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Abstract 
 
Markku Kuosa 

Modeling  reaction kinetics and mass transfer in ozonation in water solutions 
Lappeenranta 2008 

124 p. 

Acta Universitatis Lappeenrantaensis 331 

Diss. Lappeenranta University of Technology 

 
ISBN 978-952-214-669-4   ISSN 1456-4491 

ISBN 978-952-214-670-0  (PDF) 

 
This dissertation is based on four articles dealing with modeling 

of ozonation. The literature part of this considers some models 

for hydrodynamics in bubble column simulation. A literature review 
of methods for obtaining mass transfer coefficients is presented. 
The methods presented to obtain mass transfer are general models 
and can be applied to any gas-liquid system. Ozonation reaction 
models and methods for obtaining stoichiometric coefficients and 
reaction rate coefficients for ozonation reactions are discussed 
in the final section of the literature part. 

In the first article, ozone gas-liquid mass transfer into water in 

a bubble column was investigated for different pH values. A more 

general method for estimation of mass transfer and Henry’s  

coefficient was developed from the Beltrán method. The ozone 

volumetric mass transfer coefficient and the Henry’s  coefficient 

were determined simultaneously by parameter estimation using a 

nonlinear optimization method. A minor dependence of the Henry’s 

law constant on pH was detected at the pH range 4 - 9. 

In the second article, a new method using the axial dispersion 

model for estimation of ozone self-decomposition kinetics in a 

semi-batch bubble column reactor was developed. The reaction rate 

coefficients for literature equations of ozone decomposition and 

the gas phase dispersion coefficient were estimated and compared 

with the literature data. The reaction order in the pH range 7-10 

with respect to ozone 1.12 and 0.51 the hydroxyl ion were 

obtained, which is in good agreement with literature. The model 

parameters were determined by parameter estimation using a 

nonlinear optimization method. Sensitivity analysis was conducted 

using object function method to obtain information about the 

reliability and identifiability of the estimated parameters. 

In the third article, the reaction rate coefficients and the 

stoichiometric coefficients in the reaction of ozone with the 

model component p-nitrophenol were estimated at low pH of water  

using nonlinear optimization. A novel method for estimation of 

multireaction model parameters in ozonation was developed. In this 
method the concentration of unknown intermediate compounds is 
presented as a residual COD (chemical oxygen demand) calculated 
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from the measured COD and the theoretical COD for the known 
species. The decomposition rate of p-nitrophenol on the pathway 

producing hydroquinone was found to be about two times faster than 

the p-nitrophenol decomposition rate on the pathway producing 4-

nitrocatechol.  

In the fourth article, the reaction kinetics of p-nitrophenol 
ozonation was studied in a bubble column at pH 2. Using the new 
reaction kinetic model presented in the previous article, the 
reaction kinetic parameters, rate coefficients, and stoichiometric 
coefficients as well as the mass transfer coefficient were 
estimated with nonlinear estimation. The decomposition rate of p-
nitrophenol was found to be equal both on the pathway producing 
hydroquinone and on the path way producing 4-nitrocathecol. 
Comparison of the rate coefficients with the case at initial pH 5 
indicates that the p-nitrophenol degradation producing 4-
nitrocathecol is more selective towards molecular ozone than the 
reaction producing hydroquinone. The identifiability and 
reliability of the estimated parameters were analyzed with the 
Marcov chain Monte Carlo (MCMC) method. 
  
@All rights reserved. No part of the publication may be reproduced, stored in a 
retrieval system, or transmitted, in any form or by any means, electronic, 
mechanical, photocopying, recording, or otherwise, without the prior permission 
of the author. 
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1. Introduction 

 

Ozone has been proven to be very effective chemical for 

degradation of species which can be poorly degraded in biological 

waste water treatment. The manufacture of ozone, however, needs a 

large amount of energy, which makes the optimization of ozonation 

processes necessary and makes essential both the development of 

hydrodynamic models, including mass transfer, and development of 

practicable reaction kinetic models. The chemistry of ozonation in 

a water solution is rather complex. The reactions of ozonation 

involve direct molecular reactions of O
3
 with dissolved compounds 

and transformation of O
3
 into secondary oxidants such as hydroxyl 

radicals (OH
•
), hydroperoxyl radicals (HO

2

•
) and further species 

like 
•
O

3

-
, HO

3

•
 etc.

 
Modeling of all these reactions requires large 

amounts of kinetic data, which are not necessarily available or 

applicable due to the different natures of waters. 

In many cases, intermediates from ozone-organic solute reactions 

are quite well understood, but the reaction schemes and 

particularly the reaction rate coefficients in the reaction 

schemes are poorly known. Multicomponent reaction models are thus 

needed to evaluate reaction rate coefficients and stoichometric 

coefficients in the reaction schemes. 

 

Bubble column reactors are often used for gas-liquid or gas-

liquid-solid reactions because of their efficiency and simplicity. 

Therefore, a bubble column is also very suitable for ozonation 

studies. In the simulation of a bubble column, the reactor 

hydrodynamics model plays a key role. For bubble columns, the 

hydrodynamics can be presented by using the complete mixing model, 

the axial dispersion model, the cell model with back flow, and CFD 

(Computational Fluid Dynamics) models. 

 In this study, a method was developed to estimate the reaction 

rate and stoichiometric coefficients of a multi component reaction 

model in ozonation, taking into account also gas-liquid mass 

transfer and reactor hydrodynamics. The reaction equations written 

for the reactions between ozone and the solutes represent ozone 

decomposition reactions giving the reaction products so that the 

amount of consumed oxygen calculated from the ozone depletion 
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meets the stoichiometry needed to oxidize each reactant to 

products. 

Two other methods that could be used for the estimation of the 

total ozone consumption are based on apparent reaction rate 

coefficients or the usage of a radical chain reaction mechanism. 

In the case of a multireaction model, the drawback of the first 

approach is the high number of rate coefficients and 

stoichiometric coefficients with a questionable physical meaning 

due to the danger of over-parameterization. The disadvantage of 

the radical chain method is the need for a high number of rate 

coefficients from a number of different authors with different 

physical and chemical properties of solutions. This latter method 

has been used by Beltrán et al.,2006,
 
Hautaniemi et al.,1998

 
and 

Chelkovska et al.,1992, Kumar et al.,2004 among others. 

 

This thesis reports the results from four articles dealing with 

ozonation: mass transfer, hydrodynamics, ozone self-decomposition 

and the multicomponent reaction model. In the literature part of 

this work, some models for hydrodynamics are briefly considered 

for bubble column simulation. A concise literature review about 

methods for obtaining mass transfer coefficients is presented. The 

methods presented to obtain mass transfer are general models and 

can be applied to any gas-liquid system. In the final section of 

the literature part, ozonation reaction models and methods for 

obtaining stoichiometric coefficients and reaction rate 

coefficients for ozonation reactions are discussed. 

The first article deals with determination of the Henry’s 

coefficient and mass transfer for ozone in a bubble column at 

different pH values of water. The Henry’s coefficient and mass 

transfer coefficient are estimated by nonlinear parameter 

estimation using an algebraic mathematical model. The column inlet 

gas concentration was used as an experimental input variable. The 

outlet gas concentration and dissolved ozone concentration were 

used as observed variables. 

The second article considers the axial dispersion model for 

estimation of ozone self-decomposition kinetics in a semi-batch 

bubble column reactor. The reaction rate coefficients for and gas 
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dispersion coefficients were estimated and compared with 

literature data. 

In the third article, multicomponent reaction kinetics of p-

nitrophenol ozonation were estimated. The axial dispersion model 

was used to simulation of the hydrodynamics. For estimation both 

the stoichiometric coefficients and reaction rate coefficients, 

ozone decomposition reactions were written to give the reaction 

products so that the amount of consumed oxygen calculated from the 

ozone depletion is according to the stoichiometry needed to 

oxidize each reactant to products. It was necessary to include an 

additional term to take into consideration ozone self-

decomposition. 

In the fourth article the developed reaction kinetics model was 

used for estimation of the reaction kinetics of p-nitrophenol 

ozonation at constant pH 2. The results were compared with the 

case of p-nitrophenol ozonation without pH adjustment using 

initial pH 5. 

The identifiablity and reliability of the estimated parameters 

were analyzed in all four articles. In the two first articles the 

sensitivity analysis was done using sensitivity contour plots of 

the objective function. In the latter two articles the 

identifiability and reliability of the estimated parameters were 

analyzed with the Marcov chain Montecarlo(MCMC) method.  

 

 

2. Hydrodynamic models for simulation of bubble column 

 

For bubble columns the hydrodynamics can be presented using the 

complete mixing model, the axial dispersion model, the cell model 

with back flow, and CFD (Computational Fluid Dynamics) models. The 

models developed from the complete mixing model are a model of 

complete mixing in the liquid phase with plug flow in the gas 

phase and a model of Continuous Flow Stirred Tank Reactors (CFSTR) 

in series model. In the latter model the gas phase is in plug flow 

and the liquid phase consists of a series of ideally mixed cells 

in the axial direction. The CFSTR model is presented in more 

deatail in chapter 4.1. 
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2.1 Cell model with back flow 

 

An alternative approach for modelling hydrodynamics and mass 

transfer in bubble columns is the Cell Model with Backflow (CMB). 

In this model, multiphase flow is simplified to a cascade of 

ideally mixed tank reactors in series. In Fig. 1 a flow sheet for 

CMB is presented (Schlüter et al., 1995) for heat flows. This flow 

sheet is analogous with the mass transfer case. 

A single tank volume in series is 

 

C

R

C
N

V
V =     with  

C

R

C
H

L
N =    (2.1) 

 

V
R
 is volume of column and N

C
 is the number of cells. L

R
 is the 

height of the column and H
C
 is the height of one cell, 

respectively. 

Backflow circulating between neighbouring cells is used to 

characterise the degree of back-mixing in the partially mixed 

system. Assuming equidistant cell heights, the backflow ratio, 

defined as the backflow related to the overall convective 

volumetric flow rate, can be coupled mathematically with the 

lumped axial dispersion coefficient of the axial dispersion model: 

 

2

1

,

,
−==

G

C

feedG

bG

Bo

N

V

V

&

&

ζ  with 
GeffG

RG

G
D

Lu
Bo

,ε
=  (2.2) 

 

2

1

,

,
−==

L

C

feedL

bL

Bo

N

V

V

&

&

γ   
with  

LeffL

RL

L
D

Lu
Bo

,ε
=  (2.3) 

 

In equations (2) and (3): 

bGV ,
&   volumetric gas back flow rate, m

3
/s 

feedGV ,
&  volumetric gas feed flow rate, m

3
/s 

GBo   gas phase Bodenstein number 

Gu  superficial gas velocity, m/s 

Gε  volumetric gas hold up 
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GeffD ,  axial gas-phase dispersion coefficient, m
2
/s 

bLV ,
&  volumetric liquid back flow rate, m

3
/s 

feedLV ,
&  volumetric liquid feed flow rate, m

3
/s 

LBo   liquid phase Bodenstein number 

Lu  superficial liquid velocity, m/s 

Lε  volumetric liquid hold up 

LeffD ,  axial liquid-phase dispersion coefficient, m
2
/s 

 

 

Using the energy flows given in Fig. 2.1 an algebraic equation 

system can be set up for modelling heat transfer and energy 

distribution in a bubble column reactor. This system of equations 

must be solved in parallel with mass balances for the gas and 

liquid phase leading to temperature distribution T(x) on the 

liquid side over the column height. For mathematical and numerical 

reasons, the single cell height should not be higher than the 

reactor diameter. So the number of equidistant cells should be at 

least 

 

R

R

C
D

L
N ≥       (2.4) 

 

where D
R
 is the reactor diameter. 
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Fig. 2.1 Left: Gas-phase energy flow rates in the cell model with 

backflow. Right: Liquid-phase energy flow rates in the cell model with 

backflow. (Schlüter et al., 1995) 

 

 

 

2.2 Axial dispersion model 

 

From the physical viewpoint, the Axial Dispersion Model (ADM) is a 

fully empirical model giving the unknown mixing properties of the 

system as an axial dispersion coefficient. Nevertheless, the 

dispersion model can predict gas- and liquid-phase residence time 

distributions with accuracy sufficient for most technical cases 

(Schlüter et al.,1992). 

For the case of ozone absorption and reaction in the liquid phase 

ADM can be described mathematically as, 

 

for the gas phase (neglecting ozone decomposition in that phase): 
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And for the liquid phase: 
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∂
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Where 

 

3ON   ozone mass flux, mol/(m
3
 s) 

3Or   decomposition rate of ozone, mol/(m
3
 s) 

 

 

3. Determination of mass transfer coefficient in a bubble column 

operated in the semi batch mode 

 

In the example discussed in this chapter the bubble column is 

operated in semi-batch mode with gas phase flow through an ideally 

mixed liquid phase. Gas-liquid systems which undergo second order 

irreversible reactions, as is the case of organic ozonation in 

water, are used to determine both the liquid phase mass transfer 

coefficient, akL , and the reaction rate constant k . Based on film 

theory (Lewis and Withman, 1924) a stagnant film of thickness L  at 

the surface of the liquid next to the gas is assumed; the rest of 

the liquid (liquid bulk) far from the film boundary being kept 

uniform in composition by agitation. 

The concentration in the film varies from [ ]∗

3O  at the gas –liquid 

interface to [ ]3O  in the bulk of the liquid. The term [ ]∗

3O  is 

normally taken as the ozone gas solubility because it is assumed 

that there is no resistance to mass transfer on the gas side of 

the gas –liquid interface. 

Usually the reaction rate of ozone is assumed to be second order, 

first order for ozone and first order with respect to organics. 

However, this is not always the case. When a batch reactor is used 
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and the ozone concentration is changed with time, the reaction 

order n and the reaction rate constant dk  can be determined in 

accordance with equation  

 

[ ] [ ]n

dO Ok
dt

Od
r 3

3

3
==      (3.1) 

 

 

3.1 Determination of mass transfer coefficient in the slow kinetic 

regime 

 

In the slow kinetic regime the Hatta number for reaction system of 

ozone and organics M  

 

[ ] [ ]
2/1

1

3 31

21









+
=

−

+ O

nm

nm

L

DOMk
nk

Ha    (3.2) 

 

belongs to the range 0.02 < Ha < 0.3 (Charpentier, 1981). The 

Hatta number indicates the relative importance of the chemical 

reaction compared to mass transfer and allows to define exactly 

the absorption kinetic regime. With the condition [ ] 03 =O  in 

dissolved phase, the absorption rate of O
3
 can be obtained from 

equation  

 

[ ]∗
= 33

OakN LO       (3.3) 

 

Equation 3.3 can be equalized to the disappearance rate of 

organics M : 

 

[ ] [ ]( )dtMdzOakL /3 −=
∗

    (3.4) 

 

z  is the stoichiometric ratio mol ozone consumed per mol organics.
 

When the term [ ]( )dtMdz /−  is plotted versus [ ]∗

3O  and a straight line 

is obtained, the akL  is equal to the slope. (Beltrán et al., 1992) 
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3.1.1. Mass transfer in the steady state condition 

 

A steady state is achieved in continuously operated batch reactors 

if the reaction rate of ozone decomposition is slow enough. In 

this situation, when the ozone gas feed concentration is kept 

constant, ozone concentration in the liquid phase rises until a 

constant steady state value is achieved.  

