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Abstract—The main techniques for the preconcentration of elements on thin-layer filters are considered: sorp-
tion on filters with noncovalently immobilized reagents, bonded groups, and “mechanically” fixed sorbents and
the extraction of elements on filters as poorly soluble and polymeric forms previously formed in solution. The
matrix of the filters is cellulose, synthetic polymers of the linear and branched structures, synthetic fibers,
reversed-phase silica gels, foamed polyurethanes, etc. The variation of the nature of the bonded group or the
reagent introduced into the solution, the matrix material, and the technique for the immobilization of groups
provides the preconcentration of elements with regard to the peculiarities of test materials and the method for
the subsequent determination of elements. Methods for the determination of elements in different samples

including preconcentration on filters are considered.

Many works deal with the sorption preconcentration
of elements from solutions. Preconcentration is per-
formed using inorganic and organic polymer sorbents
with different chemical and mechanical properties:
powdered, fibrous, sorption filters, etc. Sorbents of each
type have some advantages and disadvantages. For
example, sorption on fibrous sorbents is characterized
by high rate; however, the capacity of these sorbents is
rather low. Flow analysis systems mostly employ col-
umns with powdered sorbents and sorption filters are
virtually not used, because a narrow zone of the con-
centrate must be obtained in flow etc.

The use of thin-layer filters for the preconcentration
of elements from solutions is reasonable in so-called
combined off-line analysis methods, which involve the
determination of elements directly in the solid concen-
trate. The performance characteristics of these methods
are primarily controlled by the quality of the surface of
samples; the thickness and density of samples are also
important. For example, the high sensitivity of the X-
ray fluorescence (XRF) determination of elements is
attained in the analysis of concentrates on thin-layer
organic polymer filters, because the fluorescence of ele-
ments incorporated in these filters (C, N, H, and O) is
beyond the recorded spectrum and the small thickness
and low density of these materials minimize the absorp-
tion and scattering of the primary and fluorescence
radiation [1]. An increase in the sensitivity on using
thin-layer concentrates was also observed in the radio-
metric determination of o and soft 3 emitters [2] and in
the determination of elements by diffuse reflectance
spectrometry (DRS) [3].

Because of low backpressure, high flow rates
through the filters are readily attained, which, in princi-
ple, makes it possible to rapidly attain high concentra-
tion coefficients and thus to improve the sensitivity of
the determination of elements in solutions [4]. For the

same reason, filters are used for the separation of sus-
pended and dissolved forms of elements [4].

In this review, we made an effort to systematize the
data published on the use of sorption filters for the pre-
concentration of elements from solutions.

An exact definition of the term filter is absent in the
literature: in the majority of works such terms as mem-
brane, disk, membrane filter, etc., are used along with
the term filter. According to the IUPAC nomenclature
for membranes and membrane processes, a membrane
is a structure having lateral dimensions much greater
than its thickness, through which mass transfer may
occur under a variety of driving forces [5]. Membranes
can have different structures and thicknesses, be neutral
or charged, synthetic or prepared from natural materi-
als. In spite of the fact that the above definition of the
membrane is the most general, in this review we used
the term filter, because it accounts for the technique of
the experiment in the dynamic mode (filtration).
Depending on the area of application, different classifi-
cations of filter are given in the literature, and their
mechanical, chemical, and structural properties and
peculiarities are described in detail.

To improve the efficiency of the preconcentration of
elements, the surface of filters is frequently modified
with different compounds. On the modification, the sur-
face charge can change, and reagents responsible for
the interaction with different forms of elements can be
incorporated in the material of the filters. We distin-
guished four types of filters for the preconcentration of
elements from solutions; this classification forms the
basis of this review:

filters with noncovalently immobilized reagents;
filters with bonded groups;
filters with “mechanically” fixed sorbents;

filters for the extraction of poorly soluble forms of
elements.
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FILTERS WITH NONCOVALENTLY
IMMOBILIZED REAGENTS

The noncovalent immobilization of reagents at the
surface of filters is frequently used for preparing thin-
layer sorbents. The simplicity of obtaining impregnated
filters and the possibility of changing one reagent with
another make it possible to solve different problems.
However, the relatively weak fixing of the reagents
immobilized by this technique at the surface of filters
and, as a consequence, their partial washing out on the
contact with a solution are the main disadvantages of
impregnated filters.

It is reasonable to classify noncovalently immobi-
lized filters according to the nature of the bond that
occurs between the immobilized reagent and the matrix
of the filter. It is also important to consider techniques
that are used for fixing reagents at the surface of filters.

Reagents can be noncovalently immobilized at the
surface of a filter through both specific and nonspecific
interactions. These interactions between the reagent,
which occurs in the solution in the ionic or molecular
form, and the surface of the filter lead to the formation
of hydrogen, dipole—dipole, and ionic bonds. Hydro-
phobic reagents can be also applied to the surface of a
filter by the exclusion of molecules from polar solvents
(commonly from water); in this case, a so-called distri-
bution mechanism is realized [6, 7]. The charge redis-
tribution effect (dipole generation) in groups or atoms
with nonuniformly distributed charge density manifests
itself only at short distances. These dipoles interact
with other permanent dipoles, and dipole—dipole inter-
actions occur. Permanent dipoles can also affect neutral
groups inducing dipoles in them. This induction
dipole—dipole interaction is weaker then ordinary
dipole—dipole interaction. In the absence of groups or
atoms with permanent dipoles [hydroxyl (~OH), carbo-
nyl (C=0), or halide (I, Br, CL, or F)], electron density
fluctuations produce statistic dipoles, which give rise to
very weak dispersion forces. Stronger specific interac-
tions lead to the formation of hydrogen bonds. It is
known that only the most electronegative atoms are
capable of hydrogen bonding. The strength of bonds
increases with the electronegativity of interacting
atoms. Oxygen and nitrogen form hydrogen bonds with
energies in the range from 15 to 29 kJ/mol depending
on the type and state of interacting atoms [5].

Commonly, none of the above mechanisms occurs
in pure form, and mixed mechanism are observed that
are largely controlled by the nature of the matrix. Syn-
thetic polymers, reversed-phase silica gels, foamed
polyurethanes (FPU), and cellulose (powdered or as fil-
ter paper) are used as matrices for preparing filters with
noncovalently immobilized reagents.

Filters based on synthetic polymers. Filter sor-
bents are frequently prepared using synthetic polymers
of linear or spatial structures: polystyrene, polyethyl-
ene, different styrene copolymers, polyvinylchloride,
and cellophane with ion-exchange groups introduced at
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the stage of synthesis [8, 9]. These ion exchangers com-
monly exhibit low selectivity, and their capacity with
respect to element ions is rather low. To overcome these
disadvantages, ion-exchange filter membranes are
modified with different reagents, commonly complex-
ing. In this case, the ion-exchange mechanism of the
sorption of dissociated reagent molecules commonly
occurs [10]. The sorption of organic reagents with gran-
ulated ion exchangers was studied in several works
[10-12], where the dependence of the sorption of
reagents on the nature of the adsorbed reagent and the
bonded ionogenic group and on the pH of the solution
was examined. The sorption of complexing reagents on
ion-exchange filters has not been studied in detail; how-
ever, an analogous mechanism of fixing the reagents
can be assumed. In the impregnation of ion exchangers,
it is important to preclude sorption at the functional
analytical group, because this can hinder the subse-
quent formation of element complexes in the sorbent
phase.

Azorhodanines, sulfochlorophenolazothiopropiorho-
danine (tyrodine), and Sulfonitrophenol M were immo-
bilized on a polyamide membrane that was a
microporous polymer material containing the amide
group, and on filters with phosphate and vinylpyridine
groups [13—15]. The amount of immobilized reagent
was determined by spectrophotometry. In the sorption
of reagents from aqueous, acetone, and ethanol solu-
tions on a polyimide membrane and cation-exchange
filters, the color the reagents on the supports was close
to the color of the reagents in solutions. This means that
functional groups of the reagents responsible for com-
plexation in the immobilized forms remain “free”.
However, the use of the proposed modified filters for
the preconcentration and determination of elements
involved some difficulties because of the low sorption
capacity and partial washing out of reagents and their
complexes of metal ions [14].

A large group of filters was developed on the basis
of “filled” materials [11, 16—19]. Filters prepared from
fibers “filled” with finely dispersed cation and anion
exchangers (particle size of the sorbents was 5—10 pm)
were treated with solutions of reagents that are used for
the photometric determination of an element. In some
works, this procedure was performed after the precon-
centration of elements from solutions.

Disks of polyacrylonitrile fiber filled with anion
exchangers differing in basicities and impregnated with
Arsenazo I were used for the preconcentration of ura-
nium(VI) [19]. The immobilization of the reagent was
possible because of the presence of two —SO;H groups
in its molecule. The strength of fixing the reagent at
anion exchangers was estimated by the value of the dif-
fuse reflectance signal after the sorption of ura-
nium(VI) ions. It was found that the analytical signal
decreases with increasing basicity of the anion
exchanger, evidently because of binding arsono groups
on the anion exchangers of medium and high basicity,
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which hinders the formation of uranium complexes in
the sorbent phase. Therefore, for solving the problem in
hand, it is recommended to use a weakly basic anion
exchanger in the chloride form. The recovery of the
reagent was 35%; the concentration of the reagent was
7 x 1075 mol/g of the filter.

