
Introduction

Perez-Benito et al. [1, 2] reported the oxidation of formic
and oxalic acids by water soluble colloidal MnO2 and
these studies were extended by Tuncay et al. [3] and
Kabir-ud-Din et al. [4] to micellar media. In case of
lactic acid oxidation by colloidal MnO2, it was observed
that the process took place in two steps [5] (nonauto-
catalytic and autocatalytic) and that the second step
disappeared completely in the presence of added man-
ganese(II). We see that the above cited papers [3, 4] are
the only few concerned with the effect of surfactant on
the redox chemistry of colloidal MnO2 [3, 4] while

anionic-, cationic- and nonionic micellar effects on the
kinetics and mechanism of organic and inorganic reac-
tions have so far been extensively studied [6–12].

The oxidation of a-hydroxy acids has been particu-
larly interesting because both C–H and C–C cleavage
have been reported [13–15]. Recently [16], we have re-
ported the oxidation of citric acid by colloidal MnO2

that proceeded through the C–H and C–C bonds
cleavage. We searched for another closely related sys-
tem, where there is a possibility of C–C and C–H bond
breaking, and such a situation is present in DL-malic
acid. Therefore, in this paper we wish to report the
results of investigations of the MnO2 oxidation of
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Abstract Kinetics of oxidation of
DL-malic acid by water soluble col-
loidal MnO2 (prepared from potas-
sium permanganate and sodium
thiosulfate solutions) have been
studied spectrophotometrically in
the absence and presence of nonionic
Triton X-100 surfactant. The reac-
tion is autocatalytic and manga-
nese(II) (reduction product of the
colloidal MnO2) may be the auto-
catalyst. The order of the reaction is
first in colloidal [MnO2] as well as in
[malic acid] both in the absence and
presence of the surfactant. The
reaction has acid-dependent and
acid-independent paths and, in the
former case, the order is fractional in
[H+]. The effect of externally added
manganese(II) is complex. The
results show that the rate constant
increases as the manganese(II)

concentration is increased. It is not
possible to predict the exact depen-
dence of the rate constants on man-
ganese(II) concentration, which has
a series of reactions with other
reactants. In the presence of TX-100,
the observed effect on kw is catalytic
up to a certain [TX-100]; thereafter,
an inhibitory effect follows. The
catalytic effect is explained in terms
of the mathematical model proposed
by Tuncay et al. (in Colloids Surf A
Physicochem Eng Aspects 149:279
3). Activation parameters associated
with the observed rate constants
(kobs/kw) have also been evaluated
and discussed.
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DL-malic acid both in the absence and presence of non-
ionic TX-100.

Experimental

Materials

Potassium permanganate (E. Merck, India, 98.5%), so-
dium thiosulfate (s.d.fine, India, 99%), perchloric acid
(E. Merck, India, 70% solution), manganese(II) sulfate-
1-hydrate (E. Merck, India, 99%), Triton X-100 (Fluka,
Switzerland, 99%) and DL-malic acid (s.d. fine, India,
99%) were commercial products and were used as sup-
plied. Water (deionized and CO2 free) was used as the
solvent after double distillation (first time from alkaline
KMnO4).

Preparation of water soluble colloidal MnO2

For the preparation of colloidal MnO2, standardized
KMnO4 (= 5.0·10)4 mol dm)3) and sodium thiosulfate
(= 1.87·10)4 mol dm)3) were used to prepare the stock
solution (=5.0·10)4 mol dm)3—the reaction takes
place in 8:3 ratio [1–5, 16]). The resulting solution was
dark brown and perfectly transparent, which showed
one broad band covering the whole visible region of the
spectrum with kmax = 390 nm (Fig. 1). The solution
remained stable for several weeks. The colloidal particles
of MnO2 are known to be roughly spherical with a ra-
dius of about 500 Å [1, 3].

Kinetic measurements

The oxidation of DL-malic acid was carried out under
pseudo-first-order conditions with at least a tenfold
excess of reductant over oxidant concentration. The
progress of the reaction was monitored spectrophoto-
metrically by following the disappearance of the colloi-
dal MnO2 at 390 nm. The values of pseudo-first-order
rate constants (kobs or kw, s)1—kobs refers to pure
aqueous whereas kw refers to aqueous-micellar media)
were determined from the slope of plots of log(absor-
bance) versus time. The reaction was usually followed up
to not less than 80% completion. The rate constants
were reproducible within ±5%.

