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bstract

This paper presents the study of the electrochemical oxidation of the pesticide atrazine at a Ti/Ru0.3Ti0.7O2 dimensionally stable anodes (DSA®).
he effect of using different supporting electrolytes (NaCl, NaOH, NaNO3, NaClO4, H2SO4 and Na2SO4) during the galvanostatic electrolysis of
trazine was investigated. It was observed that the removal of atrazine and total organic carbon (TOC) was only achieved at appreciable rates when
aCl was used as the supporting electrolyte, due to the oxidising species formed in this electrolyte (e.g. ClO−). Variation of the NaCl concentration
emonstrated that, although only low concentrations of NaCl are necessary to result in the complete removal of atrazine in solution, TOC removal
s almost linearly dependent on the quantity of NaCl in solution. Examination of the applied current density indicates that the efficiency of TOC

emoval reaches a maximum at 60 mA cm−2. Testing of alternative electrode materials containing SnO2 did not improve the efficiency of atrazine
emoval in Na2SO4, but in NaCl a small increase was observed. Overall there appears to be no great advantage in using SnO2-containing electrodes
ver the Ti/Ru0.3Ti0.7O2 electrode.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The disposal of pesticide-containing waste is a problem of
orldwide concern, with almost every stage of pesticide use

nvolving the formation of wastes [1], which can contain sub-
tances that are strictly controlled by regulatory bodies. The
resence of large stocks of pesticides that are unusable, either
ue to the fact that they are banned or have exceeded their self-
ife, is of great concern – especially in developing countries [2].

Methods for the disposal and degradation of pesticide waste

ave recently been well reviewed by Felsot and co-workers [1,3].
arious methods for pesticide treatment are available, according

o the World Health Organisation these include high tempera-

Abbreviations: DSA®, dimensionally stable anode; TOC, total organic
arbon; BDD, boron doped diamond electrodes; RHE, reversible hydrogen
lectrode; OER, oxygen evolution reaction; Q*, anodic charge in supporting elec-
rolyte between 0.4 and 1.4 V versus RHE; QSE, anodic charge in supporting elec-
rolyte between 0.4 and 1.6 V versus RHE; QSE+atra, anodic charge in supporting
lectrolyte + atrazine (20 mg L−1) between 0.4 and 1.6 V versus RHE; %Q, per-
entage variation of QSE+atra compared to QSE ([QSE+atra/QSE] × 100); EEO,
nergy per order (kW h m−3 order−1)
∗ Corresponding author. Tel.: +55 16 33739932; fax: +55 16 33739952.
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ure incineration, chemical treatment or removal to specially
ngineered landfill sites [2]. However, it is possible that such
ethods may simply result in the “relocation” of the problem.

n this context the development of clean methods of pesticide
isposal is required. It is argued that there is a need for the
evelopment of treatment systems that can be used by small-
cale users or at least as a mobile treatment system that can be
hared between various users [1].

Amongst the possible methods of treatment of pesticides,
zonation [4], oxidation with Fenton’s reagent (with and with-
ut UV–vis radiation) [5], photodegradation in general [6] and
hotocatalysis [7] with TiO2 have been investigated for a wide
ariety of pesticides.

A relatively unexplored treatment method for oxidation of
esticides is the electrochemical route. Since the 1990s, electro-
hemical methods have been widely studied for the removal of
rganic substances and a number of reviews are available in the
iterature [8–10]. The advantages of electrochemical treatment
re various and well documented: the catalyst/electrode is immo-

ilised (thus reducing the need to separate the catalyst from the
eaction mixture), the variables (i.e. current and potential) are
asily controlled and facilitate automation of a process and the
ost of the equipment is generally not that high [10]. In addition,

mailto:gmalpass@iqsc.usp.br
dx.doi.org/10.1016/j.jhazmat.2006.02.045
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All electrochemical measurements (cyclic voltammetry and
galvanostatic electrolyses) were performed using a potentio-
stat/galvanostat (Autolab, model SPGSTAT30).
66 G.R.P. Malpass et al. / Journal of Ha

lectrochemical processes are easily adapted for use in flow sys-
ems [10], a fact that is considered important for the feasibility
f pesticide treatment systems [1]. Small-scale electrochemi-
al treatment systems that are ideal for mobile applications are
ommercially available.

