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ABSTRACT

The potentialities of extracting platinum(II) and palladium(il) selectively
as complexes of [M(SnCl3)Clg-nl2~ (M=Pt,Pd) was examined. A study
was made of the effect of SnCly on the solvent extraction of KqPtCly
and K9PdCly from solutions containing various concentrations of HCL
into methylisobutylketone (MIBK)/hexane mixtures. It was found that
increasing SnClg concentrations dramatically increases the efficiency of
extraction of platinum into the organic phase. In the presence of a
five molar excess of SnClg, platinum is quantitatively extracted. In
contrast, palladium is not quantitatively extracted under similar condi-
tions. Our studies show that the percentage extraction of platinum and
palladium depends upon the Sn(II):M(II) ratio, the HCL, H' and Cl~

concentrations and the equilibration time as well.

Studies were also carried out to investigate the possibility of separating
platinum and palladium by varying the amount of SnCly present. Re-
sults obtained showed that the separation was dependant on the HCL
concentration of the aqueous phase and the composition of the organic
phase. The effects of macroamounts of palladium and excess tin on the
separation process was also examined. A preliminary study of the ef-

fect of four base metals on the separation was undertaken.
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1.1

CHAPTER 1

INTRODUCTION

Transport of materials from one phase to another is one of the
most fundamental procedures for the separation of a chemical
species from the medium or from other coexisting components.
Thus distillation and condensation (liquid phase to gas phase and
vice versa), dissolution and crystallisation or precipitation (solid
phase to liquid phase and vice versa), and sublimation (solid
phase to gas phase and vice versa) have been employed in vari-

ous experiments since the early days of chemistry [1].

Recent advances in analytical chemistry are characterised by
great progress towards more powerful methods of separation.
One of these methods, namely solvent extraction, is salso a type
of interphase transport process; and from this point of view, it
should be regarded as essentially the same kind of experimental
technique as the above-mentioned classical methods. Because of
its ease, simplicity, speed and wide scope, solvent extraction
enjoys a favoured position among the separation techniques and
is becoming more and more important in inorganic and analytical

chemistry.

It permits simpler and cleaner separation of materials at both
macro and tracer level concentrations, utilising apparatus no
more complicated than a separatory funnel and requiring several
minutes at most to perform, yet contamination from other compo-
nents is less than that found in other existing methods [2, 3,
4].

Theory of Solvent Extraction

Solvent (or liquid-liquid) extraction is defined as the partition of
one or more solutes between two immiscible or partly miscible
liquid phases [5]. If two immiscible liquids are placed in contact

with any substance soluble in both of them, this substance will
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distribute or partition itself between the two phases in a definite
proportion depending on its respective solubilities and on the

relative volumes of the two solvents.

In certain cases, a substance dissolved in one phase, for ex-
ample, in an aqueous solution, can be completely transferred to
the second phase, which is often an organic liquid. This is the
basic principle of liquid-liquid extraction which is employed in so
many analytical separations and which forms the basis of an in-
creasing number of commercial and large-scale industrial proces-

SeS.

Because most inorganic species are only very slightly soluble in
the majority of inert, water-immiscible organic solvents, their
extraction can only be brought about through interaction with an
organic molecule which produces a less hydrophilic species.
This active material is termed the extracting agent. The organic
phase may either be a pure extracting agent alone (eg methyl
isobutylketone or tributyl phosphate) or a solution of the ex-
tracting agent in a suitable water-immiscible diluent (such as
kerosene, carbon tetrachloride or hexane). Sometimes, especi-
ally in industrial applications, an additional component, the
modifier, is included to confer some beneficial properties to the
extraction system such as ease and speed of phase separation.
In summary, then, the effective extracting ("organic") phase com-
prises the active extracting agent together with any diluent and
modifier. In analytical practice, the term extractant is often

used for the extracting agent only.

The Phase Rule

A useful rule summarising the general properties of liquid-liquid

distribution systems, is the phase rule which is usually given as

P+F=0C+2 [1]

where P, F and C denote the number of phases, degrees of
freedom and components respectively. In the simplest case of

two components forming 3 phases (two liquid and one vapour), it
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follows that the number of degrees of freedom F is 1. If the
temperature is fixed, then both the vapour pressure and the
compositions of the two phases are fixed. The percentage com-
position of each phase is independent of the total amount of each

component, and the volumes of the phases can be altered at will.

When a system contains only one solute (C=3), the degree of
freedom is 2. At fixed temperature and pressure the concentra-
tion of one component (usually termed the solute) in one of the
liquid phases is fixed; it follows that the concentration of that
component in the second immiscible phase must be fixed also.
Thus when the 'molecular weight' of the solute is the same in the
two phases, the concentration is proportional to that in the other
phase. Hence, we see that there will therefore be a definite re-
lationship between the solute concentrations distributed between

the two phases, which is the basis of the distribution law.

The Distribution Law

The distribution law, first presented in 1872 by Berthelot and
Jungfleisch [6] &and systemised thermodynamiceally in 1891 by
Nernst [7] is the most fundamental rule in solvent extraction
chemistry [1]. Thus a solute will distribute between two immis-
cible solvents in such a manner that, at equilibrium, the ratio of
the concentrations of the sclute in the two phases at a particular
temperature will be a constant, provided the solute has the same
molecular weight in each phase. For a solute partitioning be-
tween two immiscible phases distinguished by the subscripts 1

and 2, we have

X1 2 X2
[X]q
— = (Kqg) (2)
[X14 \Bd’x

where [X]; is the concentration of the species X in phase i and

Kq is the distribution or partition coefficient, a constant that
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has experimentally been found to be independent of the total
concentration of solute in the whole system and also of the actual

phase volumes.
The Distribution Ratio

Chemical interactions of the distributing species with the other
components in each phase are of great significance since these
interactions can profoundly affect the concentration of the dis-
tributing species. Since we are more concerned in the overall or
stoichiometric distribution of the component of interest between
the phases in a solvent extraction system, it becomes necessary
to introduce a more practical quantity to describe the extraction,
the distribution ratio, D, which is usually expressed by the

ratio of the concentration in the two phases.

Total concentration in organic phase

3

Total concentration in agueous phase

This is a stoichiometric ratio including all species of the same
component in the respective phases. The fact that the distri-
bution ratio is a dimensionless qguantity is an important charac-

teristic of solvent extraction equilibrium.

Percentage Extraction

Although the use of the distribution ratio is advantageous for a
fundamental study of the distribution equilibria, the extraction is
very often expressed for convenience as the percentage extrac-
tion, %E. The relationship between the distribution ratio and

the percentage extraction is given by the following equation:

D x 100

SE =

= @
D + (Vaq/Vorg)

where Vgq and Vopg represent the volumes of the aqueous and
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organic phases respectively. When the volumes are equal, the

denominator simplifies to D + 1 therefore

D x 100
E=—

o\

(5
D +1

Substituting equation (3) into equation (5) yields

= 100. Total concentration in organic
Total concentration in organic + Total concentration in aqueous

100. Copg

Corg * Caq

which can be expressed as

Ctotal ~ Caqueous X

3E = 100 (6)

Ctot

Formation of Extractable Metal Complexes

Ionic compounds would not be expected to extract into organic
solvents from aqueous solution because of the large loss in
electrostatic solvation energy which would occur. The most obvi-
ous way to make an agueous ionic species extractable is to neu-
tralise its charge which would involve reactions of the metal in
the aqueous phase leading to the formation of a neutral extract-
able species. This can be accomplished by co-ordination, either
simple monodentate co-ordination or chelation, or by ion associa-
tion; the larger and more hydrophobic the resulting molecular

species the better will be its extraction.
The case of co-ordination may be described by
Mn+ + nR- > MRy, ¢))

where MN* is an n-valent metal ion and R~ is an anionic ligand.



Amongst the many kinds of co-ordination complexes, two types
may be distinguished. First there are the simple co-ordination
complexes in which metal ions combine with monofunctional
ligands in a number equal to their co-ordination number. Ger-
manium tetrachloride (GeCly) is an example of this type of ex-

tractable species involving co-ordination.

A second category includes the interaction of metal ions with
polyfunctional ligands. These are called chelate complexes. The
functional groups of the ligand must be so situated in the mole-
cule that they permit the formation of a stable ring, generally

five or six-membered eg. copper(Il) 'acetylacetonate'.

In addition to co-ordination compounds, there are a large number
of uncharged components formed by the association of oppositely
charged ions in pairs or clusters of higher order. A major
fraction of the extractable species other than those that are
chelates exist in the organic solvent as ion-association aggre-

gates, as summarised below:

At + B- z (A%, BD) (8)

The following types of ion-association complexes may be recognis-
ed:

i) those formed from a reagent yielding a large organic ion
which forms large ion aggregates or clusters with suitable

oppositely charged ions

(i) those involving a cationic or anionic chelate complex of a

metal ion and

(iil) those in which solvent molecules are directly involved in

formation of the ion-association complex.
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The Platinum - Tin Complex

It has long been known that the interaction of tin(II) chloride
with solutions of platinum and other platinum-metal salts in
aqueous or slcoholic solution gives coloured species [8], whose
composition has, in recent years, been the subject of much
study. The characteristic intense-red coloured complexes pro-
duced when solutions of SnClg and PtCl4%27/PtClg2~ are mixed
was first discovered and reported by W&hier [8] and has subse-
quently been used for determining smeall amounts of platinum
[9-11].

The complexes formed between platinum and tin(II) chloride are,
in addition, of considerable interest because of their high cata-
lytic activity towards hydrogenation and isomerisation reactions.
Many authors have accordingly tried to isclate the complexes
which are formed and tc study their properties; however, there
is still lack of agreement regarding the nature and compositions
of these complexes and the formal oxidation state of platinum in
them [12-14].

Wd8hler and Spengel [15] suggested that the colour produced in
the reaction of platinum(IV) and tin(II) chloride was due to col-
loidal platinum but reported no definite stoichiometry. Ayres
and Meyer [16] disproved this postulate by observing that the
cocloured material readily passes through semipermeable membran-
es such as colloidion. Further evidence that the coloured spe-
cies is not the colloidal metal is shown by the extractability of
the red colour into organic solvents. Later authors have attri-
buted the colour to platinum(II) [17], or to chloroplatinous acid
f18, 19].

Most workers have assigned to platinum an oxidation state of two
and co-ordination numbers of 2 to 5 with respect to the Sr1013~
ligand. However, in contrast to this overwhelming body of evi-
dence, Ayres and Meyer [12] and also Lindsey and co-workers
[14] have detected tin(IV) in the solutions and suggested that
the platinum has zero valency. In another study of the oxida-

tion state of platinum in its compounds with tin(II) chloride by
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polarographic and potentiometric methods, it was established that
complex formation with tin(II) involves not bivalent platinum but

zero valent platinum [20].

Extensive spectrophotometric studies by Ayres and Meyer [12]
on the reaction between Pt(II) and tin(II) chloride established
the existence of complexes in the aqueous medium of tin to plat-
inum ratios of 1:4, 1:2, 1:1, 3:2, 2:1, 3:1 and 5:1, with the
principle product corresponding to a tin to platinum ratio of
5:1. Spectrophotometric methods and precipitation tests indicat-
ed the presence of a tetrapositive cationic complex containing
platinum (0), tin(II) and chloride, to which the formula
{P‘[Sn4014]4+ was tentatively assigned.

Young et a/ [13] determined the structure of a number of plat-
inum-metal-tin complexes showing that they were anionic with the
following structures: [PtCl3(SnCl3)9127, [RuCla(SnClg)gl 2,
[RhoCly(SnClg)4]4~ and [IrZCIS(SnC13)4}4‘. Electrophoretic
studies by Shukla [21] also demonstrated the presence of anionic
species in both the platinum-tin and rhodium-tin systems in di-
lute hydrochloric acid sclution, an observation confirmed by an
ion-exchange study carried out by Davies et a/ [22]. The
ruthenium-tin complex was also shown to be anionic and to be
precipitated by large cations [23]. Cramer and co-workers {[24]
have established the existence of complex anions for the plati-
num-tin system and have also isolated neutral complexes as their
triphenylphosphine derivatives. The extractability of the plati-
num-tin complex by high molecular weight amines in organic sol-
vents [25] further suggests that the coloured species is anionic
in nature, in agreement with the suggestions of Shukla [21] and

findings of Young et al.

Elizarova and Matvienko [26] state that data obtained during
spectrophotometric studies by Ayres and Meyer [12] and Davies
et al [22] are contradictory because their investigations were
carried out over a narrow concentration range of extractants.
In their detailed spectrophotometric study they show that plati-

num reacts with tin(II) chloride in solutions with a chloride
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concentration of 1-ZM and a constant ionic strength of p =2 to
form two complexes with Pt:Sn ratios of 1:1 and 1:2. They also
suggest that the 1:2 platinum complexes with tin(II) chloride can

exist in c¢/s and trans -forms.

Young and his co-workers [13] have been able to isolate the
proposed sguare-planar c¢is and trans -isomers of [PtClg
(SnCl3)912~ as the tetramethylammonium salts, one of which is
red and the other yellow. Although it has not been possible to
determine unequivocally the configurations of the two isomers,
Young et a/ [13] considered the yellow form to be the cis -
isomer. Some dy - dn bending between platinum and tin is
expected which would cause the c¢is -isomer to be more stable
than the trans - because in the latter configuration there will be
competition between the two SnCl§ groups for the same d-orbitals
of platinum and hence weaker w-bonding. Thus, while the red
form is favoured kinetically, the yellow is probably more stable

thermodynamically.

The cis - and trans -ion are both thought to exist in solutions
of low Sn:Pt ratios, with the concentration of the red form in-
creasing with increasing Sn:Pt ratio. Solutions containing Sn:Pt
ratios greater than 2:1 yielded red salts which frequently con-
tained more than 2 moles of tin per mole of platinum, up to a

limiting ratio of 5:1.

It was thus proposed that high Sn:Pt ratios led to the existence
of red comple)ies in solution in which tin was co-ordinated to
platinum to give a predominantly quinqueco-ordinated ion,
[Pt(SnCl3)5]3'. Determination of the configuration of the
[Pt(SnClg)5]3' anion by X-ray diffraction [27] has shown it to
be a trigonal bipyramid consisting of a central platinum atom in
the equatorial plane surrounded by five SnClg- ligands at the
apices attached through Pt-Sn bonds. Because the SnCl;; ligand
is a weak o-donor and a strong T -acceptor [28], 5 SnClg
ligands may be co-ordinated about platinum without excessive
build-up of electron density on the central metal atom as has
now been established for [Pt(SnClg)5]3~.
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Mdssbauer spectroscopic studies of trichlorostannyl platinum(II)
complexes have shown that the red complexes namely the trans -
[PtCly(SnCl3)9]12~ and [Pt(SnCl3)g]3~ anions have identical M&ss-
bauer and infrared parameters [29]. It was therefore probable
that a mixture of Pt-Sn complexes are the species giving the red

colours to solutions of platinum and tin.

