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Kinetics of the ozonation of water contaminants is usually based on mol balance equations applied in the
water bulk. In these models, direct and free radical reactions are considered, neglecting the contribution
of reactions developed in the proximity of the gas–water interface. In this work, a theoretical kinetic
model of the ozonation involving direct and free radical reactions in the film and water bulk is carried
out. The model is based on film and penetration absorption theories. Time concentration profiles are
assessed by coupling the non-stationary penetration theory with bulk mass balances. Studied variables
are chosen according to their influence on the numbers of Hatta and instantaneous reaction factor.
These parameters are equilibrium ozone and compound concentrations, direct rate constant, and mass
transfer coefficient. The effect of pH and hydrogen peroxide are studied. Calculated results reveal that
direct reaction contribution in the film has a significant importance, especially in fast-moderate kinetic
regimes of ozone absorption. Absence of film free radical reactions leads to compound removal rates
slightly lower than the complete mechanism (fast regimes develop). Formation of hydrogen peroxide
and its reaction with ozone leads to the formation of free radicals.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY-NC-ND license (http://creativecom-

mons.org/licenses/by-nc-nd/4.0/).
Introduction

Nowadays, ozone can be accepted as a classical oxidant in water
treatment. Ozone is mainly applied to reduce the formation of
organo-halogen compounds during chlorine disinfection in drink-
ing water treatment plants [1,2] but also it can be used to remove
contaminants of emerging concern, such as many pharmaceuticals
from urban wastewater effluents [3–5]. In these ozone-based pro-
cesses, contaminants can be eliminated through direct reactions
with molecular ozone and/or reactions with hydroxyl radicals
formed from ozone decomposition [6,7]. While direct ozone reac-
tions are very selective and depend on the presence of specific
groups in the organic molecules (i.e. OH groups in phenols), free
radical reactions are non-selective. Hence corresponding free radi-
cal rate constants are extremely high, regardless of the nature of
organics, especially for the case of molecules of many pharmaceu-
ticals or precursors of organo-halogen compounds [8–10]. The
importance of this secondary pathway of ozone action depends
on the presence of other substances such as carbonates and/or
other oxidants (mainly hydrogen peroxide), light (mainly UV radi-
ation) and catalysts [11,12]. As a rule of thumb, carbonates will
inhibit the oxidation of organics by scavenging the generated free
radicals. Contrarily, the second agents accelerate the formation of
free radicals promoting or catalyzing ozone decomposition
towards these short live species of high oxidizing power. These lat-
ter processes take part of the group named as advanced oxidation
processes (AOP) [13,14].

Accordingly, due to the increasing importance of ozone pro-
cesses, kinetic modeling has attracted the interest of researches
reporting works where the kinetic of ozone reactions plays a fun-
damental role [15,16]. However, kinetic equations, included in
mass balances, consider mass transfer effects based on a mass
transfer coefficient without contemplating any enhancement of
ozone absorption in the proximity of the gas–water interface. Usu-
ally, ozone mass transfer rate from the gas to the water bulk is
exclusively attributed to the product of the mass transfer coeffi-
cient and the ozone concentration driving force in the water (dif-
ference between the ozone concentration at interface, ozone
solubility, and dissolved ozone concentration in the water bulk).
Consequently, in most kinetic models, the rate of ozone absorption
equals the physical absorption rate. While this approach can be
taken as correct when the chemical reaction rate is equal to the
mass transfer rate, it does not hold when ozone is mainly con-
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sumed in the proximity of the gas water interface, that is, when
dealing with fast or moderate ozone reactions [17]. Under fast
moderate ozone reaction regimes, ozone absorption rate is much
higher than the simple physical absorption rate. Accordingly, the
proposed kinetic model lacks sufficient accuracy. The parameter
that measures the increase of ozone absorption rate (gas absorp-
tion, in general) when the reacting dissolved ozone undergoes
reactions in the proximity of the interface, a distance from the
water bulk called film layer, is the enhancement or reaction factor,
E [18,19]. In general, this factor is usually taken as unity in most
kinetic models. However, depending on the relative importance
of mass transfer and chemical reaction rates, E can reach higher
values. In the latter cases, the actual ozone absorption rate is
clearly underestimated. Literature only reports a few studies con-
sidering the effect of direct ozone reactions in the film layer,
although these studies do not consider the possibility that film free
radical reactions can also affect the process rate or the reaction fac-
tor. The first work treating this subject was due to Benbelkacem
and Debellefontaine [20], their study focusing on ozone direct
reactions without formation of free radicals was just centered in
the case of maleic or fumaric direct ozonation reactions. Also, in
a more recent work Chavez et al. [21] have shown the importance
of ozone direct reactions in the proximity of the interface consider-
ing the simultaneous direct reactions of ozone and antibiotics.
However, free radicals can also be generated in the film layer
where they can also react with organics and ozone. The potential
formation of free radicals in the film layer is another aspect that lit-
erature has not yet considered. Then, formation of free radicals in
the film when the reaction factor is higher than unity is normally
neglected. This can also underestimate the reaction factor, and
the removal rate of compounds that react with ozone.

In this work, a theoretical study on the importance of ozone
reactions, (including free radical reactions), in the proximity of
gas–water interface and how the formation of hydroxyl radicals
in this liquid zone affects the reaction factor, is completed. This
study is based on the application of gas-absorption theories, (film
and penetration theories). The effect of mass transfer and chemical
reactions is assessed by means of the analysis of mass transfer
coefficient and direct rate constant influence. Additionally, the
effect of the initial concentrations of generic compound B and
hydrogen peroxide on the concentration profiles of reactants and
hydroxyl radicals in the film layer and time is also studied.

The reaction system

The following set of reactions have been considered to study the
effects of the presence of hydroxyl radicals in a fast-moderate
ozone reaction with a given compound B [22]:

O3 þ B!kD P þ H2O2 ð1Þ

H2O2¢HO�
2 þ Hþ pKH ¼ 11:8 ð2Þ

O3 þ HO�
2 !ki¼2:8�106M�1s�1

HO2 � þ O�
3 � ð3Þ

HO2 ��Hþ þ O�
2 � for pH ¼ 7 > pK ¼ 4:8 ð4Þ

O3 þ OH� !k1¼70s�1

HO�
2 þ O2 ð5Þ

O3 þ O�
2 � !k2¼1:6x109M�1s�1

O�
3 � þ O2 ð6Þ

O�
3 � þ Hþ !Fastreaction

HO3 � !Fastreaction
HO � þ O2 ð7Þ
150
Bþ HO � !kHO¼5x109M�1s�1

P0 þ HO2� ð8Þ

O3 þ HO � !k3¼2x109M�1s�1

HO2 � þ O2 ð9Þ

H2O2 þ HO � !kH1¼2:7x107M�1s�1

HO2 � þ H2O ð10Þ

HO�
2 þ HO � !kH2¼7:5x109M�1s�1

HO2 � þ OH� ð11Þ

HO � þ S!ks P00 ð12Þ
In this reaction system, P, P0 and P” are byproducts that can also

undergo oxidation reactions; however, these reactions are not con-
sidered in this study. Direct reaction (1) of ozone with B is a typical
reaction of ozone processes when B is an ozone fast reacting com-
pound. This scenario occurs when, for instance, the B molecule
contains carbon double bonds or aromatic rings with activating
groups. In a number of ozone direct reactions, hydrogen peroxide
is generated. Hydrogen peroxide can thereafter react with ozone
initiating a free radical mechanism, leading to the formation of
hydroxyl radicals. Additionally, these free radicals can also react
with the target compound B, that is, the so- called indirect reaction
of B. Examples of these compounds can be some antibiotics or
polynuclear aromatics [23,24]. For instance, ozone attacks resorci-
nol (ortho-dihydroxybenzene) in a 1,3 dipolar cycloaddition reac-
tion to form an ozonide compound that decomposes. In the
process, the aromatic ring is broken releasing hydrogen peroxide.
Once hydrogen peroxide is in the medium, its ionic form (hy-
droperoxide ion, HO2

