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ABSTRACT

The effect of ionic strength and temperature on the kinetics of reaction between 3, 7 bis
(dimethyl amino) - 4- nitro-phenothiazine-5-ium chloride (methylene green) and
persulfate ions in presence of potassium iodide and potassium bromide was studied by
spectrophotometric method. The overall reaction follows pseudo second order kinetics.
First order with respect to persulfate and halide ions respectively and zero order kinetics
with respect to Methylene green were observed. The reaction was studied at different
ionic strengths and temperatures ranging from 25°C to 50°C. The kinetic data was
evaluated in terms of Debye-Huckel-Bronsted (DHB) and Kilpatrick relations. It was
observed that with the increase in ionic strength and temperature, the rate increases
following DHB theory. The value of zazg was also calculated from DHB plots and
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Kilpatrick plots. The effect of ionic strength on the activation parameters was also
studied.

Keywords: Methylene green; kinetics; reduction; ionic strength.
1. INTRODUCTION

The kinetics of various ionic reactions has been studied extensively and the variation of the
rate of the reaction between any two ionic species as a function of ionic strength of the
medium was studied by several researchers [1-10]. Kappana et al. [9] studied the reaction
between bromoacetate and thiosulfate ions and concluded that the size and charge of either
the cation or anion of the added electrolyte has a large effect on the rate constant which is
also influenced by the concentration of reagent and temperature. Ghaziuddin et al. [7]
studied the influence of ionic strength on the specific rate constant of the reaction between
persulfate and iodide ions and observed that the reaction proceeded more rapidly as the
ionic strength was increased.

Kinetic studies using dyes were carried out by a number of workers emphasized the rate of
decolorization [11-25]. The color of the dye was due to the electronic transition between the
orbitals which in turn determined the change in color in the visible range of the
electromagnetic spectrum and the precise shade or hue of the dye. Dyes include a broad
spectrum of different chemical structures, primarily based on substituted aromatic and
heterocyclic groups. The suitability of a dye for recycling is determined by its physical and
chemical properties and the mechanism by which it reacts [14-15]. Osunlaja [17] studied the
influence of ionic strength, dielectric constant, temperature and concentration on the
reduction kinetics of methylene blue with thiourea [16]. Saeed et al investigated the oxidation
kinetics of methylene green using ascorbic acid. The kinetic data was evaluated to propose
the mechanism of the reactions.

The Debye-Huckel-Bronsted relation shows the influence of ionic strength on the specific
rate constant of an ionic reaction [6]:

logk =logk +1.02z,zg/u (1)
o

where k is the specific rate constant, k, is the specific rate constant at zero ionic strength
and z, and zg are the charges of ions A and B respectively. The equation (1) is valid for dilute
and similar charges of ions. Kilpatrick [15] pointed out that ion pair formation takes place
between oppositely charged ions due to the interaction between ionic reactants and cations
of the electrolyte. These ion-pairs react faster than free ions due to decrease in electrostatic
repulsion, therefore the rate constant increases with salt concentration in accordance with
equation 2.

logk =logk_+1.022,, 2 \Ju /(1 + i) @)
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2. MATERIALS AND METHODS

A spectrophotometric method was used to study the kinetics of reaction between methylene
green (MG) and persulfate ions in the presence of potassium iodide and potassium bromide
at different ionic strengths and temperatures.

All the glassware used was of Pyrex A grade. All the chemicals, potassium persulfate
(K2S20g), potassium iodide (KI), potassium bromide (KBr) were supplied by Merck and 3, 7
bis (dimethyl amino) - 4- nitro-phenothiazine-5-ium chloride (methylene green) (formula
weight 364.84 gm.mol”) of Analar grade manufactured by Fluka were used without further
purification. Thermostatic water bath model Haake type 13 (Germany) was used to maintain
the temperature constant throughout the course of the experiment. A spectronic 21 (Bausch
and Lomb) spectrophotometer with temperature control device connected to thermostatic
water bath was used to measure absorbance at constant temperature.

