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Preface

Wastewater treatment technology is undergoing a profound transformation due to
the fundamental changes in regulations governing the discharge and disposal of haz-
ardous pollutants. Established design procedures and criteria, which have served the
industry well for decades, can no longer meet the ever-increasing demand.

Toxicity reduction requirements dictate in the development of new technologies
for the treatment of these toxic pollutants in a safe and cost-effective manner. Fore-
most among these technologies are electrochemical processes.

While electrochemical technologies have been known and utilized for the treat-
ment of wastewater containing heavy metal cations, the application of these pro-
cesses is only just a beginning to be developed for the oxidation of recalcitrant
organic pollutants.

In fact, only recently the electrochemical oxidation process has been recog-
nized as an advanced oxidation process (AOP). This is due to the development of
boron-doped diamond (BDD) anodes on which the oxidation of organic pollutants
is mediated via the formation of active hydroxyl radicals.

In this volume, our goals are to first lay down the fundamentals involving
the environmental electrochemistry, introducing the basic techniques in selecting
the electrode materials and fabricating them, followed by the theoretical analy-
sis of the electrochemical processes, the green electrochemical operation, discuss
about the electrochemical technologies in water/wastewater treatment using BDD,
and then examine the established wastewater treatment technologies such as elec-
trocoagulation and electroflotation. The electrochemical reduction technologies are
discussed in two chapters with main focus on the treatment of halogenated com-
pounds. Electrooxidation using Ti/SnO2 has received lots attention in the past
decades, one chapter is devoted to this topic. One chapter discusses about the treat-
ment of wet sludge, a type of waste to generate along with the water/wastewater
treatment development. The emerging technologies based on solar energy are an-
alyzed toward the end of the book with a closing chapter on using both redox
half-reactions, reduction and oxidation in wastewater treatment.

We are grateful to the contributors from eight countries in Asia, Europe, and
North America. We hope this collective work of internationally renowned experts
on electrochemical technologies can help the environmental engineers, academic
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researchers, and environmental protection officials/agencies to better protect our
precious earth. We are confident that together people can preserve the natural en-
vironment for us and many generations to come!

Lausanne, Switzerland Christos Comninellis
Kowloon, Hong Kong Guohua Chen
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Chapter 1
Basic Principles of the Electrochemical
Mineralization of Organic Pollutants
for Wastewater Treatment

Agnieszka Kapałka, György Fóti, and Christos Comninellis

1.1 Introduction

Biological treatment of polluted water is the most economical process and it is used
for the elimination of “readily degradable” organic pollutants present in wastewa-
ter. The situation is completely different when the wastewater contains toxic and
refractory (resistant to biological treatment) organic pollutants. One interesting pos-
sibility is to use a coupled process: partial oxidation – biological treatment. The goal
is to decrease the toxicity and to increase the biodegradability of the wastewater be-
fore the biological treatment. However, the optimization of this coupled process is
complex and usually complete mineralization of the organic pollutants is preferred.
The mineralization of these organic pollutants can be achieved by complete ox-
idation using oxygen at high temperature or strong oxidants combined with UV
radiation. Depending on the operating temperature, the type of used oxidant, and the
concentration of the pollutants in the wastewater, the mineralization can be classified
into three main categories:

(a) Incineration. Incineration takes place in the gas phase at high temperature
.820–1,100ıC/. Its main characteristic is a direct combustion with excess oxy-
gen from air in a flame. The process is nearly instantaneous. Incineration
by-products are mainly in the gas (including NOx ; SO2, HCl, dioxins, furans,
etc.) and solid phases (bottom and fly ashes). The technology is applied mainly
for concentrated wastewater with chemical oxygen demand, COD > 100 g=L.

(b) Wet air oxidation process (WAO). WAO can be defined as the oxidation of or-
ganic pollutants in an aqueous media by means of oxygen from air at elevated
temperature .250–300ıC/ and high pressure (100–150 bar). Usually Cu2C is
used as a catalyst in order to increase the reaction rate. The efficiency of the
mineralization can be higher than 99% and the main by-products formed in the
aqueous phase after the treatment are acetone, methanol, ethanol, pyridine, and

A. Kapałka (�)
Institute of Chemical Sciences and Engineering, Ecole Polytechnique
Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
e-mail: agnieszka.cieciwa@epfl.ch

C. Comninellis and G. Chen (eds.), Electrochemistry for the Environment,
DOI 10.1007/978-0-387-68318-8 1, c� Springer Science+Business Media, LLC 2010
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2 A. Kapałka et al.

methanesulfonic acid. The technology is attractive for treatment of wastewater
with moderate concentration. The optimal COD is in the domain: 50 g=L >

COD > 15 g=L.
(c) Oxidation with strong oxidants. The oxidation of organic pollutants with strong

oxidants .H2O2; O3/ takes place generally at room temperature. In order to in-
crease the efficiency of mineralization, the oxidation takes place in the presence
of catalyst and UV radiation. This technology is interesting for the treatment of
dilute wastewater with COD < 5 g=L.

The electrochemical method for the mineralization of organic pollutants is a new
technology and has attracted a great deal of attention recently. This technology is
interesting for the treatment of dilute wastewater .COD < 5 g=L/ and it is in com-
petition with the process of chemical oxidation using strong oxidants. The main
advantage of this technology is that chemicals are not used. In fact, only electrical
energy is consumed for the mineralization of organic pollutants. Besides our contri-
bution in this field (Comninellis and Plattner 1988; Comninellis and Pulgarin 1991;
Seignez et al. 1992; Comninellis 1992; Comninellis and Pulgarin 1993; Pulgarin
et al. 1994; Comninellis 1994; Comninellis and Nerini 1995; Simond et al. 1997;
Fóti et al. 1997; Ouattara et al. 2004), many other research groups are very active in
this promising technology (Comninellis and De Battisti 1996; Iniesta et al. 2001a;
Chen et al. 2003; Ouattara et al. 2003; Zanta et al. 2003; Polcaro et al. 2004; Brillas
et al. 2004; Haenni et al. 2004; Martinez-Huitle et al. 2004; Polcaro et al. 2005;
Chen et al. 2005; Boye et al. 2006).

The aim of the present work is to elucidate the basic principles of the electro-
chemical mineralization (EM) using some model organic pollutants. The following
points will be treated:

– Thermodynamics of the electrochemical mineralization (EM) of organics
– Mechanism of the electrochemical oxygen transfer reaction (EOTR)
– Influence of anode material on the reactivity of electrolytic hydroxyl radicals
– Determination of the current efficiency in the electrochemical oxidation process
– Kinetic model of organics mineralization on BDD anodes
– Intermediates formed during the EM process using BDD
– Electrical energy consumption in the EM process
– Optimization of the EM process using BDD
– Fouling and corrosion of BDD anodes.

1.2 Thermodynamics of the Electrochemical Mineralization

Thermodynamically, the electrochemical mineralization (EM) of any soluble or-
ganic compound in water should be achieved at low potentials, widely before the
thermodynamic potential of water oxidation to molecular oxygen (1.23 V/SHE un-
der standard conditions) as it is given by (1.1):

2H2O! O2 C 4HC C 4e� (1.1)
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A typical example of EM is the anodic oxidation of acetic acid to CO2 (1.2):

CH3COOH.aq/ C 2H2O .l/! 2CO2.g/ C 8HC
.aq/ C 8e� (1.2)

The thermodynamic potential of this reaction E0 .V/ can be calculated using (1.3):

E0 D
��rG

0

nF
; (1.3)

where�rG
0
�
J mol�1

�
is the standard free energy of the reaction, n is the number of

exchanged electrons .n D 8/, and F is Faraday’s constant
�
C mol�1

�
. The standard

free energy of the reaction �rG
0 can be calculated from the tabulated values of the

standard free energy of formation
�
�rG

0
�

of both reactants and products (1.4):

��rG
0 D 2�fG

0.CO2/ ��fG
0 .CH3COOH/ � 2�fG

0 .H2O/ ; (1.4)
��rG

0 D 2 �
�
�394:4 � 103

�
�
�
�399:6 � 103

�
� 2 �

�
�237:13 � 103

�

D 85:1 � 103 J mol�1:

From the calculated standard free energy, the thermodynamic potential of reaction
(1.2) under standard conditions

�
1 mol dm�3; CH3COOH; P D 1 atm; T D 25ıC

�

can be calculated using (1.3):

E0 D
��rG

0

nF
D
85:1 � 103

8 � 96485
D 0:11V=SHE:

Similarly, the thermodynamic potential for EM of some model organic compounds
(alcohols, carboxylic acids, ketenes, phenols, and aromatic acids) can be calculated.
Typical values are reported in Table 1.1. This table shows that the thermodynamic
potential for EM of organics never exceeds 0.2 V/SHE.

Table 1.1 Standard free energy�rG0, thermodynamic potential for organ-
ics mineralization E0 and thermodynamic cell potential �E0

cell calculated
for various organic compounds
Organic compound �rG

0
�
kJ mol�1

�
E0 .V=SHE/ �E0

cell .V=SHE/

CH3OH �17:2 0.030 1.20
C2H5OH �99:6 0.086 1.14
C3H7OH �173:2 0.100 1.13
CH3COOH �85:1 0.110 1.12
CH3COCH3 �157:9 0.102 1.13
C6H5OH �292:9 0.108 1.13
C6H5COOH �330:1 0.114 1.11
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Taking into consideration this result, it will be theoretically possible to treat an
aqueous organic pollutants stream as a fuel cell with co-generation of electrical
energy. In this device, the organic pollutant is oxidized at the anode [(1.2) in case of
acetic acid] and oxygen is reduced at the cathode (1.5):

1

2
O2 C 2HC C 2e� ! H2O (1.5)

The total reaction of this fuel cell, considering acetic acid as a fuel, is given by (1.6):

CH3COOHC 2O2 ! 2CO2 C 2H2O (1.6)

The standard free energy change of this fuel cell can be calculated from the tabulated
standard free energy of formation of reactant and products:

�rG
0 D 2�fG

0 .CO2/C 2�fG
0 .H2O/ ��fG

0 .CH3COOH/ ;
�rG

0 D 2 �
�
�394:4 � 103

�
C 2 �

�
�237:13 � 103

�
�
�
�399:6 � 103

�

D �863:5 � 103 J mol�1:

Finally, the standard thermodynamic potential of the cell, based on (1.6) (i.e., incin-
eration of the pollutant with co-generation of energy), can be calculated using the
relation:

E0cell D
��rG

0

nF
D
�
�
�863:5 � 103

�

8 � 96485
D 1:12V:

In Table 1.1, the thermodynamic cell potentials calculated for some other organics
are given. Values close to 1 V can be achieved under standard conditions. Figure 1.1
shows a schematic presentation of a hypothetical fuel cell for the incineration of
organic pollutants with co-generation of electrical energy.

In contrast to these promising thermodynamic data, the kinetics of the electro-
chemical mineralization is very slow and in practice it can be achieved close to the
thermodynamic potentials only in very limited cases. In fact, only platinum-based
electrodes can allow EM of simple C1 organic compounds. A typical example is the
use of Pt–Ru catalyst in the electrochemical mineralization of methanol.

In conclusion, in the actual state of the art, the electrochemical mineralization
of organic pollutants with co-generation of electrical energy is not feasible due
to the lack of active electrocatalytic anode material. However, recently we have
demonstrated that the electrochemical mineralization of organics can be achieved
on some electrode material by electrolysis at potentials largely above the thermody-
namic potential of oxygen evolution (1.23 V/SHE under standard conditions). Even
if in this process electrical energy is consumed, this system opens new possibilities
for the treatment at room temperature of very toxic organic pollutants present in
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ASOP

O2

H2O

e–

e–

O2

H2OCO2

Anode Cathode

Electrolyte

e– e–

H+

H+

H+

H+

Fig. 1.1 Schematic representation of a hypothetical fuel cell for the mineralization of organic
pollutants; ASOP aqueous solution of organic pollutants

industrial wastewater (Boye et al. 2004; Gandini et al. 2000; Rodrigo et al. 2001;
Panizza et al. 2001a, b; Iniesta et al. 2001b; Fryda et al. 1999; Montilla et al. 2001;
Bellagamba et al. 2002; Boye et al. 2002; Montilla et al. 2002).

1.3 Mechanism of the Electrochemical Mineralization

In general, anodic oxidation reactions are accompanied by transfer of oxygen from
water to the reaction products. This is the so-called EOTR. A typical example of
EOTR is the EM of acetic acid (1.2). In this anodic reaction, water is the source of
oxygen atoms for the complete oxidation of acetic acid to CO2. However, in order
to achieve the EOTR, water should be activated. Depending on electrode material,
there are two main possibilities for the electrochemical activation of water in acid
media (1) by dissociative adsorption of water in the potential region of the thermo-
dynamic stability of water (fuel cell regime) and (2) by electrolytic discharge of
water at potentials above its thermodynamic stability (electrolysis regime).
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1.3.1 Activation of Water by Dissociative Adsorption

According to this mechanism, in acid media, water is dissociatively adsorbed on the
electrode (1.7) followed by hydrogen discharge (1.8) resulting in the formation of
chemisorbed (chemically bonded) hydroxyl radicals on the anode surface (1.9):

H2OCM! M � OHCM � H (1.7)
M � H! MC HC C e� (1.8)
H2OCM! M � OHC HC C e� (1.9)

The reaction can take place at anode potentials largely lower than the thermody-
namic potential of water oxidation to oxygen (1.23 V/SHE under standard con-
ditions). However, in order to achieve the dissociative activation of water (1.7),
electrocatalytic electrodes are needed. In fact, the dissociative adsorption of water
can be achieved only at electrodes (M) on which the bonding energy of M–OH and
M–H exceeds the dissociation energy of water to H� CHO�. This is the case of Pt–
Ru-based electrodes on which water activation can be achieved at 0.2–0.3 V/SHE.

The EOTR between the organic compound (R) and the hydroxyl radicals
take place at the electrode surface (both adsorbed) according to a Langmuir–
Hinshelwood type mechanism. This process has been extensively studied mainly
for fuel cell applications. However, as it has. been reported in Sect. 1.2, it is limited
for simple C1 organic compounds (methanol, formic acid). Furthermore, there are
problems with electrode deactivation due to CO chemisorption on the electrode
active sites.

We stress again here that in the actual state of the art, the EM of organic pollutants
with simultaneous production of electrical energy (fuel cell regime) is not feasible
due to the lack of active electrocatalytic anode material. Bio-electrocatalysis is a new
active field and can overcome this problem as it has been demonstrated recently in
the development of bio-fuel cells.

1.3.2 Activation of Water by Electrolytic Discharge

According to this mechanism, in acid media, water is discharged (1.23 V/SHE under
standard conditions) on the electrode producing adsorbed hydroxyl radicals (1.10),
which are the main reaction intermediates for O2 evolution (1.11).

H2OCM! M .�OH/C HC C e� (1.10)

M .�OH/! MC
1

2
O2 C HC C e� (1.11)

The reactivity of these electrolytic hydroxyl radicals is very different from the chem-
ically bonded hydroxyl radicals formed by the dissociative activation of water (1.9).
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Even if the exact nature of the interactions between the electrolytically generated
hydroxyl radicals (1.10) and the electrode surface (M) is not known, we can con-
sider that these hydroxyl radicals are physisorbed on the anode surface.

The EOTR between an organic compound R (supposed none adsorbed on the
anode) and the hydroxyl radicals (loosely adsorbed on the anode) takes place close
to the anode’s surface:

R.aq/ CM .�OH/n=2 ! MC Oxidation productsC
n

2
HC C

n

2
e�; (1.12)

where n is the number of electrons involved in oxidation reaction of R.

1.4 Influence of Anode Material on the Reactivity
of Electrolytic Hydroxyl Radicals

The reaction of organics with electrogenerated electrolytic hydroxyl radicals (1.12)
is in competition with the side reaction of the anodic discharge of these radicals to
oxygen (1.11). The activity [rate of reaction (1.11) and (1.12)] of these electrolytic
hydroxyl radicals are strongly linked to their interaction with the electrode surface
M. As a general rule, the weaker the interaction, the lower is the electrochemical
activity [reaction (1.11) is slow] toward oxygen evolution (high O2 overvoltage an-
odes) and the higher is the chemical reactivity toward organics oxidation. Based on
this approach, we can classify the different anode materials according to their ox-
idation power in acid media as it is shown in Table 1.2. This table shows that the
oxidation potential of the anode (which corresponds to the onset potential of oxy-
gen evolution) is directly related to the overpotential for oxygen evolution and to
the adsorption enthalpy of hydroxyl radicals on the anode surface, i.e., for a given
anode material the higher is the O2 overvoltage the higher is its oxidation power.

A low oxidation power anode is characterized by a strong electrode–hydroxyl
radical interaction resulting in a high electrochemical activity for the oxygen evolu-
tion reaction (low overvoltage anode) and to a low chemical reactivity for organics
oxidation (low current efficiency for organics oxidation). A typical low oxidation
power anode is the IrO2-based electrode (Fóti et al. 1999). Concerning this anode, it
has been reported that the interaction between IrO2 and hydroxyl radical is so strong
that a higher oxidation state of oxide IrO3 can be formed. This higher oxide can act
as mediator for both organics oxidation and oxygen evolution.

In contrast to this low oxidation power anode, the high oxidation power anode
is characterized by a weak electrode–hydroxyl radical interaction resulting in a low
electrochemical activity for the oxygen evolution reaction (high overvoltage anode)
and to a high chemical reactivity for organics oxidation (high current efficiency for
organics oxidation).

Boron-doped diamond-based anode (BDD) is a typical high oxidation power
anode (Fóti and Comninellis 2004). By means of spin trapping, the evidence for
the formation of hydroxyl radicals on BDD is found (Marselli et al. 2003). The
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Table 1.2 Oxidation power of the anode material in acid media

Electrode

Oxidation 
potential 
(V)

Overpotential
of O2
evolution (V)

Adsorption
enthalpy of
M-OH

Oxidation
power of
the anode

RuO2–TiO2

(DSA–Cl2)
1.4–1.7 0.18 Chemisorption 

of OH radical

IrO2–Ta2O5

(DSA–O2)
1.5–1.8 0.25

1.7–1.9 0.3

Ti/PbO2 1.8–2.0 0.5

Ti/SnO2–Sb2O5 1.9–2.2 0.7

p-Si/BDD 2.2–2.6 1.3 of OH radical

Ti/Pt

N+

O

H3C

H3C
HO

N

O

H3C

H3C
OH+

DMPO spin trap DMPO hydroxyl radical spin adduct

3300 3320 3340 3360 3380 3400

Magnetic Field [G]

Fig. 1.2 ESR of DMPO adduct obtained after electrolysis of 8.8 mM DMPO solution in
1 M HClO4 for 2 h on BDD electrode at 0:1mA cm�2

ESR (Electron Spin Resonance) spectrum (Fig. 1.2) recorded during electrolysis of
DMPO (5.5 dimethyl-1-pyrroline-N-oxide) solution on BDD confirms the forma-
tion of OH during anodic polarization of diamond electrodes. It has been reported
that the BDD–hydroxyl radical interaction is so weak (no free p or d orbitals on
BDD) that the OH can even be considered as quasi-free. These quasi-free hydroxyl
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Fig. 1.3 Cyclic voltammograms of BDD and platinum electrodes

radicals are very reactive and can result in the mineralization of the organic com-
pounds (1.13):

R.aq/CBDD .�OH/n=2 ! BDDCMineralization productsC
n

2
HCC

n

2
e� (1.13)

Furthermore, BDD anodes have a high overpotential for the oxygen evolution re-
action compared with the platinum anode (Fig. 1.3). This high overpotential for
oxygen evolution at BDD electrodes is certainly related to the weak BDD–hydroxyl
radical interaction, what results in the formation of H2O2 near to the electrode’s
surface (1.14), which is further oxidized at the BDD anode (1.15):

2�OH! H2O2 (1.14)
H2O2 ! 2HC C 2e� C O2 (1.15)

In fact H2O2 has been detected during electrolysis in HClO4 using BDD anodes as
it is shown in Fig. 1.4 (Michaud et al. 2003).

1.5 Determination of the Current Efficiency
of the Electrochemical Mineralization

For the determination of the current efficiency of organics mineralization we con-
sider two parallel reactions:
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Fig. 1.4 Production of H2O2 at different current densities; (open diamond) 230A cm�2, (open
sqaure) 470A cm�2, (open triangle) 950A cm�2, (cross) 1;600A cm�2 during electrolysis of
1M HClO4 on BDD electrode

(a) The main reaction of oxygen transfer from water toward the organic compound

RC
n

2
H2O! Mineralization productsC nHC C n e� (1.16)

(b) The side reaction of oxygen evolution

2H2O! O2 C 4HC C 4e� (1.17)

In the basis of this simplified reaction scheme, two techniques have been proposed
for the estimation of the instantaneous current efficiency (ICE) during electrolysis:
the chemical oxygen demand (COD) and the oxygen flow rate (OFR) techniques.

1.5.1 Determination of ICE by the Chemical Oxygen
Demand Technique

In this technique, the COD of the electrolyte is measured at regular intervals .�t/
during constant current (galvanostatic) electrolysis and the instantaneous current
efficiency .ICECOD/ is calculated using the relation:

ICECOD D
FV

8I

�
.COD/t � .COD/tC�t

�

�t
; (1.18)

where .COD/t and .COD/tC�t are the chemical oxygen demand
�
mol O2 m�3

�
at

time t and t C �t (s), respectively; I is the applied current (A); F is Faraday’s
constant

�
C mol�1

�
; and V is the volume of the electrolyte

�
m3
�
.
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1.5.2 Determination of ICE by the Oxygen Flow Rate Technique

In the OFR technique, the OFR is measured continuously in the anodic compartment
during constant current (galvanostatic) electrolysis in a two-compartment electro-
chemical cell. The instantaneous current efficiency .ICEOFR/ is then calculated
using the relation:

ICEOFR D
PV0 �

�
PVt
�

org

PV0
; (1.19)

where PV0
�
m�3s�1

�
is the theoretical OFR calculated from Faraday’s law (or

measured in a blank experiment in the absence of organic compounds) and�
PVt
�

org

�
m�3s�1

�
is the OFR obtained during electrochemical treatment of the

wastewater.
Both the COD and OFR techniques have their limitations as given below:

– If volatile organic compounds (VOC) are present in the waste water only the OFR
technique will give reliable results.

– If for example Cl2 (g) is evolved during the treatment (due to the oxidation of
Cl� present in the wastewater) only the COD technique will give reliable results.

– If insoluble organic products are formed during the treatment (for example poly-
meric material) only the OFR technique will give reliable results.

– Furthermore, simultaneous application of both the COD and OFR techniques dur-
ing the electrochemical process will allow a better control of the side reactions
involved in the electrochemical treatment.

1.6 Kinetic Model of Organics Mineralization on BDD Anode

In this section, a kinetic model of electrochemical mineralization of organics (RH)
on BDD anodes under electrolysis regime is presented. In this regime, as reported
in Sect. 1.4, electrogenerated hydroxyl radicals (1.20) are the intermediates for both
the main reaction of organics oxidation (1.21) and the side reaction of oxygen
evolution (1.22).

BDDC H2O! BDD .�OH/C HC C e� (1.20)
BDD .�OH/C R! BDDCMineralization productsC HC C e� (1.21)

BDD .�OH/! BDDC
1

2
O2 C HC C e� (1.22)

Considering this simplified reaction scheme (1.20)–(1.22), a kinetic model is pro-
posed based on following assumptions: (1) adsorption of the organic compounds at
the electrode surface is negligible; (2) all organics have the same diffusion coeffi-
cient D; and (3) the global rate of the electrochemical mineralization of organics is
a fast reaction and it is controlled by mass transport of organics to the anode surface.
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The consequence of this last assumption is that the rate of the mineralization reac-
tion is independent on the chemical nature of the organic compound present in the
electrolyte. Under these conditions, the limiting current density for the electrochem-
ical mineralization of an organic compound (or a mixture of organics) under given
hydrodynamic conditions can be written as (1.23)

ilim D nFkmCorg; (1.23)

where ilim is the limiting current density for organics mineralization
�
A m�2

�
, n is

the number of electrons involved in organics mineralization reaction, F is Faraday’s
constant

�
C mol�1

�
; km is the mass transport coefficient

�
m s�1

�
, and Corg is the

concentration of organics in solution
�
mol m�3

�
. For the electrochemical mineral-

ization of a generic organic compound, it is possible to calculate the number of
exchanged electrons, from the following electrochemical reaction

CxHyOz C .2x � z/H2O! x CO2 C .4x C y � 2z/HC C .4x C y � 2z/ e�

(1.24)
Replacing the value of n D .4x C y � 2z/ in (1.23) we obtain

ilim D .4x C y � 2z/ F kmCorg: (1.25)

From the equation of the chemical mineralization of the organic compound (1.26)

CxHyOz C

�
4x C y � 2z

4

�
O2 ! x CO2 C

y

2
H2O; (1.26)

it is possible to obtain the relation between the organics concentration .Corg in mol
CxHyOz m�3/ and the chemical oxygen demand

�
COD in mol O2 m�3

�
:

Corg D
4

.4x C y � 2z/
COD: (1.27)

From (1.25) and (1.27) and at given time t during electrolysis, we can relate the
limiting current density of the electrochemical mineralization of organics with the
COD of the electrolyte (1.28):

ilim .t/ D 4F kmCOD .t/ : (1.28)

At the beginning of electrolysis, at time t D 0, the initial limiting current density�
i0lim
�

is given by
i0lim D 4F kmCOD0; (1.29)

where COD0 is the initial chemical oxygen demand.
Let us define a characteristic parameter ˛ of the electrolysis process (1.30):

˛ D i
ı
i0lim: (1.30)
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Working under galvanostatic conditions ˛ is constant, and it is possible to identify
two different operating regimes: at ˛ < 1 the electrolysis is controlled by the applied
current, while at ˛ > 1 it is controlled by the mass transport control.

(a) Electrolysis under current limited control .˛ < 1/:

In this operating regime .i < ilim/, the current efficiency is 100% and the rate of
COD removal

�
mol O2 m�2s�1

�
is constant and can be written as (1.31)

r D ˛
i0lim
4F

: (1.31)

Using relation (1.29), the rate of COD removal (1.31) can be given by

r D ˛kmCOD0: (1.32)

It is necessary to consider the mass balances over the electrochemical cell and the
reservoir to describe the temporal evolution of COD in the batch recirculation re-
actor system given in Fig. 1.5. Considering that the volume of the electrochemical
reactor VE

�
m3
�

is much smaller than the reservoir volume VR
�
m3
�
, we can obtain

from the mass balance on COD for the electrochemical cell the following relation:

QCODout D QCODin � ˛kmACOD0; (1.33)

where Q is the flow rate
�
m3s�1

�
through the electrochemical cell; CODin and

CODout are the chemical oxygen demands
�
mol O2 m�3

�
at the inlet and at the out-

let of the electrochemical cell, respectively; and A is the anode area
�
m2
�
. For the

well-mixed reservoir (Fig. 1.5), the mass balance on COD can be expressed as

Q.CODout � CODin/ D VR
d .CODin/

dt
: (1.34)

Combining (1.33)–(1.34) and replacing CODin by the temporal evolution of chemi-
cal oxygen demand, COD, we obtain

d .COD/
dt

D �˛
COD0Akm

VR
: (1.35)

Integrating this equation subject to the initial condition COD D COD0 at t D 0

gives the temporal evolution of COD.t/ in this operating regime .i < ilim/:

COD.t/ D COD0
�
1 � ˛

Akm

VR
t

�
: (1.36)

This behavior persists until a critical time .tcr/, at which the applied current density
is equal to the limiting current density, what corresponds to:

CODcr D ˛ COD0: (1.37)
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Fig. 1.5 Schematic view of the two-compartment electrochemical flow cell. R reservoirs,
P pumps, E electrochemical cell with membrane, W heat exchangers, F gas flow controllers

Substituting (1.37) in (1.36), it is possible to calculate the critical time:

tcr D
1 � ˛

˛

VR

Akm
(1.38)

or in term of critical specific charge
�
A h m�3

�
:

Qcr D i
0
lim

.1 � ˛/

km � 3,600
D
4F

�
COD0

�
.1 � ˛/

3,600
: (1.39)

(b) Electrolysis under mass transport control .˛ > 1/:

When the applied current exceeds the limiting one .i > ilim/, secondary reactions
(such as oxygen evolution) commence resulting in a decrease in the ICE. In this
case, the COD mass balances on the anodic compartment of the electrochemical
cell E and the reservoir R2 (Fig. 1.5) can be expressed as

d .COD/
dt

D �
AkmCOD

VR
: (1.40)

Integration of this equation from t D tcr to t , and COD D ˛ COD0 to COD .t/
leads to

COD .t/ D ˛ COD exp
�
�
Akm

VR
t C

1 � ˛

˛

�
: (1.41)
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Fig. 1.6 Evolution of (a) COD and (b) ICE in function of time (or specific charge); A represents
the charge transport control; B represents the mass transport control

The ICE can be defined as

ICE D
ilim

i
D

COD .t/
˛COD0

: (1.42)

And from (1.41) and (1.42), ICE it is now given by

ICE D exp
�
�
Akm

VR
t C

1 � ˛

˛

�
: (1.43)

A graphical representation of the proposed kinetic model is given in Fig. 1.6. In
order to verify the validity of this model, the anodic oxidation of various aromatic
compounds in acidic solution has been performed varying organics concentration
and current density.

1.6.1 Influence of the Nature of Organic Pollutants

Figure 1.7 shows both the experimental and predicted values (continuous line) of
both the ICE and COD evolution with the specific electrical charge passed dur-
ing the anodic oxidation of different classes of organic compounds (acetic acid,
isopropanol, phenol, 4-chlorophenol, 2-naphtol). This figure demonstrates that the
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Fig. 1.7 Evolution of COD and ICE (inset) in function of specific charge for different organic
compounds: (cross) acetic acid, (open square) isopropanol, (open circle) phenol, (open triangle)
4-chlorophenol, (open diamond) 2-naphtol; i D 238A m�2; T D 25ıC; Electrolyte: 1M H2SO4.
The solid line represents model prediction

electrochemical treatment is independent on the chemical nature of the organic com-
pound. Furthermore, there is an excellent agreement between the experimental data
and the predicted values from proposed model.

1.6.2 Influence of Organic Concentration

Figure 1.8 presents both ICE and COD evolution with the specific electrical charge
passed during the galvanostatic oxidation

�
238A m�2

�
of 2-naphtol .2 � 9mM/ in

1M H2SO4. As predicted from the model, the critical specific charge Qcr (1.39)
increases with increase in the initial organic concentration (reported as initial
COD0). Again, there is an excellent agreement between the experimental and
predicted values.

1.6.3 Influence of Applied Current Density

The influence of current density on both ICE and COD evolution with the specific
electrical charge passed during the galvanostatic oxidation of a 5 mM 2-naphtol in
1 M H2SO4 at different current densities

�
119 � 476A m�2

�
is shown in Fig. 1.9.

As previously noted, an excellent agreement between the experimental and pre-
dicted values is observed.
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Fig. 1.9 Influence of the applied current density: (cross) 119A m�2, (open circle) 238A m�2,
(open diamond) 476A m�2 on the evolution of COD and ICE (inset) during electrolysis of 5 mM
2-naphtol in 1M H2SO4 on BDD; T D 25ıC. The solid line represents model prediction

1.7 Intermediates Formed During the Electrochemical
Mineralization Process Using BDD

It has been found, that the amount and nature of intermediates formed during the
electrochemical mineralization of organics on BDD anodes depends strongly on
the working regime. In fact, electrolysis under conditions of current limited control
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Fig. 1.10 Trend of the percentage of phenol converted to CO2 (open triangle) and to aromatic
compounds (open square) during phenol electrolysis in 1 M HClO4 on BDD under (a) current lim-
ited control, initial phenol concentration: 20 mM, current density 5mA cm�2; (b) mass transport
control, initial phenol concentration: 5 mM, current density 60mA cm�2

results usually in the formation of an important number of intermediates in contrast
to electrolysis under mass transport regime, where practically no intermediates are
formed and CO2 is the only final product. Figure 1.10 shows a typical example of
phenol oxidation under conditions of current limited control (formation of aromatic
intermediates) and mass transport regime (no intermediates, only CO2).
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1.8 Electrical Energy Consumption in the Electrochemical
Mineralization Process

In contrast to the chemical oxidation process in which strong oxidants (usually
in the presence of catalysts) are used in order to achieve efficient treatment, the
electrochemical process consumes mainly electrical energy. The specific energy
consumption for the electrochemical treatment of a given wastewater can be esti-
mated from the relation (Panizza et al. 2001a, b):

Esp D
4FVc

3,600EOI
with 0 � EOI � 1; (1.44)

where Esp is the specific energy consumption (kW h/kmol COD), F is Faraday’s
constant

�
C mol�1

�
, Vc is the cell potential (V), and EOI is the electrochemical oxi-

dation index (which represents the average current efficiency for organics oxidation)
given by (1.45):

EOI D

£R

o

ICE dt

�
with 0 � EOI � 1; (1.45)

where ICE is the instantaneous current efficiency (–) and � is the duration of the
electrochemical treatment (s). Using the numerical values, (1.44) can be written as

Esp D 107:2
Vc

EOI
with 0 � EOI � 1: (1.46)

The cell potential can be related to the current density by the relation (1.47):

Vc D V0 C �di; (1.47)

where V0 is a constant depending on the nature of the electrolyte (V), � is the re-
sistivity of the electrolyte (�m), d is the interelectrode distance (m), and i is the
current density

�
A m�2

�
. Combining (1.46) and (1.47) we obtain

Esp D 107:2
.V0 C �di/

EOI
with 0 � EOI � 1: (1.48)

This relation shows that the specific energy consumption decreases with increasing
average current efficiency reaching a minimum value at EOI D 1.

1.9 Optimization of the Electrochemical Mineralization
Using BDD Anodes

As it has been shown in Sect. 1.8, the specific energy consumption for the elec-
trochemical mineralization of organics decreases strongly with increasing average
current efficiency (EOI) and reaches a minimum value at EOI D 1. In order to work



20 A. Kapałka et al.

under these favorable conditions (at which EOI D 1), electrolysis has to be car-
ried out under programmed current, in which the current density during electrolysis
is adjusted to the limiting value. The following steps are proposed for an optimal
treatment of a wastewater using BDD anodes:

(a) Measure the initial chemical oxygen demand
�
COD0

�
of the wastewater.

(b) Estimate the mass transfer coefficient .km/ of the electrolytic cell under fixed
hydrodynamic conditions (stirring rate). This can be achieved using a given
concentration of Fe .CN/6

4� (50 mM) in a supporting electrolyte .1M Na2SO4/
and measuring the limiting current .Ilim/ for the anodic oxidation of Fe .CN/6

4�

under fixed stirring rate. The mass transfer coefficient (km/ can then be calcu-
lated using the relation:

km D
Ilim

FA
h
Fe .CN/6

4�
i ; (1.49)

where km is the mass transfer coefficient
�
m s�1

�
; Ilim is the limiting current

(A),
h
Fe .CN/6

4�
i
is the concentration of Fe.CN/64� .mol m�3/, F is Fara-

day’s constant
�
C mol�1

�
, and A is the anode surface area

�
m2
�
.

(c) Estimate the initial limiting current density .ilim/ for the electrochemical min-
eralization using (1.29).

(d) Calculate the time constant of the electrolytic cell .�c/ using the relation:

�c D
VR

Akm
; (1.50)

where �c is the electrolytic cell time constant (s) and VR is the volume of the
reservoir R2 in Fig. 1.5

�
m3
�
.

(e) Using (1.29), (1.41), (1.50) and considering ˛ D 1 (initial applied current
density D calculated initial limiting current density), we obtain the theoretical
temporal evolution of the limiting current during electrolysis (1.51).

ilim D i
0
limexp

�
�
t

�c

�
: (1.51)

(f) Start electrolysis by application of a current density corresponding to the limit-
ing value [calculated as in point (c)].

(g) Adjust the current density during electrolysis to the time dependent limiting
value according to (1.51).

(h) From (1.29) and (1.51), calculate the electrolysis time .�/ in order to achieve
the target final COD value .CODfinal/ using the relation:

� D ��clog
CODfinal

COD0
: (1.52)
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Table 1.3 Corrosion rate and current efficiency of BDD corrosion for various
electrolytes
Electrolyte Corrosion rate .�g/Ah/ Current efficiency (%)
1M HClO4 0:3˙ 0:1 0.0003
1M H2SO4 <0:3 <0:0003

1M H2SO4 C 9M CH3OH 3˙ 1 0:003

1M H2SO4 C 3M CH3COOH 12˙ 2 0.011

1.10 Fouling and Corrosion of BDD Anodes

One of the major problems in the application of the electrochemical technology for
wastewater treatment is the fouling of the electrode’s surface caused by the depo-
sition of oligomeric or polymeric material and the electrode’s deactivation. It has
been reported, that BDD electrodes are not sensible to fouling due to the electro-
generation of active, electrolytic hydroxyl radicals which can oxidize any polymeric
material deposited on the anode’s surface. However, BDD anodes are susceptible to
deactivation mainly due to the anodic corrosion. The corrosion rate depends strongly
on the reaction media as it is shown in Table 1.3. In the same table, the current effi-
ciency of BDD corrosion is also given, considering (1.53).

C! C4C C 4e� (1.53)
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Chapter 2
Importance of Electrode Material
in the Electrochemical Treatment
of Wastewater Containing Organic
Pollutants

Marco Panizza

2.1 Introduction

In recent decades, oxidative electrochemical technologies, providing versatility,
energy efficiency, amenability to automation, environmental compatibility, and cost
effectiveness have reached a promising stage of development and can now be ef-
fectively used for the destruction of toxic or biorefractory organics (Rajeshwar
et al. 1994; Rajeshwar and Ibanez 1997; Chen 2004).

The overall performance of the electrochemical processes is determined by
the complex interplay of parameters that may be optimized to obtain an effec-
tive and economical incineration of pollutants. The principal factors determining
the electrolysis performance will be (Pletcher and Walsh 1982) as follows:

1. Electrode potential and current density. Control which reaction should occur and
its rate and commonly determine the efficiency of the process

2. Current distribution. Determines the spatial distribution of the consumption of
reactants and hence, it must be as homogeneous as possible

3. Mass-transport regime. A high mass-transport coefficient that leads to a greater
uniformity of pollutant concentration in the reaction layer near the electrode sur-
face and to generally a higher efficiency

4. Cell design. The cell dimension, the presence or the absence of a separator, the
design of the electrode, etc. affect the figures of merit of the electrochemical
process

5. Electrolysis medium. The choice of electrolyte and its concentration, pH, tem-
perature

6. Electrode materials. The ideal electrode material for the degradation of organic
pollutants should be totally stable in the electrolysis medium; cheap; and exhibit
high activity toward organic oxidation and low activity toward secondary reac-
tions (e.g., oxygen evolution).
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Even if we still remain far from meeting all these requirements for an electrode,
a significant step has been made toward the production of better electrode material.
The present chapter reviews and discusses the crucial role of the electrode materials
in the electrochemical treatment of wastewater containing organic pollutants.

2.2 Electrochemical Parameters

Before analyzing the influence of the electrode material on the electrooxidation of
organic pollutants, it is necessary to review some global parameters commonly used
to estimate the progress and the efficiency of electrochemical treatments.

The instantaneous current efficiency (ICE) of the electrooxidation is deter-
mined by chemical oxygen demand (COD) measurements, using the relationship
(Comninellis and Pulgarin 1991):

ICE D
.CODt � CODtC�t /

8I �t
FV; (2.1)

where .COD/t and .COD/tC�t are the chemical oxygen demands at times t and
t C �t

�
in gO2 dm�3

�
, respectively; I is the current (A); F is Faraday’s constant�

96,500C mol�1
�
; and V is the volume of the electrolyte

�
dm3

�
.

The Electrochemical Oxidation Index (EOI), which is the average value of
the current efficiency during the oxidation, is determined from the ICE using the
relationship (Comninellis and Pulgarin 1991):

EOI D

R
ICE dt
�

; (2.2)

where � is the time at which the ICE is almost zero.
The Electrochemical Oxygen Demand is calculated using the relationship

(Comninellis and Pulgarin 1991):

EOD D
8 .EOI � I � �/
F Œorganic�

; (2.3)

where [organic] is the amount of the organic in the electrolyte (g) and EOD is ex-
pressed in gO2

�
gorganic

��1.
The General Current Efficiency for the anodic oxidation is calculated from the

COD values, using the following relationship (Martinez-Huitle et al. 2004b):

GCE D FV
�
.COD0 � CODt /

8I t

�
; (2.4)

where .COD/0 and .COD/tC�t are the chemical oxygen demands
�
g dm�3

�
at

times t D 0 (initial) and t , respectively; I is the current (A), F is Faraday’s constant
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�
96,500C mol�1

�
; V the volume of the electrolyte (dm3/, and 8 is the oxygen equiv-

alent mass
�
g eq�1

�
. This equation is similar to that proposed by Comninellis and

Pulgarin (1991) for the determination of the ICE, although the expression used for
the GCE represents an average value between the initial time t and t C�t .

The overall capacity of the electrochemical oxidation is expressed in terms of
space–time yield (YST) using the following relationship (Chen 2004):

YST D
a � i � CE �MFW

nF
� 3,600; (2.5)

where a is the specific electrode area
�
m�1

�
, defined as the ratio of the electrode

area to the reactor volume; i is the current density
�
A m�2

�
; CE is the current effi-

ciency; n is the number of electrons in the reaction involved; F is Faraday’s constant�
96,500C mol�1

�
; and MFW is the molar mass

�
g mol�1

�
.

2.3 Oxidation Mechanisms

Electrooxidation of organic pollutants can be performed in several different ways,
including direct and indirect oxidation, which are schematized in Fig. 2.1.

It has been generally observed that the nature of the electrode material, the exper-
imental conditions, and the electrolyte composition strongly influence the oxidation
mechanism.

Fig. 2.1 Scheme of the electrochemical processes for the removal of organic compounds
(R): (a) direct electrolysis; (b) via hydroxyl radicals produced by the discharge of the water;
and (c) via inorganic mediators
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In direct electrolysis, the pollutants are oxidized after adsorption on the anode
surface without the involvement of any substances other than the electron, which is
a “clean reagent”:

Rads � ze� ! Pads (2.6)

Direct electrooxidation is theoretically possible at low potentials, before oxygen
evolution, but the reaction rate usually has low kinetics that depends on the electro-
catalytic activity of the anode. High electrochemical rates have been observed using
noble metals such as Pt and Pd, and metal-oxide anodes such as iridium dioxide,
ruthenium–titanium dioxide, and iridium–titanium dioxide (Foti et al. 1997).

However, the main problem of electrooxidation at a fixed anodic potential before
oxygen evolution is a decrease in the catalytic activity, commonly called the poi-
soning effect, due to the formation of a polymer layer on the anode surface. This
deactivation, which depends on the adsorption properties of the anode surface and
the concentration and the nature of the organic compounds, is more accentuated in
the presence of aromatic organic substrates such as phenol (Gattrell and Kirk 1993;
Foti et al. 1997), chlorophenols (Rodgers et al. 1999; Rodrigo et al. 2001), naphthol
(Panizza and Cerisola 2003b), and pyridine (Iniesta et al. 2001b).

In indirect oxidation, organic pollutants do not exchange electrons directly with
the anode surface; but they exchange through the mediation of some electroactive
species regenerated there, which act/acts as an intermediary for shuttling electrons
between the electrode and the organics. Indirect electrolysis can be a reversible or
an irreversible process.

In the reversible process, the redox reagents are turned over several times
and recycled. The reversible mediators of oxidation can be a metallic redox cou-
ple, such as AgC=Ag2C(Farmer et al. 1992), Co2C=Co3C(Leffrang et al. 1995),
Ce3C=Ce4C(Nelson 2002), Fe2C=Fe3C(Dhooge and Park 1983), or inorganic ions
such as Cl�=ClO� (Comninellis and Nerini 1995; Szpyrkowicz et al. 1995; (Panizza
and Cerisola 2003a) or Br�=BrO� (Martinez-Huitle et al. 2005) added to or present
in the electrolyte. The main drawback of the use of a solution redox couple is the
need to subsequently separate the oxidation products from the mediator.

In the irreversible process, a strong oxidizing chemical (e.g., ozone (Foller and
Tobias 1982; Tatapudi and Fenton 1993; Feng et al. 1994), hydrogen peroxide (Do
and Chen 1993; Brillas et al. 1995, 2003; Alvarez-Gallegos and Pletcher 1998; Boye
et al. 2002), etc.) is generated in situ to mineralize the organic pollutants.

Another mechanism for the indirect electrochemical oxidation of organics at
high potential, proposed by Johnson et al. (Chang and Johnson 1990; Johnson
et al. 1999), is based on intermediates of the oxygen evolution reaction. This pro-
cess involves the transfer of anodic oxygen from H2O to the organics via adsorbed
hydroxyl radicals generated by the water discharge:

S Œ��C H2O! S ŒOH��C HC C e� (2.7)
S ŒOH��C R! S Œ��C ROC HC C e� (2.8)

where S represents the surface sites for adsorption of the OH� species.
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An inevitable but undesirable concomitant reaction is the evolution of oxygen by
the oxidation of the water

S ŒOH��C H2O! S Œ��C O2 C 3HC C 3e� (2.9)

Comninellis et al. (Comninellis 1994; Comninellis and De Battisti 1996; Simond
et al. 1997; Foti et al. 1999) found that the nature of the electrode material strongly
influences both the selectivity and the efficiency of the process and, in particular,
several anodes favored the partial and selective oxidation of pollutants (i.e., conver-
sion), while others favored complete combustion to CO2. In order to interpret these
observations, they proposed a comprehensive model for the oxidation of organics at
metal oxide electrodes with simultaneous oxygen evolution.

In a similar way to the mechanism proposed by Johnson, the first step in the oxy-
gen transfer reaction is the discharge of water molecules to form adsorbed hydroxyl
radicals

MOx C H2O! MOx .�OH/C HC C e� (2.10)

The following steps depend on the nature of the electrode materials, and make it pos-
sible to distinguish between two limiting classes of electrodes, defined as “active”
and “nonactive” anodes:

(a) At “active” electrodes, where higher oxidation states are available on the elec-
trode surface, the adsorbed hydroxyl radicals may interact with the anode,
forming the so-called higher oxide:

MOx .�OH/! MOxC1 C HC C e� (2.11)

The surface redox couple MOxC1=MOx , which is sometimes called chemisorbed
“active oxygen,” can act as a mediator in the conversion or selective oxidation of
organics on “active” electrodes:

MOxC1 C R! MOx C RO (2.12)

(b) At “nonactive” electrodes, where the formation of a higher oxide is excluded,
hydroxyl radicals, called physisorbed “active oxygen,” may assist the nonselec-
tive oxidation of organics, which may result in complete combustion to CO2:

MOx .�OH/C R! MOx CmCO2 C nH2OC HC C e� (2.13)

However, both the chemisorbed and the physisorbed “active oxygen,” also undergo
a competitive side reaction, i.e., oxygen evolution, resulting in a decrease in the
efficiency of the anodic process.

As a general rule, anodes with low oxygen evolution overpotential (i.e., anodes
that are good catalysts for the oxygen evolution reaction), such as carbon, graphite,
IrO2;RuO2, or platinum, have “active” behavior and only permit the partial oxida-
tion of organics, while anodes with high oxygen evolution overpotential (i.e., anodes
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that are poor catalysts for the oxygen evolution reaction), such as antimony-doped
tin oxide, lead dioxide, or boron-doped diamond (BDD), have “nonactive” be-
havior and favor the complete oxidation of the organics to CO2 and so are ideal
electrodes for wastewater treatment. Moreover, radical trap experiments using N ,
N -dimethyl-p-nitrosoaniline (DMPO) as an OH� scavenger have demonstrated
that a larger concentration of OH� is present on nonactive anodes than on active
ones (Comninellis 1994; Marselli et al. 2003). The larger OH� concentration has
been suggested as the cause of the complete combustion of organics to CO2 on
nonactive anodes.

2.4 Electrode Materials

As mentioned above, the nature of the electrode material influences the selectivity
and the efficiency of an electrochemical process for the oxidation of organic com-
pounds and for this reason, in literature, many anodic materials have been tested
to find the optimum one. According to the model proposed by Comninellis (1994),
anode materials are divided for simplicity into two classes as follows:

Class 1 anodes, or active anodes, have low oxygen evolution overpotential and
consequently are good electrocatalysts for the oxygen evolution reaction:

– Carbon and graphite
– Platinum-based anodes
– Iridium-based oxides
– Ruthenium-based oxides

Class 2 anodes, or nonactive anodes, have high oxygen evolution overpotential
and consequently are poor electrocatalysts for the oxygen evolution reaction:

– Antimony-doped tin oxide
– Lead dioxide
– Boron-doped diamond

The oxygen evolution potentials in H2SO4 of the most extensively investigated an-
ode materials are compared in Table 2.1.

2.4.1 Carbon and Graphite

Carbon and graphite electrodes are very cheap and have a large surface area and
so they have been widely used for the removal of organics in electrochemical re-
actors with three-dimensional electrodes (e.g., packed bed, fluidized bed, carbon
particles, porous electrode, etc.). However, with these materials the electrooxidation
is generally accompanied by surface corrosion, especially at high current densities.
Gattrell and Kirk (1990) used reticulated glassy carbon anodes in a flow-by cell for
the oxidation of phenol. During the electrolysis there was a rapid decrease in the
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Table 2.1 Potential for oxygen evolution of different anodes in H2SO4

Anode Value vs. SHE Conditions
RuO2 1.47 0:5M H2SO4

IrO2 1.52 0:5M H2SO4

Pt 1.6 0:5M H2SO4

Oriented pyrolytic graphite 1.7 0:5M H2SO4

SnO2 1.9 0:05M H2SO4

PbO2 1.9 1M H2SO4

BDD 2.3 0:5M H2SO4

Standard potential for oxygen evolution is 1.23 V vs. NHE (Panizza and
Cerisola 2006b)

Fig. 2.2 The effect of temperature on the rate of phenol oxidation at a glassy carbon electrode
(Gattrell and Kirk 1993)

reaction rate due to the blocking of the electrode surface with insoluble polymeric
products that were slow to oxidize or desorb. Moreover, increasing the phenol con-
centration from 0.005 to 0.02 M increased the current efficiency but also increased
the fraction of phenol that reacted to form polymeric products. They observed that
high-temperature (Fig. 2.2) and high-applied potentials (i.e., greater than 1.9 V vs.
SCE) not only resulted in a more complete oxidation of the phenol, but also resulted
in a decrease in the current efficiency and faster electrode corrosion.

The electrochemical 2-chlorophenol and 2,6-dichlorophenol removal from aque-
ous solutions using porous carbon felt (Polcaro and Palmas 1997) or a fixed bed of
carbon pellets (Polcaro et al. 2000) as three-dimensional electrodes was investigated
by Polcaro’s group. The group’s experimental setup consisted of a two-compartment
electrochemical cell separated by an anionic membrane where the carbon felt or
pellets could be lodged and the solution was recirculated by peristaltic pumps. Both
carbon-based anodes effectively removed the chlorophenols as well as their reaction
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intermediates. The HPLC chromatographs showed that the main intermediates were
aliphatic compounds such as oxalic and maleic acids, while phenol, cathecol, and
benzoquinone were not observed; this may indicate that cleavage of chlorine occurs
at the same time as the ring opening. They also demonstrated that the electrolyte
velocity through the electrode did not affect the reaction behavior, while the most
important parameter was the current density per unit electrolyte volume: Using an
applied current density of 5mA cm�2 of electrode, average current efficiency val-
ues were from 25 to 30%. Moreover, under these conditions, they observed only low
corrosion effects on the superficial characteristics of the anodes after they had been
working for several hours.

The electrochemical treatment of phenol using graphite electrodes was recently
investigated by (Awad and Abuzaid 1997, 1999, 2000) and the effect of residence
time at different applied currents was elucidated. Phenol removal efficiency was
found to increase with the increase in current and residence time and reached about
50% at a current of 2.0 A and a residence time of 35 min (Fig. 2.3).

Other types of carbon-based electrodes, such as activated carbon (Canizares
et al. 1999), graphite particles (Piya-areetham et al. 2006), graphite Rashig rings
(Ogutveren et al. 1999), and carbon black slurry (Boudenne et al. 1996; Boudenne
and Cerclier 1999) have also been employed sometimes for the treatment of organic
compounds.

Fig. 2.3 Relationship between phenol removal efficiency and current, under different flow
rates and residence time values, during phenol oxidation at porous graphite anodes (Awad and
Abuzaid 2000)
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Carbon-based materials have also been widely used as cathodes in indirect elec-
trolyses of organics generating in situ hydrogen peroxide, by two-electron reduction
of oxygen on the cathode surface:

O2 C 2HC C 2e� ! H2O2 (2.14)

In fact, carbon and graphite exhibit good electrochemical activities for oxygen re-
duction, high overpotential for hydrogen evolution, and low catalytic activity for
hydrogen peroxide decomposition (Do and Chen 1994a, b; Ponce-de-Leon and
Pletcher 1995).

It is well known that in acidic solutions, the addition of a small concentration of
Fe(II) to the electrogenerated H2O2 enhances the rate and the efficiency of the oxi-
dation of organics, due to the formation of highly oxidizing OH� radicals, according
to Fenton’s classical mechanism (Brillas et al. 1996):

Fe2C C H2O2 ! Fe3C C OH� C OH� (2.15)

This reaction is propagated by Fe2C regeneration, which takes place through the
reduction of Fe3C with H2O2, the hydroperoxyl radical HO�2 previously formed,
and the organic radical intermediates and by reduction at the cathode:

Fe3C C H2O2 ! Fe2C C OHC C OH�2 (2.16)
Fe3C C HO�2 ! Fe2C C HC C O2 (2.17)
Fe3C C e� ! Fe2C (2.18)

In this field, several authors have reported the complete removal of organic
pollutants, such as formaldehyde (Do and Chen 1993), aniline (Brillas et al. 1996),
phenol (Alvarez-Gallegos and Pletcher 1999), pesticides (Guivarch et al. 2003),
herbicides (Boye et al. 2002), and industrial effluent containing naphthalene- and
anthraquinone-sulfonic acids (Panizza and Cerisola 2001) by in situ electrogener-
ated hydrogen peroxide catalyzed by iron ions.

2.4.2 Platinum

The platinum electrode is one of the most commonly used anodes in both prepara-
tive electrolysis and synthesis because of its good chemical resistance to corrosion
even in strongly aggressive media. The behavior of platinum electrodes in the elec-
trochemical oxidation of organic pollutants has been widely reported in literature,
showing a significant electrocatalytic activity (Soriaga and Hubbard 1982; Lamy
et al. 1983; Foti et al. 1997; Rodgers et al. 1999).

For example, Lamy (1984) studied the oxidation of organic compounds (e.g.,
methanol, ethanol, butanol, ethylene-glycol, C2 oxygenated compounds, etc.) on
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noble metal electrodes (e.g., platinum, gold, rhodium, and palladium) in aqueous
solutions and verified that platinum appears to be the best electrocatalyst, particu-
larly in an acidic medium.

Gattrell and Kirk (Gattrell and Kirk 1993) investigated the oxidation of phenol at
platinum and peroxidized platinum anodes using cyclic voltammetry and chronoam-
perometry. Their studies demonstrated that the phenol can be irreversibly adsorbed
on metallic platinum, quickly passivating the electrode. However, the presence of a
platinum oxide layer on the electrode surface slightly inhibited the formation of the
passivating film due to the decreased adsorption strength of the reaction products
at the oxide surface. In long-term electrolyses, the activity of metallic platinum and
platinum oxide had the same behavior.

The electrochemical oxidation of phenol at platinum anodes was also studied
in depth by Comninellis and Pulgarin (Comninellis and Pulgarin 1991) under dif-
ferent conditions for wastewater treatment. A yellow-brown polymeric product was
formed during the oxidation of phenol, and this film formation strongly depended on
the experimental conditions. They showed that the process was not limited by mass
transfer at the anode and the oxidation occurred through an electrophilic attack on
the aromatic ring by the OH�. The EOI and the EOD values were slightly influenced
by the current density and temperature, but they increased with the pH (Table 2.2)
and phenol concentration (Fig. 2.4). However, even at pH D 12:5 the EOI ob-
tained during the electrochemical oxidation of 0.01 M of phenol at T D 70ıC and
i D 57mA cm�2 was only 0.143. Such a low value was due to the formation of re-
action intermediates, mainly aliphatic acids (e.g., maleic, fumaric, and oxalic acid),
which resisted further electrooxidation.

The oxidation of a wide range of phenol and other biorefractory organic com-
pounds (e.g., ethanol, aliphatic acids, naphthalene and anthraquinone sulfonic acids,
aniline, nitrobenzene, etc.) on platinized titanium was also studied by Kotz et al.
(Kotz et al. 1991; Stucki et al. 1991). The elimination of TOC was rather inef-
fective due to the leakage current for oxygen evolution, and the average EOI was
about 0.05.

More recently, Bonfatti et al. (1999) have verified that the reactivity of glucose at
Ti/Pt electrodes was acceptable in all current densities, slightly higher at 600A m�2;
however, the electrochemical mineralization was low, particularly over a long elec-
trolysis time, due to the accumulation of intermediates, mainly glucaric acid, which
resisted further attack at the platinum electrode. The situation improved by increas-
ing the temperature to 56ıC.

Table 2.2 Influence of pH
and temperature on the
EOI and EOD during the
oxidation of phenol at a
platinum anode

pH T (ıC) EOI EOD
1.3–2.0 70 0.078 0.99
12–13 70 0.143 1.14
1.5–1.7 15 0.048 0.76
12–13 15 0.121 1.20

Initial phenol concentration: 0:01mol dm�3,
i D 57mA cm�2 (Comninellis and Pul-
garin 1991)
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Fig. 2.4 Influence of the
initial phenol concentration
on the EOI and EOD values
obtained during
electrochemical oxidation at
platinum electrodes.
I D 57 mA cm�2,
T D 70ıC, pH 12:5

(Comninellis and
Pulgarin 1991)

Table 2.3 Dependence of 1-aminonaphthalene-3,6-disulfonic
acid (ANDS) conversion on the electrooxidation temperature
of the platinum anode, c D 10�3 mol dm�3, volume of
solution D 60mL (Socha et al. 2005)
Temperature (ıC) 	TOC (%) 	COD (%) 	Abs (%)
30 13.83 35.14 76.76
40 16.45 33.78 76.76
50 15.67 33.58 77.82
60 15.23 35.14 78.21
70 17.63 36.48 78.93
80 18.75 36.48 78.93

Similar results were also obtained by Socha et al. (2005) for the electrochem-
ical treatment of 1-Aminonaphthalene-3,6-disulfonic acid (ANDS), a component
of the wastewater produced during the synthesis of many synthetic dyes. An in-
crease in the temperature caused a slight increase in the efficiency of the substrate
oxidation (Table 2.3), but even at 80ıC the removal of TOC and COD was only 18
and 36%, although the decolorization of the solution, i.e., decrease of absorbance,
was achieved.

2.4.3 Dimensionally Stable Anodes

The dimensionally stable anodes (DSAr/ consist of a titanium base metal cov-
ered by a thin conducting layer of metal oxide or mixed metal-oxide oxides. Since
their discovery by Beer (1966) in the late 1960s, a lot of work has been done on
DSAr and on finding and preparing new coating layers for many electrochemical
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applications. The development of anodes coated with a layer of RuO2 and TiO2
brought about significant improvements in the chlor-alkali industry .DSA � Cl2/,
while the anodes coated with IrO2 have been commercially used for oxygen evo-
lution reactions .DSA � O2/ in acidic media in several electrochemical processes,
such as water electrolysis and metal electrowinning. Recently, DSAr anodes with
a different coating composition have been also studied for applications in the oxida-
tion of organics (Bock and MacDougall 2000; Lanza and Bertazzoli 2002; Malpass
et al. 2006).

Johnson et al. (Houk et al. 1998; Johnson et al. 1999) studied the incineration of
4-chlorophenol and benzoquinone using quaternary metal-oxide anodes (Ti, Ru, Sn,
and Sb). They demonstrated that this type of electrode is stable and electrochemi-
cally active for the oxidation of organic compounds when it is used in the absence
of a soluble supporting electrolyte, with a Nafionr membrane as solid-state elec-
trolyte; however, the electrolysis time for complete COD and TOC removal was
excessively long and current efficiency was low.

The electrocatalytic behavior of olefins was studied by Zanta et al. (2000) at
thermally prepared ruthenium–titanium- and iridium–titanium-dioxide-coated an-
odes. The aliphatic olefins were shown to be inactive in the region before oxygen
evolution, while aromatic ones showed one or two oxidation peaks, and the cat-
alytic activity seemed to be the same for both substrates. However, as for platinum
anodes, voltammetric studies and FTIR analyses have also shown the formation of
a polymeric film that blocks the surface of the electrode and decreases its activity.

Many studies of the oxidation of organic compounds with Ti=IrO2 elec-
trodes have been carried out by Comninellis’ group (Pulgarin et al. 1994; Foti
et al. 1997, 1999; Simond et al. 1997). In the region before oxygen evolution,
Ti=IrO2 did not show any electrocatalytic activity for the oxidation of alcohols
(methanol, propanol, and butanol) and carboxylic acids (maleic, oxalic, and formic
acid). Instead, in the presence of phenol, Ti=IrO2 had high electrocatalytic activity,
but this was quickly diminished because of the formation of a polymer film on the
surface of the electrode.

Studies of the electrochemical detoxification of 1,4-benzoquinone (Pulgarin
et al. 1994) showed that the primary oxidation, i.e., elimination of benzoquinone,
was obtained with Ti=IrO2 anodes, resulting in an accumulation of carboxylic acids:
maleic, fumaric, mesoxalic, and oxalic acids that were only poorly degraded at the
Ti=IrO2 anode (Fig. 2.5).

Several authors have reported that DSA-type anodes coated with a layer of RuO2
or IrO2 and other oxides can be used efficiently for organic disposal by indirect elec-
trolysis generating in situ active chlorine by the oxidation of chloride ions present
in the solution, according to the following reaction:

2Cl� ! Cl2 C 2e� (2.19)

As a function of pH, chlorine remains in the solution as aqueous chlorine
.pH < 3/ or disproportionates to hypochloric acid .pH < 7:5/ or hypochlorite
ions .pH > 7:5/:
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Fig. 2.5 Evolution of benzoquinone, intermediates and COD during the oxidation of benzo-
quinone at Ti/IrO2 anodes as a function of charge: open square with dot COD; filled circle
benzoquinone; open diamond aliphatic acids, dashed line others; plus CO2. Reprinted from
Pulgarin et al. (1994), Copyright (1994), with permission from Elsevier

Cl2 C H2O! HOClC HC C Cl� (2.20)
HOCl! HC C OCl� (2.21)

This process can effectively oxidize many pollutants, however, it has the draw-
back of permitting the formation of chlorinated organic compounds during the
electrolysis.

Comninellis and Nerini (1995) studied the oxidation of phenol with Ti=SnO2 and
Ti=IrO2 anodes in the presence of sodium chloride. They showed that the addition
of 85 mM of NaCl to the solution catalyzed the oxidation of phenol at Ti=IrO2
anodes due to the participation of electrogenerated ClO�, increasing the EOI from
about 0.06 to 0.56. Surprisingly, the COD elimination was independent of the NaCl
concentration and the applied current density. Unfortunately, in their experimental
conditions, organochlorinated intermediates, which were further oxidized to volatile
organics .CHCl3/, were formed.

A systematic study of the kinetics and the influence of operating conditions on the
anodic mineralization of formaldehyde with electrogenerated hypochlorite ions at a
mixed-oxide anode of SnO2–PdO–RuO2–TiO2 (SPR) was undertaken by Do and
Yeh (Do and Yeh 1995; Do et al. 1997). During the oxidation of the formaldehyde
the current efficiency increased with the stirring of the solution, the concentration
of the chloride ions, the pH, and the concentration of the formaldehyde, while
it decreases with current density. The maximum degradation fraction during the
electrolysis at i D 75mA cm�2, at pH D 13, and in the presence of 1 M NaCl
was about 90%.

The influence of the DSAr-coating composition and experimental condition
on the electrochemical treatment of disperse dyes mediated by chloride ions was
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Table 2.4 Results of electrooxidation of a dyeing bath obtained after 40 min of electrolysis
applying a current of 2A dm�2 using various anodes (Szpyrkowicz et al. 2000)

Anode material
Anode
potential (V)

Cell
potential (V)

Color
removal (%)

COD
removal (%)

Faraday
efficiency (%)

Ti/Pt 4.36 8.0 40 9 21.4
Ti=RuO2–TiO2 4.33 7.8 42 26 60.4
Ti=SnO2–Sb2O5 4.59 8.6 45 23 61.7
Ti=Pt–Ir 4.56 8.6 50 39 104.8
Ti=MnO2–RuO2 4.44 8.2 46 10 23.9
Ti=RhOx–TiO2 4.41 8.6 47 29 77.6
Ti=PdO–Co3O4 4.32 8.6 48 25 57.9

investigated by Szpyrkowicz et al. (2000). The efficiency of the treatment depended
on the nature of the supporting electrolyte and the bulk pH in the reactor and, to a
lesser degree, on the type of the anode material. The best results were obtained in a
chloride-rich medium under acidic pH using a Ti/Pt–Ir anode (Table 2.4). However,
despite the excellent destruction of the synthetic dyes, the indirect electrooxidation
resulted in the production of many chloroorganic compounds, which was a major
disadvantage of this method (Naumczyk et al. 1996).

More recently, Panizza (Panizza and Cerisola 2003a) investigated the oxida-
tion of 2-naphthol with in situ electrogenerated active chlorine using an undivided
flow cell with a Ti–Ru–Sn ternary oxide anode and a stainless steel cathode. The
degradation rate increased with the NaCl concentration and pH, but it was almost
independent of the current density. A higher EOI value, about 0.302, was achieved
with a concentration of NaCl of 7:5 g dm�3 at pH 12 (Fig. 2.6). A small quantity
of organochlorinated compounds was detected in the solution during oxidation, but
these compounds were then mineralized to CO2 or oxidized to volatile chlorinated
compounds (i.e., chloroform).

On the contrary, Bonfatti et al. (2000a, b) demonstrated that by choosing optimal
experimental conditions, glucose can be incinerated by chlorine-mediated electroly-
sis without the formation of any chlorinated organics. In the presence of 2–5 g dm�3

of NaCl, the formation of active chlorine makes the mineralization process substan-
tially insensitive to the nature of the electrode surface, its rate being the same at
Ti=PbO2, Ti=SnO2, and Ti/Pt electrodes. In particular, the removal of glucose was
found to be faster at a chloride concentration of 5 g dm�3, a lower temperature, and
a higher current density.

