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Preface

Today ozone is considered an alternative oxidant-disinfectant agent with multiple
possible applications in water, air pollution, medicine, etc. In water treatment, in
particular, ozone has the ability to disinfect, oxidize, or to be used in combination
with other technologies and reagents. Much of the information about these general
aspects of ozone has been reported in excellent works, such as Langlais et al. (1991).1

There is another aspect, however, that the literature has not dealt with sufficiently —
the ozonation kinetics of compounds in water, especially those organic compounds
usually considered water pollutants. In contrast, many works published in scientific
journals, such as Ozone Science and Engineering, Water Research, Industrial and
Engineering Chemistry Research, and the like, present simple examples of the mul-
tiple possibilities of ozone in water and the kinetics of wastewater treatment. I
thought that this wide variety of ozone kinetic information should be published in
a unique book that examined the many aspects of this subject and provided a general
overview that would facilitate a better understanding of the fundamentals.

For more than 20 years I have worked on the use of ozone to oxidize organic
compounds, both in organic and, especially, aqueous media. The results of my
research have generated more than 100 papers in scientific journals and several
doctoral theses on the ozonation of dyes, phenols, herbicides, polynuclear aromatic
hydrocarbons, and wastewater. For many years I have lectured on ozonation kinetics
in graduate courses at the University of Extremadura (Badajoz, Spain). As a result
of this accumulated experience, I can confirm that the numerous possible applications
of ozone in water and wastewater treatment make the study of ozonation kinetics a
challenging subject in which theory and practice can be examined simultaneously.
The work presented here is a compilation of my years of study in this field. 

This book is intended for both undergraduate, graduate, and postgraduate stu-
dents, and for teachers and professionals involved with water and wastewater treat-
ment. Students who want to become involved with ozone applications in water must
be familiar with the many aspects of the subject covered here, including absorption
or solubility of ozone, stability or decomposition, reactivity, kinetic regime of absorp-
tion, ozonation kinetics, and reactor modeling. Practicing professionals in ozone
water treatment, that is, professionals in the ozonation processing field, can augment
their fund of knowledge with the advanced information in this book. Finally, this
book can also be used as a teaching tool for verifying the fundamentals of chemistry,
reaction mechanisms, and, particularly, chemical engineering kinetics and hetero-
geneous kinetics by examining the results of the ozonation of organic compounds
in water. 

The subjects that affect ozone kinetics in water are detailed in 11 chapters.
Chapter 1 presents a short history of naturally occurring ozone and explains the
electronic structure of the ozone molecule, which is responsible for ozone reactivity.



Chapter 2 reviews the chemistry of ozone reactions in water by studying direct and
indirect or free radical reaction types. Chapter 3 focuses on the kinetics of direct
ozone reactions and explains that these studies can be developed through experi-
mental homogeneous and heterogeneous ozone reactions. Chapters 4 and 5 continue
with studies on direct ozone reaction kinetics, but they deal exclusively with hetero-
geneous gas–liquid reaction kinetics, which represents the way ozone is applied in
water and wastewater treatment — that is, in gas form. Chapter 4 presents the
fundamentals of the kinetics of these reactions and includes detailed explanations
of the kinetic equations of gas–liquid reactions, which are later applied to ozone
direct reaction kinetic studies in Chapter 5. Chapter 5 discusses examples of kinetic
works on ozone gas–water reactions, starting with the fundamental tools to accom-
plish this task: the properties of ozone in water, such as solubility and diffusivity.
The ozone kinetic studies are presented according to the kinetic regimes of ozone
absorption that, once established, allow the rate constant and mass transfer coeffi-
cients to be determined. Chapter 6 focuses on wastewater ozonation reactions,
including classification of wastewater according to its reactivity with ozone, char-
acterizing parameters, the importance of pH, and the influence of ozonation on
biological processes. Chapter 6 also addresses the kinetics of wastewater ozone
reactions and provides insight into experimental studies in this field.

Chapters 7 through 9 examine the kinetics of indirect ozone reactions that can
also be considered advanced oxidation reactions involving ozone: ozone alone and
ozone combined with hydrogen peroxide and UV radiation. Chapter 7 discusses
indirect reactions that result from the decomposition of ozone (without the addition
of hydrogen peroxide or UV radiation). Chapter 7 begins with a study of the relative
importance of ozone direct and decomposition reactions whose results are funda-
mental to establishing the overall kinetics of any ozone–compound B reaction.
Chapter 7 also explores methods to determine the rate constant of the reactions
between the hydroxyl free radical and any compound B, and the characteristic
relationships of natural water to ozone reactivity. Chapter 8 explains the kinetic
study of ozone–hydrogen peroxide processes, including those aspects related to the
rate constant determination, kinetic regimes, and competition with direct ozone
reactions. Chapter 9 focuses on the UV radiation/ozone processes: the direct photo-
lytic and UV radiation/hydrogen peroxide processes. The latter process is also
important because it is present when ozone and UV radiation are simultaneously
applied. Chapter 9 includes methods to determine quantum yields, rate constants of
hydroxyl radical reactions, and multiple aspects of the relative importance of dif-
ferent reactions; ozone direct reactions, ozone–peroxide reactions, and ozone direct
photolysis, among other subjects.

Chapter 10 discusses the state of the art of heterogeneous catalytic ozonation.
Although this field dates from the 1970s, the past decade has witnessed a considerable
increase in work on heterogeneous catalytic ozonation. Chapter 10 details the fun-
damentals of the kinetics of these gas–liquid–solid catalytic reactions, followed by
applications to the catalytic ozonation of compounds in water. An extensive, anno-
tated list of published studies on this ozone action is provided in table format. Chapter
11 presents the kinetic modeling of ozone reactions, beginning with a detailed
classification of possible ozone kinetic modeling based on the different kinetic



regimes of ozone absorption. Mathematical models are presented together with the
ways in which they can be solved, together with examples from the literature on
ozone. The focus is on studies of ozone reactions on model compounds, which are
more related to drinking water treatment and wastewater ozonation. The appendices
provide mathematical tools, concepts on ideal reactors and actinometry, and nonideal
flow studies needed to solve and understand the ozonation kinetic examples previ-
ously developed.
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Nomenclature
a Specific interfacial area in gas–liquid systems, s–1

ac External surface area per unit of catalyst mass, m2g-1

A Absorbance, dimensionless
Acc Accumulation rate term, mols–1, see Equation (5.32)
Alk Alkalinity of any surface water, mgL–1 CaCO3, see Equations (7.31) 

to (7.34)
BOD Biological oxygen demand, mgL–1

C Concentration, M or mgL1

COD Chemical oxygen demand, mgL–1

cosh(x) Hyperbolic cosine of x, dimensionless, see Appendix A2
D Molecular diffusivity, m2s–1, or axial dispersion coefficient, m2s–1

DeA Effective diffusivity, m2s–1, defined in Equation (10.21)
Dam Damkohler number, dimensionless, defined in Equation (A3.18)
DF Depletion factor, dimensionless, defined in Equation (11.22)
DOC Dissolved organic carbon, mgL–1

E Reaction factor, dimensionless, defined in Equation (4.31), energy 
of radiation, J, or residence time distribution function, s–1, defined 
in Equation (A3.2)

Ei Instantaneous reaction factor, dimensionless, defined in Equation 
(4.46), (4.67), or (4.68)

E0 Radiant energy of the lamp, Einstein.cm–1s–1

f Fugacity, defined in Equation (5.15) or (5.16)
F Molar rate, mols–1, or fraction of absorbed radiation, dimensionless, 

defined in Equation (9.12), or F function of a distribution, 
dimensionless, defined in Equation (A3.3)

g Gravity constant, m2s–1

G Gibbs free energy, J, or generation rate term, Ms–1 
h Height of a column, m, or salting-out coefficient of an ionic species, 

M–1, see Equation (5.22)
hG Salting-out coefficient of gas species, M–1, defined in Equation 

(5.23)
hT Parameter defined in Equation (5.23), M–1K–1

H Total height of a column, m
HA Heat of absorption of a gas, Jmol–1

Ha1 Hatta number of a first-order gas–liquid reaction, dimensionless, 
defined in Equation (4.20)



Ha2 Hatta number of a second-order gas–liquid reaction, dimensionless, 
defined in Equation (4.40)

Has Modified Hatta number for series-parallel gas–liquid reactions, 
dimensionless, defined in Equation (4.54)

He Henry constant, PaM–1, see Equation (4.78)
Heap Apparent Henry constant, PaM–1, defined in Equation (5.19)
HeCO Heterogeneous catalytic ozonation
HoCO Homogeneous catalytic ozonation
I Ionic strength, M1, defined in Equation (5.21)
Ia Local rate of absorbance radiation, Einstein L–1s–1

I0 Intensity of incident radiation, Einstein L–1s–1

IC Inorganic carbon, mgL–1

k Chemical reaction rate constant, s–1 or M–1s–1

kc Individual liquid–solid coefficient, ms–1, see Equation (10.16)
kG Gas phase individual mass transfer coefficient, mol.s–1m–2Pa–1

kL Liquid phase individual mass transfer coefficient, ms–1

kLa Liquid phase volumetric mass transfer coefficient, s–1

kv Volatility coefficient, s–1

KS Sechenov constant, M–1, see Equation (5.19)
L Effective path of radiation through a photoreactor, m
M molar rate, mols–1

M1 Maximum physical absorption rate, mols–1m–2, defined in Equation 
(4.22)

M2 Maximum physical diffusion through film layer, mols–1m–2, defined 
in Equation (4.43)

MCL Maximum contaminant level
MOC Mean oxidation number of carbon, dimensionless
MW Molecular weight, gmol–1, see Equation (5.1)
n Molar amount, mol
N Absorption rate or flux of a component, mols–1m–2 
NAV Avogadro’s number, molecules mol–1

ND Dispersion number, dimensionless, defined in Equation (11.60)
NOM Natural organic matter
NPOC Nonpurgeable organic carbon, mgL–1

P Pressure, Pa
Pe Peclet number, dimensionless, defined in Equation (11.60)
POC Purgeable organic carbon, mgL–1

q Density flux of radiation, Einstein m–2s–1

q0 Density flux of radiation at the internal wall of photoreactor, 
Einstein m–2s–1



r Chemical reaction rate, Ms–1

R Gas perfect constant, Pam3K–1mol–1, or catalyst particle radius, m
Rb1 Maximum chemical reaction rate in bulk liquid for a first-order 

reaction, mols–1m–2, defined in Equation (4.24)
Rb2 Maximum chemical reaction rate in bulk liquid for a second-order 

reaction, mols–1m–2, defined in Equation (4.41)
RCT Coefficient defined in Equation (7.61), dimensionless
RF Maximum chemical reaction rate in bulk liquid, mols–1m–2

R0 Internal wall radius of photoreactor, m
s Surface renewal velocity, s–1, see Equation (4.12)
S Entropy, JK–1, defined in Equation (5.7) or surface section of a 

column, m2, or solubility ratio for ozonewater equilibrium, 
dimensionless, see Equation (5.24)

Sc Schmidt number, dimensionless, defined in Equation (5.40)
Sg Internal surface area of a porous catalyst, m2g–1

sinh(x) Hyperbolic sine of x, dimensionless, see Appendix A2
SOC Suspended or particulate organic carbon, mgL–1

SS Suspended solids, mgL–1

t Reaction time, s or min
tD Diffusion time, s, defined in Equation (4.84)
ti Time needed to reach steady-state conditions, s, see Equation (5.81)
tm Mean residence time of a distribution function, s, defined in (A3.4)
tR Reaction time, s, defined in Equation (4.85) or (4.86)
T Temperature, K
tanh(x) Hyperbolic tangent of x, dimensionless, see Appendix A2
ThOD Theoretical oxygen demand, mgL–1

TOC Total organic carbon, mgL–1

U or u Superficial velocity in a column, ms–1

v Flow rate, m3s–1

V Reaction volume, m3

VA Molar volume of diffusing solute, cm3mol–1, see Equation (5.1)
w Parameter defined in Equation (7.22), dimensionless, or catalyst 

concentration, mgL–1

x Depth of liquid penetration from the gas–liquid interface, m, or 
liquid molar fraction, dimensionless

y Gas molar fraction, dimensionless
z Stoichiometric coefficient, dimensionless, or valency of an ionic 

species, dimensionless



GREEK LETTERS

# Degree of dissociation, dimensionless, defined in Equation (3.21), or 
parameter defined in Equation (5.52), dimensionless

$ Liquid holdup, dimensionless, defined in Equation (5.43) or (5.44) or 
Bunsen coefficient for ozonewater equilibrium, see Equation (5.24)

% Parameter defined in Equation (4.63) for surface renewal theory, 
dimensionless,

& Phase film, m, see Equation (4.7)
' Extinction coefficient, base 10, M–1cm–1

'O3 Rate coefficient of wastewater ozonation, Lmg–1s–1, defined in Equation 
(6.7)

'p Catalyst particle porosity, dimensionless
( Dimensionless concentration in a porous catalyst, defined in Equation 

(10.25)
)1 Thiele number for a first-order fluid–solid catalytic reaction, dimensionless, 

defined in Equation (10.26)
)s Association parameter of solvent, dimensionless, see Equation (5.1)
* Quantum yield, mol Einstein–1, defined in Equation (9.14)
+ Activity coefficient, M, see Equation (5.17)
, Global effectiveness factor for a fluid–solid catalytic reaction, 

dimensionless, defined in Equation (10.31)
- Effectiveness factor for a fluidsolid catalytic reaction, dimensionless, 

defined in Equation (10.29)
. Parameter defined in Equation (6.23), (mgm)–1/2

/ Dimensionless distance defined in Equation (11.66) or (A3.17)
0 Attenuation coefficient, cm–1, defined in Equation (9.7)
0L Liquid viscosity, kgm–1s–1, see Equation (5.40)
0s Solvent viscosity, poise, see Equation (5.1)
0i

phase Chemical potential of the i component in a given phase, defined in Equation 
(5.10), Pam3mol–1

1 Fugacity coefficient, dimensionless, see Equation (5.15)
2 Dimensionless reaction time, defined in Equation (11.66)
3L Liquid density, kgm–3

3p Apparent density of a catalyst particle, kgm–3

3b Bulk density of a catalyst bed, kgm–3

4L Surface tension of liquid, kgm3s–1

42 Standard deviation of a distribution function, s2, defined in Equation (A3.5)
42

2 Dimensionless standard deviation of a distribution function, defined in 
Equation (A3.11)

5 Hydraulic residence time, s
5p Catalyst particle tortuosity, dimensionless



SUPERINDEXES

SUBINDEXES

6 Parameter defined in Equation (5.50), dimensionless
7 Dimensionless concentration defined in Equation (11.66)
7(t) Surface renewal distribution function, s–1, defined in Equation (4.11)
8 Oxidation competition coefficient, mgL–1, defined in Equation (7.45) 

g Refers to the gas phase
l Refers to the liquid phase
m Reaction order, dimensionless
n Reaction order, dimensionless
* Refers to gas–liquid equilibrium conditions

A Refers to any compound A
ap Refers to an apparent value of a given parameter
b Refers to bulk phase
B Refers to any compound B
bg Refers to band gap in semiconductor photocatalysis
c, c1, c2 Refers to Equation (7.18) and Reactions (7.16) and (7.17) between 

carbonate species and the hydroxyl radical
cb Refers to conduction band in semiconductor photocalysis
CH,CH1,
CH2

Refers to Equation (7.23) and reactions between hydrogen peroxide 
species and the carbonate ion radical

CM Refers to any reaction between the carbonate ion radical and any 
substance present in water but hydrogen peroxide

D Refers to direct ozone reaction
Dd Refers to the direct reaction between the dissociated form of a given 

compound and ozone, see Equation (8.20) 
Dn Refers to the direct reaction between the nondissociated form of a 

given compound and ozone, see Equation (8.20) 
g Refers to the gas phase
G Refers to a global value of a given parameter or to the gas phase
HCO3t Refers to total bicarbonate
HO Refers to hydroxyl radicals
HOB Refers to the reaction between hydroxyl radicals and a compound B
H2O2t Refers to total hydrogen peroxide
i Refers to any component of water or to gas–liquid interface conditions 

or to reactor inlet conditions
i.S Refers to an adsorbed i species on a catalyst surface



Ii Refers to any compound that initiates the decomposition of ozone in 
water, see Equation (2.70)

L Refers to the liquid phase
Mi Refers to any compound that directly reacts with ozone, see Equation 

(2.70)
o Refers to reactor outlet conditions
O3 Refers to ozone
O3l Refers to ozone in water
O3g Refers to gaseous ozone
P Refers to any products from ozone direct reactions
Pi Refers to any compound that promotes the decomposition of ozone 

in water, see Equation (2.70)
Rad Refers to free radical reactions
rel Refers to a relative value between parameters, see Equation (3.16)
S, s Refers to any scavenger of hydroxyl radicals
Si Refers to any compound that inhibits the decomposition of ozone in 

water, see Equation (2.70)
t Refers to total active centers of a catalyst surface, see Equation (10.11)
T Refers to a tracer compound for nonideal flow studies (see Appendix 

A3) or total conditions
UV Refers to UV radiation
v Refers to free active centers of a catalyst surface
vb Refers to valence band in semiconductor photocatalysis
vgi Refers to any i volatile compound in the gas phase
vi Refers to any i volatile compound dissolved in water
0 Refers to initial conditions or conditions at reactor inlet
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1 Introduction

In the late 1970s, the discovery of trihalomethanes (THM) in drinking water due to
chlorination of natural substances present in the raw water1,2 gave rise to two different
research lines: the identification of the structures of these natural substances (i.e.,
humic substances) and the formation of organochlorine compounds from their chlo-
rination.3,4 The search began for alternative oxidant-disinfectants that could play the
role of chlorine without generating the problem of trihalomethane formation.5,6 This
latter research line led to numerous studies on the use of ozone in drinking water
treatment and the study of the kinetics of ozonation reactions in water. This research
line is still productive. Recent surveys7,8 have shown that organohalogen compounds
formed in the treatment of surface waters with chlorine and other chlorine-derived
oxidant-disinfectants (i.e., chloramines) yield a greater number of disinfection by-
products than ozone. However, chlorine is not the only factor affecting water con-
tamination. Other compounds are often discharged in natural waters or in soils and
then migrate to underground water. The result is contamination of wells, aquifers,
etc. The literature reports underground contamination from compounds such as volatile
aromatics including benzene, toluene, xylenes (BTX); methyltertbutylether (MTBE);
and volatile organochlorinated compounds.9–12 Ozonation or advanced oxidation
processes (AOP) or hydroxyl radical oxidant–based processes, among others, have
proven to be efficient technologies for the removal of these types of pollutants from
water.13–16

The application of ozone is not exclusive to the treatment of drinking water.
Ozone also has numerous applications for the treatment of wastewater. Here, chlorine
is mainly used for disinfection purposes, leading to many problems in the aquatic
environment where treated wastewater is released.17 Thus, organochlorine com-
pounds generated from wastewater chlorination can harm aquatic organisms in
receiving waters. The U.S. Environmental Protection Agency (EPA) has established
a limit of less than 11 0g/L for total residual chlorine in fresh water,18 which is
usually surpassed when chlorinated wastewater is discharged.19 Thus, wastewater
treatment plant operators must often balance two contradictory aspects: the use of
chlorine for wastewater disinfection and the preservation of aquatic life. Thus,
alternative oxidant-disinfectant agents are needed for wastewater treatment. As
shown in Chapter 6, ozone has been used in the treatment of a variety of wastewater.
It should be highlighted, however, that ozone, like other oxidants, also produces by-
products such as bromate (in water containing bromide), which can be harmful.20 The
EPA promulgated the Stage 1 Disinfectants/Disinfection By-Products (D/DBP) Rule
to regulate the MCL of bromate (10 0g/L), chlorite (1 mg/L), THMs (80 0g/L), and
haloacetic acids (10 0g/L).21 This rule took effect on January 1, 2002 but the EPA
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plans to reexamine the bromate MCL in its 6-year review process.22 So, when using
ozone in the treatment of water some care must be taken to eliminate or reduce
DBPs as much as possible.

Contrary to what might be assumed from this history, the use of ozone in the
treatment of drinking water was not new when THMs were discovered in chlorinated
drinking water. In fact, ozone started to be used, mainly as a disinfectant, in the late
19th century in many water treatment plants in Europe.23 The fact that chlorine was
the main oxidant-disinfectant agent was due, among other reasons, to both extensive
studies on its use during World War I for chemical weapons and its low cost.

Today, however, there are numerous water treatment plants, mainly for drinking
water, that include some ozonation step in their treatment lines. In addition, interest in
the kinetics of these processes has been growing because of the dual practical–aca-
demic aspects. Since ozonation of compounds in water is a gas–liquid heterogeneous
reaction, the process is of great academic interest because it is one of the few practical
cases outside the chemical industry in which different chemical reaction engineering
concepts (mass transfer, chemical kinetics, reactor design, etc.) apply.

Data on ozonation and related processes (i.e., advanced oxidation processes) are
also of practical interest for addressing the design of ozone reactors or contact times
to achieve a given reduction in water pollution, improvement of wastewater biode-
gradability during conventional biological oxidation, or increased settling rate in
sedimentation.

Ozone applications in the treatment of water and wastewater can be grouped
into three categories: disinfectants or biocides, classical oxidants to remove organic
pollutants, and pre- or posttreatment agents to aid in other unit operations (coagu-
lation, flocculation, sedimentation, biological oxidation, carbon adsorption, etc.).24–28

1.1 OZONE IN NATURE

In 1785, the odor released from the electric discharges of storms led Van Mauren,
a Dutch chemist, to suspect the presence of a new compound. In 1840, Christian
Schonbein finally discovered ozone although its chemical structure as a triatomic
oxygen molecule was not confirmed until 1872,23 and in 1952 it was established as
a hydride resonance structure.29

Ozone is formed naturally in the upper zones of the atmosphere (about 25 km
above sea level and a few kilometers wide) where it surrounds the Earth and protects
the surface of the planet from UV-B and UV-C radiation. The spontaneous generation
of ozone is due to the combination of bimolecular and atomic oxygen, a reaction
that starts to develop from approximately 70 km high above sea level down to about
20 km from the Earth’s surface where unfavorable conditions are established. In the
atmosphere close to the Earth’s surface, however, ozone is a toxic compound with
a maximum contaminant level of 0.1 ppm for an exposure of at least 8 h.30 From
the positive point of view, the properties of ozone, derived from its reactivity, have
been applied in the treatment of water in medicine, organic chemical synthesis, etc.
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1.2 THE OZONE MOLECULE

Ozone reactivity is due to the structure of the molecule. The ozone molecule consists
of three oxygen atoms. Each oxygen atom has the following electronic configuration
surrounding the nucleus: 1s2 2s2 2px

2 2py
1 2pz

1, i.e., in its valence band it has two
unpaired electrons, each one occupying one 2p orbital. In order to combine three
oxygen atoms and yield the ozone molecule, the central oxygen rearranges in a plane
sp2 hybridation from the 2s and two 2p atomic orbitals of the valence band. With
this rearrangement the three new sp2 hybrid orbitals form an equilateral triangle with
an oxygen nucleus in its center, i.e., with an angle of 120º between the orbitals.
However, in the ozone molecule this angle is 116º 49".29 The other 2p orbital of the
valence band stays perpendicular to the sp2 plane, as Figure 1.1 shows, with two
coupled electrons. Two of the sp2 orbitals from the central oxygen, forming the angle
indicated above, combine with one 2p orbital (each containing one electron) of the
other two adjacent oxygen atoms in the ozone molecule, while the third sp2 orbital
has a couple of nonshared electrons. Finally, the third 2p orbital of each adjacent
atomic oxygen, which has only one electron, combines with the remaining 2p2 orbital
of the central oxygen to yield two 9 molecular orbitals that move throughout the
ozone molecule. As a consequence, the ozone molecule represents a hybrid formed
by the four possible structures shown in Figure 1.2. The length of the bond between

FIGURE 1.1 The molecular structure of ozone.

FIGURE 1.2 Resonance forms of the ozone molecule.
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oxygen atoms in the ozone molecule has been found experimentally to be 1.278 Å,
which is an intermediate value between the length of an oxygen double bond (1.21
Å) and that of a simple oxygen–hydrogen bond in the hydrogen peroxide molecule
(1.47 Å). According to the literature29 the calculated lengths show a 50% likelihood
that the bond between oxygen atoms in the ozone molecule is a double bond.
Therefore, the resonance structures I and II in Figure 1.2 basically represent the
electronic structure of ozone. Nonetheless, resonance forms III and IV also contribute
to some extent to the ozone molecule because the ozone angle is lower than 120º
due to the attraction of positively and negatively charged adjacent oxygen atoms.

The resonance forms of the ozone molecule confer some sort of polarity. Dif-
ferent properties of molecules (solubility, type of reactivity of bonds, etc.) are
partially due to the polarity that is measured with the dipolar momentum. The ozone
molecule presents a weak polarity (0.53 D), probably due to the electronegativity
of oxygen atoms and the unshared pairs of electrons in some of the orbitals that
contribute to the total dipolar momentum in opposing directions.

The high reactivity of ozone can then be attributed to the electronic configuration
of the molecule. Thus, the absence of electrons in one of the terminal oxygen atoms
in some of the resonance structures confirms the electrophilic character of ozone.
Conversely, the excess negative charge present in some other oxygen atom imparts
a nucleophilic character. These properties make ozone an extremely reactive com-
pound. Table 1.1 presents some physico-chemical properties of ozone.

TABLE 1.1
Physico-Chemical Properties of Ozone

Property Value

Melting point, ºC –251
Boiling point, ºC –112
Critical pressure, atm 54.62
Critical temperature, ºC –12.1
Specific gravity 1.658 higher than air

1.71 gcm–3 at –183ºC
Critical density, kgm–3 436
Heat of vaporization, calmol–1 a 2,980
Heat of formation, calmol–1 b 33,880
Free energy of formation, calmol–1 b 38,860
Oxidation potential, Vc 2.07

a At the boiling point temperature. bAt 1 atm and 25ºC. cAt pH = 0.

Source: Perry, R.H. and Green, D.W., Perry’s Chemical Engineers’
Handbook, 7th ed., McGraw-Hill, New York, 1997. With permission.
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2 Reactions of Ozone 
in Water

Due to its electronic configuration, ozone has different reactions in water. These
reactions can be divided into three categories:

• Oxidation–reduction reactions
• Dipolar cycloaddition reactions
• Electrophilic substitution reactions

A possible fourth type of reaction could be some sort of nucleophilic addition,
although this reaction has only been confirmed in nonaqueous systems.1

In some cases, free radicals are formed from these reactions. These free radicals
propagate themselves through mechanisms of elementary steps to yield hydroxyl
radicals. These hydroxyl radicals are extremely reactive with any organic (and some
inorganic) matter present in water.2 For this reason, ozone reactions in water can be
classified as direct and indirect reactions. Direct reactions are the true ozone reac-
tions, that is, the reactions the ozone molecule undergoes with any other type of
chemical species (molecular products, free radicals, etc.). Indirect reactions are those
between the hydroxyl radical, formed from the decomposition of ozone or from
other direct ozone reactions, with compounds present in water. It can be said that a
direct ozone reaction is the initiation step leading to an indirect reaction.

2.1 OXIDATION–REDUCTION REACTIONS

Redox reactions are characterized by the transfer of electrons from one species
(reductor) to another one (oxidant).3 The oxidizing or reducing character of any
chemical species is given by the standard redox potential. Ozone has one of the
highest standard redox potentials,4 lower only than those of the fluorine atom, oxygen
atom, and hydroxyl radical (see Table 2.1). Because of its high standard redox
potential, the ozone molecule has a high capacity to react with numerous compounds
by means of this reaction type. This reactivity is particularly important in the case
of some inorganic species such as Fe2+ or I–. However, in most of these reactions
there is no explicit electron transfer, but rather an oxygen transfer from the ozone
molecule to the other compound. Examples of explicit electron transfer reactions
are few, but the reactions between ozone and the hydroperoxide ion and the super-
oxide ion radical can be classified in this group:6

  (2.1)O HO O HO3 2 3 2: ;<; =: => >
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  (2.2)

In most of the cases, however, one oxygen atom is transferred as, for example, in
the reaction with Fe2+:

  (2.3)

Nonetheless, in all these reactions, some atom of the inorganic species goes to
a higher valence state, that is, it loses electrons, so that these reactions can be
classified theoretically as oxidation–reduction reactions since, in an implicit way,
there is an electron transfer. The reaction of ozone with nitrite is one such example.
The two half-reactions are:

  (2.4)

  (2.5)

The standard redox potential allows us to verify the possibility that ozone reacts
with a given compound through redox reactions. The main electron ion half-reactions
of ozone in water are Reactions (2.5) and (2.6):

  (2.6)

TABLE 2.1
Standard Redox Potential of Some Oxidant Species5

Oxidant Species Eo, Volts Relative Potential of Ozone

Fluorine 3.06 1.48
Hydroxyl radical 2.80 1.35
Atomic oxygen 2.42 1.17
Ozone 2.07 1.00
Hydrogen peroxide 1.77 0.85
Hydroperoxide radical 1.70 0.82
Permanganate 1.67 0.81
Chlorine dioxide 1.50 0.72
Hypochlorous acid 1.49 0.72
Chlorine 1.36 0.66
Bromine 1.09 0.53
Hydrogen peroxide 0.87 0.42
Iodine 0.54 0.26
Oxygen 0.40 0.19

O O O O3 2 3 2: = ;<; =:> >

O Fe FeO O3
2

2 2: ;<; :: :

NO H O e NO H2 2 32 2> > > :: > ;<; :

O H e O H O3 2 22 2: : ;<; :: >

O H O e O OH Eo
3 2 2 2 1 24: : ;<; : ?> > . V
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From these data the importance of pH in ozone redox reactions can be deduced.
Detailed information on the standard redox potential of different substances can be
obtained elsewhere.3,4

2.2 CYCLOADDITION REACTIONS

Addition reactions are those reactions resulting from the combination of two mol-
ecules to yield a third one.7 One of the molecules usually has atoms sharing more
than two electrons (i.e., unsaturated compounds such as olefinic compounds with a
carbon double bond) and the other molecule has an electrophilic character. These
unsaturated compounds present 9 electrons that to a lesser extent keep the carbon
atoms of the double bond bonded. These 9 electrons are readily available to elec-
trophilic compounds. It can also be said that an addition reaction develops between
a base compound (a compound with 9 electrons) and an acid compound (an elec-
trophilic compound). As a general rule, the following scheme corresponds to an
addition reaction:

  (2.7)

In practice, there could be different types of addition reactions such as those
between ozone and any olefinic compound. Such a reaction follows the mechanism
of Criegge8 and constitutes an example of a cycloaddition reaction. The mechanism
of Criegge has three steps, as shown in Figure 2.1. In the first step, a very unstable
five-member ring or primary ozonide is formed.9 This breaks up, in the second step,
to yield a zwitterion. In the third step, this zwitterion reacts in different ways,
depending on the solvent where the reaction develops, on experimental conditions,
and on the nature of the olefinic compound. Thus, in a neutral solvent, it decomposes
to yield another ozonide, a peroxide or ketone, and polymer substances, as shown
in Figure 2.2. When the reaction is in a participating solvent (i.e., a protonic or
nucleophilic solvent) some oxy-hydroperoxide species is generated (Figure 2.3). A
third possibility is the so-called abnormal ozonolysis that could develop both in
participating and nonparticipating solvents. In this way, some ketone, aldehyde, or
carboxylic acids can be formed (Figure 2.4). The cycloaddition reaction, then, leads
to the breakup of both 4 and 9 bonds of the olefinic compound while the basic
addition Reaction (2.7) leads only to the breakup of the 9 bond. Compounds with
different double bonds (C=N or C=O) do not react with ozone through this type of
reaction.10,11 This is not the case with aromatic compounds that could also react with
ozone through 1,3-cycloaddition reactions leading to the breakup of the aromatic
ring. However, in these cases, the cycloaddition reaction is also less probable than
the electrophilic attack of one terminal oxygen of the ozone molecule on any
nucleophilic center of the aromatic compound. The reason for this is the stability of
the aromatic ring that results from the resonance. Note that the cycloaddition reaction
leads to the breakup of the aromatic ring, then to the loss of aromaticity, while the
electrophilic reaction (as discussed later) retains the aromatic ring. 

> ? > : ;<; > > >C C XY XC CY
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FIGURE 2.1 Criegge mechanism.

FIGURE 2.2 Steps in decomposition of primary ozonide in an inert solvent.

FIGURE 2.3 Steps in decomposition of primary ozonide in a participating solvent.
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2.3 ELECTROPHILIC SUBSTITUTION REACTIONS

In these reactions, one electrophilic agent (such as ozone) attacks one nucleophilic
position of the organic molecule (i.e., an aromatic compound), resulting in the
substitution of one part (i.e., atom, functional group, etc.) of the molecule.7 As shown
later, this type of reaction is the base of the ozonation of aromatic compounds such
as phenols. Aromatic compounds are prone to undergo electrophilic substitution
reactions rather than cycloaddition reactions because of the stability of the aromatic
ring. For example, the benzene molecule is strongly stabilized by the resonance
phenomena. The benzene molecule can be represented by different electronic struc-
tures that constitute the benzene hybrid. The difference in stability between individ-
ual structures and the hybrid is the energy of resonance. In the case of benzene, the
individual structure is the cyclohexatriene, and the resonance energy is 36 kcal, that
is, the energy difference between the cyclohexatriene and the benzene hybrid. It can
be said that the greater the resonance energy, the stronger the aromatic properties.
The reactions of aromatic compounds depend on these aromatic properties. Thus,
after electrophilic substitution, the aromatic properties are still valid, and the result-
ing molecules have aromatic stability. This state is lost when cycloaddition takes
place.

In a general way, an aromatic substitution reaction develops in two steps, as
shown in Figure 2.5 for the case of benzene and one electrophilic agent YZ. In the
first step, a carbocation (C6H5

+HY) is formed and, in the second step, a base
compound takes a proton from the nucleophilic position. 

FIGURE 2.4 Examples of abnormal ozonolysis.

FIGURE 2.5 Basic steps of the aromatic electrophilic substitution reaction.
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Another important consideration is the presence of substituting groups in the
aromatic molecule (i.e., phenols, cresols, aromatic amines, etc.). These groups
strongly affect the reactivity of the aromatic ring with electrophilic agents. Thus,
groups such as HO–, NO2

–, Cl–, etc. activate or deactivate the aromatic ring for the
electrophilic substitution reaction. Depending on the nature of the substituting group,
the substitution reaction can take place in different nucleophilic points of the aro-
matic ring. Thus, activating groups promote the substitution of hydrogen atoms from
their ortho and para positions with respect to these groups, while the deactivating
groups facilitate the substitution in the meta position. Table 2.2 shows the effect of
different substituting groups on the electrophilic reaction of the benzene molecule.
In fact, both the resulting products of the electrophilic substitution reaction and the
relative importance of the reaction rate can be predicted after considering the nature
of substituting groups. Theoretically, differences in the rate of substitution reaction
should be due to differences in the slow step of the process, i.e., the formation of
the carbocation: the higher the stability of the carbocation, the faster the electrophilic
substitution reaction rate. The carbocation is a hybrid of different possible structures
where the positive charge is distributed throughout the aromatic ring, although the
ortho and para positions of the substituting group position have the higher nucleo-
philic character. As a consequence, these positions have the highest probability of
undergoing the electrophilic substitution reaction (see Figure 2.6). Factors that affect
the spread of the positive charge are those that stabilize the carbocation or interme-
diate state.

The substituting group can increase or decrease the carbocation stability, depend-
ing on the capacity to release or take electrons. From Figure 2.6, it is evident that
the stabilizing or destabilizing effect is especially important when the substituting
group is bonded to the ortho or para carbon atom in the attacked nucleophilic

TABLE 2.2
Activating and Deactivating Groups of the Aromatic 
Electrophilic Substitution Reaction7

Groups Action on Reaction Importance

–OH–, –O–, –NH2, –NHR, –NR2 Activation Strong
–OR, –NHCOR Activation Intermediate
–C6H5, –Alkyl Activation Weak
–NO2, –NR3

+ Deactivation Strong
–C@N, –CHO, –COOH Deactivation Intermediate
–F, –Cl, –Br, –I Deactivation Weak

FIGURE 2.6 Resonance forms of the hybride carbocation.
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position. Groups such as alkyl radicals or –OH activate the aromatic ring because
they tend to release electrons while groups such as –NO2 deactivate the aromatic
ring because they attract electrons. In the first case, the carbocation is stabilized,
while in the second case it is not. For example, in the case of the ozonation of
phenols, this property is particularly important due to the strong electron donor
character of the hydroxyl group. In addition, the carbocation formed in the case of
phenol is a hybrid formed by the contribution of structures I through III (see Figure
2.6) and also a fourth structure (see Figure 2.7), where the oxygen atom is positively
charged. Structure IV is especially stable since each atom (except the hydrogen
atom) has completed the orbitals (eight electrons). This carbocation is more stable
than that from the electrophilic substitution in the benzene molecule (where there
is no substituting group) or in the meta position of the –OH group in the phenol
molecule (Figure 2.8). In these two cases, structure IV is not possible, so the
ozonation of phenol is faster than that of benzene and occurs mainly at ortho and
para positions of the –OH group. In fact, the literature reports kinetic studies (see
Chapters 3 and 5) of the ozonation of aromatic compounds where the rate constants
of the direct reactions between ozone and phenol, and ozone and benzene, were
found to be 2 A 106 and 3 M –1sec–1, respectively.12–14 It should be noted, however,
that these values correspond to pH 7 and 20˚C. As shown later, the rates of phenol
ozonation are largely influenced by the pH of water because of the dissociating
character of phenols. More information on the stability of carbocations in electro-
philic substitution reactions in different aromatic structures can be obtained from
organic chemistry books.7

In the case of the ozonation of phenol, the mechanism goes through different
electrophilic substitution and cycloaddition reactions, as shown in Figure 2.9.15–17

2.4 NUCLEOPHILIC REACTIONS

According to the resonance structures of the ozone molecule (see Figure 1.2), there
is a negative charge on one of the terminal oxygen atoms. This charge confers, at

FIGURE 2.7 Resonance forms of the carbocation formed during the ozonation of phenol
(attack on the ortho position).

FIGURE 2.8 Resonance forms of the carbocation formed during the ozonation of phenol
(attack on the meta position).
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least theoretically, a nucleophilic character on the ozone molecule. Thus, ozone could
react with molecules containing electrophilic positions. These reactions are of the
nucleophilic addition type, and theoretically molecules with double (and triple)
bonds between atoms of different electronegativity could be involved. In the case
of ozonation, the nucleophilic activity can be seen in the presence of carbonyl or
double and triple carbon nitrogen bonds.1 The following example shows two possible
kinds (nucleophilic and electrophilic) of ozone attack on a ketone. For example,
Figure 2.10 shows the nucleophilic reaction of ozone on Schiff bases with carbon–
nitrogen double bonds. It should be noted, however, that most of the information
related to the mechanism of the ozonation of organic compounds has been obtained
in an organic medium, and that there is little information on this subject when water
is the solvent.

2.5 INDIRECT REACTIONS OF OZONE

These reactions are due to the action of free radical species resulting from the
decomposition of ozone in water. The free radical species are formed in the initiation
or propagation reactions of the mechanisms of advanced oxidation processes involv-
ing ozone and other agents, such as hydrogen peroxide or UV radiation, among
others.18 An advanced oxidation process (AOP) is defined as one producing hydroxyl
radicals that are strong oxidant species.2 In the ozone decomposition mechanisms,

FIGURE 2.9 General mechanism of the ozonation of phenol (AO = abnormal ozonolysis).
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the hydroxyl radical is the main responsible species in the indirect reactions. The
reaction between the hydroxyl radical and compounds (which could be called pol-
lutants) present in water constitute the indirect ozone reactions.

Numerous studies have been developed to clarify the mechanism of decompo-
sition of ozone in water since Weiss proposed the first model in 1934.19 Today, the
mechanism of Staehelin, Hoigné, and Buhler (SHB)20–23 is generally accepted as the
mechanism of ozone in water, although when the pH is high, the mechanism of
Tomiyasu, Fukutomi, and Gordon (TFG) is considered the most representative.24

Tables 2.3 and 2.4 show both mechanisms. 
The reactions of ozone with the hydroxyl and hydroperoxide ions can be con-

sidered the main initiation reactions of the ozone decomposition mechanism in water.
However, other initiation reactions develop when other agents, such as UV radiation
or solid catalysts, are also present. Thus, the direct photolysis of ozone that yields
hydrogen peroxide and then free radicals,26 or the ozone adsorption and decompo-
sition on a catalyst surface to yield active species (in some cases hydroxyl radicals,27

as will be discussed in other chapters) are also examples of initiation reactions. The
reaction of ozone and the superoxide ion radical [Reaction (2.2)] is one of the main
propagating reactions of the ozone decomposition mechanism.

There are other reactions that lead to the decomposition or stabilization of ozone
in water. Thus, substances of different nature can also contribute to the appearance
or inhibition of free radicals. These substances are called initiators, inhibitors, and
promoters of the decomposition of ozone.21 The initiators are those substances, such
as the hydroperoxide ion (the ionic form of hydrogen peroxide) mentioned above,
that directly react with ozone to yield the superoxide ion radical [Reaction (2.1)].
These reactions are initiation reactions. The superoxide ion radical is the key to
propagating free radical species because it rapidly reacts with ozone to yield free

FIGURE 2.10 An ozone nucleophilic substitution reaction. (From Riebel, A.H. et al., Ozo-
nation of carbon-nitrogen bonds. I. Nucleophilic attack of ozone, J. Am. Chem. Soc., 82,
1801–1807, 1960. With permission.)
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radicals, such as the ozonide ion radical [Reaction (2.2)] that eventually leads to the
hydroxyl radical (see Table 2.3 or 2.4). Promoters are those species that, through
their reaction with the hydroxyl radical, propagate the radical chain to yield the key
free radical: the superoxide ion radical. Examples of these substances are methanol,
formic acid, or some humic substances.21 Of particular interest is the role of hydrogen
peroxide in the mechanism of ozone decomposition. In fact, hydrogen peroxide is
the initiating agent of ozone decomposition as proposed by Tomiyasu et al.24 but it
also acts as a promoter of ozone decomposition according to the following reactions:28

TABLE 2.3
Ozone Decomposition Mechanism in Pure Water According to 
Staehelin, Hoigné, and Bühler22,23

 Reaction Rate Constant Reaction No. 

Initiation Reaction

a 70 M–1sec–1 (2.8)

Propagation Reactions

 7.9 A 105 sec–1 25 (2.9)

 5 A 1010 M–1sec–1 25 (2.10)

 1.6 A 109 M–1sec–1 (2.2)

 5.2 A 1010 M–1sec–1 (2.11)

 3.3 A 102 sec–1 (2.12)

 1.1 A 105 sec–1 (2.13)

 2 A 109 M–1sec–1 (2.14)

 2.8 A 104 sec–1 (2.15)

Termination Reactions

 b 5 A 109 M–1sec–1 25 (2.16)

 b 5 A 109 M–1sec–1 25 (2.17)

a Later, Hoigné6 suggested Reaction (2.8) should be Reaction (2.18) of the Tomiyashu
et al. mechanism24 (see Table 2.4) although the rate constant value remained the same
(70 M–1sec–1). This reaction change implies that Reaction (2.1), hydrogen peroxide
equilibrium Reactions (2.22) and (2.23) (see Table 2.4), and reactions between hydro-
gen peroxide and the hydroxyl radical (2.27) and (2.28) are also part of the mecha-
nism. 
b Reaction products, H2O2 and O3, were tentatively proposed. 
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  (2.27)

  (2.28)

However, as shown in Chapter 8, hydrogen peroxide can also act as an indirect
inhibitor of the ozone decomposition, when its concentration is so high the
ozone/hydrogen peroxide reaction becomes mass transfer-controlled.

TABLE 2.4
Ozone Decomposition Mechanism in Pure Water at Alkaline 
Conditions According to Tomiyasu, Fukutomi, and Gordon24

 Reaction Rate Constant Reaction No.

Initiation Reaction

 * 40 M–1sec–1 (2.18)

 2.2 A 106 M–1sec–1 (2.1)

Propagation Reactions

 7.9 A 105 sec–1 25 (2.9)

 5 A 1010 M–1sec–1 25 (2.10)

 1.6 A 109 M–1sec–1 (2.2)

 20–30 M–1sec–1 (2.19)

 6 A 109 M–1sec–1 (2.20)

 3 A 109 M–1sec–1 (2.21)

 5 A 1010 M–1sec–1 25 (2.22)

 0.25 sec–1 25 (2.23)

Termination Reactions

 2.5 A 109 M–1sec–1 (2.24)

 * 4.2 A 108 M–1sec–1 (2.25)

 * No data given (2.26)

* Carbonates were assumed to be present because of alkaline conditions. In fact,
Reactions (2.25) and (2.26) are not true termination reactions since the superoxide
ion radical, O2

–=, would propagate the radical chain. Reaction products O2, CO2,
and O2

–= were tentatively proposed but not confirmed. Reactions (2.27) and (2.28)
(see text) have to be added to this mechanism.
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Finally, inhibitors of the ozone decomposition are those species that while
reacting with the hydroxyl radical terminate the radical chain. In this group, one can
cite tert-butanol, p-chlorobenzoate ion, carbonate, and bicarbonate ions or some
other humic substances.21,27 The inhibitors are also called hydroxyl-free radical
scavengers because their presence limits or inhibits the action of these radicals on
the target contaminants. For example, the presence of carbonates in natural water
reduces the efficiency of ozonation to oxidize refractory contaminants also present in
the water. Because of the importance of these three types of substances, alternative
mechanisms to those of SHB or TFG have been proposed. Thus, it is particularly
significant that due to their usual presence in water the mechanisms of ozone
decomposition in the presence of carbonate species (carbonate and bicarbonate ions),
are called natural inhibitors. However, carbonate ion species cannot be considered
pure inhibitors of ozone decomposition. In this case, some other reactions must be
added to the mechanisms shown in Tables 2.3 and 2.4, especially if hydrogen
peroxide is present in significant concentration. These reactions are shown in Table 2.5.
As Table 2.5 shows, the reactions of hydroxyl radicals with carbonate species yield
the carbonate ion radical. In many cases, this free radical is not inactive. Instead,
the carbonate ion radical is able to regenerate the carbonate ions by reacting with
hydrogen peroxide (see reactions in Table 2.5). Also, the carbonate ion radical can
react with some substances (i.e., phenol) and constitute another type of oxidation.31–33

More information on the rate constant of these reactions can be obtained from other
works.2,31

Another case, extensively studied in the literature because of its health impact,
is the presence of bromide ion in ozonated water.34,35 Ozone readily oxidizes bromide
ion to yield a toxic pollutant, bromate ion. As indicated in Chapter 1, environmental
agencies have established a low MCL for bromate ion in water. The reactions of
bromide–ozone processes are shown in Table 2.6. It can be seen that different reactions
between the species appear in this mechanism. Formation of bromate is highly
dependent on the presence of other substances that consume ozone such as hydrogen
peroxide or ammonia, which react with hypobromous acid to yield bromamines.42,43

Another important aspect often considered in the ozone decomposition mecha-
nism in water is the presence of natural organic matter (NOM). Depending on the
nature of NOM, these substances can act as promoters or inhibitors of the decom-
position of ozone. For this reason, the following reaction is usually included in the
mechanism of ozone decomposition when NOM is present:44,45

  (2.68)

or

  (2.69)

These reactions basically mean that a fraction of hydroxyl radical, while reacting
with NOM, yields the superoxide ion radical and hence a fraction of NOM is a
promoter of the ozone decomposition reaction. In this reaction, it is accepted that

NOM HO O P: = ;<; =:># 2

NOM HO O P: = ;<; =:># 2
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part of the matter present in water acts as a promoter and another part acts as an
inhibitor. It should be noted that the kinetic behavior of ozone in natural water is
similar to that in wastewater but with the difference that there may be multiple direct
ozone reactions and actions of promoters, initiators, and inhibitors due to the com-
plexity of the organic and inorganic matrix of the wastewater. Chapter 6 discusses
aspects related to the treatment of ozone kinetics of wastewater. 

2.5.1 THE OZONE DECOMPOSITION REACTION

The fact that ozone once dissolved in water is unstable and decomposes is both an
advantage and a drawback. On the one hand, when ozone decomposes, free radicals,
particularly the hydroxyl radical, are generated and oxidation of compounds develops
in a process called advanced oxidation (indirect reaction). On the other hand, because

TABLE 2.5
Main Reactions Involving Carbonate Species in Water 
during Ozonation Processes2,25,29–31

Reaction Rate Constant Reaction No.

 8.5 A 106 M–1sec–1 (2.29)

 4.2 A 108 M–1sec–1 (2.30)

 2.2 sec–1 * (2.31)

 5 A 1010 * (2.32)

 2.25 A 104 * (2.33)

 5 A 1010 * (2.34)

 500 sec–1 * (2.35)

 5 A 1010 M–1sec–1 * (2.36)

 4.3 A 105 M–1sec–1 (2.37)

 5.6 A 107 M–1sec–1 (2.38)

 7.5 A 108 M–1sec–1 (2.39)

 6 A 107 M–1sec–1 (2.40)

 See Reference 31 (2.41)

* For the rate constant of protonation reactions a value of 5 A 1010 25 has been
assumed considering that these reactions are diffusion controlled. The rate con-
stant of the inverse reaction has been calculated from the corresponding pK and
the indicated value for the protonation reaction. 
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TABLE 2.6
Main Reactions Involving Bromine Species during 
Ozonation Processes34,36–42

Reaction Rate Constant Reaction No.

 50 M–1sec–1 (2.42)

 300 M–1sec–1 (2.43)

 100 M–1sec–1 (2.44)

 5 A 1010 M–1sec–1 (2.45)

 50 sec–1 (2.46)

 105 M–1sec–1 (2.47)

 1.1 A 1010 M–1sec–1 (2.48)

 3.3 A 107 M–1sec–1 (2.49)

 4.2 A 106 M–1sec–1 (2.50)

 2 A 109 M–1sec–1 (2.51)

 1010 M–1sec–1 (2.52)

 2 A 109 M–1sec–1 (2.53)

 8.24 M–1sec–1 (2.54)

 8 A 107 M–1sec–1 (2.55)

 4.5 A 109 M–1sec–1 (2.56)

 2 A 109 M–1sec–1 (2.57)

 9.5 A 108 M–1sec–1 (2.58)

 7 A 104 M–1sec–1 (2.59)

 2 A 105 M–1sec–1 (2.60)

 4.1 A 109 M–1sec–1 (2.61)

 4.9 A 109 M–1sec–1 (2.62)

 2 A 109 M–1sec–1 (2.63)

 1.4 A 109 M–1sec–1 (2.64)

 7 A 109 sec–1 (2.65)

 7 A 108 M–1sec–1 (2.66)

 4.3 A 107 M–1sec–1 (2.67)

Br O BrO O> >: ;<; :3 2

BrO O Br O> >: ;<; :3 22

BrO O BrO O> >: ;<; :3 2 2

BrO H HBrO> :: ;<;

HBrO BrO H;<; :> :

BrO O BrO O2 3 3 2
> >: ;<; :

Br HO BrOH> >: = ;<; =

BrOH Br HO> >= ;<; : =

BrOH Br OH> >= ;<; =:

Br Br Br= : ;<; => >
2

Br • +O • +O3 2;<; BrO

2 2 3Br Br Br> >= ;<; =: =

Br H O HBrO Br H2 2: ;<; : :> :

BrO Br BrO Br> > >: = ;<; =:2 2

BrO HO BrO OH> >: = ;<; =:

HBrO HO BrO H O: =;<; =: 2

HBrO O Br OH O: =;<; =: :>
2 2
_

HBrO H O Br H O H O: ;<; : : :> :
2 2 2 2

BrO H O Br H O> >: ;<; :2 2 2

BrO Br Br BrO> >: = ;<; : =

2 22 2BrO H O BrO BrO H= : ;<; : :> > :

BrO HO BrO OH2 2
> >: = ;<; =:

2 2 2 4BrO Br O= ;<;

Br O BrO2 4 22;<; =

Br O OH BrO BrO H2 4 3 2: ;<; : :> > > :

CO BrO CO BrO3 3
> > ?= : ;<; : =



Reactions of Ozone in Water 21

of its instability, ozone cannot be used in practice as a final disinfectant of water.
The kinetic study of the decomposition of ozone in water is one of the necessary
steps to ascertain whether or not ozone is able to remove some given compounds
from water through direct or indirect reactions.

The ozone decomposition rate, as can be deduced from the previous section,
depends greatly on the nature of substances present in water. For example, Figure 2.11
presents data on the decomposition of ozone in buffered distilled water at three pH
values. As deduced from Figure 2.11 (and also from the mechanisms of Tables 2.3
and 2.4), pH is also one of the main factors that influence the decomposition of
ozone in water. As a general rule, for pH < 7 this variable has a slight effect on the
ozone decomposition,46 but at higher pH, the rate increases significantly. For exam-
ple, Figure 2.12 shows the variation of the apparent rate constant of the decompo-
sition of ozone with pH in a study where first-order kinetics was considered.46 

Because of the importance of hydroxyl radical oxidation, the decomposition of
ozone in water has been the subject of numerous works. Since the first work on this
matter by Weiss,19 numerous researchers have studied ozone decomposition kinetics
of reaction mechanisms, based on experimental facts. The rate equations are finally
fitted to the experimental data of ozone concentration time obtained in homogeneous
ozone decomposition reactions in water. Thus, rate equations of different complexity
with one or two terms, first-, second-, or third-, half-order reactions to the ozone,
with the rate constant expressed as a function of temperature and pH, have been
calculated and checked in the literature (see Table 2.7). As observed from Table 2.7,
the reaction order and the influence of pH differ in many cases. For the SHB mech-
anism, initiators, promoters, and inhibitors of the decomposition of ozone are con-
sidered the substances responsible for the kinetic differences between rate equations
reported in Table 2.7. In naturally occurring water, application of the SHB mecha-
nism yields the following ozone decomposition rate equation:

FIGURE 2.11 Decomposition of ozone in buffered distilled water at different pH. Conditions:
17˚C, buffered water with phosphates; � = pH 2, CO30 = 8.1 mgL–1; ● = pH 7, CO30 = 4.2 mgL–1;
▫ = pH 8.5, CO30 = 3.7 mgL–1.
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(2.70)

where CMi, CIi, CPi, and CSi are the concentrations of compounds that react directly
with ozone, initiator, promoter, and inhibitor compounds, respectively, and CO3 is
the concentration of dissolved ozone.

Notwithstanding the works of Hoigné et al.,20–23 studies on this matter still
continue, as shown in Table 2.7. The determination of the rate constant and reaction
order was usually carried out by following the decrease in the ozone concentration
in water with time in an agitated tank through homogeneous experiments (see
Chapter 3). Because of the effects of natural organic matter in water, when planning
any ozonation study where the decomposition of ozone is considered important, it
is recommended to determine the specific rate law of ozone decomposition if the
water matrix is different from that used in the studies reported previously. In fact,
there are two clear ozone decomposition periods when treating natural waters.74 The
first one, called fast ozone demand, varies just from a few seconds to as much as
approximately 1 or 2 min. During this period, an instantaneous or very fast con-
sumption of ozone takes place. During the second or long ozone decomposition
period, ozone slowly decomposes.  It is this latter period that is the subject of kinetics
studies: ozone decomposition in natural waters. The initial ozone fast-demand period
is due to the presence of substances that readily react with ozone through direct
reactions. Once these substances have disappeared or their concentrations decrease
the longer ozone decomposition period starts. More information on ozone decom-
position kinetics is given in Chapter 7.

FIGURE 2.12 Variation of the apparent pseudo first-order rate constant of ozone decompo-
sition in buffered distilled water with pH. T, ºC: � = 10; B = 20; ▫ = 30; C = 40. (From
Sotelo, J.L. et al., Ozone decomposition in water: kinetic study, Ind. Eng. Chem. Res., 26,
39–43, 1987. With permission.)
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TABLE 2.7
Works on Aqueous Ozone Decomposition Kinetics

Reacting System and Operating Conditions Main Observations
Reference 
No. (Year)

Batch reactor, iodometric analysis
0ºC, pH 2–4, H2SO4 or HNO3

Rate equation: –rO3 = A(a–CO3)2 + B(a–CO3) 
Data on k determined; no influence of pH

47
(1913)

Batch reactor, iodometric analysis
0ºC, pH 5–8, phosphate buffers

–rO3 = k100.36(pH 14)CO3 
Data on k determined

48
(1933)

Data from other works at 0ºC and acid pH Chain mechanism,
–rO3 = k110pH 14CO3 + k2101/2(pH 14)CO3

1.5; data 
on k determined

Reaction H2O2–O3 also studied

19
(1935)

Batch reactor, spectrophotometric, and 
iodometric analysis

0 and 27ºC, pH 0.7–2.8, HClO4

Chain mechanism,
–rO3 = k101/2(pH 14) CO3

49
(1950)

Batch reactor, pH 7.6–10.4, T = 1.2–19.8ºC –rO3 = kCO3; data on k determined 50
(1954)

Batch reactor, cell, saturation reactor, 
spectrophotometric, iodometric, manometric 
analysis, 25ºC, pH 0.2–10, HClO4 
(10–5–0.96 M), H2SO4, NaOH, Cu(II), Fe(II) 
of perchlorate, glycine, phosphate, arseniate 
buffers

Influence of different acids and salts
Kinetics varies depending on pH values:

for acid-neutral pH: –rO3 = kCO3
3/2,

for pH > 7: –rO3 = kCO3
2

Henry constant also determined

51
(1956)

Semibatch bubble column; iodometric analysis. 
10–40ºC, pH 2–4 (H2SO4), pH 6 (phosphate 
buffer), pH 8 (borate buffer)

Kinetics depends on pH:
pH 2–4: –rO3 = kCO3

2, pH 6: –rO3 = kCO3
2–1.5

pH 8: –rO3 = kCO3

Ozone–secondary wastewater also studied

52
(1971)

Semibatch bubble column until saturation 
pH 0.22–1.9, T = 5–40ºC

–rO3 = kCO3 or –rO3 = kCO3
2; chain mechanism; 

data on k determined
53
(1971)

Batch reactors, spectrophotometric analysis
25ºC, pH 2–11, different organics and salts

Influence of organics
Relative rates of organic decomposition
Two methods of ozone decomposition, critical 
pH

54
(1976)

Semibatch packed column (95 cm, 3.7 cm 
diameter); packed: glass rings; iodometric 
analysis, 27ºC, pH 8.5–13.5, KOH, 

kLa and a determined from CO2 absorption in 
arseniate solutions 

–rO3 = k10pH 14CO3, 

55
(1976)

3.2-L batch reactor, iodometric analysis, 
3.5–60ºC, pH 0.45–12, phosphate buffers

–rO3 = k100.123(pH 14) CO3 56
(1979)

Cell reactors, spectrophotometric analysis, 
25ºC, pH 1–3 (H2SO4), 4–5 (acetate buffer), 
7–9.5 (phosphate-borate buffer), 10–11.5 
(carbonate buffer), 12–13.5 NaOH

For pH < 8 no sufficient reliable data were 
obtained to fix the ozone reaction order

For pH > 8, –rO3 = k100.88(pH 14) CO3

Reactions O3-CN– and O3 dyes were also 
studied

57
(1981)

Cell reactor, spectrophotometric analysis, 20ºC, 
pH 3, 7, and 9, H2SO4, and NaOH

Kinetics depends on pH:
pH 3: –rO3 = kCO3

3/2, pH 7: –rO3 = kCO3
3/2 to 1,

pH 9: –rO3 = kCO3

Kinetics of O3-bromide studied

58
(1981)
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TABLE 2.7 (continued)
Works on Aqueous Ozone Decomposition Kinetics

Reacting System and Operating Conditions Main Observations
Reference 
No. (Year)

2.8-L Continuous stirred batch reactor, 
spectrophotometric analysis, 20ºC, tap water 
(pH not given)

Mass transfer and chemical reaction model 
proposed and tested

Observed zero-order kinetics for ozone
Mass transfer coefficient also determined

59
(1982)

Spectrophotometer cell, spectrophotometric 
analysis. 20ºC, pH 11–13, NaOH, carbonate 
and acetate (in some cases)

Acetate and carbonate inhibitors
Hydrogen peroxide promoter
Mechanism, –rO3 = k10(pH 14) CO3

O3=
–

and CO3=
–

identified

60
(1982)

Cell reactor, spectrophotometric analysis, 20ºC, 
pH 8–10

Phosphate buffer, carbonate (in some cases)

Carbonate and phosphate inhibitors, 
hydrogen peroxide also investigated

Mechanism and kinetics: –rO3 = k10(pH 14) CO3

20
(1982)

Batch reactor for k determination; 20ºC, pH < 4 
H2SO4, pH 6–9 phosphate buffer, pH 7–10 
borate buffer, colorimetric analysis; semibatch 
bubble column for checking results

Dependency on pH:
pH < 4, –rO3 = kCO3

2, pH > 4, –rO3 = 
k100.55(pH 14) CO3

2

Kinetics checked from O3 absorption in water 
in bubble column; Henry constant and mass 
transfer coefficient also determined

61
(1982)

Comparison of results from previous works
3.5–60ºC, pH 0.45–10.2

Different ozone reaction orders were tested; 
no statistical differences between ozone 
reaction orders (first, second, and 3/2); data 
can be fitted with an ozone first-order 
kinetics; potential effects of impurities and 
buffer systems used

62
(1983)

Pulse radiolysis experiments, 21ºC, pH 6.3–7.9, 
phosphate buffers adjusted with NaOH and 
HClO4

Studies of free radical formation and decays 
(O3=

–
, HO3=); initiation and propagation 

steps of ozone decomposition; influence of 
phosphate

22
(1984)

Second part of Reference 22 Studies of termination chain reactions; the 
role of HO= and HO4= radicals; full 
mechanism proposed; recombination of 
2HO4= most probable termination reaction

23
(1984)

Batch reactors, conditions as in Reference 52; 
spectrophotometric and colorimetric analysis

Definition of promoters, initiators, and 
inhibitors of ozone decomposition in water; 
first-order reaction; full mechanism 
proposed (see Table 2.3); full kinetic 
expression [see (Equation 2.68)] 

(21)
1985

Stopped flow cell; spectrophotometric analysis; 
20ºC, pH 12, NaOH, Na2CO3 effect

Kinetics at alkaline conditions,
pH 12: –rO3 = k1CO3 + k2CO3

2, 
pH > 8: –rO3 = kCO3 in the presence of 
carbonates; full mechanism proposed; 
formation of HO2

– and O2 in the initiation 
reaction

24
(1985)
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TABLE 2.7 (continued)
Works on Aqueous Ozone Decomposition Kinetics

Reacting System and Operating Conditions Main Observations
Reference 
No. (Year)

750-mL batch stirred reactor, 
spectrophotometric analysis; 10–40ºC, 
pH 2.5–9, phosphate buffers

Mechanism proposed and tested 
Kinetics: –rO3 = k1CO3 + k2101/2 (pH 14)CO3

1.5

Determination of rate constants and energy of 
activation

46
(1987)

Pulse radiolysis experiments; 20ºC, pH 4.5–9, 
acetate buffers

Acetate acts as inhibitor of ozone 
decomposition

Identification of acetate, ozonide free 
radicals

Mechanism proposed; determination of rate 
constants

63
(1987)

Treatment of data from previous works Discussion on the chain termination reaction
Termination proposed: O3=

–
+ O2=

–

Kinetics: 3 < pH < 7: –rO3 = k1101/2(pH 14)CO3
3/2, 

pH = 7: –rO3 = k110(pH-14)CO3
3/2, 7 < pH < 12: 

–rO3 = k1101/2(pH-14)CO3 

64
(1988)

Batch stirred reactor; colorimetric analysis; 
10–30ºC, pH 2–8.5: phosphate buffer, pH 6: 
carbonates, chlorides, sulphates, and salt-free 
water 

Full mechanism proposed; dependency on 
pH, nature of salts, and ionic strength; ozone 
reaction orders vary from first, half, 3/2, and 
second

Rate constants are determined from integral 
methods

65
(1989)

2-cm path quartz cell reactor; 
spectrophotometric analysis; pH > 12, 20ºC, 
NaOH; carbonates: 0–0.05 M

Stability of ozone and no effect of carbonates 
at pH > 12; mechanism proposed and a new 
step: reaction HO= + OH– < O– + H2O; free 
radicals such as O2=

–
and O3=

–
; process 

simulation 

66
(1989)

100-mL glass syringes; spectrophotometric 
analysis; oxygen measurements by GC; 
0–46ºC, pH 0–4, HClO4

Formation of oxygen is proposed and 
confirmed by isotopic interchange; primary 
step: dissociation of oxygen at acid pH; 
ozone first-order kinetics; activation energy: 
79.5 kJmol–1 

67
(1991)

Batch–semibatch photoreactors; 5.3 W low 
pressure Hg l amp; colorimetric analysis, 
20ºC, pH 2–10, NaOH, and H2SO4 continuous 
feeding

Kinetics: no UV: –rO3 = k1100.395(pH 14)CO3
1.5

With UV:–rO3 = k2100.064(pH 14)CO3
1.5I0.9 + 

k1100.395(pH 14)CO3
1.5

Chloride and nitrate: weak scavengers of HO=

68
(1996)

Pulse radiolysis experiments; 20ºC, pH > 11 Kinetic modeling with ozone decomposition 
mechanisms of Reference 21 and Reference 
24 with some minor modifications; 
inorganic carbon reactions included; 
mechanism of Reference 24 better at high 
pH

69
(1992)



26 Ozone Reaction Kinetics for Water and Wastewater Systems

References

1. Riebel, A.H. et al., Ozonation of carbon-nitrogen bonds. I. Nucleophilic attack of
ozone, J. Am. Chem. Soc., 82, 1801–1807, 1960.

2. Buxton, G.V. et al., Critical review of data constants for reactions of hydrated elec-
trons, hydrogen atoms, and hydroxyl radicals (=OH/=O–) in aqueous solution, J. Phys.
Chem. Ref. Data, 17, 513–886, 1988.

3. Ayres, G.H., Análisis Químico Cuantitativo, Ediciones del Castillo, Madrid, 1970.

TABLE 2.7 (continued)
Works on Aqueous Ozone Decomposition Kinetics

Reacting System and Operating Conditions Main Observations
Reference 
No. (Year)

Batch reactor; natural organic matter (NOM): 
0–0.25 mM as organic carbon; 
spectrophotometric analysis with NOM-free 
water; colorimetric analysis: with NOM in 
water; pH 7.5 phosphate buffer, t-butanol, and 
p-chlorobenzoate in some runs

Kinetic modeling of ozone decomposition 
following mechanisms in Reference 21 and 
Reference 24; predictions of free radical and 
molecular ozone concentrations with time; 
proposition of some HO + NOM reactions 
to fit experimental results

25
(1997)

100-mL glass syringe reactors; 22–45ºC, pH 
0–4, HClO4; presence of H2O2 produced from 
+-ray irradiation of oxygen; spectrophotometric 
analysis

Mechanism proposed and tested 
Formation of H2O2 checked; initiation and 

termination reactions are surface-catalyzed

70
(1998)

Semibatch bubble photoreactor; 
spectrophotometric analysis; low pressure Hg 
lamp; 20ºC, pH 7

Kinetic modeling of ozone decomposition by 
UV radiation; determination of the ozone 
quantum yield: 0.64 

71
(1996)

1 cm stirred spectrophotometric quartz-glass 
cells; spectrophotometric analysis; batch flask, 
colorimetric analysis; activated carbon or 
black carbon; different organics: methanol, 
acetate, p-chlorobenzoate, NOM, etc. 

Catalytic effect of activated carbon and a 
carbon black; effects of promoters and 
inhibitors of ozone decomposition; ozone 
first-order kinetics

Catalytic reaction generates hydroxyl radicals

27
(1998)

500-mL graduated glass cylinder; 20ºC, pH 7.5 
phosphate buffer; NOM from 18 surface 
waters; p-chlorobenzoate addition to 
determine HO concentration27 

Promoting and inhibiting effects of NOM; 
ozone decomposition in two steps: t < 1 min 
and t > 1 min: ozone first-order kinetics; rate 
constant correlated to physical parameters of 
surface waters 

44
(1999)

Stopped flow spectrophotometer; 
spectrophotometric analysis; 25ºC, 
pH 10.4–13.2 NaOH, 0.5 M ionic strength 
with HClO4

Use of mechanism in Reference 24 with some 
modifications; small amounts of H2O2 
adsorbed on the spectrophotometer cell can 
alter the kinetic results; prediction of ozone 
and other free radicals half-life 

72
(2000)

38.3-L batch reactor; liquid ozone UV 
photometry analyzer, 18–30ºC, 2.6 and 7, 
phosphate buffer; ionic strength: 0.01 M

Mechanism and rate equation as in 
Reference 45

Rate constant and activation energies 
determined

73
(2002)



Reactions of Ozone in Water 27

4. Doré, M., Chimie des Oxydants et Traitement des Eaux, Technique et Documentation-
Lavoisier, Paris, 1989.

5. Lin, S.H. and Yeh, K.L., Looking to treat wastewater? Try ozone, Chem. Eng., May,
112–116, 1993.

6. Hoigné, J., Chemistry of aqueous ozone and transformation of pollutants by ozonation
and advanced oxidation processes, in The Handbook of Environmental Chemistry,
Vol. 5, Part C, Quality and Treatment of Drinking Water II, in J. Hrubec, Ed., Springer-
Verlag, Heidelberg, 1998, 83–141.

7. Morrison, R.T. and Boyd, R.N., Organic Chemistry, Allyn & Bacon, Newton, MA,
1983.

8. Kuczkowski, R.L., Ozone and carbonyl oxides, in 1,3 Dipolar Cycloaddition Chem-
istry. John Wiley & Sons, New York, 1984, 197–276.

9. Bailey, P.S., The reactions of ozone with organic compounds, Chem. Rev., 58, 925–1010,
1958.

10. Erikson, R.E. et al., Mechanism of ozonation reactions. IV. Carbon-nitrogen double
bonds, J. Org. Chem., 34, 2961–2966, 1969.

11. White, H.M. and Bailey, P.S., Ozonation of aromatic aldehydes, J. Org. Chem., 30,
3037–3041, 1965.

12. Hoigné, J. and Bader, H., Rate constants of the reactions of ozone with organic and
inorganic compounds. I. Non dissociating organic compounds, Water Res., 17, 173–183,
1983.

13. Hoigné, J. and Bader, H., Rate constants of the reactions of ozone with organic and
inorganic compounds. II. Dissociating organic compounds, Water Res., 17, 185–194,
1983.

14. Mehta, Y.M., George, C.E., and Kuo, C.H., Mass transfer and selectivity of ozone
reactions, Can. J. Chem. Eng., 67, 118–126, 1989.

15. Legube, B., Contribution á l’etude de l’ozonation de composés aromatiques en solu-
tion aqueuese. Ph.D. thesis, Université de Poitiers, France, 1983.

16. Eisenhauer, H.R., The ozonation of phenolic wastes, J. Water Pollut. Control Fed.,
40, 1887–1899, 1968.

17. Eisenhauer, H.R., Increased rate and efficiency of phenolic waste ozonation, J. Water
Pollut. Control Fed., 43, 200–208, 1971.

18. Glaze, W.H., Kang, J.W., and Chapin, D.H., The chemistry of water treatment pro-
cesses involving ozone, hydrogen peroxide and ultraviolet radiation, Ozone Sci. Eng.,
9, 335–342, 1987.

19. Weiss, J., Investigations on the radical HO2 in solution, Trans. Faraday Soc., 31,
668–681, 1935.

20. Staehelin, S. and Hoigné, J., Decomposition of ozone in water: rate of initiation by
hydroxyde ions and hydrogen peroxide, Environ. Sci. Technol., 16, 666–681, 1982.

21. Staehelin, S. and Hoigné, J., Decomposition of ozone in water in the presence of
organic solutes acting as promoters and inhibitors of radical chain reactions, Environ.
Sci. Technol., 19, 1206–1212, 1985.

22. Buhler, R.E., Staehelin, J., and Hoigné, J., Ozone decomposition in water studied by
pulse radiolysis. 1. HO2 /O2

– and HO3/O3
– as intermediates, J. Phys. Chem., 88,

2560–2564, 1984.
23. Staehelin, J., Buhler, R.E., and Hoigné, J., Ozone decomposition in water studied by

pulse radiolysis. 2. OH and HO4 as chain intermediates, J. Phys. Chem., 88,
5999–6004, 1984.

24. Tomiyasu, H., Fukutomi, H., and Gordon, G., Kinetics and mechanism of ozone
decomposition in basic aqueous solution, Inorg. Chem., 24, 2962–2966, 1985. 



28 Ozone Reaction Kinetics for Water and Wastewater Systems

25. Westerhoff, P. et al., Applications of ozone decomposition models, Ozone Sci. Eng.,
19, 55–73, 1997.

26. Peyton, G.R. and Glaze, W.H., Destruction of pollutants in water by ozone in com-
bination with ultraviolet radiation. 3. Photolysis of aqueous ozone, Environ. Sci.
Technol., 22, 761–767, 1988.

27. Jans, U. and Hoigné, J., Activated carbon and carbon black catalyzed transformation
of aqueous ozone into OH-radicals, Ozone Sci. Eng., 20, 67–89, 1998.

28. Christensen, H.S., Sehensted, H., and Corfitzan, H., Reactions of hydroxyl radicals
with hydrogen peroxide at ambient and elevated temperatures, J. Phys. Chem., 86,
55–68, 1982.

29. Eriksen, T.E., Lind, J., and Merenyi, G., On the acid-base equilibrium of the carbonate
radical, Radiat. Phys. Chem., 26, 197–199, 1997.

30. Draganic, Z.D. et al., Radiolysis of aqueous solutions of ammonium bicarbonate over
a large dose range, Radiat. Phys. Chem., 38, 317–321, 1991.

31. Neta, P., Huie, R.E., and Ross, A.B., Rate constants for reactions of inorganic radicals
in aqueous solution, J. Phys. Chem. Ref. Data, 17, 1027–1284, 1988. 

32. Chen, S. and Hoffman, M.Z., Reactivity of the carbonate radical in aqueous solution.
Tryptophan and its derivatives, J. Phys. Chem., 78, 2099–2102, 1974.

33. Chen, S., Hoffman, M.Z., and Parsons, G.H., Jr., Reactivity of the carbonate radical
toward aromatic compounds in aqueous solution, J. Phys. Chem., 79, 1911–1912,
1975.

34. von Gunten, U. and Hoigné, J., Bromate formation during ozonation of bromide
containing waters: interaction of ozone and hydroxyl radicals, Environ. Sci. Technol.,
28, 1234–1242, 1994.

35. von Gunten, U., Bruchet, A., and Costentin, E., Bromate formation in advanced
oxidation processes, J. Am. Water Works Assoc., 88, 53–65, 1996.

36. Westerhoff, P. et al., Numerical kinetic models for bromide oxidation to bromine and
bromate, Water Res., 32, 1687–1699, 1998.

37. Haag, W.R. and Hoigné, J., Ozonation of bromide containing waters: kinetics of
formation of hypobromous acid and bromate, Env. Sci. Technol., 17, 261–267, 1983.

38. Taube, H., Reactions of solutions containing O3, H2O2, H– and Br –. The specific rate
of reaction O3+Br –, J. Am. Chem. Soc., 64, 2468–2474, 1942.

39. Zehavi, D. and Rabini, J., Oxidation of aqueous bromide ions by hydroxyl radicals.
Pulse radiolytic investigation, J. Phys. Chem., 76, 312–319, 1972.

40. Shukairy, H.M., Miltner, R.J., and Summers, R.S., Bromide’s effect on DBP forma-
tion, speciation and control. Part 1. Ozonation, J. Am. Water Works Assoc., 86, 72–79,
1994.

41. Schwarz, H.A. and Bielski, B.H., Reactions of HO2= and O2
–= with iodine and

bromine and the I2
– and I atom reduction potentials, J. Phys. Chem., 90, 1445–1448,

1986.
42. von Gunten, U. and Hoigné, J., Advanced oxidation of bromide containing waters:

bromate formation mechanisms, Environ. Sci. Technol., 32, 63–70, 1998.
43. Tanaka, J. and Matsumura, M., Kinetic studies of removal of ammonia from seawater

by ozonation, J. Chem. Technol. Biotechnol., 77, 649–656, 2002.
44. Westerhoff, P. et al., Relationship between the structure of natural organic matter and

its reactivity towards molecular ozone and hydroxyl radicals, Water Res., 33,
2265–2276, 1999.

45. Acero, J.L. and von Gunten, U., Influence of carbonate on the ozone/hydrogen
peroxide based advanced oxidation process for drinking water treatment, Ozone Sci.
Eng., 22, 305–328, 2000.



Reactions of Ozone in Water 29

46. Sotelo, J.L. et al., Ozone decomposition in water: kinetic study, Ind. Eng. Chem. Res.,
26, 39–43, 1987.

47. Rothmund, V. and Burgstaller, A., Velocity of decomposition of ozone in aqueous
solution, Monatsheft, 34, 665–692, 1913.

48. Sennewald, K., The decomposition of ozone in aqueous solution, Z. Physik. Chem.
(Leipzig), A164, 305–317, 1933.

49. Alder, M.G. and Hill, G.R., The kinetics and mechanism of hydroxide ion catalyzed
ozone decomposition in aqueous solution, J. Am. Chem. Soc., 72, 1884–1886, 1950.

50. Stumm, W., Der Zerfall von Ozon in wässriger Lösung, Helvetica Chem. Acta, 37,
773–778, 1954.

51. Kilpatrick, M.L., Herrick, C.C., and Kilpatrick, M., The decomposition of ozone in
aqueous solution, J. Am. Chem. Soc., 78, 1784–1789, 1956.

52. Hewes, C.G. and Davison, R.R., Kinetics of ozone decomposition with organics in
water, AIChE J., 17, 141–147, 1971.

53. Merkulova, B.P., Louchikov, B.S., and Ivanovskii, M.D., Kinetics of ozone decom-
position in sulfuric acid solutions, Izv. Vyssh. Ucheb. Zaved. Khim. Technol., 14,
818–823, 1971.

54. Hoigné, J. and Bader, H., The role of hydroxyl radical reactions in ozonation processes
in aqueous solutions, Water Res., 10, 377–386, 1976.

55. Rizzuti, L., Augugliaro, V., and Marucci, G., Ozone absorption in alkaline solutions,
Chem. Eng. Sci., 31, 877–880, 1976.

56. Sullivan, D.E. and Roth, J.A., Kinetics of ozone self-decomposition in aqueous
solution, AIChE Symp. Series, 76, 142–149, 1979.

57. Teramoto, M. et al., Kinetics of the self-decomposition of ozone and the ozonation
of cyanide ion and dyes in aqueous solutions, J. Chem. Eng. Japan, 14, 383–388,
1981.

58. Haruta, K. and Takayama, T., Kinetics of oxidation of aqueous bromide ion by ozone,
J. Phys. Chem., 85, 2383–2388, 1981.

59. Sheffer, S. and Esterson, G.L., Mass transfer and reaction kinetics in the ozone/tap
water system, Water Res., 16, 383–389, 1982.

60. Forni, L., Bahnemann, D., and Hart, E.J., Mechanism of the hydroxide ion initiated
decomposition of ozone in aqueous solution, J. Phys. Chem., 86, 255–259, 1982.

61. Gurol, M.D. and Singer, P.C., Kinetics of ozone decomposition: a dynamic approach,
Env. Sci. Technol., 16, 377–383, 1982.

62. Roth, J.A. and Sullivan, D.E., Kinetics of ozone decomposition in water, Ozone Sci.
Eng., 5, 37–49, 1983.

63. Sehested, K. et al., Ozone decomposition in aqueous acetate solutions, J. Phys. Chem.,
91, 2359–2361, 1987.

64. Nadezhdin, A.D., Mechanism of ozone decomposition in water: the role of termina-
tion, Ind. Eng. Chem. Res., 27, 548–550, 1988.

65. Sotelo, J.L. et al., Effect of high salt concentrations on ozone decomposition in water,
J. Env. Sci. Health, A24, 823–842, 1989.

66. Nakareseisoon, S. and Gordon, G., The very slow decomposition of ozone in highly
basic solutions, Ozone Sci. Eng., 11, 49–58, 1989.

67. Sehested, K. et al., The primary reaction in the decomposition of ozone in acidic
solutions, Env. Sci. Technol., 25, 1589–1596, 1991.

68. Ku, Y., Su, W., and Shen, Y., Decomposition kinetics of ozone in aqueous solution,
Ind. Eng. Chem. Res., 35, 3369–3374, 1996.

69. Chelkowska, K. et al., Numerical simulations of aqueous ozone decomposition, Ozone
Sci. Eng., 14, 33, 1992.



30 Ozone Reaction Kinetics for Water and Wastewater Systems

70. Sehested, K. et al., On the mechanism of the decomposition of acidic O3 solutions,
thermally or H2O2-initiated, J. Phys. Chem., 102, 2667–2672, 1998.

71. Gurol, M.D. and Akata, A., Kinetics of ozone photolysis in aqueous solution, AIChE J.,
42, 3283–3292, 1996.

72. Nemes, A., Fábián, I., and Gordon, G., Experimental aspects of mechanistic studies
on aqueous ozone decomposition in alkaline solution, Ozone Sci. Eng., 22, 287–304,
2000.

73. Hsu, Y. et al., Ozone transfer into water in a gas-inducing reactor, Ind. Eng. Chem.
Res., 41, 120–127, 2002.

74. von Gunten, U. and Laplanche, A., Oxidation and disinfection with ozone, an over-
view, Proc. International Specialized Symposium IOA, pp. 39–73, Toulouse, France,
2000.



31

3 Kinetics of the Direct 
Ozone Reactions

This chapter discusses the kinetics of direct ozone reactions. It is evident that the
direct ozonation of molecular organic compounds is a treatment that can be used
extensively in the direct ozonation of inorganic compounds.

