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Abstract: The current paper contains a synthesis of the processes of chemical auto-purification that take place in
natural waters; examples of mechanisms of such processes occurring with participation of dissolved organic matter,
oxidants of the biogeochemical cycle of oxygen and of transition metals including copper and iron are presented.
The kinetic indicators of natural water quality are presented as well.
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The global cycle of water, together with its property of dissolving gases, organic and mineral compounds
determine the various and multicomponent composition of water. At the same time, water represents a natural life
environment for living organisms; therefore it is always in a dynamic equilibrated state due to the continuous substances
exchange with the aquatic biocenosis.
The various physical, chemical and biological processes in the water reservoirs determine the circuit of chemical
substances and living organisms, and the establishment of the quasi-equilibrated state which constitute the basis of biota
evolution. The natural self-purification processes were capable to fight the negative changes of water quality just until
the anthropogenic action became significant. The excessive anthropogenic pollution damaged this equilibrium, leading
to eutrophication of water reservoirs, changes in biocenoses, appearance of toxic effects.
One of the most important priorities of modern science lies in understanding and explaining of the selfpurification capacity of natural waters, i.e. the capacity of diminishing the concentrations of various pollutants to a
harmless concentration for ecosystems, as a result of various processes.
The self-purification of surface waters is defined as the totality of biological, physical and chemical processes
which take place within the water reservoir and which lead to the diminution of pollutants concentration to a level that
is harmless for ecosystems functionality.
Besides chemical compounds that infiltrate into surface waters with waste waters, or atmospheric precipitations,
the processes of physical-chemical and chemical-biological transformations include those resulted during the vital
activity of living organisms from water reservoirs.
Self-purification of the natural water environment implies physical-chemical processes of mass transfer (physical
self-purification), biological self-purification during the metabolic and co-metabolic processes and chemical processes
of substances transformation (chemical self-purification).
In fact, physical processes, such as dilution, vaporization or adsorption, lead only to a redistribution of pollutants
in the aqueous environment, either amongst the other components of the water reservoir (suspensions, organisms, etc),
or by their evacuation in the near-by systems (aquatic basins, bottom depositions, atmosphere).
The involvement of living organisms that are present in water, especially of those autotrophic (algae, bacteria),
in the transformation of compounds, leads to the decrease of pollutants concentration due to metabolic and co-metabolic
processes. The rate of the microbiological processes in decomposing the substances that don’t participate in metabolism
is rather small [1, 2]. This kind of self-purification is significant only for easily assimilable compounds, such as biogenic
substances.
It is known that substances that don’t participate in the biologic cycle of biota can undergo transformations due
to co-metabolic processes. Still, the efficiency of such processes depends on a multitude of related factors; in case of
the majority of compounds, chemical transformations are the most important. As opposed to microbiological processes,
chemical and photochemical transformations can unfold in dissolved substances, as well as in those absorbed/adsorbed.
Generally, organic pollutants participate only in few chemical transformations [3]:
- hydrolysis, when water is not only a solvent, but a reagent;
- direct, induced and sensitization photolysis, transformations under the influence of sunlight;
- oxidation, when transition metal ions or free ˙OH radicals act as oxidants;
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a) catalytic, in the presence of O2, H2O2 and transition metals ions;
b) radical, in the presence of free ˙OH radicals.
Hydrochemical indicators for surface waters quality estimation
As a system of surveillance and control of the environmental state, the monitoring has the tasks of evaluation of
the real state and prognostication of possible modifications. The central element of monitoring is the estimation of the
state of the environment.
Considering the range of substances which penetrate into and are formed within surface waters, it seems to be
difficult and quite useless to control each component in part. There have been elaborated complex indicators which
provide the information regarding the content of smaller or larger groups of substances, defined as hydrochemical
indicators for the estimation of water quality.
Initially, the monitoring of water quality was based on indexes such as temperature, organoleptic properties,
presence of suspensions (turbidity), hydrogen index (pH), redox potential (Eh), hardness, mineralization (content of
main ions), content of dissolved oxygen, the chemical (CDO) and biochemical (BDO) doze of oxygen, content of
mineral forms of nitrogen (NH4+, NO2-, NO3-) and phosphorus (PO43-), content of heavy metals, organic pollutants
(oil products, phenols, pesticides, surface active compounds, etc.). Afterwards, this group of hydrochemical indexes
was enlarged with such indicator as: content of H2O2, redox state, inhibition capacity, named kinetic indicators [4].
Hydrochemical indexes are criteria that allow the correct establishing of the water source quality, its biologic value and
utility for specific objectives (drinking, recreation, fish-growing).
In order to quantify and control the content of compounds in waters, the values of field measurements is
compared with the admissible concentrations or with fon concentrations. In time it has been demonstrated that these
indexes are not informative enough and can’t explain the causes of changes that take place in water ecosystems, such as
biocenoses change, appearance of toxicity for organisms living in waters and even for man. For example, the admissible
limit concentration established for copper ions in hard water using the concentrations of aqua-forms can’t be used
with certainty in real conditions. In the natural water environment, living organisms can be submitted to a certain
deficit of biologically accessible forms even in case of concentrations larger than the admissible limit concentration,
due to certain specific properties of ions, such as: small charge, high capacity of copper (II) ions to form complexes,
formation of stable compounds of copper (I) and several natural ligands. Also, the concentrations of organic pollutants
and biogenic elements are not sufficient for the characterization of surface water quality. Thus, depending on the
qualitative composition of organic compounds which determine the chemical doze of oxygen, surface waters can be
biologically valuable at high CDO values and, in contrast, toxic at low CDO values. The method of comparison of the
determined concentration with the admissible limit can, certainly, be applied only in case of compounds, such as the
main ions (Ca2+, Mg2+, Na+, K2+, CO32-, HCO3-, SO42-, Cl-) which form the so-called mineralization of natural waters, as
for the remaining components, their quantity is permanently changing, due to the variation of several factors.
Kinetic indicators of surface water quality characterize the content and dynamics of products of mono-electron
•

