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ABSTRACT 

A study has been made of the application of 
N-benzoyl-N-phenylhydroxylamine (NBPHA) to separations 
of a number of t r a n s i t i o n and main group elements by 
l i q u i d - l i q u i d extraction methods. I n general the 
p a r t i t i o n of each element from aqueous hydrochloric or 
perchloric acid has been examined as a function of 
a c i d i t y , reagent concentration i n chloroform (the second 
phase), rate of extraction and range of metal ion 
concentration,, Where extraction occurred only at low 
hydrogen ion concentrations an aqueous acetate buffer 
was employed. Back-extraction into aqueous phases of 
various compositions was also investigated. Niobium i s 
thus separated from zirconium; niobium, tantalum, 
protactinium from each other; protactinium from uranium, 
thorium and i t s f i s s i o n products and gallium, indium, 
tha l l i u m , germanium, t i n and lead from each other. 

A comparative study of NBPHA and the ammonium s a l t 
of N-nitroso-phenylhydroxylamine (cupferron) i n the 
extraction of t i n , antimony, arsenic and bismuth has also 
been carried out and p o t e n t i a l separations w i t h NBPHA 
noted. Depending on the valency state of t i n , cupferron 
gives two d i s t i n c t products, while NBPHA gives only a 



single product i n which the valency state of the t i n 
has previously "been i n some doubt. P a r t i t i o n studies 
have been devised to examine the dependence of 
extraction on reagent, chloride ion (a constituent of 
the product precipitated from hydrochloric acid) and 
hydrogen ion concentrations. The results i n combination 
with those from i n f r a - r e d and nuclear magnetic resonance 
examinations of the product of p r e c i p i t a t i o n show that 
the substance extracted from 1 M hydrochloric acid i s 
the same as that obtained "hy p r e c i p i t a t i o n under s i m i l a r 
conditions. I t i s Sn(C^H^OglOgClg w n i c n contains 
t i n - ( I V ) . 

Decomposition products of cupferron were examined 
using vapour phase chromatographic methods,, 

Some polarographic work on the behaviour of t i n 
and antimony i n the presence of NBPHA has been carried 
out. Methods f o r the determination of these two elements 
i n mixtures are presented using NBPHA. 
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C H A P T E R 1 



introduction 

Organic Reagents_in Chemical Analysis 

Although applications of organic reagents to problems 
i n inorganic analysis were occasionally reported i n the 
nineteenth century, i t i s only during the present century 
that such substances have "been used extensively. ~ Th© 
s e n s i t i v i t y , v e r s a t i l i t y and sometimes s p e c i f i c i t y which 
they exh i b i t "by comparison with inorganic reagents 
essentially explains, t h e i r applications,, 

I n 1905 Tschugaeff reported the use of dimethylglyoxime 
7 

as a specific reagent f o r t e s t i n g n i c k e l and Brunck used 
the same substance f o r the determination of nickel i n 
stainless s t e e l . With the knowledge that dimethylglyoxime i s 
a highly selective p r e c i p i t a n t f o r n i c k e l , as well as a 
sensitive reactant, chemists l a t e r i n s t i t u t e d a search f o r 
organic substances superior i n s p e c i f i c i t y and s e n s i t i v i t y to 
those then currently i n use. The search was essentially a 
rather haphazard one, since relationships "between structure 
and a n a l y t i c a l function had not previously received much 
attention. The investigation of organic substances as 
ana l y t i c a l reagents i s "by no means complete, "but i n the 
intervening years many careful investigations coupled with 
a "better understanding of the nature of chemical "bonding and 
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valency have revealed c e r t a i n underlying p r i n c i p l e s which 
may "be used i n the search f o r new reagents and f o r the 
improvement of old ones. 

Any organic substance used i n chemical analysis may be 
1 

regarded as an organic reagent but those capable of forming 
Q 

chelates - a term f i r s t , used by M°rgan - by reaction with 
metal ions i n solution are of p a r t i c u l a r importance i n 
a n a l y t i c a l chemistry. A chelate may be defined as, a 
molecule possessing a r i n g structure one member of which 
i s a metalo To form a chelate, the substance must be 
capable of attaching i t s e l f at two or more co-ordinating 
positions around a metal ion. The group attaching i t s e l f 
to the metal ion i s commonly known as a ligand; attachment 
at two co-ordination positions makes i t a bidentate, and at 
three a tridentate ligand and so on. Ligands may be anions 
such as chloride, acetate or neutral molecules l i k e ammonia and 
1,10-phenanthroline, so that complexes may be cations, 
neutral molecules or anions. For a substance to act as a 
ligand, i t must have at least one lone p a i r of electrons 
which i t can donate to a metal ion. Five or s i x membered 
rings are favoured i n chelate formation; s t a b i l i t y i s 
fu r t h e r enhanced i f the ligand i s multidentate. Q u a l i t a t i v e l y , 
the l a t t e r can be explained on the grounds that the more 
points of attachment there are between a ligand and a metal 
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ion , the more d i f f i c u l t i t would he f o r the metal ion to 
break i t s bonds and move away. However, the majority of 
organic chelating substances which have been used i n 
chemical analysis are bidentate Q 

To achieve adequate s e l e c t i v i t y i n a n a l y t i c a l work, 
i t i s frequently necessary to e x p l o i t differences i n 
physical or chemical properties among reaction products,, 
Some of the more common properties and t h e i r applications 
are as follows:-

1. The production of characteristic colour. This may 
be used, 

(a) f o r a d i r e c t spectrophotometry determination 
of the species giving r i s e to the colour. 

(b) as indicators i n the detection of end points i n 
t i t r i m e t r i c methods of analysis. 

(c) i n q u a l i t a t i v e t e s t i n g as f o r example i n spot 
te s t s . 

2. Differences i n s o l u b i l i t y . These may be made the 
basis f o r gravimetric methods of analysis. Trace 
constituents may be concentrated by co-precipitation or 
a l t e r n a t i v e l y by p a r t i t i o n i n g i n t o a water immiscible 
solvent by following the practice known as solvent 
extraction. 

Since a large number of organic compounds are available, 
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they offer many p o s s i b i l i t i e s f o r research,. Consequently 
i t would be of value to set out the general considerations 
which are applicable to an i n i t i a l selection of substances 
f o r a n a l y t i c a l worko Frequently, ligands giving r i s e to 
bi-dentate chelates possess groups containing a dissociable 
hydrogen atom and a complementary group having a lone p a i r 
of electrons suitable f o r the formation of a co-ordination 
bond with a metal i o n 0 such a chelate forming substance 
i s often capable of n e u t r a l i s i n g the charge on the metal 
ion i n addition to s a t i s f y i n g i t s co-ordination requirements.. 
I t i s probable that i n many reactions N-benzoyl-N-Phenyl-
hydroxylamine, hereafter referred to as NBPHA, the substance 
on which most of the work described i n t h i s thesis has been 
carried out behaves i n t h i s way„ A l i s t of acidic radicals, 
which are responsible f o r s a l t formation i n organic compounds; 
i s given below; 

lo-COOH 
2. -S0 2H 
3. -S0 3H 
4. -OH 
5. -SH 

(carboxyl) 
(sulphinic) 
(sulphonic) 
(hydroxyl) 
(mecapto) 

6. = NOH (oxirae)o 
7. -NO-OH ( n i t r o x y l ) 
8. =NH (imine) 
9» -As(OH)g (arsenic) 

10o -Aso(OH) 2(arsonic) 

Because of the predominant r o l e of the chelate functional 

groups, i n many cases i t i s possible %o prepare, as reagents, 
a series of organic compounds containing the same reactive 
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grouping "but i n which the remainder of the molecule i s 
d i f f e r e n t . I t may thus he possible through s t r u c t u r a l 
changes to improve the properties of organic reagents e„go 
by increasing or decreasing the watv.r s o l u b i l i t y of the 
reagent and the product formed i n a n a l y t i c a l reaction,, A 
h i s t o r i c a l survey of the development of organic reagents 
would show very many attempts to a l t e r the properties of 
organic compounds, by s u b s t i t u t i n g various groups i n them^o 
Such s u b s t i t u t i o n may have one or more of three effe c t s : -

1. i t may a l t e r the s o l u b i l i t y of the complex. 
2. i t may, by increasing the size of the reagent, lead 

to s t e r i c interference of the groups around the 
metal ion, 

3. i t may, a l t e r the a v a i l a b i l i t y of electrons for bond 
formation at the reacting groups. 

i n l i q u i d - s o l i d or l i q u i d - l i q u i d systems where solvent-
solute i n t e r a c t i o n or lack of i t i s of importance, the 
clas s i c a l rule of " l i k e dissolves l i k e " i s normally applicable, 
i n other words substances are most soluble i n those solvents 
with which they show s t r u c t u r a l resemblances. Thus any 
change i n the composition or structure of a molecule which 
tends to increase i t s s i m i l a r i t y to water i s expected to 
increase i t s s o l u b i l i t y i n water and so also any change i n 
the structure which w i l l decrease i t s s i m i l a r i t y to and 
hence a f f i n i t y f o r water w i l l decrease i t s s o l u b i l i t y i n 
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that medium. However, i t should be noted that other 
factors such as the r e l a t i v e positions and sizes of 

10 d i f f e r e n t groups, also have an effect on the solubility,. 
The influence of molecular weight on the s o l u b i l i t y i s an 
important f a c t o r i n the selection of a substance f o r 
a n a l y t i c a l purposes,, An increase i n molecular weight 
achieved by increasing the hydrocarbon content of the 
molecule while retaining the functional groups unchanged 
may be expected to lead .to reaction products of reduced s o l ­
u b i l i t y i n aqueous systems, with a consequent increase, i n 
the s e n s i t i v i t y of the reaction. At the same time the 
^loading 1 of the reaction product with hydrocarbon may well 
enhance the p a r t i t i o n of the metal i n t o water immiscible 
solvent. 

Solvent extraction i n inorganic-analytical chemistry 

Solvent extraction systems may be divided i n t o two 
classes depending on the nature of the reaction leading 
to extraction. 

(a) ion-association systems. 
(b) chelate systems. 

While i t i s thought that much of the work to be described 
subsequently concerns chelate systems, ion-association 
undoubtedly plays a part i n ce r t a i n reactions. For ion-
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association i t i s necessary that complete dissociation 
of the essentially ionic substance does not occur i n the 
aqueous phase. I t i s then possible to arrange conditions, 
so that ion aggregation i s enhanced and thus favourable 
solvation by water immiscible solvents can take place,, 

The s o l u b i l i t y of metal cnelates m water immiscible 
solvents i s often u t i l i s e d f o r the removal of metal 
ions from the aqueous phase. I t i s thus possible to 
separate, and also concentrate, many substances; which are 
soluble i n commonly available organic solvents such as 
alcohols, esters, ethers, ketones, and hydrocarbons, 
and t h e i r halogen substituted products such as^benzene 
and chloroform. 

The term solvent extraction includes both l i q u i d - l i q u i d 
and s o l i d - l i q u i d extraction, but normally when used without 
q u a l i f i c a t i o n the former i s intended. I n l i q u i d - l i q u i d 
extraction the process of e q u i l i b r a t i n g a solution 
containing one or more solutes (inorganic or organic) leads 
to the d i s t r i b u t i o n of the p a r t i t i o n i n g material between 
the two phases. I t i s a useful technique because of the 

s i m p l i c i t y , wide scope and the ease with which i t may be 
11 "13 

carried out. Although solvent extraction has been 
practised by chemists f o r a considerable time, i t i s only 
i n the l a s t two to three decades that i t has been used 
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extensively i n inorganic a n a l y s i s . 1 4 1 8 

Solvent extraction, i n i t s simplest form i n the 
laboratory i s performed using a separating funnel and under 
favourable circumstances need take only a few minutes. 
D i s t r i b u t i o n r a t i o s are obtained by determining the amount 
of substance i n each phase; t h i s may be done by using 
radioactive tracers as i n much of the work to be described" 
Radiotracers are p a r t i c u l a r l y well suited to solvent 

19 
extraction studies,, According to I r v i n g the f i r s t 
reported use of a radiotracer i n aolvent extraction i s tnat 

20 
of Seaborg and G-rahame. Since then ready a v a i l a b i l i t y 
of radioisotopes of many elements have extended the scope 

2 l ~ 25 
of such measurements. A l t e r n a t i v e l y , d i s t r i b u t i o n 
r a t i o s are obtained by absorptiometry, polarographic, 
t i t r i m e t r i c or other applicable a n a l y t i c a l methods^ 
Recoveries of the extracted solutes are effected from the 
organic phase either by back extracting i n t o an aqueous 
phase of suitable composition or by evaporation of the 
organic s o l v e n t . 
Cupferron and N-Benzoyl-N-Phenylhydroxylamine i n solvent 

extraction 

A substance which has received considerable attention 
because of i t s v e r s a t i l i t y i n reaction with metal ions 
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i s the ammonium s a l t of nitrosophenylhydroxylamine otherwise 
known as cupferron. I t was f i r s t proposed as an a n a l y t i c a l 

26 
reagent "by Baudischo The name cupferron was suggested 
since i t precipitates copper ( I I ) and iro n ( I I I ) 
q u a n t i t a t i v e l y . The reagent i s f r e e l y soluble i n water 
and also i n many organic solvents, such as ethanol, ethyl 
acetate and chloroform,, The fact that i t can react with 
certain metal ions even i n the presence of masking agents 

and 
such as o x a l i c / t a r t a r i c acids, f u r t h e r contributes 
towards the v e r s a t i l i t y of the reagent i n a n a l y t i c a l 
procedures, unfortunately, solutions of cupferron are 
unstable and are decomposed on heating. A™ong other 
defects of t h i s reagent are i n s t a b i l i t y to v i s i b l e and 
u l t r a v i o l e t l i g h t and to a i r . To minimise these defects 
i t i s usual to store i t i n an amber coloured b o t t l e 
together with a few lumps of ammonium carbonate. 

Metal derivatives of cupferron are frequently soluble 
i n solvents immiscible with water. As early as 1896, Bamberger 

27 * h e 

and Ekecrantz noted the s o l u b i l i t y o f / i r o n - ( I I I ) complex 
28 29 

of cupferron i n d i e t h y l ether; l a t e r i t was found ' that 
many of these cupferron complexes are soluble i n chloroform and 
could be extracted i n t o i t from an aqueous solution. While, 
cupferron i s not as selective i n i t s reaction with metal ions, 
as might be desired, i t has nevertheless proved of value i n 
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many an a l y t i c a l procedures.-^0 The pH required for the 
extraction of metal derivatives of cupferron i s given i n 
table 1o 

31 
Meunier was one of the f i r s t t o use extraction of 

cupferron complexes as a means of separating metals ions and 
found that i r o n - I l l , titanium-IV and copper-II could he 
p a r t i t i o n e d from 1 M hydrochloric acid by extracting them 
i n t o chloroform. This observation led to the application 
of cupferron to the separation of several chemically s i m i l a r 

32 
elements. Mathers and Prichard used t h i s substance f o r 
separating i r o n from indium i n an acid medium and noted the 

33 
interference of t i n . Mack and Hecht^ separated t i n from 
antimony using cupferron also i n an acid medium. A 
c a r r i e r - f r e e separation of tin-113 from deuteron bombarded 
indium (also containing indium-Ill;) was achieved by Bhakti 

3U 
and Radhakishna. Tin has been determined gravimetrically 
by p r e c i p i t a t i o n w i th t h i s substance followed by careful 

36-37 
i g n i t i o n t o the oxide. 

While the v e r s a t i l i t y of cupferron has been amply 
v e r i f i e d i t i s not without i t s disadvantages which i n 
addition t o those already mentioned include i n s t a b i l i t y t o 
mineral acids and the non-stoichiometric nature of i t s metal 
derivatives. I t i s not e n t i r e l y surprising therefore 
that from time to time e f f o r t s have been directed to the 
examination of related substances with the hope of f i n d i n g 
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a l t e r n a t i v e s , retaining the advantages "but free from the 
38 

defects, of cupferron. The "benzene r i n g has been 
replaced "by the naphthalene and fluorene r i n g systems hut 

39 
the products show marginal su p e r i o r i t y to cupferron. 
Elving and Olson 4 0 have made a study of the s o l u b i l i t y , 
spectrophotometry and polarographic "behaviour of cupferron 
and sane r e i a l e t i substances i n t h e i r reactions with metal 
ions. i n Table 2 the properties of some hydroxylamine 
derivatives are summarised. 

Most of the substances i n the table have been 
recommended as analyt i c a l reagents. They a l l show 
s o l u b i l i t y i n common organic solvents but with a few 
exceptions a l l are just s l i g h t l y soluble i n water. The 
melting points are usually accompanied by decomposition, the 
melt f i r s t appearing coloured e.g0 red and then turning 
black as. decomposition proceeds, por example the N-methyl 

41 
derivative of hydroxylamine i s reported to have no 
sharp melting point but i t i s h i g h l y soluble i n water. I t 

42 
i s claimed that most of these hydroxylamine derivatives can be 
stored f o r a considerable time without any preservative. 

42 
Apart from NBPHA Ryan and Lutwick have prepared 

O-ethoxybenzoyl, <?C-naphthoyl, 3,5 dinitrobenzoyl and 
benzene sulphonyl derivatives of phenylhydroxylamine, as well 
as N-benzoylnaphthoyl hydroxylamine„ With the exception 
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of the "benzene sulphonyl derivative a l l p r e c i p i t a t e 
manganese-(II) , lead-(n), aluminium-(III), uranium-(vi), 
copper-(ll) and i r o n - ( I I I ) i n neutral solutions. The 
f u r o y l derivative i s also f a i r l y soluble i n water "but 

42 
not much relevant work has been done with i t . Many 
hydroxamic acids react w i t h t r a n s i t i o n elements to give 

43 
highly coloured solutions c Oxalohydroxamic acid has 
been used f o r the colorimetric determination of uranium-(VI)<> 
Salicylhydroxamic acid reacts with tiranium-tyi) and molybdenum-(VI) 
producing colours suitable f o r absorptiometric measurement 

A A 

w i t h i n the pH ranges 8.5 to 9.5 and 6,3 to 6 07 respectively. 
Benzoylhydroxamic acid has been suggested f o r the colorimetric 
determination of vanadium-(v) with which a red colour i s 

45 
obtained i n d i l u t e acid and blue i n concentrated acid. 

46 
N-phenylacetylhydroxamic acid gives incomplete 
p r e c i p i t a t i o n of niobium and tantalum. N-cinnamoylphenyl-

47 
hydroxylamine q u a n t i t a t i v e l y precipitates these two 
elements but both precipitates have to be ig n i t e d to 
t h e i r oxides before weighing. 3-hydroxyl-l:3-diphenyltriazene 
was f i r s t suggested f o r the gravimetric determination of 

48 
palladium at pH 1.6 to 8. Sogani and Bhattachari extended 
the use of t h i s reagent, which i s prepared at l i t t l e cost 
f o r the determination of copper, nickel and titanium. 

I t would appear that very few of the organic reagents 
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mentioned above have advantages over the e a r l i e r reagents 
they were intended to supersede,, of the substances, 
related to cupferron only NBPHA shows promise of advancing 

42 
i n t o the small group of useful reagents.,, NBPHA 

49 
was f i r s t synthesised "by Bamberger who noted that i t 
gave coloured precipitates with c e r t a i n t r a n s i t i o n 

50 
elements l i k e copper, i r o n and n i c k e l . However, shome 
was the f i r s t to demonstrate that t h i s reagent has d e f i n i t e 
advantages over cupferron i n chemical analysis and he 
extended knowledge of i t s "behaviour to many metal ions i n 

51 
p r e c i p i t a t i o n reactions* 

NBPHA. has the following general characteristics:*-
1. A good s t a b i l i t y to a i r , l i g h t and moderate temperatures 

(C.f. cupferron). 
2. Although only s l i g h t l y soluble i n water, i t i s r e a d i l y 

soluble i n organic solvents l i k e alcohols, "benzene, 
chloroform, ethers etc. 

3. Precipitates formed with many metal ions have a granular 
form f a c i l i t a t i n g f i l t r a t i o n or centrifugation as a 
means of separation from mother l i q u o r e 

4 0 The precipitates are not usually contaminated with the 
reagent when formed from hot solutions and therefore 
"being atoichiometric they can "be weighed d i r e c t l y . 

5. S o l u b i l i t y of metal derivatives i n organic solvents, 
opens up p o s s i b i l i t i e s f o r separation of metal ions "by 
solvent extraction. 

NBPHA i s a white c h r y s t a l l i n e s o l i d , melting point 
120 to 121°. The s o l u b i l i t y i n water i s ahout 0.04 g. 
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per 100 ml at room temperature 0 The low s o l u b i l i t y i n 
water necessitates close control of the use of excess 
of reagent while the weakness; of i t s acidic function 
(pK = 8 015) prevents the eff e c t i v e use of i t s s a l t s . Shome 
i n 1951 used t h i s compound f o r the colorimetric determination 
of vanadium-v and i n the follo w i n g years NBPHA has "been 

54 
used as a precipitant f o r many metal ions. I n c e r t a i n 
circumstances i t s non-selectivity might "be considered a 
disadvantage, hut several e f f e c t i v e gravimetric separations 55—5*7 58 59 have "been described,, Recent reviews ' of NBPHA served 
to indicate the scope of i t s ; applications to chemical analysis 
and over the l a s t f i v e years, or so, many papers have 

60 

appeared describing i t s use as a pr e c i p i t a n t , colorimetric 
and absorptiometry r e a g e n t 6 1 * 6 ^ and as an ex t r a c t a n t o ^ 3 ' ^ 4 

Extraction data f o r NBPHA metal derivatives, have "been 
summarised i n table 3. 
Outline of the present work. 

