
S

G
a

b

a

A
R
R
A
A

K
P
E
A
P

1

e
A
m
(
m
t
e

(
a
i
p
o
i
d
t
t
a
t
o

(

0
d

Journal of Hazardous Materials 180 (2010) 145–151

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

nO2-based materials for pesticide degradation

eoffroy R.P. Malpassa,∗, Douglas W. Miwab, Sérgio A.S. Machadob, Artur J. Motheob

Laboratório de Eletroquímica e Materiais Nanoestruturados, Universidade Federal do ABC, Rua Santa Adélia, 166, Bairro Bangu, Santo André, SP 09.210-170, Brazil
Instituto de Química de São Carlos, Universidade de São Paulo, P.O. Box 780, São Carlos, SP 13560-970, Brazil

r t i c l e i n f o

rticle history:
eceived 12 January 2010
eceived in revised form 23 March 2010
ccepted 2 April 2010
vailable online 9 April 2010

a b s t r a c t

This study presents the results of the degradation of the pesticide atrazine using electrochemical and
photo-assisted electrochemical degradation techniques using SnO2-containing electrode of nominal
composition electrodes of composition Ti/RuXSn1−XO2 (where X = 0.10, 0.15, 0.20, 0.25 and 0.30). The
materials were characterized ex situ and in situ in order to correlate the observed atrazine removal
rates with electrode morphology/composition. The results obtained demonstrate the effectiveness of the
eywords:
hoto-assisted electrochemical degradation
lectrochemical degradation
trazine
esticides

photo-assisted electrochemical degradation. Using purely electrochemical methods the rate of atrazine
removal is almost zero at all the electrodes studied. However, the application of photo-assisted degra-
dation results in almost complete atrazine removal in 1 h of electrolysis. The efficiency of atrazine
degradation does not seem to be greatly affected by the electrode material or by SnO2 content, but the
overall COD removal is dependent on the SnO2 content. Overall, the SnO2-containing electrodes do not
reach the level of COD removal (maximum ∼21%) seen for the Ti/Ru0.3Ti0.7O2 electrode. An interesting

orp
correlation between the m

. Introduction

In recent years there has been growing interest in the use of
lectrochemical techniques for the treatment of pollutants [1,2].
mongst the advantages of using electrochemical methods the
ost widely quoted are that the catalyst/electrode is immobilized

thus reducing the need to separate the catalyst from the reaction
ixture), the variables (i.e. current and potential) are easily con-

rolled and facilitate automation of a process and the cost of the
quipment is generally not that high [3].

Electrochemical degradation usually falls into two categories:
1) direct degradation by electron transfer at the electrode surface
nd (2) indirect degradation through the formation of oxidiz-
ng/reducing agents at the electrode which then react with the
ollutant in solution [1]. In both these processes the basic factor
f interest is the rate of active species produced as a function of to
ts accessibility for the pollutant species. In many cases direct oxi-
ation is limited by pollutant transfer to the electrode surface and
his is generally resolved by reactor design and using porous flow-

hrough electrodes. Indirect degradation is often advantageous as
thermodynamically favorable reaction is employed to generate

he active species (e.g. Cl2 from Cl−) and higher efficiencies are
btained.

∗ Corresponding author. Tel.: +55 11 4437 8430; fax: +55 11 4996 0090.
E-mail addresses: geoffroy.malpass@ufabc.edu.br, geoffmalpass@yahoo.com
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304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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hology factor (ϕ) and chemical oxygen demand removal is observed.
© 2010 Elsevier B.V. All rights reserved.