activation of oxygen, such as highly reactive redox agents: hydroxyl radicals ( O H ), singlet oxygen (1O2), superoxide
•

anions ( H O2 ) and the product of bi-electron activation – hydrogen peroxide (H2O2). The value and the dynamics of
these indexes are of significant importance in establishing the quality class of the water object, its biological value and
the self-purification capacity of the natural water [3-6].
One of the properties of surface waters is the redox state. It has been considered for a long time that the main
indicator of the oxidative state is the presence of molecular oxygen in the water, and the reducing state is characterized
by its absence and the presence of iron (II). However, as a result of numerous field measurements and observations, it
has been demonstrated that the state of surface waters can be considered normal (oxidative) only in cases when besides
the dissolved O2 the waters contain hydrogen peroxide (H2O2) in physiological quantities, set as favorable for living
organisms: 9⋅10-9 M < H2O2 < 9⋅10-6 M (0,3 μg/l < H2O2 < 300 μg/l) [6-9].
These observations lead to the conclusion that hydrogen peroxide is an indispensable component of the water
environment.
Evolution made it natural that organisms live in oxidative conditions and die in reducing media. For example,
daphnia and infusorians, juvenile fish, die shortly in case the hydrogen peroxide is absent in the environment. The
juvenile fish needs the H2O2 as exogenic oxidant until the formation of its own oxidation systems. The lack H2O2 is
characterized by the domination of reducing compounds which can act through blocking the oxidation-reduction centers
f enzymes, damaging the redox equilibrium within the cell. Another impact of the domination of reducing conditions is
the burst of pathogenic microflora, which eliminates toxins that can affect even man [3, 7-9].
Field measurements have shown cases when H2O2 was absent in surface waters, but other significantly oxidative
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compounds were observed [23]. Therefore, dynamic redox state can be created in the natural water environment,
depending on the H2O2 concentration in water, of reducing agents and highly oxidative compounds [4,6,9]:
- oxidative, the H2O2 is present in concentrations of 10-6-10-5 mol/l
- quasi-reducing (Redef), H2O2 is absent and compounds with significant reducing properties are identified,
which are titrated by H2O2 (phenols, dienols, sulfur compounds etc.)
- super-oxidative (Oxef) – products and half-products of technological cycles are detected (active chlorine,
Cr(VI), KMnO4).
The moment of appearance and the duration of instable states can change from season to season, but the qualitative
aspect remains the same. It has been observed that in the case of redox state change, the classical hydrochemical and
hydrobiological indexes remain almost the same.
The biologically valuable state of surface waters is considered to be its oxidative state, when besides the dissolved
O2 the water contains H2O2 in physiologically favorable concentrations for living organisms - 10-6-10-5 mol/l.
The process of formation and decomposition of H2O2 in natural waters is accompanied by the formation of
free radicals. Amongst all intermediate products of oxygen reduction, the OH radical is considered the most powerful
oxidant, due to its high redox potential (2,8 V). It interacts with most of organic substances with rate constants practically
equal to the diffusion constant kOH+P = 108 – 1010 mol-1s-1 [11].
•

The stationary concentration of O H radicals in natural waters is quite low, of the 10-17-10-15 M order [9, 12-15].
•

Considering the reactivity towards O H radicals, the components of natural waters form two groups [3]:
•

- substances whose radicals react either with O2, or with transition metals ions, generating O H in the end.
•

The rate of oxidation of each component from this chain is determined by the stationary concentration of O H .
- substances whose radicals possess a low reactivity or, after undergoing transformations, become unreactive.
•

These compounds, at there turn, can become O H traps or compounds which react with this radical and
then form with O2 a peroxide radical, with low reactivity. Afterwards, these radical disappear due to recombination,
disproportionation or the reaction with the reducing form of the metal. As a result, radical chains are destroyed.
•

The effective rate constant which characterizes the interaction of O H with all components of this group makes
the second category a parameter which characterizes the capacity of natural waters to inhibit radical self-purification
•

•

processes through O H radicals. The inhibition capacity is the effective constant of the rate of destruction of O H
radicals.
Considering the criterion capacity to inhibit radical self-purification processes of natural waters, they can be
divided into three categories [3, 4, 6]:
1) if Σki[Si] < 3⋅104 s-1 – very clean waters
2) if Σki[Si] 3⋅104 - 3⋅105 s-1 – normal state of natural waters
3) if Σki[Si] > 3⋅105 s-1 – highly polluted waters.
The dynamics of the content of redox agents in natural waters is an index of the biocenosis state: homeostasis,
reversible and irreversible perturbation. Excessively high or low values of indices, accompanied by an unclear dynamics
correspond to an ecosystem with irreversibly disturbed ecological welfare. In a normal aquatic ecosystem, the range of
variation of the rate of formation and lifetime of redox agents doesn’t exceed with ±50% any mean value, which formed
under the influence of meteorological, hydro-physical, hydrochemical etc. factors.
The quality of natural waters must be defined not by its content of specific substances, but by its biological value.
Waters with adequate biological value represent a good environment where vital processes unfold normally at various
trophic levels, so that the cycle of chemical compounds is closed.
Redox components of surface waters
The chemical circuit of water in nature is tightly correlated with redox processes which involve molecular
oxygen, hydrogen peroxide and other active particle from the biogeochemical cycle of oxygen.
The vital activity of aquatic organisms is based on the biogeochemical cycle of oxygen which, in its turn,
is correlated with other biogeochemical cycles (of nitrogen, sulfur, variable valence metals). The concentration of
dissolved oxygen in surface waters ranges between 0 and 14 mg/l and is determined by two processes – photosynthesis
and the biotic and abiotic consumption. Due to photosynthesis, there is enough oxygen in the atmosphere to oxidize
all organic compounds on Earth. After fluorine, it is the next most powerful oxidant; it eliminates 491 kJ/mol of free
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energy during its reduction to water. However, in spite of it being a strong oxidant from the thermodynamic point of
view, oxygen is quite inert from the kinetic standpoint. This is due to its specific electronic structure, which determines
the triplet state of oxygen as its ground state [10, 39].
As tot the chemistry of natural waters, the products of oxygen activation are the most important in the oxidation
and reduction processes within the basin, as they are considered the most reactive elements of the biogeochemical
cycle of oxygen. In fact, oxygen reactivity is not determined by its molecular form, but by the intermediates of its
•

