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I. Introduction

The methods used to monitor the concentrations of microele-
ments in aqueous media, determine the sources from which they
enter the hydrosphere and predict the dynamics of migration of
separate physicochemical forms of microelements in the hydro-
sphere are of importance for studies in environment protec-
tion.1 ± 5 A survey of publications on this subject over the past
10 ± 15 years revealed considerable changes in the instrumenta-
tion and theoretical generalisation of methods used to determine
the physicochemical state of microelements in aqueous media.We
intend to analyse these changes in the present review.

The role of microelements in environmental objects is esti-
mated by determining their concentrations in samples. If the
content is low, concentration and separation methods based on
distribution of microelements between phases, viz., ion exchange,
sorption, extraction, precipitation and coprecipitation, flotation,
electroprecipitation, filtration, distillation, sublimation, dialysis,
etc. are used, depending on the analysis scheme. Each of the
methods listed above involves trans-phase interaction of separate
chemical forms of a microelement; therefore, knowledge of the
physicochemical state of a microelement in a sample is required in
order to maximise its concentration and/or separation from
admixtures. In the laboratory, this is achieved by converting the
existing form of amicroelement to a chemical form convenient for
concentrating. Under field conditions, correction of the state of a
microelement is often impossible or inefficient; therefore, the
selection of a chemical analytical method for the determination
requires independent information about both the chemical and

phase compositions of all the forms of the extracted microelement
in the medium of interest.5

This problem has been studied insufficiently, so difficulties of
a methodological nature exist. First, the physicochemical proc-
esses involving microelements and occurring in industrial and
natural aqueous systems are complex indeed. Second, the develop-
ment of the interphase distribution-based theory of reactivity in
interrelated systems of ionic, molecular, colloidal and suspended
forms ofmicroelements in solution is in its infancy. Third, for field
conditions (unlike laboratory conditions), there is a lack of
approved methods for the determination of the chemical and
phase compositions of microelements in natural aqueous media;
approved test procedures and standard samples of their separate
chemical forms are also unavailable.6 ± 10 Fourth, it is necessary to
consider the factors affecting the violation of equilibrium and/or
steady states of microelements in a sample when it is transferred
from a natural medium to a laboratory.1 ± 9, 11

Not only analytical chemists, but also heads of enterprises and
bodies involved in environmental monitoring, are interested in
development and perfection of methods for analysis of the
physicochemical state of microelements in the hydrosphere.12

The most promising methods result from combinations of column
chromatography with high-performance spectrometric detection
of separate elements. Analyses can bemade less expensive by using
combined methods of selective oxidation ± reduction, coprecipi-
tation, membrane extraction, dialysis and stripping
voltammetry.12 ± 18

The relationships between the transport properties of micro-
elements in the aqueous phase and the content of specific organic
and inorganic components of soils or bottom sediments are
studied using selective dissolution of groups of compounds,
anion-exchange and distribution chromatography and ultrafiltra-
tion.1, 7, 9, 19 A sample can contain coexisting microelements as
suspensions and colloids along with truly dissolved forms, includ-
ing molecular, cationic and anionic complexes with inorganic and
organic ligands.1, 19 Colloidal forms of microelements can be
detected by sequential filtration of a liquid sample through
membranes with pore sizes from 0.5 mm to 1 nm. Ionic composi-
tions are determined by electrophoresis and ion-exchange chro-
matography after separation of the suspended fraction.20, 21

In the early 1990s, the interest of researchers in the forms in
which inorganic compounds exist in solutions increased due to the
aggravation of global environmental problems (Fig. 1). As a
result, new instrumental and combined physicochemical methods
appeared; these methods made it possible to monitor not only the
analytical concentrations of microelements in aqueous solutions,
but also their chemical and phase compositions.
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II. Instrumental methods

1. Time resolved laser fluorescence spectroscopy
Time Resolved Laser Fluorescence Spectroscopy (TRLFS) is a
popular modern instrumental method used to determine the state
of microelements in solutions.22 ± 26 Neodymium lasers with a
pulse energy of 2.5 ± 2.7 mJ and adjustable frequency are the main
elements of setups that implement this method. For example, the
wavelength of 266 nm was selected to excite the fluorescence of
UO2�

2 ions; pulse excitation is followed by a decay of the
fluorescence signal in the wavelength range from 407.0 to
634.0 nm. This is measured by scanning at discrete times in the
range from 0.1 to 15 ms. Each spectrum in this time range is
obtained by averaging the results from 100 laser-induced excita-
tions.22 This method was used to determine the interaction
between uranium(VI) ions and silicic acid in model solutions of
sodium perchlorate. Analysis showed22 that the red shift in the
fluorescence spectrum is caused by chemical reaction of UO2�

2

with Si(OH)4 .
According to the theory of fluorescence signal formation, the

overall amplitude (A0) and the amplitudes of signals from various
complexes (Ai) are related by the following expression:

A0 �
Xn
i� 1

Aie
ÿt=ti , (1)

where t is the signal relaxation time and ti is the characteristic time
of fluorescence decay. It was shown22 that uranyl silicate com-
plexes comprise species of a single type with the ratio
UO2 :UO2Si(OH)�3 =1 : 0.95. By decomposing the fluorescence
spectrum into components, one can determine the stability con-
stants of complexes directly in solution (without concentrating).
By combining TRLFS and thermodynamic simulationmethods, it
is possible to use characteristic fluorescence spectra and ti values
in order to identify uranium complexes (Fig. 2), including
Ca2UO2(CO3)3(aq) in mine waters,23 and determine the composi-
tions and stability of complexes of trivalent actinides with natural
analogues of fulvic and humic acids in model solutions 24, 25 and in
hot brines.26 The theory and potential of the TRLFS method are
described in detail elsewhere.27

2. Laser induced breakdown spectroscopy
Laser Induced Breakdown Spectroscopy (LIBS) 28 ± 30 is among
the most promising instrumental methods for the study of the
state of inorganic compounds in solutions. The method is based
on controlled excitation of characteristic emission spectra. Plasma

with a temperature of 2500 ± 25 000 K is formed by focusing a
pulsed laser beam on the solution studied; the beam has a power
density of 1015 W cm72 and creates an electrostatic field of up to
1011 V cm71 in the focal plane.28 As the plasma temperature is
lowered and the intensity of the continuous spectrum from the
microsample within the sample decreases, characteristic lines of
elements appear in the emission spectrum; they are analysed using
a special detector.

The LIBS method is used to perform elemental analyses of
solid samples (alloys, soils, minerals, microelectronic devices),
liquids (milk) and gases (air, aerosol particles). The application of
this method to analysis of liquids opens up new prospects in
chemical analytical studies.28, 30 Transformation of an aqueous
solution or droplet-sized samples to plasma by a laser beamwith a
wavelength of* 500 nm with beam focusing makes it possible to
obtain signals frommicroelements that exist as colloidal phases or
adsorption colloids (in this case, the intensity of emission lines is
103 times higher than that from ionic and molecular forms of the
same element).

The use of the method under consideration in studies of
uranium, americium and plutonium migration with ground
waters makes it possible to determine the amounts of colloidal
fractions of these elements in complex natural objects. By varying
the power of the laser beam, it is possible to determine the phase
compositions and sizes of colloid particles of hydroxycarbonates
of certain transuranium elements [e.g., Am(OH)CO3] at their
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Figure 1. Data from the Institute of Scientific Information (USA) on the

worldwide statistics of publications dealing with studies on the chemical

state of inorganic compounds in solutions.

N is the number of papers on the subject.
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Figure 2. Results of TRLFS determination of the compositions of

uranium complexes (a ± c);22
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solution concentrations of 1075 ± 1076 mol litre71. The LIBS
method is most sensitive to low concentrations of colloid particles
typical of natural waters. In the case of high concentrations of
such particles (e.g., in aqueous carbonate solutions of uranium
and plutonium), the intensity of emission lines of an element
decreases due to secondary oxidation of metal atoms in hot
plasma and due to multiple scattering effects. To determine the
phase composition and size distribution of colloid particles, it is
recommended that the LIBS method be combined with other
colloid fractionation methods.28, 29

3. Laser photo-acoustic spectroscopy
The potential of a new highly sensitive method for the determi-
nation of the state of ionic and colloidal forms ofmicroelements in
solutions, viz., laser photo-acoustic spectroscopy (LPAS), is based
on the absorbing ability of species being studied and on the power
of the available pulse laser with adjustable wavelength:31 the
intensity of the photo-acoustic signal in this method is propor-
tional to the power density absorbed by particles. The method is
based on the determination of characteristic changes in the
volume ofmolecules of a compound of interest (that are in contact
with solvent molecules) caused by emission of thermal energy
upon transition from an excited state to a ground state following
selective absorption of laser irradiation quanta.

The selectivity of LPAS is determined, first, by the high
conversion efficiency of absorbed energy of monochromatic
irradiation into thermal energy; second, the possibility of record-
ing (using high-precision piezoelectric sensors and detection
circuits with high time resolution) a sound wave that appears
due to changes in the volumes of molecules upon their deactiva-
tion.31 ± 38 In addition to a laser, the main elements of a photo-
acoustic registration system comprise a cell for the solution being
studied, a transducer of ultrasonic waves to voltage pulses, and an
electronic system for starting the registration scheme, digitising
and storing of data that arrive from the ultrasonic transducer. The
construction of miniaturised photo-acoustic cells allows one to
study microsamples (down to 1077 dm3) in real-time mode.32, 33

The LPAS method can be used to determine a microelement
concentration down to 561076 mol litre71 and to monitor its
variations in time, both in homogeneous and heterogeneous
samples. The LPAS method has the advantage that it allows one
to determine the physicochemical state of elements in aqueous
solutions simultaneously containing molecular forms as well as
true and adsorption colloids of microelements.31, 35 ± 38 This
method was used to study the state and sorption behaviour of
Cr(VI) microquantities on hematite under competitive sorption of
phosphate ions,35, 39 to determine the concentration and sizes of
Tc(IV) colloid particles 36, 38 and to reveal the physicochemical
state and nature of Np(IV) colloids.37

4. X-Ray absorption spectroscopy
X-Ray spectroscopic absorptionmethods with the use of synchro-
tron radiation are widely used to study the nearest environment of
atoms of a microelement in aqueous and heterogeneous electro-
lyte ± solid systems.40 ± 67 Data on the structure and short-range
order of microelement compounds in a suspended adsorbed state
can be obtained by EXAFS (Extended X-Ray Absorption Fine
Structure) andXANES (X-RayAbsorptionNear Edge Structure)
methods.41

The EXAFS method provides extended data on the local
environment of an absorbing atom, namely, the type and number
of its nearest neighbours, interatomic distances in a sphere with a
radius of 5 ± 6 �A; furthermore, information on bond angles can be
obtained based on multiple diffusion of photoelectrons and on
data for near-edge absorption of several different elements in a
compound studied. The EXAFS oscillation structure originating
from diffusion of photoelectrons on atoms of the local environ-
ment is usually observed in the range of 100 ± 1000 eV above the
absorption edge.

The XANES method is used to study the electronic structures
of compounds. Using this method, one can obtain information,
e.g., about the oxidation state of the absorbing atom and on the
symmetry of its coordination sphere. An XANES structure
occupies the range from * 50 eV before the absorption edge to
100 ± 150 eV after the edge. The resonance bands generated by
electron transitions from the core level to vacant levels up to
removal of the electron from the atom (photoionisation) are
comparatively narrow; the bands after the absorption edge,
which correspond to electron transitions to quasi-bound states,
are broader.

Both methods are used to study the state of elements in bulk
samples and in surface phases that are formed due to sorption
processes involving microelements and surface sorbents, i.e., soils
and colloid particles.

If traditional instrumental methods are used to study the state
of microelements in a liquid phase (e.g., UV and IR spectro-
scopies), distinguishing individual signals corresponding to a
compound of interest from those corresponding to the support
without their chemical separation is the main difficulty.41 After
chemical separation, it is incorrect to apply data on the composi-
tion of chemical forms of a microelement to the original natural
solution or heterogeneous system.

The EXAFSmethod is devoid of such restrictions, because, as
noted above, the spectra contain information about the chemical
environment, interatomic distances and the number of the closest
neighbours of a microelement atom.41 In fact, it was noted in an
EXAFS study on the identification of the state of hardly soluble
lead compounds in soil that it was possible to decrease the
detection limit of chemical compounds (below 1073 mass%) at a
relative measurement error of 5%.41

By combining the EXAFSmethodwith free boundary electro-
phoresis, it is possible to reach sensitivity of 1075 ±
1078 mol litre71. It was shown using these methods that the
sorption of uranium by hematite at pH 4.5 is caused by partial
binding of carbonate (hydrogencarbonate) anions with uranyl
cations in monomeric carbonate uranium complexes. However, it
is dimeric complexes that are responsible for the sorption of
uranium on the surface around pH 6.5. Based on this fact, it was
concluded that the mobility of U(VI) tricarbonate complexes in
ground water is low.43

Studies on the state and sorption behaviour of actinides with
different oxidation states showed that their mobilities were con-
siderably affected by the redox potential of the solution. Foster et
al.35 and Antonio et al.44 developed a procedure to determine the
formal redox potentials of neptunium in soil and ground waters
for the Np(IV)/Np(V) and Np(IV)/Np(III) pairs and formulated
the objectives for subsequent EXAFS studies on the sorption
behaviour of neptunium complexes in natural waters. This
method was used to study the coordination environment of
Cd(II) sorbed by goethite in the presence of sulfate, oxalate and
citrate ions and anions of humic acids; it was shown that cadmium
atoms are surrounded by six oxygen atoms in the first coordina-
tion sphere and by two iron atoms in the second sphere.45 In
oxalate and citrate solutions, precipitation of a sparingly soluble
cadmium compound on goethite facets occurs. A drawback of the
latter study 45 is that the results obtained for cadmium concen-
trations of 1073 ± 1074 mol litre71 in solution were extrapolated
to the region of microconcentrations typical of soil and ground
waters.

The EXAFS method was used to obtain structural informa-
tion on the composition of cadmium, zinc and copper complexes
with organic ligands in non-aqueous solutions;46 data on the
composition and structure of chloride Cu(II) complexes at ordi-
nary and elevated temperatures in solutions simulating sodium
chloride thermal water by matrix elements are reported by
Collings et al.47 It was shown that copper chloride complexes are
not formed in the temperature range of 25 ± 75 8C at sodium
chloride concentrations in the range of 0.2 ± 2.2 mol litre71;
under hydrothermal conditions, the CuCl+ and CuCl02 species
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start to predominate as the temperature is increased from 125 to
175 8C; at chloride concentrations up to 5 mol litre71 in the
temperature range of 25 ± 75 8C, the CuClÿ3 and CuCl2ÿ4 species
predominate, but the CuCl+ and CuCl02 species start to predom-
inate again at 175 8C (due to the formation of Na7Cl ion pairs).

The EXAFS method was used to study the state of AuCl3 in
chloride solutions.48 Sherman et al.49 analysed the state of differ-
ent-valent tin chloride complexes in 0.5 ± 2.5 mol litre71 sodium
chloride solutions in the temperature range of 25 ± 250 8C. Data
on the coordination of copper, zinc and arsenic ions in sodium
hydrogensulfide solutions were reported.50, 51 Seward et al.52 ± 54

used EXAFS to determine the state of AgNO3 , CdCl2 , AgClO4

and SrCl2 in aqueous solutions. Mosselmans et al.55 studied the
coordination of molybdenum, cobalt and cadmium aqua-com-
plexes; the state of antimony and yttrium in chloride solutions was
studied in a number of works.47, 48, 56, 57 The compositions of
metal complexes (in particular divalent and tetravalent tin com-
plexes) found by EXAFS sometimes noticeably differ from the
compositions obtained by thermodynamic simulation:49 in the
chloride concentration range 0.5 ± 2.5 mol litre71 and the temper-
ature range of 25 ± 350 8C, an increase in chloride concentration
increases the numerical value of factor n in the formula SnCl2ÿnn

from 3.4 to 3.9, which suggests that the SnClÿ3 and SnCl2ÿ4
complexes predominate. If the temperature has been increased
from 250 to 350 8C, the SnCl2ÿ4 complexes are mainly present. The
SnCl2ÿ6 complex predominates in oxidising media; this implies
higher solubility of SnO2 (in comparison with that obtained by
thermodynamic calculation) in this medium and the possibility of
efficient transport of di- and tetravalent tin in hydrothermal
processes.

It is particularly efficient to use EXAFS spectroscopy in
combination with molecular dynamics methods in studies on the
polymerisation of aqua complexes in solutions, because it is
possible to register changes in the inner coordination sphere
(metal ± ligand ±metal) directly. In this way, the polymerisation
of SrCl2 in concentrated chloride solutions was confirmed
directly.52

Thismethod is efficient in studies on ion ±molecular and other
forms of elements in solutions. However, its use in ecological
studies of natural waters that have complex microelement com-
positions is presently limited by the low sensitivity and selectivity,
as well as by the necessity of preliminary withdrawal and con-
servation of samples.

The XANES method, which is being intensely developed at
present, is much more sensitive.58 ± 67 Using this method, one can
analyse the chemical bonds between atoms, oxidation states and
chemical compositions of compounds formed bymicroelements at
their solution concentrations of about 1076 mol litre71. The
theory of the method has been described in a number of publica-
tions.65 ± 67 The XANES method was used to obtain data on the
sorption behaviour of lead in soils,62, 63 the physicochemical state
of arsenic in bottom sediments,59, 60 the mechanism of Cr(VI)
reduction in natural solutions 61 and also to study the state and
sorption behaviour of separate valent forms of plutonium in the
water ± soil system.64

5. Mass spectrometric methods
The Laser Microprobe Mass Spectrometry (LMMS) and espe-
cially the Static Secondary Ion Mass Spectrometry (SSIMS)
methods are used as direct instrumental methods for determina-
tion of the physicochemical state of microelements that predom-
inantly exist in the adsorbed state. The characteristic mass spectra
of simple ions and ion clusters serve as the main source of data on
the chemical composition of compounds being studied.68

The use of LMMSmass spectrometers with Fourier transform
of the signal provides a mass resolution of 105 with a sensitivity of
about 1 ppm for separate ions.68

The instrumental potential of Secondary Ion Mass Spectro-
metry (SIMS) for chemical analysis of microquantities of inor-
ganic compounds is more versatile, since the signal results from

bombardment of the surface of a sample of interest by a primary
ion beam (e.g., Ar+, O7) with an energy of several kiloelectron-
volts. This increases considerably the intensity of the secondary
beam of ions (both positive and negative) from the sample and the
overall sensitivity of themethod. The static version of thismethod,
viz., SSIMS, employs a low-intensity beam of primary particles,
thus making it possible to study compositions of compounds with
extremely high mass numbers. The sensitivity of the SSIMS
method can range within 1021 ± 1015 atoms cm72. Time of Flight
Static Secondary Ion Mass Spectrometry (TOF SSIMS) makes it
possible to identify the molecular composition of a compound of
interest based on the set of secondary ion clusters, which is unique
for each compound.68, 69 Therefore, when analysing biological
and natural solid samples, compounds can be identified by
matching the sample composition with the secondary ion
spectrum.68

Mass spectrometricmethods are used in high-precision studies
on the molecular composition of microcomponents with concen-
trations below 1076 mol litre71. These methods are primarily
used to assess the state of adsorbed compounds. A mass spectrum
obtained by SSIMS is a superposition of spectra corresponding to
original molecular states of microelements and to their reaction
products with stable ions in the gas phase. In the LMMSmethod,
the possibility of obtaining mass spectra of molecules of interest is
based on the specific features of the signal formation. An
advantage of the LMMS method is that it provides a relatively
high spatial resolution on the sample surface (0.1 ± 10 mm); the
SSIMS method makes it possible to perform sequential in-depth
analysis of a sample at molecular resolution. Owing to the high
signal-to-noise ratio, the LMMS method provides direct (that is,
without the use of composition standards) data on the molecular
composition of samples. To obtain such data by SSIMS, one has
to compare the mass spectra of a sample in question with the mass
spectra of samples with standard compositions. Evidently, the two
methods complement each other. They can bemodified in order to
study the chemical composition of microelements in solution,
provided that the relationship between the composition of the
solid sample being analysed and the composition of the original
sample is established when the solution is being prepared for
analysis.

The problem of sample preparation for mass spectrometric
studies on the composition of complex compounds of microele-
ments in solutions is solved, to a considerable extent, by using
Electrospray Mass Spectrometry (ESMS).70 It is used for quanti-
tative determinations of metal ions in inorganic, organometallic
and complex compounds and is based on a genuine way of
generating ionic clusters.

The experimental value of the ESMS method is that electro-
spraying of a sample transfers ions and molecules existing in the
original solution to be studied to the gas phase. This occurs due to
twomain processes, viz., creation of chargedmicro-droplets of the
solution and transfer of ions of elements from the micro-droplets
to the gas phase. The original information on the chemical
composition and oxidation state of an element is preserved in
these processes. Charged micro-droplets are formed on passing a
solution of interest through a conductive capillary with an inner
diameter of* 100 mmkept under a 2 ± 4 kV voltage relative to the
counter-electrode, as a rule, the mass spectrometer sampler (the
tool for introducing a sample into the mass spectrometer). Under
an electric field gradient, separation of charges occurs in the
surface layer of electrolyte micro-droplets; as a result, it acquires
an excess positive charge leading to intense carryover of positive
ions from the surfaces of micro-droplets and evaporation of the
surface layer of the liquid meniscus in the capillary (Taylor's
cone).71 Owing to the electrophoretic motion of the liquid in the
near-surface region, the charged surface layer stretches as a thin
(1 ± 10 mm) fibre towards the sampler of the mass spectrometer,
breaks into positively charged micro-droplets and forms a cone in
a stable electrospraying mode.72
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The field of application of ESMS includes studies on molec-
ular reactions in the gas phase and formation of bioorganic and
organometallic complexes in non-aqueous solvents.70 The draw-
backs of themethod include the complexity of sample preparation
from natural objects and the necessity of maintaining reprodu-
cible instrumental conditions when mass spectra are recorded. An
advantage of the method is that information on the oxidation
states of metals (microelements) in aqueous solutions and on the
presence of mono- and polyatomic anions (nitrates, thiocyanates,
chromates, permanganates, oxohalides, various sulfur anions,
etc.) and transition metal complexes with inorganic and organic
ligands can be obtained. The limitations of the quantitative
version of this method include the dependence of the reproduci-
bility and sensitivity in the determination of clusters of microele-
ments on the solution electrical conductivity and the narrow signal
range (3 ± 4 orders of concentration). These limitations can be
eliminated by simultaneous spraying of an additional background
electrolyte solution. This will make it possible to determine the
chemical composition of microelements at concentrations
* 1078 mol litre71 (see Ref. 70).

Determination of the state of microelements by ESMS in real
natural solutions is complicated by the noise that appears in the
mass spectra. Preliminary separation of elements and their chem-
ical forms, e.g., by high-performance liquid chromatography and
other methods, is used to increase the signal-to-noise ratio.70, 73

6. Voltammetry methods
Electrochemical methods are among the most convenient instru-
mental methods for the study and determination of the ion ±
molecular state of microelements in natural aqueous solutions; of
these, Stripping Voltammetry (SV) is worth special attention.74

The main advantage of this method in studies of natural waters is
its selectivity with respect to separate chemical forms of microele-
ments and low detection limits of microelements. The relatively
low cost of analysis, the possibility of its automation and the small
size of the instruments make it possible to use the stripping
voltammetry under field conditions, in particular, in prolonged
continuous analyses and when composing distribution maps of
separate forms of microelements in seawater and fresh water as
part of above-water and underwater experiments.74 After prelimi-
nary concentration of amicroelement from the aqueous phase, the
SV method can be combined with subsequent cathodic or anodic
dissolution of the analyte accumulated on the working electrode.

The multi-element version of the accumulation methodmakes
it possible to reach detection limits of microelements in seawater
as low as 10710 ± 10712 mol litre71 (Ref. 74). Up-to-date polaro-
graphs are three-electrode systems (working electrode, auxiliary
electrode and reference electrode); a dropping mercury electrode,
a hanging mercury drop electrode or a thin rotating film mercury
electrode is used as the working electrode. In the former case,
measurements are carried out on a continuously renewed surface
of the working electrode; this is advantageous as high analysis
reproducibility is ensured. The second version is usually imple-
mented by electrodeposition of mercury on surfaces of glassy
carbon, graphite, metallic conductors (gold, iridium), graphite
fibre; this enhances the sensitivity owing to high ratios of the
working electrode surface to the solution volume.

In recent years, mercury (deposited on carbon fibre or iridium
wire) and gold microelectrodes with sizes <10 mm have become
more andmore popular. They are characterised by amuchweaker
effect of capacitance current and an increased signal-to-noise
ratio; these electrodes allow microelement concentrations
<10710 mol litre71 to be determined owing to an improved
efficiency of deposition on the working electrode and the suppres-
sion of diffusion effects.

Stripping voltammetry with anodic polarisation (Anodic
Stripping Voltammetry, ASV) is used successfully to analyse
relatively high (due to adverse effects of overlapping of signals
from interfering elements) concentrations of copper, cadmium,
lead, zinc and thallium in seawater.74 It is recommended to

increase the negative potential in the metal deposition stage so as
to make it 0.3 ± 0.4 V higher than the reduction potential. After
accumulation of a microelement of interest as an amalgam in the
reduction stage, subsequent anodic polarisation of the working
microelectrode results in oxidation of the reduced form of the
microelement, thus providing both quantitative and qualitative
information (as the oxidation potential is a specific characteristic
of an element) about the metal on the electrode. The method
requires additional analytical operations, viz., calibration and
standardisation of measurements.

The SV version with cathodic polarisation and adsorption of
the sample (Adsorptive Cathodic Stripping Voltammetry,
AdCSV) is a more sensitive method used as an alternative to
traditional inversion voltammetry. The sensitivity is increased by
introducing a specific ligand into a solution. The role of the ligand
is to form a relatively stable complex ion with the microelement
being determined which can be adsorbed on the working electrode
surface at constant potential and then be involved in the reduction
process. The reduction is generally carried out with linear sweep of
the signal amplitude; if the discharge electrochemical stage is
reversible, a square high-frequency AC component is applied.
This suppresses the interfering capacitance currents, slows down
the competing step of adsorbed oxygen reduction and shortens the
analysis duration. The techniques described above create
conditions for reaching very low detection limits of metals
(10712 mol litre71 for cobalt, platinum, titanium) in seawater.74

The high sensitivity for trace amounts of compounds makes
SV a convenient method to study forms of existence of microele-
ments in aqueous solutions. For example, the concentrations of
many transition metals (cobalt, copper, iron, zinc) in natural
water (river, lake, seawater) are generally extremely low but they
can considerably affect biochemical processes involving hydro-
bionts.75 ± 77 Simple aqua ions are the most bioactive and toxic
forms as they easily penetrate cell membranes of phytoplankton
and algae. Complexes with organic ligands (humic and fulvic
acids, ethylenediaminetetraacetic acid, etc.) are devoid of this
ability, and the susceptibility of micro-organisms to these metals
decreases if such ligands are present in aqueous solutions.

In studies on exchange processes, the SV method is one of the
few instrumental methods that make it possible to determine the
valence of microelements in solutions, as well as the fractions of
separate microelements in the free form and as organic complexes
at concentrations around 1079 mol litre71 in natural water (see
Refs 78 ± 92). For example, it was shown using the AdCSV
method that the natural state of Cr(VI) in Mediterranean Sea
water matches the data from thermodynamic calculations of the
concentration of the most stable form of chromium, CrO2ÿ

4 , in an
oxygen-saturated solution. However, determination of the overall
chromium content in seawater after decomposing its organic
complexes by UV irradiation and sorption separation of Cr(III)
showed that it contains tri- and hexavalent chromium ions
(Fig. 3). The presence of trivalent chromium is explained by the
photochemical reduction of theCrO2ÿ

4 ions in the seawater surface
layer.79

The ratio of free metal forms to those bound in complexes can
be found using the ASV and AdCSV methods. The equilibrium
concentrations of an aqua ion and its labile complexes with
inorganic and organic ligands are determined using the ASV
method. The AdCSV method is used to establish the chemical
nature of organic ligands. To do so, it is necessary to provide
conditions for competitive complexation of an added ligand (with
a known complexation scheme) and natural ligands in a solution
of interest. Based on results of concentration measurements for
the free and bound forms of a microelement, the concentration
complexation constant with natural ligands is calculated. The true
compositions of organic (primarily bioorganic) complexes of the
majority of microelements in seawater and fresh water are
unknown; algae and products of phytoplankton biodegradation
are believed to be the main sources of organic ligands.74 For
example, it was found by means of SV that over 99% of dissolved
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iron is bound with organic ligands and is characterised by an
arbitrary complexation constant of * 1018. Using SV combined
with direct determination of microelement concentrations and
preliminary filtration-based fractionation, it is possible to deter-
mine the ratio of ion ±molecular and colloidal forms of a metal of
interest.

III. Hyphenated methods

At present, studies on the physicochemical state of microelements
in solutions combining techniques for separation of individual
microelement forms with high-sensitivity instrumental methods
for detection of separated microelements have become one of the
leading directions.7, 9, 93 ± 102 In favour of this is the appearance of
high-sensitivity instruments for electrochemical, emission and
mass spectrometric analyses.

1. Chromatographic methods
Numerous procedures have been developed based on chromato-
graphic methods including a procedure for the determination of
hexavalent chromium and tungsten by extractive isolation of their
ternary complexes with rutin (quercetin-3b-rutinoside) in the
presence of cetyltrimethylammonium and procedures for deter-
mination of the valence and chemical composition of molecular
and cationic complexes of tri- and pentavalent arsenic (mono- and
dimethylarsonium, arsenobetaine and some other arsenic com-
pounds), organic and inorganic derivatives of tetra- and hexava-
lent selenium, divalent lead and mercury, di- and tetravalent tin,
tri- and hexavalent chromium.103 The multistage separation and
independent determination of the forms of state of these micro-
elements in aqueous media are carried out by automated control
of the chromatographic process, using standard samples of the
states and compositions of microcomponents in the medium of
interest or in some other similar medium. The sensitivity of
hyphenated methods with respect to separate chemical forms can
reach 10.0 ± 0.01 mg litre71 for media in which the chemical
compositions of the complexes to be analysed are known
beforehand.

In their review, Vanhaecke and Moens 94 analysed works
published in the past decade and dealing with chromatographic
methods with mass spectrometric detection for the determination
of the chemical composition of microelements in natural objects.
Of these, column separation with reversed phases, ion-exchange
sorption, ion pair sorption and gel filtration are the most popular
methods. The latter method can be used to determine simulta-

neously the behaviour and degree of complexation ofmetal ions in
natural waters in the presence of dissolved organic compounds.
This is achieved by combining gel filtration and mass spectrom-
etry with simultaneous determination of the total carbon content
(e.g., by UV spectroscopy) in the fractions eluted from a chroma-
tographic column.94

Today, the analytical instrumentation market offers trans-
portable toolkits for the analysis of the chemical state of separate
microelements. A toolkit comprises a microcolumn of specific
type for high-performance liquid chromatography (HPLC) com-
bined with a mass spectrometer; this allows one to determine the
concentration of separate valence forms of such microelements as
chromium, selenium and arsenic.

Hyphenated methods based on chromatography are begin-
ning to compete with traditional radiochemical methods for the
analysis of the isotopic and elemental composition conventionally
used in technologies of processing and burial of spent nuclear fuel.
Using the methods considered here, one can determine the forms
of migration of both radionuclides corresponding to the middle of
the Periodic System (s-, p-, d- and f-elements) and trans-actinide
elements.104 ± 110 The possibility of using inductively coupled
plasmamass spectrometry and thermal-ionisationmass spectrom-
etry was shown: preliminary HPLC separation of ionic complexes
of uranium, americium, and curium is followed by determination
of the 241Am/238U and 244Cm/238U isotope ratios in separate
chemically pure fractions with the use of the double isotope
dilution method.111 The chemical separation of uranium and
plutonium was performed in an anion-exchange column; that of
americium and curium, by HPLC (stationary phase, Nucleosil
SA; 0.14 M 2-hydroxy-2-methylbutyric acid, pH 4.1 as the eluent).
The use of the hyphenated method provides a relative determi-
nation error of 2.5% in the isotope ratio range from 1 to 0.001.

Hyphenated methods are generally used with standard
samples of states of the microelements studied (e.g., alkyl deriva-
tives of tin, mercury and arsenic). Their kinetic inertness makes it
possible to neglect the effects of foreign components, that is,
potential ligands and competing complexing agents, when an
aliquot of the standard is added to the solution under study.112

An example of the use of hyphenatedmethods for determining
the states of labile organic and inorganic metal complexes is given
by Pesavento et al.113 who studied the formation of manganese,
nickel, cadmium, and copper complexes with ligands of unknown
composition. The Chelex-100 chelating resin with iminodiacetate
groups was used as a selective ion exchanger. The state of ions of
these elements in seawater (samples from Ligurian Sea, Italy) was
determined by ion-exchange titration of the solution with a
selective ion-exchange resin under static conditions. Based on the
results of titration, the content of the elements sorbed by the ion-
exchange resin was determined from the ratio of the volumes of
the solution and the resin. The total concentrations of an element
in a system with standard composition and in a natural system
being studied, as well as the coefficient of side reactions were
found from experimental data using the Schubert method. The
agreement between the results of measurements served as a
criterion that the degree of complexing of a microelement with
ligands of unknown nature in seawater was determined correctly.
Seawater was initially purified from suspended matter and (par-
tially) from colloidal particles. Therefore, one can characterise the
ratios of simple and complex ions of manganese, nickel, cadmium
and copper in seawater, but not the composition and nature of
these complexes, based on information obtained. Pesavento et
al.114 also studied the physicochemical state of aluminium in
potable water by ion exchange titration and found that very stable
aluminium complexes with complicated composition were present
at pH 6± 7 in addition to aquahydroxo complexes.

The application of chromatography-based hyphenated meth-
ods makes it possible to carry out detailed studies on the state of
microelements, identify their oxidation states and determine their
environment in both simulated and natural aqueous sys-
tems.114 ± 117
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Figure 3. Concentration profiles of Cr(III) (1), Cr(VI) (2) and total

chromium (3) at different depths of the western part of the Mediterranean

Sea determined by AdCSV.55
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2. Electrophoresis
Methods for the determination of the state of stable and radio-
active microelements based on the analysis of electrophoretic
mobilities of ions and colloidal particles in a free electrolyte and
in a porous medium have been used for a long time. Both
theoretical and methodical approaches have been developed for
these methods.7, 9, 95, 96 The application of such methods has
broadened considerably over the past decade. Instruments based
on the principle of capillary electrophoresis are now commercially
available.118 ± 121 These instruments are successfully used in radio-
chemistry and in ecological and biochemical studies in order to
determine the charges of individual ions, oxoanions, as well as
inorganic and organic metal complexes.119 ± 121

Separation by capillary electrophoresis is based on differences
in the migration of ions of microelements along a capillary filled
with a solution of an electrolyte. The capillary diameter is close to
the thickness of the dense part of the double electric layer at the
capillary walls; therefore, the resulting mobility of ions in the
capillary is concurrently affected by the electrophoretic and
electroosmotic flows of the electrolyte.

Two versions of capillary electrophoresis are used, viz., zone
electrophoresis in free electrolyte and electrokinetic micellar
chromatography. The first version is used to separate individual
chemical forms of a microelement in ordinary solutions. In this
case, separation depends primarily on the ratio of the charge of a
solvated ion to the size of its solvate shell. The second variant is
intended for separation of microelements in micellar (colloidal)
solutions; its efficiency is mainly determined by the micelle charge
and the mechanisms of distribution of the molecular forms of the
microelement between the electrolyte and micelles.120 Capillary
electrophoresis is particularly efficient if the element being deter-
mined is present as both charged complexes and colloidal par-
ticles. As in the case of free boundary electrophoresis, the
efficiency of separation of individual microelement forms is
strongly affected by kinetic factors of the reaction of the com-
plex-forming ion with the ligands.112, 119, 120

A number of publications are available 119 ± 122 on the results
of separations and determinations of metals in various oxidation
states by combined methods based on capillary electrophoresis on
quartz glass microcolumns. For example, the following elements
were separated and determined: selenium, arsenic, tin, mercury,
chromium, iron, platinum and vanadium; trivalent iridium, euro-
pium, cadmium and tetravalent rhodium, Al3+7F7 complexes,
divalent zinc, di- and trivalent cobalt and a number of their alkyl
derivatives, amino, cyano, chloro, and acetate complexes, both in
artificial solutions and in river water, seawater and rainwater, as
well as in soil extracts, liquid radioactive waste and biological
environments. The following issues were noted: insufficient sensi-
tivity of detecting instruments, necessity of using spectral detec-
tionmethods, improvement of samplingmethods andmethods for
preparation of media for sampling, improvement of procedures
for checking the quality of analytical data obtained, and creating a
base of standard samples of particular microelements and media
in various states.

3. Filtration methods
In the past decade, there has been an increasing number of studies
on the role of the colloid-dispersed state of microelements in their
migration in water.123 ± 153 The usual method of studying the
colloidal state of microelements employs the principle of ultra-
filtration. Chemically inert filteringmaterials with pore size froma
few nanometres to tens of nanometres have been developed.
Filtrating devices using both ordinary frontal filtration and
cross-flow filtration (CFF) are now commercially available.
Owing to the more favourable flow dynamics, the latter variant
provides considerable advantages in studies on the size of colloidal
particles, their charge and chemical nature.130 ± 140

The CFF principle involves the separation of colloidal
particles with a volume concentration cB on a membrane filter
surface.138 The movement of the incoming colloidal solution

occurs laterally with respect to the porous membrane surface,
while the filtration occurs tangentially with respect to the wall due
to the hydrostatic pressure gradient, which appears in the near-
the-wall liquid film because of the concentration polarisation, and
a change in the penetrating filtration flow (J ). The J value depends
on the concentration parameters of a colloid solution by the
relationship

J= kln

�
cw ÿ cp
cB ÿ cp

�
, (2)

where k is themass-transfer coefficient determined experimentally
or from empirical hydrodynamic relationships; cw is the concen-
tration of colloidal particles near the wall; and cp is the concen-
tration in the flow that has passed through the membrane. The
initial flow of a liquid being analysed is divided into two flows
during cross-flow filtration: the penetrated and delayed flows. It is
the ratio of concentrations in these flows that carries information
about the content of the colloid fraction, for which the rejected
particle size is equivalent to the membrane pore diameter, in the
original flow.138

A comparison of cellulose- (Millipore Pre-scale CFF) and
polysulfone-based (Amicon CFF) commercial filters in the cross-
flow filtration mode 139 showed their similar efficiencies: both
filter types retain up to 91% of colloidal particles with rejected
sizes shown in the filter passports. The major fraction of standard
colloidal dextrin solution with a nominal molecular mass of 3000
is removed fromwater by filters with a rejectingmass of 1 kDa; up
to 30% of colloidal dextrin particles are lost in the case of
polysulfone-based membranes owing to the sorption in the filter
material. Losses of protein colloids (in particular, lactalbumin)
are considerable on both filters. The content of colloidal particles
of organic carbon introduced in seawater as a standard is
determined without a systematic error. However, when seawater
is analysed using cross-flow filtration, `breakthrough' of some
fractions of both low- and high-molecular fractions is
observed.140, 141

For example, in a study of organo-inorganic colloids of 230Th
and 234Th in seawater by ultrafiltration it was found that physical
separation of the ionic and colloidal fractions of thorium on
membrane filters with rejecting mass <10 kDa is accompanied
by adsorption of micro-quantities of thorium and mechanical
interaction with the membrane material (polysulfone, polypropy-
lene, etc.).140 The adsorption losses increase with a decrease in the
organic carbon concentration; they cannot be suppressed by acid
treatment of the membranes. In total, the changes in the fraction
of the colloidal fraction of 234Th coincide with the changes in the
concentration of the colloidal fraction of organic carbon with
molecular masses >10 kDa.

Using frontal or cross-ultrafiltration in combination with
monitoring the sizes and charges of particles by dynamic light
scattering methods (laser photon-correlation spectroscopy) and
Doppler electrophoresis, it is possible to determine not only the
usual characteristics of colloids but also their acid ± base proper-
ties. These methods were employed 130 to show the possibility of
transferring natural colloidal particles from an estuary (river ± sea
hydrochemical border) to an electrolyte solution followed by
determination of the acid ± base properties of the colloids that
have been concentrated. Furthermore, a conclusion about the
nature of an organic colloidal compound in river water was
drawn, and the range of organic colloid sizes (2 ± 3000 nm) in the
electrolyte solution after filtration concentrating was determined.
It was found that the particle size increases with time and
decreases with an increase in pH of the electrolyte. The acid ± base
properties of freshly prepared concentrates of a natural organic
colloid differ from the acid ± base properties of humic acids. This
fact was explained 130 by possible formation of organo-mineral
colloids involving large particles of colloidal iron hydroxide.

Sorption of humic acids on the surface of boehmite
(g-AlOOH) particles involves a similar interaction mechanism of
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colloidal particles: anion exchange of ligands occurs in the initial
stage; after that, the organic acid undergoes condensation on the
hydroxide surface as its concentration increases.142 The ion-
exchange mechanism of interaction of organic and inorganic
colloids is considered as a complex variety of the metal ± ligand
coordination interaction 143 characteristic of microcomponents
with high hydrolysis constants (in particular, for high-charged
ions of transition metals and actinides).131, 144, 145 In radiochemis-
try, such interaction occurs during the heteronucleation of col-
loids present in trace amounts.9

The real picture of stepwise colloidal interactions in natural
aqueous systems is complicated by the fact that colloids of
inorganic hydroxides of the majority of transition metals present
in trace amounts are nano-sized particles,107 ± 114 migration of
which in natural waters increases considerably in the presence of
humic acids. The migration of microelements mainly occurs by
this mechanism.123, 124, 131, 146

The discreteness of fractional analysis of the colloidal state of
microelements in frontal and cross-ultrafiltration methods does
not allow the size distribution of colloid particles to be estimated
and hence prevents a comprehensive explanation of the effects of
size on the physicochemical state and migration. The drawbacks
of filtration methods also include poor resolution of particles
according to size and frequent fouling of filter pores.

These drawbacks are eliminated in a hyphenated method
uniting sedimentation separation of colloids in a centrifugal field
with mass spectrometric detection of the elemental compositions
of separate colloidal fractions in the stream (Sedimentation Field-
Flow Fractionation, SdFFF).128, 147 ± 153 According to this
method, the capillary with the colloid solution of interest is
simultaneously affected by a tangential centrifugal field and a
longitudinal axiosymmetrical pressure field. The effect of these
fields on the flow results in separation of particles into fractions,
which are successively eluted from the capillary. The concentra-
tion of colloidal particles in the eluate is determined by inductively
coupled plasma mass spectrometry or by UV spectroscopy. The
method makes it possible to concentrate colloidal fractions. The
eluate fractions can be passed for a more thorough study of the
composition of colloidal particles by scanning tunnelling micro-
scopy, X-ray diffraction analysis and X-ray fluorescence spectro-
scopy.128, 148 ± 153 Based on SdFFF data, one can plot a differential
curve of distribution of colloidal particles against eluate fractions
(volumes) or elution time, and then according to the diameters of
spherically similar particles with concentrations<100 mg litre71.
By comparing distribution curves for organic carbon and separate
elements, particles are identified as true colloids or pseudo-
colloids (of organic ormineral nature). Thismethod is particularly
efficient in studies of the state of colloidal forms ofmicroelements.

* * *

By now, studies of physicochemical states of microelements in
aqueousmedia have become an independent scientific direction of
interdisciplinary type that combines problems and methods of
analytical and physical chemistry of ultra-dilute solutions, radio-
chemical and geochemical analysis of the ion ±molecular and
phase analysis of compounds. It is obvious that the instrumental
base is growing rapidly, and ample new information is therefore
appearing about the chemical, phase and dispersion composition
and reactivity of separate forms of stable microelements both in
natural systems and their geochemical combinations.

This study was financially supported by the Russian Founda-
tion for Basic Research (Project No. 01-03-33177).
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