ferric
sulphate solution which was found initially to be very

strongly acid (pH ca 0).

It has already been mentioned that immediately
the organic amine solutien is shaken with the first volume
of the aecidiec iron(III) selution, the amine is converted to
its salts, and hence in the above preparation it was not
necessary to cenvert the smine to 3tg salts prior te the
iron(III) extraction experiments., However, in one or two
experiments the amine was first eonverted to its salts by

shaking with a 0,54 agqueocus sulphuric acid solution,

Vhen no more iron(IIl) would extract into the organic
phase at the particular agueous pH value, the organiec solution
was separated and filtered, The organic solvent was
evaporated under reduced pressure mmd the product was dried
by gentle heating under wvacuum, In certain experiments the
product was finally dried by heating at 110°C,

The material which was obtained was an orange-red,
vaxy, solid (M.Pt.zoh%). On exposure to air it absorbed

wvater and changed colour from red to yellow,
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(a) Analysis for Irxon(III) in the isolated waterisl
The material isolated from the organiec phase after

extraction with the aqueous solutions at each pHi value was
analysed for fexric iron by two colorimetric metheds using
8-hydroxyquineline and g-phenanthroline, The analysis using
8-hydroxyquinoline was carried out on a weighed amount of the
solid dissolved in ethanol using the procedure developed
eapecially for analysis of organic phases obtained frem actual

extraction experiments. This is deseribed in section 3.3.

The analysis using the o-phenanthroline method was
carried out by decomposing a weighed amount of the solid with
& sulphuricenitriec acid mixture. The resulting solution was
evaporated to remove nitrie acid, and after dilution with
water was analysed as described by Vogols. Optical densities

vere recorded at 510m/( (using . Unicam SP500 spectrophotometer).

(b) Analysis for Awine in the Isolated Material

The analysis for amine was carried out by dissolving

a weighed amount of the material in a standard volume of benszene,
This solution was taen shaken with an aqueous sodium hydroxide
solution (about 0,.5N) which hydrolysed the amine salts to the
free amine form. This procedure was similar te that described
in Chapter 2, sxperimental section 3.1, usiag an aqueous

sodium carbonate solution. The benszene solution containing

the free amine was then filtered and analysed by pl titration
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as described in Chapter 2, experimental section 1. This gave
the amount of amine present, as its salts, in the original

weight of the solid,

(e) Microanalyses

“ere carried out by the C.S.I.k.0. Micro-analytical

Laboratories, Melbourne,

Di!:.i.5.trinethxgggxxllannoniun sulphate

The amine sulphate was prepared by dissolving a weighed
amount of the amine in benzene and by shaking this solution with
an aqueous phase containing an equivalent amount of sulphurie
acid, The amount of sulphuriec acid was calculated in order to
convert the amine completsly to the normal sulphate, However,
it was usually found that the ameount of acid present was a
little greater than the amount necessary Jjust to form the
normal sulphate, and sowe amine bisulphate was also formed.
This was removed by addition of an excess of free amine to the
organic phase after separation whieh converted the amine
bisulphate to the normal sulphate, and, gave a benzene solution
which contained the amine sulphate and a small amount of the

free amine,

The solvent was then evaporated under reduced pressurs,
and the solid was hesated in an oil dbath to about 120°C. A
white sticky solid was obtained which became brittle on cooling,

Reerystallization from acetons gave fine white crystais
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(MePt.201%), which absorbed water on exposure to air

corresponding to a half a mole of water/mole.

(Found: C,66.81; H,12,57; S,5.03. Calcd. for 036 N250“§520:

C,66,92; H, 12,6335 S,4.96.)

Dg!},5.5.trigetgllhogxllannoniun Bigsulphate

Pi(3, 5, 5, trimethylhexyl)amine was dissolved in bensene
and shaken with an approximately 5N aqueous sulphuric acid
solution, This was done several times with fresh 5N acid
solutions until no mere acid would extract inte the organiec
phase, The amine bisulphate, which formed, was found to be
soluble to a limited extent in benzene and some precipitation
sceurred, The organic phase was then separated and poured
into petroleum ether, The amine bisulphate immediately
precipitated as a slightly pink crystalline solid.
Recrystallization from an ethanol-petroleum sther mixture
yielded white needles. The compound melted athabout 108°¢

with some decomposition,

(Founds C, 58,783 H,10.,87. Caled. for C,gH, NSO,

C, 58,813 H,11,24,)

2.2 Spectroscopic Study

Infra-Red
(a) Com ¢ The amine sulphate, amine bisulphate and the

iron(III) complex (anhydrous, and hydrated form) used in this

study were as described above,
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(b) Deuteration procedure: Two methods for deuteration vere
used, firstly, the red anhydrous iron(III) complex, described
above, was stored in a desasiecator over Dzo until it had been
completely converted to the yellew forwm, The second method
involved the preparation of the iron(III) complex, as
described above, using an aquecus solution which was prepared
by dissolving all the components in nzo. The organic phase
for this preparatinn was obtained by dissolving the amine

sulphate in benzene,

(e) Teghniques: Infra-red spectra were obtained with a Perkine
Elmer Mecdel 21 double beam spectrophotometer, using the mulling
technique. Hexmchlorobutadiene and nujol were both usvd as
mulling agents to enable the complete spectrum to be studied
without interference from bands associated with the mmlling
agent, Hexachlorobutadiene was used in the frequency region
1900-4000 cm~} to study bands associated with the N=H
stretching vibrations, and nujol was used in the region

1

800-190C em~~ to study bands associated with the sulphate and

bisulphate groups,

Ultra-violet
An ultra-violet spectrovscopic examination of the

iron(III) complex isolated from the organic phase after

extraction with an aqueous phase at pH 2.32, as described in
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section 2,1, was carried sput in benszene solutien, Solutions
of both the red anhydrous form and the yellow hydrated form
(s.hxlo"“u, and 2.2x10"*M respectively) of the iren(III)
coxplex® were examined using pure bensens as blank, Spectra

wore recorded with a Unicam SP3500 spectrophetomster,

The spectra of the above solutions were then recorded
after addition of weighed amounts of di(3,5, 5, trimethylhexyl)
amzonium sulphate to make the solutions 0,030M with respect
to uncorplexed aumine sulphate, For this work a blank solution

was used which contained 0.,030M amine sulphate,

2,3 Molecular Weight Study
The molecular weight of complex (I) was determined 1in

acetone, and benzene solutions using the isopiestie method of

Sigpor9'1°. The apparatus used for this determination was

essentially the same as that described by Clarkzo

s oxcept that
a third bulb was added to act as a solvent reservoir. This
enabled equilibrium to be reached faster since the distillatien
from the pure solvent reservoir was quite rapid, Weighed
amounts of unknown and standard were introduced inte the
respective bulbs, solvent (2ml) was then added, and the

apparatus wvas sealed under vacuum, The cell was then allowed

# termed complex (I) and complex (II) respectively from here on,
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te equilibrate for several days at 37.1'0.

When equilibrium had been reached the volumss of the
unknowvn and standard solutions vere measured by means of the
calibrated tubes attached to each bulb, The molecular weight
of the complex was then ealculated using the follewing

expression,

M, = ByevaeM, (3.2)
L1

Vhers "1 and Mz are the molecular weights of the umknown and
the standard respectively, & and g, are the weights of
unknown and standard, and vy and v, are the volumes of the

unknown and standard solutions respectively.

The standard used for the determinationswas
asobensene which was recrystallized twice from ethanol, and

dried under wvacuum,

It should be peinted cut that there may be some
inaccuracy intreduced in this method by usinz szobenzens as
the standard, Dbeeguse the molecular weight of the unknown was
ef the order of 20 times greater than that of the standaxd,
Hence it was necessary to use a weight of unknown which was
about 20 times that of the standaxd in order to obtain

equilibrium volumes which were of about the same value,

Attempts to determine the molecular weight of complex

(I) in ethanol solution fmi led owing to the difficulty of
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completely remeving traces of water from this solvent which
caused hydrolysis of the complex and the precipitation of
ferric hydroxide.

It wvas alee attempted to determine the molecular
weight of the yellov hydrated complex (IXI) in acetome, but the
yellow solutien which was ebtained initially gradually became
dark red during equilidbrstion, The molecular weight valuwe
obtained agreed ressonably well with that obtained for complex
(I) and it was considered that complex (II) had been converted

to complex (I) in solutiom,

2.4 Nagnetie Study
The magnetic susceptibilities of complex (I) and

complex (II) were msasured st room temperature using the Gouy
method, Special pregautions were used to make sure that
complex (I) did mot absorbd water during the experiments. In
faet, the Geuy tube was packed with complex (I) and them
heated at 100°C to remove any water which had been absorbed
during the packing process. The tube was then stoppered and
cooled in a dessiecator, Msasuremsnts were made using this
stoppered tube,

The tesperature variation study was carried out by
Professer R.L., Martin and Dr. C.R, Kanekar ef the University
of Melbourme. The sample of the Fe(III) complex (X) used
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for this study was prepared as in section 2,t! except. that
the final ofaporaticn of the solvent benzene was carried out
using a freesze drying technique so that the temperature was
not raised above 20°C at a maximum at any time during the

preparation, The product appsared to be partially hydrated,

3. Egquilibrium Studies of the Extract of It
m A S tg Se b
1 trime th .

3.1 Selutions

D trimeth 1 ne uti
b ("] (: ] Py

A stock amine solution (0,10M=0,12M) was made up at
25,0% by dissolving a weighed amount of di(3,5, 5, trimethyle
hexyl)amire in benzene {chloroform) which had previously been
saturated with water, The stock amine solution was then
standardized using the method described in Chapter 2,
experimental section 3.1, BHefere use in the iron{III)
extraction studies the stock amine solution was squilibrated
at 25.0°C with aqueocus solutions (previously saturated with
solvent to prevent eny volume change) identicali in composition
to those used in the extraction studies except that they

contained no ferriec iron,

This equilibration procedure gave mixtures of the anmine
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sulphate and bisulphate in bensens (chloroform) solution

which were in equilibrium with the aqueous phases of differing

pii values tc be used in the iron{III) extraction experiments,

In this way it was possible te carry out the iren(III) extraction
studies for dilute ferrie iron sclutions without any

appreciable change in compositien (except for iren(III) ) ef |

either phase during the actual experiments.

The equilibratud stock amine solution was diluted at
25.o°c Wwith solvent saturated with water to obtain solutions,
which were used in the iren(III) extraction studies, in the
concentration range (with respect to tetal amino) ef 0.004M

to 0,124,

8 S5 te ut

Aqueous solutions containing a constant wolar strength
of C,%M total sulphate, and iren(III) ceoncentrations of 0,001M,
0,005M and 0,014 in the pH range of about 1.0 to 2,0 were
obtained by dissolving weighed ameounts of ferric ammonium
sulphate and anhydrous sodium sulphate in water, and adding a
measured volume of a 1,788M standardized sulphusie acid
solutien, The compositions of tiiese solutions axre shown in
table 3,1. The amount of sodium sulphate necessary to make
the total molar strength of sulphate O.50M in these solutions

was adjusted, where necessary, to allow for the amount of



Table 3. 1

Iren(1III) Na,S0, H_S0, Total Molarity ef Initial

Sulphate

M M N M pH
A 0.001 0.0M7 0.03 0.50 2,03
B 0,005 0.486 0.03 0.5 2,03
c 0.01 0.45 0.03 0.5 2,03
D 0,001 0.31 0.19 0.50 1,00
5 0,005 0.30 0.19 0.% 1,00
) 4 0.01 0.29 0.19 0.5%0 1.00
@ 0,001 o.ho 0,10 0.5 1,46
H 0,001 0,43 0,07 0.50 1,65
1

0.001 O.u3 0.05 0,50 1.82
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ferric ammonium sulphate present, Thus for each solution

M H, 80, + M Na,SO, + (molarity of the sulphate ion associated
with the ferric ammonium sulphate) = 0,50M. In this way it

was possible to keep the total icanic strengths of the aqueous

solutions constant for each experiment,

A sscond series of seolutions were made up identical
in composition to those deseribed in table ),1 except that
they did not contain iron(III). These sclutions were used
in the experiments, doaerﬂnd above, for equilibratien of the
stock amine solutien prior te the irom(III) extraction

experiments,

All aqueous solutiens were saturated at 25,0°C with

either bPensene or chloroform before use,

3.2 Extrectien Procedure

All extractien experiments were carried out in a
thermostat at 25,0°C by mixzing equal volumes (20ml) of aquecus
and organie phases in the reaction vessel shewn in Chapter 2,
figure 2,2. The extraction of iron(III) was found to be gquite
rapid with equilibrium being reached in under one minute,

1

Baes also found equilibrium to be reached in under one minute

for the extractien of iron(I1I) from sulphate solutions by
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dien-decylamine dissolved in benmens. The rapid extraction
of iron(II1) is demonstrated in table 3.2, which shovs the
percentage extraction after various extraction times from a
0,01 M iron(IIl) solutien at pi 1,00 by twe equilibrated
solutions of di(3, 5,5, trimethylhexyl)amine in bensens of

initial concentration 0,01 M and 0,00% M respectively,

For the extraction experiments, therefore, a mixing time
of 30 min was used, which was considered adequate to ensure

that equilibrium was reached under all conditions.

After equilibratien the phases were separated, filtered,

and analysed,

The pH values of the aquecus phases after equilibration
vere recordsed, and were found to vary by only :0.02 of a pH
unit from the values of the initial agqueous solutions. The
values shown in table 3.1 were therefore taken as the pi
values ef the aqueous phases after the equilibration

experiments,

3.3 Analysis of the Phages
Det t of Yren{Ill the ue L)

The g-phenanthroline colerimetric method was used as

described in section 2,1 (a).



Table 3.2

The ntage extract of iron{IXI] r
Initial Amine Pexrcent, Extraction for Varieus
Concentration Mixing times
M 1l min 5 min 30 min
0.10 22.4 22,4 22,9

0,005 3.5 3.3 3.h
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on of I he or o

The concentration of iron{III) in the organic phase
could be determined by the difference between the initial
1ron(II1) concentratien in the agusous phmse and the fimal
congentration af'ter extraction, This method, hovever, was
found to have severe limitations when the concentratien of
iron(III) in the organic phase was very small, and led to

considerable inaccuraecy,

Baes' determined the concentration of iron(IIX) in

the organi¢ phase by re-extrasting the metal inteo agueous
nitric acid and estimating the Feo(III) colorimetrically,
This mothod, however, although giving satisfactory results,
proved to be tedious when large numbers of analyses had te
be done, and an aiternative colorimetxiec procedure was used

which enabled the determination to be carried ocut, direstly,
on the organie¢ phase,

A method using 8=hydrexyquinoline was developed
which was found te be most satisfactory, and enabled the
determination of very small amounts of Fe(III) in the organic
phase,

[ methed: An aliquet of the organic

phase containing iren(III) was dissolved in ethanol,
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and glecial acetic acid (2ml), water (5ml) snd a 2%
solution of 8-hydroxyquinoline in ethanol (2ml) were added,
The solution was then made to a velusme of 50ml with
sthanol, and the optical density was recorded at 460mfl,

A standard graph ef concentration of Fe(III) against
optical density was constructed, and a straight line was
ebtained in accordance with Beer's Law, Benzene-extract
oo lutiens, vhich had previously been analysed for Fe{III)
by the back-extraction method eof Bu-" vere used for the
construction of this standard graph, These benzens-axtract
solutions were obtained from equilibration experiments with
solution A, shown in table 3.1, and amine solutions in
bensene of imitial concentration 0.00AM to 0,10M, A blank
ethanol solution wae prepared for the optical density
mpasurementr containing all the reagents used in the analysis.
The presence of amine salts and a smmll amount of the organic
solvent, vas found to have no effect on the optical density

of the ferrie B-hydrexyquinolate solution,

The Tesults obtained by this direct colerimetric
analysis of the organic phase were in excellent agreement
with the expscted values obtained by a mass balance of

iron(III) in the system,
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Determination of the uncomplexed

It should be peinted out, here, that for the
conditions used in these extraction studies the amounts of
free amine in the equilibrated organic phases vere
negligible, and the organic phases always contained mixtures

of the amins bisulphate and sulphate,

The concentratien of amine bisulphate was obtained
by pi titration (as in Chapter 2, experimental section 3.1)
and subtraction of this valus from the total initial amine
concentration gave the amount of amine as amine sulphate beth
free and complexed with Fe(III), The latter quantity was
calculated from the Fe(III) concentration determined by
analysis and assuming one mole of amine sulphate was attached
to each Fe(III). At the low Fe(III) concentrations used in
this study, the ameunt of amine sulphate complexed to Fe(XII)
in the organie phase was very small, and subsequent adjustment
of the total mmine concentration te allow for this generally

made only a small difference to the values,

The presence of Fe(III) in the organic phases
interfered with the determination of the amine bisulphate

concentration by pH titration and therefore adjustments were
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made to the titration results to allow for this. The smallest
adjustments were necessary for organic extract solutions
obtained after equilibration experiments with 0,001M aqueous
iron(III) solutiens eince only smnll amounts of Fe(III) wore
extracted, In fact, for equilibratien expsriments with the
0.,001M agueous iron(III) seolutien at pH 1.00 the amounts of
Fe(III) in the organic extracts were so lov that the effect
on the pH titrations was negligible, Hence the determinations
of zmine bisulphate wers carried out on the organic phases
obteined after squilibration with 0,001M aqueous iren(III)
solutiens, and the values obtained (after adjustment for
Fe(III) where necessary) were used te calculate theo tetal
amine sulphate concentrations. These values were used in
subsequent work with more concentrated Fe(III) solutions,
since the same amine solutions as used for the studies with

0,001M Fe(III) solutions were used for this work,

The adjustment to the titration results for the
amounts of Fe(III) in the organic phases were made assuming
that iren(III) was already present as tho partially
hydrolysed species (FeoH)*?, and that this was converted

to Fo(ai)s by reaction with sodium hydroxide,
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4, Ultra-Violet Speetrescopie Examination of the
g Fell t S {.]
An ultra-violet spectral examination was made of
certain of the bensems solutions obtained after the Fe(IXI)
extraction studies, Blank solutiens were used waich were
identical in composition to the bensene extrsct solutions

except that they contained no Fe(III),

Only a limited mumber of the organic phases obtained
after extraction experiments with aqueous Fe(III) solutions at
pH 2,03 were suitable for spectral studies sinee the optieal
densities were generslly toe high to be measured in the wave-
length range of interest (zo—#ooﬂ.

The ultra-vielet spectra of the agueous asulphate
solutiens containing Fe(III) as described in table 3.1 were
also recorded in the same wavelength region, using pure
water as the dblank, It was impossible to record the complete
spectra of the solutions containing 0.01M Fe(XIII) due te their
very high optical densities,



130.

IXI. RESULTS AND DISCUSSION

A, E £ ted Ironi{Il C X o

1. Analysis

The results of the analyses of the solids isolated
from the organic phases after extraction of Fe(III) from the
aqueous phases at each pH value are shown in table 3.3. The
percentages of Fe(IIY) together with the numbers of amine
groups and sulphate groups per Fe(III) ien are shown for
sach solid, The numbers of sulphate groups per Fe(IIX)
ion were determined using the micro-analytical figures for

sulphur,

It should be mentiened that micro-analysis figures
for nitrogen ir compounds of the type reported in this
thesis wers generally found to be low, and hence reliance
was placed only en the C, H, and 8 figures, Vhere necessary
amine present in the compound was determined by titration as

in experimental sestion 2.1 (b).

Complex (1) isolated from the organic phase as an
orange-red, waxy, solid using the aqueous solution at pH 2,32

gave the follewing micro-analytical figures,



Table 3.3

C sitio of the so repared
us ueous solutio of rio Sa
Agqueous pH Pe(III) Ne, of Ko, of
< Amine Gps/Fe(III) Sulphate Gps/Fe(11I)
0.1% 1,54 10,59 ND
0.45 4,09 3.73 3.21
0.60 ks o3k 3.30 ND
0.87 5.33 2.72 2.69
1,12 .42 2.62 2.43
1.39 579 2.45 2,12
1.85 6.72 2,08 2,02
2.32 6.92 2,00 2,00

ND DNot detevwmined,
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Caled, for 036381!20952?03 C,53.78 H,10.13 5,7.96; Fe,6,93

Found c’ 53.0' H'9o7&' 5'7.393 70.6.92-

Complex (1) absorbed water on exposure te air and
changed to the yellow complex (II), whose miere-analytical

figures vere as follews:

Caled, for 036H81320952FQ,IH203 C,52,%; H,10.23 3,7.78; Feo,6,78
Found C,52,2; H,10,1) 8,8,28; Fa,6,67

A sample of complex (II) lost 2,1% in weight on
heating at 120°C, For the formula CoglgyNz0g5 oF@. 11,0, loss

of 1 water corresponds to 2,2%,

Complex (I) was found to be extremely soluble in all
organic solvents to give erange-dark red solutiena. In
water the complex appeared to hydrolyse to give Fo(Oﬂ)ao
Complex (I1) dissolved readily in all organic solvents to
give initially yellow-orange solutions, which gradually
changed te orange-dark red suggesting that it was converted
to complex (I), Complex (II) also lost water on heating

at 100°C to give complex (I),

The results shewn in table 3.3 are represented

graphically in figures 3.1 and 3.2, Infigure ).t the
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Figure 3.1 The iron(III) contents of the solids isolated from the organic phases.
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Figure 3.2 The number of amine and sulphate groups per Fe(III) ion in the

solids isolated from the organic phases.
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percentage of Fe(III) in the solids is plotted against the
aguecus pH, and in figure 3.2 the nmusbers of amine groups and

sulphate groups per Fe(III) ion in the selids sre alse pletted
against pH,

It can be seen from the figures that the Fe(IIX)
content of the solids inereases with increase in pH of the
agueous phase, and appears to approach a constant valus of
6.92 per cent, in the pH region of 2,1 to 2,3, The number
of smine greups per Fe(I1l) ien is wvery large for the lower
plis but shows, aleong with the number of sulphate groups per
Fe(IIX) ion, the same tendency as the Fe(III) eontent of
approaching a constant value, and in the pH region of 2,1 te

2.3 both have the welue of 2,

There is, therefore, a tendency for the solid
separated from the organic phase to approach a iimiting
composition of 6,92 per cent. Fe(III) and 2 amine and 2
sulphate groups per Fe(III) ion im the aqueocus pH regionm of

about 2,1 to 2,3,

The micro-analysis of complex (I), which was
prepared using an aqueous solution at pH 2,32, is conxistent
with the empirical fermula (nzmgzwom(so,.)z where R is
35,5, trimethylhexyl, and this formula is also consistent
with the above evidence since it coatains 2 smine and 2

sulphate groups per Fe(III) ion and has a theoretiecal Fe(IIX)
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content of 6,93 per cent, The analysis of complex (II)
is consistent with the fermula (nzmzlzroon(so“)z.mzo.

The formation of complex (I), in its simplest form,
can be considered to occcur by the reaction of an amine
sulphate molecule from the organic phase with the iren(1IIIX)

species F.mlso,. from the aqueocus phase.

This would seem reasonable in view of the rooulté of'
the study of the extraction of uranium (VI) from aqueous
sulphate solutions by high molecular weight amines by
sate*1'1? ana otners'? 14,15 110 have found evidence for the
fact that there appears to be no amine bisulphate complexed
with ucranium (VI) in the organic phase, and that it is the
amine sulphate which is complexed with the uranium (vr)
species frem the aquecus phase, Similarly B&oul for the
extraction of Fe(III) from sulphate solutions by
di-p-decylamine han suggested that it is the amine sulphate
which is complexed to the Fe(IIX) species from the aqueous

phase.

Snton" 12 has also shown, by an infra-red spectroe-
seopic study of the organic extracts, that ‘at higher aqueocus
acidities mixtures of the amins bisulphate and the

ursnium (VI) sulphate-amine sulphate complex are obtained,
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Hence it seems quite reasonsble to agsume that in the present
study similar mixtures of amine bisulphate and the iron({IIX)
hydroxy-sulphate~amine sulphate complex will be obtained in
the organic phase when using aquecus selutions of higherx
acidities. It appears that the solids isolated from the
organic solutions which had Fe(III) contents less than the
theoretical value of 6.93 per esnt. for complex (1), and
whioh eontained greater than 2 amine and 2 sulphate groupe

per Feo(II1) ieon, were merely such mixtures,

In fast, the analysis figures shown in table 3.3 are
in sxcellent agreement with this, since a calculation of the
smounts of Fe(III) expected in the isolated materials for
mixtures of complex (I) and amine bisulphate which have the
eame number of amine groups per Fe(III) ion as shown in the
table, give Fe(IlI) percentages which are wvery close to the

experimental values.

(a) Spectra
bisulphate
In order to understand the infra-red spectra of the

iyron(III) complexes (I) and (II) it is necessary to assign
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the bands feund in the simple amine, and the amine salts.

