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Abstract

The kinetics of oxidation of vanillin (VAN) by permanganate ion in neutral
medium has been investigated spectrophtometrically. The stoichiometry of the
reaction was found to be 3:2 (VAN: MnO,). The oxidation reaction exhibited a first
order dependence in [MnO,] and less than unit order dependence with respect
to vanillin concentration. Addition of small amounts of Ag(l), Co(ll) and Ru(lll)
catalysts increased the oxidation rate and the catalytic efficiency increased in
the order: Ru(lll) > Ag(l) > Co(ll). The proposed oxidation mechanism involves
formation of a 1:1 intermediate complex between vanillin and permanganate
ion in pre-equilibrium step. The final oxidation product of vanillin was identified
by both spectral and chemical analysis as vanillic acid. The appropriate rate
law was deduced. The reaction constants involved in the different steps of
the mechanism were evaluated. The activation parameters associated with
the rate constant of the slow step of the proposed mechanism along with the
thermodynamic quantities of the equilibrium constant have been evaluated and
discussed.
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Introduction

Vanillin is a phenolic aldehyde, which is an organic compound
including aldehyde, hydroxyl and ether. It is the primary component
of the extract of the vanilla bean. Vanillin is a very popular flavouring
reagent in the food industry and is widely used in the synthesis of
drugs such as Aldomet, L-Dopa (I) and Trimethaprin 2A. It has
been also used as a chemical intermediate in the production of
pharmaceuticals and other fine chemicals. Furthermore, it is used in
the preparation of perfume and as a catalyst in various polymerization
reactions. If the hydroxyl group in vanillin is protected, it undergoes
oxidation to vanillic acid [1]. Kinetics of oxidation of vanillin has
been studied previously in alkaline media by few reagents, such as
hexacyanoferrate(III) [2], diperiodatoargentate(III) [3], bismuth(V)
[4], diperiodatonickelate(IV) [5] and periodate catalyzed by
ruthenium(III) [6], and in acid media by cerium(IV) [7].

Permanganate ion is an efficient oxidant in acid, neutral
and alkaline media [8-14] which still remains as one of the most
important, eco-friendly and powerful multi-electron oxidants
employed in the kinetic studies [15]. The mechanism of oxidation by
this multivalent oxidant depends not only on the substrate but also on
the medium used for the study. During oxidation by permanganate
ion, it is evident that the Mn(VII) species in permanganate is reduced
to various oxidation states in different media.

Transition metal ions, M(Y), where M is the metal and Y is its
valance, have been widely employed as homogenous catalysts for
oxidation of organic and inorganic substrates by reaction pathways
such as formation of complexes with the reactants, oxidation of a

substrate, or the formation of free radicals [16-28]. The mechanistic
study of the catalyzed reactions is considered an important research
field due to the role played by metals in biological systems.

The present study deals with the oxidative behavior of
permanganate ion with vanillin in neutral medium and study the
catalytic effect of some metal ions with different valences, namely
Ag(I), Co(II) and Ru(IIl). We aim in the present to establish the
optimum conditions affecting such oxidation, to examine the
catalytic activity of the investigated metal ions, and finally to elucidate
a plausible oxidation mechanism on the basis of the obtained kinetic
and spectral results.

Experimental

Materials

All reagents used in this investigation were from Merck or Sigma.
A stock solution of vanillin was prepared afresh by dissolving the
appropriate amount of the sample (S.D. Fine Chem.) in the required
volume of distilled water. Solution of potassium permanganate was
prepared and standardized as reported earlier [29]. Other chemicals
were of analytical grade and their solutions were prepared by
dissolving requisite amounts of the samples in double-distilled water.

Kinetic measurements

Kinetic runs were performed under pseudo-first order conditions
with a large excess of vanillin over permanganate. The reactions
temperature (25°C) was controlled within +0.1°C. The progress of the
reaction was followed by monitoring the decrease in the absorbance of
permanganate ion, as a function of time, at A = 526 nm, its absorption
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maximum, on a thermostatted Shimadzu UV-VIS-NIR-3600 double-
beam spectrophotometer.

