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KINETIC AND MASS TRANSFER STUDIES OF OZONE
DEGRADATION OF ORGANICS IN LIQUID/GAS-
OZONE AND LIQUID/SOLID-OZONE SYSTEMS

ABSTRACT
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This work was concerned with the determination of mass transfer and Kkinetic
parameters of ozone reactions with four organic compounds from different families,
namely reactive dye RO16, triclocarban, naphthalene and methanol. In order to
understand the mechanisms of ozone reactions with the organic pollutants, a radical

scavenger (t-butanol) was used and the pH was varied from 2 to 9.

Ozone solubility (CaL’) is an important parameter that affects both mass transfer rates
and chemical reaction kinetics. In order to determine accurate values of the Ca_” in the
current work, a set of experiments were devised and a correlation between Ca,~ and the
gas phase ozone concentration of the form Ca. (mol/L) = 0.0456 x Cos (g/m* NTP)
was obtained at 20°C. This work has also revealed that t-butanol did not only inhibit
hydroxyl radical reactions but also increased mass transfer due to it increasing the
specific surface area (a.). Values of the a_ were determined to be 2.7 and 3.5 m*m?® in
the absence and presence of t-butanol respectively. It was noticed that the volumetric

mass transfer coefficient (k_a) has increased following the addition of t-butanol.

Ozone decomposition was studied at pH values of 2 to 9 in a 500 mL reactor initially
saturated with ozone. Ozone decomposition was found to follow a second order
reaction at pH values less than 7 whilst it was first order at pH 9. When the t-butanol
was added, the decomposition of ozone progressed at a lower reaction order of 1.5 for

pH values less than 7 and at the same order without t-butanol at pH 9. Ozone
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decomposition was found significant at high pHs due to high hydroxide ion

concentration, which promotes ozone decomposition at high pHs.

The reaction rate constant (k) of RO16 ozonation in the absence of t-butanol was
determined. The result suggests that RO16 degradation occurs solely by molecular

ozone and indirect reactions by radicals are insignificant.

The chemical reaction of triclocarban with ozone was found to follow second order
reaction kinetics. The degradation of naphthalene using the liquid/gas-ozone (LGO)
system was studied. This result showed that hydroxyl radicals seemed to have limited
effect on naphthalene degradation which was also observed when a radical scavenger
(t-butanol) was used. Reaction rate constants were calculated and were found around
100 times higher than values reported in the literature due to differences in
experimental conditions. From the results of the experimental investigation on the

degradation of methanol by ozone it was found that the rate constant (k) of the

degradation reaction increased at pH 9. The reaction stoichiometry was found to have

a value of 1 mol/mol.

The two steps of the liquid/solid-ozone (LSO) system were studied on beds of silica
gel and a zeolitic material (D915) and the ozone adsorption process was modeled and
found that particle rate controls ozone adsorption step but liquid rate controls the water
treatment step.

Ozone desorption with pure deionised water was studied. The water flow rate was
found to accelerate the desorption rates but pH was found to decrease the desorption
rates. In contrast, the effect of pH was insignificant in the presence of t-butanol.
Determination of the adsorption isotherms for RO16, naphthalene and methanol
revealed that RO16 did not exhibit adsorption on silica gel, but both naphthalene and

methanol showed adsorption on D915 described by Langmuir model.
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CHAPTER 1: INTRODUCTION

1.1. General

Water is one of the essential elements on earth and is necessary for all life. A constant
supply is needed to replenish the fluid lost through normal physiological activities such
as respiration, sweating and urination, so proper care is needed to see if the water used
is clean and pure for drinking purposes. Any contamination in water may lead to
diseases, bacterial attack and fungal and sometimes even fatal consequences. For
example, there are many sources of ground water pollution that can cause nasty tastes
and odours and that may be a risk to human health. Contamination of the well water
may occur naturally or as a result of human activity (Water Resources Act 1991).

Examples of water contaminants follow:

Microorganisms: There are many types of microorganisms that can cause human illness
or result in discolouration of water or produce nasty tastes and odours. Microorganisms
include bacteria, viruses, algae and parasites. Shallow wells are most at risk from
contamination by microorganisms, as are those located near farms, wildlife hotspots and
high risk flood zones. Water run-offs from these areas are usually the cause of

contamination (Water Resources Act 1991).

Nitrates and nitrites: High levels of nitrates are usually direct results of human activity,
They are contained in fertilisers used on farms, with the potential to contaminate ground
water. If large amounts are consumed this can be damaging to human health. Nitrates

are linked to the blue baby syndrome (Water Resources Act 1991).

Heavy metals: Much of the underground rocks and soil contain heavy metals such as

lead, chromium and many others. They can be damaging to human health but are not
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usually found to contaminate wells that are properly constructed and maintained. As
water moves through soil and rocks, it dissolves very small amounts of minerals and
holds them in solution. Calcium and magnesium dissolved in water are the two most
common minerals that make water hard. The degree of hardness becomes greater as the

calcium and magnesium content increases (Hughes et al., 1996).

Water described as hard means it is high in dissolved minerals, specifically calcium and
magnesium. Hard water is not a health risk but a nuisance because of its tendency to
cause mineral build-up in water pipes and heating systems and poor soap and detergent

performance when compared with soft water.

Water is a good solvent and picks up impurities easily. It combines with carbon dioxide

in the air to form very weak carbonic acid, resulting in an even better solvent.

Many industrial processes generate wastewater streams contaminated with organic
compounds harmful to human health and the environment. Water pollution by micro-
pollutants such as pesticides, textile, dioxins, and organic compounds and so on is a

worldwide problem at present (Mumma 1995, Hughes et al., 1996).

In order to solve this problem, many researchers are on track to develop new
technologies capable of removing the chemicals from wastewater. One of these
technologies is ozonation, which is the subject of this work. Ozone was found to be
effective in removing a wide range of organic and inorganic compounds and has been
applied successfully in treating both drinking and waste waters (Langlais et al., 1991).
Ozone may react in water through two mechanisms (I) direct reactions involving
molecular ozone and (Il) indirect reactions involving secondary oxidants such as
hydroxyl radicals (°OH) formed following ozone decomposition in water, a reaction

initiated by for example OH™ (Glaze et al., 1987). Knowledge of ozone reaction kinetics
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parameters, such as reaction rate constant k, the reaction stoichiometry and the reaction
order are essential to assess the feasibility of using ozone to treat the water and to
design an appropriate reactor. The kinetic parameters are also important to understand
the effects of operating parameters and to develop models capable of optimizing the
treatment process. For these reasons, this work was concerned with the determination of
the kinetics parameters of the ozone reaction with the RO16, triclocarban, naphthalene
and methanol as organic pollutants. The reasons behind the selection of these

compounds in this study are summarized in the following paragraphs.

In general, azo dyes are the most commonly used commercial dyes in the textile
industry, accounting for over 50% of all commercial dyes (Waring et al., 1990). A large
amount of azo dyes, however, remain in the factory effluent after the completion of the
dyeing process and represent an environmental danger due to their refractory nature.
azo-dyes contain azo groups (-N=N-) mainly bound to substituted benzene or
naphthalene rings (Wu and Wang 2001a). Figure 1.1 shows the chemical structure of an
azo-dye which contains sulphonic acid groups that ensure both its solubility in water
and its ability to dye wool, silk, nylon (polymide), cotton, cellulose acetate and other
kinds of fibres. However, the sulphonic acid group deactivates the structure with respect
to an electrophilic attack and biological degradation that occur in common waste water
treatment techniques (Liakou et al., 1997), (Muthukumar et al., 2001). Therefore, the
treatment of textile wastewater by conventional methods such as biological, physical
and chemical processes or a combination of each is inefficient for colour removal. A
direct solution to this problem is treatment with advanced oxidation processes (AOP),
such as O3 + pH > 7; O3+H,0, or O3+UV (J. Perkowski et al., 2000, (A. Balcioglu et
al., 2001), (F. J Rivas et al., 2003), (A. Lo’pez-Lo"pez et al., 2004a). Studies on the

degradation of azo-dyes using AOP is very important. It is in this wider context that a




Chapter 1: Introduction N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

reactive azo-dye (Reactive orange 16 RO16: CyHi17N3Na201,S3) was chosen in this

study (CAS Number: 12225-831-1 and Colour Index Number: 17757)

Q 0
i Q= 0, ONa
NaQ 63‘3%3 b 4 N=N S-}D
g
HC
J—NH
O

Figure 1.1: Molecular structure of dye (RO16)
Triclocarban or 3-(4-chlorophenyl)-1-(3,4-dichlorophenyl)urea (TCC) is a substance
with antibacterial and antifungal properties (Triclocarban-Wikipedia 2009). Hence, it
finds applications in disinfectants, detergents, cosmetics, soaps, etc. Although the
disinfection mechanism is unknown, TCC may be involved in the inhibition of the
enzyme enoyl-acyl carrier protein reductase (ENR). At lower concentrations, TCC
provides a bacteriostatic effect by binding to ENR (Triclocarban-Wikipedia 2009). This
enzyme is absent in humans but essential in building cell membranes of many bacteria
and fungi. The data on the environmental impacts of using TCC is very scarce.
However, few studies have shown that the chemical is toxic to humans and other
animals (Halden and Paull 2005) since it increases methemoglobinemia. But still the use
of TCC is not limited. For example, in 1998, according to the summary report which
was submitted by the US Environmental Protection Agency (EPA), mentioned TCC
production for the US market was estimated to approach one million pounds or about
454 metric tons per year, according to the summary report submitted by the industry to
the US Environmental Protection Agency (EPA) in support of the ongoing risk
evaluation for the antimicrobial compound; the maximum current use is estimated at

750 metric tons per year (Sapkota et al., 2007).
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Researchers have already found that 75 % of triclocarban originates from anti-microbial
soaps which had been washed down from household drains persists during wastewater
treatment. The worse part is the accumulation of TCC at remarkable concentrations in
the municipal sludge, which may be used as a fertilizer and soil conditioner for crops. It
is already known from literature that TCC contained sludges treated biologically for an
average period of three weeks showed negligible degradation, (Raabe E. W 1968). The
continuous persistence of TCC in rivers and streams is really a major issue to the
environment and mankind. TCC is a topical antiseptic but can end up in the food chain
which is neither regulated nor monitored. The molecular structure of TCC is shown in
Figure 1.2. Treatment studies to remove the compound from water are scares. In order

to understand the behavioral degradation of TCC with ozone, this study was carried out.

0 Cl
||

m—@— NH~\NH Cl

Figure 1.2: Molecular structure of triclocarban
Naphthalene (CAS number: 91-20-3: C1oHsg) is an aromatic compound widely used in a
number of industrial applications such as the manufacturing of dyes, pesticides,
polymers and many other products (Shiyun et al., 2002). Research studies have shown
that naphthalene persists in effluents discharged from sewage treatment plants and is
difficult to remove by conventional wastewater treatment processes due to the low
solubility of this compound in water and as a result, it represents a long-term source of
contamination. Naphthalene can contaminate surface waters since it persists in
discharged waste waters or accumulate in biosolids that may be used as a fertilizer and
soil conditioner for crops. Therefore, there is concern about the fate and potential
impact of naphthalene released in the environment. Excessive exposure to naphthalene

may affect the blood, breastfed babies, eye, lung and the unborn child (UK-
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Environment-Agency 2008). Naphthalene is included in the UK Surface Waters
(Dangerous Substances) (Classification) Regulations and the European Union Water
Framework Directive (WFD) Priority list substances. The molecular structure of

naphthalene is shown in Figure 1.3.

Figure 1.3: Molecular structure of naphthalene
Methanol is a type of alcohol, currently made from natural gas but which can also be
made using biomass (wood waste or garbage) or coal. Methanol (CH3OH) is a volatile
organic compound commonly used in industry, which may have harmful effects on
human health and the environment. Therefore, it has been listed as one of the 189

Hazardous Air Pollutants included in the 1990 Clean Air Amendment list in the US.

Although, methanol occurs naturally in the environment as a result of various biological
processes in vegetation, microorganisms, and other living species, a large release of
concentrated methanol to ground water, surface water, or soil has the potential to
adversely impact the affected environment (Haward et al., 1991). Once released, the
half-life of methanol depends on numerous factors including the nature of the release,
quantity of the release, and physical, chemical and microbiological characteristics of the
impacted media. Table 1.1 is a summary of the estimates of the range of probable
methanol half-lives in various environmental media as documented from various
reports, in comparison with the probable half-lives of benzene, a common gasoline
constituent. Based on these data, regardless of the release scenario, methanol appears
unlikely to accumulate in the groundwater, surface water, air, or soil. The physical and
chemical properties of methanol help to further define the fate and transport of this

chemical in the various environmental media in the context of each of the conceptual
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release scenarios (Haward et al., 1991). The dominant mechanisms of methanol loss
from subsurface soil and ground water are expected to be biodegradation and advection
(dispersion and diffusion) with little loss from adsorption on soils due to its high
solubility and low retardation factor. In surface water, the infinite solubility of methanol
will result in rapid wave-, wind-, and tide enhanced dilution to low concentrations
(< 1%). Once concentrations have been diluted below toxic levels, the dominant
mechanism of methanol loss is expected to be biodegradation. Compared to other loss
mechanisms identified, including volatilization and chemical degradation,
biodegradation is expected to be the dominant process controlling the fate of methanol
in the soil, groundwater, and surface water environments. In addition, the
biodegradation of methanol can occur under both aerobic (oxygen present) and
anaerobic (oxygen absent) conditions (Haward et al., 1991).

Table 1.1: Estimated Half-Lives of methanol and benzene in the Environment

Environmental medium Methanol half- live | Benzene half-live
(days) (days)
Soil 1-7 5-16

(Based upon unacclimated grab sample of
aerobic/water suspension from groundwater

aquifers)

Air 3-30 2-20
(Based on photooxidation half-life)

Surface water 1-7 15-16

(Based upon unacclimated aqueous aerobic
biodegradation)

Ground water 1-7 10-730
(Based upon unacclimated grab sample of
aerobic/water suspension from ground water
aquifers
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Therefore, following any of the three conceptual release scenarios presented, methanol
is not likely to persist in soil or water due to its rapid biodegradation. Methanol is
miscible in water and consequently will dissolve quickly and be diluted to low
concentrations in the event of a surface water spill. In ground water, methanol
concentrations are highly dependent on the nature and the magnitude of the release but
are likely fall to low concentrations once complete dissolution has occurred. In both
surface and ground waters, methanol is likely to be easily biodegraded under a wide
range of possible water quality conditions (Raabe E. W 1968). Figure 1.4 shows the
molecular structure of methanol. Methanol was used in this work simply to gain a better

understanding of the processes used.

Figure 1.4: Molecular structure of methanol
Wastewater treatment becomes very essential, considering the widespread occurrence

and toxicity profiles of some of the chemicals discussed.

Two systems were used in this research to study the degradation of four chemical
compounds, which were described earlier. The two systems are: Liquid/Gas-Ozone
(LGO) and Liquid/Solid-Ozone (LSO) system. In the (LGO) system: ozone was applied
in the gaseous state and bubbled into water. Whereas, in the LSO system: ozone was
adsorbed on particulate of silica-based adsorbents using a fixed bed reactor followed by
water passing through the bed of the ozone loaded adsorbent. LSO technique was
developed in the water laboratory at Bradford University in order to overcome some of
the problems encountered in conventional ozone gas systems (i.e. Liquid/Gas-Ozone

(LGO)), (Tizaoui 2001).
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1.2. Aim and Objectives

The overall aim of this work is to investigate the oxidation of the compounds discussed
earlier (reactive dye (RO16), triclocarban, naphthalene and methanol) in water using
ozone. The two systems LGO and LSO were used for this purpose. It is expected that
this investigation will reveal a better understanding of the kinetics and mass transfer

processes that occur in both systems. The particular objectives of the study were:

e Determine ozone mass transfer parameters and discuss the effect of the
operating conditions on their values and changes;

e Determine the effect of pertinent experimental parameters on the degradation
rates of the compounds of interest;

e Study the effect of a radical scavenger (t-butanol) on both degradation rates and
mass transfer;

e Study the feasibility of using the LSO system to remove RO16, naphthalene and
methanol;

e Study gas ozone adsorption on two selected adsorbents;

e Study ozone desorption from the adsorbents using deionised water;

e Determine the effect of the experimental parameters such as liquid flow rate, pH,

t-butanol on the performance of the LSO system.

1.3. Thesis Plan
A lengthy experimental study has been carried out to address the aims and objectives of
this thesis. Results and discussions alongside conclusions and future work are presented

in this thesis. The thesis is structured as follows:
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Chapter 1 presents brief introduction on water and ozone importance and sets the scene
for the work. The aim and objectives of this work have also been stated alongside the
plan of the thesis in Chapter 1.

Chapter 2 provides the general background and shows an in depth literature review
related to the topics of this work.

Chapter 3 presents the equations and mathematical models used in this work.

Chapter 4 is concerned with the equipments and experimental procedures that were
used in the experimental work.

Chapter 5 & 6 includes the experimental results and their discussions.

Chapter 7 summarises the conclusions reached during the course of this work and
proposes future work.

Chapter 8 comprises of appendices and references

10
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CHAPTER 2: LITERATURE REVIEW

2.1. General
This chapter deals mainly with the general background and review past work on ozone,

its physical properties and the brief description of the main applications of ozone.

2.2. Ozone

Ozone was discovered by van Marum in 1785, who noticed a peculiar odour developed
by a machine producing static electricity but was not named until 1840. In 1801,
Cruikshank observed that the electrolysis of sulphuric acid produced “oxygen” which
had a peculiar “chlorine —like” smell. It is generally accepted, however; that the
discovery of ozone was due to the observation of Schonbein. (Schonbien 1920) realized
that (van Marum 1785) and Cruickshank 1801) had actually produced the same gas via
different processes. It was Schonbein who named “ozone” from the Greek word (ozein),
which means to smell. The true nature of ozone, however, was not agreed upon until
1865 when Soret claimed that ozone was a tri-atomic form of oxygen (Vosmaer 1916),
(Ardon 1965). The ability of ozone to disinfect polluted water was recognized in 1886
by Meritens (Vosmaer 1916). A few years later, the German firm Siemens and Halske,
manufacturers of electrical equipment, contacted local Prussian officials who were
willing to test ozone’s application for the disinfection of drinking water. The first full-
scale application of ozone in drinking water treatment was in 1893 at Oudshoorn
(Netherlands), Auer and (France 1909), (Madrid and Spain 1910) and (Vosmaea 1916)
counted at least 49 European plants using Siemens, de Fries, Marmier, Abraham and
Otto ozone generators by 1915. The construction of new ozone plants continued at a
slow pace, especially in France. There was also some construction of ozone plants

elsewhere, such as in the Belgian Congo, where 11 plants were built before 1939
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(Pascal 1986). By 1936, there were close to 100 ozone plants in France and 30-40 in
other parts of the world (Evans 1972). All of these were first generation plants.
However, in the 1960s there were many new applications that required ozone to be
added during the early stages of treatment, hence the term preozonation. Until this time,
ozonation was, in most cases, the last stage of treatment. In France and Germany during
the early 1960s, ozone was used specifically to oxidize iron and manganese. Some of
the first applications for ozone were at Dlsseldorf, Germany (1957 and 1980), Sitterdor,
Switzerland (1963) and France (1974). At about this time, several Scottish and Irish
plants that employed ozone for colour removal were designed and constructed
(O’Donovan 1965, Greaves and Lowndes 1987). The most recent application of ozone
are disinfection by-product (DBP) control and biological stabilization or minimization
of microbiological growth potential of water. In 1990, there were close to 40 U.S. water
treatment plants that were equipped with ozonation facilities. In addition, an increasing

number of ozone facilities were being replaced by updated ozone equipment.

2.3. Ozone Properties

2.3.1. Solubility of ozone

The degree of solubility of ozone gas depends on the concentration in gas phase and
thus is dependent on the partial pressure. Another important factor influencing the
solubility is the temperature as shown in Table 2.1. Besides temperature, pH and ion
concentration in the solution are the main factors influencing the solubility of ozone in
water. In summary, ozone solubility can be increased by;(1) increasing the ozone
concentration in air or oxygen;(2) increasing gas pressure;(3) decreasing the water

temperature;(4) decreasing the amount of solutes;(5) decreasing the pH, (Stumm 1958).
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Table 2.1: Effect of water temperatures and 0zone concentration in the gas phase on ozone
solubility in water (mg/L).

ozone gas % | ozone gas g/m° 5°C 10°C 15°C 20 C
15 6.68 11.09 9.75 8.40 6.43

2 8.91 14.79 13.0 11.19 8.57

3 13.37 22.18 19.50 16.79 12.86

If oxidizable chemicals are present in the water, larger amounts of ozone will dissolve
to satisfy the demand. One limiting factor is the efficiency of the mass transfer device
used. When using ventury, more turbulence and smaller bubbles facilitate better mass
transfer. When using bubble diffusers, the water column should be at least 4.804 m
high. Higher concentrations of ozone in water cause more vigorous oxidation of even
more resistant organic compounds. The solubility of ozone in water can be shown by
the comparison of solubility values shown in Table 2.2 (Brink et al., 1991). This table
shows that ozone is approximately 10 times less soluble than chlorine gas and 130 times
less soluble than chlorine dioxide ( the solubility of ozone is normally much less

10 mg/L because ozone is produced at low concentration 5-10% in air or oxygen).

Table 2.2: Solubility values for various pure gasses at (289k and partial pressure= 1 atm all
gasses)

Gases Formula Solubility (mg/L)
Ozone O, 1.4
Oxygen 0O, 70
Carbon dioxide CoO, 3.36
Chlorine Cl, 14.4
Chlorine dioxide CIO, 180

In addition, ozone solubility in water obeys Henry’s Law (Gurol et at., 1982), (Sotelo et
at., 1989), (Brink et at., 1991), (Degremont 1991b). Henry’s Law may be described by
Equation 2.1, where P is the vapour pressure of A, X the mole fraction of dissolved A

and K is a constant (having units of pressure, sometimes expressed by the symbol H)

P, =K, X, (2.1)
If a component (solvent) is nearly pure, it behaves according to Raoult’s Law and has a

vapour pressure that is proportional to the mole fraction with a gradient Pa_.
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P, = X Py (2.2)
When this component is the minor component (solute), its vapour pressure is
proportional to the mole fraction but with a constant Ko (Henry’s Law) (Atkins, 1990).
As ozone is generally produced in small concentrations, we can say that the mole
fraction of ozone in oxygen (or air) is small (— 0) and that the relation between XO3
and POs is linear with a gradient Ka or Ha (known as the Henry’s constant). Much work
has been carried out on the estimation of Henry’s Law constant for the solubility of
ozone in water. (Sotelo et al., 1989) have carried out a literature survey of previous
works and undertaken work on the variation of Ha with pH, temperature and ion
strength. The outcome of their work is a set of equations showing the variation of Ha

with the differing physical and chemical properties of the solutions.

H=f(T,pH) (2.3)

2.3.2. Physical properties of ozone

The physical properties of ozone are somewhat different from those of dioxygen. It has
a slightly bluish colour as both a gas and a liquid. It changes to a liquid at a temperature
of -111.9 °C (+ 0.3 °C) = (-169.4 °F) and from a liquid to a solid at -192 °C (x 0.4 °C)
~ (-135 °F). The density is 2.144 g/L. At typical ambient temperature, ozone is a blue
coloured gas, but at low concentration this colour is not noticeable unless the gas is
viewed through a considerable path length. At 112 °C, pure ozone condenses easily to a
dark blue liquid that explodes readily. Less concentrated O3/O, mixtures (above
20 % O3) are also explosive, either in the vapour or liquid state. Such explosions may be
initiated by small amounts of catalysts, organic matter, shocks, electrical sparks, or

sudden changes in temperature or pressure (Sotelo et al., 1989).
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2.3.2.1. Molecular ozone reactivity
The ozone molecule is angular in shape. Its shape has been accurately determined by

microwave investigations (Trambraulo et al., 1953).

Bond Length
‘// 0.1278nm

116.8
Bond Angel

Figure 2.1: Molecular structure of ozone
The fact that the ozone molecule is angular became evident from the analysis of its
infrared (IR) spectrum. The angle was first believed to be acute but interpretation of IR
data showed it to be obtuse. Electron diffraction measurements assigned a length of
0.127(x 0.002 nm) to the O-O bond and angle of 116.8(x 0.2°C) between the central
and outer atoms. The bond length (0.128 nm) is shorter than the single O-O bond in
H-O-0-H (0.149 nm) and longer than in the oxygen (O,) molecule (0.121 nm); thus, it
is evident that this bond in ozone must have a considerable double bond character. The
binding may be considered as consisting of two (o) bonds between the central and the
outer atoms and a delocalized () orbital spread over the whole molecule (Ardon 1965).

The ozone molecule is described as a resonance structure Figure 2.2.

Figure 2.2: Ozone structure
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2.3.2.2. Thermal and mechanical properties

The normal boiling point of liquid ozone is -111.9 °C; the critical temperature is -12.1 °C
and critical pressure is 54.6 atm. The surface tension is 38.1 mN.m™ at -182.7 °C and the
density is 1.5727 g cm™ at -182.9 °C. The viscosity is 1.56 g/m.s at -183 °C and 4.14 at -
195.6 °C. The specific heat of liquid ozone is 0.434 cal.g™. °c™* at -176.6 °C and that of
gaseous ozone is 0.197 cal.g™. °c? at 25 °c and 1 atm. The heat of formation of ozone
is AH%f =34.0 kcal.mol™ and the free energy of formation is AG’f = 39.06 kcal.mol™,
both at 1 atm and 25°C. The heat of vaporization of liquid ozone is 2.59 kcal.mol™ and
the entropy of vaporization 15.92 cal.mol™, both at the normal boiling point. Above,
-180 °c, liquid oxygen and ozone are miscible in all properties but below that

temperature, two liquid phases appear over a certain range of concentrations. The

relative permittivity of the gas & =1.0019 at 0°c and 1 atm and in liquid ozone

& = 4.75 at -183°C. The solubility of ozone in water is higher than di-oxygen: 0.52 L

will dissolve in 1 L of water at 0°C and 1 atm (Ardon 1965). Table 2.3 gives the

solubility coefficient in relation to temperature (Stumm 1958).

Table 2.3: The solubility coefficient for ozone in water ([Oz]* water / [O3]) at 1 atm Relative
lonic strangeth:1=0.05
Temperature (°C) 5 10 15 20 25
Solubility coefficient 0.45 0.41 0.37 0.34 0.30

Ozone is appreciably soluble in CHCI3, CCly4, CF,Cl,, CF3Cl and other organic solvents
shown in Table 2.4 (Gmelin 1960); however, at a temperature lower than -80 °C, ozone

will react with CCl, and CFCls.

Table 2.4: Absorption of ozone in various solvents

Solvent Temperature / (°C) O/ solvent / (g.L™)
Acetic acid 18.2 5.40
Acetic acid 30.2 3.50
Acetic anhydride 0 4.60
Dichloroacetic acid 0 3.66
Propanoic acid 17.3 7.80
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2.3.3. Chemical properties of ozone

2.3.3.1. Decomposition kinetics
Ozone is one of the most powerful oxidizing reagents known. Decomposition of ozone

can produce an oxygen free radical, which has an even higher oxidizing capacity than
that of ozone. Consequently, the oxidizing characteristics of ozone depend not only on
the ozone molecule but also on its decomposition products. (Tomiyasu et al., 1985)
studied the initial rate of ozone decomposition by the use of a scavenger, in this case
Na,COj3, which removes any hydroxyl ions present in a solution. However, the kinetics
studies and mechanistic descriptions of aqueous ozone have been investigated
extensively in recent works (Tomiyasu et al., 1985), (Grasso 1987), (Gordon 1987a).
The proposed mechanism involves a two electron transfer process or an oxygen atom
transfer from ozone to hydroxide ion. The steps for the mechanism of ozone

decomposition are described in the following section:
0, +0OH —X5HO, +0, k=40 M7t (2.4)

(Initiation step)

HO,  +O, ——>0, +HO,” k=22x10°M's? (2.5)
HO, +OH «*—>0,” + HO, k=10"8 (2.6)
0, +0,—»0, +0, k=1.6x10°M's? (2.7)
0, +H,0—*>0H +0, +OH " k=20%Ms? (2.8)
0, +OH —-0,” +HO, k=6x10"M7s*! (2.9)
0, +OH —>0, +OH " k=2.5x10° M*s* (2.10)
OH +0, —>HO, +0, k=3x10°M's? (2.11)
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OH +CO,” —*50H ™ +CO; k=4.2x10°M"s? (2.12)
CO,” +0, - products €0, +0,” +0, (2.13)

The overall order of reaction for ozone decomposition in aqueous solution has still not
been agreed. (Tomiyasu et al., 1985) have devised a rate Equation 2.14 for the
decomposition of ozone. They propose that the system changes from a first order
reaction (in ozone) in the presence of a radical scavenger; to one which has first and
second order characteristics (in ozone) when a high hydroxyl ion concentration is

present.

il N W N T @.14)

dt
They also state that the solution composition has marked effects on the magnitude of
both Kon- and K,. (Gurol and Singer 1982) suggest that the overall order of reaction
between pH values of 2 and 9.5 is second order with an expression for the

decomposition of ozone shown in Equation 2.15.

= (!: ~k b, 2 (215)

It can be said with reasonable confidence that the description of 0zone decomposition in
solution is somewhat ambiguous when comparing works of different authors and that
the order of ozone decomposition and its mechanism of decomposition may only be
postulated and a dedicated study for ozone decomposition is essential. However, some
conclusions may be drawn from the previous works; in that the pH of a solution has a
marked effect on ozone decomposition and also that the presence of radical and ion
scavengers will also markedly affect the rate of decomposition. Factors influencing the
decomposition of ozone in water are temperature, pH, environment and concentrations
of dissolved matter and UV light (Tomiyasu et al., 1985). Here, the main influencing

factors for ozone decomposition will be discussed.

18



Chapter 2: Literature review N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

1. Temperature

Temperature has an important influence on the half-life of ozone (Stumm 1958). Table
2.5 shows the half-life of ozone in air and water. In water, the half-life of ozone is much
shorter than in air, in other words ozone decomposes faster in water. On the other hand,
the reaction speed increases with a factor 2 per 10 °C in complete. Principally, ozone
dissolved in water cannot be applied when temperatures are above 40 °C because at this
temperature the half-life of ozone is very short (Stumm 1958).

Table 2.5: Half -live of ozone in gas and water at different temperature

Air Dissolved in water

Temp. (°C) Half life Temp. (°C) Half life
-50 3 months 15 30 min
-35 18 days 20 20 min
-25 8 days 25 15 min
20 3 days 30 12 min
120 1.5 hours 35 8 min

2. pH

As mentioned above, ozone decomposes partly into OH radicals. When the pH value
increases, the formation of OH radicals increases. In a solution with a high pH value,
there are more hydroxide ions present, see reaction equations below. These hydroxide

ions act as an initiator for the decay of ozone (Stumm 1958).

0,+0OH™ - HO, +0, k = 40M st (2.16)
0, +HO,” > 0, +HO,” k =2.2x10° M’s™ (2.17)
The radicals that are produced during reaction 2 can introduce other reactions with
ozone causing more OH radicals to be formed and thus more ozone being decayed. In
addition, the pH influences acid/base equilibriums of some compounds and also the
reaction speed of ozone. This applies also to the reaction with scavenger COs>, which is

also pH dependant (pKa HCO3?/COs* = 10.3), (Stumm 1958). Figure 2.3 shows that

the decay of ozone in a basic environment is much faster than in an acid environment.
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Figure 2.3: Effect of pH on the decay of ozone (T=15 °C) (Stumm 1958)

3. Dissolved Solids Concentration

Dissolved ozone can react with a variety of matter, such as organic compounds, viruses,
bacteria, etc. As a result, 0ozone decomposes to other matter; see Figure 2.4. This Figure
illustrates that the half-life of ozone in double distilled water is much higher, compared
to tap-water, for example. However, once distilled water presented a shorter half-life
compared to tap water. Depending on the nature of the dissolved matter, these can
accelerate (chain-reaction) or slow down the decay of ozone. A substance that
accelerates these reactions is called promoters. Inhibitors are substances that slow down

the reaction (Stumm 1958).
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OZONE CONCENTRATION {p M/2)
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Figure 2.4: Ozone decomposition in different types of water at 20 °C (Stumm 1958)

1 = double-distilled water; 2 = distilled water; 3 = tap water; 4 = groundwater of low hardness; 5 =
filtered water from Lake Zurich (Switzerland); 6 = filtered water from the Bodensee (Switzerland).

4. Carbonate and bicarbonate

Scavengers slow down the chain-reaction. This is because after the reaction of
scavengers with OH radicals, the reaction products do not react with ozone any further.
Carbonate is a scavenger with a strong effect. The addition of carbonate (CO3*) can
increase the half-life of ozone. The effect on the reaction speed is highest at low
concentrations. Above 2 mmol L™ for ozonisation and 3 mmol L™ for advanced

oxidation process (AOP), the decrease in the reaction rate is negligible (Stumm 1958).

5. Natural organic material

Natural organic material (NOM) exists in every kind of natural water and is often
measured as dissolved organic carbon (DOC). NOM reduces the quality of the water
with regard to colour and odour (Stumm 1958). Ozone can be used in water treatment
for the reduction of the concentration of NOM. The concentration of NOM in natural
waters can vary from 0.2 — 10 mg L™. The influence of NOM on ozone is twofold.
Depending on the type of NOM, can be oxidized directly by NOM. This is the case for

compounds which easily react with ozone, such as double bonds, activated aromatic
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compounds, deprotonated amines and sulphides. On the other hand, OH radicals can
react with NOM (indirect reaction) and act as a promoter or as a scavenger. In natural
waters, it is difficult to determine the stability of ozone as a result of the indefinite effect
of NOM. That means it is not possible to estimate the fraction that accelerates or slows

down the reaction (Stumm 1958).

2.3.4. Ozone toxicity

Because ozone is found in so many places, its toxicity has been investigated extensively
since the early 1900s. Experimentation has shown that the odour of ozone can be
detected and identified by most people at a concentration of from 0.02 to 0.05 ppm
(parts ozone per million parts air + ozone). As the concentration increases to a few
tenths of a part per million, the first effect noted is likely to be a feeling of dryness in
the back of the throat. If a concentration on the order of 0.2 or 0.3 ppm is inhaled more
or less continuously for several hours to a few days, some lung irritation may result;
however, in the air we breathe, ozone concentrations as low as 0.3 -0.5 mg/L provoke
detrimental effects on the human respiratory tract. The atmospheric concentration at
which ozone is dangerous is not well known but inhalation of 50 mg/L of ozone for half

an hour would probably be fatal (Masschelein 1982).