The spectrum of methylene green was recorded on Shimadzu UV-VIS spectrophotometer
UV-160A (a microcomputer-controlled double-beam recording spectrophotometer) as shown
in Fig. 1. An absorbance maximum was observed at 657 nm with molar absorptivity ()
32,111 dm® mol” cm™. Stock solutions were prepared in double distilled water having
conductivity of 0.06 mS.cm™. Reaction mixtures of ionic strength 0.2000 mol.dm™ to 0.8485
mol.dm™ were prepared by taking specific volumes of methylene green, persulfate and salts
(KI, KBr). The absorbance was recorded as a function of time at 657 nm at fixed
temperature. The temperature of the reaction mixture was kept constant by the circulation of
water in outer jacket of reaction cell with the help of thermostatic water bath. The reaction
was peformed at different temperatures ranging from 25 to 50°C respectively. The reaction
was studied for about 30 minutes at fixed temperature.
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Fig. 1. Absorption spectrum of 4.9 x 10° mol.dm™ methylene green in aqueous
medium
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3. RESULTS AND DISCUSSION

The values of rate and rate constants at different ionic strengths and temperatures at a fixed
concentration of methylene green are tabulated in Tables 1 and 2 respectively. The values of
specific rate constants at zero ionic strength obtained as intercept of the Debye-Huckel-
Bronsted and Kilpatrick plots are tabulated in Table 3. The values of rate constants
determined at different concentrations of potassium persulfate and salts (KBr, Kl), while the
concentration of methylene green was kept constant shows that at a particular temperature
there is a gradual decrease in the rate constant with the increase in ionic strength from
0.2000 mol.dm™® to 0.7899 mol.dm?, followed by a gradual increase in the value of rate
constant for ionic strengths at 0.8000 to 0.8485 mol.dm™ range.

Table 1. Rate of reduction of 2.75 x 10 > mol.dm™ methylene green at different ionic
strengths and temperatures

i (mol.dm™) Rate x 10* (mol.dm™.s™) at different temperatures (°C)

25 30 35 40 45 50

KBr
0.2000 0.9 1.0 2.0 4.0 5.0 6.0
0.3200 1.5 2.0 3.0 5.0 7.0 7.5
0.4000 2.5 3.0 4.0 6.0 8.0 9.0
0.5200 3.0 4.0 6.0 7.0 9.0 10.0
0.6000 4.0 5.0 6.3 7.2 10.0 11.0
0.7899 4.2 54 6.7 7.8 10.8 12.0
0.8000 4.5 5.8 7.0 8.0 11.2 13.0
0.8246 5.0 6.2 7.2 8.5 11.5 14.0
0.8485 53 6.5 7.5 9.0 11.9 15.0
Ki

0.2000 0.5 1.0 2.0 3.0 4.0 6.0
0.3200 1.0 2.0 3.0 4.0 6.0 7.0
0.4000 2.0 3.0 4.0 6.0 8.0 9.0
0.5200 3.0 4.0 5.0 7.0 9.0 12.0
0.6000 4.0 5.0 6.0 8.0 11.0 15.0
0.7899 5.0 6.0 8.0 9.0 15.0 20.0
0.8000 15.0 16.0 18.0 23.0 28.0 32.0
0.8246 22.0 23.0 27.0 29.0 32.0 35.0
0.8485 35.0 37.0 41.0 45.0 47.0 49.0
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Table 2. Rate constants for the reduction of 2.75 x 10”° mol.dm™ methylene green at
different ionic strengths and temperatures

i (mol.dm™) Rate constant (k) x 10 (dm®.mol™.s™) at different temperatures (°C)
25 30 35 40 45 50
KBr
0.2000 0.36 0.40 0.80 1.60 2.00 2.40
0.3200 0.23 0.31 0.47 0.78 1.09 1.17
0.4000 0.25 0.30 0.40 0.60 0.80 0.90
0.5200 0.18 0.24 0.36 0.41 0.53 0.59
0.6000 0.18 0.22 0.28 0.32 0.44 0.49
0.7899 0.11 0.14 0.17 0.20 0.28 0.31
0.8000 0.11 0.15 0.18 0.20 0.28 0.33
0.8246 0.11 0.15 0.17 0.20 0.27 0.33
0.8485 0.12 0.14 0.17 0.20 0.26 0.33
Ki