–) reacts with ozone to form free radicals
through reaction (3). The latter stage is the main initiation reaction
of the free radical mechanism. Hydrogen peroxide can also be gen-
erated from the self-decomposition of ozone catalyzed by hydroxyl
anions (reaction (5)). However, the contribution of this reaction is
commonly negligible because of its low-rate constant, especially at
pH < 8. In any case, in this study, a constant pH � 6 is considered so
that equilibrium (4) is totally shifted to the right to form the super-
oxide ion radical (O2

–.). This means that in any reaction where the
hydroperoxide radical (HO2

. ) is formed (reactions (3), (8) and (9)
to (11)), the immediate formation of the superoxide ion radical
proceeds. Therefore, the decomposition rates of HO2

. through the
aforementioned reactions are, in fact, formation rates of O2

–.. The
free radical mechanism usually ends with termination reaction
(12) because of the presence of hydroxyl radical scavengers, S.
According to this mechanism, reaction rates of dissolved ozone,
B, total H2O2 and hydroxyl and superoxide ion radicals are as
follows:

For dissolved ozone:

�rO3 ¼ kDCB þ k110
pH�14 þ kiACHT þ k2CO2r þ k3CHOr

h i
CO3 ð13Þ

where CHT is the total concentration of hydrogen peroxide (sum of
concentrations of its ionic and non-ionic forms), A the fraction of
the ionic form of hydrogen peroxide, defined as:

A ¼ 10pH�pKH

1þ 10pH�pKH
ð14Þ

and CO3, CB, CO2r and CHOr, the concentrations of dissolved ozone,
compound B, and superoxide ion and hydroxyl radicals, respec-
tively. Also, 10pH-14 is the concentration of the hydroxyl anion.

For B:

�rB ¼ zkDCO3 þ kHOCHOr½ �CB ð15Þ
where z is the stoichiometric ratio of the ozone-B reaction (moles of
B consumed per mol of ozone consumed).

For total hydrogen peroxide:
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�rHT ¼ kiACO3 þ kHCHO � k1CO310
pH�14 � kDCO3CB

h i
CHT ð16Þ

where kH is the global reaction rate constant involving reactions
(10) and (11):

kH ¼ kH1 þ kH210
pH�pKH

1þ 10pH�pKH
ð17Þ

For hydroxyl radical:

�rHOr ¼ kHOCB þ k3CO3 þ kHCHT þ kT½ �CHOr

� kiACHT � k2CO2r½ �CO3 ð18Þ
where kT is the product between the concentration of hydroxyl rad-
ical scavengers, CS, and their rate constant of their reaction with
these free radicals, ks (reaction (12)).

For superoxide ion radical:

�rO2r ¼ k2CO3CO2r � kiACHT þ k3CHOr½ �CO3

� kHCHT þ kHOCB½ �CHOr ð19Þ
The reaction factor

According to the film theory [25] when a reacting gas, like
ozone, is being absorbed in a liquid (water in this case) it can react
in a film layer close to the gas–liquid interface and/or in the water
bulk. When ozone reactions are fast or moderate [17], all or a frac-
tion of dissolved gas reacts in the film, a fact which is not usually
considered when modeling ozonation systems [21]. In fact, as far
as these authors know, no work has already been published con-
sidering the simultaneous presence of direct and indirect (free rad-
ical) ozone fast or moderate reactions in the film. Only the case of
direct ozone reactions in the film has been considered [20,21].
Thus, with some exceptions, in most of ozonation processes, and
regardless of the presence of reactions in the film, the ozone
absorption rate is considered as the ozone mass transfer to the
water through the film, that is:

NO3 ¼ kLa Ceq � CO3
� � ¼ rO3 ð20Þ

where kLa is the volumetric mass transfer coefficient that for bubble
columns or agitated tanks can take values between 3�10�3 and
0.5 s�1 [17] and Ceq is the ozone solubility or equilibrium dissolved
ozone concentration at the gas–water interface. Ceq can be known
from the ozone partial pressure, PO3, and Henry0s law constant, He
[26]:

Ceq ¼ PO3

He
¼ CO3gRT

He
ð21Þ

where CO3g, R and T are the concentration of ozone in the gas leav-
ing the reactor (in equilibrium with Ceq), the perfect gas constant
and temperature, respectively.

However, when reactions occur in the film, equation (20) does
not hold. In these cases, the ozone absorption rate is increased
due to the presence of these fast-moderate reactions. In this sce-
nario, the dimensionless reaction factor number is defined:

E ¼ NO3

kLa Ceq � CO3
� � ð22Þ

E represents the number of times the physical ozone absorption
rate is increased due to fast-moderate reactions in the film. It is
evident that neglecting the effect of ozone film reactions implies
that E = 1.

Now, in this work E values corresponding to the ozone process
constituted by reactions (1) to (12) have been calculated under dif-
ferent conditions and compared to the case where no film (direct
and free radical) reactions take place in the film layer. In any case,
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NO3 can be determined from the application of Fick0s law at the
gas–water interface:

NO3 ¼ �DO3a
dCO3

dx

����
x¼0

ð23Þ

where x = 0 means interfacial conditions, DO3 is the ozone diffusiv-
ity in water (1.3�10�9 m2s�1 at 25 �C, [27]) and the parameter ‘‘a” is
the specific interfacial area. Solving equation (23) requires the
ozone concentration profile through the film to be known. Film con-
centration profiles of species constituting the mechanism studied
can also be used to compare the importance of free radical reac-
tions. According to film theory [21,28] these profiles can be deter-
mined by solving the reaction–diffusion equations of species
through the film layer. These equations are of the type:

Dj
d2Cj

dx2
þ rj ¼ 0 ð24Þ

where subindex j refers to any compound of the studied mechanism
(dissolved ozone, B, etc.) and Dj its corresponding diffusivity in
water. Boundary conditions needed to solve the mathematical
model are:

At x ¼ 0 CO3 ¼ Ceq and
dCi

dx
¼ 0 ð25Þ

where i means any other species but ozone that is not a volatile
compound, and

At x ¼ d Ci ¼ Ci0 and � DO3a
dCO3

dx

����
x¼d

¼ �rO3 b� adð Þ ð26Þ

where d is the film width. According to film theory, d is the ratio
between ozone diffusivity and the individual liquid side mass trans-
fer coefficient: DO3/kL. For a typical kL value of 5�10�5 ms�1, at
25 �C, d = 26 lm. Also, b is the liquid hold-up in the reactor and sub-
index x=d means conditions at the film-water bulk interface.