2.3.5. Ozone and the environment

The effect of human activities on the level of ozone in our environment is under close
scrutiny by environmentalists, politicians, and lawmakers. Ozone can be found in two
very different layers of our atmosphere, the troposphere and the stratosphere. The
environmental problems related to the levels of ozone in these two atmospheric layers
are very different (Bunce 1991). In the troposphere, the level of the atmosphere that we
live in, ozone is a component of the air pollution commonly referred to as "smog." The

amount of ozone in our troposphere is increasing because of chemicals emitted
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wherever natural gas, gasoline, diesel fuel, kerosene, and oil are combusted. Nearly
90% of our Earth's ozone is found in the atmospheric layer above ours, called the
stratosphere. This layer extends from about 14.5 kilometres to 50 kilometres
(9-31 miles) in altitude and is where aerplanes fly. The ozone layer is within the
stratosphere, approximately 15-40 kilometres (10-25 miles) above the Earth's surface.
This ozone is important for blocking the Earth from the Sun's harmful ultraviolet (UV)
rays by absorbing the UV energy and keeping the rays from penetrating the Earth. The
environmental problems related to stratospheric ozone result from the depletion of the
ozone by reactions with man-made chemical compounds called chlorofluorocarbons or
CFCs (Bunce 1991). These compounds are commonly used for refrigerants, solvents,
and foam-blowing agents. Depletion of ozone causes ozone holes in our atmosphere that
can be seen by modern detection equipment. Currently, two major holes exist; one over
the Antarctic and another over Australia. The size of these holes in the ozone layer will
continue to increase unless actions are taken to decrease the level of CFCs in our
atmosphere (Bunce 1991). CFCs were discovered in the atmosphere in the early 1970s
and subsequent studies showed increases in the ground level of CFCs from 50 ppt (parts
per trillion) in 1971 to 150 ppt in 1979. CFCs may be decomposed photo chemically,
giving rise to a free chlorine atom as in Equation 2.18, which can initiate the

decomposition of ozone shown in Equation 2.19, (Bunce 1991).

CF,Cl, —~ " CF,Cl +* CI hy, A <250 nm (2.18)
X +0, - X0 +0, (2.19)

The ozone level in healthy outdoor environments is typically between 0.02 ppm and
0.04 ppm, which is the ozone level produced by Surround Air lonizer purifiers. In most

unhealthy indoor environments, the ozone level is virtually zero. In some unhealthy
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indoor and outdoor environments, the ozone level may actually be well above 0.1 ppm,
which is too high. However, this only happens when the hydrocarbon level (pollution
from industrial smokestacks, vehicle emissions, etc.) rises to a very high concentration.
It has been proven that ozone breaks down the hydrocarbon molecules. When the
pollution is high enough though, the nature cannot help but to overcompensate under
this strain. This is why indoor environments need a source of negative ions and ozone.
In addition to being beneficial to your health when occurring at proper levels, they are
highly effective at removing particles and contaminants from the air, which results in a
much healthier environment by itself. In 1987, 27 nations signed a global environmental
treaty, the Montreal Protocol to Reduce Substances that Deplete the Ozone Layer, that
had a provision to reduce 1986 production levels of these compounds by 50 % before
the year 2000. This international agreement included restrictions on the production of
CFC-11, -12, -113, -114, -115 and the Halons (chemicals used as a fire extinguishing
agents). An amendment approved in London in 1990 was more forceful and called for
the elimination of production by the year 2000. The chlorinated solvents, methyl
chloroform (CH3CCls) and carbon tetrachloride (CCl;) were added to the London
Amendment. In Europe and North America, CFCl; and CF,Cl, have been completely

phased-out of production (Bunce 1991).

2.4. The Treatment of Water and Wastewater

All water used for supply originates from the atmosphere as precipitation (rain, snow
and hail). This collects either above ground in rivers, natural lakes, man-made
impounding reservoirs or below the ground in aquifers. Water rapidly absorbs both
natural and man-made substances that generally make the water unsuitable for drinking
prior to some treatment. The objective of water treatment is to produce an adequate and

continues supply of water that is chemically, bacteriologically and aesthetically
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pleasing. Water treatment plants must be able to produce a finished product of
consistently high quality, regardless of how great the demand might be. Water treatment
consists of a range of unit processes, usually used in series as shown in Figure 2.5,
(Degremont 1991b). The cleaner the raw water, the fewer the treatment steps required
and hence, the overall cost of water is less. The most expensive operations in
conventional treatment are sedimentation and filtration, while water softening can also
be very expensive, (Degremont 1991b). Ground water is generally much cleaner than
surface waters so does not require the same degree or treatment, apart from aeration and

disinfection before supply.

Raw Aeration Disinfection Fluoridation Service Distribution
Water i reservoir

A 4
A
A 4

Figure 2.5: Typical water treatment process
Surface water requires more complex treatment due to poor quality, although the quality
of surface waters can be very high, for example (upland reservoirs) as in Figure 2.6,
(Degremont 1991b). The selection of water resources for supply purposes depends not
only on the nature of the raw water and the ability of the resource to meet consumer

demand throughout the year, but also on the cost of treating the water.

Upland
storage Micros- trainer Disinfection Fluoridation Service Distribution
Reservoir [ g i P reservoir [

Figure 2.6: Typical sequence of unit treatment for water
Most plants treating variable surface water consist of at least two stages. The first is
able to handle the very variable raw water quality, sometimes with high levels of
suspended solids and as a results produce a reasonably consistent intermediate quality
not normally good enough for supply but with most of the impurities removed and, by
specification, good enough for filtration, (Degremont 1991b). In the industry, these

primary processes are usually called clarification. The ultimate quality as far as
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suspended solids and many other parameters are concerned is achieved by filtration.
Most filters for water treatment are based on granular materials such as sand and
because the solids being filtered out are retained within the voids in the sand bed, they
have a limited capacity. They are able to produce a high quality filtrate when correctly
operated, (Degremont 1991b). The clarification and filtration processes are therefore
complementary. In some cases these stages are not able to remove all the undesirable
species and activated carbon may be needed to adsorb pesticides, (Degremont 1991b).
The required bacteriological quality of the water is achieved by a combination of the
above, plus the addition of a specific disinfectant such as chlorine, which is usually
applied at the last stage after most of the suspended solids have been removed. Filtered
water will not be free of pathogenic organisms unless specifically disinfected in this
way or else filtered through a membrane fine enough to remove them. The other
important method used for treatment recently is ozonation, (Degremont 1991b). Ozone
is widely used for drinking water treatment. It can be added at several points throughout
the treatment system such as pre-oxidation, intermediate oxidation or final disinfection
as shown in Figure 2.7. Usually, it is recommended to use ozone for pre-oxidation,
before a sand filter or an active carbon filter General Activity Carbon (GAC). After
ozonation, these filters can remove the remaining organic matter. This combination has

several benefits:

Removal of organic and inorganic matter;

Removal of micro-pollutants, such as pesticides;

Enhancement of the flocculation/coagulation decantation process;

Enhanced disinfection and reduction of disinfection by-products;

Odor and taste elimination.
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Figure 2.7: Water treatment by ozonation (Degremont 1991b).

2.4.1. Physical treatment of water

Physical treatment methods are used in both water treatment and wastewater processing.
Except for preliminary steps, most physical processes are associated directly with
chemical and biological operations. In water treatment, granular-media filtration
(a physical method) must be preceded by chemical coagulation. In wastewater
processing, the physical procedures of mixing and sedimentation in activated sludge are
related directly to the biology of the system, (Degremont 1991a). However, a physical
process usually treats suspended, rather than dissolved, pollutants. It may be a passive
process, such as simply allowing suspended pollutants to settle out or float to the top
naturally depending on whether they are more or less dense than water. The process
may be aided mechanically, such as by gently stirring the water to cause more small
particles to bump into each other and stick together, forming larger particles which will
settle or rise faster a process known as flocculation. Chemical flocculants may also be
added to produce larger particles, (Degremont 1991a). To aid flotation processes,
dissolved air under pressure may be added to cause the formation of tiny bubbles which
will attach to particles. Filtration through a medium such as sand as a final treatment
stage can result in a very clear water. Ultrafiltration, nanofiltration and reverse osmosis
are processes which force water through membranes and can remove colloidal material
(very fine, electrically charged particles, which will not settle) and even some dissolved
matter. Adsorption on activated charcoal is a physical process which can remove
dissolved chemicals. Air or steam stripping can be used to remove pollutants that are

gasses or low-boiling liquids from water and the vapours which are removed in this way
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are also often passed through beds of activated carbon to prevent air pollution. These
last processes are used mostly in industrial treatment plants, though activated carbon is

common in municipal plants also, for odour control, (Degremont 1991a).

2.4.2. Biological treatment of water

Biological treatment of water has been in use since the beginning of time,
(Degremont 1991a). Microorganisms can consume insoluble materials found in
wastewaters for multiplication processes. Moreover, biological treatment plants are
more commonly used to treat domestic or combined domestic and industrial wastewater
from a municipality. They use basically the same processes that would occur naturally
in the receiving water but give them a place to happen under controlled conditions, so
that the cleansing reactions are completed before the water is discharged into the
environment. Biological treatment is the most important step in processing municipal
wastewaters. Physical treatment of raw wastewater by sedimentation removes only
about 35% of the Biological Oxygen Demand (BOD), owing to the high percentage of
non settleable solids (colloidal and dissolved) in domestic wastewaters. Chemical
treatment is not favoured because of high chemical costs and inefficiency of dissolved
BOD removal by chemical coagulation and precipitation. Advanced physical treatment
method, such as carbon adsorption and reverse osmosis, can remove dissolved BOD and
other contaminants but are very costly to construct, operate and maintain. A modern
treatment plant uses a variety of physical, chemical, and biological processes to provide

the best, most economical treatment, (Degremont 1991a).

2.4.3. Chemical treatment of water
Chemical treatment is the most important step in processing public water supplies

(Tchobanoglous et al., 1991). Surface water normally requires chemical coagulation to
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eliminate turbidity, colour, and taste-and odour-producing compounds, while well water
supplies are commonly treated to remove dissolved minerals, such as iron, manganese
and hardness. However, chemical treatment of water or wastewater involves the
interaction or conversion of a pollutant with a chemical material. Some chemical
processes such as adsorption, extraction and distillation may also be known as physico-
chemical treatment, whereby there is no material conversion but physico-chemical
interactions define the processes. Alternatively, there are many processes that use
material conversion to remove pollutants from the source, such as; neutralization,
precipitation, reduction, oxidation and ion exchange. (Tchobanoglous et al., 1991),
propose that precipitation, adsorption and disinfection are the most common examples

of chemical treatment processes.

2.4.3.1. Oxidation processes

Oxidation processes have in the last decade become very popular for treating refractory
organic chemicals, due to their ability to oxidise chemicals that are otherwise difficult to
remove from wastewaters. On-site oxidation processes have been integrated into
wastewater treatment processes to increase the purity of effluent waste and make other
processes, such as adsorption, more effective by increasing the polarity of some by-

products formed (Degremont 1991a, b).

2.4.3.2. Hydrogen peroxide treatment

Hydrogen peroxide (H20,) is used as a commercial oxidant and can be bought in
solution of 35 %, 50 % and 70 % by weight. It is unstable under the effects of
temperature, light, alkaline pH and certain metals. All materials used in conjunction
with H,O, should be stainless steel, due to the corrosive nature of peroxide. Equation

2.20 shows the dissociation of hydrogen peroxide in water.
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H,0, +H,0 <> HO, +H,0" K =25x10™" (2.20)

One advantage of H,O, is that it contains no halogen compounds, however, it is
relatively expensive (Degremont 1991 a, b) and is difficult to transport or produce on
site. H,O, is used in conjunction with ozone as an Advanced Oxidation Process (AOP)
since it aids the decomposition of ozone into highly reactive radicals in enough

quantities via the reaction of ozone with hydrogen peroxide ions.

2.4.3.3. Ultraviolet treatment

Ultraviolet light has been used recently in the treatment of wastewater and is generally
implemented as a tertiary process. This non-invasive process avoids the use of
additional chemicals and also has the advantage over chlorine because chloro-
compounds are not produced. The ultraviolet treatment process is defined by the
excitation of molecules from their primary very short-lived single state to a longer-lived
triplet state, with the transfer of energy to other molecules. These types of reaction
maybe either type I, in which this triplet state photo sensitizer directly oxidizes the
substrate, or type Il, whereby the photosensitizer transfers energy to molecular oxygen,
which then becomes excited to its singlet state (1Ag). This may be depicted by

Equations 2.21 to 2.23 (Halmann 1996) or by Figure 2.8 (Tchobanoglous et al., 1991).

'Sy +h, >, (2.21)
's, —3s, (2.22)
°S, +30,—-'S,+0, (1Ag) (2.23)
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Intersystem Crossing (1SC)
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Singlet (*S)

Figure 2.8: Energy diagram for the excitation of molecules
At present, low pressure mercury arc lamps are preferably used for generation of UV
light. This type of lamp is preferred due to its ability to produce light at a wavelength of
253.7 nm .The lamp operates by striking an electric arc over the mercury vapour and
the energy produced by the excitation of the mercury vapour is dissipated as UV light
(Tchobanoglous et al., 1991). If the lamps are submerged within the solution, they are

generally sealed within quartz tubing.

2.4.3.4. Ozonation

Ozonation is a water disinfection method first used in Nice, France in the early
20" century to improve drinking water taste and odour Vosmaer, (1916). It is now
widely used in Western Europe, the United States and Japan. Ozonation is a clean and
efficient alternative to chlorine-based water treatment. Ozone is not only a powerful
disinfectant used to eradicate bacteria and viruses, it is also a highly effective oxidizing

agent
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(Coate 1997). Ozonation uses a four-step process. First, gas (air or oxygen) is cleaned,
filtered, and dried. Then the dried gas is passed through electrodes to form ozone. The
third step involves transferring ozone into water using gas/liquid type reactors
(e.g. bubble columns). After bubbling, ozone off-gas is destroyed and the water flow is

routed to the next treatment unit operation (Degremont 1991 a, b).

The numerous water-treatment applications for ozonation include:

* Water/wastewater disinfection and treatment;

* Bottled/drinking water disinfection;

* Industrial or commercial laundering;

* Aquaculture;

* Water treatment for commercial swimming pools and spas;
* Water treatment for cooling towers;

* Textile, pulp, and paper bleaching;

* Groundwater treatment;

* Industrial and oil refinery wastewater treatment;
* Aquarium water treatment;

* Colour and odour control;

* Creation of ultra pure water for the electronics industry.
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2.5 Ozone Production

Because of its relatively short half-life, ozone is always generated on-site by an ozone
generator. The two main principles of ozone generation are UV-light and corona-
discharge. Ozone generation by corona-discharge is most common nowadays and has
the most advantages. Advantages of the corona-discharge method are greater
sustainability of the unit, higher ozone production and higher cost affectivity. UV-light
can be feasible where production of small amounts of ozone is desired. In the ozone
generator, the corona-discharge element is present, which provides a capacitive load. In
the generator, ozone is produced from oxygen as a direct result of electrical discharge.
This corona-discharge ruptures the stable oxygen molecule and forms two oxygen
radicals. These radicals can combine with oxygen molecules to form ozone. To control
and maintain the electrical discharge, a di-electric is present, carried out in ceramic or
glass. The excessive heat of the electrodes is often cooled by cooling water or by air

Figure 2.9, (Degremont 1991b).

Heat

J
S

. —Electrode

<« — Dielectric
O,—» Discharge Gap —» O;

"
( \Electrode

1 Heat

Figure 2.9: Outline of the corona-discharge generation of ozone

For the production of ozone, ambient air can be used (supplied by a compressor) or pure
oxygen (supplied by an oxygen generator or sometimes by oxygen bottles). To
condition this air, air dryers and dust filters are used. To break down the remaining

ozone after use, ozone destructors are applied. The mechanism of an ozone destructor
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can be based on different principles. Usually a catalyst is applied, which accelerates the
decomposition of ozone into oxygen (e.g. magnesium oxide). The generation of ozone
is very energy-intensive, with some 90 % of the power supplied to the generator being
utilized to produce light, sound and primary heat (Degremont 1991b). Important factors
that influence ozone generation are: oxygen concentration inlet gas, humidity and purity
of inlet gas, cooling water temperature and electrical parameters. To minimize the
energy that is used to produce a high ozone yield, it is important that these factors are

optimal.

A) Cooling water temperature

The generation of ozone is accompanied by heat formation. This makes it important to
cool the generator. An ozone reaction is reversible and this increases when temperatures
rise. As a result, more oxygen molecules are formed.

-AT 30, <> 20, + AT (2.24)

Figure 2.10 illustrates the relation between cooling water temperature and the yield of
ozone generation. This Figure shows that an increasing cooling water temperature
results in a decreasing ozone production. To limit the decomposition of ozone, the
temperature in the discharge gap should not be higher than 25 °C. The general advice is
that cooling water may increase 5 °C to 20 °C maximally. It is important that the

temperature of the inlet air is not too high (Degremont 1991b).
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Figure 2.10: Influence of water cooling on ozone generator efficiency (Degremont 1991b)

B) Humidity inlet air

Before the feed gas enters the ozone generator, air dryers should dry the air. Ambient air
contains moisture, which reacts with ozone. This leads to a reduction of the ozone yield
per KWh. An additional problem of high humidity is that undesired reactions occur in
the corona unit. When increased amounts of water vapour are present, larger quantities
of nitrogen oxides are formed when sparks discharge occurs. Nitrogen oxide
can form nitric acid, which can cause corrosion. Furthermore, hydroxyl radicals
are formed that combine with oxygen radicals and with ozone. All these reactions
reduce the capacity of the ozone generator. Figure 2.11 shows the influence of the
humidity on the capacity of an ozone generator (Degremont 1991b). The two
descending lines illustrate the capacity of the generator: 'oxygen' for an oxygen-fed
generator and "air' for an air-fed generator. At a dew point of -10 °C, the capacity of the
air-fed generator is only 60 % of the total achievable capacity. For ozone generators that

are oxygen-fed, this capacity is higher; about 85 %.
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Figure 2.11: Influence humidity inlets on efficiency of ozone production
To prevent these side-reactions, inlet air first passes a drying chamber before ozone is
generated. For drying, an aluminium compound can be used, comparable with silica gel.
In an ozone generator, two or more drying chambers are used alternately. When a
drying chamber is used for a certain period of time, humid air is led to the other drying

chamber, while the first is regenerated (Degremont 1991b).

C) Purity of gas (inlet)

The presence of organic impurities in the gas feed must be avoided, including impurities
arising from engine exhausts, leakages in cooling groups or leakages in electrode
cooling systems. The gas supply of the generator must be very clean. An example is
given in Figure 2.12, where the concentration of hydrocarbons is related to the ozone
yield. This Figure shows that at a hydrocarbon concentration of about 1%, the ozone

generation nearly approaches zero (Degremont 1991b).
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Figure 2.12: Influences of hydrocarbons on the generator yield of ozone
Produced amount of ozone versus oxygen concentration of inlet air ozone is produced
from oxygen, so it can be produced from ambient air (21 % oxygen) or nearly pure
oxygen (e.g. 95 %). Pure oxygen can be generated from ambient air by an oxygen
generator. The ozone concentration an ozone generator delivers is dependent on the
oxygen concentration (among other things). This is clarified by Figure 2.13, where the
oxygen concentration is outline against the ozone concentration. The diverse lines
demonstrate the ozone generators with different energy use. In summary, one can claim
that the ozone production increases by a factor (1.7 to 2.5) when pure oxygen is used at

constant electrical power (Degremont 1991b).
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Figure 2.13: Influence of oxygen concentration on ozone production at different electrical current

2.6. Advantages & Disadvantages of Ozone

A) Advantages

Ozone has been shown to be the second most powerful oxidiser, after fluorine. Ozone
can disinfect roughly 3000 times faster for Cryptosporidium removal than chlorine
(DEL Industries 1997). This allows for either a lower concentration of the disinfectant
or a faster travel time through the treatment system, whichever is more advantageous to
the designer. As stated earlier, ozone reacts with almost anything it can. This provides
ozone with strong taste and odour control as well as allowing it to oxidize many metals
and organics. Lab results have shown that ozone can remove the following metals at
99.5% or above: aluminum, arsenic, cadmium, chromium, iron, nickel, cobalt, lead,
zinc, copper, and manganese (Coate 1997). Ozone can completely oxidise mercury at
pH 4 as well (Coate 1997). Ozonation changes nitrite ions to nitrate ions and has also
been shown to be effective in treating the following: acetic acid, oxyethanol, isopropyl
alcohol, methyl ethyl ketone, acetone, cetyl alcohol, glycerol, propylene glycol, n-butyl
acetate, formaldehyde, methacrylic acid, benzene benzyl alcohol, resorcinol, n-butyl
phthalate, camphor, para-phenylenediamine, styrene tricresyl-phosphate, xylene, butane,
liquefied-petroleum-gas, mineral  spirits, dichloromethane, perchloroethylene,

trichloroethylene, hydrogen cyanide, ammonium hydroxide, ethanolamine, toluene,
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isobutene, propane, methyl chloroform, aminophenol, ammonia, ammonium-persulfate-
phenacetin, ethylene tetracetic acid (EDTA), alkylated silicates and non-ionic detergents

(Coate 1997).

B) Disadvantages

The primary drawback to the use of ozonation is the cost. Not only are capital costs
significantly higher than its chlorinated alternatives but the maintenance and daily
operation costs also tend to be higher. Some have estimated that ozonation can cost up
to eight times more than disinfection (EPRI 1996). Although this may be true in certain
cases if only disinfection is considered, the total cost benefit will largely depend on the
water being treated. As stated earlier, ozone provides numerous other advantages
besides disinfection: ozone can reduce treatment needed for taste, odour, manganese
and iron control and aid in coagulation. Table 2.6 shows the advantages and

disadvantages of ozone for water treatment (Coate 1997).

Table 2.6: Advantages and disadvantages an ozone for water treatment

ADVANTAGES DISADVANTAGES
More powerful disinfectant than chlorine | Tends to cost more than traditional chlorinated
compounds (more effective at disinfection techniques.
Cryptosporidium removal).
Has no negative residual such as Does not produce a disinfection residual that
trihalomethane production. would prevent bacterial regrowth.
Does not alter the pH of the water. Forms nitric oxides and nitric acid which could

lead to corrosion.

Increases coagulation.

Helps with the removal of iron and
manganese.

Has taste and odour control properties.

2.7. Ozone Analysis

2.7.1. Aqueous phase ozone analysis

2.7.1.1. Acid chrome violet K method

This method has been used by the Tailfer- Water — Utility since 1968, which supplies

water to the city of Brussels. This procedure shows a linear relationship of
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decolonization to ozone concentration at A = 548 nm with its upper limit of detection
being ~ 25 ug Os/L. It has the advantage that it is free from interferences (as it is
selective to ozone) involved in water treatment, such as chlorine, chloramines, chlorite

and chlorate ions (Brink et al., 1991), (Masschelein et al., 1989).

2.7.1.2. lodometric method

This method is used extensively in ozone analysis due to its simple procedure.
However, it is used more frequently in gas phase measurement of ozone concentration.
The principle behind this method may be described by the Equations (2.25 and 2.26).
On oxidation of potassium iodide with ozone, the liberated iodine is titrated with a
solution of sodium thiosulphate and the colour change (blue/black to yellow to clear) is

observed using starch as an indicator (Brink et al., 1991).

O; + 2I+H,0 — I, + 20H + O, (2.25)
l, + 25,052 — 2I' +S,06” (2.26)
2.7.1.3. Indigo trisulphonate batch method

This method had been devised from previous methods of residual chlorine analysis. The
authors (Barder and Hoigne 1982) propose that this method has greater selectivity to
ozone than most other aqueous phase analytical methods. In their paper, they describe
the method for ozone determination using potassium indigo trisulphonate for various
concentration of ozone. The authors also provide a list of manufacturers that supply
potassium indigo trisulphonate. (Kerc and Saatci 1996) describe a method for
continuous monitoring of ozone in solution using the indigo method combined with
UV-spectrophotometer, suggesting that their method is advantageous due to it having a
response time of only a few seconds. The principle of this method is that in acidic

solution, ozone rapidly decolorizes indigo. The decrease in absorbance is liner with
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increasing concentration over a wide range. (Gordon et al., 2000a, 2000b) provides
details of the indigo method; the method is based on a change in absorbance
(600 nm wavelength) of indigo between an unreacted blank solution and an ozone-

reacted sample solution.

2.7.2. Gaseous phase ozone analysis

2.7.2.1. Direct UV ozone analysis

Gaseous ozone absorbs light in a short- UV wavelength region with a maximum
absorption at 253.7 nm. Instruments for measuring ozone by the absorption of UV
radiation are supplied by several manufactures for gas concentration below 1 g/m*® NTP
(0.076 % by weight). In general, these instruments measure the amount of light when no
ozone is present and the amount of light when ozone is present. The meter output is the
difference between the two readings or the actual ozone concentration. This method of
gas phase analysis is one of the most favourable as it can give continuous real time
measurements without interference. Ultraviolet absorption has been specified by the
U.S. Environmental Protection Agency (EPA) as the method to be used for calibrating
atmospheric ozone monitors and analyzers (Brink et al., 1991). (Gordon et al., 1992)
have made the comparison of wet chemistry measurements (lodometric) with those of
UV measurements. They suggested that the two methods of measurement gave a 0.54 %
difference in ozone concentration. Data collected over a period of nine years
(1985 — 1994) from various commercial ozone UV- meters was compared to Kl wet
chemistry ozone measurements by (Rakness et al., 1996). Their results showed that the
difference in ozone concentration produced by the two methods (UV-
spectrophotometer and KI wet chemistry ozone analysis), for ten of the fifteen meters

tested gave a percentage difference of + 2 %. (Kenly 1996) suggests that the UV-o0zone
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monitoring system is a robust and reliable measurement device, with the most

commonly replaced component being the UV — lamp (1-2 years).

2.7.2.2. lodometric ozone analysis

lodometric methods have been used for all of the ozone concentration ranges
encountered in water treatment plants. This includes the measurement of ozone directly
from the generator and the measurement of ozone as stripped from aqueous solution.
For the lodometric method, the ozone containing gas is based into an aqueous solution
containing excess potassium iodide, in which the ozone oxidizes iodide ion Maier and
(Kurzmznn 1977). However, this method may be used in the measurements of gaseous
ozone but the method is prone to problems that arise due to changes in the pH of the

solution.
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2.8. Current Ozone Technology

2.8.1. Liquid/Gas-Ozone (LGO) Process

The heterogeneous liquid/gas-ozone process is the technique most used for ozone
transfer to the water. The Kinetics of heterogeneous reactions is governed by absorption
theories of gases in liquids accompanied by chemical reactions. The fundamental of
these theories are necessary to understand the phenomena developing during the
ozonation of compounds in water. (Astarita 1967) and (Danckwerts 1970) both gave
extensive treatment to the subject developing expressions for the gas absorption rate at
various reaction rates. These expressions have been experimentally applied in chemical
techniques for the determination of physical mass transfer coefficient. The liquid/gas-
ozone system falls into two major categories; physical absorption method and chemical

method. Both techniques offer advantages and disadvantages.

2.8.1.1. Physical absorption reaction

The physical absorption system normally consists of a gas absorbing into water,
possibly with some additives, to change the physical properties. In a general case, when
gas and liquid phases are in contact, components can be transferred from one phase to
the other until equilibrium is reached. The transfer of a component from one phase to
another, across a separating interface, is due to a concentration gradient, caused by a
resistance to the mass transfer developed in each phase. The resistance in one phase is
the contribution of the diffusion resistance in the laminar film and the resistance in the
bulk fluid. The latter resistance is usually considered negligible compared to the
diffusion resistance (Astarita 1967) and (Danckwerts 1970). The film mass transfer
coefficient is proportional to the molecular diffusion coefficient (D) at a certain power n
(D™). The value of n depends on the turbulence of the system; n = 0.5 for sufficiently

turbulent conditions and n =1 for laminar conditions.
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Figure 2.14: Mass transfer between two phases (double-film theory)
The mass transfer flux N is the product of the film coefficient and the concentration

gradient in the film.

N=ks€;-Cqy =k €, -C,_ (2.27)
In reality, both resistances (in the two phases) affect the mass transfer rate. An overall
mass transfer coefficient can be defined relative to the liquid phase (k.) or relative to the
gas phase (kg). Each coefficient is based on a calculated overall driving force (DC),
defined as the difference between the bulk concentration of one phase (C. or Cg) and
the equilibrium concentration (C_* or Cg*) corresponding to the bulk concentration of
the other phase Equation. 2.27. Since ozone is only slightly soluble in water, the mass
transfer is controlled by the liquid phase (K. = ki ; Cgi = Cgs ; CLi = C.*) Equation 2.28

(Van Krevelen and Hoftijzer 1954).

~

N=k;€C;-Cq =k €, -C, :5 Ke €; —Cq *:E K. €, *_CL: (2.28)

N=k €, -C_ := Ky CL*_CL: (2.29)
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By introducing the specific surface area, a (m?/m?®), the specific mass transfer rate is

written in this form:

N, =k,a€C, *-C,_ (2.30)
Where: k_a is the volumetric mass transfer coefficient relative to a controlling resistance
in the liquid phase, it depends on the hydrodynamic conditions in the liquid phase (s™),
(C.*) is the liquid concentration in equilibrium with the bulk gas concentration
(mol/m?). The liquid equilibrium concentration (C.*) is given by the modified Henry's

law Equation 2.31 (Van Krevelen and Hoftijzer 1954).

C *=—% (2.31)

Hc dimensionless modified Henry's law constant, which is the inverse of ozone

solubility ratio in water (at 20°C and 1 atm).

2.8.1.2. Chemical absorption reaction

Gas-liquid mass transfer with chemical reaction has been the focus of a great deal of
investigation, both theoretically and experimentally (Astarita 1967) and (Danckwerts
1970). Film theory with slow chemical reaction is the most popular chemical technique
employed for k a measurement. This slow reaction regime assumes negligible reaction
in the liquid film and the conditions approximate a physical absorption. When reaction
in film can no longer be neglected, the system enters the fast reaction regime. The
concentration gradient at the gas-liquid interface is increased, thereby increasing the rate
of absorption. When ozone is transferred to aqueous solutions containing ozone
consuming species, the mass transfer is enhanced due to the chemical reaction, as
compared to physical absorption alone. In order to account for this, an enhancement

factor E is defined Equation 2.32, (Van Krevelen and Hoftijzer 1954).
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rate of ozone transfer with reaction N, (2.32)

~ rate of physicalmass transferalone k,a€, *-C, _

—

When the gas absorption is accompanied by the chemical reaction, the reaction will

occur in one of the following places (Figure. 2.15) (Van Krevelen and Hoftijzer 1954).

Cal*

1 ~ CaL

CaL

CaL
: Film

v

Bulk

Figure 2.15: Different kinetic regimes for mass transfer with chemical reaction
(1)- In the liquid bulk (slow kinetic regime), (2) - In both (intermediate kinetic regime)
(3)- In the liquid film (fast kinetic regime).

First-order or pseudo first-order reactions

The concentration profile of A at a distance x from the interface is given by equation

2.33, (Van Krevelen and Hoftijzer 1954).

sinh[(l—;JHal} sinh[; Hal} 0.3
* C 2.33

Cy =C — =+ S =
TR sinh Ha, * sinhHa, _

And the absorption rate of A is given by either of the similar equations, Equation. 2.34
or Equation. 2.35:

M Ha,
dCay _ . Ha |, sinh [Ha, coshHa, _ (2.34)
x-0 1
dx tanh [Ha Ha,
1 Rbmx+|\/|17t hl'l -
anhHa, _

N, =—Da
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N a0 Z—DAd&‘X—O =M, — ;'al COShI-Ial :— _ . | (2:35)
dx sinh lHa, cosh|Ha, _+%Halsinh Ha,
a

Where: Ha; is the Hatta number for first-order or pseudo first-order reaction defined by
Equation. 2.36

k,D

Ha, = YA (2.36)
ki

M, is the maximum physical absorption rate at the interface, Equation. 2.37

M, =k,C*, (2.37)

Romax S the maximum chemical reaction rate in the bulk liquid (mol/m?.s), Equation

2.38

b max

R =Lkc, (2.38)
a

B is the liquid hold-up, that is the ratio of liquid to (liquid + gas) volumes; a is the

specific interfacial area (m?m?®); s the liquid film thickness (m); k. is the rate
constant (s™); k. is the mass transfer coefficient (m/s); Da is the gas (ozone) diffusivity
in water (m%s). If we consider the various kinetic regimes in which the absorption rate
develops, simplified equations can be obtained as shown in Table 2.7, (Van Krevelen

and Hoftijzer 1954).

Table 2.7: First or pseudo first-order Kinetic regimes

Kinetic Regime Condition Nao (mol/m?.s)
Fast Ha1>3, Ca =0 Nao=M1Hga
Moderate 0.3<H,;<3 E.g2.300rE.q2.31
Diffusion H.1<0.3, Ca =0 Nao=M;
Slow Ha1<0.3, Ca >0 E.q2.300rE.q2.31
Very slow H.;<0.01 N a0=Rbmax
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Second-order reactions

The case of second-order reactions is more complex than first-order reactions. There are
no general analytical solutions to give the concentration profiles for A and B or to give
flux equations (Van Krevelen and Hoftijzer 1954). Usually simplified equations and
graphical curves, obtained depending on the Kinetic regime, are used. The Hatta

number for second-order reactions is given by Equation. 2.39.

Jk,D,C
N 27A7BL (2.39)

Ha, =

2 kL
Where: Kk, is the second-order reaction rate constant (mol/L.s); Da is diffusivity of
ozone in water (m?/s); Cgy is the bulk liquid concentration of compound B (mol/L); k.

is the film mass transfer coefficient (m/s). Table 2.8 summarises the various kinetic

regimes obtained in a second-order reaction system, (Van Krevelen and Hoftijzer 1954).

Table 2.8: Second-order kinetic regimes

Kinetic Regime Condition Observation E Equation
Very slow H.,<0.02 Reaction takes place into 1 c C,. +i
the bulk of the liquid. AT 14 k2Cy K ar
k.a
Too slow 0.02< H;»<0.3 | Reaction takes place into 1 Ca=0if
the bulk of the liquid.
q ﬁ + i >>1
k.a koar
Moderate 0.3< Hp<3 Reaction takes place into >1
both the bulk of the liquid -
and the liquid film.
Very fast 3<Hp Reaction occurs entirely >1 Ca=0
in liquid film , no gas N,, = Ek, C*,
reaches the bulk liquid.
2" order 3<Ha <Ef2 | Cyis considered constant | E= Hy, N. . =Ek C*
°R=pseudo 1* Everywhere. Ao LA
order °R
Instantaneous 3<Hy and Mass transfer controls via | E=E1 N,, = Ek,C*,
H.,>10E1 Diffusion of A and B
through the liquid film.
Very high 3< Hgyp, Reaction ozone at the
interface, gas phase - -
resistance controls the
absorption rate.
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(Van Krevelen and Hoftijzer 1954) have reported in a curve values for E as a function

of Ha, and E; (Figure 2.16).

