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ABSTRACT

The oxidation reaction mechanisms of water soluble textile dyes amaranth (an azo dye), brilliant
blue-R (a triaryl dye) and safranine-O (an azine dye) with oxidants- hypochlorite and chlorine
dioxide, were investigated. The detailed kinetics of the reactions of the three dyes was studied
under excess concentrations of the oxidant and other reagents. The depletion of concentration of
the chosen dye, taken at low concentration was monitored using a Hi-Tech SF-61 DX2 double

mixing micro volume stopped-flow apparatus.

The hypochlorite initiated oxidations were investigated as function of varying concentration of
oxidant and hydrogen ion, ionic strength and temperature. For the chosen dyes and reaction
conditions, the depletion of dye followed pseudo first-order kinetics and the rate constants were
estimated using KinetAsyst'™ software. All the three reactions had first-order dependence on the
oxidant concentration, and the reaction rates increased by varied extent with increase in [H']o.
The role of acid in their reaction mechanisms was established. The kinetic data was analysed to
evaluate the rate constants for the competitive pathways initiated by hypochlorite ion and
hypochlorous acid. The overall second-order rate coefficients for the OCl" and HOCI initiated
reactions were estimated for all the three reactions. Major oxidation products for the reactions
were separated and characterized by 'H NMR and “C NMR and GC-MS techniques and the
stoichiometry was established. The energy parameters inclusive of Arrhenius factor, enthalpy,
entropy and energy of activations for the oxidation of three dyes both by OCI" and HOCI species
were estimated. Based on the experimental findings, the probable rate laws, mechanisms and

reaction schemes were described. Simulations studies were conducted to validate the proposed
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mechanisms using SIMKINE2 computer programme. The rate of oxidation of safranine-O is

greater than that of amaranth and brilliant blue-R with OCI"/ HOCl reaction.

Following similar protocol, the oxidations of the chosen dyes with chlorine dioxide were
investigated by monitoring the depletion kinetics of dye as function of varying concentration of
ClO; and OH’ ion, ionic strength and temperature. All the three dyes, exhibited pseudo first-
order kinetics and the rate constants were estimated using KinetAsyst'™ software. All the three
reactions had first-order dependence on the oxidant concentration at pH conditions 7.0, 8.0 and
9.0 suggesting that reaction mechanism remains unaltered with pH variation. The effect of
hydroxide ion on the reaction rate revealed that it acts as catalyst. All the three reactions had
first-order dependence on [OH ]y, when its concentration was low; but the order with respect to
[OH] decreased as [OH] increased stoichiometry proportion to reactants. The catalytic constant
for hydroxide catalysed reaction was estimated for all the three reactions. Kinetic salt effect

experiments were conducted to identify the possible reaction species involved in the reactions.

The major reaction products were characterized by TH NMR, °C NMR and GC-MS techniques.
The stoichiometry ratios were established and energy parameters were estimated. The rate laws
and probable reaction mechanisms were proposed and appropriate reaction schemes for all the
reactions were described. The elucidated mechanisms were confirmed by simulation studies
using SIMKINE2 software. At neutral pH the rate of oxidation of amaranth is greater than

safranine-O and brilliant blue-R, and brilliant blue R being the slowest.
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CHAPTER 1

1.1 Introduction

With the phenomenal decline in water quality resulting from indiscriminate anthropogenic

activities, access to potable water is at the forefront of the global agenda.

Virtually all human activities require clean water. Water is a renewable resource, yet the
world's supply of clean and drinkable water is steadily decreasing. Half of the world's
population and most of the world's economic output is located in urban areas. Water demand
already exceeds supply in many parts of the world.! Today, 41 percent of the world’s
population lives in river basins that are under water stress. The control of water pollution has
become increasing importance in recent years. The textile industry, in particular, faces a
severe pollution problem. The World Bank estimates that 17 to 20 percent of industrial water
pollution comes from textile dyeing and treatment. Many of the dye chemical substances

. .2
which are produced are toxic.

Treatment of highly-coloured dye effluent streams has attracted the attention of
environmentalists, technologists, and entrepreneurs because of its socio-economic and
political dimensions. Water consumption in the textile dye house is very high. Water as a
utility is becoming more and more costly, and its availability is becoming increasingly
scarce.” The nature of the pollution that accompanies the dyeing industry is primarily due to
the non-biodegradable nature of the dyes along with the strong presence of toxic

metals/acid/alkali/carcinogenic aromatic amines traceable in the effluents.’

Wastewater generated by the dye production industry and many other industries which use

dyes and pigments is high in both color and organic content. There are more than 100 000



commercially available dyes with over 7 x 10> tons of dye materials produced annually.’ It
has been estimated that 10-15% of these dyes are released as effluent during the dyeing
process.® The discharge of highly colored waste is not only aesthetically displeasing, but also
impedes light penetration, thus upsetting biological processes within a stream. In addition,
many dyes are toxic to some organisms and may cause direct destruction of aquatic life. The
removal of dyes from such wastewaters is therefore a major environmental problem and is

extremely necessary because dyes are visible even at low concentrations.”

Dye pollutants produced from the textile industries are becoming a major source of
environmental contamination.®*” It is estimated that more than 60% of the world’s dye
production is consumed by the textile industry, 15% of the total world production of dyes is
lost during the dyeing and finishing operations,'’ and more than half of this is discharged into
receiving water bodies more or less without proper treatment, thus hampering the functioning
of the ecological process.'' The treatment of spent dye wastewater effluent is a growing
concern for the textile industry because of aesthetic conditions, as well as eco-toxicological
issues regarding colored rinsing and processing wastewater and the impact of that wastewater
on the receiving streams. As regulations become more stringent, the effectiveness and cost of
the treatment processes have become more significant. Conventional biological treatment can
be ineffective for color removal, but chemical oxidative processes seem to provide an
opportunity for future use in industrial wastewater.'” Examples of such potentially effective
chemical oxidants for oxidative processes include hydrogen peroxide (H>O,), ozone (O3),
chlorine dioxide (ClO;), ultraviolet irradiation following ClO, (UV/CIO;), and
H,0»/ultrasonication and Advanced oxidation processes (AOPs) include UV/H,0,, UV/Os,

03/H,0,, Fenton’s reagent, and the wet-air oxidation processes.13



Wastewaters that are generated at various stages of dyeing differ in strength and temperature.
The high pollution load is caused mainly by spent dyeing baths. Their constituents are:
untraced dyeing compounds, dispersing agents (surfactants), and salts and organics washed
out of the material which undergoes dyeing.'* The wastewaters are characterized by high
color and high chemical oxygen demand content and pH varying from 2.0 to 12.0.">'°
Liquid pollutants of the dyeing industries include effluents discharged from batch operations
as the equipment is cleaned and they usually contain toxic organic residues, which affect the
parameters such as pH, Biological Oxidation Demand (BOD), and Chemical Oxygen
Demand (COD)."”"® Direct dyes will have pollutants such as salt, unfixed dyes, copper salts,
and cationic fixing agents. Reactive dyes will have salts, unfixed dyes, and alkalis. Vat dyes
will have alkalis, oxidising agents, and reducing agents. Sulfur dyes will have alkalis,

oxidising agents, reducing agents, and unfixed dyes. Acid dyes will have unfixed dyes, and

. . . . . . . 19
organic dyes and disperse dyes will have carriers, reducing agents, and organic acids.

Several methods are used to decolorise textile wastewater but they cannot be effectively
applied for all dyes.”® Synthetic dyes often receive considerable attention from researchers
interested in textile wastewater treatment processes. Initial environmental efforts with dyes
dealt with color pollution, which has a strong psychological effect. More recently interest has
shifted to the potential toxicity of dyes, dye precursors (e.g. certain aromatic amines used in
the production of azo dyes), and their degradation products, especially the suspected
carcinogenicity of potential intermediate products. As toxicity standards are becoming more
common and stringent, the development of technological systems for minimizing the

. . . . 21
concentration of dyes and their breakdown products in wastewater is now necessary.



In the textile industries the chemical reagents used are very diverse in their chemical
composition, which include inorganic compounds, polymers and organic products.”> Due to
their chemical structure, dyes are resistant to fading on exposure to light, water and many
chemicals.”> Many dyes are difficult to decolorise due to their complex structure and
synthetic origin. There are many structural varieties such as acidic, basic, disperse, azo,
diazo, anthroquinone-based and metal complex dyes. Decolorisation of textile dye effluent
does not occur when treated aerobically by municipal sewerage systems.** Currently the main
method of textile wastewater treatment is by physical and chemical means with research

concentrating on cheaper and effective alternatives.

1.2 Water pollution and treatment methods

The causes of water pollution are located at municipal, industrial and agricultural level.
Municipal causes are related to waste water from homes and commercial establishments.
Industrial causes vary as per the biochemical demand, suspended solids, inorganic and
organic substances. Agricultural causes include commercial livestock and poultry farming.
These lead to organic and inorganic pollutants in surface waters and groundwater.”> Water
pollution is caused by the emission of domestic or urban sewage, agricultural waste,

pollutants and industrial effluents into water bodies.

One of the main sources of water pollution is the waste material discharged by industrial
units known as industrial water pollution, it produces pollutants that are extremely harmful to
people and the environment.”® Many industrial facilities use freshwater to carry waste away
from the plant and into rivers, lakes and oceans. Pollutants from industrial sources include
waste materials such as acids, alkalis, toxic metals, oil, grease, dyes, pesticides and even

radioactive materials that are poured into the water bodies.”” Other important pollutants



include polychlorinated biphenyl (PCB) compounds, lubricants and hot water discharged by
power plants. The pollutants unloaded into the water bodies usually dissolve or remain
suspended in water. Sometimes, they also accumulate on the bottom of the water bodies.*®

Wastewater treatment consists of applying known technology to improve or upgrade the
quality of wastewater. Usually wastewater treatment will involve collecting the wastewater
in a central, segregated location (Wastewater Treatment Plant) and subjecting the wastewater
to various treatment processes. Most municipal wastewater treatment plants have primary

and secondary treatment facilities followed by a tertiary processing plan‘[.29

Wastewater treatment, however, can also be organised or categorised by the nature of the
treatment process being used. Primary treatment involves physical separation of floatable and
settleable solids. Secondary treatment involves biological removal of dissolved solids.

Tertiary treatment involves physical, chemical, and biological treatment.*’

1.2.1 Ozonation

Advanced oxidation is one of the potential alternatives to decolorise and reduce recalcitrant
wastewater loads from textile dyeing and finishing effluents. This process implies generation
and subsequent reaction of hydroxyl radicals, which are the most powerful oxidising species
after fluorine. Advanced oxidation processes including ozonation, UV/H,0,, TiO,/UV,
Fenton's reagent, photo-Fenton and photo-electrocatalytic oxidation have been used for the
purification of water and wastewater. Among these methods ozonation is very popular. An
easy-operated oxidation technology, it is very effective in treating wastewaters containing

harmful compounds.'



Ozone and hydroxyl radicals generated by ozone in the aqueous solution are able to break
aromatic rings of dyes.”> Ozonation provides no germicidal or disinfection residual to inhibit
or prevent regrowth.”” Some disadvantages of ozone include higher equipment and
operational costs and the fact that it may be more difficult to find professionals proficient in
ozone treatment and system maintenance. Ozonation by-products are still being evaluated and
it is possible that some by-products may be carcinogenic. These may include brominated
byproducts, aldehydes, ketones, and carboxylic acids.** This is one reason that the post-

filtration system may include an activate carbon filter in the ozonation process.

Ozonation of water treatment may require pre-treatment for hardness reduction or the
addition of polyphosphate, preventing the formation of carbonate scale. Ozone is less soluble
in water compared to chlorine, and therefore special mixing techniques are needed. Potential
fire hazards and toxicity issues are associated with ozone generation. Typically, ozonation of
dye effluents rarely leads to the complete mineralization, but the partial oxidation of dyes to
organic acids, aldehydes, and ketones.* It is quite efficient in decolorising solutions, but

considerably less efficient in terms of total organic carbon (TOC) removal.

Ozonation is fairly effective in water treatment. However, the technology is relatively
expensive. Another disadvantage of ozonation is its short half-life, typically being 20 min.
This time can be further shortened if dyes are present, with stability being affected by the
presence of salts, pH, and temperature.”® In alkaline conditions, ozone decomposition is
accelerated, and so careful monitoring of the effluent pH is required,”’” and in general ozone
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1.2.2 Chlorination

The most commonly used chemical process in water treatment is chlorination. This is a very
effective technology. Its effectiveness depends on the quality of the water that is being
chlorinated and the method of chlorination used. Normally gas chlorination is a more
efficient method of disinfection, although a system based on the use of hypochlorite tablets is
easier to operate and maintain and is preferred by individual users.’”” The advantages of
chlorination systems include the fact that these systems are extremely reliable. The
hypochlorite system is easier to operate than the gas system because the operators need not be
as skilled or as cautious. Chlorination is also less costly than other disinfection systems and is
generally easier to implement. Chlorine (Cl,) can be made easily in-situ and safety

considerations for its production, transportation, and uses are well-known.*

1.2.3 Hypochlorination: history of hypochlorite
Sodium hypochlorite is one of the most versatile chemicals, to which humankind is
constantly exposed. It is a powerful oxidising agent, bleaching agent, disinfectant and

.4
deodorizer.

It’s low cost and versatility makes it very desirable in industry and households
alike.* In 1774, Scheele first reported that chlorine water was able to bleach vegetable
colors.* In 1785, Berthelot, a French chemist suggested that this property could be useful
commercially. He noted that solutions of chlorine in potash lye proved more concentrated and
powerful bleaches. In addition, this particular combination did not have the deleterious
effects on workers and materials caused by excess chlorine. The high cost of alkalis prompted
Tennant, in 1789 to develop bleaching solutions by dissolving chlorine in aqueous
suspensions of lime [Ca(OH);], strontia [Sr(OH),] and baryta [Ba(OH);]. In 1789 he patented

a process for the manufacture of “bleaching powder” by saturating dry calcium hydroxide

with chlorine gas.*



By the end of the nineteenth century, Louis Pasteur had discovered sodium hypochlorite’s
potent effectiveness against disease-causing bacteria which led to it being widely used as a
disinfectant. To this day, sodium hypochlorite remains one of the most effective bleaches
around. Daily, millions of households worldwide rely on sodium hypochlorite for their
disinfection, deodorizing and cleaning needs. The world consumer market for sodium
hypochlorite bleach is in excess of 4 million tons. This does not include the large quantities
used for industrial purposes such as waste water treatment and drinking water disinfection.*

In the light of the above, the current study focus on dye chemical treatments using two
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commonly-used oxidants - hypochlorite*®*” and chlorine dioxide. **

1.3 Methods for the preparation of hypochlorite

The literature survey shows that various methods have been adopted for the preparation of
aqueous sodium hypochlorite. A few of the important methods are outlined here. Cl, may be
reacted directly with sodium hydroxide and water.”” The presence of excess base stabilizes
the solutions to some extent. A small excess of sodium hydroxide is allowed as residue to
maintain the pH between 11.0 and 13.0 and minimize the decomposition of hypochlorite
formed.

2 NaOH + Cl, — NaCl + NaOClI + H,O (1.1)
Electrolysis of a cold sodium chloride solution is another method, in which the brine solution
in an iron cell is electrolyzed, with iron serving as the cathode. The anode and cathode
products are allowed to mix at low temperatures to minimize the decomposition caused by a

. 50
temperature increase.

Sodium hypochlorite can be obtained in solution by passing chlorine into a cold, dilute

solution of sodium carbonate.



Na,CO; + Cl, — NaCl + NaOCl + CO, (1.2)
Hypochlorite solutions are prepared by the neutralization of hypochlorous acid or dichlorine
monoxide.>* With alkalis, hypochlorous acid forms salts, which are largely hydrolysed:

HOCl+ OH — H,O + OCI (1.3)
Gaseous chlorine is bubbled through aqueous slurry of yellow HgO at room temperature.”
For every mol of chlorine dissolved in the slurry, 3.0 mol HgO is added to provide an
adequate excess. The slurry is mixed for 45 min at which time all of the Cl, is converted to
HOCI and all the chloride ion is precipitated as HgCl,. This HOCI/HgCl,/HgO slurry is
distilled under a reduced-pressure nitrogen atmosphere into a 0.10 M NaOH solution, and the
HOCI is collected as NaOCIl. The nitrogen atmosphere is utilized so that no CO, is present to

form carbonate ion as a contaminant in the final NaOCI solution.>*

1.4 Advantages and uses of hypochlorination

Sodium hypochlorite has long been recognized as having outstanding disinfection properties.
Hypochlorite compounds are non-flammable. It does not present the same hazards as gaseous
chlorine and is therefore safer to handle. It can be easily stored and transported when it is

produced on-site.

Hypochlorite spills can be cleaned up with large volumes of water. Sodium hypochlorite
effectively destroys disease-causing bacteria and is thus a major contributor to efforts to stem
the debilitating consequences of cholera, dysentery, typhoid and other waterborne biotic
diseases. In hospitals and health care facilities, bleach is used to disinfect surfaces against
fatal viruses like Human Immunodeficiency Virus (HIV) and Hepatitis-B. It is used
extensively in the area of water treatment to disinfect municipal drinking water and drinking

water from wells.” It is widely used for swimming pool water disinfection, both as a daily



regimen and as a shock treatment. It is a bactericidal and has good solvent properties for vital
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necrotic and fixed tissues.

Hypochlorite is used for industrial and institutional applications. It is used for the treatment
of sewage to reduce odours and to increase digesting efficiency, as an irrigating solution for
endodontic treatment”’ as well as in the treatment of the cyanide effluent in gold mining and
in cyanide waste treatment in metal finishing. In food processing it is used for sanitizing dairy
equipment, fruit and vegetable processing, mushroom production, hog, beef and poultry
production, maple syrup production, fish processing, and to effectively control algae in open
reservoirs. Hypochlorite is used in cooling water and boiler water treatment to prevent
fouling.>® It is used for the oxidative degradation of residual dyes present in waste water

streams.59’60

It can be safely used on many washable, color fast fabrics including cotton, polyester, nylon,
acetate, linen, rayon and permanent press. It is highly effective in removing a wide range of
stains and soils which are not totally removed by laundry detergents, e.g. blood, body soiling,
coffee, grass, mustard, red wine, etc. Hypochlorite can provide a significant boost to the
whitening and cleaning power of laundry detergents even in cold or hard water.
Hypochlorite’s unique disinfecting properties assure sanitization, which is of particular

. . . . . . . 61.62
importance in hospital linens to reduce the possible transmission of disease.””

1.5 Limitations of hypochlorination

The use of chlorine in gaseous form or as a solution can cause safety hazards. All operating
personnel should be made aware of these hazards and trained in handling. Chlorine is reactive

and interacts with certain chemicals present in the product water, depending on pH and water

10



temperature; resulting in the depletion of the chlorine concentration, leaving only residual
amounts of chlorine for disinfection (over-chlorination may result in the formation of

chlorinated hydrocarbons, such as trihalomethanes, which are known to be carcinogenic).®’

Chlorine will also oxidise ammonia, hydrogen sulfide, and metals present in the product
water to their reduced states. Chlorine gas is heavier than air, and is extremely toxic and
corrosive in moist atmospheres. Dry chlorine can be safely handled in steel containers and
piping, but where moisture is present (as it is in most treatment plants), corrosion-resistant
materials such as silver, glass, pressurized gas Teflon, and certain other plastics must be
used.®* Hypochlorite may cause damage to the eyes and skin upon contact, because it is a
powerful oxidant, and may cause fires if it comes into contact with organic or other easily

. g 65
oxidisable substances.

1.6 History of chlorine dioxide

Among the different chemical agents that can be used as chlorine alternatives for water
potabilisation, chlorine dioxide has attracted considerable attention.®® The discovery of ClO,
has largely been credited to Sir Humphrey Davy, who in the 1800s created the compound by
mixing sulfuric acid with potassium chlorate.®” Since its discovery, researchers have found
that C10, shares some common characteristics with chlorine. Specifically, CIO; is a greenish-
yellowish gas with a chlorine-like odor that is irritating to the eyes, nose, and throat. Apart
from these very limited similarities, however, it has been learned that CI1O, exhibits physical
and chemical properties that are dramatically different from those of chlorine, even though it

contains a chlorine atom in its molecular structure.
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ClO; is unstable as a gas and will undergo decomposition into chlorine gas (Cl,), and oxygen
gas (O,) and produces heat. However, ClO; is stable and soluble in an aqueous solution. For
example, solutions of approximately one percent ClO; (10 g/L) may be safely stored if the

solution is protected from light and kept chilled. In solution form, CIO; exists as a true gas.

Chlorine dioxide is commonly used as a pre-oxidant and primary disinfectant during
treatment of drinking water. As a pre-oxidant, it is used mainly as an alternative to chlorine,
for tri-halomethane (THM) control.®*® It is also used for taste-and-odor control, manganese
and iron oxidation, and color removal. In the United States, over 500 water treatment plants

use ClO, full time and as many as 900 use it either part time or seasonally.”

1.6.1 Methods of preparation of chlorine dioxide
Chlorine dioxide is a highly endothermic compound that can decompose when separated
from diluting substances. As a result preparation methods that involve producing solutions of

it without going through a gas phase stage are often preferred.

Most commercial generators use sodium chlorite (NaClO;) as the common feedstock
chemical to generate chlorine dioxide for drinking water application. Recently, production of
chlorine dioxide from sodium chlorate (NaClOs) has been introduced as a generation method
wherein NaClO; is reduced by a mixture of concentrated hydrogen peroxide (H,O,) and
concentrated sulfuric acid (H,SOs). More than 95% of the sodium chlorate produced today is
used in the pulp and paper industry where it is a primary raw material for the production of
chlorine dioxide. Chlorine dioxide is a strong and selective oxidiser and is used in the pulp

- 71,72
bleaching process."
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The most common methods for the generation of ClO, for water treatment involve sodium
chlorite (NaClO,), either as a solid or in solution.”” Sodium chlorite is reacted with either
chlorine gas (Cl,), hypochlorous acid (HOCI), or hydrochloric acid (HCI) in the following

reactions. ’* This method was used to generate the chlorine dioxide in the current study.

2NaClO, + Cly(g) — 2C10x g + 2NaCl (1.4)
2NaClO, + HOCI — NaCl + NaOH + 2C10(g) (1.5)
5NaClO; + 4HCl — 4ClOy + 2H,0 + 5NaCl (1.6)

In the first two reactions, an unstable intermediate, Cl,0;, is formed if the reactants are in
high concentrations. When chlorite ion (ClO,) concentrations are low, the intermediate
decays to chlorate ion (ClOj3’). The chlorate ion production can also occur, when initial
reactant concentrations are low or when chlorine (or hypochlorous acid) is in excess. When
initial reactant concentrations are high or when ClO, concentrations are in excess, the

intermediate decays to Cl10,."”

During the generation of ClO,, it is desirable to minimize or eliminate unwanted by-products
such as ClO; and ClOs” as well as excess chlorine. The production of unwanted by-products
can occur when there is feedstock contamination, improper generator control, or excess

. 76,77
chlorine.”™

In reaction 1.5, only 80 percent conversion of NaClO; to ClO, is possible and,
therefore, this method is not popular. Pure chlorine dioxide can also be produced by
electrolysis of a chlorite solution:

2NaClO, + 2H,O —  2ClOy) + 2NaOH + H, (1.7)

High purity chlorine dioxide gas (7.7 percent in air or nitrogen atmosphere) can be produced

by the Gas: Solid method, which reacts dilute chlorine gas with solid sodium chlorite:
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2NaClO; + Cl; — 2ClOy) + 2NaCl (1.8)
Another method for generating high-purity ClO, by reaction of solid NaClO, with chlorine
gas has become available.”” The chlorine gas is first mixed with humidified air and then
passed through a series of drums containing solid NaClO,. No unreacted NaClO, enters the

system because the generated ClO; is in the gas phase, and CIOs” is not produced.

1.6.2 Advantages and uses of chlorine dioxide

Chlorine dioxide is less expensive than other disinfection methods, such as ozone. Chlorine
dioxide is used primarily (>95%) for bleaching of wood pulp, as an oxidiser chlorine dioxide
is very selective. It has this ability due to unique one-electron exchange mechanisms.
Chlorine dioxide attacks the electron-rich centers of organic molecules. By comparing the
oxidation strength and oxidation capacity of different disinfectants, chlorine dioxide is
effective at low concentrations; It can be effectively used when a large amount of organic
matter is present in the effluents. It is also used for the bleaching of flour, and for the

disinfection of municipal drinking water.

New York’s water treatment plant first used chlorine dioxide for drinking water treatment in
1944 for phenol destruction. It’s most common use in water treatment is as a pre-oxidant
prior to chlorination of drinking water to destroy natural water impurities that produce
trihalomethanes to free chlorine.”®” Chlorine dioxide is also superior to chlorine when
operated above pH 7.0, in the presence of ammonia and amines and/or for the control of
biofilms in water distribution systems. Chlorine dioxide is used in many industrial water
treatment applications as a biocide including cooling towers, process water and food

processing. Chlorine dioxide is less corrosive than chlorine and superior for the control of
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legionella bacteria. It is more effective as a disinfectant in most circumstances than chlorine
against waterborne pathogenic microbes such as viruses, bacteria and protozoa.®" At a low

concentration level chlorine dioxide gas can be used as a precaution against Influenza A virus
infection.®! It can also be used for air disinfection, and was the principal agent used in the
decontamination of buildings in the United States after the 2001 anthrax attacks.* After the
disaster of Hurricane Katrina in New Orleans, Louisiana and the surrounding Gulf Coast,
chlorine dioxide has been used to eradicate dangerous mold from houses inundated by water
from massive flooding.*> Chlorine dioxide is used as an oxidant for phenol destruction in
waste water streams, control of zebra and quagga mussels in water intakes and for odor
control in the air scrubbers of animal by-product plants. Stabilized chlorine dioxide can also

be used in an oral rinse to treat oral disease and malodor.®*

1.6.3 Limitations of chlorine dioxide

When using chlorine dioxide with sodium chlorite and chlorine gas, safety measures must be
taken both during its transportation and usage. Sufficient ventilation and gas masks are
required for handling. Chlorine dioxide is a very unstable substance, and it decomposes when
exposed to sunlight. During chlorine dioxide production processes, a large amount of chlorine
is formed,* Free chlorine reacts with organic matter to form halogenated disinfection by-
products. Chlorine dioxide and its disinfection by-products chlorite and chlorate, if present in
water can create health problems for dialysis patients. To control pathogenic micro-
organisms, chlorine dioxide is generally effective, but it is less effective for the deactivation
of rota viruses and E. coli bacteria. Chlorine dioxide is about 5 to 10 times more expensive
than chlorine.* Chlorine dioxide is usually made on site. The costs depend upon the price of

the chemicals that are used to produce it.
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1.7 Dyes and classification of dyes

A wide range of dyes exists to meet the demands of industry. An aromatic ring structure
coupled with a side chain is usually required for resonance and to impart its color. The color
is usually given by the chromophore group, such as azo (—-N=N-); carbonyl (>C=0); carbon

(—(:?—C:—); carbon-nitrogen (>C=NH or —CH=N-); nitroso (-NO or N—OH); nitro (-NO, or
=NO-OH); and sulfur (>C=S, and other carbon-sulfur groups), which also form a basis for
the chemical classification of dyes.*” All commercial textile dyes are classified by their
generic name and chemical constitution. They are assigned a Color Index classification
number by Color Index (C.1.),*® a journal published by the Society of Dyers and Colorists
(United Kingdom) in association with the American Association of Textile Chemists and
Colorists (AATC). Every commercial dye and pigment in it is given a C.I. Generic Name,
which includes its application class, its hue and a number which indicates its chronological
discovery. Most of the dyes and pigments in the Color Index are placed in one of the 25
structural classes according to their chemical type. Azo dyes, the largest class, are subdivided
into four sections.®” However, if we take color index as one of the basis for classification, the
typical dyes most used widely in the textile industry include acid dyes, basic dyes, direct

dyes, disperse dyes, sulfur dyes, reactive dyes, oxidation dyes, and vat dyes.”""’

1.7.1 Acid dyes

Acid dyes are typically used to dye acrylics, wool, nylon, and nylon/cotton blends, and are
also used in the paper and leather industries. They are called acid dyes because they are
normally applied to the nitrogenous fibers of fabrics in organic or inorganic acid solutions.
The three most commercially important acid dyes are azo, anthraquinone, and triarylmethane.

These dyes are generally applied as a liquid at elevated temperatures of greater than 39 "C.
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In general, these dyes have poor wet fastness and their molecular weights range from 200 to

900 g mol™. The structure of typical acid dye, brilliant blue-R is illustrated in Figure 1.1.1.”

Z+

*Ow@lﬁ L

Figure 1.1.1  Structure of acid dye-brilliant blue R.

1.7.2 Direct dyes

Direct dyes are commonly used on cotton fibers. These dyes are mixed with all purpose dyes
along with the acid dyes. The color of direct dyes on cotton fibers is not bright in comparison
with other dyes. These dyes are normally used to dye cotton and other cellulosic fibers; they
bond to fibers by electrostatic forces. Direct dyes are applied in an aqueous bath containing
ionic salts and electrolytes; these can be also used to stain silk and wool. Few direct dyes, like
direct orange 39 and direct blue 86 are considered as having very high light fastness capacity.

The structure of typical acid dye, direct fast red 8B, is illustrated in Figure 1.1.2.%
NH;
'. il : \ : NHCONH : N=N il il
SO3N Na O3S SO3Na

Figure 1.1.2  Structure of direct dye-direct fast red 8B.
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1.7.3 Disperse dyes

Disperse dyes are colloidal and have very low water solubility. These dyes were originally
developed for the dyeing of cellulose acetate, and are substantially water insoluble. They are
finely grounded in the presence of a dispersing agent and then sold as a paste, or spray-dried
and sold as powder. Most of these dyes are used for polyester, nylon, acetate, and triacetate
fibers and surface dyeing of plastics. They are usually applied from a dye bath as dispersions
by direct colloidal absorption. Dye bath conditions (temperature, use of carrier) are varied
based on the degree of difficulty encountered by the dyes in penetrating the fiber being dyed.
They are sometimes applied dry at high temperatures by means of a sublimation process

followed by colloidal absorption. A typical disperse dye, reactive orange 4 is shown in

O SO3Na
NaO3S O

Figure 1.1.3.*

N
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N
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/
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Figure 1.1.3  Structure of disperse dye-reactive orange 4.

1.7.4 Sulfur dyes

Sulfur dyes are used primarily for cotton and rayon. The main characteristics of sulfur dyes
are that they have lustrous grains, and make a complete black shade with a slight reddish or
greenish impact. These dyes are used for jigger, cotton and viscose rayon. From the name it is
clear that these dyes contain a small amount of sulfuric acid. The fibers that can be dyed by

these dyes are viscous, staple fibers, yarn, any materials which give a resin finish, silk etc.
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These dyes have excellent light fastness properties. The structure of typical sulfur dye,

soluble sulfur black is illustrated in Figure 1.1.4.”

O
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Figure 1.1.4  Structure of sulfur dye-soluble sulfur black .

1.7.5 Reactive dyes

Reactive dyes or fiber reactive dyes are basically a class of highly colored organic
substances. Reactive dye uses a chromophore that contains a substituent that is quite capable
of a direct reaction with a fiber substrate. Fiber reactive dyes derive their name from the fact
that they form covalent bonds with the fiber molecules to be dyed. Cold reactive dyes, like
cibacron F, procion MX, and drimarene K, are very easy to use as they can be applied at
room temperature. Reactive dyes are very good for dyeing cotton and other cellulose fibers.
They are primarily used for tinting textiles. These dyes also have outstanding wet fastness.

An example of a reactive dye reactive red 22 is shown in Figure 1.1.5. *°

OCHj3 Ol

N=N
NaO3SOCH2CH202$ ‘O

SO3Na

Figure 1.1.5  Structure of reactive dye-reactive red 22.
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1.7.6 Basic dyes

Basic dyes are the class of dyes that are most commonly synthetic. Their primary nature is to
act as bases, and they are actually aniline dyes. Initially their color base prevents them from
being water soluble. They can be made with the base being converted into a salt. At the
chemical level, basic dyes are typically cationic or positively charged. Basic dyes display
cationic functional groups like -NR3;™ or =NR,". Basic dye is a stain that is cationic or
positively charged and this is the reason that it reacts well with material that is anionic or
negatively charged. Basic dyes consist of amino groups, or alkyl amino groups, as their
auxochromes. Some prominent examples of basic dyes are methylene blue, crystal violet,
basic fuchsin and safranin etc. The structure of typical basic dye, safranine-O is illustrated in

Figure 1.1.6.”
H;C N CH,
+_=
HoN N NH,

Figure 1.1.6  Structure of basic dye-safranine-O.

1.7.7 Vat dyes

Vat dyes are based on an original Indigo dye that is a kind of natural dye. Vat dyes are an
ancient class of dye. Indigo dyes (parent of vat dyes) are manufactured synthetically. Various
kinds of fibers can be washed by using vat dyes and the main categories of fibers are cotton
and wool. In the dyeing process the vat dyes are not directly used. The major application is
the dyeing and printing of cotton. Such are the outstanding fastness properties of this group

that special methods for the dyeing and printing of substrates other than cotton e.g. wool, silk
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and cellulose acetate have been developed. The structure of typical vat dye, vat brown 1 is

illustrated in Figure 1.1.7.%®

Figure 1.1.7  Structure of vat dye-vat brown 1.

1.7.8 Literature survey

Effluent from most textile dyeing operations generally has a dark reddish-brown hue that is
aesthetically unpleasing when discharged in receiving waters. In typical dyeing and printing
processes, 50 to 100 percent of the color is discarded in the form of spent dye-baths or in
wastewater from washing operations. In recent years the oxidation of dyes has attracted much
attention. Many methods of color removal exists using different oxidants. Because of the
difficulties and expense in treating color, due to the large variability of the composition of
textile wastewater, most of the traditional methods are becoming inadequate.*®** There is a
need to investigate the best approach for minimizing colour discharges as a measure of

pollution prevention.

The literature survey suggests that some azo and anthraquinone dyes were non-degradable by

the conventional activated sludge process.'” Muruganandham er al. studied the
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photochemical oxidation of reactive orange 4 in the presence of H,O, and UV-light and
concluded that the dye follows pseudo first-order kinetics with the UV-H,0, and solar-H,O;
processes and efficient at pH 3.0.'"" Oakes er al. studied the kinetics of the heterogeneous
oxidation (by hypochlorite) of an azo dye (Remazol Red RB) reactively bound to cotton,'*
and reported that the physical state of bound dye (e.g. its pKa and tautomeric form) and its
oxidation profile with pH are similar to those of dye in a homogeneous solution. The analysis
presented suggested that the mechanism of oxidation in the two environments is similar. The
oxidation of azo dyes of pyrazolone and pyridone types occurred at similar rates to
arylazonaphthol dyes and oxidation kinetics were independent of groups attached to either
side of the azo linkage, confirming that the site of attack is the more nucleophilic nitrogen

atom of the azo group of the common anion.

103 .
and also a series

Oakes and Gratton investigated the oxidation of orange I, and orange II,
of substituted azo dyes with hypochlorite, peracids and hydrogen peroxide in aqueous media.
They concluded that the observed second-order rate constants exhibit maxima in alkaline
media at a pH equal to the midpoint of the pKa values of dye and oxidant. They also reported
that substituents upon the aryl ring ortho to the azo group suppress dye reactivity towards
hypochlorite and peracids. In contrast, oxidation by hydrogen peroxide is enhanced by ortho
substituents, suggesting that it functions via a different mechanism. The dye common anion
has been identified as the form of the dye most susceptible to oxidation by peracids and
hypochlorite, with the undissociated oxidant molecules acting as electrophiles. In contrast,
dye oxidation by hydrogen peroxide proceeds via the perhydroxyl anion and the hydrazone
tautomeric form of the dye. The main function of ortho substituents was to increase the dye

pKa, thereby influencing observed rates by changing the equilibrium concentration of

reactive species. Reactive oxygen species, e.g. singlet oxygen, superoxide or hydroxyl
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radicals, were not implicated in the rate-controlling step of their reaction.

Rauf et al. studied the photolytic degradation of Amaranth azo dye,'® Coomassie brilliant
blue,'” and safranine-O using H,O, and UV light.'” They observed the first-order kinetics
with the respective dyes and concluded that the reaction of the dye is due to the hydroxyl
radicals generated in solution and UV oxidation degradation of the dye was less in the
presence of bromide, chloride, acetate, sulfite, silver and bicarbonate ions. The results

showed that mere UV light or H,O, alone were not sufficient for degradation of this dye.

Szpyrkowicz et al. studied the oxidation of pollutants in synthetic textile wastewater
containing partially soluble disperse dyes. In their study the removal of pollutants was
mediated by active chlorine generated by electro-oxidation of chloride ions or by other
mediators generated in situ and not by a direct discharge of pollutants at the anode. They
achieved 39 percent removal of chemical oxygen demand after 40 min of electrolysis. They
reported that the apparent pseudo first-order rate constant for the removal of color was equal
to 2.54 x 10 s and it increased to 8.23 x 10™ s™ under pH control at the value of 4.5,
resulting in 90 percent removal of color after the passage of 1.9A h dm’. They reported that
in comparative studies on the chemical oxidation of pollutants by hypochlorite far lower

- . 1107
efficiency was obtained.

Hastie et al. studied the electrochemical methods for degradation of orange IL.'°® They
concluded that in divided flow-through cells, reductive electrolysis of orange II was first-
order in both substrate and applied current and gave the products reductive cleavage at the
azo linkage in essentially quantitative yield. Oxidative electrolysis was also pseudo first-order

and led to mineralization. At a boron-doped diamond anode, the rate of disappearance of dye
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is closely tracked through the loss of total organic carbon from solution. In undivided cells
oxidation and reduction occurred simultaneously; under acidic conditions the reduction
products (anilines) were rather persistent because they were present as ammonium ions, but
under alkaline conditions the anilines were mineralized along with the starting material.
When chloride ion was present in the supporting electrolyte, electrochemical oxidation

afforded hypochlorite, and the disappearance of dye proceeded by way of hypochlorination.

Sergio et al. studied the chlorine dioxide reaction with selected amino acids in water and
reported that chlorine dioxide can attack the electron-rich aromatic moieties as well as the
nitrogen atom lone electron pair'””. However very little is known about the chlorine dioxide

reactivity with dyes.

Any type of chlorine that is added to water during the treatment process will result in the
formation of hypochlorous acid (HOCI) and hypochlorite ions (OCI’), which are the main
disinfecting species in chlorinated water. The literature survey revealed that little is known
about the role of HOCI and OCI and their speciation behavior towards the oxidation of the
dyes. There are only a few studies of the reaction of chlorine dioxide with organic
compounds especially with dyes. It is a strong oxidant, and surface waters exhibit a chlorine
dioxide demand similar to that for chlorine."'® Chlorine dioxide destroys phenolic compounds
when the oxidant is used for taste and odor control in water supplies.''! Hoigne et al.
demonstrated the reactivity of ClO, with inorganic and organic compounds and established

first-order kinetics with respect to ClO, and also first-order with respect to the compound.''

In the current study, the oxidation of three selected dyes i.e. amaranth (azo dye), brilliant

blue-R (triarylmethane dye) and safranine-O (azine dye) with hypochlorite and chlorine
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dioxide were carried out by kinetic approach. The outline is further supported by other
spectroscopic studies. A brief summary of these dyes based on their chemical class and uses

is given below.

1.8 Classes of the dyes studied

1.8.1 Azo dyes

The azo dyes are also broadly used in the textile, color solvent, ink, paint, varnish, paper,
plastic, food, drug and cosmetic industries. More than two thousand azo dyes are known to
exist, and over half of commercial dyestuffs are azo dyes, with some of them, and azo
precursors and their degraded products (like aromatic amines), being carcinogens.'" It is for
this reason that amaranth was chosen as the representative dye. It is also commonly referred

to as red no. 2, food red 9, acid red 27 and azorubin S. Amaranth is an anionic dye.

Azoic dyes are also called azoic or napthol dyes. These azo dyes consist of a group called the
azo group which has two nitrogen atoms. This group (covalent bond) connects atomic ring
compounds. The two Nitrogen atoms are bonded with each other and forms -N=N- as part of
their molecular structure. Azoic dyes are found mainly in three colors - red, brown and
yellow. They are manufactured from aromatic amines. Azoic dyes are applied by combining
two soluble components impregnated in the fiber to form an insoluble colour molecule. These
dye components, sold as paste-like dispersions and powders, are used chiefly for cellulosics,
especially cotton, giving shades of a high standard of fastness to light and wet processing.

They give bright, intense hues particularly in the yellow, orange, and red ranges.""*

Amaranth is made from amaranth plants. Its leaves range from purple and red to gold. There

are about sixty Amaranthus species. Several of them are cultivated as leaf vegetables, cereals,
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or ornamental plants. It is a dark red to purple azo dye used in many countries as a food dye
and to color cosmetics. It usually comes as a trisodium salt. It has the appearance of reddish-
brown, dark red to purple and is water-soluble. Its water-based solution has absorption
maximum at about 520 nm. It is banned in some countries such as the United States by the

Food and Drug Administration (FDA) as it is a suspected carcinogen' "

1.8.2 Triarylmethane dyes

Tri aryl dyes are the derivatives of triphenylmethane. They have poor resistance to light and
to chemical bleaches and are used extensively in the textile, paper, leather and plastic
industry and also in large applications in food and beverages. Brilliant blue - R was selected
for the study as it is often found in ice cream, tinned processed peas, dairy products, sweets,
and drinks. It is also used in soaps, shampoos, syrups and other hygiene and cosmetics
applications. It is one of the colorants that has been suggested should be eliminated from the

diet of children.''®

It is commonly referred as basic red 2, cotton red, gossypimine.
1.8.3 Azine dyes

Azine dyes are widely used in the textile industry and also in combination with other dyes as
color additives. Safranin (also safranin-O or basic red 2) (3,8-diamino-4,7-dimethylphenyl
phenazinium chloride) was selected as the model compound for this study because of its wide
application in various textile industries either on its own or in combination with other dyes as
color additives."'”"''"® Safranin is used as a counter stain in some staining protocols, coloring

all cell nuclei red. Safranin is also used as redox indicator in analytical chemistry.
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1.9 Chemistry of hypochlorite ion

1.9.1 Hypochlorite decomposition

Commercially produced bleach is normally kept at a pH between 11.0 and 13.0 as it contains
between 0.001 M and 0.100 M hydroxide ion (OH) to minimize its decomposition.'”
Hypochlorite ion decomposition in basic solution is a slow second order process'? in the 40 -

60 °C range with the following stoichiometry and rate law:

30CI = ClOy +2CI (1.9)
S = s (00T (1.10)

The decomposition of OCI reported involves its disproportionation and chlorite ion (C1O5)

as an intermediate leading to formation of chlorite and chloride ions.'®'"+!#?
OCI'+OCI' —» ClOy +CI'  (slow) (1.11)
OCI' + CIO;” — CIO;s +CI'  (fast) (1.12)

Because reaction (1.12) is the fast process, the concentration of ClO, remains relatively
low.'” Chlorate ion, often present in drinking water that has been treated with OCI, is
foundin three possible sources.'**'*> The first is from the raw (untreated) water itself and the
second source of ClOs” is the decomposition of residual hypochlorous acid (HOCI) during the
the disinfection process. It has been shown that in the dark, decomposition of HOCI at mg per
litre level between pH 5.0 and pH 8.0 is relatively slow. In the presence of UV light

(sunlight), HOC1 decomposes with a photolysis half life'*®

of 12 mins at pH 8.0 and increases
as the ratio of OCI' to HOCI increases. The third possible source of CIO;™ is the
decomposition of OCI  in liquid bleach during storage prior to application. The formation of

oxygen from the decomposition of OCI is a very slow side reaction'*’ in solutions of pure

OCI and is considered to be only a minor decomposition pathway (< 10%).
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OClI'+OClI' > 0,+2CI" (very slow) (1.13)

The liquid bleach stored with a pH between 12.0 and 13.0 is the most stable. As the pH of the
bleach stock solution is lowered, the pH of the OCI stock solution will continue to decrease
over time because of a competing acid-producing decomposition pathway with the following
stoichiometry:'*®

2HOCI+OClI" — CIOy +2H +2CI (1.14)

This could be a serious problem because the high HOCI in the stored liquid bleach will lead
to a large ClOs" residual in the storage tank and eventually in the finished water. Dilution of
the stock bleach can be an effective strategy for minimizing OCl" decomposition and
concomitant CIOs;™ formation. To minimize ClOs;" formation, the pH of the liquid bleach
should be adjusted and maintained at a pH > 11.0."** Commercial bleach contains enough
caustic soda to maintain a pH > 12.0 even after 50 percent dilution. It has also been shown
that increasing the temperature of liquid bleach increases its rate of decomposition. Thus in
summer months and in unventilated storage sheds, the decomposition of liquid bleach will be
rapid.130 The rate constants for the decomposition pathways are affected not only by

temperature, but also by the ionic strength, ionic media present and the presence of UV light.

1.9.2 Bleaching action of hypochlorite ion

Bleach is a chemical that removes color or whitens, often via oxidation. Color in most dyes
and pigments is produced by molecules, such as beta carotene, which contain chromophores.
Chemical bleaches work in one of two ways: an oxidising bleach works by breaking the
chemical bonds that make up the chromophore; this changes the molecule into a different

substance that either does not contain a chromophore, or contains a chromophore that does
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not absorb visible light. A reducing bleach works by converting double bonds in the
chromophore into single bonds. This eliminates the ability of the chromophore to absorb

visible light."*""*?

The bleaching action of hypochlorite ion depends on three main reactions,'” i.e. disruptive
oxidation of colored molecules, addition of halogen oxides across olefinic functions and

halogenations of saturated compounds.

1.9.3 Oxidising action of hypochlorite ion

The oxidation reaction with hypochlorite normally involves two electron oxidations both

under basic and acidic pH conditions.

The oxidising action of hypochlorite may be expressed by the ion electron equations:'**

In alkali:
OCl' + H,O0+2¢e — CI +20H (1.15)
In acid:

OCl' +2H" +2¢" - CI'+ H,0 (1.16)

1.9.4 Hypochlorite and hypochlorous acid distribution

The decomposition of hypochlorite (HOCI and OC1°) has been studied initially by Chapin et
al. in the pH range 1.0 to 13.0."> The pKa value of hypochlorite is 7.4.%"*° He further
reported that maximum decomposition rate of hypochlorite is in the neutral pH range. Based
on its pKa value the speciation of hypochlorite and hypochlorous acid as function of pH is

calculated and the data is summarized in Tablel.1.1
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Table 1.1.1  Percentage distribution of OCI" and HOCI*

pH [OCI']% [HOCI]%
2.0 0.45 99.55
3.0 1.21 98.79
4.0 3.23 96.77
5.0 8.32 91.68
6.0 19.78 80.22
7.0 40.13 59.87
8.0 64.57 35.43
9.0 83.20 16.80
10.0 93.09 6.91

*calculated values using pKa 7.4 up to four significant figures.

1.10 Chemistry of chlorine dioxide

Chlorine dioxide (ClO,) exists as a volatile, energetic free radical and is quite reactive. Due
to its explosive nature, ClO; cannot be compressed or stored and must be generated on-site.
Solutions with concentrations greater than 10.0 g/L can poses an explosive hazard"’ and its
ignition temperature is about 130 °C. Chlorine dioxide concentrations used in the water

treatment are generally in the range of 0.1 mg/L to 5.0 mg/L.

One of the most important physical properties of chlorine dioxide is its high solubility in
water, particularly in chilled water. Chlorine dioxide does not hydrolyze in water but remains
a highly soluble gas above 11°C over a broad range of pH (2.0 to 10.0). Solutions are
greenish-yellow and smell strongly chlorinous.”” Aqueous solutions must be protected from

138

light, as chlorine dioxide is subject to photolysis by ultraviolet light, ™ and even fluorescent

lights.
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The main reaction product of ClO, in water is the chlorite ion. Its reduction occurs by an
electron transfer, forming ClO, as shown in this half-reaction.”*'*

ClO;+e — ClOy (1.17)
Masschelein'*” reported, “In aqueous solution, chlorination by chlorine dioxide is not a direct
reaction. However, indirect chlorination by dioxide having undergone a previous reaction
may not necessary be excluded.” He attributed reports of chlorinated organic by-products
produced to the presence of chlorine in the ClO, solution that was used. Chlorine, on the

other hand, reacts with organic compounds to form chlorinated organic by-products.'*"'*?

Chlorite ion, which also is an oxidant, reacts at a much slower rate than ClO, under
conditions generally encountered in water treatment. Chlorite ion is reduced to chloride ion
(CI) by the following reaction’*'*"%

ClO, + 4H" +4e — CI' + 2H,0 (1.18)

. . ) .
This reaction does not occur, however, unless reduced compounds such as ferrous ion (Fe, '),

phenol, or humic materials are present.'* Typically, from 50 to 70 percent of the reacted

ClO; appears as ClO,” with the balance forming either CI or CIO3'.144’145
In basic solutions, C10, disproportionates to form ClO;and CIO5 137

2ClO; +20H" — ClO; + ClOs” + H,O (1.19)
Under certain conditions chlorine and ClO, can react to form CIO5”

2Cl0, + HOC1 + H,0 — 2 ClO;™ +2H "+ HCI (1.20)

When chlorine dioxide is subject to photochemical decomposition through a series of

- 146,147

reactions to Cl and ClO; there was significant formation of ClO3™ (0.36 to 0.97 mg/L)

when water containing from 3.56 mg/L to 3.99 mg/L of ClO, was exposed to fluorescent
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light. In controlled experiments, when water was treated with C1O, and kept in the dark it did
not contain ClO5".
Chlorite ion reacts with chlorine in treated water to reform CIO,, in the same manner that
ClO, is generated (Reaction 1.5). This reaction, however, depends heavily on pH and relative
reactant concentrations. In basic solutions when the hypochlorite ion (OCI') is present, greater
amounts of C105™ are formed by the following reaction.'**'**

ClO, + HOCI1 + OH— H,0 + CI' + ClO5 (1.21)
In acidic conditions more ClO, than ClO;™ is formed.

2Cl0, + HOCl+H" — 2 ClO, + CI'+ H,0 (1.22)

In neutral solutions also chlorine and ClO, react to form ClO3;and CI’

2Cl10, + HOCI1 + H,0 — 2Cl0s- + CI' + 3H" (1.23)

1.11 Chemical Kinetics

The chemical kinetics is the study of rates of chemical processes as a function of time.
Chemical kinetics includes investigations of how different experimental conditions can
influence the speed of a chemical reaction and yield information about the reaction's
mechanism and transition states, as well as the construction of mathematical models that can

. .. . . 149.1
describe the characteristics of a chemical reaction.'**!>°

The reaction kinetics can be applied to the optimization of process conditions, as in organic
synthesis, analytical reactions, and chemical manufacturing. The chemical kinetics is used for
the determination and control of the stability of commercial products such as pharmaceutical
dosage forms, foods, paints, and metals. Further uses of kinetics, less sweeping in their scope

than the preceding application, are for the testing of rate theories; the measurement of
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equilibrium constants; the analysis of solutions, including mixtures of solutes; and the

measurement of solvent properties that depend upon rates."”!

1.11.1 Classification of reaction rates

The rates of chemical reactions are found to be a function of the extent to which the reaction
has proceeded.'** Some reactions are roughly classified as fast reactions and the rest are slow

reactions. But in general a ‘fast’ reaction is one which is over in one second or less.

A very rough general classification of rates can also be given in terms of the time taken for
reaction to appear to be virtually complete, or in terms of half-lives. These will include very
fast reaction, fast rate, moderate rate, slow rate and very slow rate reactions. Typically the
reactions in the current study can be classified into moderate (1 to 10° s) and fast rate
reactions (10° to 1 s). Hence to monitor the reaction rates for such reactions a Hi-Tech

stopped flow instrument was used.

The study of the reaction rates can be explained in terms of the reaction mechanism involving
elementary reactions.”®> A complete reaction mechanism would involve knowledge of all
molecular details of the reaction, including the energetic and stereochemistry, e.g. interatomic
distances and angles throughout the course of the reaction of individual molecular stems

involved in a mechanism.'>*

1.11.2 Factors influencing reaction rates

A number of variables are recognized that influence the rate of a reaction. The major factors

are concentrations of reactants, products, and possibly catalysts, physical conditions such as
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temperature and pressure, the intensity of absorbed radiation, for reactions in solution,

properties of the solvent such as viscosity, dielectric constant, and ionic strength.'>

Each of the variables will be considered in turn, and emphasis will be placed particularly on
the concentration variables. They are the variables which provide the most direct connection
between chemical kinetics and reaction mechanism. The minimum goal of a kinetic study is
to establish a possible mechanism for the reaction in the sense in which the term was used
earlier to learn whether it proceeds by a single pathway, whether a sequence of reactions
occurs, whether equilibria precede the rate-limiting step, and whether one or more reaction

intermediates is involved.

Variation of temperature and pressure can provide additional information, particularly about
the energetic and volume relations of reaction steps in the mechanism. The quantities

deduced from the variations are collectively termed “activation parameters,” and they include

such values as entropy of activation AS* and the volume of activation AV*,"®

1.11.3 First-order reactions

Most reactions are either first-order or are carried out under conditions that approximate first-

order. For a first-order reaction of the type,

feq

4-C (1.24)
where k, is rate of the reaction
the rate of the reaction is as follows

—d[A
Rate = k, [A] = dE: ] (1.25)

where [A], [A]; are the concentrations of A initial and at time t = t respectively

34



It can be rearranged as,

—d[A
[A] _ k, dt (1.26)
Integrating from t = 0, [A] to t = [A]; gives
[A]¢
[4]o

here, [A], [A]; rations of A at time t = 0 and t = t respectively which

t
a[A]
[A]: ~ _Ofkl dt (1.27)

A
lnu = _klt

[A]o (1.28)

Equivalent forms of the integrated first-order rate Equation (1.28) are shown below (Equation

1.29 to 1.30)

In[A]; = —kyt +In[A], (1.29)
or

[A]; = [A]p e™"* (1.30)

Thus for a first-order reaction, a plot of In [A]; versus t should be linear, with the first-order
rate constant being represented by the slope. The dimension of a first-order rate constant is

. -1 -1
time ', usually represented as s~ .

1.11.4 Reversible first-order reactions

In principle, all reactions are reversible and although simple considerations suggest ways of
driving many reactions in one direction only, there are systems where reversibility cannot be

ignored. The simplest of these is the reversible, first-order reaction.
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(1.31)

Where kf and k;, are that the rate constants for forward and back reactions.

Recognizing that the loss of a reagent corresponds to a negative rate and that the gain of a

reagent corresponds to a positive rate the rate law applicable to this system is:

_ _d[A]
Rate = —? (132)

= klAle = ky[Ble (133)

where [A] and [B] express the concentration of the species A and B, and

[A]o,[A]; and [B]; are the concentrations of A and B at time t =0 and t = t respectively

Attime t=0, [B]=o = 0, and [A]i=o = [A]o, consequently at any given time:

[B]t = [A]O - [A]t (134)
Substitution of (1.34) into (1.33) gives:

d[A]

— = ke[Ale — kp([Alo — [A]L) (1.35)

No net reaction occurs at equilibrium, and hence:

d[A]
~at O (1.36)

Applying equation (1.36) to (1.35) and (1.33) affords the following equilibrium expression:
kf[A]eq = kb[B]eq = kb([A]O - [A]eq) (1.37)
where [A]¢q and [B]¢q are equilibrium concentrations of A and B

which implies that:

Al = kf + kp 2
]0 - kb [ ]eq (1.38)

Substitution of (1.38) into (1.34) affords the following term:
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d[A
_% = (ks + kp)[Als — (kr + kp)[Aleg (1.39)

Subsequent separation of variables:

4]
WL — Al o+ ko)t (1.40)
Integration of (1.40) gives:
[A]t d[A] t
f = ey~ s+ o) f a (1.41)
[4]o 0
which affords:
[A]t B [A]eq _
" l[A]o - [A]eql = Uy k)t (1.42)
An equivalent form of equation (1.41) is shown in equation (1.42):
ln([A]t - [A]eq) = _(kf + kb) t+ ln([A]O - [A]eq) (143)

A plot of In ([A]; — [A]eq) versus time should give a straight slope that corresponds to
— (ke + kp).

Evaluation of the equilibrium constants allows one to determine the individual rate constants
k¢ and ky respectively.

(Bl _ Iy

Kea = (e = To (1.44)

With the observed rate constant, Kops,

Kobs = (kp + k) (1.45)
The most difficult problem encountered in treating reversible first-order reactions is in

accurately measuring [A]. 137
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1.11.5 Second-order reactions

Second-order reactions can be divided into two types. The first type is when the rate is
second-order with respect to one of the reactants and zero-order with respect to the second
reactant. The second type that will be analyzed in further detail is when the second-order
reaction is first-order with respect to each reagent.

For the reaction:

ka
A+B - X (1.46)
where k, is rate constant upon the rate equation can be written as:
d[X] d[A] d[B]
= — = — = k,[A]:[B
dt dt dt 2lAlelBle (1.47)

Upon separation of the variables, equation (1.47) can be written as (where [A] and [B], and
[A]; and [B]; express the concentrations of A and B at time t = 0 and t = t respectively)

Separation of the two leads to:

d[X]

A

(1.48)

In order to integrate Equation 1.48, one must first relate the concentration of B to that of A. If
then, the initial concentrations of A and B are [A], and [B], respectively, it follows from the
reaction Stoichiometry that when the concentrations of A have fallen to [A]y—x, the

concentration of B has fallen into [B]y— x.

Equation 1.48 can be written as

d
— B = k, ([Alo - %} { [Blo ) (1.49)
Since [A]; = [A] - X, it follows that — % = % and thus Equation 1.49 can be written as

2 = ky {[Alo - x3 { [B]o —x} (1.50)
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Separation of the variables results in an alternate version of Equation 1.48

dax

Al g (Ee g = et (1.51)

Integrating Equation 1.51 under the condition that x=0 when t=0 gives

. iy g (1.52)
fo AL, -5 ([Blo % szodt

Which affords Equation 1.52 in the form of y=mx

1 [Blo{[Alo -x}
1 = kot 1.53
[Alo-Blo  [AlolBlo—x} 2 (1.53)

ln{ = kyt (1.54)

In order to evaluate the second-order rate constant k> (M s™) for the reaction, one needs to
know the concentrations of both 4 and B, both initially and at any time ¢, i.e. [A]o, [BJo, [A]s
and [B].. However, this represents a complicated and time-consuming process for most
kinetic experiments. As a result of this, these experiments are often conducted with either
reactant A or B in large excess, i.e. [B]o >> [A]o (at least 10-fold excess). Under these
conditions the concentration of B remains constant throughout the course of the reaction, and
the reaction may be treated as a first-order reaction. These conditions whereby one reactant is
present in a large excess over the other are commonly referred to as pseudo first-order
conditions.

Therefore Equation 1.47 may be written as:

—%= ky[A]¢[B]e = {k2[B]o}[Al:
= kobs[A]t (1'55)

where kgps 1S the observed rate constant with units st
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A plot of In [A] versus time will result in a straight line with a slope equal to ko,s Monitoring
the reactions for several concentrations of B, whilst simultaneously ensuring that B is in a
large excess over A, generates a series of kg for different [B]. With reference to Equation

(1.55), a plot of kops vs [B]o will be linear with a slope of ks having units of M s™.

1.11.6 Reversible second-order reactions

Reactions may not go to completion at times. Instead equilibrium between the reactants may

be reached. These types of reactions may be represented as follows:

(1.56)

This assumes that the reverse reaction is first-order, whilst the forward reaction is second-
order. Due to this the reaction in general exhibits a mixed-order behavior. To eliminate the
complexity of the problem, pseudo first-order conditions are often selected for the forward
reaction, i.e. [B]o >> [Alo,. This result is in the equation now being treated as if it were a

reversible first-order reaction.