More details of the mathematical model, that, hereinafter, will
be named kinetic model 1, are given in the Supplementary section.
The system was solved with the bvp5c Matlab solver at different
values of kD, kL, CB, pH and CHT. These parameters are considered
the main variables that may influence the mass transport and reac-
tion in the film layer (see also Supplementary part for dimension-
less equations). Solution of kinetic model 1 requires a value
different than zero for the concentration of ozone gas leaving the
reactor at the start of the process, CO3g. To overcome this problem,
a first value of 10�11 M was taken. This is significantly low, but this
value allowed the calculation of the ozone solubility (Ceq) at the
gas–water interface after application of perfect gas and Henry laws
(equation (21)). However, as revealed below, most of solutions of
the kinetic model 1 were obtained by calculating CO3g as the loga-
rithmic mean of an assumed CO3g_outlet = 10�11 M (at the reactor
outlet) and ozone concentration in the inlet gas, CO3g_inlet

(2�10�4 M):

CO3g ¼ CO3g inlet � CO3g

ln CO3g inlet

CO3g

ð27Þ

The reason for this change was to show a higher variability of
results for the concentration of B within the film.

Results and discussion

As indicated above, kinetic model 1 was first solved starting
with CO3g = 10�11 M at the gas–water interface. Some results of
the changes of ozone and B concentration within the film dimen-
sionless layer (a) are shown in Fig. 1. As it is seen, in all cases, con-
centration of B does not change within the film layer as a result of
the low ratio between diffusion rates of B and ozone (see Ei-1 in



Fig. 1. Changes of calculated dimensionless concentration of ozone (open symbols)
and generic compound B (solid symbols) within the film layer. Main conditions: s:
kD = 106 M�1s�1, CB0 = 2�10�4 M. 4: kD = 103 M�1s�1, CB0 = 2�10�4 M.h: kD = 106

M�1s�1, CB0 = 10�7 M.N: Valid for the three cases. Other general conditions shown in
bottom of Table 1.
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Table 1). The results of Fig. 1 correspond to cases of a fast pseudo
first order reaction, moderate reaction, and slow reaction (see also
Table 1 for representative dimensionless parameter values of Eqs.
(28) and (29): Ha and Ei, respectively). In order to study cases with
variability in the concentration profile of B, CO3g was changed as
commented in section 1. The new value can be representative of
the situation after some seconds from the start of ozonation so that
it can also be taken as a good approximation.

Influence of variables

Variables affecting the reaction factor due to diffusion and reac-
tion in the film, for a given reacting gas (ozone in this case), are
Table 1
Conditions of main variables, calculated reaction factor and Ei-1 and Hatta numbers.a

kD. M�1s�1 kL, ms�1 CB0, M pH

107 5�10�5 2�10�4 7
106

105

104

103

102

10
106 4�10�4

5�10�5 2�10�5

2�10�6

10�7

10�10

2�10�4 10

10
105 10

1.5�10�4 2�10�5 10
106

105 5�10�5 2�10�4 10
106b 7
106c

106 d

106 e

103f

106 g 10�7

a Results at the start of reactions assuming CO3ge = 2�10�4 M (Ceq = 2.4�10�6 M) and
kT = 0, vg = 20Lh�1, bkLa = 4�10�2s�1, cb = 0.7, dkT = 104s�1, eCO3g = 10�11 M (Ceq = 2.0�1
(Ceq = 2.0�10�12 M) and CB0 = 10�7 M.
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present in the dimensionless numbers of Hatta, Ha, and instanta-
neous reaction factor, Ei:

Ha ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kDDO3CB

p
kL

ð28Þ

and

Ei � 1 ¼ DBCB

zDO3Ceq
ð29Þ

where DB stands for the diffusivity of B in water. While Ha repre-
sents the relative importance of chemical and physical absorption
rates in the film layer, Ei-1 is an estimation of the diffusion trans-
port ratio between B and ozone through the film layer. The rate con-
stant of the ozone-B direct reaction, kD, the liquid phase mass
transfer coefficient, kL, the ratio of diffusivities in water, DB/DO3,
the equilibrium concentration of ozone, and concentration of com-
pound B, are the variables and/or properties that influence the dif-
fusion and reaction rates through the film layer. It should be
highlighted that in the system constituted by reactions (1) to (12)
there are five Ha numbers, corresponding to the reactions of ozone
with B, OH–, HO2

–, and hydroxyl and superoxide ion radicals (see
Supplementary information). However, only the first one and Ei-1
will be indicative of any change of B concentration in the film layer
as shown below. Because temperature is taken as 25 �C, ozone and B
diffusivities will remain constant, and no effects of these properties
are considered. Variables finally studied are kD, kL, CB0 (which affect
Ha and Ei-1), pH and CHT. On one hand, pH affects ozone solubility
and formation of HO2

– and, on the other hand, the presence of hydro-
gen peroxide triggers reaction (3), initiating the free radical reaction
chain.

Table 1 shows some values of the variables tested, calculated
values of corresponding reaction factor, Ei-1, and Hatta of ozone
reaction with B. In addition to main variables listed in Table 1,
solution of the kinetic model 1 was also obtained at different kLa,
b and kT that could also affect, although to a lesser extent, the reac-
tion factor (see Table 1).
CHT, M Ha Ei-1 E

0 32 44.5 23
10.2 9.2
3.2 3.2
1.0 1.3
0.3 1.03
0.1 1.02
0.03 1.0
1.3 1.5
3.2 54.5 2.6
1.02 0.44 1.2
0.23 0.02 1.01
0.007 1 1
10.2 48.1 9.3

10�2 10.2 42.6 9.2
10�2 10.2 48.1 9.3
10�2 3.2 48.1 3.2
10�2 0.34 4.0 1.0

1.1 44.4 1.3
10�2 3.2 48.1 3.2
0 10.2 44.5 9.2

10.2 9.2
10.2 9.2
10.2 5.3�107 10.2
0.32 5.3�107 1.04
0.23 2.6�104 1.0

z = 1. Other general conditions applied unless indicated: kLa = 8�10�3 s�1, b = 0.9,
0�12 M), fCO3g = 10�11 M (Ceq = 2.0�10�12 M) and kD = 103 M�1s�1, gCO3g = 10�11 M



