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Abstract 
The forms of occurrence of vanadium metal are determined by the major chemical reactions 
in the aquatic environment such as hydrolysis, oxidation, reduction, and precipitation. 
Depending on pH, potential and total concentration of inorganic ions and organic ligands, 
vanadium compounds may undergo various transformations to produce a whole range of 
chemical forms in aqueous systems. In this paper, a novel approach has been applied for 

calculating potential−pH (Pourbaix) diagrams, based on the developed thermodynamic 
analysis of chemical equilibria in the V–H2O system. On the basis of currently revised 
thermodynamic data for V(III), V(IV) and V(V) hydrolysis and original thermodynamic and 
graphical approach used, the repartition of their soluble and insoluble chemical species has 
been investigated. By means of ΔG–pH diagrams, the areas of thermodynamic stability of 
V(IV) and V(V) hydroxides have been established for a number of analytical concentrations 
of vanadium in heterogeneous mixtures. The obtained results, based on the thermodynamic 
analysis and graphic design of calculated data, are in good agreement with available 
experimental data. 
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Introduction 

Vanadium oxides (V-O) have been widely studied during the last three decades [1–12], mostly 

due to their broad applications in catalysis and microelectronics. Vanadium is a transition metal with 

an elevated melting temperature and good corrosion resistance vs. different acids and alkalis at low 

temperatures. Some alloys containing vanadium are extensively used in car constructions, 
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electronics industry, nuclear reactor components and defense technology [13]. Moreover, 

vanadium catalyst is one of the best catalysts used in chemistry and is also extensively used in the 

industrial production of sulfuric acid and petroleum refining [14]. In addition, vanadium is used in 

batteries, electrochemical and fuel cells [15] and ceramic industry [13]. However, the discharge of 

vanadium and its compounds in environment becomes one of the major causes of pollution. For 

vanadium, a simultaneous presence of several species in different degrees of oxidation is 

characteristic and therefore, a number of compounds in the V–O system may coexist. This includes 

oxides V2O5, VO2, V2O3, and VO, where vanadium is present in oxidation states +5, +4, +3, and +2, 

respectively. V(V) species are very toxic and their removal from water has been extensively 

investigated [16]. Also, V(IV) and V(V) species have been defined as particularly toxic in [17]. Many 

investigations show that toxicity of vanadium and its effect on health depends on its forms and their 

properties. Therefore, the knowledge of vanadium speciation and its removal from wastewaters is 

the essential issue in environmental protection.  

At the same time, in addition to simple ions, existence of ions containing different number of 

oxygens in oxyanions is possible. The electron transfer reactions between oxyanions in the aqueous 

solution are carried out with the participation of hydrogen ions. Consequently, under these 

conditions, the potential of the electrode would depend on the solution pH. This statement is also 

true for redox reactions involving solid phases [18]. In order to create the complete picture of 

thermodynamic properties of elemental compounds in different valence states both in aqueous 

solution and in solid phases, the potential-pH diagrams, so-called Pourbaix diagrams, have to be 

used. These diagrams show thermodynamic properties of chemical elements, depending on the pH 

and their total concentrations in a solution. Pourbaix diagram is a graphic representation of 

equilibria in heterogeneous systems containing a solid phase and aqueous solution. With increase 

in the number of components, polynuclear species appear and calculations of chemical and 

electrochemical equilibria become considerably complicated. The construction of Pourbaix 

diagrams in these cases is usually made by calculating potential−pH dependency for various forms 

of oxidation-reduction pairs [19-21]. This approach sometimes leads to a linear dependence of 

chemical and electrochemical equilibria on pH [22]. In these cases, large number of unnecessary 

lines on the diagram diminishes the amount of information.  

The behavior of vanadium in solutions depends on the vanadium concentration, potential and 

pH value. Vanadium extraction and its removal from wastewaters have been widely studied in order 

to decrease vanadium contaminant and employ vanadium sources [23,24]. Despite of large number 

of experimental data, however, scarce information on thermodynamic properties of vanadium 

species has been published so far. The original approach of this paper consists in using the 

thermodynamic method developed by the authors [25] and consistent thermodynamic data for 

constructions of Pourbaix diagrams for vanadium. 

Theoretical 

For constructing Pourbaix diagrams for the vanadium-water system, the standard Gibbs energies 

of formation (Gf
0) of the vanadium solid and soluble species shown in Table 1 have been used.  

