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Abstract

Rhodium is present at about 0.001 ppm in the earths crust. Rhodium metal is known for its stability in corrosive environments, physical
beauty and unique physical and chemical properties. Recent interest in the medical and industrial significance of platinum and to a lesser
extent palladium and rhodium has been accompanied by an increasing interest in their determination at low levels.

Platinum group elements (PGEs: Pt, Pd, Rh, Ru, Ir and Os) play a decisive role in the performance of catalytic converters, world-wide
applied in vehicles and in some household utensils, to reduce the emission of gaseous pollutants, such as carbon monoxide, nitrogen oxides an
hydrocarbons. Since then, approximately 73% of the world production of rhodium is consumed in the production of autocatalyst. However, the
hot exhaust gases flowing through the converter cause abrasion of these units, leading to the emission of these elements to the environment. Th
concentration level of rhodium (also platinum and palladium) is still very low in the nature; accordingly, their determination in environmental
samples specially appears to be a challenging task for analytical chemists. In recent years, the development of analytical methods for the
determination of rhodium has increased.

The aim of the present review is to evaluate the utility of atomic absorption spectrometry, applied for the quantification of rhodium in
different materials, such as environmental, biological, metallurgical and geological samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction platinum in automobile catalysts and in catalysts in the

chemical industry.
Rhodium occurs naturally with other platinum metals only The determination of precious metals attracted the
at very low concentration. Rhodium is mainly used with interest of analysts and developed rapidly because these
metals are valuable and rare, yet also very impor-
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resources, metallurgical intermediates and environmentalbiological, clinical, environmental, food and geological, and
samples. hence is one of the most commonly used techniques for ele-
The low reactivity of the PGEs, towards single chemical mental analysis. Two types of atom cells have been commonly
reagents, their great chemical similarities, the formation of used for AAS. The flame is widely because of its ease of use
compounds of similar composition and properties, numer- for elemental analysis at the part per million (ugrilevels.
ous oxidation states, the ability to form many species in a However, the use of a graphite furnace as the atomizer is used
given oxidation state, their tendency to hydrolyse and also when a limited sample volume is available or lower analyte
the formation of polynuclear complexes make determination, concentrations (part per billion, ng i level) are present.
especially at low concentration levels, very difficult even for
the experienced analyst.
Research has been carried out on developing reliable ana2. Flame atomic absorption spectrometry
Iytical methods for accurate determinations of traces of PGEs
in different materials. Most of the attention has been focused 2.1. Rhodium
on Ptdeterminations. A considerable volume of data has been
accumulated on low-level Pt determinations at polluted sites  In FAAS, the nebulised sample is introduced into either
and trends in concentrations of Pt over a period of years. How-an air—acetylene or a nitrous oxide—acetylene flame. The
ever, corresponding Rh data are mostly missing. Analytical absorption of the analyte atoms is compared against known
intercomparison projects have been performed in order to standards. Due to less sensitivity of the technique and the low
supply information on the applicability of different methods levels of analyte concentrations required, the FAAS technique
of Pt analysis; this is not yet the case for Rh. generally finds use for Rh determinations in concentrates and
The rhodium concentration in different materials can vary Rh-rich samples.
from g g~ or lower to virtually 100%. Naturally, the wide Methods are suggested for increasing the sensitivity of the
range of sample types requires a variety of classical and AA determination of rhodium by using a special nozzle onthe
instrumental methods or their combinations. burner which lengthens the effective thickness of the flame
More often, the choice of the analytical technique depends and by adding MeOH and MgS@o the sample solutiofi].
on the availability and the level of occurrence of the met-  In other studies, very serious interferences were encoun-
als and the nature of the sample matrix. For many years, tered with the air—gH» flame, while the NO—GH, flame
atomic absorption spectrometry (AAS), both flame (FAAS) was essentially free from such interferences, also other
and electrothermal (ETAAS), has been widely used for the parameters were optimisdgd,3]. The possible elimination
determination of PGEs in various materials. At present, AAS of interferences is investigated by use of excess of Brilliant
is the most widely used method for determination of rhodium Green as a releasing agent, which has two roles: first, it forms
as long as the sample can be dissolved in acids. Separationa stable complex with the analyte, so that the Rh species will
preconcentration and dissolution of samples are the vital stepgeach the flame independently; second, the excess of Brilliant
in many procedures, owing to the very low concentration Green scavenges the oxidizing species inthe flame, providing
of these metals in many samples and the complexity of the favourable conditions for Rh atomisatif#]. More investi-
matrix. Among the AAS methods developed, the determina- gations about the interference problems and their possible
tions for Pd and Rh are relatively sensitive. Efforts have been solution were summarised fable 1.
made to make methods reliable and practical. Hence, the pre- The analysis can be performed in organic solvents, which
cision, accuracy and reproducibility of these methods should is a significant advantage of AAS compared to plasma meth-
be carefully checked. ods. The solvent is facility removed, eliminating interfer-
This work is the continuation of other review, which sum- ences. MIBK and ethanol were recommended as solvents
marise the determination of rhodium by spectrophotometric and 1-heptanal as a buffering agent in organic solutions con-
methods. The purpose of this review is to describe the ana-taining toluene, 1-hexene, 1-heptanol and 1-heptgjaln
Iytical methods based on atomic absorption spectrometry addition to burner position, the composition of the organic
techniques. solution significantly affected the absorbance. Ethanol has
Atomic absorption involves a measurement of the reduc- several advantages over MIBK as a solvent: it is cheaper, the
tion of intensity of optical electromagnetic radiation from smell is less unpleasant, the burner and chamber assembly
a light source, following its passage through a cell con- keep cleaner and sensitivity is slightly better. Details of the
taining gaseous atoms (the atom cell). Atomic absorption use of the other organic solvents for rhodium analysis are
spectroscopy generally refers to the study of fundamental described in some references, which appedaisie 1.
principles of this phenomenon, whereas atomic absorption  Industrial samples include catalyst, pure metals, sweep,
spectrometry refers to its use for the quantitative determina- scrap materials from the electronics industry and plating solu-
tion of elements in samples, although these terms are oftentions. A significant portion of Rh is used as catalyst. The
used interchangeably. AAS is applicable for the determina- physical state in which the catalyst is used is often essential
tion of most elements, almost all metals and metalloids and to arrive at a suitable sampling technique. In general, dried,
some non-metals, in a wide variety of samples, including crushed and ground materialis used. The main goal of the first
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Table 1

