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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 Beltrdn 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 1is
presented as a residual COD (chemical oxygen demand) calculated



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 hydrogquinone. The identifiability and
reliability of the estimated parameters were analyzed with the
Marcov chain Monte Carlo (MCMC) method.
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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 1is rather complex. The reactions of ozonation
involve direct molecular reactions of O, with dissolved compounds
and transformation of O, into secondary oxidants such as hydroxyl
radicals (OH'), hydroperoxyl radicals (HO,)) and further species
like O,, HO, 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 Dbubble 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 1in 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 Beltrdn 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 1is 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 1liquid 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 1is 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 1is simplified to a cascade of
ideally mixed tank reactors in series. In Fig. 1 a flow sheet for
CMB is presented (Schliter et al., 1995) for heat flows. This flow
sheet is analogous with the mass transfer case.

A single tank volume in series is
— . — R
VC—i with NC—? (2.1)

V, is volume of column and N, is the number of cells. L, is the

height of the column and H, 1is the height of one cell,
respectively.

Backflow circulating between neighbouring cells 1s used to
characterise the degree of back-mixing in the partially mixed
system. Assuming equidistant cell heights, the backflow ratio,
defined as the Dbackflow related to the overall convective
volumetric flow rate, can Dbe coupled mathematically with the
lumped axial dispersion coefficient of the axial dispersion model:

Voo N

1 ug Ly

{=""=—C—— with Bo, =——— (2.2)
Ve, e Bo; 2 & D¢
7 L
yo i _Ne 1 with Bo, =—1=x_ (2.3)
Viwea BOy 2 € Dy,

In equations (2) and (3):

V;, volumetric gas back flow rate, m'/s
V@ﬁm volumetric gas feed flow rate, m'/s
Bo, gas phase Bodenstein number

Ug superficial gas velocity, m/s

&g volumetric gas hold up
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o G axial gas-phase dispersion coefficient, m’/s

volumetric liquid back flow rate, m'/s
\Gﬁm volumetric liquid feed flow rate, m'/s
liquid phase Bodenstein number

u, superficial liquid velocity, m/s

£ volumetric liquid hold up

axial liquid-phase dispersion coefficient, m’/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

N> (2.4)

o] ‘;

=

where D, 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. (Schliiter 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
(Schliiter 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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£ a[g;]c =-u, 3[3216 Ny +&; Dy 32&[)323]@ (2.5)
And for the liquid phase:

g, 8[§;]L =—u, 3[§;]L +N, —r, +€ Dy, aza[gj]L (2.6)
Where

NOJ ozone mass flux, mol/(m3s)

To, decomposition rate of ozone, mol/(m’ 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 1s the case of organic ozonation in

water, are used to determine both the liquid phase mass transfer
coefficient, k,a, 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 IO;J at the gas -liquid

interface to k%] in the bulk of the 1liquid. The term k%*l is

normally taken as the ozone gas solubility because it 1s 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 k; can be determined in

accordance with equation

r, =——==k,o,]' (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 1/2
Ha = [ k.. M]"[0;]"' D, j (3.2)
1+n ;

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 k%]:O in

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

equation
N, =k,alo,’] (3.3)

Equation 3.3 can be equalized to the disappearance rate of

organics M :
k,alo, |=z(-alm)iar) (3.4)

z 1is the stoichiometric ratio mol ozone consumed per mol organics.

When the term z(—dﬂ%]hﬁ) is plotted versus IO;J and a straight line

is obtained, the k,a is equal to the slope. (Beltran 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 Dbe wused for the steady state situation in
continuously operated ozone contactors with perfect mixing in the

liquid phase.
kLa(IOSI_[Os ]”): To, (3.5)

Where k%]”is ozone concentration in the liquid phase at the steady
state. If r@,IO;]and k%]m are known k;a can be calculated. For an

ideally mixed reactor, 7, 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 (Beltrdn et al., 1995):

F H
P, = O +| H- [0,] (3.6)
’ k,aP.Sh; k,aP.Sh;
exp| ———— exp| —————
Hm, Hm,
Where
f@“ partial pressure of ozone at the column outlet, Pa

P, ~ partial pressure of ozone at the column inlet, Pa

P, total pressure, Pa

. 2
S cross—-sectional area of the column, dm
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h height of the column, dm

T
H apparent Henry'’s law constant, (Pa dm’)/mol

[OJ concentration of dissolved ozone, mol/dm’

My total molar flow rate of gas, mol/s

Equation (3.6) allows simultaneous determination of the mass

transfer coefficient k,a and Henry’s law constant H . Thus, a plot
of the partial pressure at the reactor outlet, P, , versus the
dissolved ozone concentration k%], should yield a straight 1line
whose ordinate ordinate and slope allows k,a and H to be obtained.
With this approach, the ozone inlet concentration (or F, ) 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

d[o;]

=kLa([03*]_[03])_r03 (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 (r, =0)

dEgJ:kLa([O;]_[OJ) (3.8)

The concentration of ozone is followed with time until the

equilibrium concentration of ozone 1is reached. This concentration
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is taken as IO;J. k,a is determined from the slope of the straight

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

IO;I_R%] _
lnm—(kLa)t (3.9)

Where k%k is the concentration of dissolved ozone at t=0.

3.2 Determination of mass transfer coefficient in the

instantaneous kinetic regime

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

can be calculated using the equation

N, =k,alo, |E, (3.10)
E‘.:1+ZDM[A{] (3.11)
D, |0,

with the condition

Ha>>nkE, (3.12)
Where
E, instantaneous reaction factor
n dimensionless parameter (Danckwerts, 1970)

When the reaction between ozone and organics is instantaneous, the
dissolved ozone 1is completely consumed by the 1initial organic
reactant M, in a plane inside the 1liquid 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:

N, =z[—d[M]j=kLa[0j 1+ZDM[A{] (3.13)
s di 17 b, o,

D, is diffusion coefficient of reactant M.

Rearranging and integration of equation 3.13 leads to:

D, k., a
Inf=— —ML" 3.14
nfj [ D, Jr ( )
Where
[M]+D03[03*]
zD,
B= o (3.15)
], +—2==
zD,,

Where k%*l can be calculated for an ideally mixed reactor from

equations
dm
ng.—V}z[—[]j
dt ),_
[0,], = - = (3.16)
VG
.1 [o,].RT
lo.']- g (3.17)
Where
[OJG ozone concentration at the outlet of reactor, mol/dm’

m, 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
. . D, k,a
a straight line. k,a can be calculated from the slope ——//——.
03

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 3<Ha<E, /2.

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

organic M consumption rate once the stoichiometry is accounted

for:

Nog,zzo =a[03*lk0] Do][jw]o)”2 :Z(dg‘t/[]J (3.18)
=0

Where =0 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) lO;] can be calculated using

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

Z(d) versus lO;k[M]O)mshould yield a straight line provided the
I Jimo

ozonation reactions follow the fast pseudo first order kinetic

regime. If the reaction rate coefficient kog is known, the specific

interfacial area a can be calculated from the slope a(k(,1 DO;).
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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)

dlo
~TrdR, :NOS,BSdh+%Sdh (3.19)

T

Where f is 1liquid hold-up. N@ 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 1is 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.