10°

Fast 1" arder/ -

peeudo 17 order =
resaction /.v

10°F

,/JJ .
o Fast ™ order —
£ = reaction =

10 - —+ 10—

Instantaneous__ . ]
reacton

Figure 2.16: Enhancement factor for second-order reaction For Ha,>2, the curve can be approximated by
Equation. 2.40.

E = | (2.40)
tanh Ha, Ei-E
E -1

Where: kia is the volumetric mass transfer coefficient (s-1); Tis hydraulic residence

time of the liquid inside the contactor; E; is the instantaneous enhancement factor.

Equation 2.41.

E- :1+ DB(:BL

i Ee— (2.41)
zD,C*,

Dg is the diffusivity of compound B (m?/s) and z is the stoichiometric coefficient

2.8.2. Liquid/Solid-Ozone (LSO) Process

Figure 2.17 shows the basic stages of the liquid/solid-ozone process used for
quantifying ozone adsorption in liquid/solid-ozone (LSO) system. LSO system is a
technique developed in the water laboratory at Bradford University in order to

overcome some of the problems encountered in conventional gas/liquid-ozone (LGO)
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systems (Tizaoui 2001). The principle behind this system is described in the following

paragraphs.
Liquid / Solid -Ozone
Water Interface  Adsorbed ozone
Water Treatment
RN
T
W e T S »
e T e e e
Polluted Water
Ozone Adsorption Reaeneration of the Bed
Sty e e T TR TR T IR TR TR
B N . i
S e ) Ozone Dry air e ok ]
e R PR

Figure 2.17: Basic stages of the Liquid/Solid-Ozone process
The LSO consists of three steps: (a) loading ozone on a bed of an adsorbent (b) passing
polluted water through the ozone-saturated bed and (c) regenerating the bed using dry
air. By doing this, it is expected that kinetics are enhanced due to the high ozone
concentration in contact with pollutants. In addition, better control over the contact time
of ozone with pollutants may also prove beneficial for pollutants that react only slowly
with ozone; this can be achieved by using a packed bed and water flow rates to match
reaction rates. With direct gas/liquid systems, long contact times require a stirred or
loop reactor in which gravity does not control gas bubble relative velocities and in that
case, back mixing is deleterious compared to a plug flow reactor or counter-current
contact system. The counter-current flow of adsorbent is possible but not usually an

attractive proposition, so a fixed bed system operating cyclically is used. Any pollutant
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residues on the dry adsorbent may be oxidized during ozone re-loading. Since the LSO
system involves adsorption processes, the theory of adsorption will be presented in the

following paragraphs (Tizaoui 2001).

2.8.2.1. Adsorption theory

The solid that takes up the gas is called the adsorbent and the gas or vapour taken up on
the surface is called the adsorbate. It is not always easy to tell whether the gas is inside
the solid or merely at the surface because most practical adsorbents are very porous
bodies with large internal surfaces. It is not possible to determine the surface areas of
such materials by optical or electron microscopy because of the size and complexity of
the pores and channels of the material (Atkins 1990). The gas adsorption itself,
however, can be used to determine the accessible surface area of most molecules and
atoms can attach themselves onto surfaces in the following two ways. In physisorption
(physical adsorption), there is a weak van deer Walls attraction of the adsorbate to the
surface. The attraction to the surface is weak but long ranged and the energy released
upon accommodation to the surface is of the same order of magnitude as an enthalpy of
condensation on the order of 20 kJ/mol, (Atkins 1990). During the process of
physisorption, the chemical identity of the adsorbate remains intact, i.e. no breakage of
the covalent structure of the adsorbate takes place. For physisorption to be a
spontaneous thermodynamic process, it must have a negative AG. Because translational
degrees of freedom of the gas phase adsorbate are lost upon deposition onto the
substrate, AS is negative for the process. Since AG = AH- TAS, AH for physisorption
must be exothermic. In chemisorptions (chemical adsorption), the adsorbate sticks to the
solid by the formation of a chemical bond with the surface. This interaction is much
stronger than physisorption and, in general, chemisorptions have more stringent

requirements for the compatibility of adsorbate and surface site than physisorption. The
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chemisorptions may be stronger than the bonds internal to the free adsorbate, which can
result in the dissociation of the adsorbate upon adsorption (dissociative adsorption). In
some cases, AS for dissociative adsorption can be greater than zero, which means
endothermic chemisorptions, although uncommon, are possible. The energy of
adsorption depends on the extent to which the available surface is covered with
adsorbate molecules. This is because the adsorbents can interact with each other when
they lie upon the surface (in general they would be expected to repel each other). The

fractional coverage of a surface is defined by the Equation 2.42 (Atkins 1990).

Numberof adsorptionsites occupied A (2.42)

~ Numberof adsorptionsites available N
The rate of adsorption is the rate of change of an increase in coverage with time.
Processes which allow adsorption to be monitored include; Flow methods, whereby the
rates of flow of a gas into and out of the system are monitored (integration of this rate
gives the fractional coverage at any time), Flash desorption, where the adsorbate and
adsorbent are suddenly heated and the increase in pressure is interpreted as the amount
adsorbed, Gravimetric, where the adsorbents weight is monitored using a microbalance
with time (Atkins 1990). At this point it is useful to distinguish between physical and
chemical adsorption. These terms may be loosely distinguished through physical
adsorption involving only relatively weak intermolecular forces and chemisorptions,
involving essentially the formation of a chemical bound between the sorbate molecule
and the surface adsorbent. However, these definitions are not unequivocal as there are
many intermediate cases which describe the two different types of adsorption processes

Table 2.9 (Ruthven 1984).
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Table 2.9: Differences between physical and chemical adsorption

Physical adsorption Chemical adsorptions

Low heat of adsorption < 40 KJ.mol™ High heat of adsorption > 100KJ.mol™*
Non specific High specific

Monolayer or multilayer Monolayer

No dissociatation of adsorbed species May involve dissociation

Only significant at relatively low temperatures | Possible over a wide range of temperature
Rapid, non-activated, reversible Activated, may be slow and irreversible
No electron transfer although polarization of Electron transfer leading to bond formation
sorbate my occur between sorbate and surface

At a constant temperature, the dependence of 6 on pressure or concentration at
equilibrium may be plotted. The graphs that show these relationships are collectively

known as isotherms. The Figure 2.18 has shown the Brunaure classification of

isotherms (Ruthven 1984).

[
»

A mount adsorbed, 0

1.0

Relative Pressure, P/Po_____,

\4

Ads, 0

1.0 1.0 1.0 1.0

Relative Pressure, P/P,

v

Figure 2.18: Brunauer classifications of isotherms

(1-V) (Ruthven 1984) and an additional stepped isotherm (V1) (Gregg and Sing 1982)
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The types of solids that will exhibit isotherms of the type 1-V may be characterised by
the type of pores contained in the solid. A type VI isotherm may be observed by the
adsorption of a gas on a non-porous solid, which has a uniform or near uniform surface

(Gregg and Sing 1982).

2.8.2.2. Ozone adsorption

A few researchers have studied selective oxidation using adsorbed ozone (Cohen et al.,
1975), (Avzyanova et al., 1996). However, a substantial amount of work has been
carried out by infrared (IR) spectroscopy on the study of ozone adsorption onto various
solids to establish the type of bonding involved in the system (Bulanin et al., 1994,
1995a, 1995b, 1997), (Thomas et al., 1997). (Mangnus and Grahling 1929) attempted
quantifying the amount of ozone adsorption on silica gel at reduced temperatures
(204 K to 224 K).To compensate for oxygen adsorption on the silica gel, they compared
the results of oxygen adsorption isotherm on silica with that of the oxygen/ozone
adsorption isotherm and by subtracting the two isotherm, they arrived at an isotherm for
the adsorption of ozone onto silica gel. (Briner and Lachman 1943) carried out work
initially on the oxidation of sulphur dioxide on the surface of silica gel using ozone.
They also carried out work to quantify the amount of ozone adsorption, using potassium
iodide to monitor ozone concentrations in di-oxygen and followed the adsorption of
ozone by monitoring the weight increase of the gel. These authors suggest that partially
dehydrated silica gel (5-7 % by weight moisture, achieved by heating silica gel at 200°C
for 2 hours) increases the amount of ozone adsorption by the gel. Table 2.10 shows their

results for ozone adsorption at various temperatures, (Briner and Lachmann 1943).

54



Chapter 2: Literature review N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

Table 2.10: Adsorption of ozone on silica gel

Temperature ('C) 0 0 -30 45 | -80 | -80
Circulation time (h) 5 8 3.3 7 1.5 0.5
Amount of Silica () 18.1 18.1 18.1 146 | 1.96 | 1.46
Amount of O; adsorption (g) 0.073 | 0.12 0.11 0.12 | 0.11 | 0.05
Weight adsorption % 0.40 0.66 0.60 8.22 | 5.61 | 3.42
Q(mg/g) 4.03 6.6 6.0 82.2 | 56.1 | 34.2

The method which (Cook et al., 1959) implemented, to characterise the amount of
ozone adsorbed, was achieved by passing a mixture of O,/O3 through a vessel immersed
in a cooled bath containing silica gel until the outlet concentration of ozone equalled the
input concentration of gas. At this point, the experiment was stopped and the adsorbed
ozone was swept off the adsorbate with an inert gas into a solution of potassium iodide.
The liberated iodine was then titrated with a standard sodium thiosulphate solution.

Their results are shown in Table 2.11, (Cook et al., 1959).

Table 2.11: Adsorption of ozone on silica gel (* = partial pressure of ozone in oxygen)

Temperature (°C) Weight adsorption of ozone %
10.3 mmHg* 15.9 mmHg*
25.0 0.042 0.068
0.0 0.092 0.146
-10.0 0.13 0.21
-40.0 0.45 0.72
-78.5 3.0 4.5
-90.0 6.0 8.0

Tizaoui and Slater (2003) studied ozone adsorption on a range of materials using silica
gel of a mean particle size of 1.5 mm. They established the process of mass transfer
loading for ozonation treatment technique, which followed by water treatment. From
their research, it was concluded that the estimated cost of ozone treatment was

acceptable for wastewater in industrial plants.

Recently, (Tizaoui et al., 2007) investigated the degradation of reactive orange (RO16)
and 2- chlorophenol using, ozone loading on silica gel in liquid/solid - ozone (LSO)

system. They proved that this method was technically useful instead of conventional
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method (LGO). In addition; they concluded that the LSO technically was producing a

better performance for removal rates and ozone operation.

Ozone adsorption on anatase (TiO,) was also studied by (Bulanin et al., 1995b) at three
different stages of surface dehydration; 1) completely dehydrated, 2) evacuated at 300K,
3) evacuated at 773 K. Sites of varying Lewis acidity gave rise to four different types of
ozone bonding mechanisms with TiO,; 1) physical adsorption, 2) hydrogen bonding,
3) molecular adsorption via coordinative bonding to weak Lewis sites, 4) dissociative
adsorption on interaction with strong Lewis acid sites, resulting in the formation of
atomic oxygen. A Lewis acid may be described as a substance that will accept a pair of
electrons; conversely a Lewis base is a substance that is able to donate a pair of
electrons. (Bulanin et al., 1997) proposed that ozone adsorption on basic sites would
reveal acidic properties of ozone and yield species different to those found on SiO, or on
TiO,. They found that ozone bonded weakly causing a shift in the hydroxyl wave
number, different to the shift found in ozone adsorbed on silica or titanium oxides. They
proposed a coordinative bond between the oxygen atom of the hydroxyl and the central
atom of the ozone molecule Figure 2.19.

o)

H O/
NN
|

Ca

Figure 2.19: Coordinative bond of calcium oxide with ozone
(Thomas et al., 1997) shows that ozone decomposition occurs even at liquid nitrogen
temperatures when alumina is subjected to ozone. The authors claim that the strong

Lewis acid sites (Al*®) are responsible for the catalytic decomposition of ozone. They
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confirmed their hypothesis by selectively poising these strong Lewis acid sites with
pyridine. When ozone was passed through the cell, they claimed that almost no oxygen

was formed, indicating no catalytic decomposition of ozone.

2.8.2.3. Silica gel (SG)

Silica gel (Formula, SiO,; molecular weight, 60.08; boiling point, 2230 °C; melting
point, 1610°C) is used in various fields of our daily life as a high adsorbent of high
safety. Silica gel (SG) has excellent adsorption capacities at low relative humidity for
keeping materials dry. Current uses as desiccant include the following; pharmaceutical
stoppers, laboratory desiccators, diagnostic and medical equipment, transformer tank
breathers, drying flower, packaging during transportation and storage, gas drying and
refining, as well as protection of the electronic and telecommunications equipment,
photographic and optical equipment, engines, clothing and leather goods and
food(especially dried seaweed). Other uses of silica gel are aromatics, gas absorbent,
hydro gel and so on. Silica gel is a form of silicon dioxide, SiO,; the material that
occurs in nature as sand. The difference between silica gel and sand is that sand is a
crystalline, non-porous form, whereas silica gel is a non-crystalline and highly porous
form. Silica gel is an amorphous adsorptive substance with stable chemical properties
and has a highly complicated porous structure. It is odourless, tasteless non-toxic and
offers an excellent capacity for physical and chemical dehumidification because of its
good absorbability, chemical stability, wide surface area and higher mechanical
strength. Therefore, silica gel is used for packing food, pharmaceuticals, goods for
export and precision instruments. Silica gel is easy to handle and silica gel saturated
with moisture can be regenerated to afford new moisture protection by simply
reheating under a specified condition. In the current study silica gel is used mostly in

the study of ozone adsorption as it has been shown that it shows favorable adsorption
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characteristics towards ozone (Magnus and Grahling 1929), (Edgar and Paneth 1941),
(Briner and Lachmann 1943), (Cook et al., 1959). Silica gel is used along with activated
alumina as a sorbent for drying because of its high surface areas and favourable surface
properties. Silica gel is prepared by mixing a solution of sodium silicate (sometimes
known as water glass) with a mineral acid such as sulphuric acid or hydrochloric acid.

Equation 2.43 shows the reaction for the formation of silica hydrosol (silica acid).

Na,SiO3 + 2HCI + nH,0 — 2NaCl + SiO; * NH,0 +H,0 (2.43)
Polymerisation occurs when the molecular weight of the hydrosol reaches about six
million and on standing, produces a jelly-like precipitate; silica gel in its ‘raw" form.
Silica concentration, temperature, pH and soluble additives affect the gelation time of
the solution. At pH 7, the gelation is almost instantaneous. However, in dilute solution
maximum stability occurs at pH2, with the longest set times for acid gelation occurring
approximately at pH of 1.5. It is important to note that the sequence of adding either
sodium silicate to a stirred acid (acid gelation) or the reverse (alkaline-set gelation)
changes the effects of pH, temperature and silica concentration on silica gel produced.
(Winyally 1984) discusses the differences in both types of gel. The gel is then washed,
dried and activated before use. Amorphous silica consists of silica micelles in a random
arrangement and these micelles may vary in size and arrangement or packing. The
surface of these micelles in pure silica consists primorily of two groups, either silanol
(SiOH) or siloxane (Si-O-Si). Silica is manufactured as either regular density silica or
low-density silica. However, the densities are the same. The main differences are shown

in Table 2.12, (Winyally 1984).

Table 2.12: Different between regular and low-density silica gel

Silica Surface area Pore volume Average pore diameter A
(m”.g™) (ml.g") (Angstroms)
Regular Density 600 — 900 0.35-042 2226
Low Density 255 — 375 1.05-1.30 100 -150
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Regeneration of silica may be achieved by heating. The temperature to which the gel is
heated may affect its re-use, as activation at 200 °C, removes adsorbed water but very
few silanol groups. If activation temperatures are kept below 450 °C the two silanol can
be regenerated from each siloxane (created by activation) by re-hydration. If the
temperatures exceed 450°C, siloxane bond formation is extensive and the regeneration

of silanol groups is irreversible (Winyall 1984, Yang 1987).

2.8.2.4. Zeolite

Zeolites are widely used as ion-exchange beds in domestic and commercial water
purification, softening and other applications. ZSM-5, a zeolite used in this study, is a
typical high silica zeolite with MFI-type structure, which makes ZSM-5 widely useful
as catalysts in petroleum and petrochemical industry. ZSM-5 type is a zeolite with high
silica to alumina ratio. The substitution of an aluminium ion (charge 3") for a silicon ion
(charge 4") requires the additional presence of a proton. This additional proton gives the
zeolite a high level of acidity, which causes its activity. ZSM-5 is a highly porous
material and throughout its make-up, it has an intersecting two-dimensional pore

structure (Fujita et al., 2004a).

In recent years, the application of ZSM-5 is expanding into the synthesis fields of
speciality and fine chemicals (Davis 1998), such as the preparation of ethylene amines.
The excellent catalytic performance of ZSM-5 was noted by (Hua and Hu 2001). In
most cases, the synthesis of ZSM-5 is achieved by hydrothermal synthesis. The
crystallization process and final product are sensitively dependent on the composition of
source materials, temperature, time, template agents and other initial conditions of the
reaction system. As the crystallisation time is relatively long (usually over 3 days), the
rapid synthesis of ZSM-5 zeolite in a system containing simple amines holds

researchers’ interests (Hu et al., 2001), (Liu and Xiang 2001). In order to prepare
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ZSM-5 for amination of ethanolamine, the authors investigated the effect of pre-
treatment of silicate source and alkalinity on synthesis of ZSM-5 zeolite, and found a
new method with which the crystallization time in ethylenediamine-containing system

was shortened greatly.

2.8.2.4.1. Adsorbent characterisation

Surface area

Surface area is an important property for many types of advanced materials such as
nanomaterials, pharmaceutical materials, powder metallurgy materials, battery active
materials, fibres, pigments, thermal spray powders, minerals and additives. BET stands
for Brunauer, Emmett and Teller, the three scientists who optimized the theory for
measuring surface area. Clear Science has the capability to measure surface area by the
BET method and the Langmuir surface area method. In addition, the BET surface area
instrument can also be used to determine other information such as gas uptake,
micropore volume (t-plot method) and pore size distribution via adsorption and

desorption isotherms (BET Therory-wikipedia 2008).

BET theory is a rule for the physical adsorption of gas molecules on a solid surface and
serves as the basis for an important analysis technique for the measurement of the
specific surface area of a material. In 1938, Stephen Brunauer, Paul Hugh Emmett and
Edward Teller published an article about the BET theory in a journal for the first time;
“BET” consists of the first initials of their family names. The concept of the theory is an
extension of the Langmuir theory, which is a theory for monolayer molecular
adsorption, to multilayer adsorption with the following hypotheses: (a) gas molecules

physically adsorb on a solid in layers infinitely; (b) there is no interaction between each
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adsorption layer; (c) the Langmuir theory can be applied to each layer. The resulting

BET equation is expressed by Equation 2.44 (BET Theory-Wikipedia 2008).

/P -1 zx\P ) z,x

1 X _1(3J+i (2.44)
P and Py are the equilibrium and the saturation pressure of adsorbate at the temperature
of adsorption; z is the adsorbed gas quantity (for example, in volume units); zn, is the

monolayer adsorbed gas quantity; x is the BET constant, which is expressed by

Equation 2.45.
H,-H,_
X=eXxp| ——— 2.45
w 2.45)

H; is the heat of adsorption for the first layer; Hy is that for the second and higher layers

and is equal to the heat of liquefaction.
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Figure 2.20: BET plot
Equation 2.44 is an adsorption isotherm and can be plotted as a straight line with
1/2z[(Po/ P) — 1] on the y-axis and ¢ = P / Py on the x-axis according to experimental
results. This plot is called a BET plot. The linear relationship of this equation is

maintained only in the range of 0.05 < P / Py < 0.35. The value of the slope a and the
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y-intercept | of the line are used to calculate the monolayer adsorbed gas quantity zn,

and the BET constant x. The following equations can be used:

z —_1 (2.46)

x=1+2 (2.47)
[

The BET method is widely used in surface science for the calculation of surface areas of

solids by physical adsorption of gas molecules. A total surface area S and a specific

surface area S are evaluated by the following equations:

¢ N
Seer ol =5 o= (2.48)
S Oota
Sger = tT“ (2.49)

Where: N is Avogadro’s number; S is adsorption cross section; Z is molar volume of

adsorbent gas; e is molar weight of adsorbed species (BET Theory-Wikipedia 2008).
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CHAPTER 3: MODELLING AND REACTION KINETICS

3.1. General

In this chapter, the modelling of experimental data and the reaction kinetics of ozone

with water and organic compounds are described.

3.2. Mass transfer Coefficient (k_a)

3.2.1. Modelling of mass transfer

Double film theory was used in this work to describe the gas/liquid mass transfer. The
reactor was a glass semi-batch type reactor. The reactor can be represented by Figure

3.1 (Lewis and Whitman 1924):

Qs Q
> QG Cac
CAGO >
Qac N Z/
500°d00 N / Na= ki (CaL*- Cal)
00040 —p Gas [ Ligdid
0o oleg-do
nnnNoe NN

|
Caco

Figure 3.1: Semi -batch gas/liquid reactor

3.2.1.1. Oxygen absorption

The governing equations for oxygen absorption in water were deserved from mass
balance equations coupled with physical absorption equation for a gas in a liquid. The
mass balance in liquid phase was integrated by the following equations (Lewis and
Whitman 1924):

Mass balance over the liguid phase

dc
kia(Cp *—Cy )V, = d—/t?LVL (3.2)
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dC, -

S =kaC, *~Cy (32)
c t
AL dC
AL* = Ik,_a dt (3.3)
CaLo CAL -C AL 0
CAL
df—’* =—kadt (34)
Cao CAL _CAL
Cy,-C,*
Inf| —A——*%_|=—k,at (3.5)
(CALO _CAL *j )
Cy, C, ™ =
TN exp€kat (3.6)
Cu =Ca *+CALO —Ca *:eXp (' k. a t; (3.7)

Where: Cao is the initial liquid concentration; Ca * the saturation liquid
concentration; k.a the volumetric mass transfer coefficient. Experimental data were
then fitted with the model using the least square method and the solver tool available

in Microsoft office Excel spreadsheet. Values for ki a and Ca_* were then determined.

CAL _CAL

*
It is noteworthy that a plot of In( *J as function of time would give a

ALO ~ “AL

straight line of slope-ki a (Lewis and Whitman 1924).

3.2.1.2. Ozone absorption

When ozone is absorbed into water, it undergoes a slow decomposition reaction
assumed of first order in this work. The mass balance for ozone absorption on the

liquid phase can then be written as follows:

k.av, €, *-C, =V, dj—:va k,C,. (3.8)
dC
kLaCAL *_‘(La+ kd EAL = d—:L (3.9)
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dC, k.a
—A - _ga+k,[Cy ———C, * 3.10
dt (L d:E AL kLa+kd AL ] ( )
Assume that:
K=k a+k, and, & = k,a Cu ™
k a+ky

Equation 3.10 can be rewritten as:

9Cu _ ¢ C,-a (3.11)
dt -
C t
AL dC
A - J'— K dt (3.12)
Cuo AL TF 0
nSa =% _ gy (3.13)
Cpo—o
If CALo:O
Cu _a:exp(Kt: (3.14)
Cp =al-exp€Kt (3.15)

or can be rewritten as:

_ka

” Co*1-ex €Kt (3.16)

Cua

Where: kg is the rate constant of 0zone decomposition; K = ki a + kg kg was determined
from a separate experimental study; Ca_* was determined from the equation presented

in Section (5.4.2) Chapter 5 (Lewis and Whitman 1924).

3.3. Models used for the Determination of Stoichiometry and Rate
Constant

3.3.1. Stoichiometry
The direct reaction of ozone with a compound can be expressed by the following

equation:
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A+ zB — products (3.17)

The stoichiometric ratio, z, was determined in a homogeneous system by measuring
the change of concentration of compound (B) in excess of ozone (10-20 times) after
reaction with a given initial concentration of ozone (A). Assuming the volume of the
initial ozone solution is Va at concentration Ca, the volume of the solution of
compound B is Vg at a concentration Cgg and the final concentration of compound B
after complete reaction is Cgs, the stoichiometric ratio is then calculated by Equation
3.18, (Hoigne and Bader 1983).

~ ~ -
;= n@ ,, mol-n@ ;. mol ~ CgoVp —Cp U +V,
= — =
N@ ., Mol CaVa

(3.18)

Where: A is the ozone molecule; B the compound (RO16 or triclocarban or

naphthalene or methanol); z is the stoichiometric ratio; n is number of moles.

3.3.2. Rate constant

Three methods are tested to determine the rate constant of compound B with molecular
ozone (kg/a). The methods are: ozone bubbling; heterogeneous competitive Kinetic;
homogenous kinetics. The rate constant of compound (B) with molecular ozone can be
expressed by the following equation:

B, hp
K BB (319)

In order to determine kg/o3, all experiments were conducted at pH 2. Under this pH it
is assumed that no radical chain reactions occur and the only oxidant is molecular
ozone. The reaction equation can be solved by the integration below: (Hoigne and

Bader 1983).

Ln[%] =—Kg, tj Bt (3.20)

0

Where: kg/a is the reaction rate constant for compound B degradation by ozone.

66



Chapter 3: Modelling and Reaction Kinetics N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

3.3.2.1. Heterogeneous (o0zone bubbling in the solution of compound B)

In this experiment, ozone gas was bubbled in solution of compound B at different
concentrations as described in ozonation experiments for each compound. The
following model was used to calculate the rate constant assuming fast reaction between
ozone A and the compound of intcest B. The double film theory suggests that for a
second order reaction and with the assumption of fast regime, the change of the
concentration of B is given by Equation 3.22. Integrating of Equation 3.22 yields

Equation 3.23: (Hoigne and Bader 1983).

A+zB — 5 products (3.21)

—dd%chL *a 7 kD,C, (3.22)
kD,a,C, *

Coo®-C20 =z YA LA ¢ (3.23)

2
A plot of the left hand side of Equation 3.23 as function of time would lead to a

straight line with a slope (s) given by:

kD,a,C, *
s:z% (3.24)

From the slope, the rate constant k can be determined if the other parameters are

known.
2
Ko 1| _2xs (3.25)
DA z a'LC:AL*

Where: z is stoichiometry factor of compound (B); Da is diffusivity of ozone
1.74x10° m%™ (Roustan et., 1987); Johnson and (Davis 1996); a, specific surface area
(m?/m®); Cgo, Cg are initial and final concentrations (mol/L) of B respectively. In
Equation 3.24, all parameters for computation of k are known except a,. Experiments

were carried out to determine a,_ in the liquid /gas- reactor used in this study. The
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method involved bubbling ozone in a solution of indigo. The change of indigo
concentration can also be described by Equation 3.23, in which k represents the rate
constant of ozone reaction with indigo, which has value of 9.4x10" m™s™; a_ is

determined using Equation 3.26.

23

a, = "
zCy indigo/O3DA

(3.26)

3.3.2.2. Heterogeneous competitive kinetics

The heterogeneous competitive Kinetics system consists of bubbling ozone (A) in a
solution containing two compounds B; and B,. The reaction between ozone and one of
the two compounds (e.g. B1) is known and the values of its rate constant, ki, and
stoichiometry, z;, are known. The rate constant of B, using this method can be

calculated using the following Equations: (Hoigne and Bader 1983).

A+z,B, —4— products (3.31)
dc,, 1dcC

rBh=—=>=2-kC,C, =———2% 3.32

A dt 1~ A~B1 2, dt ( )

dC

d—tBl =-2,k,C,Cy, (3.33)

A+1z,B, — products

dc 1 dC,,

(3.34) My, = —TBZ =k,C,C;, = E— (3.35)
2

dC,,

T = —szzc:/_\c:B2 (336)

By dividing Equation 3.33/3.36

dc,
dt _ Zlkl CB1 (3 37)

dCBz szz CB2 .
dt

From Equation 3.37, the change of the left hand side of the equation as function of

Cg1/Cg2 would lead to a straight line of slope z;ki/z2k,. However, the calculation of the
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derivatives in the left hand side of the equation was tedious and Equation 3.38 derived
from Equation 3.23 was used instead. The use of Equation 3.23 is valid here as we

assume that fast regime prevails.

K .
CBlo.s _ C801 05 _ (;_1 k_l] l:BZ 05 CBOZ 05 - (3.38)
2 2

A plot of the left hand side of Equation 3.38 (i.e.C,°° —Cg ) as function of

i . ) k
(Cg,”* —Cq,,"*) would lead to a straight line of slope s given by s = :—1 k—l .
2 2

From this equation the rate constant of the ozone reaction with compound B can then

be calculated by the following equation:

2
k, = (—j K, (3.39)
Where: z; is the stoichiometric ratio of compound By; kj is the rate constant of the

reaction ozone with compound Bj; z; is stoichiometric ratio of compound B, (either

known or can be determined by the method presented in 3.3.1).

3.3.2.3. Homogenous kinetics

In this method, ozone mother solution was prepared by bubbling ozone gas in
deionised water until saturation then a solution of compound (B) of known
concentration and volume was injected by a syringe into the ozone solution. The
content of the reactor was mixed very well. The rate constant (k) of B can be

calculated as discussed below.

A+ zB — Products (3.40)
dC
dtB =-kC,C, (3.41)
_ —k[CAO Co=Co }CB (342
z

Integration of Equation 3.41 leads to:
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( 2 2 Cho
CnoCro —Cro” 80| — 2K/ Cpp — , t

2C,, —Cqo exp(— zk[CAO —C:Ojtj

Where: Cpap is initial ozone concentration in liquid (mol/L); Cgo, Cgs are initial and

c, = (3.43)

final concentration of B (mol/L) respectively; z is stoichiometric ratio. The rate
constant k can be determined by best fitting experimental data to Equation 3.43, which

was developed by (Tizaoui, un-published, University of Bradford 2008).

3.4. Modelling used for Liquid/Solid-Ozone (LSO)

Ozone adsorption (gas phase)

The mathematical model used to describe ozone adsorption on the fixed bed reactor

was given in (Tizaoui and Slater 2003):

S g5 1—erf(1Ng-5 —l(uprff’)j (3.44)
Coe, 2 2
_——
_ u
Where 7 = 1 (3.45)
vb cu

_ 60(1-£)LK,,

and N 5
dpgu

; D, (3.46)

Where: Cag is 0zone concentration in gas exiting bed at any time (g/m®) NTP; Caco
ozone concentration in feed gas (g/m®) NTP; Np is number of particle mass transfer
units, 7 is dimensionless time; De Effective ozone diffusivity in the adsorbent (m?/s);
L total packed bed length (m); d, average particle diameter (m); Ky, equilibrium
constant based on particle volume; u gas interstitial velocity (m/s); € is bed voidage.

Ozone desorption by a liquid flow

A simple equation was used to model ozone desorption from the fixed bed reactor

which is given by:
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Conon _ ey € K .t (3.47)
Cous

Where: Caro, CaLout are initial and final concentration of ozone (mol/L) respectively;
Kaes IS an effective desorption rate constant; t is time

Ozone adsorption isotherms

Ozone adsorption isotherms were described by the two well known Langmuir and
Freundlich models which are described below.

Langmuir:

The relationship between the adsorbent equilibrium capacity, g, and the fluid
concentration, C, is given by Equation 3.48. The parameters A and B can be
determined by plotting 1/q as function of 1/C Equation 3.49.

_AC
" 1+BC

q (3.48)

% AiCJr B (3.49)
Where: q is adsorbent capacity at equilibrium (mg/g); C is the compound concentration
(mg/L); A and B are two constants.

Freundlich:

Equation 3.50 gives the Freundlich relationship between the equilibrium capacity, q,

and the fluid concentration, C. The parameters k and n can be determined by plotting

Ln(q) as function of Ln(C) Equation 3.51.

1

q=ken (3.50)

In(q) =In(k) + % In(c) (3.51)
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CHAPTER 4: MATERIALS AND EXPERIMENTAL METHODS

4.1. General
In this chapter, the materials and methods used for the study are described. The

instruments used for the studies are also described.

4.2. Materials

Oxygen (O2) of high purity (> 99 %) was used in all experiments to feed the ozone
generator. Pure oxygen was purchased from BOC. Polytetrafluoroethylene (PTFE) tube
of OD 3.18 mm x ID 1.6 mm (1/18" x 1/16") was used for connecting the system. The
gas diffuser type used in all experiments is fritted glass of Grade 1 as shown in
Appendix A3 (Figure 19). A bubble column glass was used as the ozone reactor having
holding capacity of 1000 mL but 500 mL of the volume was used in this work
(Figure 4.1). Thermocouple was fitted to the reactor for the purpose of measuring the
solution temperature. A Manometer model R200 UL (Digitron, England) was used for
measuring gas pressure. General laboratory glassware was used in this work. Chemicals
utilised in this research work include HPLC grade acetonitrile (99 %), methanol
(CH30H) (99 %) obtained from Fisher Scientific UK Ltd, dye reactive orange (RO16):
C12H19011S3.2Na (617.54 AMU)(Sigma Aldrich), triclocarban (Ci13HgCI3N,O) and
naphthalene (C10Hsg) were purchased from Sigma Aldrich, all solutions were prepared

with deionised water as described in Section (4.3.).

Stock pH 2 buffer solution was obtained by dissolving 10 g of analytical grade
NaH,PO, and 7 mL analytical grade H3PO,4 (85 %) in 1L Milli-Q pure water (Xiong and
Graham 1992). Stock buffer solutions of higher pH ranging from 7 to 9 were prepared
by appropriate quantities of 2 M sodium hydroxide solution to the stock pH 2 buffer

solution. Concentrated phosphoric acid HzPO,4 (85 %), potassium indigo trisulfonate:
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C16H7N2011S3K3 and sodium dihydrogen phosphate NaH,PO,4 were used to prepare the
indigo reagent for ozone analysis. t-butanol: C4H;60 was used as radical scavenger.
Two types of ozone adsorbents (silica gel and a zeolite D915) were also used in this

work to study the performance of the LSO system.

Figure 4.1: Reactor of ozone experiments
4.3. Preparation of Samples

4.3.1. Water samples

Deionised water of pH between of 5.5-6.5 was used to prepare all solutions that were
used in this work. This water was produced from Millipore- Direct- Q 3 System as
shown in Appendix A3 (Figure 10). It has been used to produce water quality that has
(Resistivity 18.2 MQ, Conductivity 0.056 uS/cm at 25 °C). The equipment has a water
storage tank of 6 L, a production capacity of 3-4 L/h and the drain capacity of this
equipment is 30 L/h. A water pre-filtration unit was fitted at the inlet of the equipment
to remove any suspended solids in the feed tap water. 500 mL of deionised water was

used as a sample to make experiments for ozone reactions.
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4.3.2. Dye samples
The dye samples were prepared by dissolving the dye in deionised water. The

concentrations of samples were 25, 50, 75 and 100 mg/L. In order to prepare dye
solutions, calculations were made to arrive at the mass of dye needed to make a solution
at a given concentration. The following steps show the calculation was made to prepare
500 mL of solution with 100 mg/L concentration of dye:

Concentration = Mass (M) / Volume (V)

Mass = Concentration x Volume. The Mass = 100 x 0.5 = 50 mg.

