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a b s t r a c t

A study on the evaluation of the effectiveness of atrazine degradation by in situ electrochemically gener-
ated ozone was conducted. Ti/�-PbO2 electrodes were used as anodes for the ozone production. The rate
of ozone generation, the ozone saturation concentration and the atrazine degradation rate increased with
increasing current density. The maximum rate was close to 40 mg h−1, the dissolved ozone concentration
was 1.6 mg L−1 for a current density of 1.5 kA m−2 and the electrochemical efficiency was around 6%. The
degradation data followed a pseudo first-order kinetic. The values of the rate constants were 6.2 × 10−3,
8.8 × 10−3, and 1.21 × 10−2 min−1 for 0.5, 1.0, and 1.5 kA m−2, respectively. The degradation took place by
the combined oxidation with O3 and •OH generated at the Ti/�-PbO2 anode surface and by ozone decom-
position. The rate was electrochemically controlled up to approximately 90% of degradation and by mass
zone
trazine

transfer thereafter. The degradation mechanism was comprised mainly by dealkylation followed by a
slow dechlorination of the atrazine molecule. Continuous atrazine degradation tests were conducted in a
column containing a porous medium with the purpose of determining whether the in situ electrochemical
production of the oxidants •OH/O3 is effective at reducing the atrazine concentration in the transported
flux across the bed. The work demonstrates the potential applicability of the continuous system for in
situ atrazine degradation in underground waters, and provides a basis for the future development of this

technology.

. Introduction

The intensive use of pesticides in agriculture and the high persis-
ence of many of these chemicals have required a rigorous control
f possible environmental contaminations, especially of drinking
ater sources as groundwater.

Atrazine (2-chlorine-4-ethyl-6-isopropyl-1,3,5-triazine) is a
erbicide of extensive use in Brazilian agriculture mostly for corn,
otton, sorghum and sugar-cane. It is frequently detected in nat-
ral waters [1] and has been known to affect the reproduction of
quatic flora and fauna [2]. Fig. 1 shows the chemical structure for
trazine.

Electrochemical reactive permeable barriers (e-barriers) are
new technology to treat groundwater employing groups

f electrodes as the active substratum of the barrier [3]. A

otential difference is applied to the electrodes producing
xidation–reduction reactions on the electrodes surface. E-barriers
an be used together with in situ chemical oxidation, that is, an oxi-
ant is electrochemically produced in one of the electrodes that
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make up the barrier. The oxidant degrades the dissolved contami-
nants in a subsurface medium instead of at the electrode surface.

Systems where oxidants, as molecular ozone, hydroxyl radical
or hydrogen peroxide are electrochemically generated to degrade
different chemical products, as those found in textile effluents [4]
and stored pesticides [5], have their effectiveness proven. However,
the oxidation of pollutants by in situ electrochemically generated
ozone with the electrochemical system making up an e-barrier
to remediate aquifers has not yet been reported in the literature.
Ozone is a powerful oxidant (e0 = 2.08 V vs. Standard Hydrogen
Electrode Potential) and its decomposition does not generate toxic
by-products. It has been frequently used to degrade organic com-
pounds present in soils and aquifers.

The objective of this study was to evaluate the effectiveness, at
a laboratory scale, of an innovative technology for the in situ degra-
dation of atrazine. This technology results from the combination of
an in situ advanced oxidation process with an e-barrier, using elec-
trochemically generated ozone as the oxidant agent. The work was
divided in three parts: (1) ozone production in an electrochemical
cell at different values of current density and the determination of

the dissolved ozone concentration; (2) batch atrazine degradation
in aqueous solution at different current densities; (3) continuous
atrazine degradation in a horizontally mounted column packed
with washed sand. The porous bed parameters (porosity and
dispersivity) and the mean residence time of a KCl tracer in the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rjcar@puc-rio.br
dx.doi.org/10.1016/j.cej.2009.09.001
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Fig. 1. Molecular structure of the atrazine herbicide.

olumn were determined. Atrazine degradation runs to evaluate
he degradation efficacy as a function of the applied current were
onducted.