Determination of rhodium by FAAS

Sample matrix Flame Method Reference
Aqueous solutions Air-acetylene Interference of Pd or Pt was minimised [13]

and the sensitivity was increased by
using 1% U or La as spectral buffer
Synthetic mixtures Air—acetylene The interfering effects of different ions [14,15]
and organic compounds can be
completely eliminated by adding excess

n-butylamine
Aqueous solutions Air—acetylene or nitrous Interferences of acids and alkali salts [16]
oxide—acetylene and their elimination were investigated
Platinum concentrates Air—acetylene Addition of ZnSQ, for eliminating [17]
interferences of Pt, N&,O; and
NapSOs
Aqueous and organic solutions Air—acetylene 1-500ug mi~1 of Rh in GsHg—EtOH [18]

and cyclohexane-EtOH solutions by
using ethylene glycol monomethyl ether
as solvent. Optimum flame conditions
and burner positions are discussed. The
organic solvents have no significant
effect in a lean fuel mixture, but burner
position is critical
Aqueous and “cellosolve”-benzene solutions Air—acetylene This type of flame is used for increased  [19]
sensitivity; the acetylene flow rate, and
burner flame height are optimised for
enhanced the linearity of response and
maximum sensitivity
HAc, aqueous and MeOH media Air—acetylene DL of 0.2ug ml~1 in HAc medium [20]
Hydroformulation products Air-acetylene Two methods were examined: (1) [21]
spectrophotometry with Snglrelative
error <5% for 0.02—8 wt.% Rh; analysis
time 4.5h and (2) AAS; 2.5-8% for
50-200ug mi~! Rh; analysis time
20min
Polymer-supported catalyst and organorhodium complexes Air—acetylene Addition of lanthanum nitrate (2%). [22]
Oxidative destruction of the organic
material in a mixture of HSOs and

H20,
Organorhodium catalysts Air—acetylene Use of La as AAS buffer [23]
High-purity iridium Air—acetylene Without prior separation; calibration [24]

curve is linear for 0.10-6.00 ng;
detection limit is 0.03 ng
Solid and liquid polymer samples used in the rubber industry Air—acetylene A modified graphite furnace was used to  [25]
volatilise the sample, after ashing, into
the flame atomizer

stage of analysis, i.e. sample preparation and decompositionppen or closed vessels. Digestion on hot plates or by the
is the quantitative and, if possible, rapid dissolution of the microwave technique is popular. Additional separation and
sample. This step determines largely the quality of the result preconcentration steps are needed prior to the determina-
and the duration of the complete analytical scheme. Fusingtion of the analyte. Often, acid extractions do not result
the samples in small crucibles, unlike the fusion process in in complete extraction of the rhodium especially for geo-
the traditional fire assay technique, provides soluble salts oflogical materials. Some of the reasons for this are patrticle
the sample materials. Mostly used for geological materials, size, varying sample matrix and incomplete wetting as well
the choice of fusion agent depends on the sample matrix. Theas the different experimental conditions used. The multi-
advantages of fusion are easy and efficient attack of difficult acid digestion procedures offer advantages, such as low
matrices while the limitations are small sample weights, large cost, low blanks and easy adaptability for batch analysis
concentration of sodium salts in the sample solutions and the[8].
introduction of contaminants from fusion reagents and cru-  The use of AAS and UV-vis methods for the determi-
cible material6,7]. nation of rhodium in silica-supported catalysts is critically
Acid dissolution procedures are extensively used. Mix- analysed to establish limits and fields of applicability to real
tures of different acids and also,8, are used in either  working materials. The effectiveness of different digestion
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procedures of the metal phase is also widely studied as a func-on the gas flow rate to the flame, the matrix concentration
tion of the thermal treatment of the catalyst and the chemistry and the wavelength is investigated; corrections for parasitic
nature of the rhodium phase]. absorption were made for determinationgigfml~! concen-
Preconcentration procedures are often necessary prior tarations of Rh, Pt, Pd and Ir. In this way, to overcome specific
the determination of rhodium. In these procedures, the ana-and non-specific interferences a variety of releasing agents
lyte are concentrated from dilute solutions and are separatedand buffers have been proposed, and separations, particularly
from major matrix elements and from minor amounts of other from PGEs, are widely used to reduce interference problems.
elements, which would interfere with their subsequentanaly-  The main goal of the first stage of analysis, i.e. sample
sis. Solvent extraction, co-precipitation on Te, ion exchange preparation/decomposition, is the quantitative and, if possi-
separation are the most commonly used preconcentrationble, rapid dissolution of the sample. This step determines
methods. to great extent the quality of the result and the duration
Co-precipitation of Rh on a carrier, such as tellurium or of the complete analytical scheme. Special precautions for
selenium has been employed in many analytical proceduresthe purification of reagents, especially fluxes, acids and ves-
The technique is more important for geological samples. In sels, are required in order to reduce the blank values. The
the routine procedure, a dilute salt solution of the carrier is techniques used for this purpose were fire assay, dry chlo-
addedto the Rh solution. The tellurium or seleniumis reduced rination, acid dissolution and fusion. PGEs in solutions can
to the metallic state by the addition of stannous chloride. The be separated and concentrated from other elements by means
Tel/Se precipitate, which collects the rhodium, is separated of liquid—liquid extraction. The physical properties of octy-
and processed 0]. laniline solutions in PhMe and polyalkylbenzene fraction, of
Rh in solutions can be separated and concentratedtetraoctylammonium bromide in dichloroethane and of 1M
from other elements by means of liquid—liquid extractions. HCI were studied, and the effect of these solvents on the
Rhodium is determined in Cu, Ni, converter matte and anodic sensitivity of the AAS of PGEs is determin¢2i7,28]. The
baths by extraction, with alkylaniline hydrochloride in MePh increased sensitivity of determination of Rh, Pt, Pd, Ir and
in the presence of CI[11]. In addition, a new method for  Ru during the atomisation of their organic solutions resulted
the quantitative extraction and separation of trace amountsfrom the decrease of the aerosol drop dimensions, increase
of rhodium from nitric acid and sodium trichloroacetate of their introduction effectiveness, and increase of the flame
media has been established based on the formation of atemperature. In the same way, the extraction of noble met-
ion-association complex of hexahydrated rhodium cation and als withp-octylaniline at varying concentrations of different
the trichloroacetate anion in tri-n-butyl phosphate. The effect mineral acids is studied and optimum conditions were estab-
of various factors on the extraction and back-extraction of lished for their separation from the base metals commonly
rhodium has been investigated. The procedure was appliedpresent in Pt-bearing materid29]. The noble metals, with
to determine rhodium traces in chloroplatinic acid and palla- the exception of Au, can be back-extracted with H¢Hdd

