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ABSTRACT

The kinetics of the periodate (I0,) oxidation of malachite green (MG*g have been studied in
aqueous acidic medium. The observed results at [H] =1 x 10* mol dm”™ (HCI), ionic strength of
reaction medium, | = 0.5 mol dm™ and T = 25.5+0.3°C are consistent with the rate law:

— dMG*)/dt = ko [MG*][IO4]
where k2= (k7 + k6K5[H+])
The reaction was catalysed by increase in [H'] and added anions but displayed a negative

Brdnsted—Debye salt effect. Spectrophotometric test showed the absence of intermediate complex
formation. Based on these findings, a plausible mechanism is proposed.
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1. INTRODUCTION

Malachite green, herein and thereafter referred to
as MG" also called aniline green, basic green 4,
diamond green B or Victoria green dye, with
IUPAC name 4 — [(4 - dimethylaminophenyl) —
phenylmethyl] — N,N — dimethylaniline is a
triphenylmethane dye and a derivative of bis (p —
aminophenyl ) phenylmethane [1]. In its reduced
form, leuco — malachite green, it occurs as a
contaminant in aquatic and terrestial ecosystem
[2-3] and are therefore potential human health
hazards. The versatility of malachite green as an
antimicrobial agent [4-6] and therefore used as a
preservative against fungal infection in fish [7], as
dyes for fabric and paper [6] and as a
cytochemical stain [8]) cannot be
overemphasized.

In spite of these applications, there is scarcity of
information on the kinetics and mechanisms of its
reactions in the literature. Relevant data on the
kinetics of its reaction, especially with oxidizing
agents would give an insight into the conditions
best suitable for its reactions and the
mechanisms of these reactions. Data generated
in kinetic and mechanistic studies, especially in
collaboration with data from toxicological studies
and experts in fish diseases could be of
importance in improving its uses, as well as its
handling when used as an antimicrobial agent,
as biological stain and in the dyeing industry.
However, we have earlier reported on the
oxidation of malachite green by Cr2072’, NO,,
MnO, and Ag" - catalysed S,04% respectively
[9-12].

In our desire to further explore the dynamics of
redox properties of malachite green, we report
the kinetics and mechanism of the periodate
oxidation of malachite green in acidic medium.

2. EXPERIMENTAL

2.1 Materials

All chemicals used in this study were analar
grade and used without further purification.
Solutions of MG® (Sigma - Aldrich), NaClO,4
(BDH), HCI (BDH), NaCl (BDH), CH3COONa
(BDH), HCOONa (BDH) were prepared with
distilled water.

2.2 Methods

2.2.1 Stoichiometric studies

Stoichiometric studies of the reaction was
determined by spectrophotometric titration using
the mole ratio method. Reaction mixtures
containing various concentrations of periodate
ion (0.1 - 4) x 10° mol dm™ and constant
concentrations of MG* = 1 x 107> mol dm™, [H'] =
1 x 10" * mol dm™ (HCI), | = 0.5 mol dm ~® (NaCl)
were allowed to stand until reaction had gone to
completion. The absorbance of the reaction
mixtures was measured over the wavelength of
620 nm, the Amax of malachite green using
Corning Colorimeter 253. Plot of absorbance
versus mole ratio was done and the point of
inflection in the plot gave the number of moles of
the oxidant consumed by 1 mole of the malachite
green.

2.2.2 Kinetic measurements

All kinetic measurements were carried out under
pseudo- first order conditions with respect to 10,
concentration in at least 400-fold excess over
[MG™]. The rate of reaction was monitored using
Corning Colorimeter 253 by following decrease in
absorbance of the MG™ at wavelength, A =
620nm, characteristic of MG*. The ionic strength
was maintained constant at 0.5 mol dm™ (NaCl),
[H*] at 1 x 107 mol dm™ and T= 25.5+0.3°C.