For the preconcentration of palladium from chloride
solutions, disks of the same fiber, which was filled with
finely dispersed ion exchangers KU-2 and KB-4 and
the anion exchanger with benzimidazole groups A-5,
were modified with reagents of the p-nitrosamine group
(p-nitrosodiethylaniline, p-nitrosodimethylaniline, and
p-nitrosodiphenylaniline), derivatives of bisazochro-
motropic acid, and triphenylmethane dyes [18]. It was
found that reagents are rather strongly retained only on
the fibrous materials filled with KU-2, and the maxi-
mum analytical signal in the spectrophotometric deter-
mination of palladium is attained with the use of nitros-
odiethylaniline. The concentration of the reagent in the
disk was determined by the change in the absorbance of
the sorbent after immobilization. The capacity of the
sorbent with respect to the reagent determined from the
sorption isotherm was 5 mmol/g of the filter or
10 mmol/g of KU-2. The time for attaining a constant
analytical signal at the concentration of palladium of
1 X 1085 x 10° M was 2-10 min.

Filters based on silica gels with bonded alkyl
groups. The mechanism of the sorption of organic
compounds on “reversed-phase” silica gels was studied
in many works. It was demonstrated that regent mole-
cules are both adsorbed at the outer surface of the
bonded layer and distributed inside this layer; the inter-
action of fragments of reagent molecules with residual
silanol groups is also possible [20]. According to the
data from [21], the distribution mechanism makes the
major contribution to the retention of hydrophobic mol-
ecules of organic reagents. The authors found that the
hydrophobicity of reagents (azo compounds, macrocy-
clic compounds, B-diketones, etc.) correlates with the
capacity of the modified sorbents based on hydrophobi-
zed silica gel.

Hydrophobic forces responsible for the transfer of
compounds from the aqueous phase to the solid phase
are the forces of specific repulsion between nonpolar
atomic groups and water molecules. The thermody-
namics of these processes is primarily controlled by the
change in the entropy of the system related to the struc-
ture features of water as a condensed system. On the
transfer of a hydrophobic compound from the aqueous
phase to the organic phase, the destructuration of water
occurs and the entropy of the system increases, i.e., the
entropy factor plays an important role in the total free
energy balance. The efficiency of the extraction of a
compound is estimated using the distribution coeffi-
cient of this compound in the water—octanol system and
sometimes merely using the solubility in water. For sur-
faces with alkyl groups, the capacity of fixing the same
compounds decreases upon decreasing the number of
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carbon atoms (sorption on C,—Cg silica gels was stud-
ied) [21].

The sorption of reagents prone to protolytic reac-
tions, e.g., hexaoxacycloazochrom and 1-(2-pyridy-
lazo)-2-naphthol on hydrophobized silica gels substan-
tially depends on the pH of the solution. The reagents
are efficiently extracted only under conditions where
molecular forms of the reagents dominate, which con-
firms the substantial contribution of the distribution
mechanism. However, a contribution of the sorption of
the regents because of specific interaction between
hydroxy groups of the reagent and residual silanol
groups of silica is also possible in this case [21, 22].

Filters based on alkylsilica gel (with a thickness of
0.5 mm and standard composition: 90 wt % SiC,z and
10 wt % polytetrafluoroethylene; particle size 8 \m;
pore size 60 A [23-28]) (Empore™3M) were modified
with macrocyclic, organic phosphorus-containing, and
azo compounds: decyl-18-crown-6 [23], hexathia-18-
crown-6-tetraone [24], hexathia-18-crown-6 [25], dicy-
clohexyl-18-crown-6, 11-hydroxynaphthacene-5,12-
quinone [21, 26], Salphen [27], tri-n-octylphosphine,
triphenylphosphine  oxide, tri-n-butyl phosphate,
hexaoxacycloazochrom [21, 28], and 1-(2-pyridylazo)-
2-naphthol [22]. Modified filters were used for the
dynamic preconcentration of elements from solutions
[22-28].

Filters based on foamed polyurethane. The high
sorption efficiency of foamed polyurethanes with non-
covalently immobilized organic and inorganic reagents,
in particular when foamed polymers were simulta-
neously plasticized, is primarily caused by their cellular
membrane-like structure, which provides the access of
extracted molecules inside the sorbent, the combination
of various hydrophilic (urethane, amide, urea, ester, and
ether) and hydrophobic (hydrocarbon and aromatic)
active centers and reactive terminal toluidine groups.
The variety of functional groups in the flexible poly-
meric chain of foamed polyurethanes offers wide pos-
sibilities for intermolecular interactions of different
energies and chemical nature and significantly affects
the physicochemical properties of these polymers [21,
29, 30]. Thus, diethyldithiocarbamate, pyrro-
lidinedithiocarbamate, 4-(2-pyridylazo)resorcinol, 1-
(2-pyridylazo)-2-naphthol, dithizone, diphenylcarba-
zide, dimethylglyoxime, diacetylmonoxime ben-
zothiazolylhydrazone, cyanates, etc., were fixed on
foamed polyurethane disks for the preconcentration of
elements [21].

Filters based on cellulose. Impregnated sorbents
are frequently obtained by the modification of papers
[21, 31]. The paper matrix is the natural polymer, cellu-
lose, whose chemical composition and molecular struc-
ture are controlled by peculiarities of the biochemical
synthesis. The polymer consists of repeated 1,5-anhy-
droglucopyrazone units linked through the 1,4-B-D-
glucoside bond. The large specific surface area of cel-
lulose, its fibrous structure, and the presence of reactive
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hydroxy groups in its composition provide the immobi-
lization of a large number of organic and inorganic
reagents at its surface. However, the mechanism of
the interaction of cellulose with different compounds
and resulting bonds are frequently treated ambigu-
ously [32].

The techniques and mechanisms of the immobiliza-
tion of different reagents on cellulose (Table 1) were
considered in detail in [31]. Before the immobilization
of reagents, paper was wetted in water and slightly
dried. In the authors’ opinion [31], this technique leads
to the more complete displacement of water from sub-
microscopic capillaries of cellulose and to the loosen-
ing of fibers. Next, the paper was treated with solutions
of ion pairs of the azo derivatives of pyrocatechol and
trihydroxyfluorones with cetylpyridinium and com-
plexes of the reagents with metal ions [33]. After drying
this paper, the reagents were strongly fixed in pores of
the cellulose paper. An analogous process known as
inclusion was used for preparing “reactive” cellulose
[32]. Modified papers were used for the preconcentra-
tion of Al, Mo(VI), Ti(IV), W(VI), and V(V) from
aqueous solutions.

It was assumed that the high concentration of azo
compound molecules at the surface of ordinary cellu-
lose is due to the orientation of adsorbate molecules
parallel the polar surface of cellulose [34]. At the next
stage, the reagent diffuses to the depth of the intermi-
cellar space of cellulose, loses there its hydrate shell,
and forms an aggregate.

Hydrophobic dithiocarbamates [35], triphenylarsine
chloride, and tetraphenylarsine bromide [36] were used
as paper-modifying reagents.

The noncovalent immobilization of reagents is per-
formed in the both static and dynamic modes. Modified
sorbents were obtained, e.g., merely by wetting the sup-
port in a reagent solution at the constant ionic strength
and the experimentally selected pH [21, 31]. For the
immobilization of reagents poorly soluble in water,
their solutions in organic solvents were used, or the
reagents were applied as a finely dispersed powder
[31]. Either single-stage or multistage immobilization
was used. The multistage immobilization of reagents
was performed for preparing a protective layer and for
the successive immobilization of different reagents or
the synthesis of an analytical chromogenic reagent at
the surface of the filter. In the former case, after drying
the support was repeatedly wetted, e.g., in a solution of
polyvinyl alcohol, gelatin, and other film-forming com-
pounds and dried again [21, 31].

A technique was proposed for the noncovalent
immobilization of trioctylamine (TOA) on filters [37,
38]. Cellulose blue-ribbon filters were treated with a
5% solution of paraffin in hexane in the presence of
0.20-0.25 M trioctylamine. The concentration of nitro-
gen in the filter was 0.3—0.4 mmol/g. These filters were
used for the extraction of Au(Ill), Pd, and Pt(IV) from
chloride solutions of complex composition.
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Table 1. Reagents for paper impregnation [31]

Impregnated reagents Analytes

No. 10

Poorly soluble organic reagents:

Ge, Hf, Mo, Sb, Sn,
Ta, Ti, W, Zr

Al, Ga,Mo, Ti, V,W
Co, Cu, Fe, Ni, Zn

trihydroxyfluorones

azo derivatives of pyrocatechol
1-(2-pyridylazo)-2-naphthol

dimethylglyoxime Ni
dithizone Ag, Cd, Hg, Pb, Zn
nitrosonaphthols Co, Fe, Cu

dimethylaminobenzylidener-
hodanine

Ag, Au, Hg, Pt

Poorly soluble complex salts:

hexacyanoferrates(I1I) Fe(I), CI-, Br—, I”

Chromatographic paper was treated with a solution
of 1-(2-pyridylazo)-2-naphthol in ethanol, next the
reagent was fixed with a latex emulsion of styrene and
butadiene, and the paper was dried at 90°C [39]. The
ion-exchange capacity of the filter was 0.012 mmol.
The filters were used for the preconcentration of nickel
and copper from aqueous solutions.

Paper was impregnated with a solution of a silver
salt and, after drying, with a solution of sodium chro-
mate [21]. The resulting indicator paper was used for
the test determination of chloride.

A polyvinylchloride membrane was wetted with
solutions of chelating agents 4,7-diphenyl-2,9-dime-
thyl-1,10-phenanthroline (bathocuproine) [40] and
bathophenanthroline [30] and dried.

Xylenol Orange was immobilized on filters of poly-
acrylonitrile fiber filled with a finely dispersed anion
exchanger in the course of formation by the treatment
with a 10°-10-3 M aqueous solutions of the reagent for
15-30 min. The concentration of the reagent at the
surface of the filter was determined by spectropho-
tometry [16].

Techniques for the immobilization of reagents on
foamed polyurethane were proposed. The immobiliza-
tion of liquid reagents, e.g., tributyl phosphate, triocty-
lamine, and di-(2-ethylhexyl)phosphoric acid is
attained by holding FPU disks in the corresponding
reagent [21, 29]. Foams obtained by this technique con-
tained 50 to 80 wt % reagent. Solid chelating agents
were immobilized on foamed polyurethane by the treat-
ment of the support with a solution of the reagent in a
nonvolatile organic solvent (plasticizer) or with a solu-
tion in a highly volatile solvent and subsequent drying.
In both cases, the solubility of the reagent must be suf-
ficiently high. Tributyl phosphate and o-dinonyl phos-
phate were used as plasticizers [29].

In the dynamic mode, filters were modified using
standard filtration devices or chromatographic col-
umns, through which solutions of reagents in the corre-
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sponding solvent were passed after fixing the filters
[23-28].

SiC,; filters were modified in the dynamic mode
with solutions of decyl-18-crown-6 in methanol [23],
hexathia-18-crown-6-tetraone in dimethyl sulfoxide
[24], hexathia-18-crown-6 in acetonitrile [25], etc.
Modified filters were used for the preconcentration of
Ag, Hg(Il), and Sr from aqueous solutions. Filters were
treated with methanol and acetonitrile to remove impu-
rities, next solutions of reagents were passed through
the filters at a flow rate of 10 mL/min, and after that the
solvent was removed at a temperature of 60°C. Both
reagents and metal complexes were quantitatively des-
orbed from the surface of filters with 5 mL of 0.1 M
Na,S,0; or 5% HNO;.

Cu(II), Fe(Ill), and Ni were preconcentrated from
nitric acid solutions using filters of polyacrylonitrile
fiber filled with the KU-2 cation exchanger, which were
modified in flow with solutions of potassium thiocyan-
ate, dimethylglyoxime, and sodium diethyldithiocar-
bamate [17].

Polytetrafluoroethylene filters (Millipore) with a
pore size of 3.0-5.0 wm, porosity of 60-85%, and
thickness of 25-200 um were impregnated with o-
hydro-w-hydroxypoly-(oxy-1,4-butanediyl) (molecu-
lar mass 1000 + 50 g/mol) [41, 42]. For this purpose, 3—
5 mL of the molten reagent was passed through the fil-
ter at 65°C in the dynamic mode. The data of electron
microscopy demonstrated that the surface of the filter
remains porous after the treatment with the reagent;
from this fact, the authors came to a conclusion on the
impregnation mechanism: the molten reagent pene-
trates into the pores and after cooling coats their inner
surface. The sorption capacity of the filters with respect
to gold was 0.5 mg per milligram of the immobilized
reagent. The authors of the works used modified filters
for the dynamic preconcentration of Au(Ill), Pd, and
Pt(IV) from aqueous solutions.

Thus, filters with noncovalently immobilized
reagents were obtained by the modification of filters of
synthetic polymers, reversed-phase silica gels, cellu-
lose, and foamed polyurethanes (Table 2). These filters
have found widest acceptance in simple and rapid
methods that combine preconcentration and obtaining
colored forms of elements.

FILTERS WITH BONDED GROUPS

In the covalent modification of sorbent filters, a
functional group responsible for the interaction with
ions of elements and chemically bonded to the matrix is
introduced into the composition of the matrix. Func-
tional groups can be introduced into a polymer matrix
by chemical conversions or are formed in the course of
the synthesis of the polymer sorbent. The majority of
works describe the preparation of filters with complex-
ing groups [44-50, 70-77], which exhibit high selectiv-
ity for the extracted elements and good kinetics of sorp-
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tion interaction. The sorption properties of these filters
depend on the nature of functional groups and phys-
ical and chemical properties of the polymer matrix. In
Table 2, filters with bonded groups are systematized by
the types of the polymer matrix and the functional
group. Cellulose, synthetic polymers of linear and
branched structures (styrene copolymers, polyethylene,
polyvinylchloride, and other fibers) were used as poly-
mer matrices for obtaining these filters.

The directed development of complexing sorbents
of new types can be performed on the basis of the struc-
ture of the complex of the given element with a mono-
meric ligand and the strength of the metal-ligand bond.
The success of complexation with an organic ligand
depends on the ability of the ligand to fill the coordina-
tion polyhedron optimum for the given element. In turn,
this ability depends on the type of the donor atoms of
functional groups of the ligand and the conformational
flexibility of these atoms, which is primarily controlled
by the possibility of the distortion of bond angles and
bond lengths of these functional groups. Unlike the
complexation in solutions, the flexibility of the donor
atoms of functional groups of the ligands bonded to the
polymer matrix is limited by both the conformational
rigidity of the matrix and the length and conformational
flexibility of the ligand spacer (fragment of the mole-
cule bonding the polymer matrix to the complexing
group). The density of the distribution of functional
groups on the polymer is important for the complex-
ation of the bonded monodentate ligand. In addition,
the sorbent capacity can decrease because of the cross-
linking of polymeric chains in the course of the forma-
tion of complexes of ligands located at neighboring
chains of the polymer [68].

The observed decrease in the stability constants of
the complexes of elements with bonded ligands in com-
parison with corresponding monomeric ligands [69] is
primarily due to the distortion of the resulting coordi-
nation polyhedron of the element. Probably, an increase
in the coordination flexibility of the donor atoms of the
functional groups of sorbents leads to a decrease in
steric hindrances in the formation of the coordination
sphere required for the given element. It is expected
that, for a monodentate ligand with a relatively high
density of functional groups and sufficient length of the
spacer, the conformational flexibility of donor atoms
will be controlled by the conformational flexibility of
the spacer. In contrast, at a sufficient length of the
spacer and its conformational flexibility, complexation
depends on the density of functional groups. Thus, ele-
ments do not commonly form coordinatively saturated
complexes with monodentate ligands fixed on silica
gel. Because of the features of the structure of this
matrix, the density of functional groups on it is rather
low [20]. The use of polymers whose modification can
yield a high density of functional groups provides the
conditions for the formation of coordinatively saturated
complexes. For example, cellulose and cross-linked
polystyrene are among these polymers.
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Table 2. Preconcentration of elements from solutions on filters
Filter Determi- Refe-
Analytes Test material Introduced reagents (sorbent) - nation
matrix rences
method
Filters with noncovalently immobilized reagents
Au, Cu, Hg, Pd, Pt Acidic solutions Azorhodanines, tyrodine, Sulfonitrophe-| PA DRS [13-15]
nol M
Sr Solutions of alkali and al- | Decyl-18-crown-6 Si—-Cig | AAS [23]
kaline-earth metals
Al, Mo, Ti, V, W Waters Ton pairs of azo derivatives of pyrocate-| C DRS [33]
chol and trihydroxyfluorones with
cetylpyridinium and their chelates with
metal ions
Ag, Bi, Co, Fe Biological and environ- Metal diethyldithiocarbamates C Test meth-| [35]
mental materials od
Os Ores Salts of triphenylarsine and tetrapheny- | C XRF [36]
larsine
Cu, Fe Potable and natural waters | Bathocuproine, bathophenanthroline PVC SP [40]
Hg Natural waters Diethylammonium diethyldithiocar- FPU XRF [43]
bamate
Filters with bonded groups*
Au, Pd, Pt Ores o-Hydro-w-hydroxypoly-(oxy-1,4-bu- | PTFE AAS [41,42]
tanediyl)
Co, Cr, Cu, Fe, Ga, Mn, | Biological materials Iminodiacetic acid C XRF [44]
Ni, Ti, Zn
Cd, Co, Cr, Cu, Fe, Mn, | Natural and sewage waters | Diethylenetriaminepentaacetic acid C XRF [45, 46]
Ni, Pb, V, Zn, P35
As, Cr, Mo, Se, W, V | Tap and melt waters Diethylenetriamine C XRF [47]
As, Cd, Cu(Il), Hg, Pb, | Natural and sewage waters, | Dithiocarbamates C XRF [45]
Se, Te biological materials
Cu, Fe,Hg, St, Zn Natural waters Chromotropic acid C XRF [48]
P35> Sea waters 8-Hydroxyquinoline PAN ICP MS [47]
Co, Cu, Fe, Ni, Pb, Zn | Natural and sewage waters| 1-(2-Hydroxyphenylazo)-2-naphthol C XRF [48]
Cu, K, Mn, Ni, Pb, Rb, | Natural waters Iminodiacetic acid CSDVB | XRF [48, 49]
Sr, Zn
Cd, Co, Cu, Fe, Ni, Pb | Natural and sewage waters | 2-Aminopyridine, semicarbazide, PE XRF, [50]
thiosemicarbazide, hydroxylamine AAS
hydrochloride, L-aspartic acid, urea
Filters with “mechanically” fixed sorbents
Pd Chloride solutions CSDVB with amidoxime and hydrazi- |PAN SPS [51]
dine groups
Pd Chloride solutions p-Nitrosodiethylaniline immobilized PAN DRS [18]
on CSDVB with —-SO;H groups
Au Ores, rocks CSDVB with amino groups C XRF, [52]
NAA
Ag, Al, Bi, Ca, Cd, Co, | Alloys, metals, and biolog-| CSDVB with sulfo and carboxy groups | C XRF [53]
Cr, Cu, Fe, Mn, etc. ical materials
C

I, SO, , Cr,03",
VO;, etc.

CSDVB with trimethylamino
and amino groups
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. Filter | DEIMi" | Refe-
Analytes Test material Introduced reagents (sorbent) . nation
matrix rences
method
Filters for the extraction of polymeric and poorly soluble forms of elements**

Fe Waters Bathocuproine and Zephiramine NC SP [54]
Be Natural waters Chromazurol S and hexadecyltrimethy- | GF SPS [55]

lammonium bromide
C Biological materials Ammonium and hexadecyltrimethylam-| NC SP [56]

monium diethyldithiocarbamates and

sulfosalicylic acid
Ge Natural waters Phenylfluorone and Zephiramine NC SPS [57]
Cu, Fe, Hg, Zn Sodium chloride Sodium diethyldithiocarbamate CD XRF [58]
As, Cr, Pb, Th, Ti Natural waters Aluminum hydroxide CD XRF [59]
Ti, V Biological materials Lead pyrrolidinedithiocarbamate C NAA [60]
Au, Bi, Co, Cu, Fe, Hg, | Natural and sewage waters, | Sodium diethyldithiocarbamate, 1,10- |C XRF [62]
Nb, Ni, Pd, Se, Ta, Ti, | biological materials phenanthroline, desferrioxamine B, and
V, W, Zr perfluorooctanoic acid
Ag Sea water Cobalt pyrrolidinedithiocarbamate PC ETAAS [61]
Be, Cd, Cr, Cu, Ni, Pb | Natural waters Zirconium hydroxide CD ETAAS [63]
As, Cr, Waters Iron dibenzyldithiocarbamate C XRF [64]
Cd, Co, Cu, Fe, Ni, Pb, | River water Molybdenum pyrrolidinedithiocarbam- | PC XRF [65]
Zn ate
As, Sn Natural waters Nickel pyrrolidinedithiocarbamate G ETAAS [66]
Heavy and noble met- | Alloys Sodium diethyldithiocarbamate and per-| CD XRF [67]
als fluorooctanoic acid

Note: List of abbreviations:

Filter materials: PA polyamide, SiC ;g reversed-phase silica gels, C cellulose, PVC polyvinylchloride fiber, PTFE polytetrafluo-
roethylene, FPU foamed polyurethanes, PE polyethylene, PAN polyacrylonitrile fiber, CSDVB copolymer of styrene and divi-
nylbenzene, NC nitrocellulose, GF glass fiber, CD cellulose derivatives, PC polycarbonate, and G glass. Preconcentration mode:

B batch; D dynamic.

* Corresponding monomeric reagents that were used for the introduction of groups.
** Reagents that were used for the formation of poorly soluble forms.

For the modification of a polymer matrix with poly-
dentate ligands that can alone saturate the coordination
sphere of the element, the requirements of the high den-
sity of functional groups and the sufficient length of the
spacer become less stringent. The ability to complex-

Table 3. Capacity of sorption filters (Lmol/g) for some ele-
ments [71]

Element | EDTA filters | IDA filters MIDA filter
Pb 160 218 127
Cu(II) 336 202 106
Mg 160 109 109
Ca 325 109 109
Zn 209 157 69
Co(II) 197 171 53
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ation in this case is controlled by the ability of the
ligand to fill the coordination polyhedron of the
adsorbed element, i.e., the conformational flexibility of
the bonded polydentate ligand. In the limiting case, at
the high conformational flexibility of this group and the
matrix, the difference between the complexation of the
monomer in the solution and the corresponding poly-
mer must be substantially smaller.

Cellulose is most frequently used as the polymer
matrix for the preparation of sorption filters with
bonded groups [44—47, 70-74]. The reactivity of the
hydroxyl groups of cellulose allows the synthesis of
different complexing sorbents. Unlike the majority of
synthetic polymers, cellulose exhibits high permeabil-
ity and specific surface area, which simplifies its modi-
fication and improves the kinetic characteristics of sor-
bents based on cellulose. As seen in Table 3, cellulose
filters with nitrogen-, oxygen-, and sulfur-containing
functional groups, namely the groups of iminodiacetic
acid (IDA filters) [44], methyliminodiacetic acid
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(MIDA filters) [70], ethylenediaminetetraacetic acid
(EDTA filters) [71-73], diethylenetriaminepentaacetic
acid [45, 46], triethylenetetraaminepentaacetic acid
[74], diethylenetriamine [45], dithiocarbamates [45,
47], chromotropic acid [48], sulfosalicylic acid [48], 8-
hydroxyquinoline [47], 1-(2-hydroxyphenylazo)-2-
naphthol [48], 4-(2-pyridylazo)resorcinol [48], 1-(2-
pyridylazo)-2-naphthol [47], etc., were obtained.

IDA, MIDA, and EDTA filters were used for the
group preconcentration of Ca, Cd, Co, Cu(Il), Fe(IIl),
Hg(II), Mg, Ni, Pb, and Zn from aqueous solutions [44,
70, 71]. The procedure of the synthesis of these filters
included the preparation of chlorinated cellulose
(POCI; in dimethylformamide, 60°C), which was sub-
sequently treated with solutions of corresponding
monomeric reagents. The comparison of the capacities
of the obtained filters demonstrated (Table 3) that
EDTA filters have the highest capacity and MIDA fil-
ters have the lowest capacity. Elements were precon-
centrated on the filters in the dynamic mode at pH 3
from 100 mL of a solution (recovery was 60—100%,
Keone = 100). In agreement with the stability constants
of the complexes of metal ions with methyliminodiace-
tate and ethylenediaminetetraacetate groups of the fil-
ters, the recovery decreased from lead to calcium: Pb >
Cu(I) > Mg = Ca.

IDA filters were also used for the dynamic precon-
centration of Co, Cr(IIl), Cu(Il), Fe, Ga, Mn(II), Ni,
Ti(IV), and Zn from urine. At pH 6.0-7.5, all of the ele-
ments were extracted quantitatively except chromium
and manganese, for which the recovery was 73 and
57%, respectively [44].

Cellulose filters with chromotropic acid groups
were proposed for the preconcentration of trace Cu(Il),
Fe(Ill), Hg(Il), Sr, and Zn from water [48]. For the
introduction of the functional group, p-aminophenyl-
cellulose R—-NH, was synthesized and treated with a

mixture of HCI and NaNO, to obtain R—N, CI-, and

chromotropic acid was added to the reaction product.
The concentration of the functional groups in the result-
ing sorbent was 0.2 mmol/g. It was demonstrated that
for the sorption of iron(III) at pH 1.5 the equilibrium is
attained within 10 s.

Fe(IIl), Th, Sc, Y, Zr(IV), and lanthanide ions were
extracted from solutions obtained after the decomposi-
tion of monazite on cellulose filters with 2-hydroxy-
polyiminodiacetate groups. It was demonstrated that
the elements can be desorbed from the filters with a
0.03 M CH;COONa/HCl solution [75].

Filters with 1-(2-hydroxyphenylazo)-2-naphthol
groups were proposed for the extraction of Co, Cu(Il),
Fe(IlI), Ni, Pb, and Zn from natural and sewage waters
[48, 76]. The sorption capacity of the filters was 0.3—
1.0 mmol/g.

An approach to the development of sorbents with
increased efficiency was proposed; the approach con-
sists in increasing the conformational flexibility of the
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Table 4. Characteristics of sorption filters with conforma-
tionally flexible groups [45]

Filters Capacity, Preconcentrated elements
wmol/g

DETA 0.1-0.2 | As(V), Cr(VI), Mo, Se(VI), V(V), W

DETATA | 0.3-0.7 |Cd, Co, Cr(IIT), Cu(I), Fe(III),
Mn(I), Ni, Pb, V, Zn, rare-earth ele-
ments

DTC 0.1-0.2 | As(IIl), Cd, Cu(l), Hg(II), HgCH;(I),
Pb, Se(1V), Te(IV)

bonded complexing ligand at the surface of the cellu-
lose matrix [45, 46, 68]. Filters containing conforma-
tionally flexible amine (DETA filters) aminocarboxylic
(DETATA filters), aminomethylphosphonic, and dithio-
carbamate groups (DTC filters) were synthesized. It
was demonstrated that at the surface of the sorbent ele-
ments form complexes analogous in composition and
structure to the complexes of these elements with
corresponding monomeric reagents in solutions. The
characteristics of the proposed filters are presented in
Table 4.

DETATA filters were found to be the most efficient
(Table 4) [45, 46]. The range of elements efficiently
extracted with DETATA filters in the dynamic mode is
rather wide: about 33 elements. The main salt compo-
nents of waters (alkali and alkaline earth metals) are
removed by this preconcentration by 99%. Cd, Co,
Cr(1I), Cu(Il), Fe(I1ll), Mn(II), Ni, Pb, V(IV), and Zn
are quantitatively extracted at pH 3—8 from 0.1-1.0 L of
a solution at a flow rate of 10-14 mL/min. The precon-
centration of metals from a sample of water with a vol-
ume of 500 mL on a DETATA filter with a diameter of
22 mm requires no more than 30 min; K. isup to 1.2

x 10* It was demonstrated that sodium (200 g/L), cal-
cium (20 g/L), and magnesium (30 g/L) chlorides do
not interfere with the quantitative extraction of trace
elements.

DETA filters can extract heavy metals by two mech-
anisms [45, 47]. Copper, nickel, and some other ele-
ments form stable amine complexes and are extracted

. 3 2 2
from neutral solutions. AsO, , CrO; , MoO, ,

SeOf, VO;, and WOZi are extracted from weakly

acidic solutions by the ion-exchange mechanism. It was
demonstrated that arsenic(V) can be quantitatively
extracted on DETA filters from 50-1000 mL of a solu-
tion at pH 4. The recovery of arsenic drastically
decreased in the presence of salt components even in
insignificant concentrations (0.001 M CaCl, and NaCl).

Filters with dithiocarbamate groups were proposed
for the preconcentration of As(Ill), Cd, Co, Cu(Il),
Fe(IlI), Hg(Il), Ni, Zn, Pb, Se(IV), and Te(IV) from
biological materials and natural and potable water. The
elements were extracted at pH 2 from 1 M HCI in the
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presence of potassium iodide from a volume of 100 mL
at a flow rate of the solution of 1 mL min~'cm™ [45].

Unlike cellulose, synthetic polymers of linear and
branched structures are less frequently used for the
preparation of filters with bonded groups, although they
are a convenient matrix for the synthesis of many com-
plexing sorbents. Evidently, this is due to technological
features: the difficulties in preparing filters with a
developed surface.

It was demonstrated that Chelex-100 filters (poly-
mer matrix, copolymer of styrene and divinylbenzene)
containing complexing groups of iminodiacetic acid
can be used for the extraction of Co, Cu(II), Mn(II), Ni,
Pb, Sr, and Zn from waters [48, 49]. The capacity of the
filter for zinc was 0.066 mmol. Elements were precon-
centrated on double sorption filters from 200 mL at
pH 7-8 and the flow rate of the sample < 10 mL/min;
K one Was 1250; the recovery was 68—-92%. In the pres-
ence of sodium (43 mM), the recovery of lead and
strontium decreased to 60-70% and the recovery of
copper and manganese decreased to 55%; in the pres-
ence of calcium ions (50 uM), the recovery of all ele-
ments decreased to 3%.

For the extraction of uranium from natural waters,
membranes based on the Chelex-100 sorbent were
placed at the bottom of a vacuum filtering device and
covered with a filter protecting the membrane from sus-
pension particles, and 250 mL of a test solution was
passed [30].

Polyethylene filters with groups of (1) L-aspartic
acid, (2) 2-aminopyridine, (3) semicarbazide, (4) thi-
osemicarbazide, (5) thiourea, and (6) hydroxyl groups
were used for the extraction of Cd, Co, Cr(III), Cu(Il),
Fe(III), Ni, and Pb from natural waters [50]. The intro-
duction of complexing groups was preceded by the
copolymerization of styrene and maleic anhydride on a
polyethylene film in a nitrogen atmosphere under the
action of y-rays from Co at 50°C. The capacity of the
sorbents was 2.3 mmol/g for copper (1), 2.5 mmol/g for
lead (2), 2.5 mmol/g for copper (3), and 2.4 mmol/g for
iron (6). The elements were extracted from a solution
heated to 70°C at pH 5. The filters were kept in the solu-
tion for 30—45 min. The structure and stoichiometry of
the complexes that were formed in the filter phase were
studied by infrared spectrometry.

Filters of polyacrylonitrile fiber with 8-hydrox-
yquinoline groups were used for the dynamic precon-
centration of rare-earth elements from sea water [77].
The capacity of the filters for Y, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu was 23-28 mmol/g.
The elements were preconcentrated from 250-1500 mL
of water at pH 3-8 and the flow rate of the sample of
10 mL/min; K. was 300; the recovery was above
95%. Na, K, Mg, and Ca chlorides at concentrations of
20, 0.5, 2.5, and 0.5 g/L, respectively, did not decrease
the recovery of rare-earth elements. It was demon-
strated that the elements can be desorbed from the fil-
ters with 5-10 mL of 1 M HCI/0.1 M HNO;.
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Thus, filters with covalently immobilized complex-
ing and/or ionogenic groups are also used for the pre-
concentration of elements from solutions. Sorption fil-
ters based on cellulose with nitrogen-, oxygen-, and
sulfur-containing functional groups are used most fre-
quently. However, the synthesis of these filters is com-
monly difficult and laborious.

FILTERS WITH “MECHANICALLY” FIXED
SORBENTS

The filters prepared by the introduction of finely dis-
persed sorbents into a particular, commonly polymer
matrix are considered as a separate group. A large
group of these filter sorbents is formed by “filled” sor-
bents, which are a nonwoven cloth of a neutral fibrous
polymer, polyacrylonitrile, in which finely dispersed
granules of ion exchanger with functional groups are
“mechanically” retained [18, 19, 51, 78]. These sor-
bents are characterized by large specific surface area
and good kinetic properties, which makes them partic-
ularly attractive for the preconcentration of elements in
the dynamic mode. Filters of any size can be easily pre-
pared of a cloth.

POLYORGS 33-Nfilters (d=2.5cm,m=0.06 g,/ =
0.13 cm) of fiber “filled” with a sorbent with ami-
doxime and hydrazidine groups were proposed in [51].
The thickness of fibers in the swollen sate was 30—
100 wm; the particle size of the filler was 10-70 um; the
concentration of the filler in the fiber was 50%. The sor-
bent possessed anion-exchange and complexing prop-
erties: it quantitatively and selectively extracted plati-
num-group metals from 1 M HCI and Cd, Co, Cu(Il),
Ni, Pb, rare-earth and other elements from neutral solu-
tions.

Filters of fiber “filled” with the POLYORGS 11-N
sorbent with heterocyclic amine groups were proposed
for the extraction of gold and platinum-group metals
from solutions obtained after the decomposition of ores
and rocks [78]. It was demonstrated that elements can
be preconcentrated in the batch mode (sorption time
10-30 min) and in the dynamic mode (flow rate of the
solution 20 mL/min). In the dynamic mode, Au, Pd, and
Pt(IV) are extracted quantitatively, and Ir(IV) and
Rh(IIT) are extracted by 40%. From 0.1-1 M HCI, this
sorbent selectively extracted Au, Ir, Pd, Pt, and Rh in
the presence of significant concentrations of Cu(Il)
(50 g/L), Co and Ni (100 g/L), Sn(Il) (90 g/L), and
Fe(III) (20 g/L).

Another group of filters was obtained by introduc-
ing finely dispersed particles of ion exchangers into cel-
lulose fiber [8, 9]. Ion exchangers based on the copoly-
mers of styrene with divinylbenzene and acrylic acid
with divinylbenzene with acidic (-SO;H, —COOH,
—OH, and —PO;H,) or basic [-N*(CH;);] groups were
used (Table 5). The disadvantages of these filters were
low selectivity and capacity and a rather low equilibra-
tion rate [36, 52, 79].
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Table 5. Cellulose filters with “mechanically” fixed ion exchangers [9]

Capacity
Type Ion exchanger Functional group Form
mmol/g mmol/cm?
Amberlite SA-2 Amberlite IR-120 -SO;H Na 1.9 0.03
Amberlite SB-2 Amberlite IRA-400 -N*(CHjz); Cl 1.5 0.02
Amberlite WA-2 Amberlite IRC-50 —COOH H 4.6 0.06
Amberlite WB-2 Amberlite IR-4B —NH,; >NH OH 3.0 0.04

Gold(IIT) was extracted from chloride solutions
obtained after the decomposition of different ores and
rocks on cellulose filters containing the finely dispersed
styrene—divinylbenzene copolymer with amino groups.
The recovery of gold from 250 mL of a test solution
was no higher than 30% [52]. Cu(Il), Fe(IIl), Ni, and
Zn were also adsorbed along with gold; these elements
were desorbed from the filter with 50 mL of 2.4 M HCI.

Amberlite SA-2 cellulose filters with the introduced
Amberlite IR-120 cation exchanger containing —SO;H
groups were used for the preconcentration of Cu(Il),
Mn(II), Ni, Zn, and Pb from solutions obtained after the
decomposition of biological materials [79]. The capac-
ity of the filters for iron was 0.25 mequiv. The ions were
extracted from the solution at pH 2-3.

It was demonstrated that Amberlite SA-2 and
Amberlite WA-2 cellulose filters (with introduced cat-
ion exchangers) can be used for the dynamic precon-
centration of Ag, Al, Ba, Bi, Ca, Cd, Co(Il), Cr(III),
Cu(II), Fe(III), La, Mn(II), Ni, Pb, Sr, Ti(IV), U(VI), Y,
and Zn and Amberlite SB-2 and Amberlite WB-2 filters
(with anion exchangers) can be used for the dynamic

preconcentration of Br, Crzng, Fe(CN)gf, HPO? , I

MnO;, MoO; ,PtCl; ,SO; , and VO3 in the analy-
sis of alloys, metals, and biological materials [53]. The
capacity of the Amberlite SA-2, Amberlite WA-2,
Amberlite SB-2, and Amberlite WB-2 filters was 1.9—
2.0, 4.6-5.0, 1.5-1.6, and 4.0-4.2 mequiv/g, respec-
tively. Ions were extracted from 40 mL of a solution;
the solution was multiply passed through the filter at a
rate of 100 mL/min, and the number of cycles must be
at least seven. Alkali metals suppressed the sorption of
other cations; therefore, they were separated before the
preconcentration. The selectivity series in the extrac-
tion of anions on anion-exchange filters was as follows:
citrates > sulfates > oxalates > iodides > nitrates > chro-
mates > bromides > thiocyanates > chlorides > for-
mates > hydroxides > acetates.

The extraction of Ba, Cd, Cu(1l), Fe(Il), Hg(II), and
Ni on analogous ion-exchange filters (Whatman P-81
and Amberlite SA-2, WA-2, and SB-2) was studied
depending on the pH of the solution [36]. After the
selection of the preconcentration conditions, these fil-
ters were suggested for use in the analysis of environ-
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mental samples. Uranium was preconcentrated from
natural waters on Whatman P-81 filters.

Indicator papers obtained by the treatment of cellu-
lose paper with precipitates of hexacyanoferrates(Il,
II) [80] and diethyldithiocarbamates [35] were used
for the test determination of Ag, Bi, Co(Il), Cu(Il),
Fe(IL, III), and Hg(II) in biological and environmental
materials. These precipitates were fixed on cellulose
paper with a polymer film.

Other techniques of the “mechanical” application of
sorbents to the surface of filters are also known. For
example, a membrane filter was treated with metal sul-
fides (ZnS, MnS, CuS, and PbS) in the batch mode [30].
The thickness of the metal sulfide layer was 300-—
400 nm. Trace amounts of Ag, Bi, Cd, Cu(Il), Hg(Il),
Pb, and Te(IV) were preconcentrated on these filters
from natural and sewage waters.

Thus, filters with “mechanically” applied sorbents
are used for the preconcentration of elements from
solutions. However, complicated techniques are some-
times necessary for preparing these filters.

FILTERS FOR THE EXTRACTION
OF SUSPENDED PARTICLES AND POORLY
SOLUBLE FORMS OF ELEMENTS

In some cases analytes occur in aqueous test solu-
tions in the form of poorly soluble compounds as solid
particles or polymers. For example, in natural waters
heavy metals can form soluble complexes and precipi-
tate forming suspensions and bottom sediments. The
compounds contained in natural water can be roughly
divided into two categories: dissolved components and
solid particles of organic and inorganic origin. Conven-
tionally, all insoluble particles that are retained on a fil-
ter with a pore sized above 0.45 um are assigned to sus-
pended compounds [81]. Precipitation, which is among
the oldest preconcentration methods, still finds use in
the preconcentration of elements from solutions as
poorly soluble and polymeric forms [8, 30].

Filters for the extraction of suspended forms of
elements. Suspended forms are commonly separated
by membrane filtration [5, 82, 83] (Table 6). This
approach to the determination of suspended particles of
trace elements is widespread, although ultrafiltration
involves high risks of both sample contamination and
losses of elements.
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Table 6. Determination of the forms of elements (trace
amounts) in natural waters with the use of membrane filtra-
tion [83]

. . Determina-
Water | Elements Filters, pore size tion method
River, Hg, Zn, Co |Nuclear-trackfilters, | Nuclear-
sea 0.45 um physics meth-
ods
River, Aluminum |Polycarbonate fil- |CP, AAS
sea ters, 0.1-0.4 um
River 32 elements | Nuclear filters, NAA
0.05 and 0.45 pum
River Fe, Al Polymer filters, ICP AES
0.1 and 1.4 um

Preconcentration of elements on filters as poly-
meric and poorly soluble forms. For the preconcen-
tration and separation of elements as high-molecular
forms, aqueous solutions of different water-soluble
polymers (polyethyleneimine, polyethylene glycol,
poly-N-vinylpyrrolidone, polyacrylic acid, etc.) were
introduced into the analyzed sample [83]; the concen-
tration of the polymer in the solution was commonly no
higher than 1-4%. On passing the obtained solution
through a polymer membrane, high-molecular com-
plexes of elements are retained at its surface or in a min-
imum volume of the aqueous solution over the surface
of the membrane.

The preconcentration of trace impurities by precipi-
tation as poorly soluble forms is rarely used: the con-
centration of elements is so low that the solid phase is
not formed [30]. For this purpose, it is more reasonable
to use coprecipitation with organic or inorganic collec-
tors. Trace elements were preconcentrated from solu-
tions with the use of poorly soluble ion pairs consisting
of a bulky organic cation and/or anion [52-57, 79-84];
complexing compounds (low- and high-molecular) [58,
85-88]; some indifferent compounds [30]; and hydrox-
ides, sulfides, sulfates, chlorides, and phosphates [30,
59, 89]. The advantage of organic coprecipitants over
inorganic consists in their higher efficiency and selec-
tivity and the simplicity of the subsequent processing of
the concentrate: an organic compound can be easily
burned or dissolved in an organic solvent [30]. Table 2
presents examples of organic and inorganic collectors
proposed for the preconcentration of elements on fil-
ters.

The following techniques of coprecipitation are
used: the introduction of a macrocomponent and the
corresponding reagent—precipitant (either inorganic or
organic), partial precipitation of the matrix (macrocom-
ponent is present in the sample), the introduction of an
organic compound in an organic solvent miscible with
water (after dilution with water, the coprecipitant pre-
cipitates carrying complexes of trace elements with it).
Depending on the physicochemical properties of the
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components and experimental conditions, coprecipita-
tion proceeds through the sorption of the element at the
surface of the collector, the formation of isomorphous
mixed crystals and mixed chemical compounds, occlu-
sion, and mechanical capture, and all these processes
can occur simultaneously [30].

Elements are most frequently coprecipitated with
the use of water-insoluble precipitates with a large sur-
face area, which are commonly obtained in the batch
mode. The selection of the collector also accounts for
the requirements of the method for the subsequent
determination, e.g., collectors that do not introduce
spectral interferences are preferable in atomic-emission
analysis. After finishing the formation of precipitates,
the solid phase is separated by filtration.

The precipitated forms of elements are extracted
from solutions using different filters of natural and syn-
thetic polymers: cellulose [90], nitrocellulose [61],
polycarbonate [61], ceramic [91], polytetrafluoroethyl-
ene [92], fused silica [93], and glass [94].

A series of works [54-57, 84] deals with the precip-
itation of elements from solutions as ion pairs formed
by complex ions of elements with organic reagents and
surfactants. For the determination of arsenic, silicon,
and phosphorus, ion pairs of molybdoarsenic het-
eropoly acid with tetrapentylammonium chloride,
molybdosilicic acid with Malachite Green, and molyb-
dophosphoric acid with dodecyltrimethylammonium
chloride, respectively, were precipitated and extracted
on a filter [54]. Analogously, Chromazurol S and hexa-
decyltrimethylammonium bromide were used for the
preconcentration of beryllium [55], 1-(2-pyridylazo)-2-
naphthol and dodecyltrimethylammonium chloride
were used for the preconcentration of cadmium [54],
nitroso-R salt and benzyldimethyltetradecylammonium
bromide (Zephiramine) were used for the preconcentra-
tion of cobalt [54], phenylfluorone and hexadecyltrim-
ethylammonium chloride were used for the preconcen-
tration of chromium(VI) [84], diethyldithiocarbamate
and hexadecyltrimethylammonium chloride were used
for the preconcentration of copper(Il) [56], 4,7-diphe-
nyl-1,10-phenanthrolinedisulfonate and Zephiramine
were used for the preconcentration of iron(II) [54], phe-
nylfluorone and Zephiramine were used for the precon-
centration of germanium(IV) [57], potassium thiocyan-
ate and Malachite Green were used for the preconcen-
tration of palladium [54], and Arsenazo III and cationic
surfactants were used for the preconcentration of ura-
nium(VI) [54]. The concentration coefficients in the
extraction of the elements were 10—-400. The precipi-
tates were separated from the solutions by filtration
through a nitrocellulose filter with a pore diameter of
0.2-0.45 um. It was demonstrated that filter concen-
trates can be dissolved in organic solvents (dimethyl-
formamide, dimethyl sulfoxide, and 2-methoxyetha-
nol) or in concentrated inorganic acids.

The majority of works describing the use of com-
plexing coprecipitants for the extraction of trace com-
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Table 7. Effect of the composition of filters and the pore size on the recovery (R, %) of elements in the presence of 3-hydroxy-

4-[(6-hydroxy-m-tolyl)azo]naphthalenesulfonic acid [102]

Filters
(diameter, mm; pore size, JLm) Co(ID) Cr(III) Cu(II) Fe(I1I) Pb
Nitrocellulose (47; 0.45) 97+2 100 £2 100 £1 100+ 1 100 £2
Nitrocellulose (20; 0.25) 96+3 98+3 95+2 99+3 98+2
Cellulose acetate (47; 0.45) 78+ 3 1003 100+2 95+3 100+2
Cellulose ester (47; 0.45) 56+2 100+ 1 90+2 100 £ 2 100£3

ponents from solutions deal with the use of dithiocar-
bamates [30, 58, 85-88]. Ions of many elements form
stable complexes with dithiocarbamates; hence, dithio-
carbamates of primary and secondary amines,
diamines, and hydrazines and dithiocarbamate esters
were used for the extraction [85]. Commonly elements
were precipitated in the batch mode, which is accompa-
nied by the sorption of dithiocarbamates at the walls of
glassware and leads to long-term and laborious experi-
ments. In our opinion, these disadvantages can be sur-
mounted by performing the experiment in the dynamic
mode, which makes it possible to form insoluble pre-
cipitates in the flow directly before the filter. This
approach holds promise as experimentally confirmed in
several works, which demonstrated that hydrophobic
compounds of elements formed in the flow can be
extracted on filters [95], on microcolumns [96], and in
a knotted reactor [4, 97, 98].

A method was proposed in [95] for the preconcen-
tration of As(Ill), Bi, Cd, Co, Cu, Fe(Il), Ni, Pb,
Se(IV), V(V), and Zn from water and soil on cellulose
and hydrophobized filters as pyrrolidinedithiocarbam-
ate (PDTC) complexes obtained in the flow after mix-
ing the flows of the reagent (0.7-1.0 mL/min) and the
sample (3.0-3.2 mL/min). It was found that elements
are nearly quantitatively (R = 90-100%) extracted from
50-100 mL of a sample at the total flow rate up to
25 mL/min at pH 5 (Cd, Co, Cu, Fe(Ill), Ni, Pb, V(V),
and Zn) and from 2 M HCI (As(III), Bi, and Se(IV)) at
the concentration of the reagent of 0.1%; K. = (1-
2) X 10%. The mechanism of the extraction of PDTC
complexes on cellulose and modified cellulose filters
was studied. It was demonstrated that small amounts of
PDTC complexes (0.1-0.5 pg) are adsorbed at the sur-
face of cellulose and paraffinized filters. The extraction
of relatively large (5-50 pg) amounts of elements is due
to the mixed sorption and filtration mechanism.

Sodium pyrrolidinedithiocarbamate was used for
the preconcentration of Cu(Il), Fe(Ill), Ni, Pb, and Zn
from rain water. The recovery of elements was 100%;
K., = 1000 [86]. The coprecipitation of elements was
performed from 25 mL of a sample at pH 3-7 by the
addition of 500 pg of cobalt. It was demonstrated that
the change in the pore size of nuclear filters from 0.2 to
0.45 um and holding PDTC complexes of metals in the
solution for 100 h does not affect the efficiency of the
extraction of elements on the filter.

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 59

No. 10

A method was proposed for the preconcentration of
Cu(Il), Hg(Il), VAV), and Zn on filters from natural
waters [87]. The quantitative extraction of PDTC com-
plexes (R = 92-95%) on a filter was attained from
100 mL of a sample at pH 4 after the addition of 200 g
of iron(III).

For the preconcentration of 0.01-10 mg/L Cd, Co,
Hg(I), Pb, and Zn from a saturated sodium chloride
solution, 20 mL of a freshly prepared 1% aqueous solu-
tion of sodium diethyldithiocarbamate was added to
250 mL of the initial solution [58]. The precipitate was
held for 10 min and then separated by filtration through
a membrane filter with a pore size of 0.6 um.

Uranium(VI) was preconcentrated from 500 mL of
river water as dibenzyldithiocarbamate (DBDTC) at
pH 4 [88]. In this case, up to 15% of uranium is not
extracted in the presence of humic acids, and up to 50%
is not extracted in the presence of fulvic acids. For the
quantitative extraction of uranium (K, = 94%), a
water sample was irradiated with an ultraviolet lamp
and iron(Ill) was introduced to precipitate
Fe(DBDTC),. Alkali and alkaline-earth metals, chlo-
ride, and sulfate (up to 100 mg/L) did not affect the
extraction of uranium.

Elements were also precipitated and coprecipitated
from solutions on filters with the use of other complex-
ing reagents: thionalide [99], 1-(2-pyridylazo)-2-naph-
thol [100], dithizone [30], 8-hydroxyquinoline [101],
bathocuproine [30], dimethylglyoxime [30], o--benzyl-
dioxime [30], and 3-hydroxy-4-[(6-hydroxy-m-
tolyl)azo]naphthalenesulfonic acid [102]. The last
reagent was used for the extraction of Co, Cr(IIl),
Cu(II), Fe(Ill), and Pb from mineral, river, and tap
waters; K., = 150-250 was attained [102]. The
reagent was introduced into 30-50 mL of a sample at
pH 8, within 10 min the precipitate was filtered off and
dissolved in 0.5 mL of concentrated HNO; at 80°C. The
effect of the composition of filters and the pore size on
the efficiency of the extraction of elements was demon-
strated (Table 7). Alkali and alkaline-earth metals, chlo-
ride, and sulfate (50 mg/L) did not interfere with the
quantitative extraction of elements.

Cd, Cu(Il), Fe(II), Mn(Il), and Zn ions were pre-
concentrated on filters from natural waters as 1-(2-
pyridylazo)-2-naphthol complexes. After the introduc-
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tion of the reagent into 20-1000 mL of a sample at
pH 10, 50 pug of Ni was added [103].

Elements were also preconcentrated on filters by
coprecipitation with inorganic precipitates, although
the efficiency of the extraction in this case was com-
monly lower than in the case of the use of organic
coprecipitants. Thus, aluminum hydroxide was used for
the coprecipitation of As(V), Cr(IIl), Pb, Th, and Ti(IV)
from natural waters [59]. Coprecipitation was per-
formed at pH 7.3 from 200 mL of a sample in the pres-
ence of 1 mg of the collector for 1 h; the recovery was
98% (Cr, Pb, Th, and Ti) and 50% (As, Cu, U, and Zn);
K,one = 2 X 10* This method is unsuitable for the pre-
concentration of elements from sea water, because
alkaline-earth metals contained in large concentrations
also transfer to the precipitate.

Sulfides are undoubtedly the most efficient among
inorganic collectors [89]. For example, nanogram
amounts of cadmium were coprecipitated as sulfide
from river and sea waters at pH 4 from 200 mL of a
sample. In this case, the collectors were sulfides of ele-
ments that occur in the solution in higher concentra-
tions than cadmium: iron, copper, etc. The precipitate
was filtered off on a nitrocellulose filter with a pore size
of 0.45 um and dissolved in 2 mL of 0.05 M HNO;.

Thus, the precipitation and especially coprecipita-
tion of elements with organic and inorganic collectors
and the subsequent separation of the precipitates on fil-
ters provide high concentration coefficients (>10%) and
the possibility of the group and individual preconcen-
tration of elements in the batch and dynamic modes; the
selective extraction of elements is attained by the selec-
tion of corresponding reagents and coprecipitation con-
ditions. An undoubted advantage of this preconcentra-
tion method is the possibility to extract elements in a
wide concentration range, because the “capacity” of fil-
ters in this case is unlimited.

The efficiency of the preconcentration of ele-
ments on filters of different types was estimated by
comparing the concentration coefficients, the capacities
of filters, and the time of preconcentration. The largest
concentration coefficients (K,. = 500-10%) were
attained in the extraction of elements on filters with
bonded groups and on filters that extract previously
obtained forms of elements. Weak fixing of the reagent
on the filter on its noncovalent immobilization pre-
cludes the preconcentration of elements from large vol-
umes of solutions (above 50-100 mL), which leads to
smaller counteraction coefficients (K. = 20-400).
When desorption or the dissolution of the filter concen-
trate was performed, the concentration coefficients
were smaller (K. = 7-400) than in the direct determi-
nation of elements in the filter phase because of the use
of excess solvent irrespective of the type of the filter;
the time of the determination and the probability of
losses of elements increased.
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It was demonstrated that the quantitative extraction
of elements from solutions (R = 90-100%) can be
attained on filters of all types.

The sorption capacities of the filters of different
types could be hardly compared because these data are
not presented in many works. The filters that extract the
forms of elements previously obtained in the solution
are not characterized by sorption capacity. The maxi-
mum amounts of elements extracted on filters with non-
covalently and covalently immobilized reagents in the
majority of cases are comparable and vary in the range
50-2000 ug per filter.

The time of the preconcentration of elements on fil-
ters is commonly 5-30 min.

METHODS FOR THE DETERMINATION
OF ELEMENTS IN ENVIRONMENTAL
AND TECHNICAL MATERIALS INCLUDING
PRECONCENTRATION ON FILTERS

Many different combined methods using filters were
proposed for the determination of elements in environ-
mental and biological materials and technical solutions.
After preconcentration, elements were determined
directly on the filters by XRF spectrometry, neutron
activation analysis (NAA), and spectrophotometry (SP)
[13, 57, 62, 104-106]; in the other cases filter concen-
trates were decomposed or elements were desorbed. In
the resulting solutions, elements were determined by
atomic-absorption spectrometry (AAS), electrothermal
atomic-absorption spectrometry (ETAAS), and induc-
tively-coupled plasma atomic-emission spectrometry
(ICP AES) (mass spectrometry (MS)) [54, 107-109].

Sorption-X-ray fluorescence methods. The devel-
opment of compact and relatively inexpensive XRF
spectrometers provided the wide use of this multiele-
ment analytical method for the determination of ele-
ments in soils, geological samples, plant materials, and
many other samples. However, the sensitivity of the
XRF method is insufficient for the determination of
trace elements in waters and solutions, and the precon-
centration is required.

The performance characteristics of the XRF deter-
mination of elements is substantially affected by the
composition and quality of the surface of emitter sam-
ples, which are responsible for the absorption and scat-
tering of the primary and fluorescence radiation. The
majority of sorption—XRF methods for the determina-
tion of elements involve conventional techniques for
the preparation of concentrate samples: molding pellets
[36] and applying a layer of the sorbent concentrate to
membrane or cellulose filters [110]. These procedures
failed to provide a uniform distribution of the concen-
trate over the surface and the bulk of the sample; as a
result, relatively thick emitters were obtained, and the
sensitivity of the combined method was decreased. To
improve the sensitivity of the determination, thin-layer
methods of analysis are finding increasing application
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Table 8. Detection limits (%) of noble metals in different matrices by the X-ray fluorescence method [36]
Element Molybdenum Niobium oxide| Nickel sulfide | Ion exchanger | Cellulose | Sorption filter Polymer
oxide sorbents
Au - - - 3.6x 1073 6.0 x 107 1.0x 107 1.3x 1073
Pd 20x 1073 1.0x 1073 6.0x 1074 1.5x1073 1.2x107 40x107 42x1074
Pt 48x 10 9.0x10™* 24 %107 53x%x 1073 6.0 x 107 2.0x 107 1.3x1073
Rh 8.0x 1073 40x 1073 7.0x 1074 1.7x 1073 1.0x 1074 9.0x 107 3.6x 1074
Ru 7.0x 1074 6.0x 1074 6.8x 1074 1.7x 1073 8.0x 107 5.0x 107 3.5x 10

[1]. Therefore, of great interest are the works where ele-
ments are preconcentrated using “light” (cellulose) fil-
ters, which provide larger concentration coefficients
(above 10%) [36] (examples are given in Table 8). How-
ever, in this case adequate reference samples can be
hardly prepared [111]. The peculiarities of the forma-
tion of the analytical signal in the XRF determination of
elements extracted on filters by different techniques
with the distribution of elements over the surface and in
the bulk of the filters were studied in [112]. It was dem-
onstrated that the sensitivity of the XRF determination
with the extraction of elements at the surface of cellu-
lose filters is 1.2—1.6 times higher than at the uniform
distribution of elements in the bulk of the same filters.

A sorption—X-ray fluorescence method was devel-
oped for the determination of As(IIl), Bi, Cd, Co, Cu,
Fe(III), Ni, Pb, Se(IV), V(V), and Zn in waters and soil
extracts [95, 113]. Elements were extracted from solu-
tions on cellulose filters as PDTC complexes formed in
the flow before the filter. The calibration plots are linear
in the range 5-50 pg of the element per filter. The
detection limits of elements in waters calculated from
the 3s-value at the preconcentration from 100 mL of a
solution were 0.001-0.040 mg/L; RSD was no higher
than 10%.

The XRF method was also used for the determina-
tion of Co(II), Cu(Il), Fe(IIl), Ni, Zn, and Pb in rain
water after the extraction of elements on filters as
PDTC complexes [86]. The detection limits of elements
in waters were 0.6—1.7 ug/L; RSD < 4%.

Cu(Il), Fe(III), Mn(II), Ni, and Zn ions in biological
materials were determined by the XRF method after the
decomposition of organic samples, precipitation of
diethyldithiocarbamates, and their extraction on filters
[104]. The determination of elements was performed
by the K, lines; the detection limits were 0.6—1.7 ug per
filter; RSD was no higher than 7%.

An XRF method was proposed for the determina-
tion of Au, Bi, Co(Il), Cu(Il), Fe(Il), Hg(Il), Ni, Pd,
Ti(IV), V(V), and W(VI) in waters. Sodium dieth-
yldithiocarbamate, 1,10-phenanthroline, desferrioxam-
ine B, and perfluorooctanoic acid were used for the pre-
concentration of elements on filters [62]. The concen-
tration coefficient was 500, which provided low
detection limits (1 x 10® M) of elements by the XRF
method. The calibration plots were linear in the concen-
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tration range 5 X 107—1 x 10~ M; RSD was no higher
than 5%.

As(V), Cr(1II), Pb, Th, and Ti(IV) ions were deter-
mined in natural waters by the XRF method after the
coprecipitation with aluminum hydroxide and the sep-
aration of the precipitate on a filter [59]. The detection
limits of elements were 0.2-0.8 ug/L; RSD was no
higher than 6%.

A sorption—XRF method was developed for the
determination of gold and platinum in chloride solu-
tions obtained after the decomposition of ores and
rocks; the method includes the preconcentration of the
chloride complexes of elements on cellulose filters with
noncovalently immobilized trioctylamine [38]. The cal-
ibration plots are linear in the range 5-50 ug of the ele-
ment per filter. The detection limits of elements in ores
and rocks calculated by the 3s-value were 3 x 107°-8 x
1075%; RSD £ 8%.

Sorption-spectrophotometric methods. The sen-
sitivity and reproducibility of the determination of
small amounts of elements by sorption—spectrophoto-
metric methods can be improved only by the elimina-
tion of the effects of light absorption and scattering by
the concentrate sorbent, nonuniformity of the distribu-
tion of sorbent particles in size and shape, and the dif-
ferent thickness of the absorbing layer. Many of the
above problems were solved by the replacement of
powdered sorbents with sorption filters. Many sorp-
tion—spectrophotometric methods for the determination
of elements in solutions involving preconcentration on
filters were proposed in recent years. In these methods,
photometric reagents also participate in the preconcen-
tration of elements and provide the formation of col-
ored compounds on filters. The main advantages of
these methods are their high sensitivity and rapidness,
the possibility of the visual detection of the analytical
signal, and the simplicity of the selection of the reagent.

It was demonstrated that the use of azorhodanines is
a promising technique for obtaining colored com-
pounds in the solid phase [13—15]. Rapid and sensitive
methods for the determination of Ag, Au, Cu(Il),
Hg(I), Pd, and Pt(IV) in solutions with the detection
limits 1-3 pg/mL were developed with the use of mem-
branes and disks of polyamide filled with a finely dis-
persed cation exchanger and impregnated with azor-
hodanines and azothiopropiorhodanines [13]. The
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change in the color of disks was estimated visually (test
method) and by the change in diffuse reflection coeffi-
cients (diffuse reflectance spectrometry).

Germanium(IV) was determined in natural waters
by the spectrophotometric method after obtaining the
colored complex of phenylfluorone in the presence of
Zephiramine in the filter phase [57]. The calibration
plots are linear at the amounts of germanium 0.1-
0.26 ng; the detection limit of germanium was 1.9 ng;
RSD was no higher than 1.3%.

A sorption—spectrophotometric method was devel-
oped for the determination of beryllium in natural
waters with the preliminary coprecipitation of the ele-
ment with Chromazurol S and hexadecyltrimethylam-
monium bromide and the extraction on a filter [55]. The
concentration of beryllium in waters was 0.12-
3.52 ug/L; the detection limit was 13 ng/L.

It was demonstrated that palladium can be deter-
mined by the sorption—spectrophotometric method in
solutions of complex composition with the use of cellu-
lose filters impregnated with trioctylamine and the sub-
sequent formation of the colored compound of palla-
dium with 4-(2-pyridylazo)resorcinol on the filter
[114]. Palladium was determined on filters by diffuse
reflectance spectrometry, by chromaticity measure-
ments, and using a test scale. The relative standard
deviation of the results of the determination of palla-
dium was no higher than 5% in the entire linearity
range of the calibration plot (0.5-10.0 pg of palladium
per filter). The absolute detection limit of palladium
with the use of diffuse reflectance spectrometry was
0.08 g of palladium per filter. For the visual detection
of the analytical signal with the use of a test scale, the
minimum reliably detected amount of palladium on the
filter was 0.5 pug.

A sorption—spectrophotometric method was pro-
posed for the determination of palladium and ura-
nium(VI) in solutions [18, 19]. Elements were precon-
centrated on disks of polyacrylonitrile fiber filled with
a strongly acidic cation exchanger with immobilized p-
nitrosodiethylaniline. The detection limit of palladium
in solutions was 5 x 10~ M.

Sorption—neutron-activation methods. In com-
bined analytical methods including off-line sorption
preconcentration, it was found more preferable to use
filter sorbents rather than the same sorbents as powders.
This was caused by the necessity of performing differ-
ent operations with the obtained concentrates before
the determination stage, e.g., drying, transferring into
the detection device, treatment with reagents, etc.
These advantages of filters over powdered sorbents
clearly manifest themselves in sorption—neutron-acti-
vation methods for the determination of elements: filter
concentrates are more conveniently packed for the sub-
sequent irradiation and divided into parts, the probabil-
ity of losses of the irradiated material is decreased, etc.

Titanium(IV) and vanadium(V) were determined in
biological materials by the neutron-activation method
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after preliminary coprecipitation with Pb(PDTC), and
Bi(PDTC); and extraction on filters [60]. The amount
of elements was determined by measuring the y-radia-
tion of short-lived isotopes >'Ti and 32V. The analytical
ranges were 105—-130 ng/mL for Ti and 1.3-6.5 ng/mL
for V; the detection limits were 70 and 0.7 ng/mL,
respectively.

As(III, V), SedV, VI), and Sb(III, V) were deter-
mined by the sorption—-NAA method in natural waters
[105]. Elements were coprecipitated with Pb(PDTC),,
and the resulting precipitate was filtered off. The detec-
tion limits of elements in solutions were 0.1-1.0 ng/L.

Sorption-atomic-absorption methods. AAS
methods (with flame and electrothermal atomization)
are also used for the determination of elements after
desorption or after the decomposition of the filter con-
centrate and directly in the filter concentrate with the
use of electrothermal atomization.

A method was proposed for the determination of
cadmium in biological materials, waters, soils, and
rocks; the method includes the preconcentration of cad-
mium by coprecipitation as the diphenylguanidinium
salt of the cadmium complex of Cadion S and 2,4-dini-
troaniline [81]. After ashing the filter concentrate and
dissolving the salt residue, cadmium was determined
by atomic-absorption spectrometry.

Silver was determined in sea water by the Sorption—
atomic-absorption method including coprecipitation
with cobalt pyrrolidinedithiocarbamate and the extrac-
tion of the precipitate on a polycarbonate filter [61]. Sil-
ver was determined in the solution after the treatment of
the filter with the precipitate with 210 UL of concen-
trated HNO;. The detection limit of silver was 0.1 ng/L.

A method was developed for the determination of
chromium(VI) in natural and tap waters [54]. Chro-
mium was coprecipitated with phenylfluorone and
cetyltrimethylammonium bromide. The resulting pre-
cipitate was collected on a nitrocellulose filter and dis-
solved in 2-methoxyethanol. Chromium was deter-
mined by atomic-absorption spectrometry. The linear-
ity range of the calibration plot was 10-60 pg/L; the
detection limit of chromium in waters was 0.06 pg/L at
KCOHC = 20'

Co(II), Cr(I1I), Cu(Il), Fe(Ill), and Pb were precon-
centrated from mineral, river, and tap waters using
3-hydroxy-4-[(6-hydroxy-m-tolyl)azo]naphthalene-
sulfonic acid; the precipitate was filtered off and dis-
solved in 0.5 mL of concentrated HNO; at 80°C; ele-
ments were determined by atomic-absorption spec-
trometry [102]. The detection limits were 0.06—
2.5 pg/L; RSD was no higher than 10%.

Thus, the preconcentration of elements on filters is
used in many combined and hybrid analytical methods.
The advantage of this preconcentration method over the
others are particularly clear when elements are deter-
mined by the X-ray fluorescence and spectrophotomet-
ric methods. In this case, the preparation of thin-layer
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samples provides an increase in the sensitivity of the
determination not only because of preconcentration,
but also because of the minimization of the absorption
and scattering of radiation.
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