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I. INTRODUCTION

The importance of chelating sorbents in analytical chemistry has risen substantially in
recent years. To a considerable extent this is explained by the fact that the methods of
concentrating and separating chemical elements are widely used when they are determined
in various objects. Sorption methods are distinguished by simplicity of implementation. They
are convenient for concentrating from any, including large, volumes of solution, and are
easily combined with different methods of elements determination. Owing to these advan-
tages, the methods of concentration by sorption are successfully used in analytical chemistry.'
Concentration and separation with the help of chelating sorbents is characterized by a high
selectivity and effectiveness which assures an increase in sensitivity and reliability of the
subsequent determination of elements by different chemical, physicochemical, and physical
methods.2

Chelating sorbents, also designated as chelate resins and chelating ion exchangers, have-
been known for a long time.3 To synthetize ion exchangers having selective properties with
respect to individual ions or groups of ions, certain groups of atoms capable of selectively
interacting with the elements are introduced into polymeric matrices. Numerous organic
reagents are used for this purpose. These are well-known from the practice of analytical
chemistry and are applied to separate, isolate, and determine elements. For instance, chelating
sorbents were synthetized with the help of 8-hydroxyquinoline, chromotropic and salicylic
acids, pyrogallol, p-diketones, and many other compounds. However, the sorptive properties
of sorbents obtained at the early stages of investigations in this field proved to be worse
than could have been expected; they had insufficient selectivity and sorptive capacity and
a low sorption rate.35

Vast experience has now been accumulated in the synthesis of chelating sorbents; the
characteristic features of their interaction with metal ions during sorption have been studied.
Certain progress has been made in the field of polymeric matrices synthesis. All this has
made it possible to synthetize chelating sorbents with better characteristics.2-6

Numerous chelating sorbents with various chemically active groups fixed on different
matrices are known today. Synthetic and natural compounds, mineral carriers, etc., are used
as polymeric matrices. Chelating sorbents are obtained in the form of pearls, powders,
particles of different shape, films, filters, plates, tubes, catcher, tapes, etc.

The most widely known chelating sorbents are based on polymeric organic matrices. They
belong to a wider class of complexing ion exchangers (complexites) whose characteristic
feature is the ability to manifest during sorption complexing properties with respect to metal
ions. Strictly speaking, chelating sorbents are assumed to form chelate rings in the sorbent
phase during the sorption of metals. However, the possibility for such rings to be formed
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during sorptions on sorbents containing complexing groups depends on numerous factors.
In the case of sorbents containing units with groups of atoms capable of chelating, e.g.,
iminodiacetate, 8-hydroxyquinoline, and other groups, the formation of chelate rings during
sorption is more obvious and probable. However, the coordination properties of sorbents
and the possibility of chelate rings being formed in the phase of sorbents are radically
affected not only by the nature of chemically active groups in the sorbents but also by the
physical nature of the polymeric matrix, steric factors, sorption conditions, etc. Chelate
rings can be formed with the participation of donor atoms situated in one unit of polymeric
matrix, the matrix chain, and nearby complexing groups in the neighboring units of polymeric
sorbent. Most likely this is why, in the sorption of metal ions, chelate rings carrbe formed
on numerous complexing sorbents.7 This may explain the terminological ambiguity existing
in the literature. The term frequently used is "chelate resins", which seems to be too narrow,
since today, along with the traditional resin-type polymeric matrices, matrices of various
other types and structures are used, e.g., cellulose, fibers, etc. The term "chelating sorbents"
or "ion exchangers", appears to be broader and more correct.

At present, investigations in the field of the synthesis and application of chelating sorbents
are intensively conducted in many countries. New sorbents are synthetized with different
functional groups and are based on new polymeric matrices. The properties and structure
of sorbents are studied, as well as the sorption mechanism and the processes of element
ions complexing in the sorbent phase, new methods are continually developed for the
concentration and separation of elements. Every year numerous publications appear dealing
with the synthesis, study, and application of chelating sorbents. In spite of all this, chelating
sorbents are still insufficiently used in the practice of analytical chemistry. One of the reasons
for this may be the complexity of the synthesis of chelating sorbents.

In the present review, an attempt has been made at summing up the data from the literature
regarding chelating sorbents and of that which is of interest for analytical chemistry. The
principal physicochemical and analytical properties of chelating sorbents are examined, and
their fields of application are described. Some practical recommendations are given, as well
as examples of their use in inorganic analysis. The main attention is focused on the new
promising sorbents, as well as the works of Russian authors who are less known to scientists
in other countries. Publications and patents mainly describing the synthesis of chelating
complexes are not dealt with in this review.

II. GENERAL CHARACTERISTICS OF CHELATING SORBENTS

The properties of chelating sorbents and their analytical possibilities depend on many
factors. The most important characteristic is the nature of chemically active groups capable
of forming complexes with the ions of metals in solution. Also essential is the nature of the
polymeric matrix, as well as the methods of the synthesis of sorbents.

To characterize the properties of chelating sorbents it is necessary to investigate their
acidic and basic properties, complexing capacity, and selectivity with respect to metal ions,
depending on conditions, kinetic properties, and possibility of regeneration, etc. All these
characteristics are usually taken into account when choosing the chelating sorbents with
whose help the elements are supposed to be concentrated or separated.

A. Chelating Groups
The groups taking part in the formation of chelate rings usually include nitrogen, oxygen,

and sulfur atoms. Nitrogen can be present in the form of a primary, secondary, or tertiary
amine, nitro, nitroso, azo, diazo, nitrile, amide, and other groups. Oxygen is usually in the
form of phenol, carboxyl, ketone, aldehyde, phosphoryl, and some other groups; sulfur is
usually in the form of thiol, thioester, thiocarbamate, and disulfide groups, etc. Such groups

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
4
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



i Volume 17, Issue 1 3
i
• can be introduced into the polymeric matrix by means of its chemical transformations or by
! the synthesis of sorbents with the participation of monomeric ligands.

The introduction of specific complexing groups into the polymeric matrix makes them
[ capable of reacting with metal ions, owing to the coordination bond. Under favorable

conditions, chelate rings are formed.
I Chelate groups are usually capable of interacting with a large number of elements, but
i the stability of the formed complexes differs and depends on sorption conditions. This
I difference is used for selective concentration and separation of elements. At present, chelating

sorbents with different groups are known. Table 1 shows examples of chelating groups of
sorbents and the elements for which sorption these sorbents have been used.

i B. Polymeric Matrices
At present, various polymeric compounds are used as matrices for the synthesis of chelating

sorbents: polymers of linear and three-dimensional structure obtained by polycondensation
I and polymerization, and natural organic polymers, synthetic fibers, etc. Most widely used
j are sorbents based on copolymers styrene-divinylbenzene. In recent years, cellulose, co-

polymers based on vinylpyridines, methacrylates, and acrylonitrile, etc., have found an ever
increasing use as polymeric matrices.

Polystyrene of linear structure has been used for the synthesis of a number of chelating
sorbents, mainly polyazo compounds.41-42 These sorbents are colored fine-grained products,
they have a high sorptive capacity, and good kinetic properties. They are used for selective
concentration and separation of elements in the analysis of different substances. For instance,
a polystyrene-azoarsenazo sorbent has been synthetized based on polystyrene with a mo-
lecular weight of 1000. This sorbent was used in developing methods of concentrating U,
Th, REE, Zr, Hf, Nb, Ta, Pa, Am, Cm, and other elements.41-42-48'52 Based on this matrix,
sorbents with PAR,22 imidazole,2 azorhodanine,47 8-mercaptoquinoline,2 sulfonitroamino-
phenol,24 and other groups2 have also been synthetized.

j Copolymers of styrene with divinylbenzene have been used to synthetize numerous che-
i lating sorbents. Of great practical importance today are styrene copolymers with a macro-
j porous structure, which, distinct from gel structure, provides for better permeability of the

matrix, facilitating the synthesis of sorbents based on them and ensuring high kinetic prop-
erties.7 Styrene copolymers with divinylbenzene have been used to synthetize numerous
chelating sorbents, including the widely known sorbents with iminodiacetate groups: Chelex
100, Dowex® A-l, and many others.2-3

The properties of chelating sorbents obtained with the use of styrene copolymers with
divinylbenzene depend on many factors, particularly the properties of the polymeric matrix
itself, its structure, degree of cross linkage, etc.7 The sorptive capacity and selectivity of
sorbents based on styrene copolymers depend also on the method of synthesis, type and

'. degree of homogeneity of functional groups introduced into the copolymer, etc. The sorbents
based on styrene copolymers are usually characterized by a high stability in acid and alkaline

• solutions. Along with divinylbenzene, other compounds are also used as cross-linking agents.7

In recent years, hydrophilic porous polymers have found an ever-increasing application
as polymeric matrices. For instance, a number of sorbents that are of interest for the con-
centration and separation of elements have been synthetized from macroporous copolymers
of glycidyl-methacrylate with ethylene-dimethacrylate (GMA-EDMA); specifically those
with iminodiacetate, ethylenediamine, mercapto, and other groups.53-54 Copolymers of hy-

j droxyethyl-methacrylate with ethylene-dimethacrylate (SPHERON) have been used to obtain
] sorbents with groups of 8-hydroxyquinoline, salicylic acid, and thiol groups. The sorbents

based on this matrix are distinguished by their hydrophility, a high degree of porosity, and
i large internal surface, which ensures a rapid attainment of equilibrium during sorption55'62-
1 Many different types of chelating sorbents have been synthetized based on cellulose,63-64
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Table 1
CHELATING SORBENT GROUPS FOR SELECTIVE PRECONCENTRATION

OF ELEMENTS

Chelate groups Elements

Cu,Co,Ni,Mn,Mg,Hg,Al,U

Ref.

8—10

.OH
B,Be,Mg,Zn,Nb,Ta,Zr,Hf,Bi,U 11—13

/ 0 H

H OH

HO, O,H

OH

OOH

B,Be,Ga,Ge,Sn,Ti,Nb,Mo,W,U

Fe,Cu,Zn,Ti

Cu,Cd,Co,Ni,Mn,Fe,U

11,12

14,15

16—18

—OCHjCOOH

OCHjCOOH

Ge

Zr

19

20

—NH-C=O

CH=NOH
Pd 21

HO

HO N = r

Ht HO\ /SO3H

N = N—O

Pb,Co,Cu,Pd, rare-earth metals 22,23

Pd,Pt,Au,Cu 24—27
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Table 1 (continued)

CHELATING SORBENT GROUPS FOR SELECTIVE PRECONCENTRATION

OF ELEMENTS

Chclatc groups

—N C=S

O=C N—H

\ /

Elements

Hg

Ref.

28

N = N - \ Q ) - S H

5)

—N=N—CJ
N CH

\NH

—C=NOH

—CH

—C=NOH

—CHt—N—C»Hg(OH)s

CH,

HO

OH

NO

\

- O H COOH
V

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

Pd,Pl,Rh,Ir,Ru,Os,Au,Ag

Cu,Cd,Zn,Ni,Pd

Cu.Co.Fe

Be,Ca,Sr,Fe

25—27

30

31

32

yCH=CH

-< I
\N-=C—CH3

—s—c/
INrij

NH

NH—NH—C,HS

O = C

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

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

Cr

33,34

35—37

38

NH—NH—C.H, '
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Table 1 (continued)
CHELATING SORBENT GROUPS FOR SELECTIVE PRECONCENTRATION

OF ELEMENTS

Chclate groups Elements Ref.

N(CH,) , Pt,Pd,Os,Au,Ag

Rare-earth metals,
U,Th,Zr,Hf,Nb,Ta,Pa,Am,Cm,Pu

Pd,U

12,39,40

41,42

43

(C.H5).N-C;
\ s -

Rare-earth metals,Th,Mo,W,Fe,Cr,Os,Hg 44,45

Pd.Hg.Ag 46

O==C NH

N=N—CH C=£

NH—

Pd,Pt,Rh,Ir,Ru,Au,Ag 25,47

which is a hydrophilic porous polymer with reactive groups. Different kinds of cellulose
are used in the synthesis, e.g., "bead", fine-crystalline, and fibrous such as cotton fabrics
and paper. The chelating sorbents based on cellulose are characterized by high kinetic
properties, they are convenient for sorption and subsequent determination of elements directly
in the sorbent phase.66

In recent years fibrous sorbents have attracted great interest. Sorbents obtained from fibrous
materials have a large surface for contact between solution and sorbent, as well as high
kinetic properties, and convenience in handling. Fibrous sorbents are used with special
success in concentrating microelements from natural waters.67'69 Chelating sorbents are
synthetized with the help of cellulose70-71 and synthetic fibers based on polyvinyl alcohol,72-73

polyacrylonitrile,69-74 and others.69-75

Other polymers are also used as polymeric matrices for the synthesis of chelating sorbents,
these include: polyethylene polyamines,76-77 polyvinyl alcohol,78 acrylonitrile copolymers,79

and many other polymers.80"84 In those cases when the synthesis of sorbents is accomplished
with the participation of monomeric ligands, the polymeric matrix is formed in the course
of the synthesis of the sorbent itself. Numerous chelating sorbents are obtained in this manner,
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Table 2
CHELATING SORBENTS TO BE MADE BY CONDENSATION

OF MONOMER CHELATE COMPOUNDS

Monomer compounds

Metha-aminophenol
Gossipol and gossipol resin
Macrocyclic compounds

2-Mercaptobenzothiazol
2-Hydroxyacetophenone
3-Hydroxy-2-naphthoine
acid

8-Hydroxyquinoline
PAR
Pyrogallol
Pyrocatechol

Resacetophenone
a-Resolcylic acid
Resacetophenoxime
Salicylic acid
Compounds with N- and P-
donor atoms

Tannin
a-Furyldioxime
Chromotropic acid

Elements

Pd, Pt
Cu, Co, Ni
Alkali, alkali-earth, and transition

metals
Sb, Ni, Hg
Cu, Co, Zn, Mn, Fe
Ca, Mg, Cu, Co, Zn, Ni

Cu, Co, Zn, Ni, Fe, Al, U, Ca, Mg
Cu, Co, Al, Zn, Zr, V, Fe, Ni, U
B, Be, Zr, Hf, Nb, Ta
B, Be, Ga, Sn, Mo, W, Th, U, Sb,
Ca, Mg, Cu, Co, Zn, Ni

Cu, Co, Al, Fe
Cu, Pb, Ca, Mg
Cu
Fe, U
Co, Ni, Mn, Fe, Hg

Cu, Cd, Zn, Pb, Hg, Ag
Cu, Cd, Zn, Co, Ni, Pd
Ti

Ref.

95
96
93, 94, 97, 98

2
99
100

8, 9, 101—103
23
11
11, 100

104
114
105
18, 106—108
109, 110

111
112
113

e.g., by polycondensation of phenols and amines with aldehydes, copolymerization of vinyl
compounds with chelating groups, and other methods.2-3-6

C. Methods of Synthesis
Principal methods of synthesis of chelating sorbents are polycondensation with the par-

ticipation of monomeric compounds containing chelating groups and polymer transforma-
tions. Also used are copolymerization of vinyl compounds with chelating groups and other
techniques. Polycondensation is the simplest method of synthesis of the sorbents. The most
widely used method, however, is that of the polymer transformations of prefabricated po-
lymeric matrices. Different matrices are used for this purpose, and the chemical reactions
on these matrices make it possible to introduce different chelating groups into the polymers.

The methods used to synthetize sorbents exert a great influence on their properties: sorption
capacity, selectivity, stability, kinetic characteristics, etc. The methods of synthesis of the
chelating sorbents and the influence of the conditions of synthesis on their properties have
been examined in numerous works.3-7-79-8587 We shall confine ourselves here to a brief
description of the most frequently used methods and some examples.

