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Abstract

Ion exchange has been widely applied in technology of chemical separation of noble met‐
al ions. This is associated with dissemination of methods using various ion exchange res‐
ins which are indispensable in many fields of chemical industry. Due to small amounts of
noble elements in nature and constant impoverishment of their natural raw materials, of
particular importance are physicochemical methods of their recovery from the second
sources e.g. worn out converters of exhausted gases, chemical catalysts, dental alloys,
anodic sludges from cooper and nickiel electrorefining as well as waste waters and run‐
ning off waters from refineries containing trace amount of noble metals. It should be stat‐
ed that these waste materials are usually pyro- and hydrometallurgically processed.
Recovery of noble metals, from such raw materials requires individual approach to each
material and application of selective methods for their removal. Moreover, separation of
noble metals, particularly platinum metals and gold from geological samples, industrial
products, synthetic mixtures along with other elements is a problem of significant impor‐
tance nowadays. In the paper the research on the applicability of different types of ion
exchangers for the separation of noble metals will be presented. The effect of the different
parameters on their separation will be also discussed. The examples of the removal of no‐
ble metals chlorocomplexes will also be presented in detail.

Keywords: noble metals, ion exchangers, sorbents, separation

1. Introduction

General characteristics of ion exchangers

Ion exchangers are high molecular substances, most frequently solid, organic or inorganic,
insoluble in water and many other solvents and capable of exchange of their own active ions
into those coming from the surrounding electrolyte. From the chemical point of view, they are
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polyacids, polybases or both polyacids and polybases (polyampholyte, amphoteric ion
exchangers). Those which exchange cations are called cation exchangers and those which
exchange anions are called anion exchangers. Generally, those exchanging ions are called ion
exchangers. Some ion exchangers prepared by modification of various types of substances,
particularly natural ones, besides capability of exchanging ions exhibit distinct sorption
properties [1–5]. The cation exchangers occurring most frequently possess functional groups
such as -SO3H, -COOH and -OH, whereas the anion exchangers possess the primary, secon‐
dary and tertiary amine ones and quaternary ammonium ones, quaternary phosphate ones
and tertiary sulfone ones. Selective (chelating) ion exchangers and those strongly basic and
weakly basic of the polymerization type of the functional trimethylammonium (type 1) and
dimethylhydroxyethylammonium (type 2) groups are most widely applied in exchange
chromatography. Their affinity mostly depends on the structure, size and change of anion
exchanger. Type of functional groups in ion exchangers is decisive about the character of
exchange reaction and its applicability.

Besides the general division of ion exchange materials due to the material (organic and
inorganic) the skeleton is built, there are many others whose classification is based on the
methods of preparation, type of functional groups and skeleton structure. There is still another
basis of ion exchangers division conditioned by historical development of this area, i.e.
according to their origin – natural, semi-synthetic and synthetic [1–5].

2. Application of ion exchangers of various types in recovery of platinum
metal ions from secondary sources

Small amounts of noble elements in nature and constant impoverishment of their natural
resources result in significant importance of physicochemical methods used for platinum metal
ions recovery from secondary resources e.g. worn car exhaust gas convertor, chemical
catalysts, stomatology alloys as well as waste waters and waters of refinery origin. Noble
metals recovery from such raw materials requires individual approach and application of
selective methods of their removal. Moreover, worse quality of these raw materials makes
removal of pure noble metals more difficult. Determination of noble metals, particularly
platinum ones in the above-mentioned materials, geological samples and synthetic mixtures
together with other elements is of significant importance nowadays. Liquid–solid phase
extraction (SPE) has some advantages compared to liquid–liquid extraction. Among others, it
is faster, cheaper, uses small amounts of reagents and above all its automatization is easier.
Moreover, its simple performance and high enrichment coefficients decide about its common
laboratory application. SPE uses solid sorbents which should be characterized by not only high
capacity towards metal ions under determination but also large selectivity and suitable
sorption and desorption kinetics.

Synthetic ion exchange resins are widely applied in platinum metal ions enrichments. Among
them of particular interest are cation exchangers, chelating ion exchangers and anion exchang‐
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ers of different basicity of functional groups. Ion exchange selectivity depends on the kind and
number of functional groups of ion exchanger as well as cross-linking and composition of
external electrolyte solution composition from which concentration proceeds. Of these types
of ion exchangers, the most effective are monofunctional ones, which ensure the same strength
of bonding ions with the ion exchanger surface due to the presence of one type of groups which
does not make equilibrium establishment difficult. Complexity of platinum carrying samples
for enrichment makes it necessary to separate a component under determination due to large
interference of components present in the analyte. In the chloride systems, ion exchange
enables platinum metal ions separation not only from their mixtures but also from other metals.
In the hydrogen chloride acid solutions, most platinum metal ions are present in the form of
anion chloride complexes; therefore they are retained by strongly basic anion exchangers.
Anion exchangers enable selective removal of platinum metal ions from solutions of other
metals; however, there appear some problems with their elution due to strong sorption of
platinum metal ions. It can often occur that recovery is not quantitative or rendered difficult.
Such situation arises because of stable ion pairs formation between anionic complexes and the
quaternary ammonium groups of the anion exchanger. Reduction of noble metal ions can
proceed in the ion exchanger phase which also affects incomplete recovery. Some difficulties
with determination can result from different behaviour of new and ‘old’ solutions which is
connected with the hydrolysis process in the solution. This reflects mainly to rhodium or
iridium chloride complexes because they have the greatest tendency towards hydrolysis.
Using cation exchangers, rare earth elements, transient metals as well as alkali metals and
alkaline earth family form weakly anionic or stable cationic complexes therefore they are
retained on the cation exchange deposit whereas platinum metals go through the column not
being retained by the cation exchangers making separation of the above-mentioned metal ions
possible.

3. Application of cation exchangers in concentration and removal process
of platinum metals

There are numerous reports in the literature about cation exchangers application in concen‐
tration and separation of trace amounts of platinum metal ions. Ion exchange is widely applied
also for control of bound and free platinum contents in the serum added in the cis-platinum
form. After ultrafiltration, ethylenediamine was added to form complexes which are sorbed
on cation exchange disks. Platinum ions were desorbed from the disks by means of 5 M HCl
and determined using the AAS method. The detection limit was 35 μg/dm3 [6].

Besides the above-described procedures, there are separation methods using cation exchang‐
ers. As commonly known platinum metals tend to form anion complexes in the chloride
systems, therefore partition coefficient values should not be high [7–9]. Much higher values of
partition coefficients of platinum metal ions can be obtained by the addition of thiourea which
results in cation complexes formation [9].
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The polystyrenesulfone cation exchanger Dowex 50Wx8 in the hydrogen form was used for
the determination of metals from the platinum group in ores and concentrates. Before ion
exchange stage, noble metals in metallic copper were collected. The obtained alloy was
digested in aqua regia. The pH of the solution was made 1 using hydrochloric acid. Ions of
metals such as Cu(II), Ni(II) and Fe(III) were sorbed on the cation exchangers, whereas noble
metals were not retained. The deposit was washed in HCl solution of pH = 1. The separated
noble metals were determined gravimetrically and spectrophotometrically [10–14]. A similar
technique was applied for the determination of noble metals and for the collection of Cu-Ni-
Fe and ferronickel alloys [15–24]. Also the cation exchanger Dowex 50Wx8 was used for noble
metal ions removal. Before the ion exchange stage, collection was made using fused tin. The
obtained alloy was digested in the HCl-H2O2 solution. Tin(IV) was removed by evaporation
from the HCl-HBr solution, and the obtained solution was evaporated dry several times in the
presence of 12 M HCl [25]. The removal of noble metals from ores, the cation exchange followed
by anion exchange method was applied. Cu(II), Ni(II) and Fe(III) ions are adsorbed at pH = 1.5
on the cation exchanger Dowex 50Wx8, whereas the noble metal ions pass on the column filled
with the strongly basic anion exchanger in the chloride form Amberlite IRA-400. Before
sorption on the anion exchange column, the solution is evaporated dry in the presence of
sodium chloride, then it is dissolved in 12 M HCl and diluted to weakly acidic reaction. Under
such conditions, rhodium(III) ions pass through the column, and the ions of other noble metals
are retained on the anion exchanger bed [26]. A similar method was applied for the determi‐
nation of iridium in the flotation concentrate [27]. The application of cation exchange for the
determination of platinum metals on the meteorites is quite interesting. In this method, two-
stage adsorption on the cation exchanger was used. Non-noble metal ions were adsorbed at
pH 1.5 on the first column. Then they were desorbed by means of 3 M HCl. The obtained eluant
was evaporated dry and the residue was dissolved in diluted HCl and the pH value was
brought to 1.5. The other stage of non-noble metal ions adsorption was conducted in the same
way as the first one. Application of the second stage allows avoiding errors connected with
co-adsorption of noble metal ions [28, 29]. For determination of platinum and palladium in the
copper and nickel stone, there were used two ion exchangers: the cation exchanger Dowex 50
in the hydrogen form and the anion exchanger Amberlite IRA-400 in the chloride form. Before
the ion exchange process, the sample was melted with SnO2 to collect noble metals. Tin(IV)
was evaporated from the mixture of HCl and HBr acids. After bringing the solution to pH 1.5,
Cu(II), Ni(II) and Fe(III) cation were adsorbed on the cation exchanger bed. The obtained eluant
containing Pt(IV) and Pd(II) was evaporated from NaCl and dissolved in HCl, next it was
passed through the anion exchanger bed. At first, there were eluted Pd(II) ions by means of 12
M HCl and then Pt(IV) ions using 2.4 M HClO4. Both elements were determined using the
spectrophotometric method [30]. The residue in the copper-nickel stone was determined using
the cation exchanger Bio-Rad AG50W-x8 and the chromatographic column Porasil C impreg‐
nated by means of TBP (tri-n-butyl phosphate). The sample was melted with Na2O2, then
digested in HCl and the acid concentration was brought to 0.1 M. Non-noble metal ions were
separated on the cation exchanger and platinum metals were sorbed on the chromatographic
column. Pt(IV) and Pd(II) ions were eluted by means of TBP in toluene but Rh(III) and Ir(IV)
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ions using water. Noble metals were determined gravimetrically and by means of AAS [31,
32]. Platinum alloys were determined in a two-stage separation process of noble metal ions.
The sample was digested in aqua regia, next it was evaporated dry and the residue was diluted
with HCl up to concentration about 0.1 M. The weakly acidic cation exchanger Amberlite
IRC-50 of carboxylic groups in the sodium form was used in the first column. Palladium(II)
ions were sorbed (probably precipitated in the hydrated oxide form [33]) on this ion exchanger,
whereas Rh(III) and Pt(IV) passed to the eluant which was next put through the column with
the strongly basic anion exchanger Dowex 2 in the chloride form. The adsorbed Rh(III) and
Pt(IV) ions were eluted with 2 M HCl and 7 M HCl, respectively. The ion exchange technique
was also applied for the determination of trace amounts of noble metals in common metals of
high purity such as Fe, Ni, Cu, Mn and Al. The sample can be digested or melted with alkalis
depending on its kind. The two-column cation–anion exchanger system was used for separa‐
tion of noble metal ions. On the cation exchanger Dowex 50x8, there were adsorbed ions of
metals such as Fe(III), Ni(II), Mn(II), Cu(II) and Al(III) from the 90% v/v ethanol + 10% v/v 1
M HCl solution. Then by evaporation, the medium changed from chloride to nitrate(V) one.
In the other column on the anion exchanger Dowex 1x 8 in the nitrate form, there were sorbed
noble metal ions from the aqueous solution of pH 6. Noble metals were analyzed in the resin
phase by means of the radioisotope technique [34]. The similar method was used for the
determination of noble metals in atmospheric dusts melting them with Na2O2 [35]. The cation
exchanger Dowex 50x8 was used for the separation of copper(II) from the 0.03 M hydrochloric
acid solution from the noble metal ions such as Pt(IV), Pd(II), Au(III) and Rh(III) [36, 37]. Ion
exchange combined with extraction was applied for the determination of noble metals present
in uranium alloys which can be uncoupled. Uranium can be separated from rhodium by
extraction with 30% solution of TBP in CCl4. Then after complete removal of chlorides,
fluorides and nitrates by evaporation with chloric acid, rhodium(III) cations were sorbed by
cation exchanger Dowex 50Wx8 from 0.3–0.9 % HClO4 solution. Rhodium(III) was eluted form
the cation exchanger by washing the column with 6 M hydrochloric acid solution and then
determined spectrophotometrically using the method with SnCl2 [38].