dium chloride[12]. determined by AAS. The procedure was successfully applied
to analysis of mattes, sludge and flotation concentrates.
2.2. Rhodium and other elements Because of the complex nature of the solution chemistry

of the rhodium and the others PGEs and difficulties in devel-

In the bibliography are collected numerous investigations oping reliable separation methods, especially for samples
in which the objective is to determine rhodium and other containing several PGEs, there is a focus on the wider appli-
noble metals, principally PGEs. Their quantification is essen- cation of various sorbents and complexes for the effective
tial for an exploration programme to succeed, for effective separation and preconcentration of these metals. The pairs
monitoring of pollution levels or for evaluating the value ofa Rh(lI1)-Pt(IV) and Ir(lI)-Pt(IV) were separated as chlo-
spent catalyst. Considering that the concentration of theseride complexes by liquid chromatography on Varion AT 400
metals is typically very low (except in cases like alloys), and 660 anion exchangers. After separation, the metals were
analytical strategies need to include suitable sampling, effec-determined by FAAS30]. A review by Al-bazi and Chow
tive solution preparation, preconcentration and analysis. The[31] details separation methods of the PGEs based on ion
flame version (air—acetylene or nitrous oxide—acetylene) of exchange chromatography and solvent extraction developed
the AAS has found few applications in the precious metal during 1950-1983.
determinations. The reason lies in the poor sensitivity of the  Extraction of PGEs anionic chloride complexes was
technique, interferences encountered and the level of analyteshown to be a very convenient method for the recovery
concentrations sought. of these metals from solutions of complicated composi-

The parasitic absorption arising from high concentrations tion. Amines and quaternary ammonium reagents are well
of the sample matrix during AA determinations of PGEs in known as highly efficient and selective extractants for PGEs.
chloroplatinic, chlororhodic and chloroiridic acids was mea- The extraction of metals from hydrochloric acid solutions is
sured by replacing the hollow cathode lamp with a continuous due to formation of ionic associates of PGEs chloride com-
spectrum lamp to permit absorbance measurements at variouplexes with protonated amines. It was demonstrated that the
wavelength$26]. The dependence of the parasitic absorption extraction efficiency increases from mono- to polyamines.
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Chemically modified silica and polymeric sorbents contain- upper glassy slag, which contains the alumino-silicates and
ing polyamino groups have been successfully utilised for the base metals, is discarded. The denser phase, usually com-
sorption preconcentration of PGEs in column mode. posed of either of the two collectors, i.e. leads in Pb-FA or

Of all preconcentration and separation procedures, sorp-nickel sulphide in NiS-FA, sinks to the bottom. The metals
tion possesses several advantages: large preconcentration faere strongly partitioned into this collector phase from which
tors that can be obtained in a short time, simplicity of phase they may be subsequently separated for ana[#gis35]. A
separation and suitability for automation. Column based rapid, modified fire-assay technique is described for the deter-
sorption techniques are frequently applied for the separationmination of the total content of Rh, Pt, Pd and Au in ores and
and preconcentration in flow injection atomic spectroscopy, concentrates. The analytes can be determined individually by
first of allwith AAS. A number of methods for separationand AA after cupellation of the Pb button at a low temperature
preconcentration of PGEs have been developed, i.e. sorptior[36].
on metal hydroxides, chemically modified silica, and also =~ The AA determination of Rh, Pt, Pd, Ru, Ir, Os, Au and
on many types of polymeric sorbents. However, variety and Ag is reviewed by Sen Gupt@7], including sample treat-
“kinetic inertness” of PGEs coordination compounds (very ment, methods for overcoming matrix effects, and operating
slow ligand exchange rate) present essential difficulties in the parameters.
determination of these metals. The adiabatic temperature and the efficiency of atom-

The recovery of PGEs takes place rather slowly and often isation of 54 elements, including rhodium, in a methyl
non-quantitatively. To accelerate sorption and increase theacetylene—nitric oxide flame were determined; optimum
recovery, especially of rhodium, long heating of sample solu- compositions of the flame were determined for each element
tion with the sorbent is normally required. Desorption of and a comparison was made with the analytical characteris-
PGEs is also slow and often incomplete; eluents can destroytics of an acetylene—nitric oxide flanfigg].
the sorbent. For this reason, there are only few examples of Table 2describes the details of selected studies of rhodium
on-line flow injection sorption preconcentration of PGEs. and other metal ions.

Solid phase extraction combines the benefits of sol-
vent extraction and solid phase preconcentration, eliminat-
ing some of their drawbacks. It consists of the recovery of 3. Electrothermal atomic absorption spectrometry
hydrophobic metal species on solid support of hydrophobic
functionality. Desorption of metals is simply achieved by the GFAAS is awell-established technique with excellent sen-
change in solvent polarity. It does not require the use of con- sitivity, and the equipments are available in many research
centrated acids or other aggressive reagents, and provides thiaboratories.
opportunities of on-line combination of preconcentrationand  In the GFAAS technique, a small volume of the sample is
determination steps. heated in a graphite tube and the absorption of the produced

Some solid phase extraction systems proposed earlier foratoms is measured against standards. The residence time of
the on-line preconcentration of PGEs are characterised byindividual atoms in the optical path is approximately 1-2 s as
low selectivity. Successful determination of PGEs with these against 104 s for the flame version. The determination limits
techniques was demonstrated only for model laboratory solu-are thus lowered by at least one to two orders of magnitude
tions. depending on the element and sample volume.

