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ABSTRACT

The kinetic approach of the reduction of ethylenediaminetetraacetatoferrate(Ill) complex
(hereafter [Fe(III)EDTA]") by thioglycolic acid (hereafter TSH) in bicarbonate buffer medium
have been studied under the following conditions: T = 28 + 1°C, Ionic Strength, I = 0.2 mol
dm3 (KNO;), pH = 7.5 and Amax = 470 nm . The ratio from the stoichiometric study conforms
to the equation 2[Fe(III)EDTA] + 2TSH - 2[Fe(I)EDTAJ* + TSST + 2H". The reaction rate
varied linearly to the firast power of the concentrations of the oxidant and reductant and
displayed dependence on pH of the reaction medium. The reaction was sensitive to the
change in ionic strength of the medium suggesting an interaction of charged species at the
activated complex. The Michaelis-Menten plot of 1/koss versus 1/[TSH] was linear with zero
intercepts which suggested an absence of intermediate complex. Pieces of evidences in this
paper showed that the reaction occurred via the outer-sphere mechanism.
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INTRODUCTION

Electron transfer reactions are one of the frontier research areas in the inorganic
chemistry of iron complexes [1] [2], and the use of thiols as reductants on iron complexes
are gaining more interest in biological systems. Thioglycolic acid is involved in some life’s
vital processes and its varied utilities include metals recovery [3], leather processing [4],
wheel cleaning solutions [5], hair formulation treatment [6], and heavy metal passivator
[7]. The kinetics and mechanisms of its reaction with transition metal complexes, which
revealed the formation of dithiodiglycolic acid and the role of specific free radical species
[8], have received considerable attention [9] [10]. The reactions have been studied under
acidic [u] [12] [13] and aqueous [14] [15] media and the mechanism of reactions established
in addition to other kinetic parameters are evaluated.
Ethylenediaminetetraacetatoferrate(Ill) complex has application in gas desulfurization
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processes (SulFerox process) based on the reports [16] [17] [18], and its structure and
composition have been characterized [19] [20].

This study is a further effort in the general interest of the electron transfer reaction of this
useful substrate and the complex. It is hoped that the data from this study will shed more
light on the mechanism of reaction of the oxidant in terms of outer- and inner-sphere
mechanism.

EXPERIMENTAL

The [Fe(III)EDTA]" complex was prepared according to the method of Xiao-juan
[21] and was characterized using UV/Visible spectrophotometer (Cary 300 series Agilent
Technologies, China). The UV/Visible spectrum of [Fe(IlI)EDTA]" was scanned between
ranges of 300 - 800 nm and gave Amax of 308 and 470 nm.

Standard solution (0.05 mol dm3, 1.21 g) of ferric nitrate (Sigma-Aldrich, USA) and
0.05mol dm3(1.68 g) of EDTA (Sigma-Aldrich, USA) was prepared and added up to a ratio
of chelant / Fe3* = 1:1. KNO; (BDH, London) was used to maintain ionic strength. The
complex stock solution had a concentration of about 0.05 mol dm3. Prior to use, the
solution’s pH is adjusted to 7.5 with bicarbonate buffer solution.

A 1.5 mol dm? stock solution of thioglycolic acid (molecular weight = 92.112 g mol™,
percentage purity = 98 %, density = 1.325 g cm?3) was prepared by diluting 5.32 ml of
thioglycolic acid (Sigma-Aldrich, USA) in a 50 cm3 volumetric flask and topped up to the
mark. 0.2 mol dm?3 stock solutions of sodium carbonate (Na,COs) and sodium bicarbonate
(NaHCOs) were prepared by dissolving 2.12 g and 1.68 g with distilled water in 100 cm3
volumetric flask and topped up to the mark respectively. A 0.1 mol dm? stock solution of
potassium permanganate (molecular weight = 157.94 g mol™) was prepared by dissolving
0.39 g of potassium permanganate (Merck, USA) in a 25 cm3 volumetric flask and topped
up to the mark.