Null stretching vibrations: The infra-red spesctra of
the normal amine sulphate and bisulphate are shown in figure
3.3. In the region 1900—&00c-71, as shown by ecurves (c) and
{d), it can be seen that there arc several fairly broad bands
which are associated with the KeH and C-i stretching
vibrations, The large bands occurring at about 2800-3000cm™t
can be disregarded as they are due to the C=H stretching
vibratiens, and, of course, appear unchanged in the pure amins,
and in all the amine compounds. There are, however, several

other bands appearing in curvee (c¢) and (d) which are

important,

lHeacock and Hnrionls have studied the infra=red

spectra of a large group of secondary amines and their
nitrate, perchlorate and chloride salts, and have found that
in most cases the normal Ne<ll stretching band for the free
basss ocours in the region 3380-3205cm™), and that with the
formation of the amine salts considerable atteruation and
displacement of the normal N~H stretching band towards lower
frequencies occurs. Ir nearly all the cases studied by

16 o complex series of absorption bands

was found in the region 2800-20000m"

Heacoek and Mariem

which ie associated

with -rm; stretching vibrations.
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The bands, therefere, eccurring in the spectrum
of d1(3,5,5,trimethylhexyl Jammonium sulphate, shown by
curve (o) in figure 3.3, at about 24kCem™', and 2560-2760cm™"
are probably due to Ne-H stretching vibrations associated with

the -!!ll; group,

The spectrum of the free amine di(3,5,5,trimethyl-
hexyl)amine is shown in figure 3.4, and the characteristic
absorption found by Hesocock and mﬂu"s for the nermal
NeH stretehing band ocan be seen in the regien 3200-3300&'1.
This absorption band is quite broad and very weak for this
particular amine which is possibly caused by the large alkyl
chains surreunding the NeH group and holding it im a rigid
eonfiguration, and hence interfering with the N-H stretching
vibration, In fact, Hescock and Harionl" report actual
cases where the N=H stretching vibration in the free amine

is completely missing in the spectrum,

It should be mentioned, here, that Heacock and )hrieul"

also observed a medium to strong absorption psak near
1600em™) for all the secondary amine salts studied, which
was sbsent in spectra of the corresponding free bases., This
band they said was duse to deformation vibrations of the
protonated secondary amino group, A band which occurred

at 1620cm™} (mot shewn in figures 3.3 and 3.5) was observed

in the present study for all the compounds involving ths
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Figure 3.4 The infra-red spectrum of di(3,5 sb,trimethyl-
hexyl)amine.
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quaternary ammonium species and is probably due to this
deformation vihration of the -NH; groupe. This band wvae
absent in the infra-red spectrum of the free base
di(3,5,5,trimethylhexyl )emine shown in figure 2.k, A
similar band is observed for the defommation wibration
associated with the hydroxyl group in vntor;7. and hohco in
the hydrated quaternary ammonium compounds the band at

1

1620cm” ~ is probably due to a combination of both

daformation vibrations,

EKeder, Wilson and Bnrgorls

have studied the

nuclear magnetic resenance spectra of certain tri-p-octyl-
somonium salts in several organic solvents, and by studying
the position of the H-N resonsnces in the magnetic field

for the alkylasmmonium salts, have found a strong down-field
shift which appears to be dependent upon the anion associated
with the alkylammeontiwa ion. This, they said, was due to the
formation of strong hydrogen bonds between the protonated
amine and the anien associated with the alkylasmonium ien,
and that the strength of the hydrogen bond was dependent

on the particular anion,

Keder ot g&%s have supported their N.M.R. Study
with an infra-red spectroscoplc study in the N-H stretching

frequency region, and have found a shift in the N-H
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stretohing frequency to lower values with increase in
hydrogen bonding. This shift to lover frequency wvas again
found to be strongly dependent on the anion associated with

the alkylamsonium catien,

The considerable attenuatien and displacement of the
normal NeH stretching band in the secondary amines towards
lower frequencies on the tormatien of the amine salts, as
found by Heacoak and Marien'S, may, in fact, be dus largely
to the intermction between the protens attached to the
quaternary nitregen atom and the associated anion, This may
result in the appearance of the complex series of absorption

bands in the region 2300.m-10

According to Chenon and Sanderfy'® the free -Kij
stretching fregquency, if it were possible to determime this,
may appear in the regien 3200-%00«-"} hevwever, hydrogen
bending of this group is responsible for the shift ef
several hundred wave numbers and the ,-NH; stretching

frequency appears in the region 2000-2800cm™ ",

In view of the above evidence it ssems quite
probable that such interactions ocour in d1(3, 5, 5, trimethyle
hexyl) ammonium sulphate and that there is strong hydregen

bonding between the protons attached to the qunternary
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nitrogen atom and the associated sulphate group,

The spectrum of the amine bisulphate, as shewn by curve
{d) in figure 3.7 shows very much wesker bands in the region
found for the normal sulphate, and shows a strong absorption band
at about 3040cm™ L, This band is agaim probably dus to N-H
streteching vibratious associated vith the -NH, group but
oeccurs at a higher frequency dus to much vweaker hydrogen
bonding between the protoms associated with the alkylammonium
ion and the bisulphate anion, Aceording te Elswerth and
Sheppard? under conditioms of weak hydrogen bonding most
stretching frequencies of the sﬂ; group would lie in the
reglon 3100-3000cm™), which 1s censistent with that feund
above for the amine hisulphate, It is interesting to note
that in the normal amine sulphate two hydrogen bends can
form between the protoms attached te the quaternary aitrogen
atom and the sulphate group, whereas in the amine bisulphate
1t is more likely that only one sueh hydrogen bomd will be
formed, In the case of the normsl amine sulphate this
eoﬁm lend to extensive inter-molecular hydrogen bonding by
interaction bdetweea the protons associated with the
slkylamsonium ion and sulphate groups attached to adjacent
amxine sulphate melecules..
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The difference betwsen the spectra of the normal
amine sulphate and the amine bisulphate is consistent with
the evidence found by Keder gt all’ that the strength of the
hydrogen bonding, and hence the shift in the Neil stretching
frequency, is dependent on the anion associated with the
alkylammoniwm group.

There is a further peak shown in curves (c) and (d)
in figure 3.3 which merits some mention, This occurs at
about 3400-3460cm™}, and might be thought to be due to the
stretching vibration associated with the hydroxyl group in

21 the free 0~H stretching

1

free water, According to Bellamy
frequency should occur in the region 3650-3550cm” , but is
considerakly shifted to lower frequencies by hydrogen
bonding . In the alkylammonium compounds described in the
present work hydrogen bonding must certainly occur and it
would be expected to find the O=-H stretching frequency for
water occurring in a region lower than 3650-3590cn'1.
However, the band at 3&00-3&603m'1 persists in alil the
alkylamzonium compounds studied aven after dehydration, and
hence is probably not due to the O-H stretching vibration,
but alternatively is another absorption due to the N-if
stretching vibration, In fact, thie may be the stretching
vibration band which is observed in the frse amine as showm

in figure 3.4, considerably strengthened due to the
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totrahedral configuratior eof the quaternary nitrogen atom
which decreases the shielding sffect of the leng chain alkyl

groups.

It can be sesn from this study that although the
band associated with the NoH stretohing vibration for the
simple amines ie usually well defined at a single frequency,
the bands for the alkylammonium salts are quite couplex, and
the numbers, intensities, and positions of theas bands are
determined by the interasctions of the protons associated
with the -NH group,

bsorpti due to the su te bisul te ups s
The spectra of the amine suiphate and bisulphate in the region
800-1300cm™) associated with the absorptions dus to the
sulphate and bisulphate groups are shown in figure J.3 by
curves (a) and (b)., The vibrational frequencies associated
with the sulphate groups are described fully by Nakamto’”.
whe has shown the effect en the infra-red spectrum of the
sulphate ion acting in & norual salt, and in a unidentate
and bidentate complex, The free sulphate ien belongs to
the high symmetry peint group Td, and hence has four
fundamental modes of vibration of wnich only v, and v, are

3
infra-red active. The free sulphate ion has infra-red
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absorption bands eccurring at 110kem” ! and 61:}0‘-1. In
certain sulphate salts and complexes, however, other
absorption bands are observed in the infra-red spectrum,
In this discussion only the 3 and v3 Mmtd =modes of
vibration will be considered since they show vibrational

1

frequencies in the region of 800-1300cm = which was

investigated in the present study,

The spectrum of the salt [00(!!!3)6]2[80,‘]3 .5!!20.
described by anmtom, shows two absorption bands at

1

97%a"}, and 1130-1140em™) corresponding to the vy and v,

modes of vibration respectively,

On ceordination eof the sulphate ion to a metal,
hovever, the symmetry is lowered with the appearance of new
bands in the spectrum, Ths lowering of symmetry is
different for sulphate acting as a unidentate rathsr than
a bidentate group with the result that in the unidentate
sulphate complex [co(ma)sso,‘] Br v, splits inte two bands
at 1032-1044cm"} and 1117-1143cm™L, which appear in the
spectrum in addition to the v, band at 970en"t, Tor a

bidentate complex or a bridged bidentate complex such a8

~

M
[(m,)h 00< 3\Co(m3),‘] (¥0,),
o,
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v, splites inte three bands and hence the spectrum in the

region 800-1300ca"! comtains four abserption bands at

b 3 1

995ca™Y, 1050-1060cm™t, 1105em™), and 1170em™},

The spectrum of di(3,5,5,trimethylhexyl Jammonium
sulphate shown by eurve (a) in figure 3.3, shows three

absorption bands at frequencies of 9650."1, 1015-10&5«'1,

1

and 1090=-1150ca ~ which are very close to the frequencies

desecribed above for sulphate acting as a wmidentate group.
The band at 965cm™t

can be assigned to the vibrational

"1
mode and is of mederate intensity as expectsd, The band
ot 1015-1045em" ! is quite strong and brosd while the band
at 1090-1150em™* 1s also strong and broad and appears to

be resolvable inte two bands. One of these, however, is
due to the C-N stretching vibration which appears in the

spectrum of the fres amine at 1125«'1' as shown in figure

3.4,

The evidence gained from the infra-red spsotrum of
the amine sulphate supperts the suggestion that there is
strong hydrogen bending oceurring between the protons
associated vi.th the alkylawssonium ion and the sulphate
anion, since this wight be expected to lower the symmetry
of the sulphate ion sufficiently to give an infra-red

spesctrum similar to that of a unidentate complex,
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The spsotrum of the amine biszulphate, en the other
hand, is leas complex as shown by curve (b) in figure J}.3.
Three bands are cbserved in the region 800-1300e-°1, s
sharp medium intensity peak at 885c--1, another sharp peak
at 10653-1; and a high intensity broad band at about
1175em" L, According te Cross>? there are three bands
associated with the bisulphate ioun cocurring at 1180-1160cn'1,

1080-1000¢cm™t

, and 880-840cm™l, Thus the absorption
frequencies in the infra-red spectrum of di(3, 5,5, trimethrl=
hexyl)ammonium biculphate are in excellent agreement with
the literature values, which is consistent with the

previous suggestion that the interaction between the
alkylasmmonium ion and the bisulphate anion is much weaker

than for the nermal amine sulphate,

Satoll also obtained frequencies similar to those

shown above for absorptions due to the bisulphate ion for
several cyclohexyl- and benzyl-alkylammonium salta

dissolved in chloroform,

(v) Spectra of the di(3,5,5, ¢rimethylhexyl)ammonium-~
1ron§III!-gg;gg5§g complexes.
Ne-H stretchi v ti s The infra-red spectra

of complexes (I) and (II) in the region 1900-h0000n-1 are

shown by curves (c) and (d) in figure 3,5, The most



Pigure 3,5 Infra-red Spectra of Iron(III) Complexes
(x) ana (11).

(a) Complex (I) in mujel.
(b) Complex (II) in nujol,
(e) Complex (I) in hexachlorobutadiene.
(d) complex {IX) in hexachlorcbutadiens,
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significant difference between the spectra of the iron(IIXI)
complexes and that for the normal amine sulphate, shown by
curve (¢) in figure 3.3, is the absence of the broad N-H
stretching bands associated vith the -NH, group in the
region of about 2&00—28003m.'. It has already been suggested
that the appearance of these bands in the normal anine
sulphate spectrum may be dus to extensive hydrogen bending
between the protons associated with the alkylammonium ion
and t.e sulphate anion, The abhsence of these bhands,
therefore, in tie spectra of the iron{III) complexes suggests
that this hydrogen bonding becowes negligible or ver, weak
once the sulphate anion associated with the alkylammonium
cation is couplexed to iron(III), This is consistent with
the molecular weight studies described in Chapter 4 since
it has been found that the amine sulphate forms large
molecular aggregates (or micelles) in certain sclvents.
lHowever, onee the amine sulphate has been complexed with
Fe(III) this tendency to form micelles becomes negligible,.
It is suggested in Chapter 4 that extensive intere-molecular
hydrogen bonding between the protons attached to the
quaternary nitrogen atoms and adjacent sulphate anions is

responsible for the stabilization of the micelles.

There is further evidence for this, since in
Chapter 4, results aud discussion section 2 it is shown

that the aggregation of the amine bisulphate in benzene
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solution is considerably less than that of the normal
amine sulphate i the same solvent, which is consistent
with the suggestion (section (a) above) that the inter-
action between the protons attached to the qu:termary
nitrogen atom and the bisulphate aniom is considerably
less than the interactien between these protons and the

sulphate anien,

Muoch weaker interaction between alkylammonium
cations and complex metal anions than between the cations
and the aniens of simple acids has also been suggested by
Keder g&wglis who obtained evidence for this from infra-red
and N.M.R, spectroscopic studies, The roason for this is

probably due to an electronic or stereochemical affect,

The absorption bands in the region 3020=3160cm"?,
as shown in figure 3,5 can probably be assigned to the Neil
stretching vibrations, The large broad band which occurred
in the region 3“00-3&60¢n°; for the amine sulphate is still
evident in the spectra of the iron(III) complexes
(figure 3.5), and as has been suggested already is probably

another absorption due to the NoH stretching vibiation.

There is no band or bands occurring in the spectrum
of the iron(III) complex (I) which can be assigned with

certainty to the O-H stretching vibration associated with
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the hydroxyl group believed to be complexed to Fe(IIX),

This is to be expected in the 3400-3600cm™ L

region since
such & hydroxyl group would most certainly be hydregen
bonded and would thus give a brosd, very low intensity,
absorptien band which would be hiddem by the extensive
NeH absorption. Hence, altheough infra-red evidease ias
lacking for the pressmce in the coaplex of ths hydroexyl
group, the possibility is not excluded because of the
interference from N-H absorptions, It should be noted
that cemplex (II) is simply the hydrated form of complex (I),
and hesnce any attempt to identify the hydroxyl group
coaplexed to Fe(III) in complex (II) would be fruitless

due to the presense of water,

Deuterat t Dus to the imability to detect any
absorption which could be assigned te the hydroxyl group
in complex (1), deuteration of the complex was carried out
in the hope that this might bring about a change in the
existing bands, or that new bands would appear in the
spectrum, However, deuteration of complex (I) &14 not
produce any observabls change in the infra-red spectrum,
and no new band appeared which could be assigned to the
O=D stretching vibration, Similarly ne newv band appeared

which could be assigned to the N=D stretching vibration,



149,

The spectrum of complex (II) after absorption ef
nzo was quite similar to that of the exrdinary complex, exespt
that two new bands were cbserved, Thess abseorptien bande
shich were broad and quite weak and which cecurred in the
regiens 2100-2300cm™) and 2400~-2600cm”! can probably be
assigned to vibrations associated with Dzo itself or to
Nel stretehing vibrations which have been shifted te lower

frequencies by hydrogen bonding to Dzo

ion to u te and bisulphate groups:
The spectra of the iren(III) complexes (I) and (II) in the
regien soo-nme-".-. are shewm by curves (a) and (b) in figure
3.5. Complex (I) shows four absserption bands at 985&'1,
10650m™L, 1110em~! and 1190cm™! shich are consistent with those
expectod for the sulphate ion acting as a bidentate ligand in
a complax such as this, The band at 1065@."'1 is fairly wesk
but is detectable in the spectrum of complex (I), Thers is a
further absorptien whiech occurs at 10259-'1 which has not bsen
positively identified, but Satell has reperted this abserption
band for amine sulphate-uranium VI sulphate complexes and hence

1t is pec-ibly associated with the sulphato-group,

The spestrum of the yellow cemplex (II) is similar
to that of complex (I) sxcept that the absorptien band at
10650m~) 1s absent. This is probably dus to the fact that

it is much weakey than that for complex (I) and becomes
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hidden by the broad band at 1110cm T,

There is considerable evidoncol7 that hydroxo-metal

complexes of the type M=0O=H exhibit absorption due to bending

modes in the region 850-1100cm Y, In fact, the cobalt (III)

R
i
1 - _~0
complex 7 Ky (axalato)ico.\\O:::Co(exalate)z whieh contains
|
H
hydroxyl ion bridging, has an absorption band occurring at

about 1100cm™t

which is considered possibly due to O=H bending.
It was thus thought initially that the band observed at 1025cm™ >
for the iron(III) complexes (I) and (II) may be due to O0-H
bending of the hydroxyl group attached to iren(III), howvever,

on deuteration of complex (I) this band remained unaffected and
hence cannot be dus to this. Deuteration of the cobalt (III)
somplex shown above results in complete disappearance of the

band at 1100em™Y,

This evidencs does not rule out the possibility of the
iron complexes (I) and (II) comtaining the hydroxyl group, since
the absorption due to the O=H hending mode would be very weak
and is probably hidden, if present, bemeath the strong

absorption bands asscciated with the sulphate groups.

It has been suggested in section 1 above on the

constitution of the iron(IXII} complex that the solids isolated
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from the organic solutions, which had Fe(III) contents less
than the theoretical value of 6,93 per cent,, and wvhich
contained greater than 2 amine and 2 sulphate groups per
Fe(IXI) ien, were mixtures of the complex (I) and amine
bisulphate. Thus the infya-red spectra of such materials
sheuld show the characteristic bands associated with the
bisulphate ion. Hovever, the spectrum of the solid isolated
from the organic phase using an aquecus solution at pi 0,87
did not shew the characteristic abserptien at 885@'1 for the
bisulphate ien as expected, but instead gave abserption bands
very similar to these obtained for complex (XI) except that the

1 ias shifted to about 112%m™! and was

band at 1110cm”
considerably increased in intensity. The reason for thies
is net clear but would suggest some interactien between the

iren(III) complex and the amine bisulphate,

2.2 Ultra-vielet

The spectra of cemplexes (I) and (II) in bensens
solution are shown in figures 3.6 and 3,7. It should be
‘ remembered that analysis of complex(l) is consistent with the
stoichiometric formula (nzzmz)2 rom(so,.)z where R is
315, 5, trimethylhexyl, The spectrum of complex (I) (shown
in figure 3.6) has a peak cccurring at 290m(l, and a broad
band at about 335.‘,41. .



Figure 3.6 Ultraeviolet Spectrum of Cowplex (I)

o—0—0 (3:.&:10'“)!4 complex (I)
A—0—A (3.&:10"‘)31 complex (I) + 0.03M
amine sulphate,

Figure 3.7 Ultraeviolet Spectrum of Complex (II)
in benszene.
0—0—0 (z.zzm"")xa complex (II),
B—8—8 (2.2x20"%)M complex (II) + 0,03M
amine sulphate.
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It has been suggested by several workcr-3’23'2k that |
the partially hydrolysed Fe(III) species FeoH'Z has an
absorption peak at about 295mil, with a molar extinction
coefficient of about 2200, Also Mulay and Solvoosz have
found evidence for the dimerization of this species in
agueous solutiens at high (:>10'3M) Fe(1Il) conocentirations
to form the species (Fooﬂ);“ which according to them has an
absorption psak at 335&/L. It would seem logical, therefore,
to attribute the absorption peak at 290-/L to the partially
hydrolysed Fe(1II) species FeOR'>, and the bread peak at 335mfl
te the dimer (FQOH);Q. The molar extinction coefficients,
also shown in the figure, are about 5000 and 2700 respectively
which are higher than found previcusly for aqueous solutions,
Good 23_;;? have found that in chloroform-smine solutions the
spectra of anienic transition-metal complexee have higher
extinction coefficients than the same anions in aqueous
solutions, particularly in the ultra-violet reglon, and
suggest that this is due to the change in solvent and teo
solvent-metallic anion interactions. They have found, however,
that the character and the positions of the absorption maxima

remain constant,

The spectrum of complex (II), the hydrated form of
complex (I), is shewn in figure 3,7, and is somewhat similar

to that of complex (I), with a maximum occurring at 290mM,
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The broad band at 335m/,, hewever, has greatly reduced in
intensity

It is interesting te study the effect en the spectrum
of complex (I) of the introdustisn of a large excess of the
anine sulphate into the bensens solutien of the oomplex, The
situation can mew be considered to be essentially the same as
that experienced in the iren(III) extruction studies described
in section B, since in these studies the experimmntal
conditions were chosen so that the amounts of Fe(IlIl) extracted
wore almost negligible compared to the concentrations of the
amine sulphate in the organie phasess Thus the organic
extract solutiems after the extraction of Fe(III) contained

iarge excesses of uncemplexed amine sulphate,’

The spectrum of complex (I) in a bensens solutien
containing 0.03M uncomplexed amine sulphate is shewn in figure
3.6, It oan be seen that the spectirum has uniergens a very
radical ehange, with ths disappearance of the peak at
290n,u, and the bread band at 335 /i, and with the appearance
of a new abserption maximus at 305m/L . Vhiteker and
Davidson’ in their investigatiem eof iren(III)-sulphate-
couplex ioms in aqueous solutiens have attributed absorption

in the r-noa'aoo-no-,u. to ths speeies mcso;1 and n(so~);1.
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The Fo(SDh);Isp.c:l“ appears to have an absorption maximum

1 specise

at a slightly lower wavelength (300mi) than the r.so;
which absorbs at about 305-310!/,(, e The respective extinctien
ceefficients given by Vhiteker and Davidson are 3000 and 2200,
However, since there is such a smll separation between the
maximum for the Fo(so“);l species and that for the r.so;“
species, it is difficult to assign the new absorption peak

at 305ml, in figure 3.6 to one or other of these species,
Nevertheless we can say that in the presence of excess amine
sulphate the spectrum of complex (I) in benmens solution has
a very proncunced eontributiom from iren(III)esulphato=complex

species such as r.so:" or ro(so,.);" (er both),

The effect on the spectrum of complex (IXI) eof the
presence of a large sxcess of the amine sulphate in the benzens
solution, as shown in figure 3.7, is much less pronounced than
for complex (I), and, in faet, the maximum at 290m/, appesars
to be almost unaffected, There is, hovever, a slight
increase in absorption in the 3)10m/(l region vhich is
probably due to a small contribution from the species FeSOj -

-1
and ro(so,‘) 2 °

3. Melsgular Weight Study
The results of the melecular weight study are shewn

in table 7,4, The mwelecular weight is shown in the table



Table 3.4

Complex Selvent Cencentratien NN, Neo, Basic Units

]
(1) Acetens 0.37 s, 129 6.4
(1) Benxene 0.25 2, 930 3.6
(xx)> Acetons 0.22 4,828 6,0

* complex (IX) reverts back te vomplex (I) in selutien
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tegether with the corresponding mumber of basie units, The
basic unit is considered to have the stoichiometric fermula
(nzmz)znou(soh)z vhioh was found by analysis, where R is
3' 5. 5' tﬂ”th"m:yl.

The molecular weight values shown in table 3.4
indicate sowe association of the basic melecular units in
bensens and aceteone solutions, Hovever, this assocciation is
certainly not as ixton-i.w as that of the uncomplexed amine
sulphate in bensene selutiemn, since in this solvent the
aggregate particle has a molecular weight of 31,230 (see
Chapter &), 1In fact, the association of complex (I) im
bensens solutien prebably occurs by a different mechsnisa
from that of the uncomplexsed amine sulphate which has been
suggested to eccur by micelle formatiem stabilimed by intere-
molecular hydrogen bonding, as dsscribsd im Chapter B,

h, Magmetic Study

The values cbtained for the magnetic meoments of
complex (I) and its hydrated form complex (II) were 3.78 and
3.64 Bohre-magnetons respesctively, vhich are anomalously lew

feor ferric co-penmhzs.

Malay and Solvoodz5 have studied the hydrolysis of

iron(II1) perchlerate solutiens, and have found that strongly
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acid solutions have a magnetie mement of %.82 ‘Bohr-mcmtm.
Tnis, they said, was dus to the Fe'’(H,0)( ien and was
slightly lower than the spineonly wvalue of 5,92, However,
with increase in the pH of the iron(III) solutions the
magnetic moment was found to decrease and the value obtained
at pi 2,0 was about 3.8 Bohr-magnetons. For higher pii values
( > 2.0) the magnetic mement appeared to reach a comstant

value of 3.6«3.7.

The decrease in magnetic moment with increase in
aquecus pH was found teo follev fairly closely the inorease
in the amount of the dimeric species (r.ou);k present in the
agueous phase, and hence Mulay and So].\'omlz5 suggested that
this dimer, which has the hydroxy-bridged structure shewn
below, was responsible for the decrease in the magnetic

meonment,
+h

{(azo) hFo( >!‘o (1,0) ‘]

They aleo suggested that this binuclear complex was
diamagnetic due to an exchange iamteraction between adjacent
ferric irons, which destroyed all their parasagnetism,
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A similar effect has been observed by Sommer and
Pliska®’ who have studied the hydrolysis of irean(III) in
acetate solutions, The magnetic mement of the selution
(10-21‘4 iren(III) ) at high acidity was found to be close teo
the sxpected value of 5,92, but with incresse in pH wvalus the
magnetic mowent decreased as found by Mulay and Selweed >,
At pi! 2,0 the valus for the magnetioc mement was about 3.8
Bohr-magnetens snd reached a constant valus of 343 at higher
plis, Sommer and Plimz-’.' sugzested that the decrease in
magnetic moment could be attributed to the dimer (FQOH);h as
found by Mulay and Solwoodzs. and to the mcetate dimer
[Fo(cﬂscooﬂ;" which they said was also present in aqueous
solutions and could be expected to have similar anomalous

magnetic properties te the hydrexy-bridged dimer,

The above evidence suggests that there is bridging ef
some kind, either hydroxy=- or sulphato-bridging (or mere
probably beth) between adjacent Fe(III) iens in complexes
{X) and (II), which allova some sxchange interectieam te eccur,

Martin and Kanekar> have studied the variatien of
the magnetic moment of the Fe(I1I) complex with tempsrature
and have feund that the change of magnetic susceptibility
per Fe atom with temperature can be related te an exchange
interaction term J if the complex is assumed to be trimerie,
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The squation requires that the magnetic mement [l approaches
1 AL as T approaches 0°K and 5.9 (L as T approashes infinity,
The magnetie behavieur can alse be interpreted en the basis
of the complex being a pentamer; heptamer, etec., but in view
of the melecular weight evidence, discussed in section J

above, the trimer uou more likely.