1. Polycondensation
Chelating sorbents are synthetized with the help of different compounds, especially po-

lyphenols and amines which, when interacting with aldehydes in the presence of catalysts,
form polymeric compounds containing chelating groups. Depending on the nature and ratio
of the initial components, the condensation results in polymers of linear, branched, or three-
dimensional structure. To improve the mechanical properties of polycondensates, the syn-
thesis is often conducted in the presence of a cross-linking agent, e.g., resorcinol, urea,
e j c 3.14,86

Numerous chelating sorbents have been obtained by the polycondensation method. Ex-
amples of monomeric ligands used in the synthesis of sorbents are given in Table 2. The
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shortcomings of sorbents obtained with the help of condensation include: uncertainty of the
structure of polymers, insufficient selectivity, slow sorption rate, etc. However, when the
condensation is performed in specific conditions, in a hermetically sealed vessel or inside
the grains of polymerization polymers, sorbents with better sorptive properties can be ob-
tained. As exemplified by sorbents with 8-hydroxyquinoline groups, it was possible to
synthetize sorbents with satisfactory and reproducible characteristics. These sorbents have
been used to separate a number of elements.88-89 The polycondensation method is still being
used for the synthesis of new chelating sorbents.9094

2. Polymer Transformations
This method is based on the chemical transformations of chemically active groups in

polymeric matrices. Such groups are either contained in the polymeric matrix, e.g., in
cellulose, or specially introduced into it. For instance, chloromethyl, amino, and other groups
are introduced into the polystyrene matrix. Reactive groups of such polymers, when inter-
acting with monomeric compounds, ensure certain chelating groups of being incorporated
in the polymer. As a result, the polymer acquires a capability of interacting with the elements
by means of complexing, with the polymer matrix not undergoing any substantial changes.

Polymer-like transformations are widely used in the synthesis of chelating sorbents. A
large number of well-known sorbents have been obtained with the help of this method. Here,
we shall only mention some of the most frequently used methods of synthetizing sorbents
by means of polymer-like transformations, using some polymeric matrices as examples.

Sorbents based on polystyrene of linear structure are most often synthetized using its
amino-derivative obtained by polystyrene nitration followed by its reduction to aminopo-
lystyrene. Chelating groups are introduced by aminopolystyrene diazotization and coupling
the diazo-derivative with various compounds containing chelating groups. This method was
used to obtain a number of polyazo compounds applied as chelating sorbents for concentration
and separation.22-41-42 Also used for the synthesis of sorbents was the possibility of azo-
coupling aminopolystyrene with diazotized amino compounds, the polymers obtained in this
case contain aminoazooxy and other groups capable of interacting selectively with the
elements during sorption.242S

Similar reactions are also used to synthetize sorbents based on copolymers styrene-
divinylbenzene14-2729-92 Also, often used for the synthesis of sorbents based on this matrix
are their chloromethylation reactions followed by the interaction of chloromethylate copol-
ymers with different monomeric compounds containing the chelating groups. Chloromethy-
late styrene copolymers have been used to obtain numerous well-known chelating sorbents,
including those with iminodiacetate,3 dithiocarbamate,44 thioamide,36 methylpyrazol,33-34 and
macrocyclic groups.93-94

Reactions of chloroacetyl, carboxyl, nitryl, epoxy, and other groups in polymeric matrices
are also used for the synthesis of chelating sorbents.3-14-87 In some rare cases such groups
are introduced into monomeric compounds containing chelating groups. The interaction of
these compounds with polymeric matrices can also result in chelating sorbents. This kind
of method was applied, for example, to synthetize sorbents with 8-hydroxyquinoline
groups."5"5

In the synthesis of chelating sorbents based on cellulose, the reactivity of its hydroxylic
groups is usually utilized. The synthesis of sorbents often starts with obtaining different
cellulose derivatives: aminobenzene, tosyl, epoxy, cyanuric cellulose, etc. These derivatives
interact with the corresponding monomeric compounds containing chelating groups. In this
way, for example, cellulose sorbents were obtained with the groups of iminodiacetic, an-
thranilic, aminophenylarsonic acids, and others.64-"7'"9 Similar reactions are used to syn-
thetize chelating sorbents based on other hydroxyl-containing polymeric matrices, e.g.,
sephadexes,82-120-121 polyvinyl alcohol,82 and others.122
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Widely used for the synthesis of chelating sorbents are cellulose derivatives containing
amino and hydroxyphenyl groups. Cellulose amino-derivatives are diazotized and coupled
with various compounds containing chelating groups, e.g., pyrocatechol, pyrogallol, salicylic
acid, arsenazo I, etc. Cellulose sorbents with such groups have been studied and are used
for different purposes.2-6-I2-«-65 Hydroxyphenyl-derivatives of cellulose have been used for
the synthesis of the well-known Hyphan sorbent, applied to determine a number of mi-
croelements in natural waters,123123 and especially to determine uranium.126-127

The sorptive capacity of chelating sorbents obtained by the method of polymer transfor-
mations on prefabricated polymeric matrices depends on the nature of the matrix and the
degree of the substitution of its reactive groups at all stages of synthesis. Such transformations
proceed with a higher effectiveness on polymers of linear structure. For instancet if we take
sorbents synthetized on different matrices with the arsenazo groups, the highest sorptive
capacity is seen in sorbents based on polymers of linear structure.2 To synthetize chelating
sorbents with a higher capacity, the chelating groups are sometimes introduced into a matrix
of a polymer of linear structure; these reactions can often be conducted in aqueous and
aqueous-organic solutions. The polymer is then cross-linked to obtain an insoluble sorbent
stable in solutions.79

In some cases these chelating sorbents are used without cross-linking, and they are usually
applied onto the surface of inert carriers, e.g., aluminum oxide128129 and others.130

3. Polymerization of Vinyl Compounds Containing Chelating Groups
This method of synthesis is widely used to produce ion-exchange and complexing sor-

bents. 3-7-14 An example is vinylpyridine sorbents that have found extensive application.7131

The synthesis of these sorbents is accomplished by polymerizing vinyl compounds contain-
ing, for example, chelating groups of vinyI-8-hydroxyquinoline95-132 or imidazazole-carbox-
ylic acids,133-134 etc.,3135 with divinyl compounds. This method of synthesis makes it possible
to obtain sorbents of high capacity and a uniform structure of the polymer. In practice,
however, it is used comparatively infrequently, which is probably caused by the necessity
and difficulty of synthetizing vinyl compounds containing chelating groups.

4. Other Methods
The synthesis of sorbents by means of different methods usually results in sorbents with

a complex and nonuniform structure. This is associated with the quality of initial products,
conditions of synthesis, possible side reactions, etc.3-7 A more homogeneous structure is
characteristic of sorbents of monofunctional nature; however, even in these cases, structural
nonuniformity is noted to exist, which affects the sorptive properties, and the selectivity of
sorbents among them.3-136 Sorbents with a more uniform structure, assuring a certain selec-
tivity, are synthetized with the help of special techniques. For example, by cyclopolymer-
ization of certain compounds, sorbents are obtained in which the monomeric ligands and
polymers based on them have chelating properties and a homogeneous polymer structure,
displaying a very high selectivity.137-138

Of special interest are methods of synthetizing sorbents which are designed for particular
metal ions. This technique consists of using a linear ligand that exhibits a selectivity for
specific ions. The ligand forms a complex and fixate by means of intermolecular cross-
linking, resulting in a rigid three-dimensional structure of the polymer. The metal contained
in the polymer is washed out, e.g., with the help of an acid; the polymer in this case preserves
its ability to sorb predominantly the same metal ion that was used in the synthesis.139143

Sorbents of such type, however, are presently not used in the practice of analytical chemistry.

D. Physicochemical Properties
The effectiveness of chelating sorbents and their value for analytical practice are deter-
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Table 3
ACIDIC-BASIC PROPERTIES OF SORBENTS WITH

IMINODIACETIC GROUPS

Sorbents PK»i PK-2 PK>i P K N

ANKB-50
ANKB-10

Wofatit MC 50

4.
5.
4.

8±0.l
8±0.1
2±0.1

9.2 + 0.2
8.6±0.2
9.7±0.2

1
1
0

.60 + 0.05

.55 + 0.05

.76 + 0.02

0.17 + 0.01
0.15±0.01
0.42 ±0.02

mined by the physicochemical properties of the sorbents: acidic, basic, kinetic properties,
selectivity, sorptive capacity, and others. These properties depend on the type of functional
groups in the sorbent, the nature of matrix, and the conditions of sorption.

1. Acidic and Basic Properties
Chelating sorbents are usually poly functional. Along with chelating groups, they also

contain ion-exchange groups, e.g., sulfonic groups. The sorptive properties and selectivity
of sorbents are affected by the state of all ionogenic groups contained in the polymeric
sorbent.7

Acidic and basic properties of chelating sorbents are usually characterized by determining
the content of chelating groups and the dissociation constants. The data of potentiometric
titration are often used for this purpose. Dissociation constants of functional groups are
usually calculated from the Henderson-Hasselbach equation. The value of the dissociation
constants of functional groups in polymeric sorbents in many cases proves to be sufficiently
close to those contained in monomeric ligands.5-144-145 However, the polymeric nature of
sorbents, simultaneous presence of groups of acidic and basic nature, heterogeneity of the
polymer, and other factors, can produce a substantial effect on the acidic and basic properties
of the sorbent and the values of dissociation constants of the groups contained in it.3-7-147

Many chelating sorbents are polyampholites. Groups of basic (viz., pyridine and others)
and acidic nature (carboxylic, phosphonic, arsonic, etc.) can be present in sorbents with
different ratios, depending on the method of synthesis. Separate determination of the dis-
sociation constants of groups in such sorbents encounters certain difficulties. In this case
special techniques are applied, e.g., potentiometric titration with the determination of counter
ions in the phase of the sorbent.l47 To characterize the acidic and basic properties of sorbents
of the polyaminocarboxylic type, the protonation constants of the sorbent groups were
determined using an equation accounting for the interaction of all the solution components
with the sorbent phase.148150

Dissociation constants of the functional groups in chelating sorbents are given in several
publications. As an example, in Table 3 they are given the values of dissociation constants
for some single-type sorbents containing imidoacetate groups.147 It is seen from these data
that the values of dissociation constants depend significantly on the matrices and the method
of synthesis (ANKB and Wofatit MC 50 sorbents) and the degree of functional groups
heterogeneity (ANKB-50 and ANKB-10 monofunctional sorbents).

To establish the acidic and basic properties of polyampholites, other physicochemical
methods are also used, e.g., IR spectroscopy and others.71511"

2. Sorptive Capacity
The ability of a polymeric sorbent to sorb a certain quantity of metal ions from solution

is determined by the content of chemically active groups in the sorbent. Chelating sorbents
can also contain, along with complexing groups, ion-exchange groups that can also take
part in the sorption under certain conditions. Therefore, the total exchange capacity of a
sorbent reflects the sorptive possibilities of all the functional groups in the sorbent. In
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characterizing the chelating groups, the most important parameter is the sorptive capacity,
reflecting the interaction of the metal with the sorbent, resulting from complex chelate
formation. The sorptive capacity of chelating sorbents is therefore often determined under
the conditions when metal sorption is accomplished as a result of complexing.

The sorptive capacity values for different chelating sorbents differ greatly. The theoretical
value of sorptive capacity in chelating sorbents must be equivalent to the content of com-
plexing groups. In actual fact, it also depends on the nature of the polymeric matrix, structural
peculiarities of sorbent, and sorption conditions. The sorptive capacity of sorbents often
proves to be much lower than its theoretical value; this is caused by steric effects when
complexing is taking place in the sorbent phase, poor kinetic properties, etc. In other cases,
the experimental sorptive capacity value can be higher than the theoretical one, which is
explained by the possibility of additional coordination of the metal ion with donor atoms in
the sorbent phase, and formation of polynuclear complexes on the solid phase, etc. The
value of sorptive capacity can be affected by the state of the functional groups under certain
conditions.2-3-7

A high sorptive capacity is usually characteristic of chelating sorbents based on linear
polymeric matrices, caused by a more complete conversion of active groups at the synthesis
stage and a more favorable arrangement of ligand groups for the complexes to be formed
in the sorbent phase during sorption. In the case of sorbents with cross-linked structure, the
sorptive capacity depends on the way the functional groups are introduced, the matrix
structure, degree of cross-linking and flexibility of the polymer skeleton, mutual arrangement
of complexing groups, and their location relative to the matrix chain.7 Highly important is
the swelling of sorbents and their kinetic properties. Chelating sorbents based on copolymers
of a hydrophilic nature and macroporous structure have a high sorptive capacity.154

Chelating sorbents based on cellulose, as a rule, do not have a high sorptive capacity,
which is determined by the content of hydroxyl groups in cellulose.

The sorptive capacity of chelating sorbents is expressed in different units: milligrams,
grams, millimoles, and milligram-equivalents per gram of sorbent. The values of sorptive
capacity for some individual sorbents are given in Section III of this review when describing
their analytical characteristics.

3. Complexing Properties and Selectivity
The complexing properties and selectivity of chelating sorbents are determined by the

nature of chemically active groups contained in the sorbent. Introduction of certain com-
plexing groups into the polymeric matrix imparts to it the ability to interact with the elements
via coordination bonds; this was shown when studying numerous complexing sorbents. With
the help of potentiometric, IR, UV, ESR spectroscopy and other methods, the coordination
of metal ions with donor atoms in the phase of numerous sorbents was established.136-155159

In a number of cases it was shown that during the sorption of metal ions the interaction
resulted in the formation of chelate rings.7-160"165 Theoretical aspects of the coordination
chemistry of chelating sorbents have been recently examined.159

The complexing processes taking place during the sorption of metal ions by chelating
sorbents are usually considered within the framework of the coordination chemistry of low-
molecular compounds. Indeed, the complexing capacity of sorbents adheres to the laws
governing the behavior of the corresponding monomeric ligands.7-17-166167 This analogy is
highly useful in the practical sense, and in the synthesis of sorbents and their application
for selective sorption of metal ions. At the same time, there exist quite substantial differences
in the complexing of macromolecular and low-molecular ligands, which is primarily caused
by the polymeric nature of macromolecular ligands and the resulting peculiarities of the
interaction with metal ions in solution.3-7-92-166-168171
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Table 4
STABILITY CONSTANTS OF METAL COMPLEXES

WITH CHELATING GROUPS OF SORBENTS

Sorbents IgK Ref.

