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Kinetics of Reaction between Vanadium(v) and Iodide Ions in the Presence 
of Oxygen 
By Stelvio Celsi, Fernando Secco," and Marcella Venturini, lstituto di Chimica Analitica ed Elettrochimica, 

The kinetics of reduction of vanadium(v) by iodide ions in aqueous solution have been investigated in the presence 
of oxygen a t  25 ' C  and ionic strength 0 . 4 ~  (NaCIO,). The results show that the reaction occurs through two 
parallel paths (i), the first being oxygen-independent, the second involving a molecule of 0,. The term 6 (s-l) 
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v = a + b[O,] (1) 

is given by equation ( i i ) .  The mechanism of the oxygen-dependent path involves formation of a peroxovanad- 

b = ( 3 . 3  f 0.5) x 103[H4V04+][l-]2[H+]2 

ium(v) intermediate, [VO (O,) ]  +, which, rapidly reacting with iodide ions, regenerates vanadium(v), VO.,+, ions. 

(ii) 

A KINETIC study of the reduction of vanadium&) by 
iodide ions in aqueous acidic solutions has been recently 
rep0rted.l Care was taken t o  exclude air from the 
reaction mixtures because the rates were enhanced by 
the presence of oxygen. This effect was also observed 
by previous workers 24 who explained i t  in different 
ways. First a mechanism involving reaction between 
vanadium(II1) (which is assumed to be the first product 
of the reduction) and oxygen to  give a peroxo- 
vanadium(v) ion, [(H20)2V(OH)O&2+, was suggested as 
in equations (1) and (2). This peroxo-complex rapidly 

reacts with I- ions and vanadium(v) is reproduced. 
Subsequently by measuring the induction factor a t  high 
acidity and at  very low vanadium(v) concentrations 
Boyer and Ramsey * proposed a chain mechanism in 
which 1,- ion is assumed to be the species responsible 
for the induced reaction. 

Our preliminary experinients showed that the in- 
duction period is strongly decreased by increasing the 
vanadium (v) and decreasing the hydrogen-ion concen- 
tration, and in the ranges 2.5 x < [NaVO,] .< 
3 x 1 0 - 2 ~  and 0.05 < [H'] < 0 . 3 ~  the induction period 
is practically zero. Nevertheless the rates measured in 
these conditions are definitely higher than in deaerated 
solutions suggesting that, even when the induced re- 
action is suppressed, a dependence on oxygen is oper- 
ative. We have now investigated the influence of 
oxygen on the reaction between vanadium(v) and 
iodide ions under conditions where the induction period 
is negligible. 

EX PE R I M 13 N T A L 

Stock solutions of tlic reactants were prepared by di,j- 
solving chemicals of analytical grade in conducti\rity \\-ater, 
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2 W. C. Bray anti J .  B. Ksnisey, J .  A m w .  Cham. Soc., 193:3, 

3 J .  B. Raniscy, E. L. Colichinan, and I*. C. Pack, J .  A 4 ~ ~ ~ ~ ~ ' .  
55, 2279. 

Chcm,. Soc., 1946, 68, 1696. 

which was also used as a reaction medium. lirttes o f  re- 
action were measured by the iodonietric method already 
described.1 A small amount of EDTA (2 x 1 0 - 5 ~ r )  was 
added to the reactant mixtures in order to avoid po.sible 
catalysis by traces of heavy-metal ions. The reacting 
solutions were fluslied with inixturcs of purified nitro,gen 
and oxygen during the experiments. 