. Materials and methods

.1. Electrochemical ozone production

Ti/�-PbO2 electrodes were prepared by electrodeposition from
Pb(NO3)2 solution (0.2 mol L−1; pH 2; 60 ◦C) on 0.5 mm thick

itanium plates at constant anodic current density (0.2 kA m−2;
0 min). An intermediate platinum layer was first electrodeposited
n the plates from an aqueous solution of H2PtCl6 and Pb(AcO)2
ith concentrations 0.02 mol L−1 and 0.002 mol L−1, respectively

0.3 kA m−2; 5 min; 25 ◦C). For this purpose, the anode was a
i/RuO2 plate and the cathode was the titanium plate. The Ti/RuO2
late was supplied by De Nora Brasil. The �-PbO2 coating was then
lectrodeposited on top of the platinum layer using the platinum
oated titanium plate as anode and the Ti/RuO2 plate as cathode.

The electrochemical ozone production for different current
ensities (0.5, 1.0 and 1.5 kA m−2) was accomplished in a two-
ompartment cell (Fig. 2), one containing the �-PbO2-coated
itanium anode and the other the RuO2-coated titanium cathode.
he distance between anode and cathode was 4 cm and the frit-
ed glass disk had a diameter of 4 cm. Each compartment had an

pproximate volume of 500 mL. The geometric area of the elec-
rodes (anode and cathode) was 15 cm2. A 0.1 M phosphate buffer
olution (pH 7) was used. Nitrogen gas was passed through both
ompartments of the cell and the gas exiting the anode was bubbled
hrough a 20 g L−1 KI solution. The iodine formed by the oxida-

ig. 2. Two-compartment cell used in the electrochemical ozone quantification
xperiments.
g Journal 155 (2009) 691–697

tion of iodide with ozone was determined by titration with sodium
thiosulphate. A starch solution was used as indicator [6].

The current efficiency for ozone production was calculated using
the follow expression (Eq. (1)).

ε = 28950.CNa2S2O3 · VNa2S2O3

i · t
(1)

where ε is the current efficiency for ozone production (%); CNa2S2O3
is the concentration of the sodium thiosulphate solution used in
iodine titration (mol L−1); VNa2S2O3 is the volume of thiosulphate
solution consumed for iodine titration (mL), i is the current applied
in the electrolysis experiment (A) and t the electrolysis time (s).

The determination of dissolved ozone was made in a one-
compartment water-cooled cell. The electrodes and electrolytic
solution were the same as above. The solution volume was 400 mL.
Aliquots of 2 mL were removed from the cell and analyzed by the
indigo method [7] to determine the dissolved ozone concentration.

2.2. Atrazine batch degradation experiments

The degradation of atrazine with in situ electrochemically gen-
erated ozone was carried through in a water-cooled glass cell with a
capacity of 500 mL. 400 mL of a phosphate buffer solution contain-
ing 1 mg L−1 of atrazine was used in each experiment. The solution
was agitated during the runs. Ozone was produced at the Ti/�-PbO2
anode. The Ti/RuO2 electrode was used as cathode. The degrada-
tion runs were conducted with current densities of 0.5, 1.0 and
1.5 kA m−2. Solution samples were taken at some time intervals
along the 6 h period of the runs. The concentrations of atrazine
and of one of its degradation by-products were determined as a
function of time. The liquid chromatographic system was a Varian
ProStar 325 HPLC system equipped with a Varian Cary-100 dou-
ble bean UV/vis spectrophotometer detector. A Varian Microsorb
C18 separation column was used (length: 150 mm, internal diame-
ter: 4.6 mm, particle diameter: 5 �m). The mobile phase for elution
consisted of methanol, 65% (v/v) and water, 35% (v/v) water and
the flow rate was 0.5 mL min−1. The sample injection volume was
100 �L and the column temperature was 25 ◦C. A UV detector mon-
itored the eluent; the detection wavelength was set at 222 nm.
The wavelength was selected from the absorption spectra of a
1 mg L−1 atrazine solution and of a solution from an oxidation run
containing the degradation by-products. The samples were not
concentrated before the chemical analysis in the HPLC. The cali-
bration curves for atrazine and the by-products desethylatrazine
(DEA) and desisopropylatrazine (DIA) were obtained with certi-
fied analytical standards (Pestanal® 97.4% purity). The calibration
curves were determined by measuring the area under the peaks
for the concentration values of 0.1, 0.25, 0.5, 0.75 and 1 mg L−1.
The average of three area values for each standard concentration
and the corresponding concentration were plotted and linearly fit-
ted. The concentrations of the chemicals were determined from the
equation of this straight line and from the areas computed in the
chromatograms.