Ozone reactions in water and wastewater are heterogeneous parallel-series gas
liquid reactions in which a gas component (ozone) transfers from the gas phase
(oxygen or air) to the water phase where it simultaneously reacts with other sub-
stances (pollutants) while diffusing. The main aim of the kinetic study is to determine
the rate constant of the reactions and mass transfer coefficients. This is achieved by
establishing the corresponding kinetic law.1 In contrast to chemical equilibrium,
kinetic laws are empirical and must be determined from experiments. According to
the type of experiments, the ozonation kinetic study can follow one of two different
approaches. The first approach is based on experimental results of homogeneous
ozonation reactions. This is the case where ozone and any compound are dissolved
in water and then mixed and their concentrations with time are observed. The kinetic
law, in this case, relates the chemical reaction rate to the concentration of reactants
(and products, in the case of reversible reactions). Thus, for any general irreversible
ozone direct reaction with a compound B,

  (3.1)

and zO3, zB, and zP are the stoichiometric coefficients of ozone, B and P, respectively.
The kinetic law corresponding to the ozone or B chemical reaction rates are

  (3.2)

and

  (3.3)

where k, n, and m are the reaction rate constant and reaction orders for ozone and
B, respectively. Note that zO3 and zB have negative values due to convention. Both
equations are related by the stoichiometric coefficients

  (3.4)
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In most of the studies, however, the ratio between coefficients, zB/zO3 = z, is consid-
ered, so that Reaction (3.1) becomes

  (3.5)

where z has a negative value when used in the rate law.
The second possibility is the study of ozonation kinetics as a heterogeneous

process — that is, as it develops in practice. In this second case, the absorption rate
of ozone or ozonation rate, NO3, represents the kinetic law of the heterogeneous
process. The stoichiometric equation is now

  (3.6)

and Reaction (3.1). Step (3.6) represents the mass transfer of ozone from the gas to
the water phase, and kLa is the volumetric mass transfer coefficient (see Chapter 4).

The kinetic law equation is, in many cases, a complex expression (see Chapter 4)
that is deduced from transport phenomena studies, and it depends not only on the
concentrations, chemical rate constants, and reaction orders as in the homogeneous
case, but also on physical properties (diffusivities), equilibrium data (ozone solubil-
ity), and mass transfer coefficients.2,3

Both the homogeneous and heterogeneous approaches have advantages and
drawbacks. For example, the homogeneous approach does not have the problem of
mass transfer, and rate constants can be obtained straightforwardly from experimental
data of concentration time. Unfortunately, this approach does not allow a comparison
between mass transfer and chemical reaction rates, and it is not suitable for very
fast ozone reactions unless expensive apparatus, such as the stopped flow spectro-
photometer, are available. The “heterogeneous approach” presents the problem of
mass transfer that must be considered simultaneously with the chemical reaction,
but any type of ozone reaction kinetics can be studied with simple experimental
apparatus. This approach allows the mass transfer coefficients of the ozonation
system to be measured and, as a consequence, the relative importance of both
physical and chemical steps are established.

Regardless of the approach used, homogeneous or heterogeneous, the kinetic
study allows the determination of the rate constant, reaction orders (and mass transfer
coefficients, in this case). Kinetic law equations, rO3 or NO3, come from the appli-
cation of mass balances of reacting species that depend on the type of flow the
phases (gas and water) have through the reactor (see Appendix A1). Mass-balance
equations in a reactor are also called the reactor design equations. Also, the type of
reactor operation is fundamental. For example, the reactor can be a tank where
aqueous solutions of ozone and the target compounds are charged. This is the
homogeneous discontinuous or batch reactor case. The mass balance is a differential
equation with at least one independent variable, the reaction time. In a different
situation, two nonmiscible phases, ozone gas and water containing ozone, and the
target compound, respectively, can be simultaneously fed to the reactor (tank, col-
umn, etc.), and the unreacted ozone gas and treated water continuously leave the
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reactor. This is the case for heterogeneous continuous reactors where operation is
usually carried out at stationary conditions. Reaction time is not a variable and the
mass balance is an algebraic or differential equation depending on the flow type of
the gas and water phases.

Reactors are also usually classified according to the way reactants are fed and
on the type of flow of phases. Regarding the way reactants are fed, the reactors can be:

• Discontinuous or batch type
• Continuous type

Regarding the type of flow, applied only to the continuous reactor type, reactors are
ideal or nonideal. There are two situations for the ideal reactors:

• Perfectly mixed reactors
• Plug flow reactors

In the ideal reactors, the type of flow is based on assumptions that allow the equations
of mass balance of species to be established. There are also other phenomena, such
as the degree of mixing that influences the performance of reactors. In the cases that
will be treated here, perfect mixing or no mixing at all will be considered only for
ideal reactors. For a more detailed study of the influence of the degree of mixing
the reader should refer to other works.4

In nonideal reactors, the flow of phases through the reactor does not follow the
hypothesis of ideality, and a nonideal flow study should first be undertaken. A
summary of ideal reactor design equations and details about nonideal flow studies
with ozone examples are presented in Appendix A1 and Appendix A3, respectively.

Because our purpose in this book is to explain the kinetics of ozonation reactions
in this work only the fundamentals of heterogeneous gas–liquid reactions are con-
sidered (see Chapter 4). The homogeneous case is a more common situation that is
discussed in numerous chemical reaction engineering books.1,5–7

3.1 HOMOGENEOUS OZONATION KINETICS

When a homogeneous reaction is studied, the rate law is exclusively a function of
the concentration of reactants, rate constant of the reaction, and reaction orders.

The kinetic study of homogeneous ozone reactions could preferentially be car-
ried out in three different ideal reactors (see Appendix A1):

• The perfectly mixed batch reactor
• The continuous, perfectly mixed reactor
• The continuous plug flow reactor

3.1.1 BATCH REACTOR KINETICS

In practice, the reactions are usually carried out in small flasks that act as perfectly
mixed batch reactors. In these reactors, the concentration of any species and temperature
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are constant throughout the reaction volume. This hypothesis allows the material
balance of any species, i, present in water to be defined as follows:

  (3.7)

where Ni and V are the molar amount of compound i charged and the reaction
volume, respectively, and ri is the reaction rate of the i compound. Since ozone
reactions are in the liquid phase, there is no volume variation and, hence, Equation
(3.7) can be expressed as a function of concentration, once divided by V:

  (3.8)

Another simplification of the ozonation kinetics is due to the isothermal character
of these reactions so that the use of the energy balance equation is not needed.

In a general case, ozonation experiments aimed at studying the kinetics of direct
ozone reactions are developed in the presence of scavengers of hydroxyl radicals
and/or at acid pH so that the ozone decomposition reaction to yield hydroxyl radicals
is inhibited (see Chapter 2). This is so because the chemical reaction rate, ri, presents
two contributions due to the direct reaction itself and the hydroxyl radical reaction.
Thus, for an ozone-reacting compound B, the chemical reaction rate is

  (3.9)

where kHOB and CHO are the rate constant of the reaction between B and the hydroxyl
radical and its concentration, respectively. Addition to the reacting medium of
hydroxyl radical scavengers and/or carrying out the reaction at acid pH yields
negligible or no contribution of the free radical reaction [second term on the right
side in Equation (3.9)] to the B chemical reaction rate. In this way, the kinetics of
B would be due exclusively to the direct reaction with ozone. It should be highlighted,
however, that appropriate treatment of the concentration–time data of the scavenger
substance, usually of known hydroxyl and ozone reaction kinetics, allows the con-
centration of hydroxyl radical to be known (see the RCT concept in Chapter 7). Also,
the scavenger substance should not react directly with ozone. For example, p-chloro-
benzoic acid (pCBA),8 atrazine,9 or benzene10 are appropriate candidates. The rate
constants of their direct reactions with ozone are very low (<10 M–1s–1) and those
corresponding to their reaction with hydroxyl radical are well established. In these
cases, the concentration of hydroxyl radical can be determined from the chemical
reaction rate of the scavenger, rS, which in a batch reactor is

  (3.10)
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where kHOS and CS are the rate constant of the reaction between the hydroxyl radical
and the scavenger substance and its concentration, respectively. Then, the concen-
tration of hydroxyl radicals can be determined from the slope of the straight line
resulting from a plot of the logarithm of CS against time. Thus, once CHO is deter-
mined, knowing the value of kHOB (see Chapters 7 through 9), the direct rate constant
kD can also be determined after applying Equations (3.8) and (3.9). Note that the
concentration of hydroxyl radical can also be calculated from the RCT concept,8

which also requires a reference or scavenger compound and the measured data of
ozone concentration time (see also Chapter 7).

The ozone reaction is carried out with one of the reactants (ozone or B) in excess
so that the process behaves as a pseudo-nth order reaction. For example, if it is
assumed that compound B is in excess, then its concentration remains constant with
time while that of ozone diminishes. Application of the material balance of ozone
in a batch reactor [i = O3, Equation (3.8)] once the contribution of the hydroxyl free
radical reaction has been neglected leads to

  (3.11)

where k "D is the pseudo-nth order rate constant for ozone and the minus sign indicates
the negative value of the stoichiometric coefficient of ozone [–1 in Equation (3.5)]:

  (3.12)

with kD and m being the actual rate constant of Reaction (3.5) and reaction order for
B, respectively.

Integration of Equation (3.11) leads to

• For n = 1:

  (3.13)

and
• For n S 1

  (3.14)

where CO3o is the concentration of ozone at t = 0. In most ozone reactions, Equation
(3.13) has been confirmed from experimental data so that reactions are first order for
ozone. If this procedure is applied to experiments where the concentration of B has
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been changed, different values of k "D are obtained. Equation (3.12) expressed in
logarithmic form becomes

  (3.15)

According to Equation (3.15), a plot of the left side against the logarithm of the
concentration of B should result in a straight line with slope equal to the reaction
order for B. The true rate constant for ozone for Reaction (3.5) is obtained from the
intercept of this line. In most of the ozone reactions, the value of m is also 1, so
that the direct ozonation can be catalogued as a second-order irreversible reaction.
Note that this procedure can also be applied to experiments where the ozone con-
centration is in excess and the concentration does not change with time during the
reaction period. In these cases, kB = zkD, and the rate constant for B is directly
determined. Examples of these procedures can be found in the works of Hoigné and
coworkers,11–14 who determined and compiled multiple data on rate constants for
inorganic and organic compound–ozone direct reactions. In addition to these works,
Table 3.1 presents a list of other research works on homogeneous ozonation kinetics
where these procedures were carried out.

The procedure shown above allows the direct determination of the absolute rate
constant of the ozone–compound reaction and it can be called the absolute method.
Another possible approach involves ozone experiments where the aqueous solution
initially contains the target compound, B, and another compound called the reference
compuond, R, of known ozone kinetics, that is, with known rate constant and
stoichiometry. This is called the competitive kinetics method. Both mass-balance
equations of B and R applied to the batch reacting system [Equation (3.8)-type
equations] are divided by each other to yield the following equation:

  (3.16)

where zrel is the ratio of stoichiometric coefficients of the ozone–B and ozone–R
reactions and krel, the ratio of their corresponding reaction rate constants. After
variable separation and integration, Equation (3.16) leads to

  (3.17)

which indicates that a plot of the logarithm of the left side against the logarithm of
the ratio between the concentration of R at any time and at the start of ozonation
leads to a straight line of slope zrel krel. Knowing zrel and the rate constant of the
ozone–R reaction, the target rate constant is obtained from the slope of the plotted
straight line. This method has also been applied to different works (see Table 3.1).
The method has the advantage that there is no need for the ozone concentration to
be known. However, the reference compound should have a reactivity toward ozone
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TABLE 3.1
Works on Homogeneous Ozonation Kinetics

Compound Observations
Reference 
No. (Year)

Phenol SF, AKC, 5 to 35ºC, pH = 1.5–5.2, n = m = 1, 1/z = 2, 
k = 895 (25ºC, pH = 1.5), k = 29520 (25ºC, pH = 5.2), 
AE = 5.74 kcalmol–1

15 (1979)

Dyes, CN– and CNO– SF, 25ºC, for dyes: AKO3, n = m = 1, pH 4–7, k = 2.8 A 
104 (Naphthol yellow), k = 1.8 A 106 (Methylene blue); 
for CN–, AKC, n = 0.8, m = 0.55 at 9.4 < pH < 11.6, 
k = 310 

16 (1981)

Bromide Reactor: 10-cm quartz cell, pH = 1.2–3.6, 5–30ºC, k = 
4.9 A 109exp(–104/RT) + 1.7 A 1012exp(–1100/RT)CH+

17 (1981)

Nondissociating organics Determination of rate constants of different 
nondissociating organic compound–ozone reactions; 
pH = 1.7–7, 20ºC, presence of hydroxyl radical 
scavengers; different methods applied (ozone or B in 
excess, absolute and competitive methods to 
determine rate constants); 1/z between 1 and 2.5; for 
k values see Reference 8

11 (1983)

Dissociating organics Determination of rate constants of different dissociating 
organic compound-ozone reactions; 20ºC, pH varies 
depending on compound; different methods applied 
(ozone or B in excess, absolute and competitive 
methods to determine rate constants); for k values see 
Reference 9

12 (1983)

Phenanthrene SF, AKO3, pH = 2–7, 10–35ºC, n = m = 1, k = 19400 
(pH = 2.2), k = 47500 (pH = 7) at 25ºC, AE between 
7 (pH = 3) and 12 kcalmol–1 at other pH values

18 (1984)

Benzene SF, AKC, pH = 3 and 7, 5–35ºC, 1/z = 1; reaction orders 
vary with pH; rate constant at pH 7 likely implies 
radical reactions, k = 0.012 (pH = 3), k = 12.2 s–1 
(pH = 7), AE between 20.9 (pH = 3) and 3.3 kcalmol–1 
(pH = 7)

19 (1984)

Cyanide SF, AKC, pH = 2.5–12, 20ºC, n = 1, m = 0.63, k = 
550 ± 200 (pH = 7) and other

20 (1985)

Inorganic compounds Different methods (absolute and competitive, stopped 
flow, etc.); rate constants at different pH, 20ºC, n = 
m = 1; for k values see Reference 10

13 (1985)

Naphthalene 1-L batch reactor, AKC, pH = 5.6, 1ºC, n = m = 1, k = 
550 M–1s–1, 1/z = 2

21 (1986)

Haloalkanes, olefins, 
pesticides, and other

Determination of rate constants of different organic 
compound–ozone reactions; 20ºC, pH varies 
depending on compound; different methods applied 
(ozone or B in excess, absolute and competitive 
methods to determine rate constants); 1/z between 
1 and 4; for k values see Reference 11

14 (1991)



38 Ozone Reaction Kinetics for Water and Wastewater Systems

TABLE 3.1 (continued)
Works on Homogeneous Ozonation Kinetics

Compound Observations
Reference 
No. (Year)

Herbicides AKC, CK also applied pH = 2 and 7 in the presence of 
carbonates; 20ºC, at pH 2: k(MCPA) = 11.7, k(2,4D) = 
5.27; at pH 7: k(MCPA) = 41.9, k(2,4D) = 29.14; for 
other k values see Reference 19

22 (1992)

Naphthol, Naphthoate CK, Naphthalene: reference compound; 1-propanol as 
scavenger, pH = 2.1–3.6, 20ºC: kNOH = 8600 and kNO– = 
5 A 109 

23 (1995)

Ammonia SF, AKC, pH = 8–10, 25ºC, n = m = 1; the O3/H2O2 
oxidation also investigated, k = 12.3 (pH = 8), k = 27.0 
(pH = 10)

24 (1997)

Benzene SF, AKC, pH = 5.2–5.4, 25ºC, 1/z = 1, m = n = 0.5, k = 
2.67 s–1

25 (1997)

Pentachlorophenol SF, AKO3, pH = 2 to 7, 10–40ºC, n = m = 1, k = 7.55 A 
104 (pH = 2) and k = 2.49 A 107 (pH = 7), AE: 27 kJmol–1

26 (1998)

Ethene (A), Methyl (B), and 
Chlorine (C) substituted 
derivative

SF, AKC, n = m = 1, 25ºC, kA = 1.8 A 105, k = 14 (TCE), 
k = 8 A 105 (propene) and other (see Reference 24)

27 (1998)

Nitrobenzene and 2,6-DNT Batch reactors, AKC, pH = 2, t-butanol as scavenger, 
2–20ºC, k(NB) = 259exp(–1403/T), k(DNT) = 1.2 A 
106exp(–3604/T)

28 (1998)

Alicyclic amines 2.5-L batch reactor. AKO3, pH 7 phosphate buffer, n = 
m = 1 (assumed), k = 6.7 (pyrrolidine), k = 9.8 
(piperidine), k = 29000 (morpholine), k = 4000 
(piperazine) and other (see Reference 25)

29 (1999)

Aminodinitrotoluene Batch reactor, CK, resorcinol: reference compound, 
pH 5, 20ºC, ka-ADNT = 1.45 A 105, k4-ADNT = 1.8 A 105

30 (2000)

Atrazine and ozone by-
products

Batch reactor, AKC, pH = 2, 20ºC, kATZ = 6, kCDIT = 
0.14, kDEA = 0.18, kDIA = 3.1 and other (see Reference 
27)

31 (2000)

Cyclopentanone (CP) and 
methyl-butyl-ketone (MBK)

Batch reactor, AKC, 0.05–0.5 M HClO4, k(CP) = 7.95 A 
1011exp(–18000/RT), k(MBK) = 5.01 A 
1010exp(–16200/RT) AE in calmol–1

32 (2000)

3-Methyl-piperidine Batch reactor, AKC, pH = 4–6, t-butanol as scavenger, 
k = 6.63

33 (2001)

Microcystin-LR SF, AKO3, pH 2–7, k = 3.4 A 104 (pH 7), k = 105 (pH 2), 
AE = 12 kcalmol–1

34 (2001)

MTBE and ozone by-products Batch rector, AKC, pH 2, 5–20ºC, kMTBE = 0.14, k = 
0.78 (t-butylformate) and other 

35 (2001)

Metal-diethylenetrimine-
pentaacetate (DTPA)

SF, AKC, 25ºC, pH = 7.66, kCaDTPA(2–) = 6200, 
kZnDTPA(3–) = 3500, kFe(III)OHDTPA(3–) = 240000 and other 
(see Reference 31)

36 (2001)

Blue dye 81 SF, AKC, 1/z = 1, 22ºC, only pseudo first-order rate 
constant is given

37 (2001)
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similar to that of the target compound, B, and the accuracy of the rate constant
determined will depend on that of the rate constant of the ozone–R reaction.

3.1.2 FLOW REACTOR KINETICS

Kinetic studies of homogeneous direct ozone reactions can also be carried out in
flow reactors such as the ideal plug flow and continuous stirred tank reactors (see
Appendix A1). In these cases, in addition to the reactor itself, other experimental
parts are needed that make the procedure more complex. Parts needed include tank
reservoirs to contain the aqueous solutions of ozone and the target and scavenger
compounds B and S, and pumps to continuously feed both solutions to the reactor
and measurement devices for the flow rates.

These reactors present another drawback with respect to batch reactors related
to the concentration–time data obtained. Thus, in batch reactors, the concentration–
time data obtained from only one experimental run is sufficient to determine the
apparent rate constant and B, or ozone reaction order, depending on the reactant in
excess. Because flow reactors usually operate at steady state, only one value of the
concentration (at the reactor outlet) is obtained in each experimental run. Thus,
determination of the apparent rate constant is less accurate. On the other hand, the
procedure for the determination of the direct rate constant in flow reactor experiments

TABLE 3.1 (continued)
Works on Homogeneous Ozonation Kinetics

Compound Observations
Reference 
No. (Year)

Six dichlorophenols SF, AKC, pH 2–6, 5–35ºC, 1/z = 2, n = m = 1, k2,4DCP = 
107 (pH = 6) and other, AE ranging from 44.5 to 
55.3 kJmol–1

38 (2002)

Naphthalenes and 
nitrobenzene sulphonic acids

Batch reactor, AKO3, pH 3–9, atrazine to determine 
hydroxyl radical concentration, kD at 20ºC: 
1,5-naphthalene-disulphonic acid: 41; 1-naphthalene-
sulphonic acid: 252; 3-nitrobenzene-sulphonic acid: 
22

39 (2002)

Methyl-t-butyl-ether 2-L batch reactor for determination of reaction orders: 
n = m = 1; 1-L continuous perfectly mixed reactor for 
rate constant data determination: pCBA as scavenger 
to determine hydroxyl radical concentration; 
kD = 1.4 A 1018exp(–95.4/RT), AE in kJmol–1

10 (2002)

Notes: SF = stopped flow spectrophotometer used. AKC = absolute method to determine k with com-
pound in excess (see Section 3.1). AKO3 = absolute method to determine k with ozone in excess. CK =
competitive kinetics to determine k. AE = activation energy. n = ozone reaction order. m = compound
reaction order. Units of k in M–1s–1 unless otherwise indicated. Other stoichiometric ratio values of ozone
direct reactions, determined from homogeneous aqueous solutions, are given in Table 5.6.
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is similar to that shown above for the batch reactor. It starts with the application of
the corresponding reactor design equation (see Appendix A1), which is the mass
balance of ozone or B; application of experimental data to this equation allows the
determination of the rate constant and reaction orders. Furthermore, in a plug flow
reactor, the procedure is the same as in a batch reactor since the mathematical
expressions of the design equation of both reactors coincide. The only difference is
that t (the actual reaction time in a batch reactor) is the hydraulic residence time, 5
the reactor volume to volumetric flow rate ratio (see Appendix A1), and that appli-
cation of the integrated Equations (3.13) or (3.14) or (3.17) requires data at steady
state from experiments at different hydraulic residence time. In a continuous perfectly
mixed reactor, the mathematical procedure is easier because the design equation is
now an algebraic expression. For example, in a case where a reaction is carried out
in the presence of a hydroxyl radical scavenger with ozone concentration in excess,
the design equation or mass balance of B, once the steady state has been reached,
is (see also Appendix A1)

  (3.18)

where v0 and v represent the volumetric flow rates of the aqueous solution containing
B at the reactor inlet and outlet, respectively, and CB0 and CB are their corresponding
concentrations. Equation (3.18) has two unknowns, kTD and m, so more than one
experiment should be needed to determine these parameters. This drawback, how-
ever, can be eliminated since ozone direct reactions are usually first-order reactions
with respect to ozone and B (see works quoted in Table 3.1) so that (with m = 1)
from just one experiment, kTD can be determined. Although unusual in the literature,
this procedure has been applied by Mitani et al.10 to determine the rate constant of
the direct reaction between ozone and methyl-t-butyl-ether (MTBE); the authors
also considered in Equation (3.18) the reaction rate term due to the hydroxyl radical-
MTBE. As a consequence, the experiment was carried out in the presence of pCBA
to express the concentration of hydroxyl radicals as a function of the RCT parameter8

(see also Chapter 7). They also measured the concentration of ozone at the reactor
outlet and determined directly from the design equation the actual direct rate constant
as follows:

  (3.19)

The value of kHOB had been previously determined from the competitive oxidation
of MTBE and benzene.10 Data on reaction rate constant for the ozone-MTBE system
are also given in Table 3.1.

3.1.3 INFLUENCE OF PH ON DIRECT OZONE RATE CONSTANTS

Data on rate constant values thus far determined (see Table 3.1) show that the reactivity
of ozone with some inorganic and organic dissociating compounds extraordinarily
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changes with pH, which constitutes a fundamental aspect of ozone kinetics. Note
that indirect reactions of ozone are also pH dependent so that in an ozonation process
the increase in ozonation rate with pH can be due not only to indirect reactions but
also to direct reactions. This could lead to some errors interpreting the ozonation
kinetics because at high pH the direct ozone reaction also can be responsible for the
removal of pollutants (i.e., phenols; see Chapter 7). Because of its importance in
water pollution, the reaction between ozone and a phenol compound is given here
as a typical example. Phenol compounds dissociate according to the equilibrium

  (3.20)

Thus, depending on the pH and pK values, the degree of dissociation is

  (3.21)

This means that the ratio of concentrations of the dissociating and nondissociating
forms of the phenol compounds varies with pH and with the reactivity with ozone.
At low pH value the phenol compound is present only in its nondissociating form
(# = 0) while at a pH higher than the pK only the dissociating form is in water (# =
1). As was shown in Chapter 2 for the activation of electrophilic aromatic substitution
reactions, the activating character of substituting groups strongly influences the
reaction rate. Thus, the –O– group is a stronger activating group than the –OH group
and, thus, the reactivity of phenols with ozone increases with pH, as observed
experimentally. In fact, the rate constant of the ozone–phenol reaction follows
Equation (3.22):

  (3.22)

where kNdis and kdis are the rate constants of the reactions of ozone with the nondis-
sociating and dissociating forms of the phenol compound, respectively. Equation
(3.22) takes into account the contribution of both direct reactions of ozone. In a
general case, the variation of kD with pH follows a sigmoidal curve as shown in
Figure 3.1 for a general ozone–phenol compound reaction case. Figures similar to
Figure 3.1 have been reported in the literature.12,40

As deduced from literature data,12 rate constants of phenol compound–ozone
reactions at alkaline pH are very high. This means that the kinetics of ozonation is
accomplished in a few seconds or even less. Therefore, determination of the con-
centration at different times has to be followed with special apparatus such as the
stopped-flow spectrophotometer. Examples of this approach are listed in Table 3.1.
In this kind of study, the reaction is carried out in a spectrophotometer cell where
the reaction can be stopped at different microseconds of time, thus allowing the
determination of the concentration time profile (see references in Table 3.1). Note
that in some cases scavengers (t-butanol, carbonates) of hydroxyl radicals were added
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to the aqueous solutions of ozone and compound B to eliminate any possible
competition between the ozone decomposition and hydroxyl radical reactions in
water. This is particularly important when the ozone–B reaction has a low reactivity,
as will be discussed in Chapter 5.

3.1.4 DETERMINATION OF THE STOICHIOMETRY

As can be deduced from Reaction (3.5), the stoichiometric ratio, z, represents the
number of moles of compound B consumed per mole of ozone consumed. This
parameter should be calculated so we can know the difference between the disap-
pearance rates of ozone, rO3, and compound B, rB. In addition, the stoichiometric
ratio is a fundamental parameter to establish the kinetic regime of the ozone absorp-
tion when ozone undergoes fast reactions in water and, hence, to define the kinetics
of the heterogeneous reaction of ozone with compound B, as will be shown in
Chapter 5.

In practice, the inverse of z is usually determined because z is in most cases a
number lower than unity. The stoichiometric ratio is, as a rule, determined from the
mixture of aqueous solutions of different known concentrations of ozone and the
target compound B. After mixing, the ratio of the initial concentrations of the
resulting solution, CBo/CO3o, becomes CB/CO3. Then, the apparent stoichiometric ratio
is

  (3.23)

In all cases, when zap is plotted against CBo/CO3o, a curve like that shown in Figure 3.2
is obtained. As can be deduced from Figure 3.2, the true stoichiometric ratio of the
ozone–B reaction, 1/z, should be the asymptotic value of the curve corresponding to
high values of the ratio between initial concentrations of B and ozone. At low values

FIGURE 3.1 Influence of pH on the rate constant of the direct reaction of ozone with a
phenol compound (x and y axes show arbitrary values).
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of this ratio, ozone is consumed not only by compound B but also in different
reactions with intermediate compounds, which result in high values of zap. When
the ratio CBo/CO3o increases, reactions of intermediates diminish and, as a conse-
quence, so does zap. When CBo is in excess, ozone is consumed exclusively by reacting
with B so that zap remains constant regardless of the CBo/CO3o value. For this situation,
zap represents the inverse of the true stoichiometric ratio, 1/z. The literature also
reports numerous stoichiometric ratio values determined in this way for different
ozone reactions (see also Tables 3.1 and 5.6 for examples).

3.2 HETEROGENEOUS KINETICS

When ozone reactions are carried out in practice, that is, by feeding air or oxygen
containing ozone into the aqueous solution of the target compound B, the process
is heterogeneous and kinetic equations usually express the amount of ozone absorbed
per unit time and volume. These equations, in contrast to those of the homogeneous
process, not only involve chemical reaction parameters (i.e., the chemical reaction rate
constant) but also transport coefficients (i.e., the mass transfer coefficient). Thus,
the heterogeneous study allows the relative importance of chemical and physical
steps that develop simultaneously to be established. In this sense, ozonation kinetics
can be classified as fast, moderate, or slow reactions, and any one of these situations
leads to different rate laws. Because of this diversity, it is advisable to introduce the
the fundamentals of gas–liquid reactions in Chapter 4 before discussing heteroge-
neous ozonation kinetics in Chapter 5.

FIGURE 3.2 Variation of the apparent stoichiometric ratio of a general direct reaction
between ozone and a given compound using the homogeneous method. Determination of the
stoichiometric ratio, 1/z (x and y axes show arbitrary values).
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3.2.1 DETERMINATION OF THE STOICHIOMETRY

The stoichiometric coefficient of any general ozone direct Reaction (3.5) can also
be determined from heterogeneous ozonation experiments where gas containing
ozone is continuously fed to an aqueous solution where the target compound B is
dissolved at known concentration. As in the homogeneous case, the main difficulty
is due to the competition of secondary reactions for the available ozone. In the
heterogeneous case, molar amounts of reacted ozone and B are calculated at different
reaction periods and plotted together in logarithmic coordinates as shown in Figure
3.3. The ratio of these amounts, that is, the ordinate of the resulting curve or straight
line, represents the global stoichiometry of Reaction (3.5), 1/zG, which is defined as
the moles of ozone consumed in all reactions ozone undergoes in water per mol of
B consumed. When the slope of the plotted line is unity, secondary reactions con-
suming ozone are negligible and zG is, in fact, zapp. At higher reaction periods, the
slope likely deviates from unity; that is, 1/zG increases as a consequence of the
importance of secondary ozone reactions (see Figure 3.3). The procedure was used
by Sotelo et al.41 to determine the true stoichiometric ratio of the ozone–resorcinol
and ozone–pholoroglucinol direct reactions (see also Section 5.3.1).
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4 Fundamentals 
of Gas–Liquid 
Reaction Kinetics

The kinetics of heterogeneous reactions is governed by absorption theories of gases
in liquids accompanied by chemical reactions. The fundamentals of these theories
are necessary to understand the phenomena developing during the ozonation of
compounds in water. The necessary steps for studying the kinetics of gas–liquid
reactions are described below. Since ozone reactions can be considered irreversible,
isothermic, and second-order1 (for a general ozone–B reaction) or pseudo first-order
(the ozone decomposition reaction), the discussion that follows mainly refers to this
type of gas–liquid reaction. Nonetheless, some fundamental aspects on series-par-
allel reactions are also given. Note that ozonation of compounds in water yields a
series of by-products that also react with ozone. Therefore, the kinetics of series-
parallel gas–liquid reactions constitutes another part of this study. As a first step,
the physical absorption of a gas in a liquid is discussed below.

4.1 PHYSICAL ABSORPTION

In a gas–liquid reacting system, diffusion, convection, and chemical reaction proceed
simultaneously, and the behavior of the system can be predicted with the use of
models that simulate the situation for practical purposes. These models are based
on those describing the gas physical absorption phenomena, that is, they are based
on gas absorption theories. In a general case, when gas and liquid phases are in
contact, the components of one phase can transfer to the other to reach equilibrium.
If it is assumed that one component A of a gas phase is transferred to the liquid
phase, the rate of mass transfer or absorption rate of A is:

  (4.1)

where the SI units of NA are in molm–2s–1; kG and kL are the individual mass transfer
coefficients for the gas and liquid phases, respectively; PAb and Pi are the partial
pressures of A in the bulk gas and at the interface, respectively; and CA

* and CAb,
are the concentrations of A at the interface and in the bulk of the liquid, respectively
(see Figure 4.1). One of the two problems in the rate law is to find some mathematical
expression for the mass transfer coefficients. The other one is to determine the inter-
facial concentrations, Pi or CA

*. Theoretical expressions for mass transfer coefficients

N k P P k C CA G Ab i L A Ab? >V W ? >V W*
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can be found from the solution of the microscopic mass-balance equation of the
transferred component A that, applied to the liquid phase, is as follows:

  (4.2)

where the term on the left side represents the molecular and turbulent transport rate
of A and the first and second terms on the right side represent the terms of convection
and accumulation rates of A, respectively. Equation (4.2) is conveniently simplified
according to the hypothesis of the absorption theories. The two most often applied
absorption theories are the film and surface renewal theories.

4.1.1 THE FILM THEORY

Lewis and Whitman2 proposed that when two nonmiscible phases are in contact, the
main resistance to mass transfer is located in a stationary layer of thickness & close
to the interface, called the film layer. It is also assumed that mass transfer through
the film is only due to diffusion and that the concentration profiles with distance to
the interface are reached instantaneously. This is then called the theory of the pseudo
stationary state.

In a gas–liquid system there are two films, one for each phase. In most common
situations the gas is bubbled into the liquid phase, so the interfacial surface is due
to the external surface of bubbles. Concentration profiles of the gas component being
absorbed for both the gas and liquid films are shown in Figure 4.2. The film theory
assumes a plane interfacial surface when the bubble radius is much lower than the
film thickness, &, a situation that occurs in most of the gas–liquid systems. According
to these statements (diffusion, stationary state, and one direction for mass transfer),
Equation (4.2) reduces to:

  (4.3)

FIGURE 4.1 Concentration profile of a gas component A with the distance to the interface
during its physical absorption in a liquid.
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Equation (4.3) can be solved with the following conditions:

  (4.4)

where &L and CAb are the liquid film layer and concentration of A in bulk liquid,
respectively. Solution of this mathematical model leads to the concentration profile
of A:

  (4.5)

By application of Fick’s law, the rate of mass transfer or absorption rate is:

  (4.6)

Note that a similar expression could be obtained for the gas phase if Equation (4.3)
is applied to the gas film layer. Comparing Equation (4.6) with the general Equation
(4.1), the film theory yields the following equation for kL:

   (4.7)

Thus, &L, the film thickness, is the characteristic parameter of film theory.

FIGURE 4.2 Concentration profile of a gas component A with the distance to the interface
during its physical absorption according to film theory.
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4.1.2 SURFACE RENEWAL THEORIES

In these models, the liquid is assumed to be formed by elements of infinite width
that are exposed to the interface for a given time and then are replaced by other
elements from the bulk liquid. While the liquid elements are at the interface, mass
transfer occurs by diffusion in a nonstationary way. The most often used surface
renewal theory is that proposed by Danckwerts,3 which assumes a distribution
function of exposition times for the liquid elements. For this surface renewal theory,
Equation (4.2) reduces to the following:

  (4.8)

with the boundary limits:

  (4.9)

After application of Fick’s law,4 once the concentration profile of A with time and
position [CA = f (x,t)] has been determined from the solution of Equation (4.8), the
mean absorption rate of A is as follows:

  (4.10)

where NA(t) is the absorption rate at x = 0 and 7(t) is the distribution function for
exposition times of liquid elements, defined as:3

  (4.11)

and s is the surface renewal velocity of any element, the parameter that characterizes
the Danckwerts theory. 

If Equation (4.10) and Equation (4.1) are compared, the mass transfer coefficient
kL is defined as:

  (4.12)

4.2 CHEMICAL ABSORPTION

When the gas component A, being absorbed, simultaneously undergoes a chemical
reaction in the liquid, the microscopic mass-balance Equation (4.2) presents an
additional term due to the chemical reaction rate law, rA:
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  (4.13)

This is the case for ozonation reactions. To determine the gas absorption rate (or
ozonation rate for ozone processes) we must also follow the steps shown above for
the case of physical absorption, that is:

• Solving the microscopic differential mass-balance equation to determine the
concentration profile of the gas being absorbed with distance to the interface

• The application of Fick’s law to yield the gas absorption rate

Solution of the mass-balance Equation (4.13) depends on the absorption theory
applied as explained below for the film and Danckwerts theories. The cases that are
treated correspond to irreversible first- (or pseudo first-) and second-order reactions
that are usually the types of simple ozonation reactions in water. 

4.2.1 FILM THEORY

4.2.1.1 Irreversible First-Order or Pseudo First-Order Reactions

These reactions have the following stoichiometry:

1. First-order reaction:

  (4.14)

with

  (4.15)

2. Pseudo first-order reaction:

  (4.16)

with 

  (4.17)

The ozone self-decomposition reaction in water is the typical example that follows
this kinetics. 

According to film theory, the mass-balance Equation (4.13) becomes:

  (4.18)
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solved with the boundary conditions given in Equation (4.4). Solution of this system
leads to the following concentration profile of A with the distance to the interface:

  (4.19)

where Ha1 is the dimensionless Hatta number for an irreversible first-order reaction
defined as follows:

  (4.20)

The square of Ha1 represents the ratio of the maximum chemical reaction rate
through the film layer and the maximum physical absorption rate:

  (4.21)

where a is the specific interfacial area and kLa is the volumetric mass transfer
coefficient in the liquid phase. Note that the product a&L is the ratio of the liquid
film and liquid total volumes. Thus, Ha1 indicates the relative importance of chemical
reaction and mass transfer rates in the gas–liquid system. 

Application of Fick’s law at the gas–liquid interface leads to the gas absorption
rate equation, or to the rate or kinetic law for this type of reaction:

  (4.22)

where M1 is the maximum physical absorption rate and kLCA
* is expressed per unit

of interfacial surface. Note that in Equation (4.21), the maximum physical absorption
rate is expressed per unit of volume.

In Equation (4.22), it is convenient to express CAb as a function of chemical and
mass transfer parameters. Then, the mass transfer rate at the other edge of the film
layer, (x = &L), NA&, and the chemical reaction rate in the bulk of the liquid, Rb1, are
needed:

  (4.23)
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  (4.24) 

where units of both rates are given per surface of interfacial area, with $ the liquid
holdup, defined as the ratio of liquid to total (gas plus liquid) volumes. 

By equalizing Equation (4.23) and Equation (4.24), the ratio between concen-
trations of A in the bulk of the liquid and at the interface, CAb /CA

*, can be obtained.
Then, after substitution in Equation (4.22), Equation (4.25) is obtained:

  (4.25)

Also, if CAb /CA
*  is expressed as a function of $/a&L, a dimensionless number that

represents the ratio of the volumes of the total liquid (film plus bulk liquids) and
film layer, the following alternative equation is obtained:5 

(4.26)

Equation (4.25) or Equation (4.26) constitutes the general kinetic equations for first-
order (or pseudo first-order) gas–liquid reactions. 

As can be deduced from Equation (4.25), the absorption rate is a function of
three maximum rates:

• Rb1, the maximum chemical reaction rate in the bulk liquid = k1CAb$/a
• M1, the maximum physical absorption rate at the interface = kLCA

*

• RF, the maximum chemical reaction rate through the film layer = k1CA
*a&L

Also, depending on the values of Ha1, the absorption rate develops in different kinetic
regimes:6

• For the fast kinetic regime when Ha1 > 3, then CAb = 0 and:

  (4.27)

• The moderate kinetic regime when 3 < Ha1 < 0.3 with the general Equation
(4.25) or Equation (4.26)
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• The diffusional kinetic regime when Ha1 < 0.3 and CAb = 0 with:

  (4.28)

• The slow kinetic regime when Ha1 < 0.3 and CAb S 0 with the general
Equation (4.25) or Equation (4.26)

• The very slow kinetic regime when Ha1 �  0.01 with:

  (4.29)

As can be deduced, depending on the relative importance of mass transfer and
chemical reaction rates, the kinetics of the gas–liquid reaction will be the chemical
reaction rate (the case of very slow kinetic regime) or the physical absorption rate
(slow and diffusional regimes). Note that for slow kinetic regimes, the gas–liquid
reaction is a two-series process where mass transfer through the film layer first
occurs and then the chemical reaction develops in the bulk liquid. Then the absorption
rate equation is:

  (4.30)

Since the general Equation (4.25) is rather complex, the absorption rate is usually
expressed as a function of another dimensionless number called reaction factor E:

  (4.31)

As deduced from Equation (4.31), the reaction factor can be defined as the number
of times the maximum physical absorption rate increases due to the chemical reac-
tion. Note that this definition has only physical meaning when the kinetic regime is
fast or moderate (for CAb = 0). However, according to Equation (4.31), values of E
can be lower than unity (the cases of slow kinetic regime or some others with
moderate regime), although they have no practical use. In Figure 4.3, a plot of E
against Ha1 is shown with the zones of different kinetic regimes. Note that for a
slow kinetic regime (Ha1 < 0.3) Equation (4.26) is used to show the variation of E
with the Hatta number. This is because, in the slow kinetic regime, reactions develop
in the bulk liquid and the volume ratio parameter $/a&L has a great influence on the
gas absorption rate.

4.2.1.2 Irreversible Second-Order Reactions

These reactions are typical for most ozone direct reactions in water. The stoichio-
metric equation is:

  (4.32)
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and the chemical reaction rate for the disappearance of A is:

  (4.33)

For this case, both microscopic mass-balance equations of A and B have to be solved
simultaneously:

  (4.34)

  (4.35)

Boundary conditions of this mathematical model are:

  (4.36)

However, it is not possible to find an analytical solution to this system. Van Krevelen
and Hoftijzer7 found an approximate solution by assuming that the concentration of
B through the reaction zone in the film layer is constant, CBr, so that the system
transforms to a pseudo first-order one. Figure 4.4 shows the concentration profiles
of the actual and assumed situations. In this way, the rate equations deduced in
Section 4.2.1.1 could be applied with k1 = k2CBr. By applying the proposed approx-
imation,7 the following equation was found for CBr:

  (4.37)

FIGURE 4.3 Variation of the reaction factor with the Hatta number for one irreversible first-
or pseudo first-order gas–liquid reaction.
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Then Ha1 [see Equation (4.20)] becomes

  (4.38)

Equation (4.38) can be simplified to Equation (4.39):

  (4.39)

where Ha2 represents the Hatta number of the irreversible second-order Reaction
(4.32) and has the same physical meaning as Ha1 in Equation (4.20):

   (4.40)

Finally, the absorption rate of A accompanied by an irreversible second-order
chemical reaction with B is given by Equation (4.25) with Ha1 given by Equation
(4.39). The system is solved with Equation (4.31) by a trial-and-error procedure that
allows the values of the reaction factor E to be obtained from the values of Ha2.
The solution is usually presented in plots such as Figure 4.5. As deduced from
Equation (4.25) and Equation (4.38), the absorption rate is a function of four
maximum rates (three of them previously deduced for the first-order reaction kinetics)
defined as follows:

FIGURE 4.4 Concentration profiles of a gas component A and one liquid component B with
the distance to the gas–liquid interface during their fast chemical reaction while A is diffusing
through the liquid film. Solid line = profiles of B concentration according to film theory.
Dotted line = profiles of B concentration according to the simplification of Van Krevelen and
Hoftijzer.7 (From Van Krevelen, D.W. and Hoftijzer, P.J., Kinetics of gas liquid reactions.
Part I. General theory, Rec. Trav. Chim., 67, 563–586, 1948. With permission.)
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• Rb2, maximum chemical reaction rate in the bulk liquid: 

  (4.41)

• M1, maximum physical absorption rate at the interface = kLCA
*

• RF, maximum chemical reaction rate through the film layer: 

  (4.42)

• M2, maximum physical diffusion of B through the film layer:

  (4.43)

For the case of second-order reactions there are two new kinetic regimes to consider
in addition to those listed for first-order reactions:

• Fast kinetic regime, with CAb = 0 and Ha2 > 3:

  (4.44)

where Ha1 is given by Equation (4.38).

• Instantaneous kinetic regime with CAb = 0 and Ha2 > 10Ei:

  (4.45)

where Ei is the reaction factor for the instantaneous reaction, defined as
follows:

FIGURE 4.5 Variation of the reaction factor with the Hatta number for one irreversible
second-order gas–liquid reaction.
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  (4.46)

where DB is the diffusivity of compound B in the liquid that can be estimated
with the equation of Wilke and Chang8,9 as indicated in Section 5.1.1.

Note that the fast kinetic regime for first-order reaction is now called the fast
pseudo first-order kinetic regime with the following condition to be fulfilled: 

  (4.47)

The absorption rate law in this case is:

  (4.48)

Figure 4.6 to Figure 4.12 show the concentration profiles of A and B through the
liquid for the different kinetic regimes. Note that for fast or instantaneous kinetic
regimes, the chemical reaction develops in a zone or plane of the film layer, respec-
tively, while for slow kinetic regimes, the chemical reaction is in the bulk liquid.
Also note that for fast or instantaneous kinetic regime there will not be dissolved
gas in the bulk liquid (CAb = 0). It should be highlighted that the rate equations
presented are per unit of interfacial surface area (in mols–1m–2). In a practical
situation, the problem is that the interfacial surface area is generally unknown.
Nonetheless, this problem is overcome by multiplying both sides of the absorption
rate equation by the specific interfacial area, a, so that the rate will be given per
unit of volume, which is known. Recall that, depending on the relative importance
of mass transfer and chemical reaction steps, that is, depending on the kinetic regime,
once Equation (4.38) has been accounted for, the general Equation (4.25) simplifies
in a way similar to that shown for the case of the first-order reaction. These simpli-
fications will be used in the kinetic study of water ozonation reactions, as shown later.

4.2.1.3 Series-Parallel Reactions

In most cases, ozone reacts not only with the compound initially present in water
but also with the intermediate compounds formed in a series-parallel reaction system.
Thus, a simplified study of the kinetics (absorption rate law) of these gas–liquid
systems is presented here. Let us assume that a gas component A transfers into the
liquid where it undergoes the following reactions:

  (4.49)

  (4.50)
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FIGURE 4.6 Film theory: very slow kinetic regime. Concentration profiles for A (gas being
dissolved) and B (liquid component) with the distance to the interface.

FIGURE 4.7 Film theory: slow kinetic regime. Concentration profiles for A (gas being
dissolved) and B (liquid component) with the distance to the interface.

FIGURE 4.8 Film theory: diffusional kinetic regime. Concentration profiles for A (gas being
dissolved) and B (liquid component) with the distance to the interface.
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Solution of this system requires the microscopic balance equations of A, B, and C
compounds that, in a general form, are represented in Equation (4.51):

  (4.51)

with the following conditions:

  (4.52)

where CBi and CCi are the concentrations of B and C at the interface. 

FIGURE 4.9 Film theory: moderate kinetic regime. Concentration profiles for A (gas being
dissolved) and B (liquid component) with the distance to the interface.

FIGURE 4.10 Film theory: fast (general) kinetic regime. Concentration profiles for A (gas
being dissolved) and B (liquid component) with the distance to the interface.
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Onda et al.9 found an expression for the reaction factor, E [Equation (4.53)] after
introducing a series of approximations based on that of Van Krevelen and Hoftijzer:7

  (4.53)

where

  (4.54)

and Ha2 is now the Hatta number of Reaction (4.49). As observed, solution of the
mathematical model requires that Cbi and Cci be known. Onda et al.9 applied another

FIGURE 4.11 Film theory: fast pseudo first-order kinetic regime. Concentration profiles for
A (gas being dissolved) and B (liquid component) with the distance to the interface.

FIGURE 4.12 Film theory: instantaneous kinetic regime. Concentration profiles for A (gas
being dissolved) and B (liquid component) with the distance to the interface.
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equation for the reaction factor, obtained from a total molar balance in differential
form:

  (4.55)

On the other hand, after application of a hypothesis related to the concentration
profiles of B and C through the film layer, the following equation that relates the
concentration of both compounds was found:9

  (4.56)

Finally, a trial-and-error procedure allows the determination of Cbi and Cci and the
reaction factor E. As it was shown for simple first- or second-order reactions (see
Figure 4.3 and Figure 4.5), solution of E at different conditions (that is, at different
Ha2) is usually found in plots with k2/k1 as the parameter, as reported in the literature.9

4.2.2 DANCKWERTS SURFACE RENEWAL THEORY

4.2.2.1 First-Order or Pseudo First-Order Reactions

For the system where Reaction (4.14) develops, the starting microscopic mass-
balance equation of A in the liquid is now:

  (4.57)

which should be solved with the boundary conditions (4.9). Danckwerts10 found an
analytical solution for the case of fast reactions (CAb = 0) and Ha1 > 1:

  (4.58)

4.2.2.2 Irreversible Second-Order Reactions

For the kinetics of the second-order gas–liquid Reaction (4.32), the case of instan-
taneous kinetic regime was first solved. For this case, the microscopic mass-balance
equations of A and B are:

  (4.59)
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  (4.60)

which can be solved with the following boundary conditions:

  (4.61)

with xi being the distance to the interface where A and B react instantaneously (in
a reaction plane, see Figure 4.12). This parameter, xi, has to fulfill Equation (4.62):10

  (4.62)

where % is found by trial and error from Equation (4.63):

  (4.63)

Thus, solving the mathematical system, the following concentration profiles of A
and B can be found:

  (4.64)

  (4.65)

and then the absorption rate law is obtained after the application of Fick’s law and
the exposition time distribution function [see Equation (4.11)]:

  (4.66)
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From the definition of reaction factor or Equation (4.31), the instantaneous reaction
factor is defined here as:

  (4.67)

In many cases, Equation (4.67) can be simplified to the better-known Equation (4.68):

  (4.68)

which is valid when

  (4.69)

Also note that Ei from Equation (4.68) coincides with that of the film theory
[Equation (4.46)] when DA = DB.

If the kinetic regime is not instantaneous, the starting microscopic mass-balance
equations of A and B with the appropriate boundary conditions are:

  (4.70)

  (4.71)

which can be solved with the following boundary conditions:

  (4.72)

An approximate analytical solution to the mathematical model of Equation (4.70)
and Equation (4.71) has only been found for the case of the fast kinetic regime.
Thus, DeCoursey11 arrived at the following absorption rate law: 

  (4.73)
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In contrast to film theory [see Equation (4.25) and Equation (4.38)], Equation (4.73)
allows the reaction factor E to be determined in an explicit way:

  (4.74)

4.2.2.3 Series-Parallel Reactions

The theory of Danckwerts has also been used to explain the kinetics of series-parallel
reaction systems such as that of Reactions (4.49) and (4.50). The approximate and
numerical solutions of the microscopic mass-balance equations of the species in
solution were also found. Onda et al.12 have reported the following approximate
solution of the reaction factor for second-order Reactions (4.49) and (4.50):

  (4.75)

  (4.76)

with

  (4.77)

Finally, a trial-and-error procedure allows the reaction factor to be known at different
values of the Hatta number, Ha2, of Reaction (4.49). The results are usually expressed
as plots of E against Ha2 as shown in Figure 4.3 or Figure 4.5. Detailed explanations
for this reaction system can be found elsewhere.12

4.2.3 INFLUENCE OF GAS PHASE RESISTANCE

Thus far the absorption rate law or kinetic equation has been exclusively expressed
as a function of the liquid-phase mass-transfer coefficients (kL or kLa). An additional
problem to consider with these equations is the value of the concentration of A at
the interface CA

*, which is related to the partial pressure of A, also at the interface,
by Henry’s law (see Figure 4.1):

  (4.78)
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where He is the Henry constant. However, in a practical case, Pi is also unknown
unless the gas phase resistance to mass transfer is negligible. In this case the partial
pressure is constant throughout the gas phase, that is, PA = Pi. This situation holds
when the gas being transferred presents a very low solubility in the liquid. For the
barely soluble gases, the equations presented thus far can be used directly since the
concentration of A at the interface is determined from the experimental partial
pressure of A in the gas, which is usually known:

  (4.79)

When the gas phase resistance is not negligible, the mass transfer coefficient through
the gas phase has to be considered with the rate equation or absorption rate law. As
examples, the cases of slow and fast kinetic regimes are shown below.

4.2.3.1 Slow Kinetic Regime

This is the case where the absorption is a sequential three-step process. For example,
in one irreversible first-order reaction, the absorption rate law is given by Equation
(4.80): 

  (4.80)

where the second, third, and fourth terms are the mass transfer rate through the gas
and liquid films and the rate of chemical reaction in the bulk liquid, respectively.
Combination of these terms allows the concentrations of CA

* (or Pi) and CAb to be
written as a function of PA, mass transfer coefficients and chemical reaction rate
constant. Then, if this combination is accounted for, the rate of absorption becomes:

  (4.81)

where the numerator represents the driving force that facilitates the mass transfer,
and the three terms in the denominator are the gas, liquid, and chemical reaction
resistances to mass transfer, respectively. 

4.2.3.2 Fast Kinetic Regime

When the gas phase resistance cannot be neglected, the gas absorption rate is a two-
step in-series process: the diffusion of A through the gas film and the diffusion and
simultaneous reaction through the liquid film. The absorption rate equation is:

  (4.82)
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which can be conveniently transformed in Equation (4.83) to remove Pi and CA
*:

  (4.83)

where again the physical meanings of the numerator and the denominator of Equation
(4.83) are the driving force and total resistance to mass transfer, respectively. In this
case, 1/kG and He/EkL are the gas and liquid-phase mass-transfer resistances, respec-
tively.

For other kinetic regimes, rate equations similar to Equation (4.81) and Equation
(4.83) are easily deduced. The use of these equations implies the determination of
the mass transfer coefficient kG. For water ozonation reactions, the gas phase resis-
tance to mass transfer is likely to be negligible because ozone is a gas that is barely
soluble in water. Then CA

* or the ozone solubility can be determined through Equation
(4.79) directly from the ozone partial pressure in the bulk gas by the application of
Henry’s law.

4.2.4 DIFFUSION AND REACTION TIMES

As shown before, the Hatta number indicates the relative importance of mass transfer
and chemical reaction steps. This number, although also used in surface renewal
theories, comes from the application of the film theory.7 On the other hand, the
concepts of diffusion and reaction times are more related to surface renewal theories.13

The diffusion time, tD, is defined as the time between two consecutive renovations
of liquid elements. It represents the time one liquid element is at the gas–liquid
interface being exposed to mass transfer. In other words, it is the time the dissolved
gas A has to diffuse through the liquid element. On the other hand, the reaction time,
tR, is defined as that required for the reaction to proceed at an appreciable rate. The
expression for both is:13

  (4.84)

and 

 (4.85) 

or

 (4.86)

for first- and second-order reactions, respectively. Note, however, that the ratio of
both times is the square of the Hatta number. By using tR and tD, an understanding
of the kinetic regimes can also be achieved, as will be shown in Chapter 7. Two
situations are presented depending on the relative values of both times:
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• When tD � tR the reactions are classified as slow because before they can
develop in a significant way the surface or liquid elements are removed
from the gas–water interface. In this case, little or no reaction at all takes
place and the absorption behaves as a two-step in-series process: diffusion
through the film layer followed by reaction in the bulk liquid. 

• When tD � tR the reactions are fast and the dissolved gas is completely
depleted in a liquid element before it is replaced by another gas coming
from the bulk of the liquid.

As will be shown in Chapter 7, values of both reaction and diffusion times can also
be used to classify the kinetic regimes of ozonation reactions.
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5 Kinetic Regimes in Direct 
Ozonation Reactions

This chapter examines in detail the kinetics of direct ozone reactions in water, and
considers the different kinetic regimes that ozone reactions present. The main objec-
tive of ozonation kinetics focuses on the determination of parameters such as rate
constants of reactions and mass-transfer coefficients. First, ways to estimate the
ozone properties and solubility or equilibrium constant (Henry’s law) are presented
since this information is fundamental to any discussion of ozonation kinetics. As
already indicated in Chapter 3, the direct reaction between ozone and a given
compound B that will be discussed here corresponds to the stoichiometric Equation
(3.5), that is, an irreversible second-order reaction (first-order with respect to ozone
and B) with z moles of B consumed per mole of ozone consumed. However, with
respect to kinetic regimes, the ozone decomposition reaction as first-order kinetics
is also discussed.

5.1 DETERMINATION OF OZONE PROPERTIES 
IN WATER

As observed from the absorption rate law equations deduced in Chapter 4, some
properties of both ozone and the reacting compound B should be known to conduct
any ozonation kinetic study. These properties are the diffusivity and solubility or
equilibrium concentration of ozone in water, CA*, which is intimately related to the
Henry’s law constant, He.

5.1.1 DIFFUSIVITY

Diffusivities of compounds in water can be determined from different empirical
correlations. For very dilute solutions, the equation of Wilke and Chang1 can be used:

  (5.1)

where DA is in m2sec–1; T is in K; )S is an association parameter of the liquid (which
is 2.6 for water); MW and 0 are the molecular weight and the viscosity of the solvent
in poises, respectively; and VA is the molar volume of the diffusing solute in
cm3molg–1 that can be obtained from additive volume increment methods such as
that of Le Bas.2 The use of Equation (5.1) in aqueous systems leads to an average
error of about 10 to 15%. Since Equation (5.1) is not dimensional consistent, the
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variable with the specified units must be employed. Other correlations similar to
that of Wilke–Chang can also be used to determine the ozone diffusivity. For
example, Haynuk and Laudie2 and Haynuk and Minhas3 proposed the following
correlations, respectively:

  (5.2)

and

  (5.3)

where the terms and units are as in Equation (5.1) (see Table 5.1 for calculated
values of ozone diffusivity). It should be noted, however, that of the above three
correlations, that of Haynuk and Minhas should be disregarded because of the high
deviation observed compared to those of the other two empirical correlations and
other values found experimentally.

For the specific case of ozone, some other empirical correlations are available.
Thus, the equations of Matrozov et al.:5

  (5.4)

and Johnson and Davis:9

 (5.5)

TABLE 5.1
Calculated Values of Ozone Diffusivity at 20ºC

Authors DO3 � 109, m2sec–1 Reference (Year)

Wilke and Chang 1.7a 1 (1955)
Nakanishi 2.0 4 (1978) 
Matrozov et al. 1.7 5 (1982)
Siddiqi and Lucas 1.6 6 (1986)
Díaz et al. 2.2 7 (1987)
Utter et al. 3–4 8 (1992)
Johnson and Davis 1.4 9 (1996)

a The ozone molar volume is 35.5 cm3mol–1 which corresponds to
an ozone density of 1.35 gcm–3 according to data from the literature.10
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are usually applied to determine the ozone diffusivity for kinetic studies. Note that
the units in Equations (5.4) and (5.5) are the same as in Equation (5.1). Other works
in the literature also report on values of ozone diffusivity. Table 5.1 gives a list of
these values. 

The diffusivity of ozone can also be determined from experimental works of the
ozone absorption in aqueous solutions containing ozone fast-reacting compounds.
Thus, as shown later, kinetic equations corresponding to instantaneous and fast kinetic
regimes of ozone absorption contain the diffusivity of ozone as one of the parameters
necessary to know the ozone absorption rate. The procedures are similar to those
discussed later for mass-transfer coefficient and rate constant data determination in
ozone reactions developing at these kinetic regimes. Thus far, however, to the
knowledge of this author, no work on this matter has been reported in the literature.
Masschelein10 has reported a possible procedure based on the ozone uptake by a
liquid surface in laminar flow contact conditions. The method, however, implies
significant errors in the diffusivity determination. The author, then, suggested that
the method could be improved by adding a strong reductor (nitrite, sulfite, etc.) in
the water that could enhance the ozone uptake and improve the accuracy of the
method.

For compounds B, the diffusivity also needed in some cases (see later in this
chapter) is calculated mainly from the Wilke–Chang equation.

5.1.2 OZONE SOLUBILITY: THE OZONE–WATER EQUILIBRIUM SYSTEM

Ozone solubility is a fundamental parameter in the ozonation kinetic studies as it is
present in the absorption rate law equations. Ozone–water systems are characterized
by a low concentration of dissolved ozone, ambient pressure, and temperature.
Henry’s law rules the equilibrium of ozone between the air (or oxygen) and water:

  (5.6)

where He is the Henry’s law constant. Equation (5.6) comes from the general
criterion of equilibrium of a closed system which, according to thermodynamic rules,
postulates that equilibrium is reached when any differential change should be revers-
ible; that is

  (5.7)

where S, Q, and T are the entropy, heat fed to the system, and absolute temperature,
respectively. For a closed system at constant pressure and temperature the following
specific criterion of equilibrium can be established:11

  (5.8)

where G represents the Gibbs free energy. If the closed system is constituted by
different phases or subsystems containing n chemical species that transport from
one phase to the other, the equilibrium will be reached when these transports stop.
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Variation of Gibbs free energy of a given phase depends on pressure, temperature,
and concentration changes: 

  (5.9)

In Equation (5.9) the last term on the right side represents the contribution of mass
transport to the Gibbs free energy variation within one phase where the chemical
potential of a given i component (or the partial molar free enthalpy) is:

  (5.10)

For constant pressure and temperature, application of Equation (5.8) to a multiple
phase closed system will yield:

  (5.11)

Since in a closed system there is no variation in the moles of components, Equation
(5.11) becomes:11

  (5.12)

which constitutes the specific equilibrium criterion for closed systems of two or
more phases at constant pressure and temperature. Then, the chemical potential of
a given i component is usually expressed as a function of its fugacity, fi, according
to Equation (5.13):

  (5.13)

Equation (5.13) finally leads to the equilibrium criterion (5.14) for gas–liquid systems
at constant pressure and temperature:

  (5.14)

For the gas phase, the fugacity of any component is defined as a function of its
partial pressure pi or molar fraction yi times the total pressure P and the fugacity
coefficient 1i:
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  (5.15)

while in the liquid phase, for very dilute systems the fugacity is a function of the
activity coefficient, +i, the molar fraction, xi, and the Henry constant, He:

  (5.16)

For gas systems at moderate pressure and well below critical temperature, as in
ozone–water systems, the gas phase behaves as an ideal gas and the fugacity coef-
ficients are unity. The activity coefficient depends on the presence of substances
(nonelectrolytes, salts, etc.) so that the product of the Henry constant times the
activity coefficient can be called the apparent Henry constant, Heapp.12 Thus, the
equilibrium criterion for the ozone–water system is

  (5.17)

In most cases, however, the Henry constant is given as a function of ozone concen-
tration in the water, CO3*, expressed in moles per liter of solution.

Strictly speaking, the Henry’s law constant is a function of temperature, follow-
ing the relationship:

  (5.18)

where T is in K, R is the gas constant, and HA is the heat of absorption of the gas
at the temperature considered. However, when the liquid (in this case, water) contains
electrolytes, ionic substances, etc., the Henry’s law constant refers to the apparent
Henry constant; it is also a function of the ionic strength and some coefficients that
depend on the positive or negative charge of the ionic substances present in water.
Thus, the effect of salt concentration (salting-out effect) on the Henry constant is
considered in the equation of Sechenov:13

  (5.19)

where He is the Henry constant value in salt-free water, cs is the salt concentration,
and KS is the Sechenov constant that is specific to the gas and salt and that varies
slightly with temperature. When no experimental values are available for KS, the
correlation of Van Krevelen and Hoftijzer can be used:14

  (5.20)

where I is the ionic strength defined as
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  (5.21)

where Ci is the concentration of any i ionic species of valency zi, and h in Equation
(5.20) is the sum of the positive and negative ions present in water and in the
dissolved gas species. The log-additivity of the salting-out effects in mixed solutions,
at low concentrations of salts and, even in the presence of nonelectrolyte substances,
led Schumpe15 to suggest a model considering individual salting-out effects of the
ions and the gas:

  (5.22)

where hi and hG are the contribution of a given ion and gas, respectively. Finally,
Weisenberger and Schumpe16 modified the model proposed in Equation (5.22) to be
valid for a wider temperature range. To do so, the coefficient related to the gas, hG,
was correlated with temperature to yield

  (5.23)

where hG,0 and hT are parameters specific to the gas being dissolved. Table 5.2 gives
a list of parameter values of hi, hG,0, and hT for different gases, ions, and valid range
of temperatures. Although salting-out parameters for different species are tabulated,
in an actual case, it is rather difficult to know exactly the ionic species present, their
concentration and, therefore, their corresponding h values. This is the reason why
most of the experimental works carried out to determine the solubility of ozone or
ozone equilibrium in water did not arrive at equations like that of Schumpe et al.15,16

Thus far, to the knowledge of this author, the only experimental work where this
was considered was Rischbieter et al.,17 as discussed later. Andreozzi et al.18 also
treated the solubility of ozone in water with respect to the salting-out effect, although
no correlation was given (see later discussion).

The Henry’s law constant is not the only parameter determined in experimental
works to establish the ozone–water equilibrium. Other parameters such as the Bunsen
coefficient, $, or the solubility ratio, S, have been used. The former is defined as the
ratio of the volume of ozone at NPT dissolved per volume of water when the partial
pressure of ozone in the gas phase is one atmosphere. The solubility ratio is the
quotient between the equilibrium concentrations of ozone in water and in the gas.
The equation that relates the three parameters is as follows:

  (5.24)

where He is in PaM–1 and S and $ are dimensionless parameters. Table 5.3 presents
a list of works with the conditions applied and the value of He at 20ºC. In some
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other works, the data thus far reported in the literature have also been converted to
the same units for purpose of comparison.26,32

The ozone solubility and, consequently, the Henry constant of the ozone–water
system is usually determined from experiments of ozone absorption in water. In
these experiments ozone is absorbed in water (usually buffered water) at different
conditions of pH, temperature, and ionic strength. In many cases, the experimental
ozone absorption runs are carried out in small bubble columns or mechanically

TABLE 5.2
Parameter Values of Weisenberger and Schumpe Equation (5.23) 
Corresponding to Gas and Ionic Species and Temperaturea

hi for Cations hi for Anions
hG,0 for Gases and Corresponding hT 

for Temperature

Cation
hi, 

m3kmol–1 Anion hi, m3kmol–1 Gas hG,0, m3kmol–1

hT � 103, 
m3kmol–1K–1

Range of 
Validity, K

H+ 0 OH– 0.0839 H2 –0.0218 –0.299 273–353
Li+ 0.0754 HS– 0.0851 He –0.0353 +0.464 278–353
Na+ 0.1143 Fl– 0.0920 Ne –0.0080 –0.913 288–303
K+ 0.0922 Cl– 0.0318 Ar 0.0057 –0.485 273–353
Rb+ 0.0839 Br– 0.0269 Kr –0.0071 Not available 298
Cs+ 0.0759 I– 0.0039 Xe 0.0133 –0.329 273–318
NH4

+ 0.0556 NO2
– 0.0795 Rn 0.0477 –0.138 273–301

Mg2+ 0.1694 NO3
– 0.0128 N2 –0.0010 –0.605 278–345

Ca2+ 0.1762 ClO3
– 0.1348 O2 0 –0.334 273–353

Sr2+ 0.1881 BrO3
– 0.1116 O3

b 0.00396 +0.00179 278–298
Ba2+ 0.2168 IO3

– 0.0913 NO 0.0060 Not available 298
Mn2+ 0.1463 ClO4

– 0.0492 N2O –0.0085 –0.479 273–313
Fe2+ 0.1523 IO4

– 0.1464 NH3 –0.0481 Not available 298
Co2+ 0.1680 CN– 0.0679 CO2 –0.0172 –0.338 273–313
Ni2+ 0.1654 SCN– 0.0627 CH4 0.0022 –0.524 273–363
Cu2+ 0.1675 HCrO4

– 0.0401 C2H2 –0.0159 Not available 298
Zn2+ 0.1537 HCO3

– 0.0967 C2H4 0.0037 Not available 298
Cd2+ 0.1869 H2PO4

– 0.0906 C2H6 0.0120 –0.601 273–348
Al3+ 0.2174 HSO3

– 0.0549 C3H8 0.0240 –0.702 286–345
Cr3+ 0.0648 CO3

2– 0.1423 nC4H10 0.0297 –0.726 273–345
Fe3+ 0.1161 HPO4

2– 0.1499 H2S –0.0333 Not available 298
La3+ 0.2297 SO3

2– 0.1270 SO2 –0.0817 +0.275 283–363
Ce3+ 0.2406 SO4

2– 0.1117 SF6 0.0100 Not available 298
Th4+ 0.2709 S2O3

2– 0.1149
PO4

3– 0.2119
(Fe(CN)6)4–

a Source: From Weisenberger, S. and Schumpe, A., Estimation of gas solubilities in salt solutions at
temperatures from 273 to 363 K, AIChE J., 42, 298–300, 1996. With permission.
b Source: From Rischbieter, E., Stein, H., and Schumpe, A., Ozone solubilities in water and aqueous
solutions, J. Chem. Eng. Data, 45, 338–340, 2000. With permission.
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TABLE 5.3
Literature Data on Henry’s Law Constant for the Ozone Water System

Author and Year Reference No. 

Mailfert, 1894a Pure water, 0–60ºC, He = 6384.4 (19ºC)
Weak H2SO4 solutions, 30–57ºC, He = 10506.9 (30ºC)

19

Kawamura, 1932a Pure water, 5–60ºC, He = 8409.2 (20ºC)
In H2SO4 solutions, from 7.57 N to 0.11 N, 20ºC, He = 8701.1 

(0.11 N)

20

Briner and 
Perrotet, 1939b

Pure water, 3.5 and 19.8ºC, He = 7041.1 (19.8ºC)
In 35gL–1 NaCl solution, 3.5, and 19.8ºC, He = 13352.5 (19.8ºC)

21

Rawson, 1953a Pure water, 9.6–39ºC, He = 11619.6 (20.3ºC) 22
Kilpatrick et al., 
1956

In 0.01 M HClO4 solutions: 15.2–30ºC, He = 9092.1 (20ºC) 23

Stumm, 1958a 0.05 M IS, 5–25ºC, He = 7168.8 (20ºC) 24 
Li, 1977 pH 2.2, 4.1, 6.15, and 7.1, 25ºC, He = 17746.7 (pH 7.1) 25
Roth and Sullivan, 
1981

Buffered water (phosphates), NaOH or H2SO4 to keep pH, 
3.5–60ºC, pH 0.65–10.2, and He = 10035.1 (20ºC, pH 7)c

26

Caprio et al., 
1982a

Pure water, 0.5–41ºC, He = 9047.6 (21ºC) 27

Gurol and Singer, 
1982a

pH 3, Na2SO4 solution at 20ºC, He = 5937.9 (0.1 M IS), and 6955.8 
(1.0 M IS)

28

Kosak-Channing 
and Helz, 1983

In Na2SO4 solutions: 5–30ºC, pH 3.4, 0–0.6 M IS, and He = 3981 
(20ºC, 0.1 M)

29

Ouederni et al., 
1987

T = 20–50ºC, IS = 0.13 M 
Sodium sulfate and sulfuric acid for pH 2: He = 7.35 A 
1012exp(–2876/T), phosphate buffer for pH 7 He = 1.78 A 
1012exp(–3547/T),

Correlation for mass-transfer coefficients 

30

Sotelo et al., 1989 Phosphate buffer solutions: 10–3 to 0.5 M IS, 0–20ºC, pH 2–8.5, 
He = 11185.4 (20ºC, pH 7, 0.01 M IS)c

Phosphate and carbonate buffer solutions: 0.01–0.1 M IS, 0–20ºC, 
pH 7, and He = 8221.7 (20ºC, pH 7, 0.01 M IS)c

In Na2SO4 solutions: 20ºC, pH 2–7, 0.049–0.49 M IS, He = 11678 
(20ºC, pH 7, 0.049 M IS)c

In NaCl solutions: 20ºC, pH 6, 0.04–0.49 M IS, and He = 8936.8 
(0.04 M IS)c

In NaCl and phosphates: 20ºC, pH 7, 0.05–0.5 M IS, and He = 
10699.4 (0.05 M IS)c

31

Andreozzi et al., 
1996

In phosphate buffer solutions: 0–0.48 M IS, 18–42ºC, pH 4.75, and 
He = 5011.8 (0.06 M, 20ºC)

In phosphate buffer plus t-butanol solutions: 0–0.48 M IS, 18–42ºC, 
pH 4.71, and He = 5370 (0.06 M, 20ºC)

In phosphate buffer plus t-butanol solutions: 0.24 and 0.48 M IS, 
18–42ºC, pH 2–6, and He = 5634.4 (0.24 M, 25ºC, pH 6)

18

Rischbieter et al., 
2000

In different salts: MgSO4, NaCl, KCl, Na2SO4, and Ca(NO3)2, 
determination of actual He for pure water, He = 9.45 A 106 at 20ºC

17
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agitated semicontinuous tanks (see Figure 5.1) where a gas mixture (O2-O3 or air-O3)
is continuously fed into a volume of buffered water of a given pH which has been
previously charged. 

In these experiments, in addition, both the gas and water phases are perfectly
mixed to facilitate the mathematical treatment of experimental data. According to
the hypothesis of perfect mixing, a molar balance of ozone in the water leads to the
following equation (see also Appendix A1):

  (5.25)

where GO3 is the generation rate term of ozone, which varies depending on the
kinetic regime of ozone absorption. The absorption of ozone in water is a gas–liquid
reaction system because of a fraction of dissolved ozone decomposes in water (see
Chapter 4). As a rule, the chemical reaction can be considered an irreversible first-
or pseudo first-order reaction, although in some works other reaction orders are also
reported (see Chapter 2). The rate constant of this reaction is very low especially
when the pH < 7 and the corresponding Hatta number, Ha1, is <0.01. As a conse-
quence, the kinetic regime of ozone absorption corresponds to a very slow reaction.
This means that the ozone absorption rate depends exclusively on the chemical
reaction step, and the general Equation (4.25) reduces to that of a homogeneous
reaction. Note that at higher pH values a different picture is presented as far as the
kinetic regime is concerned. This is treated in the following section. Thus, at pH <
7 and at nonstationary conditions, Equation (5.25) applied to a perfectly mixed
reactor becomes:

  (5.26)

where kLa and k1 are the volumetric mass-transfer coefficient through the water phase
and rate constant of the ozone reaction, respectively. Equation (5.26) physically

FIGURE 5.1 Experimental contactors in which ozonation kinetic studies are usually carried
out: (A) agitated tank; (B) bubble column.
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means that the accumulation rate of ozone in water (left side of equation) is the sum
of the ozone transfer rate from the gas minus the ozone decomposition rate that
results from the chemical reaction that ozone undergoes, that is, the ozone decom-
position reaction (right side of equation).

Solving Equation (5.26) determines both C*O3 (the ozone solubility) and the
volumetric mass-transfer coefficient, kLa. This procedure has been followed in dif-
ferent works18,26,29,31 with minor variations. Thus, Sullivan and Roth33 previously
observed that the ozone decomposition reaction followed first-order kinetics and
determined the rate constant values at different conditions (see Table 2.7). Figure 5.2
shows a typical profile of the concentration of ozone with time for an absorption
experiment in a semibatch well-agitated tank. As observed from Figure 5.2, the con-
centration of dissolved ozone increases with time until it reaches a stationary value,
CO3s. At this time, the accumulation rate term in Equation (5.26) is zero so that

  (5.27)

From Equations (5.26) and (5.27) the following is easily obtained:

  (5.28)

For absorption times lower than that corresponding to the stationary situation and
after numerical differentiation of ozone concentration–time data, dCO3/dt is obtained
and then plotted against the corresponding CO3s – CO3. According to Equation (5.28)
this plot should yield a straight line through the origin with slope kLa + k1. Since k1

was already known (from homogeneous ozone decomposition experiments), the
volumetric mass-transfer coefficient can be determined. From Equation (5.27) the
ozone solubility can also be determined as a function of the concentration of ozone

FIGURE 5.2 Typical concentration profiles of ozone against time obtained in ozone absorp-
tion in organic-free water at different temperatures T, ºC: � = 7, ● = 17, ▫ = 27.
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at steady state, CO3s. Following this procedure, Roth and Sullivan26 found the values
of CO3

* at different conditions of temperature and pH and arrived at the following
equation for He, after applying the Henry’s law Equation (5.6):

  (5.29)

where the units of He are atm(molfraction)–1.
A similar procedure was used by Sotelo et al.,31 who studied the ozone absorption

in the presence of different salts (carbonates, phosphates, etc.). For the ozone decom-
position reaction, they found reaction orders other than 1 (see Table 2.7). They used
the general Equation (5.26) with the chemical rate term as kCn (with n being 1.5 or
2 depending on the buffer type). Note also that in these cases the Hatta number
corresponding to this nth order kinetics14

  (5.30)

was also lower than 0.01, a situation that corresponds to a slow kinetic regime of
ozone absorption. In that work,31 a plot of the sum of the accumulation and reaction
rate terms against the ozone concentration, CO3, was used to determine the ozone
solubility. According to Equation (5.26), a plot of this type leads to a straight line
of slope and origin equal to –kLa and kLaCO3

* , respectively. Once CO3
* is known, He

is obtained from Equation (5.6).
Another typical example of ozone absorption study is Andreozzi et al.18 These

authors also carried out their ozone absorption experiments in a semi-continuous tank
where, under the conditions investigated, the volumetric mass-transfer coefficient
was much higher than the ozone decomposition rate constant, kLa � k1. According
to this conclusion, at steady-state conditions, the ozone concentration CO3s coincides
with the concentration of ozone at the gas–water interface; that is, the ozone solu-
bility, CO3s = CO3

* . These authors also found values of ozone solubility at different
temperature, pH, and ionic strength. They tried to explain their results following
Van Krevelen and Hoftijzer type equations [Equation (5.20)]. However, they could
not find any general equation of this type because of the absence of data in the
literature on salting-out coefficients (h values) that they reported on. In Figure 5.3,
values of He obtained from Roth and Sullivan26 and Sotelo et al.31 are plotted against
pH at different temperature for purpose of comparison. 

Finally, the work of Rischbieter et al. 17 considered the model of Weisenberger
and Schumpe16 to determine the ozone solubility in aqueous solutions of different
salts. From data on ozone solubility in the absence and presence of salts, these
authors determined the h parameter values specific to ozone that were found to be
as follows:17 hG,0 = 3.96 A 10–3 m3kmol–1 and hT = 1.79 A 10–3 m3kmol–1K–1 for a
temperature range between 5 and 25ºC (see also Table 5.2 and Table 5.3).
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5.2 KINETIC REGIMES OF THE OZONE 
DECOMPOSITION REACTION

The rate of ozone decomposition can be catalogued as a pseudo first-order irreversible
reaction. This reaction is, in fact, a nonelementary one constituted by a mechanism
of steps that involve free radicals, as explained in Chapter 2. When ozone is absorbed
in organic-free water, the system is also a gas–liquid reaction that develops in a
given kinetic regime. Knowledge of the kinetic regime of this reaction would help
conclude whether the decomposition reaction competes with any other direct ozone
reaction for the available ozone (i.e., when a compound B is also present in water).
Therefore, in this section, we establish experimental conditions of the different
kinetic regimes under which the ozone decomposition reaction can be conducted. 

Once the kinetic regime is known from the corresponding Hatta number, Ha1,
the reaction zone (the film or bulk water, see Figures 4.6 to 4.12) can be defined.
In this way, a comparison between the importance of the ozone decomposition and
ozone direct reactions with any compound B if also present in water can be made.
From this comparison, the type of reaction — direct or indirect — through which
ozone reacts in water can be determined.

The Hatta number or the reaction and diffusion times are the key parameters to
know. The rate constant, individual liquid phase mass-transfer coefficient, and ozone
diffusivity are also needed [see Equation (4.20)]. As will be shown later, the kinetic
regime will be highly dependent on the pH value. The ozone decomposition at three
pH values (2, 7, and 12) will be discussed here. 

Application of Equation (4.19), on the other hand, leads to the ozone concen-
tration profile through the film layer. From experiments on ozone decomposition in
water carried out at pH 2 and 7, the rate constant of the ozone decomposition reaction

FIGURE 5.3 Variation of the Henry constant for the ozone–water system with pH and
temperature. (Solid lines from Roth, J.A. and Sullivan, D.E., Solubility of ozone in water,
Ind. Eng. Chem. Fundam., 20, 137–140, 1981. With permission. Dotted lines from Sotelo,
J.L. et al., Henry’s law constant for the ozone–water system, Water Res., 23, 1239–1246, 1989.
With permission.)
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was found to be 8.3 A 10–5 sec–1 and 4.8 A 10–4 sec–1, respectively.34 For a higher
pH, say 12, a value of 2.1 sec–1 can be taken, as reported by Staehelin and Hoigné35

and Forni et al.36 for the direct reaction between ozone and the hydroxyl ion in
organic-free water. When the diffusivity of ozone is taken as 1.3 A 10–9 m2/sec (see
5.1.1), for two values of the liquid phase mass-transfer coefficient of 2 A 10–5 m/sec
and 2 A 10–4 m/sec, and Equation (4.19), Beltrán34 deduced the ozone concentration
profile through the film layer corresponding to these two situations at the three pH
values studied. Figure 5.4 shows, for example, the results for the case of low mass
transfer (kL = 2 A 10–5 m/sec).

Table 5.4 lists the values of Ha1. We can see that for pH 2 and 7 the kinetic
regime corresponds to a slow reaction, and, hence, the concentration profile of ozone
is nearly uniform through the film layer. In this case, the reaction takes place
completely in the bulk water. Note that this is in agreement with the kinetic treatment
applied in Section 5.1.2 to determine the ozone solubility and the Henry constant.
For pH 12, on the contrary, the reaction has passed to a moderate kinetic regime
and then there is no available ozone in the bulk water. Here the reaction takes place
primarily in the film layer. The treatment applied in Section 5.1.2 does not hold at
pH 12.

Beltrán34 also determined the reaction and diffusion times for the ozone decom-
position reaction from data on rate constants at different pH values and the mass-
transfer coefficients given above. In Figure 5.5 the reaction time of the ozone
decomposition is plotted against pH showing the zones where the kinetic regime is
slow or fast. From Figure 5.5 it is deduced that at a pH lower than 12, the ozone
decomposition reaction will not interfere with the direct ozone reactions of fast or

FIGURE 5.4 Variation of the concentration of ozone with the depth of liquid penetration
during its absorption in organic-free water at steady state. Conditions: T = 20ºC, DO3 = 1.3
A 10–9 m2sec–1, kL = 2 A 10–5 msec–1. (From Beltrán, F.J., Theoretical aspects of the kinetics
of competitive ozone reactions in water, Ozone Sci. Eng., 17, 163–181, 1995. Copyright 1995,
International Ozone Association. With permission.)
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instantaneous kinetic regime. On the contrary, at a pH higher than 12, the ozone
decomposition reaction will be the only way ozone disappears when the ozone direct
reactions of compounds present in water, if any, develop in the slow kinetic regime.
In other words, depending on the kinetic regimes of the ozone decomposition and
ozone–B direct reactions, one of these reactions will be the only way to remove B
from water (the ozone decomposition that results from the free radicals that gener-
ate). This is of significant importance since the absorption rate law, NO3, will take
a different equation (see Chapter 4). Chapter 7 presents a more detailed comparison
of the competition between the ozone decomposition reaction and the direct ozone
reactions. 

TABLE 5.4
Hatta Values of the First-Order Ozone 
Decomposition Reactiona

pH kL = 2 � 10–5 msec–1 kL = 2 � 10–4 msec–1

2 0.016 0.0016
7 0.039 0.0039

12 2.57 0.257

a Calculated from Equation (5.30) with n = 1 and k at 20ºC.