Martin and Kanekar found that a pre~treatment eof the
Fe(1II) complex by heating in vagug at 90°C for varicus time
intervals, which brought sbout dehydratien ef the sample,
affected the magnetic behaviocur to seme extent, This may
be due to the sonwversion of hydroxy-bridges to oxo<bridges,
hewever, after making an adjustment to the quantity J te allew
for this, the magmetiec data eobtained from the heated sample
was feund to agree mederately well with the trimer theery,

%e S of X

Semmer and ann. in their study eof aqueous Fe(III)
acetate solutiens have iselated a complex cation as the
chloroplatinate frem an agquesus seolutien at about Pl 1.5,

and have suggested two pessible structures as shown belew,
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+1 +1
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Ac = cHgoo™t
By analogy with the structures suggested by Sommer

and Pliska for the acetate complex we can postulate chain=liks

or linear structures for complex (I) as showm by A,B, and C

in figure 3.8. The actual complex isclated in the

preparation of cemplex (I) could probably be a mixture of

A.B. and C,

The three structures shown in figure 3.8, which
contain hydroxy-bridging and sulphato-bridging fit in quite
vell with the ultra-viclet spectroscopic evidence given in
section 2.2 above, sinocse the presence of the PoGH’a species
would give rise to the absorption maximum at 290m/(l, and the
broad peak at 335m(l would be due to the (rcou);" component
in B and C, The absorption of water by complex (I) may be
considesred to oecur by the rupture of the sulphato-bridges thus

allowing water to be direetly coordinated te iren,
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Figure 3.8 The linear structures for Complex (I).
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The effect on the spectrum of complex (I) of the
addition ef excess uncemplexed amine sulphate may be due te
the replacement of the hydrexy-bridges by sulphato-bridges.
This would, eof course, give more Fe(III)-sulphate bends and
would give greater absorptiens due te th..-pocio. r-sozl and
ro(sok)gf In complex (II), however, the very much sumller
effect of excess uncomplexed amine sulphate on the spsctrum
of the hydrated complex is more difficult to explain uniess
one assumes that on the absorption ef water by complex (I) the
hydroxy-bridges as well as the sulphate-bridges are broken
thus preventing attack by excess uncomplexed amine sulphate,
This seeus unlikely, hewever, in view ef the lew magnetiec
momont of complex (II) which suggests that there is still

bridging of some kind between iren atoms.

The molecular ieight evidence given in section 3,
above, dees net entirely disagree with the suggestien thst
complex (I) has a trimeric configuration, as shown in figure
1.8, since the molecular weight value in benzsene solutien
indicates a high preportion of the trimer but higher units are
not excluded, In acetone solution the melecular weight value
corresponds te that of a hexamer, and this ecan be explained as
being dus te the linking of twe trimeric units through

sulphato-bridges.,
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‘n alternative configuration for complex (I) is
ebtained by analegy with a suggestien put forward by Orgolzg,
who has proposed a cyclic structure for complex ions of the
type [na(Ac)s(ou)z]’. «here M is o', Fe’', or A17*, and
Ac is cugcoo'. as opposed to the chain-like structure ef
Sommer and Plioka27. Orgel pictures the trinuclear basic
acetates with the three metal atoms arranged in an

equilateral triangle about a central 0=?

ien, as shown in
figure 3.9. The positions trans te the 0 - ion may be
eccupied by any of the ligands ﬁ.runlly associating with
trivalent transition-metal ions, e.g. water, amines, further
acetate groups, and halide ions, The six acetate groups
complete the cctahedral coordinatien about the metal ions,
each one lying completely to ene side of the plane of the

metal ions and linking a pair of them.

It is not possible to obtain a structure for complex
(I) which is exactly analogous to that described by Orgel for
the basic acetates, and retain the stoichiometry vhich has
been found by analysis. However, a cyclie trimeric structure
can be represented by considering that three ectahedra ean
share cornerc, with the hydroxyl groups bridging at these
peints, Such a structure is shewn in figure 3,10, In
this representation the metal atoms are again arranged in an
equilateral triangle, as suggested by Orgel, but instead of
having a single 0"? jon at the centre of the triangle, the



(a) Projected onto the Mjo plane.
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(b) Scen along an M-O direction, the dotted line indicating

the M0 plane.
3 plane 0

Figure 3.9 The trinuclear basic acetate structure of Orgel.



(a) Three octahedra linked by hydroxyl groups.

IS

(b) Looking down on the FeB(OH)3 plane.

o S

Figure 3,10 The cyclic structure for Complex(I).
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three iron atoms are linked by hydrexyl groups which are
themselves arranged in an equilateral triangle, The remaining
ceordination pesitions on the Fe(III) ions are taken up by
sulphate greups, It is also possible to draw similar ecyelic
structures which centain sulphato-bridges as well as hydrexye

bridges,

The ultra-viclet spectroscopic evidence, however, does
not support the suggestion of a cyclic structure for ceomplex
(1) since it is not possible to include the dimeric (r-au);“
species in such a structure, Also it is more difficult to
explain the absorption of water by cemplex (I), and te
explain the effsct of an excess of incemplexed amine sulphate
on the spectrum ef complex (I) en the basis ef a oyecliec
structure, Thus the linsar er chain-like configuratien for

complex (I) appears more favourable than the cyclic form,

B. E ibr Studies ef t : n(III1)
from Aqueous Sulphate Solutions
by Di(3,5,5, trimethylhexyl )amine .

If we assume that the extractien of iren(III) from
aquesus sulphate solutiems by the secondary amine
d41(3,5, 5, trimothylhexyl)amine does invelve a partially
hydrelysed iren(III) species such as FeOHSO, er (roouso“)z in
the aqueeus phase and that the reacting species in the organic
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pbase is the di(3,5, 5, trimethylhexyl)anmenium sulphate, we
can derive an expression te desoribe the extraction and see

hew well this expression explains the experimental results,

Two solveats for the amine were chosen, bensens and
chloroform, since they were found to give sui table
distribution ratios for Fe(III), and since in the former
selvent the amine sulphate was found te form large melecular
agzregates er micelles (see Chapter &), and was neon-aggregated

in the latter seolvent,

In Chapters 1 and 2 the pessibility of having twe
extraction mechanisms for syetems involving the leong chain
alkylamines is discussed. On the ene hand there is the
mechanism which considers that the reaction ocecurs within the
aqueous phase, and on the other hand there is the interface
mdchani sm, As pointed out in Chapter 2 consideration of
either of these mechanisms will lead to the same result, and
it is impessible to differentiate between the twe in an

extractien study as deseribed imn this theeis,

The individual equilibria involved in the extractien
and the derivatien ef the extractien equations are shown in
Appendix II, It can be sesn from Appendix IXI that the
extraction equation, fer the extraction ef the species

roalso,‘ from the aquecus phase can bs written as
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i ‘1’%0:1'7?-;3 . [SO:]A[Rz“zsoh]o
I [H:] " (2:2)

A

D

+

12

D is the distribution ratio defined as

D= tal neentratien of 1 IIXI) in Fy c 86
Tot concentration of iron(lIll) in the agueous phase
(3.4)

and can easily be determined experimentally, Wfrcforo to the
molar activity coefficients and the brackets [ ]rcfer to
the melar concentrations, The subsecxipts "o" and "A"

refer to the organic and aguecus phases respsctively and

Kl is the overall equilibrium constant for the extraction,

The axpression for D, as shown by equation (3.3)
thus predicts a first oxrder dependence of the extraction on
the concentration of uncomplexed amine sulphate in the
organic phase, and on the sulphate ion activity in the
aqueous phase, and an inverse first order dependence on

the hydrogen ion activity in the aquesous phase,

For the extraction of the dimeric iron(III) species

(FOOHSO&)z. as shown in Appendix 1I, the overall extraction
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equation can be written as

2

2
.b%hﬁff%L (3.5)

—

2 2
Kae r.;"?;o:
D= ' A

L [=);

A

According to Milburn and Voobur:hso for agueous iron

(III) solutions up to a conceatration of 10‘“u only the

monomeric species FoOE‘z is important, However, for iron

2

(III) solutions of concentration 10"7M to 10"°M the amount of

‘the dimeric species (roox);“ present becomes appreciable.

Equation (3.,5) thus predicts a square dependence of D
on the agquecus sulphate activity, and on the concentration of
amine sulphate in the organic phase, and an inverse square

dependence of D on the hydrogen ien activity in the aquesous

phase,

1. Extraction Studies using di(3,5,5,trimethylhexyl)~
amine solutions in bengene,

At a constant ionic strength and acidity in the agueous
phase, the activity of the sulphate ion, and the activity
coefficient of FO*B will be essentially constant, and equation

(3.3) can be written in the logarithmic form

log D = Log[Rzl!zSO;] + K. {(3.6)
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Equation {3.,6) thus predicts that a log.-log. plot of the
distributien ratio D against the melar cencentration of
uncemplexed amine sulphate im the organic phase should give
a straight iine eof slope unity.

A study of the dependence of the distridbutiem ratie
en the consentration of uncemplexed amine sulphate in benzens
selution was carried eut by squilibrating the amine solutions
deseribed in experimental section 3.1 with six aquecus Fe(ILII1)
solutions which contained a constant melar strength of 0. 50M
total sulphate (see experimental sectien 3.1), and 4ron(1II)
concentrations of 0,001M, 0.,00%M, and 0,01M sach at pH values
of 1,00 and 2,03, The exact compositions of these solutions

are given in table 3.1,

The results of this study are shown in tables3.5 to
3.10, where values for the distributien ratios and
concentrations of uncomplexed amine sulphate at equilibrius
are given, In tables 3.5 and 3.8 the values for the
concentratiens of amine sulphate and bisulphate in the organie
solutions before the Fe(III) extraction experiments, and the
corresponding ratios of amine bisulphate to amine sulphate
are shown, These concentratiens of amine sulphate and
bisulphate were obtained from actual iren(III) extractioen
experiments by allowing for the amounts of Fo(III) extracted

as described in experimental section 3.J), and can be



Table 3.5

The Extraction of iren(III)

solution at pH 1,00,

from a solutions cont 0,001IM iron(IIT) initially at 1,00
wl, Fasal, Fuso), [msa] [0l Ftl v [Raso,
Initial  Initial Initial é”asOQ] Equilibrium  Equilibrium Uncomplexed at
Equilibrium
M M M Mx10 uxloh N
00,0040 0.0010 C.0020 2,00 9.85 0,287 0,029 0.,00097
0,0050%* 00,0013 0,0025 1,92 - - = =
0,0080 0,0021 0.0039 1,86 9.67 0,573 0.059 0,.0020
0,0100 0,0026 0.0049 1,88 9453 0.645% 0,068 0,0025
0,015%0 0,0039 0,0072 1.85 9,38 0.860 0,092 0.0038
0,0200 0.0051 0.,0098 1.92 9,18 1,07 0.117 0.,0050
0.0300 0,0076 0,0148 1.95 8.73 1,22 0,140 0,007%
0,0500 0.,0132 0.0237 i.80 8,73 1.58 0,181 0,0130
0.0600 0.0159 0.0282 1.77 8,50 1.65 0.194 0.,0157
0.,0800 0,021} 0,0371 1.73 8.33 1,86 0.223 0.,0212
00,1000 0.0270 0,0461 1.71 8.24 2,08 0,252 0.0268
# The initial amine conceniration refers to the concentration of amine in the
original solutions before conversion to its salts,
#%* This solutien was not used for extrzotion experiments with the 0.001M Fe(IIIX)



Table 3.6

€+ of olut
0,00 I 1
+3 +3

o], [re%], [re*?], b [rRHS0,),
Initial Equilibrium Equilibrium Uncomplexed at

3 3 Equilibrium

M Mx10 Mx10 M

0,0050 4,79 0.176 0,037 00,0011
0,0080 4,82 0.279 0.058 0.0018
0.0100 h,76 0,312 0,066 0.0022
0,0150 4,58 0.430 0,094 00,0035
0.0200 h,58 0,49k 0,108 0.,0046
0.0300 4,38 0,641 0,146 0.0070
0.,0500 k.23 0.817 0.193 0.0124
0,0600 4,14 0.879 0.212 0.,01%
0.,0800 4,05 0,981 Q.2b42 0.0204%
0,.1000 3.97 1,10 0,277 0,0259

# The initial amine concentration refers to the

concentration of amine in the original solution before

conversion to its salts,

of amine sulphate and bisulphate are shown in table 3.5.

The initial concentrations



Table 3.7
The Extraction of ;mn(III[ from ue elution

], [ [P, ® [R2t504],

Initial Equilibriuwm Equilibrium Uncomplexed at
M Mx10° Mx102 S

0,0050 9.h2 0,340 0.036 0.00096
0,.,0080 0,56 0.537 0,056 0.0016
0.0100 9.38 0,645 0.069 0,0020
0,0150 9.15 0.859 0,094 0.0030
0.,0200 8,77 1.06 0,121 0,2040
00,0300 8.68 1.36 G157 0.0062
0,0500 8.17 1.77 0.217 0.0114
0,0600 8,01 1,92 0.+2k0 o;oxuo
0.,0800 7.72 2.15 0.278 20,0191
0.1000 7463 2,29 0.300 0,0247

% The initisl amine concentration refers to the concentration
in the original solution before conversien to its salts,
The initial concentration of amine sulphate and bisulphate

are shown in table 3¢5



Table 3,8

The E ti of iron(IIl) from aque lutions
o 0,00 ron(III t . at pH 2,03
B, Basal. fuse), fmge) [0, [, v [Rasal,
Initial Initial Initial R'_..,sto,‘] Equilibrium Equilibrium Ugcomploxod at
quilibrium
M M M Mx107 Mx10> M
0.00k0 0,0016 C.0007k C.hé 0,609 0.380 0.624 0.,0012
0,0050 0,0020 C 0009k O.u7 0,564 0,430 0.762 0,0016
0.0080 0.0032 ¢,0015 047 0. 480 0.523 1.090 0.,0027
0,0100 0.0040 C.0019 C.u8 0.459 054l 1.185 0,0035%
0.01% 0.0062 0,0026 o.k2 0.403 0,609 1,511 0.0056
0,0200 0.008%4 0.0032 0.38 0,372 0.623 1.675 0.0078
0.0300 0.,012h 0,0051 0.41 0,356 0,702 1,972 0.0117
0.,0500 0.,0214 0.0072 0.34 0.313 0,673 2,1% 0,0207
0.0600 0,0260 0,0081 0.31 0.313 - 0,702 2,243 0.02%3
0.0800 0.0350 0.0101 0.29 0.302 0.723 2,394 0.0343
0,.1000 0.0L40 0.0121 0,28 0,282 0.723 2. 564 0,0433

* The initial amine concentration refers to the concentration in the original solutien
before c¢conversion to its salts,



Table 3.9

Extract [+ 111 n aAgue cluti
ont 0 M iron 1 ial 2

Bl P L 0 R,

Initial Equilibrium Equilibriums Uncoaplexed at
Equilibrium
M Mx 107 Mx10> M

0.,0050 4,00 "1.11 0,278 - 0,00089
0,0080 3.27 1,72 0. 526 0.0015
0,0100 2.91 2,08 0.715 0.0019
0.0150 2,22 2.81 1.266 0,0034
0.0200 1.85 3.19 1.734 00,0052
00,0300 1.50 3.58 2.387 0,0088
0,0500 1.30 374 2,877 0.0177
0,0600 1,24 3.92 3,161 0.0221
0.0800 1.19 3.85 3.235 0,0312

0,1000 1,15 3494 3.426 C,0401

* The initial amine concentration refers te the concentratien
in the original solution before conversion to its salts,
The initial concentrations of amine sulphate and

bisnlphate are shown in table 3.8,



Table 3.10

ol Y O R L [R50
Inttial Equilibrium FEquilibrium Uncemplexed at
Equilibrium
M ux10> Mx107 M
0,0080 7.68 2,08 0.271 0.0011
0.0100 759 2,5 0.335 0.0015
0.0150 6,29 3.83 0.609 0.0024
0,0200 3.19 h.92 0,946 0.0035%
0,0300 3.58 6.80 1.899 6 .00 56
0.0500 2,h2 770 3.182 0.0137
0.0600 2,22 8.06 3.631 0.0179
0,0800 2.1 8.06 3.766 0,0269
0.1000 1.99 8,09 b,063 0,0359

& The initial amine concentration refers to the concentration
in the original solution before conversien to its salts,
The initial concentrations of amine sulphate and

bisulphate are shown in table ).8,
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considered to be the concentrations of those salts in
equilibrium with hypothetical aquecus solutious of the above

compositions withcut Fe(III) being present,

The values for the ratics of amnine bisulphate to
amine sulphate present im the organic solutions before the
iron extraction experiments, as shown in tables 3.5 and 3.8,
appear to be reasonably constant for the lower concentration
amine solutions. There is, hovever, some deviation from
constancy for the more concentrated solutiomns, and this
deviation appears to commence within a region of concentration
of amins sulphate of about 0,008M to 0,008M, The decrease
in the maties of amine bisulphate to amine sulphate at the
higher amine sulphate concentrations suggests that the
equilibrium has shifted slightly to favour the formation of

amine sulphate.

This might be expected in view of the h:l.ghlmleeular
association of the amine sulphate which occurs in the solwvent
bensene, as described in Chapter 4, since we might consider
that a large melecular weight micelle &s forwed in an inert
solvent such as bensene is a mere stable configuratienm than
say the un-asseociated amine bisulphate molecule, whaose pelar

section is incompatible with the inert solvent molecules,

The formation of micelles in an organiec solvent

usually takes place at some critieal concentration called
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the "oyitical micelle concentration® orxr CMC, and hence at
concentrations ef amine sulphate which are below the CMC
ne deviatien of the ratie of amine bisulphate to amine
sulphats from constancy weuld be sexpected, Hence it
appears that the CMC for the amine sulphate in bensene
solution eccurs within the concentration range of 0,004 to
0.008M,

The amine sulphate micelle can bhe considered to have
a constant composition in a particular solvent over a large
concentration range, and therefore can be considered to have

a conatant activity,.

This devistion frecm the oxpectesd behavieur, which
appears to occcur at amine sulphate concentrations above the
*eritical -1e01;o concentration”, and which is probably due
to the approach of the activity of the amins sulphate micelle
te a constant wvaluse, vas again apparent in the iron(IIT)

extraotien results,

The plot of the legarithm of the distributien ratie
for iron(III) against the logarithm ef the concentration of
uncomplexed auine sulphate in the erganic phase is shewn in
figure 3.11. It can be seen that straight 1ines of
slope unity, as predicted by equation (3.6) are not
ebtained over the complets conecsntration range of uncomplexed
amine sulphate in the organic phase as expected, Straight
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Figure 3,11 Log D against Log [RZHZSOA]O for amine solutions in
benzene.
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1ines of approximstely unit slops are obtained, however,

for the work with aguecus solutions at pH 1,00 in the lower
amine sulphate concentration region. These straight lines
show considerable deviation from the expected bshavieur as

the coneentration of unoomplexed amine sulphate increases. This
deviation appears to commense in about the same amine sulphate
concentration region of 0.00AM to 0.008M as was previcusly
noted for the firest appearance of the deviation of the ratio
of smine bisulphate to amine sulphate from cemstancy, amd,
hence, is probably due to the same cause 1,6, that of

micelle formation of the amine sulphate.

Therefore the distribution ratio for Fe(III) sheuld
become independent of the concantration of uncomplexed amine
sulphate in the erganic phase as the concentration increases
above the “eritical micelle concentration", and, in fact,

this appears to be so as shown in figure 3.1l,

Equation (3.3) predicts that the distribution ratio
for iren(Ill) should be independent of the total concentration
of iron(IIl) present in the agqueous phase providing there are
no pelymerie species such as (r-aa);" present, The leog.=log.
piots showa in figure 3,11 for aqueous irom(IXI) solutiens
containing 0,001M, 0,005 and 0,010M iroa(I1II) initially, at
. pH 1,00 should, therefore, be superimposed, The curves,
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however, are not quite superimpcsed and there appears to be
a slight increass in the distribution ratio with S,an in
agueous irem(IIXI) concentration . This may be due to the fact
that the activity coefficients for aqueous iron(III) solutiens
are not comstant at constant acidity and at constant iomic
strength as has besn assumed iu obtaining equation (3.6), and
that the activity coefficients actually inerease slightly in
going from a 0.001M to a 0,01M Fe(III) solutien. Altermatively
the effect may be simply an experimental one due $o a slight
difference in the agueous acidities which is toeo small to rlter

the pH values significantly,

For the work with agueous solutiens at pH 2,03, the
result of plotting the logarithm of the distribution ratio
against the logarithm of the cencentration of uncomplexed
amine sulphate is even more interesting. The distridutiom
ratios are muech grevater than those obtained feor agueous
solutiens at pH 1,00 as shown im figure 3.11, vhich alene
suggests the extraction of a partially hydrolysed frem(IIX)
species from the agqusous phase, simce these species will be
pressat in much greatesr amounts at the higher pH wvalue,
Straight lines are agein obtained for low concentrations eof
uncomplexed amine sulphate, and the deviations ocbserved for

the study at pHH 1,00 are also apperent and commense in about
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the same amine sulphate concentration range of 0,004M to
0.,008M, as before., The slope of the straight line obtained
when using the 0,001M concentration irea(IIX) solution again
approaches a valus of sbout unity for awmine sulphate
cencentrations below the critical micelle wvaluse, However,
the slopes of the lines obtained for 0,005M and 0,01M aguecus
iren(III) solutione at amine sulphate concentrations which are
belov the "eritical micelle concentration" are much gz;aatcr

than umity and have vaplues of about 1.2 and 1,) respectively.

Equation (J.5) which describes the extraction of the
dimeric iron(II1) species (FeOHSO,),, can be written in the
logarithmic form as shown by equation (3.7) for the extraction
of iron(III) from aqueous solutions of constant acidity and
agqueous sulphate ion activity,

Log D = 2 Log [nzuzsod + X (3.7)
-]

Thus a log.=log. plot of the distribution ratio
against the concentration of uncomplexed amine sulphate in

the organic phase should give a straight line of slope 2,

The high values for the slopes of the lines obtained
using 0,005M aund 0,01M aqueous iron(III) esclutions at pH 2,03,

are therefore, dus to the participation in the extraction of
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the dimeric species (Foouso“) 2 vhose concentration is known
te become appreciable at high aqueous Fo(III) concentrations

and at high aqueous pH valuas’o .

The results shown in tables 3.5 =3.10 have bsen
obtained by examining the effect on the extraction of iren(III)
of changing the concentration of amine sulphate present in
the organic phase whilst keoping the composition of the
aqueous phase essentially constant, This has been done, for
aquesous solutions at two pH valuo-\“. It has already been
demonstrated that the extraction is strongly dependent on the
aqueocus pH walue, and that extraction actually inoreases with
increase in pH value, which is consistent with the extractien
of a hydrolysed iron(III) species. It is useful, however, for
comparison at a laterstage to consider an equatiom whioch
links the amine sulphate cencentration and the aqueous pH
valus, and whioh describes the extractien of Fe(III) from
aqueous sulphate solutions at a constant molar strength of
0.50M total sulphate over a range of amine sulphate

concentirations and pi wvalues.

At a constant ionic strength, and assuming that feor
very dilute iron(III) solutiens the activity coefficient of

iron(III) is unity, equation (3.3) can be written in the form
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D= x~°[“g_"ﬁ°ﬁ]; (3.8)
(=]

It should be pointed sut that the activity of the sulphate
ion will, of course, not be constant from one pH value to
another, dut will be directly proportional to the pH wvalue,
Hence the value for 1("' for the extraction using amine sulphate
dissolved in benzene, can be used for comparisen with the
value for the amine sulphate dissclved in chloxroform
providing that sgueous phases of identical composition axe

used,

Equation (3.8) can be written in the logarithmic

form,
Log D = pit + Log [ RH,80,], + Leg k' (3.9)

A plot of the legarithm of the distribution ratie
against (pH + Log [nznzso,‘]e) 1s shown in figure 3.12 for
cases shown in tables 3.5 - 3.8 vhere the log.,~log. plot of
the distribution ratie against the uncomplexed amine sulphate
concentration showed a first order relationship belew the
veritical wmicelle concentration®., The typical divergence
from the expected behaviour, as shown previcusly in figure

3.11, can again be seen at amine sulphate concentrations abuve



Figure 3,12 Log D against pi + Log [nzuas%] .for
o
amine solutions in bensene.

1. 0,001M Fe(IIX), pil 2,03
2. 0,01 M Fe(III), pH 1,00
3. 0,005M Fe(III), pH 1,00
4, 0,001M Fe(IIXI), pi 1.00
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the "eritieal micelle concentratien", however, the lines
shown in figure 3.12 all sppesr to converge to a common
straight line which is shown as a doited line, It can be
assumed, therefore, that the d&ttcd line describes the
extragction behaviour for smine sulphate concentrations which
are below the "eritical micelle comcentration®. The value
obtained for log K from this dotted line is 0.71, and

hence the extraction equation (3.9) cam be written as,

Log D = pH + Log[nz‘nzsou]e + 0,71 (3.10)

Equatien (3.10) thus deseribes the extraction of
the species roens_ob from agueous sulphate solutions containing
a eonstant molar strength of 0,50M total sulphate by
ai(3,5,5,trimethylhexyl Jazmonium sulphate dissolved in
bensene, providing the concentration of amdne sulphate is

below the Yeritical micelle concentration®,

2. jon Studies U - trime 1)=
amine sclutions in chloroform.