0.2000 0.20 0.40 0.80 1.20 1.60 2.40
0.3200 0.16 0.31 0.47 0.62 0.94 1.09
0.4000 0.20 0.30 0.40 0.60 0.80 0.90
0.5200 0.18 0.24 0.30 0.41 0.53 0.71
0.6000 0.18 0.22 0.27 0.36 0.49 0.67
0.7899 0.13 0.15 0.20 0.23 0.32 0.38
0.8000 0.38 0.40 0.45 0.58 0.70 0.80
0.8246 0.52 0.54 0.64 0.68 0.75 0.82
0.8485 0.78 0.82 0.91 1.00 1.04 1.09

Table 3. Specific rate constant (k,) at zero ionic strength

Temperature (°C) 25 30 35 40 45 50
KBr
ko (mol”.dm®.s™) 0.1048 0.1198 0.3295 0.9799 1.2139 1.2957
Kl
ko (mol”.dm®.s™) 0.0029 0.0210 0.0900 0.2376 0.1316 0.2693

Kilpatrick [17] pointed out that ion-pair formation takes place between oppositely charged
ions, due to interaction between ionic reactant and cation of electrolyte. These ion-pairs
react faster than free ions due to decrease in electrostatic repulsion. The representative
plots of Debye-Huckel-Bronsted and Kilpatrick equations expressed as log k vs. Yy and log k
vs. Vp/(\Nu+1) at 25 to 50°C for KBr and Kl are shown in Figs. 2, 3 and 4, 5 respectively. The
values of ZxZg calculated from the slopes of Debye-Huckel-Bronsted and Kilpatrick plots are
1.07 and 2.34 for KBr respectively, and 0.84 and 2.23 for Kl respectively. It shows that
Kilpatrick theory is the better representation of the values of Z,Zg than Debye-Huckel-
Bronsted theory.
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Fig. 2. Plot of log k vs. Vp of 4.9 x 10° mol.dm™ methylene green at different
temperatures in presence of KBr
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Fig. 3. Plot of log k vs. Vp of 4.9 x 10° mol.dm™ methylene green at different
temperatures in presence of Kl
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Fig. 4. Plot of log k vs. V. / (1+V) of 4.9 x 10° mol.dm™ methylene green at different
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Fig. 5. Plot of log k vs. Y/ (1+Vp) of 4.9 x 10”° mol.dm™ methylene green at different

temperatures in presence of Kl

It was observed that the reaction follows zero order kinetics with respect to methylene green
as there is no change observed in the rate at different methylene green concentrations. It
was also observed that the value of the rate constant in case of I' is greater than Br due to
the ability of I to supply an electron faster than Br™ at constant K* concentration. On the basis
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of the above results for the study of the kinetics of the reaction between methylene green
and persulfate ions in presence of salt of halide (X), it was found that the reaction follows
pseudo second order and the rate can be expressed as:

- 6] s o7 ]fx ] @

The kinetics data shows that the reaction involves following steps:

S,0; +2X~ — 52S0% + X, (4)
MG + X, — 5 MGX + X~ (5)

It was observed that the formation of XSO, is a slow step and hence the rate determining
step. The effect of temperature on the rate constant was evaluated by Arrhenius relationship
shown in equation 6 [11]. The temperature dependence indicates an exponential increase of
the rate constant with temperature.

E*

k= Ae kT (6)

where A is the frequency factor, E,” is the activation energy, R is the gas constant and T is
the absolute temperature. The values of activation energy (E,’) were calculated from the
slopes of the Arrhenius plot between log k versus 1/T. Results for the activation energy (E.’)
are tabulated in Table 4 and the representative plot of log k versus 1/T for KBr and Kl are
shown in Figs. 6 and 7 respectively.

Table 4. Activation parameters of the reduction of Methylene Green at different ionic

strengths at 45°C.
pu (mol.dm™) E.* (kJ.mol ") AH* (kJ.mol")  AG*(kJ.mol™”) -AS* (J.mol.K™)
KBr
0.2000 68.75 66.11 79.84 43.18
0.3200 56.89 54.24 81.65 86.18
0.4000 44 61 41.97 82.27 126.73
0.5200 38.74 36.10 47.18 148.26
0.6000 36.16 33.51 83.84 158.27
0.7899 34.25 31.60 85.07 168.13
0.8000 33.89 31.24 53.80 169.09
0.8246 32.72 30.07 55.01 172.90
0.8485 30.53 27.88 85.16 180.12
KI

