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The oxidation kinetics of malic acid, HMal, by vanadium(V), V(V), in aqueous perchloric acid solu-
tion was studied at 30°C by monitoring the absorbance change at 760 nm. Under these conditions the
rate of the reaction showed a first order dependence with respect to both the vanadium(V) and malic
acid concentrations and fractional to the hydrogen ion concentration. Ionic strength variations of the
medium had a small effect on the rate. The rate constant increased with the decrease of the dielectric
constant of the medium. Energy of activation and activation parameters were calculated by studying
the reaction at different temperatures (293 - 313 K). An oxidation mechanism is proposed.
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INTRODUCTION

The kinetics and mechanism of oxidation of some hydroxy
acids by several oxidants such as N-bromobenzenesulpho-
namide,! N-bromacetamide,? diperiodatonickelate(V),3 tri-
chloroisocyanuric acid,* manganese(III),> cerium(IV),%7 chro-
mium(VI)39, vanadium(V)1%13 have been investigated. Being
bifunctional compounds their oxidation can proceed by two
general routes, either as alcohols or undergoing oxidative
decarboxilation. Jones, Waters and Littler!? suggested that the
oxidation of hydroxy acids involves a fast cyclic complex
formation in the first step, a rupture of C-C bond, and the
decarboxilation of this complex in the rate-determining step,
kinetically similar to that of pinacol. On the other hand,
Bakore & Narain® suggested that hydroxy acid oxidation by
chromic acid involves considerable C-H bond fission on the
o-carbon in the rate-determining step. The present investiga-
tion was undertaken to study the malic acid oxidation by
vanadium(V) in perchloric acid medium in order to show that
the reaction does not change with the ionic strength.

EXPERIMENTAL

The stock solution of vanadium(V), V(V), was prepared by
dissolving ammonium metavanadate, NHsVO; (Merck, p.a.),
in an appropriate amount of HC1O4 (Reagen) and producing a
stable pervanadyl ion, VO,*, of yellow colour. This solution
was diluted to the desired concentration, the ionic strength
being controlled by adding NaClO4 solutions.

VO5 + 2H* — VO,* + H,0 _ 1)

The malic acid, HMal (Sigma, purity > 98%) was used as
received. All the solutions were prepared with deionized wa-
ter just before the experiment, and all the reagents were of
analytical grade.

Kinetic measurements

The reaction kinetics was followed by monitoring the ap-
pearance of vanadium(IV), V(IV) as vanadyl ion, VO?* at 760
nm using a Varian spectrophotometer mod. DMS-80, with 1
cm pathlength cells and provided with cuvette holder
thermostated at 30.0°C (£0.1°C).
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VO,* + 2H* + e — VO + H;0 (2)

Malic acid, HMal, oxidation was studied under pseudo-first
order conditions by keeping a large excess over V(V), varying
or not the ionic strength, at 30°C. The course of the reaction
was followed through four or five half lives varying the con-
centration of one of the reagent species and maintaining fixed
the others at constant temperature. The pseudo-first order rate
constants, k.s, Were evaluated from the gradients of linear
plots (correlation coefficient, r > 0.9998, standard deviation, s
< 2.0 . 10%) of In[V(V)] against time and were reproducible
within £5%. The linearity of these plofs beyond this point
indicates that none of the products formed during the reaction
affected the rate. The gradients of such plots were carried out
by least-squares method using a personal computer.

Reaction stoichiometry and product analysis

A reaction mixture containing an excess of V(V) (0.15 M)
over HMal (2,0 x 10-3M) in the presence of perchloric acid
(2.0 M) was thermostated at 40°C. The estimation of the re-
sidual oxidant showed that 1 mol of HMal liberated 2 moles
of CO,, in a Warburg respirometer (B. Braun, mod. V-85). In
addition, a reaction mixture containing a large excess of HMal
(1.0 M) over V(V) (0.01 M) in perchloric medium (0.1 M)
was allowed to stand for several hours at room temperature.
The presence of aldehyde and/or ketone was characterized by
the reaction with 2,4-dinitrophenylhydrazine.!4 The differen-
tiation was carried out through Tollens reagent.!4 The reac-
tion was positive for aldehyde. The characterization of form-
aldehyde was carried out by chromotropic acid.!S The test was
negative for this compound. Acetaldehyde was characterized
through the formation of two moles of carbon dioxide.

