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This paper describes the development of electrochemical processes for the oxidative degradation of
toxic organic chemicals in waste waters. Doped bismuth lead dioxide anodes have been tested by the
kinetic study of phenol anodic oxidation in aqueous solution. The main products during oxidative
degradation of phenol are 1,4-benzoquinone, maleic acid and carbon dioxide. Several deposits of
Bi2O5±PbO2 on Ti/(IrO2±Ta2O5) substrates have been prepared by anodic oxidation of Pb2+ and
Bi3+ in aqueous solutions containing perchloric acid to increase the solubility of bismuth. To study
the e�ect of perchlorate ions, the e�ciency of the PbO2 deposit prepared from lead nitrate in an
aqueous solution (pure PbO2) was compared with that of a deposit prepared from perchloric acid
solution (perchlorate doped PbO2). Although the phenol is oxidized at the same rate on the two
deposits, the charge corresponding to the total elimination of 1,4-benzoquinone is three times higher
for perchlorate doped PbO2 than for pure PbO2. Phenol degradation is more e�ciently carried out on
a PbO2 anode doped with perchlorate and with bismuth than on the same electrode doped only with
perchlorate. Among the electrodes tested in this work, the pure PbO2 anode is the most e�cient for
phenol degradation. It is assumed that certain active sites on the anode occupied by perchlorate ions
do not participate in the transfer of oxygen atoms and that for the PbO2 electrode doped with
bismuth, oxygen evolution is favoured to the detriment of oxygen atom transfer.
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1. Introduction

Industrial e�uents containing toxic and/or biore-
fractory products are presently a serious environ-
mental problem due to the increasing severity of the
legislation on acceptable limits and to the lack of
general treatment methods. Among aqueous indus-
trial e�uents, those containing organic pollutants
cause problems due to the high activation energy
barrier for chemical oxidation reactions and to the
complexity of the degradation mechanisms. The
electrochemical method can be used for partial or
total degradation of toxic organic substances. Many
organic compounds in aqueous solution can be ox-
idized on an anode by direct electron or oxygen atom
transfer; the oxidation can go right to the carbon di-
oxide and water via successive reactions each one has
several steps: mass transport, adsorption, direct or
indirect reaction at the surface of the electrode [1±5].

The electrochemical reactivity of each organic
compound depends on the anode material used. In
fact, while spontaneous, the oxidation reactions by
oxygen transfer are characterized by low rate con-
stants when carried out on traditional electrode ma-

terials such as Au, Pt, C... [1, 2, 6±12]. It is now
thought that the step preceding the transfer of an
oxygen atom in the oxidation mechanism of organic
substances in aqueous solution is the discharge of the
water molecule leading to an adsorbed hydroxyl
radical [1, 13±17].

MOx � � �H2O!MOx �OHá� �H� � eÿ �1�
The relative slowness of the oxygen atom transfer is
due to the competing reaction forming molecular
oxygen:

2 MOx �OHá� ! 2 MOx � � �O2 � 2 H� � 2 eÿ �2�
The use of an anode material with a high oxygen

evolution overpotential favours the oxygen transfer.
Lead dioxide ful®lls this criteria, however, with the
aim of improving the transfer rate of the oxygen at-
om, it was suggested that doping lead dioxide with
metallic cations whose corresponding oxides have a
low oxygen evolution overpotential. The work of
Johnson et al. [15, 18, 19] has shown, on an analytical
scale, that doping PbO2 with bismuth noticeably
improves the oxidation kinetics of several organic
compounds. X-ray studies have shown that the elec-
trochemical codeposition of the oxide mixture Bi2O5±
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PbO2 corresponds to a simple substitution of lead by
bismuth in the crystalline network without changing
its structure [19]. The catalytic e�ect obtained by
doping PbO2 with bismuth results from the formation
of a low surface density of bismuth oxide (Bi2O5) sites
characterized by a low oxygen evolution overpoten-
tial (gO2). By positively polarizing the Bi2O5±PbO2

electrode, water decomposes preferentially on the
sites of low gO2. For a low level of doping, the oxy-
gen evolution rate on the Bi2O5 sites is negligeable;
the adsorbed hydroxyl radicals, formed preferentially
on the Bi2O5 sites, contribute to the oxygen transfer
reactions taking place on the high gO2 (PbO2) sites.