Equation 3.5 can be used for the steady state situation in 

continuously operated ozone contactors with perfect mixing in the 

liquid phase. 

 

[ ] [ ]( )
333 OssL rOOak =−

∗
   (3.5) 

 

Where [ ]
ss

O3 is ozone concentration in the liquid phase at the steady 

state. If 
3Or , [ ]∗

3O and [ ]
ss

O3  are known akL  can be calculated. For an 

ideally mixed reactor, 
3Or can be obtained by calculating directly 

from the inlet and outlet ozone concentrations of the gas. 

 

3.1.2 Simultaneous determination of mass transfer coefficient and 

Henry’s law constant 

 

If the Hatta number is lower than 0.3 and plug flow of the gas 

phase and perfect mixing of the water phase are assumed, the 

following equation can be derived (Beltrán et al., 1995):  

 

[ ]3

expexp
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3
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−+









=   (3.6) 

 

Where  

oOP
3
 partial pressure of ozone at the column outlet, Pa 

iOP
3
 partial pressure of ozone at the column inlet, Pa 

TP  total pressure, Pa 

S  cross-sectional area of the column, dm
2
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Th  height of the column, dm 

H  apparent Henry’s law constant, (Pa dm
3
)/mol 

[ ]3O  concentration of dissolved ozone, mol/dm
3 

Tm  
total molar flow rate of gas, mol/s 

 

Equation (3.6) allows simultaneous determination of the mass 

transfer coefficient akL  and Henry’s law constant H . Thus, a plot 

of the partial pressure at the reactor outlet,
oOP

3
, versus the 

dissolved ozone concentration [ ]3O , should yield a straight line 

whose ordinate ordinate and slope allows akL  and H  to be obtained. 

With this approach, the ozone inlet concentration (or 
iOP

3
) should 

be constant. 

 

 

3.1.3 Determination of mass transfer coefficient with negligible 

ozone decomposition 

 

In an ozone contact column with complete mixing, the rate of 

change of ozone with time can be expressed as  

 

[ ] [ ] [ ]( )
333

3
OL rOOak

dt

Od
−−=

∗
   (3.7) 

 

The saturation concentration of ozone and the mass transfer 

coefficient of the system are measured independently in a solution 

at a pH where the rate of ozone decomposition is negligible.(Gurol 

and Singer, 1982) 

Equation 10 for this system can be modified to ( 0
3

≈Or ) 

 

[ ] [ ] [ ]( )33
3 OOak

dt

Od
L −=

∗
    (3.8) 

 

The concentration of ozone is followed with time until the 

equilibrium concentration of ozone is reached. This concentration 



 23 

is taken as [ ]∗

3O . akL  is determined from the slope of the straight 

line obtained according to the integrated form of equation (3.9) 

 

[ ] [ ]
[ ] [ ]

tak
OO

OO
L )(ln

033

33 =
−

−
∗

∗

    (3.9) 

 

Where [ ]
03O  is the concentration of dissolved ozone at 0=t . 

 

 

 

 

3.2 Determination of mass transfer coefficient in the 

instantaneous kinetic regime 

 

For the instantaneous kinetic regime, the absorption rate of 3O  

can be calculated using the equation 

 

[ ]
iLA EOakN

∗
= 3     (3.10)   

 

[ ]
[ ]∗

+=
33

1
OD

MDz
E

O

M

i     (3.11) 

 

with the condition 

 

 iEnHa >>      (3.12) 

 

Where 

iE  instantaneous reaction factor 

n dimensionless parameter (Danckwerts, 1970) 

 

When the reaction between ozone and organics is instantaneous, the 

dissolved ozone is completely consumed by the initial organic 

reactant M , in a plane inside the liquid film (Froment and 

Bischoff, 1990). Under these conditions ozone is not available for 

the secondary products at least during the first minutes of 
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ozonation. Therefore, the ozone absorption rate can be given by 

equations 3.13 and 3.14 expressed as a function of the 

disappearance rate of M as follows: 

 

[ ] [ ] [ ]
[ ]











+=








−=

∗

∗

3

3

3

3
1

OD

MDz
Oak

dt

Md
zN

O

M

LO   (3.13) 

MD  is diffusion coefficient of reactant M . 

Rearranging and integration of equation 3.13 leads to: 
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Where 

 

[ ]
[ ]

[ ]
[ ]

M

O

M

O

Dz

OD
M

Dz

OD
M

∗

∗

+

+

=
3

0

3

3

3

β      (3.15) 

 

Where [ ]∗

3O  can be calculated for an ideally mixed reactor from 

equations 
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[ ] [ ]
H

TRO
O G3

3 =
∗

     (3.17) 

 

Where 

 

[ ]
G

O3   ozone concentration at the outlet of reactor, mol/dm
3 

fm   ozone molar flow rate at the reactor inlet, mol/s  
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A plot of the left-hand side of equation 3.14 versus time leads to 

a straight line. akL  can be calculated from the slope 

3O

LM

D

akD
− . 

 

 

 

3.3 Mass transfer in the fast kinetic regime with pseudo first 

order reactions 

 

3.3.1 Estimation at the initial rate 

 

A condition for a fast pseudo first order reaction is 2/3 iEHa << . 

The absorption rate of ozone can be expressed as function of the  

organic M  consumption rate once the stoichiometry is accounted 

for: 

 

[ ] [ ]( ) [ ]
0

2/1

030, 333

=

∗

= 







==

t

OOtO
dt

Md
zMDkOaN   (3.18) 

 

Where 0=t  means that only the initial rate of decomposition is 

taken into consideration and ozone consumption by intermediate 

products, which affects ozone stoichiometry, is neglected. 

According to Beltran et al. (1992) [ ]∗

3O  can be calculated using 

equations 3.16 and 3.17. Based on equation 3.18 a plot of 

[ ]
0=










tdt

Md
z versus [ ] [ ]( ) 2/1

03 MO
∗

should yield a straight line provided the 

ozonation reactions follow the fast pseudo first order kinetic 

regime. If the reaction rate coefficient 
3Ok  is known, the specific 

interfacial area a  can be calculated from the slope ( )
33 OO Dka .  
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3.3.2 Estimation of the specific interfacial area or rate 

coefficient from inlet gas and outlet gas concentration data 

 

The following ozone balance equation can be written for a volume 

differential element (Figure 3.1) 

 

[ ]
dhS

dt

Od
dhSNdP

P

m G

OO

T

T 3

33
+=− β   (3.19) 

 

Where β  is liquid hold-up. 
3ON  depends on physico –chemical 

parameters (rate and mass transfer coefficients) and 

concentrations. For the fast pseudo first order kinetic regime, 

equation 3.18 applies for the reaction between ozone and COD. In 

the following equations 3.20 - 3.28 the symbol M  could be used in 

place of COD, respectively. However, COD is more appropriate in 

presentation of ozone flux because by using COD instead of M  the 

effect of intermediates on flux need not to be taken into 

consideration.  

 

 [ ]
333 3 OOO DCODkOaN

∗
=     (3.20) 

 

Where according to Henry’s law 

 

[ ]
H

P
O

O3

3 =
∗

     (3.21) 

 

By substituting 
3ON from equation 3.20 into equation 3.19, taking 

into account the Henry and gas perfect laws for [ ]∗

3O and [ ]
G

Od 3  

respectively, the ozone mole balance becomes as follows: 

 

dh
RT

S

dt

dP
SdhDCODk

H

P
adP

P

m O

OO

O

O

T

T 3

33

3

3
+=− β   (3.22) 

 

Equation 3.22 can be simplified by neglecting the accumulation 

rate term, which has been found to be at least 1000 times lower 

than the left side equation term (García-Araya, 1993). Thus the 
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resulting equation, after variable separation, can be integrated 

with the following boundary conditions: 

 

 

 

 

0=h   
iOO PP

33
=       (3.23) 

 

Thh =   
oOO PP

33
=       (3.24) 

 

to give: 

 

CODh
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i 33

3

3ln
β

=      (3.25) 

 

where 
iOP

3
 and 

oOP
3
 are partial pressures at the inlet and at the 

outlet of the column. 

mT

PO3-dPO3

PO3

dh

hT

PO3i

PO3o

 

Figure 3.1 Volume differential element in a bubble column. 
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Krevelen and Hoftijer (1948) derived a more general equation, 

3.26, which is valid for fast, moderate or slow reactions and can 

be used for the mass transfer rate instead of equation 3.20. 
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  (3.26) 

 

In the case of fast reaction equation 3.26 reduces to 

 

[ ] HaOakN
LLO

∗
= 33

    (3.27) 

 

and into 

 

[ ] ( )
GOO CODOkN ε−=

∗
133 3

   (3.28) 

 

in the case of a very slow reaction. 

 

 

 

4. Experimental determination of mass transfer coefficient for the 

continuous-flow countercurrent ozone contactor  

 

The mass balance of the gaseous ozone in the reactor can be 

written as follows 

 

[ ] [ ]( ) [ ] [ ]( )
LLLRGoGiG OOakVOOV 3333 −=−

∗&   (4.1) 

 

Thus akL  can be calculated for an ideally mixed reactor as 
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Where 

S  is solubility ratio 

3OR is the rate of ozone mass transfer g/(dm
3
 s) 
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The general mass transfer equation proposed by Danckwerts (1970) 

when applied to ozone mass transfer results in the following 

expression 

 

[ ] [ ]
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O
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If the value of 
2

Ha is low enough, equation 4.3 is 

indistinguishable from equation 4.2 and mass transfer enhancement 

can be neglected (Kumar and Bose,2004, Zhou et al., 1994). 

 

 

4.1 Determination of mass transfer coefficient and kinetic 

constant by optimization 

 

Roustan et al. (1996) estimated mass transfer and reaction rate 

constant for ozone for both co-current and counter current flow in 

a bubble column. Their findings always resulted in higher values 

of akL  for counter current mode than that for co-current mode. They 

assumed plug flow behaviour for the gas phase and the liquid phase 

behaviour as a series of equally-sized well mixed reactors (Figure 

4.1). 

 

Mass balance for the gas phase for the i
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 reactor is: 
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Mass balance for the liquid phase for the i
th
 reactor 
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1=ccI  for counter current flow and 0=ccI  for co-current flow 
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If j  is the number of well mixed reactors, the size of the model 

to be solved is j×2 , the observed variables being [ ]
Gi

O3  and [ ]
Li

O3  

for jtoi 1= . Roustan et al. estimated parameters akL  and k  using 

the Gauss-Newton method in order to minimize a least square 

criterion as an object function 
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where 

Ln  and Gn  are the numbers of liquid and gas phase observations for 

ozone concentrations in outlet streams of the column. [ ]
mkL

O
,

3 and 

[ ]
mkG

O
,

3 are the measured ozone concentrations in the outlet streams. 

[ ]
pkL

O
,

3 and [ ]
pkG

O
,

3  are model-predicted ozone concentrations in the 

outlet streams. 

[ O3 ]Gj [ O3 ]Lo

[ O3 ]Go [ O3 ]Lj

Reactor i

[ O3 ]Gi [ O3 ]Li +1

[ O3 ]Gi-1 [ O3 ]Li

 

 

Figure 4.1 Schematic diagram of co-current and counter current columns. 

[ O3 ]Gj [ O3 ]Lj

[ O3 ]Go [ O3 ]Lo
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[ O3 ]Gi [ O3 ]Li

[ O3 ]Gi -1 [ O3 ]Li -1
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5. Empirical and semi-empirical and theoretical correlations of 

k
L
a, k

L
 and a 

 

A large number of empirical and semi-empirical correlations 

concerning mass transfer can be found in the literature. Phase 

superficial velocities, reaction rate, ionic strength, 

temperature, pH and impurities in general affect akL . In different 

liquids there are different akL  values (Akita and Yoshida, 1973), 

and gas properties affect on akL  as well (Öztürk et al.,1987).  The 

operation mode of the column (co-current or counter current) also 

affects on akL . It is almost impossible to find a correlation for 

akL  which takes all factors into consideration. In general, extreme 

care must be taken in the use of empirical correlations. They are, 

however, often useful as first guess approximations. 

Knowledge of Lk  permits evaluation of the importance of the effect 

of the chemical reaction affecting on mass transfer. Higbie 

(Danckverts, 1970) has proposed the equation  

 

c

L
t

D
k 13.1=      (5.1) 

where ct  is the contact time calculated by using the following 

equation 

 

S

B

c
U

d
t =      (5.2) 

 

Where Bd  is the bubble diameter, and SU  us the rise velocity of 

the bubble with respect to the liquid. 
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For bubble columns with ultrapure water, Calderbank’s equation 

(Froment and Bischoff, 1979), which does not take the superficial 

velocity of gas into consideration at all, is 

 

L

OL

L

L

L

Dg
k

µ

ρ

ρ

µ
342.0=  , md B

3100.2 −×≥  (5.3) 

 

akL  correlation equations are usually functions of gas superficial 

velocity. Various relationships of the form 

 

b

GL aUak =        (5.4) 

 

have been presented for estimation of akL  in bubble column 

reactors. For example, Laplanche et al.(1989) gave the following 

equation for ozonation at 20 °C  

 

54.041091.7 GL Uak
−×=      (5.5) 

 

Bin and Roustan (2000) presented a collection of empirical 

correlations of the form of equation 5.4. 

 

The specific interfacial area a is an important design variable 

which is related to gas holdup Gε  and the diameter of bubbles as 

follows 

 

G

G
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a

ε

ε

−
=

1

6
     (5.6) 

 

Different photographic techniques and image analysis methods can 

be used to obtain Bd . 

 

 

 

 

 

 



 33 

6. Decomposition of ozone 

 

The stability of the aqueous ozone is affected by pH, ultraviolet 

light, ozone concentration and concentration of radical scavengers 

(Tomiyasu et al., 1985). The decomposition rate, measured in the 

presence of an excess of radical scavengers which prevent 

secondary reactions, is expressed by a pseudo first order kinetic 

equation of the following configuration: 

 

[ ] [ ]13
3 ' Ok

dt

Od
=−    (6.1) 

 

and 

 

[ ]
[ ]

tk
O

O
'ln

03

3 =     (6.2) 

 

where 'k  is a pseudo first order rate constant for a given pH 

value. 

The pseudo first order constant is a linear function of pH as 

shown in Figure 6.1. This evolution reflects that the ozone 

composition rate is first order with respect to both ozone and 

hydroxide ions, resulting in an overall equation of the following 

form: 

 

[ ] [ ][ ]−=− OHOk
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Od
3
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Where [ ]−
=

OH

k
k

'
   (6.4) 
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Figure 6.1 Pseudo first order rate coefficient as a function of hydroxide 

ion concentration (Langlais et al., 1991). 

 

In the ozonation of natural waters the first order law is not 

always correct (Gurol and Singer, 1982; Yurteri and Gurol, 1988; 

Tomiyasu et al., 1985) According to Tomiyasu et al.(1985) for 

example, in some cases at pH 8-11, a combined first- and second-

order rate law is more correct. 

