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The following work is a xreport on the resulis of research sponsored
by Sheffield Smelting Company Litd. into evaluation of new technigues for
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hydre ~m"t"11urglc . processing of platinum group metals undertaken betweer
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October 1970 and December 197%. This work has been submitted as a thesis
for candidature of The Council for National Academic Awards for the degree

of Doctor of Phitosophy.
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To the best of my knowledgs the wori described is original except

where reference is made to previous work.

No part of this work has previously been submitted for a higher degree

at any other College or University.
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SYNORETS

~

i

4 survey has been made of previous vork oun the'application of solvent
extraction and gaseous reduction processes to refining of platinum group
metals. Amine extraction processes have‘been investigated by chemical
shake-up tests and distribution ratios determined with‘all clagses of
amines and quaternary amwonium compound for rhodivm, iridium, palladium,
plétinum, ruthenium, osmium and gold using radio tracer  techniques.
Propesed schemes for separation of platinum metals From base metals using
primary amine and separation of Pt/Pd from Ir/ﬁh using tertiary amine were
examined using commercially useful reagents, andlspecific processes defined.
A continuous counter-current testing rig using mixer-settler contactors
was buill and the performance of the extraction processes determined.
Extraction and separation by these processes was successful but continuocus
re—extractioﬁ of platinum metals from the solvent suggested ceritain limit-
ationg in progressing‘to full pilot-scale operation. It is suggested that
gaseous-reduction of the metal from the organic phase in gitu could be

employed.



In the field of solveﬁt extraction there is as yet no complete
agreement-between vorkers on the precise meaning of the terms commonly
employed in both theory and practice. Whilst this objective is presently
being pursued by the "Solvent Extraction and Ion Exchange Group" of the
.Society of Chemical Industry, for the purpose of this report the terms

used should be understood to have the following meaning:

.

1 Solvent Extraction: Liguid-Liquid Ixtraction

The transfer of one or more solutes between immiscible ligquid
phases.
2 Solvent

The liquid phasge which contains the extracting agent.

3 Extraction
The transfer of awlute from an agueous feea solution to &
solvent.
4 wiripping
The traznsfer of a solute from the solvent to an agureocus phase.
5 Scrubbing.
The selective removal of contaminating solutes from the solvent.
6 Distribution Ratio.
The ratio of the concentration of a solute in the organic phaseA
to the concentration in the aqueous phase at equilibrium.
1 Separation Factor. |
The ratio of the distribution ratios of twe solutes to be
separated.
8 Extraction Factor

The distribubtion ratio mulitiplied by the phasge ratio used.
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The extractive metallurgy of the platinum group metals from both

Q=
primary and secondary sources has traditionslly employed a wet chemicsl

a1

process technology. However, the sepsraticns are scldom clear cut and

cach precipitate requires purification in order to eliminate other un-

wented members of the platinum family. Likewise a ccritain amount of each

element cescapes precipitation and is cerried elong in the mother 1liquor to
. . s 1 ks ) .

reappear in a subseguent gszperation T. In addition the cementation processes

incorporated in the process involve the produetion of large quanitities of

untreatable effluent in the form of concentrated solutions of base metal

salts.

It has been remarked by Beamish 2 that "it is scarcely any exaggeraticn
to suggest tﬁat no field of amnalytical menearcn offers a more potentislly
useful scope for juvestigations both fundamental and practical than the
chemistry pertinent o the analysis of platinum metals." The field of

extractive metallurgy he declares " . . . has been strangely neglecied

by the analytical researcher, vhose method of approach would surely con-

3
o]

tribute to the efficiency of methods of industrial extracticn and refining."

Research wes thus initiated in order to investigate alternmative pro-
cessing techniques by applicaticn of recent advances in analysis and ex-—

tractive metallurgy to the wefining of the platinum group metals.



1.1, i etry of Platinuam O Metels
In understanding the extraction and refiniang of the platinum metals
great consideration must be given to the intrinsic pecvliarities in the

chemistry of these clemsuts, Firstly, by definition the platinum metals

o

are noble metals (here gold iz included as it so ofte en co-ex ists in the

raw material), ‘and are thus resistant 1o attack by acids, bases, oxygen and

.1, 6 . s I
chilorine . In this respect gold, platinum and palladiur are less re-

;

sistent than iridium, rhodium, ruthenium and osmiuvm to attack by mineral
acids (i.e. agua wvegia) and chlorine, while gold and platinum are more
resistent than iridium, rhodiuwm, ruthendium, osmium ané palizdium to the

action of oxygen on the hot metal.

Secondly all the platinum metals show polyvelency in solution, wvwo
or more velency stetes frequently occurring simultaneously and in equil-
ibrdun with each other. Ruthenium apd osmium are the most marked in this
respect, r4{nenium possessing important compounds in the valency states of
0, 2, 3, 4, 6, 7 and 8 and csmium important compounds in the valency steies
of 0, 2, 3, 4, 6 and 8. The mos%t important ve zlency states of pa“ladlum
and platinium are 2~ and 4- although platinum can exist as chloride and
oxide in the 3~ and 6~ states respectively. The situation is less problem-
atic with rhodium end indium as the former exists effectively only in the
3= étate and the latter cnly has important compounds in the 3~ and 4- states
although of egual significanoe.> In the casge of pold only the i~ and -

valent states are of any concern.

Thirdly all platinium metals in solution have a strong tendency to

form complexes (chiefly anionic ) in th e presonce o suiteble ligands .

i Rutheniu The complexes of ruthzinium are among the leagt satisiach-

orily characterised of any of the complexes of the piatinum metals. The

possible variabtion in oxidall gtotes [rom Fu (1) to [VIII)and the very



considerable tendency for zuihenium lo form polynuclesr complexes make the

elucidation of the chemical reactions of ruthenivm aifficult. A number of

mono-nuciear complexes of Ru{li), Ru(7iTl), Ru(IV) and Ru(VI) are known and

'

in these the ruthenium is gernerally 6- co-ordinate and prosumably cctahedral.
A very considerable number of species appear to be present even in some

solutions of relatively simple compogition.

2 Osmium The complexes of osmium are very similar to those of
ruthenivm although there are featurecs of the chemistry of each element which
are lacking in that of the other. Complexes of 0s(II), 0s{III), 0s{IV) and
0s(VI) are known but the most important are thosc of O0s(IV). Thesc inclvde

the complex acids and halides where the co-ordination is six and the complex

is octahadrel.

3 Rhodium The chemistry of the co-ordinationcompounds of rhedium is
primarily that of Rh(III) although some Rn(I) and Rh(II) complexes are knowr.
The usual co-ordination number is six for Rh(III) but lower co-ordinaticn

numbers sre found in gome halogen cowmplexes. Although practiczlly no in-

| &

. ~

formation is available on tond strengths of co-ordinate bonds involving
rhodium, these complexes are generally considered to be very stable materials
from both the thermo-dynawmic and kinetic peint of view. The substitution
reactions are known to be rather slow so that the evidence for kinetic

stability is more convincing.

4 Jridium The co-ordination chemistry of iridium shows more variety
than that of rhodium because both the 3 and 4 valency states are reasonably
stable and gre found in numerous complexes., However, the complexes of Ir(IlI)

are essentially the same as those of Rh(III) involving octshedral co-ordin-

ation,
. - o . . - [ v
5 Palladivm  The palladium complexcs sre mostly those of PA{IT) although
. . - — - - - - = . JRe—
some of PA(IV) are known. In genexnl the compiezes of palladium (II) are



to bo souare-planar.  In addition te the

. -,
complexes cf type PdC14 - there are aluo numerous sgyvare~planar complexes
with bridging groups and it seems quite probable that the complex PA(ITL)

specics vhich have been assigned a co-ordination number of three are of

this type.

6 Platinum . The co-ordination chemistry of platinum is unusual in thatb
in meny respects, perhaps most impressively so in the kinetic stability of
the bonds formed with meny common ligands. But as with palladium, the
chenistry is concerned primarily with the 2 and 4 valency states and simi--
larly, simple ions of platinum are not known in aqueous solution. The
platinum (II) complexes are less stable than platiﬁum (IV) end ars usually
4- coordinate and square-planar, with commond ligands such as ammine and
halides. The Pt(IV) complexes are usvally quite stable with respect to
ligand exchange and reduction to Pt(II), and are always present as octa-

hedral complexes.

7 Gold Like the heaviest elements in the platinum group gold
shows very little tendency to form simple aquated cations. Gold exists in
solution in either the Au(I) or Au(III) state, the aurcys complexes being

usuelly 2- ccordinate (e.g. AV(CK whereas the auric complexes are always
N A e 2 id

tetracovalent as in chloroavric acid, HAuCl4.
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Current Bxtraction Practice and ito Digs

There are three major sources of platinum metals available teo refincus:
1 from concentrates produced from platinum bearing ores
(chiefly South Africun ores)
2 from the anode glimes resulting from the electrolytic
refining of nickel and silver
3 from scrap platinum metals.
Essentially, materials for all three sources undergo the ssme geparation
and refiﬁiﬁg procedures based on preferential leaching, precipitation of

~ 3
complexes and finally reducticn by ignition or cementetion 1e 2 4.

Firstly the concentrate is treated with aqua regia which dissolves
most of the platinum, palladiuvm and gold while rutheniuwm iridivm, csmium
and rhodium remain unattacked. Thevgold is recovered by treating the solution
with ferrous sulphate precipitating it as a brown metallic spornge which may
be later purified electrolytically. Platinum is next precipitated frem the
solution és ammonium chloroplatinate (IV) by the addition of ammonium chlorida.
This precipitate is then further purifi?d after redissolution in agqua regis
and reduced by ignition. Palladium is at last removed from solution as
dichlorodiammine palladium (II). Excess smmonia is first added followed by
hydrochloric acid and the yellow salt precipitates out. Ignition of the
precipitaﬁe yields the pure metal. However, this separation is not quant~‘
iitative and the minor amounts of platinum and palladium in the filtrate

are recovered by reduction with metallic zinc.

The insoluble residue from the aque regie extraction is smelted with

litharge and fluxes and the resulting lesd alloy is then diszolved in

«

nitric acid which removes most of the accowpanying psiladive, platinum

st is a concentrate of

“and silver. The insoluble residue in this treatm

ruthenium, osmium, rhodium and iridium and this group of metals is known

as the by-meizls. Their subseguent



of platinum metal uae the residove with sodiun

-

bisulphale and leach with wover. GHhodium is thus dissolved and is punificd

by precipitation as ammonivm nitrorhodite and reduced to the mefal Ty ig-—

o

d.

nition. The residue from the leaching operation is then fused with sodium
peroxide and further leaching yields a 501ution of ruthenivm and osmium

and a residue of iridium and platinum. The latter pair are separated by

a process of digsolution in aqua regia and repeated crystallisation of
iridium as ammonium.chloriridate (IV), the platinum remaining in the solution
as ammonium hexachloroplatinate (IV) being recirculated and returned to the
platinum recovery section. Rutheniuvm and osmium are separated by the pre-
ferential reduction to ruthenium oxychloride of the ruthenium tetroxide by
hydrochloric acid and the osmium tetroxide is distilled off. Alternstively,
and more commonly, they may be separated by repcated distillation of the
tetroxides, the ruthenium tetroxide being trapped in hydrochloric ecid
solution and thus successively removed from the osmium tetroxide. The pure
metals may then be obtained by the precipitation of the ammonium chloxro-
complexes and ignition under hydrogen.

.

-

The drawbacks to the types of procedures cutlined abecve are:
1 Lack of selectivity and therefore necessity to repeat puriii-

calion steps to obtain pure metal from solutiocns.

2 Lack of quantitative recovery in separation procedures.
3 Production of concentrated effluent solutions of iron and

.
zinc salts in the precipitation of gold and palladium .

4 Subsequent electrolytic refining of gold 5.

5 Production of teoxic wéste pases during the ignition reduchions.
6 Vapoufisation of ruthenium and osmium during oxidising fusions.
7 Inflexibility of the processes towards vecirculation of reagents

and towards continuvous operation.



2 Alternative Refining Techunion

2.1, The Solvent Exitraction Technique

Solvent extraction (i.e. JJOULC ~liquid extraction) is a tech-
nique in which & molecular or ionic specics is selectively transferred from
one enviromnent to another by enabling it to distribute itself between two
immiécible 1iqﬁids according to its thermodynemic needs. In the context
of this work it should be understood.that since extraction and refining of
platinum metals involve species in aqueons solutions, solvent extraction

here implies the use of an aqueons~organic solvent system.

Solvent extraction is probably the most efficient method for separsting

chemically similar elements which is suitablie for operaticn on = commercial

BN

8 . - - o
scale . Its high selectivity and the use of welatively cheap reagent

~
e

Q

make it an economically viable proposition for the extraction of metals of

e . , - . ;
the value of copper and above 75 The process 1s one of partition althouszh
situations in which there is quantitative separation and stripping back

from the organic phase are rare. But by using several stages of extracticn
and recovery in a counter-current systemn remarkably complete separations

can be achieved.

Since a metal in agueous solution freguenitly exists in a range of
species and the proportions of these and their proportions change when pH
ig altered or reagents are added which cause the formsition of complexes
or ion association compounds, extra ction by & psrticuler solvent may vary

and may be possible under scme conditions and not under others. The solvent

=

extracts only ions with which it has affinity: it does net extzect all

species in solution which contain & pa o The fundamental

consideration when dealing with solvent cxtraction {particulerly in the
\ )

case of platinun metal) is the kind of ilons and nsuiral complexes presenty in

equilibriun in the agqueous solution.



At thernodynamic equiliibryium of
phases the activity of the metal in cach phase must, by definition be the
same. But since solvent extraction implies differential solubility between
the two phase there must be interactiion between the solvent and the matal
species thus lowering the activity coefficient of the metal in the organi
phése but raising its concentration relative Lo that in the agueous phase.

Solvent ex t*acLLon processes are classified on the b&bls of the types of

interaction which occur

(a) Solvation In this type of solvent extractimprocess there
is an exchange between the water molecules solvating the metal species in
the aqueous phase and the solvent molecules, thus conferring hydrophobic
properties upon it and leading te its rejection from the agueous phase.
The metal speciegs is thus in the same form in both phases. The solvents
are usually simple e.g. ethers, ketones or esters and the mstal speéies

sre neutral.

“(b) Ion kssociation (Ion-Exchange) This refers to the formation

of an ion-association complex which is soluble in the organic phase by
interaction between an ionic metal species in the agueous solution and the
ionic solvent. This may be an organic acid such as alkyl phosphoric acid
or naphthenic acid, or, an amine such as tri-n-octylamine. Clearly the
acids will extract positively charged ions from water (cation-exchange) and
the amines, negatively charged ions (an ion-exchange) since they bechave

. . . . . . . R
in acid solutions as trisubstituted ammonium ions RﬁﬂH

vhere R is the
alkyl group. Under certain conditions ether may also be included in the
icn association type of process since it becomes protonated in acid sclutions

and can thus form a weak, so called, oxonium-sallt with an anion €.

Pands

Fe014').

(¢) Chelation ' If the organic sclvent can form stable complexes

with a metal dleon it will extzact it fro solulion inic en organic dilusnt,



The reagents which behave in this way (chelates) are usually oo evpensive

to be used except in speecial cases such as treatment of nuclear fuels,

0

for analytlical purposes, or recently for copper extraction using sub-

stituted oximes (LIX reagents) specifically develcped for this purpose.

2.1.1. Chemistiy of Solvent Extraction
2.1.1.1. Pertition Ccefficient

According to the simple distribution law of Nernst (1891), at equi-

librium,
(M)O = constant = Kp (1)
(1),

vhere (M)O is the concentration of {the metel ion in the organic liguid

(M)v the concentrgtion in the aqueous liquid and Kp is the partition co-
W A

efficient. However this implies that the two solutions obey Henry's or
Raoultts law, which is rarely the case. A more rigorous definition of

the partition coefficient may be derived from ithe chemical potentials of

the species in {the two phases 2 and B

The chemical potential of the metal ion in the organic phase is
P 2 Y

given by

o= A+ Rin g (2)

“ o 0

and the chemical potential of the metal ion in the agucous phase iz given

i

by
foo= @+ Rlln a
W W
AT eguilibrium, .
g o= I3
Fo “y

3 0] 0
therefore g+ Rilne = g
(o] . [e) v



J (o]
hence 1n aD - L thy
a1 RT
i 1y 0 1Y : . . U
but at a given temperature By — By is congtant for & given metal ion
in the two solvents.
Therefore In a
! ° - X
a
W
therefcre a ”
o = I (3)

fy
Thus the partition coefficient relates activities so that in general act-
ivity coefficients have to be known in order to determine partition coeffi-

cients.

2.1.1.2. Distribution Ratio

.Of much greater significance, because of the lack of data concerning
activity coefficients, is the ove*all or stoichiometric digtribution of
the metal ions between the two phqses. "It iz thus necessary to intrcduce
2 more practical quantity to describe the exirsction called the "distribution
ratio"” (D). This is a stoichiometric ratic including all species of the

szme component in the respective phases.

Total Concentration in Organic Phase

Total Cencentration in Aqueous Phase

If conditions were ideal as in the case where species are not in-

volved in any reactions in either phase then D would wreduce to Xp the

partition  coefficient 11.

2.1.1.3. Ivres of kauesns Tauilibrwia Deter



If the agueous solulion containg two or more diffevrent epecies of the
KR . ER) . 1 " 4 O S A S S - - N . . I RPN P o dem
netal ion, Both or all being cuiracteble by the solvent, they will digbribute

themgelves betwecen solvent and water in accordance with their respective part-
ition coeflficients. However, the species wmoy be in equilibrium with one
snother in the agueous solution and also with other species not ex é ted by
the solvent. Thus the amount of each kind of extracted ion or nmolecule in
the orgenic liguid is determined not only by the pertition coefficients but

also by the equilibriz in the agueous solution.

Eguilibria concerned with the agueous member of the liquid pair are
extremely important, varied and mey serve as the limiting factor in de-

R L . . . . . 12

terminining solvent extraction properties of a given inorganic species .
Some of the types of equilibria appearing are illustrated in equations

(4) to (9). It is to be understood that these are not mutuwally exclusive:

several generally exist in parallel.

AB + H,0 @ ABnH0 (4)
43 4 HO &4 4 5 (5)
KB + B0 ¢ (inH o) (6)
KB + H,0 S ACH + H' o+ B (1)
AB + H,0 < AOH + HB - (8)
AB + H,0 AT + OH 4+ HB (9)

where AB = some inorganic compound.