Fig. 3. Changes of calculated dimensionless concentration of generic compound B
through the film layer at different kD, pH and CHT. General conditions unless
indicated: pH 7, kD, M�1s�1: d: 102, 5: 104, 4: 105, s: 106, h: kD = 106 M�1s�1, pH
10, j: kD = 106 M�1s�1, pH 10, 10�2 M H2O2. Other general conditions are shown at
the bottom of Table 1.
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Conditions applied to variables are those commonly used in
ozone processes [29]. The main conclusion deduced from Table 1
is that pH and/or initial hydrogen peroxide concentration, which
according to the reaction mechanism, have an influence on free
radical formation, do not affect or slightly affect the reaction factor,
provided that the rest of main variables included in the Hatta num-
ber remain constant. Also, equal or similar values of E implies the
similarity in the ozone absorption rate. For example, for generic
conditions applied with kD = 106 M�1s�1, E slightly increases from
9.22 to 9.34 when pH changes from 7 to 10, respectively. Addition-
ally, keeping constant the pH = 7, an increase in the initial hydro-
gen peroxide concentration up to 10�2 M results in no change in E
that practically remains constant at 9.23. Previous results suggest
that free radical reactions, although present, do not affect the
ozone absorption rate and likely the rate of B removal in the film
layer. This hypothesis is also confirmed by two facts: on one hand,
the values of E obtained by running the kinetic model 1 without
free radical reaction contribution and, on the other hand, the
observed dimensionless concentration profiles of ozone and B
throughout the film layer (also without considering free radical
reactions). In these cases, E values are practically coincident with
those shown in Table 1. Moreover, concentration profiles through
the film layer also coincide in both mechanisms.

Influence of kD, pH and CHT

Figs. 2 and 3 show the effect of kD, pH and total hydrogen per-
oxide concentration on the concentration profiles of ozone and CB

through the film layer, respectively. As observed, concentration
profiles are deeply affected by the direct rate constant value kD.
In the case of ozone (Fig. 2), almost total consumption in the film
layer is obtained when kD is higher than 103 M�1s�1. Under these
conditions (kD > 103 M�1s�1) Ha values are higher than 0.3
(moderate-fast reaction regime). On the contrary, lower values of
kD leading to Ha � 0.3 (slow reaction regime) involve that signifi-
cant amounts of ozone reach the water bulk (at a = 1). These
results are in accordance to those expected taking into account
the Ha value [17]. Similar ozone concentration profiles are
obtained if pH is increased to 10 and/or hydrogen peroxide is
added.
Fig. 2. Changes of calculated dimensionless concentration of ozone through the
film layer at different kD. Conditions: pH 7, kD, M�1s�1:j: 102, d: 103, 5: 104, 4:
105, h: 106, s: 107. N: pH 10 with and without 10�2 M H2O2 and kD = 106 M�1s�1.
Other conditions are shown at the bottom of Table 1.
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The negligible contribution of the free radical reaction (8) to
remove B is undoubtedly due to the low concentration of hydroxyl
radicals. In other words, removal rate of B is practically due to the
ozone direct reaction in the film. These results are also experienced
when other kD values leading to Ha > 0.3 are tested (that is, for fast-
moderate direct ozone-B reactions). Lower values of kD involving
Ha < 0.3, imply the negligible reaction in the film (dimensionless
ozone concentration drop is only due to diffusion transfer).

Changes of dimensionless concentration of B in the film layer
(see Fig. 3), keeping approximately constant Ei-1 (see Table 1), con-
firm the results deduced from Fig. 2 for dissolved ozone concentra-
tion. Direct reaction of ozone-B is essentially the only responsible
step for the removal of B, with negligible contributions of free rad-
ical reaction (8) when kD > 102 M�1s�1, that is, for fast-moderate
kinetic regimes. However, at pH 10 with CHT = 10�2 M drop of B
concentration within the film layer is slightly lower than in the
absence of added H2O2. As it will be shown later, this is mainly
due to competition of reaction (3) with reaction (1). Reaction (8)
has negligible influence.

Figs. 4 and 5 show the changes of calculated concentrations of
total hydrogen peroxide and hydroxyl radicals in the film layer,
respectively. Fig. 4 reveals that raising kD leads to significant
increases of hydrogen peroxide concentration due to its formation
in the ozone-B direct reaction. However, it is also noticed that
increasing the pH from 7 to 10 results in a small decrease of hydro-
gen peroxide concentration. The latter finding is likely due to H2O2

consumption with hydroxyl radicals. In this sense, it has to be
pointed out that the global rate constant, kH (equation (17)) is
pH dependent. In any case, the presence of hydroxyl radicals at
the calculated concentrations has no influence on the removal of
B. In Fig. 5, the calculated changes of hydroxyl radical concentra-
tion within the film layer are shown. It is seen that increasing kD
and/or pH leads to an increase in HO· concentration. However, it
is also observed a significant decrease of HO· concentration, when
hydrogen peroxide (0.01 M) is added (pH 10). This means that
hydrogen peroxide mostly consumes the free radicals, which are
not available to remove B through reaction (8).

In Figure S1 the effect of adding hydrogen peroxide keeping
constant the rest of variables and properties is shown. Hydrogen
peroxide concentration diminishes from water bulk to the gas–wa-



Fig. 4. Changes of calculated total hydrogen peroxide concentration through the
film layer at different kD. Conditions: pH 7, kD, M�1s�1: d, 102, 5: 104, 4: 105, h:
106, s: 107, j: pH 10 and kD = 106 M�1s�1. Other general conditions are shown at
the bottom of Table 1.

Fig. 5. Changes of calculated hydroxyl radical concentration through the film layer
at different kD, pH and CHT. Conditions: pH 7, kD, M�1s�1: 5: 103, 4: 105, s: 106. h:
pH 6 and kD = 106, j: pH 10, CH2O2 = 10�4 M and kD = 106, d: pH 10, CH2O2 = 0.01 M
and kD = 106. Other general conditions are shown at the bottom of Table 1.

Fig. 6. Changes of calculated dimensionless concentration of ozone and generic
compound B through the film layer at different kL. Conditions: pH 7, kD = 106

M�1s�1, CB0 = 2�10�4 M and others as shown at the bottom of Table 1. kL,
ms�1 = 5�10�5: 5 O3, h Compound B. kL, ms�1 = 410�4: 4, O3, s, Compound B.
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ter interface because of the reaction with hydroxyl radicals. This
means that this reaction is more important than its formation
through the direct ozone-B reaction. It is also inferred that the
increase of pH leads to a faster consumption of hydrogen peroxide
due to reactions (3) and (11). Additionally, hydrogen peroxide con-
centration increases when it is not initially present because of the
direct ozone-B reaction. However, in any case, these results have
negligible influence on the removal rate of B.

Influence of kL

Similarly to the influence of kD, the liquid side mass transfer
coefficient, kL, also affects the Hatta number and, as a consequence,
ozone and B concentration profiles. Fig. 6 displays the changes of
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ozone and B dimensionless concentrations through the film layer
for two values of kL.

As observed, if compared to kD influence, kL has the opposite
effect on ozone and B concentration profiles. An increase of kL leads
to a decrease of ozone and B concentration drops. With kL = 4�10�4

s�1, Ha is 1.2, which involves the development of moderate regime.
The progress of moderate regimes agrees with the shape of the
ozone curve shown in Fig. 6 corresponding to the case where ozone
drop concentration is nearly due to mass transfer diffusion. Also,
drop of B concentration is negligible due to moderate transport
and reaction in the film. Previous results contrast with the shape
of the curves with kL = 5�10�5 ms�1. In this case the kinetic regime
corresponds to fast regime (fast simultaneous diffusion and reac-
tion). In any case, no influence of free radical reactions was
observed on these concentration profiles when kinetic model 1
was solved without the contribution of free radical reactions.