Table 1: Effects of concentration variation of permanganate, vanillin and metal
ion catalysts on the observed first order rate constant (k_ ) in the oxidation of
vanillin by permanganate ion in neutral medium at 25°C.

ubs)

First order plots, In(absorbance) - time plots, were straight lines 104 [MnO,] | 102 [MAPF] | 10°[Ag()] & 10°[Co(I)]  10°[Ru(ll)] & 10°k,,
for more than two half-lives completion of the reaction, and the (moldm?) | (moldm<)  (moldm)  (moldm?) | (moldm) Gl
observed first order rate constants (k; ) were calculated as the slopes 20 1.0 37.2
of such plots. Average values of at least three kinetic measurements 4.0 1.0 36.9
of the rate constant were taken. The rate constants were reproducible 6.0 1.0 38.1
to within 2-3%. The reaction orders with respect to the reactants were 8.0 10 374
determined from the plots of log k , versus log (conc.). Some kinetic

. . . 10.0 1.0 36.8
runs were performed under purified nitrogen and compared with
those taken under air, and the results were the same. Thus, dissolved 12.0 1.0 35.9
oxygen did not affect the oxidation rate. 14.0 1.0 374
Results 4.0 0.4 17.2

Lo . 4.0 0.6 23.6
Stoichiometry and product analysis

. . . L. . . 4.0 0.8 29.4

Different sets of reaction mixtures containing varying ratios
of permanganate to vanillin were mixed in neutral medium at 4.0 10 36.9
constant temperature then were kept for about 24 hours. Estimation 4.0 1.2 44.9
of the remaining permanganate concentrations was performed 4.0 14 51.2
spectrophotometrically. The results confirm that the stoichiometry is 40 16 57
3:2 (vanillin: permanganate) which holds by the following equation 1, : : §

4.0 1.0 2.0 52.1
O H Oy oM 4.0 1.0 4.0 67.9
4.0 1.0 6.0 84.3

+ 2MnO,; + H,O —> 3 +2MnO, + 20H"
ocH, ocH, 4.0 1.0 8.0 100.2
OH oH 4.0 1.0 10.0 110.7
Vanillin Vanillic Acid 4.0 10 12.0 124.6

The above stoichiometric equation is consistent with the results 4.0 1.0 14.0 136.0
of product analysis. The oxidation product of vanillin was identified 4.0 1.0 2.0 42.9
as the corresponding carboxylic acid (vanillic acid) by both spectral 4.0 10 4.0 497
and chemical analyses as reported [30,31]. Similar oxidation product

o : 40 10 6.0 59.7
of vanillin has been also reported earlier [2,3].
4.0 1.0 8.0 71.0
Spectral changes
4.0 1.0 10.0 81.2

Spectral changes during the oxidation of vanillin by permanganate
o ) o / i 40 10 12.0 88.3
ion in neutral medium are shown in Figure 1. The main characteristic
feature observed from the figure was the gradual disappearance of 40 10 14.0 93.0
permanganate band at A = 526 nm. Also there was growth of two 4.0 1.0 2.0 58.9

4.0 1.0 4.0 79.4
1.0 Permanganate 4.0 1.0 6.0 99.7
4.0 1.0 8.0 120.2
08 4.0 1.0 10.0 137.4
g 4.0 1.0 12.0 152.0
€ 06
3 4.0 1.0 14.0 169.1
2 Experimental error + 3%.
2 o4r
absorption bands at wavelengths above A = 580 and at X = 430 nm
02 | with appearance of two isosbestic points at wavelengths of about 576
and 485 nm during the reaction course.
0.0 Effect of Permanganate concentration on the oxidation
200 300 400 500 600 700
rate
Wavelength, nm The effect of permanganate concentration on the rate of reaction
Figure 1. Spectral changes during the oxidation of vanillin by permanganate was studied by varying its concentration in the range of 2.0 x 10 to
Lo . - 9= -4 _ 0 11 .
fon in neutral medium. [VAN] = 0.01, [MnO,] = 4.0 x 10" mol dm-3 at 25°C. 14.0 x 10* mol dm™ at fixed vanillin concentration and temperature.
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Figure 2: A plot of k

‘obs

versus [VAN] in the oxidation of vanillin by

Table 2: Values of the rate constant of the slow step (k) and the equilibrium
constant (K) at different temperatures in the oxidation of vanillin by permanganate
ion in neutral medium.

Temperature (K)
Constant
293 298 303 308 313
10%k (s 1.80 2.12 2.44 2.63 2.77
K (dm® mol?) 2.02 2.18 2.32 2.53 2.86

Experimental error 3%

Table 3: Activation parameters of k in the oxidation of vanillin by permanganate
ion in neutral medium.

AS? AH? AG?,, E’
J mol*K? kJ mol* kJ mol* kJ mol*
‘ -97.15 17.77 46.72 18.63

Experimental error +4%

Table 4: Thermodynamic parameters associated with K in the oxidation of vanillin
by permanganate ion in neutral medium.

0 4 8 12 16

10° [M(Y)], mol dm™

Figure 3: Effect of variation of Ag(l), Co(lll) and Ru(lll) concentrations on
the observed first order rate constant (k) in the oxidation of vanillin by
permanganate ion in neutral medium. [VAN] = 0.01, [MnO,] = 4.0 x 10* mol
dm at 25°C.