In recent studies Vlyssides and co-workers studied the elec-
rooxidation of various organophosphorous pesticides – methyl-
aration [11,12]; phosalone, azinphos-methyl, methidathion
13]; Demeton-S-methyl, metamidophos, fenthion, Diazion
14]. The authors studied the oxidation of varying pesticides
n brine solutions using Ti/Pt anodes. Good removal rates were
bserved and it is suggested that electrochemical methods can
e used as a pre-treatment step in pesticide waste disposal
13,14]. However, from a cost and practical point of view, the
se of Pt electrodes is not ideal, especially when oxidising
rganic waste where “poisoning” of the electrode can occur.
ecently, Polcaro et al. [15] demonstrated that atrazine can
e electrochemically oxidised at high potentials using boron
oped diamond electrodes (BDD). The authors demonstrated
hat high levels of TOC can be removed and that the reaction is
H-dependent.

Amongst the possible electrode materials, the so-called
imensionally stable anodes (DSA®) have received considerable
ttention in recent years [16]. DSA® are promising materials
or many electro-organic applications and have been classified
s ‘active’ or ‘non-active’ [16,17], depending on the electrode
aterial. Active electrodes mediate the oxidation of an organic

pecies via the formation of higher oxides of the metal (MOx+1),
here there is a higher oxidation state available (e.g., RuO2
r IrO2). This leads to selective oxidation. Non-active elec-
rodes present no higher oxidation state available and the organic
pecies is directly oxidised by an adsorbed hydroxyl radical, giv-
ng complete combustion (e.g., SnO2 or PbO2). A wide variety
f organic compounds have been studied with a view to possi-
le waste treatment systems. Organic compounds that have been
tudied using DSA® type electrodes include formaldehyde [18],
-chlorophenol [19], chloroanilic acid [20], Olive oil wastew-
ter [21], tannery wastewater [22] and wastewater containing
aphthalene- and anthraquinone-sulphonic acids [23], to men-
ion some recent examples.
Atrazine (Fig. 1), a widely used triazine herbicide, was cho-
en as the target molecule for the present study. Atrazine is used
n a wide spectrum of crops, including corn, sorghum, sugar-

Fig. 1. Chemical structure of atrazine (2-chloro-4-ethylamino-1,3,5-triazine). F
us Materials B137 (2006) 565–572

ane, Christmas trees and residential lawns [24]. The activity of
trazine is due to its ability to inhibit photosynthesis in plants
24] and, although it does not present a great risk to human
ealth, in aquatic environments atrazine is highly acutely toxic
o aquatic invertebrates. Such factors make it necessary to con-
rol the release of atrazine in to the environment.

This paper presents the study of a prospective electro-
hemical treatment system for atrazine using a commer-
ial Ti/Ru0.3Ti0.7O2 electrode. The effect of using differ-
nt supporting electrolytes (NaCl, NaOH, NaNO3, NaClO4,
2SO4 and Na2SO4), varying the NaCl concentration (0.0125–
.10 mol L−1) and current density (10–120 mA cm−2) upon
he rate of atrazine and total organic carbon (TOC) removal
re investigated. The results are also compared with those
btained for other, laboratory-made, electrodes that contain
nO2 (Ti/Ir0.01Sn0.99O2 Ti/Ir0.01Ru0.01Sn0.99O2).