2.3. Column hydrodynamics

The column utilized in the oxidation experiments in a porous
medium was made of acrylic and was cylindrical shaped. The total
length of the column was 26 cm and its internal diameter was 4 cm
(Fig. 3).
The packing material was washed sand with the particle size
distribution presented in Table 1.

The packing of the column was carried out keeping it in a vertical
position, introducing the sand and maintaining the water level in
its interior slightly above the porous bed.
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Fig. 3. Column reactor sch

A mass transfer experiment was performed to determine the
ydrodynamic properties of the column. A KCl solution with a con-
entration of 1000 mg L−1 was applied as a tracer. The solution
as pumped at a flow rate of 0.5 ml min−1 across the horizon-

ally aligned column by a previously calibrated pulsating pump
Milan, model BP-200). The solution was periodically sampled
nd the concentration of KCl was determined by electric con-
uctivity measurements. For this purpose, a concentration versus
lectric conductivity calibration curve was obtained from standard
olutions with different concentrations of KCl. A one-dimensional
dvection–dispersion equation (Eq. (2)) was employed to adjust
he experimental data and calculate the porous bed parameters
8].

= C0

2

[
erfc

(
x − vxt

2
√

Dt

)
+ exp

(
xvx

D

)
erfc

(
x + vxt

2
√

Dt

)]
(2)

here C is the concentration of KCl (mg L−1), C0 is the concen-
ration of KCl at x = 0 (mg L−1), x is the distance from the column
ntrance (cm), t is the elapsed time (min), D is the dispersion coef-
cient (cm2 min), vx = q/(A · n) is the average interstitial velocity
f water (cm min−1), q is the volumetric flow rate of injected solu-
ion (mL min−1), A is the cross-section area of the column (cm2)
nd n is the porosity of the packing. The dispersivity (cm) is equal
o D/vx.

Subsequently to obtaining the KCl concentration data as a func-
ion of time, the values of the average interstitial velocity of
ater, vx, and of the dispersion coefficient, D, were determined

y Eq. (2), for x = 26 cm (column length), with the aid of the
evenberg–Marquardt algorithm to perform nonlinear curve fit-
ing. In possession of the values of vx, A and q, the porosity, n, of the
ed was calculated.

.4. Continuous degradation of atrazine

Pesticide degradation experiments were conducted to evaluate
he degradation efficacy as a function of the applied current in the
olumn containing the porous bed.

The cathode consisted of a RuO2-coated titanium expanded

esh and the anode of a �-PbO2-coated titanium expanded mesh.

he titanium expanded mesh was supplied by De Nora Brazil. The
-PbO2 coating was electrodeposited on the titanium expanded
esh. The anode was mounted at 12.7 cm and the cathode at

3.3 cm from the column entrance. The inter-electrode space was

Table 1
Particle size distribution of the sand used as bed pack-
ing material.

Diameter, d (mm) wt. %

d > 0.59 50.1
0.21 < d < 0.59 40.4
0.062 < d < 0.21 9.0
d < 0.062 0.5
c and experimental setup.

filled with a layer of 6 mm glass beads. The 15 cm2 electrodes were
placed perpendicularly to the flux, thus, occupying the whole cross-
section of the column.