Chlorine-mediated electrolysis has also been used efficiently for the treatment of
real wastewater such as landfill leachate (Chiang et al. 1995; Vlyssides et al. 2003),
textile effluents (Lin and Chen 1997; Vlyssides et al. 2000; Yang et al. 2000; Iniesta
et al. 2002), olive oil wastewater (Israilides et al. 1997; Panizza and Cerisola 2006c),
industrial effluent containing aromatic sulfonated acids (Panizza et al. 2000), and
tannery wastewaters (Vlyssides and Israilides 1997; Szpyrkowicz et al. 2001;
Panizza and Cerisola 2004a).
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Fig. 2.6 3D representation of
the combined effect of NaCl
concentration and pH on the
EOI values during the
electrolyses of 2-naphthol on
a Ti–Ru–Sn ternary oxide
anode. Initial 2-naphthol
concentrationD 5mM;
i D 75 mA cm�2; flow rate
D 180 l h�1 (Panizza and
Cerisola 2004b)

2.4.4 Tin Dioxide

During the last 10 years, many papers have demonstrated that conductive Sb-doped
SnO2 anodes, which have an onset potential for O2 evolution of about 1.9 V vs.
SHE, are highly effective for the electrooxidation of organics in wastewater treat-
ment (Pulgarin et al. 1994; Cossu et al. 1998; Bock and MacDougall 1999; Grimm
et al. 2000).

Kotz et al. (Kotz et al. 1991; Stucki et al. 1991) reported that anodic oxidation of a
wide range of organic compounds at SnO2 was very much unselective, which means
that the electrode can be applied to a multitude of different wastewater compositions,
and proceeded with an average efficiency that was five times higher than with Pt
anodes (Table 2.5).

The electrochemical oxidation of phenol on doped SnO2 and platinum anodes
was studied by Comninellis and Pulgarin (1993). The rate of phenol removal was
almost the same for both anodes but the rate of TOC elimination and the ICE were
much higher for the SnO2 electrode (Fig. 2.7).

The intermediate products of the oxidation of phenol, mainly aliphatic acids,
were oxidized rapidly by the Ti=SnO2–Sb anode, but on the contrary, they were
practically unaffected by the Pt anodes.

Similar results were also obtained by Li et al. (2005) for the oxidation of phenol
at Ti=SnO2�Sb, Ti=RuO2, and Pt anodes. The best result for phenol oxidation and
TOC removal was obtained with the Ti=SnO2�Sb anode, followed by the Pt anode
and then by the Ti=RuO2 anode.

Polcaro et al. (1999) compared the performance of Ti/PbO2 and Ti=SnO2 anodes
for the electrochemical oxidation of 2-chlorophenol, showing that, although both
electrodes gave similar Faradic yields, the Ti=SnO2 anode was preferred because of
its greater ability to oxidize toxic compounds. Stopping the electrolysis when only
a small amount of easily biodegradable oxalic acid was present in the effluent (i.e.,
COD D 300 mg dm�3), the current efficiency was 50%.
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Table 2.5 Initial
electrochemical oxidation
index (EOI) determined for
the various test substances
using Pt and SnO2 anodes
(Stucki et al. 1991)

Initial electrochemical oxidation index (EOI)

Organic species Platinum anode Ti=SnO2 anode
Ethanol 0.02 0.49
Acetone 0.02 0.21
Acetic acid 0.00 0.09
Tartaric acid 0.27 0.34
Formic acid 0.01 0.05
Oxalic acid 0.01 0.05
Malonic acid 0.01 0.21
Maleic acid 0.00 0.15
Benzoic acid 0.10 0.79
Phenol 0.15 0.60
Aniline 0.1 0.50
EDTA 0.30 0.30
Average 0.05 0.34

Fig. 2.7 Evolution of the
ICE with a specific charge
during the oxidation of
phenol at (a) Pt anode; (b)
SnO2 anode. Conditions:
T D 70ıC, pH D 2, Initial
phenol concentration:
21 mM; i D 50 mA cm�2

(Comninellis and
Pulgarin 1993)

However, despite the high removal ability of organic pollutants, the SnO2 anodes
have the major drawback of a short service life that limits their practical applications
(Lipp and Pletcher 1997). Correa-Lozano et al. (1997) investigated the stability of
the Ti=Sb2O5 � SnO2 and found that the service life of those produced by spray
pyrolysis can be improved by using a high electrode loading (about 100 g m�2) and
a preparation temperature of 550ıC, but even under these conditions their life re-
mained less than 12 h at 100mA cm�2 in 1M H2SO4 at T D 25ıC.

Ways of improving these anodes are now being investigated in many laborato-
ries and it has been demonstrated that the service life of Sb-doped SnO2 electrodes
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can be increased by the incorporation of new dopants such as platinum (Vicent
et al. 1998); by the introduction of interlayers between the titanium and the ac-
tive oxide (Zanta et al. 2003), such as IrO2; or by improvements to the preparation
method (Lipp and Pletcher 1997). However, the EOI values for the incineration
of glucose at composite Pt � SnO2 electrodes were even lower than those at pure
Pt electrodes (Bonfatti et al. 1999), while the onset potential for oxygen evolution
of Ti=IrO2=SnO2 decreased significantly up to 1.5 V vs. NHE (Chen et al. 2002).

2.4.5 Lead Dioxide

Lead dioxide anodes have a long history of use as electrode materials for the ox-
idation of organics because of their good conductivity and large overpotential for
oxygen evolution in acidic media, enabling the production of hydroxyl radicals dur-
ing water discharge (Cossu et al. 1998; Saracco et al. 2000; Gherardini et al. 2001;
Keech and Bunce 2003). The possible release of toxic ions, especially in basic so-
lutions, is the main drawback of these electrodes.

Early papers (Smith-de-Sucre and Watkinson 1981; Kirket et al. 1985; Sharifian
and Kirk 1986) studied the oxidation of phenol and aniline using a packed-bed re-
actor of PbO2 pellets with a recirculating anolyte. The phenol and aniline in the
solution were oxidized readily, but further oxidation of intermediates to carbon diox-
ide was more difficult. The extent of organic and TOC removal increased with the
applied current density. Bonfatti et al. (1999), comparing the oxidation of glucose
on different electrode materials such as Ti=PbO2, Ti/Pt, and Ti=Pt � SnO2, showed
that the incineration of glucose and its oxidation intermediates (i.e., gluconic and
glucaric acid) took place at a reasonable rate only at Ti=PbO2 electrodes, and the
highest Faradic yield was found at 300A m�2.

The electrochemical oxidation of phenol was thoroughly investigated under dif-
ferent experimental conditions Belhadj and Savall (Tahar and Savall 1998, 1999a, b)
in a two-compartment cell. Phenol and its intermediates (benzoquinone, maleic,
and fumaric acids) were completely eliminated at a pure Ta=PbO2 anode through
the intermediation of hydroxyl radicals adsorbed at the active site of the electrode
(Fig. 2.8). The consumption rate of the phenol was mass-transport limited, and was
favored by a high-temperature and low-current density. The mean Faradic yield
reached 70% at the beginning of the electrolysis at T D 70ıC for an anodic cur-
rent density of 100mA cm�2. These authors also studied the effect of the type of
substrate (Pb;Ti=IrO2–Ta2O5, and Ta) or electrode formulation on the stability and
efficiency of PbO2 deposits for phenol degradation. The efficiency of the electrodes
for complete TOC removal decreased according to the type of substrate used, as fol-
lows: Ta > Ti=.IrO2–Ta2O5/ > Pb, andTa=PbO2 was also more stable. Regarding
the composition of the electrode, the pure PbO2 anode was more efficient for phenol
degradation than Bi2O5–PbO2 or perchlorate-doped PbO2.

On the contrary, other studies by Johnson’s group (Chang and Johnson 1990;
Kawagoe and Johnson 1994; Feng et al. 1995) showed that the electrocatalytic
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Fig. 2.8 Variation of the concentration of (1) phenol, (2) 1,4-benzoquinone, and TOC during
electrochemical oxidation of phenol on a Ta=PbO2 anode at different temperatures. Initial phenol
concentration 0:021 mol dm�3; i D 100 mA cm�2 (Tahar and Savall 1998)

properties and fouling resistance of PbO2 film electrodes was enhanced by the incor-
poration of metallic species, such as Fe(III) or Bi(V), in the films. For example, the
current efficiency for the electrochemical incineration of 10 mM of benzoquinone at
10mA cm�2 increased from 7.4 to 23.5% when the PbO2 anode was replaced with
the Fe–PbO2 one. They also observed that a significant increase in the efficiency
of the anodic degradation of benzoquinone was observed as a result of raising the
temperature from 20 to 80ıC.

The electrochemical degradation of phenol with several metal-oxide electrodes
(i.e., PbO2, Ti=Sb–Sn–RuO2, Ti=Sb–Sn–RuO2–Gd, and Ti=RuO2) and Pt anodes
was carried out by Feng (Feng and Li 2003) and different TOC removal and phe-
nol degradation rates were observed for different anodes (Fig. 2.9). Phenol was
completely oxidized with all the electrodes, more rapidly at PbO2 and Pt anodes,
however, complete removal of TOC only took place on PbO2-coated anodes.

Martinez-Huitle et al. (2004a) studied the electrochemical oxidation of oxalic
acid at Ti=PbO2, highly BDD, Pt, Au, and Ti=IrO2–Ta2O5 electrodes showing that
oxalic acid was oxidized to CO2 with different results at several substrates. Higher
current efficiencies were obtained at Ti=PbO2 because the interaction of the ox-
alic acid with the PbO2 surface was particularly strong, and its anodic oxidation
was only limited by mass transfer at higher current densities and lower substrate
concentrations.

2.4.6 Boron-Doped Diamond

High-quality BDD electrodes possess several technologically important charac-
teristics including an inert surface with low adsorption properties, remarkable
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Fig. 2.9 Electrochemical degradation of 100-ppm phenol as a function of charge passed for dif-
ferent electrode materials, i D 10mA cm�2, (a) Phenol removal; (b) TOC removal; (filled square)
Ti=RuO2; (filled triangle) Ti=Sb-Sn-RuO2; (filled circle) Ti=Sb–Sn–RuO2–Gd; (open square)
Ti=PbO2; and (open circle) Pt. Reprinted from Feng and Li (2003), Copyright (2003), with per-
mission from Elsevier

corrosion stability even in strong acidic media, and extremely high oxygen evolution
overpotential. Thanks to these properties. During electrolysis in the region of water
discharge, a BDD anode produces a large quantity of the OH� that is weakly ad-
sorbed on its surface, and consequently it has high reactivity for organic oxidation,
providing the possibility of efficient application to water treatment (Comninellis
et al. 2005; Panizza and Cerisola 2005).

So far, many papers have demonstrated that BDD anodes allow complete min-
eralization of several types of organic compounds, such as carboxylic acids (Gan-
dini et al. 2000; Canizares et al. 2003a), polyacrilates (Bellagamba et al. 2002),
herbicides (Brillas et al. 2004), cyanides (Perret et al. 1999), wastewater from au-
tomotive industry (Troster et al. 2002), surfactants (Lissens et al. 2003; Panizza
et al. 2005), benzoic acid (Montilla et al. 2002), industrial wastewaters (Kraft
et al. 2003; Panizza and Cerisola 2006a), naphthol (Panizza et al. 2001a), phenol
(Perret et al. 1999; Iniesta et al. 2001a; Canizares et al. 2002; Morao et al. 2004),
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chlorophenols (Gherardini et al. 2001; Rodrigo et al. 2001; Canizares et al. 2004a),
nitrophenols (Canizares et al. 2004b), synthetic dyes (Hattori et al. 2003; Fernandes
et al. 2004), and other pollutants, with high current efficiency.

It has been shown that the oxidation is controlled by the diffusion of the pollu-
tants toward the electrode surface, where the hydroxyl radicals are produced, and
the current efficiency is favored by high mass-transport coefficient, high organic
concentration, and low current density. Performing electrolysis under optimum con-
ditions, without diffusion limitation, the current efficiency approaches 100%.

Comninellis and coworkers (Foti et al. 1999; Gandini et al. 1999, 2000; Perret
et al. 1999; Gherardini et al. 2001; Rodrigo et al. 2001) thoroughly investigated the
behavior of Si/BDD anodes in an acidic solution for the oxidation of a wide range of
pollutants, and they observed that complete mineralization was obtained with all the
experimental conditions studied, and the current efficiency was influenced by the
initial concentration and applied current. In particular, for high organic concentra-
tions and low current densities, the COD decreased linearly and the ICE remained
about 100%, indicating a kinetically controlled process, while for low organic con-
centrations or high current densities, the COD decreased exponentially and the ICE
began to fall due to the mass-transport limitation and the side reactions of oxygen
evolution. For example, Fig. 2.10 shows the trend of the COD and ICE during the
electrochemical oxidation of different concentrations of 4-chlorophenol. In order
to describe these results, the authors developed a comprehensive kinetic model that
made it possible to predict the trend of the COD and current efficiency for the
electrochemical combustion of the organic with BDD electrodes and estimate the
energy consumption during the process (Panizza et al. 2001b).

Fig. 2.10 Evolution of COD and ICE (inset) with the specific electrical charge passed during the
oxidation of 4-chlorophenol (4-CP) on a boron-doped diamond anode. Electrolyte: sulfuric acid
1 M; T D 30ıC; i D 30mA cm�2; initial 4-CP concentration: (open square) 3.9 mM; (cross)
7.8 mM; (filled circle) 15.6 mM (Rodrigo et al. 2001)
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Table 2.6 Initial current efficiency for the electrochemical oxidation of
4-chlorophenol (MCP), 2,4-dichlorophenol (DCP), and 2,4,6-trichlorophenol
(TCP) using BDD anode at T D 25ıC (Canizares et al. 2004a)

Compound
Concentration�
mg dm�3

�
pH

Current density�
mA cm�2

�
Electrolyte Initial ICE

MCP 140 2 30 Na2SO4 0.1
MCP 140 12 30 Na2SO4 0.14
MCP 140 2 30 Na3PO4 0.1
MCP 2;000 2 30 Na2SO4 1
MCP 2;000 2 60 Na2SO4 0.95
DCP 180 2 30 Na2SO4 0.25
DCP 180 12 30 Na2SO4 0.16
DCP 180 2 30 Na3PO4 0.16
DCP 2;000 2 30 Na2SO4 1
DCP 2;000 2 60 Na2SO4 0.65
TCP 220 2 30 Na2SO4 0.15
TCP 220 12 30 Na2SO4 0.2
TCP 220 2 30 Na3PO4 0.15

The oxidation of different phenolic compounds (phenol, chlorophenols, and ni-
trophenols) and carboxylic acids on BDD anodes was also studied by the group of
Canizares et al. (2002, 2003b, 2004a, c). They reported that the organic compounds
were completely mineralized regardless of the characteristics of the wastewater
(initial concentration, pH, and supporting media) and operating conditions (tem-
perature and current density) used. In particular, high concentration and low current
density values increased the efficiency of the electrochemical oxidation of different
chlorophenols (Table 2.6).

They also found that, depending on the electrolyte composition, the organics
were oxidized on both the electrode surface by reaction with hydroxyl radicals and
in the bulk of the solution by inorganic oxidants electrogenerated on the BDD an-
odes, such as peroxodisulfuric acid from sulfuric acid oxidation:

2H2SO4 ! H2S2O8 C 2HC C 2e� (2.22)

Polcaro et al. (2003, 2005) verified that during the oxidation of organic compounds,
such as phenol, diuron, 3,4-dichloroaniline, and triazines, the crucial point to obtain
high Faradic yields is the rate of mass transfer of the reactant toward the electrode
surface (Fig. 2.11). Thus, they developed an impinging cell that enabled them to
obtain high mass-transfer coefficients (e.g., 10�4 m s�1/. With this cell, at a current
density of 150A m�2, they achieved a Faradic yield of 100%, up to the almost
complete disappearance of the organic load.

Some investigations have also tried to compare the behavior of BDD with other
electrodes, such as SnO2, PbO2, IrO2, for the oxidation of organic pollutants. Chen
et al. (2003) reported that the current efficiency obtained with Ti/BDD in oxidizing
acetic acid, maleic acid, phenol, and dyes was 1.6–4.3-fold higher than that obtained
with the typical Ti=Sb2O5–SnO2 electrode. Other papers have demonstrated that
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Fig. 2.11 Trend of phenol concentration (solid symbols) and COD (hollow symbols) as function of
electrolysis time during the oxidation of phenol at BDD: (open circle, filled circle) i D 305A m�2,
Re D 13,250; (open triangle, filled triangle) i D 153A m�2, Re D 3,500; (open square, filled
square) i D 153A m�2, Re D 13,250; and (open diamond, filled diamond) i D 305A m�2,
Re D 3,500 (Polcaro et al. 2003)

Fig. 2.12 Comparison of the trend of COD and ICE (inset) during the oxidation of 2-naphthol
at the (open circle) Ti/PbO2 anode, i D 25mA cm�2; flow rate 180 dm3 h�1; the (open square)
BDD anode; i D 25mA cm�2; flow rate 180 dm3 h�1; and the (open triangle) Ti–Ru–Sn ternary
oxide anode, NaCl D 7:5 g dm�3; i D 50mA cm�2; flow rate 180 dm3 h�1. (Panizza and
Cerisola 2004b)

Si/BDD electrodes are able to achieve faster oxidation and better incineration ef-
ficiency than Ti=PbO2 in the treatment of naphthol (Panizza and Cerisola 2004b)
(Fig. 2.12), 4-chlorophenol (Gherardini et al. 2001), and chloranilic acid (Martinez-
Huitle et al. 2004b).
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Diamond electrodes have also been studied with the aim of developing highly ef-
ficient electrochemical processes for water disinfection for domestic water treatment
purposes or industrial water cooling systems. The good electrochemical stability and
high overpotential for water electrolysis allows the production of a mixture of very
strong oxidants under several disinfection mechanisms, without using any chemi-
cals. In fact, besides hydroxyl radicals and hydrogen peroxide, directly produced
by the water, the presence of chlorides, sulfates, and carbonates induces a very
efficient generation of free chlorine, peroxodisulfate, and percarbonates, respec-
tively (Rychen et al. 2003).

However, despite the numerous advantages of diamond electrodes, their high cost
and the difficulties in finding an appropriate substrate on which to deposit the thin di-
amond layer are their major drawbacks. In fact, stable diamond films can really only
be deposited on Silicon, Tantalum, Niobium, and Tungsten, but these materials are
not suitable for large-scale use. In fact, a silicon substrate is very brittle and its con-
ductivity is poor and Tantalum, Niobium, and Tungsten are too expensive. Titanium
possesses good electrical conductivity, sufficient mechanical strength, electrochem-
ical inertness, and is inexpensive. However, the stability of the diamond layer de-
posited on the Titanium substrate is still not satisfactory, because cracks may appear
and may cause the detachment of the diamond film during long-term electrolysis.

2.5 Conclusions

This paper has presented and briefly discussed the performance of different elec-
trode materials for the electrochemical oxidation of organic pollutants for wastew-
ater treatment. Literature results have demonstrated that anodes with low oxygen
evolution overpotential, such as graphite, IrO2, RuO2, or Pt only permit the primary
oxidation of organics (i.e., conversion), but not the complete mineralization, due to
the accumulation of oxidation intermediates, mainly aliphatic acids, which are quite
stable against further attack at these electrodes.

The complete mineralization of the organics to CO2 and good Faradic efficiency
can be obtained using high oxygen overpotential anodes, such as SnO2, PbO2, and
BDD, because these electrodes involve the production of oxygen evolution interme-
diates, mainly hydroxyl radicals, that nonselectively oxidize the organic pollutants
and their intermediates.

Despite their notable ability to remove organics, doped-SnO2 anodes have the
major drawback of a short service life that limits their practical applications and,
consequently, ways to improve the service life of these anodes is now under investi-
gation.

Even the application of Ti=PbO2 anodes to wastewater treatment may be limited
by the possible release of toxic lead ions, due to their dissolution under specific
anodic polarization and solution composition.

On the contrary, conducting diamonds offer significant advantages over other
electrode materials in terms of current efficiency and stability for a variety of
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electrochemical processes. However, further improvements, such as finding an ap-
propriate substrate on which to deposit the thin diamond layer and the reduction of
production costs, are required before their wide industrial application.
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Chapter 3
Techniques of Electrode Fabrication

Liang Guo, Xinyong Li, and Guohua Chen

3.1 Thermal Decomposition Method

Metal oxides belong to a class of widely used catalysts. Application of the metal ox-
ide electrodes expands into several areas, including environmental decontamination,
analytical chemistry, fuel cells, materials science and catalysis, microelectronics,
etc. (Fierro 2006). In this part, the fabrication of these electrodes applied in environ-
mental decontamination field, mainly for pollutant mineralization and gas evolution,
will be discussed.

Dimensional stable anodes (DSAs) are such kind of catalytic electrodes, which
consist of a mixture of metal oxides coated on metal, mainly titanium, substrate.
Large-scale use of DSAs in chlor-alkali electrolysis industry came in the 1960s
when Henri Beer invented this type of electrodes (Beer 1968, 1969, 1972, 1973). In
the Journal of Electrochemical Society in 1980, Henri Beer reviewed his research
and development on DSAs and the further industrial applications of the electrodes
(Beer 1980). Due to the high stability under high current density loading and high
electrical efficiency for chlorine gas production, mixed oxide of ruthenium and ti-
tanium on titanium substrate has become the most useful electrode in industrial
application (Beer 1980). High stability means long working life time with stable
working performance and little contamination to the environment from the dis-
solving of the metal oxides. High electrical efficiency is closely related with the
electrocatalysis performance. Oxygen and chlorine gas evolution reactions are two
competitive steps in chlor-alkali process. High-quality electrodes can improve the
electrocatalytic activity of the desired reactions, such as chlorine gas evolution, but
depress the electrocatalytic activity of the side reactions, such as oxygen gas evolu-
tion. Even for very low chloride concentrations, chlorine formation occurs on Ir–Ru
oxide electrode and side reactions show significantly lower efficiency in this case
(Bergmann and Koparal 2005). Bergmann and coworkers demonstrated that Ir–Ru
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oxide have a higher chlorine production efficiency than IrO2 anodes (Bergmann
et al. 2002). High stability and high electrocatalysis performance are the two most
important research topics for studying or developing electrodes.

Modified DSA-type electrodes have been developed recently. For example, irid-
ium oxides have been investigated as electroactive component for the oxygen evo-
lution reaction (Kotz and Stucki 1986; Rolewicz et al. 1988; Duby 1993; Ferrer and
Victori 1994). Tantalum is the most suitable anode material owing to its high con-
ductivity and excellent corrosion resistance in aggressive media because of its pro-
tective oxide film formation (Rolewicz et al. 1988; Comninellis and Vercesi 1991a;
Cardarelli et al. 1998). DSA-type electrodes are becoming more interesting because
proper selection of the material allows a good degree of reaction selectivity. In terms
of the components, the DSA electrodes can be categorized into single metal-oxide,
binary metal-oxide, and ternary or more phase metal-oxide electrodes. Furthermore,
the proper combination of different metal oxides is known to show synergistic ef-
fects toward electron-transfer reactions and electrode stability. Its application has
been broadened into various industrial and academic areas, in addition to the chlor-
alkali industry.

More recently, DSA-type electrodes have been used for the mineralization of
various organic molecules that constitute water pollutants. As pointed out in many
publications, an indirect electrochemical oxidation may take place via media-
tors produced at metal-oxide electrodes surface during anodic polarization (Lyons
et al. 1993; Lodowicks and Beck 1994). Treatment of dye and/or textile wastewater
has been reported with DSA-type electrodes employed. Electrochemical discol-
oration and chemical oxygen demand (COD) degradation of textile dye wastewater
containing various reactive, acidic or basic dyes were conducted by using titanium-
based DSAs, including IrO2, PbO2, RuO2, SnO2, Ru–Pb–Sn oxide, Ti–Ta–Pt–Ir
oxide, Ti–Ru–Sn–Sb oxide, and Bi-doped PbO2 (Kim et al. 2003a; Awad and
Galwa 2005; Yang et al. 2005b; Chatzisymeon et al. 2006; Da Silva et al. 2006; Mo-
han and Balasubramanian 2006; Rajkumar and Kim 2006; Rajkumar et al. 2007).
Tin oxide is claimed to increase the overpotential for oxygen evolution and im-
prove the anodic stability of precious metal oxides (Iwakura et al. 1981; Spasojevic
et al. 1984). The rate of phenol removal was much higher on SnO2 than on PbO2
or Pt electrodes (Kotz et al. 1991). The SnO2–Sb coating provides a catalytic func-
tion for rapid organic oxidation, compared with Ti=RuO2 and Pt (Li et al. 2005).
Comninellis proposed a simplified mechanism for the electrochemical oxidation or
combustion of organics. Selective oxidation occurs with oxide anodes .MOx/ form-
ing the higher oxide MOxC1 and combustion occurs with electrodes at the surface
of which �OH radicals are accumulated (Comninellis 1994).

Electrochemical disinfection systems have been studied by employing Ir–Sb–Sn
oxide anode to inactivate bacteriophage MS2 in synthetic solutions with sodium
chloride addition. Compared with chlorination, the EC disinfection system exhib-
ited superior inactivation capability especially with a longer contact time or in the
presence of ammonium (Fang et al. 2006). Inactivation of blue-green algae was
successfully performed by the electrochemical treatment with RuO2 anode (Liang
et al. 2005). Electrochemical disinfection power is similar to that of ozone and much
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stronger than that of chlorine. The major killing function of EC disinfection is pro-
posed by short-lived and high-energy intermediate EC products, such as free radicals
(Li et al. 2004).

Suspended solid (SS), heavy metals, and organic chemicals, especially oil and
grease, can be removed from the wastewater with electroflotation (EF) technique
using gas evolution DSA-type electrodes. EF has certain desirable characteristics,
compared with dissolved and dispersed air flotation, particularly in regard to the
small bubble size distribution of the process. O2 evolution is a critical reaction
when electrodes are working as gas evolution anodes. Only RuO2 and IrO2 have
been thus far extensively investigated as anodes for O2 evolution in acid solu-
tion. While RuO2 is more active than IrO2 (Angelinetta et al. 1989), the latter is
much more corrosion resistant than the former (Kotz and Stucki 1986). In partic-
ular, IrO2 C Ta2O5 mixed oxides are indicated as the most stable anodes for O2
evolution in strong acid (Morimitsu et al. 2000). Accelerated life test showed that
with addition of Sb–Sn the electrochemical stability of IrOx anode was effectively
improved (Chen et al. 2002b). With RuO2 anode, removal efficiency of heavy metal
from metal finishing plants wastewater can reach 98–99% (Khelifa et al. 2005). Dis-
persed oil was separated from oil-water emulsions by using RuO2 gas evolution
anode and the removal efficiency reached 70% at optimum conditions (Ben Man-
sour and Chalbi 2006). A combination of electrocoagulation (with sacrificed anode,
mainly iron and aluminum) and electroflotation with Ir–Sb–Sn, and Ir–Ta oxide
electrodes was designed to remove the total Cr from wastewater (Gao et al. 2005)
and to treat restaurant wastewater (Chen et al. 2000).

DSA-type metal oxides can be prepared in various ways, but the most applied
procedure in technology is the thermal decomposition of appropriate precursors,
mainly metal chloride salts, dissolved in suitable solvents and painted on the metal
substrates, mainly titanium (Trasatti 1991). The thermal decomposition method
is preferred, due to its specialties of simple conduction and low cost. Figure 3.1
shows the schematic diagram for the metal-oxide electrodes fabrication process
with thermal decomposition methods. Pretreatment on the metal substrate should
be conducted before thermal deposition, in order to enhance the adhesion of pro-
duced metal oxide on the substrate. Normally, pretreatment process includes: first,
thoroughly cleaning of the substrate by organic solvent and degreasing agent and
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Loading with 
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Preheating

Precursor 
Solution 

Preparation

High 
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Fig. 3.1 Schematic diagram of thermal decomposition method for making DSA type electrodes
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second, etching of the substrate in concentrated HCl at high temperature for 30 min
to 1 h, to remove the original surface oxides and increase the surface roughness. The
chemical composition, crystallinity and crystal grain size, surface morphology, elec-
trical conductance, electrocatalysis performance, and electrode stability are deter-
mined by the precursor composition, solvents and loadings, substrate pretreatment,
and thermal decomposition parameters especially the temperature and duration of
the preparation and calcinations processes (Trasatti 1991; Santana et al. 2005).

3.1.1 Ruthenium-Oxide-Based Electrode .RuOx/

The stock solution is prepared with RuCl3 salt dissolved in 1:1 v/v HCl. The ox-
ide electrodes can be prepared by carefully brushing the precursor solution on
all sides of the etched Ti substrate, dried at 90ıC for 10 min, sintered at 350ıC
for 10 min, and finally annealed at 350–650ıC for 1 h (Kim et al. 2001). Nonsto-
ichiometric oxide, RuOx (a mixture of Ru3C and Ru4C in the oxide) (Galizzioli
et al. 1974, 1975), shows catalytic performance supplying the sites to adsorb hy-
droxyl radicals from water, which convert to active hydroxyl radicals to destroy the
organics (Trasatti 1980; Kinoshita 1992). It is reported that RuOx exists the most
when annealed at around 450ıC, and disappears at 600ıC (Kim et al. 2001). RuO2-
based electrodes are generally known to be unstable for O2 evolution. In order to
improve the electrode stability, Sb and Sn elements are added to make RuO2-based
Ti=RuO2–Sb2O5–SnO2 ternary oxide electrode (Chen and Chen 2005b). RuO2
serves as the catalyst, SnO2 as the dispersing agent, and Sb2O5 as the dopant. It is
reported that the Ti=RuO2–Sb2O5–SnO2 electrode containing 12.2 mol% of RuO2
nominally in the coating had a service life of 307 h in 3 M H2SO4 solution under a
current density of 0:5 A cm�2 at 25ıC, more than 15 times longer than other types
of RuO2-based electrodes (Chen and Chen 2005b).

3.1.2 Iridium-Oxide-Based Electrode .IrO2/

The precursor solution (10 �l of 0.2 g H2IrCl6 � 6H2O in 5-ml isopropanol) was
spread onto the pretreated Ti-base metal surface. The sample was dried at 80ıC
for 10 min and then the dried layer was fired at 500ıC for 10 min in a preheated
oven. These steps were repeated ten times and followed by 1 h of annealing pro-
cedure at 500ıC (Rolewicz et al. 1988). The performance of IrO2 electrode for the
catalytic oxidative mineralization to organics was evaluated related with the calci-
nations temperature. A sintering temperature of around 650ıC enhanced the organic
destruction rather than 400–550ıC, and the electrode surface was sufficiently con-
verted to IrO2 from the precursor under the high temperature (Kim et al. 2002).
In terms of electrode stability, IrO2 presents a service life about 20 times longer
than that of the equivalent RuO2 as oxygen evolution anode (Alves et al. 1998). In
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Chen’s group, a ternary IrO2-based electrode is investigated for O2 evolution, where
SnO2 serves as a dispersing agent, Sb2O5 as a dopant, and IrO2 as a catalyst (Chen
et al. 2001, 2002a). Its good conductivity, compact structure, and high homogeneity
with metastable solid solution nature make it more stable than IrO2. The electro-
chemical stability and activity of the ternary oxide Ti=IrO2–Sb2O5–SnO2 electrodes
prepared under different conditions were investigated (Chen and Chen 2005a). It
was found that the calcination temperature and Sb and Ir contents could affect
the stability and activity significantly. The optimal calcination temperature and Sb
content are 550ıC and 15 mol%, respectively. The stability and activity increased
with an increase in the Ir content in the investigated range of 0–10 mol%. Physico-
chemical analysis showed that the ternary oxide coatings obtained were oxide solid
solutions even at a Sb content of up to 25 mol% and had compact microstructure
when Sb content was less than 15 mol%.

3.1.3 Tin-Dioxide-Based Electrode .SnO2/

Tin dioxide crystallizes in a rutile-type structure and it is quite inert toward chemi-
cal etching with common acid or alkalis. With high-oxygen evolution overpotential,
the main application of supported SnO2-film electrodes is the electrochemical in-
cineration of organic compounds in aqueous solutions. SnO2 is frequently added
to MO2=TiO2 .M D Ru or Ir/ layers to enhance the electrochemical oxidation of
organic compounds. These nonactive anode materials (Ti=SnO2; Ti=PbO2/ show
high efficiency in the complete oxidation of organic compounds to CO2, due
to the formation of hydroxyl radicals (Comninellis 1994). At 0:1 mA cm�2, the
oxygen evolution reaction potentials (vs. SCE) were 1.5 V (on Pt), 1.65 V (on
PbO2/, and 1.95 V (on SnO2). Kotz reported that the SnO2 electrode presented a
higher efficiency for the oxidation of phenol, compared with Pt and PbO2 (Kotz
et al. 1991; Stucki et al. 1991). Since SnCl4 volatilization happens at temperatures
above 114ıC, the greatest difficulty in preparing electrodes containing Sn by this
thermal decomposition process is the proper control of the amount of SnO2 in
the coating (Comninellis and Vercesi 1991b). Careful control of the preparation
parameters is essential to maintain the desired SnO2 content and enhance the de-
position yield. The conductivity can be enhanced by the addition of an appropriate
dopant such as In(III), Sb(V), or F into the SnO2 film (Chopra et al. 1983). The most
common dopant for the electrochemical oxidation application is Sb (Comninel-
lis and Pulgarin 1993; Correa-Lozano et al. 1996; Lipp and Pletcher 1997; Vicent
et al. 1998).

Sb-doped SnO2 film electrode can be fabricated with the following procedure
(Kotz et al. 1991; Lipp and Pletcher 1997). The coating solution was prepared with
20% w/v SnCl4 � 5H2O, 0.2% w/v SbClx , and reagent grade 2-propanol. A thin
layer of a solution was applied to the freshly pretreated Ti substrate at room tem-
perature with a soft hair paintbrush. The excess alcohol was allowed to evaporate
by heating it in the air at 90ıC for 10 min. This stage was then repeated one more
time. After two applications of the solution, the oxide layer was formed thermally
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Fig. 3.2 Setup of the spray pyrolysis system (1) temperature controller; (2) peristaltic pump;
(3) temperature switch; (4) chronometer (effective spraying and total time); (5) spray nozzle;
(6) motor for lateral and circular displacement; (7) heating chamber; (8) heating plate; (9) lateral
displacement support; (10) generator; (11) spray solution; (12) carrier gas .N2/; (13) connection
to thermocouples; (14) transmission gear; (15) rotating system; (16) flowmeter for the carrier gas
.N2/ (after Correa-Lozano et al. 1996)

by heating it at 500ıC for 20 min in a muffle furnace with a low, continuous flow
of oxygen. The processes were repeated until the SnO2 coating reached the desired
thickness. After the required coating thickness had been achieved, the coating was
annealed at 500ıC for 60 min. Moreover, spray pyrolysis method was introduced to
make the Ti=SnO2–Sb2O5 electrode (Correa-Lozano et al. 1996). Figure 3.2 shows
the schematic diagram of the spray pyrolysis system. The precursor solution flow
and the carrier gas flow were 1.86 and 3 cm3 min�1, respectively; the nozzle–
substrate distance was 17 cm. The carrier gas was nitrogen gas. The reactants were
SnCl4 � 5H2O, SbCl3, HC1 (32%), and ethanol. The SnCl4 � 5H2O concentration
was fixed at 10% in an ethanol/hydrochloric acid mixture and the SbCl3 concentra-
tion was adjusted to obtain the desired Sb percent atomic ratio in the mixture. The
SnO2–Sb2O5 films were prepared in the temperature region between 400 and 700ıC
on the substrate. Addition of IrO2 interlayer between SnO2–Sb2O5 and Ti substrate
can benefit the service life of the SnO2-based anodes, due to its high anodic stabil-
ity and its isomorphous structure with TiO2 and SnO2 (Correa-Lozano et al. 1997).
Figure 3.3 shows the surface morphology SEM images of Ti=SnO2–Sb2O5 and
Ti=IrO2.
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Fig. 3.3 SEM images of (a) Ti=SnO2�Sb2O5 and (b) Ti=IrO2 (after Correa-Lozano et al. 1997)

Coteiro’s group studied the influence of the solvent to the ternary oxide, Ru–Ti–
Sn, electrode stability (Coteiro et al. 2006). The precursor mixtures were prepared
by dissolving RuCl3 � nH2O, TiCl4, and SnCl2 � 2H2O salts into the solvent. Two
different solvents, HCl=H2O (1:1 v/v) or isopropanol, were applied. The results
with isopropanol as solvent showed that tin loss can be eliminated and higher elec-
trochemically active area and stability can be achieved, when compared with HCl
solution.

3.1.4 Tantalum-Oxide-Based Electrode .Ta2O5/

Tantalum oxide shows very high electrochemical stability, and it can be mixed
with the catalyst to make the highly stable active electrode (Morimitsu et al. 2000;
Ribeiro and De Andrade 2004). Highly oxidizing reagent, ozone, can be produced
with PtOx–Ta2O5 as the anode. The maximum ozone concentration was attained
when the mole ratio of Pt and Ta was 5:95 (Sata et al. 2004). RuO2–Ta2O5 oxide
was prepared through thermal decomposition (Ribeiro and De Andrade 2004).
Precursor mixtures were prepared by dissolving the appropriate amounts of
RuCl3 � xH2O and TaCl5 in isopropilic alcohol. Sandblasted and cleaned Ti-
supports were etched in boiling concentrated HCl for 30 min and in boiling 10%
oxalic acid for 20 min, sequentially. Then, the precursor mixtures were dropped
from a micropipette (�10mL) on both faces of a pretreated Ti-support base. After-
ward, the electrode was dried at low temperature 80� 90ıC to evaporate the solvent
and then fired at 450 or 500ıC for 5 min under 5 dm3 min�1 O2 flow. This pro-
cedure was repeated until the desired nominal oxide loading .�1:4–1:6mg cm�2/
was reached. The layers were finally annealed for 1 h at the same temperature under
O2 flux. Iridium and tantalum oxides electrodes have received much attention as
the most dominant catalyst for oxygen evolution, with long working life time (more
than 10,000 h under severe operation conditions of 10;000A m�2 current density
loading and 60ıC temperature) (Rolewicz et al. 1988; Matsunaga et al. 1998). The
preparation procedure for IrO2–Ta2O5 consisted of (a) painting a coating solution
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on a pretreated Ti substrate, (b) drying it at 120ıC, and (c) calcining it at 500ıC
for 10 min (Morimitsu et al. 2000). The pretreatment of the titanium substrate was
carried out by grit blasting and etching in boiling oxalic acid (10 wt%) for 1 h. The
coating solution was prepared by dissolving appropriate amounts of H2IrCl6 �6H2O
and TaCl5 into n-butanol containing HCl (6 vol%). The above procedures were
repeated to obtain the desirable amount of the coating layer.

3.1.5 Rhodium-Oxide-Based Electrode .RhOx/

RhOx electrode is one kind of gas evolution electrode, which shows similar activity
for oxygen gas evolution with IrO2, but lower activity than RuO2 during an-
odic polarization (Hrussanova et al. 2004). However, it shows higher catalytic
performance for hydrogen evolution during cathodic polarization (Morimitsu
et al. 2000; Campari et al. 2002). Ti=RhOx electrodes were prepared by thermal
decomposition method (Hrussanova et al. 2004). Precursor solution was prepared
with RhCl3 � 3H2O dissolved in aqueous HCl solution (10 wt%) to avoid hydrolysis
of the precursor before the thermal treatment. The solution was brushed onto a Ti
support, the solvent evaporated, and the sample calcined in a furnace in an ambient
atmosphere for 7 min at a temperature in the range of 400–600ıC. The operation
was repeated until the set oxide loading was reached, with final calcination at the
same temperature for 3 h.

Besides thermodecomposition, electrochemical deposition has been utilized to
make metal-oxide electrode. PbO2 is one of the favorable catalytic electrodes,
in view of its low price, good electrical conductivity, large oxygen overpotential,
and chemical inertness. This electrode can be fabricated on conductive substrate
with electrochemical deposition method (Zhou et al. 2005; Devilliers et al. 2007;
Ghasemi et al. 2007; Kong et al. 2007; Zhou and Gao 2007). The electrocataly-
sis ability and electrode stability can be modified by doping foreign ions in the
film and adjusting the deposition conditions (Velichenko et al. 2002; Mohd and
Pletcher 2005; Shi-Yun Al 2005).

3.2 Chemical Vapor Deposition (CVD)

CVD is a synthesis process in which the chemical constituents react in the vapor
phase near or on a heated substrate to form a solid deposit (Pierson 1999). The
reactions happened in the CVD system can be divided into homogeneous gas phase
reactions and heterogeneous substrate surface reactions. Normally, CVD technique
is utilized to make thin films. CVD is also defined as a process whereby a thin
solid film is synthesized from the gaseous phase by a chemical reaction (Hitchman
and Jensen 1993). The CVD apparatus arrangement is dependant on the particular
application. The apparatus is made up with three major components: precursors and
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Fig. 3.4 Processes contributing to CVD growth (after Hitchman and Jensen 1993)

their handling, reactors, and the exhaust of by-products. Most chemical reactions in
CVD are thermodynamically endothermic, which means energy has to be supplied
to the reacting system. Moreover, it means the CVD processes can be initiated and
controlled by the introduction of energy. According to the methods of energy input,
CVD methods can be categorized into thermal, plasma, photo, and acoustic CVD.
Figure 3.4 shows the chemical processes contributing to CVD growth.

Diamond thin-film electrode has become very attractive in the environmental
field because of its special chemical and electrochemical properties. As it is known,
diamond is the hardest material in the world, which can resist mechanical scratching
in its application. Besides, diamond thin-film electrodes possess high anticorrosion
property, and it can keep its superb microstructural morphology at high temperatures
and current densities in acidic or basic environment. In the aqueous system, it shows
weak adsorption of polar molecules, leading to improved resistance to electrode de-
activation and fouling. In addition, there are some special electrochemical properties
(i) a wide working potential window in aqueous and nonaqueous media, large water
splitting potential window during polarization which can reach over 3 V and even to
4 V for high-quality diamond film; (ii) a low and stable background current and low
surface double layer capacity, in the range of several �F cm�2, leading to improved
signal-to-background ratio (SBR) and signal-to-noise ratio (SNR) during the elec-
troanalysis practice; (iii) good responsiveness for aqueous and nonaqueous redox
analytes without any conventional pretreatment; and (iv) long-term response stabil-
ity even after several months exposing in air. Thanks to these properties, diamond
electrodes meet the requirements for a wide range of applications such as water and
wastewater treatment and environment monitoring, and electrosynthesis of organic
and inorganic compounds (Panizza and Cerisola 2005).

Diamond thin-film electrodes have been studied for decades and by various
research groups worldwide. Their superb performance has been proved for the
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application in water and wastewater treatment and environmental analysis. E. coli
can be inactivated with the diamond film electrode as anode in a chloride-free phos-
phate buffer medium (Jeong et al. 2006). Various persistent and toxic organic pollu-
tants have been mineralized by using diamond film electrode with electrooxidation
technique. They show superior electrochemical mineralization performance in treat-
ing dyeing or textile wastewater (Hattori et al. 2003; Faouzi et al. 2007), aromatic
organic compounds (Canizares et al. 2002; Zhi et al. 2003; Canizares et al. 2005),
surfactants (Weiss et al. 2006), organic acid (Martinez-Huitle et al. 2004; Nasr
et al. 2005; Louhichi et al. 2006), oil containing wastewater (Taylor et al. 2003),
wastewater secondary treatment and filtration effluents (Van Hege et al. 2002; Bejan
et al. 2005; Panizza et al. 2006), and complexing agents (Lissens et al. 2003). Com-
pared with different types of DSAs, such as IrO2, SnO2, PbO2, RuO2, diamond
film electrode shows the greatest electrochemical incineration efficiency to degrade
organic pollutants (Van Hege et al. 2004; Waterston et al. 2006). Besides the strong
oxidizing performance for organic chemicals mineralization and detection, diamond
film electrode shows reduction application for metal recovery even from persistent
organometallic complexes (Yamaguchi et al. 2006) and shows high sensitivity to
detect heavy metal ions in aqueous system in ppb (part per billion) level (Mcgaw
et al. 2006), due to the high hydrogen gas evolution potential.

Comninellis’s group proposed an indirect electrochemical incineration mecha-
nism with electrosynthesized intermediate of hydroxyl radicals during the oxidation
process on diamond film electrode (Foti et al. 1999). Due to the high over potential
for oxygen evolution on the diamond electrode (D) in water system, hydroxyl radi-
cals .�OH/, a kind of strong oxidant, can be formed during water electrolysis on the
electrode surface [Reaction (3.1)], and led to the organic pollutants’ (OP) oxidation
into final products, such as CO2, H2O, N2, NO3�, and PO43�, etc. [Reaction (3.2)].

DC H2O! D .�OH/C HC C e� (3.1)
D .�OH/C OP! DC CO2 C H2OC HC C N2 C NO3� C PO43� C e� (3.2)
D .�OH/! DC O2 C HC C e� (3.3)

Diamond film electrode has an inert character with weak adsorption properties
(Martin et al. 1996; Swain et al. 1998; Pleskov 1999). Weak interactions of D .�OH/
lead to low anode activity toward oxygen gas evolution [Reaction (3.3)] and high
oxidation reactivity to the organic pollutants’ incineration [Reaction (3.2)]. Due to
the high oxidizing power of the radicals, highly persistent pollutants, which can-
not be decomposed with bioremediation method, advanced oxidation process, or
even electrooxidation process with other kinds of electrodes, can be successfully
degraded with the diamond film electrode.

Furthermore, it has been proved that direct oxidation can happen on the diamond
film electrode before the oxygen gas evolution potential (Zhi et al. 2003). Direct
oxidation takes place, accompanying with the adsorption of chemical molecules
on the diamond electrode surface. An as-grown diamond film with high hydrogen
coverage is inert to adsorption of polar molecules (Vinokur, Miller et al. 1996; Yano
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et al. 1998), but adsorption may be introduced at high applied potentials, which turns
the surface oxygen terminated (Notsu et al. 1999, 2000). Special oxidation peak can
be checked during voltammetric tests for various organics. Due to the low poten-
tial for direct oxidation, c.a. lower than 2 V (Ag/AgCl sat. KCl), full mineralization
cannot be conducted under this condition with reasonable rate, but electroanalytical
detection of pollutants and special electrochemical synthesis can be fulfilled un-
der this condition. Diamond film electrode showed well-defined electrochemical
analytical use for the detection of ammonia (Ji et al. 2005), pesticides (Codognoto
et al. 2006; Pedrosa et al. 2006), phenol and chlorinated phenols (Muna et al. 2004),
and adenosine (Xie et al. 2006) in aqueous solutions with concentration as low as
nanomolar level and excellent response reproducibility. Electrochemical detection
can be influenced by the electrode surface conditions. Take the mineralization of
oxalic acid as an example; hydrogen-terminated diamond electrodes exhibited well-
defined peaks of oxalic acid oxidation in a wide pH range with good linearity for a
concentration range from 50 nM to 10�M and with a detection limit of 0.5 nM. In
contrast, oxygen-terminated diamonds showed no response for oxalic acid oxidation
inside the potential window (Ivandini et al. 2006a).

The diamond film has been fabricated on diamond and nondiamond substrates
with low-pressure CVD methods. With the CVD methods, the diamond film is
normally polycrystalline and microcrystalline. Plasma-assisted chemical vapor de-
position (PACVD) and hot-filament chemical vapor deposition (HFCVD) methods
are commonly used. These two methods are simple and easy to handle (Angus
and Hayman 1988; Yarbrough and Messier 1990; Matsumoto 2000). Hydrogen and
hydrocarbon gases are two major precursor gases. Atomic hydrogen, decomposed
from hydrogen gas under plasma or high temperature, plays a vital role in the depo-
sition process, including stabilization of the diamond surface, creation of a volatile
source of carbon, formation of vacancies on the growth surface, reduction of the
surface free energy, formation of carbon radicals, and etching of graphite material
(Banholzer 1992; Angus et al. 1993; Sharda et al. 1996). Hydrocarbon gas pro-
vides the carbon source for diamond production. Methanol (Sugino et al. 1994),
ethanol (Gilbert et al. 1999; Baranauskas et al. 2000), acetone (McNamara and
Gleason 1993), and acetylene (Sommer and Smith 1990) have been tried as the
carbon source precursors. With the development of CVD technique, methane has
become the most common hydrocarbon precursor. The reaction conditions, includ-
ing gas composition, substrate and gas temperature, reactor chamber pressure, and
gas flow rate, have significant effects on diamond crystal quality and film growth
rate. Bachmann’s group summarized diamond CVD study of over 30 years before
1991 (Bachmann et al. 1991). A C–H–O phase diagram is introduced which pro-
vides a common scheme for the diamond CVD methods. Only in a small area in the
diagram with low carbon element ratio, diamond can be successfully fabricated. Be-
sides the reaction conditions, the substrate material has a considerable influence on
the quality of the deposit, and the gas phase temperature seems to be more important
for the diamond deposition rate than other parameters.

Experimental process for diamond deposition is shown in Fig. 3.5. Before the
CVD process, seeding pretreatment on the substrates, especially nondiamond
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Fig. 3.6 Schematic diagram of hot-filament chemical vapor deposition system (after Guo and
Chen 2007a)

materials, is a very important step to enhance the diamond nucleation rate dur-
ing CVD process. Ultrasonic scratching in the diamond paste, 1 g of synthetic
diamond microscale particles dissolved in 10-mL acetone (Guo and Chen 2007a),
is one of the most effective and simple pretreatment method. Li and his coworkers
(Li et al. 1998) reported that scratching the substrate surface with the diamond paste
is effective to improve nucleation process, but Al2O3 is not useful for nucleation.
During the CVD process, there are two steps, nucleation and crystal growth, before
film formation (Fayette et al. 1994).

HFCVD method has been favored by industry (Wilson and Kulisch 1996), be-
cause of its special properties, such as relatively low set up cost, easily scaled
up to large substrate area, easy operation, and flexibility to three-dimensional ge-
ometry (Schafer et al. 2006). Figure 3.6 shows a typical HFCVD system (Guo
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and Chen 2007a). In the HFCVD system, high-temperature filament is the power
source for series of all the following gas phase and substrate surface heterogeneous
reactions. High filament temperature, over 1,900ıC, is necessary to make atomic hy-
drogen efficient, which is very effective for selective deposition of diamond (Venter
and Neethling 1994). Due to the high temperature, filament is made from tungsten,
tantalum, or rhenium (Sommer and Smith 1990; Okoli et al. 1991). Among the three
materials, tungsten is the cheapest one and niobium is the most expensive material.
On the other hand, rhenium possesses the longest life, and tungsten shows the short-
est life time and the most difficulty for processing. The HFCVD method itself is
simple but the quality and property of the diamond layers produced are strongly
dependent on the deposition parameters together with the chemical stability of the
substrate (Haubner and Lux 1993; Cassidy et al. 1994; Kondoh et al. 1994; Lee
et al. 1997). Clear faceted planes were obtained under the following conditions: re-
actor chamber pressures of 13.3–40 mBar, methane concentration from 0.2 to 2%
(volume percentage), gas flow rate less than 800 standard cm3 min�1 (sccm), dis-
tance between the filament and substrate less than 10 mm, and substrate temperature
from 500 to 1,100ıC (Angus et al. 1988; Kondoh et al. 1994; Singh et al. 1994;
Lee et al. 1997; Menon et al. 1998; Gilbert et al. 1999; Hirakuri et al. 2001). Under
the typical conditions, the diamond film growth rate is 1–10�m h�1 (Bachmann
et al. 1991). The reaction parameters affect the diamond quality and growth rate,
and also the crystal orientation. At higher pressure of 27–40 kPa, (100) facet dia-
mond is the favorable growth surface, whereas (111) is the favorable growth surface
at lower pressure (Yu and Flodstrom 1997). The (111) facet is dominant at low
methane concentration and (100) is preferred at high methane concentration (Kon-
doh et al. 1994). The growth rate in the (100) direction exhibits a sharp drop at
temperatures where the crystal geometry is changing from octahedral to cubo-
octahedral, whereas the growth rate in the (111) direction exhibits a more gradual
change with temperature (Menon et al. 1998).

There are some disadvantages for HFCVD method. Filament is relatively easy
to break, and its life time is around 100 h. Second, due to the high working tem-
perature, the filament metal element can evaporate into the gas phase and deposit in
the diamond film, which is a kind of contamination (Venter and Neethling 1994).
Mehta Menon’s group reported that tungsten filament yielded the lowest impurity
level (few ppm by mass), whereas rhenium yielded the highest (parts per thousand)
(Mehta Menon et al. 1999). Metal contamination in the diamond would affect the
electronic application of diamond, even in ppm level, but this is not a big problem
for the electrochemical application.

In order to prolong working life of filament and broaden the substrate ma-
terials choice, some researchers put their effort on studying how to reduce the
temperatures. Up to date, halogen-containing chemicals and oxygen-containing
chemicals are reported effective to reduce the reaction temperatures. Hong’s
group reported that chloromethanes (CH2Cl2, CHCl3, and CCl4/ were used as
carbon sources to grow diamond at low temperature (from 380ıC to 700ıC) (Hong
et al. 1993). In comparison with methane, which is inefficient at growing diamond
below 600ıC, chloromethane was quite suitable for the growth of diamond films
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at low temperature. However, the growth rate at 380ıC was only 0:05�m h�1.
Similarly, Corat’ group reported that they observed diamond growth under a sub-
strate temperature as low as 390ıC with addition of CF4 in CH4–H2 precursor
gases in HFCVD system (Corat et al. 1994). Schmidt reported that CHF3 and
C2H5Cl made possible a significant decrease in substrate temperature down to
370ıC (Schmidt et al. 1997). The effects of chloromethane on diamond nucleation
and growth were studied by Wu and Hong (1998) with laser reflective interferome-
try. They assumed that chloromethane can enhance diamond nucleation at a lower
temperature by protecting the residual seeds by diamond-grit scratching from being
etched by H atoms. Kim and coworkers reported that when even a small amount
of oxygen (about 0.6%) is added, well-faceted diamond films are observed under
low substrate temperature of 530ıC (Kim et al. 1995). Li and coworkers reported
that addition of a small amount of oxygen to the CH4–H2 gas permits diamond
deposition at filament temperature as low as 1,400ıC and substrate temperature
down to 450ıC. Optimum conditions were found to give reasonable growth rates
.0:5�m h�1/ with high film quality at filament temperatures of 1,750ıC and sub-
strate temperatures of 600ıC (Li Tolt et al. 1997a). They also reported that H2O
has the similar effect to reduce the reaction temperature in HFCVD system (Li Tolt
et al. 1997b). With addition of oxygen gas or oxygen containing chemicals, the dia-
mond film growth rate can be improved (Bruckner and Mantyla 1993; Brunsteiner
et al. 1996).

Besides the typical micrometer-size diamond crystal fabricated with HFCVD
methods, nanometer-size diamond crystal has been studied in recent years. Ku and
Wu (2004) fabricated the nanocrystalline diamond (NCD) films with a thickness
of few-hundred nanometers on Si substrates with CCl4–H2 precursor gases at a
substrate temperature of 610ıC. They suggested that both the primary nucleation
and the secondary nucleation processes were crucial for the growth of the NCD
films. Wang et al. reported that the NCD films were fabricated by decreasing the
gas pressure and increasing the concentration of the hydrocarbon of acetone (Wang
et al. 2004). The surface of the film is extremely smooth and the grain size is ap-
proximately 4–8 nm. There are two keys to fabricate the NCD films using CVD:
first one is to increase the nucleation density to 109–1010 particles per cm2 during
the initial stages and the other is to control the crystal grain growth into nanome-
ter scale. To reduce gas pressure can not only result in the increase in the substrate
temperature and dissociation rate of hydrogen gas, but also enhance the free path of
radicals group in the reaction chamber. Consequently, the groups with higher veloc-
ity and more energy bombard substrate and supply more energy to the surface. The
adsorbed radical groups on the surface become more active and promote the ratio of
secondary formation of nuclei. Moreover, it is difficult for diamond grain to grow
on the occasion of the more and stronger bombardment, which also accelerates the
secondary formation of nuclei. NCD films were grown on silicon (100) wafers by
Bruhne et al. (2005). Bias voltage was applied to enhance diamond nucleation be-
fore diamond film growth, and high methane concentration in hydrogen (3%) with
addition of 1% oxygen gas was used, in order to obtain nanocrystalline structure by
preventing the cellular growth.
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PACVD method is another typical way of making diamond films. Precursor
gas molecules can be decomposed into radicals under the effect of plasma. There
are three plasma sources commercially available (Davis 1993). Microwave plasma
typically uses excitation frequencies of 2.45 GHz. Radio frequency (RF) plasma ex-
citation typically employs frequencies of 13.56 MHz (or less commonly 450 kHz).
Direct current plasmas can be run at low electric powers, named as cold plasma, or
at high electric powers, which create an arc, named as thermal plasma. Microwave
PACVD method is the most common one among the three methods.

Typical deposition parameters for microwave PACVD are as follows: gas com-
position of 0.1–5% methane in hydrogen, gas flow rate from 50 to 500 sccm,
substrate temperature between 400 and 1,000ıC, and gas pressure from 5–250 mBar
(Davis 1993; Deguchi et al. 1996; Tucker et al. 1996; Ramesham and Rose 1997;
Cooper et al. 1998; Ralchenko et al. 1999). Various studies on gas composition
modification have been performed. With addition of oxygen, the diamond depo-
sition rate can be enhanced, as well as the diamond quality (Chang et al. 1988;
Chen et al. 1989; Chein and Tzeng 1999). By adding oxygen gas up to 2% of
hydrogen gas, the diamond deposition rate was found increased linearly (Chen
et al. 1989), and the diamond crystal growth rate can reach 20�m h�1 (Chang
et al. 1988). In order to save energy, low-temperature diamond deposition method
was studied. The addition of O2 or CO2 plays a crucial role in the low-temperature
deposition process. Clear faceted diamond film can be fabricated with gas composi-
tion of CH4:CO2 (29.5:30.5 sccm) at substrate temperature of 420ıC, even without
adding hydrogen (Stiegler et al. 1996). It was predicted that diamond films may be
formed even at temperatures of less than 200ıC by using CH4 C CO2 gas mix-
tures (Chen et al. 1994). CH3Cl and CH2Cl2 showed the similar effect to oxygen.
Chlorine-permuted methane plays an effective role in improving the diamond qual-
ity, as well as reducing the deposition substrate temperature to 530ıC (Nagano
and Shibata 1993). NCD film has been fabricated with the microwave PACVD
method. Sharda and coworkers fabricated NCD film on silicon substrate by apply-
ing a negative dc bias voltage of 260 V. The reaction condition was as following:
a mixture of 5% CH4 in H2, chamber pressure of 4 kPa, a microwave power of
1,000 W, and the substrate temperature of 600ıC (Sharda et al. 2001). The NCD
film can be fabricated in the microwave PACVD system by adjusting the distance
between the substrate and the plasma ball in the gas composition of 10% CH4 in
H2 (Yoshikawa et al. 2001). Gruen’s group investigated the transition from micro-
crystalline to nanocrystalline diamond films grown from Ar=H2=CH4 microwave
plasmas. Microcrystalline grain size and columnar growth have been observed from
films produced from Ar=H2=CH4 microwave discharges with low concentrations
of Ar in the reactant gases. By contrast, the films grown from Ar=H2=CH4 mi-
crowave plasmas with a high concentration of Ar in the reactant gases consist of
phase pure NCD (Zhou et al. 1998). Liu and his coworkers combined the techniques
from Yoshikawa and Gruen. Simultaneous growth of well-faceted microcrystalline
diamond and NCD on the same substrate by 1% CH4C5% H2C94% Ar microwave
plasma was reported (Liu et al. 2004). Soga summarized the NCD fabrication
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methods, and categorized them into three groups, e.g., hydrogen-deficient gas phase,
biased enhancement of nucleation and growth using CH4=H2 gas system, and di-
amond seeding (Soga et al. 2004). One of the drawbacks when using microwave
PACVD is the limitation of substrate area due to the difficulty in enlarging the
plasma ball size. Comparatively, RF plasma can be relatively easily generated over
much larger areas than microwave plasmas (Davis 1993; Pai et al. 1998).

Diamond is a kind of semiconductor, and pure diamond is nearly nonconduc-
tive with high resistivity of 1016�cm. Good conductivity is needed, when working
as an electrode. Doping is an effective way to improve the conductivity of a
semiconductor. Doping with boron (Okano et al. 1994; Sugino et al. 1994), as
an accepter admixture, allows forming p-type semiconductor and enhancing the
conductivity, while high doping levels lead to quasimetallic films. The specific re-
sistance of diamond depends on the content of boron atoms in the film, and it can
vary from 10 k� cm with the content of boron in diamond of 1018 per cm3 to
10�1–10�3 k� cm with the content of boron in diamond of 1021 per cm3. There
are two ways of introducing boron into the diamond. One is to use volatile boron
containing chemicals, e.g., trimethyl borate (Chen et al. 2005; Tian et al. 2006; Guo
and Chen 2007a), to supplement into the gas phase via evaporation. The other is
to use the solid boron containing chemicals, e.g., B2O3 (Okano et al. 1994), placed
near the substrate which can be activated into the gas phase under high temperature.
Besides boron, nitrogen, sulfur, and phosphorus have been studied as dopants to
change diamond into n-type semiconductor (Okano et al. 1994; Koizumi et al. 1998;
Haubner et al. 1999).

Substrate material is one crucial factor that should be considered when fabricat-
ing diamond film electrodes. Several criteria need to be taken into consideration:

1. Tolerance of high deposition temperature
2. Cost of the material
3. Density and machining property
4. Lattice parameters and thermal expansion coefficients of both the substrate and

their related carbides
5. Electrical conductivity of the substrate and the related carbides
6. Chemical stability for the substrate and the related carbides in applied

environments

Ti, Ta, Zr, and Nb are preferred, because of their ability of forming stable compact
oxides film during anodic polarization. Compared with other metals, titanium has
the lowest density, easy machinability, high anticorrosion and quick repassivation
electrochemical performance, and relatively low cost (Leyens and Peters 2003).
It becomes a preferred choice as the substrate material of diamond film electrode
(Drory and Hutchinson 1994; Chen and Lin 1995; Chen et al. 2003; Hian et al. 2003;
Gerger et al. 2004; Chen et al. 2005; Guo and Chen 2007a).

A high-quality diamond film electrode needs high purity and quality diamond
film fully covering the substrate to limit the exposure of the substrate to the environ-
ment. Micro-Raman spectroscopy, X-ray diffraction (XRD), and scanning electron
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microscopy (SEM) are three important physical characterization methods. Purity of
diamond film can be detected by using micro-Raman spectroscopy. Raman peaks
centered at 1,332 cm�1 and 1,140 cm�1 are related with microcrystalline diamond
and NCD sp3 carbon, respectively, and Raman peaks centered at 1,550 cm�1 and
1,580 cm�1 are attributed to sp2 and sp3 hybridized amorphous carbon and graphite,
two kinds of commonly found nondiamond carbon impurities in CVD diamond film
(Yarbrough and Messier 1990; Wilson and Kulisch 1996; Nebel and Ristein 2004).
It has been reported that the Raman signal is 50 times more sensitive to the non-
diamond carbon than to the crystalline diamond (Knight and White 1989). The
percentage of diamond carbon in the total carbon content can be quantified with a
“Purity Index” (PI) (Guo and Chen 2007a), calculated with the following equation,

PI D
ID

ID C
IC
50

;

where ID and IC are the integrated peak intensity of diamond and nondiamond
carbon phase, respectively. XRD can be used to check the crystal orientation, by
comparison with the standard diamond database. Peaks at which the 2
 is 43.9,
75.3, and 119:5ı are correspondent to the (111), (220), and (400) facet, respec-
tively. Moreover, micro-Raman and XRD can be applied to evaluate the residual
stress in the deposited diamond film (Ager and Drory 1993; Chandra et al. 1996;
Fu et al. 2003). Residual stress in the diamond film has adverse effect on the sta-
bility. Crystallinity of diamond can be checked by measuring the full-width half
maximum (FWHM) value of the specific diamond peak in micro-Raman and XRD
results. The film morphology and microstructure information can be obtained by
using SEM technique. The electrochemical performance can be checked with cyclic
voltammetry and impedance spectroscopy techniques. Figures 3.7 and 3.8 show the
typical physical and CV characterization results of diamond film electrode.

Besides diamond, carbon nanotubes (CNTs) can be fabricated with the HFCVD
method (Dikonimos Makris et al. 2004). Untangled CNTs with smooth walls and
high purity were fabricated in a HFCVD reactor on Si substrate. The optimal con-
ditions were substrate temperature 600ıC, total pressure 5 mbar, and 10% of CH4
in H2. During CNTs fabrication, catalyst is an important factor. Some 3-nm thick
nickel film deposited on the substrate was employed as a catalyst, and a 70-nm
thick SiO2 layer was coated between Ni layer and Si substrate in order to prevent
dissolvation of Ni into Si. Metal oxide films have been made with CVD methods
also. Photocatalytic TiO2 film was fabricated by using CVD techniques, which will
be introduced later in this chapter. Other kinds of metal oxide films, e.g., RuO2,
SnO2, Ta2O5, have been fabricated with CVD methods (Lu et al. 1999; Frohlich
et al. 2001; Gopal Ganesan and Eizenberg 2003; Kim et al. 2003b; Papadatos
et al. 2004; Huang et al. 2006; Kim 2007). These films are mainly utilized in the
electronic and device applications. Their detailed description about the fabrication
process will not be given here, because these applications are not related with the
environmental application.



72 L. Guo et al.

0

1000

2000

3000

4000

800 1000 1200 1400 1600 1800

Raman shift, cm–1

In
te

ns
it
y

a b

0

200

400

600

800

1000

1200

30 50 70 90

C
ou

nt
s

2Theta, degree

D(111)

TiC

TiC

TiC
D(220)

D(311)
TiC

c

Fig. 3.7 Typical micro-Raman (a), XRD (b) and SEM (c) characterization results of diamond film
deposited on titanium substrate
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Fig. 3.8 Typical cyclic voltammogram of boron doped diamond film electrode. The result was
tested in 0.5 M H2SO4 solution at 0:1V s�1 scan rate. The standard hydrogen gas and oxygen gas
evolution potentials were marked with EıH2 and EıO2 , respectively (after Guo and Chen 2007b)
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3.3 Surface Modifications

All electrodes react with their environment via the surfaces in ways which will de-
termine their electrochemical performance. Properly selected surface modification
can effectively enhance the electrode heterogeneous catalysis property, especially
selectivity and activity. The bulk materials can be chosen to provide mechanical,
chemical, electrical, and structural integrity. In this part, several surface modification
methods will be introduced in terms of metal film deposition, metal ion implanta-
tion, electrochemical activation, organic surface coating, nanoparticle deposition,
glucose oxidase (GOx) enzyme-modified electrode, and DNA-modified electrode.

3.3.1 Metal Film Deposition

Bismuth film coated electrode was found high sensitivity to metal ions (Co2C, Ni2C,
Cd2C, Pb2C, Zn2C) in ppb level (Hutton et al. 2006; Kefala and Economou 2006;
Svancara et al. 2006), pesticide in �g ml�1 level (Guzsvany et al. 2006), bromate
and hydrogen peroxide (Gun et al. 2006; Kefala and Economou 2006). A highly
sensitive protocol for measuring trace beryllium (Be) at a mercury-coated electrode
was described with a detection limit of 0:25�g l�1 (Wang et al. 2006b). Detection
of selenium (Se4C) at a copper-modified mercury-film electrode was studied. The
detection limit was 40 ng l�1 (0.5 nM) (Zaitsev et al. 2006).

