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ABSTRACT

The aqueous behaviour of rhodium (III) (Rh) in chloride
solutions was investigated with the objective of evaluating
its response to solvent extraction with 8-hydroxyquinoline
derivatives. A theoretical analysis of the abundance of the
various chloro-complexes in solution revealed that monoaquo-
pentachlorocrhodate and hexachlororhodate are the most common
forms of Rh(III) in chloride solutions (>0.5M C1') and that the
relative abundance of hexachlororhodate may be lower than was

previously reported.

The extraction degree of Rh (III) with 8-hydroxyquinoline
derivatives from solutions ranging in acidity from 0.7 to 8.0M
and in chloride concentration from 0.7 to 4M was found to
follow the calculated abundance of hexachlororhodate (about 5
to 40% in the region investigated). Also, the extraction

mechanism was deduced to be ion-pair formation.

The extracc.ion degree of Rh(III) from similar solutions but
previously treated with SnCl,, was also investigated, and in
this case the extraction was quantitative throughout the
acidity and chloride concentration ranges tested. Virtual
quantitative stripping can be achieved with four five-minute
contacts with 1.7M H,SO, + 1M Na,SO,. A preliminary flowsheet
for the industrial application of this solvent extraction
process for Rh is presented.



RESUME

Le comportement du rhodium (III) (Rh) en solution de chlorure
a été examiné afin d’évaluer la possibilité d’extraction du
Rh(III) par solvant avec des d8rivés du 8-hydroxyquinoline.
Une analyze théorique de la quantité de divers complexes
chlorés du Rh(III) a révélé que RhCl,(H,0)” et RhCl,>* sont les
deux formes les plus communes du Rh en solution de chlorure
(>0.5M C1) et il est probable gue la quantité relative de
RhCl} est plus faible que rapportée antérieurement.

On a observé que le niveau d’extraction du Rh en solution
acide, dont l’acidité et la concentration totale de chlorure
varient respectivement de 0.7 % 8.0M et de 0.7 & 4.0M, A
l’aide des dérivées du 8-hydroxyquinoline est proche de la
quantité de RhCl* calculée (environ 5 & 40%). Il a aussi été
déduit que l’extraction se fait par la formation de paires
d’ions.

Le niveau d’extraction du Rh(III) en solutions de chlorure
semblables & celles décrites ci-dessus mais traitées avec du
SnCl, a aussi été étudié, et dans ce cas, l’extraction peut
étre considérée comme quantitative pour 1les différentes
solutions examinées. D’autre part, la reéxtraction du Rh peut
étre réalisée avec quatre contacts de cing minutes de 1.7M
H,SO, + 1M Na,SO,. En derniére partie, un schéma préliminaire
d’un procédé d’'extraction par solvant du Rh est présenté pour
une application industrielle.
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CHAPTER 1
INTRODUCTION

The separation and purification of rhodium (Rh) from the other
precious metals is one of the most difficult and pressing
areas in precious metal refining at the present time. This
situation arises mainly because of the complex sclution
chemistry of Rh in chloride-containing aqueous solutions. The
complexes, formed by Rh in these types of solutions are such
that modern recovery processes such as solvent extraction (SX)
which have been implemented for the recovery of the other
platinum group metals (PGMs)' cannot easily be applied to the
recovery of Rh and, to date, no industrially acceptable
solvent extractiorn system has been developed for Rh. The
methods which are used for its recovery are therefore very old
and inefficient techniques based on a number of precipitation
- dissolution stages to slowly and tediously purify Rh.

The main objective of this work was to try to devise and
develop a solvent extraction system for Rh which could
ultimately be industrially applied. 1In order to achieve this
goal, it was first neccessary to acquire an understanding of
the behaviour of Rh in chloride~-containing solutions.

A secondary objective of this work was to study the behaviour
of Rh in a specific solvent extractiorn system which is to be
industrially employed for the recovery of Pt and Pd. 1In this
part of the work, the aim was to develop a technique to
inhibit the extraction of Rh in the said system since the co-
extraction of Rh is undesirable both because it would be an
impurity for Pt and PA and also because the Rh extracted could
he lost and never recovered or recovered only at great
expense.

! The six PGM elements are Pt, Pd, Rh, Ir, Ru and Os.

1
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To present the overall results of this research, this thesis
will be divided into three main parts; (i) an overview of the
solution chemistry of Rh(III) in chloride solutions as well as
an overview of some previous Rh(III) solvent extraction work,
(ii) a thermodynamic and kinetic study of Rh(III)
chlorocomplexes, and (iii) experimental results and
discussion. The results and discussion part will itself be
divided in three main categories which include (i) the
suppression of Rh(III) extraction in a Pt/pPd 8-
hydroxyquinoline solvent extraction circuit, (ii) the
extraction of Rh(III) using modified 8-hydroxyquinoline
systems and (iii) the extraction of Rh from Rh~-Sn-Cl aqueous
solutions using 8-hydroxyquinoline derivatives. In this last
part, a solvent extraction process which offers some promise
as a purification/recovery method for Rh from chloride
solutions is discussed.




CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1. PGM REFINING PRACTICES

Rhodium occurs together in nature with the other PGMs as well
as with silver and gold either as native alloys in placer
depscits or in lode deposits where they are associated with
copper and nickel. It is from the lode deposits that the PGMs
are most frequently recovered (1). Because the PGMs occur
together, it is important to devise techniques to separate
them and to purify and recover each of the metals separately.
Originally PGMs were separated after dissolution in oxidizing
chloride leach liquors (2, 3, 4) by the application of a
series of precipitation-dissolution steps adopted from
analytical chemistry methods (5). This was the most common
route until about the middle nineteen seventies. Since then,
the major refining companies have considerably modernized
their processes by implementing the more efficient separation
technique of solvent extraction and to a lesser degree, ion
exchange. Their modernization efforts continue. Thus, a
typical flowsheet incorporating solvent extraction is the one
used by INCO Ltd. in Acton, U.K. and it is depicted in Figure

2.1 (3, 4).

2.1.1 Rh Recovery

As depicted in Figure 2.1 and as is the case for virtually all
precious metal recovery flowsheets, Rh is the 1last metal
recovered and it is recovered through a complicated
precipitation technique rather than through the more modern
and efficient technique of solvent extraction. There has,
however, been mention of Rh recovery through ion exchange (IX)
in one PGM flowsheet (6) but no details have ever been
revealed and it is not clear whether or not the ion exchange
route is indeed followed.



Figure 2.1. INCO Precious Metals
Refining Flowsheet

PGM Concentrate

Dissolution AgCli
Tetroxide Distillation Ru/Os
Butex Solvent Extraction Au

Dioctylsulfide Solvent Extraction Pd
Reduction of Ir(1V) to Ir(lil)

TBP Solvent Extraction Pt
Oxidation of Ir(lll) to Ir(IV)

TBP Solvent Extraction -

Rh Purification (Pptn-Dissol'n) Rh
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The precipitation-dissolution scheme for the recovery of Rh is
. no longer considered satisfactory by most PGM refiners because
of its numerous drawbacks. It is a lengthy process, sometimes
taking as long as 4 to 6 months for the final recovery of pure
Rh metal and therefore, there is a high value of metal which
is locked-up in the processing plant. The technique is also
quite tedious as the precipitation must be carried out a
number of times in order to ensure that the final product is
of acceptable purity and this makes the overall process labour
intensive and costly. A simplified flowsheet for the Rh
precipitation purification scheme is shown in Figure 2.2 (3,

5, 7).

In the precipitation -~ purification method, the first step
involves the formation of the nitrite complex [Rh(NO.),]° from
RhCl>. Because this complex is extremely stable to
hydrolysis, the impure Rh-containing solution can be subjected
to neutralization with NaOH in order that some of the
impurities be precipitated through hydrolysis (3). After a
filtratior stage, the Rh in solution is precipitated with
ammonia and sodium (from the NaOH) as diammonium sodium
hexachlororhodate (Na(NH,),[Rh(NO,)]) which is a partially
selective precipitation step over the other PGMs which may
also be present in the Rh solution. For this precipitation,
hcwever, it is important that a high concentration of ammonia
be used in order to suppress the solubility of this Rh complex
to achieve almost complete Rh precipitation. After another
filtration stage, the precipitate is redissolved in HCl and
depending on the purity of the solution, the process is
started over at the nitriding step.

It is this cycle of precipitation~dissolution stages that
renders this process inefficient and tedious. Once the
ammonia-nitrite Rh complex is of acceptable purity, the final




dissolution in HCl is followed by the precipitation of Rh with
ammonia to give triammonium hexachlororhodate ((NH,),;[RhCl,]).
Here it is not only important that the concentration of
ammonia be high to suppress the solubility of the Rh sait but,
as well, that the chloride concentration be high since it is
the hexachloro-complex which is precipitated and therefore,
the hexachlorn-complex must be "easily" available in solution.
The last step involves the reduction of Rh to the metallic
state either directly from this salt with formic acid or with
H,(g) at 1000°C (3,7).

Figure 2.2: Rhodium Precipitation -
Purification Process
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Due to Rh’s high value (about $4000 US in mid-1991) and
rapidly increasing demand for automobile catalytic converters
(8), the need to develop more efficient recovery processes
such as solvent extraction for Rh is becoming increasingly
urgent. The difficulty in developing such systems;, however,
lies in the chemical complexity of Rh in chloride~-containing
aqueous solutions. It is part of the subject matter of this
thesis to study the intricate solution chemistry of Rh(III).

2.2 THE AQUEOUS CHILORIDE CHEMISTRY OF RHODIUM(ITT)

It is important prior to reviewing the solvent extraction
literature of Rh (Chapter 2.3) to examine the basic
characteristics and the behaviour of Rh in chloride solutions
because of the peculiar aqueous chemistry of Rh in chloride-

containing solutions.

2.2.1 Basic Inorganic Characteristics

The main oxidation state of Rh is +III although +I and others
are known to exist though to a much lesser extent. Also, it
has been found that the anionic complexes of rhodium are more
labile than those of other PGMs, whereas the cationic and

neutral complexes are quite inert.

Rhodium (III) readily forms octahedral complexes, as do most
d® configurations, with anions, halides, and oxygen-containing
ligands. In terms of solvent extraction, it should be
remembered that highly charged octahedral complexes such as
RhCl* are particularly difficult to extract due to steric
effects. It is difficult to pack three organic molecules
around a single anion. A schematic diagram of the octahedral
structure of RhCl* is shown in Figure 2.3.
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Figure 2.3: Hexachlororhodate Octahedral Structure

2.2.2 Rh Species in Chloride Solutions

A study of the aqueous chemistry of rhodium (III) chloride
complexes reveals that a variety of rhodium chloro-aquo
complexes exist in solution. Starting with hexachlororhodate
(RhCl*) substitution reactions of the following kind occur:

RhCl + HO - RhC1;(H,0)% + Cl° (2.1)
RhC1,(H,0)* + H,0 - RhCl,(H,0), + Cl (2.2)
RhC1(H,0)* + H,0 - Rh(H,0)¢* + CL- (2.3)

The species range from the completely aquated hexaaquorhodate,
Rh(H,0)s*, to hexachlororhodate, RhCl,*. Mixed aquo-chloro
complexes which can be described as [RhCl,,(H,0),]"? also exist
in equilibrium with each other and with one or both of the




above species. The extent to which each complex exists
depends primarily on the chloride concentration and also, to
some extent, on the temperature, age, and pH of the solution.

It has been found that at pH > 2.9, the chloro-aquo complexes
undergo hydrolysis as fallows (9):

[RhC1, (H;,0),]"> - [RhClg,(H,0),,0H]"". (2.4)
where n 2 1

This adds to the number of species which can already be found
in a typical Rh chloride aqueous solution.

Also adding to the variety of complexes are chloride- and
oxygen-bridged polymeric Rh species thought to be present in
aqueous Rh chloride systems (10, 11, 12). Very little is
known about these polymeric species and, in the past, they
have usually been ignored in both the thermodynamic and
kinetic studies performed on agqueous Rh chloride solutions.

2.2.3 Speciation
Because hexachlororhodate is known to be both thermo-

dynamically and kinetically unstable towards aquation, a
number of studies have investigated the aquation of rhodium
chloride complexes in hydrochloric or chloride-containing
solutions. It has been found that at high chloride
concentrations, the main rhodium species are RhCl* and
RhC1,(H,0)* although RhCl,(H,0), is also known to exist to some
lesser extent. As the chloride concentration decreases in an
aqueous solution, the aquation reactions occur more easily and
extensively. Also, as the temperature of the solution
increases, so does the rate of aquation (13). More details on
the relative abundance of the various aquochlorocomplexes of
Rh(III) (speciation) are presented in Chapter 3.



For solvent extraction purposes, it should be remembered that
many mixed chloro-aquo complexes exist in solution as a result
of aging, total chloride concentration and solution history.
Since these various species may undergo ligand substitution at
different rates, different complexes exhibiting different
extractability may be produced in an aged solution (13).
Also, the aquo-containing complexes are particularly
troublesome in solvent extraction since not only are they
octahedral and therefore quite bulky, but more importantly,
these complexes are highly hydrophillic and will not easily be
transferred to the organic phase.

2.2.4 Rh in Sulfate Soclutions

Because gold is sometimes recovered through the use of S50,
reduction (14), some PGM refining solutions contain a
considerable amount of sulfate. The aqueous chemistry of
Rh(III) in sulfate solutions has rot been as intensively
studied as it has in chloride solutions, however, some Rh-
sulfate complexes which have been reported include Rh,(S0,),
and [Rh(SO,),]" (15).

The studies which have been performed usually start with the
dissolution of Rh(OH), in H,80, to obtain, first, Rh(H,0)s* and
then, depending on the temperature and sulfate concentration,
a number of mixed complexes are formed. These include mixed
aquo~-hydroxy Rh complexes, mixed aquo-hydroxy-sulfate
conmplexes and oxy-sulfate-bisulfate Rh complexes (9). A whole
spectrum of anionic, neutral and cationic complexes may
therefore be present in Rh sulfate solutions and more
investigations must be performed before a clear determination

of the complexes in solution can be presented.

10




2.2.5 Rh Chloride Complexes and SnCl,

There has been considerable use made of stannous chloride in
the separation and purification of the precious metals using
solvent extraction or ion exchange in analytical chemistry

(16-23). Because the chloro-complexes of rhodium are
relatively inert, and because they often contain aquo ligands,
they are not easily extracted. Much more labile and non-

aquated complexes of Rh are formed when rhodium chloride
complexes are allowed to react with SnCl, in acidic solutions.

When SnCl, is added in sufficient quantity (greater than a 6:1
molar ratio of Sn:Rh), it reduces Rh(III) to Rh(I) which is
more labile than the somewhat kinetically inert chloride
complexes of Rh due to the strong m-acid nature of the SnCly
ligand (16). The replacement of SnCl, by another ligand is
not subject to such kinetic difficulties as is the replacement
of chloride as a ligand (17). The structure of the Rh(I)-
SnCl; complex has been investigated by a number of
researchers. One structure which had originally been proposed
is a bridged Rh(I) dimer such as [Rh,Cl,(SnCl,),]* (9, 24).
More recently, however, this species was rejected and the
simple anion [Rh(SnCl;)]* was adopted (12). Nevertheless, one
or botn structures are still reported in many articles and the
exact structure has still not been clearly determined or
unanimously adopted.