The anode was the first electrode to come into contact with
the solution flowing through the porous bed. Downstream to
the electrodes there was 3 mm orifice for taking off the gaseous
products of water electrolysis. During the experiments, a 0.1 M
phosphate buffer solution (pH 7) containing 1.0 mg L−1 of atrazine
was pumped at rate 0.5 mL min−1. The degradation experiments
lasted 8 h. Every 1 h, 1.0 mL of solution was sampled through rubber
hoses located 6.5 cm upstream and downstream from the center of
the column. Two runs were carried out, one at 0.4 A, and the other
at 0.6 A. A third run was performed with no current imposed.

3. Results and discussion

3.1. Ozone generation

The use of electrode materials having a high overpotential
for the oxygen evolution reaction (e.g. �-PbO2) combined with a
supported electrolyte containing fluoro-compounds and low tem-
perature to obtain the best efficiency for electrochemical ozone
production is reported in the literature [9]. On the other hand, even
under drastic conditions of current density and electrolyte acid-
ity the �-PbO2 can be considered an inert electrode material [10].
The adherence of the �-PbO2 coating was good and X-ray diffrac-
tion analysis confirmed that the deposit contained only the �- and
�-PbO2 with the � phase prevailing.

The ozone generation rates after 15 min of experiment, the rates
per geometric area of the electrode and the efficiencies of ozone
production for different values of current density are shown in
Table 2.

Gaseous ozone concentration was determined when a pH 7
buffer solution was used. At pH 7, the ozone decomposition rate
was relatively high. The total ozone generated was the sum of the
dissolved ozone and the decomposed ozone. The stripped ozone
may not be the total ozone electrochemically produced.

These results show that both the ozone generation rate and the

rate per geometric area of the electrode increased with increasing
current density. It was also observed that the efficiency of ozone
production depended on the applied current density. The efficiency
value for 0.5 kA m−2 is significantly lower than the values for 1.0
and 1.5 kA m−2. The values for 1.0 and 1.5 kA m−2 are in agree-

Table 2
Results of the ozone generation experiments.

Current density
(kA m−2)

O3

generation
rate
(mg h−1)

O3 generation rate per
electrode area
(mg h−1 m−2)

Efficiency (%)

0.5 4.4 ± 1.0 29 ± 7 1.959 ± 0.005
1.0 19.5 ± 2.3 130 ± 20 6.69 ± 0.04
1.5 39.1 ± 1.0 261 ± 7 5.826 ± 0.002
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ig. 4. Effect of current density on dissolved ozone concentration (�) 0.5 kA m−2;
�) 1.0 kA m−2 (�) 1.5 kA m−2.

ent with the efficiency of 5% observed by Graves et al. [11] for
urrent densities ranging from 1.0 to 4.0 kA m−2 at room temper-
ture, PbO2-coated titanium electrodes and electrolytes consisting
f oxianions (SO4

2−, PO4
3−, ClO4

−). Higher current densities were
ot studied in this work since they imply in elevated system
emperatures and higher ozone decomposition. In addition, the
nvisioned application of this system is the degradation of pollu-
ants in groundwater. The groundwater movement is often very
low and, therefore, the pollutant residence time in the electrolytic
arrier is very high. Thus, it may be not necessary to apply higher
urrent values aiming at producing elevated quantities of ozone.

The variation of dissolved ozone concentration with electrol-
sis time is presented in Fig. 4. It may be noticed that the stable
issolved ozone concentration was attained after approximately
0 min, when the current densities were 1.0 and 1.5 kA m−2. For
.5 kA m−2 this concentration was reached after 60 min. It may be
lso observed that the stable ozone concentration increased with
ncreasing current density. The ozone concentrations for 1.0 kA m−2

nd 1.5 kA m−2 were similar, but the generation rate for 1.5 kA m−2

as twice the rate for 1.0 kA m−2.

