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a b s t r a c t

A nano-PbO2 anode (PbO2/NT) was prepared by a pulse electrodeposition (PED) method. Self-organized
TiO2 nanotube (NT) arrays were produced by electrochemical anodization and used as a substrate to
load PbO2 by PED method. The morphological and structural properties were studied by the field-
emission scanning electron microscopy and X-ray diffraction revealing successful deposition of lead
dioxide nanoparticles on the NT walls. The electrochemical activity of PbO2 loaded on TiO2 nanotube
arrays electrode (PbO2/NT) was found to be influenced by the length of electrochemical plating time.
lectrochemical oxidation
hloride ion
rganic wastewater treatment

Chronoamperometric experiments showed that PbO2/NT anodes possessed stronger oxidation ability
than that of traditional PbO2 anodes (PbO2/Ti). PbO2/NT, due to its unique microstructure, could oxidize
chlorine effectively under basic conditions. The effect of current density on total organic carbon (TOC)
removal by PbO2/NT varied with different organic reactants used. The TOC removal rate of isopropanol
was controlled by mass transfer, while the removal rate of 4-chlorophenol (4-CP) was mainly influenced
by passivation. The synergistic effects of pH, flow rate, and supporting electrolyte on the TOC removal
percentage using PbO /NT or PbO /Ti were investigated as well.
2

. Introduction

The increasing emission of refractory organic pollutants has
hallenged the conventional biological treatment because they,
nlike other compounds in wastewater, possess high resistance to
icrobial degradation or utilization. To meet increasingly rigorous

ischarge limits, these effluents must be treated by technologically
dvanced treatment systems. In recent years, a large number of
tudies have been focusing on developing new technologies for
he treatment of industrial wastewater contaminated with organic
ompounds [1–5]. Electrochemical oxidation has been found to be
promising technology for treating wastewater containing refrac-

ory organic pollutants and has drawn significant attention in water
reatment research [6–8], because of its environmental compatibil-
ty, small space requirement, and powerful oxidation ability [9–11].

However, electrochemical oxidation faces economical inef-
ciencies that derive from both operating cost and anodes
reparation cost. The anode material is crucial in reducing the cost

f electrochemical oxidation method [12,13]. In recent decades,
lot of electrode materials have been examined to improve the

ffectiveness of oxidation and current efficiency, such as graphite
14], platinum [15], IrO2 [16], RuO2 [17], SnO2 [18], PbO2 [19], and
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boron-doped diamond (BDD) electrodes [13]. When using platinum
anodes, a large amount of current supplied will be wasted in pro-
duction of oxygen, leading to a low current efficiency. The IrO2
and RuO2 electrodes had low reactivity for organic oxidation. So
far, many studies have pointed out that BDD anodes allow com-
plete mineralization without sharply decreasing current efficiency
[20,21] but their preparation is complicated and costly especially
for that with a large area. The graphic anodes are inexpensive but
they have low current efficiencies due to their low overpotential
of oxygen evolution. SnO2 anodes have an obvious shortcoming-
relatively short service life though their overpotential of oxygen
evolution is higher than graphic anodes. So there is a need to
develop anodes of both high oxidative activities and low costs.
PbO2 anodes are potential candidates to meet this criterion. They
have high overpotentials for oxygen evolution, a strong ability to
produce hydroxyl radicals, and very good conductivity. However,
PbO2 anodes do not have satisfactory electrocatalytic ability com-
pared with BDD anodes. To solve this problem, recent research has
focused on modification of PbO2 anodes by element doping, such
as Bi [22,23], Co [24], Ce [25,26], Fe [27], PTFE [28], and F [29,30].