When SnCl, is net added in significant excess of Rh, then the
complexes formed are quite different. An extensive study of
the complexes formed by allowing RhC1;3H,0 to react with SncCl,
(Sn:Rh molar ratio 6:1 or 1less) in 3M HCl was performed
through '°sn NMR spectroscopy (12). Complexes of the type
[Rh(SnCl,;),Cl,]* (n = 1-5) have been identified as well as the
Rh(I) complex which was described as [Rh(SnCl,)s]*. A possible
formation reaction for the Rh(III)~Sn complexes is given below.

11



(RhC1,,(H,0),1** + mSnCly = [RhCl¢,(SnCl;),]* + m-nCl" + nH,O
’ (2.5)

For the Rh(I) complex, a possible formation reaction may be:
RhC1l + 6SnCl; ~ [Rh(SnCl;)s}* + 3Cl° + SnClg™ (2.6)

The Rh(I) complex is known to be relatively unstable in
solution and it may convert back to one of the Rh(III)-Sn-Cl
complexes on standing if Sn(II) is not in sufficient excess
(12) . However, if excess SnCl, is present, then the Rh(III)-
Cl-Sn complexes will slowly be converted to the Rh(I) species
[Rh(SnCl;)s)* (25). It has been found that this Rh(I) species
is the most abundant when the Sn:Rh ratio is greater than 4:1.
The existence of various complexes helps to explain the change
in colour of the aqueous solution from orange to dark purple-
red as the Sn:Rh ratio increases.

The exact solution composition for a Rh-Sn~Cl system is
obviously quite complex and it depends on a number of factors
such as the Rh:Sn solution ratio, temperature, age of
solution, and possibly HCl or chioride concentrations since
the chloride ion concentration will affect the speciation of
the Sn(II) chloride complexes from Sn’* to SnCl,>. A
speciation diagram for the various Rh-Sn complexes present in
solution at 25°C and in a 3M HCl solution as a function of the
Sn:Rh complex ratio is given in reference 12 and is reproduced
in Figure 2.4.

It is interesting to note that when the Sn:Rh solution molar
ratio is 6 or less, it has been found that there is no free
Sn(II) in solution. In 3M HCl, the reaction between the Rh
complexes and SnCl; is complete since no free Sn(II) can be
detected in solution until more than the stoichiometric amount

12
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Figure 2.4: Reproduction of Moriyama et al's
Distribution Diagram (ref. 12)



of Sn:Rh (6:1 for complete reduction and ligand substitution)
has been added. This means chat all of the Sn(II) which is
added to the Rh solution is immediately used to become either
part of the Rh complex or, to reduce Rh(III) to Rh(I).

Having stated that highly charged octahedral complexes are
difficult to extract, it might seem that the formation of a 4
complex would cause more problems than it would solve. It
seems, however, that this complex is much more labile than the
Rh(III) chloride complexes and therefore it may react much
more readily with various organic extractants. Also, the Rh-
Sn-Cl complexes are not aquated so they are not nearly as
hydrophillic as the mixed aquo-chloro complexes of Rh(III).
The fact that there are only 5 ligands coordinated to the
Rh(I) might also explain the apparent high reactivity of this
complex since it is possible that Rh wants to complete either
it’s Rh(III) usual octahedral symmetry or the Rh(I) & square-
planar symmetry and so it reacts quickly with the extractant.
Finally, it is also apparent that [Rh(SnCl;);}* is larger than
the Rh(III) aquo-chloro complexes and therefore it might be
easier to surround this species with the organic molecules
than it is the smaller Rh(III)-C1-H,0 complexes.

2.3 SOLVENT EXTRACTION

2.3.1 Solvent Extraction

Successful development of a solvent extraction process for Rh
refining is expected to bring a number of advantages over the
conventional refining practice. For example, the capital and
operating costs are expected to be lower, the overall process-
ing time to be much lower and therefore there is not such a
large amount of metal and capital investment which is locked
in process in the plant. As well, it does not require as much
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physical manipulations and personnel. The use of an effective
solvent extraction process should also allow for greater
flexibility in the overall process flowsheet. Finally, the
effluents may be less problematic than those obtained from the
more cumbersome precipitation - dissolution technique.

For a solvent extraction process to be considered as
industrially acceptable, some criteria governing solvent
extraction processes must be met (11). For example, the
extractant must be stable and the metal extracted must not
cause excessive reagent degradation. The extraction stage
must be quite selective and have a high distribution
coefficient (D,>10?) and essentially complete stripping must be
achieved (D,>10%). The stripping reagents should be as simple
as possible and the media should be such that the purified
metal can be easily and directly recovered. To date, no such
system has been developed for Rh.

2.3.2 _Solvent Extraction with Amines

There have been a number of studies on the extraction of Rh
and the other PGM with various organic amine extractants and
an overview can be found in reference 26. It has been found
that although Rh can be extracted under certain conditions,
the other PGM are usually more readily extracted than Rh and
therefore, 2mines are useful to extract Rh only if it is the
only precious metal in solution. All amines are capable of
extracting a number of base metals and therefore, selectivity

can be a problem.

In general, the extraction of Rh is favoured at low acidity
and low chloride concentrations. In the precious metal
refining industry, the total chloride concentration is usually
quite high (4M) as is the acidity although it can k=2 easily

15



adjusted. Studies performed with tri-n-octlyamine (22, 27)
have shown that Rh is only significantly extracted at 0.1M
HCl. At HC1l concentrations of 1 to 12 M, the extraction drops
to zero. Another study on tri-isobutylamine (26) has shown
that Rh is not significantly extracted from solutions up to SM
in HCl concentration.

There have also been some studies performed on the extraction
of precious metals with primary amines (23). Rh(III) can in
fact be extracted by primary amines from aqueous solutions
when the acid concentration is quite low (<0.5M HCl) but other
PGMs are also extracted. The extraction of precious metals
with amines is believed to be generally represented by the
following reactions:

RN + HCl - R,NH*CL (2.7)
3R,NH*C1 + MCl - (R;NH);MCl, + 3Cl (2.8)

For Rh, however, the extraction reaction is believed to be
more complex. It has been speculated that the Rh complex
which is extracted with amines is RhCl,(H,0)*. Because of the
hydrophilicity of this species, it does not remain in the
organic phase as this species but rather, it is believed to
undergo rapid dimerization or possibly polymerization (3) as,
for example, in the following reaction:

2(RN),[RhC14(H,0)] - (R,N); [RhyCly] + RN*Cl + 2H,0
(2.9)

The Rh,Cly* anion is so strongly extracted that it is then
"locked-up" in the organic phase and stripping is impossible.

16




An investigation of the kinetics of extraction of Rh from
chloride solutions with a quartenary ammonium chloride
extractant was recently performed (29). An extraction degree
of about 80% was obtained under the best conditions tested
(25°C, [H']=1M, (Cl']=1M). Stripping and selectivity were not
studied, however, and as explained above, these can be
expected to cause problens. As with the other amine
extractants, the extraction degree increased with decreasing
acidity and chloride concentration.

The drop in extraction degree with increasing chloride ion
concentration can be explained by considering reactions 2.7
and 2.8. It is clear that the extraction of the precious
metal species is based on an anion exchange reaction between
the chloride ion and the negative metallic complex. If the
concentration of chloride ion 1is too high, then its
replacement by the metal anion will become more and more
difficult and the extraction degree will drop. In fact, one
of the stripping reagents which can be used to strip the
precious metals from loaded amines is a concentrated chloride

ion solution (3).

2.3.3 Summary of Other Solvent Extraction Studies

A number of studies examining different extractants have
previously been published (17-42). Although there exist a
number of solvent extraction systems for the extraction of Rh
from mixed PGM solutions in neutral or acidic aqueous
solutions, these systems cannot be used as designed for the
industrial extraction of Rh. Many of the known solvent
extraction systems were developed as analytical tools for the
determination of Rh concentration by spectrophotometric
methods, and the experimental procedures performed on the
solutions to uchieve extraction are not feasible from an
industrial point of view. For example, the solutions must
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often be heated to boiling and evaporated to dryness. The
time and energy requirements for this process are not
practical in industry.

Other -'olvent extraction systems are designed to extract the
cationic complexes of Rh(III). Again, from the refining point
of view, this is not practical since the industrial Rh aqueous
solutions wusually contain high 1levels of chloride and
therefore, the predominant species can be expected to be the
anionic chloro-aquo complexes of Rh. Diluting the solutions
down to such a point that the cationic complexes dominate is
not a realistic option for a number of reasons.

Nonetheless, it 1is useful to be aware of the solvent
extraction systems studied by other researchers. Tables 2.1
to 2.3 briefly summarize the main results obtained in these

previous studies.

Table 2.1: Chemical Names and Abbreviations of Some Common Extractants

Abbreviation of Full Chemical Name

Extractant

Ny trialkyl methyl ammonium chloride

TOA tri-n-octyl amine

TBP tributylphosphate

TOPO trioctyl phosphine oxide

TPPS triphenyl phosphine sulphide

TBPS tri-n-butyl phosphine sulfide

THPS tri-n—-hexyl phosphorothioic-~triamide
18




Table 2.2: Summary of Eh Solvant Extraction Systems (X = extraction)

Extractant

(Aqueous Medium)

N,, (2M HCl)
(Trialkyl
methylammon-
ium chloride)
Alkyl is 8-10
C-chain

Tri-n-octyl-
amine (TOA)
in benzene

(TOA)
(0.1-10M HC1)

Tri-n-octyl-
amine in
benzene

(0.1 -12M HC1)

Primary amine
in kerosene
(0.3-2.5M HC1l)

Mono-N~amide
{RHNCOR' )
Strong HCl

Benzoylphenyl-
hydroxylamine
(1-9M HCl)

Dinonylnaph-
thalene sul-
fonic acid
in n-heptane
(Weak HCl)

Di-n-heptyl
sulfoxide

(DHSO; in 1,1,2
trichloroethane

Complex Extracted

3N, +2RhCl, =
(R,CH,N),Rh,Cl,
+ 6C1°

Rh-Sn-Cl

Rh-Cl

Rh-Cl1

Rh-Cl

Rh-Sn

Rh(HO)*

Not stated

General Comments

Direct X without
pretreatment.
X=f([Ng],[H")', [c1]",
T, age').

Max of 80% X at (H*)

and [Cl']) = 1.

No mention of selectivity
or stripping.

Solution heated for 1 hr
prior to X.
No mention of stripping.

Without SnCl,, max X of
85% and only in (0, 1M) HCl.
(at >4M HCl, no X)

Not significantly Xed

at > 0.1M HC1.

X decreases with increasing
(HC1l]).

About 75% X at 0.1M HCI.

X deceases with increasing
(HC1].

Not selective w.r.t. PGMs and
Cu, Fe and Ni.

Good stripping and X

under favorable conditions.

Ref.

29

22

22

27

28

Presence of SO is detrimental

to X degree.

For Ir X over Rh(II1I).
Rh not Xed.

Not selective.
100% X from 1-3M HCl

Liquid cation exchanger.
90-95% recovery.

Relatively good

selectivity except for Ru.
Probably X only aquated Rh.
Strip with 6M HCl.

Max 60% X at 30 min CT.
Not selective.

To strip, need NaNO, at
70°C and at pH=7.
Other sulphoxides and
sulphides also tested
but no greater X.

19

30

18

31

32



Extractant
(Aqueocus Medium)

Tributyl
phosphate
(TBP)
(1-9M HC1)

TBP
(PH 1-4)

TOPO in
toluene
(HC1l:.01-~-10M)

Dichloro-
ethane and
diantipyryl-
propylmethane
{1M HCl)

TPPS, TBPS,
THPS in HNO,

Triphenyl-
phosphine in
dichloroethane
(1-56 M HCl)

Dinonlynaph-
thalene

(0,1 to 1M
HNO,)

Diphenyl-
thiourea
HM HC1

Salicyl-
hydroxamic
acid

(pH 5-6.5)

Complex Extracted

Rh-Cl

Rh{SCN)¢

Rh

Rh chloride
complexes

Rh(NO,) 2>

Rh-SnCl,

Rh(H0)¢*

cr
Rh(H,0) N2 ;*
Rh-C1,(DPTU)

Rh

General Comments

Max of 16% X only.

Not selective and even
better for Pt, Pd and Ir.
TBP degrades to DBP after
some time.

Need KSCN:Rh ratio of
200:1 to get significant X.

Not Xed to any sig. degree.
Not selective.

Not selective for Rh.
Tested for small quantities.
To strip, need 25% HNO,

CT from 3-6 hrs.

Solvating mechanism proposed
for THPS.

HNO, also Xed so may get
acid build-up in extractaat.
No X in HCl media.

No X with TPPS.

No X without SnCl,.

With snCl, - 100% X.

Need to heat aqueous phase
on H,0 bath for 30 min.

Not selective.

No stripping performed.
Solvation mechanism proposed.

CT about 5 min.

No X in HCl.

Good X in HNO,.
Selectivity not studied.
Strip with 2-3 M HNO,.

No X without SnCl,.
Extracts other PGMs also.
stripping not studied.

Selectivity and stripping
not tested.

X high (>50%) only above
pH 5.5 80 not good in acid.

20

a3

34

35

36

37

17

38

39
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Table 2.3: Summary of Rh Solvent Extraction Systems - Analytical
Determination (X = extraction)

Extractant Complex Extracted General Comments Ref.
(Aqueous Medium)
Chloroform/ Diphenylthio- Use of CHCl, without 19
acetone (3:2) urea Sn-Rh-Cl acetone gives a skin
(1-2M HCl) complex. at A/O interface.
Long procedure.
Ethylacetate l1-phenyl 3- No X without SnCl,. 20
(2-4M HCl) thiocbenzyl~ 63% X in H,SO,.
thiocarbamide Other organics produced
Sn-Rh~Cl a third phase.
MIBK 2-mercapto- Used for UV analysis. 41
(3-6M HCl) benzothiazole Complete X in 3-6 M
Rh complex. HCl.
Rh and Ir Xed together.
Chloroform 2-mercaptoben- Method to X Pt, Pd and 21
(0.2-2M HC1) zothiazole-Sn- Au at same time as Rh.
Rh complex
Chloroform same as above Used for AA analysis. 42
(4-6M HCl)

2.3.4 Ton Exchange
Ion exchange (IX) technology will not be reviewed extensively

as it is beyond the scope of this work, however some general
points are discussed below. Two review articles intended
specifically for analytical chemists describe the separation
of Rh from the other PGMs using IX techniques (13, 43). There
has been some work done on IX in the hope of developing a
system for industrial Rh recovery applications. 1In fact, it
was reported that Matthey Rustenburg may be using an IX
process in their Rh recovery operations (6) but details have
never been published and it is not known whether or not an IX
process is indeed being used.

As with SX, most IX systems which can extract Rh also extract
other PGMs and therefore, they can only be used if no other
PGMs are present in solution. Some of the resin types which
have been investigated include strong base anion exchange
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resins (6, 40) and thiourea based resins (43) neither of which
are selective for Rh. Other less common types of resins such
as polyurethane foams (16, 23) and some cation exchange
resins (44) have also been studied. Indeed, there seem to
exist quite suitable systems for the recovery of Rh in it’s
cationic form in the presence of other precious metals and
base metals but these apply only to non-chloride solutions.
In refining, strong chloride solutions are usually used and in
these solutions, as has already been discussed, Rh exists as

anionic chloro complexes.

