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ABSTRACT

The chloro complexes of rhodium and iridium were separated by
two methods: ion-exchange involving a strongly basic anion-exchanger, and
solvent extraction employing tri-n-octylamine as a liquid anion-exchanger.

Rhodium and iridium were separated with Amberlite IRA-400 resin.
Rhodium was eluted with 0.8 M hydrochloric acid prior to the removal of
iridium with concentrated nitric acid heated to 74°C.

Iridium was separated from rhodium by extracting the iridium
with a benzene solution of tri-n-octylamine. The extracted iridium was
recovered by stripping the organic phase with ammonium hydroxide.

Both microgram and milligram quantities of rhodium and iridium

were used in the two studies.
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I | INTRODUCTION
1. THE SEPARATION OF RHODIUM AND TIRIDIUM

One of the most difficult aspects of noble metal chemistry is the
separation of rhodium and iridium. This difficulty is due to the formation
of a variety of hydrolyzed species under various conditions by these elements
in solution. Although there are many analytical methods (such as emission
spectroscopy and controlled potential coulometry) for the determination of
‘the one noble metal in the presence of the otﬁer, separational techniques
are still neceésarj for the production of rhodium-free iridium and iridium-
free rhodium. |

Since the nineteeéen thirties; a wide variety of separational
procedures have been recorded (1,2). 1In géneral?'rhodiumvand iridium have
been éeparated by four methods: precipitation, chromatography, ion-exchange
and soivent extraction.
1-1. Precipitation Methods

The first acceptable analytical separation of rhodium was recorded

by Gilchrist (3) who converted the metals to their sulfates and then selectively

reduced rhodium by using titanium' (II) chloride. Two precipitations produced
a quantitative separation from iridium. The titanium was separated from the
iridium by precipitating the titaniumvwith cupférron. The precipitate, being
bulky, encouraged adsorption pf iridium. Reprécipitation‘was difficult and
time-consuming, although with care, acceptable results could be obtained if
the amount of iridium was 100 mg or more. Pollard (4) sepérated very.small
.amounts of rhodium and iridium by reducing rhodium with titanium (11) chloride

in the presence of 2-mercaptobenzothiazole, giving a reddish-brown insoluble




complex of rhodium. The filtrate was treated with thiourea to give iridium
sulfide. |
Pshenitsyn and co-workers developed several separational pro-
cedures. One method (5) was a modification of an earlier method and involved
the precipitafion of rhodium from its hexanitrite solution by sodium sﬁlfide;
iridium in the filtrate could be hydrolyzed to the hydrated oxide. A second
procedure (6) required the selective reduction of rhodium by chromous chloride.
Neither method could be recomménded where high accuracy is required>or small
amounts of metal are involved (1). | |
Various authors have used cobper to’selectively reduce platinﬁm
metalévand'cause their pfecipitatidn. Aoyama and Watanabe (7) used copper
- powder to separate iridium from gold, platinum and rhodium. ‘Tertipis and
Beamish (8) separated both mg and ug aﬁounts of rhodium from iridium by
precipitating the rhodium in 0.1 M hydrochloric acid with an excess of copper
powder. Rhodium was separated from the admixed copper by cation—exchange'
after dissolution in aqua regia and then by dry chlorination. Iridium in
the filtrate was also separated from the copper by cation-exchange. The
method in general is quite time~consuming. For separating small amounts of
rhodium and iridium, Westland and Beamish (9,10) reduced rhodium by boiling
a sulfuric acid solution of the two metals With antimony dust. The antimony
in the iridium-containing filtfate was removed by distillation as the tri-
chloride. The method has not been applied to more than 200 pg of rhodium.
McKay and Cordell (11) separatéd rhodium from'iridium by reducing
rhbdiuﬁ to the metal with aqueous sodium borohydride. The separation was

best achieved in perchlorate medium in the presence of acetoxime. The




separation was dependent on thelconcenttation ratio of iridium to rhodium;
if this was high,'some iridium was coprecipitated;'if low, the rhodium
obtained was free from even spectrographic tréces of iridium. |

Jackson (12) recorded a method for the precipitation_of an organic
rhodium coﬁplex in the presence of iridium. The procedure required the
evaporation to fumes of a sulfuric acid-lithium sulfate solution of the two
metals and additional heating with perchloric acid. Rhodium was then
selectively precipitated by thioacetanilide after using fresh chromium (II)
ghloride solution to reduce both species to the bivalent state. Ifidium in
the filtrate was precipitated as its sulfide by thioureé in the presence of
chromium (II). The method was applied successfully to 0.5 —_lOO.mg of
metal. The method however is quite time-consuming.

Formamidinesulfinic acid (thiourea dioxide) wés'used by Prokof'eva
aﬁd Bukanova (13) to precipitate rhodium in the presence of iridium. The
filtrate was treated to determine iridiﬁm grévimetricaliy,'potentiometrically
or polarographically. The method was applied to amounts of 50 - ZOOng of
rhodium and 50 pug to 23 mg of iridium in the ratios from 1:10 to 1:100. The
accuracy of recovery was about i4% for rhodium and abbut +57% for iridium.
Coprecipitation of iridium with rhodium increased with inpreasing iridium
concentration.

1-2. Chromatographic'Separations

One of tﬁe first chromatographic methods for the separation of
the.platinum metais involved the use of a column of alumina. Schwab and
Gosh (14) were able to separate the complex chlorides of iridium, platinum,

palladium and rhodium in that order. No quantitative results were given




however.

An interesting and potentially useful continuous separation of
the platinum metals'by paper electro-chromatography was described by MacNevin
and Dunton (15). The success of the method depended upon the fact that the
rate of diffusion ofvthe four metals in descending chrométography and in
horizontal electro-chromatography varied appreciably with each metal. Amounts
up to 100 mg of mixtures-of two or three metals could thus be separated, but
the fact that conditions for rhodium required a slightly acid medium, under
which conditions platinum was diffusely distributed, prevented the application
to mixtures containing platinum, palladium, rhodium and iridium. However, rhodium and
iridium could be séparated. The procedure involved the‘uéerof ethylenedinit-
rilotetraacetic acid in a medium of pH 4 to complex iridium. ‘Thé equipment
included suitable paper, held vertically, notched at top and bottom,‘with
platinum electrodes interwoven ét.the two sides. The'purityiof the metal
obtained after the separation was studied by X-ray fluorescence.

Kember and Wells (16) described the separation of microgram amounts
»of platinum, palladium, rhodium and iridium by paper chromatograpﬁy{ Two
solvent solutions and two chromatograms wefe ﬁecessary to separate all. of the
platinum metals. A solvent containing isobutyl methyl ketone (hexone), n-
pentanol and hydrochloric acid in the ratios of 60:10:30 was used td,separate
rhédium, palladium and platinum. Iridium in low concentrations was reduced
to the tervalent state, and in this condition remained with rhodium as a
partially separated band. A solution of n~butanol saturated with 3 M hydro-
chloric acid and containing hydrogen pefoxide was used for the separation of

rhodium from iridium previously isolated by the hexone solvent. The
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peroxide effectively moved the iridium away from the rhodium because the
iridium was selectively oxidized to the more mobile iridium (IV). The
separations on the paper were completed in about 14-18 hours. The platinum
metals were removed from the paper for analysis by aqueous extraction with
various solutions. The method in general is quite time consuming and
applicable only to small agmounts of the metals.

Rees?Evans, Ryan and Wells (17) separated 100 mg amounts of
platinum, palladium,rhodium and iridium as their chlqro complexes by
cellulose column chromatography. The solvent mixtures'ﬁsed were hexone
with 37 concentrated hydrothoric.acid and an oxidizing solvent similar to
the first but containing sodium chlorate. Both oxidizing éné reducing -
conditions Qére applied; under oxidizing conditions platinum and iridium
moved together. A separation required a éecond column and reducing
conditions. The reductioﬁ was accomplished with tin (II) chloride, which
-éilowed the coilection of platinﬁm as a first fraction, and subsequently
the reduced iridium was eluted with a dilute acid solution. .The palladium
fréction follows the platinum-iridium fraction, moving away from the
immobile rhodium which was élﬁted with water.

‘ Payne>(l8) separated the cﬁloro complexes of rhodium, iridium,
platinum and pallédium'by a modification of the method used by Rees-Evans
et al. (17). Solid hydroquinone and hydroquinone dissolved;in'a hexone~
hydrochlorié acid mixture were added to a beaker containing a solution of
the platinum metais to reduce the iridium, and the resulting organic phase
was added to a 35 cm.cellulose column prepared from powder slurried’with
hexone and hydrochloric acid. The column was eluted with aaditional reducing

solvent. Platinum was eluted first followed by palladium. The aqueous




phase remaining in the beaker contained the ;hodium and iridium, Iridium
was selectively extracaed by an oxidizing solvent prepared from hydrochloric
acid, sodium chlorate and the_acid solvent containing hydrochloric acid and
hexone. The extract, added to the column, produced a dark-brown band-
preceeding the pink band of‘rhqdium which appeared when the aqueous rhodium
phase was subsequently addad to the column, _The two fractions were collected
in separate beakers and were analyzed. The methods of Rees-Evans et al. (17)
and Payne (18) have not been applied to amounts of the platinum metals in the
microgram-range. |

Rhodium and palladium were separated from each other and from the
other platinum metals on a tri—p—butyl pﬁosphate—treated Poracil C column by
. stepwise eiution with 4 M sulfuric acid and 5 M hydrochloric acid as described
by Pohlandt and Steele (19). Platinum and iridium were eluted together with
0.1 M hydrochloric acid and Qere separated under reducing conditions on a
second column. Widely varying ratios of platinum metals ﬁere separated in
both the ug and mg'range. |

Pohlanat aad Steele (20) also separated piatinum, palladiﬁm,
rhodium and iridium from one another using a tri-n-butyl phosphate-treated
celluloae cdlumﬁ. Tﬁe platinum metals in 5 M hydrochloric‘acid were fed onto
the column and the column eluted with a 1:1 mixture of.tri—n-butyl phospﬁate—
toluene solution. Platinum was eluted first followed by palladium. Rhodium
" and iridium were retained together on the cellulose column. After the
elution of platinum and pailadium an oxidizing solution aonsisting-of
‘chlorine dissolved in tri—n-butyl phasphate—toluene was allawed to penetrate

the column bed. After five minutes, elution was continued with a chlorine-




free mixture of tri-n-butyl phosphate-toluene. Under these conditions
~dridium was eluted while rhodium remained unaffécted in the upper part of
the column. Rhodium was then eluted with water. Only milligram quantities
of the metals wére Separated.‘

1-3. Ion—Exghange Separatioﬁs

One of the first attempts to use ion-exchange methods for the
separation of platinum‘metals was recorded By Stevenson et al. (21).

. Platinum, palladium, rhodium and iridium in solution were converted to their
respective perchlorates and were passed through a Dowex-50 cation-exchange
column. Palladium, fﬁodium and‘ifidium'were retained, while platinum passed
through. Palladiﬁm was stripped with 0.05 to 0.5 M hydrochloric acid, then
rhodium was eluted élowly with 2 M hydrochloric acid, and finally iridium
with 4-6 M hydrochloric acid. ©No detailed results were provided however.

In an‘ion—exchange study of the separation of rhodium from
platinum,'ﬁalladium and iridiﬁm MacNevin and McKay (22) were able to obtain
partial success in‘tﬁe separation of rhodium and iridium. The cétionic
h&drolyzed rhodium (III)‘chloride species and the anionic iridium (IV) chloride
species were produced by first treating a mixture of rhodium &III) and iridium
(IV) chlorides with a reducing agent until all the iridium was in the te;valent
state. Strong soaium hydroxide:solution was then added until precipitation
of rhodium hydroxide was complete. The tervalent iridium hydroxide did not
precipitate. The rhodium hydroxide was then dissplved in hydrochloric acid
and the iridium reconverted to the quadrivalent chloride by bubbling chlorine
through the solution. The solution was then adjusted to pH 2.8 and fea onto

a Dowex-50 cation-exchange resin and the column washed with 107 chlorine



water, The iridium was washed through quantitatively while most of the
rhodium was retained on the resin bed. The retained rhodium Wés then removed
by elution with 6 M hydrochloric acid. Due to incomplete retention on the
resin, the iridium has contaminated with rhodium. By avsimilar method

Berman and MéBryde (23) succeeded in separating rhodium froﬁ iridium by
anion-exchange. The aged chloride solution bf rhodium and iridium was treated with
aﬁmonium hydrogide‘to produce a yellow precipitate of rhodium, which was

then just redissolved in 2 M hydrochloric acid: Passage of this solution
through the anion-exchanger Amberlite IRA-400 resulted in the absorgtion of
iridium and wéakly retained rhodium which could be eluted with water. The
iridium was stripped with 6 M hydrochloric acid. When frésh_rhodium and
iridium solutions were thus treated, the recovery of the two metals was a
time-consuming process and the authors rejected the method.

Berg and Senn (24) used Dowex-50W exchanger to retain rhodium
selectively in the presence of iridium. The solution of the metal chlorides
was fumed toa moist residue with aqué regiaj hydrochloric acid was added
followed by solid thiourea. The cationic rhodium (III) - thiourea complex

was retained at the top of the column as a sharp reddish-orange zone and

_ was subsequently eluted by 6 M hydrochloric acid at 74°C. The first colorless

fraction of the effluent contained the anionic iridium (Iv) - thioﬁrea
complex which was eluted with 3 M hydrochloric acid. Both rhodium and
iridium were determined spectrophotometrically, and the results indicated
very acceptable accuracy for milligram quantities of tﬁe metal. |
Cluett, Berman and McBryde (25) recorded an ion-exchange separation

of rhodium from iridium which was comparable in effectiveness to that of




Berg and Senn (24). Amberlite IRA-400 anion-exchange resin was used to
absorb the chloride solutions of rhodium in the tervalent state and iridium
in the quadrivalént state; the latter was maintained by thé addition of
bromine water to the metalvsolution containing 2% sodium chloride in 0.1 M
hydrochloric acid. Rhodium was élutedvby'the above solufion, foliowed by
iridium, with a solution of 5 M.ammonium hydroxide and 1 M in ammonium-
chloride, then.with either 6 M hydrochloric acid or 8 M nitric écid. The
émmonium hydroxide reduced'thevifidium to the tervalent state and the aﬁmonium
 chloride aided in its elution. The method was applied to weights of the
order of 10 mg and a ver? acceptable accuracy was obtained. Iﬁva léter paper
(23) the authors rejectéd the former méthod of removiﬁg.iridium, since the
exchange required the use of large quéntities,of salts and aéids.which must
be destroyed prior to the iridium’détermination. Also, losses of iridium in
the feed solution indicated that attempts to use thevprocedure fér smaller
quantities of the metals would lead to relatiﬁely appreciable quantities df
iridium remaining Qith the rhodium. The authors also recommended against
their former use of the broﬁine éxidant, since for small amounts of the
metals any procédﬁre which would recéver the rhodium quantitatively resulted
in a loés of about 17 of the‘iridium present; and since the»loss was more or
less an absolute one; it thus became sigﬁifigant when microgram amounts of the
metals were to be separated. The new procédure involved the passage of the
samples in hydiochloric acid and sodium chloride through Amberlite IRA—AOQ
resin in the chloride form which.had been previously treated with cerium (IV)
solution to counteract its reducing effect. The rhodium (III) was eluted

with 0.8 M hydrochloric acid containing cerium (IV) ion and the iridium could
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only be eluted by Soxhlet extracting the resin with 6 M hydrochloric acid.
The method was applied with accuracy to samples of micfogram amounts.

Marks and Beamish (26) later extended the method to milligram amounts of the
metals. Pshenitsyn et al. (27) approached the problém of separating rhodium
and iridium by ion-exchange with the assumption that complex ions of rhodium
and iridium of opposite charges could be obtained through a difference in
rates of formation of amine complexes. Although both rhodium and tervalent
iridium reacted with pyridine to form [M(CSHSN)acIZ]CI’ the former reacted. 65
times as fast as tﬁe latter, the iridium constituent remaining largely as the
anion. Separations by the cation—exchanger KU-2 in the B+ form were approxi-
mately quantitative for rhodium to iridium ratios of 10, 5 and 2. With both
metals there was a slight absorption of the aquo complexes. In a later paper
k28) the authors described a second method of separation which also involved
the formation of pyridiﬁe complexes. In this case the tervalent iridium
complex [Ir(CSHSN)2C14]_ was absorbed quantitatively by an anion-exchanger
while rhodium passed through as a cationic complex. In contrast to the first
method, high ratios of iridium to rhodium could be used, ranging from 22 to

98. The amounts of each element were 0.1 - 10 mg.

For the separation of 0.1 - 1 mg of rhodium, iridium, palladium and platinum

by partition chromatography on ion-exchange resins Moskvin and Preobrazhenskii
(29) used the sulfostyrene cation-exchange resins KU-2X4 and KU-2X10. The
chloro complexes of the metals were dissolved in an acetylacetone-hydrochloric
acid solution saturated with chlorine and added to the exchanger, which was
then washed successively with 0.1 M hydrochloric acid saturated with chlorine,

0.1 M hydrochloric écid, and acetylacetone saturated with 0.1 M hydrochloric




acid, thus removing the palladium. Platinum was removed by adding to the
column a mixture of equal volumes of dibutyl ether saturated with gaseous
hydrogen chloride and sulfur dioxide, (the latter to reduce the iridium to.

the tervalent state), and then by eluting with a 507 solution of n-butanol

or tributyl phosphate in dibutyl ether pretreéted with hydrochloric acid and
sulfur dioxide. The column was then washed first with carbon tetrachloride
and then with the tetrachloride saturated with chlorine to produce iridium (IV)
which was then eluted wiﬁh tributyl phosphate in carbon tetréchloride pre-—
treated with hydrochloric acid and chlorine. Rhodium was then eluted with

4 M hydrochloric acid.

Blasius and Rexin (30) recorded a method for separating milligram
quantities of rhodium and iridium with the chloride form of the weakly basic
‘anion-exchange resin Amberlite IR-4B. The chloro complexes of the metals were
converted to hydroxychloro complexes in 0.1 M sodium hydroxide and were fed
onto the column. Rhodium was eluted with 1 M acetic acid and iridium with
1 M sodium hydroxide. The iridium fraction, however, contained traces of
rhodium,

Kononov et al. (31) used a resin containing iminoacetic groups in
a study of the separation of the complex chlorides of platinum (IV), palladium
(II), rhodium (III), ruthenigm (111), and iridium (III). The solution con-
taining the metals was fed onto the resin and the column eluted with 0.1 M
sodium hydroxide and 0.1 M sodium chloride which selectively desorbed platinum,
iridium and ru£henium with palladium and rhodium being retained on the resin.
When the resin was treated with thiourea, palladium and rhodium were removed.
Although the method cannot be used for purifying platinum from iridium and

ruthenium, it probably could be used to separate the two-component rhodium-
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iridium system.

