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Summary
Fundamentals of ozone mass transfer from gas into water and in aqueous systems have
briefly been discussed. Special emphasis has been put on mass transfer with
accompanying chemical reactions pointing out kinetic aspects that characterize the
AOPs. The role of major factors that are responsible for generation of hydroxyl radicals
in ozone-based AOPs has been described. Final sections are devoted to design
principles of the ozone-based AO reactors and some remarks on practical applications
of the AOPs.
1. Introduction
Vast majority of the ozone technical applications concerns its activity within the liquid
phase. Historically the earliest one was the treatment of drinking water. In this case
ozone has mainly been used for disinfection purposes and because of its supreme ability
in inactivation of microorganisms that usage of ozone has still remained an important
step in drinking water treatment as well as in wastewater treatment. As it has been
pointed in the previous sections of this chapter, ozone belongs to the most powerful
oxidants. Its oxidative ability can frequently be enhanced by combining it with other
oxidants or physical agents (e.g. hydrogen peroxide, UV radiation, catalysts, activated
carbon), especially when synergistic effects occur, giving rise to more efficient
generation of hydroxyl radicals, the feature essential to all processes of advanced
oxidation. By increasing the rate of reactions by 2 or 3 orders of magnitude than that
with either oxidants or UV applied separately many organic compounds that are
normally resistant to powerful oxidants can be destroyed in a relatively short time.
First practical applications of AOP (UV/O3) concerned water purification, while in
wastewater treatment this technology was developed for removal of cyanides in
wastewaters from electroplating and color photographic processes. Full-scale
installations based on AOPs have been used in both military and industrial sites for
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remediation of groundwater and industrial wastewaters. The AOPs enable to effectively
destroy toxic pollutants originating from petroleum products, industrial solvent-related
organics, e.g. trichloroethylene (TCE), dichloromethylene (DCE), trichloroethane
(TCA), PCBs (polychlorinated biphenyls) or explosive wastes. In water purification
major concern as priority pollutants because of their potential toxicity and health
hazards involve phenols, polyaromatic hydrocarbons (PAHs), pesticides (s-triazine
compounds), volatile organochlorine compounds (VOC), 1,4-dioxane etc.
In general, for ozone-based AOPs ozone is expected to act within the liquid (mainly
aqueous) phase, therefore it should effectively be introduced there from the gaseous
phase. Ozone transfer from the gas phase into the liquid one and dissolving there
corresponds to the widely known case of absorption process. Therefore, design of ozone
transfer from gas into water should be considered based on the principles and rules that
govern the effective absorption process. Possibly high effectiveness of the ozone
absorption process (> 90%) is required since ozone generation is accomplished by direct
using of electric energy (typically corona discharge process) and residual (unabsorbed)
ozone must not be released to the atmosphere (environmental and health issues).
2. Fundamentals of Ozone Mass Transfer into Water and in Aqueous Systems
Theoretical background of ozone transfer from the gas phase into the liquid phase
(water and/or aqueous solutions) is described in Chapter 5. In most cases two-film
model of mass transfer is commonly assumed when considering processes that involve
ozone absorption into the aqueous systems. The fundamental equations describing the
mass transfer rate are as follows:

NO3  kG A  CG  CGi   kL A  CLi  CL 

(1)

N O3  K G A  CG  CG*   K L A  CL*  CL 

(2)

The mass transfer coefficients kG , kL , K G , K L are reciprocal to the mass transfer
resistances, i.e. local in each phase ( kG , kL ) or overall ( K G , K L ). At the interface a
thermodynamic equilibrium between the contacting phases is assumed, cf. Eq. (3).
CG*
CLi 
 CL*
H

(3)

The values of C G* and CL* are also estimated from Eq. (3) using the corresponding bulk
concentrations, CL and CG , respectively.
Since ozone is slightly soluble in water and ozone mass transfer is controlled by the
liquid phase, in ozone – aqueous systems K L  kL , and also CGi  CG .
Equations (1) and (2) contain the mass transfer area (A), usually of an unknown
parameter. Therefore, it is more feasible to operate with the liquid phase volume and to
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combine the interfacial area with the mass transfer coefficient to obtain the so-called
volumetric mass transfer coefficient kL a . Now Eq. (1) can be expressed by:
N O3   kL a   CL*  CL  VL