Nbx:ak%* ko,COD D, (3.20)

Where according to Henry'’s law

P

L9;]= ;;

(3.21)

By substituting AQ‘from equation 3.20 into equation 3.19, taking

into account the Henry and gas perfect laws for k?;land dk?JG

respectively, the ozone mole balance becomes as follows:

34§7dh (3.22)

P dp,
t RT

m 3
— AP, =a }; B[k, CODD,, Sdh+ y

T

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 (Garcia-Araya, 1993). Thus the
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resulting equation, after variable separation, can be integrated

with the following boundary conditions:

h=0 P, =PF,, (3.23)
h=nh, P, =F, (3.24)
to give:

P, aP.pS./k, D

-2 =Ny fcoD (3.25)
P, Hm,

where F, and F, are partial pressures at the inlet and at the

outlet of the column.

P030

hr
P0s-dPOs ?

3%6

Pos ?

77777
Posi

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 wvalid for fast, moderate or slow reactions and can

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

Ha
H ke h Hacosh Ha
® n
N, =k,alo,], h“ 1- S - (3.26)
tanhHa\ (¢ Y, COD+k,a— %
: tanh Ha

In the case of fast reaction equation 3.26 reduces to
N,, =k,alo,"|, Ha (3.27)

and into

Ny, =k [03*JCOD(1—gG) (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 1in the reactor can be

written as follows
VG ([03 ]Gi - [03 ]oo ) = VR k,‘a([O; JL - [03 ]L) (4.1)

Thus k,a can be calculated for an ideally mixed reactor as

ka= VG ([03 ]Gi - [03 ]Gn ) _ VG ([03 ]ci - [03 ]Ga ) RO1

o] <0.,) TV, -10,]) " 5oL, - 0.1
Where

(4.2)

S 1s solubility ratio

R, is the rate of ozone mass transfer g/ (dm’ 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

1+ Ha®

* 0
R, = kLa\/1+Ha2[[03 ]L —[3]LJ (4.3)
If the value of 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 wvalues
of k,a 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 reactor is:

Vi O,|._, =10,
[03]G[—[03]G‘_71+V7R'k1‘a m([ 3]Gr] [ 3]G;) =0 (4.4)

m[03 ]G,- - [03 ]L,-

Mass balance for the liquid phase for the i reactor

Vv Ve
[03 ]Gi - [OZ ]Gi—l + Vil([oz ]G - Icc [03 ]Li+1 - (1 - [(‘c )[03 ]Li—] )+ 7mk[03]L1 (4.5)
G

G

I, =1 for counter current flow and I, =0 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 2Xj, the observed variables being [OJGi and [OJU

for i=1to j. Roustan et al. estimated parameters
the Gauss-Newton method in order to minimize
criterion as an object function
2 2

IL [03 ]LA ” - [03 ]Lk » ’G [03 ]Gk ” - [03 ]GA »
KkLa,k)z —_— —_— (4.6)

[0,], [0,],.
where

n, and n; are the numbers of liquid and gas phase

k,a and k using

a least square

observations for

ozone concentrations in outlet streams of the column. k%]q and

[OJG are the measured ozone concentrations in the outlet streams.
. k,m

k)] and k)] are model-predicted ozone concentrations in the
3 Ly, 3 Gy.p

outlet streams.

[Os ]qi [ 03]y [Os ]a

1 1 L

[ O'i ]Lo

Reactor i

[Os]ci-1 [Os Jui-t [O3]c1 [Os ]ui

e -

I L

[Os Joo [ 05 o [Os ]e

[Os ]

Figure 4.1 Schematic diagram of co-current and counter current columns.
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5. Empirical and semi-empirical and theoretical correlations of

k.a, k, and a

A  large number of empirical and semi-empirical <correlations
concerning mass transfer can be found in the 1literature. Phase
superficial velocities, reaction rate, ionic strength,

temperature, pH and impurities in general affect k,a. In different
liquids there are different k,a values (Akita and Yoshida, 1973),
and gas properties affect on k,a as well (Oztiirk et al.,1987). The
operation mode of the column (co-current or counter current) also
affects on k,a. It is almost impossible to find a correlation for
k,a 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 k, permits evaluation of the importance of the effect

of the chemical reaction affecting on mass transfer. Higbie

(Danckverts, 1970) has proposed the equation

k, =113 (5.1)

ST

where ¢, 1s the contact time calculated by using the following

c

equation
d

t,=—2L (5.2)
US

Where d, is the bubble diameter, and Ug us the rise velocity of

the bubble with respect to the liquid.
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For bubble columns with wultrapure water, Calderbank’s equation
(Froment and Bischoff, 1979), which does not take the superficial

velocity of gas into consideration at all, is

D
k=042 8 [P0y 50 0x107 m (5.3)
o\ o

k,a correlation equations are usually functions of gas superficial

velocity. Various relationships of the form
kya=aU’ (5.4)

have Dbeen presented for estimation of k,a in bubble column

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

equation for ozonation at 20 °C

0.54

k,a=791x10"U, (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 &; and the diameter of bubbles as

follows

_6 &
dy l1-¢g;

a (5.6)

Different photographic techniques and image analysis methods can

be used to obtain d,.
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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:

d[03]:k'[03]‘ (6.1)

and

[0,]

"],

=k't (6.2)

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

The pseudo first order constant 1is a linear function of pH as
shown 1in Figure 6.1. This evolution reflects that the ozone
composition rate 1is first order with respect to both ozone and
hydroxide ions, resulting in an overall equation of the following

form:

d[o,]

= k[o,]Jor "] (6.3)

k'
Where k=[——4] (6.4)
OH "~
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& [Oglo =50 uM
x [Ozlo= 3uM
+ [Oslo= 0.3um

. T T
10-° 10-3 10-4
[OH-|,M
! T T —
6 9 10
pH

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 1is 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.

dlo,]
- =k |0 6.5
dt w[ 3] ( )
where hv=a+bemﬁcAk%D (6.6)

where a, b, and c are kinetic parameters, and Ak%] 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 wvalid 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 1is also

presented in Fig. 6.2.

0,+0H ——HO," +0,” k=7.0x10 M's™ (6.7)
HO," «—— 0, +H" k, =10** (6.8)
0,+'0,, —"0,” +0, k=1.6x10"M"s™ (6.9)
‘0, +H" «——HO; k=52x10"M"s" (6.10)
k. =23%x10"s"
HO,——OH' +0, k=1.1x10%s"" (6.11)
OH' +0,——HO, k=2.0x10°M""s™ (6.12)
HO,—— HO," +0, k=2.8x10*s" (6.13)
HO, + HO,—— H,0, +20, (6.14)
HO, +HO," ——H,0,+0,+0, (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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‘0, and one hydroperoxyl radical HOZ' which are in acid base
equilibrium (pK,=438).