 

[ ] [ ]3
3 Ok

dt

Od
w=−     (6.5) 

 

where [ ]( )3exp Ocbakw ∆+=   (6.6) 

 

where a, b, and c are kinetic parameters, and [ ]3O∆  refers to the 

change in ozone concentration. 
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6.1. Chain reaction models for decomposition of ozone 

 

Ozone decomposition occurs in a chain reaction process that in 

literature is presented with different series of reactions. In 

practice, there are two dominating reaction chain models: the HSB 

(Hoigné,Staehelin and Bader) mechanism and the GTF (Gordon, 

Tomiyasu and Fukutomi) mechanism. The HSB model is valid for 

neutral or near neutral conditions. The GTF model has been 

verified with pulse radiolysis at high pH levels (pH > 10). The 

HSB mechanism can be presented by the following fundamental 

reactions (Weiss, 1935,Staehelin 1984). This mechanism is also 

presented in Fig. 6.2. 

 

−•− +→+ 223 OHOOHO   
11100.7 −−×= sMk   (6.7) 

 

+−••
+→← HOHO 22    

8.410=ak   (6.8) 

 

2323 OOOO +→+
−•−•

  
119106.1 −−×= sMk   (6.9) 

 

•+−• →←+ 33 HOHO   
1110102.5 −−×= sMk   (6.10) 

     
12103.2 −

− ×= sk  

23 OOHHO +→ •
   

13101.1 −×= sk   (6.11) 

 

43 HOOOH →+•
   

119100.2 −−×= sMk   (6.12) 

 

224 OHOHO +→
•

  
14108.2 −×= sk   (6.13) 

 

32244 2OOHHOHO +→+      (6.14) 

 

232234 OOOHHOHO ++→+
•

     (6.15) 

 

In the initiation step of the HSB model, the reaction between 
−

OH  

ions and ozone leads to the formation of one superoxide anion 
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−•
2O and one hydroperoxyl radical 

•

2HO  which are in acid base 

equilibrium ( 8.4=apK ). 

The GTF-mechanism involves a two-electron transfer process or an 

oxygen atom transfer from ozone to the hydroxide ion (Tomiyasu et 

al., 1985, Grasso, 1987, Gordon, 1987). In this mechanism 
•

3HO and 

4HO  are not proposed. In Hoignés mechanism, if these species agree 

with the mechanistic pathway, some additional experiments may be 

necessary to confirm their existence. The GTF ozone decomposition 

mechanism is presented with the following steps: 

 

223 OHOOHO +→+
−−

   
11240 −−±= sMk   (6.16) 

 

•−•−
+→+ 2332 HOOOHO   

116102.2 −−×= sMk   (6.16) 

 

OHOOHHO 222 +→←+
−•−•

  
8.410−=ak    (6.17) 

 

2332 OOOO +→+
−•−•

   
119106.1 −−×= sMk   (6.18) 

 

−•−• ++→+ OHOOHOHO 223   
113020 −−−= sMk   (6.19) 

 

•−••−• +→+ 223 HOOOHO   
119106 −−×= sMk   (6.20) 

 

−• +→+ OHOOHO 33    
119105.2 −−×= sMk   (6.21) 

 

223 OHOOOH +→+
••

   
119103 −−×= sMk   (6.22) 

 

−−−• +→+ 3

2

3 COOHCOOH   
118102.4 −−×= sMk   (6.23) 

 

)( 22233 OOCOproductsOCO ++→+
−−

     (6.24) 
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6.1.1 Hydrogen peroxide 

 

Hydrogen peroxide 22OH  is a weak acid. It is produced in the 

radical chain. In water solution, it partially dissociates into 

hydroperoxide ion 
−

2HO .  

 

+−
+→←+ OHHOOHOH 22222   

6.1110−=ak   (6.25) 

 

The hydrogen peroxide molecule reacts very slowly with ozone 

(Taube and Bray 1940), whereas the hydrogenperoxide anion is 

highly reactive. As a result, the ozone decomposition rate by 

hydrogen peroxide increases with increasing pH.  

It has been shown that the ozone decomposition with hydrogen 

peroxide can be presented by a second order kinetic equation 

(Langlais et al., 1991, Kuo et al., 1997 , Beltrán , 2004 ) 

 

[ ] [ ][ ]−
=− 23

''3 HOOk
dt

Od
  

116'' 100.15.5 −−×±= sMk   (6.26) 

 

The rate constant ''k  is vastly superior to that of ozone 

decomposition initiated by hydroxyl ions. Therefore, the result is 

that very low concentrations of 
−

2HO are kinetically effective in 

initiating 3O  decomposition. 

Based on the mechanism of ozone decomposition, the initiation and 

propagation reactions could be as follows (Langlais et al., 1991) 

 

+−
+→←+ OHHOOHOH 22222   

6.1110−=ak    (6.27) 

 

2223 OOOHHOO ++→+
−••−

  
116102.2 −−×= sMk   (6.28) 

 

•+−
→←+ 22 HOHO     

8.410/1 =ak    (6.29) 

 

2323 OOOO +→+
−•−•

   
119106.1 −−×= sMk   (6.30) 
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•+−• →←+ 33 HOHO    
1110102.5 −−×= sMk   (6.31) 

      
12103.2 −

− ×= sk  

23 OOHHO +→ ••
   

15101.1 −×= sk   (6.32) 

 

  

 

6.2 Initiators, promoters, and inhibitors of free radical 

reactions 

 

The hydroxide ion plays a fundamental role in initiating the ozone 

decomposition process. In fact, a wide variety of compounds are 

able to initiate, promote or inhibit the chain reaction processes 

(Hoigné and Bader, 1977 a; Staehelin and Hoigné, 1983). 

The initiators of the free radical reaction, that is, the 

compounds capable of inducing the formation of the superoxide ion 

−•
2O  from an ozone molecule, are inorganic compounds (for example 

hydroxyl ions 
−

OH , hydroperoxide ions 
−

2HO  and some cations) and 

organic compounds (for example glyoxylic acid, formic acid and 

humic substances). Ultraviolet radiation at 253.7 nm is also 

capable of initiating the free radical process. 

The promotors of the free-radical reaction are organic and 

inorganic molecules capable of regenerating the 
−•

2O  from the 

hydroxyl radical OH
•

. Common promotors are organics with aryl 

groups, formic acvid, glyoxylic acid, primary alcohols and humic 

acids. 

The inhibitors of free radical reaction are compounds capable of 

consuming OH
•

 without regenerating 
−•

2O . Some of the more common 

inhibitors are bicarbonate an carbonate ions, alkyl groups, 

tertiary alcohols and humid substances (Hoigné and Bader, 1985). 

  

 

 

 

 

 



 39 

6.3 Ozone reactions with organics 

 

In water solution ozone reacts with organic molecule by direct 

reaction or by radical-type reaction. 

For direct reaction of ozone with a solute M  can be written 

 

oxMMO →+3γ      (6.33) 

 

where γ  is a stoichiometric factor for the number of ozone 

molecules consumed per molecule M  transformed to oxidized 

molecule oxM . 

 

6.3.1 Reaction kinetics of the ozone-solute reaction 

 

The decomposition rate of ozone in an ozone – organic matter M  

reaction is generally presented with second order equation (Hoigné 

and Bader, 1981). 

 

[ ]
[ ][ ]MOk

dt

Od
r ii

i

iO 3
3

,3
γ=








=      (6.34) 

 

where iOr ,3
 is the decomposition rate of ozone in reaction i , and iγ  

is the stoichiometric coefficient, the number of moles of ozone 

consumed per moles of decomposed M .  

The reaction of ozone with inorganic compounds generally follows 

the first order kinetic law with respect to ozone and the oxidable 

compound resulting in a similar second order reaction rate 

equation to equation 6.34. 

 

The acidic organic molecule M  can dissociate in the form 

 

+− +→← HMM     (6.35) 

 

Thus, the disappearance rate of ozone can be written as  

 

[ ][ ] [ ][ ] [ ][ ]MOkMOkrrMOkr iiiiiOiOTOTiiiiiiO 33,,3,,,, 333
γγγ +=+== −

−−−−−−    (6.36) 
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where −iγ  and −,3Ok  are the stoichiometric coefficient and the rate 

coefficient for the ionic form of M . 

The overall reaction rate for the oxidation of acidic substances 

strongly depends on the degree of dissociation, and consequently, 

on the pH of the solution. 

The decomposition rate of solute M  related to equations 6.35 and  

6.36 is 

 

[ ] [ ][ ]MOk
dt

Md
i

i

3=







  (6.37) 

 

In some cases, the decomposition rate of the solute is presented 

as a summation of the rates of the direct reaction by ozone and 

the indirect reaction by the hydroxyl radical 
•

OH (Gurol and 

Nekouinaini, 1984) 

 

[ ] [ ][ ] [ ][ ]MOHkMOk
dt

Md •+= '3    (6.38) 

Hydroxyl radical concentration cannot be measured directly. 

Consequantly, an 3O  resistant 
•

OH  probe compound is usually used, 

for example, para-chlorobezoic acid (pCBA). 

 

 

6.3.2 Role of organics in the radical chain reaction 

 

Accoring to Staehelin and Hoigné (1985) solutes M  may react with 

ozone and consume ozone by direct reaction (d) or produce an 

ozonide ion radical 
−•

3O  by electron transfer (d’)(in the 

initiation step). The other path in the initiation step is the 

reaction of ozone with the hydroxide ion 
−

OH , See Figure 6.2. Upon 

protonation 
−•

3O  decomposes into 
•

OH  radicals. These react with 

solutes M . Some functional groups present in organic molecules M  

are known to react with 
•

OH  to form an organic radical which adds 

2O  and then eliminates 
−••

22 / OHO  in a base-catalyzed reaction and 
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as a result M  is oxidised (11)(in the propagation step). Many 

organic and inorganic substrates react with 
•

OH  radicals to form 

such secondary radicals which do not predominantly produce 

−••

22 / OHO . These scavengers generally terminate the chain reaction 

(8) (the termination step). 

Pi et al.(2005) suggested an additional reaction pathway in which 

•
OH  radicals , or in some cases aqueous ozone, attack aromatic 

rings and lead to the formation of olefins. Then the reaction of 

ozone with the olefins leads to production of hydrogen peroxide. 

Parts of the hydrogen peroxide dissociate to 
−

2HO , which has a 

much higher initiating ability than 
−

OH . The formation and 

location of olefins in the radical chain is presented in Fig. 6.3.  

 

Figure 6.2 Reactions of aqueous ozone in the presence of solutes M which 

react with 3O  or interact with OH
•

 radicals by scavenging and/or 

converting OH
•

 into 
•

2HO .(Staehelin and Hoigné, 1985) 
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Figure 6.3 An assumed reaction pathway of aromatic compounds with aqueous 

ozone. Aromatic compounds (A), scavenger (S), oxidation products (P and 

P’). (Pi et al., 2005) 

 

6.3.3. Molecular structure and reactivity with ozone 

 

The two ozonolysis pathways are 1)direct attack electrophilic or 

dipolar cyclo addition and 2)indirect attack by free radicals 

produced by a reaction with water and water constituents. 

Initial molecular reaction sites are either multiple bonds 

XCCROCCCC −=−−−== ,,  or atoms carrying a negative charge 

SOPN ,,,  and nucleophilic carbons. A strong initial reactivity is 

therefore predicted for ortho-activated aromatics by substituents 

such as 33 ,, OCHCHOH . A weaker initial reactivity is predicted 

for molecules with HCONO 23 , and CHO groups. Radical reactions 

(for example reactions of 
•

OH ) are unselective. 
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6.3.4 Rate constants for substituted benzenes 

 

Benzene and substituted benzenes are important in waste water 

ozonation research because they are often used as model compounds.  

The reaction rate constants of different substituted benzenes vary 

by many orders of magnitude (Table by Hoigné and Bader (1983) on 

page 44). A linear relationship is obtained for 
0

10log
k

k
 vs. the 

Hammet-Brown constant 
+

pσ (Exner, 1972, Hoigné and Bader, 1983). 

This is presented in Fig. 6.4. 0k  is the rate constant for the 

reference component (benzene) and k  is the rate constant for the 

component itself. 

 

Figure 6.4 Stock-Brown plot of substituted benzenes. 

(Hoigné and Bader, 1977) 
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7. Methods of estimation of reaction rate coefficients in 

ozonation 

 

7.1. Competitive kinetic model  

 

A competitive kinetic model was proposed by Gurol and Negouniaini 

(1984). In this method, mixtures of organic compounds are degraded 

simultaneously in a reaction system. In every mixture, one of the 

organic substances is a reference compound, which degradation rate 

constant is previously known. The remaining substances constitute 

the target compounds, whose rate constants are unknown. This 

dynamic approach has been used with success by several authors 

(Hoigné and Bader, 1983, Benitez et al., 1998, Yao and Haag, 1991) 

This procedure is reliable when measuring the rates of fast 

reactions in aqueous solutions, and is based on assuming that the 

reaction between the oxidant and the organic follows second order 

kinetics, that is, first order with respect to both reactants. 

In a specific case of ozonation of chlorophenol mixtures (Benitez 

et al., 2000), the rate expression of disappearance for each 

chlorophenol iCP  and the reference chlorophenol RCP  is 

 

[ ]
[ ][ ] [ ][ ]i

i

iO

ii

i CPO
k

CPOk
dt

CPd
33

3

γ
==−    (7.1) 

 

[ ] [ ][ ] [ ][ ]R

R

RO

RR

R CPO
k

CPOk
dt

CP
33

3

γ
==−    (7.2) 

 

where ROk
3
 and iOk

3
 are the overall ozone disappearance rate 

constants for the reference and target compounds. Rk  and ik  are the 

overall CP  disappearance rate constants  for the reference and 

target compounds. Rγ  and iγ  are the stoichiometric ratios for the 

reference and the target compound, respectively. 

By integrating equations 7.1 and 7.2 between 0=t  and tt = , and 

dividing the obtained equations the following equation is obtained 
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[ ]
[ ]

[ ]

R

R

ROi

iOR

i

i

CP

CP

k

k

CP

CP
00 lnln

3

3

γ

γ
=      (7.3) 

 

In this method the stoichiometric coefficients have to be known to 

obtain iOk
3
. A plot of 

[ ]
[ ]i

i

CP

CP
0ln  against 

[ ]
[ ]R

R

CP

CP
0ln  must yield a straight 

line whose slope is the ratio of the rate constants. 

 

 

7.1.1 Calculation of overall reaction rate coefficient from 

reaction rates of anionic and neutral forms of solute 

 

An acidic component dissociates in a water solution according to 

Equation 7.4. If the reaction rate coefficients of the anionic and 

neutral forms of the dissociated component M  are known, the 

overall reaction rate coefficient can be calculated from α , the 

degree of dissociation, defined as 

 

[ ]
[ ]MM

M

+
=

−

−

α     (7.4) 

 

On the other hand, the degree of dissociation can also be 

determined from the pH of the solution and the dissociation 

constant aK  of the acid 

 

[ ]
aK

H +

+

=

1

1
α      (7.5) 

 

The disappearance rate of ozone can be written as 

[ ][ ] [ ][ ] [ ][ ]MOkMOkMOkr MOMOtotOO 333 3333
+== −

−   (7.6) 

 

From Equations 7.4 and 7.6 it can be stated that 

 

MOMOO kkk ,, 333
)1( αα −+= −   (7.7) 
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Where 
3Ok  is the overall reaction rate coefficient of ozone 

decomposition and −
MO

k
3

 and MOk
3
 are the reaction rate coefficients 

of ozone decomposition in ozone reactions with 
−M  and 

M ,respectively. 