As already pointed out, NBPHA has been shown to 
provide stoichiometric p r e c i p i t a t e s containing metals and 
to permit separation from other elements i n the process. 
Occasionally i n the description of these gravimetric methods 
of analysis reference has been made to the s o l u b i l i t y of 
the metal derivatives i n water immiscible solvents. i n 
addition, preliminary tests showed that other metals 
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containing precipitates with NBPHA were also soluble 
i n such solvents. The accumulated data suggested that 
convenient separations of metal ions should be possible 
by solvent extraction methods. 

Of p a r t i c u l a r i n t e r e s t to the laboratory were some 
main group and also t r a n s i t i o n group, elements mainly 
centred around groups I I I , IV and V i n the periodic table 
(short form). Because of int e r e s t i n certain nuclear 
reactions of protactinium i t s separation from the 
chemically similar elements, tantalum, niobium and 
zirconium and from neighbouring elements, thorium, and 
uranium were also of i n t e r e s t . 

The elements indium, t i n and antimony are produced 
by nuclear transformation processes and may thus occur 
together as also do thallium and bismuth although they are 
of less d i r e c t interest to us. E f f i c i e n t , simple and rapid 
separations of these elements are frequently called f o r , 
p a r t i c u l a r l y when dealing with short-lived isotopes. 

A survey of the accounts of the substance formed by 
int e r a c t i o n of t i n with KBPHA i n chloride solution shows 
that agreement has not been obtained as to the valency 
state of the t i n i n the substance - both t i n - I I and t i n - I V 
give i d e n t i c a l products. Some work has therefore been 
carried out to resolve t h i s uncertainty. I t appears that 
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cupferron r e a d i l y gives i d e n t i f i a b l e reaction products 
with t i n - I I and t i n - r v . A comparative l i q u i d - l i q u i d 
d i s t r i b u t i o n study has therefore "been made f o r t i n and 
also f o r antimony and arsenic. Since much of t h i s 
work was performed i n moderate to strong mineral 
acid, conditions where cupferron exhibits appreciable 
i n s t a b i l i t y , some attempt has "been made to i d e n t i f y 
decomposition products of the reagent. 
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General Theory, Method and Equipment used i n the Experimental 
Work 

This chapter deals with theoretical aspects of solvent 
extraction for systems i n chemical equilibrium containing 
a monobasic acid (e.g. NBPHA) and an extractable metal ion. 
The. general experimental procedure used for the chemical 
separation of elements employing NBPHA i s outlined. 
Equipment used i n the course of the work on chemical 
separations, i n the study of str u c t u r a l aspects of the 
products and i n trying to ascertain the nature of ce r t a i n 
reactions i s also described. 

A. General theory of solvent extraction. 

(a) The Distribution law. 

Solvent extraction i s "based on the distr i b u t i o n of a 
solute "between two immiscible phases; the phase rule of 
Gibbs may therefore "be applied, v i z . 

P + P = C + 2 (1.) 

Where p i s the number of phases, F the number of degrees 
of freedom and C the number of components i n the systems. 
Then a system consisting of two immiscible solvents with one 
solute distributed between them has one degree of freedom 
at constant temperature and pressure. Therefore, i f the 



concentration of the solute i n one phase i s constant, i t s 
concentration i n the other phase i s also fixed. The 
relationship "between concentration of solute i n each of the 
solvent phases led to the formulation of the d i s t r i b u t i o n 
law f i r s t stated i n 1872 "by Berthelot and j u n g f l e i s c h 1 

p 
and modified "by Nernst i n 1891. The Berthelot version 
Q-P +Vto ~\ aw c + otoo t V y o t T_-P t ^ S diS^^lVSd snT"is5 + a r i r * £ rl "i Q+.T»i T-vn + p*a 

i t s e l f "between two l i q u i d s of small mutual s o l u b i l i t y , 
then at a given temperature and under equilibrium conditions, 
the r a t i o of the concentration of the solute i n the two 
phases i s independent of the t o t a l amount of solute i . e . 
for a given solute A, d i s t r i b u t i o n between the two 
immiscible phases a and b i s given by 

C4la p° ( 2 ) 
[A]b ~ \ W 

p^ i s c a l l e d the d i s t r i b u t i o n or p a r t i t i o n coefficienti 
The law thus stated i s a useful approximation but two 
types of defects have come to l i g h t . 

( i ) The law i s not thermodynamically rigorous, but one 
T 

can define a thermodynamic p a r t i t i o n constant P^ 3uch that 

[A"2b • H 
P° • +* *A *b 

where t i s the a c t i v i t y c o e f f i c i e n t . 
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( i i ) When the solute or partitioning component i s involved 
i n association or dissociation reactions i n either phase, 
the p a r t i t i o n law no longer appliers to concentration of 
gross solute species "but (according to Nernst) only to the 
individual, discrete species present i n "both the phases. 
However at low solute concentrations, and sometimes over 
wide concentration ranges, the simple Berthelot relationship 
i s v a l i d . 

("b) The distri b u t i o n r a t i o and i t s dependence on the 
chemical e q u i l i b r i a . 

The aqueous phase contains hydrated metal ions, M*1"1", 
a ligand also i n the aqueous phase, L, and the chelating agent 
which i s a monobasic acid (e.g. NBPHA) larg e l y i n the 
chloroform phase, HR« 

The following e q u i l i b r i a e x i s t i n t h i s system: 

( i ) The ionisation of HR i n the aqueous phase 

HR̂ =fc H + + R~ (5) 

( i i ) Distribution of the chelating agent between water and 
the chloroform phase 

( H R ) w ^ ( H R ) Q ( 6 ) 

where subscripts o and w refer to the organic and aqueous 
phases respectively. 



( i i i ) The reaction of active p~ of the chelating agent 
(HR) with hydrated metal ion 

MRn iM*1* + nlT (aqueous phase) (7) 

( i v ) Assuming that only one metal chelate extracts into 
chloroform, i t s d i s t r i b u t i o n i n the two phases may he 

( « *V W <=* (M^),, (8) 

Then respective equilibrium constants are: 

IVHR ~ — v"' 
[HR] 

C H R 1 n = EHR (10) [HR] W
 K > 

where p - " is- the p a r t i t i o n of the chelating agent between HR 
the two phases. 

r ^ i D » " f = Km (ID 
[MRn] 

[MR n] 
° = P m ( 1 2 > [MR n] w 

Combination of these expression gives: 

[MRn] o Pm 
[M n +] Km V P HR / L[H +] J ICH+]J 
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A value for the equilibrium constant K may he 
calculated i f the following data i s known. 

^ f M R n o (14) - n K ' 
M' 

KHR =
 [^J_J_Z1 ] (15) 

PHR i HR ] n 
The value of Pm/Km i s obtained hy dividing the molar 
s o l u b i l i t y of the metal chelates i n the organic solvents 
by the s o l u b i l i t y product i n water saturated organic solvent; 
the value of KUTI i s found s i m i l a r l y . 

PHR 
The pK value for NBPHAis 8.15 + O.oi*. The value 

g 
of the p a r i t i o n coefficient f o r NBPHA i s log p ^ = 2»33 + o.Ol. 
This means the amount of ^ d i s s o c i a t e d NBPHA remaining i n 
the aqueous phase after shaking with chloroform i s very 
small. Where the d i s t r i b u t i o n of metal into chloroform 
i s large the amount of undissociated metal derivative MR 

the n 

in/aqueous phase i s probably no larger than p 
nK. 

We are interested i n the di s t r i b u t i o n of metal i n a l l 
i t s forms between the two phases. This means that account 
must be taken of metal species other than the simple ions 
i . e . the presence of ligand (L) i f present i n the aqueous 
phase. I f the equilibrium constants of a l l the reactions 
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involved and the concentration of the complex forming 
agent L are krswn, if* i n the equation can "be replaced "by 
an expression involving these and the t o t a l metal concentration 
i n the aqueous phase. I f the concentration of the ligand, L, 
in the aqueous phase i s large compared to that of the metal, 
i t can "be taken to remain approximately constant as the t o t a l 
concentration of metal v a r i e s , and a simple expression i s 
obtained for the r a t i o of the metal forms i n the two 
phases under specified conditions,, 

For example, l e t us suppose that forms a ser i e s 
of complexes with ligand L. The aqueous phase w i l l contain 

the species llP*, ML^n"1^+
s MLg^n~2^+ MLn. Then 

neglecting the metal hydrolysis, the sum of the concentra­
tion of the metal i n a l l i t s forms i n the aqueous phase i s 
given "by 

Therefore, for a constant concentration of L, we have the 
r e l a t i o n : 

CM"**"] W = £ X M ] w x constant. 

From equation 13, i t follows that 
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1 K i s a constant for a specified concentration of L, i n 
the absence of other complexing agents.; As • long as there 
i s no association of the metal i n either phase i 0 e o i f 
the species i n the aqueous phase contains only one atom 
of M - the f r a c t i o n of the t o t a l M i n the organic phase w i l l 
be independent of the t o t a l amount of metal present. 

Taking logarithms of equation (17) 

log E = log K 1 + npH + n log [ HR] Q (18) 
an 

Therefore under these conditions/n fold change i n the 
concentration of the reagent i n the organic phase ĤR. 
can be exactly, offset by an n fold change i n pH. 

Let us suppose 
V w = volume of the aqueous phase 
V 0 = volume of the organic phase 
X = percentage of the metal extracted into 

the organic phase 

then (100-x) metal remains i n the aqueous phase. 
[M] 
[M] 

E = [ M ] o (19) 
w 

x / (100-x) ( } 

V ' vw 

prom equation (17) I f V 0 = V"w then, 

E = - = K 1 [H +] n (21) 
(100 - x) 

This assumes [HR] Q i s constant. 
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Bo outline of the general method of investigation of 
possible chemical separations "by solvent extraction. 

The following experiments were performed to obtain the 
desired information on the partitioning of a metal ion 
and hence to point the way to possible separations. 

(a) Extraction into the chloroform phasQ, 

( i ) i n i t i a l l y i f ligand (L) i s present (e.g. fluoride ion) 
in the aqueous phase, the effect of i t s concentration on 
the percentage extraction of the metal transferred into 
the organic phase was examined. During t h i s study, other 
conditions, namely NBPHA (HE), t o t a l a c i d i t y , i metal ion 
concentrations, and the time of equilibration, were kept 
constant. 

( i i ) After establishing maximum ligand concentration 

consistent with maximum ef f i c i e n c y of extraction, under con­

ditions imposed i n ( i ) the effect of other variables such 
as hydrogen ion concentration was investigated. 

i n the experiments described i n ( i ) and ( i i ) a 1$ 
solution of NBPHA was used and although the metal ion 
concentration varied from one metal to another, a 20 fold 
(molar) excess of the former was maintained. The time of 
equilibration was 15 minutes; t h i s was known to be longer 
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than that required for the equilibrium to "be established. 

( i i i ) Keeping the ligand L, the metal ion ,equilibration 
time, and acid i t y constant the effect of varying the NBPHA 
concentration i n the chloroform phase as a function of metal 
ion partitioned between the two phases was then examined. 

( i v ) With the optimum (minimum) reagent concentration 
the p a r t i t i o n of the metal between the two phases was 
investigated as a function of time keeping the other 
variables constant. 

(v) Using the data thus obtained, the maximum metal ion 
concentration which could be transferred to the organic 
phase without impairing the extraction e f f i c i e n c y of the 
system was determined. 

(b) Back-extraction into the aqueous phase. 

( i ) Following the above mentioned experiments, back-
extraction of each element into aqueous phases of different 
compositions was studied. The investigation was then 
extended to a study of back-extraction as a function of 
the concentration of extracting component for promising 
systems. 

( i i ) under the conditions chosen as a r e s u l t of experiments 
referred to i n ( i ) extraction from the organic phase into 
the aqueous phase was investigated as a function of time i n 

order to set a lower l i m i t on the time required. 
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(c) Apparatus for solvent extraction experiments; 

i n each of the operations described i n (a) and ( b ) , 
mixing of the two phases was performed i n polyethelene 
"bottles, using a mechanical shaker of the vibrator type 
( t h i s was found to give mixing of comparable efficiency 
to manual shaking). The phases, were separated i n a 
separating funnel,, The aqueous phase was washed twice 
with 10 ml. portions of chloroiorm before withdrawing 
samples for counting, t i t r a t i n g or for spectrophotometry 
measurements. Data recorded i n the figures and tables i n 
the following chapters has "been obtained i n t h i s way 
unless i t i s otherwise stated as for example i n determining 
separation factors. A check on the material balance 
was frequently performed by counting the a c t i v i t y 
transferred to the organic phase as well as that remaining 
i n the aqueous phase. 

(d) Separations. 

prom-the data thus collected i t was re a d i l y apparent 
what separation of metal ions were possible and separations 
of pairs of the elements could then be examined. For 
these t e s t s a synthetic mixture of the two elements, i n 
question were prepared and a radioactive tracer was added to 
one member of each p a i r . The a c i d i t y and other conditions 
were adjusted to the previously determined values and the 
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extraction was performed. The inactive component thus 
separated was examined for r a d i o a c t i v i t y . The experiments 
were then repeated with the other member of the pair made 
the l a b e l l e d component. prom the results., separation 
factors were calculated. (see the footnote to table 9 for 
a d e f i n i t i o n of separation f a c t o r ) . 

C. Apparatus 

This section deals with aspects, of the instruments, 
which have been used i n the experimental work. I t includes 
the apparatus employed for the measurement of the 
radioactive tracer i n solution. Apart from radiochemical 
equipment, with the aid of which most of the work has been 
carried out, where suitable radiotracers were not available, 
spectrophotometric measurements have been carried out. 
( c . f . chapter 3 ) . Further i n connection with the studies 
of the nature of the tin-NBPHA complex Nuclear Magnetic 
Resonance (NMR) and Infra-red work has been performedo 
The comparative study of the chemical behaviour of 
cupferron and NBPHA with t i n and antimony led to a study 
of the decomposition products of cupferron with vapour 
phase chromatography (VPC). I n connection with the t i n 
work a polarographic study has been carried oute 

(a) Radiochemical measurements 
( i ) Geiger-Muller counter. 
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Radioisotopes, emitting^particles of end-point 
energy more than about I Mev were counted i n the l i q u i d form 
i n a Twentieth Century Electronics, Annular G-eiger-Muller 

a 
counter of the type M6H. The counter, having/capacity 
of lo ml, consists of a s p i r a l cathode 1̂ - cm. i n diameter, 
along the central axis of which i s a wire anode. The 
intervening space i s f i l l e d w i t h argon eonfcaining a small 
po r t i o n of a halogen to act as a quenching agent, A 
source of s t a b i l i s e d and variable voltage i s applied across 
the electrodes and pulses from the counter on passing 
through a probe u n i t are fed to a scaling device which 
records the number of pulses over required time i n t e r v a l s . 

I n order to reduce the back-ground counting rate, 
the counter i s mounted i n a l e a d shield. The working 
voltage selected i s i n the plateau region i . e . the region i n 
which the counting rate i s nearly independent of the applied 
voltage. The counting e f f i c i e n c y of the counter was often 
checked before actual measurements using a standard 
radioactive source. A standard deviation of 1% i n the 
counting rate was allowed as a s t a t i s t i c a l variation?, t h i s 

4 
requires accumulated counts of at least 10 each time. 

a 
Solutions with low a c t i v i t i e s were counted f o r / s u f f i c i e n t l y 
long time to minimise s t a t i s t i c a l errors. 
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( i i -Sc i n t i l l at Ion Count er 
For the nuclides emitting T f-rays, s c i n t i l l a t i o n 

counting equipment was used; t h i s consists of a well-type, 
sodium-iodide (thallium activated) s c i n t i l l a t o r , a 
photomultiplier tube, a m p l i f i e r , analyser and scaling u n i t y 
connected i n that order. The solutions (2 ml.) containing 
the a c t i v i t y were placed i n small snap-top poljidlhylene 
capsules ( l a 2 cm. diameter and 5,5 cm., i n height) and 
counted "by placing them i n the well of the crystal„ 
Details of the equipment associated with the working of 
the s c i n t i l l a t i o n counter are as foi:ows? 

A well-type c r y s t a l , diameter I f " , height 2." and 
depth 1-^" (type 7F8, manufactured "by Nuclear Enterprises 
Ltd. G-.B.) was used. From the c r y s t a l , s c i n t i l l a t i o n s were 
detected by a photomultiplier tube which converts them 
i n t o e l e c t r i c a l pulses which are fed i n t o a 'non-over loading 
l i n e a r amplifier (type RE 8202) from, which they pass to a 
single channel pulse height analyser (NE I 0 l 9 manufactured 
by Dynatron Radio Ltd. Maidenhead G.B.). The pulses i n 
the analyser are analysed or sorted according to t h e i r sizes 
which are related to the energy of the o r i g i n a l photons. The 
single channel analyser incorporates a variable bias 
voltage by means of which the discrimination l e v e l could 
be set. This allows the selection of photopeaks 
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corresponding to a p a r t i c u l a r -ray energy. Af t e r 
selection, the pulses are fed i n t o a scaling u n i t . 

Before counting the isotope of i n t e r e s t , the "tf-ray 
spectra of two standard sources e.g. cohalt-60 and 
caesium-137 were obtained. A p l o t of tf-ray energy f o r 
photopeaks from these isotopes verses "bias voltage thus 
obtained was useful i n determining the reyuii'tsti "bias 
voltage and other instrumental settings f o r the isotope of 
in t e r e s t . i n the course of the actual measurements a source 
containing the isotope under investigation was always 
prepared and kept as. a standard which can be counted 
"before measurements. 

( i i i ) Multi-channel analyser 
U-ray spectra of various nuclides were obtained 

"by using a Hutchinson-scarret pulse height analyser 
(100 channels) of type 1363 D made "by C l i f f o r d and S n e l l , 
Sutton, Surrey, U.K. This instrument was used with a 
3" f l a t sodium iodide (th a l l i u m activated) c r y s t a l 
(12/bM - 2/12) and a 'non-over loading' l i n e a r amplifier 
of the same specification as that used with the 
s c i n t i l l a t i o n counter. 
(h) For spectrophotometric measurements a unicam SP 500 

was used. S i l i c a c e l l s of 1 cm. path length were 
used. 

(c) The in f r a - r e d (IR) spectra were obtained i n the range 
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2o .5 to15fiusing a Unicam SP 2 0 0 spectrometer which i s 
a double "beam pen-recording arrangement „ Sodium 
chloride c e l l s and prisms were used. Far-intra 
red spectra were obtained using a. Grubb-Parson 
DM"/DB-3 double beam grating spectrometer - range 
2 2 - 5 0 H>* 

(d) The Nuclear Magnetic Resonance studies were 
performed on a Varian A-60 Analytical NMR 
spectrometer operating at 6 0 mc/sec. at a 
temperature of 3 5 ° . I t i s manufactured by Varian 
Associates, polo, a t t o , C a l i f o r n i a , U.S.A.. Tetra 
methyl silane (TMS) was used as the i n t e r n a l 
reference substance. 

(e) pH measurements were made on a Doran 'Universal pH 
meter'. Doran Instrument Co. Ltd., Stroud, Gloa. U.K, 
This was standarised at pH 4 with 0 . 0 5 M potassium 
hydrogen phthal ate. 

( f ) A Pye series 1 0 4 chromatograph was used f o r VPG 
measurements. The column packing was S E r - 3 0 (methyl 
sil i c o n e gum) with a flame ion i s a t i o n detector and 
nitrogen as c a r r i e r gas. (flow rate 4 0 c.c. per min.). 
The column temperature was 1 5 0 + 5 ° . 

(g) A general description of polarograph 
A Cambridge 'General Purpose polarograph' was used 0 

This can be operated manually as has been done i n the 
work to be described (Chapter 5 ) i n which case the 



44 o 

p o t e n t i a l applied can "be chosen and varied at w i l l 
or used automatically, when the applied p o t e n t i a l 
i s varied, continuously sweeping from the positive 
to negative potentials f o r the mercury drop. 
The potentiometer d i a l i s graduated from +0.4 to 
-1.4 v o l t s at 10 m i l l i v o l t i n t e r v a l s . I t i s 
possible to vary the s e n s i t i v i t y of the polar-ogr-aph 
by means of a s e n s i t i v i t y range switch which has a 
number of f i x e d positions. A damping device which 
enables the operator to smooth out the o s c i l l a t i o n s 
on the polarogram i f the mean current during the 
drop time i s required to be measured. A 6 v o l t 
accumulator was used as voltage supply. The 
polarograph was coupled to a Cambridge spot 
galvanometer which has a response time of about 
3 seconds f o r f u l l d e f l e c t i o n . 
The cathode consists of droplets of mercury emerging 
regularly from the end of a f i n e c a p i l l a r y tube., 
The anode i s a large pool of mercury. The reaction 
c e l l having a capacity of 2 ml. has a side tube 
which allows nitrogen to be passed through the 
solution f o r the removal of dissolved oxygen. 
The reaction c e l l has a platinum wire sealed through 
the base of the c e l l making contact with the anode by 
means of a mercury contact. The upper portion of 
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the c e l l i s i n the form of an annulus i n t o which 
f i t s a glass 'toell attached to the capillary,, The 
annulus i s p a r t i a l l y f i l l e d with water to form a 
valve allowing nitrogen to pass, out but preventing 
entry of air<> 
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C H A P T E R 3 



Separations of Some Transition Elements with p a r t i c u l a r 
Reference to Protactinium Using Liquid-LiquidExtraction 

Methods 

introduction 
i n t h i s chapter the extraction of zirconium, niobium, 

tantalum and protactinium i s examined i n hydrochloric acid 
media employing f l u o r i d e (where useful) as a masking agent. 
The behaviour of uranium and thorium i n acetic acid - acetate 
buffer systems i s also investigated. Forward extractions 

were performed i n t o chloroform solutions of NBPHA by 
experiments carried out according to the scheme i n 
chapter 2, section B, a. The resul t s are examined f o r 
p o t e n t i a l l y useful separations. Work has also been 
done on the back-extraction of these elements i n t o various 
aqueous phases and the additional separations thus revealed 
are discussed. 

