INT RO DUCTION

General discussion ; Solvent or liquid-liquid extraction is

a technique in which a solution (usually aqueous) is brought
ipto contact with a second solvent (usually orgahic). ess en~
tially immiscible with the first, inorder to bring about a
'transfer of one or more solutes into the second solvent, To
understand the fundamental principles of extraction, the
various terms used for expressing the effectiveness of a

separdtion must first be considered,

Partition coefficient :

For an inorganic chemist, the agueous-organic solvent
pair is of s;p.ecial interest since he is concerned with the
analysis of the element preSent in the agueous phase. If a
substance ‘is allowed to dissolve ';nithin two immiscible or
_slightly miscible solvents, the species is shared between
the two layers in such a way that the ratio of the concentra-
tion of the solute in the two phases at equilibrium at a
particular temperature remains constant, provided that the
specits will have the same molecular weight in both the phases.
This ratio is usually called as the distribution oi: partition

coefficien.t (KD). Thus for agqueous and organic systems,

(M .-
K = ‘. '}organlc phase . cee (D)
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matal ion concentration.
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The law, as stated, is not thermodynamically rigorous
(e.g., it takeé no aécount of the activities of the various
species, and for this reason would be expected to apply in
very dilute solutions, where the ratico of the activities

app roaches unity), but is a useful agpproximation.

If the case is ideal, the species shares itself bet-
ween the two phases in the ratio of its solubilities, Of
course, it also depends upon other factors like acid concen-

tration and extraction of molecular species,

Distribution ratio or Extraction Coefficient, D

For a given metal, M, -_Present as various species
Mys My ceccsccenssnesce Mg and partitioneq between an orga-
nic and agueous phase, we are more concerned with the overall
or stoicheiometric distribution of the component of interest
between the two phases and a more practical quantity to des-

cribe the extration is D, distribution ratio :

Total metal concentration in the organic phase

D =
Total metal concentration in the aqueous phase
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If pélynuclear species are formed, their concentrations
are multiplied by the app:bpriate stoicheiometric coefficient,
' In the ideal condition i.e,, where there is no reaction between
the species and other components in each phase, D, thé distri-

bution ratio and Kr)partition coefficient are equal.

Percentage extraction g

For chemists, percentage extraction (% E) is more impor-

tant than the distribution ratio. These two factors are related

as follows

100 D
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where V__ and Vbﬁfre the volumes of the aqueous and.organic

phases respectively, This equation on sinplifiCatién,

v .
be 2 [_E____J (4)
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where E is percentage extraction, and Vaq and.v5r§re the

volumes of aqueous phase and organic phase., When the volume

phase

D— ______ ) eee ® oo s 0 (5)



For practical purpose, the distribution ratios (D) are
calculated from the percentage extraction for systems of ext-
raction applying equation (5). So long the volumes of two
phases are equal, the distribution ratio varies from 99 up to
infinity as the limit as the percentage extraction increases

from 99 to 100.

Multiple extraction 3

The chemist's main object in the process of extraction
is to separatec the metal component quantitatively by a _sinale
extraction from a mixture of solution., When hundred per cent
extrition is not possible by one step single extraction, mul-
tiple extraction is applied.

Thiis if a fraction L, of a subsfance A left after ext-

raction of volume Vaq of aqueous phase with n successive por-

tions of organic solvent having each of volume Vo' then

v n
L = aq ] LI Qe o @ (6)
aq + VD

For rapid and complete extraction, the above equation
shows that D, the distribution ratio must be of very high

value, In the above system, the partition isotherm is assumed

to he linear i, S [Ao-] / [Aaq] = D which remains constant



for any value of [A ] . For good speparation LA should be
considered as low as possible and n should be of high value

as possible,

Separation Factor ;

When a solution contains two species A and B, another
term separation factor ((5) is introduced in the process of
extraction system, The separation factor ((3) is also related

to their corresponding distribution ratios, Thus mmmmm X g

_[A]o/[B]o _[2],o /[A}aq - fﬂ cees (7)
PJ [a) aq/[B]aq [E‘]O /[B']aq %8

where [A] ., [B]  are the ]concentrations of A and B in
the organic phase' and [A] aq,[fa?é the concentrations of A and
B in the agueous phase.

Quantitative segparation is possible only when the sepa-
-ration factor is large., That will be only possible when one
distribution ratio is too small as compared to other, Again
when separation facto-r will iae unity, it is very difficult to
separate as the two distribution ratios are equal. In these
cases to carry out separation counter current extractions
(fractional extraction) are generally used, That is , the dig-

tribution, transfer and recombination of various fractions are

repeatedly done,



Distribution ratio and concentration :

Practical considerations : geveral factors have to

be taken into account in ghoosing an extraction system, and
the factors may differg according to the scale and purpose
of the work. A system that is excellent for microanalysis
may be of no value in the marro systems,

In production work, health and fire hazards, cheagp~-
ness of reagents and solvents, loss of solyent by volatili-—
zation and solubility, prevention of emulsification etc, are
all factors and must be balanced to arrive at??nost economic
method.

For analyﬁcd or laboratory purposes, other conside-~
tions may apply. sﬁch as completeness of s-eparation, loss of
material in handling operations, speed of equilibration and
complexity of ‘the method.