0.2000 77.97 75.33 80.09 14.98
0.3200 61.13 58.49 81.85 75.16
0.4000 49.83 47.18 82.39 110.70
0.5200 44.34 41.69 83.17 132.59
0.6000 42.25 39.60 83.44 137.85
0.7899 35.22 32.58 84.74 164.04
0.8000 26.05 23.41 82.52 185.88
0.8246 15.47 12.83 82.28 218.41
0.8485 11.43 8.78 81.42 228.42
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Fig. 6. Plot of In k vs. 1/T of 4.9 x 10° mol.dm™ methylene green at different ionic
strengths in presence of KBr
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Fig. 7. Plot of In k vs. 1/T of 4.9 x 10”° mol.dm™ methylene green at different ionic
strengths in presence of KiI
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The relationship between energy of activation and ionic strength is given by the following
equation 7 [7]:
., dlogk dlogk, 3¢’(8aN/1000)"> z,z,4/u

TdT) ) 2(ek)” 2303 7

It was observed that increase in ionic strength leads to decrease in the activation energy
(Ef). This is due to the fact that as the ionic strength changes the configuration of the
activated complex or the transition state changes and results in a decrease in activation
energy. The representative plot of energy of activation against Y shown in Fig. 8 is linear
with a negative slope showing the decrease in E,” with increasing Vu. The values of
activation parameters such as change in enthalpy of activation (AH"), change in free energy
of activation (AG;ﬁ) and change in entropy of activation (AS*) at different ionic strengths and
temperatures in the presence of KBr and Kl are tabulated in Table 4. The plot of AH* against
Ju, shown in Fig. 9, is linear and displays the inverse relation of Vu and AH”. The values of
change in enthalpy of activation (AH”) were obtained using equation 8:

Ef =AH* +RT (8)
Apparent change in entropy of activation (AS”) was calculated by equation 9:
AS* = R1In(Ah/KT) 9)

The negative values of change in entropy of activation (AS*) indicate a loss of entropy due to
the increased charge on activated complex with respect to the charges of separated ions.
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Fig. 8. Plot of E,” vs. V1 of 4.9 x 10° mol.dm™ methylene green in presence of KBr and
Ki
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Fig. 9. Plot of AH" vs. Y of 4.9 x 10° mol.dm™ methylene green in presence of KBr and
Ki

The values of change in free energy of activation (AG;ﬁ) were obtained by the relation:
AG* =AH* —TAS* (10)

The results show that the values of change in free energy of activation (AG;ﬁ) decrease with
an increase in ionic strength. The positive values of change in free energy of activation (AG;ﬁ)
indicate the non-spontaneous formation of activated complex.

4. CONCLUSION

It was concluded that the rate of the reaction between methylene green and persulfate ions
in presence of halide ions increased with the increase in ionic strength and temperature. The
rate of reaction increased with increase in ionic strength and the value of zyzg was calculated
from Debye-Huckel-Bronsted and Kilpatrick plots. It was concluded that Kilpatrick theory is a
better estimate of the values of zyzg as compared to Debye-Huckel-Bronsted theory as for
Kilpatrick theory values of zazg found to be 2.34 for KBr and 2.23 for KI.

The energy of activation, change in enthalpy of activation (AH?) and change in free energy of
activation (AG") decreased with increase in ionic strength while the change in entropy of
activation (AS¢) increased with increase in ionic strength.

COMPETING INTERESTS

Authors have declared that no competing interests exist.

200



International Research Journal of Pure & Applied Chemistry, 4(2): 190-202, 2014

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Devra V. Kinetics and mechanism of silver (1) catalyzed oxidation of alanine by cerium
(IV) in perchloric acid medium. J Indian Chem Soc. 2005;82:290-294.

Sharma KK, Rao BSM, Mohan H, Mittal JP, Oakes J, O'Neill P. Free-Radical-Induced
Oxidation and Reduction of 1-Arylazo-2-naphthol Dyes: A Radiation Chemical Study.
J Phys Chem A. 2002;106(12):2915-2923.

Chouhan VK, Sharma V. Kinetics and mechanism of the oxidation of some thioacids
by tetrabutylammoniun tribromide. J Indian Chem Soc. 2005;82:302-305.

Wang H, Miyamoto A, Hirano T, Seno M, Sato T. Radical kinetics and salt effects. Eur
Poly J. 2004;40(10):2287-2290.