Equilibrium (4) may represent either a specific or non~specific solvation
of AB. Equilibria (5) and (6) are typical of inorganic salts in water
and lead to ionisation. These are the equilibria which are most involved
in making water the natural solvent for inorganic substances. Equilibria
(7), (8) and (9) illustrate hydrolytic reactions which are possible and
vhich occur to varying degrees in specific cases. £Lfter such initial
reactions the products may undergo further complicating equilibria such as

AT

AB o+ BTgR AR, (10)



ituation typical in aqueous ~01uu¢onc of platinum metals.

In wost practical cases one has an aqueous solution containing A"
and I~ from which one desires to extract A as AB or A\ B ) or B as AB
) /1)5 Touations 4 (0) 285 then be intes o WEEes
or (alx . Eguations {4) to (9) may then be interpreied as suggestions

of equilibria which may have to be congidered in generating the extractable

form of the desired species.

2.1.1.4. Processes of Extracticon

Although details of the specific nature of the interactions obviously

nust differ from one metal to another a helpful organisation patiern may

)

be adopted based on three essential aspects common to every metal extraction

. 11
process .

Formation of an Unchanged Complex

This step involves the above mantioned ftypes of reactions of the
etal ion in the aqueous phase leading to the formation of an extractable
species. Complex formztion may be accomplished by chelation, simple coord-

.

inztion oxr by ion association. .

The case of coordination may be described by
+ o - ;
M R e (11)
n
vthe Mpr is en n-valent metal ion and R is an anion of a suitable chel-

ating or coordinating agent.

In ion association the metal may be incorporated by coordination in
either the cation (12) and (13) or the anion (14) and (15) of the extrac-

table ion pair,




vhere € iz a neulral mono cr polydentate ligand, B is en anion apnropriast

cither for pairing with the cation as called for in (13) or for coordinatic

. ' ; + ) .
with the metal as shown in equation (14) and D' is a suitable cation re-

f...!-
U

guired to form the ilon-pair,

Distribution of the H Comnplex

This is by far the simplest of the three stages from the methematical

point of view. ; this stage it ig required that the complex formed shovlid

]

become preferentially dissolved in the organic phase. However, it shonld

be eppreciated that it would be wrong here, uncritically to equate sol-
ubility ratio with the paﬁtition coefficient., One of the tweo majecr reagsons
for this. as has already been mentiond, is the Ilach thét the partition
coefficient depends on activities and these change with concentration.

Only when saturation levels are achieved in both sclivents is this eguality

valid. But by far the more important factor is the effect of the presence

of the second solvent on the sclubility of the solute in the first solvent.

¥

This may lead to the solvation of the solute by the second phase ferming &

g

ubi 1i ty characteristics totally diiferentd

1...!

nev spcc:1es which 1 2y have so

from those of the original solute.

Interactions of the Complex in the Organic Phase

Reactions involving the extractable complex in the organic phase e.g.

polymerisziion or disscciation of the complex, interacticn with other

compounds such as the reagent in the organic phase are included in this
stage. In the cage of polymerisation there is a tendency for the activity

of the extractalble species in the orgsnic phase o be reduced and the over-
21l extraction equilibrium 1s shifted in fevour of higher distribution

atvios. It shonla

ction of the metal

vill depend on th

the Say YY) Yot o0
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2.1.2.

Solvent Tylraction

Following some classical experiments performed in the 19th century
tion of a large number cof

- . L 15, 14, 15
metals vas developed for use in analytical chemistry Jr e LI Hoviever,

the uge of a wide variety of solvents fox extrac

sclvent extraction techniques were not applied on a commercial scale until
about 1942 when nuciear fuels began to be regquired of high purity and in

laxge amounts. Later, this technique was applied to the separation and

nrificetion of materials with special nuclcar properties for use in power
P ¥ T

G2
Py

reactors., Examples of this are the separation of tantalum and inobium,
ginconium and hafnium, vanadium and uraniuvm.  Similarly liquid -~ liquid
extraction technigues were used in ihe separation of fission products and
the rare earth metals, At the same time consideration was being given to

the pogzibility of separation wad refining of commoner mestals by this
16, 17

means Fortunately a liquid -~ liquid extraction technique had been
apnlicd since early days in the refining of pedrolevm and purification of

organic materials. There was therefore a lawvge amount of literature on
the equipment snd chemical engineering aspects and this was resdily adap-

-

table to metallurgical applications.

Some geparations of industrial importance ares

Nuclear fuels: The most extensive developmen®t of the

1

liguid-liguid extraction technique has been in the processing of uranium
res from the esrly technique of extracting uvranium nltmaue with ether,
the procedures evolved incorporate phosphate eslers and amines in a wide
range of specific processes for treating widely differing uranium ores.
Reagents used in the “ﬁCﬂvovVof uraniun include alkyl phosphoric acids

o

such ag (2-cthyl hexyl)phosphoric acid, tributyl phosphate as uell o

. .. 18, 19, 20, 21, 22
various “"‘COYIO.CI'V“ ant wver CJ.ELZ!"},’ apines : ¢

Vanadiun vhich is often associated with ureniwn from leach ligusrs

oy also ba recovered and oopui

inothe phoo
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Coprer Niclkel

and co-ocecur froeguently in nature. Since their seperation is difficelt by
cowventional means attention has been drawn to solvent extraction methods.
Separation of cobalt and nickel can be effected Dy vsing tertiary anmines
. 95 C s .o .
and quaternary ammonium compounds . One significant difference is that
- 2- ' . . o
cobalt forms # (00014 ) complex whereas nickel docs not form corresponding

complex ions. Thus cobalt may be preferentially removed from hydrochloric

acid solutions.

Poésible solvent extraction techniques for copper recovery have
received considerable atiention from the directiong, first the separations
of copper from co-occurring metals (i.e. Ni, Co, Zn) and-secondly as a
sélective concentration method for low gfade one solutions arising from
dump and bacterial leaching. In the first case carboxylic acids (e.g.
naphthenic acid) have been applied successfully by careful contrel of pH
in order to maintain selectivity. In the second case, the LIX reagents
develqped by General Mills have been applied, particularly the moxre recent
types which have high selectivity for copper over imon. Plants have been
commissioned in +the U.S.A. which incorporate this purification process

. N . . - L . 2
in the production of cathode copper actually on the dump leacnh mine site .

4

Tantalum and Nicbhium: The demand for these materials was created

by the advent of nuclear power reactors due to their high corrcsion resigh-
ance and suitability as fuel cladding in fast reactors. Solvent exiraction
plants for the separation of these co—oécurring metals make use of methyl
isobutyl ketone (MIBK), and methyl cyclohexanone and tributyl phosphate

o . - - C s 17, 2 25
vhich give higher selectivities 15 24, b.

Zirconiuwn and Hafniwa: These two co-occurring metsls were alsc
reguired in the nuclear power field. wirconiam as fuel cladding and haf-

nium as control vod material. Thus their widely dilfering nucliezi: prop-

ertice reguired complete wuin:l sepzration. Zirccniuvm is exirvacted
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rroenticlly to hadfoduwm Ly trdonnyl phosphate end i-iso-octyloamine from

nitric acid solutiong altho o-putyl ketone onrocesses now also

operate commercially.

2.2. Gagseous Pcd ucthion

One of +the major disadvanteges in the traditional relining
1

nmethods in the precious metals industry is prodvct impurity inherent in the

vrecipitaiion meihods employed and the asscciated effluent disposal problems.

But this situation is not unigue to the platinium muua] processors. Hydro-
metalilurgical techniques, in which the final step cof recovering the metal

of vslue has hecn by cementation (Au, Ag, Cu) or by electrclysis (Cu, Zn,
i, Cd, elc.) have been widely used for many years. The possibility of

ging such reducing gases as sulphur dexide, carben monoxids, or hydrogen

=i
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D
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under pressure inal precipiteticn of the metals directly

from tnpzr solutions was an obvious and attractive aliternaiive and invess-

igations along these Jines go back over® 60 yearc. A comprehensive review

@

{

. 4 s s . . 2
of the history and development of these researches is given by Evans .

2.2.1. Chemiglry of Gaseous Reduction
2.2.1.1. Thermodyvriamic Trestnsnt

Reduction of divalent metal ions such as copper, nickel, ccbelt, lead

and caduiuvnm by hycGrogen may be written as:

24 0

M7+ H, = MO o+ oom' (16)

T

biackets ¢ wmolar




The cdepree o which thids reaction occurs ig given by the fomiliar

odynzmic equation for the free cnergy AG! joules) or more convenienily

the potential B (volts)

ACG = -23,060nK = -RT In K (

Reductions of copper, nickel, and cobalt sclutions with hydrogen attain

. . 0,
ccommercially attractive retes only at temperatures higher than 70 C

18)

L)

polation of bnormooynamLc data is certain to be speculative but actual data

at elevated temperatures are not available, It ig therefore convenient

first to calculate E for room temperature conditions then to attempt to

approximate B for elevated temperatures and finally to discusgs briefly the

effect of variation in experimental conditions. Fig. 1 plots the variation

. O o . . . o5
in B at 25 C for concentrations of the metal iong between 10 7 M and 1.0 M

and also the hydrogen potential at variocus pH values and at 1, 10C =

)

“—

=4

1000

(a) O
alononphor>9 {fugacity of H2 at 25°C and 100 zimospheres = 106.1 atmos-

pheres). Of course the metal potential is affected by pd only indircctly

since the metal concentration is a function of pi due to complex formation

and hydrolysis. For reduction to proceed the hydrogen potential mus

more negative than the metal potential., It appears possible to reduce

metals up to cadmivm, perhaps including ircn but hardly =minc., Cadmium

turned out to be the least noble metel to be precipitated in pure form

o

[ZY]

an econcmical rate,
It will we noted that s 100 fold increase in pregsure is conparable

he

to an increase in onliy oue pH unit.

Caleoulating the reduction equilibria in aqueouns sclution for

towperatures is difficult in view of the uncervainty in estimating
effect of tempera turu on the entropies of golutes, ions, or undig

molecules, Since there are ions on both gides of the equaticn temperatuns

chenges in entropies can be asswned weughly to cancel oul. This dio
tedly not a vexny goed epprovimation bhut 11 zppeavs as a5 ooy in

carnd b

i

[=)
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sbsence of ewperimentsl data. Bouation (19) hes been used to calculate

reduction equilibria using room temperature data.

AG = &GZ%OK - [gsg%oK (7 - 298) (19)

o
It is based on the assumption that the reaction entropy at tempsrature T,

jald

3 1a @ . o ancti +4 F 5T o \S ©2
AST is equal to the reaction entropy at 25 C, L52980K .

2.2.1.2. Effect of Complex Formation

When considering how the formation Ol complexes of the metal influences
the potential of the metal ion-metal electrode it is usual to deal with
the cage in which a large excess of the complexing agent or ligand, L, is
present. For simplicity in writing equations it is assumed here that, 1L,
A _ 10 s . . . s
is uncharged ~ . The reaction which Torms the complex is then:
2+ . 2+ :
M7 4 ol = ML (20)

end the overell eguilibrium constant ﬂn is given by

N

B i (21)
[ u /S
n being the maximum co-ordination number of the metal ion with the parti-~

-

cular ligend considered. .

In order to calculate the elecirode potential it is assumed that only’
, . 2+ . :
the uncomplexed metal ion M ' is reduced to metal, and the effect of complex
formation is to reduce the activity of the simple ion. Then the value of
L2+
(M“") obtained from equation (21) is substituted in the Wemst equ@tlon.
This is done as follows. Since the complex is stable and.for simplicity
all activity coefficients are taken as unity, (ML ) may be taken as being
equal to the total concentration of the metsal present in solution... Thatl
is, becaus eﬁ}i is large,/ M ~7 is so0 small thaet this approximation intro-
duces no significant error. (L) is the concentration of the free uncom-

lezed ligand and may be calculated from the tolal concentration cf ligand

nregent in the solution and the totel concentration of metal ions
- 13- ere . o TnC’ L 43 - I J . 4 Sy
n,  The valos of 7 for th: com refoerring o its weducticon




?-’-"7 : . , ,
oblained by seﬂvﬂrw‘ftn S o that is the total

-

1}
ot

to one molar and zlso (1) cqual to cne molar,

Thus:

.0 ol 2.30% RT 1 .
N = 1 24 + ' log (22
A HY, MY e 198 \22)
z F 3
T
It is emphasised that the method of calculating electrode potentials given

. . R T - . o ;
above is valid only if Mun is the sole complex ioen containing the metal
y) - B 1 .2 el -~ - ~ 3, 2+ 4
present in solution. If lower complexes such as ML( 1) are present

c . - e - O .
it ig not sufficient to calculate/ M/ using only the value of A .
_/ o €. [ae'e]

213, Activity Ccefficients

Finally, it has been assumed in the treatments above that since re-
duction of metel ions in solution to produce metal is carried out at con-
centrations of the order of one molar and large amounts of other salis are
also present, the relevant equilibriuwm constants were those obtained using
gsolutions of high total ionic strength. In order to calculate standard
electrode potentials or free energics of formztion of the conplexes it was
supposed that activity coeffiéients wére unity because the relevant equations

refer to activities of species whereas equilibrium constanis relate con-
centrations. Buch a supposition is obviously absurd, However, very little
informetion is available concerning the activity coeffieients of complex
species, in golutions of im?ortaﬁce in hydrometallurgy. This is parti-

cularly true in the case of precious metals although kmowledge of this data

ig less critical than the less electropositive elements.
2.2.1.4. Kinevics

Vhilet thermodynamic treatment indicates the feagihility of a rezction

and oo on Lhe cencentraiions of the
QI SO o LLD CONCenTTITAADnS 0L i




ien in solution. I the xate of the reverse reacilion between the metal snd
the hydrogen ions is significent in determining the overell rezction rate,
then the surface area of melel svailable for reaction will also be import-
ant. VWhen o couplex metal ion, such as an ammine, is to be reduced, the

1

concentration of the complexing agent will usually have to be included in

the rate equation.

Some metals, such az nickel and cobalt will not form as a result of
reduction of aqueous solutions of their salts by hydrogen unless some sult-
able sufface is already present at vhich the reaction can take place. In
such cases the reduction reaction is hetero-genecus and the area of the

atelytically active surface is important. FEven when the reaction is

Q

homogeneovg, the fact that & sciid is produced rasises the usual preblems
ag to whethenr fresh nuclei can be formed by the metal atoms produced by
the reaction between molecules in solution, or whether the metali wilil cellect

only on a pre-existing nucleus of solid.

Good reviews of the fundamental thermo-dynamic and kinetic consid-

erations in the reduction of metals in soliution have been given by Wadsworth

-

85

. . . N . 86 8
by Meddings and Mackiw s by Forward and Halpern and by Schaufelberger

2.2.2, Commercisl Avplications of Gasgeous Reduction of Metals

At the present time there are six commercial installations vhere
P
pressure-hydrometallurgical processes have found an application in the

routine large-scale prodvetion of nickel, ccbalt and copper.

Sherrit Gordon Mines Ltd., operates in Fort Saskatchewan, Alberto,

Qanada, a refinery where an ammoais leaching process is used for the recovery

«

of nickel and cobalt from sulphidic nickel concentrates and an acid leaching

sbment of roas

. 87, a8

2lloy scrap, in conjudiion with hydrogen reduction .

e e . o
ed calcincs and hig vemperature

r~
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process iz anplied Ilox the tre



A commercial plant ic under construction by Cntokumpu Dy. in Finland

for the recovery of cobalt from cobaltilerons pyrite concentrates.

Operaticn of the former Freeport Nickel Co. plant al Noa Bay in Cuba-
ig being continued by the Caslrc Goverrnment. The lateritic cre is treated

there in a high pressure sulphuric acid leach circuit to produce a high-
& - s

[ow

grade nickel cobelt sulphide concenirate at capacity egquivalent to 25,000
tons of nickel per year. Hefining of this concentrate to pure metal, or-

iginally to take place at the Lovisian

©

relinery, is being casrried out

either in the Soviet Union of COzmechosliovakisa.

In the U.5.4. the Universal Minerals and Metsls Co. operates a plant
in Xansas City to produce 10 tons of copper powder per day from various
copper bearing scrap metals, and the Arizona Chemcopper Co. hos vecently
completed the constructicon of a plant to produce 25 tons of copper pouder
per day from impure cement copper. Reviews of the opefating characteristic

8 82
vans 9, and by Evans .

’

t=l

of all these plants are given by Mackiw, Benz and



3. PIMVIOUS WO

3.1, Solvent BExtraction ol the Platinun Metals

rl

In their review of the application of solvenf xhraction to metal
extraction, Smithson et. al. 20 vemarked that no references to the liquid-
" liquid extracition of precious moials could be found. They suggested that
"Opportuniﬁies may exist for the use of this techniqgue in the recovery of
gold from certain solutions but these have‘apparently not heen seriously
explored. There seems tc be scant J¢k0¢fhaod vhatever" -~ they continued -
"that liquid-iiquid extraction will ever find use in the treatment of cyanide
solutions from gold ore leaching operations, owing largely to the efficicacy
and relative cheapness of present precipitation metvhods. There is some
possibility" they suggest "that specisl cases may arise where liguid-liquid
extraction would be competitive with other methode -~ feor exampls if it be-

came necessary to selecitively remove gold from plating solutions or sol-

W

vtions resulting from secondary precious metals recovery processes.'

thile it is true that all applications of liguic-liquid exiracticn in
the refining of platinum metalé up to now have strictly concerned enalytical
procedures, recently work has been published indicating that the spplication
of these techniques, at least to purification of anode slimes is being
seriously considered on a commercial basizs. Dolgikh and co--workers in
Russia have examined the possibility of extracting nople metals from copper

and nickel anode slimes with aminated alcobols and amines produced Dy

45, 46, 52

reduction of technical nitroparaffins In Tnglend Morris and

411 Khen have published.preliminary worls on the application of solvent
¥ ) P

=

extraction to the separation of several noble metsls from precicus mets

concentrates. They have recommended that the separetion of gold by dibutyl

5 44 . - -
carbitol 7, of ruthenium by carbon tetrachloride ‘, sud of rhodium by the

4
Ll

cation  cxchenger ulnonglr"thbc]nne sulphonic acid -~ could have several

s ey e S Attt T et e er Sy
wethods dn dndustrisl poocessing.



of gome sixty ve-

feorences 1o of verious golvent extrvaction processes in the

analytical chemistry of the platinum metels. Inn this, the review hos been

restricted to solvation eand ion association systems. Chelating systems

. 2, 70

which have been comprshen studied and reviewed have not been

mn
!_1
<
0]
I,_ 3
4

cxanwnbd here. Whilst chclates in the form of substituted oximes have
haen spécificaily designed for cogpper extracition, it was considered that
it would be more profitable initially tc explore the possibility of using
reagents which were intrinsically cheapc ond had & sgimpler chemistry than

chelating agents.

