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Abstract

Anthropogenic emission of platinum group elements (PGEs) from the abrasion of automotive catalytic converters into the environment has
significantly increased. Dust emitted from the catalyst is causing pollution problems of these metals in the future. However, the concentration
level of these PGEs is still very low in the nature. The choice of which determination method to use depends on the levels of rhodium, the
nature of the sample matrix and the availability of the instrument. In recent years, the development of analytical methods for the determination
of rhodium has increased. This review reports the developments in UV–vis absorption spectrometry applied to the determination of rhodium.
©

K

1

r
t
c

f an-
ty. Pt
ow,

or-
hys-
ely

0
d

2005 Elsevier B.V. All rights reserved.

eywords:Rhodium determination; UV–vis absorption spectrometry; Catalytic and kinetic spectrophotometric; Review

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2. Spectrophotometric methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3. Kinetic catalytic spectrophotometric methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
4. Extraction and spectrophotometric methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
5. Simultaneous determination of rhodium and other elements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

5.1. Derivative spectrophotometric methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
5.2. Other methods of simultaneous determination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

6. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

. Introduction

Efforts were carry out to assess their impact on the envi-
onment with respect to the emission of noble metals. During
he first years of automobile catalyst impact research, the fo-
us lay on platinum as the main component of Pt/Rh catalyst.

Consequently, much effort invested in the development o
alytical methods possessing sufficient detection capaci
levels of a variety of environmental matrices already kn
however, corresponding Rh data are mostly missing.

Rhodium is present at about 0.001�g ml−1 in the
earths crust. Rh metal is known for its stability in c
rosive environments, physical beauty and unique p
ical and chemical properties. Rhodium is now wid
∗ Corresponding author. Tel.: +34 952131925; fax: +34 952132000.
E-mail address:fsanchezr@uma.es (F.S. Rojas).

used in combination with platinum, in addition to or in-
stead of palladium for automobile-exhaust emission con-

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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trol catalyst. The platinum–rhodium ratio used about
11:1.

All platinum group element (PGE) species in solutions
are highly co-ordinated and complex. The inertness of many
complexes means that any ligand substitution requires strong
conditions such as heating, high reagent concentration and
long reaction times. The complexity of the chemical proper-
ties of the PGE and the kinetics of their reactions in solutions
pose serious problems, especially for separations and pre-
concentration by liquid chromatography and their determi-
nation by spectrophotometric methods. A standard solution
containing the PGE in definite oxidation states and chemi-
cal form is required for calibration of the analytical method
used.

The use of spectrophotometric methods in rhodium anal-
ysis is limited due to low sensitivity. However, many new
highly specific and selective organic reagents are being syn-
thesised and various highly sensitive methods developed, in-
creasing the applicability of these procedures.

This review summarises and discusses the analytical
methods described in the literature, based on spectropho-
tometric techniques, for the determination of rhodium. The
analytical methods for the determination of Rh fall into
four main categories: (1) spectrophotometric methods; (2)
kinetic catalytic spectrophotometric methods; (3) extraction
spectrophotometric methods and (4) simultaneous deter-
m tive
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thesis of organic ligands possessing extensively delocalized
�-electron system along with appropriately placed ligating
sites.

The mixed ligand systems make use of coloured com-
plexes, charged or neutral, consisting of metal ion and two
different ligands, one of these ligands is anionic and the other
can be anionic or neutral[68].

The surfactant-sensitized systems are based on the ability
of certain surfactants to sensitize the binary complexes of the
metal ion with chromogenic ligands. The ligands, most often,
are metallochromic indicators and for sensitization, cationic
surfactants are used[69].

Basic non-chelating dyes enjoy high popularity in spec-
trophotometric analysis due to a high molecular extinction
coefficient (≈1× 105 l mol−1 cm−1). They are able to form
extractable ion-pairs with monovalent or bivalent anionic
complexes of metals leading to a variety of sensitive meth-
ods. Polivalent anionic metal complexes also react with basic
dyes but polar solvents cannot extract the reaction products.
Instead, the compounds formed accumulate during shaking
on the phase boundary or on the wall of the separating
funnel. The precipitate separate off and dissolved in a
polar solvent, producing an intensily coloured solution that
forms the basis of a flotation-spectrophotometric method of
determination[70]. Marczenko and Kowalczyk describe two
methods with malachite green[71]. The anionic Rh complex
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ination of rhodium and other elements: (4.1) deriva
pectrophotometric methods and (4.2) other method
imultaneous determination.

. Spectrophotometric methods

The application of UV–vis absorption spectrometry
he determination of precious metals is still popula
any laboratories, especially in developing countries.

echnique provides easy determination of many metals
ow to high concentrations at affordable cost. Many
rganic reagents have been synthesized and various
ensitive methods developed with molar absorptivitie
05–106 or even higher. In studies for establishing n
ethods, much attention paid to sensitivity. However, sp

city and selectivity are also very important. Develop
ore methods with good selectivity will be beneficial
pplications. Since in 1950s, numerous analytical met
roposed for the determination of rhodium. Analytical d

or the methods not described in the text find inTable 1.
Most spectrophotometric determinations are based o

ormation of coloured compounds or complexes by thei
ction with unidentade or chelating ligands. These met
re usually not sufficiently sensitive, excepting for those
olving charge transfer transition, as the sensitivity, in g
ral, controlled by the extent of�-conjugation present

he ligand. Selectivity, most often, is achieved either by
roper choice of a reagent or by the use of masking ag
he sensitivity and selectivity can improve through the s
ith SnCl2 yields an ion associated with malachite gre
n shaking the solution (in 6.5 M HCl) with benzene,
paringly solution ion associated (Rh:malachite green =
recipitate at the phase boundary. The precipitate diss

n a mixture of Me2CO and H2O (3 + 1). The mola
bsorptivity is 1.44× 105 l mol−1 cm−1 at 627 nm. Whe

est solutions (0.65 M HCl) are shaken with diisopro
ther, an ion associated of a different composition is for
Rh:malachite green = 1:5) and the molar absorptivit
.4× 105 l mol−1 cm−1. Pt, Pd and Ir interfere except
mall amounts.

Ion-association systems, in a more general way, c
e said to result from the interaction of charged bin
omplexes with oppositely charged ions. When a ne

igand, e.g. a nitrogenous base, is used, the primary com
roduced is cation, possessing the same charge as t
etal. Such complexes were made to associate with an
yes like eosin, rose Bengal, etc. to form ion-associates
re extractable into organic solvents. When charged lig
.g. halides, thiocyanate or carboxylic acids, are used
rimary complex produced is anionic which can be ass
ted with onium compounds like tetraphenylarsonium
hosphonium chlorides or cationic dyes. When the prim
omplex formed is anionic and coloured, they can be m
o ion-associate with oppositely charged dye molecules
articular advantage of such colour systems containing
olecules over the onium salts is the increased sens
rising from the high molar absorptivity of the dyes, wh
sually lie in the range 6.0× 104 to 1.25× 105 l mol−1 cm−1.
he selectivity is also improved due to the inability of m
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Table 1
Spectrophotometric method: analytical data