Pseudo — first order plots of log(A; - A.) against
time were made and the slopes of the plots gave
the pseudo-first order rate constants, Kops. The
second order rate constants, k,, were obtained
from kos as  kes/[lOs]. Reaction rate
dependence on changes in [H'] was investigated
by keeping [MG'] and [IO4] constant, while
varying [H'] from (0.1— 10.0) x 10™* mol dm™,
maintaining ionic strength constant at 0.5 mol
dm™ and the temperature of reaction was
maintained at 25.5+0.3°C. Variation of acid
dependent second order rate constant with [H]
was obtained from the plot of k, versus [H'],
while order of reaction with respect to [H'] was
obtained as the slope of the plot of logkys versus
log[H"].

Effect of changes in ionic strength of reaction
medium on rates of reaction was studied by
varying the ionic strength, I, from 0.05 — 0.8 mol
dm™® (NaCl), while maintaining [MG], [I0O4] and
[H'] constant at 1.1 x 10° mol dm™, 9.9 x 107
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mol dm™, and 1.0 x 107 mol dm™, respectively.
Reaction temperature was maintained at 25.5 +
0.3°C. Dependence of reaction rates on changes
in ionic strength of reaction medium was
determined by plotting log k, versus V.

Effect of changes of dielectric constant of
reaction medium on reaction rates was studied
by adding various quantities of acetone to adjust
the dielectric constants, D, from 81.0 to 73.8,
keeping [MG'], [I04], [H*], | and temperature
constant. Plot of log ko versus 1/D was done to
appreciate the effect of the variation of dielectric
constant on the rate constants.

Test for the formation of stable and detectable
intermediate complex was carried out
spectrophotometrically by comparing the Anax of
the MG" and that of the partially reacted reaction
mixture. Michaelis- Menten plot of 1/kyns versus
1/[lI04] also could give an idea on the presence
or absence of intermediate complex.

2.2.3 Product analysis

The inorganic product of the reaction was
subjected to qualitative inorganic analysis as
follows:

a) Test for iodide (I") as a possible reduction
product of periodate reduction was carried
out by adding 1 cm® of HNO; and the
dropwise addition of AgNOj; then in
excess. Appearance of a yellow precipitate
would confirm the presence of iodide.

b) Test for iodine, I, as a possible reduction
product of periodate was also investigated
by the addition of starch solution to the

Idris et al.; JSRR, 4(6): 551-560, 2015; Article no.JSRR.2015.058

reaction product solution. Appearance or
non — appearance of blue - black
colouration would confirm the presence or
absence of I,.

3. RESULTS AND DISCUSSION
3.1 Stoichiometry

The results of stoichiometric studies showed that
one mole of MG" was consumed by one mole of
10, (Fig. 1), which is consistent with the
equation below:

Similar stoichiometry were reported for the
reaction of MG* and Cr,0;%, NO, , MnO,” and
Ag® - catalysed S,0¢> [9-12].

3.2 Order of the Reaction

The pseudo — first order plots obtained from the
plots of log(A; - A.) versus time were linear to
more than 90% completion of reaction (Fig. 2),
suggesting that the reaction is first order in
[MG™]. The slopes of the pseudo — first order
plots gave kqps for each concentration of 10, .
The second order rate constants, k,, were
obtained from kgps as Kops/[104]. Values of Kgps
and k, for the various concentrations of 10, are
shown in (Table 1). The derived second order
rate constants were fairly constant, further
confirming that the reaction is indeed first order
in [MG"]. Plot of log kuys versus log [10,47] (Fig. 3)
was linear with a slope of 0.7, confirming the
reaction is first order with respect to [IO4]. The
reaction is therefore second order, overall.

(H3C)2N4©70:<Z>:N(CH3)2+ + 104 + HO _—

Malachite Green

(IDH
(HgC)QNOCON(CH3)2 + I+ 20, + H" ... (1)
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Based on the above kinetic findings, the rate law
for the reaction can be represented by the
equation:

 dIMG]
dt

Similar order of reaction has been reported by
Mohammed et al. [9-12] and Mushinga and
Jonnalagadda [13].