IDA

ANKB-50

ANKB-10

Sorbent with
EDTA-groups

Sorbent with
OXIN-groups

Polystyreneazo-
arsenazo

9.01 (Cu),7.01 (Ni),6.21 (Zn),
6.11 (Co),2.11 (Mg)
6.4±0.3(Cu), 5.5±0.3(Ni)
7.4 ±0.1 (Ce), 7.2 ±0.1 (Yb)
6.9±0.1 (Cu), 5.7 ±0.1 (Ni), 7.04±0.06

(Ce), 6.92 ±0.05 (Yb)
18.2 (Cu), 17.1 (Zn), 17.0 (Co), 15.5 (Cd),
9.2 (Ca), 8.8 (Mg), 8.2 (Sr)

17.6 (Cu), 14.3 (Ni), 14.0 (Zn), 12.5 (Co)
8.49 (Cu), 6.64 (Ni)

5.7 (Ca), 8.9 (La)

3

136
136
136

173

8
170
144

The peculiarity characterizing the complexing of polymeric sorbents with metal ions
manifests itself in the composition and stability of the complexes formed in the polymer
phase. Most probable for chelating sorbents is the coordination of metal ions with one
coordination center of the sorbent. Vacant bonds of the metal are usually filled by the
monomeric ligands or the water molecules present in solution.3-158-172

The stability of complexes formed in the phase of chelating sorbents is characterized by
means of calculating their stability constants. Different methods are used for this purpose.7

The values of stability constants are approximate, but they are highly useful in estimating
the selectivity of sorbents and their analytical potentialities. Also very useful are the indirect
methods of assessing the relative stability of complexes formed during sorption; these are
pH of decomplexing, the method of competitive ligands, and others.7-U4J72174

Stability of the complexes formed by metal ions with the groups of chelating sorbents in
a number of cases is lower than that of the corresponding monomeric ligands. The reason
for this lies in large energy expenditures needed for the complexing of polymeric sorbents.
For instance, such a regularity was established for the sorbents with iminodiacetate and 8-
hydroxyquinoline groups.158-170 In some individual cases, an increase in the strength of
complexes was observed, resulting from the interaction with the groups of sorbents, as
compared to monomeric compounds, e.g., in the formation of mixed complexes in the phase
of the sorbents, and in the cases when the complexing is taking place with the participation
of ligands present in solution.l57-158172 Table 4 shows, as an example, the values of stability
constants for the complexes formed by metal ions during sorption on some chelating sorbents.

The difference in the stability of complexes formed in the sorbent phase during sorption
is reflected in their selectivity with respect to individual elements. This serves as the basis
for selective concentration and separation of elements. A general notion of the selectivity
can be obtained from the selectivity series produced on the basis of comparing the sorptive
capacity, distribution coefficients, and stability constants, etc. The selectivity of chelating
complexes with respect to different ions is quantitatively expressed as the ratio of the
distribution coefficients of these ions or their stability constants.2-7-63

The selectivity of chelating sorbents depends on the conditions of sorption: pH of solution,
concentration and state of metal ions in solution, and presence of salts and ligands in solution.
A characteristic feature of chelating sorbents is the preservation of their high selectivity with
respect to individual ions in the presence of large quantities of other salts. Generally speaking,
the ionic strength of solutions exerts a substantial effect on the complexing processes in
sorption with chelating sorbents, since it influences the state of metal ions and the sorbent
functional groups, swelling, and other properties of the sorbents. In some cases the effect
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of ionic strength is so high that changes in the selectivity series are observed.3-7 On the
whole, however, chelating sorbents preserve their selectivity in the presence of salts.63 This
is of great practical importance as chelating sorbents are often used to extract microelements
from complex solutions, e.g., to concentrate the traces of elements from natural waters.

The difference in the selectivity of chelating sorbents with respect to metal ions increases
in the presence of complexing compounds; this is used in the separation of elements.

4. Kinetic Properties
Application of chelating sorbents depends, to a considerable extent, on their kinetic

characteristics. If the sorbent is highly selective and has sufficient sorptive capacity but poor
kinetic properties, its application for concentration may prove ineffective, especially in the
separation of elements.

Kinetic properties of chelating sorbents are mainly determined by the nature and properties
of the polymeric matrix. That is why great attention in the synthesis is especially given to
the polymeric matrix. Used to an ever increasing extent as polymeric matrices are high-
porosity polymers with a well-developed surface and high hydrophilic properties, different
copolymers with a macroporous structure, cellulose, fibrous materials, etc. For instance,
the time needed for the equilibrium to be reached when the sorption is conducted on sorbents
obtained from cellulose and glycolmethacrylate gels amounts to a few minutes,60-175 while
on other sorbents it can reach several hours.

Chelating sorbents are also synthetized with the help of special techniques that make it
possible to produce sorbents with improved kinetic properties. For instance, hydrophilic
groups are introduced into the polymer92 and certain conditions are maintained during the
synthesis.79-88

The kinetic regularities of metal ion sorption by chelating sorbents have been studied to
a comparatively small extent. It has been noted that the stage determining the rate of the
sorption process on chelating sorbents can be either diffusion8162-176177 or the chemical
reaction.179 This depends on the properties of polymeric sorbent, metal ion, and the sorption
conditions. Also possible is a mixed mechanism of sorption and variation of the rate-
determining stage of the process when the sorbent is filled with the metal ion.7-179 Cellulose
sorbents are usually characterized by the external diffusion sorption mechanism. It has been
noted, however, that the rate of the process can also be determined by the chemical reaction.63

The sorption rate is greatly affected by the pH of solution, ionic strength, temperature,
and concentration of the sorbed metal ions.7-63-177

The kinetic properties of chelating sorbents are characterized by determining the values
of effective diffusion coefficients, half-time of exchange (50% sorption), and other param-
eters. For instance, the internal diffusion coefficients in the sorption of nickel (II) on a
sorbent with picoline groups amount to 2.3-10"7 cm2/sec,164 of copper (II) on Dowex® A-
1 — 1.7*10~6cm2/sec, palladium (IV) on polyisothiuronium sorbent — 5.0-10~6cm2/sec.162

Internal diffusion coefficients in the sorption of copper (II) and silver (I) on a fibrous
sorbent with 2 mercaptobenzothiazole groups are 1.3"10"" and 0.3*10~" cmVsec, respec-
tively.181 At present, much attention is given to the mathematical description of the kinetics
of the absorption of metal ions accompanied by complexing in the sorbent phase. In particular,
a numerical solution of a set of corresponding equations has been proposed, and relationships
have been obtained to be used in calculating the sorption rates and diffusion coeffi-
cients.182"184 In a number of cases, a satisfactory coincidence of experimental and calculated
data has been obtained.I8S"186

When comparing the kinetic properties of different chelating sorbents, one can arrive at
the conclusion that the sorbents with the best characteristics are those based on hydrophilic
macroporous copolymers and cellulose, as well as fibrous materials.

Sorbents based on synthetic fibers are successfully used for different purposes.6-187 Re-
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cently, a new type of chelating sorbent has been proposed, e.g., fine fibrous materials with
a porous structure inside in which very fine particles (up to several microns) of chelating
sorbent are located.68-188 These sorbents have a selectivity corresponding to that of the
chelating polymer located inside the fiber, but, distinct from granular sorbents, they have
very good kinetic properties; the time needed to reach the equilibrium amounts to a few
minutes. The structure of such fibrous material makes its use as filters of different shape
possible. For the sorption to be achieved in a dynamic regime, the sorbent layers are placed
on one another until the desired height is reached. Sorbents of this kind are especially
convenient for concentrating elements from large volumes of solutions, followed by deter-
miningthe sorbed elements directly on the sorbent. For instance, a fibrous sorbent of this
type, POLYORGS XI, has been used to concentrate gold and silver from natural waters.188

5. Other Properties
Of great importance, when chelating sorbents are used in inorganic analysis, is the chemical

and mechanical stability of sorbents, the possibility of their regeneration and repeated use,
the form of sorbent (particles, fibers, filters, etc.), and other properties. In some cases
sorption and desorption can be conducted at elevated temperatures and in highly radioactive
solutions. All this is also important when chelating sorbents are used. These properties
mainly depend on the nature and structure of the polymeric matrix. Numerous sorbents,
especially those on cross-linked matrices, have a sufficient stability in acid and alkaline
solutions and can be used for sorption at heating; repeated use of such sorbents is also
possible. Less stable are the sorbents based on cellulose, especially in highly acidic and
alkaline solutions;190192 polymeric sorbents with a linear structure are partially solu-
ble.79-126189 Some sorbents of the formaldehyde resin type have insufficient stability, es-
pecially in alkaline solutions."-23 Chemical stability of chelating sorbents depends not only
on the matrix, but also on the type of chelating groups. Some sorbents have reductive
properties, which can cause the precipitation of sorbed metals and worsen the sorptive
properties of sorbents.193 The presence of strong oxidizers in solution can result in irreversible
changes in the sorptive capacity and selectivity of chelating sorbents. For instance, consid-
erable changes in sorptive properties were observed when chelating sorbents with imino-
diacetate groups were used in nitric acid solutions.194

The possibility of regeneration and repeated use of chelating sorbents depends on the
nature of chelating groups and the stability of the complexes formed by metal ions in sorbent
phase. Also of importance in this case are the peculiarities of the polymeric matrix of the
sorbent, a possibility for simultaneous processes to be taking place during sorption and other
factors.

In the case of very stable complexes being formed in the sorbent phase, desorption may
become altogether impossible or difficult to achieve, e.g., in the sorption of noble metals.96

That is why chelating sorbents are often used only once, and determinations are performed
directly in the sorbent phase.196-197 In other cases, e.g., when iminodeacetate sorbents are
used, the sorbed metals are usually desorbed with acids.3

III. ANALYTICAL PROPERTIES OF INDIVIDUAL CHELATING SORBENTS

Different parameters are used to characterize the analytical properties of chelating sorbents.
These include the values of total exchange and sorptive capacity for individual metals in
specific conditions, selectivity series, separation factors, distribution coefficients, and time
to establish equilibrium. The fields of application of these sorbents in analytical chemistry
are also usually recommended.

Widely used at present in analytical practice are sorbents with iminoacetate groups. Known
today are numerous sorbents of this type synthetized on the basis of various polymeric
matrices. Such sorbents as Chelex 100, Dowex® A-l, and Wofatit MC 50 have acquired
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practical importance. ANKB-10, ANKB-35, ANKB-50, and other sorbents based on
styrene copolymers containing imidoacetate groups have also been synthetized and
studied.37-155-198200 The assortment of chelating sorbents has recently expanded considerably.
Numerous new sorbents have appeared which are of interest for analytical applications.
Given below are the analytical characteristics of individual chelating sorbents that are already
applied in chemical practice or recommended for these purposes. Names and brands, struc-
tures of chelating groups, and characteristics of sorbents are given in accordance with the
cited works.

Sorbent: Chelex 100

n, . . CHjCOOH
Chelating group: /

—N
CHjCOOH

Polymeric matrix: copolymers of styrene with divinylbenzene. The sorbent is produced as
pearls of spherical shape used as granules with a size of 50 to 400 mesh and as filters
containing the sorbents fixed on them,201-202 as well as catcher with the sorbent.203-2W The
sorptive capacity with respect to Cu (II) is 2.9 mg-eq/g. The sorbent is used for group
concentration of microelements when they are determined in natural waters.l75-205212-221 It
is also used to determine Cu, Ni, Zn, Pb, and other elements in rocks, ores, and other
objects,213'215 as well as separation of a number of elements.216218

Sorbent: Dowex® A—1

Chelating group: v
NlHi COOH

Polymeric matrix: copolymers of styrene with divinylbenzene. The sorbent is produced as
pearls of spherical shape with a size of 50 to 100 mesh. The sorptive capacity with respect
to Cu (II) is 2.9 mg-eq/g. Selectivity sequence of the sorbent is Cr (III) > Fe (III) > Pd
(II) > Cu (II) > Hg (II) > Ni (II) > Pb (II) > Zn (II) > Co (II) > U (VI) > REE > Ga
(III) > Al (III) > Fe (II) > Mn (II) > Ca (II) > Mg (II) > Sr (II) > Ba (II).3 The sorbent
is used to concentrate microimpurities when they are determined, as well as to purify the
solutions of salts, acids, alkalis, and other compounds.3-5-219-220 It is also used to concentrate
microelements when they are determined in natural waters221'224 and rocks,225-226 as well as
used to separate Am and Cm,227 and for other purposes.228 23°

Sorbent: Wofatit MC 50

Chelating group: XH»C00H

Polymeric matrix: copolymers of styrene with divinylbenzene. The sorptive capacity of the
sorbent with respect to Cu (II) amounts to 0.78 mol/€. The sorbent is used to concentrate
heavy metals from natural and sewage waters,23'-232 extract Fe (III) and Ti (IV) from solutions
of aluminum salts,233 concentrate a number of elements when they are determined in tungsten,234

and separate noble metals from nonnoble ones.235
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Sorbent: ANKB—50

Chelating group: ,CHiC00H

\CHjC00H

Polymeric matrix: copolymers of styrene with divinylbenzene. The sorptive capacity of the
sorbent with respect to Cu (II) amounts to 3.2 mg-eq/g.7 Acidic, basic, and sorptive properties
of the sorbent have been studied with respect to Cu, Ni, and REE.136-147-158198-236-237

Sorbent: GMA — EDMA — IDAA

Chelating group: yCHjCOOH

N:H2COOH

Polymeric matrix: glycidylmethacrylate-ethylene dimethacrylate copolymers of macroporous
structure. The sorbent is manufactured as spherically shaped granules having a particle
diameter of 125 to 150 (im and is stable in acidic and alkaline solutions.155-238 The sorptive
capacity (mmol/g) of the sorbent with respect to Cu (II) is 1.15, Fe (III) is 1.14, Co (III)
is 1.0, Ag (I) is 1.0, Al (III) is 0.92, Ni (II) is 0.89, U (VI) is 0.88, Mn (II) is 0.87, Zn
(II) is 0.79, Pb (II) is 0.78, Rh (III) is 0.15, Pd (II) is 0.16, and Pt (IV) is 0.12. The
selectivity series at pH 5 is Cu (II) > Fe (III) > Co (III) > Al (III) > Ni (II) > Mn (II)
> Ag (I) > Zn (II) > Pb (II) > U (VI). The amount of time to establish equilibrium in
sorption is 20 to 30 min. The sorbent is recommended for the concentration of Ag, Pb, and
other elements155 and the separation of platinum elements.238239

Sorbent with Propylene-Diamine-Tetraacetate Groups

Chelating group: —CHj

CH.-NCCH.COOH),

Polymeric matrix: copolymers of styrene with divinylbenzene of macroporous structure. The
sorbent is manufactured as light-brown pearls stable in acidic and alkaline solutions at
standard conditions. The sorptive capacity of the sorbent amounts to 0.45 to 0.55 mmol/g.
The selectivity series is Zr (IV) > Th (IV) > U (VI) > Cu (II) > Bi (III) > Ni (II) > Fe
(III) > Zn (II) > Co (II) > Mn (II) > Mg (II). The sorbent is recommended for concentrating
microelements from seawater and the separation of elements.240

Cellulose Sorbent with EDTA Groups

Chelating group: —N(CH,),—N(CH,COOH),

CH.COOH

Polymeric matrix: "bead" cellulose. The sorbent is used as 0.40 to 0.63 mm granules in
swollen state. The sorptive capacity of the sorbent with respect to Cu (II) is 0.90 in static
conditions, and 1.01 mmol/g in dynamic conditions. The sorbent is stable in neutral and
acid solutions, and in alkaline solutions it is hydrolyzed with a decrease in sorptive capacity.
Characterized by good kinetic properties it is recommended for selective concentration of
microelements.190-241
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Sorbent with 2,6-Pyridine-Dicarboxylic Acid Groups

Chelating group:

The sorbents are obtained from polyaminostyrene (sorbent A), polyethyleneimine (sorbent
B), and polycondensation with the participation of 2,6-pyridine-dicarboxylic acid (sorbent
Q241.242 a j | consisting of chemically and mechanically stable particles. The sorptive capacity
(mg-eq/g) of the sorbents with respect to Cu (II) is 3.76 (A), 4.91 (B), and 4.50 (C); with
respect to Ca (II) it is 3.58 (A), 4.18 (B), and 1.52 (C). The sorbents are recommended for
Ca (II) and Sr (II) separation. Most suitable for this purpose is the sorbent obtained from
polyethyleneimine (B).241

Sorbent with Groups of 1,8-Dihydroxynaphthalene-0,C>-Diacetic Acid

Chelating group:

HjCOOH

The sorbent is obtained by the polycondensation of 1,8-dihydroxynaphthalene with formal-
dehyde with simultaneous partial substitution of hydrogen in OH-groups by acetic acid
groups. The sorbent is a fine-grained dark-brown or black product mechanically stable in
swollen state. The sorptive capacity of the sorbent with respect to Zr (IV) is 0.5 mmol/g.
The sorbent is recommended for Zr (IV) and Hf (IV) separation, as well as the separation
of Zr (IV) — U (VI), Zr (IV) — Ti (IV), Zr (IV) — Th (IV), Zr (IV) — Ce (IV), Zr (IV)
— Be (II), Zr (IV) — Be (II), Zr (IV) — Pb (II), Zr (IV) — La (III), Zr (IV) — Fe (III)
— Mg (II).243

Sorbent with Pyrocatechol-0,C>-Diacetic Acid Groups

Chelating group: —x^v-OCHiCOOH
L ^ J 0 C H X 0 0 H

The sorbent is obtained by the polycondensation of pyrocatechol-O,O-diacetic acid with
formaldehyde and pyrocatechol, followed by the esterification of OH-groups with monoch-
loroacetic acid. The sorbent is stable in acidic media, and in alkaline media it is colored
but mechanically stable. The sorptive capacity of the sorbent depends on the ratio of the
initial components. The amounts of sorptive capacity varies with the element, e.g., (mmol/
g) with respect to Zr (IV), 1.95 to 4.5, and Cu (II), 1.7 to 2.6 (at pH 5). The sorbent is
selective to Zr (IV) and is recommended for the separation of Zr (IV) from Mg, Cu, Ni,
Al, Y, La, Ti (IV), U (VI), Fe (III) and also the separation of La (III) — Zr (IV), Ti (IV)
— Zr (IV), U (VI) — Zr (IV), Fe (III) — Zr (IV) and Zr (IV) — Nb (V).20

Sorbent with Dimaleyl Succinic Dihydrazide Groups

Chelating group: —CH4—C—NH—NH—C—CH=CH.
II II I

O O COOH

Polymeric matrix: copolymer of styrene with divinylbenzene maleic anhydride. The sorbent
is selective with respect to heavy metals in a series of Cu > Ni > Zn > Co > Fe (II) >
Mg. The sorptive capacity with respect to Cu (II) is 3.2 mg-eq/g. The sorbent is recommended
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for selective concentration of heavy metals from solutions containing the salts of alkaline
and alkaline-earth metals and for separation.244

Sorbent Polystyrene — Chel-1

HOOC NH-(CHj)2-NH COOH
Chelating group: \ / \ /

CH CH
V

HO-<

Polymeric matrix: copolymer of styrene with divinylbenzene (2 or 3%) of gel and macro-
porous structure. The sorbent is used as 0.1 to 0.2 mm pearls. The sorptive capacity is 1.5
mmol/g.24i The sorbent is recommended for the separation of Cu — Zn and Cu — Pb at
pH 2.5.39

Sorbent with Cysteine Groups

Chelating group: HS-CH,-CH-C00H.

NH,

Polymeric matrix: polyacrylonitrile copolymer. The sorbent has a high selectivity with respect
to Ag, Hg, Au, and Pt. The sorptive capacity (mmol/g) of the sorbent to Ag (I) is 0.97,
Hg (II) is 0.65, Au (III) is 1.22, and Pt (II) is 0.39. The sorbent is recommended for selective
concentration and separation of these metals,245 as well as Mo and W.247

Sorbents with 8-Hydroxyquinoline Groups

Chelating group:

(1) The sorbent is obtained by the polycondensation of 8-hydroxyquinoline and resorcinol
with formaldehyde as described in Reference 88, and consists of particles of 22 to 60 mesh
size in swollen state. The sorbent is also stable in acidic and alkaline solutions. The sorptive
capacity (mmol/g) with respect to Al (III) is 1.1, V (V) is 2.5, W (VI) is 2.7 (pH 4.0); Co
(II) is 1.1, Ni (II) is 1.7, Zn (II) is 2.3 (pH 5.4); Cu (II) is 3.6 (pH 5); Fe (III) is 2.0 (pH
3.0); and Zr (IV) is 1.4 (pH 5.4).88 The sorbent is used to separate pairs of elements, e.g.
Cu — Fe, Cu — Ni, Cu — Co, Co — Zn, and other mixtures.89

(2) Polymeric matrix: copolymers of styrene with divinylbenzene (7.5%) of macroporous
structure. The sorbent consists of brown pearls stable in acid solutions. The total exchange
capacity of the sorbents amounts to 3.6 and 2.4 mg-eq/g (depending on the conditions of
synthesis). The sorptive capacity of the sorbent with respect to Hg (II) is 3.62 and 1.22
mmol/g in 0.1 M HC1 and 2.70 and 0.98 mmol/g in 0.1 M HNO3. The sorbents are highly
selective to Hg (II) and Cu (II)10; similar sorbents have been described in Reference 248.
Depending on the method of synthesis, the sorbents are selective to Cu (II) and Hg (II) or
only to Hg (II). A similar sorbent is used to concentrate Cd, Zn, Pb, Cu, Fe, Mn, Ni, and
Co when they are determined in seawater.249
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Sorbent: SPHERON OXIN

Chelating group:

Polymeric matrix: copolymers of glycolmethacrylate with glycol monomethacrylate of ma-
croporous structure. The sorbent is used as particles of 20 to 63 fim in size. The sorptive
capacity (mg/g) of the sorbent with respect to Mn (II) is 4.82, Al (III) is 3.35, Pb (II) is
46.5, Zn (II) is 13.9, Cd (II) is 20.5, Co (II) is 10.1, Ni (II) is 10.7, Fe (III) is 19.7, and
Cu (II) is 16.6.60 The time to establish equilibrium in sorption is 5 to 10 min, with distribution
coefficients reaching 105. The sorbent is used to concentrate U, Co, Fe, Mn, Ni, and Pb
from solutions of salts and for separation.58-62

Polyhydroxamic Sorbent

Chelating group: —C=O

-N-OH

Polymeric matrix: copolymers of acrylonitryl-ethylacrylate with divinylbenzene (5%). The
sorbent is used as particles of 50 to 100 mesh size. The sorptive capacity (mmol/g) of the
sorbent with respect to Cu (II) is 3.0 (pH 4), Au (III) is 4.0 (pH 1), and Ag (I) is 1.2 (pH
1). Quantitative extraction is achieved for Au (III) from 0.5 M HN03, Ag (I) from 0.05 M
HNO3, as well as from neutral solutions. The sorbent is recommended to extract Au and
Ag from potassium cyanide solutions and Au from river water.250

Polyacrylamide Oxime Sorbent

„, , . NOH
Chelating group: A

—C
NH2

Polymeric matrix: copolymer of acrylonitrile with divinylbenzene. The sorbent is used as
particles of 60 to 80 mesh size. In alkaline solutions the sorbent is brownish-yellow and in
acidic solutions it is white. The sorptive capacity of the sorbent (mmol/g, at pH 5) with
respect to Ti (IV) is 1.00, V (V) is 0.90, Cr (VI) is 0.84, Mn (II) is 0.13, Co (II) is 0.34,
Ni (II) is 0.40, Cu (II) is 1.45, Zn (II) is 0.38, Cd (II) is 0.19, Hg (II) is 1.07, Pb (II) is
0.72, (pH 2) Fe (II) is 0.24, and Fe (III) is 0.75. The sorbent is recommended for the
concentration of Fe, Cu, Cd, Pb, and Zn when it is determined in sea and fresh waters251

and is used to determine Al, Ti, V, Cu, Fe, and Si in extra-high-purity graphite.252

Sorbent with Hydroxyoxime Groups

OH N_QH
Chelating group:

Polymeric matrix: copolymer of styrene with divinylbenzene of macroporous structure. The
sorbent is used as pearls of 250 to 325 mesh size and is selective to Cu (II) at pH > 3.5
and Mo (VI) in 0.1 TV H2SO4. It is recommended for the separation of Gu and Mo from a
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large number of elements with the exception of Fe (III) and U (VI) and is used to determine
copper and molybdenum in alloys with the help of a high-performance chromatograph.253

/V-Phenylhydroxamic Sorbent

Chelating group:

Polymeric matrix: copolymer of styrene with divinylbenzene of macroporous structure. The
sorbent is selective to Nb (V), Mo (VI), Sn (IV), U (VI), Sb (III), Zr (IV), and W (VI) in
2 M HC1 and selective to Cu at pH 4 and is recommended for the separation of these
elements.254

Sorbents with Isonitrozoacetamide Groups

Chelating group: — NH—C=O

CH=N0H

Polymeric matrices: polycondensate based on metha-aminophenol and formaldehyde and
copolymers of styrene with divinylbenzene (2%). The sorptive capacity (mg-eq/g) of the
sorbents with respect to Cu (II) is 5 (pH 5.6) and Pd (II) is 4.5 (1 M HNO3). Selectivity of
the sorbents decreases in the following series: Pd >̂ Hg >̂ U (VI) $> Cu > Ag > Pb > Fe,
Al > Ni > Zn > Co > Ca > Mn > Mg. The sorbents are recommended for the separation
of Pd from Ag, and Pd from Ni, Cu, and Fe.21

Chelating group:

Cellulose Fibrous Sorbent with Hydroxamic Groups

O

NHOH

Polymeric matrix: cellulose. The sorbent is stable in neutral and acidic solutions, and soluble
in alkaline solutions. The sorptive capacity of the sorbent is 2.13 mg-eq/g and acquires
coloration when it interacts with metals such as Fe (III) — reddish brown, Cu (II) —
yellowish green, and Au (III) — grey. A noticeable color reaction with the sorbent occurs
in the case of the following metals with a concentration of 10 |xg in 0.05 m£: Ag (I), Al
(III), Bi (III), Cd (II), Cr (III), Hg (II), La (III), Mn (III), Mn (II), Ni (II), Pd (II), Sb (III),
Th (IV), Ti (III), U (VI), and Zr (IV). The sorbent has the highest selectivity with respect
to Fe (III) and is recommended to detect and concentrate elements when they are determined
in the environment.191

Cellulose sorbent with hydroxamic and amidoximic groups (Komplexit TsG) is recom-
mended for chromatographic separation of a number of cations.255-275

Sorbent: PVB-MP

Chelating group: ,CH=CH

-<
\N—C—CH,

Polymeric matrix: copolymers of styrene with divinylbenzene (8.12 to 20%) of macroporous
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structure. The sorbent consists of pearls (0.25 to 0.5 mm) of spherical shape, which are
pale yellow in color and stable in acidic and alkaline solutions, when the solutions are heated
to ~100°C. The sorptive capacity of the sorbent (with 8% divinylbenzene) with respect to
Ag (I) is 263 (0.5 M HNO3) and Au (III) is 660 mg/g (1 M HC1).33-34 The sorbent is selective
to Pd, Pt, Rh, Ir, Ru, Os, Au, and Ag and is recommended for the concentration of these
elements from acidic solutions containing Cu, Ni, Co, Fe, Al, and other elements.34-257 The
sorbent is also used to determine noble metals in copper-nickel ores, industrial solutions,
and other products.196-238263

Sorbent: POLYORGS VI

Chelating groups:

Polymeric matrix: polyvinylene fiber. The sorbent consists of brown fibers which are stable
in acidic and neutral solutions at temperatures up to ~100°C. The sorptive capacity (mg/g
in 1 M HC1) of the sorbent with respect to Pt is 20, Pd is 48, Ir is 30, Au is 219, and Ag
is 80 (0.5 M HN03). The sorbent is highly selective to noble metals in highly acidic solutions
and is recommended for selective concentration of Pd, Pt, Rh, Ir, Ru, Os, Au, and Ag.264-265

It is also used to determine these elements in complex natural and industrial substances.257-264

Sorbent: ChMS-8AQ

Chelating groups:

Polymeric matrix: copolymers of styrene with divinylbenzene (8%) of macroporous structure.
The sorbent consists of spherical granules (0.25 to 0.5 mm) which are greyish yellow in
color and stable in highly acidic solutions. The sorptive capacity (mg/g in 3 M HC1) of the
sorbent with respect to Pd (II) is 110 in static conditions, Pd (II) is 20, and Au (III) is 100
in dynamic conditions. The sorbent is selective to Pd, Pt, and Au, it is recommended for
selective concentration of these elements, and used to determine Rh in alloys of noble
metals.25-267

Sorbents with similar groups have been synthetized and studied. They are based on
sephadexes121 and glycidyl methacrylate — ethylene dimethacrylate copolymers.268

Sorbent with Thiohydantoinyl Groups

_ N C=S

N—HChelating group: u=*uv y

Polymeric matrix: copolymers of styrene with divinylbenzene, of macroporous structure.
The sorbent consists of yellow granules and is stable in acidic and alkaline solutions. The
sorptive capacity of the sorbent with respect to Hg (II) is 1.9 mmol/g. The selectivity series
of the sorbent is Hg (II) > Cu (II) > Cd (II) > Zn (II) > Co (II) > Ni (II) > Mg (II). The
sorbent is also recommended for selective concentration of mercury.28
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Sorbents with Thiazole and Thiazoline Groups

Chelating groups: CH—S CH— S CH—S

\

n—s

1,=NCH,

CH,

Polymeric matrix: copolymers of styrene with divinylbenzene of macroporous structure. The
sorptive capacity of the sorbents with respect to Hg (II) is 1.8 to 2.8 mmol/g (0.1 M HC1).
The sorbents are highly selective to Hg (II), are stable in acidic and alkaline solutions, and
are recommended to concentrate mercury from seawater.269

Cellulose Sorbent with Pyrogallol Groups

Chelating group:

Polymeric matrix: cellulose. The sorptive capacity of the sorbent is 0.3 mmol/g. The sorbent
is selective to U (VI), Cu (II), Zn (II), Fe (III), and Sb (III); Sb (V) is not sorbed. It is also
recommended to determine microelements in tap water and to separate Sb (III) and Sb
(V).'2-13

Pyrogallolformaldehyde Resin

,OH
Chelating group:

The sorbent is obtained by polycondensating pyrogallol with formaldehyde in the presence
of the acid by the method described in Reference 11. The sorbent constitutes a dark-brown
powder, stable in acidic and neutral solutions; in alkaline solutions it is dissolved. The
sorbent is also recommended to concentrate Be, Ge, Sn, Zr, Hf, Nb, Ta, Mo, and W" and
is used to determine these elements in ores, minerals, steels, and natural waters.270272

Cellulose Sorbent with Salicylic Acid Groups

Chelating group:

Polymeric matrix: cellulose (fibrous or microcrystalline). The sorptive capacity depends on
the method of synthesis and amounts to 0.04 to 0.7 mg-eq/g.273 The sorbent manifests its
highest selectivity to Fe (III) and Th (IV) and is recommended for the concentration of Ag,
Sr, Co, Ni, Cu, U, Y, Zn, Fe (III), and Th. It is used to separate Fe (III) and Cu (II) and
Cu (II) and Ni (II).274 In the sorption of microelements, the sorbent acquires coloration
which can be used for their determination.275-276

Sorbents with similar groups have also been obtained based on copolymers of styrene,16-277

methacrylate gels,61 and by polycondensation of salicylic acid with formaldehyde.18106108
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Sorbent: Tiron-Cellulose

Chelating group:

SOjH

Polymeric matrix: cellulose (microcrystalline). The sorptive capacity is 0.2 mmol/g. The
time for sorption equilibrium is in the order of 3 min.278 The sorbent is selective to Fe (III),
Cu (II), and Hg (II), and it also sorbs alkaline-earth metals with the selectivity decreasing
in the following series: Ba (II) > Ca (II) > Sr (II) > Mg (II). The sorbent is recommended
to concentrate these metals from solutions of alkali-metal salts.274 A sorbent with similar
groups has been synthetized based on copolymers of styrene with divinylbenzene (3%) of
macroporous structure.245

Sorbent: Chromotrop-Cellulose

H OHChelating group:

Polymeric matrix: cellulose. The sorbent is used as filters obtained from 50 mg of sorbent,
with a filter diameter of 31 mm. The sorptive capacity of the sorbent is 0.075 mg-eq/g.
Equilibrium in sorption of Fe (III) at pH 1.5 is established after 10 sec. The time needed
for full concentration by filtering 100 m€ of solution is 10 min. The sorbent is recommended
to concentrate Fe, Cu, Zn, Sr, and other elements from water for subsequent X-ray fluorescent
determination directly on the filter.15

Sorbent: Polystyreneazoarsenazo (Polyarsenazo)

Chelating group: OH OH

—N=N.