In our laboratory focus has been concentrated on two lines of
research. The first is the indirect electrochemical degradation of
various polluting substances using oxide electrodes (typically mix-
tures of RuO2 and TiO2) for the in situ generation of Cl2. The matrices
investigated include pesticides such as atrazine [4] and carbaryl
[5]; real textile waste [6,7] and Cu(II)–humic acid complexes [8]. It
was noticed that significant efficiencies are obtained when in situ
generated chlorine is used. The second approach has been the use
of photo-assisted electrochemical degradation (PAEC) which uses
the simultaneous application of a UV–vis radiation and of an elec-
trochemical potential, without the generation of Cl2. The absence
of Cl2 is of interest as chlorinated degradation by-products, formed
during chlorination of effluents containing organic species, are sus-
pected carcinogens [9]. Using the PAEC method it is possible to
obtain removal efficiencies comparable to using in situ Cl2, depend-
ing on the chemical structure of the species and matrix under
study. PAEC degradation has been demonstrated to be effective for
atrazine [10,11] and dilute dye solutions [12,13], but for carbaryl
[14] or for real textile effluent (even in the presence of Cl−/Cl2)
[14]. However, it is interesting to note that in the case of Alves et al.
[15] the phytotoxicity of the textile waste is reduced for the PAEC
method when compared to the purely electrochemical method. In
this light it is interesting to investigate the effect of using different

electrode materials where the interaction of the electrode material
and the UV–vis radiation can be improved and the generation of
oxidizing species improved.

Atrazine is a widely used triazine herbicide and was chosen
as the target molecule for the present study due to the fact that

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:geoffroy.malpass@ufabc.edu.br
mailto:geoffmalpass@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2010.04.006
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Fig. 1. Electrochemical flow-cell used in study (A) exploded view where (1) outer
steel plate with connecting nuts and bolts; (2) Teflon® plate; (3) Viton® spac-
ers; (4) quartz glass plate; (5) Ti-mesh counter electrode; (6) working electrode
(Ti/Ru0.3Ti0.7O2 or Ti/RuXSn1−XO2—area exposed to the electrolyte: 14 cm2), and (7)
support. (B) Mounted view of cell.
46 G.R.P. Malpass et al. / Journal of Ha

t is used on a wide spectrum of crops, including corn, sorghum,
ugar cane, Christmas trees and residential lawns. The activity of
trazine is due to its ability to inhibit photosynthesis in plants [16]
nd, although it does not present a great risk to human health, in
quatic environments atrazine is highly acutely toxic to aquatic
nvertebrates. Such factors make it necessary to control the release
f atrazine in to the environment and, in fact, the EPAs assessment
f atrazine is currently undergoing review [16].

The present study has as its principal aim study the use of
lternative electrode materials (Ti/RuXSnX−1O2) for the degrada-
ion of the pesticide atrazine. The results are compared with those
btained for a commercial DSA® electrode (Ti/Ru0.3Ti0.7O2) and an
ttempt is made to correlate the data obtained with the morphology
f the electrode materials. In previous studies involving the photo-
ssisted degradation of atrazine it has been our objective to use the
iO2, added to give mechanical stability to the mixture, present in
he electrode matrix as a photocatalyst (albeit in the rutile form)
10,11]. The present study has the same objective, but using SnO2
a known photocatalyst [17] in the place of TiO2.

. Experimental

.1. Electrodes and reactor

A single-compartment filter-press cell was used with an oxide
lectrode plate (exposed geometric area of 14 cm2), and a Ti-
esh cathode. Two types of electrode were used: a commercial
SA® electrode with nominal composition of Ti/Ru0.3Ti0.7O2 (De
ora, Brazil) and electrodes of composition Ti/RuXSn1−XO2 (where
= 0.10, 0.15, 0.20, 0.25 and 0.30).