Determination of dissolved oxygen was carried out by a 
polarographic technique which makes use o f  a platinum 
electrode with periodic renewal of the difiusion layer 
(DLPRE) . Suitable osygen-nitrogen mixtures were passed 
through the polarographic cell containing O-2>r-HC104- 
0*2~-NaC10, as supporting electrolyte and the limiting 
current due to 0, electroreduction, measured a t  constant 
potential (0.0 V against s.c.c.), was recorded with a 
Polarecord E 261 Metrohni. The gaseous stream from tlie 
polarographic cell was directly passed through tlic reaction 
vessel. The limiting current of oxygen mas recorded 
during the course of each experiment and its constant 
value provided a check for the constancy of the oxygen 
concentration during each kinetic run. The percentage of 
O? was obtained as the ratio of the limiting current of 
oxygen present in a given mixture to the limiting current 
of an 0,-saturated solution. The concentration in the 
latter was measured by the Winkler procedure and we 
obtained [0JiRt. = 9-92 x 1 0 - 4 ~  a t  25 "C and ionic strciigtli 
0 . 4 ~ .  The concentration of oxygen present in the ditiercnt 
02-N2 mixtures is given by the product (0,:O.J [O>,:it. 

rt E s uLTs 

If in a solution saturated with osygcn the concentr'itions 
of iodide and H r  ions were sufficiently high, i.e. iXaI] and 
[HClO,] = O - ~ M ,  iodine was formed much niore rapidly 
than in a corresponding deaerated solution or one in v-liich 
the tetrahyclroxovanadiuin(v) ion it as absent, and tlw 
iodine is thus produced by reaction between I aiicl  0,. 
In  a tlcaerated solution containing the above concentrations 
of I- and H' ions and [XaVO,] = 2 .2  x 10-311, the con- 
centration of iodine formed was 1 - 1 2  x 10-331 in agrcenicnt 
\\-it11 equation (3) .  In  an osygen-saturated solution tlie 

2[H,VO,j' -+ 21- -+ 4Hf --)c 2V02"  -,- 1, - I -  GH,() (3) 
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concentration of iodine produced from the same concen- 
trations of the reactants was 3-25 x 1 0 - 3 ~ .  The reaction 
in these conditions may thus be represented by equation (4). 

2[H,VOJ+ + 0, + 61- + 8H++ 

If the saine concentration of vanadium(v) was allowed to 
react with low concentrations of iodide and hydrogen ions, 
i .e. 0.01 and 0 . 0 4 ~  respectively in a 0, saturated solution, 
the resulting concentration of iodine was only 1.25 x 1 0 - 3 ~ ~  
implying that in these conditions the reaction is almost 
independent of oxygen. 

Initial rates of reaction, u, were measured as previously 
reported1 and the agreement between repeated runs was 
5%. The dependence of the rates on the amount of dis- 
solved oxygen was tested for different constant concen- 
trations of the reactants. The plots in the Figure show 
that the overall rate is split into two terms, the first being 
independent of the concentration of dissolved oxygen and 
the second being first order in [OJ according to equation (5). 

2Vo2' + 31, + 8H20 (4) 

v = a + b[O,] 

'The term a corrcsponds to the rate of reaction in the 
absence of oxygen which is given by equation (6). A t  

= (K1,5[I-][H-"] $- K2,,[I-][H+I2 -1- 
K ,  [I-] [H"] 2, [H4V0,'] ( 6) 

25 "C and ionic strength 0.431 hl,5 = 1.2 x 10-2 12 rnoP s-1, 
k2,5 = 5-9 x lop2 P m o P  s-1, and i ~ , , ~  = 4 - i  s 10-1 l4 

In  order to obtain thc depcndcncc of tlic terrn 11 on the 
moi-4 s-1. 

J.C.S. Dalton 
hydrogen ions (Table). According to the procedure 
described in ref. 7 a statistical analysis based on the least- 
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Depeiideiicc of initial rates of the reaction between vanadium(v) 
and iodide ions on oxygen concentration at 25 "C and ionic 
strength 0 . 4 ~  (NaClO,). 100% 0, corresponds to [OJ = 
9.92 x ~ O - , M .  (O),  [H,VO,+] = 2.6 x lob3, [NaI] = 
8.5 x 10-3, [HClO,] = 0.1; (a), [H,VO,+] = 2.5 x 10-3, 
[N'tI] = 8.5 x lo-*, [HClO,] = 0 . 2 ~  

squares method was undertaken with an IBM computer on 
several equations of the form (7), where (v  - a)  is the rate 

v - Lr = s,r~,CHa~~O,+]PCI-]PIH+]' (7) 
of the oxygen-dependent path. The equation which gave 