•−

biogeochemical cycle (1O2, O H , O2 , H2O2). Numerous field measurements allowed establishing the stationary
•

•

concentrations of these particles: [1O2] = 10-14-10-12 M, [ O H ] = 10-18-10-15 M, [ H O2 ] = 10-8-10-9 M, [H2O2] =
10-6-10-5 M (Zepp R.G., 1977; Hoigne Z., 1979; Mill T., 1980; Zafiriou O.C., 1983; Скурлатов Ю.И., 1983, Duca Gh.,
1983, 1988, 2000, 2006; Штамм Е.В., 1991; Эрнестова Л.С., 1995; Grannas A. M., 2006) [9, 14-19].
According to thermodynamic data of redox (ϕHO2/H2O2 = 1,44 V) and acid-base (pKa = 11,75) transformations of
oxygen, the most stable intermediate product of O2 reduction is hydrogen peroxide (H2O2) [10].
The majority of H2O2 in surface waters comes from photochemical generating processes. During the action of
sunlight on organic dissolved substances (ODS), the superoxide anion radical results, being the precursor of H2O2 in
natural waters:
hQ
•−
2H +
ODS o O2 ⎯+⎯
⎯→ H2O2 + O2
Some quantity of H2O2 results in redox-catalytic processes:
2
/ Cu 
O2 + DH2 Cu

o H2O2 + D
Biologic emissions form another source of H2O2. Many species of algae are known, which eliminate in the
environment the over-produced H2O2, formed in cells during photosynthesis. Also, on the exterior surface of several
algae there are ferments, such as diaminases, which can oxidize organic compounds of nitrogen:
R–CHNH3COO + H2O + O2 ⎯
⎯→ R–CHOCOO NH4 + H2O2
The amount of H2O2 can increase due to hydro-peroxides:
ROOH + H2O ⎯
⎯→ ROH + H2O2
In stationary conditions, mean concentrations of hydrogen peroxide range between 10-6 – 10-5 M. The decomposition
of H2O2 in natural waters is triggered by biotic and abiotic processes. On the basis of numerous researches, it has been
established that among potential catalysts of decomposition processes, the most active in natural waters are ions and
complexes of copper and iron. Biotic destruction is determined by microalgae content.
Considering the mentioned above thermodynamic data, we can deduce that the most reactive particle from
•

the oxygen cycle is O H [10]. According to the specialty literature, the main mechanism of these radicals initiation
is the photochemical one, namely the photolysis of organic compounds dissolved in water and of several inorganic
components, such as: nitrates, nitrites, peroxides, complexes of variable valence metals (Fe, Cu, Mn, Cr):
•

hQ
SOD o O H

•

hQ
2NO3- o 2NO2⋅ + O H + OH-

•

hQ
NO2- o NO + O H + OH,
hQ
FeC2O4+ o Fe2+ + CO2 + CO2

•

hQ
H2O2 o 2 O H
hQ

•

•

ROOH o R O + O H
The hydroxyl radical is the most reactive intermediate, non-selective and electrophilic. The second order
constant of this oxidant with numerous organic compounds has values close to the diffusion constant (107 – 1010 M·s-1)
[11]. Although it is present in natural waters in concentrations around 10-14 – 10-18 M (Brezonik, 1998; Russi, 1982;
Скурлатов Ю.И., 1983; Duca Gh., 1983, 1988, 2000, 2006; Штамм Е.В., 1991; Эрнестова Л.С., 1995; Grannas
A. M., 2006) this photo-oxidant significantly contributes to reactions of limitation of organic contaminants in natural
•

waters [9, 14-19]. The reactions with O H participation are the hydrogen atom abstraction and its addition to the
double bond [10].
•
Measurements regarding the influence of the wavelength on the rate of O H generation by the ODS solutions
•

contained in arctic waters have indicated that the highest amount of O H is obtained at the wavelength of ≈ 300 nm
[15]. Another drawn conclusion is that the quantity generated is function of the applied wavelength and isn’t influenced
almost at all by the geographical place of the water reservoir from which the ODS have been preloaded. This conclusion
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•

came up after comparing the data obtained by several researchers. Thus, the values for the O H initiation reaction
obtained at the irradiation of arctic waters which contain 10-12 M·s-1 ODS, are comparable with the values obtained by
Mooper and Zhou in Gulf Stream waters - around 14,7·10-12 M·s-1, and ocean waters - 15,9·10-12 M·s-1 [12, 15]. Again,
Mooper and Zhou, have measured the photochemical production in natural water submitted to irradiation and observed
•

from 2,8·10-12 M·s-1 – in open ocean water, up to 420·10-12 M·s-1 for surface waters. Values of O H initiation rates of
10-11 M·s-1 have resulted in investigations of the river Volga (Rusia), rivers Prut and Nistru (Moldova) [14, 23].
•

