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Abstract- The present manuscript deals the kinetics of the oxidation of levulinic acid by Ce (IV) perchlorates in perchloric acid. The reaction
follows a first order rate dependence on the Ce (V) concentration but the value of k1 decreases with the increasing concentration of Ce (IV).
Evidence for complex formation between Ce (IV) and levulinic acid was obtained from the Michaelies-Menten reciprocal plots. This was
further confirmed spectrophotometrically where the absorption intensity in the wave length region 212 mu-216 mp, was intensified as com-
pared to absorption spectra of Ce(IV)perchlorate under identical conditions with an increase in [H+], the rate increases and a plot between
[HCIO4 ] -1 and k1-1 is a straight line intercepting the ordinate. The reaction shows a positive salt effect. A suitable mechanism has been
postulated and the values of activation parameters are reported.
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Introduction

The kinetics of the oxidation of various organic compounds by
cerium (IV) has been reported by many authors [1-5] but the study
in the field of oxidation of ketonic acid is scarce. The existence of
the cerium (IV) salts as Ce (IV) acetylacetonate [6], Ce (IV)
tetrakis (dibenzoyl methane) [7] and Ce (IV) disalic-
ylalpropalenediammine [8], the X-rays diffraction studies have
clearly indicated that the coordination umber of Ce (IV) is eight. It
seems most likely that the sulphate [9] and nitrate salts which are
also eight coordinated, whereby more than one coordination site
may be occupied by the oxygen atom of a single nitrate or sul-
phate ion. In solution, the solvent may occupy the coordination
sites so that eight coordinate of Ce (IV) is maintained. The spec-
tral and potentiometric studies [10-17] of Ce (IV) in perchloric acid
have revealed that the Ce (IV) does not appear to form stable
complexes with perchlorate ion but exist as [Ce(H20)s]**, [Ce
(H20)70H]**and [Ce(H20)s(OH)2)2* along with dimeric species Ce-
O-Cef*. On the basis of our experimental findings we propose that
the oxidizing species of Ce (IV) in the oxidation of levulinic acid is
[Ce(H20)s]**.

Experimental

Material Employed

Levulinic acid used was E. Merck grade and Ce (IV)-perchlorate
was prepared from the analar quality (B.D.H.) of ceric ammonium
nitrate. Other reagents were perchloric acid (60%, Riedel), sodium
perchlorate (Riedel), barium perchlorate (E. Merck), sodium hy-
droxide A.R. (B.D.H), ferrous ammonium sulphate A.R. (B.D.H)
and ferroin (E. Merck) grade. The acid strength of the stock solu-
tion was determined as described in the literature [18].

To a known volume of perchloric acid and ceric perchlorate which
were kept in a thermostat, was added a required volume of le-
vulinic acid which was also kept in the same thermostat. At suita-
ble interval 5.00 ml of the reaction mixture was withdrawn and
analyzed for Ce (IV) after quenching the reaction with a known
volume of ferrous ammonium sulphate and titrating the excess of
ferrous ion with ceric sulphate solution using ferroin as an indica-
tor. Reaction bottles were painted black to eliminate any photo-
chemical reduction. The rate constant were obtained by potting a
graph between time and log (a-x), the slope gives the value of ki.
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Results and Discussion

The spectrophotometric studies of Ce (IV) perchlorate in perchloric
acid medium suggested that, predominantly, Ce (IV) species in
our experimental conditions was [Ce (H20)7 OHJ3*. We base our
conclusion from the facts that the intensity of the absorption in the
wave length region 211+ 5 mp is maximum and the intensity is
drastically cut in this region when the concentration of the Ce (V)
is increased from 0.62 X 10N to 6.67 X 10N at fixed concentra-
tion of perchloric acid, indicating that the dimerisation has set in at
higher concentration. Because the dimeric species results from
the association of monomeric species [Ce(H20);0H]**, the de-
crease in the absorption intensity at the wavelength 211+ 5 mp
justifies absorption region of monomeric species [Ce(H20);0HJ3.
We have also performed the spectrophotometric studies at differ-
ent H* concentrations at a fixed concentration of Ce (IV) and have
noticed that the intensity in the wavelength region 211+ 5 mp
decreases. It is reported in the literature that the production of
hydrolysed ceric species in the perchloric acid medium represent-
ed by the following equation (1) will be 85% complete [15] when
the concentration of perchloric acid is kept at 2 M.