A study of the dependence of the distribution ratie
on the concentration of uncomplexed amine sulphate in
chloroform solutien was carried out by equilibration of the
amine sclutions described in experimental sectien 3.1 with

seven Fe(III) solutiens which contained a constant molar
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strength of 0.50M total sulphate (see experimental seetion
3.1). Four of these solutiens contained Fe(III) concentrations
of 0,001M and 0,01 each at pi values of 1,00 and 2,03, and the
other three contained 0,001M Fe(IXII) at pH walues of 1,46, 1.65,
and 1,82, The exact compositions of these solutiens are given
in table 3.1,

Di(3, 5, 5, trime thylhexyl)ammonium sulphate was found te
be noneaggregated in chloroferm solution and did net form
micelles, The aggregation properties of the amine sulphate
in various organic solvents are fully discussed in Chapter 4,
Since the amine sulphate does not form micelles in ehloroform
solution it was considered that in the iron(I1I) extractien
studies the deviations from the expected behaviour as found
with benzens as solvent for the amine sulphate would not ocour,
This was indeed found to be so, and gives considerable support
to the assumption that the deviations from the axpected
behaviocur which were found with bensens are, in fact, dus to

the melecular association of the amine sulphate in benzene,

The results obtained from the extraction studies are
shown in tables 3.11 - 3,16, In tables 3.11 and 3,13 - 3.15
the values for the concentrations of amine sulpbate and
bisulphate in the chloreform solutions before the Po(III)
extraction experiments, and the corresponding ratios of smine

bisulphate to amine silphate are also shown, The initial



Table 3,11

The Extraction of I solutions contai
0,00 F v _ i 00

2], [rRps0), [mase)], [msso [re*?], o], »  [rpso],

Initial Initial Initial RH,50,] Equilibrium Equilibrium Ug:;:gi;:;:.at
M M M ux10” mx10® M
0,0105 0.0031 0.004k 1.42 10,09 0.439 0,0k 0.0031
0.0211 0.,0062 0.0087 1,40 9.71 1,00 0,103 0,0061
0.,0h22 0.0119 0,0185 1.55 8.77 1.99 0.227 0.0117
0.0632 0,0186 0.0260 1,40 8.01 2.67 0.333 0,0183
0.,0843 0.0245 0,035k 1.k 7.41 3.13 0,422 0,0242
o.185h 0.0309 0,0437 1.4 6.89 3.69 0,336 0.,0305%

% The initial amine concentration refers to the concentration of amine in the original

solution before conversion to its salts,



Table 3,12

*[r], [re*], [re*?], D [Rp50,],
Initial Equilibrium Equilibrium Uncomplexed at
Equilibrium
M Mx10°> Mx10° M
0.0105 10,09 0,297 0.029 0,0028
0.0211 9.67 0.645 0.067 0.005%6
0,0422 9.15 1,36 0,149 0.0105
0.,0632 8.39 2,00 0,239 0.0166
0.0843 7.83 2,59 0.331 0.0219
0,105k 7427 3.10 0.h26 0.0278

# The initial amine concentration refers to the concentration
of amine in the original solution before conversien to its
salts, The initial concentrations of amine sulphate and

bisulphate are shown in table 3,11,



Table 3.13

'mle [Rasol,  [mse), [mse] [l [p], o [Ragsel],

Initial Initial Initial Ranzsoa Equilibrium Equilibrium Uncomplexed at
Fquilibrium
M M M Hxlou Mxloh M
0,0211 0.0072 0,0068 0,94 8446 2.15 0.254 0,0070
0.,0h22 0.01h42 0.0137 0.96 6.74 3.99 0,592 90,0138
0.0632 0.0213 0,026 0.97 5057 5.28 0,948 0.0208
0,0843 00,0283 0,0277 0.98 4.88 6.20 1.270 0.0277
0.105h 0.,0348 0.0358 1,03 h,12 6.97 1.692 0.0341

#* The initial amine comcentration refers to the concentration of the amine in the original

solution before conversion to its salts,



Table 3. ik

'[R]o [Rzﬂzsob] ° [ans oh]o [ml o ] [F.*S]A [F.ﬂ]o . [Rz“ 2 oh]o

Initial Initial Initial Rzgzsogl Equilibrium Equilibrium Uzz::gi;:;ﬁnat
M M M Mx10® sx10® M

0,023k 0.0092 0,00 50 0. 54 5.89 bo,73 0.803 0,.,0087

0,0467 0,0181 0.0104 0,57 41k 6.78 1.638 0.,0174

0.0701 0.,027h 0.0154 0,56 3.27 7.63 2,333 0,0256

0.0928 0.0363 0.0203 0,5%6 2,75 8.24 2,996 0.,0355

0.1168 0,0461 0.0246 0.5%3 2,60 8,63 3.319 0.0452

# The initial amine concentration refers te the concentration of amine in the original

solution before conversion to its salts,



Table 3,15

The Extraction of Iron{III) from agusous solutions
gontaining 0,001M Fe(IIT) initially, at pH 2,03.
+9 +3
ml,  Fasol, [use), [use] [0[RP v [mage],
Initial  Initial Initial |Rz“zs°u] Equilibrium Fquilibrium Uncomplexed at
Equilibrium
M M M uxm" nno" M

0.0113 0.0046 0.0021 0.U6 6,67 3.78 0.567 0.,0042
0,0226 0.,0093 0.0040 0.43 4,39 6.11 1.392 0.0087
0,0452 0.0185% 0,0082 0. Lk 2,55 795 3,118 0.0177
0.0678 00,0280 0.0118 O.h2 1.79 8.76 4,894 0.0271
0.,0904 0.0373 00,0159 0,43 1.45% 9,06 6.2L8 00,0364
0.1130 0.0466 0.,0198 0.5k2 1.23 9,42 0.045%7

7659

#* The initial amine zoncentration refers to the concentration of amine in the original

solution before conversion to its salts,



Table 3. 16

The Extraction of :I.mn‘III] from aqueous solutions
0,010M (11X 3 2,01,
+3 +3
fr],  [r*?], [re*?], D [R50, ],
Initial EqQuilibrium Equilibrium Uncomplexed at
Equilibrinum
M Mx10° Mx107 M
GC.0113 9.74 .52 0,156 00,0031
0,0226 8.10 3.12 0.385% 0,0062
0,0h52 5.39 5.87 1,089 00,0126
00,0678 3. 56 759 2.132 0.0204
0.0904 2.55% 8,63 3.384 00,0287
0,1130 2.08 9,38 &.510 0.0372

* The initial amine concentration refers to the concentration
of anine in the original seolution before conversion to its
salts, The initial concentratiens of amine sulphate and
bisulphate are shown in table 3.15,
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concentrations of amine sulphate and bisulphate were obtained
as described in experimental section 3.3, and, as has already
been mentioned in section 1, these concentratiens oan be
considered to be the concentrations of amine sulphate and
bisulphate in equilibrium with hypothetical aqueous solutions
of the above compositiens without Fe(III) being present,

The valuss for the ratios of amine bisulphats to
amine sulphate, as shown in the tables, are very constant fer
each pii walue and do not show the systematic variations found
with benzens as solvent, The values for the ratios increase
with decreasing pH showing that the amount of amine bisulphate
present in the mixtures increases with increasing aqueous

acidity.

A plot of the logarithm of the distribution ratie
for iron(III) against the logarithm of the uncomplexed amine
sulphate concentration is showm in figure 3.13. It can be
seen that Quite good straight lines are obtained for such &
plot, and that the systematic deviations shown in figure 3,11
for benzens are not evident, The slopes of the lines obtained
for the experiments using 0,.001M aqueous iren(IXI) solutiens
at pi values ef 2,03, 1.82, 1.46, and 1,00 are very close to
unity as predicted by equation (3.6). The dotted line shewn
in the diagram for an agueous solution at pH 1,65 has been



Figure 3.13 Log D against Log [nznzso,‘] for Amine
- ]

Solutions in chlozxoform

@—6—9 0.,001M Fe(III), pil 2.03
0—0—0 0,001M Fe(III), pH 1,82

—={-— 0,001M Pe(3IXI), pH 1.65

e—o—0 00,0014 Fe(XIII), pll 1.46
0—0—0 0,001M Fe(III), pH 1,00
A-—-A---A 0,01 M Fe(I1X), pi 2,03
A--O--A 0,01 M Fe(IXI), pH 1,00
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drawvn with a slope of omne through the point obtained in one
experiment using an aqueous solutien st this pH vaive. The
results obtained using 0,01M irem(III) soluticns at pH values
of 2,03 and 1,00 are also shewn in figure 3.13, and agoin,

as was observed with bensene as soclvent for the amine, there
appears to be a large increass in the slope of the line eobtained
at an aqueous pH of 2,03, The slope of the doited line
ebtained fer an aqueous 0,01M iren(IlI) solution at pH 2.0] is
about 1.4 which is a smch larger deviatien from the predicted
value of unity than can be acocouated fer by experimental errer,
This is again due to the extracotion of the dimeriec species
(r.o:{sc,.)z. which, as has already boea mentioned, is present

in appreciable smeunts in 0.01M Fe(III) solutioms at pH 2,03,

The large increase in the extraction of Fe(IXI) with
inerease in agueous pH valus, as feund in the work with bsnmene
solutions, can again be seen in figure 3.13. Good of al- in
their investigation of the extraction of Fe(IIT) from agueocus
sulphate solutions by several amines suggest that the effect
of pH ean be axplained as being dus to the increased formation
of the amime bisulphate at high acidities thus reducing the
sulphate "sites" available for coordinatiom to iren(III) in
the organic phase, The results showmn im figure J.13,
however, do met support this suggestion since the dependence

of the distribution ratie for Fe(III) om the concentration of
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amine sulphate in the organie phase has been sxaminod, and an
increase in the iron(1I1I) extraction is still found with

inerease in pH.

This increase in the extraction of irom(III) with
increase in agqueous pH can be better demenstrated by selecting
an arbitrary concentration of uncomplexed amine sulphate from
figure 3.17, and by obtaining the cerresponding distribution
ratios for each agueous pl wvalue. If we choose an amine
sulphate concentration of say 0,01M and plot the
corresponding logarithms of the distribution raties against
the aqueocus pH values a straight line is obtained of slope
very close to unity as shown in figure 3.14., Equstien (3.3)
predicts that, for the extraotion of the species romso,‘
from the agqueous phase, the distribution ratie should show
an inverse first order dependence om the aqueocus hydrogen
ion sctivity, or a direct first order depsndence oem the agueous
pi. The results shown in figure 3.14, thersfore, clearly
demonetrate the first order dependence of the distributien
ratio on the agqueocus pH, and hence give support to the
extraction of a hydrolysed iron(IlI) species from the agueous

tho

The suggestion, therefore, by Geod g_t_g?. that the
decreass in extraction with increase in aqueous acidity is

due to the formation of the amine bisulphate, whilst being
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Figure 3.74 Log D against aqueous pH value for an uncomplexed
amine sulphate concentration of 0,01M in chloroform.
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partly trus in that at high acidities the amount of amine
sulphate present will bLe ssmall and hence the extractien of
iron(IXII) will be low, is not necessarily the complete

oexplanation,

A plot of log D ageinst (pmm[nznzso,,] ) is shown
in figure 3.15% for the cases shown in tables 3,11 - 3,15 vhere
the log.-log. plot of D against [aznzso,‘]o showed a first
oerder relationship, The slepe of the straight line obtained
is unity snd the valus for leog K 1is 0,18, hence the
extraction equation, as deseribed by equation (3.9), can
be written as,

Log D = pH + Log [nzazso,‘]o + 0.18 (3.11)

It is interesting to compare the extraction equations
for the amine dissolved in benszene as» given by squatien (3,10),
and in chloroform as given by equation (3.11). It can be seen
that the value for the distribution ratio obtained for iron(III)
vhen usxing bensans as solveat should be about three times that
obtained when using chleroform as solvent preoevided the amine
sulphate eoncentration is delow the "critical micells
concantration® for bensens. However, at high eoncqntﬂtim of
smine sulphate in the erganic phase (greater than the
"eritical micelle concentration") much lewer values for the
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distribution ratic for iron(III) are obtained for the solvent
benzene than for chloroferm, due to the micelle formation of
the amine sulphate in benzens, A study, therefore, of the
effect of the solvent for the amine on the extraction can lead
to misleading results if aggregation occurs in a particular
solvent, and a concentration of uim‘ sulphate is used which

is above ths "critical micelle concentratien®,

A mere detailed study of the effect of micelle
formatien for several solvents for the amine is given in

Chapter 5,

The results of the equilibrium studies, al though they
do not give absolute proef of the extraction of partially
hydrolysed irom(III) species such as FeOHSO, and (reomso, ),

from aqueous sulphate solutiens by di(3, 5,5, trimethylhexyl)-
ammenium sulphate, e¢an certainly be explained by an extraction
theery which is based on.ths assumption that it 1‘: the
partially hydrolyssd iron(III) speeies which are extracted

by reaction. with the amine sulphate from the organie phase,

The compositiens of the bensens solutions obtained
after the Fe(III) extraction experiments, as described in
section B,1, which were used in the spectral studies are
included in tables 3.5=3.10, however, for convenience these
are given again in table %.17.



Table 3.17

Initial Fe(III) Aqu, pH Initial Amine Concn. uncomplexed Fe(IIX) Curve
ooencn, in Aqu. Conen, Amine Sulphate Concn, No. in
Phase - £ig, 3.16
M X M M
0,001 1,00 0.0040 0,00097 o.zs7x10'“ 6+
0.001 1,00 0.1000 0.0268 2,08x10™" 7
0.005 1,00 0.0100 0.0022 0.312x10" 5
0.005 1.00 0,1000 0.0259 1.10x10™> 9
0.01 1,00 0,0100 0.0020 0.645x10™> 2
0.01 1,00 0.1000 0.0247 2,29x10"3 8
0,001 2.03 0.0040 0,0012 0.38x102 I
0.001 2,03 0,005 0.0016 0.43x10"7 3
0.001 2.03 0.1000 0.0433 0.723x10™3 1

* The spectrum of this solution was measured in lem cells, all others were measured in

lma cells,
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The spectral curves of optical density against
wavelength for the above solutiens are shown in figure 3.16,
It ean be seen from the figure that an absorption peak eccurs
in the region 270-3&0-}1.. and in nearly every case there
appears to be a maximum at about 305-310m(. . There alse
appears to be a slight deformation of the smeoth curves
resulting in a shoulder at about 285-29:'-/.(,, but due to the
1imi ted number of experimental points in this region it is
difficult to say whether this is a true effect or not, If
it is, then the shoulder at 285-29&,“, is wmest likely due te

the absorption by the Feoi*Z

species, which, as has already
bsen discussed in section A 2,2 has an absorption maximum

The curves shown in figure 3,16 are very similar to
that shown in figure 3.6 for a solution of cemplex (I) in
bensene containing an excess eof the uncomplexed amine
sulphate which has a maxiwum at 305 m/ll, This maximum has
been suggested in section A 2,2 to be due to the species
r.soh”‘, or FQ(SO");; (or beth), This similarity im the
spectra is to be expected in view of the fact that the
solutions, whose speoirs are shown in figure 3.16, contained
large excesses of uncomplexed amine sulphate as ahswn in
table 3.17. These large excesses of uncomplexed amine
sulphate were present simply because the experiuental
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Figure 3.16 Ultra-violet spectra of the organic phases after
the Fe(III) extraction experiments. The legend
f'or the figure is given in table 3.17.
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conditions for the squilibrium studies described in sectiomn

8,1 were chosen so that the amounts of Fe(III) extracted were
negligible compared to the concentrations of the amine sulphate.
Hence, although the epectral examinatien of the organic

phases obtained from the extrsction experiments does not

show the presence with any certainty of the partially
hydrolysed species FeoH'? and (r.ou);"ﬁn the organic extracts,
this does not precluds the possibility that they are, in fact,

present,

The results of the spectral examination of the
organic phases after the Fe(III) extractiem experiments do,
however, fit in with the suggestiom that it is complex (x)

which is formed in the organic phase,

Good M?. on the other hand, have examined the
organic phases from their Fe(III) extractiom studies with a
primary amine dissolved in chloroform and have reported
an absorption maximum at about 300m{l. The spectral curves
obtained by them were quite similar toc those shown in figure
3.16, except that the maxiwum appeared to occur at a
slightly lover wavelength, Whiteker and Davidscn’, as
discussed in section A 2.2, have found that the Fe(50,)3'

species has an absorption maximm at about 300 =l at a
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slightly lower wavelength than the r.so,:l species which has

e maximum at 305-31&}1.

According to Goed M? the appearance of a maximm
at 300-,[1, in the spectra of their solutions is suggestive
of the existence of the spscies Fe(so,‘);l in the organic
phases, vhich agrees with their original suggestien that it
is this species which is extracted from the aquecus phase by
primary amines., It should be pointed cut that Good gt al.
have net investigated the effect, described above, of the
presence of excess smine sulphate in the organiec phass on
the speetrum, however, the somewhat lower maximum (300m[L)
obtained by them is prebably sufficient evidence to say that

the two systems are not strictly ammlogous,

The spectra of the aqueous Fe(IXI) solutions, which
were used in the equilibrium studies, and which had the
compesitions given in table 3.1 in experimental section 3.1
are showm in figure 3,17, It can be seen that there is a
large amount of abserptiea occcurring in the megion 270-
340m/l with a maximws at about J05mll o It is diffieult te
assign this abmorption maximum to either the P-SOI‘”‘ or
FO(SO“);I species, since, as has already been discussed in
section A 2,2, the separation between the individual peaks
is extremely small, It is probably sufficient to say that

the maximm occurring at about 305-/.(, in the spectra of the



Figure 3.17 Ultra-violet Spectra of the Acueous
Iron(III) Solutions Used in the

Extraction Experiments,

AJDe X—%X—X O0,001M Fe(III), pi 1,00 and 2.03
B. 0—o0—0 0,005 Pe(IIX), i 1,00
E. A—A—A o.005 re(III), gl 2,03
Ce e —o—® 0,01 Fe(III), pi 1,00

F. o—0—0 O0,01M re(III), pH 2,03

pure water blank, lmm cells,
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agqueous Fe(III) solutions is dus to iron(III)-sulphato-
complex spscies, The ,mr-go extinction coefficient for
solutiens A,B,D, and E shown in figure 3.17 is 2800, whieh
suggests that both the FeSOL' and Pe(s0,);’ species are
contributing te the spestrum since they have extinetiem
cosfficients of about 2200 and 3000 respectively.

The spectral curves for the 0,001N Fe{(III) solutions
at pi values of 1,00 and 2,03, shown in figure 3.17, are
superimposed, whereas for ths 0,005M Fe(III) solutions the
curve for the pH 2.03 solution shows a alightly higher
abgorption in the region ZGO-SMUIU.. than the pH 1,00 solutiom,
Vhiteker and Davidsem’ also found this in their studies and
suggest that it 1s due to the imoreased ameunt ef the Fed'>

species present in the pii 2,0) selution,

It is interessting to note that in the spectra of the
aquecus Fe(III) solutions which are known to contain

2 and (row);"

partially hydrelysed species such as FeGH'
therec is ne charatteristic peak or peaks associated with
these species, This is dus to the fact that they are hidden
by the very strong absorptions associated with the larger

amounts of the iron(III) sulphato-complex ions,



IV CONCLUS IONS

The results discussed in this chapter for the
extraction of Fe(1III) from aqueous sulphate solutiens by
the secondary amine di(3, 5,5, trimethylhexyl)amine do give
considerable suppert to the original suggestion of Baes’
that the extractien of Fe(III) from aquescous sulphate
solutions by a similar secondary amine, di-p=-decylamine,
invelves a partially hydrolysed species from the aquecus

phase,

The analysis of the complex isolated from the organie
phase is certainly consistent with the stoichiemetric formula
(nzmz)zrom(sob)z. vhere R is 3,5, 5, trimethylhexyl, and the
results of the extiraction studies can be explained on the
basis of the extraction of the partially hydrolysed specles

FeOHSO, and (Faﬂﬁsog)z from the aquesus phase,

An ultra~violet spectral examination of the complex
isolated from the organic phase has sstablished the presence
of the species FeoH'Z and (r.m);" in the complex, although
infra-red spectroscopy failed to show the presence of the
hydroxyl group. Howsver, the limitations of the latter for
identifying the metal-Oeil vibrational frequencies in a
system such as the one described here are also discussed

in this chapter,
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An ultra-violst spectral analysis of the organie
phases obtained from the Fe(III) equilibrium studies
demonstrates the pessibility of drawing incorreet conclusions
from such a study dus to the effect én the spectrum of the
extracted complex of the presencs of large excesses of the
uncomplexed amine sulphate in the organic extracts. Such
a study provided evidence for the presence of iren(III)-
sulphato-complex species in the organic phases whose
abserptions interfered with those dus to the Fc&i’z and

(FeOH) ;h‘m’.“ .

A molecular weight study of the isolated coemplex in
bsusene and acetons solutiens suggests sows associatioen in
these solwvents, and two strustures for complex (I) have been
propesed. Firestly, a chain-like structure similar te that
suggested by Sommer and rnmz" for the basic ferrie
acetate cation has been considered, and, secendly, a cyelic
trimer, as suggested by Orgolz’ for the basic ferric acetats

oation has been proposed,

The former structure is faveured, however, since the
ultra-vielet spectroscopic evidence is sasier to explain on

the basis of a linear configuration for complex (I).:

An infra-red spectroscopic study of 4i(3,5,5, trimethyl-
hexyl)ammonium sulphate has shown that there is extensive
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hydrogen bonding betwsen the protons attached to the
quaternary nitcegen atoms and the sulphate groups of the
amine sulphate noloeuioa. This interaction is considerably
less for the amine bisulphate and for the extracted Fe(III)

complex,

Although the results presented in this chapter give
support to the suggestion of the extractien of partially
hydrolysed Fe(I1I) speseies by secondary amines such as
ai(3, 5, 5, trime thylhexyl)amins and u-wm.' it is net
impossible that the extraction involves a different spocies
for a different amine type, and that the suggestion by
Good st al? that the species Fe(S0,)3' 1s extracted by a
primary amine is, in fact, correct, This also gives
considerable support to the suggestion that there are twe
reactions which are important in systems invelving the high
molecular weight amine salts, These are, firstly, the
adduct formation reaction, which is propesed for the
extraction of Fe(1IIl) from sulphate solutions by
di(3, 5, 5, trime thylhexyl)ammenium sulphate, as described in
this thesis, snd secemdly, the anien exehange reaction as

propesed by Geod _g_i__ﬁj
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THE AGGREGATION OV 'OI‘ 3: 3, i.TRIHE‘-TﬁYLIMYL!MONIUM SULPHATE
N V. 8 C _SOLVE .

I INTRODUCTION

The apparent comstant :etivﬂ;ioa of high meleecnular
weight amine salts dissolved in certain inert solvents, shich |
were first observed during the invesatigations of the extraction
of uranium from aqueous ulutiml' z. have been assumed te
be due to the molecular aggregation of the amine salts to
form micelles, Similarly the unexpected deviations from the
eimple equilibrium law described in Chapter 2, for the
extrastion eof sulphuric acid frem aquseus solutions by triene
octylamine and di-gedecylamine dissolved in benmens, as found
by um"" have also been explained on the basis of constant
activities of the amine salts dus to micelle formatien, The
smine salt micelles were considered te bave constant
compositions in the inert solvents, and, hence, as such

would have econstant activities,

The phenomensn has also been observed in the present
work and it has been shown (Chapter 3, results and discussion
section B) for the extrsction ef iren (III) from aqueeus
sulphate solutions by di(3, 5,5, trime thylhexyl)ammonium

sulphate dissolved in bensens that the extractioen appesars te
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become independent of the amine sulphate conecentration as

the latter ie increased, is, the activity of the amine
sulphate appeare to be appreaching a constant value, However,
when ehloroform is used as soivent for the amine sulphate

the effect is not apparent and the extraction behavieur is as

predicted by the theoretical equation,

It should be mentiened that the anomaleus behaviours
found by Allen and McDowell® for the extraction ef uranium (VI)
from sulphate solutions by trie-p-octyle and di-n-decylammonium
sulphates in bensene solution have been explainsd as being duse
to metastable conditions induced by the vigerous agitation
customarily used in extraction precedures, The results of
the studies described im this thesis, howver, suggest that
this is not so, since ne anomalous results were cbtained fer
the extractien of Fe (IXI) by di(3, 35, 5, trimethylhexyl)ammonium
sulphate dissoclved in chloroform using the same procedure for
mixing the phuses as was used for amins sulphate solutions

in bensene,

The above evidence gives censiderable support to the
assumption that micelle formation is respensible fer the
apparent constant activities ef the amine salts, since 1t
has beer found that the 4i(3,5,5,trimethylhexyl)ammenium
sulphate is highly zggregated in benrene solutien but net
in chloroform solutien. The high degres of aggregation of

the amine sulphate in benmene and the nen-aggregation in
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chloroform were determined by molescular weight measurements,

as desecribed in this chapter,

The molecular weight of the amine sulphate was also
determined in iso-amyl algohol solution and again no
aggregation or micelle formation was found to occur in this
solvent., Ac¢cordingly, as described in Chapter 2, the
extraction of sulphurie acid from agueocus solutions by
a1(3,5,5,trimethyihexyl Jamine dissolved in ise-amyl alcohol
was found to obey a simple equilibrium law as predicted, and
the systematic deviations found by A].lcn"k, for benzene
solutiens which he suggested were due to micelle fermation,
were not apparent,

In viewv of the vastly different aggregation properties
of di(3,5,5,trimethylhexyl Jammonium sulphate im the above
solvents and the apparent effect of such aggregation om the
extraction of Fe(III) a study was made of the aggregatiom
in various solvents in an attempt to determine the factors
influencing the formation of micelles. The study ie
described in this chapter.