A l l of the elements quoted are either related through 
radiochemical transformations, occur together n a t u r a l l y 
or have been used i n the past as ca r r i e r s f o r isotopes of 
protactinium. For example, protactinium-231 occurs as 
a decay product of the n a t u r a l l y occurring long-lived 
uranium isotope, uranium-235. The protactinium content 
of natural uranium i s , however, very small"'' (about 0.34 
parts of protactinium per m i l l i o n parts of uranium) and 
i t s separation from natural sources i s therefore rendered 



d i f f i c u l t . 
27.4 day protactinium-233 i s obtained "by slow neutron 

i r r a d i a t i o n of thorium-232 according to the reaction 
2 3 2 T h ( n , * ) 2 3 3 T h 3- v 2 3 3Pa B~ 2 3 3U 

23. 5 ;min 27. 4Uay 
From t h i s reaction i t i s clear that protactinium obtained 
from such a source i s l i k e l y to be contaminated with 
uranium and thorium and i t s daughter products. I t i s 
therefore desirable to separate protactinium from such 
elements. 

Many separation procedures have been put forward 
based on no-precipitation, ion-exchange and solvent 

1—3 
extraction techniques f o r the separation of these two 
isotopes of protactinium. While others are known, they 
have not assumed the same importance since they are d i f f i c u l t 
to obtain, are short-lived or do not decay by emitting 
r a d i a t i o n r e a d i l y measured - a c r i t e r i o n of a satisfactory 
isotope f o r the tracer work. protactinium-233 i s the 
most convenient isotope f o r tracer work while f o r macro 
chemical investigations, protactinium-231 i s undoubtedly 
the most satisfactory because of i t s r e l a t i v e l y long 
h a l f - l i f e (3.43 x l o 4 years). 

The e a r l i e s t attempts to i s o l a t e protactinium were 
4 

made by Hahn amd Meitner and, independently, by Soddy 
and Cranston ; they used co-precipitation methods. 
Elements l i k e zirconium, niobium, tantalum, titanium, 
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thorium and manganese have been found to concentrate 
protactinium from uranium ores and ore residues^. The 
separation of protactinium from some of these elements, 
especially the f i r s t three mentioned, i s d i f f i c u l t , 
p a r t i c u l a r l y i f only a small quantity i s present. The 
f i r s t attempted i s o l a t i o n was "based on the assumed 
s i m i l a r i t y i n chemical behaviour of protactinium to 

7 8 
tantalum ' , but t h i s gives r i s e to cumbersome and time 
consuming procedures and, i n addition, the f i n a l products 
do not have a high p u r i t y . Titanium was also found to 

9 
be an unsatisfactory c a r r i e r f o r protactinium as i t tended 
to co-precipitate with t i n , lead and bismuth during t h e i r 
elimination as s u l p h i d e s 1 0 ' 1 1 . With the a v a i l a b i l i t y of 
more information on the ion-exchange and solvent extraction 
behaviour of protactinium, the usefulness of such methods 
became apparent, p a r t i c u l a r l y f o r the i s o l a t i o n of chemically 
pure protactinium. 

12 
Kraus and Moore have described the separation of 

protactinium from i r o n - ( l I l ) u s i n g a mixture of hydrochloric 
and hydrofluoric acids as eluent with an anion-exchange 

13 
column. These authors have used the same type of r e s i n 
to separate protactinium from uranium and thorium. Thorium 
i s not absorbed on an anion-exchange r e s i n from 8 M 
hydrochloric acid while protactinium and uranium are absorbed. 
Protactinium i s then eluted from the column using 3.8 M hydrochloric acid. protactinium i s poorly absorbed on 
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anion-exchange resin i n the presence of f l u o r i d e ; the 
addition of even small amounts of hydrofluoric acid to the 
hydrochloric acid e l u t i n g s o l u t i o n , causes protactinium 
to he rap i d l y desorbed from an anion exchanger and t h i s 
behaviour of protactinium has "been used f o r separating i t 

14 
from niobium and tantalum which remain on the resin . 
Ion-exchange methods, while capable of giving very good 
separations are usually slower than solvent extraction 
procedures. 

15 
Using d i - i s o b u t y l carbinol, Moore has extracted 

niobium from d i l u t e hydrofluoric-sulphuric acid solutions 
and thus separated protactinium which does not extract 
with niobium.. However, i n the course of the present work, 
i t was found that about 30% of tantalum i s extracted under 
the same conditions i n a single extraction. The same 
solvent has been used to separate protactinium from 
thorium and i t s f i s s i o n products but separation from 
niobium i s not good and to minimise emulsification, a 
problem with t h i s solvent, extractions are performed at 
50°. A rapid separation of protactinium-233 from 
thorium-231 and i t s daughters using tricaprylmethylammonium 17 18 chloride has been reported » Maddock and Mile& , and 
more recently Spitsyn and G-olutvina 1 9 have used cupferron 
to separate protactinium from manganese,, The f i r s t 
mentioned authors observed losses of protactinium because 
of the decomposition of cupferron i n strong acid 



( c . f . chapter 1) unless the reagent solution was st a b i l i s e d 
(with quinol) and used when fr e s h l y prepared. However, 
a separation from zirconium was not achieved. While the 
work to "be described was i n progress, a separation of 
protactinium using NBPHA was reported from a 3.5 M 
sulphuric acid solution and separation from i r o n , niobium, 
rare earths, thorium and uranium was thus obtained . 

The work i n t h i s chapter has been divided i n t o the 
following three groups, since the study of each of these 
groups has been essentially independent of one another.. 
A. A study of niobium, tantalum and protactinium and 

separation of protactinium from these and certain 
other common elements.. 

B. A study of uranium and thorium and a c a r r i e r - f r e e 
separation of protactinium from neutron i r r a d i a t e d 
thorium. 

C A separation of niobium-95 c a r r i e r - f r e e from zirconium.. 

A. NIOBIUM, TANTALUM AND PROTACTINIUM 
EXPERIMENTAL 

(a) Radioisotopes 
Zirconium-95/niobium-95 i n 0.5% oxalic acid was 

supplied by The Radiochemical Centre, Amersham, England. 
Before i t was used the niobium-95 had come to equilibrium 
with the zirconium-95; the mixture was of very high 
speci f i c a c t i v i t y having been separated from mixed f i s s i o n 
products without the addition of a ca r r i e r . Prom the 



mixture, niot>ium-95 was separated "by the methods outlined 
i n group C of t h i s chapter. 

Tantalum-182 was obtained from The Radiochemical 
Centre, Amersham, England, as tantalum pentoxide dissolved 
i n potassium hydroxide. protactinium-233 was produced by 
i r r a d i a t i n g thorium oxide with thermal neutrons i n BEPO 
at Harwell, England. I t was separated i n the c a r r i e r - f r e e 

21 
form by a well-established ion-exchange method . 
(b) Reagents 

A l l the reagents used were of 'Analytical* reagent 
grade unless otherwise mentioned. 

N-Benzoyl-N-phenylhydroxylamine was supplied either 
by B r i t i s h Drug Houses (B.D.H. ) or L. Light and company. 
Samples having a melting point of 120-121° were used 
d i r e c t l y while those w i t h lower melting points were 
r e c r y s t a l l i s e d from hot water. 
(c) Carrier solutions 

Niobium; niobium pentoxide (B.D-H. laboratory reagent 
grade) was weighed out accurately and fused with twice i t s 
weight of potassium hydrogen sulphate i n a platinum crucible. 
The melt was extracted i n t o 1 M t a r t a r i c acid, cooled and 
d i l u t e d to give a solution containing lo mg of niobium per 
m l 2 2 . 

Tantalum: an accuraxely weighed quantity of tantalum 
metal was dissolved i n a mixture of n i t r i c and hydrofluoric 
acids by warming to 60°„ The solution was cooled and 
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d i l u t e d to give lo mg of tantalum per ml 
Zirconium: zirconium n i t r a t e was dissolved i n 2 N 

n i t r i c acid to give 5 mg of zirconium per ml. 
(d) Measurement of r a d i o a c t i v i t y 

Niobium, tantalum and protactinium samples were 
counted i n the well-type s c i n t i l l a t i o n counter making 
use of the 776 Kev -tf-ray from niobium, the 100 Kev *tf-ray 
from tantalum and the 107 Kev % -ray from protactinium. 

For more information on the radiochemical equipment 
used see chapter 2, section C. The outline of the general 
method of investigation i s given i n section B of the same 
chapters 

RESULTS AND DISCUSSION 
( i ) Effect of f l u o r i d e ion concentration on the extraction 

of niobium, tantalum and protactinium 
The r e s u l t s of the experiments to demonstrate the 

e f f e c t of f l u o r i d e ions on the extraction of niobium, 
tantalum and protactinium i n hydrochloric acid are 
summarised i n p i g . 1. The hydrochloric acid concentration 
was such that the extraction of these elements was 
independent of moderate changes i n i t s concentration. 
The r e s u l t s indicate that the extraction i s at a maximum 
fo r niobium, tantalum and protactinium up to i n the presence 
of f l u o r i d e concentrations of 0.05, 0.4 and 0.025 M i n that 
order. Above these concentrations, the extraction of 
niobium and protactinium decreases considerably compared 
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to tantalum o Extraction of tantalum shows a marked 
dependence on fluoride ion at low concentrations as i s 
apparent from figure I . However, the extraction of 
tantalum increases rapidly with increase i n fluoride ion 
concentration reaching a maximum at 0.1 M and remaining 
constant up to 00k M with t h i s ligand concentration,, With 
further increase i n fluoride ions, the extraction decreases 
steadily. From the figure, i t i s clear that the effect of 
fluoride ions on the extraction of protactinium i s greater 
than that on niobium and l e s s than that on tantalum,. I t 
would appear that fluoride ions at high concentration form 
a strong anionic fluoro complex with protactinium which 
favours the aqueous rather than the organic phase. At a 
fluoride concentration of O.U M about 19% of the niobium 
and only 8% of the protactinium are extracted compared to 
nearly 100$ of the tantalum. Further increase i n fluoride 
concentration decreases the extraction of these elements 
and niobium and protactinium are not extracted at a l l at 
1.5 M fluoride ion concentration into a chloroform solution 
of NBPHA. An aqueous phase k»0 with respect to fluoride 
prevents any partitioning of tantalum into the organic 
phase. 

( i i ) The^effect of h^dr^chJLorj._c._.acid on the extraction 
of niobium, tantalumand protacj^nium 
F i g . 2 records the effect of hydrochloric acid 
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TABLE 4 

Extraction of nio"bium, tantalum and protactinium as a function 
of NBPHA concentration. 

fo EXTRACTION 

No. NBPHA Cone. 
% w/v. 

Niobium Tantalum Protactinium 

1 0.01 9.0 37.1 3.1 
2 0.02 19.0 44.0 -
3 0.025 30.4 49.7 -
4 0.04 46.2 56.8 -
5 0.05 62.6 62.1 7.2 
6 0.06 71.0 66.8 10.3 
7 0.075 88.3 71.8 12.4 
8 0.10 90.3 73.1 15.9 
9 0.15 95.6 79.0 21.3 
10 0.20 100.0 85.8 27.6 
11 0.40 100.0 95.3 53 09 
12 0„5 - 99.4 62.8 
13 0.8 - 99.4 86.3 
14 1.0 - 99.4 92.2 
15 2.0 - 99.4 92.2 

The composition of the aqueous phases, were: 1 M HCl, 0.05 M 
for Nb; 2 M HCl, 0.4 M W for Ta; 10o5 M HCl, 0.025 M P" 

Equal volumes of the two phases were equilibrated for 15 rain 
Extraction data refer to single extractions. A l l three elements 
were present at radio-tracer concentration l e v e l s . 



concentration on the extraction of niobium, tantalum and 
protactinium at fluoride concentrations of 0.05, 0.4 
and 0.025 M respectively. The extraction of protactinium 
i s markedly dependent on the acid concentration, the 
maximum only "being attained above 10.5 M i n hydrochloric 
acid. At low acidity p a r t i a l hydrolysis of protactinium 
i n addition to, or rather than, complex formation may 
account for the low extraction into chloroform phases 
containing NBPHA. At high hydrochloric acid concentrations, 
chloride displacement of fluoride i n some way may possibly 
"be responsible for higher extraction. I n the experiments 
performed i n 1 M hydrochloric a.cld having 0.025 M fluoride 
ions, however, hydrolysis i s either limited or slow, as 
losses of protactinium from the aqueous phase were not 
observed. Niobium i s extracted quantitatively even from 
hydrochloric acid concentrations as low as o.l M and 
varying the acid concentration does not have any effect. 
With tantalum the extraction increases with increase i n 
acid concentration - i t extracts only to the extent of 
about 2ffo i n o.l M hydrochloric acid - . the maximum i s 
attained at about 1 M and remains constant above t h i s 
concentration. 

( i i i ) E f f e c t of NBPHA and time of equilibration 
Table 4 shows the effect of reagent concentration on 

the extraction of niobium, tantalum and protactinium. 
For maximum eff i c i e n c y of extraction niobium requires a 



57. 

TABLE 5 

Extraction of niobium, tantalum and protactinium as a 
function of time. 

% EXTRACTION 
No. Time(min) Niobium Tantalum Protactonium 

1 1 - 31.8 23.1 
2 lo5 50*3 
3 3.0 81.6 67.1 80.3 
4 4.5 88.0 
5 5.0 - 82.7 84.4 
6 6.0 93.0 89.4 92.5 
7 9.0 96.0 99.45 92.5 
8 12.0 100.0 99.45 92.5 

NBPHA concentration in chloroform i s 0.2% for niobium, 0.5% 
for tantalum and 1% for protactinium. The aqueous phases were 
maintained the same as. those described i n the footnote to 

table 4. 



TABLE 6 

Back-extraction of niopium, tantalum and protactinium from 
the chloroform phase into various aqueous phases 

TNTiohium 
Ammonia 0.5 1 2 4 6 10 
% Back-extracted 44 74 91 96 100 100 

Hydrogen peroxide* 1 2 4 6 7 
% Back-extracted 77 83 91 97 100 

Tantalum 

Ammonia 0.31 0.62 1.25 2.1 2.5 3..0 
% Back-extracted 28.7 59.1 85.5 96.2 99.7 99.7 

Hydrogen peroxide* 0.25 0.5 1.0 1.5 2.0 3.0 

% Back-extracted 8.1 47„8 83.3 92.0 100.0 100.0 

protactinium 

Oxalic acid 0.1 0.3 0.5 0.8 l.o 1.5 
f. Back-extracted 38.3 66.0 87.1 94.1 100.0 100.0 

Ta r t a r i c acid o.l 0.5 1.0 1.5 2.0 2.5 
% Back-extracted 10.2 55.1 77.3 84.2 95.7 95.2 

Hydrogen peroxide* 0.5 1.0 2.0 4.0 6.0 7.0 
% Back-extracted 55.1 79.9 90.6 93.9 96.8 100.0 

Hydrofluoric acid o.l 0.2 0.3 0.4 0.6 0.7 
% Back-extracted 17.8 43.1 68.7 83.4 100.0 100.0 



TABLE 6 cont'd. 

The concentrations of components of the aqueous phases 
are given i n moles litres"* 1". 

* pH adjusted to 10 to 11 with d i l u t e ammonia. Equal 
volumes of the two phases were equilibrated for 15 min., 
data refer to single extractions* 



0.2%, tantalum a 0.5% and protactinium a 1% (w/v) NBPHA 
solution i n chloroform. The effect of time on the 
extraction of these three elements i s recorded i n table 5. 
At optimum fluoride ion, hydrochloric acid and reagent 
concentrations, the maximum extraction i s obtained i n 
12 minutes for niobium, 9 minutes for tantalum and 6 
minutes for protactinium. Solutions containing from 
radiotracer quantities up to at l e a s t 1 rog per ml of 
tantalum and 0.5 mg per ml of niobium are extracted 
e f f i c i e n t l y under these conditions. I t would therefore 
seem reasonable to expect the same extraction e f f i c i e n c y 
observed for tracer protactinium-253 would apply to 
solutions containing at l e a s t a few tenths of a mg of 
protactinium per ml. 

( i v ) Back-extraction of niobium, tantalum and protactinium 
The data obtained on the back-extract!on of niobium, 

tantalum and protactinium into aqueous phases of different 
compositions and concentrationshave been recorded i n 
table 6. Thus, niobium requires 7 M hydrogen peroxide 
for a complete back-extraction from the organic phase. 
A separate s e r i e s oi experiments indicated that, with t h i s 
concentration of hydrogen peroxide (7 M) the back-extraction 
of niobium depends very much on the pH of the aqueous phase, 
as at pH 9 back-extraction of niobium i s negligible, 72% at 
PH 10 and complete at pH 11. Although large amounts of 
niobium are back-extracted with 2 M aqueous ammonia, complete 



extraction from the organic phase i s obtained only at 
concentrations of 6 M« The behaviour of protactinium 
i n the "back-extraction with 7 M hydrogen peroxide at 
pH 10 to 11 i s similar to that of niobium while 87% of 
the tantalum i s back-extracted at pH 10.5 and complete 
extraction occurs at pH 11. The efficie n c y of extraction 
of niobium i s comparatively l e s s with aqueous ammonia than 
with tantalum which i s completely removed from the organic 
phase with 2.5 M aqueous ammonia. Aqueous ammonia i s not 
suitable for back-extraction of protactinium as hydrolysis 
r e s u l t s i n losses of t h i s element to the walls of the 
container. In addition, i t was observed even with 6 to 7 
aqueous ammonia that only about 50% of the protactinium i s 
back-extracted. Aqua-regia can back-extract niobium 
e f f i c i e n t l y , but i t does not extract protactinium and only 
1% of tantalum i s removed from the chloroform phase: even 
after shaking the two phases together for 15 minutes. 
Hydrochloric, hydrofluoric, n i t r i c and sulphuric acids 
either diluted or concentrated (except sulphuric acid> 

23 
12 M ) were not able to back-extract niobium from the 
organic phase. Oxalic aid t a r t a r i c acids or ethylene-
diaminetetraacetic •. acid (EDTA) were likewise i n e f f e c t i v e 
i n removing niobium. potassium hydroxide or carbonate 
can back-extract niobium, but solutions thus obtained 
contain a l k a l i metals which are d i f f i c u l t to remove i f 
that should be required. Likewise oxalic and t a r t a r i c 
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TABLE 7 
Back-extraction"1"of tantalum and protactinium from the 
chloroform phase into various aqueous phases as a function 
of time. 

Tantalum 

(A) Ammonia (2.5 mole l i t r e " 1 ) 
Time (min) 1 3 4 6 8 12 

% Back-extracted 37.2 58„1 69.5 77.1 99.7 99.7 

* 1 (B) Hydrogen peroxide (2.0 mole l i t r e ) 
Time (min) 1 5 5 7 12 15 

% Back-extracted 19.3 56.7 77.1 91.5 99.8 99.8 

protactinium 
-i 

(A) Oxalic Acid (1.0 mole, l i t r e " ) 
Time (min) 1 2 3 6 9 12 

% Back-extracted 13.1 54.8 82.7 96.0 100 100 
-i 

(B) T a r t a r i c Acid (2.0 mole l i t r e ) 
Time (rnin) 1 3 6 9 12 15 

% Back-extracted 22.1 82.9 95.7 95.7 95.7 95.7 

(C) Hydrogen peroxide" (7.0 mole, l i t r e " ) 
Time (min) 1 3 6 9 12 15 

% Back-extracted 10.2 44.8 81.01 98.1 100 100 
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Table 7 (continued) 

(D) Hydrofluoric Acid (0.6 mole l i t r e ) 
Time (min) 1 3 6 8 9 12 

% Back-extracted 48.1 68.6 89.4 94.6 100 100 

* PH adjusted to 10 to 11 with dilute ammonia. 
+ Equal volumes of the two phases were equilibrated: 

data ref e r to single extractions. 
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TABLE 8 

Optimum conditions for the "back-extract ion of niobium, tantalum 
and protactinium 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Element 

Niobium 

Tantalum 

Protactinium 

Aqueous phase 

aqua regia 
6 M ammonia 
7 M hydrogen peroxide* 
2.5 M ammonia 
2.0 M hydrogen peroxide-
1 M oxalic acid 
2 M t a r t a r i c acid 
7 M hydrogen peroxide* 
0.6 M hydrofluoric acid 

Optimum time 
(min.) 

15 
12 
15 
8 
12 
9 
6 
12 
9 

Extrac­
tion 

100.0 
100.0 
100.0 
99.7 
99.8 
100.0 
95.7 

100.0 
100.0 

* i n a l l cases hydrogen peroxide was adjusted to 
pH 10 to 11 with di l u t e ammonia; other 
conditions as i n table 6 . 
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acids are ine f f e c t i v e i n "back-extracting tantalum. 
Back-extraction of tantalum was not obtained with 0.1 M 
hydrochloric acid containing fluoride ions of various 
concentrations. 

The effect of time on the back-extraction of niobium 
with aqua-regia, 7 M hydrogen peroxide at pH 11 and 6 M 
agueous ammonia i s shown i n f?ig. 3. n-nod recoveries are 
possible i n 6 minutes or longer using any of these three 
aqueous phases. Table 7 records the back-extraction of 

a 
tantalum and protactinium as/function cf time into various 
aqueous phases. Aqueous ammonia seems to be more e f f i c i e n t 
i n back-extracting tantalum (8 minutes) than alkaline 
hydrogen peroxide (12 minutes); for protactinium, t a r t a r i c 
and hydrofluoric acids appear to be very e f f e c t i v e . 