HO,S-

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is made of fine-grained
particles (0.1 mm) stable in acidic and neutral solutions; in alkaline solutions the sorbent is
partially soluble.42 The sorptive capacity (mmol/g) of the sorbent with respect to Cu (II) is
2.1 (pH 5), La (III) is 1 (pH 5), and Zr (IV) is 0.4 (5 M HO)41. The sorbent is recommended
for selective concentration of U, Th, REE, Zr, Hf, Nb, Ta, Pa, Am, Cm, and other
elements.40"42 It is also used to determine microimpurities in rocks;48 to concentrate Am and
Cm;52 separate Pa from Fe, U, Zr, Nb, Th, and Po;51 and to separate La and Ca.144

Fibrous Sorbent with Arsenazo Groups

OH OH

Chelating group:

Polymeric matrix: cellulose fiber. The sorbent consists of black fibers which are stable in
acidic and neutral solutions. It manifests selectivity to U, Th, REE, Zr, Hf, and other
elements and is recommended for selective concentration of microelements from solutions
with a high concentration of the salts of alkalis and alkaline-earth metals. The sorbent is
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also used to determine uranium in seawater,70 as well as uranium and thorium in sedimentary
rocks.2

Sorbent: Polystyreneazoimidazole

Chelating group: J* 9 H

^NH—CH

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is made of dark-red
powder which is stable in acidic and alkaline solutions at temperatures up to ~100°C. The
sorptive capacity (mg/g in 2 M HC1) of the sorbent with respect to Au (III) is 340, Rh (III);
Ir (IV), and Ru (IV) is 12.5; Pd (II) is 18.4; and Ag (I) is 107 (0.5 M HNO3). The sorbent
is highly selective to noble metals in acidic solutions in the presence of copper, iron, and
other elements, and is recommended for selective concentration of noble metals from so-
lutions containing salts of Fe (III) and other nonnoble metals.2

Sorbent Polystyreneazo - PAR

Chelating group:

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is a dark-brown powder
which is insoluble in neutral and acidic solutions. The sorptive capacity of the sorbent with
respect to Cu (II) is 1.6 (pH 5) and 0.9 mmol/g (pH 2).22 The sorbent is selective to Cu,
Nb, U, and La and is used to concentrate microelements when they are determined in rocks.36

Sorbent: Polynitroxaminazo

Polymer unit with chelating group: j \^y \ /

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is a dark-brown powder
which is insoluble in neutral and acidic solutions. The sorptive capacity of the sorbent with
respect to Pd (II) is 94 mg/g (10 N H2SO4). The sorbent is recommended for the separation
of Pd and Au from Rh and Ir and is used to determine rhodium in metallic palladium.24

A chelating sorbent with similar groups, based on the polymeric matrix consisting of
copolymer of styrene with divinylbenzene (8%) of macroporous structure, is selective to
copper in the presence of Fe (III) and other elements in acidic solutions (pH 1 to 2). The
sorptive capacity of the sorbent with respect to Cu (II) (0.1 N H2SO4) is 32 (in static) and
20 mg/g (in dynamic conditions). The sorbent is recommended for selective concentration
of copper.27

Sorbent: Polystyreneazorhodanine

Chelating group: 0 = f ^H

—N=N-CH C=S

V
Polymeric matrix: aminopolystyrene of linear structure. The sorbent is a yellow powder
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which is stable in acidic and neutral solutions at temperatures up to M00°C. The sorptive
capacity (mg/g) of the sorbent with respect to Pt (II) is 19.5, Pd (II) is 22.0, and Au (III)
is 197 (1 M HC1).47 The sorbent has selective properties with respect to noble metals in the
presence of Fe, Ni, Co, Cu, and other elements,29 and is used to determine noble metals in
natural materials.47

Sorbent Polythioxine (Polystyrene Azo-8-Mercaptoquinoline)

Chelating group: (possible structure) I v~v N H »

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is a dark-brown powder
which is stable in acidic and neutral solutions. The sorptive capacity of the sorbent with
respect to Pd (II) in 1 N HC1 is 300 mg/g. The sorbent is selective to noble metals in acid
solutions in the presence of Cu, Ni, Co, Fe, and other elements, and is recommended for
selective concentration of Pd, Pt, Rh, Ir, Au, and Ag.2-125

Sorbent with Groups of 0-(2-Hydroxyphenylazo) Benzoic Acid

Chelating group:

Polymeric matrix: copolymer of 4-hydroxypolystyrene with divinylbenzene (3%). Used as
pearls of 100 to 200 mesh size. The sorptive capacity is 3.2 mmol/g. The sorbent is selective
to Fe (III) and alkaline-earth metals and is recommended for selective concentration of iron
and for K — Ca, Ca — Sr, Be — Al separation.32-279-280

Sorbent Polystyrene Azo-O-Hydroxyphenylarsonic Acid

Chelating group: ,AsO3H.

—N=N—/PSS—OH

Polymeric matrix: aminopolystyrene of linear structure. The sorbent is a yellow powder
which is stable in neutral and acidic solutions. Total exchange capacity with respect to KOH
is 2.8 mg-eq/g. The sorbent is selective to tantalum in the presence of niobium in 10 M
H2SO4 and is recommended for concentration and separation of microquantities of tantalum
from niobium.50

Sorbent: Polystyrene — DMBAR

N H - C = OChelating group:

Polymeric matrix: copolymer of styrene with divinylbenzene (2 and 3%) of gel and macro-
porous structure. The sorbent is used as 0.1 to 0.2 mm pearls and the sorptive capacity is
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1.4 mmol/g.245 The sorbent is recommended for Ag — Cu, Ag — Pb, Hg — Zn, and Hg
— Cd separation at pH 2.39

Sorbents with similar groups have been obtained based on cellulose.12-40

Sorbent: Hyphan — Cellulose

OH HO

Chelating group: ^

Polymeric matrix: cellulose (fine-crystalline, "bead", fibrous, cotton fabric). In H + -form
the sorbent is bright red. The sorptive capacity of the sorbent is 0.3 to 1.0 mmol/g (depending
on the type of cellulose ).63 The sorbent is recommended for selective concentration of Co,
Cr, Cd, Cu, Fe, Hg, Mn, Mo, Ni, Pb, U, and Zn from solutions of alkaline and alkaline-
earth metals and is used to determine these elements in river, sea, drinking and mineral
waters,123126 as well as solutions of salts.276

Sorbent: SRAFION NMRR

Chelating group: / ? N H

Polymeric matrix: copolymers of styrene with divinylbenzene (2%). The sorbent is made of
pale-yellow pearls. The sorptive capacity (g/£ at pH 0.5) of the sorbent with respect to Au
(III) is 150, Pt is 65, Pd is 58, Ir is 25, and Rh is 25.35-284 The sorbent is selective to noble
metals and mercury and is used for group concentration of noble metals when they are
determined in rocks, ores, meteorites, lunar soil, steels, and biological substances.283"285-287-288

Also used as disks and filters,213-289 the sorbent finds application in determining Mo286 and
Cu45 and purifying solutions from Hg.37 A sorbent with similar chelating groups has been
synthetized based on copolymers of styrene with divinylbenzene of macroporous structure.36-290

Sorbent: Mtilon T

Chelating group: _C—NH,
II
S

Polymeric matrix: copolymer of cellulose with acrylonitrile of fibrous structure. The sorbent
is made of yellow fibers which are stable in acidic (up to 1 M HC1) and neutral solutions.
It manifests selectivity to noble metals and mercury in acid solutions. The sorptive capacity
(mg/g in 1 AT HC1) of the sorbent with respect to Pt is 97.5, Pd is 93.0, Rh is 20.0, and Ir
is 72.5. The sorbent is recommended for selective concentration of noble metals and mercury,
and is used to determine Pt, Pd, Rh, Ir, Ru, and Au in different objects.l92-291-292

Sorbent PVA Fiber with Thioamide Groups

Chelating group: —C=NH /—C—NHA

L (S )
Polymeric matrix: copolymer of polyvinyl alcohol with acrylonitrile of fibrous structure.
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The sorbent consists of golden-brown fibers which are stable in highly acidic solutions. The
sorptive capacity of the sorbent with respect to Pd (II) in 2 N HC1 is 1.5 mg-eq. The
selectivity of the sorbent decreases in the following series: Pd (II) > Pt (II) > Ru (III) >
Ir (IV) > Rh (III). The sorbent is recommended for selective concentration of the metals
of platinum group from solutions with a high salt background and for the separation of Pt
(II) and Rh (lllp.293.295 a n d i s u s e d i n a n a i y s i s of alloys.72

Sorbents with Thioglycolate Groups

Chelating group: 0
II

—CH!—O—C—CHiSH

Polymeric matrix: copolymers of styrene with divinylbenzene of macroporous structure. The
sorbent is used as pearls with a size of 150 to 200 mesh. The sorptive capacity of the sorbent
with respect to Ag (I) is 1.39 to 1.77 mmol/g. The sorbent is stable in acidic solutions and
is less stable at high pH and in the presence of oxidizers and Cu (II) salts. It exhibits the
highest affinity to Hg (II), and in 0.1 M HC1O4 it sorbs Ag (I), Hg (II), Bi (III), Sn (IV),
and Au (III), at pH 4 — Mg, Ca, Ba, Zn, Cd, Pb, Ni, Mn, Co, Cu, Fe (II), U (VI), La,
and Th. The sorbent is also recommended to separate Pb — Bi — Hg; Sn, As — Sb; and
Zn — Cd — Pb mixtures.193

A sorbent with similar groups, based on macroporous copolymers of acrylonitrile with
divinylbenzene, is highly selective to Ag (I), Hg (II), Au (III), and Bi (III). A sorbent based
on saccharose methacrylate gels with thioglycolate groups is selective to Ag (I) and Hg
(II).296

Sorbent with Hexylthioglycolate Groups

Chelating group: _c_0—(CHO,—0—C—CH2SH

Polymeric matrix: copolymer of styrene with divinylbenzene of macroporous structure. The
sorptive capacity (mmol/g) of the sorbent with respect to Ag (I) is 1.93, Hg (II) is 0.99,
and Bi (III) is 0.75. The sorbent is highly selective to Ag, Hg, Bi, Au and is recommneded
for the separation of these elements.297

Sorbent: SPHERON TIOL

Polymer unit with chelating group: C H § J . _ C O O C H l C H t o C H , - C H - C H 1 S H .

CH,— OH

Polymeric matrix: copolymer of glycolmethacrylate with glycolmonomethacrylate of ma-
croporous structure. Used as 40 to 63 m particles. The sorptive capacity of the sorbent with
respect to Hg (II) is 0.5 to 1.0 mmol/g in 0.05 M HC1. The sorbent is highly selective to
Hg, Sb, Bi, As, Ag, Cu, and Pt in highly acidic solutions (1 to 3 M H2SO4 or HC1). It is
used for selective concentration of Hg, As, Sb, and Bi, as well as to determine them with
the help of the atomic absorption method by introducing the sorbent suspension into the
graphite atomizer.56-57-59
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Sorbents with Dithiocarbaminate Groups

Chelating group: v A%

(1) Polymeric matrix: microcrystalline cellulose. The sorbent is stable in acid solutions.
Its sorptive capacity (mg/g) with respect to Hg (II) is 370 (pH 4.3), Cr (VI) is 155 (pH
2.6), Ag (I) is 120 (pH 5.2), Se (IV) is 86 (pH 3.2), Cu (II) is 15 (pH 5.4), and Pb (II) is
9.5 (pH 5.9). The sorbent is also recommended for selective concentration of metals from
water solutions.298

(2) Polymeric matrix: polyamines. The sorptive capacity of the sorbent (mg/g) with respect
to Ag is 200, Hg is 54, Cu is 21, Sb is 4, Pb is 3.9, and Cd is 1. Selectivity of the sorbent
decreases in the following series: Ag > Hg > Cu > Sb > Pb > Cd > Ni > Zn > Co299

and is recommended for the concentration of heavy metals.300-301

Sorbent: (PolyfN-Acryloylaminomethyl] Mercaptoacetamide)

Polymer unit with chelating group: _ C H l _c_NH-CH»-NH-C-CH.SH.
II II
O O

Polymeric matrix: polyacrylamide. The sorptive capacity of the sorbent (mg/g) at pH 5.5
with respect to Mn (II) is 8.8, Fe (II) is 33, Co (II) is 41, Ni (II) is 67.5, Cu (II) is 82.5,
Zn (II) is 111, Ag (I) is 421, Cd (II) is 146, Hg (II) is 602, Pb (II) is 342, and U (VI) is
300. The sorbent is oxidized during the sorption of Cu (II), Ag (I), and Hg (II); its selectivity
corresponds to the series: Zn < Cd < Pb < Cu < Hg; and it is recommended to concentrate
heavy metals.302-303

Sorbents with Phosphonic Acid Groups

r , . . PO(OH),
Chelating group: i v

— C - —CH-

COOH

Polymeric matrix: copolymers of a-phenylvinylphosphonic acid with acrylic acid. The sorp-
tive capacity of the sorbents is 5.7 mg-eq/g. Their selectivity decreases in the series: Th
(IV) > Sc (III) > Fe (III) > U (IV) > Me (II). The sorbent is recommended for Fe — Co;
Fe — Ni; Zn, Cd, Cu — U; Cu, Cd, Zn — REE, Sc; REE — Th, Sc separation.304

Sorbent with Formazane Groups

™. , • NH—C,HS

Chelating group: .