Alkon‘ has investigated the aggregation of sowe

amine salts in bensene m lution using light seattering
measursements, and has found evidonce for high melecular
aggregation of certain of these, Di-n-decylammonium sulphate
was found to have a molecular veight of 28,000 corvresponding to
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an aggregate containing 38 monomer units, whilst the tertiary
axine salt tri-p-octylammenium sulphate appeared to be
monomeria, However, it should be pointed eout, as discussed in
Chapter 2, that Fomin _._g_g? disagree with this latter result
and suggest that tri-p-octylammoniws sulphate is aggregated

in bensene solutiom to some extent,

Another interesting observation made by Allon6 was that

the di-n~decylamsonium sulphate- uraniua (VI) sulphate complex
appeared to be monomeric in bensene solution, or in other

words the introduction of urunium (VI) into ths dbensene solution
containing di-p-decylammoniums sulphate broke up the amine
sulphate smicelles, A similar effect has been found in the
pressnt study, and, although the 4i(3,5,5,trimethylhexyl)~
amsenium sulphate is highly agzregated in benmeme solution,

the amine sulphate-iron(III) sulphate complex has a much

lower order of aggregation in the same solvent,

Alhn6 has also studied the viscosities of di-pn-decyl=-

armonium sulphate solutions in tensene containing either ne
uranivm (VI), or varying amounts of uranium (VI) up to
comple te complex formation of all the amine sulphate, He
has suggested that his results give additional evidence that
the introduction of uraniuwms (VI) into the amine sulphate
solution causes de-aggregation, However, it may be suggested
that this work does not give additional or independent

avidence for aggregation and de-aggregation, but merely fits
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in with the other evidence obtained by light scattering.
The limitations of viscometry as an independent evidence for
ageregation and de-aggregation are discussed more fully in

the results and discussion ssction 3,

The values for the molecular weight of di(3,5,5,trie
methylhexyl)ammonium sulphate in several solvents were
obtained using tweo metheds, light scattering, and the Signer
isopiestic method (Chapter 3, experimental section 2,3).

The use of these twe procedures for moleoular weight
determination was somewhat limited, and hence it was neot
pessible to obtain melecular weight wvalues in as many solvents
as vas desirable, however, the results which were cbtained
did show that the temdency of the amine sulphate to form

micelles was strongly dependent on the solvent,

II EXPERIMENTAL
1. Reagents
D trim ammoni 1

The amine sulphate was prepared as deseribed imn
Chapter 3, experimental ssctien 2,%, and was reerystallized
twice from acetous, The material used for the investigations
described in this chapter was the hydrated ferm

RH 50, . §H 0, where R is a1(3, 5, 5, trimethylhexyl)amine,
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D e b e

The amine bisuiphate was prepared as in Chapter 3,

experimental section 2,1,

So t

(1) Benszene:
"Analar" reagent grade purified as in Chapter 3,
experimental sectien 1,

(2) Toluene:
"Univar" anmalytical reagent grade shaken several times
with cone, sulphuric acid then with water, dried over
calcium chleride, and fractionated, Fraction boiling
at 110-111°C collected (B.Pt.110.6°C),

(3) T -chloride:
“Univar® reagent grade, dried over caleium chloride,
fractionated, and fraction boiling at 76.8°C eollected
(B.Pt.76.8%).

(4) chlorobenzene:
"May and Baker" yreagent grade, shaken several times
with conc, sulphuric acid, then w ti: water, dried over
calcium chloride, fractionated, Fraction boiling at
131,7°C  collected (Li.Pt.132.0°C),

(5) Tric roethyleres
"Townson aud Mercer" reagent grade, dried over
calcium chloride, fractionated, and fraction beiling

at 87.0°C collected (B.Pt.87.0°C),



210,
(6) chl oxm?
"Inivar® reagent grade, purified as in Chapter 3,
experimental section 1, Immediately before use, dried’
over calcium chleride, fractionated umder nitrogen, and
fraction boiling at 61,0°C collected (B.Pt.61.3%).
(7) 1soc=Amyl Algohol:
*B.D.H. " reagent grade which was specified to
contain 3-methyl-butanol with 15-30% of 2emethyl-
butanel, dried over calcium chloride, fractionated,
and fraction boiling at 130-132°c collected
(B.Pt.128-132%).
(8) Iso~Amyl Acetate:
*Analar” reagent grade, specified to contain 70-85%
3-methyl-butyl acetate and 15-30% 2-methyl-butyl
acetate, dried over anhydrous sodium sulphate,
fractionated, fraction boiling at 138-142°C collected
(B.Pt.198-142%).
(9) m-Decane:
*B.D.H.", reagent grade dried over calcium chloride,
fractionated using a fraection splitting head, and
fractions boiling at 174%, 174-176%, and 176-180%
collected (B.Pt.174%), |
(10) p-Octanol:
“Fluka puriss® specified to be >99% pure (B,Pt.193=

195°c). Used as received.
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(11) Di-iscbutyl ketone!
*Union Carbide" sample, dried over calcium echloride,
distilled under vacuum (B.Pt.169°C).
(12) Propylene dichlorides
"Union Carbide” sample, dried over calcium chloride,
fractionated, fraction boiling at 96-97°c collected
(D.Pt.96.8°C), |
(13) 2=Ethylhexyl chloride:
*Union Carbide™ sample, dried over calcium chloride,
distilled under vacuum (B.Pt.173°C).

(14) Hexyl cellosolve € H,,OCH CH, OHs

"Union Carbide®” sample, distilled under vacuum
(B.Pt.208°%C),

(15) Methyl isoeauyl ketones
"Union Carbide" sample, dried over calcium chloride,
distilled under vacuum (B.Pt.¥43°C),

(16) 2-athylhexyl aldehyde:
"Union Carbide" sample used as reccived,

(17) 2=ethylhexyl cellosolve:
"Union Carbide" sample, distilled under vacuum (B.Pt.=).

(18) icetones
"Analar" reagent grade purified as in Chapter 3J,
experimental section ¥, Used for recrystallization of
the d1(3, 5, 5, trimethylhexyl)anmonium sulphate only.
(19) Ethyl alcohol:
Reagent grade was refluxed over sodium hydroxide and
fractionated. The fraction boiling at 78=79°C was

collected, (B.Pt.78.5°C),



212.

The following solvents were also investigated but
the smine salts were found to bs insoluble in these.

Di-isoprepyl ether
Di-ethyl ether
R-Hexane

p-Heptans
Cyelchexans
Iso=octans
Cyclohexene
Tetrahydrofuran

Petroleum ather

Ni trobensene
Dioxan
2. Procedure
2.1 Light Scattering Measurements
lbexyl A um te
solutiens

Solutions of the amine sulphate in various solvents
wore obtained by weighing the solid directly into standard
volumetric flasks, and by making the solutions to volume at
25.0°C, The solvents used for the light scattering
studies were benzene, toluene, chlorobensens, trichloro-
ethylens, carbon tetrachleride, chloroform, and iso-amyl

aleoohol, and solutions were generally in the coneentration
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range of 0,010,222 g/ml,

For the light scattering measurements it was necessary
to remove as much dust as possible from the solutions since
traces of dust can lead to misleading results. Two msthods
were used for this, firstly, high speed ecentrifugation with
subsequent transference of tie solutions to the light
scattering cell by means of a dust free pipette, and,
secondly, by forced filtration under a positive pressure
of nitrogen of the solutions directly inte the light scattering

cell through a mo, 5 porosity ultra-=fine sintered glass filter,

All apparatus used for the above operations was rinsed
many times with dust free solvent, and the light scattering
cell itself was steamed for several hours before the light
scattering measuroments, The steaming procedure was carried
out be directing a jet of steam through a fine tube into the
upturned light scattering cell and allowing the condensed

water to continuously rinse out the cell,

The dust free pipette was fitted with a ground glass
Joint which enabled the tip to be placed in a glass jJacket

to protect it from dust,

Refractive Index Increment
The refractive index increment ?.vhere n is the
e

refractive index and ¢ is the concentration in g/ml, was

measured for two solvents bensene and iso-amyl aleochol using
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a double prism differential refractometer of the type
described by D.r-lmsa. Auoné measured the refractive
index increments for varieus alkylammonium salts, including
di-pedecylammonium sulphatae, in bensene selution and found &
linear relationship between An and concentration, so that
for various concentrations the refractive index increment
_E_! vas constant, In the present work only ene
co:ccntration of di(3,5, 5, trimethylhexyl)ammeonium sulphate

in each solvent was used and linearity was assumed,

It sheuld be pointed sut that n for the amine
sulphate in benzene solution was aettu;ll; negative, a
refractive index decrement being measured. This arese since
the refractive index of the solution was less than that of
the solvent itself. Allcn6 found similar negative
values for his alkylammonium salts in bensens solutien,
Since _%5 appears as a squared term in the mathematical
tnatm:t ef the results the negative value obtaimed for it

did not affect the molecular weight calculations in any way.,

The refractive index increments eor decrements for the
amine sulphate dissolved in the ether solvents used for the
light scattering studies were calculated using the Gladstone
and Dale rola.tionnhip9

31: - K, - ;;. K, (b.1)
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where K, = =1 ana K, = ”‘:|""l
dz d‘

d = density, n = refractive index, and X is a constant,

The subscripts 1 and 2 refer to the solvent and the pelymer
respectively. Hence by knowing dp feor the mmine sulphate
diasolvﬁd in twoe solvents, and by ghﬁwiag the refractive
indices and densities of those solvents, equation (ko1) can
be solved to obtain wvalues for dz' the density of the amine
sulphate and K, Thus B,, can be calculated fer any other
solvent previded the rstEitiv. index and the density of the
solvent are known, Stacey9 describas the use of the
empirical Gladstone and Dale relationship and states that
i1t may be used to calculate %f! values provided the highest

[
accuracy is not required,

The calculated wvalues fot'B,, are shown in table 4.1,
and were obtained using the valu:; measured iorx
6i1(3, 5,5, triuothyihuyl)amnfun sulphate selutions in benzene
and iso-amyl alcohel, which are alse shown in the table,

10

Literature wvalues were used for the refractive indices

and densities eof the solvents,



Table l.1

Valuss of % for varieus di(3, 5,5, trimethylhexyl)ammwonium

sulphate selutiens.
Selvent %g
3
Benmens 0,0 5he
Toluene =0 ,0l8
Chlerebenzene =0,092
Trichloro-e tﬁylm -0,016
Chloroform 0,029
Iso-amyl alecshol 0,094
Carben Tetrachloride 0.006

% meesured values,

The value of «0,054 found fer benzens is similar
to ths wvalue of =0.0594% found by Ailon‘ for

diep=decylamnmonium sulphate,
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It should be pointed ocut that since the intensity eof
scattering from a particular pelymer solution is a function of
the square of the value for )n s most accurate results are
obtained when the value for : is quite large irreapsetive
of ite sign, Hence, light s:attcring moasursments cannet be
used for molecular weight determinations for solutions with
very small refractive index increments er decrements, Suech
was the case with amine sulphate selutions in carbon tetra-
ohleride which had a %%vnlm of 0,006, since, although it
might be expected that the auwdne sulphate is highly aggregated
in this solvent on the grounds of its low dielectric constant
and dipole moment, the intensity of the acattered light was too
small to be measured. Similarly litile reliance could be
placed on the light scattering results for chloroform, and
trichlorosthylene golutions of the amine sulphate since ths
refractive index increment value for the former solvent of
0,029, and the decrement valus of 0,016 for the latier werd
too small, in view of the small particle size in these
solvonts; to give scattering intensities high enough te
measure accurately. On the other hand seolutions of the
amine sulphate in isc-amyl alcohel, which alse contained
very small particles, had a high refractive index increment

(0.094), and thus gave high scattering intensities,
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The method was therefore severely limited to cases
wvhere large valuea for the refractive index increment or

decrement were obtained,

light secattering measurements and Molegular
Measuresents were made using a Peaker light
scattering apparatus (Polymer Consultants Ltd.), and values
for ry were obtained at angles of 140°, 135°, 120°, 105°, 90°,
and k5%, ¥y 1is the ratic of the intemsity of the ssattered
light to the intensity of the incident light, where O is the
neasuring angle, The light scattering cell was the same as

that described by Da.rakuua.

In a system such as the one described here, where
we are dealing with spherical particles of fairly small sisze,
optical (45°/135%) symmetry is expeeted, however, althaugh
this was found to Be the case for the pure selvents, high
dissynmetry values were obtained for certain of the amine sulphate
solutions due to the presence of traces of dust. The dissymmetry

is equal to the ratio ’5; .
135

In view of this, light scattering measurements were

made at high angles(140%, 135°, 120°, and 105%), and values

for r90 were calculated from each re value using the expression

Yoo * re. 5199 (k.2)
14-00529
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The limiting value for was thus obtained and used in the

T90

molecular weight calculations, The values were ceirrected

r
e
for emech measuring angle te allow for scattering dus to the

solvent,

It should be pointed eut that the pressnce of traces
ef dust in the solutions has an almost negligible effect at
high measuring angles, since dust tends te scatter the 1light
back in the directien of the ineidont bHeam, and hence has a

very large effect at low measuring angles.

The Rayleigh ratio “99 was calculated using the

expression,

2
R” - i.'.‘v° n r9° U‘oj)

vhere Ce is the calibration constant for the instrument arnd n

is the refractive index of the solvent,

The calibratien constant was ebtained using pure

benzene and a Rg, valus eof 16:10-6 as given by Alloaé.

In actual fact the expression involving the melecular

weight, as given by equation (4.4), coentains the term (<S-) *
R
90 e
which is the limiting ratio of _g_ as the concentrmtion c in
R
90
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€/ml appraaches zero, ‘Therefore values were calculated for

¢ and were plotted against concentration and the resulting

90

curve was extrapolated to mere concentration to give the

limi ting xatio (__9_) e This ratio was then used to calculate
T

90 e
the value for (ng ) with the aid ef equatien (4.3).

90 e
The molecular weight was then nbtainsd using

equation (4.4),

K x (Rj—)o = (k)

4

where ¥ = molecular weight

snd K = 217 m)?z @3)2 (4e5)

n = the refractive index of the solvent ebtained

from the l:l.tornturom.

?rn = refractive index increment or decreuwent,
(&

Ne = Avogadro's Number,

N = wavelength of the imcidont light.

It is assumed that in this simple aystem the solute
viz. di(3, 5,5, trimethylhexyl)amsmenium sulphate is moenodisperss,
ard that sach aggregate particle or wicelle has the same
melecular weight M, In fact, Alioné has found svidence to
suggest that this is indsed so, and hsnee the¢ above

sssumpiion seems reasonable,
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The Light scattering measurements were made using
ineident light of wavelength Shéa/L. as used by A110n6 who
found that at h36q‘L somo of his compounds exhibilted

fluoresoence,

In most of the light scattering experiments
involving highly aggregated solutions the dspolarization due
to the solute was fourmd to be very small, however, for iso-amyl
alcohel solutiens of the amine sulphate the depolarization was
appreciable and corrections wers made to the p values by
using the follewing expression (4,6) for calculating T90

instead of eguation (4.2),

(4.6)
r9o-r e Ee
6 1+ (%Egﬁ)cesae

The depolarization ratie p, vas obtained by
measuring the seattered light at 90° using a sheet of pelareid
in the horisontal and the vertical peositiens, and by
ealculating the ratio of the intensity of the horisontal

compenent to the intensity of the vertical comperent.

For pure benmene the valus obtained for p was 0. k1,
which is in excellent agreement with the literature value of

0.41 to 0,43 as given by Staeoy’.
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It should be noted that the dspolarization raties
for the amines sulphate soiutieons were corrected to allow for
the depelarizmation due tu the solvent, and hence were the

depolarization ratios dus to the solute,

2.2 Ipeplestic Molecular Veight Detexminatiens

The molecular weight of the di(3,5, 5, trimethaylhexyl)-
ammonium sulphate in chlereform and ethamel sclutions, and that
of the amins bisulphate in benszsne solutien were determined by
the Signer methed described im Chapter 3, experimental section
2.3. This method for melecular weight determinatien although
convenient t¢o use is limited to cases where the mslecular
weight is of the order ef a few thousand wmelecular weight

units, and to solvents whose wvapour pressures are quite large,

2,3 Yiscosity Measurements

Viscometric studies for all the scolvents except
sthanol and acetone described in section 1 above in which the
amine sulphate was found teo be gsoluble weve made using twe
Ubbelehde visacmeters, one for low viscosity solwvents and the
other for wery viscous solvents, The viscouetry runs were
carried out by firstly pipetting a knewn velume of the solvent
inte the viscometer, and by measuring the solvent flow time,
Known volumes of an amine sulphate solution were then added

to the pure solvent in the viscometer so as to give solutions
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which were gensrally in the rangs of 0.002«0.,020 g/ml. The
flow times of these solutions !‘r‘ measured to within 0,1 see,
and were generally in the range of 100300 sec, The
viscometer was thermostatted at 25,0°C, All solvents and
solutions were filtered through ultra-fine filters, as
describad in sectien 2,1 to remove dust prier to the viscosity

moasurements.

Several concentrations of the amine sulphate in each
solvent were used and the viscosity ratlos A were obtained
be relating the flow time of the solutieon toatho flow time of
the lolv‘nt.ﬁ\ and 7\° are the viscesities of the selution aml
solvent respoctively, Specific viacositioa‘q'p wore obtained

using the expressien

"\.p - (1\""\0) (507)
Mo

and viscosity numbers 1)_52 were calculated by dividing the
specific viscosities by the concentrations of the amine
sulphate in g/ml, The limiting viscosity number, which is
still often tirnod the intrinsic viscosity, is thus given by

the expression,

M- 25 ANe] - 23.ge o)
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It has been attempted in this chapter, as far as
possible, to follow the most recently recommended terminolegy

for viscosity relationships, as described by Ouyon'',

Lg RESULTS AMXD QISCUSS;ON
1.  Light Scattering Studies
The wvalues for _g for various csoncentrations of
r
~ 90
di(3, 5, 5, trimethylhexyl)amsonium sulphate in benzene, toluens,
chlorobenzene, and iso-amyl alcohol are shown in figure 4,1,

and by extrapolation to infinite dilution the values for

( (-} ) have bsen obtained. The values for tie constant K,
T90 o
described by equation {4,5), and the molecular weight values

were calculated, as in experimental section 2,1, and are shown
in table 4.2, The Agsregation mumbers N refer to the numbers
of basic units associated with the micellar particles, aﬁd were
calculated using tiie molecilar weight valus of 646 for the
monomeric formula nzuzso,‘.iﬂzo, where R is di1(3,5, 5, trimethyle
hexyl)amine,

=8

The values for K and N of 2,426xt0 and kW8

respectively for the anine sulphate in bensene sclution agree

quite well with the values of 2,92 x ,0-8

and 38 which were
obtained by Allen§ for benzene solutions of the fairly similar
salt diep~decylammonium sulphate, and show that these salts
are highly a~r regated in benzene solution. In fact, the
solution of &i(3, 5, 5, trimethylhexyl)ammonium sulphate consists

of aggregates or micelles whieh contain 48 monowmer units,.
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Light scattering data for various di(3,5,5,trimethylhex;yl)—

Figure 4.1
smmonium sulphate solutions.



Light scattering Data for di!1.§.§.tr1methxlhe§zl]ammoniun Sulphate

utions in various solvent:
s - i 12 13,14
olvent Refractive ( (-] ) Depolarization K MW, Agrreg. Dielect, Dipole
Indcxlo** r90 o - xloa No, Constant “oment
a N

Bensene 1,50112 0.220 <o,04 2,426 131,230 48 2.28 o
Chlorobensene 1,52421 0,215 <0.03 7.268 11,010 17 5471 1.6
Tolusne 1.49693 0.230 <0,03 1.907 37,810 59 2,38 0.4
Ico-Amyl 1.40853 3.80 ¥ 0,30 6,467 598 1 15.30 1.7+

Aleshol

* This value is given by Le F;v1013 for a homologous series of aliphatic
alcohols,

#%  These values are at 20°C axcept for Iso~Amyl Alcohol which is at 1590.



2z0,
It should be pointed out again at this stage that
it has been assumed, in this work and supported experimentally
by Allcné, that the alkylammonium salts are monodisperse
and that tie ag:regated particles, or micelles, are almost
spherical in sthape and are of uniform size throughout the

solution.

The shapes of the _¢_ against ¢ plots for the
T90

amine sulphate dissolved in toluene, benzene, and to a lesser
extent in chlorobenzene, suggest that the size of the micelle
is inereasing with concentration, This could be due to
either an increase in the aggregation number N by the
coalescence of individual micelles to form larger aggregates,
or to the clumping together of individual micelles, with
each retaining its initial size, aa their number becomes
greater with increase in amine sulphate concentratione
Howover, the curves shown in figure 4.1 do appear to
approach straight lines at low amine sulphate concentrations,
and hence it has been assumed in this work that the micelles
clump together rather than coalesce as the concentration
increases, and tiat the size of the individual micelles

reunaing the samé,

It can be seen from table 4.2 that the size of
the aggregate particle is very dependent on the solvent for
the amine sulphate, and, in fact, in iso=-amyl alcohol solution

thie amine sulphate is non~aggregated. The molecular weight
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value in isc~amyl alochol is somevhat less than the menmomeriec
wvalus, which is probably due te some dissociatien, In
chlorobensene the aggregate sise is less than that fer
benzens showing that some de-aggregation has occeurred, heowever
in tolusns the amine sulphate forms larger aggregates than

in benzense,

The values for the dspelarization ratie Py shown
in table h.i, are interesting, since therse appears te be
negligible depelarization uccurring in solvents in which the
amine sulphate forms aggregates, however, in isc-amyl alechel
in which the amine sulphate is nen-aggregeted the depelarisatien
is gquite large. A similar effect was found by Allon‘. and
benszene solutions which contained large aggregates showed
very little depelarization, wheroas bensens solutiens which
gontained nen-aggregated eor only slightly aggregated
particles showed a very high depelarisation, From this we
can gain some knouwledge as to the shapes eof the particles
present in solutien, The low depolarisation raties
obtained for solutions containing micelles suggests that they
are in fact symmeirieal and hence spherical, whereas the
high depolarisation ratio for iso-amyl alcohol solutiens
suggests that the nean-aggregated amine sulphate malecule
is extended linearly with the nitrogen atom at ene end and

the alkyl ohains attached in & tail~like fashien,



The nature of the micellar particle can be censidered
te bo gquite analegeus te that described by Auon‘ for
di-pn-decylammenium sulphats, He pictures the micellar '
particle as an inverted Hartley micelle, with the nen-pelar
alkyl chains en the outside and with the sulphate heads and
the associated water en the inside eof a roughly spherical
configuratien, The micelles are considered to be relatively
stable, and this stability ean be accounted for by hydregen
bending betwsen the protons attached te the quaternary
nitrogen atoms and sulphate groups asseciated with nsighbeouring
amine sulphate molecules, It sheuld be pointed out that
the bonding in a micellar particle may be quite none-specific,
and that intersolecular hydregen bond formation is net a
necessary criterien for micelle formation, howsver, in the
present case in view of the infra-red speectroscopic evidence
for extensive hydregen bonding in the amine sulphate, as
deseribed in Chapter 3, results and discussion section A.2,1,
it seems highly probable that this is respensible for ths
stabilisation of the micelle in nen-polar solvents ef

negligible hydrogen bonding ability,

It has alrveady been mentiened in Chapter 2, results
and discussion sectien 1.1, that the alkylammonium salts are
*"gseap=like” in nature, consisting of polar and nen-pelar

sections, and that the behavieur ef socaps in selutions with
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erganic selvents is strongly dependent on the nature of the
selvent, Ip alochel, soaps are melecularly dissolved because
the alcohol molecules have seme affinity feor the pelar and
non-pelar sectiens of ths soap molecules, and can solvate
both, On the ether hand in a nonepolar solvent, such as
benzens, thers is streng solvatien of the hydrocarbon chains,
but no interaction of the polar "heads" with the solvent
melecules, Consequently, the pelar “"heads" are pushed out

ef solution, and micelles are formed with the pelar groups
turned to the inside of the micelle,

In view of the similarity between soaps and the
alkylammenium salts it is not surprising, therefore, teo find
that micelle formation occurs with ai(3,5, 5, trimethylhexyl)-
smmenium sulphate in inert solvents such as bensene and
tolusne, since the polar sulphate groups are quite
incompatible with the solvent, However, in iso-amyl
alechel solution which is a very pelar solvsant, the pelar
sulphate groups are solvated by ths solvent, and hence
micelle formation does not oeccur, Also the interaction of
the alcehol molecules with the protons attached to the
quaternary nitrogen atoms and with the associated sulphate
groups prevents the formation of the micelle stabilising

inter-melecular hydregen bonds, In & solvent such as
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chlorobensens which is a more pelar selveant than bensens or
toluens but which is less pelar than iso-amyl alcohel it has
been shown (table 4,2) that micelle formatien does occur but
the size of the micellar particle is lesas than those for
bensene and toluene, In this case the pelar sulphate groups
of the amine sulphate are mere cempatible with the solvent
chlorobenzens than with say benzene but are net compatible
encugh to prevent the sulphate groups from trying te "escape”
from the solvent by forming micelles, Alse the interaction
betwesn the solvent and the protons attached to the quaternary
nitrogen atoms, although it brings about some de-aggregation,
is not strong enough to prevent completely the stabilization
of the micelles by inter-molecular hydrogen bonding between

amine sulphate melecules,

26 estie M h @ Determ i

The results of the Signer isepiestic meolecular wéight
determinations for di(3, 5,5, trimethylhexyl)ammenium sulphate
disse lved in chlereform and ethanel are shewn in figure 4,2,
where the caleulated melecular weight values (calculated as
in Chapter 3, experimental sectien 2.,3) are shewn plotted
sgainst equilibration time, The appreach of the systems to
equilibrium can be seen, and the equilibrium melecular weight
values obtained were 1030 ind 50% respectively for chloroform

and ethanel solutions, The value obtained for ethanol is
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Figure 4.2 The determination of the molecular weight of di(j,S,fj,tr.imethylhexyl)-
ammonium sulphate by the Signer isopiestic method.
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lover than that for the monomeriec formula as was found
previously with iso-amyl alcohol solutions, and hence

again there is probably some dissociation of the amine
sulphate occurring in this high dielectric constant solveat,
The value for the amine sulphate in chloroform solution is
greater than that for the menomeric formula and this
indicates solvation of the smine sulphate molecule by thlo
solvent, In fact, the solvated melecule contains about three

molecules of solvent per amine sulphate molecule,

The most significant feature about the molecular
veight valus for the amine sulphate in chloroform eclution
is that it shows that there is no micelle formation in this
solvent even though it is a slightly less polar solvent than

12

chlorobenzene, having a dielectric constant = of 4,81 and

a dipole mont13 o314

of 1.1 compared to those of 5,71 and
1.6 for the latter solvent, This is surprising since some
agzregation has been shown to oceur in chlorobensene solution
and hence we might expect soms aggregation to occur in
chloroform solution. There is evidence'” that chloroform
can form hydrogen bonds with certain basic groups and that
the C=H group im the chloroform molecule can serve as a
hydrogen bonding scid, Thus it ean be suggested that
chloroform can form fairly weak hydrogen bonds to the
sulphats groups of the amine sulphate molecules, It can

also be suggested that there is some interaction between
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ohleroform via the chlerine atoms with the protons attached
to the quaternary nitrogen atoms, The absence of micelle
formation of the amine sulphate in chlereforwm solutien is
probably due teo a combinatien of thess two effects, The
fairly weak intersctions between chloreform and beoth the
sulphate groups and the quaternary ammenium groups ef the
amine sulphate melecules are probably sufficient te offset
the micelle stabilising inter-melecular hydrogen bonding

between the amine sulphate melecules,

The melecular weight valus found for the amines
sulphate in ethansl solutien is analogous to the value found
for iseo-amyl alcohol as solvent, and shews that in these
highly peolar selvents, which have dielectric eomtant-l'z
of 24,30 and 15,30 respectively and dipole moments of 1,7%,
there is strong solvation of the polar and nen-polar groups

of the amine sulphate melecules,

It has been shewn in Chapter 3, results and
discussion section A,3, that the Fe (III) cemplex(I)is not

highly aggregated in benmens selutiem which is surprising

%* This value is given by Le l"o'«'ro13 for a hemologous series

of aliphatic alcochels,
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in view of the high aggregation of the uncomplexed amine
sulphate in this solvent. The reason for this is dus te
oither much weaker, or the complete absence of, inter-
molecular hydrogen bonding, resulting from an electronic

or stereco~chemical affect, between the protons attached

to the suaternary nitrogen atoms and sulphate groups
associated with neighbouring amine sulphate molecules. In
fact, this suggestion is supported by infra-red spectroscopic
evidence as described im Chapter Jj, results and discussion
section A.2.1., In complex (I) the octahedral configuration
of the Fe(III) ion prevents the amine sulphate molecules
from approach:l.ng'clm enough to form inter-molecular
hydrogen bonds, and hence stable micelles cannot exist,

The molecular weight value found for the amine
bisulphate in benzene solution was &,336, which is consistent
with an aggregation mmber of about 12 monomeric amine
bisulphate units, It can be seen that the extent of the
aggregation of the aminre bisulphate in bensene sclution is
congiderably less than that of the amine sulphate in the
same solvent (shown in table §,2), and this must be due to
the weaker interaction between the protons attached to the
quaternary nitrogen atom and the bisulphate smion, In faet,
the infra-red spectroscopic evidence (Chapter), results and

discussion section A 2,1(a) ) supports this suggestion, and
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the weaker interaction must result in less extensive

inter-melecular hydregen bending.