A summary of the optimum compositions of the aqueous 
phases, times of equilibration for back-extraction of niobium, 
tantalum and protactinium and the percentage of each of 
these elements extracted i n a single extraction i s given 
i n table 8. 
(v) separation of niobium, tantalum and protactinium 

The data from figures 1 and 2 suggest that a separation 
of protactinium and tantalum or protactinium and niobium 
may be achieved by control of hydrofluoric and hydrochloric 
acid concentrations. Tantalum may be separated from 
protactinium by extracting i t from a solution 0.4 M i n 
fluoride and 1 M i n hydrochloric acid while a separation 



of nio'bium from protactinium would "be possible with a 

solution 0.05 M i n fluoride and 1 M i n hydrochloric acid. 
I t i s clear that at low hydrochloric acid (about 0.01 M) 
and fluoride ion (0.05 M) nio'bium may "be separated "by 
extracting i t from a mixture containing tantalum, as has 

24 
been previously reported 

Th<?- r e s u l t s and observations just discussed provide 
the basis for the separation of pairs or a l l three of these 
elements i f present together. The following schemes have 

25 
"been suggested 
(a) Separation of tantalum from protactinium 
1. Adjust the mixture containing tantalum and protactinium 

to 1 M in hydrochloric acid and not more than 0.4 M i n 
fluoride concentration. 

2. Transfer the mixture to a polyethylene "bottle and 
equilibrate with an equal volume of 0.5% NBPHA i n 
chloroform "by shaking for 9 minutes. 

3. Separate the phases i n a separating funnel and repeat 
step 2 on the aqueous phase. 

4. Wash each of the separated phases twice with 10 ml 
portions of wash l i q u i d ; chloroform for the aqueous 
phase and 1 M hydrochloric acid made 0.2 M i n fluoride 
for the chloroform phase. 

5. Transfer the washings to the appropriate fractions. 
Note; By t h i s procedure tantalum i s completely extracted 

iito/chloroform solution of NBPHA, leaving protactinium 
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i n the aqueous phase. Tantalum may he hack-extracted 
into the aqueous phase of the composition and under 
the conditions given i n table 8. 

(h) Separation of niobium from protactinium 
The same steps used i n the above procedure are 

applicable but the composition of the aqueous phase has to 
be 0.05 M i n fluoride and 1 M i n hydrochloric acid and a 

0. 2. NBPHA solution i s used. The equilibration time i s 
12 minutes. 
Note: Niobium thus transferred to the organic phase may 

be back-extracted into an aqueous phase of suitable 
coiiipuaitiun (refer to table 8 for conditions). 

(c) Separation of niobium, tantalum and protactinium 
The conditions given above provide means of separating 

niobium from tantalum or niobium from protactinium. 
Further separations are, however, possible by making use 
of selective back-extraction steps for protactinium and 
niobium. 
1. Extract niobium and tantalum from an aqueous phase 1 M 

i n hydrochloric acid and 0.05 M i n fluoride into a 
0.5% solution of NBPHA i n chloroform. protactinium 
remains i n the aqueous phase. 

2. Back-extract niobium into aqua-regia by shaking the 
phases together for 15 minutes. 
or 

3. Back-extract the niobium and tantalum into 6 M aqueous 
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ammonia and. adjust the a c i d i t y of the e x t r a c t t o 0.01 M 
w i t h h y d r o c h l o r i c a c i d , make 0.05 M i n f l u o r i d e and 
separate the niobium i n t o 0.2?0 NBPHA ( t h i s gives a more 
e f f i c i e n t separation of niohium from tantalum than 2). 

4. P r o t a c t i n i u m i s separated from niohium and tantalum hy 
e x t r a c t i n g a l l three elements i n t o NBPHA i n chloroform 
f o l l o w e d "by a s e l e c t i v e h a c k - e x t r a c t i o n i n t o o x a l i c , 
t a r t a r i c or h y d r o f l u o r i c a c i d under the conditions set 
out i n t a h l e s 6 and 8. 

The e f f i c i e n c y of the separations discussed ahove 
was checked hy oh t a i n i n g U" -ray spectra of the p a i r s 
of isotopes together using the multichannel analyser and 
of the i n d i v i d u a l isotopes of niohium-95, tantalum-182, 
and protactinium-233 and comparing w i t h those ohtained from 
the f r a c t i o n s separated from the mixtures by the methods 
o u t l i n e d ahove. F i g . 4 shows the "fl -ray spectrum of the 
mixture of tantalum-182 and protactinium-233. ( i n the 
^ -ray spectra recorded i n a l l the f i g u r e s i n t h i s 
chapter the marked i n t e r v a l (abcissa)represents 10 channels). 
I t shows the 67 Kev peak of tantalum-182, the combined 
100 and lo? Kev peaks of tantalum and p r o t a c t i n i u m 
r e s p e c t i v e l y and the 312 Kev peak of protactinium-233. 
The 100 and lo7 Kev peaks of tantalum and p r o t a c t i n i u m 
could not be resolved even w i t h a la r g e f l a t ( c y l i n d r i c a l ) 
sodium iod i d e ( t h a l l i u m a c t i v a t e d ) c r y s t a l 3" i n diameter 
and 3" deep. Pigs. 5 and 6 record separately the * -ray 
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TABLE 9 

Separation f a c t o r s * f o r p a i r s of elements. 

Element System Method of Separation 
A separated from B separation 

l o Ta 11 " Pa 2 3 3 P a , i n a c t i v e a l o 3 

Ta ( 1 mg/ml) 

2. Wo " " Pa ^ 3 3Pa, i n a c t i v e b 1 0 3 

ND ( 0 . 5 mg/ml) 

18? 2 
3. Wo " " Ta ( 1 ) Ta, i n a c t i v e C,2 lo 

F d ( 0 . 5 mg/ml) 
( 2 ) 1 8 2 T a , i n a c t i v e c,3 l o 3 

Wo ( 0 . 5 mg/rnl) 

* The r a t i o of the i n i t i a l amount of B present i n the 
mixture (A + B) t o the f i n a l amount of i m p u r i t y B 
present i n the separated sample of A. 
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spectra of tantalum-182 and protactinium-233 separated from 
one another "by the method ( a ) . Neither of them show any 
contamination by the other. F i g . 7 gives the * -ray 
spectrum of a mixture of protactinium-233 and niobium-95. 
The "tf-ray spectrum of niobium-95 separated "by method (b) 
i s recorded i n F i g . 8. The e a r l i e r two small peaks are 
due t o "back-scattering i n d i c a t e d "by the decrease i n t h e i r 
i n t e n s i t y when the s h i e l d i n g around the c r y s t a l was 
increased. The p r o t a c t i n i u m separated from the mixture 
gave a spectrum s i m i l a r to t h a t shown i n Pig. 6. Pig. 9 
i s the tf-ray spectrum of the mixture of nio"bium-95 and 
t ant alum-182. However, i n order t o i n c l u d e the 770 Kev 
peak of nio"bium-95, the 67 Kev peak of tantalum-182 could 
not be included usinn the same in s t r u m e n t a l s e t t i n g s . By 
adopting method (c,3) the separated f r a c t i o n s gave spectra 
s i m i l a r t o those i n Pigs. 5 and 8* 

prom the above discussion of tf-ray spectra, i t i s 
cl e a r t h a t the separation of p a i r s of these elements can be 
e f f e c t e d w i thout any evident cross contamination. However, 
the s e n s i t i v i t y of t h i s method i s l i m i t e d as about 1% 
contamination could be detected and hence f u r t h e r separations 
were performed by using a r a d i o t r a c e r f o r one member of the 
p a i r , the other being i n a c t i v e . Separations were performed 
and separation f a c t o r s thus obtained (according t o the 
general procedure given i n chapter 2, s e c t i o n B, d) are 
recorded i n t a b l e 9. 



Of the i n t e r f e r i n g c a t i o n s , zirconium (and also 
hafnium), aluminium, t i t a n i u m , manganese- ( I I ) , i r o n - ( i n ) , 
r a r e earths and uranium and thorium should not i n t e r f e r e 
i n the proposed separations. These elements have been 

26-29 
shown p r e v i o u s l y or d u r i n g the course of t h i s work t o 
e x t r a c t w i t h NBPHA at ( r e l a t i v e l y ) very low a c i d i t i e s . 
B. URANIUM, THORIUM AND PROTACTINIUM 

EXPERIMENTAL 
(a) Radioisotopes 

Thorium-234/protactinium-234 (uraniura-x) was 
separated from 'aged' uranium-238 by an ion-exchange 
method 3 0. 

Antimony-124 was obtained from The Radiochemical 
Centre, Amersham, England ( s p e c i f i c a c t i v i t y l c per g)as 
antimony t r i o x i d e i n 5 M hy d r o c h l o r i c a c i d . 
(b) Reagents 

Reagents used are given p r e v i o u s l y i n t h i s chapter 
w i t h the f o l l o w i n g a d d i t i o n s . 
Dibenzoylmethane; a s o l u t i o n c o n t a i n i n g 1 g of the substance 
(from B.D.H.) i n 100 ml of 95% e t h y l a l c o h o l was used i n the 
spectrophotometry study of uranium f o l l o w i n g the method 
of Yoe et a l . 

Acetic acid b u f f e r : 80 g of anhydrous sodium acetate and 
8 ml of g l a c i a l a c e t i c a c i d were d i l u t e d t o 1 l i t r e . Such 
a s o l u t i o n i s 0.05 M i n a c e t i c a c i d - a c e t a t e ions and has a 
pH of 5.4. 
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Uranium c a r r i e r s o l u t i o n : uranium-(VI) oxide was used t o 
prepare a s o l u t i o n c o n t a i n i n g 5 mg of uranium per ml i n 2 N 
n i t r i c a c i d . 

Antimony-124 and uranium-x were counted i n a 
Geiger-Muller counter (chapter 2, s e c t i o n C, a, i ) . 
For an o u t l i n e of the method of i n v e s t i g a t i o n r e f e r t o 
chapter 2, s e c t i o n B. 

RESULTS AMD DISCUSSION 
( i ) The e f f e c t of pH, NBPHA conce n t r a t i o n and time of 

e q u i l i b r a t i o n on the e x t r a c t i o n of uranium and thorium 
E x t r a c t i o n of uranium and thorium as a f u n c t i o n of pH 

i s shown i n F i g . 10. The aqueous phase was 0.05 M i n 
ac e t i c a c i d -. acetate ions. Uranium s t a r t s e x t r a c t i n g at 
about pH 1.8 and increases w i t h i n c r e a s i n g pH reaching a 
maximum a t 5.2, while thorium begins to e x t r a c t at about 
pH 1.20 and the maximum i s a t t a i n e d a t 4.9. I t i s c l e a r 
from the f i g u r e t h a t uranium and thorium cannot be separated 
c l e a n l y from each other using an acetate b u f f e r system. 

32 
Das and Shome have described a method f o r the separation 
and g r a v i m e t r i c determination of uranium i n the presence of 
thoriumo They have used the magnesium s a l t of ethylene-
diaminetetraacetie.o acid (EDTA) t o mask thorium and then 
they p r e c i p i t a t e d uranium a t pH 5.2 using e t h a n o l i c NBPHA. 
But i n t i i e course of the present work i t was found t h a t 
about 11% of the thorium t r a n s f e r s w i t h the uranium f r a c t i o n 
when solvent e x t r a c t i o n i s p r a c t i s e d using EDTA at pH 5.2 as 
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TABLE 1 0 

E x t r a c t i o n o f uranium and Thorium as a f u n c t i o n o f NBPHA 
concentration. 

S.NOo 

3 
4 
5 
6 
7 
8 
9 

(w / v.) 

0,05 
0.10 
0.20 
0.30 
0.50 
0.60 
0.80 
0.90 
1.0 

* % E x t r a c t i o n 
Uranium 

25.1 
36.7 
41.8 
56.1 
72.5 
89.0 
96.2. 
99.1 
99.1 

16 01 
31.3 
56 0 a 
83.1 
96.7 
99.1 
99.1 
99.1 
99.1 

* Equal volumes of the two phases were e q u i l i b r a t e d f o r 
15 min. E x t r a c t i o n data r e f e r t o s i n g l e e x t r a c t i o n s . 
The pH of the aqueous phas;e was 5»3 f o r uranium 
and 4.9 f o r thorium. 



74. 

TABLE 11 

E x t r a c t i o n of Uranium and Thorium as f u n c t i o n of time. 

% E x t r a c t i o n 
SoNo. Time Uranium Thorium 

1 0.5 27 03 20.0 
2 1.0 44 08 39.7 
3 2.0 56 04 64.4 
4 4.0 75.3 90.8 
5 6.0 92.1 94.6 
6 8.0 95*0 99.1 
7 9.0 99.1 99.1 
8 12.0 99.1 99.1 

* NBPHA concentration i n chloroform i s 0.9$ f o r 
uranium and 0.6% f o r thorium. The data r e f e r t o s i n g l e 
e x t r a c t i o n s . For other c o n d i t i o n s see the footnote t o 
Table 10 . 
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a masking agent and hence such a separation was found t o Toe 
of l i t t l e p r a c t i c a l value. Tables 10 and 11 give the 
e f f e c t of v a r y i n g reagent c o n c e n t r a t i o n and time on the 
e x t r a c t i o n of uranium and thorium r e s p e c t i v e l y , 
( i i ) A c a r r i e r - f r e e separation of p r o t a c t i n i u m from 

neutron i r r a d i a t e d thorium 

Prom F i g . 1 i t i s c l e a r t h a t p r o t a c t i n i u m i s 
e x t r a c t e d almost q u a n t i t a t i v e l y from concentrated 
h y d r o c h l o r i c a c i d c o n t a i n i n g 0.025 M f l u o r i d e ions i n t o 
a 1% NBPHA chloroform s o l u t i o n . Uranium and thorium 
studies i n d i c a t e t h a t these two elements are not l i k e l y 
t o i n t e r f e r e i n the e x t r a c t i o n of p r o t a c t i n i u m . A 
c a r r i e r - f r e e separation of p r o t a c t i n i u m from uranium-235 
and thorium and i t s daughter products has thus been devised. 
Elements a r i s i n g from the f i s s i o n of uranium-233 i f i t has 
been allowed t o accumulate i n the sample can "be accounted 
f o r "by some minor changes i n the procedure. 

33 
The f o l l o w i n g scheme proposed i s set out f o r the 

separation of protactinium-233 from thorium i r r a d i a t e d 
f o r short times (s e v e r a l days). 
1. Dissolve the i r r a d i a t e d thorium (metal, oxide or 

p r e f e r a b l y "basic carbonate) i n concentrated h y d r o c h l o r i c 
aci d w i t h the a d d i t i o n of a l i t t l e f l u o r i d e and "by 
h e a t i n g , i f necessary. 

2, Adjust the h y d r o c h l o r i c a c i d t o at l e a s t 10 M and 
f l u o r i d e concentration t o not more than 0.025 M. Shake 
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f o r 6 minutes w i t h an equal volume of lf0 NBPHA i n 
chloroform„ 

3 0 Separate the two phases and again e q u i l i b r a t e the 
aqueous phase (afterwards discarded) as i n step. 2.. 

4. Wash the combined organic phases from steps 2 and 3. 
w i t h equal volumes of concentrated h y d r o c h l o r i c a c i d 
a n r i d i s c a r d the washings„ 

5. E q u i l i b r a t e the chloroform phase w i t h an equal volume 
of an aqueous phase. 5 M i n h y d r o c h l o r i c acid and not 
les s than 0»6 M i n h y d r o f l u o r i c a c i d. 
The aqueous phase, which contains p r o t a c t i n i u m , i s 

p r e f e r a b l y washed w i t h some chloroform and the washings 
are discarded. By step 5, niobium, i f present, i s r e t a i n e d 

34 
i n the chloroform phase . The scheme thus o u t l i n e d 
( excluding step 1) can be completed i n about 20 minutes. 

I f t i n and antimony are present, b o r i c a c i d or 
aluminium c h l o r i d e i s added t o the aqueous phase from step. 5, 
the a c i d i t y reduced t o 0o8 M and these elements are extracte d 
w i t h 1% NBPHA l e a v i n g p r o t a c t i n i u m i n the aqueous phase, which 
i s washed w i t h chloroform and made s t r o n g l y a c i d . Should 
boron or aluminium need t o be removed r e p e t i t i o n of steps 
2-5 provides f o r t h e i r separation from p r o t a c t i n i u m . 

Accumulation of uranium-233 i n the sample undergoing 
i r r a d i a t i o n r e s u l t s i n the f o r m a t i o n of f i s s i o n products by t h e 
U-233 ( n , f ) r e a c t i o n . Therefore such products, should be taken 
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TABLE 12 

Separation from various elements.. 

Separation from system used and method 
of njeasurerrteiit 

Separation 
f a c t o r * 

Thorium 
Uranium 

Tin 
Antimony 

Uranium X» radiochemical 3 x 10' 
Uranium-238, Spectrophoto­

m e t r y > 4 x 10' 
c 

Tin-113m, radiochemical 7 x 10' 
f 

Antimony-124, radiochemical 2 x. 10' 

The r a t i o of the i n i t i a l to the f i n a l concentra­
t i o n of the element a f t e r going through the 

procedure. 
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i n t o account i n a separation scheme i n addition to thorium 
35 

and i t s daughter products 
Thorium daughters which have h a l f - l i v e s of a few hours 

either do not extract at such a high acid concentration 
(radium-228 and 224) or "begin to extract about pH 4„5 or 
higher (actinium-228 and lead-212 ). Bismuth-(III), 
which extracts at pH 0 (see chapter 5) does not follow 
protactinium,. 

Fission products, i f present, a l k a l i metal, alkaline 
earth, rare earth, halogen (as halide or oxy-anion), zirconium,, 
molybdenum-(VI), s i l v e r , cadmium-(n) and indium-(Hi) w i l l 

34 37 38 
not extract ' ' along with protactinium,, Technetium, 
ruthenium^-(III), rhodium-(III), palladium^(II) and 
t e l l u r i u m - ( i v ) or (VI) are not extracted at such a high 
hydrochloric acid concentration as confirmed "by spot t e s t s . 
About 500 mg„ of each of these elements were taken through 
the separation procedure and the protactinium f r a c t i o n 

39 
examined f o r the elements using a sensitive spot-test » 
Technetium was however not examined. Of the remaining 
f i s s i o n products nio"bium, t i n - ( I V ) and antimony-(ill) or 
(V) extract p a r t i a l l y or completely and must he taken i n t o 
consideration i n the separation scheme,. 

Separation from elements l i k e uranium, thorium, t i n 
and antimony which may i n t e r f e r e was taken i n t o account and 
separation factors f o r a l l these elements (chapter 2, 
section B, d) are obtained and are given i n table 12„ 



prom the table i t i s clear that separation from uranium 
and thorium i s good while separation from t i n and antimony 
i s less satisfactory, "but these elements appear i n low 
y i e l d from uranium-233 f i s s i o n and hence should not 
i n t e r f e r e . 

No contamination by f i s s i o n or daughter products of 
thorium was observed when protactinium was added and then 
recovered from natural thorium which was i r r a d i a t e d with 

9 

14-Mev neutrons to give a"bout 10 fissions even when 
separation was carried out immediately a f t e r i r r a d i a t i o n . 
Farther, the p u r i t y of protactinium thus obtained by the 
method outlined above was checked "by examining the Y -ray 
spectrum using the multichannel analyser. Thus a spectrum 
si m i l a r to Fig« 6 was obtained i n d i c a t i n g a lack of evident 
contamination. The percentage recovery of protactinium "by 
t h i s method was found to be b e t t e r than 80% i n the presence 
of f i s s i o n products and i n t h e i r absence, about 95%. 
The difference i n the y i e l d was found to be due to losses 
of protactinium a c t i v i t y on the walls of the container 
a f t e r the addition of f l u o r i d e scavenger and the reduction 
of the a c i d i t y p r i o r to the t i n and antimony separation. 

36 
Elements l i k e aluminium and i r o n do not extract 

under the conditions where protactinium extracts 
q u a n t i t a t i v e l y and hence should not i n t e r f e r e i n the 
separation scheme. 



C o A CARRIER-FREE SEPARATION OF NIOBIUM PROM ZIRCONIUM 
EXPERIMENTAL 

Details of the experimental work are given i n group A 
of t h i s chapter. 

RESULTS AND DISCUSSION 
From Figs. 1 and 2 i t i s clear that nio"bium can he 

extracted q u a n t i t a t i v e l y even from a very low concentration 
of hydrochloric acid containing f l u o r i d e up to 0.05 M. On 
the otter hand, the d i s t r i b u t i o n studies of zirconium with 
NBPHA showed that- i t i s not extracted at a l l under the 
conditions where niobium extracts completely. This 
observation has "been used i n devising a method f o r the 
ca r r i e r - f r e e separation of niobium-95 from zirconium. The 

34 
following steps are involved i n the separation method 
proposed. 
(a) Extraction of niobium i n t o NBPHA i n chloroform 
1. TO the zirconium-niobium mixture add enough hydrochloric 

acid and hydrofluoric acid to make the f i n a l solution 
1 M i n the former and 0.05 M i n l a t t e r . 

2. Add an equal volume of a 0.2% solution of NBPHA i n 
chloroform and shake the mixture f o r about 12 minutes. 

a 
3. Separate the two phases using/separating funnel; r e t a i n 

the aqueous phase containing the zirconium f o r future 
milkings. 

4. Wash the chloroform phase twice with an acid mixture 
0.05 M i n hydrofluoric and 1 M i n hydrochloric acids, 
discarding the washingso 



81 o 

5. Back-extract int o an ac"veov;s phase (see "below). 
Notes: 
1. The solution "before extraction (step 1) may contain 

1 mg per ml of zirconium without impairing the 
separation. 

2. The aqueous phase (step 3), i f desired, can he freed 
from niobium at the time of extraction "by washing 
with chloroform containing NBPHA. 

