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Abstract

The kinetics of the redox reactions of 2,6-dichlorophenol indophenol (DCPIP) by metabisulphite
ions (S20s%), sulphite ions (SO3?), hydrazine (N2H.) and hydrogen peroxide (H202) at 28 + 1 °C
was studied at Amax Of 600 nm in aqueous medium under pseudo-first order conditions at | = 0.2
mol dm (NaCl). The stoichiometry of 1:1 was obtained for all the reactions except DCPIP - S,05>
which was 2:1. The reactions were first order in [S205%7], [N2Ha4], [H202] and zero order with
respect to [SOs?]. The reactions conform to the following rate equations:

d[DCPIP]= k2 [DCPIP] [S205%]

dt
where ko= 16.24 + 0.03 dm® mol ™t s?

d[DCPIP]= kay[DCPIP]
dt
where k1= 1.79 £ 0.02 dm® mol? st

d[DCPIP]= k2 [DCPIP] [N2Hd]
dt
where ko= 0.13 + 0.02 dm® molt s

d[DCPIP]= k2[DCPIP] [H202]

whdetre k2=3.01+0.02 dm* mol? s™. The rates of reactions displayed negative salt effect for DCPIP
- $,05% reaction, positive salt effect for DCPIP - N2Ha reaction and zero salt effect for DCPIP -
SO3? and DCPIP - H,0: reactions. Added cations catalysed the reaction of DCPIP - S,0s% but had
no significant effect in the reactions of DCPIP - SOs*, DCPIP - N2H4 and DCPIP - H20,. While

added anions had negligible effect for all the reactions except DCPIP - N2H4 reaction. There was

no evidence of formation of intermediate complex of significant stability for any of the reactions.

XVi



Free radicals were not detected in all the reactions. Based on the results obtained in these studies,
outer-sphere mechanism was proposed for the reactions of DCPIP with S;0s%", SOs%*, H202 and

inner-sphere mechanism for the reaction of DCPIP with N2Ha.
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CHAPTER ONE

1.0 INTRODUCTION

Inorganic chemistry is the chemistry of all elements in the periodic table and the compounds
they form based on the concept of structure, bonding and reactivity (Cox, 2004). Areas of research
in inorganic chemistry includes organometallic chemistry, synthetic inorganic chemistry, cluster
chemistry, bioinorganic chemistry, industrial chemistry, Kinetic and mechanistic inorganic

chemistry (Miessler and Tarr, 2003).

In the last few decades, studies of electron transfer reaction in inorganic chemistry have
developed tremendously both theoretically and experimentally as witnessed by large number of
research articles (Gennady et al., 2013). In chemical system, mechanism of electron transfer gives
kinetic explanation of elementary steps by which the overall chemical reaction change occurs
(Espenson, 2002). The mechanisms of such reactions have been generally grouped as either the
inner-sphere mechanism; that involve formation of bridging ligand between the reacting species
centre prior to electron transfer or the outer-sphere mechanism; that involve direct transfer of
electron between reacting species without change in the coordination sphere of the species

(Jagannadham, 2012).

2,6-Dichlorophenol indophenol (DCPIP) with a molecular formular of Ci12H7CI2NO: is a
quinone imine dye that can be synthesized as a dark green powder, stable, odourless and freely
soluble in water (Cabello et al., 2009). Several kinetic process for its oxidation have been used for
the determination of chemical reductants in food, as biological sample for making microscopic
object more clearly visible than they would be when unstained and in pharmaceutical industries
because of it chemical stability, systemic deliverability and membrane permeability (Cabello et al.,

2009).



Metabisulphite ion (S20s%) is an inorganic compound with a wide range of application. It
IS a good reducing agent used as antioxidant, antimicrobial agent in variety of foods and drugs,
antichloride and as sulphonating agent (Quanxi et al., 2015; Ivana et al., 2011), it is also used in
wine and beer making to inhibit the growth of wild yeasts, bacteria and fungi (Miline, 2005).

Sulphite ion (SOs%) is an inorganic compound that has a powerful reducing ability. Its
sulphur atom is double-bonded to one oxygen atom and single-bonded to two other oxygen atoms
that carries a formal charge of -1, together accounting for the -2 charge on the ion. It has a resonance
equivalent structure due to the resonance hybrid involving pr-pn S-O bonding (Catherine and Alan,
2008). It is used in pharmaceutical industries, paper industries, textile industries, as oxygen
scavenger in water treatment and also as preservative additive in food (Hassan and Neil, 2012).

Hydrogen peroxide can act both as oxidising and reducing agent. But, it is only in the
presence of strong oxidising agents it act as reducing agent. It is the simplest peroxide that contain
0O-0 single bond (Goor et al., 2007). It is used as a bleaching agent, disinfectant, catalyst, in paper
and pulp industries and water pollution control as well as biological and medicinal applications
(Onu et al., 2015; Hill, 2001).

Hydrazine, a good reducing agent, is a colourless liquid at room temperature. The compound
and it derivatives have been used in agriculture as pesticide, deoxygenation of boiler water,
chemical industries, pharmaceutical drugs, polymerization catalyst, fuel rocket, explosive and as

mono propellants in gas turbine generators (Jean-Pierre and Paul, 2002).


https://en.wikipedia.org/wiki/Inorganic_compound

1.1  Statement of the Research Problem

Dyes are coloured and ionizing compounds which have affinity toward the substrate to
which it is being applied (Booth, 2000). DCPIP is used for the determination of ascorbic acid in
food, as biological stain for the study of bacteria and related microorganism and in pharmaceutical
industry (Cabello et al., 2009). It also serves as good medium for disruption of cell proliferation,
tissue angiogenesis and inflammation by directly or indirectly targeting specific cellular factors
when delivered enclosed in specific nanoparticles (Fadee et al., 2010). Despite these uses, the direct
assessment of the redox activities of the dye with respect to the medium involved in control of
cancer cells and proliferation is lacking (Wondrak, 2009; Fry et al., 2005; Kumar and Acharya,
1999). Available literature collaborates the fact that not much have been done on the kinetics and
mechanism of its redox reaction.

1.2 Justification

The kinetic data that would be generated from these studies will complement much needed
kinetic information for quantitative comparison of various electron transfer reactions involving the
dye, its uses as well as its handling. Furthermore, the Kinetic data generated and the proposed
mechanisms would contribute to conceptual development of mechanism of redox reactions of the
dye.

1.3 Aim and Objectives
The research is aimed at studying the kinetics of the redox reactions of 2,6-dichlorophenol
indophenol with S,05%", SO3%, H,02 and N2H4 in aqueous medium and propose mechanisms for

these reactions.

The objectives of the study are to:
i. determine the stoichiometry and order of the redox reactions,

ii. establish the rate law,



iii. investigate the effect of changes in ionic strength, added ions and dielectric constant on
the reaction rates,

iv. test for intermediate complex formation, free radicals and

v. analyse the reaction products.



CHAPTER TWO

20 LITERATURE REVIEW

2.1  Reactions of 2,6-Dichlorophenol Indophenol

Cl

HO )

Z

cl N
Structure of 2,6-dichlorophenol indophenol

The compound is a two-electron acceptor oxidant although in some cases like reactions
catalysed by different oxidoreductases it takes part as a one-electron transfer oxidant (Christian et
al., 2005). Kinetic studies of DCPIP with reduced nicotinamide adenine dinucleotide phosphate
(NADPH) has been reported (Dupuy et al., 1990), The reduced form of the dye is unstable and
can transfer the accepted electron to any suitable electron acceptor, making the species to act as
chemical catalyst in electron transfer reaction.

Similarly, kinetic studies of the dye with dithionate (Konidari and Karayannis,1988) and
titanium dioxide aqueous suspension (Brezova et al.,1991) have been reported. Both reactions
were first order with respect to DCPIP, dithionate and titanium dioxide.

Tiwari and Mishra (1991) investigated the electron transfer reaction of DCPIP with 2-
mercaptobenzothiazole (MBT) in the presence of hydroxyl ion in acetone — water medium (60%,
v/v), two moles of MBT was oxidized by one mole of DCPIP, the reaction was half order to
[DCPIP] and second order with respect to [MBT], increase in ionic strength of the medium did not

influence the rate but the rate increased with increase in dielectric constant of the medium.



2.2 Reactions of Metabisulphite lons

Reactions of metabisulphite with crystal violet (Abdulsalam, 2015), methylene blue
(Babatunde et al., 2013) and rosaniline (Onu and lyun, 2001) in aqueous acidic medium have been
studied. Results from the spectrophotometric titration gave stoichiometry of 1:1 for the reactions of
metabisulphite with rosaniline and crystal violet and 1:3 for the reaction of metabisulphite with
methylene blue. Both reactions were first order with respect to both reactants and rate of reaction
enhanced with increase in hydrogen ion concentration. Increase in ionic concentration of the reaction
medium decrease the rate of reaction for all the reactions (negative salt effect). Results from
spectroscopic investigation and Michaelis-Menten plot showed no evidence of formation of
intermediate complex of significant stability for all the reactions and outersphere mechanism was
proposed for the reactions.

