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The results of studies of the vanadium content and its coexisting forms in surface water bodies of various 
regions have been summarized. It has been shown that vanadium concentration in uncontaminated water bodies 
and rivers does not exceed several μg/L, whereas its concentration in water bodies which are subject to 
anthropogenic influence or located in the regions of volcanic activity reaches tens to hundreds of μg/L. The 
ratio of the suspended and dissolved forms of vanadium has been considered. The dissolved form of vanadium 
generally predominates in water bodies, whereas its migration as a constituent of suspended substances is 
characteristic of rivers, especially during the spring period. The studies of dissolved vanadium compounds 
concerning the ratio of its oxidized and reduced forms as well as complexation with dissolved organic matter 
have been discussed. It has been shown that V(V) dominates in the form of the H2VO4

– anion as the most stable 
form under oxidative conditions of surface waters. Several studies have noted the predominance of V(IV) in the 
form of oxocation VO2+, although it is known as unstable in the natural aquatic environment and is rapidly 
oxidized to V(V). This process is decelerated in the presence of humic substances which exhibit reducing 
properties. Anionic, cationic and neutral complexes of vanadium with organic ligands are known. Humic 
substances play a major part in the complexation as established for certain water bodies of Ukraine. The results 
of studies on the molecular weight distribution of vanadium complex compounds have been also considered. 

Keywords: vanadium, coexisting forms, the ratio V(V) and V(IV), complex compounds, humic substances, 
rivers, reservoirs, lakes 

INTRODUCTION 

Bioavailability and toxicity of transition metals 
(Cr, Mn, Fe, Mo, V, etc.) depends on their forms of 
existing in the natural water as well as the oxidation 
state [1–3]. Therefore, for such metals it is not sufficient 
to determine their coexisting forms; on top of that, the 
conditions of their redox transformations should be 
considered. 

Vanadium is among widespread elements in 
environmental objects (air, water, soil, and biota). Its 
content in the Earth’s crust equals 0.016–0.02% [4, 5], 
close to this of zinc and nickel. However, in contrast to 
the latter elements, vanadium is more scattered, which 
determines its low concentration in natural waters 

(0.01–20 μg/L) [6]. Vanadium concentration in rivers 
is of 0.2–4.5 μg/L [7]. 

Leaching of vanadium from rocks and bottom 
sediments is a natural route of vanadium to surface 
water objects [8]. However, anthropogenic factor is 
crucial in environmental pollution with vanadium com-
pounds. Transport, chemical, metallurgical, rubber, 
paper, textile, and paintwork factories, oil refineries, 
and thermal power plants are among major 
anthropogenic sources of vanadium determining its 
content in environmental objects, including water ones 
[9–14]. Oil and its processing products are the major 
sources of surface waters pollution with vanadium               
[7, 12, 13].  

DOI: 10.1134/S1070363218130273 
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The functional role of vanadium in living orga-
nisms has not been solidly determined so far [15, 16]. 
Its immunotoxic, mutagenic, and carcinogenic 
properties have been marked [17–19]. At the same 
time, vanadium is a biogenic element essential for 
normal cells growth [20]. It is known to participate in 
the regulation of carbohydrates metabolism and human 
heart and circulatory systems [21]. Vanadium 
compounds have been used in medicine as stimulators 
in the treatment of anemia, tuberculosis, rheumatism, 
and other diseases. Toxic action of high concentrations 
of vanadium is due to the metabolism disfunction. The 
negative action of vanadium is reflected in the 
hematological and biochemical disfunctions, toxic 
action on the kidney and genital system [18]. Toxicity 
of the most widespread forms of V(IV) and V(V) is 
significantly different. V(V) compounds are known for 
the higher toxicity; they suppress the activity of 
enzymes catalyzing hydrolysis of ATP [3, 9, 22, 23] and 
can induce inflammatory processes and development of 
oncological diseases [24].  

Experimental studies of the action of anionic form of 
vanadium(V) on certain biochemical and hydrochemical 
parameters of natural water of r. Don have been 
performed [25]. Reduction of activity of extracellular 
phosphatase of seston, the increase in the BOD5 value as 
a marker of intensity of microbiological processes, and 
the decrease in the concentration of phosphates as well 
as ammonium and nitrite nitrogen in water [25] have 
been revealed; these effects have become more 
prominent with the increase in vanadium concentration 
from 0.5 to 100 μg/L. 

The state of vanadium in natural waters has been 
scarcely studied, due to its high reactivity, low 
concentration, and wide variety of the coexisting 
forms, fractions of which depend on many factors 
including the metal concentration, pH, redox potential, 
the presence of complexing ligands, etc. [4, 26–28].  

The studies on the coexistence of vanadium forms 
in aquatic ecosystems have been limited to the data on 
its oxidation state, with V(IV) and V(V) as the most 
probable states of vanadium in natural waters [29–31]. 
The state of vanadium is strongly dependent on the 
redox conditions in an aquatic environment [32, 33]. 
Vanadium(V) is thermodynamically stable under 
oxidative conditions, whereas V(IV) dominates under 
reductive conditions. V(V) exists in surface water 
objects in the anionic forms: H2VO4

– or HVO4
2– (much 

less commonly, at рН above 9.0). It is believed that               

V(V) in a complex with dissolved organic matter 
(DOM), for example, with  humic substances (HS), can 
be reduced into V(IV) at рН < 6.0 owing to reductive 
properties of the ligands [34, 35]. Under reductive 
conditions, V(IV) exists in the form of the VO2+ oxo-
cation, yet at very low pH. The stability of VO2+ is 
enhanced in more alkaline medium and in the 
complexes with natural organic ligands, even under 
oxidative conditions.  