Separation of noble metals can be conducted on the cation exchangers from the thiourea
systems. Separation of microquantities of various pairs of noble metal ions was made using
the polystyrene sulfone cation exchanger Bio-Rad AG 50Wx4 in the hydrogen form. Pd(II) and
Au(I), Pd(II) and Pt(II) ions as well as the Rh(III), Au(I), Pt(II) and Ag(I) mixture were separated
using the acetate-thiourea solutions in the hydrochloric or hydrobromic acid medium [39].
Platinum(II) and palladium(II) ions were separated from aluminium ions using also the cation
exchanger Bio Rad AG50Wx4 in the hydrogen form. Aluminium ions as well as Fe, Zn, Pb, U,
Ni, Co and Sr ones do not form cationic complexes under experimental conditions, therefore
only noble metals are sorbed from 0.1 M thiourea solution in 1.5 M hydrochloric acid solution.
2% Br2 and 1.5 M HCl solution was used for elution of Pt(II) and Pd(II) ions. 0.87 M HBr–0.01
M thiourea solution in 90% acetone proved to be the best eluant towards Pt(II) ions. The
presence of Cu(II) and Hg(II) ions is not recommended because of possible co-adsorption with
noble metals [40]. It is relatively difficult to separate rhodium(III) ions from platinum(IV) ones
in the chloride medium, therefore in some cases it is necessary to change the medium into the
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nitrate one. Before the separation of platinum(IV) and rhodium(III) ions on the polystyrene-
sulfone cation exchanger Varion KS in the hydrogen form, the chloride complexes were in
contact with sodium hydroxide at pH 13 for four hours. Then the obtained solution was
acidified with 4 M HNO3 to pH 2. Under such conditions, rhodium(III) ions occur in the cation
form and platinum(IV) ions in the anion form. Platinum(IV) ions are not retained by the cation
exchanger. Rhodium(III) ions can be eluted with 1 M hydrochloric acid from the cation
exchanger [41].

4. Application of chelating ion exchangers for concentration and removal
of platinum metal ions

Chelating ion exchangers also called complexing ion exchangers are formed by building
organic reagents containing organic groups into the ion exchange resin skeleton. Owing to that
they possess active chemical groups capable of selective/specific interactions with metal ions
in the solution forming chelating complexes when a metal ion can bind with two or a larger
number of donor atoms of their functional groups. These ion exchangers are characterized by
high selectivity and their sorption capacities depend, among others, on the kind of functional
groups, their reciprocal position and spatial configuration (steric effects) and also on physi‐
cochemical properties of the polymer matrix [42, 43].

On the huge number of chelating ion exchangers, on a large laboratory and industrial scale,
there are produced ion exchangers of functional dithizone, thiourea, isothiourea, aminophos‐
phonic, phosphonic, thiol, amidooxime, aminoacetate, dithiocarbamate, iminodiacetate,
thiosemicarbamate groups as well as chelating ion exchangers containing triisobutylphos‐
phine sulfides [44-64].

5. Chelating ion exchangers of functional dithizone groups

Chelating ion exchangers of functional dithizone (diphenyl carbamate) groups are widely
applied in concentration, separation and recovery of noble metal ions [44–54].

Grote and Kettrup [45–48], by conversion of the ion exchanger of functional dehydrodithizone
groups, prepared a chelating resin containing dithizone groups. It was used on both sorption
and separation of 27 noble and non-noble ions from acids (HCl, HNO3).They showed very
high values of partition coefficients of noble metal ions of the order 104–106 (Pd(II)–7.7×105;
Pt(IV)–3.4×105; Au(III)–2.1×105 (0.01 M HCl)) in the whole range of hydrochloric acid (0.01–6
M) as well as Ag(I) (1.1×103) and Hg(II) (5.8×104) ions in diluted nitric(V) acid solutions
compared to the values of partition coefficients for non-noble metal ions. Also high values of
ion exchange capacities of platinum metals and gold (Au(III) 0.74; Pd(II) 0.68; Pt(II) 0.39; Pt(IV)
0.31; Os(IV) 0.12; Ir(IV) 0.14; Ir(III) 0.02; Ru(III) 0.14; Rh(III) 0.16 mmol/g of the dithizone resin)
indicate large selectivity of the resin with dithizone functional groups towards noble metal
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ions as well as possibility of their application in separation from other non-noble metals.
Satisfactory results were obtained using the chelating ion exchanger with dithizone functional
group in concentration and recovery of Au(III), Pt(IV) and Pd(II) ions originating from the
extraction of sulfide ores, stones and enriched ores. Elution of the above-mentioned ions was
conducted by means of 2 M chloric(VII) acid and 5% thiourea solution [44]. There was also
made a thorough analysis of desorption of single noble metal ions and their mixtures from the
resin with the dithizone functional groups using the following eluents: HCl, HClO4, NH4NO3,
NaSCN, (NH2)2CS. Palladium(II) and platinum(IV) ions retained on this resin can be qualita‐
tively desorbed using the thiourea solution [46].

Similar investigations using polyvinylpyridine resin of functional dithizone groups in Pd(II)
and Pt(IV) ions concentration in the presence of Au(III), Ni(II) i Hg(II) ions were carried out
by Shah and Devi [49]. The values of maximal ion exchange capacities towards palladium and
platinum ions were 100 and 250 mg/g of resin, respectively. Separation of the above-mentioned
ions from nickel, gold and mercury ions (Pd(II)-Ni(II); Pt(IV)-Au(III); Pt(IV)-Ni(II); Pd(II)-
Pt(IV)-Ni(II); Pt(IV)- Au(III)-Hg(II)) was conducted using various eluants 0.1 M HCl + 1%
(NH2)2CS (elution of Pd(II)), 0.1 M HCl + 5 % (NH2)2CS (elution of Pt(IV)), 0.2 M CH3COOH
(elution of Ni(II)), 5 M HCl + 1 M HNO3 (elution of Au(III)) and 0.5 M HNO3 + 2 % NH4NO3

(elution of Hg(II)).

Modification of the commercially available polyacrylate matrix Diaion HP-2MG with dithi‐
zone resulted in the preparation of the selective sorbent towards Pd(II) and Pt(IV) ions.
Chwastowska et al. [51] used the above-mentioned sorbent for removal of Pd(II) and Pt(IV)
ions from the environmental samples, among others, from road dusts, soil and grass collected
from fast traffic routes. After proper preparation, among others, drying (673 K, 1 h) and
digestion in aqua regia, the geological samples were analyzed using the GF AAS technique. The
detection limit (LOD) for the determined metal ions was 1 ng/g for Pt(IV) and 0.2 ng/g for
Pd(II). Metal ions desorption was run in two ways: using thiourea solution (possibility of
determination of both elements in the eluant by the GFAAS technique) and concentrated
HNO3 solution (possibility of directed determination of only Pd(II) ions in the eluant). The
obtained ion exchange capacity towards both metal ions was about 0.16 mmol/g of resin.

Chelating resin formed by immobilization of sulfonated dithizone on the anion exchanger
Amberlite IRA-400 was applied in concentration of heavy metal ions, i.e. Pd(II), Ni(II), Co(II),
Cu(II) and Pb(II) in the water samples collected in Japan. The first four elements were deter‐
mined by the GFAAS technique but Pb(II) by HGAAS. The affinity series of the studied ions
towards the present resin is as follows: Pd(II) > Cu(II) > Co(II) > Pb(II) > Ni(II) [52].

6. Ion exchangers of functional thiourea and phosphonic groups and their
derivatives

Of significant importance are the results of studies on the application of commercial ion
exchangers Tulsion of the functional isothiourea and phosphonic groups for removal of Pd(II)
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ions from nitric(V) acid solutions (0.1–4 M). High values of partition coefficients (particularly
in diluted HNO3 (0.1 M) solutions) decreased with the increasing concentration of nitric(V)
acid for the ion exchangers Tulsion CH-95, Tulsion CH-96 and Tulsion CH-97. The values of
partition coefficients (particularly in diluted HNO3 (0.1 M) solutions) which were >10 000 cm3/
g, 1650 cm3/g, 5210 cm3/g for Tulsion CH-95, Tulsion CH-96 and Tulsion CH-97, respectively,
decreased with the increasing nitric acid(V) concentration. The selectivity series of the Tulsion
ion exchangers towards Pd(II) ions is as follows: Tulsion CH-95 > Tulsion CH-97 > Tulsion CH-96.

The ion exchangers of the functional thiourea and isothiourea groups, commercially known
as Srafion NMRR, Lewatit TP-214 and Purolite S-920, are widely used for the concentration of
platinum metal ions [53-61]. Srafion NMRR (Ionac SR-3) exhibits great affinity for Au(III) and
Ag(I) as well as Pd(II), Pt(IV), Rh(III), Ru(III), Ir(III) and Os(VI) ions [53-61]. It is applied in the
separation of noble metal ions [57], similar to the ion exchangers Monivex which develop high
sorption capacity values particularly in the largely acidic solutions (2–6 M HCl) [67]. Lewatit
TP-214 was used for the removal Pd(II) ions from two component Pd(II)–Zn(II); Pd(II)–Cu(II))
and multicomponent (Pd(II)–Cu(II)–Zn(II)) chloride solutions [61] and for the removal of
Pd(II) ions from chloride solutions (0.1–8.0 – 0,001 M Pd(II)) and chloride–nitrate ones (0.1÷0.9
M HCl – 0.9÷0.1 M HNO3– 0,0011 M Pd(II)) ) [55]. The total ion exchange capacity of Lewatit
TP-214 towards Pd(II) ions was from 0.97 mmol/g–3 M HCl to 1.16 mmol/g–0.1 M HCl [55].

Zuo and Muhammed prepared a large number of ion exchangers of the functional thiourea
groups by modification of macroporous polystyrene matrices of Bonopore, Amberlite XAD-2,
Amberlite XAD-4 as well as the weakly basic anion exchanger Amberlite IR-45 [62]. Newly
prepared ion exchangers were used in sorption of Au(III), Ag(I), Cu(II) and Fe(III) ions from
one-component chlorides solutions (2 M HCl) and their mixtures (Au(III), Ag(I), Fe(III), Cu(II)),
as well as in sorption of platinum metal ions e.g. Pd(II), Pt(IV), Rh(III), etc. The studied ion
exchangers are characterized by high selectivity towards noble metal ion, particularly gold
and silver in the presence of Cu(II) and Fe(III).

Separation of Pd(II), Cu(II) and Zn(II) ions using the melamine-formaldehyde-thiourea (MFT)
resin was presented in [63]. There was proved high selectivity of this resin towards Pd(II) ions,
and the obtained values of sorption capacity were 15.29 mg Pd(II)/g (static method) and 1580
μg Pd(II)/g resin (dynamic method). Desorption of ions with studied resin was conducted
using 0.5 M thiourea, 0.5 M HCl solutions and the acidified thiourea (0.5 M (NH2)2CS–0.5 M
HCl).

7. Ion exchangers of functional thiol groups

The chelating ion exchangers of functional thiol and methylene thiol groups with the com‐
mercial names: Chelite S, Duolite GT-73, Imac GT-73, Duolite GT-74, Purolite S-924, Spheron
Thiol 1000 and Tulsion CH-97 are widely applied in sorption and separation of noble metal
ions [55, 56, 64-69]. Introducing 8-hydroxchinoline (HOxn) and sodium salicylate groups to
the methacrylate polymer matrix generates two new chelating ion exchangers Spheron Oxine
1000 and Spheron Salicyl 1000, respectively, which similar to Spheron Thiol 1000 are applied
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in the separation of Pd(II) and Cu(II) ions. From the determined ion exchange capacities, the
affinity series of Spheron ion exchangers towards Pd(II) ions is as follows: Spheron Thiol 1000
(0.949 mmol/g) > Spheron Oxine 1000 (0.536 mmol/g) > Spheron Salicyl (0.094 mmol/g) [68]. Elution
of Pd(II) and Cu(II) ions form the ion exchanger Spheron Oxine 1000 was conducted using 0.5
M thiourea solution (pH = 2) and 2 M HCl [70].