Abbas and Nabeel (2010) investigated the reduction of potassium hexacyaoferrate(lll) by
sodium metabisulphite as a function of pH and temperature. The pH was varied between the range
2.6 — 4.7 using citric acid buffer and at temperatures between 15 — 30 °C. The reaction follow two
paths; acid dependent and an inverse acid dependent.

Also, in the oxidation of metabisulphite by malachite green (MG™), Imam (2016) reported that
the reaction was first order with respect to both reactants. Stoichiometry of the reaction showed one
mole of metabisulphite ion consumed one mole of malachite green. Increase in ionic strength of the
reaction medium increased the rate of the reaction (positive salt effect) while increase in hydrogen
ion concentration decreased the rate of the reaction. Michaelis-Menten plot showed no evidence of
formation of complex intermediate. Outersphere mechanism was proposed as the possible reaction

pathway.



2.3 Reactions of Sulphite lons

Sulphite inhibit oxidation in beer during storage by acting as antioxidant and it react with
carbonyl compound formed in beer to mask stale flavour (Luis, 2016). The stoichiometry and
products of reactions involving sulphite allows a distinction to be made among one and two
equivalent oxidizing agents (Erling and Tor, 2007).

Electron transfer reaction of 3,7-bis(dimethylamine)phenothionium chloride (MB™) with
sulphite showed first order in both reactants (Busari, 2007).

-d[MB*]= k2[MB*][SO35?] 2.1
dt

The stoichiometry of the reaction could not be established because of the slow nature of the reaction.
The rate showed no acid dependence but increase with change in ionic strength. Michaelis-Menten
plot showed no evidence of formation of intermediate, outersphere mechanism was proposed for the
reaction.

Kinetic studies of redox reaction of sulphite with toluidine blue (TB*) (Jonnalagadda and
Gollapalli, 2000) and non-toxic additive polyteraphthalate (PT) inhibitor (Cui et al., 2012) have been
reported. The reactions were found to be second order overall with first order dependence on both
reactants for the reaction with toluidine blue and zero order for the reaction with PT inhibitor. Also,
oxidation of sulphite by hydrogen peroxide in acidic medium has been investigated (Hoffmann and
Edward, 1975). One mole of sulphite ion consumed one mole of hydrogen peroxide, the rate of
reaction was found to be pH dependent.

Olajire and Olajide (2014) studied the kinetics of reduction of methylene blue with sodium
sulphite in aqueous media. The reaction was carried out as a function of variables like
concentration, pH, and temperature on rate of decolourisation. The rate of the reaction increase
linearly with temperature and was found to be [H*] dependent. The reaction was first order in both

[MB*] and [SO3%].



2.4 Reactions of Hydrazine

In the oxidation of hydrazine dihydrochloride by naphthol green B, Myek (2012) reported
that the reaction was first order with respect to both reactants. Increase in ionic strength of the
medium decreased the rate of the reaction while change in hydrogen ion concentration has no effect
on the reaction rate. Outersphere mechanism was proposed as possible reaction pathway because
Michaelis-Menten plot showed no evidence of formation of intermediate complex.

Kinetic studies of hydrazine and tetrachloroaurate(l11) has been investigated (Bartlomiej et
al., 2014). The study shows that the rate of reaction increased with increase in temperature and
change in ionic strength of the reaction medium showed negative salt effect. Mechanism involving
one electron innersphere reaction was suggested.

Similarly, the kinetics of oxidation of hydrazine by chromium(V1) over pH range of 1.9 -
3.0 have been studied (Beck and Durham, 1970). The reaction was found to occur via two pathways
with rate determining step involving the two-electron reduction of chromium(V1) to chromium(IV).

Hydrazine in deoxygenated aqueous solution quantitatively reduces superoxo complex
[(NH3)sCo'"" (u-superoxo) Co''(NHs)s]°* to the corresponding peroxo complex [(NHs)sCo'! (u-
peroxo) Co''(NHz)s]**. The reaction was first order in hydrazine and [(NH3)sCo'" (L-superoxo)
Co'"'(NH3)s]°* and second order overall. Effect of acid shows inverse [H*] dependence on the
reaction rate (Amit and Rupendranah, 2009).

In addition, John et al., (2000) investigated the reduction of nitrobenzene to aniline by
hydrazine with carbon as catalyst. The hydrazine served as a two electron reducing agent. The
carbon served as adsorbent that made it possible for hydrazine to execute a four electron reduction

process in two steps.



2.5 Reactions of Hydrogen Peroxide

Hydrogen peroxide can act as both oxidizing and reducing agent. It is used as bleaching
agent, disinfectant, catalytic agent, for treatment of industrial chemical effluent, as well as
biological and medicinal applications (Onu et al., 2015; Hill, 2001)

Onu et al., (2015) studied the kinetics of the redox reaction of hydrogen peroxide with
aminocaboxylactocobaltate(ll) complex ([COHEDTAOH:]") in aqueous acidic medium. The
reaction followed 2:1 stoichiometry and the order of the reaction was found to be second order
overall at constant hydrogen ion concentration. Michaelis-Menten plot showed no evidence of
formation of intermediate complex. Outersphere mechanism was proposed as the preferred reaction
pathway. Under experimental conditions employed, the rate of the reaction as deduced from the
mechanism was proposed as:

Rate = k [H*] [COHEDTAOH] [H202] 2.2
where k = kiKeg.

Redox reaction for the oxidation of Sb(lll) by hydrogen peroxide in aqueous medium has
been studied (Quentel et al., 2004). The rate was measured as a function of pH, temperature and
ionic strength. The rate was found to be zero order with respect to Sb(lll) and decreased with
decrease in pH of the reaction medium. Similarly, in the oxidation of sulphite by hydrogen peroxide.
One mole of hydrogen peroxide consumed one mole of sulphite ion and the rate of reaction was
found to be pH dependent (Hoffmann and Edward, 1975).

In addition, Banerjee et al., (1997) investigated the oxidation of hydrogen peroxide by
dioxo-bridged manganese(lll, 1VV) complex. The reaction was first order with respect to both
reactants while the rate increased with increase in hydrogen ion concentration. Innersphere was

proposed as plausible mechanism for the reaction.



CHAPTER THREE
3.0 MATERIALS AND METHODS
3.1 Materials

All solutions were prepared with distilled water. Chemicals and reagents used in this work
were analar grade and were used without further purification except otherwise stated. Sodium
chloride was used to maintain a constant ionic strength for all the reaction systems. Sodium
metabisulphite, sodium sulphite, hydrazine and hydrogen peroxide were the reductants used. The
rates of the reactions were monitored using Corning 254 colorimeter.

3.1.1 Preparation of stock 2,6-dichlorophenol indophenol solution.

Analar grade, 2,6-dichlorophenol indophenol was obtained from Alcon laboratories private
limited. Stock solution (1.0 x 10" mol dm®) of the dye was prepared by dissolving 0.0268 g of the
dye with distilled water in a 100 cm?® volumetric flask and made up to the mark with distilled water.
The electronic spectrum of the solution was run using a Jenway 6405 uv/vis spectrophotometer
within a wavelength range of 400-780 nm. From the spectrum, the wavelength of maximum
absorption (Amax) 0f 600 nm was obtained.

3.1.2 Preparation of 0.4 mol dmsodium metabisulphite (Na2S20s) solution

Stock solution (0.4 mol dm™) of sodium metabisulphite was prepared by dissolving
3.8024 g of the salt with distilled water in 50 cm® volumetric flask and made up to the mark with
distilled water.
3.1.3 Preparation of 0.2 mol dm sodium sulphite (Na2SO3) solution

Stock solution (0.2 mol dm3) of sodium sulphite was prepared by dissolving 1.2605 g of
the salt with distilled water in 50 cm® volumetric flask and made up to the mark with distilled

water.
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3.1.4 Preparation of 0.1 mol dm hydrazine hydrate (N2H4.H20) solution

Stock solution of N2H4.H,0 (0.2 mol dm) was prepared by transferring 1.63 cm?® of 60 %
N2H4.H20 solution (density 1.021 g cm™) into a 100 cm? volumetric flask and made up to the mark
with distilled water.
3.1.5 Preparation of 0.1 mol dm hydrogen peroxide (H202) solution

Stock solution of H20, (0.2 mol dm3) was prepared by transferring 2.04 cm? of 30 % H.0;
solution (density 1.11 g cm™) into a 50 cm? volumetric flask and made up to the mark with distilled
water.
3.1.6 Preparation of 2.0 mol dm sodium chloride solution

Stock solution of NaCl was prepared by dissolving 11.70 g of the salt with distilled water
in 100 cm?® volumetric flask and made up to the mark with distilled water.
3.1.7 Preparation of salts solution

Stock solutions of MgCl,, CaCl2, NaNO3z and CH3COONa were all prepared by dissolving
known weight of the respective salt in known volume of distilled water. All salts were analar grade.
3.2 Methods
3.2.1 Stoichiometric studies

The stoichiometries of the reactions was determined by spectrophotometric titration, using
the mole ratio method. The concentration of DCPIP was kept constant at 1.0 x 10 mol dm?3, I =
0.20 mol dm™ for all the systems, Amax = 600 nm, T = 28 + 1 °C for all the systems. [S20s%],
[SO3%], [N2H4] and [H202] were varied in the range (0.25 — 3.5) x 10 mol dm~3. The reactions
were allowed to go to completion and the absorbance was recorded.