Reagents Remarks Sample Reference

λ (nm) Range or DL (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

2-Mercapto-4,5-dimethylthiazole – – – [1]
In HCl –

Sodium hypochlorite 665 5–20 – [2]
4.7–7.2 –

Tin-(II) bromide 427 0.4–4 – [3]
In HBr –

Tin-(II) chloride 520 – U-Rh alloys [4]
In HCl –

Thiomalic acid 340 0.055 Synthetic samples [5]
– –

NaBiO3 550–570 20–60 Pt + 10% Rh alloy [6]
In acidic medium –

N,N’bis(3-dimethylaminopropyl)
dithio.ovrddot.oxamide

420 – – [7]

In HCl –

Symdiphenylcarbazone 565 0.1–2.1 – [8]
3.0 6.17× 104

5-Amino-2-benzimidazolethiol 390 0.5–4.0 – [9]
2–5 –

Stannous iodide 460 0.4–3 – [10]
In HCl –

Hypobromite 530 10–60 - [11]
11.2–11.3 –

Azide 405/480 2–40 – [12]
5–8 –

Diphenylselenium oxide 512 – – [13]
– –

1-(2-Pyridylazo)-2-naphtol – 25–150a In presence of Pt, Au, Ag [14]
– –

Xylenol orange 528 – – [15]
2.7–3.3 –

Hydrochloric acid 255 5× 10−6–10−2b – [16]
In HCl 2× 104

Nitroso R 490 2.06–10.4 – [17]
5.5 1.312× 104

Allthiox (8-alkylthioquinoline) 400 0.08–1 – [18]
In H2SO4 7× 103

1,2,4-Triazoline-3-thione 302 1.5–13a – [19]
In HCl (3.2± 0.1)× 104

4-Amino-5,7-disulfo-2,1,3-
benzothiadiazole

550 – In presence of Ir [20]

– –

5-Sulfoallthiox (allyl ester of 5-
sulfo-8-mercaptoquinoline)

430 0.04–0.8 Pt-base alloys [21]

In HNO3 7.4× 103

8-Allylthioquinoline 400 – Niobates and titanates [22]
– –

EDTA 360 0–150 – [23]
4–5 6.02× 102
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Table 1 (Continued)

Reagents Remarks Sample Reference

λ (nm) Range or DL (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

Cyclohexanediaminetetraacetic
acid (CDTA)

356 0–150 – [23]

4–5 8.30× 102

Unithiol 315 20–200a – [24]
– –

1-Nitroso-2-naphtol-3,6-disulfonic
acid (nitroso-R salt)

450 – – [25]

4.0 0.043d

1,2-Dihydroxyanthraquinone-3-
sulfonate (Alizarine Red S)

510 – – [25]

4.0 0.011d

Chromazurol S, NaNO3,
cetylpyridinium bromide

650 – Pt-base Rh alloys [26]

HAc/Ac− –

Di-2-pyridylglyoxal-2-
quinolylhydrazone

– 0.0-9.2 In the presence of Pt-group
metals

[27]

3.0–5.5 –
– –

Bis(2-pyridyl)methanone 2-
pyrimidylhydrazone

470 0–10.30 - [28]

1.5–3.5 1.64× 104

2-Thiobarbituric acid 327 – – [29]
– 1.04× 104

Thiocyanate and Rhodamine
6G in gelatine

565 – 10% Rh–Pt and Pt thermocou-
ple wires

[30]

– 1.3× 105

Pyrocatechol 350/440 2–28 Sulphate electrolytes and
wash waters of galvanic shops

[31]

3–6 –

Butaperazine dimaleinate,
CuSO4, ascorbic acid

465 0.2–28 – [32]

NaAc–HCl 2.44× 103, 0.042d

3-Hydroxi-3-[p-(dimethylamino)
phenyl]-1-phenyltriazene

490 5.0× 10−6–5.0× 10−5b – [33]

7.5 2.0× 104, 0.0051d

Propionyl promazine phosphate,
Cu(II), ascorbic acid

470 0.1–18 Thermocouple wires and syn-
thetic mixtures containing Pd,
Ru, Os, U or Ir

[34]

1.0–3.0 5.68× 103, 1.8× 10−3d

Propericiazine, Cu(II),
ascorbic acid

460 0.1–32 Synthetic mixtures, such as the
U–Rh alloy used in breeding
reactors and the Rh–Ir fraction
separated from Pt-group metal

[35]

1.5–3.5 3.67× 103, 0.028d

NH2OH·HCl 512 – High-rhodium platinum alloys [36]
In HCl –

Salicylfluorone and cetyltri-
methylammonium bromide

595 0–0.4 Rh-active carbon and
Rh-zirconia catalyst

[37]

5.5–6.8 1.1× 105

2-(5-Bromo-2-pyridylazo)-5-
(diethylamino)phenol

Dual-wavelength 597
and the reference 545

0–1 Electrolytic solutions of
Rh–Pt alloys

[38]

– –
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Table 1 (Continued)

Reagents Remarks Sample Reference

λ (nm) Range or DL (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

Stannous chloride and Rhodamine B 570–575 0.04–0.4 Rh-activated carbon catalysts [39]
In HCl 1.46× 105

2-(5-Bromo-2-pyridylazo)-5-(N-propyl-N-
sulfopropylamino)phenol

557 and 600 – – [40]

4.0–9.2 1.09× 105 at 600 nm

4,4′-Bis(diethylamino)thiobenzophenone,
Triton X-100, ascorbic acid

512 0–1.4 – [41]

– 8.8× 104

Pyrazolone-(4-azo-2)-1-naphthol-4-sulfonic
acid

– – In chloride and perchlorate so-
lutions, and C fibers and elec-
troplating wash waters

[42]

– –

2-(5-Bromo-2-pyridylazo)-5-
diethylaminophenol

590 0–1.4 – [43]

5.0–7.0 9.0× 104

SnCl2-malachite green 621 4–100c Ore samples [44]
– 2.5× 104

�,�,�,�-Tetrakis(2-chlorophenyl)porphine 417 0–0.03 In Pt–Rh alloy after
extraction separation with
tributyl phosphate-CCl4

[45]

3 5.3× 106

Salicylaldehyde thiosemicarbazone – 0.45–4.2 In different alloys and
catalysts

[46]

In KOH –

�,�,�,�-Tetrakis(4-sulfophenyl)porphine,
Cd(I)

417 0–0.25 Catalysts [47]

8.0–10.0 5.9× 105

�,�,�,�-Tetrakis(4-
trimethylammoniumphenyl)porphine

417 0–0.24 Catalysts [48]

9.0 5.17× 105

Rhodamine 6G in the presence of SnCl2 and
gelatine

558 0–0.48 – [49]

– 1.52× 105

2-[2-(5-Bromothiazolyl)azo]-5-
dimethylaminobenzoic acid

674 0–0.48 Catalysts [50]

– –

2-(5-Bromo-2-pyridylazo)-5-
dimethylaminoaniline

610 0–0.56 Catalysts [51]

2.8–6.1 1.5× 105

Meso-tetrakis(4-acetoxyphenyl)porphyrin,
Cd(II), sodium dodecyl sulphate and Triton
X-100

420 0–0.12 Catalysts [52]

9.5–10.5 8.78× 105

2-[2-(3,5-Dibromopyridyl)azo]-5-
dimethylaminobenzoic acid

– 0–0.4 Catalysts [53]

5.0–7.0 1.29× 105

2-(2-Benzothiazolylazo)-5-
diethylaminobenzoic acid

682 0–0.64 Catalysts [54]

4.3–5.5 1.0× 105

2-(2-Thiazolylazo)-5-diethylaminobenzoic
acid

674 0–0.08 Catalysts [55]