8. Ion exchangers of functional imidazole groups

Many authors prove high reactivity of imidazole groups and their derivatives towards metal
ions, particularly noble metals ions. For example, VBC-DVB (VBC – vinylbenzene chloride,
DVB – divinylbenzene) – recovery of Pd(II) and Pt(IV) ions from chloride solutions (1–2 M
HCl) and their separation from Cu(II), Zn(II) and Ni(II); sorption capacity, 1.6–1.7; 1.4–1.5 and
1 mmol of metal/g for the 0.1 M HCl, 1 M HCl and 2 M HCl solutions, respectively; desorption
of Pd(II) and Pt(IV) ions, 0.1–0.3 M thiourea solution (desorption effectiveness >98% for Pd(II);
85% for Pt(IV)) [71, 72]; epoxide resin of the functional imidazole groups concentration of trace
(20 ng/dm3) amounts of Au(III), Pd(IV) and Ru(III) ions. Noble metal ions can be enriched in
a quantitative way (recovery 94.5–100%, pH = 4), desorption: acidified thiourea solutions (16
cm3 6 M HCl, 0.2 g thiourea), recovery 96–99.5% [73], polystyrene-divinylbenzene resin of
functional benzimidazole group – separation of heavy metal ions that is Pd(II), Ag(I) and Hg(II)
from medical alloys, geological materials, different kinds of waste waters and sludges; sorption
capacity: 1 mmol/g for Ag(I) (pH = 4–6), 0.62 mmol/g for Pd(II) (pH = 5–6) and 0.83 mmol/g for
Hg(II) (pH = 4–6); desorption: 5% thiourea solution in 0.1 M HClO4 (recovery: Ag(I) and Hg
(II) – 100%, Pd(II) – 60%) and 12 M hydrochloric acid solution (recovery: Ag(I) – 45 %, Pd(II)
– 100 %, Hg(II) – 65 %) [74]; polystyrene-divinylbenzene resin of Im-NO3 (Im-imidazole)
groups – removal of Pd(II) (0.00062 M) form nitric(V) acid solutions (1–5 M HNO3); sorption
capacity depends, among others, on the molar ration of initial reagents of chloromethylated
resin (I) and 1-methylimidazole (II) at the reagents ratio I:II = 1:1.5 this capacity is the highest
(4.06 mmol/g), the total capacity determined form the Langmuir 88 mg/g (3 M HNO3) [75];
resin of functional aminoethylene imidazole (IEA) – concentration of trace amounts of Au(III),
Pt(IV), Ir(IV), Pd(II) ions and their separation from Cu(II), Fe(III), Zn(II), Ni(II), Mn(II), Cr(III),
Ca(II) and Mg(II) ions; sorption capacity in 2 M HCl solution: 4.0 mmol/g – Au(III), 1.57 mmol/
g – Pt(IV), 2.26 mmol/g – Pd(II) and 1.85 mmol/g – Ir(IV) [76].

9. Ion exchangers of functional thiosemicarbazide, piperazine and tetrazine
groups

Table 1 presents the characteristic of chosen chelating ion exchangers of thiosemicarbazide,
piperazine and tetrazine functional groups widely applied in the concentration and removal
of platinum group ions [77–80].
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Ion exchanger Application Additional Information Ref.

Resin of
thiosemicarbazide
functional groups

Separation of Pd(II), Rh(III), Pt(IV),
Ru(III), Ir(III), Au(III), Os(VI),

as well as Cu(II), Bi(III), Hg(II),
Fe(III) and Al(III)

Sorption capacities (mmol/g): Pd(II) – 0.78 (pH
= 0); Pt(IV) – 0.71 (pH = 0); Ru(III) – 0.685 (1.5
M HCl); Rh(III) – 0.615 (2 M HCl); Ag(I) – 0

(pH = 0) and increase with increasing solution
pH, Ir(III) – 0 (pH = 0); Au(III) and Os(VI) are

reduced during the contact with the resin;
Cu(II), Bi(III), Hg(II), Fe(III) and Al(III) are not

retained by the resin;
Desorption: 4 M and 9 M HCl as well as 5 %

N,N-diphenylthiourea in ethanol

[77]

Resin of amine and
1,2,4,5-tetraazine
functional groups

Preconcentration and separation of
noble metal ions in the amount of
0.001 M in the presence of Zn(II),
Co(II), Cu(II), Fe(III), Ni(II) and

Cd(II) from acidic solutions of the
proportion of noble metal to base

metal: 1:1, 1:10, 1:100

Selectivity series: Pd(II) > Au(III) >> Ir(IV) >
Os(IV) > Pt(IV) > Ru(III) > Rh(III);

Desorption: acidified 5% (NH2)2CS
[79]

Resin of 1-(2-
aminethylene)-

piperazine functional
groups

Pre-concentration and recovery of
Au(III), Pd(II), Ru(III), Os(VI),

Pt(IV) and Ir(IV) in the presence of
Zn(II), Fe(III), Cu(II) and Ni(II)

from chloride solutions

Sorption capacities for Au(III), Pd(II), Ru(III),
Os(VI), Pt(IV) and Ir(IV) equalled to 5.38, 3.67,
3.46, 3.10, 2.46 and 2.24 mmol/g, respectively

[80]

Table 1. Examples of the chelating ion exchangers of thiosemicarbazide, piperazine and tetrazine functional groups
and their characteristic.

10. Ion exchangers of functional (amino)pyridine groups

Resins of pyridine [81] and α-aminopyridine groups on the polyphenylethylene support [82]
were successfully used for the separation of technetium and platinum metals from diluted
chloride solutions and in concentration of Pt(IV), Pd(II) and Ir(III) (on-line FAAS). Technetium
ions were eluted using concentrated solutions of hydrochloric acid but platinum metals
(Ru(III), Rh(III) and Pd(II)) by means of 0.1 M NH2CSNH2 in 1 M HCl [81] or 0.5 M HCl – 0.5
M HClO4 – 0.5 M Mg(ClO4)2 [82]. Most interferences coming from noble-metal ions were
eliminated using 2 M HCl and those from iron (> 200 mg Fe/dm3) adding 0.2 M EDTA [82].

11. Ion exchangers of functional amine and guanidine groups

Resins of functional amine and guanidine functional groups were successfully used in sorption
of Pd(II), Pt(IV) and Au(III) ions from chlorides solutions (initial concentration of each metal
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was 24 mM). The highest selectivity towards the above-mentioned ions and the possibility of
practical application of their recovery are exhibited by the ion exchangers A2 (Au – 99.7; Pt –
108; Pd – 54.3 mg/g), B2 (Au – 94.1; Pt – 104.8; Pd – 48.7 mg/g) and AG2 (Au – 85,1; Pt – 64; Pd
– 49.2 mg/g) and BG2 (Au – 74.3; Pt – 76.2; Pd – 48.5 mg/g). The sorption mechanism of Pd(II),
Pt(IV) and Au(III) chloro complexes is the combination of coordination interactions of electron
nitrogen pair and electrostatic interactions of these ions with the protonated group –NH2 [83].

In the case of the ion exchangers of the same functional groups: amine (D1, D2, D3, D4) and
guanidine (D1G, D2G, D3G, D4G) but on the basis of copolymer VBC/AN/DVB (copolymer
D), the studies of Pd(II), Pt(IV), Au(III), Cu(II), Ni(II) and Fe(III) ion removal from single and
multi-component chloride solutions (0.1–3.0 M HCl) showed that the highest selectivity
towards metal ions is exhibited by the resin D4 (sorption capacity 190 mg Au(III)/g, 245 mg
Pt(IV)/g and 280 mg Pd(II)/g of the resin), and the selectivity series towards Pd(II) ions is as
follows: D4 (117 mg/g) >> D1 > D4G > D1G > D2 = D3G > D2G > D3 (25 mg/g). Recovery of
noble metals from multi-component solutions with ten greater excess of Cu(II), Ni(II) and
Fe(III) ions was > 95 % [84].

12. Ion exchangers of functional hydrazone and hydrazine groups

Modification of the macroporous copolymer ACR/ST/DVB (where ACR – acrolein, ST –
styrene, DVB – divinylobenzene) using isonicotinic acid hydrazide and hydrazine hydrate
results in preparation of new chelating ion exchangers: P-NHZ and P-THZN, respectively [85–
87]. These resins exhibited high selectivity towards noble metal ions which allows their
separation from common metal ions. The maximal values of sorption capacities obtained in
0.1 M HCl are 3.77 mmol Au(III)/g, 1 mmol Pt(IV)/g, 0.79 mmol Pd(II)/g, 0.72 mmol Ir(III)/g,
0.51 mmol Ru(III)/g, 0.39 mmol Rh(III)/g for the resin P-NHZ and 4.2 mmol Au(III)/g, 1.36
mmol Pd(II)/g, 0.5 mmol Pt(IV)/g, 0.4 mmol Ir(III)/g, 0.31 mmol Rh(III)/g, 0.29 mmol Ru(III)/g
for the resin P-THZN, whereas the sorption capacities for common metal ions (Cu(II), Fe(III),
Co(II), Ni(II), Cr(III), Zn(II), Mn(II) and Al(III)) are small, in the range 0–0.13 mmol/g for the
resin P-NHZ and 0.03–0.32 mmol/g for the resin P-THZD. Desorption of the above-mentioned
ions from the P-NHZ and P-THZN was achieved using a 5% thiourea solution in 0.1 M HCl.
Quantitative desorption was possible only in the case of Au(III) and Pd(II) from the resin P-
NHZ. Another advantage of the ion exchanger P-NHZ over P-THZN is fast kinetics of sorption
and easy elution of adsorbed ions [87].

Ge et al. [86] proved high selectivity of the P-NHZ resin towards noble metal ions and
possibility of its exploitation for separation and concentration of trace amounts of Pd(II) and
Pt(IV) contained in road dust samples. Sorption of the above-mentioned ions on the P-NHZ
resin can be conducted also from the HNO3, HF and H3BO3 solutions of the concentration
0.08-1.2 M.
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13. Ion exchangers of functional formazane groups

Chelating ion exchangers of functional formazane groups [88–91] based on the styrene
divinylbenzene skeleton [58], amino- and chloromethylated polystyrene [91], cellulose [58,
91], saccharose [65] and methacrylate [58] were applied for sorption and separation of platinum
metals, gold, mercury, silver and copper. The sorption capacity towards Pd(II), Ag(I) and
Hg(II) ions was in the range 0.05–0.06 mmol/g, 0.4–0.9 mmol/g and 0.6–0.8 mmol/g, respec‐
tively, for formazane ion exchanger based on cellulose, aminomethylated polystyrene;
however, their sorption capacity towards Cu(II) ions was close to zero.

14. Ion exchangers of functional cyclane groups

For separation and recovery of Pd(II), Pt(IV) and Au(III), Jermakowicz-Bartkowiak [92] used
the resin A7C prepared by the reaction of cyclane (1,4,8,11-tetraazacyclotetradecane) with the
copolymer of vinylbenzyl and divinylbenzene chloride (VBC/DVB) obtaining the following
sorption capacities: 47.4 (S0), 47.4 (S1) mg Au(III)/g, 48.1 (S0), 47.5 (S1) mg Pt(IV)/g, 26.0 (S0),
25.6 (S1) mg Pd(II)/g resin, where S1 – the multifunctional system, S0 – the single component
system (static method) and 0.92 mmol Au(III)/g, 0.66 mmol Pt(IV)/g, 0.9 Pd(II) mmol/g dry
resin (dynamic method). Desorption of Au(III), Pt(IV) and Pd(II) ions from the resin was made
using a 5 % thiourea solution in 0.1 M hydrochloric acid with the yield 98, 97 and 98%.

15. Ion exchanger Metalfix Chelamine

The studies of the use of the ion exchanger Metalfix Chelamine of tetraethylenepentamine
ligands (1,4,7,10,13 – pentaazatridecane) in the process of recovery, concentration and
separation of platinum metal ions, gold and their accompanying elements from the environ‐
mental samples, anodic sludges from the electrorefining of copper ores, spent car exhaust gas
catalysts, etc. [93–98].

16. Polyorgs ion exchangers

Polyorgs type chelating ion exchangers [58, 99–103] are used for separation, concentration and
removal of palladium(II) ions and other noble metals from deposits, rocks, ores, minerals and
industrial waste waters. The Polyorgs sorbents were prepared by introducing e.g. imidazole,
pirazole, mercaptobenzothiazole, amidooxime groups to the macroporous copolymers
(polystyrene, polyvinyl, polyacrylonitrile) and other matrices. Sorbents of this type are
characterized by high chemicals stability in strong acid and alkaline solutions as well as high
thermal resistance and can be applied in the whole pH range. The sorbents of Polyorgs type
(11-n, 15-n, 17-n and 33-n) were also used for filling fibres e.g. polyacrylonitrile (PAN),
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cellulose, polyvinyl (PVA) ones. In the literature, such sorbents are called filled fibrous
sorbents (FFS) [99, 102, 103]. Main advantages of FFS are good kinetics of sorption and ease in
their separation from solution which make them more attractive than sorbents in the form of
powder or grains.

