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Abstract: The polarographic catalytic current in acid solutions of Mo(VI), 2,3-dihydroxybenzaldehyde (2,3-DHBA) 
and chlorate ions has been investigated. The scheme of reactions taking place in the solutions and on the electrode has 
been elaborated. The increase of the catalytic current is explained by the formation of the active intermediate complex 
[Mo(V)⋅2,3-DHBA (ClO3

-)]. The rate constant of formation for the active intermediate complex K = 2.5 ⋅ 106 mol-1 
⋅ dm3 ⋅ s-1, the activation energy of reaction Ea=14.0 kcal⋅mol-1 and the activation entropy ∆Sa

≠= -28.3 e.u. have also 
been determined.
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Introduction
The addition of organic compounds into the polyvalent metal - oxidant system exerts various infl uences on the 

catalytic current magnitude. It has been proved that some oxy-acids, catechol and mandelic acid, increase greatly the 
catalytic activity of Mo(VI) and W(VI) while ClO3

- or BrO3
- ions are used as oxidants [1-4]. The catalytic currents 

of chlorate and bromate ions have been used to determine several elements (Mo, Ti, and Cr) in a range of objects 
[5 – 10]. In the review [11] the authors discussed comprehensively the investigations concerning the determination 
of molybdenum in the presence of such oxidants as NO3

-, ClO4
-, ClO3

- , BrO3
-, as well as papers with the preliminary 

concentration of molybdenum complex compounds with several organic reagents. The authors [12] have shown that 
complexes V(V) and Mo(VI) with 2,5-dyhydroxy-1,4- benzoquinone in  solutions of such an oxidant as ClO4

- display 
a great surface activity, thus allows to use this catalytic system for the adsorptive voltammetric determination Mo(VI) 
and other metal ions [13].

This paper is dedicated to the investigation of the polarographic current nature in solutions of Mo(VI), chlorate 
ions and 2,3-DHBA. The main attention is focused on the impact of 2,3-DHBA under the catalytic current in the system 
Mo(VI) - ClO3

-, as well as on the choice of optimal conditions for determining molybdenum by the value of the catalytic 
current.

Experimental
Polarographic measurements were carried out on polarograph PU-1 (Russia) in the thermostated (25±0.1oC) three-

electrode cell. The working electrode was the mercury drop electrode (MDE, 2.45 mg2/3 · s-1/2), the reference electrode 
– the saturated calomel (SCE) one and a platinum wire as an auxiliary electrode. The drop-time curves were obtained 
by measuring drop-time in the three-electrode cell with a slowly dropping capillary (12 s). The solution acidity was 
verifi ed by the universal pH-meter OP-104/1 (Hungary). The oxygen was removed from the solution by the electrolytic 
hydrogen blowing.

The standard solution of molybdenum (VI) was prepared by dilution of the exact weighted amount of the 
chemically pure Na2MoO4 � 2H2O. The purity for other reagents was at least of analytical grade.

Solutions Na2SO4 + H2SO4 (pH 2.0 – 2.5) served as a supporting electrolyte. Solutions of a smaller concentration 
were prepared by subsequent dilution of the initial ones.

The standard solution of 1·10-3M 2,3-DHBA was prepared as follows: the exact weighted portion of 2,3-DHBA 
was placed in a 100 cm3 volumetric fl ask; 1.0 – 1.5 cm3 of ethanol was added and fi lled up to the mark by means of 
bidistilled water.

The working solutions were prepared in the following order: 2,3-DHBA was added to the neutral molybdate 
solution, then the supporting electrolyte and oxidant (potassium chlorate) were added and the necessary pH value was 
established.