The next step was to weigh 50 mg of dye using the analytical scale (Mettler, AE 200,
precision 00.0001). The dye was transferred to a volumetric flask. Then 500 mL of
deionised water was poured slowly into the volumetric flask. It is worth mentioning

here that special care was taken to prepare accurate concentrations of the dye solutions.

4.3.3. Triclocarban samples

Since the solubility of TCC is very low in water (~ < 2 mg/L) (Chun-Yu Chiu et al.,
2007), a mixture of 70 % acetonitrile and 30% Milli-Q high purity water (> 18 MQ cm)
was prepared for dissolving the TCC. TCC was initially dissolved in pure acetonitrile to
prepare a stock solution at 1 g/L. Solutions at desired concentrations were prepared by

diluting a given volume of the stock solution with 70 % acetonitrile + 30 % water.

4.3.4. Naphthalene samples

Because naphthalene also has low solubility in water (less than 3 mg/L) (Chun-Yu Chiu
et al., 2007), a mixture of 50 % methanol and 50 % water was used to prepare the

naphthalene solutions.

4.3.5. Methanol samples

Since methanol is a miscible compound in all proportions, the solutions of methanol at

0.2 to 5 mol/L were prepared by directly mixing pure methanol with water. It was
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assumed that the final volume of the solution equals to the sum of water volume and
methanol volume. The concentration of methanol in mol/L was calculated by Equation

4.2 which was derived from Equation 4.1:

co =M _ Mw _ My __ Pu >V (4.1)
"oy, +Y, M, Y, o M, &, Y,

Knowing that the density (p) of methanol is 791 g/L and its molecular mass (M) is

32 g/mol.
" _ PV in mol/L 4.2)
32V, +V,

4.4. Equipment

The ozone generator used in this work is Triogen, LAB2B laboratory ozone generator
and PC/ 230 V-1 PH-50 HZ, as shown in Appendix A3 (Figure 2). The generator can
produce ozone either from dry air or oxygen operating at either negative or positive
pressure. The maximum ozone production of the generator is 10 g/h at flow rate
2-5 L/min feed gas (100% oxygen) and pressure of 0.7 bar (max), whereas ozone
production drops to 4.0 g/h at flow rate 4-10 L/min feed gas (dry air at 60 °C dew point)
and pressure 0.7 bar (max). The ozone variable output control is 15-100 %. The ozone
analyser type (BMT963) was used to measure the ozone concentration in the gas phase.
The instrument electronics compensate for temperature and pressure and displays ozone
concentration in g/m® NTP (NTP: 0°C and 1 atm). The pH meter (Inolab, Terminal level
3, WTW) and conductivity meter (Omega, CDB-92) were used in this study see

Appendix A3 (Figure 7 and 8) respectively.
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4.5. Analysis Techniques

4.5.1. Ozone analysis in gas phase

Once ozone gas is generated from pure oxygen by (Lab2b Laboratory ozone generator),
the ozone concentration in output gas of ozone generator is measured by the ozone
analyser (BMT963VNT g/Nm?, 0°C and 1 atm). Dasylab software was used to collect
the data provided by the gas analyser at 2 sampling rate. The data was converted to

Excel spreadsheet format and processed using in house written Excel macros.

4.5.1. Ozone analysis in liquid phase

In this work, two methods were used to determine ozone concentration in liquid phase.
They are the standard indigo method developed by (Hoigne and Bader 1982) and the
spectrophotometric method as described below.

a. Indigo method

Ozone concentration in water was determined using the indigo method (Standard
method 4500-Ozone 1998). The indigo trisulfonate method is quantitative and selective.
The indigo method presumes use of high-quality indigo trisulfonate. The principle of
this method is that in acidic solution, ozone rapidly decolorizes indigo. The decrease in
absorbance is linear with increasing concentration over a wide range. The
proportionality constant at 600 nm is 0.42 + 0.01cm™mg™ L (Ae =20,000 M cm™). A
stock solution of indigo is made up with 770 mg potassium indigo trisulfonate,
C1sH7N,011S3K3, which has a molecular mass of 616.74 gmol™, giving a molar
concentration of (1.248x10° M). A 1:100 dilution exhibits an absorbance of
approximately 0.20+ 0.01cm™ at 600 nm. In the event of absorbance lowering of a
(1:100 dilution) falls below 0.16 cm™, the stock solution should not be used. The stock
solution is stable for about 4 months when stored in dark place. Reagent Il is a 10:1

dilution of stock solution and is used to measure ozone concentration greater than
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0.1 mgL™. Reagent Il includes chemicals to prolong stability, namely 10 g sodium
dihydrogen phosphate (NaH,PO,) and 7 mL concentrated phosphoric acid in 1000 mL
of deionised water. This solution should be prepared fresh when its absorbance
decreases to less than 80% of its initial value (Typically within a week). Reagent 1l
solution is designated as the blank solution and has a molar concentration of
1.248x10™ M. The absorbance measurements are preferably carried out in 4 or 5 cm
cuvettes. (Gordon et al., 2000a, 2000b) provide additional details of indigo method; the
method is based on a change in absorbance (600 nm wavelength) of the indigo between
the unreacted blank solution and an ozone-reacted sample solution. The ozone

concentration can be calculated using Equation 4.3.

~ @bs; xV, — Abs, x (Vg +V,)
- f xbxV,

CO, €g/L (4.3)

Where: Absg is absorbance of indigo stock solution (blank solution); Vg is volume of
indigo blank solution; mL, Abs A is absorbance of the mixture sample + indigo solution;
Va is volume of sample (Vo3) mL; f is sensitivity coefficient of 0.42 mg*cm™ L; b is
path length of cell, cm. (1cm and 5 cm cells were used in this work). The molar
absorbance of indigo solution can be determined using Equation 4.4. Gordon and co-

workers (Gordon et al., 2000a) measured molar absorbance for seven indigo trisulfonate
product samples and found ¢ to vary from 15,800 to 20,355 M cm™.

Abs
g ey
M
Where: Abs is absorbance cm™; & is Molar absorbance M?* cm™: M is Molar

(4.4)

concentration, mol/L. In this work, the molar absorbance for the indigo solution was

found to be within the molar absorbance specification, which is 20,000 M™* cm™.
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b. Spectrophotometric method

The indigo method can be tedious to apply. The spectrophotometric method, which is
simple, was thus used in this work to measure ozone concentration in “pure” water. The
maximum absorption of ozone occurs at 262 nm as shown in Figure 4.2, which is in
agreement with literature. Using the Beer Lambert law (Equation 4.5), ozone

concentration in liquid can be calculated by knowing the Abs 2.

Abs=4C (4.5)

C(mol/L) = AIbs (4.6)
48 %1000 x Abs.

CO /L) = 262 4.7

;(mg /L) 2900 x L (4.7)

Where: Abs is (absorbance at 262 nm; € is Molar absorbance that was taken equal 2900

M™* cm™; C is concentration mol/L); L is path length of cell cm. A UV/Vis
spectrophotometer Agilent HP8453 was used to measure the absorbance of ozone

solutions in pure water.
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Figure 4.2: Full spectrum of ozone at 262nm

4.5.2. UVIVIS Spectroscopy

The UV/Vis spectroscopy was used to measure the absorbance of light of a chemical at
given wavelength. The value of the absorbance is proportional to the chemical

concentration (Beer Lambert law), thus concentrations may be measured through
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absorbance measurement and a calibration curve. In this study, a diode array Agilent
8453 UV-visible Spectrophotometer (190 to 1100 nm) was used. It is fitted with a
general purpose Agilent ChemStation software for UV-visible spectroscopy running on
PC with the supported Microsoft operating system. These two components are linked
together by a network connection. All of the data display, evaluation and long-term

storage are done under software control on the PC.

4.5.3. High-performance liquid chromatography (HPLC)

HPLC is a separation technique which has the facility to separate highly complex
mixtures. HPLC (Waters 2695) with UV detection (Waters 2487 Dual L) was used in
this work to analyse triclocarban and naphthalene. The mobile phase used for
triclocarban analysis was 70 % acetonitrile + 30% water mixture and for naphthalene
was 75 % methanol + 25 % water. The sample was injected at one end of the column
(C18 Hypersil Gold column (150 x 4.6 mm, 5 um - Thermo Scientific) and carried
through the column by a continuous flow of the mobile phase.

The principle of HPLC is that a liquid mobile phase transports a sample through a
column containing a liquid stationary phase. The interaction of the sample with the
stationary phase selectively retains individual compounds and permits separation of
sample components. Detection of the separated sample compounds is achieved mainly
through the use of absorbance detectors for organic compounds and through
conductivity and electrochemical detectors for metal and inorganic components

(R.M.Smith 1988).

Amobile <> Astationary

Equilibrium constant K = m (4.8)
P‘mobile
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The chromatogram is a record of the detector response as function of time and indicates
each separate eluted component as peak. In quantitative measurement, the area under
these peaks is directly proportional to the amount of sample. With the integrator
calculating the area under each peak, a calibration plot can be achieved by measuring

the different areas of the same compound at different concentrations (R.M. Smith 1988).

4.5.4. Gas chromatograph (GC/FID)
GC/FID, type (PYE, UNICAM, PU 4500 gas chromatograph) was used in this work for

the analysis of methanol in water. The column used in this work was a 104-
Polyethylene glycol (PEG) column installed in an oven with the inlet attached to a
heated injector block and the outlet attached to a Flame lonisation Detector (FID). The
carrier gas used in this work was nitrogen (1 mL/min flow rate, column length was
1.524 m, oven temperature 250 °C injector temperature 130 °C and column (initial and
final) temperature 95 °C). The injection volume of methanol sample was 1jL.

The principle of gas chromatography is that the mobile phase is a carrier gas and a
stationary phase is a liquid. For packed columns, the stationary phase is a liquid that has
been coated on an inert granular solid, called the column packing, which is held in
borosilicate glass tubing. Precise and constant temperature control of injector block,
oven and detector is maintained. Stationary-phase material and concentration, column
length and diameter, oven temperature, carrier-gas flow, and detector type are the
controlled variables. When the sample solution is introduced into the column, the
organic compounds are vapourised and moved through the column by the carrier gas.
They travel through the column at different rates, depending on differences in partition
coefficients between the mobile phase and stationary phases. Figure 4.3 shows a

diagram of a gas chromatograph (R.M. Smith 1988).
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Figure 4.3: Diagram of Gas Chromatograph. (R.M. Smith 1988)

4.6. Experimental set-up and Procedures of LGO and LSO Systems
This subsection provides the principle of the experimental procedure and experimental

set-up used in this work.

4.6.1. Liguid/Gas-Ozone (LGO) System

4.6.1.1. Principle of experimental set-up of LGO system

Figure 4.4 shows a diagram of the experimental apparatus used for studying ozone
reactions with the compounds and also was used for studying ozone absorption in pure
water. The method is based on the flow analysis of the input and output gas
concentrations with time. PTFE tube was used for all piped connections carrying
ozone/oxygen gas as it is suitably resistant to ozone in high and low concentrations.
Oxygen gas was passed through the PTFE tube to the ozone generator which generated

0zone gas.
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Figure 4.4: Liquid / gas -ozone (LGO) system set-up

Variable measurement flow meter of (100-1200 mL/min) was installed to control the
flow rate; 400 mL/min was used as flow rate and kept constant in all experiments. The
valves for switching the ozone gas were 2-ways, one way direct to the ozone analyzer,
another way direct to the reactor, then to ozone analyzer. 500 mL of sample (pure water
or solutions of dye or triclocarban or naphthalene or methanol) was used in this study. A
Grade 1 (pore index 90-150 um) Pyrex(@ sintered glass gas distribution sparger was
used to disperse the gas into bubbles.The ozone was measured by UV/Vis
Spectrophotometer using 1lcm flow through quartz cell. Ozone concentration was
measured using the solution absorption at 262 nm at which maximum absorbance was
obtained. pH was taken during the experiment at different times. The temperature of the
reactor was measured using a thermocouple (COMARK, Pocket Digital Thermometer

Model 314).

4.6.1.2. Experimental procedures conditions of LGO system

All experiments were carried out with the following conditions: gas flow rate
400 mL/min; with and without 0.2 M t-butanol; temperature (20+1 °C); pressure that

was slightly higher than the atmospheric pressure by about 0.1 bar. The aqueous ozone
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concentration was measured either by UV/Vis spectrophotometer (3 =262 nm) or by the

indigo method.

4.6.1.3. Experimental procedure of mass transfer parameters using LGO system

The mass transfer parameters were determined using two methods. Method 1 involved
bubbling O, in water then the concentration of oxygen (O,) was measured with time
using an oxygen probe (WTW — CellOx 325). The 2" method involved bubbling ozone
(O3) of known concentration in water. The O, experiments were conducted at 7 gas flow
rates (100-700 mL/min); the operating conditions for all experiments of oxygen
absorption are shown in Appendix Al Table Al.1. The ozone absorption experiments
were conducted under the following conditions: gas flow rates (200-800 mL/min) and
gas concentration (20, 40, 60 and 80 g/m*® NTP). The determination of mass transfer,
self-decomposition and solubility parameters for ozone were carried out using deionised
water at various pH values (2, 7 and 9), different gas flow rates (200- 800 mL/min) and
in the presence or absence of 0.2 M t-butanol. Four ozone gas concentrations were also
used (20, 40, 60 and 80) g/m*® (NTP). The volume of the reactor was 500 mL and all
experiments were carried out at 20 + 2 °C. The operating conditions for all experiments

of ozone absorption are shown in Appendix Al Table A1.2 and AL.3.

4.6.1.4. Experimental procedure of ozone decay using LGO system

As described earlier in section (2.3.2.2), when ozone is dissolved in water it will decay
rapidly because ozone is an unstable compound with a relatively short half-life time
(Tomiyasu et al., 1985). Therefore ozone decomposition was studied in this work to
determine the rate constants and reaction orders as function of pH and t-butanol
concentration applicable to this work. The ozone decomposition was studied at pH
values of 2, 5, 7 and 9 in a 500 mL reactor initially saturated with ozone of 40 g/m®. At

each pH value, the experiment was either carried out in the absence or presence of
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t-butanol at 0.2 mol/L. With the aid of a peristaltic pump, the aqueous solution was
pumped in a closed loop through a 1-cm quartz UV/VIS spectrophotometer flow-
through cell, in the same fashion as for the other experiments. Values of the ozone
decay constant, kyq, and ozone decay reaction order, n, were determined using the

objective function shown in Equation 4.9.

C ex -C mod el
objective function=2‘ & ”C o | (4.9)

AL exp
The operating conditions for all experiments are shown in Appendix Al Table Al.4.
Once the gas concentration is stable, the stream of ozone in oxygen was directed to the

reactor then to the ozone analyzer until saturation. In order to measure the absorbance of

ozone decay solution, the maximum absorbance was monitored at A max = 262 nm.

4.6.1.5. Experimental procedure of ozone absorption in water using LGO system

Several experiments were carried out on ozone absorption/desorption, under conditions
as described in section (4.6.1.2). These experiments were carried out by bubbling ozone
at a known concentration of 20, 40, 60 and 80 g/m*® NTP in the semi-batch reactor
containing 500 mL of deionised water. Figure 4.4 shows the diagram of the
experimental apparatus used for quantifying ozone absorption in the liquid/gas-ozone

(LGO) system.

4.6.1.6. Experimental procedure of RO16 degradation using LGO system

In this study the ozonation of reactive orange 16 (RO16) dye was investigated. The
molecular structure of the azo-dye reactive orange (RO16) is shown in Figure 1.1. It
presents environmental concerns since it is a persistent organic that can not be removed
by conventional treatment processes. This study of RO16 degradation is novel, since no
other work has attempted to investigate its ozonation. RO16 concentrations of 25, 50,

75 and 100 mg/L were used in this study at various pH values (2, 7 and 11), different
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ozone concentrations (20, 40, 60 and 80 g/m*® NTP), in addition to the conditions in
section (4.6.2). A mass of dye was dissolved in deionised water, as described early in
section (4.3.2). This procedure was repeated with all concentrations. The solutions were
stored in cool dark place. The operating conditions for experiments are shown in
Appendix Al, Table Al5, Al1.6 and Al.7. The dye concentration was measured
continuously using a peristaltic pump that pumped the solution through the UV/Vis

spectrophotometer in a closed loop.

4.6.1.7. Experimental procedure of triclocarban (TCC) degradation using LGO

system

In these experiments, the stock solution of TCC at 100 mg/L was prepared by directly
dissolving solid TCC in a mixture made of 70 % acetonitrile and 30 % Milli-Q high
purity water (>18 MQ cm), due to the low solubility of TCC in water < 2 mg/L (Lgnasi
Sires et al., 2007). Reaction solutions were buffered using phosphoric acid and
concentrated sodium hydroxide solutions. The pH values were measured before and
after ozonation of the solutions. In some experiments, before bubbling ozone, t-butanol
(0.2 M) was added into the TCC solution to act as scavenger of hydroxyl radicals. The
experiments were performed at a constant temperature of 20 £ 1 °C. Experiments were
carried out in a semi batch gas/liquid reactor filled with 500 mL of TCC solution of
known concentration. The operating conditions of TCC experiments are shown in
Appendix Al1.3 Table A1.8, A1.9 and A1.10. Three different ozone gas concentrations
10, 20, 60 g/m* NTP were used in this work. Once the gas concentration is stable, the
stream of ozone in oxygen was directed to the reactor. The gas is then diffused into
water through a sintered glass diffuser and further dispersed within the volume of the
reactor using a magnetic stirrer. Water sampling with a syringe (glass) was carried out

manually at different time intervals. The content of the syringe was quickly transferred
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to initially prepared vials containing a known volume of 0.005 M sodium thiosulphate
(NazS,03.5H,0) solution to quench the aqueous ozone remaining in the reaction
solution and thus stopping the reaction before analyzing for TCC concentration with
HPLC. Because of the dilution effect, due to the addition of sodium thiosulphate to the
sample, the effective concentration of TCC was corrected using the mass method. The
method consists of taking the glass vial mass (m,), the previous and sodium
thiosulphate quenching solution mass (myq) and the previous and the sample mass
(Mmygs). The analysis made by the HPLC results in an intermediate concentration of TCC
(Ci) and the effective concentration (C) is given by Equation 4.10.

m,, —m,

C= C. (4.10)

Mygs = My
The HPLC conditions used for TCC analysis were isocratic mobile phase
70 % acetonitrile: 30 % water at 1 mL/min, UV detection at a wavelength of 265 nm,
the injection volume was 20 uL and the retention time for TCC was 4.82 minutes, as
shown in Figure (4.5). The column used was (C18 Hypersil Gold column (150x4.6 mm,
5 um - Thermo Scientific).

100mg/L of TCC before ozonation

100608w(mo)-non-pH 7-befor-0zo- Sm (Mn, 1x1) Diode Array

482 _ 265

E 157705 Range: 1.142

1 Area
8.0e-14
D 6.0e-14
< .
4.0e-1
2.0e-14

0.0 e T T T Time

L R L R R L R R IR
250 300 350 400 450 500 550 600 65 700 750 800 850 9.00 950

Figure 4.5: Peak area and retention time of TCC
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4.6.1.8. Experimental procedure of naphthalene degradation using LGO system

Several experiments of naphthalene degradation by ozone were carried out in a semi-
batch (LGO) reactor (Figure 4.4). Ozone gas concentration 40 g/m® NTP was used in
this work to degrade 100 mg/L of naphthalene in 50% methanol: 50% water at pH of 2,
5, 7 and 9 and water flow rate 10 mL/min. In order to study the effect of t-butanol as a
scavenger on naphthalene degradation, 0.2 M of t-butanol was added. The samples of
naphthalene were injected in HPLC. Isocratic mobile phase (75 % methanol: 25 %
water) at 1 mL/min was used to elute naphthalene, which is detected at a wavelength of
269 nm. 10 uL volume was injected and the retention time for naphthalene was obtained
at 4.68 minutes as shown in Figure 4.6. The same column (C18 Hypersil Gold column

(150 % 4.6 mm, 5 um - Thermo Scientific) was also used here.

100mg/L beforeozonation 17-Jun-200814:23:45

170608 P(MO) Sm (Mn, 1x1) Diode Array

468 _ 269

] 14683 Range: 1.148e-1

1.0e-1] Area
8.0e-2
D 6.0e-29
< 4
4.0e-2
2.0e-2

0.0 I R L B A L B ELL L BRI I B I I R B I ““\Time
2.00 2.50 3.00 3.50 4.00 450 5.00 5.50 6.00 6.50 7.00

Figure 4.6: Peak area and retention time of naphthalene

4.6.1.9. Experimental procedure of methanol degradation using LGO system

Several experiments were carried out to study the degradation of methanol. Ozone gas
concentrations of 10 to 80 g/m® were used in this study at the pH of 2, 5 and 9, in the
presence and absence of t-butanol as hydroxyl radicals scavenger. Samples at high
methanol concentrations were analysed by HPLC and those at low concentrations were
analysed with GC/FID. For HPLC analysis, isocratic mobile phase (70 % acetonitrile:

30 % water) at 1 mL/min was used to elute methanol, which was detected at a
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wavelength of 195 nm. The injection volume was 10 uL and the retention time for
methanol was obtained at 1.27 minutes as shown in Figure 4.7. The Hypersil Gold

column was also used here. The GC/FID analysis was carried out as described in 4.5.4.

08-Oct-200814:26:24
081008-pH7-M1 Sm (Mn, 1x1) Diode Array

1.27 195

121399 Range: 6.237e-1

El Area
5.5e-15
5.0e-15
4.5e-15
4.0e-15
3.5e-15
5 3
<< 3.0e-17
2.5e-14
2.0e-14
1.5e-15
1.0e-14
5.0e-25

0.0 T T T T T T T T T 1 Time

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Figure 4.7: Peak area and retention time of methanol

4.6.2. Liquid/Solid-Ozone (LSO) System

4.6.2.1. Experimental set-up of LSO system

As described earlier in Section 2.8.2, the LSO system consists of three steps: (a) loading
ozone on a bed of an adsorbent; (b) passing polluted water through the ozone-saturated
bed; (c) regenerating the bed using dry air. By doing this, it is expected that kinetics are
enhanced due to the high ozone concentration in contact with pollutants (Tizaoui 2001).
Figure 4.8 shows a diagram of LSO system. In LSO, ozone is adsorbed in a selective
adsorbent of (silica gel or zeolite (D915)) and then in the second step, the polluted water
(RO16 or naphthalene or methanol solution) passes through the adsorbent loaded with
ozone. The ozone adsorption experiments were conducted under the conditions
described in section (4.6.1.2) at 10 mL/min of water flow rate and the ozone
concentrations were determined by the indigo method. To determine pollutants
concentration at any given time, sodium thiosulphate at a known volume and

concentration was added to stop the chemical reaction between ozone and the pollutant.
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Figure 4.8: Liquid /solid -ozone (LSO) system set-up

4.6.2.2. Reactor scale

In order to easily obtain the volume of the adsorbent loaded in the reactor, a scale was

developed on the reactor wall. The scale divided the total length of the reactor (160 mm)

into a succession of 1-cm lengths (Figure 4.9). Figure 4.10 shows the relationship

between the scale and the reactor volume. The slope of the line in Figure 4.10 gave the

cross section area of the reactor which was found equal to approximately 1 cm?, giving

a reactor diameter of about 10 mm id.

Figure 4.9: LSO reactor
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Figure 4.10: Calibration volume of the reactor in LSO system
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4.6.2.3. Experimental procedure of RO16 degradation using LSO system
The degradation of RO16 using the LSO system was studied by passing a solution of

RO16 at 50 mg/L through 80 g bed of silica gel initially loaded with ozone, at a known
gas concentration 60 g/m® NTP. The RO16 solution liquid flow rate was 10 mL/min and

the pH was 7.

4.6.2.4. Experimental procedure of naphthalene degradation using LSO system

High purity naphthalene: CioHg (99+%), was used to prepare a stock solution of
naphthalene at 100 mg/L by directly dissolving solid naphthalene in a mixture made of
50 % Methanol and 50 % water (see section 4.3.4.). Reaction solutions were buffered
using phosphoric acid and concentrated sodium hydroxide solutions. The pH values
were measured before and after ozonation of the naphthalene solutions. In some
experiments, t-butanol (0.2 M) was added into naphthalene solution before bubbling
ozone as scavenger for hydroxyl radicals. The experiments were performed at room
temperature 20 £ 1°C. Experiments were carried out in the liquid/solid-ozone (LSO)
reactor filled with 2 g of the zeolitic adsorbent D915 (Figure 4.8) and all the operating
conditions of naphthalene experiments are shown in Appendix Al.4 Table Al.11 to
Al1.16. Ozone gas concentration 40 g/m® NTP was used in this work. Once the gas
concentration is stable, the stream of ozone in oxygen was directed to the reactor.
Samples were collected at different times, quenched with 0.005 M sodium thiosulphate

solution and analysed by HPLC as describe in section (4.6.1.8).

4.6.2.5. Experimental procedure of methanol degradation using LSO system

Methanol solutions at 0.2 to 5 mol/L were prepared by directly diluting liquid methanol
99 % with Milli-Q high purity water (>18 MQ cm). Reaction solutions were buffered to
keep the pH constant during the experiments. The pH values were measured before and

after ozonation of the solutions. In this study pH levels of 2, 5, 7 and 9 were used and
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all the operating conditions of methanol experiments are shown in Appendix Al.5,
Table A1.17 to A1.24. Ozone gas concentrations of 10, 30, 60 and 80 g/m* NTP were
used in this work. Once the gas concentration is stable, the stream of ozone in oxygen
was directed to the reactor. In the LSO system, ozone was adsorbed in 6g of the
selective adsorbent zeolite (D915), then in the second step the methanol solution passed
through the adsorbent loaded with ozone. Again here samples of methanol solutions
were collected with time, quenched with sodium thiosulphate and analysed as described
in section (4.6.1.9).

4.6.2.6. Determination of BET surface area

BET surface areas of the silica gel and the zeolite material D915 were determined by
liquid nitrogen. Degassed samples of silica gel (0.9960 g) and the zeolite material D915
(0.5320 g) were placed in the automated gas adsorption apparatus (Micromeritics
ASAP, 2000) Accelerated Surface Area and Porosimetry as shown in Figure 4.11. The
results were compared with other silica as shown in Table 4.1.

Table 4.1: BET surface area of different types of silica

Adsorbent mass (g) BET surface area (m“/g)
Zeolite D915 0.5320 238.6+3
Silica gel 0.9960 4909+ 3
Silica Alumina 0.2750 23237
Silica gel grad 40 0.7650 643.3+1
Silica gel 100 g 1.2900 268.7+1
Silica gel tablet 0.8650 108.4+£0.2
Silica 85330 0.4760 728.2 14

Figure 4.11: Micromeritics ASAP 2000
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CHAPTER 5: RESULTS OF THE LIQUID/GAS-OZONE
(LGO) SYSTEM

This chapter will present and discuss the experimental results obtained in this work.

Mass transfer Studies

5.1. Mass transfer Studies in the Liquid/Gas-Ozone (LGO) System

5.1.1. Ozone absorption

These experiments were carried out under 400 mL/min oxygen gas flow rate and the

aqueous ozone concentration was measured by a UV/Vis spectrophotometer 3 =262 nm.

5.1.2. Ozone liquid concentration: calibration curve

In these experiments, ozone solutions were prepared by bubbling ozone gas at
concentrations of (20, 40, 60 and 80 g/m* NTP) into deionised water for about one hour
for each concentration. After having the ozone concentration stable in water, the
absorbance at 262 nm was measured and a sample was taken by a syringe and added to
10 mL of indigo until the blue solution turned to a light blue colour, then the absorbance
of the sample was measured by the spectrophotometer at 600 nm. Table 5.1 shows the
experimental conditions and results obtained by using Equation 4.3 (indigo method).

Table 5.1: Experimental conditions and results calculation of ozone in liquid

CA inlet AbS AbS blank \% indigo \Y sample + indigo \% Sample AbS Sample + indigo CAL
g/m® | 262nm | 600nm | (mL) (mL) (mL) 600nm (mg/L)
20 0.2133 2.42 10 18.8 8.8 0.25 5.26
40 0.4169 241 10 15.1 5.1 0.140 10.21
60 0.6404 2.33 10 13.6 3.6 0.179 13.46

80 0.9704 2.37 10 12.7 2.7 0.197 18.64

Each experiment was repeated three times and average values were taken. The
relationship between ozone liquid concentration (Ca.) and Absyg, is then determined by

plotting Ca. as function of Absys, as shown in Figure 5.1. The theoretical relationship

between Ca. and Abs g, is given in Figure 5.2 when € = 2901 M cm™. It can be seen
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from Figure 5.1 that a linear relationship between ozone concentration in liquid and

absorbance was achieved though the slope of the experimental line is slightly higher

than that obtained for € = 2900 M™cm™ (Figure 5.2).

4 L o N )
Calibration curwe of ozone gas in liquid Spectrophotometer method
using indigo method
20 A
20 -
y = 16.545x
y =20.423x —~ 15 2
~ 15 1 R®=0.9751 - R°=1
< IS)
E 10 € 10
:(‘ ECAL:lO'S% :('
o . O g CaL(Mg/L)=16.545x (Absys2)
CaL (m/L): 20.423 XAngGZ €=2901.2M*cm™*
0 } T T T T T . 0 T T T T T 1
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\ Absorbance at 262nm J L Absorbance at 262nm p
Figure 5.1: Ozone gas concentration versus Figure 5.2: Ozone gas concentration versus
absorbance, experimental absorbance theoretical

5.2. Experimental Results of Ozone Decay

Ozone decay experiments were carried out as described earlier in section 4.6.1.4.

5.2.1. Effect of pH on ozone decay

pH is one of the parameters that affects ozone decay significantly. In order to understand
the effect of pH on ozone decay, several experiments were carried out at different pH
values of 2, 5, and 7. Figure 5.3 shows the effect of pH on ozone decay when the
experiments were conducted in the absence of scavenger (t-butanol). From Figure 5.3, it
can be seen that the ozone decay rate is slow at low pH and increases when pH

increases; that means at the half-life time t,,, of ozone is pH-dependent; an increase in

pH leads to a decrease of t,,,
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Figure 5.3: Liquid ozone concentration versus time

5.2.2. Effect of scavenger (t-butanol) on ozone decay

Several experiments were carried out to study the effect of t-butanol on ozone decay by
bubbling ozone at known concentration 40 g/m* in a semi-batch reactor using 500 mL of
deionised water with conditions as described earlier in section 4.6.2 and presented in
Table Al1.4 in Appendix Al. The values of the order and rate constant of ozone decay
reaction are shown in Table 5.8. Ozone decomposition was found to follow a second
order reaction at pH values less than 7 whilst it was first order at pH 9. When the
scavenger t-butanol was added, the decomposition of ozone progressed at lower reaction
order of 1.5 for pH values less than 7 and at the same order in the absence of t-butanol at
pH 9. Table 5.2 shows significant increase of the ozone decomposition rate constant
with pH, merely due to the increase of hydroxide ion concentration, which promotes
ozone decomposition. The results also show that although t-butanol was used as a
radical scavenger, ozone decomposition was not fully inhibited.

Table 5.2: Rate constant and order of the ozone decay reaction

Non [t-butanol] [t-butanol] = 0.2 (mol/L)
pH n kg(M*"s™) n kg(M*"s™)
2.2 2 1.02 1.5 0.182
5.0 2 10.44 1.5 0.222
7.3 2 18.51 1.5 0.359
9.0 1 0.030 1 0.023
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5.2.3. Summary

From ozone decay experiments, it can be summarised that the ozone decomposition was
found to follow a second order reaction at pH values less than 7, whilst it was first order
with respect to ozone at pH 9. When the scavenger t-butanol was added, the
decomposition of ozone progressed at lower reaction order of 1.5 for pH values less than
7 and at the same order when without t-butanol at pH 9. The ozone decay rates have also
increased when pH increased due to increased hydroxide ion concentration, which

promotes ozone decomposition.

5.3. Ozone Absorption and Desorption in Water

Several experiments were carried out on ozone absorption/ desorption in order to study
ozone mass transfer in water. Appendix Al, Table Al.2 shows the conditions for these
experiments. Experiment number 0z3 was chosen as a typical an example to show here.
This experiment was carried out by bubbling ozone at a known concentration of
60 g/m*® NTP. The reactor contained 500 mL of deionised water. Table 5.3 shows the
operating conditions for this experiment.

Table 5.3: Values of the variable for typical experiment of ozone absorption

Exp | Sample Flow rate Ozone conc. Ozone conc. at end Initial Final

No (mL) (mL/min) inlet of experiment pH pH
(g/m®) NTP (g/m®) NTP

0z3 500 400 60 58.5 5.195 5.022

Figure 5.4 shows a relationship between ozone gas concentration (g/m® NTP) and time
(minutes) during the experiment. As seen from Figure 5.4 the ozone gas concentration
increases gradually with time. This Figure shows that the steady state ozone gas
concentration 58.5 g/m® NTP reached at the end of the experiment is less than the inlet
ozone concentration 60 g/m* NTP. This is due to ozone decay in water, which is a well

established phenomenon when ozone dissolves in water.
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Figure 5.4: Gas 0zone concentration versus time Figure 5.5: Liquid ozone concentration versus time

Figure 5.5 illustrates the change of liquid ozone concentration as a function of time. It

can be seen from Figure 5.5 that liquid ozone concentration increases with time until it

reaches almost a steady-state that marks the saturation point. Following ozone

absorption, experiments of desorption were also carried out. A typical absorption and

desorption curve for liquid ozone concentration is shown in Figure 5.6; whereas Figure

5.7 explains changes points of gas.
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Figure 5.6: Liquid ozone concentration versus time Figure 5.7: Gas 0zone concentration versus time

5.4. Experimental Results of Mass transfer Coefficient (k,_a)

5.4.1. Oxygen experiments

Mass transfer coefficient (k.a) was studied with pure oxygen (O,) at different flow rates

of (100 — 600 mL/min) by using dissolved oxygen meter (DO,) type (handy lab 0x12),

pH and temperature were 7+0.2 and 20£2 °C respectively. Experimental conditions and
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results for all experiments are shown in Table 5.4 and Figures 5.8 and 5.9 show typical
example model results of experiment ox4. Figure 5.8 shows excellent agreement

between experimental results and the model which is also reflected in excellent linear

*

relationship (R® = 0.9996) between In = [LCAL*]as function of time (Figure 5.9).

AL, _CAL

Table 5.4: Experimental operating condition and results calculated of k a (O,)

Exp Gas flow rate Pressure kea(s™) CaL CaLo
No (mL/min) (mbar) x10° (mg/L) (mg/L)
ox1 100 171.9 2.95 44.0 10.84
ox2 200 182.2 4.05 46.0 11.71
ox4 400 186 5.76 50.8 7.73
ox5 500 186.3 6.66 47.4 8.67
0x6 600 186.8 7.47 46.3 7.147

Where: kia is the volumetric mass transfer coefficient; CaLo the initial oxygen liquid

concentration; Ca_* the saturation oxygen concentration.