3» Yiacosity Measurements
The Einstein hydrodynamic thoory16 fer an

infinitely dilute suspension of spheres predicts that the

viscosity should obey the following equatien,

T o1e2s0 (4.9)

Mo

Where ’7\ and q\ are the viscosities of the solution and
°
pure solvent respectively, and ¢ is a hydredynamic volume

and is the volume fraction of the suspended spheres,

Since d) is a hydrodynamic volume it is independent

of thes particle size,

The Einstein theory is simplified by the assumptien
of infinite dilution since the particles of such a solutien
are separated by an infinite distance, and hence the
disturbance of the flew pattern of the solvent by a given
particle does not overlap with the disturbance of flow

caused by the presence of a second suspsnded particle,

In the accessible range of concentration, however,
there is always soms interaction which increases the viscosity
sbove its limiting value at infinite dilutien, There are

various types of interactions:
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(1) Hydrodymamiec interaction which arises from the
overlap of flow patterns to two or more particles, Actual
contacts between particles result in the temporary formation

of doublets or higher aggregates.

8 which lead to an

- (2) Electrostatic interactions
electroviscous effect, In the present case where we are
dealing with micelles of the type discussed above in section
1., in organic solvents, where the particles are considered
to have an outer layer consisting of the long chain alkyl
groups with the charged groups en the inside of the micelle,

ve can assume that the particles are essentially uncharged, and

hence there is no eleetrovisceus effect.

The viscosity can now be represented as a polynomial
expression (eguation 4,10), and as the concentration of the
suspension increases, the degres of the polynomial must
increase, to obtain a sufficient description of the

experimental concentration bshaviour,

2
1_\__ = 1 + l¢ + kl(.¢) + kz(.¢)3 ¥ sesnsrcne (k.lo)
Tl
For spheres "a" has the value of 2.5, however, for
non-spheriecel suspensions "a” has a greater valas than this

and depends on the shape of the particles,
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In terms of the specific viscosity and the
1imi ting viecosity number or intrinsic viscosity based on

volume fractions ['7] ]¢ , the expression becomes,

7352 -['r\]d) . k][n]¢2)¢+ kz[ﬂ]¢?.¢2+.......... (%.11)

kl.kz......otc. are dimensionless interaction
coefficients independent of ¢ s and their wvalue depends on
the shape and flexibility of the interacting particles and
is made up of contributions from the various types of

interactiens which may be present in the system,

Alloas has made a viscometric study of di-n-decyl-

ammoniwm sulphate in several bensene solutions and has
studied the effect on the viscosities of the introduction
of uranium (VI) into these solutions. Allen plotted the
viscosity nmumbers T}_s_g against concentration and
interpreted the docr:an in the limiting viscosity number
['7\] and the slope of the viscosity plot with increase in
the amount of uranium (VI) present in the benzens solutions
as being independent evidence for de-aggregation of the
amine sulphate, Hovever, this is not strietly correct

since if we assumze that the micelles are spherical, then,
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as ve have seen abowve, the viscosity becomes independent
of marticle size. Henees, Allen's results cannot be
interpreted directly as being independent evidsnes for
de-aggregation, but can be explained on the basis of change
in the hydrodynamic volume ¢ s Or volume fraction of the
particles, and hence be said to fit in with his results

obtained from light scattering studies.

It has already been nont:l.onot.l that for spheres
the hydiedynagic volume is independent of particle size,
but it is, naturally emough, dependext on the solvation of
the particles. Solvation in this sense includes both

chemically bound solvent, and entrapped solvent,

Aoccording to Allon,s. as has been discussed in
section 1, above, the micellar particle can be best
plectured as an inverted Hartley micelle with the non-polar
alkyl chains on the outside and with the sulphate heads and
the assoeiatsd water on the inside of a roughly spherical
configuration, In addition the present studies have
glven evidence for stabilisation of the micellar particle
by inter~molecular hydrojgen bond formation between the
protons attached to the quaternary nitrogen atoms and
neighbouring sulphate groups, and hence the structure of
the micelle can be considered to be fairly rigid, A

structure for the micelle such as the one described above
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would therefore have the ability to entrap eonsiderable
quantities of the solvent within the nucleus of the particle
iteself, and the quantity of this entrapped solvent would
almost certainly be depsndent on the sise of the micellar
particle. The resulting effeect is, eof course, an increase
in the hydrodynamic velume ¢ and consequently an increase
in the viscesity.

I¢ is net surprising, therefere, that A.u.en6

obtained very high viscosities for di-n-decylammonium
sulphate solutions ia benssne, since he demonstrated by
light scattering measuresents that micellss were formed in
this solvent, On the oether hand he found, alse by light
scattering measurements, that introduction ef uranium (VI)
into the bensene solution of the amine sulphate caused
de~aggregation of the amine sulphate; and that the pure
amine sulphate-ursnium (VI) sulphate complex was, in fact,

menomeriec.

Upen de-aggregatien ef the amine sulphate the
large amounts of solvent vhich had previeusly besn entrapped
by the micellar particles would be released, and the
resulting monomweriec amime sulphate-uranimm (VI) sulphate
complex would peseibly have eonly ene or twe soclvent molesules
bound te it, The net effect would be a decrease in the
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hydrodynamic volume ¢$ and a subsequent decrease in the
viscosity, Allon6. indeed, found this to be se and
observed a decrease in the viscosity upen de-aggregatioan of

the amine sulphate,

This effect has also been observed in the present
studies. The viscosity numbers for solutiens eof di(3, 5,5,
trimethylhexyl)ammenium sulphate dissolved in several selvents
are plotted against the cencentration in g/ml in figure 4.3.
It can be seen from the figure that there is a very large
increase in the viscosities in geing frem pelar selvents such
as ise-amyl alcohol and pn-octanel fer the amine sulphate to
inert nen-pelar solvents such as carbon tetrachloride, toluene,
and bensenes. In faet, this increase in the viscesities
appears to be in the order of aggregate size for solutions of
the amine sulphate in the selvents used for light scattering
studies, and the straight line obtained for the viscosity
numbers zgainst cencentration for toluene solutions, which
have been shown to contain the largest aggregates, has the
largest slope and highest limiting viscosity number (or
intrinsie viscosity). On the other hand the line obtained
for iso-amyl aleohel selutions, which have been shown teo
contain nen-aggregated particles, has a npgligiblo slope and

the lowest limiting wviscosity number,

In view of the results obtained by A110n6 the

viscosity results shown in figure 4,3 are to be expected, and
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the same explanation as given above for his results can be
used in the pressnt case. The higher limiting viescosity
numbers or intrinsic viscosities obtained for di(3,5,5,tri-
methylhexyl )ammonium sulphate solutions in which it is kmown
that micellar particles exist, are dus to the increase in the
hydrodynamic volume ¢ of the particles and this is caused by
the entrapping of large amounts of the solvent within the
micolle, On the other hand the lower wviscosities of the
amine sulphate sclutions containing non-aggregated particles
are due to the much smaller hydrodynamiec volume of the purely

chemically solvated amine sulphate molecules.

It remains nov to say something about the

coneentration dependence of the viscosity.

The viescosities of solutions in the experimental
ranges of concentration are adeguately described by equations
(4.10) and (4.11), and it has already been pointed out that
kl' kz.......ctc. are interastion coefficients independent of
the hydrodynamic volume ¢ « Howaver, they can only be
interpreted as internction coefficients if the value of u¢
in eguation (4#.10) does mot change in the concentration
region of measurements, Ve must assume, therefore, for
the amine sulphate dissolved in any particular solvent in
vhich aggregation is occurring, that the micellar mrticles
are monodisperse and have the same hydrodynamic volusme over

the complete concentration range, and that the value for va®
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is, in fact, constant in this concentration range. There
will, of course, be a change in tie value for "a", which
depends on the shape of the particles, if there is any
tendency for secondary aggregation of the micelles by the
clumping together of individual micellar particles to form
chaineslike configurations. There is some evidence for this
from the light scattering studies, as described in section 1.,
however, this effeot appears to be serious only at muoch
hizher concentrations than were used in the viscosity studies.
Thus we can assume that the value for “a" remains constant
over the concentration range studied. Also we can ass:un@
that tie hydrodynamic volume ¢ remains conatant over this
concentration range since from the light scattering studies
and from Allen's result36 the wicellar particles appear to be
monodisperse, and the size of the individual micelles does not

appear to change with concentration within the range studied.

There is an additional factor which must be mentioned
which is the critiecal micelle concentration (CMC) of the
amine sulphate, This is the concentration at which micelle
formation actually occurse If the CMC occurs within the
concentration range studied for the viscosity work then a
discontinuity will ocecur in the viscosity curve of BES‘E
against concentration. However, it has been suggested in

Chapter 3, results and discussion section B.¥ that the CMC

for the amine sulphate in benmene solution is in the region of
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0.004M to 0,008M, and since higher concentratiens than thiwms
were used for the viscosity studies it was expected that the
sffect would nmot complicate the viscosity resultis in the

concentration region of interest,

If we assume that n¢ does not change in the
concentration region studied, which is reasonable from the
above discussion, then we can interpret the large slopes of
ths 'ngg against concentration plots, as shown in figure k4.3,
for t;; cases in which aggregation does occur, as being due
to the interactions between micelles, as characterimed by the

)

zoo-ooo.m.

coefficients, kl,

It has been stressed throughout this section that for
spherical particles the viscosity is independent of the
particle sise, and accordingly that measurements of viscosity
are useless for molecular weight determination in systems
involving spherical partiecles, However, it is interesting
to compare the limiting viscosity numbers er intrinsie
viscesities for 41(3,5, 5, trimethylhexyl)ammonium sulphate
solutions in benzene and toluene, In these two solvents
which have very similar dielectric constants and dipele
moments, and in which it can be assumed that ths solute«solvent

interactiens are very similar, the ratio of their limiting
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viscosity numbers, which from figure 4.3 are 6,1 and 6.5
respectively, is identical te the ratie sf the melesular
weight values for the amine sulphate in each solvent, as
found by light scattering. The moclecular weight wvalue of
ths amine sulphate in tolueme solution (37,810) was found
to be greater than that in benzene solution (31,230)., Thus
in this case there seems to be a direct relationship
between the limiting viscosity number and the particle sise,
This can be explained very siwmply since in similar solvents
such as bensene and toluene the hydrodynamic volumes of the
micelles are directly related to the particle size due to the
vigidity of the micelle strueture which results in a larxger

amount of solvent being entrapped by the larger micelles,

The abéve argument can be extendsd to the case of
carbon tetrachloride which has a dielectric constant and
dipols moment similar to those of benzene and tolusne, and
assuning that the solvent-solute interactions are again very
similar, we can relate the limiting viscosity number fer the
amine sulphate in carbon tetrachloride selution (value 9.3
from figure &,3) to that for the amine sulphate of known
molecular weight in bensene solution, and ebtain a relative
value for the particle sise of the amine sulphate in the

former solvent, The melecular weight wvalue obtained by
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this method is 47,610 which corresponds to an aggregation
number of 7h,

It should be pointed out that not all the viscosity
results are shown in figure 4.3, Viscosity studies in the
solvents methyl iso-amyl ketome, 2-ethylhexyl cellosolve,
hexyl cellosolve, prorylene dichloride, and iso-amyl acetats
ngt?ﬂ!g against concentration plots similar to those shown
for 1.:-any1 alcohol, chloroform, and p~octenol and hence
are not shown in the figure, However, it can be said that
in these solvents the viscosity behaviour was identical to
that obtained using solutions in whiech the anine sulphate
was non-aggregated, Similarly the results for the studies
using the solvents 2-ethylhexyl chloride, and di-iso=butyl
ketone are also not shown since the anine sulphate dissolved
with great difficulty in these solvents and tended tc settle
out on standing. It was considered that unstable
dispersions of the amine sulphate were obtained in these
solvents and not true solutions. This is supported by the
viscosity studies sinece th:'ngg';gainst concentration plots
gave slopes which were much g:oatcr than those obtained
previously for solutions in other solvents in which
aggregation occurred, but the corresponding limiting viscosity
numbers were much amaller, This is just the situation one
would expect for an unstable dispersion of the amine sulphate,

since this would lead to very large solute~solute interactions
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resulting in large slopes for the viscosity plets, and would
give low limiting viecosity numbers due to much smaller
hydrodynamic velumes. The particles in the case of an
unstable dispersion ¢an be either aggregated or nen-aggregated,
With aggregated particles the smaller hydrodynamic volume can
be explained as being dus to much closer packing of the amine
sulphate melecules in the micelles with the exclusien of the
large amounts of entrapped sclvent, and with the non-aggregated

particles a smaller hydrodynamic volume is expected anyway,

The only other solvent not included in figure 4.3 is
n-decane since this was found to be impure and contained traces
of an alcohel, probably 2-butoxyethanol which is usged in its
separation from other hydroocarbons, The presence of this
impurity was detected by measurement of the interfacial tensien
between n-decane and water, as described in Chapter 5 results

and discussion section 2,

The results of the viscosity study of the 1rnn(II§
hydroxy-sulphate-amine sulphate complex (I), in bensene solution
were analogous to those obtained by Allons for the uranium (?I)
sulphate-di-n-decylammonium sulphate complex, and are shown in
figure k.h, The results for the pure amine sulphate in
bensene solution are shown again in figure Loh for comparisen,
The very marked decrease in the viscosity associated with the
complexing of irom (III) to the amine sulphate can be seen frea

the figure, and agreesquite well with the previeus evidence
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Figure L.L The viscosity of the iron(III) complex (I) in
benzene solution.
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that the irom (III) complex (I) is not highly aggregated in
bensene solution (Chapter 3, results and discussion sectien
A+l)e The explanation for the change in viscosity behaviour
in going frem the pure amine sulphate to the iren (III) cemplex
is, of course, exactly analogous to that given previously for
Allen's work, which stated that there is a decrease in the
hydredynamic velume associated with the dissociation of the
amine sulphate micelles,

The results shown in figure 4.4 for the irem (IIX)
complex (I) in benzens solution are representative of the
results of the viscosity studies for the complex in all the
solvents in which the pure amine sulphate forwed micelles, and

henoce the latter are not shown in the figure.

IV CONCLUS IONS

The results presented in this shapter demonstirate
very well the phenomenon of aggregatienm of di(3, 5,5, trimethyl-
hexyl)ammonium sulphate in certain selvents, and lend support
to the poatulate that the observed deviations from the usual
extraction behaviour are, in faot, due te the formation of

micelles.
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It has been shown that aggregation of the amine
sulphate occurs in non-polar er weakly polar selvents of low
or moderate dipole moments and dielectric constants which
have negligible hydrogen bonding ability,. In strengly
pelar solvents or in solvents such as chloroform, which can
form hydrogen bomis by means of its acidic proton, no such
aggregation occurs, and it seems fairly certain that this 14
due to the absence of the micelle stabilizing hydrogen bonds
between the protons attached to the quaternary nitrogen atoms
and sulphate groups assoc¢iated with neighbouring amine

sulphate molecules.

The results of a viscometric study also lend support
to the formation of micelles, however, they can only be used
in conjunctien with other evidence obtained from light
scattering and isopiestic molecular weight studies, and

cannot be used as independent evidence for aggregation,
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Chapter V.
THE EFFECT ON THE EXTRACTION OF ;EON(III[

OF THE SOLVENT FOR THE AMINE

I. INTRO TION

It was recognised quite early in the study of the
use of high molecular weight amines as selvent sxtractien
agents that the rele of the solvent for the amine or amine
salts was an extyemely important one, In faet, Coleman
l.t..nl% postulated that the amine (or amine salt)-organiec
solvent combination rather than the amine alone should be

considered as the effective extractant,

Very few workers have investigated the effect of the
solvent used for the amine or amine salt en the extraction of
a single metal when all other facters which could influensce
the extraction efficiency are kept constant. Most of the
discussions of the role of the solvent for the amine in the
extractien process have been largely gensralized descriptions
of & vast array of amines and metals and often have led to
misleading conclusions, As has already been pointed sut
in Chapter 3, the agsregation of the amine salts, in this
case di{3,5, 5, trimethylhexyl)ammsonium sulphate, in certain
solvents has a serious effect on the extraction of iren(III)

at concentratiens of the amine sulphate above the eritical
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micelle concentration, and, in fact, a study of the role of
the solvent for the amine sulphate in this extraction system
suggests that the extraction is more efficient in chloroform
than in bensene, This is, of course, trus at cancentrations
above the eritieal micelle concentratien, howvever, at
concentrations of the amine sulphate which are below the
critical micelle concentration the eorder of extraction
efficiency is reversed, and ths extraction becomes more
eofficient in bensens than in ohloreform, An effect such as
this can thus lead to incorrect conclusions when one is
generalising about a series of amines or amins salts in
different "diluents®, since some of the amine salts may

aggregats and others wmay mot,

Any satisfactory study, therefore, of the rels of
the "dilusnt” in an amine extraction system must be done with
careful control of the other factors which are likely teo

influence the sxtractien,

Acecording to Smulek and Si.o.ld.arlkiz there are two
important factors which must be taken into account in any

sxtraction process.

(1) The solvation of the extractant by the solvent

for the extractant in the organic phase,
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(2) The solvation of the complex by the selvent
for the extrasiant in the organic phase,

The third impertant factor which they do not mention
is, of course, ths extractant-extractant interaction whieh
in the case of the di(3,3, 5, trimethylhexyl)ammonium
sulphate leads to aggregatien in certain organic selvents,

Goble and Maddoek® investigated the extraction of
protastinium chloride from hydrochleric asid seolutiens by
triepn=butylamine in various organic solvenis and found a
correlation between the sxtraction efficiency and the
dielectric constant of the solvent, Similarly Tnuba“
studied the extrmction of plutonium, neptunium, and uranium
from sulphate and nitrate solutiens by amimes and ether
extractants, and suggested that the main factor influencing
the extraction is a dipole-=dipole interaction between the
complex extrancied and the molecules of the sclvent for the

sxtractant,

Good and Bryam’, en the other hand, found that the
extractien of cobalt(II) from hydrochlerie acid solutiens
by tri-gehexylamine in various solvents éid net show any
simple relationship between the extraction efficiency and

the dielectric constant of the solvent, and, in fact, it
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appeared that except for certain halogenated solvents such as
chloreform, the extraction of cobalt (II) was independeat of

the solvenf for the amine,

Thus it can be seen that there is still a large amount
of controversy as to the exact nature of the rele of the
solvent for the amine in an extraction system, since the
effects of the solvent on the extraction appear to be many
and quite diverse,

The work described in this chapter was carried out
in an attempt to determine the effest of the sclvent for
ai(3, 3, 5, trime thylhexyl)ammonium sulphate on the extraction
of iron(III) from agueous sulphate solutions, and it should
be peinted cut that such a study does not give a general

bshaviour for all systems,

In Chapter I of this thesis the postulate by McDowell
and Caoo6 of an interface mechanism for extraction systems
involving high molecular weight amines and their salts has
been discussed, and as has already been pointed out such a
mechanism appears very attractive in the situation where the
amine and its salts show very small solubilities in the

aqueous layer, and have strong surface-active properties.
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Thus the interfacial tensions were measured between
solutions of the di(3, 5, 5, trimethylhexyl)ammonium sulphate
in several organic solvents and aqueous solutions of
identical compositions to these used in the iren(IIXI)
extraction studies described in Chapter 3, The lowering
of the agusous-erganic solvent interfacial tensiomn by the
presence of the amine sulphate has been interpreted in
terms of the concentration at the interface of the amine
sulphate, This study is also described in the present

chapter,
IX. EXPERIMENTAL.

t. Rsagents
D t um t
The smine sulphate was prepared as described in
Chapter 3, experimental section 2.1, and was recrystallized
twice from acetons. The hydrated form nzuzsob.inzo where
R is d4i(3, 5, 5, trimethylhexyl)amine was used,

Selvents
The solvents used for the work dsscribed in this

chapter are given in Chapter &, experimental section 1,
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Solutions (0,030M) of the di(3, 5,5, trimethylhexyl)-
ammonium sulphate were mado up in various organisc solvents by
weighing the solid direetly inte 25 ml volumetric flasks and
making to volume at 25,0°C with the solvent which had
previousily been saturated with water. These solutiens were
thendiluted at 25.0°C to ebtain eoncentrations of 0.002M and
0.,001M,

Extraction sxperiments were carried out using the
solutions of the three concentrations described above for
sach organic solvent, by mixing equal volumes of these
solutions, as deseribed in Chapter 3, experimental section 3_.2,
with a 0,001 M aqueocus iron (III)solutien containing 0,350M
total sulphate (see Chapter 3 sxpsrimental sestiom, 3.1) at
pi 2,10,

The aqueocus iron sclution had previocusly been

saturated at 25.0°C with each organic solvent in tum,

Separation and analysis of the phases were earried

out as described in Chapter 3, experimental seection 3.3,
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It should be pointed out that these studies were
done using an aqueous irea (III) solutien at pi 2,10 in order
that the distribution ratiocs obtained would be as high as

possible,

2,2, u t of al T

Interfacial tensier msasurements vers made using the
drop number technique described by uwu?. The drep eor
Dennan pipette was of the type described by Reilly and Bl.sa
In fast, two pipettes, shown in figure 5.1, were used, the
first wvhieh had a tip curved upwards was ussed for solvents
whose densities were less than that ef the aqueous phase,
and thes second with a straight tip was used for solvents
whose densities were greater than that of the aquesus phase,

The technique censisted of filling the pipette with
the organic phase A, immersing the pipette tip in the aqueocus
phase B and determining for a knowa volums of the organie
phase the number of drops which formed at the pipette tip
C and whieh drepped upwards or downwards through the aqueous
phase, The rumber of drops is dependent on the denaity
difference betwsen the aqueeus and organie phases and *a the
interfagsial tension, The diameter ef the pipetis tip is,
of sourse, alse important but this can be neglectad if the

same pipette is used in each experiment,
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Figure 5.1 Drop pipettes used for interfacial tension
measurements.
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The drop number technigue is very seldom used for
Absolute measuremsnts of the interfacial tensien, and is
usually empleysd to cempare the interfacial tension of one
particular liquid with that of a ligquid whose interfacial
tension is known. For this reason bonlono was used as the
standaxd for experiments invelving organic solveants and
solutions whoss densities were less than that of the
agsuous phase, and carbon tetrachloride was used as the
standard for cases where the densities of the organic phases

were graeater than that of ths aqueous phase.

From the wolume and the number of drops of the
organic phase the apparent drop weight can be obtained and

is given by the following sxpression
Apparent drop weight = V.Ae (5.1)
n

where V is the volume of the organic phase, n is the
number of drops, and Npe (0,—f,) where O, and Pa
are the densities of the aquecus and organic phases

regpectively,.

Since the apparent drep weight is dependent on the
interfacial tension a comparison of the apparent dreop
weight for the solvent of unknown intsrfacial tension with
that of the standard solvent of known interfacial tension gives

the interfacial tensien for the former sslvent,
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Hence since V is oconstant,

A

> "PZS% i (5.2)

shere O and 01‘ are the interfacial tensions fer the

standaxd scolvent and the unknown respectively, By and n are

)

[

the numbers of drops of unknown and standard respectively and
AP ana AP, , are the density differences between the

1
standard and the aqueous phase and between the unknown and the

agqueous phase respectively.