.In analytical work, it is most efficient to use a
single extraction with accurately measured volumes of the two
phases, provided there is no significant change in phase volu-
mes on equili'brati'on,- standards are treated in the same way
for calibration purposes. In that cas;e E need not be 100% ahd
4 £f the metal can be determined by measurement of some property
of the extract, complete separation of the phases is not
necessary, making the operation much simpler,

'



' The solvent used should not be too volatile, especia-
11y if equilibraticn takes some time and the room is worm
'(the difficulties of using diethyl ether are well known),It
is best if it is as immiscible as possible with water, Crga-
nic solvents often have an appriciable temperature coeffici-
ent of expansion and this must be taken into account in accu~
rate work. |

‘Reagents must'be carefully checked for impurities
when trace analysis is undertaken, and sometime.extreme care
must be taken to ensure cleanliness of the air and the surro-

undings,

Classification of Extraction Systems :

Various classifications of extraction systems have
been made but are admittedly arbitrary, since a particular
system under certain conditions may be grouped under more
than one class. The best cbnpromise might be to classify the
systems in terms of the types of chemical compound involved,

Such a classification might be s

Uncharged covalent species
Simple molecules, e.d., I,, chl2l CgHg~COOH R0y

Chelate conmplexes, &, d., aluminium oxinate,



Uncharged electrc;val ent species (ion-association complexes)
Halometallic aciés.~ €. g., HFeCl,
Amine-anionic complex compounds, €.d.. R3NH+. FeCl4 -
Metal-acid ester éomplexes, e.d., La(DEHP) 3
Solvated acids and salts,ﬁ €y Jeo » HNO3. TBP; VDZ(NO3)2(TBP)2
Non solvated salts, €.dJ.. (CGH5)4 As+. FeCL, .

4

(DEHP = di-2-ethylhexylphosphate; TBP = tributyl phosphate)

such classifications are most convenient from the view
point of theoretical discussion. For practical purposes, how -
ever, it is much more useful to classify according to the type
of reagent used, so that the possibilities for separation, etc,,
can be more easily seen. There are thus varibus ways of di‘spla-
ying the information, ranging from simple tabulation of extrac—
tion characteristics of elements arranged in alphabetical order
of element or symbol (1,2), through diagrams based on the perio-
dicltable and indicating which elements are wholly, partially
or not at all extracted (3) » and sometimes including graphs of
E against pH for each element (4) to diagrams showing distri -~
bﬁtion ~pH courves' either all on one plot (5). or arranged verti-
cally one above another, one for each element, so that the
possibilities of separation. can be seen at a glance (6), For
descriptions of individual systeﬁs, the last named method is

undoubtedly the most useful.



Uncharged Covalent Species

Simple molecules : There are a few covalent molecules

such as ioding, mercury (II) halides and ruthenium tetroxide,
which are extractable from agqueous solutions into solvents
such as carbon tetrachloride or aliphatic and aromatic hydro-
carbons,

The extractability of mercury (II) halides is in the
order HOI, > HOBT, > HgCl2 . The halides of germanium, arsgnic
(ITI) and antimony (III) are also members of this class., The
extracted 'species are GeCl, (7.8.,9), AsCl3 (7),,AsBr3 (10) »
ASBrg (11), -Asr3 and sbI3 (12).

_ The so-called polymerization of osmium tetroxide in the
organic phase has not been confirmed from recent studies (13,14).
The extraction coefficient of 0s0, decrease in both alkaline
and acid solutions.

Chelate complexes : The matal ion forms chelates with

appropriate reagents. If the charge on the ion is neutralized

by the number of ligand anions needed to satisfy the co~ordina-
tion number of the ion, and there are né hydrophilic or ionogenic
groups on the periphery of the resulting complex, the chelate
will be much more soluble in non-pdar organic solvents than in
water, The presenée of hydrophilic or ionogenic groups may

cause the chelate to remain in the agueous phase depending on



the conditions used. If the charge neutralization and co-
ordination number requirements ére not simul taneously satis-
fied in the chelation reaction, and some residual co-ordina-
tion sites are occupied by water molecules, there may be
sufficient interaction betﬁeen the water ligands and the
bulk solvent water to prevent extraction, e.d., Sr (CyHgNO) ,.
ZHéO. In that case the ligand water must be displaced by
another ligand which has less interaction e.g.,lsr (CgHGNO)Z°
2CgH, NO or Sr (CyHg N0),. 2 Bu NH,. On the other hand,
chelating agends such as EDTA, which may satisfy co-ordina-
tion number but over compensate the charge on the metal ion,
{will produce charged chelates which are not extractable,
Many solvent extraction systems belong to this class; thus
@—diketones such as acetylacetone, thenoyltrifluomacetone,
dibenzoyl methane, etc., oximes and their derivatives, diethyl-
dithicocarbamate, pyridylazonaphthol, etc.,, are important
'examples of chelating extractantg.

These chelates generaliy do not require further solva-
tion. Fowever, in some c¢ases, such as with theonoyltfifluoroap
cetone (HTTA), solvation can lead to much higher extraction
coefficients (synergism). Typical examples are the Uranyl
(VI) complex with excess of HTTA [UO2 (TTA), HITA, K = 2.7
in benzene (15)] . the hydrolytic species OH (U02)2 (TTA)3

formed at low concentrations in alcohol-water solutions (16),
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and the thorium species such as Th(TTA), CH; COOH and
Th(TTA)4(CH3-COQH)2 obtained in excess of acPtic acid and

extracted into carbon tetrachloride (17).

