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Abstract. The decomposition of chlorinated unsaturated hydrocar-
bons in water by ozone at constant pressure and temperature (20 ºC)
was realized experimentally in a semi-batch reactor (250-mL) in dis-
tilled water. The compounds were trichloroethylene (TCE) and tetra-
chloroethylene (PCE). The kinetics of the pollutant ozonation is pro-
posed in a mathematical model that includes the ozone's mass-trans-
fer as well as the reaction kinetics between molecular ozone and
chlorinated unsaturated hydrocarbons. Based on the computer simu-
lation, the optimal conditions to perform the maximal removal of
TCE and PCE from water are obtained. The optimal ozonation condi-
tions in this case were as follows: the initial ozone concentration was
1.0 × 10–3 mole L–1, the ozone-oxygen mixture flow was 5-L min–1.
The experimental data and simulation results show fit well. 
Key words: Ozonation of water, simulation and elimination,
trichloroethylene, tetrachloroethylene.

Resumen. Experimentalmente se llevó a cabo la descomposición de
hidrocarburos insaturados clorados en agua destilada con ozono,
manteniendo constantes la presión y la temperatura (20 °C), utilizan-
do un reactor semi-continuo (250 mL). Los compuestos estudiados
fueron tricloroetileno (TCE) y tetracloroetileno (PCE). En este traba-
jo se propone un modelo matemático para la ozonación de dichos
contaminantes. El modelo describe la transferencia de masa de ozo-
no, así como la cinética de reacción entre ozono molecular y los
hidrocarburos insaturados clorados. Se obtuvieron, mediante la simu-
lación por computadora, las condiciones óptimas para alcanzar la
máxima eliminación posible de TCE y de PCE del agua. Las condi-
ciones óptimas  de ozonación, para este caso, fueron las siguientes: la
concentración inicial de ozono fue de 1.0 × 10–3 mole / L, el flujo de
la mezcla ozono-oxígeno fue de 5 L min–1. La comparación entre los
datos experimentales y de simulación presenta buena concordancia.
Palabras clave: Ozonación de agua, simulación y eliminación, tri-
cloroetileno, tetracloroetileno.

Introduction

It is well known that most of the common chlorinated water
pollutants, among others, are trichloroethylene (TCE), tetra-
chloroethylene (PCE), carbon tetrachloride (CTC) and vinyl
chloride (VC) which are volatile organic compounds. These
contaminants could be found in underground water. Moreover,
the presence of the composed TCE and PCE has been found in
wastewater from diverse chemical processes such as oil refi-
neries, vulcanization, industries of pesticides production, agro-
chemistry, etc. [1-3]. Recent results [4-9] indicate that ozona-
tion can be considered as an effective method for the remov-
ing most of unsaturated hydrocarbons pollutants (UHP) and
chlorinated unsaturated hydrocarbons pollutants (CUHP) from
ground water. Several studies [10-14], addressing the oxida-
tion kinetics of different organic compounds by ozone were
realized. Some of them [15-17] investigate the ozonation of
UHP in semi-batch or continuous-flow reactors. Several sys-
tem parameters having a great influence in the ozone mass
transfer (gas flow rate, partial pressure of ozone, degree of
mixing, bubble size and reactor geometry) are inherently in-
volved with the ozonation rate constant and the ozone dose. In
some of the previous studies, the proposal has been the ozone

absorption in the liquid phase and, in other cases, the aim has
been the stripping of the soluble gas in the bulk of the liquid.
The different theoretical models [18-23] can describe mass
transfer between two phases (gas-liquid). Here, the mass
transfer often is limited to the applications of only one treat-
ment. The experimental determination of the volumetric ozone
mass transfer coefficient (kLa) in the liquid phase for a semi-
batch system was applied by different researchers [15,24]. In
there works  a continuous supply of a gaseous solute to the
batch-added liquid contained in an agitated vessel or in a bub-
ble column was done. In some cases, the values of the mass
transfer coefficient (kL) have been estimated from the determi-
nation of the volumetric mass transfer coefficient (kLa) and the
specific interfacial area (α). However, the bubble size distri-
bution determination in a disperse system is subjected to inac-
curacies and experimental difficulties. In order to overcome
this problem, some authors suggested a correlation that does
not involve the representative bubble diameter (db) and bubble
rise velocity [25-28]. The correlation requires the knowledge
of the column diameter, gas superficial velocity and fluid
parameters. In this case, the film and surface renewal theories
are the most representative. Application of these theories
allows the establishment of the kinetic regime of gas absorp-



tion in a given liquid medium and allows the determination of
fluid dynamic data such as specific interfacial area or mass
transfer coefficient, which can not be easily determined for
most of the experimental data obtained.