4.0–6.5 1.44× 105
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Table 1 (Continued)

Reagents Remarks Sample Reference

λ (nm) Range or DL (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

2-(3,5-Dichloro-2-pyridylazo)-5-
dimethylaminoaniline

614 0–0.72 Catalysts [56]

4.0–5.2 1.40× 105

4-(2-Thiazoylazo)-2,4-diaminotoluene 590 0–0.5 Synthetic solution [57]
3.7–4.9 1.1× 105

5-(5-Nitro-2-pyridylazo)-2,4-
diaminotoluene

583 0–0.64 Two types of catalysts [58]

4.1–6.5 1.7× 105

2,6,7-Trihydroxy-9-(3,5-dibromo-4-
hydroxy) phenylfluorone and
cetyltrimethylammonium bromide

610 0–0.5 Secondary alloy [59]

5.8–6.7 1.29× 105

Molybdate and nile blue 595 0–0.4 In some precious metal
samples

[60]

– 1.8× 105

2-(2-Thiazolyazo)-p-cresol in the presence
of cationic surfactant

680 0.12–8 Catalysts [61]

5.0 1.25× 104

2-(3,4-Dichloro-2-pyridylazo)-5-
dimethylaminophenol

596 0–0.8 Catalysts [62]

5.0–6.4 8.7× 104

2-(4-Antipyrinylazo)-5-diethylaminobenzoic
acid

540 0–2 Catalyst [63]

In HAc 3.20× 104

Tungstate and rhodamine B in the presence of
polyvinyl alcohol (PVA)

570 0–2 Real samples [64]

– >107

5-Bromo-(2-thiazolylazo)-5-
diethylaminobenzoic acid in the presence
of �-CD and cation surfactant CPB

687 0–0.6 Catalysts [65]

4.75 1.14× 105

1,2,3-Cyclohexanetrionedioxime 470 0.2–12.4 – [66]
5 –

Phenanthrenequinone monosemicarbazone – – – [67]
– –

DL, detection limit.
a �g.
b M.
c ng ml−1.
d Sandell sensitivity in�g cm−2.

other ions to react with two ligands to form an ion-association
complex of the same nature as the desired ion[30,49,72].

Various�-substituted dioximes as dimethylglyoxime,�-
benzyldioxime and furyldioxime were previously used for
preparative purposes as well as for the spectrophotomet-
ric determination of Rh(III)[73–76]. The composition of
rhodium(III) complexes with�-substituted alicyclic oximes
were determined by the continuous variation method[77].
In this work, the electronic spectra of these compounds
recorded and discussed. Sonic derivatives proposed for
the spectrophotometric determination of rhodium. How-

ever, the alicyclic�-substituted dioximes, such as 1,2,3-
cyclohexanetrionedioxime were less used in the analytical
chemistry of Rh(III) than the other platinic metals, Rh(III)
reacts with 1,2,3-cyclohexanetrionedioxime at high temper-
ature to form yellow complex compound. This chelate was
proposed for spectrophotometric determination of Rh(III)
[66].

Shanina et al. develop a method for Rh determination in
complexes with organic ligands and in organometallic com-
pounds[78]. The sample decomposed by heating with H2SO4
containing HNO3 or 57% HClO4. The mineralization prod-
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ucts were converted into the form for analysis by double
boiling with HCl. Rh was then determined spectrophotomet-
rically as a complex with 5-sulfoallthiox (λmax= 430 nm) or
as a complex with SnCl2 and KI (λmax= 460 nm).

For the determination of rhodium in hydro-formulation
products, two methods examined: (1) spectrophotometry
with SnCl2 and (2) atomic absorption spectrometry with
C2H2 air flame. The relative error was≤5% for determin-
ing 0.02–8 wt.% Rh by method (1). However, the method is
slow (analysis time = 4.5 h). The relative error was 2.5–8%
for determining 50–200�g ml−1 of Rh by method (2), which
was much faster (approximately = 20 min)[79].

In other method, bipyridyl and phenanthroline complexes
of Rh(III) were converted quantitatively into a form suitable
for spectrophotometric determination of Rh with SnCl2. The
compounds tested subjected to thermal decomposition in air
and the products of the pyrolysis fused with K2S2O7. The
fuse then dissolved in aqueous HCl and Rh determined spec-
trophotometrically by SnCl2 method at 470 nm[80].

Several traditional methods recommended for the determi-
nation of precious metals in some specific objects. A method
for quantitative determination of small quantities of Rh(III)-
ions has been developed by Topalov et al.[81]. It based on
the 470 nm peak absorbance of the complex formed between
RhCl3 and SnCl2. The method has been used for monitoring
the Rh(III) concentration change in photochemically treated
s h in
s
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one, Rh reacts with 5-Br-TADEB to form a 1:2 sta
lue complex exhibiting an absorption maximum at 632
hich is well-matched to the wavelength of the laser b
sed (λ= 632.8 nm). The detection limit and linear ran
re 0.004�g ml−1 and 0.01–0.08�g ml−1, respectively. Th
ethod also applied to determine Rh in catalyst samples

atisfactory results.
New gravimetric, oxidimetric and spectroph

ometric methods for the determination of Rh
Rh(Rod)2Cl2][Cr(NCS)4(amine)2] were developed b
anescu et al.[88]. The association complex involved

hese methods has a well-determined composition, a
ood thermal stability and is soluble in organic solve
hese methods applied for the determination of Rh
res, alloys and catalyst in the presence of the other

ransitional metal ions. In addition, the experimental res
tatistically evaluated.

Balcerzak presents a review, with 57 references, whic
cribe the analysis of platinum-group metal using tin chlo
89]. Platinum metals, in hydrochloric acid medium, re
ith SnCl2 by forming anionic complexes containing SnC3

−
r SnCl3− and Cl− ligands. The complex anions are more
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bile compared to simple chloride complexes. They are suited
for methods of separation and spectrophotometric determi-
nation of platinum metals.

3. Kinetic catalytic spectrophotometric methods

Kinetic catalytic methods are proved to be an attractive
analytical tool combining high sensitivity and simplicity of
metal determinations. An important component of further
development of kinetic methods is due to searching for ad-
vanced approaches for selection of suitable reactions to be
used for the determination of a specific metal ion. Amongst
the possible types of catalytic reactions, the widest use re-
ceived redox reactions. Prediction of the behavior of redox
catalytic systems can take place along two main directions.
Whereas a more traditional approach deals with evaluating
the redox potentials for reactants, an alternative way is based
on the investigation of their chemical forms in reaction mix-
ture. The reaction ability of a metal ion and, in particular,
its catalytic activity is largely dependent on the forms in
which the metal exists in solution. Therefore, distinguish-
ing a species of the metal ion, which displays the catalytic
effect, may provide a better insight into the mechanism of
the catalityc reaction. Given that such a metal species is de-
fined, both the choice of conditions for kinetic determination,
s uld
b

p ined
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a dure
o le
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c ws
t s the
a
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I on
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a acti-
v ard
r

tion
o d

method is based on the catalytic action of Rh(III) on the ox-
idation of�-naphtholphthalein with KIO4.

Other procedures summarized inTable 2.
Since the precious metals are excellent catalysts, many

workers have long investigated catalytic kinetic methods
of these metals. The indicator reactions in these methods
were usually monitored by photometry. These methods are
very sensitive, many of them giving detection limits of
0.01–0.1 ng ml−1. However, they usually suffer severely from
interferences from many other ions and often require strict
control of the experimental conditions and complete remove
of interferences. A review relating to the application of ki-
netic methods for the determination of platinum group met-
als for rapid monitoring of technological processes has been
published[110].