In this study, we have undertaken testing of the
e�ect of doping lead dioxide with bismuth on the
oxidative degradation rate of phenol in aqueous so-
lution. This study has been carried out by liquid
chromatography by assaying the intermediate prod-
ucts formed during the electrolysis of phenol and by
measuring the total organic carbon value. Special
attention has also been paid to the electrode stability
during these electrolyses by checking the corrosion of
the Bi2O5±PbO2.

2. Experimental details

2.1. Preparation of PbO2 and Bi2O5 ±PbO2

deposited on Ti(IrO2 ±Ta2O5)

The lead dioxide was deposited by electrochemical
oxidation of a lead nitrate solution. The Bi2O5±PbO2

layer was prepared electrochemically from a solution
of lead nitrate and bismuth nitrate. Bismuth salts
have a low solubility; the value for bismuth nitrate in
water is around 10)3mol dm)3 at 20 °C; however its
solubility is higher in perchloric acid solution (Ta-
ble 1); a 1mol dm)3 HClO4 solution has been used
(Table 1). The solutions used for the preparation of
PbO2 and Bi2O5±PbO2 contained in addition
0.12mol dm)3 copper nitrate and a very small quan-
tity (0.1 g dm)3) of sodium dodecyl sulphate (SDS).
The copper, less electropositive than the lead, is de-
posited preferentially on the cathode and inhibits the
formation of lead dendrites. The presence of the
SDS in solution improves the adhesion at the
substrate/ PbO2 interface and increases the speci®c
surface deposit [20±23]. The PbO2 and Bi2O5±PbO2

deposits were prepared on rectangular plates of tita-
nium (70mm ´ 10mm ´ 1mm). Titanium has good
chemical and electrochemical stability.

2.1.1. Surface treatment. The titanium plates were
®rst roughened to increase the adhesion of the PbO2

deposit. The surface of the titanium was subjected to
mechanical abrasion by sand blasting with grains of
0.3mm average diameter at a pressure of 5 bar
(Brasfanta 037/320 Bremor, Switzerland). The tita-
nium substrate was then cleaned using ultrasound
for 10min to remove any sand particles lodged in
the metal. The average loss in mass per unit of
surface area due to the sand blasting was
0.16 � 0.05mg cm)2. Then, chemical etching was

Table 1. Experimental conditions for preparation of PbO2 and Bi2O5±PbO2 electrodeposited on a Ti/(IrO2±Ta2O5) substrate

T = 65 °C, [Cu(NO3)2] = 0.12mol dm)3 and [SDS] = 0.1 g dm)3

Deposit Solvent [Pb2+]/M Rc � �Bi3��
�Pb2�� J/mA cm)2 Time/min Observations

1 H2O 1 0 100 30 Porous and uniform coating.

2 HClO4 1M 1 0 100 30 Irregular, porous but adherent

coating.

3 HClO4 1M 0.5 0.02 40 30 Porous, mat grey, adherent and

non uniform coating.

4 H2O 1 0 100 15 1st PbO2 layer on Ti/IrO2±Ta2O5

HClO4 1M 0.2 0.5 40 30 2nd Bi±PbO2 layer on PbO2

Porous, shine, grey and adherent

coating. Small, regular and

uniform granulometry.

5 H2O 1 0 100 15 1st PbO2 layer on Ti/IrO2±Ta2O5

HClO4 1M 0.5 0.1 40 30 2nd Bi±PbO2 layer on PbO2

H2O 1 0 100 15 3rd PbO2 layer on Bi±PbO2

Very porous, mat grey, adherent,

uniform and regular coating.

6 H2O 1 0 100 15 1st PbO2 layer on Ti/IrO2±Ta2O5

HClO4 1M 0.2 0.5 40 30 2nd Bi±PbO2 layer on PbO2

H2O 1 0 100 15 3rd PbO2 layer on Bi±PbO2

Very porous, mat grey, adherent,

uniform and regular coating.