("b) Back-extract ion of niobium i n t o an aqueous phase 
Three procedures are applicahle to the back-extraction 

producing aqueous solutions from which a l l solutes giving 
r i s e to s o l i d matter on evaporation can re a d i l y "be removed,, 
They include treatment with aqua-regia, hydrogen peroxide 
and ammonia. 
( i ) Aqua-regia 
1. Shake the chloroform phase f o r about 10 minutes with an 

equal volume of aqua-regia. 
2. Discard the chloroform phase. 
3. Wash the aqueous phase with 2 portions (about lo ml) 

of chloroform. 
4. Reduce the volume to 5 to 6 ml by evaporation. 
5. Cool and extract twice with two small portions or 

di-iso-propyl ether to remove residual organic matter. 
6. Warm to expel traces of ether. 
( i i ) Hydrogen peroxide 
1. Shake the chloroform phase f o r about 10 minutes with an 
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equal volume of a 7 II solution of hydrogen peroxide 
adjusted to about pH 11 with a l i t t l e d i l u t e ammonia. 
2. Repeat steps 2, 3, 4 and 5 f o r the aqua-regia treatment. 
3. Make acid as required, 
( i i i ) Ammonia 
1. Shake f o r 10 minutes with an equal volume of 6 M 

aqueous ammonia. 
2. Steps 2, 3, 4 and 5 i n the aqua-regia procedure 

remove the organic matter and much of ammonia. 
Note: 
The residual ammonia i n t h i s and the previous back-
extraction method may be removed by oxidation v/ith 
aqua-regia and a solution i s f i n a l l y prepared i n either 
hydrochloric or n i t r i c acids. 

The ef f i c i e n c y of the separation performed "by the 
method outlined ahove was checked by adding zirconium 
c a r r i e r to the separated niobium f r a c t i o n and p r e c i p i t a t i n g 

40 
zirconium with mandelic acid . The p r e c i p i t a t e thus 
obtained was counted f o r zirconium contamination i n the 
niobium f r a c t i o n . Prom such experiments i t was established 
that by follo w i n g t h i s l i q u i d - l i q u i d extraction method the 
decontamination factor f o r nio"bium from zirconium was at 

4 
least 10 . Further, a s o l i d source of niohium-95 
(containing niohium pentoxide) separated by t h i s method 
was prepared. This source having an i n i t i a l counting rate 
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4 of 2.2 x 10 c.p.m. was counted two or three times a week 

using an end-window gas proportional counter. The decay 
of the source was followed f o r over six months. During 
t h i s period there was no evidence of contamination from 
zirconium and the h a l f - l i f e was calculated with the aid 
of an E l l i o t 803 computor and a least squares programme 
and found to "be 34.8 + 0.4 days which i s i n reasonable 

41 
agreement with published values 
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The Application of N-Benzoyl-N-phenylhydroxylamine to the 
Separation of Gallium, Indium, Thallium, Germanium, Tin 
and Lead "by Solvent Extraction 

Introduction 

Gallium, indium, th a l l i u m , t i n and lead frequently 
occur together i n minerals with some other common elements 
l i k e i r o n , copper, nickel and aluminium. Separations of 
some of the pairs of the above-mentioned elements by 
p r e c i p i t a t i o n methods are d i f f i c u l t 1 . Separation of 
indium from t i n and lead which are precipitated as sulphides 
from hydrochloric acid solution leads to losses because of 
the tendency of indium to co-precipitate with these 

o 
sulphide group elements ; however, t h i s method i s used 

3— 5 
sometimes as indium losses can be reduced to a minimum 
by r e p r e c i p i t a t i o n cycles. A l t e r n a t i v e l y , t i n may be 
separated from indium as 'soluble metastannate' by t r e a t i n g 
the f r e s h l y precipitated hydroxide with d i l u t e sodium 
hydroxide. This method, while giving better separations 
than are achieved by the p r e c i p i t a t i o n of t i n as sulphide, 
i s not e n t i r e l y satisfactory". The separation of lead from 
indium i s also d i f f i c u l t . Lead alloys and me t a l l u r g i c a l 
residues containing indium are sometimes digested with 

7 
sulphuric acid i n analysis . I f sulphur t r i o x i d e fumes 
are produced i n t h i s separation, serious contamination of 
lead sulphate by indium r e s u l t s . 



Chemical separations "by solvent extraction are more 
convenient and frequently cleaner than p r e c i p i t a t i o n 
methods. I n many cases entire separations may "be carried 
out even with minute amounts of component which may thus be 
retained whereas i n a p r e c i p i t a t i o n process they may easily 
get l o s t through co-precipitation. Prom solutions made 
1.5 M i n potassium iodide and 0.75 M i n sulphuric acid, 
indium i s extracted and separated from gallium, aluminium, 
i r o n , beryllium, molybdenum and tungsten "but t i n and 
antimony i n t e r f e r e . under specified conditions 
extraction with d i - e t h y l or di-iso-propyl ethers from 
solutions 0=5 to 0=6 M i n hydrobromic acid are used to 

q 

extract indium but gallium, thallium and i r o n i n t e r f e r e . 
Tin can be separated i n a c a r r i e r - f r e e state from 3 M 
hydrochloric acid using cupferron^" 0. 

NBPHA has been used f o r the separation and gravimetric 11 12 13 determination of indium , gallium and t i n . The 
derivatives of NBPHA with these metals are soluble i n 
"benzene, alcohol, ether and chloroform. Lead with NBPHA 
i s extracted at a high pH 1 4. Qualitative tests showed 
that t i n and thallium are extracted with NBPHA and hence 
the detailed study of the extraction of these two elements 
i s reported here; f u r t h e r , some of the separations are of 
int e r e s t to radiochernists as the elements i n question may be 
produced from neighbouring elements i n the periodic tahle, 
or they may "be found (with the exception of thallium) i n 



f i s s i o n products a r i s i n g from the f i s s i o n of certain heavy 
15 

nuclei * Germanium has been included i n t h i s study on 
these grounds. 

I n the p a r t i t i o n studies of gallium, indium, thallium, 
t i n and lead phase d i s t r i b u t i o n s were measured using 
radiotracers except i n the case of lead where d i s t r i b u t i o n s 
were followed by compleximertrid. : t i t r a t i o n . The 
behaviour of t i n i s studied i n the presence of hydrochloric 
and perchloric acids while germanium was examined i n 
hydrochloric acid media with chloroform alone as the 
second phase. Gallium, indium, thallium and lead are 
examined from acetic acid - acetate buffer systems since 
these elements only react at r e l a t i v e l y very low hydrogen 
ion concentrations. Making use of the results possible 
separations of these elements are examined. The effi c i e n c y 
of separations (which have been performed according to the 
general procedure outlined i n chapter 2, section B, d) 
were also determined using radiotracers except again i n 

17 
the case of lead f o r which a spot test , was applied-
Optimum conditions of extraction f o r the above-mentioned 
elements and separation factors obtained are given i n t h i s 
chapter. 

EXPERIMENTAL 
(a) Radioisotopes 

Germanium was kindl y provided by Dr. D.J. Silvester 
of the M.R.C. Cyclotron Unit, Hammersmith Hospital, London. 



I t was adsorbed on alumina from which a chromatographic 
column was prepared and c a r r i e r - f r e e gallium-68 milked by 

18 
the method of Green and Tucker using EDTA. The 
EDTA-gallium complex was most e f f e c t i v e l y destroyed "by 
taking the eluate to dryness with hydrogen peroxide and 
heating the container to a d u l l red heat. The container 
afterwards was allowed to cool and gallium was taken i n t o 
very d i l u t e hydrochloric acid solution (0.2 M). Germanium-68 
when required was obtained "by desorbing i t from the alumina 
with 8 M hydrochloric acid, extracting i t i n t o chloroform 
from which i t was "back-extracted with 2 M hydrochloric acid. 

Indium-114m containing a known concentration of c a r r i e r 
indium was supplied "by The Radiochemical Centre, Amersham, 
England. 

Tin-113 was obtained "by neutron i r r a d i a t i o n of 
metallic t i n i n BEPO, Harwell. The 27,5 hour tin-121 was 
allowed to decay away before use. 

Thallium-204 was obtained "by i r r a d i a t i o n of thallium 
i n BEPO, Harwell, England. 
(t>) Reagents 

The reagents used are mentioned i n chapter 3 with 
the following additions: 
EDTA: a O.Ol M standard solution was prepared by weighing 
out the disodium s a l t , dihydrate and dissolving i t i n 
d i s t i l l e d water. 
Xylenol Orange (B.D.H.). A 0.1% (W/V) solution i n ethanol 
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was used. 
Benzidine was supplied by Hopkin and Williams Ltd., 

Essex, England. A solution was prepared "by dissolving 
0.05 g. of benzidine i n 10 ml of g l a c i a l acetic acid and 
d i l u t i n g to 100 ml with d i s t i l l e d water. 

Carrier solutions containing 5 mg per ml of each of 
these elements were prepared from reagent grade chemical 
substances. 

(c) Measurement of r a d i o a c t i v i t y 
lndium-114rn and thallium-204 samples were counted 

i n a Geiger Muller counter. Gallium-68 and tin-113 were 
counted i n a % - s c i n t i l l a t i o n counLer. For gaIiium-66 
use was made of T f - r a d i a t i o n r e s u l t i n g from positron 
a n n i h i l a t i o n and f o r t i n the 0.393 Mev Ttf-ray of the 
1.7 hour indium daughter was employed f o r counting purposes. 
Germanium was also determined i n d i r e c t l y by measuring the 
gallium-68 a f t e r allowing s u f f i c i e n t time f o r the l a t t e r 
to come to equilibrium with the parent. 

The d e t a i l s of the apparatus used are given i n 
chapter 2, section C and f o r the general method of 
investigation the reader i s referred to section B of the 
same chapter. 

RESULTS AND DISCUSSION 
(a) Effect of acids on the extraction of t i n - ( i v ) 

and germanium 
The ef f e c t of change i n the hydrochloric and perchloric 
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acid concentrations on the extraction of t i n - ( i v ) i s 
shown i n pig. 11. The sharp maximum at 0.8 M i n the 
extraction from hydrochloric acid and the nature of the 
t i n reaction with NBPHA w i l l he discussed i n chapter 5. 
Of the halides, only fluoride i n t e r f e r e s considerably with 
the extraction of t i n . With further increase i n a c i d i t y 
the extraction decreases sharply and f a l l s to a minimum 
(l£.) at about 8 M in hydrochloric acid. Tin-(IV) extraction 
from perchloric acid shows a very different trend. The 
extraction increases with increase i n acid concentration 
reaching a maximum at about 4 M. Chloroform alone extracts 
germanium quantitatively and some resuJts thus obtained, 

19 
together with data taken from Brink et a l , are recorded 
i n curve 3 of the same figure. The extraction of germanium 
i s negligible up to about 3 M i n hydrochloric acid and with 
further increase i n aci d i t y the extraction r i s e s and 
reaches the maximum above 8 M. GertiBrium or t i n do not 
extract into chloroform alone from a perchloric acid 
solution. Extraction was not observed ( i ) from a germanium 
solution 0.8 M i n hydrochloric acid and 7 m i n perchloric 
acid or ( i i ) from a 2 M hydrochloric acid solution 
saturated with ammonium chloride (about 6 M i n chloride 
ion). The r e s u l t s indicate that germanium and t i n can be 
separated from one another by extracting the former from a 
8 M hydrochloric acid solution. Tin-(IV) may then be 
extracted quantitatively by neu t r a l i s i n g the aqueous phase 
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TABLB 1 1 

Extraction as a Function of NBPHA 
Concentration. 

% EXTRACTION* 

NEPHA 
Pnn n . 

(1$ w/v.) 
H. Q1 "1 i i i n v T X T ^ ^__-.i-. j_.i_.l_ Tmrl •A -r-i*v. T T T j . J--kVJ. J . l_4.il J — * J. X -L m v -T i J — 

x i i a x x x u t l J — X 
Tin-IV 

1 0.0S5 - 30.2 - - -
2 0.05 50 e 4 - « -
3 0.10 21.3 69.9 55.7 17.4 31.3 
4 OofciO 50.1 81.1 81.9 39.9 48 ..8 
5 0.30 60.8 84.3 86.1 58.1 60.3 
6 0.40 79,3 86.7 90.8 75.3 68.9 
7 0.60 88.4 90.3 95.3 84.1 82.1 
8 0.70 91.7 93.1 99.7 88.3 87.7 
9 0.80 94.1 96.5 99.7 90.7 90.4 

10 1.0 99.4 99.2 99.7 94.4 97.4 
11 1.5 99.4 99.2. 99.7 94.4 97.4 
12 2.0 99.4 99.2 99.7 94.4 97.4 

* Equal volumes of the two phases were equilibrated for 15 minute 
Extraction data refer to single extractions. Metal coneentra-
tions:- gallium 6.0 x 10~3M, indium 1.0 x 10"" M, thallium 5.0 x 
10-%, t i n 1.3 x 10~3M and lead 2.0 x 10"3M. 

http://j_.i_.l_
http://l_4.il
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with ammonia and making 4 M i n perchloric acid or reducing 
the a c i d i t y to 0.8 M i n hydrochloric acid with ammonia. 
Of these two, the f i r s t one i s more advantageous i f gallium 
i s present. As i n 0.8 M hydrochloric acid, with 
additional chloride ions or not, s l i g h t extraction 
(about 0.3%) of the gallium occurs along with t i n . 

(b) E f f e c t of pH. NBPHA concentration and time of 

equilibration on the extraction of gallium, indium, 
thallium and lead 
The extraction of gallium, indium, thallium and lead 

as a function of pH i s recorded i n Fi g . 12. Acetic 
acid - acetate buffer systems (0.05 M i n ace t i c acid -
acetate) were used. Gallium may thus be cleanly separated 
from the r e s t of these elements by extracting i t at pH 3.1 
to 3.8; indium could be separated from lead and tha l l i u m - ( l ) 
at pH 5.3 to 5.6 and lead from tha l l i u m - ( I ) at pH 7.8 to 
8.2. Thallium-(l) begins to extract above pH 8.2 and 
extraction i s almost quantitative above pH 10.5. On the 
other hand t h a l l i u m - ( i l l ) does not extract up to pH 9.5 
from an acetate medium; precipitation of thallium hydroxide 
s t a r t s at about pH 9.8 and incomplete extraction i s obtained. 
Table 13 i l l u s t r a t e s the effect of varying NBPHA concentration 
i n the chloroform phase on the percentage extraction of 
gallium, indium, thallium, t i n and lead. Although indium 
s t a r t s extracting considerably at low NBPHA concentrations, 
the maximum i s obtained only when the reagent concentration 



95. 

TABLE 14 

Extraction of various metal ions into equal volumes of a 
1,0% solution of NBPHA i n chloroform 

Time 
(min) 

G a l l i u m - i n Indium-III Thallium-I' Tin-IV Lead-H 

1 1 20.8 55.6 81.2 20.0 53.1 
2 3 39.9 71.3 90.4 41.8 78.5 

5 6 62o 1 t»o. u 1 u. o O f . o 

4 8 83.7 97.8 99.7 89.1 94.4 
5 10 94.3 99.2 99.7 94.4 97.4 
6 12 99.4 99.2 99.7 94.4 97.4 
7 15 99.4 99.2 99.7 94.4 97.4 

* Expressed as a percentage of the t o t a l metal present 
i n the system. 

' Thallium extracted into a 0.7% solution. 
For metal concentrations see footnote to Tahle 13.. 
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TABLE 15 

Optimum conditions for the extraction of various metal 
ions. 

Ion 
extract­

ed 
Acidity 

NEPHA 

$ A ) 
Optimum 
equilibra-
t i c n time 
(min.) 

Maximum 
metal ion 

cone. 
(mg./lOml.) 

extrac­
ted* 

1. G a l l i u m - m pH3.1 1 
2. Indium-Hi pH5.3 1 
3. Thallium-I pHlO.5 0.7 
4. Germanium-IV 8M HCl 0 

5. Tin-IV 

6. Lead-II 

0.8M HCl 1 
4M HC104 1 

PH9.0 1 

12 
10 
8 

15 
10 
10 
10 

10 
10 
8 
10 
10 
10 
12 

99.4 
99.2-
99.7 
99.8 
94.4 
96.1 
97.4 

* i n a single extraction with equal volumes 
of the two phases. 
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TABLE 16 

Separation fa c t o r s * obtained for the separation 
of various p a i r s of elements. 

s. NO Element Method of Separation 
A separated from B measuring factor 

1 Ga n i n Radioactive B 10 4 

2 i n It P"b Benzidine test 10 4 

3 Ga I t P"b i i tt 10 4 

4 68 71 
10 ~ 4 Ga •t Ge Ga decay 

71 
10 ~ 

5 i n t l Sn 1 1 3 i n l n decay 10 3 

6 Sn I I Ga Radioactive B 10 3 

7 Sn I I m Radioactive B 10 3 

8 Sn I I Ph Benzidine teat 10 4 

9 P"b I I TL Radioactive B 6 x 10 2 

* The r a t i o of the i n i t i a l amount of impurity (B) 
present i n the mixture (A + B) to the f i n a l amount 
present i n the separated sample (A). 
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i s 1% while the extraction reaches a maximum for thallium 
at 0.7% of NBPHA. Other elements require a 1% solution 
of the reagent for maximum extraction. Extraction as a 
function of time for a l l these elements i s given i n tahle 14. 
Thus they are extracted e f f i c i e n t l y i n 8 minutes or more. 
Tahle 15 summarises data on the optimum pH, reagent 
concentration, time of equilibration and fr a c t i o n of the 
to t a l metal extracted into an equal volume of NBPHA i n 
chloroform. The maximum recommended metal concentrations 
for these elements when treated under these conditions are 
also included i n th i s tahle. For hack-extraction, simple 
adjustment of aci d i t y was found s u f f i c i e n t for a l l except 
t i n , for which saturated oxalic acid i n 3 M hydrochloric 
acid was found to "be adequate. As may he deduced from 
F i g . 11, germanium can "be hack-extracted into hydrochloric 
acid l e s s than 4 M. I t i s also hack-extracted into d i l u t e 
perchloric acid. For a l l these elements, the hack-
extraction was almost quantitative i n 3 minutes. 

The r e s u l t s discussed above, therefore, show that "by 
suitahle choice of conditions a l l s i x elements may he 
separated from each other i f present in the mixture and 
t h i s has been confirmed hy experiment. Separation 
factors ohtained hy following the procedure given i n 
chapter 2, section B, d for p a i r s of elements are recorded 
i n tahle 16- and t h i s tahle also contains r e s u l t s for 
germanium-68 separated from gallium-68 and tin-113 from 



indium-ll3m. The decay of gallium-68 ( h a l f - l i f e 68 
minutes) and indium-113m ( h a l f - l i f e 1.7 hour) was 
followed by preparing s o l i d sources and counting them 
i n a gas-flow proportional counter. The residual 
a c t i v i t y i n each case thus provides a further check on 
the e f f i c i e n c y of separations. In the experiments with 
lead, a spot test with benzidine was applied to check 
the decontamination. 

which 1 4 

I r o n - ( i l l ) / e x t r a c t s at pH 1 and aluminium 
pr e c i p i t a t i n g quantitatively i n the pH range 3.4 - 6.4 
are l i k e l y to interfere with some of the separations. 
In the course of the present work the aluminium complex 
was found to extract readily with NBPHA. Both these 
elements could therefore cause interference. 
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Some Properties of N-Benzoyl-N-phenylhydroxylamine and 
Cupferron Systems Containing Tin, Antimony and other 
Elements 
Introduction 

I n t h i s chapter a comparative study of the chemical 
"behaviour of cupferron and NBPHA has been made using 
tin,, antimony, arsenic and bismuth,, possible 
separations of these elements, either i n hydrochloric or 
perchloric acids are revealed by l i q u i d - l i q u i d 
extraction methods using NBPHA. The i n s t a b i l i t y of 
cupferron at high acid concentrations, led to an 
investigation of decomposition products since i t was 
thought that they may have some effect on metal ion 
extraction. Further, an attempt has been made to obtain 
information on the nature of the chemical reaction 
between tin-NBPHA and chloride ion. I n t h i s connection 
a detai^tstudy of t i n extraction as a function of NBPHA, 
chloride and hydrogen ion concentrations has been carried 
out. Infra-red and nuclear magnetic resonance studies 
have also been used to throw additional l i g h t on the 
reaction and i t s products. 

Some polarographic work i n connection with the 
determination of t i n and antimony i n a mixture i s also 
presented as a separate section (B) i n t h i s chapter. 
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A. SOLVENT EXTRACTION, INFRA-RED, NUCLEAR MAGNETIC 
RESONANCE, PRECIPITATION AND SOLUBILITY STUDIES 
For elements; such as t i n , antimony, arsenic and 

"bismuth which readily hydrolyse at low hydrogen ion 
concentrations, the use of organic reagents permitting 
the extraction of these elements from strongly acid media 
i s of i n t e r e s t . Cupferron i s introduced into the aqueous 
rather than the organic phase and t h i s chelating agent, 
while selective i n i t s reactions (c.f„ chapter 1) i s 
unsuitahle for use i n mineral a c i d s 1 , i n f a c t cupferron 
i s not recommended at a c i d i t i e s higher than 0.5 to 1.5 M, 
pa r t i c u l a r l y i n n i t r i c acid. On the other hand NBPHA 
i s quite a useful reagent when i n chloroform which i s 
shaken up with highly ac i d i c aqueous solutions; i t has a 
clear advantage over cupferron (see chapter 1 ) , showing 
good s t a h i l i t y i n systems containing hydrochloric, 
perchloric and sulphuric acids. However, i n the course 
of the present work i t was ohserved that n i t r i c acid 
ahove ahout 3M attacks the reagent considerahly. 