Ce(H20)g]** <> [Ce(H20)70HJ** + H* W)

In all our experiments the maximum concentration of perchloric
acid employed was 1.80 M, indicating that Ce (IV) will mostly oc-
cur as [Ce (H20) 70H] 3+

The rate of disappearance of Ce (IV) in perchloric acid medium
follows first order kinetics. The value of first order rate constant
has been calculated from the slope of the graph between't’ and log
(a-x). The graph obtained is a straight line indicating that the value
of rate constant does not alter during the run. The kinetic results of
two typical runs are reproduced in Figure-1. The value of kide-
pends with the initial concentration of Ce (IV)-perchlorate.

Table-1 Effect of change of concentration of Ce (IV) on reaction
velocity

4 X102N 167 1.25  1.00 0.77 0.62 0.48
K1 X 104 sec 2285 3.030 3.535 4407 5011 6.322

Temperature -30°C, [Levulinic acid] = 1.00 X 10-2 M and [HCIO4] =
0.30N

The rate of oxidation increases with the [H+] and the plot of 1/k1
against [H+]-1 is linear (Figure-2B).
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Fig. 2- Plot A (e) the rate dependence on Levulinic Acid concen-

tration [Ce(ClO4)4] = 1.25 X 10-* M and [HCIO4] = 0.20N
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Fig. 2- Plot B (o) the rate dependence on Perchloric Acid concen-
tration [Ce(ClO4)4] = 1.25 X 103 M and [HCIO4] = 1.00X 103 M

The Michaelies-Menten reciprocal plots of 1/ks against 1/ [Levulinic
acid] is also a straight line cutting an intercept from the ordinate
(Figure-2A).This corresponds to complex formation between Ce
(IV) and levulinic acid. This has been further confirmed spectro-
photometrically [Perkin Elmer — 202] by taking the absorption
spectra of the reaction mixture in the ultraviolet region. The inten-
sification of the absorption intensity in the range 212 mu-216 mp
occurs as compared to the absorption spectra of Ce(IV)-
perchlorate under identical conditions. The observation of absorp-
tion spectra of levulinic acid, when recorded separately, eliminates
the possibility of its contribution to the above intensification of the
absorption intensity. The Amax for levulinic acid has been observed
in the range of 267+3 my. The addition of NaClO4 and Ba(ClO4).
produces a positive salt effect. The salt effect is more pronounced
in the case of NaClO4as compared to Ba(ClO4)2.

Table-2 Effect of addition of salts on the rate of reaction

[NaCIOs]XN  KiX10sect [Ba(ClOs)s] X 102M  Kq X 104 sect
0.00 2532 0.00 2.532

0.25 2.897 5.00 2.519

0.50 3.147 10.00 2.536

0.80 3.358 15.00 2.508

1.00 3.550 2000 2617

150 3.758

2.00 3.983

Temperature -30°C, [Levulinic acid] = 1.00 X 102 M and [HCIO4] =
0.20N, [Ce (ClO4)4] = 1.25 X 103 N

The effect of temperature on the rate of reaction and the values of
activation parameters are given in Table- 3.

Table-3 Effect of temperature on the rate of reaction and the val-
ues of activation parameters

Temperature 0°C 25 30 35 40
K1 X 104 sec! 1.508 2.532 4299 7197

[Levulinic acid] = 1.00 X 10-2 M and [HCIO4] = 0.20N, [Ce(ClO4)4]
=125X103N
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Energy of Activation (AE) = 19.48 Kcals./ mole; Entropy of Activa-
tion (AS) = -3.84 e.u. and Free energy of activation (AF) = 20.64
Kcals./ mole.

K

[Ce(H20)-0HF* + H- S [CeHOR" +H0 )
K

2[Ce(H0)-OH}* S Ce0LE +15H0 o
K:

[Ce(H20)s]*+ CH:COCH»CH:-COOH 5 [Ce(H20)7CH3COCH-CH-COOH]* +H:0  (3)
K4

[Ce(H20):CH:COCH:-CH-COOH]* 5 Free Radical + H+ [Ce(H20)]** + H20 )
Slow
Fast

Free Radical + [Ce(H20)]* - Product +H™ + [Ce(H:0)]* (5)

