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Mechanism of the oxidation of D-glucose

onto colloidal MnO2 surface in the absence

and presence of TX-100 micelles

Abstract Aqueous colloidal manga-
nese dioxide (MnO2) was prepared via
titration by using potassium perman-
ganate and sodium thiosulphate in
aqueous neutral medium. The kinetics
of oxidation of D-glucose onto the
surface of colloidal MnO2 have been
studied spectrophotometrically. The
results show that the rate of initial
stage (nonautocatalytic path) increases
with increasing the [D-glucose], [H+],
and temperature and also upon addi-
tion of nonionic surfactant Triton X-
100 (TX-100), which indicates that the
surfactant enhances the concentration

of D-glucose at the surface of the
colloidal MnO2. Hydrogen bonding
interaction seemingly arises between –
OH groups of D-glucose and oxygen
of the ether linkages of polyoxyeth-
ylene chain of TX-100. A possible
mechanism of the oxidative degrada-
tion of D-glucose is discussed in terms
of D-glucose/TX-100 and colloidal
MnO2 interaction.

Keywords Colloidal MnO2
.

Oxidation . D-Glucose . TX-100

Introduction

Carbohydrates are the structural backbone of the DNA,
RNA, and nucleic acids and play major role in nutrition.
The biochemical importance of the carbohydrates lies in the
fact that they form the direct link between the radiant energy
emitted by the sun and the demand of living tissues, plant
and animal, for supplies of energy required for the purpose
of metabolism. They are further important due to their wide
occurrence and multihydroxy functionality that allows
coordination and chelation to many metal ions. Besides
acting simply as effective chelators [1], in many cases, they
are also reducing agents [2–5]. Oxidative degradation of
sugars by different oxidizing agents has been the subject of
numerous investigations [6–13].

Manganese dioxide has been used extensively as an
oxidizing agent [14–16] and catalytic agent [17] of both
inorganic and organic compounds. Moreover, the trans-
parent solutions of manganese dioxide are also of
importance because of their widespread participation as
intermediate or reaction products in most permanganate
oxidations [18], being actively involved in the mechanism
as auto-catalyst in many cases [19]. However, details of the

kinetics and mechanism of oxidation of sugars by colloidal
manganese dioxide are yet unknown. Therefore, the
kinetics and mechanism of the reaction between colloidal
MnO2 and D-glucose both in the aqueous and aqueous-
micellar media are reported in this paper.

Experimental

Materials

Triton X-100 (TX-100, 99%, Fluka, Switzerland), potassium
permanganate (98.5%, Merck, India), sodium thiosulphate
(99%, s.d. fine, India), sulphuric acid (98%, Merck, India)
and D-glucose (99%,Merck, India) were used as received. All
other salts were of A R grade. Double-distilled and deionized
water (specific conductance 1–2×10−6 Ω−1 cm−1) was used
throughout. Standard KMnO4 (5.0×10−4 mol dm−3) and
sodium thiosulphate (1.87×10−4 mol dm−3) were used to
prepare the water-soluble colloidal MnO2 solution [20–22].
The required volume of KMnO4 solution (4.10 cm3,
9.75×10−2 mol dm−3) was added slowly to a standard
solution of Na2S2O3 (1.38 cm

3, 10.81×10−2 mol dm−3) and
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the reaction mixture was then diluted by the required
volume in 1-dm3 standard flask. The resulting perfectly
transparent dark brown solution was stable for several
weeks. The stoichiometric equation is expressed as

8MnO�
4þ3S2O

2�
3 þ2Hþ ! 8MnO2þ6SO 2�

4 þH2O (1)

The formation of colloidal MnO2 was tested by adding a
minimum amount of different electrolytes necessary for
precipitation of MnO2.

Kinetic procedure

For each set of kinetic experiments, the requisite volumes of
colloidal MnO2 and H2SO4 were taken in a three-necked
reaction vessel fitted with a double-surface water condenser
to prevent evaporation. A solution of the D-glucose was
taken in a separate flask. Both of the solutions were kept
thermostated at the experimental temperature (±0.1). The
reaction was started by adding a thermally equilibrated
requisite volume of D-glucose solution to the reaction
mixture. The progress of the reaction was followed by
recording the decrease of concentration of colloidal MnO2

at 390 nm with a B&L Spectronic-20 spectrophotometer up
to 80% completion of the reaction. Excess reductant (more
than or equal to ten times) was used in all the kinetic runs to
maintain pseudo-first-order conditions.