Cathodic electrodeposition is an effective way to coat metal film on electrode
substrate. Bismuth film has been cathodically plated on the substrate, such as
graphite ex situ (Guzsvany et al. 2006; Svancara et al. 2006), carbon paste (Arribas
et al. 2006), glassy carbon electrode (Guzsvany et al. 2006), and Nafion-modified
glassy carbon electrode in situ (Kefala et al. 2006). The mercury-coated carbon-
fiber electrode was prepared by a 15-min electrodeposition of mercury at �0.8 V
from a 0.1 M acetate buffer (pH 4.5) solution containing 20mg l�1 mercury (Wang
et al. 2006b). Films of copper hydroxide were deposited on the pretreated glassy
carbon electrode by voltage cycling between �0:1 and 0.65 V (Casella et al. 2002).
Copper was electrodeposited onto the laser-etched carbon fiber with an acidic cop-
per(II) medium through fixing the electrode potential at �1V for periods up to
30 min (Kilbey et al. 2006).

Mercury was a traditional and highly efficient electrode working as a sensor.
Solid amalgam of mercury with different metal is a newly developed way to keep
the sensitivity high as well as to reduce environmental toxicity and to improve
mechanical stability and simple handling for application. Review on electrodes
based on nontoxic solid amalgams (MeSAE) is available elsewhere (Yosypchuk and
Novotny 2002). Good sensitivity of atrazine and ametryne herbicides was reported
on the copper–mercury amalgam electrode. The detection limit of herbicides ob-
tained in pure water was 3�g l�1 (De Souza et al. 2006).
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3.3.2 Metal Ion Implantation

Iridium-modified diamond film electrodes fabricated by an ion implantation method
have been developed for electrochemical detection of As3C. The electrodes exhib-
ited high catalytic activity toward As3C oxidation with the detection limit of 1.5 ppb
(20 nM) (Ivandini et al. 2006b). Molecular recognition sites for mercury ions were
imprinted in TiO2 film using stable ground-state complex of 1-amino-8-naphtol-3,6-
disodium sulfonate (ANDS) with mercury ions as template. Compared with pure
TiO2 electrode, the imprinted electrode revealed selectivity toward the imprinted
ions. Linear calibration plots for mercury ions were obtained with a detection limit
of 3.06 nM (Liu et al. 2006). The anodic voltammetric responses for some pheno-
lic compounds can be significantly enhanced at the Sb5C and Fe3C co-doped SnO2
electrodes. The larger response at the electrode is caused by the enhanced adsorp-
tion of the phenolic compounds at Sb sites at the electrode surface via the nonbonded
electron pairs of the hydroxyl group in acidic media (He and Mho 2004). The se-
lective detection of glucose in a solution containing interference species such as
ascorbic acid and uric acid was performed by using Cu-implanted BDD electrodes
(Watanabe et al. 2006).

3.3.3 Electrochemical Activation

Electrode surface activation can be improved simply by electrochemical pretreat-
ment. Determination of nitroaromatic compounds in water and soil spiked samples
have been reported at electrochemically activated carbon-fiber microelectrodes. No
interference was found from compounds such as hydrazine, phenolic compounds,
carbamates, triazines or surfactants. The detection limit obtained can be approxi-
mately 0:03�g ml�1 for all the nitroaromatic compounds (Agui et al. 2005). Chen
and coworkers reported an effective field-deployable tool for detecting nitroaromatic
compounds with an electrochemically pre-anodized screen-printed carbon electrode
(SPE) (Chen et al. 2006).

A semiautomatic screen printer was used to prepare the disposable SPE con-
sisting of carbon as working and counter electrodes and silver pseudoreference
electrode, as shown in Fig. 3.9. A stencil with the structure of five continuous elec-
trodes was used in printing the conducting carbon on a flexible polypropylene film.
A silver layer was first printed before coating the carbon ink (Acheron) to make
an effective conductive nature for the SPE. Then, the unit was cured in a drybox at
100ıC for 30 min. After drying, an insulating layer was finally printed over the SPE
leaving the working area outside of the insulating cover.

3.3.4 Organic Surface Coating

Surface modification with organic chemicals was introduced. Cations, anions,
dissolved oxygen, and organic chemicals in water have been detected with the
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Fig. 3.9 Surface morphology of screen-printed carbon electrode (after Chen et al. 2006)

organic chemical modified electrode (Carrington et al. 2006; Luz et al. 2006; Park
et al. 2006; Rahman et al. 2006; Shiddiky et al. 2006; Sun and Zhang 2006; Xiang
et al. 2006; Zheng et al. 2006). Organic film can be simply coated by dispersing
the organic containing solution on the substrate or soaking the substrate into the
solution, and then baked at selected temperature to form the film (Luz et al. 2006;
Manisankar et al. 2006; Sun and Zhang 2006). In order to further improve the
adhesion between the organic film and the substrate electrode, electrochemical pre-
treatment is usually applied to modify the surface (Rahman et al. 2006). Li and his
coworkers used the electrodeposition method to prepare the poly-1-naphthylamine
doped by a ferrocenesulfonic acid (PNAFc) films on a platinum foil by continuous
potential cycling between �0:2 and 1.5 V (vs. saturated calomel electrode) for
ten cycles (Li et al. 2006b). After polymerization, the PNAFc films were washed
thoroughly using a sulfuric acid solution (pH 3.0) to remove unreacted compounds.
Figure 3.10 shows the SEM surface morphology images of the PNA- and PNAFc-
coated platinum foil electrode.

3.3.5 Nanoparticle Deposition

Due to their small size and high surface area, nanoparticles can be applied to
modify electrode surface property. Convenient and sensitive electrochemical sen-
sors to various targets have been set up by using nanoparticle modification. The
determination of acetaminophen in a commercial paracetamol oral solution was re-
ported using a multiwall CNTs composite film-modified glassy carbon electrode
with a detection limit of 50 nM (Li et al. 2006a). Heavy metal ions, such as ar-
senite (Dai and Compton 2006; Majid et al. 2006) and lead ion (Cui et al. 2005),
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Fig. 3.10 SEM images of (a) PNA and (b) PNAFc (after Li et al. 2006b)

were detected using gold nanoparticles (Majid et al. 2006), platinum nanoparticle
(Dai and Compton 2006), and nanostructured cryptomelane-type potassium man-
ganese oxides (Cui et al. 2005) modified electrode with the detection limit in
ppb level. Electrochemical sensor to detect anions in water, such as nitrite (Yang
et al. 2005a) and bromated (Li et al. 2006c), was developed based on the gold
nanoparticles and CNTs-modified electrodes with a detection limit in micromolar
level. Organic chemicals have been successfully detected, including uric acid (UA)
and ascorbic acid (AA) (Wei et al. 2006), TNT, and several other nitroaromatics
(Hrapovic et al. 2006; Zhang et al. 2006a; Zhang et al. 2006b), with CeO2 nanopar-
ticles, CNTs, and SiO2 nanoparticles-modified electrode with the detection limit in
micromolar level. The Si-nanoparticle-modified electrode is used as the sensing el-
ement for an enzyme-free amperometric electrochemical glucose sensor. The Si-29
particle is significantly more efficient in generating signal current compared to both
dissolved and immobilized enzyme (Wang et al. 2006a).

The nanoparticle-modified electrode can be simply developed by dispersing
the nanoparticle containing solution on the electrode substrate (Yang et al. 2005a;
Svancara et al. 2006; Wang et al. 2006a; Wei et al. 2006; Zhang et al. 2006a). Wang
and his coworkers reported a method to fabricate silicon nanoparticle covered wafer
shape electrode (Wang et al. 2006a). The 1-nm Si-29 particle was prepared as a
water-based colloid. The cleaned heavily doped n-type Si wafer surface was cov-
ered with a mask to achieve a working area of about 1 � 1 mm2. A drop of 0.1 ml
of the Si-29 colloid was spread on the wafer surface, and the sample was incu-
bated for 10 h and then rinsed with deionized water. The particle-covered wafer
was prepared as the working electrode. Wei and his coworkers made the CeO2
nanoparticle-modified electrode by placing the electrochemical pretreated electrode
immersed into CeO2 nanoparticles suspension for 24 h at 4ıC, and then rinsed it
with water (Wei et al. 2006).

Nanoparticles can be prepared with electrochemical deposition method. Dai and
his coworkers made some platinum nanoparticle-modified glassy carbon electrodes
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by potential cycling in 0.1 M aqueous KCl containing 1 mM K2PtCl6. In each po-
tential cycle, the potential was held at C0:5V for 0.01 s and at �0:7V for 10 s.
Some 25 cycles were used to prepare the electrodes optimally (Dai et al. 2006).

Surface performance of CNTs can be modified with organic or metal additions
(Hrapovic et al. 2006; Li et al. 2006c; Zhang et al. 2006b). Zhang et al. (2006b)
made the triphenylene (TP)-modified CNTs. Purified CNTs was dispersed in N,N-
dimethylformamide (DMF) solution containing TP and ultrasonicated for 5 h. The
products were rinsed with DMF to remove the excess TP, dried at 50ıC to re-
move the solvent under vacuum, and finally obtain the functionalized sample of
TP-CNTs. The samples of TP-CNTs were dispersed in DMF at a concentration of
about 10mg ml�1 and the solution was then dispersed directly onto the substrate
surface. After DMF evaporation, a thin TP-CNTs film was formed on the substrate
surface. A method to make uniform film consisting of a network of CNTs and
metal nanoparticles was introduced by Hrapovic et al. (2006). CNTs were added
to metal nanoparticles (Cu, Au, or Pt) containing Nafion (10 vol%), and the result-
ing suspension was deaerated with argon under sonification for 2 h. The dissolved
nanocomposite was dropped on the substrate electrode and then it was dried for
20 min in an oven at 45ıC, which resulted in the final product.

3.3.6 GOx Enzyme-Modified Electrode

Selective electrochemical detection of glucose was studied using a glucose oxidase
enzyme (GOx)-decorated electrode. Wide linear calibration range has been reported
from micromolar to millimolar level. Good detection results have been shown in
water sample with common interferents (Ran et al. 1998; Zhao et al. 2006) in blood
(Troupe et al. 1998) and in serum (Wu et al. 1996). The electrochemical detec-
tion method includes the typical amperometry method (Su et al. 2004; Mashazi
et al. 2006; Pauliukaite et al. 2006; Xue et al. 2006) and impedance spectroscopy
method (Shervedani et al. 2006). The substrate electrode covered the typical carbon
material (Pauliukaite et al. 2006), gold (Mashazi et al. 2006; Shervedani et al. 2006;
Xue et al. 2006), as well as diamond film electrode (Wu et al. 1996; Ran et al. 1998;
Troupe et al. 1998; Spataru et al. 2004; Su et al. 2004; Zhao et al. 2006). The fol-
lowing sections give more details about the GOx enzyme decoration method.

3.3.6.1 Chemical Deposition

Figure 3.11 shows the chemical deposition process of GOx enzyme assembled 2-
mercaptoethanol on gold that was previously modified by cobalt tetracarboxylic acid
chloride phthalocyanine self-assembled monolayer gold. Electrochemical biosensor
was introduced in the following steps: pretreatment! hydrolysis! functionalized
surface ! enzyme modification. Shervedani and his coworkers reported a similar
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Fig. 3.11 Decoration of GOx enzyme on the Au-ME-CoTCAClPc electrode (after Mashazi
et al. 2006)

process to make the GOx enzyme-decorated gold electrode (Shervedani et al. 2006).
First, the cleaned gold electrode was modified with 3-mercaptopropionic acid
(MPA) to form Au–MPA electrode. Second, the washed and dried Au–MPA elec-
trode was activated in PBS solution containing 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride andN -hydroxysuccinimide. Finally, the activated mod-
ified electrode was rinsed with the same PBS and immediately placed in PBS con-
taining GOx enzyme for at least 1.5 h to fabricate Au–MPA–GOx SAMs electrode.

Su and his coworkers reported a simple way to make GOx enzyme-decorated
diamond film electrode (Su et al. 2004). The enzyme containing solution was pre-
pared in phosphate buffer containing bovine serum album. The mixture was added
with glutaraldehyde, afterward. The resulting enzyme solution was rapidly coated
onto the cleaned diamond film electrode with NaOH solution at room temperature
by a syringe. The electrode was covered and incubated for 1 h at room temperature.
After thoroughly washing with water, it was stored in dark at 4ıC for use.
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3.3.6.2 Sol–Gel Method

With sol–gel method, GOx enzyme was encapsulated onto carbon film electrode
coated with the copper hexacyanoferrate (CuHCF) or poly(neutral red) (PNR)
mediator (Pauliukaite et al. 2006). There are two steps: (1) surface modifica-
tion of carbon film electrode with CuHCF using chemical deposition method
or with PNR using electrochemical polymerization method and, (2) GOx en-
zyme deposition. GOx enzyme deposition involves three steps. First, sol–gel
solution was prepared by mixing oxysilanes, choosing one from 3-aminopropyl-
triethoxysilane (APTOS), 3-glycidoxypropyl-trimethoxysilane (GOPMOS), or
methyltrimethoxysilane (MTMOS), with water or 0.1 M phosphate buffer solu-
tion. Second, the prepared sol–gel solution was carefully mixed with GOx (10%)
in 0.1 M phosphate buffer saline (PBS) solution with 50:15 ratio and left for 2 h
to equilibrate. Finally, the CuHCF- or PNR-coated carbon film electrodes were
immersed in the sol–gel enzyme solutions for 5 min before taking them out for
sol–gel formation at 4ıC for 3 days.

3.3.6.3 Electrochemical Deposition

Troupe and his coworkers reported a two-step method to electrochemically deposit
GOx enzyme on a diamond film electrode (Troupe et al. 1998). In the first step, the
GOx and BSA were dissolved in a buffer with pH D 7, greater than their isoelectric
points. The BDD electrode was immersed into the solution and biased at 3.5 V for
2 h. Therefore, the negatively charged proteins (GOx and BSA) were drawn to the
positively charged electrode. In the second step, the glutaraldehyde (GA) cross-links
the protein layer forming a water insoluble barrier.

3.3.7 DNA-Modified Electrode

DNA base sensors for detection of biological agents have the advantages of high
sensitivity, selectivity, ability to operate in turbid media, and to be amenable to
miniaturization (Shah and Wilkins 2003). The biological agents include bacteria,
viruses, and toxins that may be aerosoled deliberately in air, food, or water to spread
terrorism and cause disease or death to humans, animals, or plants.

Various electrochemical biosensors have been developed with different spe-
cial DNA targets. Electrochemical sensors detecting Salmonella spp. (Erdem
et al. 2006), cancer gene (Feng et al. 2006), and human immunodeficiency virus
(HIV) (Niu et al. 2006) have been developed. Different electrode materials have
been applied. Genomagnetic assay is developed by using graphite-epoxy composite
(GEC) and magneto-GEC (m-GEC) electrodes as electric transducers. The sen-
sitive label-free detection by using GEC or m-GEC electrode as electrochemical
transducers was combined with the efficient magnetic separation for improving
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selectivity in this assay (Erdem et al. 2006). CeO2/Chitosan (CHIT) composite
matrix was developed for the single-stranded DNA (ssDNA) probe immobilization
(Feng et al. 2006). Conducting polymer-based biosensors are likely to cater to the
pressing requirements such as biocompatibility, possibility of in vivo sensing, con-
tinuous monitoring of drugs or metabolites, multiparametric assays, miniaturization,
and high information density (Malhotra et al. 2006).

The use of nanoparticles has extended throughout the field of biosensors in
the electrochemical detection of DNA and immunoreactions (Murphy 2006). A
wide range of nanoparticles including nanotubes and nanowires, prepared from
metals, semiconductor, carbon or polymeric species, have been investigated. The
enhanced electrochemistry is due to the ability of the small nanoparticles to reduce
the distance between the redox site of a protein and the electrode, since the rate of
electron transfer is inversely dependent on the exponential distance between them
(Balasubramanian and Burghard 2006). CNT-modified electrodes have been most
frequently used for the development of biosensors (Gooding 2005).

Covalent immobilization method will be introduced in detail subsequently to
show the making of a DNA-decorated biosensor. Figure 3.12 shows the fabricating
process. Five steps are involved before the electrochemical measurement (Riccardi
et al. 2006): electrode surface preparation; blocking of the modified electrode sur-
face; HCV-specific oligonucleotide probes immobilization; extraction of the HCV
RNA from patient sera; and Avidin–peroxidase labeling. Amperometry was applied
with the fabricated biosensor for detection. The enzymatic response was investigated
by constant potential amperometry at 0.45 V (vs. Ag/AgCl reference electrode).
The current intensity obtained is proportional to amount of HCV amplicons in the
samples.

3.4 Ultramicro- or Nanoscale Electrode

Electrodes with dimensions from micrometer to nanometer range are becoming
interesting. The advantages arising from these small-sized electrodes include en-
hanced mass transport, reduced IR drop, and double layer charging effects. These
submicrometer-sized electrodes have extended electrochemical methodology into
broad new domains of space (single cells, membrane pores), time (steady-state,
fast-sweep), chemical medium (nonaqueous solvents, unsupported electrolytes, ice,
air), and methodology (kinetics, single molecule studies, AFM, STM, SECM)
(Wightman 1981; Montenegro et al. 1991; Heinze 1993; Kawagoe et al. 1993;
Barker et al. 1999; Stulik et al. 2000; Yasukawa et al. 2000; Zoski 2002).

Within a regular scanning electrochemical microscopy (SECM) system, the
probe microelectrode, called the tip electrode, can be precisely positioned sev-
eral micrometers away from a substrate under the control of a three-dimensional
motorized positioner in the solution containing redox-active species. By scanning
the SECM tip within the plane paralleling a substrate surface and simultaneously
monitoring tip current (iT/, which is sensitive to the presence of conducting and
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Fig. 3.13 Popular ultra-micro electrode (UME) geometries. a radius of disk or finite conical elec-
trode, r0 radius of hemispherical electrode, b inner radius of ring electrode, and c outer radius of
ring electrode (after Zoski 2002)

electroactive species on the substrate surface, as a function of the tip location, SECM
images reflecting the electrochemical properties of the surface could be obtained
(Bard et al. 1991; Wipf and Bard 1991a). The dependence of the SECM feedback
current on electron-transfer kinetics was used as the basis for imaging variations in
electrochemical activity over an electrode surface (Wipf and Bard 1991b; Mirkin
and Bard 1992; Mirkin et al. 1992; Pierce et al. 1992; Wang et al. 2006c) and
mapping the redox distribution on a substrate surface (Scott et al. 1992; Horrocks
et al. 1993; Arca et al. 1995; Lee and Bard 2002; De Souza and Machado 2006;
Tel-Vered et al. 2006). Figure 3.13 shows five types of popular ultramicro electrode
(UME) geometry shapes. Operationally, a UME has been defined as an electrode
having at least one dimension, called the critical dimension, smaller than 25�m
(Zoski 2002). Disk shape electrode is the popular one used in SECM system as a tip.
The following will give some examples of the submicroscale electrode fabrication.

Fabrication procedure of gold nanodisk electrodes (NEEs) is schematically
shown in Fig. 3.14 (Menon and Martin 1995; Pereira et al. 2006). Step I: A piece
of the Au/Au–PC/Au membrane is first affixed to a piece of adhesive aluminum
foil tape (Fig. 3.14a). Step II: A rectangular strip of a copper foil, with a conduc-
tive adhesive, is then affixed to the upper Au-coated surface of the Au/Au–PC/Au
membrane (Fig. 3.14b). This Cu foil tape acts as a current collector and working
electrode lead for the NEE. Step III: The upper Au surface layer from the portion
of the Au/Au–PC/Au membrane not covered by the Cu foil tape is then removed
by simply applying and then removing a strip of Scotch tape. Removal of the Au
surface layer exposes the disk-shaped ends of the Au nanowires within the pores
of the membrane (Fig. 3.14c). These nanodisks will become the active electrode
elements. Step IV: The NEE assembly is heat treated at 150ıC for 15 min. This
produces a water-tight seal between the Au nanowires and the pore walls. Finally,
strips of strapping tape are applied to the lower and upper surfaces of the assembly
to insulate the Al and Cu foil tapes (Fig. 3.14d).

Carbon microelectrodes decorated with enzyme were prepared with two different
methods (Horrocks et al. 1993). Type A electrode (Fig. 3.15a) was prepared by heat
sealing carbon fibers, with diameter of 11 or 8�m, in 2-mm outer diameter (OD)
Pyrex capillaries. The resulting tip geometry was an inlaid microdisk electrode. The
carbon microdisk was then coated with the electrically wired enzyme by soaking the
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Fig. 3.14 Schematic process for fabrication NEEs (after Menon and Martin 1995)

Fig. 3.15 Schematic shape of two different types of carbon microelectrodes decorated with en-
zyme (after Horrocks et al. 1993)



84 L. Guo et al.

electrode tip in a drop of the enzyme containing coating solution. The solution was
allowed to dry and form a roughly 1 � �m-thick film coating the surface of the tip.
The film was cured at ambient temperature in air for a minimum of 2 days. Type B
electrode (Fig. 3.15b) was fabricated by the following procedure. A 7-�m diameter
carbon fiber was inserted into a 2-mm OD glass tube, and the tube was pulled on
a micropipet puller to yield a glass tip of approximately 2-�m OD. The glass tip
was then partially filled with a low-viscosity epoxy, leaving a microcylinder as the
electrode surface, and was cured at 70ıC overnight. The tip was then polished at an
angle of 90ı with a micropipet beveler to produce smooth carbon surface. Electrical
contact to the carbon fiber was made by filling the top of the tube with mercury and
inserting a stainless steel wire. The carbon microcylinder tip was coated with the
enzyme containing solution.

The procedure for the fabrication of the Pt submicroelectrodes is shown in
Fig. 3.16 (Slevin et al. 1999). Namely, Step I: Seal of Pt microwire (Fig. 3.16a).
The Pt microwire with 50�m diameter was mounted in a glass capillary, which was
drawn to a fine point using a pipette puller with 3–5 mm microwire protruded from
the tip of glass capillary. Step II: Etching Pt microwire (Fig. 3.16b). The protruded
Pt wire was electrochemically etched by applying 1.2 V potential between the Pt
wire and the counter electrode. The etching procedure was finished when the cur-
rent decreased to zero. Step III: Microwire insulation (Fig. 3.16c). Insulating paint

Fig. 3.16 Procedure for fabricating the Pt submicroelectrode (after Slevin et al. 1999)
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Fig. 3.17 Schematic diagram of the process for removing the seal and getting the exposed micro
tip of Pt electrode (after Lee et al. 1991)

film was electrochemically deposited on the wire electrode by anodic or cathodic
polarization. The deposited film was hardened by heating at 200ıC for 180 s. Film
shrinkage during heat curing should leave only the end of the tip exposed, and the
exposed area will work as the electrode. Another way to seal and make the exposed
tip of the submicroelectrode was shown in Fig. 3.17 (Lee et al. 1991). After seal-
ing of the Pt wire into the Pyrex capillary glass, excess glass near the tip of the Pt
wire (Fig. 3.17a) was removed by heating the electrode in the resistive heater coil.
Heating was halted just before the Pt tip was exposed (Fig. 3.17b). The end of the
electrode was then polished with 0:05-�m alumina paste until the tip of the sharp-
ened Pt wire was exposed (Fig. 3.17c). The diameter of the exposed Pt disk could
be controlled from ca. 0.2 to 25�m by controlling the extent of this final polishing.
Further heating for 0.5–1 min caused the glass to pull away from the Pt wire so that
the small exposed Pt disk can be protruded from the sealed glass (Fig. 3.17d).

3.5 Concluding Remarks

Electrochemical engineering has gained recognition in recent decades along with
the discovery of various capable electrode materials to achieve the desired purpose.
In fabricating the electrodes, the heart of an electrochemical process, the thermal
decomposition has been widely employed in making metal-oxide film electrodes
with advantages of easy processing and low cost. By changing the metal composi-
tion, the electrochemical properties of the obtained electrodes can be tailored. CVD
methods might be the major method to produce CNTs and various metal-oxide film
electrodes, whereas hot-filament and plasma-enhanced CVD methods are the best
options for fabrication of diamond film electrodes.

With the help of surface modification, the catalytic activity and selectivity could
be manipulated by tailoring the structure of the electrodes. The rapid development
of nanotechnology and bioscience has been witnessed by a large number of recent
literatures on novel electrodes such as BDD, nanoelectrodes, and biosensors. This
trend is likely to remain so for the next decade when the hot research topics for
electrochemistry will be in advanced materials, biochemical-related application, and
environmental analysis and protection.
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Chapter 4
Modeling of Electrochemical Process
for the Treatment of Wastewater Containing
Organic Pollutants

Manuel A. Rodrigo, Pablo Cañizares, Justo Lobato, and Cristina Sáez

4.1 Why Is It Important to Use Mathematical Modeling
in Electrochemical Wastewater Treatment?

The use of electrochemical technologies for the treatment of organic pollutants con-
tained in industrial wastewaters has received a great deal of attention in recent
years. Two of these technologies are especially important: the electrochemically
assisted coagulation (or electro-coagulation) that can compete with the conven-
tional chemical coagulation process in the treatment of wastes polluted with colloids
or macromolecules or in the treatment of emulsions, and the electrooxidation, that
appears as one of the most promising technologies for the treatment of wastewaters
containing small-to-medium concentrations

�
100�104 mg COD dm�3

�
of soluble

organic compounds.
Both technologies were seem as promising technologies at different periods

during the twentieth century, although they did not received significant scientific
attention up to the turn of the century. As a consequence, the results obtained
in different applications were not satisfactory, and a certain urban legend about
the inefficiency of these technologies started to run. Thus, several full-scale elec-
trochemical coagulation plants were commissioned in USA to treat municipal
wastewater, and they had to be abandoned due to apparent higher operation cost and
some expectations of high initial capital cost, as compared to the case of chemical
dosing. Regarding to electrooxidation, the use of this technology rarely overcame
the pilot-scale level, as the Faradaic efficiencies were always under the desired
values, and the formation of refractory polymers during the treatment was very fre-
quently a very significant process.

At the turn of the twentieth century, some works focused on the study of these
technologies have reported very promising results. The proper design of the elec-
trochemical cell to promote electroflocculation and electroflotation processes, the
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easiness in the automation, and the use of solar panels to apply the technology in
remote sites have become important advantages for the use of electrochemical co-
agulation plants. In addition, the proper design of the cell to enhance mass transport
and the use of new anodic materials like conductive-diamond have allowed achiev-
ing high efficiencies in the use of electric energy and, as a consequence, to decrease
strongly the operating cost of electrooxidation.

Nevertheless, to make these technologies competitive with the conventional tech-
nologies that are in use today (conventional coagulation in case of electrochemical
coagulation, or advanced oxidation processes such as Fenton oxidation or ozonation,
in case of electrochemical oxidation) more effort has to be done in the next years,
and a better understanding of the processes involved must be achieved. In this con-
text, the development of mathematical models that are consistent with the processes
occurring in a physical system is a relevant approach, because such models can help
to understand what is happening in the treatment process. In turn, a more detailed
knowledge of the physical system can be obtained, and tools for a proper design of
the processes, or for the analysis of operating problems, are attained. For this reason,
several models have been developed in recent years to describe the electrochemical
treatment of wastewater containing organic pollutants. These models correspond to
different approaches to describe the physical processes occurring within the elec-
trochemical reactors. Previous to the description of these models, some notes about
modeling in chemical engineering can help to understand better the approaches pro-
posed by the models.

4.2 Mathematical Modeling in Chemical Engineering

A mathematical model consists, in principle, of a collection of equations that relate
some inputs (explicative variables) to some outputs. Its goal is to reproduce the
experimental behavior of a physical entity that exists on the real world (in chemical
engineering we name these entities as processes).

From the viewpoint of their formulation, mathematical models can be classi-
fied into two main categories: phenomenological or empirical. A phenomenological
model is that in which the model formulation is based on theoretical principles
while an empirical model is that in which model equations are not obtained from
these principles, but they are simply a collection of equations that reproduce well
the experimental behavior of a system. There is an intermediate type of model,
semiempirical model, that use theoretical principles to formulate a process model
but not in a strict way, as they also use some assumptions that can be considered as
empirical from the formulation perspective.

Actual processes can be very complex, and normally a mathematical model is
only going to capture the more significant features of them. So, a model should never
be thought of as being the exact equivalent of a physical system. In this context, the
description level of a process is much related to the complexity of the model: the
more features a model describe, the higher the complexity of the resulting collection
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of equations. In this point, it is usual in chemical engineering to try to use models
in which process variables do not depend on the position but only on the time.
These models are called lumped-parameter models, and in nonsteady-state condi-
tions they take the form of a set of ordinary differential equations, with the time
as the only independent parameter. If it is not possible to reproduce a process with
such kind of models, and hence the changes with the spatial position are significant,
lumped-parameter models are not useful and distributed-parameter models have to
be used. In dynamic conditions, these models occur as sets of partial differential
equations.

In any chemical or electrochemical process, the application of the conservation
principles (specifically to the mass, energy or momentum) provides the outline for
building phenomenological mathematical models. These procedures could be made
over the entire system, or they could be applied to smaller portions of the system,
and later integrated from these small portions to the whole system. In the former
case, they give an overall description of the process (with few details but simpler
from the mathematical viewpoint) while in the later case they result in a more
detailed description (more equations, and consequently more features described).

To complement the equations obtained from the application of the conservation
principles, it is required to use some equations based on physical, chemical, or elec-
trochemical laws, that model the primary mechanisms by which changes within the
process are assumed to occur (rates of the processes, calculation of properties, etc.).
These equations are called constitutive equations and include four main categories
of equations: definition of process variables in terms of physical properties, transport
rate, chemical and electrochemical kinetics, and thermodynamic equations.

These sets of equations, together with the description level, are the two main
distinctive points in the formulation of a phenomenological model. However, the
formulation of a model is only one of the stages required to get a model. There are
two other important steps that are required previous to the proper use of a model:
the parameter estimation and the validation of the model.

After the formulation stage, we have all the equations of the model, but they are
not useful yet, because parameters in the equations do not have a particular value.
Consequently, the model cannot be used to reproduce the behavior of a physical
entity. The parameter estimation procedure consists of obtaining a set of parame-
ters that allows simulation with the model. In many cases, parameters can be found
in literature, but in other cases it is required to fit the model to the experimental
behavior by using mathematical procedures. The easier and more used types of pro-
cedures are those based on the use of optimization algorithms to make minimum
the differences between the experimental observations and the model outputs. The
more frequently used criterion to optimize the values of the parameters is the least
square regression coefficient. In this procedure, a set of values is proposed for all
model parameters (one for every parameter) and the model is run. After that, the
error criterion is calculated as the sum of the squares of the residues (differences
between the values of every experimental and modeled value). Then, an optimiza-
tion procedure is used to change the values of the model parameters in order to get
the minimum value of this criterion.
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Once the parameters are calculated, the final stage is the construction of a model,
i.e., the validation. This stage consists of checking the results of the model for
several different experimental cases. Its goal is to confirm that simulations carried
out with the model reproduce the behavior of the processes in a proper way. Some
statistical procedures are typically applied in this stage. The best way to validate a
model is to compare experimental and modeled data by means of two different tests:

– The regression coefficient
– The analysis of the residues trends

The first test consists of calculating the value of the regression coefficient to com-
pare the actual values of the outputs of the process with the values proposed by the
model. To calculate the regression coefficient (4.1) is used, where yi states for the
experimental values of the output, Oyi are the model values, and y is the average
value of the experimental outputs used in the validation

r2 D 1 �

NP

iD1

.yi � Oyi /
2

NP

iD1

.yi � y/
2

: (4.1)

Obviously, the higher the regression coefficient, the better the reproducibility
obtained of the system. In this context, it is important to take in mind that the same
information that gives the regression coefficient can be obtained visually from the
actual output .yi /–model output . Oyi / graph. If all points lay over the line y D Oy, it
means that our model describes satisfactorily the process. On the contrary, if points
are far away from this line the model has to be reworked.

The second test consists of the analysis of the residues trend vs. the explicative
variables and vs. the output. If the graph obtained shows disperse points without
a marked trend (white noise), the model does not miss any relevant detail. On the
contrary, if a market trend is observed, the model has to be reformulated to include
some additional processes or to make a more detailed description.

4.3 Selection of the Description Level in Electrochemical
Coagulation and Oxidation Processes

Although electrocoagulation and electrooxidation technologies are very different
in nature, both are electrochemical technologies, and both are carried out in elec-
trochemical cells. As a consequence, heterogeneous charge transfer on the surface
of electrodes is involved, and from the modeling point of view the system is dis-
tributed. This means that the values of the model – outputs (species concentration,
temperature, etc.) depend simultaneously on both, the time and the position. This
can be clearly observed in Fig. 4.1a, where the intensity of dark in the anodic region
represents the local values of COD concentration in a flow-cell with parallel plane
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Fig. 4.1 Profiles of concentration in a single flow-cell with parallel plane electrodes (a) COD
during electrooxidation; (b) Aluminum during electrocoagulation

electrodes. If only direct electrochemical processes are assumed to occur, the con-
centration of COD depends on the distance to the electrode. COD is diminished on
the electrode surface and then a profile of concentration between the surface (lower
concentration) and the bulk solution (higher concentration) is generated. At the same
time, if it is assumed a typical flow channel pattern, the COD decreases in the flow
direction. In addition, in nonsteady-state conditions, time will also influence on the
value of the variables. Figure 4.1b shows the profiles of aluminum concentration in
an electrochemical dissolution process (the darker, the higher the concentration). In
this case, the soluble aluminum species are formed on the surface during the pro-
cess, and consequently their concentration decreases from the electrode surface to
the bulk solution. Likewise, as aluminum species are products and not reagents their
global concentration increases along the flow direction.

An in-depth description of the electrochemical treatment of organic-polluted
wastewater in which the concentration profiles of every compound in the elec-
trochemical cell are calculated is particularly difficult, as it would lead to a very
complex mathematical system. This complex situation arises since the concentration
of every compound depends on the time and on the distance to the electrode surface,
and that the particular concentration of every species for a given case depends on
three different mass-transport mechanisms: diffusion, convection, and migration.
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In this context, to describe the position dependence of the model species, it is
important to take in mind that, in electrochemical wastewater-treatment processes,
it can be assumed that in the treated wastewater there is always enough supporting
electrolyte to minimize the migration of electroactive species. Hence the primary
mass-transport mechanisms are diffusion and convection. Hence, the mass balance
of a volume element assuming that reactions are restricted to the electrode surface
takes the form of (4.2).

@ci

@t
D Di�ci � Eu � rci : (4.2)

For Newtonian fluids, the relationship between the velocity of a liquid and the forces
acting upon it is given by the Navier–Stokes equation. For a noncompressible fluid
and considering only convection and viscosity forces (neglecting other forces such
as gravity), this equation takes the form of (4.3).

@Ev
@t
C Eu � rEu D �

1

g
rp C �r2Eu: (4.3)

These two equations (4.2) and (4.3) together with (4.4) (continuity equation for
incompressible fluids) and with the boundary conditions of the particular reactor
define the convective mass transport in electrochemical cells. It is important to take
in mind that this exhaustive description is frequently used in electrochemical engi-
neering, especially in cases such as the electroplating processes where the current
distribution becomes a key factor in the performance of the process.

rEu D 0: (4.4)

However, such a complex system would not be helpful to describe organic-removal
wastewater-treatment processes because of its high degree of complexity and, there-
fore, in an attempt to achieve a useful model, some assumptions could be made in
order to simplify the model. Hence the transformation of this distributed-parameter
model in a simpler lumped-parameter model is very common in the modeling of
wastewater-treatment processes, because it is not very important to obtain detailed
information about what happens in every point of the cell but simply to know in
a very simple way how the pollution of a influent waste decreases at the outlet
of the electrochemical cell. In this context, there are three types of approaches
typically used:

– The macroscopic approach, in which it is not taken into account what happens
inside the cell in detail, but only an overall view of the system is described. In
fact, the system is considered as a black box from the fluid dynamic point of view
and then, it is assumed that the cell behaves a mixed tank reactor (the values of
the variables only depend on time and not on the position since only one value
of every variable describes all positions). This assumption allows simplifying
directly all the set of partial differential equations to an easier set of differential
equations, one for each model species. For the case of a continuous-operation
electrochemical cell, the mass balances take the form shown in (4.5), where ŒSi �
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stands for every model species
�
g m�3

�
, q is the volumetric flow rate

�
m3 s�1

�
,

v is the reactor volume
�
m3
�
, vji is the stoichiometric coefficient of compound i

in process j , rj is the rate of process j expressed in g s�1 (in this text the symbol
“rj ” is going to be used to indicate volumetric rates g s�1 m3), and subindex 0
indicates conditions at the inlet of the reactor.

�
dŒSi �

dt
D q0ŒSi �0 � qŒSi �C

pX

jD1

�
j
i rj : (4.5)

This approach is also used to model batch treatments (4.6) with a high value
of recycle and in which the produced chemicals are not too active, so they can
be considered to live for a sufficiently long time and their concentration results
homogeneous in the whole solution. In this case, the initial condition is the con-
centration of species i at time t D 0 .ŒSi �tD0/

�
d ŒSi �

dt
D

pX

jD1

�
j
i rj : (4.6)

– The maximum gradient approach: The dependence of the position is only con-
sidered for the maximum gradient direction. Changes in other directions are
neglected. This approach is frequently used to describe changes in a plug flow
electrochemical cell in which the residence time is important and the more im-
portant changes in the species occurs in the flow direction. For the general case
of a continuous operation electrochemical cell, the mass balances take the form
shown in (4.7), where

�
S electr
i

�
is the concentration of the species i on the sur-

face of the electrode
�
g m�3

�
, km is the mass-transport coefficient

�
m s�1

�
, S is

the section of the reactor
�
m2
�
, and A is the electrodic area

�
m2
�
.
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�
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��
C
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jD1

�
j
i rj : (4.7)

This approach is also used to model batch treatments in which the recycle has
a low or medium value In this case, two balances has to be drawn to char-
acterize the discontinuous system: one for the cell (4.8) and the other for the
reservoir (4.9)

@ ŒSi �
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@ ŒSi �
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�
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@ ŒSi �

@t
D
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Vreservoir
.ŒSi �0 � ŒSi �/C

pX

jD1

�
j
i rj : (4.9)



106 M.A. Rodrigo et al.

– The mixed maximum gradient/macroscopic approach, in which the profiles in
the changes in the variables’ values are modeled (only in the direction of max-
imum change of the process variables) by means of several zones, in which the
variables are supposed to depend only on the time and not on the position. The
assumption of dividing the electrochemical cell into several zones allows the
simplification of the mathematical complexity of the model. Thus, the complex
system of partial differential equations (obtained from the mass balance in a
nonsimplified system) is reduced to an easier-to-solve system of ordinary differ-
ential equations, in which the number of differential equations depends on the
number of zones. This approach can be applied when mass transfer is important
but it is pretended to obtain a simple model. In this context, a good way to
simplify the position dependence of the model is to divide the electrochemical
reactor into three zones: two zones close to the electrodes (anode and cathode)
and a third zone corresponding to the bulk solution. In these three zones, the
concentration of every compound can be considered to be constant with position
and is only time dependent. This assumption is valid if the residence time in
the electrochemical cell is small, since in this case the profiles of concentration
in the flow direction can be assumed to be negligible. For the general case of a
continuous operation in electrochemical cell, the mass balances take the form as
shown in (4.10)–(4.12), where subindex a, b, and c stands for anodic, bulk, or
cathodic conditions, respectively.

va
d ŒSi �a

dt
D

0

@
pX

jD1

�
j
i rj

1

A

anode

C kmA .ŒSi �b � ŒSi �a/ ; (4.10)

vc
d ŒSi �c

dt
D

0

@
pX

jD1

�
j
i rj

1

A

cathode

C kmA
�
ŒSi �b � ŒSi �c

�
; (4.11)

vb
d ŒSi �b

dt
D q0 ŒSi �b;0 � q ŒSi �b C kmA .ŒSi �a � ŒSi �b/C kmA .ŒSi �c � ŒSi �b/

C

0

@
pX

jD1

�
j
i r
0
j

1

A vb: (4.12)

This approach is also used to model batch treatments with high recycle rates in
which the products generated electrochemically can react rapidly. Consequently, a
three region model is required to separate the high reaction rates that occur close to
the anodic and cathodic regions from the other slower reactions that occur on the
whole volume of the solution (4.13)–(4.15). The initial conditions for these equa-
tions are .ŒSi �b/.tD0/ D .ŒSi �b/.tD0/ D .ŒSi �b/.tD0/ D ŒSi �tD0
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va
d ŒSi �a

dt
D

0
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vb
d ŒSi �b

dt
D kmA .ŒSi �a � ŒSi �b/C kmA .ŒSi �c � ŒSi �b/C
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0
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A vb: (4.15)

Besides the description of the position dependence, there is other important descrip-
tion level which has to be defined to formulate a model: the model species. From this
perspective, there are two main types of models: those that consider all the signif-
icant compounds presented in the reactor as model species (multivariable models)
and those that summarize different species into a small number of model species (in
the more strict case only one variable and they are called as single-variable models).
It is clear that the higher the number of species, the higher the complexity of the
simulation. Hence, in the formulation stage it is important to study in detail what it
is desired to model and to make a compromise as a function of our modeling goal
between the optimum situation for the analysis of the process (many model species)
and the optimum situation for the mathematical simulation (few model species).

4.4 Constitutive Equations for Electrochemical Oxidation
and Coagulation Processes

In electrochemical coagulation and oxidation processes, to complement the equa-
tions obtained from the application of the conservation principles, it is required to
use some constitutive equations, that is, equations based on physical, chemical, or
electrochemical laws that model the primary mechanisms by which changes within
the process are assumed to occur (rates of the processes, calculation of properties,
etc.). The more important set of equations can be grouped into three main categories:

– Mass transfer
– Electrochemical kinetics
– Chemical kinetics

In this section these three types will be described.

4.4.1 Mass-Transfer Processes

Mass transfer is a key point in the modeling of the processes that occur in electro-
chemical cells. In a simple view, to obtain a high efficiency in a direct electrochemi-
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cal process, it is required the good performance of the two sequential steps: first the
electrochemically active species should arrive to the electrode surface and second,
they should be oxidized or reduced. If a drop in the concentration of electroactive
species on the electrode surface occurs, the first step becomes the bottleneck of the
process and it starts to control the overall rate. Then, it is said that the reaction is
mass-transfer controlled. The main cause of this drop in the concentration is the
limited rate of transport of the electroactive species from the bulk solution toward
the electrode surface. When there are several electroactive species, this will lead to
different product conversions (f.i. in electrooxidation processes water oxidation can
be promoted vs. the oxidation of organic matter).

Mass-transport processes between two regions are quantified by assuming that
the local exchange rate is proportional to the concentration difference between
two zones. The mass-transfer rate

�
in g s�1

�
can be calculated from (4.16), where�

S electr
i

�
and ŒSi � are the concentrations

�
g m�3 or mol m�3

�
of component i in the

two zones, respectively; km
�
m s�1

�
is the mass-transfer coefficient; and A

�
m2
�

is
the specific interfacial area between the electrochemical and chemical zones. This
expression can also be formulated in terms of the total volume of the reaction system�
g s�1 m�3

�
by introducing the specific surface of mass-transfer processes .˛s/ as

the ratio between the mass-transfer area and the characteristic volume that concerns
this process (4.17). The mass-transfer coefficient .km/ summarizes the transport of
species by diffusion, convection, and migration. Hence a lot of parameters influ-
ence in its value. However, for typical electrochemical coagulation and oxidation
processes, it can be assumed to depend only on the flow rate conditions, because
the concentrations of the compounds are low, and hence diffusion and migration
are going to be negligible as compared with the conventional mass-transfer mech-
anisms. Consequently, convention should be the primary transport mechanism in
most electrochemical remediation processes.

ri D kmA
��
S electr
i

�
� ŒSi �

�
; (4.16)

r 0i D km˛s
��
S electr
i

�
� ŒSi �

�
: (4.17)

4.4.2 Electrochemical Processes

To develop any electrochemical process, a voltage should be applied between an-
odes and cathodes of the cell. This voltage is the addition of several contributions,
such as the reversible cell voltage, the overvoltages, and the ohmic drops, that are
related to the current in different ways. One of these contributions, the overvolt-
age, controls the rate of the transfer of electrons to the electrochemically active
species through the electrode–electrolyte interface when there is no limitation in the
availability of these active species on the interface (no mass-transfer control and no
control by a preceding reaction). In this case, the relationship between the current
that flows between the anodes and the cathodes of a cell and the overpotential is
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given by the well-known Butler–Volmer equation (4.18), where j0 is the exchange
current density, ˇ is the symmetry factor, T is the temperature, F is the Faraday
constant, and �e is the charge number of the electrode reaction

j D j0

�
e
ˇ�eF
RT � � e�

.1�ˇ/�eF
RT �

	
: (4.18)

For large overpotentials (common situation in actual electrochemical oxidation and
coagulation processes), one of the terms of the bracket becomes negligible with
respect to the other and an important simplification can be done. Thus, for the case
of a large positive overpotential, (4.11) can be simplified to (4.19) that is a straight
line in a semilog plot known as the equation of Tafel (4.20)

j D j0e
ˇ�eF
RT �; (4.19)

log j D log j0 C
ˇ�eF

2:3RT
	 D log j0 C b	: (4.20)

This equation simplifies the kinetic of a charge-transfer-controlled process to two
parameters: the exchange current density j0 and the Tafel slope b. Both values do
not depend not only on the electrochemical reaction but also on the electrode mate-
rial and on the electrolyte composition.

Once the current is related with the overpotential, the rate of the electrochemical
process can be related to the applied current .I D jA/ by (4.21), where F is the
Faraday constant. This expression can be substituted in the mass balance and is
used to characterize the generation (reaction) contribution.

r D
jA

�eF
: (4.21)

As described in Sect. 4.4.1, this rate can also be expressed in terms of the character-
istic volume by using the specific surface of mass transfer (4.22)

r 0 D
j˛s

�eF
: (4.22)

Equation (4.21) gives the total rate of the direct electrochemical processes. If only
one process occurs, this equation gives the rate of this process, but if several pro-
cesses develop at a time, then this equation gives the overall contribution of these
partial processes. In principle, (4.23) can be used to determine the rate of every
process and the total current will correspond with the addition of the current of
all the processes. However, many factor influence on these parameters in actual
wastewater-treatment processes, such as conditioning of the electrode surface or the
presence of impurities in the electrolyte. This large number of parameters makes
not possible to carry out quantitative and reliable calculations on a theoretical basis
for electrochemical oxidation or coagulation processes, and it asks for other types of
approaches to relate the overall current with the current due to every electrochemical
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process. In this context, the simple way to model this, it is to consider that a fraction
of the applied current intensity (˛electrode

i / corresponds to each process and that the
rate of each process can be calculated from (4.23). From (4.21) and (4.23), it is clear
that (4.24) must be verified for each electrode.

ri D
I

F
˛electrode
i ; (4.23)

X

i

˛electrode
i D 1: (4.24)

One of these approaches consists of assuming that the proportion of electrons
involved in a particular electrochemical process

�
˛electrode
i

�
can be related with mea-

surable parameters, assuming that the difference between the cell potential and its
oxidation/reduction potential .Vi / is the driving force in the distribution of electrons
(linear dependence with the overpotentials). Thus, it can be assumed that the fraction
of the applied current intensity used in each process depends on the cell potential
.�Vwork/ and on the oxidation (or reduction) potential .�Vi / of each process. The
fraction can be calculated using (4.25), where �Vwork D Vwork � Vreference and
�Vi D Vi � Vreference. In all cases, �Vwork must be greater than �Vi , otherwise
process i cannot develop.

˛electrode
i D

.�Vwork ��Vi /P

i

.�Vwork ��Vi /
: (4.25)

As long as there are sufficient molecules of all the compounds on the electrode
surface, these will be oxidized/reduced depending on the factors ˛electrode

i . On
the contrary, if one of the compounds disappears completely from the electrode
surface due to the oxidation/reduction process, the factors must be rearranged to
take into account the absence of this compound.

4.4.3 Chemical Processes

The kinetic expressions shown before explain the direct electrochemical processes.
However, many of the processes with interest in electrochemical oxidation or
coagulation treatments are not direct processes, but simply chemical processes
caused by the products generated at the electrode surface (mediated electrochemical
processes). In addition, several chemical processes not related to the electrochemi-
cal process can occur in the electrochemical cell. Thus, in electrooxidation, the most
common case is the mediated oxidation carried out by oxidants electrochemically
generated on the electrode surface, such as hydroxyl radicals, hypochlorite, peroxo-
sulphates, or peroxophosphates. In electrochemical coagulation, aluminum species
formed during the electrochemical dissolution of the anodes are responsible for the
later coagulation reactions.
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The kinetics of all these chemical processes must be modeled in the same way as
typical chemical processes. Then, it has to be taken in mind that for a given chemical
process the kinetic expression must be proposed separately taking into account the
experimental performance of this process. However, in the general case, chemical
reaction modeling can be performed assuming a second-order kinetic depending on
the concentrations of the electrochemically formed species or mediator .ŒSmed�/ and
the pollutant .ŒSi �/, as shown in (4.26). In this equation ki is the kinetic constant

r 0i D ki ŒSmed� ŒSi � : (4.26)

If the electrochemically generated compounds are very reactive species, the steady-
state approximation can be assumed, and a first-order (4.27) or even zero-order
(4.28) kinetic can be proposed.

r 0i D ki ŒSi � ; (4.27)
r 0i D ki : (4.28)

Independent of the order of the kinetic expression, the effect of temperature in all
these processes can be easily introduced in the kinetic constant by means of an
Arrhenius type equation (4.29). The effect of temperature is especially important in
electrochemical oxidation processes, where the action of oxidants electrochemically
generated will be very significant

ki D k
0
i e�

E
RT : (4.29)

In some cases, the reaction rates are very fast and a pseudoequilibrium approach
is used to model the system (4.30). This approach consists of assuming that the
concentration of species is always close to the equilibrium conditions and hence,
they can be calculated using equilibrium constants from the values of other species
present in the reaction system. This approach is especially important for the mod-
eling processes in which the reaction rates are fast and when the kinetic rates are
ill-defined (because of a large number of species or a lack of experimental data that
makes difficult the kinetic analysis)

K D
Œproduct1� � � � Œproductn�
Œreagent1� � � � Œreagentn�

: (4.30)

4.5 Electrochemical Oxidation Models

Taking into account the points describe above, in literature there are many mod-
els proposed to describe electrochemical-oxidation wastewater-treatment processes
(Polcaro and Palmas 1997; Cañizares et al. 1999; Panizza et al. 2001; etc.). They
are based on many different description levels and assumptions. In this section, two
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of them will be described: one which summarizes the pollution of wastewater in
only one model species and that considers a macroscopic approach to formulate the
mass balances, and other that considers more detailed profile of concentration to
describe the time course of pollutants and intermediates through a mixed maximum
gradient/macroscopic approach.

4.5.1 A Single-Variable Model to Describe the Time-Course
of the COD During Electrochemical Oxidation Processes

This model was proposed by the group of Comninellis in 2001 (Panizza et al. 2001;
Gherardini et al. 2001; Rodrigo et al. 2001). In this model, the pollution in the
wastewater is quantified by a single component: the chemical oxygen demand
(COD). In addition, it is considered that electrochemical reactions occur very close
to the electrodes and the mass-transfer process (quantified by a mass-transfer coef-
ficient km) is the controlling stage. This model is particularly suitable to describe
galvanostatic treatments with boron-doped diamond (BDD) electrodes which show
a high selectivity toward the organic compounds. The formulation of the model
starts from the estimation of the limiting current density .jlim.t// from the COD
values by (4.31).

jlim.t/ D 4F kmCOD .t/ : (4.31)

In the description of the model, two types of behaviors were considered depending
on the value of the limiting current density. The reaction was charge controlled if the
applied current density was lower than the limiting current density

�
jappl < jlimit

�
.

In this case, the efficiency is maximum during the wastewater oxidation, and the
decrease in COD with time is linear. Conversely, if the applied current density
was higher than the limiting current density

�
jappl > jlimit

�
, the process was mass-

transfer controlled. In this case, the efficiency decreases during the oxidation and the
decrease in COD with time is exponential. From the mathematical point of view, this
behavior can be modeled with (4.32) and (4.33), where the value from which the
COD transfer rate limits the overall process rate

�
CODmass transfer

lim

�
is related to the

mass-transfer coefficient through (4.34).

If COD .t/ > CODmass transfer
lim then ICE .t/ D 1; (4.32)

If COD .t/ � CODmass transfer
lim then ICE .t/ D

COD .t/
CODmass transfer

lim

; (4.33)

CODmass transfer
lim D

jappl

4F km
: (4.34)

In these equations, COD .t/ is the chemical oxygen demand at time t
�
mol O2 m�3

�
,

I is the current intensity (A), F is the Faraday constant
�
96; 487C mol�1

�
, jappl

is the applied current density
�
A m�2

�
, km the mass-transfer coefficient

�
m s�1

�
,

and ICE is the instantaneous current efficiency. For a typical-batch electrochemical
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system (with a reactor volume negligible with respect to the reservoir), the following
mass balance of the reaction system (4.35) can be obtained. In this case, the initial
condition is the concentration of chemical oxygen demand at time t D 0 .COD0/

VR
d COD .t/

dt
D �

I

4F
ICE .t/ : (4.35)

From (4.31), it is clear that the formulation of this model is made for direct elec-
trochemical processes. However, it can be applied (directly without any changes)
for systems in which hydroxyl radicals are the main mediators, as these species
has a very short lifetime and, consequently, they are only available very close to
the anode surface. Hence, processes mediated by these radicals are also mass-
transfer controlled. In addition the electrochemical generation of hydroxyl radical
is a one-electron charge transfer reaction. Hence the ratio of hydroxyl radicals to
electron is 1.

The main advantage of this model is that it does not include any ad-
justable parameters. Hence, the behavior of the system can be predicted if the
experimental conditions (applied current intensity, solution flow rate, and mass-
transfer coefficient) are known. The good agreements obtained between model and
experimental data validate all the assumptions made in the development of this
model. This validation has been carried out with a wide variety of model pollutants
including aromatics, nitroaromatics, cloroaromatics, carboxylic acids, alcohols, etc.

However, it is known that in the electrochemical oxidation of wastewaters on
BDD other oxidants are generated including peroxosulphates and hydrogen perox-
ide, depending on the waste composition and on the operation conditions. The effect
of these reagents is not considered in the former model, although it should be very
important because they are mediated oxidators that extends the oxidation toward
more regions in the reactors. To consider this effect, a chemical reaction contribu-
tion (4.36) should be added to the previously written model (Cañizares et al. 2005b),
where k is a chemical oxidation constant

�
s�1

�
.

r 0chem D k COD .t/ : (4.36)

This term should only be considered in case that ICE < 1, as the maximum decrease
in the anodic oxidation of the COD is limited by the value of the current intensity
employed. Likewise, this term can account for the generation of COD on the cathode
if there are some reversible processes that influence on the system.

4.5.2 A Multivariable Model to Describe the Time Course
of Pollutant, Intermediates, and Final Products
During Electrochemical Oxidation Processes

To know more about the time course of the pollutants and intermediates during
an electrochemical oxidation treatment, a more detailed description of the system
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should be made (Cañizares et al. 2004a, b). This description should be focused on
two items:

– The position and time dependence of every species in the cell
– The model species and the reaction mechanisms that governs their transformation

The first point needs to define the position dependence of species. To describe the
changes in the concentration of the electroactive species with the distance to the
electrode without increasing excessively the complexity of the mathematical system,
the position dependence of the model can be simplified by dividing the electrochem-
ical reactor into three zones (mixed maximum gradient/macroscopic approach): two
zones (electrochemical zones) close to the electrodes (anode and cathode) and a
third zone corresponding to the bulk solution (chemical zone). In these three zones,
the concentration of every compound is considered to be constant with position and
is only time dependent. This assumption is valid if the residence time in the elec-
trochemical cell is small, since in this case the profiles of concentration in the flow
direction can be assumed to be negligible. Hence, the electrochemical reactor is
modeled as the combination of several consecutive stirred-tank reactors. The vol-
ume of each zone can be easily calculated if it is assumed that the thickness of the
electrochemical zone is equivalent to the Nernst diffusion layer (ı). This assumption
is acceptable because direct oxidation and most of the mediated oxidation processes
(those with high reaction rates) occur in this zone. The thickness of this zone can be
evaluated as a function of the mass-transfer coefficient (k/ and the diffusivity .D/
using (4.37).

ı D
D

k
(4.37)

The electrode surface area is known and so the volume of each electrochemical
zone can be easily calculated by multiplying it by the thickness .ı/. The remain-
ing volume of the system corresponds to the volume of the chemical zone. For a
typical-batch system, the following mass-balance equations for the anodic (4.38)
and cathodic (4.39) electrochemical zones and for the chemical zone (4.40) can be
obtained.

va
d ŒSi �a

dt
D

nX

jD1

�j
i

I

F
˛anode
j C kA .ŒSi �b � ŒSi �a/ ; (4.38)

vc
d ŒSi �c

dt
D

mX

jD1

�j
i

I

F
˛j C kA .ŒSi �b � ŒSi �c/; (4.39)

vb
d ŒSi �b

dt
D kA .ŒSi �a � ŒSi �b/C kA .ŒSi �c � ŒSi �b/C

pX

jD1

�
j
i r
0
j vb: (4.40)

In these equations vji is the stoichiometric coefficient of compound i in process j
and subindexes a, c, and b represent the anodic, cathodic, and chemical (bulk) zone,
respectively.
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The second item that needs to be fixed is the number of species and the reac-
tions, including the stoichiometric coefficients and also the kinetics of the processes.
In this context, in electrochemical oxidation processes it is important to discern
between two types of anodes: those that behaves only as electrons sinks (named
nonactive) and those that suffer changes during the electrochemical oxidation which
influence on the treatment (named active electrodes). In both cases, the main pro-
cesses related to removal of the pollutant that involves irreversible oxidative routes.
Consequently, the reductive processes are less important and it can be presumed that
in the cathodic zone only hydrogen evolution occurs. Nevertheless, if some organic
compound can be reduced at the cathode, the mass-transfer and the reduction pro-
cesses must be included in the model scheme.

When a typical nonactive material is employed, the anode only acts as an electron
sink. In this particular case, the scheme representing the oxidation processes can be
explained as shown in Fig. 4.2. The first process that needs to be considered is the
mass transfer of the compounds from the bulk zone to the anodic one. The organic
compounds can undergo direct oxidation on the electrode surface. This process can
either be one-stage or multistage, and proceeds until the final oxidation product is
generated (usually, carbon dioxide). At the same time, the decomposition of water

Fig. 4.2 Electrooxidation with nonactive electrodes
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molecules can lead to the appearance of hydroxyl radicals. Hydroxyl radicals are
not stable and can cause the formation of other oxidants (ozone, hydrogen peroxide,
peroxosulphate, chlorine, etc.) that can react chemically with the organic matter
through mediated oxidation processes or, alternatively, can promote the formation
of oxygen. If these oxidant compounds arrive in the bulk zone, it is necessary to
take into account their mass-transfer process and the oxidation of the organics in the
bulk zone.

When a typical active material is employed as the anode, a number of addi-
tional species generated on the electrode surface must also be considered. They
can influence the process performance, causing additional chemical reactions on
the electrode surface if the redox couple remains at the surface (i.e., Pt=PtO), or
in the bulk solution if the electrogenerated species are dissolved (i.e., Al=Al3C).
A scheme outlining the processes that need to be considered in the anodic electro-
chemical zone is shown in Fig. 4.3. The first process to be taken into account is the
formation of oxidized species on the electrode surface. These species can either re-
main on the surface or move toward the bulk zone. In the latter case, mass transfer
to the bulk zone and possible chemical reactions in this zone must be considered.

Fig. 4.3 Electrooxidation with active electrodes
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At the same time, the mass transfer of the oxidizable compounds from the bulk
zone to the anodic zone must also be considered. In this anodic zone, the organic
materials can undergo a direct oxidation on the electrode surface – a process sim-
ilar to that described for nonactive electrodes, in which the anode acts only as an
electron sink. At the same time, if the electrogenerated compound remains on the
electrode surface, the organic oxidation occurs chemically by electrogenerated oxi-
dants. These processes can either be one-stage or multistage, and they proceed until
the final oxidation product is generated (usually carbon dioxide). Simultaneously,
the decomposition of water molecules produces oxidants (ozone, hydrogen perox-
ide, peroxosulphates, chlorine, etc.), that can react with the organic matter through
mediated oxidation processes, or can promote the formation of oxygen. If these ox-
idants arrive in the bulk zone, it is necessary to take into account their mass-transfer
processes and the chemical oxidation of the organics in the bulk zone.

To model all the particular processes, kinetics expressions proposed in Sect. 4.4
are used. As an example, Fig. 4.4 shows the application of the model to a particular
case (Cañizares et al. 2004a): the oxidation of phenol in a cell with nonactive anodes.

This model has been applied to a wide variety of pollutants including carboxylic
acids, phenolic, aminoaromatic, and chloroaromatic compounds. In every case it
was able to reproduce the time course of the different species with a great accuracy.
This, together with the small number of parameters and with their physical meaning
made the model as an important tool to analyze electrochemical oxidation processes.

Fig. 4.4 Example of model formulation of phenol oxidation
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4.6 Electrochemical Coagulation Models

The electrochemical coagulation is a complex process that can be used to reduce
the organic content of many types of industrial wastewaters including those pol-
luted with colloidal particles, macromolecules, or O/W emulsions. This process
consists of two sequential processes: the dose of the reagent, which is really the more
important electrochemical process, and the subsequent coagulation/flocculation pro-
cesses. In principle, these later processes are not electrochemical but chemical
or physical processes. However, the mobility of the pollutants can be greatly im-
proved due to electrophoretic or the electromigration processes, and consequently
electrochemistry should also be considered in the description of these processes.

Modeling of electrochemical coagulation processes has been little investigated
(Matteson et al. 1995; Chen et al. 2002; Szpyrkowicz 2005; Cañizares et al. 2005a;
Khemis et al. 2006). Most models on electrochemical coagulation are not focused on
the description of the dissolution of the electrodes but are focused on the description
of the processes that occurs once the coagulant reagents are added to the wastew-
ater. To do this, two different approaches are typically used: one that considers the
hydrodynamic conditions as the main factor responsible for the electrochemical
coagulation processes and the other that considers the chemical interaction of the
reagents and the pollutants as the more significant processes in the description of
the electrocoagulation. To illustrate both types of the models, one model example of
these two types of approaches is described in this section. Concerning the modeling
of the electrochemical dissolution, less work has been done and only very recently a
model has been proposed. This model was formulated with the same assumptions as
that of the multivariable model of electrochemical oxidation described in Sect. 4.5.2,
and it allows describing the aluminum species generated during an electrochemical
coagulation process, just from the operation conditions used.

4.6.1 A Single-Variable Model to Describe Electrochemical
Coagulation Controlled by Hydrodynamic Conditions

In literature, there are some models in which it is assumed that mass transport is the
key point to explain electrochemical coagulation processes. One of the more impor-
tant contributions is given by Matteson et al. (1995) who model the efficiency of
the electrochemical coagulation processes as a function of electrophoretic transport
of the colloids toward the anode. However, in this section the attention is going
to be focused on the model proposed by Szpyrkowicz in 2005, as it is directly
related to the removal of some types of organic compounds (particularly, dyes).
This model assumes that coagulation occurs in two successive stages after the dose
of the reagent: a destabilization of the pollutants by reaction with coagulating com-
pounds formed in situ during anode dissolution, and a subsequent gas flotation of
the particle-agglomerates. Hence the process occurs with two-step mechanisms
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S1
k1
!S2

k2
!S3

The symbol S1 indicates the initial organic compounds in the solution, S2 the in-
termediate form of organic compounds in the solution, and S3 is the final form
of organic compound when they are eliminated from the solution. The first stage
behaves as a zero-order reaction (4.41), as it is assumed that neither the pollutant
nor the reagent controls the rate of the process. Consequently, for a discontinuous
reactor the decrease in the pollutant concentration during this phase is proportional
(4.42) to the time lapse .t/.

dS1
dt
D k1; (4.41)

S1;t

S1;0
D 1 �

k1

S1;0
t: (4.42)

On the contrary, the performance of the second stage is well described by the
first-order kinetics, that is, the higher the concentration of pollutant, the higher the
possibility of flocculation (4.43).

dS2
dt
D k2S1: (4.43)

Parameters k1 and k2 can be easily related to the hydrodynamic conditions (flow
rate, stirring rates) and to the current density by empirical equations. The influence
of the current density can also be related to the reagent dose for parameter k1 and
to the bubble generation for parameter k2 (the flow rate of cathodically generated
hydrogen is proportional to the current density). Thus, this semiempirical model
considers easily and simultaneously the gas–liquid mass transfer, the collections of
solid particles in electroflotation processes, and the effect of the current density.

4.6.2 A Multivariable Model to Describe Electrochemical
Coagulation Based on Pseudoequilibrium Approaches

The model that is going to be explained in this section was proposed by the group
of Lapicque in 2006 (Khemis et al. 2006) to describe the electrochemical coagu-
lation of organic polluted wastewaters with aluminum, and it is based on the same
assumptions that a previously proposed model used to describe the oil–water emul-
sion breaking process (Carmona et al. 2006).

The model assumes that the coagulation of organics proceeds by complexa-
tion of the suspended matter by coagulant reagents, and it postulates a chemical
pseudoequilibrium approach to model these processes. According to the model,
the concentration of pollutants (which can be expressed as COD) can be divided
into three main contributions: pollutants that can coagulate by pH changes with-
out reagent addition .COD1/, pollutants that need the electrochemically generated
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reagent to coagulate .COD2/, and pollutants that cannot be removed by these
technologies .COD3/. In addition, contribution COD2 can be divided into two
groups: COD available to react COD2�1 and COD already reacted .COD2�2/.

Likewise, the coagulant electrogenerated (aluminum electrodes are used) is clas-
sified into several contributions: aluminum threshold level for coagulation .Almin/,
free aluminum species .Alfree/, and aluminum complexed with the pollutants
.ComplexAl-COD/.

The formulation of the model is based on the stoichiometrical equation (4.44)
to relate pollutant and coagulant reagent, where coefficient n has to be determined
experimentally

nCOD2 C Alfree $ ComplexAl�COD: (4.44)

According to this reaction the stoichiometry of the process can be modeled
according to (4.45). To calculate the concentration of every model species in a
batch system, the mass balance of the pollutant species (4.46) that of the reagent
species (4.47) and the pseudoequilibrium constant (4.48) should also be considered.

COD2�2 D 1=n
�
AlComplex A1-COD

�
; (4.45)

COD .t/ D COD1 C COD2 C COD3; (4.46)

ŒAl� D ŒAlmin�C ŒAlfree�C
�
AlComplex Al-COD

�
; (4.47)

K D
ŒComplexAl-COD�

ŒAlfree� ŒCOD2�
: (4.48)

These equations are solved for every time step in the simulation. Hence, it is
assumed that the system is always on the equilibrium conditions (pseudoequilib-
rium approach). Model parameters are calculated by mathematical fitting. The good
results obtained in the validation, together with the physical meaning of the parame-
ters, are the two main advantages of this model, which can help to understand better
the fundamentals of the electrochemical coagulation processes.