Initial rates for thc reaction between vansdium(v) and iodide ions in oxygen-saturated solutions, v ,  and in 
deaerated solutions, a * 

0.5 0.25 0.5 1 *22 
0.5 0.50 0.5 3-20 
0.5 0.75 0.5 5-87 
0.5 1.00 0.5 8.30 
1.0 1.00 0.5 16.6 
0.6 1.50 0.5 18.5 
0.6 2-50 0 * 3 42.6 
0.5 3.00 0-5  5 7 * 3 
0.25 0.475 14j 4.00 
0.48 0.175 1.0 7.54 
0.96 0.475 1.0 15-3 
1.92 0.476 1.0 31.2 
2.5 0.475 1.0 40.1 
3.00 0.475 1 - 0  50.1 
0.5 0-50 1 4 7.9s 
1.0 1 -50 1.0 113 
1 s o  0.15 1.5 5-14 
1 *o 0.50 1.5 34.1 
0.5 1-50 1.5 120 
0.5 9-00 1.5 216 
1.0 0.25 2.0 19.5 
0.5 1 *50 2.0 23 1 
0.3 2-00 2 . 0  378 
1.0 0.15 2.5 11.3 
0.5 0.50 2.5 45.9 
0.98 0.147 3.43 18.1 

* -411 the runs were carried out at 25 "C and ionic strength 0 . 1 ~  (NaC10,). 

1-23 0.97 
:r*on "02 
5-45 3-13 
8-46 4.33 

18.9 8.65 
16.2 6.93 
38.8 13.0 
53.6 16.5 

4.25 2-39 
8-16 4-59 

16.3 9.1 8 
32-7 18.4 
12.5 33.9 
51.0 28.7 

112 37.4 

36.9 18-3 
119 :354 
"01 52.4 

21.4 13.1 
305 56-9 
349 85.2 

11.2 10.7 
43.6 20.4 
17.9 17.1 
t Obtairicd froni equation (a). 

9.1 8 5-06 

6.60 4.93 

concentrations of the reactants a set of runs in oxygen- 
saturated solutions was carried out a t  different initial 
concentrations of tetrahvdroxovanadium(v) , iodide, and 

F. Secco, A. Indclli, ancl P. L. Bonora, Tn0t.g. Chew., 1970, 
9, 337. 

the best fit is (8 ) ,  where hobs = k[O,] = 3.3 f 0.5 l4 in01 * 5 - l  

v - a = Ko~,[H4V0,+][I-]2[Hf]a 

a t  25 O C  and I = 0.4R.Z (NaC10.4). The ratio hobs : [Oc]s:ll. 
yields the rate constant h = (3.3 f 0.5) x lo3 l6 r n ~ l - ~  s-l. 

(8) 
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T h e  dependence of  b on reactant concentrations is as in (9). 

b = h [H4VO4+] [I-] 2[H']2 (9) 

I t  sliould be noted that, from gradients of the plots in the 
Figure, a k value in agreement with that given by statistical 
treatment of the runs in the Table was obtained, and the a 
values derived from the intercepts agreed with those calcu- 
lated by using rate constants previously rep0rted.l 

DISCUSSION 

The rate equation found, (5) ,  shows that reduction of 
vanadium(v) in the presence of oxygen occurs through 
an oxygen-independent set of reactions (6) and a 
reaction (8) which involves a molecule of 0,. The 
features of paths (6) have been explained in ref. 1 and 
therefore only the oxygen-dependent path li7ill be 
discussed here. 