Free radical detection

The presence of free radicals in the reactionmixturewas tested
by using methylmethacrylate monomer. The addition of the
monomer solution (5.0 cm3) to a reaction mixture containing
[MnO2]=10.0×10

−3 mol dm−3, [D-glucose]= 10.0×10−2 mol
dm−3, and [H2SO4]=3.72×10

−4 mol dm−3 virtually stopped
the reaction, and a white spongy mass appeared. The positive
response indicated in situ generation of free radicals in the
reaction mixture. Control experiments (with D-glucose or
MnO2 only) did not show any precipitate formation.

Product identification and stoichiometry

Paper chromatography was used for the qualitative identi-
fication of the oxidation product of D-glucose [10a, 23]. The
D-1,4-gluconolactone was identified as the main product
[eluent, n-butanol/acetic acid/water (4:1:5)]. The paper
chromatogramswere visualized by p-anisidine reagent [24].

Several reactions mixtures with [MnO2] < [D-glucose]
([MnO2]=8.0×10

−5 mol dm−3; [D-glucose]=2.0×10−2 to 12.0×
10−2 mol dm−3) at fixed [H2SO4] (3.0×10

−4 mol dm−3) were
prepared and kept for 2 h at room temperature. The
unconsumed MnO2 was determined spectrophotometri-

cally. The consumption ratio was found to be (MnO2:
D-glucose) 4:1. Due to the autoacceleration nature of the
reaction, the exact stoichiometry equation and products
formed are difficult to predict (vide-supra).

Results and discussion

Reaction in the absence of TX-100

Preliminary studies

As the plots of log (absorbance) vs time (Fig. 1) deviate from
linearity, it is clear that the oxidative degradation kinetics of
D-glucose consists of two separate pathways [25, 26]. In the
first phase, the reaction follows a nonautocatalytic reaction
pathway (oxidation of glucose only). The second phase of the
reaction is autocatalytic which may be due to the oxidation of
glucose and of its oxidation products. The observed pseudo-
first-order rate constants (kobs or kψ , s−1) for the initial stages

of the reaction were calculated from the slopes of the plots of
log (absorbance) vs time. Reproducible results giving good
first-order plots (average correlation coefficient, r ≥0.998)
were obtained for each kinetic run.

Effect of [H2SO4] on the reaction rate

The colloidal MnO2 solution was found to undergo acid
hydrolysis or was unstable in aqueous solution of [H+]
>5.0×10−4 mol dm−3. Therefore, the kinetic studies were
limited in the [H+] range of 1.0 to 5.0×10−4 mol dm−3. To
discover the effect of [H+] on the pseudo-first-order rate

Fig. 1 Plots of log (absorbance) vs time for the oxidation of
D-glucose by colloidal MnO2. Reaction condition [MnO2]=
8.0×10−5 mol dm−3; [D-glucose] 2.0×10−2 mol dm−3 (a), 6.0×10−2 mol
dm−3 (b), and 4.0×10−2 mol dm−3 (c, d); temperature 30 °C (a, b), 35 °C
(c), and 40 °C (d)
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constant, several kinetic runs were carried out at constant
[D-glucose] (4.0×10−2 mol dm−3), [MnO2] (8.0×10

−5 mol
dm−3), and temperature (=30 °C). The reaction was accel-
erated by an increase in the acidity of the medium
(Table 1). kobs vs [H2SO4] plot showed a linear relationship
with positive intercept on the Y-axis (extrapolation until
zero concentration of H2SO4). It should, however, be zero
at [H2SO4]=0.0 mol dm−3. Thus, we can conclude that
redox reaction has acid-dependent as well as acid-inde-
pendent paths. It is to be noted that ionic strength of the
reaction mixtures could not be maintained constant.