4.6.3 A Multivariable Model to Describe Electrochemical
Dissolution Processes

In this section it is going to be described a model of electrochemical dissolution
of aluminum electrodes previously proposed in literature (Cañizares et al. 2005).
According to this model, the more important electrochemical processes that occur in
electrochemical coagulation cells are the metal dissolution and the water oxidation
and reduction (4.49)–(4.51).

Al! Al3C3 C 3e (4.49)
2H2O! O2 C 4HC C 4e� (4.50)
H2OC e� ! 1=2H2 C OH� (4.51)
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In addition, there are several important chemical processes in electrochemically as-
sisted coagulation. The more important is the chemical dissolution which consists
of the oxidation of the metal sheets with the simultaneous reduction of water to form
hydrogen. This process is represented by (4.52).

2AlC 6H2O! 2Al3C C 3H2 C 6OH (4.52)

The pH has a strong influence on the chemical dissolution process, and the value of
this parameter can increase by several orders of magnitude at alkaline pHs. In this
context, it is important to remark that in an electrochemical cell there is a pH pro-
file between anode and cathode. In the anode, the water oxidation process (oxygen
evolution) generates a high concentration of protons and thus, a lower pH must be
obtained. In the cathode, the water reduction process results in the formation of hy-
droxyl ions and a higher pH must appear in this zone. Thus, a marked pH profile
is expected and the bulk pH is not a good value to determine the rate of chemical
dissolution, as it must differ considerably from the actual values on the electrodes
surfaces, which is the place where the chemical dissolution is going to take place. To
take this into account, the model considers this profile of pH, but in order to simplify
the complexity of the mathematical system a mixed maximum gradient/macroscopic
approach is used. Consequently the mass balances proposed in this model take the
form of the equation proposed in Sect. 4.3 (4.53)–(4.55).

�a
d ŒSi �a

dt
D kA .ŒSi �b � ŒSi �a/C relectrochemi;a C r

0
chemi;a�a; (4.53)

�c
d ŒSi �c

dt
D kA .ŒSi �b � ŒSi �c/C relectrochemi;a C r

0
chemi;a�c; (4.54)

�b
d ŒSi �b

dt
D q .ŒSi �0 � ŒSi �b/C kA .ŒSi �a � ŒSi �b/C kA .ŒSi �c � ŒSi �b/

Cr 0chemi;b�b: (4.55)

In addition to the aluminum chemical dissolution, other important chemical pro-
cesses that occur in an electrochemical cell are the speciation of the coagulants.
Once the aluminum is dissolved (chemically or electrochemically) different species
can be formed, depending on the pH of the solution. For the case of aluminum, the
reactions involved are shown below (4.56)–(4.60). In this set of equations, it has also
been included the carbonate/bicarbonate equilibria (4.61)–(4.62) and ionization of
water, due to its high influence on the calculation of the pH value (4.63).

Al.OH/4
� C HC � Al .OH/3 (4.56)

Al .OH/3 C H � Al.OH/2
C (4.57)

Al.OH/2
C C HC � Al .OH/C2 (4.58)

Al .OH/C2 C HC � AlC3 (4.59)

Al .OH/3 .s/ � Al3C C 3OH� (4.60)

CO2 C H2O � HC C HCO3� (4.61)
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HCO3� � CO32� C HC (4.62)

H2O � OH� C HC (4.63)

The concentration of any of these species depends on the total concentration of
dissolved aluminum and on the pH, and this makes the system complex from the
mathematical point of view and consequently, difficult to solve. To simplify the
calculations, mass balances were applied only to a unique aluminum species (the
total dissolved aluminum, TDA, instead of the several species considered) and to
hydroxyl and protons. For each time step (of the differential equations-solving
method), the different aluminum species and the resulting proton and hydroxyl
concentration in each zone were recalculated using a pseudoequilibrium approach.
To do this, the equilibrium equations (4.64)–(4.71), and the charge (4.72), the alu-
minum (4.73), and inorganic carbon (IC) balances (4.74) were considered in each
zone (anodic, cathodic, and chemical), and a nonlinear iterative procedure (based on
an optimization method) was applied to satisfy simultaneously all the equilibrium
constants. In these equations (4.64)–(4.74), subindex z stands for the three zones in
which the electrochemical reactor is divided (anodic, cathodic, and chemical).

ŒAl.OH/4
��z �

�
HC

�
z

ŒAl .OH/3�z
D 10�8:0 (4.64)

ŒAl .OH/3�z �
�
HC

�
z�

Al.OH/2
C
�

z

D 10�5:7 (4.65)

�
Al .OH/C2

�
z �
�
HC

�
zh

Al .OH/2C
i

z

D 10�4:3 (4.66)

h
Al .OH/2C

i

z
�
�
HC

�
z

�
Al3C

�
z

D 10�5:0 (4.67)

�
Al3C

�
z � ŒOH��3z D 10

�32:9 (4.68)

ŒHCO3��z �
�
HC

�
z

ŒH2CO3�z
D 10�6:37 (4.69)

�
CO32�

�
z �
�
HC

�
z

ŒHCO3��z
D 10�10:25 (4.70)

�
HC

�
z � ŒOH��z D 10

�14:0 (4.71)
X

anionic species

n ŒAn��z �
X

cationic species

m
�
BmC

�
z D 0 (4.72)

ŒTDA�z D
�
Al3C

�
z C

�
AlOH2C

�
z C

�
Al.OH/2

C
�

z C ŒAl .OH/3�z
C ŒAl .OH/3�sol;z C ŒAl.OH/4

��z
(4.73)

ŒIC�z D ŒH2CO3�z C ŒHCO3��z C
�
CO32�

�
z (4.74)
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This model is able to reproduce successfully the time course of pH and aluminum
in continuous and discontinuous cells and it gives important information about the
nature of the processes that occurs inside the electrochemical cells during the disso-
lution of aluminum.

4.7 Conclusions

Many models are proposed in literature to describe electrochemical coagulation and
oxidation processes. They are based on very different simplifications and focused
on different aims. Two are the main factors to classify these models: number of
species and position dependence of the species. From the perspective of the mod-
els species, there are models that consider all the significant compounds presented
in the reactor as model species (multivariable models) and others that summarize
different species into a small number of model species (in the more strict case,
only with one variable and then, they are called single-variable model). In the for-
mulation stage, it is important to study in detail what it is desired to model, and
to make a compromise as a function of our modeling goal between the optimum
situation for the analysis of the process (many model species) and the optimum sit-
uation for the mathematical simulation (few model species). From the viewpoint of
the position dependence, an in-depth description of the electrochemical treatment
of organic-polluted wastewater in which the concentration profile of every com-
pound in the electrochemical cell is calculated is not useful for the description of
organic-wastewater electrochemical-treatment processes. For this reason, different
types of approaches (like the macroscopic, the maximum gradient, and the mixed
macroscopic/maximum gradient) are used to simplify this position dependence of
the variables. Taking into account all these, different models has been proposed
in literature and successfully validated with experimental data. They represent dif-
ferent description approaches to the same processes which may be helpful in the
design of the processes, in the analysis of operating problems, and also simply to
know more about the mechanisms of the processes that occur inside the electro-
chemical cells.
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Chapter 5
Green Electroorganic Synthesis
Using BDD Electrodes

Ulrich Griesbach, Itamar M. Malkowsky, and Siegfried R. Waldvogel

5.1 Introduction

Electrochemical processes are mostly regarded as “green”, due to their pronounced
atom efficiency and absence of waste products (Steckhan et al. 2001). In some
cases, the reactions on the anode as well as on the cathode can be exploited si-
multaneously for preparative purposes allowing highly efficient electrochemical
processes. These 200% cells fulfil many requirements for a sustainable chemical
transformation since no reagent waste is produced. Major advantages for employ-
ing electrochemistry are the precise adjustment of redox potentials in a wide range
and the influence of current density onto the kinetics of the transformation. How-
ever, efficiency and, in particular, selectivity of electrochemical transformations
can be triggered by mediators. By mediator the electrode is brought to hidden
places which are not accessible by the anodic and cathodic surfaces. Consequently,
the active site of enzymes and solid-phase-supported substrates can be part of
electrochemical processes (Rao et al. 2006; Nad and Breinbauer 2004; Nad and
Breinbauer 2005). The electrocatalytic recycling of reagents is one of the most
vivid research areas in this respective field. Consumption and subsequent removal
of the supporting electrolyte after electrolysis is often mentioned as a kind of dis-
advantage in this methodology. However, in most cases very simple supporting
electrolytes, e.g. acids, are used or methanol as protic solvent is applied. Some
examples demonstrate that ion-exchange resins can substitute the supporting elec-
trolyte avoiding work-up challenges (Jörissen 1996). The electrochemical formation
of radicals is an easy-to-control alternative to thermal decomposition of peroxides
and photochemistry. Whenever possible, this methodology is applied for produc-
tion plants. As a result, electrochemical transformations account for approximately
7% of the total industrial electricity consumption (Weissermel and Arpe 1997).
Modern strategies like the “paired electrolysis” exploit both electrode reactions
for preparative means and increase the efficiency tremendously (Pütter 2001).
However, the application of electrochemically generated radicals in organic and
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biochemical processes is rather limited, because appropriate techniques and, in
particular, suitable electrode materials are still missing. Since aqueous media are
commonly used in inorganic technical processes, the electrolysis of water is the ma-
jor side reaction. Electrode materials with a high overpotential for hydrogen and
oxygen in cathodic and anodic processes, respectively, can suppress this unwanted
drain of electric energy. The investigation and application of boron-doped diamond
(BDD) as novel and innovative electrode material in non-destructive chemistry is
a new and challenging field. High hopes are placed in this new BDD technol-
ogy, since tremendous ameliorations in academic and industrial aspects seem to
be possible. This is mainly due to the extremely large potential window for BDD
in aqueous solutions. In particular, anodic processes allow the formation of OH
radicals at potentials well below the onset of oxygen evolution. BDD electrodes
thus can be used for new oxidation reactions which otherwise are not possible in
water (Iniesta et al. 2001a). In methanol containing solutions, methoxy radicals
were also discussed as reactive intermediates (Zollinger et al. 2004a). On the other
hand, their use for disinfection, detoxification and wastewater treatment is possi-
ble: at intermediate potentials a direct, simple electron transfer occurs, whereas
the formation of hydroxyl radicals at highly positive potentials leads to a com-
plete incineration (e.g. of 2-naphthol, 4-chlorophenol and other compounds) via
complex oxidation reactions (Rodrigo et al. 2001; Panizza et al. 2001; Ouattara
et al. 2003; Zhi et al. 2003; Boye et al. 2002, 2006). Fouling, which is often observed
at intermediate potentials, is avoided. Partial oxidation, e.g. of phenol to benzo-
quinone, is also observed (Iniesta et al. 2001b). Low background currents at BDD
electrodes are advantageous for their electroanalytical use (Spataru et al. 2005).
Anodic polarization of BDD leads to changes of the properties, such as decrease
of the active surface area (Duo et al. 2004). Single crystal orientation and atomic
termination have a significant impact onto the electrochemical behaviour (Kondo
et al. 2005; Pleskov et al. 2002). Mechanistic investigations often involve the use of
the rotating-disc electrode for various redox systems and the study of the influence
of the surface state and preconditioning on the rate of electron transfer; compa-
rable studies beyond “simple” electron transfer are scarce (Sopchak et al. 2002).
Using the scanning electrochemical microscope, the variation of the electrochemi-
cal reactivity was locally resolved (Wilson et al. 2006). Mechanistic studies at high
overpotentials were performed by cyclic voltammetry and by measuring concentra-
tion changes during bulk electrolysis. The results could be explained by assuming
that complete incineration to CO2 occurs due to the formation of OH spin centres
whenever the applied current exceeds the limiting current given by mass trans-
fer. The formation of OH spin centres has been demonstrated using spin traps
(Marselli et al. 2003). The influence of the applied potential, diffusion and con-
vection processes is depicted in Fig. 5.1. When a high potential is applied to BDD
electrodes the concentration of radical species is dramatically increased and influ-
ences the chemical transformations. Since degradation of organic matter is mediated
by hydroxyl radicals at highly positive potentials (top), synthetic use of BDD an-
odes is limited to transformations in protic or only slight aquatic media (centre)



5 Green Electroorganic Synthesis Using BDD Electrodes 127

product or
inhibiting polymer

E low,
influence of
convection?

E high,
slow diffusion

starting material

•OH

H2O

H2O or ROH

•OH or •OR

E high,
fast diffusion

intermediate
or

product

starting material

B
D

D

CO2

Fig. 5.1 Overview on the influence of applied potential E and diffusion or transportation pro-
cesses at the electrode

as well as to low-potential conversions (bottom). Fast-transportation processes are
a significant factor to avoid overoxidation. Therefore, high concentrations of the
starting material might be a possibility to exploit BDD electrodes for synthetic
purposes.

5.2 Experimental Equipment and Practical Aspects

Electrolysis cells for BDD electrodes are commercially available, e.g. a modu-
lar electrochemical cell from CSEM (now Adamant Technologies, Switzerland)
(Haenni et al. 2002). Unfortunately, they are designed for wastewater treatment and
therefore generally not applicable to organic media. Furthermore, these cell dimen-
sions require relatively large electrodes. In order to work on a smaller scale and to
apply various reaction conditions for preparative purposes, a novel cell geometry
was developed.

Despite the superior chemical stability of the diamond layer, these electrodes
face two challenges. The brittle nature of crystalline silicon limits the mechanical
stability of the support, causing eventual loss of the BDD electrode by friction. Fur-
thermore, any contact with the organic electrolyte has to be strictly eliminated, since
silicon or niobium support is very prone to corrosion if non-aqueous electrolysis
conditions are applied. In contrast to aqueous media, no passivation occurs by oxide
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Fig. 5.2 Architecture of the electrolysis cell; left: schematically and assembled, right: explosion
scheme of the flange unit. (a) bracket for counter electrode; (b) stopper (TeflonTM); (c) cool-
ing jacket; (d) nickel counter electrode; (e) space for electrolyte; (f) magnetic stirrer; (g) sealing
(EPDM); (h) BDD electrode; (i) flange (glass)

formation. To this aim an arrangement with flange fittings was constructed (Fig. 5.2).
In the case of the depicted cell version, electrolyte volumes of 50–70 mL with BDD
surface of about 5 cm2 were applied. The flange arrangement is hold by a standard
flange clamp (Malkowsky et al. 2006d).

Employing glass-flange connections allows the use of every planar type of BDD
electrode, which is easily contacted by a metal foil on the back. Gratifyingly,
fragments of large BDD electrodes can still serve in this experimental setup as elec-
trodes. Particular attention has to be given to the sealing between BDD electrode
and the flange of glass. Several materials including TeflonTM and a variety of sili-
cones have been tested. Best results were obtained by a sealing made of EPDM. This
rubber is a highly resistant terpolymer and is easily available since it is widely used
as foil for garden ponds. Thermal stability was found up to 120ıC. Hot organic and
aggressive media as well as highly anodic potentials seem not to affect the sealing
over a long process time. The depicted cell geometry offers the possibility to heat
the electrolyte. Usually, a sand bath or silicon oil heating was applied. The cool-
ing jacket in the upper part keeps the more volatile components in the electrolysis
vessel.

5.3 Anodic Transformations

The utmost intriguing feature of polycrystalline BDD material is its very wide
potential window in aqueous and protic media of about –1.35 to C2:3V vs. the
normal hydrogen potential. Furthermore, the largest overpotential for the evolution
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of oxygen is observed. Therefore, high energetic spin centres like hydroxyl or
alkoxy radicals can be created in high concentration in aqueous or alcoholic so-
lutions (Wilson et al. 2006). This opens unique reaction pathways which have pre-
viously been considered as inaccessible by electrochemical means. Consequently,
there is significant interest to exploit BDD electrodes for preparative purposes,
wherein anodic transformations are the most obvious.

5.3.1 Alkoxylation Reactions

BDD electrodes are commonly used for electrochemical (waste) water treatment
because of their efficient ability for total organic carbon (TOC) removal. The
aim to carry out selective electrochemical processes seems therefore to be self-
contradictorily.

The large electrochemical window of BDD electrodes even in non-aqueous
solvents like methanol enables transformations which are difficult to access with
conventionally used electrode materials.

For some examples, the outcome of direct anodic methoxylations of activated
carbons (benzylic, allylic, etc.) at BDD anodes is similar to graphite anodes (Pütter
et al. 2003). Further investigation of the reaction mechanism in the case of the
methoxylation of p-tert-butyltoluene (1) – a process of industrial relevance (Bosma
et al. 1999) – showed that BDD electrodes favour the occurrence of bibenzylic in-
termediates 4 which were not observed at graphite electrodes. This difference has
been attributed to a mechanism based on the non-catalytic character of BDD elec-
trodes and to the presence of active functionalities on graphite electrodes (Zollinger
et al. 2004a).

In the course of the electrochemical conversion, the bibenzylic intermediate 4
is then further converted into the desired products 2 and 3 by cleavage of the cen-
tral C,C-bond (Fig. 5.3) (Zollinger et al. 2004b). C,C-bond cleavages of stilbene
or bibenzyl derivatives are observed at graphite electrodes only at elevated current
densities

�
10A dm�2

�
.

The discovery of a different reaction mechanism of anodic methoxylations on
BDD electrodes led to a closer investigation of electrosynthetic possibilities. First of
all, BDD electrodes exhibit a 400- mV larger electrochemical window in methanol
compared with graphite (Fig. 5.4). This opens access to a series of alkoxylation
reactions which are not selective on conventional electrodes.

For example, the anodic methoxylation of formaldehyde dimethylacetal
(5, FADMA) to trimethyl orthoformate (6, TMOF) proceeds well on BDD elec-
trodes in undivided cells (Fig. 5.5) (Fardel et al. 2006). TMOF is obtained in 75%
selectivity at 27% FADMA conversion at a charge consumption of 0:4F mol�1

FADMA, according to a current efficiency of 41%. This reaction is not possible
using graphite electrodes.

TMOF (6) is produced at industrial scale by two major processes. The first
proceeds from chloroform and sodium methanolate, but produces three times the
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Fig. 5.3 Electrochemical methoxylation of p-tert-butyltoluene on different carbon electrodes. The
occurrence of the bibenzyl 4 is not observed on graphite electrodes

Fig. 5.4 Electrochemical window of MeOH at graphite and BDD electrodes (scan rate
100mV s�1/
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Fig. 5.5 Electrochemical synthesis of trimethylorthoformate (6). Reagents and conditions: undi-
vided cell, BDD anode, steel cathode, 24% MeOH, 70% FADMA, LiN.SO2CF3/2=NaOMe, 20ıC,
9A dm�2

stoichiometry of sodium chloride as waste. The second makes use of methanolysis
of cyanhydric acid, which also produces stoichiometric amounts of ammonium
chloride and involves high safety costs for the handling of hydrogen cyanide.
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Fig. 5.6 Anodic methoxylation of furan (7). Reagents and conditions: (a) graphite electrodes:
15% furan in MeOH, 1.2% NaBr, <10ıC, 12A dm�2, yield D 79%, select. 96%, X D 82% at
1:6F mol�1, current efficiency D 96%; (b) BDDE: 8% furan in MeOH, 3% Bu4NCBF4�, 15ıC,
10A dm2, yield D 75% at 1:5F mol�1, current efficiency D 99%; yield D 84% at 2:3F mol�1,
current efficiency D 74%

The advantages for the production of TMOF (6) on BDD electrodes are on one
side the attractive raw materials, which are readily available from syn gas. And on
the other side there is no generation of waste salts and safeoperating conditions.

Another example of different electrode mode of action is the methoxylation of
furan (7) to 2,5-dimethoxy-2,5-dihydrofuran (8, DMD), as a masked 1,4-dialdehyde
an intermediate for N-heterocycle synthesis and life-science products (Fig. 5.6). On
graphite electrodes, this reaction needs a halide salt-like sodium bromide both as
supporting electrolyte and mediator (Degner et al. 1978). If the same reaction is
carried out on a BDD electrode, a mediator is not needed (Reufer et al. 2004).

5.3.2 Cleavage of C, C-Bonds

A widely applied strategy for the synthesis of various difunctionalized organic
molecules, e.g. diols, dialdehydes, etc., relies on the oxidative cleavage of olefinic
double bonds. Besides transition metal catalysis for asymmetric synthesis, perio-
date oxidation and ozonolysis are the standard tools for oxidative bond cleaving
reactions. For economic and safety reasons, technically applicable alternatives to
osmium-based chemistry and ozonolysis are of great interest.

The synthetic value of double bonds arises from their high reactivity towards sim-
ple electrophiles, enophiles and radicals. The latter species can easily be generated
by oxidation on BDD electrodes. Thus, advantage can be taken of electrogenerated
oxyradicals. Although aliphatic olefins proved to be stable towards electrochem-
ical oxidation on BDD anodes in aqueous media (Bäumer and Schäfer 2005),
activated olefins were successfully converted using acidic methanolic electrolytes
(Griesbach et al. 2005).

By oxidative C,C-bond cleavage on BDD electrodes phenanthrene (9) was trans-
formed into the 1,10-difunctionalized biaryls 10 and 11, respectively (Fig. 5.7).
Diester 11 was found to be the major product in all the experiments.

Further investigations on the field of oxidative bond cleavage even made
single bonds accessible. Thus, biaryls 10 and 11 were similarly obtained by
electrooxidation of 9,10-dihydrophenanthrene. Moreover, the cleaving reaction
of benzylic carbons was also exploited in the synthesis p-tert-butylbenzaldehyde
dimethyl acetale (3) starting from 1,2-di-(p-tert-butylphenyl)ethane (4, 1,2-DPTE)
(Fig. 5.8) (Zollinger et al. 2004b).



132 U. Griesbach et al.

109

OO

O O

OO

O O

+
BDD electrodes

MeOH

11

Fig. 5.7 Bond cleavage in phenanthrene to 1,10-difunctionalized biaryls. Reagents and conditions:
BDDE, 2% phenanthrene, 0.5% H2SO4 (96%), 3:4A dm�2, 54ıC, 10F mol�1; yield D 15% (10),
39% (11)
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Fig. 5.8 Bond cleavage in 1,2-DPTE in the synthesis of p-tert-butylbenzaldehyde dimethyl acetale
(3). Reagents and conditions: BDDE, 2% 1,2-DPTE, 0.5% H2SO4 (96%), MeOH, 3:4A dm�2,
54ıC, 8F mol�1; yield D 47% (3)

Side products from the conversion of 1,2-DPTE (4) on BDD electrodes were
found to be p-tert-butylbenzyl methyl ether (7%) and p-tert-butylbenzoic acid
methyl ester (6%).

5.3.3 Phenolic Coupling Reactions

The selective oxidative coupling reaction of phenolic moieties to the corresponding
biaryl architectures plays a significant role in the synthesis of technically relevant in-
termediates, e.g. for ligands or natural products (Bringmann et al. 2001). In the past
decades, several methodologies were elaborated for the oxidative coupling process
of electron-rich arenes. In particular, the selective ortho-coupling process of phenols
has been addressed by numerous catalytic and stoichiometric approaches, wherein
sterically hindered tert-butylated phenols as well as naphthols represent preferred
substrates (Lessene and Feldman 2002), since simple phenols and derivatives with
methyl substituents on the aromatic core tend to side reactions.

Exploiting BDD electrodes in the anodic coupling of phenols was not very
promising from the very beginning since several previous studies were devoted
to the degradation of phenols, naphthols and chlorinated derivatives thereof (Boye
et al. 2002; Panizza et al. 2001; Rodrigo et al. 2001). Treatment by BDD-mediated
electrolysis breaks down these persistent aromatic pollutants. In aqueous media a
sequence of degradation products is observed: The first intermediates are the cor-
responding quinones or hydroxylate arenes, followed by maleic acid, fumaric acid
and oxalic acid which are then finally mineralized to CO2 (Boye et al. 2006).
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The oxidative ortho-coupling reaction of 2,4-dimethylphenol (12) became of
interest for our laboratories since a demand for this particular compound was rec-
ognized (Bartsch et al. 2005). Initial studies including the direct electrolysis in
basic media led only in traces to the desired 3,30,5,50-tetramethyl-2,20-biphenol
(13) and the major components of product mixture consisted of Pummerer’s ketone
(14) and consecutive pentacyclic product 15 (Fig. 5.9) (Malkowsky et al. 2006a).
As outlined in Table 5.1 under standard conditions the Pummerer’s ketone repre-
sents the major product and only traces of the desired compound 13 were found.
However, extensive variations of the electrolysis conditions did not ameliorate the
situation. In order to circumvent the formation of 14, a template-directed process
was developed (Malkowsky et al. 2006b). This protocol involves several steps: the
formation of a tetraphenoxyborate (Malkowsky et al. 2006c), anodic conversion and
removal of the boron template. Despite the applicability on larger scale (Rommel
et al. 2005), a direct and efficient coupling method was still highly desired.

HO
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Fig. 5.9 Product diversity in the anodic coupling of 2,4-dimethylphenol (1)

Table 5.1 Anodic treatment of 12 in organic solvents
Entry Electrolyte 12 (%)a CEb (%) 13 : 14
1 0:1m Bu4NBF4 in MeOH 17 7 10:1
2 0:1m NaOH in MeOH 15 6 3:2
3 0:1m H2SO4 in MeOH 15 10 4:1
4 0:1m Bu4NBF4 in

CH3CN=tBuOH
16 4 20:1

5 0:1m Bu4NBF4 in
CH2Cl2=MeOH

11 3 4:3

6 FeSO4, Bu4NHSO4,
H2O=tBuOMe

3 n.d. n.d.

Reaction conditions: 1.5 g 12, 35-mL electrolyte, BDD anode (layer thick-
ness: 1�m), j D 2A dm�2, nickel cathode, r.t.
a
Determined from the crude product by GC using internal standard

b
Current efficiency
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When instead of platinum sheets as electrodes BDD material was employed the
13:14 ratio improved tremendously. Surprisingly, this direct electrochemical con-
version of 12 gave the desired biphenol 13 in almost exclusive selectivity of 18:1
for 13:14. The typical pentacyclic by-product 15 could not be detected in the crude
product. Inspired by the conditions for the electrosynthesis of trimethyl orthofor-
mate (see Sect. 4.3.1 in Chap. 44) we applied to our conversion alcohols as common
solvents for organic transformations at BDD electrodes.

For a sufficient conductivity of the electrolyte, protic solvents and supporting
electrolytes were necessary. All electrochemical conversions at BDD electrodes
favour the desired compound 13, but it was only obtained in modest yield. Except
for 14, no other low molecular weight by-products could be isolated indicating that
oligomeric species were predominantly formed. This deep brown coloured material
had resin-type properties but was not further characterized. Noteworthy, the volume
of methanol in the cell was reduced by half upon electrolysis. Since simple evapo-
ration could be excluded, the oxidation of methanol to volatile and highly reactive
formaldehyde is anticipated. These facts were additionally supported by notable low
current efficacies. The surface of the electrode stood intact when performing the
transformation in acidic or neutral media, whereas basic electrolyte caused signifi-
cant corrosion. Several solvent mixtures have been tested in the electrolyte without
success. Iron-based mediators led mostly to decomposition and resulted in a very
complex mixture, which made it impossible to clearly determine yield and ratio.
In order to avoid side reactions that are attributed to the mediating solvent, e.g.
methanol, neat phenol 12 was subjected to electrolysis. The conductivity increases
with the temperature but is not sufficient for practical purposes. Consequently a
supporting electrolyte and a small amount of water were required. Best results were
obtained by addition of 11% water and 6% ammonium salt (Fig. 5.10). For a sus-
tainable process development, reduction in the amount of solvent is important and
applying a green additive like water will be beneficial. Despite of the large excess
of phenol a mediating role of water by preliminary formed hydroxyl radicals cannot
be excluded.

Tremendous improvement was achieved when 12 was used neat at higher elec-
trolysis temperature. The yield as well as the selectivity of the transformation could
be considerably ameliorated (Table 5.2).

In order to avoid overoxidation or mineralization of the product 13, the electrol-
ysis was only performed to partial conversion to about 0:4F mol�1 12. The workup
includes simple and easy to perform steps: First, removal of excess of 12 by a short-
path distillation, which recovers non-reacted 2,4-dimethylphenol. Second, partition
of the residue with water and tert-butylmethyl ether. This particular step provides
the supporting electrolyte as aqueous solution. Gratifyingly, upon concentration of

17 18

MeOSO3
–N+

HOSO3
–

N N+ HO–N+

16

Fig. 5.10 Some supporting electrolytes for the conversion of 12 at BDD electrodes
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Table 5.2 Anodic conversion of 12 on BDD electrodes

Entry
Supporting
electrolyte

BDD (support,
thickness) 13 (%)a CEb (%) 13 : 14

1 16 Si, 1�m 56 29 17:1
2 17 Si, 1�m 46 42 16:1
3 18 Si, 1�m 39 30 17:1
4 16 Nb, 10�m 49 43 18:1
5 16 Si, 10�m 47 32 19:1

Reaction conditions: 30 g 12, 4-mL water, 2.2 g ammonium salt, BDD anode, j D
1A dm�2, nickel cathode, Q D 0:4F mol�1 12, 70ıC
aFrom the crude product after distillative removal of excess 12, determined by GC
using internal standard
bCurrent efficiency

the organic layer and slow addition of petrol ether biphenol 13 was obtained as pure
crystalline material. This is the most efficient electrochemical access to this partic-
ular compound 13.

Variation of the supporting electrolytes depicted in Fig. 5.10 resulted in the very
same selectivity but differed remarkably in the current efficiency (Table 5.2, entries
1, 2 and 3). On the 1� �m BDD-coated silicon, neutral electrolysis conditions em-
ploying 16 gave the best yields in the desired biphenol 13 (entry 1). However, the
acidic ionic liquid 17 turned out to be superior concerning the current efficiency of
the phenolic oxidation (entry 2). The basic ammonia salt 18 lead to moderate yields
and inferior current efficacies (entry 3). Most probably, basic conditions create
to electron-rich substrates which might undergo decomposition by overoxidation.
When 10�m diamond-coated supports were used as anodes, the tetraalkyl ammo-
nium methylsulfate 16 gave better results (entry 4). Surprisingly, the nature of the
support seems to play an important role for the current efficiency (entries 4 and 5).
Since the very same chemoselectivity for the transformation was observed, the loss
of efficiency is not based on the oxidative coupling step. These findings indicate
that an intermediate spin centre is formed that might undergo background reactions.
Further evidence is given by multiple electrolysis runs. The selectivity and the ap-
pearance of the BDD electrode looked the very same, whereas the current efficiency
dropped from 43% to about 20–25% (e.g. for entry 4). This kind of aging process is
also attributed to the nature of BDD material which causes a drain of energy.

For technical purposes a partial conversion with an easy to perform workup is
feasible. Therefore, a series of electrolyses were performed to a specific conver-
sion (Fig. 5.11). During electrochemical conversion the amount of 13 increases in
a linear fashion up to 0:3F mol�1 1. Subsequently, side reactions appear and limit
the amount of isolated 13. For an efficient process and high-quality product, a par-
tial conversion of about 30% is reasonable. Since excess of 12 is easily recovered,
virtually no loss of material occurs, creating a good basis for a continuous prepara-
tion of 13.

The anodic transformations for the oxidative coupling were then applied with lit-
tle success to broader scope of low-melting phenols (Fig. 5.12). Either no conversion
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Fig. 5.11 Yield of 13 in dependence on the applied current
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Fig. 5.12 Less successfully tested substrates in the electrolysis at BDD electrodes

was observed or the substrate was completely destructed. When ortho-cresol (19)
was treated by the described protocol, a flow of current was observed without the
formation of detectable amounts of product. The same situation was found with p-
cresol (20) and 4-tert-butylphenol (21). Initially, the lower electron-rich nature of
the substrates compared to 12 was anticipated. Electrochemical conversion of gua-
iacol substituted in position 4 as well as sesamole (24) rendered in the formation
of tarry products. Obviously, the conditions are still too aggressive for the selective
anodic transformation of these phenols at BDD electrodes.

The curious finding is that in the electrochemical conversion of mixtures in-
volving several phenolic substrates the sole product which was detected was 13.
This substrate selectivity is only found at BDD electrodes. The reason for this
exclusive substrate selectivity and the particular nature for 2,4-dimethylphenol (12)
are unclear but currently under investigation.

5.4 Cathodic Transformations

5.4.1 Reduction of Oximes

With regard to cathodic reductions, BDD electrodes have a high overpotential for
H2 evolution by electrolysis of protic electrolytes (Martin et al. 1996). Thus, for
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+4 e−, +4 H+

Fig. 5.13 Electrochemical oxime reduction. Reagents and conditions: divided cell, BDD/Nb cath-
ode, 1% NaOCH3 in anhydrous MeOH, 40ıC, 3:4A dm�2, 4 h, yield D 96% (by GC)

electrochemical transformations, BDD cathodes should behave like Pb or Hg cath-
odes. Consequently, the chemoselective reduction of E,Z-cyclopropyl phenylke-
tone oxime (E,Z-25) to rac-’-cyclopropyl benzylamine (rac-26) was achieved with
96% yield both on a BDD cathode on a Nb support or Pb cathode using an anhydrous
MeOH/NaOMe electrolyte in a divided plate and frame cell (Fig. 5.13) (Griesbach
et al. 2005).

Attempted catalytic hydrogenation of oxime E,Z-25 ended up with significant
amounts of ring-opened compounds hampering distillative purification of the de-
sired compound rac-26.

The use of electrochemical methods, especially cathodic reduction at BDD elec-
trodes avoiding use of unwanted heavy metals, showed a clear superiority compared
to conventional chemical methods in this case. Due to the protective cathodic polar-
ization of the BDD electrodes, no stability and corrosion problems occurred.

5.4.2 Reductive Carboxylation of Aldehydes
to ˛-Hydroxycarboxylic acids

4-Methylmercapto-2-hydroxybutyric acid (28) also known as methionin hydroxy
analogue (MHA) is an important product used in animal nutrition because of its
improved bioavailability compared to the essential amino acid methionin. MHA 28
is produced on a multiple thousand ton scale by reaction of methylmercapto pro-
pionaldehyde (27, MMP) with cyanhydric acid followed by saponification of the
resulting cyanohydrin. An electrochemical approach to MHA is also reported. This
procedure makes use of a reductive carboxylation of methylmercapto propionalde-
hyde (27) with a magnesium sacrificial anode (Lehmann et al. 2001, 2002). This
reaction proceeds under CO2 atmosphere in DMF as the solvent and NBu4CBF4�

as the supporting electrolyte using a magnesium anode and cathode. Application of
5F mol�1 27 resulted in 75% MHA selectivity at 90% conversion.

If a divided cell is used, this reaction can also be carried out using BDD elec-
trodes, avoiding sacrificial anodes and therefore simplifying workup procedure
(Fig. 5.14) (Reufer et al. 2006). The MHA yield of this process is not very high
but this is a remarkable example for the versatility of BDD electrodes in preparative
electroorganic synthesis.
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Fig. 5.14 Electrochemical carboxylation of aldehydes. Reagents and conditions: divided flow cell,
Nafionr membrane, BDD/Si electrodes, NBu4CBF4� in DMF, 20–25ıC, 0:6A dm�2, 5 h, 27%
yield in rac-28 at 88% conversion of 27

Fig. 5.15 SEM images (top view and cross section) of BDD/Si anodes (from CSEM, Switzerland)
used under different conditions. (a) Electrode surface after electrolysis in MeOH=H2SO4. No
degradation of the diamond layer. (b) Electrode surface after anodic treatment (�36 h) in 0.1 M
aq. NaOH, containing 3,5-dimethylpyridine. Obvious signs of degradation of the diamond layer,
but use in electrosynthesis was still possible. (c) Cross section of electrode (a), film thickness
1:2�m as determined by EPMA. (d) Cross section of electrode (b), film thickness 0:84�m

5.5 Stability of BDD in Electrolytes

Besides the electrochemical wastewater treatment, preparative organic electrochem-
ical processes are a relatively young field of application for BDD electrodes. As a
consequence, there is still much room for improvement of the stability of BDD elec-
trodes under non-aqueous conditions.

The use of sulphuric acid in methanol provides a diamond layer-friendly elec-
trolyte. As shown in Fig. 5.15, aqueous sodium hydroxide changes the morphology
of the BDD anode surface (DeClements and Swain 1997) but the electrode can still
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be used (Griesbach et al. 2005). A cathodical polarization of niobium-supported
BDD electrodes is generally unproblematic whereas care must be taken when using
silicon-supported BDD cathodes in basic electrolytes. The silicon support is prone
to corrosion in this case because an alkaline and reductive milieu will prevent the
formation of a passivating SiO2 layer.

Furthermore, any contact of the supporting material (Si, Nb, W, Ta and espe-
cially Ti) of BDD anodes to a non-aqueous electrolyte has to be strictly eliminated
(Malkowsky et al. 2006d), due to the low corrosion resistance of these materials un-
der these conditions. If water is used as electrolyte, the common materials passivate
themselves with a metal-oxide layer, preventing further corrosion. The absence of
water prevents formation of such a protective layer.

5.6 Future Perspectives

BDD electrodes are innovative and appealing materials of organic electrochem-
istry, which give access to unusual selective reactions. Under controlled conversion
almost no overoxidation or mineralization is observed. In order to exploit the
promising potential of this unique electrode material an efficient control of the
highly reactive intermediates has to be established. A key role has to be assigned
to mediating hydroxyl radicals. Alcohols may serve as mediators, wherein spe-
cific alkoxyl moiety will be responsible for triggering the reactivity and transfer
of stereo information. Taming the brutal nature of mediating hydroxyl spin cen-
tres will also allow the application in electroenzymatic transformations, which are
mainly performed in aqueous media. The controlled regeneration of cofactors is still
a challenging topic.

For this goal, more fundamental mechanistic studies of redox processes at
BDD electrodes will be necessary. With chemically and mechanically more stable
BDD/support combinations, preparative organic synthesis and enzymatic applica-
tions will conquer the field of research and will bring chemical innovation in a short
time to application.
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Chapter 6
Domestic and Industrial Water Disinfection
Using Boron-Doped Diamond Electrodes

Philippe Rychen, Christophe Provent, Laurent Pupunat,
and Nicolas Hermant

6.1 Introduction

With a rapidly growing world population and an increasing pollution, the develop-
ment of new technologies to treat water becomes a major issue for a sustainable use
of water resources. Strategies for ecological water protection generally include de-
velopment of new or improved industrial processes, which have no or minor effects
on the nature.

In this context, electrochemical processes used for recovery or disinfection of
water play an important role. Up to some years ago, acceptable efficiencies for
electrochemical disinfection applications were achieved with anode materials like
noble metals or mixed-metal oxide on titanium anodes, known as DSAr electrodes.
In the last years, because of its extreme chemical and physical properties, doped
diamond has offered new advances for highly efficient chemical- and chlorine-
free disinfection. Despite of its outstanding advantages, diamond had until now a
quite “confidential” representation. Main reason for not using diamond as possible
electrode material was its unavailability for large area electrodes. In the last years,
polycrystalline diamond coatings have made great strides through chemical vapor
deposition (CVD) development and are now available on relatively large areas. This
availability now leads diamond to be a material of real interest for numerous disin-
fection applications, either in the wellness and private fields, e.g. for chlorine-free
private swimming pools and spas, for rain water disinfection, and for industrial ap-
plications such as process and sewage water disinfections. This chapter gives an
overview of diamond electrode technology and its use in this particular field.
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6.2 Diamond Electrodes

To allow disinfecting water efficiently by electrochemical means, the material used
as electrode should have the following properties:

� A high electrical conductivity (semiconductor up to semimetallic conductivity)
� A long-term chemical, electrochemical, and mechanical stability
� An ability to successively and periodically be used both as anode and as cathode

(automatic polarity reversal)
� An excellent nonfouling behavior
� An efficient production mode, with reasonable costs
� The long-term stability of the material is an essential aspect, particularly when

a periodical polarity reversal is applied. Using metallic or nonstable materials
which could be corroded (mainly under oxygen evolution conditions) induce un-
desired long-term pollutions in treated waters and moreover generate additional
costs linked to frequent replacement of the electrodes.

In the past, a material offering all these properties was not available and as a
result industries that are offering disinfection and purification technologies had lost
their interest in electrochemical processes. Thanks to boron-doped diamond (BDD)
electrodes, such prejudice against these processes should now disappear as a strong
sign was given by professionals that awarded disinfection systems using diamond
electrodes in the last years (Awards 2004, 2005, 2006, 2007).

BDD electrodes are semiconductor electrodes with microcrystalline structure and
relatively rough surfaces on the micrometric scale. Diamond-coated electrodes used
for disinfection are chemically, mechanically, and thermally very resistant and show
very low corrosion even under high electric charge. Diamond electrodes present no
surface redox processes as known from other carbon electrodes (for example glassy
carbon).

In the 1990s, research works had evidenced that diamond was an exceptional
material. It shows high overpotentials for water electrolysis (hydrogen and oxygen
evolution) that offers an electrochemical window which has never been observed
with other materials. The wideness of this window depends on the diamond purity
and doping level.

6.2.1 Manufacturing

We choose to grow BDD coatings on ceramic substrate, more precisely on silicon.
The substrate for BDD electrodes must satisfy some criteria inherent to the prepara-
tion condition of BDD coatings itself (Haenni et al. 2004). Main ones are a chemical
and mechanical stability at the preparation conditions of diamond coatings (1;000ıC
in H2 atmosphere) and an adequate thermal expansion coefficient. Of course sili-
con satisfies these points and regarding the second one, it is even a material which
has one of the closest coefficient as that of BDD (�3:5 � 10�6K�1 compared to
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1:5� 10�6K�1/ (Swain 1994; Fryda et al. 1999; Haenni and Fryda 2000). C and Si
have similar physicochemical properties, which give the best conditions for long-
term stabilities (Haenni et al. 2004).

Specific conductive silicon substrates have to be carefully prepared before use.
For the diamond-deposition process, substrates have to be cleaned, seeded with di-
amond nanocrystalline seeds at high surface density, and then coated with a grown
thick diamond film (from less than 1�m up to several �m) by hot filament chemical
vapor deposition (HF-CVD). At Adamant, deposition processes are performed auto-
matically in programmable controlled process units, which allow growing diamond
on scale up to 0:5m2. The process is performed under low pressure .1< 0:1 bar/
and high temperature (filament temperature �2,500ıC and substrate temperature
800–1,000ıC) with a gas mixture composed of CH4, H2 (CH4=H2 ratio <1%), and
a boron source (typically trimethyl boron).

Standard Adamantr-Electrodes, also called BDD/Si for Boron-Doped Dia-
mond on Silicon, are used for water disinfection in the DiaCellr-Technology
(Haenni et al. 2001) based systems. They have typical boron doping level of
<1,500 ppm, film thickness of <3�m, and a disk-shape to fit in the DiaCellr

modules (Rychen et al. 2003b). A SEM view of a diamond film is shown in Fig. 6.1.
Adamantr-Electrodes with other shapes are also produced to fit in other cells and
for other applications.

Quality control of BDD electrodes is essential and is performed both by nonde-
structive and destructive testing methods. Nondestructive methods are either routine
methods performed on each electrode (Raman spectroscopy to evaluate sp3=sp2

Fig. 6.1 SEM view of a diamond film
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Fig. 6.2 Raman spectrum of boron-doped diamond film on silicon: (a) silicon, (b) boron atoms,
(c) diamond (sp3 carbon), and (d) other carbon forms (amorphous)

carbon ratio – see Fig. 6.2, weight control, film thickness measurement, and vi-
sual control) or nonsystematic testing performed periodically to ensure diamond
homogeneity and roughness (scanning electron microscopy – SEM, etc.). Destruc-
tive methods are accelerated life-time tests, bending or fracture probe to evaluate
film adhesion, scratching, glow discharge optical emission spectroscopy (GDOES)
to control boron doping level, etc.

6.2.2 Features and Properties

Great advantages of diamond electrodes are their anodic properties and their wide
electrochemical window, the widest known for electrode materials, before water
decomposition in aqueous electrolytes takes place (Perret et al. 1999). BDD elec-
trochemical window compared to that of platinum is shown in Fig. 6.3.

In this large potential range, anodic electrochemical production of disinfect-
ing agents can be carried out with high energy efficiency directly from the water
molecules and from mineral salts contained in the water with very low by-products
(hydrogen or oxygen evolution) (Haenni et al. 1999). This property of diamond
electrodes allows performing water disinfection without the addition of chlorine
or other chemicals and without mineral salt enrichment or impoverishment of the
water. Moreover, it avoids generating toxic chlorinated disinfection by-products
(chloramines, THM).

Figure 6.4 shows that the wide potential window of BDD electrode permits an-
odic potential allowing generation of peroxide-based and radical oxidants, which
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Fig. 6.3 SC (semi-conductor) and SM (semi-metal) BDD electrochemical window compared to
that of platinum

Fig. 6.4 Voltage scale and generated oxidizing species

are far more powerful than more usual oxidants such as hypochlorite. Several aca-
demic works (Haenni et al. 1999; Michaud 2002; Sudan Saha et al. 2003) have
proven the generation and efficiency of such species either for water disinfection
and wastewater treatment.

6.3 Electrolytic Disinfection with Boron-Doped Diamond
Electrodes

The first considered disinfection application of BDD/Si electrodes and dedicated
cells such as DiaCellr was the treatment of swimming pool water. After the
first evaluation, this new technology also proved to be of great interest in nu-
merous other water disinfection applications with the advantage of offering a
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chemicalfree disinfection method and avoiding all chlorineinherent drawbacks
(Furuta et al. 2005). This point is a major asset both from a practical (no handling
and use of harmful aggressive products) and an ecological point of view.

6.3.1 Actives Species, Advantages, and Implementation

During water electrolysis process, DiaCellr and BDD/Si electrodes produce a
mixture of powerful persistent oxidants. These active oxygen-based oxidants are
generated directly from water and mineral salts naturally dissolved in the water.
Such active species are peroxodisulfates, hydrogen peroxide, percarbonates, and
ozone and their individual concentrations depend on each of their water compo-
sition. After reaction with microorganisms and pollutants, these active species are
reduced to their initial mineral salt forms, which can then be oxidized again at the
diamond electrodes. The overall process is a cycle that does not induce any long-
term enrichment or impoverishment of the water. Academic works (Marselli 2004)
also proved that hydroxyl radicals, which are the most powerful oxidizing species
after fluorine, are also generated at the electrode. However, this oxidant is so reac-
tive that it is only detected at the electrode surface and offers no persistence at all.
Such disinfectant is, however, very useful to perform electrooxidation of refractory
organic pollutants and allow destruction of nonbiodegradable compounds.

Disinfection by electrolytic systems operating with diamond electrodes offers
several important advantages compared with other existing disinfection methods.
Some of these assets are listed below:

1. It does not use chemical products and by the way avoid manipulation and contact
risks with these armful species. Moreover, use of chemicals and particularly
their reaction by-products often induce reactions such as allergies, irritations,
and burnings on human beings. Main by-products generated by chemical dis-
infection are THM and chloramines which have been proven to be harmful
(Villanueva et al. 2004).

2. The mixture of oxidizing species generated with diamond electrodes is far more
efficient than a single-disinfectant technique such as chlorine or ozone addition
or generation.

3. The persistent effect of the oxidizing species mixture generated with diamond
electrodes is an essential asset compared to often-used disinfection techniques
such as those using UV-lamps with which treatment is only performed when the
water passes in front of the lamps.

For a suitable use in disinfection applications, these diamond electrodes have to
be integrated in robust-dedicated modules. The compact, modular, and easy to use
DiaCellr concept (several configurations represented in Fig. 6.5) has been devel-
oped and is produced specifically for BDD/Si electrodes. Such concept has proven
to be very efficient either in the industry or for private use and up to now hundreds
of these systems have already been provided and installed on the market worldwide.
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Fig. 6.5 DiaCellr-modules (Mini-Diacellr, DiaCellr-100 (2) and DiaCellr-200)

DiaCellr-100 showed in Fig. 6.5 (right part of the left-hand picture) uses
100-mm circular BDD/Si Adamantr-Electrodes. This module is equipped with
two hydraulic fittings (water inlet and outlet) and two electrical connections. It
has been designed to operate up to 6 bar of water pressure. Electrical connections
(DC and low voltage) are feeding the two monopolar electrodes and one or several
(up to 4) bipolar electrodes can also be introduced between these monopolar elec-
trodes to increase the treatment capacity. Depending on configuration, a single
module maximum flow can be of 1:2m3 h�1 and if needed several ones can be
installed in parallel. Modules that integrate separated compartments, membranes,
or diaphragms can also be offered.

There are no available simple kits to measure directly the overall disinfectant
level when the disinfectant mixture is composed of active oxygen-based disin-
fectant. Nevertheless such disinfectant can be measured using the DPD method
(such method uses N ,N -diethyl-p-phenylendiamine and a photometric detection
at a wave length of 530 nm). Active oxygen-based disinfectant level is given by a
parameter called DPD2 that can be obtained using a differential measurement be-
tween DPD3 (overall active oxidants) and DPD1 (free chlorine measurement). For
chlorine-based disinfection method, the difference DPD3–DPD1 is used to measure
combined chlorine (i.e., chloramines). In the case of disinfection methods based on
active oxygen, such parameter gives the concentration of oxidants that are not free
chlorine (i.e., active oxygen species). Figure 6.6 shows DPD3 evolutions in water
that contain only Na2SO4 or NaHCO3, without any chloride. The two lines prove
the production of nonchlorinated oxidants which are, respectively, sodium perox-
odicarbonate .Na2S2O8/ and sodium peroxodicarbonate .NaHC2O8/.
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Fig. 6.6 DPD3 production in chloride-free waters as a function of electrical charge

Table 6.1 Efficiency of bacteria inactivation as a function of the treated percentage of the total
water volume

Treated part of the
total volume (%)

Total germs (CFU/ml) and residual disinfectant concentration (ppm) in
samples taken after xmin after treatment
X D 5 X D 20 X D 60

CFU/ml ppm CFU/ml ppm CFU/ml ppm
0 60,000 – 60,000 – 60,000 –
5 13,000 0.01 38,000 0.01 16,000 0.01
10 7,000 0.07 4,000 0.02 2,000 0.01
20 1,000 0.14 <1,000 0.07 <1,000 0.02

6.3.2 Data on Several Microorganism Inactivations

Targeted applications are disinfection for swimming pool and spa waters, potable
water, industrial cooling towers, hot water circuits, sewage waters, etc. For exam-
ple, a system composed of two DiaCellr-100 allows daily disinfection of 100m3

of water coming out from a sewage treatment plant. Only a part of the volume has
to be treated, the remaining being treated afterward; thanks to the persistence of
disinfectants, the residual. Data resuming the efficiency of the DiaCellr on such
water are presented in Table 6.1. After the treatment, water .<1,000 CFU=ml/ can
be safely used by the treatment plant team for daily cleaning operations. Such treat-
ment unit offers both economical (lower global installation and operating costs) and
ecological advantages compared to the use of potable tap water.

Several studies were carried out on various germs and in different waters. They
were performed in comparison with conventional disinfection processes using chlo-
rine dosing or UV lamps. Several microorganisms were studied including Legionella
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Table 6.2 Microorganism inactivation in artificial seawater using a DiaCellr

Marine
microorganism

Concentration
in seawater�
ml�1

� Removal�
log1

�

Disinf. needed
for inactivation
(eq ppm C12)

Contact time for
inactivation
(min)

Virus H40/E 105 3 0.1 <1

Bacteria H40 106 7 0.2 <6

Enterococcus
faeccalis

104 4 0.2 <6� 8

Vibrio fischerii 105 3 0.4 <1� 5

Pyrocystis
fusiformis

103 2 2 30–100

Measurements performed with: DiaCellr-101 (1 compartment), I D 0:5A; flow D 300L=h; tı D
18ıC;V D 1L

Fig. 6.7 Inactivation efficiency of Escherichia Coli in tap water with the DiaCellr compared to
conventional disinfection method using sodium hypochlorite dosing .pH D 7:3/

Pneumophila, H40 bacteria, Adenoviridae, Escherichia Coli, Vibrio Fischerii, Pyro-
cystis Fusiformis prozoan, etc. (see Table 6.2). All tested microorganisms and even
Algae were completely inactivated by disinfectants generated with BDD electrodes
at low concentrations (mostly less than 1 ppm). Moreover, this inactivation occurred
faster than with conventional methods. The example of E. coli inactivation is shown
in Fig. 6.7. This graph shows that with approximately the same disinfectant level
in the water, either brought by chemical product addition (sodium hypochlorite) or
generated with the DiaCellr, the bacteria destruction is approximately three times
faster with the electrolysis on diamond electrodes.

Figure 6.8 shows an evaluation performed on a sea microorganism, Marine
bacteria H40. Once again, such bacteria are inactivated faster (four time) with
Diacellr-generated disinfectants than with the same level of disinfectant introduced
with conventional chlorine dosing.
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Fig. 6.8 Inactivation efficiency of bacteria H40 in sea water with the DiaCellr compared to con-
ventional disinfection method using sodium hypochlorite dosing. Measurements performed with:
DiaCellr � 101 (1 compartment), flow D 300L h�1, t D 18ıC, batch volumeD 121

Fig. 6.9 Inactivation efficiency of Adenovirus H40 activity in tap water with the DiaCellr

compared to conventional disinfection method using sodium hypochlorite dosing. Measure-
ments performed with: DiaCellr-101 (1 compartment), flow D 300L h�1, t D 18ıC, batch
volumeD 121

Table 6.2 (Rychen et al. 2003a) summarizes inactivation results obtained on sev-
eral seawater microorganisms (including bacteria H40) with DiaCellr.

The technology also proved to be very efficient for virus inactivation. Figure 6.9
shows results of Adenovirus H40 inactivation in tap water. Again the diamond
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Table 6.3 Biological analysis of a public pool disinfected with a DiaCellr-System (data from the
cardiology clinic of Noirmont/Jura/CH)

Date

Mesophile
aerobie germs
3 days at
30ı C
(CFU/mL)

Escherichia
coli (CFU/
mL)

Pseudomonas
aeruginosa
(CFU/mL)

Other
pseudomonas
(CFU/mL)

Norm 1;000 0 0 –
Prestart

measurement
5;940 Not measured Innumerable

high
Innumerable

high
19.01.2006 1;300 0 0 0
23.01.2006 0 0 0 0
23 02.2006 560 0 0 0
20.04.2006 696 0 0 22
09.05.2006 0 0 0 0
06.06.2006 1 0 0 0
10.08.2006 268 0 0 0
28.02.2007 420 0 0 0
06.03.2007 684 0 0 0
20.03.2007 664 0 0 0
22.03.2007 0 0 0 0
24.04.2007 120 0 0 0
Analyses were performed in an external lab using conventional standard microbiology techniques

electrodes results are compared to those of chemical product dosing. As shown,
treatment with the DiaCellr leads to a strong and rapid inactivation .>99%/
of an injection of adenovirus H40 .106 virus=ml/ in an electrolyzed raw water�
360�S cm�1

�
which contains 7 ppm of chloride (chlorine equivalent content of

0:12 ppmCl2). This inactivation is at least five times faster than with hypochlorite
addition.

Field results of public swimming pool disinfection efficiency are shown in
Table 6.3. Such table lists parameters that need to be periodically measured, val-
ues fixed by law, and the measurement results. Measurements dated 19.01.2006
(2 days after starting the DiaCellr-System) show the germ content of the wa-
ter since the system was turned on. This table shows the measurement results for
several microorganisms such as total Mesophile germs, E. coli, and particularly
Pseudomonas. Results are particularly interesting regarding Pseudomonas aerug-
inosa bacteria which are somehow chlorine stable. As shown in this table, prestart
analysis reveals an innumerable high amount of such bacteria. After few days of
treatment, the germ content of the water rapidly decreased and always remained
below the norm values for now more than 2 years.

The system is kept automatically controlled at free chlorine levels (DPD1) of less
than 0:4 ppm and total disinfectants (DPD3) of less than 1:2 ppm. There is a total
absence of any chloramines.

The inactivation of L. pneumophila is a great challenge (Furuta et al. 2004;
Pupunat and Rychen 2002) as these bacteria, responsible for legionaires’ disease,
is often detected either in domestic and hospital waters (hot water circuit, air
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Table 6.4 Evolution of Legionella population, in water samples treated with DiaCellr, as
a function of contact time

Water type
Fresh water 7 ppm
chlorides

Fresh water 75 ppm
chlorides

Disinfectants concentration
(ppm)

0.19 0.71

Contact time after Legionella
injection (min)

Legionella inactivation (%)

1 – 99
5 51 99.9
20 66 99.99
60 90 100

conditioning systems, etc.) or industrial systems (cooling waters, cooling towers,
etc.). The DiaCellr technology has been successfully tested against free Legionella
infection on several water types. Depending on the water composition, free Le-
gionella was completely inactivated without chemical product additions, with very
low current density and short contact times of less than 5 min.

Table 6.4 also shows that the higher the generated oxidant concentration in the
treated water is, the faster is the Legionella inactivation. It is interesting to note
that bicarbonates in contaminated water were identified as very good support for
electrochemical disinfectants production for Legionella inactivation without high
chlorine concentration (see Fig. 6.6 for oxidizing species production from sulfates
and carbonates).

6.4 Examples of Disinfection Applications: Dedicated Systems
and Field/Evaluation Results

As reported in the previous paragraph, one can see that BDD/Si electrodes are very
efficient for microorganisms’ inactivation. Another great advantage of the active
species generated with BDD/Si electrode-based systems is that even if not all of
those species are residual, their mixture has a real-persistent effect; thanks to the
more stable generated oxidants. This property allows treating only a part of the
overall volume (approximately 10%) via a bypass setup and disinfecting the total
volume after reinjection in the remaining 90% of the volume. After mixing, the dis-
infectant brought by the treated 10% of the volume is sufficiently concentrated and
have enough long-term effect to ensure a good disinfection of the overall volume.

This partial flow treatment is very important:

– From an economical point of view, as it reduces both investment (smaller system)
and operating (smaller energy requirements) costs

– From a safety point of view, as it avoids overoxidizing already generated disin-
fectants in potentially dangerous species. For example, without such partial flow
treatment, a small amount of hypochlorite contained in the water could eventu-
ally be oxidized into nondesired chlorate or perchlorate



6 Domestic and Industrial Water Disinfection Using BDD Electrodes 155

6.4.1 Swimming Pools (Private and Public)

Up to date, the most developed large-scale application of BDD electrodes in the
disinfection field is the automated disinfection of swimming pool water. Dedicated
products using the DiaCellr and BDD/Si electrode technologies have been devel-
oped both for private and public pools. Such products, Oxineor and Sysneor,
respectively, for private and public pools (or for industrial process water treatment)
are shown in Fig. 6.10.

Compared to other disinfection methods, such systems have the following assets
for this application:

– No chlorine smell, no irritated eyes, and no bleaching
– No more dry skin because of chlorine
– No chemicals accumulating in the pool (chlorine stabilizer of chlorine pellets)
– No disinfectants excess as it is maintained at a low level in the pool (0:2–0:5 ppm)
– No need of anti-algae
– Residual action to avoid nonregular or jagged disinfections (advantage compared

to not persistent effect of UV disinfection systems)
– Efficient elimination of suntan lotions and oils residues
– Daily pool disinfection without human help to avoid water fouling in case of

absence or neglecting
– Compatible and simple adaptation on almost any existing technical pool

installation
– No need of strong chemical products addition (exception made for pH correction)
– No need of disinfectant addition (chlorine or else)
– No corrosion, no burned lawn because of the low salt concentration (at least five

times weaker than with salt electrolysis systems)
– Self-cleaning system by recurrent polarity reversal (lime stone deposits)
– Very low electrical consumption: between 0.05 and 0:15 kWh�1 m�3 per day

depending on the pool’s characteristics and bather load.

Fig. 6.10 Oxineor and a DiaCellr-System (Sysneor/
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Many systems have already been installed in private pools all over the world and
several in public pools in Switzerland. Up to now, public pools that are using such
systems are essentially medical institutions (hospitals, re-education centers, etc.)
and communal pool centers.

6.4.2 Spas

Another very promising application is the rapidly growing market of spa disin-
fection. These small hot tubs have the particularities of containing from 0.8 up to
2:5m3 of hot water (usually around 35 � 40ıC) and to be used by far more people
than swimming pools (compared to the small water volume). These two points are
responsible for a spectacular bacteria development in the water and often lead to dif-
ficulties in treating the water. For such reason, existing disinfection systems usually
combine several treatment methods. The most common disinfection method is the
use of in situ generated ozone combined with chlorine additions. Such disinfec-
tion method has the drawback of leading to very irregular disinfection efficiency as
the disinfection is mainly due to the chlorine pellets. Evaluation of Mini-DiaCellr

disinfection efficiency in comparison to that of ozone/chlorine method has been
performed. The evaluation was performed on a 0:8-m3 spa that contains a rela-
tively important bacteriological pollution as it was kept at a temperature of 37ıC for
a period of 4 days without any disinfection (disinfection started at 105CFU=ml).
Operating conditions were Ozonator .6 h=12 h/C weekly chlorine addition; Mini-
DiaCellr 101 (4 h=12 h, 60 to 480Wh per day).

This evaluation showed that with the ozonatorC chlorine system the disinfection
is mainly due to the chlorine pellet additions as the pollution level decreases after
each addition to strongly increase again after few days with only ozone disinfection.
The problem with such system is that the spa water is always cycling between an
overload of chlorine (after shock chlorination) and a high bacterial pollution when
there is no remaining chlorine in the water. With Mini-DiaCellr, the sanitation and
stabilization of the water is longer (approximately 7 days), but after this period the
bacterial level in the water remains stable at very low level.

6.4.3 Rainwater

Thanks to environmental concerns of industrialized populations and due to the al-
ways increasing price of tap water, rainwater collecting tanks become more and
more popular to collect “free” water in order to use it for all domestic uses except
drinking water (toilets, showers, washing machines, etc.). Installation scheme of
such system is shown in Fig. 6.11.

The main problem of such stagnant water is the bacterial development in the
tanks and to ensure its future use, this water need to be disinfected. Such disin-
fection can be done by regular chemical product addition (lot of handling) or UV



6 Domestic and Industrial Water Disinfection Using BDD Electrodes 157

Fig. 6.11 Installation scheme of a Mini-DiaCellr rain water treatment setup

Table 6.5 Evolution of bacteria population in sewage water 5, 20, and 60 min
after treatment with DiaCellr as a function of the treated fraction of the total
volume (C0: initial concentration; Cx%: concentration after treatment of x%
of the total volume)

Bacterial concentration (CFU/ml)
Time elapsed after treatment 5 min 20 min 60 min
C0 60,000
C5% 13,000 38,000 16,000
C10% 7,000 4,000 2,000
C20% 1,000 <1,000 <1,000

lamps (high cost and no disinfection of the tank), but for such application a Mini-
DiaCellr with BDD/Si electrodes is also a very promising technology. In fact,
all the tank water and the tank itself can be maintained disinfected, by applying
only a short daily treatment and periodically adding a small amount of mineral salt�
approx:0:4 g l�1

�
to have a sufficient conductivity. From an economical point of

view, the DiaCellr technology is competitive and some units are currently under
use successfully for such application.

6.4.4 Sewage Water

The disinfection of sewage water to ensure its use in cleaning operation and daily
use is of great interest. For instance in sewage water plants, a large amount of water
(having a bacteria concentration of less than 1,000 CFU=ml) is needed for on-site
reuse. A typical need is 7:5m3 h�1 and 100m3 per day for a medium size municipal
water treatment plant. With a system using BDD/Si electrodes, there is no need
to treat the whole water volume to ensure sufficient disinfection. By treating only a
part of the volume and reintroducing it in the main flow, it is possible to decrease the
bacterial concentration of the overall volume under the allowed limit (see Table 6.5).
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Fig. 6.12 Typical installation scheme for a sewage water treatment plant

Table 6.6 Economical comparison between DiaCellr, UV treatment, and tap water uses for
25,000 m3 of water dedicated for daily cleaning operations (annual need of a medium size water
treatment plant)
Technology DiaCellr UV treatment Tap water
Treatment process Per batch and/or

continuously
During pumping

Treatment capacity 7:5m3 h�1 �14 h 0–33m3 h�1 � 24 h
(2 DiaCellO 301) (5 UV-Lamp, 0.95 kW)

Effectiveness CC �

Remaining effect (residual) C �

Environmental hazard � C

Size CC C

Maintenance C �

Energy (Wh m�3/ �150 �230 1:7USD=m3

Energy (at 0.17 USD/kWh)
(USD/m3/

0.025 0.039

Investment (USD) 23,750 26,460
Consumables (USD/year) 1,830 1,875
Operating costs (USD/year) 2,500 2,920 42,500

Figure 6.12 shows the typical installation scheme of a DiaCellr BDD/Si-based
system for the treatment of sewage water. As mentioned above, the system is in-
stalled in a bypass and is secured by a range of hydraulic and physical-sensing
devices.

For an annual water need of 25,000 m3 in such application, Table 6.6 shows an
economical comparison between three alternatives: the use of potable tap water and
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two disinfection technologies, the well known UV-treatment, and the new DiaCellr

technology. As it can be seen, the use of tap water is nonsense as annual operating
costs are really high. Regarding the two disinfection technologies, the economical
and technical aspects both show that the new DiaCellr technology offers a real
progress for such kind of application.

6.4.5 Process Water

Water disinfection is an essential concern in every process in which water is present.
Systems such as hot water circuits, cooling and air conditioning systems, industrial
cooling towers, etc. all contain water that need to be treated. Hospitals, industries,
nuclear power plants, and others are demanding for automated efficient disinfec-
tion technologies that only need very little maintenance and no regular human
intervention for chemical handling and system cleaning. Another typical industrial
application is the algae elimination in testing units that use a continuous flow of
water (e.g., in sanitary material manufactures). The feedback from companies that
use such units equipped with a DiaCellr system is that this technology is not only
efficient to avoid algae development in the water containing parts, but also very
effective to destroy already installed algae.

Adamant Technologies offer standard and custom units for such process water
disinfection (see Fig. 6.13).

Fig. 6.13 DiaCellr-systems (left) and Sysneor (right) water treatment units
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6.5 Conclusion

All the works performed up to date in the fields of research, development, manufac-
turing, and field use of BDD/Si electrodes and systems that include such electrodes
have shown that this new material has a huge potential for water disinfection and wa-
ter treatment in general. Such technology represents a genuine potential to become
a new option for realizing a strong and robust disinfection of microorganisms, as it
combines a great efficiency and an environmentally friendly process, by avoiding
use of chemical product and production of toxic residues in the water.

Major advantages of Adamantr-Electrodes based systems are:

– The long-term sustained action (residual) of oxidizing agents
– The strength of these disinfectants, which are 2�5 times stronger than chlorine

or bromine
– The specific design of the systems, as the range of DiaCellr modules and dedi-

cated units is specifically designed for BDD/Si electrodes

As several installations are running since 2�3 years with good feedbacks from users,
Adamant has gained a medium-/long-term field experience with BDD electrodes
and DiaCellr-based units. These positive references are found in:

– Industrial applications such as cooling tower disinfection, process water disinfec-
tion, treatment of waste water from laundry, from chemical industry, etc.