. Experimental

.1. Cells and equipment

A single compartment electrochemical cell made of
lass was employed using a typical three-electrode arrange-
ent (Fig. 2). The working electrode was a DSA® disk

φ = 1 cm) and the counter-electrodes were two platinum foils
1 cm × 1 cm) positioned parallel to the working electrode. All
otentials are referred to the reversible hydrogen electrode
ig. 2. Single compartment electrochemical cell used in the oxidation assays.
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tinct forms of behaviour can be observed: in 0.033 M Na2SO4,
0.10 M NaClO4, 0.10 M NaOH and 0.033 M H2SO4 the voltam-
metric profile presents almost no alteration. On the other hand, in

Table 1
Variation of the anodic charge in the absence (QSE) and presence (QSE+atra) of
atrazine (20 mg L−1)

Electrolyte Charge (Q C cm−2)

QSE (0.4–1.6 V) QSE+atra (0.4–1.6 V) %Q

0.033 M H2SO4 0.535 0.535 ∼0
0.033 M Na2SO4 0.034 0.034 ∼0
G.R.P. Malpass et al. / Journal of Ha

.2. Analyses

Analyses of the reaction products were performed using
PLC (Shimadzu LC-10AD VP) with a reverse phase column

LC-18, Supelcol). The eluent was acetonitrile/water (1:1, v/v).
he concentration of atrazine was monitored using an ultravi-
let detector (SPD-10A VP) at λ = 221 nm [15]. The extent of
rganic removal was also studied by total organic carbon (TOC)
nalysis (TOC – VCPH, Shimadzu).

.3. Reagents

All the salts employed in this study (NaCl, NaOH, NaNO3,
aClO4, H2SO4 and Na2SO4) were obtained from Mallinckrodt

nd used without further purification. The sample of atrazine was
btained direct from the manufacturer (name withheld) and used
ithout further purification.
All the concentrations of the different salts were adjusted so

hat the ionic strength remained constant in all experiments.

.4. Procedure

In each galvanostatic electrolysis 75 cm−3 of a solution of
trazine (20 mg L−1) was transferred to the electrochemical cell.
ll experiments were performed at 25 ± 2 ◦C. The appropriate

urrent density was applied and aliquots (1 cm−3) of the reaction
ixture were removed, at predetermined intervals during the

xperiment, and submitted for analysis.

. Results and discussion

.1. Cyclic voltammetry – effect of electrolyte

Prior to each galvanostatic oxidation assay, cyclic voltamme-
ry investigations were performed in order to electrochemically
haracterise the Ti/Ru0.3Ti0.7O2 electrode. Cyclic voltammetry
s a useful technique for probing the processes that occur at the
lectrode/solution interface [25]. The measurement of the cur-
ent that results as the potential is varied can provide valuable
nsight into the reactions that occur at the electrode surface. It is
idely accepted that cyclic voltammetry offers the most sensi-

ive in situ characterisation of oxide materials [26]. In the case of
he oxides used in this study, the voltammetric experiment is per-
ormed in the potential region where no permanent modification
f the oxide surface occurs (0.4–1.4 V versus RHE). The anodic
harge passed in this region (Q* – measured in coulombs (C)) is
enerally considered to be a measure of the electrochemically
ctive surface area [26]. However, in order for the oxidation of
rganic species to occur at oxide electrodes, potentials that enter
he region of the oxygen evolution reaction (OER), i.e. >1.4 V,

ust be applied [27]. Authors have proven that the simultaneous
2 evolution is the key in the organic oxidation process at such

lectrodes [27]. Fig. 3 presents the cyclic voltammetric profiles

f the Ti/Ru0.3Ti0.7O2 electrode in two of the electrolytes studied
0.1 mol L−1 NaCl and 0.033 mol L−1 NaClO4).

In both NaCl and NaClO4 the Ti/Ru0.3Ti0.7O2 anode presents
eatures that are typical of this electrode in the supporting elec-

0
0
0
0

ig. 3. Voltammetric profiles of the Ti/Ru0.3Ti0.7O2 electrode in (a) 0.1 mol L−1

aClO4 and (b) 0.1 mol L−1 NaCl, in the absence (solid line) and in the presence
f 20 mg L−1 atrazine. v = 50 mV s−1.