Vanadium in different oxidation states has been 
detected in natural waters, but the ratio of V(IV) and               
V(V) has been a matter of debate. Some researchers have 
mentioned V(IV) as the dominating form [36], whereas 
others have stated that both oxidation states coexist, the      
V(V) form being somewhat predominant [37, 38]. The 
vanadyl cation VO2+ is rapidly oxidized into V(V) in 
water saturated with oxygen, and it can be hardly possible 
that V(IV) dominates under such conditions. 

Total content of vanadium in surface water objects. 
The data in Table 1 show that vanadium concentration 
in non-polluted surface water objects is about several 
μg/L. Higher content of vanadium is typical of the 
water objects which are subject to anthropogenic 
factors or these located in the regions of volcanic 
activity [12, 22, 39–41]. Thermoelectrical power plants 
consuming solid or liquid fuels (coal and petroleum 
products) contribute significantly to the pollution of 
water objects [12–14]. Coals contain 7 to 100 mg/kg of 
vanadium, whereas its content in oil is up to 1600 mg/kg 
[12].  

Suspended and dissolved forms of vanadium. 
Analysis of limited data on the routes of vanadium 
migration in surface water objects evidences the 
predominance of its dissolved form (Table 2). Only in 
certain cases the suspended form of vanadium has been 
found prevailing; this is mainly the case of mountain 
rivers, for example rivers of Georgia (mass fraction of 
vanadium in the form of suspended particles Vsusp 
reaching 96.4–99.6% of Vtotal) and rivers exhibiting 
high water turbidity (r. Danube and others) [6, 55, 56]. 
It has been mentioned that rivers transfer vanadium in 
the form of suspended matter [51, 52, 56, 57], 
especially during spring high water period [52, 58]. 
Predominance of Vsusp has been related to the enhanced 
content of vanadium in rocks, soils, inorganic 
substances, and river suspended particles [57]. It has 
been noticed that V(IV) (as VO2+) is more prone to the 
adsorption on the suspended particles in natural waters 
[59, 60]. 
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Dissolved forms of vanadium. Ratio of different 
oxidation states of vanadium. As has been shown 
above, vanadium is majorly found in the dissolved 
state in surface waters. Since vanadium is a transition 
metal, the ratio of its oxidized and reduced forms is an 
important issue. The corresponding data are collected in 
Table 3. 

Many of the available reports lack the data on the 
ratio between V(V) and V(IV), due to the complicated 
procedure of their separate determination. The 
available data evidence the predominance of V(V) in 
the dissolved forms of vanadium, since V(IV) is readily 
oxidized by dissolved oxygen, if not in the form of a 
complex with DOM. However, some researchers have 

Water objects Vtotal, μg/L References 

Rivers of Earth 0.10–2.04 
0.71 

[42] 

Rivers of Africa 0.590–0.645 

Rivers of Europe 0.400–2.850 

Rivers of North America 0.009–2.055 

Rivers of different regions 0.23–3.7 [43] 

r. Hrazdan, Armenia 1.2–10.6 
4.4 

[44] 

r. Volga, lower course, delta, Russia 2.09–2.78 [18] 

r. Bilina, Czech Republic 2.5–85.6 [41] 

r. Warri, Nigeria 0.0–260 
24.6 

[45] 

r. Conchos, Mexico 412–687 [40] 

Rivers of the USA 0.2–49.2 [46, 47] 

Basin of r. Bagmati, Nepal 0.26–3.74 
1.37 

[48] 

r. Tama, Japan 1.22–2.72 [49] 

r. Don, Russia 0.24–0.45 [50] 

Rivers of Black Sea basin n.d.–4.5 [51] 

Rivers of Sweden 0.061–6.67 [52, 53] 

Lakes of different regions of Russia (0.35±0.23)–(3.18±2.80) [18] 
  

lake Imandra, Russia 0.05–0.24 

lake Weija, Ghana 190–430 
140±10 

[39] 

Reservoirs of the Volga cascade, Russia 0.58–1.36 [18] 

1.2–3.8 [54] 

Kuchurganskoe reservoir, Moldova 3.5–14.9 [13] 

Surface waters near ash disposal areas of thermoelectrical 
power stations, Russia 

0.5–150 [14] 

Coastal sea waters 0.31–2.8 [48] 

Table 1. Concentration of vanadium in different surface water objects  
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marked that V(IV) can exist in surface waters in the 
presence of excess of organic compounds capable of  
V(V) reduction. Under such conditions, oxidation of  
V(IV) is decelerated owing both to the predominance 
of the reduction and the decrease in the dissolved 
oxygen concentration (due to its consumption on 
oxidation of organic matter). 

Earlier experiments have revealed (Fig. 1) that 90% 
oxidation of V(IV) with dissolved oxygen at pH 5 and 
vanadium concentration 50.0 μg/L occurs within 40 
min, whereas at рН ≥ 7 (typical of surface waters) the 
process occurs within less a minute [84]. These data 

explain why V(IV) has not been detected in the samples 
of water even using highly sensitive chemiluminescence 
method [85]. 

The addition of HS decelerates oxidation of V(IV). 
At concentration of humic acids (HA) and fulvic acids 
(FA) 10 mg/L and рН 8.5, 90% oxidation of V(IV) has 
required 13 and 11 min, respectively. The rate of            
V(IV) oxidation has been significantly reduced upon 
increase in the HS concentration to 30 mg/L. At higher 
concentration of FA (30–50 mg/L), the rate of 
oxidation has been seemingly increased, as judged by 
the decrease in the V(IV) concentration in the solution. 