3.1.1. Solvating Syatens

A summary of the principle characterisiics of tecimiques developed
for separation of platinum metals by means of a solvating system is shown

cfly for

{5
o

in Table 1. The principle systems exemined or reconmeunded ch

analytical separaticns sre ethers, ketones end neutral or basic phospliorous

couipounds, i.e. oxygenated compounds.

i -

(a) EKetones: Palladium has been shoun to be virtuslly completely
extracted by Lscbutyl methyl ketone from sclutions conbezminated with niobivm
. . 29 s . . . .
and zirconium 7. Success was atbtributed to the aptitude cof palladivm to

foxrm & complex iodide Pdl4 vhereag nc1th@r niobium oxr zirconium forms

a stable iodide in agneous solution. This evidencs tends to suggest thatl

cxiraction may be by an ion-association mechanism. Simila arly osniwn has

N

-
. . . . Z
been shown to be quantitatively separated as a thiocyaunte complex in ocianone

(b)  Ethers: Gold in the form of the bremosnrate may be extracted
iree from contaminating iron and other noble metals ezcopt osmiuvm by ex—

52 .
trection into isopropyl ether 7<, but -rhodivm had been shown to be unes-

tractable by the same solvent ovar & lapge range of pd Jrow chloride

e
. '
solubion -7,

lenzgizool



dibutyl ether {dibutyl carbitol) hes been made into refining trials on
[ pe)

. - - M -
gold from ch‘oru:wrhc acid solution 7. Complete separation from iron

arsenic and oiher contaminsnts is achieved and it was observed that extbrac—

. - e\ . .
ion improved with inereasing geld (III) concentration in the agueous
— O K 1

.
v

phase
(¢) Besic Phosphoreus Compounds: Palladium nay be efficiently
1} . . A . — ~7 .
extracted by triphenylphosphine as a rLIQ.sz ) P complex from weakly acid
28

media although the arsenic and antimony analogues are belter , and ruth-

In their systemaitic investigation of the extraction by tri-octyl phosphine
oxide of 60 elements from chloride and nitrate solutions Ishimori and cc-

workers showed Tthat only osmium and platinum could be quantitatevely ex-

%6
tracted and then only from chloride complexes 27,

(d) Tributyl Phosphate: Much work hes been reported on the solvent

extraction of platinum metals by Berg and co-workers by tributyl phosphate

pAYS A
(TBP)  from thiocyanaie 2T, vromo 22, chloro % #

complexes. Their
results indicasted that TSP couvld, by mululpju countecurrent extraction, be
used to separate binary mixtures of rhodium and iridium, rhodium and plati-
nom, platinum and palladium. Similar work by Paye and Inman showed that by
employing iodide ccmplexes platinum and palladiuvm could be separated from

) . e 50 . . .

rhodium andiridium by TBP . However, results of work by Ichimori et al.

on TBP extraction from nitrate solutions show that only Ru(IV) and Os (VI)

may be considered as being quantitatively extracted 42 « 4 later paper by

Meier et al. on the solvent extractiion of osmium reports & systemstic

. . . . O
study on the extraction of this element by TBP and confirms these resulis 4 .
5.2.1.0. Physical Dissclution Finglly in this solvation seciion

action of rutheniwn and cosnivn

23 thot, due

G

enium( IV)may be extracted by tri~octyl phosphine oxide but not quantitatively.””
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in colution as Raoi and OSO/ molecules., The distribution vatios
1 {A

for osmivm and ruthenium betvesn cervon tetrachloride and water have been

ki

by Murtin as 12 and 59 respectively and arve independant of the

4>

concentration of the tetroxides over considerable ranges . Thege resulis

determined

have been used by Morris and A i Knan as the basis for developing a solvernt
extraction technique in the refining of Ru and Os. They conclude that

advantages of this process could ensue from the incorporation of a scaled

up version the commercial refining of rutheniuvm 4*
3.1.24 Ton Association Syptems
3.1.2.1. Anion ELzchangers

It is only in the last ten years that attention has been turned to
the posgibility of exploiting the anion forming tendencies of the noble
metals by separating them with liquid anion exchangers. They have been
simultaneously studied as a method of analysis, in fundamental research

invo extraction mechanisms and as processing reagents.

A summary of the principle characteristics of solvent exbrac %ion
processes using liguid anion exchangers for platinum metals is éhown in
Table 3. The anion exchangers used have involved all types of amine,
quaternery ammonium compounds and extraction has almost invariably been

made from solutions of chloro-complexes.

(a) nalytical Applications

Ishmori et. al. in their systematic work on the extraction of some
sixty elements in hydrochloric acid solubion by Primene JMT (trialkyl-
methylamine), Amberlite LA-1 (secondary alkylamine) and tri-iso-octylamine
showed that none of the platinum metals could be considered to be guanti-
tatively extracted by the primery amine although gold could he easily ex-—

T A

: L ¢ 5 v P s e e ey e
tiacted at low \~—2J3 hydrochloric acid concentrations in itne agueous phass,

’
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The =zecondeyy amine wag shovn to have greaier exivaction 1o

orily guantitniive for osmiwa and platinam in addition to g£2]

Vi

schene for the separvstion of osmium by Amberlite Ib-1 has

7

- 3 0 7 . .4 e e =0
by Meder 5). Tpe tertiary emine proved to be the most
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but, runcdiwm ond iridium were still not effectively extrocted snd worl

performed later on rhodium showed that this metal was not exiracted by

35

any amine under sny conditions””. Russian workers have come %o similar

conclusions that while palladium (II) and vletinum (IV) may be quan-

@

o)
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el
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titatively extracted rhodivm (III) and iridium (III) were effectively not

extracted at all 56, 60, 61. However, it was also observed that iridium (IV)

is extracted by a benzene solution of tri-n-oclylamine but that contact with
the organic phase leads to partial reduction of the iridium (IV) to iridium (III)
leading to a decrease of the quantity of metal extracted 4’¢ Work by
Fhottak and Magee also showed that rhodium {III) was rmeluctant to being
extracted by tri-isc-octylamine although rhodium (III) - tin (XI) complexes
) . . s 51 . i

were amenable to a quantitative extrachion “~. A comprehensive study of

. N . [+ . . P N
extraction of riuthenium (ITI) by lovng chain amines has been mede by Shanker

50 . . . -
et al. 7 . Their results show that extraction decreases in the oxrder
primary anines >secondaryxtertiary amines, while within the tertiary amines,
increasing chain length and decreasing branching leads to reduced extraction.

Similarly extraction is increased by the use of diluents with higher diel-
y

ectric constants and of a weakly basic rather than en acidic nature.

Some papers have been published on extraction of platinum matals

by quaternary ammonium compounds and it has been found that these even more

63: 649 67

basic compounds give enhanced extractability In slkaline

sclutions platinum can be separated from all other metals; in weakly acidic

.

media =11 the platinum metals are readily eziracied end can bLe sepaveled

»

frem base metele, Additionally in waakly acidic medisa

o=
o
[
]
o

e pees b S nam
JeVAaTE LI 0N

of plstivam snd poiladium from other wnoble metals 1 pessible



and in strongly acidic medis platinum way be separated alone.

Finally a paper by Deptula has demonstrated the antagonistic effect

of di-n-butylphospheric acid on the extraction of platinum(iV) by Hri-n-

. ; . . .. D2
cetylamine frem the chlorocomplex in sulphuric acid <,

(b) Arplications to Process Refining

The first attenpts at applying solvent extraction techniques to the
refining of platinum metals from anode‘slimes vere made by Dolgikh and
co-workers in Russia in the early 1960's. They exiracted the noble metals
by industrial amines from chloride solutions produced by chlorination of
the slimes with chlorine gas. By use of multiple stage separation 99.9%
of ¢ll precious metals in the slimes were removed and only 0.12% of all
contanminants from a 6 M solution of hydrochloric acid 45 46. In this work
primary amines were preferred to higher amines since in this case the re-
action is chiefly one of inner complex amine formation vhereas with tertiary
amines the addition reaction is chiefly realised. The imner amine complexes
ohtained are exiremely stable compounds which arc not destroyed by minsral
acids and alkalis but necessarilyAstriﬁping or re-extraction of the metals
is thus more difficult. A later paper has given an account of operating

. — . . o 59 . s
experience from a pilot plant using this technique . L3 a result of this
verk a plant in Belgiunm has incorporated a solvent extraction technique
in the recovery cycle of gold and platinum metals from anode slimes arisin

fron the electrolysis of Dore metal 68.

[¢:s3

Purther work cn the fundamental aspects of the recactions involved

- 56,57
has shown the anzslaogy of the extractions to ior-cuchange resin mechanilsms VeI

and work has heen extended to show the influence of tm

other types of exirac

a8

g8 o .. . . P 62 o . L -
ant and the effect of sulphate ions in solution ~~.Shivrin et.al. haove

-

publiched work on the extraction refining ol ncble metals hy quaw

crordun cormpounds but difficulty wns expericnced dns




these higbly surfece active reagents to form stable emulsions. lowever,

Ly carcfun! control of conditicns gold cyanide mey be effectively extiracted

O . o/

f)

N

nts of the type {CI, W T) Cl and (R4N) a1 >’

3

by vhesc rea

In Japan Abe and Yazawa have also applied amine extractants to the separation
oi iretals related closely to the hydrometallurgical processes and results

. . . § L 66 . .
show agreement with previous and subsequent woxk . Finaly Ali Khan and
Morris in preliminary work have chown the feasibility of tertiary amines to

49
:

xbract platinum metal nitrites

A summary of the specific extractvants used as liquid anion exchangers

ig given in Table 4.

3.1.2.2. Catlon Exchangars

Presumably as a result of the reluctance of noble metals to form
simple catlic¢nic species in solution little work has been done with liquid
catlion exchangers in precious metal chemistry. However, one paper by Ali
Khan and Morris shows the possibility of extracting and separating rhodium
by this means. They have used dlnonyinaphthnlenesu7Dhonvc acid to separate
quasi effectively rhodium from ;ontaminants and other platinum metsls and
recommend that if a barren aqueous phase scrub cycle is incorporated into
the flow scﬁeme, this process could be used to advantage in refining of

- . 69
rhodium from precious metal concentrates .

Gageous Reduction of Platinum Metals

W
N
’

Some of the earliest investigations on the gaseous reduction of metals
from solution were performed on the platinum group metals. During the
period 1909 - 1971, the Ipatievs and co-workers studied the use of hydrogen

undexr pressure to precipitate pletinum, iridivm and other metals and metal
-k P s

e . . i 20 . s N
orides from agueous and organic solution « The reaxcvions were carvried
cut in seslod unagitated tubes and the metallic products, when formed vere

: ; — aes ~ e which orecis
frognently contemineted with stehle cxides wnd basic selys which preci
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temperatures befere the hydrogen could diffuse into soluti

and erffect redvetion. Although the products from this work were too impure

for further development, the demonstrations of the feasibility of using
x H of >
hydrogen under pressure to effect reduction must be considered a uajor

contribution in the development of these processes.
ter, still in the U.S.S5.R., the pioneer work of the Ipatievs was

Lat
4.2 L : LI Ne W4 10 J. 919 929 95 s
continued over the period 1930 ~ 1948, by Tronev et. al. ¢ pri-

marily on the hydrogenation of aqueous salts of the precious metsls and

the precipitation of silver; gold, palladium, platinium, rhodium ard iridium.

The procedures developed emabled the platinum group metals to be separeted

by selective precipitation.
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Chemical Serecning

As a result of the literature survey on the chemistry of platinum

f3)

etals and the various sclvent cxtraction processes availeble it appesrad
that the most logical choice and the most promising system wasg that of the
liquid anion exchangers. The theoretical aspects of amine extraction

~ e N . T 71 o 12
systems are given in papers published by Diamond and Grinstead .

From these it wag possible to decide upon the nature and range of process

variables which were to be investigated.

4.1. Amine Bxtraction Systems

Let us consider the mechanism whereby amine exti ractants act as liquid

anion exchangers and the factors which influence their extrataebility.

4.1.1. Formation of Anion Exchangex

The amine, whigh is usually dissoved in an organic diluent,  is trans-
formed into such an agent by reaction with an acid spécies vhich is intro-
duced 1nto the aqueous solution of the metal salts. The simplest expression
that can be written for this type of reaction is:

. + . + N -
RBN(Org) + Hy0T == RBNH(org) F H,0 (23)

vhere a secondary or primary amine can be substituted for the tertiary
emine. Although this is an oversimplification of the situation it never-
theless einphasises the base-acid nature of the reaction, the main driving

force being the fact that the amine binds the proton more strongly than

dees a water molecule.

Fowever, different acids show very differcnt degrees of extraction
under similar conditicns and so extraction also depends on the anion. It
must therefore be included in (23).Mow this should be done depends bpon
the nature of the ammenium species in the crgenic phasce and vpon the diluent.

In dilube golubion ia tho usual low diclcceiric consiant diluent the snlt



becomes ion paived so {(23) becomes:

Xt R, ]\T . o, o == R%NH%‘,X;OJT”)—F IL,0 (24)

(25)

The ion pairing is not entirely electrostatic but may involve a weask hydrogen
bond between the ammonium cation and the anion. This interaction is stronger
the smaller and more basic the anion, but the ease of extraction shows

just the opposite order e.g. C1° < Br < I < 6104_ . This is because

it is the aguecus phase interactions of the ions and not the organic phase
ones which dominate in determining the sequence. TWater is the best anion

solvating agent present, as so the ions leave the aqueous phase inversely

*1th the order of increasing hydration.

4.1.1.1. Effect of Amine Clasz

VWhen considering the extraction of a given ecid under varying conditions,

however, differences in the organic phase interactions readily show up.
For simple acids the order of extraction by amins class is usually primaxry

> secondary = tertiary. An explanation is that the increasing number of
aikyl groups sterically hinder the apprcach of the snion to the ammeniuw
hydrogen as well as cutting down the number of interacting hydrogens on
the nitrogen. The cation-anion interaction is weakened for both reasons aud
so the extracticn decreases. r the same reason the spread of selectivity
among anions should ba expested to increase in going from primary, cecondary
tectiary to quaternary wmnonium salts. The cation-anion interactions
partielly neutrelise or oppose the order of extraction dictated by the
dominant agueous nhése hydration behaviour and sco the latter shows its
maximun effect wit ' the quatefnary salts and & JLn¢mumlsolectiviﬁy with

the primary emmonium catrons
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4.0 1.2 ifect of Diluont

The diluent is not inert but interacts with both ths amine and the
ammonium salt through its functional groups (chemical properties) and with

the salt through long range coulombic effects (dielectric preperties).

(a) Dielectric Effects: In genersl the higher the dielectric con-

stant of the diluent the better the extraction and this is understandable.
b positive electrostatic free energy obstructs the transfer of ions from 2
medium of high dielectric constant (water) to one of lower value. An
order of magnitude estimate of thié term can be obtained by applying the

Born charging expression to the transfer of a pair of dissociated spheriéal

)

monovalent ions from water (€ = 80) %o an organic diluent ( €
aq . org

: 2 v
bGoy o org = Yoo (7, +27)(1/ €

org /e aq> (26)

IL the ions associate to a pair in the low dielectric constant medium the
(positive) free eﬂergy of transfer is reduced by the energy of the ion
pairing. With 1/¢ ore =  1/80 the most favourable case is for two ions
of equal radius and the value of AGéq,-g org is reduced to one-half the
valve for disscciated ions. 8o even for ion pairs the long range coulombic
interactions with the diluent provide a posiiive free energy of transfer
whose magnitude depends on the dielectric constant of the diluent. This

term must of course be overbalanced by the acid-base reacticn for the

interaction to occur.

(b) Chemical Bffects: The correlation between dielectric prop-

erties and extractability is not very vigorous however. Besides "electr-
ostatic" solvetion of the ions a short range chemical effect with the diluent

must also be considered.

If the diluent is scmewhat basic (e.g. aromatic compounds) there

may be an interaction bhebween i1t and the wealkly acidic hydrogen of ihe
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smaoniwe cotion, thus iworoving exiraciability. If on the other hand the
diluent moiccule ip slightly acidic,; one might expect it wo interact with
the basic extractant molzcule effectively reducing the latter's concentration
and so decrease the exbraction. For example such behaviour is observed

with the trialkyl phosphates , phospine oxides, etc. where extraction of
gcids is pocorer in the slightly acidic diluent chloroform than in carbon
tetrachloride.. However, this is not true of tertiary amine extraction.

For some rezson the fermer does nolt react as strongly with small uncharged
molecules such as chloroform as night be expected from its greater basicity.
But the cholorform molecules may (hydrogen) bond with the anion of the
ammonium salt, thus helping the extraction and do .so more strongly the
smaller and more basic the anion. For such anions, chloroform, or any other

weakly acidic Dolvent becomes one of the best possible diluents for

CL v 18, C'LlOu.

4.1.1.3% Associstion of Extractant One of the most important and inter-

esting features of amine extraction systems is the degree of association of
the ammonium salt in the organic phase. The properties cf the diluent,

the nature of {he ammonium cstion and of the anion and their concentraiions

%

determine whether the salt is dissociated, ion-paired or still more highly
aggregated in the organic phase. In a2 high dieiectric constant medium such
as nitrobenzene an ammonium salt with a large anion maey be completely diss-
ociated over a wide range of concentration. But with smaller anions the
interiocnic attractions are larger and the salts, although dissociated at
very low concentrations, ion-peir at higher concentrations. If the diluent
has a very low dieleciric constant and little chemical solvating ability,
the ammonium salt may escoclate to still larger agsregates beyond the ion

75,

pair to ion guadrupoles thus leading to meduced extraction

~

he degree of aggregztion can also be corvelated te the nature of

the anion. For it the snion catron neir can hyorogen bond and thusmsolvate



each other they will more readily fomin ion-pairs from the free ions but
they will heve less need to aggregate further. The ovder of +this inter-

action is as expected from the sige of the ions, 0L >+ Br > I and

they show the opposite tendency to aggregate beyond the ion-pair. In

N

thig respect quaternsry samonium salts which are incapable of such hydro-

. gen bonded ce

tion-anion interactions e are more 0usuoptlble to aggregation

than are tertiary ammonium salts.

However; it should be pointed cut that at higher concentrations of
anmoniwn salts in the diluent, the organic phase activity coefficients
are no longer constant (i‘e. > 0.1 1), The presence of such a large
concentration of ions even though highly associated changes the prpperties
of the diluent from those of, for example, cyclohexane. to those of an en-
tirely new substance which may have better extraction characteristics, despite

aggregation of the extractant.