7 H2O 0.5 2 ´ 10)4 100 30 Very porous, mat grey, adherent

and uniform coating.

8 H2O 0.5 2 ´ 10)3 100 30 Very porous, mat grey, adherent,
uniform and regular coating.
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carried out using boiling concentrated hydrochloric
acid (32% by mass) for 30min. The titanium plates
were then washed in distilled water. The loss in mass
per unit of surface area due to this chemical treatment
was 13.07 � 1.85mg cm)2.

2.1.2. Deposition of a layer of conducting oxides using
thermal treatment. The stripped titanium substrate
was then covered with a mixture of insoluble and
electrically conductive metal oxides (IrO2±Ta2O5), to
prevent passivation through the formation of a non-
conducting ®lm of TiO2. This mixture of metallic
oxides was obtained by the thermal decomposition
technique. A solution was ®rstly prepared by dis-
solving successively 280mg of tantalum pentachlo-
ride (TaCl5) and 480mg of hexachloroiridic acid
(H2IrCl6, 6H2O) in a mixture of 5 cm3 of absolute
ethanol and 5 cm3 of isopropanol. This solution was
brushed onto the titanium base, then the solvent was
evaporated at 60 °C. The electrode then underwent a
thermal decomposition in an oven for 10min at
530 °C in an air atmosphere and was then cooled.
This operations sequence (painting, evaporation and
thermal treatment) was repeated 10 times. The ®nal
stage consisted of heating in air to 530 °C for 2 h. The
averagemass of tantalumand iridiumoxides deposited
per unit of surface area was 0.95 � 0.16mg cm)2.
The mixture of precursors used allows to form a
mixture of oxides (IrO2±Ta2O5) in the molar pro-
portions 70±30%, respectively [24].

2.1.3. Electrochemical deposition of PbO2 and Bi2O5±
PbO2. PbO2 and Bi2O5±PbO2 were deposited gal-
vanostatically onto the layer of tantalum and iridium
oxides (IrO2±Ta2O5). They were prepared in a single
compartment cell (V � 200 cm3) thermostated at
65 °C. The cathode used was a cylindrical mesh made
of Pt±Ir alloy (/ � 5 cm and L � 5 cm). The two
electrodes were concentric; the Ti/(IrO2±Ta2O5) an-
ode was axial. This arrangement gave the formation
of a regular and uniform deposit. The di�erent op-
erating conditions used for the preparation of the
PbO2 and Bi2O5±PbO2 deposits were grouped to-
gether in Table 1. The average mass of PbO2 depos-
ited per unit of surface area was 0.2 g cm)2; the
average faradaic yield was 93.3%.

2.2. Electrolyses

The electrolyses of the acidic aqueous phenol solu-
tions were carried out in a two compartment, iso-
thermal reactor. The electrolytes to be treated,
volume 160 cm3, contained phenol at an initial con-
centration of 21mmol dm)3. The pH of the solution
was adjusted to 2 by adding sulphuric acid initially to
give a conducting medium and then to minimize the
electrochemical polymerization reactions of the phe-
nol which cause anode passivation [5, 7±9, 25, 26].
The homogeneous nature of the medium during the
electrolyses was maintained using magnetic stirring.
The electrolyses were carried out at 70 °C. The

anode was made up of four identical plates
(70mm ´ 10mm ´ 1mm) arranged symmetrically
around the cathode; the side of each plate not facing
the cathode was covered with a protective ®lm
(transparent polyethylene tape, Scotch TM 480. 3M).
The working surface area of each plate was 5 cm2.
The cathode was a graphite rod (/ � 1 cm;
L � 6 cm) placed in a porous ceramic cylinder
(Norton, Refractaire RA 84) containing 1mol dm)3

sulphuric acid. The acid solutions of phenol were
electrolysed galvanostatically using an anodic current
density of 100mAcm)2. During the electrolyses, the
pH of the anolyte has decreased from 2 to around 0.5.