Water objects Vtotal, μg/L 
Vdissolv Vsusp 

References 
μg/L % Vtotal μg/L % Vtotal 

r. Danube (mouth), Ukraine – 2.3–4.5 – 10.8–18.6 – [56] 

r. Volga, Russia – 1.8–18.6 – 2.3–6.5 – [54, 56, 61] 

Rivers of Azov region,  
Russia 

6.6–16.0 – 55.8–83.5 – – [62] 

Rivers of Georgia 53.9–121.4 0.4–1.9 0.4–3.5 52.0–121 96.4–99.6 [55] 

Rivers of Central Siberia, 
Russia 

1.06–13.41 0.66–8.79 35.4–74.1 0.40–6.04 25.9–64.6 [57] 

r. Severnaya Dvina, Russia – 0.412–0.812 27.7–82.5 – 17.5–72.3 [58] 

r. Neva and tributaries,  
Russia 

2.42–22.30 2.32–14.83 67.8–96.0 0.086–7.191 4.0–32.2 [63] 

r. Pearl, the USA 0.36 0.30 83.3 – – [64] 

r. Tamma, Japan 1.22–2.72 0.67–1.96 54.9–72.1 0.55–0.76 27.9–45.1 [49] 

r. Kalix, Sweden – 0.077–0.140 
0.108 

– 0.068–0.330 
0.160 

– [52, 65] 

r. Torne älv, Sweden – 0.076–0.163 
0.106 

– 0.108–0.270 
0.166 

– 

Estuaries of rivers of  
Sweden 

– 0.067–0.256 
0.156 

– 0.022–0.333 
0.117 

– [52, 65] 

lake Biwa, Japan 0.092–0.28 
0.16 

0.076–0.26 
0.126 

62.7–94.7 
78.8 

0.012–0.056 
0.034 

5.3–37.3 
21.2 

[66] 

Lakes of China – 1.0–4.36 (VV) 

0.25 (VIV) 

– – – [67] 

Baltic Sea, Sweden – 0.096–0.200 – 0.0005–0.020 – [65] 

Table 2. Total concentration of vanadium and its dissolved and suspended forms in different surface water objectsa 

a Here and in Table 3: extreme values are given above-the-line, average values are given below-the-line; (–) the data are not available. 
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Water objects Vdissolv, μg/L 
V(IV) V(V) 

References 
μg/L % Vdissolv μg/L % Vdissolv 

Coastal waters, the USA (0.66±0.12)–
(1.27±0.20) 

(0.15±0.097)–
(0.22±0.066) 

11.6–28.2 (0.56±0.10)–
(1.14±0.20) 

71.8–88.4 [30] 

Churchill river estuary, 
Monitoba, Canada 

(0.24±0.18)–
(1.39±0.96) 

– – – – [8] 

Rivers of the Earth 0.76 – – – – [68] 

Lake Hafik, Turkey 19.58±0.46 5.70 29.1 13.88±0.42 70.9 [69] 

Stream, Imranla region, Turkey 38.44±0.53 14.32 37.3 24.12±0.50 62.7 

East Lake, Wuhan, China (4.48±0.13)–
(4.65±0.22) 

n.d. n.d. (4.48±0.13)–
(4.65±0.22) 

100 [70] 

lake Biwa, Japan 0.066–0.59 
0.16 

– – – – [66] 

Rivers of Africa 0.59–0.65 – – – – [42] 

Rivers of Europe 0.4–2.9 – – – – 

Rivers of North Americs 0.4–1.84 – – – – 

Rivers of basin of r. Amazon 0.04–1.71 – – – – [42, 68] 

Gironde river estuary, France 0.89–2.76 – – – – [71] 

r. Missisipi and tributaries,  
the USA 

0.23–2.27 – – – – [68, 72] 

Rivers of Argentina 0.91–2.19 (0.33±0.02)–
(1.21±0.02) 

36.3–55.3 (0.58±0.03)–
(1.16±0.02) 

44.7–63.7 [73] 

lake Chasicó, Argentina:       

rainy season 44.0–86.0 – – – – [74] 

96.0–366         

stream Chasicó:      

rainy season 68.0–94.0 – – – – 

drought season 184–252 – – – – 

r. Neva and tributaries, Russia 2.32–14.83 – 82–89 – 11–18 [63] 

Surface waters near lake  
Bracciano, Italy 

10.0–30.0 
23.1 

– – – – [22] 

Castelli Romani area 13.0–82.0 
39.6 

2.0–33.0 
11.9 

3.8–53.2 
30.1 

8.0–54.0 
27.7   

46.8–96.2 
69.9 

[22] 

Mount Etna area 33.0–138 
57.1 

5.0–114 
31.3 

15.2–89.2 
54.8 

7.0–70.0 
25.8 

10.8–84.8 
45.2 

[22] 

Subsoil waters of volcanic  
regions of Italy: 

      

  15.6–182 – – – 62.8–98.9 [75] 

drought season 

Table 3. Concentration of dissolved forms of vanadium in natural waters 
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However, it has been later found that the decrease in            
V(IV) concentration has been due to its complexing 
with FA, as confirmed by the data of gel permeation 
chromatography [84]. At the same time, a fraction of 
Vdissolv exists in the form of HVO4

2– oxoanions in 
natural surface waters.  

Complexation of vanadium in surface waters. It 
should be noted that the studies of the complexation of 
vanadium in surface waters have been scares. 
Predominant existence of vanadium in the form of 
HVO4

2– oxoanion is likely among the major reasons of 
its weak complexing with natural ligands found in 
surface waters. Complexation is more typical of the 
reduced form, V(IV) [67]. 