Effect of varying [MnO2] on the reaction rate

The order with respect to [MnO2] was determined from the
reaction rate obtained at different [MnO2] and fixed
[D-glucose]=4.0×10−2 mol dm−3 and [H+]=3.0×10−4 mol
dm−3 at 30 °C (Table 1). The plots of log (absorbance) vs time
(Fig. 1) were linear, indicating first-order dependence of the
rate on [MnO2]. This was also confirmed by near-constant
values of kobs obtained with varying [MnO2] (Table 1).

Effect of temperature on the reaction rate

To see the effect of temperature on the reaction rate, a series
of kinetic runs was carried out at different temperatures

from 25 to 40 °C at fixed [D-glucose] (4.0×10−2 mol dm−3),
[MnO2] (8.0×10

−5 mol dm−3), and [H2SO4] (3.0×10
−4 mol

dm−3). The values of kobs were found to fit the Arrhenius
equation (Eq. 2) and the plot between log kobs vs 1/ T was
linear. The value of activation energy (Ea) was calculated
from such plot.

log kobs¼ logA� Ea

2:303RT
(2)

The Eyring equation was used to calculate other activa-
tion parameters. The nonlinear least-squares-calculated
values of different activation parameters are shown in
Table 1. The large negative value of ΔS 6¼ shows that the
transition state is well structured and highly solvated.Table 1 Values of pseudo-first-order rate constants (kobs) and

activation parameters (Ea, �H 6¼, and �S 6¼) for the oxidation of
[D-glucose] (4.0×10−2 mol dm−3) by colloidal MnO2 at 30 °C

[MnO2], 10
5 [H2SO4], 10

4 Temperature kobs, 10
4

(mol dm−3) (mol dm−3) (°C) (s−1)

1.6 3.0 30 1.5
3.2 1.5
4.8 1.8
6.4 2.2
8.0 2.5
8.0 1.0 30 1.2

2.0 1.7
2.5 2.1
3.0 2.5
4.0 2.9
4.5 3.2
5.0 3.8

8.0 3.0 25 1.4
30 2.5
35 3.6
40 4.9

Activation parameters
Ea (kJ mol−1) 65

�H 6¼ (kJ mol−1) 62

�S6¼ (JK−1 mol−1) −109

Table 2 Values of pseudo-first-order rate constants for the oxida-
tion of D-glucose by [MnO2] (8.0×10−5 mol dm−3) in [H2SO4]
(3.0×10−4 mol dm−3) at 30 °C

[D-Glucose], 102 kobs, 10
4 kcal, 10

4 kobs−kcal/
kobs, 10

4(mol dm−3) (s−1) (s−1)

2.0 1.2 1.2 0.0
4.0 2.5 2.2 +0.12
6.0 2.1 2.8 −0.33
8.0 3.3 3.3 0.0
10.0 3.6 3.7 −0.03
12.0 4.0 4.0 0.0

Fig. 2 Plot of 1/kobs vs 1/[D-glucose] for the oxidation of D-glucose
by colloidal MnO2. Reaction condition [MnO2]=8.0×10

−5 mol dm−3,
[H2SO4]=3.0×10

−4 mol dm−3, and temperature=30 °C
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Effect of [d-glucose] on the reaction rate

The effect of [D-glucose] was seen under experimental
conditions of [H2SO4]=3.0×10

−4 mol dm−3, [MnO2]=
8.0×10−5 mol dm−3, and temperature=30 °C, which showed
rate increase with increase in [D-glucose] (Table 2). The plot
of log kobs vs log [D-glucose] was linear with slope=0.70 for

the H2SO4 concentration used, indicating fractional-order
dependence of the rate on [D-glucose]. On the other hand,
the plot of kobs

−1 vs [D-glucose]−1 was also linear at constant
[H+] with a positive intercept and positive slope (Fig. 2).
Such a plot is indicative of Michaelis–Menten/Langmuir
adsorption isotherm behavior (kinetic proof for complex
formation between colloidal MnO2 and D-glucose).