(4)

Eq. (4) is the basis of the mass transfer rate estimation when designing of any mass
exchanger (absorber or contactor) is considered. In order to apply such an equation in
practice one needs to know the following parameters:
 kL a - the volumetric mass transfer coefficient (its value depends on the
hydrodynamic conditions in the liquid phase),
 CL - the concentration profile (distribution) in the liquid phase in a contactor
which depends on the mixing conditions in that phase,
 CL* - the equilibrium concentration in the liquid phase (it depends on the gas
phase concentration, temperature, pressure and the liquid phase matrix).
When ozone absorption is accompanied by irreversible chemical reactions, depending
on the system conditions different reaction regimes will take place. Typically, the
molecular reaction of ozone with dissolved compound B can be assumed as bimolecular
reactions, where  is the stoichiometric ratio. The resulting reaction kinetics scheme can
be formulated as follows.
O3  ν B  products

(5)

rO3  k 2 O 3 B

(6)

rB   k 2 O3 B

(7)

In these equations k2 is the second-order reaction rate constant of ozone with the
compound B. The values of k2 for many chemical compounds can be found in the
references (e.g. Beltrán, 2004; Hoigné, 1998; Von Gunten and Laplanche, 2000).
The film theory of mass transfer (also for the penetration models) accompanied by
chemical reactions in the liquid phase has been subject to numerous studies resulting in
derivation of the expressions or graphs for the mass transfer rate in the case of a firstorder, pseudo first-order or second-order reactions kinetics. For practical considerations
the concept of the enhancement factor, E, has been introduced, defined by the following
relation

E

kL,chemical absorption
kL,physical absorption

(8)

As it is seen from Eq. (8) the enhancement factor expresses how much the physical
mass transfer coefficient is increased by the presence of chemical reaction. The value of
the enhancement factor depends on the reaction regime and the process parameters such
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as concentrations and diffusivities of ozone and compound B in the liquid phase,
kL , a, k2 , ozone concentration at the gas-liquid interface ( CLA,i ).
The determination of E depends on the reaction regime and requires the evaluation of
the process parameters such as the film mass transfer coefficient, k L , the reaction rates
constants, k2 , diffusivity coefficients, ozone solubility in the liquid phase. The
knowledge of chemical regimes can be deduced from the Hatta dimensionless number,
Ha . For a second-order irreversible reaction it is defined by

Ha 

DO3 .k2 .[B]
kL

(9)

Other dimensionless numbers that can be useful for the characterization of the kinetic
regime are as follows:
R

k 2  B
;
kL a

Damköhler number Da  kL a  ;

Ei  1  Z ;

Z

DB [B]
 DO3 CL

where  is the hydraulic residence time of the liquid inside the contactor; Ei is the
instantaneous enhancement factor, and CL is the ozone concentration at the gas-liquid
interface (equilibrium value with respect to the gas phase concentration in the bulk). In
terms of the range of the Hatta number values, typical conditions can be summarized as
follows:
 Ha  0.02 No reaction occurs in the liquid film. The reaction is very low and takes
place into the bulk of the liquid. The enhancement factor E is equal to 1.The ozone
concentration CL is given by the relation: CL =CL* /(1  R  1/ Da) . If the condition
R  1/ Da 1 is fulfilled ( R  0.1 or Da  100 ), then the dissolved ozone
concentration is nearly equal to the saturation value, CL* . The liquid film offers no
resistance and the gas absorption rate is determined by the chemical kinetics alone.
 0.02  Ha  0.3 The reaction takes place into the bulk of the liquid. Mass transfer
rate is slow compared to the reaction rate. If the condition R  1/ Da 1 is fulfilled,
the concentration CL can reach a very small value, close to zero. However, the
reaction is too slow to enhance the rate of absorption, and E  1 .
 0.3  Ha  3 A part of the reaction takes place in the liquid film and another part in
the bulk of the liquid, E is greater than 1.
 Ha  3 The reaction is very fast and occurs entirely in the liquid film; no gas
reaches the bulk fluid. The concentration of ozone is zero in the bulk of the liquid,
and E is greater than 1.The gas absorption rate is given by
N O3  E kL a CL VL