Influence of CB0

In Fig. 7 the changes of dimensionless concentration of ozone
and B within the film layer are shown for different initial concen-
trations of B in the water bulk. Since concentration of B positively
affects both the Hatta number and Ei-1, drops of concentrations of
B increase with decreasing CB0 (or Ei-1) while ozone concentrations
drop decrease. Thus, for CB0 = 10�10 M, ozone concentration drop is
negligible which means that at these conditions the diffusion rate
of ozone is much higher than that of B and there is negligible reac-
tion in the film as well (chemical regime very slow reaction). The
drop of B concentration observed is undoubtedly due to the very
low value of the ratio between diffusion rates of B and ozone
(about 10�4 or Ei-1�0). In summary, the quantitative decrease of
CB concentration within the film layer is negligible because of the
very low Ha number at these conditions. An opposite situation is
observed for CB0 = 2�10�4 M. In this case, the reaction is fast
(Ha > 3) leading to a high ozone concentration drop but lower drop
concentration of B because the ratio of diffusion rates of B and
ozone (or Ei-1) has increased about six orders of magnitude.

Fig. 8 shows the effect of CB0 on the formation of hydrogen per-
oxide. It is seen that hydrogen peroxide is formed at the film-water
bulk interface and then slowly increases up to reach the gas–water



Fig. 7. Changes of calculated dimensionless concentration of ozone (open symbols)
and generic compound B (solid symbols) through the film layer at different CB0.
Conditions: pH 7, kD = 106 M�1s�1, kL = 5�10�5 M and others as shown at the
bottom of Table 1. CB0, M: ds, 2�10�4; jh, 2�10�5; N4, 2�10�6; .5, 10�7; r},
10�10.

Fig. 8. Changes of calculated concentration of total hydrogen peroxide through the
film layer at different CB0. Conditions: pH 7, kD = 106 M�1s�1, kL = 5�10�5 M and
others as shown at the bottom of Table 1. CB0, M= s: 2�10�4, h: 2�10�6, 4: 10�7,
5: 10�10.

Fig. 9. Changes of calculated concentration of hydroxyl radical through the film
layer at different CB0. Conditions: pH 7, kD = 106 M�1s�1, kL = 5�10�5 M and others
as shown at the bottom of Table 1. CB0, M:s: 2�10�4,h: 2�10�6,4: 10�7,5: 10�10.

Fig. 10. Changes of main reaction rates within the film layer. General conditions
shown at the bottom of Table 1. s: Direct Reaction (1), N: Indirect reaction (8), h:
Initiation reaction (3): 4: Ozone-HO reaction (9), j: Hydrogen peroxide-HO
reactions (10) and (11).
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interface with concentrations raising with the increase of CB0.
However, the concentration of hydrogen peroxide formed mainly
affects the formation of hydroxyl radicals (see also Fig. 9) since
no effect on B concentration was observed when solving kinetic
model 1 in the absence of free radical reactions.

In Fig. 9, hydroxyl radical concentration profiles within the film
layer are shown calculated at different CB0 values. As expected,
hydroxyl radical concentrations are too low (<2�10�14 M) to have
an incidence on the removal of B at the start of reactions. In this
case, the concentration of hydroxyl radical also increases from
the water bulk interface to the gas–water interface but not with
the increasing bulk concentration of B. It is also seen that for CB0 = 2-
�10�4 M hydroxyl radical concentration is lower than that calcu-
lated with CB0 = 2�10�6 M, which is undoubtedly due to reaction
(8) though its contribution to remove B is negligible if compared
to the direct reaction.
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Individual reaction rates

The negligible effect of free radical reactions to remove B in the
film layer can more easily be observed from the values of reaction
rates of the mechanism steps as shown in Fig. 10. In Fig. 10 it is
seen results of local reaction rates of ozone and hydroxyl radicals
with B and hydrogen peroxide and also those of the reaction
between ozone and hydroxyl radicals at three positions within
the film layer (a = 0, 0.5 and 1) with kD = 106 M�1s�1, CB0 = 2�10�4

M and pH 7. From Fig. 10, it is inferred that removal rates due to
the direct reaction are always much higher than those of the
hydroxyl radical-B reaction (indirect reaction). At gas–water and
film water bulk interfaces, direct reaction is about 105 and 107 fas-
ter than the indirect reaction, respectively. Differences in reaction
rates are always observed though with different importance at
other conditions of kD, CB0, pH, etc, which confirms the negligible
contribution of free radical reactions to the ozonation of B (see also
Figures S2 and S3). Direct reaction rates in the film layer are always
higher than the indirect reaction rates regardless of the kinetic
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regime of ozonation (fast-moderate or even slow). It has to be
noted that kinetic model 1 involving or not reactions in the film
and water bulk do lead to different results as reported in a previous
work but without considering the development of free radical reac-
tions [21].

Results so far discussed refer to what happens in the film layer
after a few seconds from the start of reaction but do not give bulk
concentration profiles with time. Below, results of time bulk con-
centration profiles considering direct and free radical reactions in
film and water bulk are also compared with the scenario where
reactions in the film layer are not considered.

Time bulk concentration profiles

Bulk concentration profiles of the species studied with time
with contributions of film and water bulk direct and free radical
reactions (kinetic model 2) and only with water bulk direct and
free radical reactions (kinetic model 3), have also been calculated.
It should be highlighted that kinetic model 3 is the one usually
applied in ozonation kinetic models in the literature [30]. Now,
kinetic model 2 is constituted by dynamic diffusion–reaction mass
balances according to renewal theories [31] combined with time
mass balances of species present in bulk water. Kinetic model 3
is only formed by time mass balances of species in bulk water.
Kinetic model 2, considering the ozonation is carried out in a per-
fectly stirred semibatch reactor, obeys the following equations:

Ozone mass balance in the gas phase:

dCO3g

dt
¼ 1

VTð1� bÞ vGC O3ge
� vGC O3g

� EVTklab C
O3g

RT
He

� CO3

� �� 	

ð30Þ
where vG, VT are the gas flow rate and total reaction volume (gas
plus water volume,), respectively.