The most attention has been paid to the complex ation 
of vanadium with HS, for example, with HA and FA              
[34, 35, 69, 86–88]. It has been marked that the formation 

Water objects Vdissolv, μg/L 
V(IV) V(V) 

References 
μg/L % Vdissolv μg/L % Vdissolv 

Rivers of Japan (0.22±0.04)–
(39.8±0.03) 

– – – – [76] 

0.32–0.44 0.27–0.40 85.7–92.0 0.035–0.045 8.0–14.3 [77] 

Lakes of Japan (0.56±0.02)–
(5.78±0.07) 

– – – – [76] 

0.16–0.50 0.12–0.42 71.9–84.8 0.045–0.075 15.2–28.1 [77] 

r. Yangtze, China 1.55–2.05 – – – – [68] 

Lakes of the USA 1.7–22.9 – – – – [78] 

Well water, Southern Nevada, 
the USA 

(7.0±0.1)–
(82.6±0.5) 

(0.07±0.02)–
(0.47±0.06) 

0.6–0.9 (6.9±0.01)–
(82.1±0.05) 

98.7–99.4 [79] 

Lakes of Japan: 
epilimnion 
hypolimnion 

 
0.14–0.95 
0.08–0.31 

 
– 

 
– 

 
– 

 
– 

 
[80] 

Surface waters of Argentina 0.93–3.14 0.4–0.6 19.1–43.0 0.9–3.1 96.8–98.7 [81] 

Basin of r. Amazon, the USA (0.66±0.04)–
(1.03±0.08) 

– – – – [82] 

Myrtle Grove channel, delta of 
r. Missisipi, the USA 

1.0–3.04 – – – – [83] 

Lakes of China – 0.25 – 1.4–4.36 – [67] 

Sea waters: 
near-bottom 
 interstitial water 

 
1.58–2.04 
8.19–71.77 

 
– 
– 

 
– 
– 

 
– 
– 

 
– 
– 

 
[59] 

Table 3. (Contd.) 

Fig. 1. Rate of oxidation (1) and time to 90% oxidation of 
V(IV) (2) with dissolved oxygen as functions of рН. CV(IV) = 
50.0 μg/L. 
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of V(V) complexes with HS is less typical, since negative 
charge of HVO4

2– inhibits the formation of strong 
electrostatic bonds with HS which are also negatively 
charged (the covalent bonding is, however, possible) [87]. 
The ESR studies have revealed that fulvate complexes of 
vanadium contain the VO2+ ions. Since HA and FA 
exhibit reducing properties, V(V) is likely first reduced 
into V(IV) and then the formed vanadyl ions are bound 
into the complexes [34, 87]. 1 g of HA can reduce 1.53 
mg (0.03 mmol) of vanadium from the VO3

– anionic 
form into VO2+ [35]. It has been found that 35 to 50% 
of VO3

– can be reduced at the FA:VO3
–   ratio of 10 : 1 

[89].  

Formation of VO2+ complexes with FA fractions 
(molecular mass 750 and 300 Da) has been studied 
[86]. Binding of vanadyl ions has been accompanied 
by the aggregation of the FA and almost six-fold 
increase in its molecular mass (to 4.0 kDa at pH 5). 
The complexation has involved strong as well as weak 
binding sites of FA. The low-molecular fraction of FA 
(MM 300 Da) has formed weaker complexes with 
VO2+ than the high-molecular fraction. The binding of 
VO2+ has occurred mainly via carboxylic and phenol  

hydroxyl groups of FA, in line with stronger binding 
of V(IV) and V(V) with donor oxygen atoms [87]. The 
formation of the (VO)2(FA)6 fulvate complexes has 
been suggested [86]. The formation of vanadium-
containing complexes with DOM has been marked in 
some other studies [8, 53]. It has been shown that the 
concentration of dissolved vanadium (Vdissolv) is 
positively correlated with total dissolved organic 
carbon (DOC) (r = 0.48) and with HS (r = 0.39–0.66) 
[8]. At the same time, the correlation between 
concentrations of Vdissolv and the protein-like 
compounds has been weak [8].  

The formation of stable vanadium complexes with 
organic ligands in coastal seawater has been confirmed 
in Ref. [90]. However, their mass fraction has not 
exceeded 5–10%, and the major part of vanadium has 
been found in the form of colloidal particles with size 
below 0.45 μm; such particles has been considered 
unstable. The minor role of the complexation in 
migration of vanadium has been stated in Ref. [68]. 

The presence of anionic (0.0–30.0% Vdissolv), 
cationic (38.0–74.2% Vdissolv), and neutral (21.2–27.0% 
Vdissolv) vanadium compounds in the water of r. Neva 

Water objects Vdissolv, μg/L 
V(V) Organic complexes of vanadium 

μg/L % Vdissolv μg/L % Vdissolv 

r. Yuzhnii Bug, 
v. Kostyantinovka 

6.4±0.4 1.1 17.2 5.3 82.8 

Cooling reservoir of  
Southern-Ukrainian nuclear 
power station 

6.0±0.5 1.5 25.0 4.5 75.0 

Same place, v. Bugskoe 4.4±0.8 1.4 31.8 3.0 68.2 

Same place, v. Aleksan-
drovka 
above dam 
below dam 

 
  

6.1±0.4 
6.5±0.5 

  
 

2.2 
2.2 

  
 

38.0 
33.8 

 
  

3.9 
4.3 

  
 

62.0 
66.2 

Same place, v. Pribuzh’e 7.7±0.5 3.8 49.4 3.9 50.6 

r. Ros, 
spring 
summer 

 
8.3±0.7 
3.3±0.5 

 
2.4 
0.3 

 
28.9 
9.1 

 
5.9 
3.0 

 
71.1 
90.9 

r. Stugna, 
spring 
summer 

 
5.4±0.4 
2.5±0.4 

 
1.4 
0.1 

 
25.9 
4.0 

 
4.0 
2.4 

 
74.1 
96.0 

Kanevskoe reservoir, 
Obolon bay, summer 

0.49±0.06 <5×10–3 Not determined  0.49±0.06 100 

Table 4. Concentration of dissolved forms of vanadium in selected water objects of Ukraine [84] 
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and its tributaries has been confirmed by means of 
electrodialysis and electromigration [63]. The anionic 
and cationic compounds have contained high-mole-
cular (0.0–17.8% Vdissolv) as well as low-molecular 
(55.5–74.2% Vdissolv) ones, the latter prevailing.  