4 gas flow rate 400mL/min N\ ( Time (min) )
40 -~ ;Q 0 T T T T [
. -
Agg_ 3 05! 4 5 6 7 8
= 3 -
> 25 A T -1 y =-0.348x
E oA e R? =0.9996
§ 15 co2 L 2 el
10 - . exp (mg/L) S 4
5 4 —— CO2 model (mg/L) g
0 T T T T T T T 1 % -2.5 1
0O 1 2 3 4 5 6 7 8 £ 3. In.(CAL—CAL*)/(CALO—CAL*))
Time (min) —— Linear (In(CAL-CAL*)/(CALO-CAL*)))
\ J Wy
Figure 5.8: Oxygen Concentration versus time Figure 5.9: Model results

The slope of the line shown in Figure 5.9 is equal to the value of kia. In this particular
experiment, a value of 5.8x10° s was obtained for a flow rate equal to 400 mL/min.
Once ki a oxygen was determined, ki a ozone may be calculated as shown in Section
5.4.3. Figure 5.10 shows the relationship between k,a and gas flow rate of oxygen. It can
be seen from the Figure that the values of ki a increased by increasing the oxygen gas

flow rate.
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Figure 5.10: Relationship between k,a and oxygen gas flow rate at pH 7

5.4.2. Ozone experiments

Mass transfer of ozone gas/liquid was studied at different ozone gas concentrations

(20, 40, 60 and 80 g/m®), different flow rates of (200, 400, 600 and 800 mL/min) and

different pH (2, 7 and 9) in the presence and absence of t-butanol and temperature

20+2 °C. The experimental operating conditions and results calculated k_a of ozone in

water are shown in Table 5.5. Figure 5.11 and 5.12 show typical graphs in liquid and gas

phases respectively. The observation from Figure 5.11 is that Ca_ at flow rate

800 mL/min took less time to reach saturation point (8 minutes) as compare to the Ca,_ at

200 mL/min (15 minutes), due to increasing in mass transfer.

4 Effect of gas flow rate on water ozonation at Effect of gas flow rate on water ozonation
pH 7 and ozone (60g/m’) at pH 7 and ozone (60 g/m°)
14 70 ~
12 4 60 ——
5 10 A ‘{E\ 50 -
g 81 . S 401 .
< 6 —-—200mL/m!n o 30 - : 200m|/m!n
6 —400mL/m!n 6( 20 1 - gggm:jm!n
4 1 —— 600mL/min ml/min
2 4 ——800mL/min 10 —— 800ml/min
0 . . ; . 0 ' ' ' - -
0 5 10 15 20 0 2 4 6 8 10
\_ Time (min) J AN Time(min) y

Figure 5.11: Ozone conc. versus time (liquid phase) Figure 5.12: Ozone Conc. versus time (gas phase)
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Figure 5.13 shows the relationship between k,a and the gas flow rate. It can be seen
from the Figure that k a values were increased by increasing the gas flow rate. Again a

power relationship between k a and flow rate was found.

Table 5.5: Operating conditions and results calculated k a of ozone in water

Exp Q pH Cos (kia)os Kg Cal* (kia)o2 (kLa)os/(kLa)oz
No | (mL/min) (g/m®) | s?x10® | s?x10® | (mg/L) | s*x10°
Without t-butanol
1 200 7.2 60 2.38 1.1 0.924 4.05 0.58
2 400 7.0 60 3.4 2.5 0.924 5.76 0.58
3 600 7.2 60 6.3 3.8 0.924 6.66 0.94
4 800 7.2 60 7.09 3.5 0.924 7.47 0.94
5 200 4.3 20 3.2 0 0.301 4.05 0.79
6 200 4.2 40 3.4 0 0.61 4.05 0.83
7 200 4.1 60 3.5 0 0.91 4.05 0.86
8 200 4.2 80 3.7 0 1.21 4.05 0.91
9 400 5.3 20 5.3 0.13 0.318 5.76 0.92
10 400 5.2 40 5.7 0.72 0.614 5.76 0.98
11 400 5.1 60 6.5 0.65 0.908 5.76 1.1
12 400 5.2 80 6.8 041 1.23 5.76 11
13 400 2 20 4.7 0 0.31 5.76 0.81
14 400 2 80 6.1 0 1.23 5.76 1
15 400 7 20 4.8 1.6 0.309 5.76 0.83
16 400 7 80 6.6 1.2 1.22 5.76 1.1
17 400 9 80 15 0.52 1.23 5.76 0.29
With t-butanol (0.2M)
18 400 2 20 6.3 0 0.307 5.76 11
19 400 2 80 6.3 0 1.23 5.76 11
20 400 7 20 5.1 0.37 0.306 5.76 0.88
21 400 7 80 7.5 2.9 1.23 5.76 1.3
22 400 9 80 1.8 1.06 1.23 5.76 0.31

Where: Ca * is the saturation liquid concentration (mg/L) calculated by the following
Equation.

Cy*=aCy (5.1)
Where: a is the slope of the relationship between Ca* and Cac determined
experimentally (Figure 5.14); Cag is 0zone gas concentration. The value of slope was

obtained to be 0.0456, 0.0514 for without t-butanol and with-butanol respectively.
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Figure 5.13: Relationship between k a and ozone
gas flow rate at pH 7

Figure 5.14: Ca * versus 0zone gas conc. at pH 2

5.4.3. Relationship between Kk a0z and kLa(os)

Theoretically, the relationship between ki a values for absorption of two different gases
(e.g. ozone and oxygen) is given by ki aos=(Dos/Do2)" kLaoz). Where: n is a factor that
depends on the hydrodynamics of the system (0.5< n< 1) Dos; Do are ozone and oxygen
diffusivities respectively. The ratio of kia (o3) /kLa (o) for all experiments are shown in
Table 5.5, whereas Table 5.6 shows only ratio for experiments run at three different flow
rates. Knowing that the diffusivities of ozone and oxygen in water are 1.7x10°m?%™ and
2.5x10° m%™ respectively and taking n=1, theoretically the ratio (k.a)os/ (k.a)o, Should
equal to 0.68. The theoretical value is slightly lower than the experimental values due to
experimental errors and possible variation in the values of diffusivities used in the
calculation.

Table 5.6: Ratio between k a(O,) and k;a(O3)

Exp- Flow rate kia (0,) k.a (O3) (KLa)os/(KLa)o2
No (mL/min) (s (sh
1 200 4.1x10° 3.7x10° 0.9
2 400 5.7x10° 5.9x10° 1
3 600 7.5x10° 8.1x10° 1

5.4.4. Effect of the radical scavenger t-butanol and pH on ozone absorption in

deionised water

pH plays an important role in ozone reaction pathway. Free-radical oxidation is favoured

at higher pH while molecular ozone oxidation tends to dominate at acidic conditions.
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This is because the production of hydroxyl radicals (OH®°) is enhanced by alkaline
conditions. The free radicals are more powerful oxidants than molecular ozone (Hoigne
and Bader 1983). In this study, t-butanol was used as an OH® scavenger to assess the
contribution of OH° to the oxidation of compounds studied in this work. It is believed
that addition of t-butanol to the water will affect the mass transfer parameters (i.e. ka,
gas hold-up etc.). For this reason, the effect of t-butanol on mass transfer was studied
separately and presented in this section. The same is also true for pH. The study was
conducted for pH values of 2, 7 and 9 with and without t-butanol. The pH was adjusted
as described earlier in section (4.2). These experiments were run with 0.2 M t-butanol
and without it at 20+£1°C as shown in Table 5.7.

Table 5.7: Operating conditions for pH and scavenger effect on ozone absorption in deionised
water

Experimental pH Ozone concentration t-butanol
No (g/m>NTP (mol/L)
0z9 2 80 0.2
0z10 2 80 0
oz11 7 80 0.2
0z12 7 80 0
0z13 9 80 0.2
0z14 9 80 0

Experiments with and without t-butanol and at different pH were carried out in order to
understand and assess the scavenger effect. From the results shown in Figures 5.15,
5.16 and 5.17, two interesting observations can be made. First, by adding t-butanol,
mass transfer coefficient k_a has increased as shown in Table 5.8. The percentage of k.a
increase was calculated by Equation 5.4. Second, significant effect of t-butanol is

observed at higher pH values.

101



Chapter 5: Experimental Results & Discussions N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

4 N\ R
O; (80g/m®), deionised water at pH 2 0, (80g/m®), deionised water at pH 7
25 - With t-butanol 20 7 With t-butanol
N
20 - TA |
2 a® .
> 15 - =2}
£ N £ 101 N\
7 101 —without t-butanol g Without t-butanol
e} 5
5 .
0 T T T T T T 1 O T T T T T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
Y Time (min) J Time (min) 4
Figure 5.16: water ozonation at pH 2 Figure 5.17: water ozonation at pH 7
with and without t-butanol with and without t-butanol

In Figure 5.17, it can be seen the effect of pH 9 on water ozonation in the presence and
absence of t-butanol. The profile of liquid ozone concentration in Figure 5.17 is different
from those obtained at lower pHs than 9. This may be attributed to ozone decomposition
in the presence of hydroxide ions (OH"). The observation from all experiments is that the
bubble size decreased due to the addition of t-butanol, hence the volumetric mass

transfer coefficient (k_a) increased following increase of the specific surface area (a).

0,+0H —£ 50, +HO,” k=40 M7s? (5.2)
"OH +C(CH,),0H ——-"CH,C(CH3),0H + H,0 (5.3)
e ™
05 (80 g/m®), deionised water at pH9

20 A
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15 A -~

Sa
»
\
\

CaL (mg/L)
S

Without t-butanol

a1
1
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\_ Time (min) 4

Figure 5.17: Water ozonation at pH 9 with and without t-butanol
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(kLa)With - (kLa)without X].OO (54)

(kLa) without
Table 5.8: Values of mass transfer coefficient (k a) at different pH value in the presence and
absence of t-butanol.

% increase ki a=

pH 2 7 9
k.a (without t-butanol) x10%(s™) 7.58 8.12 1.89
K.a (with t-butanol ) x10° (s 7.83 9.81 7.90
Increases % 3% 20% 316%

5.5. Summary

Ozone decay was studied at different pH values and in the absence and presence of
t-butanol (0.2 M). As can be expected, ozone decay rates have increased as the pH
increased and the presence of t-butanol has lowered the decay of ozone. Ozone mass
transfer parameters were also determined and compared to those of pure oxygen. The
ratio of the volumetric mass transfer coefficients obtained by ozone and oxygen have
been compared to the ratio of their diffusivities and reasonable agreement have been

obtained with the theoretical ratio (Dankckwerts PV 1970).
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Degradation Studies

Degradation of Dye RO16

5.5. Degradation of Dye RO16 by Ozone using (LGO) System
Figure 5.18 shows a full spectrum of the dye RO16. From that graph, it can be seen the
maximum absorbance of dye RO16 occurs at 3 max = 496 nm. Thus, all subsequent

analyses of the dye were made by measuring the absorbance at 3 max = 496 nm.

5.5.1. RO16 UV/Vis Spectrum
Figure 5.18 shows a full spectrum of the dye RO16. From that graph, it can be seen the

maximum absorbance of dye RO16 occurs at X max = 496 nm. All subsequent analysis of

the dye were made by measuring the absorbance at 2 nax = 496 nm.

5.5.2. Calibration curve of dye (RO16)

As shown earlier, the concentration of the dye RO16 was determined using the
maximum absorbance at 496 nm. The relationship between RO16 concentration and
absorbance at 496 nm is determined here. Figure 5.19 shows that RO16 concentration
follows a linear relationship with Absorbance 496 nm as described by the Beer-Lambert
Law, Section (4.5.1).

Table 5.9: Absorbance at » = 496 for different concentrations of dye (RO16)

Dye (RO16)concentration (mg/L) Absorbance at 496nm
0 0
25 0.61767
50 1.1987
75 1.7967
100 2.3918
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Figur 5.19: Full spectrum of dye RO16 Figure 5.20: Dye RO16 conc. versus absorbance

5.5.3. Results of dye (RO16) ozonation experiment
Gas ozone at different concentrations (20, 40, 60 and 80 g/m*® NTP) was bubbled into

dye solutions at different concentrations (25, 50, 75 and 100 mg/L), as described in
Section (4.6.2.6). Typical operating conditions for an experiment are shown in Table
5.10 and typical results are shown in Figure 5.20 and 5.21. Appendix Al.2 and A2.2
shows all experimental conditions and results of RO16 degradation.

Table 5.10: Experiment operating condition of dye typical experiment

Exp Sample (@0, Ozone Dye(RO16) Initial Final
No (mL) (mL/min) | (g/m®)NTP (mg/L) pH pH
D12 500 400 60 100 5.304 3.533

Figure 5.20 shows the change of ozone gas concentration as a function of time. The
ozone concentration tends to reach a plateau after about 5 minutes at a value which is
less than the initial concentration; this proves that ozone reactions with by-products
continue to take place even though dye decolourisation is completed. It is also noticeable
that at the end of the experiment, the dye was totally removed and the water becomes
colourless, as shown in Figure 5.21 and 5.22. Figure 5.21 shows the change of dye
concentration as function of time. The Figure shows that total dye decolourisation
occurred in about 8 minutes. The efficiency of ozone to decolourise the RO16 solution
was measured by considering the time at which 95% of the initial colour was removed.

This time was noted by t ¢ gs.
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Figure 3.20: Ozone gas concentration versus time Figure 5.21: Concentration of RO16 versus time

.~
<

Figure 5.22: Dye (RO16) before and after ozonation

5.5.4. Effect of the Ozone Gas Concentration and Initial Dye Concentration on
RO16 Decolourisation

In order to study the ozone effect on RO16 decolourisation, ozone was applied to dye
solutions at different concentrations using different ozone gas concentrations. It has been
noticed that the time required to remove RO16 decreases with the increase of ozone gas
concentration applied, as shown in Figure 5.23. Figures 5.24 to 5.27 show the change of
dye concentration as function of time for various dye and ozone concentrations. Table
5.11 provides the parameters of all experiments and the time required to remove 95 % of
the dye, to.95. By simply following the figures obtained, it is clear that the time required
decolourise 100 mg/L of dye by 20 g/m*® NTP is about 27 minutes. On the other hand,
only about 5.5 minutes were needed to decolourise 100 mg/L of dye by applying an

ozone gas concentration of 80 g/m® NTP, as shown in Figure 5.23. Also from Figure
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5.27, it can be observed that the RO16 solution, which had the concentration of
25 mg/L, decolourised effectively within 1.25 minutes. But from Figure 5.23, higher dye
concentration required more time for decolourization (6 minutes). So it could be
concluded that as the concentration of dye increased, the time required for ozonation is
also increased. Figure 5.28 shows that to o5 increases linearly with the dye concentration
for a given ozone gas concentration. The time tpgs can the be calculated using an
equation of the form togs = S (Caci) X Cgo ; Where S (Cagi) is the slope of the lines
shown in Figure 5.28, which is function of the inlet gas ozone concentration Cagi; Cgo IS
the initial dye concentration. A plot of S as function of Cagi is shown in Figure 5.29,
which gives a linear relationship between S and Cagi, that can be written as S = ax Cagi.

From this analysis, it was deduced that togs may be simply calculated using

Equation 5.5.
thos =axC,g xCyy (5.5)
Table 5.11: Parameters of all experiments of RO16
Experimental | Ozone Concentration inlet | Dye Concentration | togs
No (g/m*)NTP (mg/L) (min)
D1 20 25 5.46
D2 20 50 10.12
D3 20 75 15.31
D4 20 100 20.33
D5 40 25 2.96
D6 40 50 5.62
D7 40 75 8.60
D8 40 100 10.97
D9 60 25 2.20
D10 60 50 4.15
D11 60 75 5.66
D12 60 100 7.35
D13 80 25 1.25
D14 80 50 2.33
D15 80 75 3.87
D16 80 100 5.49
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Figure 5.23: Effect of 0zone concentration
on RO16 decolourisation
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Figure 5.24: RO16 decolourisation with 20g/m?
of ozone at different initial dye concentrations

Figure 5.25: RO16 decolourisation with 40g/m®
of ozone at different initial dye concentrations

Figure 5.26: RO16 decolourisation with 60g/m*
of ozone at different initial dye concentrations
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Figure 5.27: RO16 decolourisation with 80g/m*
of ozone at different initial dye concentrations

Figure 5.28: Effect of initial RO16concentration
and ozone concentration on tg g5
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Figure 5.29: Effect of Cag on the slope in Figure 5.28

5.5.5. Determination of the reaction stoichiometry and rate constant of RO16

ozonation
5.5.5.1. Stoichiometric ratio
The direct reaction of ozone with dye RO16 can be expressed by the following equation:
A+ zB — products (5.6)
The stoichiometric factor (z) was determined as described in Section (3.3.1). In most
cases, the stoichiometric ratio of the reaction between ozone and dyes is in the order of
1 to 4 mol/mol (Hoigne and Bader 1983a). According to the experimental results of this
work and knowing that the purity of the dye is 50 %, approximately 3 mol of ozone are
required to decolourise one mol of RO16, which is in close agreement with literature.
The experiments were conducted at pH 2 and flow rate 400 mL/min. The operating
conditions and calculated results are shown in Table 5.12

Table 5.12: Operating conditions and calculated results of stoichiometric factor (z)

CO5_gas | v(reactor) | v(RO16) | n(ozone) | An(RO16) | COs_L Z(RO16/05) 1/z
(g/m®) (mL) (mL) initial n(init)- (mol Os/mol
(mol) n(final) (mg/L) (mol/mol) | RO16)
(mol)

41.3 350 2.5 4.8x10° | 1.85x10° | 10.94 0.39 2.59
40.0 500 50 | 6.1x10° | 2.40x10° | 957 0.39 2.54
39.1 500 2.5 6.6x10” | 1.85x107 10.34 0.28 3.57
Average 0.35 2.90
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5.5.5.2. Rate constant

The rate constant of dye RO16 with molecular ozone was determined at different pH

values, as described in section (3.3.2) and the results are shown in Table 5.13.

5.5.5.2.1. Heterogeneous (0zone bubbling in RO16)

The determination of the rate constant was made using Equation 3.25, assuming fast
kinetics. Because the specific surface area, a_, was required for the calculation of k, a
preliminary study was made to determine its value under the experimental conditions
used in this work. The experimental procedure was described in Section 3.3.2.1 and
Equation 3.26 was used for the calculation of a,. Results of this work are presented in
Table 5.13 and the effect of gas flow rate on a, is shown in Figure 5.30. By replacing a_
value in Equation 3.25, the rate constant k of RO16 degradation was determined. Results

are shown in Table 5.13.

4 o )
Co3(10g/m®), indigo( 50mg/L) at pH 2
6 -
5 || atflow rate 400mL/min y =0.0127x"%4%
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O aL(m2/m3) with t-butanol
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Figure 5.30: Surface area versus gas flow rate
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Table 5.13: Experimental operating conditions and calculated results of a, and k

Exp Qo aL Cac Cal™ CBy pH slope Rate
No | (mL/min) | (m?%m®) | (g/m® | (mol/L) (mg/L) constant
k (M's™h
Indigo & ozone (without t-butanol)
Inl 200 1.780 10.6 5.62x10° 50 2.2 | 2.0x10° 9.4x10"
In2 400 2.749 10.3 5.46x10° 50 2.2 | 3.0x10° 9.4x10’
In3 600 3.523 10.7 5.68x10° 50 2.2 | 4.0x10° 9.4x10’
Indigo & ozone (with t-butanol)
In4 200 1.900 10.1 5.36x10° 50 2.2 | 2.09x10° 9.4x10’
In5 400 3.500 10.7 5.68x10° 50 2.2 | 3.90x10° 9.4x10’
In6 600 5.400 104 5.52x10° 50 2.2 | 5.65x10° 9.4x10’
RO16 & ozone (without t-butanol)
D1 400 2.749 20 1.06 x10™ 25 474 | 1.0x10° 1.2x107
D2 400 2.749 20 1.06 x10™ 50 4.69 | 8.0x10™* 7.4x10°
D3 400 2.749 20 1.06 x10™ 75 471 | 6.0 x10™* 4.2x10°
D4 400 2.749 20 1.06 x10™ 100 | 4.74 | 5.0x10™ 2.9x10°
D5 400 2.749 40 2.12 x10™ 25 468 | 1.8x10° 1.9 x10’
D6 400 2.749 40 2.12 x10™ 50 472 | 1.3x10° 9.7x10°
D7 400 2.749 40 2.12 x10™ 75 478 | 1.1x10° 7.0x10°
D8 400 2.749 40 2.12x10* 100 | 4.74 | 9.0x10* 4.7x10°
D9 400 2.749 60 3.19 x10™ 25 472 | 2.4x10° 2.2 x107
D10 400 2.749 60 3.19 x10™ 50 477 | 1.7x10° 1.1 x107
D11 400 2.749 60 3.19 x10™ 75 47 | 1.6x10° 9.8x10°
D12 400 2.749 60 3.19 x10™ 100 | 4.71 | 1.3x10° 6.5x10°
D13 400 2.749 80 4.20 x10™ 25 469 | 3.2x10° 2.9 x10’
D14 400 2.749 80 4.20 x10™ 50 472 | 2.9x10° 2.4 x107
D15 400 2.749 80 4.20 x10™ 75 469 | 2.2x10° 1.4 x10’
D16 400 2.749 80 4.20 x10™ 100 47 | 1.8x10° 9.3x10°
D17 400 2.749 20 1.06 x10™ 25 2 2.3x10° 6.1 x10°
D18 400 2.749 20 1.06 x10™ 100 2 1.37x10° 2.2 x10°
D19 400 2.749 80 4.20 x10™ 25 2 6.9x10° 1.4 x10*
D20 400 2.749 80 4.20 x10™ 100 2 7.09x10° 1.1 x10*
D21 400 2.749 20 1.06 x10™ 25 7 2.35x10° 6.4 x10°
D22 400 2.749 20 1.06 x10™ 100 7 1.34x10° 2.1 x10°
D23 400 2.749 80 4.20 x10™ 25 7 | 449x10° | 5.8x10°
D24 400 2.749 80 4.20 x10™ 100 7 3.46x10° 3.4 x10°
D25 400 2.749 20 1.06 x10™ 25 11 | 2.37x10° 8.6 x10°
D26 400 2.749 20 1.06 x10™ 100 11 | 2.07x10° | 4.9x10°
D27 400 2.749 80 4.20x10™ 25 11 | 5.29x10° 8.1 x10°
D28 400 2.749 80 4.2 x10™ 100 11 | 6.25x10° 1.1 x10*
RO16 with t-butanol
D29 400 35 20 1.06 x10™ 25 2.05 | 2.0x10° 3.6 x10°
D30 400 35 20 1.06 x10™ 100 | 2.05 | 3.0x10° 8.1 x10°
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D31 400 35 80 4.20 x10™ 25 2.17 | 7.0x10° 1.1 x10*
D32 400 35 80 420x10* | 100 | 2.18 | 8.0x10” 1.4 x10*
D33 400 35 20 1.06 x10™ 25 7.08 | 4.0x10° 1.4 x10*
D34 400 35 20 1.06 x10™ | 100 7 2.0x10” 3.6 x10°
D35 400 35 80 4.20 x10™ 25 7.01 | 8.0x10° 1.1 x10*
D36 400 35 80 420x10* | 100 | 7.01 | 1.0x10® 2.3 x10°
D37 400 35 20 1.06 x10™ 25 |[11.01| 3.0x10° 8.1 x10°
D38 400 35 20 1.06 x10* | 100 | 11.1 | 5.0x107 2.3 x10°
D39 400 35 80 4.2 x10™ 25 |[11.01| 5.0x10° 5.6 x10°
D40 400 35 80 4.2 x10™ 100 | 11.1 | 7.0x10° 1.1 x10*

Figure 5.31 and Figure 5.32 show the change of Cg>*-Cgo’> as function of time for
RO16 ozonation without and with t-butanol respectively. The figures show linear

relationship, which proves the applicability of the model discussed in section (3.3.2.1).
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Figure 5.31: [B]"0.5-[B]_070.5 versus time  Figure 5.32: [B]"0.5-[B]_070.5 versus time
(without t-butanol) at pH 7 (with t-butanol) at pH 7

5.5.5.2.2. Heterogeneous competitive kinetics

The rate constant of RO16 was studied as described in section (3.3.2.2). A UV/Vis
spectrum for 50:50 % of RO16 at 100 mg/L and indigo at 100 mg/L is shown in Figure
5.33. From Figure 5.33, when the indigo and RO16 are mixed, there was no absorbance
interference at the wavelength 600 nm, whereas at wavelength 496 nm it can be seen
clearly there was interference. In order to take into account of the contribution of indigo
in absorbance at 496 nm, a method was developed to remove such interference as

described below.
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First, the relationship between absgyo and abssgs using indigo solutions was determined

and resulted in a straight line of slope (B), as shown in Figure 5.36. Second, the

interference of indigo at 496 nm is removed as follows:

(ADS) measurement = Absgy +ADbSg;

(ADbS496) measurement = (ADSags)s2 + (ADSag96)B1
(Ab5496) measurement — (Ab5496)82 + B * (AbS6OO) measurement
(Ab5496) B2 = (Ab3496) measurement — B (AbS6OO) measurement

Where: B is the slope of line in Figure 5.37, By is indigo and B, is RO16.

Absorbance

100 mg/L RO16, 100 mg/L indigo

~

200 400

Wawelength nm

600

1000 1200

y

Figure 5.33: Full spectrums of (RO16 + indigo)

(5.7)
(5.8)
(5.9)

(5.10)

Once the interference at 496nm was removed, it was not possible to determine the rate

constant of RO16 because the indigo reaction with ozone is very fast as compared to

RO16 reaction with ozone; this can be seen from corrected graphs Figure 5.34 and

Figure 5.35.

Table 5.14: Operating conditions of all experiments rate constant using competitive method

Exp | Flow Rate Cos Crois C Indigo V (gye: indigo) ML Rate(k)
No | (mL/min) | (g/m® (mg/L) (mg/L) (50:50)% )
D29 400 20 100 100 500 Cannot be
D30 400 15 100 100 500 determined
D31 400 10 100 100 500
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Figure 5.36: Relationship between Abs 496 and Abs 600 Figure 5.37: Calibration curve of indigo
It is to note that a calibration curve for indigo was determined as shown in Table 5.15

and Figure 5.37 to calculate indigo concentrations from absorbance values at 600 nm.

Table 5.15: Maximum absorbance for different concentration of indigo solution

Indigo (mg/L) Absorbance at 600nm
0 0
0.005 0.08185
0.010 0.25140
0.050 1.02770
0.100 2.42550
0.150 3.15380

5.5.5.2.3. Homogenous kinetics

In this experiment, ozone mother solution was prepared by bubbling ozone gas in
deionised water, then a solution of RO16 of known concentration and volume was
injected by a syringe into the ozone solution as described in Section (3.3.2.3) and the
rate constant of RO16 (k) was determined using Equation 3.43. Table 5.16 shows the
rate constant of RO16 obtained by this method. The rate constant at pH 7 was obtained

equal to 4.4x10° M*s™, which is in agreement with values of the rate constant obtained
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with the heterogeneous method at pH7 as shown in Table 5.13. Moreover, this rate
constant was compared to literature and again, good agreement was obtained with
(Lopez 2007) who used a reactive Red 120 (RR120) at pH 7 (Table 5.16).

Table 5.16: Rate constant value of RO16

Compound | Rate constant of RO16, this work | Rate constant of (RR120), (Lopez, 2007)
(M-ls-l) (M-ls-l)
Dye 4.4x10° 4.6x10°

5.5.6. Change of pH and conductivity RO16 ozonation experiment

The pH of the solution before and after ozonation was measured by the pH meter. Figure
5.38 shows the change of pH before letting the mixture of ozone in the reactor and at the
end of the experiment, after around 5 minutes at (20 g/m* ozone gas and 25 mg/L
RO16). From this graph, the pH level was reduced by 1.3 to 1.4 less than the initial pH.
In addition to pH, the conductivity of the solution was also measured before and after
ozonation. Figure 5.39 shows the change of conductivity as function of the initial dye
concentration. Noticeable in this graph is that the conductivity values at the end of
experiments have increased by 2 to 2.5 pus/cm more than the initial conductivity of the
solution. The change of conductivity of the solution after ozonation is an indication of
the formation of ions such as Na* and SO, following the degradation of the dye
molecule (see molecular structure, Figure 1.1). In contrast, no significant changes of pH
and conductivity occurred when ozone was simply bubbled in pure deionised water,
indicating that ozone dissolution in water does not significantly change pH and
conductivity of the solution. The reason behind the noticeable reduction of pH value in

dye experiments is the formation of carboxylic acid following dye oxidation.
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Figure 5.38: pH vs. initial RO16 concentration Figure 5.39: Conductivity vs. RO16 concentration

5.5.7. Effect of pH and Radical Scavenger on RO16 Ozonation

In order to study the effect of pH and radical scavenger on RO16 ozonation, experiments
were carried out in the 500 mL- semi-batch reactor as previously described. The
experiments were run without and with 0.2 M t-butanol (as radical scavenger) at
different controlled pH values (2, 7 and 11). The temperature was kept constant at
20 £1 °C. The experiments numbers DS1-DS6 were made at dye concentration
100 mg/L and 20 g/m® of ozone concentration and were chosen as typical examples to
present here. Table 5.17 shows the operating conditions for those experiments.

Table 5.17: Conditions of experiments (1-6) of dye ozonation

Exp. pH Ozone conc. Dye conc. t-butanol togs

No (g/m°) (mg/L) (mol) (min)
DS1 2 20 100 0.2 6.41
DS2 2 20 100 0 11.16
DS3 7 20 100 0.2 2.71
DS4 7 20 100 0 4.46
DS5 11 20 100 0.2 4.08
DS6 11 20 100 0 9.83

Figure 5.40, 5.41, and 5.42 show the effect of addition of 0.2 M t-butanol on 100 mg/L
of dye (RO16) with 20 g/m® of ozone gas at different pH. The observation from all
experiments is that the bubble size decreased due to the addition of t-butanol, hence the
volumetric mass transfer coefficient (ki a) increased following increase of the specific
surface area (a). The increase in mass transfer is reflected in faster decrease of the dye

concentration when t-butanol was added.
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Figure 5.40: RO16 ozonation at pH 2

with and without t-butanol

Figure 5.41: RO16 ozonation at pH 7

with and without t-butanol
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Figure 5.42: RO16 ozonation at pH 11
with and without t-butanol

On the other hand, dyes are more prone to reactions with molecular ozone as compared

to indirect reactions with hydroxyl radicals, which also explains the enhanced rates

obtained when t-butanol (a radical scavenger) was added (Lopez 2007).

5.5.8. Summary

From the above study, it was found that RO16 degradation increased by increasing the
concentration of ozone. This degradation reaction was further increased by the addition
of t-butanol. Rate constant (k) of RO16 ozonation in absence t-butanol was determined
to be 9.1x10%, 4.4x10° and 8.2x10° M™s™ at pHs (2, 7 and 11) respectively, whereas
when the t-butanol was added to the solution of RO16, the values of k almost doubled

at high pH but remained unchanged at low pH. These results indicate that molecular

ozone reactions prevail those of radical reactions to degrade RO16.
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Degradation of Triclocarban (TCC)

5.6. Degradation of Triclocarban (TCC) by Ozone using (LGO) System
As presented in the Introduction, there are environmental concerns regarding the
presence of the widely used antiseptic TCC in water. Results on degradation of TCC in

water using ozone are presented in this section.

5.6.1. Analysis of TCC
The analysis of TCC was made using the HPLC/UV methodology. In order to determine

the maximum absorbance wavelength of TCC, initially a solution of the compound was
analysed with a UV/Vis spectrophotometer (HP8453). 70 % acetonitrile: 30 % water
was used as blank solution and TCC was used at a concentration of 100 mg/L. The full
spectrum is presented in Figure 5.43. As can be seen from Figure 5.43, a maximum
absorbance occurred at 265 nm. Based upon this result, subsequent analysis of the TCC

using the HPLC/UV detector was carried out at a wavelength of 265 nm.
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Figure 5.43: UV absorption spectrum of TCC (Anax = 265 nm)
Six standard solutions of TCC in 70 % acetonitrile: 30 % water were prepared and

injected in the HPLC system. Peak areas were correlated to the injected TCC
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concentration and a plot was obtained as shown in Figure 5.44. The result was a straight

line having an equation Crcc(mg/L) = 3.6 x 10™ x (Peak area).
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Figure 5.44: Calibration curve of TCC
5.6.2. Determination of ozone mass transfer parameters

5.6.2.1. Saturation ozone concentration in (70% acetonitrile: 30% water)

It was important for calculating the kinetics parameters to determine the saturation
ozone concentration in the solvent used in this work (i.e. 70 % acetonitrile: 30 % water),
which is different from pure water. Ozone gas concentration was fixed at a given value
and the gas was bubbled in the liquid phase until saturation was reached. A UV
spectrophotometer flow through cell was used in this work. Ozone concentration in the
liquid phase was measured at the maximum absorbance Amax = 262 nm, using an
extinction coefficient ¢ = 3000 L/mol.cm. The values of molar ozone liquid
concentrations were then correlated to the gas concentration. Linear relationship was
obtained. The work was carried out for both solutions with and without t-butanol and the

results are shown in Figure 5.45.
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Figure 5.45: Correlation between ozone saturation concentration in 70%acetonitrile: 30%water
and ozone gas concentration

5.6.2.2. Mass transfer specific surface area
The mass transfer specific surface area (a_) was determined in this work using the fast

kinetics method. The method involved bubbling ozone in a solution of indigo
thrisulfonate, which reacts very fast with ozone at a rate constant of 9.4x10” m™s™ and

the stoichiometric ratiois z = 1.

The specific area, a_, was calculated as discussed in section 3.3.2.1, Equation 3.26.
Results of this work gave values for a_ as presented in Table 5.18. It is obvious from
Table 5.18 that t-butanol has increased a,, due to reduction in the bubble sizes following
the addition of t-butanol.