Measurements made by Vaughan and Blough (1998) regarding the generation of O H by fulvoacids (at 320
nm), resulted in values of 2·10-11 M·s-1 (or 5 ·10-12 M·s-1 ppm-1 C) [13]. After the extrapolation of their results for 320 nm,
Grannas A. M. et al. (2006), obtained the value of 2·10-12 M·s-1 ppm-1 C [15].
•

Besides the photochemical reactions, O H
radicals can be formed in processes with the participation of
transition metals ions and reducing compounds with complexes’ properties [20-22]:
•

CuD + H2O2 → Cu2+(OH-) + O H +

D •−

The catalytic destruction of H2O2 in the presence of copper (I) ions is accompanied by the formation of OH
•
radicals:
Cu+ + H2O2 → (CuO)+H2O → Cu2+(OH-) + O H
In the case of water solubilization of ozone (O3⋅aq, with a concentration in surface waters of around 10-8 M) and
its subsequent interaction with the dissociated form of H2O2, its destruction takes place according to a radical chain
mechanism [17, 19]: •
O3⋅aq + HO2- → O H + O2
Also, OH-radicals are formed during the interaction of reducing substances with ozone:
•

•−

O3 + DH- → O H + D + O2
The formation of free OH radicals inevitably leads to the generation of secondary radicals. Mill et al. in a range
of photochemical studies on natural water samples, identified, besides the OH radicals, concentrations of 3⋅10-9 M of
alkyl peroxide radicals [18]:
•

RH + O H →
•

•

•

R + H2O

R + O2 → R O 2

•

The constants that describe the interaction of R O2 radicals with many organic substances are, commonly,
smaller than 1 M-1⋅s-1. Due to the oxidation with peroxide radicals, the lifetime of chemical reactive species, such as
phenols, aromatic amines, hydroxylamines, poliphenols, constitutes several days.
According to the data obtained by Zepp et al. under the influence of sunlight the effective generation of singlet
oxygen takes place in natural waters, with a stationary concentration of 10-14-10-12 M [16]. This value is proportional to
the content of dissolved humic compounds in water.
hQ
S o 1S∗ ⎯
⎯→ 3S∗
1
3 ∗
S + O2 ⎯
⎯→ O2 + S
Singlet oxygen (1O2) is an effective oxidant for compounds which contain double bonds with high electronic
density or readily oxidized functional groups (alkyl sulfide, thiol, phenolate ions etc.). These compounds have lifetimes
of hours.
Besides the singlet oxygen, humic compounds photolysis results in free electrons. In the natural aquatic
•−
environment, solvated electrons (ēaq) interact with dissolved oxygen, forming the superoxide anion radical ( O2 ),
which is the precursor of an effective oxidant – hydrogen peroxide (H2O2):
ē + O2 ⎯
⎯→ O2•− ; 2 O2•− + 2H+ ⎯
⎯→ H2O2 + O2
The general photochemical scheme of DOS transformation under the influence of sunlight can be drawn as:
hQ
O2
S o S∗ ⎯
S + 1O2
⎯→ 3S∗ ⎯⎯→
• −
S+ + O 2
↓

↵

• −

2
S+ + ēaq ⎯⎯→
O2

O

•

↓

•

R O2 , R O , ROOH

14

•−

+

2 ;2 H
⎯O⎯
⎯
⎯→ H2O2 + O2
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One very important specific of natural waters is the presence of micro-quantities of transition metals in it. These
components can participate in reactions with intermediate free radicals, hydrogen peroxide, and molecular oxygen.
Metals can form various complexes with natural waters components which possess ligand properties, catalytic properties
in redox transformations or which participate in photochemical processes [10, 35, 36].
The results obtained in model and natural conditions have demonstrated that in the natural aquatic environment
and a pH value between 5 and 9 (characteristic for surface waters), almost all metals with variable valence are found
predominantly as colloids of oxide or hydroxide or as soluble complexes, with natural ligands [35, 36]. Given that
surface waters are oxidative environments in normal conditions, transition metals ions are found mainly in oxidized
form (M2+). Only a small quantity of metals is in reduced form (M+), and it participates in the activation of O2 and
H2O2. Among all transition metals in surface waters, especially important for redox transformations are copper, iron
and manganese. Only copper ions exist in neutral environment in homogenic form, both in oxidized ([Cu2+ = 3⋅10-7
mol/l]), and in reduced form ([Cu+ = 10-8 mol/l]). Iron ions are found in aerobic conditions mainly in oxidized form, as
micro-colloids of hydroxide (≡FeOOH), at concentrations of 10-5 mol/l. The highest concentration of the solvated form
of the compound ≡FeOOH is of 2⋅10-7 mol/l [24]. The soluble forms of iron (III) are represented especially by anionic
hydroxy-fulvic complexes [35, 36]. Manganese ions are found either as free ions Mn2+, or as micro-colloids of Mn (IV)
hydroxide, which is formed in natural conditions at biological oxidation of Mn (II) [25].
A characteristic of copper ions is their participation in reactions of one- or two-electrons transfer, leading to
•

