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Abstract Stabilization and characterisation of water solu-
ble colloidal MnO, during the oxidation of sulphur-
containing organic reductants “thiourea, thioactamide and
methionine” by permanganate in aqueous neutral media are
reported for the first time. Upon addition of permanganate
to a solution of methionine, a transient species appears
within the time of mixing, which is stable for several weeks.
On the other hand, the transient species is unstable in the
presence of thiourea and thioacetamide, respectively. The
nature of manganese (IV) species present in the solution was
characterized by spectrophotometric and coagulation mea-
surements. On addition of HCIO,, there is a decrease in the
absorbance of the reaction mixture. Under pseudo first-
order conditions ([reductants] > [MnOj, ]), the reduction
rate was very fast up to the formation of water soluble
colloidal MnQO,. The effect of various parameters, such as
hydrogen ion concentration, amount of MnO, and concen-
tration of reductants were investigated. Mechanisms con-
sistent with the observed results have been proposed and
discussed.
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Introduction

Reaction of oxygen-, nitrogen- and sulfur-containing reduc-
tants with manganese(VII) has been the subject of several
investigators [1-5]. In some instances, the formation of
manganese(IV) as an intermediate has been proposed [6—
10]. In the permanganate oxidation of several organic
reductants, the possible intermediate species are Mn(VI),
Mn(V), Mn(IV) and Mn(III) [5, 11]. The Mn(Il) species
exhibits unique behaviour (auto catalyst) in many redox
reactions of Mn(VII). The existence of different manganese
species in aqueous solution and the tendency of Mn(II) to
act as an autocatalyst give systems of considerable
complexity. Therefore, different attempts have been made
to confirm the intermediacy of manganese(IV) and manga-
nese(IIT) by use of competitive experiments [6, 12—15].

The pioneering work of Perez-Benito et al. [16] suggested
that the water soluble colloidal manganese dioxide can be
prepared by potassium permanganate and sodium thiosul-
phate in aqueous neutral media (Eq. 1).

8MnO; + 3 $,052 + 2H" — 8MnO; + 6S0;>
+ H,O (1)

It has been established that the colloidal MnO, sols ac-
quire negative electrostatic charge in aqueous solutions and
remain perfectly transparent for at least several years [12,
16, 17]. Water soluble colloidal MnO, has the advantage
over water-insoluble forms that conventional ultraviolet-
visible (UV-Vis) spectrophotometer can be used to monitor
their reactions with an inorganic and organic reductants. We
have observed the formation and decomposition of water
soluble colloidal MnO, during the oxidation of paracetamol
by permanganate spectrophotometrically at 420 nm [5].
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Our preliminary observations indicate that addition of
traces of sulphur-containing reductants (methionine, thio-
urea and thioacetamide) to a solution of permanganate
enhances the absorbance of the reaction mixture at 420 nm
significantly, and pink (A,.x=525 nm) reaction mixture
becomes brown immediately, which is stable for some time.
The present study was designed to determine the nature of
the species formed in the reduction in permanganate by S-
containing reductants. The details of MnO, oxidation of
methionine, thiourea and thioacetamide are not yet known;
although the kinetics of thiourea oxidation by water soluble
colloidal MnO, has been reported earlier [18]. It was,
therefore, thought of interest to investigate the reduction in
Mn(VII) by such compounds with a view to having an
insight into the formation of water soluble colloidal MnO,.

Experimental

The following analytical grade chemicals were used without
further purification: methionine (Koch-light, Pures), thiourea
(Sigma, Aldrich), thioacetamide (Fluka, Puriss) and potassi-
um permanganate (Fluka, Puriss). Thiourea was recrystal-
lised from warm 20% v/v aqueous ethanol before use.
Perchloric acid, 20% (Fisher) was used to maintain the
hydrogen ion constant. The solution of all the reagents were
prepared in double-distilled, deionized and CO,-free water.
The solution of permanganate was standardised by titration
against oxalate and stored in black bottle. Thioacetamide
was first dissolved in minimum quantity of acetic acid and
then diluted to the desired concentration with deionized
water. Spectrophotometer was used to monitor the process
of reaction under different experimental conditions.