In this work a simple mathematical model is presented as
an alternative approach to describe ozonation in water for a
semi-batch reactor at constant pressure and temperature. This
model permits the characterization of the ozone mass-transfer
in water introducing an empirical saturation constant (ksat).
This constant depends on several easily measured experimen-
tal variables (the gas flow, gas phase volume and liquid phase
volume as well as the maximum ozone concentration in liquid
phase). It can be easily calculated without any previous infor-
mation about the diffusion coefficient, the specific interfacial
area, the bubble size distribution and the bubble diameter.
The proposed model includes differential equations describing
the ozone dissolution in water and the occurring chemical
reaction, including the ozonation mass balance relation. The
simulation of the ozonation under different initial ozone con-
centrations (2.4-48 mg / L) associated with the initials CUHP
concentrations are done too. Based on the computer simula-
tion, the optimal conditions to perform the maximal decompo-
sition of TCE and PCE in water are achieved.

Experimental

Ozonation

Fig. 1 presents the block-diagram of the experimental system
for the model aqueous solution of TCE and PCE ozonation.
Ozone was generated from oxygen by the ozone generator
VMUS-4 (“AZCO”-Canada, corona discharge type) with an
ozone concentration regulation. The reactor was the semi-
batch type (250-mL).

The ozonation conditions were as follows: initial ozone
concentration 1.0 × 10–3 mole L–1, initial organic concentra-
tion 3.5 × 10–6 mole L–1 for TCE and of 9 × 10–7 mole L–1 for
PCE. The ozone-oxygen mixture flow was 5 L min–1. The

reaction temperature was 20 ºC. To obtain the best ozone dis-
tribution, a magnetic agitation (usually operated at 120 rpm)
in water was realized.

Analysis

The ozone concentration was determined in the gas phase in
the reactor outlet by the Ozone Analyzer BMT 963 (BMT
Messtechnik, Berlin).

The water samples were withdrawn regularly from the
reactor for the current analysis. The TCE and PCE determina-
tion in water was realized by Gas Chromatograph (Perkin
Elmer AutoSystem) with FID after the liquid-liquid extraction
using chloroform. The water-to-extracting volume ratio was
250:5. The conditions of the chromatographic analysis were as
follows: capillary glass column (30 m, 0.32 mm with PE - 17),
the column temperature of 80 ºC, the evaporator temperature
of 250 ºC and the detector temperature of 200 ºC. The gas-car-
rier (helium) flow rate was 1.5 mL min–1. The sample volume
was 0.2 L.
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Fig. 1. Block-diagram of the experimental system for the TCE and
PCE elimination.

 Fig. 2. Effect of the IOC on the TCE kinetics ozonation (CTCE (0) =
3.48 × 10–6 mole L–1): CO3 = 5.0 × 10–5 (1), 1.0 × 10–4 (2), 5.0 × 10–4

(3), 1 × 10–3 (4) mole L–1.



Mathematical model

In this paper we use the mathematical model suggested before
by the same authors in 1976 [29] and then modified in 1998
[30-32].  The previous publications using this model tackled
only the problem on the determination of the ozonation con-
stants for very quick reactions with amines and olefins based
on the measurements of the variation of the ozone concentra-
tion in gas-phase without any computer simulations. It showed
a good agreement between the experimental and calculated
values of the reaction constants.

Now, in this paper using the information on the reaction
constants obtained before and the mathematical model as well,
we design the model-based technique of mass-transfer and
organic decomposition simulation. This provides the complete
and detailed information on the ozonation and serves to the
optimization of this process under different initial conditions.
This model in the first time was implemented for the simula-
tion of the organic elimination from water by ozonation.

The model designed here includes the integral equation of
material balance describing, in a very simple form, the ozone
dissolution in water (or ozone mass transfer) and the chemical
reaction between TCE and PCE and ozone, that is,

Here c0
g, cg(t) are the initial and current ozone concentra-

tions in the gas phase (mole L–1); is the gas flow-rate (L s–1);
Vg, Vliq are the volumes of the gas and liquid phases (L);
ciUHP(0), ciUHP(t) are the initial and current organic com-
pounds concentrations in the reactor (mole L–1); Q(t) is the
current ozone amount in liquid phase (mole). 