Source: From Beltrán, F.J., Theoretical aspects of the kinet-
ics of competitive ozone reactions in water, Ozone Sci. Eng.,
17, 163–181, 1995. With permission.

FIGURE 5.5 Reaction time evolution of the ozone decomposition reaction with pH at 20ºC.
(From Beltrán, F.J., Theoretical aspects of the kinetics of competitive ozone reactions in water,
Ozone Sci. Eng., 17, 163–181, 1995. Copyright 1995, International Ozone Association. With
permission.)
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5.3 KINETIC REGIMES OF DIRECT 
OZONATION REACTIONS

A series of steps should be followed before starting the kinetic study of direct ozone
reactions. Absorption rate equations for irreversible second-order reactions are not
valid when ozone reacts in water not only with the target compound B but also with
intermediates formed from the first ozone–compound B direct reaction. For this
case, the more complex rate equations for series-parallel reactions hold. Therefore,
in the kinetic study of single direct ozonation reactions, appropriate experimental
conditions should first be established for the ozone–B reaction to be the only reaction
consuming ozone. The competitive effect of the ozone decomposition reaction can
be eliminated by considering the kinetic regimes of this reaction and the rate constant
of the direct reaction under study (see Section 5.2). At pH lower than 12, if both
reactions (ozone decomposition and direct reaction) develop in the same kinetic
regime, the former reaction can be stopped by the addition of scavengers of hydroxyl
radicals. For example, Figure 5.6 shows the evolution of the concentration of atrazine
with time during ozonation experiments in water in the presence and absence of
tert-butanol or carbonate, known scavengers or inhibitors of ozone decomposition.37

As can be seen, the presence of these substances slows the ozonation rate because
they trap hydroxyl radicals and inhibit the decomposition of ozone (see the discus-
sion on the ozone mechanism in Chapter 2).

FIGURE 5.6 Effect of hydroxyl radical scavengers on the ozonation of atrazine in water.
Conditions: CATZ0 = 5 A 10–5 = M; PO3i = 1050 Pa. With scavengers: pH: B = 2, 0.05 M
t-butanol; ▫ = 7, 0.075 M bicarbonate; � = 12, 0.075 M bicarbonate. Without scavengers: � =
pH 2; � = pH 7; ● = pH 12. (From Beltrán, F.J., García-Araya, J.F., and Benito, A., Advanced
oxidation of atrazine in water. I. Ozonation, Water Res., 28, 2153–2164, 1994. Copyright
1994, Elsevier Press. With permission.)
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5.3.1 CHECKING SECONDARY REACTIONS

Once the ozone decomposition reaction has been suppressed, the next step before
undertaking the kinetic study of any ozone–B direct reaction is to check the impor-
tance of ozone reactions with intermediates. The importance of secondary reactions
can be established by calculating the global stoichiometric ratio at different times,
as was shown in Section 3.2.1.

In some cases, the effect of secondary reactions is eliminated by reducing the
mass-transfer rate of ozone. For example, Beltrán et al.38 carried out the ozonation
of some crotonic acid–derived compounds in an agitated cell and in an agitated tank
(see Figure 5.7). The authors observed that the global stoichiometric ratio remained
constant (around unity) only when the reactions were carried out in the agitated cell.
Thus, in this reactor the ozone–acid reaction was the only one that developed under
the conditions investigated. Hence, the agitated cell was the recommended reactor
for carrying out the kinetic study for rate constant determination.

5.3.2 SOME COMMON FEATURES OF THE KINETIC STUDIES

Other aspects should be considered in the kinetic study of a gas–liquid reaction such
as ozonation. The first one is the establishment of the kinetic regime of ozone
absorption due to the variation in the absorption rate law equation, depending on
the kinetic regime. For some kinetic regimes the absorption rate law is a simple
equation that contains the unknown parameter, mainly the rate constant; for other
kinetic regimes the absorption rate law is a complicated equation that will be difficult
to deal with (see Chapter 4). Therefore, the appropriate kinetic regime should be
not only the regime with the absorption rate law containing the desired parameter
but also the regime with the simpler mathematical equation, if possible. Table 5.5
lists the various kinetic regimes that allow the determination of parameters such as
the reaction rate constant, volumetric mass-transfer coefficient, etc., together with
the corresponding absorption rate equations and conditions to be established. The
kinetic regime, as has been shown before, depends on the relative importance of
chemical and mass-transfer rate steps. This relationship can be established by cal-
culating the dimensionless Hatta numbers (Ha2) and the instantaneous reaction factor
(Ei), the latter needed only when the reactions are fast or instantaneous. However,
a priori, the Hatta number is also unknown since parameters such as the reaction
rate constant have to be determined [see Equation (4.40) for Ha2 definition]. Thus,
the kinetic study should start from the assumption that at the experimental conditions
to be applied the kinetic regime is known and, then, the absorption rate law, NA (in

FIGURE 5.7 Experimental agitated cell for kinetic gas–liquid reaction absorption studies.

Ozonized gas

Nonabsorbed gas
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this case, NO3) (see Chapter 4). This means that some condition referring to the Hatta
number has to be confirmed (see also Table 5.5) once the rate constant and/or
individual liquid phase mass-transfer coefficient are known. In order to ensure that
the hypothesis is solid, some preliminary experiments can be done to classify the
kinetic regime as fast or slow. In these experiments, the concentration of dissolved
ozone is the key parameter to follow. Thus, the absence of dissolved ozone is
definitive proof of fast or instantaneous regime while the opposite situation indicates
a slow kinetic regime.

Interpretation of experimental results to study direct ozonation kinetics is accom-
plished with the use of ozone and B mass-balance equations. The absorption rate
law, NO3, is one of the terms of these equations. The mathematical form of the mass-
balance equation depends on the reactor type, or, to be more exact, it depends on
the type of flow the gas and water phases present through the reactor used. Thus,
the second aspect to consider when studying the kinetics of ozonation reactions
concerns the type of reactor used for the ozonation experiments. For kinetic studies
in the laboratory, experiments are usually carried out in ideal reactors or reactors
with ideal flow for water and gas phases (see Appendix A1). Ideal reactors are those
that allow the establishment of the mathematical expression of the design equation
by applying the same hypothesis, that is, the mass-balance equation of any compound
present. In this way, a mathematical expression is readily available to fit the exper-
imental results and determine the kinetic parameters (rate constants, mass-transfer
coefficients, etc.).

For a continuous agitated tank (see Figure 5.1) where both the water and gas
phase are perfectly mixed and fed continuously to the reactor, the mass-balance
equation for, say, the compound B in the ozone–B system, would be:

TABLE 5.5
Absorption Rate Law Equations for Different Kinetic Regimes of Ozonationa

Kinetic 
Regime Kinetic Equation

Conditions and Parameter 
to Determine

Very slow
  

Ha2 < 0.02, CO3 S 0
Rate constant

Diffusional   0.02 < Ha2 < 0.3, CO3 = 0
Mass-transfer coefficient

Fast Ha2 > 3, CO3 = 0
Rate constant or mass-transfer coefficients

Fast pseudo 
first-order

3 < Ha2 < Ei /2, CO3 = 0
Rate constant or specific interfacial area

Instantaneous Ha2 > nEi, CO3 = 0
Mass-transfer coefficient

a Equations according to film theory. For stoichiometry, see Reaction (4.32) with A = ozone; NO3
 = ozone

absorption rate, Msec–1; Ha2 according to Equation (4.40); Ei according to Equation (4.46); n = function
(Ha, Ei ); and a = the specific interfacial area.
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  (5.31)

where v0 and V are the liquid volumetric flow rate and total reaction volume,
respectively, and $ is the liquid holdup or fraction of liquid in the total volume.
Equation (5.31) would reduce to Equation (3.8) when the reactor is semicontinuous,
that is, when an aqueous solution of B is initially charged to the reactor.

If the gas phase fed to the ozonation reactor is considered and perfect mixing
is also assumed, the ozone mass-balance equation for the gas phase will be:

  (5.32)

where vg is the volumetric gas flow of the gas phase, Cgeb and Cgb are the concen-
trations of ozone in the bulk gas at the reactor inlet and outlet, respectively, and G"O3

takes different forms depending on the kinetic regime of absorption:

• For slow kinetic regime:

  (5.33)

• For fast and instantaneous regime:

  (5.34)

(where E is Ei if the kinetic regime is instantaneous).
The perfect mixing is usually associated with the liquid and gas phases in

mechanically agitated tanks and, also, in some cases, with bubble reactors (see Figure
5.1). In this latter device, however, the plug flow is more common for the gas phase
flow. Plug flow, on the other hand, is associated with tubular reactors, such as the
bubble column. In this case, the concentration of reactants varies along the axial
length of the tube with no mixing at all. The ozone mass balance in the gas phase
is (see Appendix A1):

  (5.35)

In practical situations or even at the laboratory scale, the hypothesis for ideal
flows does not hold for the ideal reactor design equations. In these cases, a study
of the nonideal flow should be carried out. This study (see Appendix A3) leads to
the determination of the residence time distribution function (RTD) and allows the
reactor to be modeled as a combination of ideal reactors or as an ideal reactor with
some sort of deviation from ideality.39 In this way, the reactor design equations that
hold correspond to those of the ideal reactors that simulate the flow behavior in the

v C C r V V
dC

dtB Bb B
Bb

0 0 >V W : ?$ $

v C C VG V
dC

dt
Accg geb gb O

gb>V W : " ? > ?$ $3 1( )

" ? >G k a C CO L O O b3 3 3( )*

" ?G k aC EO L O3 3
*

v
dC

dz
G S S

dC

dtg
gb

O
gb> " ? >3 1$ $( )



Kinetic Regimes in Direct Ozonation Reactions 87

real reactor. Also, the RTD function can confirm that the flow through the reactor
presents ideal behavior. Some of these models will be discussed in Chapter 11 on
kinetic modeling of ozonation processes. 

In the next sections, the ozonation kinetic study is conducted by considering the
following points:

• Discussion refers to one gas–liquid irreversible second-order reaction
between ozone and one compound B present in water with no competition
from secondary direct reactions unless otherwise indicated.

• There is no competition of indirect reactions.
• A given kinetic regime will be assumed that, in most cases, will be

confirmed once the kinetic parameters have been calculated.
• Unless indicated, the design equations will correspond to a bubble column

or mechanically agitated bubble tank where a known volume of the water
phase containing compound B is initially charged. Ozone gas is then fed
continuously as an oxygen–ozone mixture of known concentration and flow
rate. Perfect mixing of both phases, water and gas, will be considered unless
otherwise indicated. The reactors are then semibatch ozonation contactors.

• Film theory will be applied unless otherwise indicated.
• The kinetic treatment will go from the instantaneous to the very slow

kinetic regime cases.

Table 5.5 shows the parameters usually determined when the kinetic equations
for different kinetic regimes are applied.

Other common features of the kinetic study include the use of the ozone solu-
bility and mass-transfer coefficients.

5.3.2.1 The Ozone Solubility

All absorption rate equations contain the ozone solubility term, CO3* (see Table 5.5).
This is also the ozone concentration at the gas–water interface (because equilibrium
conditions are assumed to hold constant at the interface). Note that this concentration
corresponds to that of ozone at the gas–water interface in equilibrium with the gas
leaving the reactor because of perfect mixing conditions (see Appendix A1). Then,
application of Henry’s law leads to

  (5.36)

where PO3s is the ozone partial pressure in the gas at the reactor outlet. Since PO3s

changes with time, it is more convenient to express CO3
* as a function of the ozone

partial pressure at the reactor inlet, PO3i, which remains constant and known. This
can be accomplished using the ozone mass balance in the gas phase, which is also
perfectly mixed [see Equation (5.32)]. The perfect gas law expresses ozone partial
pressures as a function of concentrations:

  (5.37)
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In many cases, the accumulation rate term in Equation (5.32) can be considered
negligible so that the ozone concentration in the gas at the reactor outlet becomes

  (5.38)

Combining Equations (5.36) to (5.38) then allows CO3
* to be expressed as a function

of Cgeb.

5.3.2.2 The Individual Liquid Phase Mass-Transfer Coefficient, kL

The individual liquid phase mass-transfer coefficient, kL, is a key parameter to know
in order to determine the Hatta number (Ha2). Although this mass-transfer coefficient
can also be determined from chemical methods (see Section 5.3.3), some empirical
equations can be used. These equations are applied mainly to very dilute solutions
as in most ozonation reactions in drinking water where the aqueous solution contains
low concentrations of B. For wastewater ozonation some deviations are found,
especially related to the specific interfacial area that affects the volumetric mass-
transfer coefficient, kLa, as shown in Chapter 6.

For mechanically stirred reactors the following equation proposed by Van Dier-
endonck can be used:40

  (5.39)

where SI units are used and the Schmidt number Sc is defined as

  (5.40)

with 0L and 3L the viscosity and density of the solution (water in this case).
Calderbank40 proposed Equation (5.39) for bubble diameters in bubble columns,

db, greater than 2 mm and Equation (5.41) for db < 2 mm:

kL = kL (for 2 mm) 500 db (5.41)

where the bubble diameter can be calculated from Equation (5.42):

  (5.42)

where 4L and ug are the surface tension of the liquid (water in this case) and the
superficial gas velocity, respectively, and the fraction of gas phase, 1 – $, can be
calculated from the equation
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  (5.43)

or simply from experimental data of the height of the liquid in the column, with and
without the gas fed, hT and h, respectively:

  (5.44)

Values of kL vary between 10–5 and 10–4 msec–1 for laboratory bubble columns and
mechanically stirred reactors. In practice, the range of values is also similar, between
3 A 10–5 and 2 A 10–4 msec–1.41

5.3.3 INSTANTANEOUS KINETIC REGIME

In the instantaneous kinetic regime the process rate is exclusively controlled by the
diffusion rate of reactants, ozone and B, through the liquid film close to the gas–water
interface. For this kinetic regime the reaction develops in a plane inside the film
layer (see Figure 4.12 for concentration profiles through the film layer). According
to film theory, the diffusion rates of ozone and B are the same, once the stoichiometric
ratio is accounted for:

  (5.45)

Equation (5.45) allows xR, the distance to the interface where the reaction plane is
found (see Figure 4.12), to be calculated. xR is related to the reaction factor with
Equation (5.46):

  (5.46)

The absorption rate law given by Equations (4.45) and (4.46) applied to the ozone–B
reaction becomes as follows:

  (5.47)

with CO3
* calculated from Equations (5.36) to (5.38). Equation (5.47) holds if Ha2 >

10Ei (see also Table 5.5). Reactions of ozone with phenols at alkaline conditions
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(i.e., at pH > pK of the phenol) or reactions of ozone with some dyes are catalogued
as instantaneous reactions.42,43 These reactions present very high rate constant values
that make the kinetic regime instantaneous. In this case, the condition of the instan-
taneous regime can first be checked to establish the experimental conditions to apply,
that is, the ozone concentration in the gas, B concentration, etc.

If the stoichiometric ratio, z, is accounted for, the absorption rate law also
expresses the chemical disappearance rate of compound B. Then the mass balance
of B in water in a semibatch well-agitated reactor becomes:

  (5.48)

Integration of Equation (5.48) taking into account Equations (5.47) and (5.36) to
(5.38) yields

  (5.49)

where

  (5.50)

According to this method, a plot on the left side of Equation (5.49) against time
should lead to a straight line. From the slope of this line the volumetric mass-transfer
coefficient kLa is obtained. This procedure was used in a previous work42 where the
ozonation of p-nitrophenol was studied. As an example, Figure 5.8 shows the plot
mentioned prepared from experimental data of the ozonation of p-nitrophenol at
pH 8.5. The instantaneous kinetic regime is confirmed from the values of Ha2 and
Ei. Given the fact that the rate constant of this reaction is about 14 A 106 M–1sec–1 42

the resultant Hatta number was much higher than Ei and the condition of instanta-
neous regime is fulfilled. This procedure has also been applied in other works, where
the ozonation of resorcinol, phloroglucinol, and 1,3 cyclohexanedione, considered
precursors of trihalomethane compounds in water, was studied.44,45 In these cases,
however, the value of kLa obtained can be taken as a lower limit for this coefficient.
This is so because CO3

* was directly calculated by application of Henry’s law to the
gas at the reactor inlet and not from Equations (5.36) to (5.38), a situation that does
not exactly correspond to the perfect mixing conditions of the water phase. Values
of CO3

* used in these calculations were higher than the correct ones that should be
obtained from the ozone partial pressure at the reactor outlet as indicated above. In
any case, the kLa values were in the range expected for this type of parameter.41
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A more rigorous treatment, however, made by Ridgway et al.,43 also determined
the volumetric mass-transfer coefficient of a gas–liquid reactor from the results of
an instantaneous reaction. In this case, the reaction used was between ozone and
the blue dye: indigo disulfonate of potassium. These authors43 used the Danckwerts
theory for instantaneous reactions, that is, Equation (4.68) instead of Equation (4.46)
to calculate Ei. They did not neglect the influence of the accumulation rate term,
Acc, in Equation (5.32). From Equations (4.68), (5.32), (5.36), and (5.37) they arrived
at the following equation for the absorption rate law:

  (5.51)

where

  (5.52)

Then they introduced the molar balance of B [Equation (5.48)] and, finally, integrated
the resulting equation to yield:43

  (5.53)

FIGURE 5.8 Determination of the volumetric mass-transfer coefficient from ozonation exper-
iments of p-nitrophenol in the instantaneous kinetic regime at pH 8.5. (From Beltrán, F.J.,
Gómez-Serrano, V., and Durán, A., Degradation kinetics of p-nitrophenol ozonation in water,
Wat. Res., 26, 9–17, 1992. Copyright 1992, Elsevier Press. With permission.)
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From the slope of a plot similar to that used in Figure 5.8, kLa is obtained. Note
now that the method requires the application of a trial-and-error procedure because
the accumulation rate term is unknown. The experiments were carried out at pH 4
and the instantaneous criterion was confirmed (the rate constant for the reaction was
about 109 M–1sec–1). Table 5.6 gives experimental conditions and values of kLa
calculated in these works.

5.3.4 FAST KINETIC REGIME

For the fast kinetic regime the reaction develops in a zone close to the gas–water
interface (see Figures 4.10 and 4.11). In comparison to the instantaneous regime,
here the reaction is in a zone in the film layer. The condition for this kinetic regime
is that Ha2 > 3 (see Table 5.5). The general equation for the absorption rate law is
given by Equation (4.44). This equation, however, gives results difficult to use in
kinetic determination. A simplification comes from the possibility that the concen-
tration profile of B through the film layer should be constant and the same as in the
bulk concentration CB = CBb (see Figure 4.11). If this case holds, it is said that the
kinetic regime is of fast pseudo first-order. For an ozonation reaction of this type,
Ha1 = Ha2 with k1 = k2CBb. The absorption rate law simplifies to Equation (4.48),
which in the case of ozone becomes

  (5.54)

As can be observed, the reaction rate constant, k2, present in Equation (5.54), results
in a simpler mathematical use for its determination. 

The procedure to follow for the rate constant determination is similar to that
presented above for the volumetric mass-transfer coefficient when the reaction is
instantaneous. The first step is the assumption that the fast pseudo first-order kinetic
regime holds at the experimental conditions applied. Then the molar balance of B
is introduced for a batch system and related to the ozone absorption rate for this
kinetic regime with the use of Equation (5.48). Next, Equation (5.55) is obtained:

  (5.55)

Integration of Equation (5.55) between the limits

  (5.56)

leads to the calculation of k2. Finally, Condition (4.47) has to be checked. This
procedure has been applied in some works with some approximations. Sotelo
et al.44,56 determined the rate constants of the reaction between ozone and resorcinol,
phloroglucinol, and 1,3 cyclohexanedione by assuming this kinetic regime holds at
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TABLE 5.6
Works on Heterogeneous Direct Ozonation Kinetics

Compound Observations
Reference No. 

(Year)

Phenol Wetted wall column, S = 160 m2, 15ºC, pH = 1.75–12; 
moderate kinetic regime with Ha = 1, different reaction 
controlling step according to pH; at alkaline conditions, 
n = 0, m = 1. kL = 6.7 A 10–5 (pH 3 and 4), k = 1.8 A 109 
(O3-phenolate)

46
(1978)

Phenol Wetted wall column, S = 160 m2, 9, 15 and 20ºC, pH not 
given; moderate kinetic regime with Ha = 1, AE = 
14200 calmol–1

47
(1978)

Pure water Semibatch agitated reactor, 12–25ºC, PMC, slow kinetic 
regime; determination of kLa at different agitation speeds

48
(1980)

Dyes 500-mL washing bottles with plate diffuser, pH 7, 
phosphate buffer, 20–22ºC, 1/z between 1.7 (O3-Direct 
Yellow 12) and 12 (O3-Acid Red 151), PMC, 
instantaneous kinetic regime

49
(1983)

Phenols Semibatch reactor, PMC, pH 2.5–3, fast pseudo first-order 
kinetic regime, CK, determination of relative rate constants

50
(1984)

Maleic acid 0.75-L semibatch stirred bubble reactor, 20ºC, pH 2.53 
and 2.69, PMC, GCM, moderate–diffusional kinetic 
regime, k = 1930

51

Indigo disulfonate Semibatch standard agitated tank, diameter = 0.29 m, 
25ºC, pH < 4, PMC, instantaneous kinetic regime, 
Danckwerts theory applied, kLa = 0.048 (8 rps)

43
(1989)

o-Cresol 0.75-L semibatch stirred bubble reactor, 20ºC, pH 2, 
phosphate buffer, 1/z = 2 from homogeneous ozonation, 
PMC, GCM, fast pseudo first-order kinetic regime, k = 
11955

 52 
(1990)

Pure water and resorcinol, 
and phloroglucinol

0.75-L semibatch stirred bubble reactor, 1–20ºC, pH = 2, 
7, and 8.5 phosphate buffer, PMC, GCM, slow kinetic 
regime, kLa varies depending on gas flow rate and 
agitation speed: kLa = 3.69 A 10–3 (pH 7, 20ºC, 700 rpm, 
30 Lh–1); from homogeneous and heterogeneous 
ozonation of phenols studied: 1/z = 2 (O3-resorcinol), 1/z = 
1.6 (O3-phloroglucinol); some intermediates identified

53

2-Hydroxypyridine 1-L semibatch stirred bubble reactor, 20ºC, pH 5, 20 mM 
t-butanol, PMC, slow kinetic regime, three well-mixed 
reactor models, determination of rate constant of ozone 
reactions with parent compound and intermediates, and 
mass-transfer coefficient by fitting experimental results 
to mass-balance equations

54
(1991)

Malathion 0.5-L semibatch stirred bubble reactor, 10–40ºC, pH 2–9, 
1/z = 3 from homogeneous kinetics, PMC, GCM, slow 
kinetic regime, n = m = 1, k = 98.8 (20ºC, pH 7), AE = 
38.9 kJmol–1

55
(1991)
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TABLE 5.6 (continued)
Works on Heterogeneous Direct Ozonation Kinetics

Compound Observations
Reference No. 

(Year)

Resorcinol and 
phloroglucinol

0.75-L semibatch stirred bubble reactor, 1–20ºC, pH = 2, 
7, and 8.5 phosphate buffer, PMC, GCM, fast pseudo 
first-order kinetic regime, k = 1.01 A 105 (O3-Resorcinol, 
pH 2, 20ºC), k = 1.26 A 106 (O3-Resorcinol, pH 7, 20ºC); 
k = 2.12 A 105 (O3-Phloroglucinol, pH 2, 20ºC), k = 
9.67 A 105 (O3-Phloroglucinol, pH 7, 20ºC); kinetic 
regime goes to instantaneous at pH > 7

56
(1991)

Fenuron 0.5-L semibatch stirred bubble reactor, 10–40ºC, pH 2–9, 
1/z = 2 from homogeneous kinetics, PMC, GCM, fast to 
slow kinetic regime depending on pH, gas constant 
model, n = m = 1, k = 3.69 A 104 (20ºC, pH 7), AE = 
38.52 kcalmol–1

57
(1991)

1,3-Cyclohexanedione 0.75-L semibatch stirred bubble reactor, 20ºC, pH = 2, 7, 
and 8.5 phosphate buffer, 1/z = 1 from both homogeneous 
ozonation, PMC, GCM, fast pseudo first-order kinetic 
regime, k = 1.78 A 105 (pH 2), k = 5.43 A 106 (pH 7), 
instantaneous kinetic regime, kLa = 2.16 A 10–3 (pH 8.5)

44
(1991)

Resorcinol and 
phloroglucinol

As in Reference 35 but at 1–20ºC, pH 7 and 8.5 with ozone 
partial pressure higher than 1780 Pa, PMC, GCM, 
instantaneous kinetic regime, kLa = 1.8 A 10–3 (20ºC)

45
(1991)

MCPA 0.5-L semibatch stirred bubble reactor, 10–40ºC, pH 2–9, 
1/z = 2 from homogeneous kinetics, PMC, GCM, slow 
kinetic regime, initial rate method, gas constant model, 
n = m = 1 (assumed), k = 29.65 (20ºC, pH 7), AE = 
13.69 kcalmol–1

58
(1991)

p-Nitrophenol 0.5-L semibatch stirred bubble reactor, pH 2–12, 20ºC, 
phosphate buffer, ionic strength: 0.1 M, 1/z = 3 from 
homogeneous ozonation, PMC, kinetic regimes, 
diffusional at pH 2, kLa = 2.6 A 10–3, fast pseudo first-
order at pH 6.5, k = 4.5 A 106, instantaneous, pH > 7, 
kLa = 2.38 A 10–3

42
(1992)

o-Cresol 0.75-L semibatch stirred bubble reactor, 2, 10, and 20ºC, pH 
7, phosphate buffer, PMC, fast pseudo first-order kinetic 
regime, k = 6.99 A 105 (20ºC), kinetic regime changes to 
fast second order at higher ozone partial pressure

59
(1992)

Gallic acid and 
epicatachin

0.75-L semibatch stirred bubble reactor, 20ºC, pH 4, 
phosphate buffer, PMC, fast pseudo first-order kinetic 
regime, CK, phenol, reference compound, k = 13300 
(O3-gallic acid), k = 102700 (O3-epicatechin)

60
(1993)

o-Chlorophenol 0.5-L semibatch stirred bubble reactor, 20ºC, pH 2–13, 
phosphate buffer, PMC, fast pseudo first-order to slow 
kinetic regime, CK, phenol as reference compound, k = 
1640(1 – #) + 5.7 A 107# with # = dissociation degree

61
(1993)
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TABLE 5.6 (continued)
Works on Heterogeneous Direct Ozonation Kinetics

Compound Observations
Reference No. 

(Year)

Mecoprop 4-L semibatch standard-stirred reactor, pH 2–12, 2–20ºC, 
1/z = 1 from homogeneous ozonation, PMC, slow kinetic 
regime, k at pH < 8, k = 40 (pH 2, 20ºC), k = 111.2 
(pH 7, 20ºC); O3/H2O2-MCPP was also studied

62
(1994)

Atrazine 1-L semibatch stirred bubble reactor, pH 2, 7, 12, 3–20ºC, 
1/z = 1 from homogeneous ozonation, 0.05 M t-butanol 
at pH 2 to determine k, PMC, very slow kinetic regime, 
k = 6.3 (pH 7, 20ºC), AE = 18.8 kJmol–1

37
(1994)

Aldicarb 0.25-L agitated cell, pH 7, 7–21ºC, phosphate buffer, 1/z = 
2 from homogeneous ozonation, PMC, fast second-order 
kinetic regime, Danckwerts theory applied, k = 470300 
(20ºC), AE = 12 kcalmol–1

63
(1995)

Fluorene (F), 
Phenanthrene (Ph), 
Acenaphthene (A)

4-L semibatch standard-stirred reactor, pH 2–12, 4–20ºC, 
1/z = 2 (O3-F and O3-A) and 1 (O3-Ph) from 
homogeneous ozonation; PMC, F: slow kinetic regime, 
k = 27 (pH 2, t-butanol), AE = 8.8 kcalmol–1; Ph: slow 
kinetic regime, CK, naphthalene, reference compound, 
k = 2400 (pH 7, t-butanol); A: fast second-order kinetic 
regime, k = 1.08 A 105 (pH 7)

64
(1995)

Trichloroethylene 1-L semibatch bubble reactor, pH 2, t-butanol, 20ºC. 1/z = 
1 from homogeneous ozonation, PMC, very slow kinetic 
regime, k = 17.1

65
(1997)

Cinnamic, crotonic, and 
hydroxycinnamic acids

0.5-L semibatch stirred reactor or agitated cell. pH 3 and 
7, 20ºC, 1/z = 1, PMC, in agitated cell (a = 19.63 m–1), 
fast second-order kinetic regime, Danckwerts theory 
applied; k between 1.1 A 104 to 1.4 A 104

38
(1998)

2,4,6-Trichlorophenol 
(TCP) and 2,5-dichloro-
hydroquinone 
(DCHQ)

Wetted sphere absorber, pH 2–7, 15–35ºC, fast kinetic 
regime, Higbie penetration theory, phosphate buffer, for 
O3-TCP: k = 1.44 A 104 (20ºC, pH2), k = 1.69 A 104 
(20ºC, pH 7), for O3-DCHQ: 1.7 A 105 (25ºC, pH 2)

66
(1999)

24 Pesticides Semibatch stirred bubble reactor, 20ºC, pH 7.5, phosphate-
carbonate, PMC, slow kinetic regime, k = 266 
(O3-BMPC), rest of ozone–pesticide k values from CK, 
different pesticides as reference compounds, examples: 
k = 27600 (O3-PCP), k = 323 (O3-MCPA), k = 1.11 
(O3-diquat); conditions of kinetic regime did not check

67
(2000)

Phenolic acids 1-L semibatch jacketed bubble (plate diffuser) reactor, 
pH 2–9, 20ºC, phosphate buffer, PMC, fast pseudo first-
order, moderate and slow kinetic regimes depending on pH. 
CK, different reference compounds, k also varied with pH

68
(2000)

Simazine 1-L semibatch jacketed bubble (plate diffuser) reactor, 
pH 2, 20ºC, 0.1 M t-butanol, PMC, very slow kinetic 
regime, k = 8.7

69
(2000)
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their experimental conditions. They considered the term CO3
* as the concentration

of ozone in water at equilibrium with the ozone gas entering the reactor so that their
k2 values can be taken as a lower limit of the true ones. With this approximation,
once Henry’s law is accounted for, Equation (5.55) becomes

  (5.57)

This equation can be integrated to yield

  (5.58)

TABLE 5.6 (continued)
Works on Heterogeneous Direct Ozonation Kinetics

Compound Observations
Reference No. 

(Year)

Sodiumdodecylbenzene-
sulfonate

2.5-L semibatch jacketed bubble (plate diffuser) column, 
pH 2, 20ºC, 1/z = 1 from homogeneous ozonation. 0.01 M 
t-butanol, PMC, very slow kinetic regime, k = 3.68

70
(2000)

Alachlor 0.75-L semibatch bubble reactor, pH 2, 20ºC, 0.01 M 
t-butanol, PMC, very slow kinetic regime, k = 2.8; other 
advanced oxidation also studied

71
(2000)

Naphthalene sulfonic 
acids

5-L semibatch stirred bubble reactor, 20ºC, pH 3–9, PMC, 
slow kinetic regime, determination of rate constant 
through fitting of experimental results to mass-balance 
equations, k = 252 (O3-1-naphthalene sulfonic acid, 
pH 3); rate constant of hydroxyl radical compound also 
determined; maleic acid, oxalic acid, formic acid, and 
sulfate: by-products

72
(2001)

Resorcinol 1.5-L semibatch stirred bubble reactor, 20ºC, pH 2, 
presence and absence of t-butanol, PMC, slow kinetic 
regime (conditions not checked), k = 360

Maleic acid subproduct

73
(2001)

1,3,6-Naphthalenetri-
sulfonic acid

2-L semibatch bubble reactor, 15–35ºC, pH 2–9, 1/z = 1 
from homogeneous ozonation; at pH 2 with 0.01 M 
t-butanol, PMC, slow kinetic regime (conditions not 
checked), k = 6.72 (pH 2, 25ºC), AE = 37.18 kJmol–1; 
rate constant of HO compound reaction also determined

74
(2002)

Note: Depending on kinetic regime, k, kL, and kLa are determined. PMC = perfect mixing condition for
both phases; GCM = gas constant model that assumes ozone gas concentration inside the reactor equals
constant ozone gas inlet concentration; CK = competitive kinetics to determine k; AE = activation energy;
n = ozone reaction order; m = compound reaction order. Units of k in M–1sec–1 unless otherwise indicated.
Units of kL in msec–1. Units of kLa in sec–1.
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Accordingly, a plot of the square root of the concentration of B against the reaction
time should yield a straight line (see Figure 5.9 as example). By carrying out
experiments at different ozone partial pressures, different values of A are obtained.
Then the rate constant can be calculated from a plot of A against Cgi or CO3

* , as
shown in Figure 5.10 for the case of the ozonation of resorcinol at pH 2 taken from
the work of Sotelo et al.56 As observed, the linearity expected from the relationship
between A and CO3

* [Equation (5.58)] only holds for low values of CO3
* . At these

conditions, Ei is high enough so that Condition (4.47) is fulfilled. In contrast,
Condition (4.47) does not hold at higher values of CO3

* . Deviations from linearity
for high values of CO3

* can be attributed to a change in the kinetic regime of ozone
absorption and, as a consequence, the assumed ozone absorption rate [Equation
(5.54)] also does not hold.

In some cases, however, the reaction of ozone with the compound studied,
although in the fast pseudo first-order kinetic regime, cannot be used because of the
competition of secondary reactions. In this case, the procedure can also be applied
but a differential method must be used. The method is based on the differential initial
rate method.42 In this case, the kinetic regime is applied only to the initial values of
the ozone absorption rate and disappearance rate of B since it is evident that at the
start of reaction, ozone only reacts with the target compound initially present in
water. The starting equation is now: 

  (5.59)

where CO3
* is expressed as a function of the ozone concentration at the reactor inlet

through the use of the Henry and perfect gas laws and the ozone mass-balance

FIGURE 5.9 Verification of Equation (5.58) in the ozonation of resorcinol at different ozone
partial pressure. Conditions: pH = 7, 20ºC, 30 Lh–1 = gas flow rate, 300 rpm = agitation speed;
Ozone partial pressure, Pa: B = 75, � = 164, ▫ = 305, C = 882, a = 13399. (From Sotelo,
J.L., Beltrán, F.J., and González, M., Ozonation of aqueous solutions of resorcinol and
phloroglucinol. 2. Kinetic study, Ind. Eng. Chem. Res., 31, 222–227, 1991, Copyright 1991,
American Chemical Society. With permission.)
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equation in the gas phase [Equation (5.36) to Equation (5.38)], also applied at the
start of the process:

  (5.60)

According to Equation (5.59), the plot of (1/z)(–dCB/dt)t = 0 against CO3
* CBb

0.5 should
lead to a straight line provided the kinetic regime is the fast pseudo first-order type.
The rate constant can be obtained from the slope of the line. This procedure has
been applied in the kinetic study of the ozonation of p-nitrophenol at pH 6.5.42 As
also observed in the work of Sotelo et al.,56 the linear relationship indicated in
Equation (5.59) held only for low values of CO3

* . The possible change of the kinetic
regime for high values of CO3

* was confirmed by checking Condition (4.47). Table 5.6
also presents rate constant data of ozone–B reactions calculated in this way.

Note that one of the main difficulties of this method is that the specific interfacial
area must be known to follow the procedure. A chemical procedure to determine
this parameter is based on the use of experimental data of a fast pseudo first-order
ozonation reaction (one with known rate constant) and follows the steps indicated
above. In addition to the specific interfacial area, the individual mass-transfer coef-
ficient, kL, has to be known in order to check the condition of the assumed kinetic
regime. Both the specific interfacial area and individual liquid phase mass-transfer
coefficient can be calculated from the experimental results of a fast pseudo first-
order reaction but with the use of the absorption rate law provided by the Danckwerts
theory. This corresponds to Equation (4.58) (with Ha1 = Ha2), which applied to the
mass balance of a compound B that reacts with ozone in the indicated kinetic regime
of known kinetics (that is the known rate constant), is as follows:

FIGURE 5.10 Variation of A with the ozone solubility in experiments of the ozonation of
resorcinol. Conditions: 30 Lh–1, 300 rpm agitation speed, T = ºC: � = 1, B = 10, C = 20.
(From Sotelo, J.L., Beltrán, F.J., and González, M., Ozonation of aqueous solutions of
resorcinol and phloroglucinol. 2. Kinetic study, Ind. Eng. Chem. Res., 31, 222–227, 1991.
Copyright 1991, American Chemical Society. With permission.)
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  (5.61)

Then, after considering the definition of the Hatta number, Ha2, the square of
Equation (5.61) leads to

  (5.62)

Equation (5.62) represents a straight line called the Danckwerts line.41 The corre-
sponding plot of the left side against the initial concentration of B corresponding to
different experiments allows the simultaneous determination of kL and a from the
ordinate and slope, respectively, of the fitted straight line. Thus far, this procedure
has not been applied in ozone reactions although the literature presents examples
for other gas–liquid reacting systems.75,76

For rate constant determination in the fast pseudo first-order regime, another
possibility is the use of an agitated cell to carry out the ozonation experiments. The
agitated cell is an agitated tank where the gas is fed just above the liquid surface,
as shown in Figure 5.7. The agitation should be kept low enough so as to avoid any
disturbance in the plane surface of the liquid but high enough to ensure perfect
mixing in the liquid phase. In this reactor the specific interfacial area, a, is known
(a = the ratio of the surface of liquid exposed to the gas and the volume of liquid).
Since the mass-transfer rate is also very low the amount of ozone absorbed is reduced
so that the concentration of ozone in the gas at the reactor outlet is practically
coincident with that in the gas at the reactor inlet. Hence, CO3

* can be calculated
from the latter by applying the Henry’s law constant without the need for the mass
balance of ozone in the gas phase. This procedure was also applied in a previous
work where the rate constants of the reactions between ozone and some crotonic
acid–derived compounds were calculated.38

Another possibility to apply the fast pseudo first-order kinetic regime is the use
of the competitive kinetic method. With this method, the ozonation of the target
compound is carried out in the presence of another compound, or reference com-
pound, R, of known ozonation kinetics (that is, known rate constant and stoichio-
metric ratio). The reference compound should have a reactivity toward ozone similar
to that of the target compound. Both ozone reactions have to develop in the fast
pseudo first-order kinetic regime. The method has the advantage that secondary
direct reactions have no influence on the rate constant determination since the ozone
concentration is removed from the rate equation, as shown below. However, one
disadvantage of the method is that the rate constant of the ozone–R reaction must
be known with accuracy. The procedure in a semibatch reactor with both the gas
and water phases perfectly mixed starts from the application of the mass-balance
equations of both the target and reference compounds:

  (5.63)
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and

  (5.64)

where CRb is the bulk concentration of the reference compound and zR and k2R are
the stoichiometric coefficient and rate constant of its reaction with ozone (that are
known), respectively. By dividing both equations and integrating between the limits

  (5.65)

Equation (5.66) is obtained:

  (5.66)

Although the reactions develop in a zone in the film layer, the concentrations of B
and R must be constant and equal to those they have in the bulk water. If not, the
analytical integration indicated above would not be valid. Note that this procedure
can also be applied to other different kinetic regimes, provided that the concentrations
of B and R are constant within the film layer (see the slow and moderate regime
sections). From Equation (5.66) a plot of the ln(CBb /CBb0) against ln(CRb /CRb0) leads
to a straight line of slope equal to zk2/zRk2R. From the slope, the rate constant of the
ozone–B reaction can be finally obtained. Then Condition (4.47) for the fast pseudo
first-order kinetic regime must be confirmed. Results of the rate constants obtained
from this method are presented in Table 5.6.

Although the fast pseudo first-order kinetic regime is the most recommended
one to determine the rate constant of fast gas–liquid reactions, in some cases
Condition (4.47) cannot be fulfilled and the use of Equation (4.44) is the only way
to determine the rate constant. For these cases, it is convenient to use the absorption
rate law given by Danckwerts surface renewal theory [Equation (4.74)] rather than
the equation derived from film theory [Equation (4.44)], which is a more difficult
mathematical treatment because in the former E is expressed explicitly. Combining
Equation (4.31) with the mass balance of B yields, after integration, Equation (5.67):

  (5.67)

where E is defined by Equation (4.74). Both E and CO3
* are functions of time, and

the determination of the rate constant follows a trial-and-error procedure. First a
value of k2 is assumed, then Ha2, Ei, and E are determined from Equations (4.40)
(for Ha2), (4.68), and (4.74) at different reaction times. The value of CO3

* is also
determined at different times from the mass balance of ozone in the gas [Equation
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(5.38)] and Henry’s law is applied to the ozone partial pressure at the reactor outlet
[Equation (5.36)]. Finally, numerical integration of Equation (5.67) is carried out.
The integral value should coincide with the difference between the initial and final
concentrations of B, as Equation (5.67) indicates. The last step of the procedure is
to check that the condition for the fast reaction is fulfilled. This procedure has been
applied to the kinetic study of the ozonation of aldicarb (a hazardous herbicide of
water).63 In this work, the concentration of ozone in the gas at the reactor outlet
becomes constant within a few minutes of the start of ozonation, ti; then Equation
(5.67) can be numerically integrated with the boundary conditions:

  (5.68)

where CBbi is the concentration of B at time ti. The following steps include the trial-
and-error procedure that allows the rate constant of the reaction to be determined
once the integral of the right side of Equation (5.67) coincides with the difference
between concentrations of B at time ti and at given time t. 

The rate constant of a fast ozone reaction can also be calculated from the
differential method of initial reaction rates when some secondary direct reactions
compete for the available ozone. This is the case with some polynuclear aromatic
hydrocarbons, such as acenaphthene.64 The initial absorption rate is used in the mass
balance of B so that

  (5.69)

where Et = 0 is given by Equation (4.74). The method does not require any numerical
integration, only calculation of the initial disappearance rate of B from the B con-
centration profile–time data. Using a trial-and-error procedure similar to that of the
preceding section the rate constant can be determined. Table 5.6 lists the calculated
rate constant data for the ozone–acenaphthene reaction.

5.3.5 MODERATE KINETIC REGIME

When the reaction between ozone and the target compound B is either in the film
layer or in the bulk liquid the regime is called moderate (see Figure 4.9). The
condition to be fulfilled is that the Hatta number must be between 0.3 and 3 (see
also Table 5.5). As shown previously, the absorption rate law equation coincides
with the general Equation (4.25) with Ha1 given by Equation (4.38) and Rb1 substi-
tuted by Rb2 [Equation (4.41)]. Due to the complexity of the kinetic equation, it is
evident that this kinetic regime is not recommended for kinetic studies. Nonetheless,
there are two cases where the experimental data obtained at this kinetic regime can
be used for this purpose. In one of these cases, there is no dissolved ozone and the
rate law equation can be simplified to Equation (4.44), which also applies for the
fast kinetic regime (see previous section). In the second case, the concentration of
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B can be considered constant through the film layer and the regime can be called
moderate pseudo first-order.

5.3.5.1 Case of No Dissolved Ozone

The absorption rate law [Equation (4.25)] simplifies to Equation (4.44). The proce-
dure is similar to that shown for fast reactions. The lack of explicit form of the
reaction factor E makes the use of trial-and-error procedures necessary. Thus, the
method starts by assuming a value for the rate constant k2. The Hatta number, Ha2,
is then calculated and, finally, the reaction factor, E, with the help of Equation (4.44).
This value should coincide with that obtained from the disappearance rate of B:

  (5.70)

With this procedure, the rate constant of the direct ozonation of maleic acid was
determined in a previous work51 (see Table 5.6 for rate constant data). 

5.3.5.2 Case of Pseudo First-Order Reaction with Moderate 
Kinetic Regime

The absorption rate law is still a complicated equation to be solved. Thus, the best
method first applies the competitive kinetic procedure indicated previously for fast
pseudo first-order reactions. The starting equations are the mass balances of target
and reference compounds, B and R, respectively, in a batch system (recall that batch
refers to the water charged to a semibatch reactor). With this method, knowledge of
the concentration of ozone is not relevant but concentrations of B and R must be
constant through the film layer so that Equations (5.63) and (5.64) hold. If this is
the case, the rate constant of the direct ozone–B reaction can be calculated as
indicated in Section 5.3.4. However, validation of this procedure requires not only
checking the condition for the moderate kinetic regime to be applied (see Table 5.5)
but also the uniformity of concentrations of B and R through the film layer, which
is the primary reason for choosing the method. Estimations of these concentrations
can be made following the procedure developed in Section 4.2.1.3 for series-parallel
gas–liquid reactions. Using Equation (4.53) to Equation (4.56), concentrations of B
and R at the gas–water interface can be obtained after trial-and-error procedures.
The method presented was applied in a work where the competitive ozonation of
some phenol compounds was studied.68 The results are also presented in Table 5.6.

5.3.6 SLOW KINETIC REGIME

The presence of dissolved ozone is the sign of slow reactions in water. In these cases
the Hatta number is lower than 0.3 and the reaction factor is lower than unity, if it
is defined according to Equation (4.31), that is, defined with respect to the maximum
physical absorption rate. Then, the definition of the reaction factor would not have
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physical meaning. Note, on the contrary, that for the slow kinetic regime the reaction
factor defined as the ratio between the actual chemical absorption rate and that of
physical absorption is 1:

  (5.71)

The process presents two steps in series, with the diffusion rate of ozone through
the film layer equal to the chemical reaction rate in the bulk liquid. Figure 4.7 shows
the general situation for the concentration profiles of ozone (the gas dissolved in
our case) and B, the target compound.

In the slow kinetic regime, the influence of the ozone decomposition reaction
is the first action to check. In fact, as shown in Section 7.1, at pH < 12, which is
the usual situation when the direct ozone reaction studied is in the slow kinetic
regime, the ozone decomposition reaction likely competes for the available ozone.
In this case, both ozone and free radicals (mainly hydroxyl radicals) react with the
target compound B. Thus, some experiments on the ozonation of the target compound
should first be carried out in the presence and absence of hydroxyl radical scavengers
to avoid the development of indirect reactions. For example, Figure 5.6 shows results
of the ozonation of atrazine in the presence and absence of t-butanol and carbonates,
known scavengers of hydroxyl radicals. It is seen that, in the absence of scavengers,
the remaining concentration of atrazine decreases with time faster than in its pres-
ence. It is evident that this effect is due to the additional contribution of free radical
reactions (that is, indirect ozone reactions) developed from the ozone decomposition
reaction. This is, then, conclusive proof of the competitive effect of ozone decom-
position. Reactions for the kinetic study in this case (that is, for the rate constant
determination) must be carried out in the presence of scavengers of hydroxyl radicals.

Once indirect reactions are eliminated, the rate constant of the direct reaction
ozone–B compound can be obtained directly from the mass balance of B in the batch
reactor:

  (5.72)

Equation (5.72) can be used if concentrations of B and ozone are known with time.
This is the typical situation in the slow kinetic regime. The recommended method
is the use of an analytical procedure, that is, to integrate Equation (5.72). This can
only be done in the absence of secondary reactions that consume ozone since, in
that case, concentrations of ozone and B are functions of the conversion of B.
However, this is rather difficult in ozonation reactions where ozone is also consumed
in unknown direct secondary reactions. In this case, a differential method should be
applied. With this method, a plot of –rB with the product of concentrations of B and
ozone would lead to a straight line, according to Equation (5.72). The slope of this
line is the rate constant regardless of the presence of secondary reactions. The
disappearance rates of compound B, –rB, can be obtained from the experimental
curve of the concentration of B with time. The method was used, for example, in
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the kinetic study of the ozonation of fluorene, a polynuclear aromatic hydrocarbon
that reacts slowly with ozone through direct reaction.64 Thus, the disappearance rates
of fluorene were obtained from the first derivative with time of a second-order
polynomial equation found, through least squares analysis, to fit the concentration
of fluorene with time. Table 5.6 shows values of rate constants obtained with this
method.

Another possibility in the kinetic study of slow reactions is the initial method
of reaction rates. A drawback of this method is the unknown value of the ozone
concentration at the start of reaction. In fact, at the start of the reaction, the concen-
tration of dissolved ozone is theoretically zero; however, the mass balance of ozone
in water can be used to avoid this problem. This equation for the case of a semibatch
reactor is as follows:

  (5.73)

where the subindex j represents any compound j present in water that reacts with
ozone directly and k2j, kd, and kT are the rate constants of the ozone direct, hydroxyl-
ion-initiated decomposition, and other initiation reactions, respectively. If Equation
(5.73) is applied to the start of ozonation, the ozone accumulation rate term, dCO3b /dt,
and intermediate reactions are negligible, and the equation reduces to

  (5.74)

From Equation (5.74) the concentration of ozone is

  (5.75)

where CBb0 represents the initial concentration of B. Combining Equations (5.74)
and (5.75) allows us to determine k2:

  (5.76)

This method was also applied in the kinetic study of the ozonation of fluorene64 (see
Table 5.6).

A third possibility for determining the rate constant, k2, is the use of the com-
petitive method explained in Section 5.3.4 for the fast pseudo first-order kinetic
regime. Note that in slow reactions the concentration of B is constant through the
film layer and, as a consequence, the competitive kinetic method can also be applied.
In fact, the literature reports some works where the competitive method was used
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to determine the rate constant of direct ozone reactions64,50 with the slow kinetic
regime of ozone absorption. Table 5.6 shows the reported rate constant values
obtained.

5.3.6.1 The Slow Diffusional Kinetic Regime

The slow kinetic regime presents more possibilities, as shown below. One of the
subkinetic regimes is diffusional (see Figure 4.8), with the absorption rate equal to
the maximum physical absorption rate: 

  (5.77)

The reaction factor E is also unity and the combination of the mass balance of B in
a semibatch reactor with the absorption rate law [Equation (5.48) and Equation (5.77)],
yields:

  (5.78)

Equation (5.78) indicates zero-order kinetics with respect to B, therefore the exper-
imental concentration profile of B with time should be linear. If the concentration of
ozone at the interface, CO3

* , is constant during the reaction time, integration of
Equation (5.78) with the initial Condition (5.56) leads to a straight line of slope
equal to zkLaCO3

* and the volumetric mass-transfer coefficient can be determined.
Note that CO3

* is the concentration in water at the interface in equilibrium with the
gas exiting the reactor because of the perfect mixing conditions for both the gas and
water phases. Although this concentration usually changes with time, for slow
reactions it could remain constant and very close to the value of the ozone concen-
tration at the reactor inlet because of the low values of the ozone absorption rate.
CO3

* can then be calculated directly from Henry’s law by using the ozone partial
pressure at the reactor inlet, which is known and remains constant with time. This
procedure was applied in the ozonation of p-nitrophenol at pH 2 with an initial
concentration higher than 10–4 M.42 At these conditions, the disappearance rate of
p-nitrophenol is constant for the first 15 to 20 min, which indicates zero-order
kinetics. The slope of the line is kLaCO3

* . Figure 5.11 shows that a plot of the slope
of these lines (the disappearance rate of B) obtained at different ozone partial pressure
against the corresponding CO3

* leads to another straight line. The slope of this line
was the volumetric mass-transfer coefficient (see also Table 5.6).

5.3.6.2 Very Slow Kinetic Regime

For rate constant determination, the main problem associated with the methods
presented above is the need to know the disappearance rate of B, either at any time
or exclusively at the start of the process. For this reason, the very slow kinetic regime
of absorption is the most appropriated one to determine the rate constant of the
ozone–B direct reaction. If this is the case, the ozone absorption rate equals the
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maximum chemical reaction rate because the process is chemically controlled. Then,
once the stoichiometry ratio, z, is accounted for, the absorption rate is related to the
disappearance rate of B, so that, in a batch system (with respect to B) the following
is obtained:

  (5.79)

In laboratory practice, when treating very slow ozone reactions, it is usual to get
increased concentrations of dissolved ozone for the first few minutes of reaction and
then a steady state concentration of ozone, CO3s which is very close to CO3

* . Thus,
integration of Equation (5.79) is carried out with the initial condition

  (5.80)

where ti is the time needed to reach the steady-state concentration of ozone and CBbs

the corresponding concentration of B to that time. Integration of Equation (5.79)
leads to:

  (5.81)

According to Equation (5.81), a plot on the left side against (t – ti) should lead to
a straight line. The slope of this line is the product of the rate constant, the stoichi-
ometric ratio, liquid holdup, and the steady-state concentration of ozone. The pro-
cedure depicted here has also been applied in different works (see Table 5.6). In
Figure 5.12, the aforementioned plot is presented for the case of the ozonation of
atrazine.37

FIGURE 5.11 Determination of the volumetric mass-transfer coefficient from ozonation
experiments of p-nitrophenol in the diffusional kinetic regime at pH 2. (From Beltrán, F.J.,
Gómez-Serrano, V., and Durán, A., Degradation kinetics of p-nitrophenol ozonation in water,
Wat. Res., 26, 9–17, 1992. Copyright 1994, Elsevier Press. With permission.)
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5.4 CHANGES OF THE KINETIC REGIMES DURING 
DIRECT OZONATION REACTIONS

From the previous sections the importance of ozone can be deduced, not only for
its practical use in water treatment but also for academic studies with the aim of
obtaining kinetic and hydrodynamic parameters. It has been shown that ozone
absorption in water develops in different kinetic regimes — instantaneous, fast, or
slow — which offer the possibility of determining rate constants, specific interfacial
areas, and mass-transfer coefficients. Figure 4.3 and Figure 4.5, which show the
changes of E with the Hatta number for first- and second-order irreversible reactions,
can also be prepared from experimental results of some ozone direct reactions. In
this sense, reactions of ozone with phenols are particularly special because of the
dissociating character of phenols. Thus, according to Equation (3.22), the rate constant
varies with pH by several orders of magnitude. From the point of view of the kinetic
regime of ozone absorption, at constant values of the ozone diffusivity and individual
liquid phase mass-transfer coefficient, changes of pH, ozone partial pressure, and
phenol concentrations give rise to changes in the kinetic regime of ozonation. From
the results reported in preceding papers,45,53,56 a plot of the experimental reaction factor,
E, with the Hatta number, Ha2, would allow us to observe the different zones where
the kinetic regimes hold. This type of plot has been prepared in previous works.45,59

5.5 COMPARISON BETWEEN ABSORPTION THEORIES 
IN OZONATION REACTIONS

With some exceptions, most of the studies concerning the kinetics of the direct
reactions of ozone in water have been developed using film theory because of the
easier mathematical treatment. However, film theory is based on unrealistic concepts

FIGURE 5.12 Determination of the rate constant of the direct reaction between atrazine and
ozone from results in a very slow kinetic regime. Conditions: pH = 2, 0.05 M t-butanol, CATZ0 =
4.8 A 10–5 M, T ºC, PO3i, Pa, respectively: a = 3, 695; � = 10, 840; ▫ = 20, 1100. (From
Beltrán, F.J., García-Araya, J.F., and Benito, A., Advanced oxidation of atrazine in water. I.
Ozonation, Water Res., 28, 2153–2164, 1994. Copyright 1994, Elsevier Press. With permission.)
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and, therefore, it is convenient to compare the kinetic results obtained from this
theory with others based on more realistic approaches, such as the surface renewal
theory of Danckwerts (see equations in Section 4.2.2). In preceding papers77,78 this
comparison was made for the case of the reaction between ozone and resorcinol,
phloroglucinol, and 1,3-cyclohexanedione, compounds that dissociate in water when
pH is changed. The experimental reaction factors at different conditions of pH, ozone
partial pressure and concentration of B, obtained from the film and Danckwerts
theories, were plotted against their corresponding instantaneous factors as shown in
Figure 5.13 for the case of 1,3-cyclohexanedione.77 As can be observed, values of
the instantaneous reaction factor from the Danckwerts theory were always higher
than those obtained from the film theory, except for the cases of very high ozone
partial pressure. This means that the ozone partial pressure range for which the fast
kinetic regime of absorption holds is wider when the Danckwerts theory is applied.
This is useful information because the rate constant of the reactions of ozone with
many organics (phenols, PAHs, etc.) must be determined when the fast, or to be
more exact, the fast pseudo first-order kinetic regime holds. From Figure 5.13, it is
also observed that the instantaneous kinetic regime (Eexp = Ei) was reached when
some ozonations were at pH 7 and 8.5, regardless of the absorption theory applied.
Then, at pH 2, the kinetic regime was never instantaneous. Since differences in the
instantaneous reaction factor can give rise to a new distribution of kinetic regime
zones, it is convenient to define this new distribution zones with the Danckwerts
theory. In fact, in another work78 other theories such as the eddy diffusivity theory
(which are not discussed here) were also applied with results similar to the Danck-
werts theory. From the results obtained it was concluded that the ozone partial
pressure and pH were the main variables that affect the kinetic regime zones.
However, although the range of ozone partial pressures for which kinetic regime
zones are established depends on the theory applied, the values of the rate constant
and mass-transfer coefficients obtained from the application of both theories were

FIGURE 5.13 Comparison between experimental and instantaneous reaction factor deter-
mined from different absorption theories and applied to the ozonation of 1,3-cyclohexanedi-
one. (From Sotelo, J.L., Beltrán, F.J., and González, M., The use of surface renewal and eddy
diffusivity theories in the ozonation of a THM precursor: 1,3 cyclohexanedione, Ozone Sci.
Eng., 13, 421–436, 1991. Copyright 1991, International Ozone Association. With permission.)
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similar (see Table 5.7). As a final conclusion it can be said that because of its
mathematical simplicity, film theory is the most recommended method for studying
the kinetics of direct ozone reactions in water.
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6 Kinetics of the 
Ozonation of 
Wastewaters

Ozone is not confined solely to treatment of natural waters for drinking. Ozone has
long been used in wastewater treatment. Although the general objective of ozonation
in wastewater treatment is disinfection after the secondary biological treatment1,2

ozone also plays a variety of other roles, mainly to improve the efficiency of other
unit operations such as coagulation–flocculation–sedimentation3,4 or carbon filtra-
tion;5,6 to remove biologically refractory or toxic compounds to improve biological
oxidation units;7,8 or to reduce the amount of sludge generated in these latter sys-
tems.9,10 Specific literature concerning the application of ozone in the treatment of
wastewater (mainly industrial wastewater) dates back to the 1970s, when Rice and
Browning11 published a compendium of cases about ozone application. Thus, both
inorganic- and organic-compound-related industries have used ozone for decontam-
ination or disinfection purposes. Rice and Browning11 divided these industries into
21 categories, as listed in Table 6.1. Wastewater produced in pesticide manufacturing
and use, rinsing of wood chips contaminated with pentachlorophenol or other wastes
containing 1,4-dioxane, marine aquaria, swine marine slurries from stored livestock
wastes, leachates, etc. have all been treated with ozone.12–17 Among the numerous
industrial wastewater types mentioned, ozone is most commonly applied to waste-
water containing phenols that are present in numerous industrial processes (coke
plants, petroleum refinery, plastics, pulp and paper, textiles, soaps and detergents,
food and beverage, etc.). Other wastewaters containing surfactant compounds and
dyes have also been treated with ozone.18,19 Table 6.2 presents a list of papers
published since 1995 dealing with the use of ozone in wastewater treatment. Many
compounds present in most of these wastewaters directly react with ozone in reac-
tions with very high rate constants. Thus, one expects that ozone is an oxidant truly
recommended to reduce or even eliminate the contamination of these wastewaters.
However, a rather different result would be obtained if ozonation were the main
operation used to decontaminate wastewater. The problem of ozone use in wastewater
arises from two facts: the high concentration of fast ozone-reacting compounds
(phenols, dyes, some surfactants of benzene sulphonate acid type, etc.) and the
presence of other substances (e.g., salts, carbonates, etc.). On the one hand, because
of the high concentration of fast ozone-reacting compounds, the ozonation rate is
mass transfer controlled (see Table 6.3), and, on the other hand, the presence of
ozone decomposition–inhibiting compounds or hydroxyl free radical scavengers
halts the ozonation rate when ozone indirect reactions are the main means of pollutant
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removal (a situation that occurs when the concentration of fast ozone-reacting
compounds has been reduced so that the kinetic regime of their ozonation reactions
becomes slow). As a result, ozonation is not usually a cost-effective technology if
used as the main treatment operation for wastewater because of the large amount of
ozone needed. As a consequence, ozone is recommended in wastewater treatment
as a complementary agent of other processes, mainly to increase biodegradability,
reduce toxicity of recalcitrant compounds, etc.67

TABLE 6.1
Wastewater Types Treated with Ozone

Industry Objectives or Compounds Present 

Aquaculture Shellfish depuration, marine water quality, disease prevention, toxicity
Electric power 
manufacturing 

Biofouling control

Electroplating Removal of cyanides and cyanates; complex metal cyanides with O3/UV
Food and kindred products Sterilization of water for bottle washing, COD reduction of brines, 

disinfection of processing water
Hospital wastewater Shower, operating room, kitchen, chemical lab, x-ray lab; target COD 

for water reuse = 10 mgL–1

Municipal wastewater, 
inorganics containing water

Chloro–alkali production

Removal of Fe and Mn, heavy metals such as Hg, Cr(III), ammonia 
(among others)

Iron, steel, and coke plants Cyanides, cyanates, phenols, sulfide (among others)
Leather tanneries Removal of colorants, sulfide
Organic chemical 
manufacturing plants

Salicylic acid, caprolactam synthesis, alkylamines, organic dyes, 
chelating agents, etc.

Paints and varnishes Phenols, methylene chloride
Petroleum refineries Oils, hydrocarbons, nitroaromatics, phenols, ammonia, mercaptans, etc.
Pharmaceutical industries Little information available
Photoprocessing Surfactants, sulfate, phosphates, cyanates, heavy metals
Plastics and resins Phenols, formaldehyde, synthetic polmers (unsaturated organics, 

alkylnaphthalene sulfonates), leathers (Zn, phenols, etc.), rubber 
(olefins, mercaptans, etc.)

Pulp and paper Bleaching, odor control, mill wastewater treatment, spent sulfite liquor 
treatment

Soaps and detergents Alkylbenzene sulfonate surfactants, reduce foaming
Textiles Organic dyestuff, sizing agents, surfactants, organic and inorganic acids, 

azoic dyes, azobenzenes

Note: Phenols were also classified as an independent group due to their importance in many wastewater
treatment industries, as shown above.

Source: From Rice, R.G. and Browning, M.E., Ozone Treatment of Industrial Wastewater, Noyes Data
Corporation, Park Ridge, NJ, 1981.
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TABLE 6.2
Recent Literature Concerning Work on Wastewater Ozonation

Wastewater Type Reacting Features
Reference No. 

(Year)

Municipal wastewater 
containing dye and 
surfactant compounds

Pilot plant system: 3 contact columns, pH 7–7.4, anionic 
surfactants and nonionic detergents: 3–4, COD: 150–200 

19 (1995)

Pulp mill effluents Batch and semicontinuous ozonation, filtrate bleaching 
process wastewater COD = 3060, BOD5 = 540, pH 9.65; 
aerated stabilization basin wastewater: COD = 1440, BOD5 = 
25, pH 7.1

20 (1995)

Oil shale Semibatch ozonation, pH 10, COD: 4000, BOD5/COD: 0.23, 
phenols: 450, O3/H2O2, and other AOP tested

21 (1995)

Mechanical and chemical 
pulp mill

Semibatch ozonation, pH 7 (adjusted); different effluents: 
COD: 1723–615, BOD: 281–708, toxicity reduction

8 (1996)

Printed circuit board rinse 
water

Batch ozonation, compounds: thiourea, Na gluconate, 
nitrilotriacetic acid; COD: 45, TOC: 13, O3/H2O2 and 
catalytic ozonation

22 (1997)

Swine manure wastes Semibatch ozonation, COD: 54200, BOD5: 29800, pH 7; 
compounds present: volatile fatty acids, phenolics, indolics, 
ammonia, sulfide, phosphates

23 (1997)

Pharmaceutical effluents AOP treatments: Fenton, O3/UV, H2O2/UV, semibatch 
ozonation, COD: 670–2700, AOX: 3–5

24 (1997)

Boiling feed water in 
power plant

Real water treatment plant, pH 6.3–7, COD: 1–10, TOC: 
1.5–4, Fe, Mn, chlorides, sulfates, nitrates, O3, and O3/H2O2

25 (1997)

Dental surgery Disinfection 26 (1997)
Dyes Pilot plant, COD: 1071, BOD: 348; ammonia: 21, different 

dyes: reactive, disperse, sulfur, acid, direct
27 (1998)

Landfill leachates Semibatch ozonation, COD: 45000–700, pH 5.4–6 16 (1998)
Domestic plus industrial Coagulation aid, COD: 480, TSS: 110, pH 8.4 28 (1998)
Sewage Reduce sludge production, TOC: 200, MLSS in aeration tank: 

1500–2500; intermittent and continuous ozonation
9 (1998)

Municipal Pilot plant ozonation, UV, O3, peracetic acid, disinfection, 
pH 6.7–8, DOC: 3–24

29 (1999)

Membrane textile effluent Batch ozonation, COD: 595, BOD5: 0, pH: 7.95, nonionic 
surfactants, aldehydes

30 (1999)

Synthetic dyehouse 
effluent

40-fold diluted dyebath: DOC: 25, pH: 10.94, different dyes 
and also urea, chloride, carbonate, O3, O3/H2O2, H2O2/UV, 
semibatch ozonation

13 (1999)

Sludge reduction Sludge ozonation to solubilization 31 (1999)
Table olive Semibatch ozonation, different AOP (O3, O3/H2O2, O3/UV), 

COD: 19–25, BOD5: 2–4.3, pH 13, biodegradability variation
32 (1999)

Textile Semibatch ozonation, O3, O3/H2O2, COD: 320, BOD5: 42–64, 
pH 8.2

33 (1999)

Domestic Continuous pilot plant ozonation plus biological aerobic 
oxidation, COD: 294, BOD5: 170, pH: 7.2–7.6 

34, 35 (1999)
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TABLE 6.2 (continued)
Recent Literature Concerning Works on Wastewater Ozonation

Wastewater Type Reacting Features
Reference No. 

(Year)

Wine distillery plus 
domestic sewage

Semibatch ozonation plus biological aerobic oxidation, COD: 
21700–300, BOD5: 13440–187, pH 5.4–10, kinetic study, 
biodegradability

36, 37 (1999)

Domestic Batch ozonation, COD: 380, BOD5: 218, pH 7.6, improve 
sedimentation

38 (1999)

Domestic Semibatch pilot plant, pH 7.6–8.6, DOC: 7–16, bromide: 
3.48–10.1, total coliforms: 1380–4550, disinfection for reuse 
in agriculture

39 (2000)

Pharmaceutical Semibatch ozonation, O3, O3/H2O2, different compounds: 
acetylsalicilic, clofibric acid, diclofenac, ibuprofen: 2 0gL1, 
pH 7, 10ºC

40 (2000)

Pulp mill Batch and semibatch ozonation, pH 2–10, 
ethylenediaminetetracetic acid (EDTA): 10–1000

41 (2000)

Sludge from anaerobic 
degradation

Batch and continuous ozonation, reduce sludge by partial 
oxidation, TCOD: 7900, TOC: 2900, SS: 9000

42 (2000)

Dyeing and laundering Dyeing: anionic detergent: 142, COD: 440, chlorides: 8000, 
pH 7.5, laundering: COD: 1650, anionic detergents: 110, 
nonionic detergents: 680, pH 10, different AOP treatments

43 (2000)

Agroindustrial-domestic Continuous pilot ozonation plus aerobic biological oxidation, 
COD: 2250, BOD5: 1344, pH 3–7

44 (2000)

Table olive plus domestic 
sewage

Semibatch ozonation plus aerobic biological oxidation, COD: 
1110, BOD5: 570, nitrites, ammonia n-phenolics, pH 11.1

45 (2000)

Olive oil and table olive 
plus domestic sewage

Semibatch pH sequential ozonation, olive oil ww: COD 1465, 
BOD5: 1240, pH 5.8; table olive ww: COD: 1450, BOD5: 
910, pH 11.3, nitrites, ammonia, phenolics, ozone with pH 
cycles

46 (2000)

Petrochemical Ozone plus biological activated carbon; wastewater: benzoic 
acid and aminobenzoic acid: 500, acrylonitrile: 100, pH 7

7 (2001)

Manufacturing dyes Ozone as pretreatment of biological oxidation, semibatch 
ozonation, 3-methyl pyridine: 10–3–10–4 M, pH 4–6, kinetic 
study

47 (2001)

Cherry stillage (2 times 
diluted)

Semibatch ozonation plus aerobic biological oxidation, COD: 
145–180, BOD5: 100–140, pH 3.8

48 (2001)

Wine distillery plus 
domestic sewage

Semibatch pH sequential ozonation, domestic ww: COD: 300, 
BOD5: 160, pH 7.6; distillery ww: COD: 2500, BOD5: 1340, 
pH 3.5, ozone with pH cycles

49 (2001)

Landfill leachate Semibatch ozonation, pH 8.3, COD: 1400, BOD5: 170, SS: 270 50 (2001)
Dye production Semibatch ozonation, different dyes, COD: 18400–2420, pH 

0.5–9.3 depending on dye type, O3/H2O2 and Fenton
51 (2001)

Textile Different AOP treatments, Improve biodegradability, COD: 
2154, BOD5: 1050, TOC: 932, antraquinone, anionic 
detergent, alkylnaphthalensulfonate, chlorides

52 (2001)
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TABLE 6.2 (continued)
Recent Literature Concerning Works on Wastewater Ozonation

Wastewater Type Reacting Features
Reference No. 

(Year)

Domestic plus dyestuff Pilot plant ozonation, COD: 234–38, BOD5: 5.6–27, SS: 
69–12, pH 7.1–7.7, different dyestuff

53 (2001)

Mechanical pulp 
production

Semibatch ozonation, wet air oxidation, COD: 1600–16500, 
TOC: 6100–6700, pH 4.8–6.5, tannin+lignin acids, fatty 
acids, sterols, triglycerides among others

54 (2001)

Fruit cannery effluent Semibatch ozonation, COD: 12000–45000, pH 9.8–13.5: O3, 
O3/H2O2, activated carbon

55 (2001)

Kraft pulp mill effluent Pilot plant impinging jet bubble ozone column, COD: 
750–681, BOD5: 21.5–18.8, pH: 7.6, aromatic halogen and 
color-causing compounds

56 (2001)

Secondary and tertiary 
domestic effluents

Pilot plant ozonation, COD: 30–71, TOC: 0 < 10–26, pH: 
7–7.5, different fecal microorganisms, disinfection for reuse

57 (2002)

Paper pulp effluents Semibatch ozonation, 10 different AOP applied, COD: 1384, 
TOC: 441, pH 10, comparison and cost estimation

58 (2002)

Reactive dyebath effluent Semibatch ozonation, comparison of AOPs (O3, UV/H2O2, 
UV/TiO2), 15-fold dilution, TOC: 46.8, AOX: 0.102, 
carbonates: 490.6, pH 10.9, different dyebath

18 (2002)

Textile effluent Packed bed (Raschig ring) ozone continuous flow column, 
COD: 1512, BOD: 90.6, pH 10.9, reductions of COD, pH, 
phytotoxicity reduction

59 (2002)

Domestic sludge Cylindrical bubble column, MLSS: 10100 with 73% VSS, 
ozone dosage: 0.01–2 g/gMLSS, significant mineralization 
at high ozone dosage and solubilization at low ozone dosage

60 (2002)

Fruit cannery (FC) and 
winery (W) effluents 
anaerobically treated

After anaerobic oxidation: FC: COD: 525–750, W: COD: 
148–370, ozone and ozone/hydrogen peroxide treatment in 
continuous flow bubble column plus GAC adsorption in fixed 
bed column, COD and color reductions followed

61 (2002)

Industrial landfill leachates Treatments: ozone, ozone/hydrogen peroxide, hydrogen 
peroxide; semibatch bubble column; biological oxidation 
postreatment; BOD/COD = 0.05, COD: 390–560; increases 
of biodegradability and up to 50% COD reduction

62 (2002)

Pharmaceutical effluent Semibatch bubble column, values of biologically treated 
wastewater: COD: 8034, BOD: 3810, pH 8.7, significant UV 
absorbance reductions 

63 (2002)

Log yard run-off Pre- and post-ozonation of biological oxidation, magnetically 
semibatch tank reactor, BOD: N: P: 100: 5: 1, MLSS: 2500: 
ozone reduces COD (22%) and increases BOD (38%)

64 (2002)

Domestic effluent Activated sludge ozonation, sludge periodically treated with 
ozone in a semibatch tank, 75% reduction with 0.05 
gO3/gVSS, biological reactor: residence time: 10 d, 2 gL–1 
SS, slight increase in COD

65 (2002)
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6.1 REACTIVITY OF OZONE IN WASTEWATER

In ozonation processes, the nature of compounds present in water will determine
the degree of reactivity with ozone. Compounds with specific functional groups
(aromatic rings, unsaturated hydrocarbons, etc.) are prone to ozone attack while
other compounds (saturated hydrocarbons, alcohols, aldehydes, etc.) can be consid-
ered resistant to ozone attack. In these cases the second type of ozone reaction
(indirect reactions) can play an important role, although this will also depend on the
concentration of fast ozone-reacting compounds (kinetic regime) and hydroxyl rad-
icals, the way they are generated, inhibiting substances, and pH of water. Based on
these observations, when ozone is applied to a real wastewater there will likely be
numerous series-parallel ozone reactions, depending on the wastewater complexity.
If the presence of initiators, promoters, and inhibitors is of great importance in the
treatment of natural water, the unknown nature and concentration of these com-
pounds and others that directly react with ozone constitute the main problem in
studying not only the kinetics of wastewater but also predicting ozonation efficiency.
Knowledge of the composition of the wastewater results is fundamental to predicting
ozone reactivity and potential application. In addition, pH and concentration of the
compounds present in the wastewater are other key factors for future kinetic studies.

The chemical composition of the wastewater determines its potential reactivity
with ozone. Table 6.3 gives values of the Hatta number for some direct ozone
reactions with compounds that could be present in wastewater and the kinetic regime
of these ozonation processes. The information given about the recommended ozone
system should be used to improve as much as possible the pollutant removal rate.
As can be deduced from Table 6.3, pH, concentration, and nature of pollutants are
major factors affecting the choice of recommended action. Some of these compounds
dissociate in water when pH is increased, enhancing the ozonation rate (see Chapter
2). In these cases, mass transfer limitation constitutes the major problem, and ozone
feeding devices are key factors affecting the performance of the ozonation rate. Other
compounds such as pesticides are usually present in low concentration (ppm or ppb
level) due to solubility limitations. In these cases, chemical ozone reactions control

TABLE 6.2 (continued)
Recent Literature Concerning Works on Wastewater Ozonation

Wastewater Type Reacting Features
Reference No. 

(Year)

Pharmaceutical effluent Synthetic wastewater prepared from antibiotics, COD: 900, 
1.5-L semibatch bubble column; effects of pH and addition 
of hydrogen peroxide, increases in BOD/COD

66 (2003)

Note: Units in mgL–1



Kinetics of the Ozonation of Wastewaters 119

TABLE 6.3
Reactivity and Kinetic Regimes of Industrial Wastewater Ozonation Related 
to the Presence of Some Specific Contaminants

Wastewater Type
Specific 

Contaminant
Concentration, pH, and 

Rate Data

Hatta Number, 
Kinetic Regime, and 

Action to Take

Ash dump21 Phenolics Hundreds of mgL–1, pH = 
12, k = 1.8 A 107 68

Ha > 10, Instantaneous, 
DW, AOP NR

Swine manure 
wastes23

Odor compounds:
p-cresol, sulfides

Few to tens mgL–1, pH 7, 
k = 7.5 A 105 (of O3–o-
cresol reaction)69

Tens of mgL–1, pH 7, k = 3 A 
109 70

Ha < 10, Fast to moderate 
regime, DW, AOP NR

Ha > 10, Fast to 
instantaneous regime, 
DW, AOP NR

Pharmaceutical24 AOXs:
chlorophenol, 
heptachlor

Few mgL–1, pH 7, k = 108 68

Hundreds 0gL–1, pH 7, k = 
90 71

3 < Ha < 10, Fast pseudo 
first-order regime, DW, 
AOP NR

Ha < 0.1, Slow regime, IW, 
AOP R

Pulp mill41 EDTA Hundreds mgL–1, pH 8, k = 
20000 (O3-dimethylamine 
reaction)68

Ha < 0.5, Moderate regime, 
Mainly IW, AOP R

Textile18,43,52 Azoic dyes Few to tens mgL–1, pH 10, 
k = 108 72

3 < Ha < 10, Fast regime, 
DW, AOP NR

Table olive45 Phenolics Hundreds to thousands of 
mgL–1, pH 12.9, k = 1.8 A 
107 (O3-phenol reaction)68

3 < Ha < 20, Likely fast 
regime, DW, AOP NR

Olive oil46 Phenolics Thousands of mgL–1, pH 
4.9, k = 5 A 104 (O3-phenol 
reaction)68

1 < Ha < 5, Moderate to fast 
regime, DW, AOP NR

Petrochemical7 Benzoic acid Hundreds of mgL–1, pH 7, 
k < 0.15 (p-chlorobenzoic-
O3 reaction)68

Ha < 0.01, Very slow 
regime, IW, AOP R

Herbicide 
manufacturing 

Atrazine and others Tens to thousands 0gL–1, 
pH 7, k < 10 73

Ha < 0.01, Very slow 
regime, IW, AOP R

Electroplating, 
photoprocessing11

Cyanides Tens of mgL–1, pH 10, k = 
105 70

Ha < 3, Moderate regime, 
DW, AOP only for 
complex cyanides 

Petrochemical PAHs: phenanthrene Tens to thousands 0gL–1, 
pH 7, k = 3000 74

Ha < 0.01, Slow regime, 
IW, AOP R

Municipal Ammonia
Detergents: NaDBS 

Tens to hundreds mgL–1, 
pH 7, k < 1 70

Few mgL–1, pH = 7, k < 5 75

Ha < 0.001, Very slow 
regime, IW, AOP R

Ha < 0.001, Very slow 
regime, IW, AOP R

Explosives Nitrotoluenes Few mgL–1, pH 7, k < 10 76 Ha < 0.01, Slow regime, 
IW, AOP R
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the process rate, and advanced oxidation processes are recommended (e.g., O3/H2O2).
As will be shown in Chapter 7, when ozone reactions develop in the slow kinetic
regime (chemical control) the indirect ozone reactions usually predominate. How-
ever, the presence of hydroxyl radical scavengers needs to be considered as a
limitation. Also, the case of volatile compounds (benzene, toluene, trichloroethylene,
etc.) is particularly important since volatility could constitute an important means
of pollutant removal. For example, in some work78 volatility constituted the main
means of trichloroethane removal in an ozonation process. In these cases care should
also be taken regarding the possible waste of ozone.

Although ozone reactivity with single compounds present in wastewater (Table 6.3)
can be predicted, classification of all wastewater in terms of its reactivity with ozone
is a rather difficult, if not unrealistic, task. However, as a general rule, high concen-
tration of pollutants would suggest high reactivity with ozone (which is an indication
of fast kinetic regime and ozone direct reactions) and low concentration usually
means low ozone reactivity and, hence, a factor that favors the development of ozone
indirect reactions.

6.2 CRITICAL CONCENTRATION OF WASTEWATER

Because of the changing nature of compounds present in wastewater undergoing
ozonation (e.g., phenols becomes unsaturated carboxylic acids and then aldehydes,
saturated carboxylic acids, ketones, etc.), the reactivity in terms of kinetic regime of
ozonation usually changes from fast to slow. Knowledge of the critical concentration

TABLE 6.3 (continued)
Reactivity and Kinetic Regimes of Industrial Wastewater Ozonation Related 
to the Presence of Some Specific Contaminants

Wastewater Type
Specific 

Contaminant
Concentration, pH, and 

Rate Data

Hatta Number, 
Kinetic Regime, and 

Action to Take

Gasoline tank 
leaking

Petroleum industry

BTEX: Benzene, 
toluene, 
ethylbenzene, 
xylene

Few 0gL–1, pH 7, k < 100 77 Ha < 0.001, Very slow 
regime, IW, AOP R

Chemical processes 1,4-dioxane Hundreds 0gL–1, pH 7, k = 
0.3277

Ha < 0.001, Very slow 
regime, IW, AOP R

Chemical industries
Groundwater

Low molecular 
weight 
organohalogens: 
TCE, PCE, DCE

Few to hundreds of 0gL–1, 
pH 7, k < 100 77

Ha < 0.001, Very slow 
regime, IW, AOP R

Note: Units of k in M–1s–1, Ha = Hatta number (kL = 5 A 10–4ms–1 and DO3 = 10–9 m2s–1 to determine Ha).
DW = process through direct ozone reaction; IW = process through indirect ozone reaction of ozone; AOP
NR = advanced oxidation process not recommended (see Chapter 7); AOP R = advanced oxidation process
recommended (see Chapter 7).
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value of any wastewater to change from one degree of ozone reactivity to the other
depends on the nature of the wastewater and can be determined from laboratory
experimental results. When ozone is applied to some wastewater in a semibatch
well-agitated tank, the pollution concentration (measured as chemical oxygen
demand, COD) vs. time data usually takes the trend plotted in Figure 6.1. In most
cases, two reaction periods will be noted: the first initial period of high ozonation
rate where the pollution concentration rapidly falls, and a second period where the
ozonation rate continuously decreases with time until the ozonation rate stops and
the pollution concentration reaches a plateau value. The critical pollution concen-
tration is that corresponding to the time when both periods coincide (about 10 min
in Figure 6.1). In most cases, the pollution of wastewater during the first period is
removed by direct ozone reactions that usually develop in the fast kinetic regimes
of ozonation. In these cases, the absence of dissolved ozone is a clear indication
that a fast or instantaneous kinetic regime of ozonation develops (see Chapter 4).
In the second period, ozone likely decomposes into hydroxyl radicals and pollution
is mainly removed by indirect ozone reactions. In this second period, ozonation
reactions develop in the slow kinetic regime and removal of COD is carried out at
a lower rate because carbonate/bicarbonate ions have been formed as a result of
partial mineralization during the initial fast reaction period. It should be mentioned,
however, that in some cases only one reaction period seems to develop, depending
on the nature of wastewater, as will be shown in Section 6.4. In any case, and as a
general rule, it can be said that high polluted wastewater ozonation is accomplished
through fast kinetic regime ozone direct reactions, while low polluted wastewater
ozonation develops through slow kinetic regime ozone indirect reactions.