Stoichiometric Studies

The stoichiometry of the reaction was determined by spectrophotometric titration
using the mole ratio method [22] [23]. The concentration of [Fe(II[)EDTA]" was kept
constant at 0.001 mol dm3 while that of [TSH] was varied at least 10 folds above. The
reactions were allowed to go to completion at constant pH and ionic strength (0.2 mol
dm3). The absorbances of the solutions were taken at 470 nm. The mole ratio was
determined from the plot of absorbance versus mole ratio [TSH]: [Fe(III)EDTA] (Figure 1).
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Figure 1: Stoichiometric Plot of the reaction of [Fe(II[)EDTA] and TSH at [Fe(III)EDTA"] = 1.0 x
103 mol dm3, [ = 0.2 mol dm3 (KNOs), [TSH] = (2.0 - 2.6) x 103 mol dm?3, pH = 7.5, Amax = 470
nm, and T = 28 +1°C

Kinetic Measurements

The rates of the reactions were studied under pseudo-first order condition by
monitoring the change in absorbance of [Fe(Il[)EDTA]" at 470 nm on Sherwood
Colorimeter 254 at constant pH, ionic strength, and temperature. The plots of log (A: - A=)
versus time were obtained (Figure 2). From the slope of the plots the pseudo-first order
rate constants, kops, were determined. The second order rate constant (k,) was determined
as kobs/[Reductant]. The results are presented in Table 1. The effects of pH, the ionic
strength (I) and the dielectric constant (D) on the rate was investigated with 6 - 10, 0.3 -
1.o mol dm3 (KNO;) and 70. - 80.1 respectively while all other conditions are kept
constant.

The Effect of Added Ions on the Reaction Rate

The effect of added ions X (X = SO,> and Na*) on the reactions was investigated
for [X] = (1.0 - 21.0) x 103 mol dm3. The concentration of all other reactants was kept
constant at [ = 0.2 mol dm3 (KNO;).

Free Radical Test
The generation and participation of free radicals in the course of the reaction were
investigated by adding 3 cm?3 of 0.28 mol dm™ acrylamide solution to a partially reduced
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reaction mixture followed by addition of excess methanol. A control experiment was
carried out by adding acrylamide solution to separate solution of [Fe(III)EDTA]  and TSH.

Temperature Dependence

The effect of temperature on the reaction rate was investigated to ascertain the
thermodynamic parameters of the reaction medium by using Eyring’s plot of In (k./T)
versus 1/T, wherein enthalpy of activation AH?* is obtained from the slope, entropy of
activation AS* is from the intercept and Gibbs free energy AG* is from the equation;
AG* = AH? - TAS*, The Eyring’s equation is given as;

i () i (2) + ' »

Product Analysis

The UV/Visible spectrum of the reaction product was scanned between
wavelength ranges of 300 - 800 nm gave a Amax of 520 nm, which is characteristic of the
Fe(IT) product [24] [25], and the appearance of a brown solution that turns into soil brown
precipitate on standing after some seconds reveals the presence of Fe(I) product [26].
Investigations of the formation of disulfide at the completion of the reaction were done by
extracting the mixture six times with diethyl ether and the combined ether extracts were
washed and dried with anhydrous Na,SO, and left overnight to dry. The appearance of
crystals suggested that the products of reaction included disulfide [27] [28].

RESULTS AND DISCUSSION
Stoichiometry

The spectrophotometric titrations showed oxidant - reductant ratio of 11
represented by the stoichiometric equation;
2[Fe(III)EDTA] + 2TSH - 2[Fe(II)EDTA]*> + TSST + 2H* (2)
Similar stoichiometry has been documented for the reaction involving thioglycolic acid [9]
[10] [29].

Kinetic Study

The pseudo-first order plot was linear for about 95 % of the reaction time (Figure 2)
and the slope of 1.002 was obtained from the logarithmic plot of kobs versus [TSH]. The
results show the reaction is first-order in [Fe(II)EDTA’] and [TSH] respectively and
second order overall. Similar order has been reported for TSH reactions by the earlier
researchers [9] [30] [31].
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Table 1: Pseudo-first and Second Order Rate Constants for the Reaction of [Fe(III)EDTA]" and
TSH at [Fe(III)EDTA"] = 1.0 x 103 mol dm3, I = 0.2 mol dm3 (KNO;), pH = 7.5, T = 28 + 1°C and

Amax = 470 nmM

102[TSH], mol dm3 pH I, mol dm?3 103Kobs, 8™ 10'k,, dm3 mol™*s*
1.0 7.5 0.2 2.03 2.03
2.0 7.5 0.2 4.09 2.05
3.0 7.5 0.2 6.09 2.03
4.0 7.5 0.2 8.09 2.02
5.0 7.5 0.2 10.2 2.03
6.0 7.5 0.2 12.8 2.14
7.0 7.5 0.2 14.1 2.01
8.0 7.5 0.2 16.2 2.03
6.0 6.0 0.2 3.27 0.55
6.0 6.5 0.2 7.42 1.24
6.0 7.0 0.2 4.81 0.80
6.0 7.5 0.2 12.8 2.14
6.0 8.0 0.2 1.4 1.89
6.0 8.5 0.2 6.40 1.07
6.0 9.0 0.2 6.61 1.10
6.0 9.5 0.2 2.07 0.35
6.0 7.5 0.2 12.8 2.14
6.0 7.5 0.3 13.6 2.27
6.0 7.5 0.4 17.9 2.99
6.0 7.5 0.5 21.5 3.58
6.0 7.5 0.6 23.5 3.92
6.0 7.5 0.7 32.7 5.45
6.0 7.5 0.8 37.8 6.29
6.0 7.5 0.9 45.6 7.59

Nkole, I. U., Onu, A. D., Osunkwo, C. R.& Idris, O. S.