17. Ion exchangers of functional iminodiacetate groups

Recovery of palladium ions from chloride and chloride-nitrate(V) solutions using the ion
exchanger Amberlite IRC-718 of functional iminodiacetate groups and polystyrene skeleton
was conducted by Hubicki et al. [104]. The largest total ion exchange capacities of Amberlite
IRC-718 were obtained in the 0.1M HCl (1.099 mmol/g) and 0.9M HCl–0.1M HNO3 (0.693
mmol/g) solution. The additional of 1M AlCl3, 1M CuCl2 or 1M NiCl2 results in significant drop
of ion exchange capacity.

Studies of Amberlite IRC-718 selectivity towards Pd(II), Pt(IV) and Au(III), Ti(IV), Ag(I),
Al(III), Co(II) and Fe(III) were carried out also by Park and co-workers [105]. The optimal
sorption conditions for Pd(II), Pt(IV) and Au(III) ions are pH = 0.1–4 and a flow rate ≤ 2 cm3/
min. Quantitative desorption of noble metal ions was conducted using 20 cm3 of 0.25 M
thiourea and a flow rate 1 cm3/min. The ion exchange capacity of the studied ion exchanger
was 0.34 mmol Pt(IV)/g; 0.69 mmol Au(III)/g and 0.55 mmol Pd(II)/g of the resin. From a
practical point of view, the chelating ion exchanger Amberlite IRC-718 can find application in
removal, concentration and separation of noble metal ions from the solutions originating from
hydrometallurgical processing of car exhaust gas catalysts, anodic sludges, wastewaters as
well as in removal and determination of gold(III) ions in printed computer plates PCP [105].

18. Copolymers modified with triisobutylphosphine sulfide

Of special importance are the studies by Sanchez et al. [106–109] of building triisobutylphos‐
phine sulfide (TIBPS, Cyanex 471X) into the styrene-divinylbezene (4% DVB) copolymer in
order to obtain a resin concentrating noble metal ions. Polymers are characterized by high
selectivity towards Au(III) and Pd(II) ions (sorption from chloride solutions) as well as a lack
of selectivity towards Ir(IV), Rh(III), Pt(IV) and Fe(III), Cu(II) or Ni(II) [106]. Based on the
obtained values of sorption capacities (mmol/g) towards Pd(II) ions, the affinity series of the
studied resins is as follows: Pd(II): Polymer 2 (0.07 mmol/g) < Polymer 1 (0.11 mmol/g) <
Polymer 5 (0.17 mmol/g) < Polymer 3 (0.51 mmol/g) < Polymer 4 (0.72 mmol/g) [106].

With the temperature increase in the range 298–333K, there is observed the increase in Au(III)
ions sorption compared to that of Pd(II) ions. The sodium nitrate(III) and thiourea solutions
were used as eluents. Sodium nitrate(III) (2 M, pH 4.7) desorbs 75% of Pd(II) practically not
washing out Au(III) from the ion exchanger, whereas thiourea (0.5 M, [H+] 0.1 M) enables
almost quantitative recovery of gold(III) containing trace amounts of palladium (II) ions.
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19. Ion exchangers of cyclic ligands

Kałędowski and Trochimczuk [110, 111] synthesized polymers containing calixpyroles
preparing among others the resin B4 (covalently bonded thiophene kalix[4]pyrol[2] with the
vinylbenzene chloride and divinylbenzene (VBC-DV, 0.5% DVB) of the expanded gel struc‐
ture) selective towards noble metal ions. The maximal sorption capacity values determined
from the Langmuir adsorption isotherms are 0.26 mmol/g; 0.55 mmol/g; 0.6 mmol/g; 0.61
mmol/g and about 1.7 mmol/g for Ag(I), Pt(II), Pt(IV), Pd(II) and Au(III), respectively. The
resin B4 can be applied for the selective removal of Au(III) from the solutions originating from
processing of ores, galvanic sludges containing other noble metals. The metals adsorbed on
the resin are quantitatively washed out using 2 M solution of HCl or 2 M HNO3-Pt(IV), 0.5 M
thiourea + 0.1 M HCl-Ag(I) and 5% solution of KCN-Au(III). In the case of palladium(II), the
recovery was not quantitative (>57%, 0.5M thiourea in 0.1M HCl).

Garcia et al. [112] used the polystyrene-based resin of 15-membered triolefinic azamacrocycle
rings in Pd(II) and Pt(IV) ions sorption from aqueous and aqueous dioxane solutions. The
addition of dioxane (10% v/v) results in increasing polymer swelling and effectiveness of
palladium(II) ions sorption from 48% to 73%. The total sorption capacities for Pd(II) and Pt(IV)
ions were 0.36 mmol/g and 0.28 mmol/g of the resin, respectively. The presence of Cu(II) and
Ni(II) ions affects insignificantly the selectivity of the resin towards noble metals. 0.5 M
thiourea in 0.1 M HCl was used as an eluent of Pd(II) and Pt(IV) ions with 100% and 79%
recovery, respectively.

20. PAN-ATAL, PS-BMT ion exchangers

Chen and Zhao [113] prepared the chelating resin PAN-ATAL by immobilization of cross-
linked polyacrylnitrile (PAN) (7% DVB) with 2-amino-2-thiazole (ATAL) selective towards
noble metals, i.e Pd(II), Ru(II), Ir(IV) and Rh(III) ions, for which the sorption capacity values
were 230.7 mg Pd(II)/g, 147.1 mg Ir(IV)/g, 137.6 mg Ru(IV)/g and 72.1 mg Rh(III)/g of the resin.
The affinity of chelating macroporous resin PS-BMT (where PS – the cross-linked chlorome‐
tylated polystyrene (10% DVB), BMT – 2,5-dimercapto-1,3,4-thiadiazole) for Pd(II), Au(III) and
Pt(IV) ions from chloride solutions was studied by Qu et al. [114]. The sorption capacity for
Au(III) ions 5.8 mmol/g is much higher than for Pd(II) ions 0.19 mmol/g and Pt(IV) ions 0.033
mmol/g which is associated with gold(III) chlorocomplexes coordination by two donor N and
S atoms of the resin and reduction of gold(III) to a metallic form. However, in the case of
PdCl4

2- and PtCl6
2- complexes, only one donor atom – sulfur atom takes part in bonding.

21. Chelating fibres

It is worth presenting also the studies of using chelating fibres for the removal of platinum
elements, for example, those Gong [115] and Li et al. [116] on application of fibres of functional
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imidazole groups in noble metal ions sorption. Bilba et al. [117] used chelating polyacrylami‐
doxime fibres in concentration and recovery of Pd(II) ions from chloride solutions. The
attention should be also paid to the investigation by Gong and Wang [118, 119] as well as
Chang et al. [120] on concentration of trace amounts of Au(III), Pd(II), Pt(IV) and Ir(IV) by
means of chelating polyacrylacylaminothiourea fibres. Poly (acrylamidrazonehydrazide) [121]
and poly (acryl-p toluenesulfonamideamidine-p-toluenesulfonylamide) [122] fibres were
applied in quantitative concentration and separation of Au(III) and Pd(II) as well as Ru(III),
Rh(III), Au(III) and Pd(IV) ions in the column system.

22. Amphoteric ion exchangers and anion exchangers

Of a large group of ion exchangers, anion exchangers of different basicity (strong, average and
weak basic) of functional groups are applied in ion exchange chromatography of noble metal
ions. Strongly basic anion exchangers possessing well-dissociated functional groups capable
of anion exchange of even weak acids, e.g. quaternary ammonium groups, are widely applied
in the whole pH range. This group includes types 1 and 2 strongly basic anion exchangers of
functional trimethylammonium groups (type 1) and dimethylhydroxyethylammonium
groups (type 2). Weakly basic anion exchangers possess poorly dissociated functional groups
i.e. primary-, secondary- and tertiary amine groups. There is also a group of amphoteric ion
exchangers which, depending on solution pH, are able to exchange anions or cations. They are
polyacids and polybases so-called polyampholites, e.g. of COO- and –N+(CH3)3 groups (snake
in cage polymers).

Application of amphoteric ion exchangers for removal of trace amounts of Pd(II), Pt(IV) and
Au(III) ions, among others, geological materials was studied by Chajduk-Maleszewska and
Dybczyński [123], Dybczyński et al. [124] and Samczyński et al. [125] and Hubicki et al. [104].
Duolite ES 346 containing the functional amidoxime groups was successfully applied for
recovery and separation of noble metal ions. There was proved high selectivity of amphoteric
ion exchange Duolite ES 346 in Pd(II) ions sorption from the chloride (0.1–6M HCl–0.0011M
Pd(II) and chloride-nitrate(V) (0.1–0.9 M HCl–0.9–0.1M HNO3–0.0011M Pd(II)) systems.The
total sorption capacity towards Pd(II) ions is 1.099 mmol/g (0.1 M HCl) and 1.545 mmol/g (0.1M
HCl–0.9M HNO3). The processes of sorption and separation of trace amounts of Pd(II), Au(III)
and Pt(IV) from ammonium and aqueous-non-aqueous solutions on Duolite ES 346 were also
conducted [123, 124]. Also high selectivity of this ion exchanger towards noble metal ions was
proved. Ions desorption was achieved using the solutions: 2 M HCl (elution of Pt and other
metal ions, 8 M NH4OH–0.01 M NH4Cl-CH3OH (1:5), desorption temperature 323 K (elution
of Au(III) and 0.3 M CS(NH2)2 in 2 M HNO3 (elution of Pd(II)).

The amphoteric vinylpiridine ion exchangers VP-14K, ANKF-5 and the anion exchanger
AN-251M were used for recovery of Pd(II) ions from spent car exhaust gas convertors subjected
to extraction with the NaCl (2–2.3 M) solution acidified with hydrochloric acid (0.5–2 M) at
353 K, the extraction time was 4h. These ion exchangers were characterized by high affinity
towards palladium(II) ions and their recovery was 98–99%. The sorption capacity of the anion

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

17



exchanger AN-251M towards Pd(II) ions and the aminophosphonic ion exchanger ANKF-5
was comparable (2.4-2.5 mmol/g) and much larger than that of the ion exchanger VP-14K (1.4
mmol/g) so the ion exchangers AN-251M and ANKF-5 can be recommended for this type of
application.

The strongly basic gel anion exchanger Dowex 1x10 (Cl- form, grain size 100-200 mesh) was
successfully applied for removal of Pd(II) and Pt(IV) ions from the dust collected in Germany
from street and fast traffic roads (Saarbrücken, motorway A-1, A-61, road B-262). Quantitative
desorption of sorbed metal ions took place using the 0.1 M thiourea solution in 0.1 M HCl at
the increased temperature 333 K enabling reduction of the eluent volume by half. The matrix
ions, i.e. Cd, Cu and Fe, were not retained on the anion exchanger but Ni, Pb and Zn sorbed
at 8–15 %. Elimination of interferences during noble metals determination was achieved by
using the reagents masking the matrix ions even before the sorption process, e.g. xylene orange
(C31H32N2Na4O13S) [126]. Application of ion exchange technique for the determination of
platinum(II) ions in biological tissues gives interesting results. The tissues with the cis-
dichloro-diamineplatinum(II) were irradiated with neutron in the reactor. The sample
irradiation was mineralized by means of HNO3-H2SO4-H2O2 mixture. Then platinum ions were
sorbed on the anion exchanger Dowex 1x8 in the chloride form with 6 M hydrochloric acid
solution. Platinum was determined using the radiometric method [127]. Platinum and
rhodium contained in ores were determined after separation on the anion exchanger Dowex
1x8 in the chloride form. The ore was digested in aqua regia. Next the solution was passed
through two columns. In the first one, platinum ions were sorbed from 9 M HCl solution. In
the other one, rhodium was sorbed in the form of a complex with zinc(II) chloride from 0.5 M
HCl solution. 104Rh was determined directly in the ion exchange phase using the radiometric
method [128].

For removal and determination of platinum from geological materials, a technique using the
anion exchanger Rexyn 201 was proposed. Sorption was performed from 0.5 M of hydrochloric
acid solution containing Ir(IV), Pt(IV), Pd(II) and Au(III) ions. Elution was carried out by means
of 0.1 M solution of thiourea in 0.1 M HCl. Ir(III) was eluted using 6 M HCl. Platinum metals
and gold were determined radiometrically [129]. The same methods were applied for the
determination of platinum in carbons [130]. Somewhat modified technique was used for the
determination of platinum metals in meteorites. Modification consisted in the change of the
anion exchanger Rexyn 201 on Deacidite FF in the chloride form [131].

Bio-Rad AG1x8 (100–200 mesh) was characterized by high selectivity for Pd(II), Pt(IV) and
Au(III) ions (the partition coefficient values were 106, 104, 103 for Au(III), Pt(IV) and Pd(II) ions,
respectively), and therefore it could be applied for removal of noble metal ions from the
environmental and geological samples, among others, from rocks, ores as well as dust and
road dust [132].