Results and discussion
Fig. 1 shows the polarograms of solutions containing 1·10-5 M Mo(VI) (curve 2), 5·10-7 M Mo(VI) (curve 3 )and 

1·10-4 M Mo(VI) (curve 4) on sulphuric supporting electrolyte (curve 1) in the presence of 0.2 M KClO3 with 2·10-5 

M 2,3-DHBA (curve 3) and without it (curve 2). In the absence of 2,3-DHBA two catalytic waves responding to the 
reduction of Mo(VI) to Mo(V) and of Mo(V) to Mo(III) are registered on polarograms, while in the presence of 2,3-
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DHBA, there was observed a great maximum in the area of fi rst peak potentials. At low concentrations of Mo(VI) in 
solution, only this maximum is registered on polarograms (curve 3).

Fig. 1. Polarograms:
0.1 M H1. 2SO4 + 0.2M Na2SO4, pH 2.3;
1 + 1·102. -5 M Mo(VI) + 0.2 M KClO3;
1 + 1·103. -7 M Mo(VI) + 2·10-5 M 2,3-DHBA + 0.2 M KClO3;
1 + 1·104. -4 M Mo(VI);

 
    In order to identity the nature of this maximum, we have studied the infl uence of the mercury column height 

above the capillary (hHg), temperature, pH values, as well as the 2,3-DHBA, Mo(VI) and ClO3
- concentrations on the 

maximum current value (Ip).
The change of the mercury column height within 45-25 cm is shown in    Fig. 2.

0,3

0,35

0,4

0,45

0,5

1,35 1,45 1,55 1,65 1,75

log Ip

log h(Hg)

Fig. 2. Dependence of Ip on hHg for the solution that contains 5·10-7 M
Mo(VI), 2·10-5 M 2,3-DHBA and 0.2 M KClO3 at pH = 2.3.

As one can see from Fig. 2, the Ip value increases when the height of the mercury column above the capillary 
decreases. Such dependence is characteristic for electrode processes complicated by reacting substances adsorption on 
the electrode. The average value of the temperature coeffi cient in the temperature interval (20 – 40)oC is 7% /degree 
which points out to the catalytic nature of the current.

Dependence of the Ip value on the concentration of oxidant (ClO3
-) in the form of a curve with a bend and a 

saturation section (Fig. 3., curve 1) proves the formation of a polarographically active complex that is characteristic for 
catalytic currents.

The curve showing the dependence of Ip on the ligand concentration passes through the maximum. The ligand 
activated action increases with the concentration growth (at its low concentrations), then it decreases.

The ligand (activator) availability in the catalyst coordination sphere contributes to the acceleration of the reaction 
of polarographically active mixed complex formation if in the catalyst coordination sphere there is enough space for the 
substrate (oxidant) entry, consequently the catalytic current increases. If in the catalyst – activator – substrate (Mo(VI) 
- 2,3-DHBA-ClO3

-) system there are conditions when the ligand blocks all the catalyst coordination places, then the 
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catalytic activity decreases and the current drops. The maximum value of the current is observed when the concentration 
of 2,3-DHBA is equal to 2·10-5 M.

Fig. 3. Dependence of lp on the concentration of KClO3 (1), pH (2) and the Mo(VI) concentration (3):
5·101. -7 M Mo(VI), 2·10-5 M 2,3-DHBA and pH 2.3;

5·102. -7 M Mo(VI), 2·10-5 M 2,3-DHBA and 0.2 M KClO3;
3.  2·10-5 M 2,3-DHBA, 0,2 M KClO3 and pH 2.3.

The infl uence of pH on Ip (Fig. 3, curve 2), as for other ligands, is manifested through the infl uence of pH on the 
complexing organic ligand dissociation or its protonization, as well as on the molybdenum active particles concentration 
in solution. Besides, the hydrogen ions participate in the oxidation – reduction process leading to the depolarizer 
regeneration. While the pH value increases, the potential of the maximum peak shifts towards more negative values.