rolytes employed. Between the potential limits of 0.4–1.4 V the
oltammogram is featureless, at potentials above this the oxy-
en evolution reaction (OER), which is characterised by a rapid
ncrease in the current, occurs. In this study the voltammetric
harge used for comparison is that calculated between 0.4 and
.6 V and is denoted as QSE and QSE+atra in the absence and
resence of atrazine, respectively. This was done in order to
imulate electrolysis conditions (i.e. oxidation with simultane-
us O2 evolution [17]). In the presence of atrazine (20 mg L−1)
here is little or no apparent difference in the voltammetric pro-
le (Fig. 3) in Na2SO4, H2SO4 and NaCl, all of which present
percentage variation in the voltammetric charge (%Q) of zero

Table 1). For 0.10 mol L−1 NaOH, 0.10 mol L−1 NaNO3, and
.10 mol L−1 NaClO4, an increase in the voltammetric charge
an be observed (Fig. 3), indicating that there is a direct interac-
ion between the electrode and the atrazine molecule in solution
Table 1).

.2. Galvanostatic electrolysis

Galvanostatic electrolyses of atrazine solutions (20 mg L−1)
ere performed for 2 h at 40 mA cm−2, in the six different elec-

rolytes mentioned. After each electrolysis, cyclic voltammetry
as again performed in the electrolysed solution and two dis-
.10 M NaClO4 0.022 0.026 15.5

.10 M NaOH 0.436 0.465 6

.10 M NaCl 0.033 0.034 ∼0

.10 M NaNO3 0.032 0.035 8.5
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ig. 4. Voltammetric profile of the Ti/Ru0.3Ti0.7O2 electrode in 0.1 mol L−1

aCl + 20 mg L−1 atrazine, before (solid line) and after (dashed line) electrolysis
t 40 mA cm−2. v = 50 mV s−1.

.10 mol L−1 NaCl and 0.10 M NaNO3 there is a distinct change
n the voltammetric profile (Fig. 4). This fact indicates that the
roducts of oxidation in NaCl and NaNO3 are different from
hose formed in the other electrolytes and that the products inter-
ct with the electrode surface and thus alter the behaviour of the
lectrode.

Fig. 5 presents the variation of atrazine concentration with
lectrolysis time, for all the electrolytes studied. It can be
bserved that atrazine removal in electrolytes other than NaCl is
nly partial after 2 h of electrolysis, whereas in NaCl itself com-
lete removal is achieved in under 1 h. The quantities of atrazine
emoved are given in Table 2 and it is apparent that removal is
nly partial for all the electrolytes with NaNO3 presenting the
ighest extent of removal (19.2%).

For all electrolytes the decrease in the concentration of
trazine was observed to obey apparent 1st order kinetics

Fig. 6). The apparent 1st order constants (kap s−1), obtained
rom Fig. 6, are given in Table 2 and Fig. 7. From Fig. 7 it can
e observed that, excluding NaCl, it is apparent that the rate of
trazine removal is faster at values of pH in the range of 5.5–7

S
t
i

able 2
ata obtained during the galvanostatic oxidation of atrazine (20 mg L−1) in different

lectrolyte Ecell (V) Atrazine

Atrazine removal
(mg L−1)

Atrazine
removal (%)

k
(10−5

.033 M H2SO4 3.6 1.24 6.2 0.90

.033 M Na2SO4 4.4 3.08 15.4 2.40

.10 M NaClO4 5.2 1.65 8.2 2.05

.10 M NaOH 3.6 1.26 6.3 0.90

.10 M NaCl 4.9 ∼20.00 ∼100.0 192.00

.10 M NaNO3 5.9 3.85 19.2 3.00

a Literature values [32]: 2.81 (UV (λ = 253.7 nm); 0.90 (O3-UV); 1.67 (H2O2-UV)
ig. 5. Variation of atrazine concentration with time of electrolysis at
0 mA cm−2. (�) 0.1 mol L−1 NaCl, (©) 0.033 mol L−1 Na2SO4, (�)
.1 mol L−1 NaNO3, (�) 0.1 mol L−1 NaOH, (�) 0.1 mol L−1 NaClO4 and (�)
.033 mol L−1 H2SO4.