SnCl A

SnCIa

In conclusion therefore it may be said that the red species form-

ed in solution appears to be

(i) due to one of [PtCly_(SnCl3)n)2~ (n=1 to 4) and

[Pt(SnCl3)513~ or a mixture of these

(i) anionic in nature containing both platinum and tin in the

divalent oxidation state.

The Palladium - Tin Complex

Stannous chloride reacts with palladium chloride in hydrochloric
acid solution, giving a series of colour changes that vary with

the concentration of the acid [30]. The orange-red colour pro-
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duced when palladium(Il) chloride solutions treated with tin(II)
and mercury(Il) chlorides in hydrochloric acid was reported by

Pollard [31] as a specific qualitative spot test for palladium.

Ayres and Meyer [16] observed that an intense red-orange
colour developed with the first few drops of tin(II) chloride;
further addition of the reagent eventually resulted in a dark
olive-green solution. The coloured compound formed with stan-
nous chloride was found to be extractable into organic solvents
such as ethylether, ethylacetate, amylacetate and octylalcohol
[32].

Further studies showed that the amount of palladium extracted
depended both upon the concentration of hydrochloric acid and
the concentration of tin(II) chloride. Lower hydrochloric acid
concentrations were found to increase the extractability of the
colour into the organic phase, whereas increased concentrations
of tin(II) chloride finally resulted in the formation of an
olive-green material which was extractable only to a slight ex-
tent. It was proposed that this material was probably the metal
in the colloidal state [16].

The complexes of Pd(II) with tin(Ii) halides have been Ileast
studied. Young et a/ [13] studied the structure of the chlorotin
complexes of the platinum-group metals but omitted the palladium

complex probably due to the unstable complex that is formed.

Khattak and Magee [33] began investigations on the Pd(II) -
Sn(II) system by determining the structure of the complex form-
ed. Attempts by them to precipitate the psalladium-tin anionic
chloro-complex using tetraphenylarsonium chloride were success-
ful, but only after numerous trial experiments were performed to
establish the most favourable conditions. On the basis of their
analytical data they suggested the following formula for the pre-

cipitated compound:

[(CgH5)4As]9 [PACI(SnCl3)s]
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It was proposed that the structural formula for the palladium-tin

anionic chloro-complex may be written as:

—

— 4-
ClzSn Cl SnClg
Pd Pd
1
__C-13Sn Cl SnC 3 |

Further investigations by these authors involved determination of
the extractability of the complexes formed between Pd(Il) and
Sn(II) in hydrochloric acid by tri-n-octylamine [34]. Two dif-
ferent complexes were obtained : one a brown-red complex and
the other a yellow coloured complex. Both were easily extracted
into tri-n-octylamine in benzene but the fact that 2 different
complexes existed indicated the instability of the system in the
aqueous phase. In contrast to the absorption spectrum of the
red-brown species, the yellow species possessed a definite ab-
sorption maximum at 410 nm in the amine phase indicating that
the complex in the agueous phase is stabilised by extraction into

the amine.

From the ease with which complexes formed between Pd(II) and
tin(II) are extracted into tri-n-octylamine, it was assumed that
the species were anionic and that 'ligand anion exchange' occurs
between the complex and amine. Confirmation of this is given
by previous work [33] and it was therefore proposed that the
extraction of the anionic species may be represented by an over-

all reaction of the type:

(i) RgN + H"Azq 7 R3NH'AG.,



(i)

(iid)

15
PdCly + 2SnCl; 2 [PACI(SnCl3)al2-
2RNHTA™ + [PACH(SnClydalay 2 [R3NH*]p PACL(SnCl3)g + 24°
represents hydrochloric acid and R3gN represents

where H+Aaq

tri-n-octylamine.

A systematic study of the conditions of formation of the complex-
es of Pd(II) with tin(II) chloride in solution showed the exis-
tence of at least 3 complex species, depending on the concentra-
tion conditions [35]. In addition to the red and yellow complex-
es postulated to be formed by Khattak and Magee [34], a third
more stable green form of complex was also found to exist. The
overall light absorption spectra of solutions containing Pd (II)
and different quantities of tin(II) chloride revealed that a yellow
complex species ( A max = 420 nm) is formed which is slowly
converted into a green form ( Amax = 635 nm) depending on the

tin(II) chloride concentration.

Sufficiently high concentrations of tin(II) chloride led to the
rapid formation of the yellow and a new red form which were
rapidly converted into a stable green form. With further in-
crease in tin(II) chloride concentration, the colour of the solu-
tion turned from green to brown. It was suggested that this
brown solution is a colloidal solution from which metallic palla-

dium gradually separated.

Both the yellow and red complexes could be extracted into polar
solvents indicating that they were charged complexes. The red
complex of palladium with tin(II) chloride appeared to be a
shortlived species, wunstable towards atmospheric oxygen and
converted into the yellow form in 5-10 minutes. Absorption
spectra of the red form in 3-methylbutanol revealed 2 absorption
bands: one at A = 355 nm characteristic of the red form and the
other at 420-430 nm which is characteristic of the yellow form.
This indicated that the red and yellow forms were present in a

state of dynamic equilibrium.
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The most stable complex of palladium(II) with tin(II) in aqueous
solutions is the green form which is produced at all tin(II)
chloride concentrations ( Amax = 635, 465 and 380 nm). Kinetic
studies of the formation of the green complex at 635 nm revealed
that the green form is produced slowly at low tin(lI) chloride
concentrations, but increase in tin(II) chloride concentrations led

to-rapid production of the green form.

Zayats et a/ [36] found that the nature of interaction in the
PdCl9-SnCly-HCL-H90 system depends on the molar ratio of
PdClg and SnClyp in solution as well as on the total concentra-
tions of metal salts and acid. In solutions with a PdClg:SnClg
molar ratio of 1:2 or less, an unstable palladium hydrosol is

formed as a result of the reaction:

Pd2* + Sn2* » P40 + Sn4t

Absence of characteristic bands on the absorption spectra indi-

cated that no complexes are formed at this molar ratio.

At constant ratios of PdClg and SnCly concentrations the compo-
sition and sizbility of complexes formed was found to depend on
the concentrations of acid. For example, in the formation of
complexes at PdClg:SnClg = 1:8 in 0.5M HCL in a freshly prepar-
ed solution the green complex was mainly formed, in 2M the yel-
low and in 8M the stable red-brown form. Such a relationship
was also obtained at a ratio of concentrations in the solution of
PdCly:SnClgy = 1:40.

The complex formation of test solutions was also found to depend
on the total concentration of the metal salts. It was found that
at fixed PdCl2:SnClg ratios, a considerable decrease in the total
concentration of metal salts in the solution irrespective of the
acidity resulted in the formation of yellow complexes. Proof of
this lies in the fact that at 2M HCL the interaction of compo-
nents led to the formation of mainly the green complex in more
concentrated metal salt solutions while the yellow form predomi-

nated in dilute solutions. However in 8M HCL an unstable blue-
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violet complex is formed in concentrated solutions which is con-
verted into a stable red-brown form; but the yellow form appear-

ed in dilute solutions.

In summary, it appears that as in the case of platinum, the pal-
ladium-tin complex is anionic and extractable into organic sol-
vents. In contrast to platinum however, a number of species of
the palladium-tin complex are postulated to exist depending on
the conditions in solution. The green palladium-tin complex ap-
pears to predominate over the other forms. However, no attempt
has been made to determine the structure(s) of these different
complexes presumably due to the instability of the palladium-tin

system in the aqueous phase.

Solvent Extraction and Separation of Platinum and Paﬂadium_

Solvent extraction is widely used for the isolation and separation
of the noble metals [37, 38]. It is probably the most efficient
method for the separation of the platinum elements whose chemi-
cal properties are so strikingly similar, and its high selectivity
and use of relatively cheap reagents can make it an economically

viable proposition for the extraction of the precious metals.

The analysis of the platinum-group metals is complicated by the
fact that very rarely does only one of them occur in the material
to be analysed. In most cases, the platinum-bearing materials
submitted for analysis also contain palladium, rhodium, iridium,
ruthenium and osmium as constituents. In some instances, the
amount of platinum and palladium relative to the other members
of the group is extremely high and serious problems arise when

such samples are to be analysed for all the noble metals [39].

Atomic absorption spectroscopy (AAS) is complicated for the
direct measurement of platinum, palladium, rhodium and iridium
in noble metal mixtures because of mutual interferences. Their
determination is also affected by interferences from base metals.

Usually, before the determination of each metal, a separation is
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imperative and the separation step definitely represents the most
difficult problem of the analysis, especially in the case of micro
amounts. Such problems may be overcome using a solvent ex-

traction technique which is selective, fast and simple to use.

The platinum metals can exist in several oxidation states and
these states tend to be easily interchangeable with each other in
aqueous solution in the presence of extractants which act as re-
ductants or oxidants of the metal ions [40]. Hence the solvent
extraction behaviour of the platinum metals is quite complicated,

as are their other chemical properties in solutions.

Another remarkable characteristic of platinum metals which af-
fects their solvent extraction behaviour is that the rate of com-
plex formation of their metal ions is sometimes extremely slow.
These metals are extractable in some systems only when they are
treated with extractant on boiling or when the metal ions and the
extractants are in contact for some time. For these ressons, ex-
perimental data on the solvent extraction of the platinum metals
are sometimes not reproducible and the chemical form of the ex-
tracted metal species in the organic phase is not always very
clear [40].

The extraction of platinum metals from HCL with MIBK {41], TBP
{42, 43], TOPO [41] and various organophosphorous compounds
[44] have been studied. In many systems platinum is coextract-
ed with palladium(Il), and, elthough the extraction behaviour of
these two metal ions is somewhat different from each other, their

mutual separation is usually not very easy.

Great potential lies in the use of amine extraction systems for
the solvent extraction of the precious metals. These systems ex-
ploit the strong tendency of precious metals to form anionic com-
plexes in solution which easily distinguishes them from base
metal contaminants. High molecular weight amines (HMWA) were
first used as extractants by Smith and Page [45]. Khattak and
Magee [25] investigated the application of HMWA for the extrac-

tion of platinum in the presence of associated base and noble
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metals. The amines recommended were tri-n-hexylamine, tri-n-
octylamine and primene dissolved in chloroform or benzene.
Separation from palladium involved careful addition of ammonia,
then concentrated hydrochloric acid and tin(II) chloride solution
without delay, extraction, filtration and dilution to volume with

pure solvent.

Triphenylphosphine and other phosphines (arsines and stibenes)
form complexes of the type MeCl,L, with the platinum metals
[46]. Solvent extraction studies of compounds of platinum metal
halides with these phosphines have been made [47, 48]. The
possibility of extracting palladium with triphenylphosphine was
first pointed out by Senise and Levi [48]. Ruthenium, silver
and gold were also found to be extractable from acidic aqueous
solutions into triphenylphosphine in an organic solvent such as
benzene or toluene [47, 48]. In view of this, Mojski [46] ex-
amined the extraction of the platinum metals from hydrochloric
acid medium with triphenylphosphine (TPP) in 1,2- dichloroe-
thane and found that the presence of a large excess of stannous
chloride resulted in marked differences in the extractability of
the platinum group metals. Detailed studies by Yates [50] on
the solvent extractability of platinum(il) by TPP in dichlorome-
thane revealed that SnClg dramatically increased the rate and ef-

ficiency of extraction.

The solvent extraction of platinum metals in the presence of
tin(II) chloride has been investigated by many Russian and inde-
pendent workers. Many solvents such as di-o-tolylthiourea [51],
diphenylthiourea [52] and dimethylsulfoxide [53] have been used

as suitable extractants for the platinum group metals.

The separation of platinum from palladium can present difficulties
because of similar chemical properties. However, the use of a
variety of reagents have made available many effective methods
of extractive separation of platinum and palladium. Egli [54]
used 2-chloropyridine to separate and determine palladium and
platinum. Thioxine (8-quinolinethiol) was used by Lystova and

Strel'nikova to separate palladium and platinum with palladium
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determined in the organic phase and platinum in the aqueous
acid phase. Thiourea was added to mask the platinum, and the
palladium complex was formed with thioxine which was subsequent-

ly extracted with chloroform.

Various methods of determining platinum and palladium in rocks
etc. have been described. Grimaldi and Schnepfe [55] used con-
ventional methods of separation and determination. The sample
was dissolved in appropriate acids and tellurium was added to
precipitate both platinum and palladium. The latter metals were
extracted from the mixed precipitate by MIBK. Palladium was
determined by selective extraction as the a-furildioxime in
chloroform and the agqueous phase was wused to determine

platinum by the colorimetric tin(Il) chloride method.

A sclvent extraction separation of platinum and palladium from
rhodium and iridium was described by Kashlinskaya et a/ [56].
The solution of the four metals as complex chlorides was treated
to form the iodides. The complex iodides of platinum and palla-
dium were extracted by butyl phosphate. This organic phase
was extracted with nitric acid to extract platinum and palladium

which were then determined photometrically.

Faye and Inman [57] described a procedure in which the plati-
num and palladium iedides were isolated simultaneously and
selectively removed from rhodium and iridium by two extractions
with tributyl phosphate (TBP) in hexane followed by three aque-
ous extractions with nitric acid. For the separation of palla-
dium, aliquots of the nitric acid extract were used and platinum
and palladium were separated and determined with p-nitrosodi-
methylaniline by a procedure based largely on the early work of
Yoe and Kirkland [58].

Objectives of Research

In September 1974 Gorbanev et a/ [59] read a paper at the In-
ternational Solvent Extraction Conference in Lyon dealing with

the extraction of 'cluster' complexes between the noble metals and
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tin(II) chloride into a number of oxygen-containing solvents.
The investigation dealing largely with spectroscopic (M8ssbauer)
details and attempting to discuss all the platinum-group metals at
once, was not reported in detail. Literature data concerning
further work in this regard was found to be lacking and it was
thus decided to examine in greater detail the effect of SnCly on
the solvent extraction and separation of platinum(II) and palla-
dium(II).