Table 5.18: Specific surface area for solvent (70%acetonitrile: 30% water)

Liquid phase t-butanol (mol/L) a, (m?/m°)
70 % acetonitrile: 30 % water 0 7.0
70 % acetonitrile: 30 % water 0.2 11.6

5.6.3. TCC ozonation experiments

Different ozone gas concentrations (10, 20 and 60 g/m®) NTP were used in this study to
degrade a 100 mg/L TCC in 70 % acetonitrile: 30 % water solution. The change in
0zone gas concentration at the outlet of reactor is shown in Figure 5.46 and the change

in TCC concentration as function of time is shown in Figure 5.47.
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Figure 5.46: Ozone gas concentration versus time
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Figure 5.47: Degradation of TCC by ozone
The ozone gas concentration tends to reach after about 10 minutes a stable concentration

lower than the inlet gas concentration. This may be due to ozone reactions with
oxidation products, which may take place even though TCC degradation is completed.
Figure 5.47 shows that within about 10 minutes, TCC degradation was almost
completed. This result shows that ozone is effective in degrading TCC. Direct ozone and
indirect (i.e. radical) reactions may be contributed to the degradation process. The trend
of the relative concentration change with time, shown in Figure 5.47, seems to be
described by a second order reaction kinetics, as will be demonstrated in the following

sections.
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5.6.4. Effect of ozone gas concentration on TCC degradation

In order to study the effect of ozone concentration on TCC degradation, ozone was
bubbled into the TCC solution at different gas concentrations and the experiments were
carried out as described previously. Figure 5.48 shows that the degradation of TCC
increases with increasing ozone concentration. From the graph, it could be seen that
when the ozone concentration was around 10 or 20 g/m*® NTP, the time required to
degrade TCC was around 60 minutes but when the ozone concentration increased to 60
g/m® NTP, the TCC degradation was very fast reaching zero in almost 10 minutes. In
order to understand the effect of pure oxygen (O;) on TCC degradation, control
experiments using O, without ozone were carried out. In addition, experiments with
nitrogen (N) were also carried out to asses the volatilization of TCC. Figure 5.49 shows
the results obtained when O, and N, were used and for comparison purposes, results
obtained when ozone was used is also shown in the figure. The Figure clearly shows that
neither O, nor N, affect the degradation or removal of TCC and only the presence of

ozone was capable to degrade TCC.
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Figure 5.48: Concentration of TCC versus time at various inlet ozone gas concentrations
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Figure 5.49: Concentration of TCC versus time

5.6.5. Effect of pH on TCC degradation

In order to determine the optimum pH at which the maximum degradation of TCC may
occur, experiments were carried out at different controlled pH values of 2, 7 and 9. The
temperature was kept constant at 201 °C. The TCC concentration of the solution was
100 mg/L and an ozone concentration of 60 g/m® NTP was used. Figure 5.50 depicts the
change in TCC concentration at different pH values. It is clear as long as the pH
increased from 2 to 7, the rate of TCC degradation increased significantly. This may be
due to increased hydroxyl radical concentrations, as consequence of ozone
decomposition, which is promoted at high pH values by hydroxide ions. However, when
the pH further increased to 9, a slight decrease in TCC degradation rate occurred as
compared to pH 7, possibly due to competitive reactions between ozone and hydroxyl
radicals with hydroxide ions, TCC and its degradation products and the solvent medium.
Therefore, optimum pH needs to be obtained. Under the conditions of this study, pH 7

gave the best results for TCC degradation.
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Figure 5.50: Effect of pH on TCC degradation

5.6.6. Effect of t-butanol as scavenger on TCC degradation

In order to study the effect of t-butanol as scavenger on TCC degradation, experiments
were carried out with and without 0.2 M t-butanol at pH 7 and 20 °C. Figure 5.51 shows
that at low ozone gas concentrations, t-butanol seems to have an insignificant effect on
the degradation rates of TCC. However, for higher ozone concentration 60 g/m*® NTP,
the addition of t-butanol showed a significant decrease in the rate and extent of TCC
degradation. This may be explained by the fact that t-butanol scavenges hydroxyl
radicals, thus reducing their oxidation potential. During ozone bubbling, it was observed
that the bubble size decreased due to the addition of t-butanol, thus increasing the
specific surface area (Table 5.18), which in its turn increased the volumetric mass
transfer coefficient, ki a. Increasing the specific surface area would also increase ozone
mass transfer, thus would affect the degradation rate and this effect will be analysed in

the following section.
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Figure 5.51: Effect of t-butanol (0.2 M) as scavenger on TCC degradation

5.6.7. Effect of Temperature on TCC Degradation

The effect of temperature on TCC degradation was also studied at three different
temperatures of (10, 20 and 30 °C) in absence and presence of t-butanol. The results are
shown in Figures 5.52 and 5.53 in the cases without and with t-butanol respectively.
From Figure 5.52, it can be seen that at temperature 30 °C, 95 % of TCC was achieved
in 60 minutes but at 10 and 20 °C, times of over 75 minutes were required. This result

clearly shows that temperature increases the rate of the reaction between TCC and

ozone. This effect was also noticed when t-butanol was added.
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Figure 5.52: Effect of temperature on TCC degradation “non t- butanol”
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Figure 5.53: Effect of temperature on TCC degradation “with t-butanol”

5.6.8. Determination of the Stoichiometric Coefficient

The chemical reaction between ozone and TCC can be represented by the equation:

0, + zZTCC —~—Products (5.11)

The stoichiometry coefficient of TCC was determined in homogeneous system by
measuring the change of TCC concentration after reaction, with a given initial
concentration of ozone, as described earlier in Section 3.3. An average value of z equal
to 1mol was obtained. The reaction rate constant of TCC oxidation with ozone at

different pHs was determined using Equation 3.43, as discussed in the following section.

5.6.9. Determination of the Reaction Rate Constant at Different pHs

The three pH values of 2, 7 and 9 were studied in this work. For each pH value, the rate
constant k was determined using an ozone gas concentration of 60 g/m® NTP, without
the addition of t-butanol. The change of logio (k) with pH is shown in Figure 5.54. It is
clear that higher pH values gave higher rate constant. This may be explained by the
presence of higher concentrations of hydroxyl radicals generated by ozone
decomposition at higher pHs. The Figure also shows that an optimum pH should be

determined since the rate constant did not increase substantially after pH?7.
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Figure 5.54: Effect of pH on TCC degradation rate constant

5.6.10. Effect of t-butanol on rate constant (k)
In the same fashion as previously presented, rate constants for different ozone gas

concentrations 10, 20, 60 g/m® NTP and in the absence and presence of 0.2 M t-butanol
were determined. Average values of rate constants are presented in Table 5.19. It can be
seen that the addition of t-butanol has caused a substantial decrease in the rate constant

by almost 78 %. Indeed the presence of t-butanol would scavenge hydroxyl radicals,

thus reducing the rate constant (Glaze et al., 1987). Generally the rate constant is the

result of the molecular ozone and °OH reactions as given below:

_dc

r= a (5.12)
r=k, P, Jcc +k, JoH fcc_ (5.13)
r=¢&, +ak, b, fcc =k p, fcc_ (5.14)
Where; o = IOH_—
b._

Table 5.19: Reaction rate constant of TCC

pH [t-butanol] k Kq a k;

(mol/L) (L/mol.s) (L/mol.s)
7 0 5.4x10* 9.3x10° | 4.5x10*
7 0.2 9.3x10° 9.3x10° 0
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5.6.11. Summary

The degradation of TCC with ozone at different experimental conditions was studied
using solutions of TCC in 70 % acetonitrile: 30 % water. From these degradation
experiments it can be concluded that the chemical reaction of triclocarban with ozone
was found to follow second order reaction Kkinetics. As the pH increased, the rate
constant also increased but an optimum pH has to be obtained. The addition of t-butanol
decreased the rate of reaction, due to inhibition of radicals that contribute to the overall
degradation reaction. The stoichiometry was found to be 1 mol/mol and the rate constant
at pH 7 was 5.4x10* L/mol.s but dropped to 9.3x10* L/mol.s when t-butanol was added

to the solution.
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Degradation of Naphthalene

5.7. Degradation of Naphthalene using LGO System
The degradation of naphthalene with ozone at various experimental conditions was
studied using solutions of naphthalene in 50 % methanol: 50 % water. The results

obtained are presented and discussed in this section.

5.7.1. Naphthalene analysis

The maximum absorbance wavelength was determined using a 1-cm cell placed in an
HP8453 UV/Vis spectrophotometer. 50 % methanol: 50 % water was used as a blank
solution and naphthalene was used at a concentration of 100 mg/L. The spectrum is
shown in Figure 5.55, from which the maximum absorbance wavelength was determined
to be 269 nm. Based upon this result, subsequent analysis of the naphthalene using the

HPLC/UV detector was carried out at a wavelength of 269 nm.

A
J

Absorbance (AU

345 420 495

Wawelength (nm)
. y
Figure 5.55: Absorption spectrum of naphthalene (Ama = 269 nm)

Six standard solutions of naphthalene in 50 % methanol: 50 % water were prepared and
injected in the HPLC system. Peak areas were correlated to the injected naphthalene
concentration and a plot was obtained as shown in Figure 5.56. The result was a straight

line having an equation Capn-(Mg/L) = 1.8x10°% x (Peak area).
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Figure5.56: Calibration curve of naphthalene
5.7.2. Determination of ozone mass transfer parameters

5.7.2.1. Saturation ozone concentration in 50%methanol: 50%water

The saturation of ozone gas concentration in solvent used in this work
(50 % methanol: 50 % water) was determined by similar procedure in section 5.6.2.1.
The results are shown in Figure 5.57. From Figure 5.57, a linear relationship was

obtained. The work was carried out for both solutions with and without t-butanol.
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R*=1
_ 0.07 A
—
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-
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Figure 5.57: Correlation between o0zone saturation concentrations in 50%methanol: 50%water and ozone
gas concentration

5.7.2.2. Mass transfer specific surface area (a.)
The mass transfer specific surface area (a_) was determined in this work using the fast

kinetics method. The method involved bubbling ozone in a solution of indigo
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thrisulfonate at pH 2. Results of this work gave values for a, as presented in Table 5.20.
It is obvious from Table 5.20 that t-butanol has increased a, due to changes in the liquid

physico-chemical properties (e.g. surface tension), following the addition of t-butanol.

Table 5.20: specific surface area

Liquid phase t-butanol a.
(mol/L) (m?/m?)
50%methanol:50%water 0 148
50%methanol:50%water 0.2 342

5.7.3. Naphthalene ozonation experiments
Ozone gas concentration 40g/m® NTP was used in this study to degrade 100 mg/L

naphthalene in 50 % methanol: 50 % water solution. The change in ozone gas
concentration at the outlet of reactor is shown in Figure 5.58 and the change in

naphthalene concentration as function of time is shown in Figure 5.59.
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Figure 5.58: Ozone gas concentration versus time
The ozone gas concentration tends to reach a stable concentration lower than the inlet
gas concentration after about 8 minutes. The ozone concentration did not reach the inlet
concentration due to the ozone reactions with oxidation products and with methanol,
which was present in large concentration in the solution. As shown in Figure 5.59,
naphthalene concentration deceases with time and the total time required to remove

100mg/L of naphthalene was about 10 minutes from the beginning of bubbling. Figure
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5.60 shows a linear relationship between [naphthalene]® - [naphthalene]o’* as function

of time.
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Figure 5.59: Concentration of naphthalene versus time
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Figure 5.60: [B] ~0.5-[B] _0"0.5 versus time
The rate constant was then calculated and the value of 1.4x10° L/mol.s was obtained.
This value was compared with the literature value (1.5x10° L/mol.s), which was
obtained by (Legube et al., 1986) when the reaction was carried out at 20 °C and pH 6.5.
The mechanism of naphthalene degradation with ozone was proposed by (Legube et al.,

1986) and is shown as follows:
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5.7.4. Effect of pH and t-butanol on naphthalene degradation

In order to determine the optimum pH at which the maximum degradation of
naphthalene may occur, experiments were carried out at different controlled pH values

of 2, 7 and 9. The temperature was kept constant at 20+1 °C. The naphthalene
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concentration of the solution was 100 mg/L and an ozone concentration of 40 g/m*® NTP

was used. Figure 5.61 depicts the change in naphthalene concentration at different pH

values. The Figure shows that the degradation rate of naphthalene increases as the pH

decreases. Figure 5.62 depicts the change of [naphthalene]® - [naphthalene]o’” as

function of time, which gives good linear relationship. From the slopes of the lines in

Figure 5.62, the rate constants at different pHs were calculated and their values were

obtained equal to 1.73x10°, 1.4x10° and 0.15x10° L/mol.s at pH 2, 7 and 9 respectively.
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Figure 5.61: Effect of pH on naphthalene degradation
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Figure 5.62: [B] ~0.5-[B] _0"0.5 versus time

In order to study the effect of t-butanol as scavenger on naphthalene degradation,

experiments were carried out with and without 0.2 M t-butanol at pH value 7 and 20 °C
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by mixing a solution of naphthalene with ozone saturated solution at 40 g/m® gas
concentration. Figure 5.63 shows the change of naphthalene concentration with time in
presence and absence of t-butanol. The Figure shows that t-butanol had no effect on the
degradation rates of naphthalene, which proves that the main pathway of the oxidation

of naphthalene is by molecular ozone.
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Figure 5.63: Effect of t-butanol on naphthalene degradation (homogenous)

5.7.5. Determination of the stoichiometric coefficient and reaction rate constant

The chemical reaction between ozone and naphthalene can be represented by the

following equation:
0, + zNaph—— Products (5.15)

It was assumed that this reaction is of second order, (i.e. first order with respect to Oz or
°OH and first order with respect to naphthalene). The stoichiometry was determined in
homogeneous system by measuring the change of naphthalene concentration after
reaction with a given initial concentration of ozone as discussed in Section 3.3.1
(Equation 3.18). An average value of 1 mol per mol was obtained as shown in Table
(5.21) and the worksheet of this calculation is shown in Appendix A2.4. The reaction
rate constant was determined using Equation 3.25. The values of stoichiometry z and

rate constant k of naphthalene degradation with ozone were compared to the literature as
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shown in Table 5.22. The values of the rate constant that were obtained by

(Hoigne 1983a, b) and (Legube et al., 1986) were found to differ from those obtained in

this work by a factor of about 100 times, due to differences in the experimental

conditions used in each study; in particular the solvent used in this work is by far

different from the two past works. On the other hand, the stoichiometric ratios were

found to be almost similar in all studies.

Table 5.21: Calculation of the stoichiometric ratio (z) of naphthalene

Ca Initial Cg Initial Cs final Na ng initial ng Final D,B z
(mol/L) (mol/L) (mol/L) (mol) (mol) (mol) (mol) | (B/A)
2.3x10* 3.9x10* | 1.4x10™ 4x10° 7.8x10° | 3x10° |4.810° | 1.1

A: ozone; B: naphthalene

Table 5-22 Comparison of stoichiometric ratio and the rate constant values of naphthalene
degradation with ozone

Parameter This work (Hoigne and Bader (Legube et al., 1986)
1983a,b)
Stoichiometric 1 1 2
ratio, z

Rate constant, | 1.4 - 1.6 x10° (non t-butanol) 3-3.6 x10° 1.5x10°

k(M"'s?!) | 1.5 x10° (with t-butanol)

-pH7 -pH2 -pH 5.6

Experimental | - temp- 20£1°C - temp- 20°C - temp 20°C

Conditions

- ozone liquid concentration
1.12x10° mol/L

- Napht- (100 mg/L)

- Solvent:

50% methanol: 50% water

- ozone ( 10™ mol/L)

- Napht- (192 mg/L)
Solvent:

methanol 50%: 50 water

- ozone (0.6-1.1x107)
mol/L

- Napht-(51-89 ) mg/L

- Solvent:

methanol 50% : 50 water

5.7.6. Effect of pH and t-butanol on the reaction rate constant, (k)

Three pH values 2, 7 and 9 were studied in this work. For each pH value, the rate

constant k was determined using an ozone gas concentration of 40 g/m* NTP without the

addition of t-butanol. A typical curve for the change of naphthalene concentration with

time is shown in Figure 5.64 and the change of k with pH is shown in Figure 5.65. From

Figure 5.65, it is clear that the rate constants of naphthalene decrease as pH values

increase.
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Figure 5.64: Modeling of determination of rate constant and stoichiometry of reaction between ozone and

naphthalene at pH 7 “non t-butanol”
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Figure 5.65: Effect of pH on naphthalene degradation rate constant

In the same way as previously presented, rate constants for ozone gas concentration
40 g/m®NTP and in the absence and presence of t-butanol were determined (Figure
5.66). The values of rate constant are presented in Table 5.23. It can be seen that the

addition of t-butanol has slightly increased by about 14 %, the rate constant from

1.4x10° to 1.6x10° L/mol.s.
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Figure 5.66: Modeling of determination of rate constant and stoichiometry of reaction between ozone and
naphthalene at pH 7 “with t-butanol”

Table 5.23: Reaction rate constant of naphthalene without and with t-butanol

pH t-butanol (mol/L) k (L/mol.s)
7 0 1.4x10°
7 0.2 1.6x10°

5.7.7. Summary
The degradation of naphthalene using liquid /gas-ozone (LGO) system was studied.

From naphthalene degradation experiments, it can be summarised, that the pH had a
substantial effect on the degradation rate of naphthalene. Reaction rate constants were in

the order of 1.4x10° and 1.6x10° L/mol.s in absence and presence of t-butanol as radical

scavenger respectively. The reaction stoichiometry was found to have a value of

1mol/mol.
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Degradation of Methanol

5.8. Degradation of Methanol by Ozone Using LGO System

The degradation of methanol was studied in this section using different experimental
conditions. The aim here was to provide information on methanol degradation with
ozone that is useful not only to enhance our understanding of the ozone reaction with
methanol but also to provide base data useful to gain further understanding of the LSO

system.

5.8.1. Degradation of methanol using (LGO) system

A literature search revealed that there is not enough studies on methanol degradation by
ozone, except the work carried out by (Hoigne and Bader 1983a, b) and (Hoigne et al.,
1985), who presented some kinetic data of the ozone reaction with methanol amongst
other alcohols such as propanol, tert-butanol, and ethanol. In their studies, they found
that ozone reacts with these alcohols at slow rates as shown in the Table (5.24) (Hoigne
and Bader 1983a, b) and (Hoigne et al., 1985).

Table 5.24: Rate of reaction for some alcohols with ozone gas

Compound Substituted Alkanes pH Rate constant
(M*ts™
Propanol O, +C,H,OH — product 2 0.37+0.04
Ter-butanol 0, +C(CH,),0OH — product 2/6 ~0.003
Methanol O, + CH,OH — product 2/5 ~0.024
Ethanol 0, +C,H,OH — product 2 0.37 £0.04

For this reason, this study was important to add more information on methanol
degradation using LGO system. In this work, several experiments were carried out to
study the degradation of methanol using LGO system taking into account the effect of
the mass transfer parameters such as ozone gas concentration, specific surface area, pH

and scavenger (t-butanol).
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5.8.1.1. Analysis of methanol
Methanol concentrations were determined using HPLC/UV or GC/FID techniques. The

maximum absorbance wavelength was determined using a 1-cm cell placed in an
HP8453 UV/Vis spectrophotometer. 100 % of deionised water was used as blank
solution and methanol was used at known concentrations. The spectrum is shown in
Figure 5.67 from which the maximum absorbance wavelength was determined to be
195nm. Based upon this result, subsequent analysis of the methanol using the HPLC/UV

detector was carried out at a wavelength of 195 nm.
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Figure 5.67: Absorption spectrum of methanol

Five standard solutions of methanol were prepared and injected in the HPLC system and
the operating conditions of calibration curve of methanol are shown in Appendix Al.5
Table Al.17. Peak areas were correlated to the injected methanol concentration and a
plot was obtained as shown in Figure 5.68. The result was a straight line having an

equation: Cyieon-(mol/L) = (Peak area) / 5348.9
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Figure 5.68: Calibration curve of methanol using (HPLC)

5.8.1.2. Methanol and GC/FID calibration curve

Methanol at low concentration was analysed with a GC/FID because simple HPLC/UV
is not capable to detect methanol at low concentrations. In order to obtain a calibration
curve of methanol in GC/FID, six standard solutions of methanol in water were prepared
and injected in the GC/FID system and the data is shown in Appendix Al.5 Table
A1.20. Peak areas were correlated to the injected methanol concentration and a plot was

obtained as shown in Figure 5.69. The result was a straight line having an equation

Cwmeon-(mol/L) = (Peak area) / 98224.
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Figure 5.69: Calibration curve of methanol using (GC/FID)

141



Chapter 5: Experimental Results & Discussions N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

5.8.1.3. Determination of ozone mass transfer parameters

5.8.1.4. Saturation ozone concentration in water

The saturation of ozone concentration in the solvent used in this work (i.e. deionised
water) was determined as describe earlier in Section 5.4.2.

C, *=0.0456xC,, (5.16)

5.8.1.5. Mass transfer specific surface area (a.)

The mass transfer specific surface area (a_) was determined in this work using the fast
kinetics method. The method involved bubbling ozone in a solution of indigo
thrisulfonate at pH 2, as described earlier in Section 5.7.2.2. Results of this work gave
values for a,_ as presented in Table 5.25. It is obvious from Table 5.23, that t-butanol has
increased a,, due to reduction in surface tension following addition of t-butanol.

Table 5.25: Specific surface area of indigo solution without and with t-butanol

Liquid phase t-butanol (mol/L) a_ (m*m°)
Indigo solution 0 2.74
Indigo solution 0.2 3.52

5.8.1.6. Methanol ozonation experiments
Ozone gas concentrations of 10 to 80 g/m® NTP were used in this study to degrade

methanol in water. The operating conditions for the experiments are shown in Appendix
A2.5.1.1. The change in ozone gas concentration at the outlet of the reactor is shown in
Figure 5.70 for a typical experiment and the change in methanol concentration as

function of time is shown in Figure 5.71.
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Figure 5.70: Ozone gas concentration versus time

The ozone gas concentration tends to reach a stable concentration lower than the inlet

gas concentration after about 3 minutes from the start of the experiment. This was due to

ozone reactions with oxidation products which take place even though methanol

degradation is completed. As shown in Figure 5.71, methanol concentration decreased

with time and reached lower values after about 3 minutes.
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Figure 5.71: Concentration of methanol versus time

5.8.1.7. Effect of ozone gas concentration on methanol degradation
In order to study ozone effect on methanol degradation, ozone was bubbled into the

methanol solution at different gas concentrations of 10, 30, 60 and 80 g/m*NTP and the

experiments were carried out as described previously. Figure 5.72 shows that the

degradation of methanol increases with increasing ozone concentration. From the graph,
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it could be seen that when the ozone concentration was around 30 g/m>NTP, the time
required to degrade methanol took around 15 minutes but when the ozone concentration
increased to 80 g/m®NTP, the methanol degradation was faster reaching zero in almost 3
minutes, whereas at 10 g/m?®, the degradation time took more than 60 minutes as shown

below in Figure 5.72.
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Figure 5.72: Concentration of methanol versus time at various inlet ozone gas concentrations

5.8.1.8. Effect of pH and t-butanol as scavenger on methanol degradation

In order to determine the optimum pH at which the maximum degradation of methanol
may occur, experiments were carried out at different controlled pH values of 2, 5 and 9.
The methanol concentration of the solution was 1.3 mol/L and an ozone concentration of
30 g/m®NTP was used. Figure 5.73 depicts the change in methanol concentration at
different pH values. The Figure shows that initially (within the first 1.5 minutes), the
degradation rates were not significantly affected by changes in pH. However, when the
pH increased from 2 to 5, appreciable enhancement in the degradation of methanol
occurred but further increase of pH to 9 resulted in slowing down of the degradation rate
and the methanol concentration leveled off at values higher than zero. This indicates that
complete degradation of methanol at higher pHs is very difficult. The reason for this is
that at high pH, ozone reaction with hydroxide ions prevail over that with methanol, due

to the fact that the rate constant of ozone reaction with OH" is much higher (around 3000
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times) than with methanol (70 M™*.s™ as compared to only 0.024 M™.s™). The rapid drop

of methanol concentration observed at the beginning of the experiment may be due to

the high concentration of methanol present initially, which gave high reaction rates

within the first few minutes.
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Figure 5.73: Effect of pH on methanol degradation

In order to study the effect of t-butanol as scavenger on methanol degradation,

experiments were carried out with and without 0.2 M t-butanol at pH 2, 5 and 9. Figure

5.74 shows that at ozone gas concentrations 30 g/m*NTP, t-butanol seems to have a

complex effect on the degradation rates of methanol.
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Figure 5.74: Effect of t-butanol on methanol degradation

5.8.1.9. Determination of the stoichiometric ratio and reaction rate constant

The chemical reaction between ozone and methanol can be represented by the equation:
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0, + zMeOH ——Products (5.17)

Again here, it was assumed that this reaction is of second order and the stoichiometric
ratio was determined in homogeneous system by measuring the change of methanol
concentration after reaction with a given initial ozone concentration (details can be
found in Section 3.3.1 Equation 3.18). The average value of z was found to be 1 mol per
mol and this value is in agreement with literature (Hoigne and Bader 1983a) and
(Hoigne et al., 1985). The reaction rate constant was determined using Equation 3.43.
The values of the rate constant of methanol with ozone are presented in Table 5.26 and
compared to literature. Good agreement with literature was also obtained. It is clear that
the degradation of methanol is highest at pH 9.

Table 5.26: Values of the rate constant of methanol with ozone

Property Rate constant Rate constant
this work (Hoigne1983a)
(M—ls—l) (M—ls—l)
2/5 2.62 2.40
7 2.85 -
9 4.15 -

5.8.1.10. Effect of pH on the reaction rate constant (k)

Three pH values (2, 7 and 9) were studied in this work. For each pH value, the rate
constant k was determined using an ozone gas concentration of 60 g/m® NTP, without
the addition of t-butanol. The operating conditions for all experiments are shown in
Appendix A1.5 Table A1.21. A Figure 5.75 shows the modeling of determination of the
rate constant and the stoichiometry of the reaction between ozone and methanol at pH 7
using equation (3.43). The change of k with pH is shown in Figure 5.76. It can be seen
that the rate constant of reaction between ozone and methanol has increased when the
pH value was increased and the highest value of the rate constant was observed at pH 9.
This can be explained by ozone decomposition at high pH that leads to the formation of

hydroxyl radicals which are highly reactive species.
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Figure 5.75: Determination of the rate constant and the stoichiometry of the reaction between ozone and

methanol at pH 7
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Figure 5.76: Effect of pH on methanol degradation rate constant

5.8.1.11. Summary

From the results of the experimental investigation on the degradation of methanol by

ozone, it was found that the rate constant (k) of the degradation reaction increased when

the pH was increased and the highest value of the rate constant was obtained at pH 9.

The reaction stoichiometry was found to have a value of 1 mol/mol.
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CHAPTER 6: EXPERIMANTAL RESULTS &
DISCUSSIONS FOR THE LIQUID/SOLID-OZONE (LSO)
SYSTEM

The degradation studies carried out with the Liquid/Solid-Ozone (LSO) system are
presented and discussed in this chapter. Three model compounds, namely the reactive
dye RO16, naphthalene and methanol, were used to test the performance of the LSO
system under different conditions and to study its feasibility of removing these

compounds.

6.1 Ozone Adsorption

The adsorbents used in this study were a commercial silica gel obtained from Gjay Ciba
Specialty Chemicals and a zeolytic material (D915) manufactured in a previous project
by Catal Ltd. The characteristics of both adsorbents are presented in Table 6.1.

Table 6.1: Adsorbents characteristics

Adsorbent Particle size BET surface area Average Pore diameter
(mm) (m?/g) (4VIA by BET) (cm*/g)
Silica gel 15 490 +3 20.1
Zeolite D915 2 238 *3 36.1

Several experiments were carried out to study ozone adsorption (i.e. phase 1 of the LSO
system) on both adsorbents. The experiments were carried out using a fixed bed of
adsorbent by passing a stream of oxygen containing ozone at various known
concentrations (10, 20, 60 and 80 g/m® NTP) and a known gas flow rate (400 mL/min) at
a temperature of 20+1 °C. Two Pyrex glass reactors were used: one for silica gel
experiments (31.24 mm ID and contained 80 g of silica gel) and a smaller reactor for
D915 experiments (10 mm ID and contained 2 g of D915). Table 6.2 shows the
operating conditions for these experiments and Figures 6.1 and 6.2 show typical

breakthrough curves obtained for ozone adsorption on silica gel and D915 respectively.
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Table 6.2: Operating conditions of ozone adsorption

Exp- | Gas flow Cos Silica Mo3 Water flow | pH Absy | Calo
No (mL/min) (g/ms) (o)) (mg) (mL/min) (mg/L)
1si 400 20 80 31.40 10 5 1.060 17.55
2si 400 10 80 7.16 10 7 0.898 14.87
3si 400 20 80 45.80 10 7 1.186 10.96
4si 400 20 80 41.28 10 9 1.213 20.07
5si 400 60 80 76.40 10 5 2.144 35.49
6si 400 60 80 111.56 10 7 2.467 40.84
7si 400 60 80 144.30 10 9 2.903 48.06
8si 400 80 80 172.80 10 5 3.179 52.61
Osi 400 80 80 104.42 10 7 2.836 46.94
10si 400 80 80 159.76 10 9 3.452 57.13
4 N 3 )
04 (80g/m’) NPT ) 0. (30g/m )’\gggne saturationn
100 . 35 —experimantal starts
Experimental starts ~ 0Zone saturation » Z
- A’ 30
L8 -
l_ -
E 60 - WTZ\ 20 -
m’\E agsorption 4,desor/ption §
2 40 4 . . 215 A
S ¢ Q 10 -
20 A 5
0 . — e 0
0 10 20 30 0 5 10 15
L Time(min) J Time (min) 4

Figure 6.1: Ozone adsorption on silica gel

Figure 6.2: Ozone adsorption on D915

The mass of ozone adsorbed on the bed, mos, was calculated by integration as shown in

Chapter 3 and the bed capacity, gn, was calculated by Equation 6.1, where; myq is the

adsorbent mass. Figure 6.3 and 6.4 show plots of the bed ozone capacity as function of

the ozone gas concentration for silica gel and D915 respectively. From Figures 6.3 and

6.4, it can be seen that the relationship between bed capacity and ozone gas

concentration is linear with an equilibrium constant, K,,, equal to 11.47 for silica gel

and 56.34 for D915 respectively. This clearly indicates that D915 has a higher ozone

capacity than silica gel by about five times under the experimental conditions used in

this work.
dy = Mo
mad

(6.1)

149



Chapter 6: Experimental Results & Discussions N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

(" 1000 - Silicagel (4000 Zeolite D915 A
3500
800 - C
y = 11.471x 3000 ~ ~
& 6001 R?=0.9993 & 2500 4 Y7 56348x
£ S 0l FE092
2 400 - 2 >
s & 1500 -
200 A 10004
500
O T T T T 1 0
0 20 40 60 80 100 0 20 40 60 80
L Cos (9/m°) NTP )L Cos (g/m*) NTP y
Figure 6.3: bed ozone capacity versus ozone Figure 6.4: bed ozone capacity versus ozone
gas concentration (for silica gel) gas concentration (for D915)

The model presented in (Tizaoui and Slater 2003) was used to predict the breakthrough
curves obtained in this work. The breakthrough curves were characterized by constant
pattern behavior and the mass transfer was controlled by resistance in the particle side
Equation 6.2. This equation was derived with the following assumptions (Slater 1991):
particle rate controls mass transfer, linear equilibrium, plugs flow (i.e. no axial

dispersion), constant flow velocity, constant effective diffusivity and isotherm

conditions.
Ci:o.S[l—erf(lNg's —l(uprfﬁjj (6.2)
2 2
AG,
(L
Where 7=—1U (6.3)
L
Kvb o
eu
60LK,
dN, =——2D, (6.4)
&u

Tizaoui and Slater (2003) gave a value of the diffusivity of ozone equal to 25x10° m%s.

6.2. Desorption of Ozone from Deionised Water
Once ozone has been adsorbed on the bed, desorption experiments were carried out

using different flow rates of deionised water. The water flow meter was initially
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calibrated as shown in Table 6.3. A calibration curve was then plotted (Figure 6.5) and
served to subsequently determine the water flow rate for a given scale reading. The
ozone concentration at the outlet of the fixed bed column was measured using the
spectrophotometric method by measuring the light absorbance at 262 nm. Values of
absorbance were then converted to concentrations using an emissivity of 2900 M™.cm™.

Table 6.3: Calibration of the water flow meter

Flow meter scale 100 200 400 600 800 1000 1100
Water flow rates (mL/min) | 1.5 3.9 7.9 125 | 16.2 19 21.9
é Calibration curwe of water flow rate )
= 57
£
75' 20 1 y =0.0198x (4
Y R?=0.9971
‘é 15 A
5
= 10 A
O T T T T T 1
0 200 400 600 800 1000 1200}
scale
\\ Yy

Figure 6.5: Calibration curve of the water flow meter

Ozone desorption was modelled with an exponential model described by Equation 6.5.

m = eXp (_ Kdest: (65)
CALO

Where Kges depends on the water flow rate, bed volume, bed voidage, and desorption
mass transfer coefficient.

Results of the model are shown in Figures 6.6 to 6.15. These Figures show very good
agreement between the experimental data and the proposed model. Values of Ky are

shown in Table 6.4.
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Figure 6.10: Model results at pH 7

Figure 6.11: Model results at pH 7
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Figure 6.14: Model results at pH 9

Figure 6.15: Model results at pH 9

6.2.1. Effect of water flow rate on ozone desorption
The effect of the water flow rate on ozone desorption was studied at different ozone gas

concentrations used in the adsorption step. Table 6.4 shows the operating conditions

used in these experiments alongside the values of Kges obtained by fitting the

experimental data with Equation 6.5.

Table 6.4: Operating conditions for water flow rate effect experiments

Exp- Gas flow Cos Silica Mos Water flow | pH | Abs, Cavo Kges
No (mL/min) | (g/m°) (9) (mg) (mL/min) (mg/L)

Fwil 400 20 80 33.65 5 7 | 0.696 | 11.52 | 0.045
Fw2 400 20 80 45.8 10 7 | 1.186 | 10.96 | 0.087
Fw3 400 20 80 34.12 20 7 | 0763 | 12.64 | 0.128
Fw4 400 60 80 101.30 5 7 | 1.579 | 26.13 | 0.017
Fws 400 60 80 111.56 10 7 | 2467 | 40.84 | 0.072
Fw6 400 60 80 98.45 20 7 | 1.638 | 27.11 | 0.080
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Figures 6.16 and 6.17 show the effect of water flow rate on the exit ozone concentration.
It can be observed that slower desorption rates are obtained at low water flow rates and
an increase in the water flow rate resulted in rapid desorption of ozone. The water flow
rate showed significant effect on desorption process. The relationship between water
flow rate and desorption rate is shown in Figure 6.18. From Figure 6.18, it can be
noticeable that Kges has increased when the water flow rate increased; it can thus be

concluded that the mass transfer limiting step is in the liquid film.