Ozone mass balance in water

dCO3

dt
¼ Dkla C

O3g

RT
He

� CO3

� �

� CO3 kDCB þ kiACHT þ k2CO�
2r
þ k3CHOr þ k110

pH�14

 �h i

b� adð Þ
ð31Þ

where D is the depletion factor [20] defined as follows:

D ¼
�DO3a

dCO3
dx

���
x¼d

kLa Ceq � CO3
� � ð32Þ

B mass balance

dCB

dt
¼ v1 � CB kDCO3 þ kHOCHOr

� 
b� adð Þ ð33Þ

Total hydrogen peroxide mass balance

dCHT

dt
¼ v2 þ k110

pH�14CO3 þ kDCO3CB � CHT kiACO3 þ kHCHOr
� �h i

b� adð Þ
ð34Þ

Hydroxyl radical mass balance:

dCHOr

dt
¼ v3 þ k2CO2r þ kiACHT

� �
CO3 � CHOr k3CO3

��
þkHOCB þ kHCHT þ kTÞ� b� adð Þ ð35Þ

Superoxide ion radical mass balance:

dCO2r

dt
¼ v4 þ �k2CO3CO2r þ CHOr kHCHT þ k3CO3 þ kHOCB

� ��
þkiACO3CHT


b� adð Þ ð36Þ

with v1, v2, v3 and v4 as the mol rates per volume of B, total hydro-
gen peroxide, hydroxyl radical and superoxide ion radical, respec-
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tively, defined from Fick0s law at the film-water bulk interface, in
general form as:

v i ¼ �Dia
dCi

dx

����
x¼d

ð37Þ

where subindex i represents any of the species mentioned above.
Initial boundary conditions of kinetic model 2 are:

t ¼ 0 Ci ¼ Ci0 ð38Þ
where Ci0 is the concentration of species i at the start of reaction. In
the case of ozone in the gas phase, a very low value of 10�11 M was
taken so that the kinetic model could be solved. For any reaction
time, solution of mass balances requires to know the concentration
of species at the film-bulk water interface. These concentrations
were determined from the application of penetration theory [31].
This mass transport theory assumes a non-stationary situation in
which liquid elements are exposed to the gas at the interface for
a given time or renovation time, tr, after which they are renewed
by others coming from the water bulk. According to this theory,
the diffusion–reaction mass balance of any species i through these
elements is:

dCi

dt
¼ Di

@2Ci

@x2
þ ri ð39Þ

that can be solved with the initial and boundary conditions:

t ¼ 0 ðany x valueÞ Ci ¼ Ci0 ð40Þ

t > 0 x ¼ 0 CO3 ¼ Ceq
dCj

dx ¼ 0
x ¼ d Ci ¼ Ci0

ð41Þ

For the case of ozone, in equation (40), Ci0 = CO30 = 0 while in
equations (41) at x = d and t > 0, Ci0 is the concentration of any spe-
cies of the reacting system, ozone included.

Model 3 is just a simplification of model 2. The difference
between both approaches is that in model 3, D = E = 1 and vi = 0,
so equations 37 and 39–41 are not applied.

The pdepe Matlab solver was used to calculate concentration
values at the waterbulk interface (x = d = 20 lm). Thereafter, appli-
cation of Fick0s law, allowed the calculation of molar rates per vol-
ume of species being transported between film and water bulk, vi,
and the parameter D. Solver pdepe was simultaneously combined
with the ode23 Matlab routine to determine bulk concentration
profiles (equations (30) to (36)). Equations (30) to (41) form kinetic
model 2 where both direct and free radical reactions in film and
water bulk are considered. To assess the incidence of film reac-
tions, kinetic model 2 constituted by only direct and free radical
reactions in the water bulk was also solved and identified as kinetic
model 3. Also, kinetic model 2 was solved without the contribu-
tions of free radical reactions in the film (kinetic model 4). As an
example, the influence of mainly kD and CB0 when both kinetic
models 2 and 3 are used is discussed herein. Results of the kinetic
models 2 and 3 at different pH and total concentration of hydrogen
peroxide are also discussed here but they are shown in the supple-
mentary section (see Figures S9 and S10).

Influence of kD

Results are shown in Figs. 11–15 and Figures S4.
In all cases, calculated concentrations of B from kinetic model 3

(without reactions in the film) are lower than those determined
including all possible reactions both in the film and in water bulk
(kinetic model 2). This means that the no inclusion of film reac-
tions leads to overestimated concentrations of B. Differences in
concentrations from both kinetic models 2 and 3 increase with
the increase of kD. For example, at 200 s and kD = 106 M�1s�1 (fast



Fig. 11. Evolution of the normalized calculated profiles of a generic compound B
during its ozonation in water. Conditions: Co3gin = 2 � 10�4 M, pH = 7, b = 0.98,
kLa = 2 � 10�4 s�1, kL = 5 � 10�5 m s�1, V = 1.0 L, Qg = 20 L h�1, CBo = 2 � 10�4 M.
Direct rate constant ozone-B reaction, kD: sd (black line), 106 M�1s�1; (green
line), 104 M�1s�1; (blue line), 102 M�1s�1; (red line), 10 M�1s�1. Open
symbols: kinetic model 2. Solid symbols: kinetic model 3. ✶, kD = 106 M�1s�1

(kinetic model 4); ✩, kD = 10 M�1s�1 (kinetic model 4). Influence of initial B
concentration (kinetic model 2, kD = 106 M�1s�1). CBo � 105 M: , 8; , 2; ,
0.2.

Fig. 12. Evolution of the dissolved ozone concentration in the ozonation of a
generic compound (B). Conditions: Co3gin = 2 � 10�4 M, pH = 7, b = 0.98, kL-
a = 2 � 10�4 s�1, kL = 5 � 10�5 m�2 s�1, V = 1.0 L, Qg = 20 L h�1, CBo = 2 � 10�4 M.
Direct rate constant ozone-B reaction, kD M�1s�1: sd (black line), 106; (green
line), 104; (blue line), 102; (red line), 10. Open symbols: kinetic model 2.
Solid symbols: kinetic model 3.

Fig. 13. Evolution of hydrogen peroxide initial concentration in the ozonation of a
generic compound (B). Conditions: Co3gin = 2 � 10�4 M, pH = 7, b = 0.98, kL-
a = 2 � 10�4 s�1, kL = 5 � 10�5 m�2 s�1, V = 1.0 L, Qg = 20 L h�1, CBo = 2 � 10�4 M.
Direct rate constant ozone-B reaction: sd (black line), 106 M�1s�1; (green
line), 104 M�1s�1; (blue line), 102 M�1s�1; (red line), 10 M�1s�1. Open
symbols: kinetic model 2. Solid symbols: kinetic model 3.