The reactor was mounted by positioning the electrodes between
iton and Teflon® spacers of varying thickness (see Fig. 1). A quartz
lass window was placed between the Ti-mesh cathode and the last
pacer. The spacers were open in the middle in such a manner that
V–vis radiation was able to pass through both the quartz glass and

he Ti-mesh cathode and reach the exposed surface of the electrode.
he electrolyte was pumped through the cell by an electric pump
t a flow velocity of between 32 and 425 cm3 min−1, depending on
he experiment to be performed. The UV radiation was provided
y a 250 W high-pressure mercury lamp (Philips) with a fluency
ate of 0.417 W cm−2 (at � = 254 nm). The distance between the
amp and the electrode was 7 cm, and the fluency rate of the light
ncident on the DSA® electrode (after passing through the quartz
lass and counter electrode) was 0.113 W cm−2. The entire setup
as placed in a closed box, which was equipped with an exhaust

an to dissipate the heat produced by the UV radiation source. A
embrane (IONAC), which was open in the same manner as the

pacers, with a strip that was positioned in an electrolyte bath,
as not used to separate the cell compartments but to provide

n in situ probe connected to the reference electrode. The connec-
ion between the membrane walls, which was in contact with the
orking solution inside the cell, and the reference electrode was
ade by a membrane strip in contact with a bath of concentrated

odium sulfate (Fig. 2). The reference electrode was a reversible
ydrogen electrode (RHE). The reference electrode was necessary
o perform the cyclic voltammetric experiments, and it was also
nteresting to monitor the potential of the working electrode dur-
ng galvanostatic treatment, as this is a convenient way to monitor
ny poisoning or corrosion of the electrode surface (i.e. increase in
otential).
For analysis of the morphology factor a single-compartment
lectrochemical cell was employed with the working electrodes
escribed above, but with an active area exposed to the solution
f 1.56 cm2. For the experimental setup the reader is directed to
18,19].
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Fig. 2. SEM images of the SnO2-containing electrodes (Ti/RuXSn1−XO2): (a

.2. Electrode preparation

The Ti/RuXSn1−XO2 electrodes were prepared in the labora-
ory by the standard technique of thermal decomposition of the
ppropriate mixtures of precursor salts (0.2 mol dm−3 SnCl2 and
uCl3·nH2O) dissolved in 1:1 HCl (v/v) [20]. The mixture was
pplied uniformly painted onto the previously degreased (iso-
ropyl alcohol followed by ultrasound for 10 min) and etched (in
oiling oxalic acid for 30 min) Ti plate (thickness 1 mm). After each
ddition of the precursors, the solvent was initially removed by
assing hot air and then the electrode was calcinated at 400 ◦C for
0 min and subsequently weighed. The calcination of the electrodes
as performed at 400 ◦C under a flux of oxygen (5 cm3 min−1).
hen the desired mass was achieved the electrode was calcinated

urther at 400 ◦C for an hour. Each electrode was projected to have
n oxide thickness of ∼2 �m.

The electrode of nominal composition Ti/Ru0.3Ti0.7O2 was
btained commercially from De Nora, Brazil.

.3. Materials and equipment

All electrochemical measurements were performed using a
otentiostat/galvanostat (Autolab, model SPGSTAT). The analysis
f the atrazine concentration was performed by high-performance
iquid chromatography (Shimadzu, model LC-10AD VP), and sam-
les of the electrolyte solution were obtained at predetermined
ime intervals during the degradation process. The supporting
lectrolyte (Na2SO4) was obtained from Merck and used without
urification. Atrazine was obtained as a standard (Riedal Haan) and
sed without further purification.

.4. Experimental procedure
For the each electrode the voltammetric profile was stabilized by
erforming 100 sweeps at 50 mV s−1, in the potential range under
tudy, before each cyclic voltammetry measurement. After this pro-
edure, all the CVs presented in this study represent the 3rd sweep.
ur preliminary studies showed that the VC was unaltered after the
0.3Sn0.7O2; (b) Ti/Ru0.2Sn0.8O2; (c) Ti/Ru0.1Sn0.9O2. Magnification: 2500×.