(10)

Ha  3 and Ei  2 Ha The second order reaction can be considered as a pseudo
first order reaction, the concentration of the compound B can be considered as
constant everywhere. In these conditions E  Ha .
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Graphical representation for a dependence of E  f ( Ha, Ei ) published by Van
Krevelen and Hoftijzer in 1948 for an irreversible second-order chemical reaction and
some approximations are given in Chapter 5.
When using these expressions or graph it is important to realize that the Hatta number
depends on the concentration of component B. In a batch reactor this concentration
varies with time, thus during a batch mode experiment different reaction regimes are
encountered. In the case of a first-order irreversible reaction
E 1,
 for Ha  0.3
E  1  Ha 2 ,
 for 0.3  Ha  3
 for Ha  3
E  Ha .
In a number of papers numerical or even analytical solutions for predicting
simultaneous chemical ozone mass transfer and removal of organic pollutants from
water (cf. for example, Muroyama et al., 1999; Qiu, 1999; Chen et al., 2003; Cheng et
al., 2003; Benbelkacem et al., 2003 a,b; Munter, 2004).
Recently, for steady-state mass transfer with reversible reaction Meldon et al. (2007)
presented an approximate analytical technique for solving nonlinear differential
equations that govern such a case. The technique is based on linearization of the kinetics
assuming small local departures from equilibrium. It yields precise estimates of
enhancement factors for absorption and effectiveness factors for catalysis over complete
ranges of operating regimes, from exceedingly slow reaction to instantaneous reaction.
For simple ozonation of a pollutant quite often modeling of the process is based on a
mechanistic approach, i.e. taking into account possible reaction pathway and
intermediates as well as simultaneous mass transfer enhanced by chemical reaction (cf.
for example, Carini, 1999; Beltrán et al., 2000; Beltrán et al., 2002; Beltrán–Heredia et
al, 2001; ,Beltrán, 2004; Kuosa et al., 2007; Sung and Huang, 2007; Wu and Masten,
2002).
When ozonation or AOP are considered for wastewaters kinetic considerations are often
made with respect to surrogate parameters representing carbon content in water such
COD, DOC, TOC, IC (inorganic carbon), UV254 (absorptivity at 254 nm) or color. The
depth of oxidation may be expressed by means of MOC (mean oxidation number of
carbon). Since in both water and, especially in wastewater the concentrations of many
compounds (pollutants) are not known, MOC can be estimated from the following
relationship:
MOC  4 

CODorg
4 M C CODorg
 4  1.5
M O2 TOC
TOC

(11)

Basically, description of ozonation process kinetics of wastewaters is similar to that for
a known compound (pollutant), however, parameters that are used in this description
should refer to the actual wastewater matrix, i.e. accounting for different ozone
solubility, mass transfer coefficients, ozone diffusivity etc. Here, most likely
preliminary experiments carried out in a laboratory scale equipment should be made in
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order to establish these differences. Details of the necessary steps and the rules of scale
up are available elsewhere (Beltrán, 2004). Examples of modeling ozonation process
kinetics using surrogate parameters can be found in the following references: Chiang et
al. (1999), Andreozzi et al. (2000), Esplugas et al. (2002), Lackey et al. (2006).
Modeling of mass transfer with radical reactions involved was considered by Hoorn and
Versteeg (2006). They discussed three types of model systems, all of which concerned a
gaseous component A being transferred to the liquid phase where it reacted with a
component B to form product P. The reactions differed in the reaction pathways.
Assuming a number of simplifications and the penetration mass transfer model
according to Higbie, the authors performed numerical simulations using a finitedifferencing technique. From these simulations they concluded that the diffusion
coefficients of radical intermediates can significantly influence the profiles of
concentrations and reaction rates near the gas-liquid interface. Also, for very fast
reactions differences in diffusion coefficients of the intermediates affects the by-product
formation. The values of the enhancement factor, E, which is required in the gas-liquid
reactor design can be estimated with the simplified models where the reaction
intermediates do not occur in the expression for the reaction rates.
In ozone-based AOPs other oxidants or physical agents are involved, so their
contribution in the overall reaction kinetics can be expressed by the following
expression

rT  rd  rOH  rUV

(12)

where rT refers to the disappearance rate of a component of interest (a pollutant), and
the remaining terms of the RHS of Eq. (12) represent the contributions of direct
ozonation ( rd ), indirect oxidation by hydroxyl radicals (rOH), and photolysis resulting
from UV irradiation (rUV), respectively. The term, rd , is typically expressed by Eq. (6),
while indirect ozonation by hydroxyl radicals is usually given as





rOH  k  OH/B  OH B

(13)