Fig. 14. Evolution with time of calculated bulk hydroxyl radical concentration in
the ozonation of a generic compound (B). Effect of kD. Conditions: Co3gin = 2 � 10�4

M, pH = 7, b = 0.98, kLa = 2 � 10�4 s�1, kL = 5 � 10�5 m�2 s�1, V = 1.0 L, Qg = 20 L h�1,
CBo = 2 � 10�4 M. Direct rate constant of ozone-B reaction: sd (black line), 106

M�1s�1; (green line), 104 M�1s�1; (blue line), 102 M�1s�1; (red line),
10 M�1s�1. Open symbols: kinetic model 2. Solid symbols: kinetic model 3.
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kinetic regime), CB/CB0 changes from 0.28 to 0.78 when kinetic
model 2 and 3, respectively, are applied. However, when kD = 10-
M�1s�1 (slow kinetic regime) differences only increase from 0.95
to 0.97 and there are no differences when kD = 1 M�1s�1 (not
shown). This means that for values of kD leading to slow kinetic
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regimes, the influence of film reactions is practically negligible
which confirms the results calculated from the application of the
film theory (see Fig. 2), though film theory results refer to starting
conditions. Another important question is to assess the effect of
free radical reactions in the film layer. For so doing, kinetic model
4 that only considers the direct reaction in the film and both direct
and free radical reactions in the water bulk, was tested. From
Fig. 11, it is observed that only after some reaction period (about
200 s) the absence of free radical reactions in the film leads to a
slight decrease in the removal rate of B in the fast kinetic regime
(kD = 106 M�1s�1). However, in the case of slow regimes (kD = 10-



F.J. Beltrán and F.J. Rivas Journal of Industrial and Engineering Chemistry 127 (2023) 149–160
M�1s�1) these differences are lower and negligible in a slow reac-
tion (kD = 10 M�1s�1). The negligible or null differences at the start
of reactions also confirms the results from the film theory as indi-
cated in section 2.1. Also from Fig. 11, the absence of differences
between concentrations calculated from kinetic model 3 for
kD = 106 and 104 M�1s�1 is noticed. These apparent contradictory
results are due to the shortage of ozone supplied (CO3ge = 2�10�4

M). Differences are observed if CO3ge is increased (results not
shown).

From Fig. 12, the effect of kD on the dissolved ozone concentra-
tion with time is shown. It can be seen that the concentration of
dissolved ozone is always lower when film reactions are not con-
sidered which is in accordance to Fig. 11 showing B concentration
profiles. When film reactions are not considered, the amount of B
present in water is more significant and, as a consequence, ozone
consumption increases so that its bulk concentration is lower than
in the case where film reactions are taken into account. There is an
exception when fast reactions develop (kD = 104 –106 M�1s�1). In
these cases, there is an initial period of time (300 s) needed to com-
plete the removal of B (Fig. 11). In this period dissolved ozone con-
centration is negligible, regardless of the kinetic model applied.
However, after this reaction time, the pattern observed is similar
to the one obtained for lower kD values. This is in accordance with
results shown in Fig. 2 from film theory and fast reaction. Fig. 2
reveals that negligible dissolved ozone reaches the film-bulk water
interface, while the opposite situation is observed for slow reaction
(kD � 100 M�1s�1).

Regarding the time bulk concentration profiles of ozone in the
gas leaving the reactor (see Figure S4), it is seen that, at a given
time, the presence of film reactions, compared to their absence,
leads to lower concentrations of ozone in the outlet gas. This is a
consequence of the high dissolved and consumed ozone due to
the film reactions. Accordingly, not considering film reactions in
the kinetic model would lead to predict a higher ozone loss. This
is specially importance when fast-moderate ozone reactions
develop. For slow reactions lower differences are observed
between both kinetic models.

Fig. 13 presents the changes of bulk concentration of hydrogen
peroxide with time at different kD. It is observed that kinetic model
2 leads to higher concentrations of hydrogen peroxide than kinetic
model 3 because of the contributions of film reactions (specially
the direct reaction (1)). Also, for fast reactions, concentration
reaches a maximum value at a time where total removal of B is
achieved (300 s when kD = 106 M�1s�1). The difference, however,
is negligible when the slow kinetic regime occurs (kD = 10 M�1s�1)
because negligible reactions proceed in the film layer.

Fig. 14 displays the changes with time of hydroxyl radical con-
centration (responsible oxidant of indirect reaction (8)) at different
kD values. It is observed that while B is in solution kinetic model 2
predicts lower hydroxyl radical concentrations than kinetic model
3. This is likely due to the higher hydroxyl radical consumption
when film reactions are considered. However, in the absence of
B, which happens in fast-moderate reactions at 300–400 s, hydro-
xyl radicals increase when film reactions are considered, and the
concentration becomes higher than that predicted from kinetic
model 3. This is due to the initiation reaction (3) through which,
in the absence of B, most ozone reacts with hydrogen peroxide to
yield free radicals. Differences in concentrations are very low for
slow kinetic regimes. Similarly to hydrogen peroxide evolution,
there is also a maximum concentration of hydroxyl radicals
reached once B has disappeared with kD values corresponding to
fast-moderate kinetic regimes. Differences, however, do not affect
the removal rates of B since the direct reaction (1) is the only
responsible step through which B disappears. Film reactions,
instead, do affect the changes of hydrogen peroxide, ozone, and
hydroxyl radical concentrations.
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Influence of CB0

Concentration of compound B affects both the Hatta number
and the instantaneous reaction factor, Ei. Accordingly, CBo influence
was studied and shown in Fig. 11 and S5 to S8 for data from kinetic
model 2. As seen from Fig. 11, at a given time, conversion of B is
higher when CB0 is lower, but the corresponding removal rate obvi-
ously decreases with the decrease of CB0. Also, In Fig. 11, as
observed for curves corresponding to kD = 106 M�1s�1, both con-
version and removal rate of B from kinetic model 2 are much
higher than those from kinetic model 3 which confirm the impor-
tance of film reactions.

Regarding ozone concentrations with time, as observed from
Figures S5 and S6, the increase of B initial concentration leads, as
expected, to lower concentrations of ozone (in gas and in water)
as a consequence of reaction (1). During the first minutes of ozona-
tion, influence of reaction (1) is particularly important at the high-
est initial concentrations of B (see curves for CB0 = 2�10�4 M in
Fig. 12 and for CB0 = 8�10�5 M in Figure S5) where no dissolved
ozone is observed. At these conditions, the ozone-B direct reaction
(1) is a fast ozone reaction and negligible amount of ozone reaches
the water bulk (see also Fig. 2).

In Figures S7 and S8 the effect of CB0 on time bulk concentra-
tions of hydrogen peroxide and hydroxyl radicals is presented.
From Figure S7 it is seen that the concentration of hydrogen perox-
ide presents a positive effect of CB0 on its formation, consequence
of the importance of reaction (1). In the case of hydroxyl radicals,
as shown in Figure S8, during the first seconds of reaction, a nega-
tive effect of CBo is observed consequence of reaction (8). Once this
first reaction period has elapsed and the process reaches a station-
ary state, CB0 positively affects the formation of hydroxyl radicals
since reaction (3) predominates over consumption reactions of
hydroxyl radical (reactions (8) to (12)). At these reaction times,
there is less B present in water and ozone is mainly consumed
through reaction (3).

As a result of the information obtained, definitively, film reac-
tions must be included in any kinetic model of ozonation. How-
ever, the effect of free radical reactions in the proximity of gas–
water interface has negligible effect on the removal of B. In any
case, film reactions do have significant influence on the formation
of hydrogen peroxide and hydroxyl radicals. In any case, the
decrease of CB0 leads to a faster disappearance of this compound
but with lower removal rates regardless of the application of
kinetic model 2 or 3. Differences are significant and negligible
when fast-moderate reactions and slow reactions develop,
respectively.