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 H03°and

HO, 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:

0,+0OH ——HO, +0, k=40t2 M~'s”" (6.16)
HO,” +0,——'0,” + HO," k=22x10°M"'s™" (6.16)
HO," +OH «——'0,” +H,0 k,=107* (6.17)
‘0,7 +0,—"0, +0, k=16x10°M"s"" (6.18)
‘0, +H,0——>OH" +0,+0H" k=20-30M""s"' (6.19)
‘0, +OH'——"0,” + HO,' k =6x10°M~'s (6.20)
0,+0OH' ——0,+0H" k=25x10" M5 (6.21)
OH' +0,——HO," +0, k=3x10"M s (6.22)
OH' +C0O,” ——O0H +CO;” k=42x10°M "5 (6.23)

CO; +0,—> products(CO, +0, +0,) (6.24)
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6.1.1 Hydrogen peroxide

Hydrogen peroxide H,0, is a weak acid. It 1is produced in the
radical chain. In water solution, it partially dissociates into

hydroperoxide ion HO, .

H,0,+H,0——HO, +H,0" k,=107""° (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 Dbeen 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 , Beltrédn , 2004 )

d|o . _ .
- [[13]=k [03][15(02 ] k'=55+1.0x10°M s~ (6.26)
1
The rate constant k' 1is wvastly superior to that of ozone

decomposition initiated by hydroxyl ions. Therefore, the result is
that very low concentrations of HO, are kinetically effective in
initiating O; decomposition.

Based on the mechanism of ozone decomposition, the initiation and

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

H,0, +H,0———HO,” + H,0" k,=107"""° (6.27)
0,+HO, —O0H"+'0,” + 0, k=22x10°M"'s"" (6.28)
0, +H" «——HO,’ 1/k, =10*" (6.29)

0,+'0, —>"0, +0, k=1.6x10°M"'s™ (6.30)
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‘0, +H" «——HO,;’ k=52x10"M"s"" (6.31)
k. =23x10%s""
HO,” ——OH' +0, k=1.1x10" s (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 1is, the

compounds capable of inducing the formation of the superoxide ion

‘0O, from an ozone molecule, are inorganic compounds (for example

hydroxyl ions OH~, hydroperoxide ions HO, and some cations) and
organic compounds (for example glyoxylic acid, formic acid and
humic substances). Ultraviolet radiation at 253.7 nm 1is also
capable of initiating the free radical process.

The promotors of the free-radical reaction are organic and
inorganic molecules capable of regenerating the 'O, 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 ‘0, . Some of the more common
inhibitors are bicarbonate an carbonate ions, alkyl groups,

tertiary alcohols and humid substances (Hoigné and Bader, 1985).
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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
YO, +M ——M (6.33)

where Jy 1is a stoichiometric factor for the number of ozone
molecules consumed per molecule M transformed to oxidized

molecule M .

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).

=220 4, fo. I (6.32)

where r,, is the decomposition rate of ozone in reaction i, and %,

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
M——M +H" (6.35)

Thus, the disappearance rate of ozone can be written as

To,ii- = Viickii [03][M]TOT =Toi-t o = V- ki [03][M_]+ v k; [Oz][M] (6.36)
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where J,_ and kQﬁ 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

dm] —k.o,]m] (6.37)
)

i

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)

%#[@]{MW[OH-][M] (6.38)

Hydroxyl radical —concentration cannot Dbe measured directly.
Consequantly, an O, 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 ‘0,7 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 ‘0O, 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

0, and then eliminates HO,"/°0,” 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
H02'/'027. 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 HO, , 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.

H+ 5.1010M~Is—1 R.
® k
HOS 14105 571 OH M [
3 @ ke
O2

73

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

react with O, or interact with ‘OH radicals by scavenging and/or

converting 'OH into HO, .(Staehelin and Hoigné, 1985)
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Termination

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 1l)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 Dbonds
C=C, C=C-0O—-R, -C=C-X or atoms carrying a negative charge
N,P,0,S and nucleophilic carbons. A strong initial reactivity is
therefore predicted for ortho-activated aromatics by substituents

such as OH, CH,, OCH,. A weaker initial reactivity is predicted
for molecules with NO,, CO,H and CHOgroups. 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

k
page 44). A linear relationship 1is obtained for loglok— vs. the
0

Hammet-Brown constant O'P+(Exner, 1972, Hoigné and Bader, 1983).
This 1is presented in Fig. 6.4. k, is the rate constant for the

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

component itself.

OH
oo
3 H,
N O
2L
CH CH, ,
Logag(k ) @
1 L
o0+
-1.0

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 1is 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 CP, and the reference chlorophenol CP, is

AL o Jier)="24 [0 Jer) (7.1
dt 7i
A fo.ier, 1= 22210, Jicr, (7.2)

R

where k,, and &k are the overall ozone disappearance rate

05
constants for the reference and target compounds. k, and k; are the
overall CP disappearance rate constants for the reference and
target compounds. Y, and ¥ are the stoichiometric ratios for the

reference and the target compound, respectively.
By integrating equations 7.1 and 7.2 between =0 and ft=t, and

dividing the obtained equations the following equation is obtained
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n [CP, ]() — }/Rk(ki n [CPR ]()
[CP,' ] %kO3R CP, R

(7.3)

In this method the stoichiometric coefficients have to be known to
[cr], [cp],
[cp] [cp,]

line whose slope is the ratio of the rate constants.

obtain k,,. A plot of In

against In must yield a straight

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 &, the

degree of dissociation, defined as

a= [Mi] (7.4)

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

determined from the pH of the solution and the dissociation

constant K, of the acid

a=]4[I_F] (7.5)

+ = 4
K

a

The disappearance rate of ozone can be written as

To, :ko3 [03][M]ror :kOSM—[OS][M7]+k03M [03][M] (7.6)
From Equations 7.4 and 7.6 it can be stated that

k, =ak

3 0y.M~ +1-a)k, (7.7)
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Where k, 1s the overall reaction rate coefficient of ozone

decomposition and k, = and k,, are the reaction rate coefficients
3 s

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

—%ﬂc[@][M] (7.8)

The ozone decomposition rate can be expressed with

-0 40, 7.9)
where =E;€Z:E;€ (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 de is

d[o;]

=k, [0,][M] (7.11)

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

of ozone MlL:DlLand integration of Equation 7.11 yields

o

"To,],

Ay (712

Plotting anOJ/k%LJ versus time, experimental points should be
situated around a straight line with slope equal to k@UWL-

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

E.
3<Ha< i (7.13)

is fulfilled. E, is the instantaneous reaction factor defined in

i

film theory (Charpentier, 1981).
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£ =14 Du 7M] (7.14)

Ha, the Hatta number, is

1 2 “m—1 n
Ha=—_ |——k,D,|A M 7.15
0= b DT ] (7.15)

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

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

absorption rate can be expressed by the following equation:
N, =k, alA] E (7.16)

If the reactions of the intermediates are negligible as regards

ozone consumption one can write:

NA:;/(—d[M]J (7.17)

dt
From Equations 7.17 and 7.18 the following form is obtained

[M]

kLaLAF

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

Thus with Equations 7.15, 7.16 and 7.17 can be written

s s m—1 n
_dm] _la] JzkADA[Al ] o 1s)
dt ¥ m+1
Assuming n=1, which 1is a common situation for ozone-organics

reactions, rearranging and integrating with the initial condition

1=0 [M]=[Mm], (7.20)
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yields
(M1, = [M]" =kt (7.21)

where

* “m—1
oAl 2,0, ] o
2y m+1

Based on Equation 7.21, a plot of M4L”2—UMT” versus reaction time

should give a straight line whose slope is k.