.2. Batch degradation of atrazine

The results of the batch degradation of atrazine for current
ensities of 0.5, 1.0 and 1.5 kA m−2 are presented in Fig. 5 and

ndicate that the atrazine degradation rate increased with current

ensity.

At low pHs, the degradation of atrazine occurs directly by oxi-
ation with molecular ozone (O3). The direct ozonation of atrazine
ardly causes its complete degradation [12]. On the other hand,

n basic conditions the oxidation effectiveness of the ozonation

ig. 5. Batch degradation of atrazine (�) 0.5 kA m−2; (�) 1.0 kA m−2 (�) 1.5 kA m−2.
nset: Corresponding kinetic analysis assuming a pseudo first-order reaction for
trazine decay.
g Journal 155 (2009) 691–697

process is significantly enhanced. This can be attributed to the pre-
dominance of the indirect degradation mechanism that includes
the generation of hydroxyl radicals (•OH) due to the ozone decom-
position in aqueous solution catalyzed by the hydroxyl ion (OH−),
according to the reaction O3 + H2O → •OH + O2 + HO2. At pH 7, the
decomposition of ozone occurs with the formation of •OH and the
atrazine is degraded both by the direct reaction with O3 and by the
indirect reaction with •OH. The Ti/�-PbO2 electrode is an efficient
generator of •OH because oxides in which the oxidation state of the
cation is the highest possible may accumulate hydroxyl radical on
their surfaces [13]. The production of the oxidant species •OH and
O3 also increases with augmenting current density. In addition, the
electrochemical reduction of triazines in neutral aqueous solutions
is practically not observed [14,15]. The neutral pH was chosen with
the purpose of simulating groundwater conditions.

The degradation data was adequately fitted (correlation coef-
ficients above 0.99) by the pseudo first-order kinetic Eq. (3), as
observed in Fig. 5.

ln
(

C

C0

)
= −kt (3)

where C is the atrazine concentration, C0 is the initial atrazine con-
centration, k is the pseudo first-order rate constant and t is the
reaction time.

The values of the rate constants for the pseudo first-order equa-
tion are 6.2 × 10−3, 8.8 × 10−3, and 1.2 × 10−2 min−1 for 0.5, 1.0, and
1.5 kA m−2, respectively.

It was observed that in the final stages of degradation, when the
atrazine concentration was less than approximately 10% of its initial
value, the reaction kinetics departed from the pseudo first-order
equation. A similar behavior was observed by Murugananthan
et al. [16] when studying the electrochemical degradation of
17�-estradiol and was explained by the fact that for higher con-
centrations the degradation rate depended basically on the current
density. When the concentration diminished to a certain level, the
rate turned out to be influenced by atrazine diffusion from the
bulk of the solution to the electrode surface. Therefore, it may be
concluded that the control of the atrazine oxidation rate was elec-
trochemical up to approximately 90% of degradation and by mass
transfer thereafter.

Fig. 6 summarizes a series of HPLC chromatograms of solution
samples taken at different times, when the current density was
of 1.5 kA m−2. It can be observed that the atrazine peak gradually
disappeared while other products with lower molecular weights
and greater polarities were formed. With passing time, these com-
posites were also transformed according to the reduction in the
areas of the peaks with retention times 5.011 min, 5.727 min and
6.324 min. On the other hand, the areas of the peaks with reten-
tion times 3.776 min and 4.064 increased during the course of the
experiments. As shown in Fig. 6, only the peaks 1 and 2 emerged
after 360 min. For the other current densities (0.5 and 1.0 kA m−2)
the same atrazine decomposition pattern was verified. Hence, a
dependence of the atrazine degradation mechanism (by-products
formation) on ozone concentration was not detected.

According to the literature [17], the degradation of atrazine
by advanced oxidative processes that do not use UV radiation is
mainly accomplished by the dealkylation of the atrazine molecule
and a posterior slow dechlorination. The alkyl group that is firstly
removed from the atrazine molecule when it reacts with ozone is
the ethyl group. This explains the greater presence of DEA than that

of DIA in the chromatograms.