The rate of formation of C can be written as:

_ diAl _ _ dB] _ dc] _ ks [Al:[B]: = kp[Cl,

dt dt dt (1.57)

(where [A] and [B] and [A];and [B]; express the concentration of the species A and B at
time t = 0 and t = t respectively)
for the given stoichiometry of 1:1:1, applying t mass balance at any time ¢ gives:

[A]e = [A]o — [C]e (1.58)

and

[B]e = [Blo — [C]: (1.59)
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At equilibrium:

[Aleq = [Alo — [Cleq and [Bleq = [Blo — [Cleq (1.60)

The rates of the two opposing reactions at equilibrium are equal, i.e.

d[A]
= ke [Aleq[Bleq — kp[Cleq =0 (1.61)
This implies that:
ke [Aleq[Bleq = kp[Cleq (1.62)

However, [C]; = [A]o — [A]; and [C]eq = [A]o — [A]eq and equation (1.57) may now be written

as:

kf [A]eq[B]eq = kb([A]O - [A]eq)

(1.63)
Resulting in:
kb [A]o = kf [A]eq[B]eq + kb[A]eq (1'64)
Substituting [C]; = [A]o — [A]: and Equation (1.64) into (1.57) results in:
d[A]
= ==k [ALIBle = Ko [Aleg[Blag = ko [Aleq + ks [Ale (1.65)
Since [B]o >> [A]o, Equation (1.65) can be expressed as:
d[A]
= — 7 = ky [ALe[Blo — kr [Aleq[Blo — ky [Aleq + Ky [Al.
= (ks [Blo + kp)([Al; — [Aleq) (1.66)
Separation of variables and integration gives:
[Ale
j A e (Bl + k) ftdt
L= TaLy T T e T, (167
0

Which results in:
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1 ([A]t_ [A]eq

n m) = —(ks [Blo+ kp)t

For a second-order reversible reaction a plot of kq,s versus [B]p will be linear with a slope

equal to kr and an intercept equal to ky. The equilibrium constant K can be obtained from the

ratio of k¢'k, and may also be determined thermodynamically.

1.11.7 Consecutive first-order reactions
Frequently a product of one reaction becomes a reactant in a subsequent reaction. This is true
in multi-step reaction mechanisms. A simple case involving two consecutive irreversible

first-order reactions is represented by equation (1.69)

ki ks
A -> B - C (1.69)
The rates of change of at time t; [A], [B] and [C] are as follows:

d[A] _
o = kalAl (1.70)
d[B] _
—ar = falAle = ka[Bl (1.71)
d[C] _

Since B is formed by the first reaction and is destroyed by the second reaction, the expression
d
for % has two terms.

Let only A be present in the system at t = 0:
[A] * [A]O: [B]O = Oa [C]O =0 (173)

and at any time t
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[Alo = [A]e + [B]: + [Ce

(1.74)
subsequent integration of Equation (1.70) yields:
[A]; = [A]pe "t (1.75)
Equation 1.75 is substituted into Equation (1.71) thus
d[B] kgt
—qr = falAloe™" — ko[BI, (1.76)

Equation 1.76 can be integrated using the integrating factor method
Noting that at time t = 0, [B]o = 0, application of product rule and subsequent integration of
(1.76) yields:

ki[A]o
kz - k1

[B] = (e7af — e7kat) (1.77)

Using conservation of matter enables one to determine [C]. The total number of moles
present is constant with time, so [A] + [B] + [C] = [A]o. Substituting Equations (1.75) and

(1.77) into Equation (1.74) yields:

[Cle = [A]o (1 X ekt 4 ! e—kzt)

2— kyq ky — kq (1.78)

1.12  Kinetic salt effect

In aqueous solutions, ionic strength plays an important role in the rates of the reaction. The
effect of primary salt can be studied by varying the ionic strength of the reaction by
employing an inert electrolyte solution. The kinetic salt effect gives an insight into the

charges and nature of the reacting species involved in the rate-limiting step.
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The Bronsted equation predicts the influence of the concentration of ions and their charges on
the rate constant k when the reaction occurs between two charged species A and B. The rate

constant k£ of a bimolecular reaction is defined by the following equation:

= *
k=Koyays/y (1.79)

where k, is the limiting value of the rate constant for zero value of all ion concentrations in
the mixture. ya, ys and y* the activity coefficients of A, B and the activated complex

respectively.” The Debye-Huckel theory states that “electrolytes in solution as fully
dissociated, assuming that each ion is surrounded by an ionic atmosphere of opposite charges.
The behavior of this atmosphere is assumed to retard the motion of ions moving through it”.

Combining the Bronsted equation and Debye-Huckel limiting law, a relationship between

the rate constant and ionic strength can be established.'*®

. B 22 247172
log k =log ko — A{ZaA"Zp" — (Za+Zp)"}1 (1.80)

B 12
logk=logk, + 2AZAZg 1 (1.81)

where Z, and Zp are the valences and I is the ionic strength

If the Bronsted equation holds good, in dilute solutions a plot of log k versus I'? should be
linear, with slope equal to 1.02 ZZg and intercept equal to log k,* In aqueous solutions the
gradient indicates the product of charges on the species involved in rate-limiting step. If both
the reactive species are like charges, a positive slope is expected and a negative slope is

expected, if they are oppositely charged.
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1.13 Kinetic simulations

Kinetic simulations are a good tool to provide insight into complex chemical reactions. They
give information, which is often inaccessible experimentally, such as details of unstable

159 Kinetic simulations are the initiation

species (transition rates and reaction intermediates).
of experimental behavior with respect to time, and they also involve determination and

investigation of various species with respect to time.

1.13.1 Simulations

Simulation is the imitation of real world processes over time. Simulation involves the
generation of a system with the properties that draw inferences concerning the operation
characteristics of the real system. The simulation model is developed to study the behavior of
the system over time based on a set of assumptions that are expressed mathematically,
logically and symbolically.'®® The simulation model can be used to investigate the
performance of a system by simulating the potential changes to it. It can be used as an
analytic tool for predicting the effect of changes to the existing system. It can also be used to
as a design tool to predict the performance of new systems under varying sets of

circumstances.'®!

In some instances a model can be developed which is simple enough to be solved by
mathematical methods. Such a solution may be reached by the use of differential calculus,
probability theory, algebraic methods or other mathematical techniques. The solution usually
consists of one or more numerical measures of performance of the system. Many real world
systems are so complex that their models are virtually impossible to solve mathematically.'®*

In these instances numerical computer-based simulation can be used to imitate the behavior
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of the system over time. Simulation data is collected as if a real system is observed. The

simulated data is used to estimate the measures of performance of the system.

1.13.2 Importance of simulation as a tool

Simulation enables the study of complex reaction mechanisms, and experimentation with the
internal action of a complex system or of a subsystem within a complex one. Informational,
organizational and environmental changes can be simulated and the effect of these alterations
on the behavior of the model can be observed. The knowledge gained in designing a
simulation model may be of great value towards suggesting improvement in the system under
investigation. By changing simulation inputs and observing the resulting outputs valuable
insight may be obtained into which variables are most important and how they interact.
Simulation can be used to experiment with new designs or policies prior to implementation so
as to prepare for what may happen. Simulation can be used to verify analytic solutions. It can
help in understanding how the system operates rather than how individuals think the system
operates. Time can be compressed or expanded to allow for a speeded-up or slow-down of
the phenomena under investigation.'®"'®* Simulation can provide hypothesis about how or
why certain phenomena occur and these can be tested for feasibility. Simulation and
modeling have been used in the motor industry, controlling of traffic during peak hours, in
the army, in the designing and testing of new weapons and biological processes, and in the

building industry to mention a few.

1.13.3 Requirements for kinetics simulation
The requirements for kinetic simulation are: proposed mechanisms for a reaction, rate
constants for each reaction step involved in a proposed mechanism and initial concentrations

of the starting species. There are different kinds of software available for kinetics simulation.
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The most frequently used is the FitAll software developed by MTR Software,'® Easy-Fit

1% the Kaps and Rentrop program,'®’ and Simkine 2 software.'®®

developed by Schittkowski,
To simulate the kinetic profile of reactants, a proposed mechanism is essential. To propose
the mechanism, the reaction kinetics and other aspects needs to be studied experimentally. In
any mechanism there is a slowest step and a reaction cannot progress slower than its slowest
reaction step. The slowest reaction step is thus the rate-determining step. Practical
experiments involve determination of an average rate of reaction of a large number of

molecules for the rate-determining step.'®

1.14 Kinetic measurements-fast reactions

Kinetic studies are accomplished by studying the time dependence of some variable that is
proportional to the concentration of reactant or product. Subsequent fitting of the
concentration-time data to an appropriate model allows for the determination of the rate

constant.

Flow methods are the best way of following fast reactions in which the reagents cannot be
prematurely mixed. All fast flow methods are based on the pioneering work of Hartridge and

Roughton.'”*!"!

Flow methods involve the fast together of separate solutions of the reactants.
The rapid mixing of reactants is usually coupled to a rapid-response method for monitoring
the progress of the reaction flowing. With such methods one can determine the rate constants

in the order of 5 x 10*s! (i.e. tj2> 1 ms). The advantage of these methods over conventional

techniques is the ability of mixing the reactants rapidly.
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The continuous flow method operates on the principle whereby solutions of two reactants are
forced by pistons into a mixing chamber, whose design contributes to rapid mixing. The
mixed solutions then flows into an observation tube, where detection by spectroscopy takes
place at a specific distance downstream from the mixer. A schematic representation of the

continuous flow method is given in Figure 1.1.8.

Mixing Chamber
/

h

«— d—>
| Observation Chamber

Figure 1.1.8  Schematic diagram of a continuous flow kinetic system. (where d is the

distance from the mixer to the point of observation.)

The stopped flow technique operates on the same principles as the continuous flow method
and is very popular in studying reactions having a half-life range of 10°-10° s. The apparatus,
whose schematic diagram is illustrated in Figure 2.1.11, consists of the four drive syringes,
which are reagent filled through separate valves from the reagent reservoir syringes,
containing the individual reactants. The drive syringes are usually maintained at a specific
temperature by immersion in a water bath with a thermostated jacket. Once filled, the
solutions are allowed to equilibrate at the specified temperature. The drive mechanism, which
is usually piston driven, either mechanically or by a compressed gas, drives the reactant
solutions into a mixing chamber in such a manner that the solutions impinge on one another
and give very rapid mixing within 0.001 s. The mixed solution then flows into a reaction
cuvette or, alternately, the two solutions may be combined in the reaction chamber, which in
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turn triggers the recording device, which might be an oscilloscope, a transient scope, or a
digital sensitizer. The solution is now stationary, and this marks the beginning of the

collection of kinetic data.'®

The usual method of detection is UV-Visible spectrophotometry and once the recording
device is triggered, the amount of light at a predetermined wavelength setting of the
monochromator is transmitted through the mixed solution in the cuvette, will change as the
reaction proceeds in the static mixed solution. A photomultiplier then converts this
transmitted light into the electric current and a signal is fed through to a computer acquisition
system over an appropriate time interval. The kinetic data is then processed and the rate

constant evaluated.'7>!7>174

1.14.1 Analysis of Kinetic data

KinetAsyst' ™ software package (Hi-Tech Ltd.) was used for data collection. Figure 1.1.9
represents the analysis of the data accomplished using the KinetAsyst'™ Fit Asystant
software for a typical kinetic curve obtained from the stopped-flow instrument. Data were fit
with models including a single or sum of exponential phases, as appropriate. In each case, the
residuals indicate the best fit assigned as the simplest one giving the smallest deviation in a
least-squares fit analysis and random residuals over the whole time course.'” The upper
region indicates the fit between the fitted and experimental curves obtained whilst the lower

portion indicates the residuals (deviation between the two curves)
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Figure 1.1.9  KinetAsyst'" single-exponential equation fit (green) and the experimental
curve (red) with residuals (lower curve) and the rate parameters
for the reaction of [AM o (7.0 x 10> M) with [OCI']; (1.5 x 10™ M).

1.15  Scope and objectives of the study

Although the literature survey shows that considerable attention has been paid to understand
the chemistry of dyes; not much is known about their reactions with various materials and
chemical reagents, and their reaction mechanisms with bleaching agents, which are
commonly used in industry and in water treatment processes. The literature review indicates
that little information is available about the kinetics of degradation of the dyes and the
mechanisms of their oxidation by hypochlorite and chlorine dioxide. The role of acid in such

reactions and possible intermediates are still not completely understood.

The objective of the current study is to investigate the oxidation reaction mechanisms of
selected three water soluble dyes from three different classes amaranth (Azo dye), brilliant

blue-R (Triarylmethane dye), safranine-O (Azine dye) by hypochlorite and chlorine dioxide
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which are the most widely used oxidants in the water treatment under varied reaction
conditions. The study focuses on the reaction rates with emphasis on their decolorisation
kinetics. Different factors influencing the reactive rates will be examined and the elucidated

mechanisms and proposed rate laws for the chosen dyes will be described.
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CHAPTER 2

2.1 Experimental

All the solutions were prepared with double distilled water using ‘A’ grade glassware. All the
reagents were of analytical grade or of high purity. All acid and base stock solutions were

standardized by the prescribed methods.

Absorbance measurements:

Absorbance readings were recorded using a Cary II-Varian double beam spectrophotometer.
The instrument is equipped with a thermostated cuvette holder and data capturing facilities
interfaced with a computer. Quartz cuvettes were used for absorbance measurements so as to

extend measurements into the ultraviolet region of the electromagnetic spectrum.

2.1.1 Three dyes-amaranth, brilliant blue-R, safranine-O
Amaranth (Sigma-Aldrich, USA 95% purity) was used with no further purification. Since the
dye was sparingly soluble in water, a stock solution of 1 x 10 M was prepared by dissolving
0.604 g of amaranth dye in distilled water and making up to the mark in a 1 L standard
volumetric flask. The stock solution was further diluted requisite to the need of experiments.
The structure of azo dye amaranth is presented in Figure 2.1.1.

055

058 o

Figure 2.1.1  Structure of amaranth
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A typical spectrum obtained in the visible range and using UV-Visible Cary 100 double beam

spectrophotometer with data interval of 1 nm and average time interval of 0.1 s showed

maxima absorbance at 520 nm (Figure 2.1.2).
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Figure 2.1.2  UV-Visible spectrum of amaranth, [AM ], (1 x 10° M).

From five replicate measurements the absorption coefficient at the absorption maxima for this

dye was estimated to be (1.98 + 0.02) x 10* dm® mol™' cm™ (Figure 2.1.2). No peak shift was

registered due to changes in pH.

Brilliant blue-R (Aldrich, USA 95% purity) was used with no further purification. Since the
dye was sparingly soluble in water, a stock solution of 1 x 10 M was prepared by dissolving
0.802 g of brilliant blue - R in water and making up to the mark in a 1 L standard volumetric

flask. The stock solution was further diluted requisite to the need of experiments. The

structure of the dye is shown in Figure 2.1.3.
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Figure 2.1.3  Structure of brilliant blue-R.

A typical spectrum obtained in the visible range obtained using UV-Visible Cary 100 Double
beam Spectrophotometer with data interval of 1 nm average time interval 0.1 s showed

maxima absorbance at 555 nm.
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Figure 2.1.4 UV- Visible spectrum of brilliant blue-R, [BB"], (1 x 10°M).

From five replicate measurements the absorption coefficient at the absorption maxima for this
dye was estimated to be (1.78 + 0.02) x 10" dm® mol ™" cm™" (Figure 2.1.4). No peak shift was

registered due to changes in pH.
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Safranine-O (Aldrich, USA 95% purity) was used with no further purification since the dye
was sparingly soluble in water, a stock solution of 1 x 10 M was prepared by weighing out
0.315 g/L of the dye in distilled water into a standard volumetric flask. The stock solution

was further diluted requisite to the need of experiments.'”® Figure 2.1.5 represents the

H;C N\ CHs
N
H)N N NH;

structure of the dye.

Figure 2.1.5  Structure of safranine-O
A typical spectrum obtained in the visible range obtained using UV-Visible Cary 100 Double
beam Spectrophotometer with data interval of 1 nm average time interval 0.1 s showed

maxima absorbance at 519 nm.
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Figure 2.1.6  UV- Visible spectrum of safranine-O, [SO]o (1 x 10° M)
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From five replicate measurements the absorption coefficient at the absorption maxima for this
dye was estimated to be (2.98 + 0.02) x 10" dm® mol ™' em™" (Figure 2.1.6). No peak shift was

registered due to changes in pH.

2.1.2 Hypochlorite solution
Sodium hypochlorite solutions were prepared by electrolysis of sodium chloride solutions.
The instrument used to generate these solutions was the Baird & Tatlock electrolytic analysis

apparatus. (Figure 2.1.7)

2.1.4.1 Preparation method

The instrument comprises a single compact unit containing its own low voltage D.C. (direct
current) supply unit capable of giving an output of 0 to 10 amperes (A) at up to 12 V. The
electrodes consists of “unimesh” inner and outer platinum electrodes. The inner platinum
electrode has a cylinder height and diameter of 32 mm with its overall height measuring 145
mm. The outer platinum electrode has a cylinder height and diameter of 45 mm with an
overall height of 130 mm. The polarity of the central electrode can be changed to positive or

negative by means of a “polarity change” switch. (Figure 2.1.7).
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Figure 2.1.7  Baird & Tatlock hypochlorite generator.

100 mL of a 5% (w/v) NaCl solution was refrigerated for an hour prior to electrolysis to
avoid sodium hypochlorite decomposition caused by a temperature increase during the
electrolytic process. The chilled NaCl solution was then electrolyzed at 2 amperes (A) for a
period of 45 minutes. The operating conditions for the generation of OCI are discussed at the
end of this chapter. A number of researchers have used the Baird & Tatlock apparatus for the
generation of sodium hypochlorite solutions. The generated hypochlorite solutions were
stored in brown bottles left away from light to minimize decomposition caused by light and

air.

The reactions involved in the electrolysis of NaCl are:

Anode: 2CI (aq) > Cly (g) +2¢ (2.1)
Cathode: 2 H,O () + 2¢” - Hy(g) +20H (aq) (2.2)
Overall: 2H,0 (1) + 2CI" (aq) — Ha(g) + Clx(g) + 20H (aq) (2.3)
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The Cl, (g) thereafter reacts with the H,O (1) to form hypochlorite.

Cly(g) + H,O(l) —» 2 H'(aq) + OCI'(aq) + Cl'(aq) (2.4)

In order to minimize Cl, (g) escaping into the atmosphere, the vessel containing the sodium
chloride solution is sealed with parafilm during the electrolytic procedure. The hypochlorite
ion generation conditions were optimized by establishing suitable reaction conditions such as

% (w/v) of NaCl, duration of electrolysis and temperature.

After electrolysis, the solution was neutralized with 1.0 M sulfuric acid to prevent the further
disproportionation of hypochlorite to the corresponding chlorate ions. The solution was then
standardized by the arsenite method. In the arsenite method, the sample is titrated against
standard sodium arsenite solution. An external indicator, potassium iodide-starch paper, is
employed. The neutralization with acid also facilitates the effective oxidation of arsenite,
since optimum conditions for its oxidation lie between pH 4.0 and 9.0, the best value being
6.5.""" Since NaOCl is degraded by light and air, normally solutions were kept in diffused

light in air tight flasks and fresh stock solutions were prepared, whenever required.

2.1.4.2 Calculation of molarity of the hypochlorite-arsenite method

Two methods for OCI ion determination, commonly employed in the laboratories are the
arsenite and iodometric methods. Of the two methods, the arsenite method is preferred
because it is more accurate. The reagents involved in the iodometric method include KIOs,
KI and starch, which have to be freshly prepared and standardized. Solid As,O; on the other

hand, is stable and readily available in a high degree of purity.
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Preparation of As;Oj3 solution

Arsenic trioxide (As;Os3) is a colorless crystalline solid, formed when arsenic or a sulfide of
arsenic burns in air. Arsenic trioxide sublimes on heating. Up to 800 °C, the molecules are
As4O¢ but by 1800 °C, dissociation to As;Os is complete. Sublimation gives a very pure
product, which is used as a primary standard in volumetric analysis 0.025 M As,0Oj3 solution
was prepared by dissolving 2.473 g finely powdered arsenious oxide in a 10% (w/v) sodium
hydroxide (NaOH) solution.'”® The solution was then diluted to 200 mL and neutralized with
1 M HCI using litmus paper as indicator. The neutralized solution was then quantitatively
transferred to a 500 mL volumetric flask. 2.0 g of pure NaHCO; was added, and when all the

salt was dissolved, the solution as made up to the mark.

A volume of the generated OCI solution was titrated with 0.025 M As,0O3 solution and the
end point was determined using Kl-starch paper which serves as an external indicator. As
long as OCI is present, the sample solution turns the Kl-starch paper blue. At the end point,
the sample solution no longer produces a blue stain on the starch paper.

20CI + As;03 — AsyOs+2Cl (2.5)

Thus 2 x (Volume of As;03) x (0.025 M) = (Molarity OCI') x (Volume of OCI")

(Molarity of OCI') =2 x (0.025) x (Volume of As;0O3) / (Volume of OCI’)

2.1.3 Chlorine dioxide

2.1.5.1 Chlorine dioxide preparation

A pure solution of chlorine dioxide is prepared by slowly adding dilute sulfuric acid to a
sodium chlorite solution, removing any contaminants such as chlorine by means of a sodium

chlorite scrubber, and passing the gas into distilled water by means of a steady stream of air.
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Figure 2.1.8  Chlorine dioxide generation and absorption system."””

The experimental setup to generate the chlorine dioxide is described below. An aspirator
flask A of 500 mL capacity as illustrated in Figure 2.1.8 was attached by means of rubber
tubing to a source of compressed air. The air was bubbled through a layer of 300 mL of
distilled water and then passed over and down through a glass tube to within 5 mm of the
bottom of the 1-1 gas-generating bottle B. The evolved gas passed via glass tubing through a
scrubber into bottle C containing saturated sodium chlorite solution or a tower packed with
flaked sodium chlorite, and finally, via glass tubing, into a 2-1 Pyrex collecting bottle D,
where the gas is absorbed in 1500 mL distilled water. An air outlet tube on bottle D provided
for escape of the moving air. A bottle was selected for gas generation which was constructed
of strong Pyrex glass and having a mouth wide enough to permit the insertion of three
separate glass tubes: the first leading almost to the bottom for admitting air, the second
reaching below the liquid surface for the gradual introduction of the H,SOy, and the third near
the top for exit of the evolved gas and air. A graduated cylinder, E, containing H,SO4 was

fitted to the second tube.

10.0 g sodium chlorite, NaClO, was dissolved in 740 mL distilled water and a smooth current

of air through the system, as evidenced by the bubbling rate in all bottles. A 5 mL increments
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of sulfuric acid from cylinder E into bottle B at 5 min interval was introduced. The generated

chlorine dioxide which was absorbed was kept in a refrigerator.

2.1.5.2 Calculation of molarity of the chlorine dioxide - iodometric method

Chlorine dioxide releases free iodine from a potassium iodide solution acidified with acetic or
sulfuric acid. Chlorine dioxide solution was allowed prior to the titration to react in the dark
with the acid and the potassium iodide for 5 minutes. The liberated iodine is titrated with a
standard solution of sodium thiosulfate, with starch as the indicator. The required volume of
stock chlorine dioxide solution was diluted to the desired strength with chlorine-demand-free
water prepared. The stock solution is standardized by titrating with standard 0.010 M or

0.025 M sodium thiosulfate solution in the presence of KI, acid and starch indicator.

Chlorine dioxide concentrations were expressed in terms of chlorine dioxide alone or
available chlorine content. The available chlorine is defined as the total oxidising power of
the chlorine dioxide measured by titrating the iodine released by the chlorine dioxide from an
acidic solution of KI. The following expressions were used for standardizing chlorine

dioxide stock solution:

(A+B) xNx1349
mL sample titrated (2.6)

mg/mL ClO, =

(A+B) XN x 35.45
mL sample titrated (2.7)

mg/mL Cl =

For determining chlorine dioxide in temporary standards:

(A+B) xNx 13,490
mL sample (2.8)

mg/L Cl0, =
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(A % B) x N x 35,450

mg/L Cl = mL sample (2.9)

Where A represents the sample volume in mL, B is the volume of the blank in mL obtained

from titration for blank (positive or negative), and N is normality of Na,S,0s.

2.1.4 General reagents

1.000 M stock solutions of sulfuric acid, sodium hydroxide, and sodium chloride were
prepared by dissolving AR grade (Merck) in triple distilled water as per standard methods of
preparations. The solutions were further diluted to suitable concentration. The strength of

these solutions was determined by standard procedures.

2.1.5 Kinetic measurements

All the kinetic measurements for the consumption of the organic dyes were conducted with
low concentration of dye and excess concentrations of all the other reagents. The kinetic
measurements for all the reactions were conducted under pseudo first-order conditions and
the reactions were completed in few milliseconds at certain given conditions. Therefore, they
were monitored using the stopped-flow spectrophotometer, which is designed to follow the

fast signal changes with a rapid mixing system.

All kinetic measurements for amaranth-hypochlorite, brilliant blue-R-hypochlorite or
safranine-O-hypochlorite reactions, as well as amaranth-chlorine dioxide, brilliant blue-R-
chlorine dioxide and safranine-O-chlorine dioxide reactions were conducted using the HI-
TECH (SF-61DX2) stopped-flow apparatus. The high performance stopped-flow
spectrometer has a double mixing facility. Flow circuit diagram Figure 2.1.9, Bench Setup
(Figure 2.1.10), Sample handling unit (Figure 2.1.11) and optical setup (Figure 2.1.12) are
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shown respectively. To prepare the reagent mixtures for the reactions, the requisite volumes
of reagents were added to bring the final volume to 10 mL. The experiments were performed
by using conventional single mixing. Only drive 2 (Figure 2.1.9), was used so that reagents C
and D are delivered to mixer 2 and the A and B reagent pathway was filled with water and
not used. The rapid mixing initiated the study reaction. The flow displaced aged solutions
(from previous runs) as the reaction mixture was driven into the observation cell. A stop
syringe, used to set the driven volume, stops the flow. The stop syringe plunger travel was set
by a rigid stop block causing rapid cessation of flow of the solution and thus triggering the
data acquisition system. It should be noted at this point that the concentrations of the reagents

in the mixing chamber are half that of the reagent in the syringe.
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Figure 2.1.9  Hi-Tech Stopped flow apparatus - Flow circuit diagram.'™
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Figure 2.1.10 Hi-Tech Stopped flow apparatus-Typical bench setup.
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Figure 2.1.12 Hi-Tech Stopped flow apparatus-Optical setup.
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The rapid scanning single mixing mode technique was used to acquire multi-wavelength data

for reactions in the current study.

2.1.6 Simulations and software used

In the current study “Simkine2” software was used due to its advantages of being efficient,
less time consuming, and it can handle most of the errors, its flexibility and the fact that it
provides more options. Simkine2 was an improved version of the original software developed
called Simkine.'®* Simkine2 software was rewritten using Delphi professional 5 that met the
needs of the various operating systems. The advantage of using Delphi was that the software

could be operated at a good speed.

The available softwares only plots the generated data and experimental data separately, and
gives a plot for comparison at a later stage. Simkine2 has the ability to plot the generated data
as it gets is generated. The Simkine2 gives the user an option to plot the generated and

'83 While doing simulations it is useful to

experimental data simultaneously and separately.
see how close the experimental and generated data agrees'™, and also in order to see how the

generated and experimental data matches both plots need to be in the same set of axis.

2.1.7 Product analysis

The characterisation of the reaction products is esesential postulating probable reaction
mechanism. To obtain sufficient quantities of the reaction products, reactants were taken in
large quantities but approximately in relative proportions to that used in the kinetic
experiments. Then an attempt is made to isolate and characterize the products of each
reaction. The products were characterized using '"H NMR and "C NMR with Bruker

Avance III 400 MHz and 600 MHz NMR instruments with Probe BBO-2 gradient and the
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“Top spin 2.1’ software was used to analyse the spectras. Thermo Finnigan Trace GC coupled
to a Polaris Q- MS was used for GC-MS analysis with column size 3.0 m x 0.2 mm internal
diameter with 0.25 pum 5% phenyl(equivalent)/ 95% methyl polysilphenylene /siloxane

stationary phase film with mobile phase helium gas.

Hypochlorite initiated reactions

The products of the reaction are analysed to propose the plausible reaction mechanism and
the rate law. To commence the reaction 0.60 g of amaranth, 0.80 g of brilliant blue, 0.40 g of
safranine-O was dissolved in 100 mL of water, and 400 mL of 0.010 M hypochlorite was
added. The mixture was allowed to stand for 24 hours with constant stirring at room
temperature. The reaction mixture was extracted with dichloromethane using batch separation
technique. The extracted filtrate was evaporated using rotavapor. The filtrate was allowed to
evaporate and dissolved in ethyl acetate. The separation of compounds was carried out using
column chromatography and thin layer chromatography (TLC) techniques using the

procedure outlined below.

Chlorine dioxide initiated reactions

To initiate the reaction 0.60 g of amaranth, 0.80 g of brilliant blue, 0.40 g of safranine-O were
dissolved in 100 mL of water, to which 400 mL of 0.012 M chlorine dioxide was added. The
mixture was allowed to stand for 24 h with constant stirring at room temperature. The
reaction mixture was extracted and evaporated in the same manner as mentioned above. The
filtrate was allowed to evaporate and dissolved in ethyl acetate. A silica gel column was used
for the separation of the compounds. The products were characterised using 'H NMR and "°C

spectroscopy on Varian 400 MHz NMR and the GC-MS spectrometer.
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Column and thin layer chromatography

The separation, isolation and purification of compounds were carried out by gravity column
chromatography and monitored by thin layer chromatography (TLC). For column
chromatography, all crude extracts were dry packed onto a 4.5 cm crude column and fractions
of 10 mL were collected. Merck silica gel 60 (0.040-0.063 mm) was used for column
chromatography and Merck 20 x 20 cm silica gel 60 F254 aluminum sheets were used for
thin-layer chromatography. The TLC plates were analysed under UV (254 nm and 366 nm)
before being sprayed with reagent (spray reagent is developed with a [1:2:97] anisaldehyde:
concentrated sulfuric acid: methanol) and the plates are subjected to heat. Varying ratios of
hexane, dichloromethane and ethyl acetate were used for both column chromatography and

thin layer chromatography.

2.1.8 Precision calculations

It is seldom easy to estimate the precision and accuracy of experimental data. Attempts must
be made however, to satisfy such estimates because data of unknown precision and accuracy
are worthless. A tenfold increase in accuracy may take hours, days or even weeks of added
labor. Time to generate such accurate results is generally not available, thus most chemists

usually carry out two to five replicates of an entire analytical procedure.

Most of the experiments in this project were performed in triplicate and the data generated
were subjected to precision calculations. Precision may be defined as the concordance of a
series of measurements of the same quantity. Generally, the precision of a measurement is
determined by simply repeating the measurement. Three terms are used to describe the
precision of a set of replicate data: standard deviation (s), variance (s?), relative standard

deviation (RSD) and coefficient of variation (CV).
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2.1.9 Standard deviation (s)
In analytical chemistry, one of the most common statistical terms employed, is the standard
deviation of a population of observations.
If we consider a series of n observations arranged in ascending order of magnitude:
X1, X2, X35 - « + » Xn-1, Xn,
The arithmetic mean is given by:

a=x1txXp+x3...+ .. +Xp + Xy
n

(2.10)

The spread of the values is measured most efficiently by the standard deviation defined by:

s=[gl—a)2+(m—ﬁ)2+..-(xn—é)z]”2 @.11)

n-1

In this equation the denominator is (n — 1) rather than n when the number of values is small.

The equation 2.11 may also be written as :

s=[2(x—a)° |
n—1

The equation for computing a pooled standard deviation from several sets of data takes the

form :
- h 12
N1 N2 N3
5, = S (xi—a) +2 (- @) T Z (Xe— @)+ (2.12)
i=1 Jj=1 k=1
_ Ny + N, +N;+...-N, /

where s, represents pooled standard deviation, N; is the number of data in setl, N, is the

number in set 2, and so forth. The term Ns is the number of data sets that are pooled.
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2.1.10 Variance (s%)

The variance is the square of the standard deviation. The standard deviation has the same
units as the data whereas the variance has the units of the data squared. Scientists tend to use
standard deviation rather than variance as a measure of precision. It is easier to relate the
precision of a measurement to the measurement itself if they both have the same units. The

advantage of using variance is that variances are additive.

Standard deviations are frequently quoted in relative rather than absolute terms. The relative

standard deviation multiplied by 100 % is called the coefficient of variation (CV).
CV=(s/a)x 100 %

Relative standard deviations often give a clearer picture of data quality than do absolute

standard deviations. The relative standard deviation (s) and coefficient of variation (CV) will

serve as measures of precision for all data obtained in this project.

Kinetic data acquisition is done by KinetAsyst' ™ 2 which allows single wave length-single
shot or single wave length- multishot to give the most meaningful data. A series of shots were
conducted automatically for each experiment in three replicates. The observed coefficient of

variation is always less than 4% unless otherwise specified.
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CHAPTER 3
OXIDATION OF DYES WITH HYPOCHLORITE

The sodium hypochlorite is a strong oxidising agent. Its bleaching reaction typically is one of
oxidative cleavage of a double bond, breaking the delocalization and hence the molecule’s
ability to absorb light in the visible region, resulting in a colorless solution. The kinetics of
oxidation of amaranth, brilliant blue-R and safranine-O dyes with hypochlorite in an aqueous
solution was investigated as a function of pH. Speciation profiles of the oxidant were utilized
to estimate the rate constants of the dyes over a wide pH range. The kinetic investigations
were complemented by product analysis, energy parameters and simulations, to propose

plausible reaction mechanisms for the reactions.

3.1 Reaction between amaranth and hypochlorite

3.1.1 Order with respect to amaranth

The kinetics and mechanism of oxidation of amaranth (AM’), an anionic azo dye by
hypochlorite was studied under diverse reaction conditions. All the experimental runs were
conducted with low concentrations of dye and excess concentrations of the other reagents.
Unless otherwise stated all the experiments were carried out at (25 £ 0.1) °C. The rate of
depletion of AM™ was monitored at 520 nm corresponding to the absorption maximum of the
dye. At 520 nm, no interferences from the products or intermediates were observed. The
reaction was monitored using the Hi-Tech SF-61 DX2 double mixing micro volume stopped-
flow equipment. Figure 3.1.1 shows the typical depletion curve of amaranth as a function of

time. A perusal of the curve shows that depletion of the dye is completed in less than 100 s.
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Figure 3.1.1 Typical kinetic curve absorbance versus time plot for the reaction of

[AM7o (7.0 x 10”° M) with [OCI]; (1.5 x 10~ M) at pH = 9.0 and 520 nm.
The kinetic data acquired at single wavelength was analysed using the KinetAsyst™ software
which allows the matching of experimental results with different rate equations and to

estimate the rate constants by choosing appropriate integrated rate equations.

3.1.2 Analysis of kinetic data using KinetAsyst'" Fit software

The analysis of the data was accomplished using the KinetAsyst' ™ Fit Asystant software. The
data traces were selected to analyse with the KinetAsyst'™ Fit Asystant, for the first-order
reaction using the rate equation {1 Exp + C, y = -A exp (-k * x) + C} and the matching
simulated curve was generated. Figure 3.1.2 represents the illustration of the typical
experimental curve with the fitted simulated curve. The upper curve shows the fit between
the theoretical and experimental curves, whilst the lower plot indicates the residuals

illustrating the agreement or variation between the two curves.
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Figure 3.1.2  KinetAsyst'" single-exponential equation fit (green) and the experimental
curve (red) with residuals shown in the (lower curve) and the rate parameters
in the adjacent box for the reaction of [AM o (7.0 x 10™ M) with [OCI ], (1.5
x 107 M).

An observation of Figure 3.1.2 shows that using a first-order rate equation, {1 Exp + C,y = -
A exp (-k * x) + C}, a fair agreement occurred between the experimental and computed
curves, with small residuals. The software fit analysis results for the curve displayed in the
box show that the rate constant is (3.20 + 0.02 x 107) s™' showing small standard deviation.
The curve and data also suggest that for the chosen conditions, the reaction follows pseudo

first-order kinetics and reaction order with respect to AM" is unity.

3.1.3 Order with respect to hypochlorite

To establish the reaction order with respect to oxidant, a series of experiments were
conducted with different initial concentrations of hypochlorite at pH 9.0 and fixed ionic
strength, using sodium sulfate as a neutral salt. Typical curves showing depletion of AM™ as
function of time monitored at different initial concentrations of hypochlorite are shown in
Figure 3.1.3. In presence of varying initial excess concentrations of hypochlorite, the

absorbance of dye decreased exponentially.
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Figure 3.1.3  Depletion of amaranth with various hypochlorite concentrations for the
reaction of [AM ]y (7.0 x 10 M) with [OCI']; x 10°/M (a = 0.085, b = 1.70,
c=2.55,d=3.40 and e = 5.10) at pH = 9.0.

The typical plots of absorbance versus time, showing the effect of variation of hypochlorite
concentration are shown in Figure 3.1.3, while the traces obtained using KinetAsyst' ™

software and the respective obtained pseudo first-order rate coefficients, k'(s™) values are

illustrated in Figure 3.1.4.
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Fits using KinetAsyst' " single-exponential equation, and rate equation

{l Exp+ C,y=-Aexp (-k * x) + C} (where k'/s' a=0.041,b=0.093, ¢ =
0.145,d=0.175and e

0.322).
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The k' values obtained by analyzing the respective experimental kinetic curves for different
initial hypochlorite concentrations are also shown in Table 3.1.1 at constant ionic strength

and pH equals to 9.0.

Table 3.1.1  Reaction between amaranth and hypochlorite at constant ionic strength
[AM7o (7.0 x 10 M), [OCI']; (0.85x 10— 5.1 x 10~ M), pH = 9.0 and ionic
strength (I =0.128 M).

[OCI],/10° M Kk'/s
0.50 0.041
1.70 0.093
2.55 0.145
3.40 0.175
5.10 0.322

* Mean of four replicate experiments with relative standard deviation < 4%

In [OCI],
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Figure 3.1.5  Plot of In [OCI']; versus In k' for the reaction of [AM ]y (7.0 x 107 M) with
[OC1]:(0.85x 10 —5.1 x 10 M) at pH =9.00 and I = 0.128 M.
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From Figure 3.1.5 the plot of In k' versus In [OCI];, which is a straight line with slope equals

to 1.1 (R* = 0.99) suggesting that order with respect to hypochlorite at pH 9.0 is one.

3.1.4 Effect of pH on the reaction rate

One important parameter that normally influences the reaction dynamics is pH. To assess the
role of acid in the oxidation process, the kinetics of the reaction as a function of pH was
investigated. The effect of added acid on reaction was probed by the initial addition of varied
amounts of sulfuric acid solution, maintaining the total ionic strength constant and the initial
pH values were simultaneously recorded. The kinetic data obtained for different experiments
was analysed for k' values using ‘KinetAsyst' " Fit Asystant’. The initial pH and k' values
obtained after analysis for different runs are summarized in Table 3.1.2. Figure 3.1.6
illustrates the plot of the obtained k' versus pH values. A perusal of Figure 3.1.6 shows that
the increase in k' values was small at low acid concentrations and the rise was bigger at

higher acid concentrations indicating the profound effect of pH on the reaction.
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0.4 -
0.3 -
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0.1 -

kl

Figure 3.1.6  Plot of k' versus pH for the reaction of [AM o (7.0 x 10™ M) with [OCI ],
(145 x 10° M), [H'eq (1.99x107- 7.752 x 107 M).
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Table 3.1.2  Effect of pH on reaction rate for the reaction of [AM ]y (7.0 x 10~ M) with
[OCI; (1.45 x 107 M).

pH k'/s! *
9.89 0.005
9.72 0.011
9.45 0.015
9.12 0.021
8.81 0.028
8.63 0.039
8.15 0.110
7.84 0.199
7.55 0.320
7.39 0.398
6.93 0.599
6.85 0.638
6.50 0.745
4.85 0.847
4.20 0.854
3.65 0.865
3.44 0.875
3.17 0.878
3.15 0.897

* Mean of four replicate experiments with relative standard deviation < 4%

Further, to establish the order with respect to acid, the In k' versus In [H'] values were plotted
(Figure 3.1.7), which gave a slope of 0.27 (R* = 0.96). The observed partial reaction order
with respect to acid clearly suggests that the reaction mechanism is intricate and acid is

directly involved in the rate-limiting step.

80




In [H*]

(e}

-20 -15 -10 -5 (
-0.2 A

0.4 -

Ink’

o/ V=02711x+3.7842
R2=0.9618 08 -

-1.2 -

Figure 3.1.7 Plot of Ink' versus In [H'] for the reaction of [AM]o (7.0 x 10~ M) with
[OCIT; (1.45 x 107 M), [H']eq (1.99 x 107 - 7.752 x 10 M).

The observed partial order with respect to H' can be viewed in terms of its role in speciation

of hypochlorite by protonation to hypochlorous acid, and the existing equilibrium between

the two species i.e., OCI'+ H = HOCI. With pK, = 7.4 for protonation of OCI, the addition

of acid will shift the equilibrium to the right. Thus the oxidation of dye possibly occurs

simultaneously through its reaction with OCI" and HOCI species.'®’

The observed increase in k' values with increasing acid concentration suggests that the rate of
oxidation by HOCI is faster than with OCI. It can also be predictable based on the
oxidation potentials of the two species. Of the chlorine-containing disinfecting agents,
hypochlorous acid has the higher oxidation potential (E° =1.44 V), compared to 1.39 V for
ClL, and 1.12 V for OCI ion. The kinetic data obtained for acid variation studies was
scrutinized again for the likelihood of the occurrence of two competitive reactions. Based on

that assumption, the kinetic curves were analysed using fit for the two competitive first-order
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reactions, i.e. by using the equation {y = -A exp (-R1 * x) + -A exp (-R2 * x) + C}. The
simulated curve fitted quite well with negligible residuals. Typical curves are illustrated of

the Figures 3.1.8 and 3.1.9 and the obtained k' and k' values were summarised in Table

ClaVAN DEE
059 | Fit Results for: ClAVAM.DES
|
0.74 Acquired: Sun May 03 10:5%:36 2009
oed | AT 520
Temperature: 3.9deg C
ol Start @ 0.2837
- 1 End & 17.91
ChiSq (red.} 10.5522
ﬁ 0.4 )
1 Function: 1Egp+C
0.3 y=-Aexp[-k"x)+C
- Param Mame  \slus SEE
0.2
Final 00052206 0.00012
014 g Amp. 40.52058 0.00086
RS Rate Const.  0.48262 0.00059
Al i |
0 z 4 & 2 i} 2 4 8 4 Motes:
Time (s} 1.8 mi h2sed + 1.2 mil naZsod
0,005
40,005

Figure 3.1.8  KinetAsyst'" single-exponential equation fit of two curves and residuals
(lower sketch) using the first-order equation for the reaction of [AM7y (7.0 x
10° M) with [OC1 ], (1.45 x 10° M) [HJo (9.96 x 10 M) and I (0.12 M).

Figure 3.1.8 illustrates the typical KinetAsyst' ™ fit of the two curves and the residual (lower
part of Figure 3.1.8) for the reaction of OCI” with amaranth using the first-order rate equation
Eqn. {y = -A exp (-k * x) + C} displaying the residuals, where as Figure 3.1.9 illustrates the

same curve with fit obtained employing Eqn. {y = -A exp (-R; * x) + -A exp (-Rx * x) + C.
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The residual (lower part) for the reaction of OCI” with later fit were much smaller suggesting

later is a better fit.

ClAaNAM DES
D'S-l Fit Results for: ClLav A LSS
0.7 1 Aequired: Sun May 02 10:59:36 2009
0.6 =W alue: 520
Tempearatura: Z8degC
! Stat @ 0.019232
R B} End @  19.12
o ChiSqired) 62.44
= ]
< 94 .
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0.3 yw=-A1 expl -R T xit -A2 expl-RZ T+ C
- Faram Mame\falue SEE
Final 0.05023 00055
0.1+ Amp. -0.20445 00074
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a i H”————I— — | ; Amp. 2 0.095747 0.0085
o 5 10 15 =0 Rate Const. 20047215 0
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Figure 3.1.9  KinetAsyst™ double-exponential equation fit of two curves and residuals
(lower sketch) for the two competitive first-order reactions for the reaction of
[AM7o (7.0 x 10 M) with [OCI'], (1.45 x 10°M), [H']o (9.96 x 10 M) and
1(0.12 M)

The absorbance versus time data for different acidic conditions were analysed on the basis of

the occurrence of two simultaneous reactions and the corresponding pseudo first-order rate

constants obtained are summarized in Table 3.1.3, together with the estimated initial

concentrations of H', OCI" and HOCI in equilibrium, corresponding to different pH values.

While k' represents the pseudo first-order rate constant for the OCI initiated oxidation, k'

represents the corresponding value for the reaction by HOCI. Further, k; and k, are the
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calculated second-order reaction constants for the competitive reactions by OCl" and HOCI

respectively.

Table 3.1.3

Effect of acid on the speciation of hypochlorite, and observed reaction rates.

pH H [OCllee | [HOCl | ki/s'" | ka/s'" | kyM's"! | ka/M's™!
8.63 | 234x10° | 3.40x10° | 1.94x10° | 8.0x 102 | 0.039 2.34 19.90
8.15 | 7.06x10” |3.07x10° |530x10° | 7.1 x 102 | 0.110 2.32 20.77
7.84 | 1.44x10° | 2.66x10° | 938x10° | 6.5x 102 | 0.199 2.47 21.32
755 | 2.81x10% [ 2.13x10° | 1.47x102% | 52x102 | 0.320 2.45 21.83
739 | 4.06x10° | 1.80x10° | 1.79x 102 | 4.7x 102 | 0.398 2.61 22.19
693 | 1.17x107 | 930x10* | 2.67x102 | 25x 102 | 0.599 2.73 22.44
6.85 | 1.41x107 | 810x10* | 2.79x102 [ 1.7x102 | 0.638 2.16 22.88
6.50 | 3.15x107 | 410x10™ | 3.19x 102 | 8.0x 10> | 0.745 1.99 23.38
485 | 1.41x10° | 1.00x 107 | 3.59x 102 [ 2.0 x 10° | 0.847 1.76 23.60
420 | 630x10° | 234x10°|3.60x10%|3.9x10° | 0.854 1.68 23.75
3.65 | 224x10° | 6.59x10° | 3.60x102 | 1.0x 107 | 0.864 1.59 24.02
344 | 3.63x10° | 4.06x10°|3.60x102 | 57x10° | 0.875 1.43 24.31
3.17 | 6.75x10° | 2.18x10° | 3.60x102 | 2.6 x10° | 0.878 1.23 24.39
3.15 | 7.07x10° | 2.08x10° | 3.60x102 | 25x10° | 0.897 1.22 24.93
3.14 | 7.23x10° | 2.04x10° | 3.60x102 | 24x10° | 0.912 1.19 25.35
2.80 | 12.87x10° | 1.14x10° | 3.60x 102 | 1.1x10° | 0.958 1.02 26.61
Mean k; and k, with standard deviation 1.9 23.2
+0.6 +1.8

* Mean of four replicate experiments with relative standard deviation < 4%

where k' and k' pseudo first-order rate constants with respect to OCI" and HOCI,

where ki=k;"/ [OCI']¢q and k, = ko'/ [HOCl]q where k; and k, represents the second order

reaction rates for OCl" and HOCI competitive reactions.
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The equilibrium concentrations of acid, the OCI" and HOCI were calculated based on the
initial pH values and the protonation constant of hypochlorite. An examination of the data in
the table shows that with increasing initial acid concentration, a decreasing trend is registered
for k;' values, while the k,' values showed an increasing trend. The In-In plots of k;' and

[OCI']eq and k;' and [HOCl].q gave straight lines, which are shown in Figures 3.1.10 and

3.1.11.
| | In [OCI],, | o
-15 -10 -5 2 4
y=1.0717x+ 1.1753 4
R?=0.9996 6 1y
-8 - £
_10 .
_12 .
14 -
_16 J

Figure 3.1.10 Plot of In k' versus In [OCI .4 for the reaction of [AM], (7.0 x 107
M) with [OCI}; (1.45 x 107 M) at [H']eq (3.97 x 10°- 7.75 x 10° M),
[OCleq (1.14 x 10° = 1.53 x 10°M).

In [HOCI],

-8 -7 -6 -5

y =0.9297x + 2.8534
R? = 0.9958

Ink'

Figure 3.1.11 Plot of In k' versus In [HOCl]q for the reaction of [AM7], (7.0 x 107
M) with [OCI]; (1.45 x 107 M) at [H ]eq (1.99x107- 9.98 x 107 M),
[OCIeq (2.76 x 107 3.3 x 10° M).

In Figure 3.1.10, the values of [OCI]¢q at very low pH were not considered, as [OCl]q was

small, and hence pseudo first-order conditions will not be obeyed under those conditions. The
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mean values (1.9 + 0.6) M's”, (23.2 + 1.8) M"' s shown in Table 3.1.3 represent the k; and
k, values respectively, which are the second-order coefficients for the OCI" and HOCI
initiated oxidations, respectively. The obtained results confirm that acid is not directly
involved in the rate limiting reaction as suggested earlier (page 79), but it influences the
equilibrium of OCI" to HOCI. Increase in HOCI concentration results in a higher rate constant
indicating an increase in the rate of oxidation of the dye. This explains the partial order
observed with respect to acid. The observed decrease in reaction order with increasing [H']
confirms that the observed reaction rate is a resultant effect of the reactions of AM™ with
hypochlorite and hypochlorous acid, but with a minor contribution of hypochlorite at lower
pH. Interestingly, the increase in acid concentration at pH < 3 does not enhance the rate
constant significantly (Table 3.1.3). Under these conditions all the hypochlorite exists in
HOCI form, thus the increase in [H'] will have no further applicable effect on the reaction

rate.

3.1.5 Primary salt effect

The kinetic salt effect provides insight into the nature of the reacting species involved in the
rate-limiting step. To identify the probable species involved in the rate limiting step, the
reaction between hypochlorite and AM™ was investigated as a function of varying ionic
strength (I), between 0.01 and 0.04 M with fixed initial concentrations of hypochlorite and
amaranth supplemented by sodium sulfate. At pH 9.0, 15% of total hypochlorite exists in the
form of HOCI. Hence, the curves were analysed for two consecutive reactions in the same
manner as it was done previously and results obtained are summarised in Table 3.1.4. For the
reaction between amaranth and hypochlorite the plot of log k' versus 1" gave a linear curve

with a positive slope = 1.216 and R* = 0.98 (Figure 3.1.12). The positive salt effect indicates
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that the rate-limiting step involves species of like charges, possibly AM™and OCI ions. The

reaction between AM™ and HOCI slope was of fractional value (0.793) (Figure 3.1.12).

Table 3.1.4  Effect of ionic strength on the reaction rate [OCI ], (1.45 x 10™ M), [AM ],
(7.0 x 10° M), pH = 9.0.

Ionic strength/M kst ky'/s™!
0.0092 0.043 0.047
0.0167 0.050 0.048
0.0242 0.052 0.048
0.0317 0.054 0.050
0.0392 0.059 0.051

* Mean of four replicate experiments with relative standard deviation <4 %
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Figure 3.1.12 Plot of log k;' versusv'1 (ionic strength) for the reaction of [AM 7o (7.0 x
10° M) with [OC1; (1.45 x 10 M)), at pH 9.00, ionic strength (I = 0.009-
0.039 M).
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3.1.6 Kinetic salt effect at acidic pH

Under acidic conditions, as 99 % of the oxidant will be in the form of HOCI, a neutral

species, the kinetic salt effect should theoretically be nil. Considering the reaction is between

cationic dye and a strongly polar HOCI, a linear relationship is anticipated between rate

constant and ionic strength species and so the expected salt effect should be between the

protonated dye and HOCI. The rate constant should therefore have linear dependence on ionic

strength. Table 3.1.5 and Figure 3.1.13 summaries the results of k' values obtained as

function of ionic strength at low acid conditions.

Table 3.1.5  Effect of ionic strength on the reaction rate for the reaction of [AM], (7.0 x

10° M), [OCI']; (1.45 x 10~ M), pH = 3.10.

Ionic strength/M k/st®
0.0092 0.047
0.0167 0.048
0.0242 0.048
0.0317 0.050
0.0392 0.051

* Mean of four replicate experiments with relative standard deviation < 4 %

0.0515
0.051
0.0505 -+
0.05 -
0.0495 -+
X 0.049
0.0485 -+
0.048 -
0.0475 -+
0.047 -

y = 0.1333x + 0.0459
R? = 0.9544

0.0465 T T T T 1

0 0.01 0.02 0.03 0.04 0.05
I/M

Figure 3.1.13 Plot of k' versus V1 (ionic strength) for the reaction of [AM o (7 x 10 M)
with [OCI]; (1.45 x 10 M) at varying ionic strength, 1(0.009-0.039 M)
at fixed acid [H']o (4.5 x 10 M) and pH 4.0.
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The k' versus respective 1 values were plotted and shown in Figure 3.1.13. A good linear
curve with R? = 0.95 confirms such anticipated relationship. The fractional slope indicates
that the rate limiting step does not involve two charged species under acidic pH. Thus,
possibly the rate limiting reaction involves one charged species AM™ and a neutral species,

HOCI as anticipated.

3.1.7 Effect of chloride on the reaction rate

The influence of the added chloride was also studied. In reality, effluents from textile and
dyeing industries would contain a high concentration of salts which may affect the removal of
dye."®® Considering chloride is one of the species associated with hypochlorite generation and
product of the oxidation reaction, the effect of chloride on the reaction was investigated.
Although, initial chloride concentrations in the reaction mixture are less than 2 x 107 M, the
effect of higher amounts of initial chloride is studied and results obtained are summarised in

Table 3.1.6.

Table 3.1.6  Effect of addition of chloride ions for the reaction of [AM ], (7.0 x 107 M)
with [OCI]; (1.45 x 107 M), [CI7] (1 x 107" M).

[CITM ks
0.100 0.107
0.148 0.109
0.298 0.107
0.447 0.104
0.597 0.104
0.725 0.104

* Mean of four replicate experiments with relative standard deviation < 4%
A perusal of the results in Table 3.1.6 suggests that presence of chloride ion has marginal

effect on the reaction rate.
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3.1.8 Activation parameters
The activation parameters of the chemical reaction provide valuable information about the

nature of the transition state and the reaction mechanism. A huge enthalpy of activation
(AH?) indicates that a large amount of stretching or breaking of chemical bonds is necessary
for the formation of the transition state. The entropy of activation gives a measure of the
inherent probability of the transition state, apart from energetic considerations.'®”'** If AS*

is large and negative, the formation of the transition state requires the reacting molecules to

. . . . . 1
orient into conformations and approach each other at a precise configuration.'®

The energy parameters for the dye with HOCI and OCI reactions were studied by measuring
the rate constants over the range of 15 to 35° C temperature by using the Arrhenius and

. . 1
Eyring’s equations.'”’

Table 3.1.7  Varied temperature and observed rate constants for the reaction of [AM ]y
(7.0 x 10 M) with [OCI']; (1.45 x 10™ M).

Temp. / K ks : KM s k,'/s™! : kM5!
283 0.015 1.30 0.033 2.87
288 0.016 1.39 0.052 4.52
293 0.017 1.39 0.060 5.22
298 0.025 2.17 0.072 6.26
303 0.031 2.69 0.091 7.91

* Mean of four replicate experiments with relative standard deviation < 4%

where k = k/[OCI'] [H'].
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The Arrhenius plot was used to determine the E,, the activation energy of the reaction. The
data were fitted by linear regression using the following equation, In k = -E,/RT + In A

(Figure 3.1.14).

2.5 -
2 4
y=-3232.6x+11.578
R? = 0.8397
1.5 - [ ]
4
£
1 * y = -4048.3x + 15.448 =
R%=0.9598
0.5 -
2
O T T T T T 1
0.00325 0.0033  0.00335 0.0034 0.00345 0.0035  0.00355

1/T

Figure 3.1.14 Plot of In k' versus 1/T for the reaction of [AM o (7.0 x 10” M) with
[OCI']; (1.45 x 10™ M) at different temperatures (T/K= 283-303).

Table 3.1.8 summarises the calculated values of four energy parameters, namely the energies

of activation, enthalpy and entropy for both the reactions.

Table 3.1.8  Energy parameters.

Reaction pathway | Enthalpy of reaction, | Entropy of activation, | Energy of activation
AH*/k J mol! AS*/J K mol” Ey/k J mol”
AM with OCI' 31.2 -190.6 33.65 £ 0.09
AM with HOCl 24.3 -222.8 26.87 £ 0.09

The enthalpy of activation, AH* for the reaction was calculated using the equation,
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AH* = (E, - mRT). The letters m, R and T represent respectively the total-order of reaction,

gas constant and temperature. The AH* value at 25 'C was found to be 31.2 kJ mol™ for the

OCI ion initiated reaction and 24.3 kJ mol™ for the reaction with HOCL. Theoretically HOCI
reaction needed slightly lower energy of activation (26.87 + 0.09 kJ mol') compared to
(33.65 + 0.09 kJ mol™) for the OCI" ion initiated reaction. Both the reactions had large

negative entropies of activation, suggesting the formation of a compact activated complex.

3.1.9 Product identification and characterization

The reaction products from the aqueous reaction mixtures were extracted with diethyl ether
and the organic extract was further used for product separation and identification as explained
in the experimental section. The main oxidation product separated using column
chromatography which was found to be 3,4-dihydroxy naphthalene-2,7-disulfonic sodium
salt (product Py Table 3.1.9). The 'H NMR and ">C NMR are provided in (Appendix 1,
Figure 1.1.3 and Figure 1.1.4). The '"H NMR showed the resonances that could be attributed
to the structure of Product Py, in particular four proton carbons can be seen in 'H NMR, and
BC spectra showed the resonances between 8120 and 5145 that could be attributed to
aromatic portion of the P;. The resonance at & 166 could be carbonyl group and the
resonance at 6106 could be due to the carbon atoms at the juncture between the two rings.
The same extract was again analysed using the GC-MS. The gas chromatograph (GC) of the

oxidation products (extract) showed two major peaks and no amaranth was present.

GC-MS spectrum of product P, (dichloro-1, 4-naphthoquione, Table 3.1.9) had molecular ion
peak at 274, which corresponds to the molecular formula of C;0HsCl,0,. The m/z value 226,

could be due to the loss of one chlorine atom, and m/z 191 corresponds to the loss of the
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remaining chlorine atom. The mass spectrum of the product P; identified to be naphtha (2, 3)
oxirene-2, 3-dione (P3, Table 3.1.9) based on NIST library exhibited m/z at 174, and the loss
of two oxygen atoms lead to m/z 164. Further loss of the oxygen atom peak could be seen at

m/z 130.(M™).

Both the products matched well (95%) with the known compounds from the NIST library

database. The GC-MS spectra are provided in (Appendix 1, Figure 1.1.1 and Figure 1.1.2).

Table 3.1.9  Plausible oxidation products.

NaO3S
' 3,4-dihydroxy naphthalene-2,7-disulfonic
'@ OH sodium salt
NaO3 S A (@) Na+
(P1)
00— —O
dichloro-1,4-naphthoquione
Cl Cl
(P2)
(@) — O . .
g % naphtha (2,3) oxirene-2,3-dione
(0]
(P3)
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Literature reports show that little is known with certainty about effect of hypochlorite on azo

191,192 -
*77 In particular

dyes and involved reaction mechanisms, especially in alkaline media.
about the certainty of the reactions with three oxidant species, HOCI, OCI" and Cl, as they
coexist in equilibrium in aqueous solution. Omura et al. suggested that upon oxidation of azo
dyes isolation of products at low pH revealed the formation of naphthalene and 1,2-
naphthoquinone.'” Elodie et al. studied the oxidation of azo dyes such as azo-benzene,
methyl orange and p-methyl red using electro-fenton process in acidic medium. They
demonstrated that the degradation mechanism begins with azo bond cleavage and is followed
by the hydroxylation of aromatic rings. The identified products were hydroquinone, 1,4-
benzo-quinone, pyrocatechol, nitrocatechol, 1,3,5-trihydroxynitrobenzene, p-ni‘[rophenol.194
As reported in number of articles in literature, the isolation and characterization of reaction
products of dyes is complicated by limitations in extraction and separation of products and
it’s a major challenge as the reaction intermediates are tend to further react or the dye
concentrations are too low with the hypochlorite.'”> Oakes et al. studied the oxidation of azo

dyes by a range of oxidants'*®

and they investigated the reactive species responsible for
initiating oxidation in alkaline media, and the effect of substituent’s on both dye and oxidant
using hypochlorite. It was demonstrated that the relevant equilibrium has been shown that
HOCI is the active species towards the dye common anion in neutral to alkaline media."”'*®
However they concluded that in acid medium equilibrium results in formation of aqueous
chlorine, a powerful electrophile, and acid solutions of hypochlorite generates chlorine and

thereby forming chlorinated organic molecules.'”