2nd sweep at the sweep rate used.
Three different degradation techniques were employed as fol-

lows: (a) photocatalytic (interaction of UV radiation and electrode
surface), (b) electrochemical (EC—application of a constant cur-
rent), and (c) photo-assisted electrochemical (PAEC—simultaneous
application of a constant current and UV radiation). All elec-
trolyses were performed using a solution volume of 0.25 L of
0.033 mol dm−3 Na2SO4 + 20 mg dm−3 atrazine, at a flow rate of
425 cm3 min−1 and a current density of 10 mA cm−2. The value of
10 mA cm−2 was used as it was the most efficient used in a pre-
vious study performed in this laboratory [10] and is used so as to
provide a comparison with previous work. Any deviation from this
procedure is reported at the appropriate point in the text.

3. Results

3.1. Ex situ analysis

Ex situ analysis of the synthesized materials was performed
using Scanning Electron Microscopy (SEM) and Fig. 2 presents
examples of the micrographs obtained for a selection of the mate-
rials understudy. As can be observed from Fig. 2 all the materials
present the typical “cracked mud” morphology of electrode pro-
duced by thermal decomposition [21]. This kind of morphology
can be attributed to the occurrence of thermal shocks that occur
at the high temperatures [21] and it should be noted that the
structure tends to become less compact as the SnO2 content is
increased.

Analysis of the chemical composition of the electrodes by EDX
indicated that there was an enrichment of the film by RuO2 (SnO2
depletion) during the preparation procedure. Fig. 3 presents the
level of enrichment for the synthesized materials compared to the

theoretical levels in the original precursor mixture. This enrich-
ment is in agreement with previous studies presented in the
literature [20,22] and can be explained by the fact that previous
authors have noted that SnCl4 is volatilized during the calcination
step [20].
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Table 1
Values of the morphology factor (ϕ) for the electrodes
used in this study.

Electrode ϕ (CdT/Cdi)

Ti/Ru0.3Sn0.7O2 0.24
Ti/Ru0.25Sn0.75O2 0.30
ig. 3. Variation of the % of RuO2 for electrodes of nominal composition
i/RuXSn1−XO2: (©) theoretical composition, and (�) real composition.

.2. In situ analysis

In the present study the in situ analysis was performed by the
echnique of cyclic voltammetry and by determination of the mor-
hology factor (ϕ) [18,19].

.2.1. Cyclic voltammetry
Fig. 4 presents the cyclic voltammograms (CV) of the electrodes

nder study and the inset presents the anodic charges associated
ith each electrode. The electrodes present the typical charac-

eristics of this kind of material: between the potential limits of
.4–1.4 V, the voltammogram is featureless; at potentials above
his, the oxygen evolution reaction (OER), which is characterized
y a rapid increase in the current, occurs. In accordance with the
oltammograms (Fig. 4) the greater anodic charge can be observed
or electrodes that contain the greater quantity of RuO2.
.2.2. Morphology factor
The morphology factor (ϕ) can be considered a measure of the

ontribution of the internal sites of the electrode to the overall

ig. 4. Voltammetric profiles (3rd sweep) of (dotted line) Ti/Ru0.3Sn0.7O2;(solid
ine) Ti/Ru0.2Sn0.8O2; (dashed line) Ti/Ru0.1Sn0.9O2. Supporting electrolyte: H2SO4

0.5 mol L−1). Sweep rate: 50 mV s−1. Area exposed to the electrolyte: 14 cm2. Inset:
nodic charges as a function of the SnO2 content.
Ti/Ru0.2Sn0.8O2 0.37
Ti/Ru0.15Sn0.85O2 0.50
Ti/Ru0.1Sn0.9O2 0.52

differential capacitance [19]:

ϕMorph = Ci

CT
(1)

where Ci and CT are, respectively, the “internal” and “total” differen-
tial capacitances of the film and they represent the corresponding
surface areas. The value of ϕ was determined for the electrodes
used in this study according to the method detailed by in [18,19]
and readers are directed to these references for complete details of
the process.