•−

the formation of free O H radicals and superoxide radical O2 ⋅. As to iron and manganese ions, they participate in
catalytic reactions of H2O2 decomposition with a two-electrons transfer [26].
Besides oxidants and catalysts (transition metals), in the oxidation-reduction processes also participate various
reducing compounds, which can be formed directly in the aquatic environment (autochthonous compounds, metabolic
products and those of biochemical destruction) or infiltrate in it with precipitations, floods or waste waters (alochthonous
substances). Organic compounds are present in surface waters in relatively small concentrations, especially < 0,1 mg/l
or < 10-5 M [36].
Modeling of redox transformations in the natural aquatic environment
From the chemical-kinetic point of view, natural waters form an open oxidation-reduction system; oxidizing and
reducing compounds continuously infiltrate in it.
According to the database accumulated by various researchers, the chemical composition of the abiotic component
of natural waters can be represented as follows:
S – A – O2,aq – H2O2 – {Rx}– Men+/Me(n-1)+ – L – Sed
where O2,aq – H2O2 – {Rx}– dissolved molecular oxygen and its activation products; S – substrates of chemical
transformations, including anthropogenic pollutants, A – active particles acceptors, which form secondary, less active
radicals, Men+/Me(n-1)+ – ions and complexes of transition metals in oxidized/reduced form; L – components with ligand
properties; Sed – suspensions with various dispersion rate, which form the heterogeneous phase.
The oxidation-reduction
processes exist in natural waters only due to the presence of oxidative equivalents
⋅
(Mn+, O2, H2O2, O H ), reducing agents (DH2) and catalysts (M(n-1)+/Mn+). It should be mentioned that the redox model
of natural waters doesn’t include analysis of redox reactions that take place due to other oxidants that can infiltrate
into waters as a result of anthropogenic pollution or chemical-biological transformations, but molecular oxygen and
hydrogen peroxide. It is considered that these processes can be described by the laws established for catalytic oxygenperoxide systems.
In order to involve O2 in oxidation processes chemical energy is necessary to activate it. This can happen on
the account of sunlight absorption or interaction with compounds with significant reducing properties (metal ions in
reducing forms, free radicals).
Hydrogen peroxide, the product of bi-electronic reduction of O2, is considered the carrier of oxidative equivalents
of oxygen in natural waters. As opposed to O2, H2O2 can exhibit reducing and oxidizing properties in neutral environment,
depending on its redox partner; thus it can interact with reduced and oxidized metal ions.
Among the transition metals present in natural waters, the most important for redox transformations are copper,
iron and manganese ions.
Qualitative kinetic characteristics allow the prognostication of possible concentrations of compounds in waters
with various loads, the estimation of maximal quantity of substance which can be discharged in water without disturbing
the self-purification processes within the reservoir. The kinetic characteristic of processes is the effective rate constant,
which is a function of the environment’s parameters.
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Much data exist nowadays regarding the chemical composition of natural waters, but very little is known about
the kinetic laws that describe the interactions between these compounds [10, 39, 40]. A number of systems, such as
M2+/M+ – L – S – O2/H2O2 (where, M2+/M+ variable valence metal in oxidized/reduced form, L – ligand, S – substrate)
have been studied. There is a lot of data on thermodynamic properties of metal complexes, reactivity of intermediate
free radicals, mechanisms of activation of O2 and H2O2; however very little is known about catalytic oxidation of several
compounds of significant ecological importance.
Among all reducing agents which model the most successfully natural reducing compounds, most extensively
studied are the ascorbic acid [20], thiolic compounds [27, 28], hydrochinone [27, 29], oxy and hydroxyacids [21, 22].
The ascorbic acid is a compound that regulates the intracellular redox state, having a significant medical-biological role.
Oxy- and hydroxyl acids form the metabolic cycle of dicarboxylic acids and take part in the exchange of substances
of living organisms with the environment. Hydroquinone is one of the poliphenols very often encountered in surface
waters, being the precursors of natural humus. Thiolic compounds participate in metabolic processes of microorganisms,
are used in the leather industry, in fertilizers technology etc.
On the basis of ascorbic acid the redox mechanism of processes within the aquatic environment has been
established, with the participation of ions and complexes of copper when the pollutant (P) possesses ligand properties
or significant reducing properties [20]. During the interaction between the metal and P, a compound with partial charge
transfer is formed (CuDH+):
CuDH+ + OHCu2+(OH-) + DH- '
•
This complex plays the role of a one-electron donator, reducing the peroxide to O H radicals, whereas the
metal ion doesn’t change its oxidation state:
•
•−
CuDH+ + H2O2 → Cu2+ + D + O H + H2O
And this lead to the initiation of processes of conjugated oxidation of pollutants in natural water.
In the case of small copper ions concentrations, the complex can decompose in products with one-electron
transfer:
•−
CuDH+ → Cu+ + DH· ( D + H+)
And in the case of high metal ions concentrations, it can interact with the second copper ion, thus oxidizing the
donor by the two-electron pathway:
CuDH+ + CuOH+ → 2Cu+ + D + H+
Given the copper ions concentration in natural waters, which is around ≈ 10-7 M, the one-electron mechanism
prevails in these conditions.
The discussed system is characterized by a specificity regarding the formation of OH radicals. As opposed to the
•

Phenton system, the generation of O H radicals doesn’t interfere with the valence of the metal, this one remaining in
its oxidized form. Copper (I) ions appear in this system as secondary particles, formed as a result of H2O2 destruction:
•

•

O H + H2O2 ⎯
⎯→ H O 2

•

H O 2 + Cu2+ ⎯
⎯→ Cu+ + O2 + H+

The impact of compounds with don’t exhibit ligand properties in the natural aquatic environment (such as
hydroquinone, glyoxalic acid) [28, 44] can be positive or negative, depending on the substrate’s concentration. During
the interaction of copper (I) ions with H2O2, the particle CuO+ results (which can be treated as the hydrolyzed Cu3+ ion),
•

being the precursor of the O H radical [34]:

Cu+ + H2O2 ⎯
⎯→ CuO+ + H2O
In the absence of reactive substrates, this particle oxidizes water, forming ⋅OH radicals:
CuO+ + H2O ⎯
⎯→ (CuOH)+ + O H
Given the fact that it is a two-electrons acceptor towards substrates, in the presence of H donors it oxidizes the donor
according to the two-electrons pathway:
CuO+ + QH2 ⎯
⎯→ Cu+ + Q + H2O
Thus, depending on the donors concentration in the environment, processes of inhibition or generation of OH radicals
can take place.
Considering all stated above, the presence of reducing agents with no ligand properties has two roles: at small
concentrations, substrates will nor essentially interfere the process of OH radicals generation, as a result of water
oxidation by CuO+ (i.e. CuO+ will oxidize intensely the waters molecules and will be less consumed for the QH2
oxidation), at high concentrations, these substances will act as inhibitors, trapping the CuO+ particle, which is the
precursor of OH radicals. This is of significant importance for the realization of chemical self-purification processes of
natural waters, due to the possibility of conjugated oxidation.
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Sulfur compounds posses significant reducing and ligand properties (such as glutathione, thioureea, cysteine),
but these compounds form stable complexes with low reactivity on interaction with copper ions (II) [27, 44].
The mechanism describing the processes of catalytic oxidation of cysteine, thioureea and glutathione are very
much alike. The redox process unfolds with the formation of the intermediate complex of the thiol with the transition
metal ions:
⎯→ 2Cu+ + GSSG
2Cu2+ + 2GSH ⎯−⎯
2H +
+
Cu + GSH
CuGSH+, mono-complex
+
Cu(GSH)2+, bi-complex
CuGSH + GSH
which can subsequently react with the dissolved oxygen or hydrogen peroxide.
During the oxygen driven oxidation, the process includes two metal ions:
Cu(GSH)2+ + O2
(CuGSH)2CuO2+
+
Cu(GSH)2 + (CuGSH)2CuO2+
2Cu+ +2GSSG + 2H2O
whilst in the case of hydrogen peroxide driven oxidation, only one metal ion participates in the
transformations:
Cu+ +GSSG + 2H2O
Cu(GSH)2+ + H2O2
The mechanism of these processes is ion-molecular of activated type. The oxidation of thiols by hydrogen
peroxide is a very rare case, when no free radicals are formed.
In case of heterogeneous catalysts, such as iron microcolloids, peroxide decomposition:
–Fe(III) –O–Fe(III) – + H2O2
–Fe(II)⋅⋅⋅Fe(II)– + O2
and compounds oxidation:
–Fe(III) –O–Fe(III) + DH2
–Fe(II)⋅⋅⋅Fe(II)– + D + H2O
are not accompanied by free radicals formation.
The comparison of transition metals catalytic activities, it has been noted that iron microcolloids posses higher
catalytic activity than copper ions. The phenomenon of the catalytic activity of these metals can be explained by the
oxidation-reduction potentials of the pairs Feaq3+/ Feaq2+ (ϕ = 0,771 V), Cuaq2+/ Cuaq+ (ϕ = 0,153 V), O2/H2O2 (ϕ = 0,68
V), H2O2/O2 (ϕ = 1,02 V). The activation of oxygen or hydrogen peroxide can only take place when the metal redox
potential has lower values than the redox potential of the pairs O2/H2O2 and H2O2/O2 [10].
The rate of substrate transformation can be influenced by various compounds present in natural waters. This
influence can be observed through the variation of metals soluble forms and their reactivity capacities, by the formation
of donor-acceptor complexes with the substrate and interaction with free radicals. As to the waters of our country, the
most frequently encountered violations of the admissible limiting concentration are related to nitrogen compounds:
NO3-, NO2-, NH4+.
The modification of the redox potential of the couple Men+/Me(n-1)+ due to complexing has a significant impact on
the reaction velocity for systems such as Me-Lig-H2O2-S. It has been demonstrated that the more the ligand decreases
the redox potential, the more effectively molecular oxygen and hydrogen peroxide are activated, and the more important
is the catalytic activity of those compounds and the reaction velocity increases. In the case of increase of the redox
potential of the couple, the role of the metal as an oxidant increases in the systems.
Addition of NH4+ ions in systems which contained copper ions as catalysts leads to the increase of the reaction
velocity, proportionally to the metal concentration. The NH4+ and Cl- ions are ligands that increase the potential of the
pair Cu2+/Cu+, thus stabilizing the reduced form of the metal.
Investigations regarding the catalytic activity of iron microcolloids showed that iron complexes with humic
compounds don’t posses catalytic activity. Although measurements regarding the influence of iron complexing with
these ligands show that the potential of the pair Fe3+/Fe2+ decreases, which should have lead to a higher catalytic
activity of these complexes, it is not confirmed in the case of evaluation of oxidation involving iron microcolloids in
the presence of humic compounds. In this case, the reaction is inhibited, which can be explained by the formation of
chelated complexes. Addition of these compounds into the copper-containing system doesn’t imply any influences. The
lack of any impact in the case of these ions can be explained by the fact that the redox potential of the pair Cu2+/Cu+ is
not at all changed or only slightly varied in the structure of these complexes.
The generalization of all stated above allows concluding the following.
In the natural aquatic environment, reducing agents are only oxidized catalytically by the dissolved oxygen and
hydrogen peroxide. The process of catalytic oxidation involving hydrogen peroxide, which is the carrier of oxidative
equivalents in surface waters, is more effective.
Depending on the donor’s properties of being a ligand or not, the H2O2 reduction can be accompanied or not by
the OH radicals formation.
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If redox ligands infiltrate into surface waters which contain H2O2 and copper ions, formation of OH radicals can
be initiated, without the change of the metal’s oxidation state, according to the reactions:
Cu2+ + DH- ⎯
⎯→ CuDH+
⋅
CuDH+ + H2O2 ⎯
⎯→ Cu2+ + D-⋅ + O H
Cu2+/Cu+