The areas of thermodynamic stability of solid phases (oxides), depending on pH and total 

concentration of vanadium in the solution, have been initially determined. For this purpose, the 

Gibbs energy variation of the interaction of the oxide with the aqueous solution components has 

been calculated.  
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Table 1. Standard Gibbs energies of formation for vanadium species at 298.15 K 

Species Gf
0 / kJ mol-1 Source Species Gf

0 / kJ mol-1 Source 

V2+ -218.0 [26] H2VO4
- -1023.0 [31] 

VOH+ -467.0 [27] V2O7
4- -1722.2 [31] 

VO(S) -402.6 [28] HV2O7
3- -1778.8 [31] 

V3+ -242.7 [29] H2V2O7
2- -1824.5 [31] 

VOH2+ -418.2 [27] V4O13
6- -3330.1 [31] 

V2O3(S) -1316.1 [28] HV4O13
5- -3381.5 [31] 

VO2+ -447.3 [29] V4O12
4- -3200.2 [31] 

HVO2
+ -652.1 [30] V5O15

5- -3999.5 [31] 
H2V2O4

2- -1330.9 [30] V10O28
6- 7680.9 [31] 

HV2O5
- -1491.4 [30] HV10O28

5- -7715.1 [31] 
V2O4(S) -1316.1 [28] H2V10O28

4- -7736.5 [31] 
VO2

+ -588.3 [29] H3V10O28
3- -7745.8 [31] 

HVO4
2- -977.8 [31] V2O5(S) -1421.2 [28] 

 

For the vanadium oxide (V) in aqueous solution, the following dissolution reaction can be written 

as: 

½V2O5(S) + H+ =VO2
+ + ½H2O (1)  

The Gibbs energy variation (Gr) of this reaction is described by the equation of the reaction 

isotherm: 

2

+

0
r

H

Δ =Δ + ln
VO

r

c
G G RT

c

+

 (2)  

where Gf
0 is the variation of the standard Gibbs energy of the reaction (1): 

0 0 0 0
r f 2 f 2 f 2 5(S)

1 1
Δ =Δ (VO ,298.15K) Δ (H O,298.15K) Δ (V O ,298.15K)

2 2
G G G G+ + −  (3) 

Equation (1), however, characterizes the equilibrium in the system V2O5(S) - aqueous solution only 

in a narrow range of pH because of various hydrolysis reactions possible in the solution which are 

listed in Table 2. Equilibrium constants (Ki) of these reactions are calculated based on the data of 

Table 1, using the well-known thermodynamic relation: 
0
i

i

Δ
log

2.3

G
K

RT
= −  (4)  

Table 2. Possible hydrolysis reactions and their equilibrium constants  

Hydrolysis reaction log K 

VO2
+ + 2H2O = H2VO4

- + 2H+ logK1 = -6.96 
VO2

+ + 2H2O = HVO4
2- + 3H+ logK2 = -14.88 

VO2
+ + 2H2O = VO4

3- + 4H+ logK3  = -29.14 
2VO2

+ + 3H2O = V2O7
4- + 6H+ logK4 = -29.09 

2VO2
+ + 3H2O = HV2O73- + 5H+ logK5 = -19.17 

2VO2
+ + 3H2O = H2V2O7

2- + 4H+ logK6 = -11.15 
4VO2

+ + 5H2O = V4O13
6- + 10H+ logK7 = -36.72 

4VO2
+ + 5H2O =HV4O13

5- +9H+
 logK8 = -27.62 

4VO2
+ + 4H2O = V4O12

4- + 8H+ logK9 = -17.84 
5VO2

+ + 5H2O = V5O15
5- + 10H+ logK10 = -22.42 

10VO2
+ +8H2O = V10O28

6- + 16H+ logK11 = -17.47 
10VO2

+ + 8H2O = HV10O28
5- + 15H+ logK12 = -11.47 

10VO2
+ + 8H2O =H2V10O28

4- + 14H+ logK13 = -7.73 
10VO2

+ + 8H2O = H3V10O28
3- + 13H+ logK14 = -6.10 
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Evidence of the influence of hydrolysis reactions on the equilibrium reaction (1) leads to the 

following expression for ΔGr [25]: 

2

0
r H VVO

Δ =Δ - ln - ln + lnrG G RT RT c RT c +  (5)  

In eq. (5), cV denotes the total concentration of V(V) in solution, while VO2
+ is the coefficient 

which takes into account contributions of hydrolysis reactions listed in Table 2, and is described by 
the expression 

αVO2+ = 1 + K1cH
2 + K2cH

 -3 + K3cH
-4 + 2cVK4cH

-6 + 2cVK5cH
-5 + 2cVK6cH

-4 + 4cv
3K7cH

-10 + 4cv
3K8cH

-9 + 

+ 4cv
3K9cH

-8 +5cv
4K10cH

-10 + 10cv
9K11cH

-16 + 10cv
9K12cH

-15 + 10cv
9K13cH

-14 + 10cv
9K14cH

-13 

where cVO2
+ is the equilibrium concentration of the VO2

+ ion, determined for a given pH value under 

the mass balance conditions: 

+
i j n 2 2

V HVO VO VO
i j n

=c jc c  +=  (6)  

The calculations can be performed by well-known numerical methods using the software for real 

solutions of the system of nonlinear equations.       