2.3. Analyses

The quantitative and qualitative identi®cation of the
oxidation products of the phenol solutions was made
by high pressure liquid chromatography using a
Hewlett Packard 1090 apparatus. The products were
separated on a PRP X 300, Hamilton column spe-
ci®cally for organic acids, and then analysed quanti-
tatively using a diode array detector measuring the
optical density at 220 nm at the column output (in-
jection volume 20 ll). The mobile phase was a mix-
ture of methanol and 5 ´ 10)2mol dm)3 sulphuric
acid with the percentage by volume of methanol
varying linearly with time as follows: from 2 to 25%
for the ®rst ten minutes then from 25 to 40% up to
20min and ®nally from 40 to 60% up to 40min. The
mobile phase ¯ow rate was ®xed at 1.3mlmin)1.

The total organic carbon was measured using an
O. I analytical model 700 TOC analyser. Samples of
0.5ml were taken over the course of the electrolyses
and were then diluted to bring their concentration
within the operating range of the apparatus.

The amounts of lead and bismuth in solution were
analysed using a JobinYvon JY24 ICP analyser. The
wavelengths used for the lead and bismuth analyses
were 220.353 and 223.061 nm, respectively. Detection
limits for lead and bismuth were 42 and 34 lg dm)3

respectively.

3. Results and discussion

The properties of PbO2 deposits prepared from lead
nitrate in aqueous solution (deposit 1) and in per-
chloric acid solution (deposit 2) were compared rel-
ative to the phenol degradation. The main products
formed during the electrochemical oxidation of an
aqueous solution of phenol were 1,4-benzoquinone,
maleic acid and carbon dioxide; the amount of phe-
nol completely oxidized to carbon dioxide and water
can be calculated from the total organic carbon
measurement [5]. The other products found, present
in low concentrations (less than 0.5mmol dm)3), were
hydroquinone, catechol and fumaric acid.

From Fig. 1 it can be seen that phenol is oxidised
at the same rate during electrolyses carried out using
PbO2 deposits 1 and 2, and the same charge, about
20Ahdm)3, is needed for its complete consumption.
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At the experiment outset (charge < 10 Ahdm)3), the
two concentration curves for 1,4-benzoquinone are
almost superimposed (Fig. 1); the 1,4-benzoquinone
is therefore oxidised at the same rate on both de-
posits. However, the charge needed for the complete
consumption of 1,4-benzoquinone was three times
higher for deposit 2 (prepared from a perchloric acid
electrolyte) than for deposit 1. The phenol oxidation
mechanism is discussed elsewhere [4, 5]; it is assumed
from the faradaic yield and the TOC variation that,
at the beginning of the electrolysis, adsorbed phenol
molecules can undergo several oxidation steps going
successively to hydroquinone, 1,4-benzoquinone,
maleic acid and even carbon dioxide, probably
without desorption of any intermediate products. The
oxidation step to 8 electrons leading to the formation
of maleic acid, is very probably attained by certain
phenol molecules adsorbed on the electrode active
sites [5].

The low electrocatalytic activity of deposit 2 rela-
tive to 1,4-BQ oxidation (Fig. 1, curve 2(1) is prob-
ably due to the presence of perchlorate ions doping
the PbO2. Nielsen et al. [27] have demonstrated that
the chlorine element, doubtless in the form of per-
chlorate ions, is present in lead dioxide prepared from
an electrolytic solution of perchloric acid. Ho and
Hwang [28] have shown that acetate doped PbO2 has
a higher electrocatalytic activity for oxygen evolution
than pure PbO2. By analogy, the strong inhibition of
the 1,4-benzoquinone oxidation reaction on per-
chlorate doped PbO2 can be seen in terms of a com-
petition with the formation of molecular oxygen.
Keeping in mind that phenol oxidation to hydro-
quinone occurs at the same rate on perchlorate doped
PbO2 as on pure PbO2, the organic compounds ad-
sorb onto the electrode, in all probability, at speci®c
sites which are identical for both materials. In the
case of perchlorate doped PbO2, certain sites are oc-
cupied by perchlorate ions and do not take part in the
oxygen atom transfer reactions. Overall, perchlorate
doping of PbO2 corresponds to a decrease in the ac-
tive surface available for the oxidation of intermedi-

ate products of phenol degradation and an increase in
the electrocatalytic activity of the electrode for the
oxygen evolution.