This paper is focused on a novel way to increase the electro-

catalytic activity of PbO2 anodes. The traditional substrate of PbO2
anodes is usually Ti. An attempt on substrate substitution was car-
ried out in this research. The vertically aligned TiO2 nanotube arrays
(TiO2 NT arrays), with a larger surface area than Ti substrate, can
serve as a novel underlay for PbO2. TiO2 NT arrays can be fabri-
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ated by anodic oxidation of Ti substrate in fluoride containing
lectrolytes and remain attached on the substrate [31]. The nanoar-
hitecture of NT arrays features a high surface-to-volume ratio,
hich is due to the additional area enclosed inside the hollow struc-

ure. To the best of our knowledge, few studies on the direct loading
f PbO2 onto TiO2 NT arrays have been reported. Once the metal
xide active layer can enter the internal area of TiO2 NT arrays, it
an reach nanoscale and be highly dispersed due to the restriction of
ano-tubular structure [32]. It is not easy to deposit PbO2 into TiO2
T arrays by constant current electrodeposition due to the high

urface tension of the NT. The pulse electrodeposition (PED) tech-
ique was employed to synthesize highly-ordered TiO2 NT arrays

oaded with PbO2 electrode (PbO2/NT).
Since most industrial effluents containing high chloride con-

entrations, the other aim of this research is to compare the
lectrocatalytic performance of PbO2/NT with that of PbO2/Ti with
espect to their abilities to degrade organic contaminants in the
resence of sodium chloride. Two kinds of organic molecules were
hosen as the model reactants. One is 4-chlorophenol (4-CP) which
s a priority pollutant and ubiquitous in the environment [33]. It is
sed widely in agricultural and non-agricultural purposes, yield-

ng waste product and contaminating soil in application sites [34].
he other model reactant selected in this study is isopropanol. This
ompound was selected because it can be easily degraded due to its
hort-chain simple structure, and thus would not cause appreciable
assivation of the electrode during electrochemical incineration.
dditionally, the oxidation of a simple molecule does not typi-
ally generate large amounts of stable intermediates that otherwise
nterfere with the analysis of experimental results. The influence
f pH and flow rate on TOC (total organic carbon) removal in the
resence of NaCl was investigated in this study.

. Experimental details

Acetone, diethylene glycol (DEG), hydrofluoric acid 40%,
NH4)2SO4, Na2SO4, NaCl, isopropanol and 4-chlorophenol were
btained from Sinopharm Chemical Reagent Co., Ltd. All the chem-
cals reagents were of analytical grade and used without further
urification.

.1. Electrode preparation

.1.1. PbO2/NT electrode preparation
The titanium sheets (1.0 mm thickness, 99.5% purity) were

echanically polished using abrasive papers of successively finer
oughness (100, 400 and 800 grit) and then rinsed in two 15 min
teps in ultrasonicated acetone and deionized distilled water
DDW) before drying in flowing N2 stream. Anodization experi-

ents were conducted using a two-electrode electrochemical cell,
n which the titanium sheet was used as the anode and a platinum
oil of similar size was used as the cathode. The gap between anode
nd cathode was fixed at 2 cm. After 10 h of anodization at 60 V in
he 1.4 wt% HF/diethylene glycol (DEG) solution, the as-prepared
ample was washed with DDW. It was placed into a methanol bath
or several hours to avoid surface cracks and peeling [35]. After
hat, the initially amorphous TiO2 NT arrays were crystallized by
nnealing at 550 ◦C in N2 atmosphere for 1 h.

The TiO2 NT arrays are not suitable for electrodeposition due
o their semiconductive nature. In order to increase their conduc-
ivity, the TiO2 NT arrays were electrochemically reduced for 8 s

n 1 M (NH4)2SO4 at a potential of −1.5 V versus Ag/AgCl electrode
36]. Then PbO2 was deposited onto the TiO2 NT substrate by PED
echnique [37] using the Autolab PGSTAT-30 electrochemical anal-
sis system with General Purpose Electrochemistry System version
.9 software package (Eco Chemie B.V., The Netherlands). The TiO2
g Journal 166 (2011) 15–21

NT arrays were used as a working electrode, Ag/AgCl (1 M KCl) as
a reference electrode, and a Pb mesh as a counter electrode. The
PbO2 electrodeposition bath was a mixture of 0.1 M HNO3, 0.5 M
Pb(NO3)2, 0.02 M NaF, 60 ◦C. The length of electrochemical plating
time varied from 10 to 100 min.