Scheme 1 [H+]-independent
pathway (Eqs. 3, 4, 5,
and 6) and [H+]-dependent
pathway (Eqs. 7 and 8)
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Mechanism and rate law

It has been established that, in aqueous solution, D-glucose
exists in equilibrium between α- and β-pyranose forms
with free aldehyde form as the intermediate [27]. The
amount of open-chain form of D-glucose has been estimated
from polarographic studies [28] and has been found to be
0.024% at pH 7.0 at 25 °C. On the other hand, the ratio of
the α- and β-pyranose forms has been estimated from
nuclear magnetic resonance studies [29] at 30 °C to be
36:64.

It has also been claimed that the pyranose form is involved
in the oxidation reaction. As far as the conformation is
concerned, the β-anomer should be more reactive than the
α-anomer [30]. Furthermore, the rate of mutarotation is
many times greater than the rate of oxidation [27, 31].

On the basis of experimental results, Scheme 1 mech-
anism has been proposed.

In Scheme 1, Eqs. 3 and 7 represent the adsorption of
D-glucose and hydrogen ion on the surface of the colloidal
MnO2 and D-glucose–MnO2 complex, respectively. Equa-
tions 4 and 8 are the respective rate-determining steps. In
the light of previous results, we assume that complexes C1

and C2 decompose in a one-step, one-electron oxidation–
reduction mechanism to manganese(III), radical, and other
products. Manganese(III) is a strong oxidant and is unstable
with respect to disproportionation. However, we attempted
to monitor the formation of manganese(III) at 470 nm but
failed to detect any buildup during the course of the
reaction.

Scheme 1 mechanism leads to the rate law

� ¼ �d MnO2½ �
dt

¼ kK þ k1K1K Hþð ÞS
� �� �

D� glucoseð ÞS
� �

MnO2½ �T
1þ K þ K1K Hþð ÞS

� �� �
D� glucoseð ÞS

� � (9)

and

kobs ¼
kK þ k1K1K Hþð ÞS

� �
D� glucoseð ÞS

� ��

1þ K þ K1K Hþð ÞS
� �� �

D� glucoseð ÞS
� � (10)

Under our experimental condition ([H2SO4]=3.0×
10−4 mol dm−3), the contribution of acid-independent
path can be neglected. Thus, Eq. 10 is reduced as
Eq. 11.

kobs ¼
k1K1K Hþð ÞS

� �
D� glucoseð ÞS

� �

1þ K1K Hþð ÞS
� �� ðD� glucoseÞS

� � (11)

On rearrangement, Eq. 11 can be written as:

1

kobs
¼ 1

k1K1K Hþð ÞS
� �

D� glucoseð ÞS
� �þ 1

k1
(12)

A plot of k�1
obs vs [D-glucose]−1 should accordingly be

linear with a positive intercept (1/k1) on the Y-axis and a
positive slope (1/ k1K1K[(H

+)S]). This has been found to be
so (Fig. 2). Values of k1 and K1K were calculated from

intercept and slope and found to be 7.14×10−4 s−1 and
35.91×103 mol2 dm−6, respectively. On substituting the
values of k1, K1K, [H2SO4], and [(D-glucose)S] in Eq. 11,
the calculated values of rate constants (kcal) are obtained for
each kinetic run (Table 2). These calculated values of rate
constants are in close agreement with the observed pseudo-
first-order rate constants (kobs).

Reaction in the presence of TX-100

To see the role of nonionic surfactant, the effect of
varying [TX-100] upon the rate of colloidal MnO2

reduction by D-glucose was studied at constant [MnO2]
(8.0×10−5 mol dm−3), [D-glucose] (4.0×10−2 mol dm−3),
[H2SO4] (3.0×10

−4 mol dm−3), and temperature (30 °C)
(Fig. 3). The data so obtained are given in Table 3. The
observed effect is catalytic up to a certain [TX-100];
thereafter, an inhibitory effect follows. Tuncay et al. [32]
developed a mathematical model for such a catalytic
effect. The equation between rate constant (kψ ) and [TX-

100] for the data given in Table 3 for the present reaction
is analogously

log kψ ¼ 0:2577 log TX � 100½ � � 2:9725 r ¼ 0:988ð Þ
(13)
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Michaelis–Menten kinetic equation can be used up to
catalytic part to explain the observed results. Therefore, the
following equation is similar to the Michaelis–Menten type

kψ ¼ kobs þ TX � 100½ �
a TX � 100½ � þ b

or

kψ � kobs ¼ TX � 100½ �
a TX � 100½ � þ b

(14)

Equation (14) can be rearranged as Lineweaver–Burk
form

1

kψ � kobs
¼aþ b

TX � 100½ � (15)

The fulfillment of the above relation can be seen in
Fig. 4. The values of a and bwere calculated from the slope
and intercept of Fig. 4 (a=1.0×103 s, b=133.3 mol dm−3 s)
(r=0.986).