6.3 CHARACTERIZATION OF WASTEWATER

The nature of the reactions that ozone undergoes in wastewater can be established
by characterization of wastewater. As shown above, ozone reactivity depends on the
concentration (and also the nature) of pollutants present in wastewater. However, in

FIGURE 6.1 Typical profiles of COD with time in ozonation experiments of industrial
wastewaters showing the critical concentration point (values of COD and time in x and y axes
show arbitrary values).
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real wastewater the actual pollution concentration is unknown and surrogate param-
eters (chemical oxygen demand, COD, total organic carbon, TOC, etc.) are used to
express the pollution concentration. The magnitude of these parameters, especially
COD, gives an estimate of the potential ozone reactivity.

In addition to COD and TOC (this latter more commonly used in natural water),
other parameters are employed to measure the degree of pollution. These parameters
include biological oxygen demand (BOD) and the measurement of wastewater
absorptivity in the UV-C region, specifically at 254 nm wavelength (A254). Another
parameter that can be used is the mean oxidation number of carbon (MOC), which
combines the values of COD and TOC to yield more reliable data on pollution
concentration (especially during oxidation processes), avoiding the difficulties that
some compounds resistant to COD determination present. Methods to measure any
of these parameters can be followed elsewhere with the aid of detailed protocols
issued by APHA, DIN, etc.79,80 Here we provide a brief explanation of the importance
of these parameters and their applications in water and/or wastewater.

6.3.1 THE CHEMICAL OXYGEN DEMAND

COD is undoubtedly the most general parameter for following the pollution con-
centration of water in a given physical, chemical, or even biological process treat-
ment. COD also gives a quantitative measurement of the depth of any chemical or
biological oxidation step in the treatment of wastewater. This parameter, therefore,
has been continuously applied in kinetic studies of water and wastewater treatment
(such as ozonation) because, in contrast to other parameters such as TOC (see later),
COD supplies information on the magnitude of oxidation steps. COD represents the
amount of oxygen needed for complete mineralization of the matter present in water
through chemical oxidation. It is also used as a general parameter to express changes
in pollution concentration in physico-chemical processes such as flocculation–coag-
ulation–sedimentation, filtration, etc. Thus, pollution concentration is measured in
terms of mg of oxygen units per liter of water.

The proportionality between pollution concentration and COD is obtained once
the theoretical oxygen demand, ThOD, is accounted for. Thus, this latter parameter
represents the amount of oxygen needed to remove 1 mg of pollution. Pollution
concentration in mg/L is thus simply the ratio between COD and ThOD:

  (6.1)

COD, however, has some limitations derived from the presence in water or
wastewater of compounds totally or partially resistant to chemical oxidation with
dichromate, the chemical oxidant generally used in the analytical method, or volatile
compounds that, during COD analysis, stay in the gas phase (COD analysis implies
reflux methods). Examples of these compounds are cyclohexane, tetrachloroethylene,
pyridine, potassium cyanide, nitrate, etc.81 Another problem stems from the opposite
situation: the presence of compounds that consume dichromate but should not be
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considered as a fraction of the pollution concentration. These compounds include
hydrogen peroxide and/or chloride ions. Hydrogen peroxide is generated in water
when ozonation is applied or may be added to the water when the combination of
ozone and hydrogen peroxide is used. Chloride ions are common in wastewater. These
problems can usually be overcome by using complementary agents, such as mercuric
salts, which are added before the COD analysis to precipitate chlorides.81 The problem
of hydrogen peroxide can be solved by first determining the amount of COD due
to different concentrations of hydrogen peroxide. This COD must be subtracted from
the COD of the wastewater sample.82

6.3.2 THE BIOLOGICAL OXYGEN DEMAND

Like COD, BOD measures the pollution in a given wastewater, but it gives the
amount of biodegradable matter. It gives the amount of oxygen needed for micro-
organisms that may be added to the water sample to biodegrade the matter in water.
It is, then, a parameter applied mainly to biological systems but it is also measured
after other water treatment units (e.g., ozonation) that are used before the biological
or secondary treatment. The measure of BOD is generally made after 5 days of
digestion (see Reference 79 for an example of the detailed analytical method).
Shorter times do not warrant 100% biodegradation and longer times could involve
the development of other phenomena that also consume oxygen, such as nitrification.
In any case, however, BOD is not an absolute measurement of the biodegradability
of water because it depends on the capacity of microorganisms added or already
present in the water sample to aerobically digest the matter. In this respect, it is
noted that there can be two measurements of BOD: the total biological chemical
demand where the presence of particulate matter is accounted for and the BOD that
refers to the dissolved matter. The particulate matter refers to the matter retained in
0.45-0m-pore diameter filters.

As far as biodegradability is concerned, the ratio BOD/COD is a more convenient
parameter because it takes into account the total amount of pollution the water contains
measured as COD. Numerous works express the biodegradability of a water sample
in terms of the combined use of BOD and COD,32,35,42 particularly to indicate changes
in biodegradability due to the application of a given treatment (see Section 6.5).

6.3.3 TOTAL ORGANIC CARBON

This is another frequently used general parameter that represents the total amount
of organically bound carbon present in dissolved and particulate matter in water.
The analytical method involves the transformation (through UV radiation, chemical
oxidation, or combined methods) of organic carbon in carbon dioxide, which is
measured directly by a nondispersive infrared analyzer.

In many cases the particulate matter (retained in a 0.45-0m-pore diameter filter)
is removed and the measurement corresponds to the dissolved organic carbon, DOC.
This is the usual TOC value in laboratory-prepared water, where dissolved model
compounds are the only species present in the aqueous sample. The particulate or
suspended organic carbon is called SOC. In addition to TOC and DOC, another
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measurement corresponds to the inorganic carbon, IC, which results from carbonate
and bicarbonate ions and dissolved carbon dioxide. If the sample contains volatile
organic substances, their corresponding carbon measurement represents the purge-
able organic carbon, POC, which is also a fraction of TOC. In summary, carbon
content of water involves the following parameters: TOC, DOC, IC, SOC, POC, and
NPOC (nonpurgeable organic carbon). Detailed protocols to measure the different
forms of carbon can be found elsewhere.79

Although TOC or DOC yields the quantity of organic matter transformed in
CO2, it is not a recommended parameter to follow any oxidation kinetics, such as
ozonation kinetics, because it does not give a quantitative value for the oxidation
evolution. This is very often observed when studying ozonation processes. In ozo-
nation, TOC barely decreases with time in many cases, but COD usually does. For
example, COD is able to measure the change that occurs when phenol is oxidized
to maleic acid and other compounds (COD measurements before and after oxidation
give the oxygen needed for this change), but the corresponding TOC values likely
remain the same. Then, according to TOC measurements no significant changes
would occur, but the actual situation is that phenol has really become maleic acid
and other compounds. TOC gives a measure of the mineralization achieved in the
ozonation process.

6.3.4 ABSORPTIVITY AT 254 NM (A254)

This parameter represents a partial measurement of the pollution concentration of
the water/wastewater. It specifically gives a measure of the amount of aromatic and
unsaturated compounds in water. This parameter is often used in natural water to
measure the concentration of compounds that are assumed precursors of trihalo-
methanes and other organochlorine compounds (i.e., chloroacetic acids, among
others) when water is chlorinated.83 These precursors, usually called humic sub-
stances, are formed by macromolecules containing aromatic structures that absorb
254 nm UV radiation. The A254 parameter is also useful for wastewater containing
phenol compounds.34,45

6.3.5 MEAN OXIDATION NUMBER OF CARBON

This parameter also allows the depth of oxidation to be followed by measuring the
oxidation state of carbon atoms in any molecule considered. First proposed by
Stumm and Morgan84 and later modified by Mantzavinos et al.,85 who called it the
mean oxidation state of carbon, it was renamed by Vogel et al.81 as the mean oxidation
number of carbon (MOC). MOC is based on the change of oxidation number of
carbon atoms in a molecule when subjected to oxidation. For a given organic
molecule, MOC is defined as follows:81

    (6.2)MOC ? ?
ROC

n
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i
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where OCi is the oxidation number of the ith carbon atom and n is the number of
carbon atoms in the molecule. In a solution containing j different molecules, the
mean oxidation number is:81

  (6.3)

where the subindex j represents any molecule present in solution and Cj, MOCj, and
nj are their corresponding concentration, mean oxidation number, and number of
carbon atoms, respectively. It is evident that both in drinking water and, especially,
wastewater, the concentration of many compounds present is unknown so MOCm is
a rather impractical parameter. Thus, it is defined as the mean oxidation number of
carbon of the water content, MOCw:81

 (6.4)

where MC and MO2
 are the atomic mass of carbon and molecular mass of oxygen,

respectively, and CODorg is the chemical oxygen demand of organic compounds. As
can be deduced from Equation (6.4), MOCw also presents some drawbacks resulting
from the presence of inorganic substances that can be oxidized (i.e., nitrites to
nitrates) or from the presence of N, S, P heteroatoms bonded to carbon atoms in the
organic compound molecules. Thus, Equation (6.4) is deduced by considering that
carbon atoms are exclusively bonded to H and O atoms because it is assumed that
only carbon atoms are oxidized. However, the presence of N, S, or P atoms bonded
to carbons could also consume oxidants as is the case for the oxidation of nitroben-
zene, where the nitrogen atom goes from the nitro group to the nitrate ion group,
that is, the oxidation number varies from +3 to +5. Chloro substituting groups present
this same problem: the chlorine atom also consumes oxygen, so using Equation (6.4)
with the experimentally measured COD to determine the MOCw value will yield
values lower than the true one. Applications of MOCw in water and wastewater
treatment processes are described in detailed elsewhere.81

6.4 IMPORTANCE OF pH IN WASTEWATER OZONATION

In ozonation systems pH usually exerts a positive effect on the COD removal rate.
This effect is due to two factors: the presence of dissociating compounds that react
fast with ozone (phenol or aromatic amine compounds) and, in the absence of high
concentrations of these compounds, the increase of ozone decomposition to generate
hydroxyl radicals. From these observations we can deduce that any increase of COD
removal during wastewater ozonation at increasing pH can be due to both the direct
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or indirect reactions of ozone. This contradictory behavior, however, can easily be
explained as follows. Direct reactions can be responsible for the increase of COD
removal because of the increase in the rate constant of the reactions between ozone
and dissociating compounds in wastewater. To give an example, the case of a
wastewater containing phenol can be considered. At pH 4 the rate constant is about
10000 M–1s–1 but at pH 9 the rate constant increases up to approximately 109 M–1s–1 68

(see also Chapter 3). In the absence of ozone fast-reacting compounds, the increase
in pH gives rise to the appearance of hydroxyl radicals because ozone preferentially
decomposes in wastewater (there are no compounds to react directly with ozone).
In these cases the use of ozone combined oxidations (AOPs) can be recommended.
Chapter 7 discusses conditions for establishing the relative importance of direct and
indirect reactions. In any case, another general rule of ozonation, relative to the pH
value, is that at pH lower than 12 (see Section 7.1) ozone will be consumed only
through direct reactions in very concentrated wastewater when ozone fast-reacting
compounds are present in high concentration.

In some cases, however, the pH effect is not as evident as might be expected.
The existence of both reaction periods, as indicated in Section 6.2, is also somewhat
misleading. For example, let us take the case of the ozonation of a domestic wastewater.
This wastewater, as many others, usually contains important amounts of carbonates
that inhibit the indirect ozone reactions. In Figure 6.2 the evolution of COD with
time during the ozonation of such a type of wastewater is shown at different pH
values (wastewater was buffered). By looking at the experimental results, two obser-
vations can be made: first, the position of the critical point that represents the initial
fast COD decrease with time (first fast-reacting period) compared to the slower
second one is not as evident as might be expected in light of the above observations.
Second, pH has no influence. Generally, the increase in pH leads to an increase in
the ozonation rate, and hence to an increase in COD removal rate as explained above.
It is evident that at pH 4 ozone direct reactions are the only means of COD removal,
so that, in accordance with the results from Figure 6.2, the absence of pH effect
could mean the absence of ozone indirect reactions, a conclusion that does not
support the two-period proposition. However, if wastewater is decarbonated before

FIGURE 6.2 Effect of pH on the COD variation with time during the ozonation of a domestic
buffered wastewater; COD0 = 275 mgL–1.
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ozonation, and experiments similar to those in Figure 6.2 are carried out, the results
are very different, as shown in Figure 6.3. In these cases, when carbonates are not
initially present in wastewater, it is observed that pH does have an effect on COD
removal rate. At pH 4 both reaction periods are clearly distinguished, the critical
COD value being reached at about 15 min. Another observation is that, regardless
of pH, values of COD conversion are higher than those observed from Figure 6.2,
and the two reaction periods continue to be difficult to distinguish at pH 7 and 9.
The explanation for these observations is likely due to the types of ozone reaction.
Thus, at pH 4 after the initial reaction period, no fast ozone direct-reacting com-
pounds remain in water, and indirect reactions begin to have an effect. The effect
of these reactions, however, is not very important because at pH 4, ozone barely
decomposes in water and the concentration of hydroxyl radicals is so low that the
COD removal rate approaches zero (the plateau value). At higher pH values the
initial starting period should be very short (which is the reason that both periods are
not clearly distinguished) and indirect reactions are the main means of ozonation
(especially at pH 9). The higher COD removal rate confirms the development of
indirect reactions because carbonates are not present in high concentration to inhibit
the ozone decomposition in free radicals.

The problem that results from the accumulation of resistant compounds (saturated
carboxylic acids, aldehydes, etc.) in the media during ozonation and the subsequent
decrease in pH can be partially solved with the help of pH sequential ozonation
processes. These processes are carried out at alternating time periods of acid and
basic pHs. In this manner, the process efficiency is increased because it benefits
from both types of ozone reactions. Thus, depending on the initial pH of wastewater,
the ozonation process can start at acid or basic pH to favor direct or indirect reactions.
Figures 6.4 and 6.5 show two examples of pH sequential ozonation applied to
wastewater from distillery and table olive factories, respectively. Both wastewaters
were first diluted with domestic wastewater to establish COD values usually appro-
priate for secondary treatment in municipal wastewater plants.46,49 Let us comment
first on the pH sequential ozonation of distillery wastewater in Figure 6.4. The pH
of this wastewater is about 4, so it is recommended to start ozonation at acid pH.

FIGURE 6.3 Effect of pH on the COD variation with time during the ozonation of a domestic
decarbonated buffered wastewater; COD0 = 275 mgL–1.
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In Figure 6.4 the evolution of COD with time corresponding to different pH sequen-
tial ozonation and conventional ozonation is shown. As can be seen, conventional
ozonation at the pH of wastewater leads to a poor degradation rate. When wastewater
pH is increased to carry out ozonation at basic pH, the efficiency of ozonation
significantly increases and COD reduces from 2.5 to 1.8 gL–1. At acid pH the two
reaction periods are clearly seen. COD removal rate is improved when pH sequential
ozonation is applied. Thus, as seen in Figure 6.4, two ozonation periods of acid pH
(30 min) and basic pH (90 min) lead to the best results as far as COD removal is
concerned. In this experiment, COD decreased from 2.5 to about 1.5 g/L. In

FIGURE 6.4 Single and sequential ozonation of wine distillery processing — synthetic urban
wastewater. Evolution of remaining COD concentration with time. Conditions: T = 293 K,
gas flow rate = 30 Lh–1, CO3g(fed) = 20 mgL–1. For acid cycle, pH = 4, for alkaline cycle,
pH = 10. Duration of acidic–alkaline cycles, min: C = 120–0, a = 0–120; B = 10–110; � =
20–100; ▫ = 30–90. (From Beltrán, F.J., García-Araya, J.F., and Álvarez, P., pH Sequential
ozonation of domestic and wine distillery wastewater, Water Res., 35, 929–936, 2001. Copy-
right 2001, Elsevier Press. With permission.)

FIGURE 6.5 Single and sequential ozonation of table olive processing — synthetic urban
wastewater. Evolution of normalized remaining COD concentration with time. Conditions:
T = 293 K, gas flow rate = 20 Lh–1, kLa = 0.02 s–1, CO3g(fed) = 45 mgL–1 (a = acid cycle, b =
alkaline cycle). For acid cycle, pH = 4, for alkaline cycle, pH = 10. (From Rivas, F.J. et al.,
Two step wastewater treatment: sequential ozonation-aerobic biodegradation, Ozone Sci. Eng.,
22, 617–636, 2000. Copyright 2000, International Ozone Association. With permission.)

Time, min
0    20   40   60   80  100 120

C
O

D
, g

/L

1.4

1.6

1.8

2.0

2.2

2.4

2.6

0.0

0.2

0.4

0.6

0.8

1.0

0               50             100            150            200
Time (min)

C
O

D
/C

O
D

o

a = acid cycle
b = basic cycle

b (Simple ozonation)
b-a-b
a-b-a
b-a-b-a-b
a-b-a-b



Kinetics of the Ozonation of Wastewaters 129

Figure 6.5, similar results can be observed for wastewater from a table olive pro-
duction factory, although the removal efficiency is not as important as in the previous
case. In this case, table olive wastewater has a basic pH of about 10 at the start of
the process. Again, when ozonation periods of basic and acidic pH are applied, the
COD removal rate increases. The objective of pH sequential ozonation is to take
advantage of the two kinds of ozone action that are triggered at the right moment.
Thus, when the pH is acidic, most of the fast ozone-reacting compounds are removed
through direct reactions and resistant compounds are simultaneously generated. To
prevent stopping the ozonation process, pH is increased (by adding NaOH), and
indirect reactions are favored. The result is an increase in the ozonation rate and
COD removal. However, during this period mineralization takes place and carbonate
is formed, thus reducing the ozonation rate because of the inhibiting character of
these reactions in trapping hydroxyl radicals. When carbonates accumulate in waste-
water, pH again changes and becomes acidic, and a new ozonation period starts. In
this new period, the objective is the removal of carbonates as carbon dioxide, which
is stripped from wastewater. Once this occurs, pH can again be increased to start
another period that favors indirect reactions. The number of periods and duration
are design aspects that depend on the nature of the wastewater. The optimum
combination for the acidic and basic periods is achieved from laboratory experi-
ments. This pH sequential ozonation could be a recommended option in some cases
but, as in any process technology, its application will depend on cost.

6.5 CHEMICAL BIOLOGICAL PROCESSES

Numerous works on the biological treatment of wastewater deal with the combined
operation of chemical and biological oxidations.86 In these works the beneficial
effects of chemical oxidation as a pretreatment or post-treatment step in biological
oxidation have been confirmed. Ozone plays a major role because of the different
mechanisms of reaction associated with its use. Thus, in many wastewaters, the
application of ozone at appropriate levels usually improves the biodegradability of
the wastewater and, in some cases, the rate of sedimentation of the activated sludge
and its production.87 However, ozonation alone is not a recommended technology
for the treatment of wastewater. Due to the high levels of organic matter, in many
cases, high consumption of ozone is observed with small percentage reductions of
COD, although this always depends on the nature of the wastewater treated as stated
above. Therefore, before studying the kinetics of the wastewater, preliminary ozo-
nation experiments should be conducted to establish the reactivity of ozone and the
beneficial effects that an ozonation stage could add to the whole treatment. Typical
experiments include the use of ozone alone or combined with other oxidants such
as hydrogen peroxide, UV radiation followed by biological treatments, and mea-
surements of COD, TOC, BOD, etc. The results are usually compared to those
obtained in the absence of ozone. For example, Figure 6.6 shows the changes
observed in the COD of a domestic wastewater with time in the process of biological
oxidation with activated sludge, both previously treated and untreated with ozone.88

As can be observed, if the wastewater is preozonated, the biological oxidation step
allows a COD reduction of about 83% at 35ºC while the individual processes lead
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to COD reductions of 20% (only ozonation), not shown, and 55% (only biological
oxidation). The beneficial effect of preozonation is clear, but ozone alone is not a
recommended option.

6.5.1 BIODEGRADABILITY

Another important advantage of the ozone application is the improvement of waste-
water biodegradability. The biological oxygen demand, BOD, is the parameter that
measures the biodegradability of a wastewater but the literature also reports the ratio
BOD/COD as a more realistic parameter because it also considers the magnitude of
pollution (that is, the magnitude of COD). BOD is usually determined after 5 days
but in ozonated samples more time is allowed to facilitate the acclimation of micro-
organisms of the BOD test to the ozonated wastewater. Since after 10 days con-
sumption of oxygen is also due to nitrification processes, BOD at 10 days is a
recommended value to calculate the BOD/COD ratio. For example, Figure 6.7 shows
the effect of ozone dose on the BOD/COD ratio for an ozonated distillery waste-
water.36 It is observed that biodegradability measured as BOD/COD ratio is deeply
affected by the ozone dose applied in the preozonation stage. The improved biode-
gradability is associated with the partial oxidation of organic matter to give low
molecular weight oxygenated compounds rather than complete oxidation to carbon
dioxide. In Figure 6.7 the existence of an optimum ozone dose is also observed.

FIGURE 6.6 Variation of COD with time during activated sludge biological oxidation of
municipal wastewater with and without preozonation. Ozonation conditions: pH 7.5, 20ºC,
ozone dose: 100 mgL–1, COD0 = 280–300 mgL–1. Biological oxidation conditions: pH 7.2–7.7,
VSS0 = 1100–1200 mgL–1, DO = 3–4 mgL–1, T = 20ºC: no ozone: ▫ = 5, � = 20, B = 35, C=
60. With preozonation: a = 5, + = 20, A = 35. (From Beltrán, F.J., García-Araya, J.F., and
Álvarez, P., Impact of chemical oxidation on biological treatment of a primary municipal
wastewater. 2. Effects of ozonation on the kinetics of biological oxidation, Ozone Sci. Eng.,
19, 513–526, 1997. Copyright 1997, International Ozone Association. With permission.)
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Lower values of the ozone dose are not sufficient to accomplish conversions of all
refractory organics and yield other compounds more amenable for microorganisms.
Conversely, higher ozone doses likely lead to removal of biodegradable compounds
formed during the chemical oxidation process. It is also evident that these effects
are highly dependent on the nature of the wastewater. For example, Figure 6.8 shows
results on the BOD/COD ratio obtained in the ozone–biological oxidation process
of a domestic plus distillery wastewater.36 It can be seen that the percentage com-
position of the wastewater (domestic to distillery contribution ratio) affects the

FIGURE 6.7 Influence of ozone dose on the biodegradability of a distillery wastewater
induced by ozonation. Conditions: 20ºC, pH = 5.4, 30 Lh–1 gas flow rate, domestic sewage
to vinasse volume ratio = 10. (From Beltrán, F.J., García-Araya, J.F., and Álvarez, P., Wine
distillery wastewater degradation. 1. Oxidative treatment using ozone and its effect on the
wastewater biodegradability, J. Agric. Food Chem., 47, 3911–3918, 1999. Copyright 1999,
American Chemical Society. With permission.)

FIGURE 6.8 Influence of domestic sewage to vinasse volume ratio on the biodegradability
induced by ozonation. Conditions: 20ºC, pH = 5.4, 30 Lh–1 gas flow rate, CO3gi = 20 mgL–1,
domestic sewage to vinasse volume ratio = 0–20. Black circle corresponds to domestic sewage
without vinasses. (From Beltrán, F.J., García-Araya, J.F., and Álvarez, P., Wine distillery
wastewater degradation. 1. Oxidative treatment using ozone and its effect on the wastewater
biodegradability, J. Agric. Food Chem., 47, 3911–3918, 1999. Copyright 1999, American
Chemical Society. With permission.)
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BOD/COD. Figure 6.8 shows that the increase of the domestic sewage in the
composition of the total wastewater is detrimental to improved biodegradability. It
is then deduced that the distillery wastewater composition initially contained organic
compounds resistant to biological oxidation that ozonation transformed into other
more biodegradable forms while the domestic sewage was not affected.

6.5.2 SLUDGE SETTLING

Another important effect of preozonation that concerns the biological process is the
improvement of the sedimentation rate. As the literature reports, ozone addition can
lead to particle destabilization through different mechanisms.3 This has also been
observed in the activated sludge treatment resulting from an integrated ozone–bio-
logical oxidation process, as shown in Figure 6.9 for the case of the sedimentation
rate of activated sludge in preozonated and non-preozonated domestic wastewater.
The sedimentation rate is measured as the decrease observed in the sludge–clear
water interface with time in a 1-L column. As can be observed from Figure 6.9, the
preozonated samples showed a faster sedimentation rate. If the design of the sedi-
mentation unit is required, the beneficial effects of preozonation can reduce the
surface area of the sedimentation unit, as has also been shown in other work.38

6.5.3 SLUDGE PRODUCTION

Sludge generated in wastewater biological oxidation processes is becoming an
important problem because of its restricted use in landfilling and agriculture. Methods
are needed to disintegrate the sludge from wastewater treatment plants. Ozonation
has also been reported as a possible technology to reduce the amount of sludge by
reacting with solid particles and increasing the biodegradability.60,65 This is particu-
larly useful in anaerobically produced sludges where biodegradability is very low —
one of the problems of the anaerobic system. The beneficial effect of ozone has been

FIGURE 6.9 Variation of wastewater–solid interface height with time during sludge sedi-
mentation of domestic wastewater biologically treated with and without a preozonation step.
Conditions: 20ºC, pH 7, COD0 = 265 mgL–1; wastewater treatment type: ▫ = aerobic biological
oxidation, B = ozonation plus aerobic biological oxidation.
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reported to reach the zero sludge production in some cases10 at an ozone dose of
0.136 gO3/gSS. In this type of process, ozonation is applied in the returning sludge
line for some period of time. The ozonation can also be applied in a tank where the
returning sludge line finishes (see Figure 6.10). Ozone is able to destroy microor-
ganisms and produce more organic compounds, partially mineralizing the sludge.
Once in the aerobic tank another part of the ozonated sludge is then mineralized,
yielding lower amounts of sludge. In this type of process, improvements in the
quality of other parameters are also noted. For example, the sludge volumetric index
can be kept as low as 100 mLg–1, compared to a value of 800 mLg–1 in a nonozonated
run for the same period of time.9

6.6 KINETIC STUDY OF THE OZONATION 
OF WASTEWATERS

Thus far the kinetic studies of ozone reactions have been limited to model compounds
dissolved in highly purified water. In these studies, the concentration of the target
compound B is usually high so that the reactions are fast in most of the cases. In
practice, however, there are two possibilities for drinking water or wastewater treat-
ment. The first one is for cases where the concentration of reactants is much lower
than at the laboratory scale so that the conditions of slow kinetic regime usually
hold. The second one concerns wastewater with multiple compounds with different
unknown concentrations. Global parameters are used to follow the degree of pollu-
tion, such as the chemical oxygen demand, COD, total organic carbon, TOC, etc.
The first situation is more common in drinking water treatment, but in that case
ozone indirect reactions are generally the main means of pollutant removal. This
case will be discussed later (see Chapter 7). The second case is the treatment of
wastewater. In the sections that follow, the kinetic studies of wastewater ozonation
are described.

FIGURE 6.10 Use of ozone to reduce the sludge volume in wastewater biological oxidation.
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6.6.1 ESTABLISHMENT OF THE KINETIC REGIME 
OF OZONE ABSORPTION

The first step in modeling the process for the study of the kinetics of wastewater
ozonation is the determination of the rate constant of the ozone reactions. It is
evident, however, that this is not a viable task because of the number of compounds
that constitute the wastewater. Strictly speaking, the ozonation of wastewaters is a
multiple series-parallel system of ozone reactions. Therefore, the kinetics is followed
using global or surrogate parameters representing the concentration of the waste-
water. As mentioned previously, COD is the recommended parameter and, for pur-
poses of simplification, it can be assumed that ozone would react with the matter
in water through the following irreversible second-order reaction:

  (6.5)

When the kinetic regime is slow, it is also assumed that ozone decomposes in free
radicals that react with the organic matter through the following reaction:

  (6.6)

In this section, it is assumed that only the kinetics of the direct ozonation Reaction
(6.5) proceeds.

The steps for studying the kinetics of the direct wastewater ozonation are similar
to those shown previously for single compounds. The first step is to establish the
kinetic regime of ozone absorption because this will allow the ozone absorption rate
law to be fixed (see Table 5.5). This can be done by determining the experimental
reaction factor, E [see Equation (4.31)], with the absorption rate of ozone, NO3,
calculated from the difference between the ozone molar rates at the reactor inlet and
outlet. This leads to two possible situations. For reaction factors higher than unity,
the kinetic regime can be considered fast or instantaneous, while for E values
approximately equal to or lower than unity, the kinetic regime is considered slow.
In addition, the presence or absence of dissolved ozone confirms one or the other
situation. For example, Figure 6.11 shows the changes in COD and dissolved ozone
concentration with time corresponding to the ozonation of two different wastewaters
of high (2000 mg/L–1) and low (160 mg/L–1) COD.89 The results show that dissolved
ozone was found only after approximately 15 min from the start of the ozonation
of the lowest concentrated wastewater (tomato wastewater). Hence, fast or instan-
taneous reactions developed at any time in the ozonation of the more concentrated
wastewater and for the first 15 min of the ozonation of the low concentrated waste-
water. The experimental reaction factors also confirmed this conclusion.89 Next, it
was necessary to establish the experimental conditions for the fast pseudo first-order
kinetic regime, the kinetic regime recommended to determine the rate constant (see
Chapter 4).

O z P3 : <COD

HO P= : < "COD
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For the fast pseudo first-order kinetic regime, Condition (4.47) must be fulfilled.
Due to the number of reactions present, for the rate constant of ozone direct reactions,
k2, a reaction rate coefficient 'O3, representative of the surrogate Reaction (6.5), is
considered. In fact, this coefficient should not be taken as a real rate constant but
one that is also affected by the physical properties of the medium.90,91 As observed
in Equation (4.47), the Hatta number depends on the product of the reaction rate
constant and the diffusivity of ozone. Values of the ozone diffusivity are known only
in very dilute organic-free water. For wastewater, the following equation can be
considered:

  (6.7)

where D"O3 is the diffusivity of ozone in the wastewater, which is unknown. Accord-
ing to Condition (4.47), values of Ei should be as high as possible for the kinetic
regime to be fast pseudo first-order. However, only approximate values of Ei can be
obtained since this parameter depends on the diffusivities and ozone solubility. In
the case of wastewater ozonation studies, the diffusivity of the organic matter is
usually taken as 5 A 10–10m2sec–1, which can be an average value for the diffusivities
of compounds in water.89 For ozone, the diffusivity in dilute organic-free water is
also taken. It is evident that this represents the highest limiting value of this parameter
because in the presence of organic matter, ozone diffuses more slowly than in
organic-free water. On the other hand, the ozone solubility also depends on the
organic matter present in the wastewater (see Chapter 5). However, as shown below
(Section 6.6.2), values of the Henry law constant determined by absorbing ozone in
a wastewater do not differ very much from those in organic-free water.92,93 Then,
for calculation purposes, the ozone solubility in organic-free or dilute organic water

FIGURE 6.11 Variation of COD and dissolved ozone concentration with time during the
ozonation of wastewaters. Conditions: distillery wastewater: B = COD, tomato wastewater:
� = COD; ● = dissolved ozone concentration. (From Beltrán, F.J. et al., Kinetic study of the
ozonation of some industrial wastewaters, Ozone Sci. Eng., 14, 303–327, 1992. Copyright
1992, International Ozone Association. With permission.)
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can be considered for determining Ei. Thus, actual values of Ei are likely higher
than those calculated from Equation (4.46) with these assumptions. Once Ei is
known, if 1 < E < Ei the fast pseudo first-order kinetic regime can be assumed to
develop. Application of this procedure was followed in a previous work.89

If ozonation is carried out in a semibatch agitated reactor where gas and waste-
water phases can be considered perfectly mixed, the steps that follow for the rate
coefficient determination are the same as those shown in Section 5.3.4 for the case
of the ozonation of model compounds.89 Table 6.4 shows results of kinetic studies
corresponding to some wastewater ozonation.

6.6.2 DETERMINATION OF OZONE PROPERTIES FOR THE 
OZONATION KINETICS OF WASTEWATER

In addition to the rate coefficient, 'O3, parameters such as the Henry constant and
the volumetric mass transfer coefficient, kLa, are also needed to solve the ozone
absorption rate equations. Values of the Henry constant and mass transfer coefficients
can be found in the literature or determined as shown in preceding sections for
organic-free water or very dilute organic aqueous solutions. With wastewater, the
problem is that the presence of different substances may affect the values of both
parameters. Therefore, attempts should be made to estimate He and kLa in more
polluted water. The usual procedure could be that shown in Section 5.1.2 for organic-
free water where the mass balance of ozone in water is used. In organic-free water,
the rate constant of the decomposition reaction of ozone is known, but in a practical
case (with wastewater), the rate coefficient is also unknown and the use of the mass
balance of ozone in water is not appropriate. However, a similar method can be
applied using the mass balance of ozone in the gas phase, provided the kinetic regime
of ozone absorption corresponds to slow reactions. The method is based on the fact
that, for slow reactions, the ozone absorption rate can be expressed as in Equation
(4.30), that is, as a function of the ozone driving force (CO3

* – CO3b ) and the procedure

TABLE 6.4
Rate Coefficient Data Corresponding to the Ozonation of Some Wastewater

Wastewater Type System Properties
Rate Coefficient, 

M–1s–1 Reference

Wine distillery Semibatch tank, COD = 2080 mgL–1, 50 Lh–1, 
inlet PO3 = 2229 Pa, pH = 4.8, z = 0.4a 6240 89

Tomato processing Semibatch tank, COD = 160 mgL–1, 50 Lh–1, 
inlet PO3 = 425 Pa, pH = 8.5, z = 1.47b 3.89 A 10–4 89

Domestic Semibatch bubble column, COD = 65 mgL–1, 
30 Lh–1, inlet PO3 = 507 Pa, pH = 7.5, z = 
1.18

2 A 10–5 90

z values in gCOD/g O3

a After 60 min reaction; b after 15 min reaction.



Kinetics of the Ozonation of Wastewaters 137

does not depend on the rate coefficient value. The mass balance of ozone in the gas
phase in a semibatch reactor where the gas and wastewater phases are perfectly
mixed is given by Equation (5.32). If the accumulation term is assumed negligible
(as has been observed in a previous work91) from Equations (4.30) and Equation
(5.17), once the Henry’s and perfect gas laws have been accounted for [Equations
(5.36) and Equation (5.37)], CO3

* = CgRT/He), the concentration of ozone in the gas
at the reactor outlet becomes as follows:

  (6.8)

According to Equation (6.8) a plot of Cgb against CO3b corresponding to different
times of one ozonation experiment in the real wastewater should lead to a straight
line. From the slope and ordinate of this line the Henry constant and mass transfer
coefficient can be determined. Note that in the mass balance of ozone [Equation
(5.32)] there is no need to neglect the accumulation rate term but the procedure
would be more complicated because a trial-and-error method similar to that used
by Ridgway et al.72 (see Section 5.3.3) should be applied.

There is another way to obtain He and kLa for the ozonation of a wastewater.
Again, the kinetic regime has to be slow so there must be dissolved ozone. This
procedure applies when the concentrations of ozone in the gas and wastewater phases
remain constant with time. This situation usually occurs after some reaction time
has elapsed since the start of ozonation. At these conditions (see Reference 92 as
an example) the variation of COD with time is also constant (dCOD/dt = constant)
and the ozone absorption rate is:

  (6.9)

where subindex s denotes steady-state conditions for ozone concentrations. Since
the ozone absorption rate, at steady-state conditions, can also be expressed as the
difference between the experimental ozone molar rates at the reactor inlet and outlet:

  (6.10)

after considering Henry’s law, we obtain:

  (6.11)

Since at these conditions Equation (6.8) also holds, solving Equations (6.8) and
Equation (6.11) will allow both He and kLa to be determined experimentally. The
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procedures presented above have been checked in a bubble column where the gas
phase was considered in plug flow although the wastewater phase stayed in perfect
mixing.91 For plug flow conditions, the ozone mass balance is applied to a differential
reactor volume of height dz and it becomes a first-order differential equation [see
Equation (5.35)]. The following steps, as in the case of the semibatch agitated reactor,
lead to Equation (6.12):91

  (6.12)

Equation (6.12) can be integrated between the column limits:

  (6.13)

The result of integration is Equation (6.14), which relates the ozone concentration
in the gas at the reactor outlet with the ozone concentration in water:

  (6.14)

From Equation (6.14) a plot of Cgob against CO3b should lead to a straight line so He
and kLa can be determined from the slope and ordinate. This procedure was followed
in a previous work where the ozonation of a food-related wastewater was studied.92

This second procedure was also applied to the results obtained in a bubble
column. In this case, due to the fact that the ozone partial pressure (or the ozone
concentration in the gas) varies along the height of the column, an average value of
the ozone concentration in the gas for the whole column at steady-state conditions,
Cgsav, is estimated using Equation (6.11). Thus:

  (6.15)

Cgsav can also be estimated as follows:

  (6.16)
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where Cgs, the ozone gas concentration at any position within the column, can be
obtained from Equation (6.12), once integrated with the boundary limits:

  (6.17)

Thus, once Henry’s law has been accounted for, the integrated Equation (6.16)
becomes

(6.18)

By solving Equation (6.18) and Equation (6.15) both He and kLa are determined.
Table 6.5 presents data on He y and kLa obtained from the methods indicated above
as reported in previous works. Also, values obtained in organic-free water or very
dilute organic water are presented for comparative purposes. As can be seen, values

TABLE 6.5
Data on Henry Constant and Volumetric Mass Transfer Coefficient 
Corresponding to Ozone-Buffered Water and Ozone–Tomato 
Wastewater Systemsa

Ozone System System Characteristics He � 10–6 kLa � 102 Reference

Ozone-buffered water pH 7, 12ºC, I = 0.01 M, 
Phosphate buffer

9.14 93

Ozone-buffered water pH 7, 22ºC, I = 0.01 M, 
Phosphate buffer

11.75 93

Ozone-buffered water pH 7, 22ºC, I = 0.01 M, 40 Lh–1 
Phosphate–carbonate buffer

8.49 1.05 93

Ozone–wastewater Tomato wastewater, COD = 
300 mgL–1, pH = 6.5–7.8, 
17–18ºC, 20 Lh–1

7.66 A 106 b 5.91 A 106 92

Ozone–wastewater Tomato wastewater, COD = 
500 mgL–1, pH = 6.5–7.8, 
17–18ºC, 35 Lh–1

7.05b 6.99 A 10–2 92

Ozone–wastewater Tomato wastewater, COD = 
500 mgL–1, pH = 6.5–7.8, 
17–18ºC, 35 Lh–1

9.95c 92

Ozone–wastewater Domestic wastewater, COD = 
300 mgL–1, pH 7.5, 20ºC

7.60c 90

a He = Henry’s law constant in PaM–1; kLa is in s–1. b From Equation (6.14). c From Equation (6.15) and
Equation (6.18).
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of He are not far from those obtained in buffered water, although experimental results
are closer to those obtained in carbonate–phosphate buffered water. This is not
surprising since the food wastewater used in the work cited92 was from a tomato
processing plant where carbonates were present. On the contrary, some differences
are observed for the kLa. Thus, kLa values of experimental wastewater ozonation are
2.5 to 5 times higher than those in organic-free or very dilute organic water or
determined from empirical equations that can also be applied to pure water systems.
The results, however, are a logical consequence of the presence of organic and/or
inorganic matter in the wastewater. Thus, the literature94 reports up to 300% increases
in kLa depending on the content and nature of the matter in water. As reported,94

these results are due to increases in the specific interfacial area, a, which depends,
among other factors, on the surface tension of water, which varies with the presence
of organic/inorganic substances. In a previous work, an explanation for these phe-
nomena is given.92 According to these results, kLa should be calculated from physical
absorption experiments, for example, absorbing oxygen in the wastewater studied,
provided oxygen does not remove the COD. Then, after considering the effect of
diffusivities, the applied kLa for ozonation can be:

  (6.19)

Note that Equation (6.19) is based on the relationship between diffusivity and mass
transfer coefficient as deduced by surface renewal theories [see Equation (4.12)].
The film theory, instead, proposes a direct proportionality [see Equation (4.7)], but
due to the more realistic approach of surface renewal theories Equation (6.19) is
recommended. Also note that in wastewater, diffusivities of oxygen and ozone will
be lower than in organic-free water. However, in Equation (6.19) diffusivities of
ozone and oxygen in dilute organic water or organic-free water can be used since
the retarding effect of the organic/inorganic matter of the water on both diffusivities
is likely to be similar.

The main conclusions drawn from the above discussion about He and kLa are

• Experimentally, He can be determined for the ozone–wastewater systems
only where ozonation develops in the slow kinetic regime.

• The mass transfer coefficient, kLa, must be obtained experimentally since
in this case the content of the wastewater may significantly affect its value.
For this case, however, oxygen absorption experiments could be carried
out provided there are no significant oxygen reactions in the water during
the absorption time experiment.

6.6.3 DETERMINATION OF RATE COEFFICIENTS FOR THE OZONATION 
KINETICS OF WASTEWATER

The main objective of any kinetic study should be the scale-up of the treated system.
This also applies to the ozonation of a real wastewater. Kinetic data obtained in
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laboratory reactors should be used to design reactors of greater size. However, in
addition to problems related to hydrodynamic conditions, the rate coefficients deter-
mined from laboratory ozonation experiments are not exactly reaction rate constants
but rather parameters involving effects of physical properties (DB, CO3

* ) and mass
transfer data (kLa). It is convenient to determine rate coefficients from laboratory
experiments carried out in reactors that, at least, maintain geometric similarity as in
real size reactors and show the same flow pattern for both the gas and wastewater
phases. The type of ozone contactor usually employed for this purpose is the bubble
column. These reactors have geometrical and hydrodynamic properties similar to
those of the real ozone contactors: the gas phase is fed through porous plates situated
at the bottom and wastewater and gas circulate currently or countercurrently. In
addition, the gas phase is considered as in plug flow while perfect mixing is assumed
for the wastewater phase (see Appendix A1). A general method for scale-up would
consist of the following steps:

• Determine the reaction rate and mass transfer coefficients in small labo-
ratory bubble columns.

• Establish the mathematical model of the kinetics, that is, the mass balances
of species present for COD and ozone.

• Solve the mathematical model taking into account the type of flow of water
and gas phases through the ozone reactor.

• Apply the model to ozone contactors of higher size and compare the
experimental and calculated results.

Bubble columns of different size are considered to be of geometrical hydrody-
namic similarity when their height/diameter ratio and superficial gas velocity are
the same. The study presented here is based on a previous work91 that used semibatch
bubble columns with the continuous gas phase in plug flow and the batch wastewater
phase in perfect mixing. Two possible cases are considered: ozonation of wastewater
in both fast and slow kinetic regimes. In both of these cases, ozonation is represented
by Reaction (6.5). Chapter 11 discusses kinetic modeling by considering both Reac-
tion (6.5) and Reaction (6.6).

6.6.3.1 Fast Kinetic Regime (High COD)*

The absence of dissolved ozone, reaction factors higher than unity, and Hatta num-
bers higher than 3 (see also Table 5.5) characterize the fast kinetic regime. Conditions
regarding the reaction factor and the dissolved ozone concentration can be checked,
a priori, to conclude that the kinetic regime is fast. However, it is recommended
that Condition (4.47) for the fast pseudo first-order kinetic regime be fulfilled since
the absorption rate equation is easier to use mathematically. This, however, cannot
be checked since the rate coefficient is unknown. As a consequence, the assumption
from the outset is that the fast pseudo first-order kinetic regime holds for the

* Part of Section 6.6.3.1 is reprinted with permission from Reference 91. Copyright 1995, International
Ozone Association.



142 Ozone Reaction Kinetics for Water and Wastewater Systems

experimental conditions applied. For this kinetic regime the ozone absorption rate
is [see also Equation (5.54)]

  (6.20)

Equation (6.20) also represents the term G"O3  in the ozone mass balance in the gas
phase (see Section 5.3.2). If plug flow conditions hold for the gas phase and the
wastewater phase is well mixed in the bubble column, Equation (5.35) is used. If
the accumulation term is neglected, once Equation (6.20) is considered, Equation
(5.35) becomes

  (6.21)

Equation (6.21) can be integrated between the bottom and the top of the column to
yield:

  (6.22)

where

  (6.23)

From Equation (6.22) a plot of ln(Cgeb /Cgob) against (COD)0.5 should lead to a straight
line that allows the rate coefficient to be determined. Then, Condition (4.47) has to
be checked to confirm the kinetic regime of ozonation. In practice, however, a more
complex procedure has to be followed primarily because of the changing nature with
ozonation time of the matrix constituting the wastewater and, as a consequence, the
change of kinetic regime with time. Thus, COD gives only a measure of the total
concentration of the wastewater at a given time that depends on the nature of the
wastewater. This changes with time because ozone reacts in multiple series-parallel
reactions to remove and produce compounds of different reactivity. For example, if
phenols are the main initial constituents of the wastewater, ozone would react very
fast at the beginning of ozonation, producing carboxylic acids that eventually also
react, but slowly, with ozone. Therefore, the rate coefficient of ozonation could
change with time and the kinetic regime. The problem associated with the change
in kinetic regime can be overcome if the general ozone absorption rate Equation
(4.25) is used instead of Equation (6.20). This implies, however, the modification
of Equation (6.22), which will now become:
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A trial-and-error procedure should then be used to obtain the value of the rate
coefficient. If the rate coefficient is a function of time, the method should be applied
to every reaction time. This procedure was applied in a previous work to the
ozonation of distillery wastewater in a small laboratory bubble column.91 In this
study,91 verification of Equation (6.22) led to Figure 6.12, and for the first minutes
of ozonation, no ozone in the gas at the column outlet was detected. Then Equation
(6.22) was used only for times when the gas exiting the column contained ozone.
In any case, for the appropriate time interval, the experimental points could not be
fitted to a straight line as shown in Figure 6.12. The kinetic regime was not always
of fast pseudo first-order and the more general Equation (4.25) was applied in a
trial-and-error procedure. Finally, the rate coefficients were expressed as a function
of the reaction time.91

6.6.3.2 Slow Kinetic Regime (Low COD)*

In the ozonation of any wastewater, the slow kinetic regime could be checked for
the presence of ozone, reaction factors approximately equal to or lower than unity,
and Hatta numbers much lower than 0.3 (see also Table 5.5). In this kinetic regime
it is likely that indirect reactions of ozone compete with the direct reactions (see
Section 7.1). However, because the method applied has some degree of empiricism,
it is sometimes assumed that all reactions (direct or indirect) are represented by the
unique Reaction (6.5). Because of the presence of dissolved ozone, the following
equations constituted the model to determine the rate coefficient:

FIGURE 6.12 Verification of Equation (6.22) for different superficial gas velocities during
the ozonation kinetics of a distillery wastewater. Superficial gas velocity A 103, ms–1: � =
2.21, ▫ = 4.42, B = 7.74. (From Beltrán, F.J. et al., Modelling industrial wastewater ozonation
in bubble contactors. 1. Rate coefficient determination, Ozone Sci. Eng., 17, 355–378, 1995.
Copyright 1995, International Ozone Association. With permission.)

* Part of Section 6.6.3.2 is reprinted with permission from Reference 91. Copyright 1995, International
Ozone Association.
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• The ozone mass balance in the gas phase as in the preceding case [Equa-
tion (5.35)].

• The ozone mass balance in the bulk of the wastewater phase:

  (6.25)

where rO3 represents the ozone chemical reaction rate.
• The total mass balance:

  (6.26)

where BCOD represents the amount of COD consumed in a period of
time Bt.

As can be deduced, the left side of Equation (6.25) physically means that the
molar rate of ozone that reaches the bulk wastewater (at x = &L) is partially consumed
by chemical reactions:

(6.27)

and partially accumulated in the wastewater, ($VdCO3/dt). The factor (1 – a&L)
represents the bulk water to total volume ratio. The rate coefficient is determined
from Equation (5.34) and Equation (6.25). In addition, Equation (5.35) is also used
to obtain a relationship between the ozone concentration in the gas at the reactor
outlet and the height of the column. For the slow kinetic regime this is Equation
(6.14). Equation (6.25) can be solved by numerical integration; the ozone accumu-
lation rate term dCO3b /dt can be obtained from the first derivative with a polynomial
function that can be used to fit CO3b with the reaction time. Other data such as the
film layer, &L, and the wastewater holdup, $, can be estimated from Equation (4.7)
and Equation (5.44), respectively. In this kinetic regime, the rate coefficient likely
remains independent of reaction time because ozone is reacting with refractory
compounds and their nature does not vary as much as it does when fast-reacting
compounds are present in the water (as in the preceding case). Finally, values of the
stoichiometric ratio, z, can be obtained from the total mass-balance Equation (6.26).
The procedure developed here was applied to the ozonation of a tomato wastewater
of very low COD (<100 mg/L). The results obtained led to a time-independent rate
coefficient of 17 M–1sec–1.91

When treating the kinetic modeling of wastewater ozonation processes in Chap-
ter 11, the values of the ozone rate coefficient are used for the scale-up of ozone
contactors. The practical application of these coefficients is shown.
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7 Kinetics of Indirect 
Reactions of Ozone 
in Water

At pH lower than 12, indirect ozone reactions develop in the slow kinetic regime
of ozone absorption. They are characterized by the presence of dissolved ozone and
reaction factors and Hatta numbers lower than or close to unity and 0.3, respectively.
These reactions are typical of drinking water ozonation where the concentrations of
pollutants are very low (as high as part per million level but usually in the part per
billion level). As has been shown previously, some wastewater ozonation can develop
in this kinetic regime — specifically, wastewater with low COD level (<200 mg/L).
As presented in Section 7.1, in the slow kinetic regime the two kinds of ozone action —
direct and indirect reactions (the latter through free radicals) — can compete to
remove any compound B present in the water. Indirect reactions result from the
ozone decomposition mechanism that can be initiated by the reaction of ozone with
the hydroxyl ion, which constituted the first and limiting step of the ozone mecha-
nism leading to hydroxyl radicals (see Section 2.5.1). Indirect reactions or reactions
due to hydroxyl radicals can be favored through some other initiation reactions of
ozone decomposition (i.e., reactions of ozone with hydrogen peroxide, direct ozone
photolysis, or some catalytic-induced reaction) that constitute the so-called ozone-
involved advanced oxidation processes (AOPs), as shown in the following chapters.
In this section, as a first approximation to the AOPs, ozonation is considered to be
the ozone process carried out in the absence of initiators such as hydrogen peroxide
or UV radiation or solid catalysts. Also note that at pH < 12 the ozone decomposition
reaction is slow, so even if the direct reactions are fast, ozone decomposition will
not take place. 

In the slow kinetic regime, since ozone can react directly with the compounds
present in water or through free radicals, it is convenient to establish some guidelines
in order to determine which of these reactions predominates. This is useful for kinetic
study and modeling purposes because the equations used (the mass-balance equa-
tions) can be simplified in their ozone absorption rate term. We begin with a
comparative study about the relative importance of the direct reactions of ozone and
its decomposition reaction in water.
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7.1 RELATIVE IMPORTANCE OF THE DIRECT 
OZONE–COMPOUND B REACTION AND 
THE OZONE DECOMPOSITION REACTION*

In Section 5.2 and Section 5.3, the kinetic regimes of the ozone decomposition
reaction and any ozone–compound B direct reaction were discussed together with
the potential concentration profiles that ozone and B could have in the water phase.
It was seen that the pH value was a crucial parameter for the kinetic regime of the
ozone decomposition reaction. Thus, for pH < 12, this reaction is slow and it develops
in the bulk water. For the ozone–direct reactions, on the contrary, other parameters
such as the reaction rate constant and the concentration of the target compound B
can also be fundamental for establishing the kinetic regime. Overall, however, when
comparing the decomposition and some direct ozone reaction (when B is a dissoci-
ating compound), pH is also fundamental because it affects the constant rate value
of the direct reaction. Thus, significant variations in the second-order rate constant
of the reaction between ozone and compound B, kD, lead to drastic changes in the
kinetic regime of direct ozonation that can go from instantaneous to even slow. It
is evident from these comments that for instantaneous, fast, and even moderate direct
reactions, if ozone is consumed in the film layer, the ozone decomposition reaction
can be neglected because of the absence of ozone in the bulk water to decompose
into free radicals. The absence of dissolved ozone during fast direct reactions is,
then, the main proof that confirms the lack of competition. If there is no dissolved
ozone in bulk water, there will be no ozone decomposition reaction. Conversely, for
pH > 12, the ozone decomposition reaction could be a moderate or even fast reaction
and this reaction will compete with the fast direct reactions or it will be the only
ozone-consuming reaction if the direct reactions are slow. However, for pH < 12, if
dissolved ozone is detected, the ozone decomposition reaction could be the predom-
inant reaction among other possible direct reactions — a situation usually encoun-
tered in drinking water ozonation. Competition can be confirmed by calculating the
Hatta numbers of the ozone–B direct reaction, by knowing the pH of the water, or
by checking the presence of dissolved ozone.

7.1.1 APPLICATION OF DIFFUSION AND REACTION TIME CONCEPTS

The ozone direct reaction and the ozone decomposition reaction can also be com-
pared using the diffusion and reaction time concepts, tD and tR, defined in Section
4.2.4. The use of these parameters is based on the surface renewal theories1 (i.e.,
Danckwerts  theory). Note that for a given ozonation contactor and hydrodynamic
conditions, only tR depends on the chemical reaction rate of the ozone reactions.
Thus, when comparing the ozone direct reaction and the ozone decomposition
reaction, tD is constant for both reactions. 

Two situations are discussed, based on the relative values of tD and tR for each
of the reactions considered. These situations correspond to fast and slow kinetic

* Part of Section 7.1 is printed with permission from Beltrán, F.J., Theoretical aspects of the kinetics of
competitive ozone reactions in water, Ozone Sci. Eng., 17, 163–181, 1995. Copyright 1995, International
Ozone Association.
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regimes (see Section 5.2 and Section 5.3). As shown in Section 5.2 for the case of
the ozone decomposition reaction, a plot of tR determined from the rate constant of
the reactions considered and the concentration of B as a parameter can be prepared.
This will allow us to compare the relative importance of the direct and decomposition
reactions of ozone.2 Thus, Figure 7.1, taken from a previous work,2 shows the
conditions at which these reactions develop in the slow or fast kinetic regimes. Figure
7.1 shows two values of tD that correspond to typical values of the individual mass-
transfer coefficient kL.3 According to Figure 7.1, the ozone decomposition reaction
will compete with any possible ozone–B direct reaction when both reactions simul-
taneously develop in the slow or fast reaction zones defined according to experi-
mental conditions. For example, for tD = 3.2 s and a concentration of B of 10–6 M,
both reactions will compete if pH < 12 and kD is about 5 A 105 M–1s–1 or when pH >
11 and kD > 5 A 105 M–1s–1.

In another example, taken from Beltrán,2 a similar plot can be prepared, but
plotting, in this case, tR against the pH. This means of comparison could be useful
for the case of the ozonation of dissociating compounds such as phenols where the
apparent rate constant, kD, varies with pH [see Equation (3.22) in Section 3.1]. In
Figure 7.2, this plot has been prepared2 for the ozonation of o-chlorophenol (OCP)
and atrazine (ATZ), two compounds of very different reactivity toward ozone. Thus,
for tD = 3.2 s, the ozone–ATZ reaction would compete with the ozone decomposition
reaction at any pH values except at pH > 11. At these latter conditions, only the
decomposition of ozone will take place. In contrast, the reaction between ozone and
OCP is the only one to develop at pH between 3 and 11. Thus, the reaction between
the hydroxyl radical and OCP does not need to be considered in the corresponding
kinetic study. Note that in practical cases, the removal rate of B is the main objective.
Thus, the reaction rate terms present in the mass balance of B correspond to the
ozone–B direct reaction and the hydroxyl radical–B reaction. However, in order to
decide if both reaction rate terms have to be considered, since the hydroxyl radical–B
reaction depends on the development of the ozone decomposition reaction, the

FIGURE 7.1 Variation of reaction time of an ozone gas liquid reaction with direct rate
constant. Black circles correspond to the ozone decomposition reaction at different pH levels.
(From Beltrán, F.J., Theoretical aspects of the kinetics of competitive ozone reactions in water,
Ozone Sci. Eng., 17, 163–181, 1995. Copyright 1995, International Ozone Association. With
permission.)
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comparison between the latter reaction and the ozone–B reaction must be established.
Note also that when both the hydroxyl radical–B and ozone–B direct reactions
compete, the importance of one of them could be negligible and, then, the corre-
sponding reaction rate term is also eliminated from the kinetic equation. This is the
case for the direct reaction of ozone–ATZ when pH > 7. In this case, although the
direct reaction also develops (see Figure 7.2), its contribution to the removal of ATZ
can be neglected compared to the effect of the hydroxyl radical reaction (see Section
7.2). Therefore, in the kinetic study, the reaction rate term due to the ATZ–ozone
reaction can be neglected.

7.2 RELATIVE RATES OF THE OXIDATION 
OF A GIVEN COMPOUND*

A quantitative method to determine the relative importance of the direct ozonation
and free radical oxidation of any given compound B during ozonation can be made
by determining the ratio between both oxidation rates. The procedure is applied to
the cases where ozone reactions develop in the slow kinetic regime, that is, the Hatta
number of all ozone reactions is lower than 0.3 or the reaction time is much higher
than the diffusion time. Whatever the ozone kinetic regime, the ratio between the
oxidation rates of B due to free radical oxidation and direct reaction with ozone is:

  (7.1)

The concentration of hydroxyl radicals CHO in Equation (7.1) is given by Equation (7.2):

FIGURE 7.2 Reaction time of ozone decomposition and direct reactions of ozone with o-
chlorophenol (OCP) and atrazine (ATZ) at different pH levels.(From Beltrán, F.J., Theoretical
aspects of the kinetics of competitive ozone reactions in water, Ozone Sci. Eng., 17, 163–181,
1995. Copyright 1995, International Ozone Association. With permission.)

* Part of Section 7.2 is printed with permission from Beltrán, F.J., Estimation of the relative importance
of free radical oxidation and direct ozonation/UV radiation rates of micropollutants in water, Ozone Sci.
Eng., 21, 207–228, 1999. Copyright 1999, International Ozone Association.
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  (7.2)

where 2ki2CHO2CO3 represents the reaction rate of initiation of free radicals which,
in the case of ozonation, is a function of the concentrations of the ionic form of
hydrogen peroxide [generated through Reaction (2.18) in Table 2.4] and ozone. By
substituting in Equation (7.1), the ratio of oxidation rates attained is:

  (7.3)

The problem with Equation (7.3) is that the concentration of hydrogen peroxide is
unknown (note that hydrogen peroxide is not added but generated). However, the
initiation rate term can be substituted, for practical purposes, by the rate of the
reaction between ozone and the hydroxyl ion [Reaction (2.1) or Reaction (2.18)],
which constitutes the first reaction in the ozone decomposition mechanism. In this
method, the concentration of hydrogen peroxide is not needed. In fact, the
ozone–hydroxyl ion reaction has long been considered the initiation rate of the ozone
decomposition mechanism for yielding the superoxide ion and the hydroperoxide
radicals [also Reaction (2.1)]:

  (7.4)

Thus, if Reaction (7.4) is considered the initiation reaction, the ratio between the
oxidation rates in Equation (7.1) becomes a function of pH, rate constants, and
inhibiting character of the water, hksCs, which can be calculated as shown later (see
also Section 7.3.1.1):

  (7.5)

Equation (7.5) in logarithmic form is:

  (7.6)

Following Equation (7.6), a plot of the left side against the logarithm of the rate
constant ratio kHO/kD leads to a straight line of slope unity. For any compound B of
known kinetics with ozone and hydroxyl radical (that is, known values of z, kD, and
kHO), the relative importance of the direct ozonation and free radical oxidation rates
can be estimated at different pH and inhibiting character of the water used. In Figure
7.3, this plot is presented for different pH values and at a given hydroxyl radical
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inhibiting value hksCs. Examples for using Figure 7.3 are straightforward. More
details are given on this procedure in an earlier work.4

7.3 KINETIC PARAMETERS

In the ozonation process of a given pollutant B, when the ozone reactions are in the
slow kinetic regime of absorption, the mass-balance equation of B applied to a small
volume of reaction (which is perfectly mixed) in a semibatch system is as follows:

  (7.7)

where the terms zkDCBCO3 and kHOBCHOCB represent the contributions of the direct
and hydroxyl radical reactions, respectively, to the disappearance of B. In addition,
the mass balance of ozone in the water phase at the same conditions is

  (7.8)

where the ozone decomposition rate rO3 has different contribution values because of
the ozone reactions with target compound B, the hydroxyl ion, hydroperoxide ion,
and superoxide ion and hydroxyl radicals (see mechanism in Table 2.4 or Table 2.5):

FIGURE 7.3 Comparison between hydroxyl radical and direct ozonation rates of micropol-
lutants in water as a function of reaction rate constant ratio and different pH values in single
ozonation. Conditions: 20ºC, hkHOSiCSi = 103 sec–1. (From Beltrán, F.J., Estimation of the
relative importance of free radical oxidation and direct ozonation/UV radiation rates of
micropollutants in water, Ozone Sci. Eng., 21, 207–228, 1999. Copyright 1999, International
Ozone Association. With permission.)
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(7.9)

Note that because of the slow kinetic regime, the ozonation gas–liquid reaction is a
two-sequential-step series process, where the mass-transfer rate through the film
layer is equal to the ozone chemical reaction rate in the bulk water at steady state.
Comparing the fast ozonation processes, from Equation (7.7) to Equation (7.9) it is
evident that some new unknown parameters appear. These are the rate constant of
the reaction between the hydroxyl radical and B, kHOB, the rate constant of the
decomposition reaction, kd, and the concentration of hydroxyl radicals.

Ozone is mainly consumed through reactions with the hydroxyl ion, hydroper-
oxide ion, hydroxyl radical (ozone acts as promoter of its own decomposition), the
superoxide ion radical, and through the direct reaction with B. Rate constants of all
these reactions are known from the literature or can be calculated as was shown for
the case of the rate constant of the direct reactions (see also Section 3.1 and Section
5.3).5–7 However, ozone is also consumed through other reactions that can have
significant importance such as the initiating reactions, which are different from
Reaction (2.1) or Reaction (2.18) (see Reactions in Table 2.4 and Table 2.5). Thus,
the rate constants of these reactions must also be known. In addition, because the
concentration of hydroxyl radicals is a function of the rate of inhibiting reactions
[the reaction between the hydroxyl radical and some scavenger species, denominator
of Equation (7.2)], the rate constants of these reactions are also needed. The kinetic
study of the ozone reactions in the slow kinetic regime will be addressed to determine
all these parameters.

7.3.1 THE OZONE DECOMPOSITION RATE CONSTANT

We can use the general Equation (7.9), used by Staehelin and Hoigné8 in the
mechanism of reactions given in Table 2.4, to determine the apparent pseudo first-
order rate constant of the ozone decomposition, kapp. Classic methods of homoge-
neous kinetics can be applied (see Section 3.1). Rate constants of ozone reactions
(with OH–, HO2

– , HO=, and O2
–=) are common to any ozonation process and their

values are already known (see Table 2.4 or Table 2.5). However, others such as those
for Reaction (7.10) and Reaction (7.11) below are unknown.

  (7.10)

  (7.11)

Thus, kOHS and ki3 are system dependent and have to be determined for each case.
In fact, reactions of ozone with initiating compounds [Reaction (7.10)] and those of
the hydroxyl radical with inhibiting compounds or scavengers [Reaction (7.11)] will
depend on the nature of the water treated. Since in a real case the exact content of
the water is not known, a general procedure should be applied to determine these
rate constants, as presented below. 
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Reaction (7.10) and Reaction (7.11) develop in surface waters where numerous
substances may play the role of initiators and inhibiting species of the ozone decom-
position reaction. However, as experimental results suggest, these reactions are also
present during the ozonation of laboratory-prepared waters. For example, in a study
on ozone decomposition with phosphate-buffered distilled water,2 the apparent rate
constant of the ozone decomposition was found to be 8.3 A 10–5 and 4.8 A 10–4 sec–1

at pH 2 and 7, respectively. At the same conditions, however, the rate constant of
the first reaction of the mechanism [Reaction (2.1) or Reaction (7.4)] is 7 A 10–11

and 7 A 10–6 sec–1, respectively. The large differences in the values shown (for each
pH) was due not to the other known reactions that initiate and propagate the mech-
anism but rather to the presence of different substances. In fact, these substances
are responsible for the differences observed in the apparent rate constant values of
the ozone decomposition reaction when studied in different types of water.8

Due to the unknown nature of the initiating and inhibiting species present in
water, the true values of ki3 and kHOS cannot be known, but the values of their products
with the concentrations of these species can be expressed. For the sake of simplicity,
the concentrations of these substances are assumed to be constant in the procedure
that follows. 

From the basic mechanism of ozone decomposition (see Table 2.4 or Table 2.5)
by applying the pseudo steady-state conditions, the concentrations of hydroxyl and
superoxide ion radicals can be expressed as follows:

  (7.12)

and 

  (7.13)

where

(7.14)

which when substituted in the ozone chemical rate Equation (7.9) lead to:

  (7.15)

In a homogeneous perfectly mixed batch reactor, the mass balance of ozone in water
is given by Equation (7.8) with the absorption rate term removed and the ozone
decomposition rate term given by Equation (7.15). The experimental concentrations
of ozone at any time can then be fitted to Equation (7.15) to obtain the values of
the rate constants kA and kB and, hence, the values of ki3 and kt. With these values,
the initiating and inhibiting character of the water for the ozone decomposition can
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be established. Note that kt involves all possible contributions of inhibiting sub-
stances. 

7.3.1.1 Influence of Alkalinity

As observed previously, the concentration of hydroxyl radicals will depend greatly
on the inhibiting character of the water treated (kt ). In many cases, carbonates are
used as scavenger substances of hydroxyl radicals in ozonation studies9,10 to check
the importance of the free radical oxidation (indirect way of ozone action). In fact,
these substances are used because in the case of natural (surface or ground) water,
they are the main natural scavengers.8 The contributing term of these substances to
the inhibiting character of the ozonated water is due to the following reactions11 (see
also Table 2.5):

  (7.16)

  (7.17)

The rate constants of these reactions are not very high when compared to other
hydroxyl radical reactions with organic pollutants.12 However, since the rate of
reaction is proportional to both the rate constant and concentration of reactants, the
carbonate–bicarbonate inhibiting effect is usually high because there is a concen-
tration of these ions in natural waters. Thus, the kt term for carbonate–bicarbonate
ions is a function of pH and can be determined as follows:

  (7.18)

where CHCO3t represents the total concentration of bicarbonates in water, with

  (7.19)

and pK1 and pK2 the pK of equilibrium of carbonates in water. Thus, at neutral pH
and 20ºC, kt is 1233 sec–1, which corresponds to an alkalinity of 10–4 M in total
carbonates. This value is of the same order of magnitude as that from a given inhibiting
pollutant at a concentration of 10–6 M whose reaction with the hydroxyl radical has
a rate constant value of 109 M–1sec–1. Strictly speaking, however, the inhibiting term
due to the alkalinity of water is not exactly that given by Equation (7.19). In fact,
the carbonate ion radical, CO3=–, generated in Reaction (7.16) and Reaction (7.17),
reacts with hydrogen peroxide to regenerate the hydroperoxide radical or the super-
oxide ion radical:13

  (7.20)
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and

  (7.21)

that in the presence of ozone eventually yields the hydroxyl radical (see Table 2.4).
According to this, the carbonate–bicarbonate ions would not be an absolute inhibiting
species of the ozone decomposition in ozonation processes where hydrogen peroxide
is formed. In addition, the carbonate ion radical also reacts with the organic matter
present in water through selective reactions (similar to the case of the direct ozone
reactions) and, in this way, terminates the radical chain.14–16 A compilation of rate
constant values of the reactions between the carbonate ion radical and different
substances can be found elsewhere.17 From the above observation, it can be assumed
that there is a fraction of carbonate-bicarbonate ions that, while reacting with the
hydroxyl radical [Reaction (7.16) and Reaction (7.17)], eventually regenerates it
through Reaction (7.20) and Reaction (7.21). Thus, the fraction of carbonate ion
radicals that reacts with hydrogen peroxide as compared to other reactions is: 

  (7.22)

where 

  (7.23)

where CH2O2t and pK are the total concentration of hydrogen peroxide and pK value
of its equilibrium in water, and kCM is the rate constant value of any reaction between
a given compound M present in water and the carbonate ion radical that terminates
the radical chain.

7.3.2 DETERMINATION OF THE RATE CONSTANT OF THE OH–COMPOUND 
B REACTION

The contribution of free radical reactions to the oxidation rate of pollutants (B) in
water during ozonation can be established if both the rate constant kOHB and the
concentration of the hydroxyl radical are known. For the latter, in the absence of B,
the appropriate expression is given in Equation (7.12). In the presence of B, depend-
ing on the nature of the role of this substance in the ozone reaction mechanism, the
concentration of the hydroxyl radical will also depend on kHOB and CB (in the case
of B as inhibitor of ozone decomposition). The term kHOBCB will be part of the
inhibiting character of the water given by hkHOSCS. Thus, the rate constant kHOB is
a crucial parameter to know. Reactions of hydroxyl radicals are usually defined as
nonselective, which could mean that the rate constant kHOB is always similar regard-
less of the nature of B, although this is not correct because kHOB can vary up to three
orders of magnitude. For example, for an organochlorine compound such as
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trichloroethane, kHOB is 2 A 107 M–1sec–1 18 while for phenol it is about 1010 M–1sec–1.12

Thus, kHOB must also be determined.
The best way to determine kHOB is from data of the disappearance rate of B. In

an ozonation system, the chemical disappearance rate of B is theoretically due to
the reaction with ozone (direct reaction) and with the hydroxyl radical. In a semibatch
or batch well-agitated reactor, the accumulation rate of B is

  (7.24)

The system is simplified if the direct reaction can be neglected, a situation that is
likely to be present when the ozonation develops in the slow kinetic regime. Then
the disappearance rate of B will be a function of the concentration of hydroxyl
radicals, CHO, which depends on the initiating and inhibiting character of the water
system [see Equation (7.12)]. It is evident from this information that the main
difficulty in determining kHOB is the unknown concentration of hydroxyl radicals.
Two methods can be followed: the absolute and the competitive.

7.3.2.1 The Absolute Method

The absolute method leads to the direct determination of kHOB. In fact, in a semibatch
well-mixed ozonation system, by assuming the concentration of hydroxyl radical
constant (as would correspond to a short live species), the integration of Equation
(7.24), once the direct rate term has been neglected and variables have been sepa-
rated, yields:

  (7.25)

A plot of the left side of this equation against time should give a straight line of
slope kHOBCHO. Then a value of CHO is needed to find kHOB. According to Equation
(7.12), the exact nature of the water used and the role of the substances (as initiators
and/or inhibitors) present must be known. This is rather difficult because ozone
decomposition is very sensitive to the action of substances present even at very low
concentrations. However, using a procedure similar to that shown previously, values
of ki3 and kt that would correspond to the ozone–water system treated could be
determined in the absence of B, and, consequently, the concentration of hydroxyl
radicals (see also Section 7.4). Two possible situations arise depending on the
inhibiting or promoting nature of B. If B promotes the ozone decomposition reaction,
that is, B reacts with the hydroxyl radical to give the superoxide ion radical that
eventually regenerates the hydroxyl radical (see mechanism in Table 2.4), the rate
constant kHOB would be

  (7.26)
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where m is the slope of the straight line mentioned previously (kHOBCHO) and ri is
the initiation rate of free radicals, which is given by the numerator of Equation (7.12).
On the other hand, if B inhibits the ozone decomposition, that is, if the reaction of
B with the hydroxyl radical terminates the radical chain, the product kHOBCB would
be part of the denominator of Equation (7.27):

  (7.27)

Then, the rate constant kHOB is

  (7.28)

In addition, when kHOBCB � kt, a zero-order kinetics would develop so that the rate
of B accumulation would be constant and nondependent on CB. In this case, the rate
constant could not be obtained from the absolute method. Because of these limita-
tions — unknown values of ki3, kt, etc. — the absolute method is more suitable when
other AOPs are used, as will be shown in the following chapters.

7.3.2.2 The Competitive Method

This method is similar to that shown in Section 5.3.4 for the determination of the
rate constant of the direct reactions. In this case, the limitation is that the contribu-
tions of the direct reactions ozone–B and ozone–R (for reference compound, see
Section 5.3.4) have to be negligible. Fortunately, in slow kinetic regimes this is likely
to be the case. Then, from ozonation results in a semibatch or batch well-agitated
reactor, the ratio of accumulation rates of B and R is the ratio of their chemical
reaction rates with hydroxyl radicals:

  (7.29)

The resulting equation does not depend on CHO, and after integration, the ratio of
rate constants kHOB /kHOR is obtained from the slope of a plot of ln(CB /CB0) vs.
ln(CR /CR0). Since kHOR is known, kHOB is finally determined. Also note that in this
case the ozonation kinetics of both B and R must not be of zero order. If so, a
situation similar to that mentioned above for the absolute method would be present
and it would not be possible to determine kHOB. Another possible limitation of this
method is that the reference compound needs to have a reactivity toward the hydroxyl
radical similar to that of the target compound B. Haag and Yao19 used this competitive
method with batch ozone solutions at pH > 8 to determine kHOB of numerous reactions
between the hydroxyl radical and compounds.19
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7.4 CHARACTERIZATION OF NATURAL WATERS 
REGARDING OZONE REACTIVITY

Natural water from lakes, rivers, reservoirs, etc. is the source for the preparation of
drinking water. Although it has much lower pollution than wastewater, natural water
also contains numerous and different compounds, most of them of the organic type,
defined as natural organic matter, NOM. This matter may contain a large variety of
substances from vegetable plant degradation and animal wastes, and pollutants from
agricultural, industrial, and urban activities, which are often grouped into macro-
molecules that constitute humic substances. Humic substances can also contain metal
linked to them as complexes or as simple molecules such as pesticides, etc.20 Because
NOM constitutes the major fraction of the matter present in surface waters, the
parameter usually employed to characterize the water is dissolved organic carbon,
DOC (see Section 6.3.3).

7.4.1 DISSOLVED ORGANIC CARBON, PH, AND ALKALINITY

DOC has also been used to establish the reactivity of natural water with ozone21

although this relationship has not yet been well established. Thus, different ozone
reactivities have been observed in natural water with the same DOC.21 Another
parameter frequently used to characterize ozone reactivity of natural water is the
UV absorbance or specific UV absorbance (usually at 254 nm).22 In this sense,
Westerhoff et al.23 correlated the ozone reactivity, measured as the rate constants of
the ozone decomposition and hydroxyl radical–DOC reactions, with the specific
ultraviolet absorbance at 254 nm with good results. In this work,23 other different
parameters or, rather, properties of DOC of 17 different natural water samples were
correlated with the corresponding rate constants of the ozone direct and indirect
decomposition reactions. These were, among others, the aromatic, aliphatic, and
carbonyl contents, molecular weight, etc. of hydrophobic organic acids, a fraction
of humic substances that usually reaches 50% of the DOC content of the water.
From the results obtained, it was found that A254 was a good parameter of charac-
terization of ozone reactivity.23

Total organic carbon, pH, and alkalinity are also current parameters used to
characterize natural water because they are easy to measure and are related to the
variables affecting the overall ozone decomposition rate constant, as can be deduced
from Equation (2.70).24,25 Thus, if it is assumed that ozone direct reactions are
negligible, which is the general situation in natural water due to the absence of high
concentrations of simple organic chemicals, the ozone decomposition rate constant
given by Equation (2.70) reduces to the following: 

  (7.30)

As can be deduced from Equation (7.30), the ozone reactivity will depend on the
pH (COH–) presence of promoters CPi, that is, TOC, and scavengers CSi that can be
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represented by the alkalinity of the carbonate–bicarbonate content of the water, Alk.
These parameters have been correlated to yield relationships as follows:

  (7.31)

or 

  (7.32)

where TOC and alkalinity are measured in mg of C per liter and mg of CaCO3 per
liter, respectively. As examples, Equation (7.33) and Equation (7.34) below were
used in previous research works24,25 to relate the ozone decomposition rate constant
to the parameters mentioned: 

(7.33)

at the conditions 7 < pH < 9, 0.3 < TOC(mgL–1) < 4.3, 25 < alk(mgCaCO3L–1) < 150
and 

(7.34)

From a strictly kinetic point of view, however, characterization of natural waters can
also be accomplished by defining the rate constant or parameters derived from the
application of mass balances of ozone and hydroxyl radicals in water. The procedure
shown in Section 7.3.1 is along this line. Thus, rate constants kA and kB experimentally
determined from ozone decomposition in natural waters can also be taken as char-
acterization parameters of the water. In fact, rate constants kA and kB give a measure
of the effects of pH and presence of initiating compounds, on the one hand, and the
effect of promoting and inhibiting compounds, on the other hand.

7.4.2 THE OXIDATION–COMPETITION VALUE

As pointed out above, Hoigné and Bader26 defined the oxidation–competition values
of natural water as the amount of ozone needed to reach a 63% conversion of a
given pollutant, probe, or reference compound in the natural or raw water. These
parameters are then dependent on the nature of the reference compound of known
indirect kinetics with ozone, which means that the rate constant of its reaction with
the hydroxyl radical must be known. In addition, this reference compound must have
a negligible direct reaction with ozone to avoid interference in the kinetic procedure.
The procedure to determine the oxidation–competition value of the water treated,
8B, is in fact a competitive method where the probe compound and the matter present
in water compete for the available hydroxyl radicals that come from the ozone
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decomposition. The procedure is based on the assumption that the ozone reacting
system in the natural water is exclusively due to indirect reactions so that the
following reaction steps are considered:21,26

• Decomposition of ozone in hydroxyl radicals:

  (7.35)

with zr as the stoichiometric coefficient

• Reaction of hydroxyl radicals with the reference or probe compound B:

  (7.36)

• Reactions of any other natural substances with hydroxyl radicals:

  (7.37)

The procedure is also based on the following conditions:

• The direct reaction of ozone with B is negligible.
• The contribution of B in reactions with hydroxyl radicals is also negligible

compared to the total consumption of hydroxyl radicals in Reaction (7.37),
that is:

  (7.38)

With these conditions, the reactivity of the natural water with ozone due to indirect
reactions (which is usually the most common situation in natural water) is simulated.
Determination of the oxidation–competition value comes from the application of
mass balances of ozone, hydroxyl radical, and B and stoichiometric rules. Thus, for
a perfectly mixed batch reactor, these equations are (see also Appendix A1):

• For ozone:

  (7.39)

where rO3 is intrinsically negative when expressed as a function of the
rate constant and concentrations due to the negative value of the ozone
stoichiometric coefficient in Reaction (7.35), which is –1.27
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• For B:

  (7.40)

where the minus sign is also due to the negative stoichiometric coefficient
of B in Reaction (7.36), which is also –1.

• For the hydroxyl radicals:

  (7.41)

with the two right terms of Equation (7.41) representing the formation
and decomposition rates of hydroxyl radicals, respectively, the latter
including the contribution of Reaction (7.36). At steady-state conditions,
the accumulation rate term of hydroxyl radicals is zero, that is, dCHO /dt =
0. Thus, the rate of hydroxyl radical formation is, in fact, the rate of
initiation of the radical chain [Reaction (7.35)] which can be expressed
as the rate of ozone decomposition due to the absence of direct reactions
and once the stoichiometric coefficients are accounted for:

  (7.42)

From Equation (7.42) and Equation (7.39), the concentration of hydroxyl radicals
in Equation (7.41) is:

  (7.43)

which, when substituted in Equation (7.40) and after variable separation and sim-
plification, leads to:

  (7.44)

where the oxidation–competition value is:21,26

  (7.45)
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The Hoigné and Bader oxidation–competition value for natural water is in fact the
fraction of hydroxyl radical consumed by the probe compound times the ratio
between the stoichiometric coefficient of ozone–hydroxyl radical initiation reaction
and the concentration of the probe compound:

  (7.44)

where

  (7.45)

Once 8B, given by Equation (7.45), is substituted in Equation (7.44), the resulting
differential equation can be integrated with the following initial condition:

  (7.48)

Equation (7.49), deduced from this procedure, gives the relationship between the
concentration profile of B and the amount of ozone consumed:26

  (7.49)

According to Equation (7.49), a plot of the left side against the ozone consump-
tion at different times should yield a straight line of slope –1/8B. This kind of plot,
presented in Figure 7.4 for an imaginary natural water and probe compound, has
been reported by Hoigné and Bader for true natural waters.21,26,27 However, prepa-
ration of this plot is not necessary, as observed by Hoigné and Bader,21,26 because
from Equation (7.49) it is deduced that at 63% conversion of B its left term is –1.
This means that the amount of ozone consumed to reach a 63% conversion of B is
the oxidation–competition value of the natural water. Values of this parameter for
different natural waters have been reported in different works21,26,28 and have shown
good linearity with the UV absorbance of the natural waters.26

The oxidation–competition value can also be determined from ozone decompo-
sition experiments in natural water in steady-state continuous plug flow and stirred
tank reactors (PFR and CSTR).28 In the former case, balance equations are the same
as in the perfectly mixed batch reactor with the difference that the actual reaction
time is replaced by the hydraulic or spatial time, 5:

  (7.50)
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The final equation, however, is also Equation (7.49) since it is not directly time-
dependent. For a CSTR, the procedure differs, but the final equation is something
similar, as shown by Equation (7.59) below. 

Theoretical consideration of a CSTR as the ozone contactor is also a recom-
mended option to compare the efficiency of ozonation processes in different reactor
types (i.e., to compare the PFR and CSTR). This comparison can also be made as
far as the Hoigné and Bader oxidation–competition value is concerned. For a CSTR,
given the ozone-reacting system of Step (7.35) to Step (7.37), the mass-balance
equations for ozone, B, and hydroxyl radicals at steady-state conditions are as
follows:

• For ozone:

  (7.51)

• For the probe compound, B:

  (7.52)

• For the hydroxyl radicals:

  (7.53)

where V is the reactor volume, v is the total volumetric flow rate, and CO30

and CB0
 are the concentrations of ozone and B, just at the reactor inlet.