The stoichiometry was determined by a plot of absorbance against mole ratio.
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3.2.2 Kinetic measurements
The rates of the reactions were monitored on a Sherwood Colorimeter 254. The rates were
studied by monitoring decrease in absorbance of the dye at Amax of 600 nm. All kinetic
measurements were performed under pseudo first order conditions with the concentration of 2,6-
dichlorophenol indophenol kept constant at 1.0 x 10* mol dm™ and that of the reductants
maintained at least 10 fold in excess over that of the dye. The following experimental conditions
were maintained for the respective systems studied.
- 2,6-dichlorophenol indophenol — metabisulphite system:
[S205*] = (0.5 - 2.25) x 10" mol dm™ (Na2S20s), | = 0.2 mol dm™ (NaCl) and T = 28 + 1°C.,
- 2,6-dichlorophenol indophenol — sulphite system:
[SO3*] = (0.3 - 1.0) x 10”2 mol dm™ (Na2S0Os3), I = 0.2mol dm= (NaCl) and T = 28 + 1°C.
- 2,6-dichlorophenol indophenol — hydrazine system:
[N2H4] = (3.5 - 7.0) x 10 mol dm™ (N2H4.H20), I = 0.2 mol dm= (NaCl) and T = 28 + 1°C
- 2,6-dichlorophenol indophenol — hydrogen peroxide system:
[H202] = (1.0 - 4.5) x 10" mol dm™ (H202), 1 = 0.2 mol dm™ (NaCl) and T = 28 + 1°C
The pseudo first order rate constants for the reactions were obtained from the plots of the
log (At - Ax) versus time, t (where A, and A; are the absorbances at the end of the reaction and at
time, t) and from the slopes of the plots, the pseudo-first order rate constants, k1, were determined.
The second order rate constants (k2) were obtained from the relation:
ko=k1/[R] 3.1
where R= S,05%", SO3%" N2Ha, H202
3.2.3 Effect of ionic strength and dielectric constant of reaction medium on the reaction rate
The effect of ionic strength on the rate of the reaction was investigated over a range of (0.01
- 0.5) mol dm™ using NaCl as the inert electrolyte for all of the reactants, while other reaction

conditions were kept constant. The ionic strength was caculated based on the relationship
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I=>5CiZi? 3.2
where Z; is the charge of an ion (positive for cations and negative for anions) and C; is the
concentration of the ion in solution.

Effect of changes in dielectric constant on the reaction rate was determined at different
dielectric constants in the range 80.1 - 74.46 using water-acetone mixture at constant [DCPIP],
[reductant] and [NaCl]

The dielectric constant for the reaction medium was calculated as:

D = DH20 X VH20 + Dacetone X V Acetone 3.3
VH20 + VAcetone

where Dnzo = dielectric constant of water, Vi2o = volume of water, Dacetone = dielectric constant
of acetone, Vacetone = Volume of acetone.
3.2.4 Effect of added ions on the reaction rate

The effect of added ions on the reaction rate was studied by addition of (10 — 60) x 10 mol
dm of the ions (Mg?*, Ca?*, NOs", CH3COO") while keeping all other parameters constant.
3.2.5 Test for intermediate complex

The spectra of the reaction mixtures were obtained over a wavelength range of 400 — 780
nm. These were carried out to determine whether intermediate complex were formed during the
course of the reactions. Michaelis-Menten plots of 1/ky versus 1/[reductant] were also made.
3.2.6 Free radical test

Acrylamide was added to partially oxidized reaction mixture of each reductant and 2,6-
dichlorophenol indophenol. This was followed by a large excess of methanol. The acrylamide was
also added to a solution of each reductant and 2,6-dichlorophenol indophenol separately. This

served as control, formation of gel indicates the presence of free radical.
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3.2.7 Products analysis

Presence of SO42 ion (reduced product of S;0s> and SOs* ion) was tested by addition of
BaCl, solution to the reaction mixture followed by dilute HCI (Vogel, 1996; Jeffery, 1991).
Presence of H> was tested by holding a lighted splint near the opening of a closed tube of the
reacting mixture. The lighted splint was exposed to the trapped gas in the closed tube (Emil et al.,
2011). Presence of O, was tested when a burning splint was blown out by shaking whilst the ember
at the tip is still glowing hot. The ember tip was exposed to the trapped gas in the closed tube (John

and Phil, 2001).
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CHAPTER FOUR

4.0 RESULTS
4.1 Stoichiometry

Stoichiometric studies showed that one mole of 2,6-dichlorophenol indophenol was consumed
by one mole each of sulphite ion, hydrazine and hydrogen peroxide, while two moles of 2,6-
dichlorophenol indophenol was consumed by one mole of metabisulphite ion. The titration curves
from which the stoichiometries were determined are presented in Figures 4.1 — 4.4,
On the basis of these results, the overall equation for the reactions can be presented as equations

4144

Cl Cl
ZH%KE\I:TO+S()} o E?Iil OH :
p + —> -
AL, 2057 + 3H, ) NJ@( 250 +p,
H
HO | 0 ¥
. HO OH
L+ 50 eno —"00 7™+ sop
N ci N

Cl

|
Cl
HO 0 HO OH
IJ + NH — O+ o+
N 2 2
Cl Cl ”

Cl cl
HO 0 HO OH
/Jij t HO, — @ T 0,
Cl N Cl N
H

15

4.1

4.2

4.3

4.4



0.8 -

0.7 A

0.5 A

Absorbance

0.2 - 2

0.1 -

O T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5

Mole ratio (DCPIP/S,05%)

Figure 4.1: Plot of absorbance versus mole ratio for the redox reaction of 2,6-dichlorophenol
indophenol with metabisulphite ion at [DCPIP] = 1.0 x 10* mol dm-3, 1 =0.20 mol
dm3and T=28+1°C
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Figure 4.2: Plot of absorbance versus mole ratio for the redox reaction of 2,6-dichlorophenol
indophenol with sulphite ion at [DCPIP] = 1.0 x 10* mol dm, 1 = 0.20 mol dm3
and T=28+1°C
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Figure 4.3: Plot of absorbance versus mole ratio for the redox reaction of 2,6-dichlorophenol
indophenol with hydrazine at [DCPIP] = 1.0 x 10* mol dm3, I = 0.20 mol dm3
and T=28+1°C
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Figure 4.4: Plot of absorbance versus mole ratio for the redox reaction of 2,6-dichlorophenol
indophenol with hydrogen peroxide at [DCPIP] = 1.0 x 10* mol dm3, 1 = 0.20
mol dm3and T=28+1°C
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4.2 Determination of Order of the Reactions with Respect to the Reactants

The pseudo-first order plots of log (At- Ax) versus time were linear to about 70% of the
reaction. Linearity of these plots indicates that these reactions are first order with respect to
[DCPIP]. The typical plots are presented in Figures (4.5 - 4.8). The pseudo-first order rate constants,
k1, were calculated from the slopes of these plots and are reported on Tables (4.1 - 4.4). Least square
plots of log ki against log [reductants] gave a slope of 1.00, 1.07, 1.00 and 0.01 respectively for
DCPIP-S;05%", DCPIP-N2H4, DCPIP-H202 and DCPIP- SO3? reactions (Figures 4.9 - 4.11). These
indicate first order dependence with respect to [S20s%], [N2Ha], [H202] and 0.01 indicates zero
order with respect to [SOs?]. The second order rate constant k,, determined as ko= ki/[reductant]
for S20s%, N2H4 and H20;, and first order determined as ki= Kobs/[reductant]® for SOs> were fairly
constant (Tables 4.1 - 4.4). On the basis of the above observations, the rate laws for these reactions
can therefore be written as:

-d[DCPIP] = k2 [DCPIP][S2057] 45
dt

where ko = 16.24 + 0.03 dm® mol* s
-d[DCPIP] = k> [DCPIP] [N2H4] 4.6
dt

where ko= 0.13 + 0.02 dm® mol? st

-d[DCPIP] = k, [DCPIP] [H202] 4.7
dt

where ko =3.01 £ 0.02 dm® molts?