2.1.2. PbO2/Ti electrode preparation
The PbO2/Ti electrode was fabricated similarly to the PbO2/NT

electrode. However, the anodization process in HF solution was
excluded. The length of electrochemical plating time for the PbO2/Ti
is 70 min.

2.2. Electrochemical measurement

All the electrochemical experiments were performed at
20 ± 2 ◦C. The working anodes were tested for their cyclic voltam-
metry (CV) and chronoamperometry by Autolab PGSTAT-30
electrochemical analysis system, using the General Purpose Elec-
trochemistry System version 4.9 software package. The reference
electrode was an Ag/AgCl (1 M KCl). In order to investigate the effect
of the length of electrochemical plating time, the method of CV
have been applied in the solution containing 1 mM 4-CP and 0.1 M
NaCl. The PbO2/NT anodes with different length of electrochemi-
cal plating time were used as working electrodes. During a series of
chronoamperometric tests, the solutions contain Na2SO4 and x mM
NaCl (where x = 0, 10, 30, 60, 90, 300), pH = 2.5 ± 0.1 or 11.5 ± 0.1.

2.3. Electrochemical degradation

The effect of current density was evaluated by the degrada-
tion experiments of 4-CP and of isopropanol respectively. The
degradation experiment of 4-CP was carried out in an undivided
electrochemical cell at 20 ± 2 ◦C. The initial concentrations of 4-CP
was selected as 1.00 g l−1 with a volume of 200 ml. The surpport-
ing electrolyte was 5.84 g l−1 NaCl. The condition of degradation
experiment of isopropanol was similar to 4-CP. The PbO2/NT with
wet surface area of 16 cm2 was used as the anode and the titanium
sheet with the same wet surface area was used as the cathode. Prior
to the TOC analysis (TOC-Vcpn, Shimadzu, Japan), samples from the
treated solution were filtered with 0.45 �m polytetrafluoroethy-
lene (PTFE) membrane to remove any solid generated during the
degradation. Filtering the sample will allow the fluctuation of the
TOC measurement to be kept at less than ±1 mg l−1.

The effect of pH and flow rate was examined in a dynamic sys-
tem that consisted of a 50 ml cell, a 200 ml reservoir and a peristaltic
pump. The cell, reservoir and pump were connected serially to form
a hydraulic circuit. The degradation solution was pumped from the
reservoir through the cell and back to the reservoir in a closed
loop. The PbO2/NT and the PbO2/Ti were employed as the working
electrode with both wet surface area of 16 cm2. The cathode was
titanium sheet with the same area of working electrode. Compara-
tive degradation experiments of isopropanol (250 ml 1000 mg l−1)
with 0.1 M NaCl at different pH (2.5 and 11.5) and different flow
velocity (60 and 600 ml min−1) were carried out. The applied cur-
rent density was set at 15 mA cm−2. Electrolysis test proceeded
until the total passed charge reached 4000 coulombs.

3. Results

3.1. Morphology of PbO2/NT anode
Fig. 1 shows top-down views of representative field-emission
SEM images. As illustrated in Fig. 1a, the in situ grown TiO2 NT
arrays consists of well-aligned, uniform, cylindrical tubes that
extend down to the titanium substrate. The average inner tube
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Fig. 1. Field-emission SEM (FESEM) top-view ima

iameter is about 220 nm. The highly-ordered TiO2 NT arrays pos-
ess high specific volume and large surface area. Fig. 1b shows how
iO2 NT arrays are fully absorbed with PbO2 nanoparticles. Com-
arison of two FESEM images before and after electrodeposition in
ig. 1 clearly certify the effectiveness of PED method. It is effective
or the formation of PbO2 nanoparticles and the electrodeposition
nto the TiO2 NT. To identify the chemical and structural nature
f the deposits, XRD measurements were performed. Fig. 2 gives
he X-ray diffraction spectra for the PbO2/NT anode. It consists
f �-phase PbO2 crystalline phase and titanium. According to the
iterature [38], the doping of fluorine ions in PbO2 will not effect �-
hase PbO2 crystallgraphic form significantly in comparison with
ndoped PbO2. The fluorine-doping PbO2 anodes have higher onset
verpotential for oxygen evolution and higher stability during that
rocess. This is due to fluorine ions modification might take up the
hannels for diffusion of free oxygen atoms. The diffraction peak
idth is inversely proportional to crystallite size [39]. The average

rystallite size was calculated from the full width at the half max-
mum (FWHM) of diffraction lines using the Scherrer equation. It

as around 15 nm, which is smaller than the reported crystallite
ize of the lead dioxide anode [40] prepared by constant current
lectrodeposition. The smaller the catalytic particle is, the larger
he surface area it posses and as a result of that, higher catalytic
ctivity is readily accessible.