In Equation (7.53), rHO represents the net formation rate of hydroxyl
radicals, which is given by:

FIGURE 7.4 Checking Equation (7.49) for the determination of the Hoigné and Bader
oxidation–competition value of an arbitrary water in a batch or plug flow reactor. The dotted
line shows the typical case of a natural water with an initial period due to the fast ozone
demand (x and y axes show arbitrary values).
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  (7.54)

Now, if the stoichiometric ratio between ozone and hydroxyl radical in Equation
(7.35) [see also Equation (7.42)] and the spatial time [Equation (7.50)] are consid-
ered, the concentration of hydroxyl radicals can be expressed in an explicit way
from Equation (7.52) as follows:

  (7.55)

where the ozone reaction rate, rO3, can be expressed as a function of the ozone
consumption using the ozone mass-balance equation to yield:

  (7.56)

Since the reaction rate of the oxidation of B is:

  (7.57)

substitution of rB in the B mass-balance Equation (7.52) yields

  (7.58)

If it is assumed that the term 5hkHOSiCSi is much greater than 1, elimination of the
concentration of hydroxyl radicals from Equation (7.56) and Equation (7.58) once
Equation (7.45) has been accounted for leads to

  (7.59)

According to Equation (7.59), a plot of its left side against the ozone consumption
term (CO30

 – CO3) for different spatial times must lead to a straight line of slope
equal to 1/8B (see Figure 7.5 for an arbitrary case). However, this type of plot is not
necessary as deduced from Equation (7.59) because 8B is the amount of ozone
consumed to reach 50% conversion of B. For purposes of comparison, note that for
the plug flow or batch reactor, Equation (7.49) can be expressed in a form similar
to Equation (7.59) since Equation (7.49) can be written as follows:
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  (7.60)

As deduced from the above observations, the consumption of ozone in the plug flow
reactor (or batch reactor) corresponding to the oxidation–competition value is lower
than that of the CSRT.

7.4.3 THE RCT CONCEPT

Finally, another possible parameter to characterize ozone reactivity in any natural
water with respect to is the RCT value proposed by Elovitz and von Gunten.29 This
parameter was defined as the ratio between the time-integrated concentrations of
hydroxyl radicals and ozone during an ozone decomposition experiment in a natural
water in the presence of a probe compound B:29

  (7.61)

For a batch or plug flow reactor, use of Equation (7.61) in the integrated Equation
(7.40) allows the B concentration profile to be expressed as a function of the ozone-
integrated concentration, which is known from experimental results as:29

  (7.62)

Figure 7.6 shows for an arbitrary case the straight line that Equation (7.62) represents.
The slope of this line is kHOBRCT. Note that in this case Condition (7.38) and the

FIGURE 7.5 Checking Equation (7.59) for the determination of the Hoigné and Bader
oxidation–competition value of an arbitrary water in a continuous-stirred tank reactor (x and
y axes show arbitrary values).
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negligible ozone–B direct reaction must hold. Elovitz and von Gunten29 showed that
the RCT parameter was constant for batch ozone decomposition experiments regard-
less of the reaction time. They proposed RCT as a parameter that directly relates the
concentrations of the hydroxyl radical and ozone:

  (7.63)

For a CSTR, from Equation (7.58) and Equation (7.63) the following is obtained:

  (7.64)

and this represents the equation of a straight line in a plot of CB0 /CB against CO35
(see also Figure 7.7 for an arbitrary case). Again, the plug flow reactor (or batch
reactor) is better than the CSTR for determining the RCT with the lowest amount of
ozone, as can be deduced from Equation (7.62) and Equation (7.64). Values of RCT

have been reported by Elovitz and von Gunten for several natural and prepared water
types.29–32 Since the RCT allows the concentration of hydroxyl radical (always an
unknown concentration) to be removed from mass-balance equations, it is a useful
parameter for kinetic modeling purposes, as has already been reported31,32 (see also
Chapter 11).

A final question should be considered when 8B and RCT parameters are used to
characterize natural waters: the direct ozone demand of the water due to the presence
of fast-reacting compounds [e.g., nitrites33]. Thus, it is common practice to obtain
plots similar to those presented in Figure 7.4 as examples (dotted lines) where two
reaction periods are observed: the first one of about 60 to 120 sec corresponding to
the ozone direct demand and the second one corresponding the indirect ozone
reactions.

FIGURE 7.6 Checking Equation (7.62) for the determination of the Elovitz and von Gunten
RCT value for an arbitrary water in plug flow or batch reactors (x and y axes show arbitrary
values).
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8 Kinetics of the 
Ozone/Hydrogen 
Peroxide System

An advanced oxidation process (AOP) (see also Chapter 2) is characterized by the
production of hydroxyl radicals, which are the main species responsible for oxidation.
AOPs can be classified according to the experimental conditions applied. Thus, there
are AOPs carried out at ambient conditions of temperature and pressure and at severe
experimental conditions. Belonging to the first group are the ozone-involving AOPs
such as ozone at high pH, ozone/hydrogen peroxide (O3/H2O2), ozone/UV radiation
(O3/UV), ozone/catalyst (O3/Cat), etc.,1,2 and others such as the Fenton, photofenton,
and photocatalytic processes,3–5 to name some of the best-known processes. To the
second group belong wet air and supercritical oxidation.6,7 What might be called a
third group are those initiated at ambient conditions but that develop with the
generation of high temperature and pressures, such as the cavitation processes.8 In
this chapter, we discuss ozone–hydrogen peroxide advanced oxidation kinetics.

Staehelin and Hoigné9 extensively studied the reaction between ozone and hydro-
gen peroxide at different conditions of pH and concentration of H2O2 in both pure
and natural water. In homogeneous systems, they found a second-order kinetics for
the ozone decomposition (first order with respect to ozone and hydrogen peroxide)
with the particular characteristic that only the ionic form of hydrogen peroxide
reacted with ozone. Only for experiments at pH > 4 did they note an appreciable
rate of ozone decomposition that increased one order of magnitude with an increase
of one unit in pH. The stoichiometric equation they proposed was:

  (8.1)

This reaction constitutes the initiation step of a radical chain mechanism that even-
tually leads to the formation of hydroxyl radicals.10 In fact, this is also considered
the initial step of ozone decomposition in water due to the hydroxide ion as recently
reported by Hoigné11 and previously proposed by Tomiyashu et al.10 Therefore, the
mechanism of radical reactions presented in Table 2.4 is also the mechanism of the
O3/H2O2 system. At pH 7, low concentrations of hydrogen peroxide (10–5 to 10–4 M)
yield significant ozone decomposition rates and, hence, a high concentration of
hydroxyl radicals. This is due to the high value of the rate constant of Reaction
(8.1). For this reason, the O3/H2O2 system is one of the most studied and applied
AOPs in the laboratory, pilot plant works, and even in practical drinking water
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treatment. Here, unless otherwise indicated, the kinetics of this process is considered
as a heterogeneous gas–liquid reaction.

8.1 THE KINETIC REGIME OF THE O3/H2O2 PROCESS

The kinetic regime of ozone absorption in water containing H2O2 is defined by its
corresponding Hatta number [Equation (4.40)], which in this case is

  (8.2)

As observed from Equation (8.2), Ha2 depends on both pH and concentration of
hydrogen peroxide. For example, at pH 7, if kL = 10–4 msec–1, an appropriate value
for gas–liquid contactors12 for total concentrations of hydrogen peroxide (CH2O2t ) of
10–3, 10–2, and 0.1 M Ha2 is 0.006, 0.06, and 0.6, respectively. This means that as
the kinetic regime goes from slow to moderate, the corresponding ozone absorption
rate law will be different (see Table 5.5). In a previous work,13 the reaction time tR

(see Section 4.2.4) of Reaction (8.1) was plotted against the total concentration of
hydrogen peroxide at different pH (see Figure 8.1) in order to establish the conditions
needed for slow and fast kinetic regimes. From Figure 8.1 it can be seen that at the
experimental conditions usually found in drinking water treatment (pH < 10 and
CH2O2t < 10–4 M), the kinetic regime would be slow. However, in some cases the
kinetic regime is different. These situations are presented below.

FIGURE 8.1 Variation of reaction time with direct rate constant and concentration of micro-
pollutant, for ozone–B direct reaction, and with hydrogen peroxide concentration and pH for
Reaction (8.1). C°B is the concentration of B in bulk water. (Reprinted with permission from
Beltrán, F.J., Theoretical aspects of the kinetics of competitive first order reactions of ozone
in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci. Eng., 19, 13–38, 1997. Copyright
1997, International Ozone Association.)
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8.1.1 SLOW KINETIC REGIME

If it is assumed that a given pollutant B during the O3/H2O2 oxidation is only removed
from water by free radical oxidation, which is the usual case in drinking water
ozonation. The rate of disappearance of B is:

  (8.3)

where a simplified expression for the concentration of hydroxyl radicals, obtained
from the mechanism of reactions (see Table 2.4) after the application of a steady-
state situation, is given by:

  (8.4)

Note that the hydrogen peroxide concentration does not appear in the denominator
of Equation (8.4) because of its role in promoting ozone decomposition through
Reactions (2.27) and (2.28). Also, in the denominator of Equation (8.4), when
carbonate is present in the water, the term w [see Equation (7.22)] has to be included
so that the concentration of hydroxyl radicals is:

  (8.5)

The concentration of B, however, is determined from the corresponding mass balance
that varies with the type of reactor or, to be more exact, that varies with the type of
flow of the gas and water phases through the reactor. In a semibatch well-mixed
reactor, the equation to be solved is

  (8.6)

and, in a continuous well-mixed system at steady state,

  (8.7)

8.1.2 FAST-MODERATE KINETIC REGIME

As shown in Figure 8.1, for some special experimental conditions the kinetic regime
of the ozone–hydrogen peroxide reaction could be moderate or even fast. In these
cases, the concentration of dissolved ozone is zero or really negligible so that neither
Equation (8.6) nor Equation (8.7) is appropriate to determine the remaining concen-
tration of B. Rigorously, this should be obtained from the ozone absorption rate law
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corresponding to a moderate or fast reaction (see equations in Table 5.5), which is
a rather complex equation where the reaction factor, E, needs to be known:

  (8.8)

In theory, this case is similar to that studied for the ozone direct reactions with
a fast kinetic regime. However, the ozone absorption rate equation is even more
complex than that for direct ozonation kinetics [see Equation (4.44)]. As was shown
in Chapter 4, the ozone absorption rate equation, NO3, comes from the application
of Fick’s law at the interface (x = 0), and its determination requires that the concen-
tration profile of ozone through the film layer is known. The profile concentration
is obtained from the solution of the system of differential equations constituted by
the microscopic mass balances of ozone and B. The problem now is that the chemical
reaction rate term in the ozone equation involves all the reactions that ozone under-
goes in water, including reactions with free radicals (HO=, O2=–, etc.). Thus, the
solution of the differential equations also needs the expressions for the concentrations
of free radicals. It is evident that the mathematical model that results is very com-
plicated. As a consequence, a different, simpler method is recommended. This method
was first reported by Glaze and Kang,14 and, among other aspects, allows the optimal
ozone–hydrogen peroxide ratio to be determined.

8.1.3 CRITICAL HYDROGEN PEROXIDE CONCENTRATION

While the kinetic regime of the ozone–hydrogen peroxide reaction is slow, the
increase in the concentration of the latter leads to increases in the ozonation rate of
any pollutant in water. If the reaction is fast, however, the opposite situation is
observed. In this latter case, the concentration of ozone in bulk water is zero or very
small. In other words, the rate of ozone accumulation in water is zero (dCO3/dt =
0). In the ozone/hydrogen peroxide system, from the macroscopic ozone balance
with dCO3/dt = 0, the rate term due to the reaction between ozone and hydrogen
peroxide is as follows:13

  (8.9)

where

  (8.10)

with kH1 and kH2 as rate constants of Reactions (2.27) and (2.28), respectively.
The left side of Equation (8.9) is the numerator of the concentration of hydroxyl

radicals as shown in Equation (8.5). Thus, if Equation (8.9) is substituted in Equation
(8.5), a modified equation for the concentration of hydroxyl radicals is obtained:
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  (8.11)

From this equation, we can see that the concentration of hydroxyl radicals, when
the ozone–hydrogen peroxide reaction is moderate or fast, is proportional to the
ozone mass transfer efficiency (specifically, it depends on the maximum ozone
absorption rate kLaCO3

* ). Hydrogen peroxide also changes its role to become a true
inhibiting species of ozone decomposition through free radical reactions. In other
words, the increasing presence of hydrogen peroxide concentration stops or slows
the disappearance rate of B. This has been observed often and an example is shown
in Figure 8.2. In fact, in different studies, a critical concentration of hydrogen
peroxide is reported above, which the oxidation rate of B diminishes.14–16 Paillard
et al.16 studied the ozone/hydrogen peroxide oxidation of oxalic acid and other
refractory organic compounds in a batch reactor to determine the optimum ratio
between the concentrations of ozone and hydrogen peroxide. They found the ratio
of 2 mol of ozone per mol of hydrogen peroxide as the optimum one. In the
heterogeneous ozone/hydrogen peroxide oxidation, in semibatch well-agitated reac-
tors, the rate of disappearance of B due to hydroxyl radical oxidation, when the
kinetic regime is moderate fast, will now be:

  (8.12)

FIGURE 8.2 Variation of normalized remaining concentration of atrazine with time during
its O3/H2O2 oxidation. Influence of initial hydrogen peroxide concentration. Conditions: T =
20ºC; inlet ozone partial pressure = 800 Pa; gas flow rate = 50 dm3h–1, CH2O2Ti; M: � = 0; ● =
10–5; ▫ = 10–4; � = 10–3; � = 10–2; � = 2 A 10–1. (Reprinted with permission from Beltran,
F.J. et al., Aqueous degradation of atrazine and some of its main by-products with ozone and
ozone/hydrogen peroxide, J. Chem. Technol. Biotechnol., 71, 345–355, 1998. Copyright 1998,
John Wiley & Sons, Inc.)
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8.2 DETERMINATION OF KINETIC PARAMETERS

From the kinetic point of view, the rate constant kHOB is the key parameter when the
ozone/hydrogen peroxide system is applied. This rate constant can also be deter-
mined from absolute and competitive methods, provided the direct reactions are
negligible and compounds are not volatile.

8.2.1 THE ABSOLUTE METHOD

The best time to apply the absolute method is during the moderate–fast reaction-
state in water where Equation (8.12) holds. This equation represents a first-order
kinetics with respect to B so that its integration after variable separation yields a
linear relationship between the logarithm of B and reaction time. Thus, according
to the integrated Equation (8.12), a plot of the lnCB against time leads to a straight
line of slope kHOBCHO. In a kinetic study, the experiment is usually carried out in the
absence of carbonates in ultrapure water. Then the term RkOHSCS in the denominator
of the expression for the concentration of hydroxyl radicals reduces to kHOBCB. Thus,
the denominator is only a function of the inhibiting contributions of B and hydrogen
peroxide. In most practical situations, for the kinetic regime to be moderate or fast,
a high concentration of hydrogen peroxide is used. As a consequence, the term
kHOBCB can also be neglected so the denominator of Equation (8.11) that will now
depend only on hydrogen peroxide concentration. In addition, at a high concentration
of hydrogen peroxide, the denominator probably remains constant and known during
the ozonation time since the concentration of hydrogen peroxide diminishes only
slightly. Then, from the slope of the straight line plotted according to the integrated
Equation (8.12), the rate constant, kHOB, can be obtained:

  (8.13)

With some modification, this procedure was applied by Glaze and Kang14 to the
experimental results of the semibatch ozone/hydrogen peroxide oxidation of trichlo-
roethylene and tetrachloroethylene. At the conditions they investigated, it was found
that Equation (8.13) was applicable for a 1.2 A 10–4 M concentration of hydrogen
peroxide. It is evident that in their system, the individual liquid-phase mass-transfer
coefficient should have been very low so that Ha2 is at least higher than 0.3 (moderate
kinetic regime). Another possible way to determine kHOB, as Glaze and Kang14

reported, is based on experiments carried out in the presence of high concentrations
of carbonates. If the inhibiting terms due to hydrogen peroxide and B can be
neglected in the denominator of Equation (8.11), the rate Equation for B can be
reduced to:

  (8.14)
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According to this equation, the reciprocal of the pseudo first-order rate constant,
kHOBCHO, varies linearly with the increasing concentration of bicarbonate, as follows:

  (8.15)

Then, once the apparent pseudo first-order constant is obtained at different high
carbonate concentrations, a plot of the inverse of this constant against the concentra-
tion of carbonates should yield a straight line, as given by Equation (8.15). From the
slope of the line, the rate constant kHOB can be calculated, provided the mass transfer
coefficient and Henry’s law constant are known. With this procedure, kHOB for the
hydroxyl radical–trichloroethylene reaction was calculated to be 2.1 A 109 M–1sec–1.14

8.2.2 THE COMPETITIVE METHOD

The competitive kinetic method can be applied to any kinetic regime of ozonation
in the presence of hydrogen peroxide carried out in a semibatch well-mixed reactor.
This is so because in this type of reactor, the disappearance rate of B is always given
by Equation (8.6) regardless of the kinetic regime. Then, if the ozonation of B is
carried out in the presence of a reference compound of known hydroxyl radical
kinetics (provided it does not react directly with ozone), the competitive procedure
shown in Section 5.3.4 also holds. According to this method, the rate constant kHOB

is calculated from the value of kHOR, the rate constant of the hydroxyl radical–R
reaction, and the slope of the plot ln(CB /CB0) with ln(CR/CR0). This method can also
be applied to both homogeneous and heterogeneous ozonation results. The literature
reports some examples where this procedure was also applied.17–19

8.2.3 THE EFFECT OF NATURAL SUBSTANCES ON THE INHIBITION 
OF FREE RADICAL OZONE DECOMPOSITION

Another interesting aspect that can be studied when the kinetic regime of ozone
absorption is moderate or fast is related to the influence of natural substances to
scavenge hydroxyl radicals and limit the free radical ozone decomposition — hence
the removal of a given pollutant from natural water. It is evident that, in this case,
ozonation is carried out in the presence of carbonates that abound in this type of
water. If, in addition, it admits the presence of other inhibiting substances S, the
concentration of hydroxyl radicals for moderate–fast kinetic regimes will be given
by Equation (8.11). In the denominator, the contribution of hydrogen peroxide could
also be negligible when compared to the other inhibiting terms (carbonates, other
natural substances, etc.), depending on the concentration of these substances and
the specific conditions for the reaction to be moderate or fast. For example, this is
the case of a system of low mass-transfer efficiency (low kLa) where the hydrogen
peroxide concentration for the moderate or fast kinetic regime is low, as is its
inhibiting contribution (kHCH2O2t ). Thus, if a probe compound, B, is used to follow
the ozonation kinetics, since the corresponding kHOB is known, the application of the
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absolute method will allow the contribution RkHOSCS be calculated from experimen-
tal ozonation data. Glaze and Kang14 estimated values of RkHOSCS in natural water,
which represented in some cases as much as 98% of total hydroxyl radical scavenged.
Values of RkHOSCS are very important for the design of ozone contactors, especially
in the treatment of drinking water since it helps to know the time needed for a given
pollutant to be removed in the ozonation process.

8.3 THE OZONE/HYDROGEN PEROXIDE OXIDATION 
OF VOLATILE COMPOUNDS

In some cases, the compounds present in water have a high vapor pressure, that is,
they are volatile compounds. In these cases, removal of these compounds can be
achieved by aeration of water, and the use of ozone could be a waste of time and
money. Thus, the rate of removal of B will have another contribution — volatility.
Note that the effect of volatile compounds can also be applied to single ozonation
systems. The rate of the removal of a volatile B compound in a well-mixed semibatch
reactor can be expressed as

  (8.16)

where (kLa)B and CB
* represent the volumetric mass transfer coefficient for B in the

water and its concentration at the water–gas interface. In Equation (8.16), the terms
on the right side represent the contributions of the direct reaction ozone–B, the
hydroxyl radical–B reaction, and volatility to the removal rate. The concentration
of B at the interface is calculated from the corresponding Henry’s law:

  (8.17)

If the direct reaction contribution is negligible, the determination of kHOB will present
some difficulty because of the unknown partial pressure or concentration of B at the
gas–water interface (PBi) in the rate equation. The problem, however, could be solved
with the use of the mass-balance equation of B in the gas phase. If the gas phase is
also well mixed and its resistance to mass transfer negligible, the mass balance of
B becomes

  (8.18)

where $ is the liquid holdup in the gas–liquid reactor, vg is the gas flow rate, and R
is the perfect gas constant. The simultaneous solution of Equation (8.16) and Equa-
tion (8.18) and those of ozone in the gas and water phases will give the concentration
profiles of B and ozone in both phases at given values of the rate constants and
mass-transfer coefficients.
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Another simpler way to solve this case is to use volatility coefficients to measure
the contribution of volatility to the removal rate of B. These coefficients can be
experimentally determined from the aeration of aqueous solutions of B in the absence
of ozone. As shown in a previous work,20 volatilization of compounds from water
is usually a first-order kinetics so that the logarithm of the concentration of B with
time follows a straight line with the volatility as the slope of coefficient kv. Once kv

is known at different gas flow rate conditions, experiments of ozonation are carried
out. In these cases, the resulting pseudo first-order rate constant is the sum of the
volatility coefficient and the product kHOBCHO. Thus, once kv has been accounted for,
kHOB can be calculated from the procedures presented in the previous sections.

8.4 THE COMPETITION OF THE DIRECT REACTION

Chapter 7 discussed the factors that influence the competition between the direct
reaction of ozone and a given compound B and the decomposition reaction of ozone
(which leads to hydroxyl radicals). This kind of study can also be carried out when
the first ozone reaction leading to hydroxyl radicals is due to the action of hydrogen
peroxide [Reaction (8.1)]. Note that Reaction (8.1) is also the reaction reported as
leading to hydroxyl radicals in simple ozonation processes (see Table 2.4). However,
in simple ozonation, the first reaction of the mechanism (not the initiation reaction)
is the ozone–hydroxyl ion reaction [Reaction (2.18) in Table 2.4]. This study can be
oriented in two ways:13,21,22

1. The competition between Reaction (8.1) and the direct reaction of ozone
with B from the standpoint of the kinetic regime of ozone absorption.

2. The competition between the direct reaction of ozone with B and the
reaction between the hydroxyl radical (coming from the ozone–hydrogen
peroxide reaction) and B.

8.4.1 COMPARISON BETWEEN THE KINETIC REGIMES OF THE OZONE– 
COMPOUND B AND OZONE–HYDROGEN PEROXIDE REACTIONS*

The ozone reactions to be compared are:

• The direct reaction ozone–compound B:

     (8.19)

• The direct reaction ozone–hydrogen peroxide:

  (8.1)

* Most of the text in Section 8.4.1 is reprinted with permission from Beltrán.13 Copyright 1997, Inter-
national Ozone Association.
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Diffusion and reaction time concepts are used to compare the kinetic regimes of
both reactions (see Section 4.2.4). Thus, as reported in a previous work,13 in Figure
8.1 the reaction time was plotted against the total concentration of hydrogen peroxide
[for Reaction (8.1)] and against kD [for Reaction (8.19)]. Values of tR for both ozone
reactions are also plotted at different pH and concentrations of B. The dotted line
that divides the plot in the fast and slow kinetic regimes of ozone absorption was
drawn for a value of tD calculated by considering a value of 2 A 10–4 sec–1 for the
individual mass-transfer coefficient kL. This represents a common value for ozonation
systems where the gas is feeding through porous plates.12 Note that the position of
the dotted line can vary according to the value of tD — hence kL. For poor ozone
mass-transfer systems, tD will increase, as will the number of experimental conditions
for the reactions to be fast. Thus, if kL is 10–5 sec–1, tD becomes 13 sec and Reaction
(8.1) would be moderate at pH ^ 7 with CH2O2t ^ 5 A 10–4 M. Then, from Figure 8.1,
experimental conditions for competition of Reaction (8.1) and Reaction (8.19) can
be established. For example, at pH 7, if the concentration of B varies between 10–4

and 10–8 M, the direct ozone–B Reaction (8.19) will compete with Reaction (8.1)
for the available ozone, provided the rate constant kD is lower than 103 M–1sec–1

because at these conditions both reactions develop in the slow kinetic regime. From
Figure 8.1 it can also be deduced that the addition of hydrogen peroxide at concen-
trations lower than 10–2 M to a water containing B at concentrations higher than 10–6

M will be a waste of reagent and hence money because Reaction (8.1) will not
develop if the rate constant of the direct reaction kD ^ 106 M–1sec–1. This is because
the available ozone will be exclusively consumed in the proximity of the gas–water
interface through the direct reaction ozone–B that develops in the moderate–fast
kinetic regime. Then, ozone would not be able to reach the bulk water where Reaction
(8.1) would take place. An example of this situation is found when phenols are
ozonated at pH ^ 7. Conversely, always considering pH 7, we find the use of
hydrogen peroxide is advisable when the reaction between ozone and the compound
B to be removed from water has a rate constant kD < 104 M–1sec–1 and the concen-
tration of B is <10–6 M, a situation that could be found in some surface waters. In
these situations, the addition of hydrogen peroxide at concentrations higher than
10–3 M (or even at lower concentration if pH is higher than 7) is recommended to
remove B through free radical reactions. Next, Reaction (8.1) develops in the mod-
erate–fast kinetic regime and will consume the ozone transferred from the gas near
the interface. It is evident that the direct reaction will not take place.

The way tR and tD are plotted in Figure 8.1 against kD and the hydrogen peroxide
concentration can be considered a standard plot to compare the kinetic regimes of
Reaction (8.1) and Reaction (8.19). However, for the case where B is a dissociating
compound with pH (e.g., phenols), a more convenient plot to represent the compar-
ison between the kinetic regimes of both reactions has also been reported,13 and it
is shown in Figure 8.3. In this case, tR is plotted against pH with concentrations of
B and hydrogen peroxide taken as parameters. This new plot is necessary because
of the strong effect of pH on the rate constant values of both reactions that can be
expressed as
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For Reaction (8.19),

  (8.20)

For Reaction (8.1),

  (8.21)

where in Equation (8.20), kDn and kDd are the rate constants of the direct reactions
of ozone with the nondissociating and dissociating species of B, respectively, and
# is the degree of dissociation, a function of pH and pK of B:

  (8.22)

This plot is particularly useful for phenol compounds. For example, let us take the
case of the ozonation of o-chlorophenol. The rate constant of the reaction of disso-
ciating and nondissociating species of this compound with ozone at 20ºC are 1300
and 1.4 A 106 M–1sec–1, respectively, and its pK is 8.3.23 Then, for the ozone–hydrogen
peroxide–o-chlorophenol system, the addition of hydrogen peroxide would only be
recommended for concentrations of o-chlorophenol lower than 10–7 M and/or when
the water is weakly acidic. Only in these cases will the oxidation rate increase with
the addition of hydrogen peroxide.

FIGURE 8.3 Variation of reaction time with pH, for the ozone–B direct reaction (case of o-
chlorophenol ozonation, a dissociating organic micropollutant), and, at different hydrogen
peroxide concentration, for Reaction (8.1). C°B and CH2O2T represent the concentration of B
and hydrogen peroxide in bulk water, respectively. (Reprinted with permission from Beltrán,
F.J., Theoretical aspects of the kinetics of competitive first order reactions of ozone in the
O3/H2O2 and O3/UV oxidation processes, Ozone Sci. Eng., 19, 13–38, 1997. Copyright 1997,
International Ozone Association.)
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Determination of the kinetic regimes of both Reaction (8.1) and Reaction (8.19)
from Figure 8.1 or Figure 8.3 is not enough cause to disregard one of the two
reactions in the kinetic study of the ozone–hydrogen peroxide oxidation of a given
compound B. Note that what is known from these plots are the kinetic regimes of
the absorption of ozone corresponding to both reactions. Although this allows the
neglect of one of the reactions in extreme cases, as indicated above, it does not give
decisive information when the kinetic regimes of both reactions are the same, for
example, when B is o-chlorophenol with a concentration of 10–8 M, pH 7 and CH2O2t

is 10–5 M. In this case, both reactions are slow although the direct reaction has a
reaction time 100 times lower than that of Reaction (8.1). It is evident that most of
the ozone will be consumed in the direct reaction, but in the kinetic study both
reactions should be considered unless other information supports the fact that the
contribution of Reaction (8.1) to the removal of B can be neglected. This information
comes from the comparison of the oxidation rates of B due to its direct reactions
with ozone and hydroxyl radicals.

8.4.2 COMPARISON BETWEEN THE RATES OF THE OZONE–COMPOUND B 
AND HYDROXYL RADICAL–B REACTIONS*

A definitive conclusion about the relative importance of the direct and free radical
types of oxidation when both Reaction (8.1) and Reaction (8.19) develop in the
same kinetic regime can be achieved from the estimation of oxidation rates of both
reactions. Here, both reactions are assumed to develop in the slow kinetic regime
because this case covers most of the situations that can be found in practical cases
in water treatment. In the slow kinetic regime, the ozone absorption rate can be
expressed as follows:

  (8.23)

where kLa and $ are the volumetric mass-transfer coefficient and liquid holdup,
respectively. As deduced from Equation (8.23), the importance of Reaction (8.1)
and Reaction (8.19) can be established, provided the dissolved ozone concentration
is known. This concentration can be estimated from Equation (8.24) following the
film theory concept21 from:

  (8.24)

where Ha is the Hatta number defined, in this case, as

* Most of the text in Section 8.4.2 is reprinted with permission from Beltrán.13 Copyright 1997, Inter-
national Ozone Association.
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  (8.25)

and kT is the sum of the contribution of both reactions

  (8.26)

TABLE 8.1
Calculated Ozone Dissolved Concentration in Bulk Water and Importance 
of Reaction (8.1) in the O3/H2O2 Oxidation of Organic Micropollutantsa

Case #
CH2O2T

M
CO3 � 105

M b

CO3 � 105

M c

CO3 � 105

M d

NO3 � 107

Msec–1 e

% Due to 
Reaction (8.1)

1 0 4.9 0.15
2 10–5 4.9 4.9 4.8 0.36 59.6
3 10–4 4.9 4.1 4.1 1.9 93.7
4 10–3 4.9 1.6 1.6 7.2 99.3
5 10–2 4.9 0.23 0.23 10.0 99.3
6 10–1 4.9 0.02 0.02 11.1 100
7f 10–4 49.3 41.3 40.8 19 93.7
8g 10–5 4.9 0.23 0.23 10 99.9
9 0 3.4 3.4

10 10–5 3.4 4.9 3.3 3.5 4.2
11 10–4 3.4 4.1 3.0 4.3 30.5
12 10–3 3.4 1.6 1.4 7.6 81.4
13 10–2 3.4 0.23 0.22 10 97.8
14 10–1 3.4 0.02 0.02 11 100
15f 10–4 33.8 41.3 29.6 43 30.5
16g 10–5 3.4 0.23 0.23 10 97.7

a Cases 1 to 8 correspond to ATZ oxidation. Cases 9 to 16 correspond to MCPP oxidation. Other data
used: $ = 0.95, a = 100 m–1, kL = 2 A 10–4 msec–1, DO3 = 1.3 A 10–9 m2sec–1, kD(ATZ) = 6.3 M–1sec–1,
z = 1, kD(MCPP) = 101 M–1sec–1, z = 1, CO3

* = 5 A 10–5 M, pH = 7 m = CB(ATZ) = 5 A 10–5 M, CB(MCPP) =
10–4 M unless otherwise indicated.
b From Equation (8.24) with kT = kDCB

c From Equations (8.24) and (8.26) with kT = ki2CHO2–,
d From Equations (8.24) and (8.25).
e From Equation (8.23).
f CO3

* = 5 A 10–4 M.
g pH = 10.

Source: Reprinted with permission from Beltrán, F.J., Theoretical aspects of the kinetics of competitive
first order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci. Eng., 19, 13–38,
1997. Copyright 1997, International Ozone Association.
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Thus, for different experimental conditions (CB, CO3
* or PO3, pH, CO3, etc.), the

percentage contribution of both terms in the ozone absorption rate [right side of
Equation (8.23)] is obtained. Table 8.1 referred to previously13 shows data corre-
sponding to the ozonation of two herbicides, atrazine and mecoprop. We can see
that for hydrogen peroxide concentrations >0.1 M, the concentration of dissolved
ozone is similar to that found if only the ozone–hydrogen peroxide reaction takes
place. Accordingly, the contribution of Reaction (8.1) will increase with the addition
of hydrogen peroxide, increase of pH, and/or decrease of CB. The exception is for
CH2O2T = 0.1 M; the kinetic regime is then diffusional, the ozone absorption rate
equals the maximum physical ozone absorption rate (kLaCO3

* ), and the whole process
rate is reduced, or does not increase any more. This negative effect of hydrogen
peroxide is due to the change in kinetic regime corresponding to its reaction with
ozone as discussed above and observed in previous works.14–16 Some other conclu-
sions from Table 8.1 are related to the importance of kD. Thus, in the case of atrazine,
Reaction (8.1) contributes to the oxidation rate more than 90% in most cases, while
the contribution is significantly reduced in the case of mecoprop because kD is much
higher. In this latter case, more rigorous conditions are then required so that the
contribution of Reaction (8.1) is important.

Data in Table 8.1 pose another question. The fact that Reaction (8.1) is more
important for consuming ozone than the direct reaction ozone–B does not necessarily
mean that the oxidation of B through free radicals is the main method of removal
from water. To determine this, it is necessary to compare the oxidation rate contri-
butions of reactions between ozone and the hydroxyl radical with B. Although the
whole reaction mechanism should be considered, preliminary estimations of the
initial reaction rates can be made as follows.

In the slow kinetic regime, the initial oxidation rate of B is

  (8.27)

where the terms on the right side of Equation (8.27) represent the contribution of
the direct and free radical means of oxidation. Depending on the step that controls
the process rate, the concentration of hydroxyl radicals is given by Equation (8.5)
for chemical reaction control, tR > 10tD, and Equation (8.11) for diffusion control
(tR = 10tD). Note that while RkHOS CS is always an inhibiting term for the formation
of hydroxyl radicals, the term kHCH2O2t plays a similar role only while the diffusion
controls the process. Table 8.2 taken from Reference 13 gives data on initial rates
of B oxidation (where B is ATZ or MCPP) for the experimental conditions presented
in Table 8.1. For the calculations, carbonates have been considered the inhibiting
substances (with CS = 0) with kCCHCO3T given by Equation (7.19). For chemical
reaction rate control, it can be seen from Table 8.2 that the increase in hydrogen
peroxide concentration and/or pH leads to increases in the oxidation rate of B. In
contrast, for ozone diffusion control conditions, a significant decrease of –rBo is
observed regardless of the nature of B. It is logical that percentages of the free radical
means of oxidation are lower in the case of MCPP as a result of the higher value
of kD compared to values of atrazine oxidation. At first glance, one can conclude

> ? :r zk C C k C CBo D B O HOB HO B3
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that the addition of hydrogen peroxide is appropriate to increase the oxidation rate
of both compounds. However, these values should also be compared to those
obtained from direct ozonation. Thus, as observed from Table 8.2, the oxidation rate
of atrazine with the ozone/hydrogen peroxide system would be much higher than
the corresponding one due only to direct ozonation regardless of conditions (even
for the case of ozone diffusion control, run 6). A very different situation is observed
in the case of MCPP. Here, direct ozonation rates are of a magnitude similar to that
found from the O3/H2O2 system when chemical reaction controls the process rate.
However, in the ozone diffusion control regime, direct ozonation would be the best
means of oxidation. Then, at these conditions, addition of hydrogen peroxide is not
recommended. Note that this discussion can be applied to the oxidation of any other
compound B present in water, but the nature of scavengers or inhibiting substances
should be known. As follows from Equation (8.5) and Equation (8.11), RkHOSCS is
an important term regardless of the kinetic regime that could decide whether or not
the free radical oxidation would take place.

TABLE 8.2
Calculated Initial Oxidation Rate of Organic Micropollutants and 
Importance of Free Radical Pathway in Their O3/H2O2 Oxidationa

Case No. –rB0 � 107, Msec–1 b % Free Radical Pathway –rB0 � 107, Msec–1 c

1 0.15
2 0.58 74.4 0.15
3 3.7 96.7 0.15
4 14 99.6 0.15
5 20 99.9 0.15
6 2.5 100 0.15
7 3.7 96.7 1.5
8 17 99.9 0.15
9 3.4

10 3.6 7.5 3.4
11 5.4 44.8 3.4
12 13 89.0 3.4
13 19 98.8 3.4
14 0.7 100 3.4
15 54 44.8 34
16 11 97.8 3.4

Note: Comparison with direct ozonation alone.

a Conditions and case numbers as in Table 8.1.
b From Equations (8.27) and (8.4) or (8.11) with CB given in column 5 of Table 8.1.
c Direct ozonation alone: –rBo = zkDCBCO3, with CO3 given in column 3 of Table 8.1.

Source: Reprinted with permission from Beltrán, F.J., Theoretical aspects of the kinetics of
competitive first order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes,
Ozone Sci. Eng., 19, 13–38, 1997. Copyright 1997, International Ozone Association.
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8.4.3 RELATIVE RATES OF THE OXIDATION OF A GIVEN COMPOUND*

As has been shown in Section 7.2, for the case of ozonation alone, a more straight-
forward way to compare the relative importance of both rates of oxidation of a given
compound is from the ratio of the rates of direct and free radical oxidation. Thus,
Equation (8.27) is also applied in this case, with the difference that the concentration
of hydroxyl radical is given by Equation (8.5) or Equation (8.11), depending on the
rate controlling step. In the case of chemical reaction control, at any time, the
concentration of any species is constant through the film layer and equal to the
concentration in the bulk water. Equation (8.5) is then applied for the concentration
of hydroxyl radicals. Then, the ratio between oxidation rates of B due to the direct
and free radical oxidation becomes:

  (8.28)

where RkHOSCS also includes the scavenging term due to carbonates, if present in
the water. Equation (8.28) in logarithmic form is:

(8.29)

which is similar to Equation (7.6) for the case of ozonation alone. According to
Equation (8.29), a plot of the logarithm of the reaction rate ratio against the logarithm
of the reaction rate constant ratio leads to a straight line of slope unity. The ordinate
of this line depends on the pH of the water, any inhibiting factor, and the hydrogen
peroxide concentration applied. From plots such as those presented in Figure 8.4,22

we can estimate the experimental conditions of pH, hydrogen peroxide concentra-
tion, etc. needed to increase the oxidation rate of any pollutant B in a significant
way. Also, with these kinds of plots, the combined ozonation process (O3/H2O2) can
be considered a recommended option or not for the oxidation removal of any
pollutant B of known kinetics with ozone and hydroxyl radicals (known z, kD, and
kHOB). Details of this procedure with practical examples are given elsewhere.22

* Most of the text in Section 8.4.3 is reprinted with permission from Beltrán.22 Copyright 1999, Inter-
national Ozone Association.
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9 Kinetics of the 
Ozone–UV 
Radiation System

The photolysis of aqueous ozone has been the subject of many works aimed at
establishing the mechanism of reactions and the kinetics of the photolytic process.
Peyton and Glaze1 reported that the photolysis of dissolved ozone directly yields
hydrogen peroxide, then the photolysis of the hydrogen peroxide formed and/or its
reaction with ozone initiates the mechanism of free radical reactions leading to the
hydroxyl radical:

(9.1)

(9.2)

and Reaction (8.1), etc. (see Table 2.3 or Table 2.4).
According to these observations, the O3/UV system is the most complete ozone

system involving an advanced oxidation process since there could be up to three
possible initiation reactions for the generation of hydroxyl radicals. These reactions
are possibly due to the initiating species present in the water [see Reaction (7.4)
and Reaction (7.10)], the free radicals formed from the photolysis of hydrogen
peroxide, Reaction (9.2), and the free radicals formed from the ozone–hydrogen
peroxide Reaction (8.1).

In addition, in the UV/O3 system there are also three other possible types of
direct oxidation/photolysis: direct ozonation, direct oxidation with hydrogen perox-
ide (although kinetically unfavorable in most cases), and direct photolysis. Since
direct photolysis can constitute a significant kind of oxidation, this type of treatment
is first examined from the kinetics point of view. The radiation applied can be visible
or ultraviolet, although for kinetic studies involving ozone processes, the commonly
used radiation is the 254 nm wavelength because at this wavelength ozone is at its
maximum absorption efficiency.

9.1 KINETICS OF THE UV RADIATION FOR THE 
REMOVAL OF CONTAMINANTS FROM WATER

Many substances that absorb radiation can decompose through what is known as
photolytic reactions or simply direct photolysis. The photolytic process can also be

O H O H Oh
3 2 2 2: ; <;1

H O HOh
2 2 21; <; •
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due to direct and indirect mechanisms. In the direct mechanism, the target substance
absorbs part of the incident radiation and decomposes. The second mechanism is
called photosensitization, and the decomposition is due to the reaction of the target
compound with another substance, called a photosensitizer, which has absorbed the
radiation and is in an excited state.2 In this work on kinetics, only UV radiation due
to the direct mechanism will be considered. 

The rates of photolytic degradation can vary widely depending on the energy of
radiation, the molar absorptivity of the target compound, and the quantum yield. In
ozone/UV processes, the wavelength is usually fixed as 254 nm (energy is
112.8 kcalmol–1), high enough to break down numerous chemical bonds. The con-
ditions for the photolytic reaction to develop are that the target substance absorbs,
at least, a fraction of the incident UV radiation and undergoes a decomposition
reaction. The molecular structure of a given compound provides the best information
whether this compound will absorb UV radiation. The quantum theory indicates that
each molecule has a minimum energy at a given temperature. It is then said that the
molecule is in the ground state. When radiation affects the molecule, a given incre-
ment of energy is absorbed and the molecule goes to an excited state. Then the
molecule can undergo different mechanisms to return to the ground state. These
mechanisms are called fluorescence, vibrational relaxation, internal conversion,
phosphorescence, intersystem crossing, and photolytic decomposition.3 The latter
mechanism is the one responsible for the removal of substances through direct
photolysis. 

9.1.1 THE MOLAR ABSORPTIVITY

The magnitude of radiation that any given substance absorbs is measured by the
Beer–Lambert law:

(9.3)

where A is the absorbance or the ratio between the logarithm of intensities of incident,
Io, and transmitted radiation, I; L is the path of radiation; and ' is the molar absorptivity
o and molar extinction coefficient, a parameter that depends on the chemical structure
and represents a measure of the amount of absorbed radiation. The molar absorptivity
of any compound corresponding to 254 nm radiation can be directly measured with
one spectrophotometer from the absorbance of aqueous solutions at different con-
centrations of the target compound. This will allow a calibration curve to be prepared
according to Equation (9.3). Thus, a plot of A with the concentration should lead to
a straight line with slope 'L. 

9.1.2 THE QUANTUM YIELD

The quantum yield, *, is the parameter that expresses the fraction of the absorbed
radiation employed for the photolytic decomposition reaction. It is also defined as
the number of moles of the irradiated substance decomposed per mole of photon

A
I

I
CLo? ?log '
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absorbed (one mole of photon is called one Einstein). For any given radiation, the
energy associated with one Einstein is calculated from Planck’s constant, h = 6.63 A
10–34Js, the frequency of radiation, 1, and Avogadro’s number, NAV = 6 A 1023

photons/Einstein:

E = h1 NAV (9.4)

For the particular case of 254 nm UV radiation (v = 1.181 A 1015 s–1photon–1), the
energy associated with one Einstein is 4.69 A 105 J. 

Knowledge of the quantum yield is necessary for further kinetic study of the
photolytic process. The quantum yield of the target substance can be determined in
photolysis experiments at specific conditions, as shown later. For the treatment of
data, however, the characteristics of the incident radiation (intensity, flux of radiation,
etc.) and the geometry of the photoreactor will be needed. The specific definition
of these parameters will depend on the photolytic kinetic model applied.

9.1.3 KINETIC EQUATIONS FOR THE DIRECT PHOTOLYSIS PROCESS

The photolysis rate of a given compound, B, depends not only on the photolytic
properties of the target substance and UV wavelength of radiation (', *, etc.) but
also on the nature of radiation source, lamp, and reactor type. The overall kinetic
equation of a photolytic reaction can be expressed as the product of the quantum
yield and the local rate of absorbed radiation per unit of time and volume, Ia:

(9.5)

For a monochromatic radiation, Ia can be defined as follows:

Ia = 0q (9.6)

where 0 is the attenuation coefficient and q is the density flux of radiation. The
attenuation coefficient can be related to the molar absorptivity:4

(9.7)

where the subindex i refers to any substance that absorbs radiation.
On the other hand, the following simplified mechanism can represent the UV

photolysis of any substance in water:5,6

(9.8)

(9.9)
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(9.10)

According to this mechanism, in an elementary volume of reaction, dV, the disap-
pearance rate of B due to the direct photolysis or photolytic decomposition is:

(9.11)

where FB is the fraction of absorbed radiation that B absorbs:

(9.12)

k1 and k2 are the rate constants of steps (9.8) and (9.9), respectively, the latter
involving all pathways except the photochemical reaction; CB* is the concentration
of B in the excited form; and 'i and Ci, respectively, are the molar absorptivity and
concentration of any i substance that absorbs radiation at the given wavelength. If
the stationary state situation is applied to CB*, Equation (9.11) becomes:

(9.13)

where the quantum yield is defined as:

(9.14)

with k3 the rate constant of the photochemical Reaction (9.10). If the rate equation
is applied to the whole photoreactor volume, V, the disappearance rate of B becomes:

(9.15)

If Equation (9.6), Equation (9.13), and Equation (9.14) are considered, Equation
(9.15) finally becomes:

(9.16)

where the flux density of radiation, q, depends on the position and characteristics
of the radiation source (intensity of emitted radiation, geometry, etc.) and can be
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determined from an energy radiation balance whose mathematical complexity
depends on the kinetic model applied. 

The different photochemical kinetic models are divided into two main groups:
incidence and emission models. Incidence models give rise to a mathematical algo-
rithm assuming the existence of a given radiant energy distribution in the vicinity
of the reaction. Emission models are based on the source emission. Because of their
simplicity, in this book only source emission models are considered. Further informa-
tion concerning any of these models can be found elsewhere.7 Two of the source
emission models have been used extensively in ozone/UV or H2O2/UV processes:

• The linear source with emission in parallel planes to the lamp axis (LSPP
model)

• The point source with spherical emission (PSSE model)

In addition, a third, more empirical model, should be mentioned:

• The Lambert’s law model (LL model)

Table 9.1 gives the main characteristics of these models and equations for determin-
ing the flux density of radiation and photolytic removal of a given compound B.

Of the three models presented, as far as kinetics is concerned, the LL model is
highly recommended because of its mathematical simplicity although it is based on
an empirical situation and two parameters are needed for its application. Also note
that the LSPP and PSSE models, although based on more realistic assumptions,
consider a homogeneous radiation system and do not take into account the distortions
that the radiation field presents in heterogeneous radiation systems as the UV/O3

process. Thus, according to these models all radiation emitted by the source is
entirely absorbed by the solution without end effects, reflection and/or refraction
that is far away from the actual situation in a heterogeneous system. Especially in
dilute aqueous systems, important fractions of the incident radiation can pass through
the aqueous solution without being absorbed and be reflected at the wall. Some
researchers, however, have considered the use of homogeneous photoreactor models
by introducing some correction factors. Jacob and Dranoff12 noted some of these
limitations and introduced such a correction factor, the function of position, to
account for deviations. Otake et al.13,14 proposed a modified attenuation coefficient
that contains the absorption effects of the liquid phase and the reflection, refraction,
and transmission effects that reult from the gas phase. Yokota et al.15 also proposed
a modified attenuation coefficient function for the liquid phase, bubble diameter,
and gas holdup. Thus far, no model has been proposed to account for the source of
the presence of reflecting surfaces and scattering. According to the preceding dis-
cussion, given the heterogeneous character of the ozone/UV radiation system, the
kinetics of photolytic processes is usually analyzed using the LL model. The reader
can find further information on heterogeneous photoreactor models in an excellent
review by Alfano et al.16
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9.1.4 DETERMINATION OF PHOTOLYTIC KINETIC PARAMETERS: 
THE QUANTUM YIELD

Quantum yield values of substances present in the water to be photolytically decom-
posed are necessary to quantify the magnitude of their photolytic removal rate. The
quantum yield is determined from experiments in the photoreactor where Io and L
are already known. Procedures to determine *B depend on the competitive character
of intermediates and other substances present in the aqueous medium that absorb
the incident radiation (see also Appendix A4). 

9.1.4.1 The Absolute Method

If the target compound whose *B has to be determined is treated with radiation of
a given wavelength, without the presence of any other competing substance and
without the interference of intermediate compounds resulting from the photolysis
mechanism, Equation (9.22) can directly be applied. If a batch (or semibatch, in
ozone systems) photoreactor is considered, the photolytic disappearance and accu-
mulation rates of B in the water phase coincide, so that

(9.23)

In the absence of any competing substance for the UV radiation, FB = 1, so that
integration of Equation (9.23) leads to

FIGURE 9.1 Scheme of photo-
reactor for the LSPP model.

FIGURE 9.2 Scheme of photo-
reactor for the PSSE model.
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(9.24)

According to Equation (9.24), a plot of the left side against time should yield a
straight line of slope I0*B. Knowing the intensity of incident radiation allows us to
determine the quantum yield. Equation (9.23) can be simplified when the concen-
tration of the target compound is so low that the exponential term results are lower
than 0.2. The resulting equation is:

(9.25)

Equation (9.25) is an apparent first-order kinetics that, integrated after variable sep-
aration, yields:

(9.26)

According to Equation (9.26), experimental points [ln(CB/CB0) with time] of a direct
photolysis experiment should yield a straight line of slope –2.303'BL*BI0. If the
molar absorptivity, intensity of incident radiation, and the effective pathway of the
photoreactor (see Appendix A4) are known, the quantum yield can be determined
from the slope of the indicated straight line. For example, this procedure can be
applied to the photolysis of trichloroethylene17 or similar organochlorine compounds,
photoreactions that do not lead to competing intermediates for the incident radiation.
In this particular case, however, the overall rate of decomposition of B could be due
to two mechanisms: volatilization and photolysis. The procedure, then, would require
previous knowledge of a first-order volatility coefficient that can easily be found
from volatilization experiments.17

Another possible way to simplify Equation (9.23) results when the exponential
term is higher than 2. Then, Equation (9.23) becomes:

(9.27)

Three possible cases arise from this situation: (1) the target compound absorbs
all the incident radiation; (2) other compounds (e.g., intermediates) absorb most of
the incident radiation; and (3) both the target compound and others absorb, with
similar percentages, the incident radiation. In the first case, 'BCB is basically h'iCi

so that Equation (9.27) simplifies to:

(9.28)
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Equation (9.28) is a zero-order kinetics so that a plot of the concentration of B with
time yields a straight line of slope –I0*B. Then the quantum yield can be determined,
if the intensity of incident radiation (see Appendix A4) is known. When intermediates
or other compounds present in water absorb most of the radiation, B is not directly
photolyzed and its quantum yield cannot be determined. The third situation is the
most complicated because it requires knowledge of the composition of the water
and molar absorptivities of the components. In this case the absolute method can
rarely be applied.

9.1.4.2 The Competitive Method

The usual way of finding the quantum yield value is through competitive UV
radiation experiments where the target compound and another compound taken as
the reference compound of known quantum yield are irradiated simultaneously. No
conditions regarding the exponential term in Equation (9.23) are needed. With this
procedure, radiation is applied to a solution containing the target compound and a
reference compound of known quantum yield at the wavelength of the radiation.
Then, applying Equation (9.23) to both the target compound and reference com-
pound, division of the resulting equations, and integration between the limits

 (9.29)

leads to:

(9.30)

so that a plot of the logarithm of the dimensionless concentration of the target
compound against that of the reference compound should yield a straight line, the
slope of which is the ratio of the products of quantum yield and molar absorptivity.
Since the quantum yield of the reference compound and molar absorptivities are
known, the quantum yield of the target compound can be determined. Table 9.2
shows the values of quantum yield found following the procedures given above.

9.1.5 QUANTUM YIELD FOR OZONE PHOTOLYSIS

Ozone presents a very high molar absorptivity at 254 nm UV radiation both in the
gas phase (2950 M–1cm–1 42) and in water (3300 M–1cm–1 19). In fact, this property
makes the absorbance method one of the analytical procedures for measuring the
concentration of ozone. There are different ozone analyzers commercially available
that are based on the absorption of radiation at 254 nm wavelength of a gas stream
containing ozone. The apparatus works like a spectrophotometer that measures the
absorbance of ozone at this wavelength. Then the absorbance is correlated with the
ozone concentration using some standard method42–45 that acts as a calibration
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TABLE 9.2
Quantum Yield and/or Rate Constants of the Reaction between the Hydroxyl 
Radical and Compounds Determined from UV and UV/H2O2 Kinetic Studies 
in Water

Compound Reacting System Conditions
Quantum Yield and/or 
Rate Constant � 10–9

Reference No.
(Year)

Hydrogen peroxide 254-nm UV low pressure Hg lamp, 
10W

25ºC, acetic acid (0.01–0.1 M), AK

* = 0.5 AK 18 (1957)

Ozone 254-nm Hg resonance lamp, 
0–0.6 M acetic acid, 0.05 M HClO4, 
14ºC, AK

* = 0.62 AK 19 (1957)

MCPA Philips, HPK-125 W, filter solution 
of 25g/L CuSO4, 290 nm, AK

* = 0.53 AK 20 (1986)

Nitroaromatic 
compounds

Merry-go-round photoreactor, 
450-Hg lamp, Corning 0.52 and 
7.37 filters for 366 nm and 10–3M 
K2CrO4 in 3% K2CO3 for 313 nm, 
AK

* = 2.9 A 10–5 
(nitrobenzene, * = 0.0022 
(2-nitrotoluene, 366), etc. 
AK 

21 (1986)

Chloroaromatics Hanovia 450W Hg lamp, Corning 
7.54 filter, main line at 313 nm, CK, 
phenol as reference compound

* = 0.37 (Chlorobenzene)
* = 0.043 (1,3,5-TCB)
* = 0.29 (2-CBP)

22 (1986)

Ozone Low pressure Hg lamp, 20 W, 
2–40 Wm–2, pH 2–9, T = 6–30ºC 

Empirical correlation 
deduced

23 (1988)

Parathion Philips, HPK-125 W, > 290 nm, AK, 
25ºC, pH 4.69–9.59

* = 0.007 to 0.0016 
depending on pH 

24 (1992)

Atrazine 254-nm low pressure Hg lamp, 20ºC, 
1.6 A 10–6 Einstein L–1s–1 and 
UV/H2O2, up to 0.075 M, CK, 
phenol as reference compound

* = 0.05
kHOB = 18

25 (1993)

Chloroethanes Hanau TNN 15/32, 20ºC, 253.7 nm, 
4.44 A 10–6 Einstein s–1, AK, 20ºC, 
H2O2 continuously fed, 5.7 A 10–4 – 
9.9 A 10–3

kHOB = 0.022 (1,1,1-TCE)
kHOB = 0.107 (1,1,2-TCE)
kHOB = 0.077 (1,1,2,2-TCE)

10 (1994)

1,2-dibromo-3-
chloropropane, DBCP

1 to 4 low pressure Hg lamp, 
254 nm, 8.4 W/lamp 

* = 0.49, AK
kHOB = 0.14 (CK, PCE 
reference compound)

11 (1995)

Polynuclear aromatic 
hydrocarbons and

Ozone

254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, AK, 1.8 W L–1

* = 0.0075 (Fluorene)
* = 0.0069 (Phenanthrene)
* = 0.052 (Acenaphthene)
* = 0.64 (ozone)

6 (1995)

Trichloroethylene 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, AK, 1.8 W L–1

* = 0.868 17 (1995)

Polynuclear aromatic 
hydrocarbons 

254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 1.8 W L–1, CH2O2T = 0.4 M, AK

kHOB = 9.9 (Fluorene)
kHOB = 13.4 (Phenanthrene)
kHOB = 8.8 (Acenaphthene)

26 (1996)
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TABLE 9.2 (continued)
Quantum Yield and/or Rate Constants of the Reaction between the Hydroxyl 
Radical and Compounds Determined from UV and UV/H2O2 Kinetic Studies 
in Water

Compound Reacting System Conditions
Quantum Yield and/or 
Rate Constant � 10–9

Reference No. 
(Year)

Atrazine by-products 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 20ºC, 
6.2 A 10–3 Wcm–1, CH2O2T = 10–2 M, 
CK, phenol, reference compound

For CEAT: * = 0.038 and 
kHOB = 2.9 

For CIAT: * = 0.042 and 
kHOB = 1.8 

27 (1996)

Trichloroethylene and 
tricloroethane

254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 6.2 A 10–3 Wcm–1, CH2O2T > 
10–2M, AK

kHOB = 0.02 (TCA)
kHOB = 1.8 (TCE)

28 (1996)

Tomato wastewater 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 6.2 A 10–3 Wcm–1, COD = 
930 mg O2 L–1, AK

* = 0.7 29 (1997)

Atrazine 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 5.98 A 10–6 Einstein L–1 s–1, 
CH2O2T > 0.04M, AK

* = 0.04
kHOB = 2.08

30 (1997)

Nitroaromatics 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 3.3 A 10–8 Einstein cm–2 s–1, 
CK, atrazine, reference compound, 
CH2O2T = 10–2 M, AK

Nitrobenzene:
* = 0.007 and kHOB = 2.9
2,6-Dinitrotoluene:
* = 0.022 and kHOB = 0.75

31 (1998)

1,3,5,trinitrotriaza-
cyclohexane (RDX)

Osram 150W Xe short-arc lamp, 
0.15 W L–1, 254 nm, AK 

* > 0.13 32 (1998)

Resorcinol (Re), 
nitroresorcinol (N)

Muconic acid (M)

254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 3.3 A 10–8 Einstein cm–2 s–1, 
CK, phenol, reference compound, 
CH2O2T = 10–2M, AK

Re: * = 0.0105, kHOB = 2.7
N: * = 0.0079, kHOB = 3.4
M: * = 0.0087, kHOB = 6.9

33 (1999)

Alachlor 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 1.6 A 10–6 Einstein L–1 s–1, 
CK, atrazine, reference compound, 
CH2O2T = 10–2 M, AK

* = 0.177 
kHOB = 32

34 (2000)

Sodium dodecyl-
benzenesulfonate

254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 1.6 A 10–6 Einstein L–1 s–1, 
CK, phenol, reference compound, 
CH2O2T = 0.1 M

kHOB = 11.6 35 (2000)

MTBE Low pressure Hg lamp, 254 nm, 
5.3 A 10–6 Einstein L–1s–1 
H2O2/MTBE: 4.1–15.1, AK

kHOB = 3.9 36 (2000)
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method. In the gas phase, the standard method is the iodometric one.43 In water, the
most useful method is the karman indigo analysis,44 but in the absence of compounds
that also absorb at 254 nm radiation, the direct absorbance procedure can also be
used to measure the ozone concentration, as reported by Schechter.45

9.1.5.1 The Ozone Quantum Yield in the Gas Phase

Since ozone gas also absorbs radiation and decomposes, the quantum yield of this
photolytic process is a fundamental parameter to establish the actual ozone trans-
ferred mass to water in an O3/UV system when both ozone and UV radiation are
simultaneously fed to the photoreactor. 

Morooka et al.23 studied the photolytic decomposition of gaseous ozone and
proposed a mechanism of reactions. According to their mechanism, the presence of

TABLE 9.2 (continued)
Quantum Yield and/or Rate Constants of the Reaction between the Hydroxyl 
Radical and Compounds Determined from UV and UV/H2O2 Kinetic Studies 
in Water

Compound Reacting System Conditions
Quantum Yield and/or 
Rate Constant � 10–9

Reference No. 
(Year)

Acenaphthylene 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 1.6 A 10–6 Einstein L–1 s–1, 
AK, CH2O2T = 0.4 M

* = 0.004 
kHOB = 8.0

37 (2000)

Simazine 254-nm TNN 15/32 Hanau low 
pressure vapor Hg lamp, pH 7, 
20ºC, 1.9 A 10–6 Einstein L–1 s–1, 
CK, atrazine as reference 
compound, CH2O2T = 0.1 M, AK

* = 0.062 
kHOB = 2.1

38 (2000)

Carbendazim Philips HPM-12 Hg lamp, 400 W, 
250–750 nm, pH:5–11, AK

* values varied depending 
on pH and oxygen 
concentration

39 (2000)

Polynuclear aromatic 
hydrocarbons

TNN 15/32 low pressure Hg lamp: 
4.13 A 10–6 Einstein L–1s–1 and 
TQ150 medium pressure Hg lamp: 
9.93 A 10–5 Einstein L–1s–1, 
pH 2.5–11.7

* values varied depending 
on pH and hydroxyl 
radical scavengers 

40 (2001)

Debittering table olive 
wastewater

TNN 15/32 low pressure Hg lamp: 
3.7 A 10–6 Einstein L–1s–1 and 
TQ150 medium pressure Hg lamp: 
3.4 A 10–5 Einstein L–1s–1, pH 
2.5–11.7, COD: 20000

For 254 nm: * = 
4595 mgO2 Einstein–1 

For 200–600 nm: * = 
529 mgO2 Einstein–1

41 (2001)

a * = Quantum yield as mol Einstein–1; kHOB = rate constants in M–1sec–1; AK = absolute kinetic method;
CK = competitive kinetic method.
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other gases (oxygen, nitrogen, water vapor) can affect the photolytic rate. From this
mechanism, a very complex rate equation was found. Values of the photolytic
decomposition rate of ozone gas in the presence of different gases were also deter-
mined experimentally. The authors observed that experimental values were higher
than the calculated ones although the rate equation they proposed qualitatively
explained the experimental results. Finally, the quantum yield was obtained from
Equation (9.31), which is basically the LL model equation with FO3g = 1:

(9.31)

where
–

I is the mean UV irradiance in the reactor.
The overall quantum yield values obtained at different temperatures and in the

presence of gases were correlated as a function of the composition of the gas phase
and temperature to yield:23

For oxygen concentrations higher than ambient air:

(9.32)

For oxygen concentration of ambient air:

(9.33)

where the numerator of the exponential term is expressed in kJmol–1 and concen-
trations are given in molm–3.

9.1.5.2 The Ozone Quantum Yield in Water

Taube19 was one of the first who studied the aqueous ozone photolysis at 254 nm
radiation with the aim of analyzing the atomic oxygen reactions in solution. The
photolytic experiments were carried out in the presence of acetic acid or HCl to stop
the radical mechanism of ozone decomposition. Thus, primary quantum yield values
of 0.62 and 0.23 mol Einstein–1 at 254 and 313 nm radiation were found.

Also, in this case, the determination of the quantum yield can be accomplished
in a way similar to that shown above for the LL model. In most of the cases, the
rate Equation (9.23), where FB = FO3 is assumed to be unity, can be simplified because
the exponential term is higher than 2. Then the ozone photolysis should follow a
zero-order kinetics. From the slope of the straight line that results when experimental
concentrations of ozone are plotted against time, the value of Io*O3 can be obtained
after least squares analysis and the corresponding quantum yield that resulted is
0.64 mol Einstein–1.6,19
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9.2 KINETICS OF THE UV/H2O2 SYSTEM

Baxendale and Wilson18 first studied the hydrogen peroxide photolytic decomposi-
tion in water in the absence and presence of acids (HClO4, acetic acid), alkalis
(NaOH), metal cations (Cu2+), alcohols, etc. They obtained different experimental
values of the quantum yield depending on the composition of water and presence
or absence of oxygen. From the results in strong acid or alkali conditions, it was
deduced that hydroxyl radicals from the photolytic reaction then react with hydrogen
peroxide so that the experimental quantum yield was found to be 1 mol Einstein–1,
regardless of the pH value. It is evident that this represents the overall quantum yield
of the photolytic decomposition reaction. In the presence of acetic acid, a scavenger
of hydroxyl radicals, these radicals do not react with hydrogen peroxide, so that the
measured rate of its disappearance is exclusively due to the photolytic Reaction
(9.2). The quantum yield determined at these conditions was found to be 0.5 mol
Einstein–1, that is, half the value of the corresponding amount to the overall process.
This represents the primary quantum yield of hydrogen peroxide photolysis. As
shown later, this is the value to consider in kinetic models of hydrogen peroxide–UV
radiation systems when the initial hydrogen peroxide decomposition is considered.
However, the hydroxyl radical concentration is proportional to two times the initial
photolytic decomposition rate of hydrogen peroxide since two hydroxyl radicals are
formed in the primary step. The following set of reactions explains the main steps
of the mechanism of the hydrogen peroxide photolytic decomposition in water:

(9.2)

 (9.34)

(9.35)

(9.36)

Note that Reaction (9.34) to Reaction (9.36) are also steps of the ozone decompo-
sition mechanism in water (see Chapter 2).

9.2.1 DETERMINATION OF KINETIC PARAMETERS

When the UV/H2O2 oxidation system is applied to remove compounds in water, as
a consequence of the direct use of this oxidizing system or because ozone is photo-
lyzed, the rate of disappearance of any compound in water can be due to direct
photolysis and hydroxyl radical oxidation (the direct action of hydrogen peroxide
is usually negligible):

(9.37)
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In addition to the quantum yield of B photolysis, *B, the rate constant of the reaction
between the hydroxyl radical and B has to be determined. In preceding chapters,
different ways of obtaining these parameters are presented but the UV/H2O2 oxida-
tion system is specifically suitable for determining the rate constant of hydroxyl
radical reactions. Again, this determination can be made using absolute and com-
petitive kinetic methods.

9.2.1.1 The Absolute Method

In this case, a possible simplification applies to Equation (9.37) when the direct
photolysis of the target compound is negligible or simply does not occur. If this is
the case, the disappearance rate of B in a batch photoreactor is exclusively due to
its reaction with the hydroxyl radical:

(9.38)

Since the hydroxyl radical concentration can be considered constant, Equation (9.38)
represents a first-order kinetic process. Then, integration of Equation (9.38) gives a
linear relationship between the ln(CB /CBo) and reaction time. The slope of the straight
line that would result from this kind of plot is kHOBCHO. Thus, the problem reduces
to finding the expression for the concentration of hydroxyl radicals as in the O3 or
O3/H2O2 processes. For this case, this concentration is expressed as follows:

(9.39)

where, in the denominator, the contribution of hydrogen peroxide to scavenging
hydroxyl radicals, kHCH2O2t, is present as in the O3/H2O2 oxidation system where
mass transfer controls the process rate. Equation (9.39) can further be simplified if
the concentration of hydrogen peroxide is high enough so that the rest of scavenging
contributions, hkHOSCS, are negligible compared to kHCH2O2t, and when the exponen-
tial term becomes zero because 2.303h'LCH2O2t > 2, and FH2O2 = 1 because hydrogen
peroxide absorbs all the radiation. With these assumptions, the combination of
Equation (9.38) and Equation (9.39) leads to:

(9.40)

According to this equation a plot of the apparent pseudo first-order rate constant,
kT, obtained from experiments at different high concentrations of hydrogen peroxide
against the total concentration of hydrogen peroxide applied should lead to a straight
line of slope 2*H2O2I0kHOB /kH. From this slope the rate constant kHOB can be calculated.
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This procedure has been applied in different works.28,30,38 Table 9.2 gives data on
kHOB obtained from this absolute method. Note that Equation (9.40) also holds in
cases where B decomposes by direct photolysis since the contribution of direct
photolysis to the disappearance rate may likely be negligible due to the high con-
centrations of hydrogen peroxide applied. In other words, hydrogen peroxide would
absorb most (if not all) of the radiation.

If the direct photolysis of B cannot be neglected, the absolute method could still
be applied. In these cases, however, a differential method has to be used since the
term FH2O2T is different from 1. If not, the hydrogen peroxide is likely to absorb
nearly all the radiation and the integral absolute method also holds. The differential
method, however, is not recommended because of the inaccuracies related not only
to determining the accumulation rate of B (–dCB /dt) at any time but also to quanti-
fying the direct photolysis contribution, especially the term R'iCi, at any time.

Note that, in natural waters, the scavenging term RkHOSCS can be determined in
a way similar to that shown for the O3/H2O2 oxidation system. In this case, a model
compound of known kinetics with the hydroxyl radical (known kHOB) and a medium
concentration of hydrogen peroxide must be added to the water so that the terms
RkHOSCS and kHCH2O2t + kHOBCB will be of similar order of magnitude. Then, from
the slope of the straight line of the plot ln(CB /CB0) against time, the scavenging
effect of the substances present in the natural water can be determined:

(9.41)

Note that in Equation (9.41) the scavenging term from the model compound B has
also been included. For this term, the initial concentration of B, CB0, has been
considered despite its variation during the oxidation process. When B is removed
other intermediate compounds of unknown nature are formed. These compounds
also scavenge hydroxyl radicals; the term kHOBCB0 then accounts at all times for the
role of these intermediates and the remaining model compound.

9.2.1.2 The Competitive Method

When the appropriate experimental conditions for the absolute method cannot be
achieved (i.e., with compounds of very high molar absorptivity and/or quantum
yields such as some polynuclear aromatic hydrocarbons) the fastest method to
determine kHOB is the competitive method. This is similar to the other competitive
methods presented previously, corresponding to different oxidation or radiation
systems. For this method, again a reference compound, R, of known kinetics with
the hydroxyl radical must be used. This compound, in addition, should present a
reactivity toward the hydroxyl radical similar to that of the target compound B. Also,
direct photolysis of both the target compound and the reference compound should
be negligible. The method is not explained in detail since, as stated above, it is
similar to other competitive methods described previously. From a plot of the
ln(CB /CB0) against ln(CR /CR0), a straight line of slope kHOB /kHOR is obtained. The rate
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constant kHOB will depend on the accuracy of kHOR, which represents the main
drawback of this method. Table 9.2 presents the values of kHOB determined in this
way together with the reference compound used.

9.2.2 CONTRIBUTION OF DIRECT PHOTOLYSIS AND FREE RADICAL 
OXIDATION IN THE UV/H2O2 OXIDATION SYSTEM

The relative importance of both direct photolysis and free radical oxidation for the
removal of B in the UV/H2O2 oxidation system can be estimated from the ratio of
their respective rates:46

(9.42)

with the concentration of hydroxyl radicals given by Equation (9.39), where the rate
of the initiation step is two times the direct photolysis rate of hydrogen peroxide
[see Reaction (9.2)] and the inhibiting factor involves the scavenging reactions of
hydroxyl radicals with hydrogen peroxide. Equation (9.42), on the other hand, can
be simplified in two cases that represent most of the practical situations:

• Low absorbing solution, 0L < 0.4, then

(9.43)

• High absorbing solution, 0L > 2, then

(9.44)

According to previous discussion, Equation (9.39) for the concentration of hydroxyl
radicals can also be simplified, depending on the absorbing character of the water.
However, if one or another simplifications is considered, the ratio between the rates
of B degradation becomes the same, as Equation (9.45) indicates:

(9.45)

Equation (9.45) can further be simplified in the case when the UV/H2O2 oxidation
is carried out in laboratory-prepared water with kHCH2O2t  >> kOHSCS. If this condition
is considered, Equation (9.45) reduces to Equation (9.46):
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In this latter case, the rate ratio becomes independent of the concentration of hydro-
gen peroxide. From Equation (9.46), note that the rate ratio is neither dependent on
the intensity of incident radiation nor the effective path of radiation through the
photoreactor. If Equation (9.45) is put in logarithmic form, we obtain:

(9.47)

A plot of the logarithm of the reaction rate ratio against the logarithm of the ratio
kHOB /*B'B leads to a straight line of slope unity (see Figure 9.3). The ordinate
depends on the values of the concentration and molar absorptivity of hydrogen
peroxide (which are also functions of the pH) and the inhibiting effect of the water,
including that due to hydrogen peroxide, kHCH2O2t. With the hydroxyl radical kinetics
(kHOB) and the photolytic parameters of B ('B and *B) we can estimate the relative
importance of direct photolysis and free radical oxidation and, hence, the conditions
where the addition of hydrogen peroxide is recommended to improve the overall
oxidation rate of a given compound B. More details of this study are given in
Beltrán.46

FIGURE 9.3 Comparison between the rates of hydroxyl radical oxidation and direct photol-
ysis of micropollutants in water as a function of the ratio kHOB/(*B'B) at different hydrogen
peroxide concentrations in the combined UV radiation–hydrogen peroxide oxidation. Condi-
tions: 20ºC, pH = 7, hkHOSCS = 106. (From Beltrán, F.J., Estimation of the relative importance
of free radical oxidation and direct ozonation/UV radiation rates of micropollutants in water,
Ozone Sci. Eng., 21, 207–228, 1999. Copyright 1999, International Ozone Association. With
permission.)
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9.3 COMPARISON BETWEEN THE KINETIC REGIMES 
OF THE OZONE–COMPOUND B AND OZONE–UV 
PHOTOLYSIS REACTIONS

As shown in Chapter 8, when the ozone/hydrogen peroxide system was studied, the
application of the reaction and diffusion time concepts is another possible way to
compare the competition of the direct reaction between ozone and B and the ozone
direct photolysis reaction. In fact, this comparison can be made using different
approaches:

• By comparing the contributions of different reactions to the ozone absorp-
tion rate

• By comparing the contributions to the disappearance rate of the target
compound

• By estimating the ratio between the oxidation rates of the target compound
due to the direct reaction with ozone and to the action of hydroxyl radicals

These aspects will be discussed below.

9.3.1 COMPARISON BETWEEN OZONE DIRECT PHOTOLYSIS AND 
THE OZONE DIRECT REACTION WITH A COMPOUND B 
THROUGH REACTION AND DIFFUSION TIMES*

The concepts of reaction and diffusion times are now applied to ozone photolysis
and direct ozone reactions for comparative reasons. The stoichiometry of these
reactions was shown in Equation (9.1) and Equation (8.19), respectively. For the
case of the direct reaction of ozone with a given compound, the corresponding
reaction time has already been defined in Section 8.4.1 [see Equation (8.20)]. The
case of Reaction (9.1) is somewhat more complicated due to the expression of the
rate of ozone photolysis. For the sake of simplicity, the LL model is applied so that
the ozone photolysis rate is given by Equation (9.48):

(9.48)

where FO3 is the fraction of absorbed radiation that ozone absorbs:

(9.49)

* Most of Section 9.3.1 is reprinted with permission from Beltrán, F.J., Theoretical aspects of the kinetics
of competitive first-order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci.
Eng., 19, 13–38, 1997. Copyright 1997, International Ozone Association.

> ? > >i jr I F LO UV O O3 0 3 3 1* exp( )0

F
C

C
O

O O

i i

3
3 3?

R
'

'



212 Ozone Reaction Kinetics for Water and Wastewater Systems

Equation (9.48) can be simplified as already shown for any compound B [Equation
(9.43) and Equation (9.44)]. Thus, depending on the absorbance of the solution, two
cases can be considered:47

• Strong absorbance, 0L > 2:

(9.50)

• Weak absorbance solution, or 0L < 0.4:

(9.51)

For these two cases the reaction time is defined as follows:

• Strong absorbance, 0L > 2:

(9.52)

• Weak absorbance solution, or 0L < 0.4:

(9.53)

with

(9.54)

Note that only the photolysis rates of ozone and B are considered since conditions
at the start of the process are applied.

There is also a third possible simplification of the photolysis rate equation of
ozone. This is the case of strong absorbing solution exclusively due to the ozone
molecules, that is, where B is a nonabsorbing compound. For this particular case,
the rate of ozone photolysis is a zero-order kinetics defined as follows:

(9.55)

with a reaction time given by Equation (9.56):

(9.56)
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Now conditions for the competition of the direct and ozone photolysis reactions can
be established by plotting the corresponding reaction times against the direct rate
constant and the intensity of incident radiation, I0, respectively, and by taking,
depending on the case, CO3

* , 0, or L as parameters. These plots are presented in
Figures 9.4 to 9.6 where a value of 5 A 10–2 s has been taken for the diffusion time

FIGURE 9.4 Variation of reaction time with direct rate constant and concentration of micro-
pollutant, for Reaction (8.19), and with the intensity of UV radiation and ozone solubility, for
Reaction (9.1) (case of non-UV absorbing compounds and 0L > 2). C°B represents the concen-
tration of B in bulk water. (From Beltrán, F.J., Theoretical aspects of the kinetics of competitive
first-order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci. Eng.,
19, 13–38, 1997. Copyright 1997, International Ozone Association. With permission.)

FIGURE 9.5 Variation of reaction time with direct rate constant and concentration of micro-
pollutant, for Reaction (8.19), and with the intensity of UV radiation and absorbance solution,
for Reaction (9.10) (case of medium or high UV absorbing compounds and 0L > 2). C°B represents
the concentration of B in bulk water. (From Beltrán, F.J., Theoretical aspects of the kinetics of
competitive first-order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone
Sci. Eng., 19, 13–38, 1997. Copyright 1997, International Ozone Association. With permission.)
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as in the preceding oxidation systems (see Figure 8.1). According to these plots, both
Reaction (9.1) and Reaction (8.19) will compete when their kinetic regimes coincide
for a given set of experimental conditions. For example, in Figure 9.4 for a nonab-
sorbing compound B in a strong absorbing solution, if the concentration of B is very
low (10–8 M) which is typical of surface water, and 106 M–1s–1 is the rate constant of
the direct reaction between B and ozone, for ozone solubilities lower than 5 A 10–4 M,
the direct and ozone photolytic reactions develop in the slow kinetic regime. Hence,
they will compete for the available ozone. Similar conclusions can be reached for
other experimental conditions and for other cases, where the ozone photolysis rate
is simplified. More detailed discussion of these results can be found elsewhere.47

However, once conditions for the competition have been established, it is also
possible that the contribution of one of the reactions could be neglected. This requires
the determination of the initial reaction rates of ozone through both reactions that
can be made as shown for the ozone/hydrogen peroxide system. 

9.3.2 CONTRIBUTIONS OF DIRECT PHOTOLYSIS AND DIRECT OZONE 
REACTION TO THE OZONE ABSORPTION RATE*

The case of slow kinetic regime will be considered since it represents the one closest
to practical situations (that is, low concentration of micropollutant). The absorption
rate is given by Equation (9.57):

FIGURE 9.6 Variation of reaction time with direct rate constant and concentration of micro-
pollutant, for Reaction (8.19), and with the intensity of incident UV radiation and effective
path of radiation through the photoreactor, for Reaction (9.1) (case of non-UV absorbing
compounds and 0L < 0.4). C°B represents the concentration of B in bulk water. (From Beltrán,
F.J., Theoretical aspects of the kinetics of competitive first-order reactions of ozone in the
O3/H2O2 and O3/UV oxidation processes, Ozone Sci. Eng., 19, 13–38, 1997. Copyright 1997,
International Ozone Association. With permission.)

* Most of Section 9.3.2 is reprinted with permission from Beltrán, F.J., Theoretical aspects of the kinetics
of competitive first-order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci.
Eng., 19, 13–38, 1997. Copyright 1997, International Ozone Association.
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(9.57)

where the ozone photolysis rate term takes the form given by Equation (9.50),
Equation (9.51), or Equation (9.55), depending on the nature of the solution and
concentration of dissolved ozone. Thus, the following cases can be considered:

1. Strong UV absorption exclusively due to dissolved ozone
2. Strong UV absorption due to the dissolved ozone and a given compound B
3. Weak UV absorption

9.3.2.1 Strong UV Absorption Exclusively due to Dissolved Ozone

The concentration of dissolved ozone for a case where two parallel ozone (gas)
liquid slow reactions (the direct reaction and the photolytic reaction) develop can
be obtained from Equation (9.58) below, after application of film theory,48 obtained
in a similar manner as Equation (8.24):

(9.58)

Note that one of the reactions (the photolytic reaction) is of zero-order kinetics. The
ozone absorption rate, on the other hand, is given by Equation (9.59) below, obtained
after substitution of (–rO3/UV), given by Equation (9.55), in Equation (9.57):

(9.59)

By taking the values of k0 [Equation (9.55)] and CO3, Equation (9.58), substituted
in Equation (9.59), the contributions of both ozone reactions to the ozone absorption
rate at the start of the process can be estimated. Furthermore, the ozone concentration
can also be calculated for the cases where only the direct reaction or the zero-order
ozone photolysis rate develops. In this way, comparisons can be made between the
individual ozone absorption rates and that corresponding to the combined process.
In a previous work, comparison details are given for the case of the ozone/UV
oxidation of trichloroethane, a compound that does not absorb UV light.47 It should
be noted that the application of Equation (9.58) leads, for some intensities of
radiation (high values of I0), to negative values of the dissolved ozone concentration.
In these cases, Equation (9.58) cannot be applied since it has no physical meaning.
These cases represent situations where the kinetic regime of the ozone photolysis
is moderate or fast because of the high intensity of incident radiation. Recall that
the cases presented refer to slow ozone gas liquid reactions, that is, their Hatta
number is lower than 0.3.
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9.3.2.2 Strong UV Absorption due to Dissolved Ozone 
and Compound B

The equation for the ozone photolysis rate is given by Equation (9.50), which,
substituted in Equation (9.57), leads to the expression for the ozone absorption rate:

(9.60)

Here the concentration of dissolved ozone can be found from Equation (8.24) with
kT = kDCB + k01 [see Equation (8.26)]. Thus, solving Equation (9.60) at different
conditions of I0, CB, etc., the contributions of the direct photolysis and the direct
reaction to the ozone absorption rate can be estimated. Also, in this case, high values
of I0 can lead to a change in the kinetic regime of ozone photolysis for which
Equation (9.60) is not valid. If in Equation (8.24), kT is taken as kDCB or k01, the
hypothetical ozone absorption rates for the individual ozone photolysis and ozone
direct reactions can be calculated. In this way, comparison can be made with the
overall combined ozone/UV process. Details of this comparison for two practical
cases are given elsewhere.47

9.3.2.3 Weak UV Absorption

In a similar way as in the preceding cases, the ozone photolysis rate, given by
Equation (9.51) is substituted in Equation (9.57) to obtain the ozone absorption rate
for a slow kinetic regime:

(9.61)

Again, the ozone concentration is also calculated from Equation (8.24) with kT =
kDCB + k02 for the combined process and with kT = kDCB or kT = k02 for the individual
processes. Thus, comparisons can be made between the direct reaction and the direct
photolysis of ozone (see also Reference 47 for examples of this case).