Product identification

In a typical experiment, methionine (=2.0x 10" mol dm ),
potassium permanganate (=2.0%10 % mol dm ) and dis-
tilled water (30 cm®) were mixed at room temperature in a
reaction flask. After 2 h, sodium bicarbonate (=0.4 mol dm )
was added and stirred vigorously followed by dropwise
addition of benzoyl chloride solution until precipitation was
completed. N-benzoylmethionine sulphoxide was confirmed
by the reported method [19]. Ammonia and carbon dioxide
were not detected as the oxidation products of methionine.

The main oxidation product of thiourea was character-
ised as follows: solution of thiourea (=6.0x 10" mol dm )
was added to an acidic solution of permanganate (=6.0x
10 mol dm>). The reaction mixture turned drop pink to
colourless, and 10 cm® ethanol was added followed by con-
centrated HCl. After 1 h, white crystals were filtered and
washed. The compound was identified by its infrared spec-
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trum and was conformed as the dithiol bis (formamidinium)
[20].

Results and discussion

The most interesting feature of the present observations is the
fast change in the colour (pink to brown) of the permanga-
nate in presence of methionine, thiourea and thioacetamide.
The pink (Anax=525) reaction mixture becomes brown
immediately at room temperature. At lower thiourea and
thioacetamide concentrations, the brown colour is stable for
some time. On the other hand, the observed brown colour is
stable for some days in presence of methionine.

Reduction of permanganate by methionine

It is well known that absorption spectra of permanganate
solution possess a maximum absorption (Ay.x) at 525 nm
(Fig. 1). When MnO, (1.0x 10* mol dm?) is allowed to
react with methionine at 25 °C, a readily distinguishable
brown colour appears. To confirm the nature of the brown
colour, the spectrum of reaction mixture was recorded at the
end of the reaction (Fig. 1).The most characteristic part of
manganese(VII) is the ligand to metal charge transfer
transitions observable in the 350—650 nm region. Figure 1
shows that the spectra of MnO, -methionine reaction
product cover the whole visible region of the spectrum.
These observations are in good agreement with the results
of Perez-Benito et al. [16, 17] (Mn(IV) is commonly
involved in the permanganate oxidation of organic reduc-
tants). The spectra of Mn(IV) species depend on the nature
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Fig. 1 Electronic absorption spectra of MnO; (filled circle) and the
reaction product of MnO, and methionine reaction at 25 °C. Reaction
conditions: MnO, (=1.0x 10* mol dm®); methionine (=0.6x
10~* mol dm™>; filled square) and 1.0x10™* mol dm > (filled triangle)
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of reducing agent, acidity of the reaction mixture and
absence and presence of complexing agents [11, 12].

To confirm the nature of Mn(IV) species formed during
the reduction in permanganate by methionine, the coagula-
tion experiments were carried out and different electrolytes
were used for this purpose. In presence of these electro-
lytes, the precipitation of manganese dioxide occurs, which
suggests that the soluble Mn(IV) species is present in the
form of colloidal particles of MnO,. The negative loga-
rithms of the minimum electrolytes concentration required
for the precipitation are plotted against cationic radius
(Fig. 2). The fulfillment of the Beer—Lambert law by the
resulting solution was also checked. The wavelength
400 nm was chosen to confirm the fulfillment of Beer—
Lambert law by monitoring the absorbance of different
solution of colloidal MnO,. The law is obeyed for the entire
concentration range of methionine used in the present
investigations. To obtain insight into the colloidal nature of
MnO,, the Rayleigh’s law (absorbance = concentration/
wavelength) was also used. The plot of log (absorbance)
versus the log (wavelength) is linear (Fig. 3) [7, 9]. Thus, we
may safely conclude that the available data are consistent
with the formation of water soluble colloidal MnO, as the
intermediate during the reduction in MnO, by methionine.