Recently a newer class of separation molecules which resemble
IX resins have been developed for Rh recovery. These are
based on crown ethers and are described as molecular
recognition ligands (45, 46). The functional molecule which
is bound to a solid silica support, is designed and
synthesized in order to selectively bind a specific metal
species by carefully considering its geometry, size, charge
and coordination affinity. A resin-like material called
Superlig™ 1, able to separate Rh(III) and Ir(III) from the
other PGMs and some of the base metals in chloride solutions,
was recently described (46). The complexes which are
extracted are the hexachloro-Ir and Rh complexes. This
material 1is therefore believed to be more useful when
separating Rh and Ir from highly concentrated chloride
solutions since it is only in these solutions that the
hexachloro-complexes are predominant as explained later and as
depicted in Figure 9.

SuperLig™ 1 offers a significant amount of selectivity and
rapidity which makes possible its application at the head of
the PGM flowsheet rather than at the end. 1Its drawbacks are
that some Pt and Pd will be coextracted along with Rh and Ir
and also, the Rh and Ir are extracted and eluted together.
The Rh and Ir must then be separated by some other method.
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Its main drawback, however, lies in the complex elution scheme
which is required to completely strip the Rh and Ir from the
co-extracted Pt and Pd. Depending on whether the Rh and Ir
are eluted separately or concurrently, the main elution
solutions are ethylenediamine at pH 1 and ethylenediamine at
pH 10 with the simultaneous application of heat at a highly
controlled temperature profile. Also, as the material is not
resistant to strong bases (pH>11l) , the pH 10 elution stage
must be well monitored to make sure that the alkalinity never

rises to pH 11.
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CHAPTER 3
BPECIATION ANALYSIS AND DETERMINATION

In terms of developing a solvent extraction process for
Rh(III), it is very important to know both the specific Rh
complexes present in solution and their relative abundance
since cationic, anionic and neutral species are not extracted
via the same mechanism or with the same type of extractant.
only by knowing this information will it then be possible to
choose the best type of extractant. A speciation diagram for
Rh with chloride ion as the complexing ligand is most useful
for obtaining this type of information.

Although speciation diagrams are relatively common for many
elements, for Rh in chloride solutions, the lack of reliable
and reproducible thermodynamic stability data results in few
diagrams being available. It was therefore considered
important to critically evaluate those which are, and to try
to determine if any previously published data could be used to
construct a new, more reliable speciation diagram.

3.1 Speciation Diagrams
For the speciation diagrams for Rh in chloride aqueous

solutions, seven complexes are considered and these are
Rh (H,0)¢>*, RhC1(H,0)5%*, RhCl,(H,0),*, RhCl;(H,0);, RhCl,(H,0),,
RhCls(HZO)Z‘, and RhC163'. The hydrolysed species mentioned
previously which are believed to be present at pH > 3 will not
be considered here since it can be assumed that industrial
feeds generally have acidities where pH < 3. The chloride and
oxygen bridged polymeric Rh species thought to exist in Rh
chloride systems will also be ignored since no kinetic or
thermodynamic data of any kind are available in the literature
and therefore it is impossible to treat and include these

species in a speciation diagram.
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It would be useful at this point to briefly describe how a
speciation diagram is constructed. Speciation diagrams are
based on the stability constants for all the species present
in solution. For example, for the Rh species, the stability

constants are:

[B%cl“] [RhC 1 ceo K¢ = [&C}f'] 3.1
[(RR’*][C17] [RhC ][c1 ] [RhC15%][C17)

or alternatively,

=
"

K, = [Rhc1?%) By = [Rhcl,*1 ... B¢ = [RhC1l] 3.2
| . 2 2 6 [Rh+][C1']6

(Rh**](C17] (Rh>*][C1)?

where K’s are referred to as stepwise stability constants and
B’'s are overall stability constants. Please note that the H,0

ligands are not written but are, of course, present.

The total Rh concentration for any solution can easily be
determined and it is defined as:

[Rhl,, = (Rh3*] + [RhC1?*] + [RhCL,*] + ... + [RhClg™) 3.3

and therefore,

(Rh]i = [Rh3+] + K [Rh3+][Cl] + Bz[Rh3+][C1 ]2 .+ 3.4
Be (RN ][Cll

Clearly if all of the stability constants and the total Rh
concentration are known, it would be possible to solve the
above equations at any given chloride ion concentration to
determine the amount of each species present in solution.

It is important here to recall that the thermodynamic
stability constants are expressed in terms of activities while
the mass or concentration stability constants in terms of
concentrations (47). Therefore, the relevance of the
speciation diagrams to real industrial solutions greatly
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depends on the source and type of stability constant data.

A speciation diagram for the seven complexes of Rh mentioned
above has been constructed by Cozzi and Pantani (48), who
based their diagram on six stability constants calculated from
polarographic data they obtained. A reproduction of their
speciation diagram can be found in Figure 3.1. (Please note
that [HY] = 1M).

The polarographic data published by Cozzi and Pantani was
reanalysed by Mihailov and coworkers (49) using a mathematical
model developed by Mihailov (50) to treat polarographic data.
Even though the same experimental results were used, their
method gave rise to significantly different stability
constants from those calculated by Cozzi and Pantani and
therefore to a different speciation diagram. A reproduction
their speciation diagram is shown in Figure 3.2.

Obviously, there is a significant difference between the two
sets of stability constants calculated and therefore the
speciation diagrams obtained are also very different even
though all of the results are based on the same polarographic
data.

The differing methods used to calculate the constants explains
the variations obtained. Cozzi and Pantani used Ford and de
Hume’s method (51) to calculate stability constants for
Rh (H,0) 3%, RhC1(H,0)4%* and RhCl,(H,0) ,* because this method is
especially suited for those complexes that are significantly
present at very low ligand concentration. However, because
the stability constants are not calculated simultaneously with
this method, the error incurred in calculating the previous
stability constant is carried over to all of the following
constants. Cozzi and Pantani then used Riccoboni’s method
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Figure 3.1: Reproduction of Cozzi and
Pantani's Rh-Cl Speciation Diagram
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Figure 3.2: Reproduction of Mihailov et
al’s Rh-Cl Speciation Diagram
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(52) which allows for the simultaneous calculation of the
constants to calculate the last three constants. The six
stability constants obtained by Cozzi and Pantani are given in
Table 3.1 found below.

Mihailov et al (49), on the other hand, have calculated only
five stability constants (B8, to B5) since for their model to
"fit" the data only five constante could be obtained. of
course, the problem with this is that six stability constants
are required if all species are to be taken into account. To
overcome this problem Mihailov et al chose to consider the
tetrachloro and pentachloro species as being one (8, for the
speciation diagram) and they consider hexachlororhodate to
have the stability constant referred to as §;.

The first effect of this is to greatly increase the
predominance of RhC163' by making it the dominant species at
chloride ion concentrations as low as %0.08M. Another obvious
effect is that the amount of RhCls(H,_O)z‘ or RhCl,(H,0)," is not
determined alone but rather as the sum of the two so that, in
fact, this cannot be considered to be a true speciation
diagram. Finally, one of the most important points is that in
all of the other (see Table 3.1) complex stability studies
which have been performed, the stepwise stability constant for
RhCl63’ (Kg) is always less than 1. This implies that below a
chloride concentration of 1M, RhC163' cannot be more prominent
than RhCls(Hzo)z' whose stability constant is greater than 1.
In this diagram, however, RhCl63' is clearly the most dominant
species at chloride ion concentrations much less than 1M and
this casts a shadow of doubt on the overall diagram. For
these reasons, it would be wise to keep a critical perspective
and avoid the use of Mihailov’s speciation diagran.

29



Although these two studies are the only ones that give
stability constants for all the complexes, there have been
other studies that calculate stability constants for just one
or two species. The following table lists all of the
constants determined for various ionic strengths and
temperat.ures and which are referred to in some of the main
stability constant reference books.

Table 3.1: Summary of stability constant data for Rh(III)-

chlorocomplexes.

T I log X Ref.
K (M or m)

298 1.0 Ki=2.45 Ky=2.09 Ky=1.38 K4=1.16 K¢=1.67 Kg=-0.32 48
3o8 4.0 Kg==1.1 53
298 1.0 K;=2.62 ()=4.38 (3=5.94 (,=7.42 (;=8.79 49
298 0.1 K4=1.39 K¢=0.55 Kg==-0.23 54
288 4 Kg==0.72 55
293 4 K¢=-0.82 S5
298 4 K¢=-0.93 55
308 4 Kg=-1.14 55
303 4 Ks=0.90 56
308 4 K¢=0.83 56
313 4 Ks=0.80 56
318 4 K¢=0.717 56
348 2.5 K;=-0.05 57
3s3 2.5 K;==-0.10 57
3ass 2.5 K;==0.15 57
291 var K¢<=0.3 57
393 6.0 Ki>3.0 Ky>3.0 K3=3.0 K=2.4 Ks=1.4 Kg=-~0.25 57

It is quite apparent that there is limited data available from
the literature for stability constants for Rh chloride
complexes and that which is available is often inconsistent.
Despite these limitations, the data can be used as a guide but
with caution. For example, all of the data for Ky indicate
that the stability constant is less than one and therefore it
is reasonable to expect that at one molar total chloride
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Figure 3.3: Thermodynamic Speciation Diagram for Rh-Cl
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concentration, RhClj(H,0)> is more dominant than Rhclg:.
Finally, for the reasons mentioned previously and because of
taeir completeness, Cozzi and Pantani’s data was chosen to
regenerate the diagram of Figure 3.3 in the region of chloride
ion concentration of interest to PGM refining scientists. The
effect of temperature on the Rh(III) speciation can be
calculated with the data reported for 120°C and i=6 (57).
with the use of the data, the diagram in Figure 3.4 was
constructed. Despice the previously mentioned trend (13) of
erihanced aquation at elevated temperatures, the results of
Figure 3.4 do not seem to confirm this to any great extent
with the minor exception of RhCl,(H,0),” whose presence seems
to increase. Of course, it should be remembered that the
diagram of Figure 3.4 does not consider how the kinetics are
affected by temperature.

3.2 Kinetics of Aquation/Anation

Although equilibrium speciation diagrams are important and
useful, it is also important to remember that the kinetics of
ligand exchange between chloride and agquo ligands is just as
important. How quickly a solution reaches the equilibrium
conditions which can be described in speciation diagrams
determines whether or not the diagram will be useful to
evaluate a given Rh solution’s composition.

Because the industrial solutions from which Rh is to be
recovered are relatively concentrated in terms of chloride
ions, it is obvious that the species most abundant in solution
are RhCl,(H,0),, RhCIS(HZO)Z' and RhC163' (see Figure 3.3). It
therefore follows that the rates of aquation (the exchange of
a chloride ligand for an aquo ligand) and the rates of anation
(the exchange of an aquo ligand for a chloride ligand) for
these three complexes are quite important.
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Figure 3.4: Distribution of Rh(lll) Chloro Complexes
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There has in fact been a kinetic study performed on the
following reaction (in 4M HCl) (55):

halt
RhC1l: + H,0 &= RhC14(H0)% + C1° 3.5
ky
and the following kinetic equation was determined
-d[RhC1.¥] = k,[RhC1l¢"] = kp[RhClg(H,0)%][Cl7] 3.6
dt
where k, = 0.11 min'!
k, = 0.013 min’! M!
at T = 298 K

and t = time in minutes

Similarly, the kinetics of the second aguation reaction have
been studied (in solutions of up to 0.4M HC1l) (56).

3
RhClg (H,0)% + H,0 = RhC1,(H,0), + C1° 3.7

k4

The following rate equation was determined:

-d[RhC1,(H,0) %] = k3[RhC1l4(H,0)%] - k,[RhC1,(H,0),"] [C17] 3.8
dat

where k; = 4.8 x 103 min’!

Xy = 3.84 x 102 min! M!
T = 298 K

and t = time in minutes

Please note that the k; and k, values given here were
calculated using the Arrhenius equation from rate
constants reported (56) from 30°C to 45°C.

It is useful to notice that the aquation of RhCl " occurs more
rapidly than that of RhClg(H;0)? and this trend continues as
the number of chloride ligands decreases. Conversely, the
anation of chloride ligands occurs more rapidly in the
RhCl,(H,0)," complex than in the RhCIS(HZO)Z' complex.
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At this point, it becomes important to compare the
thermodynamic predictions to the kinetic predictions. First,
the kinetic equations should be equivalent to the
thermodynamic predictions after a suitably long period of time
(at -d[RhC1;]/dt = 0). For the first ligand exchange reaction
(3.5), this is obviously not the case since kinetics show that
at, for example, chloride ion concentrations of 4M, the amount
of RhCl in solution at equilibrium is 32% while the
thermodynamic speciation diagram (Figure 3.3) shows 70%
(Mihailov’s diagram predicts 100%). Obviously then, the
kinetic data contradict the corresponding equilibrium

speciation data.

Since the kinetic and thermodynamic predictions are so
different, it would be interesting to see what a modified
speciation diagram for Rh would look like using, this time,
the kinetic values. In other words, the equilibrium state is
defined on the basis of the rates of the ligand exchange
reactions rather than on the basis of the stability constants
of the complexes. For this only the three anionic species
will be considered since in solutions with more than 0.5M
chloride ion only these three species are believed to dominate
(see Figures 3.1 and 3.2). The calculation is done at 25°cC.

It is possible to calculate the stability constants from the
kinetic rates in the following manner:

-d[gnC16}] = 0 and therefore, 3.9
dt
0 = k;[RhC1¢*] - k,[RhCl4(H,0)2)[C1"] 3.10
so, K¢ = (Rhcl ) = Kk, =0.013 = 0.12 3.11
[RhC1l5(H,0)][C1"] k; 0.11
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Similarly,

Ks = _RhCls(H,00%1 = Kk, = 3.84x10% =8 1.12
[RhC1, (H,0), ] [C1"] k; 4.80x10,

Also we know for this case that the total Rh can be expressed
as follows:

[Rh],, = [RhCl,"] + [RhC1>] + [Rhclg>) 3.13

= [RhCl,] + Kg[Cl'][RhC1l,] + KsKg[CLlJ?[RhCl, ] 3.14

Using the kinetic-based stability constants the speciation
diagram of Figure 3.5 was prepared. In the computation of the
kinetic speciation diagram, the simultaneous rate equation for

RhCl> 45 RhC14(H,0) % 4= RhC1,(H,0), 3.15

was not taken into account because the formation of
RhCl, (H,0),” does not occur to such an extent, in the chloride
ion concentration region of interest (>0.5M), such as to have
an appreciable effect on the overall distribution of
RhC14(H,0) %" and Rhclg>.

This "kinetic" speciation diagram (Figure 3.5) is obviously
quite different from those obtained in the 1literature and
which were shown previously, however, it is in close agreement
with that reported by Grant (3). The crossover point for
RhCl¢> and RhCIS(Hzo)Z' for this "kinetic" diagram occurs at
about 8.7M chloride ion, for the diagram of Cozzi and Pantani
at about 2.2M and for the diagram of Mihailov et al at about
0.04M.

The kinetic-based speciation diagram is in fact a pseudo-
equilibrium diagram where the experimentally determined
kinetic ligand exchange rates have been converted to stability
constants and to a distribution diagram. It is believed that
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this diagram is the most industrially useful diagram since in
refining, true equilibrium is not as important as practical
equilibrium (for example, one week old solutions) and solution
composition.