The retention times for the main peaks of the chromatogram
presented in Fig. 6, for 95 min of degradation, are given in Table 3.
In addition to the peak corresponding to atrazine five other peaks
were detected.
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and the fitted curve is observed, indicating that Eq. (2) can be suc-
cessfully applied to model the experiments.

Table 4 presents the parameters obtained for the porous bed.
These parameters were obtained without passing current through
the electrodes. When current is applied and gases evolve, the dis-

Fig. 7. Variation of DEA concentration with time (1.5 kA m−2; pH 7; 0.1 M buffer
phosphate solution +1 mg L−1 of atrazine).
Fig. 6. HPLC chromatograms for atrazine degradation with O3/•OH

It is very likely that one of the final products obtained
fter 360 min of reaction is the 2-chloro-4,6-diamino-s-atrazine
lso known as desethyldesisopropyl-atrazine. The dechlorina-
ion of desethyldesisopropylatrazine brings about the formation
f 2-hydroxy-4,6-diamino-s-atrazine (ammeline) which may be
nother end product of degradation. Peak 2 in Fig. 6 (retention time
.064 min) should correspond to desethyldesisopropylatrazine
ince it emerged before peak 1 (retention time 3.776 min). There-
ore, peak 1 should correspond to ammeline. This behavior was
lso observed during the degradation of atrazine with the Fenton
eagent [18].

Among the observed peaks, the identification of those cor-
esponding to DEA and DIA was possible. However, only the
uantification of DEA with time was achieved, since the peak of DIA
nd peak 2 were not well separated. In any event, the concentration
f the chemical corresponding to peak 2 seems to be low during the
egradation runs. The variation of DEA concentration with time is
epicted in Fig. 7. DEA concentration initially increased up to about
.085 mg L−1, which is almost 10% of the initial atrazine concen-
ration. After 2 h the concentration of this by-product started to
ecrease, probably as a consequence of subsequent degradation.

Regarding the toxicity, Stratton [19] determined the toxic effects
f atrazine and four of its degradation products. Atrazine was signif-
cantly more toxic than the by-products towards the tested criteria.
élieu et al. [20] Point out that the hydroxytriazines as the amme-

ine are less toxic than the chlorotriazines as the atrazine.

.3. Continuous degradation of atrazine
.3.1. Mass transfer experiments
Fig. 8 depicts the results of the mass transfer tests as well as the

urve fitting for the applied one-dimensional advection–dispersion
quation. The shape of the curve corresponds to homogeneous

Table 3
Retention times of the main peaks of the chromatogram pre-
sented in Fig. 6 for 95 min of degradation.

Peak Retention time (min)

1 3.776
2 4.064
DIA 4.318
DEA 5.011
3 5.727
4 6.324
Atrazine 9.00
m−2; pH 7; 0.1 M phosphate buffer solution +1 mg L−1 of atrazine).

column packing where preferential paths for mass flow are not
formed. A satisfactory correlation between the experimental data
Fig. 8. Mass transfer experiment and curve fitting of data.
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Table 4
Porous bed parameters obtained from mass transfer experiments and a
one-dimensional advection–dispersion equation.

Dispersion coefficient (cm2 min−1) 0.03
Interstitial velocity (cm min−1) 0.11
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Fig. 10. Inlet and outlet atrazine concentrations as a function of time for 0.4 A.
Dispersivity (cm) 0.28
Porosity (–) 0.39
Mean residence time (min) 240

ersion coefficient and the percolation velocity of the solution
hrough the pores are affected. The change in the dispersion coef-
cient depends on factors such as the applied current intensity
nd the volumetric flow. Under intermediate flow rates (about
.5 mL min−1), an increase in the electric current yields an increase

n the dispersion coefficient. Conversely, at higher flow rates (about
.5 mL min−1) an increment in electric current causes a decrease in
he dispersion coefficient [21].