Influence of hydrogen peroxide addition and pH

The simultaneous presence of ozone and hydrogen peroxide,
especially when the latter is added, constitutes the first ozone
involving AOP reported [32]. When hydrogen peroxide is added,
the rate of initiation reaction (3) is increased, especially, at high
pH. In Figure S9, the effect of hydrogen peroxide addition on the
time concentration profiles from kinetic models 2 and 3 are shown.
For the mechanism considered, addition of hydrogen peroxide up
to a concentration of 0.01 M does not alter the removal rate of B
(see top left of Figure S9). Kinetic model 3 also predicts similar
but lower concentrations of hydrogen peroxide with time for dif-
ferent concentrations of added hydrogen peroxide. Figure S9 (bot-
tom left) reveals that increasing the added concentration of
hydrogen peroxide leads to a positive net formation of this com-
pound. Once a maximum value is reached (when B is totally
removed), net formation rate of hydrogen peroxide is negative
with values that increase with the increasing initial concentration
added. This is a consequence of the high reaction rate with both
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ozone and mainly hydroxyl radicals. Contrarily to B and H2O2 pro-
files, concentrations of ozone (in gas and water) do diminish with
the increasing addition of hydrogen peroxide, likely due to reaction
(3). However, in absence of film reactions the time concentration
profile of ozone (in gas and in water) do not depend on added
hydrogen peroxide. In this case, as expected, ozone concentration
in the gas is much higher from kinetic model 3.

Regarding bottom left of Figure S9, from kinetic model 3, it is
seen that while B is in water, concentration of hydroxyl radicals
is lower than 10�13 M. Hydroxyl radicals are mainly consumed
by hydrogen peroxide. In the absence of B, ozone reacts with
hydrogen peroxide to yield decreasing concentrations of hydroxyl
radicals with the increase of added hydrogen peroxide. This is
due to the scavenging character of hydrogen peroxide through
reactions (10) and (11). Accordingly, the addition of hydrogen per-
oxide should be limited to an optimum value. Results from kinetic
model 3 leads to similar conclusions as presented above though
hydroxyl radical concentrations are about three order of magni-
tude lower than from kinetic model 2. Therefore, Inclusion of film
reactions (especially the direct reaction) is compulsory to have cor-
rect predictions on time concentration profiles for fast-moderate
ozone-B reactions.

Finally, the effect of another important variable of ozone pro-
cesses, pH, was also studied, the results being shown in Figure S10
for the case of a fast ozone direct reaction (kD = 106 M�1s�1). Appli-
cation of kinetic model 2 predicts no effect of pH on the concentra-
tion of B (only at pH 11 differences start to be observed from 200 s)
while use of kinetic model 3, at a given time, leads to lower con-
centrations of B with negligible pH effect (see top left Figure S10).
In the absence of film reactions, ozone gas concentration does not
change with pH, however, if film reactions are considered, while B
is in water (up to 300 s) concentration of ozone in the gas is lower
than that observed from kinetic model 3 and does not depend on
pH either. For pH 11, ozone gas concentration is lower, due to
the higher importance of initiation reaction (3) (top middle Fig-
ure S10). For ozone dissolved in water, pH between 9 and 11 also
seems to be the frontier to observe an effect of pH. In the presence
of film reactions, once B has been removed, ozone concentration
increases with the decreasing pH due to reaction (3). Regarding
hydrogen peroxide (see bottom left in Figure S10), in the presence
of film reactions, and B in water, no pH effect is observed. Once B
has disappeared, there is an increasing rate of hydrogen peroxide
removal with increasing pH as a consequence of reactions (3),
(10) and (11). Regardless of reaction time, at pH 11, hydrogen per-
oxide is always lower. In the absence of film reactions, it is seen a
continuous increment of hydrogen peroxide concentration with
time. This concentration does not depend on pH except at pH 11
that leads to even lower concentrations. These concentrations are
in any case lower than those predicted from kinetic model 2.
Finally, from bottom right of Figure S10, the effect of pH on the for-
mation of hydroxyl radicals is presented. In any case, the presence
of film reactions, kinetic model 2, leads to concentrations between
two and three order of magnitude higher than in their absence.

Influence of kT

A priori, another important variable is the scavenging effect of
the water to capture hydroxyl radicals and diminishing their com-
petitive action on B through reaction (8). This effect can be checked
changing the value of kT = ksCs. A typical natural scavenger is the
bicarbonate/carbonate system. Assuming a mean concentration
of 10�3 M and given the values of the rate constants of the reaction
between hydroxyl radical and both forms of carbonates, kT can be
taken as about 104 s�1 (Beltran, 2004). With this value kinetic mod-
els 2 and 3 were checked (see some results are shown in Fig-
ure S11). As it can be seen, regardless of the ozone-B reaction is
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fast or slow there are no differences In concentrations by varying
kT, except in two cases once B has been removed (300 s). These
cases refer to concentrations of dissolved ozone (Figure S11, top
right) and hydroxyl radical (Figure S11, bottom right) and when
kinetic model is applied. In the first case, there is a slight increase
of ozone concentration, which is undoubtedly due to the stabiliza-
tion of ozone because the scavenger hydroxyl radical trapping
through reaction (12). This makes reaction (9) be partially inhib-
ited. In the second case, concentration of hydroxyl radicals signifi-
cantly decreases in the presence of scavengers also due to
termination reaction (12). Concentrations of scavengers can rise
as much as another order of magnitude but neither at these condi-
tions their presence will have an effect on fast-moderate reactions
and regardless film reactions are considered. Only in the case, of
very slow reactions (kD < 0.1 M�1s�1) some differences could be
observed to slow the removal of B.
Conclusions

Main conclusions that can be extracted from this work are:
Dimensionless parameters, such as Hatta number and instanta-

neous reaction factor are fundamental to predict according to film
theory if film ozone reactions will have a significant effect of the
ozonation rate of a generic compound B.

Kinetic models of ozone reactions in water have to include
direct and hydroxyl radical reactions in the proximity of gas–water
interface or film layer. Absence of these reactions in the kinetic
model leads to lower removal rates of target compounds, espe-
cially for fast-moderate ozone reactions.

The effects of film direct reactions are more important with
increasing values of direct rate constants and decreasing values
of the mass transfer coefficient. In other words when kinetic
regimes of ozone reactions are fast or moderate. These effects are
negligible in the case of slow reactions.

The absence of film free radical reactions while keeping film
direct reactions (kinetic model 4) at advanced reaction times, leads
to slightly slower removal of compound B, mainly due to the
absence of ozone consumption in competitive reactions with
hydrogen peroxide and free radicals.

Concentrations of free radicals from film reactions are in any
case low to have a participating role in the removal rate of target
compound specially in fast-moderate kinetic regimes. Only at
advanced reaction times, some effect is observed.

Effects of other variables, such as B concentration, pH and
hydrogen peroxide leads to similar conclusions regarding removal
rates of target compound (B). Also, concentrations of hydrogen per-
oxide and hydroxyl radicals are higher when film reactions are
considered but have little or no effect on B removal for fast-
moderate reactions.

The conclusions deduced in this work will be applied in the next
future to study the kinetic modelling of the water ozonation of
actual organic contaminants.
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