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ABSTRACT

The kinetics of the oxidation of methylene blugopdymanganate ion has been studied in aqueous aniddium.
The rate of the reaction was found to be acid ddpahand first order in both oxidant and reductartie emprical
rate law conforms to the equation:

— AT (a + b [HD)MB*1[MnO;]

‘@’ = 4.04 x10° dn? mol* s* and ‘b’ = 0.125 dnf mol?s*: at [H'] = 1 x 10° mol dn¥®, p= 0.25 mol dni
(N&SQ)), Amax= 660 nmand T = 24 +1.0°C.

The rate of reaction decreases with increase inci®trength. Added ions and decrease in mediunectiat
constant inhibited the reaction rates. The mechand reaction has been rationalized on the basidaih the
outer-sphere and the inner-sphere pathways basespectroscopic investigation and kinetic evidence.
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INTRODUCTION

Potassium permanganate is widely used as an axidaient in synthetic as well as in analytical cisetpand also
as a disinfectant.[1,2] It has been used in therdehation of content of pharmaceutical formulafidl] as
oxidizing agent for removal of organic moleculesd &i@avy metals from the nuclear wastes [5] antiénestimation
of ascorbic acid [6]. During oxidation by permangte, it is evident that the Mn(VIl) in permanganist reduced to
various oxidation states in acidic, alkaline anditred media. Consequently, the mechanism by whidks t
multivalent oxidant oxidizes a substrate dependsomdy on the substrate but also on the medium If¥Jacidic
medium it exists in different forms as HMpCH,MnO*, HMnO;, Mn,O; and depending on the nature of the
reductant, the oxidant has been assigned botimtige-sphere and the outer-sphere pathways inréiix reactions
[8]. Methylene blue is easily reduced by variouslu@ng agents to the colourless hydrogenated migecu
leucomethylene blue (LMB), which can be oxidizealbto the original blue colour. These processes Haund
application in numerous inventions like data regwgdholographic industries, optical data storageydf and
pharmaceutical industries. Such reduction is atsalun checking the purity of milk [9,10]

Literature reveals that, though considerable amofimiork has been done on the oxidation of organimpound by
potassium permanganate, only a few studies aredfaimthe kinetics of oxidation of industrial dyesck as
methylene blue by potassium permanganate. In #peipwe report on the kinetic study of methylenestdxidation
by potassium permanganate in aqueous acidic medium.
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MATERIALS AND METHODS

Materials

Analar grade reagents (BDH) were used as receivaut further purification. Distilled water waseagsto prepare
all solutions. Potassium permanganate solution prepared and standardized according to literatlitg¢ H.SO,
was used as the acid medium and for investigatiagetfect of hydrogen ion on the rate, while sodsuiphate was
used to maintain the ionic strength constant & thal dm®.

Stoichiometric studies

Spectrophotometric titration using the mole ratietihod was employed in determining the stoichiorestof the
reactants. The concentration of the methylene hlas kept constant while that of permanganate wagd/as
follows; [MB'] = 1.5 x 10° mol dm?, [MnO,] = (3.75 — 37.5) x 1®mol dm® [H'] =5 x 10°* mol dm®, p = 0.25
mol dmi® (N&SQy), T = 24 + 1.6C.

The reaction mixtures were allowed to undergo cetepkeaction as evident from the constancy of tepea
measurements of absorbance At 660 nm. The absorbance. jAwas plotted against the mole ratio of the
reactants and the point of sharp inflection ingled gave the stoichiometry of the reaction.

Kinetic Measurements
The rate of reaction was studied by monitoring dieerease in the absorbance of methylene blue ain6&&ing
Corning Colorimeter 253.

Kinetic measurements were carried out under pséitgtoarder condition with [permanganate] in atded0 fold
excess over [MH at the stated conditions in Table 1. The psetdb-6rder plots of log (AA,) versus time were
made. From the slopes of the plots, the pseudbdider rate constant {kwere determined. The second order rate
constant (k) were obtained fromze ki/[MnO4]", where n is the order with to permanganate ion.

Effect of hydrogen ion

The effect of changes in [Hon the reaction rate was investigated by keepitB ‘] and [MnQ,] constant while
varying [H'] between (4 - 140) x T®mol dm® (H,SQ,). lonic strength, g, was maintained at 0.25 mol®dm
(Na,SQy) and reaction was carried out at 24 +C.0The order of reaction with respect toThwas obtained as the
slope of the plot of logkagainst log [F]. Variation of acid dependent rate constant whfi][was obtained by
plotting k against [H].

Effect of ionic strength

The ionic strength of the reaction mixture, u, wasied between 0.10 and 0.45 mol UrNaSQ,) while
maintaining [MB] = 8 x 10° mol dm®, [MnO,] = 1.2 x 16* mol dm?, [H] = 1.0 x 10° mol dm?®, constant at 24 +
1.0°C. t‘l\'/he relationship of the reaction rate with chem@ the ionic strength was determined by plottog k;
againstvy.