Oakes et.al also studied the oxidation of azo dye methyl orange I and benzene is reported to

be one of the main reaction product with peroxo sulfate which was found to be benzene, by
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GC-MS analysis. They suggested that the formation of benzene is probable by hydrogen atom

abstraction by phenyl radicals, formed from decomposition of a diazene intermediate. 2%

3.1.10 Stoichiometric equation

All the stoichiometry experiments were carried out using stock hypochlorite concentration of
0.0015 M. The stoichiometry of the reaction was established with 1:1 and 1:5 ratios of
amaranth and hypochlorite respectively and the amount of dye and hypochlorite reacted were
estimated from the initial and residual amounts. The stoichiometry was found to be
approximately 1:3 (= 10%) of AM™ and HOCI. Thus considering the major products identified

stoichiometric equation for the overall reaction can be written as,

AM +3HOCI + 2H,0 — P, +P,/P;+SOs> +Na + N, + H;O" + 3HCI (3.1)

where P; (3,4-dihydroxy naphthalene-2,7-disulfonic sodium salt), P, (dichloro-1,4

naphthoquione) and P; (naphtha (2,3) oxirene-2,3-dione) products.

3.1.11 Reaction scheme
Based on the identified oxidation products and estimated stoichiometry of reactants the

probable mechanistic scheme is illustrated in the Figure 3.1.15.

When hypochlorite or HOCI reacts with amaranth, hydroxy proton on the aromatic ring is
lost, leaving negatively charged oxygen, which delocalises onto the aromatic ring and
ultimately the nitrogen atom of the azo bond linking the two aromatic rings together. This
molecule with negative charge acts as a nucleophile and attacks the oxygen atom of the HOCI

resulting in intermediate (I,). This in turn reacts with H' to form another intermediate (I,).
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A water molecule then attacks the electrophilic carbon of the (I,) resulting in the elimination
of water from the nitrogen atom of the azo bond producing (I3). Cleavage of the C-N bond
then occurs, yielding (I4), with the other negatively charged species picking up proton to yield
P;. A further nucleophilic attack by water on the electrophilic carbon to which the sulfite
group is attached, results in loss of a proton and replacement of the sulfite group by a
hydroxy group (Is). The nucleophilic attack of the hypochlorite ion on intermediate (Is) leads
to the formation of another intermediate (Is) and the release of N,. The electron
rearrangement further yields the quinone intermediate (I7) and loss of hydrogen chloride. The

electrophilic attack of chlorine or HOCI on (I7), respectively produces either P, or Ps.
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Figure 3.1.15 Mechanistic scheme for the oxidation of amaranth with hypochlorite
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3.1.12 Proposed mechanism
Based on reaction stoichiometry estimated, and the major products identified, in agreement
with probable reaction scheme for the reaction of amaranth with hypochlorite the reaction

mechanism can be expressed in the following steps.

H" + OClI' = HOCI

HOCI + CI' + H" = (L, R1
AM + HOCl — I, + CI R2
L+H —-L R3
I," + H,O — 13 + H;0" R4
L + HHO +H — P, + L R5
L'+ H,O - 15" + Na" + SO + H R6
I + HOCl — Iy + N, + H' R7
Iy — I; + HCI RS
I; + Cl, —» P, R9

I; + HOCl — P; + HCI

The overall reaction with HOCI is proposed as

AM + 3HOCI + 2H,0 — P, + P, /P3;+ SOs*+Na” + N, + 3HCI (3.2)

3.1.13 Rate law

The rate law expresses the relationship of the reaction rate and the concentrations of the
reactions raised to the same power, i.e. the order of the reaction with respect to the respective
reactants or products. The kinetic salt effect indicates the possible species involved in the

slowest step of the reaction scheme. Thus the proposed reaction scheme should agree with the
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experimentally observed reaction orders with respect to the reactants. The first-order
dependence of the reaction rate on the reactants and the observed salt effect at pH 9.0
suggests that the rate limiting step involves one each of AM™ and OCI ions. Thus the major
pathways of the reaction involve HOCI or OCI" forming possibly an activated complex,
which undergoes decomposition, to form the intermediates and products. The intermediates

further undergo oxidation to give stable products.

The reactions were studied under pseudo first-order conditions. Thus the reaction involves
two pathways involving HOCI (fast and major pathway) and OCI'(slow and minor pathway)
Based on this assumption the rate law may be proposed as
Rate = k,[OCL"][AM~] + k,[HOCI] [AM™]
r = {k,[0ClI"] + k,[HOCI|}[AM~] = k'[AM™] (3.3)
Where the pseudo first-order const, k' equals to
k' = k,[0Cl"], + ky[HOCl], = k' + k', (3.4)
where k;'and k, were the pseudo first-order rate constants corresponding to

hypochlorite and hypochlorous acid reactions of the dye. Thus

(3.5)

3.1.14 Simulations

The simulations were done to establish the probability of the reaction mechanism and to
prove that it is the more plausible one. The Simkine 2 was used to simulate the curves using
the proposed mechanism and the experimental kinetic data generated in the current studies.
The estimated rate constants were optimised to match the simulated curves with the

experimental curves. The rate constants were adjusted to manually to test the sensitivity and
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importance of the elementary reactions. Table 3.1.10 summarises the elementary steps and
rate coefficients finally used for the simulations. Rate constants determined in the present
201202

studies employed for C3 and C4. Literature values were used for reactions C1 and C

and values C5 to C10 represent the optimised rate constants.

Table 3.1.10 Forward and reverse rate constants obtained from literature and simulations.

Reaction Reaction Mechanism Forward rate Reverse rate
Cl1 H + OCI' = HOCI 3.97x 10°*° M5! 1.0x10% !
C2 HOCl + CI' + H = Cb, 3.63x10° M's™! 1.1s"
C3 AM +HOCI — I, + CI 23x10'M s -

C4 AM +0OCI' — I; + CI 1.88x 10! M's™! -
C5 [+H —1L' 430 x 10° M s -
C6 I, + 2H —L," 415x10° M7s! -
C7 L' — P+ +Na'+ SO;> +H' 3.01 x10% 5™ -
C8 Is* + HOCl — I, +N, + H' 6.49 x 10°M s -
C9 I, +Cl, — P, 435x 10°M's™! -
C10 I,+HOCI — P; + HCI 3.17x 105 Mls! -

The speciation of OCI in presence of acid is shown by the equation C1. The rate limiting step
of the oxidation mechanism involves the steps initiated by OCI" or HOCl on AM" leading to
the formation of the reactive intermediate. (Reactions C3 and C4 are the rate-determining
steps for amaranth oxidation). Reactions C5 to C10 show the consecutive steps for further
oxidation of the reactive intermediates by different species and C7, C9 and C10 representing

the reactions leading to different probable products.
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Figure 3.1.16 Experimental curves versus simulated curves for reaction of [AM], (7.0 x
10° M) with [OC1; (1.45x10~ M).
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Figure 3.1.17 Intermediates and product formation for the reaction of amaranth with
hypochlorite.
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Figure 3.1.17 (conditions similar to curves in Figure 3.1.16), curves E1 and S1 shows the
experimental and simulated curves for the reaction of AM™ with OCI". Py, P, and P; show the
product formation and I indicate the intermediates formed during the process. A fair
agreement between the experimental and corresponding simulated curves, (Figure 3.1.16)
strongly support the proposed reaction scheme as most probable to explain the intricate
reaction mechanism between amaranth and hypochlorite. The simulations also support the
assumption that under low pH conditions, HOCI is the crucial reactive intermediate to drive
the rapid kinetics, rather than OCI. The concentration versus time data for all the reactants,

and products and selected reaction intermediates for the experimental and simulated curves

tabulated (Appendix 1, Table 1.1, and Table 1.2).
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3.2 Reaction between brilliant blue and hypochlorite

3.2.1 Order with respect to brilliant blue-R

The kinetic measurements for the consumption of brilliant blue-R (BB") were conducted with
low concentrations of dye and excess of all other reagents and the progress of depletion was
monitored at 555 nm the maximum absorption corresponding to dye using stopped flow
technique. At the absorption maxima, no interference from products or intermediates was
observed. Figure 3.2.1 shows the typical depletion curve of brilliant blue. Perusal of the curve

shows that a typical reaction is completed in 80 seconds.

0.6 -

0.4

0.3 4

Absorbance

0.1

0 20 40 60 80 100

Time/s

Figure 3.2.1 Typical kinetic curve - absorbance versus time plot for the reaction of
[BB™]p (7.0 x 10™° M) with [OCI'], (1.5 x 107) at pH =9.0 and 555 nm.

The kinetic data acquired at single wavelength was analysed by employing the KinetAsyst' ™

software using the first-order rate equation to estimate the pseudo first-order rate constants.

3.2.2 Analysis of kinetic data using KinetAsyst'™ Fit software
A KinetAsyst™ fit for the first-order reaction using the rate equation was run and the

generated curve fits quite well along with the experimental curve. Figure 3.2.2 illustrates
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both experimental and generated curves and the absorbance versus time data. While the upper
curve shows the fit between the theoretical and experimental curves, the lower plot indicates

the residuals illustrating good agreement between the two curves.
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Figure 3.2.2 KinetAsyst™ single -exponential equation fit (green) and the experimental
curve (red) with residuals shown in the (lower curve) and the rate parameters
in the adjacent box for the reaction of [BB']y (7.0 x 107 M) with [OCI};

(1.5 x 10° M).
The fit results for the above curve shows that the rate constant obtained using first-order rate

equation is (0.082 + 9.0 x 10™) s, illustrates that the reaction follows pseudo first-order

kinetics, and the order with respect to dye is unity.

3.2.3 Order with respect to hypochlorite

To establish the order with respect to oxidant, experiments were done using different initial
concentrations of hypochlorite at constant ionic strength (pH 9.0). As the initial concentration
of hypochlorite increased, the rate of depletion of dye also increased significantly. Figure

3.2.3 represents the typical curves of depletion of BB" as function of time monitored at
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555 nm for different initial concentrations of hypochlorite. The absorbance versus time plots

is illustrated in Figure 3.2.3.

Absorbance

Figure 3.2.3

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 50 100 150 200 250 300

Time /s

Depletion of brilliant blue with various hypochlorite concentrations for the
reaction of [BB]y (7.0 x 10 M) with [OCI']; x 10°/M (a= 0.73 b =1.45,
c=2.18,d=2.90and e =4.35) at pH 9.0.

Different concentrations of hypochlorite reactions with the substrate with their theoretical

curves and residues are shown in Figure 3.2.4, a perusal of the curves from a to e in Figure

3.2.4 indicates that experimental and theoretical curves match well with small residues and

the k' values were obtained by analysing the respective kinetic curves are also summarised.
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Table 3.2.1 shows the corresponding pseudo first-order rate coefficients, k' for different

hypochlorite concentrations.

Table 3.2.1  The reaction between brilliant blue and hypochlorite at constant ionic
[BB™]o (7.0 x 10° M), [OCI'}; (0.725 x 10 — 4.35 x 10™ M), pH = 9.0

(1=0.128 M).
[OCI],/ 10° M ks
0.73 0.012

1.45 0.030

2.18 0.037

2.90 0.046

435 0.086

* Mean of four replicate experiments with relative standard deviation < 4%
A perusal of the data in table 3.2.1 shows that the first-order rate increased proportionately to
the increase in hypochlorite concentration. To establish the order with respect to the
hypochlorite, In [OCI]; versus In k' values obtained were plotted in Figure 3.2.5, which
resulted in a straight-line with slope 1.03 (R* = 0.97) suggesting that order with respect to

hypochlorite at pH 9.0 is one.

y =1.0323x - 0.408
R?=0.9746 -1.5 -

N
(9}
1
Ink'

Figure 3.2.5 Plot of In [OCI]; versus Ink' for the reaction of [BB'], (7.0 x 107 M)
with [OCI'; (0.725 x 107 —4.35 x 10> M) at pH=9.0and I=0.128 M.
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3.2.4 Effect of pH on the reaction rate

The pH has significant influence on the relative formation of OCI" and HOCI species. The
shift in the equilibrium is greatly influenced by acid concentration. To assess the role of acid
in the oxidation process, the kinetics of the reaction as function of pH was investigated.

Figure 3.2.6 illustrates the plot of the k' versus corresponding pH values.
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Figure 3.2.6 Plot of k' versus pH for the reaction of [BB™]y (7.0 x10° M) with [OCI]
(1.45x 10° M) with [H']. (1.99 x 10°-7.752 x 10 M)

A perusal of the Figure 3.2.6 shows that the increase in k' values was small at low acid
concentrations and while the increase was higher at higher acid concentrations pH below 7.0

onwards indicating the profound effect of pH on the reaction.

The pseudo first-order rate constants obtained for different pH values were shown in Table

3.2.2.
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Table 3.2.2  Effect of pH on the reaction rate.

pH ks *
9.00 0.0347
8.70 0.0345
8.35 0.0411
8.00 0.0491
7.70 0.0574
7.45 0.0640
7.20 0.0780
7.00 0.1018
6.75 0.1226
6.50 0.1425
6.00 0.2027
5.40 0.3160
3.70 0.5900
3.31 0.6704
3.29 0.6955
3.22 0.7093
3.11 0.7309

* Mean of four replicate experiments with relative standard deviation < 4%

Further, to establish the order with respect to acid, the In k' versus In [H'] values were plotted
(Figure 3.2.7), which gave a slope 0.24 (R* = 0.98). The observed partial reaction order with
respect to acid clearly suggests that reaction mechanism is intricate and acid is indirectly

involved in the rate limiting step.
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Figure 3.2.7 Plot of In k' versus In [H'] for the reaction of [OCI]; (1.45 x 10 M) with
[BB™o (7.0 x 10° M) at [H']eq (1.99 x 10°- 7.752 x 10° M).

From Figure 3.2.7 the observed order with respect to H' is small suggesting that the reaction

rate observed is the resultant effect of the acid in the concentrations of hypochlorite and

hypochlorous acid. The kinetic data was further analysed to estimate the pseudo first-order

rate constants for the two competitive reactions that are facilitated by hypochlorite ion and

hypochlorous acid respectively, using two simultaneous first-order reactions using

KinetAsyst™ analysis.
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Figure 3.2.8 KinetAsyst™ single-exponential equation fit of two curves and residuals
(lower sketch) for the reaction of [BB™]y (7.0 x 10° M) with [OCI; (1.45 x
10° M) [H']o (9.96 x 10° M) and I (0.13 M).

For comparison, the theoretical fits for occurrence of single first-order reaction and two

simultaneous first-order reactions are shown in Figure 3.2.8 and Figure 3.2.9 respectively. An

examination of the curves shows that Figure 3.2.9 has lower residuals compared to Figure

3.2.8, confirming the occurrence of two simultaneous reactions.
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Figure 3.2.9 KinetAsyst™ double-exponential equation fit of two curves and residuals
for two competitive first-order reactions (lower sketch) for the reaction
of [BB™]o (7.0 x 10”° M) with [OCIT; (1.45 x 10> M), [H o (9.96 x 10° M)
and I (0.12 M).
The calculated equilibrium concentrations for H", OCI" and HOCI, and the pseudo first-order

rate constants for hypochlorite k;' and hypochlorous acid k' at different pH values are

summerised in Table 3.2.3.

A perusal of Table 3.2.3 shows that k;' is much smaller in magnitude than k,'. While k;'
values had a decreasing trend, k,' recorded an increasing trend. This is predictable
considering the changes i.e. decrease in [OCI'] and increase in [HOCI] with increasing acid
concentration. The mean values of second order rate constants, 1.2 = 0.2 M s'l, 220+ 1.2
M s shown in Table 3.2.3 represent the k; and k, values respectively, which are the

respective second-order coefficients for the OCI" and HOCI initiated oxidations.
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Table 3.2.3

Effect of acid on the speciation of hypochlorite and reaction rate.

pH [H'] [OCleq | [HOCllyq | ki'/s™ * [ ks * | ky/M's' | kyM's”
870 | 1.99x 107 [ 2.76 x 107 | 1.34x 107 | 0.0390 | 0.0270 1.41 20.08
835 | 445x107 [ 2.61x107[2.85x10° | 0.0360 | 0.0610 1.37 21.43
8.00 | 9.97x107 [233x107]5.68x10° | 0.0303 | 0.1400 1.29 24.64
770 | 1.99x10° | 1.95x 102 ] 9.49x 107 | 0.0250 | 0.2050 1.28 21.61
745 | 3.54x10° [ 1.55x107% | 1.34x 102 | 0.0190 | 0.2799 1.22 20.81
720 | 6.29x10° | 1.14x107% | 1.76 x 10% | 0.0135 | 0.3670 1.18 20.88
7.00 | 9.97x10° [ 8.43x10° | 2.06x 107 | 0.0094 | 0.4275 1.12 20.79
6.75 | 1.77x107 | 5.43x10° | 236 x 102 | 0.0060 | 0.4930 1.10 20.92
6.50 | 3.15x107 [ 3.32x10° ] 257x 102 | 0.0035 | 0.5390 1.05 21.00
6.00 | 998x107 | 1.14x10° ] 2.79x 102 | 0.0011 | 0.5880 1.00 21.11
540 | 3.97x10° [ 294x10* | 2.87x10% | 0.0002 | 0.6459 0.84 22.50
3.70 | 1.99x 10* [ 5.95x10° | 2.90 x 107 - 0.6582 - 22.70
331 | 4.89x10% [ 2.42x10° | 2.90 x 107 - 0.6652 - 22.94
329 | 5.12x10% [ 2.32x10° | 2.90 x 107 - 0.6725 - 23.19
322 | 6.02x10* [ 1.97x10° | 2.90 x 107 - 0.6842 - 23.59
3.11 | 7.75x10% | 1.53x10° | 2.90 x 107 - 0.6910 - 23.83
Mean and standard deviation | 1.2 +0.2 220+ 1.2

* Mean of four replicate experiments with relative standard deviation < 4%

where ki' and k' pseudo first-order rate constants with respect to OCI" and HOCI

respectively. k= k;'/[OCl]¢q and ko = k,'/[HOCI]q, where k; and k, represents the second-

order reaction rates for OCI" and HOCI competitive reactions.

At pH below 3, no significant increase in rate constant was observed with increase in acid

concentration which anticipated at that pH as all OCI" will be in the form of HOCI, a further

increase in the acid concentration does not increase the HOCI concentration. Figure 3.2.10
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and Figure 3.2.11 represents the order with respect to OCI" and HOCI in the pH range from

3.0t09.0
0.6 ~
0.5 -
y =1.101x + 0.9865 0.4 -
2_
R*=0.9135 *
0.3 -
’ 3
£
0.2 -
0.1 -
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In [OCI],, -0.1 -

Figure 3.2.10 Plot of In k' versus In [OCl ]eq for the reaction of [BB™]o (7. O x 10° M)

with [OCI']; (1.45 x 10° M) at [H leq (3.97 x 10°-7.75 x 10° M),

[OCI Jeq (1.14 x 107~ 1.53 x 10°M).
The In-In plot of k' versus [OCl]eq, a fair straight line with gradient equal to 1.1 (Figure
3.2.10) suggests that order with respect to hypochlorite is one. At low pH, the concentration
of hypochlorite reduces to small values, where the pseudo first-order conditions with respect

to dye are no more valid. Hence for such conditions, k;' values were not estimated or that data

was not taken into consideration.

In [HOCI],,

y=1.034x +3.2194
R?=0.9979

N
1
Ink’

Figure 3.2.11 Plot of In k' versus In [HOCl]eq for the reactlon of [BB" ]0 (7.0x 10°M) with
[OCI']; (1.45 x 10° M) at [H ]eq(l 99 x 107-9.98 x 107 M),
[HOCI Joq (2.76 x 10°—3.3 x 10°M).
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Figure 3.2.11, a plot of In [HOCI]eq versus In k' gave a linear curve with slope 1.034,
suggesting that reaction is predominantly between the HOCI and dye and the reaction has

first-order dependence on HOCI concentration.

Although at alkaline pH the reaction order with respect to OCI is one, an observation of
Figure 3.2.11 indicates that at neutral pH, the change in rate constant is negligible due to low

concentration of OCI" at that pH. Thus, its contribution to overall reaction remains small.

The obtained results confirm that acid is not directly involved in the rate limiting reaction for
the oxidation of brilliant blue, but it influences the speciation and equilibrium of OCI to
HOCI. The observed decrease in reaction order with increasing [H'] confirms that observed
reaction rate is resultant effect of the reactions of BB" with hypochlorite and hypochlorous

acid, but with minor contribution of hypochlorite at lower pH.

3.2.5 Primary salt effect

The influence of added salt on the reaction was studied and the results are summerised in
Table 3.2.4. An observation of results show an increasing ionic strength had negative salt
effect on both OCI” and HOCI initiated reactions. The plot of log k' versus 1" of the data
obtained gave a linear curve (A) with negative slope = 1.03 and R* = 0.99 (Figure 3.2.12)
Suggesting a negative salt effect with reacting species of opposite charges, possibly BB" and
OCI ions. The slope corresponds to linear curve B (0.745; R* = 0.99) corresponds to that of

the reaction between HOCI and BB,

115



Table 3.2.4  Effect of ionic strength on the reaction rate [OC1]; (1.45 x 10° M), [BB™],
(7.0 x 10° M), pH = 9.0.

Ionic strength/M kl'/s'l* 1(2'/5'1 *
0.0099 0.035 0.0452
0.0188 0.035 0.0459
0.0225 0.037 0.0471
0.0263 0.038 0.0485
0.0338 0.040 0.0499

* Mean of four replicate experiments with relative standard deviation < 4%
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Figure 3.2.12 Plot of log k' versus ionic strength for the reaction of [OCI']; (1.45 x 107 M),

with [BB™]y (7.0 x 10°M) at pH =9, ionic strength (I = 0.01-0.03 M).
(A- OCl initiated, B- HOCI initiated reaction)

3.2.6 Kinetic salt effect at acidic pH
Experiments were conducted to investigate the salt effect under acidic conditions. At pH 3.1

with negligible amount of hypochlorite, main reaction is anticipated between the protonated
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dye and HOCI if it is true, salt effect will be less pronounced. The k' values obtained are

shown in Table 3.2.5.

Table 3.2.5  Effect of Ionic Strength on the reaction rate for the reaction of [BB']o (7.0
x 10° M), [OCI'}; (1.45 x 10° M), pH =3.1.

lonic strength/M ks *
0.0510 L6l
0.0547 1.57
0.0585 155
0.0622 1.53
0.0697 1.50

* Mean of four replicate experiments with relative standard deviation < 4%

If the reaction is between neutral species (HOCI) and BB there should be linear relationship

between log k' and I but plot of log k' versus V1 from Table 3.2.5 did not give a good

straight line as anticipated and the obtained slope is -0.77, therefore the k' versus respective

ionic strength values were plotted, which is a linear curve suggesting that the rate limiting

step possible involves a neutral species (Figure. 3.2.13).
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Figure 3.2.13 Plot of k versus 1 (Ionic strength) for the reaction of [BB '], (7.0

x 10° M) with [OCI, (1.45 x 107 M) at varying ionic strength,

1(0.051-0.069 M) at fixed acid [H'] (4.5 x 10° M) at pH 4.0.
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3.2.7 Effect of chloride on reaction rate

To investigate the effect of chloride on the reaction, rates were measured with different
amounts of initially added chloride in the reaction, while other conditions maintained the
same. The observed rate constants suggest that chloride is not involved in any possible

reaction.

Table 3.2.6  Effect of addition of chloride ions on the reaction. [BB ]y (7.0 x 10™ M),
[OCI (1.45 x 10 M) [CI] (1x10™' M).

[CI/M ks *
0.000 0.125
0.148 0.126
0.298 0.126
0.447 0.126
0.597 0.127
0.725 0.127

* Mean of four replicate experiments with relative standard deviation < 4%

A perusal of the results in Table 3.2.6 suggests that presence of chloride ion has marginal

effect on the reaction rate.

3.2.8 Activation parameters

The energy parameters for the reactions of dye with HOCI and OCI” were estimated by
measuring the rate constants over the temperature range of 15 'C to 35 C. Table 3.2.7
summarises the calculated values of four energy parameters, namely the energies of
activation, enthalpy and entropy for both the reactions (Table 3.2.8). A typical Arrhenius plot
shown in Figure 3.2.14, suggests that effect of temperature on the two reactions was not the

same.
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Table 3.2.7  Rate constants for the BB™ oxidation as function of temperature for the
reaction of [BB™]y (7.0 x 10° M), [OCI; (1.45 x 10~ M) at pH 9.0.

Temp. / K kl'/s'1 * KM s kz'/s'1 * KM?2s!
283 0.014 1.21 0.041 3.56
288 0.019 1.65 0.058 5.04
293 0.028 1.65 0.064 5.56
298 0.033 2.86 0.079 6.86
303 0.037 3.21 0.098 8.52

* Mean of four replicate experiments with relative standard deviation < 4%

and k = k'/[OCI'] [H]
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Figure 3.2.14 Plot of In k' versus 1/T for the reaction of with [BB'],

(7.0 x 10° M) with [OCI']; (1.45 x 10™ M) at varying temperature conditions.
(A-OCl initiated, B-HOCI initiated reaction)
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Table 3.2.8

Energy parameters.

Reaction pathway | Enthalpy of reaction, | Entropy of activation, | Energy of activation
AH*/kJ mol! AS*/JK™! mol” Ey/kJ mol”
BB" with OCI 33.05 -191.93 35.53 +0.09
BB" with HOCI 26.80 -204.57 29.28 +0.09

The AH* values are found to be 33.05 kJ mol! and 26.80 kJ mol for the OCI" and HOCI

initiated reactions respectively. The HOCI initiated reaction had slightly lower energy of

activation (29.28 + 0.09 kJ mol™) compared to (35.53 + 0.09 kJ mol™) the OCI initiated
reaction. The observed entropy of activation AS* -191.93 for OCI ion initiated reaction and -

204.57 for HOCI initiated reaction suggest that the formed activated complex is relatively of

compact nature.

3.2.9 Product identification and characterization

BB-OCl reaction product obtained after dichloromethane extraction (0.64 g) was
chromatographed using silica gel (Merck 9385) as the stationary phase on a 4 cm diameter
column. The mobile phase consisted of hexane: dichloromethane step gradient (100% hexane
(fractions 1-10), 10% dichloromethane in hexane (fractions 11-20), 30% dichloromethane in
hexane (fractions 21- 38), 50% dichloromethane in hexane (fraction 40-57) and 80%
dichloromethane (fraction 58-64). Fractions of 10 mL were collected in each step. From
these fractions total of four major compounds were separated namely products (P; = 4-
ethoxy-phenylamine, P, = 3-ethylaminomethyl-benzenesulfonic acid, P; = 3- ethylamino
chloro methyl-benzene sulfonic acid and P; = 4-[bis-(4-hydroxy-phenyl)-methylene]-

cyclohexa-2,5-hydroxide). The products P,, P; and P4 were identified in the current study.

Plausible oxidation products are shown Table 3.2.9.
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Proton NMR of product P, (3-ethylaminomethyl-benzenesulfonicacid) showed appearance of
aromatic protons between & 7.50 and & 8.01 which integrates to the three protons of the
aromatic ring, and methyl and methylene protons at 6 3.83 and & 4.12 respectively
(Appendix 1, Figure 1.1.5). In the "’C spectrum, the aromatic peaks are found in between &
116 -168. The aromatic carbons in the '>C spectra can be seen between & 130 and 150. The
ethyl group can be seen at 6 2.15 and triplet methyl at & 0.9 (Appendix 1, Figure 1.1.6).
From GC-MS spectrum corresponding molecular ion peak with retention time 13.99 min
could be found at m/z 216 (MH) representing the molecular formula of CyH;3NO;S
(Appendix 1, Figure 1.1.7) From the product, loss of sulfonyl and ethyl group leads to the
fragment with a molecular mass of m/z 107 which accounts to the molecular formula

(C7HGN).

Proton NMR of the identified product P; revealed that appearance of triplet and quartet for
methyl and methylene group at lower 6 0.92 and higher & 2.29 respectively. The protons of
the methylene group which serves as bridge between phenyl ring and tertiary nitrogen is seen
at higher & 3.81 due to deshielding effect of substitutions. All aromatic protons are seen
between & 7.0-7.65 (Appendix 1, Figure 1.1.8). The “C-NMR exhibited appearance of
methyl and methylene carbons at & 13.71 and & 37.37 respectively. Higher & 64.7 value for
methylene carbon is observed due to deshielding effect between phenyl and tertiary nitrogen.
Aromatic carbons are observed between 6 130.96 — 144.63 (Appendix 1, Figure 1.1.9). The
GC-MS of product P3 showed m/z at 249 (M™) at 14.2 min, which is in good agreement with
molecular formula of the identified product P; (CoH;2NO;CIS). The other significant peaks at

m/z = 215 corresponds to loss of chlorine from product. Molecular mass of m/z 107.2
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corresponds to the loss of ethyl and sulfonyl groups which accounts to the molecular formula

(C7HoN) (Appendix 1, Figure 1.1.10).

The proton NMR spectra of product P4 exhibits the resonances at 6 7.4 - 8.04 can be assigned
to the ortho-coupled protons of the two aromatic rings. The integration is twice that of other
pair of the doublets because of the symmetry in the molecule. The other pair of doublets can
be seen at 6 6.7 and & 7.45 and can be assigned to the double bonds in the remaining ring.
(Appendix 1, Figure 1.1.11). The aromatic carbons in the '*C spectra can be found in the
range of 6 110 - 140.3 (Appendix 1, Figure 1.1.12). The GC-MS of product, P, revealed the
molecular mass of 292 (M) at retention time 15.19 min (Appendix 1, Figure 1.1.13) which
is in good agreement with molecular formula C,9H;¢03. Loss of para hydroxy phenyl group
from product P4 led to the formation of the fragment with molecular mass 200 (C;3H;,0,)
followed by loss of the hydroxy group from the fragment to arrive at another fragment with

molecular mass 185.1 (M) C3H;,0.

Table 3.2.9  Plausible oxidation products.

/L
NH, 4-ethoxy-phenylamine
(P1)
SO;H
Ny 3-ethylamino methyl-benzene sulfonic acid
(P2)
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| SOsH
/\N/\©/ 3-ethylamino chloro methylbenzene sulfonic

acid

4-[bis-(4-hydroxy-phenyl)-methylene]-
‘ ‘ cyclohexa-2,5-hydroxide
OH

(P4)

3.2.10 Stoichiometric equation

The stoichiometry of the reaction between brilliant blue and hypochlorite was established
with 1:1 and 1:10 ratio of the oxidant and the substrate. The amount of brilliant blue-R
reacted was calculated from the initial and residual amounts. The stoichiometry was found to

be approximately 1:4 (£ 10%). The stoichiometry for the reaction can be expressed as

BB'+ 4HOCI + 3H,0 — P, +P,+P;+ P, +3HCI+OH + H" (3.6)

3.2.11 Reaction scheme

Brilliant blue upon treatment with HOCI results in the formation of an intermediate I; with
the loss of para ethoxy aniline as product P;. The intermediate I, is attacked by OCI ion to
form intermediate I, which looses meta substituted benzyl ethyl amine as product P, and

forms I5. Intermediate I3 is further attacked by HOCI ending up with the formation of product
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P; and intermediate 1. The latter is further attacked by three hydroxy ions and leads to the

formation of P4,

SO;H

N SOsH

|
OH ] ] OH
Py

Figure 3.2.15 Mechanistic scheme for the oxidation of brilliant blue-R with hypochlorite.
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3.2.12 Proposed reaction mechanism
The probable reaction mechanism is proposed based on the known chemistry of hypochlorite

decomposition as discussed. The reaction mechanism is represented as,

H"+0ClI" = HOCI

HOCI+CI'+H" = Cl

BB'+HOCI — I,;"+ P, R1
I," + HOCl — I, +OCI R2
L +0CI - "+ P, R3
I;"+HOCl — I,+H" R4
I;+HOCl — 13'+OH +Ps RS
I;'+3H,0 — P4 +3HCI R6

The overall reaction mechanism is proposed as

BB"+ 4HOCI + 3H,0 — P, + P, + P; + P,"+ 3HCI+ OH + H' (3.7)

3.2.13 Rate law
Based on the first-order dependence of the reaction rate on the reactants and observed

negative salt effect, the rate law may be proposed as

Rate = k,[OCI™][BB*] + k,[HOCI]|[BB*] (3.8)
Where k, and k, represents the rate constants.

r = {k,[0Cl"] + k,[HOCI]}[BB*] = k'[BB*]
(3.9)
Where the pseudo first-order constant, k' equals to
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k' = k,[0Cl7], + ky[HOCL], (3.10)

and where (3.11)

(3.12)

3.2.14 Simulations

Based on the comprehensive scheme (Figure 3.2.15) and the subsequent proposed reaction
mechanism, the reaction scheme in the product analysis detailed the structures of the probable
intermediates. For the simulations only steps involving the formation of intermediates which
undergo consecutive reactions with other intermediates or reactive species are considered. In
each elementary step, while the overall charge and mass balances are strictly accounted for,

the concentration of water which is the solvent is not simulated.

The Table 3.2.10 summarises the elementary steps and rate coefficients used for the
simulations. Estimated rate coefficients were used for the remainder of the reactions. Rate
constants determined in the present studies were employed for C3 and C4. Estimated rate
coefficients were adjusted such that the simulated curves agreed with the experimental

curves.m

Table 3.2.10 Forward and reverse rate constants obtained from literature and simulations.

Reaction Reaction Mechanism Forward rate Reverse rate
No
Cl H + OCI' = HOCI 3.97x 10°M's7 [ 1.0x10™ 5™
C2 HOCI + CI' + H = Cb 3.63x 10°M7s' [ 1.1 s
C3 BB' +HOCl— I;" +P; 22x 10" M5 -
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Table 3.2.10 contd.

Reaction Reaction Mechanism Forward rate Reverse rate

No

C5 BB+ OClI — 1, 122 MTsT _
C6 L +H -1 +P 330x 10°M s ~
C7 I," +HOCl— I,” +0CI 230x 10°M "' s -
C8 L> +0CI > 15 +P, 430 x 10°M s _
C9 I;'+HOCl — I,+H" 341 x 10°M ' s -
C10 I, + HOCl — I3+ OH + Ps 3.0l x 10°M™" s -
Cll I;" — P, +3HCI 4.17x 10%s™ ~

The speciation of OCI  in the presence of acid is shown by the equation C1. The rate limiting

step of the oxidation mechanism involves steps initiated by OCI" or HOCI on BB" leading to

the formation of the reactive intermediates. Reactions C3 and C4 are the rate-determining

steps for brilliant blue-R oxidation. Reactions C5-C8 shows the consecutive steps for further

oxidation of the reactive intermediates leading to different probable products.

Three experimental curves were analyzed using Simkine 2 software and the generated

simulated curves are shown in Figure 3.2.16
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0.00004

0.00003

Concentration/M

0.00002

0.00001

150 200 250

Time/s

Figure 3.2.16 Experimental curves versus simulated curves for reaction of [BB']y
(7.0 x10”° M) with [OCI'}; (1.45 x 10™ M).

From Figure 3.2.16 the experimental E1, E2 and E3 and corresponding simulated curves S1,
S2 and S3 (dotted) are in agreement with each other confirming that the proposed reaction

scheme as most reasonable and estimated rate constants are fairly acceptable.

128
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Figure 3.2.17 Intermediates and product formation for the reaction of brilliant blue with
hypochlorite.

By maintaining the similar reaction conditions, in Figure 3.2.17 curves E1 and S1 indicates

the experimental and simulated curves for the reaction. P, P,, P3 and P4 show the product

formation and I is the intermediate formed during the process and also indicates that the dye

is completely transformed in to the products. The data of the simulated versus experimental

curves and the concentrations of the other reactants, intermediates and products are compiled

in (Appendix 1, Table 1.3, and Table 1.4).
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3.3 Reaction of hypochlorite with safranine-O

3.3.1 Order with respect to safranine-O

To elucidate the mechanism of the reaction between this anthraquinone dye with
hypochlorite, the kinetics of the reaction was studied under varied reaction conditions. The
dye had absorption maximum at 519 nm with no peak shift due to pH variation. In all the
cases, the kinetic runs were conducted with excess concentrations of all the reagents except
safranine-O (SO"), which was taken at low concentration. The reaction was monitored at
519 nm, where interferences were observed during the reaction. All the experiments were

carried out at (25+ 0.1) 'C. Figure 3.3.1 shows the typical kinetic trace of [SO'].

0.6 -
05
0.4 -

0.3 A

Absorbance

0.2 -

0.1 -

0 T T 1

Time/s 100 150

Figure 3.3.1 Typical kinetic curve- absorbance versus time plot for the reaction of
[SOTo (3.0 x 10° M) with [OCI, (1.5 x 10™ M) at pH = 9.0, wavelength
519 nm.

3.3.2 Analysis of kinetic data

The kinetic data acquired at single wavelength measurements was analysed using the kinetic
software and the first-order rate equation as described earlier. Figure 3.3.2 represents the
typical experimental curve with the fitted curve and the residuals. A fair agreement between
the curves with small residuals suggests that reaction follows pseudo first-order kinetics for

the chosen conditions and order with respect to the dye is one.
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Figure 3.3.2 KinetAsyst™™ single-exponential equation fit (green) and the experimental
curve (red) with residuals shown in the (lower curve) and the rate parameters
box for the reaction of [SOy (3.0 x 10> M) with [OCI], (1.5 x 10™ M).

Perusal of Figure 3.3.2 indicates that by employing first-order equation a good agreement

between experimental and theoretical curve is observed. The kinetic data analysis results for

the curve displayed in the box shows that the rate constant obtained is (0.019 + 6. 4 x 107) s™

with small standard deviation and the reaction follows first-order kinetics with safranine-O.

3.3.3 Order with respect to hypochlorite

To establish the reaction order with respect to oxidant, a series of experiments were
conducted with different initial concentrations of hypochlorite at pH 9.0 and fixed ionic
strength using sodium sulfate as a neutral salt. Typical curves showing depletion of SO" as

function of time at different initial concentrations of hypochlorite are shown in Figure 3.3.3.

131



0.7

0.6

0.5

0.4

03

Absorbance

0.2

0.1

6E-16

100 150 200 250 300

Time /s

Lo
(O
o

-0.1

Figure 3.3.3  Depletion of safranine-O with various hypochlorite concentrations for the
reaction of [SO ]y (3.0 x 107 M) with [OCI'];x 10° M (a=0.85,b=1.70, ¢ =
2.55,d=3.40ande= 5.10) atpH= 9.0.

With increasing initial concentration of hypochlorite from (0.85-5.10) x 10° M, the rate of
depletion of dye is increased proportionately. The representative absorbances versus time
plots are shown in Figure 3.3.3. The pseudo first-order rate coefficients, k' for different

hypochlorite concentrations are shown in Table 3.3.1.

The thumbnail impressions given in Figure 3.3.4, illustrates the depletion of the dye and

respective kinetic traces with residuals for the chosen conditions.
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Figure 3.3.4  Fits using KinetAsyst™ single-exponential equation, and rate equation

{1l Exp+ C,y=-Aexp (-k * x) + C where k' /s-1 (a= 0.0100, b=0.0271, ¢ =
0.0346, d = 0.0439 and e = 0.0520).

The observed k'/s™! values are shown in Table 3.3.1 for different initial concentrations of total

hypochlorite for the curves analysed in Figure 3.3.4 and Figure 3.3.5 illustrates the In k'

versus In [OCI] for the same.
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Table 3.3.1  The reaction between safranine-O and hypochlorite at constant ionic strength
[SO™p (3.0 x 10 M), [OCI']; (0.85 x 10™* — 5.1 x 10° M), pH=9.0,

(1=0.128 M).
[OCI,/ 10° M ks
0.085 0.010
1.70 0.026
2.55 0.034
3.40 0.043
5.10 0.052

* Mean of four replicate experiments with relative standard deviation < 4%

In [OCI],

r T T T
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i

y=0.9193x + 2.0384 -2.5 -
R*=0.9533

Ink’

Figure 3.3.5 Plot of In [OCI']; versus In k' for the reaction of [OCI]; (0.85 x 10*-5.1x
10 M) with [SO']o (3.0 x 10 M) at pH = 9.00 and I = 0.128 M.

While the pseudo first-order rate constants increased proportionately with the increase in the

initial concentration of hypochlorite, from Figure 3.3.5 the plot of In k' versus In [OCI] gave

good straight line with slope = 0.91 suggesting that the order with respect to oxidant is one.

3.3.4 Effect of acid concentration on the reaction rate
To establish the role of acid in the reaction dynamics, kinetic experiments were repeated with

fixed excess concentration of oxidant and low amount of dye and varied initial pH conditions

134




from basic to acidic pH. The obtained k' values are summarized in Table 3.2.2 and Figure
3.3.6 illustrates the plot of pseudo first-order rate constant as function of pH. With increase in
pH, the change had different impact on the rate depending on the pH range. The increase in

rate constant was small at neutral pH range while steep increase in the lower pH ranges.
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Figure 3.3.6  Plot of k' versus pH for the reaction of [SO']y (3.0 x 10™ M) with [OCI ],
(1.45x 10° M), [Heq (1.99 x 107-7.752 x 10™* M).

Table 3.3.2  Effect of pH on reaction rate for the reaction of [SO']y (3.0 x 10° M),
[OCI']; (1.45 x 107 M).

pH k'/s! *
273 0.08
226 0.12
736 0.23
754 0.44
799 0.54
710 0.82
6.68 1.25
6.64 221
450 19.75
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Table 3.3.2 contd.

pH k'/s! *
3.90 28.27
151 32.56
361 33.47
315 35.71
313 36.99
595 39.64
)85 40.87

* Mean of four replicate experiments with relative standard deviation < 4%

The increase in k' values with increasing acid concentration suggests that oxidation with
formed HOCI is faster than with OCI. This can be possibly explained taking into
consideration the occurrences of simultaneous reactions, initiated by OCI" and HOCI.
Further, to assess the order with respect to acid, the In k' versus In [H'] values were plotted

(Figure 3.3.7).

y =0.4715x + 7.247
R?=0.9727 4 -

[EEN
Ink'

-20 -15 -10 -b

In[H*]

Figure 3.3.7  Plot of In k' versus In [H'] for the reaction of [SO] (3 x 10” M), with [OCI'];
(1.45x 107 M) [Heq (1.99 x 107°- 7.752 x 10 M).
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The plot of In k' versus In [H'] gave a plot with positive slope = 0.471 and R* = 0.97, and two
distinct ranges observable, one slow increase in k' at high pH and another fast increase at low
pH. The observed partial order with respect to H™ can be anticipated in view of the
conversion of hypochlorite to hypochlorous acid influenced by the acid concentrations
through protonation. The rate of the oxidation of the substrate will depend on the reactivity’s
of hypochlorite and hypochlorous acid towards the dye. The competitive oxidation of dye
occurs with OCI" and HOCI species and can be further established by re-analysing the curves

with two competitive reactions equations in the same manner as was done previously.

Hence, the kinetic data obtained with varied initial amounts of added acid was analysed
carefully to estimate the rate coefficient values for the occurrence of two competitive
reactions. Assuming the incidence of two competitive reactions the kinetic data in the pH
range 6.0 to 2.0 was processed using the fit for two competitive first-order reactions. The

generated and experimental curves fitted quite well with minimum residuals.

Figure 3.3.8 and 3.3.9 respectively show the fitting of theoretical curves and residuals, with
assumption of occurrence of either one pseudo first-order reaction or two pseudo first-order

reactions simultaneously.
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Figure 3.3.8 KinetAsyst'" single-exponential equation fit of two curves and residuals
(lower sketch) for the reaction of [SO™]y (3.0 x 10™ M) with [OC1];(1.45
x 10°M), [H'](9.96 x 10° M) and I (0.128 M).
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Figure 3.3.9 KinetAsyst™ double-exponential equation fit of two curves and residuals
(lower part) for the reaction of [SO]y (3.0 x 10 M) with [OCI],
(1.45 x 10° M), [H'](9.96 x 10° M) and I (0.128M).

The values of the two pseudo first-order rate constants obtained from the analysis are

summarized, together with the initial equilibrium concentrations of acid, hypochlorite and

hypochlorous acid indicated as [H']eq, [OCl]eq and [HOCI]e, at different pH values
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(Table 3.3.3). k;' represents the pseudo first-order rate constant for the OCI initiated
oxidation and k;' represents the corresponding value for the reaction by HOCI. Further k; and
k, are the calculated second-order rate constants for OCI" and HOCI facilitated reactions
respectively. The In-In plots of k;' and [OCl']¢q and k,' and [HOCl]q are illustrated in Figures

3.3.10 and 3.3.11 which were straight lines with decreasing order at different pH ranges.
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Figure 3.3.10 Plot of In k' versus In [HOCl]q for the reaction [SOo (7 x 107 M) with
[OCIT; (1.45 x 10° M) at [HJeq (1.86 x 107 - 1.41 x 10™ M).
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Figure 3.3.11 Plot of In k' versus In [OCI']q for the reaction of [SO"]o (3.0 x 107° M) with
[OCIT]; (1.45 x 10 M) at [H Jeq (1.86x 10°- 1.41 x 10° M).
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Table 3.3.3

Effect of acid on the speciation of hypochlorite and reaction rates.

pH H [HOClleq | [OCITeq | ki/s'* | ko/s'* | kyM's' | kyM's™
8.73 |1.86x107|1.56x 107 | 3.40x 10| 0.064 | 0.093 1.95 29.22
826 |5.48x107|4.40x10°|3.10x 10| 0.066 | 0.127 2.09 29.99
7.86 | 1.38x10%]9.21x10°|2.60x 10| 0.058 | 0.276 217 30.48
754 |2.88x10%|1.50x 107 |2.10x 10%| 0.053 | 0.458 2.54 30.87
722 |6.01x10%]2.15x10%| 1.40x 10| 0.040 | 0.676 2.79 31.57
7.10 |7.92x10%]239x10%|1.20x 102 | 0.035 | 0.761 291 32.09
6.68 |2.08x10%|3.01x10%|5.90x10%| 0.018 | 0.985 3.18 32.74
6.64 |228x10%[3.06x10%|545x10%| 1.07 - 35.28
405 |890x107°[3.60x10%|1.64x10°| 1.29 - 35.96
390 |1.26x10%[3.60x10%[120x10° | 1.30 - 36.24
351 |3.09x10% [3.60x 102 [455x10°| 1.33 - 37.13
3.61 |245x10%[3.60x10%[589x10°| 1.36 - 37.80
315 |7.07x10% [3.60x 102 [2.03x10°| 1.38 - 38.31
313 |7.40x10* [3.60x10%[1.98x10°| - 1.41 - 39.22
295 |1.12x107% [3.60x 107 | 1.34x10°| 1.43 - 39.74
285 |1.41x107°[3.60x10%[1.07x10°| - 1.44 - 40.05
Mean k; and k, with standard deviation | 3.0+ 0.5 348+2.8

* Mean of four replicate experiments with relative standard deviation < 4%

ki = k;i'/[OCI']eq and ko = k;'/[HOCI]eq where k; and k, represents the second-order reaction
rates for OCI" and HOCI competitive reactions. The equilibrium concentrations of acid, OCI’
and HOCI were calculated based on the measured initial pH values and the protonation
constant of hypochlorite. From Table 3.3.3, the mean second-order rate coefficients for the
OCI" and HOCI initiated oxidations respectively are k; (3.0 £ 0.5) M s™ and k, (34.8 + 2.8)
M s, An examination of the data in Table 3.3.3 shows that with increasing initial acid
concentration, the k' values increased, a decreasing trend is registered for k;' values.
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Interestingly at pH below 4.0 the overall rate constants observed, tend to increase where there
is no further increase in [HOCI] is possible. This suggests that unlike the other dyes
investigated, possibly the protonated substrate gets oxidized much faster than the
unprotonated species. In such a case the HOCI oxidizes the unprotonated and protonated

safranine-O at different rates.

Considering the complexity of the reaction dynamics of oxidation of safranine-O under
varied pH conditions, a generalized rate law accommodating the oxidation of SO by OCI
and HOCI, in competitive reactions at high and medium pH (> 4) and the simultaneous
oxidation of unprotonated and protonated safranine-O at lower pH by HOCI can be expressed

as follows:

r = {k,[OCI"][SO*] + k,[HOCI][SO*]} + k3 [HOCI][SOH?*] (3.13)
At pH conditions above 4, where no protonated SOH>" possibly exists, the third term in the

above eqn. [3.11] disappears, and rate can be expressed as

r = {k,[0CI"][SO*] + k,[HOCI][SO*]} (3.14)
Thus, r = k'[SO™],
(3.15)
where the pseudo first-order constant, k' equals to
k' = {k.[OCl"], + k,[HOCI],} (3.16)
= k', + k', ,where k,'and k," were analyzed using
KinetAsyst specfit analysis and k; and k, are the second order
rate constants estimated from kll and kzl
ky = [okclz-] ; ke = [HkOZCl] (3.17)
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Under pH conditions below 4.0, where all the hypochlorite is in the form of HOCI or the
concentration of [OCl']q is negligible, it is expected the further increase in acid concentration
should result in no enhancement in k' values. At low pH, interestingly the observed increase
in the overall pseudo first-order rate constant with an increase in acid concentration suggests
that acid has a diverse role to play in this mechanism. This can only be explained based on
the possible protonation of the dye, which in turn may get oxidised more easily than the
unprotonated species. With further increase in the pH, evidently with no peak shift from 520
nm absorption maximum is observed. Thus, obviously both the unprotonated and protonated
dye absorb at the same wavelength, but possibly get oxidized by HOCI at different rates.
Under these conditions the direct estimation of the pseudo first-order constants for these
reactions is not feasible, due to lack of appropriate equations with software. The assumption

can only be verified indirectly.

As such at pH conditions below pH 4, where protonated SO" may exist, the first term in the

above equation 3.11, (i.e. k;[0OCI™][SO*]) may be neglected and rate may expressed as

r = k,[HOCI|[SO*] + ks[HOCI|[SOH?*] (3.18)

where [SOt] + [H*] = [SOH?*]

[SOH?*]
~ [SO*][H"]
r = {k,[HOCl] + k3;k[HOCI|[H*]}[SO™] (3.19)
k' = (k, + ks'[H*]} (3.20)
1 ks’
where ks’ = ksk[HOCl] and ks = =2

If the assumption is correct, and the rate equation holds good, the plot of the overall rate

constant k' in the pH range (9.0 to 6.0) versus [H']eq should be a straight line, with slope
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equivalent to ks and intercept equivalent to k,. k3 can be estimated knowing the value of K,

the protonation constant for the dye. The estimation of ks value is limited due to the lack of

information on the protonation constant of safranine-O.
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Figure 3.3.12 Plot of k' versus [H']eq below pH = 6.0.

The fair agreements of the intercept value, 31.12 (Figure 3.3.12) with the estimated value of

k, = 34.79 (Table 3.3.3) supports the approximation reasonable.

3.3.5 Primary salt effect

At pH 9.0 HOCI exists in equilibrium to 15% together with OCI’, so the curves were analysed

for two consecutive reactions in the same manner as it was done previously. The results

obtained are summarized in Table 3.3.4.
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Table 3.3.4  Effect of ionic strength on the reaction rate [SO ']y = (3x 10° M), [OCI ]
(1.45 x 10 M), pH =9.

Ionic strength/M kl'/s'1 * 1(2'/5"1 *
0.0092 0.047 0.63
0.0167 0.042 0.62
0.0242 0.039 0.60
0.0317 0.037 0.56
0.0392 0.034 0.54

* Mean of four replicate experiments with relative standard deviation < 4%
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Figure 3.3.13 Plot of log k" and log k' versus 1 for the reaction of [SO]y (3.0 x 10° M)
with [OCI]; (1.45 x 10°M) at pH =9, Ionic Strength (I =0.009 to 0.039 M).

The plot of log k' versus 1 of the data obtained gave a linear plot (A) with negative slope =
1.28 and R? = 0.99 (Figure 3.3.13). The negative salt effect indicates that the rate-limiting
step involves species of opposite charges, possibly SO™ and OCI ions. The slope = 0.72, less
than unity represented by plot B, Figure 3.3.13 corresponds to the reaction between HOCI

and SO".
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3.3.6 Kinetic salt effect at acidic pH

The effect of added chloride was investigated to establish the rate constants and its
dependence on the ionic strength. The k' versus respective I values were plotted and are
shown in Figure 3.3.14. Table 3.3.5 summarises the k' values obtained as function of ionic
strength at low acid conditions. The log k' versus VI did not show such dependence, hence the

values of k' versus I were plotted directly.

Table 3.3.5  Effect of ionic strength on the reaction rate [SO o (3.0 x 10” M) with [OCI], ,
(1.45 x 10°M), pH =4.0.

Tonic strength/M ks *
0.0092 0.63
0.0167 0.62
0.0242 0.60
0.0317 0.56
0.0392 0.54

* Mean of four replicate experiments with relative standard deviation < 4%
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Figure 3.3.14 Plot of k' versus I (Ionic strength) for the reaction of [SO™]y (3.0 x 10° M)
with [OCI']; (1.45 x 10~ M) at varying ionic strength, I (0.0092 - 0.0392 M) at
fixed acid [H'] (4.5 x 10™ M).
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Figure 3.3.14 shows the good linear curve which indicates the linear dependence on the ionic
strength with R? values equals to 0.96 confirming that the reaction is between the cationic dye

and the hypochlorous acid which is neutral species.

3.3.7 Effect of chloride on reaction rate

Considering chloride is one of the species associated with hypochlorite generation and
product of reaction, the effect of chloride on the reaction was investigated by adding varying
amounts of chloride. The increase in added chloride registered a negligible effect on the k'

value (Table 3.3.6).

Table 3.3.6  Effect of addition of chloride ions for the reaction of [SO™]y (3.0 x 10™° M)with
[OCI; (1.45 x 107 M).

[CI/M k'/s *
0.000 0.901
0.148 0.901
0.298 0.902
0.447 0.902
0.597 0.902
0.725 0.903

* Mean of four replicate experiments with relative standard deviation < 4%

3.3.8 Activation parameters

Table 3.3.7 summarises the pseudo first-order and overall second order rate coefficients of
the hypochlorite and hypochlorous acid initiated oxidation of safranine-O at pH 9.0
investigated at five different temperatures unless otherwise identical conditions. Using the
Eyring’s equation and the kinetic data as a function of temperature, energy parameters

namely, energy of activation, enthalpy and entropies of activation were estimated
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(Table 3.3.8). Figure 3.3.15 shows the plot of In rate coefficient versus reciprocal temperature

plots which were straight lines.

Table 3.3.7  Varied temperature and observed rate constants for the reaction of [SO ']y (3.0
x 10™° M) with [OCI]; (1.45 x 107 M).

Temp./K ky'/s* KWM?s! ko'/s T * kM?Zs!
283 0.019 1.72 0.049 4.26
288 0.022 2.00 0.062 5.39
293 0.037 3.36 0.075 6.52
298 0.041 3.72 0.082 7.13
303 0.051 4.63 0.098 8.52

* Mean of four replicate experiments with relative standard deviation < 4%
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Figure 3.3.15 Plot of In k' versus 1/T for the reaction of [SO]y (3.0 x 10™ M) with [OCI]
(1.45 x 10 M) at different temperatures (T/K = 283-303). (A = OCI reaction
and B = HOCI reaction)
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Table 3.3.8

Energy parameters.

Enthalpy of reaction, | Entropy of activation, | Energy of activation
AH#/KJ mol’! AS*/J K mol” Ey/kJ mol”
SO" with OCI’ 34.6 -183.53 37.09 + 0.09
SO" with HOCI 21.3 -222.62 23.04 +£0.09

From the gradient value of Figure 3.3.15, the energy of activation, enthalpy and entropies of
activation for the reactions were estimated. The enthalpy values were found to be 34.6 kJ
mol™ for OCI" and 21.3 kJ mol™ for the HOCI initiated reactions. The HOCI initiated
oxidation, which is relatively a fast reaction, had lower energy of activation of (23.04 + 0.09
kJ mol™) compared to (37.09 + 0.09 kJ mol™) for the OCI reaction. Large negative entropies
of activation values -183.53 with OCI and -222.62 with HOCI initiated reactions observed

experimentally reflect the possible formation of compact activated complex.

3.3.9 Product identification and characterization

The product obtained from SO-OCl reaction (0.5g) was separated by column
chromatography, using silica gel (Merck 9385) as the stationary phase on 4 cm diameter
column. The mobile phase consisted of a hexane: dichloromethane: ethyl acetate with step
gradient (100% hexane (fractions 1-10), increased by 10% dichloromethane (fractions 11-18)
20% dichloromethane (fractions 19-29), 40% dichloromethane (fractions 30-38) and 60%
dichloromethane (fractions 39-47), Fractions of 10 mL were collected in each step. Two
compounds were obtained from this dye; they were from fractions 12-16 and 52-60. The
plausible products from the above fractions are P; (4-amino-5-methylbenzene-1,2-dichloride)
and P, (4-amino-6-(2-chloro-6-hydroxyphenyl amino) 3-methyl-cyclohexa-2,4-dienone

oxime). Product P, is identified in the current study. Plausible oxidation products were shown

in Table 3.3.9.
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Table 3.3.9  Plausible oxidation products.

H;C OCl
H ZNJQ:OC 1 4-amino-5-methylbenzene-1,2-dichloride
(P1)
(l)H
N CHj;
A
. j/\:( 4-amino-6-(2-chloro-6-hydroxy-
N NH, .
OH Cl phenylimino)-3-methyl-cyclohexa-2,4-
dienone oxime
(P2)

3.3.10 Stoichiometry equation

Stoichiometry of the safranine oxidation with hypochlorite was carried out using stock
hypochlorite concentration of 0.0015 M. The stoichiometry of the reaction was established
with 1:1 and 1:5 ratios of Safranine-O and hypochlorite respectively using Beer-Lamberts
law the ratio of dye consumed to the oxidant was determined. The stoichiometry was found to
be approximately 1:4 (£ 10%) of SO" and HOCI. Thus the stoichiometric equation for the

overall reaction can be written as,

SO"+4HOCI — P;+P,+2H +CI’ (3.21)

where P; is (4-amino-5-methyl-benzene-1,2-dichloride) and P, is (4-amino-6-(2-chloro-6-

hydroxy-phenylimino)-3-methyl-cyclohexa-2,4-dienone oxime).
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3.3.11 Reaction scheme

When the dye molecule reacts with the oxidant, the hypochlorite ion attacks on the
quaternary carbon adjacent to quaternary nitrogen which bears a bulky phenyl ring and the
proton is transferred on to the other tertiary nitrogen. The OCI ion attaches to the carbon and
will result in cleavage of the bond between quaternary carbon and quaternary nitrogen, which
forms an intermediate I;. The intermediate I; further gets attacked by the OCI" or HOCI at
quaternary carbon, which is connected to quaternary nitrogen which results in the formation
of intermediate I, and product P;. The intermediate I, is further attacked by HOCI and
hydroxyl ion is transferred on to the secondary nitrogen on the ring system. That leads the

nitrogen to its quaternary state resulting in the formation of I5.

The OCI abstracts a proton from quaternary nitrogen of intermediate I3 to form HOCI, which
in turn further oxidises the intermediate I3 and leads to the formation of product P,. The
formation of product P, is confirmed with 'H NMR, *C NMR and mass spectrum. The
proton NMR spectra revealed that the singlet peak at 6 2.13 for methyl protons, the primary
amino group is seen at 8 5.27 and three aromatic protons are found at the range of d 6.4 to
7.6 (Appendix 1, Figure 1.1.14). In BC NMR the alkyl carbon is observed at o 14.12.
Aromatic carbons are found at 6 124-129. The carbons which bear substituted nitrogen’s can
be seen at higher 6 179 and & 182 values (Appendix, 1 Figure 1.1.15). From the GC-MS
spectrum the molecular ion peak M is found at 277 which is observed at retention time 20.64
min and corresponds to the molecular formula (C;3H;2N30,Cl) of the product P, (Appendix

1, Figure 1.1.16).