The objectives of this work may now be summarised as follows:

(a) Te investigate the effect of stannous chloride on the ex-
traction of platinum(II) from aqueous hydrochloric acid
solutions of K9P{Cly into hexane containing methylisobutyl-
ketone (MIBK).

(b) To examine the effect of

(¢ the Sn(II):Pt(II) molar ratio
(i) hydrochloric acid concentration
(iii)  chloride concentration

{v) hydrogen ion concentration

(v) equilibration time

on the extraction of platinum in the form of the trichloro-

stannatoplatinum(II) chloride complex(es).

(c) To investigate the extraction of palladium by similar means
as for platinum with the aim of possibly separating platinum

and palladium using stanncus chloride.

(d) To investigate the optimum conditions for extraction or sep-

aration of platinum and palladium.

(e) To make a preliminary study of the effect of a variety of
base metals (most likely to be associated with the platinum

group metals) on the separation process.
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CHAPTER 2

PRELIMINARY INVESTIGATIONS

Methods of Analysis

Atomic absorption spectroscopy (AAS), a widely used technique
for the analysis of over sixty elements, has been a popular ana-
lytical method for determining the noble metals, and has permit-
ted the analysis of many different noble metal samples [60].
The method is very specific and may be used for trace analysis
even in the presence of other elements at much higher concentra-
tions. The technigque has thus been considered suitable for the
determination of the noble metals and was used for the analysis
of platinum/ palladium and tin in the presence of each other in

the aqueous acid medium.

Atomic Absorption Determination of Platinum

The determination of platinum by atomic absorption spectroscopy
has been reported in a number of papers [61]. Recently new
procedures were recommended for the determination of platinum
in aqueocus solutions by AAS using both air-acetylene and nit-
rous oxide-acetylene flames [603, 62]. However, air-acetylene
mixtures are generally favoured, with very lean clear, blue
strongly oxidising flames providing maximum sensitivity for plat-
inum. The most obvious reason for avoiding high-temperature
flames such as nitrous oxide-acetylene has been the reduction of
platinum sensitivity owing to ionisation interferences. The
platinum resonance line at 265.9 nm was used for all measure-
ments in this work since it is the most sensitive and has the

lowest background noise.

The use of organic solvents has had an important impact on the
atomic absorption method. Large increases in analytical sensi-

tivity of many elements has been obtained either by addition of
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miscible solvents to aqueous solutions or by the solvent extrac-
tion of the elements into an immiscible solvent layer before their

determination [63 - 65].

Although platinum sensitivity may be increased by using miscible
solvents, in some cases the increésed sensitivity is counterbal-
anced by the extra dilution imposed by adding the organic sol-
vent. Clearly, a suitable solvent extraction system in which
platinum is completely extracted into an immiscible solvent layer
would have several further advantages. The determination of
platinum in the organic phase would enhance the sensitivity by a
factor of 3 or more and secondly, platinum in large agueous vol-
umes could be concentrated into a small volume of the organic

phase thus increasing the detection limit.

The most widely used immiscible extracting solvent in AAS is 4
methyl-2-pentanone (MIBK) [66]. Mulford [67] described a gen-
eral solvent extraction system in which a non-specific reagent,
ammonium pyrrolidine-dithiocarbamate (APDC), was used to form
chelates with many metals including platinum, followed by solvent
extraction into MIBK. However MIBK's partial solubility in the
agueous phase can be a problem when extracting standards and
samples at different orgaenic-to-aqueous ratios. At any given or-
ganic solvent volume the loss of MIBK to the aqueous phase will
be proportionately higher and therefore its solubility in the
aqueous phase is thus an important consideration to take into ac-
count in an analysis [66]. Furthermore, since organic solvents
act as a fuel when aspirated into the burner, the acetylene fuel
flow has to be adjusted and strictly monitored in order to com-
pensate for the organic solvent present in solution and to main-
tain reproducible flame conditions. Hence, because of the pro-
blems associated with direct analysis of our organic phases we
decided instead to do atomic absorption determinations on the

aqueous phases.

In the determination of platinum in aqueous acid solutions by

AAS, serious depressive interelement interferences are encoun-
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tered, particularly from the noble metals themselves (mutual in-
terferences) and also from other metals and non-metals. To
overcome the depressive interferences from various metals,
Strasheim and Wessels [68] recommended that platinum be deter-
mined in the presence of sufficient copper sulphate (CuSO4) to
maintain the copper concentration at 2%. Although effective, the
high salt concentration led to some problems such as burner

clogging.

In her investigations Yates [50] found that the use of 2% CuSO4
would successfully suppress interferences in determining plati-
num by AAS. In addition however, she showed that the additioﬁ
of stannous chloride at high acidities seriousl!y affected the ab-
sorbance readings that she had obtained and she attributed this

to the reduction of copper(ll) by tin(II).
Sn2* + 2Cu?* Z Sn4* + 2cut

The use of CuSO4 was thus not suitable as an interference

supressant for platinum in this work.

To overcome the depressive interferences from various metals,
we chose La(NOg)3 as an interference suppressant as recommend-
ed by Vasilyeva et a/ [69]. Yates [50] showed that 0.2%
La(NOg3)3 is suitable to suppress interferences in platinum solu-
tions of 1.0 to 3.0 M HCL with tin : platinum molar ratios of up
to 10.

We chose to prepare our platinum standards from KyPtCly with
0.2% La(NOg)3 in the presence of tin{(II) chloride and the appro-
priate acid concentration to match the matrix of the samples as
closely as possible. Beer's law was obeyed for 0-120 ppm of
platinum under these conditions. A typical! calibration curve ob-

tained in this way is shown in Figure 2.1

Atomic Absorption Determination of Palladium

Atomic Absorption Spectroscopy of palladium was first described
by Lockyer and Hames [70] who used a low-temperature flame

and reported a sensitivity of 1 ppm at the 247.68 nm line. Since
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Figure 2.1 A calibration curve for plstinum in 1.4M
HCL with 0.2% La(NO3)3 and stannous
chloride (Sn:Pt ratio = 10)

then severzl other authors have reported palladium absorption at

various analytical lines and in various flames [71].

The determination of palladium by AAS is accompanied by few, if
any, interferences [72]. Most authors have found no interfe-
rence from a number of elements (including noble metals) and
various acids. In contrast to some reports [66,87,70], several
significant chemical interferences were observed in the determi-
nation of palladium in a cool air-hydrogen flame e.g. from Ni,
Co, Fe etc., even when the concentration of acids in the inves-

tigated solutions were matched. It is also reported that the de-
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termination of palladium, even in the hotter air-acetylene flame,
does not appear to be completely free of interferences; especially
high concentrations of other noble metals can exert certain in-

fluences [73].

Sen Gupta [74] noticed interelement interferences in the deter-
mination of Rh, Pd, Ag, Ir, Pt and Au in a matrix in which one
or more platinum-group metals were present in major quantities.
The interference effects were mostly eliminated by buffering the
solution with 0.5% Cu and 0.5% Cd (added as sulphate) or 1% La
or 1% Sr. Schnepfe and Grimaldi [72], in the determination of
palladium and platinum, also found that mutual and base-metal
interferences were removed by the addition of a mixture of cop-

per and cadmium sulphates.

Mallet et a/ [75] found lanthanum and uranium as the most effec-
tive releasing agents for the mutual interferences of all the noble
metals whereas Pannetier and Toffoli [76] observed that the use
of 0.5% Li, added as sulphate, in an air-acetylene flame not only
enhanced the sensitivity of P{, Rh and Ir but also eliminated in-
terelement interferences in the determination of these 3 elements

and pslladium.

Strongly oxidising air-acetylene flames were used in the deter-
mination of palladium by AAS in this work. The 276.3 nm Pd

line was used for all measurements.

The absorbance of palladium decreases with an increase in the
concentration of hydrochloric acid. Results showing the effect
on the absorbance value due to variations in acid concentration

are shown in Table 2.1.

The absorbance for 50 ppm palladium in 5M hydrochloric acid is
about 5% less than that for a solution containing 1M acid. The
decrease in palladium absorbance is not considered to be a chem-
ical effect but may be attributed to changes in physical proper-

ties of the solutions which affect the efficiency of transporta-
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[Pd2*]/ppm [HCL]/M Absorbance
50 iM 0.208
50 2M 0.207
50 3M 0.205
50 4M 0.199
50 5M 0.198

Table 2.1 The effect of hydrochloric acid on the absorbance of

palladium

tion and atomisation of the analyte into the flame. These effects
are a result of lower sample flow rates, changes in solution den-
sity and viscosity and different droplet sizes in the flame when
working with concentrated solutions. In our work, we compen-

sated for this affect by preparing matched matrix standards.

Because of conflicting reports in the literature as to whether the
determination of palladium by AAS is accompanied by interferenc-
es or not, we decided to investigate whether interferences are in
fact encountered and if any, attempt to eliminate these with the
use of releasing agents viz. La(NOj3)3, LaClg and UOg9 as recom-

mended by Van Loon [77] and Scarborough [78] amongst others.

From the results given in Tables 2.2, 2.3 and 2.4 it is evident
that none of the three interference suppressants examined have
an effect on the absorbance of palladium. This led us to believe
that the determination of palladium in solutions containing no
other metals by AAS is accompanied by no significant interferen-

CcesSe.

Investigations were carried out to determine whether stannous
chloride interferes in the determination of palladium by AAS in
various acid concentrations. From the results shown in Table

2.5 it is evident that the stannous chloride has no effect on
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paliladium solutions of 1-5M hydrochloric acid with tin : palladium

ratios of up to 10.

[Pd2*]/ppm [HCL1/M La(NO3)3/% Absorbance
50 1M 0.5 0.208
50 2M 0.5 0.209
50 3M 0.5 ©0.207
50 4M 0.5 0.205
50 5M 0.5 0.200

Table 2.2 The effect of 0.5% La(NOg)3 on the absorbance of

palladium
[Pd2*]/ppm [HCL]/M LaClg/$% Absorbance
50 1M 0.5 0.208
50 2M 0.5 0.205
50 3M 0.5 0.203
50 4M 0.5 0.199
50 5M 0.5 0.200

Table 2.3 The effect of 0.5% LaCly on the absorbance of

palladium
(Pd2*]/ppm [HCL]1/M U09/% Absorbance
50 1M 0.5 0.208
50 2M 0.5 0.207
50 3M 0.5 0.203
50 aM 0.5 0.201
50 5M 0.5 0.200

Table 2.4 The effect of 0.5% UO9 on the absorbance of palladium



[Pd2*]/ppm Pd : Sn ratio [HCL]/M Absorbance
30 1:0 1M 0.130
30 1:5 1M 0.132
30 1:10 1M 0.131
30 1:0 3M 0.125
30 1:5 3M ©0.125
30 1:10 3M 0.128
30 1:0 5M 0.120
30 1:5 5M 0.119
30 1:10 5M 0.120

Table 2.5 The effect of hydrochloric acid and stannous chloride

on the absorbance of palladium solutions

The above findings are in agreement with those of Harrington
[78] who found that a mole ratio of tin to palladium up to 500
moles does not affect the absorbance of palladium. A depression
of the palladium signal is once again evident in going from 1 to
5M HCL but this was compensated for by matching the concen-

tration of acids in the investigated solutions.

We chose to prepare our paliadium standards from pure KsPdCly
in the presence of tin(iI) chloride and hydrochloric acid of ap-
propriate concentrations so as to match the matrix as closely to
that of the samples as possible. Beer's law was obeyed for 0-70
ppm palladium. A typical celibration curve obtained in this way

is shown in Figure 2.2.

Further investigations were carried out to determine whether the
2 noble metals in question mutually interfere with each other in
the presence or absence of stannous chloride. 0.2% Lanthanum
nitrate was used to suppress interferences in platinum. Results

from Table 2.6 show that no mutual or other interferences were
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Figure 2.2 A calibration curve of pealladium in 1.4M
HCL with stannous chloride (Sn:Pd ratio =
10)

found in the presence or absence of stannous chloride in plati-
num-palladium-tin solutions of 1.5M with tin:platinum/ palladium

ratios of 5.

The method developed above for the determination of platinum
and palladium in the presence of each other and stannous chlo-
ride by AAS was used later for the analysis of these two noble
metals in the aqueous phase after their separation by solvent ex-

traction.
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[Pt]/ppm 10 21 490 50 60 70
Absorbance

Pt 0.013 0.026 0.051 0.065 0.677 0.090
Pt+Pdé 0.012 0.026 0.051 0.065 0.078 0.091
Pt+Pd+SnP 6.012 0.027 0.052 0.065 0.078 0.091
(Pd]/ppm 5 11 22 27 33 38
Absorbance

Pt 0.014 0.029 0.058 0.071 0.086 0.101
Pt+Pda 0.014 0.029 0.057 0.071 0.086 0.100
Pt+Pd+SnP ¢.014 0.029 0.658 6.072 ¢.088 0.100

a Pt:Pd molar ratio 1:1
b Pt:Pd molar ratio 1:1; Pt, Pd : Sn ratio 1:5

Table 2.6 The effect of palladium (platinum) and tin on the ab-
sorbance of platinum (palladium) in 1.4M HCL with
0.2% La(NOg)sg

Typical calibration curves obtained for platinum and palladium in

this way are shown in Figure 2.3.

Atomic Absorption Determination of Tin

The determination of tin in hydrochloric acid solutions can be
done relatively easily by the atomic absorption method. A
strongly reducing air-acetylene flame is required and was used
in this work since it provides a medium for tin atomic absorption
which is considerably less subject to interferences compared with
for example the nitrous oxide-acetylene and air-hydrogen

flames. The 286.3 nm line was used for all measurements.
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Figure 2.4 shows a typical calibration curve obtained using plat-

inum-containing tin standards in 2.4M HCL.