I t i s frequently considered that NBPHA "behaves i n 
many of i t s chemical reactions with metal ions i n a 

o 

similar manner to cupferron. Ryan and Lutwick ' have used 

an ethanolic solution of NBPHA for the gravimetric 

determination of t i n from a 0.8 M hydrochloric acid 

solution and noted that the t i n complex precipitated has 
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the composition Sn^gH^OglOgClg. <»»(i) or S n ( C 1 3 H l 0 0 2 N ) 2 C l a o « , 

( I I ) o The above mentioned authors claim that only one complex 
of composition ( I ) i s obtained irrespective of the valency of 
t i n i n solution and that the hydrogen of the oxime group 
reduces t i n - ( I V ) to t i n - ( n ) before complex formation giving 
( l ) o In a l a t e r paper the same authors are l e s s c e r t a i n on 
thi s point and even suggested that formulation ( n ) was more 
appropriate* Since then authors have variably reported 
that the t i n i n the NBPHA complex i s present as t i n - ( l l ) or 
tin - ( i v ) without clear grounds for accepting one or other 

4 5 
formulation. On the other hand, cupferron reacts 9 with t i n 
from a 1 M hydrochloric acid giving two d i s t i n c t products, 
Sn(C 7H 50 2N)g ; and Sn(C 7Hg0gN) 4 depending on the valency stat© 
of the t i n i n solution. I t i s reported that NBPHA extracts 
antimony-(III) from weakly aci d i c solutions; while cupferron 
precipitates antimony-(ill) quantitatively under s i m i l a r 
conditions . The precipitate obtained with antimony was 
found to be soluble i n common organic solvents and antimony-
( I I I ) extracts into chloroform from 1 M hydrochloric solutions. 
Antimony-(V), a r s e n i c - ( l l l ) and (v) do not precipitate nor 
extract with cupferron. Information on the behaviour of 
these elements with NBPHA i s not available. B i smuth-(ill) 

7 8 
i s extracted very well by either of these two reagents ' 
between pH 2 to 4 into chloroform,. 
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EXPERIMENTAL 

(a) Radioisotopes 
Arsenic-74. This was obtained as sodium arsenate 

solution of high specific a c t i v i t y from The Radiochemical 
Centre, Amersham, England,, 

Bismuth-210. I t contained lead-210 (radium-D), 
bismuth-210 (radium-E) and polonium-210 (radium-F) and 
was also obtained from The Radiochemical Centre, 
Amersham, Bnglando 

For d e t a i l s of the other isotopes used i n t h i s work 
refer to chapter 3 and 4 (experimental section) respectively. 
(b) Reagents; 

A l l the reagents used are mentioned i n the previous 
two chapters with the following exceptions: 

Cupferron. This, was supplied "by Hopkin and Williams 
Ltdo, Essex, England. 

Carrier solutions.,. For a l l the elements used these 
were prepared (5mg. per ml.) i n hydrochloric acid from the 
element i n question or an oxide of i t . 

Chloroform-d (CDClg). This was obtained (99$ pure) 
from Eo. Merck AG, Darmstadt, Germany. 

Deuterium oxide (99.5$ DgO)> I t was supplied "by 
Koch-Light Laboratories Ltd., Colnbrook, England. 
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(c) Measurement of r a d i o a c t i v i t y 
Antimony, arsenic and "bismuth samples were counted 

i n a Geiger-Muller counter (see chapter 2, section C,a,i). 
For d e t a i l s of the method of counting the t i n see 
Chapter 4. Although "bismuth contains isoharic lead and 
polonium isotopes i n t h i s counting device only "bismuth i s 
counted and therefore separation from the l a s t two elements 
mentioned was not found to "be essential© 

The outline of the general method of investigation i s 
given i n chapter 2, section B„ Reduction of these elements 
Lu t h e i r lower oxidation states when required was 

9 
performed using nickel powder . Higher oxidation states 

Q 
were obtained "by the use of "bromine" except i n the case of 
arsenic f o r which hydrogen peroxide^ was more appropriate* 

i n the cupferron experiments the reagent i s added to 
the aqueous phase. The a c i d i t y recorded i n these 
experiments are those "before the addition of cupferron to 
the system and hence the true acid concentration i n each 
case would "be approximately lower "by 0.32 M assuming a 
5% solution of cupferron and no consumption of acid i n 
decomposition reactions. 

In the study of the nature of chemical reaction of 
t i n with NBPHA, the aqueous phases were always maintained 
at constant ionic strength. The component whose effect 
was under investigation was varied while the others are 



kept constant. The following are the experimental 
d e t a i l s : 
( i ) Effect of NBFHAo The aqueous phase was 0*8 M i n 

—3 
hydrochloric acid and 1,3 x 10 M i n t i n . The NBPHA 

-•3 2 
concentration was varied from 4.6 x 10 to 4.6 x 10 M 
(0.10 to 1.0% W/V). For the eff e c t of varying NBPHA 
concentration on the extraction of t i n from perchloric 

—3 
acid, the t i n concentration was 1.3 x 10 . The ionic 
strength was 4.0 M i n perchloric acid and the NBPHA range 

-4 —2 was. 2,3 x 10 to 3.2 x 10 M (0.05 to 0.7% W/v). 
( i i ) Chloride e f f e c t , The ionic strength was 0=28 M i n 
perchloric acid. The chloride concentration was varied 

—3 —3 
from 1.5 x 10 to 8.0 x 10 M (using hydrochloric acid). 
The NBPHA concentration was 1% W/V i n chloroform, i n 
0.28 M perchloric acid 31.8% of the t i n extracts with a 
1% NBPHA solution which reduces the chloride range. 
( i i i ) Effect of hydrogen ions«> The following experiments 
were performed to investigate the effect of hydrogen ion 
concentrations. The ionic strength was maintained using 
l i t h i u m chloride and the hydrogen ion effect was studied 
"by varying the hydrochloric acid concentration. 
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No. 
Tin conco 
(molar^ 

H +ion range 
(molar) 

Ionic 
strength 

RBPHA 
%, 

1 1.3x10"3 0.012 to OclO 1.0 1.0 
2 7 o l x l 0 " " 3 0.20 to 0.80 1.1 0.30 
3 1.4xlo""3 0.49 to 4.0 6.0 0.50 

/ i \ Study of decomposition products or cupferron 
A Pye series 104 gas-chromatograph was used (chapter 

2, section C,f). A known weight of cupferron solution 
(10%) i n hydrochloric acid at a chosen concentration 
wi t h i n the range 1 to 11.4 M was equilibrated with an 
equal volume of "benzene f o r 15 minutes.. The "benzene 
layer was separated and dried with sodium sulphate and 
chromatographs were recorded (o.25yn 1. solutions were used 
i n a l l the recorded chromatographs) at 150°. The feed 
volume, temperature and other instrumental settings were 
maintained constant. Chromatographs of various known 
substances were recorded f o r comparison, 
(e) in f r a - r e d spectra 

The instrumental d e t a i l s are given i n chapter 2, 
section C,c . 

The deuteration of the -OH group of NBPHA was carried 
out "by the procedure of Harp and E f f e r t 1 0 . 0.1 g of 
NBPHA were dissolved i n 3 ml. of dry ether and 
equilibrated with EgO (2ml.) f o r 30 minutes. The two 
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phases were separated and the ether layer was again 
equilibrated with a fresh p o r t i o n (2nd) of DgO for 
15 minutes. A t h i r d e q u i l i b r a t i o n was carried out with 
2 ml. of D2O (15 minutes) and the solvent was removed 
"by evaporation under vacuum. 
( f ) Nuclear magnetic resonance studies 

The details, of the apparatus used are given i n 
chapter 2, section C,d. 

1 M NBPHA and 0.5 M solutions of the t i n complex of 
NBPHA i n chloroform-d were used i n conjunction with 
tetramethyl silane as a reference substance. 
(g) Tin and antimony p r e c i p i t a t i o n s 

Tin was precipitated "by NBPHA according to the method 
of Ryan and Lutwick^. Further, the p r e c i p i t a t i o n of t h i s 

element using TTBPHA was examined from hydrobromic, hydriodic, 
n i t r i c and sulphuric acids (from 0.5 to 1 M) using a 
s l i g h t excess of NBPHA i n ethanol. 
(h) S o l u b i l i t y measurements 

Tin was precipitated from 1 M hydrochloric or 
hydrobromic acid using radioactive tin-113. A portion of 
the t i n p r e c i p i t a t e was sealed i n a polythene capsule and 
equilibrated with a 10 ml. portion of solvent i n a 
thermostat at 25°. After e q u i l i b r a t i o n , the excess of 
so l i d was separated by centrifugation or f i l t r a t i o n of 
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which the former was preferred,, 5 ml. of t h i s clear 
solution was counted i n a Y - a c i n t i l l a t i o n counter. 

An accurately weighted portion of the dried t i n 
p r e c i p i t a t e was dissolved i n 1:1 v/V alcohol:water mixture 
and counted. The s o l u b i l i t y X per 100 ml. was calculated 
using the following equation: 

X = ^ .20 

where W i s the weight of t i n p r e c i p i t a t e i n mg. and A 
the counting rate of i t s solution. B i s the counting rate 
of the solution a f t e r e q u i l i b r a t i o n . 

RESULTS AND DISCUSSION 
Pig. 13 records the e f f e c t of hydrochloric acid 

concentration on the extraction of these elements with 
NBPHA. Antimony (v) i s examined from "both hydrochloric 
and perchloric acid solutions. Prom the f i g u r e , i t may 
"be seen that a n t i m o n y - ( i l l ) extracts almost q u a n t i t a t i v e l y 
from up to 2 M i n hydrochloric acid and with the f u r t h e r 
r i s e i n a c i d i t y , the extraction decreases and passes 
through a minimum at about 8 M. Above 8 M hydrochloric 
acid the extraction p a r t i a l l y due to chloroform alone, 
increases again. The presence of NBPHA i n the chloroform 
phase enhances extraction "by a factor of about 2 at each 
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recorded value. Antimony-(v) on the other hand, does 
not extract at low hydrochloric or perchloric acid 
concentrations. Extraction commences i n perchloric acid 
at about 1.25 M and i n the other acid at about 4.0 M. I n 
both acids extraction of antimony-(v) increases with 
increasing acid concentration and the maximum i s attained 
at 9.4 M i n perchloric and 11.4 i n hydrochloric acid 
respectively. Chloroform alone does not extract 
antimony-(v) from perchloric acid while the chloroform 
extraction of antimony-(v) i n hydrochloric acid i s shown 
i n f i g . 13 (broken l i n e s ) . 

A r s e n i c - ( i l l ) extracts well i n t o chloroform alone and 
the extraction i s enhanced only up to 1 or 2% by the 
presence of NBPHA i n the chloroform phase. The results 
presented here f o r arsenic are i n f a i r agreement with 
those of Brink et a l ^ " . Only about 5% of arsenic-(v) was 
found to extract over the e n t i r e acid range. Hydrogen 
peroxide was used as an oxidant and separate experiments 
using other oxidants such as n i t r i c acid and cerium-(IV) 
gave similar results... For b i s m u t h - ( i l l ) extraction 
decreases with increase i n hydrochloric acid concentrations,; 
i t does not extract above 4 M i n t h i s acid. S i m i l a r l y , 
bismuth-(v) does not extract with NBPHA from hydrochloric 
acid of any concentration. 
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Fig. 13 also records the effect of hydrochloric acid 
on the extraction of t i n - ( i v ) with NBPHA. The data i s 
largely from f i g u r e 11 with additional r e s u l t s f o r 8 M 
and above i n hydrochloric acid. I t was observed that 
chloroform alone extracts t i n at high a c i d i t i e s ( 8 M) 
with l i t t l e or no contribution from NEPKA. The ear-lier-
hump. was found to be due to lack of s u f f i c i e n t chloride 
ions. The t i n d i s t r i b u t i o n was found to be the same 
throughout the acid range whether the aqueous phase 
contained t i n - ( I I ) or (IV) to begin with. 

The e f f e c t of hydrochloric acid on the extraction of 
t i n - ( l l ) and (IV) and antimony ( I I I ) with cupferron i s 
shown i n f i g . 14. The optimum extraction range of 
antimony-(in) i s shorter than f o r NBPHA (see fig . . 13) i n 
the d i r e c t i o n of higher a c i d i t i e s . Cupferron extracts 
t i n ( I I ) very well at low hydrochloric acid concentration 
and extraction decreases with r i s e i n acid. Again at high 
a c i d i t i e s chloroform extracts t i n ( I I ) . 

On the other hand, t i n (IV) extracts only up to about 
51$ and behaves i n the same general way as t i n ( i l ) at 
high a c i d i t y . Antimony ( i l l ) does not extract i n t o 
chloroform at high hydrochloric acid concentrations i f 
cupferron i s present. This may be due to the f a c t that 
some of the cupferron decomposition products may be 
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preventing the extraction of ant i m o n y - ( I I I ) . Arsenic-
( I I I ) e xtraction at high a c i d i t i e s i s also i n h i b i t e d and a 
10$ cupferron solution gave about 10$ and 17$ extraction 
at 5 M and 11.4 M hydrochloric acid respectively„ Cupferron 
does not extract antimony-(V) 0 

The decomposition of cupfsrrcn 
The mineral acid i n s t a b i l i t y of cupferron has been 

known f o r a long time and various decomposition products 
12 

have been reported . I n t h i s work i t was found that 
substances apparently causing i n h i b i t i o n of extraction of 
antimony and arsenic are extracted i n t o chloroform or 
benzene. Further, i f cupferron was added to the aqueous 
phase of high a c i d i t y and extracted with chloroform, the 
aqueous phase a f t e r two batch extractions was found to have 
decreased i n a c i d i t y considerably. (A 10$ solution of 
cupferron i n 11.k M hydrochloric acid decreased the a c i d i t y 
of the aqueous phase to about i+M a f t e r two successive 
chloroform extractions.) By the method outlined i n the 
experimental section of t h i s chapter, an attempt has been 
made to i d e n t i f y some of the decomposition products of 
cupferron. 

I n aqueous phases up to about 6 to 8 M i n hydrochloric 
acid to begin w i t h , the main product was found to be 
nitrosobenzene. With increasing a c i d i t y (from 1 to 6 or 8 M) 
the amount of nitrosobenzene formed also increases. 
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Table_17 

Extraction as a function of RBPHA concentration,, 
% Extraction 

Q „_ NBPHA concn. Q , T _ Q-w_-ir r n T T T 
.̂ N?:?, 7$ w'/v). .SPniiS. oD-V B i - I I I 

1 0»05 9.3 6.8 11.3 
2 0.10 28.1 15.3 20.2 

4 0.20 50.8 37.1 40.6 
5 0.30 68.3 45.0 49.4 
6 0o40 79.8 58.0 66.8 
7 0.45 83.1 - 77.4 
8 0.50 93.1. 67.1 90.8 
9 0.60 93.1 75.6 99.3 
10 0.70 93.1 81.3 99.8 
11 0.80 93.1 88.9 99.8 
12 0.90 93.1 94.4 99.8 
13 1.00 93.1. 98.3 99.8 
14 1.50 93.1 98.3 99.8 

* Equal volumes of the two phases were equilibrated f o r 
15 min. Extraction data r e f e r to single extractions. 
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Table 18 

Extraction of ant i m o n y - ( I I I ) , t i n - ( l l ) and t i n - ( i v ) 
as a function of Cupferron concentration. 

% Extraction 
Oupi.Conco 
(% w/vT" S^-111 Sn-II Sn-IY 

1 Ool 3.6 -
2 0.3 11.7 lo8 -
3 0o5 31.0 6.8 3.8 
4 0.8 63.4 - 10.5 
c J-o U / a. o 15.6 1Y.6 
6 1*5 88.4 29.4 24.6 
7 2»0 94.2 46.8 34.8 
8 4.0 94.2 71.8 42.0 
9 5.0 94.2 92.0 48.3 
10 6.0 94.2 96 02 51.8 
11 7.0 94.2 96.2 51.8 
12 8.0 94.2 96.2 51.8 

* Extraction data refer to single extractions. Equal 
volumes of the two phases were equilibrated f o r 15 min. 
Hydrochloric acid concentration was 1 M f o r S"b-(lll) 
and 0.5 M f o r Sn-(n) and t i n - ( I V ) . 
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Table 19 

Extraction' with NBPHA as a function of time. 

% Extraction 
S-No. Time (Min) S b - I I I Sb-V A s - I I I B i - I I I 

1 1 23.1 20.6 56.0 29.0 
2 3 40.6 42.8 78.9 50.6 
3 5 69.1 54.0 84.2 78.0 
4 7 86.3 68.3 91.2 90.0 
5 10 93.1 78.1 91.2 96.2 
6 12 93.1 85.3 91.2 99.8 
7 15 93.1 98.3 91.2 99.8 
8 20 93.1 98.3 91.2 99.8 

* A r s e n i c - ( i l l ) i s extracted alone from chloroform. 
For other conditions see the footnote to table 17. 
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Table 20 

Extraction with cupferron as. a function of 
time. 

S.TTO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Time (min) 

1 
3 
4 
5 
6 
8 

10 
12 
15 

% Extraction 
S b - I I I Sn-H 

8.1 
28.3 

45.8 
59.4 
73.6 
88.4 
94.2 
94.2 

22.6 
51.4 
76.8 
89.6 
96.2 
96.2 
96.2 
96.2 
96.2 

Sn-IV 

15.8 
38.6 
43.0 
49.1 
51.8 
51.8 
51.8 
51.8 
51.8 

* For conditions see footnote to table 18. 
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Table 21 

Optimum sets of conditions f o r the extraction of 
various elements. 

Element Aa^eous 
phase 

Chloroform 
phase 

Optimum Maximum 
eq u i l i b r a t i o n metal cone extrac 
""time "(mTnJ mg/lpmir Jted 

*Sn-(lv) 0.8 M Hcl IfoB 10 10 94.4 
4 M Hclo4 1%B 10 10 96.1 

Sb-(IH) 1 M Hcl 0.5%B 10 10 93.1 
Sb-(V) 9.4 M Hclo4 0.9%B 15 8 98.3 
B i - ( l l l ) PH 1 0.6%B 10 8 99.3 
Sn-(IV) 0.5 M Hcl 6%C 6 10 51.8 
Sn-(ll) 1 M Hcl 6%C 6 10 96.2 
S b - ( I I I ) 1 M Hcl 2%G 12 5 94.2 
As-(111)11.4 M Hcl I 3Hcl 3 only 7 12.5 91.2 

B = NBPHA, C = Cupferron. 
* Data taken from table 15 (chapter 2 ) . 
+ I n a single extraction with equal phase volumes. 

For Cupferron systems the a c i d i t y recorded does 
not take i n t o account acid consumed by the 
reagent. 
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At higher h y d r o c h l o r i c a c i d concentrations. ( 8 M) the 
main product (about 80% of the t o t a l decomposition products) 
i s d i f f e r e n t and could not be i d e n t i f i e d , , Nitrosobenzen© 
i s present i n very small amounts,. This u n i d e n t i f i a b l e 
product was not phenol, nitrobenzene, phenylhydroxylamine, 
a n i l i n e or az-oxybfvnzfinftj, 

Tables 17 and 18 i l l u s t r a t e the e f f e c t of varyi n g 
the NBPHA and the cupferron concentrations respectively» 
Tables 19 and SO give the e f f e c t of time on the e x t r a c t i o n 
w i t h NBPHA and cupferron. Far h a c k - e x t r a c t i o n simple 
adjustment of a c i d i t y was found t o he adequate and hack-
e x t r a c t ionoacurred e f f i c i e n t l y f o r a l l these elements 
w i t h i n three minutes except i n the case of bismuth ( i l l ) 
which requires 5 minutes. Optimum conditions, f o r the 
e x t r a c t i o n s are summarised i n t a b l e 21« 
Separations 

As a r e s u l t of the e x t r a c t i o n behaviour of these 
elements w i t h NBPHA i n h y d r o c h l o r i c a c i d , p o s s i b l e 
separations of p a i r s of them were i n v e s t i g a t e d . The 
separations were performed according t o the procedure 
given i n chapter 2, s e c t i o n B,d 0 

The f o l l o w i n g separations are o u t l i n e d : 
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Table 22 

Separation f a c t o r s f o r p a i r s of elements. 

"Element A 
separated from B 

Sn-(IV) from S"b-(V) 
A s - ( I I l ) f r o m B i - ( I I I ) o r ( v ) 
Sn-(IV) from B i - ( I I I ) o r ( v ) 
S"b-(V) from B i - ( I I I ) o r ( v ) 
Sn-(IV) and S"b- {Y ̂  from 

B i - ( I I I ) or (vj 

fjiethod of 
measuring 

a c t i v e Sh 
Bi 
B i 
Bi 

B i 

tt 

i t 

Phases 

0.8 M Hcl/1%B 
cone. Hcl/CHCl 
4 M Hclo4/l%B 
9 M Hclo4/l%B 

9 M Hclo4/l%B 

3 

Separation 
factors.* 

1 x l o 2 

2 x 1 0 3 

9 x 1 0 2 

7 x 1 0 2 

7 x 10 

B = 
* 

NBPHA 
The r a t i o of the amount of B present i n i t i a l l y i n A + B t o 
the amount of B present i n the separated Ao 
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(1) I t i s p o s s i b l e t o separate t i n ( I V ) from antimony (v) 
"by e x t r a c t i n g ( t w i c e ) the former from 0.8 M hydr o c h l o r i c 
aci d i n t o a 1% chloroform s o l u t i o n of NBPHA. Antimony 
remains i n the aqueous phase* 

(2) Arsenic ( i l l ) can he separated from "bismuth hy 
p a r t i t i o n i n g the former i n t o chloroform alone from 
concentrated h y d r o c h l o r i c a c i d s o l u t i o n . 