The e�ect of doping lead oxide with bismuth on its
e�ciency in phenol degradation has been studied as a
function of the value of the concentrations ratio
Rc � [Bi3+]/[Pb2+] in the solution used for the
preparation of the Bi2O5±PbO2 (Table 1). Two elec-
trolyses of a phenol solution have thus been carried
out on Bi±PbO2 for Rc values of 0.02 and 0.5 (de-
posits 3 and 4, respectively); the results obtained have
been compared with those found for anode 2 doped
only with perchlorate (Fig. 2). Doping of the lead
dioxide with bismuth has practically no signi®cant
e�ect on the kinetics of the ®rst oxidation step of
phenol to hydroquinone; the curves showing the in-
crease of 1,4-benzoquinone concentration are prac-
tically the same. This e�ect is in relation with the
mass transport limitation of the ®rst step of phenol
oxidation [5]. However, the charge needed for the
consumption of 1,4-benzoquinone on Bi±PbO2 (de-
posits 3 and 4; curves 2(3) and 2(4), respectively) is
less than that required on perchlorate doped PbO2

(deposit N° 2; curve 2(2)). Nonetheless, in spite of this
positive e�ect of doping PbO2 with bismuth on oxy-
gen atom transfer reactions, the complete consump-
tion of 1,4-benzoquinone on Bi2O5±PbO2 needs a
much higher charge (110Ah dm)3) than that found
for pure PbO2 (50Ahdm)3 for curve 2(1) in Fig. 1).

The work of Nielsen et al. [27] has shown that one
of the consequences of bismuth doping is an increase
in the amount of chlorine incorporated into the Bi±
PbO2. They have concluded that, in the presence of
perchloric acid, bismuth is codeposited at its oxida-
tion state Bi(V) in the form of BiO2(C1O4). On the
other hand, the higher the quantity of codeposited
bismuth, the lower the oxygen evolution overpoten-
tial gO2 of Bi±PbO2; the increase in the electrocata-
lytic activity of PbO2 by doping with bismuth is thus
directly correlated with gO2 [15, 19]. We can consider
that di�erences in the apparent oxygen-evolution
overpotential might be the result of di�erences in
surface roughness. If one takes into account the ox-
ygen overvoltage decrease of Bi±PbO2 as a function

Fig. 1. E�ect of the composition of the solution used for the
preparation of PbO2 for the degradation of phenol (V � 160 cm3)
on PbO2 anodes 1 and 2 (S � 20 cm2). Initial phenol concentra-
tion: 21mmol dm)3; anodic current density, j � 100mAcm)2;
temperature, T � 70 °C; pH 2. Key: (1) phenol; (2(1) and 2(2))
1,4-benzoquinone; (3(1) and 3(2)) maleic acid; (TOC(1) and
TOC(2)) total organic carbon.

Fig. 2. Variation of the concentration of phenol, 1,4-benzoquinone
and TOC during the electrochemical oxidation of phenol. Anodes 2:
PbO2 (HClO4); 3 and 4: Bi±PbO2 (see Table 1). Same conditions as
in Fig. 1. Key: (1) phenol; (2(2), 2(3) and 2(4)) 1,4-benzoquinone;
(TOC(2), TOC(3) and TOC(4)) total organic carbon.
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of the value of the ratio Rc, doping PbO2 with bis-
muth should logically favour oxygen evolution.
Nonetheless, the improvement in the performance of
PbO2 for oxygen transfer reactions, when it is doped
with bismuth, is doubtless due to an increase in the
concentration of adsorbed hydroxyl radicals if the
process is limited by the competition with the parasite
reaction giving molecular oxygen rather than by mass
transport of the reactant [5].