The order with respect to [MnO,’] was found to be unity, as plots of
In(absorbance) versus time were linear up to about two half-lives of
the reaction completion. The first order dependence of the reaction
on [MnO,] was also confirmed by the non-variation of the observed
first order rate constant (k, ) at various [MnO,] while keeping others
constant as listed in Table 1.

Effect of Vanillin concentration on the oxidation rate

The observed first order rate constant was determined at different
initial concentrations of the reductant vanillin keeping other
conditions constant. It was found that the rate of reaction increased
with increasing the concentration of vanillin as listed in Table 2.
A plot of kversus [VAN] was found to be linear with a positive
intercept on the k axis as shown in Figure 2 suggesting that the
order with respect to [VAN] was less than unity.

Effect of metal ion catalysts

The reaction rate was measured at various Ag(I), Co(II) and
Ru(III) concentrations (2.0 — 14.0 x 10-5 mol dm™) at constant other
variables. The results showed that the oxidation rate was increased
with increasing metal ion concentration and the order of catalytic

permanganate ion in neutral medium. [MnO,] = 4.0 x 10 mol dm= at 25°C. ‘ AH° AG,q AS°® ‘
kJ mol* kJ mol* J mol*K*
‘ 12.80 -1.93 49.43 ‘
200 T T T -
Experimental error +5%
efficiency was: Ru(III) > Ag(I) > Co(II) as shown in Figure 3.
150 | = Ag() i
e Co(ll) Effect of temperature
"0 Ru(lth The reaction rate was measured at five different temperatures
1; 100 F i namely, 288, 293, 298, 303 and 308 K under varying vanillin
ug concentration. The results indicated that raising temperature
— enhanced the oxidation rate. The activation parameters of the rate
50 - . constant of the slow step (k) along with thermodynamic quantities
of the equilibrium constant involved in the reaction mechanism have
been evaluated and listed in Tables 3 and 4.
0 \ \ \

Test for free radical intermediate

Known quantity of acrylonitrile was added to the reaction
mixture and was kept in an inert atmosphere for about 4 hours at
room temperature. When the reaction mixture was diluted with
methanol, a heavy white precipitate was formed suggesting that there
was a participation of free radical in the present oxidation reaction.
When the experiment was repeated in the absence of the vanillin
under similar conditions, the test was negative. This indicates that the
reaction was routed through a free radical path.

Discussion

Permanganateioninvariousmedia provides excellent results when
used in oxidation processes. In the permanganate ion, manganese has
an oxidation state of VIIL It is stable in neutral or slightly alkaline
media, but, in a strongly alkaline medium, [15] it disproportionates or
reacts with hydroxide ion to form manganese(V) (hypomanganate)
or manganese(VI) (manganate). Consequently, at high pH values, it
is sometimes difficult to ascertain whether an oxidation is proceeding
via a one- or a two-electron process. Manganese(VII) is reduced
to Mn(II) during oxidation processes via many manganese species
having different oxidation states such as Mn(VI), Mn(V), Mn(IV)
and Mn(III). The appearance of these intermediate oxidation states
depends upon various reaction conditions and the type of substrate.
In neutral or slightly alkaline solutions, permanganate used as a
powerful oxidizing agent (Eo = +1.23 V) according to the following
equation:
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MnO, + 2H,0 + 3 = MnO, + 40H'

Many investigators [8-12,32-35] suggested that most of the
oxidation reactions by permanganate ion especially in neutral and
alkaline media proceed through intermediate complex formation
between oxidant and substrate. The formation of manganate(VI)
and/or hypomanganate(V) short-lived intermediates may be
confirmed by the change in the color of the solution mixture as the
reaction proceeded from purple-pink, Mn(VII), to blue, Mn(V), to
green, Mn(VI). As the reaction proceeds, a yellow turbidity slowly
develops and on prolonged standing, the solution turns to colorless
with a brown colloidal precipitate, Mn'O,. The failure to detect
Mn(V), absence of an absorption maximum around X = 700 nm, may
be interpreted by its extreme short lifetime and undergoing a rapid
disproportionation [32,36].