Equation 7.22 allows one to determine the reaction order m for the
absorbing and reacting gas A by double plotting k versus [AT with
different partial pressures of A. This should yield a straight
line with a slope of (m+1)/2. Knowing the m value k, 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:

L, 10,1+ ke lor T (7.23)

In equation 7.23 k, and k, 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:

%:_(k03[03]+k0H[0H_])[M]:_k[M] (7.24)

When hﬂhlyh4k) 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:

L Yo, k.o llor ] (7.25)

The ratio R, of the concentrations of OH radicals and ozone can

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

para-chlorobenzoic acid):

R[,=[?0Hi] (7.26)

Inserting equation 7.26 in equation 7.25 yields

= (k, + k,R. M JO,] (7.27)

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

yields:
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1{%} =—(k, +k,R. )j [0, Jar (7.28)

The fraction f,, of M reacting with OHradicals can be calculated

as (von Gunten, 2003)

k,R
Son = 2

=—2° (7.29)
k, +k,R,

The rate coefficient k, can be estimated using radical scavenger

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

estimated wusing 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 1in literature are wusually 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 Dbetween 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 1is required to describe the rates of formation and
destruction of wvarious species, in the case of reversible
reactions, rates for both the forward and backward reactions are
needed and may not Dbe available Dbecause 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 Biihler (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 )nOMQMfs) or

/5]
0,+0H ——HO'+°0," k=140/70 (8.1)
0,+'0,, —0,+°0,” k=1.6x10° (8.2)

H'+'0,” «——HO, k=2.0x10", k™ =3.7x10* (8.3)



HO,

'——0,+HO’

0, +HO' «——HO,’

HO,

Ho,

HO®

HO®

HO,

HO,

HO,

HO,

HO,

'——0,+HO,
'——0,+0, (+H,0)
+HO"——H,0,
+HO,"——0, +H,0,
"+°0,” ——20,+0H"
'+ HO,'——20,+H,0,
'+HO'——0,+H,0,

‘+°0,, ——0,+0,+0H"

'+HO,"——0,+0,+H,0,

(H,0)+'0,” «——HO," +OH~

HO,

HO,

"+0,——HO'+'0, +0,

‘——H'+'0,

H,0,«——H" +HO,

H"+0OH «—H,0
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k=5.0x10*

k™ =1.0x102

k=2.0x10°,

k =2.8x10*

k=1.0x10"

k=5.0x10°

k=5.0x10°

k=1.0x10"

k=5.0x10°

k=5.0x10°

k=1.0x10"

k=5.0x10°

k=542, k= =1.0x10"

k=2.8x10°

k=3.2x10°, k= =2.0x10"
k=45%107, k™ =2.0x10"
k=1.0x10", kK~ =1.0x107

(8.

.10)

.11)

.12)

.13)

.14)

.15)

.16)

.17)

.18)

.19)
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O, +F——P ko,r (8.20)

HO"+F——P k (8.21)

HO°-F

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 1into <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

0,+0H ——'0,” +HO," k =70dm* /(mol s) (8.22)

0, +HO, ——'0, + HO," k =5.5x10° dm’ [(mol 5) (8.23)
Propagation reactions

0,+'0, — 0, +0, k =1.6x10° dm*/(mol s) (8.24)

H™+'0, —"HO, k =5.2x10" dm* [(mol 5) (8.25)

‘HO,——OH + 0 k =1.1x10° dm’ /(mol 5) (8.26)
3 2
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Promotion reactions
0,+"OH——"HO, + 0, k =1.1x10* dm®/(mol s)
H,0,+'0H——"HO, + H,0 k =2.7x10" dm?/(mol )
HO, +'OH——"0,” + H,0 k =7.5x10° dm* [(mol 5)
‘HO,+'0H —— H,0 +0, k =1.0x10" dm’ /(mol 5)
Formation of H,O,

*HO,+'HO,—— H,0, + 0, k =8.3x10° dm®/(mol 5)

H,0+'HO,+'0, ——H,0,+0,+0H"

Reversible reactions

‘HO,«——H"+°0,” k/k™ =107
H,0,«—HO, +H" Kk~ =107
H,0<——OH +H" k/k~ =107
H,CO, «—HCO, +H" Kk~ =103
HCO; «—CO,” +H" k/k= =107

Scavenging reactions

HCO, +'OH—>'CO,” +H,0

CO, +'OH——"CO, +OH"

k =1.1x107 dm?/(mol )

k = 4.0x10® dm?/(mol 5)

(8.

k =9.7x107 dm®/(mol s)

.27)

.28)

.29)

.30)

31)

.33

.34)

.35)

.36)

.37)

.38)

.39)

.32)
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*CO, +'OH—'CO, OH~ k =3.0x10° dm®/(mols) ~ (8.40)

Using their reaction model, Kumar and Bose made simulations at
various pH and at wvarious 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
HO,” +0,——"0, + HO," k =5.5%10° dm’*[(mol s) (8.41)

OH™ +0,——HO, +0, k =70 dm’* [(mol s) (8.42)

Propagation reactions

‘0,” +0,——"0, +0, k =1.6x10° dm® [(mol s) (8.43)
‘0, +H"——HO, k =5.2x10" dm’* [(mol s) (8.44)
HO," ——OH" +0, k=1.1x10"1/s (8.45)

Destruction and scavenging reactions

0, +TCE —— products k=17 dm3/(mols) (8.46)

O, + PCE —— products k= 0.1dm3/(mols) (8.47)
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OH® + TCE —— products k =4.0x10° dm®/(mol s)

OH® + PCE —> products k =2.0x10° dm®/(mol s)

OH'+HO,” ——OH +HO,"  k=17.5x10°dm’/(mol s)

OH' +H,0,——H,0+HO,"”  k=27x10" dm’/(mol s)

OH' +HCO,” —— H,0+'CO;”  k=8.5x10°dm®/(mol s)

OH' +CO,” ——OH +'CO,”  k=3.9x10* dm®/(mol s)

OH' +0,——HO," +0, k =1.1x10° dm® /(mol s)