 

 

 

7.1.2 Determination of the stoichiometric coefficients 

 

In literature, the stoichiometric coefficients in ozonation are 

usually determined from the decomposed amounts of ozone and solute 

during the initial phase of ozonation in a well mixed reactor. In 

literature, the initial phase is usually a few minutes of reaction 

time.  

The decomposition rate of solute M  can expressed 

 

[ ] [ ][ ]MOk
dt

Md
3=−     (7.8) 

 

The ozone decomposition rate can be expressed with 

 

[ ] [ ][ ]MOk
dt

Od
3

3 γ=−     (7.9) 

 

where  
[ ] [ ]
[ ] [ ]MM

OO

−

−
=

0

303γ    (7.10) 

 

When using this method it has to be supposed that the amount of 

moles of intermediate compounds remains relatively small compared 

with the amount of moles of M  and the reactions of the 

intermediates competing for ozone are sufficiently slow.  
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7.2 Determination of second order reaction rate coefficient of 

ozone with an excess of solute component 

 

The rate of ozone disappearance in a batch reaction with solute M  

with initial concentration [ ]0M  is 

 

[ ] [ ][ ]MOk
dt

Od
O 3

3

3
=−       (7.11) 

 

If the concentration of component M is many times higher than that 

of ozone [ ] [ ]0MM ≈ and integration of Equation 7.11 yields 

 

[ ]
[ ]

[ ] tMk
O

O
O 0

03

3

3
ln =        (7.12) 

 

Plotting [ ] [ ]( )
033ln OO  versus time, experimental points should be 

situated around a straight line with slope equal to [ ]03
MkO . 

However, batch measurements with several different initial 

concentrations of ozone and solute should be done to obtain the 

rate constant applicable to a larger concentration range. 

 

 

 

 

7.3 Estimation of the rate coefficient in the pseudo m-order 

regime (Benitez et al. 1999) 

 

The pseudo m-order regime of absorption is accomplished when the 

condition 

 

2
3 iE

Ha <<       (7.13) 

 

 is fulfilled. iE  is the instantaneous reaction factor defined in 

film theory (Charpentier, 1981).  
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[ ]
[ ]*

1
A

M

D

D
E

A

M

i

γ
+=     

(7.14) 

 

Ha , the Hatta number, is 

 

[ ] [ ]nm

AA

L

MADk
mk

Ha
1*

1

21 −

+
=    (7.15) 

 

where A refers to the ozone gas absorbing into the solution. Ak  is 

the rate constant for ozone. According to the film theory the gas 

absorption rate can be expressed by the following equation: 

 

[ ] EAakN LA

*
=     (7.16) 

 

If the reactions of the intermediates are negligible as regards 

ozone consumption one can write: 

 

[ ]








−=

dt

Md
N A γ     (7.17) 

 

From Equations 7.17 and 7.18 the following form is obtained 

 

[ ]

[ ]*
Aak

dt

Md

E

L









−

=

γ

    (7.18) 

 

In the pseudo m-order regime the film theory proposes that HaE = . 

Thus with Equations 7.15, 7.16 and 7.17 can be written 

 

[ ] [ ] [ ] [ ]
1

2
1**

+
=−

−

m

MADkAa

dt

Md
nm

AA

γ
  (7.19) 

 

Assuming n=1, which is a common situation for ozone-organics 

reactions, rearranging and integrating with the initial condition  

[ ] [ ]00 MMt ==   (7.20) 
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yields  

 

[ ] [ ] tMM κ=−
2/12/1

0     (7.21) 

 

where 

 

[ ] [ ]
1

2

2

1**

+
=

−

m

ADkAa
m

AA

γ
κ    (7.22) 

 

Based on Equation 7.21, a plot of [ ] [ ] 2/12/1

0 MM −  versus reaction time 

should give a straight line whose slope is κ . 

Equation 7.22 allows one to determine the reaction order m  for the 

absorbing and reacting gas A by double plotting κ  versus [ ]*
A  with 

different partial pressures of A. This should yield a straight 

line with a slope of 2/)1( +m . Knowing the m  value Ak  can be 

calculated from Equation 7.22. 

 

 

7.4 Estimation of the pseudo first order reaction rate coefficient 

with an excess of ozone in the solution 

 

When the ozone decomposition rate in solution is low enough, the 

different steady state concentrations of ozone can be achieved 

with different gas flow rates in the reactor. In this case, the 

ozone consumption rate can be determined by the rate of chemical 

reaction in the bulk solution.(Charpentier, 1981). 

Since the oxidizing ability of ozone comes from either molecular 

ozone or from hydroxyl radicals, the rate of the disappearance of 

the organic solute can be formulated as follows: 

 

 

 

[ ] [ ][ ] [ ][ ]MOHkMOk
dt

M
OHO

−+=− 33
   (7.23) 

 

In equation 7.23 
3Ok  and OHk  are the rate coefficients for solute 

M  decomposition. In the steady state situation it can be supposed 
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that the ozone concentration and hydroxyl radical concentration 

are constants in the solution. Therefore, Equation 7.23 can be 

rearranged to the pseudo first-order reaction equation: 

 

[ ] [ ] [ ]( )[ ] [ ]MkMOHkOk
dt

Md
OHO −=+−= −

33
  (7.24) 

 

When [ ] [ ]( )0ln MM  values are plotted against time the pseudo first-

order rate constant is obtained from the slope. 

 

 

 

 

7.5 Quantification of the oxidation of micropollutants by ozone 

and by OH radicals. 

 

To quantify the extent of oxidation during an ozonation process, 

it is necessary to combine the characterization of the ozonation 

process with the available kinetic information. The oxidation of a 

micropollutant M during an ozonation process can be formulated as 

follows: 

 

[ ] [ ][ ] [ ][ ]•+=− OHMkOMk
dt

Md
231     (7.25) 

 

The ratio cR  of the concentrations of OH  radicals and ozone can 

be measured by adding an ozone-resistant probe compound (e.g, 

para-chlorobenzoic acid): 

 

[ ]
[ ]3O

OH
Rc

•

=        (7.26) 

 Inserting equation 7.26 in equation 7.25 yields  

 

[ ] ( )[ ][ ]321 OMRkk
dt

Md
c+=−      (7.27) 

 

Integration of equation 7.27 for a batch or plug-flow reactor 

yields: 
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[ ]
[ ]

( ) [ ]∫+−=







dtORkk

M

M
c 321

0

ln     (7.28) 

 

The fraction OHf  of M  reacting with OH radicals can be calculated 

as (von Gunten, 2003) 

 

c

c

OH
Rkk

Rk
f

21

2

+
=       (7.29) 

 

 

The rate coefficient 1k  can be estimated using radical scavenger 

like tert-butyl alcohol in the ozonation of M . 2k  can be 

estimated using excess of ozone resistant probe compound like 

para-chlorobenzoic acid in reaction solution. 

 

 

 

8. Multicomponent reaction models in ozonation 

 

The intermediates of ozone-organic species reactions are quite 

well known in some cases (phenols for example) but the reaction 

schemes and, in particular the reaction rate coefficients in the 

reaction schemes are poorly known. The measurements of rate 

coefficients presented in literature are usually done for an 

individual chemical species. Application of these separate rate 

coefficients into multicomponent mixture models does not 

necessarily lead to realistic simulations because various effects 

influencing the rate coefficients of the reactions between the 

components are not sufficiently taken into consideration. 

One way of building a scheme of a multicomponent reaction model is 

the application of the radical chain model. 
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8.1. Radical chain models 

 

Radical chain models consist of a variety of reactions which could 

be; initiation reactions, propagation reactions, promotion 

reactions, reversible reactions and scavenging reactions. Unlike 

the case of irreversible reactions, where only one kinetic rate 

constant is required to describe the rates of formation and 

destruction of various species, in the case of reversible 

reactions, rates for both the forward and backward reactions are 

needed and may not be available because such reactions are 

generally described by an equilibrium constant which is the ratio 

of the forward and backward reaction rates. If the equilibrium 

presumption is adopted, one must choose the constant in such an 

arbitrary manner that their ratio is constant. Care must, however, 

be taken that the rate coefficients are at least an order higher 

than the largest irreversible rate constant. 

 

 

 

 

 

 

8.1.1 Ozonation model for organic species 

 

The model adopted by Rivas et al.(2006) to simulate the ozonation 

consisted of the classic radical chain mechanism introduced by 

Hoigné, Staehelin and Bühler (Chelkowska et al., 1992) and  

fluorene reactions between ozone and hydroxyl radical. Ozone mass 

transfer was also included in the model. The main reactions 

constituting the mechanism are as follows. [Units are ( )sdmmol 3
 or 

s1 ] 

 

−••− +→+ 23 OHOOHO   70/140=k     (8.1) 

 

−•−• +→+ 3223 OOOO   
9106.1 ×=k     (8.2) 

 

•−•+ →←+ 33 HOOH    
410 107.3,100.2 ×=×= −kk  (8.3) 
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••
+→ HOOHO 23   

4100.5 ×=k     (8.4) 

 

•• →←+ 43 HOHOO   
29 100.1,100.2 ×=×= −kk   (8.5) 

 

••
+→ 224 HOOHO   

4108.2 ×=k     (8.6) 

 

)( 2322 OHOOHO ++→
•

 
10100.1 ×=k     (8.7) 

 

22OHHOHO →+ ••
  

9100.5 ×=k     (8.8) 

 

2223 OHOHOHO +→+
••

 
9100.5 ×=k     (8.9) 

 

−−••
+→+ OHOOHO 223 2  

10100.1 ×=k     (8.10) 

 

22344 2 OHOHOHO +→+
••

 
9100.5 ×=k     (8.11) 

 

2234 OHOHOHO +→+ ••
 

9100.5 ×=k     (8.12) 

 

−−••
++→+ OHOOOHO 2324  

10100.1 ×=k     (8.13) 

 

222334 OHOOHOHO ++→+
••

 
9100.5 ×=k     (8.14) 

 

−•−• +→←+ OHHOOOH 332 )(  
10100.1,2.54 ×== −kk   (8.15) 

 

2232 OOHOOHO ++→+
−••−

 
6108.2 ×=k     (8.16) 

 

−•+•
+→← 22 OHHO    

105 100.2,102.3 ×=×= −kk  (8.17) 

 

−+ +→← 222 HOHOH   
102 100.2,105.4 ×=×= −− kk  (8.18) 

 

OHOHH 2→←+ −+
  

311 100.1,100.1 −− ×=×= kk  (8.19) 
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PFO →+3    FOk −3
     (8.20) 

 

PFHO →+•
   

FHO
k

−o
     (8.21) 

 

F  is fluorene and P  denotes products. Rivas et al. found in their 

investigation that the ozone reactions with intermediate products 

from ozone–fluorene reactions cannot be ignored. Taking the 

intermediates reactions with ozone and hydroxyl radicals into the 

model, they obtained better simulation results for ozone gas 

leaving the reactor and for dissolved ozone. 

 

 

8.1.2 Ozone reactions in pure water containing 

bicarbonate/carbonate alkanity 

 

Kumar and Bose (2004) presented a model for ozone decomposition 

taking into consideration the scavenging effect of inorganic 

carbon. Their reaction model which is based on the Hoigné-

Staehelin-Bader model(HSB)is as follows: 

 

Initiation reactions 

 

•−•− +→+ 223 HOOOHO   )(70 3 smoldmk =    (8.22) 

 

•−•−
+→+ 2323 HOOHOO  )(105.5 36 smoldmk ×=   (8.23) 

 

Propagation reactions 

 

2323 OOOO +→+
−−•

  )(106.1 39 smoldmk ×=   (8.24) 

 

33 HOOH
•−•+ →+    )(102.5 310 smoldmk ×=   (8.25) 

 

23 OOHHO +→•
   )(101.1 35 smoldmk ×=   (8.26) 

 



 56 

Promotion reactions 

 

223 OHOOHO +→+ ••
  )(101.1 38 smoldmk ×=   (8.27) 

 

OHHOOHOH 2222 +→+ ••
 )(107.2 37 smoldmk ×=   (8.28) 

 

OHOOHHO 222 +→+
−••−

 )(105.7 39 smoldmk ×=   (8.29) 

 

222 OOHOHHO +→+ ••
  )(100.1 310 smoldmk ×=   (8.30) 

 

Formation of 22OH  

 

22222 OOHHOHO +→+ ••
 )(103.8 35 smoldmk ×=   (8.31) 

 

−−•• ++→++ OHOOHOHOOH 222222   )(107.9 37 smoldmk ×=  (8.32) 

 

Reversible reactions 

−•+• +→← 22 OHHO    
8.410−− =kk     (8.33 

 

+−
+→← HHOOH 222   

8.1110−− =kk     (8.34) 

 

+− +→← HOHOH 2   
1410−− =kk     (8.35) 

 

+−
+→← HHCOCOH 332   

3.610−− =kk     (8.36) 

 

+−−
+→← HCOHCO

2

33   
3.1010−− =kk     (8.37) 

 

Scavenging reactions 

 

OHCOOHHCO 233 +→+
−••−

  )(101.1 37 smoldmk ×=  (8.38) 

 

−−••−
+→+ OHCOOHCO 33   )(100.4 38 smoldmk ×=  (8.39) 
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−−••−• →+ OHCOOHCO 33   )(100.3 39 smoldmk ×=  (8.40) 

 

Using their reaction model, Kumar and Bose made simulations at 

various pH and at various radical scavenger concentrations rather 

successfully.  

 

 

 

8.1.3 Ozone reactions in pure water containing 

bicarbonate/carbonate alkanity and the organics 

 

Pedit et al. (1997) presented a model with ozone decomposition 

chemistry including degradation of TCE and PDE, carbon as a 

scavenger, and other reversible reactions. Their reactions are as 

follows: 

 

Initial reactions 

 

•−•−
+→+ 2332 HOOOHO  ( )smoldmk 36105.5 ×=    (8.41) 

 

223 OHOOOH +→+
−−

  ( )smoldmk 370=     (8.42) 

 

Propagation reactions 

 

2332 OOOO +→+
−•−•

  ( )smoldmk 39106.1 ×=    (8.43) 

 

•+−• →+ 33 HOHO   ( )smoldmk 310102.5 ×=    (8.44) 

 

23 OOHHO +→ ••
  sk /1101.1 5×=     (8.45) 

 

Destruction and scavenging reactions 

 

productsTCEO →+3   ( )smoldmk 317=     (8.46) 

 

productsPCEO →+3   ( )smoldmk 31.0=     (8.47) 
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productsTCEOH →+•
  ( )smoldmk 39100.4 ×=    (8.48) 

 

productsPCEOH →+•
  ( )smoldmk 39100.2 ×=    (8.49) 

 

•−−• +→+ 22 HOOHHOOH  ( )smoldmk 39105.7 ×=    (8.50) 

 

•• +→+ 2222 HOOHOHOH  ( )smoldmk 37107.2 ×=    (8.51) 

 

−•−• +→+ 323 COOHHCOOH  ( )smoldmk 36105.8 ×=    (8.52) 

 

−•−−• +→+ 3

2

3 COOHCOOH  ( )smoldmk 38109.3 ×=    (8.53) 

 

223 OHOOOH +→+
••

  ( )smoldmk 38101.1 ×=    (8.54) 

 

−•−• +→+ 32223 HCOHOOHCO  ( )smoldmk 35100.8 ×=    (8.55) 

 

−−•−−• +→+ 3223 HCOOHOCO  ( )smoldmk 37106.5 ×=    (8.56) 

 

22222 OHOHOHO +→+
••

 ( )smoldmk 35103.8 ×=    (8.57) 

 

−•−• ++→++ OHOHOOHHOO 222222  ( )smoldmk 37107.9 ×=  (8.58) 

 

productsCOCO →+
−•−•

33  ( )smoldmk 36102.2 ×=    (8.59) 

 

 

 

Equilibrium reactions 

 

+−
+→← HHOOH 222   7.11=pK      (8.60) 

 

+−••
+→← HOHO 22   8.4=pK      (8.61) 
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+−
+→← HHCOCOH 332   3.6=pK      (8.62) 

 

+− +→← HOHOH 2   14=pK      (8.63) 

 

 

 

8.2 Multicomponent reaction models without radical chain reactions 

and reduction in the number of model parameters 

 

During oxidation of organics a large number of various 

intermediates are usually produced. In addition, a large number of 

oxidation species are also produced, for example radicals. A 

natural choice for deal with the reaction system is a development 

of a reaction model where COD has an important role in presenting 

the unknown (and in some cases known) intermediates. In some 

special cases, however, sum parameters are needed because of some 

oxidation intermediates that cannot be presented as COD. 