In order to overcome difficulties with the unknown concentration of very reactive
hydroxyl radicals (  OH ) Elovitz and von Gunten (1999, 2000) introduced a concept of
Rct parameter. It determines a ratio between the concentrations of the hydroxyl radicals
and ozone in the natural water and is equal to the ratio of hydroxyl and ozone doses
expressed by the time integrals measured during the batch experiments using samples of
the water in question.





  OH     OH  d
Rct 

 O3 
 O3  d

(14)

The Rct parameter can experimentally be determined using a test (probe) ozone
resistant-substance concentration changes with the experimental time (e.g. pchlorobenzoic acid, pCBA) according to the following equation
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  pCBA  
ln 
 k  OH/pCBA Rct   O3  d
  pCBA  
0 


(15)

If Eq. (15) is fulfilled a linear plot of the experimental data points is expected using the
 pCBA  
,  O 3 d . From such a plot a value of the Rct parameter can
coordinates ln 


pCBA
0 

be found provided the value of the rate constant k  OH/pCBA is known (= 5109 M-1s-1). The
values of the Rct parameter are typically of the order of 10-8 and depend on the
experimental conditions. The Rct parameter reflects the concentration level of hydroxyl
radicals in the ozonated water. The integral

 O 3 d

is called ozone exposure. When

modeling oxidation of micro-pollutant in natural water the resulting equation describing
its decay in a plug flow or batch reactors can be written as follows

 B  exp  k R  k O d 
  OH/B ct 2    3  
 B0


(16)

The papers by Acero et al. (2003), Wang et al. (2004) or Rosenfeldt et al. (2006) are
good illustrations of such modeling, also when comparison of the efficiency of hydroxyl
radical formation using different AOPs is undertaken.
If photolysis by UV of a pollutant of interest is included the appropriate equation of
photoreaction rate will take the following form
rUV  

d  BUV
d

 B I 0 1  exp   At   f B

(17)

where B is the quantum yield of B, I 0 – the incident flux of radiation, At – is the total
absorbance of the solution, and f B - is the ratio of light absorbed by B to that absorbed
by other components of the solution:

At  2.303 L  i  Bi 
fB 

 B  B
  i  Bi 

(18)
(19)

where the subscript i refers to any species present in the solution that absorbs light at a
specified wavelength, L is the effective path length of the photoreactor, and  i is the
molar absorptivity of the i-th species at the lamp wavelength.
Very extensive discussion of the assessment of these contributions in terms of the
influence of kinetic regime and experimental conditions can be found elsewhere
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(Beltrán, 2003, 2004). In the more detailed attempts kinetic models of the AOPs are
developed by taking into account possibly all reactions (including radical ones). For the
simplest case, a batch CST reactor, this leads to a set of ordinary differential equations
describing mass balance of ozone, hydrogen peroxide, hydroxyl and other important
radical species. Typically, in case of highly reactive radicals assumption of a steady
state concentration is made, thus simplifying further computations. Ozone mass balance
equation should include ozone mass transfer from the gaseous into the liquid phase, i.e.
the volumetric mass transfer coefficient, kL a , should also be known. In order to apply
such a model the values of the reaction rate constants should be known (e.g. from the
published data) or estimated from separate experiments.
The set of the ordinary differential equations is numerically solved allowing obtaining
the values of the concentration of B as a function of time. The same procedure can be
applied when the kinetic constants are to be determined based on batch experiments
carried out in a laboratory-scale reactor. Good examples of application of such a
procedure are available in the papers of Hautaniemi et al (1998a,b, 1999), Beltrán et al.,
(2000, 2002) or Latifoglu and Gurol (2003).
-
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