Similar studies of application of anion exchangers Amberlite IRA-900 (macroporous, poly‐
styrene, strongly basic anion exchanger of type 1, 16–50 mesh) [133–135] and Amberlite
IRA-410 (gel, polystyrene, strongly basic of type 2, 16–50 mesh) [135] for recovery and removal
of trace amounts of Pd(II), Pt(II), Ru(III), Rh(III), Au(III) and Ir(IV) ions from chloride and
radioactive nitrate waste waters were carried out by the Els et al. [133, 134] and El-Said et al.
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[135]. Selectivity of the anion exchanger Amberlite IRA–900 for Pd(II) ions depends on the
concentration of Clˉ ions in the solution. Quantitative sorption of palladium(II) ions from the
chloride solutions is obtained at [Clˉ < 0.25 M. Sorption capacity of the anion exchanger
Amberlite IRA-900 for Pd(II) ions in 0.2 M HCl solution was 0.0017 mmol/dm3 ([Pd2+] 350 ppm)
[133]. Selectivity of the anion exchanger Amberlite IRA-900 towards noble metal ions changes
in the series: Au(III) > Pt(II) > Pd(II) > Ru(III) > Ir(IV) > Rh(III) [134].

Satisfactory results were obtained using the above-mentioned anion exchanger for separation
of Pd(II) and Ni(II), Sr(II), Rh(III), Eu(III), Ce(III), Ru(III), U(VI), Fe(III), Cr(III), Al(III), Ca(II)
and Cs(I) from the radioactive nitrate waste waters [135].

The anion exchangers of quaternary ammonium groups: Purolite A-850 and Amberlite
IRA-958 of polyacrylate skeleton, Lewatit MP 500A of polystyrene-divinylbenzene skeleton as
well as Varion AP of functional pyridine groups and polystyrene-divinylbenzene skeleton
exhibit high selectivity for Pd(II) ions from chloride and chloride-nitrate(V) solutions. Sorption
capacities towards Pd(II) ions are 0.0282 g/cm3 (in 0.1 M HCl) and 0.0005 g/cm3 (in 6 M HCl)
for Amberlite IRA-958 as well as 0.0408 g/cm3 (in 0.1 M HCl) and 0.005 g/cm3 (in 6 M HCl) for
Purolite A-850. The addition of Zn(II) and Al(III) to the solution largely decreases selectivity
of most anion exchangers for Pd(II) ions. The exception is Varion AP, whose selectivity changes
insignificantly despite the presence of Al(III) ions [136, 137].

Due to modification of the macroporous polystyrene-divinylbenzene resin Amberlite XAD-1,
the ion exchanger containing functional tertiary amine groups was obtained. This ion ex‐
changer was used for separation of noble metal ions. Separation of Rh(III), Pd(II) and Pt(IV)
ions mixture was achieved using suitable eluents:

Rh(III) – 1M HCl or 1M NaCl in 0.1 M HCl

Pd(II) – 0.05 M NaClO4 in 1 M HCl or 1 M NaCl + 0.025 M NaClO4

Pt(IV) – 0.1 M NaClO4 in 1 M HCl or 1 M NaCl + 0.15 M NaClO4.

The method is quick (about 30–40 minutes) and allows separation of 1.18–11.8 μg amounts of
noble metal ions [138].

Among weakly basic anion exchangers of special interest is the macroporous polystyrene-
divinylbenzene anion exchanger of functional dimethylamine groups Amberlite-93 used for
recovery of Pd(II), Pt(II) and Rh(III) ions from spent car exhaust gas convertors. Rhodium(III)
was desorbed from the anion exchanger as the first using 6 M hydrochloric acid solution, then
palladium(II) was desorbed using 1% ammonia solution at room temperature. Platinum(II)
was washed out with the ammonia solution of the concentration 5% (at increased temperature).
Separation of palladium from platinum from the eluant solution can be achieved reducing to
the metallic form or precipitating (NH4)2PdCl4 and (NH4)2PtCl6 using hydrochloric acid. The
presented method of selective removal of platinum metals using Amberlite IRA-93 can be
regarded as an effective technique for separation of these ions on a laboratory and commercial
scale [139].

The weakly basic Amberlite IRA 67 is applied for selective removal of microquantities of
platinum(IV) ions from the acid solution containing CuCl2, FeCl3, NiCl2, AlCl3 and ZnCl2. In
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chloride solutions, the above components can partly form anions, which reduces the sorption
capacity of weakly basic anion exchangers. The effect of the above-mentioned macrocompo‐
nents on decrease of sorption capacity towards platinum(IV) ions can be presented in the series:
CuCl2 ≈ FeCl3 ≈ NiCl2 < AlCl3 < ZnCl2 [140, 141]. A similar series can be determined for the
anion exchanger Duolite S 37, which contains secondary and tertiary functional groups added
to the phenol-formaldehyde skeleton [142].

23. Low-cost sorbents

In the literature, there are many examples of the alternative sorbents for noble metals removal
produced from renewable and low-cost resources [143]. Among them, those based on bacteria,
fungi and algae as well as agriculture and seafood wastes (coffee, green tea, tea, yuzu, aloe,
wheat and barley straw, maize crop, coconut shell, rise husk, etc.) have been investigated. One
of the low-cost sorbents is chitosan (CS) [144-155]. It is a kind of abundant natural polysac‐
charide. Chitosan is produced by the alkaline deacetylation of chitin, the most abundant
biopolymer in nature after cellulose. It is extracted from shrimp and crab shells. Due to large
availability of functional groups such as amino and hydroxyl ones, CS has been proved to be
very efficient for the recovery of several toxic metal ions such as Cu(II), Cd(II) and Pb(II) and
strategic metal ions such as Pt(IV) and Pd(II) [144]. It should be mentioned that sorption
properties of CS are due to its composition and presence of active and functional groups. CS
is characterized by its high percentage of nitrogen present in the form of amine groups, which
are responsible for metal ion binding through chelation mechanisms. Due to the fact that it is
protonated in acidic solutions, it is also capable of sorbing metal ions through anion exchange
mechanisms. It should be mentioned that chitosan protonation in acidic solution causes the
polymer to dissolve (except in sulphuric(VI) acid solutions). For the sorption of some metal
ions (for example noble metals), sulphuric(VI) acid cannot be used for pH control due to
reduction of sorption efficiency [145].

In the case of chitosan derivatives obtained by glutaraldehyde cross-linking (GA), poly(eth‐
yleneimine) grafting through glutaraldehyde linkage (PEI) or thiourea grafting (T), noble metal
ions can be sorbed. The reasons for grafting new functional groups are (i) to increase the density
of sorption sites, (ii) to change the pH range for metal ions sorption and (iii) to change the
sorption sites and/or the uptake mechanism in order to increase sorption selectivity for the
noble metals [146]. Such derivatives were used for palladium and platinum removal [147]. It
was found that the maximum adsorption capacity occurred at pH 2.0 for both Pt(IV) and Pd(II)
species. The material selectively adsorbs Pt(IV) and Pd(II) from binary mixtures with Cu(II),
Pb(II), Cd(II), Zn(II), Ca(II) and Mg(II). The isotherm adsorption equilibrium was well
described by the Langmuir isotherms with the maximum adsorption capacity of 129.9 mg/g
for Pt(IV) and 112.4 mg/g for Pd(II), which was relatively high compared with the glycine
chitosan derivative (122 mg/g for Pt(IV) and 120 mg/g for Pd(II)). The results show that 0.5 M
EDTA-0.5 M H2SO4 solution can effectively desorb Pt(IV) and Pd(II) (>97%) metal ions from
the adsorbent material. The high percentage of desorption obtained when the 0.5 M EDTA–
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0.5 M H2SO4 solution was used and can be explained by both stable complexes and the
electrostatic interactions between the Pt(IV) and Pd(II) species.

In the paper [143], rubeanic acid was grafted on chitosan through the reaction with glutaral‐
dehyde as the linker to obtain the sorbent for Au(III) with the thiol functional groups. It was
found that the maximum sorption capacity was high and equal to 600 Au(III) mg/g. The
speciation of gold in the chloride and hydroxide chloride systems appears to be a predominant
parameter influencing the removal process. The optimum pH range was between 2 and 3 for
glutaraldehyde cross-linked chitosan. However, the sorption capacity strongly decreases with
the increasing pH. It was found that in the case of the grafting of sulfur compounds on chitosan
derivatives, the partial change in the sorption mechanism occurs. In this case, metal ion
chelation with sulfur compounds is weakly sensitive to the pH change [148]. Sorption capacity
in the HCl system reaches 2 mmol/g (180 mg/g) and is slightly lower than for the chitosan
derivatives obtained by grafting of pyridyl groups (6 mmol/g). Increasing chloride concentra‐
tion involves a significant decrease in sorption capacity.

The removal of Au(III), Pt(IV) and Pd(II) onto the glycine modified cross-linked chitosan resin
was investigated in the paper by Ramesh et al. [146]. The results show that the optimum pH
appeared to be 1.0–4.0, and the maximum percentage removal was obtained at pH 2.0 for
Au(III), Pt(IV) and Pd(II). The pHZPC was found to be 5.1. At pH < pHPZC, the surface of modified
chitosan resin is positively charged, whereas at a pH > pHPZC, the surface of modified chitosan
resin is negatively charged. Due to the positive surface charge of sorbent at pH lower than
pHPZC, it attracts the chlorocomplexes of platinum, palladium and gold, resulting in the greater
amounts of adsorption at low pH. The authors proposed the following mechanism of the
sorption process:
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The results also demonstrated that the amount of adsorption was decreased with the increasing
chloride ion concentration. This is because of strong interaction between the chloride ions and
precious metal ions to form chlorocomplexes. The 0.7 M thiourea-2 M HCl solution was the
most effective for the desorption of Au(III), Pt(IV) and Pd(II).

In the case of chitosan derivatives, noble metal ions are sorbed according to several kinetic
models based on pure sorption, pure reduction and dual sorption-reduction mechanisms [149,
150]. Moreover, the optimum acid pH for noble metal ions sorption depends on the metal. For
platinum and palladium, it was equal to 2. For CS cross-linked by glutaraldehyde (CS-GA) for
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hydrochloric acid solutions of palladium at pH 2, sorption reached the same level as achieved
at pH 1 (capacity strongly decreased) [151]. However, in the sulphuric(VI) acid solutions, the
sorption capacity remains almost unchanged. It is well known that pH has a critical effect on
the speciation of the metal in solution because the distribution of metal species depends on
pH. Other parameters which affect the sorption efficiency are connected with the nature of the
sorbent (ionic charge), chemistry of the metal ion: ionic charge, ability to be hydrolysed as well
as metal concentration and the composition of the solution and the form of polynuclear species
[151]. Sorption kinetics is controlled by particle size, cross-linking ratio and palladium
concentration. In hydrochloric acid solutions, equilibrium is achieved at 24 h contact. For
chitosan-cellulose fibres, it was found that incorporation of cellulose fibres improves the
binding efficiency of chitosan towards Ag(I). The sorption capacity was close to 220 mg/g. This
is much higher than for the pure chitosan (140 mg/g) [152]. The cellulose fibres contribute to
dispersion of the chitosan chains that are more accessible and available for silver. It is also
possible to modify the chitosan structure by introducing cross-linking structure, blending
chitosan with synthetic polymers such as poly(vinyl alcohol) (PVA) – a non-toxic, water-
soluble synthetic polymer with good physical and chemical properties and film-forming
ability. It is also possible to apply the sol-gel process to develop organic–inorganic hybrid
materials [153–155]. For this aim, clays and silicas are frequently used. Clays are composed of
silicate layers which form three-dimensional structures after hydrated in water. They have
negative charge and can interact with chitosan. Also silicas are characterized by several
advantages which are among others surface stability in the acidic medium and highly
developed surface, acceptable kinetics, thermal stability, resistance to microbial attack and low
cost should be mentioned [156]. Chemically modified silicas (CMSs) with the functional groups
covalently bound to the surface such as polyamines, particularly, linear polyhexamethylene
guanidine (PHMG) with convenient amine group configurations and nitroso-R salt (NRS) were
used in palladium sorption [157, 158]. Complex of palladium(II) with the ratio Pd:NRS = 1:2
formed the SiO2–PHMG–NRS. The other examples are presented in Table 2.

Functional group Metal ion Ref.