Extraction of more than 90% of Vdissolv using a 
column based on anion-exchange cellulose DEAE 
(diethylaminoethylcellulose) has evidenced the 
predominance of anionic compounds of vanadium in 
the water of lake Pavin (France) [91]. The authors have 
marked that these can be negatively charged organic 
complexes of vanadium as well as its oxoanions  
H2VO4

–  which are also adsorbed by the DEAE cellulose 
anionite. Association of vanadium with organic macro-
molecules has been confirmed by means of dialysis and 
ultrafiltration. The relative content of the colloidal 
fraction of vanadium was of 55% of Vdissolv. The 
compounds with molecular weight below 10 kDa have 
contained about 70% of Vdissolv, and 45% of them have 
been low-molecular compounds (< 1 kDa), likely, oxo-
anions H2VO4

– . The share of the colloidal fraction              
(1 kDa–0.22 μm) of Vdissolv in the water of r. Severnaya 
Dvina has ranged between 18% in winter and 26% in 
spring [58]. The low-molecular fraction (< 1 kDa) has 
remained the major one, giving 80–90% of Vdissolv. 

Our earlier reported studies have shown that a 
significant part of Vdissolv in the studied water objects has 
existed in the form of complexes with DOM (Table 4). 
Degree of the complexation has been 50.6 to 96–100%. 

The organic complexes of vanadium have been 
mainly anionic and neutral compounds (Fig. 2). Hence, 
the binding of vanadium majorly involves HS (for 
example, FA) and carbohydrates. The main part in the 
complexation was played by FA (the predominant 
form of DOM in surface waters); they have bound 62 
to 66% of Vdissolv. 

CONCLUSIONS 

The content of vanadium in non-polluted surface 
water is of several μg/L, being increased to tens or 
hundreds of μg/L in waters subject to anthropogenic or 
volcanic action. Thermal power plants consuming coal 
or petroleum products (containing vanadium) play signi-
ficant part in the environmental pollution with vanadium.  

Dissolved form of vanadium determines its migration 
in most of water objects. However, suspended vanadium-
containing substances prevail in river water. The 
dissolved forms of vanadium have been the best studied 
so far. Significant attention has been paid to the 
investigation of the ratio between oxidized and reduced 
forms of vanadium: V(V) and V(IV), since their toxicity 
to the hydrobionts is different. V(V) is more toxic than              
V(IV). V(V) is predominant in surface waters as the most 
stable form of vanadium. Vanadyl ions (VO2+) are 
unstable in natural waters, being oxidized by dissolved 
oxygen. However, the oxidation is decelerated in the 
presence of humic substances. This is due to the 
reductive as well as complex forming properties of these 
compounds. V(IV) has been identified in the complexes 
with humic substances, and it is believed that their 
interaction involves the reduction of V(V) into V(IV), 
followed by the complexation. 

The data on molecular weight distribution of the 
vanadium complexes with dissolved organic com-
pounds have been limited. Certain reports have 
mentioned the presence of vanadium compounds with 
molecular weight of 1 kDa or 10 kDa to size of                
0.22 μm. Likely, they can be related to colloidal 
(disperse) form of vanadium. 

The data on the distribution of vanadium between 
the differently charged complexes are available. 
Anionic complexes of vanadium with humic 
substances are the prevailing ones, as evidenced by the 

Fig. 2. Distribution of vanadium between the complexes with anionic (1), cationic (2), and neutral (3) groups of DOM in water of 
rivers Ros (a) and Stugna (b), and upper part of Kanevskoe reservoir (c) during summer of 2003 [84]. 
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study of selected water objects of Ukraine (62 to 66% 
of Vdissolv). A portion of vanadium has been found also 
in the form of neutral complexes, likely with carbo-
hydrates. 

In summary, the state of vanadium in surface water 
objects has revealed a variety of the coexisting metal 
forms. The relevant information is essential in view of 
ecological issues and for the understanding of the ways 
of vanadium migration in water objects and possible 
transformation of the vanadium forms under the action 
of environmental factors. 

CONFLICT OF INTEREST 

No conflict of interest was declared by the authors. 

REFERENCES  

 1. Templeton, D.M., Ariese, F., Cornelis, R. et al., Pure 
 Appl. Chem., 2000, vol. 72, no. 8, pp. 1453–1470. doi 
 10.1351/pac200072081453 

 2. Templeton, D.M., Fresenius’ J. Anal. Chem., 1999,          
 vol. 363, pp. 505–511. 

 3. Pyrzyńska, K., Wierzbicki, T., Talanta, 2004, vol. 64, 
 pp. 823–829. doi 10.1016/j.talanta.2004.05.007 

 4.  Khimiya i tekhnologiya redkikh i rasseyannykh elemen-
 tov (Chemistry and Technology of Rare and Trace 
 Elements), Bol’shakov, K.A., Ed., Moscow: Vysshaya 
 Shkola, 1976, ch. 3. 