– Public nonindustrial uses,with a main focus on public swimming pools
– Private uses in swimming-pool and spa disinfections, rain-water disinfection,

algae elimination in ponds and fountains, etc.
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Chapter 7
Drinking Water Disinfection by In-line
Electrolysis: Product and Inorganic By-Product
Formation

M.E. Henry Bergmann

7.1 Introduction

The worldwide supply of safe (disinfected) drinking water is a task of essential im-
portance. Because of the formation of many organic disinfection by-products in
conventional chlorination (Krasner et al. 1989; Palacios et al. 2000), new ideas
(periodical chlorination, UV treatment, etc.) are being applied in more and more
cases. In small-scale disinfection, a growing market for disinfection electrolysers
exists. Drinking water is mostly disinfected by flowing through an electrochemical
cell using the natural chloride ion content for active chlorine (free available chlorine)
formation. Besides this, cells are offered for chlorine-free waters. The increased
disinfection ability in electrolysed drinking water is explained by the formation of
so-called mixed oxidants which are unknown in detail (Kerwick et al. 2005). The
method is called in-line electrolysis or named by many other terms and trade marks.
The variety of suggested technologies and apparatuses leads to confusion in hygiene
officials and other stakeholders. Furthermore, in some variants chloride is added to
the drinking water prior to passing through the cell, or water is electrolysed with
a chloride concentration differing insignificantly from concentrations permitted for
drinking water (250 ppm, all mg L�1 concentrations are given here as ppm.)

Literature reports applications for disinfecting medical equipment, oculars
(Shimmura et al. 2000), fuel cells, vegetables (Izumi 1999) and green house sub-
strates (internet presentation 2005), pipes and containers in breweries (Gutknecht
et al. 1981) or in other fields of food industry (Hernlem and Tsai 2000; Tsai
et al. 2002), ship waste waters, etc. Applications outside the drinking water area are
mentioned here because many waters are environmentally important and connected
with the drinking water chain (Fig. 7.1). Thus, the problem is much more relevant
than may at first be expected.

M.E.H. Bergmann (�)
Departments 6/7, Anhalt University of Applied Sciences, Bernburger Str. 55,
06366 Koethen/Anh., Germany
e-mail: h.bergmann@emw.hs-anhalt.de

C. Comninellis and G. Chen (eds.), Electrochemistry for the Environment,
DOI 10.1007/978-0-387-68318-8 7, c� Springer Science+Business Media, LLC 2010

163

h.bergmann@emw.hs-anhalt.de


164 M.E.H. Bergmann

Direct use
Waste

systems
Treatment

technologies 

Food products

Chain
elements 
(animals,
microorg.)

Several
water

sources 

Fig. 7.1 Complex system of interactions for water in its treatment technology paths

Starting from the beginning of research (Reis 1951; Reis and Henninger 1953)
many works have been published dealing with selected aspects such as killing
efficiency of different microorganisms (Reis 1976; Kirmaier and Schoberl 1980;
Reis 1981; Grebenjuk et al. 1990), with the use of different electrode materials
such as graphite (Gainer et al. 1975), graphite fibres or composite materials (Stoner
et al. 1982; Natishan 1984; Matsunaga et al. 1994), Pt (Kirmaier et al. 1984), Ti (Pa-
termarakis and Fountoukides 1990), IrO2 (Kraft et al. 1999a) and IrO2=RuO2 (Kraft
et al. 2003; Bergmann and Koparal 2005d), TiN (Matsunaga et al. 2000), carbon
cloth (Matsunaga et al. 1992a) with current modes such as change of polarity, using
direct current or applying alternating current of differing frequencies up to some
thousand Hz (Rosenberg et al. 1965; Pareilleux and Sicard 1970, Gainer et al. 1975;
Gutknecht et al. 1981; Stoner et al. 1982; Porta and Kulhanek 1986) and with others
subjects. Newer publications (Fryda et al. 2003; Hupert et al. 2003, Duo 2003) de-
scribe the application and modification of so-called boron-doped diamond (BDD)
electrodes representing a conductive diamond film on substrates such as niobium
and silicon. It was shown that BDD anodes are able to form active chlorine species
for disinfection (Ferro et al. 2000; Haenni et al. 2002). But in contrast to the electro-
catalytic properties of MIO anodes, BDD anodes produce radicals oxidising other
species non-specifically. It is accepted that mainly OH radicals are responsible for
oxidation processes (Marselli et al. 2003). The differences in oxidising power of
MIO or DSAr and BDD anodes were discussed recently (Foti et al. 1999). A new
approach is the clustering of BDD by mixed oxides (Duo et al. 2000) but this appli-
cation is not known.

There is still a deficit in systematic and complex studies on product and
by-product formation during and after the treatment process. On the other hand,
confusing terms (mixed oxidant, electroactivated water, meta-stabile water, etc.) are
used discussing the higher disinfection power compared to conventional chlorina-
tion. In principle, this is a clear indication of unknown or non-specified by-products
(Shimizu and Sugawara 1996; Crayton et al. 1997; Hamm 2002; Son et al. 2005;
Bergmann et al. 2008). Therefore, the aim of the studies presented here is to
demonstrate the potential for DPD formation in complex ways. Electrolysis pro-
cesses working in the g L�1 range of chloride concentration are not considered.
Also, the reduction of bromide ions and the interaction of products with chlorine
species are not a subject of this work.
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7.2 Experimental Conditions

7.2.1 Apparatuses

A cell with a rotating anode (rotation rate 300 rpm) 4 mm above a cathode was
used in a series of discontinuous experiments at 20ıC (Fig. 7.1). Current density
was varied between 50A m�2 and 500A m�2 using constant current mode and Sta-
tron rectifiers. Disk anodes (diameter 35 mm) were made from titanium coated with
mixed oxides (50% IrO2=50% RuO2 as relative molar concentration) and BDD
(producers Magneto and Metakem/Condias). BDD anodes had boron doping be-
tween 2,000 and 4,000 ppm. IrO2 or IrO2=RuO2 on Ti (expanded mesh, diameter
40 mm) located 25 mm above the base of the beaker was used as cathode material.

Discontinuous experiments were carried out using a thermostated dark beaker
cell with 50–160 mL of electrolyte (artificially prepared water or tap water). The
working temperature of 20ıC was adjusted with a Lauda potentiostat model RM6.
The anode was rotated using a MLM MR25/Medingen unit and contacted through
a Mercotac contactor (Fig. 7.2). In discontinuous experiments with larger volumes
(650–750 mL), a non-divided cell with parallel plate electrodes (20mm � 50mm,
distance 3 mm) lying in a plane inside the Plexiglas half-cells was used. The
electrodes were made from titanium and coated with IrO2=RuO2 (50%/50%).
A centrifugal pump recirculated the electrolyte through glass heat exchangers and
a dark beaker (Fig. 7.2). A magnetic stirrer was additionally used inside the beaker.
In a few experiments, the cell was divided by a Nafionr separator using space
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Fig. 7.2 Discontinuous cells used in the experiments – cell with rotating anode (left) and flow-
through cell with parallel plate electrodes (right). (1) Rotating contact, (2) electronically controlled
stirrer, (3) thermostated beaker, (4) plate cathode with central hole or expanded mesh cathode, (5)
rotating disk or expanded mesh anode, (6) parallel plate cell, (7) centrifugal pump, (8) stirred dark
container for sampling, (9) magnetic stirrer, (10) cryostat
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frames for a constant flow channel width. Anodic and cathodic cycles were then
performed analogous to the non-divided cell. Connecting elements in the flow loop
were made from dark Viton material highly stable against oxidation. For studies
of polarisation curves for modelling, an EG&G potentiostat model 283 together
with a rotating disc electrode stand (model 616) were used. The anode was a 1-cm2

Ti disc activated with IrO2=RuO2 (Magneto) or BDD on niobium. A mercury ox-
ide reference electrode in an outer beaker connected with a salt bridge containing
0.25 M NaOH was used to measure the potential. The cathode was a platinum sheet
of size 15mm � 30mm. The pH was measured using a WTW pH meter pH 340,
specific conductivity with a conductometer Cond 340i from WTW. The exact cell
current was checked using a multimeter (MY-64, Conrad Electronic). A UV/Vis
spectrophotometer (Specord 40, Analytik Jena) was used for special spectroscopic
studies in the UV range. Quantitative analysis was carried out using a spectrophoto-
meter (Nanocolor D100, Macherey & Nagel or CADAS 40, Dr. Lange).

An ELCHEMA Model EQCN-700 electrochemical quartz crystal nanobalance
was used in combination with an ELCHEMA Model PS-205B potentiostat in spe-
cial experiments. As working crystal, an ELCHEMA QC-10-AuPB laboratory quartz
crystal with 14 mm of diameter (active area of 0:196 cm2/ was used.

7.2.2 Chemicals

Deionised water for HPLC (specific conductivity less than 0:1�S cm�1/ and very
pure chemicals (all as sodium salts) in mg L�1 (ppm) range of concentrations were
used in the experiments. Chemicals of analytically pure grade with relatively low
impurity influence in UV spectra from Roth (Na2CO3/, Baker (NaNO3/ and Fisher
Scientific and Chempur (NaCl, Na2SO4, NaOH, CaSO4, Ca.OH/2/ were taken for
preparing artificial electrolytes. Chemicals were partially treated twice (Na2SO4/
or thrice (Na2ClO2/ by fractional crystallisation at different temperatures. The
deionised water for preparing the artificial drinking water systems was produced
in a unit combining reverse osmosis, adsorption and ion exchange (USF/Seral).

7.2.3 Analytical Methods

Samples were taken at pre-determined time intervals, immediately diluted if nec-
essary and analysed by spectrophotometry. Samples for IC, if not analysed in the
course of or directly after the experiment, were frozen and analysed later.

Perchlorate was analysed using a Metrosep Dual 4 column (Metrohm). H2O2
was measured applying Macherey&Nagel Peroxide 2 test kits based on the per-
oxidase reaction. Active chlorine was measured by the DPD method (Dr. Lange
LCK 310 or Macherey&Nagel chlorine/ozone 2 test kits) or by ion chromatography.
Because chloride and hypochlorite have overlapping peaks, ion chromatography
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analysis was carried out twice with and without hypochlorite elimination. The cor-
responding values were calculated solving a system of mathematical equations. In
selected experiments, active chlorine concentration was calculated from UV spec-
trum measurements making sure that the sample pH was adjusted to 11.5. Bonded
chlorine was measured by the DPD method by adding three drops of KI solution to
the sample after determining the active chlorine. Experiments were repeated at least
once. Nitrate was analysed in a few experiments applying the spectrophotometrical
Dr. Lange method LCK 339 reacting nitrate with 2.6-dimethylphenol to 4-nitro-2.6-
dimethylphenol. The nitrite analysis was carried out by photospectroscopy using
the Dr. Lange test LCK 341 (sensitivity 0:002mg dm�3/ and partially by a second
method after adding defined volumes of acetic acid, sulphanilic acid and ˛-naphtol
to samples and measuring peaks at 476 nm (sensitivity 0:001mg dm�3/. Mostly, ni-
trite, nitrate, chloride, hypochlorite, chlorite, chlorate and sulphate were analysed
by IC (system Knauer/Alltech with Novasep A-2 anion column and electrochemical
detector). Ammonium was measured by a Knauer HPLC system (with Merck L3720
detector).

7.2.4 Bacterial and Yeast Cultures

Eischerichia coli K-12, Bacillus subtilis DSM 2277 and Saccharomyces cerevisiae
Kolin were used as the test-microorganisms. These were supplied by DSM –
German Collection of Microorganisms and Cell Cultures. 24–48 h cultures were
used for inoculation. For pre-culture, a single colony was inoculated in 100 mL of
sterile broth. E. coli K-12 and B. subtilis DSM 2277 were inoculated in Nutrient
Broth (SIFIN, Germany). S. cerevisiae Kolin was inoculated in worth broth (SIFIN).
E. coli K-12 was grown at 37ıC for 24 h. B. subtilis DSM 2277 and S. cerevisiae
Kolin were grown at 30ıC for 24 h with 180 revolutions per minute (rpm) agitation
provided by a rotary stirrer (Heidolph Unimax 1010). After 20 h, 30 mL of culture
was taken and inoculated in 200 mL of a new sterile broth and incubated for 24 h. Af-
ter that, all test microorganisms were harvested by centrifuging in a 35-mL conical
tube at 10,000 rpm (C5ıC) for 5 min and washed with 10 mL sterile drinking water.
All stock solutions were prepared by resuspending the final pellet in 10 mL of ster-
ile drinking water. Cell suspensions were diluted with sterile drinking water to the
required cell density corresponding to 105–107 colony forming units per millilitre
(CFU mL�1/ for use in the experiments. After taking the sample, the reaction was
immediately stopped by adding 0.1 mL of 0.1 N sodium thiosulphate solution. The
number of viable cells in the samples taken during the experiment was determined
by plating and counting colonies. For this purpose, 100�L of sample was plated on
nutrient agar or yeast agar. Two replicate plates were used. E. coliK-12 plates were
incubated at 37ıC for 48 h before counting. B. subtilis DSM 2277 and S. cerevisiae
Kolin were incubated at 30ıC for 48 h before counting.
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7.2.5 Transmission Electron Microscopy

After taking the sample, the reaction was immediately stopped with 0.1 mL of 0.1 N
sodium thiosulphate solution. Copper grids were exposed to 20-�L samples for
15 min and washed with sterile distilled water. Finally grids were stained in 2%
aqueous uranyle acetate for 8 min and dried. The grids were examined with a Zeiss
EM 902 transmission electron microscope (LEO Elektronenmikroskopie GmbH).

To determine the cytological status of bacteria after chemical treatment, drops of
highly concentrated bacterial suspensions were placed into agar tubes following a
defined method (Rovan and Simonsberger 1974). The samples were fixed with 2%
glutaraldehyde pH 7.4, buffered with 0.05 M sodium cacodylate and post-fixed in
1% osmium tetroxide pH 7.5. The agar tubes were embedded in EPON 812 (Serva,
Heidelberg). Prior to embedding in EPON 812, the material was dehydrated in a
graded ethanol series and propylene oxide and pre-stained with uranyle acetate.
Ultra-thin sections were made on an ultramicrotome Ultracut (Reichert Jung). The
sections on copper grids were stained with lead citrate and observed using a Zeiss
EM 902 transmission electron microscope at 80 kV.

7.3 Electrochemical In-line Disinfection

7.3.1 Killing of Microorganisms

Disinfection of drinking water is designed to bring the water into a state from which
infection is not possible. This means that the majority of microorganisms must be
inactivated. Physical and chemical methods are known to achieve this. Electrochem-
ical methods of disinfection must be distinguished depending on the immobilisation
state of microorganisms. Matsunaga and co-workers showed that microorganisms
adhering to the surface can be inactivated by applying potentials below values of an-
odic gas formation or chlorine evolution (Matsunaga et al. 1984, 1992b). The work
was carried out to study the avoidance of biofilm formation and biofouling. It was
found that the cell respiratory activity was destroyed by electrochemical oxidation
of CoA in the cell wall. The reaction took approximately 20 min.

Bergmann et al. (2001) demonstrated that this mechanism is improbable for in-
line electrolysis. The main reasons for this are the low residence time inside the
electrochemical reactor (approximately 1 s) and gas evolution negating the adhering
of microorganisms. Even biofilms can be eliminated by short surface polarisation
with gas bubble formation (Schultze et al. 2003). Polarisation studies in systems
with and without added microorganisms did not show special response. Microor-
ganisms can be considered as charged or bipolar cells but electrophoretic transport
(Markitanova and Zenin 1990) would be too slow for significant contribution
to electrochemical killing. Thus, theories published in the past on electrochemi-
cal inactivation by charge transfer at the electrodes cannot be confirmed. In-line



7 Drinking Water Disinfection by In-line Electrolysis 169

electrolysis is a process of chemical reactions between microorganisms and species
generated electrochemically. Disinfection studies showed that the process may pro-
ceed for many minutes. As a result of reactions, organic by-products occur (not
discussed here). As shown below, the most probable disinfecting species are ac-
tive chlorine components, chlorine dioxide, ozone, hydrogen peroxide and several
radicals – depending on the operation mode and water matrix.

There is not only one kind of interaction between chemicals and microorgan-
isms. For instance, a cell can die by inhibited mass transfer into the cell, by affecting
important cell parts responsible for metabolism or replication and by lyses of cell
walls with the resulting outflow of cytoplasm. Hundreds of works exist in litera-
ture and also in medical research area. A literature review was published recently
(Bergmann et al. 2008). Table 7.1 summarises some effects of selected disinfectants.
The main problem in cell damage is obviously that parallel mechanisms exist and
that the analysis of species, for example of ROS type, is extremely difficult due to
the high reaction rates with kinetic constants in the range of 108–1010. Repairing
effects seem to exist (Hamelin and Chung 1989). There is no mathematical model
taking into account the large variety of possible interactions between microorgan-
isms and chemicals, all the more so in that microorganisms exists in many forms
(free or immobilised, biofilms, spores, Gram-positive, Gram-negative, with/without
flagella, slime, as spores, etc.).

Kinetic models must consider reaction with the inner (components of cytoplasm)
and outer parts of microorganisms (flagella, slime and cell wall). Similar to segrega-
tion models in chemical engineering, each microbial cell represents a microreactor
where chemicals are able to diffuse through the cell wall and react inside. For exam-
ple, this is possible for hypochlorous acid and hypochlorite, but, due to the charged
cell membrane, HOCl obviously diffuses easier and has better disinfecting ability
(Hass 1990).

Figure 7.3 illustrates cell damage patterns obtained by electron microscopy illus-
trating the discussion. When cytoplasm flows out through a broken wall, the reaction
scheme becomes more homogeneous but all scenarios are possible concurrently.

Table 7.1 Effects of killing microorganisms by different disinfectants
Disinfectant Mechanism Literature
Chlorine Inhibition of enzymes necessary for DNA Carlson (1991) and

replication Leyer and Johnson (1997)
Chlorine Altering of cell walls by amino group

oxidation
Sharma and Venkobachar (1979)

ClO2 Disruption of protein synthesis Bernarde et al. (1967)
ClO2 Destruction of glucose oxidase Junli et al. (1997)
O3 Destruction of membranes Christensen and Giese (1954)
O3 Reaction with glutathione Scott and Lesher (1963)
O3 Damage of chromosomal DNA Ishizaki et al. (1987)
OH radicals Strand breaking in DNA radicals Hamelin and Chung (1978)
OH radicals Reaction with nucleic acids Von Sonntag (1987)
OH radicals Deformation of cell surface, wall rupture Diao et al. (2004)
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Fig. 7.3 Patterns of damaged cells after reacting with chemicals (initial concentration C0 of mi-
croorganisms (MO) in CFU mL�1/. (a) E. coli, C0 D 107, 1mL MO C 1mL 0:4 ppmClO2,
ttr D 5min. (b) B. subtilis, C0 D 108, 1mL MOC 1mL3%H2O2, ttr D 1min. (c) S. cerevisiae,
C0 D 106, 1mL MOC1mL electrolysed solution (100 ppm sulphateC100 ppm chloride, 150 mL,
150 mA, rotating IrO2=RuO2 anode, 20ıC, 10 ppm active chlorine), ttr D 5 h. (d) E. coli, C0 D 107,
1mLHClC 2:33mL HCl, ttr D 1min. (e) E. coli, C0 D 107, 1mL MOC 0:4285mL1MNa2S2O8,
ttr D 1 min. (f) S. cerevisiae, C0 D 107, 4mL MOC 1mL 0:2 ppm ozone, ttr D 1 min. (g) E. coli,
C0 D 105, 1mL MOC1mL electrolysed solution (100 ppm sulphateC 100 ppm chloride, 150 mL,
150 mA, rotating IrO2=RuO2 anode, 20ıC, 6 ppm active chlorine), ttr D 5 min

Some of the existing simplified reaction models were published elsewhere (Gyürek
and Finch 1998). The influence of active chlorine concentration and kind of mi-
croorganism was demonstrated in project work combining electrochemistry and
UV irradiation method (Bergmann et al. 2002). Affected cells tend to agglomerate.
Figure 7.3a shows a dissolving cell agglomeration after adding chlorine dioxide.
Nearly all cells show lyses effects. Figure 7.3b is a transmission picture of cells
damaged by H2O2. When treatment time is chosen to be longer and peroxide
concentration to be higher, cell wall rupture can be found; however, such high con-
centration values are not typical for in-line electrolysis processes. Yeast cells with
relatively thick cell walls seldom disrupt in treatment (c and f) but Fig. 7.3f shows
both severe and non-severe damage to cells at the same time because the cell sus-
pension always contains cells of very different lifetime and constitution. Often, cell
endings show higher damage (e and g). This can be explained by differing structures
of the places for cell division.

7.3.2 The Production of Disinfection Products

The production of disinfecting species must be in agreement with the corresponding
rules for drinking water, usually limiting the concentration of species at the point of
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addition or at several times from the start of production. A typical time interval is
30 min. Practical application, however, often shows other, not well-controlled sit-
uations in the grey zone of in-line applications. Chemicals allowed to be added to
drinking water are the active chlorine species, e.g. dissolved chlorine, hypochlorous
acid and hypochlorite ions, furthermore, ozone and chlorine dioxide. The situation
is complicated by the fact that chloramines are forbidden in many European coun-
tries but are allowed to be added in USA. Thus, disinfection products in one region
of the world may be disinfection by-products in another region as will be explained
in Sect. 7.3.3.4.

Ozone was not measured in the water using MIO anodes but O3 is a reaction
product of electrolysing water poor in chloride ions and using anodes with high
oxygen overvoltage. So-called Membrel electrolysers with PbO2 anodes were sold
in the past for water-disinfection purposes. BDD anodes are also characterised by
ozone generation (Katsuki et al. 1998) and able to work with current efficiency val-
ues in the range of some percents. Problems of ozone generation are discussed in
Sect. 7.3.3.5. There are new attempts to produce gaseous ozone in water electroly-
sers using BDD anodes (Thiele and Foerster 2006) but this is not yet a typical case
in in-line electrolysis.

Chlorine dioxide is usually not a target of water electrolysis but it may occur
when electrolyzing water. This special ClO2 problem is discussed in Sect. 7.3.3.2.

The mass distribution between the three active chlorine species (see above) is
dependant on pH (White 1999). For pH values higher than 4 nearly no dissolved
chlorine is present in water whereas for pH values higher then 10 nearly all chlorine
exists as hypochlorite. Drinking water is allowed to have pH conditions between 6.5
and 9.5. This consideration is necessary because an electrochemical reactor works
with distributed pH parameters. This is due to the fact that the main reaction in
electrolysing water containing chloride ions in the ppm range is the splitting of
water according to (7.1) and (7.2).

Main anodic reaction H2O! 2HC C 0:5O2 C 2e (7.1)

Main cathodic reaction 2H2OC 2e! 2OH� C H2 (7.2)

This means, at a considered working point, pH is lowest near the anode surface
and highest in the vicinity of cathode (Fig. 7.4).

The higher the current density applied, the higher are the differences in anodic
and cathodic pH. This behaviour, simplified in Fig. 7.4 by three layers of essentially
different pH conditions, is known from electrochemical engineering. The conse-
quences for in-line electrolysis are manifold. For example, the low pH leads to the
well-known chlorine formation and dissolution according to (7.3)–(7.6).

2Cl� ! Cl2 C 2e (7.3)

The mechanism of this reaction on MIO anodes was studied at higher chloride con-
centrations and was discussed recently (Trasatti 2000).
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Fig. 7.4 Distribution of pH and formation of different reaction zones in in-line electrochemical
cells and possible model structure for different reaction zones coupled by mass transfer

Dissolved chlorine quickly reacts with water near the anode (7.4).

Cl2;diss: C H2O! HOClC HC C Cl� (7.4)

Participation of OH� ions is probable because the kinetic constants for the reaction
with hydroxyl ions (7.5) are in the range of 1014 (White 1999).

Cl2;diss: C OH� ! HOClC Cl� (7.5)

Dissociation of HOCl forms hypochlorite ions (7.6).

HOCl$ HC C OCl� (7.6)

There are many side reactions significantly depending on pH. So, chlorine dioxide
is not stable for lower pH, the reaction rate of chlorite with active chlorine is much
higher for lower pH and nitrite reacts faster with active chlorine at very low pH con-
ditions. In addition, reactions in different zones must be taken into consideration if
the reaction constants are very high. This is the case for OH radicals and is discussed
in Sect. 7.3.3.5.

In-line electrolysis of water differs from technical electrolysis processes in many
parameters. The chloride concentration allowed for drinking water is relatively
small and not allowed to exceed 250 ppm (in Germany). Other concentration values
are also limited that result in low electrical conductivity conditions (maximum
2,500�S cm�1 in Germany). From the electrochemical point of view, one has to
expect strong diffusion control of active chlorine formation. Unfortunately, low dif-
fusion enhancement possibilities exist because the gas evolution [(7.1) and (7.2)]
dominates mass transfer. Only the low influence of anode rotation on chlorine
formation was measured (Bergmann and Koparal 2005a). In the same work, the
migration effect was estimated by analysing the transport equation (7.7) and using
mass-transfer equations for the rotating disk electrode. It was shown that migration
has a significant influence on the active chlorine formation rate.



7 Drinking Water Disinfection by In-line Electrolysis 173

0 0,5 1 1,5

specific charge, Ah l–1

ac
ti
ve

 c
hl

or
in

e,
 p

pm
100 ppm

44 ppm

20 ppm

5 ppm

0 50 100
Cl– conc., ppm

ch
lo

ri
ne

 c
on

ce
nt

ra
ti
on

 (
T

C
),
 p

pm
 

15 min values

a b

0

5

10

15

20

25

30

35

40

0

5

10

15

20

25

30

35

40

45

50

Fig. 7.5 (a) Active chlorine concentration vs. specific charge in discontinuous experiments
with varying chloride concentration, (b) 15 min values of total chlorine concentration, (rotat-
ing MIO anode, 300 rpm, Ti cathode, 300 mA, 20–22ıC, 0.150 L, 240 ppm sulphate C 10 ppm
nitrateC 50 ppm carbonate, as sodium salts, DPD method)

Nj D wcj � Dj
dcj

dx
� cj

ƒj

zF
dˆ
dx
: (7.7)

Indeed, higher chlorine formation at higher cell currents was reported (Kraft
et al. 1999a; Bergmann and Koparal 2005d). Consequently, higher chloride concen-
tration may accelerate both diffusion and migration. However, the high voltage drop
in the vicinity of electrodes hinders true electrode potential measurement in obtain-
ing polarisation curves (Bergmann and Koparal 2005d). Figure 7.5 shows chlorine
formation for varying charge flow and chloride concentrations in discontinuous
experiments underlining the discussion. It is surprising that for the lowest chloride
concentration chosen the formation efficiency tends to be zero. This is in accor-
dance with many observations that detectable active chlorine concentration can be
measured starting from approximately 10 ppm chloride in the water (Hoell 2002).
Two explanations are possible:

1. No chlorine is formed during electrolysis.
2. Chlorine is formed but reduced in consecutive side reactions.

Figure 7.6 was obtained by carrying out electrolysis experiments at extremely low
chloride concentrations. Both curves show a tendency of chlorine formation and
destruction in terms of a spectrophotometrical DPD signal. Even if there are some
uncertainties with respect to the DPD method (see Sect. 7.3.3.7) these results sup-
port the second theory (2).

IrO2=RuO2 anodes show higher chlorine formation compared with IrO2 anodes
(Bergmann 2007a) but anodes containing RuO2 without IrO2 often show better



174 M.E.H. Bergmann

0
0,01
0,02
0,03
0,04
0,05
0,06
0,07
0,08
0,09

0 10 20 30 40 50
time, minutes

ac
ti
ve

 c
hl

or
in

e,
 p

pm
  

0,8 ppm

1,4 ppm

Fig. 7.6 Active chlorine formation in parallel plate cell at very low chloride concentrations
as indicated in the legend (IrO2=RuO2 electrodes, 150A m�2, 750mL, 20ıC, 0.8 and 1.4 ppm
chlorideC 232 ppm sulphateC 5 ppm carbonate as sodium salts)

chlorine formation than IrO2=RuO2 anodes. In addition, this formation depends
on the electrode supplier, i.e. on the kind of electrode preparation. The situation
is known from other publications (Kim et al. 2002). More research is necessary in
the field.

Adsorption and co-adsorption of ions on the anode are expected to have a bigger
influence on product yield when the ion concentrations are comparable and in the
low ppm range. Indeed, reports of a different reaction order with respect to chloride
oxidation and the influence of sulphate ions (Trassatti 1981) might be an indicator
of adsorption effects. The problem is discussed here in terms of analytical errors
(Sect. 7.3.3.7).

Active chlorine can be oxidised on the anode and reduced in cathodic reactions
(Krstajic et al. 1987):

6ClO� C 3H2O! 2ClO3� C 4Cl� C 6HC C 0:5O2 C 6e (7.8)
OCl� C H2OC 2e! Cl� C 2OH� (7.9)

Own experiments in divided cells using Nafionr membrane separators and
hypochlorite solutions in the ppm range of concentration resulted in current
efficiency values for active chlorine reduction of a few percent. Shifting the pH
to higher values complicated the experiments. A buffer stabilised the pH but the
relatively high concentration of buffer ions hindered the electrochemical reaction.
Thus, quantification is difficult. Kuhn et al. (1980) showed reduction inhibition
when calcareous deposits were precipitated on the cathode, but practical experi-
ments showed the decrease of chlorine production in this case.

Chemical chlorate formation can be neglected by estimating reaction rates with
known constants. Electrochemical chlorate formation is discussed in Sect. 7.3.3.1.
As considered below, side reactions of active chlorine with disinfection by-products
are mainly responsible for lowering the chlorine formation efficiency. It was found
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in the experiments using MIO electrodes that maxima of active chlorine forma-
tion exist depending upon the current density applied. The maximum is located
between 100A m�2 and 200A m�2 and can be explained by different partial polar-
isation curves for oxygen and chlorine evolution starting from different potentials.
The results are consistent with those of other groups (Arikawa et al. 1998) obtained
for higher chloride concentrations.

BDD anodes without impurities are not electrocatalytically active because water
electrolysis is characterised by the formation of OH radicals (Marselli et al. 2003),
ozone (Cho et al. 2005) and hydrogen peroxide (Drogui et al. 2001). One can con-
clude from radical chemistry that other radicals have to be expected in the anodic
reaction layer and, maybe, in the bulk. Foerster and co-workers compared active
chlorine formation on Pt and BDD anodes (Foerster et al. 2002). Formation of ac-
tive chlorine was explained by a mechanism involving the formation of Cl radicals
(Ferro et al. 2000):

Cl� ! ClC e (7.10)
2Cl! Cl2 (7.11)

An intermediate of the pH-dependent Cl radical formation is ClOH� (Klaening and
Wolff 1985).

For several reasons the mechanism and role of radicals must be discussed. First,
the adsorption ability of the chloride ion is very low (Pleskov 2003). Second, not
only chlorine but also other oxychlorine products such as chlorate and chlorine diox-
ide can be found by analysing the treated water and, chloride ions are able to react
with other radicals formed by reaction of OH radicals with additional ions. This
allows one to conclude that the formation of active chlorine proceeding with the
participation of OH radicals [(7.12) and (7.13)] is likely.

Cl� C OH! ClC OH� (7.12)
Cl� C 2OH! OCl� C H2O (7.13)

Higher chloride concentrations and higher current densities form higher amounts
of active chlorine but the situation is much more complicated as Fig. 7.7 shows.
In addition to the formation of active chlorine and chlorate, both components
are decomposed again. One of the resulting products is perchlorate as shown in
Sect. 7.3.3.3.

7.3.3 The Production of Inorganic Disinfection By-Products

7.3.3.1 Formation of Chlorate

Chlorate is often found as a by-product in long-term stored hypochlorite liquors
for disinfection purposes. The reaction is very slow and proceeds over weeks and
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Fig. 7.7 Concentration of chloride, active chlorine and chlorate in discontinuous electrolysis using
rotating BDD anode (IrO2 cathode, 200A m�2, 100 mL, 300 rpm, 20ıC, 50 ppm chloride as NaCl)

months. It was reported in the past (D’Ans and Freund 1957) in confirmation of
the so-called Foerster mechanism that for medium pH values (5–9) the reaction is
evident in the presence of free hypochlorous acid:

OCl� C 2HOCl! ClO3� C 2HC C 2Cl� (7.14)

with the partial reaction steps

2OCl� ! ClO2� C Cl� (7.15)
OCl� C ClO�2 ! ClO�3 C Cl� (7.16)

New explanations take into consideration Cl2O�H2O and ClO2� species (Adam
et al. 1992). Competing reaction (7.17) is much slower.

2OCl� ! O2 C 2Cl� (7.17)

In other studies it was found that a maximum of HOCl decomposition exists at
pH D 6.89. For the third-order reaction (7.14), catalytic activity of the chloride ion
was suggested for hypochlorite decomposition and the stabilising effect of higher
pH was quantified in the pH range 9–14 (Adam and Gordon 1999).

However, industrial electrochemical chlorate production is aimed at the chemical
path in external reactors because of the higher energy efficiency compared with the
summary electrochemical process:

6OCl� C 3H2O! 2ClO3� C 4Cl� C 6HC C 1:5O2 C 6e (7.18)
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or
6HOClC 3H2O! 2ClO3� C 4Cl� C 12HC C 1:5O2 C 6e (7.19)

A series of papers tries to explain the electrochemical mechanism in more detail.
With respect to RuO2 anodes, chlorite was suggested as an intermediate in chemical
reactions in the acidic anode layer of weakly alkaline solutions of lower chloride
content (Czarnetzki and Janssen 1992):

2HClO! ClO2� C 2HC C Cl� (7.20)

ClO�2 C HClO! ClO3� C HC C Cl� (7.21)

Electrolysing hypochlorite on Pt in 1 M NaOH chlorite was found to be an inter-
mediate using Raman spectroscopy (Tasaka and Tojo 1985). The authors suggest a
stepwise OCl� ! ClO2� ! ClO3� electrochemical oxidation. The non-selective
character of OH radicals lets one conclude that similar stepwise mechanisms are
responsible in chloride electrolysis using BDD anodes.

In the concentration range of in-line water disinfection, the occurrence of chlo-
rate is usually denied by cell users and producers. Only a few data exist where
the presence of chlorate is mentioned (Cho et al. 2001). Our own studies, how-
ever, clearly showed, both with synthetic and real waters and both in laboratory and
technical cells, a high chlorate formation potential. For example, the chlorate con-
centration in technical reactors using BDD or MIO anodes and real drinking water
(44 ppm Cl�/ was in the range of some ppm (BDD) and some hundred ppb (MIO)
in single-pass operation mode.

Figure 7.8 is a clear demonstration of the different behaviour of the two elec-
trode materials. While chlorate is formed at a nearly constant rate on MIO in the
electrochemical reaction, on BDD it is soon consumed (with perchlorate forma-

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60
time, min

ch
lo

ra
te

 c
on

ce
nt

ra
ti
on

, 
m

g/
l 
 

mixed oxide
diamond

Fig. 7.8 Chlorate formation in discontinuous experiments using rotating IrO2=RuO2 and boron-
doped diamond anode (IrO2 cathode, 50 mL, 50 ppm chloride, 200A m�2, 20ıC, 300 rpm, pH D
7 KH2PO4=NaOH buffer)



178 M.E.H. Bergmann

tion). Chlorate was also measured using other anode materials (at varied RuO2:IrO2
ratio, Pt). Because chlorate is sometimes limited by regulation in drinking water, its
concentration should be controlled when in-line electrolysis is applied.

7.3.3.2 Formation of Chlorine Dioxide

Chlorine dioxide is a powerful disinfectant able to kill free and immobilised
microorganisms (Gates 1998). A large bibliography exists in the field. Its main
advantage is its lower potential for forming organic DBPs. ClO2 can be pro-
duced in chemical and electrochemical reactions starting from chlorate or chlorite
(Kirk-Othmer 1979; Oloman 1996). Thermodynamics suggest reactions start-
ing from chloride and chlorine [(7.22–7.23)] but little is known about the true
mechanisms.

Cl� C 2H2O! ClO2 C 4HC C 5e (7.22)
Cl2 C 4H2O! 2ClO2 C 8e (7.23)

ClO2 is extremely easily formed from chlorite even in the ppm concentration range
of chlorite (Bergmann 2006a, Pillai et al. 2009):

HClO2 ! ClO2 C HC C e (7.24)

Figure 7.9 shows a superficial effect when chlorite and chloride are present in the
electrolysed water. In addition, the pH was chosen to be low by dividing the cell
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as indicated)
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into two compartments and simulating low pH conditions near the anode in chloride
electrolysis. It was found in our own experiments, both in divided and non-divided
cells, that more ClO2 was analysed when the chloride concentration was increased
at constant chlorite concentration.

The exponential slope in the beginning could be an indication of both electro-
chemical and chemical ClO2 formation.

BDD anodes oxidise chlorite to ClO2 with reduced efficiency because of easier
chlorate and perchlorate formation (see also Fig. 7.13). An optimal current density
exists (not shown here).

Thermodynamics allows ClO2 formation from hypochlorous acid (7.24)

HClOC H2O! HClO2 C 2HC C 2e (7.25)

but electrolysis of hypochlorous solutions preferably results in chlorate formation.
It was recently found (Bergmann2005a; Bergmann and Koparal 2005c) that un-

der drinking water electrolysis conditions chlorine dioxide is definitely formed.
ClO2 peaks in the UV spectra were temporarily measured especially when experi-
ments were disturbed by gas blocking effects or the interruption of the electrolyte
flow (Fig. 7.10).

It is not yet clear if the ClO2 formation is based on an electrochemical or chem-
ical mechanism or on both. New IC results (not presented here) show that chlorite
in low concentration can be present using MIO anodes. (Chlorite formation from
ozone and chlorine was also reported recently – Son et al. 2005.) Thus, a peak in
electrode polarisation (related to the 10-min value in Fig. 7.10) would allow HClO2
to form (see also mechanism of chlorate formation). During this period the pH is
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extremely low and chlorite or chlorous acid can react with hypochlorous acid ac-
cording to reaction (7.26):

2HClO2 C HClO! 2ClO2 C Cl� C H2OC HC (7.26)

The peak-like increase of absorbance near 230 nm (typical for HOCl) in Fig. 7.10
is probably related to a shift to lower pH values (HOCl formation from OCl�/ and
appears to confirm this.

The reaction (7.27)

2HClO2 C Cl2 ! 2ClO2 C 2Cl� C 2HC (7.27)

forming the intermediate [Cl2O2] is reported as being faster (Emmenegger and
Gordon 1967) but higher chlorine concentration would be necessary near the anode.
Another option is the fast electrochemical reaction of hypochlorite to chlorate.
A reaction path (7.28) is reported for the presence of hydrogen peroxide (formed
anodically), but for a much higher concentration range (Burke et al. 1993). It is
worth noting this, because hydrogen peroxide is more stable at pH D 4 (Gordon
et al. 1998).

2NaClO3 C H2O2 C H2SO4 ! 2ClO2 C O2 C 2H2OC Na2SO4 (7.28)

In fact, active chlorine consumption was observed in disturbed experiments with
higher ClO2 concentration. Chemical formation from active chlorine and chlorite is
also favoured due to the reaction behaviour after switching off the electrolysis ex-
periments (Fig 7.11). It can often be seen from the UV spectra that the hypochlorite
peak decreases and the ClO2 peak slightly increases. Increase of ClO2 concentra-
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tion can also be measured by applying the Macherey&Nagel test set (Bergmann and
Koparal 2005c). ClO2 is sometimes detectable using the Lisamin Green method for
samples during and after electrolysis. Simulating the process by adding hypochlorite
and chlorite in higher concentration to the cuvette in excess of chlorite, rapid ClO2
formation can be easily demonstrated (Fig. 7.11). In contrast to this, it is thought
that chlorine dioxide is mainly formed in the pH range 6–10 due to the presence
of catalytic metal ions (Gordon and Tachiyashiki 1991). Other researchers (Peintler
et al. 1990) report that with excess HOCl and at a higher pH, chlorate formation is
the main reaction (7.29).

2HOClC ClO2� ! ClO3� C Cl2 C H2O (7.29)

In electrolysis using BDD anode chlorite as a ClO2 precursor may be formed by
ozone attacking the hypochlorite ion (von Gunten 2003). The reaction rate is rela-
tively small as well as for chlorite oxidation by ozone. OH radical-based effects are
more probable.

So formed, chlorine dioxide may undergo many chemical or electrochemical re-
actions. With organic matter it again forms chlorite. If ozone is generated, it reacts
in the ms-range with chlorine dioxide in competition with the reaction with active
chlorine (Gordon et al. 2002):

2ClO2 C O3 C H2O! 2ClO3� C O2 C 2HC (7.30)

Chlorite is also formed when ClO2 is reacted with hydrogen peroxide (see also ROS
discussion below). Chlorite can be stabilised for many hours at high pH values. In
the minute-time scale chlorine dioxide reacts with active chlorine depending on the
pH value [(7.31)–(7.32)].

2ClO2 C HOClC H2O ! 2ClO3� C Cl� C 3HC (7.31)

2ClO2 C 2OH�  ! ClO2� C ClO3� C H2O (7.32)

The chlorine/chlorine dioxide system was modelled with real water data. A maxi-
mum in chlorite formation was found (Schmidt et al. 1999).

When chlorine dioxide is obtained by anodic chlorite oxidation, with or with-
out the addition of sulphate, it is relatively stable in the minute-to-hour time scale
at room temperature in the dark. Complex formation probably stabilises the chlo-
rine dioxide (Gordon and Emmenegger 1966). Unfortunately, observation of this
complex under these conditions in water electrolysis is compromised by low optical
sensitivity.

It can be summarised that both chlorine dioxide and chlorite can be identified
in many experiments at several time intervals. The ClO2 concentration depends
on many influences but experiments with both rotating anode cells and parallel
flow-through cells show proportional concentration values compared to the volume
factor at constant current load on MIO anodes and using different analysis methods.
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This concentration is usually between 0.05 and 0.2 ppm. The large variety of pos-
sible ClO2 consuming reactions makes the analysis difficult. The consumption of
chlorine dioxide could contribute to a certain extent to chlorate formation in drink-
ing water (Fig. 7.11).

7.3.3.3 Formation of Perchlorate

The presence of perchlorate is one of the most topical discussions concerning drink-
ing water in USA (Urbansky and Schock 1999; Gu and Coates 2006). Recently,
Massachusetts and California set a limiting concentration of 6 ppb and 2 ppb for
perchlorate in drinking water. In 2009, the Environmental Protection Agency (EPA)
released an interim drinking water health advisory of 15 ppb.

Thermodynamics gives a variety of equations for perchlorate formation as fol-
lows [(7.33)–(7.39), with indication of standard potentials vs. SHE].

Cl� C 4H2O! ClO�4 C 8HC C 8e 1.389 V (7.33)

Cl2 C 8H2O! 2ClO�4 C 16HC C 14e 1.389 V (7.34)

Cl� C H2O! HClOC HC C 2e 1.494 V (7.35)

HClOC H2O! HClO2 C 2HC C 2e 1.645 V (7.36)

HClO2 C H2O! ClO3� C 3HC C 2e 1.214 V (7.37)

Cl2 C 6H2O! 2ClO3� C 12HC C 10e 1.470 V (7.38)

ClO3� C H2O! ClO4� C 2HC C 2e 1.189 V (7.39)

Chloric acid may disproportionate:

2HClO3 $ HClO4 C HClO2 (7.40)
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Hydrolysis of ClO3 and Cl2O7 gases also results in perchlorate formation. Chlorine
dioxide can be oxidised by ozone with the formation of Cl2O6. Hydrolysis results
in the formation of perchloric acid [(7.41) and (7.40)].

2ClO2 C O3 ! Cl2O6 C 0:5O2 (7.41)
Cl2O6 C H2O! HClO3 C HClO4 (7.42)

Perchlorate is industrially produced from concentrated chlorate solution using Pt or
PbO2 anodes (Kuhn 1971). The process can be started from chloride or hypochlo-
rite but higher amounts of energy are necessary. Anodes containing RuO2 are able
to produce perchlorate but they are not applied for this purpose. The electrochemical
production of perchlorate from concentrated chlorate solution using doped dia-
mond anodes was reported in patent literature (Lehmann 2002). In drinking water,
ClO4� formation was found in the electrolysis of synthetic and real drinking water
using BDD anodes (Bergmann et al. 2007b; Bergmann and Rollin 2007b). Sim-
ilarly to technical processes, perchlorate can be obtained starting from chloride,
hypochlorite, chlorite and chlorate and leads to the suggestion that stepwise oxida-
tion takes place with participating OH radicals [(7.43); Bergmann and Rollin 2007c;
Bergmann et al. 2009].

Cl�
OH
�! OCl�

OH
�! ClO2�

OH
�! ClO2

OH
�! ClO2

� OH
�! ClO3�

OH
�! ClO4�

(7.43)

The participation of chlorite and ClO2 is still speculative because short-lived chlo-
rite is difficult to detect. But chlorite can be a reaction product of active chlorine
and ozone (Gordon et al. 2002). When chlorite in the ppm range was electrolysed
separately, chlorine dioxide was clearly formed and removed during the discontin-
uous experiment. In large excess of ozone over chlorite, chlorine dioxide, chlorate
and perchlorate are formed by ozone reactions, with ClO3 as an intermediate (von
Gunten 2003). The OH radical-based theory of perchlorate formation from chlorate
is supported by the low reaction rates of chlorate with ozone (Langlais et al. 1991)
and studies by Siddiqui (Siddiqui 1996).

Surprisingly, perchlorate was found in drinking water simulating cathodic pro-
tection systems using iron electrodes (Jackson et al. 2004). The authors concluded
perchlorate formation by electrochemical chloride oxidation forming chlorate. This
is unlikely for iron anodes. More likely is a mechanism of cathodic peroxide
formation from dissolved oxygen. The mechanisms discussed in the literature in-
clude different reactive species (Damjanovic 1992), but when hydrogen peroxide
is present and bivalent iron from anode dissolution exist, reactions undergo the so-
called Electro-Fenton Process with OH radical formation. These oxidise in further
steps from chloride to perchlorate. Perchlorate can also be formed as the result of
a radical-based chemistry in real and simulated atmospheric processes (Dasgupta
et al. 2005).

Figure 7.13 shows the good perchlorate formation potential starting from chlo-
rite and chlorate and forming intermediates (exponential concentration increase).
Surprisingly, the addition of sulphate improves the formation starting from chlorite.
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Fig. 7.13 Perchlorate formation in the discontinuous parallel plate cell using BDD electrodes and
artificial waters (200A m�2, 650 mL, 20ıC)

Probably, the consumption of OH radicals in competing side reactions is lower.
The same tendency was observed in experiments with chloride and chlorate (not
shown here).

Using cells with MIO anodes traces of perchlorate were found depending on the
chosen conditions. It is not yet clear whether there is an electrocatalytic formation
or the formation is supported by radicals. The latter can also be formed on MIO
(Kim et al. 2005; Jeong et al. 2009).

It is still worth noting that in an early work (D’Ans et al. 1957) the authors found
that perchlorate is a by-product in reacting hypochlorite/hypochlorous acid with
chlorate. It is explained by the fast formation of an activated complex [HCl2O4��

that may slowly react to perchlorate, HC and Cl�.
Perchlorate formation in drinking water electrolysis is a serious problem. In

experiments using a semitechnical bipolar cell with BDD electrodes and drinking
water (40 ppm chloride) even for the lowest current density applied (50A m�2/ per-
chlorate was measured at 30 ppb using a residence time of approximately 1 s. This
behaviour does not recommend BDD cells for drinking water treatment without ad-
ditional measures.

7.3.3.4 Formation of Nitrogen Containing By-Products

Nitrate ions are allowed in German drinking water up to the limiting concentra-
tion of 50 ppm. The limiting concentration for nitrite and ammonium are 0.1 ppm
(water works) and 0.5 ppm, respectively. Chloramination is not permitted. Hundreds
of publications exist in the field of nitrate electrolysis in acidic, neutral, and al-
kaline media, mostly for nitrate concentrations in the g L�1 range. Depending on
the conditions, the formation of nitrite, ammonium, N–O, N–H components and
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nitrogen is possible. Brutto kinetic equations usually describe the complicated reac-
tion mechanisms. The problems of drinking water electrolysis are similar to those of
water chlorination but differences exist. One example is the formation of nitrite. It is
known from electrolysis in weakly alkaline media that at lower cathodic potentials
nitrite is formed [(7.44)–(7.47)], whereas at higher potentials ammonium is formed
(Bouzek et al. 2003).

NO3� C H2OC 2e! NO2� C 2OH� (7.44)
NO3� C 6H2OC 8e! NH3 C 9OH� (7.45)
NO2� C 5H2OC 6e! NH3 C 7OH� (7.46)

NH3 C H2O$ NH4C C OH� (7.47)

Nitrite formation was reported in drinking water electrolysis (Bergmann et al.
2005d). It is surprising because nitrite is thought to be oxidised quickly. However,
our own studies of oxidising nitrite ions by oxygen, hydrogen peroxide, ozone and
ozone/hydrogen peroxide showed that ozone gives the fastest conversion to nitrate.
A significant reaction with hydrogen peroxide is known only for pH values lower
than 3.5. From so-called breakpoint chlorination it is known (White 1999) that ni-
trite is stable if chloramines are present. Figure 7.14 clearly demonstrates nitrite
formation in water poor in chloride ions. Formation of ammonium and chloramines
according to (7.48) and (7.49) can be seen from Fig. 7.15.

HClOC NH3 ! NH2ClC H2O (7.48)
HClOC NH2Cl! NHCl2 C H2O (7.49)

Fig. 7.14 Nitrite detection by IC electrolysing water in a discontinuous cell with rotating BDD
anode (300 rpm, IrO2 cathode, 100 mL, initial concentration 47 ppm nitrate C 9 ppm chloride as
sodium salts, 20ıC)
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Chloramines were analysed in additional experiments by selective spectrophotomet-
rical procedure (HACH method 10171). When the chloride concentration is nearly
zero, de facto no chlorine or chloramines (measured as the difference between to-
tal and active chlorine) are visible. Ammonium is formed linearly in the cathodic
reaction (A). In the second case B, active chlorine is consumed by the ammonium
with chloramine formation. After switching off the electrolytic current, this reaction
continues until all the chlorine is reacted.

Using BDD anodes and MIO cathodes, enrichment of ammonia was also ob-
served – in contradistinction to other studies using higher ammonium concentration
and an IrO2 anode (Kim et al. 2005). In the combination of BDD anode/BDD cath-
ode, nitrite was oxidised but only relatively slowly. When nitrate was electrolysed,
its depletion was lower than 1 ppm for current densities lower than 200A m�2. An
explanation for the relatively low reaction rate between radicals and nitrite is the
assumption that ozone or radicals are consumed in faster reactions such as peroxide
formation and chlorine oxidation. OH radicals are also able to oxidise chloramines
(Huie et al. 2005).

Reactions of chlorine with radicals, hydrogen peroxide or ammonia lower the ac-
tive chlorine efficiency. Nitrite in the presence of chlorate and perchlorate was found
at 0.5 ppb by discontinuously electrolysing real drinking water using a BDD an-
ode and an IrO2 cathode. Consequently, for water systems such as nitrate/chloride,
threshold conditions must exist for measurable active chlorine. This can be seen in
Fig. 7.16. Active chlorine can only be detected by analytical means under concrete
conditions when the initial chloride concentration is above approximately 10 ppm.
The problems discussed here are relevant if the ammonium, chlorine and nitrite
concentrations are in similar molaric concentrations. It is not very likely that a
technical flow-through reactor produces ammonium, chloramines and nitrite in high
quantities.
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Fig. 7.16 One-minute
analysis values of samples
electrolysing water poor in
chloride ions and varying the
chloride concentration (cell
with rotating BDD anode,
300 rpm, IrO2 expended mesh
cathode, 200 mA, 37 ppm
nitrateC chloride as sodium
salts, 160 mL, 20ıC)
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7.3.3.5 Formation of Reactive Oxygen Species

OH Radical, Hydrogen Peroxide and Ozone

For most types of mixed oxide electrodes, reactive oxygen species (ROS) forma-
tion is not predominant. For example, using IrO2 and RuO2 cathodes, H2O2 was
measured with concentrations up to 0.3 ppm, only in chlorine-free waters and in
non-divided cells, when dissolved oxygen was present (Bergmann 2005b). A series
of other experiments using MIO anodes and adding H2O2 prior to the start of ex-
periment showed only slight effects of electrochemical (anodic) H2O2 destruction.

As mentioned above water electrolysis on BDD anode leads to OH radical for-
mation:

H2O! OHC HC C e (7.50)

Unfortunately, in a very fast reaction (7.51) these radicals destroy themselves with
the formation of peroxide (Hickling 1947) having a much lower oxidation potential.

2OH! H2O2 (7.51)

Figure 7.17 depicts the increase of H2O2 concentration during discontinuous elec-
trolysis of water containing sodium sulphate. The conclusion can be drawn that the
reaction zone in the vicinity of BDD should be reduced as much as possible to trans-
port radicals faster to the bulk, or that an efficient reactor should have high ratios of
electrode area to electrolyte volume. In a chlorine-free solution, the DPD test dif-
ference TC–AC follows the peroxide concentration pathway because H2O2 reacts
slowly with I�.

Another significant reaction on BDD anodes is the generation of ozone from OH
(Babak et al. 1994; Michaud et al. 2003). Reduced solubility and high reactivity
are responsible for the rare detection of ozone in the liquid phase. If ozone quickly
disappears, radical formation from H2O2 and ozone in the bulk electrolyte [(7.52)
and (7.53)] is negligible.
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Fig. 7.17 Hydrogen
peroxide formation in a
discontinuous cell using
parallel plate BDD electrodes
and varying current density
(650 mL, 240 ppm sulphate as
sodium salt, 20ıC)
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The presence of OH radicals, H2O2 and O3 must cause mechanisms known from
photolysis, photocatalysis or ozonation (Langlais et al. 1991). New ROS such as
O3�, O2�, O�, HO2, HO3, HO4 and others are possible; most of them are short
lived. Interactions with chloride, carbonate, bicarbonate, sulphate and other ions
may form longer lived radicals (Gottschalk et al. 2000; Le Truong et al. 2004).
The discussion below makes it clear that there are many indications of OH radicals
reacting with other ions.

Chloride ions are consumers of OH radicals whereas active chlorine may con-
sume OH radicals, ozone and hydrogen peroxide. The mechanism of the perox-
ide reaction with active chlorine depends on the pH as summarised elsewhere
(Blum 1989). Summary expressions are:

H2O2 C Cl2 ! 2HClC O2 (7.54)
H2O2 C HOCl! HClC H2OC O2 (7.55)

and
HOClC HO2� $ HOOClC OH� (7.56)

for the case of HO2� presence (starting at pH D 7 – Held et al. 1978). The effect
can be demonstrated when H2O2 is added to the chloride solution for electrolysis
(Fig. 7.18).

If present, chlorine dioxide may react with H2O2 (Gordon 2001) such as the
carbonate radical (Behar et al. 1970):

ClO2 C H2O2 C 2OH� ! 2ClO2� C O2 C 2H2O (7.57)
CO3� C H2O2 ! HCO3� C HO2 (7.58)
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Fig. 7.18 Active chlorine
formation in discontinuous
cell using rotating MIO anode
with and without pre-adding
of H2O2 (30 rpm, IrO2

cathode, 205 ppm
sulphateC 2 ppm carbonate,
sodium salts, pre-addition of
2.5 ppm H2O2 in the second
experiment)
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Percarbonates

As percarbonates components are often named as having the structure
2Na2CO3�3H2O2 which is in fact carbonate sesquiperhydrate. Percarbonates
produced electrochemically differ from this. Peroxodicarbonate (C2O62�/ was
obtained on Pt from 0.14 M to 1.13 M carbonate solution in a first-order reaction
(Zhang and Oloman 2005):

2CO32� ! C2O62� C 2e (7.59)

Hydrolysis gives hydrogen peroxide:

C2O62� C 2H2O! H2O2 C 2HCO3� (7.60)

HCO4� is an intermediate in this process (Flanagan et al. 1986). Bicarbonate was
oxidised using a BDD anode (Saha et al. 2004). Earlier work describes the OH radi-
cal reaction with carbonate and bicarbonate as scavengers (Hoigne and Bader 1977)
and with rate constants between 106 and 107 in the form:

HCO3� C OH! H2OC CO3� (7.61)
CO32� C OH! OH� C CO3� (7.62)

CO3� reacts with H2O2 to form HCO3� and HO2 with a rate constant of 8 � 105.
By electrolysing carbonate and bicarbonate solutions in the ppm range,

(Borutzky et al. 2006) no (using MIO anodes) and negligible (using BDD an-
ode) disinfection activity was measured after adding the electrolysed solution to
suspensions of microorganisms. Electrolysis samples analysed by DPD test showed
low radical formation (“Wursters Red”) so that a small amount of radical formation
is likely.
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Persulfates

The anodic formation of peroxodisulphate and peroxomonosulphate on Pt is a well-
known process [(7.63) and (7.64); Oloman 1996].

2SO42� � 2e! S2O82� (7.63)

S2O82� C H2O! SO42� C SO52� C 2HC (7.64)

H2S2O8 C H2O! H2SO5 C H2SO4 (7.65)

Using BDD anodes peroxodisulphate was formed from highly concentrated sul-
phuric acid (Michaud et al. 2000; Serrano et al. 2002). No data exist on the oxidation
of sulphate in drinking water. From our own experiments comparing MIO and BDD
anodes in artificial drinking water (Borutzky et al. 2006) it was found that a clear
disinfecting effect was reached only in the case when water containing 240 ppm
sulphate was electrolysed at 300A m�2 on BDD. Because the water was firstly elec-
trolysed and then added to microorganisms it can be concluded that the disinfection
effect is not related to short-lived OH radicals. A probable mechanism is the forma-
tion of sulphate radicals:

SO42� C OH! SO4� C OH� (7.66)

or, more probably,

2HSO4� C 2OH �! S2O82� C 2H2O (7.67)

This mechanism is realistic considering the standard potentials of OH, HC=H2O �
2:59V and SO4�=SO42� � 2:43PV (Wardman 1989). There are other indications
for the existence of sulphate ion reaction products – a statistically slight decrease
of sulphate concentration in discontinuous experiments and the higher formation
of perchlorate and ClO2 in our own experiments starting from chlorite (see also
Fig. 7.13). In a recent publication (Polcaro et al. 2007), a superficial disinfection
effect was observed when electrolysing chlorine-free water containing sulphate.
Other researchers (Le Truong et al. 2004) observed an accelerating effect in sul-
phate containing waste when ferrous ions were oxidised by H2O2 (OH radicals).
Thus, sulphate ions in drinking water electrolysis can be considered as reacting
scavengers or precursors of mediators supporting the action of OH radicals to a
certain extent.

7.3.3.6 The Role of Technology, Operation Mode and Geometric Factors

Many technological aspects have to be taken into consideration and classification is
difficult. Some of the most important items in this discussion are:

– Cell operation mode
– The use of separators
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– The cell location with respect to the main water stream
– Geometric peculiarities in electrode arrangement

The highest risk of by-product formation is given in discontinuous operation be-
cause both products and by-products are recirculated and able to take part in further
electrode reaction processes. Accumulation effects at concentrations higher than
those permitted are possible.

The use of separators (ion exchange membranes or diaphragms) has a series of
advantages. First, the cathodic gas (hydrogen) is not added to the water and reduces
the amount of gas in the treated water. Gas diffusion cathodes could remove this
cathodic problem, but at higher costs, membrane handling, the catholyte cycle and
deposits have prevented their application. Second, the formation of deposits on the
cathode is reduced. These deposits are mostly based on the higher pH at the cathode
and the favoured formation of carbonates (Kraft et al. 1999b; Gabrielli et al. 1999;
Deslouis et al. 1998):

HCO3� C OH� ! CO32� C H2O (7.68)
Ca2C C CO32� ! CaCO3 (7.69)

The problem can theoretically be reduced when water is transported in a by-pass
arrangement through the non-divided or divided cell (Fig. 7.19b, c) and by consec-
utive flow through anodic and cathodic cell compartments with a decreasing pH
in the anolyte (Fig. 7.19d). Cell separation as shown in Fig. 7.19c usually supplies
more HOCl than in a non-divided cell. The disinfection power of HOCl is higher
than that of hypochlorite ions. But if disinfection continues over many minutes this
advantage is reduced adding the catholyte too early to the anolyte.

In affected cells (Fig. 7.20a), deposits can be removed by changing electrode
polarity. At low pH calcareous deposits dissolve (7.70)

Q1

Q2

Q

a b c d

Fig. 7.19 Flow schemes of in-line electrolysis (a) single pass of total water stream, (b) by-pass
arrangement, (c) divided cell with by-pass as catholyte, (d) divided cell with catalytic bed for
product and by-product removal
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Fig. 7.20 (a) Opened half-cells with covered cathode (left). (b) Mass changes in nanogrammes
on the mass balance cathode in waters of different composition [(1) saturated CaCO3, (2) 240 ppm
CaSO4C saturated CaCO3, (3) 240 ppm Na2SO4 C CaCO3, (4) saturated Ca.OH/2, (5) saturated
Ca.OH/2C saturated CaCO3]

CaCO3 C 2HC ! Ca2C C CO2 C H2O (7.70)

Rapid change of polarity damages electrode coating and reduces the lifetime. The
period for polarity change depends on water hardness. Other ions such as Mg2C may
be involved in deposit formation. In general, different film formation can be con-
sidered such as deposits, floating hydroxide films and meta-stable gel-like phases
(Barchiche et al. 2003; Kadyk 2005). Figure 7.20b reflects this. If evolving gas
breaks off deposit particles from the surface, they can accumulate somewhere in the
system. It is difficult to control deposit formation because current distribution fo-
cuses on non- or thinner-covered parts, finally covering all the surface (Fig. 7.20a).
The efficiency of active species formation decreases in this case. The best method to
control the process is the application of quartz microbalance technology (Gabrielli
et al. 2002; Kadyk et al. 2006) but for practical purposes, this is too delicate.

Another problem is the by-pass mode (Fig. 7.19b) in discontinuous and contin-
uous electrolysers. If the same amount of produced active chlorine is wanted, the
cell in the by-pass regime has to supply a higher concentration, i.e. it has to work at
higher current densities, thus increasing the formation of new by-products, because
the electrode potential increases. The by-pass mode was simulated (Bergmann and
Koparal 2004) assuming a constant current density mass-transfer limited reaction
of chloride ions to active chlorine (this assumption is not correct for low chloride
concentration between approximately 20 ppm):

Cl� � ne
'diff
�! active chlorine (7.71)

With mass-transfer control, the differential current efficiency can be written:

'diff D kcCl: (7.72)
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The mass-balance equation for the ideally stirred reactor is

�Q1
�
cCl � c

0
Cl

�
D

IkcCl

nF
(7.73)

that gives (7.74)

cCl D
c0Cl

1C B
(7.74)

with

B D
Ik

nFQ1
(7.75)

Calculating the resulting chloride concentration from (7.74)

c D
Q1ccl CQ2c

0
cl

Q
(7.76)

with the recirculation ratio
˛ D

Q1

Q
(7.77)

one obtains

c D
˛2c0Cl

˛ C B
C .1 � ˛/c0Cl (7.78)

that gives results presented in Table 7.2 using an initial concentration of 100 ppm
chloride and a set of typical parameters (Bergmann and Koparal 2004). The calcu-
lated chloride depletion is proportional to the formed active chlorine.

The maximum depletion of 0.95 is reached when all water is flowing through
the cell, comparative calculation of plug flow reactor model would result in a value
of 0.912. It is interesting that even for ’ D 0:25 a sufficiently high depletion can
be established. For lower recirculation ratios, the active chlorine amounts signifi-
cantly drop. The calculation shows the possibility of optimisation but knowledge of
the parameter kCl is necessary. Additional limitations are national rules for allowed
concentration values in the dosage point making the picture still more complicated.

Variant D in Fig. 7.19 is known from company presentations and describes the
production of highly acidic acolytes and the removal of disinfection products and

Table 7.2 Chloride depletion ration related to inlet concentration varying the recircula-
tion rate (c0Cl D 100 ppm)

˛ 0 0.01 0.1 0.25 0.5 0.75 1
Ratio cresult to c0Cl 1 0.9916 0.9655 0.9565 0.9524 0.9508 0.95
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Fig. 7.21 Influence of edge rounding radius on the secondary current density distribution along the
surface of plate electrode (parameter x) between location a and b (kinetics obtained from regional
tap water study, cCl� D 47 ppm, average current load �50A m�2; calculated cell voltage for all
radius nearly constant value of 6.04 V, electrolyte conductivity 667�S cm�1/.

by-products by adding a catalytic bed into the flow scheme of treated water. No real
data are available. Variants with separate catholyte cycles are not shown in Fig. 7.19.

Geometric parameters may influence the current distribution over electrodes.
Electrodes in a technical cell are typically arranged in parallel, forming monopolar
or bipolar stack constructions. However, slight deviations from parallelism are pos-
sible. Furthermore, at least in the flow direction, plate electrodes have open surfaces
with a more or less sharp edge profile. And finally, cell producers not only use plate
electrodes but also use expanded mesh constructions known for having distributed
potential, current density and concentration parameters. Some of these geomet-
ric structures were recently modelled using a Femlab simulation system (Kodym
et al. 2005, 2006).

The edge-based maxima in Fig. 7.21 demonstrate how these places may function
at a clearly higher current density (and by-product formation) compared with the
average current density. Thus, edge rounding is a sophisticated method of lowering
the risk.

7.3.3.7 Analytical Problems

It was demonstrated that water electrolysis generates mixed oxidant systems.
Oxidation–reduction potential (Hsu and Kao 2004) is not the best parameter for
system characterisation. In general, the online analysis of generated species is an
unsolved problem. Probably, not all electrolysis products are known. This can be
seen in analysing the active and total chlorine concentration. The standard method
uses DPD but the effect of other chemicals on the DPD method is one reason that
active chlorine is sometimes incorrectly measured. Amperometric analysis and
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Fig. 7.22 Analysis values of active chlorine in discontinuous experiments using discontinuous
parallel plate cell with MIO electrodes. Samples were analysed by DPD and in parallel by UV
spectrophotometry after shifting pH to high values by adding 25�l 2 M NaOH to the 50-mm
cuvette (150 mA, 240 ppm sulphateC 25 ppm chloride as sodium salts, 20ıC)

iodometric titration are also known for giving incorrect results. The problem was
analysed for MIO electrode application in a special publication (Bergmann 2006d).
The results can be summarised as follows. DPD methods give increased active chlo-
rine values compared with UV measurement. Amperometric sensors show lower
measured values when calcareous deposits cover the electrodes in non-divided
cells. The differences between the DPD method and UV spectrum measurements
disappear within 1 h after switching off the discontinuous electrolysis (Fig. 7.22).

The ClO2 values measured by different methods are too small to explain these
differences. The differences are higher when the ionic strength is lower. When
chloride–sulphate waters are electrolysed, the difference is highest at the lowest
sulphate concentration. The difference between the measured total chlorine value
and the active chlorine values are additional indicators that components differing
from active chlorine species are present.