The catalytic wave unusual shape in the form of a high maximum in solutions containing molybdenum (VI), ClO3
- 

and the organic ligand can be explained by adsorption of all the components of the catalytic system on the electrode, 
this being shown by the dependence of drop – time of the capillary upon the electrode potential (Fig.4), but mainly by 
the higher rate of the chemical reaction running at the mercury - solution interface and determining the catalytic process 
rate on the whole.
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Fig. 4. Drop – time curves:
0.2M Na1. 2SO4, pH 2.3; 

1 + 2·102. -7 M Mo(VI), 2·10-5 M 2,3-DHBA and pH 2.3;
3.  2 + 0.2 M KClO3 and pH 2.3.
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The analysis of experimental dependences of the catalytic current from the solution acidity and the concentration 
of catalytic system components (e.g. the catalyst, organic ligand and oxidant) has allowed representing the catalytic 
process by a scheme of subsequent chemical and electrochemical stages:

The complex formation of Mo(VI) with the organic ligand (L) in solution (the charges of complex species 1. 
are dropped)

      Mo(VI) + L ↔ [ Mo(VI) L] + H+

The catalyst formation  2. 
      [Mo(VI) L] + e → [Mo(V) L]
3. The formation of the intermediate active complex with an oxidant
       [Mo(V) L] + ClO3

- ↔ [Mo(V) L(ClO3
-)]  ↔ [Mo(V) L(ClO3

-)] 
ads    (3)

4. The catalyst redox – regeneration. 
As it has been shown by the authors [14] on the example of the Mo(VI) + H2C2O4 + ClO3

- catalytic system, the 
catalyst redox – regeneration can proceed in two ways:

a) In the polarographically active complex [Mo(V) L(ClO3
-)] the electronic charge transfer on the substrate (ClO3

-

), followed by the catalyst in the highest oxidation degree intra – complex oxidation and regeneration, take place.
[Mo(V) L(ClO3

-)] 
ads + 2H+ → [Mo(VI) L] + ClO2

- + H2O      (4)
b) The electronic density shift from the substrate (ClO3

-) to the catalyst in the polarographically active complex 
occurs. As a result, the catalyst catalytically active form is regenerated in the lowest oxidation degree.

          [Mo(V) L(ClO3
-)] 

ads + e +2H+ → [Mo(V) L] + ClO2
·  + H2O      (5)

The obtained polarographic data do not allow making a conclusion concerning the catalyst regeneration in any form. 
Nevertheless, it is necessary to emphasize that at ligand low concentrations (< 3 · 10-5M) one high sharp maximum with a 
peak potential corresponding to the fi rst wave of complex Mo(VI) reduction into Mo(V) is registered on polarograms, so 
the preference should be given to the fi rst mechanism. With the increase of ligand concentration ( > 5 · 10-5M) the peak 
bifurcates and, at the further increase of ligand concentration ( 1 · 10-4 M) the second maximum becomes slightly higher 
than the fi rst one. It is quite possible that this phenomenon can be also explained by the catalyst regeneration in the lowest 
oxidation degree. Additionally, the authors [12] noted that at the (2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone) ligand 
concentration of 5 · 10-5 M, one maximum is registered while at the ligand concentration growth the peak decreases and 
its potential changes. Also, for the Mo(VI) – catechol – ClO3

- system, it was pointed out that the catalytic current in the 
form of a peak was observed in the case of ligand small concentrations (Fig. 1, curve 3) [1]. At the 5 · 10-2 M catechol 
concentration, the peak becomes wide without a clearly expressed peak and the current decrease is observed at more 
negative potentials (Fig. 1, curve 4 [1]). It is quite possible that in this case the catalyst regeneration occurs according to 
the abovementioned mechanisms. The maximum shape change, generated by the ligand concentration growth, can also 
be connected with a smaller defi cit in the ligand molecule layer close to the electrode-solution interface necessary for 
the intermediate active complex formation. It may also be due to a stronger infl uence of the ligand and Mo(VI) complex 
electrode surface adsorption on the electrochemical depolarizer reduction (Fig. 4, curves 2 and 3). 

The rate constant of the [Mo(V) L (ClO3
-)] intermediate active complex  formation has been calculated by 

Koutetski’s equation Ik/Id = 0,81 nKCst  in solutions with 2 · 10-5 M concentration of 2,3-DHBA in the linear 
Ip - C

1/2(ClO3
-) dependence area (where Ik is the catalytic current equal to Ip – Id;  Id – diffusion reduction current of the 

process [Mo(VI) L] + e → [Mo(V) L], recalculated for the 5 · 10-7 M concentration of Mo(VI) and t is dropping time, 
3.6s) (Fig. 5, Table 1).