-d[DCPIP] = k; [DCPIP] 4.8
dt

where k1= 1.79 £ 0.02 st
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Figure 4.5: Typical pseudo-first order plot for the redox reaction of 2,6-dichlorophenol
indophenol with metabisulphite ions at [DCPIP] = 1.0 x 10* mol dm3, [S205%] =
1.0 x 10 mol dm3, 1=0.20 mol dm3and T=28+1°C
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Figure 4.6: Typical pseudo-first order plot for the redox reaction of 2,6-dichlorophenol
indophenol with hydrazine at [DCPIP] = 1.0 x 10 mol dm, [N2H4] = 4.0 x 102
mol dm3, 1 =0.20 mol dm3and T=28+1°C
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Figure 4.7: Typical pseudo-first order plot for the redox reaction of 2,6-dichlorophenol
indophenol with hydrogen peroxide at [DCPIP] = 1.0 x 10 mol dm3, [H202] =
2.0 x 103 mol dm3, 1 =0.20 mol dm=3and T=28+1°C
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Figure 4.8: Typical pseudo-first order plot for the redox reaction of 2,6-dichlorophenol
indophenol with sulphite ions at [DCPIP] = 1.0 x 10 mol dm3, [SO3*] = 3.0 x 107?
mol dm3, 1 =0.20 moldm3and T=28+1°C
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Table 4.1: Pseudo-first order and second order rate constants for the redox reaction of 2,6-
dichlorophenol indophenol with metabisulphite ions in aqueous medium at
[DCPIP] = 1.0 x 10 mol dm™3, T= 28 + 1°C and Amax= 600 nm

10%[S20527, , 10%, ke,
mol dm® mol dm3 st dm3mol?s?
0.50 0.20 0.81 16.21
0.75 0.20 1.22 16.27
1.00 0.20 1.62 16.21
1.25 0.20 2.03 16.25
1.50 0.20 2.43 16.21
1.75 0.20 2.84 16.24
2.00 0.20 3.24 16.22
2.25 0.20 3.64 16.21
1.00 0.05 2.06 20.65
1.00 0.08 1.94 19.43
1.00 0.10 1.85 18.49
1.00 0.15 1.70 17.02
1.00 0.20 1.62 16.24
1.00 0.25 1.56 15.58
1.00 0.30 1.48 14.73
1.00 0.40 1.36 13.57
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Table 4.2: Pseudo-first order and second order rate constants for the redox reaction of 2,6-
dichlorophenol indophenol with hydrazine in aqueous medium at [DCPIP] = 1.0 x
104 mol dm3, T=28 + 1°C and Amax= 600 nm

102[N2Ha], l 10k, K,

mol dm™ mol dm™ st dm®mols?
3.50 0.20 0.45 0.13
4.00 0.20 0.54 0.14
4.50 0.20 0.59 0.13
5.00 0.20 0.64 0.13
5.50 0.20 0.71 0.13
6.00 0.20 0.76 0.13
6.50 0.20 0.87 0.13
7.00 0.20 0.96 0.14
4.00 0.01 0.27 0.06
4.00 0.05 0.35 0.09
4.00 0.10 0.43 0.11
4.00 0.20 0.54 0.14
4.00 0.30 0.65 0.16
4.00 0.40 0.74 0.19
4.00 0.50 0.90 0.22
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Table 4.3: Pseudo-first order and second order rate constants for the redox reaction of 2,6-
dichlorophenol indophenol with hydrogen peroxide in aqueous medium at
[DCPIP] = 1.0 x 10** mol dm3, T=28 + 1°C and Amax= 600 nm

10°[H202], I, 10%ks, ka,

mol dm3 mol dm3 st dm®mol?s?
1.00 0.20 3.03 3.03
1.50 0.20 4.54 3.02
2.00 0.20 6.03 3.01
2.50 0.20 7.53 3.01
3.00 0.20 9.07 3.02
3.50 0.20 10.06 3.01
4.00 0.20 12.09 3.02
4,50 0.20 13.55 3.01
2.00 0.01 6.03 3.01
2.00 0.05 6.04 3.02
2.00 0.10 6.03 3.01
2.00 0.20 6.03 3.01
2.00 0.30 6.05 3.03
2.00 0.40 6.03 3.01
2.00 0.50 6.03 3.03
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Table 4.4: Pseudo-first order and first order rate constants for the redox reaction of 2,6-
dichlorophenol indophenol with sulphite ions in aqueous medium at [DCPIP] =
1.0 x 10* mol dm™3, T=28 + 1°C and Amax= 600 nm

10°[SO5%], l, 10%Kobs, ki,
mol dm® mol dm3 st st
3.00 0.20 1.78 1.78
4.00 0.20 1.79 1.79
5.00 0.20 1.78 1.78
6.00 0.20 1.79 1.79
7.00 0.20 1.79 1.79
8.00 0.20 1.78 1.78
9.00 0.20 1.78 1.78
10.00 0.20 1.78 1.78
3.00 0.05 1.79 1.79
3.00 0.10 1.79 1.79
3.00 0.15 1.78 1.78
3.00 0.20 1.79 1.79
3.00 0.30 1.79 1.79
3.00 0.40 1.78 1.78
3.00 0.50 1.78 1.78
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Figure 4.9: Plot of log k1 versus log [S20s%] for the 2,6-dichlorophenol indophenol reduction
by metabisulphite ions in aqueous medium at [DCPIP] = 1.0 x 10** mol dm?,
[S205%] = 1.0 x 10 mol dm™ T= 28 + 1°C and Amax= 600 nm
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Figure 4.10: Plot of log ki versus log [N2H4] for the 2,6-dichlorophenol indophenol reduction
by hydrazine in aqueous medium at [DCPIP] = 1.0 x 10* mol dm, [N2H4] =
4.0 x 102 moldm™ T= 28 + 1°C and Amax= 600 nm
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Figure 4.11: Plot of log ki versus log [H202] for the 2,6-dichlorophenol indophenol reduction
by hydrogen peroxide in agqueous medium at [DCPIP] = 1.0 x 10* mol dm,
[H202] = 2.0 x 10 moldm™ T= 28 + 1°C and Amax= 600 nm
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4.3 The Effect of lonic Strength of the Reaction Medium on the Reaction Rate

The rate of reaction decreased with increase in ionic strength of the reaction medium for
DCPIP-metabisulphite system, suggesting negative Brgnsted-Debye salt effect. While the converse
was the case for the DCPIP-hydrazine system, suggesting positive Brgnsted-Debye salt effect.
Increase in ionic strength has no effect on the reaction rate for the reactions with sulphite and
hydrogen peroxide. The results are presented in Tables (4.1 — 4.4). The dependence of the rate
constant on ionic strength of the reaction medium involving two reactant with charges Za and Zg
(Bransted, 1922) are related by the equation 4.9
log k = log ko + 28 ZaZg\1 4.9
where k = the rate constant of the reactions, ko = hypothetical rate constant in medium of infinite
dielectric constant, | = ionic strength, p = constant (= 0.509 at 25°C)

If at 25°C, B = 0.50, then at this temperature, equation (4.9) becomes
log k = log ko + 1.02 ZaZgVI 4.10

The plot of log k versus VI should therefore be linear with slope equal to the products of the
charges of the reacting partners ZaZgs and intercept equal to log ko (Breansted, 1922). If Za and Zs
have the same sign, ZaZg is positive, and the rate constant increases with the ionic strength, while
if Zaand Zg have different charge, ZaZg is negative, and the rate constant decreases with the ionic
strength. But, if one of the reactant is uncharged, ZaZg is zero and the rate constant is independent
of the ionic strength (Moore, 1999). The plots of log k2 against VI are presented in Figures (4.13 —

4.14).
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Figure 4.12: Plot of log k2 versus VI for the reduction of 2,6-dichlorophenol indophenol by

metabisulphite ions in aqueous medium at [DCPIP] = 1.0 x 10"* mol dm3,
[S205%] = 1.0 x 10" mol dm™ T= 28 £+ 1°C and Amax= 600 nm
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Figure 4.13: Plot of log k2 versus VI for the reduction of 2,6-dichlorophenol indophenol by

hydrazine in aqueous medium at [DCPIP] = 1.0 x 10* mol dm3, [N2H4] = 4.0 x
102 mol dm™ T= 28 £ 1°C and Amax= 600 nm
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4.4 The Effect of the Changes in Dielectric Constant of the Reaction Medium on Reaction

Rate

The dielectric constant of the medium was varied by addition of acetone to the reaction
mixture. The corresponding effect of this on the rate of reaction was studied. The results for
change in dielectric constant are presented in Tables (4.5 - 4.8). The rate of the reaction decreased
on addition of acetone for the DCPIP-S,05% and DCPIP-NzH, systems and has no effect on the
rate of reaction for the DCPIP-SO3? and DCPIP-H,0> systems. The plots of dielectric constant
dependent rate constants against 1/D for the DCPIP - S;0s> and DCPIP-N;H4 systems are

presented in Figures (4.15 and 4.16).

4.5 The Effect of Added lons on the Reaction Rate

Increase in concentration of added anions (NO3z™ and CH3COOQ") decreased the rate of
reaction for all the systems studied except for the DCPIP - N2H4 system. The anion dependent rate
constants are presented in Tables (4.9 - 4.12). Various plots of anion dependent rate constants
against anion concentrations are presented in Figures (4.17 - 4.22).

It was observed that the rate of reaction decreased with increase in concentration of the
added cations for DCPIP - S;0s* reaction. For the DCPIP - SO3%, DCPIP - N2H4 and DCPIP -
H20, systems, cation concentration exhibited no effect in the rate of reaction. The result are
presented in Tables (4.9 - 4.12). Plots of cation dependent rate constants against cation

concentrations for DCPIP - S;0s% are presented in Figures (4.23 and 4.24).
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Table 4.5: Pseudo-first order and second order rate constants for the effect of change in
dielectric constant of the medium on the redox reaction of 2,6-dichlorophenol
indophenol with metasulphite ions at [DCPIP] = 1.0 x 10* mol dm2, [S205%]= 1.0 x
10 mol dm, 1=0.2 mol dm? and T=28 £+ 1°C

D 102 1/D ki, ka2,
st dm®mol?s?