Results and discussion

The reaction was studied as a function of [MnO2], [malic
acid], and temperature both in the absence and presence
of nonionic TX-100 micelles. Good first-order plots were
obtained in all the kinetic experiments in which an excess
of DL-malic acid (the reductant) over MnO2 (the oxi-
dant) was used. Tables 1, 2, 3, and 4 and Figs. 1, 2, 3, 4,
5, 6, and 7 record the results for different experimental
conditions.

Reaction-time curve

Figure 2 shows the examples of the kinetic curves from
which the kobs for the oxidation were obtained. By
inspecting Fig. 2, it is clear that the oxidation kinetics
proceed in two steps, i.e., nonautocatalytic (initial slow)
path followed by a relatively faster step (autocatalytic).
The plots were linear up to ca. 40 min and, as the time
increased from 40 min onward, deviations from linearity
were observed. The time at which the deviation com-
menced was found to depend upon the [malic acid],
[MnO2], and temperature.

Rate dependence on [MnO2]

The oxidation of DL-malic acid by MnO2 was studied
as a function of [MnO2] between 2.0·10)5 and 10.0·
10)5 mol dm)3 at constant [malic acid] (=16.0·
10)4 mol dm)3) at 30 �C. We see (Table 1) that the
kobs values decrease with increase in [MnO2]. These
observations are against the norms of kinetics (the
pseudo-first-order rate constants should be indepen-
dent of the initial concentration of the reactant in
defect). Such type of behavior may be due to floccu-
lation of the colloidal particles. In order to suppress
any possible flocculation, the experiments were
repeated in presence of gum arabic (a good

Fig. 1 Absorption spectra of KMnO4 (1.6·10)4 mol dm)3) and of
the reaction product of KMnO4 (8.0·10)5 mol dm)3) and Na2S2O3

(3.0·10)5 mol dm)3)
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water-soluble polysaccharide known to stabilize col-
loidal MnO2 [17]). Comparison between the kobs ob-
tained in the absence and presence of gum arabic
(Table 1) suggests that no improvement is observed.
Such type of behavior has earlier been observed in
many oxidation reactions of organic oxidants by per-
manganate [18]. On the other hand, in the presence of
gum arabic, there seems to be competition between the

oxidant (DL-malic acid) and gum arabic for the
adsorption on the surface of the colloidal MnO2 (the –
OH groups of DL-malic acid and gum arabic are
responsible for the adsorption—see later).

Rate dependence on [malic acid]

In order to see the effect of DL-malic acid on the rate
constants, its concentration was varied from 16.0·10)4

to 64.0·10)4 mol dm)3 at [MnO2]=8.0·10)5 mol dm)3

and temperature = 30 �C (Table 1). The plots of kobs
versus [malic acid] are linear passing through the origin
(Fig. 3), and the linear plots between log kobs versus log
[malic acid] yielded slopes of ca. 1.0 (r = 0.9895 (kobs1),
0.9890(kobs2)). The reaction is, therefore, first-order with
respect to [malic acid].

Rate dependence on [H+]

Variation of the hydrogen ion concentration from
5.0·10)4 to 30.0·10)4 mol dm)3 employing perchloric
acid at [MnO2] = 8.0·10)5 mol dm)3 and [malic acid]
= 16.0·10)4 mol dm)3 at 30 �C indicates that kobs in-
creases with [H+] (Table 2). The plots of kobs versus
[H+] are linear with positive intercepts on the y-axis,
indicating acid-dependent as well as acid-independent
routes (Fig. 4). A double-logarithmic plot of kobs1 and
[H+] was linear with a slope = 0.16, corresponding to a
fractional-order dependence on [H+].

Table 1 Pseudo-first-order rate
constants for the reaction of
colloidal MnO2 and DL-malic
acid in the absence and presence
of TX-100 (= 15.0·10)3

mol dm)3) at 30 �C

105 [MnO2]
(mol dm)3)

Gum arabic
(g dm)3)

104 [malic acid]
(mol dm)3)

Aqueous TX-100

104 kobs1 (s
)1) 104 kobs2 (s

)1) 104 kw1 (s
)1) 104 kw2 (s

)1)

2.0 0.0 16.0 4.6 7.2 5.6 8.0
3.2 4.8 6.8 5.4 6.7
4.0 4.3 6.1 5.0 6.1
4.8 3.2 6.0 4.8 5.8
6.0 3.1 5.7 4.6 5.6
7.2 2.9 4.7 4.4 5.4
8.0 2.9 4.6 4.3 5.2
8.8 2.7 4.4 4.1 5.1
10.0 1.9 4.3 3.8 4.8
8.0 0.0 16.0 2.9 4.6 4.3 5.2