.2. The effect of the length of electrochemical plating time
In Fig. 3, it is clear that the 70 min electrodeposited PbO2/NT
as the highest anodic peak, corresponding to the direct oxidation
f 4-CP. The anodic peak of the electrode that was only exposed
o 10 min of electrodeposition time appears very small. It is well
nown that lead dioxide electrode has a very strong ability in

Fig. 2. X-ray diffraction pattern of PbO2/NT anode.
(a) TiO2 nanotube arrays and (b) PbO2/NT anode.

hydroxyl radical production, which is even stronger than the BDD
anode [41]. The most of the hydroxyl radicals that produced by lead
dioxide electrode were absorbed hydroxyl radicals. They would
react with organic compounds near the surface of the lead dioxide
electrode, causing the diminishing of adsorbed hydroxyl radicals
on the surface of PbO2. The removal of hydroxyl radicals from
the active sites promotes the discharge of water, resulting in the
appearance of anodic peak [42]. The peak currents of the four
PbO2/NT anodes demonstrates that the different electrooxidation
activity for 4-CP on these four anodes proceeds in the follow-
ing order from high to low: PbO2/NT 70 min, PbO2/NT 100 min,
PbO2/NT 40 min and PbO2/NT 10 min. An increase of the electrode-
position time up to 70 min can give rise to an increment of peak
current. However, when deposition time was 100 min, an oppo-
site trend of peak current emerges. This phenomenon indicates
that there is an optimum load capacity of PbO2 for PbO2/NT. The
number of active sites for hydroxyl radical production increased
as the length of plating time at first. When the length of plat-
ing time was shorter than 70 min, the longer the plating time the
stronger the oxidation ability of PbO2/NT. However, the activity of
PbO2/NT declined when the length of deposition time was 100 min.
We observed that the amount of PbO2 loading on substrate is
increasing with the growing of deposition time (the specific data
not shown), and therefore we suggest that an optimum length of
electrodeposition time exists. Any time that is longer than the opti-
mum length may cause PbO2 to be overloaded on TiO2 NT arrays.
The excess PbO2 blocked or covered the NT arrays, resulting in
a decrease of specific surface area of PbO2/NT anodes as well as

the active sites. The oxidation peak current on the PbO2/NT 70 min
reached 6.1 mA cm−2, which was much larger than 2.6 mA cm−2 on
the PbO2/Ti 70 min. This suggests that PbO2/NT is more active than
PbO2/Ti because PbO2 is dispersed more effectively on the TiO2

Fig. 3. Cyclic voltammograms of PbO2/NT and PbO2/Ti obtained at different electro
deposition time in 1 mM 4-CP + 0.1 M NaCl. Scan rate: 0.1 V/s. T = 20 ± 2 ◦C.
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Fig. 4. Chronoamperometric curves recorded at variou

T arrays substrate than on the Ti substrate. As for PbO2/Ti, PbO2
anoparticles are distributed merely on the top surface of Ti sheet.
or PbO2/NT, however, not only the top surface but also the inner
nd outer wall surface of NT is the site for PbO2 nanoparticles load-
ng. Therefore, more activated centers of PbO2 nanoparticles can be
xposed for reaction.