The plausible oxidation products can be explained by the mechanistic scheme illustrated in

Figure 3.3.16.
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OH cl

Figure 3.3.16 Possible reaction pathway for the oxidation of safranine-O.

3.3.12 Proposed reaction mechanism
The reaction mechanism for the oxidation of safranine-O can be proposed as
H'+O0CI" = HOCI

HOCI+CI'+H" = CbL

SO"+HOCl - I,* R1
I, + HOCl -1, +P1 +H" R2
I, +HOCl —» I3 + CI’ R3

I; + HOCl —» P, + H' R4
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The overall reaction mechanism is proposed as

SO"+4HOClI — P, +P,+2H +CI (3.22)

where P1 is (4-amino-5-methyl-benzene-1,2,dichloride) and P, is (4-amino-6-(2-chloro-6-

hydroxy-phenylimino)-3-methyl-cyclohexa-2,4-dienone oxime) products.

3.3.13 Rate law

The rate law expresses the order of reaction with respect to the respective reactants. The
observed first-order dependence of the reactants and the observed salt effect suggests that the
rate limiting step involves one ion each of SO” and OCI". Thus the major pathway of the
reaction may involve both HOCI and OCI to give an activated complex which decomposes

completely to form the intermediates and products.

The reaction fulfils pseudo first-order conditions, based on this assumption the rate law may

be proposed as

Rate = k,[0CI"][SO*] + k,[HOCI][SO*] (3.23)

3.3.14 Simulations

Simulation studies were conducted based on the proposed mechanistic scheme (Figure
3.1.16). The reaction scheme detailed the structures of the probable intermediates and the
products identified. The proposed mechanism and the mechanism used for the simulations
represent the steps involving the formation of intermediates, which undergo consecutive
reactions with other intermediates or the reactive species. The estimated rate constants were
adjusted automatically with Simkine 2 software. Table 3.3.10 summarises the elementary

steps and rate coefficients used for the simulations and estimated rate coefficients. Rate
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constants obtained from the experiments in the present studies were employed for C3 and C4.

Estimated rate coefficients were adjusted such that the simulated curves agreed with the

experimental curves (C5- C8).

Table 3.3.10 Forward and reverse rate constants obtained from literature and simulations.

Reaction Reaction Mechanism Forward rate Reverse rate
No.
Cl H" + OClI' = HOCI 397x 10 M 1.0x 10%s™
C2 HOCI + CI' + H = Cl 3.63x10°M "' 57! 1.1s"
C3 SO"+HOCI — I, 3.47 x 10°M 5! -
C4 SO"+0CI — 1, 3.02M s -
Cs L+H —1 23x 10°M ' s -
C6 I,"+HOCl -, + Pl +H" 475x 10°M ™" 5™ -
C7 I, + HOCl — I3 + CI 6.03x10° M s —
C8 I3+ HOCl — P, + H' 578 x 10° M7 57! -

The rate limiting step of the oxidation mechanism involves steps initiated by OCI" or HOCI

on SO" leading to the formation of the reactive intermediates. (Reactions C3 and C4 are the

rate-determining steps for safranine oxidation). Consecutive steps for further oxidation of the

reactive intermediates were shown from C5-C8. C6 and C8 representing the reactions leading

to different probable products.
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Figure 3.3.17 Experimental curves versus simulated curves for reaction of

[SO"16(3.0 x 10°M) with [OCIT; (1.45 x 107 M).
A fair agreement between the experimental and corresponding simulated curves
(Figure 3.3.17), strongly supports that the proposed reaction scheme is most probable. The
estimated rate constants are fairly acceptable and also substantiate that HOCI is the crucial

species that drives the rapid reaction kinetics under low pH conditions.

154



2.50E-05 -

2.00E-05 Products (P,P,)
=
~
€ 1.50E-05
S
2
o
£
[=
S
S 1.00E-05 -
o
o

5.00E-06

0.00E+00

0 20 40 60 80 100
Time /s

Figure 3.3.18 Product and intermediate formation for the reaction of safranine-O with
hypochlorite.

A typical curve is analysed for product and intermediates formation and the analysis isshown

in Figure 3.3.18 (conditions similar to curves in Figure 3.3.17). Curves E1 and S1 shows the

experimental and simulated curves for the reaction. P; and P, represent the product formation

while the substrate depletion (E1) and I represent the intermediates formed during the

process. The compiled data of simulated versus experimental curves and the concentrations

of the other reactants intermediate and products are presented (Appendix 1, Table 1.5 and

1.6).
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CHAPTER 4
OXIDATION OF DYES WITH CHLORINE DIOXIDE

Chlorine dioxide is a strong oxidising agent with capability to oxidise both organic and
inorganic pollutants and biotical properties for disinfection of water. Over 95% of the chlorine
dioxide produced in the world today is made from sodium chlorite. Chlorine dioxide (ClO,)
has become the most significant bleaching agent in the pulp and paper industry and is
currently accepted as most prominent technology for water treatment. In this chapter the
results of detailed kinetic and spectroscopic investigations carried out on the reactions of three
selected dyes, i.e. amaranth, brilliant blue-R and safranine-O with chlorine dioxide solution as
a function of pH are elaborated. The interpretations from the kinetic studies were further
supported by measuring the energy parameters for the reactions, product characterisation, and

simulations. Plausible mechanisms for all three reactions were proposed.

4.1 Oxidation of amaranth and chlorine dioxide

4.1.1 Order with respect to amaranth

The kinetics of reaction between amaranth and chlorine dioxide were studied under varied
reaction conditions with large excess concentration of chlorine dioxide relative to the dye. All
the experiments were carried out at 25 °C (£ 0.1) except the runs for estimation of the energy
parameters. Figure 4.1.1 shows a typical curve with 0.0115 M initial concentration of ClO,
and (7 x 10° M) of dye at pH 9.0. A perusal of Figure 4.1.1 shows that the reaction had an
exponential decay and reaction was completed in less than two seconds, indicating that the

reaction is very fast under alkaline conditions.
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Figure 4.1.1 Typical kinetic curve absorbance versus time plot for the reaction of [AM]y
(7x 10 M) with [C10,](1.15 x 107 M) at pH = 9.0.

4.1.2  Analysis of kinetic data using KinetAsyst"" Fit software
The kinetic data was analysed using the KinetAsyst™ Fit Asystant and the first-order equation
as described in detail earlier. Figure 4.1.2 represents the typical experimental curve with the

fitted curve.
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Figure 4.1.2 KinetAsyst™ single-exponential equation fit of two curves and residuals
(lower sketch) for the reaction of [AM]y (7.0 x 10™ M) with [C10,]; (1.15 x
10~ M) using the first-order equation {1 Exp + C,y=-A exp (-k * x ) + C}.
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An observation of Figure 4.1.2 shows that the software fit results for the above curve is a fair
agreement that occurs between the experimental and computed curves, with small residuals
and the rate constant obtained using first-order rate equation, shows that the pseudo first-order
rate constant is 4.34 + 0.01 s™ and further indicates that for the chosen conditions the reaction

follows first-order kinetics with respect to the dye.

4.1.3 Order with respect to chlorine dioxide

To establish the reaction order with respect to oxidant, the experiments were carried out at
various initial concentrations of chlorine dioxide to monitor the rate of reaction. The reaction
was fast and all the reactions exhibited exponential decay characteristics. The reaction rate
increased with the increase in the initial concentration of chlorine dioxide and reaction was

almost completed in less than two seconds. (Figure 4.1.3)
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Figure 4.1.3 Depletion of amaranth with various chlorine dioxide concentrations for the
reaction of [AM]o (7.0 x 10> M) with [ClO,]; /10° M (a=2.52,b=3.79, c =
5.05,d=6.31 and e =7.57) at pH =9.0.
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The absorbance versus time plots and the corresponding k' (s™') values are illustrated in Figure
4.1.3, corresponding fitted curves are shown in Figure 4.1.4 The k' values were obtained by
analysing the respective kinetic curves.

DATAFILE.D7Z

o ,
DaTAFILE D74
. —
L B
" \
P ERU RN
E |
\ e
: 2 . bl Qe
L : o " oo
- s
o [ 05 1 15 2 o

om s

(a) (b)

DATAFILE.DTS

oz FltFesale fr.  DATAFILEDTS
o e a0t 153524 004 DATAFILE DS
o 1 FRFECHETI DATAFILEDE
o5 17ckgC 014} ol d: Tue My 2072530 2004
\ ooz i
osf 4 o8
5 05
03 \ z
A ar: e SEE
. 03
oz Fal om0 0000k EE
\- amp. R T 02 < f—
o1 Pk cowt aema aon ~ oo s oo
i o \\_ Rk cowt b3 ooz
S T S S
I
o o5 i i 2
o b B
e @ e )
oots \
] 1
\/ an L\/
1
DATAFILE D26
oz 1 fi br DATAFILEDES
w [ m—
BET Y 20y &
| ey
05 15
\ T
3 Y
z ™ N
03
=
o2 . 0000 e
- T
ol M oniz
. —
o o 03 2
e
o0t \
m |
a1

Figure 4.1.4  Fits using KinetAsyst™ single-exponential equation, and rate equation
{l Exp + C, y = -A exp (-k * x) + C} for the reaction for amaranth with
chlorine dioxide where k /s™! (a=332,b=3.74,¢c=399,d=422and e =
4.80)
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Table 4.1.1 summarises the values of pseudo first-order rate coefficients, k' obtained for
different chlorine dioxide initial concentrations at fixed ionic strength, and Figure 4.1.5

illustrates the In [ClO;] versus In k' plot.

Table 4.1.1.  Reaction between amaranth and chlorine dioxide at constant ionic strength
[C10,] (2.5 x 107 = 7.5 x10™ M) with [AM], (7.0 x 10° M), pH = 9.0 and
ionic strength (I = 0.128).

[ClO,]/ 10° M k/s*
2.52 3.320
3.79 3.740
5.05 3.990
6.31 4.340
7.57 4.800

* Mean of four replicate experiments with relative standard deviation < 4%
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1.4 -
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y=1.0719x - 0.7905
R?=0.9967
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1.25 1.45 1.65 1.85 2.05 2.25
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Figure 4.1.5 Plot of In [ClO,]; versus Ink' for the reaction of [AM], (7.0 x 10° M) with
[CIO.] (2.5x 107 =7.5 x 10° M) at pH=9.0 and I =0.128 M.
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The plot of In [ClO;] versus In k' (Figure 4.1.5) gave a linear curve with a slope (1.07) and
correction coefficient (0.99) suggesting that the reaction rate has first-order dependence on

[C1O5]o.

4.1.4 Effect of pH on reaction rate and reaction order with respect to OH ion

The literature survey of the chlorine dioxide chemistry shows that predominant oxidation
reaction mechanism for chlorine dioxide proceeds through a process known as free radical
electrophilic abstraction rather than by oxidative substitution or addition (as in chlorinating
agents such as chlorine or hypochlorite). Chlorine dioxide functions as a highly selective
oxidant due to its unique one-electron abstraction mechanism, whereby it is reduced to
chlorite (ClO;"). Unlike the oxidants Cl, and HOCI, which are more effective under acidic

conditions, chlorine dioxide is more reactive at higher pH. ***

Chlorine dioxide is relatively inert and stable under acidic pH and it becomes unstable with

. . 204
increasing pH.

Hence, the influence of pH, on the oxidation rate of the substrate by
chlorine dioxide was investigated under wide range of pH conditions. The pseudo first-order
rate constants obtained at different pH conditions were plotted. The plot of k' versus pH

(Figure 4.1.6) suggests that the rate of oxidation of substrate increased with increasing pH

from 6.0 to 9.0.
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Figure 4.1.6  Plot of k' versus pH for the reaction of [AM], (7.0 x 10 M) with [ClO,],

(1.15x 107 M), [H']eq (1.99 x 10°- 7.752 x 10°* M).

Table 4.1.2.  Effect of pH on reaction rate for the reaction.
pH k'/s"
6.0 0.409
6.4 0.411
6.6 0.411
6.8 0.480
7.0 0.490
7.2 0.946
7.4 1.552
7.6 1.928
7.8 2.250
8.0 2.500
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Table 4.1.2 contd....

8.2 2.790
8.4 2910
8.6 3.150
8.8 3.290
9.0 3.310

* Mean of four replicate experiments with relative standard deviation < 4%

To establish the role of hydroxide ion in the reaction mechanism, the order with respect to
hydroxide ion was estimated by plotting the In k' versus In [OH] (Figure 4.1.7). The slope of
the plot was equal to 0.83 suggesting that reaction rate is close to first-order dependence on

the hydroxide concentration.

y=0.8321x+12.573
R?=0.8844

. o |

[ )
In k'

Figure 4.1.7  Plot of In [OH'] versus In k' for the reaction of [AM]p (7.0 x 10™° M) with
[C1O,]; (1.15 x 107 M),[OH]¢q (1 x 10 —1.95 x 10 " M).

The [OH] variation experiments were repeated with increased number of runs in each of the
pH ranges, the log k' versus log [OH] were plotted in three different pH ranges (Figure 4.1.8).

The reaction order with respect to [OH] is observed to decrease with increasing pH.
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Figure 4.1.8 Plot of log [OH] versus log k' at different pH conditions.

The observed order with respect to hydroxide ion under near neutral conditions was near unity
and its decrease with increasing pH (Figure 4.1.8), can be possibly explained in terms of the
likely occurrence of competitive reactions involving chlorine dioxide, with and without the
involvement of hydroxide ion. The probable rate of reaction contributed by the two
competitive reactions may be expressed as

4.1)
r=k; [C10z] [AM] + kon [ClIO,] [OH] [AM]

= {ki + ko' [OH}[CIO,] [AM] =k [CIO,] [AM] = k' [AM]

Where k' is the observed pseudo first-order rate constant in the presence of excess
concentration of chlorine dioxide. The second-order rate constant, k is equal to k'/[C1O,] and
for fixed [ClO;] it can be expressed as k = k'/[ClO;] = {k; + kog [OH]}, where k; is the
second-order rate constant for the reaction between chlorine dioxide and dye, and koy is the
third-order rate constant for the reaction between chlorine dioxide and dye, which is catalysed

by [OH']. If the assumption is valid, then in presence of [OH'] conditions, the plot of k'/[ClO;]
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versus [OH'] should give a straight line Such a linear curve should have intercept equal to k;
and slope equal to koy'. Most likely, such a linear relationship may not be observed at high
concentrations of hydroxide, when it reaches stoichiometric proportions of the reductant. The
plot of second order rate constant k versus [OH] is illustrated in Figure.4.1.9. Table 4.1.3

summarises the calculated values of the second-order rate constant.

Table 4.1.3.  Calculated [OH ]¢q values and corresponding second order constants for the
reaction of [AM] (7.0 x 10™ M) with [C1O5]; (1.15 x 10~ M).

[OH ]./M ks k/ 10°M's™!
7.94x 107 0.08 0.3
1.58x 10° 0.12 0.5
2.51x10® 0.15 1.0
6.31x 10" 0.17 1.8
1.78 x 107 0.49 3.3
6.31 x 107 1.30 6.3
3.16x10° 4.30 10.4
7.94x10° 5.80 12.9

* Mean of four replicate experiments with relative standard deviation < 4%
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Figure 4.1.9  Plot of [OH] versus k'/[C10,] for the reaction [AM] (7.0 x 10” M) with
[C1O,]; (1.15 x 107 M), [OH ]oq (1.0 x 10™- 6.31 x 107 M).

An observation of the Figure 4.1.9 shows that y-intercept value (k;) is of very small value,
suggesting that in the absence of hydroxide ion, the reaction is very slow and almost nil,
which can be predicted from the reported inert behavior of chlorine dioxide at acidic pH. From
the plot (Figure 4.1.9), the catalytic constant for the hydroxide catalysed reaction was

estimated to be 4.0 x 10° M s in the pH range of 6.0 - 7.5.

Although a number of literature reports describe the increased decomposition of chlorine
dioxide at higher pH conditions, very few studies explain the chemistry involved in the
increased oxidative activity of chlorine dioxide. With many reactants, the reaction of chlorine
dioxide undergoing one electron reduction forming chlorite ion is fast (ClOzuq + € — CIOy,
E° = 0.954 V)**?% during such reactions, chlorite is reported as the reaction product. At
alkaline pH conditions, even in the absence of reducing substrates, the chlorine dioxide is

known to disproportionate forming chlorite and chlorate ions, various reactions leading to
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disproportionation of chlorine dioxide under alkaline conditions result only in formation of

. . . 20
less reactive species such as chlorite and chlorate.*"’

ClO, + AM™ — CIO, + AM (4.2)

2C10,+ 20H — ClO,+ Cl05+ H,0 (4.3)

Under alkaline conditions, relative to ClO, both chlorite and chlorate ions are less reactive
species. The reactions of chlorite ion are relatively slow under acidic conditions and much
slower with alkaline pH. Chlorate is almost inert under alkaline conditions. The species that
possibly could attack the substrates at a significant rate are HCIO,, Cl,04, HOCI and peroxide
ion. Their concentrations under alkaline pH play a significant role in estimating their
contribution towards higher reactivity. The concentrations of reactive species such as HCIO,
and HOCI under alkaline conditions will be very small, contributing negligibility towards the
oxidation of the substrate. The formation of a dimer of ClO,, i.e. Cl,04 is not pH dependent.
Hydroxide ion with two molecules of ClO; could lead to the formation of peroxide ion, but in

small concentrations,2?%2%

ClO,+OH = (OCIOOH) (4.4)
(OCIOOH) + ClO, = OCIOOH + CIOy (4.5)
OCIOOH + OH = HOCIO + HOO (4.6)
HOO +2ClO, + OH = 2ClO, + H,0 4.7)

Thus the increased reactivity under alkaline pH is certainly not due to such less reactive

species. Hence higher reaction rates with increasing hydroxide concentration observed need to
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be explained from a different point of view. This probably happens through OH ion facilitated
generation of much reactive species. Possibly, such species could form a transient complex
involving OH" ion, ClO, and substrate. Considering the almost first-order dependence of the
reaction rate on hydroxide ion near neutral conditions, its direct role in the rate limiting step
through probable formation of a reactive intermediate involving oxidant, reductant and

hydroxide can be envisaged.

ClO, + AM + OH — [C1O; AM OH'] (4.8)

Margerum et al.*'’

in their studies on the oxidation of nitrogen dioxide with chlorine dioxide
under alkaline conditions suggested the role of hydroxide ion with a preferential binding to
NO; yielding ClO, and NOs" as products. If, the nucleophile associated with ClO, instead, as
was reported previously, ClIO,  and ClO; would be the products. Margerum et al., indicated

in the mechanism that NOs” is formed preferentially over ClO;” with small amounts of chlorate.

4.1.5 Effect on pH on the order with respect to chlorine dioxide

To assess the role of pH on the reaction order with respect to chlorine dioxide, experiments
were conducted with varied initial concentrations of chlorine dioxide at three pH values (7.0,
8.0 and 9.0). The values of first-order rate coefficients, k' for different [C1O,] are shown in

Table 4.1.4 at different pH values.
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Table 4.1.4.

Observed rate constants at pH 7.0, 8.0 and 9.0 regions for the reaction of
[AM] (7.0 x 10™ M) with [C1O,];(1.15 x107 M).

pH="7.0
[ClO,] x 10° /M K/ s* ko/M s k
2.52 0.49 19.44 1.94x 10°
2.77 0.78 20.58 2.06 x 10°
3.03 0.93 18.41 1.84 x 10°
3.28 1.30 20.60 2.06 x 10°
3.53 1.50 19.81 1.98 x 10°
Mean k, with std.dev. 19.8 £0.9
pH=28.0
[ClO,] x 10° /M k'/s”! ko/M s k
2.52 2.50 99.20 9.9 x 10
2.77 2.60 93.86 9.4x 10’
3.03 2.90 95.70 9.6x 10
3.28 3.20 97.56 9.8 x 10
3.53 3.50 99.15 9.9 x 10
Mean k, with std.dev. 97.1+2.3
pH=19.0
[ClO,] x 107 /M k' /s ko/M s k
2.52 3.32 131.74 1.3x 10’
2.78 3.74 134.53 1.3x 10’
3.03 3.99 131.68 1.3x 10’
3.28 422 128.65 1.3x 10’
3.53 4.80 135.97 1.4x 10’
Mean k, with std.dev. 132.5+2.8

where k, = k' / [CIO;7], k=K' /{[CIO;][OH]} * four replicate experiments with RSD < 4%
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Figure 4.1.10 Plot of In k' versus In [C10;] for the reaction of [AM], (7.0 x 10” M) with
[C10,];(1.15 x 10 M), a (pH = 9.0), b (pH = 8.0), ¢ (pH = 7.0).

Figure 4.1.10 shows the linear plots of In k' versus In [CIO,] at pH 7.0, 8.0 and 9.0 with slopes
equal to 1.01, 1.04 and 1.01 respectively. The experimental results confirm that the change in
pH doesn’t have influence on the order with respect to ClO, or the overall reaction

mechanism.

4.1.6 Kinetic salt effect

From the pH studies, it is evident that the reaction pathway involves [OH] at both neutral and
alkaline conditions. To confirm this assumption, the kinetic salt effect on the reaction was
investigated, by measuring the reaction rates at varied ionic strengths and fixed concentrations
of amaranth and chlorine dioxide. A perusal of Table 4.1.5 indicates that the increase in I
resulted in increase in k' values resulting in positive salt effect. The log k' versus square root

of ionic strength is plotted in Figure 4.1.11.
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Table 4.1.5.  Effect of ionic strength on the reaction rate, [AM] (7.0 x 10°M) with
[C10,](1.15 x 10 M), pH = 8.0.

Ionic Strength, I/'M K'/sT*
0.0096 3.11
0.0174 3.41
0.0262 3.57
0.0354 3.75
0.0397 3.95

*Mean of four replicate experiments with relative standard deviation < 4%
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Figure 4.1.11 Plot of log k' versus V1 for the reaction of [AM], (7 x 10° M) with [ClO,]t
(1.15 x 10 M) at varying ionic strength, I (0.0096 - 0.03) .

The positive slope obtained (0.94) with correlation coefficient R = 0.98 (Figure 4.1.11)

indicates the rate-limiting step involves similar like charged species possibly i.e. [OH ] and

AM..
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4.1.7 Effect of chloride on reaction rate

The reaction rate can be affected by the presence of other species. The presence of the other
ions may interfere with the reaction being investigated. The effect of chloride taken at varied

concentrations was investigated by adding small amounts of sodium chloride salt.

Table 4.1.6. Varied chloride concentration and observed rate constants for the reaction of
[AM] (7.0 x 10”° M) with [C10,];(1.15x 107 M).

[CI/M k'/s!*
0.148 0.486
0.298 0.496
0.447 0.502
0.597 0.512
0.725 0.530

*Mean of four replicate experiments with relative standard deviation < 4%

From Table 4.1.6 the added chloride shows a small increase in rate of oxidation. Unfortunately
the literature survey did not provide any adequate explanation of such behavior. Some
chloride and other species might have formed a weak oxidant hypochlorite that may have

contributed towards the increase in the rate.

4.1.8 Activation parameters

The enthalpy and entropy of activation of a chemical reaction provide valuable information
about the nature of the transition state, and hence about the reaction mechanism. The
temperature dependence of the rate constant k, was studied by performing experiments at
different temperature ranges 10 °C to 30 °C. A typical Eyring’s plot is shown in Figure 4.1.12.

Assuming that the main path way of oxidation is OH" facilitated, and taking the reaction order
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with respect to OH as unity the overall third order reaction coefficients calculated in Table
4.1.7.

Table 4.1.7.  Varied temperature in presence of chlorine dioxide and observed rate
constant for the reaction offAM 7y (7.0 x 10™° M) with [C1O,](1.15 x 10~ M).

T/K K'/s* ky/ M7 s
283 0.050 3.33x10°
288 0.090 6.00 x 10°
293 0.120 8.00 x 10°
298 0.170 1.10x 10"
303 0.210 1.40 x 10’

*Mean of four replicate experiments with relative standard deviation < 4%
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0.00325 0.0033 0.00335 0.0034 0.00345 0.0035 0.00355
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Figure 4.1.12 Plot of In k versus 1/T for the reaction of amaranth with ClO, at different
temperatures.

From Figure 4.1.12 the value of the slope obtained is equals to -Ea/R, and the calculated

energy of activation for this reaction is found to be 50.06 kJ mol™.
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Table 4.1.8.  Energy parameters.

Reaction Enthalpy of reaction, Entropy of activation, Energy of activation
-1
AH*/KJ mol™ AS*HI K mol” Ey/kJ mol
AM" with CIO; 47.58 -658.73 50.06

The enthalpy of activation, AH* for the reaction was found to be 47.58 kJ mol™', while the

entropy of activation was equal to -658.73 J K™' mol™, suggesting that entropy of activated

complex was much lower than that of reactants (Table 4.1.8) of large and negative, and

suggests that the formation of the transition state requires the reacting molecules to orient into

small conformations and approach each other at a precise angle.

4.1.9 Products identification and characterization

AM-CIO; crude product (0.54 g) was chromatographed using silica gel as the stationary phase

on a 4 cm diameter column. The mobile phase consisted of hexane: ethyl acetate step gradient

100% hexane (fractions 1-20), 10% dichloromethane in hexane (fractions 20-30) 30%

dichloromethane in hexane (fractions 30- 40). Fractions of 10 mL were collected in each step.

(fractions 20-30) Elution with 40% ethyl acetate afforded compound 2 (5 mg). The plausible

products identified as (P; = 1,2 dioxy-3-hyposufite-8-sodiumsufite, P, = 1,4 napthalenedione)

(Table 4.1.9). Product P, is identified in this study.
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Table 4.1.9.  Possible major oxidation products

NaO 3 S
O 1,2 dioxy-3-hyposulfite-8-sodium sulfite
(=0

(Py)

0 O 0 1,4-napthalenedione or 1,4-napthaqunione

(P2)

4.1.10 Stoichiometric equation

Using 1.5 x 10”° M CIO, the stoichiometry of the reaction mixture was maintained with 1:1
and 1:5 ratios of amaranth and chlorine dioxide respectively. After a 30 min reaction, the
residual reacted was determined and the amounts reacted were estimated. The stoichiometry
was found to be approximately 1:4 (+ 10%) of AM™ and ClO,. Thus, the stoichiometric

equation for the overall reaction can be written as

AM +4ClO, + OH + H0 — Py + P, + 4C10y +3H' + N, + SO;> + Na' (4.9)

Stoichiometry and reaction products varied with longer reaction times
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4.1.11 Reaction scheme

One electron abstraction by ClO, molecule from nitrogen atom will result in intermediate I;.
I; resonates between the two structures. Loss of a hydroxyl proton with subsequent attack by a
hydroxyl ion on the carbon atom bearing the nitrogen results in I,. Three further electron
abstractions from I, (two electrons from nitrogen yielding N" and one electron from the carbon
atom in between the two rings) results in I3. Loss of a proton and rearrangement of the
electrons results in product (P;) and the ring bearing the nitrogen is further attacked by two

hydroxyl ions resulting in I which undergoes oxidation to the product napthaquinone (P»).

The structure of the napthaquionone was verified by the GC-MS and 'H and “C NMR
spectroscopy (Appendix 2, Figure 2.1.1 and Figure 2.1.2). The singlet peak at & 6.9 are due to
the olefinic proton and the resonances at 8 7.7 - 8 8.2 are due to the protons on the aromatic
ring. In the *C NMR spectrum the carbonyl carbon is seen at & 185 and the olefinic carbon
1s seen at 6 126. The aromatic carbons are seen at 6 131, 6 133 and 6 138. The GC-MS shows
a molecular ion peak at 158 (product, P;) at retention time 12.65 min. The loss of the carbonyl
group shows a peak at 130 (which is intermediate) and the loss of the double bond can be seen

at peak 104 (Appendix 2, Figure 2.1.3)

These identified oxidation products can be explained by the mechanistic scheme illustrated in

Figure 4.1.13.
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Figure 4.1.13 Plausablie mechanistic scheme for the oxidation of amaranth with chlorine
dioxide.
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4.1.12 Proposed mechanism

Based on the reaction scheme provided (Figure 4.1.13), and the stoichiometric results obtained

the mechanism can be proposed as follows.

ClO+ AM™ — ClO; + AM  (very slow)
AM + ClO, + OH — {HO AM ClO,}*  (slow and rate limiting step)

{HO AM ClO,}* — ClO, + {HO AM}" (fast)

AM + ClO, + OH'— I; + ClOy R1
I, + ClO; — I+ ClOy R2
I+ ClO,— I;"+ ClOy R3
;" + ClO,— 1, + ClOy° R4

LY SP+LT+H + N, RS

Is"+ H,O — P, + 2H" + SO + Na" R6

The overall reaction can be expressed as

AM’ + 4ClO, + OH + H,0 —P; + P, + 4ClO, +3H + N, +

(4.10)
SO;* +Na"
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4.1.13 Rate law

While the overall order was three on chlorine dioxide, reductant and hydroxide ion, all the
three reactants registered order of one each. Further the observed positive salt effect on the
reaction rate suggests that the rate limiting step involves one each i.e. AM™ and OH". Thus, the
rate limiting step may involves both AM’, OH  and ClO, to form the activated complex. The

activated complex further undergoes fast consecutive steps.
Rate = ki1 [CI0z][AMT] + k2 [C10z][OH][AM] (4.11)

As the reaction conditions, fulfill pseudo first-order conditions, the rate law may be proposed

as

= k1 [CI02][AMT] + kou- [C102][OH][AM] (4.12)
here koy. = —
where koy. = o
(4.13)

r = { ki + kon- [OH]}[CIOz][AM]
when [ClO;] is in large excess then
Rate = K'[AM]
where the pseudo first-order constant, k' equals

k'={ k; + kop. [OH}[CIO,] (4.14)
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4.1.14 Simulations

The computer simulations were done using the proposed mechanism using simkine software.
The estimated rate constants were adjusted using the software until better fitting was obtained.
The rate coefficients used for final simulations were optimized, and matching of the
computed curves with experimental profiles under varied reaction conditions obtained are
shown in Figure 4.1.14 and Table 4.1.10. C1 is experimentally determined values in the
current study. Coefficients used for reactions C3 — C6 are the estimated rate constants. The
simulated curves exhibit the behavior of the experimental curves. The graphs showing the

simulated and experimental curves are illustrated in Figure 4.1.14.

Table 4.1.10. Forward and reverse rate constants obtained from literature and simulations.

Reaction No Reaction Forward rate
Cl1 AM + ClO, + OH— I, + ClO, 1.0x 107 M7
C2 I, + ClO, — I, + ClOy 40x10°M s
C3 I+ ClO,— I;"+ ClOy 534x10°M s
C4 I+ ClO;— 1™ + CIOy 4.97x10°M's™!
C5 L > P+I"+H + N, 4 .54x10° s
C6 Is"+ H,0 — P, + 2H" + SO;* + Na” 517x10°M s
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Figure 4.1.14 Experimental curves versus simulated curves for reaction of [AM ]y (7.0 x
10° M) with [ClO,]; (1.15x107 M).

From Figure 4.1.14 the generated simulated curves which were indicated by dashed lines
matched with experimental curves, fair agreement between the experimental and
corresponding simulated curves, strongly support that proposed reaction scheme as most

probable and estimated rate constants are fairly acceptable.
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Figure 4.1.15 Intermediates and product formation for the reaction of amaranth with chlorine
dioxide.

Figure 4.1.15 (conditions similar to curves in Figure 4.1.14), curves E1 and S1 shows the
experimental and simulated curves for the reaction. The kinetic profiles of P;, P, show their
formation and I is the intermediate formed during the process. The data of simulated versus
experimental curves and the concentrations of the other reactants, intermediates and products

are compiled and provided (Appendix 2, Table 2.1, Table 2.2).
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4.2 Reaction of brilliant blue and chlorine dioxide

4.2.1 Order with respect to brilliant blue-R

Using low concentrations of dye and about hundred-fold excess of other reactants the kinetics
of oxidation of brilliant blue by chlorine dioxide was studied as a function of oxidant
concentration, pH, ionic strength and temperature. The reaction progress was monitored by
measuring the change in concentration of the dye at 555 nm, which is its absorption
maximum. At pH 9.0, the depletion of dye was fast and the reaction completed in less than

four seconds, with [BB™Jo 7.0 x 10° M and with [ClO,], 1.15 x 10° M (Figure 4.2.1).

0.8 +
0.7 -
0.6 -
0.5 4

0.4 -

Absorbance

0.3 A

Time (sec)

Figure 4.2.1 Typical kinetic curve absorbance versus time plot for the reaction of
[BB"]o (7.0 x 10° M) with [C1O,]; (1.15 x 10 M) at pH=9.0 .
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4.2.2 Analysis of Kinetic data

The analysis of the kinetic data was accomplished using the KinetAsyst™ Fit software as

described earlier. All kinetic profiles fitted well with the single exponential equation,

confirming the reaction follows first-order kinetics and the order with respect to the dye is

one. Figure 4.2.2 represents the typical experimental curve with the fitted curve.
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Figure 4.2.2 KinetAsyst'" single-exponential equation fit of two curves and residuals
(lower sketch) for the reaction of [BB]y (7.0 x 10° M) with [ClO,]; (1.15 x

10° M) using the first-order equation.

An observation of Figure 4.2.2 shows that software fit results for the above curve shows a fair

agreement between the experimental and computed curves, with small residuals, and the

pseudo first-order rate constant obtained is 1.715 s with standard deviation of 0.073.
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4.2.3 Order with respect to chlorine dioxide

The reaction order with respect to oxidant was investigated by measuring the reaction rates
with different initial concentrations of oxidant at constant initial ionic strength and pH.

Typical kinetic traces obtained for different initial concentrations of chlorine dioxide are

illustrated in Figure 4.2.3.

Absorbance

6E_16 T T T T 1

Time ( Sec)

Figure 4.2.3 Depletion of brilliant blue-R with various chlorine dioxide concentrations for
the reaction of [BB™]y (7.0 x 10° M) with [C1O,],/10° M at pH=9.00, 1
(0.128 M) with [CIO,]; /10°M (a=2.52,b=2.78 ,c=3.03,d=3.28and e
=3.53)

Figure 4.2.4 shows curves illustrated together with fitted curves and corresponding residuals

using a first-order expression.
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Figure 4.2.4 Fits using Kinet Asyst '™ single-exponential equation, and rate equation {y
=- Aexp (-k * x) + C} for the reaction of [BB'], (7.0 x 10 M) where k' /s
(a =3.32,b=3.74,c=3.99,d=4.22 and e = 4.67)
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The values of the pseudo first-order rate coefficients, k' increased with increasing initial
chlorine dioxide concentration and results obtained from the above depicted curves are listed

in the Table 4.2.1.

Table 4.2.1  Reaction between brilliant blue and chlorine dioxide at constant ionic strength
[C10,]: (2.5 x 107°=3.5x10° M) with [BB"]y (7.0 x 10° M), pH = 9.0 and
Ionic Strength (I = 0.128).

[C10,];/ 10° M ks
2.52 3.32
2.78 3.74
3.03 3.99
3.28 4.22
3.53 4.67

*Mean of four replicate experiments with relative standard deviation < 4%

The In [ClO;]; versus In k' plot of the data summarised in Table 4.2.1 is shown in Figure
4.2.5, which had slope value equal to 1.03 (R*=0.98). A linear relation with gradient equal to

unity confirms reaction has first-order dependence on the oxidant concentration.

Ink'

3.351.19 1.29 1.39 1.49

34 -
-3.45 -

-3.5 4

In[cClO,),

-3.55 -

2 y =1.0308x - 4.9235

-3.6 -
R?=0.9865

-3.65 -

-3.7 -

Figure 4.2.5 Plot of In [ClO,]; versus In k' for the reaction of [BB*]y (7.0 x 10™° M) with
[C10,]: (2.5x 10°=3.5x10° M) at pH=9.0 and I =0.128 M.
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4.2.4 Effect of pH on reaction rate and reaction order with respect to hydroxide ion.

The dependence of the rate constant on pH was examined under wide range of pH conditions.
The values of observed pseudo first-order rate constants at different pH conditions are

summarised in Table 4.2.2.

Table 4.2.2  Effect of pH on reaction rate for the reaction of [BBy (7.0 x 10> M) with
[Cl1O,]: (2.5 x 107°- 3.5 x107° M)

pH ks
6.0 0.29
6.3 0.32
6.7 0.38
6.9 0.47
7.2 0.82
7.4 0.96
7.9 1.34
8.1 1.60
8.2 1.69
8.4 1.71
8.6 1.79
8.8 1.75
9.0 1.86

*Mean of four replicate experiments with relative standard deviation < 4%

Figure 4.2.6 shows the plot of k' versus pH. Although, chlorine dioxide is known to have a fast
reaction at alkaline pH, a perusal of Figure 4.2.6 shows that the rate of oxidation of substrate

increases with increasing pH, but the increases registered were not uniform.
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kl

Figure 4.2.6 Plot of k' versus pH for the reaction of [BB"]y (7.0 x 10° M) with [ClO,];
(1.15x 107 M), [Hleq (1.99 x 107°- 7.75 x 107 M).

Therefore, to further establish the role of hydroxide ion in the reaction mechanism, the order
with respect to it, In k' values were plotted against their corresponding In [OH] values in the
pH range 8.0 - 9.0 (Figure 4.2.7). The slope of the plot was equal to 0.80, and suggests that

reaction rate has approximately first-order dependence on the hydroxide ion concentration.
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Figure 4.2.7  Plot of In [OH'] versus In k' [BB*]o (7.0 x 10™ M) with [C1O4];(1.15 x 10° M).

Figure 4.2.7 illustrates the figure depicting the In [OH] versus In k' graph over the pH range
5.0-9.0 is not a linear curve. Representative linear curves obtained the three different pH
ranges were shown in Figure 4.2.8 and suggests that the observed reaction order with respect

to [OH] is decreased with decreasing pH.
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Figure 4.2.8  Plot of log [OH] versus log k' at different pH conditions.
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While the order with respect to hydroxide ion was close to one at neutral conditions, it tends
to decrease with decreasing pH, This could be due to likely occurrence of oxidation through
two competitive pathways, i.e. one by direct reaction of chlorine dioxide with the cationic dye
and the other involving chlorine dioxide, dye and hydroxyl ions at the same given time. At
high pH with excess concentration of OH’, the later reaction which is fast will be predominant
and at very low hydroxyl ion concentration, only the former slow reaction will occur. Thus,

the probable rate of reaction contributed by the two competitive reactions may be expressed as
r = k; [ClO,] [BB']+ Koy [ClO,] [OH] [BB'] (4.15)
= {k; +Kon [OH]}[CIO,] [BB'] = k'[ClO,] [BB] (4.16)

where k' is the observed pseudo first-order rate constant in presence of excess of chlorine
dioxide. The second-order constant, k is equal to k'/[ClO,] and for fixed [ClO;] it can be
expressed as k = {k; + kog [OH]}, where k; is the second-order rate constant for the reaction
between chlorine dioxide and dye, while kon is the third-order rate constant for the OH

catalysed reaction between chlorine dioxide and dye.

If the assumption is valid, then with varied initial [OH'] conditions, a plot of k'/[ClO,] against
[OH] should give a straight line. That linear curve should have an intercept equal to k; and
gradient equal to kon". Such linear relationship may not be observed at high concentrations of
hydroxide, when it reaches stoichiometric proportions with the reductant. The calculated
values of k at varied hydroxide concentrations are listed in Table 4.2.3 and the plot of second-

order constant, k versus [OH] is illustrated in Figure 4.2.9.
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Table 4.2.3  Calculated [OH].q values and corresponding second-order constants for the
reaction of [BB™]y (7.0 x 10™ M) with [C1O,]; (1.15 x 10~ M).

[OH]¢/M k'/s!* k/10°M's™!
1.00x 10°® 0.29 1.93
2.00x 10 0.32 2.13
2.57x10® 0.35 2.37
5.01x10® 0.38 2.53
7.94x 10 0.47 3.14
1.32x 107 0.62 4.13
1.95x 107 0.82 5.46

*Mean of four replicate experiments with relative standard deviation < 4%

An observation of the Figure 4.2.9 shows that y-intercept value k; is small value, suggesting
that in the absence of hydroxide ion, the reaction is about 1.93, which can be anticipated
based on the known inert behavior of chlorine dioxide under acidic pH. From the plot (Figure
4.2.9), the catalytic constant for the hydroxide catalysed reaction in the pH range of 6.0-7.5

was estimated to be 2.0 x 10° M2 s™'.
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Figure 4.2.9  Plot of [OH] versus k/[ClO,] for the reaction [BB™]o (7.0 x 10° M) with
[CIO,]; (1.15 x 107 M), [OHJeq(1.0 x 10° M - 1.95 x 107 M).

As discussed in detail for the reaction of ClO, with amaranth, considering almost first-order
dependence of the reaction rate on hydroxide ion near neutral conditions, a rate limiting step
involving chlorine dioxide, BB" and hydroxide may be proposed, with formation an activated
complex as intermediate, which decomposes in a fast reaction to form the intermediates or

products.

ClO, + BB"+ OH — [ClO, BB"OH] (4.17)

4.2.5 Effect of pH on the order with respect to chlorine dioxide

Rates of reaction of chlorine dioxide at three different pH conditions of oxidation of brilliant
blue-R was studied. The values of first-order rate coefficients, k and the calculated second-
order rate constants, k, for different [ClO,] under varied pH conditions and third-order rate

constants ks are summarised in Table 4.2.4.
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Table 4.2.4

Observed rate constants at pH 7.0, 8.0 and 9.0 regions for the reaction of
[BB ]y (7.0 x 10”° M) with [C1O,]; (1.15 x 10~ M).

pH=7.0
[ClO,] x 10°/M k'/s* ky/M's™ ks //M7s™
2.52 0.29 11.50 1.15x 10°
2.77 0.44 11.60 1.16 x 10°
3.03 0.59 11.68 1.17 x 10°
3.28 0.75 11.88 1.19 x 10°
3.53 0.91 12.02 1.20 x 10°
Mean k, with std.dev. 11.7+£0.2
pH=28.0
[ClO,] x 10°/M ks koM s ks /M2
2.52 1.08 42.85 430x 10’
2.77 1.15 41.51 420x 10’
3.03 1.24 40.92 4.10x 10’
3.28 1.38 42.07 420x 10’
3.53 1.41 39.94 4.00 x 10’
Mean k, with std.dev. 414+ 1.1
pH=19.0
[ClO,)/x 10°/M k'/s! ko/M s ks //M7%s!
2.52 2.98 118.25 1.18 x 10
2.78 3.24 115.10 1.15x 10
3.03 3.52 115.51 1.15x 10’
3.28 3.81 115.85 1.15x 10
3.53 4.25 118.98 1.18 x 10’
Mean k, with std.dev. 116.7 £ 1.7

where k> = k' / [C10,], k = k' /{[CIO][OH ]}

*Mean of four replicate experiments with relative standard deviation < 4%
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Figure 4.2.10 Plot of In k' versus In [ClO,] for the reaction of [BB™] (7.0 x 10 M) with
[C10,](1.15 x 10 M), A (pH = 9.0), B (pH = 8.0), C (pH = 7.0).

Figure 4.2.10 illustrates the plots of In k' versus In [ClO,] at pH 7.0, 8.0 and 9.0 obtained were
linear with the slopes equal to 1.04, 0.84, 1.03 respectively. The reaction order unity with
respect to ClO, under different pH conditions confirms that the change in pH doesn’t have

influence on the order with respect to ClO, or on the overall reaction mechanism.

4.2.6 Kinetic salt effect

The effect of added salt on the reaction of the dye with the oxidant were investigated by
adding different concentrations of neutral salt and by measuring the reaction rates with fixed

concentrations of brilliant blue and chlorine dioxide The obtained k' values are summarised in

Table 4.2.5.
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Table 4.2.5  Effect of ionic strength on the reaction rate, [BB '] (7.0 x 10° M) with [ClO,];
(1.15x 10° M), pH = 9.0.

Tonic strength, I/'M K'/s '
0.0096 0.091
0.0174 0.095
0.0262 0.105
0.0354 0.109
0.0397 0.111

*Mean of four replicate experiments with relative standard deviation < 4%

The log k' versus square root of ionic strength values are plotted in Figure 4.2.11, which

indicates a good straight line with positive slope value with R*=0.97.
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-0.96 -

-0.98 -

logk'
=

-1.02 -

-1.04 -

-1.06 -

0.11 0.13 0.15

0.17

y=0.9016x - 1.1324
R?=0.974

1gure 4.2. ot of lo versus or the reaction o 0(7.0x 10 wit e
Figure 4.2.11 Plot of log k' VI for th ion of [BB']o (7.0 x 10 M) with [CIO

(1.15x 10 M) at varying ionic strength, I (0.0050 - 0.056).

From Figure 4.2.11 the observed positive slope indicates the positive salt effect confirming the

rate-limiting step involves oppositely charged species, i.e. possibly [OH ] and BB" ions.
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4.2.7 Effect of chloride on reaction rate

The activity of the reaction rate can be affected by the presence of other species. The presence
of the other ions may interfere with the reaction being investigated. The effect of chloride
taken at varied concentrations was investigated by adding small amounts of sodium chloride

salt.

Table 4.2.6  Varied chloride concentration and observed rate constants for the reaction of
[BB™]o (7.0 x 10 M) with [ClO](1.15 x 107 M).

[CIT/M k'/s
0.148 0.720
0.298 0.730
0.447 0.710
0.597 0.710
0.725 0.720

*Mean of four replicate experiments with relative standard deviation < 4%

From Table 4.2.6 the added chloride indicate a little/no change in the rate of the reaction nor

its participation in any important reaction

4.2.8 Effect of temperature on rate of reaction

In order to study the effect of reaction temperature on the degradation of brilliant blue-R a
series of experiments were conducted at different temperature ranges 10 °C to 30 °C. The
third-order rate constants at different temperatures were obtained from the kinetic curves. The

results are tabulated in Table 4.2.7.
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Table 4.2.7  Varied temperature in presence of chlorine dioxide and observed rate
constant for the reaction of [BB ]y (7.0 x 10™ M) with [C1O,];(1.15 x 10 M).

T/K /s ks/ Ms™
283 0.100 7.0x 10°
288 0.136 9.0 x 10°
293 0.172 1.1x 10’
298 0.260 17x 10’
303 0.329 22x10'

*Mean of four replicate experiments with relative standard deviation < 4%

The In k, values were plotted against the corresponding reciprocal temperature values and the
linear plot is illustrated in the Figure 4.2.12. From the plot, the activation energy, E, and the

other energy parameters were estimated (Table 4.2.8).

17 ~
16.8 -
16.6 -

16.4 -

Ink'

16.2 -

16 - y =-5184.2x + 34.016

R?=0.992
15.8 -

15-6 T T T T T 1

0.00325 0.0033 0.00335 0.0034 0.00345 0.0035 0.00355
/T

Figure 4.2.12 Plot of Ink' versus 1/T for the reaction of brilliant blue with C10, at different
temperatures.
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Table 4.2.8  Energy parameters.

Enthalpy of activation, Entropy of activation, Energy of activation
Reaction y
AH*/KJ mol’! AS*J K mol E./kJ mol
BB" with CIO, 47.58 -676.36 50.06

The enthalpy of activation, AH* for the reaction was calculated using the equation, AH* = (E,
— mRT), where m is the total order of reaction, and R and T are the gas constant and
temperature respectively. The activation energy obtained were (E, = 50.06 kJ mol™), AH*

value at 25 C was found to be 47.58 kJ mol™, and the reaction had large negative entropy of
activation (-676.36 J K mol™), suggesting the formation of an tightly packed activated

complex resulting in decrease in entropy.

4.2.9 Products identification and characterization

The extraction of the oxidation product of brilliant blue with chlorine dioxide was done as
explained in the experimental chapter (Section 2.1.7, page no 69). Separation of BB-Cl1O, (44
mg) afforded two compounds, compound 1 (8 mg) and compound 2 (5 mg). These were from
fraction 41-46 eluted with 50% dichloromethane in hexane, compound 1 was from fraction
54-56 eluted by 70% dichloromethane. The fraction 57-64 yielded compound 2 when eluted
with 80% dichloromethane. The identified products were (P; = 4-(4-ethoxy-phenylamino)-

benzoic acid, and P, = N-(4-ethoxy-phenyl)-hydroxylamine) (Table 4.2.9).

The proton NMR spectrum of the product (P;) exhibited triplet for methyl protons at 5 0.83

and 1.46 quartet for methylene proton at 6 4.12 and eight aromatic protons are in the range of
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8 6.20 - & 7.40. (Appendix 2, Figure 2.1.4). >C NMR reveals that carbonyl carbon is observed
at 0 169.72, and aromatic carbons are in the range of 6 116.18 - 149.47. The alkyl carbons are
observed at & 60.37 and & 14.08 for -CH, and -CHj; respectively (Appendix 2, Figure 2.1.5).
The GC-MS of product P; showed molecular ion peak at m/z 257 (M") this corresponds to
molecular formula of C;sH;sNO;. The observed prominent peak at m/z 229 (M+) was due to

loss of ethyl group, and the m/z 110 (M™) corresponds to loss of p-aminophenol.

(Appendix 2, Figure 2.1.6).

The 'H-NMR spectrum of product P, displayed ethyl protons at & 1.49 and & 4.17 - 4.19 as
triplet and quartet for methyl and methylene protons respectively. Methylene protons are
observed at 6 5.29 and aromatic protons are observed as multiplet in the range of & 6.71 - &
8.08. (Appendix 2 , Figure 2.1.7). The >C NMR spectrum exhibited two alkyl carbon at lower
d 11.2 and & 60.37 for -CH; and -CH; respectively. The methylene carbon is observed at
higher 6 63.83 due to deshielding effect from aromatic ring. Aromatic carbons are observed at
O 118.80-149.47 and two aromatic carbons are observed at higher 6 140.32 and & 149.47 due
to more deshielding effect from the substituent’s on the carbon (Appendix 2, Figure 2.1.8).
Mass spectrum of P, exhibited molecular ion peak at 578 (M) which was in agreement with
molecular mass of P,. Another significant peak was observed at 249 (M) due to the loss of

two moles of meta-substituted benzyl group (Appendix 2, Figure 2.1.9).
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Table 4.2.9  Plausible major oxidation products.

/— O\©\ /©/ COOH
N
I

(Py)

4-(4-ethoxy-phenylamino)-benzoic acid

N-(4-ethoxy-phenyl)-hydroxylamine

(P2)

4.2.10 Stoichiometric equation

The stoichiometry experiments were carried out using 0.0015 M chlorine dioxide
concentration. The stoichiometry is established with 1:1 and 1:5 ratios of the dye and
oxidant. Residual amounts of dye and chlorine dioxide reacted were estimated from the
initial and final concentrations. The stoichiometry was found to be roughly 1:2 (= 10%) of

BB and ClO,. Thus the stoichiometric equation for the overall reaction can be represented as
BB +2 ClO, + 30H — P, + P, +2 ClO, + H,0 (4.18)
where P; {-(4-Ethoxy-phenylamino)-benzoic Acid} and P, {N-(4-Ethoxy-phenyl)-

hydroxylamine}.
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4.2.11 Reaction scheme

When brilliant blue is made to contact with the oxidant chlorine dioxide, the hydroxy radical
attacks the carbon radical and forms a hydroxyl intermediate, I;. The intermediate I; is again
attacked by hydroxyl ion and forms ether type of intermediate, I, and the it gets oxidized by
hydroxyl ion which to yield product substituted biphenyl analog P; and substituted biphenyl

amine analog P».

The identified oxidation products can be explained by the mechanistic scheme shown in

Figure 4.2.13.
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Figure 4.2.13 Mechanistic scheme for oxidation of brilliant blue-R with chlorine dioxide.

4.2.12 Proposed mechanism

The reaction mechanism and the rate law can be proposed based on the known chemistry of

chlorine dioxide decomposition as discussed.
Cl0,+ BB — ClO, + BB** Very slow (4.19)

BB" + ClO, + OH" — {HO BB CIO,;} — ClO, + {HO BB}" (4.20)

Rate limiting step
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{HO BB} + H,0 — BB*" + OH fast 4.21)

BB' + ClO,+ OH — I," + ClO, R1
I," +OH — I, + H,0O R2
I, + ClO,+ OH — P, +P, + ClO, R3

Overall equation can be represented as :

BB' +2ClO, + 30H — P; + P, + 2Cl0, + H,0 (4.22)

4.2.13 Rate law

The rate law for the oxidation of brilliant blue has been thoroughly examined. The first-order
dependence of the reaction rate on the reactants and the observed salt effect suggests that the
rate limiting step involves one each of like charges possibly the BB" and hydroxide ions and
ClO,. Thus, the major pathway of the reaction may involve both chlorine dioxide and [OH]

ion to give an activated complex which decomposes to form the intermediates and products.
Rate = ki[ClO,][BB" ] + k» [ClO,][OH] [BB" ] (4.23)

As the reaction conditions fulfill pseudo first-order conditions, the rate law may be proposed

as

= k;[Cl10,][BB"] + kon. [C10,][OH][BB] (4.24)
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where koy. =

ko

[OH]

r = { k; + kon. [OH]}[CIO,] [BB]

when [CIO;] is in large excess then

Rate = k' [BB']

where the pseudo first-order const, k' equals

k' =k; + kop. [OH}[C1O,]

4.2.14 Simulations

(4.25)

(4.26)

(4.27)

Simulations were done to validate the proposed mechanisms and prove that it is the more

probable one. The estimated rate constant were optimized and adjusted until the simulated

curves matched well with the experimental curves (Table 4.2.10). The simulated curves

exhibit the behavior of the experimental curves. The graphs showing the simulated and

experimental curves are illustrated in Figure 4.2.14.

Table 4.2.10 Forward and reverse rate constants obtained from literature and simulations.

Reaction No Reaction Forward rate
Cl BB + ClO,+ OH — I;" + ClOy 1.72x 10°M' s
C2 L'+0OH — L +H,0 2.00 x 10°M?2 s
C3 I, + ClO,+ OH — P, +P, + ClOy 321 x 100 M2 s
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Figure 4.2.14 Experimental curves versus simulated curves for reaction of [BB ]y (7.0 x
10° M) with [ClO,]; (1.15 x 107 M).

The simulations were based on the proposed comprehensive mechanism. The reaction scheme
in the product analysis gives details for the intermediate structures. The simulated curves
matched with experimental curves, confirming the suggested mechanism to be probable. Rate

constants from C1 and C2 are experimental values and C3 is the estimated rate constant.
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Figure 4.2.15 Intermediates and product formation for selected typical kinetic curves
(E2, S2).

Figure 4.2.15 illustrates reaction conditions similar to curves in Figure 4.2.14. Curves E2 and
S2 shows the experimental and simulated curves for the reaction. The curves P, P, and P;

show the products formation and I is the intermediate formed during the process.

A fair agreement between the experimental and corresponding simulated curves, strongly
support that the proposed reaction scheme as most probable and estimated rate constants are
fairly acceptable. The data of simulated versus experimental curves and the concentrations of
the other reactants, intermediates and products are compiled (Appendix 2, Table 2.3, Table

2.4).
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4.3 Oxidation of safranine-O with chlorine dioxide

4.3.1 Reaction of safranine-O and chlorine dioxide

The reaction of safranine-O with chlorine dioxide was studied by kinetic approach. The
reaction rate was measured by monitoring the change in absorbance at its Ayax (519 nm) as a
function of time. Figure 4.3.1 illustrates the absorbance versus time plot for the reaction of
safranine-O (3.0 x 10™ M) with [ClO,], = 1.15x 10° M at pH 9.00. The depletion of safranine

was completed in less than ten seconds indicating that the reaction is fast (Figure 4.3.1).

0.9
0.8 -
0.7 -
0.6 -
0.5 -

0.4 -

Absorbance

0.3 -

0.2 A

Time (sec)

Figure 4.3.1 Typical absorbance versus time plot for the reaction of
[SO™10 (3.0 x 10™° M) with [C1O,](1.15 x 10™ M) at pH = 9.00.

4.3.2 Analysis of kinetic data using KinetAsyst'" Fit software

The obtained curve from Figure 4.3.2 represents the experimental curve and matching this

curve generated by asystant software using a first-order rate equation.
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Figure 4.3.2 KinetAsyst™ single-exponential equation fit of two curves and residuals
(lower sketch) for the reaction of [SO]y (3.0 x 10” M) with [C1O,]; (1.15 x
10 M) using the first-order equation.

An observation of Figure 4.3.2 shows fair agreement between the experimental (red) and
computed (green) curves with small residue (bottom blue curve). The estimated pseudo first-
order rate constant had a value of 0.6609 s with standard deviation of 0.0051 indicating that

for the chosen conditions the reaction follows the first-order kinetics with respect to the dye.

4.3.3 Order with respect to chlorine dioxide

To establish the reaction order with respect to the oxidant, kinetic runs were carried out by
varying initial concentrations of chlorine dioxide, at constant pH and ionic strength. All the
reactions exhibited exponential decay and the reaction rate increased with the increase in the

initial concentration of chlorine dioxide.
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Figure 4.3.3 Depletion of safranine-O with various chlorine dioxide concentrations for the
reaction of [SO™]y (3.0 x 10™ M) with [C1O,]; / 10® M (a=2.52,b=2.78, ¢ =
3.03,d=3.28 and e = 3.53).

Figure 4.3.3 illustrates the kinetic runs for different initial concentrations of chlorine
dioxide.and the software fit analysis and corresponding estimated pseudo first-order rate

constants are shown in Figure 4.3.4 (curves a to e).
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Figure 4.3.4 Experimental and computed fits using KinetAsyst™ single- exponential
equation, for the reaction of [SOy (3.0 x 10” M) with [CIO,]; / 10° M (a=
2.52,b=2.78,c=3.03,d=3.28 and e = 3.53)

The values of the estimated pseudo first-order rate coefficients, k for different initial chlorine

dioxide concentrations are listed in the Table 4.3.1.

211



Table 4.3.1  Reaction between safranine-O and chlorine dioxide at constant ionic strength
[SOo (3.0 x 10° M) with [ClO,];(2.5 x 107 = 7.5 x10~ M), pH = 9.0 and Ionic
Strength (I = 0.128).

[ClO,]i/ 10° M k'/s!*
2.52 2.100
2.78 2.310
3.03 2.610
3.28 2.820
3.53 3.010

* Mean of four replicate experiments with relative standard deviation < 4%

Further, the plot of In k versus In [ClO,] gave a linear curve with a slope 1.09 and correction
coefficient 0.99 (Figure 4.3.5) suggesting that the reaction rate has first-order dependence on

[C1O5];.
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Figure 4.3.5 Plot of In [ClO;]; versus In k for the reaction of [SO™]y (3.0 x 10”° M) with
[Cl0,]: (2.5 x 10°—7.5x10 M) at pH =9.00 and I = 0.128 M.
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4.3.4 Effect of pH

The effect of variation of initial pH on the oxidation of safranine—O was studied using fixed
concentration of substrate and oxidant, and by adding various initial concentrations of acid.

Table 4.3.2 represents the obtained pseudo first-order rate constants.

Table 4.3.2  Effect of pH on reaction rate

pH kst
6.0 0.405
6.3 0.41
6.6 0.421
6.8 0.475
7.0 0.499
7.2 0.956
7.4 1.752
7.6 1.828
7.8 2.11
8.0 245
8.2 2.69
8.4 2.81
8.6 3.25
8.8 3.49
9.0 3.61

*Mean of four replicate experiments with relative standard deviation < 4%

The plot of k versus pH is illustrated in (Figure 4.3.6). A perusal of the curve suggests that
the rate of oxidation of substrate increased with increasing pH and increase was significant at

higher pH range.
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k'/s?

Figure 4.3.6 Plot of K versus pH for the reaction of [SO™]y (3.0 x 10° M) with
[ClO,]; (1.15 x 107 M), [H']eq (1.99 x 107°- 7.752 x 10 M).