HO,S £ 0 SO,H

-NH—^^—NH—N=C—N=N—/Q\—NH—

HO'

Polymeric matrix: copolymers of styrene with divinylbenzene of macroporous structure. The
sorptive capacity of the sorbent (mmol/g in 0.01 M HCl) with respect to Ru (III) is 0.03,
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Rh (III) is O.I, Pd (II) is 0.75, Ir (IV) is 0.43, Pt (11,1V) is 0.54, Au (III) is 0.90 (0.1 N
HC1), Ag (I) is 0.92 (0.01 N H2SO4), Hg (II) is 0.63, U (VI) is 0.61 (acetate buffer). The
sorbent is highly selective to Hg, Pd, Ag, and other noble metals and is recommended for
the separation of Pd from Co and Ni.46

Sorbents with similar groups have been obtained based on cellulose45'306 and saccharo-
somethylacrylate gels.122

Sorbents with l-Nitrozo-2-Naphthol and 2-Nitrozo-l-Naphthol Groups
OH

Chelating groups:

I I I

Polymeric matrix: copolymer of styrene with divinylbenzene (8%) of macroporous structure.
The sorptive capacity of the sorbent with chelating group I with respect to Pd (II) is 0.67
mmol/g in 1 M HC1 and is recommended for the separation of U and Pd from Cr, Mn, Co,
Fe, Ni, Cu, Zn, Cd, Hg, and Al.43 The chelating sorbent with group II is characterized by
stability in acidic and alkaline solutions and is recommended for Pd (II) — Pt (IV); Pd (II)
— Ag (I), Pb (II); and U (VI) — V (V) separation and extraction of microelements from
seawater.307

Sorbent with 2,4,6-Triamino-l,3,5-Triazine Groups

NH,

N
Chelating group: S. /

EL C-

NH,

Polymeric matrix: copolymer of styrene with divinylbenzene (3%). The sorbent is used as
pearls with a size of 0.08 to 0.20 mm and is selective to Cu (II), Hg (II), Cd (II), and Ag
(I). The sorbent also sorbs SO4

2", PO4
3-, AsO4

3-, and CrO4
2- anions.308

Sorbents with Diaminodibenzo-18-Crown-6 Groups

Chelating group:

Polymeric matrices: polyamide isophthalic acid I309-310 and cellulose II.3" The sorbent with
matrix I is used as particles of 200 to 400 mesh size. The sorptive capacity of the sorbent
is 1.92 mg-eq/g. The sorbent is selective to potassium and is recommended for selective
concentration of potassium, e.g., from seawater and for the separation of potassium and
sodium.309-310

The sorbent with matrix II has the sorptive capacity of 0.25 mmol/g. Its selectivity in
aqueous solutions of iodides decreases in the series: K > Na > Ba > Zn > Ca, and in
50% methanol — Ba > K > Na > Ca > Zn. No significant difference in selectivity is
observed.3" Sorbents with similar groups have been described in Reference 312.
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Sorbent with Nitrozoresorcinol Groups

.OH
Chelating group:

Polymeric matrix: copolymers of styrene with divinylbenzene (7%). The sorbent consists of
brown pearls with a size of 35 to 100 mesh. The total exchange capacity of the sorbent is
7 mg-eq/g. The sorbent manifests affinity to Fe, Cu, Co, Hg, Ni, Zn, Cd, and Mn; and it
is the most selective to Cu and Fe. The sorbent is also recommended for concentrating cobalt
from seawater and separating cobalt and iron.31

Sorbent with Diphenylcarbazide Groups

n, , .. —NH—NH—C,HS

Chelating group: i
O=C

NH—NH—C,Ht

Polymeric matrix: copolymers of styrene with divinylbenzene (6%) of macroporous structure.
The sorptive capacity of the sorbent with respect to Cr (VI) at pH 1 is 12.85 mg/mt in
dynamic conditions. It reduces Cr (VI) to Cr (III), and when the sorbent is regenerated it
is eluted with Cr (III). The sorbent is also recommended for selective concentration of
chromium.38

Guanidine Sorbent

Chelating group: ^ N H

—NH—Cf

Polymeric matrix: copolymer of styrene with divinylbenzene (2%). The sorbent is used as
10 to 30 fj.m pearls, it manifests affinity to Pd (II) and Pt (II) and is recommended for the
separation of Pd from Pt.3'3

Sorbent with N-Methylglucamine Groups

Chelating group: -CHi-N-CiH,(0H) t .

CH,

Polymeric matrix: copolymer of styrene with divinylbenzene. The sorptive capacity of the
sorbent with respect to boron is 1.35 mg-eq/g. The sorbent is recommended for boron
concentration from neutral and alkaline solutions.30'314

Sorbent with Phenylalanine Groups

Chelating group: —CH,—CH—NH,

COOH

Polymeric matrix: copolymers of styrene with divinylbenzene (7.5%) of macroporous struc-
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ture. The sorbent is used as 60 to 100 mesh pearls and is stable in acidic and alkaline
solutions. The sorptive capacity of the sorbent with respect to Cu (II) is 1.4 (at pH 4) and
1.7 mmol/g (at pH 7). It is highly selective to copper and mercury and is used to concentrate
copper when it is determined in seawater and to separate Cu — Co and Cu — Ni.313

Sorbent: POLYORGS VII

Chelating group: —C=N0H

L
Polymeric matrix: polyacrylnitrile fiber. The sorbent is a yellow fiber and is selective to
heavy metals in the presence of alkaline and alkaline-earth metals. In highly acidic solutions
it selectively sorbs noble metals. The sorptive capacity (mg/g) with respect to Au (HI) is
144, Pt (IV) is 188, Pd (II) is 130, Ir (IV) is 45 in 1 A/ HCl, Ag (I) is 148 in 0.5 HNO3,
Cu (II) is 144 (pH 3.6), Co (II) is 150 (pH 6.6), Fe (III) is 160 (pH 1.9), Cd (II) is 103
(pH 6.3), Cr (III) is 31 (pH 3.7), Pb (II) is 425 (pH 3.0), and V (IV) is 50 (pH 2.8). The
sorbent is recommended for sorptive concentration of heavy metals when they are determined
in natural and waste waters and to determine noble metals in industrial products.68

Sorbent: POLYORGS IX

Chelating group: _ C H g H

Polymeric matrix: polyaminophenolic condensate. The sorbent is a brown powder, and its
sorptive capacity (mg/g) with respect to Ag (I) is 638 (0.5 M HNO3); Au (III) is 210, Pd
(II) is 44, Pt (IV) is 93, Sb (III) is 40, and As (III) is 37 ( 1 M CHI); The sorbent is
recommended for the concentration of Sb (III), (V), and As (III), and (V) in natural waters.197

Sorbent: POLYORGS XI

Chelating group: _ N = _ N H

The sorbent is a white laminate fibrous material stable in highly acidic, neutral, and weakly
alkaline solutions. The filament thickness is 30 to 40 |xm and its particle size is 5 to 10
|xm. The total exchange capacity with respect to HCl is 2.14 mg-eq/g. The sorbent is selective
to noble metals and its sorptive capacity (mg/g) with respect to Pd (II) is 170, Pt (IV) is
200, Rh (III) is 150, Ir (IV) is 280, and Au (III) is 990 in 1 M HCl. The sorbent is also
recommended for concentrating noble metals from acid solutions as well as Au and Ag from
seawater.188

Sorbent: POLYORGS XII

Chelating group:

Polymeric matrix: polyaryl-amide fiber. The sorbent is a black fiber which is stable in acidic
and alkaline solutions. The sorptive capacity (mg/g) with respect to Ag (I) is 355 (0.5 M
HNO3); Au (III) is 630 (1 M HCl); Hg (II) is 542 (0.1 M HNO3); and Cu (II) is 76 (0.5 M
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NaCl, pH ~ 5). The sorbent is recommended for the concentration of Au and Ag, as well
as other metals from natural waters.68

IDA — Cellulose Filters

Chelating group: XlHjCOOH

N

Polymeric matrix: Watman 41 cellulose filters, diameter 47 cm, weight 0.16 g. The sorptive
capacity (p-mol/g) with respect to Cd (II) and Co (II) is 171; Cu (II) is 202; Ni (II) is 184;
Zn (II) is 157 at pH 3; Pb (II) is 218 (pH 5); and Hg (II) is 88 (pH 9). The sorbent is
recommended for concentrating these metals from natural waters.319

Sorbent: MONIVEX

NH
Chelating group: J

—S—C
NH,

Polymeric matrix: macroporous styrene divinylbenzene. The sorbent is selective to noble
metals in 2 to 6 M HCl. The sorptive capacity (mg/g) in 1 M HCl with respect to Pt (II) is
309, Pd (II) is 185.5, Au (III) is 566, Ru (IV) is 112.8, Rh (III) is 97, and Ir (IV) is 185.5.
The sorbent is recommended for selective concentration of platinum-group metals from
hydrochloric acid solutions.36

Sorbent with Ar,Ar'-Bis(2-Hydroxybenzyl)-Ethylenediamine Groups

Chelating group: /—NH HN-

Polymeric matrix: copolymer styrene divinylbenzene (2%) of porous structure. The sorbent
is selective to Au (III) in acidic and alkaline solutions and to Pd (II) and Pt (IV) in the
region of pH 3 to 5. Its selectivity series in the acidic solution is Au (III) > Pd (II) ~ Pt
(IV) > Cu (II) = Ni (II); and in the alkaline solution it is Au (III) > Cu (II) ~ Ni (II) >
Pd (II) ~ Pt (IV). The sorbent can be used to separate Au, Pd, and Pt from Cu and Ni.316

Sorbent with Groups of 8-Oxo-2,4,12,14-Tetraoxopentadecane

Chelating group:

Polymeric matrix: cellulose. The sorptive capacity with respect to Fe (III) is 1 mmol/g (pH
2.2). The sorbent is selective to U, Cu, Fe, and Ni in aqueous solutions and seawater-like
model solutions.317
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IV. USE OF CHELATING SORBENTS IN INORGANIC ANALYSIS

A. Application
In analytical chemistry, chelating sorbents are mainly used for selective concentration and

separation of elements during the stages of analysis preceding the identification of elements
by different methods. Preconcentration is necessary to enable element determination in
various natural or industrial objects.165 Sorption with chelating sorbents is very promising
in this respect. A high effectiveness and selectivity of the extraction of microelements from
solutions of complex composition, simple implementation, and possibility of extracting
elements from large volumes of solution in combination with different identification methods,
make it possible to use these methods for various analytical applications.2-3-67-195

Chelating sorbents are effectively used for the separation of elements, including those
very similar in properties, which is highly important for their reliable and accurate
determination.

Chelating sorbents are also used to remove traces of elements from salt, acid, alkali
solutions, complexing agents, and organic solvents, which is of great practical importance
in analysis.3-37-320

/ . Selective Concentration
The possibility of selective sorption of certain elements in the presence of others is based

on the different stability of complexes formed by the element ions with the chelating groups
of the sorbent. Normally, chelating sorbents can react with a large variety of elements, but
the stability of the resultant complexes differs and depends on the experimental conditions.
The stronger the bond between the elements of interest and the sorbent groups, the more
selective is the concentration method. By choosing an appropriate sorbent with the specific
chelating groups and the optimum sorption conditions, one can obtain the required selectivity
with respect to a certain element or a group of elements. For instance, the polystyrene-
azoarsenazo can be used to concentrate numerous metal groups, resulting in their separation
from alkaline and alkaline-earth metals at pH ~ 6.48 In highly acidic solutions the same
sorbent is used for selective concentration of U, Th, Pa, Am, Cm, and other elements.41-42

Selectivity in concentration can be improved by optimizing the temperature and adding
masking compounds, etc.2-3 A high selectivity is reached by combining sorptive concentration
by means of chelating sorbents with other concentration methods, e.g., coprecipitation,262

extraction,321-322 and fire assaying.258-259

2. Separation of Elements
The difference in the selectivity of chelating sorbents with respect to certain element ions

is used for their separation. Sorbent selectivity is determined by the nature of chelating
groups and depends on the experimental conditions. Under specific conditions the sorptive
capacity of sorbents with respect to certain ions can differ substantially; the distribution
coefficients may vary within several orders of magnitude. In such cases the elements can
be separated by means of selective sorption of one or several of them. For instance, separation
of copper (II) and iron (III) can be effected by sorption of copper with a sorbent containing
aminoazohydroxy groups;27 and separation of silver (I), gold (III), and mercury (II) from
other elements by sorption on the polystyrene-DMBAR sorbent.39

Effectiveness of separation by means of chelating sorbents also depends on the physi-
cochemical properties of the polymeric matrices and largely on their kinetic characteristics.63-171....

Elements exhibiting a high affinity to the chelating groups of sorbent can be separated
by successive elution of sorbed metals with acids and complexing agents. Numerous element
mixtures can be separated by this technique owing to the different stability of complexes
formed by the metal ions in the sorbent phase. Useful for this purpose are, e.g., sorbents
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containing iminodiacetate,3 8-hydroxyquinoIine,89 hydroxame,250'324"326 and other
groups.2-6-323>327 In the presence of complexing agents, the difference in the strength of metal
bonding to sorbent groups increases. This fact is of high practical importance, but is utilized
comparatively infrequently. This is probably associated with the specific complexing be-
havior of elements during sorption, caused by the polymeric nature of the sorbent matrix,
heterogeneity of functional groups, and other factors.3-7-327

Separation of elements with similar properties is a difficult problem. It has been possible,
however, to synthetize sorbents suitable for separation by using ligands which have different
complexing activity with respect to similar elements. For instance, a sorbent containing 1,8-
dihydroxynaphthalene-0,O-diacetic acid groups was synthesized for the separation of zir-
conium and hafnium;234 and a sorbent containing pyridine-2,6-dicarboxyIic acid groups was
synthesized for the separation of calcium and strontium.241

B. Some Aspects of the Application of Chelating Sorbents
Chelating sorbents are finding an ever increasing application in practical analytical chem-

istry. Sorptive concentration has been found to be particularly useful in determining the
microelements in natural water, ores, minerals, and pure substances. Chelating sorbents
have been effectively used to determine rare and noble metals in various objects.2-6195-257

Numerous element concentration and separation methods using chelating sorbents have
now been developed. The procedures involved are rather simple and similar to those employed
with other types of sorbents. They have some specific features, however, which may have
a considerable influence on the effectiveness of chelating sorbents. For instance, the choice
of the type of sorbent and its preparation for particular concentration or separation is highly
important. The solution must likewise be prepared in an appropriate manner. Also of great
importance is the sorption technique, as well as the possibility and necessity of desorption
of elements. All of these factors are influenced by the requirements to the method, the nature
of the material to be analyzed, and the methods of subsequent analysis.

1. The Choice of Sorbent and its Preparation
Concentration is usually carried out with a view to recover selectively one element or a

group of elements with partial or total separation from the other components. The choice
of chelating sorbents capable of solving this problem is usually governed by the properties
of their functional groups. Much information can be derived from the selectivity series and
analogy of the polymeric sorbent properties with those of monomeric ligands. However, the
properties of a given sorbent as a whole, and not only those of its functional groups, must
be taken into account when choosing a particular sorbent. Applicability of the selected
sorbent to a particular system is usually estimated by carrying out concentration or separation
of elements in model solutions.

Usually, the sorbent has to be prepared prior to work, e.g., it is swollen in water or
another appropriate solution and pyrified from possible impurities. It is then converted into
the certain chemical form. One must take into account its stability in acidic and alkaline
solutions, since some sorbents may undergo rapid degradation in them. It is also necessary
to choose the concentration or separation procedure most appropriate for a given system, as
well as the method of determining the sorbed elements.

2. Preparation of Solutions
The required selectivity in the concentration or separation is achieved only within a specific

pH interval and sometimes in the presence of complexing agents. The state of element ions
in those solutions is an important factor, especially in the sorption of easily hydrolyzable
elements and elements tending to produce polymeric and inert forms; for instance, noble
metals must be converted into their chloride complex ion forms.195-257 When microelements
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are determined in natural water, the latter should be treated to labilize the bound forms of
metal ions.67-328-329

The completeness of recovery may be strongly affected by the concentration and com-
position of salts in the solution during the process of concentration. If necessary, the solutions
are diluted; sometimes, a part of the macrocomponents are first separated.202-258

3. Concentration and Separation Techniques
The techniques by which sorption or separation with the help of chelating sorbents are

achieved can be static, dynamic, or chromatographic. The chromatographic technique exists
in column and thin-layer variants. Other methods used are multiple filtration through special
thin filters, disks, and membranes. This technique is particularly useful for fast concentration
of microelements from natural waters, followed by their determination directly on the filters
or membranes by means of X-ray fluorescence or neutron activation methods.202-213-330332

The static regime of sorption is (batch method) often used for selective concentration with
the help of chelating sorbents. The method is simple and assures an even distribution of
elements in the sorbent. It requires a small quantity of sorbent for its implementation, and
is therefore preferable in some cases. Batch sorption is also convenient when it is unnecessary
or expedient to desorb the elements after concentration or separation, as well as when sorption
is performed in heated solutions, and in some other cases.