Uncharged electrovalent species s

Halometallic acids : These are complexes of metals

with halide ions and protons and are extracted as acids, the
protoﬁs being solvated mainly ijoxygenated solvents, The
extraction of iron(III) chloride by ether, indium bromide by
ether or'protactinium chloride by iscobutyl methyl ketone
(IBMK) are typical exam§1es (18),

bDuring the past few years much work has been done on
the extraction of halometalliq acids. Diamond and Tuck (13)
have given an excellent treatment of ﬁhese systems,

Recent paramagnetic resohance'studies (19) prove that
in thelextraction of iron(III) by ethers, the organic species
is solvated HFeC14¢ and reject the earli?r notion that there
is érimary solvation of iron, The latter is tetrahedrally
surrounded by chloride ions and apparently saturated. The
hydration and solvation are hence ;imited to the pfoton and
to.secondary solvation. The primary'species, on extraction by
dibutyl ether, is apparently H(OBu2)3+. FeCl4- which may be

further solvated by water and ether (20). In solvents of low
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" dielectric constant the prixﬁary species tend to aggregated
by dipole interactions of the ion-pairs and to associate with
ion-paired hydrochloric acid, whereas in high dielectric
constant solvents, dissociation of both hydrochloric acid
and hydrogen tetrachloroferrate (III) occures and common
ion effects are possible. In a halide-deficient medium, as
in a solution of anhydrous iron (III) chloride in ether, the
monosolvate FeCl 3¢ Et20 is obtainedo

Other interesting systems include ;3 iron (III) bromide,
indium chloride,thallium chloride, gold chloride and gold
bfqmide (21,22,23).vIn all cases the extracted spegies is HMX4,
the proton being solvated and probably hydrated in the organic
phase. This gives rise to ion-pairs which dissociate in solvents
of high delectric constant but aggregate in solvents of low
dielectric constant,

Amine-anionic complex compounds : The strongly basic,

high molecular-weight. amines such as tri-iso-octylamine (TIOA)
extract metals by forming ion—p.airs with anionic metal complexes.
A typical example is the extraction of uranyl sul fate by tri-iso-
octylamine ( i-OC3N )y as ( i—OcaNH )2 UO2 ( S0, )2 £from sul furic
acid, The name liquid anipn exchanger-is often used for this

type of extraction system, - |

Metal-acid-ester complexesg This class of reaction is

often called liquid cation-exchange, The liquid cation-exchangers
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are mainly aciéic phosphorous esters dissolved in diluents,
Examéles are mono - and dibutyl phosphoric acids, di(2=ethyl-
hexyl) phosphoric acid, dinonyln;phthalene'sulfordc acid,

etc, They usually facilitate extfaction of metals by foitming
complexes with them, which may bé fﬁrther solvated by adﬁi -
tional molecules of esters, e, d.. La-(Bu2P04.HBu2PO4)3. The
acid dissociation of the esters is cheeked by the presence of
strong acids, and they may then serve as solvating solvents like
TBP. In most cases the acid:phosphorous esters behave as che-
lating agents when a metal displaces the acid hydrogen and
gives rise to a chelate ring with two oxygen atoms connected

to phosphorous.

SolVafed acids and salts : The earlier popular extrac-
tants, diethyl ether and IBMK, contain oxygen, which is basic
and Caﬁ directlf solvate protons and metal atoms. Thus extrac- .
tion of both acids and salts is feasible.” The extraction of
nitrates‘by ethers was very common a few years ago. McKay (24)
has reviewed the work on the extraction of uranyl nitrate, The-
extraction of cerium (IV) by butyl acetate (25), diethyl ether
(26), diisopropyl éther (27) and nitromethane (28) has been
repQ@éd.

The extraction of neptunium (29), uranium, plutonium

 and various fission products (30)by IBMK from nitric acid and
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calcium nitrate solutions follows the same pattern. Al though
there is a lot of informations on exfraction from nitrate
solution, there is little on -extraction from sul fate solution,

Some solvents extract the metallic ion by direct sol-
vation of it, Secondary solvation frequently occurs. Important
examples of such solvents are the organdphOSphoﬁous esters
such as tri-n-butyl phosphate (TBP), trialkyl phosphine oxides,
etc., which are more strongly basic thaqlethers and ketones,
The more basic extractants, the trialkyl phosphine oxides,
resemble the strongly basic liquid anion-exchangers, The
phosphorous esters'éuch as phosphate, phoéphonaﬁe and phbsphi-
nate esters have been extensively used as extractants in recent
vyears. The review articles by Fletcher (31), Ishimoric (32),
De (33) and Marcus (34) cover the litérature on tributyl phos-
phate, while the article by White and Ross (35) survéys the
literature on phosphine oxides. h

“ Considerable information is available-on the extraction

of uranium by tributyl phosphate (TBP), particularly the
system uranyl nitrate-nitric acid-TBP because of its importance
in the nuclear-energy industry. Marcus (34,36) has reviewed
the theoreticaltreatment and offered ang excellent thermodynamic
analysis.

From nitric acid medium, uranium is extracted as the

considerably polar UOZ(N63)2. (TBP)Z. With some diluents, mixed



’solvates are forﬁed, €e Jo s Uoz(Nbé)20 TBE; BuOQH with bﬁténol
(37). On the other hand, Ehe species extracted fnﬁm_moderately

- concentrated hydrechloric acid is UOZCIZ‘ (TBP)Z’ both by pure
fBP and TBP-in carbon'tetrachloride or bengenee Rhenium-ié eX—
tracted aélH(TBP)A;REO4 from nitric acid or.as H(TBP)39ReO4

at lower TBP concentrations (38,39), Depending'on the conditi-
;ons, ruthenium is extractéd és RQNO(NO3)3GKTBP)2(4O) or [H(Tép)ﬁ]z‘
_RuNO(No3)5(41)¢~Compounds'with;a more basic phosphoryl group,
P=0, than that in TBP, are better e#tractants than TBP. Thus the

: eﬁtractability increases in the order‘: phosphine oxidezsphosphi—
Qate> phOSPhonate) phosphate, The.most widely used phosphine
oxide is tri-n-octyl phosphine oxide (TOPO). This has been used
'for the extraction and determinatiom of titanium, throtium, uraniﬁm
i ron aﬁanmlybdénum. Broadly épeaking, TOPC yvields more definite
splvates than TBp and binds acid more strongly than TBP; so it is

‘intermidiate in properties between the oxygenated, slightly basic

solvents and the strongly basic amines.