In accordance with Eq. (1), the value of ϕ can vary between 0
and 1. When it tends to 0 the internal sites of the electrode have
a small or negligible influence on the overall differential capaci-
tance. On the other hand, values of ϕ approaching 1 indicate an
electrode structure with a large internal region. The value of ϕ
was obtained by performing 20 consecutive voltammetric curves
at several potential sweep rates (5–300 mV s−1) covering a 0.1
or 0.2 V capacitive potential, depending on the electrode under
study. For the Ti/Ru0.3Ti0.7O2 electrode the potential limits were
0.435–0.535 V. For the SnO2 electrodes the limits were in the region
of 0.365–0.465 V.

Table 1 presents the values of the morphology factor for the
electrodes under study and as the SnO2 content increases the
value of ϕ increases considerably, indicating that the internal
area increases with SnO2 addition. A value of 0.52 is obtained for
the Ti/Ru0.3Sn0.7O2 electrode and this compares well with results
obtained for a commercial Ti/Ru0.3Ti0.7O2 DSA® sample (0.49 [18]),
but is greater than that of a lab-made Ti/Ru0.3Ti0.7O2 sample (0.22
[18]). This is in agreement with the micrographs in Fig. 2 where
there is an opening of the structure as the SnO2 content increases.

3.2.3. Cyclic voltammetry: presence of atrazine and UV–vis
irradiation

Fig. 5 presents the cyclic voltammograms for the same elec-
trodes given in Fig. 3, but this time in a flow-cell and with the
positive potential limits extended to encompass the region of the
oxygen evolution reaction, which is the region where organic oxi-
dation is purported to occur [23].

In the pure electrolyte, with no light application, the electrodes
again present the typical characteristics of this kind of materials
between the potential limits of 0.4–1.4 V, the voltammogram is fea-
tureless; at potentials above this, the oxygen evolution reaction,
which is characterized by a rapid increase in the current, occurs.
When simultaneous UV–vis radiation is applied, it can be observed
that the potential associated with the OER is substantially reduced.
This is a significant result, as the intermediates involved in the
formation of O2 are considered responsible for oxidation at oxide
electrodes [23], and any reduction in the potential of the formation
of such intermediates represents a considerable energy saving.

The results are best described by the model presented by

Comninellis [23], where so-called active electrodes (e.g. RuO2)
promote oxidation via formation of higher oxides (MOX+1) and
non-active electrodes (e.g. SnO2) promote oxidation through the
formation of adsorbed hydroxyl radicals (MOX(•OH)). Both (MOX+1)
and (MOX(•OH)) are also intermediates in the formation of O2 and
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Fig. 5. Cyclic voltammograms (3rd sweep) of electrodes of nominal composi-
t −1 −1

N
T
e

a
e

t
t
i
o
c
d

3

3

i

separation of the electron-hole pair generated in (1) by application

F
P
(

ion Ti/RuXSn1−XO2 in: (curve 1) 0.033 mol L Na2SO4; (curve 2) 0.033 mol L
a2SO4 + h�; and (curve 3) 0.033 mol L−1 Na2SO4 + 20 mg L−1 atrazine + h�. (a)
i/Ru0.3Sn0.7O2; (b) Ti/Ru0.2Sn0.8O2; (c) Ti/Ru0.1Sn0.9O2. Sweep rate = 50 mV s−1. Area
xposed to the electrolyte: 14 cm2.

s a result organic oxidation occurs in potential regions where O2
volution also occurs.

When atrazine is added to the electrolyte, it can be observed
hat the potential of the OER undergoes an increase (reduction in
he current density) in the presence of UV–vis radiation. This fact
ndicates that atrazine (�max ∼ 221 nm) absorbs a certain amount
f radiation before it reaches the electrode surface. This might indi-
ate that the direct photolysis of atrazine in solution is a possible
egradation pathway [24].
.3. Degradation studies