Diverse kinetic determinations based in the catalytic ac-
tion of rhodium described in the literature. First applications
of the kinetic methods to the determination of rhodium ap-
pear in the bibliography in 1970[111,112]and 1975[113], in
which the conditions for the kinetic determination of rhodium
after separation of its sulphate complex by thin-layer chro-
matography are given. Some of the reactions that they have
served as base for this type of determinations are collected
below:

• Oxidation of methyl red with periodate[114,115]. In the
anal-
ials.

• er-
n in
etals
tion
or
.

• ith
of its
e of
nts
etic

• ce of
by

talyst

• by

• by

• ised
c
n of

• ile
electivity control and enhancement of the sensitivity wo
ecome greatly facilitated.

Rh catalyses the oxidation of Cu(II)–Cu(III) by IO4
− at

H 8.5–9.5. The extent of the reaction can be determ
rom the absorbance at 413 nm[90]. The determination o
h based on this effect. Pt, Pd, Ir and Au do not interfere
Davydova et al. describe a highly sensitive p

oncentration method for the determination of ultram
mounts of PGEs in rocks by using a combined proce
f fire assay into Ni2S3 followed by adsorption of the nob
etals on the chelate sorbent PVB-MP-20T and coprec

ion with thiourea[91]. This pre-concentration procedure
ombination with catalytic methods of determination allo
he determination of PGEs and at the same time shorten
nalysis time.

The iodine-azide reaction is induced by 2-mercaptopu
r(IV) eliminates the induction effect by complex-formati
hrough the S atom. Ir can thus be determinate
.01–0.4�g ml−1. In contrast, complex formation betwe
h(III) and 2-mercaptopurine yields a product which indu

he reaction in proportion to the Rh concentration. This e
ermits Rh determination at 0.2–10�g ml−1 with ±3% error

92].
Zhitenko et al. propose a method based on its cata

ction on oxidation of methyl orange by sodium perioda
weakly acidic solution in the presence of phosphate as

ator[93]. The method used for determining Rh in stand
eferences and technological samples.

Cai et al. recommend a new method for the determina
f rhodium by flow injection analysis[94]. The propose
first reference, the method accuracy checked by the
ysis of model solutions and standard reference mater
Cu(II) was catalitically oxidised by periodate in copp
and nickel-based samples without rhodium separatio
the presence of excess noble and accompanying m
and after copper–nickel matrix separation by precipita
of hydroxo carbonates[116]. The method was used f
analysis of electrolytic and ore beneficiation samples
Accelerating effect of the Rh on the reaction of Ce(IV) w
hydrogen peroxide, whereas platinum, on the basis
inhibitory effect on the same reaction in the presenc
rhodium[117]. Rh/Pt mixtures containing these eleme
in ratios from 1:1.9 to 1:7.5 were analysed in one kin
run.
Based on monitoring the decrease in the absorban
rhodamine B at 555 nm associated with its oxidation
potassium periodate in the presence of Rh as a ca
[118].
Catalytic effect on the oxidation of butylrhodamine B
KIO4 [119].
Catalytic effect on the oxidation of ethylrhodamine B
KIO4 on heating in NaCl and H3PO4 solution with the
result of decolouration[120].
In the presence of rhodium, arsenazo III can be oxid
by KIO4 in HAc–NaAc medium[121]. The new catalyti
kinetic method based on the decolourization reactio
arsenazo III.
Rh(III) had catalytic action on the decolouration of n
blue oxidised with KIO4 under heating in H3PO4 solution
in the presence of NaCl[122].
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Table 2
Catalytic spectrophotometric methods: analytical data

Reagents Remarks Sample Reference

λ (nm) Range (�g ml−1)
pH Detection limit (�g ml−1)

Rhodamine B–hydrogen peroxide – 0–0.6 Catalysts, rhodium
electroplating solutions

[95]

4.5–5.0 6.71× 10−4

Decolouration reaction of thorin and
KIO4

490 (0.12–4.5)× 10−3 Synthetic and catalyst
samples

[96]

3.9 0.06× 10−3

Sulfarsazene oxidation with KIO4 – 10−5–10−3 In model solutions using
the added-founded
method

[97]

3.6 –

Oxidative decolouration of 2-(4-chloro-
2-phosphonophenyl)azo-7-(2,4,6-
trichlorophenyl)azo-1,8-dihydroxy-
3,6-naphthalenedisulfonic acid by
KBrO3

550 (1–50)× 10−3 Platinum-rhodium
catalyst

[98]

Acid medium 1.08× 106a

Oxidation of methyl orange or sul-
farsazene with NaIO4 in a continuous-
flow system

– 10−3–10−2 and 0.5× 10−3-10−2,
respectively

State standard reference
samples

[99]

– –

Oxidative decolouration of arsenazo-
DCB by KBrO3

520 0.02–0.20 Pt–Rh catalyst [100]

H2SO4 –

Oxidation ofN-methyldiphenylamine-4-
sulfonic acid by KIO4 with photometric
signal control

– 5.0× 10−3–4.8× 10−2 In complex materials:
artificial mixtures of
various components and
an industrial sample of a
platinum concentrate

[101,102]

2.5–3.5 –

Decolouration of chlorophosphonazo-PN
oxidized with KIO4

540 0.002–0.008 Pt–Rh catalyst [103]

Acid medium 0.001

Oxidation of nile blue by periodate 630 (10–850)× 10−3 Synthetic and real
samples

[104]

9.0 8× 10−3

Oxidation of basic dyes (ethylrhodamine
B, butylrhodamine B, nile blue) with
KIO4 in NaCl

– 0.08–0.16, 0–0.18, 0–0.24 – [105]

H3PO4 solution 2.24× 10−4, 2.84× 10−4,
3.80× 10−4

Oxidative fading of chlorophosphonazo-
pA with KBrO3

– (5–30)× 10−3 Pt–Rh catalyst [106]

Acidic medium 5× 10−3

Oxidative colour reaction of diantipyryl-
(p-dimethylamino)-phenylmethane
with KIO4

– 0-80× 10−3 Catalysts [107]

H3PO4 medium 6.20× 10−4

Oxidative fading reaction betweenp-
acetylcarboxylazo and KIO4

550 (5–100)× 10−3 Pt–Rh catalyst [108]

Acid medium 6.2× 105a

Oxidation of triphenylamine-4-sulfonic
acid by NaIO4

– – Synthetic mixtures [109]

3 –
a Molar absorptivity.
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• Based on the catalytic effect of Rh on the oxidative colour
reaction of diantipyryl (p-diethylamino) phenylmethane
with KIO4 in the H3PO4 medium and 90◦C water bath
[123].

• Based on the catalytic effect of Rh on the ox-
idative colour reaction of diantipyryl-3,4-(dibromo)-
phenylmethane with KBrO3 in phosphoric acid medium
in boiling water bath[124].

• Oxidation of o-toluidine blue by periodate in micellar
media. The reaction monitored spectrophotometrically by
measuring the decrease in absorbance ofo-toluidine blue
at 628 nm with a fixed-time method[125].

• Based on catalytic oxidation of malachite green with
sodium periodate and monitoring at 617 nm during 3 min
with the fixed time method[126].