The development of a new selective system for on-line  The major disadvantages, however, are its inherently lower
solid phase extraction of Rh, Pt and Pd and the design of anproductivity and more severe interferences. Matrix modifi-
FIA-FAAS system have been proposed for the determination cation, background correction, standard addition, etc., are
of these elements in solutions obtained by the decompositionuseful in overcoming some of the interferences.
of geological and technological samp[82]. In the literature, there are few papers that describe the

For the determination of trace amounts of noble metals, determination of only rhodium by GFAAS. For example, ini-
in sulphate media by AAS, the metals were separated fromtially, Rh was determined in automotive catalyst by AAS
the sulphate matrix by collection on NiS followed by fire using a flameless (heated graphite) furnf®4, in silver
assay, by precipitation as sulphides with thioacetamide, by with chemical sample preparation directly in a graphite fur-
ion exchange on phenylazodiaminopyridine resin, and by nace[85].
conversion of the sulphate to free 50, by cation exchange The influence of some metal ions on the Rh signal is not
chromatography followed by removal of the acid by evapo- simple and hence a separation step, prior to its determina-
ration[33]. The fire assay method gave low and inconsistent tion, is necessary. The cellulose anion exchanger Cellex T

results. was effective for separating Rh for platinum group and other
The technique of fire assay (FA), known since medieval heavy metals, and the method was applied to pyritd@8E
times, is still important for the determination of noble met- Relatively little information has so far been reported on

als in geological and related materials. The method involves the determination of trace rhodium in biological materials.
fusing a sample and flux mixture at approximately 1000 ETAAS with a tungsten tube atomiser has been investigated
The resultant melt separates into two immiscible phases. Theunder optimum conditions, the standard addition method was
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Table 2
Determination of rhodium and other elements by FAAS
Elements Sample matrix Flame Methods Reference
Pd Aqueous solution Air—acetylene Extraction with CHC$; [39]
1-phenyltetrazoline-5-thione as a
reagent for group preconcentration of
the PGEs and Au
Pt Cobalt oxide catalyst Air—acetylene Reduction of samples in a stream of [40]
Hy and dissolved in aqua regia
Ru Single crystal of cluster compounds: Air—acetylene Buffering with Lay(SOy)3 or KHSOs [41]
decomposition by b0, or autoclave to eliminate interferences
methods
Pt, Pd In the presence of copper sulphate Air—acetylene By ion exchange chromatography [42]
and acetic acid
Pt, Pd Used and fresh alumina-supported Air—acetylene With La solution to eliminate [43]
and sieve catalysts chemical matrix interferences
Pt, Pd Complicated samples Air—acetylene FI on-line separation-preconcentrtion [44]
with VS-II type anion exchange
Pt, Ru Aqueous solutions Nitrous oxide—acetylene LéSOy)3 buffer for eliminating [45]
interferences
Ru; Ir Solutions of complex composition Air—acetylene Examination of buffer properties of [46]
Na, Cd, Cu, La (sulphates)
Ru, Ir Industrial sulphate solutions Air—acetylene Two variants of extraction using [47]
octylaniline hydrochloride
Pd, Au, Ag Sludge, wastes and sands Air—acetylene Without spectral buffer; [48]
decomposition of samples by
oxidative fusion with NaO, and
leaching the flux cake with 2M HCI
Pt, Pd, Au In the presence of one or all of the Air—acetylene Grid of the burner was improved, [49]
other noble metals electronic voltage regulator was used
to stabilize both the hollow cathode
lamp and the spectrophotometer
Pt, Pd, Au Ores after extraction from the base Propane-butane—air Simultaneously on a direct reading [50]
metals AAS, by using the non-absorbing Pt
line at 304.2nm
Pt, Pd, Au In a silver collector Air—C3H; flame for Pt; Sensitivities were: Pt, 150; Pd, 5; Rh, [51]
air—-GgHg for Au, Pd, Rh 2.5; Au, 5ug g ! sample
Pt, Pd, Au In small lead balls Air—acetylene Incomplete cupellation; La as [52]
spectral buffer
Pt, Pd, Au, Ag In non-ferrous alloys and in metallic Air—acetylene In pure solutions and also in the [53]
collectors presence of large amounts of Cu, Pb,
Zn and BSOy, HCl and HNQG
Pt, Pd, Au, Ag Rocks Air—acetylene Sample was dissolved in aqua regia, [54]
SiO, removed with HF,
coprecipitation by Te and Sngin
HCI
Pt, Pd, Au, Ag Geological materials Air—acetylene In Pb buttons from cupellation and [55]
extraction preconcentration with
di(o-tolyl)thiourea by BuOAc
Pt, Pd, Au, Ag Rocks and minerals Air—acetylene Aqua regia sample decomposition [56]
followed by Te coprecipitation
Pt, Pd, Ir In the presence of a 20-fold excess of  Air—acetylene By addition of Na, Cu (sulphates) as [57]
all other Pt metals spectroscopic buffer for eliminating
interelemental interferences; in the
ppm range
Pt, Pd, Ir Hexachloroplatinic, iridic and rhodic Air—acetylene Li, Na or Cu (sulphates) as [58]
acids spectroscopic buffers to overcome
matrix effects
Pt, Pd, Ir Alloys and tailings of metallurgical Air—acetylene Ag and Au were separated by [59]
production extraction with
tert-dodecylmercaptan andJ,
respectively
Pt, Pd, Ir These elements in the presence of Air—acetylene Sorption and solvent extraction were [60]