To see the effect of [methionine] on the formation of water
soluble colloidal MnO,, a series of experiments were
carried out at constant [MnO, ] (=1.0x10"* mol dm)
and temperature (=25 °C), and the reaction is monitored
spectrophotometrically. These results are shown in (Fig. 4).
At 400 nm, the absorbance increases until it reaches a
maximum. The [methionine] needed to stabilise the
colloidal MnO, is (ca. 1.4x10™* mol dm™). Figure 4

log [electrolyte]

1 1
0.6 0.8 1.0 1.2 1.4

cationic radius (A)
Fig. 2 Plots of log [electrolyte] versus cationic radius. Reaction
conditions: MnO, (=1.0x 10* mol dm®); methionine (=1.0x
10* mol dm?); temperature=25 °C; CoCl, (1); MgCl, (2); CaCl,
(3); BaCl, (4); SrCl, (5); MnCl, (6); FeSO4 (7); NiCl, (8); LiCl (9),
NaCl (10); KCl1 (/1) and NH4C1 (12)

log (Absorbance)
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Fig. 3 Plots of log (absorbance) versus log (wavelength) for the
product (colloidal MnO,) obtained from the reduction in MnO, by
methionine (filled triangle), thiourea (filled circle) and thioacetamide
(filled square). Reaction conditions: MnO, (=1.0x10"* mol dm )
methionine (=1.0x10™* mol dm°); thiourea (=0.4x107* mol dm™>);
thioacetamide (=1.0x10~* mol dm>); temperature=25 °C. Slopes=—6.8,
—5.1 and —5.4 for methionine, thioacetamide and thiourea, respectively

clearly indicates the formation and stabilization of water
soluble colloidal MnO, during the reduction in permanga-
nate by methionine.

To our knowledge, formation of soluble colloidal MnO,
has not been hitherto reported in the oxidation of amino
acids by permanganate. It has been established that
amino acids and sulphur-containing amino acids have two
(-COOH and -NH,) and three (-SH, -COOH and -NH,)
oxidation sites. To compare the reducing properties of these
groups, some experiments were also performed with
glycine under the same conditions of methionine. No
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Fig. 4 Absorbance versus [reductants] plots at 400 nm for the
formation and decomposition of colloidal MnO, at 25 °C. Reaction
conditions: MnO, (=1.0x 10* mol dm); methionine (filled trian-
gle); thiourea (filled circle); thioacetamide (filled square)
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brown colour was observed, even after prolonged incuba-
tion. On the basis of these observations and product
identification (vide supra), we may safely conclude that -
SH group of methionine has greater tendency to reduce
manganese(VII) in comparison to -NH, and -COOH
groups. The sulphur is not as electronegative as oxygen
and nitrogen, the C-S bond is less polar than the C-O and
C-N bonds .Thus, a large partial negative charge resides on
the oxygen and nitrogen atoms, activating it for proton-
ation. This accounts for the non-availability of the electron
pair at the seat of the reaction. Complete protonation of the
carboxyl and amino groups lowers the reduction potential
to such an extent that the oxidation site may effectively
remain at the sulphur atom. Therefore, high reactivity of -SH
group seems because of the presence of a lone pair of
electron on S atom [18, 19, 21, 22].

From these data, the over all mechanism for the reaction
can be represented by Scheme 1. Under the conditions of
the experiment, zwitter ionic species of methionine is the
major existing species.