 

 

 

 

 

 

 

 

8.2.1 Model of apparent rate coefficients 

 

When organics A and B react with ozone producing known or unknown 

byproducts C and D, one can write 

 

COA
k→+ 1

3       (8.64) 

DOB
k→+ 2

3       (8.65) 

 

If one writes differential equations to solve the concentrations 

directly according to equations 8.64 and 8.65, one obtains 

apparent rate coefficients  1k  and 2k   because the stoichiometric 
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coefficients for ozone have been neglected. The model itself is 

fully empirical. 

 

 

8.2.2 Model neglecting ozone consumption of intermediates 

 

 

Suppose that the stoichiometric coefficients for ozone   1γ  and 2γ  

are known. When organics A and B react with ozone producing 

unknown by-products C and D one can write 

 

COA
k→+ 1

31γ       (8.66) 

 

DOB
k→+ 2

32γ       (8.67) 

 

C and D can be renamed as (unknown) products without including 

them in the differential equations. In this case it is supposed 

that the ozone consumption of the products is negligible compared 

to reactants A and B. 

 

 

8.2.3 Residual COD model 

 

A natural choice to include the unknown (and known) intermediates 

in the reaction model is the use of residual COD  as a lumped 

parameter. COD
res
 represents the COD of the intermediate species 

which is the measured total COD from which the theoretical COD of 

the measured intermediates has been subtracted. This model has 

been used in estimation of the reaction kinetics in this thesis. 

Suppose that the rate coefficients and the stoichiometric 

coefficients of a ozonation raction system with reactants A, B  

and known intermediate species C  has to be estimated. 

 

 

 

res

k
CODCOA 231

1 γγ +→+      (8.68) 
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res

k
CODOB 433

2 γγ →+       (8.69 

 

res

k
CODOC 635

3 γγ →+       (8.70) 

 

OHCOOCOD
k

res 2237
4 +→+ γ      (8.71) 

 

The stoichiometric coefficient 3/27 =γ  can be easily calculated 

from the stoichiometric need of ozone to oxidate 1 mole resCOD . 

 

Reaction model equations have to be written in differential form 

for the nonlinear parameter estimation of rate coefficients 51 kk −  

and the stoichiometric coefficients 61 γγ − . 

 

 

[ ] [ ] [ ]iOk
dt

id
r

Oi

iii ∑
≠

=−=
3

3γ        (8.72) 

 

[ ] [ ][ ]31 OAk
dt

Ad
−=  

[ ] [ ][ ]32 OBk
dt

Bd
−=  

[ ] [ ][ ]33 OCk
dt

Cd
−=   (8.73) 

 

[ ] [ ][ ] [ ][ ] [ ][ ] [ ][ ]34353332311
3 OCODkOCkOBkOAk

dt

Od
res−−−−= γγγ  (8.74) 

 

[ ] [ ][ ] [ ][ ] [ ][ ] [ ][ ]34363342331
2

3
OCODkOCkOBkOAk

dt

CODd
res

res −++= γγγ  (8.75) 

 

In the above, there are three  resCOD  producing equations 

(Equations 8.68-8.70). The number of estimable parameters is ten. 

In equation 8.71 it is presumed that the reduction of resCOD  

consumes a stoichiometric amount of 3O .  However, if one writes 

equation 8.71 as 

OHCOOCOD
k

res 2237
4 +→+ γ     (8.71 b) 

the number of estimable parameters is eleven. And equation 8.75 

becomes: 
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[ ] [ ][ ] [ ][ ] [ ][ ] [ ][ ]374363342331
2

3
OCODkOCkOBkOAk

dt

CODd
res

res γγγγ −++=  (8.75 b) 

 

It can be determined that the number of estimable parameters is at 

least equal to three times the number of resCOD  production 

equations + 1.  

 

In the case of a multireaction model, the model presented above 

produces a large number of estimable parameters. In nonlinear 

parameter estimation the danger of over parametrization is 

immense. 

 

 

8.2.4 Residual COD model with theoretical COD values of the 

reacting compounds  

 

 

The ozone reactions with A and B can be written as 

 

POA i →+ 3γ       (8.76) 

POB j →+ 3γ      (8.77) 

 

where P  represents the known and the unknown intermediates with a 

degree of oxidation determined by the stoichiometric coefficients 

γ
i 
and γ

j
. The reactions 8.76 and 8.77 can also be expressed through 

COD using the theoretical oxygen consumptions for A and B  

calculated from their molecular structure and the residual COD 

calculated on the principle explained earlier. Using this 

approach, the complete reaction model can be presented as 

 

 

res

k
CODCOA +→+ 1

31γ      (8.78) 

 

res

k
CODOB →+ 2

32γ      (8.79) 

 

res

k
CODOC →+ 3

33γ      (8.80) 
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OHCOOCOD
k

res 223
4

3

2
+→+     (8.81) 

 

iγ  is the stoichiometric coefficient for ozone. In the reaction 

rate equations, the stoichiometric coefficients Aγ , Bγ  and Cγ  are 

the theoretical oxygen demands for A, B and C. With this 

procedure, equations 8.78-8.80 can be written as reaction 

equations for the COD and ozone. The COD
res
 produced in equations 

8.78-8.80 can be written as (γ
A
 – γ

1 
3/2

  
)A and (γ

B
 – γ

2 
3/2

  
)B and (γ

c
 

– γ
3 
3/2

  
)C can be found in equation 8.84. γ

i 
3/2

  
represents the 

theoretical COD reduction by γ
i
 moles of O

3
. 

The reaction rate equations 8.82-8.84 are written in the mode of 

equation (8.72): 

 

[ ] [ ][ ]AOk
dt

Ad
rA 31=−=  

[ ] [ ][ ]BOk
dt

Bd
rB 32=−=  

[ ] [ ][ ]COk
dt

Cd
rC 33=−= (8.82) 

 

[ ] [ ][ ] [ ][ ] [ ][ ] [ ][ ]34333322311
3

3
OCODkCOkBOkAOk

dt

Od
rO +++=−= γγγ   (8.83) 

 

[ ] [ ][ ] [ ][ ] [ ][ ]+−−−−−−=−= COkBOkAOk
dt

CODd
r CBA

RES

CODres 333322311 )
2

3
()

2

3
()

2

3
( γγγγγγ  

 

[ ][ ]resCODOk 34
2

3
         (8.84) 

 
The reaction equations 8.78-8.81, written for the reactions 

between ozone and the solutes, represent ozone decomposition 

reactions giving reaction products such that the amount of 

consumed oxygen calculated from the ozone depletion is according 

to the stoichiometry needed to oxidize each reactant to products. 

In some particular reactions and circumstances, the theoretical 

stoichiometry COD:O
2
 calculated from the reacting ozone could be 

1:1 (Beltrán et al., 2000). However, in reaction schemes involving 

complex radical chain reactions this seems not to be the case. In 

this research it was found to be necessary to include an 

additional ozone self-decomposition reaction term in p-nitrophenol 
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ozonation with initial pH 5 (Appendix III, equation 18, rate 

coefficient k
5
) in the model so that all the ozone consumed in the 

experiments could be consumed also in the model(Appendix III). 

 

From the number of equations 8.78-8.81 and the number of estimable 

parameters in them one can determine that the number of estimable 

parameters is at least equal to two times the number of resCOD  

production equations + 1.  

 
Compared to the CODres method in paragraph 8.2.3 such a developed 

method may give a radical decrease in the number of estimable 

parameters in ozonation of multicomponent reaction systems.  

 

 

 

 

8.2.5. Further actions to decrease the number of estimable model 

parameters 

 

The straight forward method for decreasing the number of the 

oxidation reaction model parameters is to write the reaction 

system equations according to fulfillment of the stoichiometric 

need of theoretical 2O . The consumption of 3O  of the reaction can 

be calculated from this theoretical 2O . However in literature 

ozonation reaction systems written with this procedure are 

surprisingly rare if the radical chain reactions are not 

considered. 

In many cases it is possible to compute the need of 3O  to oxidize 

the reacting compound to intermediate compounds produced or to end 

products produced from the theoretical 2O . In Equation 8.81 the 

reaction of ozone with CODres producing 2CO  and OH 2  was written 

with the stoichiometric coefficient 2/3 for 3O . Similarly, the 

oxidation reaction of nitrite to nitrate requires 1/3 moles of 3O ,  

etc. In this research it was shown that it is possible to estimate 
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multicomponent model parameters, for example, rate coefficients, 

stoichiometrich coefficients and also akL  reliably using the kind 

of approach presented in chapter 12.3. 

 

 

 

 

 

8.2.6 Comparison of multicomponent reaction kinetic models 

 

Modeling of ozone contactors involves a comprehensive mathematical 

description of the system. In addition to chemical kinetics 

physical conditions must to be taken into consideration. The 

solubility can be represented by a partition coefficient, e.g., 

Henry’s coefficient, and the mass transfer can be calculated with 

akL . The hydrodynamics has to be taken into consideration, both 

below the liquid surface level and in the headspace of the 

reactor. In tall bubble columns, the change of hydrostatic 

pressure must be accounted for and also ozone self-decomposition 

in the tall headspace. 

 

Radical chain models (mechanistic models) have an advantage in 

that they depict the whole reaction chain accurately without any 

sum parameters. They are advantageous in simulation of reactors 

that have sections without good mixing conditions in the liquid 

phase. That comes from the possibility that some organic component 

may react preferentially with ozone or hydroxyl radical. The 

result is concentration deviations with e.g. hydroxyl radical or 

ozone, which lead to different reaction rates of a component in 

different parts of the reactor. A radical chain method also offers 

a direct mechanism to consider the effect of pH and carbon 

balance. However, if one wants to build a reaction model 

containing all radical reactions and reactions of inorganic and 

organic components with both, ozone and hydroxyl radical, a large 
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amount of analytical work is needed to characterize the waste 

water. In addition, one has to collect a large amount of reaction 

kinetic data, rate coefficients and stoichiometric coefficients. 

Typically, the kinetic data comes from a number of authors who 

most probably obtained them with different water matrix. The 

result is that one has a large amount of kinetic data with rate 

coefficients containing a considerable uncertainty. The sum effect 

is that the reaction model has a lot of uncertainty in simulation 

accuracy. The benefit of the residual COD model is that the 

relatively small number of parameters means fast and reliable 

estimation of the kinetic parameters needed for a specific 

ozonation process. 

 

 

 

 

9. Parameter Estimation 

9.1. General Theory 

During parameter estimation a sensitivity analysis must be 

conducted to obtain information on reliability and identifiability 

of the estimated parameters and to avoid ‘false’ parameters that 

have not particular physical meaning. This is strongly recommended 

especially in parameter estimation of models with a high number of 

parameters to be estimated. In this chapter 9 some aspects of 

general theory of parameter estimation are discussed and 

illustrated with ozonation parameter estimation results (Appnedix 

I, II, III and IV). 
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9.1.1 Physical Model 

 

A mechanistic model can be formally written in the following form 

(Haario, 1994): 

 

( )cxfs ,, β=       (9.1) 

 

ssgyp == )( ,     (9.2) 

 

where the markings are: 

 

s the state of the system 

yp the observed (response) variable predicted by the model, for 

example oOP
3
in this study 

x the experimental variables, for example iOP
3
 and [ ]3O  or iOP

3
, 

[ ]3O and U 

β the estimated parameters, for example kLa and H or B1, B2 and 

H 

c constants 

 

Function f describes the model itself, while g gives information 

on the available observations. In this case, g is equal to state 

s. 
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9.1.2 Least Squares Optimization 

 

The closeness of the data and values predicted by the model can be 

measured, in principle, using several criteria. The most common 

objective function based on which the parameters are estimated is, 

however, the sum of the residual squares. If observations yi = oOP
3
 

are available at the experimental points ( iOP
3
, [ ]3O ) or ( iOP

3
, [ ]3O , 

U), (U = velocity), the sum of the squares of the residuals 

between the model and data is given by 

 

∑
=

−=−=
n

i

ipip yyyyl
1

2
2

)()(β    (9.3) 

where the values of yip denote the predictions of oOP
3
 given by the 

model with the estimated parameter values, β, and n is the number 

of observations in the data set. To bring the values of yp as close 

to y as possible in the average sense, the above sum is minimized 

with respect to β. 

  

9.1.3 Sensitivity analysis using an objective function 

The aim of parameter estimation is to find correct values for the 

model parameters. The question of identifiability can be addressed 

using the objective function, l , the solution point of the least 

squares problem. By plotting one- or two-dimensional contour lines 

of l , one can study the identifiability of the problem. If the 

values of the objective function change rapidly in every direction 

from the peak point, the parameters are well defined. 

 

Minimization of the objective function, l , can be performed with a 

number of different optimization routines. In this research, a 

nonlinear simplex optimization method (Rao, 1998) was used.  
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The reliability and identifiability of the estimated parameters 

was studied by plotting one- and two-dimensional contour lines of 

the objective function l . The length of the interval of the 

parameter axis can be chosen for example to be five times the 

estimated standard error of the parameter. In a normal 

distribution it is interpreted that the parameter value is within 

a probability of 95 % in range of two standard deviations of the 

mean. When analyzing the objective function contour plots in 

Figure 9.1 one can see that the global minimum point is found. 

This reference point (+) represents the estimated parameter values 

k2 and k3. The true values of these coefficients are to a high 

degree of probability in the immediate vicinity of the computed 

minimum, because the value of function l  increases relatively 

rapidly when moving from the minimum in the directions of the 

parameter axis. 

 

 

 

 

 

 

 

 

 

Figure 9.1 Contour plot ( )32 ,kkl  of the objective function l  
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9.1.4 Coefficient of determination 

The most common measure of the goodness of fit is the coefficient 

of determination (the R2 value). The idea is to compare the 

residuals, y-yp, given by the model to those of the average value 

y  of all the data points. The R2 value is given by the expression 

 

)1(100
2

2

2

yy

yy
R

p

−

−
−= %    (9.4) 

 

The closer R2 is to 100 %, the more perfect is the fit. 