each other

used for preconcentration
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Elements Sample matrix Flame Methods Reference
Pt, Pd, Ir Slag, graphitised materials, ashes,  Air—acetylene Extraction into CHGJ with [61]
dusts from electrostatic precipitators 1,1-hexamethylene-3-phenylthiourea
and other lean metallurgical samples
Pt, Pd, Ir Rh in high purity Pt with a correction ~Air-acetylene Optimum conditions for the [62]
for non-specific absorbance of the Pt simultaneous determination without
matrix any initial separation
Pt, Pd, Ir, Au A wide range of platiniferous Air—acetylene Initial extraction of Au, a [63]
materials simultaneous extraction of Pt and Pd
as iodides, and a subsequent
simultaneous extraction and
preconcentration of Rh and Ir as their
2-mercaptobenzothiazole complexes
in MIBK
Pt, Pd, Ir, Au Various noble metal solutionsand a  Air—acetylene Isolation of Ir after simultaneous [64]
solid platiniferous sample extraction of Rh, Pt, Pd and Au as
their 2-mercaptobenzothiazole-SaCl
complexes into CHGI
Pt, Pd, Ir, Au, Ag Aqueous solutions Air—acetylene Study of interference effect caused  [65]
by aluminium
Pt, Pd, Ru, Ir Products of the processing of Air—acetylene - [66]
copper-nickel slimes
Pt, Pd, Ru, Au In the presence of base metals Air—acetylene V in HCIO4 medium is used as a [67,68]
releasing agent for the removal of
interferences
Pt, Pd, Ru, Au Cu-ore and Ni-ore concentrates and Air—acetylene After precipitation concentration on  [69]
synthetic mixtures copper sulphide
Pt, Pd, Ru, Ir, Au Matte-leach residues Air—acetylene Fusion with NaO in a Zr crucible at  [70]
a dull-red heat; the residue was
leached with an acid
Pt, Pd, Ru, Ir, Au Ore concentrates Air—acetylene By extraction from 2to 3M HClinto  [71]
0.5-1 M G_jpalkylanilines in MePh
Pt, Pd, Ru, Ir, Au Natural and industrial samples Air—acetylene Flame and graphite furnace after [72,73]
preconcentration by lead involving
incomplete cupellation
Pt, Pd, Ru, Ir, Au, Ag Aqueous solutions Air—acetylene Optimising the measuring conditions, [74]
such as @H; and air flow rates,
burner position, etc.
Pt, Pd, Ru, Ir, Au, Ag Natural materials Air—acetylene Two types of pulse atomizers are [75]
suggested:
microsound-flame-adaptor and
graphite red in air
Pt, Pd, Ru, Ir, Os Aqueous solutions Air—acetylene Comparison with the use of a [76]
tube-type C rod atomizer
Pt, Pd, Ru, Ir, Os Aqueous solutions Toluene-nitrous oxide Study of properties and the [77]
possibility of the use of this flame
Pt, Pd, Ru, Ir, Os Products of Ni and Cu slime Air—acetylene By using preconcentration by [78]
processing coprecipitation on a mixed collector
(Cu
sulphide-2-mercaptobenzothiazole)
Pt, Pd, Ru, Ir, Os, Au, Ag Ores, rocks, and tailings Air—acetylene By injecting microvolumes of [79]
solutions from preconcentration into
flame or flame-adapter atomisers
Pt, Pd, Ru, Ir, Os, Au, others Native silver Air—acetylene By separating the Ag as AgCl by [80]
double precipitation
Various elements Various materials Air—acetylene Design characteristics, sensitivity [81]
and various analytical factors using a
microprobe-flame-adapter atomiser
Many elements High-purity silver Air—acetylene After extractive separation of the [82]
matrix; CuSQ as buffer for
elimination of interferences
Many elements Highly purified gold Air—acetylene After matrix separation by extraction [83]

in CHCl3
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adapted for the determination of rhodium in biological sam- Advantages of direct introduction of sorbent suspensions into
ples, the recovery of spiked-rhodium was in the range of graphite furnace include faster analysis, elimination of possi-
97.4-107%[87]. In the similar way, a new concentration ble contamination during sample preparation, elimination of
method using Mg-W cell-electrodeposition has been devel- the loss of analytes associated with the formation of volatile
oped; the method was combined with ETAAS with a tungsten carbonyl chlorides during wet decomposition of polymeric
atomiser. Under optimal conditions, the detection limit was matrices, and enhancement of the analytical signalin compar-
13 ng miL. The method was applied for the determination of ison to the use of chloride solutions. In addition, microwave
Rhinriver and seawater; the recovery of rhodium spiked envi- heating improved the rate of Pdand RR* sorption by Poly-
ronmental samples was in the range of 95.6—-1(88h An orgs IV from 1 M HCI[95]. Rapid sample preparation for the
automatic on-line FI-GFAAS method for the determination atomic absorption finish involved introduction of concentrate
of trace amounts of Rh was used employing a chelating resinsuspensions stabilised by glycerol or polyethylenglycol into
microcolumn [1,5-bis(2-pyridyl)-3-sulphophenyl methylene the furnace. In other study, a microwave digestion procedure
thiocarbonohydrazide (PSTH)] immobilised on an anion- was evaluated for the determination of the Pt, Pd and Rh in
exchange resin (Dowex 1x8-200) placed in the autosamplersmall amounts of animal tissy@6]. Due to the lack of cer-
arm, for the separation and preconcentration from environ- tified biological standard reference materials for this metals,
mental samples; the detection limit is 0.3 ngH[89]. were performed inter-laboratory comparison using adsorp-

Research has been carried out on developing reliable anative cathodic stripping voltammetry after digestion of the
Iytical methods for accurate determination of rhodium and samples by high-pressure ashing for the determination of Pt
other noble metals; recent interest in the medical and indus-and Rh and total-reflection X-ray fluorescence analysis after
trial significance of these metals has been accompanied by arco-precipitation of Pd with mercury for the determination
increasing interest in their determination at low levels. Thus, of Pd, as reference methods. The combination of microwave
the use of AA with a HGA-72 graphite furnace for the deter- digestion and GFAAS is a very rapid and relatively cheap
mination of Rh, Pt, Pd and Au allows the decrease of their method for routine PGEs analysis in large numbers of ani-
detection limits by two orders compared with results obtained mal tissue samples with PGEs concentrations exceeding
by a flame atomizer. It also decreases the number and size ofthe upper ngg! range as occur in experimental studies
the samples needed for analysis; the method can be used tor in the medical sector after treatment with Pt-anti-cancer
analyse this metals in silver alloy30]. drugs.