⋅

Global equation: DH- + H2O
D-⋅ + O H
In the case of infiltration of reducers that don’t exhibit ligand properties, two situations can appear, depending
on the substrate concentration:
a) at high concentrations, H2O2 is consumed without free radicals formation:
Cu+DH2 + H2O2 → Cu+ + D + 2H2O
b) at small concentrations, substrates will not interfere significantly the process of OH radicals initiation, as a
result of water oxidation by the CuO+ particle:
⋅
Cu+ + H2O2 ⎯
⎯→ CuO+ + H2O ⎯
⎯→ (CuOH)+ + O H
These cases show the main difference between the two redox states which can exist in natural waters: oxidative
and quasi-reducing. In the first case, reducers initiate the decomposing of H2O2 with the formation of free radicals, in
the second case, H2O2 is only consumed st the reducers oxidation.
Thiol-containing compounds exclude the copper ions from other redox processes, by transforming them into a
biologically inaccessible form within the intermediate complex compounds. The presence of thiol substrates in natural
waters can lead to the inhibition of chemical self-purification processes due to, on one hand, elimination of transition
metals ions from the environment through their complexing, and, on the other, to the diminution or elimination of
H2O2, which plays a very important part in the regulation of the natural waters redox state. All these contribute to the
formation of the reducing state, toxic for living organism.
Comparing the catalysts activities, it can be confirmed that the oxidation process unfolds more intensely in the
presence of copper, than iron.
The researches show that the velocity of substrates oxidation in natural waters is determined by the presence of
copper ions, iron microcolloids, the content of O2 and H2O2. The influence of other water components is exhibited, as a
rule, through the change of metals states in the solution.
Photochemical transformations
The majority of UV beams of the solar radiation are retained in the upper atmospheric layers (by the ozone
layer) and only near-UV and VIS rays of the solar radiation spectrum (λ ≥ 300 nm) reaches the Earth surface. In the
range of wavelengths 300-350 nm the solar intensity significantly increases. Under the action of this radiation, various
photochemical transformations take place in natural waters, greatly determining the self-purification capacity of surface
waters [3, 39, 40].
In the irradiated surface waters, two types of photodestruction can occur: direct photolysis and indirect
(sensitization and induced) photolysis..
Organic compounds which absorb the actinic radiation (λ = 290-800 nm), become instable and subsequently
decompose. The direct transformation of a compound under the action of solar radiation can occur when the region of
the solar spectrum radiation overlaps the absorption spectrum of the compound; this region is named “the spectrum of
action”. For the wide majority of compounds, the maximum of the spectrum of action is situated in the range 310-330
nm. Most of the surface waters components absorb the near-UV radiation (λ ≤ 350 nm), making this part of the solar
radiation the most effective in the self-purification processes.
In the case of sensitization photolysis, the solar radiation is absorbed by the sensitizer and the excitation is
then transmitted to another compound which undergoes changes. Humus substances have the greatest importance in
these reactions. Humus substances (HS) can be divided in two groups: fulvic acids (FA), which are predominant and
humus acids (HA). Fulvic acids serve as sensitizers, as their maximum of the spectrum of action is situated at 365 nm.
The absorption spectrum in the near-UV and far-UV regions (UVA and UVB) of humus acids is characterized by a
maximum of high intensity at λ = 270 nm, and for λ > 270 nm the absorbance decreases drastically, and is almost zero
for λ > 300 nm.
As a result of sensitization photolysis, intermediate non-radical active particles are formed: the electronically
excited particles of the sensitizer (3S∗) and singlet oxygen (1O2), resulted during the passing of the excitation from the
sensitizer to molecular oxygen:
hQ
S mo 1S∗ ⎯
⎯→ 3S∗
3 ∗
S + O2 ⎯
⎯→ 1O2 + S
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Induced photolysis takes place in the presence of such active intermediates as the hydroxyl radicals ( O H ),
carbonate (which results during the hydroxyl radicals interaction with the carbonate/bicarbonate ions), alkyl peroxide
(RO2), solvated electrons (ēaq), which are generated by the natural waters’ constituents. The absorption of actinic
radiation by the ODS and nitrates leads to the highest production of these species.
Several researchers point the fact that indirect photolysis is important for compounds which absorb in the far UV
region, while direct photolysis – for compounds with absorption maxima at wavelengths ≥ 300 nm [30, 31].
Monica et al. studied the direct and indirect photochemical reactions in surface waters submitted to irradiation
with the implication of several pharmaceutical compounds (atorvastatin (ATR), carbamazepine (CAR), levofloxacin
(LEVO), sulfamethoxazole (SMX). They deduced that direct photolysis is important for the elimination of LEVO and
SMX, while the presence of humus materials reduces the degradation velocity. In contrast, indirect photodestruction
is the most important one for the limitation of ATR and CAR persistence, due to the fact that the destruction velocity
increases in solutions which contain photo-producers of oxidants, humus acids. The explanation of the specific behaviour
of these pharmaceutical products is given by their absorption spectra, for LEVO and SMX the absorption maxima are
situated in the near UV region, while those for ATR and CAR – in the far UV [30].
Kępczyńsqi M. et al. have studied the photoxidation of phenol, sensitized by humic acids Aldrich (AHA),
in aqueous solutions at neutral and alkaline pH. Solutions containing phenol and various AHA concentrations were
irradiated with monochromatic light at λ = 253,7 nm and polychromatic light in the wavelength range of 310-420
nm. The results showed that addition of AHA to phenol solutions have different impact on its photoxidation. Thus,