Copyright © 2018 JOSTE. All Rights Reserved (www.atbuftejoste.com)

10



ATBU, Journal of Science, Technology & Education (JOSTE); Vol. 6 (4), December, 2018 ISSN: 2277-0011

Time(s)

0 50 100 150 200
-0.4 ! 1 ] ]

-1.8 -
Figure 2: Typical Pseudo-first Order Plot for the reaction of [Fe(III)EDTA]" and TSH at
[Fe(IINEDTA"] = 1.0 x 103 mol dm3, [TSH] = 6.0 x 10> mol dm3, I = 0.2 mol dm3 (KNO;),
pH = 7.5, T =28 +1°C, and Amax = 470 nm
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Figure 3: Plot of log kobs versus log [TSH] for the reaction of [Fe(II[)EDTA]" and TSH at
[Fe(IINEDTA"] = 1.0 x 103 mol dm?3, [TSH] = (1.0 - 8.0) x 10> mol dm3, I = 0.2 mol dm?3
(KNOs), pH = 7.5, T = 28 £ 1°C, and Amax = 470 nm
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Figure 4: Plot log k, versus VI for the reaction of [Fe(III)EDTA]- and TSH at [Fe(III)EDTA]
=1.0 x 103 mol dm3, [TSH] = 6.0 x 10> mol dm3, I = (0.2 - 1.0) mol dm3, pH = 7.5, T =28 +
1°C, and Amax = 470 nm
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Figure 5: Plot of logko,s versus pH for the reaction of [Fe(II)EDTA] and TSH at
[Fe(IINEDTA] = 1.0 x 103 mol dm3, [TSH] = 6.0 x 102 mol dm3, [ = 0.2 mol dm3 (KNO;), T
=28 +1°C, and Amax = 470 nm
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Effect of change in ionic strength and dielectric constant of reaction medium on
reaction rate

Variation of the ionic strength of the reaction medium from 0.3 - 1.0 mol dm™3
(KNO;) led to increase in the rate of the reaction (Table 1). This suggests the interaction of
like-charged species prior to electron transfer. This is reinforced by the effect of change in
the dielectric constant, D, from 70.1 - 80.1 on the rate of the reaction. It was observed that
the reaction rate decreased as D decreases.

Effect of pH on reaction rate

Results obtained from the pH-dependent study showed that change in pH (6.0 -
10.0) affected the reaction rate (Table 1). There is a marked reactivity increase in pH from
6.0 to 7.5 and a decrease from 7.5 to 10.0. Indicative of deprotonation of thioglycolic acid
at pH 7.5 prior to the formation of the activated complex [9] [32] [33]. A plot of log kobs
versus pH also reveals this optimum reduction of Fe3* to Fe** (Figure 5).

Effect of added ions on reaction rate

The change in concentrations of the added anion (SO,*) decreased the rate of the
reaction and the cation (Na*) increased the reaction rate (Table 2). The catalysis by these
ions suggests that the reaction occurs by outer-sphere mechanism, as the reactant species
at the activated complex are like-charged and the solvent molecules near this complex are
subject to strong electrostatic forces.

Detection of free radicals
The free radicals formation were positive in the reduction of [Fe(II)EDTA] by
TSH. This agrees with a work reported earlier [8].

Table 2: Effect of Added Anion and Cation to the reaction Medium on the Rate Constants
for the Reduction of [Fe(III)EDTA] by TSH at [Fe(II[)EDTA"] = 1.0 x 103 mol dm3, [TSH] =
6.0 x 102 mol dm3, I = 0.2 mol dm3 (KNO;), pH = 7.5, T = 28 £ 1°C, and Amax = 470 nm

ION 103[Ion]  103Kobs 102k, ION 103 [Ion]  10%Kebs 10k,

moldm3  s? dm3 mol™* s mol dm?3 s’ dm3mol’s™
SO,» 0.00 12.8 214 Na* o.00 1.28 2.14

1.0 8.76  14.60 1.0 5.59 9.33

3.0 7.21 1218 3.0 8.04 13.39

9.0 713  11.89 9.0 8.52 14.20

12.0 6.96 1.61 12.0 9.81 16.40

15.0 6.82 1.37 15.0 9.88 16.47

18.0 526  8.76 18.0 1.8 19.61

21.0 3.98 6.64 21.0 12.9 21.46
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Effect of temperature on reaction rate