Iridium was separated from rhodium, platinum and palladium by -

cation-exchange in a paper reported by Sidorov and his co-workers (32). A

solution containing the platinum metal chlorides was treated with perchloric

acid to convert the metals to their perchlorates. The metals in a 2.5 M
perchloric acid solution were fed onto a column of a strongly acidic cation-

exchange resin. Platinum was eluted with 0.025 M hydrochloric acid,.

palladium and rhodium with 2 M hydrochloric acid and iridium with 6 M hydro?

chloric acid. Presumably this method could be applied to the separation of

rhodium and iridium in a two-component system.
1-4, Solvent Extraction Separations
Wilson and Jacobs (33) used tributyl phosphéte for the separation

of iridium from rhodium. Two procedures had to be used, depending upon the
rhodium C6ncentration; one of which was used for 60-200 ug of rhodium and the
other for 20 ug or less. The maximum iridium éoqcentration for both methods
was 1 mg. The procedures required‘adjustment-to 6-7 M hydrochloric acid,
treatment of the sample with hydrogen peroxide to oxidize the iridium to the

| quadrivalent state and addition of tfibutyl phosphate, previously equilibrated

with hydrochloric acid. Two extractions were recommended. No determination

of the iridium in the organic phase was made.
Faye and Inman (34) extended the Wilson and Jacobs separation by

extracting iridium from the tributyl phosphate-hexane phase with hydrobromic

acid and determining it with tin (iI) bromide. Extractions from the iridium-
tributyl phosphate-hexane phase could alsovbe accomplished by hydrochloric
or perchloric acids. Various ratios of the metals in the microgram and

milligram range were separated.
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A method for separéting 37-185 ug of rhodium from 1-33 mg of
iridium was described by Ryan (35); In 3 to 9 M hydrochloric acid solutioms
. the amber-to-red complex of bivalent fhodium‘with S;S-dimethyl;Z—mercapto—
thiazole was formed after reduction of tervalent rhodium with stannous
chloride. Rhodium was quantitatively separated from iridium by chloroform
extraction.of~this product. The gomplex, after removal of the chlofoform,
was dissolved in dilute hydrochloric acid and the rhodium determined spectro-
vphotometrlcally. A 51milar separation was achlevéd using chromous chloride
as a reducing agent for solutions that had been fumed with sulfuric acid.

Beamish and Tertipis (36) dé&eloped a simple and rapid extraction
method for the separation of 10-100 pg of rhodium from 7.5-73.8 yg of iridium
which involved the formation of the tin (I1) bromide complex in a perchloric-
hydrobromic acid medium and its extfadtion with isopentyl alcohol. Single
lgxtractions were sufficient exceﬁt for larger amounts of rhodium. The use of
200 pg of rhodium resulted in 5 ug or more remaining in the aqueous phase, in

which case a second extraction was mnecessary. The aqueous phase containing

the iridum was heatéd ﬁo 99°C and the absorbance of tin (II) bromide complex
measured at 403 my. The absorbance of the rhodium complex in the organic
phase was measured directly.

For the isolation of 0.1 mg of rhodium in the presence of up to
100 mg of ifidium, Fedorenko and Filimonova (37) used piperidine dithio-
carbamate to pregipitate rhodium selectively'from nitrite solutions of
' rhodiuﬁ and iridium. The yellow flakes were then extracted repeatedly with
dichloroethane. A_fifteen to sixtyfold excess of the carbamate, based on
the-rhodiﬁm content, increased fhe coextraction of iridium from 0.02 to

0.10 mg. The extract was evaporated, and the residue was treated with a
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solution of hydrogen peroxide and nitric acid to decompose organic matter.
Rhodium was then converted to the chloride. The proposed procédure can be
considered a method of separation only insofar as the final determination
of rhodium is not affected adversely by the presence of small amounts of
iridium. The authors used tin (II) chloride and polarographic methods for
determination.

In a separation study of iridium from rhodium (as well as other
two-component platinum metal systems) Busev and Akimov (38) used diantipyryl-
propylmethane in dichloroethane to extract iridium in the form of ifs‘chloro
complex from a 1 M hydrochloric acid solution containing milligram amounts of
both metals. It was found that 5-67 of the rhodium present was also extracted.
In order to achieve complete separation, the iridium and the small amount of
rhodium in the organic phase were stripped with 25% nitric acid, the metals
reconverted to their chloro complexes and the extraction procedure repeated.
The entire procedure was fepeated a large number of times before rhodium-free
iridium was obtained.

Fedorenko and Ivanova (39) studied separately the extraction of
iridium (III), (IV) and rhodium (I11) with tri-n-octylamine from hydrochloric
acid solutions in which they were present in the form of their complex chlorides.
The extraction study was performed over a hydrochloric acid concentration range
from 1 to 12 M. The tervalent ions extracted only to a Slight extent .and
iridium (IV) was extracted with a high distribution coefficient. However, the
iridium (IV) was partially reduced on contact with the organic phase and had
to be maintained in the quadrivalent state by bubbling chlorine through the
solution. Although calculations of the separation factor for the pair,
rhodium (III)-iridium (IV), indicated the possibility of a separation in 6 M

hydrochloric acid, no experimental results were given.
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For the separation of platinum, palladium and iridium from
rhodium, Borbat et al. (40) treated the chloride solutions of the metals with
triisobutylamine hydrochloride and .extracted with chloroform. The extractions
were made from 0.3 M hydrochloric acid. Platinum, palladium and iridium could
be removed from the organic phase by washing with 0.1 M hydrochloric acid. Pre-
sumably this method could be applied to separations of ;hodium from iridium in
a two-~component system.

2. PURPOSE OF STUDY

From the discussion presented above it can be seen that a yariety
of procedures has been used to separate rhodium and iridium either when present
together as a simple two-component system or as part of a multi—compoﬁent
system of the platinum group metals. Many of the procedures, however, have
‘1limitations or disadvantages.

The precipitation methods of seéaration are generally time-
consuming and'are usually limited to certain restricted quantities of the
metals (9,10,11). The separation of rhodium and iridium by paper chroma-—
tography (16) is tedious and restricted to micro amounts. The use of column
chromatography for the separation of the two metals has beén successful in
many cases but has been generally restricted to certain quantities
(17,18,19). Ion-exchange methods have been complicated by the fact that aged
solutions of rhodium and iridium behave in a different manner than fresh ones
(23). Some cation-exchange procedures require the formation of noble metal
organic complexes prior to the separation (24,27,28), while most anion-exchange
separations require either excess amounts of salts and acids (25) or Soxhlet
extraction techniques (23) to remove the jridium from the resin. Most of the

successful solvent extraction separations of rhodium and iridium have been




applied to restricted amounts of the metals (35,36,38).

The purpose of the present study was to develop more simplified
procedures for separating microgram and milligram amounts of rhodium and iridium
in a two—component system. The procedures developed involved the separation
of the chloro complexes of rhodium (III) and iridium (IV) by anion-exchange

and by solvent extraction with a high molecular weight amine.

3. REACTIONS OF RHODIUM AND IRIDIUM CHLORO COMPLEXES IN DILUTE ACID SOLUTION

Rhodium and iridium form the following stable chloro complexes:

RhCl63_, IrCl63— and IrCl62—. Anion-exchange separation studies have shown

that aged dilute hydrochloric acid solutions of these complexes behaved dif~-
ferently than freshly prepared solutions (23). This behaviour was attributed
by Berman and McBryde to partial hydrolysis of the rhodium and iridium chlorq
complexes on ageing.

Studies of the reactions of the chloro complexes of rhodium and

iridium in dilute acid have indicated that these reactions are complex and

that a large number of products are possible.

_ Robb and Harris (53) investigated the kinetics of the equili-

bration kl

RhC1 3+ 1o 4——; Rh(OH,)C1 2=t c1”
6 2" L 27775
-1

using spectrophotometric techniques. The reaction was studied in perchloric
acid-hydrochloric acid media of a constant ionic strength (¢ = 4). The
aquation of RhC163+ and the anation of Rh(OHz)Clsz— were examined independently

and it was shown that either process is described by the rate law

3- - 3-y _ 23 (o=
-d (RhC1," ) |dt = kg (RRC1,™) - k_; (Rh(OH,)CL,™ ) (C1)
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“Values of k. and k ., were obtained at several temperatures by both the

1 -1
aquation and anation procedures, and good agreement was obtained between
the two sets of data. At 25°C, k, = 0.11 min = and k_; = 0.013 W tnin~t |

The reaction was essentially independent of H+ coricentration up to 4 M»but
Iappeared to be quite sensitive to the size of cations present in the
solution. The substitution of NaCl for hydrochloric acid greatly decelerated
the reaction, whereas LiCl had little or no effect.‘ No explanation for |
this phenqmenon was given. From the thained'#alues of the rate constants
for aquation and anation, it was shown that on a equimolar basis, chloride-
for-water substitution in Rh(OHZ)Clsz—v wes considerably more facile than
water—-for-chloride in RhCl63—. The compareble second-erder rate constants
at 25°C (allowing for the statistical advantage of 6 in the letter reaction)

were k_; = 0.013 M min™! and k, (cor.) = k;/6 x 50 = 0.0004 i nin~t

Similar studies were also made on the. equilibrium

2

P

Rh(OH ) + Cc1”

2-
Rh(OHz)Cl5 + H,0 4

2

N

-2
by Robb and de V. Steyn (54) and values for k2 and k_ ‘were obtained at

several temperatures in perchlorlc—hydrochlorlc acid media of ionic strength

W= 4.00. At 30°C, k, = 8.0 x 10 sec™ and k_, = 6.4 x 10 oy lgee L,

Brldges and Chang (55) also produced the second aquation product,

Rh(OH by heating Na3RhClG-12H20 in dilute perchloric acid at 100°cC.

20201,
The diaquotetrachlororhodium anion was present in the form of cis and trans
isomers. Along with anionic species, neutral and cationic species were also

isolated (presumably the third and fourth aquation products of RhCl63_,

Rh(OH,)4Cl; and’ Rh(OH2)4012 (56))
Poulsen and Garner (57) have shown that the iridium (III) chloro

complex is not as 1abile_as the rhodium (III) species in the reversible
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B

3 + H.0 —> Ir(OH,)Cl 2 + Cl
6 2 2 5

<

kg

IrCl

The rate constants obtained for the reaction at 50°¢C (1.2 M Cl—, 2.5 M H+

and u = 3.7, NaCl + NaC10,) were k; = 2.53 x 10 ‘sec™" and k_; = 11.7 x 10”

Mflsec—l. Studies were similarly made on the equilibrium

)

+ H20 - Ir(OHz)zCl4 + Cl1
k
-2

2
Ir(OH2)015

5

by Chang and Garner (58) and values of kz =1.26 x 10_53ec—l (2.5M H+ and y =

-5.,-1

3.7, NaCl0,) and k_, = 6.7 x 10 "M sect (0.3-0.9M €17, 2.5 M H' and u

+ NaClO4) were obtained at 50°C. Preliminary measurements were also made

of the aquation

k

¢t~ +HO 3

27201, 20 . Ir(CH

Ir (OH Cly + cl”

2)3

and>an estimated wvalue of k3 = 2.9 x 10_6se<:_l

NaClO4 was obtained.

A study of the equilibrium

2" 4+ 10 ¥ 1r(0m,)C1, + C17

Ir016 2

at 50°C in 2.5 M HCLO

by Martinez (59) has shown that the iridium (IV) chloro complex is not as

3.7 NaCl

-1.2M

labile as the iridium (III) species. The aquation rate constant for IrCl62_

at 50°C in 0.5 - 2.8 M HClO4 (p =1.32 - 4.91,NaClO4) was 1.0l x 10-6sec

-1

as compared to 1.85 x 10-_4sec"1 for the IrC163_ aquation rate constant at

50°C in 2.5 M HClO4 (v = 3.7, NaClOa) as found by Poulson and Garner (57).

—

Poulson and Garner have suggested that the aquation rate constant obtained

by Martinez may only be an upper limit due to the possible catalysis of the




-19-

aquation of IrClez— by the formation of an IrC163— intermediate in Clz—free

solutions through the reaction sequence

2- - > 3-

11.~c16 +Ccl < IrCl6 + ’/2012
1rcl.>” + H.0 < Ir(OH,)CL - 4 c1”
6 2 9)CLs

22—

1 > - -
Ir(OHZ)Cl5 + %Cl1, < Ir(OH2)015 + C1

2
As can be seen from the above discussion, a large variety of

aquation products are possible in aged, dilute acid solutions of the chloro

complexes of rhodium and iridium. The presence of these products in

solutions containing the chloro complexes of rhodium (I11) and iridium (IV)

could complicate the sepafation of these two metals. In order to ensure

that the rhodium and iridium used in the separation studies presented on

the following pages were initially in the form of their tervalent and

quadrivalent chloro complexes respectively, the samples (which were

prepared from the respective stock chloro comélex solutions) were pre-

treated with hot aqua regia and hot concentrated hydrochloric acid before use.

The aqua regia, a strong oxidizing agent, ensured that the iridium was in

the quadrivalent state. The high oxidation potential of the IrCl62—/IrC163—

system (1.02 V (60)) necessitated the use of a strong oxidizing agent.
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I1 I THE SEPARATION OF RHODIUM AND IRIDIUM BY ANION-EXCHANGE
1. INTRODUCTION
1-1. Ion-Exchange Resins .

An ion—exchange resin is a crosslinked polymer cbntaining ionized
orvionizable groups such as —SO3H,‘—SC3Na, -COOH, —NH3C1, or —NMeSCl. The
crosslinkages are necessary due to the hydrophilic natufe of the ionogenic
groups. These groups tend to dissolve when the‘resin is brought into contact
with water, and since they are attached to a polymer, they tend to draw the
ﬁhole polymer into solutionm. Tq prevent dissolution, tﬁe structure of the ion—
exchange resin is held together with the crosslinkages thus fofming a three—
dimensional network polymer. The network structure suppresées the tendency

of the resin to dissolve, with the result that the resin swells, but remains
undissolved in water. The amount of swelling depends upon fhe degree of
crosslinkage: the greater the degree of crosslinkage, thé lesser the swelling
of the resin. Resins with a large degree of crosslinage (e.g. 24%) have a
dense impenetrable structure which makes it impossible for ions from the
external solution to diffuse through such resins. Therefore, in this cése,
exchange can only occur at the surface of the resin particles, hence the
specific exchange capacity of these reéins is small. Ion-exchange resins with
smaller degrees of crosslinkage absorb water and swell when placed in contact
with water or an aqueous solution. Exchanging ions are able to diffuse through
the internal watér and thus all ionagenic groups of the resin can undergo
exchange. The specific exchange capacity in this case may be'large. Ton-
exchange resins with very small degrees of crosslinkage absorb so much water
that they behave like particlesbof soft jelly énd are ill-suited for most ion-

exchange reactions.
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Almost all éf the analytically important ion-exchange resins of
the present day are synthesized by addition polymerization. The sulfonic
acid form of the cationic strongly acidic type of resin is produced by the
sulfonation of a copolymer of styrene with divinylbenzene (DVB). If a
mixture of styrene and DVB is warmed with a catalyst such as benzoyl
peroxide, the molecules of styrene form linear polymeric chains while the
molecules of DVB become crosslinks between the chains.

-CH-CH,~-~CH~-CH, -~CH-CH, -CH~-CH, -~ CH - CH

| 2 2 2 l 2 | 2
C6H5 CGH4 C6H5 C6H5

- TH - ng - CH - CH2 - ?H - CH2 - ?H - CH2 - TH - CH2
C6H5 C6H5 C6H4 C6H5

- ?H - CH2 - TH - CH2 - CH - CH2 - CH - CH2 - TH - CH2 )
C6H4 C6H5 C6H5 C6H5

l

The relative amount of DVB can be varied and commercial resins with varying
degrees of crosslinking are available. The degree of crosslinking is defined
in terms of the percentage of DVB added during polymerization. Most commercial
resins are made from copolymers of styrene, ethylvinylbenzene and DVB, but
in all respects, in this context the resins behave as styrene-DVB resins.
Most commercial resins generally contain crosslinkages ranging from 1 to 12%
DVB.