(3) The separation of t i n ( I I ) or ( I V ) from hismuth may 
he e f f e c t e d "by e x t r a c t i n g the t i n from a 9 M p e r c h l o r i c 
acid s o l u t i o n w i t h NBPHA* 
(4) On a s i m i l a r "basis, antimony (v) can he separated 
from "bismuth ( i l l ) hut the aqueous phase should he 9.4 M 
i n p e r c h l o r i c a c i d . 
(5) I f t i n , antimony and "bismuth are present i n a m i x t u r e , 
the f i r s t two elements can he separated from "bismuth ( I I I ) 
"by e x t r a c t i n g them from concentrated p e r c h l o r i c acid 
s o l u t i o n i n t o NBPHA i n chloroform and h a c k - e x t r a c t i n g i n t o 

3 M h y d r o c h l o r i c ac i d c o n t a i n i n g 0.1 M o x a l i c acid* Further 
separation of these two may he achieved hy the use of 
sep a r a t i o n ( 1 ) . 

The ahove separations were performed and separation 
f a c t o r s ohtained are t a h u l a t e d i n t a h l e 22. I n determining 
separation f a c t o r s , the aqueous phase was extracte d twice 
w i t h equal volumes of organic phase and washed twice "before 

withdrawing samples f o r counting. 
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The nature o f _ t h e _ t i n complex with_ NBPHA 
I n order- t o e s t a b l i s h the nature of the t i n r e a c t i o n , 

the study has been extended t o the i n v e s t i g a t i o n of the 
e f f e c t of reagent, c h l o r i d e and hydrogen i o n ( i f any) 
concentrations on the e x t r a c t i o n of t i n . 
( i ) HBPHA and c h l o r i d e dependence. 

Taking i n t o c o n s i d e r a t i o n the presence of c h l o r i d e 
ions i n the aqueous phase equation (18) of chapter 2 may 
"be modified t o deal w i t h the tin-NBPHA system as f o l l o w s : 

l o g E = l o g K 1 - n l o g [ H + ] + nlog[HR]+ mlog[ < « f „ „ (1) 
where ITR represents NBPHA 

assuming the r e a c t i o n of TTBPHA w i t h t i n r e s u l t s i n p r o t o n 
replacement and c h l o r i d e i o n i s also a l i g a n d . I n the 
d e r i v a t i o n of t h i s equation a number of assumptions l i s t e d 
below are made. 
1. A known concentration of [HR]org. i . e . [HR jaq&'jffi] org. 

2. Km'KfiR 9 6 1 1 ( 1 PHR a r e constant under the c o n d i t i o n s used. 
(For d e f i n i t i o n of these terms see chapter 2.) 

3. [ S n ( R ) 2 C l 2 ; ] o r > > [ S n ( R ) 2 C l j ^ i . e . P m » 1. 
I f hydrogen and c h l o r i d e ions are maintained constant, the 
e f f e c t of v a r y i n g the NBPHA concentration may be studied 
using t h i s r e l a t i o n and also i f the NBPHA and hydrogen i o n 
con c e n t r a t i o n are kept constant, the e f f e c t of v a r y i n g 
the c h l o r i d e i o n may be examined. By thus f o l l o w i n g the 
c o n d i t i o n s o u t l i n e d i n 'Experimental' a d i r e c t dependence 
on (NBPHA"')s' and ( c h l o r i d e ) ^ has been observed ( f i g . 1 5 ) . 
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Table, _23_A 

Hydrogen i o n dependence data. JU = 1.0 
maintained w i t h l i t h i u m c h l o r i d e and h y d r o c h l o r i c 

a c i d . 

a. NoD H Tion cone. IOJUC logJS 
1 0 . 0 1 2 0 - 1 . 9 2 0 8 6 1 . 7 + 0 . 2 0 6 8 

2 0 . 0 1 5 0 - 1 . 8 2 3 9 5 8 . 2 + 0 . 1 4 3 7 

3 0 . 0 2 5 0 - 1 . 6 0 2 1 5 2 . 8 + 

4 0 . 0 3 0 0 - 1 . 5 2 2 9 5 0 . 0 o;oooo 

5 0 . 0 3 2 0 - 1 . 4 9 4 9 4 9 o 4 - 0 . 0 1 0 5 

6 0 . 0 6 2 0 - 1 . 2 0 7 6 4 1 . 6 - 0 . 1 4 7 3 

7 0 . 0 7 2 0 - 1 . 1 4 2 7 3 6 . 8 - 0 . 2 3 5 0 

8 0 . 0 7 5 0 - 1 . 1 2 4 9 3 4 . 1 - 0 . 2 8 6 2 

9 0 . 0 8 2 0 - 1 . 0 8 6 2 3 1 » 9 - 0 . 3 2 9 4 

1 0 0 . 0 9 2 - 1 . 0 3 6 2 2 9 . 4 - 0 . 3 8 0 5 

1 1 0 . 1 0 2 0 - 0 . 9 9 1 4 2 4 . 3 _ 
0 . 4 9 3 5 
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Table 23B 

Hydrogen i o n dependence data. I d 
maintained w i t h l i t h i u m c h l o r i d e and h y d r o c h l o r i c a c i d . 

S. No. H"*" i o n cone. ^ E l o g E 
1 0-20 - 0.6990 32.78 - 0.3120 
2. 0.30 - 0.5220 27.92 - 0.4119 
3 0.40 - 0.3979 24.26 - 0.4945 
4 0.50 0.3010 20=74 - 0.5824 
5 0.60 - 0.2218 17.61 - 0.6702 
6 0.80 - 0.0969 15.47 - 0.7375 
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Table 2,3_C 

Hydrogen ion dependence data 0 /U = 6.0 
maintained with lithium chloride and hydrochloric acid. 

No,, H + ion conc^ log H* 9£jB 1 OCT T? 
1 0 . 2 5 0 - 0 o 6 0 2 1 7 1 . 3 6 + 0 . 3 9 6 6 

2 0 . 4 9 2 - 0 . 3 0 8 0 6 7 o 6 5 + 0 . 3 2 0 3 

3 0 . 7 4 7 - 0 . 1 2 6 7 6 0 . 0 1 + 0 . 1 7 6 4 

k O o 9 6 6 - 0 o 0 1 5 0 5 2 . 8 6 + 0 . 0 5 0 0 

r — 

D 1 . 4 9 + 0 . 1 7 3 2 4 2 . 2 2 - 0 . 1 3 6 6 

6 2 o 0 0 + 0 , 3 0 1 0 3 5 . 2 6 - 0 . 2 6 1 2 

7 3 o 0 0 + 0 . 4 7 7 1 2 8 . 2 1 - 0 . 4 0 5 7 

8 k.o + 0 . 6 0 2 1 2 3 . 5 4 - 0 . 5 1 1 9 

9 5 o 0 + 0 . 6 9 0 0 1 0 . 9 5 — 0 . 9 1 2 5 
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( i i ) Hydrogen i o n dependence 
The r e a c t i o n "between t i n , NBPHA and c h l o r i d e i o n 

leading t o e x t r a c t i o n may t h e r e f o r e he w r i t t e n i n one 
of two ways: 

Sn-(H) + 2HR + 2 0 1 " ^ Sn(HR)gCl g (2) 
O i l - \, J L V j -f- *JllS\ -f- SJUJ. ^ ~ 9 0 1 i . V - t V y g V y a . g - f - f e l l o o . . c \ v U j ) 

Equation 2 would r e q u i r e t h a t e x t r a c t i o n was independent 
of hydrogen i o n concentration whereas equation 3 re q u i r e s 
an inverse square dependence. Each of the hydrogen i o n 
dependence studies showed t h a t w i t h increase i n hydrogen 
i o n c o ncentration the percentage e x t r a c t i o n decreases. 
The f i r s t set of r e s u l t s ( t a h l e 23 A) gave E approximately 
p r o p o r t i o n a l t o l/j^-jO.5 and the others ( t a h l e 23 B and 
23 C) E approximately p r o p o r t i o n a l t o 1/CHD \ 

The ohserved hydrogen i o n dependence may he explained 
i n one of two ways depending on the c o n d i t i o n s used i n the 
experiments. At s u f f i c i e n t l y high hut not r e a d i l y d e f i n e d 
acid concentrations the NBPHA heing weakly "basic can 
acquire a proton and e x t r a c t i o n may then take place hy an 

-2 
i o n - a s s o c i a t i o n process. For example, assuming SnClg ions 
are present, a substance of the form (HgR +)gSnClg may 
e x t r a c t . Such a process would r e q u i r e a d i r e c t hydrogen 
i o n dependence and would he i n d i r e c t o p p o s i t i o n t o the 
process suggested i n equation(3) thus l o w e r i n g the ohserved 

http://01i.V-tVygVya.g-f-
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inverse power dependence. While from 5 M hy d r o c h l o r i c 
a c i d some 20% of NBPHA i n chloroform acquires a proton 
t h i s process does not occur s i g n i f i c a n t l y from 1 M 
hyd r o c h l o r i c a c i d or l e s s . At these low a c i d i t i e s i t i s 
more l i k e l y t h a t h y d r o l y s i s of t i n i s accountable f o r the 
observed r e s u l t s . This may be i l l u s t r a t e d by reference 
t o the equation belows 

Sn 0H 3 + 2HR + 2Gl"^=z> S n ( R ) 2 C l 2 + H + + HgO ....,(4) 
which shows t h a t the observed hydrogen ion dependence i s 
lowered by p a r t i a l h y d r o l y s i s . I t may be pointed out t h a t 
the study undertaken i s not capable of d e t e c t i n g t h i s type 

13 
of competing i n t e r a c t i o n which involves the solvent 

14 
Data on t i n h y d r o l y s i s i s very l i m i t e d . However, there 
i s some d i r e c t evidence from ion-exchange studies t h a t 
h y d r o l y s i s occurs below 1 M i n h y d r o c h l o r i c a c i d . 

To confirm t h a t the ext r a c t e d product was the same 
as the p r e c i p i t a t e d product (from 1 M hy d r o c h l o r i c a c i d ) 
the f o l l o w i n g experiments were performed. 

A sample of the e x t r a c t from 1 M hy d r o c h l o r i c a c i d 
was i s o l a t e d by removal of the chloroform under reduced 
pressure and the s o l i d was t i t u r a t e d w i t h a l i t t l e water 
t o remove a s l i g h t excess of reagent. A m e l t i n g p o i n t 
and mixed m e l t i n g p o i n t confirmed t h a t the extracted 
product was the same as t h a t p r e c i p i t a t e d by the method 
of Ryan and L u t w i c k 2 . An i n f r a - r e d spectrin of the t i n 
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compound e x t r a c t e d i n t o chloroform-d supported t h i s 
conclusion. On the other hand the e x t r a c t e d t i n from 
a 3 M h y d r o c h l o r i c a c i d s o l u t i o n was found t o be impure, 
m e l t i n g and decomposing over a wide temperature range. 
I n these e x t r a c t i o n studies a small excess of t i n was 
•»->n <~i "1 -vi + r i n T"> O ^ \ T T O "*0 ~V* «-» y\« O Y"l + 

i u a * i - i i u a ± x i w u w v j- o u g w i u a 

i n f r a - r e d and Nuclear magnetic studies 
The i n f r a - r e d and proton magnetic resonance 

studies were performed on the substance prepared by the 
2 

method of Ryan and Lutwick . This work was intended t o 
s e t t l e the question of the valency s t a t e of t i n i n the 
p r e c i p i t a t e d substance. 

The NBPHA spectra obtained i n the near i n f r a - r e d 
r egion from a m u l l (perflurokerosene) shows ( f i g . 16) 
two peaks at 3.23 and 3.5M (3085 and 2890 cm" 1). These 

15 t two peaks are ascribed t o the stretching mode f o r ' f r e e ' 
and hydrogen bonded —OH r e s p e c t i v e l y - The spectra 2 and 
3 i n the same f i g u r e were obtained f o r the substances 
p r e c i p i t a t e d from c h l o r i d e and bromide s o l u t i o n s 
r e s p e c t i v e l y . They show only weak peaks ( a t 3.27jiu..e. 

— 1 15 
3090 cm ) due t o the aromatic -CH stretching frequency 
The peaks near 4.25 (2350 cm" 1) i n a l l the three spectra 
are due t o carbon d i o x i d e . 



r 

4 0 35 3-0 2-5 
Wavelength, cm~'xio" 3 

Pig. 17. I n f r a - r e d spectra, of (1) 1 MNBPHA (2) lM deuterated TTBPRA 
and (3) 0.5 M Sn(C 1 3H l 00 2N)gClo s o l u t i o n s i n chloroform-d 
(curve 4 ) . 
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The spectra obtained i n s o l u t i o n i n chloroform-d 
are recorded i n f i g . 17. Curve 1 i n t h i s f i g u r e i s 
f o r 1 M NBPHA, curve 2 f o r 1 M deuterated NBPHA and 
curve 4 f o r solvent alone. Curve 1 again, shows the 
two peaks due t o -OH stretch.(see f i g . . 16) but thes.e two 
peaks disappear on the d e u t r a t i c n of NBPIIA thus 
confirming the assignment t o such a group, i n a l l the 
curves the peak near 3080 cm.""'" i s due t o the aromatic 

15 
-OH s t r e t c h . The spectrum of the tin-NBPHA complex 
(curve 3) also shows t h i s peak as would be expected i f 
the hydrogen of the -OH group i n NBPHA i s released during 
the r e a c t i o n w i t h t i n . I f the hydrogen of the -OH group 
i s not in v o l v e d i n complex fo r m a t i o n and the oxygen of 
t h i s group i s bonded t o the t i n through a lone p a i r of 
electrons then the -OH peak w i l l appear i n the lower 
frequency r e g i o n . No evidence f o r such a peak was observed 
i n recorded spectra i n the r e g i o n of 4000 t o 1400 cm 
I t i s t h e r e f o r e concluded t h a t hydrogen of the -OH group 
i s released i n the t i n r e a c t i o n . 

The absorption peak due t o the s t r e t c h i n g mode of the 
carbonyl group was found at 6.15M(1625 c m . - 1 ) . This peak 
i s s h i f t e d due t o complex f o r m a t i o n w i t h t i n and appears 
at 6.6M(1510 c m . - 1 ) , a s h i f t which i s comparable t o those 
reported i n acetylacetone on metal complex formation 



1 3 0 . 

The oxygen of the carbonyl i s t h e r e f o r e "bonded t o the 

t i n . I t was found t h a t i n f r a - r e d spectra of the t i n -

NBPHA complex obtained by p r e c i p i t a t i n g t i n - ( n ) or 

t i n - ( I V ) from s o l u t i o n gave i d e n t i c a l spectra. 

The nuclear magnetic resonance spectra shows a 

broad f l a t peak ascribable t o the proton of the -OH group 

i n N3PHA. This peak disappears i n the t i n complex thus 

p r o v i d i n g f u r t h e r evidence f o r the release of hydrogen 

i o n d u r i n g the t i n r e a c t i o n w i t h NBPHA. 

P r e c i p i t a t i o n r e actions and s o l u b i l i t y measurements 

Prom a 1 M hy d r o c h l o r i c a c i d s o l u t i o n a n t i m o n y - ( i l l ) 

i s q u a n t i t a t i v e l y p r e c i p i t a t e d w i t h an et h a n o l i c s o l u t i o n 

of NBPHA. The product thus obtained i s white i n colour 

and melts at 149°. I t i s so l u b l e i n acetone, a l c o h o l and 

chloroform and has the composition Sb^-LgH-^QOgNjg (compare 
4 17 

the cupferron r e a c t i o n ' w i t h antimony-(m) g i v i n g 

Sb(C 7H 50gN) 3). The analysis of the antimony-NBPHA complex 

showed i t t o contain C,61.2%;H,3.94%. Calculated 

C,61.8%;H,3.96%. 

T i n p r e c i p i t a t e d from 1 M hydrobromic a c i d also gave 

a white p r e c i p i t a t e and i t was found t o have the 

composition S n ( C 1 3 H l 0 0 2 N ) 2 B r 2 . Analysis showed t h a t i t 

had C,44.3%;H,289%;Br,22.3%: r e q u i r e d , C,44.5%;H,2.85%; 

Br,22.8%. This complex i s q u i t e s t a b l e and melts at 155°. 
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Table 24 

S o l u b i l i t y r e s u l t s at 25° 

suostance 

A 
A 
A 
A 

Solvent or 
s o l u t i o n 

water 
water 

1 M NaCl 
1 M KBr 

0.5 M HC1 
0.8 M HCl 

NO - O f 
m e asurements 

3 
2 
2 
2 

Mean 
per looml. 

2.2 
2.9 
1.6 
2.0 
1.3 
1.4 
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I t i s s o l u b l e i n common organic solvents l i k e acetone, 
a l c o h o l , "benzene and chloroform. An attempt was made t o 
replace c h l o r i d e or "bromide "by other anions i n the t i n -
NBPHA r e a c t i o n . The products obtained from iodide and 
n i t r a t e s o l u t i o n s were yel l o w i n colour and they were 
found t o "be unstable. I n 1 M sulp h u r i c a c i d t i n 
p r e c i p i t a t i o n w i t h NBPHA was slow and incomplete g i v i n g a 
white product. The white p r e c i p i t a t e from 9 M p e r c h l o r i c 
acid was not examined,, 

For s o l u b i l i t y measurements t i n was p r e c i p i t a t e d w i t h 
NBPHA from a s o l u t i o n c o n t a i n i n g c h l o r i d e (A) and "bromide 
(B) ions and the s o l u b i l i t y of (A) and (B) was measured i n 
various solvents according t o the procedure given i n the 
'Experimental' s e c t i o n of t h i s chapter. The r e s u l t s i n 
ta b l e 24 are recorded a t 25°. 

From the t a b l e i t is. c l e a r t h a t the s o l u b i l i t y of 
both (A) and (B) i s appreciable at 25°. However, i t i s 
lower t o some extent i n 1 M sodium c h l o r i d e s o l u t i o n and 
hyd r o c h l o r i c a c i d . Therefore i t i s d e s i r a b l e , as recommended 

2 
o r i g i n a l l y "by Ryan and Lutwick , t h a t the p r e c i p i t a t i o n of 
t i n "be c a r r i e d out under i c e c o l d c o n d i t i o n s which should 
reduce the s o l u b i l i t y considerably. 
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B. POLAROGRAPHIC DETERMINATION OP TIN AND ANTIMONY 
WITH NBPHA 

A r s e n i c - ( I I I ) and a n t i m o n y - ( I I I ) are reduced at 
the dropping mercury ele c t r o d e from a 1 M h y d r o c h l o r i c 

18 
acid s o l u t i o n „ However, t i n - ( i v ) i n 1 M hy d r o c h l o r i c 
a v < l u g,x v i> S, a OUV/JJ iwiixv^ij. x o a n u u i uciuxc; i u r i^UfcUi ox OfctUJ. V O 

determination of t h i s e l e m e n t " ^ T h e r e f o r e , 
polarographic analysis of t i n - ( i v ) i s u s u a l l y c a r r i e d out 20 

from a 1 M hydro c h l o r i c a c i d s o l u t i o n c o n t a i n i n g shove 4 M 
21 

c h l o r i d e ions or i n p y r o g a l l o l w i t h ammonium th i o c y n a t e 
22 

as a supporting e l e c t r o l y t e . 3~mercaptop.rop i o n i c a c i d 
which avoids the use of h i g h c h l o r i d e concentrations, has, 
"been recommended f o r the determination of t i n . 

Many organic a n a l y t i c a l reagents have "been used from 
time t o time f o r the polarographic determination of 

23 24 
elements ' . For example, cupferron has "been used i n the 

25 
amperometric determination of uranium . This reagent has 
also "been used i n the polarographic determination of 

26 
zirconium , hut i t s . use i s l i m i t e d "because of i n s t a h i l i t y 
even i n moderate acid concentrations and also hecause 
cupferron i t s e l f i s reduced p o l a r o g r a p h i c a l l y a t a 
r e l a t i v e l y low negative p o t e n t i a l (about -0.4 v o l t s ) 
undergoing r e d u c t i o n e v e n t u a l l y t o phenylhydrazine. The 
use of NBPHA i n polarography has not p r e v i o u s l y "been 
reported. 



131*. 

EXPERIMENTAL 

A l l stock solutions, of elements were prepared 
from 'Analar' grade salts., 
T i n - ( I I ) - The s o l u t i o n s of t i n - ( n ) were f r e s h l y 
prepared i n 1 M h y d r o c h l o r i c a c i d using stannous c h l o r i d e 0 

T i n - ( i v ) - A known weight of the ir.etal was dissolved i n 
concentrated h y d r o c h l o r i c a c i d c ontaining a l i t t l e n i t r i c 
a c i d . The s o l u t i o n was heated t o about 60°, cooled and 
made up t o the mark. 

A n t i m o n y - ( i l l ) - A n t i m o n y - ( I I I ) oxide was used to prepare 
a s o l u t i o n i n 1 M h y d r o c h l o r i c a c i d . 
A r s e n i c - ( I I I ) - The s o l u t i o n was prepared i n 1 M h y d r o c h l o r i c 
aci d u s i n g the ( i l l ) cxide of the element. 
G e l a t i n - This was obtained i n the powder form from Hopkin 
and W i l l i a m s , Essex, England. A 0.2^ s o l u t i o n was 
prepared "by d i s p e r s i n g the r e q u i r e d weight of the substance 
i n "boiling water and then c o o l i n g "before use;: the s o l u t i o n 
was prepared f r e s h each day. 