Non-solvated salts s These include ion-pairs formed by'
large upsolVated cations and unsolvated anions whicp behévg in
inert solvents as éévalent‘moleéﬁles._Examples are found in the
extraction of caesiﬁm with tetrapﬁényl- bo"fate into nitrobenzene
(42), alkaii fmetal ions by poly iodides (43) fluoride by'tetraphew'

‘nylstibonium ions into carbon tetrachloride (44) . chloragurate with

~arsonium ions (46),

54602
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raphenyl arsonium-i-ons—=46) .

Extraction process g

The extraction proéess consists of three stages 3
(1) Uncharged complex formation.
(2) shajring of such complex between the two liquid
phases.
(3) Interaction of ;che complex in tﬁé organic phase,
(1) Uncharged complex formation depends upon several
factoré.
The complex may~ be of different typés, as Ki) simple co-ordi-
nattion complex, chelate complex or (ii) Van ion association
complex
(1) M+f1 + nR —;__—‘ Méh (co-ordination) coeses (8}
where. M} = n-valent cation and K = anion of the suitable
chelating or co-ordinating agent,
Examples : Gerrﬁanium tetrachloride (simple co-ordination
complex), nickel dimethylglyoxir'nate (chelate)
(1i) an ion association complex is formed by co-ordina-
tion of the metal with the cation or anion of the extractrable

ion pair.
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IVP+.+ bB = MBE'*' (Ion association)
ligand

n - n -
.MBb++ Il:.lzn ‘—_T—'—"‘A (I‘,Bb-*.' nX) 0000000000(9)>

+ -
Example s [(CGHS) 4As +Cl :‘
4 - Q-
M + {(n + a) X = M}S’H-a

a- + + a- . e
M)S'Ha + ay — (ay’, Mxn+a) (ion association)

0.0'00000.(10)
Example : [ HY, FeCl 4“"}

The stability of the co-ordination conmplex depends
on two factors (a) the acidity of the metal, (b) the basicity
of the iigar}d taking part in the complex formation, In the
simple co-ordination complex the mono funcfional ligand takes
part and in the chelate complex polyfunct;.ional ligands are
acting which occupy more than one position in the co-ordj_.nation'
sphere, The chelate compl exes are mostly soluble in organic
solvents and hence used in the pibcess of exi:raction. These
chel ates are of either five or six - membered rings. They

may be classified as follows.
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(i) Positively~charged chelates having requisite
number of uncharged basic groups of the ligand e.g. chelates

of cobalt with terpyridyl.

Bis (te:pyridyl) - @Gobalt (III)

(ii) Chelateé having one anionic and one unchézged basic
A
group of the ligand i.e., neutral chelates, e,d.,, chelate of"

nickel with dimethylglyoxime,

o/ \ / \
O\\\\N//// \\\\ ////
Il |
CHy C C —~ CHay

Nidkel dimethyl glyoxime



(iii) Negatively charged chelates having negatively

charged basic groups of the ligand e, d..,

Alizarine devivative of iron (III)
Ton association complexes e.g.., [kC6H5)4As+,ReO4" J 5
are easily extractable in organié solvents like chloroform,
benzene etc, The extendtof ion association depénds on ionic

size of the salt involved and also on other structural factors.

(2) In the second stage of extraction either the
chelate complex or ion association complex is distributed

uniformly in the solvent, The distribution depends on the solu-

bility of the complex.
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(3) The third stage is the interaction of the complex in
the organic phase., The chelates aré not:generally interacting,
In case of ion association complexes polymerisation becomes an
important factor as the concentration increases and higher dis-
~tribution ratio is feasible, another factor ie., dissociation of
ion aséociation-complex should be considered in case of only

dilute solution.

Extraction~equlibria H

Mainly there are two types of metal extraction systems:
(a) Extraction of chelate complexes
(b) Extraction of ion association com@lexes.

{a) Mostly chelates are the extracable species here, These are

generally five or six-—membured ring compounds €, d.,

i | Y
NP
( )
0— A%’\g

Aluniniun-8-quinclinate,

quferron, dithizone, acetyl acetone, thenoyl trifluorocacetone
ete,, are commonly used as extractants in an organic solvent, In
general the extraction equilibria may be studied by the following

way. If HR is the chelating agent
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(1) TIonisation of the reagent,

HR —> H' + R

K: = [57] [R] kll))

1 - © o 0 LI -

[HR]

‘

- (2) TFormation of the complex

-1
R
MNP s B o= mR? Ky = Ei___]
: ' ' , [Mp+][RTJ
MR+_1+ R — M'Rn Ién [MR“,]/ [Mpljx‘-i”R—]

ceee ceees ~(12)
The overall formation constant
1.‘K2 cesesnce Kn
(?) Hydrolysis and metal an%on co-ordination
M Lo = M(OH)n-'l

+ 4. - —
e+ X = mPtoLLL. (13)

where X = anion, e.dg., Cl~ or Nog_ etc,
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(4) Reagent distribution