Thiosemicarbazide Pd(II) [159]

Dithizone Ag(I) [160]

2-Amino-1-cyclopentene-1-dithiocarboxylic
acid

Ag(I) and Pd(II) [161]

N-(3-triethoxysilylpropyl)-4,5-dihydroimidazoleuene Pd(II), Pt(II) [162]

Amidinothiourea Ag(I), Au(III) and Pd(II) [162]

3-(1-thioureido)propyl Ag(I), Au(III) and Pd(II) [163]

Table 2. Organofunctionalized silicas in pre-concentration of noble metal ions.
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24. Conclusions

Ion exchange has been widely applied in the technology of chemical separation of noble metal
ions. This is associated with the dissemination of methods using various ion exchange resins
which are indispensable in many fields of chemical industry. Due to small amounts of noble
metals in nature and constant impoverishment of their natural sources, of particular impor‐
tance are physicochemical methods of their recovery from the secondary sources as well as
waste waters.

Recovery of noble metals, from such raw materials, requires individual approach to each
material and application of selective methods for their removal. Moreover, separation of noble
metals, particularly platinum metals and gold from geological samples, industrial products
and synthetic mixtures along with other elements, is a problem of significant importance
nowadays.

Author details

Zbigniew Hubicki*, Monika Wawrzkiewicz, Grzegorz Wójcik, Dorota Kołodyńska  and
Anna Wołowicz

*Address all correspondence to: zbigniew.hubicki@poczta.umcs.lublin.pl

Department of Inorganic Chemistry, Faculty of Chemistry, Maria Curie-Sklodowska
University, Lublin, Poland

References

[1] Bogoczek R., Surowiec J. Obecny stan rozwoju wymieniaczy jonowych. Przemysł
Chemiczny 1978;57 51-56.

[2] Abrams I.M., Millar J.R. A history of the origin and development of macroporous
ion-exchanger resins. Reactive and Functional Polymers 1997;35 7-22.

[3] Bogoczek R., Surowiec J. Procesy jonitowe w technologii chemicznej. Przemysł
Chemiczny 1978;57 217-221.

[4] Minczewski J., Chwastowska J., Dybczyński R. Separation and preconcentration
methods in inorganic trace analysis. Chichester: John Wiley & Sons; 1982.

[5] Leszczyńska M. Badania procesu sorpcji jonów palladu(II) z chlorkowych i chlorko‐
wo – azotanowych układów modelowych na jonitach i sorbentach różnego typu.
PhD thesis UMCS Lublin; 2005.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

23



[6] Bannister S.J., Chang Y., Sternson L.A., Repta A.J. Atomic absorption spectrophotom‐
etry of free circulating platinum species in plasma derived from cis-dichlorodiammi‐
neplatinum(II). Clinical Chemistry 1978;24 877-880.

[7] Marczenko Z., Kasiura K., Krasiejko M. Cation-exchange separation and colorimetric
determination of some elements in trace analysis of platinum-rhodium (10%) alloys.
Microchimica Acta 1969;57 625-633.

[8] MacNevin W.M., McKay E.S. Separation of rhodium from platinum, palladium, and
iridium by ion exchange. Analytical Chemistry 1957;29 1220-1223.

[9] Weinert C.H.-S.W., Strelow F.W.E. Cation-exchange behaviour of the platinum
group and some other rare elements in hydrobromic acid-thiourea-acetone media.
Talanta 1983;30 755-760.

[10] Marks A.G., Beamish F.E. Separation of rhodium and iridium from base metals by
ion exchange. Analytical Chemistry 1958;30 1464-1466.

[11] Banbury L.M., Beamish F.E. Fire assay collection of platinum and palladium by cop‐
per. Fresenius Journal of Analytical Chemistry 1965;211 178-187.

[12] Banbury L.M., Beamish F.E. Fire assay collection of rhodium by copper. Fresenius
Journal of Analytical Chemistry 1966; 218 263-272.

[13] Agrawal K.C., Beamish F.E. Fire assay collection of iridium by copper. Fresenius
Journal of Analytical Chemistry 1965; 211 265-274.

[14] Tertipis G.G., Beamish F.E. Separation of rhodium from iridium by copper powder.
Analytical Chemistry 1960;32 486-489.

[15] Van Loon J.C., Beamish F.E. Inclusion of osmium in assay method for six platinum
metals by iron-copper-nickel collection. Analytical Chemistry 1965;37 113-116.

[16] Van Loon J.C., Beamish F.E. A fire assay for osmium in sulfide concentrates. Analyti‐
cal Chememistry 1964;36 872-875.

[17] Gupta J.G.S., Beamish F.E. New fire assay methods for the analysis of iridosmines.
Analytical Chemistry 1962;34 1761-1764.

[18] Tertipis G.G., Beamish F.E. New fire assay for iridium. Analytical Chemistry 1962;34
108-110.

[19] Tertipis G.G., Beamish F.E. The recovery of rhodium, iridium, palladium and plati‐
num from ores and concentrates by wet assay and a comparison with recovery by
fire assays. Talanta 1963;10 1139-1151.

[20] Zachariasen H., Beamish F.E. Separation of ruthenium from base metals by cation ex‐
change. Analytical Chemistry 1962; 34 964-966.

[21] Sant B.R., Beamish F.E. New fire assay method for rhodium. Analytical Chemistry.
1961;33 304-305.

Ion Exchange - Studies and Applications24



[22] Plummer M.E.V., Beamish F.E. Determination of platinum and palladium in ores and
concentrates new fire assay method. Analytical Chemistry 1959;31 1141-1143.

[23] Plummer M.E.V. Fire assay for platinum and palladium in ores and concentrates.
Analytical Chemistry 1959;31 254-258.

[24] Coburn H.G., Beamish F.E., Lewis C.L. Determination of platinum and palladium in
ferronickel assay buttons. Analytical Chemistry 1956;28 1297-1300.

[25] Faye G.H., Moloughney P.E. The tin-collection scheme for the determination of plati‐
num-group metals, gold and silver. Talanta 1972;19 269-284.

[26] Faye G.H., Inman W.R. New fire assay method for rhodium in ores and concentrates.
Analytical Chemistry 1962;34 972-974.

[27] Faye G.H., Inman W.R., Moloughney P.E. New fire assay method for iridium. Ana‐
lytical Chemistry 1964;36 366-368.

[28] Sen Gupta J.G. Determination of microgram amounts of the six platinum-group met‐
als in iron and stony meteorites. Analytica Chimica Acta 1968;42 481-488.

[29] Sen Gupta J.G. Abundances of the six platinum metals in some iron and stony mete‐
orites: Relationships to the theories of evolution of parent bodies of meteorites and
the origin of these elements. Chemical Geology 1968;3 293-305.

[30] Faye G.H., Inman W.R. The determination of platinum and palladium in copper-
nickel matte and ore concentrates: A fire assay method using tin as a collector. Ana‐
lytical Chemistry 1961;33 278-283.

[31] Pohlandt C., Steele T.W. Chromatographic separation and determination of noble
metals in matte-leach residues. Talanta 1974;21 919-925.

[32] Coombes R.J., Chow A. A comparison of methods for the determination of platinum
in ores. Talanta 1979;26 991-998.

[33] Blasius E., Rexin D. Trennung der Platinelemente unter Anwendung von Ionenaus‐
tauschern Fresenius Journal of Analytical Chemistry 1961;179 105-116.

[34] Samadi A.A., Grynszpan R., Fedoroff M. Behaviour of trace impurities during chemi‐
cal dissolution of a metal: Platinum elements in aluminium and nickel. Talanta
1976;23 829-833.

[35] Schutyser P., Govaerts A., Dams R., Hoste J. Neutron activation analysis of platinum
metals in airborne particulate matter. Journal of Radioanalytical and Nuclear Chem‐
istry 1977;37 651-660.

[36] Govaerts A., Gijbels R., Hoste J. The determination of Pd, Pt, Au, Ag and Ir in copper
by neutron activation analysis. Analytica Chimica Acta 1975;79 139-148.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

25



[37] François J.P., Gijbels R., Hoste J. A radiochemical study of the fire assay of rhodium
with copper and the subsequent rhodium-copper separation. Talanta 1974;21
780-783.

[38] Karttunen J.O., Evans H.B. Cation exchange separation and spectrophotometric de‐
termination of microgram amounts of rhodium in uranium-base fissium alloys. Ana‐
lytical Chemistry 1960;32 917-922.

[39] Weinert C.H.-S.W., Strelow F.W.E. Cation-exchange behaviour of the platinum
group and some other rare elements in hydrobromic acid-thiourea-acetone media.
Talanta 1983;30 755-760.

[40] Siegfried C.H., Weinert W., Strelow F.W.E., Böhmer R.G. Cation-exchange in thiour‐
ea-hydrochloric acid solutions. Talanta 1983;30 413-418.

[41] Brajter K., Kleyny K., Vorbrodt Z. Studies on optimization of conditions for separat‐
ing rhodium and platinum by cation-exchange. Talanta 1980;27 433-435.

[42] Kołodyńska D. Żywice chelatujące w procesie usuwania jonow metali ciężkich w
obecności czynnika kompleksującego z wód i ścieków. Przemysł Chemiczny 2009;88
182-189.

[43] Hubicki Z., Leszczyńska M., Łodyga B., Łodyga A. Recovery of palladium (II) from
chloride and chloride-nitrate solutions using ion exchange resins with S-donor
atoms. Desalination 2007;207 80-86.

[44] Kantipuly C, Katragadda S, Chow A, Gesser H.D. Chelating polymers and related
supports for separation and preconcentration of trace metals. Talanta 1990;37
491-517.

[45] Grote M., Kettrup A. Ion-exchange resins containing s-bonded dithizone and dehy‐
drodithizone as functional groups: Part 3. Determination of gold, platinum and pal‐
ladium in geological samples by means of a dehydrodithizone resin and plasma
emission spectrometry. Analytica Chimica Acta 1987;201 (C) 95-107.

[46] Grote M., Kettrup A. Ion-exchange resins containing s-bonded dithizone and dehy‐
drodithizone as functional groups: Part 2. Desorption properties and development of
separation procedures for gold and platinum group metals. Analytica Chimica Acta
1985;175 (C) 239-255.

[47] Grote M., Kettrup A. Separation of noble metals by ion exchangers containing S-
bonded dithizone and dehydrodithizone as functional groups. In: Ion Exchange
Technology. London: Ellis Horwood Limited;1984 618-625.

[48] Grote M., Kettrup A. Ion-exchange resins containing S-bonded dithizone and dehy‐
drodithizone as functional groups: Part 1. Preparation of the resins and investigation
of the sorption of noble metals and base metals. Analytica Chimica Acta 1985;172 (C)
223-239.

Ion Exchange - Studies and Applications26



[49] Shah R., Devi S. Preconcentration and separation of palladium(II) and platinum(IV)
on a dithizone anchored poly(vinylpyridine)-based chelating resin. Analytica Chimi‐
ca Acta 1997;341 217-224.

[50] Patterson J.W., Passino R. Metals Speciation, Separation and Recovery. Chelsea:
Lewis Publishers Inc.; 1990.

[51] Chwastowska J., Skwara W., Sterlińska E., Pszonicki L. Determination of platinum
and palladium in environmental samples by graphite furnace atomic absorption
spectrometry after separation on dithizone sorbent. Talanta 2004;64 224-229.

[52] Chikuma M., Aoki H., Tanaka H. Determination of metal ions in environmental wa‐
ters by flameless atomic absorption spectrometry combined with preconcentration
using a sulfonated dithizone-loaded resin. Analytical Sciences 1991;7 1131-1134.

[53] Hubicki Z., Wawrzkiewicz, M., Wołowicz A. Application of ion exchange methods in
recovery of Pd(II) ions - a review. Chemia Analityczna 2008;53 759-784.

[54] Hubicki Z., Leszczyńska M. Zastosowanie jonitów modyfikowanych w procesie od‐
zysku jonów Pd(II). Przemysł Chemiczny 2005;84 750-755.

[55] Hubicki Z., Leszczyńska M., Łodyga B., Łodyga A. Recovery of palladium(II) from
chloride and chloride-nitrate solutions using ion-exchange resins with S-donor
atoms. Desalination 2007;207 80-86.

[56] Blokhin A.A., Abovskii N.D., Murashkin Yu.V. Ion-exchange recovery of palladi‐
um(II) from multicomponent chloride solutions. Russian Journal of Applied Chemis‐
try 2007;80 1058-1062.

[57] Szymanowski J. Rozwój technologii wydzielania i rozdziału metali szlachetnych. Ru‐
dy Metale 1989;34 54-58.

[58] Mayasoedova G.V., Antokol’skaya I.I., Savvin S.B. New chelating sorbents for noble
metals. Talanta 1985;32 1105-1112.