Between the pH range 6.0 and 7.0 there is very marginal increase in the rate constants. This
could be explained due to the slow reactivity of chlorine dioxide under acidic conditions, and

the latter increase is due to the high reactivity of chlorine dioxide at alkaline pH range.

To have a close look at the role of OH" ions in the reaction, the kinetic data for the pH range
(6.0 — 9.0) in Table 4.3.2 was plotted as In k versus In [OH'] plot (Figure 4.3.7), which gave a
straight line with slope = 0.81 an gradient R* = 0.95. It shows that in the alkaline pH range

reaction order with respect to hydroxyl ion is about unity.
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Figure 4.3.7 Plot of In [OH'] versus In k for the reaction of [SO™]y (3.0 x 10°M)
with [C10,],(1.15 x 107 M).

When all the kinetic data over the pH range 3.0 to 9.0 was plotted (Figure 4.3.7) the slope of
curve registered a continuous decrease with decrease in pH. The data can be approximately
divided into three ranges where somewhat linear relationship can be established. The slope of

those curves clearly shows the order with respect to hydroxyl ion decrease from 0.81 (in the

pH range 9.0 - 8.0) to 0.019 (in the pH range 7.0 - 3.0).
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Figure 4.3.8  Plot of log [OH] versus log k at different pH conditions.
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Initially the observed order with respect to hydroxide ion under near neutral conditions is less
than one and further decreased to 0.16 at pH 6.0. This observed decrease in order with
respect to hydroxide ion could possibly be explained by assuming the two competitive
reactions contributing toward the overall oxidation of substrate, namely reaction one; the
direct reaction between substrate and chlorine dioxide and the other involving substrate, C1O,

and hydroxide ion. The rate law for competitive oxidation of substrate can be written as

r=k; [ClO,] [SO'] + Ko [C10,] [OH] [SO'] (4.28)
= {ki *Kkon. [OH]}[CIO,] [SO"] (4.29)
=k [ClO,] [SOT] (4.30)
=k’ [SO] (4.31)

where k represents the observed pseudo first-order rate constant in presence of excess
concentration of chlorine dioxide. For fixed excess concentration of ClO,, k = {k; + koy
[OH]}, where the second-order constant, k will be equal to In k/[ClO,] and k; and koy
respectively represent the second-order rate constant for the reaction between chlorine dioxide
and dye, and the third-order rate constant for the reaction between chlorine dioxide and dye,
involving OH™ ion. For this assumption to be correct, a plot of k/[ClO,] versus [OH] should
give a straight line. That linear curve should have intercept = k; and slope = koy". Possibly, at
high concentrations of hydroxide such linear relationship may not be observed due to

stoichiometric magnitude of the dye.

Table 4.3.3 summarises the values of equilibrium concentrations of hydroxide ion for the

given pH, its corresponding k and calculated k values.
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Table 4.3.3  Calculated [OH]q values and corresponding second-order constants for their
reaction of [SO™]y (3.0 x 10™ M) with [C1O]; (1.15 x 10 M).

(O, e k/ 10°M's™!
1.82x 10" 0.369 2.46
2.51x10" 0.411 2.74
3.98x 10" 0.411 2.74
6.31x 10 0.480 3.20
1.00x 107 0.490 3.26
1.58x 107 0.946 6.30
2.51x107 1.052 7.01

*Mean of four replicate experiments with relative standard deviation < 4%

Figure 4.3.9 illustrates the plot of k versus [OH] (data from Table 4.3.2).
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Figure 4.3.9  Plot of [OH] versus k/[ClO,] for the reaction [SO ]y (3.0 x 10™ M) with [C1O,];

(1.15x 10 M), [OH|¢q (1.8 x 10 - 2.51 x 107 M).
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An observation of Figure 4.3.9 indicates that k; value (y-intercept) is small, that suggests that
in the absence of hydroxide ion, the reaction rate is small, which can be predicted from the
reported inert behavior of chlorine dioxide at acidic pH. From the plot (Figure 4.3.9), the
catalytic constant for the hydroxide catalysed reaction was estimated to be 2.0 x 10’ M?s'in
the pH range of 6.0 — 7.5. Considering almost first-order dependence of the reaction rate on
hydroxide ion near neutral conditions, a rate limiting step involving chlorine dioxide, SO" and

hydroxide is proposed in section 4.3.12.

4.3.5 Effect of pH on the order with respect to chlorine dioxide

The kinetic runs further carried out to determine the effect of pH on reaction order with
respect to oxidant. Experiments were conducted in three different pH range (7.0, 8.0 and 9.0)
with varied initial concentrations of chlorine dioxide. The values of first-order rate
coefficients, k and corresponding calculated second-order rate constants k, are shown in the

Table 4.3.4.

Table 4.3.4  Observed rate constants at pH 7.0, 8.0 and 9.0 regions for the reaction of
[SO'To (3.0 x 10”° M) with [C1O,]; (1.15 x10™ M).

pH=7.0
[CIO0,]:x 10°/M ks KM 5! /M5!
232 049 19.44 1.94 x 10°
278 0-59 21.22 2.12 x 10°
303 0.65 21.45 2.15 x 10°
328 0.69 21.04 2.10x 10
323 0.74 20.96 2.1 0x 10°
Mean k, with std.dev. 20.8 £ 0.8
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Table 4.3.4 contd.

pH=28.0
[CIO0,]: x 10°/M k'/s™ ky/M's! Ky/M2s”
252 115 45.63 4.56 x 10°
278 1.35 48.56 4.86 x 10°
303 145 47.85 479 x 10
328 1.0 48.78 4.88 x 10
323 175 49.72 4.97 x 10®
Mean k, with std.dev. 48.1+1.5
pH=9.0
[ClO,]: x 10°/M k'/s! Ky/M-'s™ Ko/M2s”
222 190 75.40 7.54x 10°
278 =08 74.82 7.48 x 10°
03 222 73.27 7.33x 10°
328 230 76.22 7.62 x 10°
>33 280 79.32 7.93 x 10°
Mean k, with std.dev. 75.8+2.2

where k, = k' / [C1O], k = k' /{[CIO,][OH ]}

*Mean of four replicate experiments with relative standard deviation < 4%

1.5 -
y=1.2126x +4.618

R?=0.9907 14
y=1.1338x +4.7969 0.5 -
R?=0.9766

y = 1.181x + 3.6698

R =0.9632 1 -
In[ClO,]

Ink'

(en]

Figure 4.3.10 Plot of In k' versus In [C1O,] for the reaction of [SO*] (3.0 x 107 M) with
[CIO4]; (1.15 x 107 M), a (pH=9.0), b (pH=8.0), ¢ (pH=7.0).
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The reaction orders with respect to oxidant at pH 7.0,8.0 and 9.0 were 1.21, 1.15 and 1.18
respectively and all the values were of approximately of unity. The reaction orders obtained
confirm that the change in pH does not have any influence on the order with respect to ClO,

implying that reaction pathway remains unchanged.

4.3.6 Kinetic salt effect

Experiments were conducted to establish the reacting species involved in the rate limiting
step, by measuring the rate coefficients for the same reaction conditions at varied initial ionic
strengths. Sodium sulfate was used as neutral salt to adjust the ionic strength. The obtained
results summarised in Table 4.3.5 indicate that the k' values tend to decrease with increasing

ionic strength.

Table 4.3.5  Effect of ionic strength on the reaction rate , [SO*]o (3.0 x 10° M) [CIO,];
(1.15x 10° M) at pH = 8.0.

lonic Strength, I/M Kk'/s'*
0.0096 0.126
0.0174 0.109
0.0262 0.105
0.0354 0.096
0.0397 0.093

*Mean of four replicate experiments with relative standard deviation < 4%
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Figure 4.3.11 Plot of log k' versus V1 for the reaction of [SO]o (3.0 x 10 M) with
[C10,]; (1.15 x 10™ M) at varying ionic strength, I (0.009 - 0.04 M).

Figure 4.3.11 shows the plot of log k versus square root of ionic strength and the observed
slope = -1.26, with negative primary salt effect suggests that reactive species in the rate-

determining step are of opposite nature and possibly the OH and SO ions.

4.3.7 Effect of chloride on rate of reaction

Similar to the studies with other substrates, the impact of chloride on the reaction was
examined. The results in Table 4.3.6 show that addition of initial chloride ion caused some
increase in the rate constant. No explanation was found in the literature, but this increase may

be due to the possible formation of other weak reactive oxidising species such as HOCI.
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Table 4.3.6  Varied chloride concentration and observed rate constants for the reaction of
[SOp (3.0 x10™ M) with [C10,];(1.15x 10~ M).

/M k'/s*
0.060 0.153
0.061 0.155
0.062 0.160
0.063 0.175
0.064 0.176

*Mean of four replicate experiments with relative standard deviation < 4%

4.3.8 Effect of temperature

The temperature dependence of the rate constant k, was studied by performing experiments at
different temperatures ranges from 10 °C to 30 °C. From the values of k third order rate
constants with respect to OH™ were calculated and summrised in Table 4.3.7. A typical

Eyring’s plot is shown in Figure 4.3.12.

Table 4.3.7  Varied temperature in presence of chlorine dioxide and observed rate
constant for the reaction of [C10,] (1.15x 10~ M) with [SO*]o (3.0 x10™ M) at

pH 9.0.

Ve-lx 2 -1
T/K K'/s ks/ M%s
283 1.25 8.3 x 10’
288 1.52 1.0x 108
293 1.79 1.2x 108
298 1.93 1.3x 108
303 2.05 1.4x 108

*Mean of four replicate experiments with relative standard deviation < 4%
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Figure 4.3.12 Plot of In k' versus 1/T for the reaction of [SO™]p (3 x 10 M) with [ClO],
(1.15x 10° M).

Table 4.3.8  Energy parameters.

Reaction pathway

Enthalpy of reaction,

AH#*/kJ mol™!

Entropy of activation,

AS*/J K" mol!

Energy of activation

E./kJ mol

SO" with ClO,

15.08

-748.36

17.55

Using the slope and intercept of Figure 4.3.12, the calculated activation energy obtained

(Table 4.3.8) were (E, = 17.55 kJ mol™), AH* value at 25 'C was found to be 15.08 kJ mol”,

and the reaction had large negative entropy of activation (-748.36 J K™' mol™), suggesting the

formation of an activated complex resulting in a decrease in entropy.
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4.3.9 Products identification and characterization

The product extracted from the reaction of SO-CIO, (0.35 g) was separated by column
chromatography using silica gel (Merck 9385) as the stationary phase on 4 cm diameter
column. The mobile phase consisted of a hexane: dichloromethane: ethyl acetate step gradient
100% hexane (fractions 1-15), increasing by 10% dichloromethane (fraction 15-18) 20%
dichloromethane (fraction 19-29), 40% dichloromethane (fraction 30-38) Fractions of 10 mL
were collected in each step. Two compounds were obtained from this dye; they were from
fractions 12-16 and 52-60. Product P;(phenol) and P, (3,7-dimethyl-phenazine-2-8-diol)

(Table 4.3.9). Product P; is identified in the current study.

The proton NMR spectrum of product P, exhibits olefinic methyl groups at lower & 2.1
aromatic protons in the range of & 6.57 to 6 6.7 (Appendix 2, Figure 2.1.10), due to symmetry
in the molecule one half of the product can be seen. The °C NMR spectrum revealed the
appearance of aromatic carbons that were observed in the rage of & 116 to 6 149. Two methyl
groups corresponds to the 0 29.68 and 6 16.95 (Appendix 2, Figure 2.1.11). The mass
spectrum of the product P, showed molecular ion peak at m/z 239.1 (M) at retention time
13.97 min that accounts to the molecular formula of C;4H4N>O,. (Appendix 2, Figure 2.1.12)
The observed peak at m/z212 (M") may be due the loss of two methyl groups from the

product P».
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Table 4.3.9  Major oxidation products.

OH

(P1)

phenol

H; N CHs

X

= OH

0] N

(P2)

3,7-dimethyl-phenazine-2-8-diol

4.3.10 Stoichiometric equation

The stoichiometry experiments were conducted

in a similar manner as it was described

earlier. The stoichiometry was found to be approximately 1:5 (£ 10%) of SO to ClO,. The

stoichiometric equation for the overall reaction can be written as,

SO" +4 ClO, + 50H — P, + P, + 4C10, + 2NH,OH (4.32)

where (P; = phenol) and (P, =3,7-dimethyl-phenazine-2-8-diol) .

4.3.11 Reaction scheme

When chlorine dioxide comes in contact with the dye safranine-O the hydroxyl ion attacks the

quarternary carbon of phenyl group which is a substituent on nitrogen atom forming an
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intermediate I, together with possible product phenol (P;). The intermediate I, further
undergoes oxidation with chlorine dioxide to yield product, P, which is confirmed by NMR

and GC-MS spectrum.
H3C N CH3
A H3C N CH3
—
@z
HoN N NH2 HON N/ Ny
®
/_\ I OH

OH

l ClO, Py

H3C N CH3 H3C. N CH3
\ \
H™ H
"./ / o/
H2N N/ 3 HoN N N A

N
~OH 4
4 t
L HO | " oH
H3C N CH3 H3C N CH3
X clo, o~
OH-
HoN N/ OH H;N N/ OH
tH )OH I
I
H3C Y\L CH3
H3C N CH3 X
X ClO,
-2 H
OH N N OH
= OH AN
OH N OH
P, OH

Figure 4.3.13 Mechanistic scheme for the oxidation of safrainine-O with chlorine dioxide.
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4.3.12 Proposed mechanism

The overall reaction scheme for safranine oxidation with chlorine dioxide can be proposed as,

ClO,+ SO" — Cl0, + SO*" Very slow

SO" + ClO; + OH — {HO SO Cl0,} — ClO; + {HO SO}" Rate

limiting

{HO SO}" + H,0 — SO*" + OH fast

SO" + ClO,+ OH — P, + 1,7+ ClOy

I,"+ClO,+ OH — I," + ClOy

L'+ OH — I3+ NH,OH

I3 + C102+ OH — I4+ ClOz-

I4 + ClO,+ OH — P, + NH,OH+ CIOy

The overall equation can be represented as :

SO" +4 ClO, + 50H — Py + P, +4ClO, + 2NH,OH

(4.33)

(4.34)

R1

R2

R3

R4

R5

(4.35)
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4.3.13 Rate law

The first-order dependence of the reaction rate on the reactants and from the salt effect

experiments, the major pathway of the reaction may involve both chlorine dioxide and [OH']

ion to give an activated complex which decomposes to form the intermediates and products.

Under such circumstances the rate law can be proposed as

Rate = k; [CIO,][SO] + k; [CIO,][OHT] [SO'] (4.36)

As the reaction conditions fulfill pseudo first-order conditions, the rate law may be proposed

as
= k1 [C102][SO™] + koy- [CIO2][OH] [SOT] (4.37)
ks
where ko, = O]
r = { ki + kou- [OH}[CIOz] [SO'] (4.38)

when [ClO;] is in large excess then
Rate = k' [SO'] (4.39)
where the pseudo first-order const, k' equals

k' = {ki1 + kon- [OH]}[CIOZ] (4.40)
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4.3.14 Simulations

The reaction scheme from product analysis gives insight for the intermediate structures. To
support the mechanism is probable one, the simulations were done based on the
comprehensive mechanism explained in Figure 4.3.13. The rate constants obtained from
experimental data were employed, and for the other steps estimated rate constants were
calculated and provided for simulation programme (Table 4.3.10). Rate constants from C1

and C2 are experimental values. C3- C5 are the estimated rate constants.

Table 4.3.10 Forward and reverse rate constants obtained from literature and simulations.

Reaction No Reaction Forward rate
Cl SO"+ ClO,+ OH — P, + 1, + ClOy° 1.98x 10°M "' 57!
C2 I,"+ ClO,+ OH — I,” + ClOy 2.00x 10°Ms™!
C3 I," + OH — I3+ NH,0OH 456 x 10°M™s™!
C4 I; + ClO,+ OH — 14+ ClOy 5.90x 10°M7s™!
C5 I, + ClO,+ OH — P, + NH,0H+ ClO; 6.75 x 10°M7s™!
0.00008

0.00007 -

0.00006

Experimental curves (E1,E2 and E3)

0.00005 simulated curves (S1, S2 and S3)

0.00003 -

Concentration/M
o
o
o
o
o
B
1

0.00002 -

0.00001 -

0 T T T T o o0000ceececeeesssseceees

Figure 4.3.14 Experimental curves versus simulated curves for reaction of [SO™]y (7.0 x 107
M) with [C1O,]; (1.45 x 10 M) intermediates and product formation.
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The graphs showing the simulated and experimental curves are illustrated in Figure 4.3.14.
The estimated rate constants are optimized to obtain the better fits using the Simkine 2
programme. The simulated curves matched with experimental curves, confirming the

suggested mechanism to be probable.

8.00E-05 -
7.00E-05 -+
6.00E-05 -+

5.00E-05 -+

4.00E-05 - Products (P,P,,P;)

3.00E-05 - Experimental and Simulated

Concentration /M

2.00E-05 -

1.00E-05 - Intermediates (I)

0.00E+00 -

Figure 4.3.15 Product and intermediate formation for the reaction of safranine-O with
chlorine dioxide.

Figure 4.3.15, for the similar experimental conditions El and S1 represents experimental
and simulated curves for the reaction. P, P,, P; show the product formation and I is the
intermediates formed during the process. The data of simulated versus experimental curves
and the concentrations of the other reactants, intermediates and products are compiled in

(Appendix 2, Table 2.5, and Table 2.6).
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CHAPTER 5
CONCLUSIONS

5.1 Reactions with hypochlorite

The oxidation reaction mechanisms of three water soluble textile dyes, amaranth (azo dye),
brilliant blue-R (triaryl dye) and safranine-O (azine dye) with hypochlorite were investigated
by kinetic approach. The kinetics of all the reactions were studied under low dye
concentration conditions and with excess concentrations of all the other reagents. Under those
conditions all the reactions followed pseudo first-order kinetics confirming the first-order
dependence of the reaction rate on the organic substrate concentration. Although, reaction
rates had first-order dependence on the oxidising agent, for the three reactions, pH played an
important role. With increasing acid concentration, the reaction order with respect to acid
decreased from unity to fractional value. For all the three reactions, it was found that acid
was not directly involved in the rate limiting step, but it influenced the equilibrium
concentrations of hypochlorite and hypochlorous acid. The oxidation of all the three organic
substrates occurred through competitive pathways, one facilitated by hypochlorite ion and the
other by hypochlorous acid. The oxidation by hypochlorous acid reaction was found to be the
faster and major pathway. The major oxidation products were identified and the
stoichiometric ratios, for all the reactions were established. Based on the major oxidation
products and the partial orders with respect to the reactants, probable reaction mechanisms
were elucidated. The proposed mechanisms were validated by the simulation of the kinetic
profiles. The energy parameters inclusive of Arrhenius factor, enthalpy, entropy and energy

of activations for both pathways of the three reactions were estimated.
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For the amaranth oxidation reaction the second-order rate constants for OClI" and HOCI
facilitated oxidations were (k; = 1.9 + 0.6) M s and (k, = 23.2 + 1.8) M 5! respectively.
The rate limiting steps involved reaction between AM™ and OCI ions and AM™ and HOCI,

which was confirmed by the positive salt effect (log k' versus '

) for the former reaction and a
linear relation between k and the ionic strength in the latter. At high pH conditions, reaction
was slow and reached a plateau with increasing acid concentrations. The energy parameters
namely, the energy and entropy of activations were (33.65 kJ mol™ and -190.6 J K™ mol™) for
OCI initiated reaction and (26.87 k J mol" and -222.8 J K™' mol™) for the reaction with HOCI.
The main plausible oxidation products were 3,4-dihydroxy naphthalene-2,7 disulfonic sodium

salt, dichloro-1,4-naphthoquione and naphtha (2,3) oxirene-2,3-dione. The stoichiometric

ratio of dye to hypochlorite was found to be 1:3.

For the brilliant blue oxidation reaction the second-order rate constants for OCI" and HOCI
initiated oxidations were (k; = 1.2 + 0.2) M s and (k, = 22.0 £ 1.2) M s respectively.
The species that are involved in the rate determining steps for the two paths were BB" and
OCI ions; and BB" and HOCI. This was supported by the observed negative salt effect (log k'
versus 1'?) for the hypochlorite driven reaction and the linear relation between k and I in the
later case. At high pH, reaction was slow and reached a maximum at increased [H']. The
values of energy and entropy of activations were (35.53 kJ mol™ and -191.93 J K' mol™) for
OCI  initiated reaction and (29.28 kJ mol™ and -204.57 J K mol™) for the reaction with
HOCI. The main oxidation products were 4-ethoxy-phenylamine, 3-ethylaminomethyl-
benzenesulfonicacid anion, 3- ethylamino chloro methyl-benzene sulfonic acid anion and 4-
[bis-(4-hydroxy-phenyl)-methylene]-cyclohexa-2,5-hydroxide. For the safranine-O oxidation
reaction the second-order rate constants for OCI" and HOCI driven oxidations were (k; = 3.0

+0.5) M s and (k, = 34.8 + 2.8) M s respectively. The rate limiting steps involved
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reactions between SO" and OCI ions and SO and HOCI, which again were supported by the

observed negative salt effect (log k versus I'*

) for the former reaction and a linear relation
between k and I for the SO'/HOCI as it involved reaction between charged species, SO" and
neutral polar species, HOCI. At alkaline pH, the reaction was slow and the reaction rate
recorded continued rise with increasing acid concentration. This suggests that at low pH,
possibly the protonated substrate gets oxidized faster than the unprotonated entity. The
energy parameters namely, energy and entropy of activations (37.09 kJ mol” and -183.53
J K mol™) for the OCI  initiated reaction and (23.04 kJ mol™ and -222.62 J K™ mol™) for the
reaction with HOCI. The main oxidation products were 4-amino-5-methyl-benzene-1, 2,
dichloride and amino-6-(2-chloro-6-hydroxy-phenylimino)-3-methyl-cyclohexa-2,4-dienone

oxime.

A comparison of the rate constants suggests that the oxidation of the two textile dyes,
amaranth and brilliant blue-R had second-order rate constants of similar magnitude for both
the hypochlorite and HOCI initiated oxidations, but the rate constant for safranine-O was

observed to much higher than the other two dyes.

While the amaranth/hypochlorite reaction needed three moles of HOCI (six electron
oxidation), brilliant blue-R consumed four moles of HOCI (eight electron oxidation) and
safranine-O oxidations consumed four moles of HOCI. A longer exposure of the dyes to
oxidants resulted in increased consumption of the reactant, resulting in further oxidation of
the reaction products. A comparison of energy parameters reveals that the safranine-O
required slightly higher activation energy to that of amaranth and brilliant blue-R. The
entropy values obtained indicates that amaranth and brilliant blue-R had same activation

energies where as safranine-O recorded slightly lower values with hypochlorite initiated
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reactions, and safranine-O and amaranth recorded similar entropy values compared to

brilliant blue-R which had slightly lower values.

5.2 Reactions with chlorine dioxide

The kinetics and mechanisms of the of oxidation of three water soluble textile dyes, amaranth
(azo dye), brilliant blue-R (triaryl dye) and safranine-O (azine dye) with chlorine dioxide
were investigated in detail. The decolorisation kinetics of the dyes was studied with excess
concentrations of all the other reagents except the dye, which was taken at low concentration.
Under the chosen conditions all the reactions followed pseudo first-order kinetics with
respect to organic substrate. Under all conditions the reaction rate had first-order dependence
on the chlorine dioxide concentration while the concentration of hydroxide ion played an
important role as catalyst hence the pseudo first-order rate constants registered an increasing
trend with increase in [OH']. The reaction rate had first-order dependence on hydroxide ion
when its concentration was low, but order with respect to [OH] decreased when [OH'] was in
stoichiometric proportion to reactants. The experimental data suggested that the predominant
oxidation reaction mechanism for chlorine dioxide proceeds through free radical electrophilic
(i.e. electron-attracting) abstraction rather than by oxidative substitution or addition (as in
chlorinating agents such as chlorine or hypochlorite). The rate limiting step involved the
formation of an activated complex involving one each of ClO,, dye and OH ions. That
complex possibly had both chlorine dioxide and hydroxide ion directly attached to organic

substrate.

For the amaranth oxidation by chlorine dioxide, the second-order rate constants are k, = (19.8
+ 0.9) M' s" at pH 7.0, (97.1 + 2.3) M s pH 8.0 and pH 9.0 (132.5 + 2.8) M s’

respectively. The elementary rate limiting step involved reaction between similar charged
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ions, AM™ and [OH] which was confirmed by the positive salt effect (log k' versus 1'?). The
catalytic constant for hydroxyl ion was estimated to be 4.0 x 10° M2 s in the pH range of
6.0-7.5. The energy parameters namely, energy and entropy of activations were 50.06 kJ mol
"'and -658.73 J K mol" respectively. The main oxidation products were 1,2-dioxy-3

hyposulfite- 8 sodium sulfite and 1,4-napthalenedione.

For the chlorine dioxide-brilliant blue-R reaction the second-order rate constants were
ka=(11.7+02M"'s")atpH 7.0; (41.4+ 1.1 M"' s") at pH 8.0 and (116.7 + 1.7 M s7') at
pH 9.0. The rate limiting step involved reaction between BB™ and OH’ ions in addition to
CIO.. The involvement of oppositely charged species was validated by the positive salt effect
(log k' versus 1"%) observed. The catalytic constant for [OH] catalysed reaction was estimated
to be 2.0 x 10° M? s in the pH range 6.0 -7.5. The values of energy and entropy of
activations were 50.06 kJ mol” and -676.36 J K" mol™ respectively. The main oxidation
products were identified as 4-(4-ethoxy-phenylamino)-benzoic acid, N-(4-ethoxy-phenyl)-

hydroxylamine.

For the safranine-O oxidation with chlorine dioxide values of the second-order rate constants
k> were (20.8 £ 0.8 M ™), (48.1 + 1.5 M s") and (75.80 + 2.2 M"' ™) at pH 7.0, 8.0 and
pH 9.0 respectively. The rate limiting steps involved reactions between SO™ and OH ions,
which are supported by the exerted negative kinetic salt effect. The energy and entropy of
activation values were 17.55 kJ mol” and -748.36 J K mol" respectively. The main
oxidation products identified were phenol, 3,7-dimethyl-phenazine-2,8-diol (P;) as identified

in the current study.
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In relative terms under identical conditions, comparing the values at pH 7.0, amaranth and
safranin-O had pseudo first-order rate constants of similar magnitudes, while brilliant blue-R
had a lower value. At pH 9.0 high k' values were observed for Amaranth reaction followed by

brilliant blue-R and safranine-O reactions had lower rate coefficient values.

Amaranth-chlorine dioxide reaction had a 1:4 stoichiometric ratio showing a four electron
abstraction, where as brilliant blue consumed two moles of chlorine dioxide with two electron
abstraction and safranine-O consumed four moles of chlorine dioxide suggesting four

electron abstraction.

Scope for future work:

This work has potential for further investigations to evaluate the effect of longer exposure of
dyes to oxidants and the scope of various recyclable heterogeneous catalyst materials, to
achieve complete mineralization of the organic substrates with better efficiencies and in

shorter durations.
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APPENDIX 1-CHAPTER 3

1.1 Amaranth oxidation products with hypochlorite.
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Figure 1.1.1

GC-MS spectrum of amaranth oxidation product P, dichloro-1,4-naphthoquione

(m/z = 228) with hypochlorite.
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Figure 1.1.2  GC-MS spectrum of amaranth oxidation product P; naphtha (2, 3) Oxirene-2,7-
dione (m/z = 174) with hypochlorite.
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Figure 1.1.3 'H NMR spectrum of amaranth product P, (3,4-dihydroxy naphthalene-2,7 di
g Yy
sulphonic sodium salt) with hypochlorite.
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Figure 1.1.4 '*C NMR spectrum of amaranth oxidation product P; (3,4-dihydroxy
naphthalene- 2,7 di sulphonic sodium salt) with hypochlorite.
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Table 1.1

Amaranth - hypochlorite experimental and simulated curves-compiled data.

Time | El Time S1 Time E2 Time | S2 Time | E3 Time S3

0.2 7.00E-05 1.757 6.46E-05 0 7.00E-05 | 0.63 6.12E-05 0 7.00E-05 | 0.254 5.96E-05
04 | 6.96E-05 1.991 6.40E-05 0.2 6.81E-05 | 0.73 6.01E-05 0.2 6.10E-05 | 0.293 5.80E-05
0.6 6.92E-05 2.225 6.35E-05 0.4 6.63E-05 | 0.83 5.92E-05 | 0.293 5.73E-05 | 0.332 5.64E-05
0.8 6.87E-05 2.46 6.30E-05 0.6 6.45E-05 | 0.93 5.82E-05 | 0.332 5.57E-05 | 0.371 5.49E-05
1 6.83E-05 2.694 6.25E-05 | 0.732 6.33E-05 1.02 5.73E-05 | 0.371 5.43E-05 0.41 5.33E-05
1.2 6.79E-05 2.929 6.20E-05 0.83 6.25E-05 1.12 5.63E-05 0.41 5.28E-05 | 0.449 5.19E-05
1.4 | 6.75E-05 3.163 6.15E-05 | 0.927 6.17E-05 1.22 5.54E-05 | 0.449 5.14E-05 | 0.488 5.05E-05
1.6 6.71E-05 3.397 6.11E-05 | 1.025 6.08E-05 1.32 5.46E-05 | 0.488 5.00E-05 | 0.527 4.92E-05
1.76 | 6.67E-05 3.632 6.05E-05 | 1.123 6.00E-05 1.42 5.37E-05 | 0.527 4.87E-05 | 0.566 4.78E-05
1.96 | 6.63E-05 3.866 6E-05 1.22 5.92E-05 1.51 5.29E-05 | 0.566 4.74E-05 | 0.605 4.65E-05
1.99 | 6.59E-05 4.1 5.96E-05 | 1.318 5.85E-05 1.61 5.21E-05 | 0.605 4.62E-05 | 0.644 4.53E-05
2.69 | 6.45E-05 5.507 5.70E-05 | 1.904 5.39E-05 2.2 4.75E-05 0.84 3.93E-05 | 0.879 3.86E-05
3.13 6.40E-05 6.21 5.58E-05 | 2.197 5.18E-05 | 2.49 4.54E-05 | 0.957 3.62E-05 | 0.996 3.56E-05
3.16 | 6.36E-05 6.444 5.54E-05 | 2.294 5.11E-05 | 2.59 4.47E-05 | 0.996 3.53E-05 1.035 3.47E-05
3.36 | 6.35E-05 6.679 5.50E-05 | 2.392 5.04E-05 | 2.69 4.40E-05 | 1.035 3.43E-05 1.074 3.38E-05
3.4 | 6.32E-05 6.913 5.46E-05 2.49 4.98E-05 | 2.78 4.34E-05 | 1.074 3.34E-05 1.113 3.29E-05
3.87 6.23E-05 7.851 5.30E-05 2.88 4.72E-05 | 3.17 4.1E-05 1.23 3.00E-05 1.269 2.97E-05
4.07 6.22E-05 8.085 5.26E-05 | 2.978 4.66E-05 | 3.27 4.04E-05 | 1.269 2.92E-05 1.308 2.89E-05
4.1 6.18E-05 8.319 5.23E-05 | 3.076 4.59E-05 | 3.37 3.98E-05 | 1.308 2.85E-05 1.347 2.82E-05
4.3 6.18E-05 8.554 5.19E-05 | 3.173 4.53E-05 | 3.47 3.92E-05 | 1.347 2.77E-05 1.387 2.74E-05
4.8 6.05E-05 9.726 5.01E-05 | 3.662 4.24E-05 | 3.95 3.65E-05 | 1.543 2.42E-05 1.582 241E-05
5 6.04E-05 9.96 4.97E-05 | 3.759 4.18E-05 | 4.05 3.60E-05 | 1.582 2.36E-05 1.621 2.35E-05
5.04 | 6.01E-05 10.19 4.94E-05 | 3.857 4.13E-05 | 4.15 3.55E-05 | 1.621 2.30E-05 1.66 2.30E-05
5.24 | 6.00E-05 10.43 4.90E-05 | 3.955 4.07E-05 | 4.25 3.51E-05 1.66 2.23E-05 1.699 2.24E-05
5.27 5.96E-05 10.66 4.86E-05 | 4.052 4.02E-05 | 4.35 3.46E-05 | 1.699 2.18E-05 1.738 2.18E-05
5.74 | 5.88E-05 11.6 4.73E-05 | 4.443 3.81E-05 | 4.74 3.27E-05 | 1.855 1.95E-05 1.894 1.97E-05
594 | 5.87E-05 11.84 4.69E-05 4.54 3.76E-05 | 4.83 3.22E-05 | 1.894 1.90E-05 1.933 1.92E-05
5.98 5.84E-05 12.07 4.66E-05 | 4.638 3.71E-05 | 4.93 3.18E-05 | 1.933 1.85E-05 1.972 1.87E-05
6.18 5.83E-05 12.3 4.63E-05 | 4.736 3.66E-05 | 5.03 3.14E-05 | 1.972 1.80E-05 | 2.012 1.83E-05
6.21 5.80E-05 12.54 4.6E-05 | 4.833 3.61E-05 | 5.13 3.10E-05 | 2.012 1.76E-05 | 2.051 1.78E-05
6.41 5.79E-05 12.77 4.56E-05 | 4.931 3.56E-05 | 5.22 3.06E-05 | 2.051 1.71E-05 2.09 1.74E-05
6.88 5.71E-05 13.71 4.44E-05 | 5.322 3.38E-05 | 5.61 2.90E-05 | 2.207 1.53E-05 | 2.246 1.57E-05
6.91 5.67E-05 13.94 4.41E-05 | 5.419 3.33E-05 | 5.71 2.85E-05 | 2.246 1.49E-05 | 2.285 1.54E-05
7.38 5.59E-05 14.88 4.29E-05 5.81 3.16E-05 6.1 2.71E-05 | 2.402 1.34E-05 | 2.441 1.39E-05
7.58 5.59E-05 15.12 4.26E-05 | 5.908 3.12E-05 6.2 2.67E-05 | 2.441 1.31E-05 2.48 1.36E-05
7.62 5.55E-05 15.35 4.23E-05 | 6.005 3.07E-05 6.3 2.64E-05 2.48 1.27E-05 | 2.519 1.32E-05
7.82 5.55E-05 15.59 4.20E-05 | 6.103 3.03E-05 6.4 2.60E-05 | 2.519 1.24E-05 | 2.558 1.29E-05
7.85 5.51E-05 15.82 4.17E-05 | 6.201 2.99E-05 | 6.49 2.57E-05 | 2.558 1.21E-05 | 2.597 1.26E-05
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8.05 5.51E-05 16.05 4.14E-05 | 6.298 2.95E-05 6.59 2.54E-05 | 2.597 1.17E-05 | 2.636 1.23E-05
9.02 5.32E-05 18.16 3.90E-05 | 7.177 2.62E-05 7.47 2.26E-05 | 2.949 9.22E-06 | 2.988 9.89E-06
9.96 5.17E-05 20.04 3.69E-05 | 7.958 2.35E-05 8.25 2.03E-05 | 3.261 7.44E-06 | 3.301 8.18E-06
10.2 5.16E-05 20.27 3.67E-05 | 8.056 2.32E-05 8.35 2.01E-05 | 3.301 7.25E-06 3.34 7.98E-06
10.2 5.13E-05 20.51 3.64E-05 | 8.154 2.29E-05 8.45 1.98E-05 3.34 7.05E-06 | 3.379 7.78E-06
10.4 5.13E-05 20.74 3.62E-05 | 8.251 2.26E-05 8.54 1.96E-05 | 3.379 6.87E-06 | 3.418 7.61E-06
10.4 5.09E-05 20.98 3.59E-05 | 8.349 2.23E-05 8.64 1.93E-05 | 3.418 6.69E-06 | 3.457 7.43E-06
10.6 5.09E-05 21.21 3.57E-05 | 8.447 2.20E-05 8.74 1.91E-05 | 3.457 6.51E-06 | 3.496 7.26E-06
10.7 5.06E-05 21.44 3.55E-05 | 8.544 2.17E-05 8.84 1.88E-05 | 3.496 6.34E-06 | 3.535 7.08E-06
10.9 5.05E-05 21.68 3.52E-05 | 8.642 2.14E-05 8.93 1.86E-05 | 3.535 6.17E-06 | 3.574 6.91E-06
10.9 5.02E-05 21.91 3.5E-05 8.74 2.11E-05 9.03 1.84E-05 | 3.574 6.01E-06 | 3.613 6.75E-06
11.8 4.88E-05 23.79 3.31E-05 | 9.521 1.90E-05 9.81 1.66E-05 | 3.886 4.85E-06 | 3.926 5.6E-06

12 4.88E-05 24.02 3.29E-05 | 9.618 1.87E-05 9.91 1.64E-05 | 3.926 4.72E-06 | 3.965 5.48E-06
12.1 4.85E-05 24.26 3.27E-05 | 9.716 1.85E-05 10 1.62E-05 | 3.965 4.59E-06 | 4.004 5.35E-06
12.3 4.84E-05 24.49 3.25E-05 | 9.814 1.82E-05 10.1 1.60E-05 | 4.004 4.47E-06 | 4.043 5.24E-06
12.3 4.81E-05 24.73 3.23E-05 | 9911 1.80E-05 10.2 1.58E-05 | 4.043 4.35E-06 | 4.082 5.12E-06
12.5 4.81E-05 24.96 3.21E-05 | 10.01 1.78E-05 10.3 1.56E-05 | 4.082 4.24E-06 | 4.121 5.00E-06

13 4.74E-05 259 3.13E-05 10.4 1.68E-05 10.7 1.49E-05 | 4.238 3.81E-06 | 4.277 4.57E-06

13 4.71E-05 26.13 3.11E-05 10.5 1.66E-05 10.8 1.47E-05 | 4.277 3.71E-06 | 4.316 4.46E-06
13.2 4.70E-05 26.37 3.09E-05 10.6 1.64E-05 10.9 1.45E-05 | 4316 3.61E-06 | 4.355 4.37E-06
13.7 4.61E-05 27.54 2.99E-05 | 11.08 1.53E-05 114 1.36E-05 | 4.511 3.16E-06 4.55 3.90E-06
14.8 4.47E-05 29.65 2.82E-05 | 11.96 1.36E-05 12.3 1.22E-05 | 4.863 2.48E-06 | 4.902 3.20E-06
149 | 4.45E-05 29.88 2.81E-05 | 12.06 1.34E-05 12.4 1.21E-05 | 4.902 242E-06 | 4.941 3.14E-06
15.1 4.44E-05 30.12 2.79E-05 | 12.16 1.32E-05 12.5 1.19E-05 | 4.941 2.35E-06 4.98 3.07E-06
15.1 4.42E-05 30.35 2.77E-05 | 12.26 1.31E-05 12.5 1.18E-05 4.98 2.29E-06 | 5.019 3.01E-06
153 4.41E-05 30.59 2.75E-05 | 12.35 1.29E-05 12.6 1.16E-05 | 5.019 2.23E-06 | 5.058 2.95E-06
15.8 4.32E-05 31.76 2.67E-05 | 12.84 1.21E-05 13.1 1.09E-05 | 5.215 1.95E-06 | 5.254 2.65E-06

16 | 4.32E-05 31.99 2.65E-05 | 12.94 1.19E-05 13.2 1.08E-05 | 5.254 1.90E-06 | 5.293 2.59E-06
16.1 4.29E-05 32.23 2.64E-05 | 13.04 1.17E-05 133 1.07E-05 | 5.293 1.85E-06 | 5.332 2.53E-06
16.3 4.29E-05 32.46 2.62E-05 | 13.13 1.16E-05 134 1.06E-05 | 5.332 1.80E-06 | 5.371 2.49E-06
16.3 4.26E-05 32.7 2.60E-05 | 13.23 1.14E-05 13.5 1.04E-05 | 5.371 1.75E-06 5.41 2.43E-06
16.8 4.20E-05 33.63 2.54E-05 | 13.62 1.08E-05 13.9 9.96E-06 | 5.527 1.57E-06 | 5.566 2.25E-06

17 4.20E-05 33.87 2.53E-05 | 13.72 1.07E-05 14 9.84E-06 | 5.566 1.53E-06 | 5.605 2.19E-06

17 4.17E-05 34.1 2.51E-05 | 13.82 1.05E-05 14.1 9.73E-06 | 5.605 1.49E-06 | 5.644 2.16E-06
17.7 4.08E-05 35.51 2.42E-05 144 9.73E-06 14.7 9.06E-06 5.84 1.27E-06 | 5.879 1.91E-06
17.9 | 4.08E-05 35.74 2.41E-05 14.5 9.60E-06 14.8 8.94E-06 | 5.879 1.24E-06 | 5.918 1.87E-06
17.9 | 4.05E-05 35.98 2.39E-05 14.6 9.48E-06 14.9 8.84E-06 | 5918 1.20E-06 | 5.957 1.84E-06
18.1 4.05E-05 36.21 2.37E-05 14.7 9.35E-06 15 8.72E-06 | 5.957 1.17E-06 | 5.996 1.81E-06
18.8 3.96E-05 37.62 2.29E-05 | 15.28 8.63E-06 15.6 8.15E-06 | 6.191 9.98E-07 6.23 1.63E-06
18.9 3.94E-05 37.85 2.28E-05 | 1538 8.51E-06 15.7 8.04E-06 6.23 9.72E-07 | 6.269 1.59E-06
19.1 3.93E-05 38.09 2.27E-05 | 15.48 8.40E-06 15.8 7.94E-06 | 6.269 9.46E-07 | 6.308 1.56E-06
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19.1 3.91E-05 38.32 2.25E-05 | 15.58 8.29E-06 15.9 7.84E-06 | 6.308 9.21E-07 | 6.347 1.53E-06
19.8 3.85E-05 39.49 2.18E-05 | 16.06 7.75E-06 16.4 7.42E-06 | 6.504 8.06E-07 | 6.543 1.38E-06
19.8 3.83E-05 39.73 2.17E-05 | 16.16 7.65E-06 16.5 7.33E-06 | 6.543 7.84E-07 | 6.582 1.35E-06

20 3.82E-05 39.96 2.16E-05 | 16.26 7.55E-06 16.6 7.23E-06 | 6.582 7.64E-07 | 6.621 1.33E-06

20 3.80E-05 40.2 2.14E-05 | 16.36 7.45E-06 16.6 7.16E-06 | 6.621 7.43E-07 6.66 1.30E-06
20.7 3.72E-05 41.6 2.07E-05 | 16.94 6.88E-06 17.2 6.66E-06 | 6.855 6.33E-07 | 6.894 1.18E-06
20.9 3.72E-05 41.84 2.06E-05 | 17.04 6.78E-06 17.3 6.58E-06 | 6.894 6.16E-07 | 6.933 1.16E-06

21 3.69E-05 42.07 2.05E-05 | 17.14 6.69E-06 17.4 6.50E-06 | 6.933 6.00E-07 | 6.972 1.15E-06
21.2 3.69E-05 423 2.03E-05 | 17.24 6.60E-06 17.5 6.42E-06 | 6.972 5.84E-07 | 7.011 1.12E-06
21.2 3.67E-05 42.54 2.02E-05 | 17.33 6.52E-06 17.6 6.35E-06 | 7.011 5.69E-07 7.05 1.11E-06

27 3.09E-05 54.02 1.53E-05 | 22.12 3.38E-06 | 224 3.69E-06 | 8.925 1.53E-07 | 8.964 6.05E-07
27.1 3.07E-05 54.26 1.52E-05 | 22.22 3.34E-06 | 22.5 3.64E-06 | 8.964 1.49E-07 | 9.003 6.05E-07
27.7 3.02E-05 55.43 1.48E-05 22.7 3.12E-06 23 3.44E-06 9.16 1.30E-07 | 9.199 5.74E-07
27.8 3.00E-05 55.66 1.48E-05 22.8 3.08E-06 | 23.1 3.41E-06 | 9.199 1.27E-07 | 9.238 5.66E-07

28 3.00E-05 55.9 1.47E-05 22.9 3.04E-06 | 23.2 3.37E-06 | 9.238 1.24E-07 | 9.277 5.70E-07

28 2.98E-05 56.13 1.46E-05 23 3.00E-06 | 23.3 3.33E-06 | 9.277 1.20E-07 | 9.316 5.65E-07
28.2 2.98E-05 56.37 1.45E-05 23.1 2.96E-06 | 234 3.29E-06 | 9.316 1.17E-07 | 9.355 5.63E-07
313 2.71E-05 62.46 1.26E-05 | 25.63 2.09E-06 | 25.9 2.50E-06 | 10.33 5.84E-08 10.37 4.67E-07
322 2.64E-05 64.34 1.21E-05 | 26.42 1.88E-06 | 26.7 2.29E-06 | 10.64 4.71E-08 10.68 4.54E-07
32.7 2.58E-05 65.51 1.18E-05 26.9 1.76E-06 | 27.2 2.17E-06 | 10.84 4.12E-08 10.88 4.37E-07
32.9 | 2.58E-05 65.74 1.17E-05 27 1.73E-06 | 273 2.15E-06 | 10.88 4.01E-08 10.92 4.50E-07
32.9 | 2.57E-05 65.98 1.17E-05 27.1 1.71E-06 | 274 2.13E-06 | 10.92 3.91E-08 10.96 4.46E-07
33.1 2.56E-05 66.21 1.16E-05 27.2 1.69E-06 | 27.5 2.11E-06 | 10.96 3.80E-08 11 4.42E-07
33.2 2.55E-05 66.45 1.15E-05 | 27.29 1.67E-06 | 27.6 2.09E-06 11 3.70E-08 11.04 4.30E-07
33.9 | 2.49E-05 67.85 1.12E-05 | 27.88 1.54E-06 | 28.2 1.96E-06 | 11.23 3.15E-08 11.27 4.42E-07
34.6 | 2.44E-05 69.26 1.09E-05 | 28.47 1.42E-06 | 28.8 1.85E-06 | 11.46 2.69E-08 11.5 4.26E-07
34.8 2.44E-05 69.49 1.08E-05 | 28.56 1.40E-06 | 28.9 1.85E-06 11.5 2.62E-08 11.54 4.23E-07
34.8 2.42E-05 69.73 1.07E-05 | 28.66 1.38E-06 29 1.82E-06 | 11.54 2.55E-08 11.58 4.22E-07

35 2.42E-05 69.96 1.07E-05 | 28.76 1.36E-06 | 29.1 1.80E-06 | 11.58 2.48E-08 11.62 4.12E-07

36 | 2.34E-05 72.07 1.02E-05 | 29.64 1.21E-06 | 29.9 1.66E-06 | 11.93 1.95E-08 11.97 4.19E-07
36.2 2.34E-05 7231 1.02E-05 | 29.74 1.19E-06 30 1.64E-06 | 11.97 1.90E-08 12.01 4.04E-07
36.2 2.32E-05 72.54 1.01E-05 | 29.83 1.18E-06 | 30.1 1.61E-06 | 12.01 1.85E-08 12.05 4.10E-07
36.4 | 2.32E-05 72.77 1.01E-05 | 29.93 1.16E-06 | 30.2 1.60E-06 | 12.05 1.80E-08 12.09 4.15E-07
369 | 2.29E-05 73.71 9.85E-06 | 30.32 1.10E-06 | 30.6 1.53E-06 | 12.21 1.62E-08 12.25 4.08E-07
369 | 2.27E-05 73.95 9.81E-06 | 30.42 1.09E-06 | 30.7 1.50E-06 | 12.25 1.57E-08 12.29 3.95E-07
37.8 2.22E-05 75.59 9.47E-06 31.1 9.89E-07 | 314 1.39E-06 | 12.52 1.30E-08 12.56 4.01E-07
37.9 | 2.21E-05 75.82 9.43E-06 31.2 9.76E-07 | 31.5 1.38E-06 | 12.56 1.27E-08 12.6 3.94E-07
38.1 2.21E-05 76.06 9.37E-06 313 9.63E-07 | 31.6 1.36E-06 12.6 1.24E-08 12.64 3.97E-07
38.6 | 2.16E-05 77.23 9.15E-06 | 31.79 9.01E-07 | 32.1 1.31E-06 | 12.79 1.08E-08 12.83 3.93E-07
38.8 2.16E-05 77.46 9.09E-06 | 31.88 8.89E-07 | 32.2 1.3E-06 | 12.83 1.05E-08 12.87 3.95E-07
38.8 2.15E-05 77.7 9.05E-06 | 31.98 8.77E-07 | 323 1.29E-06 | 12.87 1.02E-08 12.91 3.91E-07
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39 2.14E-05 77.93 9.00E-06 | 32.08 8.66E-07 | 32.4 1.27E-06 | 12.91 9.97E-09 12.95 3.82E-07
39 | 2.13E-05 78.16 8.95E-06 | 32.18 8.54E-07 | 32.5 1.27E-06 | 12.95 9.70E-09 12.99 3.79E-07
39.9 | 2.08E-05 79.81 8.66E-06 | 32.86 7.78E-07 | 33.2 1.20E-06 | 13.22 8.05E-09 13.26 3.84E-07
40 | 2.07E-05 80.04 8.62E-06 | 32.96 7.68E-07 | 33.3 1.18E-06 | 13.26 7.84E-09 133 3.81E-07
40.2 2.07E-05 80.27 8.58E-06 | 33.06 7.57E-07 | 33.3 1.17E-06 133 7.63E-09 13.34 3.87E-07
43.2 1.88E-05 86.6 7.52E-06 | 35.69 5.28E-07 36 9.03E-07 | 14.36 3.70E-09 14.39 3.59E-07
45.1 1.78E-05 90.12 6.97E-06 | 37.16 4.32E-07 | 37.5 8.11E-07 | 14.94 2.48E-09 14.98 3.68E-07
45.1 1.77E-05 90.35 6.94E-06 | 37.25 4.26E-07 | 375 8.11E-07 | 14.98 2.41E-09 15.02 3.65E-07
45.8 1.73E-05 91.76 6.73E-06 | 37.84 3.93E-07 | 38.1 7.75E-07 | 15.21 2.05E-09 15.25 3.65E-07
46 1.73E-05 91.99 6.70E-06 | 37.94 3.88E-07 | 38.2 7.58E-07 | 15.25 2.00E-09 15.29 3.62E-07
46.1 1.72E-05 92.23 6.66E-06 | 38.04 3.83E-07 | 38.3 7.57E-07 | 15.29 1.95E-09 15.33 3.65E-07
46.3 1.72E-05 92.46 6.65E-06 | 38.13 3.78E-07 | 38.4 7.52E-07 | 15.33 1.90E-09 15.37 3.56E-07
47 1.67E-05 94.1 6.42E-06 | 38.82 3.44E-07 | 39.1 7.15E-07 | 15.61 1.57E-09 15.64 3.56E-07
47.2 1.67E-05 94.34 6.39E-06 | 38.91 3.40E-07 | 39.2 7.11E-07 | 15.64 1.53E-09 15.68 3.49E-07
48.1 1.62E-05 96.21 6.18E-06 39.7 3.05E-07 40 6.63E-07 | 15.96 1.24E-09 16 3.58E-07
49.5 1.56E-05 99.02 5.82E-06 | 40.87 2.60E-07 | 41.2 6.15E-07 | 16.43 8.95E-10 16.46 3.47E-07
49.6 1.55E-05 99.26 5.79E-06 | 40.97 2.56E-07 | 413 6.13E-07 | 16.46 8.72E-10 16.5 3.46E-07
49.8 1.55E-05 99.49 5.77E-06 | 41.06 2.53E-07 | 414 6.10E-07 16.5 8.49E-10 16.54 3.41E-07
49.8 1.54E-05 99.73 5.75E-06 | 41.16 2.50E-07 | 41.5 5.99E-07 | 16.54 8.26E-10 16.58 3.53E-07
50 1.53E-05 99.96 5.72E-06 | 41.26 2.46E-07 | 41.6 5.90E-07 | 16.58 8.05E-10 16.62 3.41E-07
50 1.53E-05 100.2 5.69E-06 | 41.36 243E-07 | 41.6 5.90E-07 | 16.62 7.83E-10 16.66 3.52E-07
50.2 1.52E-05 100.4 5.67E-06 | 41.45 2.40E-07 | 41.7 5.93E-07 | 16.66 7.63E-10 16.7 3.51E-07
50.3 1.51E-05 100.7 5.65E-06 | 41.55 2.37E-07 | 41.8 5.85E-07 16.7 7.42E-10 16.74 3.52E-07
51 1.48E-05 102.1 5.49E-06 | 42.14 2.18E-07 | 424 5.65E-07 | 16.93 6.32E-10 16.97 3.49E-07
54 1.36E-05 107.9 4.89E-06 | 44.58 1.56E-07 | 449 4.83E-07 | 1791 3.24E-10 17.95 3.30E-07
54.9 1.32E-05 109.8 4.72E-06 | 45.36 1.41E-07 | 45.7 4.68E-07 | 18.22 2.61E-10 18.26 3.40E-07
55 1.31E-05 110 4.70E-06 | 45.46 1.39E-07 | 45.8 4.67E-07 | 18.26 2.54E-10 18.3 3.33E-07
55.2 1.31E-05 110.3 4.69E-06 | 45.56 1.37E-07 | 45.8 4.57E-07 18.3 2.48E-10 18.34 3.42E-07
55.2 1.30E-05 110.5 4.66E-06 | 45.65 1.35E-07 | 459 4.58E-07 | 18.34 2.41E-10 18.38 3.34E-07
56.1 1.27E-05 112.2 4.51E-06 | 46.34 1.23E-07 | 46.6 4.33E-07 | 18.61 2.00E-10 18.65 3.39E-07
56.8 1.24E-05 113.8 4.37E-06 | 47.02 1.12E-07 | 473 4.27E-07 | 18.89 1.66E-10 18.93 3.30E-07
57 1.24E-05 114 4.35E-06 | 47.12 1.10E-07 | 474 4.31E-07 | 18.93 1.61E-10 18.96 3.31E-07
57.1 1.23E-05 114.3 4.33E-06 | 47.22 1.09E-07 | 47.5 4.19E-07 | 18.96 1.57E-10 19 3.30E-07
57.3 1.23E-05 114.5 4.32E-06 | 47.31 1.08E-07 | 47.6 4.24E-07 19 1.53E-10 19.04 3.38E-07
57.3 1.22E-05 114.7 4.3E-06 | 47.41 1.06E-07 | 47.7 4.23E-07 | 19.04 1.49E-10 19.08 3.28E-07
58 1.20E-05 115.9 4.21E-06 47.9 9.93E-08 | 48.2 4.07E-07 | 19.24 1.30E-10 19.28 3.30E-07
58 1.20E-05 116.1 4.19E-06 48 9.79E-08 | 48.3 4.10E-07 | 19.28 1.27E-10 19.32 3.26E-07
58.9 1.16E-05 118 4.04E-06 | 48.78 8.80E-08 | 49.1 3.98E-07 | 19.59 1.02E-10 19.63 3.28E-07
59.1 1.16E-05 118.2 4.03E-06 | 48.88 8.68E-08 | 49.2 3.98E-07 | 19.63 9.97E-11 19.67 3.26E-07
59.8 1.14E-05 119.7 3.92E-06 | 49.46 8.01E-08 | 49.8 3.69E-07 | 19.86 8.49E-11 19.9 3.18E-07
59.9 1.13E-05 119.9 3.90E-06 | 49.56 791E-08 | 499 3.73E-07 19.9 8.26E-11 19.94 3.21E-07
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Table 1.2

Amaranth -hypochlorite intermediate and product formation-compiled data.