*CO,” + H,0, ——> HO," + HCO;” k =8.0x10° dm®/(mol s)

*CO,” +HO,”——"0,” + HCO,”  k =5.6x10" dm®/(mol s)

HO," + HO," ——0, + H,0, k =8.3x10° dm*/(mol s)
‘0,” +HO," + H,0——0, + H,0, +OH~ k=9.7x10" dm® [(mol s)
‘CO, +'CO,” —— products k =2.2x10° dm®/(mol s)

Equilibrium reactions

H,0,«—HO, +H"* pK =117

HO,"«+———'0,” +H* pK =4.8

.48)

.49)

.50)

.51)

.52)

.53)

.54)

.55)

.56)

.57)

.58)

.59)

.60)

.61)
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H,CO,«—HCO, +H" pK =63 (8.62)

H,0——OH +H" pK =14 (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 1n some cases known) 1intermediates. 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

A+0,——C (8.64)

B+0,——D (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 k, and k, 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 Y, and 7%,

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

unknown by-products C and D one can write

A+y,0,—5—C (8.66)

B+y,0,——D (8.67)

C and D can be renamed as (unknown) products without including
them in the differential equations. In this case it 1is 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,_  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.

A+7,0,——C+y,COD,, (8.68)
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B+y,0,—2>y,COD,, (8.69
C+y,0,—5—y,COD,, (8.70)
COD,,, +7,0,——CO, + H,0 (8.71)

The stoichiometric coefficient ¥, =2/3 can be easily calculated

from the stoichiometric need of ozone to oxidate 1 mole COD,, .

Reaction model equations have to be written in differential form

for the nonlinear parameter estimation of rate coefficients k —k;

and the stoichiometric coefficients §,—Y%;.

=500 5.72)

dl i#0;
L F N o AL N 1 o S N ) (8.73)
dt : ’ dt S dt } ’
dlo
O« nlalod-krl8llo.)-k.zlcllo)-klcop, Jo 575
d{CoD 3
A7 [allo, )+ k. 810, kellon) -, Sleon, Jio.] (s.75)
In the above, there are three COD,,, producing equations
(Equations 8.68-8.70). The number of estimable parameters is ten.

In equation 8.71 it 1is presumed that the reduction of COD,,
consumes a stoichiometric amount of O;. However, 1f one writes
equation 8.71 as

cob,,, +y,0,——Co, + H,0 (8.71 Db)

the number of estimable parameters is eleven. And equation 8.75

becomes:
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d[cop,,,] _
t

el klallo )k Bllo)+ krlclo)-kr Slcon, Jo] - (e.75 b

It can be determined that the number of estimable parameters is at
least equal to three times the number of COD,, 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

A+y,0, > P (8.76)

B+y,0, > P (8.77)

where P represents the known and the unknown intermediates with a
degree of oxidation determined by the stoichiometric coefficients
v, and y,. The reactions 8.76 and 8.77 can also be expressed through
COD wusing 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

A+y,0,——~C+CoD,, (8.78)
B+y,0,—~—~COD,, (8.79)

C+y,0,—5—-coD,, (8.80)
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COD,@.V+§03A>C02+H20 (8.81)

7; 1s the stoichiometric coefficient for ozone. In the reaction

rate equations, the stoichiometric coefficients y,, ¥, and y. are
the theoretical oxygen demands for A, B and C. With this
procedure, equations 8.78-8.80 can Dbe written as reaction
equations for the COD and ozone. The COD,_, produced in equations
8.78-8.80 can be written as (y, — v,3/2 )A and (y, -7, 3/2 )B and (y,
-9, 3/2 )C can be found in equation 8.84. vy, 3/2 represents the

theoretical COD reduction by y, moles of O,.
The reaction rate equations 8.82-8.84 are written in the mode of
equation (8.72):

_dl5] _dlc]

__dA]_ _ _ _ _
A= d _k1[03][A] g = d _k2[03][B] e = d —k3[03][C](8.82)
dfo,]

To, = _7 = kl I [03][A]+k272[03][3]+k373 [03][C]+k4 [COD][03] (8.83)
d[COD, 3 3 3

o, =~ 1)y Dol . HlolBl- ket - Do el

t 2 2 2
k, %[@][CODM] (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:0, calculated from the reacting ozone could be
1:1 (Beltrdan 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,) 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 1is at least equal to two times the number of COD,,

production equations + 1.

Compared to the CODyes 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 1is to write the reaction
system equations according to fulfillment of the stoichiometric

need of theoretical O,. The consumption of O, of the reaction can

be calculated from this theoretical O,. However 1in 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 O, to oxidize
the reacting compound to intermediate compounds produced or to end
products produced from the theoretical O,. In Equation 8.81 the
reaction of ozone with COD,es producing CO, and H,0 was written
with the stoichiometric coefficient 2/3 for O,. Similarly, the
oxidation reaction of nitrite to nitrate requires 1/3 moles of O,

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 k,a 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
k,a. The hydrodynamics has to be taken into consideration, both
below the 1liquid 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



66

amount of analytical work 1is 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 1is 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 Dbenefit 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 Dbe
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 Dbe 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, IITI and IV).
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9.1.1 Physical Model

A mechanistic model can be formally written in the following form

(Haario, 1994):

s=f(x,B.c) (9.1)

y,=8@s)=s, (9.2)

where the markings are:

s the state of the system

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

example F,, in this study

x the experimental variables, for exampleF,, and R?J or Fy,,
k%]and U

B the estimated parameters, for example kpia and H or B;, B, 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 1is,

however, the sum of the residual squares. If observations y: = F,,
are available at the experimental points (F,;, k%]) or (F,,;, [OJ,
U), (U = wvelocity), the sum of the squares of the residuals

between the model and data is given by

(B =[y-v,[ =3, (9.3)
i=1

where the values of y;, denote the predictions of I@U given by the

model with the estimated parameter values, f, and n is the number
of observations in the data set. To bring the values of y, as close
to y as possible in the average sense, the above sum is minimized

with respect to B.

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, [, the solution point of the least
squares problem. By plotting one- or two-dimensional contour lines
of I, 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, [, 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 [. The 1length 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
k, and ki. The true values of these coefficients are to a high
degree of probability in the immediate wvicinity of the computed
minimum, because the value of function [ increases relatively
rapidly when moving from the minimum in the directions of the

parameter axis.

OHES :%
=

0.520

0.510

)

0.505 \_’/,/
04957 %\j&@
I T T T T T
1.05 1.10 1.159 1.20
k2

Figure 9.1 Contour plot l(kz,k3) 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 R? value). The idea is to compare the

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

; of all the data points. The R? value is given by the expression

=l

R* =100(1- ‘2)% (9.4)

ly-y

The closer R? 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

;o ay,(x;,8)
Jp aﬁ 4
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where f 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)

r,=P(P,P,)"" (9.6)

N uT g

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

brs=(X'X) 'x'Y is given by:

COV (bps) = (X'x)7's?, (9.7)
where s = ((Y-0)" (Y- ¥))/(n—p) (9.8)
X is the sensitivity matrix X = (V,y,")", Y the observation vector

and ¥ 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 wvalues
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 LSOQ (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 1in Appendix III) the standard
deviation given by the <classical analysis 1s 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 wvariation in

the estimated parameters.
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Table 9.1 Estimated values of k; K¢, y1 and v, and standard deviations.