Yates [50] showed that platinum does not interfere in the deter-
mination of tin by the atomic absorption method since the concen-
tration of tin could be accurately determined in the presence of
platinum. Results in Table 2.7 show that palladium also does not
interfere in the determination of tin by atomic absorption in hy-

drochloric acid solutions.

i ] }

i
0 20 40 60 80 100
{pPtl/(Pal/ppm

Figure 2.3 Calibration curves for (a) platinum and (b)
palladium in the presence of each other with
stannous chloride and 0.2% La(NO3)3 in
i.4M HCL (Sn:Pd/Pt ratio = 5)
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[Sn] taken/ [Sn] found/ Relative
Pd : Sn ratio ppm ppm percentage

error
1:5 82.3 §2.2 0.1
1:7 115.7 116.0 0.3
1:9 147.9 47.0 0.5
1:10 164.6 164.0 0.4
1:12 196.7 196.0 0.4

Tgble 2.7 The effect of palladium on the determination of tin in

2.4M HCL
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Figure 2.4 A calibration curve for tin in 2.4M HCL
solution
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Potassium lodate Oxidations

The titrimetric determination of tin(II) in hydrochloric acid by
oxidation with potassium iodate is a well-documented method [80-
82]. Potassium iodate solution reacts quantitatively with tin(II)
in the presence of concentrated hydrochloric acid, according to

the overall equation:
25nClg + KIO3 + 6HCL 2 2SnClgy + KCI + ICl + 3Hg0
Thus 1KIOg3 = 28n

The procedure involves the use of an immiscible organic solvent,
such as chloroform or carbon tetrachloride with the end point of
the titration being marked by the disappearance of the last trace
of violet colour from the organic solvent. This cclour is due to
iodine formed during the reaction as a by-product. Iodine mono-
chloride (ICl) is not extracted and imparts a pale yellowish
colour to the agueous phase. The main disadvantage is the in-
convenience of vigorous shaking with the organic solvent in a
stoppered vessel after each addition of the reagent near the end
point. This method is very useful in that it can be used to de-

. . . o
termine accurately the exact concentration of Sn2* present.

Because of the rapid ease with which tin(II) is oxidised to
tin(IV) by oxygen in the air, exireme precautions were taken to

perform all the titrations under pure, deoxygenated nitrogen.

Vogel [82] reports that the optimum acidity for a reasonably
rapid reaction during the titration varies from one reductant to
another within the range 2.5 - 9M hydrochloric acid : in many
cases the concentration of acid is not critical. Although inves-
tigations were not carried out {o determine the effect of acid
concentration on the titration, we sarbitrarily chose them to be

between 4.5 and 5.3M HCL for our titrations.

In our work, potassium iodate oxidations were used to determine

the exact percentage of Sn2* present in the freshly prepared
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stannous chioride solutions. Typical results are shown in Table
2.8

Standard Total oxi- Volumes KIO3 Mean Titre Total oxi- Percentage

solution disable used/mmol mi/KIOg isable Sn2+
taken/ species species
mmol expected/ found/
mmol mmol
0.256 0.256 1.82
1.83 0.236 92%
1.84
0.163 0.163 2.40
2.40 0.156 96%
2.40
0.163 0.163 2.30
2.30 0.150 52%
2.30

Table 2.8 Results of tin(Il) determinations by potassium iodate titra-

Do

tion.

The extraction of tin from hydrochloric acid sclutions by iso-

butylmethylketone-hexane mixtures

The extraction of tin from hydrochloric acid solutions into cert-
ain orgsanic solvents, for example diethyl ether [83, 84], tributyl
phosphate (TPB) [85] and isobutylmethylketone [86, 87] has
been studied. Analysis of the literature data regarding the de-
tailed study of the extraction of tin(II) and tin(IV) undoubtedly
indicates a similarity in the extraction of tin(II) and tin(IV).
However, tin(Il) is known to be unstable in solutions and to be
readily oxidised to tin(IV) by atmospheric oxidation. In their

studies on the extraction of bivalent tin in an atmosphere of
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argon, Levin and Tarasova [88] found that the extraction of
tin(II) and tin(IV) differred greatly, which, according to other
authors show almost identical behaviour. They therefore con-
cluded that the previous authors mentioned {87] had extracted

tin(IV) in both cases.

In our investigations we determined the extractability of tin(II)
in an atmosphere of nitrogen and in the absence of platinum and
palladium into MIBK-hexane mixtures (v/v) at various acid con-
centrations. We considered this to be an important factor in

our attempt to explain the observed stoichiometry of the extract-
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Figure 2.5 The extraction of tin(II) from (a) 1.4M (b)
2.4M and {e¢) 3.4M HCL solutions as a func-
tion of $ MIBK
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ed platinum-tin chloride complex(es) since tin (in the absence of
platinum) is extracted probably in the form SnClg and SnClg2-
with increasing amounts of MIBK in hexane. These extractions
were performed in 1.4, 2.4 and 3.4M HCL using an extraction
time of 10 minutes. Figure 2.5 shows the percentage tin extrac-

tion as a funection of $ MIBK in hexane.

It is evident that very little tin is extracted into the organic
phase at less than 50% MIBK, but a significant increase in the
extraction of tin is observed with increasing amounts of MIBK.
The amount of tin extracted is also dependant upon the acid
concentration with more tin being extracted at higher acid con-

centrations.

Ultraviolet - visible spectrophotometry

Most of the analytical spectrophotometrical methods of determin-
ing the noble metals utilise coloured complex compounds of these
elements {89]. The coloured products obtained from noble metals
on treatment with tin(II) chloride or tin(II) bromide have been
used extensively for the spectrophotometric determination of

these metals.
Eguilibration of the Aqueous Phase for Platinum

Tin(II) chloride has long enjoyed use as a colorimetric reagent
for platinum [90]. Its reaction with platinum to form brightly
coloured compounds was first observed by W&8hler [91] and has
subsequently been used for determining small amounts of plati-
num. Since then many authors have made detailed spectrophoto-
metric studies of the platinum-tin(II) chloride system in an at-
tempt to determine the reaction stoichiometry in the formation of

the coloured products in solution.

When solutions of PtCI42' and SnClg are mixed in HCL the colour
of the mixture gradually becomes more intense, so that sufficient

time must be allowed for equilibrium to be reached.
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The UV-visible absorption spectra of freshly prepared aqueous
solutions containing a tin : platinum ratio of 2 at various acid
concentrations were determined as a function of time by Yates
[50]. Equilibrium was reached in 18 minutes for solutions of 1M
hydrochloric acid concentration and repeated scans every 10
minutes from 0 - 40 minutes showed that the spectrum did not

change significantly.

At 1.5M hydrochloric acid concentration, however, equilibrium
was reached after 20 minutes and no significant change in the
spectrum was observed from 20 - 50 minutes. Molar extinction
coefficients and absorption maxima obtained at these acid concen-

trations are tabulated in Table 2.9

Acid Concentration Absorption Maxima Molar extinction

M nm coefficients cm? mol~1
1 373 8.52 x 106

431 3.71 x 106

506 1.63 x 106
1.5 374 3.79 x 106

438 1.75 x 106

517 7.50 x 10°

Table 2.9 Absorption maxima and molar extinction coefficients
for tin : platinum ratio of 2 at various acid concen-

trations

The spectrophotometric determination of mixed platinum and tin
solutions at higher acid concentrations was found to be somewhat
complicated, most probably due to the rapid oxidation of tin(II)
at the higher acidities. The colour intensity of solutions at 6M
HCL was observed to decrease rapidly with time. Absorption
spectra obtained appeared to be complicated in that certain ab-
sorbances increased with time, whereas others decreased accord-

ingly; no steady state was reached.
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An initial equilibration period of 20 minutes was therefore allowed

for the Pt-Sn complex before each extraction experiment.

Eguilibration of the Aqueous Phase for Palladium

Ayres and Alsop [32] observed that when tin(II) chloride was
added to palladium chloride in hydrochloric acid solution an in-
tense orange-red colour developed with the first few drops of
the reagent; on further addition of tin(II) chloride, the colour
changed to yellow-green, then to nearly black, and finally to
dark green. When an excess of tin(II) chloride was added rap-
idly, only the dark green colour was observed. This green col-
our ( N max 635 nm) which attained its maximum colour inten-
sity after 20 minutes standing at room temperature, was found to
be suitable for spectrophotometric application in the range of

about 8 to 32 ppm pailadium.

The UV-visible spectra of freshly prepared agueous phase solu-
tions containing Pd(ID):Sn(II) ratios of 1:10 at various acid
concentrations were determined as a function of time. It was
found that for hydrochloric acid concentrations of 1.5, 1.8 and
2.4M a steady state was reached after * 15 minutes. Repeated
scans every 5 minutes from 15 to 35 minutes showed that the
spectrum did not change significantly, thus an initial equilibra-
tion period of 15 minutes was allowed for the Pd-Sn complex be-

fore addition of the organic phase.

Considerable changes in the absorption spectra of palladium(ID
chloride occur after the introduction of tin(II) chloride. The
visible absorption spectra at all acid concentrations show 2 max-
ima at 410 and 630 nm which shows that complex formation takes

place. (Figures 2.6, 2.7 and 2.8).

These maxima are reported to be characteristic of the yellow and
green palladium-tin complexes [92, 93]. At higher acidities the
peaks at 410 and 630 nm were observed to decrease in height
reaching a steady state at about 2.4 M HCL. Molar extinction co-
efficients at the different acid concentrations for the equilibrated

state are given in Table 2.10.
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Acid Cone Absorption Maxima Molar extinction coefficients

M nm cm? mol‘1
1.5 410 2.77 x 109
630 3.90 x 104

1.8 410 2.27 x 109
630 1.77 x 104

2.4 410 2.23 x 109
630 1.42 x 104

Table 2.10 Absorption maxima and molar extinction coefficients
for tin : palladium ratio of 10 at various acid con-

centrations.

On standing the transmittance of the Pd-Sn solutions decreased
over the entire spectrum, indicating the presence of light scat-
tering by colloidal particles. This corresponds with the forma-
tion of a very fine grey-black precipitate which, with time, set-
tled to the bottom of the cuvette.

This precipitate, according to Zayats [36], is an unstable palla-

dium hydresol formed as a resuit of the reaction:

Pd2* + Sn2* > pPdo + Sp4*t

Extraction Times for Platinum and Palladium

Experiments were performed in order to determine the effect of
extraction time allowed on the extraction efficiency of platinum

and palladium.

Figure 2.9 clearly illustrates that % extraction of platinum and

tin remains more or less constant with time, indicating that the
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extraction process is rapid. Experiments were performed at
2.4M HCL using a 1:5 Pt:Sn ratio in 40% MIBK. Extraction times
chosen were from 2 - 15 minutes. We arbitrarily chose our plat-

inum extraction time to be 10 minutes.

The above experiment was repeated for palladium at 1.4M and 2M
HCL in 100% MIBK using a 1:10 Pd:Sn ratio. Extraction times
chosen were from 2 - 15 minutes. Figure 2.10 shows a plot of %

palladium extracted as a function of time. As was the case for
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Figure 2.9 Variation of percentage extraction of (a) tin
and (b) platinum from 2.4M HCL solutions
with extraction time at Sn(II):Pt(II) ratio of
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platinum, rapid extraction of palladium occurs and we chose an

extraction time of 5 minutes for our palladium extraction experi-

ments.
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Figure 2.10 Variastion of percentage extraction of palla-
dium from (a) 1.4M and (b) 2M HCL solu-
tions with extraction time at Sn(II):Pd(ll)
ratio of 10
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CHAPTER 3

SOLVENT EXTRACTION OF PLATINUM

Having established equilibration and extraction times for platinum
and devised suitable analytical methods for the accurate determi-
nation of both platinum and tin in the agueous phase, we proceed-
ed to examine in detail the extraction behaviour of platinum com-
plexes of SnCl;; from aqueous hydrochloric acid solutions using
MIBK/hexane mixtures as extractants. Our objective was to
establish which parameters influence the efficiency of extraction
and to what extent platinum and palladium may be separable by
this method. Strict precautions were taken to perform all the
extractions under an inert atmosphere of nitrogen in order to
prevent the oxidation of stannous chloride in solution. Detailed

experimental procedures are outlined in Section 7.8 of Chapter
7I

The Effect of Sn(II):Pt(II) ratio

Preliminary qualitative results showed that platinum is virtually
guantitatively extracted into pure MIBK from 1.0 to 3.0 M HCL
solutions containing PtCl42‘ and SnClg if the Sn(II):Pt(II) molar
ratio is > 4. However, if MIBK is mixed with hexane the distri-
bution coefficient of platinum decreases to zero in the case of

pure hexane as organic phase.

A study of the effect of increasing tin(II) concentration on the
extraction of the 'red complexes' from aqueous hydrochloric acid
phases into MIBK/hexane mixtures was undertaken. Two factors
must however be recognised:

(i) tin is extracted (in the absence of platinum) with increasing
amounts of MIBK in hexane

(ii) platinum appears to be extractable in complexes in which not
all CI- ligands have been replaced by SnCl;;, although the effici-
ency of extraction increases as the platinum becomes co-ordina-
tively saturated with respect to the SnCl;; ligands (i.e. all Cl1”
replaced by SnCl§ ).
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Hydrochloric acid solutions containing PtC142‘ and the desired
amount of SnCly were equilibrated for 20 minutes, followed by
extraction with mixtures of MIBK in hexane from 0-100% MIBK.
The separate phases were then analysed by AAS and percentage
platinum and tin extracted was determined by comparison with a
blank consisting of an aqueous phase only. Initially, the blank
comprised of an aqueous phase containing Sn:Pt in the appropri-
ate ratio and an organic phase of hexane only. In separate ex-
periments mass balance was demonstrated (see Appendix 1).
Three sets of extractions at 1.4, 2.4 and 3.4 M HCL were per-
formed as described, with appropriate tin(II) and platinum(II)
concentrations chosen for the various ratios. Figure 3.1 shows
the results of these experiments at the different acid concentra-
tions. In the absence of SnClyg i.e. at a Sn:Pt ratio of 0, no
PtCl42“ is extracted by pure MIBK. It is evident that the pre-
sence of incressing amcunts of stannous chloride dramatically in-
creases the percentage platinum extracted into the organic

phase.

Both the amount ef platinum and tin extracted was found to be
dependant on the Sn(II):Pt(II) ratio in the aqueous phase before
extraction. A definite trend is evident in the case of platinum
with increased amounts of platinum being extracted with an in-
crease in the Sn(II):Pt(Il) ratio in the aqueous phase. Maximum
extraction for each particular Sn(II):Pt(II) ratio was found to
occur at 100% MIBK. It is also evident that percentage extrac-

tion of platinum increases significantly above 30% MIBK.

The percentage tin extracted shows a general increase with in-
creasing Sn(II):Pt(II) ratios up to a ratio of 5, in parallel with
the amount of platinum extracted. However, in contrast to plat-
inum, percentage extraction of tin is generally not comparable
since increased amounts of tin were added to obtain the desired
Sn(Il):Pt(II) ratios in the aqueous phase initially. Thus, al-
though the percentage tin extracted at 60% MIBK for
Sn(II):Pt(II) ratios of 10 in 3.4M HCL correspond to =48% while
at a ratio of 2 approximately 72% extraction is observed, the

actual amount of tin extracted at the higher ratios is actually
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much higher due to its higher concentration in the aqueous
phase. The extraction of tin was also observed to 'level off' at
Sn(II}:Pt(II) aqueous phase ratios of > 5, indicating that the 5:1

Sn:Pt ratio is significant.