TIME | AM- 17 P1 P2 P3 2.79 1.03E-05 | 5.77E-09 | 5.97E-05 | 5.97E-05 | 5.97E-05
0.41 5.28E-05 | 2.76E-07 | 1.72E-05 | 1.70E-05 | 1.70E-05 2.83 1.01E-05 | 5.59E-09 | 5.99E-05 | 5.99E-05 | 5.99E-05
0.49 5.00E-05 | 1.64E-07 | 2.00E-05 | 1.98E-05 | 1.98E-05 2.87 9.79E-06 | 5.41E-09 | 6.02E-05 | 6.02E-05 | 6.02E-05
0.53 4.87E-05 | 1.36E-07 | 2.13E-05 | 2.12E-05 | 2.12E-05 3.03 8.80E-06 | 4.77E-09 | 6.12E-05 | 6.12E-05 | 6.12E-05
0.57 4.74E-05 | 1.16E-07 | 2.26E-05 | 2.25E-05 | 2.25E-05 3.07 8.57E-06 | 4.62E-09 | 6.14E-05 | 6.14E-05 | 6.14E-05
0.61 4.61E-05 | 1.01E-07 | 2.39E-05 | 2.38E-05 | 2.38E-05 3.11 8.35E-06 | 4.48E-09 | 6.17E-05 | 6.16E-05 | 6.16E-05
0.64 4.49E-05 | 8.91E-08 | 2.51E-05 | 2.50E-05 | 2.50E-05 3.14 8.13E-06 | 4.34E-09 | 6.19E-05 | 6.19E-05 | 6.19E-05
0.68 4.37E-05 | 7.95E-08 | 2.63E-05 | 2.62E-05 | 2.62E-05 3.18 791E-06 | 4.21E-09 | 6.21E-05 | 6.21E-05 | 6.21E-05
0.72 4.26E-05 | 7.17E-08 | 2.74E-05 | 2.74E-05 | 2.74E-05 3.22 7.71E-06 | 4.08E-09 | 6.23E-05 | 6.23E-05 | 6.23E-05
0.76 4.14E-05 | 6.51E-08 | 2.86E-05 | 2.85E-05 | 2.85E-05 3.26 7.50E-06 | 3.96E-09 | 6.25E-05 | 6.25E-05 | 6.25E-05
0.8 4.03E-05 | 5.95E-08 | 2.97E-05 | 2.96E-05 | 2.96E-05 33 7.31E-06 | 3.84E-09 | 6.27E-05 | 6.27E-05 | 6.27E-05
0.84 3.93E-05 | 5.47E-08 | 3.07E-05 | 3.07E-05 | 3.07E-05 3.53 6.23E-06 | 3.21E-09 | 6.38E-05 | 6.38E-05 | 6.38E-05
0.88 3.82E-05 | 5.05E-08 | 3.18E-05 | 3.17E-05 | 3.17E-05 3.57 6.06E-06 | 3.11E-09 | 6.39E-05 | 6.39E-05 | 6.39E-05
0.92 3.72E-05 | 4.68E-08 | 3.28E-05 | 3.27E-05 | 3.27E-05 3.61 5.90E-06 | 3.02E-09 | 6.41E-05 | 6.41E-05 | 6.41E-05
0.96 3.62E-05 | 4.36E-08 | 3.38E-05 | 3.37E-05 | 3.37E-05 3.65 5.75E-06 | 2.93E-09 | 6.43E-05 | 6.42E-05 | 6.42E-05
1 3.53E-05 | 4.07E-08 | 3.47E-05 | 3.47E-05 | 3.47E-05 3.69 5.60E-06 | 2.85E-09 | 6.44E-05 | 6.44E-05 | 6.44E-05
1.03 3.44E-05 | 3.81E-08 | 3.56E-05 | 3.56E-05 | 3.56E-05 3.73 5.45E-06 | 2.77E-09 | 6.45E-05 | 6.45E-05 | 6.45E-05
1.07 3.34E-05 | 3.57E-08 | 3.66E-05 | 3.65E-05 | 3.65E-05 3.77 5.31E-06 | 2.69E-09 | 6.47E-05 | 6.47E-05 | 6.47E-05
1.11 3.26E-05 | 3.36E-08 | 3.74E-05 | 3.74E-05 | 3.74E-05 3.81 5.17E-06 | 2.61E-09 | 6.48E-05 | 6.48E-05 | 6.48E-05
1.15 3.17E-05 | 3.17E-08 | 3.83E-05 | 3.83E-05 | 3.83E-05 3.85 5.03E-06 | 2.53E-09 | 6.50E-05 | 6.50E-05 | 6.50E-05
1.19 3.09E-05 | 2.99E-08 | 3.91E-05 | 3.91E-05 | 3.91E-05 3.89 4.90E-06 | 2.46E-09 | 6.51E-05 | 6.51E-05 | 6.51E-05
1.23 3.01E-05 | 2.83E-08 | 3.99E-05 | 3.99E-05 | 3.99E-05 3.93 4.77E-06 | 2.39E-09 | 6.52E-05 | 6.52E-05 | 6.52E-05
1.27 2.93E-05 | 2.68E-08 | 4.07E-05 | 4.07E-05 | 4.07E-05 3.96 4.65E-06 | 2.32E-09 | 6.54E-05 | 6.54E-05 | 6.54E-05
1.86 1.96E-05 | 1.35E-08 | 5.04E-05 | 5.04E-05 | 5.04E-05 4 4.52E-06 | 2.26E-09 | 6.55E-05 | 6.55E-05 | 6.55E-05
1.89 1.91E-05 | 1.30E-08 | 5.09E-05 | 5.09E-05 | 5.09E-05 4.28 3.75E-06 | 1.85E-09 | 6.62E-05 | 6.62E-05 | 6.62E-05
1.93 1.86E-05 | 1.25E-08 | 5.14E-05 | 5.14E-05 | 5.14E-05 432 3.66E-06 | 1.80E-09 | 6.63E-05 | 6.63E-05 | 6.63E-05
1.97 1.81E-05 | 1.20E-08 | 5.19E-05 | 5.19E-05 | 5.19E-05 4.36 3.56E-06 | 1.75E-09 | 6.64E-05 | 6.64E-05 | 6.64E-05
2.01 1.76E-05 | 1.16E-08 | 5.24E-05 | 5.24E-05 | 5.24E-05 4.39 3.47E-06 | 1.70E-09 | 6.65E-05 | 6.65E-05 | 6.65E-05
2.05 1.71E-05 | 1.11E-08 | 5.29E-05 | 5.28E-05 | 5.28E-05 443 3.38E-06 | 1.65E-09 | 6.66E-05 | 6.66E-05 | 6.66E-05
2.09 1.67E-05 | 1.07E-08 | 5.33E-05 | 5.33E-05 | 5.33E-05 4.47 3.29E-06 | 1.60E-09 | 6.67E-05 | 6.67E-05 | 6.67E-05
2.13 1.63E-05 | 1.03E-08 | 5.37E-05 | 5.37E-05 | 5.37E-05 4.51 3.20E-06 | 1.56E-09 | 6.68E-05 | 6.68E-05 | 6.68E-05
2.48 1.28E-05 | 7.52E-09 | 5.72E-05 | 5.72E-05 | 5.72E-05 4.86 2.52E-06 | 1.21E-09 | 6.75E-05 | 6.75E-05 | 6.75E-05
2.52 1.24E-05 | 7.27E-09 | 5.76E-05 | 5.75E-05 | 5.75E-05 4.9 2.45E-06 | 1.18E-09 | 6.75E-05 | 6.75E-05 | 6.75E-05
2.56 1.21E-05 | 7.03E-09 | 5.79E-05 | 5.79E-05 | 5.79E-05 4.94 2.39E-06 | 1.15E-09 | 6.76E-05 | 6.76E-05 | 6.76E-05
2.6 1.18E-05 | 6.80E-09 | 5.82E-05 | 5.82E-05 | 5.82E-05 4.98 2.33E-06 | 1.12E-09 | 6.77E-05 | 6.77E-05 | 6.77E-05
2.64 1.15E-05 | 6.58E-09 | 5.85E-05 | 5.85E-05 | 5.85E-05 5.02 2.26E-06 | 1.08E-09 | 6.77E-05 | 6.77E-05 | 6.77E-05
2.68 1.12E-05 | 6.36E-09 | 5.88E-05 | 5.88E-05 | 5.88E-05 5.06 2.21E-06 | 1.06E-09 | 6.78E-05 | 6.78E-05 | 6.78E-05
2.71 1.09E-05 | 6.16E-09 | 5.91E-05 | 5.91E-05 | 5.91E-05 5.1 2.15E-06 | 1.03E-09 | 6.79E-05 | 6.79E-05 | 6.79E-05
2.75 1.06E-05 | 5.96E-09 | 5.94E-05 | 5.94E-05 | 5.94E-05 5.14 2.09E-06 | 9.98E-10 | 6.79E-05 | 6.79E-05 | 6.79E-05
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5.18 2.04E-06 | 9.71E-10 | 6.80E-05 | 6.80E-05 | 6.80E-05 10 7.52E-08 | 3.47E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05
5.21 1.98E-06 | 9.45E-10 | 6.80E-05 | 6.80E-05 | 6.80E-05 10.7 4.66E-08 | 2.15E-11 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.61 1.52E-06 | 7.18E-10 | 6.85E-05 | 6.85E-05 | 6.85E-05 13.3 8.06E-09 | 3.71E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.64 1.48E-06 | 6.99E-10 | 6.85E-05 | 6.85E-05 | 6.85E-05 133 7.84E-09 | 3.61E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.68 1.44E-06 | 6.80E-10 | 6.86E-05 | 6.86E-05 | 6.86E-05 14.1 4.73E-09 | 2.18E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.72 1.40E-06 | 6.62E-10 | 6.86E-05 | 6.86E-05 | 6.86E-05 14.1 4.61E-09 | 2.12E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.76 1.37E-06 | 6.44E-10 | 6.86E-05 | 6.86E-05 | 6.86E-05 14.2 4.49E-09 | 2.07E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.88 1.26E-06 | 5.94E-10 | 6.87E-05 | 6.87E-05 | 6.87E-05 14.2 4.37E-09 | 2.01E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.92 1.23E-06 | 5.78E-10 | 6.88E-05 | 6.88E-05 | 6.88E-05 14.2 4.25E-09 | 1.96E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
5.96 1.20E-06 | 5.62E-10 | 6.88E-05 | 6.88E-05 | 6.88E-05 15 2.57E-09 | 1.18E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
6 1.16E-06 | 5.47E-10 | 6.88E-05 | 6.88E-05 | 6.88E-05 15 2.50E-09 | 1.15E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.03 1.13E-06 | 5.32E-10 | 6.89E-05 | 6.89E-05 | 6.89E-05 15.1 2.43E-09 | 1.12E-12 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.07 1.10E-06 | 5.18E-10 | 6.89E-05 | 6.89E-05 | 6.89E-05 15.3 2.02E-09 | 9.31E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.11 1.08E-06 | 5.04E-10 | 6.89E-05 | 6.89E-05 | 6.89E-05 154 1.97E-09 | 9.06E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.82 6.66E-07 | 3.10E-10 | 6.93E-05 | 6.93E-05 | 6.93E-05 154 1.92E-09 | 8.83E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.86 6.49E-07 | 3.02E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.5 1.82E-09 | 8.36E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.89 6.32E-07 | 2.94E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.5 1.77E-09 | 8.14E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.93 6.15E-07 | 2.86E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.6 1.72E-09 | 7.93E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
6.97 5.99E-07 | 2.79E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.6 1.68E-09 | 7.72E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.01 5.83E-07 | 2.71E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.6 1.63E-09 | 7.52E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.05 5.68E-07 | 2.64E-10 | 6.94E-05 | 6.94E-05 | 6.94E-05 15.7 1.59E-09 | 7.32E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.44 4.35E-07 | 2.02E-10 | 6.96E-05 | 6.96E-05 | 6.96E-05 15.7 1.55E-09 | 7.13E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.52 4.13E-07 | 1.91E-10 | 6.96E-05 | 6.96E-05 | 6.96E-05 15.8 1.51E-09 | 6.95E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.87 3.25E-07 | 1.50E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 15.8 1.47E-09 | 6.76E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
791 3.16E-07 | 1.46E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16 1.29E-09 | 5.92E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.95 3.08E-07 | 1.43E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16 1.25E-09 | 5.77E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
7.99 3.00E-07 | 1.39E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16.1 1.22E-09 | 5.61E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
8.03 2.92E-07 | 1.35E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16.1 1.19E-09 | 5.47E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
8.07 2.84E-07 | 1.32E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16.2 1.16E-09 | 5.32E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
8.11 2.77E-07 | 1.28E-10 | 6.97E-05 | 6.97E-05 | 6.97E-05 16.2 1.13E-09 | 5.18E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
8.77 1.76E-07 | 8.14E-11 | 6.98E-05 | 6.98E-05 | 6.98E-05 16.2 1.10E-09 | 5.05E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.08 1.42E-07 | 6.57E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 16.3 1.07E-09 | 4.91E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.12 1.39E-07 | 6.40E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 17.1 6.11E-10 | 2.81E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.71 9.31E-08 | 4.29E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 18 3.31E-10 | 1.52E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.75 9.06E-08 | 4.18E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 18 3.22E-10 | 1.48E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.78 8.82E-08 | 4.07E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 18.1 3.14E-10 | 1.45E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.82 8.59E-08 | 3.96E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 18.1 2.98E-10 | 1.37E-13 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.86 8.37E-08 | 3.86E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 19.6 1.14E-10 | 5.26E-14 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.9 8.15E-08 | 3.76E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 19.6 1.11E-10 | 5.13E-14 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.94 7.93E-08 | 3.66E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 19.9 8.99E-11 | 4.14E-14 | 7.00E-05 | 7.00E-05 | 7.00E-05
9.98 7.72E-08 | 3.56E-11 | 6.99E-05 | 6.99E-05 | 6.99E-05 19.9 8.76E-11 | 4.03E-14 | 7.00E-05 | 7.00E-05 | 7.00E-05
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1.2 Brilliant blue-R oxidation products with hypochlorite.
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Figure 1.1.5 '"H NMR spectrum for brilliant blue-R major oxidation product
P; (3- ethyl amino methyl benzene sulphonic acid) with hypochlorite.
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Figure 1.1.6

PC NMR spectrum for brilliant blue-R major oxidation product
P; (3- ethyl amino methyl benzene sulphonic acid) with hypochlorite.
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Figure 1.1.7 GC-MS spectrum for brilliant blue-R major oxidation product
P, (3- ethyl amino methyl benzene sulphonic acid) with hypochlorite.
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Figure 1.1.8

'H NMR spectrum for brilliant blue-R major oxidation product
P; (3- ethyl amino methyl-benzene sulphonic acid) with hypochlorite.
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Figure 1.1.9  *C NMR spectrum for brilliant blue-R major oxidation product
P; (3-ethyl amino methyl-benzene sulphonic acid) with hypochlorite.
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Figure 1.1.10 GC-MS spectrum for brilliant blue-R major oxidation product
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hypochlorite.
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Figure 1.1.13 GC-MS spectrum of brilliant blue-R major oxidation product

P4 (4-[bis-(4-hydroxy-phenyl)-methylene]-cyclohexa-2,5-hydroxide) with
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Table 1.3

Brilliant Blue - hypochlorite experimental and simulated curves-compiled data .

Time El S1 Time E2 S2 Time E3 S3
0.23193 5.26E-05 5.86E-05 0.11597 4.45E-05 5.58E-05 0.057982 2.71E-05 5.61E-05
0.70068 6.27E-05 5.80E-05 0.35035 6.14E-05 5.44E-05 0.17517 4.83E-05 5.48E-05
1.1694 6.01E-05 5.65E-05 0.58473 6.17E-05 5.31E-05 0.29235 5.67E-05 5.37E-05
1.6382 5.76E-05 5.51E-05 0.8191 6.01E-05 5.2E-05 0.40953 5.84E-05 5.26E-05
2.1069 5.54E-05 5.37E-05 1.0535 5.84E-05 5.09E-05 0.52672 5.76E-05 5.16E-05
2.5757 5.33E-05 5.24E-05 1.2879 5.67E-05 4.98E-05 0.6439 5.62E-05 5.06E-05
3.0444 5.14E-05 5.11E-05 1.5222 5.52E-05 4.89E-05 0.76109 5.47E-05 4.96E-05
3.5132 4.95E-05 4.98E-05 1.7566 5.38E-05 4.79E-05 0.87827 5.32E-05 4.87E-05
3.9819 4.79E-05 4.86E-05 1.991 5.24E-05 4.7E-05 0.99545 5.17E-05 4.77E-05
4.4507 4.62E-05 4.74E-05 2.2254 5.11E-05 4.61E-05 1.1126 5.04E-05 4.68E-05
4.9194 4.47E-05 4.62E-05 2.4598 4.99E-05 4.52E-05 1.2298 4.91E-05 4.59E-05
5.3881 4.33E-05 4.50E-05 2.6941 4.86E-05 4.44E-05 1.347 4.78E-05 4.51E-05
5.8569 4.19E-05 4.39E-05 2.9285 4.75E-05 4.36E-05 1.4642 4.66E-05 4.42E-05
6.3256 4.06E-05 4.28E-05 3.1629 4.64E-05 4.28E-05 1.5814 4.54E-05 4.34E-05
6.7944 3.93E-05 4.18E-05 3.3973 4.53E-05 4.2E-05 1.6986 4.44E-05 4.26E-05
7.2631 3.82E-05 4.08E-05 3.6316 4.43E-05 4.12E-05 1.8157 4.33E-05 4.18E-05
7.7319 3.7E-05 3.98E-05 3.866 4.34E-05 4.05E-05 1.9329 4.23E-05 4.10E-05
8.2006 3.6E-05 3.88E-05 4.1004 4.24E-05 3.97E-05 2.0501 4.13E-05 4.03E-05
8.6694 3.5E-05 3.78E-05 4.3348 4.15E-05 3.9E-05 2.1673 4.04E-05 3.95E-05
14.294 2.55E-05 2.82E-05 7.1473 3.26E-05 3.15E-05 3.5735 3.12E-05 3.19E-05
14.763 2.49E-05 2.75E-05 7.3817 3.19E-05 3.09E-05 3.6907 3.06E-05 3.13E-05
15.232 2.43E-05 2.68E-05 7.6161 3.14E-05 3.04E-05 3.8079 3E-05 3.08E-05
15.701 2.37E-05 2.62E-05 7.8505 3.08E-05 2.98E-05 3.9251 2.94E-05 3.02E-05
16.169 2.32E-05 2.56E-05 8.0848 3.02E-05 2.93E-05 4.0422 2.88E-05 2.97E-05
16.638 2.26E-05 2.50E-05 8.3192 2.96E-05 2.88E-05 4.1594 2.83E-05 2.92E-05
17.107 2.21E-05 2.44E-05 8.5536 2.92E-05 2.83E-05 4.2766 2.77E-05 2.87E-05
17.576 2.16E-05 2.38E-05 8.788 2.86E-05 2.78E-05 4.3938 2.72E-05 2.82E-05
18.044 2.11E-05 2.32E-05 9.0224 2.81E-05 2.73E-05 4.511 2.67E-05 2.77E-05
18.513 2.07E-05 2.27E-05 9.2567 2.76E-05 2.68E-05 4.6282 2.62E-05 2.72E-05
18.982 2.02E-05 2.21E-05 9.4911 2.71E-05 2.64E-05 4.7453 2.57E-05 2.68E-05
19.451 1.98E-05 2.16E-05 9.7255 2.67E-05 2.59E-05 4.8625 2.52E-05 2.63E-05
19.919 1.94E-05 2.11E-05 9.9599 2.62E-05 2.55E-05 4.9797 2.48E-05 2.59E-05
20.388 1.9E-05 2.06E-05 10.194 2.57E-05 2.5E-05 5.0969 2.43E-05 2.55E-05
20.857 1.86E-05 2.01E-05 10.429 2.53E-05 2.46E-05 5.2141 2.39E-05 2.50E-05
21.326 1.82E-05 1.96E-05 10.663 2.49E-05 2.42E-05 5.3313 2.34E-05 2.46E-05
21.794 1.79E-05 1.92E-05 10.897 2.44E-05 2.37E-05 5.4484 2.3E-05 2.42E-05
22.263 1.76E-05 1.87E-05 11.132 2.4E-05 2.33E-05 5.5656 2.26E-05 2.38E-05
22.732 1.72E-05 1.83E-05 11.366 2.36E-05 2.29E-05 5.6828 2.22E-05 2.34E-05
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27.888 1.42E-05 1.41E-05 13.944 1.98E-05 1.89E-05 6.9718 1.83E-05 1.95E-05
28.357 1.4E-05 1.37E-05 14.179 1.95E-05 1.86E-05 7.089 1.8E-05 1.92E-05
28.825 1.38E-05 1.34E-05 14.413 1.92E-05 1.83E-05 7.2062 1.77E-05 1.89E-05
29.294 1.35E-05 1.31E-05 14.647 1.89E-05 1.8E-05 7.3234 1.75E-05 1.86E-05
29.763 1.33E-05 1.28E-05 14.882 1.86E-05 1.77E-05 7.4406 1.72E-05 1.83E-05
30.232 1.31E-05 1.25E-05 15.116 1.83E-05 1.74E-05 7.5578 1.69E-05 1.80E-05
30.7 1.3E-05 1.22E-05 15.351 1.81E-05 1.71E-05 7.6749 1.66E-05 1.77E-05
31.169 1.28E-05 1.19E-05 15.585 1.78E-05 1.68E-05 7.7921 1.63E-05 1.74E-05
31.638 1.26E-05 1.16E-05 15.819 1.75E-05 1.65E-05 7.9093 1.61E-05 1.71E-05
32.107 1.24E-05 1.14E-05 16.054 1.73E-05 1.62E-05 8.0265 1.58E-05 1.69E-05
32.575 1.22E-05 1.11E-05 16.288 1.71E-05 1.59E-05 8.1437 1.56E-05 1.66E-05
48.982 7.85E-06 4.90E-06 24.491 1.11E-05 8.77E-06 12.245 9.49E-06 9.59E-06
49.45 7.76E-06 4.78E-06 24.726 1.1E-05 8.62E-06 12.362 9.36E-06 9.44E-06
49.919 7.67E-06 4.67E-06 24.96 1.09E-05 8.48E-06 12.479 9.19E-06 9.30E-06
50.388 7.6E-06 4.57E-06 25.194 1.07E-05 8.33E-06 12.597 9.07E-06 9.16E-06
50.857 7.48E-06 4.46E-06 25.429 1.06E-05 8.19E-06 12.714 8.96E-06 9.02E-06
51.325 7.4E-06 4.36E-06 25.663 1.05E-05 8.05E-06 12.831 8.84E-06 8.88E-06
56.482 6.52E-06 3.38E-06 28.241 9.46E-06 6.69E-06 14.12 7.71E-06 7.52E-06
56.95 6.45E-06 3.30E-06 28.476 9.34E-06 6.58E-06 14.237 7.61E-06 7.40E-06
72.888 4.58E-06 1.50E-06 36.445 6.7E-06 3.71E-06 18.222 5.15E-06 4.45E-06
77.575 4.17E-06 1.19E-06 38.788 6.11E-06 3.14E-06 19.393 4.64E-06 3.84E-06
78.044 4.14E-06 1.17E-06 39.023 6.06E-06 3.08E-06 19.511 4.59E-06 3.79E-06
78.513 4.12E-06 1.14E-06 39.257 6.01E-06 3.03E-06 19.628 4.54E-06 3.73E-06
99.606 2.99E-06 4.04E-07 49.804 4.11E-06 1.43E-06 24.901 3.13E-06 1.93E-06
100.07 2.95E-06 3.95E-07 50.039 4.09E-06 1.4E-06 25.018 3.11E-06 1.90E-06
100.54 2.95E-06 3.86E-07 50.273 4.06E-06 1.38E-06 25.135 3.09E-06 1.88E-06
101.01 2.94E-06 3.77E-07 50.507 4.02E-06 1.36E-06 25.253 3.06E-06 1.85E-06
101.48 2.93E-06 3.68E-07 50.742 3.99E-06 1.34E-06 25.37 3.03E-06 1.82E-06
101.95 2.9E-06 3.60E-07 50.976 3.98E-06 1.31E-06 25.487 3.02E-06 1.80E-06
102.42 2.88E-06 3.52E-07 51.211 3.92E-06 1.29E-06 25.604 2.99E-06 1.77E-06
102.89 2.87E-06 3.44E-07 51.445 3.93E-06 1.27E-06 25.721 2.98E-06 1.74E-06
103.36 2.84E-06 3.36E-07 51.679 3.87E-06 1.25E-06 25.838 2.96E-06 1.72E-06
129.14 2.31E-06 9.46E-08 64.57 2.78E-06 4.99E-07 32.284 2.27E-06 7.75E-07
129.61 2.3E-06 9.24E-08 64.804 2.76E-06 4.91E-07 32.401 2.25E-06 7.64E-07
130.07 2.3E-06 9.04E-08 65.039 2.77E-06 4.83E-07 32.518 2.25E-06 7.53E-07
130.54 2.29E-06 8.83E-08 65.273 2.75E-06 4.75E-07 32.635 2.24E-06 7.42E-07
131.01 2.28E-06 8.63E-08 65.508 2.74E-06 4.67E-07 32.752 2.24E-06 7.32E-07
131.48 2.27E-06 8.43E-08 65.742 2.73E-06 4.59E-07 32.87 2.22E-06 7.21E-07
135.23 2.23E-06 7.01E-08 67.617 2.64E-06 4.02E-07 33.807 2.18E-06 6.43E-07
151.17 2.06E-06 3.21E-08 75.586 2.31E-06 2.28E-07 37.791 1.97E-06 3.94E-07
151.64 2.05E-06 3.13E-08 75.82 2.31E-06 2.24E-07 37.908 1.96E-06 3.88E-07
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152.11 2.05E-06 3.06E-08 76.055 2.3E-06 2.2E-07 38.026 1.97E-06 3.83E-07
164.29 1.94E-06 1.68E-08 82.149 2.15E-06 1.43E-07 41.072 1.81E-06 2.63E-07
164.76 1.94E-06 1.64E-08 82.383 2.14E-06 1.41E-07 41.19 1.81E-06 2.60E-07
165.23 1.93E-06 1.61E-08 82.617 2.15E-06 1.38E-07 41.307 1.8E-06 2.56E-07

165.7 1.92E-06 1.57E-08 82.852 2.14E-06 1.36E-07 41.424 1.81E-06 2.52E-07
166.17 1.93E-06 1.53E-08 83.086 2.14E-06 1.34E-07 41.541 1.79E-06 2.49E-07
166.64 1.92E-06 1.50E-08 83.32 2.13E-06 1.32E-07 41.658 1.79E-06 2.45E-07
167.11 1.92E-06 1.47E-08 83.555 2.12E-06 1.29E-07 41.775 1.8E-06 2.41E-07
185.39 1.79E-06 5.97E-09 92.696 1.93E-06 6.75E-08 46.346 1.64E-06 1.38E-07
185.86 1.78E-06 5.83E-09 92.93 1.93E-06 6.64E-08 46.463 1.65E-06 1.36E-07
186.32 1.78E-06 5.70E-09 93.164 1.92E-06 6.53E-08 46.58 1.63E-06 1.34E-07
186.79 1.8E-06 5.57E-09 93.399 1.92E-06 6.42E-08 46.697 1.64E-06 1.32E-07
187.26 1.78E-06 5.45E-09 93.633 1.91E-06 6.32E-08 46.814 1.63E-06 1.30E-07
187.73 1.77E-06 5.32E-09 93.867 1.92E-06 6.21E-08 46.932 1.63E-06 1.28E-07

188.2 1.78E-06 5.20E-09 94.102 1.89E-06 6.11E-08 47.049 1.62E-06 1.26E-07
188.67 1.75E-06 5.08E-09 94.336 1.9E-06 6.01E-08 47.166 1.63E-06 1.25E-07
189.14 1.77E-06 4.97E-09 94.571 1.89E-06 5.91E-08 47.283 1.62E-06 1.23E-07
189.61 1.78E-06 4.85E-09 94.805 1.89E-06 5.81E-08 47.4 1.62E-06 1.21E-07
190.07 1.76E-06 4.74E-09 95.039 1.88E-06 5.72E-08 47.518 1.62E-06 1.19E-07
190.54 1.77E-06 4.64E-09 95.274 1.88E-06 5.62E-08 47.635 1.62E-06 1.18E-07
191.01 1.76E-06 4.53E-09 95.508 1.87E-06 5.53E-08 47.752 1.61E-06 1.16E-07
191.48 1.75E-06 4.43E-09 95.742 1.88E-06 5.44E-08 47.869 1.6E-06 1.14E-07
191.95 1.75E-06 4.33E-09 95.977 1.87E-06 5.35E-08 47.986 1.6E-06 1.13E-07
192.42 1.75E-06 4.23E-09 96.211 1.86E-06 5.26E-08 48.103 1.6E-06 1.11E-07
192.89 1.75E-06 4.13E-09 96.446 1.86E-06 5.17E-08 48.221 1.61E-06 1.10E-07
193.36 1.75E-06 4.04E-09 96.68 1.85E-06 5.09E-08 48.338 1.6E-06 1.08E-07
193.82 1.74E-06 3.95E-09 96.914 1.84E-06 SE-08 48.455 1.59E-06 1.06E-07
194.29 1.74E-06 3.86E-09 97.149 1.85E-06 4.92E-08 48.572 1.6E-06 1.05E-07
194.76 1.74E-06 3.77E-09 97.383 1.85E-06 4.84E-08 48.689 1.58E-06 1.03E-07
195.23 1.73E-06 3.68E-09 97.617 1.82E-06 4.76E-08 48.807 1.57E-06 1.02E-07

195.7 1.74E-06 3.60E-09 97.852 1.85E-06 4.68E-08 48.924 1.59E-06 1.01E-07
196.17 1.73E-06 3.52E-09 98.086 1.83E-06 4.6E-08 49.041 1.59E-06 9.91E-08
196.64 1.73E-06 3.44E-09 98.321 1.82E-06 4.53E-08 49.158 1.57E-06 9.77E-08
197.11 1.72E-06 3.36E-09 98.555 1.82E-06 4.45E-08 49.275 1.58E-06 9.63E-08
197.57 1.72E-06 3.28E-09 98.789 1.83E-06 4.38E-08 49.392 1.57E-06 9.49E-08
236.95 1.54E-06 4.74E-10 118.48 1.58E-06 1.08E-08 59.236 1.36E-06 2.84E-08
238.36 1.55E-06 4.43E-10 119.18 1.57E-06 1.03E-08 59.587 1.35E-06 2.72E-08
238.82 1.55E-06 4.33E-10 119.41 1.57E-06 1.01E-08 59.705 1.35E-06 2.68E-08
239.29 1.56E-06 4.23E-10 119.65 1.57E-06 9.94E-09 59.822 1.35E-06 2.64E-08
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Table 1.4

Brilliant blue - hypochlorite intermediate and product formation -compiled data.

TIME P4 HOCI P1 BB+ P2 I, P3

0.17517 | 1.70E-05 1.04E-03 3.85E-06 5.61E-05 3.85E-06 4.86E-07 3.37E-06
0.29235 | 1.98E-05 1.08E-03 5.15E-06 5.48E-05 5.15E-06 3.48E-07 4.80E-06
0.40953 | 2.12E-05 1.09E-03 6.30E-06 5.37E-05 6.30E-06 3.08E-07 5.99E-06
0.52672 | 2.25E-05 1.09E-03 7.38E-06 5.26E-05 7.38E-06 2.90E-07 7.09E-06
0.6439 | 2.38E-05 1.09E-03 8.41E-06 5.16E-05 8.41E-06 2.79E-07 8.13E-06
0.76109 | 2.50E-05 1.09E-03 9.42E-06 5.06E-05 9.42E-06 2.71E-07 9.15E-06
0.87827 | 2.62E-05 1.09E-03 1.04E-05 4.96E-05 1.04E-05 2.64E-07 1.01E-05
2.2845 | 2.74E-05 1.08E-03 2.05E-05 3.95E-05 2.05E-05 2.01E-07 2.03E-05
2.4017 | 2.85E-05 1.08E-03 2.12E-05 3.88E-05 2.12E-05 1.96E-07 2.10E-05
2.5188 | 2.96E-05 1.08E-03 2.19E-05 3.81E-05 2.19E-05 1.92E-07 2.17E-05
2.636 | 3.07E-05 1.08E-03 2.26E-05 3.74E-05 2.26E-05 1.88E-07 2.24E-05
2.7532 | 3.17E-05 1.08E-03 2.32E-05 3.68E-05 2.32E-05 1.84E-07 2.31E-05
2.8704 | 3.27E-05 1.08E-03 2.39E-05 3.61E-05 2.39E-05 1.80E-07 2.37E-05
2.9876 | 3.37E-05 1.08E-03 2.45E-05 3.55E-05 2.45E-05 1.76E-07 2.44E-05
3.1048 | 3.47E-05 1.07E-03 2.52E-05 3.48E-05 2.52E-05 1.73E-07 2.50E-05
3.2219 | 3.56E-05 1.07E-03 2.58E-05 3.42E-05 2.58E-05 1.69E-07 2.56E-05
3.3391 | 3.65E-05 1.07E-03 2.64E-05 3.36E-05 2.64E-05 1.66E-07 2.62E-05
3.4563 | 3.74E-05 1.07E-03 2.70E-05 3.30E-05 2.70E-05 1.62E-07 2.68E-05
3.5735 | 3.83E-05 1.07E-03 2.76E-05 3.24E-05 2.76E-05 1.59E-07 2.74E-05
3.6907 | 3.91E-05 1.07E-03 2.81E-05 3.19E-05 2.81E-05 1.56E-07 2.80E-05
3.8079 | 3.99E-05 1.07E-03 2.87E-05 3.13E-05 2.87E-05 1.53E-07 2.85E-05
3.9251 | 4.07E-05 1.07E-03 2.92E-05 3.08E-05 2.92E-05 1.50E-07 2.91E-05
6.1515 | 5.04E-05 1.06E-03 3.77E-05 2.23E-05 3.77E-05 1.04E-07 3.76E-05
6.6203 | 5.24E-05 1.06E-03 3.92E-05 2.08E-05 3.92E-05 9.62E-08 3.91E-05
6.7375 | 5.28E-05 1.06E-03 3.95E-05 2.05E-05 3.95E-05 9.45E-08 3.94E-05
6.8547 | 5.33E-05 1.06E-03 3.98E-05 2.02E-05 3.98E-05 9.28E-08 3.98E-05
6.9718 | 5.37E-05 1.06E-03 4.02E-05 1.98E-05 4.02E-05 9.11E-08 4.01E-05
7.089 | 5.72E-05 1.06E-03 4.05E-05 1.95E-05 4.05E-05 8.95E-08 4.04E-05
7.2062 | 5.75E-05 1.06E-03 4.08E-05 1.92E-05 4.08E-05 8.79E-08 4.07E-05
7.3234 | 5.79E-05 1.06E-03 4.11E-05 1.89E-05 4.11E-05 8.63E-08 4.10E-05
7.4406 | 5.82E-05 1.06E-03 4.14E-05 1.86E-05 4.14E-05 8.48E-08 4.13E-05
7.5578 | 5.85E-05 1.06E-03 4.17E-05 1.83E-05 4.17E-05 8.33E-08 4.16E-05
7.6749 | 5.88E-05 1.06E-03 4.20E-05 1.80E-05 4.20E-05 8.18E-08 4.19E-05
7.7921 | 5.91E-05 1.06E-03 4.23E-05 1.77E-05 4.23E-05 8.04E-08 4.22E-05
7.9093 | 5.94E-05 1.06E-03 4.26E-05 1.74E-05 4.26E-05 7.90E-08 4.25E-05
8.0265 | 5.97E-05 1.06E-03 4.29E-05 1.71E-05 4.29E-05 7.76E-08 4.28E-05
8.1437 | 5.99E-05 1.06E-03 4.31E-05 1.69E-05 4.31E-05 7.62E-08 4.31E-05
8.2609 | 6.02E-05 1.06E-03 4.34E-05 1.66E-05 4.34E-05 7.49E-08 4.33E-05
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8.378 | 6.12E-05 1.06E-03 4.37E-05 1.63E-05 4.37E-05 7.36E-08 4.36E-05
8.4952 | 6.14E-05 1.06E-03 4.39E-05 1.61E-05 4.39E-05 7.23E-08 4.39E-05
8.6124 | 6.16E-05 1.06E-03 4.42E-05 1.58E-05 4.42E-05 7.11E-08 4.41E-05
8.7296 | 6.19E-05 1.06E-03 4.44E-05 1.56E-05 4.44E-05 6.99E-08 4.44E-05
8.8468 | 6.21E-05 1.06E-03 4.47E-05 1.53E-05 4.47E-05 6.87E-08 4.46E-05

8.964 | 6.23E-05 1.06E-03 4.49E-05 1.51E-05 4.49E-05 6.75E-08 4.49E-05
9.0811 | 6.25E-05 1.05E-03 4.52E-05 1.48E-05 4.52E-05 6.63E-08 4.51E-05
9.1983 | 6.27E-05 1.05E-03 4.54E-05 1.46E-05 4.54E-05 6.52E-08 4.53E-05
12.831 | 6.45E-05 1.05E-03 5.10E-05 9.02E-06 5.10E-05 3.90E-08 5.09E-05
12.948 | 6.47E-05 1.05E-03 5.11E-05 8.88E-06 5.11E-05 3.84E-08 5.11E-05
13.065 | 6.48E-05 1.05E-03 5.13E-05 8.75E-06 5.13E-05 3.78E-08 5.12E-05
13.183 | 6.50E-05 1.05E-03 5.14E-05 8.61E-06 5.14E-05 3.72E-08 5.13E-05

13.3 | 6.51E-05 1.05E-03 5.15E-05 8.48E-06 5.15E-05 3.66E-08 5.15E-05
13.417 | 6.52E-05 1.05E-03 5.16E-05 8.36E-06 5.16E-05 3.60E-08 5.16E-05
13.534 | 6.54E-05 1.05E-03 5.18E-05 8.23E-06 5.18E-05 3.55E-08 5.17E-05
13.651 | 6.55E-05 1.05E-03 5.19E-05 8.11E-06 5.19E-05 3.49E-08 5.19E-05
15.878 | 6.62E-05 1.05E-03 5.39E-05 6.09E-06 5.39E-05 2.59E-08 5.39E-05
15.995 | 6.63E-05 1.05E-03 5.40E-05 6.00E-06 5.40E-05 2.55E-08 5.40E-05
16.112 | 6.64E-05 1.05E-03 5.41E-05 5.91E-06 5.41E-05 2.51E-08 5.41E-05
16.698 | 6.65E-05 1.05E-03 5.45E-05 5.48E-06 5.45E-05 2.32E-08 5.45E-05
16.815 | 6.66E-05 1.05E-03 5.46E-05 5.40E-06 5.46E-05 2.29E-08 5.46E-05
16.932 | 6.67E-05 1.05E-03 5.47E-05 5.32E-06 5.47E-05 2.25E-08 5.47E-05

17.05 | 6.68E-05 1.05E-03 5.48E-05 5.24E-06 5.48E-05 2.22E-08 5.47E-05
17.167 | 6.75E-05 1.05E-03 5.48E-05 5.17E-06 5.48E-05 2.19E-08 5.48E-05
17.987 | 6.75E-05 1.04E-03 5.53E-05 4.66E-06 5.53E-05 1.96E-08 5.53E-05
20.096 | 6.76E-05 1.04E-03 5.64E-05 3.57E-06 5.64E-05 1.50E-08 5.64E-05
21.971 | 6.85E-05 1.04E-03 5.72E-05 2.82E-06 5.72E-05 1.18E-08 5.72E-05
25.135 | 6.86E-05 1.04E-03 5.81E-05 1.90E-06 5.81E-05 7.89E-09 5.81E-05
25.253 | 6.86E-05 1.04E-03 5.81E-05 1.88E-06 5.81E-05 7.78E-09 5.81E-05

25.37 | 6.86E-05 1.04E-03 5.82E-05 1.85E-06 5.82E-05 7.66E-09 5.81E-05
25.487 | 6.87E-05 1.04E-03 5.82E-05 1.82E-06 5.82E-05 7.55E-09 5.82E-05
25.604 | 6.88E-05 1.04E-03 5.82E-05 1.80E-06 5.82E-05 7.44E-09 5.82E-05
25.721 | 6.88E-05 1.04E-03 5.82E-05 1.77E-06 5.82E-05 7.33E-09 5.82E-05
25.838 | 6.88E-05 1.04E-03 5.83E-05 1.74E-06 5.83E-05 7.23E-09 5.82E-05
25.956 | 6.89E-05 1.04E-03 5.83E-05 1.72E-06 5.83E-05 7.12E-09 5.83E-05
26.073 | 6.89E-05 1.04E-03 5.83E-05 1.69E-06 5.83E-05 7.02E-09 5.83E-05

26.19 | 6.89E-05 1.04E-03 5.83E-05 1.67E-06 5.83E-05 6.91E-09 5.83E-05
26.307 | 6.93E-05 1.04E-03 5.84E-05 1.65E-06 5.84E-05 6.81E-09 5.83E-05
26.424 | 6.94E-05 1.04E-03 5.84E-05 1.62E-06 5.84E-05 6.72E-09 5.84E-05
28.182 | 6.94E-05 1.04E-03 5.87E-05 1.30E-06 5.87E-05 5.39E-09 5.87E-05
29.706 | 6.94E-05 1.04E-03 5.89E-05 1.08E-06 5.89E-05 4.46E-09 5.89E-05
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29.823 | 6.94E-05 1.04E-03 5.89E-05 1.07E-06 5.89E-05 4.40E-09 5.89E-05
29.94 | 6.94E-05 1.04E-03 5.89E-05 1.05E-06 5.89E-05 4.33E-09 5.89E-05
30.057 | 6.94E-05 1.04E-03 5.90E-05 1.04E-06 5.90E-05 4.27E-09 5.90E-05
30.174 | 6.96E-05 1.04E-03 5.90E-05 1.02E-06 5.90E-05 4.21E-09 5.90E-05
34.627 | 6.97E-05 1.04E-03 5.94E-05 5.90E-07 5.94E-05 2.43E-09 5.94E-05
41.19 | 6.98E-05 1.04E-03 5.97E-05 2.63E-07 5.97E-05 1.08E-09 5.97E-05
41.307 | 6.98E-05 1.04E-03 5.97E-05 2.60E-07 5.97E-05 1.07E-09 5.97E-05
41.424 | 6.98E-05 1.04E-03 5.97E-05 2.56E-07 5.97E-05 1.05E-09 5.97E-05
41.541 | 6.99E-05 1.04E-03 5.97E-05 2.52E-07 5.97E-05 1.04E-09 5.97E-05
41.658 | 6.99E-05 1.04E-03 5.98E-05 2.49E-07 5.98E-05 1.02E-09 5.98E-05
41.775 | 6.99E-05 1.04E-03 5.98E-05 2.45E-07 5.98E-05 1.01E-09 5.98E-05
41.893 | 6.99E-05 1.04E-03 5.98E-05 2.41E-07 5.98E-05 9.91E-10 5.98E-05
42.01 | 6.99E-05 1.04E-03 5.98E-05 2.38E-07 5.98E-05 9.77E-10 5.98E-05
42.947 | 6.99E-05 1.04E-03 5.98E-05 2.12E-07 5.98E-05 8.71E-10 5.98E-05
43.533 | 6.99E-05 1.04E-03 5.98E-05 1.97E-07 5.98E-05 8.11E-10 5.98E-05
43.65 | 6.99E-05 1.04E-03 5.98E-05 1.95E-07 5.98E-05 7.99E-10 5.98E-05
43.768 | 6.99E-05 1.04E-03 5.98E-05 1.92E-07 5.98E-05 7.87E-10 5.98E-05
45.76 | 6.99E-05 1.04E-03 5.98E-05 1.50E-07 5.98E-05 6.17E-10 5.98E-05
45.877 | 6.99E-05 1.04E-03 5.99E-05 1.48E-07 5.99E-05 6.08E-10 5.99E-05
45.994 | 7.00E-05 1.04E-03 5.99E-05 1.46E-07 5.99E-05 5.99E-10 5.99E-05
46.111 | 7.00E-05 1.04E-03 5.99E-05 1.44E-07 5.99E-05 5.91E-10 5.99E-05
48.103 | 7.00E-05 1.04E-03 5.99E-05 1.13E-07 5.99E-05 4.63E-10 5.99E-05
54.783 | 7.00E-05 1.04E-03 6.00E-05 4.97E-08 6.00E-05 2.04E-10 6.00E-05
54.9 | 7.00E-05 1.04E-03 6.00E-05 4.90E-08 6.00E-05 2.01E-10 6.00E-05
55.017 | 7.00E-05 1.04E-03 6.00E-05 4.83E-08 6.00E-05 1.98E-10 6.00E-05
55.134 | 7.00E-05 1.04E-03 6.00E-05 4.76E-08 6.00E-05 1.95E-10 6.00E-05
56.189 | 7.00E-05 1.04E-03 6.00E-05 4.19E-08 6.00E-05 1.72E-10 6.00E-05
56.306 | 7.00E-05 1.04E-03 6.00E-05 4.13E-08 6.00E-05 1.69E-10 6.00E-05
56.423 | 7.00E-05 1.04E-03 6.00E-05 4.07E-08 6.00E-05 1.67E-10 6.00E-05
58.65 | 7.00E-05 1.04E-03 6.00E-05 3.10E-08 6.00E-05 1.27E-10 6.00E-05
58.767 | 7.00E-05 1.04E-03 6.00E-05 3.05E-08 6.00E-05 1.25E-10 6.00E-05
58.884 | 7.00E-05 1.04E-03 6.00E-05 3.01E-08 6.00E-05 1.23E-10 6.00E-05
59.002 | 7.00E-05 1.04E-03 6.00E-05 2.97E-08 6.00E-05 1.22E-10 6.00E-05
59.939 | 7.00E-05 1.04E-03 6.00E-05 2.64E-08 6.00E-05 1.08E-10 6.00E-05
60.439 | 7.00E-05 1.04E-03 6.00E-05 2.49E-08 6.00E-05 1.02E-10 6.00E-05
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1.3 Safranine-O oxidation products with hypochlorite .
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Figure 1.1.14 '"H NMR spectrum of safranine-O major oxidation product P, (4-amino-6-(-2-
chloro-6-hydroxy-phenylimini)-3-methyl cyclohexa-2,4-dienone oxide) with
hypochlorite.

273



May09-2010-5BJ-vVasu 11 1 C:\Bruker\TOPSPIN guest

SC OCl P2

o¢ S’k o'k

=
[0
i~

—_

Figure 1.1.15 "“C NMR spectrum of safranine-O major oxidation product P, (4-amino-6-(-2-
chloro-6-hydroxy-phenylimini)-3-methyl cyclohexa-2,4-dienone oxide) with
hypochlorite.
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Figure 1.1.16 GC-MS spectrum of safranine-O major oxidation product P, (4-amino-6-(-2-
chloro-6-hydroxy-phenylimini)-3-methyl cyclohexa-2,4-dienone oxide) with

hypochlorite.
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Table 1.5

Safranine-O - hypochlorite experimental and simulated curves-compiled data.

Time El Time S1 Time E2 Time S2 Time E3 Time S3
0.2899 | 1.92E-05 0 0.00002 0.17395 | 1.68E-05 0 0.00002 0.087 | 1.26E-05 0 0.00002
0.8759 | 1.99E-05 0.2 | 1.99E-05 0.52551 | 1.94E-05 0.2 | 1.98E-05 0.2628 | 1.82E-05 0.2 | 1.98E-05
1.4618 | 1.95E-05 0.4 | 1.98E-05 0.87708 | 1.89E-05 0.4 | 1.97E-05 0.4385 | 1.91E-05 0.2628 | 1.97E-05
2.0477 | 1.92E-05 0.6 | 1.98E-05 1.2286 | 1.84E-05 0.5255 | 1.96E-05 0.6143 | 1.89E-05 0.4385 | 1.95E-05
2.6337 | 1.88E-05 0.8 | 1.97E-05 1.5802 1.8E-05 0.7255 | 1.94E-05 0.7901 | 1.85E-05 0.6143 | 1.93E-05
3.2196 | 1.86E-05 0.876 | 1.97E-05 1.9318 | 1.77E-05 0.8771 1.93E-05 0.9659 | 1.82E-05 0.7901 1.91E-05
3.8056 | 1.83E-05 1.076 | 1.96E-05 2.2833 | 1.73E-05 1.0771 1.92E-05 1.1416 | 1.79E-05 0.9659 | 1.89E-05
43915 1.8E-05 1.276 | 1.95E-05 2.6349 | 1.71E-05 1.2286 | 1.91E-05 1.3174 | 1.76E-05 1.1416 | 1.87E-05
4.9774 | 1.77E-05 1.462 | 1.94E-05 2.9865 | 1.68E-05 1.4286 | 1.89E-05 1.4932 | 1.73E-05 1.3174 | 1.85E-05
5.5634 | 1.75E-05 1.662 | 1.93E-05 3.338 | 1.65E-05 1.5802 | 1.88E-05 1.669 | 1.71E-05 1.4932 | 1.83E-05
6.1493 | 1.72E-05 1.862 | 1.93E-05 3.6896 | 1.63E-05 1.7802 | 1.87E-05 1.8447 | 1.69E-05 1.669 | 1.81E-05
6.7353 1.7E-05 2.048 | 1.92E-05 4.0411 | 1.61E-05 1.9318 | 1.85E-05 2.0205 | 1.67E-05 1.8447 | 1.79E-05
7.3212 | 1.67E-05 2.248 | 1.91E-05 4.3927 | 1.58E-05 2.1318 | 1.84E-05 2.1963 | 1.65E-05 2.0205 | 1.77E-05
7.9072 | 1.65E-05 2.448 1.9E-05 4.7443 | 1.56E-05 2.2833 | 1.83E-05 2.3721 | 1.63E-05 2.1963 | 1.76E-05
8.4931 | 1.63E-05 2.634 1.9E-05 5.0958 | 1.54E-05 2.4833 | 1.82E-05 2.5478 | 1.61E-05 2.3721 1.74E-05

9.079 | 1.61E-05 2.834 | 1.89E-05 5.4474 | 1.52E-05 2.6349 1.8E-05 2.7236 | 1.59E-05 2.5478 | 1.72E-05

9.665 | 1.58E-05 3.034 | 1.88E-05 5.799 1.5E-05 2.8349 | 1.79E-05 2.8994 | 1.57E-05 2.7236 1.7E-05
10.251 | 1.56E-05 3.22 | 1.87E-05 6.1505 | 1.48E-05 2.9865 | 1.78E-05 3.0752 | 1.56E-05 2.8994 | 1.68E-05
10.837 | 1.54E-05 3.42 | 1.87E-05 6.5021 | 1.46E-05 3.1865 | 1.77E-05 3.2509 | 1.54E-05 3.0752 | 1.67E-05
11.423 | 1.52E-05 3.62 | 1.86E-05 6.8536 | 1.44E-05 3.338 | 1.76E-05 3.4267 | 1.53E-05 3.2509 | 1.65E-05
12.009 1.5E-05 3.806 | 1.85E-05 7.2052 | 1.42E-05 3.538 | 1.74E-05 3.6025 | 1.51E-05 3.4267 | 1.63E-05
12.595 | 1.48E-05 4.006 | 1.84E-05 7.5568 1.4E-05 3.6896 | 1.73E-05 3.7783 | 1.49E-05 3.6025 | 1.61E-05
13.181 | 1.46E-05 4.206 | 1.84E-05 7.9083 | 1.38E-05 3.8896 | 1.72E-05 3.954 | 1.48E-05 3.7783 1.6E-05
13.767 | 1.45E-05 4392 | 1.83E-05 8.2599 | 1.37E-05 4.0411 1.71E-05 4.1298 | 1.47E-05 3.954 | 1.58E-05
14.353 | 1.43E-05 4.592 | 1.82E-05 8.6115 | 1.35E-05 4.2411 1.7E-05 4.3056 | 1.45E-05 4.1298 | 1.57E-05
14.938 | 1.41E-05 4.792 | 1.82E-05 8.963 | 1.33E-05 4.3927 | 1.69E-05 4.4814 | 1.43E-05 4.3056 | 1.55E-05
15.524 | 1.39E-05 4977 | 1.81E-05 9.3146 | 1.32E-05 4.5927 | 1.67E-05 4.6571 | 1.42E-05 44814 | 1.53E-05

16.11 | 1.38E-05 5.177 1.8E-05 9.6661 1.3E-05 4.7443 | 1.66E-05 4.8329 | 1.41E-05 4.6571 1.52E-05
16.696 | 1.36E-05 5.377 | 1.79E-05 10.018 | 1.28E-05 4.9443 | 1.65E-05 5.0087 | 1.39E-05 4.8329 1.5E-05
17.282 | 1.34E-05 5.563 | 1.79E-05 10.369 | 1.27E-05 5.0958 | 1.64E-05 5.1845 | 1.38E-05 5.0087 | 1.49E-05
17.868 | 1.33E-05 5.763 | 1.78E-05 10.721 | 1.25E-05 5.2958 | 1.63E-05 5.3603 | 1.37E-05 5.1845 | 1.47E-05
18.454 | 1.31E-05 5.963 | 1.77E-05 11.072 | 1.24E-05 5.4474 | 1.62E-05 5.536 | 1.35E-05 5.3603 | 1.46E-05

19.04 1.3E-05 6.149 | 1.77E-05 11.424 | 1.22E-05 5.6474 | 1.61E-05 5.7118 | 1.34E-05 5.536 | 1.44E-05
23.728 | 1.18E-05 7.721 1.71E-05 14.236 | 1.11E-05 7.0536 | 1.52E-05 7.118 | 1.24E-05 6.9422 | 1.32E-05
24.314 | 1.17E-05 7.907 1.7E-05 14.588 1.1E-05 7.2052 | 1.51E-05 7.2938 | 1.23E-05 7.118 | 1.31E-05
24.899 | 1.16E-05 8.107 1.7E-05 14.94 | 1.08E-05 7.4052 1.5E-05 7.4696 | 1.22E-05 7.2938 1.3E-05
25485 | 1.14E-05 8.307 | 1.69E-05 15.291 | 1.07E-05 7.5568 | 1.49E-05 7.6453 | 1.21E-05 7.4696 | 1.28E-05
26.071 | 1.13E-05 8.493 | 1.68E-05 15.643 | 1.06E-05 7.7568 | 1.48E-05 7.8211 1.2E-05 7.6453 | 1.27E-05
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26.657 | 1.12E-05 8.693 | 1.68E-05 15.994 | 1.04E-05 7.9083 1.47E-05 7.9969 | 1.19E-05 7.8211 1.26E-05
30.173 | 1.05E-05 9.865 1.64E-05 18.104 | 9.72E-06 8.963 1.41E-05 9.0515 | 1.12E-05 8.8758 | 1.18E-05
30.759 | 1.04E-05 10.07 | 1.63E-05 18.455 9.6E-06 9.163 1.4E-05 9.2273 | 1.11E-05 9.0515 | 1.17E-05
31.345 | 1.03E-05 10.25 | 1.62E-05 18.807 9.5E-06 9.3146 | 1.39E-05 9.4031 1.1E-05 9.2273 1.16E-05
31.931 | 1.02E-05 10.45 | 1.62E-05 19.158 | 9.38E-06 9.5146 | 1.38E-05 9.5789 | 1.09E-05 9.4031 1.14E-05
44.236 | 8.16E-06 14.55 | 1.49E-05 26.541 | 7.37E-06 13.182 1.2E-05 13.27 | 9.04E-06 13.094 9.2E-06
44.821 | 8.08E-06 14.75 1.48E-05 26.893 | 7.29E-06 13.382 1.19E-05 13.446 | 8.96E-06 13.27 9.1E-06
45.407 8E-06 14.94 | 1.48E-05 27.244 | 7.21E-06 13.533 1.18E-05 13.622 | 8.89E-06 13.446 | 9.01E-06
45.993 | 7.92E-06 15.14 | 1.47E-05 27.596 | 7.12E-06 13.733 1.17E-05 13.798 8.8E-06 13.622 | 8.92E-06
50.095 | 7.38E-06 16.51 1.43E-05 30.057 | 6.57E-06 14.94 | 1.12E-05 15.028 | 8.27E-06 14.852 | 8.29E-06
50.681 | 7.31E-06 16.7 | 1.43E-05 30.408 | 6.51E-06 15.14 | 1.11E-05 15.204 8.2E-06 15.028 8.2E-06
51.267 | 7.24E-06 16.9 | 1.42E-05 30.76 | 6.43E-06 15.291 1.1E-05 15.379 | 8.13E-06 15.204 | 8.12E-06
72.947 | 5.08E-06 24.13 1.23E-05 43.768 | 4.28E-06 21.819 | 8.58E-06 21.883 | 5.89E-06 21.707 | 5.52E-06
73.533 | 5.03E-06 2431 1.22E-05 44.119 | 4.24E-06 21.971 | 8.53E-06 22.059 | 5.84E-06 21.883 | 5.47E-06
78.806 | 4.62E-06 26.07 | 1.18E-05 47.283 | 3.84E-06 23.577 | 8.01E-06 23.641 | 5.41E-06 23.465 | 4.98E-06
79.392 | 4.58E-06 26.27 | 1.17E-05 47.635 3.8E-06 23.729 | 7.96E-06 23.817 | 5.36E-06 23.641 | 4.93E-06
79.978 | 4.54E-06 26.47 | 1.17E-05 47.986 | 3.76E-06 23.929 7.9E-06 23.993 | 5.31E-06 23.817 | 4.88E-06
80.564 4.5E-06 26.66 | 1.17E-05 48.338 | 3.71E-06 24.08 | 7.86E-06 24.168 | 5.27E-06 23.993 | 4.83E-06

81.15 | 4.46E-06 26.86 | 1.16E-05 48.69 | 3.67E-06 24.28 7.8E-06 24.344 | 5.23E-06 24.168 | 4.78E-06
81.736 | 4.41E-06 27.06 | 1.16E-05 49.041 | 3.63E-06 24.432 | 7.75E-06 24.52 | 5.18E-06 24.344 | 4.73E-06
82.322 | 4.38E-06 27.24 | 1.15E-05 49.393 3.6E-06 24.632 | 7.69E-06 24.696 | 5.14E-06 24.52 | 4.68E-06
82.908 | 4.33E-06 2744 | 1.15E-05 49.744 | 3.56E-06 24.783 | 7.65E-06 24.871 5.1E-06 24.696 | 4.63E-06
90.525 | 3.84E-06 29.99 | 1.09E-05 54.315 3.1E-06 27.093 | 6.99E-06 27.156 | 4.56E-06 26.981 | 4.04E-06
91.111 | 3.81E-06 30.17 | 1.09E-05 54.666 | 3.07E-06 27.244 | 6.95E-06 27.332 | 4.53E-06 27.156 4E-06
91.697 | 3.78E-06 30.37 | 1.08E-05 55.018 | 3.03E-06 27.444 6.9E-06 27.508 | 4.49E-06 27.332 | 3.96E-06
95.212 | 3.58E-06 31.55 | 1.06E-05 57.127 | 2.84E-06 28.499 | 6.62E-06 28.563 | 4.27E-06 28.387 | 3.72E-06
95.798 | 3.54E-06 31.75 | 1.05E-05 57.479 | 2.82E-06 28.651 | 6.59E-06 28.738 | 4.23E-06 28.563 | 3.68E-06
96.384 | 3.51E-06 31.93 1.05E-05 57.83 | 2.79E-06 28.851 | 6.53E-06 28.914 4.2E-06 28.738 | 3.64E-06

96.97 | 3.48E-06 32.13 | 1.04E-05 58.182 | 2.76E-06 29.002 6.5E-06 29.09 | 4.17E-06 28914 | 3.61E-06
107.52 | 2.97E-06 35.65 | 9.72E-06 64.51 | 2.28E-06 32.166 | 5.75E-06 32.254 | 3.58E-06 32.078 | 2.99E-06

108.1 | 2.94E-06 35.85 | 9.68E-06 64.861 | 2.26E-06 32.366 | 5.71E-06 3243 | 3.55E-06 32.254 | 2.96E-06
108.69 | 2.92E-06 36.03 | 9.64E-06 65.213 | 2.23E-06 32.518 | 5.67E-06 32.606 | 3.52E-06 3243 | 2.93E-06
109.28 | 2.89E-06 36.23 9.6E-06 65.565 | 2.21E-06 32.718 | 5.63E-06 32.781 | 3.49E-06 32.606 2.9E-06
109.86 | 2.87E-06 36.43 | 9.56E-06 65.916 | 2.19E-06 32.869 5.6E-06 32.957 | 3.46E-06 32.781 | 2.87E-06
110.45 | 2.84E-06 36.62 | 9.53E-06 66.268 | 2.17E-06 33.069 | 5.55E-06 33.133 | 3.43E-06 32.957 | 2.84E-06
111.03 | 2.81E-06 36.82 | 9.49E-06 66.619 | 2.14E-06 33.221 | 5.52E-06 33.309 3.4E-06 33.133 | 2.81E-06
111.62 | 2.79E-06 37.02 | 9.45E-06 66.971 | 2.12E-06 33.421 | 5.48E-06 33.484 | 3.38E-06 33.309 | 2.78E-06

112.2 | 2.77E-06 37.2 | 9.41E-06 67.322 2.1E-06 33.572 | 5.45E-06 33.66 | 3.35E-06 33.484 | 2.75E-06
112.79 | 2.74E-06 37.4 | 9.38E-06 67.674 | 2.08E-06 33.772 5.4E-06 33.836 | 3.33E-06 33.66 | 2.72E-06
113.38 | 2.72E-06 37.6 | 9.34E-06 68.026 | 2.06E-06 33.924 | 5.37E-06 34.012 3.3E-06 33.836 2.7E-06
113.96 | 2.69E-06 37.79 9.3E-06 68.377 | 2.03E-06 34.124 | 5.33E-06 34.188 | 3.27E-06 34.012 | 2.67E-06
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138.57 | 1.87E-06 45.99 | 7.88E-06 83.143 | 1.31E-06 41.507 | 4.01E-06 41.57 | 2.32E-06 41.394 | 1.72E-06
139.16 | 1.86E-06 46.19 | 7.85E-06 83.494 1.3E-06 41.658 | 3.99E-06 41.746 2.3E-06 41.57 | 1.71E-06
139.74 | 1.84E-06 46.39 | 7.82E-06 83.846 | 1.29E-06 41.858 | 3.96E-06 41.922 | 2.28E-06 41.746 | 1.69E-06
140.33 | 1.83E-06 46.58 | 7.79E-06 84.197 | 1.28E-06 42.01 | 3.93E-06 42.097 | 2.27E-06 41.922 | 1.67E-06
140.92 | 1.82E-06 46.78 | 7.76E-06 84.549 | 1.26E-06 42.21 3.9E-06 42.273 | 2.25E-06 42.097 | 1.65E-06

141.5 1.8E-06 46.98 | 7.73E-06 84.901 | 1.25E-06 42.361 | 3.88E-06 42.449 | 2.23E-06 42.273 1.64E-06
142.09 | 1.78E-06 47.17 7.7E-06 85.252 | 1.24E-06 42.561 | 3.85E-06 42.625 | 2.21E-06 42.449 | 1.62E-06
142.67 | 1.77E-06 47.37 | 7.67E-06 85.604 | 1.22E-06 42.713 | 3.83E-06 42.801 | 2.19E-06 42.625 1.6E-06
147.36 | 1.64E-06 48.92 | 7.43E-06 88.416 | 1.13E-06 44.119 | 3.63E-06 44.207 | 2.05E-06 44.031 1.48E-06
147.95 | 1.63E-06 49.12 7.4E-06 88.768 | 1.12E-06 44319 3.6E-06 44.383 | 2.03E-06 44.207 | 1.46E-06
148.53 | 1.62E-06 49.32 | 7.37E-06 89.119 | 1.11E-06 44.471 | 3.58E-06 44.558 | 2.02E-06 44.383 1.44E-06
149.12 1.6E-06 49.51 | 7.34E-06 89.471 1.1E-06 44.671 | 3.55E-06 44.734 | 2.01E-06 44.558 | 1.43E-06

162.6 | 1.33E-06 54.01 | 6.71E-06 97.557 | 8.66E-07 48.69 | 3.04E-06 48.777 | 1.66E-06 48.601 1.13E-06
163.18 | 1.32E-06 542 | 6.68E-06 97.908 | 8.62E-07 48.89 | 3.02E-06 48.953 | 1.65E-06 48.777 | 1.11E-06
163.77 | 1.31E-06 544 | 6.66E-06 98.26 | 8.55E-07 49.041 3E-06 49.128 | 1.64E-06 48.953 1.1E-06
164.35 1.3E-06 54.6 | 6.63E-06 98.611 | 8.47E-07 49.241 | 2.98E-06 49.304 | 1.62E-06 49.128 | 1.09E-06
164.94 | 1.29E-06 54.78 6.6E-06 98.963 | 8.37E-07 49.393 | 2.96E-06 49.48 | 1.61E-06 49.304 | 1.08E-06
165.53 | 1.27E-06 54.98 | 6.58E-06 99.315 | 8.29E-07 49.593 | 2.94E-06 49.656 1.6E-06 49.48 | 1.07E-06
166.11 | 1.27E-06 55.18 | 6.55E-06 99.666 8.2E-07 49.744 | 2.92E-06 49.832 | 1.58E-06 49.656 | 1.06E-06