Saeed R, Uddin F. Photokinetic Study of Methylene Green with Dimethylamine. Int J
Pure App Chem. 2006;1(1):65-74.

Bronsted JN. Theory of the rate of chemical reactions Il. Z Physik Chem.
1925;115:337.

Ahmed MG, Uddin F, Jafri JA. Influence of ionic strength on the specific rate constant,
energy of activation and change of enthalpy of activation of persulfate-iodide reaction.
Pak J Sci Ind Res. 1979;22:128-130.

Kundu S, Ghosh SK, Mandal M, Pal T. Reduction of methylene blue (MB) by ammonia
in micelles catalyzed by metal nanoparticles. New J Chem. 2003;27(3):656-662.
Kappanna AN, Patwardhan HW. Kinetics of the reaction between bromoacetate and
thiosulfate ions at great dilutions. J Ind Chem Soc. 1932;9:379-382.

Indelli A, Prue JE. Kinetic salt effects in the reaction between peroxydisulfate and
iodide ions. J Chem Soc. 1959;107-111.

Suten D, Bilba D. Equilibrium and kinetic study of reactive dye Brilliant Red HE-3B
Adsorption by activated charcoal. Acta Chim Solv. 2005;52(1):73-79.

Joshi HM, Nagar TN. Effect of surfactants on kinetics and oxidation of decoloration of
methyl violet and ethyl violet by potassium peroxydisulphate. Asian J Chem.
2002;14(3-4):1270-1276.

Hunt P, Worrall DR, Wilkinson F, Batchelor SN. Quantitative rate constants for the
reaction of dyes and alkenes with a- hydroxyalkyl radicals, measured by laser flash
photolysis. Photochem Photbiol Sci. 2003;2(5):518-523.

Saeed R, Uddin F, Khalid Z. The kinetics of the photochemical reaction of methylene
green with methylamine and ethylamine. Turk J Chem. 2004;28(3):351-367.
Kilpatrick M. The effect of electrolytes in ionic reaction. J Am Chem Soc. 1934;56:2326-
2327.

Osunlaja AA, Idris SO, Iyun JF. Mechanism of the Reduction of Methylene Blue by
Thiourea in Aqueous Acidic Medium. Int J Chem Tech Res. 2012;4(2):609-617.
Saeed R, Khan SR, Ashfaq M. Effect of lonic Strength on the Kinetics of Oxidation of
Ascorbic Acid by Methylene Green in Agueous Methanol System. Asian J Chem.
2012;24(8):3745-3750.

Tanimu, Idris SO, Iyun JF. Kinetics of Redox Reaction between Malachite Green and
Hydroxyl lon. | J S T. 2012;2(3):112-115.

Mohammed Y, lyun JF, Idris S O. Redox kinetics to the mechanism of the redox
reaction of malachite green and permanganate ion in aqueous acid medium. Afr J
Pure Appl Chem. 2008;3(12):269-274.

Saeed R, Ashfag M, Khan SR. Effect of solvent on kinetics of reduction of Methyl
Violet with potassium iodide at different temperatures. Asian J Chem.
2010;22(3):1787-1798.

201



21.

22.

23.

24,

25.

International Research Journal of Pure & Applied Chemistry, 4(2): 190-202, 2014

Saeed R, Ashfag M, Fahimuddin. Spectrophotometric study of kinetics of
Solvatochromism of Methyl Violet in aqueous methanol. Chin J Chem.
2010;28(6):891-895.

Azmat R, Qamar N, Uddin F. Reduction of MG by EDTA, Kinetic and thermodynamic
aspects. Chin J Chem. 2008;26(4):631-634.

Azmat R, Qamar N, Naz R. A new approach of reduction of MG with AA by
deoxygenation through CO,. Natural Science. 2008;3(7):566-572.

Ahmed T, Uddin F, Azmat R. Kinetic and mechanism study of chemical treatment of
methlyene green by urea. Chin J Chem. 2010;28(5):748-754.

Mathew A, Panda JK. Kinetics of oxidation of substituted phenols by potassium
bromate. Int Res J Pure App Chem. 2012;2(3):196-210.

© 2014 Saeed et al.; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php ?iid=318&id=7&aid=2571

202