There are several expsrimeantal factors which require
special attentien when using the above drop number technique
anl these are worth mentioning. The ossential feature of
the drop pipette is the tip which must be gyound to give an
opening which is almost perfeetly round with very sharp
edges and must be cleaned in chromiec acid after every
experiment, It is also essential to ilmmerse the pipette
to exactly the same depth below the surface of ths aqueocus
phase in sach experiment, The time taken to form the drep
at the pipette tip is also eritical and a leng encugh time
must be allowsd to ensure the formation of a nearly perfeect
drop, This was normally in thg region of 10-20 ses, The
temperature must be kept constant during ths sxperimentis and

this was dons by immersing the whole apparatus in a
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thermostat at 25.0°C. Fimally special care must be taken
to ensure that the dreops form on the same sdge (either the
inside edge or outside edge) of the pipette tip in every

experiment,

The counting of the drops was dons mechanically using
a simple hand counter, This, however, became very tedious
wvhen using certain systems due to the large number of drops
formed, For example, when using isc-amyl alocbeol the
number of drops whieh ror_-.d was 1700, Censequently the
use of an automatic counting system similar to that used dy
Edwards’, was investigated which relied on the change in the
conductivity of the agusous phase when a drop of ths very
high resistance solvent passed between tvwo slectrodes,
However, although this system worked for one particular
solvent it was found necessary to rebuild it when this
solvent was replaced by another of different dielectric

constant and drop size, and hence becams impracticable,

The aqueous solution used in the interfacial temsion
experiments was the same as that deseribed above in section
2.1 for the iren{III)extractien experiments. The inter-
facial tensions were measurcd (by comparison with the
standard solvents as mentioned before) between the above
aquecus solution aud 0,001M selutions of the di(3, 5,3, tri-

methylhexyl)amsonium sulphate in various solvents,
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Similarly the interfacial tensiens were obtained betwesen

the aqueous solution mxd the pure solvent,

The densities of all solvents and solutions were

measured at 2 5.0°C.

IYI RESULTS AND DISCUSS ION

1, The Extractien of Fo!III[ by g(:. 5e Sy trimethyle

The results of the extraction of iron(III) from an
aqueous sulphate solution containing 0,001M iron(III) at
pil 2,10 by solutions (0.050M, 0,002M, and 0.,001M) of the
amine sulphate in various solvents are given in table 5,1,
whare the percentage extraction E is shown for the three amine
sulphate concentrations in each solvent, The percentage
extraction E, which is termed the extraction efficiency

throughout this section, is defined as

concentration of iron(ILI)

¥ * e

in organic phase x 1

where I! is the distribution ratio defined as in Chapter J,

results and discussion section B,



Table 5. 1.

Percentage Extractien of I , fo
D 5 trimethylhexyl) ammo S te Soluti

in verious Organic Solvents

Solvent Percentage Extraction E Dielectric i
0,050M 0,002 O,001M eonstant

Benzene 72 37 24 2,28
Toluene 58 29 18 2.38
Chlorobensgene 79 34 18 5.71
Trichlerocethylene 77 a5 19 3.h2
Carben tetrachloride h2 20 15 2,24
Chloroform 88 16 10 h,81
Propylene dichloride 67 11 5.8 8.93
2-ethylhexyl chlioride 21 7.1 h,7 5 .05"
Di-isobutyl ketone 20 2,0 1.0 12,5144
Methyl iso-amyl ketons 16 0,8 O.h 11..911
nedecane 3.8 0,2 0,08 1,99
Iso-amyl acetate 3.0 O.l 0,07 h,63
p=octanol o o o 10.30
Iso~amyl alcohol 0 0 0 15,30
2-ethylhexyl cellosolve ) o o 16,07
R=ethylhexyl aldehyde 4] o o 9 .071"

i value for lechlorooctans iii wvalue for A-heptancne
11 value for 2-heptanone iv wvalue for heptaldehyde

v value for methyl cellosolve
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It should be peinted out that the use of the mathed
deseribed in sxperimental section 2,1 to cbtain the results
given in table 5,1 introduces a small inconsistenoy im that
the concentratien of the amine sulphats in the eorganiec phase,
which has besen shown in Chapter 3 to be the species whieh
reacts with iren(IIl), will net bs the same for each erganio
solvent. This is becauss equilibration ¢f the amine sulphate
in a particular erganic solvent with the aguesus phase will, as
desceribed previcusly in Chapters 2 and 3, produce an
equilibrium mixture of the amine sulphate and bisulphate
whose composition is dependent on the mature of the organie
solvent, Howesver, the differences will nmot be very large
using squecus solutiens at pii 2,10 since the amounts of the
aunine bisulphate present in the organic phases will enly be

small,

The above effect will alse have a small influence
on the pH value of the agquecus phase since upon
equilibration of the amine sulphate solutien with the agqueocus
irver{ II) solution at pi 2,10 some sulphuric acid will be
extrnoted to form the amine bisulphate in the organic phase,
Mesasurement of the pH wvalues of the aquecus phases after
equilibration expsriments showed that the change in aqueocus

pH valus in essch case was only small, being in the range of
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0,05 to 0,10 when using 0,050M amine sulphate solutions, and

negligible when using the more dilute amine sulphate solutions,

In spite of the above limitatioms of the methoed it was
decided that this was the most satisfactory and convenient way
to investigate the effect of the sclvent for the amine sulphate
on the extraction of iron(III) since only a comparative study
was required, It was conasidered that the small errors
introduced by the above effect would not alter the order of

extractien efficiency for the amine dissolved in various

solvents,

The variation im the amounts of the amine bisulphate
and sulphate present in the organic phase after equilibratien,
as characterizad by the ratios of the amine bisulphate to the
amine sulphate, for solutions of the amine sulphate initially,
in different solvents is demonstrated in table 5.2, The
ratios  amine bisulphate/amine sulphate wvers determined
as in Chapter 3, experimental section 3,3 for 0,010M
di(3, 5, 5, trime thylhexyl)ammonium sulphate solutions initially,
by equilibration with aqueous sulphate solutions containing
0,5M total sulphate at pH values of 1,00 and 2,10, and

containing no irom(IIXI),



Table 5.2

t of bisul te u
r soluti ri () nte.

Solvent Ratio of Amine bisulphate

Amine sulphate
pii 2.10 pti 1,00
Dengzene 0,43 1.51
Toluene 0.17 1.39
Chlorcbenzene O,k Lolt5
Trichloroethylene Ue39 1,43
Carbon tetrachloride 0,13 1,17
Chloroform o.bo 1,42
propylens dichloride 0,35 1.33
2-ethylhexyl chloride 0,10 0,86
Di=isebutyl ketone 0,29 1,48
Methyl iso-amyl ketone 0.45% 6,00

n-decane ND ND

Iso-amyl acetate ND ND
p-octanol Ol1h 3433
Iao-amyl alcohol 0,54 6,25

2~ethylhexyl .cellosolve 0,26 ND

2=sthylhexyl al-shyde ND ND

ND « not determined owing to practical difficulties,
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It can be seen from table 5.2 that when using
aqueocus sclutiens at pi 2,10 there is quite a large variation
in the ratie of amins bisulphate/amine sulphate for different
solvents. It should be pointed out, however, that the
aoctual mtim in the concentration eof smine sulphate is
not as large as it wvould appear. A O,JON amine solution
which contains 0.020M amine bisulphate and 0.040M amine
sulphate would have a ratioc of amine bisulphate/amine
sulphate of 0,50, whereas a solutien which contains 0,004N
amine bisulphate and 0,048M amine sulphate would have a ratio
of 0,083, Thus from these two examples it can be seen that
the very large change in the ratie of amine bisulphate/amine
sulphate is associated with only a relatively small 4.-.hnmero=
in the concentration of amine sulphate (from 0.04OM to 0.048M),

The varistion in the ratioc of amine bisulphate/amine
sulphate is far less noticeable when using aquecus solutions
at pil 1.00 sxcept for three cases vis, methyl iso-amyl ketone,
p-ectanol, and isc-amyl alcchel. The ratios for thass three
solvents are very much greater than those for the remainder,
The reason for this is not clear but may be due to a greater
stability of thé anine Ibisulphato in these high dielsctric

constant solvents arising from their grsater solvating power,



The effect of the aggregation of the amine sulphate
on the extraction of Fe(III) is clearly evident from the
results shevn in table 5.1, For those solvents in which
aggregation is known to ecour vis., bensene, tolusne, c¢hloro-
bensens, carbon tetrachleride end to a amall extent tri-
chlorecethylsne it can be sesn that at a concentration of the
amine sulphate (0,05M) whieh is above the critical micells
conesmntration the order of the extraction efficiencies is
carson tetrachleride <tolusme < benseme < chlorchensens
and trichlorosthylens, The order of the aggregate sizes
for the amine sulphate has been shown in Chapter & to be
carbon tetrachloride > tolusne > bensens > chlercbensene
and triehlercethylens and hence there is a definite
correlation between the Fe(III) extrmotion effistiencies and
the aggregate sises, These solveats in which the amine
sulphate forms the largest aggregates have the lovest
extraction efficiencies, and these selvents in which the
amine sulphate forms the smallest aggregates have the highest

extraction efficiencies.

At comsentrations of the amine sulphate, hewever,
sueh as 0,001M or 0,002M wvhich are considered te be belovw the

eritical micelle consentration, the situation is somewhat
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different, and the iron(III) extractiom efficiemcies, except
for a somewhat higher value for ths 0,001M solution in bensens,
all appear te be about the same, The slightly lewer values
for the carbon tetruchloride selutions are probably due to the
fast that even at these low amine sulphato concentrations the
eritieal micelle concentratien is exoeedsd and the solutions

still contain micelles,

It is interssting to note that the highest Fe(IIX)
extraction efficiency shown in table 5.1 was obtained using
a 0,09M amine sulphate solution in ochloroform, and, as has
already been discussed in Chapter 3, results and discussion
section B, this is due teo the fact that in this solvent there
ie ne interference in the sxtraction of Fe(III) by the
aggregation of the amins sulphate. However, for 0,001M
and 0.002M smine sulphate selutiens im chloroform the F.(III)
extraction efficiencies are less than thoss for solutions
of the same concentration in the solvents in which aggregation
nermally occurs and whose cencentrations ars nov beslov the

oeritical micelle cencentratien,

Dielec Cons t+ of the Solvent.
The extraction efficiency falls remarkably as the
dielectric constant of the solvent is increased abovs about

6.0, and there is negligible extraction for amine sulphatse
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solutions in strongly polar solvents such as iso-amyl algehol,
and p-octancl, even after shaking for 24 hours. In these
strongly polsr solvents the solvent-amine sulphate inter-
astiens are very high, and this may be associated with the

lew Fe(III) extraction efficiencies.

There are several anosalies shown in tables 5.1. Thus
p~decane gives lov iren(III)extrsction efficiencies even though
the pure solvent has a very lov dielectrie censtant, This is
zost certainly due to the impure nature eof the p-decane, as
disgussed ip Chapter 4§, und the presence ef 2=butexyethanol
as impurity in this selvent would ascount for ths low
extraction efficiencies, Also the extraction efficiency
of iso-amyl scetate as solvent for the amins sulphate would
seem to be anomalously low in view of its dielectric censtant
which is about the same as chleroform, Howsver, as will be
seen later, the solubility of water in isc-amyl acetate 18
quite high and the solvent itself posseeses some surface-
active properties, both of which have been found te be
associated with low iron(JIX)extractiens. The third
anosalous case is provided by 2-sthylhexyl chlerids, The
extraction results for this solvent must be disregarded
however, in view of the uncertainty as teo the solubility
of the amine sulphate in 2-ethylhexyl chloride. It 48
considered that the amine sulphate is not truly dissolved
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in this soivent but only forms an unstable third phase
dispersion, . A similar effect was found for the solvent

di-iseodbutyl ketone,

As has already been mentiocned, for the selvents in
which aggregation of the amine sulphate is known te csour
there appears to be very liitle difference betwesn the
sxtraction efficienciss for amirw sulphate concantrations
whieh are below the critical micells concentrations, In
other words it appears that for these cases the extractioan
efficiencies are independent of the dislectrie constant of
ths solvent, This is reasonable since for these soclvents

ths solvent-amine sulplhate interactions would be very smail,

The lew extraction efficiency for ths 0,001M amine

sulphate solutien in chloreform must be associated with the
solvent-amine sulphate interactions. In Chapter 4 it has
been suggested that hydregen bond formatiom between the
protons attached to the quaternary nitreogen atoms and the
chlorine atoms of the selvent, and between the acidie protons
attached te the chloroferm molscules and the sulphate groups
of the amine sulphate molecules prevents aggregatien of the
amine sulphate., This solvent-solute interaction may also

interfere with the sxtraction of Fe(III) by affecting the
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ability of the sulphate group to complex with Fe(IXI). In

a solvent such as trichlorcethyleme it appears that the
selvent-amine sulphate interactiens are less than in
chloreform, since the results of the viscesity studies agree
with the suggestion that there is some aggregation of the
amine sulphate in trichlorosthyliems, Accordingly the Fe{IXI)
extraction efficiencies are higher in trichlercethylsne than

in ehleraform,
The S £ water o *

There is a further facter whieh may be important
in detemmining the ability of a particular amine sulphate-
solvent systea for extracting 1:‘03(111} This is the amount
of water associated with the organic phase. Table 5.3

gives the solubilities of water in the various purs solvents,.

It can be seen from table 5.3 that these solvents
in whieh there is negligible sxtractien of iron(III)have,
generally, very large affinities for water, whereas the
solubilities of water in the loinntl in which there is
good extrsstion of iren(III)are quite small, This suggests
that the pressnce of appreciable amsunts of water in the
erganic phase may have an effect on the amount of iron (I1I)
extracted by the amine anl;ﬁuto, This, of course, would

be sspecially true if the iron (III)- amine sulphats complex



Table 5.3

The Solubility of Vater in Various Solvent
Selvent Solubility of Temp.c

(per cent. by weight)

Benzene’ 0,057 25.0
Toluene? 0.040 25,0
Chlorobensens® 0.034 25,0
Trichleroethylene 0,027 22,0
Carbon tetrashloride 0,010 24,0
Chloroform 0.084 24,5
Propylens dichloride 0.06 20.0
2-ethylhexyl chloride 0.0k 20,0
Di-isobutyl ketene 0.75 20,0
Methyl iso-amyl ketons 1.5 20,0
A=dscane - -

Iso-amyl muuu 0.90 20,0
g-oc’tml.’"u 3.45 20,0
Iso-amyl alosholil 9.2 20,0
2-ethylhexyl cellosolve 18,8 20,0
2-ethylhexyl aldehyde 0.4 20,0

1 thess valuss are given as per cent, by volume.

11 these values are actually for the primary amyl-compounds
which contain mixed isomers.

4ii this value is actually for iso-octanel which contains
mixed isomsrs,



272,
or the extracted species was unstable to water. In fact,

it was found that the iron(III)complex (I), as described in
Chapter 3, was soluble in dry iso-amyl alcohol giving a
quite clear, stable solution, however, when dissolved in
iso-amyl aleohol whici: had been saturated with water the
solution becames cloudy and ferrie hydroxide was precipitatsd,
It appears, therefore, that the complex (I) is readily
hydrolysed in organic solvents containing appreciable amounts
of water, and consequently this would lead to an instability
of the extracted species in such solvents, and give low iron

(III) extraction efficiencies.

The presense of appreciable amounts of water in the
organic phase is probably a contributing factor towards low

iron(IXII)extraction efficiencies,

Ihe mature of the smine

It is quite well knowd that the nature of the amine
itself has a very strong influence en the extractioa in a
solvent extraction system, and it has been sug;ontodl& that
the basicity of the amine is important in the extrastion of

a particular metal species from the aqueous phase.

it has besn shown in Chapter 2 that the extraction
of acids is strongly dependeat on the basicity of the amine,
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and that higher equilibrium constants arc obtained for the

more basic secondary amine di(3, 5,5, trimethylhexyl)amine than
for the less basic tertiary emine tri(3, 5, 5, trimethylhexyl)amine,
A similar effect has been observed in the iron(IlI)extrastion
vork, although the decrease in the extraction effiociency using
the tertiary amine in place of the secondary amine was found

to be far greater than was observed in tke sulphuric acid
extraction studies. Negligible extraction of iren (IIX)

occurred using identieal conditions to those employed for the
work with the secondary amine,

The decrease in the extraction of iron (III)in going
from the wore basic secondary amine to the less basic tertiary
amine is probably not related in the same direct sense to the
basicity as is the case for the sxiraction of acids, since
the extraction of iron (I1I) eceurs via the quaternary sammonium
sulphate in which the basic nitrogen atom is already
protonated, However, the effect can be explained by
considering the inductive effect resulting from the alkyl
chains attached to the nitrogen utom, which, if we assume
that there is interaction bstween the sulphate group and
the quaternary ammonium group, will affect the ability of

the sulphate group te complex with fremn(iIl).
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It should be peinted eut that it may mot be se
much an inductive as a stereochemical effeet since it has
been shevnl' that the inductive effect resulting from a
change in sime of the alkyl group attached to the anl trogen
atom does not lead to stronger hydregen bonds with ethanel
in the direction predicted by the changes in electro-

negativity produced on the nitrogen,

It is interesting te note that in the case of the
tertiary amine sulphate, since there is only one proton
attached to each gquaternary nitrogen atom, there can only
be one hydrogen bond to a sulphate group. In the case of
the secondary amine sulphate, however, there are two such
protons, and this greatly increases the possibility for
interaction between these and sulphate groups attached to
neighbouring amine sulphate molecules. Hence this may
explain why the secondary amine salts are usually more
highly aggregated in certain solvents than the corresponding

tertiary amine salts.

The importance of the interaction between the
protons attached to the quaternary nitrogen atom ef the
quaternary ecation and the associated sulphate group becomes

more significant when we consider the extraction mechanism



275.
itself, To do this it is first necessary to discuss the

surface-sctivity of the di(3,5, 5, trimethylhexyl)amnonium
sulphate,

The interfacial tensions (dynes/cm) between various
solvents and between 0,001M solutions of the amine sulphate
in those solvents und aqueous sulphate selutions containing
iron(IXII) at 25.,0°C are given in table S.4.

it is well known thatu" when water is placed in contast
with an oll® the interface between the two liquids has a
contractile tendensy which is represented by the interfacial
tension ©c—, For a ligquid such as butanol which centains
polar groups the wvalue for the interfacial tensiom is only
1.8 dyne/em since the butansl molecules concentrate at the
oll-water interface where the repulsion between the packed
and orisntated molecules offsets somewhat the usual
contractile tendensy at the interface. This interfacial
packing eccurs because the pelar hydroxyl groups can escape
from the oil into the water laysr leaving the non-polar
alkyl chains immersed in the oil, The result is a state of

low standaxrd free energy.

* mpans the organic phase.



Table 5.4

nterfacial Tensions betwee

and di!j.5.5.trimathx;goxxllammonium sulphate solutions

ous iron(IIY olution

an a

Q

lvent

Pure solvent O0,001M amine Sulphate Ac—

o—(dynes/om) Solution o (dynes/cm)
Benzene Fh4,7% 12,3 22,4
Toluene 29,7 9.90 19.8
Chlorobenzene k3.0 12,8 30,2
Trichloroethylense 18,6 11,9 26.7
Carbon tetrachloride 43.7* 11,2 32,5
Chloroform 30,5 16,8 13.7
Propylene dichloride 34.9 14,9 D ,0
2~ethylhexyl chloride 43,0 9,60 33.4
Di-isobutyl ketone 22,7 10,6 12,1
Methyl iso-amyl ketone 13.3 9.36 J.94%
n-decans 23,5 10,6 12,9
Iso-amyl acetate 10.8 9.30 1,50
n~octanol 8.73 8.51 0,22
Iso-amyl alcohel 5.45 5.35 0,10
2-ethylhexyl cellosolve 3.58 3.61 negligible,

2-ethylhexyl aldehyde*#*

15

* literature values 3

These are the values for the pure

solvents against pure water, however, an expsriment to

determinz the number of drops for the system pure benzense

pure watsr gave the same result as for the syatem pure

bensene - aqueous iron(III) sulphate solution and hence

it was concluded that the literature values for the systems

using pure water could be used in the systessusing the

iren(II1) sulphate solution,

*#* yalues for this solvent not determined,
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For a three component system the situation is very

similar, and for a solution of butanol dissclved in benzene
adsorbing at the interface against water, the alcohol molocules
again pack into the interface thus reducing the contractile
tendeney and hence reducing thoe value for the interfacial

tension for pure benzene,

A substance which tends to pack into the oil-water
interface thus reducing the interfacial tension is termed

a surface-active agent,

From the results shown in table 5.4 it can be !00;1
that di(3, 5, 5, trimethylhexyl)ammonium sulphate ie a surface*
active agent in certain solvents since it producees qQuite a
large decrease in the interfacial tension Aoc— between the
pure solvent and the aqueous iren{III)solution. There
appsars to be a correlation between the lowering of the
interfacial tension and the extraction efficiency since
solﬁtions in those solvents in which the amine sulphate
extracts iron(III)well show the largest values tor Ao,
The one exception is 2-ethylhexyl chloride but, as has
been mentioned in Chapter 4, little reliance can be placed
on the results obtained for this solvent since it is
suspected that in 2-ethylhexyl chloride the amine sulphate

does net form a true solution,
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There is alse a correlation betwesn the lowering
of the interfacial tension and the tendency for the amine
sulphate to form micelles, which would be expected since
both are due to the tendency of the polar groups to "escape”

from the non-polar solvent,

The lowering of the interfacial tensions for
chloroform and propylene dichloride are larger than one
would expect in view of the absence of micelle formation
in these solvents, hovever, as can be seen from table 5.k,
the final values for the interfacial tensions of 16,8 and
14,9 dynes/cm respectively for the amine sulphate solutions
are somevhat higher than those obtained for solutions in the
solvents in which the amine sulphate does aggregate. This
suggests that the surface concentrations of the amine
sulphate in chleroform amdi propylene dichloride are lover
than for the other solvents, It is interesting to note
that the interfacial tensions for the amine sulpheate
solutions in the solvents in which aggregation does occur are
all about the same value of 10=-12 dynes/cm which suggests
that the surface concentrstions are very similar for each

solvent,

The values of the interfacial tensions for the other

solvents, shewn in table 5.4, in which tuere is negligible
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sxtractien eof iroen(II) and ne aggregation of the amine
sulphate, are generally quite lowv wvhich demonstrates the
tendency for the solvents themselves te concentrate at the
oil-water interface, thus inhibiting the adsorption of the
amine sulphate at the interface, The interfacial tension
value for iso-amyl acetate is quite small and the lowering
of the interfacial tension dus to the preasencs of the amine
sulphate in this selvent is alseo small vwhich makes this
solvent seem not such an anomaly as one would think from
table 5,1, which shows an extremely low extraction for iron
(112 by the amine sulphate in this solveat which has a

dielectric constant very similar to chloroform,

The valus (23.5 dynes/cm) shown in table 5.4 for the
interfacial tension between n-decans and the aquesus iren(III)

16 of

solution is much lowexr than the iitonturo value
54 dynes/em for the interfacial tension between this solvent
and pure water, and hence must be due to the presence of the
impurity 2-butoxyethanol which is used in the separation ef
B-decane from other hydrocarbons. It was found impossible
to purify the solvent further by fractienation, The
presence of this impurity im the n-deomnes, as has been
mentioned already is probably the principal reason why low
iren{ 11} sxtraction efficiencies were obtainsd for amine

sulphate solutions in this sclvent, and also why the
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aggregation of the amine sulphate in n-decane was found to

be considerably less than expected for a solvent with such a

low dielectric constant,

The interfacial mechanism for the extraction

From the above evidence for the surface-activity of
the di(3,5, 5, trimethylhexyl)ammonium sulphate in various
organic solvents it seems fairly certain that the amine
sulphate will be orientated at the interface in a manner
such that the polar sulphate groups will penetrate into the
aqueous phase leaving the long chain alkyl groups immersed
in the organic phase and with the quaternary nitrogen atoms

aligning the interface,

According to McDowell and Caso6 low values for the
interfacial tensions between sclutions of alkylammonium
sulphates in certain solvents and agqueous sulphate solutions
indicate that the sulphate part of the amine sulphate remains
strongly associated with the organic quaternary ammonium

grour at the interface and is not predominantly ienized,

The reason for this is probably twofold, Firstly,
the very high concentration of sulphate ions in the aqueous
phase would simply by a mass action effect tend to oppose

the lonization of the sulphate ions attached to the gquatermary



221,

ammenium groups at the interface. The second and were
important reason for the amine sulphate molecule rempining
largely intact at the interface is the intersotion
(hydrogen bonding) bstween the protons attached to the
guaternary nitrogen atoms and the associated sulphate group
of the amine sulphate melecule, It has been demonstrated
in Chapter 3 that this interaction is quite strong with

di (3,5, 5, trimethylhexyl)ammonium sulphate,.

In view of this the interface mechanisa for
extraction of metal species by amine salts as suggested by
MoDowell and Can‘ becomees exceedingly attractive in the
present system. The di(3,5, 5, trimethylhexyl)amsonium
sulphate melecules being orientated at the aqueous-organic
int;rm. in such a way that the sulphate groups can
penstrate inte the aqueous layer but still roemain held at
the imterface by hydrogen bending, as described above,
prevides for the formatien of an interfacial complex between
the sulphate groups held at the interface and mn(II]) species
from the aqueous piuuo. The transference of the complex to
the erganic phase tham eccurs by simple diffusion avay from

the interfase.