The dynamic (column) sorption technique is preferable for concentration from large vol-
umes of solution (1 to 5 and more liters) and for the separation of elements. The chelating
sorbent in the form of pearls, fibers or small particles is placed into the column or special
cells.3-203-204-405 To improve their filtering properties, the fine-grained and high-swelling
sorbents are mixed with inert material;77-334 soluble polymeric sorbents are applied on an
appropriate carrier as thin films.128"130189

Some special techniques are used to improve the element recovery effectiveness. For
instance, the microelements to be determined in natural waters are concentrated on the
Chelex 100 sorbent in a special vessel — "separatory-column'' permitting static and dynamic
sorption to be performed one after the other.210-333-335 Gold was determined in natural materials
by sorption on a special paper filter which carried the SRAFION NMRR sorbent. The filter
was freely suspended in solution and kept there for 16 hr. Gold was determined directly on
the filter. The simplicity, high selectivity, and reliability of this concentration technique
which has made many hard analytical operations unnecessary, have permitted it to be used
for gold determination in large samples of the analyzed material.283

In the TLC method, chelating sorbents are used as finely dispersed fractions premixed
with cellulose;34-336 also used are specially synthesized cellulose-based sorbents containing
chelating groups.119

4. Concentration and Separation Conditions
The principal parameters of sorptive concentration or separation are as follows: pH or

acidity of solution, ratio of sorbent mass to solution volume, volume or height of the column,
and contact time or solution flow rate. These are usually determined experimentally. Some
practical recommendations are given in Reference 3.

The optimum pH interval is selected on the basis of data describing the relationships
between the degree of sorption, sorptive capacity or element distribution coefficients, and
the solution pH. Such data are usually obtained on model solutions containing all the
components, including alkaline and alkaline-earth metal salts. The reason is that the state
of ions in solution and degree of extracting the interesting elements are affected not only
by the nature but also by the concentration of other metals in solution, as well as the total
concentration of salts present in solution.3-7-63-337 For selective concentration, the pH interval
is chosen in such a way as to minimize the effect of the other components; in separation
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the optimum pH interval is the one with the maximum difference in degree of sorption of
the elements to be separated. Satisfactory separation is achieved when the distribution
coefficients differ by not less than two orders of magnitude; in this case sorption is performed
on a thin layer of sorbent and when the elution rate is high enough.63 For instance, in static
concentration of elements with the Hyphan sorbent, complete recovery (> 90%) is achieved
for elements whose distribution coefficients are >105 (per 0.1 g of sorbent in 1000 m£ of
solution). In the column process, quantitative extraction from large volume (5 €) of solution
on small quantities of the same sorbent (2 to 5 g) can be achieved if the distribution
coefficients are within 104 to 105.125

The contact time and solution flow rate in the column depend on the physicochemical
properties of sorbent, primarily on its kinetic properties. Chelating sorbents based on porous
hydrophilic matrices allow the concentration to be carried out with high flow rates, e.g.,
up to 30 mf/min on cellulosic sorbents. Fibrous sorbents are particularly promising in this
respect.70-124126188 Several interrelated parameters are to be simultaneously taken into account
in choosing the optimum concentration conditions, especially in the column experiments,
viz., concentration of elements in solution, solution volume, sorbent mass and volume, and
flow rate. Conditions experimentally determined to be good for one system may prove
inapplicable for another. Therefore, calculation methods of optimizing the concentration
conditions are of great interest. Such methods have been developed and are used in choosing
the conditions of concentration with the help of ion exchangers, as described in Reference
338. The method is based on the theory that with a minimum of experimental data, e.g.,
the diffusion and distribution coefficients, one can determine the concentration parameters
for the preassigned experimental conditions. This makes it possible to choose the optimum
conditions for any system; optimum solution and sorbent volume, contact time, and flow
rate. This approach, for example, has been effectively used to determine the optimum
conditions of copper concentration from seawater with the AN-31 anion-exchange resin for
its subsequent analysis; sorbent mass 1 g, flow rate 600 mf/h, and contact time 1.5 hr.338

For chelating sorbents, the calculation of optimum concentration conditions is a more
difficult task due to the more complex sorption mechanism. It has been shown for copper
and silver, however, that it is possible in principle to choose the concentration conditions
in this case too. Fibrous POLYORGS VIII was used as the chelating sorbent. The calculations
were based on the following experimental data: (1) the distribution coefficients over the
linear portions of the sorption isotherms equal to 4.5 x 103 (Cu) and 4 X 103 (Ag) for 1
mg/€ concentrations of Cu (II) and Ag (I); (2) the internal diffusion coefficients equal to
1.3 X 10"" (Cu) and 0.3 X 10"" (Ag) cm2/sec; and (3) the column cross sections equal
to 0.38 and 0.52 cm2 at maximum sorbent compaction of 0.36 g/mf. These data were used
to calculate the conditions of copper and silver concentration from 0.5 M NaCl solutions
which assured degrees of extraction equal to 90% for Cu and 95 and 99% for Ag. Satisfactory
agreement between the experimental and the calculated data confirms the possibility of
calculating the conditions of the concentration of elements.181

The possibility of using the results of calculations to choose the conditions of the separation
of elements with the help of chelating sorbents has also been demonstrated for the case of
separating lanthanum and calcium on the polystyrene-azoarsenazo sorbent.144 However, the
calculations involved are rather complicated, and their application has so far been limited.

5. Determination of Elements After Concentration and Separation
Preconcentration of elements, followed by their determination, is of great importance

since it determines to a great extent the effectiveness of the method as a whole.1 After
sorptive concentration or separation, the elements can be determined either directly in the
sorbent phase, its decomposition residue, the eluent solution after desorption, or the effluent
after the solution has been passed through the sorbent. From the practical viewpoint, de-
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termination of elements directly on the sorbent is the most convenient, since it eliminates
further treatment of the sorbent, desorption, and ashing, etc. The methods most widely used
for this purpose are those of X-ray fluorescence and neutron activation analysis.66-339341 In
recent years, the atomic absorption method with electrothermal atomization of sorbent sus-
pension has found an ever increasing application.55195197-342-343 An indispensable requirement
concentration is, along with high selectivity, a high purity of sorbents.

Atomic emission spectrometry is often used for the determination of elements in the
residue left after the "dry" ashing of sorbent. In this way, e.g., noble metals are determined
in various objects.259-260 Also used are the methods of "wet" decomposition of sorbents
prior to their determination with, e.g., a mixture of HNO3, H2SO4, and HC1O4

258-262-290 or
by other means.232-353 The analysis is then carried out in solutions by different methods.
These methods are used to determine the elements after desorption or in the effluent following
their separation from other metals; these include spectrophotometry, atomic absorption spec-
trometry, electrochemical, catalytic, and other methods.

Given below are a few examples of combining sorptive concentration with the help of
chelating sorbents and the most commonly used determination methods.

Atomic absorption method is the most widely used to determine elements in different
objects after preliminary sorptive concentration. Most frequently, this combination is used
for the analysis of natural waters. The analysis is usually performed in solutions following
the elution of elements with acids, e.g., such sorbents as Chelex 100,207-209-322-333-345-347

Dowex® A-l,346 ANKB-2,348 Hyphan,347 and others.67-344-353 The elements are determined
in flame or with electrothermal atomization; the latter method is used either in solutions347

or in aqueous suspension of the sorbent.349-351-352 The atomic absorption technique with the
elements being determined when sorbent suspension is injected into a graphite atomizer has
been used in determining microelements in natural water with preliminary concentration on
Chelex 100343-345 and POLYORGS IX188 sorbents, to determine platinum-group metals in
complex natural materials using the PVB-MP sorbent,196 as well as to determine As, Bi,
and Sb sorbed on SPHERON TIOL,61 and in determining copper,345 aluminum,343 lead,349

and chromium350 in various objects.

The neutron activation method is also rather frequently used to determine elements in
various objects in combination with preliminary sorptive concentration with the help of
chelating sorbents. The method is accurate and sensitive, but saltwater matrix is not well
suited for this method. The extremely high concentrations of alkali and alkaline-earth metals
and halogens make direct analysis difficult or impossible. The use of chelating sorbents
makes it possible to minimize or even eliminate the effect of macroelements. For instance,
in the analysis of natural water it becomes unnecessary to work with liquid samples; the
effect of sodium, chlorine, and bromine is eliminated; the determination sensitivity is im-
proved; the required radiation dose is reduced, etc.341

Preconcentration of elements from unirradiated samples makes it possible to use large
quantities of analyzed material and irradiate small quantities of sorbent for subsequent
determinations, which makes it unnecessary to work with highly active samples.283-341 The
major requirements to the chelating sorbents used for this purpose are high selectivity with
respect to and purity of the elements to be determined. If the chelating sorbent is used at
the stage of radiochemical treatment of irradiated samples, its purity is of little importance;
selectivity becoming the critical property.

Sorptive concentration with the help of chelating sorbents is used in combination with
the neutron activation trace analysis of natural waters,l15-124-129-201-224-334-357 and determination
of noble284-285-287-354 and some other elements47-355 in various materials.

X-ray fluorescence methods are highly efficient for the determination of trace elements
in samples preconcentrated on chelating sorbents.66-339-340 Sorbents in the form of filters or
disks, which do not require any special preparation of the sorbent for analysis, are very
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suitable for this application.123-125-282 In other cases, Fine-grained sorbent fractions are mainly
used and pressed into pellets with the addition of a binder. If necessary, the prepared
concentrates can be stored for long periods of time.213

When the elements are determined by means of X-ray fluorescence, preliminary sorptive
concentration can be performed both in static and dynamic conditions.213-354-355 A technique
has been proposed to concentrate microelements using a sorbent encased in a plastic catcher
in the shape of a small cylindrical capsule heated and pressed after sorption. The pellet
obtained in this way was subjected to X-ray fluorescence or neutron activation analy-
sis.203-204-356 The combination of X-ray fluorescence analysis with preliminary concentration
on a chelating sorbent has most widely been used in determining the microelements in natural
waters124175-204331-356 and noble metals in different objects.213-283

The atomic emission spectrometry is mainly used to determine noble metals259-260-262-263-265-291

and to identify certain microelements in natural industrial objects.47-48-270 The chelating
sorbent in this case is usually ashed in a muffle, and the residue is analyzed. The ashing is
performed at temperatures ranging from 500 to 600°C to prevent possible loss of ele-
ments.258-260 Buffer mixtures or spectral carbon are added before or after the sorbent ash-
ing,260-270 and in some cases the sorbent is decomposed with acids, and the solution is
evaporated to dryness on a carbon electrode.263 In the inductively coupled plasma atomic
emission spectrometry, the chelating sorbent is treated with 30% H2O2 and HNO3

252 or
aqueous suspension of the sorbent is injected into a plasma.352

Spectrophotometry is used to determine elements after their sorptive concentration and
desorption with an appropriate eluent, as well as in solutions after the sorption of interfering
elements. To determine, for example, uranium and other microelements, the sorption is
conducted on Chelex 100 or Dowex® A-l sorbents, and then the sorbed elements are desorbed
with an acid and identified through spectrophotometry.358"362 Rhodium is determined directly
in the effluent after the separation of other noble metals by sorption on chelating sor-
bents.25-34-72-267 Spectrophotometry is also used in determining some other elements including
Mo, V, Cr, U, and others2-70-253 after their sorptive concentration.

One of the rapid methods of semiquantitative estimation of metals concentration is their
direct determination by the color reaction taking place in the sorbent phase when metals
interact with the chelating groups of the sorbent. Cellulose-based sorbents are particularly
suitable for this purpose. For instance, a cellulose sorbent containing hydroxame groups
reacts with metals to form characteristically colored products, which is recommended for
their detection in various objects of the environment.191 A cellulose sorbent with salicylic
acid groups has been used for chromatographic separation and determination of Fe (III), U
(VI), and Cu (II) by the coloration of column sections filled with this sorbent; the detection
limits for these elements are 0.2 |xg Fe, 5 (ig U, and 10 p-g Cu.275 The colored zone on
such sorbents can be used for visual estimation of the quantity of sorbed metal.276

Cellulose sorbents with groups capable of reacting with elements to form colored zones
are very convenient for the concentration and separation of elements by means of TLC.119

Very effective, in particular, are sorbents containing monoazo and bisazo groups. The
properties of monomeric reagents containing these groups are well known. They have been
widely used in spectrophotometry, e.g., arsenazo III, sulfonitrophenol M, sulfochlorophen-
olazorhodanine, etc.121 Cellulose sorbents containing similar groups can react with the same
elements.119 The reaction conditions and selectivity are also similar in both cases. Examples
of the use of such sorbents for the identification and separation of elements are given in
Table 5. Sensitivity of the visual determination of elements in the sorbent phase is 0.1 to
0.3 p.g.

Such cellulose sorbents have been used in specially developed procedures for determination
of palladium,363 silver,118 and some heavy metals.364

Some other methods are also used for element determination after concentration or sep-
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aration on chelating sorbents. For instance, anodic stripping voltammetry is used to determine
Cu, Pb, Zn, and Cd in seawater after sorptive concentration on Chelex 100328-365 and Dowex®
A-l sorbents.223 Catalytic methods have been used to identify platinum-group metals in
rocks; the concentration was performed on the PVB-MP sorbent.258 Before determination
of Fe, Cd, Zn, Cu, Ni, Pb, and U they were concentrated on Chelex 100 and then analyzed
by the spark source mass spectrometry.210

C. Chelating Sorbents in the Analysis of Different Objects
1. Natural Waters

Chelating sorbents are widely used for the concentration of microelements from natural
waters, owing to their ability to remain highly selective in the sorption of elements from
solutions containing high concentrations of alkaline and alkaline-earth metal salts. Natural
waters, including the sea, rivers, mineral waters, etc., constitute complex solutions of salts
which, in addition to the mineral components (NaCl, MgSO4, etc.), contain various organic
compounds, whereby microelements may occur in various forms and concentrations.366-367

Therefore, preparation of water prior to concentration becomes an important stage in the
analysis. Normally, water samples are filtered through membrane filters or centrifuged,
and only then concentrated. If necessary, water is preserved by acidifying to pH 1 to 2
or by freezing.2I0-368-369 The storage and transportation of water prior to its concentration
is also of great importance.370 For sorptive concentration to be effective, it is necessary to
purity vessels, reactants, and atmosphere; special attention must be given to sorbent
purity. To remove impurities, the sorbents are pretreated with solutions of acids, complexons,
e j c 210.357.371

The microelements occurring in water in different forms are converted into a labile state
which assures their more complete extraction by sorption. For instance, water is first aci-
dified, and then the solution pH is adjusted to the required value, or exposed to UV light,
boiled with oxidants, etc.367-371 The recovery of microelements desorbed after concentration
from natural waters may be incomplete due to the possible pollution of water with, e.g.,
soaps, detergents, oils, etc.361

Concentration of microelements from natural water by sorption on chelating sorbents can
be performed both by batch and column methods. The batch method is normally used for
small water samples of 100 to 500 m€. It is particularly advantageous when the microelements
are determined directly in the sorbent phase after concentration, since small quantities of
sorbent are used in this case; the sorbed elements are more uniformly distributed in the
sorbent, etc.213

Column concentration is used chiefly for large sample volumes of 1 to 5 € and more. If
sorbents based on hydrophilic and porous matrices are used, the concentration can be per-
formed with very high solution flow rates, e.g., 30 to 50 mf/min.70-282

Fibrous sorbents hold great promise for the concentration of microelements from natural
waters. The large surface area and high kinetic properties of these sorbents, the possibility
of using them in different sorption modes, as filters, films, etc., are used in concentrating
and determining various microelements.120-125-126

Numerous publications, including reviews, describe different techniques of concentrating
the microelements from natural waters with the help of chelating sorbents.6-67 Here, we shall
give some examples of the use of certain sorbents to determine microelements in different
types of natural waters.