       Table 1
Rate constants of complex [Mo(V) L(ClO3

-)] formation
C1/2(KClO3), M Ip, mkA Ip/ Id K·106, mol-1·dm3⋅c-1

0.22
0.26
0.30
0.39
0.44

1.02
1.28
1.44
1.85
2.30

509
639
719
924
1149

2.2
2.5
2.4
2.4
2.8

       Kav = 2.5 ·106, mol-1 ·dm3 · c-1
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Fig. 5. Dependence of Ip on C1/2 (KClO3) for the solutions with 5·10-7 M Mo(VI), 
2 ·10-5 M 2,3-DHBA and pH 2.3.

The activation energy and entropy of the catalytic process (Table 2) have been determined from the log K - 1/T 
dependence [15] for the 20 – 40oC temperature interval (Fig. 6).

        Table 2
Kinetic and thermodynamic characteristics of the catalytic processes in the solutions of Mo(VI) with 2,3-DHBA 

Catechol , H2Glucar or HMandel complexes

Ligand - activator K·106, 
mol-1 ⋅ dm3 ⋅ s-1

E, kcal/mol ∆Sa
*, e.u. References

2,3-DHBA
Catechol
H2Glucar
HMandel

2.5
8.2
7.6
220

14.0
16.6
9.3
14.3

-28.3
-26.0
-27.4
-20.4

-
[1]
[1]
[3]

y = -3.395x + 17.99
R2 = 0.996

6,3
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Fig. 6. Dependence of log K on 1/T for the solution of 5·10-7 M Mo(VI), 2 ·10-5 M 2.3-DHBA, 0.2 M KClO3 and 
pH 2.3.

The calculated rate constant of intermediate active complex formation, activation energy and entropy demonstrate 
the high catalytic activity of the studied system. The activation infl uence of 2,3-DHBA slightly differs from catechol and 
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glucaric acid due to the addition of ethyl alcohol for a better solubility of 2,3-DHBA, being considerably smaller than 
for mandelic acid (Table 2). The large negative activation entropy values indicate on the spatial diffi culties that occur 
when ClO3

- ions are introduced into the Mo(V) complex coordination sphere. As one can see from the entropy activation 
∆Sa

≠
 values, the introduction of ClO3

- ions into the coordination sphere of Mo(V) complexes with mandelic acid is the 
easiest, so the infl uence of the HMandel activation is higher than for other ligands [1-3].

The catalytic reaction in the Mo(VI) - 2,3-DHBA - ClO3
-
 system is quite selective and may serve for the metal 

– catalyst micro-quantities determination. The optimal conditions of this determination are: 2  · 10-5 M 2,3-DHBA, 
0.2 M ClO3, 0.2M Na2SO4 and pH 2 – 2,3. The dependence of Ip on the Mo(VI) concentration in the solution within 
(1 – 15)  · 10-7 M is shown in Fig. 3 (curve 3).

Conclusions
This study describes the polarographic catalytic current behavior in acid solutions containing Mo(VI), 

2,3-dihydroxybenzaldehyde (2,3-DHBA) and chlorate – ions. From the results of the measurements the scheme of 
reactions occurring in the solution and on the electrode has been elaborated. The catalytic current increase in the presence 
of 2,3-DHBA is explained by the formation of the active intermediate complex [Mo(V) · 2,3-DHBA (ClO3

-)]. The rate 
constant of the intermediate active complex reaction formation      K = 2.5. 106 mol-1 · dm3 ·s-1, as well as the reaction 
activation energy Ea = 14.0 kcal  · mol-1 and the activation entropy ∆Sa

≠ =-28.3 e.u. have been determined. Further 
research will focus on the established possibility of the Mo(VI) small quantities determination.
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