Reduction of permanganate by thiourea and thioacetamide

Permanganate colour change from pink to brown was
observed upon addition of thiourea (=1.0x10"* mol dm>)
or thioacetamide (=1.0x10~* mol dm>) separately to the
permanganate (=1.0x10"* mol dm>) within the time of
mixing at room temperature. The UV-Vis spectral studies
suggest that this brown colour is due to the formation of
colloidal MnO, as an intermediate. Spectra of MnO, and
the mixture containing thiourea and thioactamide immedi-
ately after mixing are shown in (Fig. 5). The spectrum of
MnO, (Fig. 1) is clearly different from those of MnO, —
thiourea (Fig. 5) and MnO, —thioacetamide (Fig. 5) reaction
product. Spectra of Fig. 5 are in closed agreement with the
observations of other investigators. It is well known that if
the brown colour is due to the formation of water soluble
colloidal MnO, as an intermediate, the spectrum will be

Scheme 1 Overall mechanism
for the reaction
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Fig. 5 Electronic absorption spectra of the reaction product of
MnO, —thiourea (filled circle) and MnO, —thioacetamide (filled
square) reduction at 25 °C. Reaction conditions: MnO, (=1.0x
10 mol dm>); thiourea (=1.0x10* mol dm>); thioacetamide
(=1.0x10* mol dm?)

mainly due to the scattering of light (Rayleigh’s law) [7, 9].
The plots of log (absorbance) versus log (wavelength) are
linear (Fig. 3) with slopes ca. —5.4 and —5.1, respectively,
for thiourea and thioacetamide.

It is well established that the stability of colloidal MnO,
depends strongly on the pH of the reaction medium. The
manganese(VII) changes to Mn(IV) in alkaline or weakly
acid solution, while in strongly acid medium, the perman-
ganate is further reduced forming Mn(Il) as the final prod-
uct .The colloidal MnO, solution undergoes acid hydrolysis
or is unstable [23] in aqueous solutions of [H'] > 1.0x
10 mol dm . At 400 nm, the absorbance first increased
until it reached a maximum then decreased with reductant
concentrations. This behavior indicates the fast formation
and slow disappearance of colloidal MnO, during the
course of reaction for both (thiourea and thioacetamide). It
was noticed that the decomposition depends on the reaction

OMIIO3—
MnO4_ + CH3 -S- CHZ - CH2 - FH - COO_ - CH3 -S- CH2 - CH2 - |CH - COO—
Nﬁ3 -‘I-\IH3
(complex)
Il .
—> CH3-S-CH,-CH,-CH-COO + Mn(V)—
NH; (unstable)
fast
colloidal  MnO,
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Table 1 Values of rate constants and the colour of the reaction mixture at the end of the oxidation of sulphur-containing reductants by MnO, and

water soluble colloidal MnO,

Reaction conditions

Rate constant (mol ' dm® s™")

Colour and stability Reference

MnO, + methionine® Very fast
MnO, + thiourea® Very fast
MnO, + thioacetamide® Very fast
MnO, + methionine® Very slow
MnO, + thiourea® Slow
MnO, + thioacetamide® Fast
MnO, + EDTA 0.23
MnO, + EDTA + methionine 4.98
MnO, + EDTA 14.20
MnO, + thiourea® 0.18
MnO, + cysteine® 1.91
MnO, + glutathione® 2.30

Present work
Present work
Present work
Present work

Brown stable
Brown unstable
Brown to colourless
Brown stable

Colourless Present work
Colourless Present work
Colourless® Present work
Colourless® Present work
Colourless® Present work
Colourless [18]
Colourless [21]
Colourless [21]

*[MnO;, or MnO,] = 1.0x10™* mol dm™?, [reductant] = 1.0x10™? mol dm’, temperature=25 °C, [EDTA] = 1.0x10~°
®[Mn0,]=5.0x10"> mol dm?, [reductant] = 6.0x 10”7 mol dm?, temperature=30 °C