[5r],

R - [HR]a

* e o8 ® e s e (14
Ky (14)
O = Organic phase

a = agqueous phase,

(5) Chelate distribution

[

[MR -
K = ———2-__._2 ev e ccea (15)

[ ] a

When chelate concentration in agueous phase is neglected
and hydrolysis in stage (3) is insignificant, the distribu-
tion ratio can be derived as a useful approximation from the

above equations,

D

- ¥

=‘[M]o - X (MR)OJn'..LJ (16)
[, #

i

when K is constant, If the reagent concentration in the

organic phase is maintained constant,

/ -
D = K [H+1 n

i

, .
i.e., log D = logK + npH : (17)
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.equation (17) shows that extraction depends upon hydrogen ion

concentration in the aqueous phase, The PH value at 50% extrac-

tion is called PH%

(b) Ion association system - Con’pl exesS are formed by

the ion association or by the process of oxygen bonding and
solvation with the organic solvent, Commonly esters, ethers,_
tributyl phosphate etc, are used as an extracting agent. The
equiilibria in ion association system are far more complicated
. than those in chelate extraction. The extraction of fefric
chloridé by ether serves as an example. The probable equili-~
bria may be expressed as follows

(i) TFormation of FeCl; anion,

3+ - Ky 2+

Fe (H20)6 + c?l —— Fe (Hzo)scn + H,0
| i - K, _ ' - :
Fe (H20)3ul3+ . — ce-(H20)2014 + H20

The overall reaction is

/
’ K, .
. 3+ - : - .
Fe (ﬂ20)6 + 4C1 —= Fe (H20)2Cl4 4 .4 H,0

/ - [Fe(8,0) ,C1, ] [H,0] ¢

! [retrog*] [ag | *
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(ii) Solvate formation

Ks
Fe(H20)2014 + 2R29 p— Fe(R20)2014 +2H20

K

+ : _

R,0 + HyO . = R20H + Hy0 [RZO—
Ether
molecule ]

(1ii) Formation of extractable complex

/<71

. + ! ' -
H3O + Fe(H20)2014 (HO P Fe(rI 0) Cl4)

' Kg
R20H++~ Fe(RZQ)ZQlZ ————‘-(RZOH + Fe(R)0), Cly)

\ Ko
- - 7
or more generally HS+, Cl + Fe(S)2614 — (Hs » Fe(S) Cl4)

= HZO or RZO)

iv) Distribution of reageht énéi of extractable complex

/

[ (us*, Fe(s) c14] 2 [(ns*, Fe(S)z ag |

/ D - -=
(HS+, _Cl-) _ Z Hs"'Cl _]0
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(v) Polymerisation of ion-pair in ether phase

n[HS+ Fe(S) .C17 ﬁgﬁH* F =
’ Cly [ 7= [(HST, e32C14)]0

where n = 2 to 4

(vi) Dissociation of the extractable complex and

of the reagent in ether phase,

kll ’
(HS¥, Fe(s),Cly),  —= (HST)  + (Fe(s),Cly)
. Kip + _
(msh,al”y = s, + @7

[re ],
/ Fe 1q
calcul ated from the above reactions and is given by,

The overall distribution ratiof D = A8 13
as an approximation,

D = KK, [Hs"']{l + Kk [H" J[a” ]3"% ceee (18)

Thus equation (18) shows that with increasing acidity

iron extraction is enhanced.



Computer calculations of extraction equilibria ;

with ﬁhe advancement of science ¢ has become possible
to extract much more information from experimental results
than was possible in\the days when simplifying assumptions
had to be made inorder to make the mathematical operétions
amenable to .solution by the individual working by hand or with
‘a célculating machine, geveral coﬁputer'prbgrammes.have been
written and used for extraction equilibrium céiculations
(46 a~-g). The raw aata from an instrument such as AKUFVE_can

be fed straight into a computer, and the implications for

continuous controll of extraction plant are obvious.

Methods of extraction : ‘ -

The methods afe

(a) Batch extraction

(b) Continuous extraction

(c):Discontinuous extraction,

(a) Batch extraction is the simplest method'éf extrac-
~tion and useful where the distribuﬁion ratio is large. In
this method a metal salt from the aqpeousvphase is extracted
into the organic phase in a segparating funnel by mechanical
sﬁaking till equilibrium is reached., Then it is allowed to
settle and the two layers are separated. '‘After separation the

metal in each phase is estimated,
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(b)Y This method of extraction is aﬁplied when distri-
bution ratio is small, Here an immiscible solvent flows conti.
Jnuousiy or both phases are allowed to pass through the solu-
tion in counter-current direction,

(¢) Craig (47) has used this technique for rapid
separation and appliéd in ffactionationvof organic compouﬁdé

having similar distribution ratios.

Techniques in extractions

(1) Oorganic solvent s The selection of an organic

solvent depends on many factors, mainly the solubility of the
particular complex to be extracted.

(ii) Analysis s After extraction of solute at equiili-

brium, the\amount of solute in both the phases c¢an be detern-
‘mined in Varioﬁs ways. One important method is back extrac-~
tion of solute from organic phase with water or acid followed
by analysis. A second method is the direct evaporation of-
organic solvent if the solvent is volatile and then the solute
is estimated., If the organic\solvenf is not so wvolatile, it
ma‘y be removed by heating with concentrated nitric and perch-

loric acid followed by estimation., Most recently the organic

phase may be directly estimated by rddiometric method (47a).
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(1ii) Selectivity : The Selectivity of an extraction:

is frequently increased with the hélp of oxidising agents or
reducing agents as the case may bef‘Thus chromium (III) is
not extracted with diphenyl carbazide but chromium (iv) can
be extracted from its sclution, Sometimes suitable masking

" agents are also used to preVent extractions of the undesi-
red element, Cyanide, citrate, tartrate, BEDTA etc., are

used as masking agents.