HOOCCH,CH(OH)COOH + 2 V(V) - 2 V(IV) + 2 CO; + CH;COH  (3)
Test for free radicals

The reaction between V(V) and HMal was carried out un-
der kinetic conditions in the presence of 25% (w/v) of
acrylamide. When the reaction mixture was allowed to stand

for several hours a viscous solution was obtained. Controls
from which either V(V) or HMal was excluded, indicated no
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polimerization. These experiments indicate that the reaction
between V(V) and HMal produces free radical species capable
of initiating acrylamide polimerization.

RESULTS
Effect of reagent concentrations

The oxidation rate increased with the variation of the
[HMal] in large excess at constant initial concentrations of
vanadium(V), [V(V)lo, and perchloric acid, [HC1O4), (r >
0.9993, s < 3.0x105) (Table I). The formation of V(V) in
function of time at different initial concentrations of malic
acid, [HMall,, follows a first order kinetics in relation to
[V(V)] respectively (r > 0.9998, s < 2.0x105). The plot of In
of observed first order constant, kqs, against In [HMal], was
linear (Figure 1, r > 0.9995, s < 0.013) with a slope of unit
showing a first order dependence on [HMal]. The rate of dis-
appearance of V(V) also follows first order kinetics, since the
rate constants remained practically constant by the variation
in the initial [V(V)] (Table II).

Table I. Effect of concentration of malic acid on the reaction
rate at 30°C.

kopa/1035°1

M w/107s K’ /103M 1571
[SIM 050 075 1.00 1.20

115 172 231 279 2.34

2.0 116 172 234 274 2.28

[S] = [HMal], [V(V)] = 0.010 M, [HCIO,4] = 1.0 M.
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Figure 1. Plots between In k, and In (HMal] at 30°C.
[V(V)] = 0010 M, [HCIO,] = 1.0 M, (.) without ionic strength
control; (+) [ = 2.0 M.

Table II. Effect of the concentration of V(V) on the reaction
rate at 30°C.

kops/1073s71
0.005 0.10 0.015 0.020 0.025
2.69 2.79 2.64 2.77 2.84
[HMal] = 1.2 M, [HCIO4] = 1.0 M.

v(vim
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Effect of ion hydrogen concentration

The reaction rate enhanced with the increase of HCIO4
concentration (Table IIT) at constant initial reagent concentra-
tion, controlling or not the ionic strength. The plots between
the logarithm of kops and [H*], given by [HCIO4], were linear
(Figure 2, r > 0.9905, s < 0.049) with a same fractional slope
(n = 0.47).

Table III. Effect of the concentration of HCIO4 on the reac-
tion rate at 30°C.

kops/103s1
M n
[H')/M 025 050 .075 1.00 125 150 1.75
- 1.18 1.58 1.84 231 229 275 299 047
2.0 1.24 164 213 234 270 291 3.00 047

[H*] = {HC1O4], [HMal] = 1.0 M, [V(V)] = 0.010 M.
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Figure 2. Plot between In k, and In [H*] at 30°C. [V(V)] = 0.010 M,
[HMal] = 1.0 M, [H*] = [HCIO,], (A) without strength control,
(B)I =20M.

Effect of ionic strength

The ionic strength was varied by adding of concentrated
solution of sodium perchlorate (5 M) to the reaction mixture.
It was observed a small effect on the rate variying from 1.25

“to 2.75 M. A plot between log kops and square root of the

ionic strength, I'2, at 30°C, resulted a value of ionic charge
product, z,z., equal to 0.111617 (r = 0.9655, s < 0.006) as
presented in Table IV.

Table IV. Effect of the ionic strength on the reaction rate at
30°C.

kops/1073s71

2.2
IIM 125 150 175 200 225 250 275

2,16 221 221 234 233 240 249 0.1

{HMal] = 1.0 M, [HCIO4] = 1.0 M
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Effect of varying solvent concentration

The oxidation of HMal was investigated in solvent con-
taining different proportions of methanol and water. The de-
crease of the dielectric constant of the medium by adding
methanol led to an increase on the rate (Table V). Controls
carried out with methanol showed negligible oxidation.