.3.2. Atrazine degradation in column experiments
Atrazine degradation tests were conducted in the column under

ontinuous regime with the purpose of determining whether the
n situ electrochemical production of the oxidants •OH/O3 is effec-
ive at reducing the atrazine concentration in the transported flux
cross the porous medium.

The batch degradation results were taken as a basis to set values
or the current used in the continuous tests. In the batch runs, when
he applied current density was 1.0 kA m−2 with a total charge
mount of 32,400 C passing through the electrodes, the normal-
zed charge with respect to the solution volume was 81 C mL−1. In
he continuous runs, for a volumetric flow rate of 0.5 mL min−1,
min are necessary to flow 1 mL of solution through the column.
ence, to obtain the same value of charge density, 81 C should
ass through the electrodes in 2 min, which corresponds to 0.67 A.
ollowing the same procedure when the applied current density
as 0.5 kA m−2 in the batch experiments, a current of 0.39 A was

chieved. Therefore, 0.6 A and 0.4 A were the values of current uti-
ized in the continuous tests.

Fig. 9 exhibits the concentration profiles in the column after
assing electric current through the electrodes during 8 h. The
xperiments were carried out at 0.4 A, 0.6 A, and without current
control test). It is verified that the atrazine concentration dimin-
shes along the column as a function of the applied current. The

oncentration at a location 6.5 cm downstream of the electrodes is
ignificantly smaller than at the same place upstream of the elec-
rodes, suggesting that the degradation occurred predominantly on
r close to the electrode surface.

ig. 9. Normalized concentration profile of atrazine with respect to the inlet con-
entration after 8 h of degradation for different positions in the column.
Fig. 11. Inlet and outlet atrazine concentrations as a function of time for 0.6 A.

The variation of the inlet and outlet atrazine concentra-
tions with degradation time for 0.4 A and 0.6 A are shown in
Figs. 10 and 11, respectively. The inlet concentrations varied in
the range 1.0–1.2 mg L−1 and the outlet concentrations decreased
continuously with time. The fractional oxidation of atrazine was
calculated by the ratio of the difference between the inlet and outlet
atrazine concentrations to the inlet atrazine concentration. Frac-
tional oxidations of 80% for 0.6 A and 75% for 0.4 A were determined.

The above results clearly demonstrates the potential applicabil-
ity of the continuous system studied for in situ atrazine degradation
in underground waters, and provides a basis for the future devel-
opment of this technology.

4. Conclusions

The rate of ozone generation by water electrolysis using a Ti/�-
PbO2 electrode as anode increased with increasing current density.
The maximum rate was approximately 40 mg h−1 for a current den-
sity of 1.5 kA m−2 and the electrochemical efficiency was around
6%.

The ozone saturation concentration increased with increasing
current density. For 1.5 kA m−2 the concentration was 1.6 mg L−1.
The stable dissolved ozone concentration was attained after
approximately 50 min when the current densities were 1.0 and
1.5 kA m−2. For 0.5 kA m−2 the dissolved ozone concentration was
reached after 60 min.

The atrazine degradation rate increased with increasing cur-
rent density. The degradation data followed a pseudo first-order
kinetic equation. The values of the rate constants were 6.2 × 10−3,
8.8 × 10−3, and 1.21 × 10−2 min−1 for 0.5, 1.0, and 1.5 kA m−2,

respectively.

The degradation took place by the combined oxidation with O3
and •OH generated at the Ti/PbO2 anode surface and by ozone
decomposition. The rate was electrochemically controlled up to
around 90% of degradation and by mass transfer thereafter. The
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egradation mechanism was comprised mainly by dealkylation
ollowed by a slow dechlorination of the atrazine molecule. The
trazine peak gradually disappeared while other products with
ower molecular weights and greater polarities were formed. With
assing time, these chemicals were also transformed.

Fractional oxidations of atrazine of 75% and 80% were accom-
lished in a column containing a porous media for 0.4 A and 0.6 A,
espectively. The potential applicability of this system for in situ
egradation of atrazine in underground waters was demonstrated.
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