The distribution coefficients (DC) of platinum and tin as a func-
tion of percentage MIBK in the organic phase were determined at
the various acid concentrations. Results obtained are shown in

Figure 3.2 as a plot of log DC vs $§ MIBK.

A number of interesting observations were made during the
course of these extractions. The rate of formation of the red
colour was found to be dependant on the Sn(II):Pt(II) ratio in
the aqueous phase. At high Sn:Pt ratios the colours form rapid-
ly and are generally more intense, increasing from light orange-
red at low Sn(II):Pt(II) ratios to a characteristic deep, dark-

red.

Our extraction experiments also showed that the amount of plat-
inum extracted from red solutions containing fixed Sn(II):Pt(II)
ratios depends on the percentage MIBK in the organic phase.
Thus for a fixed Sn(II}:Pt(II) ratio the intensity of the red
colour in the agueous phase changes from its original deep-red
to light yellow-orange to almost colourless on extraction. This
was in parallel with the observed colour intensities of the or-
ganic phases which varied from colourless (0% MIBK) to orange
(50% MIBK) to dark orange-red (100% MIBK).

Figure 3.3 shows how the percentage platinum extracted varies
with the Sn(II):Pt(II) ratio in the aqueous phase at fixed per-
centages of MIBK.

A definite increase in the percentage platinum extracted is evi-
dent between Sn:Pt ratios of 4 and 5, but no significant increase
in extraction is observed between Sn:Pt ratios of 5 and 10.
This suggests that at a Sn:Pt ratio of 5:1 platinum is co-ordina-
tively saturated as far as the SnClg ligands are concerned and
any further increase in tin (II) concentration has no significant

effect on the extraction.
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It is evident that percentage platinum extracted shows a general
increase with increased Sn(lIl):Pt(Il) ratio, a trend which is
paralleled by observing the increased colour intensities of the
organic phases. At high Sn(II):Pt(Il) ratios the colours were
generally more intense increasing from light-yellow through
orange to a dark red-orange. It is evident that provided suffi-
cient tin(II) is present (Sn(II):Pt(I1) = 5) platinum is quanti-

tatively extracted by > 70% MIBK.
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Figure 3.3 The effect of Sn(II):Pt(II) ratio on the ex-
traction of platinum from 1.4M HCL solu-
tions by (a) 40 (b) 50 (c) 60 (d) 70 (e) 8®
and (f) 100% MIBK

The Effect of Hydrochloric Acid Concentratiorn

Results shown in Figure 3.1 indicated that veariations in acid
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concentration affected the extraction process. Thus experiments
were performed to determine the effect of HCL concentration on
percentage platinum and tin extraction into 40% MIBK in hexane
at various Sn(II):Pt(II) ratios. HCL concentrations chosen were
from 1.5 to 4M and precautions were taken to exclude air at all
times. The required HCL concentrations were made up by add-
ing appropriate amounts of concentrated HCL to successive ex-

traction tubes.

Figure 3.4 shows that variations in acid concentrations affects
the extraction quite significantly. Percentage extraction of
platinum generally increases with increased acid concentration
with maximum extraction occuring at 4M HCL for all Sn(II):Pt(II)
ratics. The colours of the organic phases were observed to
parailel this trend, being more intense than at lower acid con-
centrations. At high Sn(II):Pt(II) ratios, the observed increase
in percentage platinum extracted with increased HCL concentra-

tions is more pronounced than that at lower Sn(II):Pt(II) ratios.

The concentrations of the hydrogen and chloride ions increase
with an increase in HCL concentration. The observed effect of
HCL concentration made us curieus as to whether the HY and Cl~
ions would have competing or opposing effects on the extraction
of platinum. Studies to determine the effects of these two ions

on the extraction process were therefore undertaken.

The Effect of Hydrogen lon Concentration

Experiments to determine the effect of hydrogen ion concentra-
tion on the extraction were performed by adding portions of
freshly prepared HCL-HCl04 solutions to successive extraction
tubes to give the desired range of hydrogen ion concentrations.
Sodium salts of platinum were used for these extractions since
the use of their appropriate potassium counterparts would have
resulted in the precipitation cf potassium perchlorates. The
exact [H*] under which the extractions were carried out was de-

termined by standardising against sodium tetraborate.
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Figure 3.5 shows the variation of percentage platinum and tin ex-
tracted with H¥ concentration at various ratios. It is clearly
evident that percentage extraction of platinum is dependant to a
large extent on the hydrogen ion concentration, increasing with
increased H' concentration. Similar trends were obtained when
investigating the effect of HCL concentration on the extraction of
platinum suggesting that the hydrogen ion has an overwhelming

influence on the extraction process.

The Effect of Chloride Ion Concentration

Experiments performed to determine the effect of chloride ion
concentration involved the addition of increasing amounts of am-
monium chloride (NHy4Cl) to the extraction tubes containing the
aqueous phases at fixed Sn(II):Pt(II) ratios. The extraction
tubes were tightly stoppered and the NH4Cl dissolved by gentle
shaking prior to extraction. The colours of the agqueous phases
were observed to vary from dark-red (ca 1.4M C17) to light
orange-yellow (ca 4M Cl17) with an increase in chloride ion con-
centration, especially at low Sn:Pt ratios. It is probable that
this is presumably due to the predominant existence of the
SnCl42~ species at high chloride concentrations which is not
known to form complexes with PtCl42‘/Pt0162‘, hence resulting
in the observed decrease in the intensity of the red colour of
the aqueous phases. We therefore predicted that increased [Cl7]
would inhibit the formation of the extractable Pt-Sn complexes

resulting in an overall decrease in the extraction of platinum.

Figure 3.6 shows the variation of percentage extraction of plati-
num and tin with chloride ion concentration. It is evident that
increased chloride ion concentration (up to 4M Cl17) results in a
gradual increase in the extraction of platinum. Complete extrac-
tion of platinum did not occur at all the Sn:Pt ratios and chlo-
ride ion concentrations investigated. The percentage extraction
of platinum was substantially less when compared with the
amount of platinum extracted over the corresponding range of H*

and HCL concentrations.
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Figure 3.7 shows the combined effect of HCL, H* and Cl~ con-
centrations on the extraction of platinum at the various Sn:Pt
ratios investigated. When comparing the amount of platinum ex-
tracted from solutions of variable [HCL] (<2.4M) with correspon-
ding solutions of variable [H*] (at fixed [C1™] = 1.4M) no signi-
ficant difference is observed. However, if the [HCL] and [H*]
exceeds 2.4M an additional effect arises. At low Sn:Pt ratios
more platinum is extracted from solutions containing high [H*]
(fixed [CI7]) than from corresponding HCL concentrations. This
is presumably due to the fact that at HCL concentrations greater
than 2.4M appreciable amounts of the non-platinum complexing
tin species viz. SnCl42~ is present (due to the high chloride ion
concentration) resulting in the observed decrease in the extrac-
tion of platinum. This effect disappears at higher Sn:Pt ratics

since more of the extractable platinum-tin species is present.

Increased chloride ion concentrations (at fixed [H*] = 1.4M) re-
sulted in considerably less platinum being extracted at all the
Sn:Pt ratios examined, again this effect is more pronounced at

low Sn:Pt ratios.
The Effect of Oxidation State of Platinum

Spectrophotometric studies have shown that the reaction between
Pt{I1) and Pt(IV) with tin(ll) chloride in hydrechloric acid scl-
ution results in the formation of identical colours [94]. Ayres
and Meyer [84] have shown that speciral curves obtained for
both the platinum(IV) and platinum(II)-tin(II) systems were
identical except that maxima for the platinum(IV)-tin(Il) system
occurred at mole fractions corresponding to one mole less of tin
per mole of platinum. It was thus evident that platinum(IV) is
reduced to platinum(Il) which then reacts with the tin(iI) chlo-
ride to form the coloured product. In this reaction one mole of
tin(II) is wutilized (per mole of Pt(IV)) and oxidised to tin(IV)
simultaneously with the reduction of Pt(IV) to Pt(Il).
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In order to gain more knowledge about the effect of the oxida-
tion state of platinum on its extraction in our system, experi-
ments were performed in which aqueous phases containing Pt(IV)
and Sn(li) at various ratios were equilibrated and extracted into
MIBK-hexane mixtures. Figure 3.8 illustrates the results of

these experiments at 2.4M HCL.

It is evident that percentage extraction of platinum at a
Sn(Il):Pt(IV) ratio of 5:1 is less than that for the corresponding
Sn(ID):Pt(II) ratio. Instead results obtained agree very well
with those obtained for the 4:1 Sn(il):Pt(il) ratio clearly sug-
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Figure 3.8 The effect of the oxidation state of platinum
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gesting that reduction of Pt(IV) to Pt(II) had occurred in the
presence of tin(II) chloride. It is virtually impossible to detect
this effect at higher Sn(II):Pt(IV) ratios since the presence of
excess tin(II} chloride results in complete extiraction of platinum,
irrespective of whether reduction of Pt(IV) has taken place or

not.
The Effect of Equilibration Time
In Section 2.3.1 of Chapter 2 we said that sufficient time must

be allowed for the formation of the Pt-Sn complex in agueous

acid solutions. Subsequent experiments by Yates [50] demonstra-
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Figure 3.8 The effect of the Sn:Pt ratio on the extrac—
tion of platinum with (a) 0 minutes and (b)
20 minutes pre—equilibration of the aqueous
phase.
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ted that for aqueous solutions of Sn(Il):Pt(II) ratio 2 at 1.5M
HCL, 20 minutes was necessary for equilibrium to e reached as

measured by the constancy of the absorbance spectra.

It was thus shown that at low Sn:Pt ratios the formation of the
Pt{-Sn complex was presumably a relatively slow process which if
not taken into consideration could result in incomplete extraction
of platinum. At high Sn:Pt ratios the rate of formation of the
Pt-Sn complex may be expected to be more rapid due to the pre-

sence of excess SnClg.

Extraction experiments were performed in 1.4M HCL at various
Sn:Pt ratios with and without pre-equilibration of the aqueous
phase. Results shown in Figure 3.9 clearly illustrate that per-
centage extraction of platinum is lower at the low Sn:Pt rat-
ios (ca 2 and 5) with no equilibration of the agueous phase, an
observaticn which may be attributed to the relatively slow pro-
cess of formation of the Pt-Sn complex. However, high Sn:Pt
rgtios  (ca 10) result in complete extraction of platinum irre-
spective ¢f whether the aqueocus phase had been pre-equilibrated
or not, presumably due to the rapid formation of the Pt-Sn com-

plex.
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CHAPTER 4

SOLVENT EXTRACTION OF PALLADIUM

Preliminary qualitative experiments (Chapter 2 Section 2.3.2)
have shown that the rate of reaction between stannous chloride
and PdCl42~, and extraction of the complexes so formed into
MIBK, is somewhat more rapid than for the platinum analogue.
For this reason shorter extraction and equilibration times of 5
and 15 minutes respectively were employed in all experiments

performed.

Strict precautions were taken to perform all the extractions un-
der nitrogen and to exclude air at all times and variations of the
experimental procedures used in the solvent extiraction of plati-
num were kept to an absolute minimum so as to afford a compar-

ison of the extraction behaviour of these two metals.

The Effect of Sn(1I):Pd(II) ratio

Treatment of palladium(II) with tin(Il) chloride showed the exis-
tence of at least 3 complex species viz., yellow, red and green
depending on the experimental conditions [35]. The most stable
complex of Pd(II) with tin(II) chloride in aqueocus sclutions is
the green form which is produced slowly at low concentrations of
SnClg; increase in SnCly concentration led to more rapid complex

formation.

Hydrochloric acid solutions containing ratics of Sn(II):Pd(II)
ranging from 2 to 12 were equilibrated for 15 minutes followed

by extraction into 100% MIBK.

Three sets of extractions were performed as described at 1.4,
2.4 and 3.4M HCL foliowed by analysis of the separate phases by
AAS. Percentage palladium extracted was calculated by compar-

ison with blanks for each different ratio. Prior to extraction the

colours of the aqueous phases were observed to vary from light
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orange-green (at ratios of ca 2) to a very dark olive-green at
high Sn:Pd ratios. Both the agueous and organic phases showed
considerable changes in colour after extraction. Agqueous phases
were observed to vary from a very light-yellow to dark-green to
dark-brown depending on the acid concentration whereas the or-

ganic layers varied from yellowish-orange to red at high ratiocs.

The extraction profiles for percentsge palladium extracted under

these conditions is shown in Figure 4.1.

Pt

(==
F

Pt

D
=
T

% Pt/Pd EXTRACTION
5

5

i £ ! §

& f

6
Sn:Pt/Pd RATIO

Figure 4.1 The effect of the Sn(II}:M(II) ratio (M = Pd, Pt) on
the extraction of Pd(II) and Pt(Il) by pure MIBK
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It is clearly evident that the extraction of palladium is dependant
on the Sn(II):Pd(II) ratio. However it was found that the pre-
sence of increasing amounts of stannous chloride decreases the
percentage palladium extracted into the organic phase. A signi-
ficant difference between the extraction behaviour of palladium
and platinum is thus immediately evident. At larger
Sn(II):Pd(II) ratios the amount of palladium extracted is consi-
derably reduced (especially at lower acidities) with most palla-
dium being extracted at the low Sn(II):Pd(II) ratios. In con-
trast extraction of platinum under similar conditions results in

complete extraction at high Sn(II):Pt(II) ratios (see Figure 4.1).

This unexpected type of behaviour naturally led to questions
about the reasons for these observations. It has been reported
that at a 1:2 Pd(II):Sn(II) ratio an unstable palladium hydrosol

is thought to be formed [36] as a result of the reaction
Pd2 + Sn2+ » P4o + Sn?t

Hence in the presence of sSn2*, Pd2* is probably reduced to the

metal, Pdo.

It seems that the rate of this reaction increases with increased
Sn(Il) concentration, so that at a Sn(il):Pd(Il) ratio of 10:1
more Pd(II) is reduced (during the equilibration and extraction
times) resulting in less palladium being extracted (presumably
the reduced form of palladium is not extractable). Experiments
were performed at various Sn:Pd ratios in 2.4M HCL in which
extraction was carried out immediately after preparation of the
aqueous phase i.e, no equilibration period was allowed for the
aqueous phase. This would allow little or no time for the forma-
tion of the non-extractable form of palladium and hence we ex-

pect more palladium to be extracted.