The general d e s c r i p t i o n of the polarograph used i s 
given i n chapter 2, s e c t i o n C,g. Operating data f o r the 
polarograph are as f o l l o w s : 



135 

T o t a l height of the mercury column (cm.) = 60 
Drop r a t e per second = 3,611 x 1 0 1 

Temperature = 20 + 2° 
Weight of mercury per second emerging from 

the c a p i l l a r y (mg„) = 2„448 
Length of the c a p i l l a r y (cm.) = 25 
Diameter of the c a p i l l a r y (cm„) - 0.03 to. 0-05 

(according t o the manufacturer's catalogue) 
potentiometer s e n s i t i v i t y = 1 / 10 
Galvanometer s e n s i t i v i t y = 1 / 
Damping centre] s e t t i n g 

General procedure f o r r ecording p.olarograms 
A known a l i q u o t p a r t of the s o l u t i o n of the metal 

i o n i n question was t r a n s f e r r e d t o a 25 ml. standard f l a s k 
c o n t a i n i n g the r e q u i r e d volume of h y d r o c h l o r i c a c i d . This 
was f o l l o w e d by the a d d i t i o n of g e l a t i n and NBPHA (when 
required) d i s s o l v e d i n ethanol. The above sequence of 
a d d i t i o n of the reagents was found e s s e n t i a l t o minimise 
the e f f e c t s of h y d r o l y s i s . The s o l u t i o n was made up t o the 
mark w i t h d i s t i l l e d water so t h a t f i n a l l y i t was 1 M i n 
h y d r o c h l o r i c a c i d , 0.005 or 0.01$ i n g e l a t i n and 20% ( V / v ) 
i n ethanol. 



-3 -3 Fig. 13. Polarograrrs of (a) 1.15x10 M t i n ~ ( l V ) containing 1.03xlC M 

NBPHA (Sn:NBFHA::l:2.80), (b) 6.77xlO~4M t i n - ( T T ) , (c) 
1.00xlO"3M tin-(TV) and (d) 3.55xlO~3M NBPHA i n I M hydro-
c h l n r i c acid i n a s o l u t i o n 20$ i n ethanol and 0.005/i i n g e l a t i n . 

VOLTS VS Hg POOL 

: -o. i -C.. A -0.6 -o. a -1.0 -1.2 - . 4 .. (a) 

-0.2 -0.4 -0.6 -0.0 - 1 . ' -1.2 (b) 

0 -C.2 •-0.4 -0.6 -0.3 -1.0 • • (c) 

0 -0.2 -0.4 -0.6 -0.3 -1.0 -1.2 (d) 
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A p o r t i o n (2 ml.) of t h i s s o l u t i o n was t r a n s f e r r e d 
t o the polarographic c e l l and deoxygenated "by passing 
n i t r o g e n through i t f o r about 10 minutes. Polarograms 
of the elements were then recorded. 

p o t e n t i a l s i n a l l t h i s , work are measured w i t h respect 
t o the mercury pool which i s not f a r removed from those 
which would have been obtained i f calomel had been used 0 

For example, the. 2nd step, of t i n - ( i v ) which has a half-wave 
p o t e n t i a l Ei_ = -0<>47 v« when measured r e l a t i v e t o the. mercury 

2 
p o o l has a s i m i l a r Ei_ value when measured r e l a t i v e t o t h e 

2 
saturated caCLomel e l e c t r o d e 0 

RESULTS AND DISCUSSION 
F i g * 18 records the polarograras of t i n - ( I I ) and ( I V ) 

i n 1 M h y d r o c h l o r i c a c i d , and t i n - ( i v ) i n the same ac i d 
c o n c e n t r a t i o n c o n t a i n i n g 2.8 moles of NBPHA f o r each mole 
of t i n . The polarographic behaviour of NBPHA i s also 
recorded i n the same f i g u r e . Thus t i n - ( i v ) i n 1 M 
hyd r o c h l o r i c a c i d shows a p o o r l y developed step* while 
t i n - ( i v ) under s i m i l a r conditions, i n the presence of NBPHA 
e x h i b i t s a two step r e d u c t i o n . The f i r s t step, may r e s u l t 
(measured at -0o2 v o l t s ) from the r e d u c t i o n of t i n - ( r v ) 
t o t i n - ( l l ) and the second ( E ± a ~0o47 v») from the 

2 
r e d u c t i o n of t i n - ( n ) t o the metal. The f i r s t step 
appearing at-0o2 v o l t s , i s i l l - d e f i n e d . The i n v e s t i g a t i o n s 
t o study the o r i g i n of t h i s . s,tep> at p o s i t i v e 
p o t e n t i a l s were not conclusive as comparable currents are 



Pig. 19. Polarograms of (a) 5°U5xlO M antimony - ( i l l ) , 
(la) l ' 3 xl0" 3M arsenic - ( i l l ) , (c) 4»95xl0~\l 
antimony-(V) and (d) 1 * 1 2 x 1 0 a r s e n i c - ( V ) , 
i n 1 M hy d r o c h l o r i c a c i d , i n the presence of 
1-88x10"^ NBPHA i n a s o l u t i o n 20,-j i n etnanol 
and 0'01,o i n g e l a t i n . 
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observed whether t i n i s present i n the s o l u t i o n or noto 
F u r t h e r , o x i d a t i o n of mercury at p o s i t i v e p o t e n t i a l s , 
complicates such a study,, NBPHA i t s e l f i s not reduced a t 
the dropping mercury cathode up t o -0.8 v o l t s ( f i g . 18)„ 
T i n - ( I I ) i n the presence of NBPHA was found t o give 
polarograms s i m i l a r t o t i n - ( i v ) . A separate series of 
experiments revealed t h a t i n order t o get optimum 
d e f i n i t i o n i n the t i n - ( n ) — * t i n r e d u c t i o n step, the molar 
r a t i o of NBPHA t o t i n must he at l e a s t 1:1„ 

Polarograms of a n t i m o n y - ( i l l ) and (V) and arsenic-(TTT) 
and (V) i n the presence of NBPHA are shown i n f i g . 19. 
From the f i g u r e i t may he seen tha t NBPHA has. no e f f e c t on 
a r s e n i c - ( I I I ) and (V) or on antimony-(v). Arsenic-(v) and 

19 
antimony-(v) do not reduce a t the dropping electrode . 
NBPHA shows some e f f e c t on a n t i m o n y - ( i l l ) , the r e s i d u a l 
c u r r e n t l e a d i n g up t o the antimony step i s considerably 
reduced. Increasing the reagent concentrations (see f i g . 19) 
d i d not show any e f f e c t on these elements., n e i t h e r was any 
e f f e c t observed due t o change i n the ethanol concentration 
(from 10 t o 50% V v ) . 

From f i g u r e 19 i t may be concluded t h a t a n t i m o n y - ( i l l ) 
could be determined i n the presence of antimony-(v) from a 
1 M h y d r o c h l o r i c acid s o l u t i o n . The range of a n t i m o n y - ( I I I ) 
concentrations t h a t could be determined was found t o be 
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from 1065 x 10 t o 1.65 x 10 M while concentrations of 
antimony-(V) up t o 8.25 x 10 M do not upset the 
a n t i m o n y - ( I I I ) determination,. 

On the s t r e n g t h of the data contained i n f i g s e 18 
and 19 the f o l l o w i n g two methods are suggested f o r the 
determination of t i n and antimony i n a mixture,, 
Method_l 

1. Prepare two i d e n t i c a l samples, A and B, of a t i n -
antimony mixture. Take a polarogram on sample A hy 
preparing the s o l u t i o n according t o the general 
procedure. The h e i g h t s of "both waves are measured. 
The f i r s t wave of hei g h t h^ i s due t o a n t i m o n y - ( i l l ) 
and t i n - ( I V ) measured a t -0»2 v o l t s . The second wave 
of height h 0 ( E i = -0<>47 v o l t s ) i s due t o t i n and i s 

2 
used f o r i t s determination i n a mixture., 

2;. Add a l i t t l e "bromine ( s l i g h t excess,) t o sample B t o 
ox i d i s e the antimony, then make up the s o l u t i o n t o 
volume and take a polarogram as "before. Measure the 
f i r s t step which i s due t o t i n alone. 

3. Subtract h g from h^ t o give the antimony step 
height i n the m i x t u r e . 

Note. By t h i s method t i n may he determined accurately i n 
the range 1.69 x l o 4 t o 1.69 x l o 3 M, hut antimony-(m) 
could he determined only from 1.65 x l o 4 t o 6.29 x LO 4 WU 
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Table_2_5 
Determination of t i n and antimony from various sources.. 

Synthetic mixtures 
S.No. T i n T i n 

taken mg/25ml. found 
A n t i -

D i f f e r e n c e Antimony mony diff® 
taken mg/25ml.fourid re'nce 

1, 1.37 1.38 +0.01 3.75 3.58 -0.17 
2. 1.49 1.45 -0.04 3.26 3.38 + 0.12 
rr 
o 0 

2.69 2.92 + 0.03 1.61 1.65 + 0.04 
4. 1.13 1.07 -0.06 4.06 4.02 -0.04 
5. 1.87 1.92 +0.05 2.47 2.38 -0.09 
6. 2.16 2.16 0.00 1.75 1.74 -0.01 
7. 7.53 7.55 +0.02 2.71 2.71 0.00 
8. 0.89 0.85 -0.04 * 

7.75 
7.69 -0.06 

Bronze 
1. 10.21* 10.18 
2. 9.80* 9.77 
3. 10.07* 10.02 
4. 9.77* 9.79 

White metal 
1. 2.55 2.57 
2. 1.31 1.39 
3. 3.78 3.83 
4. 2.30 2.27 
5. 3.47 3.49 
6. 1.87 1.82 

-0.03 0.49 0.45 -0.04 
-0.03 0.47 0.50 *0.03 
-0.05 0.48 0.48 0.00 
+ 0.02 0.46 0.42 -0.04 

+ 0.02 5.21 5.18 -0.03 
+ 0.09 2.68 2.71 + 0.03 
+ 0.05 * 

7.73 
7.68 -0.05 

-0.03 4.70 4.75 -0.05 
+ 0.02 * 

7.09 
7.11 +0.02 

-0.07 3.82. 3.80 -0.02 

The s e n s i t i v i t y of the potentiometer was stepped down "by a 
f a c t o r of two r e l a t i v e t o t h a t used i n the other measurements 
quoted. 
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Above t h i s antimony concentration r e s u l t s were low due 
t o the r e s i d u a l current of antimony-(v) which increases 
h„ w i t h i n c r e a s i n g antimony c o n c e n t r a t i o n , o 

Method I I 
1 . To the mixture c o n t a i n i n g t i n and antimony add the 

re q u i r e d reagents and take the polarogram. The t o t a l , 
step height h^ measured at -0.2 v o l t s i s due t o 
a n t i m o n y - ( I I I ) and t i n - ( i v ) . Determine the t i n 
c o n c e n t r a t i o n i n the mixture by measuring the second 
st.fin hfti uht. h ("P1 -n.A7 VOlt-S ) . Obtain 3. " 2 
polarogram f o r t i n of conce n t r a t i o n determined by hg 
and measure i t s f i r s t step height (h„) at -0.2 v o l t s . 

o 
2. Subtract hg, from h-̂  which should give a current 

due t o a n t i m o n y - ( I I I ) only i n the m i x t u r e . 
—4 —rz> The t i n - ( i v ) range i s 1.69 x 10 t o 1.69 x 10 M and 

—4 —3 
the a n t i m o n y - ( I I I ) range 1.65 x 10 t o 1.65 x 10 M. 
By f o l l o w i n g method 2, s y n t h e t i c mixtures of these 

two elements were prepared and analysed. The r e s u l t s 
thus obtained are tabulated i n t a b l e 25. Fu r t h e r , method 2 
was applied t o the determination of t i n and antimony i n a 
bronze and a white metal a l l o y and some r e s u l t s of such 
determinations are included i n the same t a b l e . 
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Analysis of bronze. B.C.S. 183/1 "bronze was used. I t 
has the composition; copper 84.8%;; t i n 5.01$; zinc 5*17%; 
lead 3.51%;' phosphorus 0.51%: n i c k e l 0.51%; antimony 0.24% 
and arsenic 0.14%. 
Method. The req u i r e d weight (from about 180 t o 240 mg.) 
of the a l l o y was taken i n a 250 ml. beaker and t i n and 
antimony were separated from other elements by p r e c i p i t a t i n g 

27 
them w i t h n i t r i c acid . The p r e c i p i t a t e was f i l t e r e d and 
dissolved i n concentrated h y d r o c h l o r i c a c i d (5 m l . ) . T i n 

9 
and antimony were reduced us i n g n i c k e l powder. F i n a l l y , 
the s o l u t i o n was evaporated t o about 2 ml. and made up i n 
1 M h y d r o c h l o r i c a c i d . T i n and antimony were determined by 
method 2. A s i n g l e a n a l y s i s required about 30 minutes t o 
complete. 
Analysis of white metal. B.C.S. 177/1 sample was used. 
This contains lead 84.5%; antimony 10.4%; t i n 5.09%;: 
copper 0.007%; i r o n 0.004%;. bismuth 0.002%;: arsenic £0.005% 
and zinc < 0.01%. 
Method. A known weight of the a l l o y (25 mg. t o 90 mg.) 

28 
was dissolved i n warm d i l u t e (2:3) n i t r i c a c i d and then 
b o i l e d repeatedly w i t h 10 t o 20 ml. of concentrated 
h y d r o c h l o r i c a c i d u n t i l the a l l o y was completely d i s s o l v e d . 
The bulk of the s o l u t i o n was. evaporated t o about 1 ml. and 
taken i n t o concentrated p e r c h l o r i c a c i d (9.4 M). T i n and 
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antimony were e x t r a c t e d w i t h a 2.0% chloroform s o l u t i o n 
of NBPHA according t o the method advocated i n section A 
of t h i s chapter (see under Separations, page 119). F i n a l l y , 

9 

these two elements were reduced using n i c k e l powder and 
analysed by f o l l o w i n g method 2. The complete analysis 
requires about 40 minutes. A l t e r n a t i v e l y l e a d may be 
extracted twice from 0.1 M o x a l i c a c i d s o l u t i o n (adjusted 
t o a pH of about lo) w i t h a 3.0$ s o l u t i o n of NBPHA i n 

g 
chloroform. The aqueous phase, con t a i n i n g t i n and antimony 
was then analysed f o r these two elements by f o l l o w i n g 
method 2. This, procedure was found t o be comparatively 
lengthy and required about 55 minutes f o r a si n g l e a n a l y s i s . 

From t a b l e 25, i t may be seen t h a t the res u l t s , of the 
two a l l o y s analysed are s a t i s f a c t o r y , i n the determination 
of t i n and antimony w i t h NBPHA (method 2) elements l i k e 
z i n c - ( I I ) , c o b a l t - ( I I ) , c h r o m i u m - ( i l l ) and a r s e n i c - ( v ) are 
not l i k e l y t o i n t e r f e r e , w hile c o p p e r - ( I I ) , cadmium-(II), 
i r o n - ( I I ) and ( i l l ) , l e a d - ( I I ) , b i s m u t h - ( i l l ) and 
a r s e n i c - ( I I I ) are l i k e l y t o i n t e r f e r e unless separation 
steps are performed t o remove these elements. 



1 4 3 o 

REFERENCES 

1. M o K o Chmutova, O.M. Petrukhin and Y.A. Zolotov, 
Zhur. A n a l i t . Khim., 18 ( 5 ) , 588, 1963„ 

2. D.E. Ryan and G.D. Lutwick, Canad. J. Chem., 31, 9, 1953. 
3. G.D. Lutwick and D.E. Ryan, Canad. J. Chem., 32, 949, 1954„ 
4. V. Augur, L. Lafontaine and C. Caspar, Compt. rend., 

180, 376, 1925. 
5. A. Pinkus and J. Claessens, B u l l . soc. chim. Belg., 

36, 277, 1927. 
6. E.E. Rakovskii and O.M. p e t r u k h i n , Zhur. A n a l i t . Khim., 

18 ( 4 ) , 539, 1963, 
7. N.H. Purman, V/.B- Mason and J.S. Pekola, A n a l y t . Chem., 

21, 1325, 1949. 
8. J. Chwastowska and J. Minc&ewski, Chem. Anal. (Warsaw), 

9, 791, 1964. 
9. I.M. K o l t h o f f and R. Belcher, 'Volumetric A n a l y s i s ' , 

Vol. I I I . 'Oxidation - Reduction Reactions', 
I n t e r s c i e n c e , New York, 1957. 

10. W..R. Harp and R.C. E f f e r t , A n alyt. Chem., 32, 794, 1960.. 
11. G.O. B r i n k , P. Kafalas, R.A. Sharp., E.L. Weiss and 

J.W. I r v i n e , J r . , J. Amer. Chem. S o c , 79, 1303, 1957. 
12. B e i l s t e i n s Handbuch Der Organischen Chemie. Band XVI, 

668 (395). 
13. L.G. S i l l e n i n S t a b i l i t y Constants of Metal-ion Complexes. 

The Chemical Society, London, s p e c i a l p u b l i c a t i o n No. 17, 
1964. 

14. D.A. Everest and j.H. H a r r i s o n , J. Chem. So c , 1439, 1957. 
15. L.J. Bellamy, 'The I n f r a - r e d Spectra of Complex Molecules', 

Methuen and Co., New York, 1962. 
16. P.A. Cotton i n j . Lewis and R.G. W i l k i n s , 'Modern Co­

o r d i n a t i o n Chemistry, p r i n c i p l e s and Methods', 
I n t e r s c i e n c e , New York, 1960. 



17. A. Pinkus and F. M a r t i n , Chemie et I n d u s t r i e , 
Special No., (May 1927) p. 182. 

18. G.W.C. Mil n e r , The P r i n c i p l e s and A p p l i c a t i o n s of 
polarography, Longmans p u b l i c a t i o n , 1962. 

19. J.J. Lingane, Ind. Eng. Chem., 15, 583, 1943. 
20«. Idem, J. Amer. Chem. Soc., 67, 919, 1945. 
21. S.L. P h i l l i p s and E. Morgan, A n a l y t . Chem., 33, 1192. 1961. 
22. S.L. P h i l l i p s and R.A. Toomey, I b i d . , 37, 607, 1965. 
23. D.R. Crow and J.VV. Westwood, Quart. Revs. (London), 

21 ( 1 ) , 57, 1965. 
24. J. Zyka i n progress i n Polarography, Edited by p. Zuman 

and I.M. K o l t h o f f , I n t e r s c i e n c e P u b l i c a t i o n , New York., 
1962, V o l . 2, P.649. 

25. P.J. E l v i n g and A.F. K r i v i s , Analyt. Chem., 29, 1292, 1957. 
26. E.C. Olson and P.J. E l v i n g , I b i d . , 26, 1747, 1954. 
27. J.W. Pric e i n C.L. and D.W. Wilson, Comprehensive 

A n a l y t i c a l Chemistry, V o l . I-C, E l s e v i e r Publishing Co., 
Amsterdam, 1960, P.171. 

28. L. Naruskevicius and K. Dauksas, Chem.ir Chera. l'ech. , -l, 5 • 
1962. 



C H A P T E R 6 



Ik5 o 

General JDis.cussion and Suggestions, f o r _Further Work 

Prom tables 1 and 3 (pages 10 and 21 respectively) 
i t may be seen that cupferron and NBPHA react under 
similar conditions with many elements„ However, the 
s t a b i l i t y of NBPHA to mineral acids o f f e r s a d e f i n i t e 
advantage over cupferron. NBPHA has heen known as a 

1 2 
pre c i p i t a n t f o r metals f o r a long time . Shome has used 
t h i s substance f o r the quantitative p r e c i p i t a t i o n and 
gravimetric determination of elements l i k e copper, 
aluminium, i r o n and titanium; an advantage was that the 
precipitates could be weighed directly„ Later, Shorne-3 and 
others extended i t s use to demonstrate some separations by 
p r e c i p i t a t i o n methods . Elements l i k e indium, gallium, 
uranium and cerium aire, p r e c i p i t a t e d by addition of an 
ethanolic solution of NBPHA. As described i n t h i s thesis 
i n chapter 5» antimony pre c i p i t a t e s with NBPHA giving a 
white product from 1 M hydrochloric acid. The e x i s t i n g 
l i t e r a t u r e on antimony indicates a lack of r e l i a b l e and 

o 
quick p r e c i p i t a t i o n methods^ and therefore t h i s reaction 
of NBPHA merits further investigation. Process of 
p r e c i p i t a t i o n could be f a c i l i t a t e d by a study involving 

e 
homogenous p r e c i p i t a t i o n from solution. Niobium has 
already been studied i n t h i s way using NBPHA10« 
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Colours r e s u l t i n g from the reaction of NBPHA 
with elements l i k e i r o n , vanadium, chromium and titanium 
were noted "by Bamberger"'". Applications as a colorimetric 

11-13 
reagent are confined to a few element* . Attempts to 
use NBPHA as an indicator i n t i t r i m e t r i c analysis have 
been recorded^, but more work i s needed to explore t h i s 
f i e l d thoroughly. Further, apart from work described i n 
chapter 5 (page 102) NBPHA has not been used i n 
polarographic studies. Advantages over cupferron l i e s i n 
i t s acid s t a b i l i t y and also i n the greater range of 
cathode potentials over which i t i s stable to reduction. 

15 
Cupferron has found some application ̂  i n amperiometric 
t i t r i m e t r y and therefore i n view of the r e l a t i v e l y 
favourable properties exhibited by NBPHA, a study of the 
applications of the l a t t e r i n t h i s f i e l d could lead to 
useful methods. 

2 
Shome noted the s o l u b i l i t y of a number of metal 

derivatives of NBPHA i n alcohols, ketones, ethers, benzene 
and chloroform. But i t i s only r e l a t i v e l y recently that 
the reagent has been used i n p a r t i t i o n s t u d i e s ^ , which to 
date have been carried out from aqueous systems containing 

17 T ft 

hydrochloric, sulphuric or perchloric acids '» . NBPHA 
has been used to separate chemically s i m i l a r elements by 
l i q u i d - l i q u i d e xtraction methods 1^" 2 1. Applications to 



the lanthanide and actinide. group elements are l i m i t e d 
and might merit some investigations,, 

I t may therefore "be concluded that there is. s t i l l 
considerable scope f o r the development of new methods 
of analysis using NBPHA. 
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