Results and discussion 

Results of calculations of the ΔGr−pH dependence using eq. (5) for several cV values are shown in 

Figure 1. Within the used thermodynamic approach, the solid phase is stable for ΔGr < 0, and 

dissolves for ΔGr > 0. Therefore, the condition ΔGr = 0 corresponds to the equilibrium of the solid 

phase with aqueous solution. One can see from Figure 1 that vanadium oxide (V) is stable in a narrow 

range of low pH values, while for cV < 10-2 mol L-1, V2O5(S)
 does not precipitate at all. Thermodynamic 

stability areas of other vanadium oxides are determined analogously. 
 

 
Figure 1. Dependence of ΔGr on pH for reaction (1), taking into account hydrolysis reactions and cV:  

1 - 1 mol L-1; 2 - 10-1 mol L-1; 3 - 10-3 mol L- 1; 4 -10-5 mol L-1 
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Within the pH range where the solid phase (oxide) is thermodynamically unstable (dissolves), it 

is necessary to determine the areas of predominance of the species in solution. In the presence of 

polynuclear species, it is useful to calculate the partial molar fractions of the species as functions of 

pH and cV. For vanadium compounds (V) for example, partial molar fractions are determined in the 

following way [32]: 

i j n

i j n

HVO

ijn

HVO
i j n

jc
f

jc
=


  (7)  

The calculation results of these functions for V(V) compounds and cV = 10-3 mol L-1 as functions of 

pH are shown in Figure 2. Based on these calculations, it is easy to determine the thermodynamic 

stability of vanadium species in the solution as a function of pH and cV. 

 

 
Figure 2. Partial molar fractions of vanadium (V) species for cV = 10-3 mol L-1 
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By establishing the thermodynamic stability areas of both solid and soluble phases, one can 

calculate the pH dependence of ΔGr or E for different redox pairs.  

Here, V(V) → V(IV) reduction as a function of pH for cV(V) = cV(IV) = 10-3 mol L-1 is examined as the 

example. The areas of thermodynamic stability of V(V) and V(IV) species under these conditions are 

shown in Table 3. 

Table 3. pH areas of thermodynamic stability of V(V) and V(IV) species for cV(V) = cV(IV) =10-3 mol L-1 

V(V) pH area V(IV) pH area 

VO2
+ 0  2.7 VO2+ 0 ≤ 3.7 

H2V10O28
4- 2.7 ≤ 3.8 V2O4(S)  3.7 ≤ 8.2 

HV10O28
5- 3.8 ≤ 5.5 HV2O5

- 8.2 ≤ 14.0 
V4O12

4- 5.5 ≤ 7.9   
H2VO4

- 7.9 ≤ 8.0   
HVO4

2- 8.0 ≤ 14.0   

 

Therefore, the reduction reaction of V(V) to V(IV) versus pH can be described by following eight 

equations: 

VO2
+ + 2H+ + e- = VO2+ + H2O 0 ≤ pH ≤ 2.7    

(1/10)H2V10O28
4- + (17/5)H+ + e- = VO2+ + (9/5)H2O 2.7 ≤ pH ≤ 3.7    

(1/10)H2V10O28
4- + (7/5)H+ + e- = (1/2)V2O4(S) + (4/5)H2O 3.7 ≤ pH ≤ 3.8    

(1/10)HV10O28
5- + (3/2)H+ + e- = (1/2)V2O4(S) + (4/5)H2O  3.8 ≤ pH ≤ 5 

(1/4)V4O12
4- + 2H+ + e- = (1/2)V2O4(S) + H2O  5.5 ≤ pH ≤ 7.9     

H2VO4
- + 2H+ + e- = (1/2)V2O4(S) + 2H2O 7.9 ≤ pH ≤ 8.0     

HVO4
2- + 3H+ + e- = (1/2)V2O4(S) + 2H2O 8.0 ≤ pH ≤ 8.2     

HVO4
2- + (5/2)H+ + e- = (1/2)HV2O5

- + (3/2)H2O 8.2 ≤ pH ≤ 14.0   

On the basis of these data, the V(V) − V(IV) redox potentials (Ei) are described by means of Nernst 

equations for (cV(V) = cV(IV) = 10-3 mol L-1): 

E1 = E1
0 - (RT/F) ln cH

-2 

E2 = E2
0 - (RT/F) ln cH

-17.5cV
-9/10 

E3 = E3
0 - (RT/F) ln cH

-7.5cV
-1/10 

E4 = E4
0 - (RT/F) ln cH

-3/2cV
-1/10 

E5 = E5
0 - (RT/F) ln cH

-2cV
-1/4 

E6 = E6
0 - (RT/F) ln cH

-2cV
-1 

E7 = E7
0 - (RT/F) ln cH

-3cV
-1 

E8 = E8
0 - (RT/F) ln cH

-5/2cV
-0.5 

where Ei
0 denotes standard redox potential. 

