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a b s t r a c t

Electrochemical oxidation of O-Toluidine (OT) was studied by galvanostatic electrolysis using lead dioxide
(PbO2) and boron-doped diamond (BDD) as anodes. The influence of operating parameters, such as current
density, initial concentration of OT and temperature was investigated. Measurements of chemical oxygen
demand were used to follow the oxidation. The experimental data indicated that on PbO2 and BDD anodes,
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OT oxidation takes place by reaction with electrogenerated hydroxyl radicals and is favoured by low
current density and high temperature. Furthermore, BDD anodes offer significant advantages over PbO2

in terms of current efficiency and oxidation rate.
© 2009 Elsevier B.V. All rights reserved.
oron-doped diamond
astewater

. Introduction

Effluents from textile and paper industries contain large
uantities of organic compounds and reactive dyes. These non-
iodegradable pollutants must be treated before water discharge.

The commonly employed methods for colour removal are
dsorption [1], coagulation [2], chemical oxidation with ozone [3]
nd advanced oxidation processes [4–6]. However, these processes
re quite expensive and involve several operational problems. For
hese reasons, there has been an increasing interest in the use of
ew methods such as electrochemical oxidation [7,8].

Many studies have been carried out on electrochemical treat-
ent of organic compounds and several anode materials have been

ested. However, some of them have been shown to rapidly lose
fficacy due to surface fouling, while others have only selectively
xidized pollutants without their complete incineration. Complete
ineralization of organics to CO2 has only been obtained using

igh oxygen overvoltage anodes, such as SnO2 [9,10], PbO2 [10–12]
nd BDD [13]. These electrodes produce hydroxyl radicals from
he water discharge on their surfaces. For this kind of electrodes,
ery high current efficiencies may be obtained, and complete min-

ralization of the organic compounds can be achieved. However,
ommon drawbacks of SnO2 and PbO2 are a short service-life [14],
hile BDD anodes have good chemical and electrochemical stabil-

ty even in strong aggressive media, long life, and a wide potential
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window for water discharge. It has been demonstrated that many
biorefractory compounds such as phenols [15,16], chlorophenols
[11,17,18], pesticides [19,20], and industrial wastes [21] can be com-
pletely mineralized with high current efficiency, even close to 100%,
using BDD anodes.

O-Toluidine was chosen as model substrate because it was
largely used in the production of azo-dyes but was biorefractory
and the chemical oxidation process, such as ozone [25] has some
drawbacks including the production of large quantities of sludge or
the high cost of ozone.

The aim of this work was to investigate and to compare the
behaviour of BDD and PbO2 anodes during bulk oxidation of OT.
Furthermore, the influence of the main operating parameters, such
as current density, concentration and temperature affecting OT oxi-
dation, has been investigated for each electrode.

2. Experimental

2.1. Preparation of the Ta/PbO2 electrode

The deposit of lead dioxide was made by electrochemical oxida-
tion of an aqueous solution of lead nitrate on a rectangular tantalum
plate. Tantalum has been chosen for reasons of chemical and
electrochemical stability. From the potential–pH equilibrium data,

tantalum undergoes passivation on contact with aqueous solution
by formation of a non-conducting oxide layer Ta2O5 [26]. The tanta-
lum surface is chemically stripped for 30 s in 40% hydrofluoric acid
at room temperature. This chemical treatment dissolves the layer
of tantalum oxide. The lead dioxide was galvanostatically deposited

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sourour.chaabane@fss.rnu.tn
dx.doi.org/10.1016/j.jhazmat.2009.05.058
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Fig. 1. Influence of applied current density: (�) j = 20 mA cm−2; (�) j = 50 mA cm−2;
(�) j = 100 mA cm−2 on the trends of COD and ICE during electrolysis of 10−4 M OT;
electrolyte 0.15 M Na2SO4, using PbO2 anode. T = 50 ◦C and pH 6.

Fig. 2. Influence of the initial OT concentration (�) 10−4 M; (�) 5 × 10−4 M; (�)
10−3 M on the trends of COD during electrolysis, using PbO2 anode; electrolyte:
0.15 M Na2SO4; j = 20 mA cm−2; T = 50 ◦C and pH 6.
E. Hmani et al. / Journal of Haza

sing a single compartment cell (V = 200 cm3) thermoregulated at
5 ◦C. The anolyte was an aqueous solution containing lead nitrate
t a concentration of 1 M. The cathode was a cylindrical mesh made
f platinum. The deposition of PbO2 was carried out for 2.5 h, using
n anodic current density of 20 mA cm−2. The average mass of PbO2
as 0.18 g cm−2. The deposit obtained is mat grey, adherent, regular

nd uniform.

.2. Boron-doped diamond Si/BDD electrodes

The boron-doped diamond electrodes were kindly supplied by
SEM (Centre Swiss d’Electronique et de Microtechnique, Neuchâ-
el, Switzerland). It was synthesized by the hot filament chemical
apour deposition technique (HF-CVD) [27] on single-crystal p-type
i(1 0 0) wafers (1–3 m� cm, Siltronix). The doping level of boron in
he diamond layer, expressed as B/C ratio, was about 3500 ppm. The
esulting diamond film thickness was about 1 �m with a resistivity
f 10–30 m� cm. The electrode area is 6 cm2.