NaNO3, NaClO4 and Na2SO4) and seems not to be favoured
t extreme pH values (NaOH and H2SO4). This is in agreement
ith other oxidation studies [17] and also with field studies of

trazine degradation in soils [24].
As seen for the removal of atrazine, the highest TOC removal

33.2%) is achieved is when NaCl is used as the supporting
lectrolyte. All the other electrolytes studied present removals of
etween 6 and 9%. According to the literature, the increased rate
f organic removal is due to the formation of chlorine gas (Cl2)
nd hypochlorite (ClO−), which are both powerful oxidising
gents. Chlorine gas is formed at the anode according to [28]:

Cl− → Cl2 + 2e− (1)

he subsequent reaction of Cl2 with HO− formed at the cathode
esults in the formation of hypochlorite (ClO−):

− − −

2 2

ubsequently Cl2 and ClO− react to oxidise the organic in solu-
ion, resulting in an indirect oxidation mechanism. In the very
nitial stages of the experiment, it is probable that oxidation

electrolytes

TOC

s−1)
EEO

(kW h m−3 order−1)a
TOC removal
(%)

EEO

(kW h m−3 order−1)

80.43 5.9 226.96
97.62 6.7 243.24

135.07 8.6 221.70
212.99 6.6 202.14

1.36 33.2 46.56
104.72 8.9 242.67

; 0.102 (H2O2–O3); 0.182 (O3).
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Fig. 6. Pseudo-first order plot for atrazine degradation at 40 mA cm−2. (�)
0.1 mol L−1 NaCl, (©) 0.033 mol L−1 Na2SO4, (�) 0.1 mol L−1 NaNO3, (�)
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.1 mol L−1 NaOH, (�) 0.1 mol L−1 NaClO4 and (�) 0.033 mol L−1 H2SO4

atrazine]0 and [atrazine]t denote concentration at start and at time t during
lectrolysis, respectively.

s due to Cl2 dissolved in solution (e.g. hypochlorous acid –
OCl). However, as the electrolysis proceeds hypochlorite is

apidly produced [28] and, due to the greater solubility of ClO−
ver Cl− [29], it is probable that the predominant mechanism
n aqueous media is via ClO−. The chlorine evolution reaction
s a reaction that occurs relatively easily at a wide spectrum of
lectrodes [26]. In this way relatively high organic removal rates

re achieved when electrolysis is performed in the presence of
aCl.
On the other hand, in electrolytes other than NaCl, the reac-

ion mechanism occurs via the formation of elevated oxida-

ig. 7. Dependence of kap on the pH of the solution; inset: region of pH 5.6–6.2
xpanded.
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ion states [27]. The first step is the formation of an adsorbed
ydroxyl radical (•OH) on the oxide (MOx) surface:

Ox + H2O → MOx(•OH) + H+ (3)

he next step is the formation of and elevated oxidation state
MOx+1):

Ox(•OH) → MOx+1 + H+ (4)

ubsequently MOx+1 can oxidise the organic in solution (R (Eq.
5))) or continue to form O2 (Eq. (6)):

Ox+1 + R → MOx + RO (5)

Ox+1 → MOx + 1/2O2 (6)

rom the above reactions, it can be seen that the OER is a com-
eting reaction that reduces the efficiency of organic oxidation.
n fact, low coulombic current efficiencies for oxidation are gen-
rally observed at such electrodes (1–2% [30]). Moreover, the
ctive species (MOx+1) is only encountered at the electrode sur-
ace and does not diffuse in to the bulk of the solution. This
eans that oxidation relies on mass transport of the organic to

he electrode surface, whereas Cl2 and ClO− can lead to oxida-
ion in the bulk of the solution.