Obviously, chlorine species are responsible for incorrect measurement if ozone
can be excluded. It was speculated that complexes or chlorine oxides such as Cl2O
might be parts of the solution (Beach and Margerum 1990):

2HOCl$ Cl2O � H2O (7.79)

or
Cl2 C HOCl! Cl2OC HC C Cl� (7.80)

Many other oxychlorine species are discussed in the literature as possible in-
termediates in chlorine or chlorite reactions (Cheng and Kelsall 2007). Time-
consuming procedures are suggested for the analysis of chlorine–oxygen species
typical for chlorine disinfection (Hong and Rapson 1968; Adam and Gordon 1995,
White 1999). Ion-selective electrodes are not recommended as our own experience
showed.
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7.4 Conclusions

In different electrochemical and chemical reactions many inorganic by-products can
be formed. A prediction is not possible if the electrolysis conditions are not studied
in detail.

The use of doped diamond electrodes is a serious problem because radicals are
generated reacting at high reaction rates relatively non-specifically. The risk of
forming chlorates, perchlorates and peroxocompounds necessitates discussion by
developers and applicants.

There is a suspicion that not all by-products have yet been identified. Incorrect
measurement of active chlorine can, in principle, only be explained by the presence
of disinfection by-products.

It is strongly recommended, that testing routines are developed and introduced
before in-line electrolysers are allowed to be used in practice.
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List of Symbols, Indices, and Abbreviations

AC Active chlorine ppm
B Constant
BDD Boron-doped diamond
c Concentration ppm
Cl, Cl� Chloride ion
diff Differential
diss Dissolved
D Coefficient of diffusion m2 s�1

DBP Disinfection by-product
DPD N ,N -diethyl-p-

phenylendiamine
DSA Dimensionally stable anodes
F Faraday constant As mol�1

IC Ion chromatography
J Component j
k Constant in (7.69) m s�1

K, k Mass-transfer coefficients L mol�1
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MIO Mixed oxide
MO Microorganism suspension
n Number of electrons mol s�1 m�2

N Molaric flux
ROS Reactive oxygen species
rpm Revolutions per minute
SHE Standard hydrogen electrode
TC Total chlorine ppm
ttr Treatment time min, h
Q Volumetric flow rate m3 s�1

V Volume m3

w Velocity m s�1

x Coordinate m
z Charge number
˛ Recirculation ratio
 Equivalent ionic conductivity m2 A V�1 mol�1

˚ Electrical potential V
˚ Current efficiency
0 Initial or inlet value
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Chapter 8
Case Studies in the Electrochemical Treatment
of Wastewater Containing Organic Pollutants
Using BDD

Anna Maria Polcaro, M. Mascia, S. Palmas, and A. Vacca

8.1 Introduction

Electrochemistry offers new and interesting approaches to industrial wastewater
treatment: in particular, electrochemical combustion is a very attractive process for
solutions in which, although the pollutant concentration is low, its presence makes
the waste toxic (Rajeshwar and Ibanez 1997).

Despite certain advantages, such as the versatility of the process and the sim-
plicity of the reactors in terms of construction and management (which makes them
particularly suitable for automation), the electrochemical treatment still represents
a niche process: practical application of this technique to wastewater treatment has
been limited by the difficulty in finding anode materials with such specific charac-
teristics that the process is economically competitive.

Among the several materials which have been proposed as anode, synthetic
boron-doped diamond (BDD) has received great attention in the last decades as
a new electrode material, opening up a new branch known as the electrochemistry
of diamond electrodes (Alfaro et al. 2006). Its peculiar characteristics such as hard-
ness, stability up to high anodic potentials and the wide potential range over which
discharge of water does not occur make BDD an excellent material for different
electrochemical applications. So, until 1999 most of the studies on BDD focused
only on its structural properties and after this date attention was also paid on its
possible practical applications for diagnostic and analytical purposes. The peculiar-
ities of BDD also suggested its use as anode to oxidise organics in clear water or
wastewater, the first patent being appeared since 1995 (Carey et al. 1995). Then,
BDD anodes have been widely proposed to oxidative treatment of both synthetic
and real wastewaters containing either inorganic and/or organic compounds. A very
wide number of scientific papers and patents have been published, so that citation of
all the papers which have appeared in the literature is very difficult. Figure 8.1 wants
to be a representative picture of the main classes of compounds whose oxidation at
BDD has been proposed since 1999.
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Fig. 8.1 Number of publications on electrochemical treatment of the major classes of organics
at BDD: (a) phenol, (b) aliphatics, (c) substituted phenols and other aromatics, (d) Drugs and
pesticides, (e) Surfactants, (f) Dyes, (g) Real wastewaters

Initially, the interest was on the oxidation of model substances or, in any case, of
substances whose oxidation was already studied by other technologies, the results of
which could be used for comparison. Phenol and oxalic acid were often considered
to model the behaviour of the aromatic and aliphatic fractions of the waste, respec-
tively. Single component artificial solutions were firstly considered. Then, attention
was focused also to different substances, such as substituted phenols, or more com-
plex molecules such as those of dyes. Moreover, an increasing number of papers
dealt with the treatment of real wastes but in any case, at the moment, the study
is performed on a laboratory scale or, in a few cases, on a pilot scale. Some studies
reported the treatment of multi-component solutions which better simulate the real
composition of the waste, at least concerning some peculiar characteristics of it.
This is the case, e.g., of works on oxidation of dyes in which chlorides were added
to the model solutions.

Attention was always paid on the analysis of the different processes involved
during degradation of the organics. Granted that BDD performed well in all the
examined cases, leading in most of the studies to complete mineralization of the
pollutant, some doubts still remain on the comprehension of the reaction mecha-
nism, which represents a crucial point when the best operative conditions have to be
individuated in order to optimise the process in terms of yield and costs. As sketched
in Fig. 8.2, several series/parallel steps may be involved in the oxidative process at
BDD: direct electron exchange may occur at the electrode surface (b) and, at the
same time, the decomposition of water molecules can lead to the appearance of hy-
droxyl radicals (c) which are able to oxidize the organic compounds. This process
can occur in either one stage or multiple stages, and it proceeds until the final ox-
idation product is generated (usually carbon dioxide). As the hydroxyl radicals are
concerned, they are not stable and they can cause the formation of other oxidants
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Fig. 8.2 Electrochemical processes considered in the anodic zone (Cañizares et al. 2004b).

(ozone, hydrogen peroxide, peroxodisulphate, chlorine, etc.) that can in turn, re-
act chemically with the organic matter through mediated oxidation processes (d)
or, alternatively, they can promote the formation of oxygen (e). If these oxidant
compounds reach the bulk zone, it is necessary to take into account their mass-
transfer process (f) and the oxidation of the organics in the bulk zone (g) (Cañizares
et al. 2004b).

Depending on different factors, such as nature of the organic substrate, nature
and composition of the supporting electrolyte and imposed operative conditions,
the whole process may be only controlled by one or more steps which can lead to
different performances of BDD anodes.

A review of the main classes of compounds which have been studied at this
electrode material is reported as follows. In particular, the papers on oxidation of
model substances are firstly examined and then specific paragraphs are devoted to
the other classes of organics such as phenolic compounds, pesticides and drugs,
dyes and surfactants which represent typical wastes that make particular problems
of degradation with traditional wastewater treatment technologies.
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8.2 Oxidation of Model Substances

As pointed above, great attention was initially paid on oxidation of phenol which
was assumed as model substance to represent the aromatic fraction of the pollutants
in the waste. On the basis of the initial studies (Perret et al. 1999), the similar trend
of the removal rates of phenol, TOC and COD were interpreted by a direct oxidation
of phenol up to CO2:

C6H5OHC 11H2O! 6CO2 C 28HC C 28e� (8.1)

This was also confirmed by HPLC analysis which showed that only very small
amounts of intermediates were originated (hydroquinone, benzoquinone, maleic and
oxalic acids).

Further studies (Iniesta et al. 2001) on the oxidative degradation of phenol al-
lowed to highlight the importance of the reactant concentration and the current
density on the process. The experimental results showed that in the region of
water stability (E < 2:3V vs. SHE) direct electron transfer on the electrode sur-
face can occur. However, this reaction resulted in the electrode fouling because a
polymeric film may be formed on BDD surface. In the region of water decom-
position (E > 2:3V vs. SHE) hydroxyl radicals were generated at the electrode
surface, avoiding its fouling. During electrolysis performed in a batch reactor un-
der galvanostatic conditions, if the phenol concentration was high and the current
density was low, only aromatic compounds were formed, for low phenol conver-
sion and aliphatic compounds were also produced when the reactant conversion
increased. Under these conditions, the phenol concentration decreased linearly with
the electrolysis time and a nearly unity value was calculated for the instantaneous
current efficiency (ICE), defined as (Comninellis and Pulgarin 1991):

ICE D FV
Œ.COD/t � .COD/tC�t �

8I �t
; (8.2)

where .COD/t and .COD/tC�t are the chemical oxygen demands at times t and
t C �t

�
g dm�3

�
, respectively; I is the current (A); F is the Faraday constant�

96,487 C mol�1
�
; V is the volume of electrolyte

�
dm3

�
and 8 is the equivalent

mass of oxygen
�
g eq�1

�
.

Under conditions of high current density and low phenol concentration, the com-
plete combustion to CO2 was obtained. In this case, due to the high local concentra-
tion of OH radicals, the anodic oxidation was a fast reaction under diffusion control,
so that the instantaneous current efficiency decreased during the electrolysis as phe-
nol was oxidised.

Actually, a wide range of experimental conditions exists in which the disap-
pearance of the reactant occurs under diffusion control but its mineralization is not
complete.

An overall analysis (Polcaro et al. 2003) suggested that the behaviour of the
process only depended on the ratio ” between the imposed current density .i/
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Fig. 8.3 Trend of TOC (circles), dissolved carbon attributable to cyclic intermediates (squares),
both normalised with respect to TOC0, and faradic yield (triangles) as a function of ”

and the initial value of limiting current density for the mineralization of phenol
.28F kmCF0/. The values of distribution of intermediates, percentage of mineraliza-
tion and Faradic yield only depended on ”, whatever the experimental conditions
which generated the particular ” value (Fig. 8.3).

The kinetics of the process was considered as oxidative reactions in series with
each other, but in parallel with respect to the OH, so that the concentration of OH
radicals in the reaction zone was determined by the fastest reaction step. As a conse-
quence, if the value of the imposed current was sufficiently high to complete the first
oxidative step of phenol to hydroquinone (i D 2F kmC0F which corresponded to
� � 0:07) which involves two electrons, the disappearance of phenol was mass-
transfer controlled but the total mineralization was not achieved. In these conditions,
the concentration of OH was too low to provoke an appreciable reaction rate of the
less oxidisable intermediates. Thus, the products of the first oxidative step accumu-
lated in the laminar film, from which they diffused to the bulk solution where they
were identified.

When higher values of � were adopted for the electrolyses, the flux of OH was
higher than that required for the first oxidative step and a greater amount of OH was
available for the further steps. In these conditions, the presence of highly oxidized
intermediates was experimentally revealed, and when the original reactant disap-
peared from the solution, high mineralization was achieved. On the other hand, the
high concentration of OH radicals enhanced the production of O2, so decreasing the
Faradic yield of the process.

As the degradation of more oxidized compounds is considered, due to their intrin-
sic lower reactivity toward further oxidation, a reaction mechanism different from
that evidenced for phenol has to be expected. Of particular concern is the work
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of Zhi and co-workers (Zhi et al. 2003) in which bulk electrolyses of phenol and
sodium formate were performed in order to investigate on the different contributions
to the whole oxidation mechanism of direct oxidation of the reactant or indirect re-
action mediated by hydroxyl radicals. The results of this work showed that both the
processes could be involved, being the extent of the two possible mechanisms dif-
ferent for phenol or little anions such as formate. Direct oxidation contribute was
found to be more significant for formate than for phenol, indicating the probability
of higher sorption of formate on the oxygen-terminated diamond surface. In both
cases, the extent of direct reaction was found to decrease with increasing potentials
due to the competing reaction of hydroxyl radical formation.

The importance of the superficial state of diamond was also pointed out in a re-
cent work by Ivandini et al. (2006) in which oxidation of oxalic acid was considered.

Among the more oxidized compounds, oxalic acid has received significant at-
tention (Martinez-Huitle et al. 2004, 2005; Ivandini et al. 2005) because often it
constitutes the final product in the oxidative process of organics. It is generally se-
lected as a model compound to represent the aliphatic fraction of organic substrate
in the waste.

In the cited work (Ivandini et al. 2006), the authors outlined that the oxygen-
terminated BDD performed worst than the hydrogen-terminated one because the
carboxyl functional groups of the oxalic acid molecule may be repulsed by the neg-
ative O-terminated electrode surface.

Also in the case of oxalic acid, the reaction mechanism may involve hydroxyl
radicals which, depending on the electrode activity and on the applied current, may
not be favourable for the reaction of interest.

From a global analysis of the results, it is evident that electrosorption is a nec-
essary pre-requisite for a fast electro-oxidation of these substances to take place
(Sargisyan and Vasil’ev 1982; Bock et al. 2002). The nature of the electrode mate-
rial always resulted of such a great importance that the reactivity of oxalic acid has
been considered by the authors as one more example of “volcano plot”, in which,
at least up to certain current values, maximum performance was obtained at Pd,
Pt and Au electrodes, while Os and glassy carbon represented the two minimum
extremes. Among the investigated materials, the best performance of high applied
current was obtained at PbO2 anodes in which a strong adsorption of oxalic acid
was achieved: in such conditions oxidation was fast and was only limited by the
mass transfer. In fact, thanks to the lack of higher oxidation states, the performance
of PbO2 electrodes remained good also at high current density, condition at which
the performance of many electrode materials results to be affected by the possible
oxidation state changes of the metal cations. In case of Pt electrodes, for example,
three-dimensional oxide phase is formed, with improved catalytic activity towards
the parasite oxygen evolution reaction, so causing a drop in efficiency of oxalic acid
oxidation (Horànyi 1974).

When adsorption of oxalic acid was hindered, either by adsorbed hydroxyl radi-
cals [as at Os electrodes (Sargisyan et al. 1982)] or by a low adsorption capacity (as
at glassy carbon or BDD electrodes), the rate of anodic oxidation reached minimum
values. However, the same authors underlined that compared with glassy carbon, a



8 Case Studies in the Electrochemical Treatment of Wastewater 211

better performance of BDD was obtained attributable to its low adsorption capabil-
ity also with respect to OH radicals which were produced at its surface, allowing the
reaction to proceed in the “reaction cage” nearby the electrode (Gandini et al. 2000).

8.3 Oxidation of Phenolic Compounds

Phenols and substituted phenols such as chlorinated phenols and related aromatic
compounds are known to be usual components of industrial wastes. Some of
the larger and more common sources of wastewater containing phenolic compounds
are pulp and paper mills, petrochemical refineries, plastics and glue manufactur-
ers, coke plants, food industries and leachate from municipal waste dumps (Rao
et al. 2002). Many phenolic compounds are thought to be highly toxic and carcino-
genic so they are considered to be priority pollutants.

Because of their high environmental impact, the removal process of pheno-
lic compounds from wastewaters was widely investigated by means of differ-
ent technologies and a very large number of papers can be found in the old
and recent literature: we just mention here some of them as an example (Posada
et al. 2006; Meng et al. 2006; Suarez-Ojeda et al. 2005; Beltran et al. 2005; Yer-
makova et al. 2006). The electrochemical oxidation of phenolic compounds was
also widely studied at different anodic materials (Comninellis and Pulgarin 1993;
Saracco et al. 2000, 2001; Cañizares et al. 2002, 2004a, b, 2005b; Iniesta et al. 2001;
Louhichi et al. 2006; Fino et al. 2005).

The behaviour that is generally observed at BDD anodes for these compounds
was analogous to that of phenol. As an example we can consider a paper by Nasr
et al. (2005) which examined the oxidative degradation of p-hydroxybenzoic acid,
cathecol and hydroquinone performed in a batch reactor either in HClO4 1 M or
KH2PO4=K2HPO4 0.3 M as supporting electrolyte: the process was found to fol-
low a first-order kinetics as indicated by the good linearity of the trend of ln .C=C0/
vs. time. The value of the kinetic constant deduced from the slope of this straight
line well agrees with the mass-transfer coefficient of the reactant under the hydro-
dynamic conditions adopted in the experiments.

Also electrochemical oxidation of 4-chlorophenol performed in H2SO4 medium,
in the potential region of electrolyte decomposition resulted in a complete incinera-
tion of reactant by electrogenerated OH radicals (Rodrigo et al. 2001).

As general trend, it can be observed that for most of the studied phenolic com-
pounds the anodic oxidation at BDD was very fast and, if the applied current density
was sufficiently high, the kinetics of the process was under mass-transfer control
and it was not appreciably dependent on the nature of the substituting groups in the
aromatic ring, as it was reported at more usual electrode materials, like platinum
(Torres et al. 2003).

The results demonstrated that, in the oxidation of substituted phenols, the first
stage of the reaction generally consisted in the detachment of the functional group
from the aromatic ring, followed by the formation of non-substituted phenols and



212 A.M. Polcaro et al.

quinones. Only in a subsequent step, the opening of the aromatic ring occurred: due
to its low reactivity, oxalic acid often represented the intermediate product prior to
the complete mineralization (Polcaro et al. 2002).

No strong differences were observed when multicomponent mixtures of phe-
nols (phenol, benzyl alcohol, 1-phenyl-ethanol and m-cresol) were treated (Morao
et al. 2004): the experimental results were interpreted well by assuming that all the
components in the mixture were degraded in the same time and that the combus-
tion of the compounds to CO2 occurred at the anode surface by means of hydroxyl
radicals electrogenerated. The instantaneous current efficiency was unity, until the
reaction became diffusion controlled.

The effect of the possible homogeneous oxidation mediated by long-life oxidants
in the bulk solution was also investigated. The importance of this homogeneous
contribute was found to be dependent on the nature and concentration of both the
organic substrate and the ionic species contained in the electrolyte solution.

In this context, the oxidation of chlorophenol at BDD, even when performed in
H2SO4 1 M with production of high concentration of peroxidisulphates, was found
to occur at the interface, with a process only controlled by the mass transfer of the
reactant towards the anode (Rodrigo et al. 2001).

Similar results were also found during oxidation of nitrophenols (Cañizares
et al. 2004d; Cañizares et al. 2004c) which were degraded by the scheme in Fig. 8.4.

According to this model, the first stage in the treatment of nitrophenols aqueous
wastes was the release of the nitro group from the aromatic ring. As a consequence,
phenols or quinones were formed. These organic compounds were oxidized first to
carboxylic acids (maleic and oxalic) and later to carbon dioxide. Also the cathodic
reaction steps were considered in the global process when the electrochemical cell
was undivided: at the cathode, the reduction of the nitro to the amine group and the
transformation of nitrate into ammonia were observed. In alkaline media, aminophe-
nols were polymerised and transformed into a dark brown solid.

Fig. 8.4 Sketch of the simple mechanistic model proposed to explain the main processes occur-
ring in the electrochemical treatment of 2,4-dinitrophenol wastes using BDD anodes (Cañizares
et al. 2004d).
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However, although the oxidation process was ascribed to either direct reaction on
the electrode surface, or mediated by peroxodisulphate and other inorganic reagents
electrogenerated at the anode surface, the linear decrease of the Faradic yield down
to zero in the investigated range of concentration was interpreted as an indication
of a process under diffusive control. This leads to the conclusion that the oxidative
degradation of the compounds essentially occurred at the electrode interface.

More recent work (Cañizares et al. 2005b) demonstrated that in particular con-
ditions, when the supporting electrolyte contained high concentration of sulphate,
mass transfer was no more influent: Most of the electrochemical oxidation of aro-
matics could be considered as a chemical reaction in the bulk solution (rather than a
direct electrochemical step), in which the mediation of the electrogenerated species
became the dominant contribution to the whole oxidative process. Oxidation of phe-
nol, hydroquinone, 1,2,4-trihydroxybenzene, as well as chloro- and nitro-substituted
phenols in sulphate solutions at different pH was considered. In the applied con-
ditions, the efficiencies of the process strongly depended on the concentration of
organic pollutants and their nature while the influence of the current density was
less important. Although at the end of the treatment all the investigated pollutants
were removed from the solution, different reaction products were indicated depend-
ing on the original reactant. Carbon dioxide was the major product in the treatment
of non-substituted hydroxybenzenes, whereas chlorinated aromatics also dealt with
the formation of volatile organic compounds and nitrogenated-phenolic compounds
with the formation of polymeric material.

The complexity of the processes involved in the electrochemical oxidation
at BDD anodes was also evidenced during the degradation of an olive oil mill
wastewater, which represents an actual industrial waste characterised by a high
fraction of phenolic and polyphenolic compounds (Cañizares et al. 2006c). The
waste was the effluent of a wastewater treatment plant consisting of a Fenton reac-
tor followed by a settler and a sand filter, in which the waste generated in an olive
oil mill was treated. The residual COD of the waste was nearly 700mg dm�3 which
cannot be further oxidized by the Fenton process, but the exact composition of the
waste was not given. Also in this case the results demonstrated a good performance
of BDD to oxidize organics with a process which occurred not only at the interface,
by means of OH radicals, but also throughout other mechanisms such as direct
exchange of electrons between electrode and substrate as well as homogeneous
chemical reaction by oxidant electrogenerated and diffused to the bulk solution. It
was shown that the presence of Na2SO4, from which S2O82� may be produced,
increased the average efficiency of COD removal, whereas the addition of chlorides
decreased the efficiency. This behaviour is very surprising because the addition
of Cl� in the electrolytic process generally causes the formation of ClO� which
in turn increases the degradation efficiency. In order to justify this behaviour at
BDD anodes, the authors suggested that, due to the high anodic potential typical of
these electrodes, the oxidation of Cl� leads to ClO3� and ClO4� that do not show
oxidizing capacity (Bergmann et al. 2002).
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8.4 Oxidation of Dyes

The environmental problem of dye industry wastes is highlighted by estimates
that up to 50,000 tons of dye are discharged annually from dyehouses worldwide
(Brown 1987). These wastes constitute a significant source of environmental pol-
lution due to their visibility and recalcitrance, because dyes are highly coloured
and designed to resist chemical, biochemical and photochemical treatments. Among
dyes the aromatic azo-dyes, which contain the –N D N – chromophore, comprise
about two-thirds of the total (Fernandes et al. 2004).

Different technologies have been proposed to treat this kind of waste (Kusvuran
et al. 2004, 2005; Aris and Sharratt 2004; Mollah et al. 2004; Yu et al. 2005; Park
et al. 1999). Oxidative biological degradation of azo-dyes was often inefficient or
incomplete. Chemically advanced oxidation processes (AOP) gave better results
leading to the partial oxidation of the pollutants with generation of products which
were more amenable to subsequent biooxidation, while reductive treatment of azo-
dyes produced aromatic amines, many of which are known mutagens or carcinogens
(Josephy 1996).

Also the electrochemical treatment of dyes has been proposed and some inter-
esting results were obtained by Hastie and co-workers (Hastie et al. 2006) who
examined both reductive and oxidative electrolyses of Orange II (sodium 4-(2-
hydroxy-l-naphthylazo) benzenesulfonate) synthetic solutions. Among the different
materials (BDD, SnO2 and IrO2/ which were tested as anode, BDD exhibited the
best performance: The order of efficacy .BDD > SnO2 > IrO2/was consistent with
the efficiency of producing hydroxyl radicals at these three anode materials. At BDD
it was supposed that most molecules that suffer electrochemical attack became com-
pletely mineralized, as assessed by the loss of TOC which roughly mirrored the loss
of substrate concentration. Mineralization occurred because hydroxyl radical attack
on the substrate initiated a cascade of radical chain oxidation steps, whose efficiency
was enhanced by participation of the O2 that was also formed at the anode. The ef-
fect of the structure of the cell (divided or undivided) was also pointed out in this
work (Hastie et al. 2006). When undivided cell was used, cathodic reduction pro-
duced anilines which appeared to be persistent towards anodic oxidation at acid pH.
A different reaction mechanism was supposed in the presence of Cl� ions, which
were added to the synthetic solution to represent better the actual composition of
dye waste which often contains this anion. Under these conditions the degradation
of the waste seemed to occur mainly in the bulk solution mediated by ClO� pro-
duced from the anodic oxidation of chlorides.

The oxidation of azo dyes (methyl orange, eriochrome black T and Congo red)
was studied by other authors (Cañizares et al. 2006a) in an undivided flow cell,
in a solution containing 500mg L�1 of Na2SO4. The complete mineralization was
achieved for all the dyes. However, the reaction mechanism appeared to be complex
and in some way different from that obtained in the treatment of many phenolic
compounds (Cañizares et al. 2002, 2004a, 2004b, 2004d, 2005a, 2005b; Iniesta
et al. 2001; Panizza and Cerisola 2004). In those cases, the experimental data were
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Fig. 8.5 Influence of the current density in the efficiency of the process (Na2SO4, 500mg dm�3,
natural pH; T D 25ıC). Changes in the instantaneous current efficiency (ICE) with the residual
COD during electrolyses: (triangles) 600 and (squaresa) 300A m�2 of current density (Cañizares
et al. 2006a)

fitted well by the model which assumed direct electrochemical reaction in the an-
ode surface with efficiencies only limited by mass transport. In contrast, in the cited
work (Cañizares et al. 2006a), especially when low concentrations of COD were
considered, the differences between the experimental data and the model proposed
in the literature were very significant. In fact, as shown in Fig. 8.5, although the
direct electrooxidation model predicts that, for a given COD, the efficiency de-
creases linearly with the current density, the experimental efficiency data obtained
in this work showed an important increase with the current. This suggested that in
this case the oxidation of organics did not occur by direct electrooxidation at the
anode surface: The mediation by S2O8�2 originated at the anode was supposed to
be the most effective oxidant in diluted solution. At higher concentrations also a
direct reaction by OH radicals was considered in order to interpret the trend of the
experimental data.

The effectiveness of the anodic treatment at BDD was also tested with an insol-
uble dye-like dispersed indigo (Bechtold et al. 2006), a typical dye used for cotton
work clothes and blue jeans. Also in this case the treatment was effective lead-
ing to the complete decolourisation of the solution. The current yield was found
to decrease with the applied current indicating a direct oxidation at the electrode
interphase under diffusive control. The addition of NaCl up to 144mg L�1 did not
enhance the rate of the decolourisation, as well as persulphate, eventually formed
from sulphate present in the supporting electrolyte, resulted ineffective.

The effectiveness of OH radicals in the oxidative decolourisation of various dyes
has been also assessed by Flox et al. (2006b), who obtained the complete miner-
alization of the dye by electro-Fenton and photoelectro-Fenton processes using an
undivided cell with a Pt or BDD anode.
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8.5 Oxidation of Pesticides and Drugs

Herbicides were used in long-time applications in agriculture and for most of them
the long-term effects on the soil and water were not known. The accumulation of
herbicides or of their metabolites determined a relatively high contamination level
of ground and surface waters. The pollution of pharmaceutical drugs can be due to
emission from production sites, direct disposal of overplus drugs in households, ex-
cretion after drug administration to humans and animals and treatments throughout
the water in fish farms.

Since these pollutants resist to biodegradation, powerful oxidation methods have
to be searched to remove them from waters, thus avoiding their potential adverse
health effects on humans and animals (Brillas et al. 2004, 2005; Flox et al. 2006a;
Sires et al. 2006b, 2007; Skoumal et al. 2006).

Among the several kinds of herbicides, phenoxyderivatives like chlorophenoxy-
carboxylic acids were considered as model substances to assess the powerful of
these oxidative techniques towards herbicides. Good results were obtained with ad-
vanced oxidation processes in which OH radicals were produced by chemical, pho-
tochemical and photocatalytic systems (Pignatello 1992; Sun and Pignatello 1993;
Trillas et al. 1995; Modestov and Lev 1998; Brillas et al. 2003; Chu and Ching 2003;
Gora et al. 2006; Toepfer et al. 2006). Also the oxidative degradation of herbicides
at BDD was widely studied (Polcaro et al. 2004; Boye et al. 2006; Brillas et al. 2004
and reference therein).

In particular, the degradation of chloromethylphenoxy herbicides was studied in
different supporting electrolytes, at different current densities and solution pH (Boye
et al. 2006; Flox et al. 2006a). The reaction mechanism was pointed out and the reac-
tion intermediates were individuated. In all the cases, the results demonstrated that
complete mineralization of the pollutants was achieved. When electrolyses were
carried out in HClO4 which is not susceptible of further oxidation, the process was
interpreted by a series of steps (Fig. 8.6) in which OH radicals were the oxidis-
ing agents: the oxidative demolition occurred only at potential greater than 2.6 V
vs. SHE, when water is decomposed to give OH. At lower potential, the forma-
tion of polymers occurred which started from the electrochemical oxidation of the
reactant to give cationic radicals and then phenoxy radicals. The complete min-
eralization was achieved at current density i > 8mA cm�2: as the applied current
increased, an increase of the rate of reactant disappearance was registered as well as
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a considerable increase of the amount of charge required for its complete mineral-
ization. When the imposed current reached 30mA cm�2, the oxidation occurred by
OH radicals at a high reaction rate and the process was completely controlled by the
mass transfer of the reactant to the anode surface.

Acidic aqueous solutions of clofibric acid (2-(4-chlorophenoxy)-2-methyl-
propionic acid), the bioactive metabolite of various lipid-regulating drugs, were
degraded by anodic oxidation at Pt and BDD anodes (Sires et al. 2006a) in sulphate
medium. In this case, the oxidising species originated by sulphates were not active in
oxidising clofibric acid, thus leading to the conclusion that only OH radicals were
able to produce effective demolition of this recalcitrant compound. Very interesting
comparison was presented in the same work, between the results obtained at the
two anode materials. Conversely to what generally found for most of the organic
compounds, clofibric acid resulted to be more rapidly destroyed on Pt than on BDD
anodes. A strong adsorption of both clofibric acid and OH radicals at the Pt surface
was assumed to be responsible for this behaviour. Chlorophenol and hydroxybutyric
acid were individuated as intermediates of the first reaction stage, whereas aliphatic
acids were subsequently formed. However, when the final transformation to CO2 is
considered, the results indicated that BDD was more effective than Pt: carboxylic
acids remained stable at Pt, while they were completely mineralised at BDD.

Atrazine and its derivates represent another class of herbicides whose complete
mineralization even by AOPs makes some problems due to the scarce degradability
of cyanuric acid, the main intermediate which originated during the oxidation of tri-
azines. In particular experimental conditions, oxidation of triazine compounds such
as atrazine and 2-chloro-4,6-diammino-1,3,5-triazine was successfully obtained at
BDD (Polcaro et al. 2005) at which mineralization of cyanuric acid was effectively
achieved. When electrolyses were performed in sulphate medium, the decrease of
the reactant concentration was faster than that in HClO4 medium, indicating that the
mediation by persulphate ions was effective in the removal of the reactant. However,
since S2O82� ions were not able to degrade the more resistant molecule of cya-
nuric acid, so the global process did not result enhanced. This fact indicated that the
degradation of cyanuric acid was only achieved at the electrode/solution interface by
means of free OH radicals, the production of which was affected by the concomitant
oxidation of the electrolyte. This was considered to be the reason for the observed
reaction trend and to justify why the demolition of cyanuric acid and the consequent
removal of solution TOC were not favoured by the presence of sulphuric acid in
solution.

8.6 Oxidation of Surfactants

Surfactants such as alkyl sulphates (AS), alkyl ethoxysulphates (AES) and linear
alkylbenzene sulfonates (LAS) are the major cleaning ingredients found in house-
hold and personal care products. The annual North American consumption volumes
of AS and AES for 2003 were estimated to be 260 and 1,083 million pounds, re-
spectively (Modler et al. 2004).
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Although biological systems are effective in the removal of LAS, some difficul-
ties have been found in the treatment of wastewater with high LAS concentrations,
mainly connected to the formation of foams, self-regulation capacity of the pH in
wastewater and long retention time of treatment to accomplish complete pollutant
removal (Cavalli et al. 1993). Thus, alternative treatments, such as photodegradation
(Hermann et al. 1997) or oxidation with ozone (Rice 1997), were proposed to treat
wastewater with a high LAS concentration.

In this context also, the electrochemical oxidation was proposed as effective pro-
cess of wastewater treatment. Among surfactants, sodium dodecyl benzenesulfonate
is generally assumed to represent anionic surfactants, whereas hexadecyltrimethy-
lammonium chloride is assumed as representing the cationic class.

Oxidation of sulphuric solutions of anionic surfactants was considered by
Panizza and co-workers (Panizza et al. 2005) which compared the performance
of ternary Ti–Ru–Sn oxide and BDD electrodes during oxidative treatment of
synthetic and real wastewater containing sodium dodecyl benzenesulfonate. The
authors demonstrated that the anionic surfactant was mineralised at active Ti–Ru–
Sn electrodes only when a certain amount of chlorides were added to the solution.
The process mainly occurred in homogeneous reaction by means of the oxidant
species originated by chlorides, since it was not influenced by the stirring velocity
of the solution.

A complete removal of the surfactant was obtained at BDD in which, in ab-
sence of chlorides, mineralization was achieved by a direct involving of OH radicals
originated at the electrode surface, with a process which resulted controlled by the
mass transfer. The results from oxidation at BDD performed with a real car wash
wastewater confirmed those obtained from model solutions. Conversely, at ternary
oxide electrodes the efficiency was lower than that measured for model solutions; as
suggested by the authors, the presence of heavy metals, which caused the decompo-
sition of electrogenerated active chlorine, could be the reason of this behaviour.

The degradation of anionic surfactants was also considered by other authors and
compared with that of cationic surfactants (Lissens et al. 2003). Although miner-
alization to CO2 was obtained in both cases, the electrochemical oxidation of the
cationic surfactant was found to proceed at higher rate and higher Faradic yield than
that of anionic surfactant (Fig. 8.7).

Also in this case the process seemed to occur mainly in the bulk: no effect was
observed as the flow conditions were varied (from 0.05 to 0:25 dm3 min�1/, indicat-
ing that the process was not under diffusion control. However, most of the mediated
oxidation seemed to occur by oxidation products of chlorides rather than sulphates:
the authors assessed that the addition of Na2SO4 up to 1 g L�1 had only a minor
effect on TOC removal of both surfactants.

The relevant effect of chlorides was instead highlighted by the higher rate of TOC
removal for the cationic rather than for the anionic surfactant. In this respect, it was
assumed that the extra input of chlorides, which was present in the solution during
cationic surfactant oxidation, caused two effects: the first was the formation of chlo-
rine substances evolving from chlorides which may react instantaneously with the
cationic surfactant, causing an initially higher oxidation and surfactant deactivation
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Fig. 8.7 ICE values during the electrolysis at a BDD electrode of anionic and cationic surfactant
solution. Electrolyte: 0.0615 mM sodium dodecylbenzenesulfonate solution; 0.07 mM hexade-
cyltrimethyl ammonium chloride solution, i D 4mA cm�2 (Lissens et al. 2003)

rate compared to the anionic surfactant. Second, the lower water solubility of the
formed chlorinated compounds and the lower molecular weight of the cationic sur-
factant enhanced the adsorption on hydrophobic carbon surfaces (e.g., on a BDD
electrode). Both effects might explain the higher initial oxidation rate and surfactant
deactivation rate of the alkyl ammonium chloride (cationic) compared with the alkyl
sulfonate (anionic).

8.7 Economic Considerations

The economic viability is a key factor to allow a practical application of a given
process. Also in the case of electrochemical oxidation at BDD, an economic as-
sessment of the process, mainly in terms of minimisation of the energy demand, is
required to extend the laboratory scale results to industrial applications. Traditional
processes such as biological treatment, clarification, wet air oxidation, membrane
bioreactor technologies, are more economic and, when warranted, they are more
appropriated. However, due to the increasingly stringent regulations that apply to
wastewaters and drinking waters, the use of less economic AOPs is sometime re-
quired in order to reduce COD of particular pollutant wastes. Other than costs,
suppose that a selected AOP is effective in the oxidation of a particular pollutant,
the production of by-products is the first aspect to be investigated in order to estab-
lish the suitability of the process. In this regards, the possibility to obtain the almost
complete mineralization of the pollutant is a favourable characteristic which makes
the electrochemical treatment at BDD as an attractive process for the wastewater
treatment.
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As the economic aspects are concerned, the overall costs, represented by the
sum of capital costs, operating costs and maintenance have to be considered. For an
electrochemical process, the operating costs are mainly determined by the energy
consumption (CE).

For the removal of COD in aqueous solutions, CE (Wh) can be calculated using
the following formula:

CE D
F ��COD � V � U

3,600 � 8	
; (8.3)

where �COD is the removed COD (gO2 m�3/, V the volume of solution
�
m3
�
, U

the cell voltage (V), 	 the average current efficiency for COD removal and F is the
Faraday constant (C eq�1/.

The cell voltage U is the sum of the voltage which is thermodynamically and
kinetically necessary for performing the electrochemical reaction Uec (about 3 V at
BDD anode) and the voltage drop �U due to the resistance of the electrolyte. For
parallel plate electrodes this voltage drop is given by:

�U D
i � d

ƒ
; (8.4)

where d is the electrode distance (cm), ƒ the conductivity (mS cm�1/ and i is the
current density (mA cm�2/.

In general, current efficiency Œ	 in (8.3)] has to be determined by laboratory
experiments. However, for such compounds as phenol which are susceptible of a
fast reaction with OH radicals, the model proposed by Iniesta et al. (2001) may be
used. Following this model, when the galvanostatic electrolysis is performed in a
batch reactor and the process is only limited by the mass transfer of the reactant to
the electrode surface, 	 is equal to 1 when the applied current density is lower than
the initial limiting current density for mineralization of the reactant:

i0L D 4FkmCOD0; (8.5)

where km is the average mass-transport coefficient in the electrochemical reactor
and 4 is the number of exchanged electrons per mole of O2. When the reactant
conversion is higher thanXcr (defined as the conversion for which the initial limiting
current is equal to the applied current density), a Faradic yield can be evaluated by:

N	 D
X

1 � ˛
�
1C ln

�
1�X
˛

�� where ˛ D
i

i0lim
: (8.6)

The energy consumption remains constant with conversion .X/ until the critical
conversion Xcr value is reached and then it increases, due to mass-transport limita-
tions. The energy consumption increases also with ˛ value due to an increase of the
rate of secondary reactions.
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According to this model the complete mineralization of phenol at BDD from
a solution containing 0:5 g L�1 of reactant requires 18 kWh kg COD�1 when ˛ is
equal to 0.37 and the cell voltage is 3.6 V. Similar value of energetic consumption
was also calculated by Kraft et al. (2003).

The capital costs depend on the anode area; although information on industrial
scale cost of diamond anodes are not currently available, this parameter is of great
relevance. In order to evaluate the electrode area which is needed for the elimination
of a given loading P (mol COD s�1/, the following equation can be used:

A D 4F
XP
N	i
: (8.7)

The whole cost of the process depends on such different parameters as reactant
concentration, electrolyte composition or cell design and a reliable comparison with
other technologies is often impeded by the lack of data on industrial or at least on
pilot scale.

However, if the attention is focused on the removal of phenol from aqueous
solutions, a possible comparison may be done in terms of energy demand and ef-
fectiveness. Al Momani et al. (2004) compared the performances of ozonisation,
photolysis and UV=H2O2, photocatalysis and Fenton for the treatment of phenol
solutions. Fenton-based process showed the highest removal rate, whereas the treat-
ment with ozone was the less-expensive process; among the UV-based processes,
the UV=H2O2 showed the higher removal rate.

Kusic et al. (2006) showed that, although all the traditional AOP can oxidise
the phenol, mineralization was low since the best performances were obtained in a
combined UV=O3=H2O2 process, in which the removal of TOC was equal to 58%:
the combined UV=O3=H2O2 process should be preferred to the less-expensive O3
process.

As pointed out above, the complete mineralization of 0:5 g L�1 phenol at BBD
anode requires 18 kWh kg COD�1; assuming a price of the electrical energy of
0:07Euro kWh�1, the operative cost of this treatment results 1:26Euro kg COD�1

which is less than that evaluated for ozonisation, the less-expensive traditional AOP
(Kraft et al. 2003).

When the waste contains more complex molecules such as compounds refractory
to oxidation with OH radicals, as well as in the presence of inorganic ions which
can be precursor of long-life oxidants, the Faradic yield cannot be calculated by
(8.3) and different alternatives have been proposed. Faouzi and co-worker (Faouzi
et al. 2006) proposed a comparison between electrochemical oxidation at BDD an-
odes and Fenton and Ozone treatments for the removal of dyes: a specific parameter
OCC (oxygen-equivalent chemical-oxidation capacity) was proposed which is de-
fined as the kg of O2 equivalent to the quantity of oxidant used in each AOP to
treat 1m3 of wastewater. As highlighted by the authors, the parameter OCC may
only give information on the chemical efficiency of the oxidants, but it does not
give any information related to the real cost of the treatment, as the oxidants can
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have very different prices. Results showed that all the three technologies were able
to successfully decolourise the wastes during the first oxidation times, which means
that the breakage of the azo moiety is one of the first steps in the oxidation mech-
anisms. However, the efficiency and the mineralization percentage were found to
be strongly dependent on the oxidation technique and on the concentration of pol-
lutant: for low concentration of azo-dyes, the oxidants were used with the highest
efficiency in the Fenton process and with the lowest efficiency in the electrochemical
oxidation. Nevertheless, electrochemical oxidation attained the highest mineraliza-
tion percentage and the Fenton the worst. Conversely, during the first stages of the
treatment of highly loaded wastes, the three technologies studied attained the same
efficiency in the use of oxidants. This suggested that the lower efficiency observed
for the electrochemical oxidation in the treatment of diluted wastes may be due to
mass-transport limitations. The accumulation of refractory carbon during the final
stages of the Fenton process is an important drawback for the use of this technology,
and it disappoints its use for the treatment of highly loaded wastes.

In many cases, the most appropriated use of AOP may be as a stage of a
combined biological/chemical process. AOP can be used as pre-treatment step to
enhance biodegradability of the waste or as a complementary treatment to remove
residual bio-refractory component if the biological treatment is not adequate to en-
sure the water-quality standards.

As the electrochemical oxidation at BDD anodes is concerned, its use as first
treatment step was tested to enhance the biodegradability of wastewaters with high
organic load; although the Faradic yield was high, the high charge required for
the complete mineralization advises against the use of the only electrochemical
treatment.

A recent paper of Cañizares and co-workers (Cañizares et al. 2006b) reported
the results of the electrolyses at BDD of different substituted phenols showing
a significant decrease of the toxicity during the treatment. However, it was not
possible to establish a dependence between decrease of toxicity and residual COD,
because different reactants were oxidised to intermediates characterised by different
toxicity.

Another study (Polcaro et al. 2002) showed that when different substances were
present in the waste, the selectivity of anodic treatment at BDD towards the differ-
ent compounds may be low, and a significant enhancement of biodegradation was
achieved only for high COD removal, requiring a high amount of current.

The electrochemical oxidation at BDD as final treatment in a combined two-step
biological/electrochemical process was investigated by Panizza et al. (2006) for the
removal of naphthalene sulfonates contained in infiltration water of an industrial
site. Mono and disulfonate naphthalenes were easily removed in the biological step,
whereas bio-refractory compounds with complex molecules were oxidised by elec-
trolysis at BDD anodes. With this combination the energy demand was significantly
lowered with respect to that required in a single electrochemical step.
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8.8 Conclusions

Analysis of the results obtained during electrochemical treatment at BDD anodes
shows that organic compounds refractory to other oxidation techniques are success-
fully oxidised. This indicates that in the near future this technology can become
one of the most interesting and advanced oxidation processes. However, the re-
sults reported in literature on this topic demonstrate that different behaviours can
be expected, depending on the composition of the wastewater, in particular on
the chemistry of organics and supporting electrolyte. As pointed out above, while
for some compounds, such as phenol, the degradation only occurs at the interface
through the mediation of OH radicals, and under mass-transfer control, other com-
pounds such as azo-dyes show a different behaviour. For these species, even in
diluted solution, mass transfer is not the limiting step of the process, and the in-
organic oxidants generated by oxidation of water or salts contained in the water
are mainly responsible for the oxidation. However, the unspecific oxidation of all
substances by the hydroxyl radicals leads to possible side reactions: unwanted sub-
stances such as chlorates, perchlorates, chlorites and other oxidation products can be
formed. This has to be considered when designing electrochemical water-treatment
devices with diamond anodes. In particular, when addition of salts to the waste is re-
quired to increase the conductivity of the electrolyte and decrease the cell potential,
an appropriate choice of the electrolyte is very important.

Further investigation is needed in order to clarify better the role of the long-life
oxidants produced in the bulk solution and to establish their fate during oxidative
treatment. Moreover, the specific composition of the waste has to be considered in
order to evaluate if, rather than as main process, the electrochemical treatment with
diamond anodes can be more efficiently used in combined processes in which this
technology may be used as a pre-treatment or a finishing stage.
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Cañizares, P., Dı́az, M., Domı́nguez, J.A., Lobato, J. and Rodrigo, M.A. (2005a) Electrochemical
treatment of diluted cyanide aqueous wastes. J. Chem. Technol. Biotechnol. 80, 565–573
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degradation of C. I. Acid Orange 7. Dyes Pigm. 61, 287–296

Fino, D., Jara, C., Saracco, G., Specchia, V. and Spinelli, P. (2005) Deactivation and regeneration
of Pt anodes for the electro-oxidation of phenol. J. Appl. Electrochem. 35, 405–411

Flox, C., Cabot, P.L., Centellas, F., Garrido, J.A., Rodriguez, R.M., Arias, C. and Brillas, E. (2006a)
Electrochemical combustion of herbicide mecoprop in aqueous medium using a flow reactor
with a boron-doped diamond anode. Chemosphere 64, 892–902

Flox, C., Ammar, S., Arias, C., Brillas, E., Vargas-Zavala, A.V. and Abdelhedi, R., (2006b) Electro-
Fenton and photoelectro-Fenton degradation of indigo carmine in acidic aqueous medium.
Appl. Catal. B: Environ. 67, 93–104

Gandini, D., Mahe, E., Michaud, P.A., Haenni, W., Perret, A. and Comninellis, Ch. (2000) Oxida-
tion of carboxylic acids at boron-doped diamond electrodes for wastewater treatment. J. Appl.
Electrochem. 30, 1345–1350

Gora, A., Toepfer, B., Puddu, V. and Li Puma, G. (2006) Photocatalytic oxidation of herbicides
in single-component and multicomponent systems: Reaction kinetics analysis. Appl. Catal. B:
Environ. 65, 1–10

Hastie, J., Bejan, D., Teutli-Leon, M. and Bunce, N.J. (2006) Electrochemical methods for degra-
dation of Orange II (sodium 4- (2-hydroxy-l-naphthylazo) benzenesulfonate). Ind. Eng. Chem.
Res. 45, 4898–4904

Hermann, R., Gerke, J. and Ziechmann, W. (1997) Photodegradation of the surfactants Na-
dodecylbenzenesulfonate and dodecylpyridinium-chloride as affected by humic substances.
Water Air Soil Pollut. 98, 43–55
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Nasr, B., Abdellatif, G., Cañizares, P., Saez, C., Lobato, J. and Rodrigo, M.A. (2005) Electro-
chemical oxidation of hydroquinone, resorcinol, and catechol on boron-doped diamond anodes.
Environ. Sci. Technol. 39, 7234–7239

Panizza, M. and Cerisola, G. (2004) Influence of anode material on the electrochemical oxidation
of 2-naphthol. Part 2. Bulk electrolysis experiments. Electrochim. Acta 49, 3221–3226

Panizza, M., Delucchi M., and Cerisola, G. (2005) Electrochemical degradation of anionic surfac-
tants, J. Appl. Electrochem. 35, 357–361

Panizza, M., Zolezzi, M. and Nicolella, C. (2006) Biological and electrochemical oxidation of
naphthalenesulfonates. J. Chem. Technol. Biotechnol. 81, 225–232

Park, T.J., Lee, K.H., Jung, E.J. and Kim, C.W. (1999) Removal of refractory organics and color in
pigment wastewater with Fenton oxidation. Water Sci. Technol. 39, 189–192

Perret A., Haenni, W., Skinner, N., Tang, X.M., Gandini, D., Comninellis, Ch., Correa B. and Foti
G. (1999) Electrochemical behaviour of synthetic diamond thin film electrodes. Diam. Relat.
Mater. 8, 820–823

Pignatello, J.J. (1992) Dark and photoassisted iron (3+)-catalyzed degradation of chlorophenoxy
herbicides by hydrogen peroxide. Environ. Sci. Technol. 26, 944–951

Polcaro, A.M., Mascia, M, Palmas, S. and Vacca, A. (2002) Electrochemical oxidation of phenolic
and other organic compounds at boron doped diamond electrodes for wastewater treatment:
Effect of mass transfer. Ann. Chim. 93, 967–976

Polcaro, A.M., Vacca, A., Palmas, S. and Mascia, M. (2003) Electrochemical treatment of waste-
water containing phenolic compounds: Oxidation at boron-doped diamond electrodes. J. Appl.
Electrochem. 33, 885–892

Polcaro, A.M., Mascia, M., Palmas, S. and Vacca, A. (2004) Electrochemical degradation of diuron
and dichloroaniline at BDD electrode. Electrochim. Acta, 49, 649–656

Polcaro, A.M., Vacca, A., Mascia, M. and Palmas, S. (2005) Oxidation at boron doped diamond
electrodes: An effective method to mineralise triazines. Electrochim. Acta 50, 1841–1847

Posada, D., Betancourt, P., Liendo, F. and Brito, J.L. (2006) Catalytic wet air oxidation of aqueous
solutions of substituted phenols. Catal. Lett. 106, 81–88

Rajeshwar, K. and Ibanez, J. (1997) Fundamentals and Applications in Pollution Abatement, Aca-
demic, New York, NY

Rao, T.N., Terashima, C., Sarada, B.V., Tryk, D.A. and Fujishima, A. (2002) Electrochemi-
cal oxidation of chlorophenols at a boron-doped diamond electrode and their determination
by high-performance liquid chromatography with amperometric detection. Anal. Chem. 74,
895–902

Rice, R.G. (1997) Applications of ozone for industrial wastewater treatment. A review. Ozone Sci.
Eng. 18, 477–515

Rodrigo, M.A., Michaud, P.A., Duo, I., Panizza, M., Cerisola, G. and Comninellis, Ch. (2001)
Oxidation of 4-chlorophenol at boron-doped diamond electrode for wastewater treatment. J.
Electrochem. Soc. 148, D60–D64



8 Case Studies in the Electrochemical Treatment of Wastewater 227

Saracco, G., Solarino, L., Aigotti, R., Specchia, V. and Maja, M. (2000) Electrochemical oxidation
of organic pollutants at low electrolyte concentrations. Electrochim. Acta, 46, 373–380

Saracco, G., Solarino, L., Specchia, V. and Maja, M. (2001) Electrolytic abatement of biorefratory
organics by combining bulk and electrode oxidation processes. Chem. Eng. Sci. 56, 1571–1578

Sargisyan, S.A. and Vasil’ev, Yu. B. (1982) Kinetics and mechanism of the electrooxidation of
oxalic acid at a platinum electrode. Sov. Electrochem. 18, 848–853

Sires, I., Cabot, P.L., Centellas, F., Garrido, J.A., Rodriguez, R.M., Arias, C. and Brillas, E. (2006a)
Electrochemical degradation of clofibric acid in water by anodi.c oxidation. Comparative study
with platinum and boron-doped diamond electrodes. Electrochim. Acta 52, 75–85

Sires, I., Garrido, J.A., Rodriguez, R.M., Cabot, P.L., Centellas, F., Arias, C. and Brillas, E.,
(2006b) Electrochemical degradation of paracetamol from water by catalytic action of Fe2+,
Cu2+, and UVA light on electrogenerated hydrogen peroxide. J. Electrochem. Soc.153, D1–D9

Sires, I., Arias, C., Cabot, P.L., Centellas, F., Garrido, J. A., Rodriguez, R.M. and Brillas, E., (2007)
Degradation of clofibric acid in acidic aqueous medium by electro-Fenton and photoelectro-
Fenton. Chemosphere 66, 1660–1669

Skoumal, M., Cabot, P.L., Centellas, F., Arias, C., Rodriguez, R.M., Garrido, J.A. and Brillas, E.,
(2006) Mineralization of paracetamol by ozonation catalyzed with Fe2+, Cu2+ and UVA light.
Appl. Catal. B: Environ. 66, 228–240

Suarez-Ojeda, M.E., Stuber, F., Fortuny, A., Fabregat, A., Carrera, J. and Font, J. (2005) Catalytic
wet air oxidation of substituted phenols using activated carbon as catalyst. Appl. Catal. B:
Environ. 58, 105–114

Sun, Y. and Pignatello, J.J. (1993) Photochemical reactions involved in the total mineralization of
2,4-D by iron(3+)/hydrogen peroxide/UV. Environ. Sci. Technol. 27, 304–310

Toepfer, B., Gora, A. and Li Puma, G. (2006) Photocatalytic oxidation of multicomponent solutions
of herbicides: Reaction kinetics analysis with explicit photon absorption effects. Appl. Catal.
B: Environ. 68, 171–180

Torres, R.A., Torres, W., Peringer, P. and Pulgarin, C. (2003) Electrochemical degradation of
p-substituted phenols of industrial interest on Pt electrodes. Attempt of a structure-reactivity
relationship assessment. Chemosphere 50, 97–104

Trillas, M., Peral, J. and Domènech, X. (1995) Redox photodegradation of 2,4-dichloro-
phenoxyacetic acid over TiO2. Appl. Catal. B: Environ. 5, 377–387

Yermakova, A., Mikenin, P.E. and Anikeev, V.I. (2006) Phenol oxidation in supercritical water in
a well-stirred continuous reactor. Theor. Found. Chem. Eng. 40, 168–174

Yu, F.Y., Li, C.W. and Kang, S.F. (2005) Color, dye and doc removal, and acid generation during
Fenton oxidation of dyes. Environ. Technol. 26, 537–544

Zhi, J.F., Wang, H.B., Rao, T.N., Fujishima, A. and Nakashima, T. (2003) Electrochemical
incineration of organic pollutants on boron-doped diamond electrode. Evidence for direct elec-
trochemical oxidation pathway. J. Phys. Chem. B 107, 13389–13395



Chapter 9
The Persulfate Process for the Mediated
Oxidation of Organic Pollutants

N. Vatistas and Ch. Comninellis

9.1 Introduction

In the field of wastewater treatment, the oxidation reaction of organic pollutants
by dissolved oxygen is not impeded by thermodynamics but by the high activation
energy of the reaction. In fact, thanks to the catalytic action of enzymes; biological
treatment allows a sufficiently high oxidation rate to be obtained for many pollu-
tants, but not for those that are bio-refractory and need to be oxidized using highly
active oxidants.

A highly active oxidant such as the hydroxyl radical .OH�/, oxidizes both waste-
water organic and inorganic compounds with high oxidation rates (Buxton et al.
1988), thus this radical is rapidly consumed and its action occurs only in the
region where it is produced. Consequently, if the production region contains a
high concentration of organic pollutants or a large enough flow of these species
reaches this region then the produced radical is efficiently used and is not lost in the
oxidation of other species.

The Boron-Doped Diamond (BDD) anode produces highly active hydroxyl rad-
icals on its surface (Iniesta et al. 2001a) thus the treatment of wastewater with this
type of anodes requires an adequate flow of organic pollutants toward the anodic
region, to achieve a very efficient process. When during the treatment the concen-
tration and flow of organic pollutants is significantly reduced, only a portion of the
hydroxyl radicals that are produced oxidize the inorganic species of wastewater and
the efficiency of the treatment drops.

Less-active oxidants such as persulfate
�
S2O82�

�
, percarbonate

�
C2O62�

�
,

and hydrogen peroxide .H2O2/ are all efficiently produced with BDD an-
odes (Michaud et al. 2000, 2003; Serrano et al. 2002; Saha et al. 2003, 2004;
Katsuki et al. 1998; Kraft et al. 2006). These oxidants are relatively stable at
ambient conditions and are defined as precursors due to their characteristic of gen-
erating highly active inorganic radicals when a catalyst or a form of energy is used
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(Dogliotti and Hayon 1967; Hayou et al. 1972; Walling 1975; Thompson 1981). The
stability of these precursors and the controlled oxidative action they show permit
their production in the anodic region and the successive activation after their mixing
with the organic pollutants. In other words, these precursors produced with the BDD
anodes introduce new possibilities of mediated oxidation during electrochemical
treatment.

The mediated oxidation method is not new and it is considered during treat-
ments with the conventional anodes. As an example in the electro-Fenton process
the production of precursor .H2O2/ and catalyst

�
Fe2C

�
on the two electrodes

of the cell is promoted. In this case, the subsequent diffusion and mixing of the
produced species generates hydroxyl radicals in the bulk of the solution that effi-
ciently eliminate the organic pollutants from the wastewater (Do and Chen 1994;
Brillas et al. 1996; Alvarez-Gallegos and Pletcher 1999; Panizza and Cerisola 2001;
Zhang et al. 2006). A similar mediated oxidation during electrochemical treatment
is proposed for wastewater containing chloride ions at neutral or basic conditions.
In this case, thanks to the basic condition of wastewater; the produced chlorine gen-
erates the more soluble hypochlorite .ClO�/, which efficiently oxidizes the organic
pollutants. Results of experimental tests have shown the significant contribution of
mediated oxidation during the electrochemical wastewater treatment (Czarnetzki
and Janssen 1992; Comninellis and Nerini 1995; Szpyrkowicz et al. 2005).

Experimental tests have shown that persulfate is produced during electrochem-
ical treatment of effluent containing organic pollutants and sulfate ions with BDD
anodes, and the effect of this precursor on the organic pollutant oxidation has to
be considered in order to explain the experimental results (Michaud et al. 2000;
Canizares et al. 2004). Moreover, a theoretical model has been proposed that in-
cludes the contribution of the mediated oxidation, and the parameters of this model
is estimated by the fitting of the experimental results (Canizares et al. 2003). It
is evident that in this case the contribution of mediated oxidation depends on the
following operating conditions (1) temperature of wastewater, (2) applied current
density, (3) quantity of sulfate ions, and (4) introduction time of sulfate ions in
the wastewater. These conditions have not been systematically considered, thus the
real possibilities of mediated oxidation with this precursor have not been clearly
described.

This chapter therefore proposes a systematic study of mediated oxidation using
persulfate as precursor. The initial part of this chapter will consider the conditions
of hydroxyl radical production on the BDD anode and mass-transfer limitation,
and these conditions will be related to the range of the operating parameters of
the electrochemical treatment. The range that assures the maximum efficiency of
the treatment will be estimated, together with the possibility of its extension using
mediated oxidation.

The second part of this chapter will deal with the performance of mediated ox-
idation with persulfate and the BDD anode using the single-cell treatment method.
Experimental tests at different temperatures and concentrations of organic pollu-
tants, with and without the mediated oxidation, will be done to detect the effect of
operating parameters on the overall efficiency of the electrochemical treatment.
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Finally, the last part of the chapter contains the proposal of a mediated oxidation
method in two new steps that will improve both mechanisms of mediated oxidation,
i.e., production and activation of precursor and an increase in the positive contribu-
tion of mediated oxidation.

9.2 Kinetic and Mass-Transfer Barriers
and Mediated Oxidation

Electrochemical treatment tests of organic pollutants with the BDD anode have
shown that the high selectivity is due to its high over-potential with respect to the
oxygen evolution reaction. The primary effect of this fact is that a high anodic poten-
tial is reached by applying a relatively low current density, which allows the efficient
generation of the highly active hydroxyl radicals in the anodic region.

The hydroxyl radicals produced oxidized organic compounds, and even the inor-
ganic ions that reach the anodic region, and also maintain the BDD surface clean.
In fact, experimental results show that if the anodic potential is not high enough to
produce hydroxyl radicals, a polymeric film covers the surface of BDD anode, and
this film blocks the progress of the electrochemical treatment (Iniesta et al. 2001b).
In other words, the BDD anode shows two qualitatively different operating regimes
that can be easily controlled during the treatment by the value of the applied current
density or by the anodic potential.

In this context, the minimal anodic potential that maintains the BDD surface
clean can be defined as the minimal hydroxyl production potential

�
Ek;min

�
, and

similarly the required current density to reach this potential can be defined as
the minimal hydroxyl production current density

�
ik;min

�
. Definition of the above

parameters allows us to state that the anodic surface is maintained clean if the
applied current density

�
iappl

�
satisfies the following condition (9.1) during the

treatment.
ik;min � iappl: (9.1)

An optimal use of the applied current density requires one further condition: the
flow of organic pollutants toward the anodic surface must be sufficient to consume
the produced hydroxyl radicals on the same surface. The maximum flow of organic
pollutants toward the anode can be expressed as limiting current density .ilim/, and
this further condition assumes the form (9.2).

iappl � ilim: (9.2)

The combination of the above two conditions (9.1) and (9.2), gives the following
range of applied current density (9.3):

ik;min � iappl � ilim: (9.3)
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If the applied current satisfies this condition (9.3), the BDD anode remains clean
and the current efficiency assumes its maximum value .	 D 1:0/.

The previously reported condition requires a relationship between the limiting
current density and COD, which is measured during the treatment. An exact deter-
mination of this relationship is a complicate task but if it is assumed that all the
organic compounds that reach the anodic surface are instantaneously transformed
into inorganic ones, (9.4) relates the value of the limiting current density to the
COD (Gherardini et al. 2001):

ilim D 4FkmCOD; (9.4)

where F is the Faraday constant and km is the mass transfer coefficient.
As (9.4) shows, the limiting current density decreases during treatment due to

the decreasing organic pollutants’ concentration. When the limiting current density
reaches the minimal hydroxyl production current density

�
ilim D ik;min

�
, the previ-

ous range of applied current density given by the condition (9.3) is reduced to its
minimum value (9.5):

iappl;min D ik;min: (9.5)

Combining (9.4) and (9.5) produces (9.6), which estimates the minimal COD value
that assures maximum current efficiency:

CODk;min D ik;min=4Fkm: (9.6)

In fact, if the COD value of the wastewater falls below CODk;min, during the elec-
trochemical treatment, there is an insufficient flow of organic pollutants reaching
the anode to consume the generated hydroxyl radical. Consequently, the excess of
generated hydroxyl radicals in this region are consumed in the oxidation of other
species.

Figure 9.1 indicates the whole region of operating conditions that concern the
electrochemical treatment. This whole region is separated into four regions by the
line of limiting current ilim and the line of minimal hydroxyl production current
density ik;min. The BDD anode is maintained clean in the regions I and II, while an
organic film is formed on the surface which obstructs the oxidation process (anode
fouling) in the regions III and IV. Only the conditions in the region II permit the
anode to remain clean and the treatment to occur with the maximum value of current
efficiency. The same figure also shows the characteristic COD values of wastewater�
CODin; CODk;min; and CODf

�
.

During a typical batch electrolysis, the minimal COD value can be estimated�
CODk;min D 4:25mmol dm�3 or 136 ppm

�
by assuming a typical value of mini-

mal hydroxyl production current density
�
ik;min D 5:0mA cm�2

�
, and a charac-

teristics value of mass-transfer coefficient
�
km D 3 � 10

�5 m s�1
�
. The obtained

minimal COD value is higher than the final treatment value that is usually re-
quired .CODf/. Consequently, it can be stated that the electrochemical treatment
loses a part of electric charge supplied in secondary reactions in this final step�
CODf < COD < CODk;min

�
.
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Fig. 9.1 The operating regions of the electrochemical wastewater treatment with BDD anodes

9.3 The Mediated Oxidation with Persulfate

To increase the efficiency of the electrochemical wastewater treatment process with
conventional anodic materials, the mediated oxidation method has been proposed.
This method avoids the production of oxygen, thanks to the generation of precur-
sors that are successively transformed to active oxidants. When the BDD anodes
are used, a positive contribution of the generated active oxidants can also be fore-
seen, but only in the previously defined region IV of the treatment. The production
of strong oxidants in this region avoids the mass-transfer limitation and treatment
efficiency is recovered.

It is important to note that mediated oxidation using the conventional anodic
materials is applied in order to improve the low oxidative action of these materials.
Consequently, with these materials mediated oxidation is required during the whole
electrochemical treatment, while with the BDD anodes this oxidation is only needed
in the region IV of the treatment when the mass-transfer regime limits the treatment
efficiency.

9.3.1 Production of Persulfate

The success of mediated oxidation is related to the efficient production and activa-
tion of precursors. Experimental tests exploring the production of precursors with
the BDD anode point out that the persulfate precursor is produced with a high-
current efficiency .	 > 0:95/ when the electrolyte contains a high concentration of
sulfate ions

�
C > 2:0mol dm�3

�
and the process temperature is low .T < 10ıC/

(Michaud et al. 2000; Serrano et al. 2002). The effect of concentration of sulfate
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Fig. 9.2 Current efficiency vs. concentration of sulfate on BDD electrode. Current density
23mA cm�2, temperature 9ıC (from Serrano et al. 2002)

on the current efficiency with BDD anodes is reported in Fig. 9.2. It is important
to note that the value of this efficiency is higher than the convectional platinized
titanium, tantalum, or nobium anodes used in industrial electrosynthesis (about 70–
75%) (Ibl and Vogt 1981).

This large value of current efficiency is higher than that for the produc-
tion of alternative precursors such as percarbonate and hydrogen peroxide
(Saha et al. 2003, 2004; Katsuki et al. 1998; Michaud et al. 2003; Kraft et al. 2006).

9.3.2 Activation of Persulfate

The activation of persulfate occurs via the generation of the highly active sulfate
radical .SO4��/, and this step requires a transition metal catalyst

�
AgC;Fe2C;Mn2C;

etc:/ or a form of energy (heat, UV light, etc.). Heat activation has been studied in
detail from some time to explain the degradation of persulfate in aqueous solutions
(Kolthoff and Müller 1951; Berlin 1986; Tanner and Osmar 1987):

S2O82� ! 2SO4�� (9.7)

The thermally activated persulfate can oxidize the organic compounds and ini-
tial studies in this field have examined the fundamental aspects of this oxidation
(Kolthoff and Müller 1951; Allen 1951; House 1962; Gallopo and Edwards 1971;
Goulden and Anthony 1978; Berlin 1986). The application of this oxidation has
recently been considered in the treatment of groundwater and soils contaminated
by bio-refractory organic pollutants. Experimental results obtained in the typical
temperature range of this field .20–50ıC/ indicate the important effect of temper-
ature in eliminating the initial organic pollutants. In particular, the mean half-life
of the organic pollutants at the lower temperatures is rather long

�
t1=2 D 10 h

�
.

(Liang et al. 2003; Huang et al. 2005).
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In the field of wastewater treatments, thermally activated persulfate has also
been proposed and tested in a process called direct chemical oxidation (DCO)
(Anipsitakis and Dionisiou 2002). In addition, the available literature contains
promising experimental results at high-temperature range .110–390ıC/. These
results demonstrate that use of this oxidant permits high oxidation rates to be
achieved, i.e., the elimination of 4-chloro-3-methylphenol is completed with a very
short reaction time

�
3 < t1=2 < 59 s

�
(Kronholm et al. 2001).