The pyrolytic treatment of graphite tubes were investi- The main advantage of preconcentration procedures is
gated[91]. Enhancement factors of 1.9-3.4 were obtained the possibility of determining lower analyte concentrations
and sensitivities for Pt, Pd, Rh, Ru and Ir were 97, 23, 11.5, and avoiding matrix effects by effective separation of the
27 and 170 pg for 1% absorption, respectively. These sensi-analyte from interfering matrix components. In this respect
tivities were achieved at lower atomisation temperatures andflow systems, combined with liquid-liquid extraction, ion
the lifetime of the graphite tubes was extended. exchange, sorbent extraction and electrochemical deposition

The main goal of the fist stage of analysis, i.e. sample are of growing interest; a flow system combined with a seg-
preparation/decomposition, is the quantitative and, if possi- mentation technique was used to develop an efficient on-line
ble, rapid dissolution of the sample. This step determines sorbent extraction preconcentartion system for palladium,
largely the quality of the result and the duration of the com- platinum and rhodiurf97]. The investigated metals were pre-
plete analytical scheme. Special precautions for the purifi- concentrated as their bis(carboxylmethyl)dithiocarbamate
cation of reagents, especially fluxes, acids and vessels, ardCMDTC) chelates on a microcolumn packed with XAD-
required in order to reduce the blank values. 4 after the off-line addition of solid CMDTC of the sample

Trace quantities of the same metals were separated andolution containing SnGland HCI.
concentrated by fusion; nickel sulphide was used as the col- Two methods for determining trace and ultratrace amounts
lector, and the analyte were measured in the resulting acidof noble metals, except Os, in ores, concentrates, mattes
solution. The method, which is described in detall, is applica- and silicate and iron-formation rocks are appljed]. After
ble to the determination of these elementsin ores, tailings, andsample decomposition with HF and aqua regia, followed by
geological materialf92]. After pressure digestion at 17G fusion of any insoluble residue with M@, the noble met-
of rock samples with HF and agua regia, the noble metals Rh,als are separated from the matrix elements by either cation
Pt, Pd, Ir and Au are separated from the matrix with selec- exchange or coprecipitation with tellurium. The resulting elu-
tive adsorption on Sarafion NMRR ion-exchange resin. The ate, or the solution obtained after dissolution of the tellurium
metals are then determined in the thiourea el(@8¢ The precipitation, is evaporated to dryness and the metals are ulti-
reliability of the procedure was confirmed by analysis of rock mately determined in a 1 M HCI medium. The ion-exchange
standards and meteoric material. In other study, traces of themethod is recommended for the determinationgt ! lev-
same elements were determined in natural and synthetic samels of Au, Ag and PGEs, whilstthe Te co-precipitation method
ples by GFAAS after preconcentration on chelating sorbents is recommended for ngd levels of PGEs. Results obtained
[94]. Polyorgs IV and Polyorgs XIN were used for precon- by these methods for 15 international reference samples are
centration from aqueous and organic solutions, respectively.compared with other published data.
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Determination of rhodium and other elements by GFAAS
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Elements

Sample matrix

Methods

Reference

Pt
Pt

Pt

Pt

Pt, Pd
Pt, Pd
Pt, Pd

Pt, Pd
Pt, Pd

Pt, Pd

Ru, Ir

Pt, Pd, Au

Pt, Pd, Au

Pt, Pd, Ir

Pt, Pd, Ir

Pt, Pd, Ru

Pt, Pd, Ru

Pt, Pd, Ru, Ir

Pt, Pd, Ru, Ir

Pt, Pd, Ru, Ir

Pt, Pd, Ru, Ir

v-Alumina catalysts
Aqueous solutions

Metallurgical

Geological

Silver alloy

Silver and its alloys

18 U.S. geological survey reference materials

Aqueous solutions
Ores of CuS—NiS

Ceramic-supported catalyst

High-purity platinum

Silicates roks

Mn crust, natural water, geological and biological standards

Cu-Ni ores, chromite ore, molybdenite ore

Silicate rocks

Road dust

Environmental samples

In sulphate solutions

Pt ore reference material

PGEs dopants in silicon

Geological materials

By glow discharge atomisation
Solvent extraction wittV,N-di-n-
hexyl-N-benzoylthiourea/toluene
accelerated by the presence of tin(ll)
chloride

As 2-mercaptobenzothiazole
complexes by means of molten
naphthalene extraction

After their separation and enrichment
with VS-II type anion exchange fibber
Using a graphite boat and an
electrothermal atomizer

Develop of a program for automated
direct determination
Preconcentration by the classical
Pb-fire assay

Nickel sulphide fire assay
Preconcentration with the
Polyorgs-XXVII sorbent

Analytical parameters were optimised
for this type of samples; to simplify the
sample preparation procedure and to

prevent the possible losses of elements,

the treatment of the previously ground
sample with a mixture of mineral acids
is recommended
Extraction with isoamyl
alcohol-isobutyl methyl ketone
mixture
Extraction and enrichment by
coprecipitation with selenium and
tellurium

Upon extraction with Se via a
coprecipitation technique, elaborated
as a microtechnique
Sorption preconcentration as chlorides
on the chelating sorbent PVB-MP-20T

and analysis of suspensions of sorbents

Concentration into a Pb button and
cupellation

Complete microwave-assisted acid
digestion of the sample with
HNO3-HF-HCIO3/HCIO4 mixtures in

a high-pressure Teflon bomb; metals
deposited on the inner wall of a
graphite tube in a flow through cell of
1 ml volume; using a three-electrode
arrangement for the electrodeposition
By GFAAS and inductively coupled
plasma-optical emission spectrometry
Typical drying, ashing and atomisation
were 150, 1000-1400 and
2400-2650C

Determination of optimum conditions
measurements and mutual interference
limits

Sensitivities (x1011g, 1%
absorption): 28, 18, 5.8, 2.8, and 2.6
for Ir, Pt, Ru, Rh and Pd, respectively
D001-ML macroporous resin used to
separate metals as chloro complexes
from base metal ions in HCl medium

[109]
[110]

[111]

[112]
[113]
[114]
[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]
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Elements

Sample matrix

Methods Reference

Pt, Pd, Ru, Ir, Au

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os

Pt, Pd, Ru, Ir, Os, Au

Pt, Pd, Ru, Ir, Os, Au

Pt, Pd, Ru, Ir, Au, Ag

Pt, Pd, Ru, Ir, Au, Ag

Pt, Pd, Ru, Ir, Os, Au, Ag

Pt, Pd, Ru, Ir, Os, Au, Ag

Pt, Pd, Ru, Ir, Os, Au, Ag

Pd, Au, Ag, Cu

Ore and enriched tail

Aqueous solutions

Acid solutions

Technological solutions and solid products

10 Reference materials

Slurries of concentrates

Fire-assay and extraction with [130]
toluene containing alkylaniline
hydrochloride and petroleum

sulphide

With pyrolytic coating; detection [131]
limit (x10~11, g): Os 50, Ir 10, Pt 5,

Ru 3, Pdand Rh 1

In concentrations 1t to 1077 M [132]
were determined by extraction with
bis(2-ethylhexyl) dithiophosphate

from HCI, HoSOy0r H3P Oy solutions

of their mixtures

After sorption preconcentrationona [133]
thioether polymer

Effects of fusion charge composition [134]
using collection into a minimised

nickel sulphide button

Microwave dissolution of samples [135]
followed by dynamic sorption
preconcentration of the PGEs on a
polystyrene based sorbent containing
diethylenetriamine groups