Figure 4.2 shows that an increase in extraction does occur.
Similar trends were observed when the experiment was repeated
in 3.4M HCL. This phenomenon was however not evident in the

case of platinum so that this difference between platinum and
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may serve as a good basis for the separation of these two noble

metals.
100~ b -@
a
801
z
~
E 60
o
©
B
K
< 40}~
[
o
201
! 1 5 ! J
0 2 4 6 8 10
Sn:Pd RATIO

Figure 4.2 The extraction of palladium (a) with and
(b) without pre-equilibration of the aqgueous
phase from 2.4M HCL solutions by pure
MIBK as a function of initial Sn:Pd ratio

Experiments were also performed at fixed acid concentrations to
determine the effect of the organic phease composition on the
extraction of palladium at various Sn(lI):Pd(II) ratios. Results
so obtained are shown in Figure 4.3. As in the case of
platinum, the amount of palladium extracted from solutions
containing fixed Sn(II):Pd(Il) ratios was also found to be
dependant on the percentage of MIBK in the organic phase.
Thus for a fixed Sn(II):Pd(Il) ratio the colour intensities of the

organic phase was generally observed to vary from colourless (0%
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MIBK) to yellow-orange (50% MIBK) to orange-red (100% MIBK)
where maximum extraction occurred for all the ratios investigat-
ed. Extraction of palladium generally increases with increased

percentages of MIBK.

The dependence of the distribution coefficient of palladium on
the MIBK concentration in the organic phase was also determin-
ed. The results obtained are illustrated in Figure 4.4 and com-
parison with Figure 3.2 clearly indicates considerable differences

in the extraction yields of platinum and palladium.
The Effect of Hydrochloric Acid Concentration

Ayres and Meyer [16] found previously that the amount of pal-
ladium extracted increased with a decrease in hydrochloric acid
concentration. However in Figure 4.1 it was clearly shown that
extraction of palladium /ncreases with increased acid concentra-
tions up to 3.4M HCL. It was thus decided to investigate the ef-
fect of HCL concentration on the extraction of palladium into

various MIBK-hexane mixtures.

The extraction of palladium from HCL solutions of varying con-
centration containing PdCl42‘ and SnCly in a predetermined molar
ratio results in the extraction profiles shown in Figure 4.5.
Although we performed our extractions at 3 different acid con-
centrations only, the results obtained clearly indicate the effect
of hydrochloric acid on the extraction of palladium. An increase
in the percentage palladium extracted is observed with an in-
crease in HCL concentration for all the Sn(II):Pd(Il) ratios in-
vestigated. However, this effect appears to be less pronounced
at high Sn:Pd ratios (ca 10). The extraction of palladium in-
creases sharply at > 50% MIBK reaching a maximum at 3.4M HCL
for all the ratios investigated. At fixed HCL concentration, ex-
traction is again observed to increase with increased percentages
of MIBK.

The Effegt of Hydrogen Ion Concentration

Experiments to determine the effect of hydrogen ion concentra-
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tion on the extraction of palladium were performed under an
inert atmosphere of nitrogen utilising similar experimental pro-
cedures as for platinum. (Section 3.3 Chapter 3). Results so
obtained are shown in Figure 4.6 which shows the wvariation of
percentage paliadium extracted with hydrogen ion concentration
at various Sn(II):Pd(II) ratios.

Some interesting trends may be noted from these results. The
percentage extraction of palladium generally increases with an
increase in hydrogen ion concentiration. The colours of the or-
ganic phases paralleled this trend, varying from colourless/
light-yellow at low H' concentrations to dark orange-red at the
highest HY concentration, at which point maximum extraction oc-
curred. Complete extraction of palladium did not occur at any
of the Sn(II):Pd(ll) ratios investigated. As noted previously
(Section 4.1), the extraction of palladium was found to be higher

at lower ratios of Sn:Pd.

Similarity in the mechanism of extraction of platinum and palla-
dium is thus suggested, since increased hydrogen ion concentra-
tions resuited in increased extraction of both metais. However,
the lower percentage extraction of palladium observed at high
Sn(I1):Pd(II) ratios could be exploited to our advantage in order

to effect a separation of platinum and palladium.

The Effect of Chloride lon Concentration

Similar extraction experiments to determine the effect of chloride
ion concentration on the extraction of platinum (Section 3.4)
were performed with palladium. Chloride ion concentrations
chosen were from 1.4 to 4M for all the ratios investigated, with
extreme care being taken to exclude air at all times during the

actual extraction.

In the case of platinum, increased chloride ion concentrations
resulted in an overall decrease in the percentage platinum ex-
tracted. A similar trend might be expected for palladium and

Figure 4.6 (see Section 4.3) clearly illustrates that increased
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chloride extraction results in a gradual increase in the extraction
of palladium. However percentage extraction of palladium was
considerably less when compared with that extracted over the
corresponding range of H* and HCL concentrations. The colour
of the aqueous phases before extraction was observed to vary
from dark-green to orange-green as the chloride ion concentra-
tion increased, while the colour of the organic phases ranged

from colourless to yellow on extraction.
The Effect of Equilibration Time

It has been shown that reduction of Pd2* to Pd® by Sn2* occurs
and that the rate of this reduction increases with increased
Sn(II) concentration resulting in less palladium being extracted
at high Sn(II):Pd(II) ratios (Section 4.1). However, when no
equilibration period was aliowed for the aquecus phase, a marked
increase in percentage palladium extracted is observed; in fact
complete extraction (100%) of palladium occurs at high
Sn(1l):Pd(II) ratios.

It is thus clear that the amount of palladium extracted varies not
only with Sn(II):Pd(II) ratio but with the equilibration time of
the aqueous phase as well. It seemed logical to assume that
more reduction would occur if palladium was left longer in con-
tact with the tin resulting in less extraction into the organic
phase. Experiments were thus performed at a 10:1 Sn(II):Pd4d(II)
ratio in 2.4M HCL in which the pre-equilibration of the palla-
dium-tin phase was varied from 0 - 60 minutes before extrsction
into 100% MIBK. As in ell previous experiments, percentage

metal extracted was determined.

Figure 4.7 shows the variation of percentage palladium and tin
extracted as a function of equilibration time. As predicted,
percentage palladium extracted decreases with increased equili-
bration of the aqueous phase. The reduction process however
appears to be relatively slow since the extraction of palladium
was observed to decrease from 100% with no pre-equilibration to

~ 20% after 60 minutes pre-equilibration of the aqueous phase.
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The colours of the organic phases were observed to conform to
the decrease in extraction of palladium with time, varying from
red (no pre-equilibration) to orange to pale-vellow (60 minutes

pre-equilibration).
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Figure 4.7 The variation of percentage extraction of (a) pslladium and (b) tin

with equilibration time from 2.4M HCL solutions into pure MIBK at
Sn(I7) :PA{II) ratic of 10

It may be concluded that if palladium and tin were left in contact
with each other for longer periods (i.e. > 60 minutes), even less
extraction should occur due to further reduction of palladium.
The above observations presented us with an additional prospect
of separating platinum and palladium. Apart from simply varying
the amount of SnCly present, separation of platinum and palla-
dium could also be effected by varying the pre-equilibration time

of the aqueous phase.



100

—

o (= 2] x

(=) [ (=)
i {
[}

% Pd EXTRACTION

N
(=)
l

[HCL}/M

100

o
o]
T
e

oz
D
|

% Pd EXTRACTION
=
T

n
(=)
I

i !

0 1 2 3 4
[HCL}/M

.
e

Figure 4.8 The effect of hydrochloric acid concentration on the ex-
traction of palladium by pure MIBK at Sn(iI):Pd(lI)
ratios of (i) 5 and (ii) 10 after (a) 2@ hours and (b) 20
minutes pre-equilibration of the agqueous phase

74



75

In order to investigate the feasibility of this prospect, experi-
ments were carried out at various acid concentrations in which
the aqueous phases were pre-equilibrated for * 20 hours under
an inert atmosphere of nitrogen. A number of interesting obser-
vations regarding the aqueous phases were made prior to extrac-
tion on the following day. The colours of the aqueous phases
were opaque and dark olive-green at ratios = 5 for all the acid
concentrations investigated. However at a Sn(II):Pd(II) ratio of
2, the aqueous phases varied from dark-brown to yellow-green
with increased acid concentrations, and larger amounts of a
black precipitate was observed in extraction tubes containing
HCL concentrations greater than 1.4M. Nevertheless, we proce-
eded to extract the palladium from the pre-equilibrated agueous
phases into organic phases containing only pure MIBK. Figure
4.8 shows the variation of percentage palladium extracted (after
20 minutes and 20 hours pre-equilibration respectively) as a
function of acid concentration. It can be seen that less palla-
dium is extracted with longer pre-equilibration of the aqueous

phase, especially at lower acid concentrations.

A small interphase precipitate was observed between the MIBK
and the aqueous phases after extraction. The formation of this
precipitate was however virtually absent at Sn:Pd ratios of 10,

where very little or no precipitate was present.

Samples of the precipitate formed at Sn:Pd ratios of 2 and 5
were filtered off, washed thoroughly with distilled water and
found to be soluble in nitric acid. Qualitative analysis by AAS

revealed that the precipitate consisted mainly of palladium.
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CHAPTER 5

SOLVENT EXTRACTION SEPARATION OF PLATINUM AND

PALLADIUM

The prospect of separating platinum and palladium by varying
the pre-equilibration time could not be realised until suitable
ways and means could be found for a complete elimination of the
draw- backs mentioned on p 74 of Chapter 4). Since further
investigations to this effect were not carried out, we proceeded
to investigate the possibility of separating platinum and palladium

by simply varying the amount of SnClg present.

A complete survey of all our experimental data concerning the ex-
traction of platinum and palladium thusfar, revealed that the
separation of these two noble metals (by varying the amount of

SnCle present) could best be achieved under the following con-

ditions:
SEPARATION CONDITIONS

1 2 3 4 5 6 7
HCL Conc. (M) 1.5 (1.5 {1.5 | 2.5 | 2.5 { 3.5 ] 3.5
Pt/Pd : Sn ratio 1:5 {1:10{1:10] 1:5 {1:10 | 1:5 }1:10
% MIBK 60 60 | 60 | 50 50 40 40
Equilibration Time (min.) | 20 20 { 60 | 20 20 20 20
Extraction Time (min.) 10 10§ 10 | 10 10 10 10
% Pt extraction expected 88 [¥100{%100| %95 | $97 | 194 | 199
% Pd extraction expected 17 6 | ? 18 16 14 13
Table 5:1 Optimum experimental conditions predicted for the

separation of platinum and palladium

The equilibration time in (3) was considered to be too time-con-
suming and hence a separation under these conditions was not
attempted. Extraction and equilibration times chosen for the re-

maining conditions of separation were analagous to those used in
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the solvent extraction of platinum. However figures quoted for
"percentage palladium extraction expected” under separation con-
ditions 1,2 and 4-7 were obtained using 15 minutes pre-equilibra-
tion and 5 minutes extraction and can therefore be expected to
be lower during the actual separation due to the longer pre-

equilibration time that is employed (viz 20 minutes).

In order to test the predictions, separation of platinum and pal-
ladium was performed over the entire range of MIBK (from 0 to
100%). It is also evident that the separation is possible at

different acid concentrations.

The Effect of Hydrochloric Acid Concentration

Three sets of separations were performed at 1.4, 2.4 and 3.4M
HCL with appropriate tin(II) and platinum(Il)/palladium(II) con-
centrations chosen for the various ratios. Figure 5.1 shows the

results of these experiments at the different acid concentrations.

Evidently, optimum separation of platinum and palladium is ach-
ieved under previously predicted conditions. Complete separa-
tion occurred at 60% MIBK in 1.4M HCL for a Sn:Pt/Pd ratio of
10 (see Figure 5.1) and sharp, clean phase separations were ob-
served in all cases. The extraction behaviour of platinum in the
presence of palladium was found to be analagous to its behaviour
in the absence of palladium, but percentage palladium extraction
under similar conditions was however found to be lower than
usual. This is presumably due to

(1) increased reduction of palladium during the longer pre-

equilibration stage of the extraction, as well as

(2) the competing effect between the anionic Pt-Sn and Pd-Sn

complexes for cationic 'oxonium sites' in the organic phase.

Incomplete separation of Pt and Pd generally occurs at > 60%
MIBK due to increased extraction of palladium especially at the

higher acidities. This effect is even more pronounced at lower
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Sn:Pd ratios. Maximum extraction but worst separation of Pt
and Pd occurred at 100% MIBK for all the ratios and acid con-
centrations investigated. The formation of interphase precipi-
tates between MIBK and the agqueous phase was not apparent in

any of the separations performed.

Figure 5.2 shows the dependence of the distribution coefficients
of platinum and palladium on the MIBK concentration in the or-
ganic phase at various acid concentrations. The possibility of
extractive-separation of these two noble metals can be evaluated
on the basis of their distribution coefficients obtained under
similar conditions. High distribution coefficients were obtained

for platinum in the 40-60% MIBK concentration range.

The Effect of Macroamounts of Palladium

Separation of minute amounts of a platinum element from macro-
amounts of another element of this group can present serious
difficulties. Because of the similar chemical properties of the
platinum metals only a few micro-macro separation methods have
been developed [37, 38, 95], with studies being mainly concen-
trated on the extractive separation of similar amounts of this
group of elements. In his studies Mojski et a/ [96] found that
the extraction of platinum with triphenylphosphine oxide (TPPO)
from solutions containing platinum and palladium unfavourably de-

creases with increasing palladium concentration.

Separation experiments were performed at various Pd:Pt ratios of
up to 10:1 in 1.4M HCL into MIBK-hexane mixtures ranging from
50 to 100%. Appropriate amounts of tin were added to give the
desired Pt:Sn and Pd:Sn ratios. All the necessary precaution-
ary measures were taken as for the other extraction experiments
and percentage platinum and palladium extracted was determined

by AAS and comparison with a blank.
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Figure 5.3 shows the results obtained under the above-mentioned
conditions. It is evident that Pd:Pt ratios of up to 10 seem to
have no effect on the separation process. Virtusally complete se-
paration of platinum and palladium is cobserved at 60% MIBK for
all the Pd:Pt ratios investigated. At higher percentages of
MIBK some palladium ( < 10%) was co-extracted with the plati-

num.
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Figure 5.3 The effect of macroamounts of pslladium on the per-
centage extraction of (a) palladium and (b) platinum
from 1.4M HCL solutions by MIBK-hexane mixtures at
Sn(ID) :PA{ID/Pt(II) ratio of 10

Hence, at a platinum concentration of 228 pg/ml, amounts of pal-
ladium up to 1241 pg/ml can be tolerated without significantly
affecting the separation. Higher Pd:Pt ratios were not examin-
ed.