Small spheres of the polysturene resin are produced by emulsifying
a mixture of styrene, DVB and catalyst in an aqueous solution of an emulsi-
fying agent and heating the mixture to about 90°C. The average size of the

spheres (called pearls or beads) depends on the concentration and nature of
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the emulsifying agent and the vigor of the stirring.

The final step.in'the manufacture of the strongly acidic cation-
exchange resin is the sulfonation of the beads of_crosslinked polystyrene.
The sulfonation is made with sulfuric gcid, and, on the average, about one
sulfonic acid group per benzene ring ma& be present in commercial products
of this type.

Carbokylic cation-exchange resins (a weakly acidic type) are made
by the copolymerization of methacrylic acid or its esters with DVB. As‘in
the case of polystyréne resins, the DVB serves to provide the crosslinks.

The starting point for the manufacture of anion—excﬁange resins
is beads of crosslinked polystyrene. These beads are'SWOllen in chloromethylb
methyl ether and then react;d with the ether by the addition of a suitable

catalyst such as anhydrous stannic chloride or zinc chloride. The reaction

(1) causes the substitution of the

- CH - CH, - CH - CH,
[ + MeOCH,CL > |
CeH | CgH, = CH,CL

+ MeOH &)

chloromethyl group in about 56% of the benzene rings. The beads of chloro-
‘methylated resin are then swoilen in a suitable solvent and heated with
excess ammonia or an aliphatic amine. All of the chloromethyl groups react

according to the equations




- CH - -
CH,
. I
C(H, - CH, - NH, C1
- CH - CH, -
o b II
& %ﬂe Cgll, - CH, - NH,Me'Cl
W - CH - CH, -
- CH - CHZ - NH:MGZ > tq + - 111
> - CH, - NHMe, C
CgH, - CH,CL "%3 674 2 2
‘ Y ' - CH - CH, -
, Se 2
C + - v
<%, CeH, - CH, - NMe, Cl
- CH - CH, -
+ v
CgH, - CH; - NMe,, (CH, CH,,0H) "C1

In each case, the product is aﬁ anion-exchange resin in the chloride form.

The first three of the above with primary, secondary or tertiary nitrogen atoms,
are weakly basic resins. The fourth and fifth with quaternary nitrogens are
strqngly basic resins. They are sometimes designated as strong-base resins

of types 1 and 2 respectively with the type 2 being slightly less basic than
the type 1. The free-base forms of these resins can be produced by treatment
of the chloride form with sodium hydroxide.

With macroporous resins, two types of pores exist. fhe basic struc-~
ture consists of a highly crosslinked styrenme divinylbenzene copolymer matrix
with small pores (microporeé). This dense and rigid matrix is permeated by
larger pores (macropores). The dimensions of the macropores far exceed those
of the low-crosslinked resins, such as those containing only 1% divinylbenzene
crosslinkage. Thus, in comparison with a nominally 8% crosslinked resin, the
kinetics of exchange with these resins are relatively rapid for large molecules

which can enter the macropores but are relatively slow for small ions capable
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of entering the micropores. These resins can be obtained in either the
strongly acidic or strongly basic form.
The four fundamental types of ion-exchange materials available

are essentially analogous to common acids or bases and undergo similar

reactions. The primary difference, however, is that the ion-exchange
materials are insoluble and actually remove constituents from solution while

the common acids and bases form water—soluble'salts with the constituents

present in solution. These four types and their typical reactions are

listed below. Rz represents the non-mobile part of the ion-exchange

resin.

I  Strongly Acidic Cation-Exchangers - Analogous to Sulfuric

Acid. ) :
+ .
R _SO,H + NaCl < RSONa + HCL (1)
2 R SO.Na + CaCl Z (R S0.).Ca + 2NaCl (@
goo3ha T hably 273722 a

1T Wéakly Acidic Cation-Exchangers - Analogous to Acetic Acid.

¥

RZCOZNa + HZO (3)

(RzCOZ)an + 2 NaCl (4)

R CO.H + NaOH
z 2

2‘RZC02Na + CaCl2

‘e
-
<

III Strongly Basic Anion-Exchange Resin - Analogous to Sodium

Hydroxide.
R NR.OH + NaCl Z R NR.C1 + NaOH (5)
z 3 . z 3
: L
2 R NR,CL + H,S0, & (R,NR;),SO, + ZHCL (6)

IV Weakly Basic Anion-Exchange Resin - Analogous to Ammonium
Hydroxide.

+4

RZNH2 + HC1 RZNH3C1 ' @))

.
R NH_ OH + HCL < R NH, C1l + H.O (8)
z 3 ] z 3 2
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Reactions (1) and (5) represent the salt-splitting properties of
strong-acid cation-exchange resins and strong-base anion-exchange resins.
The weakly acidic and weakly basic exchangers do not undergo these reactions

nor will they remove extremely weak bases or acids.

1-2. The Separation of Rhodium and Iridium by Anion-Exchange
All of the stable chloro complexes of rhodium and iridium
(RhCl63_, IrCl63_ and IrCl62—) are completely absorbed by a strongly basic

anion-exchange resin. The chlororhodate and chloroiridate (III) species

are not strongly retained by the resin (41) and can be easily eluted from

the exchanger with dilute hydrochloric acid solution. However, the chloro-
iridate (IV) complex exhibits a strong affinity for the resin over a hydro-
chloric acid concentration range from 0.1 to 12 molar.

The strong affinity of the chloroiridate (1IV) species for a strongly
basic anion-exchange resin provides a method for the séparétion of rhodium
and iridium from dilute hydrochloric acid solutions: The rhodium species
can be eluted from the resin with dilute hydrochloric acid while the quadri-
valent iridium complex can be retained in the resin matrix. However, one is
faced with the problem of removing the iridium from the resin following the
separation.‘ In the separation by anion—exchénge of iridium and platinum as

their chloro complexes, Blasius and Rexin (30) eluted the quadrivalent iridium

species with an iron (II) sulfate-7 M hydrochloric acid solution. The iron
(I1)" sulfate reduced the iridium to the tervalent state which is easier to

remove from the resin. No data, however, was given to indicate the

efficiency of the iridium recovery. This method is also complicated by the

fact that one must remove the iron from the iridium solution after elution.
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To date, the best anion—exchénge method of separating and recovering rhodium
and iridium in both the microgram and miliigram range is the method used by
Berman and McBryde (23). A hydrochloric acid solution (0.8 M) containing
the chlororhodate (III) and the chlorbiridate (IV) species was fed onto a
resin column of the c¢hloride form of the strongly basic anion—exchange

resin Amberlite IRA-400 (Wﬁich had been ground to a mesh size of 70-100
mesh). The resin bed had been previously treated with cerium (IV) solution

to counteract the reducing effect of the resin on the iridium (IV) species.

The rhodium was eluted with 0.8 M hydrochloric acid containing the cerium (IV)

ion and the iridium subsequently recovered by removing the resin from the
column and Soxhlet extracting.it with 6 ﬁ hydrochloric acid for one-half hour.
The quantitative elution of the iridium was attributed to the increase in
temﬁerature which enhanced thé.reducing properties‘of the resin, causing the
reduction of the iridium most intimately bound in the resin ma;rix and making
it available for leaching with the hot acid solution. Marks and Beamish (26)
1aterbmodified the method slightly by eliminating the need for grinding the
resin by increaéing the depth of the resin bed ﬁsed and increasing the
extraction time to one hour. |

Although favorable separgtional results were obtained by Berman
and McBryde, their method has not found wide acceptance, presumably because
of thé complicated method required for the removal of iridium.from‘the resin.
It was felt by this author that if some simpler method for eluting the

iridium could be developed,'the’method would find wider application. 1In

the present work, heated columns and acid reservoirs were used for the elution

of iridium from the resin. It was believed that this method would best
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simulate the\conditions involved in the Soxhlet extraction of the resin and

that this would simplify the iridium recovery by eliminatiﬁg the need for

removing the resin from the column and extracting it.




2. EXPERIMENTAL

2-1. Apparatus and Reagents

Baird-Atomic Model 530 gamma-spectrometer and Model 810C well
scintillation detector with a 4.4 cm diameter by 5.1 cm thick NaI(Tl) well
crystal (Baird-Atomic, Bedford, Massachusetts).

Perkin-Elmer Model 306 atomic absorption spectrophotometer with
a 10 cm single slot burner and Varian rhodium and iridium lamps.

Unicam Model SP800B spectrophotometer.

Jacketed ion-exchange columns and acid reservoirs (see Fig. 1).
The actual exchange columns were 0.5 cm in internal diameter and about 12
cm in height.

Haake Model FJ thermostated circulating bath (Haake Gebruder,
Berlin, West Germany).

Lauda Model K2R thermostated circulating bath (Messgerate-Werk
Lauda, West Germany.

An iridium solution containing 1 mg/ml iridium in 0.1 M hydro-
chloric acid was prepared from sodium chloroiridate (NaZIrCl6'6H20) and a
solution containing 1 mg/ml rhodium in 1;2 M hydrochloric acid was prepared
from sodium chlororhodate (NaSRh016'12H20), both obtained from Johnson
Matthey and Mallory Limited (Toronto). Dilutions with the same acid con-
centration were made accordingly from the stock solutions.

| Iridium-192 was obtained from Amersham—Searle Limited, Don Mills,

Ontario and diluted prior to use.

All reagents used in this study were reagent‘grade. Water
purified by double—distillation followed by double~de-ionization was used

for the required dilutions and washings.
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The principal resin used was an analytical grade of Amberlite
TRA-400 (Rohm and Haas, Philadelphia, Pennsylvania), a strongly basic
anion-exchange resin with 8% divinylbenzene crosslinkage. The resin had
a wet particle size of 16-50 mesh and a listed wet exchange capacity of
1.2 meq/ml. The resin was obtained in the chloride form and this form was
ensured by stirring the resin fof several hours with a large excess pf I M
hydrochloric acid. At the same time the resin was freed of small bits of
fqreign matter which usually floated on the surface of the supernatanﬁ
liquid. The resin was then Soxhlet extracted for seyeral hours with 6 M
hydrochloric acid to remove any possible contaminating ions and any easiiy
dissolved organic matter. A glass column with a fritted glass disc oﬁ the
bottom.was used to contain the resin during extraction. The resin was
stored in a solution of 3 M hydrachloric'acid after extraction.

Two other resins were used in cursory studies:

. Amberlite IRA-401 (Rohm and Haas, Philadelphia, Pennsylvania), a
strongly basic anion-exchange resin in the chloride form Qith 4% divinylbenzene
crosslinkage. -The resin had a wet particle size bf 16-50 mesh and a listed wet
exchange capacity of 0.8 meq/ml. |

AGMP-1 (Bio-Rad Laboratories, Richmond, California), a macroporous,
analytical grade, strongly basic anion-exchange resin in the chloride form.
The wet resiﬁ particle size was 20-50 meshland the listed wet exchange capacity
was 1.0 meq/ml.

These reéins were cénditioned>in the same manner as above.

In all of the following studies a resin bed 3 cm in length and 0.5 cm

in diameter was employed except when noted otherwise.




Fig., 1.

Jacketed Exchange Column and Acid Reservoir (Not to Scale).
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2-2, Radiocactive Tracer Studies of Iridium Elution with Hydrochloric
Acid under Various Conditions :

In these preliminary studies to develop an improved method for®

the recovery of iridium from a strongly basic anion-exchange resin, a

radiocactive tracer, iridium~192 was used. The use of the tracer gave>a
relatively rapid method for studying the absorption of iridium into the
resin matrix and its subsequent removal. These studies only involved

-iridium since the rhodium complex was easilyveluted from the resin with

dilute hydrochloric acid. Unless otherwise noted, Amberlite IRA-400 resin

was used in all these studies.
-2-2a. Sample Preparation

. Samples containing the required amounts of iridium were prepared
from stock iridium solutions cqntaining sufficient iridium—192 tracer to
yield a counting rate of 78 x lO3 counts pef minute. The sample solutions
were pipetted into 30 ml beakers containing 6 mg of sodium chloride and
were treated in the following manner:

Several milliliters of concentrated hydrochioric acid were added
to each of the beakers andvthe solutions were evaporated to dryness on a

steam bath. Two milliliters of aqua regia (1:3 HNOB:HCl) was added to each

dry residue. The beakers were covered with regular watch glasses and replaced
on the steam bath. When the action of the aqua regia ceased, the undersides

of the watch glasses were rinsed with a few milliliters of concentrated

 hydrochloric acid and were replaéed by evaporating cover glasses. The
solutions were allowed to evaporate to dryness and the residues were treated

twice more with aqua regia. The aqua regia treatments were required to
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ensure that the iridium was in the quadrivalent state. Following the aqua
regia treatments, the samples were thrice—treatéd with 2 ml of concentrated
hydrochloric acid and evaporated to dryness to remove any nitrates. Before
being fed onto the resin beds, the samples were treated with a few drops of

concentrated hydrochloric acid and were evaporated to dryness.

2-2b. Counting Technique

The test tube containing the sample was placed in the well of
tﬁe scintillatibn counter and the activity of the sample was counted five
successive times, each for a period of 100 sec aﬁd the average activity
determined. The average sample activity was then corrected for background
activity which was determined by taking the average of fifteen successive
100 sec counting periods. _All.cbunting was done with the 1lid of the well-

counter closed.

2-2c. Absorption of Iridium

The fact that the resin Amberlite IRAj4OO acts aé a mild reducing
agent towards chloroiridate (IV) (as was demonstrated by Berman and McBryde
(23)) necessitétea the presence of an oxidizing agent since the tervalent
iridium complex does not have'as strong an affinity for the resin in dilute
hydrochloride acid solutions as does the quadrivalent complex (41). Without
the oxidizing agent some of the iridium would be elutedbwith the rhodium
fraction.v A solution containing ceriﬁm (IV) as an oxidant in 0.8 M hydro-
chloric acid was uséd as an eluting agent for rhodium as suggested by Berman
and MéBryde. The use of cerium (IV) limits the acid concentration permis-—
sable to the range of 0.5 to 1 M. 1In acid.solution'below this rangé the

cerium salts hydrolyze, while at higher concentrations, the chloride ion is
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oxidized to chlorine. The oxidizing cerium solution contained 2 ml of 0.1 M
cerium (IV) sulfate per 100 ml of 0.8 M hydrochloric acid.

vA column containing a resin bed 3 cm deep by 0.5 cm in diameter was -
washed with 20 ml of water and then rinsed with 20 ml of the cerium solution.
The iridium sample containing 500 ug of iridium plus radioactive iridium-192
was dissolved in 2 ml of 0.8 M hydrochloric acid and was fed onto the resin bed
with a dropper. The beaker was twice-rinsed with approximately 2 ml of 0.8 M

hydrochloric acid and the washings added to‘the column. A flow rate of approxi-

mately 25-30 ml/hr was used during the feeding of the sample onto the resin.

The column was then eluted at a flow rate of apprbximately 50 ml/hr with an

additional 250 ml of cerium solution to'simulate the removal of rhodium.from

the resin. This volume of cerium solution was required for the elutiom of the

largest amount of rhodium used in the actual rhodium and iridium separation studies
. discussed later in this work. The effluent from thebcolumn was collected in 15 ml

aliquots in teét tubes and the activities of the solutions determined to check

for iridium leakage from the resin.

It was noted that immediately upon loadiﬁg of the sample onto the
resin a dark brown band 3-4 mm wide formed at the top of the resin bed. The
dark brown color is indicative of fhe quadrivalent iridium chloro complex.

After the passage of the cerium solution through the column, the

resin was removed by inverting the column over a 15 ml test tube and forcing
outvthe resin with pressurized water introduced through the column outlet. The
activity in the resin was deterﬁined in the same manner as for the effluent.

The percentage of iridium lost during the sample loading and elution
of "rhodium'" was determined by the relation: |

& s oo W
% iridium lost = T X 100
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where W = total activity recovered in feed effluent and 'rhodium fraction",

I

activity on the resin.

The iridium loss from the resin for a 500 ug sample with a passage of 250 ml
of cerium solution through the column is shown in Table I. The majority of
the iridium leakage occurred in the first 45 ml of effluent. The use of a
deeper resin bed (4 cm) and increased cerium (IV) concentration (twicg thg
normal concentration) did not decrease the iridium loss. An iridium 1eakage
of 0.48% was obtained witﬁ ﬁhe passage of 250 ml of cérium'solﬁtion. The
use of ceriumvsolution instead of hydrocﬁloric acid to dissolve the sample
and to wash the béaker failed to reduce the iridium leakage from the resin.
The iridium loss was 0.52%, slightly higher than that obtained by using only
hydrochloric acid. Additional treatments of the iridium sample with aqua
regia (a total of 5 treatments) and hydrochloric acid prior to feeding it onto
the resin yielded an iridium ioss of 0.50%. . It would appear that the slight
iridium loss from the resin was due either to difficulty in obtaining all of
the iridium in the form of the chloroiridate (IV) complexlor to a slight
vreduction of thé iridium (IV) by the resin in spite of the presence of an
oxidizing agent. Since no further decrease in the iridium leakage could be
obtained, all further studies were performed using a cerium (IV) oxidizing
solution with a concentration of 2 ml of 0.1 M ceric sulfate per 100 ml of

0.8 M hydrochloric acid and a resin bed 3 cm deep.

2-2d., Effect of Temperature

To develop a method for eluting iridium from the resin with hot
acid and heated resin columns, it was félt that a study of the effect of various
temperatures on the iridium removal from the resin was necessary in ordef

to determine the optimum eluting temperatnre.