Geological and environmental (solil, sludge, street-sweeping) samples With a variant of nickel sulphide {it86]

Environmental samples

Cu base standards

Copper-nickel sulphide ores

Aqueous solutions

Silicate rocks, ores and metallurgical samples

Aqueous solutions

Chromites and related materials

Refractory geological and process materials

Aqueous solutions

assay

High-speed self reversal with [137]
electrothermal atomisation in a

graphite tube furnace

Sorption on polyorgs XI-H [138]
(polyacrylonitrile fibbers loaded with

a chelating sorbent containing

heterocyclic amino groups); the

sorbent was dried and its suspension

in DMF or DMSO was analysed

Autoclave decomposition of sample; [139]
collective extractive preconcentration

of metals with a mixture of

alkylaniline hydrochloride and

petroleum sulphides

By carbon furnace; for 20l sample [140]
volume, sensitivities (x 1€, in

wg mi~1) with 1% absorption were:

Ir 38, Pt 23, Ru 19, Rh 5.8, Pd 4.5,

Au 0.89 and Ag 0.21

Attacking of the samples with HF [141]
and aqua regia, preconcentration by
ion-exchange chromatography and
measuring in a simultaneous

multi-element GFAAS with Zeeman
background correction

Using both common graphite tube [142]
and pyrolytic graphite tube:

comparative study

Use of a mixture of KBrg and KHR [143]
obtained in situ by adding liquid

BrF3 to a mixture of KHF, and

sample powder

Decomposition procedure based on  [144]
the oxidizing fluorination of samples

with subsequent sulphatisation
Preconcentration using a Mg—-W [145]
cell-electrodeposition; with a

tungsten atomiser
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Table 3 (Continued)
Elements Sample matrix Methods Reference

Ba, Cr, Fe, Mn, Mo, Pd, Sr Nuclear high- and medium-activity waste solutions Based on that analytical technique was [146]
devised and used for remote operation
under safe conditions; the graphite
furnace and the associated autosampler
are enclosed in a specially devised

glove box

19 Elements High-purity gold Solvent extraction into methyl ethyl [147]
ketone/chloroform

Various elements Natural waters and technological samples Analysis of concentrates on Polyorgs [148]

sorbents introduced into the furnace in
the form of a suspension

Amethod forthe separation of Au, Pd, Pt, Rh, Agand some RhCk2-, PtCk2—, and AuCk~ was obtained using tetrabuty-
important pathfinder elements (Se and Te) from geological lammonium bromide as ion-pair reagent in methaneloH
samples at trace levels is presenf@f]]. The elements are  system. Also, in order to develop a simple analytical proce-
separated from the matrix after dissolution by reductive co- dure for determining the content of Pd, Pt and Rh in samples
precipitation using mercury as a collector and tin(ll) chloride  of stream and lake sediment, the ability of a molecular recog-
as a reductant. nition ligand (Superlig 202) to extraction quantitative these

Optimum condition for the GFAAS of platinum-group  three elements from solutions loaded with different ions was
metals have been reported previoydl§0,101]. Instrumen-  assessef06].
tal conditions for the determination of Pt, Pd and Rh are  The majority of samples are solids, which are generally
described for two instruments02]. The effects of acid  converted to solutions, and introduced in that form into the
concentration on the signals of absorbance were found tographite tube; however, the direct analysis of solids is also
be instrument dependent. This instrument dependence ispossible, and two basic techniques have been employed:
discussed in terms of the geometries of the various tubess|urry sampling, in which a powdered material is suspended
employed in the furnaces. A comparison is made of voltage in a solution that is aspirated into the atom cell, and solid sam-
control and temperature control facilities for the atomisa- pling, in which a solid is directly inserted into the graphite
tion of the three metals. On the other hand, a curved mini- fyrnace; for example, hybrid sample preparation involved
platform was designed, which is made of totally pyrolytic treating the alloy with concentrated HCI on a graphite boat,
graphite[103], the effect of over 20 diverse elements on drying, transfer of the boat into the graphite furnace, matrix
determination of Rh and Pt are investigated by using this removal by volatilisation of PbGlat 800°C, decomposi-
technigque. Also, new tantalum carbide coated platforms havetjon at 1000-1600C, and atomisation at 260C [107]. The
been tested as atomisation surfafE34]. The aim was to  method was used for determining PGEs in Pb alloy buttons
investigate the behaviour of these platforms towards com- from fire assay of various materials (basalts, Cu—Ni sulphide
mon interferents, compared with those of standard pyrolytic gres). In relation with insoluble particles in the nuclear fuel
graphite platforms; the analytes studied were Rh, Sn andcycle waste, the solid sampling GFAAS was used to deter-
Se, the interfering cations were Cr, Fe, Na, Mg, Zn and Al. mine Rh, Mo, Ru and Pd in such wagi98]; the samples
In the last years, generally, the most robust commercially must be handled in glove boxes or in hot cells with a robot
available GFAAS instruments offer the possibilities for sta- py using the slurry technique.
bilised temperature platform furnace (STPF) conditions and  The details of studies by various workers are furnished in
Zeeman-effect background correction in connection with a Taple 3.
transversely heated graphite atomiser (THGA). GFAAS sys-
tems based on this concept provide higher and more homo-
geneous temperature conditions in the atom reservoir for the4. Conclusions
vaporization/atomisation of rhodium, and a less intensive
extent of interferences; also, these conditions imply some  PGEs, mainly released by vehicle exhaust catalyst, have
two orders of magnitude linearity of the calibration. been significantly accumulated in environmental matrices