Probable role of TX-100

It is well known that gum arabic stabilizes colloidal MnO2

[33], whereas nonionic surfactants enhance the dispersion
stability [34]. The catalytic effect of TX-100 indicates that
adsorption is not the only factor responsible to explain the
effect observed with TX-100 on the oxidation of D-glucose
by MnO2. In addition, the role of other factors, e.g., hy-
drogen bonding, properties of interfacial water (known to
be less polar but more structured than bulk water), dif-
ferences in stabilization of the initial and transition states by
surfactant molecules, reaction rates in the bulk and micellar
pseudo-phases, etc., cannot be ruled out completely.

Hydrogen bonding between TX-100 and the reactants may
play an important role. D-Glucose possesses no hydrophobic
character and has five –OH groups. Hydrogen bonding may
occur between the five –OH groups of D-glucose and the
ether-oxygen of the polyoxyethylene chains of TX-100. Due
to the presence of a number of donor groups in one TX-100
molecule,multipleH-bondingmay take place and the number
of bound D-glucosemolecules increases. In this surfactant, the
lengths of the hydrophobic and hydrophilic parts are
comparable and have significant amount of water in the

Fig. 3 Plot of log [TX-100] vs log k for the oxidation of D-glucose
by colloidal MnO2. Reaction condition [MnO2]=8.0×10

−5 mol dm−3,
[D-glucose]=4.0×10−2 mol dm−3, [H2SO4]=3.0×10

−4 mol dm−3, and
temperature=30 °C

Table 3 Effect of varying the [TX-100] on the k for the oxidation
of [D-glucose] (4.0×10−2 mol dm−3) by colloidal [MnO2] (8.0×10

−5

mol dm−3) in [H2SO4] (3.0×10
−4 mol dm−3) at 30 °C

[TX-100], 103 104k 
(mol dm−3) (s−1)

0.0 2.5
4.0 2.6
6.0 2.9
8.0 3.1
10.0 3.2
12.0 3.4
14.0 3.2
16.0 3.1
18.0 2.8

Fig. 4 Plot of (1
.

k � kobs
� �

) vs 1/[TX-100] for the oxidation of
D-glucose by colloidal MnO2. The reaction condition is the same as
in Fig. 3
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outer shell. The hydrogen bonding between MnO2 sols and
hydrophilic part (polar ethylene oxide) of the TX-100
cannot be ruled out either (let us call it adsorption).
Therefore, the associated MnO2 and D-glucose with TX-
100 (through hydrogen bonding) seems responsible of
facilitating the reaction; this might be the role of TX-100
towards the observed catalysis. This surfactant thus helps
in bringing the reactants closer, which may orient in a
manner suitable for the redox reaction followed by
rearrangement of TX-100 molecules. The decrease in
rate at higher [TX-100] (>12.0×10−3 mol dm−3) could be
due to the ‘dilution effect’: continuous increase in [TX-
100] produces micelles and progressively more and more
substrate (D-glucose) gets associated to the micellar phase.
This segregation deactivates the substrate as D-glucose in
one micelle cannot react with MnO2 (onto which TX-100 is

adsorbed). A point worth noting is that even at [TX-100]=
18.0×10−3 mol dm−3, the rate constant is still higher than
the values observed in bulk water (Table 3); this proves
beyond doubt that TX-100 is still playing its role in
catalyzing the reaction.

Conclusion

The catalytic role of nonionic surfactant TX-100 for the
oxidation of D-glucose by colloidal MnO2 has been
reported for the first time. The reaction proceeds through
the adsorption of D-glucose on the surface of the colloidal
particles. The catalytic effect of TX-100 may be due to
multiple H-bonding between the surfactant and the
reactants (MnO2 and D-glucose).
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