4.1.2. Ion Hxchange with the Metallic Spb01es

The emmonium salt ion-pair formed by reaction of the amine with an

ecid is now capable of exchanging the simple anion with a complex metallic

anion, usually a halometallic complex.

RNHT X+ MX

it + / =
5 4 = (35m ) MX

4-+X— (27)

The sequences of the order of extraction with these complex ions as a
function of amine clags, of increased branching of the amine alkyl groups
and of the diluent tend to be opposite to those of the hfdroballo acids,
gince the latter are pregent and in competition with the complex ineta

ion, i.e. ion exchange.

4.1.2.1. Bffect of Amine Class

£s hag already been mentioned the oxder of (hydvogsn-bonded) inier-
action of C1 wilh the awmonivm cation is 1RY =2RY = ZRY = 4RY and

exiraction follows the

Beguence.

that a weckly interacting



or ¥ ) which deues not depend as nuch on such hydrogen bonding

o help its ewtrachion as deoss ClL o, will commete best with €I in ezxitraciion

with a ARY anion, next best with a 3RY, and so on, yielding an order oppesite

to that for hydrochloric acid extraction itself.

4.1.2.2, Bifect of Diluent

A similar argument holds for the inversion in extraction order between
the hydro-halic acid and the(monovalent) halometallic complexes acids with
change in diluvent. The halide inferacts more strongly with chloroform
than does the larger, less basic anion, so that when both are present, the
larger anion is relatively less strongly favoured and extracted than with a
chemically more inert diluent such as cyclohexane. As a result chioroform
is a good diluent for hydrochloric acid extraction but a poor one for the
(ion exchange) extraction of halometallic complexes, while cyclchexane or
the aromatic solvents have the opposite effects. Such inversions in extra-
ction order become'more marked the greater the disparity in size and basicity

of the anions involved.

4.13.2.3%. Role of Water .

Large amines themselves do not appear to be very hydrated in the common
diluents, but with most anions appreciable water is co-extracted with the
ammonium salt and furthermore the presence of water increases the solu-

bility of the salt in the diluent. The water acts as a bridge between the

n

cation and the anion or is hydrogen bonded to the anion and varies a

the need for solvation of the anion e.g. C1 >Pr > I > 010—4.
4.1.2.4. Lixcess Acid

4 molecule of acid such as hydrochloric acid is a polar molecule
which can hydrogen bond to an anion just as can water. BExcess acid present

in the sysvenm may thus solvate the snicng according to their basic strengih,



0, > CL > Be > i > 0104, forning melecule-~ions. The exiraction
of metal complex anions frow aqueous hydwochloric or nitric acid solutions

may be pgreatly influenced by the formetion of these species as the latter

anions and so compete much better than the latter in ion exchange. Thus
for a complex anion, the distribution curves from dilute hydrochloric acid
solutions are almos?t identical to those from solutions of lithium chleoride
but they increasingly fall below the hydroghioric acid value as the con-

centration rises into the region where HCl; and H Cl; can form and

2

extract.

4.1.2.5. Basicity of Amine

Decreasing the basicity of the amine results in reduced extracta-
bility and if the zminre beccmes weak enough one molecule may not provide
enough solvation for the proton leading to the formation of (RBN)2H+ or
even (RBN)2H50+ complexes. Similarly the substitution of an aromatic
group for an alkyl one in a tertiary amine causes a considerable reduction
in its basicity and a marked drop in extraction, about a factor cf 105

per aromatic group, due to steric hindrance.

4.1.2.6. Re-extraction of Metal Complexes

The amine extracts are usually amenable to one or more methods of
stripping the extracted metal ions.readily and into a relatively small pro-
duct volume 99. The methods include some reactions that affect mainly the
extractant: hydrolysis of the (weak base)amine salt displacement by a
strohgly extracted striﬁping agent; some that affect mainly the extracted

metal: change of oxidation state, dissociation of the extractable complex, .

competitive formaticn of a non-extractable complex, precipitation.

Hydrolysis of the amine salt, reversing equation(QB) completely desiroys

its exchangs 1y all extracted meberials., Thus 13
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ing strongily extracted solutes, Iorv the
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last step of & selcctive stripping series, and for eliminating conlami-
nants. Stripping by complete hydrolysis m7y impose a disadventage if
frech scid and & special operation are necéed to regenerate the smine
¢alt Lor recycle. However, the extracfion feed (leach liquor, dissolver
_sclu*ion; etc.) often conbtains excess acid for other reasons, sufficient ‘o
relform the emine salt in the last extraction stage withéut vnduly raising

the raffinate pH.

Stripping by competitive displacement can be a very simple and effec-
tive method, provided that the stripping agent can be tolerated in the
extraction system as well as in the product, or can be satisfactorily re-~

moved before recycle.

Whenever a censiderable degree of salting is required for extraction
of & particular metal ion, water stripping should be effective for ils re-
hoval. When the éolute is subject to hydrolysis, a dilute acid solution
(e.g. 0.01 M) is used instead of plain water. Enovugh acid may be auto-
matically provided by excess acid extracted from the feed and transferred

-

g is desired in a prccess,

(&}

to the stripping section., When water strippin

only a moderately strong extractant should be used.

Formstion of a non-extractable agueous-phase complex can be used for
stripping whether or not formation of a particular extractable complex is
involved in the extraction. The stripping agent is not necessarily extirac-—
table. However, it is usually one of the common complex forming anions and
thus may be extracted, if so, the sawe question of elimination or tolerance

in the extraction system applies as in stripping by competitive displacement.

[
e
|8
!
o+
wn

Sharply selective stripping can be obtained where a differcnce
BN

in the extrectability of different cxidation states of a metal. Heuce a

1

netval extracted in one oxidation siate may beo gt

srtract with o



state which is not exiractable.

.

IMinally stripping may be effected by precipitation methods either by
a strip solution contsining a reductant or by direct reduction from organic
<l

phase with a gas. However, these methods involve certein practicel diffi--

culties in separating solids from either one or two liquid pheses.

41035, Interpretation of Process Paramctens

In his paper on liquid ilon exchangers Hogfeldtb cohcluded that "pro-
gress has been made in the field of amine extractions with regard to the
1dent1flcut10r of :p001es in the organic phase. But the equilibria regu—
lating the extraction processes are not well understood at present partly
because of interfering aggregatién equilibria." 3

However the extraction of ferric thiomcyanate complexes by trinony-
lamine hes recently been studied in order to determine to what extent ex-
traction behaviour using this kind of solvent can be predicted from equili-
briwn data. It was shown that under normal conditions of iron-thiocyanate

ratio the ion extracted is Fe(SCN)—4,-giving 2 complex (C.r Wit Fe(SCN)™ 4

9 19)5

. . . . 10
vhich dissclves in the benzene-amine layer .

The relevant equilibrium constants are Kl to K4 and the important
variables are the concentrations of iron and thiocyanate ions. Since the
concentrations of cother ions are not necessarily small, and the concen-—
tration of ferric and thiocyanate ions change during the extraction, the
variation ¢f these eguilibrium constants with total ionic strength,I, must

be calculeted using the Debye-Huckel rela tlonshlp, corrected for variasifion

of the activity coefficients with concentration.

N
N
o]

p—

where ho is the value of Fn at infinite dilution

) » P o T G - de
16 B arve Tundomental constants



% in lonic charge

& and O arve arbritary parameibers.

- - ' , 0 W A8 .

The valucs of the parameters were taken ag 4 = 4.5 x 10 7, AC = 0,295 and
7z 8 . Lo f)r\) [ - 1070 Tas VA

B = 0.35 % 107, in the cass of X . At , A =0.5%09, X = 1,070. For %y

the experimental dats fit the egualion reascnably well between I = 0.1
“end 1.0, if KE = 96.6, QOC = 0.044, gB = 1:5. The few resulte for K3
£it the eguation

log K, = 1ogKg -1.257 1
with K5 = 3%2.2, The value of ¥, is independant of I ag long as the ratio

of the activity coefficients of the SCN and Te(SCN)~A ions remain constant.

By using potassium nitrate solubtion as a base electrolyte, the total
ionic strength was held constant; the pH was maintained at ~2 the actual
value being measured. The equilibrium constants for the formaticn cf iron-
nitrate complexes and hydrolysis products vere correchted in the same way as
those for thiocyanate complexes, and it wes then possible to calculate
the amounts of extractable speccies present atany thiocyanate-~iron ratio.

Since only the extractable complex of iron present in any quanvivy of

significance was Fe(SCH) 4 the extracticn of ferric thiocysnate complexes
may be represented as

RBNH.SCN(OI,g) + Fe(SCN) (aq) == RBNHFe(SCN) 4lorz) SN (4q)

where R is the nonfl group (C

9" 19)
The particular partition coefficient of Fe(SCN)_4 is
[ R, NEFe (qcv)

f’ (scw)™ 4 7aq

P4

and the eguilibriuwa constant for the extra ct1on is:



Hence K4 = e | (29)

-

If it is assumed that hydrolysis and complexing by nitrate are negligible

the iron distribution ratio in general is glven by:
=g - 5
2, L (R?NH)W3 Fe(SCH Dol ore
D g - i
Fo
[,
n=6

2 P ,@n [3e>7 [Ren] |
- (50)

%, 020
T V7 ¥ pn,,,m*‘
n=0

Therefore D, should be independant of the concentration of iron. In ordexr
s
to predict Qﬁa it is necessary to know the values of the equilibrium con-—

stants for formation of the complexes.which give ﬁn’ the values of Kn

-

the way in which DSCN varies with the concentration of free thiocyanate

ions, and the free thiocyanate ion concentraticn itself.

It was shown that if hydrolysis and complex formation by nitrate are
taken into account there was a linear relationship between DFe and the
concentration of free thioccyanate ions as long as the range of concentration

studied is small. However, K, was found to vary with the concentration

4
of ircn and it was suggested that this was due to catignic species and
Fe(SCN—)Aions in the aqueous phase forming polynuclear complexes. The

valvue of X, also increased with incree sing total ionic strength due to a
4

©galting-oul effect.

From the above example it can be seen twel even in

mpt to raticnzlise portition dats from

,
- Ve BRI s
extrastica srabens,
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relationships leads to a sosouwhat indrectable result needing lorge amountis

of fundanental dota to renclve it. Any attempt to apply this approach to
gituations as complex as those involving the neble metals ebout vhich

there is little informaiion of this kind would be unjustifiablce. The agueou
equilibriz in solutions of thege metels is not kmown with any certainty

due to multiple valency states and to the co-existence in solution of severa

complex species in mutual eguilibrium including products of hydrolysis.

Alternatively more empirical methods may be adopted such as the

L T4

approach of LLoyd ami Certe who have attempted to correlate extraction
isotherms obtained from various liquid anion exchange processes with the
aim of establishing a general mathematicel relationship between the chara-

cteristics of each.

They suggested that if one assumes that thers are m molecules of
smine associated with each molecule of the extracted species, then the
molecules involved in the complex will be equivalent to a solvent concen-
tration of mY where Y is the organic phase molarity of the extracted species
The free solvent concentration is thus (M - mY) where M is the total solvent
molarity. If it is then assvmed that the solvent-metal salt complex is of
constant composition at all levels less than saturation, then (M-mY) will

be the free solvent concentration at all levels of the concentration of the

extracted species in the organic phase.
3

Also it was found that in the éxtraction of most single species,
the equilibrium isotherm, relatim concentration of the extracted specieg in
{1he agueous and organic phase ig one in which the distribution ratio is

proportional to some power of the free solvent concentration

.

¥ B~ o)t | (35)

l.e. -
}\.

where: X = molarity of the ewtracied svacics in the agueous phase

n . ) . .
K = gxtraction foctor

ve

<
b

1
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Cf porticular infercat since 1t occurs in many oysbems is the case where
the dislribution ratio 7 / X is directly propovitionnd to the free solvent
concernttration i.e. nN= 1

Em (56)

The usefulness of this reiutlonshlp is thet o plot of 1 / X versus 1 / ¥
should yield & straight line of slope £ ¥. MNoredver the intercept

with the 1 / X axis should be — B m and the intercept with the 1 / Y oaxis

should be m / M. Thus m and p may be found graphically.

The significance of the faclors n, m, B , is that they can together
completely satisfy he speci i"ation of the loading and exlraction chax
cteristics of any particular amine in a given system. The loading factor n
will be a true measvre of the saturation capacity oi the amine regardless
of the concentration vhilc the extraction factor B will Ee constant fhrough—

out the range of concentrations of the cxtracted species at all amine con-

centrations.

From their own results aud correlations with those of other workers
most of whose work was found to concern systems where n = 1, Lloyd and
Oertel found good agreement between the equations developed and extraction

isotherms determined experimentally.

Similarly eguations were developed and tested for the simultaneous
extraction of two species. They assumed that the extraction and the load-
ing faotoré remained constant whether one species is extrscled aloné or in
the presence of ancther, and set up two equations relating the organic

and aqueous phase ccncentrations of the two extracted species at equilibuwiwi.

Y, = B (- Yy - Tom ) 1

i 11
=
1
. : A ) 11
and v B (M- Yo - Yo
and 5 . "2(h rymy ~2m2) 2



then if nl = n, the selectivity factox 3, defincd as the ratio of the
= ;

distribution raticn of the two specics will be congtant, that is

?

D /2-0ep (37)
X'.,L / ) }"p :

However, if 0y e n2it should be noted that the selectivity factor will

not be constant but will vary with the organic phase concentrations of the
extracted species. In this case it may be expected that if n, > n, sep-

aration between cpecies 1 gnd 2 will improve with increasing organic phase

concentration if El > E? but will decrease if El < E2 and vice versa.
Results showed that equations give a good semi-quantitative expression to
the extiraction isotherms of two species extracted in the presence of each

other.

esults obtained in the correlation of these equations with experi-
mentally determined isotherms allow analytical solutions for the number of

stages required in attaining optimum extraction performance.

4.2. Byu@rlm’L tal Programme

-

On the basis of the theoretical aspects of emine extraction processes
and knocwledge of the sclution chemistry of platinum group metals a prélim—
inary experimental programme was drawn up. This wés devised so that poten-—
tial ﬁrocesses could bhe isolated and identified by investvigation of the

following process variables.

.

(a) HKeiallic valencie the extraction of noble metals in their

most probable valency states

Ru (III)

Oz (IV)

R (1I1)

I {T37),1v)
Pad (11)
vfﬁvﬁ

/.
FATRNN

-‘3
e’



the ewtrootion of noble I[( tols In o

raqase 10

(c) Fetal complexes: study of chlero-complexes in hydrochloric

2cid and in couparison to cther common anionic ligands.

(d) Anion concentraticn: the extraction of noble metals from solutiouns

of varying anionic strengths.

(e) Amine reagenis: extractability of primary, secondary,tertiary

amines and quaternary ammonium compounds of varying chain length.
(£) Diluents: extractability of amines in aromatic
diluents and in comparison to some aliphatic diluents.

icentrati Ixtractant: csractia formance at ryd
Concentration of Extractant: exvraction performance at varyin

Tor the purposes of this work branched 2 - amino-octane and dodscane
primary amines (improved phase disengagement properties over straight chain
amines) di-pentyls-octyl,and -dodecylamines, and tri—pentyl,octyl,and dode-
cylamines were obtained from B. Newton- Maine Litd., (Norfolk) and tetra-
pentyl and tetraheptyl ammonium chloride was obtained from Kodak Ltd.,

.

(Liverpool). All amines and diluents uwere used without further treatment.

Ao2s1e Analytical Technigues

Traditional methods may be employed for the guantitaitive determin-
ation of the metallic species in either phase after contacting but these have
certain drawbacks. Spectvophofomeurlc absorption technigues and polaro-
graphic methods require that the nature of the metallic species in sclution
renains constant. This implies precise knowledge of the {ypes of metaliic
complexes present and the proportions of particvWaT species in equilibrium
wrder any given conditions. In the case of the noble metals this amount of
control is not possible to meintain in a real situstion. However, some
gspectrophotosravhic work was done con platinun metal solutions both bafons

5
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Cohanoes were ball

ng place in the metal species

A more e¢ifective and accursic method of determingtion ig by mesns of
radiochemical tracersadded to the untieous phase bhefore exiraction. Pro-
viding the mixed labelled soluticn undergeoes a chemical treatment to ensurs
fhat the radioactive metallic ions are of the seme species and in the same
equilibriun proportion asg thoge of non-radiouctive ions it is merely necessary
to measure the subsequent physical dilution of the radiocactive component.
Investigations into the solvent ext“&ot%on of platinum metals by Ali Khan

5, 44, 69’ .55y 545 55

and Morris and Ishimor were carried out uvsing radio-

tracer techniques.

4,2.1.1. Radioactive Tracer Afnelysis

The principles of normal radioisotope tracer methods are given in

. . 79, 80 . . " -
various reviews - 7. Solutions of the platvinum metals labelled with
radionuclides were made up into chemically homogeneous golutions and ex-

traction performed until near equilibrium conditions were achieved. Having

g

then allowed the two phases to disengage aliquots of an equal amount of
each vere counted under identical geometry using a ¥ -scintillation assembly.
This comprised a NWal (T1) 25 mm x 25 mm well-type scintillation tube and a
Nuclear Enterprises SR3 ratemeter with a discrimination capability. By

use of this equipment not only could individual radionuclide activities be
neasured under peak energy conditions but by variation of bias control, twe
activities due to different labelled metals present in the same solution
could be measured simultansously providing there was a2 sigaificant differ-
ence in principle Y-photon energies. In this way it was possible to

determine the separation factors between pairs of metals in a single

gojution.

A1l radionuclicden were obbsinad from Ths Badiochamical Centre ond



AL “r

were subjected to P —wpectrometry befowe use to engurve radiochcmical

purity. Yable 5 shows the principle oharaoterisbics of the radio-tracers

1sed to determine distribution data.

£o2.2, Ixperimental Procedurs

\mines

he

4.2.2.1, Kinetics of Extraction by

Before commencing the distribution studies, two kinetic factors
appeared to be of importance in the liguid anion extraction of the platinum
netals. The first was simply concerned with the rate of approach to equili-
brium concentrations of the metal species betueen the organic and agueous
phases. Simple shake-up tests over varying periods of time showed that

n

contacting for about 2 minutes would give a satisfactory approach te equili-

brium. (Sece ¥ig. 2)

The second factor involved the attainment of consistant results be-
tween platinum metal aqueous solutions of dlffer snt concentrations and
chloride ion concentration. It was found necessary to heat the solutions,
once made up, for about 30 minutes to aﬁtain equilibrium of aqueous metal
solutions. To confirm this a solution of Ir (III) was made up in 6.7 HC1
and extracted with a 1RY amine at intervals over a period of months: Equil-
ibrium appearecd to be obtained after 5 - 6 weeks at room temperature (see
Fig.fs) indicating that the species of platinum metals take a considerable

time to come to equilibrium after changes in concentration and piH.