The present reaction between vanillin and permanganate ion in
neutral medium has a stoichiometry of 3:2 (VAN: MnO,’) with a first-
order dependence on [MnO,] and apparent less than unit order in
[VAN]. The less than unit order with respect to vanillin concentration
suggests formation of an intermediate complex between vanillin
and permanganate ion in a pre-equilibrium step. Spectral evidence
for complex formation was obtained from the UV-V is spectra
(Figure 1) where the growth of new band after a wavelength of 600
nm corresponds to the manganate(VI) intermediate species. Also,
appearance of two isosbestic points suggests that an equilibrium is
established between MnO, and Mn""O,* [37,38]. Another support for
complex formation is the kinetic evidence as the plot of 1/k _versus
1/[VANT] was found to be linear with a positive intercept on 1/[VAN]
axis as shown in Figure 4, similar to the well-known Michaelis—
Menten mechanism for enzyme-substrate reactions [39]. Based on
the experimental results, permanganate ion is suggested to react with
one mole of vanillin in a pre-equilibrium step to give an intermediate
complex (C). The cleavage of such complex leads to the formation
of a free radical derived from vanillin and an intermediate Mn(VTI)
species. Such intermediate is rapidly attacked by manganate(VI) ion
to yield the final oxidation product of vanillin (vanillic acid) and
Mn(V) intermediate species. In a further fast step, the intermediate
Mn(V) being very active and unstable reacts with another mole of
vanillin to give rise to vanillic acid and an intermediate Mn(III)
species. This step is further followed by a reaction between the third
mole of vanillin and another mole of permanganate to give vanillic
acid and Mn(V) intermediate species. Finally, knowing the fact that
the species Mn(V) is very unstable, it will attack the intermediate
Mn(III) leading to formation of Mn' O, as the final oxidation product
of permanganate, satisfying the observed reaction stoichiometry. The
proposed mechanism is illustrated in Scheme 1.

According to the mechanistic Scheme 1, the following rate law
expression was deduced (See Appendix 1),

kKK[VAN]IMnO,]
1+ K[VAN] (1)
Under pseudo-first order conditions, the rate-law can be
expressed as,

Rate = %: K, [MNO, ]

Rate =

)

O H O
(]
I R K
+ O:hﬂn—o
o
OCH, o o OCH;Z
OH o /l\ﬂnR OH
(Vanillin) o
©
slow | k
Oy OH Ox.. /
HMn"'0; e
Ve~ «— "
MnVO; + fast + HMn"O,
OCH;, OCH,
OH OH
(Vanillic acid) (Free radical)
Oy _H Oy OH
MnYO; -
4>n 2 + Mn”'O2
fast
OCH, OCH,
OH OH
O _H Oy OH
M \/\Io - _
! + Mno;
OCH, OCH,
OH OH
MnV03 + Mn'"0O, + H,0 = 2Mn'VO, + 20H"
Scheme 1: Mechanism of oxidation of vanillin by permanganate ion in neutral
medium.

Comparing Egs (1) and (2), and with rearrangement the following

relationship is obtained,
1 (1 1 N 1
k,, \KK/[VAN] k 3)

Accordingto Eq. (3), theplotsof 1/k , versus 1/[VAN] (at different
temperatures) were found to be straight lines with positive intercepts
on 1/k axes (Figure 4) satisfying the proposed mechanism. From
the intercepts and slopes of such plots, the rate constant of the slow
step, k, and the formation constant of the intermediate complex, K,
at different temperatures were determined and were listed in Table 2.

The obtained activation parameters listed in Table 3 can be
discussed as follows. The large negative values of AS# suggest
formation of a compacted intermediate complex of inner-sphere
nature [40]. The values of AH# and AS# are both favorable for
electron transfer processes. On the other hand, the positive values of
both AH# and AG# indicate endothermic formation of the complex
and its non-spontaneity, respectively.

Inspection of the effect of metal ion catalysts, a critical literature
survey on salt effect shows that a generalized theory of the influence
of salts in reaction velocity is not yet available. Many authors [41,42]
have interpreted specific effects of metal cations in terms of bridging
which facilitates electron transfer in redox systems, while Wahl
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Figure 4: Plots of 1/k  versus 1/[VAN] in the oxidation of vanillin by
permanganate ion in neutral medium at different temperatures. [MnO,] = 4.0
x 10 mol dm3.

[43,44] and his co-workers have interpreted specific effects in terms
of complex formation. It was found that metal complexes can be more
active than the free ligands, i.e. vanillin, and can exhibit bioactivities
which are not shown by the free ligands.

Conclusion

The kinetics and mechanistic study of oxidation of vanillin by

permanganate ion in neutral medium was investigated. Addition of
small amounts of Ag(I), Co(II) and Ru(III) catalysts increased the
oxidation rate and the catalytic efficiency increased in the order:
Ru(III) > Ag(I) > Co(II). The final oxidation product of vanillin was
identified by both spectral and chemical analysis as vanillic acid. The
activation parameters along with the thermodynamic quantities have
been evaluated and discussed.

Appendix

http://austinpublishinggroup.com/chemical-engineering/

fulltext/ace-v3-id1026-appendix.docx
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