(iv) salting-out agent : The extent of extraction may

also be increased with the help of salting-out agents, specia-
lly in case of ion associaton complexes., Chlorides an@ nitra-
tes of_anmonium, sodium, magnesium and aluminium etc,, are
frequently used as salting-out agents, This is probably due
to high concentration of the complexing ion supplied by the

salting-out agent.

Some Practical Considerations :

Solvent extraction is generally employed in analysis
to separate a solute (or solutes) of interest from substances’
which interfare in the ultimate quantitative analysis of the

material; sometimes the interfering solutes are ‘extracted

selectivély.
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Berhaps the most important consideration in the selec-
tion of a solvent for use in a pérticular extraction procedure
is the extractibility of the elemen£ of interest. The choice
of solvent for extraction is governed by the following consi-
derations.

(i) A high distribution ratio for the solute and a low
distribution ratio for undesirable impurities,

(ii) Lew solubility in'the aqueous phase,

(iii) sufficiently low viscosity and sufficient density
di fference from the agueous phase to avoid the formation :of
emul sions,

(iv) Low toxicity and inflammability

(v) Base of recovery of solute from the solvent for
‘subsequent analytical processing, Thus the b.,p. of the solvent
and the ease of stripping by‘chemical reégents merits attention
when a choice is possible, some times mixed solvents may be
used to improve the above properties, Salting-out agents may

also improve extractability.

Stripping : gstripping is the removal of the extracted

solute from the organic phase for further preparation for the
detailed analysis. In many colorimetric procedures involving

an extraction the concentration .of the desired solute is deter-—
mined directly in the organic ﬁhase after extraction by measuri-
ng the optical density of a known wvolume of the solution of the

coloured complex.
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Wwhere other methods of analysis are to be employed,
or where further separation steps are necessary, the solute
mﬁst be removed from the orgénic phase to a more suitable
‘medium, If the organic solvent is volatile (e.dg., ether)
the simplest procedure is to add a small volume of water
and evaporate the solvent on a water bath; care should be
taken~to avoid loss of a volatile solute during the evépora—
tion, Sometimes adjustment of a pH of a soiution; change in
valance state, or the use of competitive water -~ soluble
complexing reagents may be employed to prevent loss of the
solute.'when the extracting solvent is nonvolatile the
~ solute is removed from the solvent by chemical means, e,d..,
by shaking the solvent with a wlume ofvwater containing
acids or other reagents, whereby the extracﬁable compl ex
is decomposed. The metal ions are then quantitatively back-

extracted into the agqueous phase.

Back-Washing s Impurities present in the aqueous phase

may sometimes be removed-by back~washing, The organic extract
when shasken with one or more small portions of a fresh agueous
phase coniaining the optimum reagent concentration and of corr-
ect pH will result in the redistribution of the impurities in
favour of the agueous phase, since their distribution ratios
are low : most of the desirgd.e&ement will rémin in the organic

layer,



Completion of the analysis : Having separated a parti-

cular element or substance by soclvent extraction, the final
dsp‘involves the quantitative determination of the el ement
or substance of interest, Simple colorimetric or, better,
spectrophotometric methods may be applied directly to the
solvent extract utilizing the absorption bands of the comp-
lex in the ultra-~violet or visible region, A typical example
is the determination of nickel as dimethyl glyoximate in
chloroform by measuring the absorption of the complex at
366 nm, |

With ion-association complexes, improved results can
ogten be obtained by_developing a chelate complex after
extraction, An example is the extraction of uranyl niﬁrate
from nitric acid into tributyl phosphate and the subseqﬁent
additionlof dibenzoylmgthane to the solvent to form a soluble
coloured chéiate or extraction of platinum (iv) with 2-the-
noyl trifluoroacetone in n-butanol-acetophenone mixture and
subsequent shaking the extract with Sncl2 where by the newly
formed orange coloured solution was measured at 410 nm to |
read the platinam con%gntration (49).

A further technigue is the application of flame spec-

trophotometry to the solvent extract. An example is the
determination of copper as the salicylaldoxime conplex in

chloform; the organic extract is sprayed directly into an oxy-
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acetylene flame and the special emission of copper at 324.7nm

is measured.
If the direct analysis of the solvent‘extract is imprac-
ticable the element is usually back-~washked into an aqueous

phase which can be analysed by standard methods.

Recent Developments s’

1. synergism H Thg term synergism was first coined by Blake

et. al (48) in 1958 in their report that when a dialkyl hydro-
gen phosphate, (RO)2PO,OH, is used in conjunction with certain
neutral organophosphorus reagents e.g., “TBP, the extracting
power of the mixture exceeds thé sum of the extracting‘poﬁers
of its cdmponents; This phenomenen of greatly enhanced extrac-
tion or synergism due to a mixture 6f extractants has attracted
considerable attention in recent years. The review articles by

Marcus (49) and De (50) are of interest in this connection,

Synergic systems : rThe most intensively studied sYner;

gic systems are of the following types s (1) a chelating agent
such as HTTA or IPT (fb-isopropyl tropolones) and a solvating
solvent such as TBP, IBMK (isobutyl methyl ketone), . DBSO
(dibutyl -sul foxide), and (ii) a dialkyl phosphoric acid and

a neutral organosphosphorous ester (3).
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Chelating agent-solvating solvent system