Final potential−pH diagrams for vanadium species at total concentrations of all soluble species 

equal to 1, 10-3 and 10-5 mol L-1 are shown in Figure 3. 

As one can see, the presence of polynuclear species in the system makes impossible the 

presentation of potential − pH diagrams for different cV in the single figure. This is explained by the 

fact that variation of cV changes not only thermodynamic stability areas, but also the composition 

of predominant species. Thus, with the decrease of V(V) concentration, the stability of polynuclear 

species is diminished. At the same time, at low values of cV, vanadium oxide (V) becomes 

thermodynamically unstable. 
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Figure 3. Potential−pH diagrams for vanadium species and cV: a - 1 mol L-1, b - 10-3 mol L-1, c - 10-5 mol L-1 
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A particular feature of vanadium chemistry is that V(IV) species in alkaline medium are 

simultaneously oxidized and reduced to V(V) and V(III) species. In the diagram, this is manifested by 

the fact that the range of potentials where V(IV) species are thermodynamically stable becomes 

narrowed with the pH increase. 

In calculating potential−pH diagrams in the general case, E (pH) (or ΔGr (pH)) functions are 

approximated by a system of linear−discontinued functions. In the presence of mononuclear species 

in the system, this approximation is quite justified [33,34]. It is interesting to elucidate whether this 

approximation can be justified in the presence of polynuclear species, because in such a case, areas 

of predominance of species in solution are insufficiently distinct. Thus, for cV = 10-3 mol L-1 and pH 

6, V(V) → V(IV) transformation within the linear approximation is described by the following 

equation: 

¼V4O12
4- + 2H+ +e = ½V2O4(S) +H2O (8) 

At pH 6 value, V4O12
4- ions predominate, but as shown in Figure 2, other species are also present in 

the solution. The calculations show that partial molar fractions in this particular case are: 

2- - 2- 4 5-
4 2 4 2 2 7 4 12 5 15HVO H VO H V O V O
=0.01, =0.33, =0.13, 0.48, =0.05

V O
f f f f f− =  

Therefore, at pH 6 and cV = 10-3 mol L-1, the transformation V(V) → V(IV) is more correctly 

described by the following system of equations: 

HVO4
2- + 3H+ + e- = (1/2)V2O4(S) + 2H2O 1 % 

H2VO4
- + 2H+ + e- = (1/2) V2O4(S) + 2H2O  33 % 

(1/2)H2V2O7
2- + 2H+ + e- = (1/2) V2O4(S) + (3/2)H2O 13 % 

(1/4)V4O12
4- + 2H+ + e- = (1/2)V2O4(S) + H2O 48 % 

(1/5)V5O15
5- + 2H+ + e- = (1/2)V2O4(S) + H2O 5 % 

where next to each equation, the contribution of the respective equilibrium reaction is presented 

in fractions, %. 

The results of the V(V) - V(IV) pair calculation in a small pH range for cV = 10-3 mol L-1, obtained 

by both the exact equation and linear approximation, are shown in Table 4. The linear approximation 

approach was developed in [35]. In above mentioned example, instead of all the equilibria (9), the 

most predominant equilibrium with the 48 % contribution is taken into account.  

Table 4. pH dependence of the electrode potential of the pair vanadium (V)/vanadium (IV) for  

cV = 110-3 mol L-1; 1 – exact calculation; 2 – calculation in linear approximation. 

pH 4 5 6 7 8 

1 E / V 0.411 0.322 0.219 0.100 -0.004 
2 E / V 0.418 0.329 0.233 0.115 0.007 

Conclusions 

1. On the basis of thermodynamic data, the area of thermodynamic stability of vanadium chemical 

species as a function of pH for each degree of oxidation has been determined. 

2. System of electrochemical equations for electrode reactions between chemical species in 

different degrees of oxidation and overlapped predominance areas has been derived. Also, the 

dependence ΔGr or E on pH is calculated for different redox pairs.  

3. Depending on pH, pE (-log E), and total concentration of inorganic ligands, vanadium compounds 

may undergo various transformations to produce a whole range of chemical species in solution. 
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E—pH diagrams of the V-H2O systems have been constructed, showing well agreement with 

previously reported experimental data. 

4. It has been proved that the calculation of the E (pH) in linear approximation by a system of linear 

- discontinued functions in the presence of polynuclear species is fully acceptable. 
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