4 . ) N\ [ )
05(20g/m®), silica (80g) at different water 04(60g/m®), silica(80g) at different water
flowrates and pH7 flow rates and pH 7
12
12
1 1
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O 08 —8— 10mL/min 0.8 —8— 10mL/min
O 06 —4— 20mL/min S 06 —aA— 20mL/min
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0.4 04
0.2 0.2
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0 10 20 30 40 50 60 70 0 20 40 60 80 100 120
L Time (min) J Time (min) 4

Figure 6.16: C/C, at ozone gas conc. (20g/m®)  Figure 6.17: C/C,at 0zone gas conc. (60g/m°)

4 ™)
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Figure 6.18: Relationship between water flow rate and Kges

6.2.2. Effect of pH on ozone desorption

The effect of pH (5, 7, 9) on ozone desorption was studied using a water flow rate of
10 mL/min. The temperature was kept constant at 20 +1°C and the gas ozone

concentration was also kept constant at 60 g/m°, (Table 6.5).
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Table 6.5: Operating condition for effect of pH on ozone desorption experiments

Exp- | Gas flow Cos Silica Mo3 Water pH Abs, CavLo Kes
No (mL/min) | (g/m? 9 (mg) flow (mg/L)
(mL/min)
11si 400 60 80 76.40 10 5 2.144 | 35.49 | 0.089
13si 400 60 80 111.56 10 7 2.467 | 40.84 | 0.072
15si 400 60 80 144.30 10 9 2.903 | 48.06 | 0.051

Figure 6.19 shows the change of the exit ozone concentration with time at different pH
values. From Figure 6.20, it can be noticed that ozone desorption rate (Kges) decreases as
pH increases. Although it is not clear why Kges decreased at high pH values, one might

expect the decrease was due to reduction in 0zone mass transfer.

o N\ [~ ] ™
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Figure 6.19: Liquid ozone concentration vs. time Figure 6.20: Relationship between Kges and pH

6.2.3. Effect of t-butanol radical scavenger on ozone desorption

The effect of the radical scavenger (0.2M t-butanol) on ozone desorption was studied at
different pH values using a water flow rate of 10 mL/min. The temperature was kept
constant at 20 +1 °C and the gas o0zone concentration was also kept constant at 60 g/m®,
(Table 6.6).

Table 6.6: Operating condition for effect of t-butanol on ozone desorption experiments

Exp- | Gasflow | Coz | Silica | mo; Water pH t- Abs, Cavo Kes
No | (mL/min) | (¢/m®) | (g) | (mg) flow butanol (mg/L)
(mL/min) (mol)
12si 400 60 80 |174.2 10 5 0.2 2.821 | 46.70 | 0.030
14si 400 60 80 |160.8 10 7 0.2 2.958 | 48.97 | 0.041
16si 400 60 80 |137.6 10 9 0.2 3.511 | 58.11 | 0.051
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Figures 6.21 to 6.23 show a comparison between the results obtained in the presence and
absence of t-butanol at different pHs. It can be seen that t-butanol has an effect on ozone
desorption at pH 5 and 7, whereas at pH 9 no significant effect was observed. Figure
6.24 shows the change of the exit ozone concentration with time for all pH values in the
presence of the scavenger. The Figure shows that all curves are almost similar, which

indicates that in the presence of t-butanol, pH has small effect on the desorption of

ozone.
4 . N\ [~ )
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Figure 6.21: Concentration versus time at pH 5 Figure 6.22: Concentration versus time at pH 7
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Figure 6.23: Concentration versus time at pH 9  Figure 6.24: Concentration versus time at different pH

6.2.4. Summary

Ozone adsorption and desorption studies were carried out using silica gel. The

experiments were validated with models developed in the literature and found to agree
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well. The desorption rate of ozone depended mainly on the water flow rate and pH,

whereas in the presence of t-butanol, pH was found to have only little effect.

6.3. Degradation of Dye (RO16) by Ozone Adsorbed on Silica Gel

The degradation of RO16 with LSO system was studied here. Experiments were carried

out by passing ozone at a known concentration of (60 g/m®) NTP, known oxygen flow

rate (400 mL/min) until saturation of the bed of silica gel. A water flow rate 10 mL/min

contains RO16 at 50 mg/L at pH 7 and temperature 20+1°C was passed through the

fixed bed of adsorbent loaded ozone in absence and presence of t-butanol. The reactor

contained 80 g of silica gel. In order to measure the absorbance of dye (RO16) solution,

the maximum absorbance was monitored at A ax = 496 nm see (Figure 5.19). Table 6.7

shows the operating conditions for these experiments and the results are shown in Figure

6.25; whereas Figure 6.26 shows the breakthrough curve of ozone adsorption.

Table 6.7: Operating conditions for ozone adsorption effect on RO16 Decolourization

Exp- | Gas flow Ozone Silica | mps Ro16 Sample PH | t-butanol
No (mL/min) conc. ) (mg) Conc. flow (mol/L)
(g/m) (mg/L) | (mL/min)
1si/d 400 60 80 92.62 50 10 7 0
2si/d 400 60 80 98.45 50 10 7 0.2
5 Cos (60g/m”), 5|I|caa(t82|g_i) z;lnd RO16 (50mg/L) Cos (609/m3), silicagel (80g)
50 70 1 Ozone saturation = — _
45 60 - i
2 3 o 507 '/
£ 0 —e— without t-butanol gm 401 ¢ Ozone outlet
g ig —&— with t-butanol 8 307 ija
X 15 O 94 }. + CO3(g/m3)NTP
10 10
5 0 T T T T T T T 1
0 : : : .
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Figure 6.25: Outlet dye concentration versus time

versus time

Figure 6.26: Outlet 0zone gas concentration

As can be seen from Figure 6.25, that in the absence of t-butanol, the concentration of

the dye dropped initially to lower values of about 5 mg/L and then started increasing
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slowly with time until reaching a concentration approaching the inlet concentration.
Though if the experiment continued for longer periods of time, the concentration at the
outlet of the reactor would reach the inlet concentration. The reduction in dye
concentration was due to its oxidation with ozone and it was established by experiment
that adsorption of the dye on silica gel would not take place (Figure 6.27). Surprisingly,
when t-butanol was added to the solution, a significant improvement in the dye
oxidation took place. On the one hand, the presence of t-butanol in the solution causes
inhibition of hydroxyl radicals to decompose ozone, thus ozone availability in the
solution increases at on the other hand dyes are more prone to molecular ozone reactions
as compared to hydroxyl radicals. Putting together these two arguments, the better

performance obtained in the presence of t-butanol is explained.

4 )
silica (80g) and RO16 (50mg/L)
atpH 7, flowrate 10 mL/min
60 -
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Figure 6.27: Outlet dye concentration versus time (without ozone)

As can be seen from Figure 6.25, initially the dye concentration reached zero and
remained at the zero value for a longer period of time (about 30 minutes) before it
started to slowly increase again. The concentration would also reach the inlet
concentration if the experiment is left to run for a longer period of time.

Tizaoui and Slater (2003) developed a model to describe the profile of concentrations

similar to those observed in Figure 6.25. Their model was applied in this work and good
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agreement was obtained between experimental and the model data. The rate constant,

Kad, Was calculated by fitting the experimental data to the model.

6.4. Degradation of Naphthalene Using the (LSO) System

The degradation of naphthalene was studied using the LSO system. Because of the high
adsorption capacity of the zeolite D915, the experiments in this section were carried out
on the fixed bed column of D915. Ozone was adsorbed on the selective adsorbent zeolite
(D915), as described earlier in section 4.6.2.4. In this study, the experiments were
performed at room temperature (20 + 1°C). Experiments were carried out in (LSO)
reactor containing 2 g of D915. The ozone gas concentration (30 g/m® NTP) was passed
through the reactor until saturation point, then a flow of 10 mL/min of naphthalene
solution made in (50 % methanol : 50 % water ) at 100 mg/L, was passed through the
reactor and the samples were taken by syringe at different times. Sodium thiosulphate
(0.005 M) was added to the sample to stop the reaction between ozone and naphthalene

prior to analysis by HPLC.

6.4.1. Calibration curve for naphthalene analysis with HPLC

Four standard solutions of naphthalene in 50 % methanol: 50 % water were prepared and
injected in the HPLC system. Peak areas were correlated to the injected naphthalene
concentration and a plot was obtained as shown in Figure 6.28. The results gave a

straight line having an equation Cnaph-(Mg/L) = 0.0028 x (Peak area).
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6.4.2. Ozone adsorption and desorption on zeolite D915
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Figure 6.28: Calibration curve of naphthalene solution

Figure 6.29 shows typical graphs of the experiment carried out by passing 30 g/m*NTP

of ozone gas concentration in the 2 g of D915, until the concentration of ozone is stable

(adsorption). Then, in the second step the ozone generator was stopped and the oxygen

gas passed through the adsorbent loaded with ozone until the ozone gas was totally

removed (desorption).Table 6.8 shows the operating conditions of ozone adsorption on

zeolite D915.

Table 6.8: Operating conditions of ozone adsorption on D915

Exp- | Gas flow Cos D915 Mo3 Water flow | pH | Cg
No | (mL/min) | (g/m® (9) (mg) (mL/min) (mg/L)
1 400 10 2 3.13 10 7 55.35
2 400 30 2 7.77 10 7 29.55
3 400 60 2 12.89 10 7 13.60
4 400 30 2 7.77 10 2 27.51
5 400 30 2 8.77 10 7 29.55
6 400 30 2 5.71 10 9 50.32
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Figure 6.29: Ozone adsorption and desorption on zeolite D915
6.4.3. Adsorption of naphthalene on zeolite D915
In this experiment, 50 mL of naphthalene solution in (50 % methanol: 50 % water) at
80 mg/L and pH 7 was added to five different quantities of zeolite D915 (0, 0.5, 1, 1.5
and 2 g) without ozone loading and mixed well by magnetic stirrer over night. Then, the
samples were taken and injected in the HPLC. The results are shown in Table 6.9.

Table 6.9: results calculation of bed capacity for naphthalene adsorption

Mass adsorbent V solution C final q
(9 (mL) (mg/L) (mg/g)
0 50 79.7 -
0.5 50 51.8 2.8
1 50 20.8 2.9
1.5 50 18.3 2.0
2 50 15.1 1.6

(Freundlich (Equation 6.6 and 6.7)) and (Langmuir (6.8 and 6.9)) adsorption isotherms
were used to describe the results. Figures 6.30 and 6.31 show the linearised plots of the
Freundlich and Langmuir models respectively. From the values of R?, it is clear that the

Langmuir model was slightly better than the Freundlich model to fit the experimental

results.
q=ken (6.6)
In(q) = In(k) +%In(c) (6.7)
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Figure 6.30: Naphthalene adsorption (model experimental results)
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Figure 6.31: Naphthalene adsorption (model experimental results)
6.4.4. Effect of flow rate on naphthalene removal
Three different flow rates of 5, 10 and 20mL/min were used to study the effect of flow
rate on naphthalene removal on 2 g bed of D915. Figure 6.32 shows the effect of flow
rate on naphthalene removal at pH 7 when the ozone gas concentration was
30 g/m®NTP. It is clear that the LSO system showed naphthalene removal up to

9 minutes from the start of the experiment, after which the exit column concentration
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almost reached the inlet concentration and did not change much with time. Figure 6.32
shows also as the flow rate decreased, the performance of the system enhanced. The
breakthrough curves did not reach zero due to the small quantity of adsorbent used and
the relatively high solvent flow rate. That means if the solvent flow rate was much
smaller than the one used in this work, or the mass of adsorbent was higher, a clear
breakthrough curve should be seen. It was not feasible to carry out experiments under
these conditions, due to time constraints and cost of materials. The current results,
however, indicate that the LSO system can be used to effectively degrade naphthalene if

the operating conditions are optimised.
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Figure 6.32: Effect of flow rate on naphthalene removal on D915

6.4.5. Effect of ozone concentration on naphthalene removal

The effect of the ozone gas concentration on naphthalene removal using D915 as ozone
adsorbent was studied. Experiments were run at three different ozone gas concentrations
of 10, 30 and 60 g/m*® NTP, in addition to a control experiment without ozone
(0 g/m®NTP) at pH 7. The results are shown in Figure 6.33. From Figure 6.33, the
lowest naphthalene concentrations measured at the outlet of the reactor exit for the
different ozone concentrations are shown in Table 6.10. This Table shows that the
removal of naphthalene increased by increasing the ozone gas concentration. For ozone

gas concentrations of 10, 30 and 60 g/m® NTP, the exit lowest naphthalene concentration
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reached 55 %, 30 % and 12 % of the inlet concentration respectively, before starting to
increase almost linearly for about 2 minutes, followed by a gradual increase to almost

the inlet concentration.
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Figure 6.33: Effect of ozone gas concentration on naphthalene removal

Table 6.10: Effect of ozone concentration on the lowest exit naphthalene concentration

Cos q Lowest exit concentration
(g/m®) NTP (mg/g) (mg/L)
0 0 82.94
10 3.13 55.35
30 7.77 29.55
60 12.89 13.60

6.4.6. Effect of pH and t-butanol on naphthalene removal

The effect of pH and t-butanol on naphthalene removal was also studied here.
Experiments were carried out at different controlled pH values of 2, 7 and 9 and the
temperature was kept constant at 20+1 °C. The naphthalene concentration of the solution
was 100 mg/L and the ozone concentration was 30 g/m® NTP. Several experiments were
carried out with and without t-butanol in order to understand the effect of t-butanol on
naphthalene removal. Figure 6.34 shows the effect of pH on naphthalene removal and
Table 6.11 shows the lowest exit concentration as function of pH. As can be seen from
the Table and the Figure, the lowest pH values gave better performance of the system.

Figure 6.35 shows the effect of t-butanol as scavenger when the experiment was run at

pH 7. From Figure 6.35, it can be concluded that t-butanol decreased the performance of
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the system, indicating that the degradation of naphthalene occurs by both direct

molecular ozone and indirect hydroxyl radical reactions.
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Figure 6.34: Effect of different pH on naphthalene adsorption

Table 6.11: Effect of pH on the lowest exit naphthalene concentration (Co3=30 g/m°) NTP

pH q Lowest exit concentration
(mg/g) (mg/L)
2 7.77 27.51
7 8.77 29.55
9 5.71 50.32
4 ™
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Figure 6.35: Effect of t-butanol on naphthalene degradation

6.4.7. Summary

Adsorption studies of naphthalene on a zeolite material D915 were carried out. It was
found that the adsorption of naphthalene followed a Langmuir type isotherm. The

removal of naphthalene using the LSO system was found feasible, as long as the
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operating conditions are optimised. Under the conditions of the experiments carried out
in this work, it was not possible to observe “clear” breakthrough curves but the
performance of the system was described by the measurement of the lowest naphthalene
exit concentration. In summary, the performance of the LSO system to remove
naphthalene is enhanced by increasing the ozone concentration, decreasing the liquid

flow rate, decreasing the pH and in the absence of radical scavengers.

6.5. Degradation of Methanol using the LSO System

Methanol degradation was studied using the LSO system. Ozone was adsorbed on the
zeolytic material (D915), as described earlier in section 4.6.2.4. In this study, the
experiments were performed at room temperature (20 + 1°C). Experiments were carried
out as described in section 4.6.2.5 and the reactor (LSO) contained 6g of D915 rather
than 2 g. Methanol at a given concentration (2.5 mol/L) was dissolved in deionised
water and the solution was passed through the reactor bed at a flow rate 10 mL/min.
Samples at the exit of the LSO reactor were collected at different times. In order to stop
the ozone reaction exactly at the collection time, the samples were collected in vials
already containing a 0.005 M of a quenching solution of sodium thiosulphate. The
concentration of methanol was determined using the GC/FID system described in

Section 4.5.4.

6.5.1. Calibration curve for methanol analysis with GC/FID

Six standard solutions of methanol were prepared and injected in the GC/FID system.
The operating conditions used in the GC/FID are shown in Table 6.12. Peak areas were
correlated to the injected methanol concentration and a plot was obtained as shown in
Figure 6.36. The result was a straight line having an equation:

Cwmeon-(mol/L) = 0.0004 x (Peak area).
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Table 6.12: GC conditions for the methanol measurements

Instrument Detector | Detector | Injector Column Column
temp- temp- temp-
°C °C °C
initial | final
GC FID 250 130 104.PEG 400 95 95
(PYE UNICAM PU 4500)
* PEG: Polyethylene glycol.
4 . )
Calibration curve
3 -

2.5 4 *
a y =0.0004x
T 2 R* =0.9955
E
S 15
8 & Area (AU)
$ b

05 1
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6.5.2. Adsorption of methanol on zeolite D915

Figure 6.36: Calibration curve of methanol

A 50 mL solution of methanol in water at 2.5 mol/L and pH 7 was added to four

different masses of zeolite D915 (0.5, 1, 1.5 and 2 g) in a 100 mL glass volumetric flask

and mixed well at low speed by a magnetic stirrer over night. The flasks were covered

with parafilm to avoid evaporation. The samples were filtered by cellulose 0.45 pm

45 mm using glass syringe 10 mL and the concentration of methanol was measured by

GC/FID. The operating conditions for these experiments are shown in Appendix Al.5

Table A1.22. The calculated results of D915 capacity for methanol adsorption are shown

here in Table 6.13. (Langmuir and Freudlich) isotherms were also used to model the

experimental results. A plot of 1/q = f (1/c) is shown in Figure 6.37 and a plot of In(q) as

function of In(c) is shown in Figure 6.38. Again here, the Langmuir model was suitable

to describe the adsorption isotherm of methanol on D915.
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Table 6.13: Results calculation of bed capacity for methanol adsorption

Mass adsorbent V solution C final q
(9) (mL) (mg/L) (mg/g)
0 50 9.11 -
0.5 50 6.04 0.31
1 50 5.11 0.20
1.5 50 4.25 0.16
2 50 4.17 0.12
4 )
pH7
7 -
y =41.273x - 3.39
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Figure 6.37: Methanol adsorption (model experimental results)
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Figure 6.38: Methanol adsorption (model experimental results)

6.5.3. Effect of ozone concentration on methanol removal

The effect of ozone concentration was studied here in a similar way as in previous cases.
The experiments were run at pH 7 and at three different ozone gas concentrations of
30, 60 and 80 g/m*® NTP, using 2.5 mol/L of methanol and a fourth experiment was

served as a control run without ozone. The radical scavenger t-butanol was not used in
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these experiments. The operating conditions of all experiments are shown in Appendix
AlS5 Table Al.24. The results are plotted in Figure 6.39 and the lowest methanol
concentrations measured at the outlet of the reactor are shown in Table 6.14. These
results show that the removal of methanol increased by increasing the ozone bed
capacity (i.e. increased gas concentration). For ozone gas concentrations of 60 and
80 g/m* NTP, the exit lowest methanol concentration reached 38 % and 22 % of the inlet
concentration respectively before starting to increase almost linearly for about
5.5 minutes, followed by a sudden rapid increase to almost the inlet concentration. The
modeling of this behaviour of the LSO system is complex and was not attempted in this
work. However, the experimental results show that the LSO system can effectively be

used for the removal of methanol if the operating conditions are optimized.

4 pH 7, flow rate (10mL/min), 6g D915 )
S)
@)

30

\_ Time (min) 4

Figure 6.39: Effect of ozone concentration on methanol removal

Table 6.14: Effect of ozone concentration on the lowest exit methanol concentration

Cos Jo3 Lowest exit concentration
(g/m’) NTP (mg/g) (mg/L)
0 0 41
30 27.28 34
60 38.41 26
80 44.29 17
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6.5.4. Effect of pH on methanol removal

Experiments were carried out without t-butanol at two different controlled pH values of
2 and 7. The temperature was kept constant at 20+1 °C. The methanol concentration of
the solution was 2.5 mol/L made in water and an ozone concentration of 60 g/m*NTP
was used. The water flow rate was 10 mL/min and the adsorbent mass was 6 g D915.
Figure 6.40 shows the results of those experiments. It is clear that increasing pH from

2 to 7 did not cause significant effect on the removal of methanol.
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Figure 6.40: Effect of pH on methanol removal

6.5.5. Effect of flow rate on methanol removal

Three different flow rates of 5, 10 and 15 mL/min were used to investigate the effect of
flow rate on methanol removal, using 6 g of zeolite D915 at an 0zone gas concentration
60 g/m®NTP and pH 7. The operating conditions of all experiments are shown in
Appendix A1l.5 (Table Al1.23) and the results are shown in Figure 6.41. Table 6.15
shows the lowest methanol concentrations measured at the outlet of the reactor as
function of liquid flow rate. Again, the results show that the removal of methanol is
better at low liquid flow rates. Low liquid flow rates mean high residence times, thus the
contact time between ozone and methanol is high, which results in lower exit methanol

concentrations at low flow rates. Similarly, as for the naphthalene case, the breakthrough
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curves did not reach zero due to the small quantity of adsorbent used and the relatively

high solvent flow rate.
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Figure 6.41: Effect of flow rate on methanol removal

Table 6.15: Effect of liquid flow rate on the lowest exit methanol concentration

Q Jo3 Lowest exit concentration
(mL/min) (mg/g) (mg/L)

5 32.13 22

10 38.41 26

15 36.75 56

6.5.6. Summary

From methanol experiments in LSO system, the following summary may be made.
Adsorption studies of methanol on the zeolite material D915 were carried out and it was
found that the adsorption of methanol followed a Langmuir type isotherm. The removal
of methanol in the LSO system was improved by increasing the ozone bed capacity and
decreasing the liquid flow rate. However, increasing pH from 2 to 7 did not affect
significantly the performance of the LSO system. Here again, the LSO system can be

used to remove methanol from water, as long as the operating conditions are optimised.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1. Conclusion

This study concerned the degradation of four organic chemicals (reactive dye RO16,
triclocarban, naphthalene and methanol), using the conventional ozone system termed as
liquid/gas-ozone (LGO) and tested the feasibility of using a novel ozone-based system,
termed as liquid/solid-ozone (LSO), to degrade three of the four organic compounds
(reactive dye RO16, naphthalene and methanol). The study involved extensive
experimental work and the use of a range of analytical equipment and methods. The
main outcome of this work is the presentation of data related to reaction kinetics and
mass transfer parameters at different operating conditions such as pH, ozone and the
organics concentrations, flow rate and radical scavenger. The data presented in this
work is novel and is not available in the open literature. The LSO system was found
suitable to degrade the compounds studied here but the conditions have to be optimised

in order to fully assess its performance and make adequate conclusions.

Ozone mass transfer parameters have been obtained at different conditions and it was
found that the addition of t-butanol (used as radical scavenger) affected the volumetric
mass transfer coefficient, k. a, due to changes in the physico-chemical properties of the
solution. For example at pH 2, the ozone volumetric mass transfer coefficient (k_a)
increased from 4.7x10° s in the absence of t-butanol to 6.3x10°s™ in the presence of
t-butanol at 0.2 M. The application of available data in the literature related to ozone
decay and solubility can lead to erroneous results because of the variations in the
models used in the literature, which are highly dependent in addition to controlled
experimental conditions on the types of water and analytical equipment used. For this

reason, studies to determine ozone solubility and its decay rates have been carried out in
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this work. It was found that the ozone solubility varied with ozone gas concentration in
the form: Ca. (mol/L) = 0.0456x Cag (g/m® NTP) at 20 °C. On the other hand, the
ozone decomposition was studied at pH values of 2, 5, 7 and 9 in a reactor initially
saturated with ozone. At each pH value, the experiment was either carried out in the
absence or presence of t-butanol at 0.2 mol/L. Ozone decomposition was found to
follow a second order reaction at pH values less than 7, whilst it was first order at pH 9.
When the scavenger t-butanol was added, the decomposition of ozone progressed at a
lower reaction order of 1.5 for pH values less than 7 and at the same order when without
t-butanol at pH 9. Ozone decay was found to increase significantly with pH but t-
butanol reduced the decay of ozone. At high pHs, ozone decay increases due to the high
concentrations of hydroxide ions, which promote ozone decomposition. In addition,
values of the specific surface area (a.) available in the reactor were determined in the
absence and presence of t-butanol (0.2 M). The values of a_ were 2.7 and 3.5 m*¥m? in
absence and presence of t-butanol respectively. The increase of a_ in the presence of

t-butanol was due to reduction in bubble diameters and increase in gas holdup.

The degradation of RO16 studies revealed that an increase in ozone concentration
significantly increased the reaction rates. The effectiveness of ozone to degrade the dye
was measured by considering the time at which 95 % of the dye has been removed

(to.os). A simple equation of the form t,,, =axC,; xCg;,was proposed to give the

effect of the inlet ozone concentration Cag;i and the initial dye concentration Cgg 0N tg gs.
During ozonation of RO16, noticeable pH decrease and conductivity increases were
observed. The rate constant (k) of the reaction RO16 with ozone in the absence of
t-butanol was determined to be 9.1x10°, 4.4x10° and 8.2x10° M's™ at pHs 2, 7 and
11 respectively, whereas when the t-butanol was added to the solution of RO16, the

values of k almost doubled at high pH but remained unchanged at low pH. This result
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indicates that molecular ozone reactions prevail the indirect reactions with hydroxyl
radicals for the degradation of RO16.

In terms of the degradation of the antiseptic compound triclocarban (TCC), the results
from the present laboratory experimental work suggests that triclocarban can be
degraded by ozone. From the experiments carried out so far, it was found that pH has a
significant effect on the degradation rates of TCC and both direct and indirect reactions
contribute to its degradation. Reaction rate constants were in the order of 5.4x10* and
9.3x10° L/mol.s for conditions without and with t-butanol as radical scavenger

respectively. The reaction stoichiometry was obtained to have a value of 1.

The degradation of naphthalene using the Liquid/Gas-Ozone (LGO) system was
studied. From naphthalene degradation experiments, it can be summarised that the pH
had a substantial effect on the degradation rate of naphthalene. Reaction rate constants
did not change significantly following the addition of the radical scavenger t-butanol

and were in the order of 1.4x10° and 1.6x10° L/mol.s in the absence and presence of

t-butanol respectively. The reaction stoichiometry was found to have a value of

1mol/mol. Higher pH values decreased the degradation rates, possibly due to
competitive reactions between ozone and hydroxide ions. These results show that
hydroxyl radicals seem to have limited effect on naphthalene degradation, which has
also been observed when a radical scavenger (t-butanol) was used. Reaction rate
constants were calculated and were found around 100 times higher than values reported

in the literature due to differences in experimental conditions 1.5x10% (Legube et al.,

1986) against 1.4 x10° Lmol™s™ (this work).

From the results of the experimental investigation on the degradation of methanol by

ozone, it was found that the rate constant (k) of the degradation reaction increased when
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the pH increased and the highest value of the rate constant was obtained at pH9. The

reaction stoichiometry was found to have a value of 1mol/mol.

The two steps of the Liquid/Solid-Ozone (LSO) system were studied. The kinetic data
related to ozone adsorption on beds of silica gel and a zeolitic material (D915) were
determined and the ozone adsorption process was modeled using models developed in
previous studies. It was found that particle rate controls ozone adsorption step but liquid

rate controls the water treatment step.

Ozone desorption with pure deionised water was studied at different water flow rates,
pHs and t-butanol. A one-parameter exponential model fitted the experimental results
well and the parameter was found to change linearly with water flow rate at a given
initial bed capacity. The water flow rate was found to accelerate the desorption rates but
pH was found to decrease the desorption rates. In contrast, the effect of pH was

insignificant in the presence of t-butanol.

Determination of the adsorption isotherms for RO16, naphthalene and methanol
revealed that RO16 did not exhibit adsorption on silica gel but both naphthalene and

methanol showed adsorption on D915 described by Langmuir model.

The degradation of the three organic compounds with the LSO system was studied. It
was found that the LSO system can be used to remove the three compounds studied here
as long as the operating conditions are optimised. Under the conditions of the
experiments carried out in this work, it was not possible to observe ‘“clear”
breakthrough curves for naphthalene and methanol but the performance of the system
was described by the measurement of the lowest naphthalene or methanol exit
concentration. In contrast, RO16 showed clear breakthrough curves particularly when

t-butanol was added to the solution. Overall, it was observed for all three compounds
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that the performance of the system is enhanced under lower liquid flow rate and higher

initial bed capacity. The effect of pH and t-butanol was compound-dependent.

7.2. Future Work

The thesis described the decomposition of various chemicals in synthetic solutions,
including reactive dye RO16, triclocarban, naphthalene and methanol using two ozone-
based systems. Future work may explore the removal of these chemicals from
contaminated real waste streams which may contain a set of pollutants using the same
procedures. When several pollutants are present in the waste water stream the
decomposition reaction rate, concentration of the pollutant, temperature and the pressure
of the reaction may vary. According to the changes occurring with the various
parameters the research scope may change to establish an altered procedure for removal
of toxic chemicals from the waste water stream.

The chemistry of decomposition reactions could be followed by the products formed by
studying and analysing the reactants and products using HPLC, GC/FID, lon
Chromatography, LC/MS/MS.

Ozonation studies could be expanded to water samples contaminated with pesticides
and fertilisers. The effect of the temperature and pressure on the removal of these
chemicals could also be studied. Finally, taller columns should be used to study the
LSO system.

7.2.1. Effect of temperature and pressure on the degradation of the compounds
More sophisticated equipment could be added to the system such as: control manifold
and better thermal bath with heating abilities. The added features would give future
researchers more control over two factors: temperature and pressure. In the case that
ozone-loaded solids may by utilised in the removal of pollutants, it is advised that a

study of the effect of temperature and pressure on the removal of the compounds be
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carried out. Mathematical modeling could be studied from the basic literature and the
validation of experimental data could be carried out in the future to establish the effect
of each parameter on the performance of the system.

7.2.2. HPLC, GC/FID, lon Chromatography, LC/MS/MS Emissions

As the removal of pollutants with ozone was only monitored by the reduction in colour
for the dyes and the UV-absorption peak of TCC, methanol, and naphthalene in the
HPLC and GC/FID measurements, further work on the chemistry of decomposition
reactions followed by the products formed could be investigated using HPLC, GC/FID,
lon Chromatography, LC/MS/MS. From the present observation low concentration of
the pollutant cannot be measured by HPLC and hence sophisticated equipments namely
GC/FID could be applied in the future research.

7.2.3. Taller columns

The study of ozone adsorption on (silica gel and zeolite) and the removal of various
types of pollutants have brought about some interesting questions, which require further
research. As it has been shown that ozone adsorbs favourably on silica gel, further work
using high silica content adsorbents may show a greater affinity for ozone adsorption.
Recently it has been shown that ozone adsorbs more favourably on HZSM-5 (a zeolite
which contains a high silica content) than on silica gel (Tizaoui 1999). Results obtained
from the current investigation showed that taller columns and low water flow rates
should be wused to ascertain the effect of the wvarious parameters.

It is therefore recommended to take this into consideration in a future work.
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NOMENCLATURE

A Ozone (O3) (g/m°) NTP

aL Specific surface area (m’m™)

B Pollutant (RO16 or triclocarban or naphthalene or methanol) (mg/L or mol/L)
CaL* Ozone concentration saturation in liquid (mg/L)
Cac Ozone gas concentration (g/m*) NTP

Cs Final concentration (mol/L)

Chgo Initial concentration (mol/L)

CL Liquid concentration

Conc. Concentration

D Diffusivity (m%s™)

dp Average particle diameter (m),

De Effective ozone diffusivity in silica gel (m?/s),
Do2 Oxygen diffusivity coefficient (2.5x10° m?s™)
Dos Ozone diffusivity coefficient (1.7x10° m’s™)
Ha; Hatta number for first-order

k Rate constant (M's™)

Kq Ozone decomposition rate (s™)

k.a Mass transfer coefficient (s™)

Kvp Equilibrium constant based on particle volume
L Total packed bed length (m),

M Molar concentration (mol/L)

m Ozone solubility parameter

MeOH Methanol

N Mass transfer flux

n Number of moles

Napht Naphthalene

NTP Normal temperature and pressure 1 atm

Np Number of particle mass transfer units

O, Oxygen

Qg Ozone gas flow rate (mL/min)

RO16 Reactive dye (Red Orange)

SG Silica gel
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t Time (minutes or second)

TCC Triclocarban or 3, 4, 4-trichlocarbanilide
t-OH t-butanol

u Gas interstitial velocity (m/s)

z Stoichmetric factor, (z)

Greek symbols

d Liquid film thickness (m)
€ Molar absorbance (M cm™)
T dimensionless time

B liquid hold up

Subscripts

G gas

Li liquid

* Equilibrium

Indices

Abs Absorption

Ads Adsorption

Des Desorption
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APPENDICES

Appendix Al: Experimental Conditions

Al.1. Mass transfer Parameters

Al.1.1. Oxygen absorption in deionised water

Oxygen absorption experiments are the experiments numbered from ox1 to ox7, each

experiment was carried out with different gas flow rates at 20 + 1 °C.

Table Al.1. Experimental conditions and calculated results of k,a for CO,
Exp | Gasflowrate | pH Pressure | Conduct- | k.a(s™) CaL CaLo
No (mL/min) (mbar) (Ks/cm) (mg/L) (mg/L)
ox1 100 4.158 171.9 0.85 0.00295 44.0 10.84
ox2 200 4.318 182.2 0.77 0.004049 46.0 11.71
ox3 300 4.35 188.9 0.66 0.008592 47.0 6.16
ox4 400 4.454 186 0.8 0.005762 50.8 7.73
ox5 500 4.252 186.3 0.67 0.006668 47.4 8.67
0X6 600 4.42 181 0.79 0.007472 46.3 7.147
ox7 700 4.132 198.9 0.67 0.014577 50.8 7.73

Al.1.2. Ozone absorption in deionised water

Ozone absorption experiments are the experiments numbered from ozl to 0z8, each

experiment was carried out with different ozone concentration at 20 + 1 °C.

Table Al.2. Experimental operating conditions for ozone absorption

Exp Sample Gas Flow rate Ozone conc. Ozone conc. Initial Final
No (mL) (' mL/min) inlet out let pH pH
(g/m*)NTP (o/m*)NTP

ozl 500 400 20 19 5.325 5.114
0z2 500 400 40 38 5.205 5.094
0z3 500 400 60 56.5 5.195 5.022
0z4 500 400 80 78 5.215 5.015
0z5 500 200 20 19.7 4.325 4114
0z6 500 200 40 39.2 4.205 4.094
oz7 500 200 60 58 4.195 4.022
0z8 500 200 80 77 4.215 4.015
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Table Al. 3. Operating conditions for pH and scavenger effect experiments

Exp Sample Gas Flow rate Ozone conc. t-butanol Initial
No (mL) (mL/min) inlet (mol/L) pH
(g/m*)NTP

0z9 500 400 80 0.2 2
0z10 500 400 80 0 2
Oz11 500 400 80 0.2 7
0z12 500 400 80 0 7
0z13 500 400 80 0.2 9
0Oz14 500 400 80 0 9
0z15 500 400 20 0.2 2
0z16 500 400 20 0 2
0z17 500 400 20 0.2 7
0z18 500 400 20 0 7
0z19 500 400 20 0.2 9
0z20 500 400 20 0 9

Al1.1.3.0zone decay
Table Al.4 shows the operation condition of ozone decay experiments.

Table Al.4. Operating conditions for ozone decay experiments

Exp Sample Gas flow rate Ozone conc. t-butanol pH
No (mL) (mL/min) (g/m*)NTP (mol/L)

Od1 500 400 40 0 2
0d2 500 400 40 0.2 2
Od3 500 400 40 0 5
0d4 500 400 40 0.2 5
0d5 500 400 40 0 7
0d6 500 400 40 0.2 7
0d7 500 400 40 0 9
Ods8 500 400 40 0.2 9

Al.2. Degradation of Dye RO16

Dye absorption experiments are the experiments numbered from D1 to D31, each
experiment was carried out with different concentration of ozone, and concentration of dye
RO16at20+1 °C.