Table I

Iridium Loss from Resin on Elution
with Cerium Solution
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Total Volume
of Effiuent (ml)

Total Percentage
of Iridium Lost

15
30
45
60
75
90

105

120

135

150

165

180

195

210

225

240

250

0.066
0.12
0.17
0.20
0.23
1 0.27
0.29
0.32
0.35
0.37
0.38
0.40
0.41
0.42
0.43
0.44

0045




The resin beds Qere.tréated as in the above study with 20 ml of
water followed by 20 ml of cerium solution. The samples containing 500 ug
of iridium in 0.8 M hydrochloric acid were fed onto the resin beds as
before.at approximately 25-30 ml/hr. The resin beds were eluted with a
further SC ml of cerium solution at a flow rate of 50 ml/hr. Only 50 ml of
- cerium solution was used in order tq simplify the study since it had already
been determined that the majority of the iridium leakage occurred in the

first 45 ml of effluent. The feed and cerium wash effluent activities were

determined in this study only to ascertain whether or not the sample was

essentially in the chloroiridate (IV) form. The primary concern of this study
was to determine the effect of acid and column temperature on the efficiency
- of iridium elution frém the resin. |

After the passage of the.cefium solution through the columns, the
resin beds were.washed free of the cerium solutioniwith 15 ml of 0.8 M hydro-
chloric acid. The column flows were then stopped and 165 ml of 6 M hydro-
chloric acid was added to eacﬁ acid reservoir. The resin beds and acid solution
were then heated to ﬁhe required temperatures by circulating thermostated wéter
through the column and reserQoir jackets. A warm-up period of one-half hour

was used. (A preliminary study had shown that the acid reached a temperature

of 95°C within 20 minutes of heating.) The resin beds were theg eluted with
the acid at a flow rate of approximately 40 ml/hr'and the effluents callected
in 15 ml aliquots in test tubes. The’activitiesAof the effluent samples were
determined as before. After the passage of the acid through the columns the
resin beds were removed and the residual activity on them determined. The
percentage of iridium removed from the resin was obtained by the following

relation:
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% Iridium Removed’from Resin = R+ & ¥ 100
where R = residual activity on resin after 6 M hydrochloric acid elution,
A = total activity recovered from 6 M hydrochloric acid elution of

resin,
The results of the temperature study are shown in Table II. ‘The results
show that for é fixed volume of eluting acid, the percentage of iridium
removed from the resin increased with inc¢reasing temperature. Presumably
with the higher temperaturebthe reducing ability of the résin increased and
the hot acid was more able to leach out the reduced iridium. However, even
at 95°C the 6FM hydrochloric acid was not able to remove all of the iridium
from the resin. It was noted that‘durihg the elution at 95°C, some small
bubbles appeared in the resin bed, probably due to dissolved gases in the
hydrochloric acid solution. Elutions at temperatures greater than 95°C were
not- attempted due to the probability of gfeater.bubble formation in the resin
bed at higher temperétures. In any event, the ihcfeased temperature probably
would not have resulted in any substantial improvement in the removal of
iridium by this method, since an increase of 30° from 65° to 95° only improved
the iridium removal by 1.9%.

From the results of this temperature study it was decided to carry
out all further hydrochloric'acid elutions of iridium from IRA-400 resin at
a temperature of 95°C.

It was noted in this study that as the eluting acid was passed through
- the resin the dark brown band due to the chloroiridate (IV) ;omﬁlex at the top
of the resin bed slowly disappeared. The first 30 ml of elution effluent
which contained tﬁe major portion of the eluted iridium was pale yellow in

color, whereas later fractions were essentially colorless - probably due to the




Table II

Effect of Temperature on Iridium Elution
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Elution Temperature

°c

Percentage of
Iridium Removed

25
50
65

95

60.4%+
88.6 *
92.8 *

94.7 +

0.2

012 .

0

1

.1

a s s '
mean value * mean deviation for 2 samples
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dilute iridium concentration. The pale yellow color instead of the more intense
yellow-brown of the chloroiridate (1V) suggested that the iridium had been
reduced to the almost colorless chloroiridate (II1) by the resin.

In an attempt to identify the eluted iridium species, a spectrophoto-
metric study was performed using non-radioactive iridium. A sample solution of
IrCl62_ containing 1000 ug of iridium was fed onto a resin column and eluted
at 95°C with 6 M hydrochloric acid in the same manner as the above procedure.
The first 15 ml aliquot of elution effluent was analyzed spectrophotometrically
using 4 cm quartz cells and 6 M hydrochloric acid (which had been passed through
a resin bed at 95°C) as a blank. (The solutions had first been de-oxygenated
by bubbling nitrogen through them for 10 minutes. Dissolved oxygen apparently
interferes with the absorption spectrum of iridium (III) complexes (57).) The
ultraviolet-visible spectrum showed two weak absorption bands (approximately 0.1
absorbance) in the area of 350-360 mu and 410-420 mp . Although the IrC163_ species

has absorption peaks at 356 mu and 415 mu(62),the broad, weak absorbances obtained

in this study made it impossible to conclusively assign the absorption bands to
the iridium (III) chloro complex. In an attempt to jdentify this species, the
effluent sample was treated with chlorine in order to oxidize the tervalent

- iridium to the quadrivalent species (the quadrivalent iridium chloro complex
having approximately 40 times the absorbance of the corresponding tervalent
species (62,63)). Both the effluent sample and the blank were saturated with
chlorine. The effluent sample turned to a yellow-brown color on treatment.

The visible absorption spectrum of the oxidized eluted iridium species is

shown in Fig. 2. One centimeter cells were used in the study. The spectrum

was quite similar to the spectrum obtained with 1 cm cells of a solution of
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IrCléz_ contalnlng 1000 ug of iridium in 15 ml of 0.8 M hydrochlorlc acid
shown in Fig. 3. The IrCl62— sample (which had been treated with aqua regia
and hydrochloric acid as described above) exhibited a visible absorption
spectrum in agreement with the one obtained by Jorgensen for IrCl T (63).
Absorption maxima were obtained at 417, 433, 487 and 576 mu as compared to
maxima at 414, 431, 489 and 576 mu obtained by Jorgensen. Although the
spectrum of the oxidized eluted iridium species was quite similar to the
spectrum of'IrClé2 ; the absence of a peak at 576 mu and the more pronounced
peak at 435 myp indicated that not all of the oxidized eluted iridium was

in the form of IrCl62—. This in turn meant that a small proportion of the
unoxidized eluted iridium was in some form other than InCl63-. At the time

of these preliminary studies, no reason could be given for the presence of

more than one iridium species on elution.

2-2e. Effect of Acid Concentration

From the results of the prelininary'attempts to remove the.iridium
from the resin by heating the ion-exchange column and eluting acid, it was
decided to determine if increased acid concentration - namely 9 or 12 M
(concentrated) hydrochloric acid would improve the iridium reconery.

The procedure followed was the same as deecribed in_the temperature
study. It was found that with 9 M hydrochloric acid, after the passage of
-approximately 50 ml of eluting acid, small bubbles appeared in the resin bed
which in time expanded and caused difficulty in maintaining a uniform flow
rate., When attempts were made touse concentrated hydrochloric acid as an
eluting agent, the acid bubbled so excessively that the elution study with
this acid concentration had to be abandoned. Heating of the concentrated

acid before use decreased the amount of bubbling, but did not -eliminate it.




Fig. 2. Visible Absorption Spectrum of Oxidized Eluted Iridium Solution.

Eluant: 6 M Hydrochloric Acid at 95°%

Approximate Iridium Concentration: 2.6 x 10_4 M.
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Fig. 3. Visible Absorption Spectrum of .Standard Iridium (IV) Chloro Complex
: Solution. :

Iridium Concentration: 3.5 x 10—4 M in 0.8 M Hydrochloric Acid.
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The result of ﬁhe elution study with 9 M hyd?ochloric acid showed
that slightly more iridium wés removed from the resin than with 6‘M acid
(96.8% vs 94.7% removed). A graphical comparison of the elution efficiency
of 6 and 9 M hydrochloric acid is shown in Fig. 4. It will be noted that
the percentége of iridium removed from the resin with 6 M acid gradually
approached the percentage obtained with 9 M acid. Perhaps with more acid the
recovery with 6 M acid would have been the same as with the higher acid
concentration. The curve for the elution with 9 M hydrochloric acid was
essentially horizontal after the passage of 75 ml of eluent through the
column which suggested that elution with more than 105 ml of acid probably

would not improve the iridium recovery from the resin.

2-2f. Effect of Reducing Agent

The affinity of chloroiridate (III) for thé exchanger is small in
hydrochloric acid solutions mofe conceﬁtrated than 1 M (41). Attempts had
been made by Berman and McBryde (23) to reduce‘the quadrivalent iridium complex
in the resin matrix with either hydroxylamine hydrochloride or hydrazine hydro-
chloride énd to elute‘the tervalent species with hydrochloric acid. Reductions
of the absorbed chloroiridate (iV) compiex with 1 and 4% solutions of the
reducing agents followed by elution at ro&m temperature with a dilute solution
of hydrochloric acid yielded recoveries from 88 to 96% for 454 ug iridium
samples. The recoveries did not seem to depend upon the concentration of the
- reducing agent or the hydrochloric acid eluant. The incomplete recoveries
were ascribed to the fact that some of the iridium was not readily available
for reduction.

From the results of Berman and McBryde's work it was felt that




Fig. 4. Effect of Hydrochloric Acid Concentration on Elution of 500 ug of
Iridium from Resin at 95°C.

9 M Hydrochloric Acid.

————— 6 M Hydrochloric Acid
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perhaps a better iridium recovery could be obtained by passing a hot acidic
solution of the reducing agent through the heated resin column. It was believed
that at elevated temperatures the reduction of the chlo?oiridate (1V) species
by both the reducing agent and the resiﬂ itself would be enhanced ‘and that the
hot hydrochloric acid would be more efficient in leaching the. reduced iridium
from the resin.

The same procedure for feeding a SOQ ug iridium sample solution onto
the resin and eluting with 50 ml of cerium solution as described previously
was followed. The resin was washed free of the cerium solution with 15 ml of
O.8vM hydrochloric acid and after a half hour warm-up period, eluted with 105 ml
of 47 hydroxylamine hydrochloride in 9 M hydrochloric acid at 95°C. A flow
rate of aéproximately 40 ml/hr was used and the activities of the effluent
- samples were determined in the usﬁal manner, It waé-noted that as soon as the
solution containingvthe reducing agent contacted the resin, fhe dark brown
"chloroiridate (IV) band disappeared, suggesting that reduction had‘taken place.
However, after determining the residual activity on the resin, it was found
that only 82.1% of‘the iridium had been removed. The low iridium recovefy
may be due to the possible reaction of the iridium (I11) chlbro complex and the
hydfoxylamine hydrochloride at the highervtemperatufe to form a complex which
was even more difficult to remove from the resin than the original chloroiridate
(IV) species, It is known that the hydroxylamine hydrochlofide can serve as
a ligand to form complexes such as Zn(NHZOH)ZCl3 (44). Perhaps the iridium (III)
species had formed similar anionic complexes by the exchange of chlorine atoms
(which have been shown to be labile (57,58)) by hydroxylamine groups.

A spectrophotometric study of the eluted iridium species was performed

using a non-radioactive IrCl62_ solution containing 1000 ug iridium. The
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iridium on the resin béd was reduced in the manner described above and

the first 15 ml of elution effluent analyzed spectrophotometrically using

4 cm quartz cells and a 9 M hydrochloric acid solution (containing 4%
hydroxylamine) which had been passed through a resin bed at 95°C as"a blank.
' The solutions had first been de-oxygenated with nitrogen. The ultraviolet-
visible spectrum éhOWed two weak absorptidn bands (approximately 0.08
absorbance for both bands) in the area of 350-360 mp and 410-420 mu which
suggested that the eluted iridium was in the form of the tervalent chloro
complex. Upon oxidation with‘chlorine, the effluent solution turned yellow-
brown and yielded the visible absorption spectrum shown in Fig. 5 with 1 cm
quartz cells. The‘spectrum was similar to the spectrum. of IrCl62_ (see Fig.
3, p. 42) but the more pfonounced peak at 435 mp and the absence of.a peak
at 576 mp indicated that not all of the oxidized eluted iridium was in the
form of the quadrivalent chloro complex. This in turn meant that a small

portion of the unoxidized eluted‘iridium was in some form other than IrCl63—.

2-2g. Effect of Thiourea as a Complexing Agent

The fact that the chloroiridate (IV) species forms -an anionig
Vcomplex with thiourea (24) suggested that perhaps the chloroiridaté (1IV) absorbed
into the resin matrix could be complexed:by passing a hot acid solution con-
taining thiourea through the heated resin column. . It was hoped that the
thiourea-iridium complex would be easier to elute from.the resin than the
chloroiridate (IV) species.

A 500.ug iridium sample was fed onto a resin bed in the usual manner
and the resin bed washed free of cerium (IV) with hydrochloric acid. After a

one~half hour warm-up period, the resin was eluted with 105 ml of a 1%




Fig. 5.

Visible Absorption Spectrum of Oxidized Eluted Iridium Solution.

Eluant: 9 M Hydrochloric Acid Containing 4% Hydroxylamine Hydrochloride
at 9590C. .

Approximate Iridium Concentration: 2.5 x lO_4 M.
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thiourea solution iﬁ 9 M hydrochloric acid aﬁ 95°C using a flow rate of
approximately 30 ml/hr. The activity of the effluent was determined in the
usual manner. The dark brown iridium absorption band disappeared as soon
as the thiourea solutidn made contact with it, indicating either that the
cqlorless iridium-thiourea complex was formed, or that the iridium had been(
simply reduced. Determination of the residual activity on the resin showed
that 95.8% of the iridium was removed. This was one percent less than that
removed with only 9 M hydrochloric acid heated to 955C. It would appear
that the introduction of thiourea té the column ﬁroduéed an iridium—thiourea
complex which was more difficult to remove from the resin than the original
chloroiridate (IV) complex.

In a spectrofhotometric study of the elution of iridium by the
above procedure usingva non—radioactivé IrClez- solution containing 1000 ug
iridium, the first 15 ml aliquot of effluent showed slight absorption peaks
(approximately 0.03 absorbance units for a 4 cm path length) in the area of
350—360 my and 410-420 mp. This indicated that not all of the eluted iridium
was in the form of the iridium-thiourea complex and that soﬁe of it was in
the tervalent state. When the iridium solution was oxidized with chlorine to
produce a yellow solution, it was found that the color was not stable with
time and quickly faded. This suggested that the iridium in the tervalent
state was oxidized by the chlorine and héd then formed the colorless iridium

(IV)-thiourea complex.

2-2h. Effect of Zinc Chloride on Iridium Elution
Berman and McBryde (41) had used the affinity of zinc chloride

toward anion-exchangers to-recover the platinum (IV) chloro complex from IRA-
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400 resin. Quantitative recoveries of platinum had been achieved by passing
a 9 M hydrochloric acid solution containing 15% (w/v) zinc chloride through

a resin column surrounded witﬁ a hot-water jacket af 95°C. It was felt that
perhaps the high affinity of zinc chloride for the resin could be used in the
~ present work to facilitate the removal of iridium from the resin.

A 500 pg iridium sample was eluted in the usual manner at 40 ml/hr
with a 105 ml solution of 9 M hydrochloric acid containing 15% (w/v) zinc
chloride at 95°C and the residual activity in the resin determined. It was
found that the percentage of iridium removed from the resin was slightly
less than that obtéined with only 9 M hydrochloric acid (95.3 vs-96.8%). The
presence of zinc chloride had actually decreased the iridium recovery slightly
in some manner. |

Tn a spectrophotometric stud§ of the eluted'iridium species employing
the above elutioﬂ pfocedure using a non-radioactive IrCl62_ solution containing
1000 pg iridium, the first 15 ml aliquot of oxidized effluent exhibited the
visible absorption spectrum shown in Fig. 6 with 1 em ceils. The spectrum had
the same appearance as that obtained from the oxidized effluent of a 1000 ug
iridium s;mple eluted with 6 M hydrochloric acid (Fig. 2, p. 41). The more
pronounced peak ét 435 my and the absence of a peak at 576 mu indicated that a
small portion of the oxidized eluted iridium was not in the form of the quadri-
valent chloro complex. -This in turn meant that not all of therunoxidiZed eluted

iridium was in the form of the tervalent chloro complex.

2-2i. Effect of Resin Crosslinkage and Porosity
Cursory studies on the recovery of iridium from the resin were done
with Amberlite IRA-401, a strdngly basic anion-exchange resin with 4% divinyl-

benzene crosslinkage, and Bio-Rad AGMPl, a macroporous anion-exchange resin.




Fig. 6. Visible Absorption Spectrum of Oxidized Eluted Iridium Solution.
Eluant: 15% Zinc Chloride in 9 M Hydrochloric Acid at 95°C.

Approximate Iridium Concentration: 3.2 x 10-4 M.
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The IRA-401 resin was.uséd to determine whether the decreased crosslinkage
(4% vs 8% for IRA-400) had any effect on iridium recovery. The macroporous
resin was used in the hope that increasgd resin porosity would enable the
eluting acid to leach out the iridium more easily. In both cases the usual
500 pg iridium samples were eluted at 40 ml/hr with 6 M hydrochloric acid
heated to 95°C in the usual manner. In both studies the results were not
~as good as those obtained with IRA-400 resin under the same conditions as

shown in Table III.