9.4 Alternative Methods of Mediated Oxidation

Mediated oxidation with conventional anodic materials has already been applied
using a cell in which direct and mediated oxidation occurs. It is important to note
that the objective when using conventional anodic materials was to improve the
low oxidative action of these anodes, not to improve the mass-transfer limitation
found with BDD anodes. Consequently, it is not taken for granted that the single-
step method is the most suitable one.

In the single-step method, both production of persulfate and oxidation of or-
ganic pollutants occur at the same temperature. Operating at a high temperature, the
mediated oxidation rate is high but little persulfate is produced, while at a low tem-
peratures more persulfate is produced but the mediated oxidation rate is low. In this
single-step case, the temperature is the most important treatment parameter.

A two-step mediated oxidation method can be proposed that separates the per-
sulfate production step from its activation and organic pollutants’ oxidation. In this
way, the optimum conditions of temperature and concentration can be adopted in
order to reach the maximum efficiency of mediated oxidation.

9.4.1 Single-Step Mediated Oxidation Method

As previously reported with single-step mediated oxidation, temperature has a com-
plex effect. This complexity can be partially reduced by comparing the characteristic
times of mediated and direct oxidation that occurs, respectively, in the bulk of the
wastewater and on the anodic surface. In this field, a pseudo-first-order rate is nor-
mally assumed for mediated oxidation and consequently the characteristic time of
the mediated oxidation .�med/ is related with the half-life of the pollutants t1=2
by (9.8).

�med D t1=2=ln 2: (9.8)

The characteristic time of direct electrochemical oxidation .�dir/ is easily estimated
during the mass-transfer regime and is derived by (9.9).

�dir D V=.kmS/; (9.9)
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where km is the mass-transfer coefficient, S the anodic surface, and V is the volume
of wastewater to be treated.

Temperature variation has a strong effect on the characteristic time of the medi-
ated oxidation but not on that of the direct oxidation. Consequently the positive or
negative contribution of the mediated oxidation has an effect when the characteristic
time of the mediated oxidation is less than that of the direct oxidation .�med < �dir/.

To evaluate this process, salicylic acid has been used as a model of organic
pollutant. In all the experimental tests, a constant current density was applied�
15:8mA cm�2

�
. The organic pollutant was used at two different levels of concen-

trations
�
3:6 and 7:2mmol dm�3

�
, in order to include the mediated oxidation during

the final or entire treatment time. Sulfuric or perchloric acids were used at the same
concentration

�
1mol dm�3

�
to assure the same pH value in the wastewater. The use

of perchloric acid impeded mediated oxidation while maintaining the same conduc-
tivity and acid condition in the wastewater as in the case of wastewater containing
sulfuric acid.

A two-compartment cell was adopted to avoid the reduction of produced persul-
fate in the cathode and an ion-selective membrane, Nafion R� N117=HC, separated
the two compartments of the cell. A circular BDD anode was used and a cathode
with the same surface

�
S D 63 cm2

�
was used. Two thermostatted tanks maintained

the temperature of both solutions constant, while the recirculation of the solutions in
the cell by two pumps assured a constant mass-transfer coefficient in the anodic and
cathodic region during the test

�
km D 2:0 � 10

�5 m s�1
�
. The characteristic time of

the direct oxidation was calculated in this series of tests .�dir D 1:10 h/, with the
previous relationship (9.9).

Figure 9.3 reports the values of dimensionless organic pollutants’ concentration
.COD=CODin/ vs. treatment time. These results are for two experimental tests with

Fig. 9.3 COD=CODin vs. treatment time, with a low initial salicylic acid and sulfuric or perchloric
acid. Salicylic acid concentration 3:6mmol dm�3, sulfuric acid or perchloric acid concentration
1mol dm�3, temperature 70ıC, applied current density 15:8mA cm�2
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the same value of temperature .70ı C/ and applied current density
�
15:8mA cm�2

�
.

The wastewater in the two tests contained, respectively, sulfuric acid and perchloric
acid. Both tests were performed using the same low initial concentration of salicylic
acid

�
3:6mmol dm�3

�
, in order to operate at the conditions of mass-transfer regime

during treatment.
Comparison of the results obtained indicates that the test performed using sulfu-

ric acid reaches lower values of dimensionless concentration of organic pollutants
.COD=CODin/, with respect to the test with the perchloric acid. This result points
out that mediated oxidation with the persulfate has a positive contribution on the
elimination of organic pollutants. The same tests were also done at ambient temper-
ature and the results obtained (not reported here) were compared. In this case, the
contribution of mediated oxidation was not observed, due to the higher characteristic
time of the mediated oxidation at ambient temperature .�med D 14 h/, with respect to
the characteristic time of the direct electrochemical treatment time .�dir D 1:10 h/.

Figure 9.4 reports the results of the subsequent two tests at 70ıC that fea-
tured a higher concentration of salicylic acid with respect to the previous ones�
7:2mmol dm�3

�
. In these two tests, the electrochemical treatment is not subject

to mass-transfer limitation from the outset, i.e., the cell initially operates in chem-
ical regime and only operates in the mass-transfer regime in the final stage. These
tests were used to examine the contribution of the mediated oxidation throughout
the entire treatment, i.e., when the wastewater contains sulfate. Comparison of the
obtained results shows that mediated oxidation initially has a small negative con-
tribution, while at the end of the treatment this contribution becomes positive. In
order to explain this result, it is assumed that the persulfate production step occurs

Fig. 9.4 COD=CODin vs. treatment time, with a high initial salicylic acid and sulfuric or perchlo-
ric acid. Salicylic acid concentration 7:2mmol dm�3, sulfuric acid concentration or perchloric acid
concentration 1mol dm�3, temperature 70ıC, and applied current density 15:8mA cm�2
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Fig. 9.5 Persulfate concentration vs. treatment time of two solution containing initially sulfuric
acid solutions with and without salicylic acid. Initial sulfuric acid concentration 1mol dm�3, ini-
tial salicylic acid concentration 3:6mmol dm�3, temperature 70ıC, and applied current density
15:8mA cm�2

throughout the treatment, even during the initial phase with a low current efficiency
and in this case the positive contribution of mediated oxidation in the final mass-
transfer regime is partially eliminated by its negative contribution in the preceding
chemical regime.

In order to confirm the previous assumption, Fig. 9.5 shows the persulfate pro-
duced during two different tests. One is related with the sulfuric acid reported in
Fig. 9.4, while the other is a specific test performed at the same operating condi-
tions but without salicylic acid. The first aspect to note is the rapid production of
persulfate at the initial time, when the salicylic acid concentration is high. This re-
sult indicates that despite the high flow of organic pollutants toward the anode, a
portion of the furnished current is used to oxidize the sulfate ions, and thus not
all the furnished current is used for salicylic acid oxidation. Moreover, the reported
persulfate concentration in the solution without organic pollutants indicates that per-
sulfate is produced under the same operating conditions with a low current efficiency
.0:1 < 	 < 0:4/. These results confirm the previous assumptions on the negative and
positive contribution of mediated oxidation during the treatment.

9.4.2 Two-Step Mediated Oxidation Method

An improvement in mediated oxidation can be expected by increasing the efficiency
of persulfate production and the oxidation rate of organic pollutants. These objec-
tives can be reached with a new two-step mediated oxidation method that separates
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Fig. 9.6 Scheme of wastewater treatment with an initial electrochemical treatment with BDD
anodes and a successive two-step mediated oxidation, with the precursor produced locally with the
use of the same kind of anodes

the production from the activation and oxidation mechanisms. In the first step, a
small electrochemical cell electrolyzes a low-temperature electrolyte of high sulfate
ions concentration. The efficiently produced persulfate is introduced to the pre-
heated wastewater, where the persulfate is then activated and the organic pollutants
are efficiently oxidized.

Figure 9.6 reports a scheme of this two-step mediated oxidation process. The
wastewater is subjected to an initial electrochemical treatment with BDD anodes.
With this treatment, the organic pollutants’ concentration reaches CODk;min with
maximum current efficiency. In the subsequent treatment, pollutants’ elimination
occurs through mediated oxidation by the introduced persulfate, which is activated
by the previously heated wastewater. The same figure also shows that a part of re-
quired heat is recovered by the treated wastewater.

The success of proposed two-step process depends on the efficient production of
persulfate and on the rate and yield of mediated oxidation. Both efficient production
and yield value are related to the consumed electric energy, while the oxidation rate
is related to the required volume of the reaction vessel.

As previously reported the persulfate is produced easily, safely, and in small
quantities with the use of cells with BDD anodes.

9.4.2.1 Yield of Organic Pollutants’ Oxidation

Yield during the oxidation of organic pollutants has not been considered in literature,
and for this reason first a relationship for the estimation of yield is reported here and
following this, a series of oxidation tests has been performed to estimate both yield
and oxidation rate.
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The yield of organic pollutant oxidation by persulfate y is defined as the ratio of
stoichiometric persulfate variation for the oxidation of organic pollutant �Cs, with
respect to the persulfate that is effectively consumed �C :

y D �Cs=�C: (9.10)

The value of yield can be related to a specific instant of oxidation process (point
yield) or with the complete process (integral yield) (Carbery 1976).

The quantity of persulfate consumed can be obtained by measuring its concentra-
tion in solution, while the stoichiometric quantity must be related to the elimination
of organic pollutants. Usually during treatment, the whole organic compound con-
centration is measured by COD in order to know the oxidation progress. The yield
estimation (9.10) requires a relationship between the variation of COD and the vari-
ation of Cs and this relationship is given by (9.11).

�Cs D 2�COD: (9.11)

The above equation is obtained by the stoichiometry of persulfate degradation.

S2O82� C H2O! 2SO42� C 2HC C .1=2/O2 (9.12)

The substitution of (9.10) into (9.11) allows the yield to be related to measured
quantities during the treatment:

y D 2�COD=�Cs: (9.13)

The above relationship can be used for the estimation of the yield during the oxida-
tion of organic pollutants by the persulfate.

9.4.2.2 Chemical Oxidation of Salicylic Acid

Figure 9.7 reports the measured COD values during the oxidation vs. treatment
time at tested temperatures (70, 80, and 90ıC). Comparison of the results shows
the strong effect of temperature on the time required to complete the treatment due
to the activation of persulfate. Moreover, the low final value of COD reached shows
that the excess of persulfate used is sufficient for the complete elimination of sali-
cylic acid.

Figure 9.8 reports the logarithmic ratio of persulfate ln .C=Cin/ during oxidation
tests. These results indicate that the rate of persulfate elimination is not of the first
order respect to its concentration. If it is assumed that the elimination of persulfate
is principally due to the oxidation of organic pollutants, then the oxidation of these
organics is not first order with respect to the persulfate concentration.

Despite the nonlinear oxidation rate obtained, the kinetic constants have been es-
timated by assuming a pseudo-first-order oxidation rate. The estimated mean values
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Fig. 9.7 COD vs. oxidation time, at 70, 80, and 90ıC; pH 13.0; persulfate concentration
56mmol dm�3; and salicylic acid concentration 3mmol dm�3

Fig. 9.8 ln .C=Cin/ vs. oxidation time, at 70, 80, and 90ıC; pH 13.0; persulfate concentration
56mmol dm�3; and salicylic acid concentration 3mmol dm�3

of kinetic parameter .k/ at the various test temperatures are used to fit the Arrhenius
law, and activation energy and pre-exponential factors of the pollutants’ oxidation
have been estimated

�
Ea D 123 kJ mol�1; A0 D 1:73 � 1016 min�1

�
.

Figure 9.9 shows the change of persulfate concentration, one deriving directly
from its measurement and the other indirectly by the Chemical Oxygen Demand
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Fig. 9.9 Persulfate reduction obtained by direct measurement (asterisk), and indirectly by the
measured values of COD (plus) vs. oxidation time, at 70, 80, and 90ıC; pH 13.0; persulfate con-
centration 56mmol dm�3; and salicylic acid concentration 3mmol dm�3

measurements. In the same figure they are also reported the two fitting curves. The
higher curve is related to the direct measurement and concern the whole consump-
tion of persulfate, while the lower one is related to the consumption of persulfate
that concerns the oxidation of organic compounds and is calculated using measured
COD values. These results are from the oxidation test at 70ıC, also the other tests
at different temperatures shown a similar behavior.

The yield values are calculated using (9.13) and the estimated value was found
to be high .y Š 0:90/. This result indicates that persulfate is principally used to
oxidize organic pollutants and only a minimal part of this oxidant is used for other
oxidation reactions.

9.5 Conclusions

This chapter examines the possibility of using mediated oxidation during the
electrochemical treatment of wastewater with BDD anodes, and a comparison is
made of the difference in the mediated oxidation contribution using a BDD anode
respect to the conventional anodic materials. The contribution of this oxidation in
the conventional anodic materials is the improvement of the low oxidative action
of these anodes throughout the entire treatment, while in the case of BDD anode,
a positive contribution is only found during the mass-transfer regime that occurs at
the end of the electrochemical treatment.

By considering the specific characteristic of BBD anode, i.e., the production of
hydroxyl radicals, a separation is obtained between the region of the maximum
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current efficiency and the region of lower efficiency related to the mass-transfer
regime. The characteristics of the mediated oxidation for the BDD anode are ini-
tially examined so mediated oxidation can be applied efficiently.

The existing single-step mediated oxidation method is considered, together with
a new version, consisting of two separate steps that improve all the mechanisms of
this oxidation. Experimental tests have performed using the single- and two-step
mediated oxidation methods and the results of these tests are reported. Comparison
of these results finds that the contribution of mediated oxidation is low for the single-
step method; while this contribution is higher when the two-step mediated oxidation
method is applied.
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Chapter 10
Electrocoagulation in Water Treatment

Huijuan Liu, Xu Zhao, and Jiuhui Qu

10.1 Theoretical Aspect

10.1.1 Principle of Electrocoagulation

EC is a complicated process involving many chemical and physical phenomena that
use consumable electrodes (Fe/Al) to supply ions into the water stream. It has been
discovered over the last hundred years both in batch and continuous applications.
During the late nineteenth century, EC has been applied in several large-scale water
treatment plants in London (Matteson et al. 1995), while electrolytic sludge treat-
ment plants were operated as early as 1911 in various parts of USA (Vik et al. 1984).
Fe/Al is dissolved from the anode generating corresponding metal ions, which
immediately hydrolyze to polymeric iron or aluminum hydroxide. These polymeric
hydroxides are excellent coagulating agents. The consumable (sacrificial) metal an-
odes are used to continuously produce polymeric hydroxides in the vicinity of the
anode. Coagulation occurs when these metal cations combine with the negative par-
ticles carried toward the anode by electrophoretic motion. Contaminants present in
the wastewater stream are treated either by chemical reactions and precipitation or
by physical and chemical attachment to colloidal materials being generated by the
electrode erosion. They are then removed by electroflotation, sedimentation, and fil-
tration. In conventional coagulation process, coagulating chemicals are added. By
contrast, these coagulating agents are generated in situ in EC process. The basic
process can be summarized in Fig. 10.1.

In the EC process, the destabilization mechanism of the contaminants, particulate
suspension, and breaking of emulsions may be summarized as follows. (1) Compres-
sion of the diffuse double layer around the charged species by the interactions of
ions generated by oxidation of the sacrificial anode. (2) Charge neutralization of the
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Fig. 10.1 Schematic diagram of a two-electrode electrocoagulation cell

ionic species present in wastewater by counter ions produced by the electrochemical
dissolution of the sacrificial anode. These counter ions reduce the electrostatic inter-
particle repulsion to the extent that the van der Waals attraction predominates, thus
causing coagulation. A zero net charge results in the process. (3) Floc formation:
the floc formed as a result of coagulation creates a sludge blanket that entraps and
bridges colloidal particles that are still remaining in the aqueous medium.

Water is also electrolyzed in a parallel reaction, producing small bubbles of oxy-
gen at the anode and hydrogen at the cathode. These bubbles attract the flocculated
particles and float the flocculated pollutants to the surface through natural buoyancy.
In addition, the following physiochemical reactions may also take place in the EC
cell (Paul 1996) (1) cathodic reduction of impurities present in wastewater; (2) dis-
charge and coagulation of colloidal particles; (3) electrophoretic migration of the
ions in solution; (4) electroflotation of the coagulated particles by O2 and H2 bub-
bles produced at the electrodes; (5) reduction of metal ions at the cathode; and (6)
other electrochemical and chemical processes.

10.1.2 Reactions at the Electrodes and Electrodes Assignment

A simple electrocoagulation reactor is made up of one anode and one cathode. When
a potential is applied from an external power source, the anode material undergoes
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oxidation, while the cathode will be subjected to reduction or reductive deposition
of elemental metals. The electrochemical reactions with metal M as anode may be
summarized as follows:
At the anode:

M.s/ ! M.aq/
nC C n e� (10.1)

2H2O.1/ ! 4HC.aq/ C O2.g/ C 4e� (10.2)

At the cathode:

M.aq/
nC C n e� ! M.s/ (10.3)

2H2O.l/ C 2e� ! 2H2.g/ C 2OH� (10.4)

If iron or aluminum electrodes are used, the generated Fe.ag/
3C or Al.aq/

3C ions
will immediately undergo further spontaneous reactions to produce corresponding
hydroxides and/or polyhydroxides. These compounds have strong affinity for dis-
persed particles as well as counter ions to cause coagulation. The gases evolved at
the electrodes may impinge on and cause flotation of the coagulated materials (Jiang
et al. 2002).

To improve the performances of an EC, it may be necessary to interchange the
polarity of the electrode intermittently. Usually, a two-electrode EC cell is not suit-
able for wastewater treatment because of a workable rate of metal dissolution. The
use of electrodes with large surface area is required and performance improvement
has been achieved by using EC cells either with monopolar electrodes or with bipo-
lar electrodes. The schematic diagram of monopolar and bipopar electrodes in series
connections is shown in Fig. 10.2 (Golder et al. 2007). The parallel arrangement es-
sentially consists of pairs of conductive metal plates placed between two parallel
electrodes and a DC power source. In a monopolar arrangement, each pair of “sacri-
ficial electrodes” is internally connected with each other, and has no interconnection
with the outer electrodes. This arrangement of monopolar electrodes with cells in
series is electrically similar to a single cell with many electrodes and interconnec-
tions. The experimental setup also requires a resistance box to regulate the flow of
current and a multimeter to read the current values. The conductive metal plates or

Monopolar connection Bipolar connection

Fig. 10.2 Schematic diagram of a monopolar and bipolar electrodes in series connections



248 H. Liu et al.

rods used in EC fabrication are commonly known as “sacrificial electrodes.” The
sacrificial electrode and the cathode may be made up of the same or of different
materials.

In a bipolar arrangement, the sacrificial electrodes are placed between the two
parallel electrodes without any electrical connection. The two monopolar electrodes
are connected to the electric power source with no interconnections between the sac-
rificial electrodes. This cell arrangement provides a simple setup, which facilitates
easy maintenance. When an electric current is passed through the two electrodes,
the neutral sides of the conductive plate will be transformed to charged sides,
which have opposite charge compared with the parallel side beside it. The sacri-
ficial electrodes are known as bipolar electrodes. It has been reported that EC cell
with monopolar electrodes in series connection was more effective where aluminum
electrodes were used as sacrificial and iron was used as anode and cathode. And,
electrocoagulation with Fe/Al (anode/cathode) was more effective for the treatment
process than Fe/Fe electrode pair (Modirshahla et al. 2007).

10.1.3 Electrode Passivation and Activation

Electrode passivation, specifically of aluminum electrodes, has been widely
observed and recognized as detrimental to reactor performance. This formation
of an inhibiting layer, usually an oxide on the electrode surface, will prevent metal
dissolution and electron transfer, thereby limiting coagulant addition to the solu-
tion. Over time, the thickness of this layer increases, reducing the efficacy of the
electrocoagulation process. The use of new materials, different electrode types
and arrangements (Pretorius et al. 1991), and more sophisticated reactor opera-
tional strategies (such as periodic polarity reversal of the electrodes) have certainly
let to significant reductions of impact passivation. In addition, addition of anions
will also slow down the electrode passivation. The positive effect was as follows:
Cl� > Br� > I� > F� > ClO4� > OH� and SO42�. Specially, addition of a cer-
tain amount of Cl� into the aqueous solution will inhibit the electrode passivation
process largely. It is also necessary to rinse regularly the surface of the electrode
plates. Generally, iron is used in wastewater treatment and aluminum is used in wa-
ter treatment because there are a definite amount of metal ions required to remove a
given amount of pollutants and iron is relatively cheaper. The aluminum plates are
also finding application in wastewater treatment either alone or in combination with
iron plates due to the high coagulation efficiency of Al3C. When there are a signifi-
cant amount of Ca2C or Mg2C ions in water, the cathode material is recommended
to be stainless steel.

Apart from a technical focus on quantifying interactions between the foundation
technologies and an economic focus on the relative cost of electrocoagulation, future
research also needs to examine reliable means of reducing electrode passivation.
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10.1.4 Comparison Between Electrocoagulation
and Chemical Coagulation

Chemical coagulation and electrocoagulation have the same phenomenon in which
the charged particles in colloidal suspension are neutralized by mutual collision
with metallic hydroxide ions and are agglomerated, followed by sedimentation or
flotation. The difference between electrocoagulation and chemical coagulation is
mainly in the way of which aluminum or iron ions are delivered (Zhu et al. 2005;
Avsar et al. 2007). Electrocoagulation is a process consisting of creating metallic
hydroxide flocks within the water by electrodissolution of the soluble anodes, usu-
ally made of iron or aluminum. In chemical coagulation, hydrolyzing metal salts,
based on aluminum or iron, e.g., aluminum and ferric sulfates and chlorides, are
very widely used as coagulants in water treatment. There are some advantages for
EC compared to chemical coagulation, which are as follows:

1. In the chemical coagulation process, the hydrolysis of the metal salts will lead to
a pH decrease and it is always needed to modulate the effluent pH. The chemical
coagulation is highly sensitive to pH change and effective coagulation is achieved
at pH 6–7. While in the electrocoagulation, the pH neutralization effect made it
effective in a much wide pH range (4–9).

2. Flocs formed by EC are similar to chemical floc. But, EC floc tends to be much
larger, contains less bound water, is acid resistant, and is more stable. In the
chemical coagulation process, it is always followed by sedimentation and filtra-
tion. While in the electrocoagulation process, it can be followed by sedimentation
or flotation. The gas bubbles produced during electrolysis can carry the pollutant
to the top of the solution where it can be more easily concentrated, collected, and
removed.

3. Sludge formed by EC tends to be readily settable and easy to de-water, because it
is composed of mainly metallic oxides/hydroxides. Above all, it is a low-sludge
producing technique.

4. Use of chemicals is avoided in EC process. Thus, it need not neutralize excess
chemicals, and secondary pollution caused by chemical substances that are added
can be avoided.

5. The EC process has the advantage of treating the water with low temperature and
low turbidity. In this case, the chemical coagulation has difficulty in achieving a
satisfying result.

6. EC requires simple equipment and is easy to be operated.

The disadvantages of EC are as follows. (1) The “sacrificial electrodes” are dis-
solved into wastewater as a result of oxidation, and need to be regularly replaced.
(2) The passivation of the electrodes over time has limited its implementation. (3)
The use of electricity may be expensive in many places. (4) High conductivity of
the wastewater suspension is required (Yildiz et al. 2007).
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10.2 Typical Designs of the EC Reactors

Electrocoagulation reactors have been built in a number of configurations. Each
system has its own set of advantages and disadvantages. It is important to design the
EC cell so that maximum efficiency can be achieved.

Among the electrocoagulation reactors, the first major distinction is whether a
reactor was configured as a batch or a continuous system. It is clear that the majority
of applications fall into the latter category, having a continuous feed of wastewater
and operating under (pseudo) steady-state conditions. A key advantage for such
reactor systems is that their coagulant requirements are essentially fixed, a major
advantage in terms of both design and operation. Batch reactor applications typically
operate with a fixed wastewater volume per treatment cycle, which suffer from the
perceived disadvantage that those conditions within the reactor change with time.

The second major distinction between alternative reactor designs is the role of
flotation. Reactors that do not exploit the separation of aggregated pollutant via
electrochemically generated bubbles are regarded as “coagulation only” processes,
while reactors that integrate flotation into their design and operation are classed as
“coagulation and flotation” processes. Integrated units have two main pollutant re-
moval paths – flotation and settling (Holt et al. 2002). Separation by settling is the
more common option, with the fact that electrolytic gases are also being produced
simultaneously with the dosing process often viewed as an unnecessary operational
complication (Vik et al. 1984). The difference between pollutant removal by set-
tling or flotation will seem to be the current density. A low current produces a low
bubble density, leading to a low upward momentum-flux condition that encourages
sedimentation over flotation. When the current is increased, the bubble density in-
creases, which results in a greater upward momentum flux. Thus, the contaminants
may be removed by flotation.

10.2.1 Liquid Flow Assignment

Generally, the liquid flow is in parallel connection (Fig. 10.3), which is easy to be
fabricated. However, liquid flow is low in parallel connection and it is not benefi-
cial for Al ion diffusion and Al coagulant formation as well as adsorption (Mameri
et al. 1998). Additionally, if the Al ion cannot be transferred, the electrode will be
passivated. Thus, overpotential will be increased and the electrical energy will be
consumed. By contrast, the liquid flow rate in series connection will be increased
(Fig. 10.3). Certainly, the flow rate cannot be increased too high in order to not to
destroy the coagulant. The results of the treatment of a textile wastewater by EC
process using various liquid flow assignments were reported. Two electrode materi-
als, aluminum and iron, were connected in three modes namely, monopolar-parallel
(MP-P), monopolar-serial (MP-S), and bipolar-serial (BP-S). For MP-P, anodes and
cathodes are in parallel connection; the current is divided between all the elec-
trodes in relation to the resistance of the individual cells. Hence, a lower potential
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Fig. 10.3 Schematic diagram
of liquid flow in parallel or
series connection

Parallel connection Series connection

difference is required in parallel connection, when compared with serial connec-
tions. For MP-S, each pair of sacrificial electrodes is internally connected with each
other, because the cell voltages sum up a higher potential difference required for
a given current. For BP-S, there is no electrical connection between inner elec-
trodes, only the outer electrodes are connected to the power supply. Outer electrodes
are monopolar and inner ones are bipolar. This connection mode has simple setup
and has less maintenance cost during operation. COD and turbidity removals are
selected as performance criteria. For a high COD removal, acidic medium is prefer-
able for both electrode materials. And, process economy is as important as removal
efficiencies during the process evaluation test. Various direct and indirect cost items
including electrical, sacrificial electrodes, labor, sludge handling, maintenance, and
depreciation costs have been considered in the calculation of the total cost. The re-
sults show that monopolar parallel mode is the most cost effective for both electrode
types (Kobya et al. 2007).

10.3 Factors Affecting Electrocoagulation

10.3.1 Effect of Current Density or Charge Loading

Operating current density is very important in electrocoagulation because it is the
only operational parameter that can be controlled directly. In this system, electrode
spacing is fixed and current is a continuous supply. Current density directly deter-
mines both coagulant dosage and bubble generation rates and strongly influences
both solution mixing and mass transfer at the electrodes.

In an EC experiment, the electrode or electrode assembly is usually connected
to an external DC source. The amount of metal dissolved or deposited is depen-
dent on the quantity of electricity passed through the electrolytic solution. A simple
relationship between current density .A cm�2/ and the amount of substances .M/

dissolved (g of M cm�2/ can be derived from Faraday’s law:

w D
itM
Nf
; (10.5)
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where w is the quantity of electrode material dissolved (g of M cm�2), i the cur-
rent density .A cm�2/, t the time in s; M the relative molar mass of the electrode
concerned, n the number of electrons in oxidation/reduction reaction, and f is the
Faraday’s constant, 96,500 C mol�1.

It is expected that there should be an agreement between the calculated amount
of substances dissolved as a result of passing a definite quantity of electricity and
the experimental amount determined. Usually a good agreement is obtained (Vik
et al. 1984). One uncertainty is in the measurement of potential of the EC cell. The
measured potential is the sum of three components:

	AP D 	k C 	Mt C 	IR; (10.6)

where 	AP is the applied overpotential (V), 	k the kinetic overpotential (V), 	Mt
the concentration overpotential (V), and 	IR is the overpotential caused by solution
resistance or IR drop (V).

The IR drop is related to the distance (d in cm) between the electrodes, surface
area (A in m2) of the cathode, specific conductivity of the solution (� in mS m�1/,
and the current (I in A). The IR drop can be easily minimized by decreasing the
distance between the electrodes and increasing the area of crossing section of the
electrodes and the specific conductivity of the solution. The IR drop can be easily
minimized by decreasing the distance between the electrodes and increasing the
area of cross section of the electrodes and the specific conductivity of the solu-
tion. Concentration overpotential (	Mt, V), also known as mass transfer or diffusion
overpotential, is caused by the change in analytic concentration occurring in the
proximity of the electrode surface due to electrode reaction. This overpotential is
caused by the differences in electroactive species concentration between the bulk
solution and the electrode surface. This condition occurs when the electrochem-
ical reaction is sufficiently rapid to lower surface concentration of electroactive
species below that of the bulk solution. The overpotential is small when reaction
rate constant is much smaller than the mass-transfer coefficient. The mass-transport
overpotential (	Mt, V) can be reduced by increasing the masses of the metal ions
transported from the anode surface to the bulk of the solution and can be achieved
by enhancing the solution turbulence. It can also be overcome by passing electrolyte
solution from anode to cathode at a higher velocity by using some mechanical
means. With the increase in the current, both kinetic and concentration overpotential
increase.

The current density is the key operational parameter, affecting not only the sys-
tem’s response time but also strongly influencing the dominant pollutant separation
mode. The highest allowable current density may not be the most efficient mode of
running the reactor. It is well known that the optimal current density will invariably
involve a trade-off between operational costs and efficient use of the introduced co-
agulant. At the meantime, the current density depends on solution pH, temperature,
flow rate, etc.

As summarized by Chen (2004), the supply of current to the electrocoagulation
system determines the amount of Al3C or Fe2C ions released from the respective
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electrodes. For aluminum, the electrochemical equivalent mass is 335:6mg .Ah/�1.
For iron, the value is 1,041 mg .Ah/�1. In order for the electrocoagulation system
to operate for a long period of time without maintenance, its current density is sug-
gested to be 20–25A m�2 unless there are measures taken for a periodical cleaning
of the surface of electrodes. The current density selection should be made with other
operating parameters such as pH, temperature, as well as flow rate to ensure a high
current efficiency. The current efficiency for aluminum electrode can be 120–140%
while that for iron is around 100%. The overall 100% current efficiency for alu-
minum is attributed to the pitting corrosion effect especially when there are chlorine
ions present. The current efficiency depends on the current density as well as the
types of the anions. Significantly enhanced current efficiency, up to 160%, was ob-
tained when low-frequency sound was applied to iron electrodes (Kovatchva and
Parlapanski 1999). The quality of the treated water depends on the amount of ions
produced (mg) or charge loading, the product of current and time (Ah). Table 10.1
gives the values of the required Al3C for treating some typical pollutants in water
treatment (Kul’skii et al. 1978). The operating current density or charge loading can
be determined experimentally if there are not any reported values available. There
is a critical charge loading required. Once the charge loading reaches the critical
value, the effluent quality does not show significant improvement for further current
increase (Chen et al. 2000).

10.3.2 Effect of Conductivity

When the electrolytic conductivity is low, the current efficiency will decrease. And,
high-applied bias potential is needed which will lead to the passivation of elec-
trode and increase treatment cost. Generally, NaCl was added in order to increase
the electrolytic conductivity. Active chloride will also produce in the Cl� electrol-
ysis, which will contribute to the water disinfection (Wong et al. 2002). And, the
addition of Cl� will also decrease the negative effect of CO32� and SO42�. The
presence of CO32� and SO42� will lead to the deposition of Ca2C and Mg2C and
formation of oxide layer, which will decrease the current efficiency rapidly. It is

Table 10.1 The aluminum demand and power consumption for removing pollutants from water
Preliminary purification Purification

Pollutant Unit quantity Al3C (mg) E
�
Wh m�3

�
Al3C (mg) E

�
Wh m�3

�

Turbidity 1 mg 0.04–0.06 5–10 0.15–0.2 20–40
Color 1 unit 0.04–0.1 10–40 0.1–0.2 40–80
Silicates 1 mg/SiO2 0.2–0.3 20–60 1–2 100–200
Irons 1 mg Fe 0.3–0.4 30–80 1–1.5 100–200
Oxygen 1 mg O2 0.5–1 40–200 2–5 80–800
Algae 1,000 0.006–0.025 5–10 0.02–0.03 10–20
Bacteria 1,000 0.01–0.04 5–20 0.15–0.2 40–80
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therefore recommended that among the anions present, there should be 20% Cl� to
ensure a normal operation of electrocoagulation in water treatment. However, NO3�

widely present in the water solution nearly has no effect on the EC process.

10.3.3 Effect of Temperature

The water temperature will also influence the electrocoagulation process. Al anode
dissolution was investigated in the water temperature range from 2 to 90ıC. The
Al current efficiency increase rapidly when the water temperature increase from 2
to 30ıC. The temperature increase will speed up the destructive reaction of oxide
membrane and increase the current efficiency. However, when the temperature was
over 60ıC, the current efficiency began to decrease. In this case, the volume of
colloid Al.OH/3 will decrease and pores produced on the Al anode will be closed.
The above factors will be responsible for the decreased current efficiency.

10.3.4 Effect of pH

The pH of solution plays an important role in electrochemical and chemical coag-
ulation process (Chen et al. 2000). Under certain conditions, various complex and
polymer compounds can be formed via hydrolysis and polymerization reaction of
electrochemically dissolved Al3C. The formation of Al3C single-core coordination
compounds can be described as follows:

Al3C C H2O! Al.OH/2C C HC (10.7)

Al.OH/2C C H2O! Al.OH/2
C C HC (10.8)

Al.OH/2
C C H2O! Al.OH/3 C HC (10.9)

Al.OH/3 C H2O! Al.OH/4
� C HC (10.10)

With the extension of hydrolysis of Al3C, multicore coordination compounds and
Al.OH/3 precipitate can be formed.

Al3C ! Al.OH/n
3�n ! Al2.OH/24C ! Al13 complex! Al.OH/3 (10.11)

In the pH range of 4–9, Al.OH/2C, Al.OH/2
C, Al2.OH/24C, Al.OH/3, and

Al13.OH/327C are formed. The surface of these compounds has large amounts
of positive charge, which can lead to adsorption electrochemistry neutralization and
net catching reaction. At pH > 10, Al.OH/4� is dominant, and the coagulation
effect rapidly decreases. At low pH, Al3C is dominant, which has no coagulation
effect.
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In the chemical coagulation process, pH is needed to be adjusted because the
pH of solution will decrease with the addition of coagulants. In the electrochemical
coagulation, the evolution of H2 at the cathode will increase the OH� concentration.
Thus, pH in the aqueous solution will increase when the pH of original water is in
the range of 4–9. However, when the pH of the original water is higher than 9, the
pH of the treated water will decrease. Compared with the chemical coagulation,
electrocoagulation can neutralize the pH of the treated water to some extent via
following reactions.

AlC 3HC ! Al3C (10.12)

Al3C C 3H2O! Al.OH/3 C 3HC (10.13)

Al.OH/3 C OH� ! Al.OH/4
� (10.14)

Under acid conditions, CO2 can be purged with the evolution of H2 and O2. Par-
ticularly, Al dissolution occurs by (10.4)–(10.24). And, the formed Al.OH/3 also
dissolve, reaction (10.12) occurs to the left easily. These reactions are responsible
for the increase of solution’s pH. At high pH, reaction (10.13) occurs to the right eas-
ily, Ca2C and Mg2C can precipitate with Al.OH/3. At higher pH, reaction (10.14)
proceeds. These processes are responsible for the decrease of aqueous pH.

10.4 Application of Electrocoagulation in Water Treatment

EC is a process consisting of creating metallic hydroxides flocs within the
wastewater by electrodissolution of soluble anodes, usually made of iron or alu-
minum. It was found that anodized aluminum was more effective than the aluminum
ion introduced in the form of aluminum sulfate solution. In water and wastewaters
treatment, electrocoagulation has been widely used to treat potable water, urban
wastewater, oil wastes, textile wastewater, suspended particles, chemical and me-
chanical polishing waste, fluoride containing water, and heavy metal containing
solutions (Hu et al. 2005; Adhoum et al. 2004; Yildiz et al. 2007; Kumar et al. 2004;
Gomes et al. 2007; Parga et al. 2005; Golder et al. 2007; Hansen et al. 2007;
Mollah et al. 2004; Wu et al. 2008). The removal of surfactants can also be achieved
efficiently by using electrochemical coagulation not depending on the type of sur-
factant. Removal efficiency of nearly 100% has been achieved for the solution of
300mg L�1 in a short time of 4 min (Onder et al. 2007). The treatability of waters
containing high concentration of NOMs using iron cast electrodes has been explored
based on removal efficiency by electrocoagulation method. Effects of initial humic
substance concentration, applied potential, and supporting electrolyte type on the
electrocoagulation have been investigated. It can be concluded that electrocoagu-
lation is an effective method for the treatment of waters containing MOMs (Yildiz
et al. 2007). Here, we take the removal of arsenic, dyes, and heavy metal from water
as examples to explain the EC process and its mechanism in water treatment.
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10.4.1 Arsenic Removal from Water by EC

Arsenic in drinking water is a worldwide concern due to its toxicity and carcino-
genicity. In order to minimize these health risks, the World Health Organization
(WHO) has set a guideline limit of 10�g L�1 in drinking water. In natural water, ar-
senic is primarily present in inorganic forms and exists in two predominant species,
arsenate (As(V)) and arsenite (As(III)). As(V) is the major arsenic species in well-
oxygenated water, whereas As(III) is the dominant arsenic in groundwater.

EC is a simple, efficient, and promising method to remove arsenic form water.
Arsenic removal efficiencies with different electrode materials follow the sequence:
iron > titanium > aluminum. The process was able to remove more than 99%
of arsenic from an As-contaminated water and met the drinking water standard
of 10�g L�1 with iron electrode. Compared with the iron electrodes, aluminum
electrodes obtained lower removal efficiency. The plausible reason for less arsenic
removal by aluminum in comparison to iron could be that the adsorption capacity of
hydrous aluminum oxide for As(III) is much lower in comparison to hydrous ferric
oxides. Comparative evaluation of As(III) and As(V) removal by chemical coagu-
lation (with ferric chloride) and electrocoagulation has been done. The comparison
revealed that EC has better removal efficiency for As(III), whereas As(V) removal
by both processes was nearly same (Kumar et al. 2004).

Gomes et al. (2007) reported that As(III) ions are partly converted to As(V)
during EC process. Crystalline iron oxides (magnetite, iron oxide), iron oxyhydrox-
ide (lepidocrocite), aluminum hydroxide (bayerite), and aluminum oxyhydroxide
(diaspore), as well as some interaction between the two phases were generated
during the EC process. They also indicated the presence of amorphous or ultrafine
particular phase in the floc. The substitution of Fe3C ions by Al3C ions in the solid
surface has been observed also, which indicated a removal mechanism of arsenic
in these metal hydroxides and oxyhydroxides by providing larger surface area for
arsenic adsorption via retarding the crystalline formation of iron oxides. Electroco-
agulation of As (V) in wastewaters is a promising remediation tool. Experiments
with three different process designs showed the possibility of removing arsenic as
adsorbed to or co-precipitate with iron(III)hydroxide. Applying electrocoagulation
with a modified flow and an air lift reactor, in both cases practically all arsenic
was eliminated from a 100mg As.V/L�1 solution with current densities of around
1:2A dm�2 (Parga et al. 2005).

10.4.2 Other Heavy Metal Removal from Water by EC

Most of the metals such as copper, nickel, chromium, silver, and zinc are harmful
when they are discharged without treatment. The most widely used method for the
treatment of metal polluted wastewater is precipitation with NaOH and coagulation
with FeSO4 or Al2.SO4/3 with subsequent time-consuming sedimentation. Other
methods include adsorption, ion exchange, and reverse osmosis. Each method has
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its disadvantages. EC is a promising method to remove heavy metal from water and
has the advantages of simple equipment, easy operation, high removal efficiency,
high removal rate, and no need pH adjustment.

Take the treatment of electroplating wastewater containing Cu2C, Zn2C, and
Cr(VI) as an example. When using aluminum as electrode, Cu2C, Zn2C, and Cr(VI)
could be effectively removed by the EC process when the pH was kept between 4
and 8. The removal rates of copper and zinc were found to be five times quicker
than chromium because of a difference in the removal mechanisms. Coprecipitation
of Cu.OH/2 and Zn.OH/2 may play a dominant role in the removal mechanism of
the corresponding metallic ions. For Cr(VI), it was firstly reduced to Cr(III) at the
cathode surface and then removed by coprecipitated process to Cr.OH/3. When the
pH was higher than 8, a dramatic decrease of the removal efficiency of chromium is
observed, while removal yields of Cu2C and Zn2C remained very high. At alkaline
pH between 8 and 10, Cr2O72� ions are converted to soluble chromate (CrO42�/
anions, which can explain the low removal rate.

When using Fe as electrode, Fe2C was formed by direct electrochemical reduc-
tion at the anode surface. Simultaneously, higher oxidized metal compounds like
Cr(VI) may be reduced to Cr(III) by Fe2C in acidic solution, as (10.15)–(10.17).

Fe! Fe2C C 2e (10.15)

Cr2O72� C 6Fe2C C 14HC ! 2Cr3C C 6Fe3C C 7H2O (10.16)

CrO42� C 3Fe2C C 8HC ! Cr3C C 3Fe3C C 4H2O (10.17)

On the cathode, in addition to the formation of H2, Cr(VI) can be directly reduced
to Cr(III) on the cathodes, which can be expressed as (10.18)–(10.20).

2HC C 2e! H2 (10.18)

Cr2O72� C 6eC 14HC ! 2Cr3C C 7H2O (10.19)

CrO42� C 3eC 8HC ! Cr3C C 4H2O (10.20)

Additionally, H2 formed at the cathode increase the pH of the wastewater thereby
inducing precipitation of Cr3C and Fe3C as corresponding hydroxides Cr.OH/3 and
Fe.OH/3 (Golder et al. 2007).

10.4.3 Dye Removal from Water by EC

Dye is a ubiquitous class of synthetic organic pigments. The traditional treatment
methods for dye effluents include physical–chemical method and biological process.
The biological methods are cheap and simple to apply, but cannot be applied to most
textile wastewaters because most commercial dyes are toxic to the organisms used
in the process and result in sludge bulking. The EC technique is considered to be
an effective tool for treatment of textile wastewaters with high removal efficiency.
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A number of authors have reported the treatments of textile dye wastewater by EC
technique (Mollah et al. 2004; Wu et al. 2008). There are two mechanisms for the
dye decolorization (1) precipitation and (2) adsorption. At low pH, the precipitation
is dominant. At pH > 6:5, the adsorption is the main process.

Precipitation:

DyesCMonomeric Al! ŒDyes Monomeric Al� .s/ pH D 4:0 � 5:0 (10.21)

DyesC Polymeric Al! ŒDyes Polymeric Al�.s/ pH D 5:0 � 6:0 (10.22)

Adsorption:

DyesC Al.OH/3.s/ !! Œparticle� (10.23)

ŒDyes Polymeric Al�.s/ C Al.OH/3.s/ !!! Œparticles� (10.24)

Freshly formed amorphous Al.OH/3.s/ “sweep flocs” have large surface areas
which is beneficial for a rapid adsorption of soluble organic compounds and trapping
of colloidal particles. Finally, these flocs are removed easily from aqueous medium
by sedimentation or flotation.

Iron and aluminum are used as sacrificial electrode materials in the treatment
of textile wastewater by EC. In acidic medium, COD and turbidity removal effi-
ciencies of aluminum are higher than those of iron, while in neutral and weakly
alkaline medium iron is more efficient. High conductivity is in favor of high process
performances and low operating cost. For the same turbidity and COD removal ef-
ficiencies, iron requires a lower current density than aluminum. Operating time and
current density exhibit similar effects on the process performances and the operating
cost. The energy consumption is lower with iron, while the electrode consumption is
lower generally with aluminum. If anode potential is sufficiently high, secondary re-
actions may occur, including direct oxidation of organic compounds and of Cl�  
ions present in wastewater.

The dye removal efficiency decreased with increase in the initial concentration.
In a bipolar EC reactor with iron electrodes, using NaCl as electrolyte, the removal
efficiency of orange II decreased from 90.4 to 55% with the increase in the initial
dye concentration from 10 to 50mg L�1 at constant voltage of 40 V and a current
strength of 159:5A m�2. The high treatment efficiency is considered to be due to
chemical coagulation involving maghemite (”-Fe2O3) and/or magnetite (Fe3O4)
produced in the system as well as electrooxidation. The results of XRD analy-
ses of the residue confirmed the presence of magnetite (Fe3O4) and maghemite
(”-Fe2O3) in EC process (Canizares et al. 2006). Misawa et al. (199) reported that
either goethite (’-FeOOH) or magnetite (Fe3O4) is produced depending upon the
pH of the environment. At acidic condition, ”-Fe2O3 was formed; in slightly basic
and strongly basic condition Fe3O4 and ’-FeOOH were formed, respectively by the
(10.25)–(10.26).

6Fe.OH/2.s/ C O2.aq/ ! 2Fe3O4.s/ C 6H2O (10.25)
4Fe.OH/2.s/ C O2.aq/ ! 4˛�FeOOH.s/ C 2H2O (10.26)
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As for the acid red 14 removal by EC, 95% color removal and 85% COD removal
were obtained when the pH ranged from 6 to 9, time of electrolysis was approx-
imately 4 min and current density was approximately 80A m�2. The results also
showed that an EC cell with monopolar electrodes had higher color removal effi-
ciency than an EC cell with bipolar electrodes. Furthermore, within an EC cell, the
series connection of the monopolar electrodes was more effective for the treatment
process than the parallel connection in color removal (Daneshvar et al. 2004).

EC has the advantage of consumed less material and produced less sludge, and
the pH of the medium was more stabilized than that of chemical coagulation for
similar COD and turbidity removal levels. Cost calculations for dye removal by EC
show that, in the case of iron electrode, operating cost is approximately 0.1 US$ per
kg COD removed, and for aluminum, it is 0.3 US$ per kg COD removed. Electrode
consumption cost accounts nearly 50% of the total cost for iron, and 80% of the total
cost for aluminum (Bayramoglu et al. 2004). This paper presents the comparative
results with respect to electrode configurations on the economic performance of
treatment of textile wastewater by EC process. Aluminum and iron electrode ma-
terials were used as sacrificial electrode in parallel and series connection modes.
Various direct and indirect cost items including electrical, sacrificial electrodes, la-
bor, sludge handling, maintenance, and depreciation costs were considered in the
calculation of the total cost per m3 of wastewater taken from a textile plant with
a capacity of 1,000 m3 per day. The results showed that MP-P was the most cost
effective for Fe and Al electrodes.

10.5 A New Bipolar EC–EF Process for Wastewater Treatment

The separation of the flocculated sludge formed by EC process can be accomplished
by precipitation or flotation (Yavuz 2007; Szpyrkowicz 2007). However, preliminary
experiment showed that the hydrogen gas produced at the aluminum cathode in an
electrocoagulation cell was not so fine that could float only about 60% of the total
solids. In our research group, a combinative bipolar EC–EF process was developed
to treat laundry wastewater (Ge et al. 2004).

Figure 10.4 showed the flowchart of the experimental EC–EF system in our re-
search work. In the bipolar EC–EF unit, three aluminum plates placed between two
titanium electrodes having opposite charges will undergo anodic reactions on the
positive side while on the negative side cathodic reactions take place. The objectives
of using this bipolar EC–EF reactor were to neutralize pollutant charge, generate ul-
trafine bubbles, and separate the coagulated flocs from water.

The main anodic reactions are as follows:
Ti anode:

2H2O! O2 C 4HC C 4e (10.27)
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Fig. 10.4 Flowchart of the experimental system: (1) DC power supply, (2) pump, (3) electrochem-
ical cell (solid bar: Ti electrode and space bar: Al electrode), (4) polymer electrolyte injection,
(5) separator, and (6) effluent

Al positive side:
Al! Al3C C 3e (10.28)

The hydrolysis and polymerization of Al3C under appropriate pH conditions sub-
sequently give rise to the formation of such species as Al.OH/2C, Al2.OH/24C,
Al.OH/3, and charged hydroxo cationic complexes, which can effectively remove
pollutants. In this study, titanium metal is chosen as anode material mainly for its
cheapness and high stability. Some materials with high oxygen evolution have also
been reported. When there are some Cl� in the solution, some reactions will occur
on the anode by (10.29)–(10.31).

2Cl� ! Cl2 C 2e (10.29)

Cl2 C H2O! HClOC HC C Cl� (10.30)

HClO! HC C ClO� (10.31)

It is generally believed that there are three possible mechanisms involved in the
process: electrocoagulation, electroflotation, and electrooxidation. However, it can
be suggested that, during the bipolar EC–EF process, bipolar aluminum electrodes
are mainly responsible for electrocoagulation.

The process successfully removed turbidity, COD, phosphate, and MBAS simul-
taneously in the pH range of 5–9. The COD removal was greater than 70%. And
the removal efficiencies of MBAS, turbidity, and P-phosphate could be reached
above 90%. Based on the laboratory test of laundry wastewater, 1:5m3 h�1 pilot
scale EC–EF equipment was manufactured and mounted on a mobile truck. The
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Table 10.2 Pilot scale field test results
Harbin, Heilongjiang Wuxi, Jiangsu Shunyi, Beijing
Influent Effluent Influent Effluent Influent Effluent

Conductivity .�S/ 1,904–786 956–675 830–712 719–655 1,159–897 735–589
pH 9.56–7.83 8.15–7.24 10.68–9.77 8.73–7.92 9.35–8.45 8.09–7.77
Turbidity (NTU) 583–471 12.3–8.26 78.0–32.2 11.2–10.5 810–225 4.25–1.41
COD

�
mg L�1

�
1,090–785 45.6–32.4 65.9–31.8 11.2–5.3 890–628 71.2–59.3

MBAS
�
mg L�1

�
72.3–64.5 11.2–9.6 14.6–8.3 2.9–1.7 72.5–57.6 8.9–5.8

equipment mainly consisted of an EC–EF tank and a separator. The field test results
are shown in Table 10.2. As for the laundry wastewater of Shunyi (Beijing), when
polyaluminum chloride (10% Al2O3/ was used, the dosage was 1; 200mg L�1,
equal to 63:5mg L�1 Al3C, to achieve the same residual turbidity. The settled
sludge amounted to nearly 40% of the total volume. For the electrochemical pro-
cess (32 V/30 A, 1:5m3 h�1/, the Al3C consumption was 6:72mg L�1. Table 10.1
also indicated that the pH of the treated wastewater was neutralized and the elec-
trical conductivity was reduced. It can be seen that the bipolar EC–EF process was
different from other coagulation/flotation processes.
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Chapter 11
Electroflotation

Xueming Chen and Guohua Chen

11.1 Theoretical

11.1.1 Electrochemical Reactions and Gas Generating Rate

In EF, the oxygen and hydrogen bubbles are generated at an anode and a cathode,
respectively, as below

2H2O D O2 C 4HC C 4e at the anode (11.1)
2HC C 2e D H2 at the cathode (11.2)

The total reaction is
2H2O D 2H2 C O2 (11.3)

Equation (11.3) demonstrates that the amount of hydrogen gas generated is twice
that of oxygen gas. The gas generating rate can be calculated according to the Fara-
day’s law:

QH D
IV0
nHF

; (11.4)

QO D
IV0
nO PF

; (11.5)

where QH is the hydrogen gas generating rate (L s�1/ at the normal state; QO the
oxygen gas generating rate (L s�1/ at the normal state; V0 the molar volume of
gases at the normal state (22:4L mol�1/; F the Faraday’s constant (96; 500C mol�1
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electrons); nH the electrons transfer number of H2 (2 mol electrons per mole of H2/;
and nO is the electrons transfer number of O2 (4 mol electrons per mole of O2/.

The total gases generating rate is

Qg D QH CQO D
IV0
F

�
1

nH
C

1

nO

�
D 1:74 � 10�4I; (11.6)

where Qg is the total gases generating rate (L s�1/ at the normal state.

11.1.2 Electrolysis Voltage and Specific Energy Consumption

The electrolysis voltage between two electrodes is the summation of the equilibrium
potential difference, anode overpotential, cathode overpotential, and ohmic potential
drop of the aqueous solution as shown below (Scott 1995; Chen et al. 2002c):

U D Eeq C 	a C j	cj C
d

�
i; (11.7)

where U is the electrolysis voltage (V); Eeq the equilibrium potential difference for
water split (V); 	a the anode overpotential (V); 	c the cathode overpotential (V);
d the interelectrode distance (m); � the solution conductivity (S m�1/; and i is the
current density (A m�2/.

Usually, overpotentials include activation overpotentials and concentration over-
potentials. They are related to many factors including the electrochemical properties
of electrodes, the current density used, and the pH value of the solution. Therefore,
direct calculation of the electrolysis voltage using (11.7) is still difficult, and ex-
perimental measurement is necessary. However, it is useful to point out that the
electrolysis voltage required in an EF process is mainly from the ohmic potential
drop of the aqueous phase, especially when the conductivity is low and the current
density is high. Since the ohmic potential drop is proportional to the interelectrode
distance, reducing this distance is of great importance for reducing the electrolysis
energy consumption. In addition, when the conductivity is low, direct application of
EF consumes large amount of electricity. For this case, addition of table salt (NaCl)
is helpful (Ibrahim et al. 2001).

The specific energy consumption of EF during electrolysis can be calculated ac-
cording to (11.8):

W D
IU

1,000Qw
D

qU

1,000
; (11.8)

where W is the specific energy consumption (kWh m�3/; I the electrolysis cur-
rent (A); Qw the water flow rate (m3 h�1/; and q D I=Qw is the charge loading
(Ah m�3/.
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11.2 Features of EF

11.2.1 Bubbles’ Size

Flotation is a complicated process. Its separation efficiency depends not only on
the properties of suspended substances the volume ratio of the gas bubbles to the
suspended substances, and the retention time of the flotation tank, but also on the
bubbles’ size. Usually, the smaller the bubbles are, the higher the flotation efficiency
is. This is simply because smaller bubbles can provide larger specific surface area
for particles attachment. Therefore, generation of finely dispersed bubbles is highly
desired for any flotation processes.

EF can produce much smaller bubbles than DAF and many other flotation meth-
ods. This is one of the most attractive features of the EF process. Usually, the
sizes of bubbles generated electrolytically obey a log–normal distribution (Fukui
and Yuu 1985). Table 11.1 gives the typical bubble sizes reported in literatures
(Glembotskii et al. 1975; Ketkar et al. 1991; Burns et al. 1997; Chen 2002). The
mean diameters of the hydrogen and oxygen bubbles generated in EF range from
17 to 50�m. In contrast, the typical mean diameters of the bubbles released in
DAF are 48–58�m using a pressurized water release unit (Burns et al. 1997), and
about 60�m using a needle valve (De Rijk et al. 1994); the dispersed air flotation
produced bubbles with diameters of 75–655�m (Ahmed and Jameson 1985). The

Table 11.1 Typical bubble sizes generated electrolytically
Mean diameter (�m) Electrode Experimental conditions Reference
H2 17 Pt pH 7, current density

250A m�2 Glembotskii
et al. (1975)

17 Fe
25 C

O2 30 Pt
H2 22–34 Stainless steel plate pH 9, current density

125–375A m�2 Ketkar et al.
(1991)

28–39 200 mesh
32–45 100 mesh
37–49 60 mesh

O2 42–48 Pt plate
38–50 200 mesh

H2 19–38 Graphite Na2SO4 solution, current
density 6:3–34A m�2 for
H2 and 5:8–152A m�2

for O2

Burns et al.
(1997)

O2 17–38 Graphite
H2 C O2 23–35 Ti=IrOx–Sb2O5–

SnO2 (anode) Ti
(cathode)

Na2SO4 solution, current
density 133–400A m�2 Chen (2002)
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much smaller bubbles generated electrolytically means that EF has higher efficiency
for separating of suspended substances than the conventional flotation processes.

It should be noted that the size of bubbles generated electrolytically depends
on pH. The hydrogen bubbles are smallest at neutral pH, while the size of oxygen
bubbles increases with pH (Glembotskii et al. 1975). Llerena et al. (1996) found
that the recovery of sphalerite was optimal at pH between 3 and 4 using buffer
solution. They also documented that within this pH range, the hydrogen bubbles
were the smallest, about 16 ˙ 2�m. Deviation of pH away from 3 to 4 resulted
in an increase in the size of the hydrogen bubbles. At pH of 6, the mean hydrogen
bubbles’ diameter was 27�m; at pH of 2, the hydrogen bubbles were about 23�m
when the current density was all fixed at 500A m�2 using a 304 SS wire.

The size of the bubbles is also associated with the electrode material and current
density. The stainless steel plate gives the finest bubbles (Ketkar et al. 1991). An
increase in current density results in a decrease in bubbles’ size. Nevertheless, Burns
et al. (1997) reported that such a decrease of bubbles’ size with increase in current
density was true only at the low end of current densities. Chen (2002) found that the
smallest bubbles were obtained at a current density of 267A m�2.

Moreover, it needs to point out that the electrode surface state can affect the
size of bubbles significantly. Pretreatment of the electrode surface by sandblast
and or/etching with boiled hydrochloric acid is beneficial for the reduction of bub-
bles’ size.

11.2.2 Operation

The operation of EF is very simple. This is another important feature for EF. By
varying current, it becomes possible to create any gas bubble concentration in the
flotation medium to fit the variation of the water flow rate and the suspended sub-
stances’ concentration from time to time. If necessary, a gas medium with very great
surface area can be formed easily during EF, thereby increasing the probabilities
of bubble–particle collision and adhesion and the formation of tenacious particle–
bubble complexes (Mallikarjunan and Venkatachalam 1984).

11.2.3 Simultaneous Separation and Disinfection

When chloride ions are present, it is also possible to achieve simultaneous separation
and disinfection for water and wastewater treatment by electrolytic generation of
chlorine:
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2Cl� D Cl2 C 2e at an anode (11.9)

Cl2 C H2O D HOClC HCl (11.10)

HOCl D HC C OCl� (11.11)

The combined phenomena make EF an attractive technology for the treatment and
reuse of food-process water streams or even as a direct fluid food-processing oper-
ation where separation and disinfection are required (Hernlem and Tsai 2000; Tsai
et al. 2002).

11.3 Electrodes System

11.3.1 Cathodes

Metals and alloys are usually selected as cathodes for hydrogen evolution in EF. For
most cases, stainless steel is a good choice because it is cheap and readily available.
Nickel is known to have low overpotential for hydrogen evolution. Therefore, usage
of a nickel cathode can save energy consumption. Titanium is expensive, but it is
very stable. Therefore, this metal can be selected as a cathode material in treatment
of corrosive wastewaters.

11.3.2 Anodes

Compared with cathodes, available anodes are much less because severe electro-
chemical corrosion may occur when common metals and alloys are used as anodes.
Actually, the lack of stable and cheap anodes was one of the key factors that lim-
ited the wide application of EF in industry. Fortunately, this problem has been well
solved due to the quick development of cost-effective anodes in recent years.

Graphite, PbO2, and Pt are among the most common nonconsumable anode ma-
terials. Graphite and PbO2 anodes are cheap and easily available, and thus have
been widely investigated for oxygen evolution in EF (Burns et al. 1997; Ho and
Chan 1986; Hosny 1996). However, the durability of graphite is poor. Its service
life (SL) is only 6–24 months in part due to the oxidation of C to CO2 and to
physical wear arising from gas evolution (Novak et al. 1982). In fact, the once
widely employed graphite anodes have been replaced by the dimensionally stable
anodes (DSA) in chlorine-alkali industry. The stability of PbO2 is also poor. Ho and
Chan (1986) investigated the corrosion of PbO2 anodes and found that the concen-
trations of Pb2C ions present in solutions ranged from 0.06 to 0:68mg L�1 after 24 h
of electrolysis. Therefore, graphite and PbO2 are not good oxygen evolution anodes
for EF. A few researchers reported the use of Pt or Pt-plated meshes as anodes for EF
(Ketkar et al. 1991; Poon 1997). They are much more stable than graphite and
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PbO2. However, their known high costs make large-scale industrial applications
impracticable.

The DSA invented by Beer in the late 1960s are the most important anodes that
are used nowadays in electrochemical engineering. Usually, DSA use conductive
precious metal oxides (RuO2, IrO2, etc.) as electrocatalysts and nonconductive
metal oxides (TiO2, Ta2O5, ZrO2, Nb2O5, etc.) as dispersing or stabilizing agents,
which are coated on valve metal substrates (Ti, Ta, Zr, W, Nb, Bi) with a thermal
decomposition method (Beer 1972; Novak et al. 1982).

It is well known that TiO2–RuO2 types of DSAr discovered by Beer possess
high quality for chlorine evolution in the chlor-alkali industry. However, their ser-
vice lives are short for oxygen evolution (Hine et al. 1979). In the last two decades,
IrOx-based DSA have received much attention. IrOx presents a service life about
20 times longer than that of the equivalent RuO2 (Alves et al. 1998). In general,
Ta2O5, TiO2, and ZrO2 are used as stabilizing or dispersing agents to save cost
and/or to improve the coating property (Rolewicz et al. 1988; Comninellis and
Vercesi 1991; Vercesi et al. 1991; Cardarelli et al. 1998). Occasionally, a third
component such as CeO2 is also added (Alves et al. 1998; Alves et al. 1994). It
should be noted that although incorporation of Ta2O5, TiO2, and ZrO2 can save
IrOx loading, the requirement of molar percentage of the precious Ir component is
still very high. The optimal IrOx contents are 80 mol% for IrOx–ZrO2, 70 mol%
for IrOx–Ta2O5, and 40 mol% for IrOx–TiO2, below which electrode service lives
decrease sharply (Comninellis and Vercesi 1991). Among the various electrocata-
lysts mentioned above, IrOx–Ta2O5 has the highest electrochemical stability. The
IrOx–Ta2O5-coated titanium electrodes (Ti=IrOx–Ta2O5/ have been successfully
used as anodes of EF (Mraz and Krysa 1994; Chen et al. 2000). Nevertheless, due
to consumption of large amounts of the IrOx , Ti=IrOx–Ta2O5 electrodes are very
expensive, limiting their wide application.

The recently developed Ti=IrOx–Sb2O5–SnO2 anodes have extremely high elec-
trochemical stability and good electrocatalytic activity for oxygen evolution (Chen
et al. 2001; Chen et al. 2002a, b; Chen and Chen 2005). A Ti=IrOx–Sb2O5–SnO2
electrode containing only 2.5 mol% of IrOx nominally in the oxide coating could
be used for 437 h in the accelerated life test performed in 3 M H2SO4 solution at
a current density of 10; 000A m�2 (Chen et al. 2002b). In contrast, the service life
of Ti=IrOx is 355 h under the same condition (Chen et al. 2001). This means that
the Ti=IrOx–Sb2O5–SnO2 electrode not only saves 97.5% of the precious Ir con-
tent, but also exceeds the conventional Ti=IrOx in electrochemical stability. The
significant saving of IrOx is attributed to good conductivity of Sb2O5–SnO2, for-
mation of a solid solution, bonding improvement as well as compact structure of the
IrOx–Sb2O5–SnO2 film.

The electrode service life is strongly dependent on the current density used. A
simple model relating the service life to the current density (i ) has been obtained
(Chen et al. 2001):

SL1
1

in
; (11.12)

where n ranges from 1.4 to 2.0.
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According to (11.12), the service life of Ti=IrOx–Sb2O5–SnO2 for EF applica-
tion (SLEF/ at a current density (iEF/ can be estimated:

SLEF D SLa

�
ia

iEF

�n
; (11.13)

where SLa and ia are the service life and the current density under the accelerated
lifetest conditions.

Using (11.13), the service life of the Ti=IrOx–Sb2O5–SnO2 anode containing
2.5 mol% of IrOx nominally in the oxide coating is calculated to be about 8 years
at a current density of 500A m�2 in acid solution. Considering the lower current
density used and nearly neutral operating environments, such an anode is believed
stable enough for use in EF.

11.3.3 Electrodes Arrangement

The electrodes can be arranged in different patterns. Usually a plate electrode is
installed at the bottom, while a screen electrode is fixed at 10–50 mm above the
plate electrode as shown in Fig. 11.1 (Alexandrova et al. 1994; Llerena et al. 1996;
Il’in and Sedashova 1999; Mostefa and Tir 2004; Khelifa et al. 2005). In such an
arrangement, only the upper screen electrode faces the water flow, while the bottom
electrode does not interact with the flow directly. Therefore, the bubbles gener-
ated at the bottom electrode cannot be dispersed immediately into the water being
treated. This not only decreases the availability of the effective small bubbles, but
also increases the possibility of breaking the flocs formed previously, affecting the
flotation efficiency. In addition, if the conductivity is low, energy consumption will
be unacceptably high due to the large interelectrode spacing required for preventing
the short circuit between the upper flexible screen electrode and the bottom plate
electrode. This renders EF economically unfavorable in competing with the con-
ventional DAF. Moreover, the maintenance of the electrodes system is a problem
because the screen electrode is easy to be twined by undesirable deposits such as
fabric, and difficult to clean once twined.

Fig. 11.1 Conventional
electrodes arrangement Plate electrode

Screen electrode
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Fig. 11.2 Vertical electrodes
arrangement

+ –

A

Plexiglass

–

A

+

A - A

Fig. 11.3 Open electrodes arrangement

The electrodes can also be arranged vertically as shown in Fig. 11.2 (Hernlem
and Tsai 2000; Tsai et al. 2002; Choi et al. 2005). For such an arrangement, both the
anodes and the cathodes are designed as plate shape, and therefore they can be fixed
easily. However, the bubbles generated trend to rise along the surfaces of the elec-
trodes, which is often observed in the electrocoagulation process (Chen et al. 2000)
resulting in a quick bubbles coalesce and thereby affecting the flotation efficiency.

Moreover, the electrodes can be arranged openly with the fork-like anode and
cathode placed on the same plane as shown in Fig. 11.3 (Chen et al. 2002b; Shen
et al. 2003). Effective flotation is obtained because of quick dispersion of the small
bubbles generated into the water flow. Quick bubble dispersion is essentially as
important as the generation of tiny bubbles. When the anode and the cathode are
leveled, such an open configuration allows both the cathode and the anode to con-
tact the water flow directly. Therefore, the bubbles generated at both electrodes can
be dispersed into water rapidly and attach onto the flocs effectively, ensuring high
flotation efficiency. Another open electrodes arrangement is shown in Fig. 11.4 (Gao
et al. 2005). It has the advantage of the uniform property of the surface of an elec-
trode. The open configuration has been proven quite effective in the flotation of oil
and suspended solids (Chen et al. 2002b). Significant electrolysis energy saving has
also been obtained due to the small interelectrode gap used in the open arrangement
system. As mentioned before, the electrolysis voltage required in an EF process is
mainly from the ohmic potential drop of the solution resistance, especially when
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Fig. 11.4 Alternative open
electrodes arrangement

Top view

+

Insulator

_

Side view

the conductivity is low and the current density is high. Accordingly, the electrolysis
energy consumption can be reduced as the interelectrode distance decreases. For
the conventional electrode system (Fig. 11.1), due to the easy short circuit between
the upper flexible screen electrode and the bottom electrode, use of a very small
spacing is technically difficult. But for the electrodes system shown in Figs. 11.3
and 11.4, the interelectrode gap can be as small as 2 mm.