.3. Electrolysis

The electrolyses of the OT aqueous solution have been carried
ut in a two compartments thermostatted cell under different cur-
ent densities, temperatures and OT concentrations. BDD and PbO2
ere used as anode. The cathode was a graphite bar (ϕ = 1 cm;
= 6 cm) placed in a porous ceramic cylinder (Norton, RA 84) con-

aining 1 M sulfuric acid solution. The anode was placed in front
f the cathode. The geometric working surface of each anode was
cm2.

Chemical oxygen demand (COD) was determined using the
eactor Digestion Method based on the method of acidic oxidation
y bichromate.

The instantaneous current efficiency (ICE) of the electrolysis,
hich was an average value, was calculated from the values of the

OD using the relationships [22].

CE = CODt − CODt+�t

8I�t
FV (1)

here CODt and CODt+�t are the chemical oxygen demands at times
and t + �t (in g O2 L−1), respectively, and I is the current (A), F
as the Faraday constant (96487 C mol−1), V is the volume of the

lectrolyte (L).

. Results and discussion

.1. Electrolysis on PbO2 anode

.1.1. Effect of current density
Fig. 1 shows the trend of the COD/COD0 ratio and current effi-

iency during the anodic oxidation of 10−4 M of OT on the PbO2
lectrode at different current densities.

At high current density (100 mA cm−2) the efficiency and COD
emoval were lower due to an increase in the parasitic reaction
f oxygen evolution (Eq. (1)), as already found [23] during OT
egradation on a Ta/PbO2 anode and probably to the reaction of
eroxodisulfuric acid formation (Eq. (2)) [24].

H2O → O2 + 4H+ + 4e− (2)

H2SO4 → H2S2O8 + 2H+ + 2e− (3)

.1.2. Effect of the initial OT concentration

Fig. 2 shows the effect of the initial concentration of OT on the

rend of COD/COD0 ratio and ICE during galvanostatic electrolysis
j = 20 mA cm−2) at 50 ◦C.

It can be observed that the degradation increases with the
ecrease of OT concentration. Furthermore, COD decreased expo-

Fig. 3. Linear regression for OT disappearance with time during electrochemical oxi-
dation on a Ta/PbO2 anode for different concentrations: (�) 10−4 M; (�) 5 × 10−4 M;
(�) 10−3 M; j = 20 mA cm−2, T = 50 ◦C and pH 6.
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Fig. 4. Influence of temperature: (�) T = 30 ◦C; (�) T = 50 ◦C, (�) T = 70 ◦C on the
trends of COD during electrolysis of 10−4 M OT; electrolyte 0.15 M Na2SO4; using
PbO2 anode; j = 20 mA cm−2 and pH 6.

Fig. 5. Influence of applied current density: (�) j = 30 mA cm−2; (�) j = 50 mA cm−2;
(�) j = 100 mA cm−2 on the trends of COD and ICE during electrolysis of 10−4 M OT;
electrolyte 0.15 M Na2SO4; using BDD anode. T = 50 ◦C and pH 6.

Fig. 6. Influence of the initial OT concentration: (�) 10−4 M; (�) 5 × 10−4 M; (�)
10−3 M on the trends of COD during electrolysis, using BDD anode; electrolyte: 0.15 M
Na2SO4; T = 50 ◦C; j = 50 mA cm−2 and pH 6.

Fig. 7. Linear regression for OT disappearance with time during electrochemical
oxidation on a BDD anode for different concentrations: (�) 10−4 M; (�) 5 × 10−4 M;
(�) 10−3 M; j = 50 mA cm−2, T = 50 ◦C and pH 6.

Fig. 8. Influence of temperature (�) T = 30 ◦C; (�) T = 50 ◦C, (�) T = 70 ◦C on the trends
of COD and during electrolysis of 10−4 M OT; electrolyte 0.15 M Na2SO4, using BDD
anode; j = 50 mA cm−2.

Fig. 9. Comparison of the trend of COD during the oxidation of 10−4 M OT in 0.15 M
Na2SO4, using (�) BDD and (�) PbO2 anode; j = 50 mA cm−2. T = 50 ◦C and pH 6.
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entially and ICE was below 100%. This indicated that the oxidation
s under mass transport control. In fact the theoretical model devel-
ped by Panizza et al. [24] showed that:

app < jlim under current control COD(t) = COD0
(

1 − ˛Akm

V
t
)

(4)

app > jlim under mass transport control

COD(t) = ˛ COD0 exp
(

−Akm

V
t + 1 − ˛

˛

)
(5)
here jlim and japp are the limiting current density and the
pplied current density, respectively. ˛ = j/jlim, V = cell volume (m3),
m = mass transport coefficient (m s−1), A = electrode area (m2) and
OD0 = initial COD (mol O2 m−3).