166.7 | 1.26E-06 5537 | 6.53E-06 100.02 | 8.14E-07 49.944 2.9E-06 50.007 | 1.57E-06 49.832 | 1.05E-06
167.28 | 1.24E-06 55.57 6.5E-06 100.37 | 8.06E-07 50.096 | 2.88E-06 50.183 | 1.56E-06 50.007 | 1.04E-06
173.73 | 1.14E-06 57.71 | 6.23E-06 104.24 | 7.21E-07 52.054 | 2.67E-06 52.117 | 1.43E-06 51.941 | 9.24E-07

183.1 | 1.01E-06 60.84 | 5.85E-06 109.86 | 6.23E-07 54.866 2.4E-06 54.929 | 1.26E-06 54.753 | 7.83E-07
188.38 | 9.34E-07 62.6 | 5.64E-06 113.03 | 5.74E-07 56.424 | 2.26E-06 56.511 | 1.17E-06 56.335 | 7.13E-07
188.96 | 9.28E-07 62.8 | 5.62E-06 113.38 | 5.68E-07 56.624 | 2.24E-06 56.687 | 1.17E-06 56.511 | 7.05E-07
199.51 | 8.12E-07 66.32 | 5.24E-06 119.71 | 4.81E-07 59.788 | 1.98E-06 59.851 | 1.02E-06 59.675 | 5.85E-07

200.1 | 8.04E-07 66.5 | 5.22E-06 120.06 | 4.74E-07 59.94 | 1.97E-06 60.027 | 1.01E-06 59.851 | 5.79E-07
200.68 | 7.99E-07 66.7 | 5.19E-06 120.41 | 4.72E-07 60.14 | 1.96E-06 60.202 | 9.95E-07 60.027 | 5.73E-07
201.27 | 7.92E-07 66.9 | 5.17E-06 120.76 | 4.66E-07 60.291 1.95E-06 60.378 | 9.89E-07 60.202 | 5.67E-07
205.37 | 7.55E-07 68.26 | 5.03E-06 123.22 | 4.41E-07 61.546 | 1.85E-06 61.609 | 9.42E-07 61.433 | 5.27E-07
205.96 | 7.47E-07 68.46 | 5.01E-06 123.57 | 4.35E-07 61.697 | 1.84E-06 61.784 | 9.35E-07 61.609 | 5.22E-07
206.54 | 7.43E-07 68.66 | 4.99E-06 123.92 4.3E-07 61.897 | 1.83E-06 61.96 | 9.26E-07 61.784 | 5.16E-07
207.13 7.4E-07 68.85 | 4.98E-06 124.28 | 4.27E-07 62.049 | 1.82E-06 62.136 | 9.21E-07 61.96 | 5.11E-07
207.71 | 7.31E-07 69.05 | 4.96E-06 124.63 | 4.23E-07 62.249 1.8E-06 62312 | 9.11E-07 62.136 | 5.06E-07

208.3 | 7.27E-07 69.25 | 4.94E-06 124.98 | 4.22E-07 62.401 1.79E-06 62.487 | 9.04E-07 62312 | 5.01E-07
208.89 | 7.18E-07 69.43 | 4.92E-06 125.33 | 4.17E-07 62.601 1.78E-06 62.663 | 8.99E-07 62.487 | 4.95E-07
209.47 | 7.14E-07 69.63 4.9E-06 125.68 | 4.15E-07 62.752 | 1.77E-06 62.839 8.9E-07 62.663 4.9E-07
210.06 | 7.07E-07 69.83 | 4.88E-06 126.03 4.1E-07 62.952 | 1.76E-06 63.015 | 8.85E-07 62.839 | 4.85E-07
210.64 | 6.99E-07 70.02 | 4.86E-06 126.38 | 4.06E-07 63.104 | 1.75E-06 63.191 | 8.82E-07 63.015 4.8E-07
211.23 | 6.95E-07 70.22 | 4.84E-06 126.74 | 4.03E-07 63.304 | 1.73E-06 63.366 | 8.77E-07 63.191 | 4.75E-07
227.05 | 5.75E-07 75.49 | 4.35E-06 136.23 | 3.18E-07 68.026 | 1.44E-06 68.112 | 7.14E-07 67.937 | 3.59E-07
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227.64 5.7E-07 75.69 | 4.33E-06 136.58 | 3.16E-07 68.226 | 1.43E-06 68.288 | 7.07E-07 68.112 | 3.55E-07
228.22 5.7E-07 75.88 | 4.32E-06 136.93 | 3.13E-07 68.377 | 1.43E-06 68.464 | 7.02E-07 68.288 | 3.52E-07
228.81 | 5.65E-07 76.08 4.3E-06 137.28 | 3.11E-07 68.577 | 1.41E-06 68.64 | 6.95E-07 68.464 | 3.48E-07
229.39 | 5.62E-07 76.28 | 4.28E-06 137.63 | 3.11E-07 68.729 | 1.41E-06 68.815 | 6.93E-07 68.64 | 3.44E-07
229.98 | 5.57E-07 76.46 | 4.27E-06 137.99 | 3.06E-07 68.929 1.4E-06 68.991 | 6.86E-07 68.815 | 3.41E-07
230.56 | 5.54E-07 76.66 | 4.25E-06 138.34 | 3.03E-07 69.08 | 1.39E-06 69.167 | 6.81E-07 68.991 | 3.37E-07
231.15 | 5.47E-07 76.86 | 4.23E-06 138.69 | 3.04E-07 69.28 1.38E-06 69.343 6.8E-07 69.167 | 3.34E-07
239.94 | 4.94E-07 79.79 | 3.99E-06 143.96 | 2.67E-07 71.893 1.25E-06 71.979 | 6.07E-07 71.804 | 2.86E-07
240.53 | 4.89E-07 79.98 | 3.98E-06 14431 | 2.64E-07 72.093 1.24E-06 72.155 | 6.06E-07 71.979 | 2.83E-07
246.97 4.5E-07 82.14 | 3.81E-06 148.18 | 2.39E-07 74.002 | 1.15E-06 74.089 | 5.62E-07 73913 | 2.52E-07
25342 | 4.17E-07 84.28 | 3.65E-06 152.05 2.2E-07 75.96 | 1.06E-06 76.022 | 5.13E-07 75.846 | 2.25E-07
254 | 4.16E-07 84.48 | 3.63E-06 152.4 | 2.17E-07 76.111 1.06E-06 76.198 | 5.12E-07 76.022 | 2.23E-07
254.59 | 4.12E-07 84.67 | 3.62E-06 152.75 | 2.17E-07 76.311 1.05E-06 76.374 | 5.07E-07 76.198 2.2E-07
255.17 | 4.08E-07 84.87 3.6E-06 153.1 | 2.16E-07 76.463 1.04E-06 76.55 | 5.04E-07 76.374 | 2.18E-07
268.65 | 3.55E-07 89.35 | 3.29E-06 161.19 | 1.86E-07 80.53 | 8.93E-07 80.592 | 4.31E-07 80.417 | 1.72E-07
269.24 3.5E-07 89.55 | 3.28E-06 161.54 | 1.81E-07 80.682 | 8.88E-07 80.768 | 4.25E-07 80.592 1.7E-07
269.82 | 3.51E-07 89.75 | 3.27E-06 161.89 | 1.82E-07 80.882 | 8.81E-07 80.944 | 4.24E-07 80.768 | 1.68E-07
270.41 3.5E-07 89.94 | 3.25E-06 162.24 | 1.83E-07 81.033 | 8.76E-07 81.12 4.2E-07 80.944 | 1.66E-07
270.99 | 3.46E-07 90.14 | 3.24E-06 162.6 | 1.78E-07 81.233 | 8.69E-07 81.295 | 4.19E-07 81.12 | 1.65E-07
279.2 | 3.18E-07 92.87 | 3.07E-06 167.52 | 1.63E-07 83.694 | 7.91E-07 83.756 | 3.75E-07 83.581 1.42E-07
279.78 | 3.19E-07 93.07 | 3.06E-06 167.87 1.6E-07 83.846 | 7.86E-07 83.932 | 3.76E-07 83.756 | 1.41E-07
280.37 | 3.16E-07 93.27 | 3.04E-06 168.22 1.6E-07 84.046 7.8E-07 84.108 | 3.78E-07 83.932 | 1.39E-07
290.92 | 2.83E-07 96.78 | 2.84E-06 174.55 | 1.43E-07 87.21 | 6.91E-07 87.272 | 3.31E-07 87.096 | 1.16E-07
291.5 | 2.81E-07 96.97 | 2.83E-06 174.9 | 1.45E-07 87.361 | 6.87E-07 87.448 | 3.35E-07 87.272 | 1.14E-07
292.67 | 2.76E-07 97.37 2.8E-06 175.6 | 1.41E-07 87.713 | 6.78E-07 87.799 | 3.31E-07 87.623 1.12E-07
293.26 | 2.75E-07 97.56 | 2.79E-06 175.96 | 1.36E-07 87.913 | 6.73E-07 87.975 | 3.24E-07 87.799 | 1.11E-07
293.85 | 2.72E-07 97.76 | 2.78E-06 176.31 | 1.38E-07 88.065 | 6.69E-07 88.151 | 3.21E-07 87.975 1.1E-07
294.43 | 2.76E-07 97.96 | 2.77E-06 176.66 1.4E-07 88.265 | 6.63E-07 88.327 | 3.21E-07 88.151 1.09E-07
29795 | 2.67E-07 99.13 | 2.71E-06 178.77 | 1.33E-07 89.319 | 6.37E-07 89.381 | 3.12E-07 89.205 | 1.02E-07
298.53 | 2.65E-07 99.31 2.7E-06 179.12 | 1.32E-07 89.471 | 6.33E-07 89.557 3.1E-07 89.381 1.01E-07
299.12 | 2.62E-07 99.51 | 2.69E-06 179.47 | 1.33E-07 89.671 | 6.29E-07 89.733 | 3.02E-07 89.557 1E-07
299.71 | 2.62E-07 99.71 | 2.67E-06 179.82 | 1.33E-07 89.822 | 6.25E-07 89.909 | 3.01E-07 89.733 9.9E-08
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Table 1.6

Safranine-O - hypochlorite intermediate and product formation- compiled data.

TIME SO P1 P2 26.629 | 4.13E-06 1.59E-05 1.90E-09 1.59E-05
2.00E-05 0.00E+00 0.00E+00 0.00E+00 26.805 | 4.09E-06 1.59E-05 1.88E-09 1.59E-05

0.2 | 1.98E-05 2.35E-07 9.10E-09 2.26E-07 26.981 | 4.04E-06 1.60E-05 1.86E-09 1.60E-05
0.26275 | 1.97E-05 3.08E-07 9.07E-09 2.99E-07 27.156 | 4.00E-06 1.60E-05 1.85E-09 1.60E-05
0.43852 | 1.95E-05 5.13E-07 8.98E-09 5.04E-07 27.332 | 3.96E-06 1.60E-05 1.83E-09 1.60E-05
0.6143 | 1.93E-05 7.15E-07 8.88E-09 7.06E-07 27.508 | 3.92E-06 1.61E-05 1.81E-09 1.61E-05
0.79008 | 1.91E-05 9.16E-07 8.79E-09 9.07E-07 27.684 | 3.88E-06 1.61E-05 1.79E-09 1.61E-05
0.96585 | 1.89E-05 1.11E-06 8.70E-09 1.11E-06 27.86 | 3.84E-06 1.62E-05 1.77E-09 1.62E-05
1.1416 | 1.87E-05 1.31E-06 8.61E-09 1.30E-06 28.035 | 3.80E-06 1.62E-05 1.75E-09 1.62E-05
1.3174 | 1.85E-05 1.50E-06 8.52E-09 1.50E-06 32.957 | 2.84E-06 1.72E-05 1.31E-09 1.72E-05
1.4932 | 1.83E-05 1.70E-06 8.43E-09 1.69E-06 33.133 | 2.81E-06 1.72E-05 1.30E-09 1.72E-05
1.669 | 1.81E-05 1.89E-06 8.34E-09 1.88E-06 33.309 | 2.78E-06 1.72E-05 1.28E-09 1.72E-05
6.2391 | 1.38E-05 6.19E-06 6.36E-09 6.18E-06 33.484 | 2.75E-06 1.72E-05 1.27E-09 1.72E-05
6.4149 | 1.37E-05 6.33E-06 6.30E-09 6.33E-06 33.66 | 2.72E-06 1.73E-05 1.26E-09 1.73E-05
6.5907 | 1.35E-05 6.47E-06 6.23E-09 6.47E-06 33.836 | 2.70E-06 1.73E-05 1.24E-09 1.73E-05
6.7665 | 1.34E-05 6.61E-06 6.17E-09 6.61E-06 34.012 | 2.67E-06 1.73E-05 1.23E-09 1.73E-05
6.9422 | 1.32E-05 6.75E-06 6.10E-09 6.75E-06 34.188 | 2.64E-06 1.74E-05 1.22E-09 1.74E-05
7.118 | 1.31E-05 6.89E-06 6.04E-09 6.88E-06 34.363 | 2.61E-06 1.74E-05 1.21E-09 1.74E-05
7.2938 | 1.30E-05 7.03E-06 5.98E-09 7.02E-06 34.539 | 2.59E-06 1.74E-05 1.19E-09 1.74E-05
7.4696 | 1.28E-05 7.16E-06 5.92E-09 7.15E-06 34.715 | 2.56E-06 1.74E-05 1.18E-09 1.74E-05
7.6453 | 1.27E-05 7.29E-06 5.86E-09 7.29E-06 34.891 | 2.53E-06 1.75E-05 1.17E-09 1.75E-05
7.8211 | 1.26E-05 7.43E-06 5.80E-09 7.42E-06 35.066 | 2.51E-06 1.75E-05 1.16E-09 1.75E-05
7.9969 | 1.24E-05 7.56E-06 5.74E-09 7.55E-06 38.055 | 2.10E-06 1.79E-05 9.69E-10 1.79E-05
8.1727 | 1.23E-05 7.68E-06 5.68E-09 7.68E-06 38.23 | 2.08E-06 1.79E-05 9.59E-10 1.79E-05
8.3484 | 1.22E-05 7.81E-06 5.62E-09 7.81E-06 38.406 | 2.06E-06 1.79E-05 9.49E-10 1.79E-05
14.852 | 8.29E-06 1.17E-05 3.82E-09 1.17E-05 38.582 | 2.04E-06 1.80E-05 9.39E-10 1.80E-05
15.028 | 8.20E-06 1.18E-05 3.78E-09 1.18E-05 38.758 | 2.01E-06 1.80E-05 9.29E-10 1.80E-05
15.204 | 8.12E-06 1.19E-05 3.74E-09 1.19E-05 38.933 | 1.99E-06 1.80E-05 9.20E-10 1.80E-05
15.379 | 8.04E-06 1.20E-05 3.70E-09 1.20E-05 44.734 | 1.42E-06 1.86E-05 6.53E-10 1.86E-05
15.555 | 7.95E-06 1.20E-05 3.67E-09 1.20E-05 44.91 | 1.40E-06 1.86E-05 6.46E-10 1.86E-05
15.731 | 7.87E-06 1.21E-05 3.63E-09 1.21E-05 45.086 | 1.39E-06 1.86E-05 6.39E-10 1.86E-05
15.907 | 7.79E-06 1.22E-05 3.59E-09 1.22E-05 45.261 | 1.37E-06 1.86E-05 6.33E-10 1.86E-05
16.083 | 7.71E-06 1.23E-05 3.55E-09 1.23E-05 45.437 | 1.36E-06 1.86E-05 6.26E-10 1.86E-05
16.258 | 7.63E-06 1.24E-05 3.52E-09 1.24E-05 45.613 | 1.34E-06 1.87E-05 6.20E-10 1.87E-05
16.434 | 7.55E-06 1.25E-05 3.48E-09 1.24E-05 45.789 | 1.33E-06 1.87E-05 6.13E-10 1.87E-05
16.61 | 7.47E-06 1.25E-05 3.44E-09 1.25E-05 45.965 | 1.32E-06 1.87E-05 6.07E-10 1.87E-05
23.465 | 4.98E-06 1.50E-05 2.30E-09 1.50E-05 46.14 | 1.30E-06 1.87E-05 6.01E-10 1.87E-05
23.641 | 4.93E-06 1.51E-05 2.27E-09 1.51E-05 46.316 | 1.29E-06 1.87E-05 5.95E-10 1.87E-05
26.453 | 4.17E-06 1.58E-05 1.92E-09 1.58E-05 46.492 | 1.28E-06 1.87E-05 5.88E-10 1.87E-05
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46.668 | 1.26E-06 1.87E-05 5.82E-10 1.87E-05 63.191 | 4.75E-07 1.95E-05 2.19E-10 1.95E-05
46.843 | 1.25E-06 1.88E-05 5.76E-10 1.88E-05 63.366 | 4.70E-07 1.95E-05 2.17E-10 1.95E-05
47.019 | 1.24E-06 1.88E-05 5.70E-10 1.88E-05 63.542 | 4.65E-07 1.95E-05 2.15E-10 1.95E-05
47.195 | 1.22E-06 1.88E-05 5.64E-10 1.88E-05 63.718 | 4.61E-07 1.95E-05 2.13E-10 1.95E-05
47.371 | 1.21E-06 1.88E-05 5.59E-10 1.88E-05 63.894 | 4.56E-07 1.95E-05 2.10E-10 1.95E-05
52.292 | 9.05E-07 1.91E-05 4.18E-10 1.91E-05 64.069 | 4.51E-07 1.95E-05 2.08E-10 1.95E-05
52.468 | 8.96E-07 1.91E-05 4.13E-10 1.91E-05 64.245 | 4.46E-07 1.96E-05 2.06E-10 1.96E-05
52.644 | 8.86E-07 1.91E-05 4.09E-10 1.91E-05 64.421 | 4.42E-07 1.96E-05 2.04E-10 1.96E-05
52.82 | 8.77E-07 1.91E-05 4.05E-10 1.91E-05 64.597 | 4.37E-07 1.96E-05 2.02E-10 1.96E-05
52.996 | 8.68E-07 1.91E-05 4.01E-10 1.91E-05 70.749 | 3.04E-07 1.97E-05 1.40E-10 1.97E-05
53.171 | 8.59E-07 1.91E-05 3.96E-10 1.91E-05 70.925 | 3.01E-07 1.97E-05 1.39E-10 1.97E-05
53.347 | 8.50E-07 1.91E-05 3.92E-10 1.91E-05 71.1 | 2.98E-07 1.97E-05 1.37E-10 1.97E-05
56.16 | 7.20E-07 1.93E-05 3.32E-10 1.93E-05 73.913 | 2.52E-07 1.97E-05 1.16E-10 1.97E-05
56.335 | 7.13E-07 1.93E-05 3.29E-10 1.93E-05 80.065 | 1.75E-07 1.98E-05 8.09E-11 1.98E-05
56.511 | 7.05E-07 1.93E-05 3.25E-10 1.93E-05 80.241 | 1.73E-07 1.98E-05 8.00E-11 1.98E-05
56.687 | 6.98E-07 1.93E-05 3.22E-10 1.93E-05 80.417 | 1.72E-07 1.98E-05 7.92E-11 1.98E-05
56.863 | 6.91E-07 1.93E-05 3.19E-10 1.93E-05 80.592 | 1.70E-07 1.98E-05 7.84E-11 1.98E-05
57.038 | 6.84E-07 1.93E-05 3.15E-10 1.93E-05 80.768 | 1.68E-07 1.98E-05 7.76E-11 1.98E-05
57.214 | 6.77E-07 1.93E-05 3.12E-10 1.93E-05 80.944 | 1.66E-07 1.98E-05 7.68E-11 1.98E-05
57.39 | 6.70E-07 1.93E-05 3.09E-10 1.93E-05 81.12 | 1.65E-07 1.98E-05 7.60E-11 1.98E-05
57.566 | 6.63E-07 1.93E-05 3.06E-10 1.93E-05 81.295 | 1.63E-07 1.98E-05 7.52E-11 1.98E-05
57.742 | 6.56E-07 1.93E-05 3.03E-10 1.93E-05 81.471 | 1.61E-07 1.98E-05 7.44E-11 1.98E-05
57.917 | 6.49E-07 1.94E-05 2.99E-10 1.94E-05 81.647 | 1.60E-07 1.98E-05 7.36E-11 1.98E-05
58.093 | 6.42E-07 1.94E-05 2.96E-10 1.94E-05 81.823 | 1.58E-07 1.98E-05 7.29E-11 1.98E-05
58.269 | 6.36E-07 1.94E-05 2.93E-10 1.94E-05 81.999 | 1.56E-07 1.98E-05 7.21E-11 1.98E-05
58.445 | 6.29E-07 1.94E-05 2.90E-10 1.94E-05 82.174 | 1.55E-07 1.98E-05 7.14E-11 1.98E-05
58.62 | 6.23E-07 1.94E-05 2.87E-10 1.94E-05 82.35 | 1.53E-07 1.98E-05 7.06E-11 1.98E-05
58.796 | 6.16E-07 1.94E-05 2.84E-10 1.94E-05 82.526 | 1.52E-07 1.98E-05 6.99E-11 1.98E-05
61.784 | 5.16E-07 1.95E-05 2.38E-10 1.95E-05 82.702 | 1.50E-07 1.99E-05 6.92E-11 1.98E-05
61.96 | 5.11E-07 1.95E-05 2.36E-10 1.95E-05 82.877 | 1.48E-07 1.99E-05 6.85E-11 1.99E-05
62.136 | 5.06E-07 1.95E-05 2.33E-10 1.95E-05 83.053 | 1.47E-07 1.99E-05 6.78E-11 1.99E-05
62.312 | 5.01E-07 1.95E-05 2.31E-10 1.95E-05 83.229 | 1.45E-07 1.99E-05 6.71E-11 1.99E-05
62.487 | 4.95E-07 1.95E-05 2.29E-10 1.95E-05 86.393 | 1.21E-07 1.99E-05 5.56E-11 1.99E-05
62.663 | 4.90E-07 1.95E-05 2.26E-10 1.95E-05 86.569 | 1.19E-07 1.99E-05 5.51E-11 1.99E-05
62.839 | 4.85E-07 1.95E-05 2.24E-10 1.95E-05 86.745 | 1.18E-07 1.99E-05 5.45E-11 1.99E-05
63.015 | 4.80E-07 1.95E-05 2.22E-10 1.95E-05
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APPENDIX 2 - CHAPTER 4

2.1 Amaranth oxidation products with chlorine dioxide .
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Figure 2.1.1  "H NMR spectrum of amaranth oxidation product
P> (1,4 napthalenedione) with chlorine dioxide.
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Figure 2.1.2 "*C NMR spectrum of amaranth oxidation product product
P, (1,4 napthalenedione) with chlorine dioxide.
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Figure 2.1.3  GC-MS spectrum of amaranth oxidation product P, (1,4 napthalenedione)

ioxide.
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Table 2.1

Amaranth - chlorine dioxide experimental and simulated curves-compiled data.

TIME El Time E2 Time E3 TIME S1 Time S2 Time S3
0 | 7.00E-05 0.0019 | 6.21E-05 0.002 | 5.96E-05 0 | 7.00E-05 0.0146 | 6.70E-05 0.005 | 7.13E-05
0.018 | 6.33E-05 0.0215 | 5.78E-05 0.021 | 4.95E-05 0.0136 | 6.12E-05 0.0635 | 5.87E-05 0.054 | 6.05E-05
0.021 | 6.19E-05 0.0254 | 5.68E-05 0.025 | 4.78E-05 0.0175 | 5.89E-05 0.0732 | 5.72E-05 0.063 5.9E-05
0.025 | 6.06E-05 0.0293 | 5.58E-05 0.029 | 4.62E-05 0.0215 | 5.68E-05 0.083 | 5.59E-05 0.073 | 5.75E-05
0.029 | 5.94E-05 0.0332 | 5.48E-05 0.033 | 4.46E-05 0.0254 | 5.48E-05 0.0928 | 5.46E-05 0.083 | 5.61E-05
0.033 | 5.82E-05 0.0371 | 5.38E-05 0.037 | 4.31E-05 0.0293 | 5.29E-05 0.1025 | 5.33E-05 0.093 | 5.48E-05
0.037 | 5.70E-05 0.041 | 5.29E-05 0.041 | 4.17E-05 0.0332 | S.11E-05 0.1123 | 5.21E-05 0.103 | 5.37E-05
0.041 | 5.59E-05 0.0449 5.2E-05 0.045 | 4.04E-05 0.0371 | 4.94E-05 0.1221 | 5.10E-05 0.112 | 5.25E-05
0.045 | 5.48E-05 0.0488 5.1E-05 0.049 | 3.91E-05 0.041 | 4.77E-05 0.1319 | 4.99E-05 0.122 | 5.14E-05
0.049 | 5.37E-05 0.0527 | 5.01E-05 0.053 | 3.79E-05 0.0449 | 4.61E-05 0.1416 | 4.89E-05 0.132 | 5.03E-05
0.053 | 5.27E-05 0.0566 | 4.92E-05 0.057 | 3.67E-05 0.0488 | 4.46E-05 0.1514 | 4.79E-05 0.142 | 4.93E-05
0.057 | S5.17E-05 0.0605 | 4.84E-05 0.06 | 3.55E-05 0.0527 | 4.32E-05 0.1612 | 4.69E-05 0.151 | 4.84E-05
0.06 | 5.08E-05 0.0644 | 4.77E-05 0.064 | 3.45E-05 0.0566 | 4.18E-05 0.1709 | 4.60E-05 0.161 | 4.74E-05
0.092 | 4.41E-05 0.0956 | 4.19E-05 0.096 | 2.72E-05 0.0878 | 3.26E-05 0.2491 | 3.97E-05 0.239 | 4.11E-05
0.096 | 4.33E-05 0.0995 | 4.12E-05 0.1 | 2.64E-05 0.0917 | 3.17E-05 0.2589 | 3.90E-05 0.249 | 4.04E-05
0.1 | 4.26E-05 0.1034 | 4.06E-05 0.103 | 2.56E-05 0.0956 | 3.07E-05 0.2686 | 3.83E-05 0.259 | 3.97E-05
0.103 | 4.19E-05 0.1073 4E-05 0.107 | 2.49E-05 0.0995 | 2.99E-05 0.2784 | 3.77E-05 0.269 | 3.91E-05
0.107 | 4.12E-05 0.1112 | 3.93E-05 0.111 | 2.42E-05 0.1034 | 2.90E-05 0.2882 | 3.71E-05 0.278 | 3.84E-05
0.228 | 2.65E-05 0.2323 | 2.52E-05 0.232 | 1.11E-05 0.2245 | 1.27E-05 0.5911 | 2.44E-05 0.581 | 2.48E-05
0.232 | 2.62E-05 0.2362 | 2.49E-05 0.236 | 1.08E-05 0.2284 | 1.24E-05 0.6009 | 2.42E-05 0.591 | 2.45E-05
0.236 | 2.59E-05 0.2401 | 2.46E-05 0.24 | 1.06E-05 0.2323 | 1.21E-05 0.6106 | 2.39E-05 0.601 | 2.42E-05
0.24 | 2.56E-05 0.244 | 2.43E-05 0.244 | 1.04E-05 0.2362 | 1.18E-05 0.6204 | 2.36E-05 0.611 2.4E-05
0.244 | 2.53E-05 0.2479 | 2.39E-05 0.248 | 1.01E-05 0.2401 1.15E-05 0.6302 | 2.34E-05 0.62 | 2.37E-05
0.248 | 2.49E-05 0.2518 | 2.36E-05 0.252 | 9.92E-06 0.244 | 1.13E-05 0.6399 | 2.31E-05 0.63 | 2.34E-05
0.252 | 2.46E-05 0.2557 | 2.33E-05 0.256 | 9.71E-06 0.2479 | 1.10E-05 0.6497 | 2.29E-05 0.64 | 2.31E-05
0.256 | 2.43E-05 0.2596 2.3E-05 0.26 | 9.50E-06 0.2518 | 1.07E-05 0.6595 | 2.26E-05 0.65 | 2.28E-05
0.26 | 2.41E-05 0.2635 | 2.27E-05 0.264 | 9.29E-06 0.2557 | 1.05E-05 0.6692 | 2.24E-05 0.659 | 2.26E-05
0.264 | 2.38E-05 0.2674 | 2.24E-05 0.267 9.1E-06 0.2596 | 1.02E-05 0.679 | 2.22E-05 0.669 | 2.23E-05
0.267 | 2.35E-05 0.2713 | 2.21E-05 0.271 | 8.91E-06 0.2635 | 9.97E-06 0.6888 | 2.19E-05 0.679 2.2E-05
0.271 | 2.32E-05 0.2752 | 2.18E-05 0.275 | 8.70E-06 0.2674 | 9.73E-06 0.6986 | 2.17E-05 0.689 | 2.18E-05
0.275 | 2.29E-05 0.2791 | 2.16E-05 0.279 | 8.53E-06 0.2713 | 9.50E-06 0.7083 | 2.15E-05 0.699 | 2.15E-05
0.279 | 2.27E-05 0.283 | 2.13E-05 0.283 | 8.36E-06 0.2752 | 9.27E-06 0.7181 | 2.13E-05 0.708 | 2.13E-05
0.435 | 1.48E-05 0.4392 1.3E-05 0.439 | 4.03E-06 0.4314 | 3.67E-06 1.1089 | 1.50E-05 1.099 1.4E-05
0.439 | 1.46E-05 0.4431 1.29E-05 0.443 | 3.96E-06 0.4353 | 3.59E-06 1.1187 | 1.49E-05 1.109 | 1.39E-05
0.611 | 9.75E-06 0.6149 | 7.94E-06 0.615 | 2.32E-06 0.6071 1.35E-06 1.5486 | 1.10E-05 1.539 | 9.56E-06
0.701 | 8.02E-06 0.7047 | 6.33E-06 0.705 1.93E-06 0.6968 | 8.14E-07 1.7733 | 9.60E-06 1.764 8.1E-06
0.705 | 7.95E-06 0.7086 | 6.26E-06 0.709 | 1.92E-06 0.7008 | 7.96E-07 1.7831 | 9.55E-06 1.773 | 8.05E-06
0.752 | 7.20E-06 0.7554 | 5.59E-06 0.755 | 1.77E-06 0.7476 | 6.13E-07 1.9003 | 8.94E-06 1.891 | 7.42E-06

285




0.755 | 7.15E-06 0.7593 | 5.55E-06 0.759 | 1.77E-06 0.7515 | 6.00E-07 1.9101 8.89E-06 1.9 | 7.38E-06
0.759 | 7.09E-06 0.7632 5.5E-06 0.763 1.76E-06 0.7554 | 5.87E-07 1.9199 | 8.84E-06 1.91 | 7.34E-06
0.763 | 7.03E-06 0.7671 | 5.45E-06 0.767 1.76E-06 0.7593 | 5.74E-07 1.9297 | 8.79E-06 1.92 | 7.29E-06
0.841 | 6.00E-06 0.8452 | 4.56E-06 0.845 1.61E-06 0.8374 | 3.71E-07 2.1251 | 7.93E-06 2.115 | 6.44E-06
0.845 | 5.95E-06 0.8491 | 4.53E-06 0.849 | 1.62E-06 0.8413 | 3.63E-07 2.1348 | 7.89E-06 2.125 | 6.41E-06
0.935 | 4.98E-06 0.9389 | 3.77E-06 0.939 | 1.50E-06 09311 | 2.21E-07 2.3596 | 7.05E-06 2.35 | 5.64E-06
0.939 | 4.94E-06 0.9428 | 3.75E-06 0.943 1.51E-06 0.935 | 2.16E-07 2.3693 | 7.02E-06 2.36 5.6E-06
1.103 | 3.62E-06 1.1068 | 2.82E-06 1.107 | 1.40E-06 1.099 | 8.69E-08 2.7797 | 5.82E-06 2.77 | 4.58E-06
1.107 | 3.59E-06 1.1107 | 2.79E-06 1.111 1.41E-06 1.1029 | 8.50E-08 2.7895 | 5.79E-06 2.78 | 4.55E-06
1.111 | 3.57E-06 1.1146 | 2.77E-06 1.115 1.40E-06 1.1068 | 8.32E-08 2.7992 | 5.77E-06 2.79 | 4.55E-06
1.716 | 1.21E-06 1.7197 1.6E-06 1.72 | 1.32E-06 1.7119 | 2.94E-09 43137 | 3.25E-06 4.304 3E-06

1.72 | 1.21E-06 1.7236 | 1.61E-06 1.724 | 1.34E-06 1.7158 | 2.88E-09 4.3235 | 3.24E-06 4314 | 2.99E-06
1.724 | 1.20E-06 1.7275 1.6E-06 1.728 1.32E-06 1.7197 | 2.81E-09 43332 | 3.23E-06 4.324 | 2.99E-06
1.728 | 1.19E-06 1.7314 | 1.59E-06 1.731 1.34E-06 1.7236 | 2.75E-09 4.343 | 3.22E-06 4.333 3E-06
1.731 1.18E-06 1.7353 1.59E-06 1.735 1.33E-06 1.7275 | 2.70E-09 4.3528 | 3.21E-06 4.343 | 2.97E-06
1.888 | 9.04E-07 1.8915 1.52E-06 1.892 | 1.33E-06 1.8837 | 1.14E-09 4.7436 | 2.82E-06 4.734 | 2.84E-06
1.892 | 8.98E-07 1.8954 | 1.51E-06 1.895 1.32E-06 1.8876 | 1.12E-09 4.7534 | 2.81E-06 4.744 | 2.83E-06
1.931 8.40E-07 1.9344 | 1.48E-06 1.934 | 1.32E-06 1.9266 | 9.00E-10 4.8511 2.73E-06 4.841 2.8E-06
1.934 | 8.35E-07 1.9383 1.48E-06 1.938 | 1.33E-06 1.9305 | 8.81E-10 4.8609 | 2.72E-06 4.851 2.8E-06
1.938 | 8.29E-07 1.9422 | 1.48E-06 1.942 | 1.33E-06 1.9344 | 8.62E-10 4.8706 | 2.71E-06 4.861 | 2.79E-06
1.942 | 8.24E-07 1.9461 1.49E-06 1.946 | 1.32E-06 1.9383 | 8.44E-10 4.8804 | 2.70E-06 4.871 2.8E-06
1.946 | 8.18E-07 1.95 1.48E-06 1.95 | 1.32E-06 1.9422 | 8.26E-10 4.8902 | 2.69E-06 4.88 | 2.79E-06
1.981 | 7.71E-07 1.9852 | 1.48E-06 1.985 1.31E-06 1.9774 | 6.80E-10 4.9781 | 2.62E-06 4.968 | 2.76E-06
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Table 2.2

Amaranth -chlorine dioxide intermediate and product formation-compiled data.

TIME AM- P1 11 P2 0.21665 2.76E-05 4.28E-05 2.60E-10 | 4.28E-05
0 | 7.00E-05 4.13E-13 2.37E-11 2.42E-11 0.22056 2.72E-05 4.31E-05 2.57E-10 | 4.31E-05
5.77E-08 | 7.00E-05 2.38E-06 6.75E-10 | 2.38E-06 0.22446 2.69E-05 4.35E-05 2.53E-10 | 4.34E-05
5.84E-03 6.76E-05 3.89E-06 6.58E-10 3.89E-06 0.22836 2.65E-05 4.38E-05 2.50E-10 | 4.38E-05
9.74E-03 6.61E-05 5.34E-06 6.43E-10 5.34E-06 0.23227 2.62E-05 4.41E-05 247E-10 | 4.41E-05
0.013644 6.47E-05 6.74E-06 6.28E-10 6.74E-06 0.23617 2.59E-05 4.44E-05 2.44E-10 | 4.44E-05
0.017548 6.33E-05 8.09E-06 6.14E-10 8.09E-06 0.24008 2.56E-05 4.47E-05 241E-10 | 4.47E-05
0.021452 6.19E-05 9.39E-06 6.00E-10 9.39E-06 0.24398 2.53E-05 4.51E-05 2.38E-10 | 4.51E-05
0.025356 6.06E-05 1.06E-05 5.87E-10 1.06E-05 0.38452 1.68E-05 5.33E-05 1.57E-10 5.33E-05
0.02926 5.94E-05 1.18E-05 5.74E-10 1.18E-05 0.38843 1.67E-05 5.35E-05 1.56E-10 5.35E-05
0.033164 5.82E-05 1.30E-05 5.62E-10 1.30E-05 0.39233 1.65E-05 5.37E-05 1.54E-10 5.37E-05
0.037068 5.70E-05 1.41E-05 5.51E-10 1.41E-05 0.39624 1.63E-05 5.38E-05 1.52E-10 5.38E-05
0.040972 5.59E-05 1.52E-05 5.39E-10 1.52E-05 0.40014 1.62E-05 5.40E-05 1.51E-10 5.40E-05
0.044876 5.48E-05 1.63E-05 5.28E-10 1.63E-05 0.40404 1.60E-05 5.42E-05 1.49E-10 5.42E-05
0.04878 5.37E-05 1.73E-05 5.18E-10 1.73E-05 0.40795 1.58E-05 5.43E-05 1.48E-10 5.43E-05
0.052684 5.27E-05 1.83E-05 5.07E-10 1.83E-05 0.41185 1.57E-05 5.45E-05 1.46E-10 5.45E-05
0.056588 5.17E-05 1.92E-05 4.98E-10 1.92E-05 0.41576 1.55E-05 5.46E-05 1.45E-10 5.46E-05
0.060492 5.08E-05 2.02E-05 4.88E-10 | 2.02E-05 0.61486 9.66E-06 6.04E-05 8.96E-11 6.04E-05
0.064396 | 4.98E-05 2.11E-05 4.79E-10 | 2.11E-05 0.61876 9.58E-06 6.05E-05 8.88E-11 6.05E-05
0.0683 4.89E-05 2.19E-05 4.70E-10 2.19E-05 0.62267 9.50E-06 6.06E-05 8.80E-11 6.06E-05
0.072204 | 4.81E-05 2.28E-05 4.61E-10 2.28E-05 0.62657 9.41E-06 6.07E-05 8.72E-11 6.07E-05
0.076108 4.72E-05 2.36E-05 4.53E-10 | 2.36E-05 0.63048 9.33E-06 6.07E-05 8.65E-11 6.07E-05
0.080012 | 4.64E-05 2.44E-05 4.44E-10 | 2.44E-05 0.63438 9.25E-06 6.08E-05 8.57E-11 6.08E-05
0.083916 | 4.56E-05 2.52E-05 4.37E-10 | 2.52E-05 0.80616 6.44E-06 6.36E-05 5.94E-11 6.36E-05
0.08782 | 4.48E-05 2.59E-05 4.29E-10 2.59E-05 0.81006 6.39E-06 6.37E-05 5.90E-11 6.37E-05
0.091724 | 4.41E-05 2.67E-05 4.21E-10 | 2.67E-05 0.81396 6.34E-06 6.37E-05 5.85E-11 6.37E-05
0.095628 4.33E-05 2.74E-05 4.14E-10 | 2.74E-05 0.81787 6.29E-06 6.38E-05 5.80E-11 6.38E-05
0.099532 | 4.26E-05 2.81E-05 4.07E-10 | 2.81E-05 0.82177 6.24E-06 6.38E-05 5.76E-11 6.38E-05
0.10344 | 4.19E-05 2.88E-05 4.00E-10 | 2.88E-05 0.82568 6.19E-06 6.39E-05 5.71E-11 6.39E-05
0.10734 | 4.12E-05 2.94E-05 3.94E-10 | 2.94E-05 0.82958 6.14E-06 6.39E-05 5.67E-11 6.39E-05
0.11124 | 4.06E-05 3.01E-05 3.87E-10 3.01E-05 0.83348 6.09E-06 6.40E-05 5.62E-11 6.40E-05
0.11515 3.99E-05 3.07E-05 3.81E-10 3.07E-05 0.83739 6.04E-06 6.40E-05 5.58E-11 6.40E-05
0.11905 3.93E-05 3.13E-05 3.75E-10 3.13E-05 0.84129 6.00E-06 6.40E-05 5.53E-11 6.40E-05
0.12296 3.87E-05 3.19E-05 3.69E-10 3.19E-05 0.8452 5.95E-06 6.41E-05 5.49E-11 6.41E-05
0.12686 3.81E-05 3.25E-05 3.63E-10 3.25E-05 0.8491 5.90E-06 6.41E-05 5.45E-11 6.41E-05
0.13076 3.75E-05 3.30E-05 3.57E-10 3.30E-05 0.853 5.86E-06 6.42E-05 5.40E-11 6.42E-05
0.13467 3.70E-05 3.36E-05 3.51E-10 3.36E-05 0.98574 | 4.52E-06 6.55E-05 4.16E-11 6.55E-05
0.162 3.33E-05 3.71E-05 3.16E-10 3.71E-05 0.98964 | 4.48E-06 6.56E-05 4.13E-11 6.55E-05
0.21275 2.79E-05 4.24E-05 2.64E-10 | 4.24E-05 0.99355 4.45E-06 6.56E-05 4.10E-11 6.56E-05

287




1.2161 2.94E-06 6.71E-05 2.69E-11 6.71E-05 1.3137 2.46E-06 6.76E-05 2.26E-11 6.76E-05
1.22 2.91E-06 6.71E-05 2.68E-11 6.71E-05 1.3176 2.44E-06 6.76E-05 2.24E-11 6.76E-05
1.2239 2.89E-06 6.71E-05 2.66E-11 6.71E-05 1.3215 2.43E-06 6.76E-05 2.22E-11 6.76E-05
1.2278 2.87E-06 6.71E-05 2.64E-11 6.71E-05 1.665 1.32E-06 6.87E-05 1.21E-11 6.87E-05
1.2317 2.85E-06 6.72E-05 2.62E-11 6.72E-05 1.6689 1.32E-06 6.87E-05 1.20E-11 6.87E-05
1.2356 2.83E-06 6.72E-05 2.60E-11 6.72E-05 1.6728 1.31E-06 6.87E-05 1.20E-11 6.87E-05
1.2395 2.81E-06 6.72E-05 2.58E-11 6.72E-05 1.6767 1.30E-06 6.87E-05 1.19E-11 6.87E-05
1.2434 2.79E-06 6.72E-05 2.56E-11 6.72E-05 1.6807 1.29E-06 6.87E-05 1.18E-11 6.87E-05
1.2473 2.77E-06 6.72E-05 2.54E-11 6.72E-05 1.7002 1.25E-06 6.88E-05 1.14E-11 6.88E-05
1.2512 2.75E-06 6.73E-05 2.53E-11 6.73E-05 1.7041 1.24E-06 6.88E-05 1.13E-11 6.88E-05
1.2551 2.73E-06 6.73E-05 2.51E-11 6.73E-05 1.7861 1.08E-06 6.89E-05 9.82E-12 6.89E-05
1.259 2.71E-06 6.73E-05 2.49E-11 6.73E-05 1.79 1.07E-06 6.89E-05 9.76E-12 6.89E-05
1.2903 2.57E-06 6.75E-05 2.35E-11 6.75E-05 1.7939 1.06E-06 6.89E-05 9.69E-12 6.89E-05
1.2942 2.55E-06 6.75E-05 2.34E-11 6.75E-05 1.9774 7.76E-07 6.92E-05 7.08E-12 6.92E-05
1.2981 2.53E-06 6.75E-05 2.32E-11 6.75E-05 1.9813 7.71E-07 6.92E-05 7.03E-12 6.92E-05
1.302 2.51E-06 6.75E-05 2.30E-11 6.75E-05 1.9852 7.66E-07 6.92E-05 6.99E-12 6.92E-05
1.3059 2.49E-06 6.75E-05 2.29E-11 6.75E-05 1.9891 7.61E-07 6.92E-05 6.94E-12 6.92E-05
1.3098 2.48E-06 6.75E-05 2.27E-11 6.75E-05 1.993 7.56E-07 6.92E-05 6.90E-12 6.92E-05
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2.2 Brilliant blue-R oxidation products with chlorine dioxide.
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Figure 2.1.4 '"H NMR spectrum of brilliant blue-R major oxidation product
P, (4-(4- ethoxy-phenyl amino)-benzoic acid) with chlorine oxide
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Figure 2.1.7

'HNMR spectrum of brilliant blue-R major oxidation product
P, (N-(4- ethoxy-phenyl-hydroxyl amine) with chlorine oxide.
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Figure 2.1.9 GC-MS spectrum of brilliant blue-R major oxidation product
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Table 2.3

Brilliant blue-R chlorine dioxide experimental and simulated curves- compiled

data.

Time El S1 Time E2 S2 Time E3 S3
0.004834 4.95E-05 4.86E-05 0.009664 6.17E-05 6.81777E-05 0.019327 4.77357E-05 6.82E-05
0.014605 4.76E-05 4.76E-05 0.029194 5.2E-05 5.18738E-05 0.058389 4.63358E-05 5.19E-05
0.024376 4.57E-05 4.67E-05 0.048725 4.96E-05 4.73146E-05 0.09745 4.50185E-05 4.73E-05
0.034146 4.47E-05 4.59E-05 0.068256 4.96E-05 4.55748E-05 0.13651 4.37765E-05 4.56E-05
0.043917 4.4E-05 4.50E-05 0.087786 4.96E-05 4.42709E-05 0.17557 4.26036E-05 4.43E-05
0.053688 4.33E-05 4.42E-05 0.10732 4.89E-05 4.30699E-05 0.21463 4.14937E-05 4.31E-05
0.063458 4.27E-05 4.34E-05 0.12685 4.78E-05 4.19942E-05 0.2537 4.04425E-05 4.2E-05
0.073229 4.22E-05 4.27E-05 0.14638 4.65E-05 4.10301E-05 0.29276 3.94451E-05 4.1E-05

0.083 4.17E-05 4.19E-05 0.16591 4.56E-05 0.0000401 0.33182 3.84973E-05 4.01E-05
0.09277 4.1E-05 4.12E-05 0.18544 4.46E-05 3.92408E-05 0.37088 3.75956E-05 3.92E-05
0.10254 4.05E-05 4.05E-05 0.20497 4.35E-05 3.83981E-05 0.40994 3.67367E-05 3.84E-05
0.26864 3.28E-05 3.12E-05 0.53699 2.88E-05 2.62757E-05 1.074 2.65557E-05 2.63E-05
0.27841 3.23E-05 3.08E-05 0.55652 2.8E-05 2.56845E-05 1.113 2.61337E-05 2.57E-05
0.36635 2.87E-05 2.73E-05 0.7323 2.31E-05 2.1068E-05 1.4646 2.28778E-05 2.11E-05
0.37612 2.83E-05 2.70E-05 0.75183 2.27E-05 2.06311E-05 1.5037 2.2567E-05 2.06E-05
0.38589 2.79E-05 2.66E-05 0.77136 2.23E-05 2.02184E-05 1.5427 2.22639E-05 2.02E-05
0.39566 2.75E-05 2.63E-05 0.79089 2.19E-05 1.98641E-05 1.5818 2.19698E-05 1.99E-05
0.40543 2.71E-05 2.60E-05 0.81042 2.15E-05 1.95068E-05 1.6208 2.16827E-05 1.95E-05

0.4152 2.67E-05 2.56E-05 0.82995 2.11E-05 1.91573E-05 1.6599 2.14032E-05 1.92E-05
0.42497 2.63E-05 2.53E-05 0.84948 2.08E-05 1.88126E-05 1.699 2.11316E-05 1.88E-05
0.43474 2.6E-05 2.50E-05 0.86901 2.05E-05 0.0000185 1.738 2.08662E-05 1.85E-05
0.44451 2.56E-05 2.47E-05 0.88854 2.01E-05 1.82233E-05 1.7771 2.06082E-05 1.82E-05
0.45429 2.53E-05 2.44E-05 0.90807 1.98E-05 1.79369E-05 1.8161 2.03559E-05 1.79E-05
0.46406 2.49E-05 2.41E-05 0.9276 1.95E-05 1.76583E-05 1.8552 2.01098E-05 1.77E-05
0.47383 2.45E-05 2.39E-05 0.94714 1.92E-05 1.73689E-05 1.8943 1.98702E-05 1.74E-05
0.4836 2.42E-05 2.36E-05 0.96667 1.89E-05 1.71087E-05 1.9333 1.96357E-05 1.71E-05
0.49337 2.38E-05 2.33E-05 0.9862 1.86E-05 1.68544E-05 1.9724 1.94068E-05 1.69E-05
0.6497 1.92E-05 1.95E-05 1.2987 1.52E-05 1.37592E-05 2.5974 1.63591E-05 1.38E-05
0.65947 1.9E-05 1.93E-05 1.3182 1.51E-05 1.36291E-05 2.6364 1.61998E-05 1.36E-05
0.75718 1.69E-05 1.75E-05 1.5135 1.37E-05 1.23689E-05 3.027 1.47607E-05 1.24E-05
0.76695 1.67E-05 1.73E-05 1.5331 1.36E-05 1.22854E-05 3.0661 1.46303E-05 1.23E-05
0.77672 1.66E-05 1.71E-05 1.5526 1.35E-05 1.21641E-05 3.1052 1.45025E-05 1.22E-05
0.78649 1.64E-05 1.70E-05 1.5721 1.34E-05 1.20544E-05 3.1442 1.43764E-05 1.21E-05
0.79626 1.63E-05 1.68E-05 1.5916 1.33E-05 1.19485E-05 3.1833 1.42525E-05 1.19E-05
0.80603 1.61E-05 1.66E-05 1.6112 1.32E-05 1.18612E-05 3.2224 1.41309E-05 1.19E-05
1.0112 1.33E-05 1.37E-05 2.0213 1.15E-05 1.03592E-05 4.0426 1.19668E-05 1.04E-05
1.021 1.32E-05 1.36E-05 2.0409 1.14E-05 1.03184E-05 4.0817 1.18793E-05 1.03E-05
1.0308 1.31E-05 1.35E-05 2.0604 1.13E-05 1.02689E-05 4.1208 1.17931E-05 1.03E-05
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1.0405 1.29E-05 1.34E-05 2.0799 1.13E-05 1.02165E-05 4.1598 1.17079E-05 1.02E-05
1.0503 1.28E-05 1.32E-05 2.0994 1.12E-05 1.01563E-05 4.1989 1.16239E-05 1.02E-05
1.0601 1.28E-05 1.31E-05 2.119 1.12E-05 1.01272E-05 4.238 1.15412E-05 1.01E-05
1.0698 1.26E-05 1.30E-05 2.1385 1.11E-05 1.00835E-05 4.277 1.14593E-05 1.01E-05
1.0796 1.26E-05 1.29E-05 2.158 1.1E-05 1.00204E-05 43161 1.13788E-05 1E-05
1.0894 1.25E-05 1.28E-05 2.1776 1.1E-05 9.98155E-06 4.3551 1.1299E-05 9.98E-06
1.0991 1.24E-05 1.27E-05 2.1971 1.09E-05 9.94369E-06 4.3942 1.12203E-05 9.94E-06
1.1089 1.23E-05 1.26E-05 2.2166 1.08E-05 0.0000099 4.4333 1.11428E-05 9.9E-06
1.1187 1.22E-05 1.25E-05 2.2362 1.08E-05 9.83883E-06 4.4723 1.10661E-05 9.84E-06
1.1285 1.21E-05 1.24E-05 2.2557 1.07E-05 9.7932E-06 4.5114 1.09905E-05 9.79E-06
1.4216 1.01E-05 9.74E-06 2.8416 9.16E-06 8.71214E-06 5.6832 9.08951E-06 8.71E-06
1.4314 9.98E-06 9.67E-06 2.8611 9.09E-06 8.69524E-06 5.7223 9.03641E-06 8.7E-06
1.5584 9.37E-06 8.78E-06 3.115 8.54E-06 8.2734E-06 6.2301 8.39142E-06 8.27E-06
1.5681 9.34E-06 8.71E-06 3.1346 8.52E-06 8.23903E-06 6.2691 8.34507E-06 8.24E-06
1.7245 8.75E-06 7.77E-06 3.4471 7.87E-06 7.81398E-06 6.8941 7.65966E-06 7.81E-06
1.7342 8.74E-06 7.72E-06 3.4666 7.84E-06 7.79631E-06 6.9332 7.62007E-06 7.8E-06

1.744 8.7E-06 7.66E-06 3.4861 7.79E-06 7.77728E-06 6.9722 7.58072E-06 7.78E-06
1.7538 8.67E-06 7.61E-06 3.5057 7.76E-06 7.75835E-06 7.0113 7.54171E-06 7.76E-06
1.8613 8.33E-06 7.05E-06 3.7205 7.37E-06 7.46932E-06 7.441 7.13428E-06 7.47E-06

1.871 8.3E-06 7.00E-06 3.74 7.33E-06 7.46184E-06 7.48 7.09902E-06 7.46E-06
1.8808 8.28E-06 6.96E-06 3.7596 7.31E-06 7.4301E-06 7.5191 7.06404E-06 7.43E-06
2.0176 7.91E-06 6.34E-06 4.033 6.84E-06 7.08932E-06 8.066 6.60314E-06 7.09E-06
2.0274 7.89E-06 6.29E-06 4.0525 6.8E-06 7.07864E-06 8.105 6.57207E-06 7.08E-06
2.0371 7.86E-06 6.25E-06 4.072 6.77E-06 7.06194E-06 8.1441 6.54132E-06 7.06E-06
2.0469 7.86E-06 6.21E-06 4.0916 6.75E-06 7.02583E-06 8.1831 6.51072E-06 7.03E-06
2.0567 7.84E-06 6.17E-06 4.1111 6.72E-06 6.99786E-06 8.2222 6.48036E-06 7E-06
2.0664 7.8E-06 6.13E-06 4.1306 6.68E-06 6.99029E-06 8.2613 6.45029E-06 6.99E-06
2.0762 7.78E-06 6.09E-06 4.1502 6.65E-06 6.96427E-06 8.3003 6.42038E-06 6.96E-06

2.086 7.77E-06 6.05E-06 4.1697 6.64E-06 6.94243E-06 8.3394 6.39069E-06 6.94E-06
2.0958 7.75E-06 6.01E-06 4.1892 6.62E-06 6.92194E-06 8.3785 6.3613E-06 6.92E-06
2.1055 7.71E-06 5.97E-06 4.2088 6.57E-06 6.89592E-06 8.4175 6.33205E-06 6.9E-06
2.1153 7.7E-06 5.93E-06 4.2283 6.55E-06 6.88728E-06 8.4566 6.30308E-06 6.89E-06
2.1251 7.67E-06 5.90E-06 4.2478 6.53E-06 6.86583E-06 8.4956 6.27426E-06 6.87E-06
2.1348 7.65E-06 5.86E-06 4.2673 6.51E-06 6.83583E-06 8.5347 6.24565E-06 6.84E-06
2.1446 7.62E-06 5.82E-06 4.2869 6.47E-06 6.80806E-06 8.5738 6.21732E-06 6.81E-06
2.1544 7.59E-06 5.78E-06 4.3064 6.45E-06 6.7965E-06 8.6128 6.18912E-06 6.8E-06
2.1642 7.58E-06 5.75E-06 4.3259 6.41E-06 6.78641E-06 8.6519 6.1612E-06 6.79E-06
2.3498 7.15E-06 5.10E-06 4.697 5.86E-06 6.35291E-06 9.394 5.66574E-06 6.35E-06
2.3596 7.16E-06 5.06E-06 4.7166 5.84E-06 6.3368E-06 9.4331 5.64139E-06 6.34E-06

2.467 6.92E-06 4.73E-06 49314 5.59E-06 6.12437E-06 9.8628 5.38433E-06 6.12E-06
2.4768 6.91E-06 4.70E-06 4.9509 5.54E-06 6.11058E-06 9.9018 5.36184E-06 6.11E-06
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2.4866 6.88E-06 4.67E-06 4.9705 5.53E-06 6.06748E-06 9.9409 5.33949E-06 6.07E-06
2.4964 6.88E-06 4.65E-06 4.99 5.51E-06 6.05126E-06 9.98 5.31735E-06 6.05E-06
2.5061 6.88E-06 4.62E-06 5.0095 5.47E-06 6.02544E-06 10.019 5.29535E-06 6.03E-06
2.5159 6.86E-06 4.59E-06 5.029 5.44E-06 5.99796E-06 10.058 5.27349E-06 6E-06
2.5257 6.82E-06 4.56E-06 5.0486 5.44E-06 5.98806E-06 10.097 5.25176E-06 5.99E-06
2.5354 6.81E-06 4.53E-06 5.0681 5.41E-06 5.97971E-06 10.136 5.23018E-06 5.98E-06
2.8188 6.31E-06 3.82E-06 5.6345 4.79E-06 5.49631E-06 11.269 4.65777E-06 5.5E-06
2.8286 6.27E-06 3.79E-06 5.654 4.76E-06 5.45534E-06 11.308 4.63978E-06 5.46E-06
2.8383 6.27E-06 3.77E-06 5.6736 4.75E-06 5.44553E-06 11.347 4.6219E-06 5.45E-06
2.8481 6.27E-06 3.75E-06 5.6931 4.73E-06 5.42951E-06 11.386 4.60412E-06 5.43E-06
3.7177 4.9E-06 2.29E-06 7.4313 3.27E-06 4.18437E-06 14.863 3.34824E-06 4.18E-06
3.7275 4.91E-06 2.27E-06 7.4508 3.25E-06 4.18573E-06 14.902 3.33709E-06 4.19E-06

3.874 4.72E-06 2.10E-06 7.7438 3.04E-06 3.9634E-06 15.488 3.17572E-06 3.96E-06
3.8838 4.71E-06 2.09E-06 7.7633 3.04E-06 3.95951E-06 15.527 3.16537E-06 3.96E-06

3.962 4.61E-06 2.00E-06 7.9196 2.92E-06 3.88699E-06 15.839 3.08422E-06 3.89E-06
3.9717 4.59E-06 1.99E-06 7.9391 2.9E-06 3.85291E-06 15.878 3.07429E-06 3.85E-06
3.9815 4.58E-06 1.98E-06 7.9586 2.9E-06 3.83272E-06 15917 3.06439E-06 3.83E-06
3.9913 4.58E-06 1.97E-06 7.9782 2.89E-06 3.81495E-06 15.956 3.05454E-06 3.81E-06

4.001 4.58E-06 1.96E-06 7.9977 2.87E-06 3.80689E-06 15.995 3.04473E-06 3.81E-06
4.0108 4.56E-06 1.95E-06 8.0172 2.86E-06 3.81107E-06 16.034 3.03472E-06 3.81E-06
4.1671 4.37E-06 1.79E-06 8.3297 2.65E-06 3.63777E-06 16.659 2.88398E-06 3.64E-06
4.1769 4.34E-06 1.79E-06 8.3493 2.65E-06 3.62039E-06 16.699 2.87492E-06 3.62E-06
4.1867 4.36E-06 1.78E-06 8.3688 2.65E-06 3.63845E-06 16.738 2.86589E-06 3.64E-06
4.1965 4.35E-06 1.77E-06 8.3883 2.62E-06 3.60757E-06 16.777 2.85691E-06 3.61E-06
4.2062 4.33E-06 1.76E-06 8.4079 2.61E-06 3.60291E-06 16.816 2.84796E-06 3.6E-06

4.558 3.93E-06 1.46E-06 9.111 2.25E-06 3.22903E-06 18.222 2.54927E-06 3.23E-06
4.5677 3.92E-06 1.45E-06 9.1305 2.24E-06 3.22165E-06 18.261 2.5416E-06 3.22E-06
4.5775 3.89E-06 1.45E-06 9.15 2.21E-06 3.22165E-06 18.3 2.53396E-06 3.22E-06
4.8315 3.64E-06 1.27E-06 9.6578 1.94E-06 2.9535E-06 19.316 2.34527E-06 2.95E-06
4.8413 3.64E-06 1.26E-06 9.6773 1.93E-06 2.93796E-06 19.355 2.33841E-06 2.94E-06
4.8511 3.62E-06 1.26E-06 9.6969 1.92E-06 2.93524E-06 19.394 2.33157E-06 2.94E-06
4.8609 3.62E-06 1.25E-06 9.7164 1.93E-06 2.92427E-06 19.433 2.32476E-06 2.92E-06
4.8706 3.61E-06 1.24E-06 9.7359 1.9E-06 2.90796E-06 19.472 2.31797E-06 2.91E-06
4.8804 3.61E-06 1.24E-06 9.7555 1.88E-06 2.90136E-06 19.511 2.31121E-06 2.9E-06
4.8902 3.6E-06 1.23E-06 9.775 1.88E-06 2.89602E-06 19.55 2.30447E-06 2.9E-06
4.8999 3.58E-06 1.23E-06 9.7945 1.87E-06 2.88282E-06 19.589 2.29776E-06 2.88E-06
4.9097 3.57E-06 1.22E-06 9.8141 1.86E-06 2.86951E-06 19.628 2.29108E-06 2.87E-06
4.9781 3.51E-06 1.18E-06 9.9508 1.8E-06 2.80621E-06 19.902 2.24484E-06 2.81E-06
4.9879 3.49E-06 1.17E-06 9.9703 1.79E-06 2.78709E-06 19.941 2.23836E-06 2.79E-06
4.9976 3.48E-06 9.11E-07 9.9898 1.78E-06 2.78019E-06 19.98 2.15738E-06 2.78E-06
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Table 2.4

Brilliant blue-R-chlorine dioxide Intermediate and product formation -compiled

data .
TIME OH- Pl P2 1.1034 2.26E-05 2.53E-05 3.24E-05
0.029194 527E-05 2.30E-06 2.30E-06 1.1229 2.24E-05 2.57E-05 3.26E-05
0.048725 5.13E-05 3.73E-06 3.73E-06 1.1424 2.22E-05 2.61E-05 3.28E-05
0.068256 4.99E-05 5.07E-06 5.07E-06 1.162 2.20E-05 2.64E-05 3.30E-05
0.087786 487E-05 6.34E-06 6.34E-06 11815 2.18E-05 2.68E-05 3.32E-05
0.10732 4.75E-05 7.54E-06 7.54E-06 1201 2.16E-05 2.71E-05 3.34E-05
0.12685 4.63E-05 8.67E-06 8.67E-06 1.2206 2.14E-05 2.75E-05 3.36E-05
0.14638 4.52E-05 9.75E-06 9.75E-06 1.2401 2.12E-05 2.78E-05 3.38E-05
0.16591 4.42E-05 1.08E-05 1.08E-05 1259 2.10E-05 2.81E-05 3.40E-05
0.18544 433E-05 1.17E-05 1.17E-05 12792 2.09E-05 2.84E-05 3.41E-05
0.20497 423E-05 1.27E-05 1.27E-05 12087 2.07E-05 2.87E-05 3.43E-05
0.2245 4.14E-05 1.36E-05 1.36E-05 13182 2.05E-05 2.90E-05 3.45E-05
0.24403 4.06E-05 1.44E-05 1.44E-05 13377 2.04E-05 2.93E-05 3.46E-05
0.26356 3.98E-05 1.52E-05 1.52E-05 1.4745 1.93E-05 3.11E-05 3.57E-05
0.77136 2.69E-05 1.60E-05 2.81B-05 1.494 1.92E-05 3.14E-05 3.58E-05
0.79089 2.66E-05 1.67E-05 2.84E-05 15135 1.91E-05 3.16E-05 3.59E-05
0.81042 2.63E-05 1.74E-05 2.87E-05 1.5331 1.89E-05 3.18E-05 3.61E-05
0.82995 2.60E-05 1.81E-05 2.90E-05 1.5526 1.88E-05 3.20E-05 3.62E-05
0.90807 2.49E-05 2.05E-05 3.01E-05 1.5721 1.87E-05 3.22E-05 3.63E-05
0.9276 2.46E-05 2.11E-05 3.04E-05 15916 1.85E-05 3.24E-05 3.64E-05
0.94714 2.44E-05 2.16E-05 3.06E-05 1.6112 1.84E-05 3.26E-05 3.66E-05
0.96667 2.41E-05 221E-05 3.09E-05 1.6307 1.83E-05 3.28E-05 3.67E-05
0.9862 2.39E-05 2.26E-05 3.11E-05 1.6502 1.82E-05 3.30E-05 3.68E-05
1.0057 2.36E-05 231E-05 3.14E-05 1.6698 1.81E-05 3.32E-05 3.69E-05
1.0253 2.34E-05 2.36E-05 3.16E-05 1.6893 1.80E-05 3.34E-05 3.70E-05
1.0448 2.32E-05 2.40E-05 3.18E-05 1.7088 1.78E-05 3.36E-05 3.712E-05
1.0643 2.30E-05 2.45E-05 3.20E-05 1.7284 1.77E-05 3.38E-05 3.73E-05
1.0839 2.28E-05 2.49E-05 3.22E-05 1.7479 1.76E-05 3.40E-05 3.74E-05
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2.2166 1.54E-05 3.41E-05 3.96E-05 6.0056 8.95E-06 4.03E-05 4.60E-05
2.3924 1.48E-05 3.55E-05 4.02E-05 6.8845 8.36E-06 4.04E-05 4.66E-05
24119 1.47E-05 3.57E-05 4.03E-05 6.904 8.35E-06 4.04E-05 4.66E-05
24315 1.46E-05 3.58E-05 4.04E-05 7.236 8.16E-06 4.05E-05 4.68E-05
2451 1.46E-05 3.59E-05 4.04E-05 7.2555 8.15E-06 4.06E-05 4.68E-05
2.7049 1.38E-05 3.61E-05 4.12E-05 7.2751 8.14E-06 4.06E-05 4.68E-05
2.7244 1.37E-05 3.62E-05 4.13E-05 7.6071 7.97E-06 4.07E-05 4.70E-05
4.4822 1.04E-05 3.72E-05 4.46E-05 7.6266 7.96E-06 4.07E-05 4.70E-05
4.5017 1.04E-05 3.73E-05 4.46E-05 7.6462 7.95E-06 4.08E-05 4.70E-05
4.5212 1.04E-05 3.74E-05 4.46E-05 8.0368 7.77E-06 4.09E-05 4.72E-05
4.5408 1.04E-05 3.75E-05 4.46E-05 8.0563 7.76E-06 4.09E-05 4.72E-05
4.7361 1.01E-05 3.85E-05 4.49E-05 8.0954 7.74E-06 4.10E-05 4.72E-05
5.5759 9.29E-06 3.86E-05 4.57E-05 8.1149 7.73E-06 4.11E-05 4.72E-05
5.5954 9.28E-06 3.87E-05 4.57E-05 8.9742 7.39E-06 4.12E-05 4.76E-05
5.615 9.26E-06 3.88E-05 4.57E-05 9.0133 7.38E-06 4.13E-05 4.76E-05
5.7517 9.15E-06 3.93E-05 4.58E-05 9.0914 7.35E-06 4.15E-05 4.76E-05
5.7712 9.13E-06 3.94E-05 4.59E-05 9.111 7.34E-06 4.15E-05 4.76E-05
5.7907 9.11E-06 3.95E-05 4.59E-05 9.1305 7.33E-06 4.16E-05 4.76E-05
5.8103 9.10E-06 3.96E-05 4.59E-05 9.15 7.33E-06 4.16E-05 4.77E-05
5.8298 9.08E-06 3.97E-05 4.59E-05 9.8141 7.11E-06 4.19E-05 4.79E-05
5.8493 9.07E-06 3.97E-05 4.59E-05 9.8336 7.10E-06 4.19E-05 4.79E-05
5.8689 9.05E-06 3.98E-05 4.59E-05 9.8531 7.10E-06 4.20E-05 4.79E-05
5.8884 9.04E-06 3.99E-05 4.59E-05 9.8727 7.09E-06 4.20E-05 4.79E-05
5.9079 9.02E-06 3.99E-05 4.60E-05 9.8922 7.08E-06 4.21E-05 4.79E-05
5.9275 9.01E-06 4.00E-05 4.60E-05 99117 7.08E-06 4.21E-05 4.79E-05
5.947 8.99E-06 4.01E-05 4.60E-05 9.9703 7.06E-06 4.23E-05 4.79E-05
5.9665 8.98E-06 4.02E-05 4.60E-05 9.9898 7.06E-06 4.23E-05 4.79E-05
5.986 8.96E-06 4.02E-05 4.60E-05 10.4898 6.91E-06 4.23E-05 4.81E-05
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2.3 Safranine-O oxidation products with chlorine dioxide.
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Figure 2.1.10 '"H NMR spectrum of safranine-O major oxidation product
P (3,7-dimethyl-phenazine-2,8-diol) with chlorine dioxide
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Table 2.5 Safraninee -O chlorine dioxide simulation data experimental and simulated
curves- compiled data.