24.0 5.3 7.7 7.3 10.1
32.0 6.7 11.2 9.1 11.6
40.0 7.8 11.5 10.8 13.4
48.0 11.0 16.0 11.8 14.5
52.0 – – 13.3 16.3
56.0 11.8 17.6 – –
64.0 13.3 19.6 – –

1.0 3.3 Not observed
2.0 3.0 Not observed
3.0 2.9 Not observed
4.0 2.6 Not observed
5.0 2.4 Not observed
6.0 2.3 Not observed

Fig. 2 Plots of log(absorbance) versus time for the reduction of
colloidal MnO2 by DL-malic acid. Reaction conditions: [MnO2] =
8·10)5 mol dm)3, [malic acid] = 16 (a), 24 (b), 56·10)4 mol dm)3

(c), temperature = 30 �C. Inset plot of log(absorbance) versus time
for curve (a)
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Rate dependence on temperature

Effect of temperature was also studied within the range
25–40 �C at constant [MnO2] and [malic acid]. Activa-
tion parameters were obtained utilizing Arrhenius and
Eyring equations by linear least-squares method. The
results are given in Table 3.

The mechanism

The reaction under study is represented by Scheme 1,
which corresponds to fast adsorption of DL-malic acid

and hydrogen ions on the surface of MnO2 with a
one-step two-electron transfer process (Eq. 2) being the
rate determining one. The H+ – independence and H+ –
dependence can be explained on the basis of the
mechanism.

Table 2 Pseudo-first-order rate constants for the oxidation of
DL-malic acid by colloidal MnO2

104 [HClO4]
(mol dm)3)

106 [Mn(II)]
(mol dm)3)

104 kobs1
(s)1)

104 kobs2
(s)1)

0 0 2.9 4.6
5.0 0 3.6 5.5
10.0 3.8 6.3
15.0 4.0 7.1
20.0 4.2 8.5
25.0 4.5 9.3
30.0 4.9 10.1
0 5.0 3.8 6.5

10.0 4.0 6.9
20.0 4.5 7.4
30.0 4.9 8.4
40.0 5.4 9.4
50.0 6.0 10.1

[MnO2] = 8·10)5 mol dm)3, [malic acid] = 16·10)4 mol dm)3,
temperature = 30 �C

Fig. 5 Plots showing the effect of Mn(II) on the pseudo-first-order
rate constants. Reaction conditions: [MnO2] = 8·10)5 mol dm)3,
[malic acid] = 16·10)4 mol dm)3, temperature = 30 �C

Fig. 3 Plots showing the effect of DL-malic acid on the pseudo-first-
order rate constants. Reaction condition: [MnO2] =
8·10)5 mol dm)3, temperature = 30 �C

Fig. 4 Plots showing the effect of HClO4 on the pseudo-first-order
rate constants. Reaction conditions: [MnO2] = 8·10)5 mol dm)3,
[malic acid] = 16·10)4 mol dm)3, temperature = 30 �C. Inset
plots showing the effect of hydrogen ion concentration on the
pseudo-first-order rate constant
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The mechanistic steps (Eqs. 1, 2, 3, 4, and 5) lead to
the rate law (Eq. 6).

m¼�d MnO2½ �
dt

¼
k1Kad1þk2Kad1Kad2 H

þ½ �2
� �

MnO2½ � malic acid½ �T
Hþ½ �þKa1ð Þ ð6Þ

and

kobs1 ¼
k1Kad1 þ k2Kad1Kad2 H

þ½ �2
� �

malic acid½ �T
Hþ½ � þ Ka1ð Þ : ð7Þ

The reaction has a fractional-order dependence in
[HClO4] (under the kinetic conditions of [HClO4]
‡5.0·10)4 to 30.0·10)4 mol dm)3) and, it is, therefore,
apparent that k1 (acid-independent path) can be ne-
glected in comparison to k2 (acid-dependent path). By
introducing this approximation, the rate law (Eq. 7) is
thus reduced to Eq. 8, which clearly explains the frac-
tional-order dependence on [H+].

kobs1 ¼
k2Kad1Kad2 H

þ½ �2
� �

malic acid½ �T
Hþ½ � þ Ka1ð Þ : ð8Þ

Rate dependence on [Mn(II)]

The rate constants, obtained as a function of initially
added [Mn(II)] with other variables remaining constant
([MnO2] = 8.0·10)5 mol dm)3 and [malic acid] =
16.0·10)4 mol dm)3 at 30 �C), were found to increase
with increasing [Mn(II)] (Table 2). The kobs—[Mn(II)]

Table 3 Pseudo-first-order rate constants and activation parame-
ters for the reaction of colloidal MnO2 and DL-malic acid in the
absence and presence of TX-100 (= 15.0·10)3 mol dm)3)