The plot of In(k./T) versus 1/T based on Eyring-Polanyi equation was linear with
an intercept at 6.759 and the slope is -4339 (Figure 6). The activation parameters (AS* = -
141.35 Jmol 'K & AH* = +36.07 kJmol™) revealed that the solvent molecules are reorganized
within the activated complex resulting to decrease in entropy of the system. However,
activation energy is needed to overcome electrostatic repulsion between the ions of like
charge and to shorten bonds so that they are equivalent in the transition state and to alter
the solvent sphere around the complex. This is supported by previous reports [34] [35].

10%0T
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55 y = -4.339x + 6.759
—~ R2=0.982
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x
=65 -
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Figure 6: Plot of In(k,/T) versus 1/T for the reaction of [Fe(II)EDTA] and TSH at
[Fe(IINEDTA] = 1.0 x 103 mol dm?3, [TSH] = 6.0 x 10> mol dm?3, I = 0.2 mol dm3 (KNO;),
pH = 7.5 and Amax = 470 nm

Michaelis-Menten plot
Michaelis-Menten plot of 1/kobs versus 1/[TSH] was linear without any appreciable
intercept (Figure 7). This confirms the absence of stable intermediate, but probably the
formation of ion-pair [36]. The above facts reinforce the suggestion that outer-sphere
mechanism is operating in the reaction.
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500 - *
400 -
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Figure 7: Michaelis-Menten Plot of 1/ke,s versus 1/[TSH] for the Reduction of
[Fe(II)EDTA] by TSH

0
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The choice of the mechanism is supported by;
I.  The Michaelis-Menten plot which has no intercept
II.  Catalysis of reaction by added ions
III.  The first order in the rate law obtained for each reactant species is known to be
appropriate for reactions occurring by the outer-sphere mechanism [22].

Ky
TSH = TS +H" ©)
Ky
[Fe(IIEDTA] +TS [Fe(Il)EDTA , TS] (4)
K4
Kz
[Fe(I)EDTA , TS] —[Fe(I)EDTA]® + TS’ (5)
slow
ks
[Fe(IlEDTA] + TSH [Fe(Il)EDTA", TSH] (6)
Ks
Kq
[Fe(IIEDTA™, TSH] — ~[Fe(I)EDTA]? + TS + H* (7)
sow
Ks
TS +RS — = TSST (8)
fast
Therefore,
Rate = k,[Fe(II[)EDTA, TS| + k,[Fe(IIl[)EDTA", TSH] (9)
From equation 4;
[Fe(III)EDTA-, TS| = k.[Fe(II)EDTA|[TS] (10)
Substituting equation 10 into equation 9;
Rate = k.k,[Fe(II[)EDTA’][TS] + k,[Fe(III)EDTA", TSH] (1)
From equation 3;
[TS] = K,J[TSH (12)
[H*]
Substituting equation 12 into equation 11;
Rate = Kk.k.[Fe(IINEDTA][TSH] + k,[Fe(II)EDTA", TSH] (13)
[H*]
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Also, from equation 6;

[Fe(IIT)EDTA", TSH] = k;[Fe(III)EDTA"][TSH] (14)

Substituting equation 14 into equation 13;

Rate = Kl.k,[Fe(IIEDTA][TSH] + k, k;[Fe(III)EDTA’][TSH] (15)
[H*]

Rate = (Kik.k,[H*]™ + k,k;)[Fe(IIT)EDTA][TSH] (16)

Rate = k[Fe(II)EDTA"][TSH] (17)

which conforms to the experimental rate law, k = Kk.k,,[H*]™* + k, k4

CONCLUSION

The kinetics of the electron transfer reaction of [Fe(II[)EDTA]" complex with
thioglycolic acid was studied and established in buffer solution (pH = 7.5) at constant
ionic strength (0.2 mol dm?3) using KNO;. The mole ratio of oxidant: reductant is 1:1. The
reaction was first order with respect to [Fe(III)EDTA"] and [TSH]. The reaction rate was
faster at the pH 7.5 where deprotonation of the thioglycolic acid took place. The reaction
was sensitive to change in ionic strength of the reaction medium, indicating the presence
of like-charged reactant species in the activated complex. The zero intercept obtained
from the Michaelis-Menten plot indicates lack of stable intermediate. Pieces of evidences
from this study showed that the reaction occurred via outer-sphere mechanism and a
plausible mechanistic pathway which explained the experimental data was proposed.
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