The insensitivity of the reaction to light and starch, 
and the form of the rate law, which displays integral 
orders in substrate and in oxygen, are suggestive of a 
polar mechanism.*-l0 An examination of the data in 
the Table shows that the contribution of path (8) to 
the overall rate of reaction becomes predominant a t  
high hydrogen- and iodide-ion concentrations. Under 
these conditions formation of an intermediate involving 
one [H,VO,+], two H+, and two I- ions is favoured. 
The mechanism me suggest is as in equations (10)-(12). 

[H4VO4]+ + 2H+ ==k [V(OH),]3+ + 2H,O (10) 
(fast equilibrium) 

iV(0H),l3 + + I- + [V(OH),I12+ 

[V(OH),II2+ + I- += [V(OH),IJ+ 

(11) 

(12) 
The two highly polarizable iodine atoms can easily 
increase the negative charge on the central vanadium 
atom facilitating attack by [V(OH),I,]+ on the relatively 
electrophilic oxygen molecule as in reaction (13). 

kl ka 

k-1 

0, + [(HO),VI,]+ + [O,V(OH),IJ + -+ 
[O,VO]+ + I, +- H,O (13) 

This mechanism reflects the observed kinetics if the 
stability constant for the peroxo-complex is very 
small. Oxoperoxovanadium(v) ion is unstable under 
our experimental conditions and rapidly reacts with 
excess of I- ions according to equation (la),  regenerating 

[VO(O,)]+ + 21- + 2H+ --+- VO,+ + I, + H,O (14) 

dioxovanadium(v) ion, VO,' (or [H4VO4]+), which is in 
E. J .  Bchrniaii and J .  0. Etl\vards, Pvogr. Phys. Org. Chenz., 

1967, 4, 93. 
a W. K. Wilmarth and A. Haiin, ' Peroxide Reaction Mech- 

anisms,' ed. J .  0. Edwards, Interscience I'ublishcrs. New York, 
London, 1962, p. 175. 

turn reduced to V02 r. Froni equations (10)- (14) and 
(3) the overall equation (4) is obtained. Reaction (14) 
may be regarded as occurring by a mechanism analogous 
to that for reduction of organic and inorganic per- 
oxides **l1 by nucleophilic reducing agents, and its 
stoicheiometry was checked by iodometric titration of 
mixtures of NaVO, and H,O, (2 : 1) in acidic solutions 
where formation of [VO(O,)]+ ion is practically quanti- 
tative.l29l3 We reject the mechanism proposed by 
Ramsey ct aZ.,3 based on formation of a peroxo- 
vanadium(v) intermediate [equations (1) and (2)], 
because, in this case, all paths included in term n [which 
yields vanadium(II1) as the first product of reduction (l)]  
would be oxygen dependent. 

The possibility of peroxovanadium(v) ion forin- 
ation according to equation (15) may also be considered. 

2V0,f + 0, + 2[VO(O,)] (1 5) 

However, if this reaction occurred as a rapid equilibrium 
preceding slow reduction by iodide ion the order with 
respect to oxygen would be one half, contrary to experi- 
ment. In  addition it should be noted that equilibrium 
(15) is strongly disfavoured. From the reaction l2 

VO,+ + H,02 + [VO(O,)]+ ( K  = 3.5 x 104 1 mol-1 at 
25 "C)  and from the standard potential1* of the couple 
H,02-H,O (Eo 1.77 V) one obtains EO[VO(O,)'-VO, ] 
1.636 V. Since l4 E0(02-H,0) 1.23 17, the value K = 

In  our opinion the ability of vanadiuni(v) complexes 
to take up oxygen depends on the clectron-donating 
capacity of the groups co-ordinated to the vanadium 
atom. Hydroxide or water ligands bonded to  vanadiuni- 
(v) are not sufficiently good electron donors to cause the 
metal to react with oxygen. However, two large, 
polarizable iodide ions ican push electrons on to the 
vanadium atom, facilitating attack by the electropliilic 
oxygen molecule. The first step of equation (13) might 
thus be depicted as below. 

atm-l is in fact obtained for equation (15). 

OH I 
-, 1 - y +  -t 02 o r  

I 
0 tt 
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