On the basis of the catalytic behavior of H+ and the experimental
observations, we propose the following mechanism for the oxida-
tion of levulinic acid.
Equation (4) is the rate determining step. The formation of free
radical takes place through C-H bond fission which subsequently
undergoes further fragmentation [19].
Considering the first order rate dependence on Ce(lV), the rate
equation can be written as,
-d/dt [Ce(IV)] = ki [Ce(IV)]r (6)
Where k1 is the observed velocity constant and [Ce(IV)]T is the
total concentration of Ce (V) in the reaction.
[Ce(IV)]T = [Ce(H20)s]** + [Ce(H20)70H]** + Ce-O-Cet*. + ks [Ce
(H20)g]** [CH3COCH2-CH,-COOH] )
At a constant hydrogen ion concentration, the concentration of
dimeric species will increase with the increase in the initial con-
centration of Ce(lV). Thus the concentration of Ce-O-Ce6+ will be
a function of initial concentration of Ce(IV) and hence,
[Ce-0O-Ceb+] = f [Ce(IV)] (8)
At lower initial concentration the presence of dimeric species will
be negligible and thus from the equation (7) we get,
[Ce(IV)T
[Ce(H20)70H** = 9)
1+ ka[H* ]+k1 ks [H*] [CH3COCH2-CH,-COOH]
When the initial concentration of Ce(IV) is higher, the dimmer will
be formed by association of monomeric species as shown in
equation (2). Thus the concentration of the [Ce(H20)70H?* will be
[Ce(IV)IT
[Ce(H20)70HI3+ = (10)
kL THH T+ kTK3 [H ] [CHICOCH2-CHZ-COOH] + K f [CefIV)]

less and the denominator in equation (9) will become higher and
the following equation will represent the concentration of [Ce(H20)
kdk3 [H4] [CH3COCHZ-CH2-COOH]
kl = (1)
14 k1 [H+ ] 4 k13 [H+ ] [CH3COCH2-CH2-COOH] + K' f [Ce(V]]

70HP,

1 14 K f[Ce(lV)] K1 1 K1
— = + + (12)
k1 kdk3 [H+] k4K3 [CH3COCH2Z-CH2-COOH] K4
Where K'is a constant.

Considering the equation 1, 3, 4 and (10) we get,

Or

Accordingly, at constant [H*] and [Ce (IV)], the graph of 1/ki
against 1/ [CH3COCH2-CH2-COOH] will be a straight line, cutting

an intercept from the 1/k1 — axis. The plot of 1/kqvs.1/ [H*] will also
be linear at the constant [Levulinic acid] and [Ce (IV)].

At lower initial concentration of Ce (IV) the dimeric species will be
negligible and hence the value of rate constant will be higher as
compared to higher initial concentration of Ce(lV) where the di-
meric species will be significant. However, this has been observed
that the value of ki does not increase in a given run, may be be-
cause of the slow reversibility of the equation (2). This effect is
reminiscent to that mentioned in the literature with regards to the
oxidation of alcohol [20], aldehydes [21] phenanthrene and 3-
substituted phenanthrene [22] by chromic acid where acid chro-
mate-dichromate dimerisation equilibrium arises that the value of
first order rate constant does not alter during the run but changes
with the initial concentration of the oxidant.

Stoichiometry and products

In the studies of kinetic runs, the concentration of Ce (IV) was kept
less than the concentration of levulinic acid but in the stoichio-
metric study, a known excess of Ce (IV)-perchlorate was allowed
to react completely with a mixed amount of levulinic acid at 30°C.
The reaction takes three months for its completion as observed
from time to time estimation of Ce (IV). The stability of Ce(IV)
solution for this duration was tested and found that the concentra-
tion does not alter if the identical conditions were maintained. The
unreacted Ce(IV) was estimated volumetrically and the stoichio-
metric ratios are given in Table-4.

Table 4- Stoichiometric Ratios
[Ce(IV)] / [Levulinic acid]

[Ce (CIO4)] x 102N [Levulinic acid] x 10:M

1.67 1.00 13.97
2.00 1.00 14.28
2.50 1.00 14.39

Average value of equivalents = 14.21

The product formed was identified to be acetic acid by ascending
paper chromatography with authentic samples using n-butanol
saturated with ammonia as a developing solvent and bromophenol
blue as a spraying reagent. The Rsvalue was found to be 0.61.

On the basis of the equivalents and the product formed, the reac-
tion can be shown to proceed as follows. One moles of levulinic
acid gives rise to one mole of acetic acid and 3 mole of carbon
dioxide.

[CH3COCH2-CH.-COOH] + 14 Ce(IV) + 5 H20 " [CH3COOH] +
3CO2+ 14 Ce(lll) + 14 [H*] (13)
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