An important factor in the electrochemical treatment of
rganics is the energy necessary to remove the organic load.

parameter that has been used to determine the efficiency
f atrazine removal is the energy per order (EEO kW h m−3

rder−1) [31,32]. The EEO is determined according to [32]:

nergy consumption = 38.4Pel

Vk′
1

(7)

here Pel is the rated power (kW), V the cell volume and k′
1 is

he pseudo-first order rate constant.
As can be observed from Table 2, the EEO in the pres-

nce of NaCl is by far the lowest, indicating a consider-
ble energy saving over the other electrolytes. When com-
ared to other advanced oxidation processes (AOP) presented
he literature [31], the electrochemical system is not as effi-
ient as systems that employ O3 (0.90 for O3-UV, 0.102
or H2O2–O3 and 0.182 kW h m−3 order−1 for O3)), but more
fficient than other systems studied (1.67 for H2O2-UV and
.81 kW h m−3 order−1 for UV at λ = 253.7 nm). The results
ndicate that the use of supporting electrolytes other than NaCl
ould not be as economically attractive for the removal of

trazine.

.3. Effect of NaCl concentration

Considering the results presented above, it was decided to
tudy the effect of NaCl concentration. This was done in order
o investigate if the same extent of atrazine/TOC removal can be
chieved using smaller additions of NaCl, thus reducing the cost
f treatment. The concentration of NaCl was varied from 0.0125

o 0.1 mol L−1 and electrolyses at 40 mA cm−2 were performed
or each different concentration.

The extent of atrazine removal as a function of NaCl con-
entration was observed to be the same (∼100%) for all the
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Fig. 8. Dependence of (a) TOC removal an

oncentrations studied. The apparent 1st order rate constant did
ot vary significantly for the different NaCl concentrations stud-
ed, being approximately 1.90 × 10−3 s−1 at all concentrations.
his is interesting as it indicates that a smaller quantity of NaCl

s required to obtain total removal of the pesticide. This result
emonstrates that if the removal of atrazine were the sole objec-
ive of a treatment system, only low concentrations of NaCl
ould be required – thus reducing the cost of reagents.
Fig. 8a presents the extent of TOC removal as a function

f NaCl concentration. From Fig. 8 it can be observed that the
uantity of TOC removed is, in fact, dependent on the concen-
ration of NaCl in solution – something which is not true for
he removal of the pesticide in itself. In Fig. 8b it is possible to
bserve that EEO value for TOC removal decreases linearly with

aCl concentration. This indicates that although the removal of

trazine itself can be achieved relatively easily, the rate of organic
emoval is more complex and is a function of the concentration
f the species formed in Eqs. (1) and (2).

o
A
m
i

Fig. 9. Dependence of (a) TOC removal and (
EEO as a function of NaCl concentration.

.4. Effect of current density

If it is true that the rate of organic removal is function of the
pecies formed in Eqs. (1) and (2), it is interesting to investi-
ate the effect of electrochemically increasing the rate of their
ormation. This can be achieved by varying the applied cur-
ent density. The current density was investigated from 10 to
20 mA cm−2 for oxidation of atrazine in 0.1 M NaCl, which
s the concentration which gave the lowest energy consumption.
s observed for different concentrations, the removal of atrazine

s complete – even at 10 mA cm−2. Again indicating the ease
ith which atrazine can be removed form solution in the pres-

nce of NaCl. Fig. 9a presents the extent of TOC removal as a
unction of applied potential and demonstrates that the removal

−2
rganic content increases linearly between 10 and 60 mA cm .
t 60 mA cm−2 the quantity of TOC removed passes through a
aximum and then declines. As the current density increases,

t is probable that there is increased competition between the

b) EEO as a function of current density.
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Table 3
Data obtained during the galvanostatic oxidation of atrazine (20 mg L−1) at different electrodes

Electrode j (mA cm−2) Ecell (V) Atrazine TOC

Atrazine
removal (%)

EEO (kW h m−3 order−1) TOC removal
(%)

EEO (kW h m−3 order−1)

Ti/Ir0.01Sn0.99O2

0.033 M Na2SO4 40 6.0 16.69 125.97 4.24 498.96
0.10 M NaCl 40 4.5 100 1.25 30.94 51.04
0.10 M NaCl 60 5.9 100 1.64 35.15 58.70