.3. Chronoamperometric experiments

In the acidic system with initial pH of 2.5, the current density
ncreased with the increasing concentration of sodium chloride
[NaCl]) both on the PbO2/Ti and the PbO2/NT (Fig. 4). This may be
ue to chloride oxidation being favorable under acidic condition. A
imilar result was observed on the PbO2/NT at pH of 11.5 regardless
f the fact that chloride oxidation was not the main contributor to
urrent increase in basic conditions (Fig. 5b). One could attribute
his consequence to the special porous microstructure of PbO2/NT.
hough the alkaline pH of the bulk electrolyte would restrain chlo-
ide oxidation, the pH in NT could be low owing to oxygen evolution
eaction (OER) and mass transfer limitations blocking the solution
n NT from the bulk electrolyte outside NT. Thus, the pH in NT is
ot sensitive to the pH of the bulk of the solution. Furthermore, as
hown in Fig. 5b, the current density dropped drastically during the
nitial tens of seconds of the chronoamperometic measurement,
specially at low halide concentrations of 0, 10 and 30 mM. This
ay be due to the pH decline resulting from oxygen evolution.
The results gained from pH 11.5 at the PbO2/Ti (Fig. 5a) exhibit a

istinctive phenomenon, which is similar to the result of [43]. From
0 mM NaCl to 60 mM NaCl, the chronoamperometry responses
hift towards lower levels with the increase of chloride concen-
ration; above 90 mM a reversal of the trend appears. When the

alide concentration is 90 mM, the current density was found to
e higher than those of 10, 30 and 60 mM. This experiment found
hat the current response of 300 mM was the highest. To under-
tand the physical meaning behind this phenomenon, oxygen and
hlorine evolution reactions and their equilibrium potentials in the

Fig. 5. Chronoamperometric curves recorded at various NaCl
l concentration with pH = 2.5. (a) PbO2/Ti. (b) PbO2/NT.

chloride containing system may be considered as below:

2Cl− → Cl2 + 2e, ϕ� = 1.358 V

Basic : 4OH− → 2H2O + O2 + 4e, ϕ� = 0.401 V

Acidic : 2H2O → O2 + 4H+ + 4e, ϕ� = 1.229 V

The equilibrium potential of OER will shift towards negative if
the pH of the system increases [44], which would result in OER more
likely taking place. Thus the current density in the basic pH (Fig. 5a)
is larger than in the acidic pH (Fig. 4a). The current density in the
10 mM NaCl case was lower than in the case of 0 mM NaCl in Fig. 5a.
This is due to the anodic shift of the OER caused by adsorption of Cl−

at the anodic surface [43]. The extent of current density drop was
gradually slowed down when [NaCl] increased to 30 and 60 mM in
sequence. This might be due to the importance of [NaCl] to chlorine
evolution under high Cl− concentration. When [NaCl] was 90 mM,
its promoting effect on chlorine evolution would be greater than its
suppressing effect on OER. Therefore, the apparent current density
increases.

It was found that current density on the PbO2/NT was larger
than on the PbO2/Ti regardless of solution pH. This result indicates
that after changing surface morphology of substrate for electrode-
position, the resulting PbO2/NT had more active sites compared
with PbO2/Ti. Moreover, the highly-ordered TiO2 NT arrays with
three-dimensional network permits facile charge transfer along
the length of the NT from the conductive substrate to the solution.
Therefore it is possible to reduce the current losses resulting from
charge-hopping across the nanoparticle grain boundaries [45]. The
vertical tube microstructure allows efficient charge transfer [46].
3.4. Bulk electrolyses

3.4.1. The effect of current density
Fig. 6a plots several 4-CP degradation curves at constant cur-

rent density in the range between 3 and 80 mA cm−2. It is not

concentration with pH = 11.5. (a) PbO2/Ti. (b) PbO2/NT.
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ig. 6. Percentage of TOC removal as a function of degradation time for (a) 200 ml
aCl.