 

 

 

 

9.1.5 Sensitivity analysis and Jacobian matrix 

 

One method for parameter estimation is to compute the model’s 

Jacobian matrix, the components of which are the first derivatives 

of the response variables with respect to the parameters. They are 

the so-called sensitivity coefficients 

 

β

β

∂

∂
=

),(
,

jp

pj

xy
J ,     (9.5) 
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where β  is the estimable. The sensitivity coefficients are 

important because they indicate the magnitude of change of the 

response yp due to perturbations in the values of the parameters. 

 

 

 

9.1.6 Approximate correlation matrix 

 

The ij element of the correlation matrix is given by (Beck and 

Arnold, 1977) 

 

2/1)( −= jjiiijij PPPr      (9.6) 

with the standard assumptions of uncorrelated and constant 

variance measurement errors and the standard deviation being 

unknown, Pij is a term of equation 9.7. The estimated covariance of 

the ordinary least squares estimator vector for parameters 

bLS=(X
TX)-1XTY is given by: 

 

 COV(bLS) ≈ (X
TX)-1s2,   (9.7) 

 

where   s ≈ ((Y-Ŷ)T(Y- Ŷ))/(n-p)  (9.8) 

 

X is the sensitivity matrix X = ( β∇ yp
T)T, Y the observation vector 

and Ŷ the predicted vector of the observations. The diagonal 

elements of matrix r are all unity and the off-diagonal element 

must be within the interval [1,-1]. Whenever the absolute values 

of all the off-diagonal elements exceed 0.9 in magnitude, the 

estimates are highly correlated and tend to be inaccurate. 
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9.2 MCMC analysis 

 

Traditional regression analysis, as described above, results in a 

single estimate for the parameter values that give the optimal fit 

to the measured data in the LSQ (least squares) sense. In 

addition, estimates about the standard error in the estimates can 

be produced by linearization of the model. The results of the 

classical analysis are approximate and possible cross-correlations 

of the parameters may not be properly revealed. In addition, the 

reliability is not at all considered in the model predictions. 

The question of the identifiability of the parameters (how good 

and unique our estimate is) and the accuracy of the model 

predictions can be answered with MCMC (Markov chain Monte Carlo) 

methods. In this thesis MCMC method was used in analysis of the 

parameters in the p-nitrophenol ozonation model.  In MCMC, the 

estimation problem is handled in a Bayesian way: the parameters 

are treated as random variables that have a statistical 

distribution with many possible values. Instead of a single fit, 

MCMC analysis determines ‘all’ parameter values (i.e. a 

representative sample of their distribution) that give good fits 

to the data. The size of the measurement error can be estimated 

with classical statistics using the residuals or it may be sampled 

as well. For more details, see Gelman et al.,1996 or Solonen, 
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2006. In this thesis the distribution of the unknown parameters is 

sought using an effective adaptive MCMC sampling algorithm, 

introduced by Haario (2001). Typically 20000 - 30000 samples for 

the unknown parameters were produced. The classical statistical 

analysis was performed based on linearization on the LSQ optimum. 

To test and compare the methods, corresponding results were also 

calculated from the MCMC samples. In addition, statistical error 

bounds for the model predictions were produced with MCMC.  

The sample was used to examine the reliability of the traditional 

parameter estimation (LSQ fitting) results. The same error and 

correlation estimates as produced by the classical statistical 

analysis, based on linearization on the LSQ optimum, were 

calculated from the MCMC samples. In addition, statistical error 

bounds for the model predictions were produced with MCMC. In Table 

9.1 (see estimable parameters in Appendix III) the standard 

deviation given by the classical analysis is compared to the 

values calculated from the MCMC chain. In addition, 95% confidence 

intervals are given for the parameters, calculated from the MCMC 

samples. In classical analysis, confidence intervals are formed by 

linearization and by assuming a distribution for the parameters, 

whereas in MCMC the confidence interval can be calculated directly 

from the empirical distribution given by the method, resulting in 

the more reliable and realistic information about the variation in 

the estimated parameters. 
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Table 9.1  Estimated values of k1 –k6,  γ1 and γ2 and standard deviations. 

Parameter, 

dimension 

Estimated 

value 

Estimated STD 

(relative) 

STD by 

MCMC 

95% interval by 

MCMC 

k1, 
smol

dm
3

 73.4 5.82  (7.9 %) 6.53  [65.4 – 91.1] 

k2, 
smol

dm
3

 34.3 3.07  (9.0 %) 3.29  [29.7 – 42.6] 

k3, 
smol

dm
3

 198 16.3  (8.2 %) 18.4 [175 – 247] 

k4, 
smol

dm
3

 192 42.2  (9.5 %) 20.2 [168 – 247] 

k5, 
smol

dm
3

 9.63 0.68  (7.1 %) 0.73 [8.40 – 11.3] 

k6, 
smol

dm
3

 1.71 0.30  (17.8 %) 0.32 [1.15 – 2.42] 

1γ  3.03 0.19  (6.4 %) 0.20  [2.62 – 3.42] 

2γ  0.2×10
-8

 1.6×10
-5  

(8030
 
%) 0.047  [0.00 – 0.17] 

 

The results of the MCMC analysis of p-nitrophenol ozonation with 

initial pH 5 for the reaction rate coefficients k1 – k5 are 

presented in Fig. 9.2 (the estimable parameters are explaned in 

Appendix III.) The analysis shows that the parameters are well-

identified: the distributions are centered on the most probable 

point, which is close to the point received from the nonlinear LSQ 

fitting. The correlations given by the correlation matrix in Table 

9.1 are also revealed by MCMC: they can be read from the direction 

and shape of the two-dimensional distributions.  
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 The MCMC analysis for stoichiometric coefficients γ1 and γ2 is 

presented in Fig. 9.3, from which one can see that γ2 stays very 

close to zero. The MCMC method gives a larger standard deviation 

and confidence interval for γ2 than the classical analysis. 

Furhermore the correlation information related to γ1 given by the 

classical analysis differs from the values calculated from the 

MCMC sample (see Table 9.1). The analysis shows that γ2 is poorly 

identified and all small enough values seem to produce good enough 

fits. 

 

Figure 9.2 MCMC analysis for the reaction rate coefficients. The 

distribution of the parameters is plotted for each parameter and 

parameter pair. The outer line represents the 95% confidence region. 
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Figure 9.3 MCMC analysis for the stoichiometric coefficients γ1 and  

γ2. 

 

 

The MCMC analysis can be extended to describe the uncertainties in 

the model responses (concentrations). This is done by calculating 

the predictions given by the different sampled parameter values, 

and plotting selected confidence limits for the predictions at 

given time points. This type of analysis is shown in Appendix III, 
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in Figure 8 for p-nitrophenol, in Figure 9 for hydroquinone, in 

Figure 10 for a nitrate ion, and in Figure 11 for the COD. The 

analysis shows that the p-nitrophenol concentration is fitted 

accurately, but the other model components contain more 

uncertainty. Only one experiment is plotted for each component, 

because the distribution is rather similar in the other runs. 

 

The darker gray areas in the plots are produced simply by 

calculating the response components with the parameter values 

given by the MCMC run. Thus, the darker gray area gives a 

distribution for the model response. The lighter gray area 

represents the model predictions with added measurement noise. It 

means, roughly speaking, the area from which observations (present 

and ones yet to come) can be expected to be found with certain 

probability. Thus, the lighter gray area estimates the combined 

uncertainty of model predictions and measurements. The solid line 

represents the median of the model predictions. 

 

Markov Chain Monte Carlo (MCMC) –methods can be used to find, 

instead of single least squares estimates, ‘all’ parameter values 

with which the model fits to the measured data with the accuracy 

of the measurement error. The MCMC analysis was useful in getting 

qualitative and quantitative information about the accuracy and 

reliability of parameter estimation. In the cases studied during 

the research for this thesis the MCMC analysis revealed that all 

but one model parameter were well-identified, and it is possible 



 78 

to quantify the uncertainties of the model predictions of the 

response components. 

 

 

10. Estimation of Henry- and mass transfer from ozone self-

decomposition runs in water 

 

10.1 Modified Beltrán method for estimation of Henry’s coefficient 

and mass transfer 

 

In this study, the ozone gas-liquid mass transfer into water in a 

bubble column was investigated for different pH values. The ozone 

volumetric mass transfer coefficient and the Henry’s coefficient 

were determined simultaneously by parameter estimation using a 

nonlinear optimization method. 

The bubble column was operated as a semi-batch reactor. The 

experimental set-up is presented in Fig. 10.1 

 

4

3

1

6

2

5

O2

Q I C

 

 

Figure 10.1 Experimental set-up: 1. Ozone sensor, 2. pH control, 3. Ozone 

generator, 4. Column, 5. Tank for pH adjustment liquid, 6. 

Spectrophotometer 
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10.1.1 Model equations 

 
The algebraic model of the chemisorption process is presented in 

the form of the following equation (Beltrán et al., 1996): 
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=   (10.1) 

 

In equation 10.1, 
3OC is the ozone concentration in the liquid phase 

and iOP
3
 and oOP

3
are the ozone partial pressures in the gas phase in 

the inlet and outlet, respectively. PT is the overall pressure, mT 

total molar flow rate of the gas, hT the height of the column and S 

the cross-sectional area of the column. The equation 10.1 presumes 

ideal plug flow of the gas phase and the perfect mixing of the 

water phase, which is a quite good approximation of the behavior 

of contactors similar to that used in this study (Towell et al., 

1965). It also must be assumed that the reaction is slow. The 

Hatta number was < 0.02 for first order reaction, calculated from 

the equation presented by W. J. Masschelein(2000). Sometimes the 

ozone self-decomposition reaction is considered to be of the 

second reaction order. In that case Ha is < 0.3. When equation 

10.1 was used for the estimation of kLa and H, the superficial 

velocity of the gas was 0.0164 m/s. 

 

Instead of plotting 
3OC against 

OOP
3
, kLa and H are estimated by 

comparing the measured and predicted 
OOP

3
calculated from the 

measured oOC
3
with changing input gas concentrations iOP

3
 and gas 

flow rates. In Beltrán et al. method they both should be constant. 



 80 

 

The volumetric mass transfer coefficient depends mainly on the gas 

superficial velocity, and a correlation of a general form can be 

written as 

 

2

1

B

ref

L
U

U
Bak














=       (10.2) 

 

The gas superficial velocity, U, was divided by Uref to improve the 

identifiability of the parameters. Uref can be chosen freely, but 

its magnitude is generally the same as that of U. In this study, 

an average gas velocity of 0.0160 m/s was used as the value of 

Uref. When equation 10.1 was used with equation 10.3, the 

parameters B1, B2 and H were estimated.  

The Henry’s law coefficient can be written as a function of pH 

according to equation 10.3 

 

4)(3

B

refpH

pH
BH =      (10.3) 

 

where pHref is a reference pH value. In this study pH 7.0 was used 

as the reference value. Equation 10.3 was inserted into equation 

10.1 along with equation 10.2 and the parameters B1, B2, B3 and B4 

were estimated.  
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10.1.2 Results and discussion 

 

The Henry’s law constant and volumetric mass transfer coefficients 

were determined at pH levels of 4, 6, 7, 8, 9, 10 and 11 when the 

model of equation 10.1 was used and at pH levels of 4, 7 and 9 

when the model of equations 10.1 and 10.2 was used. The Henry’s 

coefficients obtained by using equation 10.1 are shown in Fig. 

10.2 and in Table I in Appendix I. It can be seen that the 

apparent Henry’s coefficient is increasing as function of the pH 

level from pH 7 to 11. The difference between the estimated 

Henry’s coefficients and the value calculated using the equation 

of Roth and Sullivan (1981) varies between 7.4 and 28 %. The 

Henry’s coefficients obtained by using the model of equations 10.1 

and 10.2 are also shown in Fig. 10.2 and in Table in Appendix I. 

In this case, no significant correlation between the pH level and 

H can be found. The curve of correlation equation 10.3 (corr. of 

equations 10.1, 10.2 and 10.3) is also presented in Fig. 10.2. 
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Figure 10.2.  Henry’s coefficient of ozone in 21 °C water. 

 

 

The akL  computed with different data are compared to literature 

equations in figure 10.3. 

 

 



 83 

0,001

0,01

0,1

0,001 0,01 0,1

UG, m/s

k
L
a
, 
1
/s

pH = 4

pH = 7

pH = 9

eq. 10.1, 10.2 & 10.3

1.

2.

3.

 

Figure 10.3. Volumetric mass transfer coefficients of ozone in 21 °C 

water solution predicted with the use of the model of equations 10.1 and 
10.2. The kLa values of the model equation 10.2 with the parameters 

estimated from the model of equations 10.1, 10.2 and 10.3 are shown. The 

lines 1. kLa=0.867U, 2. kLa=1.89U
0.932 and 3. kLa=4.12U

1.02 of  25 °C come 

from the data of different authors presented by Bin  and Roustan (2000). 

 

 

 The estimated parameters, the standard errors and correlation 

matrices of the models of equations 10.1 and  10.1 and 10.2 and 

the sensitivity contour plots for these models can be seen in 

Appendix I. 

 

Two of the sensitivity contour plots of the objective function 

),,,( 4321 BBBBl  are shown in figure 10.4. 
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Figure 10.4 The sensitivity contour plots of function ),,,( 4321 BBBBl . 

 

The coefficient of determination of the model of the equations 

10.1, 10.2 and 10.3 was 98.37 %. In Table 10.1, the estimated 

parameters B1, B2, B3, B4, standard errors and relative standard 

errors of the parameters are shown. The off-diagonal elements of 

the correlation matrix obtained with the use of the model of 

equations 10.1, 10.2 and 10.3 are shown in table 10.2.  

 

Table 10.1  Estimated parameters B1, B2, B3, B4, standard errors and relative 

standard errors of the parameters obtained with the use of the model 

of equations 10.1, 10.2 and 10.3.  

Parameter    value       σ     σ, % 

     B1 

      B2 

      B3 

      B4 

 0.0287 

 0.675 

 7.616 10
6 

 0.0297 

 0.00106 

 0.0360 

 6.52 10
4 

 0.0245 

    3.7 

     5.3 

     0.9 

     82.8 

 

 

Table 10.2  Off-diagonal elements of the correlation matrix obtained with the 

use of the model of equations 10.1, 10.2 and 10.3. 

                             rij 

 

                  0.510 

                     0.613     0.141 

                     0.533     0.075     0.274 
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In figure 10.4 the sensitivity contour plots of the model of 

equations 10.1, 10.2 and 10.3 are well centered around the minimum 

point of the least squares function. The plots (B1,B2), (B1,B3), 

(B2,B3) and (B2,B4) which are not presented here are very similar to 

plots (B1,B4) and (B3,B4). From table 10.2 one can deduce that the 

values of the correlation matrix of the model of equations 10.1, 

10.2 and 10.3 are the best ones in this study (Appendix I). Taking 

into consideration the standard error of the parameter B4 presented 

in table 10.2, it seems that the Henry’s law constant changes 

slightly as a function of pH. 