The auto-decomposition of the ozone in water was not
taken into account in the analysis and modeling of the ozona-

tion. In this particular case, the part of the decomposed ozone
was less than 1 % of the initial concentration. This informa-
tion was obtained by the ozone concentration measurement in
the inlet and outlet of the reactor in an experiment without
chemical reaction. The variation of the ozone concentration in
the gas phase in the outlet of the reactor is given by the follo-
wing differential equation [29]:

Where ksat is the saturation constant of ozone in water
(s–1) and Qmax is the maximum amount of ozone in the satura-
tion state of the liquid phase (mole) at a fixed temperature.

Different authors [11, 33, 34] have studied the ozone so-
lubility in various solvents. The analysis of these data shows
that the solubility follows the Henry’s law. However, the va-
lues of the Henry's constant determined by different authors
are not always consistent. The differences reported in measur-
ing Henry’s constant may be due to the analysis method
employed. The most important factor in obtaining correct va-
lues of ozone solubility is the analysis method used. For
example, the ozone concentration determination by the titra-
tion of the I2 formed from KI solution can increase the ozone
dissolved, so the amount of the I2 formed does not correspond
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Fig. 3. Effect of the IOC on the PCE ozonation (CPCE = 9.0 × 10–7

mole L–1): CO3 = 5.0 × 10–5 (1), 1.0 × 10–4 (2), 5.0 × 10–4 (3), 1 × 10–3

(4) mole L–1.

 

Fig. 4. Effect of the gas flow on the ozonation of the TCE (a) and the
PCE (b) (CO3 (0) = 5.0 × 10–5 mole L–1).
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to the dissolved ozone, as a result of catalytic decomposition
[12].

The Qmax can be expressed as follows:

Here H is the Henry’s constant (mole Lliq
–1 / mol Lg

–1).
Assuming that the ozone reaction with TCE and PCE is

described by a second order equation:

Here kTCE and kPCE are the rate constants of the TCE and
PCE oxidation by ozone, respectively (L mole–1 s–1).

The mass transfer process of ozone is given by:

The set of four ordinary differential equations (2), (4) -
(6) describes the ozonation in a simple way for further analy-
sis of mass transfer and chemical reactions, simultaneously.

Determination of the saturation constant 

The model proposed in this work includes the empirical con-
stant ksat (the saturation constant), which depends on several
easily measurable parameters (the gas flow, gas phase volume
and liquid phase volume as well as the maximum ozone con-
centration in liquid phase). The model describes the ozone
mass transfer using the saturation constant (ksat) as the charac-
teristic parameter of the ozone-water heterogeneous system.
This constant is calculated without any a priori information
about the diffusion coefficient, the specific interfacial area and
the bubble size distribution and on a bubble diameter. The cal-
culation can be realized using only the variation of the current
ozone concentration in the gas phase with the known initial
ozone concentration, the gas flow and the reactor volume.

In the case of the modeling of the ozone mass transfer
only, without a chemical reaction (ciUHP (0) = 0) [35], the sys-
tem of two differential equations (7) and (8) describes the
ozone mass transfer in water:
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Fig. 6. The gas flow effect on the ozone saturation of water: 5 (1), 10
(2), 20 (3), 30 (4) and 40 L h–1 (5).

Fig. 5. The gas flow effect of on the removal time for TCE under dif-
ferent IOC for different conversions: 80 % (a) and 50 % (b). 
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That implies [36]:

and

The substitution of 

in to equation (8), leads to the following formula for the satu-
ration constant calculation

The solution of the transcendent equation (12) for a given
time exists if and only if

The numerical solution of (12) was obtained by the stan-
dard regression iterative method using the program MATLAB
5.3-SIMULINK.

Results of the TCE and PCE ozonation simula-
tion 

The computer simulation of the UHP ozonation was realized
under the different experimental conditions using the MAT-
LAB-5.2 and SIMULINK-2 as toolbox.

The conditions were as follows: gas flow varied from 5 to
40 L h–1, initial ozone concentration from 5.0 × 10–5 to 1.0 ×
10–3 mole L–1 and the reactor volume from 2 up to 4 L. The
experiments were realized at a temperature 20 ºC. The initial
concentration of TCE and PCE in water were as follows: CTCE
= 3.5 × 10–6 mole L–1, CPCE  = 9 × 10–7 mole L–1. The reac-
tion constants, corresponding to ref. [12], were kTCE = 3.6 L
mol–1 s–1 and kPCE = 1. 0 L mole–1s–1.