Cozzi and Pantani’s thermodynamic distribution diagram
(Figures 3.1 and 3.3) may in fact represent more closely what
exists at the true equilibrium, however, error in this
diagram, which is based on polarographic data obtained in the
1950’s, may also be present.

It seems unlikely, however, that the diagram proposed by
Mihailov et al is correct since it has been experimentally
observed in the laboratory that RhCly” solutions of 0.7M
chloride ion quickly undergo a colour change from dark red to
orange-red to light orange. This is highly indicative of the
aquation reactions which according to Mihailov’s diagram
should hardly be present at such chloride concentrations.

Until more reliable experimental results are obtained for the
thermodynamic stability constants for all of the Rh chloro-
aquocomplexes, it is believed that the kinetic-based
distribution diagram is useful in evaluating a given solutions
composition after a suitable period of aging and in relatively
strong chloride solutions. Finally, it should be noted that
according to the rate constants of the aquation/anation
reactions, virtual equilibrium is reached rather quickly.
This is demonstrated in Appendix A where some Key calculations
are performed.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

4.1 Reagents

Various organic extractants were used in the course of this
investigation and these can be divided into two main groups,
either 8-hydroxyquinoline derivatives (TN 1911, TN 2181 and
Kelex 100)? or a tri-alkyl phosphine oxide reagent (Cyanex
923)3. TN 1911 (lot 05/04/1078) and TN 2181 (lot number not
provided) are research products and were provided by Schering
Berlin A.G. (Germany). Kelex 100 (lots 3349-72 and 3349-142)
was supplied by Sherex Chemical Co. (Ohio, USA), a subsidiary
of Schering Berlin. Cyanex 923 is a product of Cyanamid Co
(Niagara Falls, Ontario). Another extractant, Versatic Acid
10 (a Shell Chemical UK Ltd product) was used for one set of
experiments during the course of this work. Versatic Acid 10
is a carboxylic acid based extractant whose chemical structure
can be described as (CH,) (C,H;) (CsH, ) CCOOH. More data on the
reagents are presented in Table 4.1. The chemical structure
of the two main classes of extractants used can be found in

Figure 4.1.

! Proprietary products of Schering Berlin A.G. and Sherex Co.
' Proprietary product of Cyanamid Co.
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Table 4.1:

Summary of Extractant Characteristics
- .- _-_— - - - -

Where R is an 8 to 15 carbon chain

Type of Trade Name | R group Average | Purity
Extractant mol.Wt.
Kelex 100 |C, 294 78%
(58) (saturated)
7-Substitutea |TN 1911 Cio1s 311 82%
quinoline ated)
TN 2181 Cio13 311 81%
(59) (unsatur-
ated)
Tri-alkyl Cyanex 923 | n-C, and 348 93%
Phosphine (60) n-C,

(b)

Where R is a 6 to 8 carbon chain

Figure 4.1: (a) 7-substituted 8-Hydroxyguinoline Derivatives

(b) Tri-alky! Phosphine Oxide
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In all cases, the extractants were diluted with Solvesso 1504
(a diluent with 97% aromatic content) and tridecanol (Harcros
Chemicals) was added as a phase modifier. The relative
percent composition of the various organic solutions used are
as follows, (unless otherwise specified):

TN 1911, TN 2121 and Kelex 100: 2% extractant, 5% tridecanol
and 93% Solvesso 150.
Cyanex 923: 0.6% extractant, 5% tridecanol and 94.4% Solvesso

150.

In all cases, this corresponds to approximately a 1x102 M

extractant solution.

The organic solutions were not used directly as prepared, but
rather, were subjected to a conditioning stage. This involved
contacting the organic solution with an equal volume of
approximately 3M HCl for three minutes to wash out all of the
acid soluble organic compounds. The acidified organic phase
was then subjected to four three-minute distilled water
contacts at an aqueous to organic (A/0) ratio of 1.

The Rh aqueous solutions were prepared using Na;RhCl,xH,0,
either generously provided by Johnson Matthey Co (London,
U.K.) or obtained from Aldrich Chemicals Co (Milwaukee, USA).
All other reagents such as MgCl,, CaCl,, NaOH and various
acids, were of reagent grade. Water deionized in a two-column
Cole Parmer ion exchanger system was used for all of the
aqueous solutions.

The solutions were made by weighing appropriate amounts of
each of the required chemical and dissolving them in

* Proprietary product of Exxon Chemicals Co.
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previously prepared HC1/H,0 solutions. For the experiments
which required aged solutions, the agueous solutions were left
to rest at room temperature for the desired period of time.

4.2 Rh-Sn Feed Pretreatment

For the experiments involving the use of SnCl,, the aqueous
solutions were subjected to a pretreatment prior to contact
with the organic solution. The solutions were prepared by
dissolving appropriate amount:s of Na;RhCl;xH,0 and (usually)
MgCl, in a HC1/H,0 solution. To this the required amount of a
0.5M SnCl, in 1.4M HC1l solution was added. The Rh-Sn feed was
then heated on a hot plate to about 70°C for fifteen to twenty
minutes. A color change from red-pink to orange-pink to dark
wine-red was observed as the solution was heated. The
solution was then removed from the heat and allowed to cool to
room temperature prior to contact with the organic phase.

4.3 Procedure

All of the tests were performed using 125-mL separatory
funnels fixed to a Burrell automatic wrist action shaker
(model 75). Prior to contact, a sample of the aqueous feed
solution was taken for subsequent Rh content analysis. The
aqueous and organic phase volumes were measured with a
volumetric cylinder and unless otherwise indicated, the A/O
ratio was 1 for all of the experiments. Due to the
substantial value of Rh, the volume of solution was kept to a
minimum and, in general, only 10 to 25 mL of each phase was
used in the contact experiments. After contact and phase
separation, samples of the raffinate were kept for Rh
analysis. As well, acidity measurements of the raffinates
were obtained either with a Fisher Accumet (model 810) pH
meter using an ordinary pH electrode or through a standard
acid-base titration. Titration were performed manually using
NaOH and phenolphthalein as the end-point indicator.
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The Rh concentrations in the feeds and raffinates were
determined with a 357 Instrumentation Laboratory atomic
absorption spectrophotometer using standard techniques. All
Rh samples were diluted to the linear region using 1.4M HCl
and the standards were also prepared using 1.4M HCl and an
Aldrich Rh standard. A drop of 100 g/L LaCl, was added to all
samples and standards so as to minimize the effect of sodium
and magnesium on the Rh determinations. As well, a nitrous
oxide-acetylene flame was used rather than the more common
air-acetylene flame, once again to minimize the effect of
sodium and magrnasium. For those experiments which involved
the use of Sn, the Sn analyses were performed similarly to
those of Rh. The wavelengths used for the Rh and Sn analyses
were 343.8 and 235 nm, respectively.

The percent extraction was taken as the difference in Rh
concentration between the feed and the raffinate by assuming

no phase volume changes.

% Extraction = [Rh in feed] - [Rh in raffinate] x 100 4.1
(Rh in feed]

In some cases, the distribution coefficient, D, was calculated
rather than the percent extraction. Distribution coefficients
relate the amount of extracted metal in the organic phase to
that left in the aqueous phase as follows:

D = [Rh_in organic] 4.2

[Rh in aqueous)
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CHAPTER S
RESULTS AND DISCUSSION

The research work presented and discussed in this chapter is
divided into three parts. In part 1, the extraction behaviour
of Rh(III) during the recovery of Pt(IV)/Pd(II) with 8-
hydroxyguinoline reagents (61) was investigated with the
objective of defining conditions suppressing its co-
extraction. In part 2, the behaviour of Rh(III) in modified
8-hydroxyquinoline systems was examined in the hope of
formulating a process which could be used to quantitatively
extract Rh(III). Finally, in part 3, the activation of
Rh(III) as a mixed Rh-Sn chlorocomplex and its extraction with
8-hydroxyquinolines was investigated as a potential new
recovery/purification method.

5.1 Rh EXTRACTION SUPPRESSTON IN AN 8-HYDROXYQUINOLINE
Pt/Pd SOLVENT EXTRACTION CIRCUIT

As shown in Figure 2.1, Rh is the last metal recovered in a
precious metal refining flowsheet. It is thus important that
Rh(III) not be coextracted during any of the preceding solvent
extraction stages so as to avoid losses of the metal and
contamination of the other PGMs. With reference to Pt/Pd
solvent extraction, McGill University researchers (G.P
Demopoulos (5,61-64), B. C6té-Ph.D. in progress (59), V.
Aprahamian-M.Eng. (64)) have been involved in the development
of a new solvent extraction process in which 8-hydroxy-
quinoline reagents are used.

It is therefore important to study the behaviour of Rh in this
particular Pt/Pd circuit so as to devise methods by which to
suppress the extraction of Rh in that circuit such that no Rh
losses will be incurred.
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The extractants presently advocated as the preferred
extractants in Pt/Pd solvent extraction are 7-alkylated 8-
hydroxyquinoline derivatives (R-HQ) such as TN 1911 (61) and
TN 2181 (59). The principal difference between these two TN
reagents is in the structure of the alkyl side-chain with TN
2181 having an overall lower steric hindrance (59). Because
there is strong likelihood that one of the TN reagents may
ultimately be industrially employed as an extractant for
either Pt(IV) or both Pt(IV) and Pd(II), the behaviour of
Rh(IIXI) in this system is of prime importance. As important
is the fact that by studying this system, knowledge is gained
about the solution response of Rh(III) which may prove
valuable in the subsequent work dealing with the design of a
new solvent extraction method.

There are two main mechanisms by which Rh can be extracted by
the R-HQ reagents; either through chelation or through ion-
pair formation.

Chelation: RhCl* + 3R-HQ - Rh(R-Q), + 6C1l° + 3H* 5.1

Ion-pair formation:
protonation of extractant: R-HQ + HCl - R-H,Q*Cl 5.2
extraction: RhClg* + 3R-HQ'Cl" — RhC1l,*(R-H,Q), + 3Cl 5.3

A number of different parameters affecting the extraction of
Rh(III) with R-HQ were investigated and these included the
effect of acidity, total chloride concentration, age of
solution, temperature of aging, sulfate presence and
concentration, contact time, extractant concentraticn and the
addition of a second extractant to the organic phase.




Initial tests were performed on both TN reagents, namely TN
1911 and TN 2181 in order to determine if the behaviour of Rh
would differ significantly depending on the extractant. The
extractant which showed the highest affinity for Rh, TN 2181,
was then retained for further experiments in order to consider
the worst case scenario. Table 5.1 lists the tests which were
performed on each of the different extractants.

Table 5.1: Parameters Investigated with the TN extractants

TEST TN 1911 TN 2181
Feed Acidity (0.7 to 8M HC1) X X
Feed Acidity (pH 0.5 to 3.5) X
Reproducibility
4M Cl
Cl Concentration (0.7 to 4M)
Aging (0 to 7 days) X
| Aging at 60°C (0 to 4 days) X
S0,> Addition X
S0,> Concentration (0 to 2M) X
Contact Time (3 and 30 min) X

Because the solutions were prepared using Na,RhCl,.xH,0, the
extraction was often tested for both freshly prepared
solutions and solutions which were allowed to age 24-168 hours
(1 to 7 days) since as discussed previously (Chapter 2.2.3),
RhCl* undergoes aquation rather easily and the amount of
RhCl* in a freshly prepared solution will decrease until it
reaches equilibrium. By freshly prepared solutions, it is
meant solutions which were not normally allowed to age for
more than five to 10 minutes prior to contact with the
organic.
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5.1.1 Effect of Feed Acidity in the High Acid Region (0.7 to
8M HC1l)

The effect of the feed solution acidity on the amount of
Rh(III) extraction was investigated in the region 0.7 to 8.2M
HCl1l (about 25 g/L to 300 g/L). Figure 5.1 depicts the
percent extraction of Rh as a function of HC1l concentration in
the raffinate for both TN extractants contacted with freshly
prepared Rh feeds. The effect of the feed acidity was also
tested for solutions which were allowed to age at room
temperature for a period of three days and the results are
presented in Figure 5.2. On the same figure, the theoretical
abundance of the RhCl* (dashed line) is included as calculated
previously (equation 3.14 and Figure 3.5). According to rate
constants (equations 3.5, 3.7, and Appendix A) for the
aquation/anation of RhCl*/RhCl;(H,0)*, the feeds should have
reached equilibrium after much less than three days.

For the results shown in the two figures mentioned above, it
can be observed that, generally, for both a fresh and an aged
solution, the percent Rh extracted increased with increasing
acidity. This can be explained due to the fact that if the
extraction mechanism is ion-pair formation, then an increase
in acidity should help to increase the extraction degree since
the extractant would become protonated more and more easily
and extensively.

Protonation of extractant: R-HQ + HCl — R-H,Q*Cl- 5.2

Another reason for the increase in extraction degree with
increasing HCl1l concentration in the feed may be that the
overall abundance of RhCl.* increases due to the increase in
total chloride ion concentration arising from the HCl. The
following reaction, in other words, is expected to be shifted
to the right.
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Figure 5.1: Rh extraction from 0.7 to
8.0M HCI Feeds - Fresh Solutions
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Figure 5.2: Rh Extraction from 0.7 to
8.0 M HCI Feeds- 3 Day Aged Solutions
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RhC1l,(H,0)> + C1° -~ RhCl* + H,0 5.4

Due to the substantial hydrophilicity of the aquated Rh-Cl
complexes, it is presumed that the species extracted was RhCl/*
and therefore, the degree of extraction depends very much on
the abundance of this particular species in the feed solution.
In fact, the percent Rh extracted followed quite closely the
percent RhCl} (dashed line in Figure 5.2) in solution except
at high acidities where the extraction degree was lower than
the expected abundance of RhCl. Overall, this may be taken
as an indication that the extracted species was indeed RhCl,*.

The non-agreement between the abundance and the extraction
degree of Rh at high acidities may be explained by considering
the overall extraction equilibria/reactions.

RhCly - RhC1 (H,0)* + Cl 5.5
R-HQ + HC1 - R-H,Q*'Cl 5.2
RhCle* + 3R-H,Q*'Cl° - RhCl¢(R-H,Q),; + 3Cl 5.3

It is possible that at acidity levels of 5.5 and 8.2M HC1
(about 200 to 300 g/L HCl), the total chloride ion concentra-
tion is high enough to push reaction 5.5 to the left but to
hinder the complete progression of reaction 5.3 due to the
large number of chloride ions produced in the latter reaction.

Although no very great variation in percent extraction between
the two extractants was observed, it can still be concluded
that TN 2181 extracted marginally more Rh(III) than TN 1911.
The slight superiority of TN 2181 over TN 1911 as an
extractant for Rh may possibly be explained by the lower
steric hindrance of TN 2181 and therefore, the greater ease of
approaching three TN 2181 molecules around RhCl (see Figure

5.3).
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Figure 5.3: lon-Pair Formation Between TN and Hexachlororhodate

5.1.2 Reproducibjlity of Results

To determine the reproduciblity of the results, the Rh extrac-
tion test at 0.7 to 8.0M HCl1l with TN 2181 was performed twice;
the tests being performed on different days and with different
Rh feed solutions. Figure 5.4 depicts the results obtained.
It was found that the trend was alike for both experiments but
that variations occurred. In general, a difference of 5% in
percent Rh extracted existed between the two trials and was
therefore chosen as being representative of the experimental
uncertainty for all Rh extraction results.

Figure 5.4: Reproducibility of Rh
Extraction (Fresh and 3 Day Aged)
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5.1.3 Effect of Contact Time

One of the initial tests performed was the determination of
the effect of contact time (CT) on the extraction of Rh and as
shown in Figure 5.5, contact time did not have a large effect.
Contact times of 3 and 30 minutes are compared and although
deviations did occur, the percent extraction usually fell
within the 5% experimental error determined in section 5.1.2.
For this reason, a standard contact time of 10 minutes was
used for the further experiments. This contact time was
chosen because it is both a short period of time in which to
run an experiment and because in light of Figure 5.5, it is
clearly enough to reach "equilibrium" levels.

Figure 5.5: Contact Time Effect
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S.1.4 Effect of Addition of Cl salt jn the Region 0.7 to 2.7M
HCl

Industrial feed solutions contain significant amounts of
chloride salts in addition to HCl. Thus, the effect of
chloride ion concentration was investigated in a series of
tests in which MgCl, was added to feed solutions of different
acidities so as to ensure that the feeds contained a total of
about 4M chloride ion (considering both MgCl, and HCl). The
results obtained are shown in Figures 5.6 and 5.7 for a fresh
and a three day aged solution, respectively. Overall, TN 2181
gives once more superior extraction levels.

At 4M chloride ion, using the speciation diagram presented
previously (Figure 3.5), the abundance of RhCls* at equilibrium
should be about 32%. Assuming that all solutions contained
chloride ion concentrations in the range of 3.5 to 4.5 M, then
the RhCl* abundance should vary from about 28 to 35%. This
corresponds quite well to the percent extraction obtained for
the 3 day aged solutions which should indeed have reached

equilibrium.

Once again, it can generally be concluded that an increase in
acidity increased the Rh extraction degree for both fresh and
aged solutions even when the total chloride ion concentration
was constant at about 4M. It is therefore clear that total
chloride concentration is not the only paramecer which governs
the amount of Rh extracted but that the feed acidity is also
important since for the ion-pair formation extraction
mechanism, the acidity level is also of great importance. For
example, the Rh extraction degree for an aged solution at 0.7M
HC1 was lower than the expected abundance of RhCl,*. It is
possible that at this acidity level, the extractant was not
protonated to a sufficiently high degree to completely extract
all of the available RhCl.>.
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Figure 5.6: Rh Extraction at [CI-] = 4M
Fresh Solution
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It is interesting to compare the extent of extraction when a
chloride salt is added (to maintain about 4M chloride ion)
with solutions having only the chloride 1level from HCl.
Figure 5.8 shows the curves obtained for Rh extraction with TN
1911. As expected, the addition of a chloride salt to the Rh
feeds has the effect of increasing the percent Rh extraction
for both a fresh and an aged solution. The increase, which
varied anywhere from about 10-20% was most likely due to the
increase in the overall abundance of RhCl/-.

It is also quite evident that the increase was highest for the
feeds at the 1lower acidity, 0.7 and 1.4M HCl. This is
expected since these solutions contain little initial chloride
ion compared to the 2.7M HCl feed and therefore the increase
to 4M total chloride was significant.

The effect of the total chloride concentration was studied
further by analyzing the degree of Rh extraction from
solutions containing 0.7M HCl but different amounts of total
chloride ion concentration achieved through the additions of
MgCl, or CacCl,. The results obtained for a three day aged feed
are represented in Figure 5.9. Indeed, the total chloride ion
concentration does seem to have a direct influence on the
amount of Rh extracted. The extraction degree compares well
with the theoretical RhCl} abundance as shown in Figure 5.9.

5.1.5 Rh Extraction in the Low Acid Region (pH = 0.5 to 3.5)

It is clearly apparent from the results presented above that
Rh(III) extraction (though limited to about 30-40%) tends to
increase with both chloride ion concentration and acidity. To

investigate further the effect of acidity, the extraction of
Rh(III) was studied in the lower acid region (pH 0.5 to 3.5
when chloride ion concentration was kept constant at 4M).
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Figure 5.8: Effect of Total [CI'] on Rh
Extraction (Fresh and 3 Day Aged)
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As can be observed in Figure 5.10, the percent Rh extraction
in the low acid region was suppressed when compared to that
obtained in the 0.7-2.7M HCl region. Also, aging (even only
one day) had a sharp effect on the amount of Rh extracted. 1In
most cases, for a solution which had undergone aging, the
percent Rh extracted was so low that it could be considered as
nil since it fell within the experimental uncertainty.

The difference in extraction degree between the fresh and aged
solutions may possibly be explained by the formation of other
than simple aquo-chlorocomplexes, such as polynuclear
complexes or even partially hydrolyzed species. The latter
are known to be the dominant Rh(III) complexes pH > 2.9 (9)
and it is thus possible that some amount is formed below this
pH level. The formation of either hydrolysed or polynuclear
species would have an effect on the abundance of both RhCl}*
and RhCl(H,0)% and ultimately on the degree of extraction as

shown in Figure 5.10.

As mentioned above, a solution which contains 4M chloride
should contain about 30% RhCl and as the extraction was much
lower than 30% (even for fresh solutions), it seems that in
the very low acid region the degree of extraction is not
limited by the amount of RhCls* present but rather by the
solution acidity which controls the protonation of the

extractant.
R-HQ + HC1 - R-H,Q*Cl- 5.2

Thus, assuming always that the extraction mechanism is ion-
pair formation, then the decrease in proton concentration
leads to a decrease in extraction since it becomes more and
more difficult for the extractant to protonate and become
positively charged. The non-extraction of Rh from very low
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Figure 5.10: Rh extraction at [Cl"]=4M
(Low Acid Region)
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acid feeds is another indication that the mechanism of
extraction of RhCl} is ion-pair formation.

The results from Figures 5.6, 5.7 and 5.10 for TN 1911 were
grouped in a single graph (Figure 5.11) by converting HCl
concentrations to the pH scale. For estimating the proton
activity of the HCl solutions, Jansz’s methodology (Appendix
B) was followed. The acidity effect is clearly obvious in
this Figure as is the fact that aged solutions are not
extracted to the same extent as fresh solutions.

5.1.6 Effect of Aging

It is expected that as solutions age, the extraction degree
will drop until the solutions attain equilibrium due to the
continuing aquation of RhCly. It has already been shown that
aging has a lowering effect on Rh extraction. This is further
illustrated with Figure 5.12. This Figure is particularly
interesting in that it shows both the aging and the acid
effect. Clearly, the highest extraction was obtained for a
fresh, very acid solution. Also, with aging, the extraction
degree dropped slowly for the high acid solutions ([HCl] >
0.7M) but came to almost zero in the low acid region. Also,
it is clear that there was very little change in extraction
degree between the 3 and 7 day aged solutions which is as
expected since by 3 days, the solutions should have reached
equilibrium (Chapter 3).

During the industrial processing of the PGM solutions, the
solutions are sometimes heated for a certain period of time.
It is known that the temperature of the solution has a
positive effect on Rh’s rate of aquation (9). It is therefore
expected that the abundance of RhCl,* should be lowered with
increasing temperature even though Figure 3.4 did not show
this trend. A Rh solution was heated to 60°C and the
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Figure 5.11: Rh Extraction at 4M CI~
in the acid region 2.7M HCI to pH 3.5
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Figure 5.12: Rh Extraction at Various

Ages & HCI Concentrations - no extra Cl
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extraction degree was tested at various intervals once the
samples had been allowed to cool to room temperature. The
results obtained are shown in Figure 5.13. As expected, the
extraction degree was lower for solutions which were heated
prior to extraction. This is another indication that the Rh
species which is extracted is probably RhCl/*.

7 e e

Because industrial feed solutions sometimes contain
significant amounts of sulfate, it was important to determine
if sulfate or bisulfate had any effect on the extraction of
Rh. Aqueous solutions containing both 4M chloride and 1M
sodium sulfate (Na,S0O,) were prepared and the extraction
results were compared to those obtained from solutions
containing only 4M chloride. The results, presented in Figure
5.14, show that for both fresh and 3 day aged aqueous
solutions, the percent extraction decreased significantly in
the presence of sulfate. The trend of increased extraction
with increasing acidity appeared to remain.

It was also deemed necessary to determine if the overall
sulfate concentration had an effect on the percent extraction
of Rh. Solutions of 0 to 2M sulfate at 1.4M HC1l and 4M
chloride were prepared and the extraction degree was
determined. The results obtained for both fresh and aged
solutions are shown in Figure 5.15. The results show that a
concentration of 0.5M sulfate was enough to significantly
suppress the extraction of Rh and that higher concentrations
did not lead to a further decrease in overall extraction.

As the goal of this study was to suppress the extraction of Rh

in the Pt/Pd circuit, the depression of Rh extraction in the
presence of sulfate is considered important and beneficial.
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Figure 5.13: Effect of Aging at 60°C
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Figure 5.14: Rh extraction at 4M CI
with or without 1M SO4
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5.1.8 Stripping Tests

A few stripping tests were carried out, not because the system
holds any promise as an industrial extraction system for Rh
but rather to try to get information about the possible

extraction mechanism.

In general, when the extraction mechanism is chelation, then

the stripping agent is a strong acid.

Extraction: Mt + nHL = ML, + nH' 5.6
Stripping: ML, + nH* = M"* + nHL 5.7

When the extraction mechanism is ion-pair formation, then the
stripping agent is more likely to be water or slightly
acidified water in order to avoid hydrolysis of metal ions
transferred in the aqueous phase.

Extraction: MX"™ + nR-H,Q*Cl-— MX(R-H,Q), + nCl’ 5.8
Stripping: MX(R-H,Q), + H,0 — MX* + nR-HQ + nH® + H,0 5.9

Two stripping solutions were tested, namely 0.14M and 0.33M
HC1l solutions. Both solutions gave good stripping results
(about 90%) and this further indicates that the extraction
mechanism is ion-pair formation.

5.1.9 Suppression of Rh in the Pt/Pd Solvent Extraction
Circuit

Using all of these results, it should be possible to identify
conditions under which Rh extraction will be suppressed in the
Pt/Pd circuit. Ideally, in order not to lose any Rh, the feed
solution should be at an acidity level of about pH=1, with as
low a chloride ion concentration as possible. As well, the
solution should contain some sulfate and any heating which it
undergoes would be considered as beneficial. Realistically,
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however, these parameters are not feasible because the Pt(IV)
and Pd(II) extraction would most likely suffer.

The extraction is in fact performed at about 1-2M HC1l (61) and
the total chloride concentration can vary but is more often in
the range of 4M. Reducing the chloride concentration to much
lover levels either through osmosis or through precipitation
would not be economically justifiable. However, some
relatively simple techniques could be used to favour the non-
extraction of Rh.

The simplest technique would involve the addition of a sulfate
salt to some level such that the Rh extraction would be
significantly lowered and as determined previously (Figure
5.15), it is not necessary for a large amount of sulfate to be
present to reduce the Rh extraction.

Another technique would involve aging the solution at a low pH
(about 1.5) for 24 hours and then reacidifying it to the
necessary level for Pt and Pd extraction. As long as the
reacidification and extraction steps are performed very
quickly, the Rh is not extracted to the same degree as it
would be without a period of aging at low acidity. This
approach was tested in the laboratory and an extraction degree
of less than 10 percent was achieved. The two possible routes
of suppressing Rh extraction in a Pt/Pd circuit are indicated
in Figure 5.16.

It may, however, prove to be realistically impossible to
completely inhibit the extraction of even small amounts of Rh
under acidity (1 to 2.5M H*) and chloride concentration (4M)
conditions which are necessary for the Pt/Pd circuit and which
are also somewhat favourable for Rh’s extraction.
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Figure 5.16: Possible Rh Suppression
Techniques for the R-HQ Pt/Pd Circuit
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5.2 Rh EXTRACTION IN MODIFIED 8-HYDROXYOQUINOLINE SYSTEMS

The main aim of this work was, above and beyond trying to
formulate procedures to suppress the extraction of Rh in the
Pt/Pd 8-hydroxyquinoline extraction circuit, the development
of an industrially acceptable solvent extraction system for

Rh(III).

5.2.1 Synergistic 8-Hydroxyquinoline System of Rh(III)

Many experimental approaches were investigated and one of
these dealt with an attempt to develop a synergistic system
between R-HQ and a secondary extractant. The two secondary
extractants tested were Cyanex 923 (Chapter 4.1) and Versatic
Acid 10 (Chapter 4.1). The organic phases for the synergism
experiments were composed of equal volumes of 1.3 x10?M TN
2181 and either, (i) 1.3 x 10°M Versatic Acid 10, (ii) pure
Versatic Acid 10, or (iii) 1.3 x 10’M Cyanex 923.

For the Versatic Acid 10 trials, aqueous feed solutions having
acidities ranging from 0.3 to 5.5M HCl were tested and for
Cyanex 923, only one acidity level of 0.3M HC1l was tested. 1In
all cases, the total chloride concentration was kept constant
at about 4M total chloride through the use of MgcCl,. The
results obtained for all systems studied revealed that the
addition of the secondary extractant to R-HQ caused the
overall extraction of Rh to significantly decrease rather than
increase. The extraction degree obtained ranged from about 0
to 6% Rh extraction which is significantly lower than the Rh
extraction obtained using TN 2181 alone (see Figure 5.1). The
R-HQ-Cyanex and R-HQ-Versatic systems can actually ble
considered as antagonistic, rather than synergistic.

One possible explanation for this antagonistic behaviour may

be that the two secondary extractants have a higher surface
activity than does R-HQ. Surface activity is defined as the
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formation of an orientated monomolecular layer at an
interphase due to the strong adsorption of the molecule at the
interphase (65) and therefore if the secondary extractants are
more active, they will tend to occupy the interphase. It is
natural for the extractants to be at the interphase since they
have both a hydrophillic and a hydrophobic portion, and they
will therefore tend to try to orientate themselves with the
hydrophobic portion pointing into the bulk of the organic
phase and the hydrophillic portion pointing towards the
aqueous phase at the aqueous-organic interphase. It is this
tendency which renders them surface active molecules and which
also makes them somewhat similar to surfactants. It is known
that in liquid-liquid systems, the addition of surface active
molecules results in a lowering of the liquid phase mass-
transfer coefficient due to a suppression of large scale fluid
motion in the interphase (surface stagnation) (66). Since the
extraction of RhCl} with R-HQ must at some point include an
interphase transfer of the Rh from the aqueous into the
organic, then it follows that if the secondary reagents are
more surface active than R-HQ, the transfer of Rh will be
reduced both because R-HQ can no longer occupy the interphase
and because the motion at the interphase is severely reduced

(see Fiqure 5.17).

Another possible explanation for the decreases in extraction
which has been put forward (67) is that the addition of a
secondary extractant in the organic solution causes the
overall hydrogen bonding of the first organic extractant, in
this case R-HQ, to increase. Since the extraction mechanism
between R-HQ and RhCls* is expected to be ion-pair formation,
then the formation of hydrogen bonding between the secondary
extractant and R-HQ reduces the ability of R-HQ to form an
ion-pair with HC1l (equation 5.2) and therefore, reduces its
ability to extract RhClg*. Although theoretically the addition
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of a secondary extractant to R-HQ could be used to suppress
the extraction of Rh(III) in the Pt/Pd circuit, it is probable
that the presence of the secondary extractant would also

suppress the extraction of Pt and/or Pd.

5.2.2 Extraction of Rh{(III) by Intermittent Reequilibration
of Aqueous Feed

Another approach which was investigated in order to achieve
the extraction of Rh(III) with 8-hydroxyquinoline involved the
assumption that under conditions of 1.4M HCl and 4M total
chloride, all of the RhCl}* available is extracted (Figure
5.6). After phase separation, the raffinate should contain
almost only RhCl;(H,0)%. It therefore follows that the aqueous
solution will once again try to reach equilibrium to obtain a
balance of about 7¢°30 RhCl,(H,0)%/RhCl.>. As described
previously, the anation of RhCl (H;0)> is much slower than the
aquation of RhCl*, however, it does nonetheless occur (about
thirty minutes to reach equilibrium, see Appendix A). It was
believed that if an aqueous Rh feed was contacted with R-HQ,
the raffinate allowed to stand thirty minutes to
reequilibrate, and the raffinate then recontacted with R-HQ,
after a contact/reequilibration series of 3-4 times a
significant amount of Rh could be extracted with R-HQ.

Two different tests were performed to investigate this
possibility. The difference between the two tests is that in
the first test, the same organic was used for every contact
with the aqueous phase. In the second test, "fresh" organic
was used for each contact, however, in both cases a total of
four contacts were performed. Some very interesting results
were obtained and are presented in Table 5.2. It was found
for the first test that the extraction degree was 24% after
the first contact and even after four consecutive contacts it
never increased even though, after equilibration, "new" RhCl>*
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was supposed to be available for extraction (Appendix A). For
the system which used fresh organic for every contact, the
overall extraction degree increased after every contact. 1In
fact, approximately 24% extraction was observed for every
contact to reach a total of about 66% initial Rh extracted
after the four contacts that were tested. In other words, the
distribution coefficient for Rh under the conditions of 1.4M
HCl and 4M chloride was always respected since the extraction
achieved at each contact was always about 24 * 2%.

Table 5.2: Experimental Results of Reequilibration Test
T —

@
*Same" Organic "New" Organic
Contact % Rh Extracted % Rh Extracted
each cumulative each cumulative
contact contact
1 24 24 23 23
2 0 24 23 40.7
3 0 24 24 54.9
4 0 24 26 66.6
%_——;

Somehow, it would s=2em that the organic becomes inactive after
the initial extraction and then even if more RhCl,* becomes
available, the extraction does not progress.

As previously discussed, the extraction of Rh(III) by R-HQ is
postulated to occur via ion-pair formation (equation 5.3)

RhCl + 3 R-H,Q*Cl" - RhCl; (R-H,Q); + 3C1° (5.3)

Under the conditions tested, 24% extraction of Rh represents
only about 1/10 of the molar concentration of R-HQ. 1In other
words, large excesses of the extractant are present which are
supposed to extract the newly formed (after~reequilibration)
RhCl*. Since this was not the case, it may be possible that
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upon extraction, RhCl* undergoes some tyre of complex
transformation of unknown nature which somehow involves the
molecules of R-HQ and which are thus rendered inactive.
Another possible cause might be of interfacial nature.
RhC1, (H,Q); may flocculate at the organic/aqueous interface due
to its amphoteric and strong hydrophillic character. If the
interphase is *filled" with Rh-(R-HQ), then it is no longer
possible for the free organic in the bulk of the organic phase
to reach the "new" RhCl} in the aqueous phase.
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SYSTEM.

Since the investigation on direct extraction of Rh(III) gave
unsatisfactory results from the standpoint of identifying and
designing a new separation process, it was decided to exploit
another avenue; that of modification of the aqueous chloride
speciation of Rh(III). As has already been reported in
Chapter 2, investigators in the past have changed the matrix
of the feed solution in several drastic processing procedures.
These include evaporation to dryness and redissolution in
chloride or pure water media to obtain either the fresh active
RhCl> or to produce cationic Rh(III) species, treatments with
NaNO, to obtain Rh(NO,),* species as is done in the classical
refining process, or even, forming other complexes such as
RhSCN,*. All these techniques, however, were thought not to
be practical or attractive from an industriai process point of
view. However, the use of Sn(II) additions to labilize the
PGM-chlorocomplexes, as has been reported in analytical
chemistry 1literature, seemed more acceptable and it was

explored in the present work.

5.3.1 Effect of Feed Acidity in the Acid Region 0.7 to 8M
HCl

A series of Rh(III) aqueous solutions containing about 400 ppm
(4x10% M) Rh and ranging in acidity from 0.7 to 8.2M HC1 were
treated with 0.05M SnCl, (as described in Chapter 4.2) and the
extraction degree of Rh with R-HQ was determined. The
results, presented in Figure 5.18, show very strong extraction
of Rh independent of the HCl concentration in the feed.
Replotting the same data in the form of distribution
coefficient (D) versus HCl concentration (Figure 5.19) shows
very high distribution coefficient values exceeding 100 for
the fresh solutions.

74




o

Figure 5.18: Rh Extraction
with SnClz: and TN2181
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Comparison of the results for a fresh solution versus a 3 day
aged solution show that the effect of aging is negligible.
The small decrease in extraction degree (about 2%) observed is
more likely due to the aqueous feed solution preparation than
to a real decrease in extractability. This is because, from
visual observation, it seems that the degree of completion of
the reaction between Rh(III) and Sn(lI) 1is dependant on
temperature and on the overall time of reaction. It is
possible that the solution was not heated or allowed to react
for a long enough period of time and therefore, the Rh(III)
was not completely converted to the extractable fornm.

Aging in this system is not as important as in the Sn-free
system because apparently all of the Rh-Cl complexes undergo
a reaction with sn(II). Thus the relative amount of RhCl,' in
the feed solution is no longer important in determining the

percentage of Rh extracted.

Having succeeded in quantitatively extracting Rh in the Rh-Sn-
Cl system with TN 2181, Kelex 100 was also investigated as a
potential extractant as both are members of the same 7~
alkylated 8-hydroxycuinoline derivatives family, The
advantage in using Kelex 100 over N 2181 is that Kelex 100
has a saturated carbon side chain and it 1is therefore more
resistant/stable to concentrated HCl solutions. Two acidity
levels were investigated, namely 1.4 and 5.5M HCl. Similarly
to the TN 2181 results, the extraction degree was very high at

both acidity levels as shown in Figure 5.20.

The effect of chloride ion addition on the extraction of Rh
from the Rh-Sn-Cl system was also investigated with both
reagents (TN 2181 and Kelex 100) at 1.4M HCl. 1In all of these
tests, the total chloride concentration was maintained at
about 4M (i.e., 1.4M coming from HCl and 2.6M from MgCl,) in
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order to ascertain that the presence of extra chloride would
not inhibit either the Rh-Sn reaction or the extraction from
occurring. Once again, the extraction degree was very high
for both organic extractants. (see data points on Figure 5.20).

Figure 5.20: Rh Extraction with SnCl,
and either Kelex 100 or TN 2181
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It is noteworthy to observe that in the parallel Cyanex 923
system investigation (see Appendix D), increasing chloride ion
and HCl concentrations were found to have a suppressing effect
on Rh extraction from the Sn-activated chloride feed.
Considering that in actual PGM refining solutions, high
chloride ion concentrations are present this makes the 8-
hydroxyquinoline system quite attractive and powerful.

5.3.2 Sn Co-Extraction
Ideally, it would be preferable if the Sn which is added to

the aquecus feed to render the Rh more "reactive" was not or
was very slightly co-extracted with the Rh. In practice, this
is not the case as 8-hydroxyquinolines are very good
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extractants for both Sn(II) and Sn(IV) (64,68). 1In general,
the extraction degree of Sn(II) using either TN 2181 or Kelex
100 ranged from 65 to 80% extraction. Since the amount of Sn
in the feed was much higher than that of Rh (generally, 5x10°7
M Sn versus 4x103 M Rh), the Sn in the organic represents a
large excess over the Rh. Whether Sn(II) is extracted as part
of a Rh-Sn complex or independently via a parallel competitive
mechanism is addressed in Chapters 5.3.4 and 5.3.7.

5.3.3 Stripping of Rh from Loaded 8-Hydroxyguinoline
Having determined that it is possible to extract Rh by the

addition of Sn(II) from this type of aqueous solution, it was
then important to devise a technique by which to strip the Rh
from the loaded organic. A number of different stripping
reagents were tested and these are listed in Table 5.3 along
with an average value of the stripping results obtained.

It is apparent that the only stripping reagent which gave
satisfactory results was H,SO, and this only in the case of
Kelex 100. Thus H,SO, and Kelex 100 were retained and further
stripping experiments were carried out with an aqueous feed
composed of 4M total chloride, 0.05M Sn(II), 1.4M HCl and
about 400 ppm Rh. The effect of the H,SO, concentration on the
stripping capacity was studied using three different H,SO,
concentrations, 1.1, 1.7 and 2.3M. The results obtained are
shown in Figure 5.21. After five five-minute contacts, the
total percent Rh stripped was virtually equivalent for all
three solutions, however, in most cases, it would seem that 4
contacts were sufficient to reach the maximum Rh stripped
which ranged between 65 and 75%.
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Table 5.3:

BTRIPPING AGENT

PERCENT STRIPPING

Summary of Exploratory Stripping Tests (Loaded 2
. volume percent organic with aqueous feed of 400 ppm Rh (4ax10?
M), 4M Cl°, 0.05M Sn’* at 1.4M HCl)

TN 2181 KELEX 100
S8alts
0.5M FeCl, 5
0.2M Fe,(S0,), 0
0.4M NH,C1 0
2M MgSO, (pH 0.6) 0 "
Acids “
8.2M HCl 0 "
5.6M HNO; (1 contact) 17 16 "
(3 contacts) 20
1.7M HNO, 0
(5 contacts)
3.0M H,S0, (2 contacts) 35
1.7M (3 contacts) 74
71
1.7M + 1M SO.% 14 85-100
(5 contacts)
77
1.1M (5 contacts)
80
2.3M (5 contacts)
Special
1M Tartaric acid 5 *“
0.05M EDTA 0
Water 3rd phase 3rd phase
formation/ formation/
precipitation precipitation
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Figure 5.21. Effect of H2SO4
Concentration on Rh Stripping
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It is also interesting to observe that after the first
contact, there was no stripping of Rh, even for the 2.3M H,SO,
solution. The reason for this may have to do with the
residual chloride which is co-extracted as part of the Rh-
Kelex complex. The first H,S0, contact may actually serve as
a chloride wash by replacing the chloride in the organic with
either bisulfate or sulfate. Only when the chloride was no
longer present did the stripping occur at which point, it is
believed that some new type of Rh-S0O, complex formed which was

not extractable.

To try to determine whether protons (H*) or sulfate (S07)
alone could also strip the loaded organic, strip solutions
imitating either the acidity or the sulfate level of the 1.7M
H,S0, strip solutions were tested. A 1.7M HNO, solution was
tested and it was determined that even after five contacts, no

80




stripping was achieved. It therefore appeared probable that
the important functionality in the stripping reaction with
H,80, is the sulfate group. A solution of 2M MgSO, at pH 0.6
was therefore tested as a possible strip solution for the Rh-
loaded R-HQ. Surprisingly, this solution also proved
incapable of stripping the loaded organic. Therefore, it
seems that it is the combination of both H* and sO,* that
stripped the Rh from the loaded organic. Whether or not it is
the HSO,~ ion which plays a role in this stripping mechanism
remains to be investigated at a later stage (Ph.D. thesis
work) .

Although the H,S0, stripping was better than all the other
reagents tested, 75% stripping is not sufficient to consider
the stripping media as being truly effective. Because the
sulfate or bisulfate group may be more important than the
proton in the stripping reaction, the addition of a sulfate
salt to the 1.7M H,S0, strip solution was also tested. A 1.7M
H,S0, + 1M Na,S04 solution was prepared and the degree of Rh
stripping with this solution was tested. The results obtained
are presented in Figure 5.22. In fact, the stripping degree
was significantly higher at about 90% compared to the original
75%. Also, it can be considered to have been complete after
3-4 contacts.

The effect of contact time on the stripping efficacity of 1.7M
H,S0, + 1M SO, was also tested on the second strip contact for
contact times ranging from 3 to 60 minutes. As depicted in
Figure 5.23, the contact time did seem to have an effect, with
the stripping degree increasing gradually through the first
twenty minutes and then essentially levelling off. The
contact time for the stripping tests performed for the other
tests was set to five minutes and it is therefore possible
that the total number of stages for the complete removal of Rh
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Figure 5.22: Effect of SO3~
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could be lowered from 4 to 3 if the contact time were
increased to at least 15 minutes.

5.3.4 Stripping of Sn from Loaded 8-Hydroxyquinoline

Because Sn is coextracted with Rh, it is important to study
its behaviour in the stripping stage. The amount of Sn
stripped with either 1.7M H,S0, or 1.7M H,S0, + 1M SO,> is shown
in Figure 5.24. Here also, the amount of Sn stripped was
slightly higher for the solution containing more total SO/

In fact, the amount of Sn stripped was correlated to the
amount of Rh stripped as shown in Figure 5.25. In this
Figure, the percent stripping data of Figures 5.22 and 5.24
have been replotted in terms of number of moles stripped for
each metal. It is clear that there is a direct relationship
between Sn and Rh stripping where 2 moles of Sn were stripped
for every mole of Rh. This leads to the supposition that
there is a mixed Sn-Rh complex having 2 coordinated Sn atoms
per Rh atom which was stripped from the organic phase and it
may therefore also be possible that a 2:1 Sn:Rh complex was
the type which was extracted in the organic phase. Apparently
the excess Sn in the organic was simply extracted as "free"
sn, and this was not stripped with H,SO,. Aprahamian, who
studied the extraction of impurities (including Sn(IV) and
Sn(II)) in the 8-hydroxyquinoline system has indeed found Sn
to be tenaciously held in the organic phase and not to respond
to acid stripping (either strong HCl or strong H,SO,) (68).

To further substantiate the above, i.e. that the Sn which is
stripped is indeed due to a Rh-Sn interaction and is not
simply due to the normal Sn distribution in the 1.7M
H,S0,/Kelex 100 systen, the extraction and stripping
characteristics of Sn(II) and Sn(IV) were studied under the
same conditions used for the Rh~Sn-Cl tests but this time in
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g Figure 5.24: Effect of SOZ”
Concentration on Sn Stripping
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the absence of Rh. 1In fact, as expected, the extraction was
complete and quantitative for both Sn states but the stripping
with 1.7M H,s0, +1M Na,SO, was nil even after five contacts.

As only about 25-30% of the loaded Sn is stripped with the
1.7M H,S0, + 1M Na,SO, solution, it is important to devise a
technique by which to strip the excess Sn out of the loaded
organic. This was accomplished by adopting a caustic strip
solution (1M NaOH) as has been determined by Aprahamian (68).
This 1M NaOH solution was found to strip > 90% Sn(IV) and
about 65% Sn(Il1) in two five-minute contacts. However, >90%
Sn(XI1) stripping can be achieved in a single 1M NaOH contact
if the contact time is sufficiently long (1 hour).

Because 1M NaOH is a suitable reagen: to strip Sn, it was
hoped that it would ke possible to selectively strip the Sn
before the Rh by contacting the loader organic with two five
minute contacts of 1M NaOH to remove the Sr.. The Rh could
then be stripped with the usual H,30,/Na,SO, strip solution.
This approach, however, proved unsuccessful, and when this
test was performed, it was found that the NaOH contacts
somehow transformed the Rh-Sn-loaded organic in such a way
that the consequent stripping of Rh with the H,S0,/Na,SO, medium
was no longer possible. The Rh had become "immune" to the
H,50,/Na,S0, contacts once the loaded Kelex had been in contact
with NaOH (see Figure 5-26).
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e,

Figure 5-26: Effect of the Stripping
Order of H,50, and NaOH on Rh Stripping
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5.3.5 Effect of Recycled Organic on Loading and Stripping
The observed effect that the NaOH strip stages had on the

subsequent stripping of the Rh-Sn complex with H,50,/Na,S0,
(Figure 5-26) raised the alarming question if upon recycling
(i.e., after a two stage H,50,/Na,S0, and NaOH stripping) the
solvent would lose either its extraction capacity or
strippability. A recycle test was thus performed in which
after loading, the organic was stripped of Rh first with
H,S0,/Na,S0, followed by Sn with NaOH and was then washed (as
explained below), reloaded and restripped. The results
obtained are shown in Table 5.4. In fact, the extraction was
complete for Rh for both loading stages and the two H,S0,/Na,SO,
stripping stages yielded the usual Rh stripping results. It
appears therefore that as long as the Rh-Sn complex is
stripped from the organic phase first with the H,S0,/Na,S0,
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medium no undesirable complications with the performance of
the solvent results. It is also probable that the organic
wash with one three minute contact of 2.7M HCl, followed by
two three minute contacts with slightly acidified H,0, are

necessary to render the organic effective after every cycle.

Table 5.4: Extraction and Stripping Results for Rh and Sn
Using Recycled 2 volume percent Kelex 100 (Feed of 400 ppm Rh
(about 4x10°M), 4M Cl, 1.7M HC1l and 0.05M Sn’*)

Stage $ Rh Extracted or | ¥ Sn Extracted or
Stripped Stripped
{
1st Loading 100 85
1st 1.7M H,80, + 0 0
1M N=&,80,
stripping
2nd strip 56 9
3rd strip 86 12
4th strip 98 12
5th strip 99 12
1st 1M NaOH 100 50
Stripping
2nd strip / 58
2.7M HCl wash / /
1st H,0 wash / /
2nd H,0 wash / /
2nd Loading 100 72
2nd 1.7M H,80, + 1 /
1M Na,80,
Stripping
2nd strip 43 9
3rd strip 73 15
4th strip 81 16
5th strip 83 17
ml —— ——— ——
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of strippi aracteristics o 218 d
Kelex 100
As the results of Table 5.3 showed, Kelex 100 proved to be a

better extractant than TN 2181 for the Rh-Sn-Cl system when
stripping performance is considered. This was surprising as
both reagents are 7-alkylated 8-hydroxyquinoline derivatives.
Thus it was decided to conduct some further stripping tests to
substantiate this trend. The results obtained are shown in

Figure 5.27. As was initially noted, the stripping of Rh from
the loaded TN 2181 could not be achieved with the H,S0,/Na,SO,
strip solution. The total amount of Rh stripped after 5
contacts was determined in three separate trials to be only
between 0 and 15%. However, even in this case (i.e. TN 2181)

Sn was found to be stripped at the same molar ratio of 2:1
Sn:Rh as in the case of Kelex 100.

Figure 5.27: Comparison of TN 2181 and
Kelex 100 Rh Strippability
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It is difficult to clearly explain the large difference in
stripping behaviour between TN 2181 and Kelex 100. It is
possible that the complexes formed with TN 2181 are stronger
than those with Kelex for both electronic and steric reasons.

As mentioned previously, Kelex 100 and TN 2181 are both 7-
substituted 8-hydroxygquinoline reagents. The substituent R
group in Kelex 100 is a saturated C,, chain with a branched
oriented towards the -OH and -N: active sites (58). However
that of TN 2181 is unsaturated with its branch oriented away
from the -OH and -N: sites (%59). This difference in the
composition and structure of the R group might be held
responsible for the observed behaviour. In general terms, it
may be thought that since Kelex 100 is more sterically
hindered than TN 2181, the bond between Kelex and the
inorganic extracted complex may be weaker than that of TN
2181. Also it is probable that the presence of double bonds
in the alkyl side-chain changes the strength of the -OH and -
N: active sites due to a change in the electron density of
these sites.

5.3.7 Effect of Sn: Molar Ratio

The extraction and stripping tests described above were
carried out with about 400 ppm Rh(III) (4x10°M) and 0.05M
Sn(II). Industrially, the addition of such a levzl of Sn(II)
may not be considered advantageous, especially since the Sn is
guite extensively loaded in the organic along with the Rh.
The Sn:Rh ratio was therefore investigated with the intention
of lowering it to a more acceptable level. From the stripping
results, it was apparent that the Sn:Rh ratio in the strip
solutions was 2:1 and therefore, it is reasonable to assume
that 2 moles of Sn are extracted and stripped along with every
mole of Rh. The Sn:Rh molar ratio was therefore studied from
about 15:1 to 1:1. Figure 5.28 shows the results obtained to
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achieve complete Rh extraction and as expected, a molar Sn:Rh
ratio of 2:1 is both necessary and sufficient to achieve this.
Although the region 6:1 to 15:1 Sn:Rh is not shown in Figure
5.28, the Rh extraction remained complete in this region also.

Figure 5.28: Rh Extraction Dependance
on the Sn:Rh Molar Ratio in the Feed
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It was decided next to subject the 2:1 Sn:Rh loaded organic
(1%102 M Kelex 100) to stripping using the usual 1.7M H,S0,/1M
Na,SO, medium. Surprisingly, the results showed that the Rh
was no longer strippable (less than 10% stripping was
obtained). Although at a 2:1 molar ratio of Sn:Rh there is
enough Sn(II) to allow for complete Rh extraction (Figure
5.28), it seems that the complex extracted is such that it
cannot be stripped with this medium. The Sn:Rh molar ratio is
therefore obviously of prime importance in determining the
amount of Rh extracted and stripped.
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A number of Sn:Rh ratios were tested to determine the minimum
Sn level with which Rh can be quantitatively stripped with the
usual stripping medium and five five-minute contacts. The
results are shown in Figure 5.29.

Figure 5.29: Rh Stripping Dependance on
the Sn:Rh Molar Ratio in the Loaded Organic

% Rh stripped after 5§ H, SO, contacts
100 I N

80f .

80+

40+

o 1 | | -l 1 1 1

0 2 4 6 8 10 12 14 16
Sn:Rh Molar Ratio in Loaded Organic
2 vol% Kelex, A/0+*1,5 min strip contacts

There is a substantial amount of scattering in the results
presented in Figure 5.29. The optimization of the necessary
Sn:Rh molar ratio should therefore be further studied as the
present results can only suggest that a molar ratio of about
12:1 is required to achieve, first, quantitative extraction
and then, significant stripping. The 12:1 molar Sn:Rh ratio
appears to be a little high since in order to get complete
SnCl; complexation with Rh, only 6 moles of Sn are required
per mole of Rh (12) and it is therefore difficult to explain
the role of the "extra" 6 moles of Sn which seem to be
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required. The necessity for such an excess amount of Sn is
even more difficult to explain in light of the fact that the
sn:Rh molar ratio in the Rh strip solutions is only 2:1 and
that the ‘'"extra" 10 moles of Sn must then be strippea
independently with 1M NaOH.

5.3.8 Discussion of Extraction - Stripping Mechanism

In terms of the extraction mechanism, it is clearly obvious
from Figure 5.28 that to achieve complete Rh extraction, at
least 2 moles of Sn(II) for every mole of Rh must be supplied
in the feed. It is interesting to note that one of the Rh-Sn-
Cl species which was originally proposed in the analytical
chemistry literature is [Rh,C1,(SncCl;),]* (9, 18, 69) and
indeed, in this complex, the Sn:Rh molar ratio is 2:1. The
bridged Rh dimer was identified through precipitation with a
large cation ( (CH;) ,N*) and subsequent chemical atomic analysis
(69). The existence of this dimer was also supported by a far
I.R.study (18). Although more recent studies (12) have not
been able to identify this species in aqueous solutions, it
may still be possible that this type of Rh dimer can be formed
under certain conditions. It may then be extracted in the
organic either directly from the aqueous solution or after
some kind of complex transformation in the organic phase.

One main drawback to this explanation is that the addition of
two moles of Sn(II) per mole of Rh(III) in the feed (as
required for complete extracticn) is not sufficient to both
reduce Rh(III) to Rh(I) and to complex the Rh as in the dimer
proposed above. Clearly, more direct analyses such as,
possibly, UV analysis must be performed on the feed and on the
loaded organic if the characteristics of the extracted complex

are to be clearly determined.

The extraction mechanism is also difficult to clearly
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determine from the results obtained for a number of reasons.
First, the extraction can be considered as virtually
quantitative from 0.7 to 8M HC1 and no acidity effect was
found (Figure 5-18). If the extraction mechanism is ion-pair
formation, then usually the feed acidity has an effect since
the protonation of <the organic (equation 5.2) 1is more
extensive as the acidity increases. In this system, however,
it is possible that 0.7M HC1l is sufficient to fully protonate
the extractant and if this is indeed the case, then increasing
the acidity to higher levels will not have any effect. In
fact, in the work performed on the Sn free Rh/R-HQ system, it
was believed that in the region 0.7 to 8v HC1l, the limiting
factor in Rh extraction was the abundance of RhCl? and not the
protonation of the organic. Since the Rh-Sn-Cl/R-HQ systen
was not studied in the pH region (as was the Sn free system),
it 1is not possible to conclusively determine that the
mechanism is ion-pair formation.

If the mechanism is chelation, then here also, the acidity
should not have a strong effect except possibly at very high
acidities were the -OH group could have trouble losing the H!
for the O to coordinate with the inorganic complex. In most
chelation type reactions, however, the metal is extracted
alone (no coordinated ligands) and it would then be difficult
to explain the stripping of 2 moles of Sn per mole of Rh in
the strip solutions.

The extraction mechanism is also often determined from the
type of stripping media which are found to be effective. 1In
general, for ion-pair formation mechanisms, the stripping
medium is water (to break apart the ion-pair) and in
chelation, it is a strong acid (to reprotonate the hydroxyl
group and break apart the O /metal bond). 1In this case since
the effective medium is a relatively strong (1.7M) H,50,
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solution, it would be simple to 1label the mechanism as
chelation, however, it should be remembered that other much
stronger acids such as 5.6M HNO; and 8.2M HCl were not
effective as stripping agents. It is also impossible to
directly label the mechanism as ion-pair formation since a
solution of 2M MgSO, at pH 0.6 also proved to be ineffective
as a stripping media. Nonetheless, an ion-pair formation
mechanism seems more reasonable than chelation due to the
supposition of some type of Rh-Sn complex in the organic
phase. In effect, however, the mechanism cannot be positively
determined from the results obtained to date and more work

must be performed before this is known.

As for the stripping reactions, there are two possible reasons
to explain the drop in stripping ease as the Sn:Rh molar ratio
in the loaded organic decreases (Figure 5-29). It has been
reported that as the number of SnCl; ligands increases, the
bond strength of the Rh-SnCl, bonds decrease (12). So, when
there is only a 2:1 Sn:Rh molar ratio, it is possible that the
bonds between Rh-SnCl;, and Rh-Cl are too strong for S$0,>/HSO,
to break them apart (if these two sulfate species are indeed
those responsible for the stripping of the loaded Rh).

The second reason may have to do with the actual species which
form between Rh and Sn. As explained previously, in order for
all of the chloride ligands to be replaced by SnCl; ligands,
the Sn:Rh ratio must be at least 6:1. Although a ratio of 2:1
may be enough to render the Rh "reactive" enough to extract
it, it is likely that the Rh complex still contains 4 chloride
ligands and, as well, that the Rh is still in the +III
oxidation state, (according to the most recent Rh-Sn(II)
studies (12)). It is possible that this octahedral Rh-Cl-Sn
complex is unstrippable although it is completely extractable.
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By raising the Sn:Rh ratio to 6:1 and higher, the Rh complex
becomes [Rh(SnCl,;);]* (12) and this species may be the one
which is indeed strippable since this complex has a reactive
Rh(I) species, is not octahedral and has a very high charge.

The first H,S0,/Na,SO, strip solution may therefore serve to
remove the chloride ion from R-H,Q*Cl° (equation 5.2) to
possibly convert it to R-H,Q*(HSO,) and allow the formation of
some new type of Rh-Sn-SO, complex where the molar ratio of
Sn:Rh in this complex is 2:1.

It is clear that a number of properties or characteristics of
this Rh-Sn-C1l/R~-HQ system remain either unclear or unknown and
some of these will be addressed in the Ph.D. work which is to
follow. It must not, however, be overlooked that some major
aspects of this system have been discovered and these have
been assembled to propose a preliminary flowsheet for the
industrial application of this system (see Figure 5-30).
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CHAPTER 6
o BION

6.1 Speciation
It is clear that there are only limited data available

describing the thermodynamics of Rh in aqueous chloride
solutions. Nevertheless, an estimation of the speciation of
Rh in chloride solutions such as those in PGM refining has
been performed using kinetic-based stability constants. The
speciation diagram constructed (Figure 3.5) has been found to
be in good agreement with some subsequent experimental
extraction results. It is therefore believed that this
limited speciation diagram represents more closely the
relative abundance of the various anionic chloro-species of Rh
than do the previously published speciation diagrams.

6.2 Rh Extraction Suppression in_ an 8-Hydroxyquinoline
Solvent Extraction Circuit

The extraction of Rh in acidic chloride solutions follows
quite closely the calculated abundance of hexachlororhodate.
The extraction degree has been found to be directly
proportional to acidity and chloride ion concentration, and
inversely proportional to age and temperature. The mechanism
of extraction is 1likely ion-pair formation. In terms of
suppressing the extraction of Rh with 8-hydroxyquinoline
derivatives from chloride solutions, the addition or initial
presence of sulfate helps to significantly reduce the
extraction degree of Rh. As well, it was found that aging Rh
solutions at low acidity (pH 1.5) for one day helps to reduce
the extraction degree even if the solutions are reacidified
prior to contact with the organic extractant. However, a
procedure to completely inhibit the extraction of Rh from
acidic chloride solutions was not found and some extraction
(about 10%) can be expected to occur even in the presence of
sulfate.
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6.3 Extraction of Rh from Rh-Sn-Cl Aqueous Solutions with 8-

Hydroxyquinolines
Rh can be gquantitatively extracted with 7-alkylated 8-

hydroxyquinoline derivatives from agueous chloride solutions
when these are pretreated with a sufficient quantity of Sncl,.
For complete extraction, the Sn to Rh molar ratio must be at
least 2:1. It appears that some of the Sn is co-extracted
with the Rh as part of a Rh-Sn complex and that any excess Sn
(not part of a Rh-Sn complex) is also co-extracted as an
impurity. A single ten-minute contact was sufficient to
quantitatively transfer the Rh from the aqueous feed to the
organic under the conditions tested.

The loaded organic can be stripped with 1.7M H,SO, + 1M Na,SO,
with four five-minute contacts at A/0=1 if the Sn:Rh molar
ratio in the loaded organic is sufficiently high (about 12:1).
Here also, the Rh and the Sn follow one another as they are
co-stripped at a Sn:Rh molar ratio of 2:1. The subsequent
separation of Rh and Sn and the recovery of Rh have not yet
been studied but will be examined in the course of the Ph.D.
work which is to follow. The excess Sn in the organic which
is not co-stripped with the Rh can be removed with a single
hour-long 1M NaOH contact. The barren organic can then be
recycled for further use after washing with HCl and H,0.
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APPENDIX A
KINETICS

Let us consider the first aquation reaction:

X
RhCl} + H,0 3= RhC1;(H,0)> + CLl’ A.1
k,
For the above reaction the following kinetic equation was
determined (55):

-d[RhC1>] = K,[RhC1l*] = K,[RhCl,(H,0)%][CL] A.2
dt
where k, 1 min'!

= 0.1
k, = 0.013 min! M!
at T = 298 K
and t = time in minutes

By solving the above equation (A.2), it would be possible to
determine the concentration of both RhCl;* and RhC1;(H,0)” at
any given time assuming that the initial solution consisted
solely of RhCl} as the Rh complex.

The equation can be solved as follows if € is taken as the
fraction of RhCl,(H,0)> produced from RhCl and if the chloride
ion concentration is considered to be high enough that it is
not significantly altered by the above exchange reactions.
The above equation then becomes:

=d(1=-€) = Kk (1-€) - K[Cl]E A.3
dt
g= k‘ - (kl + kz[cl-])e A.4
dt
(k, + k,(C1])dt (k, + k,(C1l'])dt
€e = ke dt + C A.5
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(k, + K(C1't (k, + k;[Cl])¢C
Ee = k‘ e + C A.6

k,+k,[C1"]

since at t=0, €=0,
-(k; + k[Cl'])t

€ (t)=___k, (1L - e ) A.7
K,+k,[C1]

[RhC1*] = (1-€) [RhCI{] A.9

and [RhC1;(H;0)*] = € [RhC1* ] A.10

Tables A.1 to A.3 list the concentration of each species as a
function of time for a given total chloride ion concentration.

Table A.1: Calculation of Abundance of Rh Chloro-complexes at
varjous times in 1M Cl Solutions

(Rh], = 4x103M (= 400 ppm) and (Cl] = 1M
(€ = 0.894)

t € [RhC1) [RhCL(H,0) %)
(x107) ) (x103)
0 0 4.00 0.00
5 0.411 2.36 1.64
10 0.633 1.47 2.53
30 0.872 0.51 3.49
60 0.893 0.43 3.57
90 0.894 0.42 3.58

The solution has virtually reached equilibrium at 60 minutes.

Table A.2: Calculation of Abundance of Rh Chloro-complexes at

various times in 4M Cl° Solutions
(Rh],, = 4x10°M (= 400 ppm) and [Cl’] = 4M
(Equ= 0.679)

t € [{RhCl) [RhC1,(H,0)?*]
(x107) (x10?)

0 0 4.00 0.00

5 0.377 2.49 1.51

15 0.619 1.52 2.48

30 0.674 1.31 2.69

60 0.679 1.28 2.72

The solution has reached equilibrium at 60 minutes.
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Table A.3: Calculation of Abundance of Rh Chloro-complexes at

various times in 6M Cl Solutjons
[(Rh],, = 4x10°M (= 400 ppm) and (Cl] = 6M
(€= 0.585)

t € (RhC1l ) (RhC1,(H,0) )
(x107%) (x103)
0 0 4.00 0.00
5 0.356 2.57 1.43
10 0.496 2.02 1.98
15 0.550 1.80 2.20
30 0.583 1.67 2.33
60 0.585 1.66 2.34

The solution has reached equilibrium at 60 minutes.

Similarly, the second aquation reaction can be considered:

k
RhC1,(H,0)* + H,0 :_3 RhCl,(H,0),; + CI’ A.11
k4

The following rate equation was determined (56):

-d[RhC1(H,0)*] = k;[RhC15(H,0)>] = k,[RhC1,(H;0),]([CL') A.12
dt

where X; = 4.8 x 10° min®

k, = 3.84 x 102 min' M!
T = 298 K
and t = time in minutes

Similarly to the first reaction, Tables A.4 to A.6 below list
the concentration of each species as a function of time for a
given total chloride ion concentration.

101




: ation o u ce o Chloro-~complexes at
[Rh],, = 4x10°M (= 400 ppm) and [Cl’] = 1M
(Epx= 0.111)

t € [RhC1,(H;0) %) [RhC1,(H,0)*]
(x103) (x107%)

0 0 4.00 0.00

5 0.022 3.91 0.86

10 0.039 3.84 1.60

15 0.053 3.79 2.10

30 0.081 3.68 3.20

60 0.103 3.59 4.10

120 0.110 3.56 4.40

180 0.111 3.56 4.44

The solution has about reached equilibrium at 120 minutes.

Table A.5: Calculation of Abundance of Rh Chloro-complexes at
varjous times in 4M Cl Solutions

(Rh], = 4x10°M (= 400 ppm) and [Cl] = 4M

(E.x= 0.030)

t € (RhC14(H,0) ] (RhC1,(H,0),]
(x107) (x107%)
0 0 4.00 0.00
5 0.017 3.94 0.60
10 0.024 3.90 0.96
15 0.028 3.89 1.10
30 0.030 3.88 1.20
60 0.030 3.88 1.21

The solution has reached equilibrium after 30 to 60 minutes.

Table A.6: Calculation of Abundance of Rh Chloro-complexes at

various times in 6M Cl Solutions
[(Rh], = 4x10°M (= 400 ppm) and [Cl] = 6M

(€Epu= 0.020)

t € [RhC1,(H,0)%] [RhC1,(H,0) ;]
(x10%) (x104)
0 0 4.00 0.00
5 0.014 3.94 0.60
10 0.019 3.93 0.74
15 0.020 3.92 0.79
30 0.020 3.92 0.82

The solution has reached equilibrium by 30 minutes.
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APPENDIX B

conversion of Acidity Values to pH Values Using Jansz’s Method

In order to group together the Rh extraction data that was
obtained in the high acid region (0.7 to 8M HCl) with that
obtained in the low acid region (pH 0.5 to 3.5), it was
necessary to convert all of the acidity values to the pH
scale. A very simple approach to accomplish this conversion
could have been though the use of the following well known and
used equation:
pPH = -log[H*] B.1

In equation B.1, however, it is assumed that the concentration
and the activity of H* are similar (that is, that the activity
coefficient is very close to 1). In fact, for H* in chloride
solutions, this is rarely the case unless the solutions are
very dilute. Because pH measurements actually measure the
activity of H* and not its actual physical concentration (such
as molarity), it is important that the high acid values be
converted to the pH scale with regard to their H* activity and

not their physical H' concentration.

The acidity values of the raffinates were obtained through
titrations with NaOH from which the H' molarity levels could
be back-calculated. In the following calculations, it was
assumed that the molarity and molality of the raffinates were
equivalent.

Jansz has proposed a methodology (70) to calculate the
activity of H* in relatively simple chloride based solutions
from molality data. The details of this technique will not be
covered here as this is not part of the subject matter of this
research work, however, an overview of the conversion as it
applies to the Rh-MgCl,-HC1 feeds will be presented.
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Jansz has developed a series of calculations which can be
solved to obtain the activity of H' in various chloride
solutions including the case of a 1:2 and 1:1 cation:chloride
electrolyte solution. Since the feeds were composed of MgCl,
and HCl, Jansz’s methodology could be used. In Jansz’s
publication (70), a graph of the activity of H* (y-scale) as
a function of the total MgCl, concentration (x-scale) for a
number of HCl solutions at different concentrations and
temperatures is provided. It is therefore simple to convert
the H* concentrations to activities using this graph. Having
measured the acidity through titration (which is equivalent to
having measured the HC1l concentrations) the HCl1l curve
corresponding to the acidity measurement is located. Since
the amount of MgCl, which was added to the feeds is known, the
cross point of the MgCl, concentration and HCl curve is
obtained and the H* activity can then be directly read off the

y-scale.

The calculated H* activity can then be converted to the pH
scale by using the more valid version of equation B.1l:

pH = -log(ay,) B.2

For the case where the HC1l curves provided in Jansz’s graph
were too far for the measured HC1l values (as for the 2.3M HCl
feed), an approximate curve was drawn-in using an intermediate
pure HCl1l activity provided by Jansz. Knowing where the new
HC1 curve originates at the y-axis and following the trend of
all of the HCl curves provided by Jansz, it is reasonable to
expect that the drawn-in curve is close to its true value and
the final approximation of the activity of H+ obtained with
this curve is probably quite close to that which would be
obtained though the more complicated calculations also
proposed by Jansz.
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Table B.1 1lists the values obtained throughout the

calculations.

Table B.1: Measured and calculated values of HC1l, MgCl, and

%iT to convert from concentration to activity and pH
—

HC1l (M) MgCl, (M) ay, (from pH (calculated
measured approximated | Jansz’s graph) | using B.2)

107 1.9 -0028
103 3-3 _0-52

II 2.33 0.6 6.8 -0.83
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APPENDIX C
Rh EXTRACTION WITH CYANEX 923

Similarly to the study performed with 8-hydroxyquinoline, the
possibility of extracting Rh(III) from chloride solutions with
a phosphine oxide extractant was studied. The extractant
chosen was Cyanex 923, also referred to as TOPO (Chapter 4.1).
Although it is well known that TOPO is a solvating extractant,
it was judged feasible to try it for the extraction of Rh from
acidic solutions since TOPO being a weak basic molecule (71)
could become protonated under strong acidity (Figure C.1}.
TOPO is below amines in terms of basicity but above all other
extractants such as TBP, ketones and ethers. As such, it was
expected to be more selective than amines but still capable of

extracting Rh(III).

R I? R

] . + l +
R-P=0 + H'— R—P-OH —— R—P-O-H

| | i

R R R

Figure C.1: Schematic of Possible Protonation of TOPO

C.1 Effect of Acidity and Chloride Addition
Similarly to the R-HQ tests, the extraction of Rh with TOPO

from solutions whose acidity ranged from 0.7 to 8M HCl was
performed. It was found that for both fresh and 3 day aged
solutions, Rh was not extracted by TOPO in this acidity range.

The non-extraction of Rh may be taken as an indication that
the protonation of the organic is not strong enough to allow
TOPO to extract Rh as an ion-pair even at high acidities.
Moreover, it is possible that steric effects could also have
played a role in this respect as well.
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The effect of the presence of a total chloride ion
concentration of 4M on the extraction of Rh was studied in the
0.7 to 2.7 M HC1l acidity range and similarly to the results
obtained for the solutions without extra chloride, Rh was not
extracted from either the fresh or the aged solutions.
Evidently, TOPC cannot be used as a simple, direct extractant
for Rh from acidic chloride solutions.

As with the R-HQ system, it became more and more evident that
it would not be possible to find a simple extractant for Rh
since many such reagents have already been experinented with
and reported as ineffective in the literature. Once again,
the focus of the search shifted from the organic phase to the
aqueous phase by making use of Sn(II) to form the "reactive"
Rh species. Similarly to the R-HQ system, the behaviour of a
Rh-Sn(II)-Cl system was examined with, this time, Cyanex 923
as the extractant.

C.2 Effect of Acidity with 0.1M SncCl,
The extraction of Rh from agueous soluticns ranging in acidity

from 0.7 to 8M HC1l and treated (as described in Chapter 4.2)
with 0.1M SnCl, was determined and the results are shown in
Figure C.2. Clearly, the extraction was dependant on the HCl
concentration in the feeds with the extraction being nearly
complete at 0.7M HCl and then gradually declining to virtual
non-extraction as the acidity level was increased to 8M HCl.

Comparison of the results for a fresh solution versus a 3 day
aged solution show that similarly to the R-HQ results, there
was not a great difference in extraction degree between the
fresh and aged solutions and that the same acidity trend was
exhibited.
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Figure C.2: Rh Extraction with SnCl2
and Cyanex 923
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The decrease in extraction degree with increasing HCl1
concentrations in the feed may be dQue to the increase in
proton concentration, to the increase in total chloride
concentration or to some other reason having to do with the
specific behaviour of the Sn-activated Rh complex.

C.3 Effect of Chloride with 0.1M SnCl,

In order to determine if the chloride concentration was
responsible for the decrease in extractibility, the extraction
of Rh from solutions of 0.7M HCl, with 0.1M SnCl, and with
either 1 or 4 moles of extra chloride (from MgcCl,) was
determined. The results are presented in Figure C.3. In
fact, the extraction of Rh decreased significantly to only 43
and 29% for the 1 and 4M chloride solutions, respectively.
The presence of large amounts of chloride ion definitely had
a detrimental effect on the extraction of Rh from Rh-Sn-Cl
solutions with TOPO.
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Figure C.3: Effect of Cl Concentration
in Rh-Sn-Cl/TOPO system
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Because the addition of 0.1M SnCl, is quite significant and in
fact represents about a 25 times molar excess of Sn over Rh
(when Rh is present at 400 ppm or 4x10°M), it was believed
that the Sn concentration could be substantially lowered
without impairing the Rh extraction degree. The molar Sn:Rh
ratio was lowered to 3.2:1 and 6.3:1 and the Rh extraction
degree was compared to that obtained when 0.1M Sn was added.
The results are presented in Figure C.4. Although it is clear
that there are not enough data points in this figure to safely
determine the necessary Sn:Rh molar ratio for quantitative Rh
extraction, this figure suggests that the ratio must be quite
high since even at 6:1, only about 35% Rh extraction is
achieved. This finding is quite contrary to that of the R-HQ
system where a 2:1 Sn:Rh molar ratio is sufficient (Figure
5.28).
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Figure C.4: Rh Extraction Dependance on
the Sn:Rh Molar Ratio in the Feed
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tripping o -Sn Complex Extracted by Cyanex 923
Having determined that Rh can be extracted with TOPO at 0.7 M

HC1l with low total chloride levels when 0.1M SnCl, was added
to the feed, the stripping characteristics of this system were
studied. Most of the strip solutions which were tested
involved either high acidity or a high total chloride ion
concentration. Table C.1 1lists the Rh and Sn percent
extracted and percent stripped for a series of different

tests.

It is important to remember when studying the following table
that for most of the tests, 0.1M SnCl, was added and therefore
30% Sn extraction versus 80% Rh extraction actually represents
much more Sn than Rh in the organic .
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Table C.1:Summary of TOPO Exploratory Extraction and Stripping
Tests (X = extraction, S = stripping)

358n | 358n: | 358n | 2.88n | 6.38n 1.3C1 3.8C

:Rh Rh ¢tRh ¢Rh ¢Rh 1
Rh %X 82.3 | 80.0 75.7 1 21.2 33 43 29
Sn %X 33.3 | 31.5 31.9 |33 25 22 23
1.7 HC1
+ MgCl,
Rh %S 46 49
Sn %S 15 23
$.5M HC1l
Rh %S 8 16
Sn %S 16 ggzer-

mined

2M MgCl,
Rh %S 9
Sn %S 2
H,0
Rh %S crud
Sn %S crud
1.7M HC1l
Rh 1S 45 34 8 27
Sn %S | 35 34 16 23

The main points to remark from the results presented in Table
C.1 are that in order to achieve quantitative Rh extraction,
a significant excess of Sn was required and a low concentra-
tion of chloride ions was necessary. From the industrial
point of view, this is not the desired situation since it can
be expected that the Rh feed will contain a significant amount
of chloride. Moreover, stripping from this system was with
difficulties. For these reasons, the TOPO system was dropped
in favour of the R-HQ system already discussed in Chapter 5.3.
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