Table A1.5. Experimental operating conditions for RO16 ozonation

Exp Sample Flow rate Ozone conc. Dye conc. | Initial | Final
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) pH pH
D1 500 400 20 25 4.744 | 3.600
D2 500 400 20 50 4.698 | 3.489
D3 500 400 20 75 4717 | 3.388
D4 500 400 20 100 4745 | 3.334

189



Appendices:

N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK

D5 500 400 40 25 4.682 | 3.664
D6 500 400 40 50 4.726 | 3.474
D7 500 400 40 75 4.853 | 3.553
D8 500 400 40 100 4.740 | 3.330
D9 500 400 60 25 4720 | 3.736
D10 500 400 60 50 4.775 | 3.613
D11 500 400 60 75 4.704 | 3.447
D12 500 400 60 100 4.712 | 3.389
D13 500 400 80 25 4.692 | 3.689
D14 500 400 80 50 4723 | 3.584
D15 500 400 80 75 4.698 | 3.460
D16 500 400 80 100 4.703 | 3.386
Table A1.6. Experimental operating conditions for dye ozonation: effect of pH and scavenger
Exp Sample Gas Flow rate Ozone Conc. Dye Conc. | t-butanol | Initial
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) (mol/L) pH
D17 500 400 20 100 0.2 2
D18 500 400 20 100 0 2
D19 500 400 20 100 0.2 7
D20 500 400 20 100 0 7
D21 500 400 20 100 0.2 11
D22 500 400 20 100 0 11
D23 500 400 80 25 0.2 2
D24 500 400 80 25 0 2
D25 500 400 80 25 0.2 7
D26 500 400 80 25 0 7
D27 500 400 80 25 0.2 11
D28 500 400 80 25 0 11
Table Al.7. operating conditions of all experiments rate constant using competitive method
Exp Flow Rate Cos Cro1s C indigo V (aye: indigo) (ML) Rate(k)
No | (mL/min) | (¢/m*)NTP | (mg/L) | (mg/L) (50:50)% (sh
D29 400 20 100 100 500 NA
D30 400 15 100 100 500 NA
D31 400 10 100 100 500 NA
Al1.3. Degradation of Triclocarban (TCC)
Table A1.8. Operating conditions of TCC experiments
Exp | Sample | Gas Flow rate Ozone Conc. TCC Conc. | t-butanol Initial
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) (mol/L) pH
T1 500 400 10 100 0.2 7
T2 500 400 10 100 0 7
T3 500 400 20 100 0.2 7
T4 500 400 20 100 0 7
T5 500 400 60 100 0.2 7
T6 500 400 60 100 Ot 7
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Table AL1.9. Operating conditions of effect of pH on TCC degradation

Exp Sample Gas Flow rate Ozone Conc. TCC Conc. | t-butanol | Initial
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) (mol/L) pH
T7 500 400 60 100 0 2
T8 500 400 60 100 0 7
T9 500 400 60 100 0 9
Table A1.10. Operating conditions of effect of temperature on TCC degradation
Exp | Sample | Gas Flow Rate Ozone Conc. | TCC Conc. | Temp- | t-butanol | pH
No (mL) (mL/min) Inlet (/m*)NTP (mg/L) (°C) (mol/L)
T10 500 400 20 100 10 0 7
T11 500 400 20 100 10 0.2 7
T12 500 400 20 100 20 0 7
T13 500 400 20 100 20 0.2 7
T14 500 400 20 100 30 0 7
T15 500 400 20 100 30 0.2 7
Al.4. Degradation of Naphthalene
Table A1.11. Operating conditions of naphthalene experiments
Exp Sample Gas Flow rate Ozone Conc. Napht- Conc. | t-butanol | pH
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) (mol/L)
N1 200 400 10 100 0.2 7
N2 200 400 10 100 0 7
N3 200 400 40 100 0.2 7
N4 200 400 40 100 0 7
Table A1.12. Operating conditions of effect of pH on naphthalene degradation
Exp | Sample | Gas Flow rate Ozone Conc. Napht- Conc. t-butanol pH
No (mL) (mL/min) Inlet (g/m*)NTP (mg/L) (mol/L)
N5 200 400 40 100 0 2
N6 200 400 40 100 0 5
N7 200 400 40 100 0 9
Table A1.13.0Operating conditions of naphthalene adsorption
D915(g) Area Naphthalene C/CO
(AU) (mg/L)
0 43500 79.72582 1
0.5 28261 51.79612 0.649678
1 11364 20.82768 0.261241
1.5 10001 18.32961 0.229908
2 8215 15.05627 0.188851
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Table Al.14. Operating conditions of Ozone Adsorption and Desorption on Zeolite D915

Exp Sample | Gas Flowrate | Water flow Ozone Conc. D915 pH
No (mL) (mL/min) (mL/min) Inlet (g/m*)NTP (9)

Adl 250 400 10 40 2 7

Ad2 250 400 10 40 2 7

Ad3 250 400 10 40 2

Table A1.15. Operating conditions of Effect of Flow Rate on Naphthalene Adsorption

Exp Sample Gas Flow rate | Water flow | Ozone Conc. D915 pH
No (mL) (mL/min) (mL/min) | Inlet (g/m*)NTP 9)
Ad4 250 400 5 40 2 7
Ad5 250 400 10 40 2 7
Ad6 250 400 20 40 2 7
Table A1.16. Operating conditions of Effect of Ozone Gas Concentration on Naphthalene
Adsorption
Exp | Sample Gas flow rate Water flow Ozone Conc. D915 pH
No (mL) (mL/min) (mL/min) Inlet (g/m*)NTP 9)
Ad7 250 400 10 15 2 7
Ad8 250 400 10 30 2 7
Ad9 250 400 10 60 2 7
Table A1.17. Operating conditions of effect of pH and t-butanol on naphthalene adsorption
Exp | Sample | Gas flow rate Water flow Ozone Conc. | D915 | t-butanol | pH
No (mL) (mL/min) rate (mL/min) Inlet (9) | (mol/L)
(g/m*)NTP
Ad10 250 400 10 30 2 0 2
Adl1l 250 400 10 30 2 0.2 2
Ad13 250 400 10 30 2 0 5
Ad14 250 400 10 30 2 0.2 5
Ad15 250 400 10 30 2 0 7
Ad16 250 400 10 30 2 0.2 7
Al.5. Degradation of Methanol
Al.18. Operation condition of methanol calibration curve
V (methanol-mother solution) Methanol Methanol Area
(mL) (mol/L) (mg/L) (AU)
0.5 0.123439 3955 326
5 1.234395 39550 7715
10 2.468789 79100 14725
25 6.171973 197750 32715
35 8.640762 276850 45843
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Table A1.19. Operating conditions of methanol experiments

Exp | Sample Gas Flow rate Ozone Conc. Metha- Conc. | t-butanol | pH
No (mL) (mL/min) Inlet (g/m*)NTP (%) (mol/L)
Mel 200 400 10 10 0 5
Me2 200 400 30 10 0 5
Me3 200 400 60 10 0 5
Me4 200 400 80 10 0 5
Table A1.20. Operating conditions of effect of pH on methanol degradation
Exp | Sample | Gas Flow rate Ozone Conc. metha- Conc. t-butanol pH
No (mL) (mL/min) Inlet (g/m*NTP (%) (mol/L)
Me5 200 400 30 5 0 2
Me6 200 400 30 5 0 5
Me7 200 400 30 5 0.2 5
Me8 200 400 30 5 0 9
Table A1.21. Operation condition of methanol calibration curve
V(methanol-mother solution) Methanol Methanol Area
(mL) (mol/L) (mg/L) (AU)
15 0.004937 158.1684 493.647
1 0.003291 105.4456 300.78
0.5 0.001646 52.72279 180.624
0.2 0.000658 21.08912 59.359
0.1 0.000329 10.54456 37.723
0.05 0.000165 5.272279 23.556
Table A1.22. Operating conditions of Effect of pH on the reaction rate constant, k of methanol
Exp | V(reactor) V(methanol Initial Ozone | Metha- Conc. | t-butanol | pH
No (mL) injected) Conc. (mg/L) (mol/L)
(mL) (mg/L)
Me9 200 2 13.35 23.237 0 2
Mel0 200 2 7.9 21.293 0 7
Mell 200 2 1.68 19.935 0 9
Table A1.23. Operating conditions of methanol adsorption
D915 V(Methanol) Area Methanol Methanol C/CO
(9) (mL) (AU) (mol/L) (mg/L)
0 50 12029 2.248926 72055.58 1
0.5 50 7976 1.491182 47777.48 0.6630643
1 50 5753 1.075573 34461.36 0.4782609
1.5 50 5615 1.049773 33634.72 0.4667886
2 50 5508 1.029768 32993.78 0.4578934
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Table Al1.24. Operating conditions of effect of flow rate on methanol adsorption

Exp Sample Gas Flow rate Water flow Ozone Conc. D915 pH
No (mL) (mL/min) (mL/min) | Inlet (g/m*)NTP (9)
Mel2 500 400 5 60 6 7
Mel3 500 400 10 60 6 7
Mel4 500 400 15 60 6 7
Table A1.25. Operating conditions of effect of 0zone gas concentration on methanol adsorption
Exp Sample Gas Flow rate Water flow Ozone Conc. D915 pH
No (mL) (mL/min) (mL/min) Inlet (g/m*)NTP 9)
Mel5 500 400 10 30 6 7
Mel6 500 400 10 60 6 7
Mel7 500 400 10 80 6 7
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Appendix A2: Results

A2.1. Mass transfer

A2.1.1. Oxygen absorption
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Figure A2.1. Oxygen absorption at 100mL/min
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Figure A2.2. Oxygen absorption at 200mL/min
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Figure A2.3. Oxygen absorption at 300mL/min
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Figure A2.4. Oxygen absorption at 400mL/min
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Figure A2.5. Oxygen absorption at 500mL/min
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Figure A2.6. Oxygen absorption at 600mL/min
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Figure A2.7. Oxygen absorption at 700mL/min
A2.1.2. Ozone absorption
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Figure A2.8. Ozone absorption at 20g/m?
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Figure A2.9. Ozone absorption at 40g/m?
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Figure A2.10. Ozone absorption at 60g/m®
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Figure A2.11. Ozone absorption at 80g/m®
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A2.2. Degradation of Dye RO16

A2.2.1. Ozone bubbling in RO16
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Figure A2.12. Dye decolourisation with 20g/m?
of ozone at different initial dye concentrations

Figure A2.13. Dye decolourisation with 40g/m®
of ozone at different initial dye concentrations
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Figure A2.14. Dye decolourisation with 60g/m®
of ozone at different initial dye concentrations

Figure A2.15. Dye decolourisation with 80g/m®
of ozone at different initial dye concentrations
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Figure A2.16. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 2
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Co3(20g/m*) & RO16(100mg/L) Cos(20g/m®) & RO16(100mg/L)
Time(sec) Time(sec)
0 T T T . 0 T T T 1
00 400 600 800 ( 100 200 300 400
< -0.002 - o -0.002 -
< y = -1E-05x = y = -3E-05x
o _ < 2
'E! -0.004 R%=0.9934 S, -0.004 - R =0.9984
& -0.006 - =)
e 1o -0.006 -
o -0.008 - 2
- ©, -0.008 -
001 4| = [BI"0-5[B] 0705 ® [B]*0.5-[B]0%0.5
withou t-butanol 001 with t-butanol
-0.012 - '
Figure A2.17. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 2
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Figure A2.18. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 2
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Figure A2.19. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 2
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Figure A2.20. [B]™0.5-[B]_070.5 versus time (without and with t-butanol) at pH 7
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Figure A2.21. [B]"0.5-[B]_0"0.5 versus time (without and with t-butanol) at pH 7
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Figure A2.22. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 7

201



Appendices:

N. M. M. Grima 2009

School of Engineering Design & Technology, University of Bradford, UK

Cos(80g/m®) & RO16(100mg/L) Co3(80g/m*) & RO16(100mg/L)
0 Time(sec) 0 T Tlmel(sec) T T |
' ' ' : -0.001 4 0 60 80 100
0 100 200 300 400
@ -0.002 A -0.002 -
n
| 10,004 y = -3E-05x o -0.003 + y = -0.0001x
g - R? = 0.9992 ©, 0004 1 R? = 0.9901
o -0.006 1 @, -0.005 -
S 2 -0.006
£, 0,008 - S5 0007 -
~ -0.008
0011 —=—[B]"0.5-[B]0%0.5 0009 4 [ ® [BI05B10%05
without t-butanol ' ith t-
0,012 - 001 - with t-butanol
Figure A2.23. [B]™0.5-[B]_070.5 versus time (without and with t-butanol) at pH 7
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Figure A2.24. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 11
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Figure A2.25. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 11
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Figure A2.26. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 11
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Figure A2.27. [B]"0.5-[B]_070.5 versus time (without and with t-butanol) at pH 11

A2.2.2. Heterogeneous competitive kinetics

Cos (20g/m°)

RO16(100mg/L):indigo(100mg/L) 05
(50:50)% 0
127 -05 1
Lo
1A —— RO16(mg/L) S 4]
= 08 - Indigo(mg/L) 'EO'
g = -15 o
= 0.6 ok
] S o
) 0.4 1 E
0.2 - 25 1
0 T T T T T T T -3 1
0 1 2 3 4 5 6 7 8 35 4
Time(min)

Time(sec)

50 100

y = -7E-05x
R? =0.3504

y =-0.0326x
R?=0.9915

¢ [B]"0.5-[B]0"0.5 (RO16)
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Figure A2.28. Dye decolourization at ozone conc. 20g/m® using competitive method
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Figure A2.29. Dye decolourization at ozone conc. 15g/m® using competitive method
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Figure A2.30. Dye decolourization at ozone conc. 10g/m® using competitive method
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Figure A2.31. Full spectrum of (RO16 + indigo) after ozonation by using competitive method

A2.3. Degradation of Triclocarban (TCC)

A2.3.1. Spectrum of (70%acetonitrile: 30% water) and spectrum of TCC
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Figure A2.32. Full spectrum of TCC

A2.3.2. Oxygen bubbling in solution (70%ACN: 30%H,0)

CO, with (70% ACN: 30% H,0) at pH 7 Time (min)
60 —_ f 0 T T T T 1
<
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) o -1
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10 1 4 3
2 3
0 T T T T ] % -3.5 4
0 5 10 15 20 s |5  4d  emn(CAL-CAL®I(CALO-CALY)
time(min)
Figure A2.33. Oxygen bubbling in solution of (70%acetonitrile: 30% water)
A2.3.3. Ozone bubbling in solution (70%ACN: 30%H,0)
CO; with (70% ACN:30% H,0) at pH 7 CO3(20g/m°)
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Figure A2.34. Ozone bubbling in solution of (70%acetonitrile: 30% water)
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A2.3.4.0zone bubbling in TCC solution (liquid phase)
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Figure A2.35. Effect of temperature on TCC degradation (liquid phase)
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Figure A2.36. Effect of temperature on TCC degradation (liquid phase)
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Figure A2.37. Effect of temperature on TCC degradation (liquid phase)
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A2.3.5.0zone bubbling in TCC solution (gas phase)
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Figure A2.38. Effect of temperature on TCC degradation (gas phase)
o5 - CO3 (20g/m?), without t-butanol CO; (20g/m”*) with t-butanol
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Figure A2.39. Effect of temperature on TCC degradation (gas phase)
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Figure A2.40. Effect of temperature on TCC degradation (gas phase)
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Peak areas of Calibration curve of Triclocarban (TCC)
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100mg/L of TCC after ozonation 09-Jun-200815:18:55
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100mg/L of TCC after ozonation
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100mg/L of TCC after ozonation 09-Jun-200817:10:55
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100mg/L of TCC after ozonation
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100mg/L of TCC after ozonation
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Peak Areas of TCC Degradation by (20a/m® of 0zone) with t-butanol at pH 5
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100mg/L of TCC after ozonation
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Peak Areas of TCC Degrad

ation by (200/m® of ozone) without t-butanol at pH 7
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100mg/L of TCC after ozonation
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100mg/L of TCC after ozonation
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<

2.0e-2

O G T T T 1 T 1 T 1 1 1 T T 1 1 1 1 T 1 1 T T 1 1 1 1 1 1 1 1 Tlme

.2.50 300 350 400 450 500 550 6.00 650 700 750 800 850 9.00 950

Peak Areas of TCC Degradation by (20a/m® of 0zone) with t-butanol at pH 7

100mg/L of TCC before ozonation

100608x(mo)-pH7-with-t-but-befor-0zo- Sm (Mn, 1x1) Diode Array
484 265
E 144548 Range: 1.009
4 Area
8.0e-1
6.0e-1
o)
2 E
4.0e-1
2.0e-1
0.0 P T T T T T T T T T T e T e e Time

25 300 350 400 450 500 550 6.00 650 700 750 800 850 9.00 950

100mg/L of TCC after ozonation

100608x2 Sm (Mn, 1x1) Diode Array

4.87 _ 265

E 34085 Range: 2.544e-1

E Area
2.0e-1
1.5e-1

o)

3 E
1.0e-1
5.0e-2

0.0 e T R T T T T T T T T T e e e Time

250 3.00 350 400 450 500 550 6.00 650 700 750 800 850 9.00 950
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100mg/L of TCC after ozonation

100608x3 Sm (Mn, 1x1) Diode Array
487 _ 265
32824 Range: 2.451e-1
E Area
1.5e-1
o) E
<
1.0e-1
5.0e-2
0.0 e e T T T e T T T T T e e e Time
250 3.00 350 400 450 500 550 6.00 650 700 750 800 850 9.00 9.50
100mg/L of TCC after ozonation
100608x4 Sm (Mn, 1x1) Diode Array
487 265
26852 Range: 2.0e-1
3 Area
1.5e-1
2 1.0e1]
5.0e-2
OG 1 T T 1 T 1 T T T T T T 1 1 1 1 1 1 1 1 T T 1 1 1 1 1 1 1 Tlme
250 300 350 400 450 500 550 600 650 7.00 750 800 850 9.00 950
100mg/L of TCC after ozonation
100608x5 Sm (Mn, 1x1) Diode Array
489 265
E 25449 Range: 1.877e-1
Area
1.5e-1
) 1.0e-1
<
5.0e-2
00 1 T T 1 T 1 1 1 1 T 1 1 1 1 1 1 1 1 T T 1 1 1 1 1 1 1 Tlme
250 3.00 350 400 450 500 550 6.00 650 700 750 800 850 9.00 950
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100mg/L of TCC after ozonation

100608x6 Sm (Mn, 1x1) Diode Array

489 265

E 23871 Range: 1.759e-1

E Area
1.5e-1-
1.25e-14
1.0e-1-

)

2 3
7.5e-24
5.0e-24
2.5e-24

0.0 Fr e e T T T T T T T T T T T T T T T T T T e e e e e e Time

250 3.00 350 400 450 500 550 6.00 6.50 700 750 800 850 9.00 9.50

A2.4. Degradation of Naphthalene

A2.4.1. Spectrum of naphthalene and spectrum of 50%methanol: 50% water

Spectrum of 50% Methanol: 50% H,0 4 A spectrum of Naphthalen in
1 50% Methanol: 50% H,O
p 3.5 A
0.8 1 - 3 1
L (8]
Q L 2 c 25 7
& 06 1 —— max- abs g , —¢— max-abs
S L 2
2 04 - l 2 15
< 14
0.2 1 05 -
0+ 04
150 250 350 450 195 270 345 420 495
Wawelength (nm) Wawelength (nm)

Figure A2.41. Full spectrum of naphthalene

A2.4.2. Ozone bubbling in naphthalene solution (liquid phase)

Time (min) CO; (40g/m?), pH2
0 T I 1.2
o L 8 10 L
g -2 0.8 4
— 3 1 5 i CICO
m 3 g 01 & o
=, N
f 0.4 o
= 51 0.2 S
2 <Q
-6 1 0 T T Q_O—\
7 0 2 4 6 8 10
8 - @ [B]*0.5-[B]_00.5 non t-butanol Time (min)

Figure A2.42. Ozone bubbling in naphthalene solution (liquid phase) at pH 2
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Time (min) CO; (40g/m®), pH7
0 : , : . 1.2
L) 10 15 20 1
; 0.8
_4 B = - 5
5 y : 0.6499x 8 0.6 <@ &CICOo
o R?=0.9702
5 6 0.4 <>
g
& N 0.2
. 0 T T 0—0—\
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1 & [B]"0.5-[B]_070.5 non t-butanol Time (min)

Figure A2.43. Ozone bubbling in naphthalene solution (liquid phase) at pH 7

B2 Microsoft Excel - homo-pH7 (non t-butanol).xls
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Figure A2. 44. Work sheet of stoichiometric calculation
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CO; (40g/m®), pH 9
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Figure A2.45. Ozone bubbling in naphthalene solution (liquid phase) at pH 9

A2.4.3. Ozone bubbling in naphthalene solution (gas phase)

5 COs (40g/m?®), pH 2 COj3 (40g/m*), pH 7non t-butanol
- 50 -
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Figure A2.46. Ozone bubbling in naphthalene solution (gas phase) at pH2 and 7
CO; (40g/m®), pH, with t-butanol 6 COs (40g/m°), pH9
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Figure A2.47. Ozone bubbling in naphthalene solution (gas phase) at pH 9
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Peak Areas of Calibration Curve of Naphthalene

100 mg/L 16-Jun-200817:56:19
160608C1 Sm (Mn, 1x1) Diode Array
4.67 269
1 55844 Range: 4.316e-1
Area
3.0e-14
. E
< 2.0e-17
1.0e-14
0-0““““\““ T T Trr T T e T e T e T T “\““““\““““Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
75 mg/L 16-Jun-200818:12:24
160608C2 Sm (Mn, 1x1) Diode Array
4.67 269
3.0e-1] 40007 Range: 3.174e-1
3 Area
2.5e-14
2.0e-14
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1.0e-14
5.0e-24
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50 mg/L 16-Jun-200818:28:29
160608C3 Sm (Mn, 1x1) Diode Array
4.67 269
1 26515 Range: 2.091e-1
Area
1.5e-1
o)
< 1.0e-14
5.0e-24
0-0““““\““““\““““\““““\““““\““““\“ T T H\H“H‘Time
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
25 mg/L 16-Jun-200818:44:33
160608C4 Sm (Mn, 1x1) Diode Array
1.0e-1+ 468 269
Ve 12831 Range: 1.011e-1
B Area
8.0e-2
6.0e-2-
2 E
<
4.0e-24
2.0e-24
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10 mg/L 16-Jun-200819:00:38
160608C5 Sm (Mn, 1x1) Diode Array
4.68 269
4.0e-2] 5345 Range: 4.26e-2
Area
3.0e-2
o]
< 2.0e-2
1.0e-24
0.0 A N S L I L L B R ““Time
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Img/L
160608C6 Sm (Mn, 1x1) Diode Array
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O L R  E ) R A A N s A M A R A L S LA s s M e a1
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Peak Areas of naphthalene Degradation by ozone (without t-butanol) at pH 7

100mg/L beforeozonation 17-Jun-200814:23:45
170608 P(MO) Sm (Mn, 1x1) Diode Array
4.68 269
E 14683 Range: 1.148e-1
1.0e-14 Area
8.0e-27
O 6.0e-24
< 4
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2.0e-25
0.0 T T T T T T T T T , Time
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
100mg/L after 0zonation 17-Jun-200814:39:51
170608P1 Sm (Mn, 1x1) Diode Array
4.68 269
B 11938 Range: 9.395e-2
A
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5 E
<
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100mg/L after ozonation 17-Jun-200814:55:56
170608P2 Sm (Mn, 1x1) Diode Array
4.67
7.0e-24 9573 Range: 7.409e-2
E Area
6.0e-24
5.0e-24
5  4.0e-24
< E|
3.0e-24
2.0e-24
1.0e-24
0.0 T T T T T T T e e T T T e e e Time
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
100mg/L after ozonation 17-Jun-200815:12:01
170608P3 Sm (Mn, 1x1) Diode Array
4.67 269
4.0e-2] 5293 Range: 4.164e-2
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3.0e-21
o)
< 2.0e-2
1.0e-2
0.0- T T T T T T T e e e T e e Time
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Peak Areas of naphthalene Degradation by ozone (with t-butanol) at pH 7

100mg/L before 0zonation 17-Jun-200817:20:39
170608d(mo) Sm (Mn, 1x1) Diode Array
4.67 269
11610 Range: 8.951e-2
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6.0e-2-
2 E
4.0e-2
2.0e-24
0.0 T T T T T T T T 1 Time
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100mg/L after 0zonation 17-Jun-200817:36:43
170608d1 Sm (Mn, 1x1) Diode Array
4.67 Range: 7.517e-2
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<
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0.0-r———rrr—rrrrr—r—rrrr e T e e T T e e Time
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226



Appendices:

N. M. M. Grima 2009

School of Engineering Design & Technology, University of Bradford, UK

100mg/L after 0zonation

17-Jun-200817:52:47

170608d2 Sm (Mn, 1x1) Diode Array
4.67 269
E 6222 Range: 4.863e-2
Area
4.0e-2
3.0e-24
=) 4
<
2.0e-24
1.0e-2
0.0 T T T T T T e T T T T e e e e Time
2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
100mg/L after 0zonation 17-Jun-200818:08:52
170608d3 Sm (Mn, 1x1) Diode Array
~ 4.67 Range: 1.207e-2
1545 Area
1.0e-24
8.0e-33
2 6.0e-3]
4.0e-3
2.0e-33
0.0 T T T T T T T T 1 Time
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A2.4.4. Naphthalene solution loading on zeolite D915 without ozone

Peak Areas of Naphthalene loading on Zeolite D915 without (ozone and t-butanol) at pH7

100mg/L of Naph- after D915

20-Jun-200813:30:42

190608 si(3) Sm (Mn, 1x1) Diode Array
4.93 269
8.0e-2] 11767 Range: 8.586e-2
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6.0e-24
=)
< 4.0e-2]
2.0e-24
0.0 T T T T T T T , Time
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100mg/L of Naph- after D915 20-Jun-200813:52:42
190608 si(5) Sm (Mn, 1x1) Diode Array
4.92 269
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1.0e-14
8.0e-24
5 E
< 6.0e-2]
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0.0 T T T T T T T T , Time
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100mg/L of Naph- after D915 20-Jun-200814:47:44
190608 si(10) Sm (Mn, 1x1) Diode Array
4.87 269
E 24482 Range: 1.792e-1
3 Area
1.5e-14
1.25e-1
1.0e-14
=)
3 E
7.5e-24
5.0e-24
2.5e-24
0.0 T T T T T T T T , Time
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Peak Areas of Naphthalene loading on Zeolite D915 with t-butanol and without ozone at
pH7

100mg/L of Naph- before D915 20-Jun-200815:09:14
190608si(mo)+t-but-non-O3 PH 7 Sm (Mn, 1x1) Diode Array
4.80 269
3.0e-14 43333 Range: 3.187e-1
3 Area
2.5e-15
2.0e-14
S E
< 1.5e-19
1.0e-14
5.0e-24
0.0 T T T T T T T T 1 Time
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100mg/L of Naph- after D915 20-Jun-200815:42:14
190608 si+t(3) Sm (Mn, 1x1) Diode Array
4.70 269
E 23365 Range: 1.776e-1
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1.5e-14
1.25e-1
1.0e-1+
o]
2 E
7.5e-25
5.0e-24
2.5e-24
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100mg/L of Naph- after D915 20-Jun-200816:15:14
190608 si+t(6) Sm (Mn, 1x1) Diode Array
4.72
E 24963 Range: 1.852e-1
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o5 1.0e-14
< 4
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100mg/L of Naph- after D915

20-Jun-200816:26:14

190608 si+t(7) Sm (Mn, 1x1) Diode Array

4.70 269

E 28666 Range: 2.119e-1

Area
1.5e-1
1.0e-1
5.0e-24

0.0+——r—————— — ———— — Time

2.50 3.00 3.50 4.00 450 5.00 5.50 6.50 7.00

A2.4.5. Naphthalene solution loading on zeolite D915 with ozone

Peak Areas of Naphthalene loading on Zeolite D915 with ozone and without t-butanol at

pH7

100mg/L of Naph- after D915

2
<

2

20-Jun-200818:27:46

190608 si+03(mo)-non-t-but-ph7 Sm (Mn, 1x1) Diode Array

472 269

1.75e-24 2448 Range: 1.818e-2

E Area
1.5e-2
1.25e-2
1.0e-24
7.5e-33
5.0e-34
2.5e-37

0.0 T T T e e T —= Time

2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.50 7.00

100mg/L of Naph- after D915 20-Jun-200819:44:46

190608 n7 Sm (Mn, 1x1) Diode Array

2.0e-2+ 4.72 269

-Oe- 2778 Range: 2.011e-2

E Area
1.5e-2
1.0e-2-
5.0e-34

2.0 = - T — Time

2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.50 7.00

229



Appendices:

N. M. M. Grima 2009

School of Engineering Design & Technology, University of Bradford, UK

100mg/L of Naph- after D915

20-Jun-200819:55:46

190608 n8 Sm (Mn, 1x1) Diode Array

4.74 269

E 3163 Range: 2.272e-2

2.0e-24 Area
1.5e-2
2 E
1.0e-2
5.0e-34

0.0 T T T T T T T T | Time

2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Peak Areas of Naphthalene loading on Zeolite D915 with ozone and t-butanol at pH 7

100mg/L of Naph- before D915

20-Jun-200820:17:46

190608si+03+t-bu(mo)pH7 Sm (Mn, 1x1) Diode Array
4.72 269
1.0e-1+ 14053 Range: 1.011e-1
E Area
8.0e-24
6.0e-29
o)
2 E
4.0e-2
2.0e-24
0.0 T T T T T T T T ; Time
2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
100mg/L of Naph- after D915 20-Jun-200820:28:46
190608SI1+03+T-BUT(A) Sm (Mn, 1x1) Diode Array
4.74 269
6.0e-24 8801 Range: 6.322e-2
E Area
5.0e-23
4.0e-24
S E
< 3.0e-2
2.0e-25
1.0e-2
0.0 L o L B T T — Time
2.50 3.00 3.50 4.00 450 5.00 5.50 6.00 6.50 7.00
100mg/L of Naph- after D915 20-Jun-200821:12:45
190608SI1+03+T-BUT(E) Sm (Mn, 1x1) Diode Array
4.72
10943 Range: 7.905e-2
1 Area
6.0e-2-
2 40e2]
2.0e-24
0.0 T T T T T T T , Time
2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
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100mg/L of Naph- after D915

20-Jun-200821:34:46

190608SI1+03+T-BUT(G) Sm (Mn, 1x1) Diode Array
4.72 269
12505 Range: 8.973e-2
8.0e-24 Area
6.0e-24
: ]
< 4.0e-2
2.0e-24
0.0 T T T T T T T T 1 Time
2.50 3.00 3.50 4.00 4,50 5.00 5.50 6.00 6.50 7.00
A2.5. Degradation of Methanol
A25.1. Liquid / Gas -Ozone (LGO) System
3 _
.. 251
o) 4
< o
3
S 154 —e— abs-max
o)
j.
2 14
o)
<
0.5 -
0 T T T T
190 200 210 220 230 240
Wawelength (nm)
Figure A2.48. Full spectrum of methanol
A2.5.1.1. Effect of ozone concentration
CO3(10g/m*), pH5 3
12 3(10g/m°), p 12 CO5(30g/m"), pH 5
1 1
0.8 0.8
§ 06 O methanol (\)o 06
o o O methanol
04 Q 044 Q
0.2 O O 02
0 T T T T I 0 O O O O
0 20 40 60 80 0 5 10 15 20
Time (min) Time( min)

Figure A2.49. Ozone bubbling in methanol solution (liquid phase) at pH 5
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CO4(60g/m®), pH5 CO;(80g/m®), pH5
1.2 1.2
1 1
0.8 0.8
o O methanol
§ 06 O methanol 8 06
O
04 0.4
02] &
O O O O O T Oq)ol O T T |O 1
0 2 4 6 8 10! 0 2 4 6 8 10 12
Time (min) Time (min)
Figure A2.50. Ozone bubbling in methanol solution (liquid phase) at pH 5
CO5(10g/m°)NTP CO; (30g/m*)NTP
12 —— CO3(g/m3)NTP —— CO3 (g/m3)NTP

COs (g/m?)

0 1 1 1 1 1
O v T T T 1
0 5 10 15 20 0 5 10 15 20 25
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Figure A2.51. Ozone bubbling in methanol solution (gas phase) at pH 5

COs (60g/m*)NTP
70 —e— CO3 (g/m3)NTP
60
& 50 1
%3 40 -
§ 30
20
10
0 .
0 5 10 15 20
Time (min)

Figure A2.52. Ozone bubbling in methanol solution (gas phase) at pH 5
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A2.5.1.2. Effect of t-butanol
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Figure A2.53. Effect of t-butanol on methanol solution at pH (2&5)
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Figure A2.54. Effect of t-butanol on methanol solution at pH 9

A2.5.1.3. Effect of pH
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Figure A2.55. Effect of pH on methanol solution
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Figure A2.56. Effect of pH on methanol solution

A2.5.2. Liquid/Solid-Ozone (LSO) System

by UV/Vis by HPLC
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Figure A2.57. Methanol adsorption on D915
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Figure A2.58. Effect of ozone concentration on methanol adsorption on D915

234




Appendices: N. M. M. Grima 2009
School of Engineering Design & Technology, University of Bradford, UK
3
124 12 - o
1 Q 14 G 00
QO 0 <
038 1 R BN
S 06 - S 06 4
@) Q O methanol 5 0 Ocmgh
04 O 041
0.2 1 0.2
0 T T T T T i 0 T T T 1
0 2 4 6 8 10 12 0 10 20 30 40
Time( min) Time (min)
Figure A2.59. Effect of ozone concentration on methanol adsorption on D915
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Figure A2.60. Effect of pH on methanol adsorption on D915 with ozone
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Appendix A3: EXPERIMANTAL MATREIAL AND
TECHNICAL METHOD

OZONE ANALYZER BMT 963 we

Figure : ioﬁe generator Figure 3: Ozone analyser

Figure: Data oftware and type of cells
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Figure 7: pH meter Figure 8: Conductivity meter
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Figure 13: Silica gel Figure 14: Zeolite D915
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Figure 17: Dye (RO16) during ozonation processe
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Figure 18: RO16 after ozonation process Figure 19: Types of gas diffuser

A.3.1. Steps of Indigo Experiment

Figure 1: Indigo during ozonation process
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Figure 2: Indigo after ozonation process

A.3.2. Steps of Water Ozonation Experiment with Silica Gel

Figure 1: Water ozonation experiment using silica gel
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Figure 2: Water ozonation experiment with silica gel

A.3.3. Steps of dye (RO16) Ozonation Experiment with Silica Gel

Figure 1: Dye ozonation experiment with silica gel
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Figure 3: Dye ozonation experiment with silica gel
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