9.3.3 CONTRIBUTIONS OF THE DIRECT OZONE AND FREE RADICAL 
REACTIONS TO THE OXIDATION OF A GIVEN COMPOUND B*

The approach presented in the preceding section allows the estimation of both the
ozone absorption rate and the importance of the direct and indirect ozonation pathways
in the UV/O3 oxidation system of a given compound. Here a similar approach is applied
so far as the disappearance rate of B is concerned. This approach was also presented
for the case of the ozone/hydrogen peroxide system in Section 8.4.3. The kinetic regime
of the ozone absorption will also be considered slow. The overall rate of the disap-
pearance of B due to the O3/UV process presents three contributions, as shown below:

* Most of Section 9.3.3 is reprinted with permission from Beltrán, F.J., Theoretical aspects of the kinetics
of competitive first-order reactions of ozone in the O3/H2O2 and O3/UV oxidation processes, Ozone Sci.
Eng., 19, 13–38, 1997. Copyright 1997, International Ozone Association.
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(9.62)

Determination of the contributions of the three possible reaction rates will indicate
the importance of the direct or free radical ways of ozonation of a given compound
in the presence of UV radiation. However, Equation (9.62) can be simplified accord-
ing to the nature of solution regarding the absorption of UV radiation. Therefore,
the three cases discussed previously for the ozone absorption rate (Section 9.3.2.)
are also considered here.

1. Strong UV absorption exclusively due to dissolved ozone
2. Strong UV absorption due to the dissolved ozone and a given compound B
3. Weak UV absorption

9.3.3.1 Strong UV Absorption Exclusively due to Dissolved Ozone

The rate of B disappearance presents only two terms due to the direct ozonation and
free radical oxidation. The rate equation is, then, similar to Equation (8.27) of the
ozone/hydrogen peroxide oxidation system. Recall that for slow reactions the con-
centration of hydroxyl radicals is, in this case:

(9.63)

with ri the initiation rate of free radicals that for the UV/O3 system has two possible
contributions due to Reaction (8.1) and Reaction (9.2), although the latter contribu-
tion is negligible in most cases (see Section 9.3.4) due to the low molar absorptivity
of hydrogen peroxide. With both contributions, however, the rate of free radical
initiation is:

(9.64)

Equation (9.62) for the disappearance rate of B, taking into account Equation (9.64),
reduces to

(9.65)

where subindex 0 refers to initial conditions. In Equation (9.65), in addition to the
concentration of dissolved ozone [which can be estimated from Equation (8.24)],
the concentration of hydrogen peroxide is also needed. This problem can be solved
from the molar balance of hydrogen peroxide applied at the start of ozonation. Under
these conditions, the accumulation rate of hydrogen peroxide, dCH2O2t /dt, is negligible
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and the concentration of hydrogen peroxide can be explicitly estimated from the
corresponding mass balance:

(9.66)

From Equation (9.66) and Equation (8.24) the concentrations of hydrogen per-
oxide and ozone, respectively, can be estimated at different conditions (CB, kD, I0,
etc.) and substituted in Equation (9.65) to determine the disappearance rate of B or
the individual contributions of the direct reaction with ozone and free radical oxi-
dation. In this way, the percentage of free radical oxidation can be estimated (see
Reference 47 for more details).

9.3.3.2 Strong UV Absorption due to Dissolved Ozone 
and a Compound B

In this case, a priori, B is also removed through the three possible ways, and Equation
(9.62) holds for the disappearance rate of this compound. Following the procedure
applied to the preceding case, the contributions of direct ozone, direct photolysis of
B, and free radical oxidation of B can be estimated and conclusions can be reached
on whether or not the combined process is recommended. 

9.3.3.2 Weak UV Absorption 

This case is also similar to the previous one, although a possible simplification
applies when B does not absorb radiation or, in other words, when the dissolved
ozone absorbs most of the radiation. This, for example, is the case of the ozonation
of organochlorine compounds such as trichloroethane. The procedure is similar to
the previous cases and is not detailed here.

In any case, a previous work47 gives examples of the three cases above considered
with specific data on ozone absorption rate and contributions of direct and free radical
processes to the disappearance rate of a compound B of known kinetics with ozone,
hydroxyl radical, and direct photolysis. Note that all the cases discussed can be applied
to a given surface or ground water polluted with a given compound B, provided the
inhibiting character of the water, RkHOSCS, is known (see Section 7.3.1).

9.3.4 ESTIMATION OF THE RELATIVE IMPORTANCE OF THE RATES 
OF DIRECT PHOTOLYSIS/DIRECT OZONATION AND FREE 
RADICAL OXIDATION OF A COMPOUND B*

As in the ozone/hydrogen peroxide oxidation system, another way of estimating the
relative importance of the direct or free radical oxidation of a compound B is through

* Most of Section 9.3.4 is reprinted with permission from Beltrán, F.J., Estimation of the relative
importance of free radical oxidation and direct ozonation/UV radiation rates of micropollutants in water,
Ozone Sci. Eng., 21, 207–228, 1999. Copyright 1999, International Ozone Association.
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the ratio of their corresponding oxidation/photolysis rates. In this case, however,
some complication arises due to the two possible direct reactions (ozonation/pho-
tolysis) of compound B. Thus, the ratio of the free radical and direct types of
oxidation is:

(9.67)

However, comparison will be made between the free radical rate, rRad, and the direct
ozonation or direct UV photolysis rates individually considered. 

Also, rRad has two possible contributions due to the initiation steps of the direct
photolysis of the hydrogen peroxide formed from the ozone photolysis, ri1, and the
ozone/hydroperoxide ion reaction, ri2. Comparison is first made between these two
initiation reaction rates. 

9.3.4.1 Relative Importance of Free Radical Initiation 
Reactions in the UV/O3 Oxidation System

Overall, the ratio between the free radical initiation reaction rates is:

(9.68)

Equation (9.68) can be simplified, once the variation of the hydrogen peroxide molar
absorptivity with pH is considered:

(9.69)

and the amount of energy absorbed. This study is made for the two extreme cases
where the photolysis rate is simplified: strong and weak UV absorption.

1. Strong UV Absorption (0L > 2)
This could be the usual case since ozone, hydrogen peroxide and B contribute to
the absorption of energy; hence, it is likely that 0L > 2. Equation (9.68) simplifies
to yield:46

(9.70)

which, in logarithmic form, becomes

(9.71)
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Equation (9.71) presents two main difficulties because the concentration of ozone
and the term 0 have to be known. In any case, for specific values of CO3 and 0, a
plot of the logarithm of the ratio between initiation rates against the logarithm of
the intensity of incident radiation leads to parallel straight lines of slope equal to
unity (in absolute value) and ordinates that depend on several parameters. Figure 9.7
shows a plot of this type. As can be seen from Figure 9.7, for pH > 4, the free radical
initiation due to the reaction of ozone with the ionic form of the hydrogen peroxide
(generated by ozone photolysis) is more important than the initiation due to direct
hydrogen peroxide photolysis.

2. Weak UV absorption (0L < 0.2)
Now, the ratio of free radical initiation rates reduces to the following equation:

(9.72)

Or in logarithmic form:

(9.73)

FIGURE 9.7 Comparison between rates of hydroxyl free radical initiation, due to hydrogen
peroxide photolysis and direct ozonation of the hydroperoxide ion, of micropollutants in water
as a function of the intensity of the incident radiation at different pH values in the combined
ozonation with UV radiation. Conditions: 20ºC, 0L > 2, 0 = 1 cm–1, CO3 = 10–4 M, L = 4 cm.
(From Beltrán, F.J., Estimation of the relative importance of free radical oxidation and direct
ozonation/UV radiation rates of micropollutants in water, Ozone Sci. Eng., 21, 207–228, 1999.
Copyright 1999, International Ozone Association. With permission.)
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The parallel straight lines that Equation (9.73) represents have been plotted in Figure
9.8 for specific values of CO3 and L.46 As in the strong absorption case, for most
practical cases, the free radical initiation reaction due to the ozone/hydrogen peroxide
reaction is more important than the direct photolysis of hydrogen peroxide as can
be deduced from Figure 9.8.

Note that in Equation (9.71) and Equation (9.73), I0 should be limited to values
lower than 10–4 Einstein L–1s–1 to keep the kinetic regime of ozone absorption
accompanied to the ozone photolytic reaction lower than 0.3, that is, to keep the
slow kinetic regime of absorption. More information concerning this comparative
test can be found elsewhere.46

9.3.4.2 Relative Importance of the Direct Reactions and Free 
Radical Oxidation Rates of Compound B

According to the preceding section, the reaction between ozone and hydrogen
peroxide will be considered now as the initiation rate step. However, there are still
two possibilities to consider that depend on the relative importance of the direct
reactions: the ozone–compound B reaction and the photolytic reaction of B. If the
first reaction is considered the main direct route to remove B, however, the compar-
ison to be made is between the free radical rate and the direct reaction rate (the
ozone direct reaction rate). This comparison has been discussed previously (see
Section 8.4.3) because it reduces to the ozone/hydrogen peroxide oxidation system.

FIGURE 9.8 Comparison between rates of hydroxyl free radical initiation, due to hydrogen
peroxide photolysis and direct ozonation of the hydroperoxide ion, of micropollutants in water
as a function of the intensity of the incident radiation at different pH values in the combined
ozonation with UV radiation. Conditions: 20ºC, 0L < 0.4, CO3 = 5 A 10–6 M, L = 4 cm. (From
Beltrán, F.J., Estimation of the relative importance of free radical oxidation and direct ozo-
nation/UV radiation rates of micropollutants in water, Ozone Sci. Eng., 21, 207–228, 1999.
Copyright 1999, International Ozone Association. With permission.)
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In this section, we discuss the relative importance of the free radical reaction rate
and the direct photolysis rate for the removal of B. The ratio of these reactions is:46

(9.74)

which can also be simplified according to the magnitude of absorbance.

1. Strong absorbance, 0L > 2
Equation (9.74) reduces to:

(9.75)

if it is assumed that kHOBCB � hkSCS as is the usual situation. In logarithmic form
Equation (9.75) allows the ratio of reaction rates to be compared to the ratio of
kinetic parameters of the free radical reaction, kHOB, and direct photolysis, *B'B:

(9.76)

Then a plot of the left side of Equation (9.76) against the logarithm of the ratio
between kHOB/*B'B would allow both free radical and direct photolysis rates of B
to be compared (see Figure 9.9). As seen in Equation (9.76), however, in addition
to the concentration of ozone, the concentration of hydrogen peroxide has to be
known. While a rough estimation of the concentration of ozone can be made by
assuming the ozone solubility at the water interface, for the concentration of hydro-
gen peroxide the more rigorous procedure followed in Section 9.3.2 must be applied.
However, the procedure presented here can be directly applied to the O3/H2O2/UV
oxidation system where the concentration of hydrogen peroxide is known. Again,
two extreme situations can be considered, depending on the magnitude of absorbance.

2. Weak absorbance solution, 0L < 0.2
This is an unusual case because a low absorbance would mean that the direct ozone
reaction of B could be even more important than the direct photolysis of B. Hence,
comparison between the free radical rate and the photolytic rate would have no
meaning. In any case, if these reaction rates are compared, Equation (9.74) will
reduce to Equation (9.77):

(9.77)
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The logarithmic form of Equation (9.77) is:

(9.78)

In Figure 9.10, Equation (9.78) is plotted at different conditions. As observed, plots
such as that of Figure 9.10 are very useful for the O3/H2O2/UV oxidation system
because the concentration of hydrogen peroxide would be known.

FIGURE 9.9 Comparison between rates of hydroxyl free radical oxidation and direct pho-
tolysis of micropollutants in water as a function of the ratio kHOB/(*B'B) at different intensity
of the incident radiation in the combined ozonation with UV radiation. Conditions: 20ºC, pH
7, 0L > 2, 0 = 1 cm–1, CO3 = 10–4 M, L = 4 cm. (From Beltrán, F.J., Estimation of the relative
importance of free radical oxidation and direct ozonation/UV radiation rates of micropollut-
ants in water, Ozone Sci. Eng., 21, 207–228, 1999. Copyright 1999, International Ozone
Association. With permission.)
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10 Heterogeneous Catalytic 
Ozonation

Catalysts are substances used to accelerate the rate of different chemical reactions.
These reactions are typically those encountered in the chemical industry where high
temperatures and pressure are applied. These conditions, especially temperature, act
on the surface of certain materials (metal oxides, activated carbon, zeolites, etc.)
which, after adsorption of reactant molecules, accelerate the rate of numerous reac-
tions. In water treatment, the high reactivity of ozone and the active surfaces of
some materials can also be used to increase the ozonation rate. In an attempt to
improve the performance of advanced oxidation of water contaminants with the use
of ozone, numerous research studies in the mid-1990s focused on the combined
application of ozone and solid catalysts. These systems constituted the catalytic
ozonation of water contaminants.1 At that time, however, catalytic ozonation was
not a new process; the use of ozone and catalysts dates back to the 1970s.2,3 In the
first studies, however, attention focused mainly on the use of transition metal salts
(such as nitrates, sulfates, etc.), which are soluble in water.2 When dealing with
catalytic ozonation, one should distinguish the homogeneous (HoCO) and the het-
erogeneous (HeCO) processes, depending on the water solubility of the catalyst.

One of the first studies on this matter was by Hill,4,5 who observed the homo-
geneous decomposition of ozone catalyzed by Co2+ in acid media (acetic acid or
perchloric acid). He proposed a mechanism of reactions with the formation and
participation of hydroxyl free radicals formed in a first step from the direct oxidation
of Co2+:

(10.1)

Formation of hydroxyl radicals signaled the beginning of a new advanced oxidation
technology. Nonetheless, the first work on the catalytic ozonation of water pollutants
appears to have been Hewes and Davidson2 who, in 1972, reported data on the
TOC  elimination of a secondary municipal effluent with an average 18 ppm initial
TOC. In this work, different transition metal salts (homogeneous catalytic ozonation,
HoCO) were used with significant results at temperatures between 30 and 60ºC and
pH between 5 and 10. At the conditions investigated, total destruction of TOC was
observed in less than 3 h. Some years later, Chen et al.3 reported successful results
on the heterogeneous catalytic ozonation (HeCO) of model compounds (i.e., phenol)
and wastewaters (459 mgL–1 initial TOC) with a Fe2O3 type catalyst. The results
were expressed as a function of COD and TOC removed per ozone consumed. Table
10.1 and Table 10.2 list studies on homogeneous and heterogeneous catalytic ozonation,
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TABLE 10.1
Works on Homogeneous Catalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

Ozone decomposition study
Hydrogen peroxide
Catalyst: sulfates of Fe(II), 
Co(II), Ni(II), Cu(II), etc.

Batch reactors,
acid pH with 0.1N 
H2SO4

Significant effect of Co(II), 
Ce(III), Ag(I), Cu(II), Tl(I), 
and Ce(IV)

Fe(II) has no effect
Proposed mechanism

6

Ozone decomposition study
Catalyst: Co(II): 6 A 10–5 to 
3.6 A 10–4 M

Batch reactors,
pH: 1.6–3.5 with HClO4, 

0ºC

Acetic acid acts as inhibitor
Mechanism and kinetic study
Values of rate constants

4

Ozone decomposition study
Acetic acid
Catalyst: Co(II): 4.5 A 10–5 to 
7.1 A 10–4 M

Batch reactor,
pH: 0.76 with HClO4

Mechanism and kinetic study
Values of rate constants

5

Secondary effluent 
(TOC:10–35 mgL–1)

Phenol 7.8 mgL–1, 
surfactant 18.92 mgL–1, 
DDT: 2.54 mgL–1

Catalyst: Salts of Co(II), 
Ti(II), Mn(II), etc. 
(100 mgL–1)

Batch reactor with 
recirculated water

2 l, 30–60ºC, pH: 5–10
buffered water

Improvements of COD 
removals

First-order kinetics

2

Ozone–Fe(II) reaction study Batch reactor,
pH:1.3–5.4

Stoichiometric determination: 
1.84–2.53 mol Fe(II)/mol O3

Influence of different free 
radical species

Mechanism proposed

7

Removal of Fe(II), 
0.84 mgL–1 and Mn(II), 
0.16 mgL–1

Humic acids

Batch flasks,
both prepared and 
natural water

Ozonation after sedimentation 
and before filtration

Removal of Fe(II) and Mn(II) 
by direct means; on Mn(II) 
removal, positive influence of 
humics and negative influence 
of carbonates

8

Azoic dyes: 100 mgL–1

Catalyst: 20–100 mgL–1 
Cu(II), Zn(II), Ag(I), and 
Cr2O3

Magnetically stirred 
semibatch bubble 
reactor

Reduction of decoloration time 
with respect to ozonation 
alone

Highest reduction with Zn(II), 
40%

Cr2O3, worst catalyst

9

Ozone reaction with Fe(II) 
and Mn(II) in 1–2 mgL–1

Batch flasks,
25ºC, CO3:1 mgL–1

Stoichiometric determination
Fast reaction with Fe(II)
Positive effect of pH (5.5 to 7) 
with Mn(II)

Rate constant data determined

10
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TABLE 10.1 (continued)
Works on Homogeneous Catalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

Ozone reaction with Mn(II) 
(0.11 mgL–1)

River water
Treatment plant water

Batch reactors,
CO3 = 0.5–2 mgL–1

Significant removal of Mn(II)
Reaction: Mn(II) to Mn(VII), 
depending on ozone dose

11

Oxalic acid (1.4 A 10–3M)
Catalyst: Mn(II): 3.3 A 10–5 – 
1.2 A 10–3M

300-mL semibatch 
reactor, pH = 0 and 4.7 
(phosphate buffer),

also, batch reactor: 
spectrophotometer cell

Mechanism proposed
Kinetic study
Determination of rate constant

12

Ozone reaction with Fe(II) Stopped flow 
spectrophotometer 
reactor (10–3–400 s 
reaction time, pH = 0–2)

Proposed mechanism and 
kinetic study

Rate constant determination
Kinetic modeling fitting

13

Ozone–Mn(II) (0.6–1 mgL–1 
reaction)

Raw water: DOC: 7.3 mgL–1 
pH7, and settled water: 
DOC: 3.5 mgL–1 pH6.6

Continuous bubble 
column (2 m high, 25.4 
cm diameter)

Presence of carbonates

95% Mn removal in settled 
water

20% removal in raw water
2.7 mg O3 l–1 ozone transferred 
dose

15–25% DOC removed

14

Pesticides (B),
Catalyst: VO(I), Fe(III), 
Co(II), Ni(II), Cu(II), and 
also heterogeneous catalysts

Semibatch reactors
Pesticide/catalyst ratio: 
10

Effects of pH, pesticide 
concentration

Intermediate formed
Good catalytic activity

15

Ozone–Mn(II) reaction
Presence of Karmin Indigo

Batch reactor,
pH: 2–8

Different Mn species appear
Mechanism proposed
Influence on Indigo elimination

16

Pyrazine: 4.3 A 10–3 M
Oxalic acid: 2.8 A 10–4 M
Catalyst: Mn(II): 2.5 A 10–5 M

Semibatch reactor
pH: 4.2

Formation of Oxalic–Mn 
complex that acts as catalyst; 
effects of inhibitors and 
promoters

17

Humic acid (commercial): 
TOC: 11 mgL–1

Catalyst: Ag(I), Fe(II), 
Co(II), Fe(III), Cu(II), 
Mn(II), Zn(II), Cd(II), etc.: 
6 A 10-5 M

Batch flasks
pH 7
Phosphate buffer

TOC reduction: 33% O3 alone, 
63% O3/catalyst

Intermediate identification 
(GC/MS)

Better catalysts: Ag(I), Mn(II)

18

Atrazine: 3 A 10–6 M
Catalyst: Mn(II) 
(0–1.5 mgL–1)

3.65-L semibatch 
bubble column with 
recirculated water 
(85 Lh–1), catalyst 
solution continuously 
fed; pH 7, 20ºC, 
phosphate buffer

Nearly 90% removal ATZ with 
O3/catalyst against 20% with 
O3 alone

19
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TABLE 10.1 (continued)
Works on Homogeneous Catalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

River water, TOC: 
2.95 mgL–1, UV 
absorbance: 0.057,

Catalyst: Mn(II)

5-L semibatch bubble 
reactor; ozone dose: 
1.7–2.8 mg/mgTOC, 
pH 7.8

TOC reduction: 16% O3 alone, 
22% O3/Mn, UV reduction: 
5% O3 alone, 63% O3/catalyst, 
intermediate identification; 
aldehyde production 
increased with O3/catalyst

20

Pyruvic acid, 2.5 A 10–3 M
Catalyst: Mn(II) 
(0.25 mgL–1), also with 
MnO2 (solid)

Semibatch stirred 
reactor, ozone 
condition: 36 Lh–1, 3% 
O3 volume, pH: 2–4, 
25ºC, phosphate buffer

No reaction with O3 alone
Significant oxidation with 
O3/Mn

Negative effect of pH
Mechanism and kinetic study

21

Atrazine: 3.6 A 10–6 M with 
humic acids 
(DOC: 1–6 mgL–1)

Catalyst: Mn(II): 1 mgL–1 

3.65-L semibatch 
bubble column (1.3 m 
high, 6 cm diameter) 
with recirculated water 
(85 Lh–1); catalyst 
solution continuously 
fed; pH 7, 20ºC, 
phosphate buffer 

Presence of humics (<2 mgL–1) 
increased ATZ removal in 
O3/catalyst, a mechanism is 
proposed

22

Chlorobenzenes synthetic 
solution: 1–5 mgL–1

Catalysts: Fe(II), Fe(III), 
Mn(II): 6 A 10-5 M

3-L semibatch bubble 
reactor, pH 7 (pH 8.4 
ozone alone)

% COD removal: 18% O3 alone 
vs. 55% O3/Fe(II)

Slight increased removal of 
chlorobenzenes with 
O3/catalyst

23

Glyoxalic acid: 0.27 mgL–1

Catalysts: Mn(II) (up to 2 A 
10–5 M), MnO2 filtrated 
solution and solid MnO2 
(see Table 10.2)

Semibatch stirred 
reactor, pH 2–5.4, 
phosphate buffer, 
ozone condition: 36 
Lh–1, 3% O3 volume

Formic and oxalic acid 
identified

Significant increase of 
ozonation with catalyst

Mechanism proposed and 
kinetic study

pH 4 optimum

24

Pyruvic acid: 4 A 10–3 M
Catalyst: Mn(II) 
12–24 mgL–1

MnO2 filtrated solution 
(Mn(IV): 11 0M)

Semibatch stirred 
reactor

pH 1–3, phosphate 
buffer, ozone condition: 
36 Lh–1, 3% O3 volume

Formation of Mn(VII)
Similar acid removal with 
Mn(II) and Mn(IV)

Kinetic study
Kinetic modeling

25

p-Nitrotoluene (PNT) in 
acetic anhydride: 3 A 10–4M

Catalyst: Mn(II) (1.4 A 
10–4M) in H2SO4 (1.27 M)

Semibatch bubble 
column, ozone 
condition: 10–2 Ls–1, 
4 A 10–4 ozone 
concentration

Mn(III) initiating species
Mechanism and kinetic study
Information on rate constant 
data and intermediates

26
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TABLE 10.1 (continued)
Works on Homogeneous Catalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

O3/H2O2/Fe(II) system: 
fentozone

Acid and disperse dyes: 
80–120 mgL–1

Catalyst: Fe(II) 26 mgL–1

1.5-L semibatch and 
batch bubble column 
(0.2 m high, 4 cm I.D.) 
pH 4.2–10.5, mO3gas = 
29.3 mg min–1

CH2O2 = 52 and 100 
mgL–1

Empirical kinetic study
Two ozone demand periods: 
instantaneous and slow decay 
demands

Formation of sludge, sludge 
lower with ozone processes, 
also used Ferral 2060 as 
catalyst (see also Table 10.2)

27

o-Chlorphenol: 100 mgL–1

Catalysts: Nitrates of Pb(I), 
Cu(II), Zn(II), Fe(II), and 
Mn(II): 1 mgL–1

2.8-L semibatch ozone 
reactor, pH 3, 
18 mgO3min–1

Removal efficiency in 60 min: 
90% with Mn(II), 80% with 
Fe(II), 60% no catalyst

TOC removal: 30% with 
Mn(II)/O3

28

TABLE 10.2
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Phenol: COD: 1000
Ethyl acetoacetate: COD 210 
TOC: 73, wastewater: 
TOC: 459 

Catalyst: Fe2O3: up to 20000
Units in mgL–1

Packed-bed reactor
Continuous feed of 
water and gas

pH: 4.3–6.3

LH mechanism for 
ozone–surface reaction 
proposed, 100% phenol 
conversion in 40 min

Significant removals of COD

3

Peat water
Catalyst: Activated carbon
150–700 0m

Three phase fluidized 
reactor, 1.25 m high, 
4.2 cm diameter,
50 g catalyst, 
150 cm3min–1 with 
51 mg O3L–1 

Color removal
55% with O3/catalyst
15% with O3 alone

29

Phenol: 1.1 A 10–3 M
Catalyst: CuO, MnO2, Pd, 
supported on Al2O3

Semibatch bubble 
reactor, pH 6–9

20ºC, 1.433 L min–1, 
3% O3 w/w

No influence of catalysts
Ozonation through direct 
means

30
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Anyline dye wastewater: COD 
2.2, DBO: 1.4

Catalyst: CuO, Fe2O3, NiO, 
Cr2O3, Co2O3: 55

Size: 0.6–1.2 mm
Other units in gL–1

Semibatch bubble 
column, 12 cm high, 
6 cm diameter,
12 Lh–1, 35 mgL–1, O3

Good performance of catalysts; 
however, catalysts leached at 
pH 7

Better catalyst: NiO

31

Phenol, hydroquinone, 
carboxylic acids, and 
aldehydes (maleic, glyoxal, 
oxalic, etc.)

5 A 10–4 M,
catalyst: Fe2O3/Al2O3 
(0.45% Fe)

Semibatch fixed-bed 
bubble reactor,

pH < 5, no buffers

Significant influence on TOC 
removal

No effect on phenol or 
hydroquinone oxidation

Better efficiency of O3/catalyst

32

Tap water disinfection
Catalyst: Ag/Al2O3

Fixed-bed cartridge
15 cm length, 10 cm 
diameter, 500 g catalyst

Killing bacteria and virus 33

Fulvic acid, protein, 
disaccharide

TOC: 12
Catalyst: TiO2, TiO2/Al2O3, 

TiO2/Clay: 4 mm
Units in mgL–1 

Semibatch fixed-bed 
bubble reactor

30 g catalyst, pH 8

Removal of TOC with 20 g 
O3/g TOC and catalyst:

86% for fulvic acid
81.4% for cellobiose
71% for albumine

 O3/TiO2 > O3/H2O2 > O3

34

Atrazine
Volatile organochlorines
Leachates
Catalyst: Not given

Semibatch fixed-bed 
bubble reactor

Ecoclear process
99% Atrazine removal
Mechanism through surface 
reactions

No participation of HO radicals
COD reduction in biotreated 
wastewater from 1000 to 
250 mgL–1

35

Oxalic acid: 2.1 A 10–4 M
Natural organic matter
Catalyst: TiO2/Al2O3

Bubble column 
ozonation plus fixed-
bed catalytic column

18–24ºC, pH 7

No influence of carbonates
No participation of HO radicals
With 2 mgL–1 ozone dose: 40% 
TTHMFP removal with 
O3/catalyst vs. 10% O3 alone

36

Phenols: 455 mgL–1

Systems: O3/UV, O3/H2O2, 
O3/UV/TiO2

Catalyst: TiO2 

Countercurrent falling 
film absorber

CO3: 15–17 mgL–1

pH: 6.4–12.1

Kinetic modeling
No appreciable effect of TiO2

37

Bromate control in surface 
water, Br–: 80–100 0gL–1, 
TOC: 3–4 mgL–1

Bubble ozonation 
column and fixed-bed 
catalytic column

Bromate formation prevented 
at least 30% with O3/catalyst 
compared to O3 alone 

38
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Wastewater: COD: 
1575 mgL–1, pH7–12, K 
hydrogenphthalate

Sulfuric acid (pH:–3) 
Leachate with carbonates: 
COD 500 mgL–1

Catalyst: not given

Fixed-bed catalytic 
reactor (30 cm high, 
2 cm diameter),

CO3: 17 to 60 mgL–1,
also, pilot plant unit

Ecoclear process
Reduce TOC, COD
pH does not affect
Not via HO radicals
76–88% COD conversion in 
leachates

39

Chlorobenzene: 10 mgL–1

Bicarbonates: 5 A 10–3–0.01 M
Catalyst: #-FeOOH 
(30–50 mesh), 0.05–0.2 gL–1

Slurry semibatch bubble 
tank, 0.2 Lmin–1, 
3–22 mgO3L–1 

Less ozone residual with 
catalyst

CBZ removal: 83% with 
O3/catalyst (1 gL–1) vs. 60% 
with O3 alone in 30 min

40

Oxalic acid: 0.27 g/L
Catalyst: MnO2 up 0.25 g/L
90–300 0m, SBET: 6.9 m2g–1

Different pHzpc

Slurry semibatch bubble 
reactor,

pH: 3.2–7, 36 Lh–1, 
3% O3 volume

Removal rate increased with 
decreasing pH

Surface reaction mechanism
Better pH 3.2

41

Chloroaromatics (PCBs, 
PCDD, etc.) adsorbed on 
catalyst

Catalyst: Wessalith DAY 
(hydrophobic zeolite)

Fixed-bed reactor, 
gas–solid catalytic 
reaction: 50–90ºC, 60 g 
catalyst, 50 mgO3 L–1

85% removal of adsorbates 
after 3 h

HO is a reactive species in the 
system

42

Phenols (Cl–phenol, methoxy 
phenol, pyrocatechol)

Catalyst: activated carbon: 
4 mm, SBET: 1330 m2g–1

1.5-L slurry semibatch 
stirred reactor

pH 2, 15–35ºC

Activated carbon enhances O3 
selectivity; similar oxidation 
rates (O3 and O3/C) but lower 
O3 consumption when C is 
present

43

Different pollutant and 
wastewater

Reference 35 Reference 35 44

Concentrated leachate from 
nanofiltration (COD: 
8–9 gL–1, AOX: 7–9 gL–1

TCA, TCE, BTX
Catalyst: activated carbon

Full scale fixed-bed 
reactor

1 kgO3h–1

Ozone consumption: 
0.8kg/kgCOD

COD reduction to 2–3 gL–1

AOX reduction to 0.5–1 gL–1

Removal of TCA, BTX, TCE
No influence of carbonates

45

Water contaminants
Catalyst: different commercial 
catalysts

Fluidized-bed catalytic 
reactor with water 
recirculation and 
ozonation chamber

COD removal improvement 
with O3/catalyst

Patented work

46

Fulvic acids: DOC: 2.84, 
BDOC: 0.23 (units are 
mgL–1)

Catalyst: TiO2/Al2O3 
(1.5–2.5 mm)

1-L flask batch reactor
10 gL–1, catalyst; 20ºC, 
pH 7.5, phosphate 
buffer

O3/catalyst leads to 
mineralization of by-products 
and better reduction of 
chlorine demand

47
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Nonionic and ionic surfactants
TOC 8 mgL–1

Catalyst: Not given

Slurry batch reactor and 
semibatch bubble 
column for ozonation 
followed by fixed-bed 
reactor

Better TOC removals in 
O3/catalyst experiments

48

Photocatalysis system
Aniline, 10–3 M, 

TOC:78 mgL–1

TiO2 (Degussa, P25), 27 nm

Pyrex cell photoreactor, 
125 W med. pres Hg 
lamp: 9.24 A 10–4 
Einstein L–1min–1, 
2 gL–1 catalyst, pH 3

Better system: O3/TiO2/light,
in 1 h, TOC removal: 
95% with O3/TiO2/Light
55% with O3 alone, 40% with 
light/TiO2

49

Ozone decomposition
O3-p-chlorobezoate
Acetate, methanol
Natural water (lake water) 
(DOC:1.3 mgL–1, pH 7.8)

Catalyst: activated carbon 
(1300 m2g–1, carbon black 
(20–460 m2g–1)

Slurry batch flasks
20 mgL–1 catalyst
10 mgL–1 O3

Catalyst accelerates p-
chlorobenzoate ozonation rate

Process via HO radicals 
reacting in solution but 
generated in catalyst surface

Effects of inhibitors and 
promoters of O3 
decomposition

Stoichiometry HO/O3 as in 
other advanced oxidation 
processes

50

p-chlorophenol, cyanuric 
acid: (0.4 gL–1)

Catalyst: mesoporous 
materials (aluminosilicates), 
SBET > 700 m2g–1

Slurry semibatch reactor Oxidation goes through 
adsorption plus surface 
reaction

51

Chlorophenol, oxalic acid, 
chloroethanol (1 gL–1)

Catalyst: Al2O3 (285 m2g–1), 
Fe2O3/Al2O3, TiO2/Al2O3

Slurry semibatch reactor
24 mgL–1h–1 O3 

Significant improved of 
ozonation rate with 
O3/catalyst

In 300 min: conversion 
chlorophenol: 100% with 
O3/catalyst vs. 38% O3 alone

52

Salicylic acid, peptides, humic 
substances

Catalyst: Me/Al2O3, Me/TiO2, 
Me/clay

Me: not given

Fixed-bed catalyst in 
recirculating loop to a 
semibatch bubble 
ozonation column

TOCo = 2.5–42 mgCL–1

Me/Al2O3: high stability
Best removed with an 
attapulgite-based catalyst

Mechanism proposed  

53

Succinic acid: 10–3 M
Catalyst:Ru/CeO2 

(40–200 m2g–1)

Slurry semibatch reactor
0.8 gL–1 catalyst, pH 3.4
27.5 A 10–3 molO3h–1

No reaction with ozone alone
No appreciable adsorption
Better catalyst via 
impregnation and reduction 

Nearly 100% TOC removed in 
60 min

54
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Commercial humic acid 
(TOC:5.34–7.3), river water 
(TOC 4.46) (units in mgL–1)

Catalyst: TiO2/Al2O3 (2–6 
mm, 2.5% TiO2 in catalyst)

Slurry semibatch bubble 
reactor

pH 7.2, phosphate 
buffer, 2.5–10 gL–1 
catalyst

400 mgO3h–1 

T = 30 min, TOC% removal 
improved if humic substance 
concent < 5.34 mgL–1

River water: TOC removal: 
11.2% ozone alone vs. 
16.4% O3/catalyst

Identification of by-products

55

Wet-air oxidation, O3/catalyst
Formic acid: 0.3 M
20 catalysts tested: (Pt/Active 
carbon, Pt/Al2O3, etc.)

Slurry semibatch bubble 
reactor

9 mgL–1 O3 in water

Reactions are not via HO 
radicals

Best catalyst: Pt/Al2O3

Formic acid zero-order kinetics
Activation energy: 5 kcalmol–1

56

Glyoxalic acid: 0.27 mgL–1

Catalysts: Mn(II) (up to 2 A 
10–5 M), MnO2 filtrated 
solution and solid MnO2 

Semibatch stirred reactor
pH 2–5.4, phosphate 
buffer ozone condition: 
36 Lh–1, 3% O3 volume

Formic and oxalic acid 
identified

Significant increase of 
ozonation with catalyst

Mechanism proposed and 
kinetic study

pH 4 optimum

24

UV/O3/TiO2, UV/TiO2, 
UV/O3/Fe(II)

2,4dichlorophenoxyacetic 
acid (2,4-D): 2 A 10-3 M

Catalyst: TiO2 (Degussa 
P-25), 59 m2g–1, 27 nm, 
Fe(II) 10–3 M

100 mL slurry semibatch 
photoreactor

2 gL–1 catalyst, pH 2.6
6 W Philips Black light
8.3 A 10–7 Einstein 
L–1min–1

1.4 gO3h–1

Data on 2,4-D, TOC, and Cl– 
concentration

Better system: UV/O3/Fe(II), 
in 15 min: 2,4D% removals 
were:
100% with UV/O3/Fe(II),
96% with UV/O3/TiO2,
75% O3, 15% UV/TIO2

70% TOC removal with 
UV/O3/Fe(II)

57

Textile wastewater (4 dyes):
COD: 250–1800 mgL–1

Catalyst: active carbon, 5 mm, 
893 m2g–1

Fixed-bed semibatch 
column, 100 cm high, 
6 cm diameter, 
60–360 Lh–1, up to 
200 g catalyst

Total color removal, significant 
improved COD removal with 
O3/C

Kinetic study
Effects of O3/catalyst noted 

above 30 min with respect to 
adsorption effects

Stability and activity of 
catalyst studied

58
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Succinic acid (up to 5 A 10–3 M)
Catalyst: Ru/CeO2 (up to 
3.2 gL–1), 40 m2g–1

500-mL slurry 
semibatch reactor

1.25 gO3h–1, pH 3.4

Impact of O3 on catalytic surface
Different forms of catalyst 
preparation

Catalyst characterization
Total acid conversion in less 
than 60 min with O3/catalyst, 
nearly complete TOC removal 
at same conditions

59

1,2-dihydroxybenzene 
(1,2-DH) 1–5 mM

Catalyst: activated carbon, 
845 m2g–1, 1–2 mm

Fixed-bed reactor
6 mmolO3min–1, 5 Lh–1

residence time: 
0.5–240 min 

Gas ozone solid catalytic 
reaction, treatment of 
adsorbed 1,2-DH, near- 
destruction of 1,2-DH in 
60 min, study of ozone effects 
on catalyst surface

60

2-chlorophenol
Catalyst: +-Al2O3: 

120–190 m2g–1, 60–200 0m

Slurry semibatch stirred 
reactor

18 mgO3h–1, pH: 3–9 up 
to 2 gL–1 catalyst 

Differences between O3 and 
O3/catalyst regarding TOC 
removal

Kinetic study, toxicity effects, 
activity of catalyst

61

Sulfosalicylic acid, 2.5 A 
10–3M, TOC: 193.2 mgL–1

V-O/SiO2 (92.6 m2g–1)
V-O/TiO2 (86.8 m2g–1) MnO2 

Slurry semibatch bubble 
reactor, 40 cm high, 
3 cm diameter pH 3.2, 
0.67 Lmin–1, 
37–50 mgO3min–1L–1

Negligible effect of MnO2 
catalyst

Significant improvement of 
TOC and ozonation rate with 
V-O catalysts

Intermediate oxalic acid 
followed

High HCO3
– concentration 

(>0.02 M) affects the 
ozonation rate

62

UV/O3, UV/TiO2, 
UV/O3/TiO2

Glyoxal (G), p-toluenesulfonic 
acid/pS), napthalene 1,5-
sulfonic acid (NS), pyrrole-
2-carboxylic acid (P): 1 mM

Catalyst: TiO2 (Degussa P-25)
0.5 gL–1

Slurry semibatch bubble 
photoreactor, 
UVAHAND 250 W 
lamp with 360 nm cut-
off filter, pH 3 or 7, 7 A 
10–6 Einstein s–1

Intermediates followed; 
UV/TiO2/O3 better to remove 
these compounds except NS 
and DOC

63

Aromatic compounds 
(benzene, toluene, etc.): 
1.7–2.4 mgL–1

Catalyst: 
perfluoro–octyl–alumine 
(PFOA)

200-mL slurry 
semibatch magnetically 
stirred reactor

pH 6, 18ºC, 2 gL–1 
catalyst

13 mgO3L–1 in water

Removal of aromatics with 
catalysts between 24–43% 
higher than without it

64
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Ozone decomposition
Catalyst: activated carbon
800 m2g–1, 1–3.5 mm

Slurry batch-stirred 
reactor

PH 2–9, 5–30ºC, up to 
2 gL–1 catalyst

Influence of variables, ozone 
decomposition rates higher 
with catalyst

LH mechanism proposed, HO 
radical reactions included, 
and kinetic study 

65

Oxalic acid: up to 8 A 10–3M 
Catalyst: TiO2 in powder 

(Aldrich)

Slurry semibatch stirred 
reactor

pH 2.5, 5–30ºC, up to 
5 gL–1 catalyst

TOC and concentration time 
data

Total TOC elimination with 
O3/TiO2

LH mechanism proposed and 
kinetic study: oxalic acid zero 
order kinetics

66

O3/H2O2/Ferral 2060 system
Ferral 2060: natural clay with 
2% Fe2(SO4)3 + 6% 
Al2(SO4)3, acid and disperse 
dyes: 80–120 mgL–1

Catalyst: 357 mgL–1

1.5-L semibatch and 
batch bubble column 
(0.2 m high, 4 cm I.D.) 
pH 4.2–10.5, mO3gas = 
29.3 mgmin–1

CH2O2 = 52 and 100 mgL–1

Empirical kinetic study
Two ozone demand periods: 
instantaneous and slow decay 
demands

Formation of sludge; sludge 
lower with ozone processes 

27

Cl-acetic and Cl-succinic 
acids: 0.5–2 mM, 

Catalyst: Ru/CeO2-TiO2: 
85 m2g–1, pHpzc = 5.7, 2% Ru

1-L magnetic-stirred 
semibatch slurry 
reactor

pH = 2.6 and 3.6, 
mO3gas = 21.25 mgmin–1, 
0.8 gL–1 catalyst

Complete mineralization of 
acids if pH < pKa, adsorption 
of acids is a key feature for 
ozonation improvement;
stability of catalyst also 
studied

67

Ozone decomposition on 
different metal oxides on 
Al2O3, SiO2, TiO2, 
SiO2.Al2O3

3–18% metal oxide by x-ray 
diffraction

Fixed-bed reactor 
through which aqueous 
ozone was passed

SiO2 better support, although 
slightly better than Al2O3; 
efficient catalyst only noble 
metals: Pt, Pd, Ru, Rh, Ag, 
Os, Ir, with strong Me-O 
bond

Catalyst active at least 24 h
Mechanism as in ozone 
decomposition in gas phase 
catalysis (see Section 10.2)

68

Reactive and acid dyes
Ferral 2060: natural clay with 
2% Fe2(SO4)3 + 6% 
Al2(SO4)3

0–487 mgL–1

1.5-L semibatch and 
batch bubble column 
(0.2 m high, 4 cm I.D.) 
pH 4.2–10.5, mO3gas = 
29.3 mgmin–1 pH 3.08 
to 9.01

Coagulation catalytic process
In 1 min more than 91 and 80% 
removal of color and COD

No flocculation at pH 3

69
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TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

Ozone decomposition on soil 
and Fe(O)

5–50 gL–1 catalyst
#-FeOOH also tested

Continuous 
magnetically stirred 
ozone cell

CO3 = 3 mgL–1

Two ozone demands: 
instantaneous and long decay 
demands

Presence of metal oxides and 
natural organics are key 
factors of kinetics; p-CBA 
used as HO radical probe

70

Dichlorvos (DDVP): 
organophosphorous 
insecticide, 10–3 M

Catalyst: a microporous 
silicate

Fixed-bed column 
(1.5 cm I.D, 5 cm 
high), 2 g catalyst, 
ozone dissolved fed to 
bed column: 5 mLmin–1, 
pH 4, CO3 = 1 to 
16 mgL–1

Cl–, PO$
3– formed, reduction of 

DOC, citotoxicity with 
O3/catalyst 

High ozone adsorption noted

71

NTS (as above): 45 mgL–1

Catalyst: 7 different 
commercial activated 
carbons

2-L stirred ozone slurry 
reactor or fixed-bed 
reactor

76 mgO3min–1

Better catalytic activity with 
basic Acs (pHPZC high) and 
containing metals

72

3 different naphthalene 
sulfonic acids

Catalyst: activated carbon 
(Filtrasorb 400 AC): 0.5 to 2 g
0.5–0.8 mm particle size, 
SBET = 1000 m2g–1

As in Reference 72 Study of adsorption capacity of 
ozonated (at different times) 
activated carbon

Increase of carboxylic acid 
groups, decrease of graphitic 
groups, better if pH � pKPZC, 
low time (10 min), ozonated 
carbon better for NS removal

73

As in Reference 73 As in Reference 72 Genotoxic study with three 
different tests 

Ozone alone by-products also 
genotoxic

Decrease of genotoxicity with 
O3/AC

74

Natural organic matter 
(NOM) of different type

Catalyst: FeOOH, 147 m2g–1, 
0.3–0.6 mm particle size

Semibatch mechanically 
stirred bubble column 
(50 cm high, 5 cm I.D.)

H2O2/FeOOH also 
applied

Slightly higher removal of 
NOM fractions with 
O3/FeOOH (33 without 
catalyst vs. 50% with 
catalyst)

Mechanism goes through HO 
radicals; carbonates and 
pCBA used as probes

75
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respectively, together with some of their main features. Here, attention is focused on
the HeCO process, given that this form of oxidation has the cleanest, most economical,
and most beneficial health properties, compared to the HoCO. Insights into the HeCO
process are presented in a review1 that examines aspects concerning catalyst preparation,
ozonation performance, and possible mechanism of reactions.

Another heterogeneous catalytic ozonation system that is currently attracting the
interest of different research groups involves the simultaneous application of ozone
and UV light (A or B type) in the presence of n-type semiconductor catalysts such
as TiO2. This process has the aim of improving the oxidative (and reductive) capacity
of the semiconductor photocatalyst where absorbed photons promote electrons from
the semiconductor valence band to the empty and more energetic conduction band. In
this way, a positive oxidant hole is created in the valence band, which is able to initiate
an oxidative process leading to the appearance of hydroxyl radicals. The promoted
electron of negative redox potential is able to reduce oxygen, leading to superoxide
ion radicals that could initiate a new oxidizing process. Section 10.4 gives a more
detailed description of the process together with some kinetic features of this system.
Semiconductor photolysis has been applied successfully to numerous and different
chemicals, and excellent reviews on this matter have been published.77–82 Studies on
photocatalytic ozonation, on the other hand, were also initiated by the decomposition
kinetic study of ozone. This decomposition is significantly improved when irradiated
with UV light in the presence of TiO2.83 Recent studies have been reported in the
literature on the catalytic destruction of pollutants in the simultaneous presence of
ozone, UV, and a semiconductor (TiO2). Table 10.3 lists some of the most recent
works on this matter and details about their main features. It should also be noted
that homogeneous catalytic ozonation in the presence of UV light has also been the
subject of research. In these cases, the synergism of Fenton-like systems (Fe(II) or
Fe(III)/UVA light) with ozone was applied to improve the organic matter removal.91

In this chapter, however, we have only mentioned heterogeneous photocatalytic
ozonation. Section 10.4.3 presents details of the possible mechanism and kinetics of
this ozonation process.

TABLE 10.2 (continued)
Works on Heterogeneous Catalytic Ozonation 

Ozonation System
Reactor and Operating 

Conditions Observations Reference

1,3,6-naphthalenetrisulfonic 
acid (NTS): 45 mgL–1

Catalyst: activated carbon 
As in Reference 71

As in Reference 72 AC characterization with and 
without ozonation 

O3 + virgin carbon better 
performance

Identification of intermediates: 
carboxylic acids

Catalytic activity diminishes 
with ozonated carbons

76
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TABLE 10.3
Recent Works on Semiconductor Heterogeneous Photocatalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

Monochloracetic acid 
(MCA) and 
pyridine: 10–3 M

O3/UV/TiO2 
(Degussa P25)

0.4-L semibatch stirred 
photoreactor: UV lamp 
(360-nm cut-off filter), 
7 0 Einstein L–1s–1, pH 3

0.5 gL–1 catalyst, 20 mgL–1 
O3

O3/UV/TiO2 leads to removals of 
24 and 16 times higher than O3 
alone and 4 and 18 times higher 
than UV/TiO2 for pyridine and 
MCA, respectively
Mechanism proposed
O3/UV/TiO2 lowest specific 
energy consumption

84

CN–: 50 mgL–1

UV/O3/TiO2 
(Degussa P25: 
50 m2g–1 and BDH: 
10 m2g–1)

1-L semibatch cylindrical 
photoreactor, medium 
pressure Hg lamp with 
300-nm cut-off filter, 
pH 11.3

Adsorbed ozonide ion radical 
detected by ESR, O3/UV/TiO best 
system: 100% CN– removal in 
20 min

Formation of CO3
 = , CNO–, and 

NO3
–

85

Formic acid: 4.9 to 
107 mgL–1

O3/UV/TiO2 (coated)

0.3-L annular flow 
photoreactor in series with 
a semibatch ozone bubble 
column, 6 W fluorescent 
lamp

10–50ºC, pH 2–12, 
0.96 mgO3min–1

With O3/UV/TiO2, formic acid 
oxidation rate increased 2 and 
3 times with respect to UV/TiO2 
and O3 alone, respectively, 
Langmuir–Hinshelwood kinetics 
applied, rate constant 
determination

86

Vinasse wastewater: 
COD: 110 gL–1, 
O3, O3/H2O2, 
O3/H2O2/UV, 
O3/H2O2/UV/TiO2

1-L semibatch ozone 
photoreactor, UV Hg vapor 
lamp (200–800 nm), TiO2: 
2 gL–1, CH2O2 = 0.04 M

CO3g = 34 mgL–1, 500 Lh–1, 
pH 4.4

COD removal better with 
O3/H2O2/UV/TiO2

Effects of oxidation methods on 
anaerobic digestion

Slight improvement in CH4 
production in anaerobic digestion 
of O3/UV/TiO2-treated wastewater

87

Cyanide wastewater 
(CN–:100 mgL–1, 
Cu(II): 20 mgL–1, 
COD:20 mgL–1

TiO2 Degussa P25

3-L photoreactor with 40 W 
low pressure Hg lamp, 
140 quartz tube-coated 
TiO2 film, CO3g = 2,5 mgL–1, 
pH 10, 2.4 Lh–1 plus three 
cation, anion, and mixed 
ion exchange columns

In 100 min: 100% CN– removal, 
87% COD removal, resins 
eliminates CNO– and Cu(II)

88

Phenol: 100 mgL–1

MnO2 or TiO2/UV/O3

30–138 m2g–1, 3 nm 
size

150 mL Pyrex glass 
semibatch photoreactor, 
General Electric UV Hg 
lamp (220–380 nm), 
1700 0Wcm–2 at 254 nm
2.15 mgL–1O3

Intermediates detected,
studies with FT-IR, TPR, TPD, 
x-ray diffraction; oxidation rate 
increases about 10 times with 
O3/UV/TiO2 with respect to 
O3/UV; mineralization increases 
about 3 times

89
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10.1 FUNDAMENTALS OF GAS–LIQUID–SOLID 
CATALYTIC REACTION KINETICS

As in the classic ozonation process, one of the important points of HeCO deals with
the kinetics of oxidation. HeCO is a gas (ozonated air or oxygen)/water solid
(catalyst) system where mass transfer and chemical reaction steps must be considered
for the appropriate formulation of the process rate. Before we describe the highlights
of HeCO kinetics, we present the fundamentals of the kinetics of gas–liquid–solid
catalytic reactions.

Gas–liquid–solid catalytic reactions are heterogeneous reacting systems that
involve a series of consecutive–parallel steps of mass transfer and chemical reactions
on the catalyst surface. The surface of the catalyst constitutes a key parameter for
improving the reaction rate. Therefore, in most catalytic processes, the catalyst is
usually supported in a porous material with internal surface areas varying from
hundreds (alumina supported catalysts) to more than 1000 m2/g (activated carbon)
of catalyst.92 The internal surface area is thus the zone where the reaction occurs.
Figure 10.1 shows the steps of this process. If a general catalytic reaction

(10.2)

is assumed to develop on the catalyst surface, these steps are:

1. External diffusion of reactant gas molecules, A, from the bulk gas to the
gas–liquid interface

2. External diffusion of reactant molecules, A, in the liquid, from the gas–liquid
interface to the bulk liquid

3. External diffusion of reactant molecules A and B from the bulk liquid
reaching up to the catalyst surface (pore mouth)

4. Internal diffusion of reactant molecules through the catalyst pores with
simultaneous surface reaction on the internal catalyst surface

TABLE 10.3 (continued)
Recent Works on Semiconductor Heterogeneous Photocatalytic Ozonation

Ozonation System
Reactor and 

Operating Conditions Observations Reference

TCE and PCE: 
10 mgL–1

+-Rays/TiO2

TiO2-coated glass tube 
reactor (7 cm length, 
0.2 cm I.D.) with 2 mg 
TiO2

Co60 source: 300 Gy, 20ºC

80% and 99% organics removal and 
35% and 40% TOC removal with 
O3 or O3/TiO2 and O3/TiO2/+-rays, 
respectively, removal of toxicity 
with O3/TiO2/+-rays

90
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5. Catalyst surface reaction that involves three consecutive steps:
a. Adsorption of reactants molecules on the active centers of the catalyst

surface
b. Surface reaction of adsorbed molecules to yield the adsorbed products
c. Desorption of adsorbed products

For reversible reactions, there are also these steps

6. Internal diffusion of product molecules through the catalyst pores from
the internal catalyst surface to the pore mouth or external surface

7. External diffusion of product molecules from the catalyst surface reaching
up to the bulk liquid

Here, we consider only irreversible reactions because diffusion of products does not
influence the process rate.

Rate equations for catalytic reactions are established according to the kinetic
regime, i.e., in accordance with the relative importance of mass transfer and (surface)
chemical reaction steps. These kinetic regimes can be classified as follows:

• Slow kinetic regime
• Fast kinetic regime or external diffusion kinetic regime
• Internal diffusion kinetic regime

The rate equations for these kinetic regime systems are presented below.

10.1.1 SLOW KINETIC REGIME

This is the case when the mass-transfer resistances are negligible because external
and internal diffusions are very fast steps compared to the surface reaction step. In

FIGURE 10.1 Mechanism steps of a gas–liquid–solid catalytic reaction.
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the slow kinetic regime, the high diffusion rates make the concentration of reactants
at any point in the liquid, both outside and inside the catalyst pores, equal to that
in the bulk liquid. Figure 10.2 shows the concentration profile corresponding to this
kinetic regime. The rate equation for the disappearance of reactants depends exclu-
sively on the slowest step of the surface reaction, Step 3.1, 3.2, or 3.3. Hence,
adsorption, chemical surface reaction, or desorption can control the process rate.
The rate equation is established from a Langmuir–Hinshelwood (LH) mechanism
involving these three consecutive steps.93 For the case of Reaction (10.2), for z = 1,
a possible mechanism would be:

• Adsorption of reactants:

(10.3)

(10.4)

• Surface chemical reaction:

(10.5)

• Desorption:

(10.6)

where S represents one free active center of the catalyst surface.

FIGURE 10.2 Concentration profiles of a gas–liquid–solid catalytic reaction in the slow
kinetic regime.
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Once the mechanism is established, the slowest or controlling step is assumed
from experimental results (catalytic experiments, FT-IR analysis, thermogravimetric
analysis, etc.). For example, if the surface chemical Reaction (10.5) is assumed to
be the controlling step, the process rate or kinetics of the catalytic reaction is:

(10.7)

where the kinetics is expressed per mass of catalyst as a function of adsorbed species
concentration, CA=S, CB=S, and CP=S, and KS is the equilibrium constant of the surface
chemical reaction, Step (10.5). These concentrations can be expressed as a function
of the bulk concentrations if the other steps (adsorption and desorption steps) are
considered at equilibrium, which is the logical consequence of their rapidity. For
example, in the case studied, from the equilibrium equations of adsorption and
desorption steps, concentrations of adsorbed species are:

From equilibrium (10.3):

 (10.8)

From equilibrium (10.4):

(10.9)

From equilibrium (10.6):

(10.10)

where Cv is the concentration of free active centers on the catalyst surface. When
Equation (10.8) to Equation (10.10) are substituted in Equation (10.7), the kinetics
becomes a function of bulk-species concentrations and free active-center concentra-
tion. Finally, this concentration can also be expressed as a function of the other
concentrations if the total balance of active centers is considered:

(10.11)

where Ct is the total concentration of active centers, which according to the Lang-
muir–Hinshelwood theory, remains constant. If Equation (10.11) is considered, the
process rate finally becomes, for this case, as follows:

(10.12)
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Equation (10.12) should then be tested with experimental results. This complex type
kinetic equation can often be simplified according to the experimental findings to
yield, for example, a second-order kinetics, which results in easier mathematical
treatment:

(10.13)

10.1.2 FAST KINETIC REGIME OR EXTERNAL DIFFUSION KINETIC REGIME

In this kinetic regime, internal diffusion and surface chemical reactions are consid-
ered to be fast steps compared to external mass-transfer steps. Now, it is considered
that the concentration of species varies within the films close to the gas–liquid and/or
liquid–solid interfaces and that the concentration within the pores is the same as
that at the external catalyst surface. Figure 10.3 illustrates this situation. There could
be up to three consecutive external mass-transfer steps, according to Figure 10.3.
Therefore, the process rate is the same in each of them. These step rates are expressed
as the product of mass-transfer coefficient and the driving force:

For the gas phase, the mass-transfer step is

(10.14)

For the liquid (close to the gas–liquid interface), the mass-transfer step is

(10.15)

For the liquid (close to the liquid–solid interface), the mass-transfer step is

(10.16)

FIGURE 10.3 Concentration profiles of a gas–liquid–solid catalytic reaction in the fast
kinetic regime.
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where PAi and CA
* are related through the Henry’s law constant [see Equation (4.78)]

and CAs is the concentration of A at the catalyst surface. Note that in this kinetic
model, no homogeneous reaction between A and B is considered. If so, external
mass transfer through the liquid film close to the liquid–solid interface will be
simultaneously accompanied by a chemical reaction in the bulk water and Equation
(10.16) would become, as an approximation:

(10.17)

where the second term on the right side of Equation (10.17) represents the contri-
bution of the homogeneous reaction between A and B, with kh with the rate constant
of this reaction that would take place within the bulk liquid and a the external surface
of the catalyst per volume of solution. Note that a first-order reaction with respect
to A and B is assumed in Equation (10.17). Equation rates (10.14) to (10.16) are
also the rate of disappearance of A within the catalyst particle, that is:

(10.18)

where w is the mass of catalyst per volume of solution. In most of the situations,
external mass-transfer steps through both the gas and liquid films close to the
gas–water interface are very fast so that the process rate is given by Equation (10.16).
A combination of Equation (10.16) and Equation (10.18), together with Equation
(10.19) (for liquid–solid diffusion of B)

(10.19)

leads to the final kinetic equation for this kinetic regime as a function of mass-
transfer coefficients and bulk concentrations of A and B, with z the stoichiometric
ratio of the catalytic reaction.

10.1.3 INTERNAL DIFFUSION KINETIC REGIME

In the absence of external mass-transfer limitations, the kinetics of gas–liquid–solid
catalytic reactions is controlled by the internal diffusion of reactants through the
pores of the catalyst. Diffusion of reactants through the pores develops simulta-
neously with the surface reaction steps mentioned previously, so that the final kinetics
will depend on the relative importance of both diffusion and reaction steps. In this
kinetic regime, there is a drop in reactant concentration through the pore from the
external surface to the center of the pore, usually the center of the catalyst particle
as far as kinetics is concerned. Figure 10.4 illustrates this situation. In some cases,
the surface reactions are so fast that the internal diffusion exclusively controls the
process rate. In these cases, surface reactions develop only in the outer sections of
the pores. In other cases, when surface reactions are extremely low, internal diffusion
does not affect the rate as was the case studied in Section 10.1.1. This represents,
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of course, the ideal situation, since surface reactions would take place in all the
internal surface of the pores. 

Because the internal diffusion kinetic regime represents a simultaneous mass
transfer and chemical reaction process, the steps followed to obtain the kinetic rate
equation are similar to those presented in Chapter 4 for the case of fast gas–liquid
reactions. Here a spherical catalytic particle is considered. The process rate is given
by Fick’s law applied to the external surface of the catalytic particle:

(10.20)

where DeA is the effective diffusivity of A, which in the case of liquids is calculated
from the molecular diffusivity (see Section 5.1.1) once the porosity, 'p, and tortuosity
factor, 5p, of the particle have been accounted for:

 (10.21)

As can be deduced from Equation (10.20), the concentration profile of reactant A
through the pore is needed to determine the process rate. The concentration profile
of A is obtained from the solution of the microscopic mass-transfer equation of A
applied to the catalyst particle. This equation, for constant effective diffusivity,
diffusion in the radial direction, and steady-state situation, is:93

(10.22)

FIGURE 10.4 Concentration profiles of a gas–liquid–solid catalytic reaction in the internal
diffusion kinetic regime.
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where r TA represents the surface chemical reaction rate per internal surface of the
catalyst, Sg is the internal surface per mass of the catalyst (commonly known as the
BET surface), and 3p is the apparent density of the catalyst.94 Equation (10.22), once
developed, should be expressed in dimensionless form with the changes:

(10.23)

Boundary conditions are:

(10.24)

There is no analytical solution of Equation (10.22) for a second-order kinetics (–rTA =
kTCACB), but for first-order kinetics it is:

(10.25)

where )1 is the Thiele number for a first-order reaction defined as:

(10.26)

The square of this number represents the ratio between the maximum rates of surface
reaction and internal diffusion. It is evident that for high values of this number the
process rate will be preferentially controlled by the internal diffusion while the
opposite situation holds at low values of the Thiele number, i.e., control of the surface
reaction.

Knowing the concentration profile of A, applying Fick’s law [Equation (10.20)]
leads to the reaction kinetic equation. For first-order reactions, the kinetics is:

(10.27)

The process rate, however, is usually defined as a function of another parameter, the
effectiveness factor, -, which represents the number of times the maximum surface
reaction rate (evaluated at the external catalyst surface concentration: CAs) is dimin-
ished due to internal mass-transfer effects. Then, the kinetic equation is:

( /A
A

As

C

C
and

r

R
? ?

/ (

/ (
/

? ?

? ?

1 1

0 0
d

d

(
) /

/ )
? V Wsinh

sinh
1

1

)
3

1 ? R
k S

D
T g p

eA

N D
C

r

D C

R

d

d

D C

RA r R eA
A

r R

eA As A eA As
=

=

= > X
X

? > ? > >V W
?

(
/

) )
/ 1

1 1 1cosh



Heterogeneous Catalytic Ozonation 249

(10.28)

with (10.29)

and (10.30)

It can easily be deduced from Equation (10.29) that the lower the values of )1, the
higher the values of -, i.e., the actual reaction rate is closer to the maximum one
given by Equation (10.30). Then internal diffusion effects should be limited as much
as possible.

10.1.4 GENERAL KINETIC EQUATION FOR GAS–LIQUID–SOLID 
CATALYTIC REACTIONS

In previous sections, rate equations for gas–liquid–solid catalytic reactions have been
presented for different kinetic regimes. However, if all the steps (external and internal
diffusion, and surface reaction) that constitute the mechanism of these reactions
proceed at similar rates, all of them will have an effect on the process rate. For these
cases, a global effectiveness factor is defined as follows:93

 (10.31)

This new parameter represents the number of times the maximum surface reaction
rate (evaluated at the bulk–liquid concentration, CAb) diminishes due to the internal
and external mass transfer effects. The global effectiveness factor is obtained from
the rate equations for external mass transfer [Equation (10.16)] and internal diffusion
plus surface reaction [Equation (10.28)] once the external and internal surface areas
have been accounted for. Thus, since the external mass transfer and internal diffusion
with surface reaction are consecutive steps, the process rate can be expressed as:

(10.32)

where ac is the external surface area of the catalyst particle per mass of catalyst.
From these equations the general process rate is:

(10.33)
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where the expression for the global effectiveness factor can be deduced once Equa-
tion (10.31) is accounted for. In Equation (10.33) parameters for all steps of the
mechanism influence the process rate. Note that Equation (10.32) and Equation
(10.33) consider that external mass transfer through gas and liquid films close to
the gas–liquid interface is negligible. For more details on this matter the reader
should refer to any specialized book.93–95

10.1.5 CRITERIA FOR KINETIC REGIMES

The conditions that allow the kinetic regime to be established depend mainly on the
values of external mass-transfer coefficient, effective diffusivity, and surface reaction
rate constant. There are two main criteria usually followed in gas–liquid–solid
catalytic reactions to distinguish the right kinetic regime. The first is the criterion
of Weisz–Prater,96 which distinguishes between the internal diffusion and surface
chemical reaction. This criterion depends on the product of the effectiveness factor
and the square of the Thiele number:

(10.34)

where E is the ratio between the actual or experimental process rate and the maximum
internal diffusion rate, respectively, i.e., the same definition as the reaction factor in
gas–liquid reactions (see Chapter 4). When E � 1 the process rate is surface–chem-
ical controlled. In the opposite situation, when (E � 1) internal diffusion is the
controlling step of the catalytic reaction rate. Note that the Weisz–Prater criterion
is applied when external mass transfer to solid catalyst surface is negligible. To
confirm that the external mass-transfer regime does not control the process rate, the
criterion of Mears should be used.97 According to this criterion the external mass-
transfer resistance is negligible when Equation (10.35) holds:

(10.35)

where n is the reaction order and 3b, is the density of the catalytic bed in the reactor
used.

We should emphasize that the kinetics of many gas–liquid–solid catalytic reac-
tions is strongly dependent on temperature, so that kinetic equations for nonisother-
mal catalytic processes are deduced from the simultaneous solution of microscopic
mass and energy balance equations. These equations then lead to important devia-
tions from the corresponding isothermal ones. However, here only the fundamentals
of isothermal reaction kinetics are given, since catalytic ozone reactions do not
present significant variations of temperature in water.

As far as the kinetics of heterogeneous catalytic ozonation is concerned, two
aspects should be considered: ozone decomposition kinetics and the catalytic ozo-
nation of compounds.
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10.2 KINETICS OF HETEROGENEOUS CATALYTIC 
OZONE DECOMPOSITION IN WATER*

As established in Chapter 2, because of its high reactivity, ozone decomposes in
water to yield free radicals. The instability of the ozone molecule is both an advantage
and a drawback. The advantage is that, when ozone decomposes, it yields hydroxyl
free radicals and thus ozonation becomes an advanced oxidation process by itself.
The drawback is that ozone cannot be used as the final disinfectant in drinking water
treatment. For these reasons, the literature reports many studies on the kinetics of
ozone decomposition in water (see Section 2.5 and Section 11.6). However, with a
few exceptions where the ozone decomposition was studied in the presence of
transition metal salts,4,5,7,10 most of the studies are for buffered systems that lack the
presence of true metal catalysts. The literature also presents studies on heterogeneous
catalytic ozonation of different compounds and wastewater, as indicated previously
(see Table 10.2).

In contrast, many studies on ozone decomposition (mechanism and kinetics
included) over a catalyst surface in the gas phase have been conducted. These works
are related to the destruction of gas ozone at the contactor outlet in water treatment
plants due to the hazardous character of ozone in the surrounding atmosphere. Table
10.4 lists some of the main works published on this matter and their chief charac-
teristics. Here detailed studies on the mechanism of the chemisorption of ozone on
the catalyst surface are presented. Different types of catalysts have been used, from
transition metal to activated carbon catalysts. A common mechanism to explain the
ozone gas catalytic decomposition considers the adsorption of ozone on the catalyst
surface and the formation of active oxygen adsorbed species (ozonide, superoxide,
atomic oxygen), which finally react with another ozone molecule:109

(10.36)

(10.37)

(10.38)

The works are sometimes completed with infrared studies that show the wavelengths
where ozone or oxygen adsorbed species absorb infrared radiation and allow their
identification. Thus, Bulanin et al.110,111 reported that peaks at 1034 and 1108 cm–1

of FT-IR analysis of catalyst samples treated with ozone correspond to ozone
adsorbed species.

*  Part of Section 10.2 is reprinted with permission from Beltrán, F.J. et al., Kinetics of heterogeneous
decomposition of ozone in water on an activated carbon, Ozone Sci. Eng., 24, 227–237, 2002. Copyright
2002, International Ozone Association.
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TABLE 10.4
Works on Ozone Gas Decomposition on Catalyst Surfaces

Catalyst Observations Reference

Fe2O3, NiO2, Co2O3 LH mechanism and kinetic study, first-order kinetics 
at 20–60ºC

98

+-Al2O3 LH mechanism proposed 99
14 different oxides of transition 
metals

Fixed-bed reactor: 25–200ºC 
Proposed formation of adsorbed oxygen species: 
O2

–, O, O3
–, O–, etc.

Better catalyst: Ag2O (ozone decomposes at 
<25ºC) 

100

#-Fe2O3 23–65ºC, LH mechanism; nitrogen oxides 
accompanying ozone from the ozonator act as 
inhibitors of ozone decomposition

101

TiO2 powders of 2 to 186 m2g–1 
and 10 to more than 200 nm 
size

TiO2 was coated on the inner 
surface of the Pyrex tube

Flow-type cylindrical Pyrex ozone reactor (390 cm3, 5 
cm I.D., 21 cm length); it was also supplied with 8 W 
low pressure Hg lamp (/ > 200 nm), 20–25ºC, CO3 
in air: 80 mgL–1

Hydroxyl groups determination on the TiO2 surface
Ozone decomposition depends on the hydroxyl groups 
sites of TiO2 surface; decomposition increases with 
TiO2 and TiO2/UV

102

MnO2, 64 m2g–1 Fixed-bed reactor, 10–80ºC, CO3 = 5.8 – 29 A 10–5 M
LH mechanism; benzene oxidation is also studied

103

Activated carbon: 110–900 m2g–1

0.75 mm
6-mm high fixed-bed reactor, 25ºC, CO3 in gas: 
6 A 10–7 M

Type of activated carbon affects ozone 
decomposition

104

Activated carbon/MeO/ 
cordierite foam 
(2MgO.2Al2O3.5SiO2),
Me = Fe, Co, Ni, Mn, Ag, etc.

Fixed-bed reactor, gas lineal velocity: 0.7 ms–1

Laser Raman spectroscopy study
MnO2–Fe2O3 best catalyst

105

Co(II)/SiO2, 0.7–3 mm, 
360 m2g–1

Fixed-bed reactor: 2.6 cm diameter; gas residence 
time: up to 300 min; gas ozone: 5–50 A 10–6 M

Mechanism and kinetic study; HO radical formation 
proposed

Very good yields of ozone destruction

106

Charred cherry stones Fixed-bed reactor, charring temperature: 
450–900ºC

Ozone decomposition: 25–150ºC, 10–60 Lh–1, up 
to 2.5% O3 volume

LH mechanism and kinetic study, activation energy: 
41.6 kcalmol–1

107

Cu(110) Theoretical study, models of ozone adsorption, and 
decomposition are given

108
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In contrast to the number of studies on catalytic ozone decomposition kinetics
in the gas thus far few works deal with this subject in water.50,65 These works also
report the ozone decomposition on activated carbon surfaces. 

The positive effect of the simultaneous use of ozone and activated carbon for
removing pollutants from water has been the subject of various works, as reported
later (see Section 10.3). A few attempts have been made to clarify the mechanism
and kinetics of the ozone decomposition on activated carbon in water. 

There are two ways to study the kinetics of ozone decomposition in water in
the presence of solid catalysts. Both methods differ in the way ozone is fed to the
reactor: as an ozone aqueous solution or continuously fed as an ozone–oxygen or
ozone–air mixture. In the first case, a batch well-agitated reactor is usually used,
while in the second case the reactor works as a semibatch well-agitated reactor
where the water containing the catalyst has been previously charged. The semibatch
way, however, is not recommended since ozone rapidly (in a few minutes) reaches
a stationary concentration in water. Hence, only a few samples can be drawn from
the reactor to prepare an ozone concentration profile with time, which is needed to
study the kinetics. Another difficulty is the influence of the mass-transfer rate, which
makes it necessary to know the mass-transfer coefficients of ozone from the water
interface to the bulk water and from the bulk water to the water–solid interface.
Accordingly, batch ozone decomposition studies are recommended. In this way, the
system is a liquid–solid catalytic reaction because external mass transfer due to the
diffusion of ozone through the film layer of water close to the gas–liquid interface
is eliminated. 

Once the reactor has been chosen, experiments should be developed according
to certain rules. Because the main goal of the kinetics is to determine the rate
constants of the catalytic reaction, it is convenient that the experiments be carried
out in the slow kinetic regime. This would allow an LH mechanism112 to be proposed
and a rate equation to be deduced without the problems related to mass transfer.
First, a series of experiments must be completed to establish the conditions of
agitation and catalyst particle size where external and internal diffusion are fast steps
and do not control the process rate. Thus, according to the preceding sections, in
the external and internal diffusion kinetic regimes, the ozone decomposition rate
will depend on the mass-transfer coefficient, kc, and the particle size, R, respectively.
Values of mass-transfer coefficients are proportional to the agitation speed.113 The
usual technique to apply in order to avoid external mass-transfer limitations is to
conduct experiments at increasing agitation speeds. Once this variable does not affect
the process rate, it can be concluded that external mass-transfer effects are negligible.
The internal diffusion kinetic regime is avoided by completing experiments at
decreasing catalyst particle size, R. When this variable does not affect the process
rate, it can be said that internal diffusion is also negligible. When both mass-transfer
effects are negligible, the process rate is in the chemical or slow kinetic regime. In
the case of ozone decomposition kinetics in a batch reactor, it includes a series of
experiments at different agitation speeds to fix the lowest values of this variable
above which the process rate is constant. A second series of experiments at different
particle size should then be completed to fix the maximum particle size below which
the process rate is unaffected when this variable is changed. Finally, experiments at
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different ozone concentrations, catalyst mass, and temperature, and/or pH are devel-
oped to confirm the mechanism and theoretical rate equation proposed. This sequence
of steps was described in a previous paper as discussed later in this chapter.65

The first work on the kinetics of ozone decomposition in the presence of a solid
catalyst was by Jans and Hoigné,50 who used an activated carbon and a carbon black
as solid catalysts and small flasks as batch well-agitated reactors to study the kinetics.
With these types of reactors, gas–water mass transfer was avoided, but the slow
kinetic regime was confirmed. Experimental conditions applied included the pres-
ence of substances known to act as true initiators, inhibitors, or promoters of the
ozone decomposition (see Chapter 2), although no experiments with agitation and
different particle size of catalyst were carried out. A priori, the rate constants
obtained should not be considered as due exclusively to the true surface reaction
kinetics since no attempt was made to eliminate external and internal diffusion.
However, from the results Jans and Hoigné obtained, it could be argued that the
experiments were carried out in the slow kinetic regime. In any case, the main aim
of their work was to clarify that the catalytic process was an advanced oxidation
system, i.e., a system leading to the formation of hydroxyl radicals. The authors
reported that the ozone decomposition rate increases in the presence of carbon
(activated or black) compared to noncatalytic experiments under similar conditions.50

They also observed that the decay rate of ozone followed apparent first-order kinetics,
regardless of the presence or absence of the substances indicated above. For example,
it was reported that at pH 5, in the presence of glucose (promoter) and acetate
(inhibitor), the apparent rate constant increased from 8.1 A 10–4 s–1 in the absence of
activated carbon to 2.6 A 10–3 s–1 in its presence. The apparent pseudo first-order rate
constant also increased with pH (e.g., in the presence of 4 mgL–1 activated carbon,
the rate constant increased from 2.6 A 10–3 s–1 at pH 5 to 15 A 10–3 s–1 at pH 7.4).
The best fits in experimental data resulted by assuming a first ozone adsorption step
at the carbon surface followed by one initiation step for free radicals. Hence, they
concluded that ozone decomposition on the carbon surface acts as an initiating step
of a radical mechanism leading to HO radicals in water. To confirm this, some
decomposition experiments were also carried out in the presence of p-chlorobenzoic
acid, a compound that does not adsorb onto the carbon surface (at the conditions
investigated) and does not significantly react with ozone, but does react with
hydroxyl radicals. The authors observed that although the presence of activated
carbon accelerated the decomposition of ozone, the oxidizing efficiency or substrate
selectivity did not change at all. In other words, they found the same stoichiometric
ratio, 1 mole of hydroxyl radicals formed per 2 ozone moles decomposed, in the
O3/activated carbon system as in other advanced ozone oxidation systems (O3/H2O2,
O3/UV). In view of these findings they concluded that activated carbon initiates the
ozone decomposition in free radicals that subsequently react in water.

The study of the catalytic decomposition kinetics of ozone in water as a liq-
uid–solid catalytic system following the rules above indicating avoidance of mass-
transfer limitations has also been the subject of publications. Beltrán et al.65 con-
ducted such a study based on experimental results obtained in a perfectly mixed
basket reactor (see Figure 10.5). The experiments were similar to those of Jans and
Hoigné50 with an aqueous solution of ozone charged into the basket reactor and put



Heterogeneous Catalytic Ozonation 255

into contact with a known mass of activated carbon situated in the basket. The
activated carbon used was a porous material with 789 m2g–1 BET surface area of
spherical particles. Experimental conditions were established so that the process rate
(ozone decomposition rate) developed in the slow or chemical kinetic regime (see
Section 10.1.1). This was achieved after performing experiments at different agitation
speed and particle size. Experiments at different mass of catalyst, temperature, and
concentration of reactants (ozone in this case) were then carried out. It should be
highlighted that the ozone decomposition in water in the presence of activated carbon
was due to two mechanisms: the homogeneous reaction (see Section 3.1) and the
catalytic reaction. Beltrán et al.65 observed, as Jans and Hoigné50 did previously,
that, regardless of the presence and absence of activated carbon, the process rate
followed a first-order kinetics with respect to ozone. They also observed that the
catalytic decomposition rate of ozone increased with increasing pH. Figure 10.6,
shows a plot of the apparent first-order rate constant of ozone decomposition in
water in the presence and absence of activated carbon. As can be observed from
Figure 10.6, the rate constant of ozone decomposition in the presence of activated
carbon was always higher than in its absence. We can also see that the rate constant
remained virtually unchanged in the 2 to 6 pH range while it increased significantly

FIGURE 10.5 Perfectly mixed basket reactor.

FIGURE 10.6 Variation of the homogeneous (▫) and heterogeneous (�) apparent first-order
rate constant of ozone decomposition in water with pH. (Reprinted with permission from
Beltrán, F.J. et al., Kinetics of heterogeneous decomposition of ozone in water on an activated
carbon, Ozone Sci. Eng., 24, 227–237, 2002. Copyright 2002, International Ozone Association.)
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for pH > 6. In view of these results and information in the literature on catalytic
decomposition of ozone in the gas phase, the following LH mechanism was proposed:65

Homogeneous decomposition:

(10.39)

(10.40)

(10.41)

(10.42)

Heterogeneous decomposition surface reaction:

For pH 2 to 6:

(10.43)

(10.44)

(10.45)

In addition, for pH > 6:

(10.46)

(10.47)

(10.48)

(10.49)
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Homogeneous propagation and termination reactions:

(10.50)

(10.51)

(10.52)

(10.53)

This mechanism supports the conclusion of Jans and Hoigné50 about the character
of activated carbon for initiating the radical chains leading to hydroxyl radicals that
would react in the aqueous solution [Step (10.47) and Step (10.53)].

Thus, two kinetics of the activated carbon catalytic ozone decomposition in
water were proposed depending on the pH range:

• For pH 2 to 6, Step (10.39) to Step (10.42) and Step (10.50) to Step (10.53)
(homogeneous decomposition) and Step (10.43) to Step (10.45) catalytic
decomposition. In this case, ozone adsorption [Step (10.46)] was consid-
ered as the controlling or slow step.

• For pH > 6, the same steps for the homogeneous decomposition and Step
(10.46) to Step (10.49) for the catalytic decomposition. The authors
assumed Step (10.47) was the slower one.65

From the mechanism proposed, first-order rate equations for the decomposition
of ozone were deduced, thus confirming the experimental findings.65 The rate equa-
tion deduced at pH > 6 was particularly interesting since it allowed the equilibrium
constant of the hydroxyl ion adsorption Step (10.46) to be determined. Thus, the
mechanism proposed led to the following rate equation:65

For pH > 6

(10.54)

where

(10.55)

and 

(10.56)
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Since experiments were carried out in a perfectly mixed batch reactor, the rate of
ozone decomposition was: 

(10.57)

Determination of different rate constants, kHom (homogeneous process), kHet1 (cata-
lytic process) for Step (10.39) to Step (10.42) and kHet2 was made by plotting the
experimental results of lnCO3 against time to obtain straight lines (for more details
see Reference 65). Values of kHet2 were calculated as the difference kT2 – (kHom + kHet1)
corresponding to each pH and temperature. The catalytic rate constant kHet2 was not
a true chemical rate constant but a function of hydroxyl ion concentration as shown
in Equation (10.55), which is a Langmuir isotherm type equation. This is a typical
equation commonly found from LH mechanisms. The inverse of this equation shows
a linear relationship between 1/kT2 and 1/COH–:

(10.58)

so that a plot of its left side against the inverse of the hydroxyl ion concentration
leads to a straight line of slope 1/k "C5. From the ordinate, the equilibrium constant,
KC4, could be determined. As a final conclusion of this work,65 Arrhenius type
equations were found for both the homogeneous and heterogeneous ozone decom-
position kinetics. Regardless of the pH, the activation energy of the heterogeneous
process was always lower than that of the homogeneous process.

10.3 KINETICS OF HETEROGENEOUS CATALYTIC 
OZONATION OF COMPOUNDS IN WATER

A few studies on the catalytic ozonation of compounds in water deal with the
corresponding kinetics. Nonetheless, the kinetics, as in other ozonation processes,
is a basic tool to establish the reactivity of ozone. Kinetic studies of catalytic
ozonation are usually carried out in semibatch reactors where ozone is continuously
fed as an ozone–oxygen or ozone–air mixture. The batch reactor with a charged
aqueous ozone–compound solution is not recommended in this case because ozone
is likely to be consumed in such a short period of time that the small amount of
concentration data collected is not appropriate for a rigorous study. The semibatch
reactor is then charged with the compound aqueous solution and catalyst. The
catalyst can be in powder form or small pellets. When a powder catalyst is fed, the
reactor works as a well-agitated slurry reactor. A basket placed along the agitating
bar is also used to contain the catalyst pellets in the second case (see Figure 10.5).