80.10 1.24 16.24 16.24
79.72 1.25 2.24 2.24

79.34 1.26 2.12 2.12

78.58 1.27 1.45 1.45

77.44 1.29 0.61 0.61

76.30 1.31 0.30 0.30
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Table 4.6: Pseudo-first order and second order rate constants for the effect of change in
dielectric constant of the medium on the redox reaction of 2,6-dichlorophenol
indophenol with sulphite ions at [DCPIP] = 1.0 x 10* mol dm3, [SO3*]= 3.0 x 10~
mol dm3, 1= 0.2 mol dm and T=28 + 1°C

D 102 1/D Ky k>
st dm®mol?s?

80.10 1.24 1.78 1.78
79.16 1.26 1.79 1.79
78.22 1.27 1.78 1.78
77.28 1.29 1.78 1.78
76.34 1.30 1.78 1.78
75.40 1.32 1.79 1.79
74.46 1.34 1.79 1.79
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Table 4.7: Pseudo-first order and second order rate constants for the effect of change in
dielectric constant of the medium on the redox reaction of 2,6-dichlorophenol
indophenol with hydrazine at [DCPIP] = 1.0 x 10 mol dm3, [N2H4]= 4.0 x 102
mol dm3, 1= 0.2 mol dm= and T=28 £ 1°C

D 10%1/D Ki, ko,
st dm®mol?s?
80.10 1.24 5.45 13.60
79.72 1.25 1.33 3.33
78.58 1.27 1.01 2.53
77.44 1.29 0.78 1.95
76.30 1.31 0.38 0.96
75.40 1.32 0.29 0.74
74.46 1.34 0.23 0.58
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Table 4.8: Pseudo-first order and second order rate constants for the effect of change in
dielectric constant of the medium on the redox reaction of 2,6-dichlorophenol
indophenol with hydrogen peroxide at [DCPIP] = 1.0 x 10* mol dm2, [H202]=
2.0 x 10* mol dm3, 1= 0.2 mol dm= and T=28 £ 1°C

D 1071/D ke, ke,
st dm®molts?

80.10 1.24 6.03 3.01
79.72 1.25 6.03 3.01
78.58 1.27 6.03 3.01
77.44 1.29 6.03 3.01
76.30 1.31 6.05 3.03
75.40 1.32 6.03 3.01
74.46 1.34 6.04 3.02
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Figure 4.14: Plot of k2 versus 1/D for the reduction of 2,6-dichlorophenol indophenol by
metabisulphite ions in agueous medium at [DCPIP] = 1.0 x 10* mol dm3, [S205%]
= 1.0 x 10" mol dm T=28 £+ 1°C and Amax= 600 nm
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Figure 4.15: Plot of k2 versus 1/D for the reduction of 2,6-dichlorophenol indophenol by
hydrazine in agueous medium at [DCPIP] = 1.0 x 10* mol dm, [N2H4] = 4.0 x
102 mol dm™ T= 28 + 1°C and Amax= 600 nm
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Table 4.9: Pseudo-first order and second order rate constants for the effect of added anions on
the redox reaction of 2,6-dichlorophenol indophenol with metabisulphite ions at
[DCPIP] = 1.0 x 10* mol dm3, [S205?]= 1.0 x 103 mol dm3, 1= 0.2 mol dm and T=

28+ 1°C

X 10°[X], ki, ko,
mol dm st dm®mol?s?

NOs’ 0 16.21 16.21
10 5.77 5.77
20 5.48 5.48
30 5.16 5.16
40 4.96 4.96
50 4.58 4.58
60 4,51 4,51

CH3COO 0 16.21 16.21
10 7.09 7.09
20 6.25 6.25
30 5.54 5.54
40 5.43 5.43
50 5.11 5.11
60 4.81 4.81
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Table 4.10: Pseudo-first order and second order rate constants for the effect of added anions
on the redox reaction of 2,6-dichlorophenol indophenol with sulphite ions at
[DCPIP] = 1.0 x 10* mol dm3, [SO3?]= 3.0 x 10 mol dm3, 1= 0.2 mol dm and

T=28+1°C

X 10%[X], Ki, ko,
mol dm® st dm®molts?

NOs’ 0 1.78 1.78
10 1.86 1.86
20 1.92 1.92
30 1.96 1.96
40 1.98 1.98
50 2.02 2.02
60 2.08 2.08

CH3COO 0 1.78 1.78
10 1.83 1.83
20 1.89 1.89
30 1.92 1.92
40 1.97 1.97
50 2.05 2.05
60 2.11 2.11
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Table 4.11: Pseudo-first order and second order rate constants for the effect of added anions
on the redox reaction of 2,6-dichlorophenol indophenol with hydrazine at
[DCPIP] = 1.0 x 10* mol dm, [N2H4]= 4.0 x 102 mol dm3, 1= 0.2 mol dm= and

T=28+1°C
X 103[X], 10%ks, ka,
mol dm™ st dm®mols?

NOs’ 0 0.54 0.14
10 0.54 0.13

20 0.53 0.13

30 0.54 0.13

40 0.54 0.13

50 0.54 0.14

60 0.54 0.14

CH3COO 0 0.54 0.14
10 0.54 0.13

20 0.54 0.13

30 0.53 0.13

40 0.54 0.13

50 0.54 0.14

60 0.55 0.14
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Table 4.12: Pseudo-first order and second order rate constants for the effect of added anions
on the redox reaction of 2,6-dichlorophenol indophenol with hydrogen peroxide
at [DCPIP] = 1.0 x 10 mol dm3, [H202]= 2.0 x 10 mol dm3, 1= 0.2 mol dm3
and T=28+1°C

X 10°[X], 10%, ke,
mol dm® st dm®molts?

NOs 0 6.03 3.01
10 6.31 3.16

20 6.95 3.48

30 7.21 3.60

40 8.03 4.01

50 8.42 4.21

60 8.87 4.44

CH3COO 0 6.03 3.01
10 6.63 3.32

20 6.94 3.48

30 7.37 3.68

40 8.16 4.08

50 8.35 4.17

60 9.0 4.50
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Figure 4.16: Plot of k2 versus [NOs'] for the reduction of 2,6-dichlorophenol indophenol by
metabisulphite ions in aqueous medium at [DCPIP] = 1.0 x 10* mol dm3,
[S205%] = 1.0 x 10 mol dm™ T=28 £ 1°C and Amax= 600 nm
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Figure 4.17: Plot of kz versus [CH3COO-] for the reduction of 2,6-dichlorophenol indophenol
by metabisulphite ions in aqueous medium at [DCPIP] = 1.0 x 10 mol dm3,
[S205%] = 1.0 x 103 mol dm™ T= 28 £+ 1°C and Amax= 600 nm
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Plot of k2 versus [CH3COO-] for the reduction of 2,6-dichlorophenol indophenol
by sulphite ions in aqueous medium at [DCPIP] = 1.0 x 10 mol dm??, [SO3*] =
3.0 x 10?2 mol dm= T= 28 £ 1°C and Amax= 600 nm
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Figure 4.20: Plot of k2 versus [NOzs] for the reduction of 2,6-dichlorophenol indophenol by
hydrogen peroxide in aqueous medium at [DCPIP] = 1.0 x 10 mol dm-3, [H202]
= 2.0 x 10" mol dm T=28 £+ 1°C and Amax= 600 nm
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Figure 4.21: Plot of k2 versus [CH3COO-] for the reduction of 2,6-dichlorophenol indophenol
by hydrogen peroxide in aqueous medium at [DCPIP] = 1.0 x 10* mol dm?,
[H202] = 2.0 x 10 mol dm T= 28 + 1°C and Amax= 600 nm
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Table 4.13: Pseudo-first order and second order rate constants for the effect of added cations
on the redox reaction of 2,6-dichlorophenol indophenol with metabisulphite ions
at [DCPIP] = 1.0 x 10 mol dm3, [S205%]= 1.0 x 10 mol dm™, 1= 0.2 mol dm3
and T=28+1°C

X 10%[X], k1, ka,
mol dm st dm®molls?