4.2,2,2. Preparation of Iridium Solutions

As already described it was decided to use a radiois sotopic tracer
technique to determine the equilibrium concentrations of the netallic specics
in the orgenic and agueous phases. In the case of iridiws 1 mCi of Ir ~
vas obtained from the Radiochemical Centre Anersham ostengibly as a chloro-

complex, so it was considered quite satise




Bhoracnleroividaete (IV) with the tracer fo obiain o labsliled solution. The
mixed solution was treated with chlorine gaos to ensure a homogencous golution

extraction by organic
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of Ir (IV). However, upon subjecting thi

5

solvents the radicmetric results dif

agal
KA

ered wicely from thosc anticipated by
visual inspection, spectrophotemetcy, and [“‘fim-{ch anzlysis. ¥ -spectro-
metry showed 100% radioisotopic purity and yet various chemical and eleciro--
chemical treatmehts on the solution failed tc effect a change. IFinally
bromate hydrolysis was performed followed by redissolution of the ppt of
Ir (OH)Aand this gave results in agreement with other analytical methods.

'
It was therefore deduced that the tracer was not in the stated chemical
form, but as a result it was decided to perform a precipitation and redis~

solution treatment on all labelled solutions as a general procedure to en-

sure homogeneity.

A 0.1 M stock solution of iridium was made up by redissolution of 10
grams of labelled Ir(OH)4 containing 500  pCi of Ir 192 to give hexachloro-
iridate (IV).A .01 M solution was used to discern the effect of amine class,

hain length snd diluent. The optimum diluent and chain length was then

-~

fixed and the effect of variation in HCI concentration (1 - 10 M) and
iridium concen{ration (.05 M,.01i,,002 M) determined with varying amine
class. Iridium (III) chlorocomplexes were prepared by reductiorn of some of
the stock iridium (IV) solution with silver powder and diluting as required.
Similarly bromo-complexes and sulphats compleyes were mede up to ewmuine the
effect of the nature of the competing anion. Finally aqueous solutbions cf
constant pH were prepared with varying chloride ion concentrations using
TaCl and AlCl3 o investigate the effect of this variable independently of

acidity.
In all cases 10 mls of aqucous phasc were cquilitrated with 10 mls of

crganic phase in a separating funnel and nd%ken vigorously for & pericd

o

of 2 minutes. Distribution ratios were then determingd by meosvrirs the



cadicactivity of 1wl each of acqusouvs end organic phase by scintillotion

pa il

counting.

4e2e2.5. Preparation of Rhodium Solutions

Preparation of labelled solutions of rhodium was complicated by the

need to chemically separate the Rh105 igotope from the ruthenium target
maverial containing active Ru97, and Rulo3 following irradiation. In addition
the short-half-life (36 hrs.) of the R 02 required rapid execution of
beth purification and shake up tests before thé radioisotope became rela-
tively inactive. A small portion of the 5 grams of Rh needed for completion
of the experimental programme was labelled with the' target material containing
15 mCi of Rh105 as Rh (OH)5’ in a glove box. NalH and Na0OCl were added to
the labelled precipitate and the slurry warmed. Hydroéhloric acid was added
and the soiution boiled to distill off the contaminating ruthenium as Ru04.

¥ —opectrometryvshowed the distillate was pure Ru97 and Ru103 but despite
several attempts it proved impossible to distil off all the ruthenium from
the rhodium, before significant decay had occurred.

.
—

As a result a new target was prepared and irradiated and isclation of
105 a4 C 96 L s
Rh” effected by the method of Kobayashi . This involved production of
an aqueous solution of rutheniuvm tetroxide as before but followed by a fast
extraction of all ruthenium isotopes into carbon tetrachloride. Twon shake-
ups with fresh solvent were all thet was required to give a raffinate con-
I I o 105 )
taining only activity due to Rh as measured by Y —zpectrometry. Aqueous
solutions of Rh(III) chlorocomplexes were now made up in the same way.as
the previcus iridium solutions and distribution data determined in a similar

mannexr.

4,224 Preparation of Palladium Sclutions

The preparation of labelled solutions was less problematic with palla-

S : . " N o A DN FO B I I SR dem A J T
c¢iam since the {dracer 377 of 17 day half-life was obtained carvier Troe.



Logmall proporiion of the § gus of polladiun (as Pd0142 ) necessavy for the
programme of work vas taken, &g with the iridium and rhodium, and the tracer
solution ( ImCi) was added. The metzl was precipitated with an ammoniacal
hydrazine solution and the remainder of the palladium, as metal, was added.
The whole precipitéte wag then redissolved in agua regia and a stbock solution
0.1 M in palladiunm (I1) made up, after destruction of any remsining nitric
acid. }f~spec£romotry showed isotopic purity with a very low intensity

peak at365 Kev and a very high intensity at 40 Kev. 'This latter peak is in

103 1 goughter of Pat%?. Wnile this was obviously

fact due to the 57 minute Rh
the most convenient activity to measure due to its intensity ite utilisation
imposed two restrictions. TFirstly it was necessary to measure the activity
of the solutions following extraction only after sufflclcnt time had elapsed

- .
(about 10 half-lives of the daughter Rhlo’m) so that selective separation

5 _
Feray
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of the rhodium might not interfere. Secondly the low energy of the
being measured would be significantly less attenuated in the organic phase,
of low density, than in the aqueous phase. It was thus necessary to measure
the activity of the aqueous phase before and after extraction to give a

measure of the distribution ratio.

Preparation of solutions and measurement of activities was otherwise

the same as that employed in iridium and rhodium extractions.

4.2,2,5. Preparation of Platinum Solutions

Solutions of labelled platinum (IV) were produced in a very similaw
way tec those of palladiuwm in which the bulk pletinum soluticn and the
radio tracer solution (2 mCi) were precipitated down with hydrazine and
redissolved in aqua regia to give a stock solution of 0.1 M hewachloxo-
platinate (iIV) in 1.0 M HCl. The radioisotope employed was the meibastable

19%m . . . . . e )
Pt77" which has a 4 day half-life and a very intense ¥ -ray psak al
99 Kev due solely to the isometric transition to the ground state. The

nee of thiz isctope therelors did not involve these problemg eucountered
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with Pd although measurement wos again made only on agueous solutions as
the ¥ energy was still relatively low. Otherwise the preparations of sol-~
utionsg and measurements was similar to those in Ir(ILI), Rh(III) and

Pa(rI) extractions.

4.2.2.6. Preparation of Ruthenium Solutions

Prepsr@tlon of labelled solutions of ruthenium {III) was effected by

e 06 . . .
oxidising a Rul spiked solution of the metal chlorocomplex to ruthenium

.

tetrexide and extracting into carbon tetrachloride from a solution just acid
with diluté sulphuric acid. This vas then stripped back as the chlorocom—
plex by contacting the organic phase with concentrated hydrochloric acid.
The volume of the solution was decreased by evaporation and then made up

into various concentrations of metal ions and hydrochloric acid as before.

As with the palladium extractions the 7%energy of. the Ru106 tracer

was so low that distribution ralios were determined by activity measurements

in the aqueous phase before and after extraction.

4e2:2.7. Preparation of Osmium Solutions

-

Labelled osmium (IV) solutions containing Os1 J1+185 tracer were produced
in a very similer way to the previous ruthenium solutions by extraction of
osmium tetroxide into carbon tetrachloride. However, in the case of osmium,
S02 gas was bubbled through. the hydrochloric acid strip solution to reduce

the osmium (VIII) ions to osmium (IV).

18
Measurement of Os activity presented no problems as a high

intensity peak exists at 640 Kev

£e2:2.8, Preparstion of (Gold Solutions

For the sake of completencss gold (III) wes investigated to see how

its extraction perfermance compared with the platinum group metel wolution



of gold labelled with fu 7 sere produced by preecipitation of a spiked
soluticnn of the metal with sulphur dioxide, redissolution in agua regia,

and taking up crystals of AuCl3 with hydrochloric acid.

. « 195 . . - .
The F-energy of Au™” 7 being rather low (99hev) actbivity measuremenia

vere again made on aqueous solutions before and after extraction.

4.2.2.9. Binexy Bolutions

(a) Pslladivm - Iridiom Mixtbure

Solutions of chlorocomplexes of palladium and iridium in different
proportions (10:1 and 1:10) were made up from stock solutions of PA(II) and
Ir(III) and made up to IM and 8.5 M in HCl. Bxtraction was performed using
all four classes of amines of fixed chain length in a benzene solution. By
selectively discriminating against either one or othér of the charscteristic
YP-energy peaks, electronically, the presence of both elements was determined
simultancously without needing to resort to chemical analysis wmetheds. It

192

was found that under the optimum conditions for measurement of Ir activitvy,

activity due to PleBI(Rhlojm) was undetectable. However, 10% of activity
/ R

of Ir192 vas detected under conditions optimised for measurement of Pdlo5

.

(Rh . By subtracting this activity -1t was considered that it would be

posgible to assess both the distribution ratics c¢f iridium and pzlladium and

hence the separation factor of the metals in the presence of each other.

(b) Platinium - Iridium Mixtures

o

The method used was the same as that adopted for the synthetic palladium-
iridium solutionsg using all classes of octylamines in bengene. 10:1 and
1:10 solutions of Pt:Ir were used as before but only in 1.0 M HCL as it
appearcd from results of Pd - Ir separations that the iridium (III) became

oxidised to the IV-state at high acid concentrations

was {found acain that the

QJ

In the cage of platinun-iridium solutions it

lwmum measure-

C“

wvas practically undeteciable at the opt

crmnd e £ e P Taad 972 . e ,
mont conditions fox Iyt '7 viiile 19“/55» of the aci (R L'Y of 3.7.','1” ~ nreasured
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Ag beflore this amount of activity was svbtracted from the platimowm activitvy,

thus to give both distribution ratios giwuliansously.

4.2,2.10a Stripping end Scrubbing

Lxperiments were designed to test the ability of the metal complexcs

strip or be scrubbed from the organic phase to determine whether cr not
there were any limitations to the use of certain reagents as extractants
in continuous processing. The‘various mnethods examined, were hydrolysis,

acid stripping and anion exchange.

4.2:.%. Results and Discussion
4e2:%.10 Simple Metal Solutions

The results of distribution studies on amine extraction of platinum

group metals are given in Tables 6 - 14. Tor convenience the solvent con-
. ~ /
centration chosen for investigation of process variables was fixed at 10k v/v

/
in the diluent giving a molar concentration of 0,3M¥~0,.6M, depending upon

the molecular weight of the extractant. - At the metal concentrations used

this exceeded the anticipated stoichiometric loading cepacity of the amine

according to equation (27).

In the preliminary tesis carried out on each metal not suvrprisingly
it was found that the aromatic diluents gave a better extraction performance

than aliphatic ones not only in terms of higher distribution ratiocs but also

".7

erhanced phase scparation wvroperties snd o greater solubility for the metal-

S

amine complex (no third-phasc formation). Denmene was thus used as diluent

for all further tests. However, the order of extraction of platinum retals

with class of amine varied from that expected in theowxy. Waere differences

Lo

are small, some of this variation nmay be accountable for c¢in o concentration

basis i.e. amines were not 21l of molar stirensth dus to differsnce in



molecular veight betueen differing cloesses., Hevertheless on the basis

e
B

of results obtained the order of extracticn ef platinum metals by amines

found to be

. 0s(IV) =~ 1RY = 2BY - BhY o /RY
Ru(IIT) - IRY = 2RY = %RY » 4RY

Aa(III) - 4RY = 3RY > 2RY > 1RY
Thus whilst ‘platinum, palladium (and gold) as expected are increasingly morc
extracted as the degree of substitution increases, iridium (ITI), rhodium,
osmium and ruthenium show completely the onp gite trend. This may simply
be a rcflection of the more complex solution chemigtry of the latter four

metals.

/ The values for distribuiion ratios obtained under differing thermody-
namic conditions may be discussed qualitatively in terms of the chemical

equations derived earlier for anion-exchange reactiong. Assuning that

extractions of chlorocomplexes takes place according to eguation (27) then,

v

n(Am)CL + 101 K- (Am)any + nCl”

where Am = RNIL, RY H_, R.NH, or R.I.
37 72 ?. 5 4

VA
Z (/\m)Cl / [ - _7

therefore Cro Z“(Am)nﬁﬁl

but Distribution Ratio = Zﬂ concentration of metal /

- - orgE
/nccn centrabion of metal /
-"aqg
\ / (’\n'
/1
taereiore DL, S o 77




Thus increasing chain ngth of the allkyl radical (R} Llowored extractebility
in all cases since thig increassd the molecular weight of the amine and
therefore lowered its molar concentrabion. Similarly increasing chloride
ion concentraticens of the agusous phase generally 1éwered the distribution

n

ratics particularly in the case of platinum and palladium where the distri-

P

bution ratio was lowered by about tvo orders of megnitude when chloride ion

\
aN -

concentration rose by one order of magnitude (Figs. 6 and 7). This corres-
. ot . . . s s + 2~
ponds to an 'n' wvalue of 2 which is to be expected with bivalent PtCl6
ape 2 o P, .
and PdCl icns. The corromuondLnﬁ value for iridium and rhedium however

4

appeared to be only unity compared to the anticipated value of 3 when IrClGB—

and Rh0163— ions are present. But this trend was only observed when iridium

and rhodium were extracted by secondary and tertisry amines and quaternary am-

moriium  chloride. Vhen extrzcted by primary amines both metals showed a

pouk distribubion ratio at sbout 6 ~ T 11 BCL which may indicate that at
‘ Do

lower concentrations lower valent hydrated complclvo, such az Rh015(R,J)°

are present, which are less extractable (Figs. 4 and 5). Similarly ruthenivm

and %smvur whose complexeg are ¥nown to exist as lower chloride species at

HC1 concentrations less than 6 M showeé_peak digsribution retios with alil

classes of amines when extracted from agueous solutions greatler than 6 M

in HC1 (Figs. 8 and 9)

‘Extractions performed on both iridivm (III) and platinum to determine
the effect of chloride ion concentration at constant pH by use of Na C1 and
AlCl5 confirmed that the decrease in distribution retios is independent of
acidity a dicted in equaticn (31). Using NaCl vesults were very similox
in value to those using hydrochloric acid but there was a significant incresse

in extracticn vhen the chloride ion sonrce was due to trivealent aluminium.
(Pige. 4a., Ta)

Little sysgtematic differznc vas noted in dissridbution ratios wivh vary-

ing metal concentration alth platinom  did show o surprising drop at
" e gy ok . ! i - I N S i .
- Low concernsrations (10 Uhig ds oundonatandab inee ab the low




Teate vhe frae sminse conecentro-

tions was glicost  congtont and therefore altered the cquilibrium of the
reaction very little. Thus al ‘these low loadings, distribuiion vatic wus

also independant of metal concentration.

Vhilst increasing concentration of extractant in the diluent increased

3

distribution ratios systematically the order of increase in all cases

e

except gold, was less than that anticipated. Log-log plots of concentration

of 2-amino octane in benzene vs distribution raticg of &ll gix platinum
tals and gold were computed by linear regression analysis and gave "

ralues shown in Table 15,These onée again demonstrated the difficulty of

quantifying distribution data of platinum group metals from theoretical

assumptions.

Digtribution data was also determined vsing iridiﬁm (III) seolutions
for extraction of alternative “Nionic complexes of platinum metals. Bromo-
complexes for example showed higher values than chloro-complexes under
comphrable conditions possibly due {o weaker association of the emine with
simple bromide ions than chloride ions’and reduced aqueous golvatability of

the bromo complex. Sulphato-~complexeg however showed very pooxr extractability.

Determination of distribution data on iridium (IV) soluticns had to ke
discontinued when it was discovered that the tetravalent ion is significantly

reduced to iridiwa (ITI) during extraction thus invelideting the results.

-

This was later confirmed by spectrophotometry. Since iridivm (IV) was
appareutly more strongly extracted than iridiom {III) attempts wers made to

maintain the higher state by eddition of oxidising agents, but these did

O

)

not prove very successful.

.

Finelly,; results indicated that platinum group metals were increasingly

extracted by ell amines in the oxder e O/l w- Qx/kn the hesvier

¢
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ion inctors balween each pair were high enough to suggest that underx
certain cenditions good separation could be obilained whilst under cihexr
[ ]

conditions all six metals could be extracted simultaneously.

4.2.5.2. _ Binory Solutions

(a) Palladium - Iridium Separation

In view of the indicated high separation factor ( @ ) between
PA(II) and Ir(IIL), in low ZT'Cli;7 concentration, of about 10° - 107
series of extractions from mixed solutions using different classes of
amines was attempted, and the results of these are shown in Table 16. As
can be seen, the separation factors achieved from 1.0 M solutions of HCL
are similar to those predicted from results of extraction of the individ-
val metals. The order of increasing separation is 1RY < 2 LY«”‘4 << 3RY.
However, at high acid concentrations and where the amount of iridium ions
are in a minority compared to the palladium ion, the iridium was extracted
with an abnormallyhigh distribution ratio. This was most notably so in the

/
case of 2RY, 3RY and 4RY amines.

-

(b) Platinum - Iridium Separation

Simultaneous measurement of distribution ratios and hence separation
factors ( ﬁ values) of synbhetic PH(IV) - Ir(III) solutions computed similarly
to Pd - Ir mixtures also showed res sults in good agreement with those predicted
from simple solutions. (Table 17) Velues increased in the order

1RY < 2RY «Z 3RY << 4RY vith values falling an order of mzgnitude between high

0

ind lovw concentrations of platinum. At 1.0 M HO1, quaternary heptyl-ammoniuvm

~

chloride gave f3 values of 1600 vhen platinum concentration was high with
respect to iridium (10:1) and 145 when low (1:10), indicating the possib-

Cility of very high separation.



4e2.507, Shripning ond

Various reagents were used to investigate the strippability of the
metal amine complexes. The results shown in Table 108 are for primary, sec—~
ondary ond tertiary amines where significant exiraction info the oxrganic
phase has taken place. Quaternary amine complexes were found to be effect-

ively unstrippable.