• Catalytic action on the oxidative fading reaction between
acridine red and potassium periodate in sodium tetraborate
medium[127].

• Catalytic oxidation of methyl orange or sulfarsazene with
NaIO4 in the continuous-flow mode[128].

4. Extraction and spectrophotometric methods

Knowledge of oxidation states and ligands, as well as of
the speciation of rhodium with other compounds, is essen-
t , the
s s by
s the
r
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t ars.
T rces
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O ia is
t ng
l e in

pH at which various metal form anionic complexes. The com-
parative ease of stripping of the complexes from the organic
phase can be achieved by fully exploiting the differences in
reactivity of various metals to backwash in the aqueous phase
by mineral acid. It known that organic acid media offer better
separation of metals possibly due to high stability of metal
organic acid complexes. In hydrochloric acid solutions with
higher acidity, rhodium exists in the form of RhCl6

3−. Car-
rying three negative charges, it closely surrounded by water
molecules and very difficultly extracted by organic solvents.
Hence, research reports on the extraction of rhodium are lim-
ited. Berg and Senn[129] pointed out that the percentage
of Rh(III) extracted by tributylphosphate (TBP) is very low.
Chen et al.[130] obtained the similar result. The extraction
of Rh(III) with TBP after adding stannous chloride in hy-
drochloric acid solution is studied by Zou et al.[131], an
efficient stripping method as well as a description of the ex-
traction mechanism is given. When the amine extractants, of
which the basicity is stronger than that of TBP, were used
to extract Rh(III), Fedorenko and Ivanova[132] and Khat-
tak and Magee[133] obtained, respectively, about 75–80%
extraction from 0.1 M HCl solution by tri-n-octylamine
(TOA).

Even if the quaternary ammonium salt that possesses the
strongest basicity among the amines used as extractant, the
maximum extraction yield of rhodium achieved by Work and
G De-
m h
a s-
t or
T ous
c m-
p m
c rge
v -
l d
D ract
R to
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l
w

has
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c ly at
4 4,5-
d ion
f t,
R
[
i e-
m Cl
a if the
s

re
f um
a the
ial in designing new recovery techniques. For example
eparation and purification of rhodium from other PGE
olvent extraction is one of the most difficult areas in
efinement of precious metals.

Solvent extraction has been widely used for separatio
he platinum metals in chemistry and industry for many ye
hese noble metals recovered from a wide variety of sou

hat present metallurgical problems of a widely differing
ure. The aqueous chemistry of these metals is extre
omplex. The most prominent feature of the chemistry is
ery great tendency of the metals to form chloro-compl
n chloride media.

The complex nature of solution chemistry of PGEs
ontributed to the difficulty of developing methods for th
eparation from binary or multicomponent systems. Of t
etals, use the differences in their kinetic behaviour fo

ormation of extractable species, as well as the streng
lectrostatic interaction of their chloro-complexes with liq

on exchangers or with oxygen containing solvents. The s
f the chloro-complexes of the PGEs clearly indicates tha
trength of the interaction with ion exchangers is highly
endent on the charge of the complex and depends o
ge of the solution of rhodium. Therefore, the rhodium
hloro-complex is also poorly extracted which is due to
harge of the complex as well as its labile character to
quation. Hence, it is worthwhile to develop the solvent

raction procedure in weak organic carboxylic acid me
ne of the distinct advantages of the organic acid med

he facility of controlling the concentration of complexi
igand, the ease of adjustment of pH and wide differenc
ood[134] also does not exceed 80%. In recent years,
opoulos[135], Benguerel et al.[136] and Ashrafizade

nd Demopoulos[137] have carried out a series of inve
igations on Rh extraction in HCl solution by Kelex 100
OA, and given a critical review on the complex aque
hemistry of rhodium in chloride solution, with special e
hasis on speciation[138]. The extraction result of rhodiu
an be greatly improved by adding a ligand with a la
olume, such as SnCl3

−, SnBr3− and SCN−. Demopou
os et al.[139], Benguerel et al.[140] and Ashrafizadeh an
emopoulos[141] have proposed a new method to ext
h(III) using Kelex 100 after adding stannous chloride

he feed solution. However, the effects of stripping from
oaded organic phase with HNO3 or H2SO4 + Na2SO4, or
ith Na2SO3 + HCl are not satisfactory.
The value of rhodium as a precious metal

rompted several investigations into its separation and
oncentration. Rh is determined spectrophotometrical
30–435 nm as the amber-to-red complex of Rh(II) with
imethyl-2-mercaptothiazole in 3–9 M HCl after reduct

rom Rh(III) by SnCl2 or CrCl2. If SnCl2 is the reductan
h is quantitative separated from Ir by CHCl3 extraction

142]. Separations made in solutions that fumed with H2SO4
f CrCl2 (but not SnCl2) used for reduction of Rh. After r

oval of the CHCl3, the complex dissolved in diluted H
nd the absorbance is determinate. Beer’s law obeyed
olutions are freshly prepared.

Diamantatos and Verbeek[143] describe a procedu
or the separation of platinum, palladium, rhodium, iridi
nd gold by solvent extraction. The scheme applied to



C.B. Ojeda, F.S. Rojas / Talanta 67 (2005) 1–19 11

separation of the metals from a synthetic solutions and spec-
trophotometric determination.

Rh(III) was determined in solutions containing Co, Cu,
Ni and Fe by extraction and spectrophotometry[144]. The
methods involved rapid precipitation of Co, Cu, Ni and Fe
by 0.01 M�-furildioxime (I) or �-furilmonooxime (II) at pH
4 or 5, respectively. Removal of the precipitate by extraction
with CHCl3, heating the aqueous phase with excess I or II
to 95–98◦C for 30 min, measuring the absorbance of the 1:2
Rh-I complex at 360 nm (molar absorptivity 2.0× 104) or
extracting the 1:2 Rh-II complex into CHCl3 and measuring
its absorbance at 385 nm (molar absorptivity 3.05× 104).

The extraction and determination of noble metals by us-
ing high molecular weight amine (HMWA) extractants is
well known but little work is reported on the extraction of
rhodium(III), particularly by secondary amines. The use of
n-octylaniline in the extraction of noble metals describe in
diverse works[145,146]. The comparison can be made of
the merits ofN-n-octylaniline relative ton-octylaniline as
an extractant. These are: (a) the method of preparation; (b)
more equilibrium time; (c) higher reagent concentration; (d)
requires multiple extraction for complete recovery of noble
metals and (e) use of mineral acids which is not environmen-
tal friendly.

Kolekar and Anuse describe recent investigations that in-
volve the formation of very stable complexes of rhodium(III)
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[149]. The review concentrates on the chloro-complexes of
these metals and indicates those areas, which need more in-
vestigation or interpretation to provide adequate separation
methods.

Other determinations achieved describe inTable 3.

5. Simultaneous determination of rhodium and other
elements

5.1. Derivative spectrophotometric methods

Derivative spectrophotometry used to increase the
selectivity and sensitivity of the determination of various
substances whose absorption spectra overlap. Interest in
the analytical applications of derivative spectrometry has
been on the increase for the past few decades, owing to
the introduction of commercial spectrometers capable of
operating in the derivative mode.

The increased selectivity in derivative spectrophotometry
results from the fact that bands, which overlap in normal ab-
sorption spectra appear as separated bands in the derivative
spectra. Derivative spectrophotometry can increase the sen-
sitivity owing to the amplification of derivative signals and
lowering of noise.