Mg?* 0 16.21 16.21
10 6.73 6.73
20 6.33 6.33
30 6.04 6.04
40 5.92 5.92
50 5.64 5.64
60 5.26 5.26

Ca** 0 16.21 16.21
10 4.42 4.42
20 3.87 3.87
30 3.77 3.77
40 3.54 3.54
50 3.38 3.38
60 3.17 3.17
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Table 4.14: Pseudo-first order and second order rate constants for the effect of added cations
on the redox reaction of 2,6-dichlorophenol indophenol with sulphite ions at
[DCPIP] = 1.0 x 10* mol dm3, [SOs*]= 3.0 x 102 mol dm3, 1= 0.2 mol dm= and

T=28+1°C

X 10%[X], ki, ka,
mol dm st dm®molts?t

Mg?* 0 1.78 1.78
10 1.79 1.79
20 1.79 1.79
30 1.79 1.79
40 1.78 1.78
50 1.78 1.78
60 1.78 1.78

Ca** 0 1.78 1.78
10 1.78 1.78
20 1.79 1.79
30 1.79 1.79
40 1.78 1.78
50 1.78 1.78
60 1.78 1.78
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Table 4.15: Pseudo-first order and second order rate constants for the effect of added cations
on the redox reaction of 2,6-dichlorophenol indophenol with hydrazine at
[DCPIP] = 1.0 x 10* mol dm, [N2H4]= 4.0 x 102 mol dm3, 1= 0.2 mol dm= and

T=28+1°C
X 103[X], 10%ks, ka,
mol dm st dm®mol?s?

Mg?* 0 0.54 0.13
10 0.55 0.14
20 0.54 0.13
30 0.55 0.14
40 0.54 0.13
50 0.54 0.13
60 0.54 0.13

Ca?" 0 0.54 0.13
10 0.54 0.13
20 0.54 0.13
30 0.54 0.13
40 0.53 0.14
50 0.53 0.13
60 0.54 0.13
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Table 4.16: Pseudo-first order and second order rate constants for the effect of added cations
on the redox reaction of 2,6-dichlorophenol indophenol with hydrogen peroxide
at [DCPIP] = 1.0 x 10 mol dm3, [H202]= 2.0 x 10 mol dm3, 1= 0.2 mol dm3
and T=28+1°C

X 10°[X], 10%, ke,
mol dm3 st dm®molts?

Mg?* 0 6.03 3.01
10 6.04 3.02

20 6.05 3.03

30 6.03 3.01

40 6.03 3.01

50 6.03 3.01

60 6.03 3.01

Ca?" 0 6.03 3.01
10 6.03 3.01

20 6.05 3.03

30 6.03 3.01

40 6.03 3.01

50 6.03 3.01

60 6.03 3.01
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Figure 4.22: Plot of k2 versus [Mg?*] for the reduction of 2,6-dichlorophenol indophenol by
metabisulphite ions in agueous medium at [DCPIP] = 1.0 x 10 mol dm-3, [S205%]
=1.0 x 103 mol dm™ T= 28 + 1°C and Amax= 600 nm
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Figure 4.23: Plot of k2 versus [Ca?*] for the reduction of 2,6-dichlorophenol indophenol by
metabisulphite ions in agueous medium at [DCPIP] = 1.0 x 10* mol dm3, [S205%]
=1.0 x 103 mol dm™ T= 28 + 1°C and Amax= 600 nm
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4.6 Test for Intermediate Complex
4.6.1 Michaelis-Menten plot
The Michaelis-Menten’s plots of 1/k; versus 1/[reductant] for DCPIP - S,0s% and DCPIP —

H202 systems were linear with zero intercept while for the DCPIP — N2H4 system, the plot gave
intercept (Figures 4.24 — 4.26).
4.6.2 Test for free radicals

Acrylamide was added to the partially oxidized reaction mixtures for the DCPIP — S;0s%,
DCPIP — SOs* , DCPIP — N2Hs and DCPIP — H,0; to initiate free radical polymerization, then
followed by addition of excess methanol. For all the systems investigated, there was no formation
of gelatinous precipitate which would have indicated the presence of free radical in the reaction

mixtures.

4.6.3 Spectrophotometric test

Spectrophotometric test was carried out to detect the presence of any intermediate complex
of significant stability in the reactions. These tests were performed by comparing the electronic
spectra of the reaction mixtures taken after two minutes of the commencement of the reactions,
with that of 2,6-dichlorophenol indophenol solution within the wavelength range of 400 -700 nm
to check for any appearance of new peak or shift in the Amax Of 600 nm characteristic of 2,6-
dichlorophenol indophenol. No new peak or shift in the Amax Was observed. The spectra are shown

in Figures (4.27 - 4.30).
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Figure 4.24: Michaelis-Menten plot of 1/ki versus 1/[S:0s*] for the reduction of 2,6-
dichlorophenol indophenol by metabisulphite ions in aqueous medium at
[DCPIP] = 1.0 x 10* mol dm, [S205%] = 1.0 x 10 mol dm= T= 28 + 1°C and
Amax= 600 Nnm
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Figure 4.25: Michaelis-Menten plot of 1/ki versus 1/[N2H4] for the reduction of 2,6-
dichlorophenol indophenol by hydrazine in agueous medium at [DCPIP] = 1.0 x

10 mol dm3, [N2H4] = 4.0 x 102 mol dm T= 28 + 1°C and Amax= 600 nm
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Figure 4.26: Michaelis-Menten plot of 1/ki versus 1/[H202] for the reduction of 2,6-

dichlorophenol indophenol by hydrogen peroxide in aqueous medium at
[DCPIP] =1.0 x 10* mol dm3, [H202] = 2.0 x 10> mol dm™ T=28 + 1°C and Amax=
600 nm
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Figure 4.27: Spectrum of 2,6-dichlorophenol indophenol and that of the partial oxidized reaction
of 2,6- dichlorophenol indophenol [DCPIP] with metabisulphite ions at [DCPIP] =
1.0 x 10 mol dm3, [S205%] = 1.0 x 10 mol dm T= 28 £+ 1°C and Amax= 600 Nm
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Figure 4.28: Spectrum of 2,6-dichlorophenol indophenol and that of the partial oxidized reaction
of 2,6- dichlorophenol indophenol [DCPIP] with sulphite ion at [DCPIP] =
1.0 x 10* mol dm3, [SO3%] = 3.0 x 10> mol dm™ T= 28 + 1°C and Amax= 600 nm
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Figure 4.29: Spectrum of 2,6-dichlorophenol indophenol and that of the partial oxidized reaction
of 2,6- dichlorophenol indophenol [DCPIP] with hydrazine at [DCPIP] = 1.0 x 10*
mol dm3, [N2H4] = 4.0 x 102 mol dm™ T= 28 + 1°C and Amax= 600 nm
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Figure 4.30: Spectrum of 2,6-dichlorophenol indophenol and that of the partial oxidized reaction
of 2,6- dichlorophenol indophenol [DCPIP] with hydrogen peroxide at [DCPIP] =
1.0 x 10 mol dm3, [H202] = 2.0 x 10> mol dm= T= 28 + 1°C and Amax= 600 nm
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4.7 Products Analysis
The SO4% ion product of DCPIP-S,0s%" and DCPIP — SOs? reactions was confirmed by the

formation of white precipitate insoluble in excess dilute HCI when BaCl, was added to each

solution.

A distinctive “pop” sound that slightly ignite the flame on a splint held near the opening of
the reaction mixture confirmed the presence of H2 for DCPIP — N2H4 reaction. For DCPIP — H20:
reaction, Oz was confirmed when a glowing hot splint held near the opening of the reaction mixture

re-ignite.
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CHAPTER FIVE
50 DISCUSSIONS
5.1  2,6-Dichlorophenol Indophenol — Metabisulphite System

The stoichiometry study showed a mole ratio of 2:1 for the DCPIP-S,0s> system, as given
by equation (4.1). Similar stoichiometry has been reported for the reaction of DCPIP with D-
amino acid oxidase (Christian et al., 2005). However, stoichiometry of 1:1 has been observed for
the reactions of metabisulphite ions with crystal violet (Abdulsalam, 2015), rosaniline (Onu and

lyun, 2001) and basic fuchsin (Lawal, 1997).

The kinetic study of the reaction showed a first order dependence on both reactants and
second order overall. The observed first order dependence in the reaction of S;0s? is a common
feature of the reactions of S,0s%" (Abdulsalam, 2015; Onu and lyun, 2001; Babatunde et al.,
2013). Similarly, first order dependence in the reaction of DCPIP has been reported (Hamad et

al., 2015; Brezova et al., 1991; Konidari and Karayannis, 1988).

The rate constants of the reaction decreased with increase in ionic strength of the reaction
medium, suggesting a negative Brgnsted-Debye salt effect (Ibrahim, 2016). These results was
supported by the observed decrease in the reaction rate as the dielectric constant of the medium was
decreased. This suggests that the activated complex is formed from ions of opposite charges
(Hamza, 2012). Similar results have been reported for the reactions of metabisulphite ions
(Abdulsalam, 2015; Onu and Iyun, 2001). Addition of acrylamide to the partially oxidized reaction
mixture followed by excess methanol did not lead to formation of gelatinous precipitate, indicating
likely absence of free radicals.

Increasing the concentration of NO3z™ and CH3COO™ decreased the rate of reaction. The
effect of the added anions could be described in terms of columbic forces of repulsion, as the
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activated complex of the reaction is made up of oppositely charged species, introducing negative
charged species would lead to overall repulsion that will lead to decrease in the reaction rate. The
inhibitive effect of these ions is quite useful as it suggests that the reactant species are not joined
by any bridging group in the activated complex (Babatunde and Iyun, 2009). Likewise, increasing
the concentration of Mg?* and Ca?* decreased the rate of reaction, it is also due to the fact that the
activated complex is made up of oppositely charged species, which lead to overall repulsion as
positively charged species were introduced (Abdulsalam, 2015).