From the results obtained it appeared that the most promising method

would be by hydrolysing the anine complex by an alkaline solution such as
sodium hydroxide although scdium carbonate was considered a more econcmic
method, less severe oun the solvent and has lesgs tendency to precipitate

.

platinum metal hydroxides or hydrated chlorides in the stripped solution.

4.2.4. Svectrophotometry

©

Spectrophotometry using a Unicam S.P. 800 was carried out on all plat-

inum metal solutions to give an indication of the types of complex metal

iond present and to see whether or not any changes were teking place in

the metal species under extracvion conultlonug Spectra were taken of the
aqueous phase before extraction , the raffinate after extraction, and the
amine-metal chloro-complex in the organic phase. This was carried out during

extraction with a primary amine (2 - dodecylamine) and a quaternary ammonium

compdund (tetraheptylammonium chloride).

It can be seen from Figures 10 - 21 that generally there is a shift
of absorption peaks to longer wave lengths when the melsl complex is in the
organic phase but that the metal species remains es ially the same type

of chloro-species. In all caseg the rafiinate also wemains in the same

chemical form hefore and after extraction excent in the case of iridivm IV which

is reduced alwost entirely to ividium(IIIL.)

In the cage of paliadivm (1) extraction inte primary amine however,
1 R 2 5



fact coupled with the resistance of this complex to hydrolysi

that a different type of amine-metal bond mey be occurring, possi

orbital coordinaticn reactioli.

5 suggests



5. Testing of Proprietowy Roasgents
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Prom the work on chemically pure reagents it was concluded that the

fal
~

most profitable areas of application of smine extractants to the refining

1.

of platinum group metals were likely to b
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(a) Separation of platinum group metsls from base metals by primary
amines. |

(b)  Separation of Pt/Pd from Rh/Ir using tertiary amines or quater-
nary ammonium compounds.

(c) Separation of Rh from Ir using tertiaxy amines or quaternary

ommonium compounds providing iridium is retained in the (IV) state.

Similarly it appeared that several criteria could be layed down about
the organic extractant systems.

-

(2) Lromatic diluents give enhanced extraction performance over
aliphatic and there is less tendency to third phase formation.

(b) Primary amine should contain as many carbon atoms as possible
commensurate with high solubility in diluent, to ensure low solvent losses
to agueous phase.

(¢) A& long chain alcohol should be present to assist in coalescence
and obviate any tendency to third phase forimation.

() Tertiary amines were to be preferred o quaternsry ammonium

compounds as stripping from crganic phase is easily effected.



Tectiary amines need oL contain more than shout 24 carbon
atomns to give high extraction wiih leow solveul losses.

(f) Chloride ion conccutration of aquoous feed chould be about

3 — 5 M for optimum extraction of all plativum melals from bage metals by

priwa ey nmimés and for Pt/P. separation from Rh/_r with minimun serobbing of
coextracted Ir/Rh

(g) High metals concentrations in feed solutions give high process
efficiency but the high amine concentrations necessary bto maintain high

loading of orgenic phase must be commensurate with good phase sepsration

bshaviour and low solvent logses.

5.2. Reagents

5.2.1. Diluents

Duc to the inherent health and fire hamard involved in the use of simpie
benzene type diluents these were considered umsuitable for use in industrial
processing. Therefore attention was turned to proprietary alkyl benzenes
menufactured as petroleum by-products the criteria being high flash point

and low viscosity. Tour of the most suitable types are shown in Table 19.

5.2.2. Amine Extractants

Choice of a suitable tertiary amine proved to be a simple one, the
General MMills Co. Alamine 336 being a well tested reagent from that com-
many's range of amines and quaternary ammonivm compounds (Table 20).
Iinding a suitable primary amine however proved difficult. Reagents of

this type manufactured by Armour Hess Chemicals andé Krafl Chemicals as

o

flotation reagents proved to be quite unsvitable due te a strong propensity

to emulsion formation. This was eventually considered to bz dus to their

straight chain normsl siructure whereas the primary eminecs used in the scroen-

ingwork had been of the 2-amino type. Dventually two veugents proauced

by Rohm end Hass, Primene 81-R and Primenc J-T w 3 they were
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of the branched chain tertiary carbon type with very high phase separation

proparties (Table 20).
5.2.2. dodifiers

Decancl was adopted as a wodifier for the corganic phase to ensuxe
good phase separation and reduce the tendency to third phase formation.
This was the shortest carbon chain length alcohol which is effectively in-

soluble on agueous solution. Alcchols of greater chain length appeared to
be less effective in coalesmcence. However, it appearced that using Primene
and Alamine reagents, phase separation was very good even in the absence

of alcohol.

5.3. Sclection of Specific Solvent System

In view of the fairly wide choice of extractants and diluents avail--
able a comparative test was carried out to fix the oompbnents of the two
amine systems offering the greatest potential in full-scele processing.

The two primary amines Primene 81-R and Primene JHT were each made up into
10% solutions in the four diluents, BP.180, Solvesso 100, Solvesso 150,

and Dobane JNX. Extraction tests were then carried out on solubtions of
iridium III chlorocomplex in 1.0 M hydrochloxric acid. Results showed that
Primene 81-R performed better than Primene JMT on a weight for weight basis
although very similar mole for mole (Table 21). In view of its high flash
point Solwvesso 150 was selected as the best dilvent although giving similar
resultis to Solvesso 100 and B.P. 180. Dobane JIX however éave the highest
extraction performance but due to its high viscosity was slow to promcte
phase disengagement., Therefore, despite its lower flagh point, Solvesso

15C was selected.

Thusg the two specific organic solvents chosen for examination were

1. SOLVESSO 150 (5% decanol)
2. in SOLVESSC 170 (1CH decanol).
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In view of the possibility of employing crvimary amines in relining of
platinum metals as a gfoup from base metéls, tests were made on the extract-
ability of comnon base metals Fe, Ni, Cu, Pb and Ag from chloride solutions.
Solutions of the chlorides of these metals were made up in various concentr-

ations of hydrochloric acid and distribution ratios deterinined graimetri-
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cally for Cu and Wi and by radiotracer metheds for Fe using Fe””, for Ag
. 110m . . 210 3 . .
using Ag and Pb using Pb . In all concentrations of Cu and Ni up

to 5M hydrochloric acid distribution ratios were lems than 0.0l in Primene
81~R. The very low solubility of Pb and Ag in chloride solutions effective-
1ykobviated any need to worry about the extraction of.these elements but
distribuibﬁ ratios of tracer levels were about 0.1 at 3M HCl. Tne situation with
Fe (IIL), however, is very different. At low chloride ion concentraticns

the distribution ratio of Fe (IIIL) is very low but rises very rapidly at
higher concentrations (Table 22). It thus appeared that chloride ion con-
centration of the aqueous feed solution should be kept as low as possible

to give maximum separation of platinum metals from iron. In view of the fact
that the previous work shows peak extractability for Ir, Rh, Os and Ru at
about 6 M HC1, sqlutions at a compromise concentration of 3M in hydrochloric

acid appeared to De indicated.

5¢3.1.2. Platinum Group Meials

Solutions of Ir{IIL) Ir(IV),Rh(III), PELI), Pt(IV), Ru (III), Os(IV)
and Au(ITL) were prepared in exactly the sams mavmer as the previous e~

same methods for production of homogeneocus radio-

Y

perimental work using th

=
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actively laebelled solutions. Distribution studies were made on metal solutions
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sothern plotvted,  for the sclvens
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betueen 10 TM and 10 M and the



Whilst solutions 3H in hyavochloric scid svresrcd vo be the oplimnm concentration
Tor both separaticn of buse metals, and separaiicn of PL/PA Lrom Bb/To, the effccd

of HC1 concentration was also investigated furiher on the proprielary reagonts.

. o - ss i et
Similarly the cffcct of reagent concentraticn wes determined over the range 20~2U0%
amine in the diluent on 2 voivme for veoiuma bhosis,

Bede2. Regults and Discusiion

5.7.2.1. Dxtraction

Results of exbraction of platinum metals and go old

%5 ave shown in Tables 2%-28. It was found that Primene 81-R was a much less potent

M

extractent than the primary amine 2-aminododecanc used in the screening tests ali
bofh are of very similar moiecular weight. But this was overvcoms by uesing a higher
concentration (207%) of the extractant to determine o more uselul equilibrium disgram.
Similexrly ruthcenium and osmium appeared to be unsuitable to treatmens by this agsnt:
‘as the metval complex produced in the solvent phase was of quite a different cclour

from that in the agueocusphase suggesting something nmore than a simple ion-asscciatiorn

4]
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=
ot

oinplex. Stripping back {from the organic phase also proved very difficult,

st
-
=
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was decided to discontinue atv this time further work on amine processing o

two metals.

s alsc discovered that, vhen using Primene 81-R for fthe primary emine
It was also discovered thav, when using P 81-R the primary emine
extraction of rhodiwa snd iridium (III), increseing chloride jon concenirasion

of the aqueous fesd continuously lowered the distribution ratio (Fig.22) rather

than reaching a peak value at sbout O EC1 obscrved in the screening
4, 5). Thus e more effective separation of plabinum metals from hase metals
can be wade with Primene 81-R at lcw chloride ion councentralions since

4
distribution ratios of platinum metals awve incressing whilst those of base
metals, particularly ircn, arc decreasing. The equilibrium diagram shown

"i.g. 23 was plotied from rezults obtained with an aqueous phase HI) concern~

tration of 1.0 M.



Once again at low loading of the organic phase, distribubtion ratios were

relatively independant of metal concentration bult beg to fall at high con-

centrations. Similarly iridium (IV) solutions showed o sbrong Lendency

.

to be reduced to iridium (III) in the presence of the extractent and abiempis

to maintain the irddium in the higher valency stale which again appeared

the more exiractable, were not very successful,

The effect of Primene 81~R in the solvent on distribution ratics more
closely agreed with that predicted by theory although iridium was again an
exception. (Table 29). "n" values computed by linear regression analysis
correlated fairly well with the metallic species assumed to be present in the
aqueous solutions. ©Since most of the platinum metals showed an "a'" value
of about 2 sgignificant improvement in extraction can be made by increasing
_Primene concentration. Thus separation factors over base metals with "n"

values cof less than 2,increase with increasing Primene 8l-R concentraiion.

Distribution ratios determined from extraétion of platinum metals by

. Alamine 336, as expected; gave results in very good agreement with those
obtained with trioctylamine due to their very close chemical structurs.

The effect of hydrochloric acid concentration on distribution ratios.shown
in Fig. 24 again indicated a high separation factor between Fi/Pd and Rh/Ir.
The approximate inverse square dependance of distribution ratic on chloride

N

ion concentration supported the "n" values of around2.0 determined from the

effect of Alamine concentration in the solvent pbase. This suggested that
no improverent in separation factors between these pairs of metals could bhe

effected by altering the ALlamine concentration, providing it was never less

than the requirements of the stoichiometry of the anion-exchange equation.,

.

Apart from platinum which again shoved a slight drop in distribution

ratios at low metal concentrations (althoush still of wvery high valus) these

two factors appeared relatively independant of ecach other until the loading
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Alemine concentration.  This gave s very satisfactory equilibrium diagran

&)

(Fig., 25) for a clean mutval seperation of PL/Pd from Rh/fr. from an cqueo

solution of 2N IC1l. This was svpported by results cof distribotion data

determined sinultenccously on gynihetic binary solutions of one mebal from

F-activity discrimination method of radio tracer scin-

LN

cuocll palr using the

tillation counting described before (Table 30).

An attempt was made to correla1o distribution data obtained from amine

4

extraction of platinum metals to the empirical equation derived by Lloyd

©

and Qerﬁol to describe extraction isotherms. However in most cases the
level of metal concentrations which was of interest was so low that the
Loading of the smine was not significent encugh to cause systematic lowering
of distribution ratios with increasing metal concentration in the agueous
~feed sclution, Similarly since "n" values had already been found tc mostly

appreximate vo o velue of 2.0 this would have made calculation of extraction

fachior "EM and leeding factor "m" in equation (.35) difficult.

Nevertheless an gnalysis of the distribution data for the extraction

N

26 was made u51nﬁ this method. The "u" value alread

of palladium by Alamins 33
~determined from slope enalysig of a log-log plot of smine concentraticn vs
distribution ratio was substituted into eguation { 35 ) so that

Cots g s Y . 2.2
Distribution Ratio —~ = E(II ~ mY)

b
N

N
2.25 5
Thus i X vas plobted against ¥, the equilibrium organic
X .
e - e . . 2:25 o o :
phase metal concentration the intercept being W E-M and the slope
‘"R 3 3 33 s ] L 4 . 4
-’ l Since amine concentration, M wes known, T the exiraction factor

arihence m, the leading factor could be czlcoulated. ¥rom the best streight

line "m" wag found to be 1.85, and "&" tc be T0O (u Ne 26).

W < 115
. e S, - <k =) .o 7
equaticn —2- = oo (M- l¢u;1)
1 , v \
. - e SO NL 7T Syt B 3y s NPT R v S N
wos found to it vhe esperimentally debermined isotherm fairly well which

withy v slnnie enion excheose canalion
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It oy also uve noted that ot very low wmetval leadings the frec smine concen-

o

traticn is approximately equal te the total amine concentration,
¥ R LA . .
Thus Fm  1s then constant and & maximum for any given amineo con-
Favas 7

centration. Simple calculation showed that for a ]OW Alamine 3%6 solution
(0.25) maximum distribution ratio should have a velue of =30 which was in

fact the .experimentally determined value at very low palladium concentraticns.
Qdnag 3
5.3%3.2.2. Stripping

Stripping of all metal chlorocomplexes from organic solutions of
TFrimene 81 - R ond Alamine 336 was easily effected by hydrolysis of the amine
the most useful stripping solution being a 0.5 NazOog' solution little
tendency being shown to formation of precipitates ox éruds. However, it
proved impossible to strip palladiuwn from the Primene 81 - R solutioné although
reduction to the mefal from organic pﬁase by hydrazine was effective. OSim-
ilarly very small amounts of palladium remzined in the orgsnic solutions
of hlamine 336 after stripping, although this was minimal vhen alcohol was

absent. This may be due to the presence of 1 ~ 2% primary amine in the

tertiary flamine as impurity.

5¢3.2.3. Scrubbing

Scrubbing of co-extracted Ir(III)and Bh(ITI)during separation.of
Ir/Rh from Pt/Pd was easily effected by aqueous hydrochloric acid
/ 3 Y
of the same strength as the feed solution. This again was most effective

in the absence of decanol.



0. Continuous Tepling of Solveni

Following the digtribution data obtainced from the testing of propr-

Jdetary reagents two specific systems were chesen as being werthy of consid-

<r

eration for continuous processing, where total metal concentration did nod
exceed 10 g/L.
(a) Extraction of platinum metal chlorides from a dilute hydrochloric
acid solubtion (1M) containing base metals by 20% solution of Primene 81-R.
(b) Separation of platinum and or pailadium from a strong hydro-

. . . .. e e - . — g .
chloric acid solution (3M) containing iridivm znd or rhodium by 10% solution

of Alamine 3%3%6. ;

For safety reasons the diluent for the organic reagents was required
to be Dobane JN-X as this had the highest flash point, and did not appear

" to have any effect upon the extractive power of the amines.

First, however it was necessary to have some understanding of the
chemical engineering aspacts of the process in order to be able to optimise

the choice and operation of testing equipment.

-

6.1. Process Theory

6.1.1. Process Types

In principle, it might be possible to efféct
a reasonable purification of a rare metal in solution by a single batch
extraction, if either the digtribution ratio or the solventw£o—aquecus ratic
were high. However a fairly high process cost would usuzily have been borne
by the previcus cre leaching or dissolution stages, etc. and this would Le
sufficient to justify & nuwber of successive extrachions with solvent in order
to reduce the rare mctel concentration in the agueous phase to an economic

reject level. It is cleariy nccessery Lo optimise the number of cxiractions

and volume of solvent in each, so 2s to chiain the maxzimin arcunt of product
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extracted by & given toial guantity of solvent .

(a) Multiple Batceh ¥ clhion

Lssuming & solute with a constant distribution ratioc;D

(=4

then it can be shown that after n svccessive extractions

¥

. v .ill
n (Cf'x)O {T*'AD‘T—O} A (32)

ol

where C

concentration of solute in agueous phase
V = volume of solvent phase

VA = " " aqueous . "

Equation (32) shows that if the total volume of' the solvent (nVO) is
constant, then the greatest reduction in concentration is oblained when it
is large and VO is small, i.e. by meanz of a large number of small volume

extractions.

(b)  Comnter-Current Batcl lixtraction

In practice it is inconveuient to carry out a large number
of successive batch extractions with fresh‘solvent. In counter current
batch processes, portions of aqueous pnése containing the solute are extracted
vith successive portions of organic solvent phase in such a way thzat the
fresh solvent always extracts from the weakest agueous phase, and the most
concenukaced solvent extracts from the solute rich agueous feed. Although
this {ype of process may be suitably improved by mechanissation of mixing,

settling and separating thig is rarely done since it is considerally more

practical to allow the phases to flow continuougly, for which there is a

congiderable amount of equipment available on an industriel scale

(c) Contiancug Counter-Current IMxtrachicn
Eguipment for continuous counter-curvent extisction takes
the form of verticel columns, and horisonitally mountcd nixer-getiler exwtracionrs.

vy ol AL T gy
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In practice, elthough the flow %o a mizer scittle:
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is contipuosus, lrue continuous counter current operation iz not obloined.

o

This type off behoviour is best classed as continuous nultiple contact. True
continuous counter-currcent operation is obtained when the two phases pass
continuously in opposite dirvectimsas in a simple packed or unpacked columna.
As in the casc of batch extraction it is possible to relate mathematically
the feed concentrations to the final agueous (or solvent) concentration in

an elémentary marmer via the distribution ratio, the number of stages and the
solvent and ayueous volumes or flow rates. Assuming both constant flow rates

and distribution ratic it can be showm 100 that
Fa = a(l - B5) : - (33)
1 -8

where Fa = initial aqueous fezd concentration
a = final " reffinate "

n = number of stages

I = Extraction factor ( = distribution ratio x solvent

to-aqueous flow ratio).

The extraction of a solute from an agueous to solvent phase is often
not a process which is entirely specific to one particular solute. The
system is chosen so that the distribution ratio of the desired soiuté is
fairly high, but other solutes may also havg appreciable distribution ratios
and thus tend to extract. In theée circumstances, a scrub section is commenly
emplofed vhich washes the loaded orgenic phase with a suitable agueous phase,
thus returning the contaminating solute baclk to the extract section. The
effect of the scrub solution, however, mﬁst be such that it does not remove
an undue amount of the desired solute. This may be determined mathematically

in a similar way to that for extraction

.