Overall, doping lead dioxide with bismuth could
have a catalytic e�ect linked to the role of bismuth in
the oxide mixture [18, 19]. Conversely, the material
prepared in a perchloric acid medium does not per-
form as well as pure PbO2 due to the inhibiting e�ect
of the perchlorate ions in the oxygen transfer reac-
tions.

Figure 3 shows that maleic acid is very resistant to
oxidation as much on perchlorate doped PbO2 as on
Bi2O5±PbO2. The curves for the variation in total
organic carbon during the electrolysis of phenol
(Fig. 2) show that the bismuth doped PbO2 has an
overall catalytic e�ect on the conversion of phenol to
CO2 and H2O. Nevertheless, the e�ciency of the
elimination of total organic carbon on perchlorate
doped PbO2 and on Bi2O5±PbO2 is still very low
relative to that obtained with pure PbO2 (Fig. 1;
curve TOC(1)).

At the end of electrolysis, the deposits of Bi2O5±
PbO2 3 and 4 become black, but they retain their
mechanical properties and remain adherent to the
substrate. Assaying lead and bismuth in solution re-
veal, at the beginning of the electrolyses, a rapid and
monotonics selective dissolution of the lead dioxide
followed by that of the bismuth oxide. The concen-
tration of bismuth remains at zero up to 50Ahdm)3

and then rises rapidly to 25mmol dm)3 when a charge
of 120Ah dm)3 is passed (Fig. 4). The corrosion of
the Bi±PbO2 electrode is probably due to the oxygen
evolution which increases as the concentration of
organic compounds in solution decreases.

As in the case for the PbO2 electrodes (deposits 1
and 2) and the Bi2O5±PbO2 electrodes (deposits 3 and
4), the complete consumption of phenol on PbO2/

Bi2O5±PbO2 (deposits 5 and 6) occurs after passing
about 20Ahdm)3; the rate of phenol consumption is
thus independent of the amount of doping in the
Bi2O5±PbO2 layer underlying the PbO2 deposit
(Fig. 5). On the other hand, the higher the value of
the ratio Rc, the maximum concentration and the
charge necessary for the 1,4-benzoquinone elimina-
tion are higher. Fig. 6 clearly shows the inhibiting
e�ect of the perchlorate ions on the performance of
bismuth doped lead oxide. Indeed, on Fig. 6, curves
3(5), 3(6) and 3(1) show the di�culty in maleic acid
oxidation on Bi2O5±PbO2 compared to pure PbO2.
The slow conversion rate of phenol to CO2 and H2O
and the consequent modest level of total organic
carbon elimination at the end of the electrolysis
(Fig. 5) stem from this inhibiting e�ect.

At the end of the electrolysis, deposits 5 and 6
become detached from the substrate in places. At the
beginning of the electrolysis, deposit 6 is the center
for a rapid and selective dissolution of bismuth
(Fig. 7). The lead dioxide sites have, on the other
hand, shown good stability at the beginning of
the electrolysis followed by some light corrosion.
Deposits 5 and 6 have a similar behaviour except
that the lead dioxide sites of the deposit 5 are
also corroded at the beginning of the electrolysis
(Fig. 7).

Fig. 3. Variation of the concentration of maleic acid during the
electrochemical oxidation of phenol on anodes (S � 20 cm2). Key:
(2) PbO2 (HClO4); (3): Bi±PbO2 (Rc � 0.02) and (4) Bi±PbO2

(Rc � 0.5); see Table 1. Same conditions as in Fig. 1.

Fig. 4. Variation of the concentrations of lead and bismuth during
the electrolyses of phenol on Bi±PbO2 anodes (S � 20 cm2, de-
posits 3 and 4); see details in Table 1. Same conditions as in Fig. 1.