Table V. Effect of the dielectric constant on the reaction rate
at 30°C.

kobs/10-3s71
MeOH/% 0 10 20 30 40
231 2.71 3.29 3.92 4.72

[AMal] = 1.0 M, [V(V)] = 0.010 M, [HCIO4] = 1.0 M

Effect of the temperature on the rate

The reaction rate was determinated at different tempera-
tures (293 - 313K) maintaining constant all other experimen-
tal conditions. These results are given in Table VI (» > 0.9905,
s £ 4.2 x 10%). From Arrhenius plot between In of second
order constant, k¥’, and reciprocal absolute temperature, 1/T
(Figure 3, r = -0.9996, s < 0.023), values of activation energy
and other activation parameters were computed (Table VII).

Table VI. Effect of the temperature on the reaction rate.

kobs/10°3s7! kI10-3M-1571
t/°C
[SIM 0.50 0.75 1.00 1.20
20 0.40 0.64 0.86 0.97 0.83
25 0.70 1.07 1.42 1.66 1.38
30 1.20 1.78 231 2.86 2.34
35 1.98 291 3.94 4.76 3.98
40 3.23 4.69 6.34 7.50 6.15
[S] = [HMal], [V(V)] = 0.010 M, [HCI1O4] = 1.0 M.
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Figure 3. Plot between In k' and T'. (V(V)] = 0.010 M,

[HCIO,] = 1.0 M, [HMal] = 0.50 - 1.20 M.
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Table VII. Thermodynamic parameters for the oxidation of
malic acid by V(V) calculated from the values of %’.

E* AH* AG* AS*
kJ/mol kJ/mol kJ/mol J/K.mol
71.8 75.3 89.3 47
DISCUSSION

The main observations concerning to the oxidation of HMal
by V(V) in perchloric acid medium may be summarized as
follows. The rate law of the reaction was found to be propor-
tional to the first power respectively to the oxidant and HMal
concentrations, whereas, with respect to the hydrogen ion
concentration, [H*] was fractionary (0.47). In this work we
assumed that the perchloric acid behaves as strong acid, that
is, as hydrogen ion.

Rate = A[V(V)] [HMal] [H*]* @)

It was shown!® that the pervanadyl ion, VO,* is found as the
hydrated species, V(OH)4*in equilibrium (K; = kj/k.;) with
V(OH)32* in perchloric acid medium according to the equa-
tion (5).

K,
V(OH)s* + H* = V(OH)>* + HO )

This species reacts in a next slow step with the HMal in the
unionized form and produces an activated complex with a
positive charge of 2+.

(T - —2
0 0 oH
\ / k2 0
V(OH)s2+ C—CHy —C —C
O+ o= TN, >c_wz_L_/
H HO | \ou
HO
\/
w1
oH
(6)

In a rapid subsequent reaction the rupture of the C-C bond
takes place to give the first CO,, and consequently the forma-
tion of a free radical and V(V).

_ 2 oH
OoH . \
° P 3 Ne_cHy—Cc—H  +
\c—cuz—c—c< - HO .
HO | OH
HO
\ . / V(OH)2%* + H,0 + CO,
HO/ |\OH
OH
- -

M

The free radical is, then, attacked by another mol of V(V)
immediately producing acetaldehyde and liberating the sec-
ond mol of CO,.
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OH

0, | ks 0
>c—cuz ~—C —H + V(OH);?* - cu,—c/ +
HO ¢ Ny
CO; + V(OH)?* + H;0 @®)

When this mechanism is taken into account the acid-depen-
dent reaction rate becomes

R <. dVOIL _ Kika[V(V)], [H] [FMal]

| . ©)
dt (kofke-1) [EMal] + 1 + K1 [H]

where the total or analytical concentration of V(V) is given by
[V(V)l: = [V(OH)s* + [V(OH);*]

Assuming that k;[HMal] << k;, the equation (9) becomes

_Kiko[V(V)] [H] [HMal] _

R kobs [V(V)] 10
1 +K1[H"] ’ t

where

ki, =K1 k2 [H'] | EMal] an

1+K1[H+]