Parameter, Estimated Estimated STD STD by 95% interval by
dimension value (relative) MCMC MCMC
dm’
ki, 73.4 5.82 (7.9 %) 6.53 [65.4-91.1]
mol s
dam’
ko, 343 3.07 (9.0 %) 3.29 [29.7 — 42.6]
mol s
dm’
k3, 198 16.3 (8.2 %) 18.4 [175 —247]
mol s
dam’
ks, 192 422 (9.5 %) 20.2 [168 —247]
mol s
dam’
ks, 9.63 0.68 (7.1 %) 0.73 [8.40 - 11.3]
mol s
dm’
Ke, 1.71 0.30 (17.8 %) 0.32 [1.15-2.42]
mol s
% 3.03 0.19 (6.4 %) 0.20 [2.62 —3.42]
7 0.2x10® 1.6x10° (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 k; - ks 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 vy; and vy, 1is
presented in Fig. 9.3, from which one can see that vy; stays very
close to zero. The MCMC method gives a larger standard deviation
and confidence interval for vy, than the classical analysis.
Furhermore the correlation information related to y: given by the
classical analysis differs from the wvalues calculated from the
MCMC sample (see Table 9.1). The analysis shows that vy, is poorly
identified and all small enough values seem to produce good enough

fits.

50 :
P A0 .
a0

60 &0 100 30 40 50 150 200 250 200 ann & mo12

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 y; and
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MCMC analysis can be extended to describe the uncertainties in
model responses (concentrations). This is done by calculating
predictions given by the different sampled parameter values,

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 1is 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 1is possible
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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 Beltrdn 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 Dbubble column was operated as a semi-batch reactor. The

experimental set-up is presented in Fig. 10.1

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 (Beltrdn et al., 1996):

B, - k’?)}fp i kHP G (10.1)
exp La T}y'S exp La ThfS
Hm, Hm

In equation 10.1, Cbxis the ozone concentration in the liquid phase
and F,; and F,,are the ozone partial pressures in the gas phase in

the inlet and outlet, respectively. Pr is the overall pressure, mr
total molar flow rate of the gas, hr 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 1is considered to Dbe of the
second reaction order. In that case Ha is < 0.3. When equation
10.1 was used for the estimation of kpa and H, the superficial

velocity of the gas was 0.0164 m/s.

Instead of plotting C(, against F,,» kia and H are estimated by
comparing the measured and predicted fhocalculated from the
measured Cmowith changing input gas concentrations Em and gas

flow rates. In Beltrdn 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

B,
kLa=B{U] (10.2)
of

The gas superficial velocity, U, was divided by Uy.r to improve the
identifiability of the parameters. U, 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
Ures. When equation 10.1 was wused with equation 10.3, the

parameters B;, B, and H were estimated.

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

according to equation 10.3

H=B8B (L“)’* (10.3)
3 F[
P ref

where pHyer 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 B;, B,, Bs and B,

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 1in 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 Dbetween 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 k;a computed with different data are compared to literature
equations in figure 10.3.
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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 kia 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. k.a=0.867U, 2. k;a=1.89U°°* and 3. k.a=4.120"° 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

I(B,,B,,B,,B,) are shown in figure 10.4.
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Figure 10.4 The sensitivity contour plots of function [(B,,B,,B;,B,).

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 Bj;, By, B3, B4, standard errors and relative standard
errors of the parameters are shown. The off-diagonal elements of
the correlation matrix obtained with the wuse of the model of

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

Table 10.1 Estimated parameters B;, B,, B;, B;, 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 c o, %
B, 0.0287 0.00106 3.7
B, 0.675 0.0360 5.3
B; 7.61610° | 6.5210* 0.9
B, 0.0297 0.0245 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.

Tij
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 (Bi,Bz), (B1,Bs),
(B,,Bs) and (B,,Bs) which are not presented here are very similar to
plots (Bi,Bs) and (B3, Bs). 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 B, 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 Beltran
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 1is 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 kpa 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, 1if 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 ligquid 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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& 8[03]6 =-U; 8[03]6 _kLa([03T _[03]L)+ga Eg ? [OZ]G (L1
ot oz oz
(1 —80)8[03]L = kLa([Os];k _[03]1 )_rO +(1 —&g )EL ? [023]L (11.2)
ot R 9z
2
do,], -, do, ], ~ 9o, (11.3)
ot oz 0z°

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.

t=0, 0<z<L [o] =0, [0],=0 (11.4)

do,| _olol,|  _olol
0z ‘Z:O 0z ‘Z:]}m 0z ‘Z:L

t>0,

>0, =0 (11.6)

=0, [0l =lo]..0 «a1s)
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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

HZ
U,
k,a=B| —¢ (1.7
UGref
Ug, 1is divided by a reference velocity Ugres- Ugrer 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 Ugrer. Using the equation including the reference value for
the wvariable 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 B; and B, 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 kpa. With a superficial gas velocity
range 0.0042-0.021 m/s and a pH range of 7.0-11.0 estimated

o) o)

standard errors op1=3.7 % and 0z,=5.3 $ were obtained.

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

pH according to the following equation

H=B (LH )Be (11.8)
3 H
P ref
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where pHyer is a reference pH value. As well as B; and B, Bs3=7.161

10° and B,=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. k; is specific to

the chemical composition of the aqueous system.

Model eq. Eq. Valid pH Author
number range
o, =k1[03]2[0H7]0'55 11.9 2-9.5 Gurol and Singer
(1982)
-7 . 7.6-10.4 St 1954
To, :k1[03][0H ] 1110 umm - ( )
o, :kA[03]+kB[0H—]'/2[03]3/2 11.11 Acidic and | Sotelo et al.
basic (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 k;, ks , with the exception that the
concentrations of ozone [03] and the hydroxyl ion [OH ] were

divided by their reference values

k, ~ ks
1o, =k 0.] ot | (11.12)
: 0], ) {lor™|,

The reference values [O3lyer = 1.126 10°° mol/dm® and [OH Jyer = 1.0

1077 mol/dm® were used.

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

a linear function of the gas superficial velocity.

E, = 5[ Us J (1.13)
UGref

The gas dispersion coefficient in equation 11.3 for the top of the

column is written in a similar way

U
Eqr =Bl()[ < j (11.14)
UGref
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The liquid phase dispersion coefficient was estimated by using the

correlation equation by Baird and Rice (1975).
E, =035d,"(gU,)" (11.15)

Some more recent data on E; have been given in the paper by Bin et
al. (2001). Typical values (very scattered) are of the order of

107 m’/s for U, < 0.05 m/s.