 5.  Emsley, J., Elements of Murder, Oxford: Oxford 
 University Press, 2005. 

 6.  Linnik, P.N. and Nabivanets, B.I., Formy migratsii 
 metallov v presnykh poverkhnostnykh vodakh (Forms of 
 Metal Migration in Fresh Surface Waters), Leningrad: 
 Gidrometeoizdat, 1986.  

 7.  Rukovodstvo po khimicheskomu analizu pover-
 khnostnykh vod sushi (Manual on Chemical Analysis of 
 Surface Land Waters), Semenov, A.D., Ed., Leningrad: 
 Gidrometeoizdat, 1977. 

 8. Shi, Y.X., Mangal, V., and Guéguen, C., Chemosphere, 
 2016, vol. 154, pp. 367–374. doi doi 10.1016/
 j.chemosphere.2016.03.124 

 9.  Bandman, A.L., Volkova, N.V., and Grehhova, T.D., 
 Vrednye khimicheskie veshchestva. Neorganicheskie 
 soedineniya V–VIII grupp: Sprav. izdanie (Harmful 
 Chemicals. Inorganic Compounds of the V–VIII groups: 
 Ref. Edidion), Filov, V.A. et al., Eds., Leningrad: 
 Khimiya, 1989. 

10. Moskalyk, R.R. and Alfanti, A.M., Min. Eng., 2003, 
 vol. 16, pp. 793–805. 

11. Guéguen, C., Guo, L., Wang, D., Tanaka, N., and  
 Hung, C.C., Biogeochem., 2006, vol. 77, pp. 139–155. 

12. Schlesinger, W.H., Klein, E.M., amd Vengosh, A., 
 PNAS Early Edition, 2017, pp. 1–9. doi 10.1073/
 pnas.1715500114 
13. Tikhonenkova, L., Doctoral (Biol.) Dissertation, 
 Chisinau, 2016. 
14. Zhuravleva, N.V., Ivanykina, O.V., and Ismagilov, Z.R., 
 Khim. Interes. Ustoich. Razvit., 2013, vol. 21, pp. 479–
 486.  
15. Mukherjee, B., Patra, B., Mahapatra, S. et al., 
 Toxicol. Lett., 2004, vol. 150, pp. 135–143. doi 10.1016/
 j.toxlet.2004.01.009 
16. De Cremer, K., De Kimpe, J., and Cornelis, R., 
 Fresenius’ J. Anal. Chem., 1999, vol. 363, pp. 519–522. 
17. Stern, A., Yin, X.F., Tsang, S.S., Davison, A., and 
 Moon, J., Biochem. Cell Biol., 1993, vol. 71, no. 3–4, 
 pp. 103–112. 
18.  Moiseenko, T.I., Kudryavtseva, L.P., and Gashkina, N.A., 
 Rasseyannye elementy v poverkhnostnykh vodakh sushi: 
 Tekhnofil’nost’, bioakkumulyatsiya i ekotoksikologiya 
 (Scattered Elements in Surface Land Waters: 
 Technophilicity, Bioaccumulation and Ecotoxicology), 
 Moskva: Nauka, 2006. 
19. De Beer, H. and Coetzee, P.P., Fresenius’ J. Anal. 
 Chem., 1994, vol. 348, pp. 806–809. 
20.  Kabata-Pendias, A. and Pendias, H., Mikroelementy v 
 pochvakh i rasteniyakh (Trace Elements in Soils and 
 Plants), Moscow: Mir, 1989. 
21.  Grin’, S.A., Kuznetsov, P.V., and Pitak, I.V., Vostochno-
 Evr. Zh. Peredovykh Tehhnol., 2012, vol. 6/10 (60),            
 pp. 9–12. 
22. Minelli, L., Veschetti, E., Giammanco, S., Mancini, G., 
 and Ottaviani, M., Microchem. J., 2000, vol. 67, pp. 83–
 90. 
23. Hu, M. and Coetzee, P.P., Water SA, 2007, vol. 33,          
 no. 2, pp. 292–296. 
24. Banerjee, D., Mondal, B.C., Das, D., and Das, A.K., 
 Microchim. Acta, 2003, vol. 141, pp. 107–113.  
25.  Predeina, L.M., Khoroshevskaya, V.O., and Andreev, Yu.A., 
 Materialy konferentsii s mezhdunarodnym uchastiem 
 (Proc. Int. Conference), September 8–10, 2015 g, 
 Rostov-on-Don, 2015, ch. 2, pp. 372–376. 
26. Baes, C.F. and Mesmer, R.E., Jr., The hydrolysis of 
 Cations, New York: Wiley-Interscience, 1976, 489 p. 
27.  Antonovich, V.P., Chivireva, N.A., and Presnyak, I.S., 
 Zh. Analit. Khim., 1997, vol. 52, no. 6, pp. 566–571. 
28. Selbin, J., Chem. Rev., 1965, vol. 65, pp. 153–175. doi 
 10.1021/cr60234a001 
29. Wehrli, B. and Stumm, W., Geochim. Cosmochim. Acta, 
 1989, vol. 53, pp. 69–77. doi 10.1016/0016-7037(89)
 90273-1 
30. Wang, D. and Wilhelmy, S.A.S., Mar. Chem., 2009, 
 vol. 117, pp. 52–58. doi 10.1016/j.marchem.2009.06.001 
31. Wright, M.T., Stollenwerk, K.G., and Belitz, K., Appl. 



RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  88   No.  13   2018 

P.N. LINNIK, R.P. LINNIK 3006 

 Geochem., 2014, vol. 48, pp. 41–52.  doi 10.1016/
 j.apgeochem.2014.06.025 
32. Taylor, M.J.C. and van Staden, J.F., Analyst, 1994,           
 vol. 119, pp. 1263–1276. doi 10.1039/AN9941901263 
33. Pettersson, L., Andersson, I.,and Gorzsas, A., Coord. 
 Chem. Rev., 2003, vol. 237, pp. 77–87. doi 10.1016/
 S0010-8545(02)00223-0 
34. Lu, X.Q., Johnson, W.D., and Hook, J., Environ. Sci. 
 Technol., 1998, vol. 32, pp. 2257–2263. 
35. Szalay, A. and Szilagyi M., Geochim. Cosmochim. Acta, 
 1967, vol. 31, pp. 1–6.  
36. Nakano, S., Kinoshita, S., and Kawashima, T., Anal. 
 Sci., 1990, vol. 6, pp. 435–438. 
37. Bosque-Sendra, J.M., Valencia, M.C., and Boudra, S., 
 Fresenius’ J. Anal. Chem., 1998, vol. 360, pp. 31–37. 
38. Hirayama, K., Kageyama, S., and Unohara, N., Analyst, 
 1992, vol. 117, pp. 13–19. 
39. Ameko, E. and Achio, S., Okai-Armah, J., Afful, S., 
 Eur. Sci. J., 2014, vol. 10, no. 30, pp. 353–376.  
40. Rubio-Arias, H., Quintana, C.E., Wood, K. et al., WIT 
 Transactions on Biomedicine and Health, 2007, vol. 11, 
 pp. 171–179. doi 10.2495/EHR070181 
41. Kohušová, K., Havel, L., Vlasák, P., and Tonika, J., 
 Environ. Monitoring and Assessment, 2011, vol. 174, 
 nos. 1–4, pp. 555–572. doi 10.1007/s10661-010-1478-4 
42. Gaillardet, J., Viers, J., and Dupré, B., Treatise on 
 Geochemistry, Volume 5, Drever, J.I., Holland, H.D., 
 and Turekian, K.K., Eds., 2003, pp. 225–272. doi 
 10.1016/B0-08-043751-6/05165-3 
43. Shiller, A.M. and Mao, L., Continental Shelf Res., 1999, 
 vol. 19, no. 8, pp. 1007–1020.  
44. Petrosyan, V. and Pirumyan, G., Int. Sci. Rev., 2015,  
 no. 8(9), pp. 75–79. 
45. Wogu, M.D. and Okaka, C.E., J. Biodiversity Environ. 
 Sci., 2011, vol. 1, no. 3, pp. 7–12. 
46. Linstedt, K. and Kruger, P., J. Amer. Water Works 
 Assoc., 1969, vol. 61, pp. 85–88. 
47. Johannesson, K.H., Lyons, W.B., Graham, E.Y., and 
 Welch, K.A., Aquatic Geochem., 2000, vol. 6, no. 1,  
 pp. 19–46. 
48. Paudyal, R., Kang, S., Sharma, C.M., et al., J. Chem., 
 2016, vol. 2016, Article ID 6025905. doi 
 10.1155/2016/6025905  
49. Tanizaki, Y., Yamazaki, M., and Nagatsuka, S., Bull. 
 Chem. Soc. Jpn., 1984, vol. 57, pp. 1545–1550. 
50. Khoroshevskaya, V.O., Vorob’eva, T.I., and Mashu-   
 kov, Kh.Kh., Ekol., 2011, vol. 18, no. 4, pp. 35–36. 
51. Volkov, I.I., Problemy litologii i geokhimii osadochnykh 
 porod i rud (Problems of Lithology and Geochemistry 
 of Sedimentary Rocks and Ores), Moscowa: Nauka, 
 1975, pp. 85–113. 

52. Bauer, S., Doctoral Thesis on Applied Geochemistry, 
 2018. 

53. Wällstedt, T., Björkvald, L., and Gustafsson, J.P., 
 Appl. Geochem., 2010, Vol. 25, pp. 1162–1175. 
 10.1016/j.apgeochem.2010.05.002  