The electronic spectrum of the reaction mixture was taken over the range of 400 — 700 nm
after two minutes of initiating the reaction. The spectrum obtained showed no shift from the Amax
of 600 nm for DCPIP. This suggests that there is no detectable intermediate complex formation
prior to the electron transfer, signifying that the reaction occur through outersphere mechanism.

Michaelis-Menten’s plot of 1/k; versus 1/S;0s* gave a straight line with zero intercept
(Figure 4.26). This suggest the absence of the formation of an intermediate complex of significant
stability

S04* was confirmed qualitatively by the observation of white insoluble precipitate (Vogel,
1996) on addition of BaCl» solution followed by dilute HCI to the solution at the end of the reaction
involving stoichiometric amount of the reactants. DCPIP lost its dark blue colour to colourless due
to electron transfer between DCPIP and S,Os? ion that led to disruption of the conjugated double
bond of the quinoid ring, C=0 and C=N on the DCPIP, causing the electron to become localized
and the ring to cease being chromophore (Fessenden and Fessenden, 1990).

At this juncture, the point of interest is whether this reaction occurs via the inner- or outer-
sphere mechanism. Mechanism for the reaction of DCPIP and S;0s* ion can be addressed as
follows:

(a) The rate of the reaction decreased in the presence of both added cations and anions, this is

characteristic of reactions occurring via the outer-sphere mechanism.
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(b) Spectroscopic evidence indicated no shift in Amax Suggesting that there was no inner-sphere
complex formation. This observation suggests the occurrence of the outer-sphere mechanism.
(c) Michaelis — Menten’s plot of 1/k1 versus 1/ S20s% gave a straight line which passed through the
origin. The zero intercept of the Michaelis - Menten plot suggests the absence of an intermediate in

the rate determining step, an observation which further support outer-sphere mechanism.

Based on the spectroscopic and kinetic result obtained the following mechanism has been proposed
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cl N 0 H cl \o' \, 56

Cl cl

HO o 0 HO OH 0
k7

=2+
T

T

Cl 0O H Cl N I

Ir—2XZ2+
T
(@]

rate = k,[DCPIPH*|[HS0/7] 5.8
Applying steady state approximation

d[DCPIPH™]

——— = ke[DCPIP][SO,Hy ] — ky[DCPIPH*][HSOZ™] = 0

DCPIP][SO4H; |

+1 — kel
[DCPIPH™] = (507

5.9

Substituting equation 5.9 in equation 5.8

k¢[DCPIP][SOLHS ]
ki [H507]

rate = k, [HSO27] 5.10

rate = kg[DCPIP][SO,H; ] 5.11

d [SO4H; ]

—— = ks [SO5T][H,0] - ke[DCPIP][SO,H;]

ks [SO3™][H,0]

[SO4Hz ] = ke[DCPIP]

5.12
[DCPIP] is in excess. Therefore [DCPIP] = 1

[SO4H7] = ks [SO37][H0] 5.13

70



d[sof"] _ k,[SOsH™] + k3[SO,0H] —ks[S027][H,0]

dt
2—1 — k2[SO3H ™ |+k3[SO,0H]
[S057]= "o l0] 5.14
2
[50;H7] = 222 5.15
2
2
[50,0H] =222 ] 5.16
3
Substituting equation 5.15 and 5.16 in 5.14
2-1 _ 2k1[S20¢7]
150371 == o 5.17
Substituting equation 5.17 in 5.13
[SO.H; | = 2k,[S,0¢7] 5.18
Substituting equation 5.18 in 5.11
rate = 2kgk,[DCPIP][S,0%7] 5.19
rate = k'[DCPIP][S,0%7] 5.20
where k' = 2kg¢k, 521

Both spectroscopic and kinetic data generated are in support of outer-sphere mechanism

and is hereby proposed for the reaction.
5.2  2,6-Dichlorophenol Indophenol — Sulphite System

The stoichiometry study showed that the mole ratio for the DCPIP-SOs? reaction is 1:1.
Equation (4.2) gives the stoichiometric equation for the reaction. The stoichiometry obtained in this
reaction agrees with the 1:1 stoichiometries observed in the electron transfer reactions of sulphite
with cobalamin (llia et al., 2013), methylene blue (Busari, 2007), hydrogen peroxide (Hoffmann

and Edward, 1975) and hydrogen sulphite (George 1976).

The linearity of the pseudo-first order plots suggests first order dependence in the reaction
of DCPIP under the experimental condition in this study. The order of the reaction with respect to

[SO3%] was found to be zero, making the reaction first order overall. The observed zero order

71



dependence in the reaction of SOs% is common with the reactions of SO3% (Zhao et al., 2007;
Jonnalagadda and Gollapalli, 2000; Girish and Rameshwar, 1976). However, first order dependence

in the reaction of SO32” with methylene blue was reported (Busari, 2007).

Increase in ionic strength of the reaction medium has no effect on the rate of the reaction.
log k2 vs VI gives a straight line with a slope of 0.006. lonic strength dependence of this nature
suggests that the activated complex consist of neutral reactant species (Onu et al., 2015). Similarly,
the dielectric constant of the medium had no significant effect on the reaction rate. However,
negative salt effect has been reported for the reaction of sulphite with methylene blue (Busari,
2007). Addition of acrylamide to the partially oxidized reaction mixture of DCPIP and SOs% did
not form gel even with addition of large excess of methanol, this indicates that the involvement of
free radicals in the reaction is unlikely.

Increase in concentration of the added anions NOs™ and CH3COO" increased the rate of
reaction. this could be related to characteristics of reaction occurring via outersphere mechanism
(Hamza, 2012). Added cations Mg?* and Ca?* did not affect the rate of reaction.

Spectroscopic studies indicate there was no clear shift from 600 nm (Figure 4.27), the
wavelength of maximum absorption of DCPIP studied. This indicates the absence of formation of
intermediate complex during the course of the reaction.

S04 ion was confirmed from the product analysis by observation of white insoluble
precipitate (Vogel, 1996) on addition of BaCl, solution followed by dilute HCI to the solution at
the end of the reaction involving stoichiometric amount of the reactants. The dye change from dark
blue to colourless due to disruption of chromophores of quinoid ring, C=0 and C=N by the SO3*
ion, making the DCPIP to absorb light outside visible region (Fessenden and Fessenden, 1990).

To ascertain the mechanism for the reaction of DCPIP and SOs* ion. The following

observations has been drawn:
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(a) Added anions increased the rate of the reaction. This is characteristic of reactions occurring via

the outer-sphere mechanism.

(b) Spectroscopic studies indicated no shift from the Amax Suggesting that there was no inner-sphere

complex formation. This observation suggests the occurrence of the outer-sphere mechanism.

Based on the result obtained the following mechanism has been proposed
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Spectroscopic and kinetic evidence are in support of the occurrence of outer-sphere

mechanism and is hereby proposed for the reaction.

5.3

2,6-Dichlorophenol Indophenol —

Hydrazine System
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The stoichiometry study gave 1:1 mole ratio for the reaction of DCPIP-N2H4 system.
Equation (4.3) gives the stoichiometric equation for the reaction. Similar stoichiometry has been
reported for the electron transfer reaction of hydrazine with platinum (Ananiev et al., 2000).
However, stoichiometry of 4:1 has been observed for the reaction of hydrazine with cobalt (111)
(Amit and Rupendranath, 2009). As part of the product of the reaction, H> was confirmed by burning
splint test, a splint was lit and held near the opening of a closed tube of the reacting mixture, a
distinctive “pop” sound that slightly ignite the flame was heard, the sound and slight ignition of the
flame confirmed the presence of Hz gas (Emil et al., 2011). The DCPIP change from dark blue to
colourless due to disruption of it chromophores of quinoid ring, C=0 and C=N by the N>H4, making
the delocalized electron cloud to localized and the DCPIP to absorb light outside visible region

(Fessenden and Fessenden, 1990)

The kinetic study of the reaction showed a first order dependence on [DCPIP] and [N2H.].
Thus, second order overall. Earlier workers (Myek, 2012; Beck and Durham, 1970) observed first

order dependence also on [N2H,] for reactions of N2Ha.

The rate constant of the reaction increased with increase in ionic strength of the reaction
medium, the plot of log k2 versus VI gave a straight line with a slope of 0.93, suggesting a positive
Brgnsted-Debye salt effect. This suggest that the activated complex is formed from two ions of like
charges (Hamza et al., 2012), lonic dependence of this nature has been reported for reactions of
hydrazine (Myek, 2012; Bartlomiej et al., 2014). Also, Increase in dielectric constant of the reaction
medium decreased the reaction rate.

Addition of acrylamide to the partially oxidized reaction mixture followed by excess
methanol didn’t lead to formation of gelatinous precipitate, indicating involvement of free radicals

in the reaction is unlikely.