[59] Jermakowicz-Bartkowiak D. Preparation, characterisation and sorptive properties to‐
wards noble metals of the resins from poly(vinylbenzyl chloride) copolymers. Reac‐
tive and Functional Polymers 2005;62 115-128.

[60] Warshawski A., Fieberg M.M.B., Mihalik P., Murphy T.G., Ras Y.B. The separation of
Platinum group metals (PGM) in chloride media by isothiouronium resins. Separa‐
tion and Purification Methods 1980;9 209-265.

[61] Labošowá L., Štofková M., Kračunovská J. The study of possibilities of selective re‐
covery of palladium(II) from chlorides solutions by ion exchange resin Lewatit
TP-214. Acta Metallurgica Slovaca 2006;12 235-241.

[62] Zuo G., Muhammed M. Thiourea-based coordinating polymers: synthesis and bind‐
ing to noble metals. Reactive Polymers 1995;24 165-181.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

27



[63] Brinci E., Gülfen M., Aydin A.O. Separation and recovery of palladium(II) from base
metal ions by melamine–formaldehyde–thiourea (MFT) chelating resin. Hydrometal‐
lurgy 2009;95 15-21.

[64] Saha B., Iglesias M., Cumming I.W., Streat M. Sorption of trace heavy metals by thiol
containing chelating resins. Solvent Extraction and Ion Exchange 2000;18 133-167.

[65] Iglesias M., Anticó E., Salvado V. Recovery of palladium(II) and gold(III) from dilut‐
ed liquors using the resin Duolite GT-73. Analytical Chimica Acta 1991;381 61-67.

[66] Pohl P., Prusisz B. On the applicability of Duolite GT-73 to column preconcentration
of gold and palladium prior to determination by inductively coupled plasma-atomic
emission spectrometry. Microchimica Acta 2005;150 159-165.

[67] Slovák Z., Smarž M., Dočekal B., Slováková S. Analytical behaviour of hydrophilic
glycolmethacrylate gels with bound thiol groups. Analytica Chimica Acta 1979;111
243-249.

[68] Anticó E., Masana A., Salvadó V., Hidalgo M., Valiente M. Adsorption of palladium
by glycolmethacrylate chelating resins. Analytica Chimica Acta 1994;296 325-332.

[69] Venkatesan K.A., Selvan B.R., Antony M.P., Srinivasan T.G., Rao P.R.V. Extraction of
palladium from nitric acid medium by commercial resins with phosphinic acid,
methylene thiol and isothiouranium moieties attached to polystyrene-DVB. Journal
of Radioanalytical and Nuclear Chemistry 2005;266 431-440.

[70] Anticó E., Masana A., Salvadó V., Hidalgo M., Valiente M. Separation of Pd(II) and
Cu(II) in chloride solutions on a glycol methacrylate gel derivatized with 8-hydroxy‐
quinoline. Journal of Chromatography A 1995;706 159-166.

[71] Trochimczuk A.W. Chelating resins with N-substituted diamides of malonic acid as
ligands. European Polymer Journal 1998;34 1657-1662.

[72] Parodi A., Vincent T., Pilśniak M., Trochimczuk A., Guibal E. Palladium and plati‐
num binding on imidazole-resin. Hydrometallurgy 2008;92 1-10.

[73] Chang X., Su Z., Yang D., Gong B., Pu Q., Li S. Synthesis and efficiency of a spherical
macroporous epoxy-imidazole complexing resin for preconcentrating trace noble
metal ions. Analytica Chimica Acta 1997;354 143-149.

[74] Das D., Das A.K., Sinha Ch. A new resin containing benzimidazolylazo group and its
use in the separation of heavy metals. Talanta 1999;48 1013-1022.

[75] Venkatesan K.A., Selvan B.R., Antony M.P., Srinivasan T.G., Vasudeva Rao P.R. Ex‐
traction of palladium (II) from nitric acid medium by imidazolium nitrate immobi‐
lized resin. Hydrometallurgy 2007;86 221-229.

[76] Su Z.X., Pu Q.S., Luo X.Y., Chang X.J., Zhan G.Y., Ren F.Z. Application of a macropo‐
rous resin containing imidazoline groups to preconcentration and separation of gold,
platinum and palladium prior to ICP AES determination. Talanta 1995;42 1127-1133.

Ion Exchange - Studies and Applications28



[77] Siddhanta S., Das H.R. Separation and concentration of some platinum metal ions
with a new chelating resin containing thiosemicarbazide as functional group. Talanta
1985;32 457-460.

[78] Chen Y.Y., Liang C., Chao Y. Synthesis and characterization of polyacrylonitrile-thio‐
semicarbazide resin and its sorption behavior for Rh(III) Ru(IV) Pd(II) and Ir(IV)
ions. Reactive and Functional Polymers 1998;36 51-58.

[79] Topp K.D., Grote M. Synthesis and characterization of a 1,2,4,5-tetrazine-modified
ion-exchange resin. Reactive and Functional Polymers 1996;31 117-136.

[80] Yi-Yong Ch., Xing-Zhong Y. Synthesis and properties of 1-(2-aminoethyl)piperazine
resin used in the sorption of the platinum group and gold ions. Reactive Polymers
1994;23 165-172.

[81] Suzuki T., Fujii Y., Yan W., Mimura H., Koyama S., Ozawa M. Adsorption behaviour
of VII group elements on tertiary pyridine resin in hydrochloric acid solution. Jour‐
nal of Radioanalytical and Nuclear Chemistry 2009;282 641-644.

[82] Di P., Davey D.E. On-line preconcentration and separation of palladium, platinum
and iridium using α-amino pyridine resin with flame atomic absorption spectrome‐
try. Talanta 1995;42 685-692.

[83] Jermakowicz-Bartkowiak D. Preparation, characterisation and sorptive properties to‐
wards noble metals of the resins from poly(vinylbenzyl chloride) copolymers. Reac‐
tive and Functional Polymers 2005;62 115-128.

[84] Jermakowicz-Bartkowiak D., Kolarz B.N., Serwin A. Sorption of precious metals
from acid solutions by functionalised vinylbenzyl chloride–acrylonitryle–divinylben‐
zene copolymers bearing amino and guanidine ligands. Reactive and Functional Pol‐
ymers 2005;65 135-142.

[85] Zhang B.W., Zhang Y., Grote M., Kettrup A. Studies on macroporous cross-linked
polyacrolein-styrene resin I. Synthesis of polyacrylic aldehyde-hydrazone and polya‐
crolein-phenylhydrazone resins and their chelating properties for gold and platinum
group metals. Reactive Polymers 1994;22 115-125.

[86] Ge X., Wendler I., Schramel P., Kettrup A. Application of polyacrolein–isonicotinic
acid hydrazone resin for the separation and concentration of Pd and Pt in road dust.
Reactive and Functional Polymers 2004;61 1-10.

[87] Ge X.P., Zhang B.W., Grote M. Polyacrolein-isonicotinic acid hydrazone and polya‐
crylic acid-thiohydrazide resins-synthesis and sorption properties for precious and
base metals. Microchimica Acta 1998;129 303-310.

[88] Grote M., Wigge P., Kettrup A. Formazane als funktionelle gruppen chelatbildender
ionenaustauscher. Frezenius Zeitschrift für Analytische Chemie 1982;310 369-377.

[89] Grote M., Schwalk A., Hüppe U., Kettrup A. Formazans as functional groups of che‐
lating ion-exchangers. V. Noble metal coordination and ligand-conversion of chelat‐

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

29



ing formazan functionalized supports. Frezenius Zeitschrift für Analytische Chemie
1983;316 247-252.

[90] Grote M., Schumacher U. Bipolar ion-exchange resins based on functional acidic tet‐
razolium groups - their synthesis, structure and properties. Reactive and Functional
Polymers 1997;35 179-196.

[91] Grote M., Kettrup A. Formazane als funktionelle gruppen chelatbildender ionenaus‐
tauscher. Frezenius Zeitschrift für Analytische Chemie 1979;295 366-370.

[92] Jermakowicz-Bartkowiak D. A preliminary evaluation on the use of the cyclam func‐
tionalized resin for the noble metals sorption. Reactive and Functional Polymers
2007;67 1505-1514.

[93] Iglesias M., Anticό E., Salvadό V. Characterisation of Metalfix-Chelamine and its ap‐
plication in precious metal adsorption. Solvent Extraction and Ion Exchange 2000; 18
965-979.

[94] Pohl P., Prusisz B., Zyrnicki W. Application of Metalfix Chelamine prior to the deter‐
mination of noble metals by the inductively coupled plasma atomic emission spec‐
trometry. Talanta 2005;67 155-161.

[95] Iglesias M., Anticό E., Salvadό V. On-line determination of trace levels of palladium
by flame atomic absorption spectrometry. Talanta 2003;59 651-657.

[96] Muzikar M., Fontàs C., Hidalgo M., Havel J., Salvadό V. A preconcentration system
using polyamine Metalfix-Chelamine resin for the on-line determination of palladi‐
um(II) and platinum(IV) by inductively coupled plasma optical emission spectrome‐
try. Talanta 2006;70 1081-1086.

[97] Coedo A.G., Dorado M.T., Padilla I., Alguacil F. Preconcentration and matrix separa‐
tion of precious metals in geological and related materials using metalfix-chelamine
resin prior to inductively coupled plasma mass spectrometry. Analytica Chimica Ac‐
ta 1997; 340 31-40.

[98] Lopes C. M.P.V., Almeida A.A, Lúcia M.M.F.S., Lima J.L.F.C. Determination of Rh,
Pd and Pt in urine samples using a pre-concentration sequential injection analysis
system coupled to a quadrupole-inductively coupled plasma-mass spectrometer. An‐
alytica Chimica Acta 2007;600 226-232.

[99] Myasoedova G.V. POLYORGS as complexing sorbents for preconcentration of trace
metals. Fresenius Journal of Analytical Chemistry 1991;341 586-591.

[100] Mokиodoeva O.B., Myasoedova G.V., Kubrakova I.V. Preconcentration of noble met‐
als with the Polyorgs 4 complexing sorbent under the action of microwave irradia‐
tion. Journal of Analytical Chemistry 2007;62 406-410.

Ion Exchange - Studies and Applications30



[101] Mokиodoeva O.B., Myasoedova G.V., Kubrakova I.V. Sorption preconcentration in
combined methods for the determination of noble metals. Journal of Analytical
Chemistry 2007;62 607-622.

[102] Myasoedova G.V., Zaharchenko E.A., Mokиodoeva O.B., Kubrakova I.V., Nikashina
V.A. Sorption preconcentration of Platinum-Group Metals with filled fibrous Poly‐
orgs sorbents. Journal of Analytical Chemistry 2004;59 536-540.

[103] Myasoedova G.V., Mokиodoeva O.B., Kubrakova I.V. Trends in sorption preconcen‐
tration combined with metal determination. Analytical Sciences 2007;23 1031-1039.

[104] Hubicki Z., Leszczyńska M., Łodyga B., Łodyga A. Palladium(II) removal from chlor‐
ide and chloride-nitrate solutions by chelating ion-exchangers containing N-donor
atoms. Minerals Engineering 2006;19 1341-1347.

[105] Park Ch., Chung J.S., Cha K.W. Separation and preconcentration method for palladi‐
um, platinum and gold from some heavy metals using Amberlite IRC 718 chelating
resin. Bulletin of the Korean Chemical Society 2000;21 121-124.

[106] Sànchez J.M., Hidalgo M., Valiente M., Salvado V. New macroporous polymers for
the selective adsorption of gold(III) and palladium(II). I. The synthesis, characteriza‐
tion, and effect of spacers on metal adsorption. Journal of Polymer Science Part A:
Polymer Chemistry 2000;38 269-278.

[107] Sànchez J.M., Hidalgo M., Salvado V. A comparison of the separation behavior of
some new coordinating resins and commercial quaternary ammonium resins with
reference to their separation of gold(III) and palladium(II) in hydrochloric acid me‐
dia. Solvent Extraction and Ion Exchange 2004;22 285-303.

[108] Sànchez J.M., Hidalgo M., Salvado V. The selective adsorption of gold (III) and palla‐
dium (II) on new phosphine sulphide-type chelating polymers bearing different
spacer arms equilibrium and kinetic characterization. Reactive and Functional Poly‐
mers 2001;46 283-291.

[109] Sànchez J.M., Hidalgo M., Salvado V. Synthesised phosphine sulphide-type macro‐
porous polymers for the preconcentration and separation of gold(III) and palladi‐
um(II) in a column system. Reactive and Functional Polymers 2001;49 215-224.

[110] Kałędkowski A., Trochimczuk A.W. Chelating resin containing hybrid calixpyrroles:
new sorbent for noble metal cations. Reactive and Functional Polymers 2006;66
957-966.