The different determinations achieved describe inTable 4.
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ith weak organic acid like sodium salt of malonic acid p
o solvent extraction[147]. In the novel separation meth
dentified, aquo-chloro complexes of rhodium(III) conver
nto more stable rhodium malonate complexes, which
ergo aquation to a lesser extent, making them more

ly extracted. The use of weak carboxylic acids open
ew options for the separation of rhodium from iridium a
ther PGEs.N-n-octylaniline is a secondary amine, wh
cts as liquid anion exchanger.N-n-octylaniline-malonat
ystem was studied to investigate the extraction of a
us rhodium(III) solution as a function of various param

ers. The proposed method is used for rapid and sele
eparation of rhodium(III) from associated elements in t
inary and ternary mixture. It is also tested for the s
ation and determination of rhodium(III) from real samp
s alloy.

Gao et al. propose a method based on the formatio
omplex of Rh(III) with SnCl2 and 2-mercaptobenzothiazo

n aqueous solution and extraction of the complex witn-
ropanol–NaCl–H2O system[148]. The extraction cond

ions studied and optimised. The absorption maximum
he complex was at 456 nm, the linear range 0–40�g ml−1,
nd the molar absorptivity 1.2× 104 l mol−1 cm−1. The ex-

raction rate of Rh(III) reached up to 99% in the medium
Cl, and the proposed method can separate Rh from m
etals of Fe, Al, Pb, Zn and Ca, etc. The method was

n the determination of Rh(III) in ZrO2 supported catalyst.
The effects of knowledge of the solution chemistry of

latinum metals on their separation by solvent extraction
on exchange methods reviewed, for the period 1950–
.2. Other methods of simultaneous determination

In the bibliography are collected numerous investigat
n those which are attempted to carry out the mixtures r
ution of rhodium with different metallic ions.

A method for simultaneous determination of trace Rh
o by using 5-(5-nitro-2-pyridylazo)-2,4-diaminotoluene
O2-PADAT) as colour reagent was developed. The me
as based on the reaction of Co(II) and Rh(III) with 5-N2-
ADAT in HAc–NaAc buffer solution of pH 5.5 at roo

emperature and in a boiling water bath to form a comp
his method applied to the simultaneous determinatio

race Co and Rh in synthetic samples[191].
With respect to the determination of Rh and Ir, there

everal references between those, which fit to emphasi
ollowing: dual-wavelength spectrometry for Rh and Ir r
mmended with extraction of their complexes with Sn2
nd 2-mercaptobenzothiazole into ethyl acetate and us

he determination of these elements in metallurgical inte
iate products[192]. The other is summary inTable 5.

The determination of Rh and Os carried out by mathe
cal or graphical processing of absorbance values at w
engths properly selected by using nitroso-R salt[202].

Iterated target transformation factor analysis was
lied to resolve the overlapping spectral data and

o the simultaneous determination of Rh and Pd a
eveloping their colour with 2-(5-bromo-2-pyridylazo)
imethylaminophenol and Triton X-100[203]. The method
ot described in the text found inTable 5.
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Table 3
Extraction and spectrophotometric methods: analytical data

Reagents and organic solvents Remarks Samples Reference

λ (nm) Range (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

1-Nitroso-2-naftol in CHCl3 300 or 418 0–2 – [150]
– –

SnBr2 by isoamylic alcohol 429 – – [151]
HClO4/HBr –

2-Mercaptobenzimidazole in BuOH 360 – In presence of Ir [152]
– –

2-Thenoyltrifluoroacetone and extraction
in xylene

430 – – [153]

– –

Diantipyrinylmethane and iodide and
extraction in C2H4Cl2

495 – – [154]

– –

1-(2-Pyridylazo)-2-naphthol in
HCONMe2 and extraction in CHCl3

600 or 640 – In presence of platinum metals, gold
and silver

[155]

– –

Diethyldithiocarbamates in CHCl3 427 ≤2 Rocks [156]
– 0.0039a

SnCl2 in HCl and extraction into
tri-n-octylamine in CCl4

415 0.4–3.0 – [157]

In HCl –

Acenaphthenequinone monoxime in
CHCl3

390 – – [158]

4.4–6.0 0.0036a

Di-o-tolylthiourea in presence SnCl2 and
extraction by various organic solvents

400 0.2–16 – [159]

In HCl (1.47± 0.03)× 104

N-�-pyridyl-N′-benzoylthiourea in
CHCl3

360 0.69–6.9 In the presence of most of base
metals and all other Pt metals

[160]

5.24–6.3 9.54× 103, 0.0102a

�-Benzoinoxime in CHCl3 390 5–35 – [161]
2–8 –

p-
(Dimethylamino)benzylidenerhodanine
in nitrobenzene

535 0.01–0.2 – [162]

In HCl (9.97± 0.44)× 104

N-phenyl-N′-(�-pyridyl)thiourea in
BuOH

335 0–14 In the presence of Ir, Pt and Pd [163]

1–6 2.86× 104

Ethyl-�-isonitrosoacetoacetate into
MeCOEt

390 – – [164]

– –

4-S-benzyl-1-p-chlorophenyl-5-phenyl-
2,4-isodithiobiuret in
CHCl3

375 0.1–10.0 – [165]

In HCl 1.70× 104

1-Phenyl-3-thiobenzoylthiocarbamide in
different solvents

325 0–5 – [166]

– 3.1× 104

4,4′-Dihydroxybenzophenone
thiosemicarbazone in benzyl alcohol

430 – – [167]

– –
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Table 3 (Continued)

Reagents and organic solvents Remarks Samples Reference

λ (nm) Range (�g ml−1)
pH Absorptivity (l mol−1 cm−1)

Carbonylchlorobis (triphenylphosphine)
in CHCl3

420 – – [168]

– –

Dithizone in CHCl3 560 6× 10−3–60× 10−3b – [169]
8.5 2.92× 104

N-�-(5-bromopyridyl)-N′-
benzoylthiourea in 1:10
EtOH–CHCl3

350 0.44–4.4 – [170]

Acetate medium 1.519× 104, 0.005a

SnCl2 and 2-mercaptobenzothiazole in
Et acetate

446 0–2.4 A synthetic sample containing 5 mg
each of Pt, Pd, Au, Ag and 20 and
52�g Rh

[171]

In HCl 1.55× 104

HBr, tribenzylphosphine oxide, SnCl2 in
CHCl3

400 1–20c – [172]

In HBr 2.6× 104

SnCl2, rhodamine 6G, in solvents of low
polarity

530 0.04–0.5 – [70]

In HCl 4.0× 105

Diphenylcarbazide in presence of
�-picoline into iso-BuCOMe

560 0.1–3 – [68]

– 4.01× 104

�-Benzilmonoxime in CHCl3 400 – Samples containing excess Cu, Ni,
Co and Fe

[173]

2.8 3.0× 104

4-(2-Pyridylazo)resorcinol in the
presence of micellar
hexadecylpyridinium bromide

520 0.08–1.00 – [69]

– 55× 10−3a

3-Hydroxy-2-methyl-1,4-
naphthoquinone monoxime into
molten naphthalene

430 0–6.06 Synthetic solutions containing
known amount of Rh and varying
amounts of foreign ions

[174]

5.5–7.0 2.15× 104, 0.0046a

2-Mercaptobenzimidazole in CHCl3 385 or 400 0.3–4 In the presence of iridium [175]
– –

Isonitroso-p-methylacetophenone in
CHCl3

370 0.05–6 – [176]

4.2–6.5 2.47× 104, 4.2× 10−3a

Di(2-ethylhexyl)phosphoric acid – – Separation from ruthenium and
iridium

[177]

4.05 –

4-(Non-5-yl)pyridine – – Extraction of rhodium and iridium [178]
In H3PO2 –

a Sandell sensitivity in�g cm−2.
b mol l−1.
c �g.