. YiH-1. ~
i.e. T, =2 (1 ~_S ) | (34)

1

S

vhere I = initirl aqueous

5 = scrubbing factor

L ocon e made to determins the optimum conditions fow



atripping the desired seoiute back into an agueous phage.

6.1.2. fouilibrium Diagrams

In practice the distribution ratio is rarely constant throughout the
system, thus invalidating the simple methods of relating feed to exiract
or ralffinate concentrations by calculation. Consequently extraction systems

are usually designed by the graphical method of IMcCabe and Thiele 101.

The eguilibriuvn diagram as shown in Fig. 27 is first drawn from dis-
tribution data and the desired flow retes which are selected on the grounds
of economy compatatible with a safisfactory procéss. Line 0C is known as
the equilibrium line and is the extraction isotherm under the desired pro-
cess conditions. Line AB is known as the exbraction operating line where
B is the initiel aqueous feed concentration at E. A is the desired raffinate
cgncentration, and the slope is the ratio of solvent to squeous feed flow
rates. Line BCD represents the extract opesrating line where B is the sol-
vent concentration in the final extraction stage, D is the solvent concent-
ration after scrubbing, and the slope is the ratio of solvent to scrub feed
flow rates. The point C is known as the‘”pinoh point" which introduces an
element of stability into the system in that it absorbs extra stages and
fixes a maximum solvent concentration thereby cempensating for any changes
in the eguilibrium line caused by changes in solution composition. Stages
are stepped off graphically from the solvent ahd aqueous exit ends of the
two sections where it may be important to allow sufficient stages for a
low agueous zaifinate concentration or to have a runber of stages in the
scrubbing secticn which 1s adequate for scrubbing hack impurities, which can

only be decided by referring to the eguilibrium diagram for each solute.

Most solvent extraction systems have a gtriyp section to remove the

soiute from the colvent phase. Here a low distribution ratio is requimed and

Ceocled by ovarious chemical meons,  Figs 28 shous opequilibriuvm
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diegrem for a serip section vherce the solule concentrotion in solvent atv U

is reducoed to that at L.

6.1.%. Trocags Rinetics

The rate at which solvent extraction processes proceed is dependant
upon chemical resction rates and or mass transfer rates. In most systems,
the diffusional heohanisms of sclutes through phases and across phase bound-
aries are complicated by a chemical rescition such as solvation oocurring av
the thase boundary itself. Fortunately i ‘n most practical systems these reaction
rates are found to be very fast compared to mass transfer rates, so they may

conveniently be ignored.

The dispersion of one phase in the other as droplets during the mixing
period both shortens the diffusion paths inside the two phases and increases
the interfacial area. Once droplets of disperssed phase have heen formed
great benefits to the rate of mass transfer are also derived from the eddy
diffusion effects arising from turbulence created by impellors or baffles
vhich causes frequent coalescence and re-formation of drops. However, the
decrease in droplet size below a certainlevel may bring disadvantages, since
it might reduce the degree ol internal recirculation within.the droplets,
would decrease the free rising velocity of the drops and would in any case
demand greater power usage. There is thus an optimum droplet size for most

solvent extraction systems 102‘

6.1.4. Coalescence of Dispersaions

In all extraction processes after contact of the liquid phases and

interphase mass transfer has been completed, the phases must be separated.

N

In multiple stage contact processes this separation has to be carried ont
L

after each stage and contributes significantly te the overall eifficiency

of the process.
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dquid-iiquid dispercions, like all sreed oystens, are usually

thermodynamically unstable. This is becauge the (ree energﬁ asseciated with
the lorge interfacial area between the dispersed and continuous phascs in
thege systems can decrease by aggregation or coalescence of the dispsrsed
phase. Energetically then coalescence of a ligquid dispersion would be expecied
particularly, in binary systems until uvltimately two liqqid layers had been
formed. However‘it is the kinetics of this precess which are of paramount
importance in the design end operation of separation equipment. In order to
promote coalescence within s dispersion turbulence within the liguid nust
first be suppressed so that the droplets can migrate to form a heterogenecus
zone at the phaoe boundary between the bulk liguid phases. The rate of mi-
gration of flocculation of the droplets is determined by such prgperties as
the density difference between the phases, continuous ﬁhase velocity and
dropled size. Droplets coalesce within this zone to complete phase separ-
ation 197,

The process of coalescence is essentially one of drainage of the film
of continuous phase trapped between the droplet and the "plane" liquid-liquid
interféce. In the absence of mass transfer the thimming of this film is
caused by the action of bouyancy forces but in the presence of mass transfer,
movements in the interface will result, directed either into or out of the
film, thereby accelerating or retarding the draining process 104. In the
negative direction of transfer drainage will be accelerated,!'rest times short®
and coalescence rapid . In the cése of positive direction of transfer,

11quld will be drawn into the film thus retarding drainage,increasing rest

times and slowing down coalescence.

Frequently coaléscence is observed to be a twuo stage process in which
there is a relatively rapid cozlescence of large droplets (primary disper sion)
followed by a slow coazlesceuce of a very fine haue c¢f droplefs. Often this

separation is not completed heforve the phases pass cut of ths process cauvsing



high solvent logsses in aqueous raffinates and contomination by entrained

agueows phase in the solvent extract. This sitvaticn is ususlly avoided by

i

opeviting the process organic continuous i.e. agueous phase dispsrsed in or-
. s R P 105
ganic, although it is not always practicable .
Whilst much work has been done recently in an atiempt to quantify and
predict coalescence behaviour in systems from fundamentsal data, resullbs show
that knowledge is still very much in the development stage and that design of

equipment for phase separation must be based on obssrving behaviour of the

gysten of interest under static and dynamic conditions.

6.1.5. Responge Characteristics and Control of Extraction Processes.

An aspect of any solvent extraction procegs which is of increasing
significance in the adoption of this technique in industry is process optim-

-

isation and conitrol. In designing a sclvent extraction process it is de-

-

sirable first to Inow the effect of extraction conditions such as number of

stages, feed and scrub compositions, flow ratio of solvent/feeé/écrub,
. . PO s . . . . 107
kinetics of mixing and settling, etc. on the yield and purity of the product L

Ls described earlier the classical McCabe-Thiele methods for the calceunlation

of the number of theoretical stages required in a solvent extraction syste

i3

employ equilibrium data and graphical analysis. However, these methods cannct
cope satisfactorily for the optimisation of systems containing more than two
extrazctable macro-components. Methods for the calculation of stage wise

data for multi-component systems have thus been devised which involve "guessing'
a possible set of operating conditions and interpolaiing the equilibrimum

data. A typical example of this was the methodlof Lloyd end Oertel described

. it ’
earlier 7‘.

However, methods of this type are very time consuming and the use of

computers has considerably shortened the time reqnired to make these cal-

culations. Several computer programess insvired by the noelenr power programnse



have been produoced in the last few yesars and hive been reviewed

A1l the above -.ork however concerns only the steady state behaviour
of processes, that is the welationships of certain input variables and the
corresponding cutput variables, when they are consteant and do nel change
with time. The dynamic hehaviour of processes on the other hand must also
be knowvn, as this involves the relationships betveen time dependant inputs
and the output variables which also vary with time, such as how stage con-
centrations will change with time following a sudden step change in the feed

concentration.

!

The unsteady state characterigtics of processes are important in twe
classes of problem, viz:

(a) Start~Up Problems - in which it is desired to predict the rate
at which a process proceeds to equilibrium from a given initial state, e.g.
the rate at which a mixer-settler initially filled with pure solvent and
solute free phases approaches equilibrium after the feeds have been put on.

(b) Control Problemg -~ in which information is required on the open-
loop response of the controlled variables in a process to uncontrolled dis-
turbances in certain input streams, deliberste changes in load and to changes
in the corrective actions which it is proposed to use in the control of the
process 108. Methods for determining  the hydrodynamic behaviour of pro-
cesses>are usually quite simply undertaken by effecting disturbances in
input rfeeds of a ¥mown extent on a process plant and making on-~line analysis
of stage concentrations and output feeds over a period of time. These resvlts
can then be related to an analysis of the bhehaviour on a theoretical basis,

and control algorithms derived.

6.1.6. Process Feonomics

In congidering the optimisation of solvent extraction processes these

ghould not only be o technical success but also an economic one. As o solven



exvraction process is conmonly not the only wey of achieving & particular
geparation, it is purticulariy important to make wn aceurate financial sssesso-
ment of any proposed new process involving a solvent extraction stage ac

09
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well as ensuring that the design of the extraction process is optimised .

In comparing the process involving solvent extiraction with one that

does not, it is important to compare the economics of the whole process and

D

not merely the two different separation stages, which may produce products of
differing purity or involve differences in other stages of the process, for

example in effluvent treaitment requirements.

In general, the economics of solvent extraction processes are dependant
upon the "up-stream" and "down-stream" portions of the plant and economic
. . - . e . 110
considerations may be divided into capital costs and operating costs. .

The factors having a significant eflect on the capitel cost are:

Qe Humber of mixer-settler stages reguired.

b. Settler area per stage

Ce lMixer volume per stage.

d. Solvent inventory. "

C. Solvent recovery equipment.

f. Ancillary equipment including pumps, pipe work, etc.

Similarly operatving costs are made up of:
a. Cogt of solvent loss.

b. Cost of acid/base loss.

Ce. Cost of power to mixing.
d. Cost of power to pumping.
€. Operating labor cost.

In addition the economics of the process:are greatiy affected by the
extraction efficiency achieved, which determines the value of unextracted
metal in the raffinate. Scowe of these costs are minor butb although frequent

. . , ; . . AP
gtress ig given 3o the cents due to zolvent losses , the most significan



factor is very often the cost of the chemical trestment of the sclvent in
o . , 111 s e e . A
stripping, scrubbing, etc. Warner hag indicated typical cost runges fov

hydrometallurgical processes per ton of metal processed as

Capital Costs £2 ~ £50
Solvent Recovery £30 ~ £120
Solvent ILosses £L - £10

Work has been carried out by several authors in an attempt to optimisc

processes on an economic basis. Jenson and ‘Jeffries considered the hourly

-

profit as a function of the cost of contactor (operating and fixed cosis and

depreciation ) and of the solvent (recovery molke up, and capital charges),
the relative magnitudes of the two being functions of the solvent treatment.
They give charts having coutour lines, showing how the profit varies with the
choice of operating parameters. TIrom these the cenditions for maximum profit

. .- . . . 112
for a particular application can be delermined .

An asscessment of the economic congiderations in the operation of amine

. . . . 113
xtraction systeme hes been made in compariso 2.

-

n with other processes
The economic advantages were noted that'% wide choice of stripping agents

is available and the final choice is dependant on cost and consumption sub-
sequent'processing steps, and the form and purity of the final product. Also
it has been shown that amine extractants possess the power to maintain their
activity irrespective of extractant concentration in the diluent. Herein 1iés
an important property which allows amine extraction to be applied to both
concentrated and dilute leach ligquors in that the metal carrying capacity of
the organic may be changed without affecting the extraction power of the amine.
Since the cost/litre of solvent decresses as the extraciion concentration
decreases some control of organic loss is therefore possible ithrouvgh control

of the extractant concentration as organic lesses are dependant only upon

the total volume of aqueous feed.

1.

When licuors more concentrated in metal velues




become on olmost nogtizible fac
1) ¥

v costs. Ag more diluite liguors

are treated, 2 range in metel valuz concentrabicn is rewcned

organic

losées become an importent consideration. In this wange it iz normelly ad-

REC RSN IAC

vantageouns to reduce extractent concentration to minimise this cost,

Ag the extractant concentration is lowered, the organic to aqueous
flow rate ratio must be increased to compensate for the decreased metal carry-
ing capacity of the crganic phase. Obviously a point is reached wvhers the
increased organic flow rate wiILnecessitaﬁe increased design caﬁaoity, end

could completely offset the asdvantage of decreased solvent leses cosis



Visits were made to several authorites and msnufacturers
(British Nuclear Tuels Lid., Leeds University, Warren Springs Laboratory
da

and Power Gas Co. ) in order to obtain advice on the choice and design of

equipment.

6.2.1. vpes of Contactor Available

There are three major classes of equipment available for continuous

o -
counter-current solvent extraction 20, 15, 115, 116.

a. Columns: these are simply towers in which the dense phase enters
at the top and contacts the light phase rising from the bottom. Mass trans-
fer may be effected by spraying, baffles, sieve-trays, packed porous mem-—
branes, or by rotating discs. The number of stages is determined by the
height of the column.

b. Centrifugai extractorg: in which the two phases enter through
the axis of the centrifuge, the lighter phase emerging at the ends of the
arms and contacting the heavier phase oh-its wvay to the centre, while the
heavier phase emerges from the centre and contacts the lighter phase on its
way fo the periphery.

C. Mixer-Settlers: in which the two phases are mechanically mixed
and flow to a separate settling area where they disengage. The separated
phases may then {low in opposite directiqns to adjacent mixers, for further

contacting, in their next respective stage.

By unanimous choice of all the authorities visited, the system most
L
suitable for continuous counter-current testing was that using mixer-settler
k g5 5
type contactors, The advantages of these are:
a. Bach mixer-settler is a discrete stage and the characterictics

of any process may be investigated oo such,

b. Plexibiliiy: any namber oi stages and configurations of extraciion



anc. strippiag moy be incorporsted an reoquired.
c. Opcration and flow of the phases can casily be cbserved visually

articularly if perspex is used asg the structural material.
» o i

d. No interstage pumping is required as phaces will flow by praVLtd.

€. Cheap and'simple construction especially compared to centrifugal
cquipment.

f. Can easily handle crud formation and any unfiltered solids.

£ FPailure of any one stage does not require shut down of whole plant.
6.2.2. Factors Affecting Cost and Performance of a Mixer-Settler

In order to determine the most efficient and economic design of a
niver-settler system for a given process it was necessary to congider and
investigate all those factors given in6.1.6. which affect both the capital

" and operaving costs of the system.

In view of these, it was necessary, having established the optimum

chemical and thermodymemic conditions from shake-up tests, to determine the

effect on the mass transfer end phase separation operatlons of the following
independent variahles. ' .
a. Mixer configuration

b. Agitator speed

C. Residence time in mixer
d. Phase continuity
e. Organic/Aqueous ratio

f. Specific settler flow

. Settler configuration.
6.2.3%. Choice of Eauipment
It was congidered that the best assessment of the above factors on the

systems of interest could be mode by obtaining mixer-settlers from Power

Gag Cerporation who have d: pad s standardised decign Lo laboratory and

SR NLE




pilot-scale testing (Plate 1). These contactors which employ a punp-mix
impellor asystem have Deen developed from actual operating experience and
incorporate good hydrodynamic features which allow considerable flexibility

in both the type and operation of process being investigated:

a, Pump-mix impeller obviates any need for interstage pumiing.
b. No back-wmixzing of phases, leading to high stage efficiency, due

1o separate mixef and settler boxes and pump-mixing.

C. Totally independent stages allow great flezibility in flow sheet
development and good visual observation of érocess conditious.

d. Separate settler allows éreater variation in settler surface
ares geometry critical to good settling characterisiics.

e. Design of mixer box prevents air entrainment. during mixing which

adversely affects phase separation.

f. Settler inlet baffle maintains discrete phase boundaries in settler.
& Variable height raffinate wier allows investigetion of dispersion

band thickness in settler.

h. Mixer input design allows hydrostalic pressure measurement in
mixer. Co
6.2.4. Determination of Plant Capacity

The size and throughput capacity of the plant was dependant upon several
factors. Th: main criterion was the fact that owing to the high intrinsic
value of the metals being processed only a limited amount was available for
use. The capacity of the mixer box, which determines the ﬁaximum flow rates,
had therefore to be fixed at a size which would give a useful amount of data
over a reasonable operating time (6 - 12 hours per run). The smallest mizer
available had a capacity of 340 mls/hinute and with a volume of 350 mls this
meant a minimum mixiﬁg time of about one minute. Shake-up tests shewed
that kinetics of extraction, scrubbing and stripping were fast (see Fig. 2)
and that a minimum mixing time of this lengih shouvld give a satisfactory

approach Tto equilibrin,



The give of setitlers requived wes dstermined by the settling time
of various mixed phaoges of differing composition and with either aqueous or
organic phase continuous. 25 mls of each phase vere mixcd and the time taken
5 :

g

for a satisfactory separation to occur (primary bueak time) wes noted (see
Table %1). On the basis of a maximum throughput of 340 mls/hin a minimum
settler volume of 1 ~ 1.5 litres was required for an organic continuous dis-
persion and subsiantially less for an aqueous contihuous cne. The settler
vailable had a volume of 4 litres vhich could be reduced by filling with
perspex blocks, so that spare capacity was availsble. The geometry of the
settler had also been optlmlsed in design so as to give a meximum surfac

area for the dispersion to settle whilst ensuring that sufficient head of
separated organic and aqueous phases would be present to prevent mixed pbase

flowing over an outlet wier.

6.2.5. Flow Sheet Desism

The deéign of a flow sheet and therefore the number of stages required
to fully test the processes was limited due {o financial reasons caused by
the expense of each mixer settler unit.: However the equilibrium diagrams
for the two processes of interest suggested semi-quantitative separation
between extracitable and non-extractable solutes, requiring few stages to
attain an effectively complete separation. The stripping process using dilute
carboﬁate solution appeared to be viitually quantitative allowing a minimum
of two stages in this section. Similarly two stages each of extraction and
scrub for the tertiary amine separation of Pt/Pd from Rh/Ir were required
as & minimum. These four stages could be then combined for the extract
section in the primary amine separaticn of platinunm metals from base metals
since a scrub section did not appear to be necessary. Thus the unit comprised

-

ix stages from vhich the process efficiency obtaoined was com-
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a
pared to that predicted theoretically from an equilibrium ricCabe -Tnicle

diagram cperating under the given conditions. It wog then possible to nredict



the nuwber of i for full piloth-trinls on ony process of given

feed concentreilicns, purity, raffinate losses, cte. A Tlow sheet for tha
unit is shown in Iig. 2& vhere the position of inputs and outputs can be

changed according to the process being investigated.

6.3. Construction oi Continuous Testing Plant

Having obtalnod the mixer-settler units these were now built into an
integrat=d solvent exiraction unit.

6.3.1 Materials of Construction

In Vieﬁ of the fact that both processes of interest involve the
use of strong hydrochloric acid solutions and aromatic diluents the materials
of construction were restricted as follows,

Wood for bench top, stirrer gantry,control panel, pump stands.