It can be seen from the obtained simulation results, the
TCE decomposition was faster than the PCE decomposition
(Fig. 2a, b and Fig. 3). This can be explained by the fact that
the chemical reaction rate constant for TCE is greater than the
chemical reaction rate constant for PCE.

The effect of the factors (initial ozone concentration,
ozone flow and volume of the reactor) to the removal of the
TCE / PCE and to the ozone saturation in water was simulat-
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Fig. 7. The gas flow effect on the ozone concentration variation in the
gas phase: 5 (1), 10 (2), 20 (3), 30 (4) and 40 L h–1 (5).
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Fig. 8. The gas flow effect on the ozone saturation time.

 Fig. 9. Effect of the reactor volume on the variation of the ozone con-
centration in the gas phase: 4 L (1), 2 L (2).
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ed. An effect of the initial ozone concentration (IOC) to the
ozonation of TCE at e gas flow 5 L h–1 and the reactor volume
2 L can be observed from Fig. 2 a, b. An effect of the IOC to
the ozonation of PCE at the same experimental conditions can
be observed from Fig. 3. A decrease of the decomposition
time in the case of the IOC increasing was observed the simi-
lar results for the TCE and PCE ozonation.

In Fig. 2b curve 3 corresponds to an ozone concentration
5 × 10–4 mole L–1 while curve 4 does to 1 × 10–3 mole L-1.
The difference in the removal time for TCE is 2000 s, approx-
imately.

For the PCE ozonation, curve 1 of Fig. 3 corresponds to
initial ozone concentration 5 × 10–5 mole L–1 while curve 4
does to 1 × 10–3 mole L–1. In this case, the minimal removal
time of PCE is 8000 s.

The simulations of ozonation were realized also at differ-
ent gas flows. The removal dynamics for the TCE and the
PCE by gas flows being 5, 10, 20, 30 and 40 L h–1 were simu-
lated (Fig. 4 a, 4 b). As we can conclude from the obtained
results, gas flow does not affect significantly to the ozonation
kinetics. The increasing of gas flow more than 20-L h–1 for the
TCE does not affect, practically, to the decomposition dyna-
mics.

In the case of the PCE ozonation, gas flow effect was not
observed. The gas flow effect on the ozonation kinetics
increases only for faster reactions.

The removal times of TCE (80 %) for different gas flow
and for different initial ozone concentration also were simulat-
ed. As it can be observed from Fig. 5a, the ozone flow is not a
“strong” parameter for the removal time at the same IOC. The
IOC is seen to have a larger effect on the TCE destruction.
The gas flow is a variable that, barely intervenes to high con-
version (80 %) (see Fig. 5a). A small influence of the gas flow
for less conversion of 50 % can be detected.

The simulation shows also that the gas flow effect, both
on the ozone saturation in water and on the ozone concentra-
tion variation in the gas phase in the reactor outlet, is very sig-
nificant (Figs. 6 and 7).

The increasing of the gas flow from 5 L h–1 to 40 L h–1

decreases the saturation time from 3000 s to 400 s (Fig. 8). It
is more noticeably the effect in the range of 5-20 L h–1, since
the increase of the gas flow from 20 L h–1 to 40-L h–1 has a
minimal effect (from 700 s to 400 s).

Other important factor in the ozone saturation is the reac-
tor volume. It also affects the ozone concentration in the reac-
tor outlet. In Fig. 9 this effect is shown. The reactor volume

Elimination of Chlorinated Unsaturated Hydrocarbons from Water by Ozonation... 63

0

20

40

60

80

100

0 50 100 150
t (min)

%
 
P
C
E

pce
pce(sim)

Fig. 12. The experimental and simulation results of the destruction
dynamics for the PCE.
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was varied from 2 to 4 L under the IOC 1 × 10–1 mole L–1

keeping the gas flow equal to 40 L h–1. We can see that
increasing the reactor volume the saturation time decreases in
two times, approximately.

We also looked for the conditions to obtain the maximum
conversion of the pollutant elimination in the minimal time.
This could be achieved varying the initial ozone concentra-
tions, which turned out to be the main parameter effecting the
process of ozonation. The increasing of initial ozone concen-
tration accelerates the TCE and PCE decomposition time (Fig.
10). It should be noted, however, that this dependence is not
linear and that the increase of the initial ozone concentration
in more than 5 × 10–4 mole L–1 does not lead to any significant
effect. 