Kinetic studies are developed in the different kinetic regimes (see Section 10.1)
that allow the determination of rate constant, mass transfer, and effective diffusivity
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data that could later be used for kinetic modeling. In the treatment that follows, a
catalytic reaction between ozone and a compound B will be considered:

(10.59)

For an easier mathematical treatment, an ozone first-order and a compound zero-
order reaction are considered. These kinetic orders have been observed in a few
catalytic ozonation reactions.66

10.3.1 THE SLOW KINETIC REGIME

Determination of the rate constant of the catalytic reaction is the main objective in
this kinetic regime. In order that the catalytic reactions proceed in the specified
kinetic regime, experimental conditions are established to avoid mass transfer lim-
itations. However, the first experiments are aimed at confirming that the catalytic
ozonation process is recommended compared to the noncatalytic process and the
ozone-free adsorption process. Therefore, experiments on adsorption kinetics are
necessary to compare if the adsorption rate competes with the catalytic ozonation
rate. Catalyst-free ozonations are needed as second blank experiments for similar
reasons. For example, Figure 10.7 shows that oxalic acid can be significantly
removed with ozone in the presence of an activated carbon and that catalyst-free
ozonation and ozone-free adsorption barely remove oxalic acid from water.114 Then
the catalytic process is a recommended option to follow. Next, the sequence of
experiments at different agitation speeds and catalyst particle sizes (when the cata-
lysts are in pellet form) is recommended. In this case, however, a series of experi-
ments, at different gas flow rates of the inlet ozone containing gas, should first be
carried out together with experiments for different agitation speeds. High values of

FIGURE 10.7 Evolution of dimensionless remaining oxalic acid concentration with time
corresponding to experiments of single adsorption (�), single ozonation (�) and catalytic
ozonation with activated carbon (�) of oxalic acid in water. Experimental conditions: initial
Coxalic = 8 A 10–3 M, CO3(gas) = 30 mg/L, mass of carbon = 1.25 g/L, carbon size = 1.0 to 1.6
mm, gas flow rate = 15 Lh–1, agitation = 200 rpm, T = 20ºC, pH = 2.5. (Reprinted with
permission from Beltrán, F.J. et al., Kinetics of catalytic ozonation of oxalic acid in water
with activated carbon, Ind. Eng. Chem. Res., 41, 6510–6517, 2002. Copyright 2002, American
Chemical Society.)
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both variables make the process rate unaffected by external mass transfer. Determi-
nation of critical or minimum gas flow rate and agitation speed is the objective of
these experiments. When the catalyst is in pellet form, experiments for different
particle sizes should be carried out to determine the maximum size that minimizes
the internal diffusion effects. 

As explained in the previous section, the next step includes experiments at
different concentrations and temperatures and/or pH at the fixed minimum gas flow
rate, agitation speed, and maximum particle size (in the case of pellet catalysts).
Effects of these variables on the compound and ozone concentration, together with
other complementary data on adsorption kinetics, FT-IR, and/or thermogravimetric
analysis, should help propose an LH mechanism. For instance, Beltrán et al.66

proposed the following mechanism of adsorption, surface, and desorption steps for
the catalytic ozonation of oxalic acid in a powered TiO2 slurry well-agitated semi-
batch reactor.

Adsorption of ozone:

(10.60)

(10.61)

Adsorption of oxalic acid:

(10.62)

Surface reaction plus desorption of products:

(10.63)

In this work,66 in addition to adsorption data for ozone and oxalic acid, the proposed
mechanism was also based on the fact that the catalytic ozonation of oxalic acid led
to total mineralization. In this particular case, in addition, catalyst-free ozonation
was also considered. Step (10.61) was taken as the limiting one and the oxalic acid
reaction rate was given by Equation (10.64):

(10.64)

where the first term represented the contribution of the noncatalytic process, w was
the mass of catalyst per unit volume, and CO3–S was the concentration of ozone
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adsorbed species. Equation (10.64) could further be reduced to the following zero-
order oxalic acid kinetics, which supported the experimental results:

(10.65)

where K1 is the equilibrium constant of Step (10.60). The zero-order rate constant
was then obtained from the slope of the straight lines of the oxalic acid concentration
profiles with time. Thus, the actual apparent zero-order rate constant of the catalytic
reaction, khet was:66

(10.66)

with

(10.67)

Here, Equation (10.66) is also a Langmuir type expression. The inverse form of
Equation (10.66)

(10.68)

allows the rate constant (ki2CT) and equilibrium constant, K1, to be determined from
experiments at different ozone gas concentrations. Note that gas and water phases
are perfectly mixed in this kind of reactor so that CO3

* , the dissolved ozone concen-
tration, is obtained from the ozone gas pressure at the reactor outlet by application
of Henry’s law. In Beltrán66 an activation energy of 8k3 kcal mol–1 (32 k!12 kJ mol–1)
was found for the catalytic reaction, much lower than that corresponding to the
noncatalytic process.

10.3.2 EXTERNAL MASS TRANSFER KINETIC REGIME

There are three forms to express the external mass transfer rate in gas–liquid–solid
catalytic reactions, as shown in Section 10.1.2. For ozonation systems, however,
these reduce to two since gas resistance to ozone transfer is negligible.115 The external
mass-transfer steps can even be reduced to only one, which corresponds to the ozone
mass transfer through the water film close to the gas–water interface when the
catalyst is used in powder form. Here both possibilities due to the nature of the
catalyst are discussed for purposes of kinetic study. 
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10.3.2.1 Catalyst in Powder Form

When catalysts are in powder form, the external mass-transfer resistance across the
water film surrounding the particle is negligible. With very small particle size, the
mass-transfer coefficient, kc, is very high93 and the concentration profile through the
indicated water film is uniform (CO3s = CO3). The external mass-transfer resistance
is reduced to that corresponding to the water film close to the gas–water interface.
The rate equation for this case is similar to Equation (10.16) and it was seen in the
slow kinetic regime of catalyst-free ozone reactions [Equation (5.71)]:

(10.69)

Thus, determination of mass-transfer coefficients is carried out as indicated in Sec-
tion 5.3.6. However, another way to determine the mass-transfer coefficient is based
on the knowledge of the rate constant of the catalytic reaction. The catalytic rate
given by Equation (10.69) is also given by Equation (10.28) because both the external
mass-transfer step considered and the internal diffusion plus the simultaneous surface
reaction step are consecutive. In addition, the catalytic rate expressed by Equation
(10.28) reduces to the maximum surface chemical reaction rate because in powdered
catalysts there is no internal diffusion. Therefore, the internal effectiveness factor is
unity. For a first-order ozone catalytic reaction, Equation (10.70) holds: 

(10.70)

where w represents the mass of catalyst per volume of slurry. From Equation (10.69)
and Equation (10.70) the catalytic rate for an ozone first-order reaction becomes:

(10.71)

The ozone disappearance rate, NO3, is not usually applied to determine kLa with
Equation (10.71). This equation is used to determine the catalytic ozonation rate of
compound B. In a semibatch reactor, a mass balance of B is given by Equation
(10.72), once Equation (10.71) has been considered:

(10.72)

Integration of Equation (10.72) with the initial condition:

(10.73)
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leads to the following equation:

(10.74)

where ti is the time from which concentration of ozone in the gas at the reactor
outlet becomes constant (=CO3gs) and CBs is the concentration of compound B at
time ti. From Equation (10.74) a plot of the concentration of B against (t – ti) should
lead to a straight line of slope –ko. Then the rate constant of the catalytic process, k,
or the mass transfer coefficient, kLa, can be calculated. This procedure was applied to
experimental results of the catalytic ozonation of oxalic acid in the presence of pow-
dered TiO2 when conditions for significant external mass-transfer resistance held.66

10.3.2.2 Catalyst in Pellet Form

External mass-transfer resistance through the water films close to both the gas–water
and water–solid interfaces can be responsible for external diffusion limitations. In
the absence of homogeneous ozonation reaction, the catalytic ozonation is a single
three-steps-in-series process, and the ozonation rate can be expressed through each
one of the rates of these steps, which is:

(10.75)

where ap is the external surface area of the catalyst per volume of solution. If
experimental conditions are such that internal diffusion effects are negligible (small
size of catalyst particles), the internal effectiveness factor is unity, and for a first-
order reaction, (–r "O3)s = kCO3s, combination of the three rate equations in Equation
(10.75) leads to:

(10.76)

Equation (10.76) coupled with the mass-balance equation of B in the semibatch
system, once integrated with initial Condition (10.73), allows the determination of
one of the two mass-transfer coefficients, kca or kLa, provided k is known.

10.3.3 INTERNAL DIFFUSION KINETIC REGIME

If internal diffusion of ozone through catalyst pores is a slow step, provided the
external mass-transfer resistances are negligible, the catalytic ozonation rate is given
by Equation (10.28) with the internal effectiveness factor, for the case of a first-
order reaction, given by Equation (10.29). Then the simultaneous use of the mass
balance of B and Equation (10.28), Equation (10.29), and Equation (10.26) (equation
for the Thiele number) allow the determination of the rate constant of the catalytic
reaction, k, or the effective diffusivity of ozone in the catalyst pores, as shown below.
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10.3.3.1 Determination of the Effective Diffusivity 
and Tortuosity Factor of the Porous Catalyst

This procedure requires the experimental results of catalytic ozonation at different
catalyst particle sizes, once critical or minimum gas flow rate and agitation speed
have been determined, to avoid external mass-transfer limitations. Figure 10.8 shows,
as an example, the experimental results of oxalic acid concentration with time in
catalytic ozonation in the presence of a TiO2/Al2O3 catalyst with different particle
sizes. It is seen that there exists a critical value of the particle size (1 mm) below
which the oxalic acid rate is not affected. At conditions of particle size greater than
the critical one, internal diffusion influences the kinetics. For a given first-order
catalytic ozone reaction and zero-order for B (the usual case in heterogeneous
catalytic ozonation66), and according to Equation (10.28) and Equation (5.48), from
the slopes of the straight lines resulting from plots of the concentration of B against
time, the product -k can be obtained. The internal effectiveness factor, by definition,
is also the ratio between the actual ozonation rate when internal diffusion is signif-
icant and the maximum surface ozone reaction rate when internal diffusion effects
are negligible. These two ozonation rates can be obtained from the ratio of slopes
of the B concentration profiles with time corresponding to experiments completed
in the presence of large particle size and critical particle size (3 and 1 mm, respec-
tively, in the example in Figure 10.8). Knowing -, the Thiele number )1 is obtained
from Equation (10.29) and the effective diffusivity of ozone with Equation (10.26).
With this procedure, De for ozone in the pellet catalyst can be determined. The
tortuosity factor, 5p, can then be obtained from Equation (10.21).

10.3.3.2 Determination of the Rate Constant of the Catalytic Reaction

With experimental results in the internal diffusion kinetic regime, the rate constant
of the catalytic reaction can also be obtained provided other parameters such as the
effective diffusivity are known. The method implies a trial-and-error method as
follows:

FIGURE 10.8 Evolution of dimensionless remaining oxalic acid concentration with time
corresponding to experiments of catalytic ozonation with a TiO2/Al2O3 catalyst and different
catalyst particle size. Experimental conditions: initial Coxalic = 8 A 10–3 M, CO3(gas) = 40 mg/L,
mass of catalyst = g/L, gas flow rate = 15 Lh–1, agitation = 300 rpm, T = 20ºC, pH 2.5; particle
size, mm: � = 2 to 2.5, � = 1.0 to 1.6, � = 1.6 to 0.5.
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• Assume a value for the rate constant, k.
• With Equation (10.28) and the mass balance of B applied [Equation (5.48)]

to experimental results in the indicated kinetic regime, calculate the inter-
nal effectiveness factor, -.

• With Equation (10.29) and -, determine the Thiele number, )1.
• With Equation (10.26) and )1, Sg, R, De, etc., determine k.
• Compare the assumed and calculated values of k and decide whether to

restart the process or finish.

The above kinetic studies can be applied to particular cases of the catalytic
ozonation of model compounds and can also be used in moderately contaminated
wastewater with low COD. In these cases, TOC can be used as a surrogate parameter
to follow the mineralization of the wastewater. Thus far, however, there have been
no publications on this topic.

10.4 KINETICS OF SEMICONDUCTOR 
PHOTOCATALYTIC PROCESSES

When certain materials, called semiconductors, are present in irradiated aqueous
systems, fractions of the incident radiation of appropriate wavelength (or energy)
are absorbed by the surface of these materials, thus triggering photochemical reac-
tions. In fact, there are two possible mechanisms that photocatalysts undergo when
irradiated. These possibilities depend on where the initial excitation occurs. An
adsorbate molecule can be excited (absorbs radiation) and then interacts with the
catalyst in a process called catalyzed photoreaction. The second possibility is the
absorption of radiation by the photocatalyst, which then transfers an electron or
energy to one adsorbed or bulk molecule in a process called sensitized photoreaction.
It is this last type of photocatalytic reaction that semiconductor catalysts undergo.
As different metals that present a continuum of electronic states, semiconductors
have a void energy region called the band gap that extends from the highest energy
electron-filled band or valence band to the lowest energy empty band or conduction
band. Photons of at least equal energy (Eh1) to the band gap energy (Ebg) are absorbed,
promoting one electron (e–) from the valence band to the conduction band, as shown
in Figure 10.9. This process, in addition, gives rise to the appearance of an oxidant

FIGURE 10.9 Formation of charge carriers during photon absorption by semiconductor
valence band.
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positive hole (h+) in the valence band. These charge carriers can recombine, liberating
heat, or be involved in oxidative and reductive pathways that can further trigger
thermal or photocatalytic reactions to mineralize the matter present in water. Both
charge carriers can be trapped by surface sites on the catalyst surface to generate
more active sites. The criteria for photocatalyst reactions of a given adsorbed molecule
or bulk molecule depend on two factors: the relative value of its redox potential
compared to those of the semiconductor valence and conduction bands and the kinetic
competition of these photoreactions with the charge carrier recombination. Thus,
regardless of kinetic considerations, photoinduced oxidation will occur when the
target molecule presents an oxidant potential less positive than the semiconductor
valence band (Evb). In these conditions, interfacial electron transfer is thermodynam-
ically possible. On the other hand, photoinduced reduction will take place when the
reduction potential of the target molecule is less negative than the semiconductor
conduction band (Ecb). Figure 10.10 shows this situation when the target compound
is an acceptor of electrons (A) or a donor of electrons (D). In aqueous semiconductor
photocatalyst systems, the highest available electron donor is water, so that for the
photoinduced oxidation reaction to occur, Evb > E(H2O/HO=) = 2.8 (at pH 0). On the
other hand, the highest available electron acceptor could be oxygen, so that conduction
band electron trapping or photoinduced reduction will take place if Ecb < E(O2/HO2=) =
0.2. Accordingly, a good semiconductor is one with band gap energy higher than
3 eV, provided the previous conditions are fulfilled. Among semiconductors, in prac-
tice, only TiO2 (band gap energy = 3.2 eV) and some other compounds such as SrTiO3

fulfilled these conditions.77 In addition, TiO2 is cheap, nontoxic, and has high stability
and photocatalytic ability. Among the crystalline forms of TiO2, anatase and rutile,
it has been experimentally demonstrated that the anatase form is the most active one
although redox potentials of the valence and conduction bands of both forms are quite
similar.116 As reported,116 the way of preparation rather than the crystalline form could
be the main reason for the different activity observed when using anatase or rutile
TiO2, since this is intimately related to the porosity and surface area. The material
prepared by Degussa and called P25 is the most used anatase, TiO2, a semiconductor
for water purification photocatalysis. In the following sections, the particular mecha-
nism and kinetics of photocatalysis with this material are discussed.

FIGURE 10.10 Photoinduced oxidation and reduction by charge carriers in semiconductor
photocatalysis. D = electron donor, A = electron acceptor.
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10.4.1 MECHANISM OF TIO2 SEMICONDUCTOR PHOTOCATALYSIS

In addition to the diffusion steps mentioned in Section 10.1 for heterogeneous
catalysis, the main adsorption–reaction–desorption steps of the mechanism of TiO2

photocatalytic degradation of organics in water have been reported by Turchi and
Ollis117 (see Table 10.5). Of particular interest is that oxidation and reduction pathways

TABLE 10.5
Mechanism of the TiO2 Semiconductor Photocatalysis of Organics in Water117

Light absorption:
(10.77)

Charge carrier recombination:
(10.78)

Adsorption steps:
(10.79)

(10.80)

(10.81)

Charge carrier trapping:
(10.82)

(10.83)

(10.84)

(10.85)

(10.86)

Hydroxyl radical reactions:
(10.87)

(10.88)

(10.89)

(10.90)

(10.91)

Other charge carrier and free radical recombination reactions:
(10.92)

(10.93)

(10.94)

(*) = Lattice oxygen.
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are usually initiated from the oxygen and water adsorbed molecules on TiO2 surface
active sites as shown in Step (10.79), Step (10.80), Step (10.82), and Step (10.83)
rather than from the direct interaction of holes with bulk molecules of the target
compound B, although in many cases this is also thermodynamically favorable.
According to results obtained in organic-free water, only partial mineralization of
organics was achieved that supports the interaction between holes and adsorbed
water for the photoinduced oxidation to take place.117 Reaction (10.86) then seems
to be of negligible contribution. As can be deduced from the mechanism of Table
10.5, one main drawback of these systems is the recombination of charge carriers
that can be accomplished in a few nanoseconds.81 Since the main photoinduced
reaction generally involves the direct or indirect action of the positive hole of the
valence band, the presence of electron trapping species is necessary to avoid recom-
bination. Thus, oxygen is usually the reducible species that takes the conduction
band electrons as shown in Step (10.82) and Step (10.83). Once charge carriers have
been trapped to yield free radical adsorbed species, they are desorbed or react
immediately with the target compound. Given the very rapid nature of these steps
it is likely that these species react before they can be desorbed from the catalyst
surface to participate in Step (10.90) or Step (10.91). Turchi and Ollis,117 however,
determined that the rate of diffusion of hydroxyl radicals from their adsorbed site
to the bulk solution could be a few orders of magnitude higher than the rate of the
photogenerated HO= at the semiconductor surface. Reaction (10.90) or Reaction
(10.91) is also plausible.

10.4.2 LANGMUIR–HINSHELWOOD KINETICS 
OF SEMICONDUCTOR PHOTOCATALYSIS

As has been observed experimentally77 and deduced from the mechanism presented
in Table 10.5, semiconductor photocatalysis usually follows a Langmuir–Hinshel-
wood kinetics, so that the rate of removal of a given target compound is given by
Equation (10.95):

(10.95)

where kexp and Kexp represent the observed chemical rate constant of the photocatalytic
reaction and the equilibrium constant of the adsorption of B, respectively. Equation
(10.95) can be completed if competition of intermediates is accounted for:

(10.96)

Equations of this type were deduced by Turchi and Ollis and checked through
experimental results of the TiO2 photocatalytic removal of benzene and some orga-
nochlorine volatile compounds.117
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Another important fact in kinetic studies is the influence of the intensity of
absorbed radiation, Ia, and oxygen concentration. For the former, experimental and
mechanistic observations lead to a first-order and half-order dependence between
the experimental rate constant kexp and Ia so that:

For low Ia: kexp = kIa (10.97)

For high Ia: kexp = kIa
0.5 (10.98)

Since most of the experimental studies work with intensities higher than 10–7 Einstein
m–2s–1 the half-order is usually found in these kinetic studies.

Concentration of oxygen is another important variable, not only because oxygen
traps electrons in the conduction band but also because it influences the reaction
rate given by Equation (10.95) or Equation (10.96). Also, a Langmuir–Hinshelwood
influence has been observed for oxygen concentrations, as Equation (10.99) shows:

 (10.99)

where KO2 is the Langmuir adsorption equilibrium constant for oxygen in Ti(III)
sites. Mills and Morris118 checked Equation (10.99) from experimental results of the
p-chlorophenol anatase TiO2 photodegradation after plotting the reciprocal of carbon
dioxide generation rate against the reciprocal of oxygen concentration.

Finally, other variables that influence the kinetics of semiconductor photocatal-
ysis systems are the concentration of the target compound, the pH of water, the
presence of anions, metal doping on the catalyst surface, etc. Detailed explanations
of these effects are outside the scope of this work but interested readers can refer
to various review papers.77,79–82

10.4.3 MECHANISM AND KINETICS OF PHOTOCATALYTIC OZONATION

As can be deduced from the mechanisms of ozone in water (see Table 2.4) and TiO2

semiconductor photocatalysis (Table 10.5), there is a clear possibility for ozone to
improve the semiconductor photocatalytic rate or vice versa. This improvement has
been observed in different photocatalytic ozonation studies as depicted in Table 10.3.
In these studies, although no rigorous kinetic studies were conducted, some possible
link reactions between both ozonation and semiconductor photocatalytic oxidation
mechanisms are presented. Thus, the fact that the potential of the conduction band
is more negative than that of the pair (O3/O3

–=)  makes plausible the ozone trapping
of conduction band electrons according to the following sequence:102

(10.82)

(10.100)
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In fact the ozonide ion radical, O3
–=, has been detected during the ozone decompo-

sition on TiO2 surfaces in the gas phase102 and by ESR measurements during the
free cyanide decomposition in water with ozone, UV light, and P25 Degussa and
BDH TiO2 catalysts.85 Once the ozonide ion radical is formed, a mechanism similar
to that shown in Table 2.4 for the ozone decomposition can take place to eventually
yield another way of hydroxyl radical generation. Furthermore, hydroxyl radicals
can also be formed from the reaction between photogenerated and adsorbed hydrogen
peroxide and ozone in a way similar to the one that occurs in the ozone/hydrogen
peroxide and ozone/UV systems (see Chapter 8 or Chapter 9):

(10.101)

As far as the kinetics is concerned, in previous studies, Langmuir–Hinshelwood
photocatalytic ozonation kinetics was observed in the removal of monochloroacetic
acid and pyridine,84 cyanides,85 and formic acid.86 The studies were carried out in
semibatch photocatalytic ozonation reactors, so that for a water phase of batchwise
operation, the equation usually checked is

(10.102)

with kexp the second-order rate constant of the photocatalytic ozonation process, and
CO3–S and CB–S the concentration of adsorbed ozone and B species on TiO2 active
sites, which can be expressed by the corresponding Langmuir adsorption isotherms:

(10.103)

and 

(10.104)

with KO3 and KB the adsorption equilibrium constants for ozone and B, respectively.
Equations of this type have been checked by Hernández–Alonso et al.85 in the TiO2

photocatalytic ozonation of free cyanides.
In view of the experimental results obtained in this field, a promising future for

the possible application of these systems is expected, as preliminary cost studies
have also shown.84 Obviously, before this occurs, considerable research effort should
be devoted to elucidate many aspects such as those concerning the improvement of
semiconductor catalyst preparation and the mechanism and kinetics of the process.
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11 Kinetic Modeling of 
Ozone Processes

The last step of a kinetic study is building a kinetic model in which all the information
obtained from some of the methods presented thus far is applied. As in any system
that involves chemical reactions and mass transfer, the kinetic model for ozonation
processes consists of the mass-balance equations of the species present (ozone,
reacting compounds, hydrogen peroxide, etc.) in the system, which is the reactor
volume. In addition, for the particular case of gas–liquid reacting systems, depending
on the kinetic regime of ozone absorption, the mathematical model can also include
microscopic mass-balance equations applied to the film layer close to the gas–water
interface, which are needed to determine the mass flux of species to or from the
liquid or gas phases through the interface. In the first case (slow regime), the
mathematical model is usually a set of nonlinear ordinary or partial differential or
algebraic equations of different mathematical complexity. In the second case (fast
regime) the mathematical complexity is even higher since the solution implies trial-
and-error methods, together with numerical solution techniques for both the bulk
mass-balance equations and microscopic differential equations.1 In any case, solution
of this model will allow the concentrations of the different species to be known at
the reactor outlet or at any time, depending on the regime of ozonation (batch,
semibatch, or continuous).

The kinetic model is built from the application of mass balances to an increment
volume of reaction, BV, where the concentration of any species can be considered
uniform and constant in space. Thus, for a species i, the mass-balance equation
applied to a small fraction of reactor volume, BV, is:

    (11.1)

where Fi0 and Fi represent the molar rates of species i, at the entrance and exit of the
reaction volume, BV, respectively; Gi is the generation rate that represents the i mole
rate per unit of volume that is formed or removed; Bni /Bt is the accumulation rate
of i in that volume; and $ is the liquid holdup or liquid fraction of the reaction volume.
Since water ozonation systems do not involve variations in temperature, ozonation
can be considered an isothermic system, and an energy balance is not required.

The small volume considered, BV, is divided into liquid and gas fractions that
can be measured through the liquid holdup, $, defined in Equation (5.43) or Equation
(5.44). Also, volume variations in ozonation systems are negligible, especially for
the water phase (with density being constant). In the case of the gas phase, some
variation due to the drop in pressure should be taken into account, especially in real
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ozone contactors several meters high. For laboratory or pilot plant ozone reactors,
variation in total gas pressure can be neglected. According to this, for a system of
constant volume or constant volumetric flow rates through the ozone reactor, Equa-
tion (11.1) reduces to Equation (11.2) and Equation (11.3), for any gas or liquid
component, respectively.

For a gas component:

    (11.2)

For a liquid component:

  (11.3)

with Ci the concentration of species i in this volume

  (11.4)

where the subindex x can be L or g, the liquid or gas phase, respectively. Conse-
quently, vL and vg are the actual liquid and gas volumetric flow rates through the
reactor, respectively.

For the liquid phase:

  (11.5)

and for the gas phase:

  (11.6)

where vL0 and vg0 are the corresponding volumetric flow rates for the water and gas
phases at empty reactor conditions. For continuous systems, the volumetric flow
rates can also be expressed as a function of hydraulic residence times, 5, since:

  (11.7)

The generation term in Equation (11.1) is a very important function that in gas–liquid
reaction systems such as ozonation has different algebraic forms depending on the
kinetic regime of absorption and the nature of i species. Here also, one should
determine the balance equation in the gas or liquid phase for the form of the
generation rate term.
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The forms of the generation rate term in the most common cases are as indicated
in the following sections.

11.1 CASE OF SLOW KINETIC REGIME 
OF OZONE ABSORPTION

When reactions of ozone develop in the bulk water (see Chapter 5) the kinetic regime
is slow or the ozone reactions are slow. This is the typical kinetic regime for drinking
water ozonation systems. In these cases the generation rate term of Equation (11.1)
is as follows:

For the water phase:

1. For any nonvolatile species i:

  (11.8)

where ri is the reaction rate of i due to chemical reactions

  (11.9)

where subindex j refers to any j reaction that species i undergoes in water.
For example, in an ozonation system, ri of a given compound will involve
at least two reactions: the direct reaction with ozone and the free radical
reaction with the hydroxyl radical. For a general case where UV radiation
is also applied, another possible contribution is due to the direct photol-
ysis. Then, the reaction rate of the compound i is expressed as the sum
of the rates due to these three contributions:

  (11.10)

Note that these contributions, once substituted in Equation (11.2), have negative
values because the stoichiometric coefficients of their corresponding reactions are
negative (see Section 3.1). Also, the exact form of Equation (11.10) will depend on
the expression for the concentration of hydroxyl radicals, which is usually defined
as in Equation (7.12), Equation (8.5), or Equation (9.39).

2. For any volatile species i:

  (11.11)

where Nvi represents the desorption rate of i. Here, Ci* is the concentration
of i at the water interface, which can be expressed as a function of the
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partial pressure of i or the gas concentration of i, Cgi, with the correspond-
ing Henry’s law:

  (11.12)

In this equation it is assumed that the gas phase resistance to mass transfer
is negligible.

3. For ozone in the water phase:

  (11.13)

where rO3 is the reaction rate term that involves all the chemical reactions
ozone undergoes in water and NO3 is the ozone transfer rate from the gas
to the water phase:

    (11.14)

and

  (11.15)

where CO3g is the concentration of ozone in the gas phase. In ozonation
systems, Equation (11.15) always holds because the gas resistance to
ozone transfer is negligible (ozone is barely soluble in water;2 see also
Section 4.2.3). The exact form of the reaction rate term, rO3, is deduced
from the mechanism of the reactions proposed. For example, the concen-
tration of ozone is a function of the concentration of hydroxyl radicals
that depends on the oxidizing system used, as observed in Chapter 7 to
Chapter 9.

For the gas phase:

1. For any i volatile species:

    (11.16)

2. For ozone:

  (11.17)

where the minus sign means that ozone is transferred from the gas into
the water phase.
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11.2 CASE OF FAST KINETIC REGIME 
OF OZONE ABSORPTION

This is a rather unusual case in drinking water treatment because the fast kinetic
regime mainly predominates when the concentration of compounds that react with
ozone in water is high enough so that the Hatta number of ozone reactions is higher
than 3 (see Table 5.5). Another possibility when the Hatta number is higher than 3
arises when the rate constants of the reactions of ozone and compounds present in
water are also very high, although the usual case is the former one. As a consequence,
the fast kinetic regime develops mainly in the ozonation of wastewater as presented
in Chapter 6 and in a few other specific cases. In the following text a few examples
of the absence or presence of the fast regime are given. Thus, let us assume that the
water contains some herbicide such as mecoprop. The direct rate constant of the
ozone–mecoprop reaction is 100 M–1s–1.3 For the fast kinetic regime condition to be
applied (see Table 5.5), the concentration of mecoprop in water should be higher
than 0.8 M. This is an unrealistic value for the concentration of the herbicide because
the kinetic regime in an actual case would likely be slower and values of Gi would
correspond to equations in Section 11.1. However, if the compound present in water
is a phenol (present, for example, in wastewater), the situation could change because
the ozone–phenol reaction rate constant, let us say at pH 7, would be about 2 A 106

M–1s–1. In this case, the kinetic regime would be fast if the concentration of phenol
is at least 5 A 10–5 M, which is a possible situation. Another possible case of fast
regime arises when a phenol compound is treated at high pH. Because of the
dissociating character of phenols, the increase in pH leads to an increase in the
concentration of the phenolate species, which reacts with ozone faster than the
nondissociating phenol species (see Chapter 2). Then, an increase in the rate constant
yields an increase in the Hatta number and the conditions for the fast regime hold.
For example, the literature reports studies about the kinetic modeling of certain
chlorophenol compounds in alkaline conditions where the fast kinetic regime
holds.4–7 However, these cases are more likely specific to wastewater where the
concentration can be followed with the COD that will simplify the mathematical
model, as will be shown later (see also Chapter 6).

Generally, when the kinetic regime is fast, the parameter Gi is difficult to
determine, except in the case of ozone, when it undergoes a simple irreversible
reaction. In fact, GO3 (in absolute value) has the same expression for the gas and
water phases:

  (11.18)

where E, the reaction factor, depends on the fast kinetic regime type (moderate, fast,
of pseudo first order, instantaneous, etc.) to take one of the forms discussed in
Chapter 4. However, NO3 can be used in Equation (11.1) only for ozone in the gas
phase. In the water phase, Equation (11.1) for ozone is not used since the concen-
tration of ozone, CO3, is zero when the kinetic regime is fast.

A different situation is presented when Equation (11.1) is applied to any other
species reacting with ozone. The generation term, Gi, will depend on the concentrations
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of such species (including ozone), as indicated in Equation (11.8) or Equation
(11.11). But if CO3 is zero, how can this situation be dealt with? In the fast kinetic
regime, the concentration of ozone is not zero only within the liquid film layer, as
already shown in Figure 4.10 to Figure 4.12. In fact, the concentration of ozone
varies from CO3

* at the gas–water interface to zero at a given point within the film
layer (between the interface and bulk water). The concentration of the reacting
species also changes within the film layer. In these cases, the maximum value of Ci

is in bulk water. If concentrations are not constant within the film layer, how can Gi

be calculated? There are several possible ways to solve this problem, all of which
involve the solution of the microscopic mass-balance Equation (4.34) and Equation
(4.35). One of these possibilities follows the complicated steps shown below:

• Calculate the concentration profiles of reacting species, including that of
ozone, with the position in the film layer (depth of penetration). This
requires the solution of the microscopic mass-balance equations of species
[Equation (4.13) or Equation (4.34) and Equation (4.35) if film theory is
applied] using numerical methods.

• Determine the generation rate terms from the mean values of the reaction
rate terms once the concentrations of reactants are known at different
positions within the film layer. This can be accomplished as follows:

  (11.19)

where ri is given by Equation (11.10).
• Solve the system of macroscopic mass-balance Equation (11.1) with the

known values of Gi.

The second possibility is the determination of the mass flux of reacting species 
and ozone gas through the edge of the liquid film layer in contact with the bulk 
liquid and through the gas–film layer in contact with the bulk gas, Nib

l  and NO3b
g

, 
respectively.

For any reacting species, i:

    (11.20)

and for ozone gas:

    (11.21)

Note that in Equation (11.21) the flux of ozone through the gas–film layer is the
same as through the interface because of the absence of gas resistance to mass
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transfer.1 As also seen in Equation (11.21), the ozone flux is finally expressed as a
function of the reaction factor, E. Values of E and the bulk mass flux of compounds,
Nib

l , can be calculated from the solution of the continuity Equation (4.13) or Equation
(4.34) and Equation (4.35) as film theory is applied. For example, in the case of an
irreversible second-order reaction between ozone and B [Reaction (4.32)], values of
E can be known from the equations deduced in Section 4.2.1.2 (see also Table 5.5).
E and the bulk mass flux of compounds through the liquid film layer–bulk water
are then used in the bulk mass balances of species [Equation (11.2) and Equation
(11.3) applied to the whole reactor volume (see Section 11.6.3)] to obtain the
concentration profiles with time or position, depending on the type of flow of the
gas and water phases through the reactor and the time regime (stationary or nonsta-
tionary) of ozonation. For example, Hautaniemi et al.4 used this approach to predict
the concentration profiles of some chlorophenol compounds and ozone, when ozo-
nation was carried out at basic conditions in a semibatch, perfectly mixed tank.

It is evident that the resulting complex mathematical model results are very
difficult to solve, especially for multiple series-parallel ozone reactions, which would
be the usual case. Nonetheless, there is one possible case that could even lead to
one analytical solution, i.e., when ozone, while being absorbed in water, undergoes
a unique irreversible reaction with the compound B already present in water. This
can either be the typical case of wastewater ozonation where COD can represent
the concentration of the matter present in water that reacts with ozone [Reaction
(6.5)], or just the case of one irreversible reaction between ozone and a compound
B with a high rate constant (i.e., a phenol compound). Two methods can be applied,
depending on the time regime conditions. In both cases, however, the only generation
term needed is that of ozone, GO3 = NO3. At nonsteady-state conditions the method
needs the mass balance of B in bulk water, and at steady-state conditions a total
balance is the recommended option, so that the corresponding generation rate term
of B or COD is not needed in this second approach. In this chapter, the procedure
based on the total balance will be followed to present the different solutions except
in those cases where the use of the bulk mass balance of B is already applied (see
Section 11.6.2.1). Section 11.8 presents an example of the kinetic model for the
ozonation of industrial wastewater in the fast kinetic regime. Section 6.6.3.1 dis-
cussed a kinetic study to determine the rate coefficient of the reaction of ozone and
wastewater of high reactivity.

11.3 CASE OF INTERMEDIATE OR MODERATE KINETIC 
REGIME OF OZONE ABSORPTION

When ozone reactions develop both in the film close to the gas–water interface and
in bulk water, the kinetic regime is called intermediate or moderate. In this case,
there is a need to quantify the fraction of ozone reactions in both zones of water.
The problem is similar to that presented for fast reactions in Section 11.2, but it
includes the difficulty of reaction in bulk water as well. Again, the solution to the
problem implies the simultaneous solution of microscopic equations in the film layer
and macroscopic equations in the bulk water. This complex problem has been
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recently treated by Debellefontaine and Benbelkacer,8 who introduced the concept of
the depletion factor, DF, previously defined by Schlüter and Schulzke.9 In a way
similar to the reaction or enhancement factor, this dimensionless number, E, compares
the ozone absorption (in this case) at the edge of the film in contact with bulk water
(NO3)x = / with the physical absorption of ozone. Definition of the depletion factor is:8

  (11.22)

Note that the depletion factor is defined as the number of times the ozone physical
absorption rate is increased due to chemical reactions in the bulk water, while the
reaction factor is defined as the number of times the maximum physical ozone
absorption rate (kLCO3

* ) is increased due to chemical reactions in the film layer. If a
moderate regime is considered, chemical reactions develop both in the film and in
the bulk water (see Figure 4.9) so that in most cases the bulk ozone concentration
is different from zero (CO3 S 0). Hence, in this situation, the reaction factor can also
be defined as follows:

  (11.23)

According to definitions of E and DF, it is evident that the ratio between the
two dimensionless numbers (DF/E) represents the fraction of unconverted ozone
that leaves the film and enters the bulk water. Applying Equation (11.22) and
Equation (11.23) allows the generation rate terms of ozone and reacting species in
the bulk water and the film layer, respectively, to be known separately. These terms
are as follows:

For the generation rate of ozone (reacting) in the film:

  (11.24)

For the generation rate of ozone (reacting) in the bulk water:

  (11.25)

In a similar manner, for any compound B reacting with ozone the generation rate
terms in both the film and bulk water will be similar to those of Equation (11.24)
and Equation (11.25) once the stoichiometric coefficients are accounted for. For
example, for a compound i that reacts with ozone according to the stoichiometry
given by Reaction (3.5), the generation rate terms would be:
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In the film layer:

    (11.26)

In the bulk water:

  (11.27)

With this approach, Debellefontaine and Benbelkacen prepared the kinetic model
for the ozonation of maleic and fumaric acids.10,11 More details of the use of Equation
(11.24) to Equation (11.27) are given in Section 11.6.3.

11.4 TIME REGIMES IN OZONATION

Once the generation rate terms have been specified, Equation (11.1) and Equation
(11.2) can be simplified further according to the effect of time on the performance
of the system. Thus, although the gas phase is continuously fed to the ozone
contactor, the water phase could be initially charged (batch system) or continuously
fed (continuous system). Either way, the time regime is directly related to the size
of the ozone contactor, which depends on the volume of treated water. Usually, in
laboratory contactors, a semibatch system (continuous for the gas phase and batch
for the water phase) is used to carry out the ozone reactions. In some pilot plant
contactors, both the semibatch and continuous systems are possible, while in actual
ozone contactors in water or wastewater treatment plants, the continuous system is
the means of operation. The time regime (batch or continuous) is, thus, an important
aspect in reactor design since Equation (11.1) can significantly be simplified depend-
ing on the time regime type. For example, in semibatch systems, for the water phase,
there is no mass flow rates at the inlet and outlet of the reaction volume, and Fi0

and Fi are not present in Equation (11.1), which then becomes

  (11.28)

In fact, for the water phase, this is the equation that has been used for kinetic studies
(see Chapter 5). Laboratory ozonation systems are examples of where these equa-
tions are applied since they usually are nonstationary processes where concentrations
in water vary with time.

For continuous systems (some pilot plants and commercial contactors), although
convection flow rates, Fi0 and Fi, cannot be removed from Equation (11.1), the
accumulation rate terms, Bni /Bt, are not present since these are steady-state processes.
In a steady-state process, Equation (11.1) reduces to:

  (11.29)
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It is evident that, in a practical case, there will be a period of time at the start of the
process when ozonation is a nonsteady-state operation and Equation (11.1) cannot
be simplified. This represents the most difficult case to treat mathematically. Simi-
larly, also for practical applications, ozone contactors are designed for the steady-
state operation so that Equation (11.1) is solved starting from Equation (11.29). In
fact, solving Equation (11.1) without any simplification is a rather academic exercise,
although it allows the process time to reach the steady-state operation.

11.5 INFLUENCE OF THE TYPE OF WATER AND GAS FLOWS

Once the time regime has been established (semibatch or continuous systems, sta-
tionary or nonstationary operation), Equation (11.1) or Equation (11.2) and Equation
(11.3) have to be applied to the whole reaction volume to proceed with its solution.
This means the type of phase flow must be known. There are two main ideal flows
for which Equation (11.1) can be expanded to the whole reaction volume: the
perfectly mixed flow (PMF) and the plug flow (PF), which are based on the hypoth-
esis given in Appendix A1. It is also necessary to remember that the Gi values in
Equation (11.1) can involve the solution of microscopic differential mass-balance
Equation (4.34) and Equation (4.35) within the liquid–film layer, in cases where the
kinetic regime of ozonation is fast or moderate.

For the cases of PMF and PF, Equation (11.1) applies as follows:

• Perfectly mixed flow (PMF)

  (11.30)

where Ci0 and Ci refer to the concentrations of i at the reactor inlet and
outlet, respectively. The hydraulic residence time, 5, coincides with the
mean residence time obtained from the residence time distribution func-
tion (see Appendix A3).

Note, however, that some authors consider the whole reactor volume divided
into three zones of perfect mixing conditions: the water phase with volume VL, the
bubble phase with volume VB, and the free board or space above the free surface of
water with volume VF.12 Thus, in some kinetic modeling works, Equation (11.30) is
applied to yield a system with three mass-balance equations12,13 (see Section 11.6.1.1)
because a different ozone concentration is assumed in each phase.

• Plug flow (PF)
In this case, Equation (11.31) applies:

    (11.31)
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This equation can be integrated from the start of the process (t = 0) and for the
whole reaction volume (5 = 0 to 5 = V/vo).

One important difference observed between Equation (11.30) and Equation
(11.31) is that when the systems are at the steady state, the model with PMF is a
set of algebraic nonlinear equations, while models with PF consist of a set of first-
order partial differential equations.

In actual contactors (even of laboratory size), however, the type of gas and water
flows can deviate from the ideal cases. Hence, tracer studies have to be carried out
to determine the residence time distribution function, RTDF, as shown in Appendix
A3. The RTDF can allow the real flow to be simulated as a combination of ideal
flows or as another ideal flow model of specific characteristics. These are called
models for nonideal flow.14 The most commonly applied nonideal flow models are
the N perfectly mixed tanks in series model and the axial dispersion model described
in Appendix A3. When the flow is simulated with N perfectly mixed tanks in series,
Equation (11.30) also applies but it has to be solved N times. This is so because the
concentration of any species at the outlet of the last N-th reactor would represent
the concentration of the treated species at the actual contactor outlet. The dispersion
model represents a more complicated picture because it assumes that the flow is due
to both convection and axial diffusion.14 As a consequence, the mass flow rates
[F terms in Equation (11.1)] are due not only to the convection flow contribution
(volumetric flow rate times the concentration) but also to the axial diffusion transport,
which is given by Fick’s law:

    (11.32)

where U represents the superficial velocity of the phase through the reactor. Then
the total flow rate, Fi, in this model is:

  (11.33)

where Di is the axial dispersion coefficient of the i species in the phase.
For an element dV, the mass balance (11.1) is:

  (11.34)

which becomes Equation (11.35), once Equation (11.7) and Equation (11.33) have
been taken into account:

  (11.35)
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or as a function of the contactor height, h:

  (11.36)

Equation (11.36) has to be integrated from the start of the process (t = 0), and for
the whole reaction volume (5 = 0 to 5 = V/vo  or better for h = 0 to h = H), which
usually requires numerical methods.15,16

In addition to the classic or ideal models described above, the literature also
reports several more sophisticated models that represent modifications of the N
perfectly mixed tanks in series and axial dispersion models. For example, El-Din
and Smith17 proposed the nonisobaric steady-state one-phase axial dispersion model
(1P-ADM), which consists of the nonlinear second-order ordinary differential equa-
tions representing the mass balance of species in the water phase. These equations
are the same as those in the axial dispersion model [Equation (11.35)] with the
concentration of ozone in the gas phase at any point in the column, h, which is
present in the ozone mass-transfer rate term, Gi, expressed as an exponential function
of position:

  (11.37)

where CO3g0 is the concentration of ozone at the column entrance. Of course, the
coefficient l is an empirical parameter that has to be determined experimentally.
The use of Equation (11.37) allows the omission of the ozone mass balance in the
gas phase. This model can be useful in the case of kinetic models of ozone absorption
and decomposition in water because balance equations for reacting compounds in
water are not needed. For detailed information on this model see Reference 17.

Another kinetic model reported in the literature that presents a modification of
the ideal N perfectly mixed tanks in series model is called the transient back flow
cell model (BFCM).18 As in the N tanks in series model, both the gas phase and the
water phase are simulated with N tanks or cells in series. In this model, it is assumed
that back flow exists between consecutive liquid cells, while no back flow is con-
sidered between gas cells (the gas phase is assumed to be in PF). The model has
been tested with tracer studies and compared to the classic N tanks in series and
axial dispersion models. Although it offers some advantages in accounting for
variable backmixing and cross-sectional area along the column length, its mathemat-
ical solution seems difficult, especially applied to ozonation systems where generation
rate terms are present. For more details see Reference 18, the original work.

11.6 MATHEMATICAL MODELS

In this section, the kinetic models are first applied to the case of the slow kinetic
regime, which is the most common case for drinking water ozonation systems. The
fast kinetic regime is then reviewed for the case of wastewater ozonation. Some
details are also given for the moderate kinetic regime models.
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Regardless of the kinetic regime of ozonation, different possibilities can be
considered depending on the flow of the gas and water phases through the contactor
and on the time regime of ozonation (semibatch, continuous, etc.).

11.6.1 SLOW KINETIC REGIME

Six cases are presented here:

• Both gas and water phases in perfect mixing flow
• Both gas and water phases in plug flow
• The water phase in perfect mixing flow and the gas phase in plug flow
• The water phase as N perfectly mixed tanks in series and the gas phase

in plug flow
• Both the gas and water phases as N and N" perfectly mixed tanks in series
• Both gas and water phases with axial dispersion flow

11.6.1.1 Both Gas and Water Phases in Perfect Mixing Flow

This is the most common case presented in the literature. Ozonation in laboratory
standard agitated tanks usually follows this model. The mathematical model consists
of equations of the Equation (11.30) type, with the characteristics of Gi given
according to the species i. Thus, the mathematical model is reduced to the following
set of equations:

1. For ozone in the gas phase:

  (11.38)

where subindex g represents ozone in the gas and Ng is given by Equation
(11.17).

2. For ozone in the water phase:

    (11.39)

where rO3 and NO3 are as given in Equation (11.10) and Equation (11.14),
respectively. In Equation (11.14) the term CO3

* , the concentration of ozone
at the water interface, can be expressed as a function of the concentration
of ozone in the gas at the reactor outlet once the Henry and perfect gas
laws are accounted for [Equation (11.15)].

3. For any reacting nonvolatile species i in the water phase:

  (11.40)

where ri is defined in Equation (11.10).
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4. A special case is ozonated water that contains volatile species, vi. For this
species the mass balances are:

In the water phase:

  (11.41)

with Nvi as given in Equation (11.16) and rvi as in Equation (11.10).

In the gas phase:

  (11.42)

with Nvgi = –Nvi.

In a general case, the system of Equation (11.38) to Equation (11.42) is solved
numerically, for example with the fourth-order Runge–Kutta method (see Appendix
A5), with the initial condition:

(11.43)

However, two possible simplifications apply:

1. For steady-state continuous operation, all accumulation rates are zero
(dC/dt = 0) and the mathematical model reduces to a set of nonlinear
algebraic equations that can be solved with Newton’s method (see Appen-
dix A5).

2. For semibatch operation (continuous system for the gas phase), convection
water flow terms are removed from mass-balance equations (Fi = 0). In
this case, Ci0 and Cvi0 are the initial concentrations of nonvolatile and
volatile species in the water charged to the reactor, respectively. The
solution is obtained in a way similar to the general case.

Recall that in studies where the reactor volume is divided into three volume
fractions,12 there are also three ozone mass-balance equations, one for each volume
zone. In such cases, Equation (11.38) for the ozone mass balance in the gas phase
is called the ozone mass balance in the bubble phase:

    (11.44)
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where CO3B is the ozone concentration in the bubble gas and Ng is defined as in
Equation (11.17) but CO3

* represents the ozone equilibrium concentration with the
ozone bubble gas:

  (11.45)

Also, the ozone mass balance in the water phase remains as in Equation (11.39)
with the difference in the ozone mass transfer rate, NO3, where CO3

* is expressed by
Equation (11.45). The third and additional equation refers to the ozone mass balance
in the free board of reactor:

    (11.46)

where Vg is the gas flow rate and CO3ge is the concentration of ozone in the exiting
gas. Note that for volatile compounds there are also three mass-balance equations
as in the case of ozone. In this chapter, however, unless otherwise indicated, only
systems with the reactor volume divided in gas and water phases will be considered.
Table 11.1 gives a few examples of ozone works following this model.

11.6.1.2 Both Gas and Water Phases in Plug Flow

This is another possible practical case when, for example, ozonation is carried out
in bubble columns. The mathematical model consists of the mass-balance equations
as a set of nonlinear partial differential equations where the concentrations of ozone
and reacting species vary with time and position, z, in the bubble column. This
corresponds to Equation (11.31). The mathematical model is solved by numerical
methods. The exact form of these equations also depends on the relative direction
of gas and water flows through the column, i.e., countercurrent or parallel flow
operation. For example, here we present the equations for countercurrent operation
when the mathematical system is solved from the top of the column (z = 0).

1. For the ozone in the gas phase:

  (11.47)

where Ug0 is the actual gas phase velocity at empty column conditions:

  (11.48)
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TABLE 11.1
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone–phenol Semibatch stirred reactor
pH acid, lab scale

Slow regime, water and gas 
perfectly mixed; intermediates 
considered

19
(1983)

Ozone/H2O2/volatile 
organochlorine 
compounds 

70-L semicontinuous sparged 
stirred tank; continuous 
hydrogen peroxide feed, lab 
scale

Slow–fast regimes, gas and water 
phase perfectly mixed

20, 21
(1989)

Ozone–toluene Continuous packed column, 
1.24 m, 5 cm I.D., 6 mm 
Raschig ring packing

Slow regime, water and gas in 
plug flow

22
(1990)

Ozone decomposition Simulation; application of 
SBH and TFG mechanisms

Homogeneous aqueous system, 
water phase in perfect mixing

23
(1992)

Ozone transfer to water 75-L continuous bubble 
column, 4.2 m, 15 cm I.D., 
pilot scale

Slow regime, column divided in 
three parts according to tracer 
studies: perfect mixing at the top 
and bottom and plug flow in the 
middle

24
(1992)

Ozone/UV/volatile 
organochlorine 
compounds

Simulation of a continuous-
bubble photoreactor column

Slow regime, gas phase in plug 
flow, water phase perfectly 
mixed

25
(1993)

Ozone transfer to water Simulation of a continuous 
bubble column

Slow regime; gas phase always 
plug flow; water phase flow as 
perfect mixing, plug flow, 
3 perfect mixing reactors of 
different size (dispersion)

26
(1993)

Ozone/H2O2/atrazine Ozone contactors at water 
treatment plants: simulation

Homogeneous aqueous system, 
water as a series of perfectly 
mixed reactors of equal size

27
(1994)

Ozone–bromide Batch reactor; influence of 
pH, ammonia, and bromide 

Homogeneous aqueous system, 
water perfectly mixed

28
(1994)

Ozone transfer to water Simulation applied to a 
countercurrent bubble 
column and a 
countercurrent flow 
chamber (absorption with 
five subsequent flow 
chambers)

Slow regime, water with axial 
dispersion flow, and gas in plug 
flow

29
(1994)

Ozone/distillery and 
tomato wastewater

Laboratory and pilot plant 
bubble columns of different 
height

Fast pseudo first-order and slow 
regimes for distillery and 
tomato wastewater, 
respectively; COD, ozone 
partial pressure, and dissolved 
ozone

30
(1995)
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TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone/H2O2 natural 
water

Continuous bubble columns; 
simulation of water 
treatment plant ozone 
contactors

Slow regime, reactor divided in 
zones that behave as a series of 
perfectly mixed tanks; total 
ozone mass balance used 
instead of gas balance

31
(1995)

Ozone transfer to 
natural water

Continuous bubble column; 
pilot scale: 2.5 m, 15 cm 
I.D. 

Slow regime, water and gas as a 
series of equal size perfectly 
mixed reactors 

32
(1996)

Ozone decomposition 
with UV radiation

Batch photoreactor, 254-nm 
UV lamps

Homogeneous aqueous system, 
water perfectly mixed

33
(1996)

Ozone/H2O2/volatile 
organochlorine 
compounds

Continuous tubular reactor; 
pilot scale: 14.8 m, 1.8 cm 
I.D.

Slow regime, homogeneous 
aqueous system, water in plug 
flow

34
(1997)

Ozone mass transfer Cocurrent down flow jet 
pump contactor, lab scale

Slow regime, water phase in plug 
flow, total ozone mass balance 
used instead of ozone gas mass 
balance

35
(1997)

Ozone decomposition 
in the presence of 
NOM

Homogeneous batch reactor, 
NOM up to 0.25 mM as 
organic carbon

Homogeneous aqueous system; 
use and comparison of SBH and 
THG mechanisms of ozone 
decomposition; influence of 
NOM

36
(1997)

Ozone/H2O2 general 
model applied to TCE 
and PCE

Application to a full-scale 
demonstration plant at 
Los Angeles

Slow regime, nonstationary 
process, gas and water phases 
with axial dispersion and 
convection

37
(1997)

Ozone mass transfer 
efficiency

Simulation results Slow regime, gas and water 
phases in perfect mixing; two 
gas phases considered: bubbles 
and gas above the water level

13
(1997)

Ozone/UV radiation/
chlorophenols

264-L semibatch bubble 
column photoreactor, 
254-nm low pressure Hg 
lamp (0.304 W), pH=2.5

Slow regime, gas and water 
phases in perfect mixing; 
intermediate, chloride, and 
hydrogen peroxide 
concentrations followed and 
simulated as well

38
(1998)

Ozone/UV radiation/
chlorophenols

264-L semibatch bubble 
column photoreactor, 
254-nm low pressure Hg 
lamp (0.304 W), pH=9.5

Fast regime, gas and water phases 
in perfect mixing, balance of 
compounds in the bulk water 
and microscopic balance 
equations in the film layer

4
(1998)
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TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone decomposition Batch reactor, presence of 
natural organic carbon 
(NOM) and bromide

Homogeneous aqueous system, 
water phase in perfect mixing

39
(1998)

Ozone/H2O2/atrazine 4-L standard glass agitated 
reactor

Slow regime, water and gas 
phases in perfect mixing, 
following concentrations of 
intermediates

40
(1998)

Ozone/bromide Different laboratory, pilot 
plant, and full size 
contactors

Tracer experiments, slow regime, 
determination of kinetic 
constant (laboratory batch 
reactors) and parameters of 
nonideal flow (dispersion 
number); predictions of bromate 
ion and ozone concentrations

41
(1998)

Ozone/p-chlorophenol Semibatch stirred reactor, 
pH 2–8

Slow–fast regimes, water and gas 
phases in perfect mixing, two 
gas phases considered: bubbles 
and gas above the water level 

6
(1999)

Ozone/H2O2/UV 
radiation/TCE, TCA

800-mL semibatch bubble 
photoreactor, 254-nm low 
pressure Hg lamp, 1.6 A 10–6 
Einstein L–1s–1

Slow regimes, volatility 
coefficients used, gas and water 
phases in perfect mixing, 
evolution of TCA, TCE, and 
ozone (gas and water) 
concentrations

42
(1999)

Ozone/H2O2/UV 
radiation/fluorene, 
phenanthrene

4-L standard glass agitated 
reactor and 800-mL 
semibatch bubble 
photoreactor, 254-nm low 
pressure Hg lamp, 3.8 A 10–6 
Einstein L–1s–1

Slow regimes, gas and water 
phases in perfect mixing, 
influence of intermediates and 
formation of hydrogen 
peroxide, mechanism and 
kinetic modeling

43
(1999)

Ozone/disinfection Full-size contactor divided in 
4 chambers (total length: 
17 m, total height: 5 m)

Dispersion model in three spatial 
directions, the momentum 
equation is included; it predicts 
hydrodynamics of the ozone 
contactor with microorganism 
inactivation

44
(1999)
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TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone/odorous 
compounds (geosmin 
and 2-MIB)

U-tube reactor: inner tube 
7.5 cm diameter, outer tube 
45.4 cm diameter; length 
3.55 m

Plug flow through inner tube and 
N perfectly mixed tanks in series 
through the outer section; 
predictions of ozone and odorous 
compound concentrations; inner 
tube acts as an efficient ozone 
absorber while outer section acts 
as reactor to consume 
compounds

45
(1999)

Ozone decomposition 
in the presence of 
carbonates, hydrogen 
peroxide, and NOM

5-cm quartz cell magnetically 
stirred as batch reactor

Homogeneous aqueous system; 
water in perfect mixing 
conditions; comparison to 
experimental results and 
simulation in other conditions

46
(2000)

Ozone decomposition 
in water

Sequential stopped flow 
spectrophotometer, pH: 
10.4–13.2

Homogeneous aqueous system; 
water in perfect mixing 
conditions; use of THG 
modified mechanism

47
(2000)

Ozone/
p-hydroxybenzoic 
acid

15-L stainless steel 
semibatch stirred reactor, 
pH 3 and 10

Slow regime, water and gas 
phases in perfect mixing 
conditions; intermediates 
considered in the model, THM 
formation potential

48
(2000)

Ozone/atrazine Homogeneous batch reactors Homogeneous kinetic model, 
influence hydroxyl radical 
reactions, effects of intermediates

49
(2000)

Ozone/mineral oil 
wastewater

Semibatch stirred reactor Slow regime, water and gas 
phases in perfect mixing; two 
gas phases considered: bubbles 
and gas above the water level

50
(2000)

Ozone/biological 
oxidation/olive 
wastewater

1.5-L semibatch bubble 
column for ozonation, 3-L 
batch aerobic tank for 
biological oxidation

Slow regime, hydroxyl radical 
reactions considered, COD 
surrogate parameter, sequential 
pH cycle effects 

51
(2000)

Ozone decomposition 
in natural river water

360-mL semibatch ozone 
bubble contactor

Slow regime, water and gas phases 
in perfect mixing conditions, 
NOM divided in humic and 
nonhumic substances

52
(2001)

Ozone mass transfer Simulated results applied to 
water and wastewater 
treatment conditions

Slow regime, concentration of 
ozone in the gas phase as a 
function of position in column, 
one-phase axial dispersion 
model for the water phase

17
(2001)
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TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone mass transfer, 
tracer study

Simulation of tracer 
experiments

Slow regime, gas phase in plug 
flow, transient back flow cell 
model for water phase 

18
(2001)

Ozone/H2O2/MTBE Batch homogeneous reactors Slow regime, influence of 
hydroxyl radical oxidation, 
intermediates considered

53
(2001)

Ozone/pulp mill 
wastewater 
(750 mgL–1 COD)

Pilot plant impinging jet 
bubble column (venturi 
injectors)

One-phase axial dispersion 
model (1P-ADM), fast and 
moderate kinetic regimes

54
(2001)

Ozone mass transfer Bubble columns (5.5 m high, 
15 cm I.D.)

Absorption and desorption (with 
nitrogen runs), slow kinetic 
regime, gas phase in plug flow, 
water phase with axial 
dispersion (no convection term), 
nonstationary regime

55
(2001)

Ozone/dichlorophenol 5-L semibatch stirred reactor Slow–fast regimes, water phase 
in perfect mixing, gas phase as 
three models: complete gas, 
plug flow, and perfect mixing 
models; mass flux at interface 
determined from film theory

5
(2001)

Ozone/domestic wine 
wastewaters

Bubble column for acid pH 
ozonation followed by 
standard agitated reactor for 
alkaline pH ozonation

Sequential pH ozonation (acid 
and alkaline pH cycles), 
evolution of COD and BOD, gas 
and water phase in perfect 
mixing conditions

56
(2001)

Ozone decomposition 
in sea water; removal 
of ammonia

Gas-lift type reactor: 30 cm 
long, 14 cm I.D., pH: 6.5–9

Slow regime, gas and water phase 
in perfect mixing conditions

57
(2002)

Ozone/phenols and 
swine manure slurry

1.5-L semibatch bubble 
reactor

Slow–moderate regimes, water 
phase in perfect mixing; mean 
value of ozone concentration in 
the gas between entrance and 
outlet concentrations, total mass 
balance of ozone instead of 
ozone gas balance

7
(2002)

Ozone/natural water 
and ozone/wastewater 
(theoretical studies)

Ozone bubble columns Slow and fast regimes, 
comparison of axial dispersion 
and back flow cell models for 
the ozonation of natural and 
wastewaters (see Section 11.5)

58
(2002)
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TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone/UV/natural 
water (TOC = 
3 mgL–1)

Ozone bubble column plus 
annular photoreactor (80 cm 
length, 30 cm I.D.)

Slow regime, hydrodynamic 
model: application of mass and 
momentum of fluid and mass 
balance of species equations, 
profiles of UV intensity, ozone 
concentration and TOC

59
(2002)

Ozone/H2O2/simazine Continuous nonsteady-state 
bubble column (30 cm high, 
4 cm I.D.)

Slow regime, nonideal flow 
study: water phase perfectly 
mixed, gas phase with some 
dispersion, perfect mixing, plug 
flow, and axial dispersion were 
considered, intermediate 
products and direct and 
hydroxyl radical reactions also 
considered, deviations for high 
concentration of hydrogen 
peroxide

60
(2002)

Ozone/H2O2/alachlor in 
surface water

Continuous bubble column 
(2 m high, 4 cm I.D.)

Slow regime, nonideal flow 
study: water phase with some 
dispersion, gas phase perfectly 
mixed, application of axial 
dispersion and N perfectly 
mixed tanks in series models

61
(2002)

Ozone/
2-chlorophenol 
in soil

Packed bed column (17.6 cm 
high, 3.125 cm I.D.)

Fast kinetic regime, 
gas–liquid–solid reacting 
system, dispersion model for the 
gas phase, nonstationary 
regime, ozone gas and 
2-chlorophenol concentration 
profiles with position

62
(2002)

Ozone disinfection of 
wastewaters 
(2 secondary effluents 
and 1 tertiary effluent)

Bubble columns of different 
size (2.6 and 3.6 m high, 
15 and 30 cm I.D.)

Slow regime, continuous and 
cuntercurrent operation, only 
water phase treated: N tanks in 
series model, inactivation of 
E. coli

63
(2002)

Ozone disinfection in 
drinking water plant

Pilot scale diffuser bubble 
column (2.74 m high, 15 cm 
I.D.)

Slow regime, cocurrent and 
countercurrent operation at 
steady regime, axial dispersion 
model applied to ozone (gas and 
water), natural organic matter, 
and microorganisms (C. muris, 
C. parvus)

64, 65
(2002)
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2. For ozone in the water phase:

  (11.49]

with UL0 the actual water phase velocity at empty column conditions.
3. For any reacting nonvolatile species:

    (11.50)

4. For any reacting volatile species in water:

    (11.51)

5. For volatile species in gas:

  (11.52)

This is a very complex mathematical system, and, except for academic reasons, the
model is solved for the case of steady-state operation (dCi /dt = dCO3/dt = 0). With
this simplification, which better simulates a real situation, the mathematical model
becomes a set of first-order nonlinear ordinary differential equations that can be
solved numerically with the fourth-order Runge–Kutta method and a trial-and-error
procedure as follows:

1. Assume a value for the concentrations of ozone (and volatile compound,
if any) in the gas phase at the column outlet, i.e., for z = 0. These assumed
values have to be lower than the corresponding ones at the column
entrance, i.e., for h = H.

2. Solve the system of ODE with the Runge–Kutta method with the initial
condition:

(11.53)

TABLE 11.1 (continued)
Works on Kinetic Modeling of Ozonation Systems

Ozonation System Reactor System
Kinetic Regime and Phase 

Flow Type
Reference No.

(Year)

Ozone mass transfer Packed (silica gel) bed 
column (20 to 50 cm high, 
5 cm I.D.)

Slow regime, no decomposition 
of ozone on the solid bed is 
observed, plug flow operation 
for water and gas 

66
(2003)
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3. Compare the calculated values of the concentration of ozone in the gas
at the column inlet (h = H) with the actual concentration in the gas fed
to the column (it is assumed that the ozone–air or ozone–oxygen does not
carry any volatile species). If their difference in absolute value is lower
than any low figure previously established, the model is solved. If not,
return to step 1.

Note that for parallel flow operation starting from the top of the column (h = 0)
all convection flow terms have a negative value as in Equation (11.49) to Equation
(11.51) for countercurrent operation. Again, Table 11.1 lists a few instances where
this model was used.

11.6.1.3 The Water Phase in Perfect Mixing Flow and the Gas 
Phase in Plug Flow

This is another possible case that occurs in bubble columns (laboratory or pilot plant
size). A combination of equations, given in the two previous models, holds for this
case. It is irrelevant whether the water and gas phases are fed countercurrently or
in parallel, since the water phase is well-mixed. Equation (11.39) to Equation (11.41)
apply for the water phase and Equation (11.47) and Equation (11.52) apply for the
gas phase. However, compared to the other two ideal models, there is a significant
difference in the mass transfer rate term included in the generation term in the ozone
(and volatile species, if any) mass-balance equation. Thus, these terms are as follows:

    (11.54)

and

  (11.55)

where the interface concentrations of ozone and volatile compounds, CO3
* and Cvi*,

respectively, are expressed as a function of the concentrations in the gas at any
position in the column, CO3g and Cvig, respectively, with the Henry and perfect gas
laws [see Equation (11.15) for the case of ozone]. The form of the mass transfer
terms is due to the fact that, although the concentrations of species are uniform in
the water, concentrations in the gas phase vary along the height of the column.
Hence, an integrated form of the mass transfer rate term is required to determine its
contribution in the mass-balance equations.

The mathematical model needs a numerical and trial-and-error method to reach
the solution. If the numerical integration starts from the bottom of the column where
the gas is fed (h = 0), convection rate terms have a negative value. The general
conditions are
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(11.56)

where CO3gi is the concentration of ozone in the gas fed to the column, and CO3gs

and Cvgs are assumed values for the concentrations of ozone and volatile compounds,
respectively, in the gas at the column outlet.

Similarly, in practical application, the system will work at steady state, so that
the accumulation rate terms in the mass-balance equations are zero. For steady-state
operation, a possible way to solve the mathematical model involves the following
steps:

1. Assume a concentration profile for ozone (and volatile species, if any) in
the gas with the position in the column [CO3g = f (h) and Cvg = f (h)].

2. Solve the set of nonlinear algebraic equations for the mass balances in
the water phase. This will give the calculated concentration of species in
the water phase, which are the same as in the water at the reactor outlet
because of perfect mixing conditions.

3. Solve the set of differential equations in the gas phase (for ozone and
volatile species, if any). This will give the concentration profiles in the
gas along the column height.

4. Compare the calculated and assumed concentration profiles of ozone (and
volatile species, if any) in the gas phase along the column height.

5. If acceptable concordance is achieved, the problem is solved. If not, return
to step 1.

Table 11.1 presents ozonation examples where this model was followed.

11.6.1.4 The Water Phase as N Perfectly Mixed Tanks in Series 
and the Gas Phase in Plug Flow

This model is similar to the previous one but the flow of the water phase differs. In
this case, the water phase flow is not ideal but it could be simulated with the water
flow through N equal-sized perfectly mixed tanks in series. The value of N is deduced
from the corresponding RTDF (see Appendix A3) and the residence time of the
water phase in the actual column is the product of the residence time in one tank
times the number, N, of tanks. Figure 11.1 depicts the situation assumed with this
model. Equations of this model are, therefore, the same as those of the previous
model except for step 3, which consists of the solution of the N set of mass-balance
equations for the water phase. These equations have to be solved one after the other
from one of the edges of the column (preferably from the water phase column inlet)
to reach the concentrations at the column outlet. Equations for the k-th tank in the
water phase are
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1. For ozone:

    (11.57)

2. For any reacting nonvolatile species i:

  (11.58)

3. For any reacting volatile compound:

  (11.59)

where the subindex k refers to conditions at the outlet and inside of the k-th tank
(see also Table 11.1 for examples of this model).

11.6.1.5 Both the Gas and Water Phases as N and N"""" Perfectly 
Mixed Tanks in Series

If the gas phase flow does not behave either as plug flow or perfectly mixed flow,
then it could also be simulated with the flow in N" equal-sized perfectly mixed tank

FIGURE 11.1 Water phase in a real contactor simulated with N perfectly mixed tanks in
series.
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in series where the value of N" is obtained from the corresponding RTDF of the gas
phase. Thus, for the water and gas phases, there will be N and N" zones, respectively,
in the column with constant concentrations (i.e., in perfect mixing). Equations for
this model are those corresponding to the perfect mixing model for the gas and water
phases. They refer to any of the N and N" tanks that simulate the water and gas
phases, respectively. This model, which apparently presents an easier mathematical
solution, should be applied only in cases where the ratio N "/N is a natural nonfrac-
tional number. Note that in practical cases, N" is likely to be higher than N since the
water phase flow is likely to be closer to perfect mixing conditions than the gas
phase flow. The explanation given below will help us understand this condition.

If the ratio N "/N is a natural nonfractional number, then any one of the assumed
tanks for the water phase will involve N "/N assumed tanks for the gas phase, and,
given the property of perfect mixing, concentrations in each tank will be constant.
In other words, the height of the column will be divided in N zones of equal height
and the concentrations of species in the water that flows through these zones will
be the same in each of the N zones. Also, in any of the N zones, there will be N "/N
zones of equal height, and the concentrations of species in the gas phase that flows
through them will also be the same for any N "/N zone. Figure 11.2 presents a scheme
of the simulated processes. For the countercurrent operation at steady state, the
possible steps to solve the model are as follows:

FIGURE 11.2 Water and gas phases in a real contactor simulated with N/N" perfectly mixed
tanks in series (solid lines: wastewater flow; dotted lines: gas flow).
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1. Starting conditions: concentrations at the top of the column. If unknown,
they have to be assumed. For example, assume values for CO3g (and Cvig,
if any).

2. For the first tank of the water phase (concentration at the bottom of the
column), also assume concentrations of species in water at the first tank
inlet.

3. Solve the set of nonlinear algebraic mass-balance equations for species
in the gas phase corresponding successively to the first tank, then the
second, and so on, up to the N "/N-th tank. This will give the concentrations
of species in the gas at the entrance of the first tank for the water phase.

4. Solve the set of nonlinear algebraic mass-balance equations for species
in the water phase for the first tank and compare the results to the assumed
values in step 2.

5. If agreement is achieved, repeat steps 2 to 4 for the second tank of the
water phase. This has to be repeated for the N tanks representing the water
phase. If there is no agreement, return to step 2 and repeat operations for
the tank considered.

6. For the last tank of both water and gas phases, check agreement between
concentrations of ozone in the gas phase at the column inlet. If agreement
is achieved, the model is solved. If not, return to step 1 and repeat the
procedure, assuming new values.

See Table 11.1 for some examples of this model.

11.6.1.6 Both the Gas and Water Phases with Axial Dispersion Flow

This is another possible scheme that can be followed when both the water and gas
phase flows are nonideal. With this model, the flow through the column is not only
due to convection but also due to axial diffusion. The parameter of this model is the
dispersion number, ND, or the inverse, the Peclet number, Pe (see Appendix A3):

  (11.60)

Both the above dimensionless numbers are also deduced from the corresponding
RTDF, as presented in Appendix A3.

For countercurrent operation, i.e., the gas fed through the bottom of the column,
the mass-balance equations in dimensionless form, derived from Equation (11.36),
are as follows:

1. For ozone in the gas phase:

    (11.61)
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2. For ozone in the water phase:

  (11.62)

3. For any nonvolatile species in water:

  (11.63)

4. In cases where the water contains ozone-reacting volatile species:
a. For any volatile species, vi, in the gas phase:

  (11.64)

b. For any volatile species, vi, in water:

  (11.65)

In Equation (11.61) to Equation (11.65) the dimensionless variables are defined as
follows:

  (11.66)

where tm is the hydraulic residence time of the water phase.
Note that Peclet numbers for the gas and water phases, PeL and Peg, respectively,

are considered independent of chemical species [strictly speaking, the Peclet number
depends on the axial dispersion coefficient of chemical species as observed from
Equation (11.60)]. In other words, the diffusivity or dispersion coefficient, D, is
considered independent of chemical species. A constant value, deduced from the
tracer analysis (see Appendix A3), has been considered for any chemical species in
the gas and water phases, DL and Dg, respectively.

At steady state, when X7/X2 = 0, one possible way to solve the mathematical
model is:
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1. Define new ) variables for each species in both phases:

  (11.67)

2. Assume values for the concentrations of the gas species (ozone and
volatile compounds, if any) at the top of the column: CO3g = CO3gs and
Cvig = Cvigs.

3. Solve the mathematical model as a set of first-order ordinary differential
equations with the following initial conditions:

  (11.68)

  (11.69)

4. Apply some numerical method such as the fourth-order Runge–Kutta
method (Appendix A5). This will give the dimensionless concentration
profiles of species along the column height.

5. Check if calculated values of 7O3g and 7vig, at the bottom of the column,
i.e., at / = 1, are 1 and 0 (the feeding gas does not contain the ozone-
reacting volatile species). If agreement is achieved, the process is finished.
If not, return to step 2.

11.6.2 FAST KINETIC REGIME

In the case where the kinetic regime of ozone reactions is fast (or instantaneous),
there will not be dissolved ozone and the mass-balance equation of ozone in water
is not needed. In the case of the reaction between ozone and a given compound B
(this could be COD in a wastewater), the starting system of equations is the ozone
mass balance in the gas [Equation (11.2)] and the mass-balance equation of B in
the water [Equation (11.3)]. However, as indicated in Section 11. 2, for the steady-
state operation, this latter equation cannot be used since concentrations of ozone
and B in the liquid film layer are unknown and vary with position within the film
close to the gas–water interface. Instead, the equation for the total mass balance is
recommended. The following equation can be applied to the whole reaction volume
in cases where at least one of the phases flows is in perfect mixing condition (i.e.,
in an agitated tank):

    (11.70)

The equation can be applied to a zone of the reaction volume (from the bottom
or top of the column), in case both phases do not flow in perfect mixing (for example,
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pilot plant or actual bubble columns). In this case, the total balance is applied from
one of the edges of the column (where most of the concentrations are known) and
from a given position of height h. For example, if conditions at the bottom of the
column are known, and the ozone concentration in the feeding gas CO3gi, and the
outlet concentration of B, CBs, the balance will be

    (11.71)

Another important difference with respect to the slow kinetic regime is the
generation term of ozone, GO3, which is now given by Equation (11.18) as a function
of the reaction factor, E. This term constitutes the main difficulty of this system
because the reaction factor could be an implicit function of E, the Hatta number, Ha2

[Equation (4.44)], and the instantaneous reaction factor, Ei [Equation (4.46)], unless
the fast kinetic regime is of pseudo first order or instantaneous (see Section 4.2). In
the two latter cases, E is a function of the concentrations of ozone and compound B.
However, a second drawback to the fast kinetic regime arises when the reaction
between ozone and B generates intermediate compounds that also react with ozone
(as in the ozonation of phenol). Analytical solutions for equations to determine E,
however, are available for one irreversible reaction between ozone and B but not for
the situation of a series-parallel reacting system with more than three reactions (see
Section 4.2). In that case, equations for E are known only for the ozonation of a given
compound. Nonetheless, when compound B is present in a very high concentration,
it can be assumed that this compound consumes most of the available ozone. Then,
if these assumptions are considered, the kinetic model for a fast ozone reaction, which
consists of the mass-balance equation of ozone in the gas and the total mass-balance
equation, can be used to predict the degree of degradation of a given compound B
that can be achieved with ozonation at steady state. In fact, this case also applies to
the ozonation of wastewaters with high COD, as shown in Section 11.8.2.

The kinetic model, as mentioned in the preceding section, will also depend on
the type of flow of the water and gas phases through the reactor. Hence, cases similar
to those studied for the slow kinetic regime can be present. Here we discuss the
following cases:

• Both the water and gas phases in perfect mixing
• The gas phase in plug flow and the water phase in perfect mixing
• Both the gas and water phases in plug flow

It is also assumed that the kinetic regime of ozonation is fast and of pseudo first-
order, so that the Hatta number and E coincide (see Table 5.5):

  (11.72)

Solution for the case of instantaneous regime is similar, except that the reaction
factor, E, coincides with Ei, which can be determined from Equation (4.46).
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11.6.2.1 Both the Water and Gas Phases in Perfect Mixing

The kinetic model consists of the following equations:

1. Ozone mole balance in the gas phase: 
Equation (11.38) is used where Ng is given by Equation (11.18). In the
case of fast, pseudo first-order kinetic regime, Equation (11.18) becomes:

    (11.73)

where the minus sign indicates that the ozone transfer goes from gas to
water. Note, again, that for systems with three volume zones,12 the ozone
mass balance in the gas refers to the bubble gas and CO3

* is expressed by
Equation (11.45).

2. Total mass balance given by Equation (11.70):
At steady-state conditions, the system is two algebraic equations where
concentrations of ozone at the gas outlet and of compound B at the water
outlet can be obtained. Note that for wastewater, COD represents the
concentration of B.

A particular case often used in laboratory practice is the semibatch ozonation
process where a nonsteady-state operation develops. In this case both mass balances
of ozone in the gas phase and B in the water phase can be used. The first one is also
given by Equation (11.38) with Equation (11.73), while in the second one, the
generation rate term is also given by Equation (11.73), once the stoichiometric
coefficient, z, has been accounted for:

  (11.74)

The mathematical system is, then, formed by two first-order differential equations,
Equation (11.38) and Equation (11.74), which can be solved by numerical integration
methods such as the Runge–Kutta method.

11.6.2.2 The Gas Phase in Plug Flow and the Water Phase 
in Perfect Mixing Flow

This is a situation commonly present in bubble columns, as indicated previously.
The mathematical model is now:

1. Ozone mole balance in the gas phase [Equation (11.47)], where Ng is given
by Equation (11.75):

    (11.75)
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Compared to Equation (11.74), Ng in Equation (11.75) is now a function
of the concentration of ozone in the gas, CO3g, which varies with the height
of the column. 

2. Total mass balance [also given by Equation (11.70)]:
Assuming the countercurrent flow of the water and gas phases at steady
state, Equation (11.75) is substituted in Equation (11.47). After rearrang-
ing, variable separation, and integration, the concentration of ozone in the
gas at the column outlet can be expressed as a function of concentrations
at the bottom of the column:

    (11.76)

Then CO3gs and CBs can be obtained using Equation (11.70) and Equation
(11.76) by a simple trial-and-error procedure.

11.6.2.3 Both the Gas and Water Phases in Plug Flow

This model also applies in many cases for bubble columns. The equations are:

1. Mass balance of ozone in the gas phase: Equation (11.47)
2. Total mass balance: Equation (11.71)

Now, the ozone mass transfer rate at any point in the bubble column is given by
Equation (11.77):

    (11.77)

where, as a result of plug flow conditions, NO3g is a variable function because of
changing concentrations of ozone in the gas phase and B in the water phase along
the height of the column. Solution for this model is accomplished by numerical
integration and trial-and-error procedure. Again, if steady state and countercurrent
operation are assumed, the method can be carried out as follows:

1. Integration is better commenced from the bottom of the column (h = 0).
A value of the concentration of B in the water at the column outlet is
assumed as CBs,

2. Take a known increment for h, Bh.
3. With Equation (11.47) in finite increments, once Equation (11.77) has

been accounted for, calculate a value of CO3g at position h + Bh (i.e., at
position Bh for the first iteration). 

4. Using Equation (11.71), calculate the concentration of B in the water
phase, CB, at position h + Bh. 

5. Repeat steps 3 to 4 until the top of the column is reached. At this position,
compare the calculated value of CB with the known value of CB0. If
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agreement is achieved, the modeling is terminated. If not, return to step 1
and repeat the process.

As deduced from the preceding paragraphs, when the flow of water and gas
phases is simulated through the use of different nonideal models (i.e., tanks in series
model or axial dispersion model, etc.), the procedure to follow is similar to that
shown in Section 11.6.1 for the slow kinetic regime. In these cases, care should be
taken with the expressions for the ozone mass transfer rate and total mass balance
application.

11.6.3 THE MODERATE KINETIC REGIME: A GENERAL CASE

This kinetic regime presents the same characteristics of both fast and slow kinetic
regime since the reaction zone develops in both the liquid bulk and the film layer.
This means that part of B is consumed in the liquid film (where ozone simultaneously
diffuses from the gas–water interface) and in the bulk liquid. Then, the generation
rate term in Equation (11.1) must account for these contributions. Again, different
models can be considered depending on the flow type of phases and the time regime.
Here, the case of one irreversible reaction between ozone and B is considered as in
the preceding section. Also, for informational purposes only, the case of both phases
in perfect mixing conditions and nonsteady state operation is considered. The rest
of the possible cases (plug flow, N tanks in series, etc.) follow a procedure similar
to that presented in the previous sections for the slow or fast kinetic regimes. 

The mathematical system consists of Equation (11.38) with Ng also given by
Equation (11.18). For one irreversible reaction between ozone and a compound B,
E can be determined from the combination of Equation (4.31) and Equation (4.25)
with Ha1 given by Equation (4.38). Since Ha1 is also a function of E, solution to
this model will imply a trial-and-error procedure with assumed values of E. The
system is completed with the bulk mass-balance equations for ozone and B (or COD
in the case of wastewater) expressed as follows:

• For ozone:

  (11.78)

• For B:

  (11.79)

In Equation (11.78), NO3b
l represents the ozone flux rate from the liquid film to the

bulk water, given by Equation (4.23). Again, the mathematical model of Equation
(11.38), Equation (11.78), and Equation (11.79) can be solved numerically as in
preceding cases.
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Note that Equation (11.78) and Equation (11.79) are used for slow and fast kinetic
regimes when the conditions of these regimes apply. Thus, for the slow regime, in
Equation (11.78), NO3b

l is kL(CO3* – CO3b), and in Equation (11.79), the expression
between brackets becomes kDCO3bCBb. For the fast regime, Equation (11.78) is not
needed (CO3b = 0) and Equation (11.79) becomes Equation (11.74). Finally, in Equation
(11.38) the only difference between the fast and slow regimes is the generation rate
term that becomes M1aCO3

* and kL(CO3
* – CO3b), respectively.