Considerable work has been done in this area, Irving
and Edgington (51=56) postulated that the conditions for

synergic extraction are :

(a) One.of the active reagents (HX) should be able to
neutralize the charge or the metal ion, preferably by forming

a chelate,

(b) the solvent (35) displacesany residual co~ordina-
ted water from the neutral metal complex, rendering it less
hydrophilic; |

(¢} the solvent (S) should not itself be glle:‘)ydrophilic
and co-ordinated less strongly than (HX);

(d) The maximum co-ordination number of the metal and
the geometry of the ligands should be favourable,

The postulates were valid for the U(vi)-HITA-TBP(TBTO)
system but not for the tetravalent lanthanides and actinides,
which are apparently co-ordinatively saturated.

with U¢vi)-HITA~TBP and U(vi)-HTTA;TBPO - (tributylphos-
.phine oxide) mix'tures, synergic enhancement factors of the

3

order of 10~ and 104 respectively were observed. The extracted

species were assigned the compositions UOZX TBP and U02X2'

2‘
(TBPRO) 3 respectively (51,56,52), from-isopieshtic 'and infrared
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measurements, The studies weré extended to plutonium (vi),

americigum (iii), euroPium (iii) and thorium and the species
identified were PuX3. (TBP)z, Amx3.
TBP and ThX (NO) 3. TBPO.

(TEP)'Z, AmX.. TBPO,

3¢
ThX3(NO L) .
Healy (57) reported on synergic extraction of uranium
(Vi), thorium, lanthanides (iii), actinides (iii) and alkaline
earth metals with HTTA-TBP, HTTA-TBPO and HTTA-TPP, TPP being
triphenyl phosphate,

Healy (58)'further sugesﬁed that the reaction for the

system uranium (vi) - HTTA~S can be expressed as :

2+

U02

+ 2HTTA + XS = UO,(TTA) S, + 2H' ...’ .... (19)

S = solvent

Sekine and Dyrssen (59-64) have reported extensive
investigations on solvent extraction of metal ions with mixed
ligands, They have described the adduct formation of‘Cu(xl),
zn, Eu(iii) and Th with HTTA and TBpP or IBM and with
Q-dsopropyltropplone, IPT and TBP or IBMK in chloroform and‘

carbontetrachol oride.

*bialkylphosphoric acid (HX)-neutral phosphorous ester

(S) system : tpportant cases-in this catigory are : di (2-ethyl

hexyl) phosphoric acid (HDEHP)-TBP, which was the first reported
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case of synergi‘c extr.:acti'on (65-67); mono (2-ethylhexyl) phos-
phoric acid (HZ'MEHP)—TBP (68); dibutyl phosphoric acid ( HDBP) -
TBP (69) and HDBP~TOPO (70) «~ )

Peppard et al (68) investigated the systems lénthan;de
(iii), ¥ (iii), Am (iii), Cm (iii)., Th,U(vi)-HzMEHP-S—diluent,
where the synercjic agent S was n=decanol, TBE; or TOPQ aﬁd the

diluent was tolune, cyclohexane or n~decanol,

(2) Subs toicheiometric Extraction

Ruzicka and stary (71-72) first proposed this new
technique of subsvt';oicheiometric extraction and determination
of metals, which is agpplicable to ac¢tivation analysis and
isotope dilution analysis,

In all conventional extracﬁiVe separation procedures,
an exceés of the organic reagent is usuélly used to ensure
quantitative separation of the _desired metal, In the subs- -
toicheiome£ric méthod the 6rganic reagent is added in less
than the é:oicheiometric amount required for the metal to be
determined, By using the same amounts of the organic reagent
everytime, it is possible to isolate always the same amount

of the element in question irfrespective of the amount of it

actually present (subject to the condition that this must be

an excess relative to the amount of extractant),
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This permits highly selective'separations. The treatment is

essentially that developed by Razicka and Stary (71,72).

(3) Liquid Ion-Exhargers,

Tﬁe use:of liquid ion exchange dates back to 1948‘when
Smith and ?age (73) repofted that high-nolecular;weight amines
(HMAA) can be used for extraction of_acids because their acid
salts are insolube in Water but readily soluble in organic

‘solvents such as chloroform, benzene or Kerosene,

+ - +,- 3
R3Norg + Héq + Aaq — R3NH Aorg (extraction) .... (20)

where A~ = anion of a simple acid or complex metal acid, e.d..

FeCl4 and

+ - - 2 o - :
RyNH Ayrg * Baq == RJNH Bérg + Aaq (anion exchange)
The amine salt (eg-20) can undergo anion exchange with an

anion (B”) in the aqueous phase. The order of preference in

the organic amine solution is similar to that in anion-—exchange

resins (74).

clo, > NOJ > c1 > HSO, >F
The earlier work for liquid anion-exchangers (HMWA)

has been vewigwed by Moore, Green and Prabhu (75-78).



(4) _ Revers ed-Phase Parti tion-Chromatography.

in conventional paper chromatography the organic phase
is the mobile phase, In reversed-phase partitién chromatography
the organic extractant is immobilized on some stationary inert
suéport such asAkiesélguhr,'styrine-divinylbengene copelymer
or simply filter papef . The technigue was introduced by Fidelis
and Siekierski (79) for tﬁe separation of the lighter rare
earths on columns of kieselguhr impregnated with TBP, 15M
nitric acid being used‘as the mobile phase., In a subsequent

paper (80) they extended the work to the heavier rare earths,

which are usually difficult to separate. Falr separations were

achieved with 11.5M, 12.3M and 13M nitrédc acid and concentra-—

ted hydrochoric acid as the mobile phases.