Figure 5.4 shows that excess tin (25 fold) results in an even

better separation of platinum and palladium. Cemplete separation
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is observed in the 70-100% MIBK range in 1.4M HCL at a
Pt/Pd:Sn ratio of 25. Further increase in tin(II) chloride con-
centration could therefore be expected to result in a cleaner

separation over a wider range of MIBK-hexane mixtures.
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Figure 5.4 The effect of excess tin on the percentage extraction

of (a) palladium and (b) platinum from 1.4M HCL sol-
utions by MIBK-hexane mixtures at Sn(II):Pd(II)/
Pt(II) ratio of 25

Preliminary Interference Study

The platinum group metals occur in minute quantities in deposits
of copper-nickel sulphide ore. The ore concentrate produced by
mineralurgical and fire-metallurgical methods consists of about
50% platinum group metals, the remainder of gold, copper, nickel
and other base metals viz., iron, cobalt etc. Since these base

metals are most likely to be present in solutions obtained from
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real samples, it is important to determine which of these elements
interfere with the separation and how the interference may be

overcome.

Four base metals most commonly associated with platinum (viz.,
Co, Cu, Fe and Ni) were tested to ascertain their effect on the
separation process. Studies of the distribution of metal ions
between HCL and pure MIBK by Boswell and Brooks [97] reveal-
ed that only copper (in the absence of Pt, Pd and Sn) could be
expected to coextract to some extent (¥5%) at HCL concentrations
greater than 4M; negligible extraction of the other base metals

was expected.

The small volume of analysis solution (10ml) did not permit us to
investigate the effect of all the base metals on the separation at
once, but two at a time. The desired amounts of base metal as
nitrate were added to the aqueous phases such that the
noble:base metal ratio was 1. Since Sn(Il) is expected tc oxi-

dise to Sn(IV) in the presence of Fe(IIl)
2Fe3* + Sn2t > 2Fe?t + gsn?t

it was necessary to adjust the amount of tin(II) chloride added

so that the desired Pd:Sn and Pt:Sn ratios could be realised.

Figure 5.5 shows the variation of percentage extraction of plati-
num and palladium in the presence and absence of the base
metals investigated in 1.4M HCL at Pt/Pd:Sn ratios of 1:10. It
is apparent that equimolar amounts of all the base metals examin-
ed do not appear to affect the extractive separation of pilatinum
and palladium. Percentage extraction of the base metal elements
as a function of §MIBK is illustrated in Figure 5.6. Only small
quantities of copper were observed to coextract with the noble
metals into the organic phase; the other base metals did not ex-
tract. For the purposes of this study we did not investigate
methods of circumventing the interference by copper. This

interference may possibly be eliminated by devising a suitable
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backwashing procedure or by selectively complexing the copper
with organic reagents provided that the noble metals are not af-
fected.
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Figure 5.6 The extraction of (a8) Co, Fe and Ni and
(b) Cu from 1.4M HCL solutions by MIBK-

hexane mixtures gt Sn{Il):PAd{I}/Pt{I)
ratios of 10.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

Results obtained from our studies on the extraction of platinum
and palladium from stannous chloride solutions into MIBK-hexane
mixtures have provided useful information regarding the mechan-
ism of extraction involved in such processes, as well as the pos-
sibility of separating these two noble metals. The extraction was
found to be quite complicated and affected by a number of fac-
tors. However, on the basis of our final results we were able to
propose a reasonable mechanism for the extraction process and
develop a feasible scheme for the separation of platinum and pai-

ladium.

The presence of varying amounts of stannous chloride dramatic-
ally affected the percentage platinum extracted. Increased
amounts of stannous chloride increases the extraction of platinum
from HCL solutions into MIBK-hexane mixtures. It is thought
that the mechanism for the process of extraction of platinum from
stannous chloride solutions involves the association of possible
anionic platinum-tin complexes with a protonated, cationic MIBK
species resulting in the formation of a neutral extractable species
(i.e. an ion-association complex) which is soluble in MIBK-hex-

ane mixtures.

The wvariation of percentage platinum extraction with HCL con-
centration confirmed that the primary mechanism of extraction ap-
pears to be an ion-pair formation between anionic platinum-tin
chloride complexes of the form [PtClg-,(SnCl3)p]2~ (n =1 to 4)
and [Pt(SnClg)5]13~ and solvated protons (oxonium ions) in the

form [MIBK-H]* according to the equation:

OH
2- i -
[Pt(SnCl3)y Clg-nlaq + 2[R C R'lgeg CI° >

OH
1} +
[PtCly-p(SnCl3)nl2~ [R C R'lggpy + 2C1°
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In general therefore as the concentration of HCL in the aqueous
phase increases, so does the concentration of the oxonium ions
in the organic phase and hence the amount of platinum extracted
correspondingly increases. Additional experiments carried out to
determine the effect of the organic phase composition on the ex-
traction provided further evidence in support of our proposed
mechanism (see Figure 3.4). The gradual increase observed in
the extraction of the platinum as percentage MIBK increases may
be attributed to the presence of ever increasing concentrations

of oxonium ions resulting in increased extraction.

Increased concentrations of hydrogen ion in the aqueous phase
(at fixed Cl~ concentration) also increases the concentration of
oxonium ions in the orgsnic phase thereby resulting in the ob-

served increase in the extraction of platinum.

A possible explanation for the observed effect of increased chlo-
ride concentration (at fixed H* concentration) on the extraction
may be proposed. It is known that a number of species are
formed when stannous chloride is prepared in HCL medium.
Figure 6.1 shows the distribution of tin(II) chloride complexes as
a function of chloride concentration. Two of these species which

are likely to be formed in equilibrium with each other are:
SnCl42~ 2 SnClg~™ + CI-

At high chloride concentration the above equilibrium would be
shifted to the left favouring the formation of the SnCl42' species
which is not known to form complexes with PtCl42~/ PtClg2~.
The concentration of extractable platinum-tin complexes formed at
high chloride concentration therefore decreases resulting in less

platinum being extracted.

An increase in chloride concentration is also expected to shift

the equilibria in the following equations to the left:
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Figure 6.1 The distribution of tin(Il) chloride complexes as a functien
of chloride concentration
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(a) [PtCly-pn(SnClz)n12™ + 2 [MIBK-HI* Cl7gpg 2
[[MIBK-H*13 [PtClg-n(SnCl3)nl2 lopg + 2Claq

(b) PtCl42‘ + nSnClg~ 2 PtCly-p (SnCl3)21; + nCl™ (n=1 to 4)
Less extractable Pt:Sn complexes would therefore be formed im-
plying that less platinum would be extracted. This has been de-
monstrated experimentally lending support to the mechanism

postulated.

Studies on the effect of the oxidation state of platinum revealed
that platinum exists in the bivalent oxidation state in the ex-
tracted anionic platinum-tin complex as suggested by an over-
whelming body of evidence. It is evident therefore that extrac-
tion of the platinum-tin complex into the organic phase would on-

v proceed if the platinum is in the 2% oxidation state.

The study of the effect of increasing tin(Il) chloride concentra-
tion on the extraction of platinum enabled us to rationalise the
observed stoichiometry of the extracted platinum-tin chloride
complexes. Analysis of the agueous phases after extraction for
platinum and tin enabled us to determine by difference the corre-
sponding molar amounts of platinum and tin present in the or-
ganic phase. The observed molar ratio of Sn:Pt in the organic

phase (Rgpg) could thus be determined.

The amount of tin extracted into the organic phase consists of
tin associated with the platinum as well as tin which is indepen-
dently extracted. Based on this assumption, the molar ratio of
Sn:Pt in the organic phase can also be calculated theoretically
(Rpgie)+ Suppose we assume that platinum prefers to be extrac-
ted in the form of the [Pt(SnCl3)5]3‘ ion from Sn(II):Pt(II)
aqueous phase ratios of > 5. In this case the total amount of tin

extracted into the organic phase was calculated as follows:

(i) 5 moles of tin co-extracted with each mole of platinum (bas-

ed on our assumption) plus
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(ii) some non-platinum associated tin that is independently

co-extracted (from experimental data given in Section 2.2
Chapter 2).

The theoretically calculated ratio of Sn:Pt in the organic phase

(Rgogle) could therefore be determined.

Values calculated for Rgpg and Regle in the organic phase were
then compared for extraction systems containing Sn(II):Pt(II)
aqueous phase ratio = 5 at wvarious acid concentrations (see
tables below). The relatively good agreement between Rg,g and
Rogle supports the hypothesis that platinum prefers to be
extracted in the form of the [Pt(SnCl3)5]3~ ion.

Pt:Sn 1:19 in agueous phass

(a) 1.4M HCL (p) 2.4M HCL (c) 3.4M HCL
7 7 7
MIBK | Rohs | Reaic MIBK | Rops | Reale MiB Robs R_calc
40 5.88 5.05 30 1.85 - 390 7.62 5.49
50 5.37 5.02 50 4.95 - 50 5.23 5.03
60 5.47 5.04 60 5.13 5.02 60 5.27 5.05
70 5.80 5.11 70 5.75 5.13 70 6.24 5.45
80 6.46 5.34 80 6.77 5.60 80 7.10 6.11
100 8.01 6.65 100 8.95 7.85 100 9.65 9.08

Pt:Sn 1:5 in aqueous phase

(a) 1.4M HCL (b) 2.4M HCL

% %
MIBK | Ryps Rca!c* MIBK Robs Realc
40 4.69 4.03 30 5.79 5.01
50 4.84 4.05 50 4.89 -
60 4.67 4.05 60 5.05 5.01
70 4.47 4.06 70 5.08 5.01
80 4.55 4.13 80 5.08 5.03
100 4.59 4.32 100 5.47 5.34

*Assumed that 1:4 Pt:Sn complex extracted.
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At lower Sn(II):Pt(II) aqueous phase ratios (ca < 5) platinum
appears to be extractable in complexes in which not all the CI1~
ligands have been replaced by SnClg ligands. The calculated
and observed Sn(Il):Pt(II) ratios in the organic phase appear to
conform to the Sn(Il):Pt(II) ratio in the aqueous phase before

extraction (see tables below).

Pt:Sn 1:4 in aqueous phase

(a) 1.4M HCL (b) 2.4M HCL (c¢) 3.4M HCL
MIBK | Rops Realc™ MIBK Robs Realc MIBK Robs Realc®
40 2.73 - 30 4.00 - 30 9.57 | 3.48
50 4.07 | 3.07 50 4.37 ¢ 4.01 50 3.90 | 3.11
60 3.73 | 3.06 60 4.07 { 4.01 60 3.65 | 3.12
70 3.51 | 3.07 70 4.01 | 4.00 70 3.52 | 3.19
80 3.54 | 3.13 80 3.94 - 80 3.69 | 3.37
100 3.67 | 3.37 100 4.11 | 4.08 100 4.02 | 3.90

*Assumed that 1:3 Pt:Sn complex extracted
Pt:Sn 1:2 in aqueous phase
(a) 2.4M HCL (b) 3.4M HCL
o
(] /o
MIBK | Rops Realc MIBK Robs | Realc
30 - - 30 3.00 | 2.19
50 2.74 | 2.03 50 2.45 | 2.05
60 2.32 | 2.05 60 2.08 | 2,02
70 2.19 | 2.03 70 1.94 -
80 2.27 | 2.09 80 2.03 | 2.02
100 2.52 | 2.37 100 2.36 | 2.32

It is likely that a variety of platinum-tin complexes exist in
solution, but in aqueous phases containing Sn(II):Pt(Il) ratio 5,
the pentakis(trichlorostannato)platinum(Il) anion probably pre-

dominates. It is interesting to note that Young and his co-work-
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ers [13] found that solutions containing Sn:Pt ratios greater
than 2:1 led to the existence of the proposed stable
[Pt(SnCl3)5]3~ jon. In fact, a very recent multinuclear NMR
study of the supposed red isomer of [PtClz(SnCI3)2]2" isolated
from 3M HCL showed it to be a mixture of the predominating red
[Pt(SnCl3)5]3~ species and the yellow [PtCly(SnCl3)9i27[98].

Values of Rgpg and Rggle obtained by us for Sn(ID):Pt(II) aque-
ous phase ratios of less than 5 implies that species with less

than 5 SnClg ligands may also be extracted.

Percentage extraction of palladium was also found to be depen-
dant on the Sn(II):Pd(II) ratio in the aqueous phase but the
presence of increased amounts of SnClg decreased the percentage
palladium extracted into the organic phase. Although a signifi-
cant difference exists between the extractability of platinum and
palladium with regard to the effect of the Sn(II):M(II) ratio,
their basic mechanism of extraction appears to be comparable, at
least as far as the effect of HCL concentration is concerned. If
the mode of extraction for palladium is considered to be similar

to that of platinum viz.

OH
]
[PACl4n(SnClgdpldg + 2[R C RIS CIT 2

OH
]
[PACly-n(SnClz)y]2~ [R C R'glgpg + 2€C1°

then an increase in the HCL concentration of the aqueous phase
should result in an increase in the concentration of oxonium ions
in the organic phase thereby shifting the above equilibrium over
to the right and favouring the formation of extractable ion-
pairs. An increase in percentage palladium extraction with in-

creased HCL concentration was observed (see Section 3.2).

The effect of hydrogen ion concentration on the extraction of
palladium may, as in the case of platinum, be attributed to the

presence of high concentrations of oxonium ions in the organic
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phase resulting in the observed increase in the extraction of

palladium.

Similar reasons cited for the observed effect of chloride ion
concentration on platinum may also be cited for palladium. In
addition the replacement of the chloride ligand in the co-ordina-
tion sphere of palladium by SnCl3 may be inhibited by high con-
centrations of chloride ion, resulting in the formation of less of
the extractable complex species [PdClg-(SnCl3)p]12”. A de-
crease in the intensity of the green colour of the agqueous phase

was thus observed with increased chloride ion concentration.

Having perhaps a much more significant effect on the extraction
behaviour of palladium is

(1) the reduction of Pd2* to Pd® by tin(II) chloride and

(2) the effect of time on the extraction of palladium into the

organic phase.