[111] Kałędkowski A, Synteza i właściwości polimerów zawierających kalikspirole. PhD
thesis PW Wrocław; 2006.

[112] Garcia L., Torrent A., Anticό E., Fontàs C., Roglans A. Selective Pd(II) and Pt(IV)
sorption using novel polymers containing azamacrocycle functional groups. Reactive
and Functional Polymers 2008;68 1088-1096.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

31



[113] Chen Y., Zhao Y. Synthesis and characterization of polyacrylonitrile-2-amino-2-thia‐
zoline resin and its sorption behaviors for noble metal ions. Reactive and Functional
Polymers 2003;55 89-98.

[114] Qu R., Sun Ch., Ji Ch., Wang Ch., Xu Q., Lu S., Li Ch., Chen G. Synthesis and charac‐
terization of polystyrene supported 2,5-dimercapto-1,3,4-thiodiazole and its sorption
behaviour for Pd(II), Pt(IV) and Au(III). Journal of Applied Polymer Science 2006;101
631-637.

[115] Gong B. Synthesis of polyacrylaminoimidazole chelating fiber and properties of con‐
centration and separation of trace Au, Hg and Pd from samples. Talanta 2002;57
89-95.

[116] Li Y., Liu R., Zhang B. Application of an imidazole group containing chelating fiber
for the determination of trace noble metals in superhigh-temperature alloys. Frese‐
nius Journal of Analytical Chemistry 2000;366 821-824.

[117] Bilba N., Bilba D., Moroi G. Synthesis of polyacrylamidoxime chelating fiber and its
efficiency in the retention of palladium ions. Journal of Applied Polymer Science
2004;92 3730-3735.

[118] Gong B., Wang Y. ICP AES determination of traces of noble metal ions pre-concen‐
trated and separated on a new polyacrylaminothiourea chelating fibre. Analytical
and Bioanalytical Chemistry 2002;372 597-600.

[119] Gong B., Wang Y., Sun Y.P., Zhao J.G. Synthesis of polyacrylaminothiourea chelating
fibre and properties of concentration and separation of trace noble metal ions from
samples. Chinese Journal of Chemistry 2002;20 63-67.

[120] Chang X., Su Z., Zhan G., Luo X., Gao W. Synthesis and efficiency of a polyacrylacy‐
lithiourea chelating fibre for the preconcentration and separation of trace amounts of
gold, palladium and ruthenium from solution samples. Analyst 1994;119 1445-1449.

[121] Chang X., Zhan G., Luo X., Su Z. Synthesis and efficiency of poly(acrylamidrazone‐
hydrazide) chelating fibre for preconcentrating and separating trace gold and palla‐
dium from solution. Microchimica Acta 1994;112 245-251.

[122] Zheng H., Chang X., Lian N., Mao J., Wang S., Dong Y. Synthesis and application of a
novel poly(acryl-p-toluenesulfonamideamidine-p-toluenesulfonylamide) chelating fi‐
ber for preconcentration and separation of trace noble metal ions from solution sam‐
ples. Microchimica Acta 2005;149 259-266.

[123] Chajduk-Maleszewska E., Dybczyński R. Selective separation and preconcentration
of trace amounts of Pd on Duolite ES 346 resin and its use for the determination of
Pd by NAA. Chemia Analityczna 2004;49 281-297.

[124] Dybczyński R., Hubicki Z., Kulisa K. Ion exchange behaviour of 23 elements and am‐
photeric properties of chelating resin Duolite ES 346 containing amidoxime groups.
Solvent Extraction and Ion Exchange 1988;6 699-724.

Ion Exchange - Studies and Applications32



[125] Samczyński Z., Danko B., Dybczyński R. Application of Chelex 100 ion exchange resin
for separation and determination of palladium, platinum and gold in geological and
industrial materials by neutron activation analysis. Chemia Analityczna 2000;45 843-856.

[126] Kovacheva P., Djingova R. Ion-exchange method for separation and concentration of
platinum and palladium for analysis of environmental samples by inductively cou‐
pled plasma atomic emission spectrometry. Analytica Chimica Acta 2002;464 7-13.

[127] Wilkinson B. W., Toth-Allan J. Neutron activation analysis using daughter activity.
Nuclear Technology 1972;13 103-110.

[128] Steinnes E. Determination of rhodium in platinum bearing ores by neutron activation
analysis. Radiochemical and Radioanalytical Letters 1975;21 233-239.

[129] Crocket J.H., Keays R.R., Hsieh S. Determination of some precious metals by neutron
activation analysis. Journal of Radioanalytical Chemistry 1968;1 487-507.

[130] Crocket J.H., Keays R.R., Hsieh S. Precious metal abundances in some carbonaceous and
enstatite chondrites. Geochimica Et Cosmochimica Acta 1967;31 1615-1623.

[131] Crocket J.H. Some aspects of the geochemistry of Ru, Os, Ir and Pt in iron meteorites.
Geochimica Et Cosmochimica Acta 1972;36 517-535.

[132] Enzweiler J., Potts P.J. The separation of platinum, palladium and gold from silicate rocks
by the anion exchange separation of chloro complexes after a sodium peroxide fusion:
an investigation of low recoveries. Talanta 1995;42 1411-1418.

[133] Els E.R., Lorenz L., Aldrich C. The recovery of palladium with the use of ion exchange
resins. Minerals Enginering 1997;10 1177-1181.

[134] Els E.R., Lorenz L., Aldrich C. The adsorption of precious metals and base metals on
a quaternary ammonium group ion exchange resin. Minerals Engineering 2000;13
401-414.

[135] El-Said N., Mekhail A., Khalifa S.M., Aly H.F. Separation of strontium from simulat‐
ed waste in K2SO4/nitrate medium containing Sr2+, Eu3+, Ce3+, Pd2+, Rh3+, Ru3+, UO2+

2,
Fe3+, Cr3+, Ni2+, Al3+, Ca2+, and Cs+ by strongly basic anion exchange. Journal of Radio‐
analytical and Nuclear Chemistry 1996;208 243-255.

[136] Hubicki Z., Leszczyńska M. Studies of sorption of Pd(II) microquantities on strongly
basic polyacrylate anion exchangers. Desalination 2005;175 289-295.

[137] Hubicki Z., Leszczyńska M. Sorption of palladium (II) chloride complexes on weak‐
ly, intermediate and strongly basic anion exchangers. Desalination 2005;175 227-236.

[138] Pohlandt C.,Fritz J.S. Separation of metal ions on a new amide resin. Journal of Chro‐
matography 1979;176 189 -197.

[139] Gaita R., Al-Bazi S.J. An ion-exchange method for selective separation of palladium,
platinum and rhodium from solutions obtained by leaching automotive catalytic con‐
verters. Talanta 1995;42 249-255.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

33



[140] Hubicki Z., Wójcik G. Studies of the selective removal of micro-quantities of plati‐
num(IV) ions from macro-quantities of model solutions of aluminium, copper, iron,
nickel and zinc chloride on anion-exchangers of various types. Adsorption Science
and Technology 2006;24, 559-569.

[141] Hubicki Z., Wójcik G. Studies of the selective removal of microquantities of plati‐
num(IV) ions from model chloride solutions onto ion exchangers containing func‐
tional tertiary amine and polyamine groups. Adsorption Science and Technology
2004;22 627-637.

[142] Hubicki Z., Wójcik G. Studies of removal of platinum (IV) ion microquantities from
the model solutions of aluminium, copper, iron, nickel and zinc chloride macroquan‐
tities on the anion exchanger Duolite S 37. Journal of Hazardous Materials 2006;136
770-775.

[143] Arrascuea M.L., Garciaa H.M., Horna O., Guibal E. Gold sorption on chitosan deriva‐
tives. Hydrometallurgy 2003; 71 191-200.

[144] Kołodyńska D. Chitosan as an effective low-cost sorbent of heavy metal complexes
with polyaspartic acid. Chemical Engineering Journal 2011; 173 520-529.

[145] Guibal E., Vincent T., Larkin A., Tobin J.M. Chitosan sorbents for platinum sorption
from dilute solutions. Industrial and Engineering Chemistry Research 1999; 38
4011-4022.

[146] Ramesh A., Hasegawa H., Sugimoto W., Maki T., Ueda K. Adsorption of gold(III),
platinum(IV) and palladium(II) onto glycine modified crosslinked chitosan resin, Bi‐
oresource Technology. 2008; 99 3801-3809.

[147] Zhou L., Liu J., Liu Z. Adsorption of platinum(IV) and palladium(II) from aqueous
solution by thiourea-modified chitosan microspheres. Journal of Hazardous Materi‐
als 2009; 172 439-446.

[148] Chassary P., Vincent T., Guibal E. Metal anion sorption on chitosan and derivative
materials: A strategy for polymer modification and optimum use. Reactive and Func‐
tional Polymers 2004; 60 137-149.

[149] Guibal E., Roussy J., Le Cloirec P. Photochemical reaction of uranium with glucosa‐
mine, acetylglucosamine and related polymers: chitin and chitosan. Water 1996; 22
19-25.

[150] Chassary P., Vincent T., Marcano J.S., Macaskie L.E., Guibal E. Palladium and plati‐
num recovery from bicomponent mixtures using chitosan derivatives. Hydrometal‐
lurgy 2005; 76 131-147.

[151] Ruiz M., Sastre A., Zikan M.C., Guibal E. Palladium sorption on glutaraldehyde-
crosslinked chitosan in fixed-bed systems. Journal of Applied Polymer Science 2001;
81 153-165.

Ion Exchange - Studies and Applications34



[152] Guibal E., Cambe S., Bayle S., Taulemesse J.M., Vincent T. Silver/chitosan/cellulose fi‐
bers foam composites: from synthesis to antibacterial properties. Journal of Colloid
and Interface Science 2013; 393 411-420.

[153] Da Costa Neto B.P., Da Mata A.L.M.L., Lopes M.V., Rossi-Bergmannd B., Ré M.I.
Preparation and evaluation of chitosan–hydrophobic silica composite microspheres:
Role of hydrophobic silica in modifying their properties. Powder Technology 2014;
255 109-119.

[154] Parida U.K., Nayak A.K., Binhani B.K., Nayak P.L. Synthesis and characterization of
chitosan-polyvinyl alcohol blended with cloisite 30B for controlled release of the anti‐
cancer drug curcumin. Journal of Biomaterials and Nanobiotechnology. 2011; 2
414-425.

[155] Wang X., Du Y., Luo J., Lin B., Kennedy J.F., Chitosan/organic rectorite nanocompo‐
site films: structure, characteristic and drug delivery behavior, Carbohydrous Poly‐
mers; 2007 69 41-49.

[156] Repo E., Warchoł J., Bhatnagar A., Sillanpää M. Heavy metals adsorption by novel
EDTA-modified chitosan–silica hybrid materials. Journal of Colloid Interface Science
2011; 358 261-267.

[157] Losev V.N., Didukh S.L., Trofimchuk A.K., Leshchenko V.N. Palladium(II) and co‐
balt(II) sorption by silica gel sequentially modified by polyhexamethylene guanidine
and a nitroso-R salt. Mendeleev Commun. 2009; 19 167-169.

[158] Jal P.K., Patel S., Mishra B.K. Chemical modification of silica surface by immobiliza‐
tion of functional groups for extractive concentration of metal ions, Talanta 2004; 62
1005-1028.

[159] Mahmoud M.E. Comparison of metal uptake properties of silica gel-bound ion ex‐
changers and some amine derivatives, Analytical Letters 1996; 29 1791-1804.

[160] Zaporozhets O., Petruniock N., Sukhan V. Determination of Ag(I), Hg(II) and Pb(II)
by using silica gel loaded with dithizone and zinc dithizonate. Talanta 1999; 50
865-876.

[161] Seshadri T., Kettrupt A. Synthesis and characterization of silica gel ion-exchanger
bearing 2-amino-1-cyclopentene-1-dithio-carboxylic acid (ACDA) as chelating com‐
pound, Fresenius' Zeitschrift für analytische Chemie 1982; 310, 1-5.

[162] Zhang S., Pu Q., Liu P., Sun Q., Su Z., Synthesis of amidinothioureido-silica gel and
its application to flame atomic absorption spectrometric determination of silver, gold
and palladium, Analytica Chemica Acta, 2002, 452, 223-230.

[163] Liu P., Pu Q., Su Z., Synthesis of silica gel immobilized thiourea and its application to
the on-line preconcentration and separation of silver, gold and palladium, Analyst,
2000, 125, 147-150.

Ion Exchange Method for Removal and Separation of Noble Metal Ions
http://dx.doi.org/10.5772/60597

35