This rate law is in agreement with the experimental rate
law (4). It supports the observed kinetic data in first order
dependence on [V(V)] and [HMal] respectively and fractionary
(0.47) one on [H*]. From the slope and intercept of the double
reciprocal plots of the equation (11), 1/ksps vs 1/[H*] at con-
stant malic acid concentration (Figure 4, r > 0.9754, s < 43.36)
were obtained the equilibrium constant, K;, equal to 2.07 at
30°C and the value of the rate constant of the rate-determin-
ing step, kz, equal to 3.34.10-3 M-1s"! without ionic strength
control. When this was adjusted to keep constant and equal to
2.0 M, these values were 1.95 and 3.66 x 103M-1s"1, respec-
tively. The linear increase in the reaction rate with the acidity
suggests the protonation of V(OH)4* to give a stronger oxi-
dant, shifting the equilibrium to the right. On the other hand,
plotting ko vs [H*] at constant [HMal] (Table III), a small
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Figure 4. Plots between 1/k , and 1/[H*] at 30°C obtained using the
equation (11) with the values of the Table IIl, (A) without ionic
strength control, (B) I = 2.0 M.
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influence over the rate constant from approximately [HC104]
1.0 M was observed, and the trend of the rate constant to
achieve a constant value, which would correspond to the rate-
determing step, k. This means that k; may be sligthly greater
than 3.00 x 103M-ls-!, and is consistent with the proposed
mechanism, because at higher concentrations of the acid,
K [H*] >> 1, the rate becomes independent of [H*], as shown
by the rate law (11). This phenomenon may be associated to
the decrease in the activity of perchloric acid medium with
the increase of nominal concentration, and therefore a change
in the order of the reaction from first to zero order. Hence,
the experimental value of the rate constant, k’, controlling or
not the ionic strength, around 2.3.103M-1s-1, is expected.

It has been shown earlier that most reactions involving
V(V) proceed via a free-radical mechanism, wherein V(V)
undergoes an one-electron reduction.i® In the present investi-
gation, the addition of acrylamide to the reaction mixture gave
a polymeric product indicating that V(V) behaves as an one-
equivalent oxidant, and that free radicals are formed in the
rate determining step.

As the ionic strength was increased, there was a small ef-
fect in the oxidation rate (Table IV), however due to the value
of the ionic charge product, z,z.,17 to be equal to 0.11, it was
taken into account as practically constant within experimental
errors. This suggests that during the oxidation, at least, one of
the reagents involved in the rate-determining step, is a neutral
species. The obtained results are accordant with the mechanism
where a charged species of V(V), V(OH)32*, would react with
a neutral HMal producing a charged complex, which would
decompose to produce a free radical in the subsequent step.

The effect of solvent on the reaction rate was studied vary-
ing the binary mixtures of methanol-water in different compo-
sition (Table V). It was observed that the decrease on the
solvent polarity favoured the reaction. This means that one of
the reactive species is positively charged, and that the radius
of the activated complex is greater than the sum of the radii
of the reagents,20 that is, the transition state is less polar than
the reactants, and this is consistent with the postulation of
V(OH)3** as the reactive oxidizing species. When V(OH);2*
and malic acid react, the charge spreads over a wider area in
the transition state and the charge density is reduced by low
polarity of the solvent.

The kinetic parameters in Table VII show that the moder-
ate AH* and small negative AS* values point towards a transi-
tion state that leads directly to the formation of a free radical
and carbon dioxide. This process requires rupture of C-C bond
and is similar to the mechanism of the pinacol oxidation by
chromic acid suggested by Chang and Westheimer?!. It was
estimated that such a process requires an energy of activation
of about 75 kJ/mol and a small entropy of activation. On the
other hand, Bakore et al.9 related that the oxidations of lac-
tic, mandelic, malic and glycolic acids by chromic acid in-
volve C-H bond rupture, whose values are between -133 and
-165 kJ/mol. Therefore, our observed values for energy and
entropy of activation (Table VII) and experimental rate law
suggest that the oxidation of the malic acid takes place through
the C-C bond rupture in the rate determining step indepen-
dently or not of the maintainance of the ionic strength of the
solution.
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