.3.1. Atrazine removal
As stated in the experimental section the materials under study

n the paper were tested for their activity in organic oxidation. The

ig. 6. (a) Chromatogram representing the peak of atrazine: (dotted line) before degrad
AEC degradation. Electrode: Ti/Ru0.3Sn0.7O2. j = 10 mA cm−2. (b) Time concentration-pro
©) PAEC; (�) PC (photocatalysis). Solid line represents theoretical value of PC + EC.
us Materials 180 (2010) 145–151 149

pesticide atrazine was chosen as the target molecule as it has been
widely studied for a number of called advanced oxidation stud-
ies (AOPs) and also in this laboratory in electrochemical [4] and
photo-assisted treatment systems [10]. The degradation studies
were performed under galvanostatic conditions with the aim of
being able to compare with previous studies in this laboratory [10].
The current density chosen was 10 mA cm−2 as this value was used
previously [10] and was shown to be the best for a commercial
Ti/Ru0.3Ti0.7O2 DSA® sample.

In Fig. 6a, a chromatogram of the atrazine peak is given, before
degradation and after both electrochemical and photo-assisted
electrochemical degradation for 30 min. It can be observed, in
agreement with previous studies [4,10], that the purely electro-
chemical removal of atrazine is limited and that the extent of
atrazine removal after 30 min is much greater when the photo-
assisted method is applied.

Fig. 6b presents the concentration–time profile for the degrada-
tion of atrazine at 10 mA cm−2 in the presence and the absence of
UV–vis radiation for the Ti/Ru0.3Sn0.7O2 electrode. From Fig. 6b it
can be seen that the rate of removal of the combined method (PAEC)
is much more accentuated than for the purely electrochemical
method, in agreement with previous results [10]. In approximately
60 min >99% of the atrazine present in solution is removed using
the PAEC method at the Ti/Ru0.3Ti0.7O2 electrode. If the theoretical
combination of the photochemical and electrochemical techniques
(solid line, Fig. 6) is taken into consideration, it can be verified
that the PAEC method is much more effective than the mere sum
of its parts. These results are in accordance with previously pub-
lished results for a Ti/Ru0.3Ti0.7O2 commercial DSA® material [10],
demonstrating the repeatability of the results. There is no signif-
icant difference in the extent or rate of removal for the different
electrodes studied during the PAEC degradation. In all cases the
removal of atrazine presents pseudo 1st order kinetics (Fig. 7), again
in agreement with previous studies [10]. The value of the rate con-
stant does not vary significantly for the different materials, being
in the region of 0.6/7 × 10−3 s−1 when the photo-assisted method
is applied, again in agreement with values previously obtained pre-
vious studies from this laboratory [10].

There are probably two main reasons for the increase in the rate
of atrazine removal using the PAEC system: (1) involvement of the
electrochemically inert TiO2 in the photo-catalytic process and (2)
of an external electric potential, which is known to increase the
degradation efficiency [25].

It is interesting to note that the use of “non-active” materials
(i.e. SnO2) does not result in an increase in the rate of degrada-

ation; (solid line) after 30 min of EC degradation and (dashed line) after 30 min of
file for Atrazine degradation at a Ti/Ru0.3Sn0.7O2 electrode at 10 mA cm−2: (�) EC;
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ig. 7. Pseudo 1st order plot for (©) PAEC and (�) EC degradation at 10 mA cm−2;
or the Ti/Ru0.3Sn0.7O2 electrode in 0.033 mol L−1 Na2SO4 + 20 mg L−1 atrazina.

ion compared to the “active” electrode. This is probably due to
he fact that atrazine is extremely difficult to degrade and that
here is little evidence of an adsorption process occurring (when
he voltammograms in Fig. 5 are considered).

For any prospective treatment process the extent of the electri-
al energy spent to oxidize/reduce a given species is of extreme
mportance. In many so-called Advanced Oxidation Processes the
emoval of a given pollutant follows pseudo 1st order kinetics and
he Electrical Energy per Order (EEO/kWh order−1) can be applied
26]. In the current study, the electrical energy per order for a batch
rocess can be applied as

EO = (Pel)(t)
(V)(log(ci/cf)

(2)

here Pel is the electrical power input in kW, t is the time in h, V
s the solution volume in m3, and ci and cf are the initial and final
oncentrations, respectively, of the substance of interest. The use

f Eq. (1) implicitly implies 1st order kinetics.