°[Mn0,]=5.0x10"7 mol dm *, [reductant] = 6.0x10"* mol dm ?, temperature=30 °C

9[MnO,] = 8.0x10"° mol dm *, [reductant] = 8.0x 10" mol dm ?, temperature=30 °C

conditions, i.e., [thiourea], [thioacetamide] and [HCIOy4].
The rate constants of the decomposition were determined
under different experimental conditions and are summarised
in Table 1. To gain further insight into the mechanistic
aspects and the role of thiourea and thioacetamide concen-
trations, the effects of these [reductant] were studied at
constant [MnO, ] (=1.0x 10* mol dm*) and temperature
(=25 °C). The observed results are depicted graphically in
Fig. 4 as an absorbance—[reductants] profile. As can be seen
in Fig. 4 (typical example), as the [thiourea and thioaceta-
mide] increases, the absorbance increases until it reaches a
maximum then decreases with thiourea and thioacetamide
concentration, respectively. On the other hand, at higher
[thioacetamide] (>2.0x10~* mol dm ), the formation and
decomposition of colloidal MnO, were not observed. The
absorbance at 400 nm versus [thioacetamide] plot indicates
the formation and decomposition of colloidal MnO, (as an
intermediate) taking place simultaneously in excess of
[thioacetamide].

To gain further insight into the stability of colloidal
MnO,, some kinetic experiments were carried out at
constant [MnO; ], [methionine], [thiourea], [thioacetamide]
and temperature. The observed results are summarised in
Table 2. As can be seen from Table 2 (typical example),
MnO, —methionine reaction proceeds through the formation
and stabilization of colloidal MnO,, whereas formation of
MnO; is not observed in thiourea— and thioacetamide-MnO,
reactions, respectively. It was noticed that the absorbance
becomes 0.78 within the time of mixing and remains constant
for ca. 20 min then decreased with time in presence of
thiourea (Table 2). In presence of HCIO,4, decomposition of
colloidal MnO, is also observed for methionine-MnO,
reaction (Table 2). The values of rate constants were
calculated to be 35.8 mol 'dm® s' (MnO, formation for
methionine) and 14.1 and 0.76 mol 'dm® s™' (MnO,
decomposition) for thiourea and thioacetamide, respectively.

In the redox reactions of manganese(VII) with organic
reductants, medium of the reaction mixture plays an

Table 2 Values of absorbance

as a function of time for the Time (min) Absorbance methionine Thiourea Thioacetamide
formation and decomposition -
of colloidal MnO, during the 2 0.57(0.63) 0.78 0.36
reduction in MnO, by sulphur- 4 0.73(0.80) 0.78 0.30
containing reductants® 6 0.81(0.87) 0.78 0.26
8 0.86(0.89) 0.78 0.23
10 0.90(0.90) 0.78 0.21
*[Mn0; ] = 1.0x10* mol dm > 15 0.96(0.91) 0.78 0.17
[reductants] = 20 0.98(0.90) 0.77 0.14
1.0x10~ mol dm>: 25 1.01(0.89) 0.75 0.11
temperature=25 °C. 30 1.01(0.88) 0.74 0.09
°The absorbance values in pa- 40 1.01(0.87) 0.69 0.08
rentheses pertain to presence of 50 1.01(0.85) 0.67 0.07

[H"1=4.0x10"° mol dm*
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Scheme 2 Mechanism in the
presence of thiourea

- + fast + i
MnO4 + H,N—C=NH, H,N—C=NH, + HMnOy4
(radical) (unstable)
HMnO.,~ fast :
n0; ——» colloidal MnO,
(brown colour)
o HoN NH,
2 radical dimerization \C_S_S_C/

important role. The formation of Mn(IV) as an intermediate
has been decided only in the weakly acidic solutions. In fact,
very few chemical species are able to cause the reduction in
MnO, in neutral solutions [24]. Although a number of
methods are available for the preparation of water soluble
active species of MnQO,, these are associated with some
demerits [25, 26]. The formation of water soluble colloidal
MnO; has also been suggested on several occasions, but the
reaction stops after the complete reduction in Mn(VII) to
Mn(II). In this content, the sulphur-containing reductants
(thiourea, thioacetamide and methionine), especially methi-
onine, will get an edge over other reductants as water
soluble colloidal MnO, is stable for several days.

Scheme 3 Mechanism in the
presence of thioacetamide

- +
MnO; + CH;—C=NH,

fast

7
NH

AN

NH
(product)

On the basis of the above results, the following mech-
anisms are proposed:

(1) In presence of thiourea (Scheme 2):
(2) In presence of thioacetamide (Scheme 3):

Ethylenediamine tetraacetic acid (EDTA; multifunctional
«-amino acid) has a wide general application in analysis
because of its powerful complexing action and commercial
availability. Disodium salt of EDTA is capable of acting as
quadridentate-, quinque dentate-, or six dentate ligand. In
aqueous solution, there is always a competition between
metal ions and hydrogen ions seeking the negative sites of

H
fast + 3
> CH;—C=NH, + HMnO4
radical unstable

HMnO4 ———> colloidal MnO,

(MnO»y)n

k
complex ———>

Mn(III) + thioacetamide

2 radical
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(complex)

(MnOj)p-; + radical + Mn(III)

f
145U, Mn(D) + radical

CHj /CH3
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EDTA. Therefore, to see the role of EDTA on the reduction
in MnO, by methionine (formation of water soluble
colloidal MnQ,), the effect of EDTA was also studied in
presence of methionine (1.0x10™* mol dm™) over fixed
MnOj (1.0x10™* mol dm®) at 25 °C. As can be seen
(Table 1), the reaction is sensitive even to small [EDTA].
The most interesting features of the present observations are
the change of permanganate colour at 525 nm in the pres-
ence of EDTA and the vital role played by the order of
mixing of methionine and EDTA in the formation of water
soluble colloidal MnO, .The experimental finding is that
the pink reaction mixture containing MnO, (1.0x
10 mol dm) and EDTA (1.0x10> mol dm ) became
colourless in the presence of methionine (1.0x10™* mol
dm™3; instead of dark brown, which is characteristic of
water soluble colloidal MnO, with A, 400 nm). On the
other hand, the end product of MnO, —methionine reaction
was the colloidal MnO, under our present experimental
conditions (vide supra). Addition of EDTA to the solution
resulted in a notable increase in reaction rate. Thus, we may
safely conclude that water soluble colloidal MnO, is not
formed as a stable intermediate during the oxidation of
methionine by permanganate in presence of EDTA.

The reactivity of the colloidal MnO, with EDTA is
compared with other compounds in Table 1. Interestingly,
the reactivity of EDTA towards colloidal MnO, is much
higher than the corresponding oxidations of sulphur-
containing reductants (thiourea, cysteine, glutathione and
methionine). Table 1 shows that the reactivity decrease in
the order EDTA > methionine > glutathione > cysteine >
thiourea (caution: one should keep in mind the reaction
conditions, method of preparation colloidal MnO,, tempera-
ture, etc). Although the data are not conclusive, it seems that -
OH groups are responsible for the fast proton transfer from
EDTA to MnO,. The dependence of reaction rate on [EDTA]
has to be studied because possible information of interest
about the EDTA—colloidal MnO, interaction can be obtained.

Conclusion

The most interesting features of this study is the fast
formation of water soluble colloidal MnO, as an interme-

diate in the redox reactions of MnO, and sulphur-
containing reductants. Reduction in Mn(VII) to Mn(IV)
could probably be explained because of the higher reducing
nature of sulphur. We are unaware of any precedence in the
redox chemistry of these systems, especially regarding the
formation of colloidal MnQ,. The stabilisation of water
soluble colloidal MnO, in the oxidation of methionine is
unique in the sense that Mn(Il) was formed as final product
of amino acid MnO, reaction. It is well established that
complex formation result in considerable increase in the
oxidation potential of a metal ion. The presence of -NH,
and -COOH groups in methionine may help to stabilise the
water soluble colloidal MnO, through complexation.
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