Twe extraction bshavieur in different solvents fits

in quite well with the above theory since the most efficient
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systems employ solvents in which the hydrogen bonding between
the protens attached to the guaternary nitreogens atoms and
the associated sulphate groups is strongest, as characterized
by micelle formation, and hence for these systems we would
expect to have amine sulphats molscules csoncentrated at the
agqueocus-organic interface largely in the unionised ferm,

The solvent chlorcform weuld sesm te be an anomaly,
since it has been suggested in Chapter 4 that the absence of
amine sulphate micelles in this solvent is due to the
replacement of the hydrogen bonding between the protons
atiached to the quaternary nitrogen atess and the associated
or neighbouring sulphate groups by hydrogen bonding to the
solvent itself. However, it may be that the amine sulphate-
chloroform interaction, ailthough being strong enough to
interfere with the intermeolecular hydrogen bonding thus
preventing micelle formation, is not strong snough te
offset the intramslecular hydregen bending and there is
still, im fact, some interaction between the protans
attached to ths quaternary nitrogen atoms and the associated
sulphate group of the amine sulphate melecule, Alternmatively
the chloreform melecule can be pictured as acting in a
bridging foshion since it is unique in that it ean form
hydrogen bonds to both the guatermary ammonium eation and
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to the associated sulphate group thus keeping the amine
sulphate molecule intact at the interface,

For ihe very pelar solvents such as iso-smyl alcohol
and peocianol the situatien is 1:nmlmbh-r very different since
the astine sulphate molecules do mot tsnd to concentrate
preferentially at the interface, It is difficult te
inmagine, however, that the concentration of amine sulphate
at the interface is zmerc, even though the lowering of the
interfacial tensions of strongly polar solvents is very
small, Henoe the argument that the failure of the amine
sulphate in these solvents te extract Fe(III) is due to the
sexreo concentration of the amine sulphate at the interface
seems unreasonable, In any event the ion-sxchange reactiom
still ocours in iso~-amyl aleoheol whiech is shown by the fact
that on shaking a solution of the amine sulphate in iso-amyl
alcohol with an agueous chleride solution, chloride ieons are

transferred to the organic phase,
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Alternatively the few amine sulphate molecules which
do appear at the interface may be predominantly ienised teo give
an ionized layer with the positiwely charged nitrogen atoms
aligning the interface, This would set up an interfacial
potential dus to the phaseas on each side eof the interface
becoming electrioally charged, Sush a situation seems most
favourable for systems imvelving organie solvents of high
dielectric constant, since the strong interaction bestwesn
the solvent melecules at the interface and the quatermary
amsonium cations would assist the ionismation of the sulphate
ions, and hence would favour the ien-exchange resction. On
the other hand this situation would tend to oppose the
alternative reaction suggeeted in this thesis eof adduct
formation whiech is the reaction of an undissociated amine

sulphate molecule with an Fe(IXII) speciss from the aqusous
phase,

The " axt; °

It might be thought at first sight that the large
cencentration of the di(3, 5, 5, trimethylhexyl)ammonium
sulphate at the aqueocus-organiec interface in systems
involving the organic solvents in whieh the amine sulphate
displays a high surface-sctivity would tend te affect the

total amount of iron (III)extrected, and hence a direct
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correlation between the concentration of the amine sulphate
at the interface and the extraction efficiency might be
expected., However, this does not appear to be so, as can
be seen from the results given in tables 5,1 and 5.4, and the
only influence the actual coencentration of amine sulphate at
the interface has on the extraction is, mo doubt, te
increase the rate of extraction, It has been shown in
Chapter 3 that the rate of extraction of iron(III) by
di(3, 5, 5, trimethylhexyl) ammonium sulphate is exceedingly
rapid and this may be considered to be due to the large
surface area and surface concentration of the amine sulphate

in the extraction system itself,

It should be pointed out that the interfacial
mechanism for the extraction, described above, is based on
a static interfacial bdoundary, however, there is no reason
. why the same mechanism cannot be applied to the actual
extraction experiments in which the two phases are agitated,
and in which each droplet of the organic phase can be
considered to have its own individual interfacial boundary

identical to that proposed for the static system,

IV CONCLUSIONS
The results presented in this chapter demonstrate

that there are many factors to be considered in assessing
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the part played by the solvent for the di(3, 5,5, trimethyl-
hexyl)ammonium sulphate in the extrauction of Fe(III) from
aqueous sulphate solutions, The properties of the organie
phase for "good™ and "bad"” extraction are listed helow, but
it should be remembered that seme of these, even though they
are oriteria for "good" or "bad" extractions, in themselves
have an epposite effect om the extraction. For example

ons criterien for a "good" solvent is that micelle formation
occurs in the solvent, however, the micelle formation itself

strongly inhibits the extraotion of iren (III)

"Geod" Extractieon "Bed" Extraction
(a) Micelle formation of amine (a) ¥o micelle formation of amine
sulphate sulphate
(b) Low solubility of water im (b) High solubility of water in

(¢) High surfacesactivity of (e) Low surface=activity of

amine sulphate amine sulphate

(d) Low surface-activity ef (4) High surface-activity of
solvent solvent

{e) High critical micelle (e) High hydrogem bond
concentration of amine potential eof solvent
sulphate

(f) Strong intramolecular (£) High dislectric eonstant
hydrogen bonding eof the of solvent,

amine sulphate
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*Good" Extraction contd,. "Bad” Extraction contd,

(g) Low hydrogen bond potential
of solvent,
(n) Low dielectric constant of

solvent,

The knowledge of only ene or two of the above
properties for a particular solvent system is insufficient
to label it "good" or "bad" for extraction, for example
as we have seen before iso-amyl acetate has a dielectric
constant of about the same value as chloroform yet the
extraction efficiency in the former solvent is much lower
than in the latter. However, the surface-activities of the
amine sulphate in each solvent are entirely different and in
iso-amyl acetate there appears to be negligible surface=
activity. Also the solubility of water in iso-amyl acetate
is much greater than in chloroform leading to a wmuch greater
instability of the iron(II1)sulphate-amine sulphate complex

in the former solvent,

It is therefore necessary to have a complete knowledge
of the properties of a particular solvent and ef the
behaviour of the amine sulphate in that solvent before any
prediction can be made as to the iren(III)extraction

efficiency,



The interfacial properties, desseribed in this
chapter, of the amine sulphate in the solvents in which the
most efficient extractiomef iron(III)are obiained give
considerable supperttc the pestulation of an interfaeial
mechanism for the sxtraction, and te the formatieon of am

adduct as epposed to the usual ion-exchange reaction,
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Appendix I

) bria 1 in Extraction of Su urdic d

die 3w t1dme lhe amn

The overall egquilibrium constants K, eand K_ for the

1 2
formation of amine bisulphate and amine sulphate as described
in Chapter 2 of this thesis, are composed of the individual

squilibria deseribed in this appendix,

It should be pointed eut that in solvent extraction
studies involving the reaction ef one species with another,
it is gonerally assumed that this reaction cccurs within one
or other of the two phases. In the case of the neutralisation
of long chain alkylamines dissolved in organic solvents, it
is assumed that this reaction cccurs within the agueous yhno‘.
Hovever, there is considerable svidence to suggeat that the
reaction ecours at the aqusous-organic Mtortacaz. The
assumption that the reaction occurs within the aqueous phase
is permissible, even though the leng chain alkylamines are
practically insoluble in water, since it is reascnable to
assume that a trace of the amins would dissolve in water,
The amine salts tend to be more soluble in vater than the
amine itself, The interface mechanism would also ssem to
be a reasonable ones since it has besn shewn that the long
chain alkylamines and their salts are generally surface-
active, (see Chapter 5) and would yield an aquecus-organie

interface with the nitrogen atoms orieantated in a manner
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whiech would facilitate combination with a proton from the

agqueous phase,

The censideration of either mechanism would give
finally the overall equilibrium constants l‘ and Kz as
described by equations (2.,7) and (2.11) in Chapter 2,

1. The Ext. » ‘ tho £ ¢
u den W the A ous
t.i The £ n of 1 to

The equilibria invelved in this process are
(a) Distributien of the amine betwsen organic and

aqueous phases.

R, ‘___’513_ R, (6.1)
vhere k, = .RA ' (6.2)
2

where R refers to the amine, and subsoripts "A" and “o"

refer to the aqueocus and organic phases respsctively.

ay and a, are the activities of the amine in the aquesous
A o

and erganic phases,
(b) Neutralisation of the amire in the aqueous
phase.
k

2 , rs =
2R + 2m° +807 == 22;u’ + s0 (6.,3)
A A hA ~ A &‘
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2
aput
A
R
.RA ‘E.l
(¢) Asscciation to form the amine sulphats

K
L 4 - L
2wl 80, =2= RS0,

K = 'Rz“z”a!

2
+ o e
.RHA "sohjl

(d) Pistribution of the amine sulphate between

the aqueous and organic phases,

RS == R0
A

RS0,

“RH 50,

k“.

(e) Dissociatioen of the amine sulphate

in the organic phase,
k
4 " -
RAS0, === ] =+ S0

2+. =
“ra] .5°n.

k,-

R0,

* Amine sulphate (RH'!)_sop?

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)
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Equilibrium (@) can be neglected if it is assumed that the
disscciation of the andne sulphate in the erganic phase is
negligible, A further equilibrium or equilibzria must be
added if the amine sulphate polymerimes in the organic phase.
However, in iso-amyl alochol it has been found that ne such

polymerisation takes place,

By a combination of the expressions for the first
four equilibrium constants the equation for the overall

equilibrium censtant can be obtained,

Rearranging the eqQuation for k3 weo geot

"RHS0
2+ = - (6.11)
A .SOZA ° k)
which by substitution in the equation for kz gives
RS0
k = (6.12)
: = ® zf . = Y k
'R‘ ‘n‘ .BO"; 3
but
&:A = k: [ .:o (6.‘3)
"R S0,
= b 6. th
ol ‘Rz“zs%A gty
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which by substitution in equatien (6.12) gives

2 “RH%,: (6.15)

k .k .k .k =
2 1 F3 2’ -
"R, * "u * "so}

3 h

but since
*us0, * ‘:: . 'so',:l’L (6.16)
ve got
Kyeky oky ok R o"g_z__ (6417)
‘stohA . *r,

the overall equilibrium constant'tl given by equation (2.6)

in Chapter 2 thus consists of several individual equilibrium

constants,
Kl ths overall equilibrium constant = kz'ka‘kg'kh
1.2 The formatien of the smine bisulphate.

In dealing with the individual equilibrium reactiens
invelved in the formation of the amine bisulphate it is
necessary to assume initially that in the presence of amine
bisulphate in the erganic phase the cencentration of free amine
is negligible, In other words the formation of amine
bisulphate does noet take place until all the free amine has

been converted to the normal amine sulphate.
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The follewing equilibria are invelved,

(£)

(s)

(n)

Distributien of the amine sulphate

betwesn the organic and aqueocus phase,
k

“z"zs"u, = RHgB0y

“‘z“:r‘l"%A

g ®
RHS0

Dissoceiation of the amine sulphate
in the agqueocus phase,
R H,S0 o N 2ru* + 80T
QA — A #A
‘;u*—’ %so;
A i

ky = =
'%“z“ﬁ

Association te form the amine bisulphates,

*
RH

- [}
L. nso§‘ ;:ée nuzsoyt

(6.18)

(6,19)

(6.20)

(6.21)

(6.22)

* Amine bisulphate (Ru)‘HSoy
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*ru_so,
ks = A (6023)
*&ut ° %uso]
A °k‘

It should be peinted out that equilibria (g) and

{(h) vhen combined represent a siwple anion exchange reaction

as postulated by Allen’,

(1) Distridution ef the amine bisulphate

(3)

between the agquecus and the erganie phase,

RE30, ; RS0, (6.24)
*ru

k, - zSOk. (6.25)
‘aazso«h

A

Disscciation of the amine bisulphate

in ths eorganic phase,

x
mtzsoh. 2 ol e mo;. (6.26)
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*a! * *mso}
' ()

km-

(6.27)
‘mizsok
[
Again we can assums that the dissociation ef the amins

bisulpbate in the organic phase is negligible, and that there
is 0o polymerisation in the organic phase.

Rearranging
equation (6.23) gives
‘mszso“
‘BH* - A (6'28)
A *uso, ° ks
A

and by substitution of this expression in equation (6.21)
gives

2
an * Bg0;
zs°k‘ %,

&’ = (6029)
] . - e kg
"RHS0) * “HSOL
o

0
but ‘:n - N Yo (6.30)

380"1 K2

9

and

= . 6 .
w0, " Y6 “mpgo, S



thus by substitution of equations (6.30) and (6.31) inm

equation (6,29) we get

2
.80, ° *so,
P b, 5, o

k7-

2 2 .2
‘nznzso,.. € .HSO;A « Ege kg kg

Equation (6.32) can be further simplified by introdustien of

the disscciation constants for sulphuric aeid,

k

u80, < m* + mSO, (6.33)
Byt . ‘uso;
kll - (603h)
ugs0,
and
- "n * ”
o, == H' + S0 (6435)
8yt . ‘Bo:
klz- (6036)
‘nso;

a combination of equations {6,3%) and (6.36) gives

2
kya ‘nso;
11 " (6437)
*so ° *us0,

k
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and substitution for 5 in equation (6.32) gives
2
*uso,
2 k
*ra g0, ° F12
k, = Y (6.38)

‘nznzsch‘ . ‘nzsoh‘ o kge kg' k;' ky1

By comparison of this expression with equation (2.10) in

Chapter 2 it can be seen that

K, the cverall egquilibrxium constant

2

k6.k7.k:.k;.k11

k

12

2, Ext tion Me the of
Neut ti Oce t
Qqueous= ) orfaco

For the postulation of the interface mechanism of the
sxtraction 1t is assumed that neutralization actually occurs
on the aquecus side of the interface. It s woll known that
certain long chain amines are aurfaco—activ'h and tend to

concentrate at the aquscus-organic interface with the basioc



nitrogens erientated towards the aquecus phase, For salts
it is assumed that the water seluble parts penetrats inte
the aqueous layer. In faot for an amine salt a charged
layer is obtained at the interface due to the pernetration
of the neuiraliszing anien inte the aquecus phase and

subsequent dissocciation,

The equilibrium reactiens which may be important in
the neutralization of a leng chain amine At the iunterfagce are
shown bslow,

(a) Distribution of the amine betwesn the interface
and the bulk of the organie phase.

(b) Neutralisation of the amine at the interface.

(¢) Association at the interface to form amine
sulphate,

(d) Distribution of the amine sulphate between
the interface and the bulk of the organic
phase. This equilibrium will be
dependent on the selubility of the amine
sulphate in the organic phass,

The sctual squilibria invelved in ths abeve
reactions are indistinguishable from those for the
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alternative mechanism except that the equilibrium constants
for (a) and (d) are slightly differemt te the corresponding
constants for the other mechanism. The sise of k, for ths
mechanism based on the reaction occcurring within the aqueous
phase would be very small, as would the k, for reaction (a)
above, since the solubility of the amine in the agqueocus
phase would be very small, and the relative concentrations
of amine at the interface te that in the bulk of the organic
phase would also be very smll, Similarly the sise of kh
in the alternate mechanism weuld be very large, as would
the size of the equilibrium constant for reaction (d) above,
Presumably, the equilibrium constants for reactions (b) and
(¢) above would be the same as the corresponding constants

for the other mechanism,

The same arguments can be applied to the formation
of the amine bisulphate, and the equilibrium reactions

involved are as fellows,
2,2 o tion of bisu te

(a) Distribution of the amine sulphats between
the interface and the bulk of the organic phase,

(b) Dissociation of the amins sulphate at the
interface,

(e) Association to form the amine bisulphate at
the interface.
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(4) Distribution of the amine bisulphate between
the interface and the bulk of the erganie phase,

The final expressions for the overall equilibrium
constants ‘1 and K, are identieal for both the proposed
meschanismus, and so, it is impossible to distinguish between
the two processes using the equilibrium studies describsd in
this thesis,
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Appendix II

B libria involved in the ot £ I IXX
A - te solu

Extraction equutions to deseribe the extraction of
Foe(II1) from aqueous sulphate solutions have been derived by
considering the equilibria involved, It has been assumed
for this purpose that the partially hydrelysed spocioi
FeOHSO, and (m.cmso,')2 are extracted by reaction with the
amine sulphate dissolved in the organic phase. It sheuld
be noted that the following treatment assumes that the
reaction is cecurring within the agueous phase rather than
at the agqueous-organic interface, however, as has been
pointed eut previously, consideration of either mechanisa

will lead to the same quantitative result,

Although this treatment is based on the reaction of
the species FaOHSO, and (meisoh)avith amine sulphate in the
aqueous phase, these species may not be involved as such,

The reaction can be postulated as occurring between the amine
sulphate and the ions FeOH'Z and (rooa);“ with subsequent
reaction with another sulphate ion or ions in the aqueous
phase to form the extracted complex. Howover, consideration
of either reaction will lead to the same result and simply
means a change in the order of the equilibria represented

below,
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The following equilibrium reactions can be written
to describe the extraction,

(a) The Hydrolysis of Xron(III) in the Aquecus Phase

Fo*3A + HO —b  peon*?, + H* (7.1)
A

where k, the first hydrolysis constant of iron(III) is

1
represented by the equation

k‘ - .FO * .H* (7'2)
retl ¢ ‘ﬂ 20
A

& represants the activities of the species and subseript
*A" represents the aquecus phase. The subseript "e" in

following expressions represents the organic phase,

By introducing activity coefficients

e Ty e ],
7%. 0 [E‘o*'?‘]A[K.‘,O]A

A

(7.3)

wvhere ) is the molar activity coefficient and the brackets

[ ]rofor to molar concentryations,
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(b) The Formmtion of the Species FeOHSO, in the

Aqueocus Phase,

r.cu’ﬂ + so;: ;_:"-_‘ 11*.&159,.A (7.8)
‘nouso,‘
kz = f A .:i (7.5)
4 °
*recu’”, 's«':ob‘k
ngqus ! FeOHSO

k, = g 09 . _,_[ 01 "];.____ (7.6)

e R N T

(c) The Distribution of Amine Sulphats Between
the Aqueous and the Organic Phases,

RH,S0, é R M504, (7.7)
o
where R is di(93, 5, 5, trimethylhexyl)amine,
.“zazs%‘
k3 - (7.8)

BP0
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.- 7328:8%& [raga] -
thnzso“ [Rz“zs °u] "

(d) The Foruation of the Complex in the Agqueous

Phase,

x
.11'.031:3.0,“L + Rz“zs"uA .‘_-—_—*.'.‘_ nzuzso,'.v.o:mohl (7,10)

‘nzazsok.woomo“
kg = A (7911)
&p, ¢ %
'0“5"&‘ z”zs"hA

[

RH,50, . Fmo"n [nznzsou.voomoh]

kﬁ - — " (7912)
Py ooy, (o T2,

(e) The Distridbutien of ths Complex between the

Aquecus and Organic Phases,

X
Rl 80, FecSO, N R 5,50, Pe0HS Oy (7,13)
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*r «F o0
. H80, romso,‘!

(7.1%)

5 =
‘nzu S0, sFeOHSO
27, b,

nznzso,..remsohg . [nznzso,‘.romisok]
%zuzso“.romsoh‘ 2 o Tk

k, = (7.15)

5

Rearrangement of squatien (7.3) gives

+3
A= kl'%ﬁ'o"a'nzoh . [F. ]A[azo]* {7.16)

' (AN (=]

A

z; .ouo-z . [FQOH’z]

2 . [rom"z]

and by substituting for %‘bw A

A in squatien
(7-6) ‘1V‘l

%omso .7 [reonso,‘][ *1a
soh .ﬁ 7!! o [r.”]_[:o]_[so“]

(7.17)
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rramxsoh‘[

k =

Rearranging equatien (7.12) gives,

y [ ] ®

i RH,S0, F.GlSOk* . [nzuzso,‘ !'.o:uso,‘]Jl
Y Rlggso, [R50,

,FQGISO!']

(7.18)
and substitution in equation (7.17) gives

Tazuzsovpowsoh Jut, [Rzllst“,FQOHSOh] [ ’]A
1"‘&75 '7?.*3 711 o WRz}leOh [ro’:’ so,‘] [nzuzso&]

2

(7.19)

Introductien of k, and ky given by equations (7.9) and (7.15)
which describe the distribution of the complexing agent and
complex between the aqueous and organic phases inte egquation

(7019) glives

%t:glzso,..l-‘omisoh .Vn [Rzazso,..r-‘.onsoa] [u 1:
kyokyyok gokige 'ro ?F.*’ gyn 40 Tnznzsoh [?. 3] Altsso,‘]_['nzﬂz.@

(7.2)
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The distribution ratie D is defined as

Dm e t concentration of n{IIi) in the o c
The total concentration of iron(III) in the aqueous phase.

(7.21)

The total concentration of iron(III) ineludes all possible
species present in the agqueocus phase, but in the derivation

of equation (7.20) enly the species FeOHSO, is taken into
account since it is this species which is considered to

react with the amine sulphate, There are, of course, other
iron(II1) complex species present in the aqueous phase
(neglecting for the moment the polymerised (FQOH):* ion) such as
Foso;'. F.,(Sok);‘. and perhaps higher sulphate complexes,

and re(om)3’.

The distribution ratie, however, can be introduced

into squation (7.20) by making the following assumptionss

(1) That the total ameunt of iron(III) in the organic
phase is in the form of the complex
RH 80y sFoOHSO,, i.e. there is only ens Fe(IIIX)
complex present in the organiec phase.

(2) That at equilibrium the coancentratioen of the
species FoOHSOh in an aqueocus solution of
constant ionic strength and fixed pi value is
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directly proportieonal to the total concentratioen

of iron(III) present,

Hence D is directly proportienal to

[nznzs 0,, +FoOHS °h]

[Fe”] A

And since in the agqueous phase the activity of water can be

A

considered to be constant, and if we assume that activity
coefficienta in the organic phase are unity, rearrangement
of equation (7.20) and inclusion of D the distribution ratie

gives,

"1'7,30',; ‘2;‘-*3‘\ [5";]&["2"2“&] . (7a2)

D = °
+ C
A (2],

Equation (7.22) describes the extraction derived on

=

the basis of the extraetion of the FQOHSOR sapecies. If we
now intreduce the equilibrium constant for the formation of
the dimeric iron(III) species (Foaﬂ);& we get a second
extraction equation, The formation of the dimeric species

can be written as

K
2!‘.(!!*2‘ ;_—-\‘.‘_ (1»‘.011);"Jl (7.23)
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‘(r.m);"
vhere kg = A (7.24)

*peoi??

7 4 +4
(FeoH) 2 [(hw__)_f_]_é_ A

ké =
2 24712
lyFom*zA [:?.cn ] A

Equation (7.24) mow becomes,

(uoa);“ . ao:A; (rcwso,‘)zl (7.26)

®(recuso,),
- (7+27)

k,,-

2
&(poou)* * %507
( 2 5

%Pcwsok)a [(?031503.)3]‘ (7.28)

%F .w);hA J :O:A [(r.oa);‘*]A [50;]2‘

L,-



Equation (7.10) becomes,

(1!»*.0@11.30,‘)31.L + mz"zs"!.* \_l_. (R,‘,ﬂ,so,'.lrotm.‘sm,,)zﬁi (7.29)

“(RJH 80, . FeOHSO.),
ka - ) s A (7030)
2

a .‘R
(Feciis0y)p “RpH SOy

y(nzuzsoh.romsoh)ﬂ [(nzuzsoh.romsok)z]
%,'.msoh)z : & zs°h [(FQOHSOI‘) zﬂnzuzso,']—
A

kg = (7.31)

And equation (7.13) becomes

(Rz“zs"v“m"u)a‘x—-:’—é (nlnzso‘.nmso,,)z‘ (7.32)

*(r 1,80, .FeOHSOy)
kg = ° (7.33)

*(rH,80, FeOHSO, ) 2,




RSO0y FeOMS0) [(Rg1,50, . recusoy) ] (7.34)

7( & o 90

k, = :
’ ,?(Rzl'lzsoh.?ooﬂsoh)z‘ [(r 1,50, .Featisoy), |

A

Equation (7.16) can be written as

22 302 +3]2 2
PP Tl s N i R
A '{H-oA IH*I M

Substitution in equation (7,25) and rearrangement gives

l‘6"‘1.2 io"i J ; ,0 [re"3]: [ﬂzo] -

7 L +h [(Fo()il)*"ﬂ = A . A
(FeOH),, * 2 l +I

(7.36)

Substitutien for +h, [(FOOH);"] in equation (7.28)
2 A

(Feoi)

gives

2
y(roous °‘a)AJ n, [(F‘“‘S"u) z] A[_"*]: (7.37)
2

k, = y
23 2 3 32 =12
kgoky o po*z"ynzo "’so'," [F' ]A[“z"]A[s"uL

A A
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Rearrangement of equation {731) gives

%nzuzs Oy «FoO0ISOy,) 2, [(nzazsoh.pamisob) 21&

l‘s'yz.‘.,llas.t),‘ - [Rz“zsoh]:
Y

’

(F'm‘soh)zA. [(F‘C’Bsoh)z.l o

A

(7.38)

Substitution of this expression in equation (7.37) and
intreduction of k3 and k9 as given by equations (7.9) and
(7.34) te obtain the amine sulphate and the complex in the

erganic phase, gives equation (7.39)

. ‘y(azﬁzso,‘.r‘omsoh) B Ve N [(r1 50, Featiso,) ] [u*]:
k] k3 ekgekg ok re*2¥u 0 Ysop B [“2"]: [s OZ]: [R50, ] i
A A

(7.39)

The definitien for D, however, remains the same and can be
introduced into equation (7¢39) by making the following

assumptions:

(1). That the total amount of iren(II1) in the

organic phase is in the form of the complex

(Rzﬂzsok.FQOHSOh)z.
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(2) 7That at equilibrium the concentration of the
species (Fe0iSO,), in an aqueous solution of
constant ionic strength and fixed pH value is
directly proportional to the total concentration

of iron(III) present.

If we make the further assumptien, as before, that activity
ecoafficients of species imn the organic phase are unity,

equation {7.39) can be rearranged to give equation (7.40).

. xzrp;:i SO:A . [so:]:[nzu:so~]z i3
71{*‘ [H’]A

Equation (7,40) describes the extraction derived on
the basis of the (l“oOﬂSt)&)z species in the agquecus phase

rescting with amins sulphate,