Fig. 8 presents the variation of the EEO as a function of the
nO2 content of the electrode. One very interesting point is the fact
hat for the purely electrochemical system the efficiency increases
ith increasing SnO2 content, which can probably be attributed

ig. 8. Variation of the EEO as a function of SnO2 content (%) for (�) EC and (©) PAEC
egradation at 10 mA cm−2.
Fig. 9. Removal of COD as a function of SnO2 content (%) for (�) EC and (©) PAEC
degradation at 10 mA cm−2. Electrolysis time: 120 min.

to the non-active nature of this material, according to the mecha-
nism proposed by Comninellis [23]. The non-active nature of SnO2
would promote the formation of hydroxyl radicals (HO•) which
promote less selective, but more rapid, degradation. When the
combined method is used, there is little difference in the energy
consumed between the electrodes. Although there is an increase
in the EEO value as the SnO2 content increases, this is proba-
bly due to the resistivity of the material, which increases as the
SnO2 also increases and thus increases the consumption (Eq. (1)).
The lowest EEO value obtained is for the Ti/Ru0.3Sn0.7O2 material
at 0.64 kWh m−3 order−1, which is lower than that obtained for
Ti/Ru0.3Ti0.7O2 commercial DSA® material (0.79 [10]).

In Brazil, electricity (kWh) is presently sold at R$ 0.30/kWh
[27] (Brazilian reals). As the Brazilian real currently translates
to approximately US$ 1 = R$ 1.80, 1 kWh would cost US$ 0.17.
The lowest EEO value obtained is for the Ti/Ru0.3Sn0.7O2 material
at 0.64 kWh m−3 order−1, which is lower than that obtained for
Ti/Ru0.3Ti0.7O2 commercial DSA® material (0.79). This would result
in a price of US$ 0.11 m−3 order−1 or US$ 0.11 to reduce the atrazine

present in 1 m3 by one order of magnitude.

Fig. 10. Correlation between the morphology factor and the amount of COD
removed during PAEC degradation at 10 mA cm−2.
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.3.2. COD removal
A fundamental aspect of any prospective treatment system is the

bility to remove organic load. In the present study is this parame-
er was investigated by determining the level of Chemical Oxygen
emand (COD) before and after the degradation. Fig. 9 presents

he level of COD removal for the electrodes under study. It is pos-
ible to identify that the extent of COD removal is greater as the
nO2 content increases and reaches a maximum of ∼21% for the
i/Ru0.1Sn0.9O2 after 120 min. However, it should be noted that
he level of COD removal is much less than for the Ti/Ru0.3Ti0.7O2
ommercial DSA® material (∼79% removal [10]).

An interesting linear correlation of the extent of COD removal
ith the morphology factor can be seen in Fig. 10. This indicates

hat the internal area of the electrode plays a part in the degrada-
ion of atrazine by-products. Such a correlation is not possible for
he purely electrochemical degradation method as the values are
xtremely low.

. Conclusions

The results obtained demonstrate the effectiveness of the photo-
ssisted electrochemical degradation of organic molecules. The
fficiency of atrazine degradation does not seem to be greatly
ffected by the electrode material or by SnO2 content, but the over-
ll COD removal is dependent on the SnO2 content. Overall, the
nO2-containing electrodes do not reach the level of COD removal
een for the Ti/Ru0.3Ti0.7O2 materials.

Previous studies in this laboratory have shown that atrazine is
xtremely difficult to degrade by purely electrochemical methods
r without the formation of a strong oxidizing agent. In this light it
s interesting to suggest that the increased level of COD removal is
robably due to the formation of smaller degradation products that
an then migrate to the inner sites and undergo further degrada-
ion. The fact that SnO2 is also more effective at producing strong
xidizing agents would then result in a more rapid rate of COD
emoval:

trazine
Surface PAEC−→ Smaller Species

internal EC−→ CO2
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