Temperature
(mol dm)3)

Aqueous TX-100

104 kobs1
(s)1)

104 kobs2
(s)1)

104 kw1
(s)1)

104 kw2
(s)1)

25 2.1 2.8 2.3 3.6
30 2.9 4.6 4.3 5.2
35 5.8 9.6 6.2 8.7
40 9.5 21.8 11.1 26.8

Activation parameters
Ea (kJmol)1) 85 118 79 106
DH# (kJmol)1) 82 115 77 104
DS# (J K)1 mol)1) )39 59 )55 37
DG# (kJ mol)1) 94 97 93 93

[MnO2] = 8·10)5 mol dm)3, [malic acid] = 16·10)4 mol dm)3
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profiles show sigmoid dependence of the reaction path-
ways on [Mn(II)] establishing Mn(II) as the autocatlyst.
Further, plots of log kobs versus log[Mn(II)] resulted in
two straight portions with slopes of ca. 0.1 and 0.3,
suggesting that the reaction is zero-and fractional-order
with respect to [Mn(II)] at lower and higher concentra-
tions. In the presence of Mn(II), Scheme 1 is, therefore,
modified as Scheme 2

In the presence of Mn(II) there is a competition be-
tween the DL-malic acid and Mn(II) to react with the
colloidal MnO2. Thus, we may conclude that the values
of rate constants (Table 2, see the above discussion on
Mn(II) effect or Scheme 2) are the sum of the paths I and
II. As the contribution of path I cannot be completely
ruled out, the exact dependence of kobs1/kobs2 on
[Mn(II)] cannot be predicted. (In addition, involvement
of intermediates/products is yet another possibility for
the observed autocatalysis.) In order to observe the
formation of Mn(III) species (see Eq. 9), some experi-
ments monitoring absorbance at 470 nm (where Mn(III)
is the only absorbing species [19]) were also performed
but we failed to observe any build up of Mn(III) during
the course of the reaction.

To see the role of surfactants (anionic, cationic or
nonionic), attempts were made to carry out the oxida-
tion reaction under different experimental conditions,
i.e., reaction mixture + SDS, reaction mixture +
CTAB, and reaction mixture + TX-100. The values of
rate constants (kY, s

)1) are summarized in Tables 1, 3
and 4. Preliminary observations showed that a reaction
mixture containing [MnO2] (= 8·10)5 mol dm)3),
[malic acid] (= 16·10)4 mol dm)3) and cationic micelles
of CTAB became turbid due to flocculation. CTAB
micelles have positive charge on their head group,
whereas colloidal MnO2 has negative charge [20]. The
anionic SDS surfactant neither catalyzed nor inhibited
the oxidation reaction (Table 4). The observation is not
unexpected; anionic micelles, simply based on electro-
static considerations, will repel the oxidant (colloidal
MnO2) keeping the bulk reaction unaffected.

The kY–[TX-100] profiles show positive catalysis
(Fig. 6), which may be explained in terms of increasing
solubilization and association or adsorption of the
reactive species of DL-malic acid and MnO2 with increase
in the [TX-100] that reaches a limiting value. Hence, a
rate maximum is observed. Further increase in [TX-100]
results in increase in the adsorption of the TX-100 on the
colloidal MnO2. This would hinder the adsorption/

association of DL-malic acid with colloidal MnO2 with
the concomitant decrease in the effective concentration
of DL-malic acid at the surface of the colloidal MnO2

particles. This effect is probably operative at higher [TX-
100] and seems responsible for decrease in kY (Fig. 6).
Thus we may conclude that the increase–decrease
behaviour of kY depends upon the concentration of
adsorbed TX-100 and DL-malic acid.

The pseudo-first-order rate constants for the oxida-
tion of DL-malic acid by colloidal MnO2 were also ob-
tained over a range of concentrations of MnO2, DL-malic
acid and temperature in the presence of TX-100 (=
15.0·10)3 mol dm)3). The order with respect to MnO2

and DL-malic acid was first. These observations
undoubtedly show that the reaction mechanism in the
presence of nonionic surfactant TX-100 remains the
same as that in the homogeneous aqueous medium. A
lower value of activation energy in the presence of TX-
100 (Table 3) clearly suggests the surfactant’s catalytic
role.