Glagss for flow controllers, rotameter  {lownelers (tantalum floats), valves
(p.7.7.E, plungers), T-junctions

Perspex for mixer settler units and impellors.

P.V.C. fér all pipework

Tufnel for impellor drives to stirrer motors and wier height control screws

on settlers

6.3.2. Ancilliary Equipment

In addition to the mixer settler uvnits the following ancilliary egquip-
ment was used.
8 x 45 litre polythene reservoir tanks
6 Gallenkamp variable speed stirrer motors
12 Q.V.F. Quickfit Rotary valves with PTFE plungers
1 M.P.L. '"K'-Twin metering pump (polyprofylene heads) for organic and
agueous feeds

2 Multifix variable speed peristaltic punps foxw strip end scrud feeds

IS

totaneters (Pantalum {leats) for m



12 Glags fleat flow conibrollers for controlling flow of phase belween

sdjocont mizers =nc setilers,

6.3.5. Flant Layout

A wooaen bench standing on trestles was speci wlly constructed on which
the mixer settler units vwere mounted (Plate 2). This consisted of & 10 mm
plywvood hase suffouﬂded by 100 mm deep p*ne edging forming & ghallow bath.
A false bottom of formica was placed inside, moulded and sloping away to one
end of the bench where a drain plug was placed. This made for greater clean-
liness when spilling and flooding occurred and any overflow was collected
and returned to the appropriate reservoir or to waste. Above the formica
a wooden lattice was built on which the mixer-settler units were placed in
two rows of three lengthways-on to afford easy access. Above the mixer
sevtlers two pine ganvries were built to which the stirrer motors were fixed
and along vhich, the feed pipework was leyed. All the woodwork was ?rotected
by Bosticote chemicel »es it paint. A plywood control panel was constracted
(Plate 3) cnto which rota meters, stirrer motor speed controllers and pump
switches were alffixed, and below which the feed pumps were placed on a small

table (Plate 4)

6.3.4. T'lowsheet Flexibility

£11 the feed and intercomnecting pipework in the plant was made in

such a way that by use of the appropriate valves it would be possible to employ

2, 3 or 4 stages in the extract sections, C,

1 or 2 stages in the scrub

3

section and 2, % or 4 stages in the strip section vp to a total of 6 stages
(see Fig, 29). Similarly a controlled recycle of oxganic phase into the

mixes of 2ll slsges where an aqueous phase might leave the process was in-

sented.  This a2llowed an organic continuous condition in the mixer to be

meinvained, to conbtrol solvent losses.
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of extract and scrub sections, the outqeing toueous scrvh phase was not fed
into the first exbracet stages, since vaviation in scrub {lowrate would then

have indluenced extraction ?lnﬂ te simultaneously

Following completion of the construction work it was necessary
cnly to calibrate the rotameters against flow rate hefore start-up could begin.
This weas éffGC'ed simply by pumping the various feeds by the appropriate punp
through the respective rotameters at va rying.pumping rates and measuring the
time tzlten to £ill a 250 ml volumetric flask., The {low rate (in mls/min)
wes then plotted against float height (Fig. 30). In the case of the.flows
from the metering pump which works by means of g deforming diaphregm, the
height was taken as the maximum height of the Tloat at the end of each pump

stroke.

6.4.2. Start-Up Procedure

The plant was siarted up using two stages in each of the extrect,
scrub and strip sections and Dobane as the organic phase and water as all
the agueous phases. The settlers were filled with equal volumes of Dobane
and water to spesed up the start-up process, water (the heavier phase) being
pourcd in first to prevent phases emerging at the wrong output wier. The
pumps were started and controlled at a flow rate of 100 mls/min and the flow -
contrcllers jpositioned et approximately the height of the settler output
wiers, As the phases begen filling tle mixer boxes, the stirrer motors were
turned on slowly at first to prevent any air entraimment and then the speed
vncvo's cd when full until the pumping aciion of the impellor produced a

Y )

gufficiently negative hydrcsiatic pressure 1o draw in phases

~
L

rom adjocent
‘settlers. After 1-2 hours owvganic phase wag civeulabting the whoie plant

4

nd beloag weturned o e feed vegervole, end oioliscly with equeouns feods



xtract, gcrub and strip sectionu.  Those mizews which weve romning

agueous conbinuous due to the impellor beiwvg siarited-up in the asuecous phase
produced very cloudy scparated phases in the setitlers as predictied but the
dispersion band was slmost non-existant indicating a very fast settling watle.
Thoge mizers rusning organic continuous however prodnced very clean separatec
phases end dispersion band 30-50 mm in depth. Vhexe the aqueous continuous
condition by1“tca the organic phase was recycled from the settler to the

mixer of the same unit uvntil an organic continuous dispersicn was obtained

so that all aqueous phases had minimum solvent entreinment. At flow rate ratios
of unity this situation was maintained indefinitely, once the systems had
achieved hydrodynamic equilibriuvm. VWhen flow rate ratios were less than

one in favour of the agueous phase the intvrinsic hysteresis in phase continuity
changes allcoved the organic continuous condivion to be maintained until the
ratio wazs 1.5 ~ 2.0 and then phase continuity reversal could only be avoided

by continuovg recycle of organic.

Having estaklished the bchaviour of the plant with diluent and water
¢ o 7 . n - . - . -
these phases were then replaced by 10% V/V solution of Alamine 336 in Dobanz
as the organic phase and 3M HCl solutions as the aqueous feed and scrub solutions,

and g O0.5M N trip solution. Similar operating conditions were noted

2 5
although the agueous sirip sclution did not maintain the same clarity as the
aqueous raffinate and scrub solutions, and there was a greater tendency to
Torm 2 light inverfacial crud in the settler. It was also noted thaf Gig~-
persion band depth was significantly less in the strip section than either the
scrub or extract sections which agreed well with the theoretical consider—

L 117

ations alvaly Giscussed . Increased impellior gpced had the tendency

)

to produce deeper-dispersion bands undoubtedly as o result of the production
of smaller droplets with slower coalescence rates. TInereasing flow ratec

above & totel of 00 mls/min tended to cavse floodinz of the mizer unless

jo]

excessive stirrer Speeds were uscec
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6.4.7. Response Characteristics

Before embarking on the experimértal programme it was desirable to
have some understanding of the hydrodymamice of the multistage unit so that
it would be possible to estimate the time rcquired to atiain equilibrum in
a process after start up or following any changes in plant operation. In
order to do this, it was decided to continuously monitof variations in hydro-
chloric acid concentration of the raffinate solution following step wise
changes in hydrochloric acid concentration of the feed solution by simple

acid-base titration.

FPirst hovever it was important to ensure that the take up of excess
acid by Alamine 336 did not change with acid concentration of the feed. A
10% V/V solution of Alamine 336 in Dobane JN-X (O.ZSM) was shaken with an
equal volume of varying concentrations of HCL in water for a period of one

N

minute. The phases were separated and the agueous raffinate was titrated
against .04 NaOH using phenolphthalein. The concentration of HC1 in the
organice phase was thus calculated by difference between aqueous phase con-
centration before and after extraction.: It was found that the amount of
hydrcchloric acid taken up by the organic phases remained an approximately’
congstant 0.2%51 over a range of feed concentrations of 1 ~ 4. (The extraction
of HC1 by 10% Aiamine %336 in Dobane thus corresponds to a theoretical stoi-

chimetry of 1:1; R,N:HCL)

3

At the beginning of response testing the situation in the plant was
as Tfolklows:

- ol =, n - 4
2 suvages extraction .

Feed concn. (HC1) 1.8 (by titration)
Raffinate "™ © i.65 v "

ataeoes scrub

N\

-1

Feed conen. (HC1) 2.0 i



Rafifinate concn, (HC1) 2,64 (by titration)

2 stagren sirip

Feed concn. (iia, 05) O.fm v "

Stripped organic " (ICG1 0.0061 " "
P! (ic1)

A dilute solution of HCL (0.9M) was then substituted as feed for the
extract section snd the raffinate titrated against haOh approximately every
15 - 20 mins. Bguilibrium having been attained the dilute (0.54) HCLl solution
was then fed into the scrub section giving e“iecclvelr a four stage extraction
section and the raffinate again monitored. The variaticn in HC1 concentration
with time following these étep changes can be seen in Pig. 31.

The agueous and organic feed flow rates were appfozimately a constant
100 mls /hln throughout and the volume of each phase held up in any stage
was between 2 - 2.2 litres. ©Simple calculation showed that in both cases

equilibrium was reattained after 2 - % changes of wvolune.

On this basis, 2t a nominal flow rate of 100 mls/minute and with a

.

totel plant hold-up volume of approximately 14 litres, 40 litres of feed

-

solution would be necesgsary to achieve equilibriuwa under any given operation
conditions. In view of the relatively shallow dispersion band in the settier
even when operating organic continuous, it wasg decided to halve the settler
volume by means of perspex blocks positioned on the bottom of each settler
vessel. This alloved a greater utilisation of the platinum metal solutions

availeable.
6.5. Plant Teials

6.5.0. Preparation of Sclutions

a. Agueous Solutions

Stock solutions of platinum and palladinm were made up by dissclving

400 grams of each metel as chiloride in 1 Litre of cencentrated hydrochlowvic



zach iridiom (IV)end rhodivm chlorides in 1 litre of

-ty

scid and 200 ¢

of

,-
r\—/

conceontrated hydrochioric zeid. These solutiecns were then added pro rata to
40 litres of the appropriate hydrochloric acid solution (1 or 3M) as re-
guired to form the feed solution in the extraqt section., Vhere iridium (ITI
gsolutions were required the stock solution of ividium (Iv) wes diluted

10:1 with vater and reduction of iridivm (IV) to iridiwn (III) effected by

silver powder; and then the excess silver and silver chloride removed.

Stripped solutions of platinum and palladium were subjected to reductiocn
by hydrazine and the resulting metal sponge redissolved and recycled to the
stock sclution. Iridium and rhodium containing raffinates and scrub solutions

were bulked up to high concentration by evaporation and similarly re-cycled.

Scrub feeds were made up in 40 litre vessels of the approyriats con~
centration of hydrochloric acid and strip solutions similarly produced by

dissolving anhydrous sodium carbonate in water to give a 0.5M solution.

b. Oxganic Solutiong

30 litres each of 10% V/V Alemine 336 in Dobane and 20% V/V Primene
81 ~ R in Dobane were made up. 5% decanol was added to the Alamine soluticn
to prevent third phase formation. The organic solutions were conbtinuously
recycled, the feed being taken from the top of the reservoir to allow aqueous

entrainment to settle.

6.5.2. Operation of Plant

The operation of the plant was effected in a very similar manner to
the methods adopted during éommissioning trials with metal-free solutions.
Agueous feed solutioné veve made up to investigate the process efficiency

th varying combinations of mptals. ficw rates, flow rate ratios, numbcr
stages of extraction and. scrubbing and to measure the sclvent logses

vnder these conditicons of operavione, RHung were conbinons
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was then considered to have rcached equilibrium and samples wer

analysis,

6.5:5. Sampling and Analysis

After equilibration of a run 25 mls each of the feed solution, raffinate
golution, scrub solution and sirip solution were removed and analysed for
the constituent metals being separated, by atomic absorption analysis.
Occasionally further aqueous soltions were taken frgm settlers of intermed-
iate stages in a process to give en extraction profile‘of the whole system.

Unfortunately it was not possible to obtain analysis of orgaenic phases diresctly

uging this method.

. : y .. 118 o
Solvent losses were estimated by the method of Ashbrook . This is

a spectrophotomeiric method based on the formation of a complex between the
amine and cobalt thiocyanate. The complex is developed in dilute sulphuric

acid and extracted with carbon tetrachloride.
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6.5.4.1.. Alamine Wrhrncti

The results of continucus testing of Alamine 3%6 for separations

of Pt/Pd from Rh/lr are shown in Tableg 32--35. Both platinum and pglla—
dium were quantitatively extracted in two stages from all concentrations

of feed solution. This was in good agreement with the equilibrium diagran,
but neither metal showed any tendency to be scrubbed out of the organic
phase. However both rhedium and iridium (III) were co-extracted to a
greater extent than anticipated from their distribution ratios which
indicated 6% and 15% co-extraction re“nect1v0“y (Equation 33). By re-
ducing the organic:aqueous flow ratios in the extract section from 1l:1
to 1:2 the co-extraction of iridium (III) and rhodium was significantly
reduced without influencing the quantitative naturé of platinum and palla-
dium cxtraction wh;lst still maintaining an "organic continucus" mixing
operation. Similarly, reducing the phase ratio in the scrub section effecied
s, more effective washing out of ‘he contaminating rhodium and iridium (I1I)
from the organic phase. It appeared that by employing more stages in the
scrub section a ccomplete removal of these two metals from the platinum /
pallodium rich organic phase might be made. In addition to improving the

separation factors, reducing organic to agueous phase ratio glso conferrsd

Q
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the adventage of pr odu01nb a concentration effect on the exvractad

However, stripping the platinum and palladiun {rom the amine was
? i ji)
not quite asg gztisfactory as had been anticipated from static tegta.
Palladium began to precipitate a basic complex upon prolonged exisltence
o (]

in the 0.5 sodiuwn carbonate strip solution and although viritunil

yoauanti--
tative wemoval of palladcium from the anine wag effoeted, a serious solids
weblem crose vhich blocked the settier of the fixst strip ctag

Similarly stripping of platinum whilst not
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but this tiwe apparently of an orpanic natuve in the form of a fine trans-
parent film which prevented complete phase separation in the settlers.

This again ied to serious {locding problems and had to be removed period-
ically to enable the process to comtinue. Changing the concentration of

the strip solution had no effect on the production of this phase, nor did
‘the addition of sodium chloride which it was thought might help by stabi-
lising the existence of the chloro-complex species of platinum in the
alksline stripped soluvion. Samples of this interfacial crud were removed in
an attempt to try and discern its nature bJ gas-liquid chromatography but
great difficulty was experienced in its isclation. The alternative solutbion
to this problem which wouid allow a continuous cycle of operations is an

anion exchange stripping technigue, e.g. by NO, ions (providing such solutions

>
are accepbable to downstream processes) since acid ow newbral stripping has
o very uvnfavourable distribution equilibria. This would undoubtedly involve

many more strip stages of operation.

The only reported work on the application of tertiary amines for com-
mercial processing of platinum metals describes how Alamine 336 was used
b0 extract gold, platinum and palladiuﬁ.from other precious metals and base
mztals resulting from nitric acid freatment of slimes from Dore metal elect~

. 98 :
rolysis . The nature of this process was thus quite different in that
co-extraction of both Rh/Ir and base metals had to be avoided simultanecusly
vhich in anion exchange systems requires conitradictory conditions. Thus a%
high HCL concentraticns baée metals tend to form strongly extractable anionic
complestes whilst extraction of anionic Rh/ir complexes becomes unfavourable
due to the competing ohi ride icns, and vice versa at low HCLl concentrations.
Consequently the use of very low (0.5M) HC1 concentration is far from the
optimum conditions for the mutual separation of P3d/Pt from Rh/Ir due to
significant Rh/Ir co-cxtraction particularly at the high amine concenirations

uzed (25%) due to the power factor ('n! value) on distribution ratio with
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awine concentration of about 2.0 for piasiinum moeitnlyg, Since the extraction

of pold, palledivm and platinue is virtually guantitative under these con-

o

ditions it ig also surprising that the extraction of platinum is not repcrted

as being complete when as many as six stages of extraction were used. Sim-
ilarly the very iow figures quoted for Rh/ir co-extraction would not be
expected from an inspection of the distribution data particularly taking

into account thé relatively ineffective scrub conditions (2 stages O.5M.H01)5
In fact co-extraction of Bh/ir appeared from the results of the work reported
here in the continuous testing to be gweater than anticipated and therefore
requires very effective scrubbing by strong HC1l solutions. Possibly an even
higher HCl concentration in the feed solutions (say 611 when Pt/Pd extraction
is s%ill highly favourable) would achieve a nearer approach to a mutual

separation of the twe pairs of metals.

Finally, the reported use of xzylol (flash point 650F) canmmot be rec~
omnended for commercial application due to the potential fire hazard it pro-
videg particularly when high flash point alkyl benzenes such as Dobane JN-X
(flash-point 2520F) proved satisfactory as diluents both chemically and |

s

physically (from the hydrodynamic point® of view) in the present work.

6.5.4.2. Primene Extraction Process

_The results of continuous testing of Primene 81-R for extraction of
platinum metals from base metals are shown in Table %6, In these tests,
iridium in the feed slution was present es iridiuvm (IV) as this is more
extractable and although partially reduced to ixidium (III) by contact
with the emine, since both valency states are extracited this dees not alter
the nature oi the process. It was found that extraction of both iridium

and platinum was almost quantitative with the limived number of stages

el [ TR SR NI T T, . PR
duz to the strivping prohicms alresdy

.
encomiered with Alsmine which wouid heve made continuoug operation aifficuit).



hodium hovoever &l very poor exlraction characieristics under the opew-

abing condivions. Snortage of time provenied furvher investigation of this

aspect although incrcasing the nuvmber of siages, increasing organic to agueous
flov ratic, or improving the chemical conditions by lowering pH or increasing
solvent concentration would undoubtedly assist in its extraction. Co-exitraciion

of base metals was v ‘*Uallv non-existant giving a very clear cut ssparation

of platinum metals.

As with the Alamine process a transparent solid film was produced in
the strip section in the mixed phase emulsion which hindered complete phase
separation. The nature of this phase was g@¢a'61¢f10L 1t to resolve but
appeared to be a product of the amine and the sodium carbonate sclution since

~

it wes noticed in furiher simple shake up tests that it formed in the absence

jon]

of diluent and platinum metel although the presence of the latter did

aggravate the situation possibly by encouraging end tropping any fine preci-
pitates of platinum metal salts, ab the interiace between the organic énd
aguecus phases. It vas also observed that the effect was much worse when an
organic contiunuous condition existed in the mixer perhaps as a result of

-

the longer separstion times. However this operating condition was much to

he preferred due to the very much more effective stripping action  this

had, Ag vith the Alanmine procéss the only allernative continuous process

would appear td be by anion stripping using I\TO_3 iong ideally in an acidic
solution to prevent hydrolysis of the plastinum metal salts. However the palla~
dium amine complex which as has already been observed aypears to be a stable
inner orbital complex is still singularly recisbant to this form of attack.
Nevertheless possibly use could be made of this tc effect a primary separa-
tion of palladium from platinum by stripping back the latter and then reducing

the palladium complex to metel in situ from the orgaenic phase.

The use of Primene 81-R was found to have one very significant drawback
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