 

 

10.2.3 Conclusion for chapter 10 

 

 

The aim of this research was to determine the Henry’s coefficient 

of ozone in water and the volumetric mass transfer coefficient at 

different levels of pH. The parameter estimation method developed 

in this study offers a different and practicable method to 

determine these constants. Furthermore, in contrast to the Beltrán 

method, the ozone concentration at the inlet of the reactor does 

not need to be constant. This method is also general, suitable for 

“pure” water and water solutions with organics or other with ozone 

reactive components. The Henry’s coefficients and the volumetric 

mass transfer coefficients obtained during this research are of 

the same magnitude as the results in literature. It is important 

that the model parameters are dependent on each other as little as 

possible. The identifiability of the model was improved by 

conducting the experiments at different gas velocities. The most 

reliable result was obtained when the kLa values were presented as 

a function of superficial gas velocity and the Henry’s coefficient 

as a function of pH. In this case, all the correlation parameters 

were well identified and did not correlate with each other. When 
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considering the estimated standard errors it seems that at the pH 

range 4-9 the Henry’s coefficient is only marginally, if at all 

dependent on the pH value. 

 

 

11. Axial dispersion model for estimation of ozone self-

decomposition 

 

 

A new method using the axial dispersion model for estimation of 

ozone self-decomposition kinetics in a semibatch bubble column 

reactor was developed. The reaction rate of ozone decomposition 

and the gas phase dispersion coefficient were estimated and 

compared with literature data. The experimental set-up was similar 

to that presented in Fig. 10.1. 

 

 

11.1 Model equations 

 

The axial dispersion model (ADM) was chosen to describe the gas 

dispersion and the hydrodynamics of the liquid and gas phases. The 

model consisted of a system of partial differential equations 

11.1-11.3 including ozone mass transfer as well as the ozone self-

decomposition. 
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In the parameter estimation the partial differential equations 

11.1-11.3 were solved numerically and integrated by the method of 

lines presented by Schiesser and Silebi (1997) with the following 

initial and boundary conditions.  
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Equation 11.3 applies to the gas phase of the column above the 

gas-liquid zone(head space).  

The volumetric mass transfer coefficient depends mainly on the gas 

superficial velocity. A correlation of the general form can be 

written as 

 

2

1

B

Gref

G
L

U

U
Bak














=         (11.7) 

 

UG, is divided by a reference velocity UGref.  UGref can be chosen 

freely, but its magnitude is generally the same as that of UG. In 

this study, an average gas velocity of 0.0160 m/s was used as the 

value of UGref. Using the equation including the reference value for 

the variable helps to make the estimated coefficients of the 

equation more independent. When equation 11.7 is used with 

equations 11.1 and 11.2, the parameters B1 and B2 are those 

estimated in an earlier work (Appendix I). In that work it was 

shown that the small amounts of NaOH used in the experiments have 

relatively small effect on kLa. With a superficial gas velocity 

range 0.0042-0.021 m/s and a pH range of 7.0-11.0 estimated 

standard errors σB1=3.7 % and σB2=5.3 % were obtained. 

The pseudo-Henry’s law coefficient can be written as a function of 

pH according to the following equation 

 

4)(3

B

refpH

pH
BH =        (11.8) 
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where pHref is a reference pH value. As well as B1 and B2, B3=7.161 

106 and B4=0.0297 were estimated in an earlier work (Appendix I).  

 

The goal of this part of the study was to compare, using an ADM 

model how well different kinetic models of ozone self-

decomposition published in literature described the observed ozone 

concentrations in our experiments with very different 

hydrodynamics compared to the earlier self-decomposition studies. 

The observed values are the ozone concentration in the gas phase 

at the outlet of the column and the ozone concentration in the 

liquid phase.  

 

Table 11.1 Kinetic models used for comparison. k1 is specific to 

the chemical composition of the aqueous system. 

      Model eq. Eq. 

number 

Valid pH 

range 

      Author 

[ ] [ ] 55.02

313

−= OHOkrO  11.9  2-9.5 Gurol and Singer 

(1982) 

[ ] [ ] 75.0

313

−= OHOkrO  11.10  7.6-10.4 Stumm (1954) 

[ ] [ ] [ ] 2/3

3

2/1

33
OOHkOkr BAO

−+=  11.11  Acidic and 

basic 

Sotelo et al. 

(1987) 
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The ozone self-decomposition reaction rate in this research was 

also described by the equation of the most common form in 

ozonation with reaction orders k2, k3 , with the exception that the 

concentrations of  ozone [O3] and the hydroxyl ion [OH-] were 

divided by their reference values 

 

[ ]
[ ]

[ ]
[ ]

32

3

3

3
1

k

ref

k

ref

O
OH

OH

O

O
kr




























=

−

−

     (11.12) 

 

The reference values [O3]ref = 1.126 10
-6 mol/dm3 and [OH-]ref = 1.0 

10-7 mol/dm3 were used. 

In equation (11.1) the gas dispersion coefficient is presented as 

a linear function of the gas superficial velocity.  
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The gas dispersion coefficient in equation 11.3 for the top of the 

column is written in a similar way 
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The liquid phase dispersion coefficient was estimated by using the 

correlation equation by Baird and Rice (1975).  

( ) 3/13/4
35.0 GRL UgdE =       (11.15) 

Some more recent data on EL have been given in the paper by Biń et 

al. (2001). Typical values (very scattered) are of the order of  

10-2 m2/s for GU  < 0.05 m/s. 

Coefficients k1, B5 and B10 or kA, kB, B5 and B10 or coefficients k1, 

k2, k3, B5 and B10 were determined simultaneously by nonlinear 

parameter estimation. A sensitivity analysis was conducted to 

obtain information on the reliability and identifiability of the 

estimated parameters.  

 

11.2 Results and discussion 

 

The values of the coefficients k1 B5 and  B10, were estimated by 

using kinetic equations 11.9 and 11.10 in the cases: EL was 

calculated from equation 11.15, EL = 0 which means no axial 

dispersion in the liquid side, and EL= 10
6(UG/UGref)  which means 

very vigorous mixing in the liquid side. The values of the 

coefficients kA, kB, B5 and B10 as well as the values of the 

coefficients k1, k2, k3, B5 and B10 were estimated in the case of EL= 

106(UG/UGref). 

The estimated values of the coefficients B5, B10, k1, standard 

deviations, coefficient of determinations (the R2 values) and the 

off-diagonal terms of approximate correlation matrices are 

presented and the estimated values of the coefficients kA, kB, B5 

and B10, standard deviations, coefficient of determinations and the 
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off-diagonal terms of approximate correlation matrices are 

presented in Appendix II. 

Table 11.2 lists the estimated values of the coefficients k1, k2, 

k3, B5 and B10, standard deviations, coefficient of determinations 

and Table 11.3 gives the off-diagonal terms of the approximate 

correlation matrix of the case of equation 11.12. 

 

Table 11.2 Estimated values of coefficients k1, k2, k3, B5 and B10, 

standard deviations, coefficient of determinations in the case of 

equation 11.12. 

 

Kinetic 

eq. 

 

        EL 

      
s

m
2

 

 

  k1 

10
-8 

 

 σk1 

  % 

 

  k2 

 

 σk2 

  % 

 

 k3 

  

 σk3 

  % 

 

  B5 

 
s

m
2

 

 

 
σB5 

  % 

 

 B10 

 
s

m
2

 

   

σB10 

  % 

 

 R2 

 
 % 

 

11.12 

            

106















refG

G

U

U
 

 

1.09 

 

2.4 

 

1.123 

 

2.2 

 

0.508 

 

1.3 

 

0.0101 

 

2.3 

 

0.0035 

 

1.1 

 

97.20 

 

 Table 11.3  Off-diagonal terms of the approximate correlation 

matrix in the case of equation 11.12. 

                                    ri j 

 -0.013     

  0.043             0.090   

  0.534            -0.038             0.022   

  0.140             0.144            -0.093           -0.448 
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In all cases the standard errors of the parameters are remarkably 

low (see Appendix II) and all off-diagonal terms of the 

correlation matrices are well below 0.9, which shows low 

interaction between the estimated parameters of the model. The 

coefficient of determination is improved when the liquid 

dispersion coefficient was set high. It can be also deduced 

(Appendix II) that the off-diagonal term r1N of the correlation 

matrix is at its lowest value when the gas dispersion coefficient 

is high. The second best coefficient of determination 97.13 % is 

reached when the kinetic model equation 11.11 is used and the 

liquid dispersion coefficient has a value 106 (UG/UGref). The best 

coefficient of determination 97.20 % is attained in the case of 

kinetic equation 11.12.  

The reaction rates from literature and reaction rates obtained 

during this study are presented in figure 11.1. 

It can be seen that, depending on pH, the reaction rates obtained 

by Sullivan and Roth (1980)(except at pH 7), Sotelo et al.(1987) 

and Hsu et al. (2002) are a little or remarkably lower than those 

of this study. The difference could come from the use of phosphate 

buffers in their experiments. Also the reaction rate at pH 7.0 of 

Gurol and Singer (1982) has been attained when using phosphate 

buffer. Gurol and Singer showed that phosphate has a significant 

retardation effect on the rate of ozone decomposition.  Phosphate 

acts as a hydroxyl radical (OH•) scavenger (Gurol and Singer, 
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1982), which explains the icreasing difference between the results 

as function of pH. The reaction rate coefficient depends on the 

additives in the solution and also on the ionic strength. It must 

be noted that the ionic strength used in this study (Table III) 

was very low compared to most ozone self-decomposition research 

available in literature where it is typically in the range 0.01-

0.15. In Fig. 11.1 the reaction rates of Gurol and Singer (1982) 

have been calculated by using their rate constants dk  obtained for 

the equation [ ]n

dO Okr 33
=   with n = 2 at different pH values of 

water. However, equation 11.9 with the rate constant obtained in 

this study gives a considerably higher self-decomposition rate as 

a function of pH.  

       

 



 95 

 

Figure 11.1 Reaction rate of ozone self-decomposition in 21 ºC water.  

Ozone concentration is 10-4 mol/dm3. The reaction rate coefficients of 

equations 11.9 -11.12 are for the case EL=10
6 (UG/UGref). 

 

The two-dimensional contours of the objective function l(β) are 

given in Appendix II. 
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The contours of the objective functions l (B5,kA), l (B10,kA) and l (kA 

,kB), (see Fig. 11.2) revealed that a sufficiently small change in 

kA  does not affect the estimated value of kB at a pH range above 7 
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as it was expected. The contours of the objective functions 

l (k2,k3), l (k3,B5)  in the case of kinetic Equation 11.12 are 

presented in Fig. 11.13. The contours l (k2,B5), l (k3,B10), l (k2,B10), 

l (k1,B10), l (k1,B5), l (k1,k3) and l (k1,k2), which are not shown here, 

are very similar to  l (k2,k3) or l (k3,B5). 

 

 

 

Figure 11.2 Contour of the objective function l (kA, kB ). Kinetic model 
equation 11.11 is used and the liquid dispersion coefficient is 106 

(UG/UGref). 
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Figure 11.3 Contours of the objective function l (k2, k3 ) and     

l (k3, B5). Kinetic model equation 11.12 is used and the liquid 

dispersion coefficient is 106 (UG/UGref). 

 

 

 

11.3 Conclusion for chapter 11 

 

In this study, a new method was developed to estimate ozone self-

decomposition kinetics from a semi-batch bubble column. Plug flow, 

perfectly mixed models and axial dispersion models were used in 

the liquid phase and an axial dispersion model was used in the gas 

phase. The position of the dissolved ozone sensor was taken into 

account. 

Four reaction rate equations were used for estimation of the 

reaction rate constants of ozone self-decomposition and gas phase 

dispersion coefficients. The coefficient of determination always 

tended to improve when the liquid dispersion coefficient was set 

high, which means vigorous mixing in the liquid phase was assumed. 

The second best fit was attained when the kinetic equation of 

Sotelo et al.(1987) was applied. The best fit was attained when 

the kinetic equation with the reaction orders of ozone and 

hydroxyl ion were applied as estimated parameters, resulting in a 
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reaction order 1.12 for ozone and 0.51 for the hydroxyl ion in the 

pH range 7-10. In this case as well as with the kinetic models of 

Gurol and Singer (1987) and Stumm (1954) the parameters were well 

identified and did not correlate with each other.  

 

12. Estimation of mass transfer and multi component reaction 

kinetics of p-nitrophenol ozonation in a bubble column 

 

The reaction rate coefficients and the stoichiometric coefficients 

in the reaction of ozone with the model component p-nitrophenol at 

a low pH of aqueous solution were estimated by using nonlinear 

optimization. Two kinds of experimental runs were performed: runs 

with pH 2.0 and runs without pH adjustment. The reaction rate 

equations were written by applying a modified reaction scheme of 

Yu and Yu (2001) (Fig. 12.1). The concentration of the unknown 

intermediate compounds is given as residual COD calculated from 

the measured COD and theoretical COD for the known species as 

shown in chapters 8.2.3 and 8.2.4. 

 In the reaction scheme of p-nitrophenol ozonation there are two 

main reaction pathways from p-nitrophenol. One pathway is via the 

intermediates 4-nitrocathecol and catechol to volatile acids and 

the other pathway is via hydroquinone and p-quinone. In Figure 

12.1 CODres represents the residual COD of the intermediate 

species, that is the measured total COD from which the theoretical 

COD of p-nitrophenol and hydroquinone have been subtracted.  
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Figure 12.1 Reaction scheme of p-nitrophenol ozonation. 

 

12.1 Experimental set-up  

 

 The bubble column was operated as a semi-batch reactor. The data 

from experimental runs without pH adjustment were collected using 

a spherical column and a rectangular column was used for the 

constant pH 2 runs. The gas was fed into the column from the 

bottom through a porous plate. The gas phase ozone concentration 

is measured at the inlet and the outlet of the column, but the 

ozone or the intermediate concentration in the liquid phase is 

measured only at one point in the domain and perfect mixing is 

assumed. The ozone and intermediate concentrations of the liquid 

phase were analyzed. More detailed information about the 

experimental conditions and the analysis of the samples can be 

found in Appendixes III and IV. 
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12.2 Model equations for mass transfer and hydrodynamics 

 

 The axial dispersion model (ADM) was chosen to describe the gas 

dispersion and the hydrodynamics in the gas phase, and the CSTR 

model was used for the liquid phase. According to an earlier study 

(Appendix II), complete mixing on the liquid side could be assumed 

at the used gas superficial velocity of 0.0160 m/s. As the gas 

flow was relatively small, effectively plug flow of the gas phase 

can be assumed. The model consisted of a system of partial 

differential equations 12.1-12.3 including mass transfer and 

reaction. 

For ozone in the gas phase, 
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For all components in the liquid phase, Ni = 0 for organics, or 

for NO3
- . 
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For ozone in the gas phase in the head space, 
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[i] represents the concentration of each component i. The gas 

above the liquid surface was estimated to have mixed tank 

conditions. The partial differential equations 12.1-12.3 were 

solved numerically in the parameter estimation and integrated by 
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the method of lines presented by Schiesser and Silebi (1997) with 

the following initial and boundary conditions;  
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Equation 12.3 applies to the gas head space on the top of the 

column. In equation 12.5 [O3]calc is the computed concentration in 

the first cell on the gas side using the method of lines. 

The reaction is assumed to take place dominantly in liquid bulk. 