Coefficients ki, Bs and Bi;g or kp, ks, Bs and Bi;p or coefficients ki,
k,, ks, Bs and Bjy were determined simultaneously Dby 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 k; Bs and Big, were estimated by

using kinetic equations 11.9 and 11.10 in the cases: E; was

calculated from equation 11.15, E; = 0 which means no axial
dispersion in the liquid side, and E;= 106ﬂk/U@eg which means
very vigorous mixing in the 1liquid side. The wvalues of the

coefficients ki, ks, Bs and B;g as well as the wvalues of the
coefficients ki, ks, ki3, Bs and Bip were estimated in the case of E;=

10°(Ue/Ugres) -

The estimated wvalues of the coefficients Bs, Bio, ki, standard
deviations, coefficient of determinations (the R? values) and the
off-diagonal terms of approximate <correlation matrices are
presented and the estimated values of the coefficients ka, kg, Bs

and Big, standard deviations, coefficient of determinations and the
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off-diagonal terms of approximate correlation matrices are
presented in Appendix IT.
Table 11.2 1lists the estimated values of the coefficients ki, ko,
k3, Bs and Bjg, 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 k;, k;, ki3, Bs and B,
standard deviations, coefficient of determinations in the case of

equation 11.12.

Kinetic E. kq Ok1 ko o | ks o | Bs Bio oo | R?
q m? 108 | % % % 2 | O 2 % | %
0 "

:4‘5

11.12 10{ UGJ 1.09 |24 |1.123 122 ]0.508 | 1.3 |0.0101 | 2.3 | 0.0035 | 1.1 | 97.20
U

Gref

Table 11.3 Off-diagonal terms of the approximate correlation

matrix in the case of equation 11.12.

Tij

-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 r;y of the correlation
matrix is at its lowest value when the gas dispersion coefficient
is high. The second best coefficient of determination 97.13 % 1is
reached when the kinetic model equation 11.11 is wused and the
liquid dispersion coefficient has a value 10° (Ug/Ugres) . The best

coefficient of determination 97.20 % 1is attained in the case of

kinetic equation 11.12.

The reaction rates from 1literature 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 Dbeen 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 (OHe) 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 k, obtained for

the equation n%::kdk?J" 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.
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Figure 11.1 Reaction rate of ozone self-decomposition in 21 °C water.
Ozone concentration is 10™* mol/dm®. The reaction rate coefficients of

equations 11.9 -11.12 are for the case E;.=10° (Uc/Ucres) -

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

given in Appendix II.

nl/2

1By =|y-v,[ =g”l<yl.—y,.,,>2=;(([03100—[03L0p¥+([03]L—[031L,,)2)

(11.16)

The contours of the objective functions l(B5,kA), l(Blo,kA) and l(kA

11.2) revealed that a sufficiently small change in

,kg), (see Fig.

ka does not affect the estimated value of kg at a pH range above 7
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as it was expected. The contours of the objective functions
[ (kz2,k3), [ (kz, Bs) in the case of kinetic Equation 11.12 are
presented in Fig. 11.13. The contours [ (kz2,Bs), [ (k3,B1o) , l (k2,B10) ,
[ (x1,B10), ! (xi,Bs), [ (k:i,ks) and [ (ki, k), which are not shown here,

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

820+

S00

o 780*:>d —

760+
T4l w
. | .
1.2E-005 1.30-005
kA,

+ - Reference point

Figure 11.2 Contour of the objective function l(kA, kg ). Kinetic model
equation 11.11 is used and the liquid dispersion coefficient is 10°
(UG/UGref) .
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Figure 11.3 Contours of the objective function l(kz, ks ) and

l(k3, B;). Kinetic model equation 11.12 is wused and the 1liquid
dispersion coefficient is 10° (Ug/Ucgres) .

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 Dbest 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



98

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 1is 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 COD,es 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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CO2 + HZO

p-Nitrophenol

—= (oD
res
\ NO,

Hydroquinone +

NO,

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 1is
measured only at one point in the domain and perfect mixing is
assumed. The ozone and intermediate concentrations of the 1liquid
phase were analyzed. More detailed information about the
experimental conditions and the analysis of the samples can be

found in Appendixes III and IV.



100

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,

oo,] Jo,] o%[0,]
Eg o ¢ =-U, P ¢ - N, +¢& EGTzG z<13m (12.1)
For all components in the 1ligquid phase, N; = 0 for organics, or
for NO3
(1—56)%=N,.—(1—gc)r,. z<1.3m (12.2)

For ozone in the gas phase in the head space,

dlo,], alo,], a’[o,]
sle _ : E 3lg
ot Yo 0z B dz*

13<7<2.05m (12.3)

[1i] 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



101

the method of lines presented by Schiesser and Silebi (1997) with

the following initial and boundary conditions;

t=0, 0<z<L [o,], =0, [0,],=0 (12.4)

0|0 -
> 0, % =-U ([03 ]Gmlet [03 ]calc) , [03 ]G ‘Z:O — [03 ]Ginm ([) (125)

Z z=0 Eg
t>0, dode|  _ 0
2z |,
t>0, M = M =0 (12.6)
9z |, L P

Equation 12.3 applies to the gas head space on the top of the
column. In equation 12.5 [0O3]caic 1s 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.

N, is obtained from the equation

NO; = kLaZn: ([03],'* _[03]) (12.7)
1

where n=10 is the number of units on the gas side. The volumetric
mass transfer coefficient kpa =0.042 m/s was obtained Dby the

Beltran method (Beltrdn 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

NP+§03L>HQ+N0; (12.8)
¥wNP +,0,—2—CoD,, (12.9)
YuoHQ +7,0,—=—COD, (12.10)
3 CoD,, +0,——C0,+H,0 (12.11)
5 :
2 ; i
cob,,, +§03 —~2NO, (12.12)
ky .k 3
03#502 (12.13)

The reaction rate equations 12.15-12.19 were written in the

following mode presented in chapter 8.2.4

n=- Mo sl (12.14

¥, represents the stoichiometric or theoretical coefficient.

_d[NP]

e = 7=k1[03][NP]+k2[03][NP] (12.15)
"o = —@ =—klo.JINP]+k[o:]lH0] (12.16)
_d[cOD,]

3 3
0 k(e =13) [0, ]INP]-ky(7,o = 7 D [0;][HO]+
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&2lo)lcon, J+kfolicon, ] (1217
o, = —% = -k [o,][NP]-k,2[0,][cop,,] (12.18)
dlo;]

1o, == =k, 20, NP L+ k[0, ]Inp)+

k[0, ][HO]+ k,[0,]INP]+ k[0 ]lcop

res

[+t 2lollcon, JrkloJno)  (219)

The parameters vy = 7.25 mol Oy/mol NP and yg = 6.5 mol Op/mol HQ
represent the theoretical COD of p-nitrophenol and hydroquinone,

respectively.
12.4 Parameter Estimation

The reaction rate coefficients k; and the stoichiometric
coefficients vy; 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
2 n
1B =[y=y,[ =2 0~y,)w (12.20)
i=

where vy; represents the measured concentration of component 1i.
The yip, for the total COD was computed according to the following
equation

Yeonp = COD, J+ 7., [NP]+ 7,0 [HO] (12.21)



The other concentrations

phase at the outlet of the column,
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y; were ozone concentration in the gas

hydroquinone and NO; concentrations.