depending on the wavelength of the radiation and the AHA concentration, the process can be intensified or inhibited.
For λ = 253,7 nm direct photolysis is the main pathway of phenol oxidation, while at λ = 310-420 nm the process is
effectively sensitized by AHA [31].
In other works [32, 33] it has been deduced that the efficiency of direct photo-transformation depends not only on
the presence of the benzoic ring and the chromophore group in the structure of aromatic compounds, which make possible
the absorption of light in the UV-VIS range, but also on the type and position of the substituent in the benzoic ring. Prya
M. et al studied the photocatalytic degradation at λ = 365 nm of 7 derivatives of phenol which contained 2 substituents
from the range Cl, NO2, CH3 in the presence of TiO2. The results indicated that chloromethylderivatives are destructed
faster than chloronitrophenols [32]. Ksibi M.et al. have investigated the catalytic photodestruction in TiO2 suspension
with UV radiation (λ = 280 nm), at the pH of natural waters of 2 hydroxyphenols (hydroquinone and resorcine) and 3
nitrophenols (4-nitrophenol, 4-NF; 2,4-dinitrophenol, 2,4-DNF; 2,4,6-trinitrophenol, 2,4,6-TNF). According the initial
velocity of destruction, nitrophenols placed in the range: 4 NF > 2,4 DNF > 2,4,6 TNF, and hydroxyphenols: resorcine
> hydroquinone [33]. In order to explain the results, we appealed to the Hammer(σ) constant, which represents the
relationship between structure and reactivity in the range of aromatic compounds. The results showed that the lowest
the positive Hammer constant is, the highest the destruction constant. Thus, knowing this constant allows deducing the
compound’s susceptibility towards photocatalytic transformations.
Hydrogen peroxide, nitrates and nitrites are the most I portent photo inducers of processes of induced photolysis
[40]. Under the action of the solar radiation on these compounds, the OH radicals are generated, and subsequently
oxidize the pollutant.
Although nitrates are characterized by pronounced absorption at λ< 250 nm, in the case of natural waters, which
are irradiated by light of λ ≥ 300 nm, their absorbance is quite low (for example for λ = 310 nm, ε310 = 7,4 M-1·cm-1).
Despite this, nitrates can’t be neglected when it comes to discussing induced photolysis is natural waters. The role of
nitrates in eliminating such contaminants as pesticides has been evaluated [41]. Frequently, this type of photolysis is
applied in waste waters treatment procedures.
Usually, the thickness of the water layer where photochemical transformations take place is quite low and it
doesn’t exceed several meters; therefore, they are characteristic for surface layers of aquatic basins.
The variation of physical-chemical parameters of the aqueous environment influence the velocity of the selfpurification processes, as follows [29, 39]: the variation of the pH value leads to the decrease of the extent of hydrolysis
in hydrolytic pollutants transformations; the increase of turbidity leads to the diminution of the extent of photochemical
processes for the compounds with photochemical activity, but, t the same time, sensitized photolytic processes are
intensified, leading to the increase of the velocity of photochemical processes of free radicals initiation; contamination
with compounds which posses ligand properties leads to the distribution of metal forms, which, at its turn, will influence
the mass transfer processes and will change the catalytic activity of metals; temperature increase will intensify the
temperature-depending processes, such as catalytic hydrolysis and oxidation; radioactive pollution will increase the
velocity of OH radicals initiation and their stationary concentrations, which could have an impact on the biogenic
elements cycles; pollution with S-containing compounds will reduce the Cu2+ ions, forming stable complexes which
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are biologically inaccessible to living organisms. As a result, free radical oxidation is inhibited, accompanied by
the appearance of toxicity effects for the organisms which are involved in an intense exchange of water with the
environment.
There is a continuous unfolding of biotic and abiotic processes of formation of interacting reducing and oxidizing
equivalents in natural waters. The result of this interaction is determined by the ratio between the oxidation equivalents
fluxes – hydrogen peroxide (ωi) and reducing equivalents – reducing compounds (DH2) which interact with it (ωr)
effectively. Reducers which infiltrate into the aquatic environment are oxidized by hydrogen peroxide, accompanied or
not by the conjugated radical oxidation processes. If oxidation equivalents fluxes predominate (ωi > ωr), the environment
is in an oxidative state. By contrast, in case that reducing fluxes are superior to the H2O2 flux (ωr > ωi) the quasi-reducing
state appears (reducers will be slowly oxidized by the dissolved oxygen).
The monitoring of free radical processes in natural waters is necessary for estimating the self-purification
capacity of waters, as well as for preventing the phenomenon of toxicity towards mature living organisms in waters.
•

Regarding the efficiency of radical self purification, the increase of the stationary O H radicals concentration is a
positive factor. However, along with the increase of radicals concentrations, increases the danger of involving into
the radical processes not only polluting compounds, but also the components of the environment which determine the
structure and stability of hydro-biocenoses, or the perturbation of the manganese ions biogeochemical cycle can occur.
•

The increase of the stationary O H radicals concentrations is the result of the increase of the initiating processes
velocities, or the decrease of the constant which describes the radical’s interaction with various “traps”. The velocity of
initiation increases with the pollution of the environment, especially with nitrates and nitrites (particularly at abundant
rains) or due to the radioactive pollution.
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