The determination of rhodium in Pt–Rh alloy by dual-
wavelength differential spectrophotometric method was stud-
ied [224]. The colour complex of Rh with stannous chloride
formed in hydrochloric acid solution. The effects of HCl con-
centration, temperature, content of SnCl2, standing time and
diverse ions on the determination of rhodium also examined.

The selected wavelengths were 410 and 470 nm. This method
successfully used in determining rhodium in the range of
4–30% in Pt–Rh alloy.

The direct dual- and tri-wavelength spectrophotometric
determination of microamounts of platinum and rhodium
studied. EtOAc[225] extracted their complexes with SnCl2
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Table 4
Derivative spectrophotometric methods: analytical data

Elements and reagents Remarks Samples Reference

Rh with ortho-hydroxyhydroquinonephthalein in
presence ofN-hexadecylpyridinium chloride

Third derivative, measuring the distance on
the peak at 530 nm and the troughs at 50 nm
and 560 nm, 7.37× 105 l mol−1 cm−1

– [179]

Rh meso-tetrakis(p-sulfophenyl)porphyrin in
presence of cetyltrimethylammonium bromide

Fourth derivative at 416.5 nm, in pH 9 borax
buffer solution, 1.4× 107 l mol−1 cm−1,
detection limit is 5 ng ml−1

Ores after its pre-concentration by
fire assay and solvent extraction

[180]

Rh pre-concentration with 2-(5-bromo-2-
pyridylazo)-5-diethylaminophenol
chelate/tetraphenylborate ion pair on
microcrytalline naphthalene

Third derivative, in the pH range 3.3–5.8,
detection limit is 20 ng ml−1

Various synthetic samples [181]

Rh adsorption of its 1-(2-pyridylazo)-2-naphthol
complex on microcrystalline naphthalene

First derivative, in the pH range 4.2–5.5,
detection limit is 30 ng ml−1

Various synthetic samples [182]

Rh 2-(2-thiazolylazo)-5-dimethylaminobenzoic
acid and Triton X-100

Third derivative, in the pH range 5.2–6.8, the
slope of the calibration plot is 1.26

Various synthetic samples [183]

Rh and Aup-dimethylaminobenzylidene
rhodanine in presence of
cetyltrimethylammonium bromide

Review Various synthetic samples [184]

Rh and Ir 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol onto microcrystalline
naphthalene

Zero-crossing technique measurement, in the
pH range 5.0–6.5 and 3.5–5.5, respectively,
detection limits are 72 and 133 ng

Various synthetic samples [185]

Rh and Pd 5-(3,4-
methoxyhydroxybenzylidene)rhodanine in the
absence and presence of cetylpyridinium
bromide

Detection limits are 1.2 and 5.6 ng ml−1,
respectively

Various synthetic samples [186]

Rh and Pd 2-(5-bromo-2-pyridylazo)-5-
(diethylamino)phenol

Rh by first derivative peak-peak values at
560–700 nm, in phosphoric acid medium
after heating in boiling water for 120 min
and cooling and Pd by absorbance at
631.2 nm at room temperature

Catalyst [187]

Rh and Pd
5-(2,4-dihydroxybenzylidene)rhodanine

Normal and first derivative, In the pH range
5.0–5.5 and 10.4–10.8, 7.4× 104 and
9.0× 104 l mol−1 cm−1 at 558 and 460 nm,
respectively

Silicate rocks [188]

Rh and Ru octadecyl dithiocarbamate First derivative, zero-crossing measurement Ores and minerals [189]
Rh, Pd and Pt in binary mixtures with SnCl2 Derivative methods in aqueous solutions or

after extraction into 1,2-dichloroethane as
the ion-associations Rh (Pd,
Pt)-SnCl3-diantipyrylmethane

Pd and Pt in spent autocatalyst were
determined by the developed
methods

[190]

and 2-mercaptobenzothiazole in 1.2 M HCl medium. This
method used to analyse Pt and Rh in some metallur-
gical samples. Other reagents include SnCl2 [226,227],
sodium p-(mercaptoacetamide) benzenesulphonate[228]
and meso-tetra(3-methoxy-4-hydroxyphenyl)porphine for
the simultaneous determination of Rh and Pt[229]. In
Table 5 give more reagents for determination of these
elements.

Optimised partial least squares (OPLS), which introduces
locally weighted and random matrix method into PLS for
optimisation calibration model, can prevent the useful in-
formation from outflow and improve the precision of deter-
mination. The method applied to the simultaneously spec-
trophotometric determination of Rh, Ir and Pd in simu-
lated geological samples[234]. The separation of trace no-
ble metals in geological samples by cation exchange resin
and simultaneous determination of Au, Pt, Pd and Rh with
PLS regression spectrophotometry were studied by Chen

et al. [235]. In addition, conditions of the colour reac-
tion of Au, Rh and Pd with SnCl2-rhodamine B-arabic
gum studied by using PLS regression spectrophotometry
[236]. Wang et al.[237] have proposed determination of
trace Rh, Au, Pd and Ru in geological samples by solvent
flotation-partial least squares regression-spectrophotometry.
The optimum conditions of solvent flotation of trace noble
metals and the colour system of metals-SnCl2-rhodamine
B studied. The PLS spectrophotometry was used to re-
solve the overlapping absorption spectra of the associated
complexes.

The overlapping spectra of the multicomponent system of
the noble metals in geological samples have been investigated
by using the algorithm of the combined fuzzy cluster and PLS
method. The optimisation of the calibration sets, for Au, Pt,
Pd and Rh, in the calculation spectrophotometric analysis
achieved and the precision of the results has been improved
[238]. Table 5shows other determinations.
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Table 5
Simultaneous determination of Rh in the presence of other PGE

Mixtures Reagents Remarks Reference

Rh, Ir 1-(2-Pyridylazo)-2-naphtol Extraction with CHCl3, the absorbances measured
at 598 and 550 nm, respectively

[193]

Rh, Ir SnBr2, HBr and HClO4 Extraction in isoamyl alcohol, determination of Ir in
the aqueous phase

[194]

Rh, Ir Pyridyl- and thiazolylphenols Determination of Ir and Rh in glass and noble metal
alloys

[195]

Rh, Ir 1-Phenyl-3-thiobenzoyl
thiocarbamide

Extraction in CHCl3, the maximum absorbance is at
435 and 425 nm, respectively

[196]

Rh, Ir Pyridylazoresorcinol group – [197]
Rh, Ir 2-Pyridylazo-p-cresol,

2-thiazolylazo-p-cresol, 2-(2-
thiazolylazo)-5-diethylaminophenol

At pH 5–6, in alloys, concentrates and synthetic
mixtures, interferences were eliminated by using
extraction and surfactants

[198]

Rh, Ir 1,5-Diphenylcarbazide Sequential determination: Rh complex formed at
70◦C and extracted into isobutanol, Ir complex was
then formed by heating for 45 min and measured in
aqueous solution

[199]