The most frequently used sorbent is Chelex 100. Most methods involve the concentration
of a group of microelements. For instance, numerous techniques have been described of
concentrating Cd, Zn, Pb, Cu, Fe, Mn, Co, Cr, and Ni from seawater for their subsequent
determination by means of spectrometry atomic absorption with electrothermal atomization.
The elements are concentrated from 100-mf water samples preacidifted, treated with hy-
drogen peroxide, and exposed to UV light. The sorption is performed in a special vessel.333
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A similar procedure was used to determine Fe, Mn, Cu, Zn, and Ni in seawater by emission
spectrometry with inductively coupled plasma,372 and to determine certain microelements
by the spark source mass spectrometry.210

Columns packed with Chelex 100 mixed with an inert material were used for neutron
activation determination of microelements in sea and river water. This assured a constant
flow rate when large water volumes (1 to 4 €) have to be analyzed.334 The use of a special
Chelex 100-packed catcher made it possible to determine toxic metals after their sorption
from natural water directly on the sorbent by neutron activation and X-ray fluorescence
methods.356

Filters with a thin layer of fine-grained Chelex 100 sorbent fixed on them have also been
used to concentrate microelements from natural waters. This technique is used in the X-ray
fluorescence determination of some microelements in drinking water202 and uranium in
ground water.175-206

Sorptive concentration of microelements on Chelex 100 sorbent is used in the flow-
injection system with on-line ion exchange preconcentration for the determination of trace
amounts of heavy metals in seawater by atomic absorption.318 Sorption on Chelex 100 is
also used to determine Mo, U, Cu, and other elements in combination with spectrophoto-
metry, anodic stripping voltammetry, and other methods.67-175-322-360 In Reference 361, the
effect of certain surfactants and other water pollutants on the extraction of microelements
by sorption on Chelex 100 has been investigated. The authors have shown that certain
pollutants are adsorbed on the sorbent surface but do not have any significant effect on the
degree of extraction. The degree of their desorption is, however, decreased, which distorts
the determination results.

Along with Chelex 100, other sorbents containing iminodiacetate groups, e.g., Dowex®
A . j 346.352.359.363 a n d y/ofatit MC 50,232 have been used to concentrate microelements from
natural waters.

There have been numerous studies concerning the application of the cellulose-based sorbent
Hyphan in the concentration of microelements from natural waters.124127-282 This sorbent,
characterized by high selectivity with respect to heavy metals'in solutions containing alkaline
and alkaline-earth metal salts, has high kinetic properties and can be used both in the batch
and column sorption. Microelements can be determined after the concentration either directly
on the sorbent or in solution after their desorption with acids. Hyphan-cellulose is particularly
suitable for multielement analysis by the X-ray fluorescence and neutron activation meth-
o d m.125.171 Hyphan-cellulose is used in many methods of microelements determination in
various types of natural waters, viz., drinking, river, mineral, sea, etc.123-124126-282-374-375

Traces of elements are concentrated from natural waters with the help of cellulose-based
sorbents containing other chelating groups such as pyrogallol,40 chromotropic15 and 2(3)-
alanine- //.N-diacetic acid groups,375 dithiocarbaminate,201 diamine,331-332 and others.376-377

Cellulose sorbents are used in the form of filters, "bead", microcrystalline powder, or
fibers. Fibrous cellulose sorbents are especially convenient for large water samples. For
instance, cellulose sorbents with arsenazo groups70 and Hyphan126'282 have been used to
concentrate uranium from large volumes of seawater.

Chelating sorbents with different groups are used to determine traces of toxic metals in
natural waters. For instance, sorbents with dithiocarbamate and mercapto groups have been
used to concentrate mercury (II) traces.201-376 An effective method of concentrating mercury
dissolved in natural waters is based on the use of ASH sorbent.128-129 This sorbent is applied
as a thin film onto A12O3; mercury is then determined directly in the solid phase by neutron
activation method.

The SPHERON TIOL sorbent is employed for atomic absorption spectrometry of As, Sb,
and Bi in river water with the sorbent suspension being injected into the electrothermal
atomizer.61 The POLYORGSIX sorbent containing nitrogen and sulfur atoms in its functional
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groups has been developed for the concentration of As and Sb from natural water; the
elements are determined by atomic absorption spectrometry with electrothermal atomization
of sorbent suspension.197

Cadmium is determined in natural waters with the help of different chelating sorbents:
Chelex 100, Dowex® A-l, Hyphan, Polyacrylamidoxyme, and others.67 A procedure has
been developed for the sorptive concentration of cadmium with the help of fibrous PO-
LYORGS VII sorbent containing amidoxyme groups in the analysis of mineral waters.
Cadmium is determined in solution after desorption with nitric acid, using the flameless
atomic absorption method. Detection limit is 0.0008 ng/f.378 Fibrous sorbents with ami-
doxyme groups are also promising for the concentration of other microelements from natural
waters,68 uranium among them.69-379

Some examples of the use of chelating sorbents in the concentration of microelements
from natural waters are given in Table 6.

2. Geological Objects
In the analysis of ores, rocks, minerals, and other objects, difficulties are often encountered

when it becomes necessary to determine traces of metals, especially rare and noble ones.
Rare metals are usually contained in very small quantities in such objects, and therefore
preliminary concentration is required for them to be reliably determined.1 Large samples
usually have to be taken for analysis, and when dissolved they form rather large volumes
of solutions containing large concentrations of salts. Chelating sorbents make it possible to
selectively extract the required elements from such complex solutions. This improves the
sensitivity and reliability of determinations and simplifies the analysis and reference sample
preparation.2

Chelating sorbents are effectively used to determine noble metals in various minerals
objects. Many different types of chelating sorbents are known today which are selective
with respect to noble metals.l95-257 Numerous procedures have been developed to concentrate
microquantities of gold, silver, platinum-group metals, and especially for the concentration
of all the noble elements to be subsequently determined by different methods.2388

Noble metals are usually concentrated with the help of chelating sorbents from highly
acidic solutions, which raises their selectivity in the presence of salts of nonnoble elements.
Different methods are used to dissolve solid samples, depending on the nature of the sample
and its mass, etc. Often, mixtures of mineral acids are used as solvents, samples are fused
with sodium peroxide, and other techniques are employed.389 Fire assaying of samples makes
it possible to dissolve large volumes of analyzed material and facilitate subsequent sorptive
recovery of noble metals.259 Sometimes the solutions have to be specially treated prior to
sorption in order to convert the noble metals into more active and complex forms. Most
frequently, such elements are sorbed from hydrochloric acid solutions.388

Chelating sorbents based on copolymers of styrene divinylbenzene, PVB-MP, and SRA-
FION NMRR, as well as fibrous sorbents POLYORGS VI and Mtilon T, are mostly used
for group concentration of noble metals. Sorbents PVB-MP (POLYORGS IV) and PO-
LYORGS VI contain methylpyrazol groups. Their high selectivity with respect to noble
metals is due to the fact that in highly acidic solutions noble metals can react with these
functional groups while other metals, usually accompanying noble metals, cannot react with
them in these conditions.3-26 The sorption is performed by batch method from 1 to 2 M HC1
solutions. For a more complete extraction of all the platinum-group metals, including rhodium
and indium, solutions with the PVB-MP sorbent are boiled.

After concentration, noble metals are determined in the left after the ashing of the sorbent
at 500 to 600°C260 or decomposition with a mixture of HNO3, H2SO4, and HCI04 acids.261

Noble metals can also be determined, after concentration, directly in the solid phase. For
instance, a method has been developed for atomic absorption determination of platinum-
group metals with electrothermal atomization of the PVB-MP sorbent suspension.196
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The procedures of concentrating noble metals by sorption on PVP-MP are applicable when
they are determined in copper-nickel,259-260 chromite and molybdenite ores,196 rocks,258 and
other objects.262-263

POLYORGS VI is used for the concentration of gold and platinum-group metals when
they are determined in complex materials; it may be preceded by copper-nickel fire assay
of the analyzed ore.259-388

Also used to determine small quantities of noble metals in various geological objects is
the SRAFION NMRR sorbent. The sorption in this case is carried out in slightly acidic
solutions. For instance, this sorbent is used in neutron-activation analysis of silver in ores,285

of platinum-group metals, gold and silver in rocks, minerals, and lunar samples.284-287-354

This sorbent has also been used for X-ray fluorescence determination of gold in silicate
rocks and ores.213-283 Paper disks with SRAFION NMRR sorbent fixed on them were used
to concentrate gold from large ore samples (up to 200 g). The procedure is simple and can
be easily combined with subsequent X-ray fluorescence and neutron activation determination
methods.213 To improve the selectivity of gold extraction in the analysis of meteorites and
lunar samples, the sorptive concentration was conducted on the SRAFION NMRR sorbent
from an organic medium consisting of extracts obtained by extraction of haloid complexes
of gold with ethylacetate.321

Noble metals are concentrated with the help of other kinds of chelating sorbents as well.
These include Mtilon T, polystyreneazorhodanine, and fibrous sorbents containing thioamide
groups, etc.6195-257

Chelating sorbents are also successfully used to concentrate and separate other elements
in geological objects. For instance, group concentration of microelements has been carried
out with polystyrene-azoarsenazo and polystyreneazo-PAR sorbents in the analysis of car-
bonate and silicate rocks;48 and Chelex 100, in the determination of Cu, Ni, Zn, and Cd in
silicate rocks215-226 and other objects;213 pyrogallolformaldehyde resin has been used to de-
termine Be, Nb, Ta, and Zr in ores and minerals;270 and cellulose sorbent with arsenazo
groups, in the determination of U and Th in carbonate rocks.390

SRAFION NMRR is used to determine molybdenum286 and copper45 in geological objects.
Dowex® A-l is used for the separation of U, Th, and REE before their determination in

monazite.225 Chromatographic separation of U (VI), Th (IV), and Zr (IV) with the help of
a sorbent with propylene-diamine tetracetate groups is used in the spectrophotometric de-
termination of these elements in ores.240 Some examples of the use of chelating sorbents for
the analysis of various objects are given in Table 7.

3. Industrial Materials
When elements are determined in industrial materials they often also require preliminary

concentration or separation. Such objects are quite diversified and include technological
solutions and concentrates, metals, alloys, salts, and other products. Concentrations of the
elements of interest in these materials may vary from traces to dozens percent. Chelating
sorbents are used both for the concentration of microquantities of elements from solutions
containing macrocomponents and for the sorption of macrocomponents separated from the
microelements, as well as for separating the elements themselves. For instance, Wofatit
MC-50 has been used to concentrate Ca, Co, Cu, Fe, Mg, Mn, Ni, Pb, and Zn for them
to be determined in metallic tungsten; these elements are sorbed at pH 9.5 to 10.5; and the
sorbed metals are eluted with 1 M H2SO4 and determined by the atomic absorption method.234

Chelex 100 has been used to determine Se and Te in copper; the sorbent rapidly and
completely sorbs copper; and selenium and tellurium are determined in solution after sep-
aration of copper by voltammetry.385

Chelating sorbents are very promising for the analysis of technological solutions. For
instance, concentration of noble metals from complex technological solutions with the help
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of highly selective sorbents makes it possible to determine these elements in a wide interval
of concentrations, and simplifies and accelerates analysis.

Methods have been developed for the concentration of noble metals from technological
solutions with the help of chelating sorbents PVB-MP,260-261 POLYORGS VI,265 Mtilon T,292

and others.195

Alloys have been analyzed with the help of ChMS-8AQ,25-26-267 polynitroxaminazo,24 and
a fibrous sorbent with thioamide groups.72 They sorb gold, palladium, and platinum and
allow them to be separated from rhodium when the latter is to be determined.

The sulfohydryl sorbent has been used to determine a number of elements in various
industrial products. Sorptive concentration on it is conducted by the column method. Using
mineral acids of different concentrations, one can separate the interesting elements to be
subsequently determined by the neutron activation method in a column or in eluates.355

Procedures have also been described to concentrate microimpurities with the help of
chelating sorbents for their determination in salts, pure substances,252 and waste catalysts.399

Table 8 gives some illustrations of the use of chelating sorbents for analysis of industrial
materials.

4. Other Objects
The fact that it is possible to use chelating sorbents for the analysis of various objects,

other than those mentioned above, is demonstrated by examples described in literature. For
instance, the Chelex 100 sorbent has been used to determine toxic metals in foodstuffs;214

and polydithiocarbaminate and poryacrylamidoxyme sorbents have been used to identify a
number of elements in coal, fuel oil, shale oil, and other samples.394 Chelex 100396-397 and
SRAFION NMRR287 are used to determine certain elements in biological materials.

Application of chelating sorbents is quite promising in the determination of heavy metals
in sewage waters. For instance, sorptive concentration of Cu, Cd, Ni, Zn, and Cr (III) with
the help of the fibrous sorbent POLYORGS VII allows the entire process, including sorption,
desorption, and sorbent regeneration, to be performed within 1 hr, which can be utilized in
express automatic analysis of sewage.

Chelating sorbents are also of interest in the concentration and separation of transuranium
elements. For instance, the polystyreneazoarsenazo sorbent has been used to concentrate
Pa,51 Am, and Cm;52 sorbent Dowex® A-l has been used for the separation of Am and
Cm;227 and certain phosphorus- and nitrophosphorus-containing sorbents have been used for
the separation of Cm and Cf.398

Sorbents containing macrocyclic ligand groups hold great promise for the analysis of
various objects.94-312-400-401

V. CONCLUSIONS

Today, chelating sorbents are intensively investigated in many countries. New effective
sorbents are synthesized on the basis of various polymeric matrices. Porous hydrophilic
matrices attract ever growing attention since they impart high kinetic characteristics to
chelating sorbents. Theoretical aspects of the sorption of elements, accompanied by their
complexing in the sorbent phase, are now given great attention. This will help in under-
standing more profoundly the mechanisms of sorption with chelating sorbents and enable
them to be used more effectively in the practice of analytical chemistry.

At present, chelating sorbents are mainly used in inorganic analysis to determine mi-
croelements in natural waters, geological and biological objects, and industrial materials.
Highly promising is the use of such sorbents for the determination of toxic metals in the
environment and sewage waters.

Preliminary concentration with the help of chelating sorbents raises the sensitivity and
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reliability of determining the elements in various samples, facilitates preparation of reference
samples, and accelerates analysis procedures. High selectivity and effectiveness of chelating
sorbents, together with their high kinetic properties, make it possible to use them for sorptive
concentration and separation in automatically controlled solution assaying systems in com-
bination with different instrumental analysis techniques.

Chelating sorbents are also highly promising for the extraction of valuable metals from
natural and waste waters and in hydrometallurgical processes. The possibility of using
chelating sorbents to extract metals from seawater is being studied in many countries. A
particularly high number of publications deal with uranium recovery from seawater.

Sorbents based on fibrous polymeric matrices are regarded as highly promising for metal
concentration and extraction from solutions.
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