Ti/Ir0.005Ru0.005Sn0.99O2

0.033 M Na2SO4 40 6.0 24.63 81.47 5.25 401.01
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0.10 M NaCl 40 4.8 100
0.10 M NaCl 60 6.1 100

ormation of Cl2 and O2 with the latter being favoured at the
otentials reached here. In actual fact, the available literature
26] suggests that an increase in the current density actually
avours chlorine evolution. However, the Ti/Ru0.3Ti0.7O2 elec-
rode presents a high internal surface area, to which rapid Cl−
iffusion from the bulk is difficult. This fact results in O2 evolu-
ion occurring preferentially at the more difficult-to-reach areas
f the electrode [26] – thus reducing the efficiency of Cl2 for-
ation.
A plot of EEO as a function of the current density results in

ehaviour that is analogous to that shown in Fig. 9a. This demon-
trates that the lowest value of EEO is achieved at 60 mA cm−2.
t higher current densities the operating potential increases and

eads to an increase in the energy consumption.

.5. Effect of electrode material

According to the active/non-active mechanism proposed by
omninellis [16,17], varying the electrode material makes it
ossible to form different oxidising species and thus modify the
xidation pathway. Active electrodes mediate the oxidation of
n organic species via the formation of higher oxides of the
etal (MOx+1), where there is a higher oxidation state avail-

ble (e.g., RuO2 or IrO2). This leads to selective oxidation.
on-active electrodes present no higher oxidation state avail-

ble and the organic species is directly oxidised by an adsorbed
ydroxyl radical, giving complete combustion (e.g., SnO2 or
bO2).

In this study two electrodes that contained SnO2 were tested
n order to compare with the Ti/Ru0.3Ti0.7O2 electrode. The elec-
rodes were of nominal composition Ti/Ir0.005Ru0.005Sn0.99O2
nd Ti/Ru0.01Sn0.99O2 and it was hoped that the presence of
nO2 in the oxide layer would aid the complete combustion
f atrazine to CO2 [16,17]. Electrolyses were performed at
0 mA cm−2 in 0.033 M Na2SO4 and at 40 and 60 mA cm−2

n 0.1 M NaCl in order to be compared with the electrolyses
reviously performed with the Ti/Ru0.3Ti0.7O2 electrode.

Table 3 presents the data for the oxidation of atrazine at

he SnO2-containing electrodes. In both 0.033 M Na2SO4 and
.1 M NaCl the behaviour of the electrodes is similar to that of
he Ti/Ru0.3Ti0.7O2 electrode. In NaCl the removal of atrazine
s complete at both current densities for both electrodes –
1.33 30.83 54.62
1.72 46.35 45.80

gain indicating that the important reaction is the formation
f Cl2 and ClO− whereas in Na2SO4 the removal of atrazine
s incomplete. Its apparent that in the presence of Na2SO4
he Ti/Ir0.005Ru0.005Sn0.99O2 and Ti/Ir0.01Sn0.99O2 electrodes
resent a more elevated level of atrazine removal compared to the
i/Ru0.3Ti0.7O2 electrode. However, TOC removal is lower for

he Ti/Ir0.01Sn0.99O2 and Ti/Ir0.005Ru0.005Sn0.99O2 electrodes
nd, overall, there is little advantage in using SnO2-containing
lectrodes over the Ti/Ru0.3Ti0.7O2 electrode.

. Conclusions

The results demonstrate that the electrochemical removal of
trazine is pH-dependent in electrolytes where no species that
esults in oxidation in the bulk of the solution is formed. In
uch electrolytes, the removal of atrazine and TOC is limited.
n the presence of NaCl atrazine and TOC are removed at much
reater rates. The atrazine concentration is observed to rapidly
each completion, even at low NaCl concentrations. On the other
and, TOC removal is directly dependent on the quantity of
aCl and its electrochemically generated oxidising agents in

olution, with 0.10 mol L−1 NaCl (highest concentration used)
iving the best results. The results indicate that increasing the
urrent density results in a maximum TOC removal of ∼46%
t the Ti/Ir0.005Ru0.005Sn0.99O2 electrode, a value that is not
ttained by the SnO2-containing electrodes used in this study.
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