In order to explain the micellar catalytic effect on the
oxidation, an attempt has been made to employ the
mathematical model proposed by Tuncay et al. [3]
(Eqs. 11 and 12)

log kw1 ¼ a log TX� 100½ � � b; ð11Þ

log kw2 ¼ a0 log TX� 100½ � � b0; ð12Þ

where kY1 and kY2 are pseudo-first-order rate constants
for the nonautocatalytic and autocatalytic pathways,
respectively, (a and b being empirical constants). The

Table 4 Pseudo-first- order rate constants for the oxidation of
DL-malic acid by colloidal MnO2

103 [TX-100]
(mol dm)3)

104 kw1
(s)1)

104 kw2
(s)1)

0.0 2.9 (2.9, 2.9)a 4.6 (4.5, 4.6)a

5.0 3.8 4.9
10.0 4.2 5.1
15.0 4.2 5.2
20.0 4.6 5.4
30.0 3.5 4.5
40.0 3.3 4.4
50.0 3.2 4.3

[MnO2] = 8·10)5 mol dm)3, [malic acid] = 16·10)4 mol dm)3,
temperature = 30�C
aThe values quoted in parenthesis were obtained, respectively at
[SDS] = 4·10)3 and 20·10)3 mol dm)3
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above equations predict that the plots of log kY versus
log [TX-100] should be linear with slopes (a and a¢) and
intercepts (b and b¢). When the data were fitted, clear
linear plots resulted, Fig. 7a, indicating that the model is
adequate to explain the present reaction. The values of a
= 0.1197, b = 3.1385, a¢ = 0.0653 and b¢=3.1593 were
obtained from Fig. 7a plots.

Furthermore, the following equations were also sug-
gested [3]:

1

kw1 � kobs1
� � ¼ xþ y

TX� 100½ � ; ð13Þ

1

kw2 � kobs2
� � ¼ x0 þ y0

TX� 100½ � : ð14Þ

The plots of the left-hand sides of Eqs. 13 and 14
versus 1/[TX-100] were linear, making intercepts on the
y-axis (Fig. 7b), thus satisfying validity of the equations.
Values of x = 0.33·102 s, y = 4,452.10 mol dm)3 s,
x¢=1.34·102 s, and y¢ = 6,450.79 mol dm)3 s for kY1

and kY2 were calculated from the intercepts and slopes
of Fig. 7b.

As the reaction is found to be catalyzed by TX-100,
the question is: what could be the role of this nonionic
surfactant? The main body of nonionic TX-100 is com-
posed of saturated alkyl and polyoxyethylene chains.
The rates of chemical reactions being affected by surf-
actants are mainly due to localization/compartmentali-
zation, pre-orientational, polarity and counterion
effects. The exact reaction site cannot be proposed be-
cause the micellar pseudo-phase is regarded as a
microenvironment having varying degrees of water
activity, polarity and hydrophobicity. The activity of
water at the surface is not different from water activity in

the aqueous pseudo-phase. Therefore, at present, the
localization of MnO2 and DL-malic acid can be consid-
ered. Three important factors, namely, electrostatic,
hydrophobic and hydrogen bonding seem to play an
important role in bringing the reactants (MnO2 and DL-
malic acid) together. As far as the role of nonionic TX-
100 is concerned, any type of electrostatic interaction is
not possible. Also, the hydrophobicity of DL-malic acid
is diminished due to the presence of two –COOH
groups. Thus, only one factor, namely hydrogen bond-
ing, is left for the catalytic role of TX-100. Therefore, the
hydrogen bonding between MnO2 sols and polyethylene
oxygen of TX-100 seems responsible for the adsorption
of TX-100 on the surface of the colloidal MnO2.
Hydrogen bonding between the –COOH and –OH
groups of DL-malic acid and the oxygen of the poly-
oxyethylene chain of TX-100 may also take place. As a
result, TX-100 helps in bringing the MnO2 and DL-malic
acid closer, which may orient in a manner suitable for
the redox reaction followed by rearrangement of TX-100

Fig. 6 Plots showing the effect of TX-100 on the pseudo-first-order
rate constants. Reaction conditions: [malic acid] =
16·10)4 mol dm)3, [MnO2] = 8·10)5 mol dm)3, temperature =
30 �C

Fig. 7 Plots of log kw versus log[TX-100] (a) and (1/kw ) k obs)
versus 1/[TX-100] (b). Reaction conditions: [malic acid] =
16·10)4 mol dm)3, [MnO2] = 8·10)4 mol dm)3, temperature =
30 �C. The data belong to the part upto which the effect of TX-100
was catalytic (cf. Fig. 6)
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molecules. The formation of a complex-type species
between the MnO2 and DL-malic acid is a characteristic
feature of the mechanism of adsorption reaction.
Therefore, the associated MnO2 and DL-malic acid with

TX-100 (through hydrogen bonding) seemingly facilitate
formation of the complex (C1/C2) and this might be
the main role of nonionic TX-100 surfactant toward
catalysis.
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