Fig. 5. Variation of the concentration of phenol, 1,4-benzoqui-
none and TOC during the electrochemical oxidation of phenol.
Anodes (S � 20 cm2): PbO2 (deposit 1), Bi±PbO2 (deposits 5 and
6); see details in Table 1. Same conditions as in Fig. 1. Key: (1)
phenol; (2(1), 2(5) and 2(6)) 1,4-benzoquinone; (TOC(1), TOC(5)
and TOC(6)) total organic carbon.
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These results mean that the bismuth sites in the
Bi2O5±PbO2 layer underlying the lead dioxide deposit
are very electroactive concerning oxygen evolution.
The resulting gaseous oxygen evolution inside the
electrode is probably the cause of the deterioration of
the deposit which becomes detached from the sub-
strate in places. The strong selective dissolution of the
bismuth for Rc � 0.1 (Fig. 7; curve Bi(5)) compared
with that found for Rc � 0.5 (Fig. 7; curve Bi(6)) can
be interpreted as a greater oxygen evolution on the
bismuth sites because of their lower surface density.

As has already been stated, the Bi2O5±PbO2 elec-
trodes prepared from a perchloric acid electrolyte
solution, do not allow the e�ect of doping with bis-
muth alone on the electrocatalytic properties of lead
dioxide to be studied. The Bi

2
O5±PbO2 electrodes

(deposits 7 and 8) have thus been prepared using
electrolytic solutions which do not contain perchloric
acid; the concentrations of bismuth nitrate are low
(Rc � 2 ´ 10)4 and 2 ´ 10)3) for deposits of Bi2O5±
PbO2 7 and 8, respectively, because of its low solu-
bility in water.

Figure 8 shows that the charges corresponding to
the total consumption of phenol and of the 1,4-ben-
zoquinone are hardly a�ected by the bismuth doped
PbO2. However, the rate of phenol conversion into

carbon dioxide and water is considerably slowed
down by the doping e�ect. Figure 9 con®rms the in-
hibiting e�ect of bismuth doped lead oxide: the
higher the degree of doping the more di�cult it is to
oxidize the maleic acid.

At the end of the electrolysis, the two deposits are
intact and adhere to the substrate. The study of the
stability of deposit 8 reveals a corrosion behaviour
identical to that of deposit 6. For deposit 7, no dis-
solution was observed within the detection limits of
the ICP analyser.

4. Conclusion

This study has shown the negative e�ect of perchlo-
rate doped PbO2 on the transfer of oxygen atoms.
The adsorption of perchlorate ions on the lead di-
oxide sites results in an increase in the electrolytic
activity of the electrode for oxygen evolution; the
oxidation of organic compounds on perchlorate
doped PbO2 is limited by a strong competition with
the parasite reaction of molecular oxygen formation.

Overall, the doping of lead oxide with bismuth,
performed using an electrolytic solution with or
without perchloric acid, has an inhibiting e�ect on

Fig. 6. Variation of the concentration of maleic acid during the
electrochemical oxidation of phenol. Anodes (S � 20 cm2): PbO2

(deposit 1); Bi±PbO2 (deposits 5 and 6); see details in Table 1. Same
conditions as in Fig. 1.

Fig. 7. Variation of the concentrations of lead and bismuth during
the electrolyses of phenol on a Bi±PbO2 anodes (S � 20 cm2):
deposits 5 and 6 (see details in Table 1). Same conditions as in
Fig. 1.

Fig. 8. Variation of the concentration of phenol, 1,4-benzoqui-
none and TOC during the electrochemical oxidation of phenol.
Anodes (S � 20 cm2): PbO2 (deposit 1); Bi±PbO2 (deposits 7 and
8); see details in Table 1. Same conditions as in Fig. 1. Key: (1)
phenol; (2(1), 2(7) and 2(8)) 1,4-benzoquinone; (TOC(1), TOC(7)
and TOC(8)) total organic carbon.

Fig. 9. Variation of the concentration of maleic acid during the
electrochemical oxidation of phenol. Anodes (S � 20 cm2): PbO2

(deposit 1); Bi±PbO2 (deposits 7 and 8). Same conditions as in
Fig. 1.
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the oxygen atom transfer; the electrodes of pure lead
dioxide prepared from lead nitrate in aqueous solu-
tion without any perchlorate ions give always the best
performances.
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