Fig. 10. Proposed reaction mechanism for
Materials 170 (2009) 928–933 931

The variation of COD with time (see Fig. 2) showed a pseudo
first-order kinetic, typical of reactions controlled by mass transport.
Considering that the rate equation of this reaction can be written as:

dCOD
dt

= −k[OH•]˛COD = −kappCOD (6)

We suppose that hydroxyl radicals concentration is constant during
the electrolysis (k[OH•]˛ = kapp). ˛ is the reaction order relating to
the hydroxyl radicals, k the real rate constant and kapp is the appar-
ent rate constant. The above equation can be solved as follows:
the electrochemical oxidation of OT.

ln
COD0

COD
= −kappt = −km

A

V
t

Fig. 3 shows that ln COD0/COD increases linearly with time,
confirming a mass transport process.



9 rdous

3

C
a
p
d
e
f

3

3

t
d
t
a
P

3

t
s
w
t
s
a

3

t
t
a
a
t
m
o

3
B

i
r
1
w
I
h

t
a
r
a
t
e

v
i
c
i
d

4

e

[

[

[

[

[

[

[

[

[

[

[

32 E. Hmani et al. / Journal of Haza

.1.3. Effect of temperature
Fig. 4 shows the influence of temperature on the variation of

OD/COD0, during galvanostatic electrolysis (j = 20 mA cm−2). The
nalysis of this figure shows that COD removal increased with tem-
erature. However, at temperature 70 ◦C there was an anomaly
uring the first 5 h of electrolysis, this result can be probably
xplained by a polymerization of OT on PbO2 anode which was
avoured at high temperature.

.2. Electrolysis on BDD anode

.2.1. Effect of current density
Fig. 5 shows the trend of the COD and current efficiency during

he oxidation of 10−4 M of OT at BDD electrode at different current
ensities. An increase of the current density resulted in a decrease of
he oxidation rate because of the side reactions of oxygen evolution
nd peroxodisulfates formation, similar to the result found at the
bO2 anode [24].

.2.2. Effect of initial OT concentration
Fig. 6 shows the trend of the OT concentration during the oxida-

ion of OT on BDD at 50 mA cm−2. This figure reveals an evolution
imilar to those obtained at the Ta/PbO2 where the degradation rate
as more significant as the concentration was small. In other terms

he kinetics of degradation of OT was controlled by mass transport
uggesting a pseudo first-order kinetic as in the case of Ta/PbO2
node (Fig. 7).

.2.3. Effect of temperature
Fig. 8 shows the variation of COD according to the time of elec-

rolysis of the OT at various temperatures. This figure shows that
he higher was the temperature the better was the oxidation. With
temperature of 70 ◦C the complete OT mineralization was reached
t the end of 180 min while at a temperature of 30 ◦C mineraliza-
ion was reached only at the end of 420 min. This shows that the

ore the temperature was significant the more the oxidation of the
rganic pollutant was effective.

.3. Comparison between two materials of electrode: PbO2 and
DD

Fig. 9 shows the comparison of the trend of COD/COD0 ratio dur-
ng the oxidation of 10−4 M OT using PbO2 and BDD anodes at a cur-
ent density of 50 mA cm−2 and at 50 ◦C. It can be observed that after
0 Ah L−1, the percent removal of COD can reach 95% on BDD anode
hereas it was only about 50% on PbO2 anode. Furthermore, the

CE measured during the oxidation of OT with the BDD was always
igher than that of the ICE obtained using the PbO2 (inset of Fig. 9).

This result can be related to the adsorption properties of these
wo materials. In fact, it is well known that BDD anode has weak
dsorption properties compared with PbO2 anode, thus hydroxyl
adicals electrogenerated on BDD anode were very weakly adsorbed
nd consequently more reactive towards organic oxidation reac-
ions [22]. We can conclude that the BDD anode was the most
ffective electrode to degrade the OT.

Taking into account the effect of the hydroxyl radicals which are
ery powerful oxidizing agents able to react with organics lead-
ng to the dehydrogenated or hydroxylated derivatives till their
omplete mineralization (i.e., their conversion into CO2, water and
norganic ions), a general reaction sequence for the electrochemical
egradation of OT is proposed in the Fig. 10.
. Conclusion

In this paper, the electrochemical oxidation of OT on different
lectrode materials such as the PbO2 and BDD anodes has been

[

Materials 170 (2009) 928–933

studied. The results of bulk electrolysis performed under different
experimental conditions have shown the following:

• Using the lead dioxide anode and the BDD, the mineralization
of OT was obtained independently of the applied current density,
due to the production of hydroxyl radicals on the electrode surface
during electrolysis in the potential region of water oxidation.

• OT oxidation was a diffusion-controlled process and faster COD
removal was obtained at low current densities.

• A comparison of the data obtained with the two electrode
materials, each at its optimum experimental conditions, showed
that faster OT mineralization and higher current efficiency were
achieved using the BDD anode.

• During the OT oxidation, an increase in temperature significantly
improves the percentage of OT elimination.

• The results of bulk electrolyses confirm the advantages of the BDD
over the PbO2.
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