Rh, Ir 3-Hydroxy-2-methyl-1,4-
naphthoquinone
4-oxime

Optimum ranges: 0.27–5.24 and 1.51–15.85 g ml−1

over pH 5.0–7.5 and 5.3–8.0, respectively
[200]

Rh, Ir Pyridylazoresorcinol group Effect of microwave radiation on the complexation [201]
Rh, Pd Phthalimide dithiosemicarbazone In slightly acid medium to form orange–red and

yellow complexes, respectively, which have
absorbance

[204]

Rh, Pd Eriochrome cyanine R in the
presence of cetylpyridinium

A column of Amberlite IRC 50 (Na+ form) ion
exchanger and the effluent was applied to a column
of Dowex 2 resin

[205]

Rh, Pd – In nuclear reactor fuel reprocessing solutions [206]
Rh, Pd NaN3 λmax= 397 nm, Pd-complex formed instantaneously,

while Rh-complex formation increased with time,
by measuring the total absorbance with time

[207]

Rh, Pd Phenanthrenequinone
monosemicarbazone

At 480 and 470 nm, pH 7.2–8.8 and 5.0–7.0,
respectively

[208]

Rh, Pd 4-(2-Thiazolylazo) resorcinol in
presence of cation-active tensides

Binary complex Rh: pH 5.0, 520 nm [209]

Ion-association Rh: pH 5.6, 545 nm
Ion-association Pd: pH 5.0, 540 nm

Rh, Pd Pd: sulfonitrazo E Pd: at 555 nm in H2SO4-H3PO4 [210]
Rh: sulfoallthiox Rh: at 450 nm in H2SO4, ascorbic acid

Rh, Pd 1-Mercaptopropionic acid
p-phenetidide

Extraction with CHCl3, at 375 and 410 nm,
respectively

[211]

Rh, Pd Bis(thiophene-2-aldehyde)
thiocarbohydrazone

λmax= 390 nm, extraction with ethyl acetate, pH
2.2–5.0 and 4.8–5.9, respectively

[212]

Rh, Pd 2-(5-Bromo-2-thiazolylazo)-5-
dimethylaminobenzoic
acid

pH 4.0, Pd reacts after 30 min at room temperature
(λmax= 685 nm), Rh reacts by heating in boiling
water bath for 5 min (λmax= 678 nm)

[213]

Rh, Pd 2-(2-Thiazolylazo)-5-
dimethylaminobenzoic
acid

pH 4.5, absorption maxima are 516, 682 and 674 nm
for Pd and 586, 683 and 675 nm for Rh

[214]

Rh, Pd Difurfurylthiocarbohydrazone In alloys and synthetic mixtures, Pd-complex at
room temperature, Rh-complex by heating in
boiling water-bath for 15–20 min,λmax= 377 nm

[215,216]

Rh, Pd N,N′-dipyridylthiourea 335 and 330 nm, respectively [217]
Rh, Pd Bis(indole-3-aldehyde)

thiocarbohydrazone
Extraction, at 385 nm [218]

Rh, Pd 2-(3,5-Dichloro-2-pyridylazo)-5-
dimethylaminoaniline

In HAc–NaAc media, on-line microwave FIA
technique

[219]

Rh, Pd Pyrazoldithiocarboxylic acid Rh: pH 5.0–5.8, 414 nm [220]
Pd: pH 8.4–9.8, 428 nm

Rh, Pd 5-(5-Nitro-2-pyridylazo)-5-
dimethylaminoaniline

Rh: pH 3.5–7.0, red complex, Pd: blue complex in a
strong acidic medium, in ore and catalyst

[221]

Rh, Pd 2-(5-Nitro-2-pyridylazo)-5-
dimethylaminoaniline

Double-wavelength overlapping spectrophotometry [222]
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Table 5 (Continued)

Mixtures Reagents Remarks Reference

Rh, Pd 5-Br-PADAP By resin spectrophotometry [223]
Rh, Pt Chromazurol S In presence of cation-active tensides [230]
Rh, Pt SnCl2 Dual-wavelength spectrophotometry [231]
Rh, Pt 2-Methyl-1,4-naphthoquinone

monoxime
Rh: golden yellow, 420 nm [232]

Pd: yellow, 430 nm
Rh, Re – In catalysts after preliminary separation based on

the solubility of heptavalent Re salts and the
insolubility of Rh salts in ammonium, at 403 nm for
Re and 475 nm for Rh

[233]

Rh, Pd, Ru Monobenzoylthiourea Extraction with CHCl3, Pd from 0.25 to 8.0 M HCl,
Rh at pH 4.4–5.6, Ru at pH 4.0–6.4

[239]

Rh, Os, Pd Thiotropolone Pd in cold, Rh and Os heated on a boiling water bath [240]
Rh, Ir, Pt SnCl2, SnI2 and rubeanic acid,

respectively
Pt: extraction in Bu3PO4, 510 nm; Rh: 475 nm; Ir:
446 nm

[241]

Rh, Pd, Pt Pt and Pd:
dibenzyldithio-oxamide-potassium
iodide-ascorbic acid

Pt and Pd: double wavelength [242]

Rh: SnBr2, 2-mercaptobenzothiazole Rh: Extraction
In automobile exhaust-gas purifying catalysts

Rh, Au, Ir, Pd, Pt Pd:�-furildioxime Pd: extraction in CHCl3, at 380 nm [243]
Au: rhodamine B Au: extraction in isopropanol, at 555 nm
Pt: rubeanic acid Pt: extraction in Bu3PO4, at 510 nm
Rh: SnCl2 Rh: extraction in Bu3PO4,

Rh, Ir, Pd, Pt Various reagents Solvent extraction separation in successive steps [244]

6. Conclusions

Despite being regarded by many analysts as obsolete,
spectrophotometry still enjoys great popularity, which seems
to be increasing in some fields. Atomic absorption and in-
ductively coupled plasma emission and mass spectrometry,
rapidly developed during the past two decades, have dimin-
ished the role of spectrophotometry as the routine analytical
technique in many laboratories. The low detection limits and
enhanced selectivity of atomic spectrometric techniques to-
gether with the use of sequential multi-element determination
capabilities makes these techniques better suited than spec-
trophotometry. However, the latter technique continues to be
widely popular in view of their speed, simplicity, precision,
accuracy and common availability of the instrumentation.

Advances in the synthesis of new organic reagents will
occur, but whether they will be able to bring about a break-
through in analytical spectrophotometry is rather doubtful.
Examination of various mixed ligand ternary and multicom-
ponent systems, developed over the last decades, indicates
there is little scope in the future as they are unlikely to surpass
in sensitivity over ion-association and surfactant sensitized
systems. The use of multicomponent systems in surfactant-
sensitized procedures is finding increasing attention over the
last years. This trend is likely to continue in improving the
sensitivity and selectivity of surfactant-sensitized procedures.
F r the
l heir
s pro-
c apid,
r place

of extractive spectrophotometric procedures. This trend will
continue with an emphasis on the application of developed
procedures to real samples and in analysis of reference mate-
rials. Derivative and FIA spectrophotometric procedures are
emerging areas where we will see many developments in the
future. However, growing interest in automatic sample pro-
cessing can place spectrophotometry as a detection technique
due to the relatively low cost of the equipment and above
all its far easier and cheaper maintenance. The drawback of
poor selectivity is frequently overcome by powerful signal
processing techniques. These all make spectrophotmetry a
competitive technique, if not in ultra trace, at least in trace
analysis.
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