(5) Combined ion~exchange-golvent extraction (Ciksg),

- Korkisch (81) has presented a novel separation technique,
Viz.. combined ioneexchangé—solvent extraction (CIESE). This is
based on simul tanious operation of ion-exchange and solvent |
extraction, ‘The concept is illustrated with two éxamples :
The separation of Fe(iii), Co(ii) and Ni(iis on Dowex-50 and
Dowex-1 with acetone or_tetrahydrofuran-hyégochhmic acid, and
thé separation of U(vi) from numerous metal ions on DawWex-50

with tetrahydrofuran-nitric acid as eluent. The organic solvent



acts as extractant for one element .or a group of elements,
whereas for other metal ions it leads to an increase of ion-
exchange so that selective separations can be achieved.

The mechanism of CILESE for Uu(vi) is suggestei as follows:

-+ -—
THF + I5N03 T__:"_ (THF}D 'N03 L IR ) ® e o0 (21)

Tetrahydrofuran ' Tetrahydrofuran nitrate
(THFH’?NO" + U0,(NO.)T — (TuFH®) Y Uo.(NO.)T + NO-
3 2(NO3) 3 = 2(NO3) 3 + NO

+
» -
or (THFH )No3 + UOZ(NOB) 3

, — (THFE)T U0, (No,)

Ion-association complex

dooe ..t. (22)

At high concentration of tetrahydrofuran (90% the
ion-asscciation Complex or liquid anion exchanger is formed to
a large extent. This can effectively Compete with the solid

cation-exchanger, Dowex-50, for UOZ(II) :

- 2
2Ry 503 H' o+ wi" = (R;S0,) U0, 420" ..., (23)

where RSSOSH+~ represents the . exchange resin,
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(6) Ternary Complexes ;3 -Betteridge and West (82) described

the selective extraction of microgram amounts of dibutyl amine
silver (I) with an ion association complex (or termary compl ex)
3 Mwit}'a salicylic acid. More recently Dagnall and west (83) descri-
bed the extraction of a blue ternary Conplex - Ag (1)-1, 10~
‘phenanthrol.lne-Bromopyrogallol Red - as the bas:.s of an extre—
mely sensitive:. spectrophotometric procadure for tracas of
sdlver. silver forms a blue complex on treatment with an agueous
solution of 1, lo phenanthroline and Bromopyrogallol Red, buffe-
red to pH 7 with ambnium acetate, This complex can be extracted
into nitrobenzene, Tﬁe extraction systkem is highly selective

in the pre"séhc,«f of EDTA, H9(II) and Br a5 masking agents. The
colour reaction is very sensitive and sﬁitabie for measuring
Ag(I) in the range 10—50:/mg. Ternary éomplexes have been revie-

wed by Babko (84).

(7)) = Extraction from molten salfs :

Thé~ oidest examples of extractions of solutes from
moltzin salts ai,e the "removal of impurities by slég formation
in metallurgy, the fire—as%’y method for separation of gold.
None of these is particularly useful in solvent extraction
chemistry, although_ a process akin to slagging was used to

remove fisson products from reacter fuel by extraction with
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molten magnesium chloride (85,86) according to the reaction
(for a tetravelent metal such as a lanthanigde)
ZM(

m 3 MEly g 2Ly 3, el (29)

where the subscripts (m) and (s) denote the metal and salt

phases, respectively.

The use of organic solvents in conjunction with molten
salts was répc‘;r‘tel‘dl by -Green and co-workers (87) at the 1958
Geneva Conference. Marcus (88) has given an excellent review
of the extraction from molteén salts.

There is a marked resemblance between the molten sal t-
organic solvent systems and the usual agueous phase-organic
phase systems, and all clases of.organic solvent have been
used,

Compared with extractions from agueous:solutions,
extractions from~ molten salts behave muCh more ideally in the
thermodynamic sense, and equating the ligand activity with its
.concentration is a better aspproximation for salt melts than

for agqueous solutions,

(8) Extractive titrations and indicators,

Solvent extraction can be used in titrations either
'sim§ly to provide indication of the endpoint, or for doing the
titration itself. The classic example of endpoint detection is
the use of carbon tetrachloride in the Andrews titration to

indicate the complete oxidation of iodine to iodine (I).



Programme of work with nickel and some platinum metal sg

Different methods on separation of nickel and platinume
metals are reported in the literature; These procedures are
either very complicated and lengthy or yield results which are
' not always unambiguous, On-the other hand liquid-liquid extrac-
tion methods have been claimed by different workers to give
excellent results in the case of a large number of metallic
cations, Our informations abou£ the application of this versa-
tile method for the aforesaid elements is still poor. Ip consi-
deration of this an attempt has been made to apply this technique
for extraction and separations of N;i.(II), PA(II), Pt(IV) and
Rh(1II).

The basic_ points of the scheme are enumerated below :

4 (1) Review of the existing literature on liquid-liquid
extractions of these metals and on their separation from mixtures,

(2) Selection of sppropriate reagents for obtaining suita-
ble complexes and also of solvents,

(3) Studies on the behaviour of these complexes towards
different solvents and an attempt tc devise a suitable technique

for extraction and separation,
(4) Actual experiments on Extraction and separation,
(5) Choice of convenient and-easier method for estimation,

Throughout the investigation attempt has been made to
minimise the wastage of Chemicals, time and power and to prevent

the loss of the precious matals.
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