54.  Konovalov, G.S., Ivanova, A.A., Shul’mina, S.V.,          
 et al., Gidrokhim. Mater., 1965, vol. 50, pp. 109–113. 
55. Supatashvili, G.D., Gidrokhimiya Gruzii (poverkh-
 nostnye vody) [Hydrochemistry of Georgia (Surface 
 Water)], Tbilisi: Tbilis. Univ., 2003. 
56. Konovalov, G.S., Ivanova, A.A., and Kolesnikova, T.Kh., 
 Gidrokhim. Mater., 1966, vol. 42, pp. 94–111. 
57. Pokrovsky, O.S., Schott, J., Dupré, B., Geochim. 
 Cosmochim. Acta, 2006, vol. 70, pp. 3239–3260. doi 
 10.1016/j.gca.2006.04.008 
58. Pokrovsky, O.S., Viers, J., Shirokova, L.S. et al., Chem. 
 Geology, 2010, vol. 273, pp. 136–149. 
59. Emerson, S.R. and Huested, S.S., Mar. Chem., 1991,              
 vol. 34, pp. 177–196. 
60. Yiğiterhan, O., Murray, J.W., and Tuğrul, S., Mar. 
 Chem., 2011, vol. 126, pp. 207–228. doi 10.1016/
 j.marchem.2011.05.006 
61.  Konovalov, G.S. and Ivanova, A.A., Gidrokhim. Mater., 
 1972, vol. 53, pp. 60–70. 
62.  Khoroshevskaya, V.O., Voda: Khim. Ekol., 2015, no. 2, 
 pp. 11–16. 
63. Grigor’eva, M.F., Zhosse, R.Zh., Moskvin, L.N., and 
 Kalyamin, L.V., Vestnik SPbGU, Ser. 4, 1995, vol. 3 
 (18), pp. 39–46. 
64. Shiller, A.M., Duan, S., van Erp, P., and Bianchi, T.S., 
 Limnol. Oceanogr., 2006, vol. 51, no. 4, pp. 1716–1728. 
65. Bauer, S., Blomqvist, S., and Ingri, J., Mar. Chem., 
 2017, vol. 196, pp. 135–147. doi 10.1016/
 j.marchem.2017.08.010 
66. Sugiyama, M., Geochem. J., 1989, vol. 23, pp. 111–116. 
67. Huang, J.-H., Huang, F., Evans, L., and Glasauer, S., 
 Chem. Geology, 2015, vol. 417, pp. 68–89. doi 10.1016/
 j.chemgeo.2015.09.019 
68. Shiller, A.M. and Boyle, E.A., Earth Planet. Sci. Lett., 
 1987, vol. 86, pp. 214–224. doi 10.1016/0012-821X(87)
 90222-6 
69. Gürkan, R., Tamay, A., and Ulusoy, H.I., Arab. J. 
 Chem., 2017, vol. 10, pp. S13–S22. doi 10.1016/
 j.arabjc.2012.06.006 
70. Fan, Z., Hu, B., and Jiang, Z., Spectrochim. Acta, Part 
 B, 2005, vol. 6, pp. 65–71. doi 10.1016/
 j.sab.2004.10.004 
71. Strady, E., Blanc, G., Schäfer, J. et al., Estuar. Coastal 
 Shelf Sci., 2009, vol. 83, no. 4, pp. 550–560. doi 
 10.1016/j.ecss.2009.05.006 

72. Shiller, A.M. and Mao, L., Chem. Geol., 2000, vol. 165, 
 nos. 1–2, pp. 13–22. 
73. Wuilloud, R.G., Wuilloud, J.C., Olsina, R.A., and 
 Martinez, L.D., Analyst, 2001, vol. 126, pp. 715–719. 
 doi 10.1039/B009705P 



COEXISTING FORMS OF VANADIUM IN SURFACE WATER OBJECTS  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  88   No.  13   2018 

3007 

74. Puntoriero, M.L., Volpedo, A.V., and Fernández Cirelli, A., 
 Frontiers in Environmental Science, 2014, vol. 2, 
 Article 23. doi  10.3389/fenvs.2014.00023 
75. Arena, G., Copat, C., and Dimartino, A., J. Water 
 Health, 2015, vol. 13, no. 2, pp. 522–530. doi 10.2166/
 wh.2014.209 
76. Sakai, Y., Ohshita, K., Koshimizu, S., and Tomura, K., 
 J. Radioanal. Nuclear Chem., 1997, vol. 216, no. 2,            
 pp. 203–212. 
77. Nakano, S., Kinoshita, S., Ikuta, M., and Kawashima, T., 
 Anal. Sci., 1990, vol. 6, pp. 435–438. 
78. Domogalski, J. and Eugster, H.P., The Geochemical 
 Society, Special Publication no. 2, Spencer, R.J., I-Ming 
 Chou, Eds., 1990, pp. 315–353. 
79. Gamage, S.V., Hodge, V.F., Cizdziel, J.V., and Lindley, K., 
 Open Chem. Biomed. Methods J., 2010, vol. 3, pp. 10–
 17. 

80. Harita, Y., Hori, T., and Sugiyama, M., Limnol. 
 Oceanogr., 2005, vol. 50, no. 2, pp. 636–645. 

81. Al Rawahi, W.A., Doctoral Thesis, Guildford, GU2 
 7XH 2016. 
82. Tovar-Sanchez, A. and Sañudo-Wilhelmy, S.A., 

 Biogeosci., 2011, vol. 8, pp. 217–225. doi 10.5194/bgd-
 7-6523-2010 
83. Telfeyan, K., Breaux, A., Kim, J. et al., Mar. Chem., 
 2017, vol. 192, pp. 32–48. doi 10.1016/
 j.marchem.2017.03.010 
84. Linnik, R.P., Vasil’chuk, T.A., and Zaporozhets, O.A., 
 Khim. Tehhnol. Vody, 2003, vol. 25, no. 6, pp. 549–563. 
85. Zaporozhets, O.A. and Dubovenko, L.I., Vest. Kiev. 
 Univ.: Khim., 1988, no. 29, pp. 19–23. 
86. Templeton, G.D. and Chasteen, N.D., Geochim. 
 Cosmochim. Acta, 1980, vol. 44, no. 5, pp. 741–752. 
87. Wood, S.A., Ore Geology Rev., 1996, vol. 11, pp. 1–31. 
88. Cheshire, M.V., Berrow, M.L., Goodman, B.A., and 
 Mundie, C.M., Geochim. Cosmochim. Acta, 1977,              
 vol. 41, no. 8, pp. 1131–1138. doi 10.1016/0016-7037
 (77)90108-9 
89. Wilson, S.A. and Weber, J.H., Chem. Geol., 1979,            
 vol. 26, no. 3, pp. 345–354. 
90. Abbasse, G., Ouddane, B., and Fischer, J.C., Anal. Sci., 
 2003, vol. 19, pp. 529–535. 
91. Albéric, P., Viollier, E., Jézéquel, D. et al., Limnol. 
 Oceanogr., 2000, vol. 45, no. 5, pp. 1088–1096. 