The approach presented above involves an ozonation system with just one
irreversible reaction between ozone and another compound B. However, most ozo-
nation systems consist of multiple reactions, with ozone reacting with the parent
compound B and the intermediates formed. For these cases, when the moderate
regime is developed, the procedure based on the depletion factor8,10,11 (see Section
11.3) is an appropriate way to solve the kinetic modeling problem. Thus, for a system
with water and gas phases in perfect mixing conditions, the mass-balance equations
or bulk balance equations for ozone and compound B and, let us say, an intermediate
compound of the ozonation of B also reacting with ozone, would be similar to
Equation (11.38) to Equation (11.40) for the case of the slow kinetic regime but
with the following differences:10,11

1. For ozone in the gas phase, Equation (11.18) and Equation (11.23) are
substituted in Equation (11.38).

2. For ozone in bulk water, in Equation (11.39), NO3 is now

  (11.80)

with DF given by Equation (11.22).
3. For any compound i reacting with ozone, in Equation (11.40), the molar

rate of unreacted compound i leaving the bulk water and entering the film
must be added. This molar rate of compound i is completely consumed
by reaction with ozone in the film. Then, Equation (11.40) becomes:

    (11.81)

Solution of Equation (11.38), Equation (11.80), and Equation (11.81) involves
determination of the reaction and depletion factors at different reaction times, i.e.,
determination of the first derivative of ozone concentrations with respect to the depth
of liquid at both edges of the film layer (x = 0 for E, and x = / for DF), as shown
in Figure 11.3. Obviously, this, in turn, involves the determination of the concen-
trations profiles of ozone and compounds i through the film layer. These profiles are
obtained through simultaneous solutions of Equation (4.34) and Equation (4.35).
Once the concentrations of ozone at both edges of the film layer are known, E and
DF can be determined from Equation (11.22) and Equation (11.23), respectively. This
kind of system has been solved only for the case of one irreversible second-order
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reaction.9 For the more complicated ozone systems with more than one irreversible
reaction, a numerical approach should be undertaken. For example, Benbelkacen10

followed the algorithm shown in Figure 11.4 to solve the kinetic modeling of ozone
with maleic or fumaric acid and three intermediate compounds formed (glyoxylic
acid, formic acid, and oxalic acid). More details on this work are given in the next
section.

FIGURE 11.3 Concentration profiles through the film layer in an irreversible moderate sec-
ond-order gas–liquid reaction. Determination of reaction and depletion factors.

FIGURE 11.4 Flowchart to solve the kinetic model for moderate ozonation reactions.10
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11.7 EXAMPLES OF KINETIC MODELING 
FOR MODEL COMPOUNDS

Thus far, most of the information in the literature about kinetic modeling of ozone
AOP for simple compounds considers the ozone reactions completed in the slow
kinetic regime (see also Table 11.1). The lack of kinetic models valid for fast kinetic
regimes is because ozone treatment is oriented mainly to drinking water, where
compounds (water pollutants) are found at low concentrations (i.e., ppb or a few
ppm). At these concentrations, the Hatta number of ozone reactions is lower than
0.3 and the kinetic regime is slow. Nonetheless, the literature also reports a few
cases where fast and even moderate regimes of ozonation are treated.4–7 Curiously
enough, most of these cases deal with the ozonation of phenol compounds (especially
chlorophenols). Ozonation was applied at neutral and basic pH in most cases so that
a moderate or fast regime developed. An interesting case is the study of the kinetic
modeling of maleic acid and fumaric acid ozonation carried out in the moderate
kinetic regime.10,11 The authors used the dimensionless numbers of the reaction and
depletion factors to account for the mass flow of ozone that reacted in the film and
in the bulk water. They used a bubble column where the water phase was perfectly
mixed and the gas phase was in plug flow. For the concentration of ozone in the gas
phase, however, an average value of the concentrations at the bottom and top of the
column was used. This system is mainly used as a tool for the determination of the
rate constants of the ozone reactions. The decomposition of ozone in free radicals
is accounted for using an independent first-order kinetic term.

Studies on ozone AOP kinetic modeling, on the other hand, are classified as
those analyzing the ozone decomposition or ozone mass transfer in both laboratory-
prepared and natural water, and studies dealing with model compounds such as
organochlorine compounds, herbicides, aromatic hydrocarbons, phenols, etc. (see
Table 11.1). These studies follow the guidelines shown in the preceding sections
regarding the mass-balance equations applied with some minor modifications to the
value of the rate constant of the ozone decomposition reaction, volatility coefficients
for volatile compounds, or influence of pressure drop in the ozonation in bubble
columns of industrial size. Thus, Zhou et al.29 used a specific value of the ozone
decomposition rate constant in their kinetic model, while Laplanche et al.31 applied
an ozone concentration-dependent equation to determine the hydroxyl radical con-
centration and then the ozone decomposition rate constant that is a function of this
concentration (see Chapter 7). This rate equation is deduced from the general
mechanism of ozone decomposition. A similar approach has been adopted in other
studies20,40 where the contribution of the ozone decomposition reaction is also
deduced from the mechanism of reactions, with the concentration of hydroxyl
radicals given by Equation (7.12) or Equation (8.4). In other works,49,53 the hydroxyl
radical concentration is expressed as a function of the ozone concentration and the
RCT value of the water treated that was previously calculated, as shown in Section
7.4.3. With respect to the ozonation of volatile compounds in other studies,42 a first-
order volatility coefficient is proposed to account for the contribution of volatility
to the general rate of compound disappearance. In these cases, no mass balance of
volatile compound in the gas phase is used (in fact, there is no need to know the
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concentrations of these compounds in the gas phase). In other works, however, the
Henry constant for the volatile compound is considered, and both mass-balance
equations in the water and gas phases were part of the whole kinetic model.22 Another
aspect to be considered is related to the influence of the pressure drop on bubble
columns of high or industrial size. This aspect, which was not dealt with in the
previous section, is of great interest for industrial contactors. Thus, Zhou et al.29

introduced the relationship between pressure and height of the column due to the
hydrodynamics of the system. They used the following linear relationship:

  (11.82)

where PT is the pressure at the top of the contactor and H is its height. Then, in both
ozone mass-balance equations (gas and water phases), the ozone concentration in
the gas is expressed as mole fraction times the total pressure given by Equation (11.82).
Also, Cockx et al.44 dealt with the effect of pressure by including in their model the
momentum equation that was applied to model ozone mass transfer in a conventional
ozonation tower, as in Figure 11.5. Another aspect not very often treated is the
presence of intermediates of ozonation. This, of course, is considered in studies on
the treatment of water containing nonvolatile complex compounds such as aromatic
hydrocarbons, herbicides, or phenols. The presence of intermediates in the kinetic
mechanism that yields the kinetic model equations are fundamental for a good fit
between calculations and experimental results, as reported in the ozonation of
nitrobenzene.43 Nitrobenzene is a refractory compound in direct ozonation that is
removed by hydroxyl radicals in ozonation processes. As a result of the ozonation,
hydrogen peroxide is formed and the process becomes an ozone/hydrogen peroxide
oxidizing system. The absence of the hydrogen peroxide mass balance results in a
poor match between experimental and calculated concentrations. Consideration of
intermediates, however, is not needed when the aromatic compound (as in the case
of phenanthrene) is directly attacked by molecular ozone. Figures 11.6 and 11.7 show
the mechanism proposed for the formation of hydrogen peroxide and intermediates
(nitrophenol, etc.), and the verification of the kinetic model with and without con-
sidering reactions in Figure 11.6 in the basic mechanism as has been reported.43

As far as the type of gas and water flows is concerned, the literature reports
examples such as the ones given in the preceding section. Perfectly mixed gas and
water phases were considered in the pioneering work of Singer and Gurol19 on the

FIGURE 11.5 Conventional ozonation tower.
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kinetic model of the ozonation of phenol or in the ozone AOP kinetic modeling of
aromatic hydrocarbons.43 In these studies a semicontinuous agitated tank was used.
Plug flow for both the gas and water phases was also considered in other studies such
as in the ozonation of toluene, a volatile compound,22 or in the general mass-balance
equations of Pedit et al.37 Le Sauze et al.26 used, among others, the N tanks in series
model to simulate the water phase in the study of the ozone mass transfer in bubble
column at steady state with the gas phase in plug flow. Zhou et al.29 used the axial
dispersion model for the water flow and the plug flow for the gas phase to simulate
the experimental results obtained in other studies where the ozone mass transfer in
water was treated. The work of Zhou et al.29 is of particular interest because the
authors checked experimental results of the ozone mass transfer in natural water of
known TOC and alkalinity in a bubble column (4.2 m high, 15 cm I.D.) against that
in an ozonation contactor consisting of one countercurrent flow chamber for ozone
absorption and five subsequent reactive chambers of equal size.

Comparison between the performance of different flow models has also been
the subject of kinetic modeling works. Beltrán et al.60 compared the use of plug flow,

FIGURE 11.6 Proposed reaction mechanism for the ozonation of nitrobenzene through direct
ozone reactions and hydroxyl radical free radical reactions: (A) electrophilic substitution, (B)
dipolar cycloaddition: (1) nitrobenzene, (2) p-nitrophenol, (3) nitroresorcinol, (4) nitromuconic
acid. (Reprinted with permission from Beltrán, F.J. et al., A kinetic model for advanced oxidation
processes of aromatic hydrocarbons in water: application to nitrobenzene and phenanthrene, Ind.
Eng. Chem. Res., 38, 4189–4199, 1999. Copyright 1999, American Chemical Society.)
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perfect mixing flow, and axial dispersion flow for the gas phase in the kinetic
modeling of simazine ozonation in a laboratory bubble column in the slow kinetic
regime. Tracer analysis of both the water and gas phases in this work showed that
the water phase was perfectly mixed while some dispersion was present in the gas
phase flow. Calculated results of the dissolved ozone concentration were best
matched with the experimental ones when the kinetic model was solved by assuming
the gas phase with axial dispersion in addition to the convection flow. In another work,
Le Sauze et al.26 studied the ozone mass transfer in a bubble column by assuming
the gas phase in plug flow and four different flows for the water phase: perfect
mixing, plug flow, axial dispersion, and three reactors with different degrees of axial
dispersion. Two of these reactors corresponded to the top and bottom part of the
column where some sort of backmixing took place due to the entrance and exit of
gas and water phases, and the third reactor corresponded to the middle of the column
where conditions were closer to the plug flow behavior. Tracer analysis led to the
simulation of these three parts of the bubble column with different N tanks in series
or different Peclet or dispersion numbers, assuming the axial dispersion model.

The main reactor types used in these studies were not only bubble columns and
agitated tanks but packed bed reactors and deep U tubes as well.22,45 The reactors
were operated in continuous and steady-state regimes, as well as in semicontinuous
and nonstationary regimes. In most of the cases, the kinetic model involved a
heterogeneous reaction (with gas and water phases), but in a few cases the reaction

FIGURE 11.7 Verification of the kinetic model. Evolution of experimental and calculated
dimensionless remaining concentration of nitrobenzene with time during (1) ozonation and (2)
O3/H2O2 oxidation. Symbols: experimental data: ▫ = ozonation alone; � = O3/H2O2 oxidation;
dotted curves: kinetic model without intermediate reactions; solid curves: kinetic model with
intermediate reactions; conditions: standard reactor, T=20°C, pH 7, CTPH: 10–3 M, Fg = 50 Lh–1.
For ozonation alone: inlet ozone partial pressure: 264 Pa, CNBo = 7.98 A 10–5 M. For O3/H2O2

oxidation: inlet ozone partial pressure: 304 Pa, CNBo = 1.52 A 10–4 M, CH2O2To = 1.75 A 10–4 M.
(Reprinted with permission from Beltrán, F.J. et al., A kinetic model for advanced oxidation
processes of aromatic hydrocarbons in water: application to nitrobenzene and phenanthrene,
Ind. Eng. Chem. Res., 38, 4189–4199, 1999. Copyright 1999, American Chemical Society.)
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was simply carried out in a homogeneous way in an ozonated aqueous solution,
which are examples of studies on kinetic modeling of ozone decomposition
reaction23,36,39,46 as well as on the kinetic modeling of the ozonation of model
compounds such as trichloroethene and perchloroethene.34

Finally, the kinetic models refer not only to the simple use of ozone alone but
also to ozone combined with hydrogen peroxide or UV radiation.21,34,42,60,61 The
kinetic model of the ozonation of volatile organochlorine compounds34,37,42 was used
for the ozone/hydrogen peroxide systems, while the ozone/UV radiation system was
studied for the ozone decomposition kinetics33 or the ozonation kinetic modeling of
aromatic hydrocarbons and organochlorine compounds.25,42,43

11.8 KINETIC MODELING OF WASTEWATER OZONATION

In wastewater the organic–inorganic matrix is too complex and individual concen-
trations of species cannot be used to study the ozonation kinetics. Instead, a general
parameter such as COD better represents the concentration of ozone-reacting matter
in the water. In wastewater ozonation, the ozone reactions usually develop in the
fast kinetic regime, as the absence of dissolved ozone confirms. This is due to the
high concentration of pollution in wastewater, which makes the Hatta number of
ozone reactions higher than 3, especially at the start of ozonation. However, for
some wastewater of low COD (see Chapter 6) ozone reactions could also be slow
(e.g., domestic wastewater, food-derived wastewater, etc.).56,67 Hence, for the ozo-
nation of wastewater, kinetic modeling can be accomplished in the various kinetic
regimes. Equations are also the mass balance of ozone in gas and wastewater (the
latter only for slow reactions) and the mass balance of COD in the wastewater (for
the slow kinetic regime) or the total mass balance, also referred to COD, in the
reaction volume (for the fast kinetic regime). Here, kinetic modeling for slow and
fast-to-moderate kinetic regimes for the cases of perfect mixing flow for both the
wastewater and gas phases and perfect mixing flow for the wastewater phase with
plug flow for the gas phase. In one case, the N perfectly mixed tanks in series flow
model is used. Kinetic model equations for the remaining flow possibilities can
easily be derived as in the preceding sections for individual compounds. 

In the following two sections, a mathematical model of wastewater ozonation
(both slow and fast-to-moderate kinetic regimes) in agitated tanks and bubble col-
umns is presented. Kinetic models usually consider two possible reactions to remove
the ozone-reacting matter from wastewater: on the one hand, a unique irreversible
reaction that involves all possible direct and indirect ozone reactions with the matter
present in wastewater: 

  (11.83)

and on the other hand, in addition to Reaction (11.83), another reaction between
hydroxyl radicals generated from the ozone decomposition and the matter in wastewater: 

  (11.84)
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11.8.1 CASE OF SLOW KINETIC REGIME: WASTEWATER WITH LOW COD

This case usually holds for COD lower than 300 mgL–1 although the exact value
depends on the nature of wastewater components (see Chapter 6). In any case, the
Hatta number of the surrogate wastewater ozonation reaction [Reaction (11.83)]
must be lower than 0.3. Since the slow kinetic regime is characterized by the presence
of dissolved ozone, detection of dissolved ozone constitutes the first check to confirm
this kinetic regime, in the absence of rate constant data.

Kinetic modeling of slow wastewater ozonation follows the steps shown in
Section 11.6.1 for model compounds. The mass-balance equations depend on the
type of gas and wastewater phase flow through the contactor. For example, for the
case of perfect mixing in both phases, Equation (11.38) to Equation (11.40) would
constitute the mathematical model. The difference between this case and the previous
one on model compounds is the expression of the reaction rate term for ozone, rO3,
and compounds, ri. Paradoxically, the unknown nature of compounds present in
wastewater simplifies the mathematics because only one equation of the type of
Equation (11.40) is needed. In contrast to kinetic modeling of single compounds,
few studies on this subject deal with wastewater (see Table 11.1). The examples
given below illustrate the ozonation kinetic modeling of tomato wastewater in a
semicontinuous operation in bubble columns of different sizes (but equal
height/diameter ratio) and in a pilot plant bubble column.30

11.8.1.1 Kinetic Modeling of Wastewater Ozonation without 
Considering a Free Radical Mechanism

Preliminary experiments in a small bench scale bubble column allowed the rate and
mass-transfer coefficients and stoichiometric parameters to be determined (see Chap-
ter 6). For the slow kinetic regime, the dissolved ozone concentration constitutes
another variable to be determined. The kinetic model consists of Equation (11.38)
or Equation (11.41) (depending on the flow type of the gas phase), Equation (6.25),
and Equation (6.26) (water is considered perfectly mixed), already used for the
determination of the rate coefficient and stoichiometric ratio (see Section 6.6.3).
Note that the system can also be solved from Equation (11.38) or Equation (11.47),
and Equation (11.39) and Equation (11.40), as in the case of single compounds. The
use of Equation (6.25) and Equation (6.26) in this case is a second possibility for
solving the model following the method of rate constant determination in Chapter
6. The following assumptions are applied in solving the mathematical model:

• Ozone is consumed in only one irreversible second-order reaction with
COD as a surrogate parameter to represent the concentration of the react-
ing matter present in the wastewater [see Equation (11.83)].

• Equations for the ozone absorption rate, NO3, come from the application
of film theory.

• The ozone reactor is a bubble column of height/diameter ratio equal to
that of the laboratory column where experiments to determine the kinetic
parameters were carried out (see Chapter 6).
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• The bubble column is initially charged with a known volume of waste-
water and is perfectly mixed because of the bubbling of the gas phase.
The concentration values for ozone and COD remain constant regardless
of the height of the column.

• The gas phase containing ozone is continuously fed to the column through
a porous plate situated at the bottom. The gas phase is in plug flow so
that the concentration of ozone in the gas or its partial pressure changes
with the height of the column.

• At any time, the gas at the column outlet is in equilibrium with the
wastewater, so that Henry’s law is fulfilled. 

• Loss of total gas pressure through the reactor is negligible.
• Parameters obtained in the small laboratory bubble column are valid for

the large size column.

The objectives are to calculate the time profiles of COD, the ozone partial
pressure or ozone concentration in the gas at the column outlet, and the dissolved
ozone concentration. 

The method of solving the model presents two trial-and-error procedures and
starts by assuming a value for the concentration of dissolved ozone, CO3. This value
should be lower than CO3

* calculated from the ozone partial pressure at the column
outlet by applying Henry’s law. Thus, the ozone gas concentration profile with the
height of the column is determined from Equation (6.14) where h and Cg substitute
for hT and Cgo, respectively. Then, numerical integration of the ozone mass balance
in the bulk water [Equation (6.25)] with calculated values of Cg allows the determi-
nation of COD. Finally, the total mass balance [Equation (6.26)] is used to calculate
the dissolved ozone concentration. For any time considered, the iterative procedure
is complete when the assumed and calculated ozone concentrations coincide.30 Some
of the results obtained for the ozonation of tomato wastewater (COD < 100 mgL)
are shown in Figure 11.8. The accuracy of the procedure can be established in terms
of the oxidation and ozone efficiencies:30

    (11.85)

and

    (11.86)

For the particular cases mentioned here, the calculated oxidation and ozone efficien-
cies showed deviations within k30 and k6% of the experimental ones.30

11.8.1.2 Kinetic Modeling of Wastewater Ozonation 
Considering a Free Radical Mechanism 

Since the kinetic regime is slow, direct ozone reactions represent only a partial
contribution to the total removal rate of compounds in wastewater. In fact, in the
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FIGURE 11.8 Tomato wastewater ozonation. Experimental and calculated profiles of (A)
COD, (B) PO3 (column outlet) and (C) CO3. Conditions: bubble column height: 1.05 m, T=17˚C,
inlet ozone partial pressure: 1026 Pa (average value), Ug, ms–1 as superficial velocity of gas
phase: �= 2.21, ▫ = 4.42, B = 7.74. Curves represent calculated results. (Reprinted with
permission from Beltrán, F.J., Encinar, J.M., and García-Araya, J.F., Modelling industrial
wastewater ozonation in bubble contactors. 2. Scale-up from bench to pilot plant, Ozone Sci.
Eng., 1995, 17, 379–398, 1995. Copyright 1995, International Ozone Association.)
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slow kinetic regime, part of the dissolved ozone decomposes in hydroxyl radicals
that can act on the dissolved matter. If Reaction (11.84) is considered, a mechanism
of reactions similar to that shown in Table 2.3 and Table 2.4 can be proposed to
express the concentration of hydroxyl radicals as a function of known concentrations
or to establish the corresponding mass-balance equations. This method for solving
the kinetic model of wastewater ozonation in the slow kinetic regime has also been
the subject of previous studies. For example, Andreozzi et al.50 proposed the classic
mechanism of Staehelin and Hoigné68 to model the ozonation kinetics with and
without hydrogen peroxide or UV radiation of a mineral-oil-contaminated waste-
water in the slow kinetic regime. The mechanism also contained Reaction (11.83)
to account for the direct ozone reactions. The mathematical model consisted of the
mass-balance equations of ozone, COD, and hydrogen peroxide as the type of
Equation (11.1) with some modifications, and perfect mixing was assumed to hold
for the wastewater and gas phases. The modifications introduced were to the ozone
mass balances because Andreozzi et al.50 assumed the ozone mass balance in the
bubble gas inside the reactor, the ozone mass balance in water, and the ozone mass
balance in the freeboard of the reactor. In addition, the authors considered two
possible cases depending on the stoichiometry of Reaction (11.84). In the first case,
reaction between hydroxyl radicals and COD was as in Equation (11.84), but in the
second case this reaction was assumed to yield initiators of the ozone decomposition,
Ij=:

  (11.87)

that subsequently react with ozone to propagate the radical chain:

  (11.88)

Depending on the case it is evident that the expression for the concentration of
hydroxyl radicals was different. This expression was then introduced in all mass-
balance equations containing the concentration of hydroxyl radicals. Rate constants
of reactions in this model were taken from previous studies except those of Reaction
(11.83), Reaction (11.87), and Reaction (11.88), which were calculated from match-
ing experimental results to the kinetic model. The authors obtained a good fit between
experimental and calculated concentrations of ozone in the outlet gas and COD.

In another work, Rivas et al.51 studied the ozonation kinetic modeling of waste-
water derived from olive processing industries. They also started from the Staehelin
and Hoigné mechanism68 where wastewater and gas phases were considered perfectly
mixed. Reaction (11.83), for the ozone direct reactions, and Reaction (11.84) were
also included with some modifications. Thus, the latter was divided into further steps
to account for a fraction of COD that directly led to mineralization (formation of
CO2 and water) and to propagate the radical chain in a way similar to what Andreozzi
et al.50 proposed. In addition, Reaction (11.83) was assumed to yield hydrogen
peroxide because the wastewater studied contained significant concentration of phenol
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compounds. As is known, direct reaction of ozone with phenols develops through
electrophilic substitution and cycloaddition reactions. The latter implies that the ring
or carbon double bond breaks to yield hydrogen peroxide.69 The COD-involving
reactions assumed were

 (11.89)

  (11.90)

  (11.91)

The kinetic model also considered changes in pH because the ozonation was
carried out at different pH cycles with the aim of improving the ozone efficiency,
as indicated in Chapter 6. To the system of first-order ordinary differential equations
constituted by the mass-balance equations of ozone (in the gas and wastewater),
COD, and hydrogen peroxide [Equation (11.40)], equations for total carbonate ion
and free radicals were added. Figure 11.9 shows an example of the fit between
experimental and calculated results.51

FIGURE 11.9 Experimental (symbols) and calculated (dotted lines) of the integrated sequen-
tial ozonation–aerobic biodegradation of olive oil wastewater. Conditions: 20˚C, pH 7, gas
flow rate: 20 Lh–1, kLa = 0.02 s–1; concentration of ozone fed: 45 mgL–1; pH cycles:
acid–basic–acid, COD0/VSS: 0.4, ● = COD profile from ozonation, � = COD profiles from
biodegradation, C = dissolved ozone concentration profile, � = ozone gas outlet concentration
profile. (Reprinted with permission from Rivas, F.J. et al., Two-step wastewater treatment:
sequential ozonation-aerobic biodegradation, Ozone Sci. Eng., 22, 617–686, 2000. Copyright
2000, International Ozone Association.)
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11.8.2 CASE OF FAST KINETIC REGIME: WASTEWATER WITH HIGH COD

When the COD of wastewater is higher than 300 mgL–1, the wastewater usually
contains different compounds at high concentrations. Then the Hatta number of
ozone reactions is likely to be higher than 3 and the kinetic regime of ozonation
becomes fast (see Chapter 6). However, as a result of ozonation the nature of
compounds present in water changes with time. Thus, the resistant nature of com-
pounds formed, toward ozone, increases with reaction time, and the kinetic regime
also changes to become moderate or even slow. This change can be noted when the
reaction factor E, as defined by Equation (4.31), goes from above to below unity.
The mathematical model, however, can still be formed from the mass-balance equa-
tions of ozone in gas and the total mass-balance equation that refers to COD. In the
case of gas and wastewater perfectly mixed and fed continuously to the ozone reactor,
at steady state-conditions, the total mass balance is [see also Equation (11.70) for
the case of model compounds]

    (11.92)

In this case, all the available ozone is consumed through fast or instantaneous
reactions at the gas–wastewater interface (see Chapter 4) and there is no formation
of free radicals (direct reactions predominate, see Chapter 7). Another point of
practical interest concerns the use of other agents such as UV radiation or hydrogen
peroxide combined with ozone. In some cases, when the fast ozone kinetic regime
holds, these agents do not add any significant increment to the COD degradation
rate compared to ozonation alone,70 although this is not a general rule.71

The generation rate term in Equation (11.38) or Equation (11.47) is the main
difficulty of the fast kinetic regime model. This term is the absorption rate of ozone,
which is a function of the reaction factor E. This parameter depends on the fast
kinetic regime. Bench scale or pilot plant experiments allow an estimation of the
type of kinetic regime. The following paragraph details an example of the application
of this kinetic model for the ozonation of a distillery wastewater in semicontinuous
operation in a pilot plant bubble column (see conditions and hypothesis in Section
11.8.1.1).

The kinetic model consists only of Equation (11.47) and Equation (6.26) together
with the ozone absorption rate law [general Equation (4.25)]. Integration of Equation
(11.47) taking into account Equation (4.25) yields Equation (6.24), which relates
the ozone concentration in the gas at the column outlet to the height of the column.
On the other hand, from Equation (6.26), after rearranging for two successive
moments of time, the following is obtained:30

  (11.93)
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From Equation (6.24) and Equation (11.93), Cgbo and COD can be determined at
different times by using the physico-chemical parameters already known ('O3, kLa,
He, etc.; see Chapter 6). The method presented here was checked not only in two
bubble columns of height/diameter ratio equal to 4 but also in a pilot plant bubble
column of 14.4 height/diameter ratio (diameter: 0.08 m).30 Bubble column sizes had
a height/diameter ratio equal to that of another laboratory column used for kinetic
data determinations (diameters were 0.04, 0.08, and 0.12 m). In the pilot plant bubble
column, the water phase was recirculated at a rate of 70 L/h to assure perfect mixing
conditions. However, the experimental COD profiles were the same with and without
recirculation, so that the ideal mixing was assumed to hold. Figure 11.10 and Figure
11.11 present some of the reported results.30 Beltrán et al.30 presents detailed expla-
nations on deviations observed.

FIGURE 11.10 Experimental and calculated profiles of (a) COD and (b) PO3 (column outlet)
during the ozonation of distillery wastewater. Conditions: bubble column height, 1.05 m; T =
17˚C, inlet ozone partial pressure = 1038 Pa, Ug, ms–1 as superficial velocity of gas phase:
� = 2.21, ▫ = 4.42, � = 7.74. Curves represent calculated results. (Reprinted with permission
from Beltrán, F.J., Encinar, J.M., and García-Araya, J.F., Modelling industrial wastewater
ozonation in bubble contactors. 2. Scale-up from bench to pilot plant, Ozone Sci. Eng., 1995,
17, 379–398, 1995. Copyright 1995, International Ozone Association.)
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11.8.3 A GENERAL CASE OF WASTEWATER OZONATION KINETIC MODEL

For a general case, the mathematical model, however, can still be formed from
equations used in the preceding section, with the reaction factor E given by the
general Equation (4.25), Ha1 by Equation (4.38), and the Hatta number for the
second-order reaction expressed as a function of COD:

  (11.94)

Note that using the general kinetic Equation (4.25) means that the ozone mass
balance in water does not have to be used, since the concentration of ozone has been
substituted as a function of the interfacial ozone concentration or ozone partial
pressure as explained in Chapter 4. This kinetic model has also been reported for
the ozonation of a domestic wastewater where, depending on the ozone dose applied,
the regime changed from fast to slow.56 Equations for this kinetic model were the

FIGURE 11.11 Experimental and calculated profiles of (a) COD and (b) PO3 (column outlet)
during the ozonation of distillery wastewater. Conditions: Pilot plant bubble column 1.2 m
high, T = 18˚C, inlet ozone partial pressure = 921 Pa, Ug, ms–1 as superficial velocity of gas
phase: � = 4.42, ▫ = 7.74, � = 11.05, � = 14.37. Curves represent calculated results.
(Reprinted with permission from Beltrán, F.J., Encinar, J.M., and García-Araya, J.F., Model-
ling industrial wastewater ozonation in bubble contactors. 2. Scale-up from bench to pilot
plant, Ozone Sci. Eng., 1995, 17, 379–398, 1995. Copyright 1995, International Ozone
Association.)
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ozone mass balance in the gas phase and the total mass balance. In the latter equation
the contribution of the mass flow of ozone in water at the column outlet was
considered negligible and the kinetic system reduced to two nonlinear algebraic
equations with COD and the ozone gas at the reactor outlet as unknowns to be
determined. The kinetic model used the N–N " tanks in series model56 because step
input tracer experiments (see Appendix A3) indicated that the gas and wastewater
phase flows in the column behaved as in a series of two and eight perfectly mixed
reactors, respectively. Figure 11.2 shows the flow model proposed for the general
kinetic modeling of wastewater ozonation. Thus, both the ozone gas mass balance
and the total mass balance applied to the ith reactor out of the eight assumed reactors
for the gas phase were as follows:56

Ozone in the gas phase:

  (11.95)

with Ng being GO3 given by Equation (11.18) and subindex i referring to the ith
reactor of the gas phase. 

Total mass balance:

  (11.96)

where CODinlet( j) represents the COD at the entrance of the jth reactor of the
wastewater phase ( j varied from 1 to 2). Note that the contribution of the ozone
mass flow rate in the wastewater at the outlet of the ith gas reactor was suppressed
due to the low values of experimental dissolved ozone concentrations [see also
Equation (11.92)]. Also note that wastewater flow rate in the ith reactor is the fourth
part (vL/4) of the total flow rate because of the flow model assumed (see Figure 11.2).

The ozonation system worked continuously with the gas and wastewater phases
circulated countercurrently through the bubble column. The kinetic model was
solved from the known value of the COD of wastewater at the column inlet and by
assuming the value of the ozone concentration in the gas leaving the column (top
of the column). Equation (11.95) and Equation (11.96) were then simultaneously
solved to find the values of the COD at the reactor outlet and the ozone gas
concentration at the reactor inlet. E values were obtained from Equation (4.25),
Equation (4.46), Equation (4.38), and Equation (11.94) by trial and error. The system
was first solved by an iterative method from the first to the fourth reactors of the
gas phase. The average value of the COD of the first four reactors was taken as the
COD at the entrance to the second set of four gas phase reactors. Again, the new
set of Equation (11.95) and Equation (11.96) were solved for each reactor of the
second wastewater phase reactor (see Figure 11.2). Calculated results for COD were
very close to the experimental ones. Major deviations were observed for the ozone
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gas concentration, especially at high ozone doses. The authors attributed these
discrepancies to the absence of free radical reaction [Reaction (11.84)] contribution
to the kinetic model.56

Table 11.1 summarizes the kinetic modeling studies on ozonation processes
covering different reacting systems, flow types, and kinetic regimes that have been
reported chronologically.
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Appendices

APPENDIX A1

IDEAL REACTOR TYPES: DESIGN EQUATIONS

Reactors are the vessels in which chemical reactions are carried out. For design
purposes, reactors have been classified as ideal reactors based on how they function
according to certain hypotheses regarding the level of mixture of reactants and type
of flow through these reactors in the different phases (gases, liquids, or even solids).
These hypotheses are fundamental for establishing the design equations that allow
the size of reactors (i.e., the volume) to be determined from experimental results.
The design equations are, in fact, the mass balances of species (reactants or reaction
products) present in the phases circulating through the reactor (and the balance of
energy, if needed). As a general rule, however, the design equation is the mass
balance of the limiting reactant species. There are basically two ideal reactor types:
the perfectly mixed reactor and the plug flow reactor. Both work continuously; that
is, reactants and products are continuously fed to and withdrawn from reactors,
respectively. The hypotheses concerning the mixture and flow of phases for these
reactors are given below. 

A1.1 Perfectly Mixed Reactor

These reactors are also called continuous stirred tank reactors (CSTR). They are
mechanically agitated tanks (although small bubbles tanks or columns can belong
to this reactor type) where the following hypotheses hold:

• The reactant mixture is complete.
• Concentrations of species (and temperature) in the phases flowing through

the reactors are uniform and do not depend on position. At steady-state
conditions, these intensive properties also do not depend on time.

• Concentrations of species (and temperature) of the effluent streams from
the reactor are equal to those inside the reactor.

According to these hypotheses, for a continuous perfectly mixed reactor of
volume V, the design equation or mass balance of a reacting species, A, in that
volume is as follows:

  (A1.1)

where (see Figure A1.1) FA0 and FA are the molar rates of A at the reactor inlet and
outlet, respectively, GA is the generation rate term of A (i.e., the chemical reaction
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rate when A undergoes only homogeneous reactions inside the reactor), and nA is
the number of moles of A in the reactor with dnA/dt the accumulation rate of A in
the volume V of the reactor. In terms of concentrations, Equation (A1.1) becomes:

  (A1.2)

where v0 and v are the volumetric flow rates of inlet and outlet streams, respectively,
that contain species A. For constant volume systems, for ozone reactions in water
or wastewater, and once the hydraulic residence time is accounted for, Equation
(A1.2) becomes

  (A1.3)

where 5, the hydraulic residence time, is defined as:

  (A1.4)

In most practical situations, CSTRs work at steady state so that Equation (A1.3)
reduces to Equation (A1.5):

  (A1.5)

In some cases, mainly at laboratory scale, there are no inlet and outlet streams
but the reacting species A is initially charged to the reactor. In these cases, the reactor
becomes a batch reactor that is usually applied to kinetic studies (determination of
rate constants of reactions, mass-transfer parameters if needed, etc.). Batch reactors
work at nonsteady-state conditions so that Equation (A1.3) is reduced to:

  (A1.6)

This equation is solved with the initial condition:

  (A1.7)

FIGURE A1.1 The continuously stirred tank reactor.
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A1.2 Plug Flow Reactor

These are tubular reactors (i.e., bubble columns of large size in gas–liquid reactions)
where the following hypotheses hold:

• There is no axial or radial mixture of fluid elements at any point inside
the reactor.

• The concentration of species (and temperature for nonisothermal reactors)
varies along the longitudinal axis of the reactor.

• Concentration (and temperature for nonisothermal reactors) then varies
with position in the reactor.

As a result of these hypotheses, the reactor design equation is built from a mass
balance of the reacting species A across a differential volume of reactor as shown
in Figure A1.2. Thus, Equation (A1.8) is the starting design equation:

  (A1.8)

where the terms of Equation (A1.8) have the same meaning as those in Equation
(A1.1). Tubular reactors generally work at steady-state conditions so that the accu-
mulation rate term (the right-side term) becomes zero. Dividing the resulting equa-
tion by BV, in the limit when this volume increment is zero, the following is obtained:

  (A1.9)

If Equation (A1.9) is expressed as a function of concentration, it becomes:

  (A1.10)

As can be observed, Equation (A1.10) is mathematically similar to Equation
(A1.6), which corresponds to a batch reactor, with the difference of time. For plug
flow reactors the hydraulic residence time is used, while in batch reactors the real
time is applied. Equation (A1.10) is commonly expressed as a function of the position
within the tube (column), z. Equation (A1.10) then becomes:

FIGURE A1.2 The plug flow reactor.
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  (A1.11)

where S is the sectional area of the column and U the lineal velocity of the phase
through the column. Equation (A1.10) or (A1.11) can be solved with the initial
condition:

  (A1.12)

or

  (A1.13)

Note that the generation term, GA, in the design equations takes different math-
ematical forms depending on the nature of the chemical reactions (homogeneous or
heterogeneous), regardless of reactor type. For a homogeneous reaction, GA is the
chemical reaction rate term if a liquid phase is considered, while for a heterogeneous
reaction the reaction type (gas–liquid, liquid–solid catalytic, etc.) and kinetic regime
(mass-transfer control, chemical reaction control, etc.) are necessary to establish the
correct mathematical expression of GA. Details of expressions for the generation
term can be found in specialized books.1–3 In this book, expressions for GA corre-
sponding to gas–liquid and gas–liquid–solid catalytic reactions are also given in
Chapter 4 and Chapter 10.

APPENDIX A2

USEFUL MATHEMATICAL FUNCTIONS

As observed in this book, rate equations for heterogeneous reactions involve some
mathematical functions such as hyperbolic and error functions. Here, only the def-
initions of these functions are given. More information can be obtained elsewhere.4,5

A2.1 Hyperbolic Functions

Definitions of hyperbolic functions are as follows:

• Hyperbolic sine of x:

  (A2.1)

• Hyperbolic cosine of x:

  (A2.2)
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• Hyperbolic tangent of x:

  (A2.3)

As in Equation (A2.3) the remaining hyperbolic functions are defined as the corre-
sponding trigonometric ones.

A2.2 The Error Function

Although the error function is not used as often as the hyperbolic function, it also
appears in some rate expressions, mainly when nonsteady-state gas–liquid absorption
theories are used. This function is defined as follows:

  (A2.4)

The error function can also be expressed as a series function:

  (A2.5)

The complementary error function is defined as follows:

  (A2.6)

APPENDIX A3

THE INFLUENCE OF THE TYPE OF FLOW ON REACTOR PERFORMANCE

In Appendix A1 reactor design equations correspond to the ideal flow behavior of
phases through the reactor. In practice, however, the real situation may be something
different. In ozonation systems, both the wastewater and gas phases are usually
continuously fed to the reactor and the fluid flow could be nonideal. Therefore, in
order to establish the appropriate molar balance equations, and hence the design
equations, we must know the type of flow the gas and water or wastewater present
through the reactor. 

A3.1 Nonideal Flow Study

Molar balances of species can only be established if the type of flow through the
reactors is known. Thus, only cases for perfect mixing and plug flow are valid for
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these purposes. Note, however, that molar balances for laminar flow and axial
dispersion flow can also be established in some cases.1 The most common procedure
to simulate the real flow through a reactor is to consider it equivalent to that in a
series of N perfectly mixed tanks of equal size or that it follows the axial dispersion
model. Application of these nonideal flow models requires some special experiments
to be conducted. These are called tracer experiments and they determine the residence
time distribution function (RTD) of the phase through the reactor.

A3.1.1 Fundamentals of RTD Function
The RTD function, generally called the E function, determines the amount of time
molecules of a fluid spend flowing through any reactor. In fact, it is said that the
product Edt represents the fraction of fluid that has spent a time dt inside the reactor.
According to this definition, E is a normalized function of time and the following
condition holds:

  (A3.1)

For flow characterization in actual reactors, it is evident that the E function is a key
parameter to know because the extension of the chemical reactions depends on the
time the substances spent inside the reactor. The fluid flow through any reactor has
a given E function. For example, ideal reactors have specific E functions that can
be compared to those of real reactors. This comparison, theoretically, could allow
the fluid flow through any real reactor to be simulated with that present in one or
more ideal reactors. This is the technique applied in the N perfectly mixed tanks in
series model. However, the indicated comparison is not made with the corresponding
E functions but from the variances of both distribution functions. Once the fluid
flow has been characterized, mass-balance equations can be established through the
real reactor and the mathematical kinetic model can be solved. 

A3.1.1.1 Determination of the E Function
The RTD or E function is determined from tracer experiments carried out in the reactor
studied. A tracer experiment consists of feeding a fluid containing the tracer through
the reactor at the flow rate that will be used later when the process involves chemical
reactions. The tracer should fulfill the following conditions:

• It has to be inert, that is, it should not react inside the reactor or be
adsorbed onto the reactor walls.

• The concentration must be easily determined.
• If possible, the nature of the tracer and reacting species should be similar.

There are two types of tracer experiments: the pulse input and step experiments.

1. Pulse input experiments
In these experiments, a solvent fluid is first passed through the reactor at a known
flow rate (i.e., just water in ozone reactors). Then, at a given time (which will be
time zero for the experiment), a small amount of tracer is injected in the fluid, just
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at the reactor entrance. From this moment, the concentrations of the tracer are
measured at the reactor outlet with time. The time–concentration profile of the tracer
will allow the RTD function to be determined. In fact, it is easily shown that the E
function can be expressed as follows:1

  (A3.2)

where CT is the tracer concentration at time t from the start of the experiment. Figure
A3.1 represents a typical E function of a general reactor.

2. Step experiments
In these cases, the fluid flow of an inert solvent passing through the reactor is
substituted, at a given time or time zero, for the same fluid containing a known
concentration of the tracer, CT0, at the same flow rate. From that time, the concen-
tration of the tracer is also determined at the reactor outlet. The dimensionless tracer
concentration, CT /CT0, is called the F function and it represents the fraction of fluid
that has spent a time t inside the reactor. It is also shown that both E and F functions
are related as:1

  (A3.3)

From Equation (A3.3) E can be obtained from the first derivative of the F function
with time. Figure A3.2 presents a typical F distribution curve.

FIGURE A3.1 Typical form of the residence time distribution curve, E, against time from a
pulse input tracer experiment.

FIGURE A3.2 Typical form of the F curve against time from a step input tracer experiment.
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A3.1.1.2 Moments of the RTD
Any distribution function, such as E in this case, has some parameters that allow its
characterization. In fact E functions of different reactors are compared using these
parameters, called the moments of the distribution. The main moments are the mean
residence time, tm, and the variance, 42:

  (A3.4)

  (A3.5)

The variance represents the spread of the distribution, and it is the key moment to
know in order to apply some fluid flow models such as the axial dispersion and N
tanks in series models.

A3.1.2 RTD Functions of Ideal Flows through the Reactors
The ideal reactors or, more correctly, the ideal flows through reactors correspond to
the situations called perfect mixing and plug flow. The E function of ideal fluid flows
can be obtained from mass balances of the tracer in the corresponding reactors at
nonsteady-state conditions. These functions are the following:

• For plug flow: 

  (A3.6)

• For perfect mixing:

  (A3.7)

Note that &(tm – t) is called the Delta Dirac function. According to the properties of
this function, E < Z when t = tm and E = 0 for t S tm. If we take into account the
hypothesis of plug flow, the Delta Dirac function results in the correct way to express
the RTD function or E in this kind of reactor. It can be shown that the mean residence
time of the E functions for ideal flows coincides with the hydraulic residence time
or spatial time:2

  (A3.8)

Figure A3.3 shows the residence time distribution function of a plug flow and
perfectly mixed reactors, respectively, with a hydraulic residence time of 3.7 min.6
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For fluid flow in a given reactor, deviations of E functions from those of equations
(A3.6) and (A3.7) are due to phenomena such as bypass, dead zones in the volume
of reaction, axial dispersion in the flow, etc.1,2 In these cases, a fluid flow model is
assumed to characterize the real one. This fluid flow model is usually the same as
the model based on a combination of ideal flows. For example, the flow could be
simulated as the same in a series of an agitated tank with perfect mixing plus a
tubular reactor with plug flow or in a series of N equally sized agitated tanks with
perfect mixing. Another possibility is the assumption of some type of dispersion if
the fluid flows through tubular reactors. For more detailed explanations of this matter,
the reader should consult other specialized works.7 Once the fluid model is known,
the mass-balance equations can be established for the real reactor. 

As can be deduced from the above comments, both the real fluid flow and
assumed fluid flow model must have the same E function. Because comparing E
functions is a difficult task, their moments are used for that purpose. 

A3.2 Some Fluid Flow Models

There are numerous fluid flow models that can be assumed. Only two of these models
are presented here and used for the ozonation kinetic modeling (see also Chapter
11): the perfectly mixed tanks in series model and the axial dispersion model. The
first type is useful for any kind of reactor while the second one is preferable for
tubular reactors (i.e., bubble columns). Nonetheless, both models represent an inter-
mediate situation between the two basic ideal fluid flow models: the perfect mixing
and plug flow models.

FIGURE A3.3 Comparison between actual residence time distribution function (RTD) deter-
mined with ozone as gas tracer and those corresponding to ideal patterns of perfect mixing
(PM) and plug flow (PF) at the same experimental conditions of 20ºC, pH 4, initial ozone
gas concentration: 8.2 mgL–1. Gas flow rate: 40 Lh–1; water flow rate: 0.25 Lmin–1. Flow
patterns: ● = actual RTD (actual mean residence time: 2.3 min); dotted curve = perfectly
mixed; arrow = plug flow (assumed mean residence time = hydraulic residence time = 3.7
min). (Reprinted with permission from Beltrán, F.J. et al., The use of ozone as a gas tracer
for kinetic modeling of aqueous environmental processes, J. Env. Sci. Health, 135A, 681–699,
2000, p. 708. Copyright 2000, Marcel Dekker Inc.)
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A3.2.1 The Perfectly Mixed Tanks in Series Model
The fluid flow in the real reactor would be that observed in a series of perfectly
mixed agitated tanks of equal size. The key parameter to be determined is the number
of tanks. Another important requirement is that the tanks be the same size, and have
the same mean residence time or hydraulic time:

  (A3.9)

where 5 and 5i are the residence times in the real reactor and in any one of the N
reactors in series.

From mass balances of a tracer flowing through the assumed series of tanks, the
E function corresponding to this model can be obtained:1,2

  (A3.10)

From the definitions of mean residence time and variance [Equation (A3.4) and
Equation (A3.5)], it is easily shown that the number of tanks, N, is the inverse of
the dimensionless variance of the distribution:1,2

  (A3.11)

Once the number of tanks, N, has been determined from the E function obtained for
the fluid flow through the real reactor, this reactor can be simulated with a series of
N perfectly mixed tanks of equal size. Note that when N is one or infinite this model
becomes an ideal flow in one reactor with perfect mixing or a plug flow, respectively.
Finally, for kinetic modeling purposes related to the substances present in the fluid,
the molar balances corresponding to N perfectly mixed tanks are used. 

A3.2.2 The Axial Dispersion Model
This fluid flow model is more appropriate for tubular reactors. The assumption of
the flow in this case is that the transport of mass is due to both convection and axial
diffusion. Then, the mass flow rate for species A is

  (A3.12)

where DA is the dispersion coefficient and U is the lineal velocity through the column.
The axial dispersion model as the plug flow model also considers the species con-
centration varies with position in the axial position in the reactor. The design equation
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comes from the application of Equation (A1.8). If Equation (A3.12) is accounted
for, after a series of transformation steps, the final design equation for the mass flow
rate of A becomes:

  (A3.13)

or as a function of the contactor height, z:

  (A3.14)

At steady state, in dimensionless form and considering a first-order reaction develops
in the reactor (GA = –kCA), Equation (A3.14) is:

  (A3.15)

where H is the length of the tube and the dimensionless variables are defined as
follows:

  (A3.16)

  (A3.17)

  (A3.18)

Dam is also called the Damkohler number for a first-order reaction. 
In Equation (A3.14) the key parameter is the dispersion number, D/(UH), which

represents the degree of axial dispersion. The higher this number, the closer the fluid
flow to the perfectly mixed flow. The lower the dispersion number, the closer the
fluid flow to the plug flow. Thus, the axial dispersion model also simulates an
intermediate fluid flow between the two ideal ones.

The dispersion number can be obtained from different empirical correlations as
a function of the Reynolds and Schmidt numbers2 but it can also be determined from
the E function and more specifically from the dimensionless variance. Equations
that relate E with the dimensionless variance can be found in specialized texts.1,2 If
the dispersion number is known, the mass balances of substances present in the
flowing phase are established by using Equation (A3.14) or Equation (A3.15).
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A3.3 Ozone Gas as a Tracer

Tracer species for studies of fluid flow models are usually dyes and salts for the
water phase and noble gases for the gas phase.8 However, ozone can also be used
to characterize the gas phase flow through reactors. Thus, when the E function of a
gas phase flow (oxygen or air, for example) at empty column or reactor conditions
is the objective, ozone fulfills all the conditions for a good tracer. It is easy to measure
and it is the gas later used in ozonation processes. However, the ozone tracer
experiment implies that both the water and gas phases simultaneously circulate
through the reactor. When a water phase is also circulating through the reactor, one
possible problem is that ozone is slightly absorbed. Thus, the measured ozone
concentration at the reactor outlet would be due not only to the time it spends in
the reactor but also to the ozone fraction absorbed in the water phase. This problem
can be minimized if the water is free of reacting substances (for instance, it has been
presaturated with ozone). Then ozone could be used in step experiments and its
concentration at the reactor outlet would represent the tracer concentration. These
types of experiments have been carried out in a previous work to characterize the
gas fluid flow through bubble columns used in ozonation processes.6 For example,
Figure A3.3 shows the E function obtained in one step experiment using ozone as
tracer corresponding to a gas flow (oxygen) through a bubble column with water
circulating countercurrently to the gas. Also, Figure A3.3 shows for comparative
purposes the E curves corresponding to the ideal flows of perfect mixing and plug
flow at the same gas flow rate. For this case, the moments of E were as follows:
tm = 2.3 min, 42 = 3.8 min2 with an actual gas and water flow rates of 40 Lh–1 and
0.125 Lmin–1, respectively (spatial time for the gas phase: 3.7 min6). Parameter
values corresponding to the N tanks in series and the axial dispersion models, N and
the dispersion number, were found to be 1.3 and 1.11, respectively, which means
that the gas phase flow could be simulated approximately to that in a perfectly mixed
reactor with the same spatial time. Then the gas phase in the bubble column was
perfectly mixed and Equation (A1.3) can be used to establish the mass balance of
ozone in the gas phase during ozonation reactions. 

APPENDIX A4

ACTINOMETRY

The intensity of the incident radiation, I0, and the effective pathway of radiation L
through a photoreactor are necessary parameters for studying the photolytic decom-
position of any substance with the Lambert law model. These parameters depend
on the radiation characteristics and geometry of the photoreactor. They have to be
determined for each specific photoreactor and radiation source or lamp. The proce-
dure is based on the photolytic decomposition kinetics of a substance called the
actinometer. Actinometers are characterized by known quantum yields and molar
absorptivity at different wavelengths of radiation. Furthermore, the quantum yield
of an actinometer is usually constant in a wide range of wavelengths and higher
than 0.1. In Table A4.1 some actinometer compounds, quantum yield values, and
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wavelength range of application are given. For 254 nm radiation, uranile oxalate is very
often used as an actinometer but hydrogen peroxide is also used, especially for aqueous
systems that are going to be used in UV/H2O2 or UV/O3 advanced oxidations.10,11

From separate experiments of photolytic decomposition of actinometers, Io and
L can be determined, as explained below.

A4.1 Determination of Intensity of Incident Radiation

The intensity of incident radiation, I0, can be determined from the photolytic decom-
position of an actinometer substance B present in high concentration. Thus, in a
batch photoreactor, from Equation (9.23), with FB = 1 and 0L > 2, the disappearance
rate of the actinometer simplifies to yield:

  (A4.1)

At these conditions, the photolytic decomposition follows zero-order kinetics for the
actinometer, so that the plot of the actinometer concentration, CB, with time should
lead to a straight line of slope I0*B. Since the quantum yield is known, I0 can be
calculated. The literature reports many examples where this procedure has been

TABLE A4.1
Actinometer Substances and Quantum Yieldsa

Actinometer Quantum yield (mol Einstein–1) and wave- 
length range (nm) of application

Uranyl oxalate / = 254–436, * = 0.58–0.49
Potasium ferroxyoxalate / = 250–436, * = 1.24
o-Nitrobenzaldehyde / = 254–300, * = 0.5
Chloroacetic acid / = 254, * = 0.31
Decafluorobezophenone
(in 2-propanol)

/ = 290–370, * = 0.6

Reinecke salt / = 316–750, * = 0.27–0.32
Benzophenone / = 366, * = 0.69
trans-Azobenzene (in methanol) / = 254–365, * = 0.12
Aberchrome 540 / = 310–370, * = 0.2

/ = 436–546, * = 0.076–0.047
Aberchrome 999P / = 500, * = 0.026

/ = 540, * = 0.058
cis-2-Hexanone / = 313, * = 0.327
Hydrogen peroxideb / = 254, * = 0.05 (primary quantum yield)

/ = 254, * = 1.0
trans-Benzophenone/1,3-pentadiene / = 366, * = 0.44
cis-Benzophenone/1,3-pentadiene / = 366, * = 0.55

a From Guittonneau9 unless otherwise indicated. b From Nicole.10

> ?dC

dt
IB

B0*
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applied.12,13 Figure A4.1 shows an example of this procedure with the use of hydrogen
peroxide as actinometer.12 Recall that for the determination of I0, *B is the total
quantum yield of hydrogen peroxide (see also Table A4.1 and Section 9.2).

A4.2 Determination of the Effective Path of Radiation

The effective path of radiation [L in Equation (9.23)] can also be determined from
the photolytic decomposition of an actinometer substance, provided I0 is already
known. In this case, the concentration of the actinometer should be low enough so
that the exponential term in Equation (9.23), 0L, < 0.4. In this case, the kinetics of
photolytic decomposition is first order with respect to the actinometer, and the overall
rate Equation (9.23) reduces to

  (A4.2)

This simplification is based on the fact that the exponential term of Equation (9.23)
can be expressed as the sum of an infinite series of terms:

  (A4.3)

For values of 0L < 0.4 the series can be reduced to the first two members so that
after substitution in Equation (9.23) the final kinetic equation is (A4.2). According
to the integrated expression of Equation (A4.2) a plot of the logarithm of the
concentration of the actinometer, lnCB, with reaction time will yield a straight line
of slope 2.303I0'B*BL. From the value of this slope determined from least squares
analysis of the experimental data, the effective path of radiation through the photo-
reactor can be obtained. Figure A4.2 shows the plot with hydrogen peroxide also
used as an actinometer.12

FIGURE A4.1 Determination of the intensity of incident radiation. Verification of zero-order
kinetic Equation (A4.1). Conditions: pH 7, 20ºC, initial concentration of hydrogen peroxide =
0.055 M. (Reprinted with permission from Beltrán, F.J. et al., Oxidation of polynuclear
aromatic hydrocarbons in water. 2. UV radiation and ozonation in the presence of UV radiation,
Ind. Eng. Chem. Res., 34, 1607–1615, 1995. Copyright 1995, American Chemical Society.)
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APPENDIX A5

SOME USEFUL NUMERICAL PROCEDURES

Kinetic modeling of reactors commonly involves the solution of simultaneous alge-
braic and differential nonlinear equations. For example, nonlinear algebraic equations
are encountered to solve the kinetic model of ozonation processes in CSTRs while
a system of differential equations of different order is found in the kinetic model of
ozonation processes in tubular plug flow reactors or batch reactors. For the first
problem, the extended Newton–Raphson method appropriate to solve roots of non-
linear algebraic equations is a powerful technique commonly used. For systems of
nonlinear first-order differential equations, the Runge–Kutta methods are also
applied. In view of their application to solve kinetic models of ozonation processes,
a brief explanation of these methods is presented below. Again, detailed procedures
and complementary variations of these methods can be found in specialized
books.14,15

A5.1 The Newton–Raphson Method for a Set of Nonlinear 
Algebraic Equations

The method is based on the procedure of the same name applied to solve the roots
of a nonlinear algebraic equation of the form y = f (x). This equation can have
multiple roots, xi, such as f (xi) = 0. The method starts by linearizing the problem
function as a Taylor series function as follows:

  (A5.1)

The function is then truncated beginning with the second right-hand-side term:

FIGURE A4.2 Determination of the effective path of radiation. Verification of first-order
kinetic Equation (A4.2). Conditions pH 7, 20ºC, initial concentration of hydrogen peroxide =
10–4 M. (Reprinted with permission from Beltrán, F.J. et al., Oxidation of polynuclear aromatic
hydrocarbons in water. 2. UV radiation and ozonation in the presence of UV radiation, Ind.
Eng. Chem. Res., 34, 1607–1615, 1995. Copyright 1995, American Chemical Society.)
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  (A5.2)

The process starts by assuming a value x1 for the root x. If f(x1) = 0, the problem is
solved; if not, a new estimated value of x1 is needed. Then the process is an iterative
method with the general Equation (A5.3):

  (A.5.3)

until convergence, f (xi+1) = 0, is achieved.
When instead of one single equation the mathematical system consists of a set

of n nonlinear algebraic equations

  (A5.4)

the Newton–Raphson method can also be applied to transform Equations (A5.4) in
a set of n linear algebraic equations. The steps to follow are as in the simple method
with just one equation [f (x)]. First, functions are linearized as a Taylor series:

  (A5.5)

where x11..xn1 are initial estimated values with the second subindex representing the
iteration number. If the Taylor series is truncated in the second derivatives and the
left side of Equations (A5.5) are set to zero, the following equations are obtained:

  (A5.6)
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where B11…Bn1 represent the variable increment factors that relate the unknown
variables to the estimated values:

  (A5.7)

Equation (A5.6) constitute a system of n linear algebraic equations with n unknowns,
the increment factors, with the first derivatives their corresponding known coeffi-
cients and the values of the right side the independent coefficients:

  (A5.8)

For low values of n (2 or 3) unknowns, Bi1 can be determined with Cramér’s
rule.14 For this rule, the system of equations can be expressed in matrix form as
follows:

    =  (A5.9)

With this method for the j unknown, Bj1, the solution is the ratio between the
determinants of the matrix of coefficients [the first matrix on the left side of Equation
(A5.8)] and that resulting after substitution of d1j to dnj coefficients in this matrix
by the independent coefficients, c1 to cn:

  (A5.10)
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thus:

  (A5.11)

However, Cramér’s rule is a tedious method when n is greater than just 3. For
these cases the Gauss methods (Gauss elimination or Gauss–Jordan reduction meth-
ods) are recommended.14,15 

Note that the increment factors Bj1 thus far calculated correspond to the first
iteration to find the roots of f (x1,…,xn) functions. Thus, new estimated values of x1

to xn are calculated with Equations (A5.7) from the initial estimated values xj1 and
the calculated increment factors, Bj1. These values are then used to check Equations
(A5.4). If convergence is not achieved, then the new values are used as the estimate
in the following iteration. Thus, the general formula is

  (A5.12)

A5.2 The Runge–Kutta Method for a Set of Nonlinear 
First-Order Differential Equations

In kinetic modeling solving a system of nonlinear first-order differential equations
is a common problem. The Runge–Kutta method is one of the most powerful tools
for solving this kind of problem when the mathematical system presents an initial
condition. For example, this condition can be used to determine the concentrations
of species charged in a batch reactor at the start of the process. The Runge–Kutta
method is classified as a function of its complexity and accuracy as second, third,
fourth order, etc. For a system of n nonlinear first-order differential equations:

  (A5.13)

The procedure starts by linearizing the solution of Equation (A5.13) as an infinite
series function:

  (A5.14)

where yj,i+1 and yj,i are the values of the j variable at two consecutive values of the
independent variable so that xi+1 = xi + B and y"j, yTj and y�j refer to the first, second
and third derivatives of yj. Thus, y"j  = fj (x, y1…yn). The final solution is of the type:
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  (A5.15)

where q is the order of the derivative from which Equation (A5.14) is truncated. For
the fourth-order Runge–Kutta method, q = 4, Equation (A5.14) has five members,
with wp and kp as follows:14

  (A5.16)

and

  (A5.17)

  (A5.18)

  (A5.19)

  (A5.20)

This method can easily be solved using a computer program. More details about the
fundamentals of the Runge–Kutta method can be found elsewhere.14,15
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A

Abnormal ozonolysis, 9
Absorptivity at 254 nm, 124
Acenaphthene

ozonation kinetics, 101
see also Table 5.6

Acenaphthylene
UV photolysis and UV/H2O2 oxidation, see 

Table 9.2
Actinometry, 342

examples of actinometers, 343
parameter determination, 343, 344

Activated carbon as catalyst, 253, 257
Activity coefficients, 73
Advanced oxidation processes, 1, 14, 21, 151, 

162, 175, 193
Agitated cells, 84
Agitated tanks, 77, 84, 302, 332
Alachlor ozonation kinetics, see Table 5.6
Aldicarb ozonation kinetics, 101
Alkalinity, 159
Ammonia, kinetic regime of ozonation, see Table 

6.3
Anatase TiO2, 206
Apparent Henry’s law constant, 73, 74
Aquaculture wastewater ozonation, 113, see also 

Table 6.1
Aromatic compounds, 11
Atrazine

as scavenger of hydroxyl radicals, 83, 103, 106
oxidation by-products, see Table 9.2
ozonation kinetics, 153, 185
UV photolysis and UV/H2O2 oxidation 

kinetics, see Table 9.2
Attenuation coefficient, 195
Axial dispersion model, 303, 339, 340

B

Back flow cell model, 288
Band gap energy, 265
Beer–Lambert law, 194
Benzene

as scavenger of hydroxyl radicals, 34, 40
kinetic regimes of ozonation of, see Table 6.3

Benzoic acid
kinetic regimes of ozonation of, see Table 6.3

Biodegradability
biological oxidation, 2, 113
effects of ozone on, 130
in wastewater, 2, 123, 129
measured as BOD/COD, 123

Biological oxygen demand (BOD), 123
interference of nitrification in analysis of, 123

Boiled water in power plants
ozone treatment, 113, see also Table 6.2

Bromamine
reactions with ozone, 18

Bromate, 1, 18
Bromide, 1, 18

reactions with ozone, 18
BTX, see Table 6.3
Bubble column, 77, 87
Bunsen coefficient, see Ozone solubility

C

Carbon adsorption, 2, 257
Carbonate ion radical, 18, 159
Carbonates

as scavengers of hydroxyl radicals, 159, 164, 
177, 180, 181

Carboxylic acids
rate constants of ozone direct reactions, 

see also Table 5.6
Catalysts, 227
Catalytic ozonation, 227

examples, 227, see also Tables 10.1 and 10.2
Cavitation processes, 175
Chemical absorption kinetics, 50
Chemical biological processes, 129

chemical oxidation influence on, 129
Chemical oxygen demand (COD), 121, 122, 129

effects on wastewater ozonation, 121
interference of chloride ion on analysis of, 123
interference of hydrogen peroxide on analysis 

of, 122
Chemical potential, 72
Chloramines, 1
Chlorination, 1
Chlorine, 1
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Chloro-alkali wastewater ozonation, 113, see also 
Table 6.1

Chlorophenol
kinetic regime of ozonation, see Table 6.3
ozonation kinetics, 185, 186

Co(2+) catalysts, 227
Coagulation, 2, 113
Coke plant wastewater ozonation, see Table 6.1
Competition of direct and indirect ozone 

reactions, 103
Complementary error function, 335
Conduction band, see TiO2 semiconductor 

photocatalysis
p-Cresol, kinetic regime of ozonation, see Table 6.3
Criegge mechanism, 9
Crotonic acid

ozonation kinetics, 84, 99
Cyanide wastewater

kinetic regime of ozonation, see Table 6.3
1,3-Cyclohexanedione ozonation kinetics, 92, 108

D

Danckwerts theory, 62
Deactivating groups, see Electrophilic 

substitution reactions
Debittering table olive wastewater

kinetic parameters of UV/H2O2 oxidation, see 
Table 9.2

Degree of dissociation, 41, 185
Deisopropylatrazine, see Atrazine
Density flux of radiation, see Table 9.1
Dental surgery wastewater

ozone treatment, see Table 6.2
Depletion factor, 284, 310
Dethylatrazine, see Atrazine
Dibromochloropropane, DBCP

kinetic parameters of UV/H2O2 oxidation, see 
Table 9.2

Diffusion time, 67
Diffusional kinetic regime, 105

determination of volumetric mass transfer 
coefficient, 105

Diffusivity, 69
of compounds in water, 71
of ozone in water, 69, 70

1,4-Dioxane contaminated water ozonation, 113, 
see also Table 6.3

Dipolar cycloaddition reactions, 9
Direct and decomposition reactions of ozone, 151

competition between, 151
diffusion and reaction times on, 152
pH effects, 151

Direct photolysis, see UV radiation

Direct photolysis and hydroxyl radical reactions 
(from UV/H2O2) of compounds, 209

comparison between, 209
hydrogen peroxide concentration effect, 210

Direct reactions and direct photolysis of ozone, 
211

comparison between, 211
kinetic regimes of, 211
reaction and diffusion times, 211
reaction rates of, 214

effects of intensity of UV radiation on, 
215, 216

Disinfection, 1, 21
by-products of, 1, 2

Dissociating compounds, 41
Dissolved organic carbon, 123
Distillery wastewater

kinetic regimes, see Table 6.3
ozonation, see Table 6.2

Drinking water, 1, 151
Dyes

in wastewater, see Table 6.2
kinetic regimes of ozonation, see Table 6.3
rate constant of ozone direct reactions, see 

Table 5.6

E

E function, see Residence time distribution 
function

EDTA, kinetic regime of ozonation, see Table 6.3
kinetic regimes, see Table 6.3
ozonation, see Table 6.1

Effective diffusivity, 247
determination of, 264

Effective path of radiation, see Actinometry
Einstein unit definition, 195
Electric power plant wastewater ozonation, see 

Table 6.1
Electrophilic substitution reactions, 11

activating groups, 12
deactivating groups, 12
mechanism for reactions in aromatic 

compounds, 13
Electroplating wastewater, see Table 6.2
Energy of radiation, 194
Energy of resonance, 11
EPA limits, 1
Error function, 335
Explosives in wastewater

kinetic regimes of ozonation, see Table 6.3
External diffusion, see Kinetics of 

gas–liquid–solid catalytic reactions
External mass transfer kinetic regime, 245, 261
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F

F function, 337
Fast kinetic regime, 54, 92, 120, 121, 136, 141, 

245, 305, 322
Fast ozone demand, see Ozone decomposition 

reaction
Fenton system, 175, 239
Fick’s law, 49, 178
Film theory, 48, 51, 107
Flocculation, 2, 113
Fluorene ozonation kinetics, 104

rate constant of direct ozone reaction, see 
Table 5.6

Fluorescence, 194
Food and kindred products wastewater

ozonation of, see Table 6.1
Fruit cannery effluents, ozonation of, see Table 6.2
Fugacity, 71

G

Gas absorption theories, 47
Gas–liquid absorption reaction kinetics, 31, 47
Gas–liquid absorption reactions, see Chemical 

absorption kinetics
Gas–liquid solid catalytic reactions, see Kinetics 

of gas–liquid–solid catalytic reactions
Gas phase mass-transfer coefficient, 66
Gas phase ozone catalytic decomposition, 251
Gas phase resistance, 65
Gasoline tank leaking, Kinetic regimes of 

ozonation, see Table 6.3
Gibbs free energy, 71
Global effectiveness factor, 249

H

Hatta number, 52, 56, 107, 176, 186, 187, 324
in wastewater ozonation, 118

Haynuk–Laudi equation, see Diffusivity
Haynuk–Minhas equation, see Diffusivity
Henry’s law, 65, 71, 87

constant values for the ozone–wastewater 
system, 136

constant values for the ozone–water system, 
79

Heptachlor, kinetic regime of ozonation, see Table 
6.3

Herbicide manufacturing wastewater, Kinetic 
regimes of ozonation, see Table 6.3

Heterogeneous catalytic ozonation, 227
Heterogeneous direct ozonation, 43

kinetics, 43
stoichiometry determination, 44

Heterogeneous ozone decomposition reaction, 15
Homogeneous catalytic ozonation, 227
Homogeneous direct ozonation, 31, 33

batch reactor kinetics, 33
effect of pH, 40
flow reactor kinetics, 39
inhibition of indirect reactions, 34
reaction rate constant determination, 35

absolute method, 35
competitive method, 36

stoichiometry determination, 42
Hospital wastewater ozonation, see Table 6.1
Humic substances, 1, 124, 163
Hydraulic residence time, 278
Hydrogen peroxide, 15, 17, 151, 154, 175, see 

also Ozone/hydrogen peroxide system 
and UV/hydrogen peroxide system

Hydrogen peroxide photolysis, 193, 206
Hydroperoxide ion, 7, 17
Hydroxide ion, 7, 17
Hydroxyl radical reactions, 15, 20

kinetics, 24
pH influence on ozone decomposition to yield, 

21
rate constant values or equations, 22, 34

Hydroxyl radicals, 1, 8, 14, 151, 154, 158, 162, 
164, 169, 177, 179, 183, 186, 190, 193, 
206, 207, 217, 227, 254, 270

Hyperbolic functions, 334
Hypobromous acid, 18

I

Ideal flow reactor types, 331
perfectly mixed reactor, 338
plug flow reactor, 333, 338

Indigo disulphonate instantaneous ozonation 
kinetics, 91

Indirect ozone reactions, 7, 14, 164, 190
with compounds in the UV/H2O2 system, 219

Individual mass transfer coefficient, 49, 50, 88
Inhibitors of ozone decomposition, 18, 34, 83, 

157, 161
Initiators of ozone decomposition, 15
Instantaneous kinetic regime, 57, 89
Instantaneous reaction factor, 57, 64
Intensity of incident radiation, 194, see also 

Actinometry
Internal conversion in photochemical processes, 

194
Internal diffusion kinetic regime, see Kinetics of 

gas–liquid–solid catalytic reactions
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Internal diffusion mass transfer, see Kinetics of 
gas–liquid–solid catalytic reactions

Internal effectiveness factor, 248, 265
Intersystem crossing in photochemical processes, 

194
Ionic strength, 73
Iron and steel wastewater ozonation, see Table 6.1

J

Johnson and Davis equation, see Diffusivity

K

Kinetic model types, 288
comparison between, 314
in fast kinetic regime, 305
in moderate kinetic regime, 309
in slow kinetic regime, 289
one phase axial dispersion model, 288
ozone mass transfer and hydrodynamics, 312, 

313
perfect mixing flow, 289, 299, 307, 318
plug flow, 291, 299, 300, 307, 318
tanks in series, 300, 325, 340

Kinetic modeling of ozone processes, 277
flow type effect, 286
gas volumetric flow rate, 278
generation rate term, 277, 279, 282, 289
liquid volumetric flow rate, 278
stationary and nonstationary processes, 285

Kinetic modeling of wastewater ozonation, 316
examples, 317, 318, 322, 324
fast kinetic regime, 322
slow kinetic regime, 317

Kinetic regimes of direct ozone reactions, 69, 83, 
107

conditions for, 84, see also Table 5.5
influence of secondary reactions, 84

Kinetic regimes of ozone decomposition reaction, 
80

pH effect, 80
reaction and diffusion times, 80

Kinetics of direct photolysis, 195
flux density of radiation, 196
local rate of absorbed radiation, 195

Kinetics of gas–liquid reactions, 50, 51
irreversible first-order reactions, 51, 62
irreversible second-order reactions, 54, 62
series-parallel reactions, 58, 65

Kinetics of gas–liquid–solid catalytic reactions, 
241

external diffusion effects, 241
fast kinetic regime, 245
internal diffusion effects, 241
internal diffusion kinetic regime, 246
kinetic regimes, 242
slow kinetic regime, 242
surface reaction effects, 242

Kinetics of heterogeneous catalytic ozonation of 
compounds in water, 258

external mass transfer kinetic regime, 261
internal diffusion kinetic regime, 263
slow kinetic regime, 259

Kinetics of heterogeneous catalytic ozone 
decomposition, 258

agitation speed effect, 253
liquid–solid catalytic reaction, 253
mechanism of reactions, 256
particle size effect, 253
pH effect, 255

Kinetics of indirect ozone reactions, 151
Kinetics of ozone direct reactions, 31

heterogeneous ozonation, 43
homogeneous ozonation, 31, 33

Kinetics of ozone/UV oxidation, 193
Kinetics of photocatalytic ozonation, 269
Kinetics of physical absorption, 47
Kinetics of semiconductor photocatalysis, 265
Kinetics of UV/hydrogen peroxide oxidation, 206
Kinetics of wastewater ozonation, see Wastewater 

ozonation

L

Lambert law model, see Photoreactor models
Langmuir–Hinshelwood mechanism, 243, 256, 

260
Leachate ozonation, 113, see also Table 6.2
Linear source with emission in parallel planes 

model, see Photoreactor models
Liquid holdup, 88

M

Maleic acid ozonation, 102
Marine aquaria wastewater ozonation, 113
Mass-transfer coefficient in gas–liquid–solid 

catalytic reactions, 262, 263
Matrozov et al. equation, see Diffusivity
Maximum chemical reaction rate in bulk water, 

52, 57
Maximum chemical reaction rate in film layer, 52, 

57
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Maximum diffusion rates of compounds in film 
layer, 57

Maximum physical absorption rate in film layer, 
52, 57, 179, 188

MCPA ozonation, see Rate constants for hydroxyl 
radical reactions

Mean oxidation number of carbon, 124
determination of, 124
interference in the analysis of, 125

Mears criterion, 250
Mecoprop ozonation, 188
Methanol as hydroxyl radical scavenger, 16
Moderate kinetic regime, 101
Molar absorptivity, 194
MTBE, see Rate constant for hydroxyl radical 

reactions
Muconic acid, see Rate constant for hydroxyl 

radical reactions
Municipal wastewater, see Wastewater ozonation

N

Natural organic matter, 18
characterization, 103
hydroxyl radical initiating and scavenging 

character, 157
Natural substances, 1, 181
Nitrification, 123
Nitrites, 8
Nitroaromatics

kinetic regime of ozonation, see Table 6.3
rate constants for hydroxyl radical reaction, 

see Table 9.2
p-Nitrophenol ozonation kinetics, 90, 98, 105
Nitrotoluenes, kinetic regime of ozonation, see 

Table 6.3
Nonideal flow studies, 335
Nonlinear algebraic equations, 345

Newton–Raphson method, 345
Nonlinear first order differential equations, 348
Nonpurgeable organic carbon, 124
Nucleophilic substitution reactions, 13

O

Oils shale wastewater ozonation, see Table 6.2
Olive oil wastewater ozonation, see Table 6.2
Organochlorine compounds, 1
Overall quantum yield, see Kinetics of 

UV/hydrogen peroxide oxidation
Oxalic acid ozonation, 179, 279
Oxidant positive hole, see Kinetics of 

semiconductor photocatalysis

Oxidation–competition values, 164
for batch and plug flow reactors, 167
for continuous perfectly mixed reactors, 169

Oxidation–reduction reactions, 7
Oxygen transfer reactions, 8
Ozone

adsorption, 15, 273, 276
decomposition mechanism, 15, 16, 19, 151, 

163, 175, 251, 256, see also STB and 
TFG mechanisms for ozone 
decomposition

formation, 2
molecule of, 3
origin, 2
photocatalytic decomposition, 239
photolysis, 15, 193, see also Ozone/UV 

radiation
physical-chemical properties, 4
quantum yield, 201 see also Quantum yield 

determination
reactor types for reactions of, 33 see also Ideal 

flow reactor types
resonance forms, 3, 12, 13
solubility, equilibrium conditions, 71, 87

determination of solubility of, 75
Ozone catalytic system, 175, 227
Ozone–hydrogen peroxide system, 175, 176, 182, 

183, 185
critical hydrogen peroxide concentration, 178
diffusion and reaction times, 176
fast kinetic regime, 177
pH effect, 175
slow kinetic regime, 177
volatile organochlorine compounds in, 182

Ozone–UV radiation system, 175, 193
Ozonides, 9, 10

P

Paint and varnish wastewater ozonation, see Table 
6.1

Parathion, see Rate constant of hydroxyl radical 
reactions from UV/H2O2 oxidation

Particle porosity, 247
Peclet number, 303
Pellet catalysts, see Kinetics of heterogeneous 

catalytic ozonation of compounds in 
water

Perfect gas law, 87
Pesticide manufacturing wastewater ozonation, 113
Petroleum refinery wastewater ozonation, see 

Table 6.1
pH sequential ozonation, 127
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Pharmaceutical wastewater ozonation, see Tables 
6.1, 6.2 and 6.3

Phenol ozonation, 11, 41, see also Table 5.6

Phenol wastewater ozonation, 113, see also Tables 
6.1, 6.2 and 6.3

Phloroglucinol ozonation kinetics, 92, 108

Phosphorescence, 194

Photocatalytic processes, 175, 239

Photofenton processes, 175, 239

Photoinduced oxidation, see Kinetics of 
semiconductor photocatalysis

Photoinduced reduction, see Kinetics of 
semiconductor photocatalysis

Photoprocessing wastewater ozonation, see Table 
6.1

Photoreaction, 265

Photoreactor models, 197

Photosensitization, 194

Physical absorption kinetics, see Kinetics of 
physical absorption

Plastic and resins wastewater ozonation, see Table 
6.1

Point source with spherical emission model, see 
Photoreactor models

Polynuclear aromatic hydrocarbons, see Tables 
5.6 and 6.3, see also Rate constants for 
hydroxyl radical reactions from 
UV/H2O2 oxidation

Powdered catalysts, see Kinetics of heterogeneous 
catalytic ozonation of compounds in 
water

Precursors, see Trihalomethanes

Pressure loss in ozonation kinetic modeling, 313

Primary quantum yield, see Kinetics of 
UV/hydrogen peroxide oxidation

Promoters of ozone decomposition, 157, 160, 161, 
177

Pulp and paper wastewater ozonation, see Tables 
6.1, 6.2, and 6.3

Pulse input experiments, see Tracer studies for 
nonideal flow

Purgeable organic carbon, 124

Q

Quantum theory, 194

Quantum yield, 194, 196, 199, see also 
Actinometry

absolute method determination, 199

competition method determination, 201

values of, 201, see also Table 9.2

R

Radiant energy of the lamp, see Table 9.1
Rate constants of catalytic ozone reactions, 264
Rate constants of direct ozone reactions, 31

determination from heterogeneous ozonation
in fast kinetic regime, 92
in moderate kinetic regime, 101
in slow kinetic regime, 102

determination from homogeneous ozonation, 
35

absolute and competitive methods, 35, 37
values of, see Table 5.6

Rate constants of hydroxyl radical reactions, 160
determination from single ozonation, 161, 162

values of, 162
determination from ozone/H2O2 oxidation, 

180, 181
natural substance effect on, 181

determination from UV/H2O2 oxidation, 206
natural substance effect on, 208

values of, see Table 9.2
RCT concept, 34, 170, 312

in batch and plug flow reactors, 170
in continuous flow perfectly mixed reactors, 

170
Reaction factor, 54, 103, 107, 134, 281, 284

effect of COD, 134
Reaction rate coefficient for wastewater 

ozonation, 134, 136, 140, 141
Reaction time, 67
Reactions of compounds with hydroxyl radicals 

and direct photolysis, 221
comparison between, 221
hydrogen peroxide concentration effect, 222
intensity of incident radiation effect, 222
scavenging of hydroxyl radicals, 222

Reactions of compounds with ozone and hydroxyl 
radicals from ozonation and 
ozone/hydrogen peroxide oxidation, 154

competition between, 155
kinetic regimes on the, 186
pH and hydrogen peroxide effects on reaction 

rates, 151, 187, 190
Reactions of compounds with ozone and hydroxyl 

radicals from ozone/UV oxidation, 216
comparison between, 217
hydrogen peroxide concentration effect, 217
reaction rates of, 218

Reactions of ozone with compounds and 
hydrogen peroxide, 183

competition between, 183
diffusion and reaction times on, 184
kinetic regimes of ozonation, 183
pH effects, 184
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Reactor design equations for ideal reactors, see 
Ideal flow reactor types

Reactor design equations for nonideal reactors, 33
Residence time distribution function, 86, 336

mean residence time, 338
variance of the distribution, 338

Resorcinol ozonation kinetics, 92, 108, see also 
Table 5.6

Rinse water ozonation, see Table 6.2
Runge–Kutta methods, 348

S

Schmidt number, 88
Schumpe equation, see Ozone solubility
Sechenov equation, see Ozone solubility
Sedimentation, 2, 113, see also Wastewater 

ozonation
Semiconductors, see Kinetics of semiconductor 

photocatalysis
Sensitized reaction, see Kinetics of semiconductor 

photocatalysis
Sewage water ozonation, see Table 6.2
SHB mechanism for ozone decomposition, 15, 

see also Table 2.3
Slow kinetic regime, 54
Sludge production, see Wastewater ozonation
Sludge reduction, see Wastewater ozonation
Sludge settling, see Wastewater ozonation
Sludge volumetric index, see Wastewater ozonation
Soaps and detergent wastewater ozonation, see 

Tables 6.1 and 6.2
Solubility ratio, see Ozone solubility
Specific external surface area per mass of catalyst, 

249
Specific internal surface area per mass of catalyst, 

248
Standard redox potential, 7, 265
Stoichiometry, 29, 42, 44
Supercritical wet air oxidation, 175
Superoxide ion radical, 8, 16, 17
Surface reaction, see Kinetics of gas–liquid–solid 

catalytic reactions
Surface renewal theories, 50, 62, 108, 152
Suspended organic carbon, 124
Swine marine wastewater ozonation, see Tables 

6.2 and 6.3

T

Table olive wastewater ozonation, see Tables 6.2 
and 6.3

Textile wastewater ozonation, see Tables 6.1 to 6.3
TFG mechanism of ozone decomposition, 15, see 

also Table 2.4

Theoretical oxygen demand, 122
Thiele number, 248
TiO2 semiconductor, 239, 260, 266
Toluene ozonation kinetics, see Table 6.3
Tomato wastewater ozonation, see Tables 6.3 to 

6.5 and 9.2
Tortuosity factor, 247

determination of, 264
Total mass-balance equation, 305, 308, 322
Total organic carbon, 123
Tracer studies for nonideal flow, 336, 342

ozone as a tracer, 342
Trichloroethylene ozonation kinetics, 181, 

see also Table 9.2
Trihalomethanes, 1, 124

U

Underground water, 1
UV radiation, 15, 151, see also Kinetics of 

UV/hydrogen peroxide oxidation, 
Kinetics of ozone/UV radiation 
oxidation, and Kinetics of 
semiconductor photocatalysis

V

Valence band, see TiO2 semiconductor 
photocatalysis

Van Krevelen and Hoftijzer equation, see Ozone 
solubility

Very slow kinetic regime, 54
Vibrational relaxation, 194
Volatile aromatic compounds, 1, 182
Volatile organochlorine compound ozonation in 

ozone/hydrogen peroxide oxidation, 182
Volatility coefficients, 183
Volumetric mass transfer coefficient, 77

from instantaneous ozonation kinetic regime, 
90

from slow diffusional ozonation kinetic 
regime, 105

from wastewater ozonation, 136

W

Wastewater, 1
characterization, 121

Wastewater ozonation, 113, see also Chemical 
biological processes

Hatta number, 118
ozone diffusivity, 135
ozone solubility, 136
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pH effect, 125, see also pH sequential ozonation
scavenger effect, 126

Wastewater ozonation kinetics, 113, see also 
Kinetic modeling of wastewater 
ozonation

fast kinetic regime, 135
reactivity, 135
slow kinetic regime, 143

Weiz–Prater criterion, 250
Wet-air oxidation, 175
Wilke–Chang equation, see Ozone diffusivity
Wood chips contaminated wastewater, 113

Z

Zwitterion, 9
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