ifficult to find that under the similar condition the TOC removal
ate is much higher than platinum anode according to Ref. [47].
oreover, compared with the optimum result of nickel-antimony

oped tin oxide electrode in Ref. [48], the TOC removal result of
bO2/NT anode under 3 mA cm−2 is better. From Fig. 6 we can
ee that as applied current density increases, removal rate of 4-CP
ncreases. This is because more charge is passed into the system,

hich leads to the generation of more hydroxyl radicals and active
hlorine. However, in Fig. 6b, the removal rate of isopropanol only
lightly increased when the current density increased from 20 to
0 mA cm−2. The difference in removal rate with increasing cur-
ent density shown by the two different organic compounds can
e explained in aspects as side reaction and mass transfer limita-
ion. As is known, the electrogenerated hydroxyl radicals can evolve
o oxygen or peroxide which is a weaker oxidant towards organic
pecies [49]. Though a larger amount of hydroxyl radicals were pro-
uced when increasing the current density from 20 to 80 mA cm−2,
greater proportion of hydroxyl radicals was consumed by non-

xidizing waste reactions due to mass transfer limitation. As for
he degradation of 4-CP, Azzam et al. [50] found that the rate of
-CP degradation process was not in mass transfer control, thus
lectrode passivation should be considered. During the electrolysis
t a potential lower than that required for OER to occur, the surface
f anodes might be poisoned as a result of an electrogenerated poly-
er layer. The degree of passivation was greater under low current

ensity than under high current density because the OER was less
evere. Oxygen generated by the OER could mechanically remove

he polymeric film adsorbed on the anode surface, and hence it is
eneficial to prevent complete deactivation of the anode [51,52].
hen a low current density was applied, the electrochemical reac-

ion was not as influenced by the mass transfer limitation as the
assivation on anode’s surface. From this aspect, it is not hard to

ig. 7. Cyclic voltammograms obtained at PbO2/NT for five cycles, starting with an ano
sopropanol + 0.1 M NaCl.
mg L−1 4-chlorophenol in 0.1 M NaCl. (b) 200 ml 1000 mg L−1 isopropanol in 0.1 M

understand why the TOC removal rate of 20 mA cm−2 was not as
high as 80 mA cm−2.

Anode passivation could be confirmed by CV measurements
(Fig. 7). Fig. 7a exemplifies five cycles of CV curve in 1 mM 4-CP
solution with 0.1 M NaCl (pH 6.4). The oxidation peak appeared
near 1.6 V in the first cycle, corresponding to the direct oxidation of
4-CP. Anodic peak current diminished in successive cycles, suggest-
ing the rapid formation of an intermediate that can adhere to the
electrode surface causing anode contamination. This phenomenon
was in line with earlier worker [48], who attributed the early deac-
tivation to the adsorption of the anodic products on the electrode
active sites.

A new set of CV measurement was carried out in 1 mM
isopropanol solution with 0.1 M NaCl (Fig. 7b). As expected in intro-
duction, a slight passivation was observed in Fig. 7b. The size of
the anodic peak near 1.4 V remained until the last cycle of scan.
Meanwhile, the change of the area of the voltammograms was not
evident.

3.4.2. The effect of pH and flow rate
To investigate the effect of pH and flow rate on the TOC removal

percentage, a series of degradation experiments was carried out
under different operating parameters in a dynamic system con-
taining 250 ml 1.00 g l−1 isopropanol and 5.84 g l−1 NaCl (Table 1).

The effects of pH and flow velocity on isopropanol degrada-
tion were dependent on the anode species (PbO2/NT and PbO2/Ti)
and the supporting electrolytes (Na2SO4 and NaCl). The electroly-

sis experiment with NaCl as the supporting electrolyte has a higher
TOC removal percentage than the one with Na2SO4. The higher TOC
removal may be due to the generation of active chlorine species:
hypochlorous acid (HOCl), hyperchlorite (OCl−), chlorine radical
(Cl•), and dichloride radical anion (Cl2•−) [53]. The role of pH can be

dic sweep. Scan rate: 0.2 V/s. T = 20 ± 2 ◦C. (a) 1 mM 4-CP + 0.1 M NaCl. (b) 1 mM
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Table 1
The effect of pH and flow rate on TOC removal percentage using PbO2/NT or PbO2/Ti.