= ko[MG'][I0,] ()

3.3 Effect of Acid on the Reaction Rate

The effect of changes [H'] on the rate of reaction
of malachite green and periodate ion was
investigated in the acid range (1.0 — 100.0) x 10~ N

0.7
0.6
0.5

0.4

Absorbance
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mol dm™ (HCI). Both gMG ] and [IOﬂ were kept
constant at 1.1 x 10~ mol dm™ and 9.9 X 107
mol dm™®, respectively at | = 0.5 mol dm™, and
temperature 25.5 + 0.3°C. Results showed that
increase in [H] led to increase in the rate
constants (Table 2). Plot of ky(H*) versus [H"]
(Fig. 4) was linear with an intercept. The least
square plot of log Kqps versus log [H'] as shown in
(Fig. 5), gave a slope of 0.71, suggesting that the
reaction is first order with respect to acid [H*]. H*
dependent second order rate constant can thus
be represented by equation (3).

ki = a+ b[HY]

1.5

2 2.5 3 3.5

Mole ratio (10,/MG*)

Fig. 1. Stoichiometry of the OXIdatlon of Malachlte Green by 10, at [MG*] = 1.0 x 10° mol dm,

[1047=(1- 40)x 10° mol dm™

015 7 @& -9

,1=0.5 mol dm?, [H'] =

1x 10 mol dm 3, Amay = 620 Nm

Time (mins)

-0.05 A
-0.25 S
-0.45 A
-0.65 A
-0.85 A
-1.05 A
-1.25 A
-1.45 A
-1.65 -

R N
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9- -

log(A; - A.)

-
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FI? 2. Typlcal Pseudo- first order plot for the reaction of [MG*] and [104] at [MG* ] =1.10x

mol dm’ ,[IOﬂ 7.7x10° moldm,[H]_10x10 mol dm?,

I=0.5 mol dm™, A,y = 620

nmand T = 25.5£0.3°C
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Fig. 3. Plot of log kops versus log [10,7] for the reaction of MG* and 10, at [MG*] = 1.1 x 10"° mol
dm?®, [10,7] = (4.4 - 13.2) x 10 mol dm™, [H*] = 1.0 x 10 mol dm™ , I = 0.5 mol dm™, A = 620 nm,
Temp. =25.5 £ 0.3°C

Table 1. Pseudo - first order and second
order rate constants for the 10, " oxidation of
MG* at [MG*] = 1.1 x 10 > mol dm™>, [H*] = 1 x

10~ mol dm=, 1 = 0.5 mol dm,
T = 25.5£0.3°C and A,ax = 620 nm

10°[104] 10°Kops, S-1 ka, dm®
mol dm’ mol” s™
4.4 1.4 3.21
5.5 1.7 3.10
6.6 2.0 3.03
7.7 2.3 3.04
8.8 3.0 3.03
9.9 3.2 3.29
11.0 35 3.20
13.2 41 3.10

Table 2. Effect of changes in [H*] on rate
constants for the oxidation of MG* by 10, at
[MG*]= 1.1 x10° mol dm™, [10,] = 9.9 x
10 mol dm™, 1= 0.5 mol dm™, T = 25.5 +
0.3°C and Apax = 620 nm

10[H"], 102Kobs, S ko, dm®
mol dm™ mol” s™
0.1 2.10 2.12
1.0 3.00 3.03
3.0 4.20 4.24
4.0 5.00 5.05
5.0 6.40 6.00
8.0 7.20 7.30
10.0 8.00 8.10

Acid dependence of this nature is an indication
that a pre-equilibrim between protonated and
deprotonated form of a reactant, 10, in this
case, is rapid, that the protonation equilibrium

constant is small, that both the forms are reactive
and the protonated form is reactive [14].

In the range of [H] investigated, the overall rate
equation can be represented by equation (4)
below.

 dIMG]

= (a+bHMGTIO]  (4)
dt

3.4 Effect of Changes in lonic Strength
of Reaction Medium

Results of investigation of the effect of changes
of ionic strength on the rates of reaction of MG*
and periodate ions showed that the rate
constants decreased with increase in ionic
strength (Table 3). Plot of logk, versus VI was
linear with a negative slope (Fig. 6), suggesting
that product of the charges of reactant species
that formed the activated complex is -1 [15].