As was aforementioned, the ultra-trace levels of PGEs in over the past decades. For this reason, investigations involv-
environmental samples requires pre-concentration of the anaing determinations of background and very low levels of
lytes and/or separation of the matrix for their detection by rhodium for the purpose of exploration, biological evalua-
GFAAS; in this way, a method for separation and determina- tion and monitoring of environmental impact have led to the
tion of Rh, Pt and Au by HPLC coupled with GFAAS was development of new analytical methods.
developed105]. The analytical conditions of reverse-phase As can be seen, in AAS, both flame and electrothermal
ion-pair HPLC are discussed and an excellent separation ofatomisation have been used extensively in many laboratories.
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Improvements in sample treatments and preconcentration [18] J.R. Deily, Atom. Absorp. Newslett. 6 (1967) 65.

steps in order to enhance recoveries of the rhodium, and to [19] K.J. Garska, Atom. Absorp. Newslett. 15 (1976) 38.

reduce contamination from chemicals and equipment, have [20] Rl' He*’;c?h’ G. Emrich, H. Dilcher, Zeitschrift fuer Chem. 29
assisted in the achievement of better results. Much of the (1989) 217.

. . . [21] N.I. Pakhomova, A.V. Kashcheeva, V.I. Ostroushko, Nefteper-
work has been carried out with an air—acetylene flame. To erabotka Neftekhimiya 4 (1988) 21.

overcome specific and non-specific interferences, a variety [22] F.R. Hartley, S.G. Murray, P.N. Nicholson, J. Organomet. Chem.
of releasing agents and buffers have been proposed. Sepa- 231 (1982) 369.
rations, particularly from PGEs, are widely used to reduce [23] T-I- Belikova, Deposited Doc. (VINITI 6343-82) (1982) 143.

. . . . 24] T. Wang, H. Zhai, X. Fang, Y. Zhang, S. Li, Guangpuxue Guangpu
interference problems. Although this approach is more time [24] Fenxi 79(1987) 50 9 9 9 9P

consuming, it has_the added advantage of effecting a precon- 25} r. kannipayoor, J.C. Van Loon, Spectrosc. Lett. 20 (1987) 871.
centration of rhodium. [26] G. Pannetier, P. Toffoli, Bull. Soc. Chim. Fr. 7 (1972) 2977.

In environmental samples, the low concentration of [27] T.V. Lanbina, I.G. Yudelevich, V.A. Poluboyarov, Seriya Khim.
rhodium together with the high concentration of interfer- Nauk. 5 (1974) 78. _ o .
. . . . [28] A.A. Vasilyeva, I.G. Yudelevich, L.M. Gindin, T.V. Lanbina, R.S.
Ing matrix components often requires a pre-concentratlon/

. ; . . ) . Shulman, I.L. Kotlarevsky, V.N. Andrievsky, Talanta 22 (1975) 745.
enrlch_ment step combined with a matrix separation for their [29] c. Pohlandt, M. Hegetschweiler, Rep.-Nat. Inst. Metall. 1940
detection by AAS.

(1978) 19 pp.
The last developments of the GFAAS, in general, but that [30] K. Brajter, K. Slonawska, Z. Vorbrodt, Chem. Anal. 24 (1979) 763.

also affect to the determination of rhodium, include the use of [31] S-J. Al-Bazi, A. Chow, Talanta 31 (1984) 815.

latf be atomisation t tomisati [32] I.A. Kovalev, L.V. Bogacheva, G.I. Tsysin, A.A. Formanovsky, Y.A.
platform or probe atomisation to ensure atomisation occurs Molotov, Talanta 52 (2000) 39.
under isothermal conditions, integrated absorbance, pyrolyti- [33] k. Dixon, D.J. Nicolas, R.V.D. Robert, E. Van Wyk, Rep.-Nat. Inst.
cally coated graphite tubes, an autosampler, fast heatingrates ~ Metall. 1739 (1975) 26 pp.
during the atomisation step, fast electronics, and modern [34] R.V.D. Robert, E. Van Wyk, Rep.-Nat. Inst. Metall. 1705 (1975) 9
methods of background correction; the ease of use and ana- PP.

. . . [35] G.E.M. Hall, J.C. Pelchat, Chem. Geol. 115 (1994) 61.
lytical performance of GFAAS were significantly improved (36] E. Van Wyk, Rep.-Nat. Inst. Metall. 2068 (1980) 8 pp.

by modern furnace technology. In the last years, fast fur- [37] 3.G. Sen Gupta, Miner. Sci. Eng. 5 (1973) 207.

nace programs and multielemental GFAAS were major foci [38] A.A. Pupyshev, I.G. Evdokimova, J. Appl. Spectrosc. 65 (1998)

to increase the sample throughput of the technique. Because 10. _

the GFAAS method is relatively inexpensive and easy to oper- [39] A-V. Radushev, G. Ackermann, Zh. Anal. Khim. 32 (1977) 1287.
. . L . . . [40] B. Rbzanska, Analyst 120 (1995) 407.

ate it has found wide application for rhodium determination

. . . . [41] K. Smolander, |. Mustonen, J. Pursiainen, T. Saari, T. Venalainen,
including analysis of rocks, ores, alloys and waste solutions. T.A. Pakkanen, Fresen. Zh. Anal. Chem. 329 (1987) 27.

[42] Y.M. Ham, Y.G. Lee, S.K. Yoo, J.H. Chung, J.C. Hyun, S.K. Lee,
Y.J. Yoo, Yongu Pogo-Kungnip Kongop Sihomwon 37 (1987) 41.

[43] M. Merdivan, R.S. Aygun, N. Kulcu, Atom. Spectrosc. 18 (1997)
122.

[44] J. Qi, C. Bao, G. Jiang, M. Zou, H. Xu, N. Lu, X. Wang, Jilin
Daxue Xuebao, Lixueban 40 (2002) 408.

[45] H. Urbain, M. Cattenot, Analusis 7 (1979) 196.

[46] D.F. Makarov, Y.N. Kukushkin, T.A. Eroshevich, Zh. Anal. Khim.
29 (1974) 2128.

[47] V.V. Belova, A.A. Vasil'eva, N.V. Androsova, Seriya Khim. Nauk.
1 (1983) 89.

[48] A.S. Khalonin, E.G. Novakovskaya, L.B. Kalinina, V.R. Brosse,
Zav. Labor. 48 (1982) 35.
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