2-3. Radioactive Tracer Studies of Iridium Elution with Nitric Acid under
Various Conditions

The study of iridium elution with 9 M hydrochloric acid ét 95°¢C
showed that a maximum of about 97% of the iridium could.be removed from the
_resin. It did not appear that any better iridium recovérieé could be
accomplished with hydrochloric acid. 1In addition,.there was the problem of

bubble formation in the resin bed at this temperature. Since it is known

that polystyrene resins are susceptible to attack by hot nitric acid (42), it
was felt that perhaps hot nitric acid would be able to leach out the iridium

found deep in the resin matrix which could not be leached out with hydrochloric

acid. Also, it was hoped that the greater affinity of the nitrate ion as

compared to the chloride ion for the resin (43) would make it easier to dis-

place the iridium from the exchange sites in the resin matrix and improve its

recovery. The iridium sample preparation and counting technique employed

were the same as mentioned in the hydrochloric acid elution studies. Amberlite

IRA-400 resin was used in all the studies.

2-3a. Effect of Acid Concentration

Samples containing 500 pg of iridium were fed onto the columns in




Table III

Effect of Resin Crosslinkage and Porosity on
Elution of Iridium with 6 M Hydrochloric
Acid at 95°C
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Resin Resin Characteristic Percentage of
Iridium Removed

IRA-400 8%.divinylbenzene : 94.7
‘ crosslinkage

IRA-401 © 4% divinylbenzene | 89.5
crosslinkage

AGMP1 Macroporosity 91.2
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the usual manner and were eluted with 50 ml of cerium solution. The resin
beds were then washed with 15 ml of 0.8 M hydrochloric acid to remove the
ceric ion followed by lQ ml of water to remove the hydrochloric acid.
After a one-half hour warm-up period, the resin beds were eluted at a flow
rate of approximately 40 ml/hr with 105 ml of either 8 or 12 M nitric acid.

at 95°C. The effluents from the columns were‘collectéd in 15 ml aliquots

and the activities determined. After passage of the acid, the resin activities

were checked.

The percentage of iridium removed after the passage of 105 ml of
‘acid was the_same for both 8 and 12 M nitric acid - 97.67%. However, as is
shown in Fig. 7, the more concentrated acid was more efﬁicient in removing
the iridium from the resin. The recovery of iridium was approximately 1%

better with nitric acid than with the same volume of 9 M hydrochloric acid.

In a spectfophotometrié study of the elution of iridium by the above

procedure using a non-radioactive IrCl62_ solutién containing 1000 ug of

iridium, the first 15 ml aliquot of effluent obtained by elution with 12 M
nitric acid yielded the visible aﬁsorption spectrum shown in Fig. 8 with 1
cm quartz cells. Comparison with thé spectrum for IrCl62- (Fig. 3, p. 42)
indicated that most of the iridium was eluted as the quadrivalent chloro

‘ complex. However, the more pronounced peak at 435 my and the absence of a
peak at 576 mpy suggested that a small portion of the eluted iridium was in

another form.

| 2=-3b. Effect of Temperature

During the elution with nitric acid at 950C, bubbles formed in the

resin bed in the same manner as in the hydrochloric acid studies. An iridium.

elution study was performed at 74°C with the expectation that a decrease in




Fig. 7. Effect of Nitric Acid Concentration on Elution of 500 ug of
Iridium from Resin at 95°C.

12 M Witric Acid.

8 M Nitric Acid.
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'Fig. 8. Visible Absorption Spectrum of Eluted Iridium Solution.
Eluant: 12 M Nitric Acid at 95°C.

Approximate Iridium Concentration: 1.7 x 10—4 M.
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temperature would eliminate the problem of bubble formation. A volume of
105 ml of 12 M nitric acid was used to remove the 500 ug iridium sample from
the resin.

The results of this study'were’interesting. The decreased
temperature eliminated the bubbling as exﬁected. However, it was found that
the percentage of iridiuﬁ removed from the resin was 98.3% -~ 0.7%Z more than
that removed at 95°C with the same concentration of acid. A decrease in
iridium recovery and not an increase would have been expected at the lower
temperature. A comparison of the effect of temperature on thg efficiency of
12 Mbﬁitric acid in removing iridium from the resin is shown in Fig. 9. It
will be noted that up to a volume of 60 ml of acid, a greater peréentage of
iridium was removed with the acid at 950C as would be expected. However,
from 60 ml onwards,'a greater percgntage'of iridium was removed at 74°C than
at 95°C.

The increased iridium recovery at the lower température can be
explained in the following manner: i

When the resin column was washed free of the cefic ion and hydro-
chloric acid, the absorbed quadrivalent iridium chloro complex was no longer
in the presence of an oxidizing agent and was now sﬁsceptible to reduction to
the tervalent form by the resin. Ihé eievated temperatures during the one-
half hour warm—up period would have increased the rate of reduction of iridium
by the resin. This quantity of tervalent iridium chloro complex, being more
reactive kinetically than the quadrivalent species (57), was able to undergd
an aquation reaction in the essentially aqueous medium to form a small amount

2

of the first aquation product Ir(OHz)Cl5 ~ (57). (Although the presence of

small amounts of the second and third aquation products, Ir(OH2)2C14_ and .




Fig. 9.

Effect of Elution Temperature on Removal of 500 ug of Irldlum from
Resin with 12 M N1tr1c Acid. .

95°C.
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Ir(OH2)3Cl3 were possible, it was highly unlikely since their rates of formation
are 15 and 66 times slower, respectively, than that for the first aquation
product (57,58).) The tervalent aquated iridium species was then oxidized to
the corresponding quadrivalent species on contact with the nitric acid. The
presence of this oxidized aquated species was indicated in a comparison of the
spectrum obtained for the iridium eluted with 12 M nitric acid (Fig. 8, p. 55)
with the spectrum given for Ir(OHz)ClS- (Fig. 10, p. 59) by Chang and Garner
(58). The more pronounced peak at 435 muy and the absence of a peak at 576 myu
(as compared to the spectrum of IrC162_)in the present nitric acid study was
probably due to a smali amount of Ir(OHZ)Cls_ present in the IrCl62— solution.
If the oxidized aquated species was more difficult to remove from the resin
than the original quadrivalent chloro complex, the better iridium recovery-at
the lower temperature could be accounted for. The rate of reduction and
aquation would be faster at 95°C than at 74°C and hence a larger portion of the
abso:bed iridium would be aquated at the higher temperature, resulting in a
larger amount of oxidized aquated product on contact with the nitric acid.
Comparison of the spectra previously obtained for the oxidized iridium
-solution; eluted with hydrochloric acid under various conditions (Figs. 2, 5
and 6, pp. 41, 47, and 50) with the spectrum given for Ir(OHz)ClS_ (Fig. 10,
p. 59) by Chang and Garner (58) suggested that the more pronounced peaks at
435 mu and the absence of peaks at 576 mu (as compared to the spectrum of
IrCléz_) in the hydrochloric acid elution studies were due to a small amount-of_
Ir(OHz)ClS— present in the IrCl62_ solutions. This would indicate that a small

2—

amount of Ir(OHz)Cl5 was formed by the reduction-aquation reactions described

above during the one-half hour warm-up period. If the aquated species,




-Fig. 10.

Visible Absorption Spectra of Hexachloro and Aquopentachloro
Complexes of Iridium (IV) in C12—Saturated'2.5 F HC104—1.2 F.
NaClO4 at 25°C (58).

2._
A: IrCl6
B: Ir(OHz)Cl5

C: Ir(OHz)ZCl4
+

D: Ir(OH2)3Cl3
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2-

Ir(OHz)Cl5 , was more difficult to remove from the resin than the tervalent
chloro complex, the incomplete iridium recoveries on elution with hydrochloric
acid could be aécounted for.

It was felt that by eliminating the aquation conditions, better

iridium recoveries from the resin could be expected on elution with either

nitric or hydrochloric acid. This was determined in the following studies.

2-3c. Effect of Elimination of Aquation Conditions on Iridium Recoveries

A 500 yg iridium saﬁple'was fed onto the resin bed and eluted with
50 ml of cerium.solution in the usual ﬁannert The resin was washed free of
ceric ion with lS_ﬁl of 0.8 M hydrochloric acid and the column flow stopped.
A 15 ml portion of 12 M nitric acid at room temperature was then passed
through the resin bed at 40 ml/hr. An additional 90 ml of 12 M nitric acid
was added to the acid feservoir‘and the acid passed through the column without
stoppage in fiow while water heated to 75°C was circulated through fhe.jackets
of the acid reservoir and the resin column. The acid flow through the column
could not be stopped on heating because bubbles due to the formation of
nitrogen dioxide diérupted the resin bed. As long as the flow rate was not
stopped, no bubbling occurred in the resin bed.« The acid in the reservoir
reached its equilibrium temperaturé of 74°C within 15 minutes of heating. The
effluent from the column was collected in 15 ml aliquots and the activity
determined. The activity of the resin was checked after passége of the acid
solution.

It was found by this method that 99.1% of the iridium was removed
from the resin with 12 M nitric acid. A étudy done with the same volume of
concentrated nitric acid (16 M) further improved the iridium recovery té 99.67%.

It would appear that the improved iridium recoveries were due to the elimination
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. of the aquation conditions. : oD

A study using 150 ml of concentrated nitric acid at room temperature
to remove the iridium from the résin'showed,that 92.7% of the 500 vg iridium
samble was removed. Evidently the hot nitfic acid was more efficient in leaching
out the iridium deep in. the resin matrix.

The addition of nitric acid to the resin at room temperature turned
the resin dark brown in color and caused a slight swelling of the resin bed,
which suggested a-partial degrédation of some of the cfosslinking in the resin
matrix. On passage of hot acid through the column, the resin quickly reverted
back to a golden~brown color aﬁd the dark brown chloroiridate (IV) band quickly
disappeared.

The effluent for approximafely the first 30 milliliters was yellow-
brown in color due to both the eluted iridium and the presenée of nitrogen
dioxide in the acid solution. Further aliquots of the effiuent gradually
became.colorless as more acid was passed through the column. When the total
effluent was evapofated to dryness on a steam bath, a dafk‘blue-green residue
remained (probably a hydrated oxide of iridium). After successive a&ditions
and evaporations,each wifh several milliliters of concentrated hydrochloric
acid, the fesidue was easily dissolved in l‘M hydrochloric acid.

A spectrophotometric study of tﬁe iridium eluted from the resin was
.performed using the concentrated nitric acid elution procedure at 74°C discussed
above, and a non—radioactive chloro complex solution containiné 1000 ug of
iridium. Foll;wing the passage of the first 15 ml of concentrated nitric acid
through the resin bed, a 15 ml aliquot of effluent was collected as 75°C water
was circulated through the jackets of the resin column and acid reservoir.

The visible spectrum of this aliquot was obtained using 1 cm cells and a
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concentrated nitric acidAsdlution (which had been passed through a jacketed
resin column treated in the same manner'as the sample) as a blank. See Fig.
11. The spectrum was essentially identical to that obtained for IrCl62-
(see Fig. 3, p. 42), indicating that the presence of more than one eluted
iridium specieé in the previous spectrophotometric studyvof the iridium
elution with nitric acid was due to the slight aquation of‘the chloro complex.
as discussed above.

In the iridium elution study employing 9 M hydrochloric acid and a
500 ug-ifidium saﬁple, the resin was first eluted at room temperature with 15 ml
of 9 M hydrochloric acid at a flow rate of 40 ml/hr. The column flow was then
stopped and, after a one-half hour warm-up period, the resin was eluted at 95°C
with an additional 90 ml of 9.M hydrochloric acid. The same flow rate of 40
ml/hr.was used, It was found that 98.67 of the iridium COuld be removed in
this ﬁanner. This was an.impfovement of almost 2%‘over that obtained by the
usual method of elution.

In a spectrophotometric’stﬁdy of the eluted iridium species employing
the above hydrochloric acid elution procedure using a non-radioactive IrCl6 -
solution containing 1000 ug iridium, the first 15 ml aliquot of odixized efflqent'
eluted at 95°C exhibited the visible absorption spectrum'shoﬁn in Fig. 12 with
1cm qells. The spectrum was identical to the one obtained for IrCl62- (Fig. 3,
p. 42)indicating that the presence of morethan one oxidized eluted iridium species
in the spectrophotometric studies discussed previodsly_had been due to the slight
aqﬁation of the tervalent chloro complex and the subseqﬁent oxidation of this
aquated product, Ir(OHz)C152: to its quadrivalent form with chlorine.

Although better than 98% of the iridium could be recovered in this

manner, no further studies were performed with hydrochloric acid since even better




Fig, 11.

Visible Absorption Spectrum of Eluted Iridiuﬁ Solution.
Eluant: Concentrated Nitric Acid at 74°¢.

Approximate Iridium Concentration: 1.2 x 10-4»M.
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Fig. 12. Visible Absorption Spectrum of Oxidized Eluted Iridium Solution
- (After Elimination of Aquation Conditions).

Eluant: 9 M Hydrochloric Acid at 95°C.

Approximate Iridium Concentration: 2.9 x 10”4 M.
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t

recoveries were obtained with nitric acid without any bubble formation in the
resin bed. |

The improved iridium recovery with nitric acid as compared to hydro;
chloric acid was probably due to several factors. Some iridium was probably
recovered due to a slight dissolution of the resin upon partial degradation
of the resin crosslinkage. However, the main reason for better recovery was
likely due to the greater affinity of the nitrate ion over the chloride ion
for the resin exchange sites. This greater affinity probably made the removal
of iridium from the exchange sites easier. Although the perchlorate ion has
even a greater affinity than the nitrate ionm, studies involving perchloric
acid were not carried out due to difficulties in working with perchloric acid

in the presence of organic matter at elevated temperatures.

2--3d. Absorption and Recovery of Various Amounts of Iridium

A study involving iridium samples of 100, 500 and 1000 ug was made to
determine the effect of the amount of sample on iridium leakage from the resin
during the sample loading and "rhodium elution". The efficiency of 150 ml of
concentrated nitric acid in removing various quantities of iridium was
determined also. [

The samples were dissoived in 2 ml of 0.8 M hydrochloric acid and were
fed with droppers onto the resin beds which had been previously washed, first
with 20 ml of water, then by 20 ml of cerium solution. (2 ml of 0.1 M ceric
sulfate per 100 ml of 0.8 M hydrochloric acid) The beakers were twice-rinsed
with several milliliters of 0.8 M hydrochloric acid and the washings ;dded to
the columns. The flow rate used during the feeding of the samples onto the resin
beds was approximately 25-30 ml/hr. The columns were then eluted at a flow rate

of 50 ml/hr with 250 ml of cerium solution to simulate the elution of rhodium
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from the resin. Effluent samples were taken in 15 ml aliquots and their
activities determined. Following the 'rhodium elution', the resin beds were
washed free of ceric ion with 15 ml of 0.8 M hydrochloric acid.

The iridium was removed from the resin beds by first passing a 15 ml

portion-of concentrated nitric acid at room temperature through the columns
followed by an additional 135 ml of acid while water heated to 75°C was circ-

ulated through the jackets of both the resin columns and the acid reservoirs.

The circulating water heated the acid to its equilibrium temperature of 74°C

in about 20 minutes. The elution flow rate was approximately 40 ml/hr. The

effluent and resin activities were determined in the usual manner.
The results of the study are shown in Table IV. The percentage of
© iridium lost during the "rhodium elution'" and the percentage of iridium remaining

on the resin after the nitric acid elution were determined by the following

~relations:
% Iridium Lost from Resin = L X 100
o Lrrain W+AT+R
% Iridium Remaining on Resin = ———~B;~—-X 100
° g W+AFR ,
where W = total activity recovered during 'rhodium elution" and hydrochloric

acid wash,

.
i

total activity recovered during nitric acid elution of resin,

residual activity on resin after nitric acid elution.

w0
L]

The total iridium not recovered represented the amount which would not be
recovered in the iridium fraction of an actual rhodium-iridium separation. The
results show that essentially quantitative recoveries of the iridium fed onto

the resin were obtained. The total percentage of iridium not recovered was less




Table IV

Leakage and Recovery of Iridium from Resin




Sample (ug) " % Ir Lost in Ir Lost in % Ir Remaining. Total 7 1r Total Ir Not

"Rhodium Elution" "Rhodium Elution" on Resin after Not Recovered Recovered (ug)
and Hydrochloric and Hydrochloric 16 M Nitric
Acid Wash Acid Wash (ug) Acid Elution
| &
100 0.79 ’ 0.8 1.18 1.97 2.0 T
500 0.53 2.6 0.28 . 0.81 4.0

1000 0.44 4.4 0.69 1.13 11.3




than 2% over the entire range studied. The total amount of iridium not
recovered increased with increasing amounts of iridium, as did the iridium
loss during the "rhodium elution" (the loss representing approximately half
of the total iridium not recovered).

Table V shows the efficiency of concentrated nitric acid in removing
the various concentrations of iridium from the resin. The percentage of iridium

removed was calculated from the equation:

- A
Total % Iridium Removed = vV _X 100
A+ R
where A = total activity recovered after the passage of v ml of nitric acid

through the column.

From the results it was evident that 150 ml of nitric acid was sufficient to
remove the maximum amount of iridium from the resin over the entire range

studied.