Effect of change in medium dielectric constant
The effect of medium dielectric constant, D, on th&e of reaction was investigated by using a lyirsivent
mixture of water and acetone. A plot of Iogagains% gave the relationship between the second ordercatstant

and the dielectric constant of the reaction medium.

Effect of added ions

At constant concentration of [MB= 8 x 10° mol dmi®, [MnO,] = 1.2 x 10* mol dmi®, [H"] = 1.0 x 10° mol dmi®, p

= 0.25 mol drit (N&,SQ,), the effect of added ions (KfgLi* , NO; or CHCOO) on the rates of the reactions
was investigated in the range (2.0 — 10.0) X | dm° (Table 2).

Tests for Intermediate Complex

Test for the presence of stable, detectable inteiate formed during the course of the reaction wasied out

spectrophotometrically. Electronic spectra of @liti reacted reaction mixtures were recorded atouartime

intervals depending on the speed of the reactiosinMar run was made for reactants separatehaghease. This
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was carried out in order to determine whether siiff,ox or enhancement of peak resulted as the reaction
progressed.

Test for Free Radicals

About 2g of acrylamide was added to a partiallyd@ed reaction mixtures followed by addition ofage excess of
methanol. Control experiment was carried out byirgldcrylamide to solutions of MBand MnQ" separately at the
stated conditions of [H, u and temperature in Table 1. Gel formation ¢atis presence of free radicals in the
reaction mixture..

Product Analysis
At the completion of the reaction, the reaction twigs were analyzed for the type of products formekiely
products tested for were leucomethylene blue gheced form of MB) and M,

Mixtures of glucose/NaOH solution were added to pheduct in order to oxidize the colourless solutlmack to
methylene blue. Mii was qualitatively identified by the addition of ®j solution to the product and warming
gently.

RESULTS AND DISCUSSION

Stoichiometry
Stoichiometric studies indicated that for every enof methylene blue, two moles of MgQvas reduced which is

consistent with the equation below:
N

X

(HsC)N S N(CHa)z + 2MnQ, — Products =~ ----- 1

This is consistent with what has been reportedteroxidation of Mn@ with L-proline [1], L- ascorbic acid [12]
and some reducing sugars [13].

Order of Reaction

Kinetic studies showed the reaction to be firsteordependent on each of the reactants. Plots qfApé...) versus
time were linear to 90% of the reaction (whekeaAd A, are the absorbance at time t and at the end oftwion
respectively) indicating the order with respecMB” to be one. A typical plot is presented in Figlir®seudo-first
order rate constantsg,kdetermined as the slope of above are present&dhitfe 1. The plot of log kversus log
[MnO,] was linear with a slope of 1 indicating first erddependence of the rate of reaction on [Mh@®igure 2).

The second order rate constant, was obtained from k= [M:;_] and were found to be fairly constant (Tablel).
4
The rate equation can be represented by equation 2
d[MB*] . B
—— = k,[MB*] [MnO;] )

at [H'] = 1 x 10°* mol dmi®, p= 0.25 mol dii (NaSO,)and T = 24 + 1.0°C whereg k 42.95 + 0.25 dimol*s®.
Similar first order dependence has been reportetho reduction of Mng in acidic medium by L-ascorbic acid,
reducing sugarsnalachite green, ester, and nicotine [12-I8js trend has also been reported in alkaline rmadiu
[17,1,7].
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Figure 1: Typical Pseudo-first order plot for the redox reaction of MB" with MnO 4
[MB*] = 8 x 10° mol dn®; [MnO,] = (0.84 — 4.00) x 18 mol dn?®

[H*] = 1.0 x 10°mol dm®, p = 0.25mol dii (N&SQ), T = 24 +1.0C and Amax= 660 nm.

5 log [MnO,] mol dm? 3

T . -1.5

- 2.7

Figure 2: Plot of log k versus log [MnQ,] for the redox reaction of MB" with MnO 4
[MB*] = 8 x 10° mol dn?®; [MnO,] = (0.84 — 4.00) x 18 mol dn?®

[H*] = 1.0 x 10°mol dm®, u = 0.25mol diff (N&SQy), T = 24 +1.0C and Ama= 660 nm.
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Table 1: Pseudo-first order and second order rateanstants for the reaction of MB with MnO,. [MB*] = 8 x
10%mol dm™, =660 Nnmand T=24 + 18T

100MnO,]  107HT u 10°%k, k2
(moldm®  (moldm® (moldm® (s%) (dnPmol™s?)
0.84 1.0 0.25 3.45 43.13
1.2C 1.C 0.2t 5.1 42.8:
1.60 1.0 0.25 6.91 43.19
2.00 1.0 0.25 8.52 42.60
2.4C 1.C 0.2t 10.3¢ 43.1¢€
2.80 1.0 0.25 12.01 42.90
3.20 1.0 0.25 13.82 43.18
4.0C 1.C 0.2t 17.0¢ 42.6]
1.20 4.0 0.25 3.56 29.66
1.20 6.0 0.25 4.26 35.50
1.2C 8.C 0.2t 4.7z 39.3¢
1.20 10.0 0.25 5.18 43.16
1.20 20.0 0.25 7.14 59.50
1.20 40.0 0.25 9.90 82.50
1.20 60.0 0.25 12.21 101.75
1.20 80.0 0.25 13.82 115.75
1.20 100.0 0.25 18.19 151.58
1.20 140.0 0.25 20.00 166.66
1.20 1.0 0.10 7.68 64.00
1.20 1.0 0.15 6.54 54.50
1.20 1.0 0.20 5.39 44.90
1.20 1.0 0.25 5.16 43.00
1.20 1.0 0.30 4.15 34.60
1.20 1.0 0.35 3.68 30.70
1.2C 1.C 0.4C 3.22 26.8(
1.20 1.0 0.45 2.76 23.00

Effect of Hydrogen ion Concentration

The effect of the [H on the rate of reaction is reported in Table he Fates were found to be first order acid
dependent on [A. The plot of k versus [H] was linear with a positive intercept. The acigheledent rate equations
for the reactions can be represented by equation 3

_ d[’Z_f+] = (a+b [H*D[MB*][MnO;] 3
where ‘a’ = 4.04 x18 dnPmols? and ‘b’ = 0.125 dnf mol?s?

In the acid range used, @ [H'] < 140) x 10" mol dm®, the rate of the reaction increases in the presefic
hydrogen ions concentration (Table 1). The abowetgn 3 suggests that the reaction occurs via-@dembndent
and acid-independent pathways. This has been eegldn terms of protonation of MROin a fast step to give
HmMnO; which subsequently reacts with the substratesiow step to give the product [18].

Effect of changes in ionic strength

The relationship of reaction rate with change$hmibnic strength was determined by plotting legéainst/u with
a negative slope of -0.0125 (Figure 3). The rateeattion was found to decrease with increasernit istrength of
the reaction medium (Table 1). lonic strength (gliation generally brings about two types of effezh chemical
reaction rates, referred to as primary and secgnsit effects. The primary salt effect arises loa basis of the
different types of reactive species present indba step. Reactions between two pairs of ionskef tharge are
usually accelerated by increasing ionic strengitabee of the favorable interactions of the activatemplex with
the denser ionic environment. A reverse trendésnded in the case of reactions of oppositely aidigpecies. The
rates of reactions between two uncharged moleaddsetween an ion and a molecule are usually olgjtsy
affected by the addition of salts. The secondally eféect arises because of the presence of acgd-kguilibria
prior to the rate-limiting step. When primary aretendary salt effects are operative in the samectiin, either
significant acceleration or significant inhibitigsobserved. However, a negligible effect is reedrd primary and
secondary salt effects are operative in oppositections [19]. Results of the present study appeabe in
agreement with a mechanism in which reactions betvieo pairs of ions of oppositely charge speciesoaerative
in the rate determining steps. A similar result baen reported [14].
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Figure 3: log k, versusvp for the redox reaction of MB" and MnO,4
[MB*] = 8 x 10° mol dn?®, [MnO,7] = 1.2 x 10*mol dm?®, [H*] = 1.0 x 10% mol dm?, p = 0.10 - 0.45 mol dth
(Na;SQ), T =24 +1.0°C and Jma= 660 nm

Table 2: Rate data for the effect of cations and dons on the second order rate constant for MB- MnO,
reaction. [MB*] = 8 x 10°mol dm™, [MnO,] = 1.2 x 10* mol dm™®, [H*] = 1.0 x 10* mol dm® ks = 660 Nm, p
=0.25 mol dn®, and T =24 + 1.6C.

X 107X] mol dm?  10%,(sT)  ky(dnPmol*s?)
Mg* 0 7.14 59.49
20 6.22 51.83
40 5.9¢ 49.92
60 5.76 48.00
80 5.55 46.06
10C 5.0€ 42.22
Li* 0 7.14 59.49
20 5.99 49.92
40 5.3C 44.1¢
60 5.07 42.22
100 4.84 40.30
CHs,COO O 7.14 59.49
20 6.68 55.66
40 5.07 42.22
60 4.84 40.30
80 3.92 32.63
100 3.45 28.79
NOs 0 7.14 59.49
20 5.79 47.98
40 5.30 44.14
60 4.84 40.30
80 4.38 36..46
100 3.68 30.71

Effect of total dielectric constant
The effect of changing dielectric constant was istidy using a binary solvent mixture of water acétone (2 to
10%). It was found that as the concentration otam increased, the reaction rate decreased. Fhisline with
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observed effect on the rate of reaction on variirggionic strength. The kinetic results of thisdstindicate that the
rates of the reaction are faster in the solvehiigi D.

Effect of added ions
The rate constant was found to be inhibited bypttesence of both anions (WOCH,COO) and cations (L Mg®")
as shown in Table 2. This is in agreement withaiex report and is suggestive of the outer sppatbway [20].

Table 3: Effect of changes in total dielectric cortant for MB * - MnO, reaction. [MB*] = 8 x 10°mol dm?,
[MnO 4] = 1.2 x 10* mol dm™ [H*] = 1.0 x 10° mol dm™, Amayx = 660 nm, p =0.25 mol dM, and T = 24 + 1.6C

D 1F1/D 10ky(s?) kq(dnPmol*s?)
81.00 1.23 7.14 59.49

79.80 1.25 6.45 53.73

7859 1.27 5.99 49.89

77.36  1.29 5.53 46.06

76.2( 1.31 5.3( 44.1:

75.00 1.33 4.84 40.30

Michaelis-Menten Plot
The Michaelis — Menten plot gave a zero interc&uyre 4) which suggest the probable absence afspoziation
step or absence of intermediates complex formatitimappreciable equilibrium constant.

Free Radical Test
Addition of acrylamide to partially oxidized reamti mixture followed by excess methanol showed gehétion.
This is suggestive of the probable presence ofradizal formation during the electron transfer.

3.5 ~
3
2.5 A
2
15 -

log 1/ k,;

1 -
0.5 -

0 )
/2/ 4 6 8 10 12 14

1/[MnO,] dm3 mol?

Figure 4: Michealis-Menten plot of 1/k versus 1/[MnQy] for the redox reaction of MB* and MnO,’
[MB*] = 8 x 10° mol dm®; [MnO,] = (0.84 — 4.00) x 1d mol dn?®
[H*] = 1.0 x 10°mol dm®, u = 0.25mol diff (N&SQy), T = 24 +1.0C and Ama= 660 nm.

Product Analysis

The blue colour of MB was regenerated on the addition of NaOH/glucoseumd, showing the presence of
leucomethylene blue. A characteristic purple coloccurred on addition of KIQshowing the presence of Kin
This is as a result of oxidation of K¥frback to M+ according to this equation:

2Mn*" + 510, + 3H,0 » 2MnO; + 5105 + 6H"
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Reaction mechanism

It has been noted that redox reactions of many migys are strongly acid dependéht? Under the present
experimental conditions, it is reasonable to paséuthat Mn@ is protonated in a fast step to give HMn&hich
then reacts with MBin a slow step to give the products.

Also, the intercept obtained for the plot of ersus [H] indicates that the unprotonated Mji@Iso reacts with
MB™ to form the products. Therefore, taking recoticsthe experimental data, the following mechanistéps have
been posited for the reaction:

MnO, + H= HMNRO, 4
MB* + HMnQ “ products 5
mMB* + MnQ¥tZ products 0 ... 6
Rate = KIMB* [ HMnO,] + k([MB*[MNnO,] ... 7
From equation 5.

[HMnO4] = Kl [MI’IO4'][ H+] ...... 8
Putting equation 8 into 7,

Rate = kk[MB* J[MnO,][H"] + Kk[MB'[MnO,] ... 9
Rate = (k + kK, [H+]) [MBT][MNO,] ... 10

Equation 10 is similar to equation 3 withk‘a’ = 4.04 x10® dm®mol*s?and kK, = ‘b’ = 0.125 dnfmol?s*
In trying to assign mechanistic pathway for thiaatéon, the following points are considered:

1. The inhibition of the rate of reaction by incredseionic strength and added ions tends to sugdest the
reaction occurs through the outer-sphere pathway.

2. The Michaelis-Menten plot was linear without inpt an indication of the reaction occurring by theer-
sphere pathway

3. The presence of free radicals as indicated fronfayelation may not have been a major species imebla the
determining step.

4. Spectroscopic tests showed a bathochromic shift 860 nm to 620 nm. This evidence is in favourhef inner-
sphere pathway where a pre-electron transfer agmtiexists between the reactants.

CONCLUSION

Based on the above findings, the mechanism oficeabas been rationalized on the basis of botlother-sphere
and the inner-sphere pathways. However, kinetidenges for the outer-sphere pathway are much rharethose
for the inner-sphere pathway (evidence 4) whichiccdwave probably been as a result a binuclear rirgdrate
complex involving unprotonated methylene blue afdine®,[23].
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