Comparison of the simulation and experimental
results 

The simulation of the TCE and PCE ozonation was realized
under the real initial concentrations of the organic compounds
and ozone. The initial ozone concentration was 1 × 10–3 mole
L–1 and the pollutant concentrations were 3.5 × 10–6 mole L–1

and 9 × 10–7 mole L–1 of TCE and PCE, respectively. The
elimination curves shown in Fig. 12 permit to compare the
experimental and the simulation results for the TCE decompo-
sition. The curve “tce (exp.)” demonstrates the destruction
dynamics of the TCE according to the experimental ozonation
data. The curve “tce (sim.)” describes the TCE elimination
according to the results of the simulation under the same con-
ditions. The elimination curves of Fig. 13 show the experi-
mental data as well as the simulation results for the PCE
ozonation. In this case, the curve “pce” corresponds to the real
datum obtained in the experiment and the curve “pce (sim.)”
corresponds to the simulation result.

Discussion

Ozonation of organic compounds in water is a complex tech-
nology involving mass transfer processes and a variety of po-
ssible chemical reactions: 

1. Direct reactions between the molecular ozone 
and the organic compounds.

2. Radical reactions between hydroxyl radicals and organic.

In the latter case, radicals are produced through the
ozone molecule decomposition catalyzed by the hydroxyl
ion. In the studied case, the radical route of degradation of
TCE and PCE may be neglected and these substances are
decomposed by direct reaction by ozone. The radical mecha-
nism of the ozonation was not analyzed, neither the auto-
decomposition of the ozone in water was considered within
the proposed mathematical model. The measurement and
comparison of the ozone concentration in the gas phase in the

inlet and the outlet of the reactor let us confirm that the auto-
decomposition of ozone was not, practically, observed.

In this work it was not checked up whether the gaseous
stream do cause air stripping of VOC's or not, since it was out
of the scope of this study. Nevertheless, according to some
bibliographic data [6, 8], the TCE and PCE evaporation has
not been observed in the water ozonation. On the other hand,
these compounds are heavier than water in addition, that they
are slightly soluble. Hence, to avoid partial evaporation, more
ozonation time or temperatures < 20 °C would be suggested.
To reinforce this, a 20-cm water layer covers these com-
pounds. In this way the evaporation of this organic may be
neglected, at the experimental conditions handled.  For exam-
ple, if the gas flow is 5 L h–1, the compound evaporation is
practically unobservable. Contrarily, if same partial evapora-
tion occurs, their reactions with ozone in the gas phase would
seem to be practically impossible, since the corresponding re-
sidence time in the reaction zone is too short to complete this
reaction including the fact that their reaction constants with
ozone are very small. In addition, we ought to mention here
that the mathematical model of the ozonation in the gas phase
is already developed [37]. One can see that the simple cou-
pling of these two models (for gas and liquid phases) leads
only to a high complex description though the TCE and PCE
ozonation in gas phase may be considered as an attractive
field of further investigations.

The relative errors calculated based on complete experi-
mental data (including large deviations) are 8.35 % for TCE
and 22.31 % for PCE. However, if we exclude the large devia-
tion point for TCE and PCE, corresponding to long ozonation
times, at the preliminary step, then these errors are 5.23 % and
8.43 %, respectively. They can be considered within an accep-
table margin of error. On our opinion, the PCE and TCE ozona-
tion in water is too complicated for an experimental study from
the “reproducibility” point of view. That's why the accuracy on
the obtained results may be considered as acceptable or even
good for the mathematical model as it is in this work.

Conclusions

Based on this study, we may conclude that on-line measure-
ments of the ozone concentration in gas-phase can provide
good identification of the ozonation process. So, the saturation
constant (ksat) can be calculated directly using the measure-
ments of the current ozone concentration in the gas phase
(without the preliminary diffusion coefficient estimation) for
concrete experimental conditions. 

According to the computer simulation of the TCE and
PCE ozonation, the optimal conditions to perform the maxi-
mal decomposition (95 %) of these compounds for a short
elimination time in water can be derived. 

The ozonation of these organic compounds in a semi-
batch reactor (250 mL) under the optimal conditions of
process was realized, showing a good agreement between
experimental and simulation data consequently. It was possi-
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ble to eliminate more than 95 % of these pollutants approxi-
mately at 135 s of ozonation. 
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