3ON is obtained from the equation   

[ ] [ ]( )3

*

3

1
3

OOakN
i

n

LO −= ∑       (12.7) 

where n=10 is the number of units on the gas side. The volumetric 

mass transfer coefficient kLa =0.042 m/s was obtained by the 

Beltran method (Beltrán et al., 1997). 
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13.3 The p-nitrophenol reaction model 

 

The reactions 8.76 and 8.77 can be expressed as COD using the 

theoretical oxygen consumptions for NP and HQ calculated from 

their molecular structure and the residual COD calculated on the 

principle explained earlier in chapter 8.2.4  

−
+→+ 33

1

3

2
NOHQONP

k
    (12.8) 

res

k

NP CODONP →+ 2

31γγ     (12.9) 

res

k

HQ CODOHQ →+ 3

32γγ     (12.10) 
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The reaction rate equations 12.15-12.19 were written in the 

following mode presented in chapter 8.2.4  

[ ] [ ] [ ]iOk
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r
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3γ       (12.14) 

iγ  represents the stoichiometric or theoretical coefficient.  

[ ] [ ][ ] [ ][ ]NPOkNPOk
dt

NPd
rNP 3231 +=−=      (12.15)   

[ ] [ ][ ] [ ][ ]HQOkNPOk
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rHQ 3331 +−=−=     (12.16) 
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The parameters γNP = 7.25 mol O2/mol NP and γHQ = 6.5 mol O2/mol HQ 

represent the theoretical COD of p-nitrophenol and hydroquinone, 

respectively. 

 

12.4 Parameter Estimation 

 

 The reaction rate coefficients ki and the stoichiometric 

coefficients γi and the mass transfer coefficient were obtained by 

parameter estimation using Modest 6.0 parameter estimation 

software (Haario 1994). In parameter estimation, the objective 

function was the weighted sum of the squares of the residuals 

between the model and the data  

i

n

i

ipip wyyyyl ∑
=

−=−=
1

2
2

)()(β       (12.20) 

where yi represents the measured concentration of component i. 

The yip for the total COD was computed according to the following 

equation  

[ ] [ ] [ ]HQNPCODy HQNPresCODp γγ ++=      (12.21) 
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The other concentrations yi were ozone concentration in the gas 

phase at the outlet of the column, dissolved ozone, p-nitrophenol, 

hydroquinone and NO3
- concentrations.  

 

12.4 Results and discussion 

The rate coefficients obtained by nonlinear parameter estimation, 

stoichiometric coefficients and mass transfer coefficients are 

presented in table 12.1. 

 

Table 12.1 Estimated values for the experimental parameters  

 

Parameter, 

dimension 

Estimated 

value 

pH 2 

Estimated STD 

(relative) 

Estimated value, 

initial pH 5 

Estimated STD 

(relative) 

k1, 
smol

dm
3

 97.2 23.7  (24.3 %) 71.5 8.81  (12.3%) 

k2, 
smol

dm
3

 104 21.4  (23.9 %) 31.6  4.18  (9.0 %) 

k3, 
smol

dm
3

 286 74.4  (26.0 %) 203 25.4  (12.5 %) 

k4, 
smol

dm
3

 9.17×10
- 3 

63.3  (875×10
3
 %) 195 19.1  (9.8 %) 

k5, 
smol

dm
3

 8.32 0.44  (5.4 %) 10.1 1.28  (12.6 %) 

k6, 
smol

dm
3

 0.76×10
-7  

 
6.35×10

-3  

(83.1×10
4
 %) 

1.60 0.34  (21.0 %) 

1γ  3.39 0.27   (8.1 %) 3.02 0.30  (10.0 %) 

2γ  1.26×10
-3

 
     0.33

                                         

(261×10
3 

%) 
0.88×10

-2
 1.6×10

-5 
(2154

 
%) 

    kLa, 
s

1
 

  0.027  
          

  0.11×10
-2 

   (4.0 %) 

        0.044     0.49×10
-2 

           
(
 
11.1 %) 
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The correlation matrices calculated using the clasasical analysis 

and MCMC theory are presented in Tables 12.2 and 12.3. Only one or 

two of the matrices terms are higher than 0.9. On this basis it 

can bee deduced that the parameter values are reliable. It can be 

seen that the MCMC gives correlation matrix values that are 

slightly better (for example, for rate coefficients) or remarkably 

better (see those for akL ) than classical analysis. 

 

Table 12.2.  Correlation matrices of the estimated parameters from 

classical statistical analysis (left) and from MCMC (right) using 

data obtained at pH 2  

k1 1.00         k1 1.00         

k2 0.86 1.00        k2 0.76 1.00        

k3 0.92 0.71 1.00       k3 0.88 0.58 1.00       

k4 -0.33 -0.22 -0.27 1.00      k4 0.19 0.27 0.14 1.00      

k5 -0.04 -0.05 -0.09 -0.19 1.00     k5 0.23 0.29 0.15 -0.07 1.00     

k6 -0.17 -0.14 -0.15 0.05 -0.22 1.00    k6 -0.04 0.03 -0.04 0.05 -0.09 1.00    

kLa -0.83 -0.81 -0.71 0.70 -0.07 0.09 1.00   kLa -0.72 -0.76 -0.62 0.21 -0.46 -0.02 1.00   

γ 2 0.25 -0.30 0.23 -0.15 -0.57 -0.003 -0.36 1.00  γ 2 0.04 0.08 -0.03 -

0.0004 
0.01 0.04 -0.13 1.00 

 

γ 1 0.06 -0.34 0.15 0.06 0.18 0.164 0.22 -0.65 1.00 γ 1 0.26 -0.38 0.34 -0.07 -0.22 -0.07 0.11 -0.17 1.00 

 k1 k2 k3 k4 k5 k6 kLa γ2 γ1  k1 k2 k3 k4 k5 k6 kLa γ2 γ1 
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Table 12.3  Correlation matrices of the estimated parameters from 

classical statistical analysis (left) and from MCMC (right) using 

data at initial pH 5    

k1 1.00         k1 1.00         

k2 0.72 1.00        k2 0.46 1.00        

k3 0.97 0.68 1.00       k3 0.94 0.36 1.00       

k4 0.66 0.55 0.62 1.00      k4 0.92 0.74 0.84 1.00      

k5 0.59 0.44 0.58 0.16 1.00     k5 0.63 0.31 0.60 0.61 1.00     

k6 0.27 0.74 0.24 0.24 0.14 1.00    k6 -0.06 0.69 -0.10 0.25 -0.02 1.00    

kLa -0.75 -0.70 -0.74 -0.07 -0.66 -0.42 1.00   kLa 0.24 0.25 0.27 0.20 0.22 0.15 1.00   

γ 2 0.24 0.27 0.24 0.32 -0.47 0.22 -0.09 1.00  γ 2 0.03 0.06 -0.05 0.05 -0.24 0.03 -
0.0008 

1.00 
 

γ 1 0.07 -0.42 0.09 -0.10 0.37 -0.54 0.041 -0.73 1.00 γ 1  0.40 -0.52 0.41  0.07  0.11 -0.67 -0.02 -0.29 1.00 

 k1 k2 k3 k4 k5 k6 kLa γ2 γ1  k1 k2 k3 k4 k5 k6 kLa γ2 γ1 

 

 

12.5 MCMC analysis in practice 

 

The theory and the full MCMC analysis can be found in appendix IV. 

From the practical point of view, and on the basis of experience 

obtained during this research, it can be concluded that the MCMC 

analysis was very helpful in finding “true” parameter values. In 

parameter estimation for complex models which include a large 

amount of estimable parameters, it is difficult to find parameters 

that can be relied on. The classical statistical analysis may give 

good correlation matrices suggesting low interdependence between 

the estimated parameters and acceptable standard errors for all 

the parameters and those parameters may give very good fits for 

the data. However, MCMC analysis may reveal that only some of the 
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parameters are close enough to the optimum. In this research, 

typically, the parameter values suggested by MCMC analysis after 

the first nonlinear optimization were used as new initial guesses 

and a new optimization was performed. After this procedure, the 

newly found parameters suggested by nonlinear estimation were the 

same as that from the MCMC analysis. 

 

12.6 Conclusion for chapter 12 

 

 

Experimental data from p-nitrophenol ozonation at pH 2 was used to 

develop a novel kinetic model and to estimate the reaction kinetic 

parameters, taking into consideration gas-liquid mass transfer and 

the reactions between ozone, p-nitrophenol and intermediates. The 

decomposition rate of p-nitrophenol on the pathway producing 

hydroquinone was found to be almost equal to the decomposition 

rate on the pathway producing 4-nitrocatechol. Comparison of the 

rate coefficients for the case with initial pH 5 indicated that 

the p-nitrophenol degradation producing 4-nitrocathecol was more 

selective towards molecular ozone than the reaction producing 

hydroquinone. The model introduced for ozone consumption was 

solved numerically using the stoichiometric ozone demand and an 

additional term of ozone decomposition. On the basis of data 

obtained from the experimental runs and the sensitivity analysis 

it can be deduced that the developed model works properly and can 

be used to obtain reliable reaction kinetic parameters. The 

consumption of ozone was found to be about 5 mol of O3 per mol of 
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p-nitrophenol degraded. In the parameter estimation, the model 

provided parameters that simulated the process well and supported 

the results found in the literature as regards the reaction rate 

and reaction scheme of p-nitrophenol ozonation. The ozone reaction 

decomposing the residual COD to CO2, representing reactions with 

several different intermediates, both with species reacting with 

ozone relatively fast and those reacting slowly (volatile acids), 

was identified well on the basis of the statistics.  

MCMC analysis was carried out to study the reliability of the 

estimated parameters and the model predictions. The MCMC analysis 

was found to be useful in getting qualitative and quantitative 

information about the accuracy and reliability of the parameter 

estimation. In the cases studied, the MCMC analysis revealed that 

all except two of the model parameters were well-identified. MCMC 

analysis was able to quantify the uncertainties of the model 

predictions of the response components. 

 

 

14. Conclusions 

 

This thesis considers modeling of ozonation. In the literature 

part, estimation of mass transfer and reaction kinetics and 

reactions of ozone were discussed. As a result of this work a new 

and more general method based on Beltrán method was developed for 

estimation of the Henry’s coefficient and mass transfer. In 

addition a method was developed for estimation of reaction 
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kinetics and the mass transfer coefficient based on the axial 

dispersion model. This method was also found useful in estimation 

of the dispersion of phases in a bubble column. Finally, a novel 

method based on residual COD was developed for estimation of 

reaction rate coefficients and stoichiometric coefficients in a 

multicomponent reaction system.  

From the survey of ozonation literature it can be concluded that 

dealing with multicomponent ozonation reactions is not fully 

developed in everyday practice, especially, if organic species are 

involved. Much further research is needed to establish the 

usability of the radical chain method. The problem is the 

reliability of the numerous reaction kinetic parameters obtained 

from literature for a certain water solution. One solution could 

be the addition of sum parameters like COD, TOC and/or TIC to the 

radical chain reaction model. During this research a residual COD 

method was developed for estimation of reaction kinetics in multi 

component systems. In this novel method the number of parameters 

is relatively small, which helps to find reliable model parameter 

values. However, interpretation of the estimated stoichiometric 

coefficient for CODres is not unambiguous resulting from the effect 

of polymerization and the effect of components that cannot be 

presented as COD for example, and therefore further experimental 

research and study of the applications of the method are 

desirable. 
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15. List of symbols 

 

a specific interfacial area in the unit volume of phase 
mixture, m

2
/m

3 

 

B1, B2,3,4,10 model parameters 

 

b  parameter vektor  

 

c  model constant 

 

D, 
3OD   diffusion constant of ozone in the liquid, m

2
/s 

 

MD   diffusion coefficient of solvent M, m
2
/s 

 

dB  bubble diameter, m 

 

dR  column diameter, m 

 

EG  coefficient of axial dispersion in the gas phase, m
2
/s 

  

EGT  coefficient of axial dispersion in the single phase flow, m
2
/s 

 

iE   is the instantaneous reaction factor defined in the film 

theory 
 

EL  coefficient of axial dispersion in the liquid phase, m
2
/s 

 

g  function of s, gravitational constant, m/s
2 

 

H  Henry law constant, (Pa dm
3
)/mol 

 

h0  total height of the liquid surface without the passing gas, m   

 

hT  total height of the liquid surface with the passing gas, m 

 

Ha  Hatta number 

 

hT  total height of the column with the passing gas, m 

 

pjJ ,   sensitivity coefficient 

 

Ka  dissociation constant 

 

kA  reaction rate coefficient, 1/s 

 

kB  reaction rate coefficient, dm
3
/(mol s) 
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kd  reaction rate coefficient, (dm
3
/mol)

n-1
/s 

 

 

 

kL  individual liquid side mass transfer coefficient, m/s 

 

kLa  volumetric mass transfer coefficient, 1/s 

 

km+n  reaction rate constant of m+n th order 

 

k1 first order reaction rate coefficient, 1/s, reaction rate coefficient, dm
3
/(mol s) 

reaction rate coefficient, (dm
3
/mol)

n-1
/s 

k2 reaction order of ozone,  reaction rate coefficient, dm
3
/(mol s) 

 

 

k3  reaction order of hydroxyl ion 

 

l   objective function 

 

[ ]0M   initial concentration of M , mol/dm
3 

 

m  reaction order for species M  

 

n  reaction order of ozone 

 

mT  total molar flow rate, mol/s 

 

N  number of estimable parameters 

 

3ON   ozone mass flux, mol/(m
3
 s) 

 

[OH
-
]  hydroxide ion concentration, mol/dm

3 

 

[ ]3O   ozone concentration in the liquid phase, mol/dm
3 

 

[ ]
G

O3   ozone concentration in the gas phase, mol/dm
3 

 

[ ]
L

O3   ozone concentration in the liquid phase, mol/dm
3 

 

[ ]∗

3O   saturation concentration of ozone in the liquid phase, mol/dm
3 

pHref  reference value for the pH 

 

pK   equilibrium constant 

 

3OP   ozone partial pressure, Pa 

 

iOP
3

  ozone partial pressure at the column inlet, Pa 
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oOP
3

  ozone partial pressure at the column outlet, Pa 

 

PT  total pressure, Pa 

R  universal gas constant, 8,31441 J/(K mol) 

 

3OR   is rate of of ozone mass transfer, g/(dm
3
 s) 

 

R
2
  coefficient of determination 

 

3Or   decomposition rate of ozone, mol/(m
3
 s) 

 

S  cross-sectional area of the column, m
2
, solubility ratio 

 

T  temperature, K 

 

t  time, s 

 

UG  superficial velocity of the gas, m/s 

 

UG ref  reference value of the superficial velocity of the gas, m/s 

 

VR  reactor volume, m
3 

 

 

GV   volumetric flow of gas, m
3
/s 

 

LV   volumetric flow of liquid, m
3
/s 

 

RV   reactor volume, m
3 

 

X  sensitivity matrix 

 

x,xj  experimental variable 

 

Y  observation vector 

 

yi  observation 

 

yp  observed variable predicted by the model 

 

y   average value of all yi 

 

Z  coordinate in direction of column height, m 

  stoichiometrich coefficient 
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creek letters 

 

α  degree of dissociation 

 

 β   estimated parameter, liquid hold-up  

 

ε, εG  volumetric gas hold-up 

 

εL  volumetric liquid hold-up 

 

σ  standard deviation of the pure experimental error 

 
γ   stoichiometric factor 

 

ρ  density, kg/dm
3 

 

µ  dynamic viscosity, Pa s 
 

Subscripts 

 

G  gas phase 

 

i  inlet 

 

o  outlet 

 

ox  oxidated 

 

L  liquid 

 

 

 
 

 

 

 

 

 

 

 

 

 