Table 3. Effect of changes of ionic strength of
reaction medium on the rate constants for the
oxidation of MG* by 10,” at [MG'] = 1.1 x
10° mol dm™, [10,7] = 9.9 x 10 "> mol dm™,

[H] = 1 x 10~ mol dm™, T = 25.5£0.3°C and
Amax= 620 nm
I, mol dm™ 10°Kops, S~ ko, dm®
mol” s™
0.05 7.4 7.50
0.10 6.4 6.50
0.20 5.3 5.40
0.30 4.6 4.65
0.40 4.0 4.04
0.50 3.0 3.03
0.80 2.1 2.12
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3.5 Effect of Changes of Dielectric reaction (Table 4). A plot of logk, versus 1/D was

Constant of Reaction Medium linear with a positive slope, as shown in (Fig. 7).
D is the dielectric constant of the binary solvent

Results showed that for a decrease in D there andis obtained as:
was an increase of the rate constants of the

D = Qwater X V0|Umewater + Dacetone X VOlumeacetone
Total Volume of solvent

102k;, dm’mol -1 s -1
I~

104[H*], mol dm3

Fig. 4. Plot of k, against [H'] for the reaction of MG* and 10,” at [MG*] = 1.1 x 10° mol dm *,
[10,]=9.9 x 10° mol dm™, [H*] = (1.0 - 100.0) x 10”° mol dm™, 1= 0.5 mol dm™>, Apax = 620 nm and
Temp. = 25.5+0.3°C

log [H*]

logKgps

Fig. 5. Plot of log ko»s against log[H'] for the reaction of MG* and 10,” at [MG*]=1.0 x 10° mol
dm?®,[10,71=9.9 x 102 mol dm™, [H*] = (1 - 100) x 10° mol dm™, I = 0.5 mol dm™, A = 620 nm,
Temp. = 25.510.3°C
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Table 4. Effect of changes of the dielectric
constant of reaction medium on the rate
constants for the 10, oxidation of MG* at
[MG*]= 1.1 x 10> mol dm™, [10,7] = 9.9 x
10 *mol dm™>, [H*]=1x 10" mol dm™,1=0.5
mol dm™, T = 25.5 + 0.3 °C and Amax = 620 Nm

D 10,Kops, S ko, dm mol-' s™
81.0 3.0 3.03
79.8 3.7 3.74
78.6 4.4 4.44
77.4 5.0 5.05
76.2 55 5.60
7.5.0 6.4 6.50
73.8 7.4 7.50
1 -
0.9 -
0.8 -
0.7 -
=
o 0.6 1
g
0.5 -
0.4 -
0.3 -
0.2
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3.6 Effect of Added Anions (CH;COO™ and
HCOO") on Reaction Rates

Addition of anions CH;COO~ and HCOO™
increased the reaction rates (Table 5). This
observation is typical of reactions occurring by
the outersphere mechanism. This indicates that
the coordination integrity of the reactants is
maintained prior to and during the electron
transfer process.

0 0.2 0.4

0.6 0.8 1

I

Fig. 6. A Plot of log k, versus \l for the reaction of MG* and 10, ~ at [MG*] = 1.1 x 10° mol
dm”, [10,]= 9.9 x 10° mol dm™; [H*] = 1.0 x 10 mol dm™ , I = (0.05 - 0.8) mol dm™, Apay = 620
nm, Temp.=25.51%0.3°C

logk,

0.95 -

0.85 -

0.75

0.65 -

0.55 -

0.45 -

0.35

1.2 1.25

1.3 1.35 14
1021/D

Fig. 7. Plot of log k, versus 1/D for the reaction of MG* and 10, at [MG*] = 1.1 x 10° mol dm'3,
[10471= 9.9 x 10° mol dm™, [H*] = 1.0 x 10 mol dm™, 1 = 0.5 mol dm™, D = 81.0 - 73.8, Amax = 620
nm and T = 25.5+0.3°C
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Table 5. Effect of added anions to the
reaction medium on the rate constants for the
10, oxidation of MG* at [MG*] = 1.1 x 10> mol

dm™,[10,7= 9.9x10 * mol dm™, [H*] =1 x
10~ mol dm™, 1 = 0.5 mol dm=,
T = 25.5£0.3°C and A= 620 nm