12.4 Results and discussion

dissolved ozone,

p-nitrophenol,

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
Estimated . . .
Parameter, Estimated STD Estimated value, Estimated STD
. . value . .. .
dimension (relative) initial pH 5 (relative)
pH?2
dm’
ki, 97.2 23.7 (24.3 %) 71.5 8.81 (12.3%)
mol s
dm’
ko, 104 21.4 (23.9 %) 31.6 4.18 (9.0 %)
mol s
dm’®
ks, 286 74.4 (26.0 %) 203 254 (12.5 %)
mol s
dm’ 3
) 9.17x10 63.3 (875><103 ) 195 19.1 (9.8 %)
mol s
dm’®
ks, 8.32 0.44 (5.4 %) 10.1 1.28 (12.6 %)
mol s
dm’ 6.35x107
k 7 ’
6 ol s 0.76x10 (83.1x104 %) 1.60 0.34 (21.0 %)
VZ 3.39 0.27 (8.1 %) 3.02 0.30 (10.0 %)
3 0.33 2 -5
Vs 1.26x10 (261 <10° %) 0.88x10 1.6x107 (2154 %)
o L 0.027 0.11x10~ 0.044 0.49%x107
N (4.0 %) (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 wvalues that are
slightly better (for example, for rate coefficients) or remarkably

better (see those for kLa) 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

ki 100 ki 100

k2 086 1.00 k2 076 1.00

ks 092 071 1.00 ks 088 0.58 1.00

ke 033022027 1.00 ke 019 027 0.14 1.00

Ks 0,04 -0.05 0.09 -0.19 1.00 ks 023 029 0.15 -0.07 1.00

Ko 0.17-0.14 20.15 0.05 022 1.00 Ko 0,04 0.03 -0.04 0.05 -0.09 1.00

kia )83 .0.81 -0.71 0.70 0.07 0.09 1.00 kLa )72 .0.76 -0.62 0.21 -0.46 -0.02 1.00

Y2 025 030 0.23 -0.15 -0.57 -0.003 -0.36 1.00 T2 0.04 0.08 003 ) opy, 0.01 0.04 -0.13 1.00

Y1 006 -034 015 006 0.18 0.164 022 -0.65 1.00 Y1 026 -038 034 -0.07 -0.22 -0.07 0.11 -0.17 1.00

ki k» ks ki ks k¢ kia y2 i ki ke ki ki ks ke kia y2 v
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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

ki 1.00 ki 100

ky 072 1.00 k2 046 1.00

k; 097 0.68 1.00 K3 0904 036 1.00

ky 066 055 062 1.00 ki 092 074 084 1.00

ks 059 044 058 016 1.00 ks 063 031 060 061 1.00

ke 027 074 024 024 014 1.00 Ks  0.06 0.69 -0.10 0.25 -0.02 1.00

kpa -0.75 -0.70 -0.74 -0.07 -0.66 -0.42 1.00 KLa 94 025 027 020 022 0.15 1.00

Y2 024 027 024 032 -047 022 -0.09 1.00 Y2 0.03 0.06 -0.05 005 -024 0.03 _ 1.00

0.0008
v 007 -042 0.09 -0.10 0.37 -0.54 0.041 -0.73 1.00 vy 040 -052 041 007 0.1 -0.67 -0.02 -029 1.00

ki ke ki ki ks ke kia y2 7 ki k ks ki ks k¢ kia 2 v

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 wused 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 CO;, 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 1in 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 Beltran method was developed for
estimation of the Henry’s coefficient and mass transfer. 1In

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 1is 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 COD,es 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
" 2 3
mixture, m’/m

Bi, B23410  model parameters

b parameter vektor

c model constant

D, DO; diffusion constant of ozone in the liquid, m?/s

D, diffusion coefficient of solvent M, m*/s

dg bubble diameter, m

dr column diameter, m

Eg coefficient of axial dispersion in the gas phase, m?%/s

Egr coefficient of axial dispersion in the single phase flow, mZ/s

E, is the instantaneous reaction factor defined in the film
theory

EL coefficient of axial dispersion in the liquid phase, m?*/s
function of s, gravitational constant, m/s’

H Henry law constant, (Pa dm3)/m01

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

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

Ha Hatta number

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

Ji, sensitivity coefficient

K, dissociation constant

ka reaction rate coefficient, 1/s

kg reaction rate coefficient, de/(mol S)



kq

ke
kia
Kinsn
k;

ko
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reaction rate coefficient, (de/mol)"’]/s

individual liquid side mass transfer coefficient, m/s

volumetric mass transfer coefficient, 1/s

reaction rate constant of m+n th order

first order reaction rate coefficient, 1/s, reaction rate coefficient, dm3/(mol S)

reaction rate coefficient, (dm3/m01)"'1/s
reaction order of ozone, reaction rate coefficient, dm3/(mol S)

reaction order of hydroxyl ion
objective function

initial concentration of M , mol/dm’
reaction order for species M
reaction order of ozone

total molar flow rate, mol/s

number of estimable parameters

ozone mass flux, mol/(m3 s)

. . . 3
hydroxide ion concentration, mol/dm

ozone concentration in the liquid phase, mol/dm’
ozone concentration in the gas phase, mol/dm®

ozone concentration in the liquid phase, mol/dm’

saturation concentration of ozone in the liquid phase, mol/dm®
reference value for the pH

equilibrium constant

ozone partial pressure, Pa

ozone partial pressure at the column inlet, Pa
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Py, ozone partial pressure at the column outlet, Pa

Pr total pressure, Pa

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

RO3 is rate of of ozone mass transfer, g/(dm3 s)
R’ coefficient of determination

To, decomposition rate of ozone, mol/ (m’ s)
S cross-sectional area of the column, mz, 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’

Vs volumetric flow of gas, m’/s

vV, volumetric flow of liquid, m’/s

Vi reactor volume, m’

X sensitivity matrix

X,Xj experimental variable

Y observation vector

Vi observation

¥p observed variable predicted by the model

y average value of all y;

z coordinate in direction of column height, m

stoichiometrich coefficient
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creek letters

o degree of dissociation
B estimated parameter, liquid hold-up
€, £G volumetric gas hold-up
£L volumetric liquid hold-up
c standard deviation of the pure experimental error
4 stoichiometric factor
p density, kg/ dm®
n dynamic viscosity, Pa s
Subscripts
G gas phase
i inlet
o outlet
ox oxidated

L liquid