Time El Time E2 Time E3 Time S1 Time S2 Time S3

0.0048 | 7.3E-05 0.0029 | 7.38E-05 0.0029 | 7.29E-05 0.0048 0.00007 0.0029 0.00007 0.0029 0.00007

0.0146 | 7.2E-05 0.0088 | 7.35E-05 0.0088 | 7.27E-05 0.0146 | 6.78E-05 0.0088 | 6.83E-05 0.00875 6.7E-05

0.0244 7E-05 0.0146 | 7.23E-05 0.0146 | 7.13E-05 0.0244 | 6.64E-05 0.0146 | 6.71E-05 0.01461 6.5E-05

0.0341 | 6.8E-05 0.0205 7.1E-05 0.0205 | 6.97E-05 0.0341 | 6.51E-05 0.0205 | 6.61E-05 0.02047 6.3E-05

0.2784 | 3.9E-05 0.1669 | 5.37E-05 0.1669 | 4.38E-05 0.2784 | 3.92E-05 0.1669 | 4.67E-05 0.16687 3.5E-05

0.2882 | 3.8E-05 0.1727 | 5.31E-05 0.1727 | 4.31E-05 0.2882 | 3.84E-05 0.1727 | 4.61E-05 0.17272 3.5E-05

0.298 | 3.8E-05 0.1786 | 5.24E-05 0.1786 | 4.24E-05 0.298 | 3.76E-05 0.1786 | 4.55E-05 0.17858 3.4E-05

0.3077 | 3.7E-05 0.1844 | 5.18E-05 0.1844 | 4.17E-05 0.3077 | 3.69E-05 0.1844 4.5E-05 0.18443 3.3E-05

0.3175 | 3.6E-05 0.1903 | 5.13E-05 0.1903 4.1E-05 0.3175 | 3.62E-05 0.1903 | 4.45E-05 0.19029 3.3E-05

0.3273 | 3.5E-05 0.1962 | 5.07E-05 0.1962 | 4.04E-05 0.3273 | 3.55E-05 0.1962 4.4E-05 0.19615 3.2E-05

0.337 | 3.5E-05 0.202 | 5.01E-05 0.202 | 3.96E-05 0.337 | 3.48E-05 0.202 | 4.35E-05 0.202 3.2E-05

0.3468 | 3.4E-05 0.2079 | 4.95E-05 0.2079 3.9E-05 0.3468 | 3.42E-05 0.2079 4.3E-05 0.20786 3.1E-05

0.3566 | 3.4E-05 0.2137 | 4.89E-05 0.2137 | 3.84E-05 0.3566 | 3.35E-05 0.2137 | 4.25E-05 0.21371 3.1E-05

0.4738 | 2.7E-05 0.284 | 4.28E-05 0.284 | 3.18E-05 0.4738 | 2.67E-05 0.284 | 3.74E-05 0.28399 2.5E-05

0.4836 | 2.6E-05 0.2898 | 4.24E-05 0.2898 | 3.14E-05 0.4836 | 2.62E-05 0.2898 3.7E-05 0.28984 2.5E-05

0.4934 | 2.6E-05 0.2957 | 4.19E-05 0.2957 | 3.09E-05 0.4934 | 2.58E-05 0.2957 | 3.66E-05 0.2957 2.5E-05

0.5031 | 2.6E-05 0.3016 | 4.14E-05 0.3016 | 3.04E-05 0.5031 | 2.53E-05 0.3016 | 3.63E-05 0.30155 2.4E-05

0.5129 | 2.5E-05 0.3074 4.1E-05 0.3074 3E-05 0.5129 | 2.48E-05 0.3074 | 3.59E-05 0.30741 24E-05

0.5227 | 2.5E-05 0.3133 | 4.06E-05 0.3133 | 2.96E-05 0.5227 | 2.44E-05 0.3133 | 3.56E-05 0.31327 2.4E-05

0.5325 | 2.4E-05 0.3191 | 4.01E-05 0.3191 | 2.91E-05 0.5325 | 2.39E-05 0.3191 | 3.52E-05 0.31912 2.3E-05

0.5422 | 2.4E-05 0.325 | 3.96E-05 0.325 | 2.87E-05 0.5422 | 2.35E-05 0.325 | 3.49E-05 0.32498 2.3E-05

0.552 | 2.3E-05 0.3308 | 3.92E-05 0.3308 | 2.83E-05 0.552 | 2.31E-05 0.3308 | 3.46E-05 0.33083 2.3E-05

0.7474 | 1.7E-05 0.448 | 3.22E-05 0.448 | 2.12E-05 0.7474 | 1.63E-05 0.448 | 2.89E-05 0.44795 1.8E-05

0.7572 | 1.7E-05 0.4538 | 3.18E-05 0.4538 2.1E-05 0.7572 1.6E-05 0.4538 | 2.86E-05 0.45381 1.7E-05

0.767 | 1.6E-05 0.4597 | 3.15E-05 0.4597 | 2.07E-05 0.767 | 1.58E-05 0.4597 | 2.84E-05 0.45967 1.7E-05

0.7767 | 1.6E-05 0.4655 | 3.12E-05 0.4655 | 2.04E-05 0.7767 | 1.55E-05 0.4655 | 2.82E-05 0.46552 1.7E-05

0.7865 | 1.6E-05 0.4714 | 3.09E-05 04714 | 2.01E-05 0.7865 1.53E-05 04714 | 2.79E-05 0.47138 1.7E-05

0.7963 | 1.6E-05 0.4772 | 3.06E-05 0.4772 | 1.98E-05 0.7963 1.5E-05 04772 | 2.77E-05 0.47723 1.7E-05

0.806 | 1.5E-05 0.4831 | 3.03E-05 0.4831 | 1.96E-05 0.806 | 1.48E-05 0.4831 | 2.75E-05 0.48309 1.7E-05

0.8158 | 1.5E-05 0.489 3E-05 0.489 | 1.93E-05 0.8158 | 1.45E-05 0.489 | 2.73E-05 0.48895 1.6E-05

0.8256 | 1.5E-05 0.4948 | 2.98E-05 0.4948 | 1.91E-05 0.8256 | 1.43E-05 0.4948 | 2.71E-05 0.4948 1.6E-05

0.8353 | 1.5E-05 0.5007 | 2.95E-05 0.5007 | 1.88E-05 0.8353 1.41E-05 0.5007 | 2.68E-05 0.50066 1.6E-05

0.8451 | 1.5E-05 0.5065 | 2.92E-05 0.5065 | 1.85E-05 0.8451 1.38E-05 0.5065 | 2.66E-05 0.50651 1.6E-05

0.8549 | 1.4E-05 0.5124 | 2.89E-05 0.5124 | 1.83E-05 0.8549 | 1.36E-05 0.5124 | 2.64E-05 0.51237 1.6E-05

0.8647 | 1.4E-05 0.5182 | 2.87E-05 0.5182 | 1.81E-05 0.8647 | 1.34E-05 0.5182 | 2.62E-05 0.51823 1.5E-05

0.8744 | 1.4E-05 0.5241 | 2.84E-05 0.5241 | 1.78E-05 0.8744 | 1.32E-05 0.5241 2.6E-05 0.52408 1.5E-05

0.8842 | 1.4E-05 0.5299 | 2.82E-05 0.5299 | 1.76E-05 0.8842 1.3E-05 0.5299 | 2.58E-05 0.52994 1.5E-05

0.894 | 1.4E-05 0.5358 | 2.79E-05 0.5358 | 1.74E-05 0.894 | 1.28E-05 0.5358 | 2.56E-05 0.53579 1.5E-05
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0.9037 | 1.3E-05 0.5417 | 2.76E-05 0.5417 | 1.71E-05 0.9037 | 1.26E-05 0.5417 | 2.54E-05 0.54165 1.5E-05
0.9135 | 1.3E-05 0.5475 | 2.74E-05 0.5475 | 1.69E-05 0.9135 | 1.24E-05 0.5475 | 2.52E-05 0.54751 1.5E-05
0.9233 | 1.3E-05 0.5534 | 2.72E-05 0.5534 | 1.67E-05 0.9233 | 1.22E-05 0.5534 2.5E-05 0.55336 1.5E-05
0.9331 | 1.3E-05 0.5592 | 2.69E-05 0.5592 | 1.65E-05 0.9331 1.2E-05 0.5592 | 2.48E-05 0.55922 1.4E-05
0.9428 | 1.3E-05 0.5651 | 2.67E-05 0.5651 | 1.63E-05 0.9428 | 1.18E-05 0.5651 | 2.46E-05 0.56507 1.4E-05
1.1187 | 9.8E-06 0.6705 | 2.28E-05 0.6705 1.3E-05 1.1187 9E-06 0.6705 | 2.17E-05 0.67048 1.2E-05
1.1285 | 9.7E-06 0.6763 | 2.26E-05 0.6763 | 1.29E-05 1.1285 | 8.87E-06 0.6763 | 2.15E-05 0.67634 1.2E-05
1.1382 | 9.6E-06 0.6822 | 2.25E-05 0.6822 | 1.27E-05 1.1382 | 8.74E-06 0.6822 | 2.14E-05 0.68219 1.2E-05
1.5291 | 6.1E-06 0.9164 | 1.65E-05 0.9164 | 8.19E-06 1.5291 | 5.09E-06 0.9164 | 1.66E-05 0.91643 8.3E-06
1.5388 6E-06 0.9223 | 1.64E-05 0.9223 | 8.09E-06 1.5388 | 5.03E-06 0.9223 | 1.65E-05 0.92229 8.3E-06
1.5486 | 5.9E-06 0.9282 | 1.63E-05 0.9282 | 8.03E-06 1.5486 | 4.97E-06 0.9282 | 1.64E-05 0.92815 8.2E-06
1.5584 | 5.8E-06 0.934 | 1.61E-05 0.934 | 7.97E-06 1.5584 4.9E-06 0.934 | 1.63E-05 0.934 8.2E-06
1.5681 | 5.8E-06 0.9399 1.6E-05 0.9399 | 7.87E-06 1.5681 | 4.84E-06 0.9399 | 1.62E-05 0.93986 8.1E-06
1.5779 | 5.7E-06 0.9457 | 1.59E-05 0.9457 7.8E-06 1.5779 | 4.78E-06 0.9457 | 1.61E-05 0.94571 8E-06
1.5877 | 5.7E-06 0.9516 | 1.58E-05 0.9516 | 7.74E-06 1.5877 | 4.73E-06 0.9516 1.6E-05 0.95157 8E-06
1.5975 | 5.6E-06 0.9574 | 1.57E-05 0.9574 | 7.65E-06 1.5975 | 4.67E-06 0.9574 1.6E-05 0.95743 7.9E-06
1.6072 | 5.6E-06 0.9633 | 1.56E-05 0.9633 | 7.58E-06 1.6072 | 4.61E-06 0.9633 | 1.59E-05 0.96328 7.8E-06

1.617 | 5.5E-06 0.9691 | 1.55E-05 0.9691 7.5E-06 1.617 | 4.56E-06 0.9691 1.58E-05 0.96914 7.8E-06
1.6268 | 5.5E-06 0.975 | 1.54E-05 0.975 | 7.43E-06 1.6268 4.5E-06 0.975 | 1.57E-05 0.97499 7.7E-06
2.1251 | 3.7E-06 1.2736 | 1.12E-05 1.2736 | 4.87E-06 2.1251 | 2.55E-06 1.2736 1.2E-05 1.2736 5.4E-06
2.1348 | 3.6E-06 1.2795 | 1.11E-05 1.2795 | 4.82E-06 2.1348 | 2.52E-06 1.2795 1.2E-05 1.2795 5.4E-06
2.1446 | 3.6E-06 1.2854 | 1.11E-05 1.2854 | 4.79E-06 2.1446 | 2.49E-06 1.2854 | 1.19E-05 1.2854 5.3E-06
2.1544 | 3.6E-06 1.2912 1.1E-05 1.2912 | 4.77E-06 2.1544 | 2.47E-06 1.2912 | 1.18E-05 1.2912 5.3E-06
2.1642 | 3.6E-06 1.2971 | 1.09E-05 1.2971 | 4.73E-06 2.1642 | 2.44E-06 1.2971 1.18E-05 1.2971 5.2E-06
2.1739 | 3.6E-06 1.3029 | 1.09E-05 1.3029 | 4.69E-06 2.1739 | 2.42E-06 1.3029 | 1.17E-05 1.3029 5.2E-06
2.1837 | 3.5E-06 1.3088 | 1.09E-05 1.3088 | 4.66E-06 2.1837 | 2.39E-06 1.3088 | 1.17E-05 1.3088 5.2E-06
2.1935 | 3.5E-06 1.3146 | 1.08E-05 1.3146 | 4.63E-06 2.1935 | 2.37E-06 1.3146 | 1.16E-05 1.3146 5.1E-06
2.2032 | 3.5E-06 1.3205 | 1.07E-05 1.3205 | 4.59E-06 2.2032 | 2.35E-06 1.3205 | 1.16E-05 1.3205 5.1E-06

2.213 | 3.5E-06 1.3264 | 1.07E-05 1.3264 | 4.57E-06 2.213 | 2.32E-06 1.3264 | 1.15E-05 1.3264 5.1E-06
2.2228 | 3.5E-06 1.3322 | 1.06E-05 1.3322 | 4.55E-06 2.2228 2.3E-06 1.3322 | 1.15E-05 1.3322 SE-06
2.2325 | 3.4E-06 1.3381 | 1.05E-05 1.3381 | 4.49E-06 2.2325 | 2.28E-06 1.3381 1.14E-05 1.3381 5SE-06

2.555 | 2.9E-06 1.5313 | 8.94E-06 1.5313 | 3.72E-06 2.555 | 1.67E-06 1.5313 | 9.81E-06 1.5313 4.1E-06
2.5647 | 2.9E-06 1.5372 | 8.88E-06 1.5372 | 3.69E-06 2.5647 | 1.65E-06 1.5372 | 9.77E-06 1.5372 4.1E-06
2.5745 | 2.9E-06 1.543 | 8.84E-06 1.543 | 3.68E-06 2.5745 | 1.64E-06 1.543 | 9.73E-06 1.543 4E-06
2.5843 | 2.9E-06 1.5489 | 8.82E-06 1.5489 | 3.68E-06 2.5843 | 1.62E-06 1.5489 | 9.68E-06 1.5489 4E-06
2.5941 | 2.9E-06 1.5547 | 8.78E-06 1.5547 | 3.65E-06 2.5941 1.61E-06 1.5547 | 9.64E-06 1.5547 4E-06
2.6038 | 2.9E-06 1.5606 | 8.72E-06 1.5606 | 3.63E-06 2.6038 1.6E-06 1.5606 9.6E-06 1.5606 4E-06
2.6136 | 2.8E-06 1.5664 | 8.69E-06 1.5664 | 3.61E-06 2.6136 | 1.58E-06 1.5664 | 9.56E-06 1.5664 3.9E-06
2.6234 | 2.9E-06 1.5723 | 8.65E-06 1.5723 3.6E-06 2.6234 | 1.57E-06 1.5723 | 9.52E-06 1.5723 3.9E-06
2.6331 | 2.8E-06 1.5782 | 8.61E-06 1.5782 | 3.59E-06 2.6331 1.55E-06 1.5782 | 9.47E-06 1.5782 3.9E-06
2.6429 | 2.8E-06 1.584 | 8.58E-06 1.584 | 3.57E-06 2.6429 | 1.54E-06 1.584 | 9.43E-06 1.584 3.9E-06
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2.6527 | 2.8E-06 1.5899 | 8.55E-06 1.5899 | 3.57E-06 2.6527 | 1.53E-06 1.5899 | 9.39E-06 1.5899 3.8E-06
2.6625 | 2.8E-06 1.5957 8.5E-06 1.5957 | 3.55E-06 2.6625 | 1.51E-06 1.5957 | 9.35E-06 1.5957 3.8E-06
2.6722 | 2.8E-06 1.6016 | 8.45E-06 1.6016 | 3.52E-06 2.6722 1.5E-06 1.6016 | 9.31E-06 1.6016 3.8E-06

2.682 | 2.8E-06 1.6074 | 8.44E-06 1.6074 | 3.52E-06 2.682 | 1.49E-06 1.6074 | 9.27E-06 1.6074 3.8E-06
2.6918 | 2.8E-06 1.6133 8.4E-06 1.6133 | 3.51E-06 2.6918 | 1.47E-06 1.6133 | 9.23E-06 1.6133 3.8E-06
2.7015 | 2.8E-06 1.6192 | 8.35E-06 1.6192 | 3.48E-06 2.7015 | 1.46E-06 1.6192 | 9.19E-06 1.6192 3.7E-06
2.7113 | 2.8E-06 1.625 | 8.32E-06 1.625 | 3.46E-06 2.7113 | 1.45E-06 1.625 | 9.16E-06 1.625 3.7E-06
2.7211 | 2.7E-06 1.6309 | 8.29E-06 1.6309 | 3.45E-06 2.7211 1.44E-06 1.6309 | 9.12E-06 1.6309 3.7E-06
2.7309 | 2.8E-06 1.6367 | 8.23E-06 1.6367 | 3.44E-06 2.7309 | 1.42E-06 1.6367 | 9.08E-06 1.6367 3.7E-06
2.7406 | 2.7E-06 1.6426 8.2E-06 1.6426 | 3.41E-06 2.7406 | 1.41E-06 1.6426 | 9.04E-06 1.6426 3.6E-06
3.2096 | 2.4E-06 1.9237 | 6.86E-06 1.9237 | 2.88E-06 3.2096 | 9.63E-07 1.9237 | 7.44E-06 1.9237 2.8E-06
3.2194 | 2.4E-06 1.9295 | 6.83E-06 1.9295 2.9E-06 3.2194 | 9.56E-07 1.9295 | 7.41E-06 1.9295 2.8E-06
3.2292 | 2.4E-06 1.9354 | 6.81E-06 1.9354 | 2.88E-06 3.2292 | 9.49E-07 1.9354 | 7.39E-06 1.9354 2.7E-06
3.2389 | 2.4E-06 1.9412 | 6.79E-06 1.9412 | 2.84E-06 3.2389 | 9.42E-07 1.9412 | 7.36E-06 1.9412 2.7E-06
3.2487 | 2.4E-06 1.9471 | 6.77E-06 1.9471 | 2.85E-06 3.2487 | 9.35E-07 1.9471 | 7.33E-06 1.9471 2.7E-06
4.1574 | 2.2E-06 2.4917 5.3E-06 24917 | 2.43E-06 4.1574 | 5.06E-07 24917 | 5.23E-06 2.4917 1.7E-06
4.1671 | 2.2E-06 2.4976 | 5.28E-06 2.4976 | 2.41E-06 4.1671 | 5.03E-07 2.4976 | 5.22E-06 2.4976 1.7E-06
4.1769 | 2.2E-06 2.5034 | 5.27E-06 2.5034 | 2.41E-06 4.1769 SE-07 2.5034 5.2E-06 2.5034 1.7E-06
4.1867 | 2.2E-06 2.5093 | 5.26E-06 2.5093 | 2.42E-06 4.1867 | 4.97E-07 2.5093 | 5.18E-06 2.5093 1.7E-06
4.1965 | 2.2E-06 2.5151 | 5.25E-06 2.5151 2.4E-06 4.1965 | 4.94E-07 2.5151 | 5.16E-06 2.5151 1.6E-06
4.2062 | 2.2E-06 2.521 | 5.23E-06 2.521 | 2.41E-06 4.2062 | 4.91E-07 2.521 | 5.15E-06 2.521 1.6E-06

4.216 | 2.2E-06 2.5268 | 5.24E-06 2.5268 | 2.42E-06 4216 | 4.88E-07 2.5268 | 5.13E-06 2.5268 1.6E-06
4.2258 | 2.2E-06 2.5327 5.2E-06 2.5327 | 2.41E-06 4.2258 | 4.86E-07 2.5327 | 5.11E-06 2.5327 1.6E-06
4.5287 | 2.1E-06 2.7142 | 4.88E-06 2.7142 | 2.37E-06 4.5287 | 4.08E-07 2.7142 | 4.61E-06 2.7142 1.4E-06
4.5384 | 2.1E-06 2.7201 | 4.86E-06 2.7201 | 2.36E-06 4.5384 | 4.06E-07 2.7201 4.6E-06 2.7201 1.4E-06
4.5482 | 2.1E-06 2.7259 | 4.88E-06 2.7259 | 2.37E-06 4.5482 | 4.04E-07 2.7259 | 4.58E-06 2.7259 1.4E-06

4.558 | 2.1E-06 2.7318 | 4.86E-06 2.7318 | 2.36E-06 4.558 | 4.01E-07 2.7318 | 4.57E-06 2.7318 1.4E-06
4.5677 | 2.1E-06 2.7376 | 4.86E-06 2.7376 | 2.35E-06 4.5677 | 3.99E-07 2.7376 | 4.55E-06 2.7376 1.4E-06
4.5775 | 2.1E-06 2.7435 | 4.85E-06 2.7435 | 2.34E-06 4.5775 | 3.97E-07 2.7435 | 4.54E-06 2.7435 1.4E-06
4.8804 | 2.1E-06 2.925 | 4.63E-06 2.925 | 2.31E-06 4.8804 | 3.38E-07 2.925 | 4.11E-06 2.925 1.2E-06
4.8902 | 2.1E-06 2.9309 | 4.62E-06 2.9309 2.3E-06 4.8902 | 3.36E-07 2.9309 | 4.09E-06 2.9309 1.2E-06
4.8999 | 2.1E-06 2.9368 4.6E-06 2.9368 | 2.29E-06 4.8999 | 3.35E-07 2.9368 | 4.08E-06 2.9368 1.2E-06
4.9097 | 2.1E-06 2.9426 4.6E-06 2.9426 | 2.29E-06 4.9097 | 3.33E-07 2.9426 | 4.07E-06 2.9426 1.2E-06
4.9195 | 2.1E-06 2.9485 4.6E-06 2.9485 | 2.29E-06 49195 | 3.31E-07 2.9485 | 4.06E-06 2.9485 1.2E-06
4.9293 | 2.1E-06 2.9543 | 4.58E-06 2.9543 2.3E-06 4.9293 3.3E-07 2.9543 | 4.04E-06 2.9543 1.2E-06

4.939 | 2.1E-06 2.9602 | 4.59E-06 2.9602 | 2.29E-06 4.939 | 3.28E-07 2.9602 | 4.03E-06 2.9602 1.1E-06
4.9586 | 2.1E-06 2.9719 | 4.58E-06 2.9719 2.3E-06 4.9586 | 3.25E-07 2.9719 4E-06 2.9719 1.1E-06
4.9683 | 2.1E-06 2.9777 | 4.55E-06 2.9777 | 2.29E-06 4.9683 | 3.23E-07 2.9777 | 3.99E-06 2.9777 1.1E-06
4.9781 | 2.1E-06 2.9836 | 4.56E-06 2.9836 | 2.28E-06 4.9781 | 3.22E-07 2.9836 | 3.98E-06 2.9836 1.1E-06
4.9879 | 2.1E-06 2.9895 | 4.55E-06 2.9895 2.3E-06 4.9879 3.2E-07 2.9895 | 3.97E-06 2.9895 1.1E-06
4.9976 | 2.1E-06 2.9953 | 4.51E-06 2.9953 | 2.29E-06 4.9976 | 3.18E-07 2.9953 | 3.95E-06 2.9953 1.1E-06
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Table 2.6

Safranine-O -chlorine dioxide simulation data product and intermediate

formation- compiled data.

TIME CLO2- P1 11 P2 1.0698 6.03E-05 3.55E-08 4.93E-05 | 1.10E-05
0.014605 2.16E-06 1.21E-09 2.15E-06 | 4.96E-09 1.0796 6.05E-05 3.56E-08 4.93E-05 | 1.11E-05
0.024376 3.56E-06 1.99E-09 3.55E-06 | 1.37E-08 1.5681 6.52E-05 3.90E-08 4.84E-05 | 1.67E-05
0.034146 4.93E-06 2.76E-09 4.90E-06 | 2.66E-08 1.5779 6.52E-05 3.91E-08 4.84E-05 | 1.68E-05
0.043917 6.28E-06 3.51E-09 6.23E-06 | 4.37E-08 1.5877 6.53E-05 3.91E-08 4.83E-05 | 1.69E-05
0.053688 7.59E-06 4.24E-09 7.52E-06 | 6.47E-08 1.5975 6.53E-05 3.92E-08 4.83E-05 | 1.70E-05
0.063458 8.87E-06 4.96E-09 8.78E-06 | 8.97E-08 1.6072 6.54E-05 3.92E-08 4.82E-05 | 1.71E-05
0.073229 1.01E-05 5.67E-09 1.00E-05 | 1.18E-07 1.617 6.54E-05 3.93E-08 4.82E-05 | 1.72E-05

0.083 1.14E-05 6.35E-09 1.12E-05 | 1.51E-07 1.6268 6.55E-05 3.93E-08 4.81E-05 | 1.73E-05
0.09277 1.26E-05 7.03E-09 1.24E-05 | 1.87E-07 1.6365 6.56E-05 3.94E-08 4.81E-05 | 1.74E-05
0.10254 1.37E-05 7.68E-09 1.35E-05 | 2.26E-07 1.6463 6.56E-05 3.94E-08 4.80E-05 | 1.75E-05
0.11231 1.49E-05 8.33E-09 1.46E-05 | 2.69E-07 1.6561 6.57E-05 3.95E-08 4.80E-05 | 1.76E-05
0.12208 1.60E-05 8.96E-09 1.57E-05 | 3.15E-07 1.6658 6.57E-05 3.95E-08 4.79E-05 | 1.77E-05
0.63993 5.03E-05 2.89E-08 4.48E-05 | 5.51E-06 1.6756 6.58E-05 3.95E-08 4.79E-05 | 1.78E-05

0.6497 5.07E-05 2.91E-08 4.50E-05 | 5.64E-06 1.6854 6.58E-05 3.96E-08 4.79E-05 | 1.79E-05
0.65947 5.10E-05 2.93E-08 4.52E-05 | 5.76E-06 1.6952 6.59E-05 3.96E-08 4.78E-05 | 1.80E-05
0.66924 5.13E-05 2.95E-08 4.54E-05 | 5.88E-06 1.7049 6.59E-05 3.97E-08 4.78E-05 | 1.81E-05
0.67901 5.16E-05 2.97E-08 4.56E-05 | 6.01E-06 1.7147 6.60E-05 3.97E-08 4.77E-05 | 1.82E-05
0.68878 5.19E-05 2.99E-08 4.58E-05 | 6.13E-06 1.7245 6.60E-05 3.97E-08 4.77E-05 | 1.83E-05
0.69855 5.23E-05 3.01E-08 4.60E-05 | 6.26E-06 1.7342 6.61E-05 3.98E-08 4.76E-05 | 1.84E-05
0.70832 5.26E-05 3.03E-08 4.61E-05 | 6.38E-06 1.744 6.61E-05 3.98E-08 4.76E-05 | 1.85E-05
0.71809 5.28E-05 3.05E-08 4.63E-05 | 6.51E-06 1.7538 6.61E-05 3.99E-08 4.75E-05 | 1.86E-05
0.72786 5.31E-05 3.07E-08 4.65E-05 | 6.63E-06 1.7636 6.62E-05 3.99E-08 4.74E-05 | 1.87E-05
0.73763 5.34E-05 3.09E-08 4.66E-05 | 6.76E-06 1.7733 6.62E-05 3.99E-08 4.74E-05 | 1.88E-05
0.74741 5.37E-05 3.10E-08 4.68E-05 | 6.88E-06 1.7831 6.63E-05 4.00E-08 4.73E-05 | 1.89E-05
0.75718 5.40E-05 3.12E-08 4.69E-05 | 7.01E-06 1.7929 6.63E-05 4.00E-08 4.73E-05 | 1.90E-05
0.76695 5.42E-05 3.14E-08 4.71E-05 | 7.13E-06 1.8026 6.64E-05 4.00E-08 4.72E-05 | 1.91E-05
0.77672 5.45E-05 3.16E-08 4.72E-05 | 7.26E-06 1.8124 6.64E-05 4.01E-08 4.72E-05 | 1.92E-05
0.78649 5.47E-05 3.17E-08 4.73E-05 | 7.38E-06 1.8222 6.64E-05 4.01E-08 4.71E-05 | 1.93E-05
0.79626 5.50E-05 3.19E-08 4.74E-05 | 7.51E-06 1.8319 6.65E-05 4.01E-08 4.71E-05 | 1.94E-05
0.80603 5.52E-05 3.20E-08 4.76E-05 | 7.63E-06 1.8417 6.65E-05 4.02E-08 4.70E-05 | 1.95E-05

0.8158 5.55E-05 3.22E-08 4.77E-05 | 7.76E-06 1.8515 6.66E-05 4.02E-08 4.70E-05 | 1.95E-05
0.82557 5.57E-05 3.24E-08 4.78E-05 | 7.89E-06 1.8613 6.66E-05 4.02E-08 4.69E-05 | 1.96E-05
0.83534 5.59E-05 3.25E-08 4.79E-05 | 8.01E-06 2.8676 6.87E-05 4.23E-08 4.12E-05 | 2.75E-05

1.0308 5.97E-05 3.50E-08 4.92E-05 | 1.05E-05 2.8774 6.87E-05 4.23E-08 4.11E-05 | 2.76E-05

1.0405 5.99E-05 3.51E-08 4.92E-05 | 1.06E-05 2.8872 6.88E-05 4.23E-08 4.11E-05 | 2.77E-05

1.0503 6.00E-05 3.52E-08 4.93E-05 | 1.07E-05 2.897 6.88E-05 4.23E-08 4.10E-05 | 2.77E-05

1.0601 6.02E-05 3.54E-08 4.93E-05 | 1.09E-05 2.9067 6.88E-05 4.24E-08 4.10E-05 | 2.78E-05
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2.9165 6.88E-05 4.24E-08 4.09E-05 | 2.78E-05 4.1574 6.95E-05 4.33E-08 3.52E-05 | 3.42E-05
2.9263 6.88E-05 4.24E-08 4.08E-05 | 2.79E-05 4.1671 6.95E-05 4.33E-08 3.52E-05 | 3.43E-05
2.936 6.88E-05 4.24E-08 4.08E-05 | 2.80E-05 4.1769 6.95E-05 4.33E-08 3.52E-05 | 3.43E-05
2.9458 6.88E-05 4.24E-08 4.07E-05 | 2.80E-05 4.1867 6.95E-05 4.33E-08 3.51E-05 | 3.43E-05
2.9556 6.88E-05 4.24E-08 4.07E-05 | 2.81E-05 4.1965 6.95E-05 4.33E-08 3.51E-05 | 3.44E-05
2.9653 6.88E-05 4.24E-08 4.06E-05 | 2.81E-05 4.2062 6.95E-05 4.33E-08 3.50E-05 | 3.44E-05
2.9751 6.88E-05 4.24E-08 4.06E-05 | 2.82E-05 4.4016 6.96E-05 4.34E-08 3.43E-05 | 3.52E-05
2.9849 6.89E-05 4.24E-08 4.05E-05 | 2.83E-05 44114 6.96E-05 4.34E-08 3.43E-05 | 3.52E-05
2.9947 6.89E-05 4.25E-08 4.05E-05 | 2.83E-05 44212 6.96E-05 4.34E-08 3.42E-05 | 3.53E-05
3.0044 6.89E-05 4.25E-08 4.04E-05 | 2.84E-05 4.4309 6.96E-05 4.34E-08 3.42E-05 | 3.53E-05
3.0142 6.89E-05 4.25E-08 4.04E-05 | 2.84E-05 4.4407 6.96E-05 4.34E-08 3.42E-05 | 3.54E-05
3.024 6.89E-05 4.25E-08 4.03E-05 | 2.85E-05 4.4505 6.96E-05 4.34E-08 3.41E-05 | 3.54E-05
3.1705 6.90E-05 4.26E-08 3.96E-05 | 2.94E-05 4.4603 6.96E-05 4.34E-08 3.41E-05 | 3.54E-05
3.1803 6.90E-05 4.26E-08 3.95E-05 | 2.94E-05 447 6.96E-05 4.34E-08 3.41E-05 | 3.55E-05
3.1901 6.90E-05 4.26E-08 3.95E-05 | 2.95E-05 4.4798 6.96E-05 4.34E-08 3.40E-05 | 3.55E-05
3.4246 6.92E-05 4.28E-08 3.84E-05 | 3.08E-05 4.4896 6.96E-05 4.34E-08 3.40E-05 | 3.55E-05
3.4343 6.92E-05 4.28E-08 3.83E-05 | 3.08E-05 4.4993 6.96E-05 4.34E-08 3.40E-05 | 3.56E-05
3.4441 6.92E-05 4.29E-08 3.83E-05 | 3.09E-05 4.5091 6.96E-05 4.34E-08 3.39E-05 | 3.56E-05
3.4539 6.92E-05 4.29E-08 3.82E-05 | 3.09E-05 4.5189 6.96E-05 4.34E-08 3.39E-05 | 3.57E-05
3.5027 6.92E-05 4.29E-08 3.80E-05 | 3.12E-05 4.5287 6.96E-05 4.34E-08 3.39E-05 | 3.57E-05
3.5125 6.92E-05 4.29E-08 3.79E-05 | 3.12E-05 4.5384 6.96E-05 4.34E-08 3.38E-05 | 3.57E-05
3.5223 6.92E-05 4.29E-08 3.79E-05 | 3.13E-05 4.5482 6.96E-05 4.34E-08 3.38E-05 | 3.58E-05
3.532 6.92E-05 4.29E-08 3.79E-05 | 3.13E-05 4.558 6.96E-05 4.34E-08 3.38E-05 | 3.58E-05
3.5418 6.93E-05 4.29E-08 3.78E-05 | 3.14E-05 4.5677 6.96E-05 4.34E-08 3.37E-05 | 3.58E-05
3.5516 6.93E-05 4.29E-08 3.78E-05 | 3.14E-05 4.8804 6.97E-05 4.35E-08 3.27E-05 | 3.69E-05
3.6786 6.93E-05 4.30E-08 3.72E-05 | 3.21E-05 4.8902 6.97E-05 4.35E-08 3.27E-05 | 3.70E-05
3.6884 6.93E-05 4.30E-08 3.72E-05 | 3.21E-05 4.8999 6.97E-05 4.35E-08 3.26E-05 | 3.70E-05
4.0597 6.95E-05 4.32E-08 3.56E-05 | 3.38E-05 4.9097 6.97E-05 4.35E-08 3.26E-05 | 3.70E-05
4.0694 6.95E-05 4.32E-08 3.56E-05 | 3.39E-05 4.9195 6.97E-05 4.35E-08 3.26E-05 | 3.71E-05
4.0792 6.95E-05 4.32E-08 3.55E-05 | 3.39E-05 4.9293 6.97E-05 4.35E-08 3.25E-05 | 3.71E-05
4.089 6.95E-05 4.32E-08 3.55E-05 | 3.39E-05 4.939 6.97E-05 4.35E-08 3.25E-05 | 3.71E-05
4.0987 6.95E-05 4.32E-08 3.55E-05 | 3.40E-05 4.9488 6.97E-05 4.36E-08 3.25E-05 | 3.72E-05
4.1085 6.95E-05 4.32E-08 3.54E-05 | 3.40E-05 4.9586 6.97E-05 4.36E-08 3.24E-05 | 3.72E-05
4.1183 6.95E-05 4.32E-08 3.54E-05 | 3.41E-05 4.9683 6.97E-05 4.36E-08 3.24E-05 | 3.72E-05
4.1281 6.95E-05 4.33E-08 3.53E-05 | 3.41E-05 4.9879 6.97E-05 4.36E-08 3.23E-05 | 3.73E-05
4.1378 6.95E-05 4.33E-08 3.53E-05 | 3.41E-05 4.9976 6.97E-05 4.36E-08 3.23E-05 | 3.73E-05
4.1476 6.95E-05 4.33E-08 3.53E-05 | 3.42E-05
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Abstract

Use of seawater electrolytically enriched with hypochlorite and the in situ generation of hypochlorite on the high seas, stand a good
chance for disinfection and decrease of bio and non-biodegradable organics in effluent before discharged into estuaries and deep ocea
Enriched seawater effectively decreased the biological oxygen demand measured over 5 days (BOD) and chemical oxygen demand (COL
levels of semi-treated wastewater. The oxidative degradation of Brilliant Blue, a triaryl industrial dye by hypochlorite and electrolytically
enriched seawater are compared at pH 6.5. Both had similar magnitude second-order rate consta¥s {2t?) and procedure is feasible.
Increase in acid concentration enhanced the reaction rate. With 1:1 and 1:100 molar ratios of dye to hypochlorite,h&40@1gy L of
1.0 x 10~ M dye reduced to 100 and 30 mgirespectively.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Seawater; Hypochlorite; Electrochemical generation; Oxidative degradation; Chemical pollutants; Disinfection

1. Introduction environment is likely to worsen in the future, due to popu-
lation growth, urbanization and the increase in water supply
Urbanization has had significant impacts on the human connection and sewerage levels. The growth will be most
health through hydrology of the environment by controlling, severe in developing countries, while in industrialized coun-
the nature of runoff waters and the delivery of pollutants to tries it might actually decrease as a result of water demand
rivers, streams, lakes and ocean. The striking feature of themanagement and the introduction of cleaner production and
distribution of the world’s population is the tendency for ur- water saving technologid4].
banization near vast water sources. Since the beginning of Literature survey shows a number of oxidative methods
the Industrial Revolution, urban development has influenced including advanced oxidation processes involving ozone,
the flow and storage of water, as well as the quality of avail- peroxide, UV radiation and catalyst8]. Comminellis and
able fresh water. Many coastal cities dispose their munic- Pulgarin have investigated the anodic oxidation of organics
ipal wastewater to the sea through ocean outfall facilities, on the electrode surfad®]. Rodrigo et al., have reported
either as raw sewage or after preliminary treatment. The en-improved ways to treat wastewater electrochemically, using
vironmental impacts of these discharges depend strongly onboron-duped diamond electrod¢4], while Ferro et al.,
the discharge location, level of treatment, if any, and on the have reported the efficient way generating chlorine us-
physical, chemical and biological nature of the water body. ing boron-doped diamond electrodes. Haenni et al., have
Due to poor water quality resulting from highly polluted ef- reported the scope for such system in disinfecting pool
fluent discharges, many estuaries and sea beaches are healttater have been reportd8,6]. Chlorination through use
hazards. The impact of wastewater discharges on the marineof gas chlorination or hypochlorination has become the
most common type of wastewater and water disinfection
- ) [7]. Hypochlorination of water is more economical in water
 Corresponding author. Tel+27-31-204-4325; treatment. Hypochlorite is a strong oxidizing agent, biocide
fax: 427-31-204-4000. ' '

E-mail addresses: jonna@pixie.udw.ac.za (S.B. Jonnalagadda), srini- d€fouling agent and deodorizer. Normally, the hypochlori-
vas@pixie.udw.ac.za (S. Nadupalli). nation is achieved through a chemical feed pump to inject
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a calcium or sodium hypochlorite solution. The generation hypochlorite, placing them on plates of a culture medium

of hypochlorite using seawater as the chloride source hascontaining a bacterium and after incubation, determining the

great scope, as it leads to insitu generation of hypochlorite degree of sensitivity by measuring the easily visible areas of

under verity of situations, where seawater is accessible andinhibition of growth produced by the diffusion of hypochlo-

abundant. Another dimension the utility of bleached sea rite from the disks into the surrounding medium. biologi-

water is reported passivity in metals from corrosion through cal oxygen demand measured over 5 days (BOD), chemical

decreased dissolved oxygen levels. The solubility of oxygen oxygen demand (COD), total dissolved and total suspended

in water is dramatically reduces by increased hypochlorite solids were determined using standard proced|@ks

levels.

This manuscript covers the systematic studies showing 2.2. Kinetics

the effect electrochemically generated hypochlorite using

seawater and its scope in oxidation of organics and in  The kinetics of the reaction is studied using the HITECH

disinfection to achieve hygienic, aesthetic and sustainable SF-61 DX2 Micro volume double mixing stopped flow ap-

environment through the improved effluent quality. paratus with thermostat control and software for data cap-
ture and analysis. The reaction kinetics was monitored at
(250+0.1)°C.

2. Experimental

Natural Seawater composition of chloride ion,~Cis 3. Results and discussion
about 19,5000 ppm or 19.5gt and Na ion is about
10.7 g L1 [8]. Thus seawater with 0.53 mofi of chloride 3.1. Bacterial sensitivity
ion, works out to be a abundant source of chloride for elec-
trochemical generation of chlorine, and then hypochlorite, ~The bacterial sensitivity test using the medium nutrient
through it's disproportionation reactidg]. agar coated on petri dishes and the bacterigssherichia

For the control experiments, hypochlorite was gener- coli (E. coli) showed that the hypochlorite solution generated
ated by bubbling chlorine gas through cold solution of using seawater sample is good anti bacterial and equally ef-
5% sodium hydroxide. The Baird and Tatlock Electrolytic ficient as the commercial bleach samples under comparable
Analysis apparatus was used for electrochemical generationconditions in the bacterial growth inhibition, after the 24 h
of hypochlorite from seawater. The equipment consists of a incubation[9].
single compact unit containing its own low voltage direct
current supply unit capable of giving an output of 0-10A 3.2. BODs and COD
at up to 12V. Optimum and cost effective conditions for
the generation of hypochlorite from sea water were cov- The effect of the seawater sample containing hypochlorite
ered vessel with volume 200 ml water; electrolysis duration on the BOD levels of wastewater is investigated by adding
45 min; temperature 2@C; pH 6.74. Under these condi- varying amounts of seawater to fixed volumes of wastew-
tions (12.2 + 0.3) x 10-2M of hypochlorite was obtained  ater. Wastewater samples were collected from the sewage
[9]. Arsenite method was used for the determination of the treatment works after the primary treatment, but prior to the

hypochlorite concentration in the samfe10]. secondary treatment. The BOD level for the untreated sam-
The electrolysis chemistry is as follows: ples (200 ml) was reduced from 1.3mgtto 0.1 mgL?t

upon treatment with seawater sample (6 ml). The reduction

Anode : 2CI'(ag) — Cl(g) + 2e~ of BOD levels is expected based on the diminished bacte-

rial oxidation of organics mater due the anti bacterial action
of hypochlorite. Sample from waste water works after sec-
ondary treatment had almost zero BOD levels, which had no

Overall : 2H0(1) + 2CI~ (ag) — H2(9) + Cl2(9) effect due to addition of bleached seawd®t The chem-
ical oxygen demand of primarily treated Sample (100 ml)

Cathode : 2HO(l) + 26~ — Ha(g) + 20H (ag)

+20H (@ was reduced from 440 mgt: to 160 mg L1 upon mixing
and with 50 ml to 40 mg -t with 100 ml of the bleached sea-
water sample. Obviously, the powerful oxidizing capacity of
Cl2(g9) + H20(l) — 2H + (ag) + OCI™ (ag) + ClI™ (a0) hypochlorite decreases the COD levids
2.1. Bacterial sensitivity, BOD and COD tests 3.3. Oxidative degradation of organics

These tests constitute a simple and reliable technique es- Further, the oxidative degradation kinetics of the organ-
pecially applicable to routine bacteriological work. It con- ics normally present in the effluent is investigated in detail.
sists of concentrating disks with known concentrations of The reaction of a selected representative dye, Brilliant Blue
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which is used in textile and food industries, with hypochlo- of hypochlorite. The reaction of dye both with con-
rite is studied under controlled conditions and using the trol hypochlorite solution and enriched seawater too had
bleached seawater. second-order and one each with respect to both the dye and
hypochlorite. Table 1 summarizes the pseudo first-order
CHCHA+ SO5 constants from the experiments, and the estimated half re-
N/\©/ action times and second-order rate constants for both the
Na* control and seawater enriched experiments.
|‘| Further, the Ik’ versus In[hypochlorite] for the control
SOy and seawater experiments gave straight lines wjth=(
| 1.1572 + 4.0049, R? = 0.9954) and { = 1.0891 +
@ O O 4.0049, R? = 0.9885) respectively. A perusal of the slopes
N N shows that under both the situations, the reactions have
H | first-order dependence on hypochlorite concentration. The
CHCH; Brilliant Blue second-order rate constants of the two sets of experiments
are of similar magnitude and most importantly the reactions
Brilliant Blue is a triarylmethane type of dye (disodium are fast. This conclusively confirms the scope of hypochlo-
a-(4-(N-ethyl-3-sulfonatobenzylamino)  phenyt{4-N- rite enriched seawater in treatment of wastewaters and in-
ethyl-3-sulfonatobenzylamino, cyclohexa-2,5-dienylidene) dustrial effluent.
toluene-2-sulfonate). Brilliant Blue is water soluble At very high pH, where bulk of the hypochlorite is in

with Ayax at 555nm and absorption coefficient, = the hypochlorite form and with very low concentration of
2.15 x 10*dm® mol~* cm~1. Hence the kinetics was moni-  HOCI, reaction is very slow suggesting the rate constant for
tored at 555 nm. the reaction between OCland the dye is small.

All'the kinetic runs were conducted with excess hypochlo-  As all the experiments were done at pH 6.5, the effect of
rite and low dye concentrations. Under such conditions ex- acid on the reaction between Brilliant Blue and hypochlorite
periments followed pseudo first-order kinetics, indicating is further investigated with added acid under both control
reaction order with respect to the dye is one. Further the and seawater enriched with hypochlorite conditions and re-
pseudo first-order rate constakt,increased proportionally  sults were similar. The kinetic data obtained with seawater
with the increase in the initial concentration of hypochlorite conditions is summarized iFable 2 With the increase in the
suggesting that reaction has first-order dependence on theoncentration of added acid the pseudo first-order rate con-

concentration of the oxidant and total order is two. stant increased. To understand the reaction dynamics, a close
All experiments were repeated with seawater contain- look at the chemistry of hypochlorite is essential. HOCI with
ing electrochemically generated hypochlorikég. 1 illus- pKa = 7.4 is a week acid and it's dissociation constant is

trates the kinetic profiles of depletion of Brilliant Blue in 4 x 10~8 indicating that even very low concentration of acid
presence of seawater containing different initial amounts shifts the equilibrium towards formation of HOQI1]. The

3e-5
s [Brilliant blue] = 7.0 x 10° M
05 -
\ [Hypochlorite] / 102M=a:0.38
i\ b:0.94;c:1.12and d : 1.50
2e-5
s
£ 2e-5
[an]
o,
le-5 A
5e-6 1
0
0

Time / sec

Fig. 1. Effect of Electrolyzed seawater on the depletion rate of Brilliant Blue—absorbance vs. time plots.
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Table 1

Rate coefficients for the reaction between Brilliant Blue and (i) hypochlorite (control), and (ii) electrolytically bleached seawater
Hypochlorite (controf Seawater enriched with hypochlofite

OCL~ (103 M) K (102s1) t1/2 (S) kM~1s 1) OCI- (103 M) K (102571 t1/2 (S) k (M~1s1)
1.17 2.23 31.0 19.09 3.75 7.90 8.8 21.07
2.34 5.13 135 21.94 7.50 15.95 43 21.27
351 7.39 9.4 21.06 9.38 19.29 3.6 20.58
4.68 10.73 6.5 22.94 11.25 24.11 29 21.43
5.85 13.13 5.3 22.44 15.0 33.45 21 22.30
Meank = 21.49+ 0.64 Meank = 21.34+ 0.52

[BB*] =7.5x 10°5M, pH = 6.5 and temperature 25°C.
@ Total hypochlorite concentratioa [OCI~] + [HOCI].

preliminary experiments showed that at very high pH, above values were very low with significant changes, for prior to
9, when bulk of the hypochlorite is in the hypochlorite form and after reaction of dye with the bleached seawatérx1
and with very low concentration of HOCI, the reaction was 10°M Brilliant Blue (1 ml) had initial COD of 140 mg L*
very slow suggesting the rate constant for the reaction be-and upon addition bleached seawater in the 1:1 and 1:100
tween OCI and the dye is small. At pH 7.4, the concentra- molar ratios, the COD reduced to 100 and 30 mg tespec-
tions of hypochlorite and hypochlorous acid will be equal. tively. Even with 1:100 molar ratio, the residual COD shows
With the increase in acid concentration, the HOCI concen- that the dye is oxidized, but not completely mineralized.
tration increases and at pH 6.5, the percentage of hypochlor-The total oxidizable carbon (TOC) could not be determined.
ous acid in the mixture reaches about 71%, suggesting the To estimate scope of the bleached seawater in oxidiz-
major pathway for the reaction is through of oxidation by ing the wastewater containing other dyes, the kinetics of
HOCI (Table 1. number of dyes which are normally used in the textile and
With initial concentration of hypochlorite.d x 103 M other industries or as stains with hypochlorite are studied
(Table 9 to achieve pH 6.5, in the control experiment the in presence of hypochlorite and bleached seawater from the
added acid concentration is abou6d x 10*M and the unpublished data and from the literature are compiled and
resultant hypochlorous acid concentration 66 x 10* M summarized ifable 3
in both cases. Table 3summarizes the second-order rate constants for
Table 2summarizes the added initial acid and the com- the reaction of hypochlorite at pH 6.5 for variety of dyes.
piled hypochlorous acid concentrations and the correspond-The magnitude of the rate coefficients clearly demonstrate
ing pseudo first order rate constari§ pbtained. The plot  that most of the dyes are easily oxidized by the hypochlorie
of the Ink' versus In[HOCI] concentration gave a good enriched seawater. Ru(lll) is observed to catalyze the oxida-
straight line with R? = 0.987, suggesting the first-order tion by hypochlorite, hence studies are in progress to explore
dependence of the reaction rate on the acid concentrationsuitable heterogeneous catalyst to enhance the efficiency of
The calculated second order rate constants for the overoxidation by hypochlorite under seawater pH conditions.
all second-order rate constants are also summarized in Ocean outfalls can work efficiently and may be a satis-
Table 2 factory solution to effluent management. Under the right
To investigate the impact of the oxidation of Brilliant conditions, properly treated effluent discharged into deep
Blue using hypochlorite, the BOD and COD for the reaction ocean water with strong currents will have little or no
mixture was determined in duplicate experiments. The BOD environmental impacts.

Table 2 Table 3
Effect of acid on the reaction between Brilliant Blue and seawater enriched Second-order rate coefficients for different dyes with hypochlorite
with hypochlorite

Name of dye Category of dye k(M~1s 1)
[Ht] (10~*M)  [HOCI (103M)  k(102s1) kM-1ls1)?

Brilliant Blue? Triaryl dye 21.5+ 0.6
0 1.066 3.20 30.02 Indigocarmine[12]P Indigo dye 18.04 0.1
1.0 1.166 3.45 29.59 Amaranth[13]? Azo dye 26.2+ 0.5
2.0 1.266 3.71 29.31 Safranine-O[13]? Phenazine dye 48.4 1.1
3.0 1.366 4.03 29.51 Methylene Violet[14] Phenazine dye 22+ 0.5
4.0 1.464 4.49 30.66 Meldola’s Blue[15]P Phenoxazine dye 2403
5.0 1.499 4.62 30.82 Brilliant Cresyl Blue[15]P Phenoxazine dye 212 0.3
Mean=29.99+ 0.63 Nile Blue [15]° Phenoxazine dye 1026 120
[BB*] = 7.5 x 10> M, hypochlorite 15 x 103 M, initial pH = 6.5 and Temperature: 25C, pH = 6.5.
temperature= 25°C. @ Both controlled and enriched seawater experiments.

a k = k’/[HOCI]. b Controlled runs only.
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