The rate of reduction increased with increased tin(II) concentra-
tion resulting in less palladium being extracted. However per-
centage extraction of palladium not only varies with the
Sn(II):Pd(Il) ratio but with the equilibration time of the agueous
phase as well. Longer equilibration of the agqueous phase result-
ed in less palladium being extracted. This time dependence of
the extraction of palladium is probably due to two competing re-
actions occurring in the aqueous phase:

(a) reduction

(b) complexation

With prolonged equilibration of the aqueous phase, reduction of
palladium increases resulting in less palladium being extracted.
Considerably shorter equilibration times result in almost quanti-
tative extraction of palladium since no significant reduction had

occurred at this stage. This indicates that the reduction pro-

cess is kinetically slower than the complexation reaction.

The prospect of separating platinum and palladium by simply

varying the amount of SnCly present was easily realised.
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Results obtained showed that the separation was dependent on
the HCL concentration of the aqueous phase as well as the com-
position of the organic phase. Complete separation of platinum
and palladium can be attained in 1.4M HCL at 60% MIBK for
Sn:Pt/Pd ratios of 10. The advantage of this method is that
separation of these two noble metals can be achieved by a pro-

cess involving only one step.

Macroamounts (up to 10 times as much) of palladium had no ef-
fect on the separation process and a large excess of tin (25
fold) resulted in an even better separation over a wider range of

MIBK-hexane mixtures.

A preliminary study of the effect of four base metals on the
separation revealed that only small amounts of copper coextract
with the noble metals into the organic phase. However, copper
as well as the other three base metals viz Fe, Co and Ni had no
affect on the percentage extraction during the separation of the

2 noble metals in question.

4Conc/us.f'on.

We have confirmed that the presence of increased amounts of
stannous chloride dramatically increases the extraction of plati-
num from aqueous HCL solutions of K9PtCly into hexane contain-
ing various amounts of MIBK. In contrast however, percentage
extraction of palladium decreases under similar conditions. Re-
sults showed that both the amount of platinum and palladium ex-
tracted was dependant on the Sn(II):M(II) ratio in the aqueous
phase, the HCL, H™ and CI~ concentrations and the equilibration
time. In addition extraction of platinum was also found to be
dependant on its oxidation state in the aqueous phase. Detailed
studies on the effect of these various conditions enabled us to
propose a simple but feasible extraction mechanism for both sys-

tems. AAS provided a means of studying the systems in detail.

It is now evident that in systems of this kind transfer of plati-

num/palladium-tin complexes in the form of anions ion-paired to
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oxonium cations form the basis of the extraction process. The
stoichiometry of the complexes so extracted was shown to be de-

pendent on the Sn(II):Pt(Il) ratio in the aqueous phase.



CHAPTER 7
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CHAPTER 7

EXPERIMENTAL

Chemicals, Reagents and Glassware

Commercial grade nitrogen supplied by Afrox, Cape Town and
purged of oxygen by passing it through a chromous chloride
solution and distilled water before use [99], was used through-

out the course of this work.

Double-distilled water, initially boiled for 30 - 45 minutes in a
heating mantle to remove the dissolved carbon dioxide and oxy-
gen, was cooled and saturated with nitrogen and stored in a
glass aspirator fitted with a nitrogen inlet. This water was used

in the preparation of all agqueous solutions.

Concentrated A.R. hydrochloric acid and methyl isobutylketone
(MIBK) were degassed by passing nitrogen through them for 15
- 20 minutes. Analar n-hexane (boiling point range 62 - 82°C)

was refluxed and saturated with nitrogen before use.

All chemicals and reagents used for experimental work were ana-
lytically pure and obtained from various suppliers. KgPdCly,
K9PtCly, NagPdCl4 and NagPtCly (5.05 w/w solution) were all ob-
tained from Johnson Matthey Chemicals Limited, Hertfordshire
and SnCl9.2H90 from Hopkins and Williams Ltd., England.
HoPtClg, La (NOg3)3.6H90, LaCl3.xH90, NagB407.10H90, Cu(NO3)9.
3H90, Co(NOg3)2.6H90, Fe(NOg3)2.9H20 and Ni(NOg3)9.6H90 were
all supplied by E. Merck, Darmstadt. HCl04 and NH4Cl was sup-
plied by BDH Chemicals, England and U09 was obtained from
Koch-Light Laboratories Ltd. in Colnbrook, England. Potassium

iodate was dried for 1 hour at 100°C and stored in a desiccator.

Aqua Regia was prepared from A.R. HNO3 and HCL in the ratio
1:3 [100] and hydrochloric/perchloric acid concentrations were ac-

curately determined by standardising with sodium tetraborate.
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A mixture of A and B grade glassware was used. Platinum,
palladium and tin solutions were dispensed with piston burettes
fitted with a nitrogen inlet. The organic phases, containing
various percentages of MIBK in hexane and prepared beforehand
by mixing appropriate volumes of hexane and water-saturated
MIBK, were stored under nitrogen in amber-coloured bottles.
Mettler and Sartorius four decimal balances were used for all

weighings.
Atomic Absorption of Platinum

Platinum stock solutions were prepared by dissolving solid
KoPtCly or NagPtCly solution in the appropriate hydrochloric acid
concentration and used the day after preparation. La(N03)3
stock solutions of 20000ppm were made up at the required HCL
concentration and diluted ten times on addition to the standards

and samples, to give a final La3* concentration of 0.2%.

Sets of standards were prepared for platinum in the range 0-120
ppm at the appropriate acid concentration, with additions of
tin(II) in a ratio to match the sample matrix as closely as pos-
sible. All samples and standards were run on the same day of
preparation and standards were freshly made for each extrac-

tion.

The Perkin Eimer 5060 atomic absorpticn spectrophotometer was
used for gll measurements. Strongly oxidising air-acetylene
flames were used for the analysis of platinum with the following

spectrophotometer settings:
Lamp Current / mA : 10
Wavelength / nm : 265.9

Slit Width / nm : 0.2

Percentage extraction of platinum in each sample was calculated

from a blank value in the following way:

[Pt]ly, - [Ptlg

X 100
[Ptlp
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where [Pt]}, = concentration of platinum in blank

[Pt]lg = concentration of platinum in sample

Atomic Absorption of Palladium

Palladium stock solutions were prepared by dissolving K9PdCly or
NagoPdCly in the appropriate hydrochloric acid concentrations.
La(NO3)3 and LaClg stock solutions of 50000 ppm (as recommend-
ed by the Perkin Elmer Instructions Manual) were made up at
the required HCL concentration and diluted ten times on addition

to the standards and samples, to give a final La3* concentration
of 0.5%.

UO9 was also tested as an interference suppressant. 50000 ppm
UO9 stock solutions were prepared by dissolving the solid in 10
ml of aqua regia, warming gently and diluting to volume with
appropriate amounts of dilute acid and water. All three inter-

ference suppressants were used the day after preparation.

Sets of standards were prepared for palladium in the range 0-70
ppm at the appropriate acid concentration with additions of
tin(II) in a ratio to match the sample matrix as closely as pos-
sible. All samples and standards had to be run on the same day
of preparation since precipitation occurred on prolonged stand-

ing.

All measurements were made using a Perkin Elmer 5000 spectro-
photometer with strongly oxidising air-acetylene flames and the

following spectrophotometer settings:

Lamp Current / mA : 30
Wavelength / nm : 276.3
Slit Width / nm : 0.2

Percentage extraction of palladium in each sample was calculated

from a blank value in the following way:

X

[Pd]y
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where [Pd]y, = concentration of palladium in blank

[Pd]g = concentration of palladium in sample

Atomic Absorption of Platinum with Palladium

Platinum-containing-palladium stock solutions were prepared by
dissolving both KgPtCly and K9PdCly together in the appropriate
hydrochloric acid concentration. Sets of standards were prepar-
ed for both platinum and palladium in the required range at the
appropriate acid concentration using various amounts of the
platinum/palladium stock solution. Appropriate volumes of tin(II)
stock solution was added in a ratio to match the sample matrix as
closely as possible. Flame conditions and spectrophotometer set-
tings for platinum and palladium in the presence of each other
were identical to those chosen for the analysis of these metals
individually. Percentage extraction of platinum and palladium
was calculated using the same methods given on pages 97 and 98

respectively.

Atomic Absorption of Tin

Stannous chloride stock solutions of appropriate strength were
made by dissolving the solid in concentrated, degassed HCL, al-
lowed to stand tightly stoppered for £ 10 - 15 minutes in a beak-
er containing warm water until the cloudiness disappears, cooled
and then diluted to volume with boiled-out, degassed distilled

water. Stock solutions were used the day after preparation.

Sets of standards were prepared for tin in the required range at
the appropriate acid concentration by adding portions of the
tin(II) stock solution to the platinum, palladium or platinum-
containing-palladium standards in a ratio to match the sample
matrix as closely as possible. All samples and standards were
run on the same day of preparation and standards were freshly

made for each extraction.
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The Perkin Elmer 5000 spectrophotometer with a strongly reduc-
ing air-acetylene flame and the following conditions was used for

all measurements:

Lamp Current / mA: 20
Wavelength / nm : 286.3
Slit Width / nm : 0.7

Percentage extraction of tin in each sample was calculated from a

blank value in the following way:

[Snly - [Snlg
x 100

[Sn]b

concentration of tin in blank

where [Snly,

[Sn]lg = concentration of tin in sample

Potassium lodate Oxidations

Stannous chloride solutions used were prepared as described be-
fore in Section 7.5. Potassium iodate solutions of appropriate
strengths were made by dissolving the dried solid in boiled-out,

degassed distilled water.

All titrations were performed under nitrogen using an Erlenmeyer
flask fitted with a special bung (Figure 7.1). The method given
by Vogel [82] was used for the standardisation of tin(II) solu-

tions throughout this work.

In the titration of a tin(II) solution, portions containing 2.5 ml
tin(II) solution were transferred with a piston-burette to the
titration flask, previously flushed out with nitrogen. This was
followed by the addition of 10ml degassed concentrated HCL,
10ml boiled-out degassed distilled water and 6ml A.R. chloroform
with Pasteur pipettes through a hole in the bung to the titration
flask. At this stage both aqueous and organic phases were
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Figure 7.1 Flask with adapted bung for
titrations under nitrogen

colourless. However, during addition of the potassium iodate
both the agueous and organic phases underwent a number of

colour changes.

On addition of about 60-70% of the required volume of iodate, the
aqueous layer became reddish-brown and the chloroform layer
acquired a violet colour due to iodine. Addition of smaller in-
crements of the iodete solution followed by vigorous shaking of
the stoppered flask caused the organic layer to go faintly vio-
let. The titration was continued with the dropwise addition of
iodate solution. The end point is marked by the disappearance
of the last trace of violet colour from the organic phase. The
aqueous phase was pale-yellowish in colour due to the presence

of iodine monochloride.
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Ultraviolet-visible Spectrophotometry

Appropriate volumes of diluted palladium and tin(II) stock solu-
tions in a 1:10 ratio were rapidly transferred, with a micro-
syringe, to quartz spectrophotometric cells previously flushed
out with nitrogen and then tightly stoppered to exclude air.
Spectra were run at 3 different acid concentrations viz. 1.5, 1.8
and 2.4M HCL using 10 mm cells, and scans were repeated every
5 minutes. 1.5M, 1.8M and 2.4M HCL were used as blanks for
the 3 determinations. A spectrum of palladium alone was also

run .

A Superscan 3 Varian Ultraviolet-visible spectrophotometer was
used. Spectra were run between 300 and 700 nm using a slit

width of 1.5 nm and a scan speed of 200 nm/min.

Solvent Extraction Procedures

The platinum or palladium and tin solutions were prepared as
described in the required HCL concentration. Tin solutions were
made up according to the highest desired Pd{II) or Pt(II):Sn{ID)
ratio. The concentration of tin(II) present in tin stock solutions
was checked before extraction by titration with KIOj.
Equal volumes of organic and aqueous phases were used in the

extraction.

The metal solutions were dispensed with piston burettes into an
extraction tube previously flushed out with nitrogen. After mak-
ing up to the desired aqueous phase volume with acid, the tubes
were sealed with tightly fitting rubber "suba-seals" and the
aqueous phase was equilibrated by shaking on a Griffin automatic
flask shaker for:

(a) 20 minutes for platinum-tin or platinum-palladium-tin solu-

tions

(b) 15 minutes for palladium-tin solutions



103

After equilibration, appropriate volumes of various MIBK-hexane
(% v/v) mixtures were added to the extraction tubes. The tube

was once again tightly sealed and the mixture shaken for

(a) 10 minutes for platinum-tin-MIBK/hexane or platinum-palla-

dium-tin MIBK/hexane mixtures
(b) 5 minutes for palladium-tin-MIBK/hexane mixtures.

Subsegquent to extraction, 1 ml of the agueous phase was remov-
ed with a pipette for analysis with the minimum delay. In each
set of experiments a blank consisting of an aquecus phase at the

same Sn:Pt ratio as the samples was run.

Experiments to determine the effect of HCL concentration on the
extraction were carried out by adding varying amounts of con-
centrated HCL to the aqueous phase to give the desired acid
concentration. Varying amounts of NH4Cl were added directly to
the extraction tubes when making a study of the effect of CI”
concentration on the extraction. Determination of the effect of
H* concentration on the extraction was carried out by adding
appropriate volumes of HCI04-HCL solutions of varying strengths

to the extraction tubes to give the desired H' concentrations.

Solutions containing the base metals Co, Cu, Fe and Ni as their
nitrates were prepared by dissolving them together with KgPtClly
and K9PdClg in the appropriate hydrochloric acid concentration.
These solutions were used in our preliminary interference study

cof the base metals on the separation of platinum and palladium.

In order to demonstrate mass balance for platinum and tin, it
was essential to know how much of both metals were present in
the remaining orgsenic phase. Because of the problems associated
with the direct analysis of the organic phase by AAS, we decid-
ed instead to back-extract the red Pt-Sn complex into an aque-
ous acid phase by swamping the organic phase with hexane.

The back-extraction procedure is rather tedious, time-consuming
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and tiring, nevertheless, results obtained have shown it to be a
remarkably successful method for demonstrating mass balance of

both platinum and tin. (See Appendix 1).



APPENDIX



APPENDIX 1
(a) Platinum
Relative
% MIBK % Mass Balance percentage
error
0 99 1.0
40 99 1.0
50 101.4 1.4
60 100.9 0.9
75 101.6 1.6
100 99 1.0
(b) Tin
Relative
% MIBK % Mass Balance percentage
error
50 98.4 1.6
65 101.4 1.4
75 99.2 0.8
90 102.2 2.2
100 102.6 2.6
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