Idris et al.; JSRR, 4(6): 551-560, 2015; Article no.JSRR.2015.058

3.7 Test for
Formation

Intermediate = Complex

Spectrophotometric test to determine whether
spectroscopically determinable complex was
formed in the course of the reaction was carried
out. Reaction mixtures were made and the

103[anic§1], 10%Kobs, S™ ka, c_l1m3_1 spectra of the product recorded immediately over
mol dm _ mol” s a range of wavelength (400 — 700 nm). From the
lon = CH;COO recorded spectra, there was no shift in A as
1.0 3.0 3.03 compared with that of the malachite green
10.0 4.0 4.04 solution. This suggests that there was no
20.0 4.6 4.65 intermediate  complex formation. Also a
50.0 5.4 5.50 Michaelis- Menten plot of 1/ksps versus 1/[1047]
100.0 6.4 6.50 gave a straight line with no intercept (Fig. 8).
150.0 7.4 7.50
200.0 . 8d 8.20 3.8 Product Analysis
lon = HCOO
1600 2(1) 282 The inorganic analysis of the product of this
20'0 5'0 5'05 reaction confirmed the presence of I” by the
50'0 5'5 5.60 formation of a yellow precipitate upon addition of
106 0 6.4 6.50 1 cm® of HNO; and AgNOs. Also, the presence of
150'0 7'0 7'10 I> was ruled out by the non — formation of blue —
200'0 8.1 8.20 black coloration upon the addition of starch
: : : solution to the product of reaction.
80 -
70 -
60 -
50 A )
w
- [ ]
f 40 -
30 -
20 -
10 -
0 25 50 75 100 125 150 175 200 225 250

110,71, dm? mol-!

Fig. 8. Michaelis - Menten Plot for the reaction of MG* and 10,” at [MG*] = 1.1 x 10° mol dm'3,
[10,] = (4.4 - 13.2) x 10 mol dm™, 1 = 0.5 mol dm™, [H*] = 1 x 10™, mol dm 3, Apax = 620 nm,
Temp = 25.5+0.3°C
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3.9 Mechanism of the Reaction

The positive dependence of H* commonly encountered in reaction of 10, has been attributed to the
formation of HIO, which reacts with the reductant in the rate determining step [16, 17]. Based on the
results obtained, the mechanism of the reaction can be proposed as:

Ks
0, + H = HIO. oo, (5)
Ke
MG"™ + HIO, — Products  ......... slow............. (6)
k7
MG* + 104 — Products  ...... SloW......ocevveins (7)

Rate

ke[MG'J[HIO4] + ks[MG"][1047]
But from equation (5), [HIO,] = Ks[H'][IO47]
Substituting equation (9) into equation (8), we have:

Rate =  k¢Ks[MG'IH'[I0, ]+ k/IMG][1O,]

= (k7 + keKs[H')IMG'][IO47]

Equation (11) is consistent with equation (4) where k; = a = 2.4 dm® mol ™' s™ and k¢Ks = b = 5.95 x
10° dm® mol™ s™

Based on the above mechanism and the ACKNOWLEDGEMENT
derivation of the rate law, there is a suggestion
that the reaction proceeded through two acid
dependent and acid independent pathways
(equations 6 and 7). The acid dependent
pathway was responsible for the protonation of
the periodate to produce the protonated species,
HIO,. The negative salt effect observed in the
reaction can be accounted for by the reaction of
unlike charges in equation (7), where ZpZg = —1.
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