2-4, Spectrophotometric Studies of the Rhodium Chloro Complex in 6 and 0.8 M
Hydrochloric Acid Solutiomns

Two sémples of the rhodium chloro complex, each containing 1500 ug
rhodium, were treated with aqua regia and hydrochloric acid in the same manner
as iridium samples used in the radioactive tracer studies discussed above. The
first sample residue was dissolved in 15 ml of 6 M hydrochloric acid and its
visible absorption spectrum obtained using 4 cm quartz cells. The absorption
spectrum (see Fig. 13-a) with peaks at 410 and 519 mp indicated that the rﬁodium
was in the form of the chloro complex RhC163_ (62). The spectrum remained

constant for at least 24 hours. The spectrum for the second sample dissolved in

15 ml of 0.8 M hydrochloric acid and allowed to stand for 20 minutes before




Table V

Efficiency of Concentrated Nitric Acid
in Removing Iridium from Resin
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Total Acid Sample: 100 ug Ir Sample: 500 ug Ir Sample: 1000 ng Ir

Volume Total 7 Ir Total 7 Ir Total % Ir
(ml) Removed Removed Removed
15 | 38.5 31.9 - 28.2
30 74.5 71.2 h 67.5
45 90.9 90.6 86.7
60 96.5 ' 96.6 95.0
75 98.1 98.8 97.9
90 98.6 ' 99.4 98.9
105 98.7 99.6 99.2
120 . 98.8 99.6 99.2

135 98.8 - 99.7. 99.3

150 98.8 99.7 | - 99.3
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measuring is shown in Fig. 13-b. The two absorption bands had moved towards
shorter wavelengths (402 and 509 mﬁ). Jorgensen (62) has shown that this
movement by the absorption bands of RhC163_ with time was due tb the exchange
of chloride with water and that in a 1 M hydrochloric acid solution at 18°C,
the shift in absorption bands continued for several weeks until a steady state
gondition was achieved. The final aquated product was calculated to be

1.4-
RhCl4.4(H20)

. Jorgensen also noted that in 6 M hydrochloric acid solutioms,
- the rhodium chloro complex did not exhibit any change in absorption bands over a-
period of one month.

The results of the present spectrophotometric study indicated that

the rhodium eluted from the ion-exchange resin would be in the form of mixed

chloride complexes of the general form RhC1n(H20)2:z where n = 0 - 6.

2-5. Separation of Rhodium from Iridium

From the radioactive tracer studies it was shown that iridium could
be quantitatively removed from the resin with concentrated nitric acid at
76°c. A complete study of the separation of various ratios of'rhodium and
iridium in amounts ranging from 100 to 1000 micrograms was now performed
using atomic absorption spectrophotometry for the analysis of both rhodium and
iridium.
2-5a. Procedure

Sample solutions containing the required amounts of rhodium aﬁd
iridium were pipetted into 30 ml beakers containing 6 mg of sodium chloride.
Several milliliters of concentrated hydrochloric acid were added to each sample

and the samples evaporated to dryness on a steam bath. The samples were thrice-




Fig. 13.

Visible Absorption Spectra of the Rhodium Chloro Complex in
6 and 0.8 M Hydrochloric Acid Solutions.

a. 6 M Hydrochloric Acid.

b. 0.8 M Hydrochloric Acid.
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treated with aqua regia as described previously on page 31 and evaporated to
dryness after each treatment. The samples were then treated four times each
with several milliliters of concentrated hydrochloric acid to remove any
nitrates. The last acid treatment was made immediately prior to the samples
being fed onto the resin columns.

The samples were dissolved in 2 ml of 0.8 M hydrochloric acid and
were fed onto 3 cm resin beds with droppers. The beakers were twice-rinsed
with several milliliters of 0.8 M hydrochloric acid and the washings fed onto
the columns. The resin beds had beep previously washed with 20 ml of water
followed by 20 ml of cerium solution (2 ml of 0.1 M ceric sulfate per 100 ml
of 0.8 M hydrochloric acid). The flow rate used while loading the samples onto
the resin was approximately 25-30 ml/hr. The rhodium was then eluted at a flow
rate of 50 ml/hr with either 150 or 250 ml of cerium solution? depending upon
the amount of rhodium. (A volume of lSQ ml of cerium solution had beeﬁ
previously found to be sufficient for the elution of 100-500 pg rhodium whereas
250 ml was required for 1000 pg samples). The effluents were collected in either
250 or 400 ml beakers. Upon elution of the rhodium, the resin beds were washed
free of ceric ion with 15 ml of 018 M hydrochloric acid and the wash effluents
collected in the beakers containing the rhodium fractions. The rhodium effluents
were then evaporated to dryness on a steam bath and the rhodium determined
by atomic absorption spectrophotometry.

Following the rhodium elution, the iridium was removed by first passing
15 ml of cpncentrated nitric acid at room temperature through the resin beds at
a flow rate of approximately 40 ml/hr, followed by an additional 135 ml of acid

as the resin columns and acid reservoirs were being heated with water at 75°C.
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The effluents were collected in 150 ml beakers to which 10 ug of sodium chloride
had been added, and were evaporated to dryness. The iridium was then determined

by atomic absorption.

Rhodium Analysis

The rhbdium residues were dissolved by adding 15 ml of 1 M hydro- |
chloric acid to each and gently heating on a steam bath for approximately one-
half hour. The solutions were allowed to cool and were then transferred to
50 ml volumetric flasks (to which 4 ml of 37.5% (w/v) sodium hydrogen sulfate
in 1M hydrochloric acid had been added), and diluted to the mark with 1 M
acid. The addition of 37 sodium hydrogen sulfate (as shown by Kallmann and
Hobart (45)) removed any interference effects from the sulfate ion of the
cerium sulfate solution. Thé sodium hydrogen sulfate also enhanced the rhodium
absorbance values approximately twofold. The effect of 3% sodium hydrogen
sulfate on the absorbance of a 20 ppm rhodium solution is shown in Table VI.
All samples were in a 1 M hydrochloric acid medium. The instrument settings
used according to the Perkin-Elmer Handbook (46) were:

Fuel flow rate : 3 1/min

Air flow rate : 24 1/min

o

Wavelength : 3435 A

o]

Slit width : 2 A
- Lamp current : 16 ma

The rhodium concentration in the samples was determined by comparison
with appropriate standards prepared in the same manner as the samples. The
absorbance for the samples containing 100 pg rhodium were scale-expanded

approximately twofold to give absorbance values of 0.150. A standard calibration




Table VI

Effect of Sodium Hydrogen Sulfate
' on Rhodium Absorbance




. A

Sample Absorbance
20 ppm rhodium solution 0.316
20 ppm rhodium solution containing
3% sodium hydrogen sulfate 0.615
20 ppm rhodium solution containing
3% sodium hydrogen sulfate and 5 ml 0.615

of 0.1 M cerium sulfate
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curve for the concentration range studied is shown in Fig. 14.

A preliminary study had shown that the prese&ce of up to 25% iridium
had essentially no effect on the rhodium absorbance values. A 4 ppm rhodium
.solution and a solution containing 4 ppm rhodium plus 1 ppm iridium had absorbances
of 0.101 and 0.100 respectively.
Iridium Analysis

The ifidium residues were treated a total of 4 times with approximately
5 ml portions of concentrated hydrochloric acid and evaporated to dryness after
each addition in order to réconvert the iridium to theeasily dissolved chloro
complex. The residues were then dissolved in 10 ml of 1 M hydrochloric acid
solution containing 20,000 ppm copper in the form of copper nitrate. (The use
of 20,000 ppm copper had been found by Houzé (47) to enhance the iridium absorb-
ance fivefold and to eliminate any iﬁterference effect from up to 2000 ppm sodium
- and 100 ppm rhodium on the absorbance of a 20 ppm iridium solution.) The solutions
in the beakers were aspirated directly and‘their iridium concentration determined
by comparison to similarly prepared.standards. The absorbance values for the 100
ug samples were scale-expanded approximately fivefold to 0.085. The instrument
settings were as follows:

Fuel flow rate : 4 i/min

Air flow rate : 24 1/min
Wavelength : 2639 Z
Slit width : 2 R

Lamp Current 25 ma
A standard calibration curve for the concentration range studied is shown in

Fig. 15.




'~ Fig. 14. Calibration.Curve for Rhodium Determination By Atomic Absorptiom.
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Fig. 15.

Calibration Curve for Iridium Determination by Atomic Absorption.
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2-5b. Results and Discussion

The results of the separation of various amounts of rhodium
and iridium are shown in Table VII. A summary of the mean values is giwven at
the end of the table.

The recoveries for both rhodium and iridium were 98% or greater
over the entire range studied. In the case of rhodium, the percentage
recovery in general increased with increasing amounts of rhodium. The small

amount of rhodium not recovered with the larger rhodium samples (500 and

1000 ug) suggested that when the Rh:Ir ratio was five or greater the iridium
fraction would contain about 5% rhodium. When the Ir:Rh ratio was greater than
five, the rhodium fraction would contain approximately 4% iridium due to iridium

leakage from the resin as was shown in the radioactive tracer studies.

2-5¢. Summary of Separation Procedure Employed

Sample solutions containing rhodium and iridium as their tervalent
and quadrivalent chloro complexes respectively were first treated with aqua regia
and conceﬁtrated hydrochloric acid to ensure that the iridium was in the-form of
the quadrivalent chloro complex. The dry sample residues were dissolved in 0.8
M hydrochloric acid and were fed onto jacketed ion-exchange resin columns of
Amberlite IRA-400 resin. The resin beds had previously been treated with a 0.8 M
hydrochloric acid solution containing 2 ml of 0.1 M ceric sulfate per 100 ml of
acid to prevent the reduction of the iridium. The rhodium was eluted from the
resin with additional 0.8 M hydrochloric acid containing ceric sulfate. Upon
elution of the rhodium, the resin beds were washed free of ceric ion.with 0.8 M
hydrochloric acid. The iridium was removed from the resin by passing 15 ml of
concentrated nitric acid at room temperature through the resin beds, followed

by additional acid as the resin columns and acid reservoirs were being heated




Table VII

The Separation of Various Amounts
of Rhodium and Iridium
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Rhodium

Iridium Rhodium Iridium
Added (ug) Added (ug) Recovered (ug) Recovered (nug)

100 100 98 99‘
100 100 99 98

100 1100 96 98
100 - 100 102 100
Mean and mean deviation: 99 * 2 99 = 1
100 500 99 490

100 500 98 ‘500

100 500 100 500

100 500 96 490
Mean and mean deviation: 98 + 1 495 % 5
100 1000 95 993

100 1000 100 996

100 1000 101 995

100 1000 98 991
Mean and mean deviation: 98 + 2 994 * 2
500 100 494 99
500 100 500 98

500 100 494 98

500 100 506 99
‘Mean and mean deviation: 498 * 4 98 * 0.5
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Iridium Rhodium Iridium . Rhodium

Added (ug) Added (nug) Recovered (ug) Recovered (ug)
500 | 500 500 494
500 500 494 496
500 500 500 492
500 500 494 496

" Mean and mean deviation: 497 = 3 494 + 2
500 1000 506 995
500 1000 | 500 997
500 1000 494 998
500 1000 500 993
Mean and mean aeviation: 500 *+ 3 996 + 2
1000 100 987 98
1000 100 987 97
1000 100 1000 99
1000 100 994 98
Mean and mean deviation: 992 + 5 98 + 0.5
1000 500 994 493
1000 500 987 491
1000 500 987 498
1000 500 994 496
Méan and mean deviation: 990 * 4 494 + 2
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Iridium Rhodium Iridium Rhodium
Added (ug) Added (ug) Recovered (ug) Recovered (ug)
1000 1000 994 997
1000 1000 987 997
1000 1000 987 993
1000 1000 ‘994 992
Mean and mean deviation: 990 * 995 *
Summary
100 100 99%+ 99%+
100 500 98 * 495 +
100 1000 98 * 994 *
500 100 498 * 98 =+
500 500 497 * 494 +
500 1000 500 996 +
1000 100 992 * 98 *
1000 500 990 * 494
1000 1000 990 * 995 *

a .
mean value of four samples * mean deviation
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with water at 75°C.

2-5d. Conclusion

The quantitative elution of microgram and milligram quantities of
iridium from a strongly basic anion-exchanger with hot concentrated nitric
acid has been shown to be feasible. The procedure involved is simpler than
the Soxhlet extraction method previously employed but requires slightly more time.
However, the eluted iridium can be analyzed directly in the same vessel used
td collect the effluent, thus minimizing the chance of sample loss on trans-
ferring the solution from one vessel to another as is the case in the Sokhlet
extraction method. By eliminating the necessity of removing the resin from
the column, the procedure described agbove may find wider application than the
Soxhlet extraction method for the recovery of iridium from a strongly basic
anion-exchanger.

Essentially quantitative separations and recoveries of rhodium and
iridium were possible over the entire 100 - 1000 ug range studied. However,
when the ratio of one metal to the other was five or greater, the portion with

the lesser amount of metal contained a small amount of the other metal.
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ITT | THE SEPARATION OF IRIDIUM FROM RHODIUM BY SOLVENT EXTRACTION
WITH THE LIQUID ANION-EXCHANGER TRI-n-OCTYLAMINE

1. INTRODUCTION

1-1. Liquid Ton-Exchangers .

Since the publication in 1948 of a paper by Smitﬁ.and Page (48)
entitled "The Acid-Binding Properties of Long-Chain Amines', increasing
interest has been shown in the use of high molecular weight acids and
bases as extractants. These acids and bases have a low water solubility
and a high solubility in watef—immiscible solvents. Two extensive review
articles published by Green (49,50) cover the various uses of liquid ion-
exchangers in inorganic analysis.

Liquid ioﬁ—exchange is a.speéial case of solvent extraction in
that it involves thé selective transfer of solute between two immiscible
phases. Solvent extractiqn, however, involves the formatioh of a neutral
species, whether a chelate, an ion-pair or a non-dissociating compound.
Liquid ion-exchange, onvtﬁe other hand, refers only to Ehe formatioq of
ion—paifs with special reference to the exchange of one ion fér another
between the aqueous and organic phase. The,degree of ion-exechange transfer
is directly proportional to the concentration of the exchanger in the

solvent, and the distribution coefficients may be obtained in a manner

similar to those obtained in solvent extraction. Changes in the selectivity

and in the values for the distribution coefficients are related to changes
in pH, temperaturé, salt concentration, charge on the ions involved, the
presence of complexing and competing ions and the organic solvent employed.

Liquid ion—exchange has been compared with resin ion-exchange because the
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behaviour of the analogous functional groups in the two systems is ffequently
similar. Therefore, by reference to the literature on separations with
ion-exchange resins, it is possible to predigt the likely course of a
liquid ion-exchange extraction.

Compared with resinous exchangers, separations of the required
ionic species with liquid ion-exchangers are much more rapid. Diffusion
is faster in an organic solution of a liquid exchanger than in a swollen
ion-exchange resin and this leads to faster exchange reactions.

Acids that are insoluble in water and soluble in organic solvents
serve as liquid cation-exchangers. The ﬁost useful of these are di-(2-
ethylhexyl) orthophosphoric acid (referred to as D2EHPA, DEHPA or HDEHP by
various authors) and dinonylnaphthalene sulfonic acid (DNS). Solutions of
these acids in organic solvents can undergo extraction reactions with

cations in aqueous solutions in the following manner:

@) +3VT+c1" 7 @ +ut+oo”
(o] a a (o] a a

where HX = a high molecular weight acid,
B+ = a cation such as Na+,
o = organic phase,
a = aqueous phase,

Although actual extraction réactions are usually more complex, the above
equation illustrates the formal similarity between liquid and resinous
cation-exchangers.

Liquid anion-exchangers are based on high molecular weight

primary, secondary and tertiary amines and quaternary ammonium salts.
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The high molecular weight ensures low solubility in aqueous solutions and
high solubility in most water—-immiscible organic solvents. Various solvents,
such as aliphatic and aromatic hydrocarbons, chlorinated hydrocarbons,

high molecular weight alcohols and petroleum distillates are suitable. The

extraction reactions are of the following ion-association type:
L. The organic solvent containing the amine can extract an aqueous
acid to form an amine salt in the organic phase:

(Amn) +H T AT + (AmETAT)
O a a < o]

where Amn

a high molecular weight amine,

A = anion_of either a simple acid or a complex metal acid such as’
FeCl4 R : ‘
o] = organic phase,
a = aquebus phase.
2. An amine sait in the organic phaée can undergo anion-exchange with

an ion in the aqueous phase:
+ - - = - +
(AmHE'AT) +3B " < (AmH'BT) +a T
o a o a
If the amine salt is treated with an alkaline‘solution, the extraction is

reversed and the free amine is obtained.

1-2. The Separation of Iridium from Rhodium with Tri-n-octylamine
Tri-n-octylamine, (TOA), is one of the most widely émployed

liquid anion-exchangers. When dissolved in an organic solvent, TOA reacts

with an aqueous acid to first form an amine salt in the organic phase.
The amine salt then undergoes anion-exchange with an ion in the aqueous
phase. This anion-exchanger has been used in extraction studies of

rhodium and iridium as well as other noble metals.
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The extraction of platinum (IV) and rhodium (III) by TOA
hydrochloride was reported by Gindin and Ivanova (51). Extractions with
0.5 M exchanger in toluene showed decreasing extraction with increasing
hydrochloric acid concentration. The separation of the two metals was
found to be possible in 2 M hydrochloric acid with platinum extracting into
the organic phase.

The extractibility of both the rhodium (III)-tin (II) complex
and rhodium (III) chloro complex from hydrochloric acid solutions by 0.2 M
TOA in benzene was studied by Khattak and Magee (52). By heating rhodium
(I1I) with tin (II) in 7-11.6 M hydrochloric acid, a yellow rhodium (III)-
tin (II) complex was formed in the aqueous phase, which could be extracted
with TOA. The extractabilities of the rhodium (III)-hydrochloric acid,

platinum (IV)-hydrochloric acid, and palladium (II)-hydrochloric acid

systems by TOA were studied and were found to be dependent on the hydrochloric

acid concentration. It was found that rhodium could not be extracted with
TOA fromsolutions 4 molar or greater in hydrochloric acid.concentration
whereas platinumand palladiumwere extractable under these conditionms.
Therefore, rhodium could be separated from platinum and palladium and the
rhodium concentration determined spectrophotometrically by means of the
extracted yellow rhodium—-tin complex.