11.4 Typical Designs

11.4.1 Single-Stage EF

The EF unit can be designed as various configurations. For most cases, a single-
stage EF with a horizontal flow is a good choice due to its simplicity. A prototype
single-stage EF system is shown in Fig. 11.5 (Poon 1997). The unit was built using
a platinum-clad columbium screen as an anode, and a stainless steel screen as a
cathode. The anode had an area of 1:35m2, and was positioned at the bottom. The
water depth above the cathode was about 98 cm. The flow rate and the effective
volume were 1:1m3 h�1 and 1:4m3, respectively. The system has been successfully
used for groundwater decontamination.

An alternative to the design above is the single-stage EF with a vertical flow as
shown in Fig. 11.6. Such as system may have higher separation efficiency due to the
uniform distribution of the flow.

When the treatment scale is large, a single-stage EF with a contacting chamber
and a separating chamber as shown in Fig. 11.7 can be considered. In such an EF
system, the electrodes area can be reduced significantly. However, its separation
efficiency may decrease because the fragments dropping from the scum layer during
skimming cannot be floated to the top again.
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DC power supply connected
to tabs of electrodes 

Anode

Cathode

Scum
trough 

Scum skimmer
not shown 

Effluent

Influent

Fig. 11.5 Single-stage EF with a horizontal flow
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with pores 
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Scum skimmer

Fig. 11.6 Single-stage EF with a vertical flow

Influent

Branch pipes
with pores 

Separating
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Contacting
chamber 

Scum trough Scum skimmer

– – +++
Effluent

Fig. 11.7 Single-stage EF with a contacting chamber and a separating chamber
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Effluent

Scum

Influent

Fig. 11.8 Two-stage EF

11.4.2 Two-Stage EF

In order to improve separation efficiency, two-stage EF systems can be used. A
typical two-stage EF system is shown in Fig. 11.8 (Il’in and Sedashova 1999). In the
first stage, there is vigorous mixing because of the rapid production of gas bubbles
due to the high current, which accelerates the formation of the flotation complexes
and the displacement of them to the surface, with the foam layer receiving 80–90%
of the impurities to be extracted. The secondary stage has a current loading selected
to provide for bubbles to float up under conditions close to laminar, which provides
for extracting suspended impurities of size less than 10�m. There is an additional
purification effect due to the filtration of the solution through the dense layer of
bubbles. The liquid moves downward and the purified effluent is drawn off under
the electrode unit.

11.4.3 Combination of EF with EC

In order to separate finely dispersed particles effectively, EF can be combined with
chemical flocculation or EC (Chen 2004). Figure 11.9 shows the combination of EF
and EC for oily wastewater treatment (Chen et al. 2002b). In such a process, EC
mainly plays the role of destabilizing and aggregating the fine particles, while EF
is responsible for floating the flocs formed in the effluent of the EC. Fork-like
Ti=IrO2–Sb2O5–SnO2 and titanium are used as the anode and the cathode, respec-
tively, for EF; and aluminum plates are used as the anodes and cathodes for EC. Oil
separation is very effective. Even at a charge loading as low as 0.5 Faraday per m3,
the oil is reduced from 710mg L�1 to around 10mg L�1 with a removal efficiency
over 98%. As the charge loading increases to 1.5 Faraday per m3, the oil content in
the effluent is only 4mg L�1. SS separation is also effective. The concentration of
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Fig. 11.9 Combined EC–EF
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SS can be reduced from 330 to 74mg L�1 at a charge loading of 0.5 Faraday per m3

and to only 17mg L�1 at a charge loading of 3.0 Faradays per m3. The combined
EF and EC has two significant advantages over the other processes: shorter retention
time and drier sludge produced. Ten minutes are enough to achieve effective pollu-
tant removal. This is a very attractive advantage for densely populated areas where
the compactness of the treatment facility is particularly concerned.

For large-scale application, a combined EC–EF system as shown in Fig. 11.10
can be considered. The system is simple in configuration. More importantly, scum
collection becomes easy due to the direct connection of EC and EF at the top
However, it should be noted that the co-current EC is usually not as effective as
the counter-current EC. Therefore, a slight increase in charge loading is probably
required.
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11.5 Water and Wastewaters Treated by EF

In water and wastewaters treatment, flotation has been widely used for separating
oil and low-density suspended solids. EF, as an electrochemical version of flotation,
usually has higher separation efficiency than the conventional DAF due to its much
smaller hydrogen and oxygen bubbles generated electrolytically. This technique has
been proven effective in treating oily wastewater or oil–water emulsion (Balmer
and Foulds 1986; Hosny 1996; Il’in and Sedashova 1999; Ibrahim et al. 2001; Khe-
lifa et al. 2005; Mansour and Chalbi 2006), mining wastewater (Alexandrova
et al. 1994), groundwater (Poon 1997), food processing wastewater (Kubrit-
skaya et al. 2000; Hernlem et al. 2000; Tsai et al. 2002), restaurant wastewater
(Chen et al. 2000), industrial sewage (Il’in et al. 2002), heavy metals contain-
ing effluent (Srinivasan and Subbaiyan 1989; Mostefa and Tir 2004; Casqueira
et al. 2006), and many other water and wastewaters (Llerena et al. 1996; Il’in and
Kolesnikov 2001; Park et al. 2002).
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Chapter 12
Electroreduction of Halogenated Organic
Compounds

Sandra Rondinini and Alberto Vertova

12.1 Introduction

Since the early works of Winkel and Proske (1936) on the electroreduction of 1,3-
dichloroacetone and other halogenated carbonyl compounds and of von Stackelberg
and Stracke (1949) on the polarographic behaviour of several aliphatic and aro-
matic halocompounds, the electroreduction of organic halides has been a key
topic in organic electrochemistry studies (Peters 2001; Lund 2002), which cou-
pled the voltammetric investigations (Kolthoff and Lingane 1941; Meites 1965;
Zuman 1967; Feldberg 1969; Andrieux and Savéant 1986; Bard and Faulkner 1999;
Hammerich 2001) to the synthetic potentialities of controlled potential electrolyses
(Chaussard et al. 1989; Fontana 1993; Koshechko et al 1994; Rondinini et al. 1998;
Inokuchi and Kusumoto 2001; Simonet and Peters 2004; Gennaro et al. 2004;
Simonet 2005; Scialdone et al. 2005; Isse et al. 2005a). More recently, the possibil-
ity of efficiently removing the halogen group from the substrate has been considered
for environmental applications (Juttner et al. 2000; Rondinini et al. 2001a; Hori
et al. 2003; Rondinini and Vertova 2004; Fiori et al. 2005; Ju et al. 2006; Laine and
Cheng 2007), as valid alternative to the more popular and exhaustive electrooxida-
tive process of total degradation, described in a recent review paper (Chen 2004)
and in several contributions on the mineralization of chlorophenoxy herbicides
(Brillas et al. 2004; Boye et al. 2006), mono- and poly-halogenated phenolic
wastes (Gherardini et al. 2001; Rodrigo et al. 2001; Oturan et al. 2001; Canizares
et al. 2005) and other chlorinated aromatic compounds (Polcaro et al. 2004).

Organic halides are utilized in a wide range of industrial processes as solvents
and as building blocks for intermediates, value added chemicals and large produc-
tion materials (e.g. polymers and resins). They have (or have had) a wide usage
in a large variety of applications that range from herbicides/fungicides/pesticides
in agriculture and woods disinfestations, to thermal and mechanical fluids. They
might form as secondary pollutants in primary waste treatments (e.g. in thermal
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decomposition plants (Ryu et al. 2006; Briois et al. 2007; Öberg et al. 2007),
in oxidative degradations (Comninellis and Nerini 1995; Naumczyk et al. 1996;
Kimbrough and Suffet 2002; De Lima Leite et al. 2003; Cherepy and Wilden-
schild 2003), in naturally occurring processes, under the effect of ultraviolet ra-
diation (Fram et al. 2002; Liu et al. 2002) and in productive processes (Juttner
et al. 2000; Deutscher and Cathro 2001; Bailey 2001).

Most of the persistent organic pollutant (POP), listed in the Stockholm Con-
vention and its successive amendments (EC 850/2004; EC COM (2004) 537; EC
COM (2006) 242; EC COM (2006) 252) (see Table 12.1), are halogenated organic
compounds, which conjugate toxicity with high chemical stability, lipophilicity,
accumulation-in-the-food-chain capability and long-range diffusivity. In this con-
text, soil and ground-water remediation become key issues of the environmental
protection and restoration.

According to their source, the wastes containing halocompounds range from
concentrated organic solutions/emulsions to very dilute aqueous phases, to air-
borne streams, thus representing serious challenges in developing suitable treatment
methodologies.

Over the years, the electrochemical methods have proven to be highly effective in
the detoxification of wastes, since unlike conventional physico-chemical techniques
(e.g. thermal degradation or chemical oxidation) they provide mild reaction condi-
tions, avoid the secondary pollution effects chained to the excess reagents and are
easily adapted even to small-size treatment needs.

Although the oxidative electrochemical processes are more widely used and
studied, since they generally lead to the total degradation (mineralization) of the
compounds, the electroreductive treatments are progressively attracting the interests
of scientists and operators because they might potentially lead to the partial recov-
ering/recycling of chemicals or to the production of value-added substances (Baizer
and Wagenknecht 1973; Cabot et al. 2004; Titov et al. 2006).

In the following, the state-of-the-art of the electroreductive dehalogenation pro-
cesses for environmental applications is critically reviewed in terms of substrates,
electrode materials, reaction media, process and cell design and performances.

12.2 The Reaction Pathways

The mechanism of the electrochemical cleavage of the C–X (X D F, Cl, Br and I)
bond has been extensively studied (see for example, Miller and Riekena 1969; Pause
et al. 2000; Costentin et al. 2003; Wang et al. 2004; Sanecki and Skitał 2007) and
theoretical models (Battistuzzi et al. 1993; Kuznetsov et al. 2004; Zhang et al. 2005;
Golinske and Voss 2005), mostly based on the Marcus theory (Marcus 1964) for
the homogeneous and heterogeneous (electrochemical) electron transfer (ET), have
been formulated (Savéant 1987, 2000; Maran et al. 2001; Costentin et al. 2006a, b)
and tested with the aim to predict the experimental outcomes.
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Table 12.1 List of persistent halogenated organic pollutants (including CASnumber)
Aldrin – C12H8Cl6

Cl Cl
Cl

Cl

Cl
Cl

309-00-2

Chlordane – C10H6Cl8 

Cl

Cl

Cl Cl

Cl

ClCl
57-74-9

Cl
Cl

Cl
Cl

ClCl

O

60-57-1

Dieldrin – C12H8Cl6O

Cl Cl
Cl

Cl

Cl

Cl
O

72-20-8

Endrin – C12H8Cl6O

Cl
Cl

Cl
Cl

Cl
ClCl 76-44-8

Heptachlor – C10H5Cl7

Cl

Cl Cl

Cl

ClCl

118-74-1

Hexachlorobenzene – C6Cl6 

Cl

Cl

Cl

Cl Cl

Cl

Cl

Cl

Cl Cl

Cl
Cl

2385-85-5

Mirex – C10Cl12 Toxaphenea

800 1-35-2

Cl

Cl

Cl
ClCl

Cl

Hx
Hx

Hn

Cl

Hn

H

2
3 4

1 5
6

7 89

Polychlorinated Biphenyls (PCB) 

1336-36-3 and others
Cln

Hexabromobiphenyl 

Br Br

355-01-8

Chlordecone – C10Cl10O

143-50-0

Cl

Cl

Cl

Cl Cl

Cl

Cl

Cl

O

Cl

Cl

DDT (1,1,1-trichloro-2,2-bis
(4-chlorophenyl) ethane) – C14H9Cl5

50-29-3

Cl

Cl

Cl

Cl
Cl

(continued)
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Table 12.1 (continued)

Cl

Cl

Cl

Cl

Cl Cl

Cl Cl

Cl

Cl Cl

Cl

Cl

Cl

Cl Cl

Cl Cl

Cl

Cl

Cl

Cl

Cl

Cl

Hexachlorocyclohexaneb (HCH) C6H6Cl6, including lindane 

608-73-1 (α) 319-84-6 (β) 319-85-7 (γ) 658-89-9

Hexachlorobutadiene C4Cl6 

Cl

Cl Cl

ClCl

Cl

87-68-3

octabromodiphenyl ether C6H2Br8O
Br Br

Br

Br

Br

Br

BrBr

O

32536-52-0

Pentachlorobenzene – C6HCl5 

Cl

Cl

Cl

Cl

Cl 608-93-5

Polychlorinated naphthalenes

Cl Cl

Cl

O

O O

Cl Cl Cl

Polychiorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF)

PCDD PCDF
a
A mixture of over 670 substances

b
Hexachlorocyclohexane (HCH) is the name of a technical mixture of various isomers.

Only ’-, “- and ”-HCH is of toxicological relevance

According to the theory (Costentin et al. 2006a), the dissociative ET process can
be summarized in the following scheme:

RXC e�! RX�� (12.1)
RX�� ! R� C X� (12.2)
RXC e� ! R� C X� (12.3)
R� C e� ! R� (12.4)

Here, reactions (12.1) and (12.2) represent the stepwise pathway, in which an inter-
mediate radical anion is formed before the breaking of the C–X bond, while reaction
(12.3) represents the simultaneous ET+C–X cleavage of the concerted pathway.
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In dependence on the substrate and on the working conditions (solvent, supporting
electrolyte, electrode material and potential), a second ET reaction (12.4) leads to
the organic anion. Both anion and/or radical can react with solvent, hydrogen/proton
donors and/or other RX molecules (or their organic moieties) to give propaga-
tion reaction products like dimers and hydrodehalogenated species, as in reactions
(12.5b)–(12.5c).

R�.R�/C HA! RHC A�.A�/ (12.5a)
R� C RX! R � RC X� (12.5b)
R� C R� ! R � R (12.5c)

In many instances HX elimination can lead to double/triple bond formation (Cos-
tentin et al. 2003; Simonet 2004; Liu et al. 2000), while in the presence of suitable
reagents [e.g. activated olefins (Brown and Harrison 1969; Baizer and Chruma 1972;
Leonel et al. 1998; Peters 2001, Lund 2002; Barhdadi et al. 2003) or carbon diox-
ide (Baizer et al. 1973; Perichon et al. 1986; Chaussard et al. 1989; Koshechko
et al 1994; Koshechko and Kiprianova 1999; Isse and Gennaro 2002a, b, 2003; Isse
et al. 2002, 2005a, b; Gennaro et al. 2004)] addition products can be obtained.

Note that the ET reactions may also occur in homogeneous conditions, which
represent a further route to degradation, via reducing mediator species continuously
regenerated at the electrode (Scheme 1) (Rusling et al. 1990; Zhou et al. 1996;
Nedelec et al. 1997; Isse and Gennaro 2004; Robert and Savéant 2005; Costentin
et al. 2006a; Magdesieva et al. 2006; Vaze and Rusling 2006).

Red

Ox

e–

RX

products

mediator

Scheme 1

In addition the mediator can be immobilized on the electrode surface, a fea-
ture that can be exploited also for analytical purposes (Betterton et al. 1995; Burris
et al. 1996; Liu et al. 2006).

Finally, the indirect dehalogenation, via electrolytic production of atomic hy-
drogen, represents a possible alternative, especially when operating in protonated
solvents, under background current conditions, on cathodes activated with noble
metal particles (e.g. Pd, Ru, Rh, Ir, Au) (Cheng et al. 1997; Tsyganok et al. 1998;
Tsyganok and Otsuka 1999; Iwakura et al. 2004).
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The variety of possible products and by-products, which represents one of the
most stimulating aspects in synthetic organic electrochemistry, constitutes a chal-
lenge when dealing with environmental applications, for which the total conversion
of the substrates and the absence of secondary pollutants are crucial issues in the
development and implementation of waste detoxification. In this context, while it
is evident that no effective generalization can be done in the treatment of different
substrates, which require specific studies for the adoption of successful degrada-
tion conditions, some general features can be recognized as underpinning elements,
which have to be considered in the research and development of the treatment
process.

12.3 The Combined Role of Electrode Material
and Reaction Medium

The choice of the cathode material is extremely critical for the process, as it governs
the reaction pathway, the selectivity and the specific energy consumption.

At the same time, the poor water solubility of most of the halogenated com-
pounds implies the use of non-aqueous or mixed solvents which, in turn, require
the choice of appropriate supporting electrolytes for ensuring the electrical con-
ductivity of the reaction medium. While this last aspect can also be addressed by
accurate cell design and appropriate process conditions, it has to be noted that
tetraalkylammonium salts, currently used in the majority of voltammetric studies
and preparative electrolyses, have their role on the reaction paths and products dis-
tribution (Tsyganok et al. 1999; Rondinini et al. 1999, 2000; Peters 2001; Ardizzone
et al. 2002). In addition, in the absence of water and of any other source of protons,
strong hydrogen scavengers like alkyl carbanions can deprotonate the tetraalkylam-
monium cations, which, in turn, degrade to the corresponding trialkylamine and
olefin (Peters 2001).

Despite the advantages that the total non-aqueous environment offers the
electroreductive studies on halocompounds, most of the degradation processes
have to be applied to part of or total aqueous streams.

In these cases, as well as in protic solvents and/or in the presence of hy-
drogen/proton donors, the direct RX reaction at the electrode is frequently in
concurrence with the hydrogen evolution reaction (HER), the more probable the
less reactive the organic halide. Consequently, taking into account that the RX re-
activity decreases in the series I < Br < Cl < F, dechlorination and to some extent
debromination are low-current-yield processes, unless specific materials are used,
which either activate the C–X reduction or strongly deactivate HER. In the former
case, silver is the most promising (Rondinini et al. 1998, 1999, 2000, 2001a, b;
Guerrini et al. 1998; Delli et al. 1998; Sonoyama and Sakata 1998; Schizodimou
et al. 1999) and increasingly studied electrode material (Köster et al. 2001;
Fedurco et al. 2001; Fiori et al. 2002, 2005; Ardizzone et al. 2002, 2003a;
Isse et al. 2002a, 2005a, 2006a–d; Sonoyama et al. 2002; Gennaro et al. 2004;
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Rondinini et al. 2004; Falciola et al. 2006; Titov et al. 2006; Doherty et al. 2007),
sided by Pd, Ni, Pt, Fe and stainless steel, while mercury, lead (Sonoyama et
al. 1998, 2002) and tin are the most popular material of the latter group.

In the case of silver, its well-known strong specific interactions with halide anions
(Valette et al. 1978; Foresti et al. 1998; Mussini et al. 2003; Migani and Illas 2006)
are assumed to be at the base of its remarkable electrocatalytic activity towards
the target reactions, which allows the development of low specific energy con-
sumption processes, thanks to the concomitant reduction of cell voltage, increase
of current efficiency and substrate conversion. Although the mechanistic aspects of
the electroreductive pathways of halocompounds on silver are still debated (Isse
et al. 2006a, c), the effectiveness of the use of Ag cathodes in the dehalogena-
tion of organic halides has already been proved for a variety of substrates and, in
the particular case of aqueous media, for halophenols and volatile organic chlo-
rides. Figure 12.1 reports the cyclic voltammetry reduction peak potentials observed
on Ag, in comparison with the corresponding values observed on glassy carbon
(GC), for several categories of organohalides (data listed in Table 12.2). Data re-
fer mainly to non-aqueous solvents, acetonitrile (ACN), dimethylformamide (DMF)
and room temperature ionic liquids (RTIL), because of both solubility limitations
and the need to extend the potential window on the negative side as much as possi-
ble, as required by the use of GC for most of the comparative studies.

As can be noted, all the iodides studied so far (circles) are almost equivalently
reactive on silver, while exhibit on GC a secondary modulation effect chained to
the organic moiety structure. On Ag, to appreciate the influence of bulky molecular
structures (as in the case of haloadamantanes), or poorly activated C–X bonds (as
in the case of long linear alkyl chain halides), it is necessary to consider the less
reactive bromide (squares) and chloride (full triangles) derivatives. The difference
between the reduction potentials on Ag and on GC ranges from 0.3 to 1.4 V, thus
implying a substantial saving in the specific energy consumption. The remarkable

–2.6

E
A

g 
/ 
V

EGC / V

–2.2

–1.8

–1.4

–1.0

–3.4–2.9–2.4–1.9–1.4–0.9

Fig. 12.1 Reduction peak potential values measured on silver, EAg .V/, against the parallel
values measured on glassy carbon, EGC .V/. Symbols denote: circles iodo, squares bromo,
triangles chloroderivatives and diamonds – freons, respectively; full diamonds freons in DMF,
empty diamonds freons in RTIL
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Table 12.2 Reduction peak potential values measured on silver, EAg (V), and the
parallel values measured on glassy carbon, EGC (V)

Substance EAg (V) EGC (V)
1 Dichloromethane �2:18 �2:66a

2 Trichloromethane 1st Peak �1:41 �2:10a

2nd Peak �1:99 �2:70a

3 Tetrachloromethane 1st Peak �1:27 �1:55a

2nd Peak �1:74 �2:20a

3rd Peak �2:10 �2:70a

4 1,1,2 Trichloroethane �1:60 �2:50a

5 1,1,2,2-Tetrachloroethane 1st Peak �1:30 �2:30a

2nd Peak �1:82 �2:80a

6 F113 .CF2ClCFCl2/ �1:36 �2:06

7 F114B2 .CF2BrCF2Br/ �1:09 �1:59

8 F113B2 .CF2BrCFClBr/ �1:01 �1:36

9 F114B2b �1:44 �1:72

10 F114B2c �1:16 �1:69

11 F114B2d �1:28 �1:80

12 F114B2e �1:42 �2:04

13 F113B2b �1:11 �1:51

14 F113B2c �0:93 �1:64

15 F113B2d �1:44 �2:14

16 F113B2e �1:41 �1:98

17 F13B1b .CF3Br/ �1:56 �2:27

18 F13B1c �1:56 �2:26

19 F13B1d �1:61 �2:49

20 F13B1e �1:31 �2:33

21 F113b �1:50 �2:09

22 F113c �1:37 �2:11

23 F113d �1:76 �2:27

24 F113e �1:22 �2:26

25 1-I-buthane �1:15 �2:30

26 2-I-buthane �1:15 �2:10

27 1-I,2-CH3-propane �1:20 �2:39

28 2-I,2-CH3-propane �1:10 �2:05

29 1-I-hexane �1:20 �2:20

30 1-Br-hexane �2:09 �2:60

31 1-Br,6-OH-hexane �1:50 �2:65

32 1-Br,8-OH-octane �1:60 �2:70

33 1-I-adamantane �1:15 �2:05

34 1-Br-adamantane �2:43 �2:75

35 2-Br-adamantane �2:43 �3:00

36 Acetobromoglucose �1:27 �2:45

37 Acetochloroglucose �2:05 �2:80

38 2,4,6-Tribromophenol �1:05 �2:05

39 2-Bromophenol �1:40 �2:45

40 3-Bromophenol �1:45 �2:40

(continued)
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Table 12.2 (continued)
41 4-Bromophenol �1:40 �2:50

42 4-Chlorophenol �1:80 �2:60

43 1-Metoxy,4-I-benzene �1:20 �2:25

44 1-Metoxy,4-Br-benzene �1:90 �2:73

45 1-Metoxy,4-Cl-benzene �2:45 �2:80

46 9-Cl-anthracene �1:79 �1:79

47 1-Cl-naphthalene �2:19 �2:16

48 4-Cl-benzonitrile �1:95 �1:97

49 3-Cl-pyridine �2:28 �2:25

50 Benzylchloride �1:70 �2:13

51 3-CF3-benzylchloride �1:66 �2:04

52 4-NO2-benzylchloride �0:92 �0:91

53 1-Chloroacetonitrile �1:39 �1:98

54 (1-Chloroethyl)benzene �1:87 �2:22

Unless otherwise specified, all potentials are measured vs. the saturated calomel
electrode (SCE)
(1–5) Fiori et al. (2005), 0.1 M TEABF4 in ACN; (6–8) Titov et al. (2006), LiBF4
in DMF vs. Ag/AgCl; (9–24) Doherty et al. (2007) vs. Pt pseudo-reference elec-
trode; (25–31) and (33–35) Rondinini et al. (2001b), 0.1 M TEAClO4 in ACN;
(32) Rondinini et al. (2004), 0.1 M TEAClO4 in ACN; (36 and 37) Rondinini
et al. (2000), 0.1 M TEAClO4 in ACN; (38–45) Rondinini et al. (2001a, b), 0.1 M
TEAClO4 in ACN; (46–54) Isse et al. (2006a), 0.1 M TEABF4 in ACN
a
Costentin et al. (2003)

b
0.1 M TBAF in DMF

c
1-butyl-3-methylimidazolium bistriflimide .BmimNTF2/

d
1-butyl-1-methylpyrrolidinium bistriflimide

�
BmpyrNTF2

�
e
1-butyl-3-methylimidazolium hexafluorophosphate .BmimPF6/

silver behaviour is attributed to a three-actor process involving the metal surface,
the organic moiety and the bridging halide, which results in the confinement of the
substrate in a reaction cage, a condition depictable also in terms of an attenuated
radical intermediate, R: : :X: : :Ag (Rondinini et al. 2001b; Ardizzone et al. 2003b).

Note that for a few compounds, 9-chloro-anthracene, 1-chloro-naphtalene, 4-Cl-
benzonitrile, 3-Cl-pyridine and 4-Cl-nitrobenzene, which are reported to undergo
outer-sphere dissociative ET (Isse et al. 2006a), the difference between Ag and GC
is negligible.

Palladium, palladium alloys and palladized supports are also widely used (Li and
Farrell 2000; Liu et al. 2001; Chen et al. 2003; Cheng et al. 2003a, b, 2004a; Miyoshi
et al. 2004c; Simonet 2005; Simonet et al. 2006) and are known to lead preferen-
tially to totally saturated products, in connexion with their catalytic activity toward
hydrogen evolution and hydrogenation reactions. In addition, the palladium capabil-
ity of absorbing hydrogen can contribute to promote indirect hydrodehalogenation
(Cheng et al. 1997). Interestingly, the reaction pathway might substantially differ-
entiate not only from Ag, as previously outlined, but also from Pt. Platinum, in turn,
has also been widely employed (Horanyi and Torkos 1982; Kotsinaris et al. 1998;
Schizodimou et al. 1999; Liu et al. 2001; Hori et al. 2003; Chen et al. 2003; Simonet
et al. 2004; Miyoshi et al. 2004a; Ju et al. 2006; Titov et al. 2006), especially in
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non-aqueous environment, in which the existence of Pt cluster anions is documented
(Simonet 2006). Less precious and expensive metals, like Ni, Cu, Fe and stainless
steel are also frequently used (Sonoyama et al. 1998, 2002; Schizodimou et al. 1999;
Fedurco et al. 2001; Hori et al. 2003; Cheng et al. 2003a; Cabot et al. 2004).

In the case of iron, and of other less noble metals, the reductive hydrodehalogena-
tion of the substrates via metal dissolution has received much attention, especially
for on-site remediation processes (e.g. reactive barriers). Although the dehalogena-
tion is based on a corrosion process, rather than on an electrolytic process, the
flourishing literature of the past few years prompted us to provide a selection of
the bibliographic references (Boronina et al. 1995; Warren et al. 1995; Roberts
et al. 1996; Farrell et al. 2000; Alonso et al. 2002; Kluyev et al. 2002; Dombek
et al. 2004; Lowry and Johnson 2004; Mishra and Farrell 2005; Moglie et al. 2006;
Laine et al. 2007).

In the case of high hydrogen overvoltage materials, mercury and metal amalgams
have for a long time been the preferred electrode materials (Peters 2001; Baizer
et al. 1972) for both voltammetric studies [originally, polarography at dropping
mercury electrode (DME)] and preparative electrolyses, also thanks to its specific
interactions with inorganic and organic halides, which has a synergistic effect in
providing separations larger than 100 mV between the reduction potential of many
substrates and the inset of the background current. Despite the huge impact that mer-
cury has had on the research and development of the electroreductive processes of
halogenated organic compounds, since the Minamata case (Uchini et al. 2005), its
use is progressively abandoned under the impulse of the strong environmental mo-
tivations. Similarly, Pb and Cd, and their amalgams, suffer the same drawbacks.
Moreover, their use as cathodes, as well as the use of tin and mercury, in non-
aqueous media, leads to the high-yield formation of organometallic compounds
(RnMe; Me D Hg, Pb, Cd, Sn and R D alkyl, benzyl, aryl), a feature widely used
in synthetic organic chemistry.

Intermediate behaviour between the high and low hydrogen overvoltage met-
als is exhibited by carbon-based electrodes, including specific carbon phases like
glassy carbon, graphite, etc. In fact, carbon materials are known for their almost
total inertness toward the C–X cleavage reactions and parallelly do not exhibit
specific activation for HER. They are low cost and robust (under reductive con-
ditions) materials, particularly adapt to industrial applications, since they are easily
produced in different forms (sponge, felt, fibre, cloth, etc.) and provide high real-
to-geometrical surface ratios. Carbon supports are also extensively used for noble-
metal-modified electrodes, thus providing a tool for reducing the loading of the
precious components.

12.4 Cell Design and Operations

The engineering of the electrochemical cell is a key step for the successful im-
plementation of the target process. While this is true for any electrochemical
process, and extended treatment of cell design and operations and of the relevant
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Fig. 12.2 Plate-and-frame electrolyser schemes: (a) undivided cell; (b) membrane-divided cell;
(c) solid polymer electrolyte (SPE) reactor; (d) membrane-divided cell with GDE; (e) SPE–GDE
reactor. Liquid compartments are denoted in grey

figures of merits is available in the appropriate literature (Wendt and Kreysa 1999;
Pletcher 1982), a brief summary of the underlying features of the different cell
schemes is provided.

The most popular is the plate-and-frame scheme in Fig. 12.2, which has the ad-
vantage of being easily adapted to the process needs, in terms of both the choice
of the total electrode area, by simply adding/removing elementary units, and of the
use of membranes or separators for obtaining two-compartment units. In fact, al-
though undivided cells are always to be preferred in order to reduce investment
and operating costs, the separation between catholyte and anolyte can be adopted
to (1) avoid the mutual interference from the products of the electrode reactions,
(2) prevent the loss of value-added products by anodic degradation, (3) allow the
use of different solvents in the two compartments (e.g. water in the anodic and
non-aqueous solvent in the cathodic one), (4) maintain effective separation between
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gaseous products, and, more generally, when the process is under development, for
an easy recovery/separation/analysis of the reaction mixture. In addition, the sub-
stitution of a liquid electrolyte (catholyte and/or anolyte) with a cation or an anion
exchange membrane allows the adoption of a solid polymer electrolyte (SPE) re-
actor for the treatment of volatile compounds and non-conducting wastes (Cheng
et al. 2004b, c; Ju et al. 2006). Note that all schemes in Fig. 12.2 revert from the
plug-flow-reactor (PFR) to the stirred-tank-reactor (STR) behaviour in the limiting
case of total recycling, thus including the undivided and divided (H-cell) laboratory
electrolytic cells.

Despite their intrinsic simplicity, the plate-and-frame reactors require accurate
selection of the materials, especially when the electrolytic processes are performed
in non-aqueous solvents and/or deal with substrates which are currently used as
solvents, as in the case of volatile organic chlorides. Special attention should be
paid to the selection of the gaskets, for long-term operational stability. Moreover,
in the case of the SPE scheme, porous electrodes should be adopted, to allow for
optimal contact between electrode, electrolyte and reactants/products. In this case,
mass-transfer limitations into the porous structure should be carefully considered.

For undivided cells, a valid alternative is provided by the stirred tank reactor
(STR), which is characterized by a high flexibility in the use of different electrode
structures and shapes. The adoption of a sacrificial anode (Gennaro et al. 2004)
and/or specific fluidodynamic conditions (He et al. 2004a) avoids most of the draw-
backs connected with parasitic electrode reactions.

The mechanical stirring usually provides good mass-transfer conditions. The ad-
ditional use of ultrasound (Compton et al. 1996; De Lima Leite et al. 2002; Ragaini
et al. 2001) and microwave devices (Tsai et al. 2002) is reported to have beneficial
effects.

A tri-dimensional electrode reactor geometry was studied by He et al. (2004a, b)
to overcome the problem of low conductivity media (�1 S m�1). The reduction
of model carbon tetrachloride was performed on a porous copper foam with good
conversion rates and almost total dehalogenation of the substrate.

12.5 Electroreductive Treatments of Halogenated Organic
Pollutants

In the electroreductive treatments of halogenated organic pollutants the goal is ei-
ther the complete dehalogenation (mostly hydrodehalogenation) of the substrates to
ease their further treatment (e.g. improve their biodegradability), or their transfor-
mation into value-added compounds (e.g. selective removal of halogens, carboxyla-
tion/carbonylation).

According to their chief molecular features, they can be grouped into the
following categories.
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12.5.1 Organic Volatile Halides

A large family, whose most representative compounds are chlorinated solvents
like CH2Cl2 (pharmaceuticals, chemical processing, aerosols, etc.), CHCl3, CCl4,
Cl2CDCCl2 (dry and metal cleaning), and Cl2CDCHCl (metal cleaning and spe-
cialty adhesives). They are not included in the POP list because of their relatively
short atmospheric life time, e.g. 6–8 days trichloroethylene and 5–6 months tetra-
chloroethylene and dichloromethane.

Baizer et al. (1972) extensively studied the electroreduction of carbon tetra-
chloride in the presence of electrophiles for synthetic purposes. Since then the
formation of the dichloro-dianion (CCl2�2 / or -carbene (Takita et al. 1990) was con-
sidered for the synthesis of cyclopropane derivatives. Recently, carbene formation
was observed in the direct reduction of CCl4 and DDT (1,1-bis(p-chlorophenyl)-
2,2,2-trichloroethane) on hemin-modified TiO2 supports (Stromberg et al. 2006).

In the presence of water, CCl4 was electrolytically reduced on different cathode
materials (Ag, Al, Au, Cu, Fe, Ni, Pd and Zn) (Liu et al. 1999). Primary products in-
cluded CHCl3, CH2Cl2 and CH4; traces of CH3Cl, C2H4, C2H6 and C3H8 were also
detected. Subsequent studies were performed by the same school adopting different
reactors and cathode materials. On copper foam cylindrical cathodes, total hydrode-
halogenationandgoodconversionrateswereobtained(Heetal.2004a,b).UsingaSPE
reactor equipped with Pd- and Pt-based gas diffusion electrodes (GDE), the reduction
of gas-phase CCl4 to CH4 was obtained together with lower chlorinated products, tri-
and di-chloromethane (Liu et al. 2001). Concomitantly the degradation of tri- (TCE)
and per-chloroethene (PCE) was also tested. For TCE, the reactivity decreased in the
series of cathode materials: Pd > Ni > Co > Ag > Cu > Zn, and the predomi-
nant products were ethane, ethene, 1-buthene and trans- and cis-2-buthene. Chlorine
containing products (TCE, cis- and trans-dichloroethene) accounted for less than 3%
of the PCE transformed at Pd/C. More recently, an optimized MEA-GDE (MEA D
membrane-electrode-assembly) system based on a 20% Pt catalyst was applied to treat
gas-phase trichloroethylene (Ju et al. 2006), for which the indirectly reduction by elec-
trolytic hydrogen is suggested.

Specific interactions with Ni (Wang et al. 2004) are reported to be at the base of
the almost total conversion of CCl4 to methane, thus suggesting that the preferred re-
action path is not the sequential dechlorination, usually observed on other cathodes
[e.g. Fe and glassy carbon (Liu et al. 2000; Costentin et al. 2003; Li et al. 2000)].
This is an important feature for the treatments based on permeable reactive barriers,
because the intermediate species are also toxic and are much more slow reactants
than carbon tetrachloride. A high yield in methane was also observed on vitamin
B12 – modified silver electrode (Betterton et al. 1995).

In addition, the degradation of C1 and C2 polyhalogenated substrates has been
reported in non-aqueous (Kotsinaris et al. 1998), aqueous (Horanyi et al. 1982;
Liu et al. 2000; Li et al. 2000; Chen et al. 2003) and mixed (Hori et al. 2003;
Rondinini et al. 2004; Fiori et al. 2005) solvents, under different operating con-
ditions. The reduction of CH2Cl2 on Ni and Cu in ACN resulted in the formation
not only of methane and chloromethane, but also of ethylene, propene and buthene
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(Kotsinaris et al. 1998), while on Ag and Pt cathodes methane was the main product.
Rondinini et al. (2004) observed the preferential formation of methane from poly-
chloromethane on silver in ACN, DMF and aquo-organic solvents. Trichloroethene
and trichloromethane were hydrodehalogenated in aqueous solution at different pHs
by Chen et al. (2003) on platinized and palladized ceramic (ebonex) supports. Main
reaction products were ethane, ethene and HCl for the former substrate, and methane
and HCl for the latter. In a preceding study (Chen et al. 1999) in oxidative condi-
tions, they observed the parallel degradation to carbon-containing products (mainly
CO2/ and, in neutral or alkaline pH; Cl�=ClO�3 as the only chloro-containing
products.

12.5.2 Chlorofluorocarbons

Because of their environmental impact, chlorofluorocarbons (CFC) represent a sep-
arate category of volatile organic halides.

Although the production of CFCs was stopped since 1996 as a result of inter-
national agreements, there are still large amounts in stock. The estimated amount
of banked CFCs are 2.25 Mton, about 45% being trichlorofluoromethane (CFC
11) and about 45% dichlorodifluoromethane (CFC 12) (Cabot et al. 2004), which
have to be treated. However, degradation processes imply a double loss, in terms
of both energy requirements and destruction of valuable fluoro-containing com-
pounds, for which conversion into useful products appears to be more attractive.
In this context, the electrolytic reduction processes, with their selective removal
of chloro atoms, seem to provide a suitable and promising technique. Earlier
works report the reduction of 1,1,2-trichloro-1,2,2-trifluoroethane (CFC 113)
and 1,2-dichloro-1,1,2,2-tetrafluoroethane (CFC 114) to chlorotrifluoroethylene
(CTFE) and tetrafluoroethylene on different electrodes and various reacting me-
dia (Savall et al. 1990a, b; Montecatini Edison S.p.a., Italian Pat. 852,487 (1969);
Wawzonek and Willging 1977). Trifluoroethene (TFE) was obtained on Pb cathodes
in MeOH=H2O in the presence of PdCl2 from CFC 113 (Cabot et al. 1997).

More recently CCl2F2 (CFC-12) was converted at Ag, Cu, Au, Pt, Ni and Pb elec-
trodes in acetonitrile and propylene carbonate, to CF2CF2 (the monomer for PTFE
production), CH2F2 (a candidate for refrigeration applications), CH3F and small
amounts of CHClF2 and CH4 (Schizodimou et al. 1999; Georgolios et al. 2001).
Persinger and co-authors (Persinger et al. 2004) investigated that the reduction of
CFC 113 by cobalt(I)salen (salen D 2; 20-ethylenebis(nitrilomethylidene)diphenol,
N ,N 0-ethylenebis(salicylimine)) electrogenerated at a carbon cathode in dimethyl-
formamide (DMF) containing tetra-n-butylammonium tetrafluoroborate (TBABF4)
as a supporting electrolyte in dependence on the electrode potential, chlorotrifluo-
roethene, trifluoroethene and 1,1,1,2-tetrafluoroethane were obtained. CFC 113 was
treated by Cabot et al. (2004) in a Cu cathode–hydrogen diffusion anode cell, in
MeOH/H2O mixture in the presence of NH4Cl or tetrabutylammonium perchlorate
(or both) as supporting electrolyte and of 50 ppm PdCl2 as reduction promoter.
CFC 11 was treated similarly, but in the absence of the palladium salt. The two
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substrates were dechlorinated stepwise to difluoroethene and methane, respectively.
The latter was obtained with >90% current efficiency from CFC 11 in the presence
of tetraalkylammonium salt. The same salt, however, resulted to interfere, in the
case of CFC 113, with the electrodeposition of Pd, thus depressing the electrolyser
performance.

Titov and co-authors (Titov et al. 2006) studied the electrodehalogenation of C-
2 freons (CF2ClCFCl2, CF2BrCFClBr and CF2BrCF2Br) on different cathodes,
namely Ag, Pt and glassy carbon. In comparison with the other materials, silver
has a promoting effect on the formation of the target products, chlorotrifluoro- and
tetrafluoroethenes. Ag, Pt and glassy carbon were used as working electrode also
in the reduction of freons in RTIL (Doherty et al. 2007). Although current inten-
sities and reduction potentials resulted significantly affected by ohmic losses, the
electrocatalytic properties of Ag are reported to be retained also in RTIL media.

Up to 12 kinds of metals were used by Sonoyama and co-authors (Sonoyama
et al. 1998) in their studies on the degradation of CFC 12 at GDE. At Zn-, Ag-,
Cu-, and In-supported GDEs CFC-12 dechlorinated and defluorinated to methane
as a principal product. Pb-supported GDE induced only dechlorination of CFC-12
and produced difluoromethane (HFC-32) in high selectivity (92.6%). When massive
Pb, Cu and Ag cathodes were used under high-pressure conditions, the conversion
to tetrafluroethene was obtained in high yields (up to 70%) only on Pb (Sonoyama
et al. 2002).

12.5.3 Polyhaloacetic Acids

Polyhaloacetic acids and their partially hydrodehalogenated products represent
a second important family of herbicide-/pesticide-derived substrates. In their re-
view on the environmental applications of industrial electrochemistry, Juttner
and co-authors (Juttner et al. 2000) documented the electroreductive dechlori-
nation of dichloroacetic acid (a by-product of monochloroacetic acid), a way to
recover the valuable compound and avoid wastes. The electrochemical reduc-
tion of polychloro- and polybromo-derivatives was performed by Korshin and
Jensen (2001) on Cu and Au cathodes. Complete dehalogenation was obtained for
all substrates, but for monochloroacetic acid. To overcome the intrinsic poor reactiv-
ity of the monochloro-derivative the photoelectrochemical properties of a p-doped
SiC electrode were investigated (Schnabel et al. 2001); however, the dehalogenation
stopped at monochloroacetic acid.

12.5.4 Polyhalophenols

An important family of herbicides and pesticides, their precursors and/or by-
products, is represented by polyhalophenols and polyhalophenoxy-acids and
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-esthers. Partial detoxifications of industrial and agricultural wastes as well as
site remediation by electrochemical reductive treatments have been widely studied.

Tsyganok and co-authors (Tsyganok et al. 1996) studied the dechlorination
of the commercial pesticide 2,4-D (2,4-dichlorophenoxyacetic acid) using differ-
ent carbon materials. Phenoxyacetic acid was obtained with 80% selectivity and
10–14% current efficiency, at 75% substrate conversion. Cheng and co-authors
(Cheng et al. 2003a–c, 2004a–e) investigated in detail the electrochemical hydrode-
halogenation of dichloro- and dibromo-phenols in aqueous and oil phases in a SPE
reactor. Data on electrolyser design and performances are provided in a series of
well-concerted papers. Comparison between two-compartment H-cell and SPE re-
actor for the treatment of aqueous halophenols was performed on the basis of in situ
FTIR studies (Chetty et al. 2004). In the investigated conditions, current efficien-
cies up to 90% were obtained with the H-cell, and 50% with the SPE reactor. The
dechlorination of chlorophenols on Zn and Ni electrodes in propylene carbonate
was investigated by Lin et al. (Lin and Tseng 2000). On zinc, the dechlorina-
tion of a variety of chlorophenols (pentachlorophenol, 2,3,4,6-tetrachlorophenol,
2,4,5-trichlorophenol, 2,4-dichlorophenol and 2-chlorophenol) was achieved, in de-
pendence of the electrode potential. 2,3,4,6-tetrachlorophenol was dechlorinated
step-by-step until complete dechlorination was obtained. Rondinini et al. studied
the electrodehalogenation of several bromo- and chlorophenols in non-aqueous
and mixed solvents on silver cathodes by cyclic voltammetry and preparative elec-
trolyses (Rondinini et al. 2001a; Fiori et al. 2002). In all media, the complete
hydrodehalogenation of 2,4,6-tribromophenol can be achieved with good current
efficiencies. Stepwise debromination could be observed: 2,4,6-tribromophenol was
firstly reduced to 2,4- and 2,6-dibromophenols, which converted into 2-, and 4-
brophenols and finally to phenol.

12.5.5 Polychlorohydrocarbons

1,2,3-Trichlorobenzene (1,2,3-TCB), a model sample of POPs, was dechlorinated
under inert gas atmosphere, using different type of sintered cathode materials
(Miyoshi et al. 2004a). Sintered RuO2(major)/Pt/PdO, Pt(major)/IrO2/RuO2, RuO2,
PdO, Pt, PdO/Pt, Pd/Pt and plain Pd plate gave dechlorination yields of 91, 81, 59,
96, 53, 97, 82 and 70%, respectively.

The same group highlighted the beneficial effect of adopting a membrane-
divided cell with aqueous NaOH anolyte and non-aqueous (ACN) catholyte. The
degradation of 1,2,3-TCB was performed on glassy carbon (cyclic voltammetry ex-
periments) and Pd (preparative electrolyses) cathodes (Miyoshi et al. 2004b, c).

Chlorobenzene, 1,2,3,5-tetrachlorobenzene and lindane (”-hexachlorocyclo-
hexane) were dechlorinated in different solvents on plain and metal-modified
carbon cloth cathodes. In dimethylsufoxide and ACN, chlorobenzene was dechlori-
nated even on plain carbon materials, while Pd-coated and Zn-coated cathodes were
necessary to perform degradation in methanol and water, respectively (Kulikov
et al. 1996).
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The use of metal–complex mediators was applied by Nunnecke and co-authors
(Nunnecke and Voss 1999) to the dechlorination of chlorinated benzenes and diben-
zofurans. The main products were chlorobenzene and unsubstituted dibenzofurans,
respectively.

Mediated dechlorination of “-methylallyl chloride (extensively used in the poly-
mer industry), via in situ electrochemically generated ŒCo .I/ .2; 20-bipyridine/3�

C,
was achieved by Muthuraman and co-authors (Muthuraman and Pillai 2006) in
aqueous solutions, in the presence of cationic surfactants.

12.5.6 Other Compounds

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine), a photosynthetic in-
hibitor that is used in large quantities for weed control in corn and sorghum, has
been treated electrochemically in aqueous solution on reticulated vitreous carbon
cathode in the presence of noble-metal catalysts (Stock and Bunce 2002). Elec-
trocatalytic hydrogenolysis to 2-ethylamino-4-isopropylamino-s-triazine occurs in
quantitative yield, and is most efficient with Pd-based catalysts. Current efficiency
increases with increasing atrazine and catalyst concentration, and decreasing current
density. The Authors observed a time lag between the start of the electrolysis and the
appearance of the dechlorinated products, which was attributed to the absorption of
hydrogen by the palladium lattice. As alternative to the electrochemical treatment,
the degradation of chlorinated triazines by zero-valent-iron was already mentioned
(Dombek et al. 2004).

Partial dechlorination of Mirex, a persistent polychlorinated olygocyclic insecti-
cide, in MeOH on Pb cathodes is reported by Gassmann and co-authors (Gassman
et al. 1995).

12.5.7 Sensors

The electroreductions on mediator-modified electrodes can be also used for analyt-
ical purposes. Although this aspect is beyond the scope of this section, a sample of
the most recent results are presented.

Wright and co-authors (Wright et al. 1999) studied the properties of a polyethyle-
neoxide myoglobine-modified electrode in the reductive dehalogenation of hex-
achloroethane in ethanolic solutions, and the observed catalytic response resulted
linearly dependent on the bulk concentration of the substrate.

Immobilized haemoglobin (Hb) was applied by Liu and co-authors (Liu
et al. 2006) to the dehalogenation of haloethanes (hexachloroethane, pentachloro-
ethane, tetrachloroethane, etc.). The observed fast electron-transfer reactions
observed in aqueous-organic solvents are promising for the detection of the
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substrates. The co-immobilization of Hb and sodium montmorillonite (a cationic
conducting clay) on a pyrolitic graphite electrode was used for the detection of
trichloroacetic acid (Fan et al. 2000). Hb was found to maintain its native structure
and stability in the film.

Detection of trichloroacetic acid via dechlorination to its di- and mono-
chloroderivatives was also studied on a pyrolitic graphite electrode modified by
Hb immobilized in poly-3-hydrobutyrate membrane (Ma et al. 2005).

The effective electrochemical detection of several organic halides (trichloroacetic
acid, ethylene dibromide, tetrachloroethylene, trichloroethylene, dichloroacetic acid,
2,4,6-trichlorophenol, 2,4-dichlorophenoxy acetic acid, methoxychloride, etc.) in
aqueous and organic solutions via Co and Fe macrocyclic complex-based films was
studied by Alatorre and co-authors (Alatorre et al. 2000).

12.6 Conclusions

In the next decades, energetic and environmental issues are expected to drive key
actions for the sustainable development of human activities. In these fields, electro-
chemistry can provide mature technologies which range from energy conversion and
storage to environmental protection and remediation. The electrolytic processes of-
fer effective, low-impact methods not only for the detoxification of wastes but also
for the recovery of reagents and recycling of materials. In addition, conspicuous
energy savings can be achieved by improving process efficiency, reducing raw ma-
terial consumption and avoiding secondary pollutant production.

In this context, the electroreduction of halogenated organic compounds offers an
effective route not only to the detoxification of wastes but also to their valorization
as in the case of CFCs and, generally, of volatile organic halides.

The wide category of halocompounds represents a serious challenge for natural
waters, soils and atmosphere. Because of their toxicity combined with high chemi-
cal stability, lipophilicity, accumulation-in-the-food-chain capability and long-range
diffusivity, several chlorinated and brominated organic substances are included in
the list of POPs.

The main reaction paths for the electroreductive cleavage of the carbon–halogen
bond lead to total or partial dehalogenated products with the formation of C–H
and/or single, double and triple C–C bonds according to the prevailing coupling or
elimination reactions.

In all cases a strong influence of the operating conditions (medium, support-
ing electrolyte, cell design and hydrodynamics) and of the electrode material is
observed. Among the large variety of metals and metal alloys investigated so far,
silver- and carbon-based electrodes hold prominent positions, the former for its out-
standing electrocatalytic activity towards C–X electroreductions, the latter for the
cumulative effect of robustness, inexpensiveness and workability.

A selection of electrolysis cells with their working conditions is reported to dis-
cuss the aspects related with the scaling-up of the simple one- or two-compartment
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laboratory cells, and review the adoption of special cell (e.g. SPE) or electrode (e.g.
tri-dimensional) geometries, sacrificial anodes and enhanced mass-transfer equip-
ments (e.g. ultrasound).

The description of the electroreductive treatments of organic halides is subdi-
vided into the following sections: organic volatile halides, CFCs, polyhaloacetic
acids, polyhalophenols, polychlorohydrocarbons and other compounds. These sec-
tions are meant to complete the discussion and information, provided in the preced-
ing parts, by focussing on each specific category of compounds and their related
working examples.

Finally, some recent analytical applications of electroreduction processes as sen-
sors are presented.
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Chapter 13
Principles and Applications of Solid Polymer
Electrolyte Reactors for Electrochemical
Hydrodehalogenation of Organic Pollutants

Hua Cheng and Keith Scott

13.1 Introduction

Halogenated organic compounds consist of a large group of potentially toxic pol-
lutants, including aliphatics, olefins, aromatics, etc. They are widely distributed
at many existing and former industrial sites and contaminated the environment.
Disposal of such compounds to landfill is now virtually precluded by environ-
mental legislation. Incineration is an energy-intensive process due to the high
operation temperatures and, in addition, produces harmful substances (e.g. diox-
ins) and causes adverse public reaction. Other alternatives, such as bio-remediation
and chemical dehalogenation (Hitchman et al. 1995), have been investigated. How-
ever, the products of bio-remediation are often toxic and, in some cases, may be
more toxic than the parent compounds (Criddle and McCarty 1991). There are
great challenges to achieve micro-organism survival in a halogenated-compound
environment, as well as a necessity for long-term operation, e.g., months for the
bio-remediation of PCBs (Grittini et al. 1995; Hitchman et al. 1995). Chemical
hydrodehalogenation (HDH) using, for example, LiAlH4 and NaBH4, is too ex-
pensive for practical applications (Appleton 1996; Hitchman et al. 1995; Schmal
et al. 1986). Alternatively, zero-valent metals (e.g. iron, zinc and tin) have been
employed to treat halogenated hydrocarbons in wastewaters and groundwaters
(Connors and Rusling 1983; Fennelly and Roberts 1998; Hitchman et al. 1995;
Matheson and Tratnyek 1994; Tratnyek 1996). For instance, a mixture of 22% gran-
ular iron and 78% sand was installed as a permeable “wall” across the path of a
contaminant plume at Canadian Forces Base, Borden, Ontario. Approximately 90%
of the trichloroethene and 86% of the tetrachloroethene were removed by reduc-
tive dechlorination within the wall, with no measurable decrease in performance
over the 5-year duration of the test (O’Hannesin and Gillham 1998). Unfortunately,
this method has slow reaction kinetics and very low effectiveness, particularly for
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halogenated aromatic compounds (Hitchman et al. 1995; Tratnyek 1996). Catalytic
HDH is another option, but it has to be operated at high temperature (above 400ıC in
most cases) and high pressure (e.g. 10 MPa) to provide high reaction rates, but often
cause rapid catalyst deactivation and introduce safety concerns due to unacceptable
use of hydrogen in large-scale treatment facilities (Aramendia et al. 1999; Connors
and Rusling 1983; Hitchman et al. 1995; Schmal et al. 1986; Yak et al. 1999).

Recently, electrochemical HDH has emerged as an attractive technique to destroy
halogenated organic wastes (Bonfatti et al. 1999; Cheng et al. 1997, 2001, 2003a–d,
2004a–e; Chetty et al. 2003, 2004; Dabo et al. 2000; Kulikov et al. 1996; Schmal
et al. 1986; Zhang and Rusling 1995). In an electrochemical HDH process, toxic
materials are removed from gases and liquids using the electron as a main reagent
rather than redox chemicals. In principle, electrochemical technology is environ-
mentally compatible because the electron is a “clear reagent”; it is also selective,
efficient, cheap, controllable and flexible. Hence electrochemical reductive HDH is
considered a promising solution to the ecological problem posed by halogenated
organic compounds (Marrocino et al. 1987). A striking feature of electrochem-
ical reductive HDH is the capability to remove halogen components selectively
from halogenated organics, which eliminates the main toxic source of this type of
compound. In addition, the electrochemical HDH can be operated at ambient tem-
perature and pressure, without the use of additional chemicals, and HDH products
are also easier to remediate.

13.2 Background

The majority of HDH research has concentrated on mechanisms of the electro-
chemical process (Bonfatti et al. 1999; Cheng et al. 1997, 2001, 2003a–d, 2004a–e;
Chetty et al. 2003, 2004; Dabo et al. 2000; Kulikov et al. 1996; Schmal et al. 1986;
Marrocino et al. 1987), which are complex and, even for a simple mono-halogenated
aliphatic compound RX, apart from other possible chemical reactions, the mecha-
nism can be either a one-electron radical mechanism:

RXC e� ! .RX�/� ! R� C X� C H2O! RHC HXC OH� (13.1a)

2R� ! RR (13.1b)

or a two-electron hydrogenation mechanism:

RXC 2HC C 2e� ! RHC HX (13.2)

Fourier transform infrared measurements have shown that electrochemical HDH
of halogenated phenols produced the phenolate anion, followed by a sequence of
electron additions and halide expulsions leading, via the intermediate radical, to
phenol (Chetty et al. 2003, 2004).
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The HDH products usually depended on electrolysis conditions, e.g. the electro-
chemical HDH of polyhalogenated aliphatic compounds produced various products
at different potentials:

RCI4 C HCC2e�
�0:78V vs: RHE
�����������!

����������!

RHCl3 C HC2e
�1:67Vvs:RHE
���������! RH2Cl2 C HC

C 2e�
�2:30V vs:RHE
����������! RH3Cl (13.3)

The nature of the cathode has been found to have major effect on the efficiency
of electrochemical HDH of halogenated compounds. For instance, the HDH of
12 mM chlorobenzene at carbon cloth or lead cathodes gave conversions up to 95%
with a current efficiency of 20%, lower conversion and efficiency .<5%/ were ob-
served using platinum, titanium or nickel cathodes (Zanaveskin et al. 1996). A 100%
electrochemical HDH of 153 ppm 4-chlorophenol to phenol was achieved using a
palladium-coated carbon cloth cathode (Balko et al. 1993). Unfortunately, several
environmentally unacceptable materials, such as Hg and Pb, have also been used as
cathodes (Bonfatti et al. 1999; Kulikov et al. 1996).

In general, the majority of work was carried out in standard electrochemical cells,
which required added electrolyte and non-aqueous solvents (Aramendia et al. 1999;
Zanaveskin et al. 1996). A flow-through cell with a carbon-fibre cathode was used
to dehalogenate pentachlorophenol (PCP); however, the current efficiency was very
low (ca. 1%) and the energy consumption was high, about 400 kWh .kgPCP/�1

(Schmal et al. 1986). This performance renders the approach unattractive with re-
spect to treatment of large volumes of organic wastes and inappropriate for the
remediation of aqueous streams. It is clear that an environmentally benign cheap
and efficient hydrodehalogenation technology is required to attract industrial use.
Therefore, an HDH reactor using the SPE technology was designed and operated
(Cheng et al. 1997, 2001, 2003a–d, 2004a–e; Chetty et al. 2003, 2004) and it is
described in the following sections.

13.3 The Solid Polymer Electrolyte Hydrodehalogenation
Reactor

13.3.1 Principle of Solid Polymer Electrolyte Reactors

The central part of the electrochemical HDH reactor is the use of solid polymer
electrolyte (SPE). A typical membrane material belongs to the fully fluorinated
polyethene-based family: polytetrafluoroethylene (PTFE) (known by the trade name
Teflon), shown in Fig. 13.1.
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CF 2 CF 2 CF 2 CF 2 CF 2

Fig. 13.1 Structure of polytetrafluoroethylene

Fig. 13.2 Structure of perfluorosulphonic acid co-polymer .Nafionr/. The Yeager Three Phase
Model, based on a three-phase clustered system with interconnecting channels within the poly-
mer. (a) Fluorocarbon backbone, (b) interfacial region of relatively large fractional void volume
containing some pendant side chains, some water and sulphate groups, (c) clustered regions

PTFE is a very chemically resistant material which is very hydrophobic (repels
water) but does not have inherent ion exchange capabilities. Thus to convert this
material into an ion-exchange material further processing is required. This requires
the introduction of a side-chain which is then sulphonated. The classic side chain,
used by DuPont, consists of a vinyl ether to which sulphonic acid is chemically
bonded (Fig. 13.2).

Introduction of the side chain with the bonded ionic group makes the material
partially hydrophilic, due to the attached sulphonate group, as well as ion conduct-
ing. The classic (benchmark) material developed by DuPont goes under the name of
Nafionr.

The perfluorosulfonic acid family of membranes includes a range of alternative
products from different manufacturers, using for example different side chains, but
generally the inherent characteristics are similar as follows:

� They exhibit exceptionally high chemical stability – stable against strong bases,
strong oxidising and reducing acids, Cl2, H2 and O2 at temperatures up to 125ıC.
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� They are mechanically strong and can be formed into thin films down to
30–40�m.

� They have high acidity with high conductivity (and ion-exchange capacity) when
wet.

� They are highly stable in operation. In selected fuel cell tests (and water electrol-
ysis systems), lifetimes of over 50,000 h have been demonstrated.

The principle reason why the ionomer membranes function well as ion conducting
materials is that the sulphonate groups form into clusters, which is very hydrophilic
and attract water. These clusters effectively form channels through which HC ion
can move quite freely under a potential gradient. A model of a Nafion type of mem-
brane is shown in Fig. 13.2, consisting of hydrophilic (PTFE) regions surrounding
the regions of high water content formed by the sulphonic acid.

The fundamental principle of SPE reactors is the coupling of the transport of
electrical charges, i.e. an electrical current with a transport of ions (cations or an-
ions), through a SPE membrane due to an externally applied (e.g. electrolysis) or
internally generated (e.g. fuel cells) electrical potential gradient. For example, in a
chlorine/alkaline SPE reactor (Fig. 13.3), the anode and cathode were separated by
a cation–SPE membrane (e.g. Nafionr 117) forming two compartments, containing
the anolyte (e.g. 25 wt% NaCl solution) and the catholyte (e.g. dilute sodium hy-
droxide), respectively.

When an electrical potential is applied between the electrodes, chlorine ions in
the anode chamber migrate towards the anode where they are oxidised and form
chlorine gas. The sodium ions from the salt solution migrate through the membrane
towards the cathode where it is reduced to sodium metal, which immediately reacts
with water to form sodium hydroxide and hydrogen gas. The overall reaction is:

2NaClC 2H2O D Cl2 C H2 C 2NaOH (13.4)

diluted brine concentrated NaOH

membrane H2Cl2

Cl–

Na+

OH–

catholyteanolyte

anode

2 Cl– - 2 e– → Cl2 2 H2O+2e– →H2+2 OH–

cathode

25 wt% NaCl dilute NaOH

Fig. 13.3 The principle of a chlorine/alkaline solid polymer electrolyte reactor
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porous anode porous cathode

H2 → 2 H+

e– e–

H2 O2

O2  + 4 H+  → 2 H2 O

membrane

Fig. 13.4 The principle of an H2–O2 fuel cell

In a fuel cell, chemical energy is converted into electrical energy. For instance, in an
H2–O2 fuel cell (Fig. 13.4), porous electrodes and catalyst layers are separated by a
SPE membrane (e.g. Nafionr 117).

Hydrogen passes through the anode and reacts in the catalyst layer forming pro-
tons and releasing electrons at the anode to an electric circuit. The protons migrate
through the membrane and react in the catalyst layer with oxygen and electrons to
form water. The overall reaction is the oxidation of hydrogen by oxygen to form
water:

H2 C
1

2
O2 D H2O (13.5)

In this case, the reaction has a negative Gibb’s free energy and electrical energy is
generated.

In principle, oxidation could occur simultaneously during a HDH (reduction) re-
action. For example any de-halogenated compounds could be oxidised to CO2 in the
anode compartment. Thus in the case of pentachlorophenol the phenol produced by
the HDH could be oxidised at a suitable anode (e.g. boron-doped diamond) to CO2:

Cl5C6OH .PCP/C 10e� C 5HC ! C6H5OHC 5Cl� (13.6)

C6H5OHC 11H2O! 6CO2 C 28e� C 28HC (13.7)
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13.3.2 SPE HDH Reactor Equipment

The flow sheet of the SPE HDH test system is shown in Fig. 13.5.
The reactor can be operated in a batch recycle mode. One of the advantages of

SPE HDH technology is that separation and recycling of a supporting electrolyte
are unnecessary, which can greatly reduce process cost.

13.3.3 Principle of the SPE HDH Reactor

Figure 13.6 shows the principle of the SPE HDH reactor using a Nafionr 117 mem-
brane to separate anolyte and catholyte chambers.

A porous anode and cathode are attached to each surface of the membrane, form-
ing a membrane-electrode assembly, similar to that employed in SPE fuel cells.
Electrochemical reactions (electron transferChydrogenation) occur at the interfaces
between the ion exchange membrane and electrochemically active layers of elec-
trodes. Electrochemical reductive HDH occurred at the interfaces between the ion
exchange membrane and the cathode catalyst layer when an electrical current is
applied between the electrodes:

RXn C nHC C 2n e� ! RHn C nX� (13.8)

where X is halogen atom and R is an organic skeleton.
Electrogenerated protons

�
H
C

� ions
	

, from the anode reaction, migrate through
the membrane towards the cathode under the influence of the applied electric field.
These protons are typically produced by the oxidation of water which also forms

anolyte reservoir

pump valve SPE reactor flow meter

condenser power supply catholyte reservoir

Fig. 13.5 Flow sheet for the SPE HDH rig used at Newcastle
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O2 

H2O RXn

RHn 

porous anode porous cathode

membrane

–nH+ +2ne– →RHn +nX–H+nH2 O – 2ne– → O2 + 2nH+
n
2

Fig. 13.6 Principle of the SPE HDH reactor

oxygen and are involved in the hydrogenation reaction or are reduced to atomic
and molecular hydrogen at the cathode. There are other products, from the HDH
process, such as hydrogen, evolved at cathode which would be a cause of current
inefficiency.

The SPE HDH reactor is flexible in terms of structural materials and functions,
e.g. electrode materials could be mesh- or carbon-supported gas diffusion ones;
the SPE could be a cation or anion exchange membrane (e.g. Nafionr 117 or Fu-
MATech FT-FKE-S) and the reactor can treat either aqueous or non-aqueous (e.g. a
paraffin oil) wastes with or without supporting electrolytes.

13.3.4 Parameters Used for Performance Evaluation

The percentage of halogenated organics removal (PR, %), space–time yield (STY,
kg m�3 h�1), current efficiency (CE, %) and energy consumption (ECN, kWh kg�1)
are used to evaluate the HDH process performance. They are defined as:

PR D
C0 � Ct

C0
; (13.9)

STY D
36 � a � j � CE �MFW

n � F
; (13.10)

ECN D
n � F �ECell

CE �MFW
(13.11)

where C0 and Ct are concentrations of halogenated organics at start and at elec-
trolysis time t , respectively; a is a specific area

�
m�1

�
, defined as a ratio of the

electrode area to the actual volume in the reactor; j is the current density
�
A m�2

�
;

n is the number of electrons in the concerned reaction; F is the Faraday constant
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�
96,500 C mol�1

�
;MFW is the molar mass

�
kg mol�1

�
; ECell is the cell voltage; and

CE is the current efficiency, which was calculated as that part of current (or charge)
passed to convert RXn to RHn and intermediates.

The total energy consumption includes the energy used for the HDH process,
heaters and pumps.

13.3.5 Voltammetry

Figure 13.7 shows typical linear sweep voltammograms (LSV) obtained using a Ti
mesh-supported Pd cathode in 0.05 M sodium sulphate solutions with or without
pentachlorophenol (PCP) and 2,4-dichlorophenol (DCP).

The addition of PCP and DCP to the catholyte caused an increase in cathodic
current densities, compared to that observed in the blank solution. The increase in
current was due to the HDH reaction and to hydrogen evolution:

Cl5C6OH .PCP/C 10e� C 5HC ! C6H5OHC 5Cl� (13.6)

Cl2C6H3OH .DCP/C 4e� C 2HC ! C6H5OHC 2Cl� (13.12)

2HC C 2e� ! H2 (13.13)
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Fig. 13.7 Linear sweep voltammograms for electrochemical HDH of pentachlorophenol (PCP)
and 2,4-dichlorophenol (DCP) on a Ti mesh-supported Pd cathode (2mg Pd cm�2, 4 cm2). Cell:
H-cell divided by a Nafionr 117 membrane. Anode: Pt mesh

�
10 cm2

�
. Catholyte: 0:05M Na2SO4

(pH 3) solution without (blank) or with saturated PCP and DCP. