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Abstract
The urgency of developing an express method for controlling uranium compounds in natural waters is established. Methods for determining uranium in environmental objects are considered and the inability to use them for express controlling of natural waters directly at the site of an accident is emphasized. The analysis of literature sources indicating the presence of associated states in water has been carried out. It is pointed out that in the presence of variable valence metals in aqueous solutions, conditions arise for phase reconstruction in associated states of water, where there is a local change in the dielectric and chemical parameters accompanied by the generation of reactive oxygen species. At the same time, the analysis of known methods of photochemical, radiation-chemical and catalytic generation of oxygen radical forms shows their endothermic character, and the reaction of direct oxidation of water is extremely difficult because of the high energy barrier and high activation energy of this reaction. The task for carrying out a research to develop an express method for controlling uranyls in water is outlined.
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The current requirements for the environmental and radiation safety of the facilities, that are a part of the nuclear fuel cycle, make it necessary to pay increased attention to controlling migration and leaks of highly toxic uranium compounds. In case of emergency situations at such facilities, there is a high probability of contamination of the environment by radioactive elements. Taking into account high migration capacity of uranium and its compounds, which are highly toxic, the possibility of their accumulation in soils, bottom and silt sediments, it is necessary to create express methods to control the propagation of these compounds in natural waters.
In recent years, a sufficient number of highly sensitive devices have been designed that allow monitoring of α-active radionuclides in environmental objects. However, the existing instrumentation does not allow quantitative determination of uranium at the contamination site, and existing methods of analysis are complex and time-consuming. In addition, during the transport period the analyzed sample can undergo changes in the chemical composition due to adsorption and redox processes.
As is known, peroxide compounds can be formed in water under the influence of ionizing radiations and the amount of peroxide generated is proportional to the content of radionuclides. To determine quantity of oxygen compounds formed in aqueous solutions, a highly sensitive analyzer of liquid samples "LIK" type [1] was created, which allows quantifying these compounds at the site of analysis with sufficient sensitivity and specificity for a time interval of not more than 5 minutes.
A number of literature sources studying water properties have shown that water is a two-phase system consisting of volumetric and associated (bound) water. At the moment of transition from one phase to another, the system becomes unstable and oxygen active forms are generated in the water. By their concentration, it is possible to determine the presence of variable valence metal compounds, including uranium, in the investigated solutions.
The results of researches indicating the processes of cooperative behavior, caused by special electrophysical properties of coupled structures of colloids bound water are presented in the book [2].
The presence of cooperative processes in aqueous solutions indicates that, depending on the environmental conditions, the phase state of the water system changes, and accordingly the process of self-induction of peroxide forms that is not caused by direct action of ionizing radiation or by the presence of high-energy reactions of direct reduction of oxygen from water occurs. Therefore, when searching for a method for controlling uranyls in natural waters, the existence of cooperative behavior in water systems should be taken into account.
To determine low concentrations of uranium in natural waters the extraction-luminescence and photometric methods are most often used [3-6].
The extraction-luminescent method for determining uranium salts in natural waters is based on the initial extraction of uranium by diisoamyl ester of methylphosphonic acid in hydrogenated kerosene and subsequent determination of the extract by the luminescence method. The photometric method is based on the separation and concentration of uranium on the precipitate of crystal-violet rhodanide, followed by its interaction with arsenazo (III).
These methods perform an express determination of small concentrations of uranium compounds in solutions after their purification from impurity compounds. A significant drawback of these methods is that they cannot be used in the field due to hardware and methodological complexity.
To determine the microquantities of uranium (up to 10–16 g / l), various types of activation analysis have been widely used in recent years, and especially the method of nuclear tracks [7].
The authors of the study [8] describe a method for analyzing natural waters for the content of uranium compounds using an activation method. The water sample to be tested is evaporated under an infrared lamp, then placed in quartz ampoules and irradiated with a neutron flux of about 3 · 1013 neutrons / (cm2 · s). After irradiation, the sample is subjected to chemical treatment to determine (n, γ) radiation products, which are measured and compared with the standard. The minimum threshold of determination of uranium by this method is about 2 · 10–9 g / l. This method allows to determine uranium and thorium in the presence of 239Np and 233Pa. However, chemical sample preparation for determining protactinium and neptunium is rather complex, as noted in the study [9], in which the method of direct counting of fission tracks in an optical microscope is recommended for the identification of uranium.
Analysis of the current methods for determining uranium compounds in natural waters shows that they are quite complex and do not allow express controlling of radioactive contamination in a short time. However, in most cases, especially in case of accidents and technological emissions, there is a need to determine “in situ” the state of contamination of environmental objects with uranyls for the purpose of prompt decision-making on localization, elimination of consequences, and prevention of further spread of radionuclides to significant areas. To solve these problems, it is expedient to use highly sensitive, express methods for determining uranium compounds in the environment, allowing for environmental monitoring directly at the site of the accident.
It is known from the literature [10,11] that when water and aqueous solutions are strongly influenced by ionizing radiation , hydrogen peroxide is formed. The radio-chemical process of peroxide compounds generation competes with the process of catalytic reactive oxygen species (ROS) generation with variable valence metal ions, so their competing capabilities need to be studied when developing a method for express controlling of uranium compounds in natural waters by self-induction of peroxide compounds.
As is known, uranium belongs to variable valence metals. In aqueous solutions, the most stable forms of this element are six- and four-valence ions. The tetravalent form of uranium exists in the reduced form, and in the oxidized form it is in the hexavalent form. In natural waters with a neutral or slightly acid medium (pH = 6.5 ... 7.0) saturated with oxygen, uranium is in the form of a uranyl ion (UO22+). The latter is able to form complex compounds with anions of various acids, which are highly soluble in water. Acidification of water to pH = 5.0 ... 6.5 leads to the destruction of carbonate complexes and the formation of colloids of uranyl hydroxide. Increased water hardness promotes the formation of insoluble uranyl salts of the type of urantholite, bailite, etc.
Uranyl salts can react with organic compounds (for example, with humic acids) found in natural waters forming uranium-organic compounds. Consequently, the predominance of a particular form of uranium in an aqueous medium will be determined mainly by its hydrochemical composition, the amount and nature of the solid suspension, the redox potential and the acidity index of the medium [12].
The most stable water-soluble uranyl compounds in water exist at pH = 2.0 ... 4.2. Under these conditions, uranium salts are not subjected to hydrolysis and have the lowest sorption activity with respect to suspended impurity particles. An analysis of the physico-chemical behavior of uranium in aqueous media shows that it is methodically more efficient to conduct the express controlling of natural waters for the presence of uranyl salts in strongly acidic media (pH = 2.0 ... 4.2), in which the main amount of uranium is in dissolved unhydrolyzed state.
In recent years, the literature has shown that water has a heterogeneous composition, in which its associated (bound) state [2], formed by special two-dimensional structures of allotropic forms of ice, acts as a solid phase.
The data on the association of water molecules in water-salt and aqueous-organic solutions are given in the article [13]. The research has established that in salt solutions ions of a dissolved substance are on the surface of bound states of water. This suggests that the ion transitions of uranium in an aqueous medium are caused by a phase transformation in the associated states of water. At the same time within the phase transition there is a local change in the dielectric and electrochemical parameters that can affect the solvent-associated water, causing the decay of the bound state. These processes should be accompanied by the generation of ROS in the solution and lead to an increase in the content of the perhydroxyl ionic radical НО2–(*).
According to the data of the study [14], in the spectrum with the fine structure of UO22+ (Fig.1), in addition to the main absorption band (maximum ~ 410 nm), there are a number of extrema associated with the transition of uranium from one ionic form to another, that is caused by electronic transitions between individual energy levels. The potentials of uranium transitions of one ionic form to another in acidic media are shown in Fig. 2.  In our opinion, a change in the energy parameters of the medium at the points of phase transitions of uranium ions leads to the transformation of one ionic form into another due to restructuring in the water associates; as a result of this process, reactive oxygen species are generated in the aqueous medium. In aqueous solutions of uranium, there should be a sharp increase in the concentration of free radicals and ion radicals associated with second-order phase transitions in the solutions under study (by rearrangement of surface stabilizing layers of water associates).
Consequently, the formation of the phase states of uranium in water is affected by the change in the hydrogen index and the redox potential of the medium, the fluctuation of the ionic strength in the aqueous medium. At the points of the phase transition, as follows from the fine structure of the UO22+ spectrum, a sharp (nonlinear) change in the physicochemical parameters of the aqueous medium occurs, which leads to a change in the content of the reactive oxygen species in the water.
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Fig. 1. Fine structure of the optical absorption spectrum
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Fig. 2. Standard recovery potentials of uranium ions
in acid (pH = 0) aqueous solutions (values in volts relative to
standard hydrogen electrode)

It is known [15-17] that in water solutions under the influence of various factors, the processes of generation of ROS occur with their subsequent disproportionation into hydrogen peroxide. At the same time, in aqueous medium, the generation of oxygen forms of radicals is carried out via three main processes: photochemical, radiation-chemical and catalytic.
The photochemical process of generation of free radicals in water occurs when the solar radiation is absorbed by the aqueous medium, that leads to the excitation of water molecules, which then initiate secondary reactions of formation of ion radicals (О2(*), НО2(*)), free radicals (Н*, ОН*, О*)  and molecules (Н2, Н2О2). The speed and nature of photochemical reactions depends on the wavelength of the radiation.
The radiation-chemical process for generation of hydrogen peroxide is associated with the transfer of energy of ionizing radiation to water molecules. As well as in photochemical processes, as a result of radiolysis of water due to the excitation of a molecule in the medium, radicals are formed, leading to the formation of ion pairs of electrons and ions, which then generate new free radicals and atoms. Radiochemical processes are characterized by the total amount of absorbed energy. The initial processes occurring under the action of ionizing radiation lead to the simultaneous formation of charged and uncharged particles (free radicals and ion radicals).
The formation of hydrogen peroxide via catalytic process is carried out with the participation of variable valence metal ions. An example of catalytic processes in an aqueous medium can be the initiation of superoxide ion radicals О2-(*) when copper ions are present in it in the presence of organic ligands [15]. At this, water molecules, undergoing disproportionation on variable valence metal ions, lead to the formation of oxygen molecules and hydrogen peroxide.
Analysis of the known methods of formation of oxygen radical forms in aqueous systems shows that they have an endothermic character, and the reaction of direct oxidation of water with dissolved oxygen is extremely difficult due to the high energy barrier (Q = -47 kcal/mol) and high activation energy of this reaction (Еа  50 kcal/mol) [18]. 
A number of works have been published considering possible generation in water of a superoxide ion radical (О2*-) and a hydroxyl radical (ОН*), which are formed not according to previously known hydrogen peroxide generation processes. So, in 1989 the authors of the studies [19,20] put forward a hypothesis about the possibility of dissociation of water in the liquid phase under the influence of mechanical energy with a low specific density. In this case, mechanical deformation of the water structure (shear, stretching) leads to its subsequent reactions between the formed radicals. It can be assumed that the dissociation of water during mechanical influence is a consequence of the collective effects of water associates restructuring, just as it occurs in the mechanochemistry of polymers and their solutions.
The same authors [21] carried out researches of the influence of low-intensity acoustic fields and microwave radiation on water. As a result of the research it was shown that the formation of hydrogen peroxide and reactive oxygen species under the influence of sound vibrations on water occurs in a before-cavitation mode. When water was irradiated with an electromagnetic field at 2.5 GHz and 10 GHz frequencies, bursts of H2O2 concentration were determineed, that indicates the dissociation of water under the influence of an electromagnetic wave with the formation of Н* and ОН* radicals due to the absorption of microwave radiation by the aqueous medium.
It was shown in the study [22] that the formation of H2O2 also occurs efficiently in bidistilled water saturated with air when the medium acidity changes. Thus, an increase in pH leads to an increase in the concentration of hydrogen peroxide in water, that, according to the authors, is due to the formation of H2O2 molecules not from dissolved oxygen molecules, but from hydroxyl ions through hydroxyl radicals, the dismutation of which leads to the formation of H2O2.
Schematically, the mechanism of hydrogen peroxide formation under the influence of heat is presented in Fig. 3. The authors also report that in the spontaneous dismutation reaction О2(*) oxygen is formed in the electronically excited singlet state, which contributes to the development of the chain process of hydrogen peroxide formation by the addition of a hydrated electron to the Н2О2 molecule with the formation of a superoxide anion radical.
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Fig. 3. Scheme of the reaction set occurring in
the formation of Н2О2 under the influence of heat  

The kinetics of the formation of Н2О2 in pure water has a quasi- oscillatory character, which is related to the decomposition mechanism of Н2О2 under certain conditions: 
Н2О2 + еaq  ОН* + ОН,
Н2О2 + ОН*  НО2* + Н2О,	
Н2О2 + НО2*  ОН* + Н2О + О2.
Thus, it was shown experimentally in the study [20] that all the main types of reactive oxygen species : 1О2, О2(*),  НО2*, Н2О2 and ОН* are formed in the air saturated water under the influence of heat.  In the opinion of the authors, this suggests that in radiolysis of water the same forms of radical formations can be formed as are formed as a result of heat exposure.  At the same time, as a result of ionizing radiation influence in an aqueous medium, the formation of a hydrated electron, atomic and molecular hydrogen is possible by the reactions:
еaq + Н+  Н,
2Н  Н2.
However, this approach is problematic, since it does not answer the question: from where in the one-act interaction of radiation with single molecules there are high values of the quantum-trapped energy that thermal energy does not possess. On the other hand, there is an alternative approach to investigating the mechanism of hydrogen peroxide generation, associated with the cooperative behavior of a set of ions having conjugated bonds with associated water structures and characteristic unipolar charges [2].
The presence of structure formation in aqueous systems is confirmed also in the work [13], in which the electrical conductivity of dilute solutions of inorganic compounds (NaCl and KCl) and organic ones containing amino acids was studied. The authors have shown that the spectrum of the water itself lies at the basis of the formation of the frequency spectrum of the compound aqueous solution. In this case, depending on the compound introduced into it, there are oscillation peaks in different frequency regions (low concentrations). An increase in the substance content in the sample causes both an increase in the main oscillation peaks and the appearance of new peaks, which is due to the presence of impurities in the main compound. At the same time, the introduction of another substance into the compound aqueous solution leads to a shift of the oscillation peaks of the main compound into a higher frequency region. That is, the appearance of a new compound in water, as it were, "occupies its own niche in solution", displacing (or compressing) the compounds existing in it, creating narrower frequency regions for them (Fig. 4).
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Fig. 4. Frequency spectra of electrical conductivity oscillations of
dilute NaCl and KCl solutions 


In the studies [2.23], the authors have proposed a cluster model of water based on nematically bound water states (ion-crystal associates). According to this theory, between the nematic part and the surface layer of the associate, there is a structured liquid with flat domains of cubic or tetragonal ice, stabilized by the structural pressure of the adsorbed liquid.
According to the study [2], associates belonging to different phases of the crystalline state of water differ in their dielectric characteristics, and their van der Waals interaction appears as an attraction for spectrally similar molecules of a substance introduced into a liquid. In turn, the presence of attractive forces for protonoacceptor substances in a positive polarity associate and proton-donor properties - in a negative polarity associate creates conditions for directed diffusion of substances in accordance with the sign of their long-range interaction.
Proceeding from this, the permitted diffusion directions of substances in the polar liquid are the directions to the central part of the nematic and along the boundaries of the associate's nematic. By means of long-range forces in the system, a non-uniform distribution of the substances dissolved in the liquid is constantly established. In this case, the structured layers containing the crystalline phase behave as adsorption centers, creating an excessive saturation of the relatively free liquid by the dissolving substances.
Introduction to structured layers of substances of a different nature, compared with water molecules, is accompanied by changes in the potentials of intermolecular interaction, which causes changes in the parameters of long-range interaction, and, consequently, thermodynamic and structural equilibrium. So, with the introduction of strong electrolytes, the structurization greatly decreases, and when surfactants are added to the water, on the contrary, increases. The appearance of uranium compounds in water leads, as well as when adding surface active agents (surfactants), to an increase in its structurability. At the same time, their presence in the aqueous medium, as well as variable valence metals, causes a change in the physicochemical characteristics of the associate media, and in its turn facilitates their reorganization and enhancement of the process of generation of reactive oxygen species in water. 
Thus, the associated states in water and aqueous solutions have special electrophysical properties. In a number of studies [2.24] it is assumed that the processes of charge exchange of ions both in the associate itself and among associates are realized by means of electron tunneling, which is of a cooperative nature. This means that the exchange of electrons between macroscopic structures of associates can be regarded as a transfer of magnetic energy.
Thereby, the analysis of possible mechanisms of generation of reactive oxygen species in water shows that the existing classical concepts based on direct chemical formations (photochemical, radiation-chemical and catalytic processes for generating radicals) do not take into account the possibility of radical forms generation due to phase transformation of associated water. However, as follows from the stated above, the formation of reactive oxygen species under the influence of changing external physical fields in a number of cases leads to an increase in the degree of their generation  in the aqueous medium. In this case, the concentration of reactive oxygen species arising as a result of phase rearrangement of associates exceeds many times the values ​​of the content of radical forms obtained by classical chemical mechanisms of generation. Therefore, in order to evaluate the influence of structural and physical instabilities of medium associates on self-induction of reactive oxygen species, it is necessary to study the mechanism of this process in order to identify the most informative parameters indicating the presence of uranium compounds in the medium. 
Thus, water is a complex system of "associated" and "unassociated" ("free") water, while the associated state of water can have properties of Type II superconductors. In water by exchange interactions of Cooper pairs and subsequent chemical transformations of normal electrons, the energy of external low-intensity electromagnetic fields is converted into the energy of reactive oxygen species and vice versa. The introduction of various compounds into aqueous solutions can lead either to catalysis or to inhibition of the processes of reactive oxygen species generation in water, which is associated with structural rearrangements of associates. The change in the concentration of ROS in water at the points of phase transformations indicates the presence in water of impurities in the form of metals of variable valence, including uranium.
Statement of the research tasks: 
1. The establishment of  dependence of ROS generation, first of all on stable perhydroxyl ion radicals НО2(*), in the vicinity of the points of phase transition of ionic forms of variable valence metals in weakly mineralized aqueous solutions when the physical and chemical parameters of the system change.
2. The investigation of the processes of ROS generation in water in physical fields of low intensity in the presence of ions of variable valence metal salts to estimate the concentration thresholds of Н2О2 generation (self-induction) in water. 
3. The establishment of concentration dependences of  ROS generation in weakly mineralized aqueous solutions.
4. The investigation of the processes of perhydroxyl ion radical self-inductance in mixed solutions of variable valence metals and estimation of the possibility of using these concentration dependences to develop express methods for the analysis of uranyls in water.
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