Fedorenko and Ivanova (39) studied the extraction of iridium
(I11), iridium (IV) and rhodium (IIﬁ) separately with tri-n-octylamine in
benzene from 1-12 M hydrochloric acid solutions using a Kirk-Danielson
extractor (61). The noble metals were present in the solutions as their
complex chlorides. The tervalent ions were extracted only to a slight

extent, and iridium (IV) was extracted with a high distribution coefficient,




but was partially reduced to iridium (III) on contact with the organic
phase. The iridium could be kept in the quadrivalent state if the extraction
was carried out while chlorine was bubbled through the solution. Calculation
of the separation factor for thepair, iridium (IV)-rhodium (III), indicated
the possibility of a separation using 6 M hydrochloric acid although no
experimental results were reported.

The work of Fedorenko and Ivanova (39) suggested that TOA could
be used as a rapid method for separating iridium from rhodium by solvent
extraction. The present work involved an extraction with 6 M hydréchloric
acid and TOA solution using conventional separatory fumnels rather than
the more compliéated Kirk-Danielson extractor and presented quantitative
results which were previously lacking. Separation studies were performed
with both microgram and milligram amounts of rhodium and iridium since some
other successful solvent extraction separation methods such as the tin
bromide-isopentyl alcohol method (36) and the 4,5-dimethyl-2-mercaptothiazole
method (35) have.been applied to relatively restricted quantities. In
addition, a study was made of the recovery of iridium from the organic phase

using ammonium hydroxide.
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2, EXPERIMENTAL
2-1. Apparatus and Reagents
Baird-Atomic Model 530 gamma-spectrometer and Model 810C well

scintillation detector with a 4.4 cm diameter by 5.1 cm thick NaI(Tl) well

crystal (Baird Atomic, Bedford, Massachusetts).
Perkin-Elmer Model 306 atomic absorption spectrophotometer with
{
a 10 cm single slot burner and Varian rhodium lamp.

A Burrell "Wrist—Action" shaker (Burrell Corporation, Pittsburg,

Pennsylvania) was used for the equilibration of the amine solution with

hydrochloric acid.

An iridium solution containing 1 mg/ml iridium in 0.1 M hydro-
chloric acid was prepared from sodium chloroiridate (NaZIrCl6'6H20) and a
solution containing 1 mg/ml rhodium in 1.2 M hydrochloric acid was prepared

from sodium chlororhodate (NaBRhCl -12H20), both obtained from Johnson

6
Matthey and Mallory Limited (Toronto).

Tridium~192 was obtained from Amersham-Searle Limited, Don Mills,
Ontario and diluted prior to use.

Tri-n—~octylamine (TOA) (practical) (Eastman Kodak, Rochester, New

York) was used without further purification. A 0.2 M solution of the amine

in thiophene-free benzene was equilibrated on the shaker for one hour with
four times its volume of 6 M hydrochloric acid before use.
All other chemicals used were reagent grade. Water purified by

double-distillation followed by double-de-ionization was used for the

required dilutions.
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2-2. Procedure for Study
The extraction study was performed in two stages. The extractability
of iridium in the presence of rhodium was studied by using iridium-192

as a tracer in conjunction with non-radioactive rhodium. The extent of

iridium extraction was determined by the activity of the iridium tracer in
the aqueous and organic phase. Because there was no rhodium isotope of
sufficient purity available, the rhodium extractability was studied

separately employing non-radioactive iridium and rhodium and by determining

the change in rhodium concentration in the aqueous phase by atomic absorptioﬁ
_spectrophétometry. (The iridium concentration in the aqueous phase after
extraction could not be determined by atomié absorption due to its poor
sensitivity and the presence of benzene caused erratic. absorbance values

when the organic phase was aspirated). The separationvof iridium from

rhodium was determined from the combined results of the two separate studies.

2-3. Preliminary Studies of Iridium Extraction
A number of preliminary studies were required in order to
determine the optimum conditions for the extraction and recovery of iridium.

No rhodium was present in the solutions used for these studies.

2-3a. Sample Preparation
Samples containing the required amounts of iridium were prepared

from a stock solution containing sufficient iridium-192 tracer to yield

a counting rate of 13 x 103 counts per minute. The samples were treated
in the following manner:
Several milliliters of concentrated hydrochloric acid were added

to the beakers containing the iridium solutions. The beakers were covered
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with evaporating cover glasses and the solutions evaporated to dryness on

3: HCl) were added to

each dry residue. The beakers were covered with regular watch glasses and

a steam bath. Two milliliters of aqua regia (1:3 HNO

replaced on the steam bath. When the action of the aqua regia ceased, the
undersides of the wafch glasses were rinsed with a few milliliters of
concentrated hydrochloric acid and were replaced with evaporating cover
glasses. The solutions were allowed to evaporate to dryness and the residues
treated twice more with aqua regia. The aqua regia treatments were required
to ensure that the iridium was in the quadrivalent state. Following the
aqua fegia treatments, the samples were thrice-treated with 2 ml of concen-
trated hydrochloric acid and evaporated to dryness to remove any nitrates.
Before using, the samples were treated with a few drops of concentrated
hydrochloric acid and were evaporated to dryness. Only 500 pg iridium

samples were used in the preliminary studies.

2-3b. Counting Technique

The radioactive counting procedure used was to determine each
sample in a test tube five successive times for a period of 100 sec and to
 use the average activity after correcting for the background which was
obtained from the average of fifteen successive 100 sec measurements. The
average deviation for the major iridium-containing phase was + 0.6%Z.
All determinations were done with the 1lid of the well-counter closed to

minimize the background activity.

2-3¢c. Effect of Chlorine on Iridium Extraction
Because the iridium (IV) chloro complex is partially reduced to

the less—-extractable iridium (ITI) form in the presence of tri-n-octylamine
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during extraction, chlorine has to be bubbled through the solution in order
to maintain the iridium in the quadrivalent staté (39). In the present
work, studies were performed to determine the optimum amount of chlorine
required ‘to obtain maximum iridium extraction.

Three dry sample residues were dissolved in 15 ml of 6 M hydro-
chloric acid and each transferred to a 100 ml separatory funnel to
which 15 ml of equilibrgted 0.2 M TOA solution was then added;' Chlorine
~from a cylinder was bubbled (40 ml/min) through the solutions in two of the
separatory funnels with a bubbler fashioned from a piece of 8 mm glass |
tubing drawn to a capillary. 1In one case the chlorine was bubbled until a
.slight haziness appeared in the organic phase, while in‘the other case, the
solution Qas completely saturated with chlorine (requiring approximately
1 minute of Bubbling). The third sample was not treated with chlorine.

All three separatory funnels were then shaken by hand for two minutes and
the phases allowed to separate. The aqueous and organic phases were drained
into separate test tubes and theirxactivities determined in the cavity of
the well-counter.

The study showed that an excessive amount of chlorine did not
improve the extraction of iridium into the organic phase. Thevbercentage
of iridium extracted waé 99,37 - the same as was extracted by'using only enough
chlorine to cause a slight haziness iﬁ the organic phase. However, in the
absence of chiorine, only 75.1% iridium was extracted.

All further extraction studies Qere‘perfcrmed using only enough

chlorine to cause a slight haziness in the organic phése.
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2-3d. Effect of Shaking Time

Studies were carried out on two sampies to determine the effect
of the shaking time on the iridium extraction. The samples were treated in
the same manner as in the above study. After the bubbling of chlorine
through the solutioné, one sample was‘shaken by hand for two minutes while
the other was: shaken for four minutes. Upon separation of the phases, the
activities of the two phases in each case was counted in order to determine
the extraction efficiency.

The results showed that a doubling of the shaking time did not
improve the extraction efficiency. The percentage of iridium extracted was
99.2 and 99.1% for the shaking times of fwé and four minuteé respectively.
Ail further extractions were therefore performed using a two minute shaking

time.

2-3e. Effect of Multiple Extractions

Since complete iridiuﬁ'extraction was_not‘possible ﬁith a single
ext;ac;ion, the effect of multiple extractions was investigated.

After the initial extraction and determination of the activity
in the aqueous and organic phases, the aqueous phase was transferred to a
clean sebaratory funnel and a second extraction was performed in the same
manner as the first. The resulting activity in the aqueous and organic
phases was determined and the aqueous phase traﬁsferréd to another clean
separatory funnel for a third extraction and the activity of both phases
again measured.

The effect of mpltiple extractions on the extractabilit& of

iridium is shown in the results given in Table I. Although more than one
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extraction increased the percentage of iridium extracted to a slight
extent, complete extraction was not possible even after three extractions.
In fact, the percentage of iridium extracted after three extractions was
only slightly greater than that found for two extractions.

Attempts were made to improve the iridium extraction by evaporating
to dryness the aqueous phase containing the iridium remaining after a
single extraction and treating the residue with aqua regia as described in
the procedure for sample treatment. ihe residue was dissolved in 6 M
-hydrochloric acid and extracted Qith TOA as before. This procedure yielded
better results than a second extraction of the original sample. Approximately
75% of the iridium remaining in the‘aqueous phase was extracted when the
sample was treated with aqua regia as compared to approximately 50% when
the original sample was extracted a second time. It would appear that
reduction of iridium (IV) to iridium (III) occurs during the extraction

even in the presence of chlorine, thus preventing complete extraction.

2-3f. Effect of Backwashing

After a singlé extraction of a sample aﬁd'the determination of
the activity in both phases, the organic phase was transferred to a clean
separatofy funnel and backwashed with 15 ml éf 6 M hydrqchloric acid
using cﬁlorine in the same manner‘és the original extraction. After the
phases separated, the aqueous phase was drained into a test tube and the
activity of the solution was counted in order to determine the loss of
iridium from the organic phase onvbackwashing. It was fouﬁdlthat there was

a loss of 0.2% iridium from the organic phase on backwashing with the acid.




TABLE T

Effect of Multiple Extractions on the

Extractability of Iridium
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Iridium

Present (ug)

Total Number

of Extractions

Extent of Iridium

Extraction (%)

500

99.3
99.7

99.8




2-3g. Recovery of Iridium from the Organic Phase with Ammonium Hydroxide.

Studies were made on the effect of various concentrations of
ammonium hydroxide used tostrip the extracted iridium from the organitc phase.
Fifteen milliliter aliquots of 14 M, 7 M and 1 M ammonium hydroxide were
added to three separatory funnels containing the organic phase with the.
extracted iridium. The separatory funnels were shaken for two minﬁtes and
the phases allowed to separate. An emulsion formed when 14 M ammonium
hydroxide was used and further studies with this concentration were
discoﬁtinued. The aqueous phases of the other two samples weré drained into
test tubes and their activities determined. The organic phases of these
two samples were then stripped twice more with ammonium hydroxide and the
activitieé in the‘aqueoﬁs phases determined, followed by the counting >f the
activity in the organic phase after the three strippings.

The results for the recovery of iridiuﬁ using 7 M ammonium hydroxide
are shown inkTable II. After three strippings, 99.07% of the iridium could
be recovered fromthe orgaﬁic phase. Adﬂitidnal'strippings with ammonium
hydfoxide failed to recover more iridium. Strippings With'l M ammonium
hydroxide only recovered approximately 10% of the extracted iridium with

the same number of strippings.

2-4. Extractability of Iridium in the Presence of Rhodium
2-4a. Sample Preparétion |

Samples containing the required amoﬁnts of iridium and rhodium
were prepared from a stock solution containing sufficient iridium-192
tracer to yield a counting rate'of 13 x lO3 counts per minute and a stock

non-radioactive rhodium solution. The samples were treated with aqua regia




Table II

Recovery of Iridium from Organic Phase

with 7 M Ammonium Hydroxide




296

Iridium

Present (ug)

Total Number

of Strippings

Total 7 Iridium Recovered

from Organic Phase

500

1

2

96.5
98.8

99.0
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and hydrochloric acid in the same manner as in the preliminary studies with

iridium.

2-4b. Procedure

A schematic of the procedure employed in the tracer study of the
extractability of iridium in the presence of rhodium and the recovery of the
iridium from the organic phase is shown in Fig. 1. In each case, the dry
sample residue was dissolved in 15 ml of 6 M hydrochloric acid and the
sample transferred to a 100 ml separatory funnel to which 15ml of equilibrated
0.2 M TOA solution was then added. Sufficient chlorine from a cylinder was
bubbled (40 ml/min) ﬁhrough the solution with a bubbier (fashioned from a
‘piece of 8 mm glass tubing drawn to a capillary)‘until é slight haziness
appeared in the organic phase. The separatory funnel was then shaken by
hand for two minutes and the phases allowed to separate. The aqueous and
organic phases were drained into test tubeé and their activities determined
in the cavity of the well-counter as in the preliminary studies. |

After its activity was determined, the organic phase was transferfed
to a clean separatory funnel and backwashed with 15 ml of 6 M hydrochloric
acid using chlorine in the same manner as the original extraétion. After
the phases separated, the aqueous phase was drained into a test tube and
the activity of the solution was counted in order to determiﬁe-the loss of
iridium from the organic phasern backwashing.

The organic phase remaining in the separatory funnel after the
lbackwash was stripped With three iS ml portions of 7 M ammonium hydroxide
in order to remove the iridium. The aqueous phases were drained into test

tubes and their activities determined. Finally, the activity of the organic




Fig. 1; Procedure Employed in the Iridium Tracer Study of the Extractability
of Iridium in the Presence of Rhodium and the Recovery of Iridium from
the Organie Phase. ' '
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TOA in Benzene Solution

-
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)
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phase after three strippings was determined.

2-4c. Results and Discussion

The results showing the extent of iridium extraction in the presence
of rhodium and the extent of iridium recovery from the organic phase are
given in Table IIL. A summary of the complete study is given at the end
of the table.

For the 100 to 1500 pg iridium sample range studied, 98 to
99% of the iridium was extracted into the organic phase with a single
extraction. The backwashing of the organic phase caused an iridium loss of
0.5% or less from the organic phase. The pércentage of iridium extracted
increased slightly (1%) with increasing amounts of iridium. Within a
series of samples containing fixed quantities of iridium, the percentage of
iridium extracted decreased slightly (0,7% or less) with increasing amounts
of rhodium.

The peréentage of iridium recovered from the organic phase by

stripping with ammonium hydroxide varied between 97 and 99% depending on

the amount of iridium present. Lower percentage recoveries were obtained for

samples containing the greatest amount of iridium (1500 ug).




Table III

Extraction of Iridium in the Presence.of Rhodium




Ir Rh % Ir Extracted % Ir in Organic Phase 7 Ir Recovered
Present (ug) Present (ug) into QOrganic Phase after Backwash from Organic Phase
after Single Extraction

100 0 ' 98.7 98.4 98.9

100 o 98.0 97.6 98.6

100 0 98.2 97.7 98.7

Mean and Mean Deviation: 98.3 + 0.3 97.9 * 0.3 98.7 = 0.1 i
L)
5

100 93 | 98.2 97.8 98.8 '

100 93 98.4 98.1 ~98.9

100 93 97.8 97.4 | 98.5

Mean and Mean Deviation: ~98.1 + 0.2 - 97.8 + 0.2 98.7 + 0.2

100 465 : 98.3 97.8 | 98.9

100 465 . 98.0 | - 97.5 99.1

100 S 465 ‘ 97.9 97.4 98.6

Mean and Mean Deviafion: 98.1 * 0.2 _ 97.6 + 0.2 98.9 + 0.2




Ir : Rh 7% Ir Extracted % Ir in Organic Phase 7 Ir Recovered
Present (ug) Present (ug) into Organic Phase after Backwash from Organic Phase
after Single Extraction

100 1438 97.7 97.3 99.0

100 1438 97.8 97.2 99,2

100 1438  98.2 9n7 98.9
100 1438 - 97.9 97.5 98.0 .
| Mean and Mean Deviation: 97.9 0.2 97.4 % 0.2 98.8 + 0.4 o

500 0 99.3 99.1 | 99.1

500 0 99.1 989 99.0

500 0 o 99.2 gg;g 98.9

Mean and ﬁean Deviation: 99.2 + 0.1 o 99.0 = 0.1 99.0 * 0.1

500 93 - 99.1 98.9 8.5

500 93 99.2 99.0 99.3

500 93 99:0 - .98.8 985

Mean and Mean Deviation: _ 99.1 * 0.1 98.9 + 0.1 | 98.8 + 0.4




Ir Rh ’ % Ir Extracted %4 Ir in Organic Phase 7% Ir Recovered
Present (ug) Present (ug) into Organic Phase -  after Backwash from Organic Phase
after Single Extraction

500 ' 465 | 98.9 98.4 98.9

| =
500 465 98.6 98.2 98.1 ¥
500 “ 465 ‘98.9 | - 98.6° 98.2
500 465 98.6 | 98.3 98.0
Mean and Mean Deviation: 98.8 + 0.2 98.4 *+ 0.1 98.3 + 0.3
500 1438 - 98.6 L 98.0 97.9
500 1438 : 98.6 ' 98.4 | 197.5
500 : 1438 . 98.3 gjig' 98.7
Mean and Mean Deviation: _ 98.5 * 0.1 98.0 + 0.2 98.0 + 0.4




Ir ' Rh % Ir Extracted % Ir in Organic Phase % Ir Recovered
Present (ug)  Present (ug) into Organic Phase after Backwash from Organic Phase
after Single Extraction '