74



Addition of varying concentration of anions and cations had no significant effect on the
rate of reaction. Non catalysis by the added ions suggest that the reaction is occurring through
innersphere mechanism. Non catalysis of reaction rates by added ions is a characteristic of
innersphere pathway (Imam, 2016).

The electronic spectrum of the reaction mixture was taken over the range of 400 — 700 nm
after two minutes of initiating the reaction. The spectrum obtained showed no shift from the Amax
of 600 nm for DCPIP. Lack of significant shift in Amax could indicate absence of intermediate
complex. However, it is known that detection of intermediate is a function of the instrument and
stability of the intermediate. So the lack of shift in Amax Obtained from the spectrum of the partially
initiated reaction mixture may not necessary rule out the presence of intermediate.

Michaelis-Menten’s plot of 1/k1 versus 1/N2H4 gave a straight line with an intercept (Figure
4.27). This suggest the formation of an intermediate complex of significant stability (Abdulsalam,
2015).

A key point of interest in this discussion is whether this reaction occurs via inner- or outer-
sphere or a combination of both. Mechanism for the reaction of DCPIP and N2H4 can be addressed
as follow;

(a) The rate of the reaction was not altered in the presence of both added cations and anions, this is
characteristic of reactions occurring via the inner-sphere mechanism.

(b) Spectroscopic evidence showed no shift in Amax Suggesting that there was no inner-sphere
complex formation. This observation suggests the occurrence of the outer-sphere mechanism. But
can be overruled if we look at the transient nature of some intermediate when reaction is
occurring via inner-sphere mechanism.

(c) Michaelis — Menten’s plot of 1/k:1 versus 1/ N2H4 gave a straight line that did not passed
through the origin. This suggests the presence of an intermediate in the rate determining step. This

observation further support inner-sphere mechanism.
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Based on the result obtained the following mechanism has been proposed
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but [DCPIPH* — NZH;] = Kj3 [DCPIPH+][N2H5+] 5.34

Substituting equation 5.34 in equation 5.33

rate = Kyk,[DCPIPH*|[N,H{ ] 5.35
but [DCPIPH*] = KIPCPIPIH;0] 5.36
[0H™] '
+7 _ K1[N;H4][H,0]
also [N,HZ | = —or] 5.37
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Substituting equation 5.36 and 5.37 in equation 5.35

rate = KyK,Kyk, oiiiz0] [Maflifz0) 5.38
[H,0] = 1. pH of the solution was 8.3, [OH "] is in excess. Therefore, [OH™] = 1

rate = KsK,K,k, [DCPIP][N,H,] 5.39
rate = k' [DCPIP][N,H,] 5.40
where k' = K3K,Kk, 5.41

Both spectroscopic and kinetic data generated are in support of inner-sphere mechanism
and is hereby proposed for the reaction.
54  2,6-Dichlorophenol Indophenol — Hydrogen Peroxide System

The stoichiometry study showed that the mole ratio for the DCPIP- H2O> is 1:1. Equation
(4.4) gives the stoichiometry equation for the reaction. Similar stoichiometry of 1:1 has been
reported for the redox reaction of hydrogen peroxide with sulphite (Hoffmann and Edward, 1975).
However, Onu et al., (2015, 2016) reported a stoichiometry of 2:1 for the reactions of
ethylenediaminetetraacetatocobaltate(Il) and aminocaboxylactocobaltate(ll) complex with
hydrogen peroxide, both [COEDTA]? and [COHEDTAOH:] ™ are known as one electron reductant
and exhibit such stoichiometry to a two electron reactant like H.O,. DCPIP is known as two-
electron acceptor (Christian et al., 2005). As part of the product of the reaction, O2 was confirmed
by burning splint, a burning splint was blown out by shaking whilst the amber at the tip is still
glowing hot, exposing the amber to a trapped gas in a tube re-ignite the splint which indicate the
presence of Oz gas. The dye change from dark blue to colourless due to disruption of it
chromophores of quinoid ring, C=0 and C=N by the H>0>, making the delocalized electron cloud

to localized and the dye to absorb light outside visible region (Fessenden and Fessenden, 1990).

The kinetic study of the reaction showed a first order dependence in both [DCPIP] and

[H202]. Thus, second order overall. The observed first order dependence in the reaction of H>O>
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has been reported by earlier researchers (Onu et al., 2015; Quentel et al., 2004). However, Onu et

al., (2016) reported half order dependence in the reaction of H>Ox.

Increase in ionic strength has no effect on the rate constant of the reaction medium. log k>
vs VI gives a straight line with a slope of 0.002. lonic dependence of this nature suggest that the
activated complex consist of either neutral reactant species (lbrahim, 2016). Furthermore, change
in dielectric constant of the medium had no significant effect on the reaction rate. Similar result has
been reported for the neutral salt effect of hydrogen peroxide (Onu et al., 2015).

Addition of acrylamide to the partially oxidized reaction mixture of DCPIP and H20: did
not form gel even when a large excess of methanol was added to the reaction mixture, this indicates
that free radicals were not formed.

Increasing the concentration of NO3s” and CH3COO" enhanced the rate of reaction. This is a
characteristic of reactions occurring via outer-sphere mechanism (lbrahim, 2016). However, the
addition of varying concentrations of Mg?* and Ca?* have no significant effect on the rate of
reaction.

Spectroscopic studies indicate that there was no clear shift of Amax of 600 nm for DCPIP
(Figure 4.32) when the reaction mixture was taken over the range of 400 — 700 nm after two minutes
of initiating the reaction. This indicates the absence of formation of intermediate complex during
the course of the reaction.

Michaelis-Menten’s plot of 1/k: versus 1/H2O. gave a straight line which passed through
the origin (Figure 4.28). This suggests the absence of the formation of an intermediate complex of
significant stability (Idris et al., 2015).

A key point of interest in this discussion is whether the reaction occurs via inner-sphere or
outer-sphere. This issue for the reaction of DCPIP and H20> can be addressed as follows;

(a) The rate of the reaction was increased in the presence of added anions, this is characteristic of
reactions occurring via the outer-sphere mechanism.
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(b) Spectroscopic evidence indicated no shift in Amax Suggesting that there was no intermediate
complex formation. This observation suggests the occurrence of the outer-sphere mechanism.
(c) Michaelis — Menten’s plot of 1/k: versus 1/ H,O2 gave a zero intercept. This suggests the
absence of an intermediate in the rate determining step. This observation further support outer-

sphere mechanism.

Based on the result obtained the following mechanism has been proposed
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rate = k,[DCPIP][O,H™] 5.45

but [OZH_][H+] = Kl[Hzoz] 546
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[02H7] = =1 5.47

pH of the solution was 8.3, [H'] is negligible.
[OzH_] = KI[H202] 548

Substituting equation 5.48 in equation 5.45

rate = Klkz[DCPIP][H202] 549
rate = k'[DCPIP][H,0,] 5.50
where k' = Kk, 5.51
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Spectroscopic and kinetic evidence are in support of the occurrence of outer-sphere

mechanism and is hereby proposed for the reaction.
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CHAPTER SIX

6.0 SUMMARY, CONCLUSION AND RECOMMENDATION
6.1 Summary and Conclusion

The kinetic studies of redox reactions of 2,6-dichlorophenol indophenol with some
oxyanions (S20s% and SO3%), hydrazine (N2H4) and hydrogen peroxide (H202) in aqueous medium
were carried out. The stoichiometric studies showed a 1:1 mole ratio for [DCPIP]-[SOs*], [DCPIP]-

[N2H.] and [DCPIP]-[H202] systems and 2:1 for [DCPIP]-[S20s%] system.

The Kinetic study showed a first order dependence with respect to [S20527, [N2H4], [H20:]

and zero order dependence with respect to [SO3%].
The reactions are therefore in conformity with the following rate equations:

The second order rate constants for the various systems were observed as follows:
2,6-dichlorophenol indophenol — S,0s?- reaction, (16.24 + 0.03) dm® mol* s!
2,6-dichlorophenol indophenol — SO3?- reaction, (1.79 + 0.02) dm® mol? s?
2,6-dichlorophenol indophenol — N2Ha4 reaction, (0.13 + 0.02) dm® mol™ s

2,6-dichlorophenol indophenol — H20; reaction, (3.01 + 0.02) dm? mol* s

Increase in concentrations of ionic strength inhibited the reaction for [DCPIP]-[S20s%] and
enhanced [DCPIP]-[N2Ha] system while it had no effect for [DCPIP]-[SOs*] and [DCPIP]-[H20-]

systems.

Spectroscopic evidence showed no shift in Amax and Michaelis — Menten plot of 1/k; versus
1/[oxidant] or 1/[reactant] had no intercept for all the reaction systems except for [N2H4], where

intercept was obtained.
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From the results, the outer-sphere mechanism was proposed as the probable plausible
mechanism for [DCPIP]-[S:0s%], [DCPIP]-[SOs%] and [DCPIP]-[H20:] systems while the inner-

sphere mechanism is proposed for [DCPIP]-[N2Ha] system.
6.2 Recommendation
It is recommended that:

1. Further studies should be carried out on the activation parameters of these reactions.
2. Computational chemistry programs should be used to study kinetic reactions of the

dye.
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