Supporting electrolyte pH Flow rate (ml/min) TOC removal (%)

PbO2/NT PbO2/Ti

0.1 M Na2SO4 2.5 60 18.3 16.6
0.1 M Na2SO4 2.5 600 29.7 28.0
0.1 M Na2SO4 11.5 60 13.5 10.6
0.1 M Na2SO4 11.5 600 22.3 17.9
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0.1 M NaCl 2.5 60 56.2 50.6
0.1 M NaCl 2.5 600 60.4 57.3
0.1 M NaCl 11.5 60 40.7 16.8
0.1 M NaCl 11.5 600 24.1 23.4

xplained by the following reasons. First, a decrease in pH increases
he production of hydroxyl radicals, which increases the rate of oxi-
ation [54]. Also, the reaction between intermediates and hydroxyl
adical produced on the anode surface was faster under acidic pH.
similar result was obtained by Flox et al. [55] on a boron-doped

iamond electrode and by Wang et al. [56] on a porous graphite
lectrode. In addition under acidic conditions the active chlorine is
ainly present as hypochlorous acid which is a stronger oxidant

owards organic species than hypochlorite [57].
In the Na2SO4 containing system, pH and anode material have

imited effects on the TOC removal percentage while the flow
elocity plays a dominant role. The TOC removal percentage at
00 ml min−1 was found to be higher than at 60 ml min−1. This
esult reveals that the electrochemical reaction rate is controlled
rimarily by mass transfer limitations.

In the NaCl containing system, the effects of pH on the TOC
emoval percentage are more pronounced. When PbO2/Ti was
sed as the anode, the effect of pH and flow velocity followed
he same trend, i.e. in either acidic or basic conditions, high flow
elocity favored electrooxidation. Using the PbO2/NT, a higher TOC
emoval percentage was obtained in acidic conditions when flow
ate was 600 ml min−1. While in basic conditions, the flow rate at
0 ml min−1 favors the TOC removal in comparison to the flow rate
t 600 ml min−1. One possible explanation might be the properties
f microstructure of the NT arrays, which restricted the diffusion
f the bulk electrolyte. Therefore, the pH of the solution inside NT
ould be blocked from the pH of the bulk solution. Along with the

plitting of water near the anode surface, the pH of the solution
nside NT decreased until it reached a steady value. It is known
hat lower pH favors chlorine oxidation, which will assist electro-
hemical degradation of TOC as is shown in Fig. 5b. These results
re analogous to those obtained by Trasatti [58] who used RuO2,
o3O4 and NiCo2O4 anodes.

. Conclusions

TiO2 NT arrays were fabricated using anodic oxidation of Ti
heets in fluoride containing electrolyte. A layer of PbO2 was
eposited on the TiO2 NT arrays substrate by the procedure of PED
echnique. The characterization and catalytic property tests were
arried out and the results revealed the following:

The predominant phase of the PbO2/NT anode is �-PbO2.
There is an optimum length of electrodeposition time for PbO2/NT
under the operating conditions used in this study.
The microstructure of anode materials drastically impacts the
results of chronoamperometric experiments in the presence of
NaCl. The apparent current on the PbO2/Ti first declined then

increased with increasing NaCl concentration in alkaline solu-
tions. However, the apparent current on the PbO2/NT increased
throughout the process of increasing the NaCl concentration.
The effect of current density on the TOC removal percentage is
different when the reactant is different. The TOC removal percent-

[

[
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age of isopropanol is mainly affected by mass transfer control,
whereas the effect of anode passivation caused by 4-CP played
a more important role than the effect of mass transfer in the
electrochemical incineration experiment. The passivation phe-
nomenon was confirmed by cyclic voltammetry measurement.

• Degradation experiments that were carried out in a hydraulic
circuit system showed that electrochemical oxidation occurred
at a much faster rate than in the case of sulphate-based elec-
trolytes. PbO2/NT was more efficient than PbO2/Ti in converting
the isopropanol into carbonate, bicarbonate or CO2.

• The nature of the surpporting electrolyte (Na2SO4, NaCl) influ-
enced the electrochemical oxidation process. In the Na2SO4
containing system, on both of the electrodes, higher abatement
of TOC was obtained under large flow velocity regardless of pH.
When NaCl was used as the supporting electrolyte, high flow
velocity favored electrooxidation in the case of PbO2/Ti. While
in the case of PbO2/NT, high flow velocity in acidic conditions or
low flow velocity in basic conditions favored the TOC removal.
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