1500 o 0 99.3 99.1 97.9

1500 0 99.3 - 99,1 | 98.0

1500 . 0 99.2 99,0 | -~ 97.3 .
1500 0o 99.2 99.0 96.9 =
Mean and Mean'Déviation: 99.2 + 0.1 99.0 + 0.1 97.5 £ 0.4

1500 _ 93 - 99.3 99.0 98.1

1500 93 99,2 - ©99.0 - 98.0

1500 ; 93 . 99.2 ' 98.9 97.9

1500 93 . 99.3 99.1 98.1

Mean and Mean Deviation: : 99.2 + 0.1 99.0 = 0.1 98.0 = 0.1




Ir Rh 7 Ir Extracted % Ir in Organic Phase 7% Ir Recovered
Present (ug) Present (ug) into Organic Phase after Backwash . from Organic Phase
after Single Extraction

1500 465 o 9%.2 99.0 96.8

{
1500 - 465 | 99.1 98.8 - 97.2 | %
1500 465 99.2 99.0 97.1
1500 465 o 99.0 '_ 98.8 96.1
Mean and Mean Deviation: ' 99,1 + 0.1 o 98.9 * O.i 96.8 = 0.4
1500 1438 98.7 98.2 97.6
1500 1438 98.9 ' : : 98.6 - 97.8
1500 1438 99.0 98.9 97.8
1500 1438 99.1 98.9 97.8

Mean and Mean Deviation: 98.9 + 0.1 98.7 + 0.2 97.7 * 0.1




Summary

Ir Rh % Ir Extracted % Ir in Organic Phase % Ir Recovered
Present (ug) Present (ug) into Organic Phase after Backwash from Organic Phase
: after Single Extraction '

100 0 98.3%+ 0.3 97.9%+ 0.3 98.7%+ 0.1
100 93 98.1 + 0.2 97.8 + 0.2 98.7 * 0.2
100 465 98.1 * 0.2 97.6 * 0.2 98.9 + 0.2
100 1438 97.9 + 0.2 97.4 £ 0.2 98.8 + 0.4 §
500 0 99.2 % 0.1 99.0 + 0.1 99.0 + 0.1 é §
500 93 99.1 + 0.1 98.9 + 0.1 98.8 * 0.4 - g
500 465 98.8 + 0.2 98.4 + 0.1 98.3 + 0.3 ;
500 1438 98.5 * 0.1 98.0 + 0.2 98.0 * 0.4 %
'isoo 0 99.2 * 0.1 99.0 + 0.1 ©97.5 + 0.4 i
1500 93 992 % 0.1 99.0 * 0.1 98.0 + 0.1
1500 465 : 99.1 * 0.1 98.9 * 0.1 96.8 6.4
1500 1438 98.9 + 0.1 98.7 + 0.2 97.7 * 0.1

a . s
mean value of at least. three samples * mean deviation
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2-5. Extractability of Rhodium in the Presence of Iridium

2-5a. Sample Preparation o » T
The samples were prepared in the same manner as.deseribed above

except that both non-radioactive iridium and rhodium were used. Reference

samples containing only rhodium were used to determine the amount of rhodium

initially present.

Z—Sb. Procedure

A schematic of the procedure employed ip the atomic absorption
study of the extractability of rhodium in the presence ef iridium is shown
in Fig. 2.  The extractions were performed as in the iridium study. The
aqueous phase was drained into a test tube for the subsequent rhodium
determination by etomic absorption."The organic phase remaining in the
separatory funnel was transferred to a clean separatory funnel and back-
washed with acid as described previously. Backwashing was necessary to
recover some of the small amount of rhodium extracted with the iridium.
The acid backwash was transferred to a test tube and its rhodium content
determined by atomic absorption.

A cursory study of the effect of multiple extrections on the
extractability of rhodium was_alsb made. Samples containing only rhodium
were extracted three times with fresh portions of TOA solution and the
rhodium content in the aqueous phase determined as above. The combined
organic phases were backwashed with 15 ml of acid and the ihodium content

in the backwash determined.




Fig. 3.

Procedure Employed in the Atomic Absorptlon Study of the Extractablllty
of Rhodium in the Presence of Iridium
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TOA in Benzene Sdlution

+
Rhodium and Iridium
in 6 M HC1

Extraction

Aqueous Phase fOrganic Phase

\
Rhodium Concen- ' Organic Phase
tration Determined -Backwashed with
by Atomic Absorption 6 M HC1

Aqueous Phase YOrganic Phase

Rhodium Concen-
tration Determined
by Atomic Absorption

:
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2-5c. Rhodium Analysis
The following instrument settings were used according to the

Perkin-Elmer Handbook (46):

Fuel flow rate : 3 1/min
Air flow rate : 24 1/min
Wavelength 3435 3
S1it width : 2 R
Lamp current : 16 ma

It was felt that there would be no interference from small amounts
of iridium on the deferminafion of rhodium by atomic absorption and this
was demonstrated to be true for up to twice tﬁe concentration of iridium
normally found in the aqueous phase after the extraction procédure. Sample
solutions containing 6 ppm rhodium and 6 ppm rhodium plus 1 ppm iridium
»both gave the same absorbance reading of 0.106.

Sample solutions containing 1438 ug of rhodium were diluted to
about 20 ppm in 6 M hydrochloric acid while more dilute samples were
analyzed directly; The béckwash samples were analyzed using threefold
scéle expansion. The rhodium concentration of the samples was compared to

rhodium standards prepared in 6 M hydrochloric acid.

2-5d. Results and Discussion
The extent of rhodium extraction in the presence of iridium is
shown by the results in Table IV. A sumﬁary of the complete rﬁodium study
"is given at the end of the table.
The results show the necessity for backwashing the organic phase

with acid after extraction. The single backwash yielded at least 2% of
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the rhodium present in the samples. Further backwashing did not recover
any more rhodium.

Except for one case, little or no loss of rhodium from the aqueous
phase was observed after the extraction and backwashing procedure for
samples containing 93 to 465 ﬁg rhodium and 100-1500 ﬁg iridium. Samples
containing 93 ﬁg of rhodium and 1500 ﬁg of iridium exhibited a 10% loss
of rhodium. It would appear that this loss was due to the large amount
of iridium present in the samples. In the case of samples containing 1438 pg
'rhodium, a rhodium loss of approximately 4% was observed.

A cursory study with 465 ﬁg rhodium samples on the effect of
multiple extractions on the extractability of rhodium sﬁowed that there was
a slight increase in the loss of rhodium from the aqueous phase as compared
to a single extraction. Three extractions and a backwash of the combined
organic phases yielded a recovery of 455 ﬂg of rhodium in the aqueous phase

as compared to 461 ug with a single extraction and backwash.




Table IV

Extraction of Rhodium in the Presence of Iridium




Rh Present Ir Present Rh Found in Aquéous Rh Found in Total Rh in % Rh in

(ug) (ug) Phase after  Backwash (ug) Aqueous Phase Aqueous Phase
Single Extraction (ug) ’ (ug)
93 0 ‘ 95 3 ‘ 98 105 &
93 o 93 | 2 95 102 S
93 0 93 | 1 : 94 101
93 0 98 3 101 109
Mean and Mean Deviation: 95 t’2 | 2 ¢ OL8 97 + 2 104 *+ 3
93 100 | 96 2 - 98 105
93 100 BT | 3 97 104
93 100 | 93 3 %6 103
93 100 99 | 1 | 100 108
Mean and Mean Deviation: 96 * 2 2 0.8 98 + 1 105 + 2




Rh Present Ir Present Rh Found in Aqueous Rh Found in Total Rh in Z Rh in

(ug) (ug) ' Phase after Backwash (ug) Aqueous Phase Aqueous Phase
Single Extraction (ug) (Ug)
93 500 89 2 - 91 98 L
93 500 _ 91 -3 94 101 F
93 500 89 2 91 98
| 93 500 91 3  2§_ 101
Mean and Mean Deviation: 90 + 1 | 2 +0.5 92 + 2 100 £ 2
93 1500 78 3 81 | 87
93 1500 81 | 4 85 91
93 1500 80 6 86 92
03 1500 76 g; 82 88
Mean and Mean Deviation: 79 £ 2 5*1 84 + 2 90 * 2




Rh Present Ir Present Rh Found in Aqueous Rh Found in Total Rh in %Z Rh in

(ug) (ug) Phase after Backwash (ug) Aqueous Phase Aqueous Phase
Single Extraction (ug) - ‘ (ug)

465 0 450 12 462 99.4 :
465 0 453 10 463 99.6 e
465 A 0 453 10 463 _ 99.6
165 o wr 0 457 98.3
Mean and Mean.neviatiop: ‘ 512 10 + 0.5 - 461 % 2 99.2 * 0.4
465 100 | 450 10 460 98.9
465 100 | 456 I ' 470 101.1
465 | 100 448 12 460 o 98.9
465 100 456 10 466 100.2

s 4 12 + 2 464 + 4 99.8 + 0.9

Mean and Mean Deviation: 452




Total Rh in

Rh Present Ir Presenf Rh Found in Aqueods Rh Found in %4 Rh in
(ug) (Lg) Phase after .Backwash (ug) Aqueous Phase Aqueous Phase
Single Extraction (ug) (ug)

465 SOO A 12 456 98.1

465 500 453 12 465 100.0 L
465 500 456 12 468 100.5 %
465 500 444 12 456 98.1

Mean and Mean Deviation: 449 * 5u 12 + 0 461 * 5 99.2 + 0.9

465 1500 447 13 460 98.7
»465 1500 450 12 462 99.4

465 1500 4hd; 12 456 98.1

465 1500 452 11 463 99.6

Mean and Mean Deviation: 448 * 3 12 = 0.5 460 + 3 99.0 = 0.6

K




Rh Present Ir Present Rh Found in Aqueous Rh Found in Total Rh in Z Rh in
(ug) (ug) - Phase after Backwash (ug) Aqueous Phase Aqueous Phase
: Single Extraction (ug) ‘ (ug)

1438 0 1350 32 o 1382 96.1 '
1438 0 | 1328 32 1360 9.6 =
1438 0 1335 40 1375 95.6

1438 0 1365 30 ;ggg' 97.0

Mean and Mean Deviation: 1344 + 13 34 % 4 1378 + 10 95.8 * 0.7

1438 100 - 1350 | 30 | 1380 96.0

1438 100 1335 ' 30 1365 94.9

1438 100 1350 32 1382 96.1

1438 100 1365 30 1395 - 97.0

Mean and Mean Deviation: 1350 + 8 30 £ 0.5 . 1380 + 8 96.0 * 0.6




Rh Present Ir Present Rh Found in Aqueous Rh Found in Total Rh in % Rh in
(ug) (ug) Phase after Backwash (ug) Aqueous Phase Aqueous Phase

Single Extraction (ug) (ug)
1438 500 1365 30 | 1305 97.0 ,
1438 500 1350 30 1389 96.0 "5
1438 500 o 1350 32 ‘ 1382 96.1
1438 500 | 1328 32 1360 94.6
ﬁean and Mean Deviation: 1348 + 10 31 + 1 '1379 + 13 - 95.9 £ 0.7
1438 1500 1358 30 - ' 1388 96.5
1438 1500 1335 32 1367 95ﬁ1
1438 1500 1350 32 1382 96.1
1438 . 1500 1358 | 30 1388 96.5
Mean and Mean Deviation: 1350 + 8 31 1

1381 + 7 96.0 + 0.5




Summary

Rh Present Ir Present Rh Found in Aqueous Rh Found in Total Rh in Z Rh in

(ug) . (ug) ' Phase after Backwash (ug) Aqueous Phase Aqueous Phase
Single Extraction (ug) (ug)
93 0 952+ 2 2%+ 0.8 97%+ 2 1042+ 3
93 100 96 + 2 2 + 0.8 98 + 1 105 + 2
93 500 90 + 1 2 £ 0.5 92 + 2 100 + 2
93 1500 79 £ 2 5+ 1 84 + 2 90 + 2
i
ar
465 0 451 + 2 10 + 0.5 461 + 2 99.2 + 0.4 o
465 100 452 + 4 12 + 2 464 + 4 99.8 + 0.9
465 500 449 * 5 12 + 0 461 *+ 5 99.2 + 0.9
465 1500 448 + 3 12 + 0.5 460 * 3 99.0 + 0.6
1438 0 1344 * 13 34 + 4 1378 + 10 - 95.8 + 0.7
1438 100 L1350 + 8 30 £ 0.5 1380 + 8 96.0 * 0.6
1438 500 1348 + 10 31 + 1 1379 + 13 195.9 + 0.7
1438 1500 1350 + 8 31 £ 1 + 7 1 96.0 * 0.5

1381

a_ s
mean value of four samples * mean deviation
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2-6. Separation of Iridium from Rhodium
The separation of iridium from rhodium was determined from the
combination of the results of the two separate rhodium and iridium

extraction studies mentioned above.

2.6a. Results and Discussion

Results showing the separation of 100 to 1500 ﬂg of iridium from
93 to 1438 pg of rhodium are given in Table V. The results shown are for
a single extraction and backwash.

For samples containing 100 to 1500 ﬁg of iridium in the presence of
93 to 465 ﬁg of rhodium, essentially rhodium~free iridium was obtained
except in one case. The samples containing 1500 ﬁg of iridium and 93 ug of
rhodium exhibited a 10% loss of rhodium to the organic phase on extraction.
It would appear that the maximum ratio of iridium to rhodium which can be
tolerated without serious rhodium losses is between five and fifteen.

With respect to the iridium samples containing 1438 ug of rhodium,
about 4% rhodium was extracted into the organic phase with the iridium.

Iridium~free rhodium could not be obtained with a single extraction
and backwash. Approximately 1 to 3% iridium was found in the aqueous

phase.

2-6b. Summary of Separation Procedure Employed

Sample solutions containing rhodium and iridium as their tervalent
and quadrivalent chloro complexes respectively were first treated with aqua
regia and concentrated hydrochloric acid to ensure that the iridium was

in the form of the quadrivalent chloro complex. The dry sample residues




Table V
Separation of Iridium from Rhodium

with Single Extraction and Backwash




Iridium ~ Rhodium ’ % Tridium A % Rhodium

Present (ug) Present (ug) in Organic Phase in Aqueous Phase
100 ' 93 97.8%+ 0.2 : 105%+ 2
500 93 98.9 + 0.1 100 + 2
1500 93 99.0 + 0.1 90 * 2
100 465 97.6 *+ 0.2 99.8 * 0.9 Ar
|_l
' [oe]
500 465 : 98.4 + 0.1 99.2 + 0.9 !
1500 465 98.9 + 0.1 99.0 * 0.6
100 1438 97.4 + 0.2 96.0 + 0.6
500 1438 98.0 + 0.2 95.9 + 0.7
1500 1438 98.7 + 0.2 96.0

+
=)
w

a - ‘ .
mean value of at least three samples * mean deviation
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were dissolved in 6 M hydrochloric acid and transferred to separatory
funnels to which 0.2 M TOA was then added. Chlorine was bubbled through
the solutions until a slight haziness appeared in the organic phase. The

chlorine prevented the reduction of the iridium to the less—extractable

tervalent chloro coimmplex. The separatory funnels were then shaken by hand
for two minutes and thephases allowed to separate. The aqueous phase
containing the rhodium was drained and the organic phase backwashed with

additional 6 M hydrochloric acid (again using chlorine) to recover most of

the small amount of rhodium co-extracted with the iridium. The extracted

iridium in the organic phase was recovered by stripping with three portions

of 7 M ammonium hydroxide.

2-6c. Conclusion

The procedure used and given in summary above provides a reasonably
fast separational method for rhodium and iridium using standard equipment. The
method gives quantitative recovery of rhodium and 98 to 99% recovery of iridium

when using samples in the 100 - 500 ug range.




IV | SUMMARY

Two methods have been developed for the separation of the chloro
complexes of rhodium and iridium in an attempt to provide simplified
procedures for separating the two noble metals: anion-exchange with strongly
basic resin, and solvent extraction involving the use of tri-n-octylamine
(TOA). as a liquid anion-exchanger. The two separation methods were applied
to a wide concentraiion range of rhodium and iridium.

The anion-exchange method was used to separate and quantitatively
recover 100 to 1000 ug quantities of both metals in various ratios. The use
of hot concentrated nitric acid to elute the iridium from the resin Bed
eliminated the necessity for the Soxhlet extraction of the resin or the use
of excessive amounts of salts and acids to remove the iridium from the resin
as recorded by previous workers (23,25) in other anion-exchange separations
of the two metals. The anion-exchange method developed in this study has
an advantage over some cation-exchange separations (24,27,28) in that
organic complexes of rhodium and iridium do not have to be formed prior to
their separation.

The solvent extraction procedure developed, using TOA as a liquid
anion—exchanger, provided a reasonably fast and simple separational method
for rhodium and iridium using standard equipment. Quantitative recovery of

rhodium and 98 to 997 recovery of iridium wasachieved when using samples in the

100-500 ug range. This method has the advantage that the separated noble metals are

not contaminated by other metals as is the case in both the tin bromide~isopentyl
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alcohol (36) and the 4,5-dimethyl-2-mercaptothiazole (35) extraction

methods. In the tin bromide-isopentyl alcohol method, both rhodium and

iridium are present as their tin (II) bromide complexes Qhereas in the

4 ,5~dimethyl-2-mercaptothiazole method the iridium in the aqueous phase is

cont;minated by either tin or chromium which are used as reducing agents.
This study has also served to emphasize the difficulties involved

in developing satisfactory separational procedures fér rhodium and iridium

due to the complicated nature of the solution chemistry of these two metals.
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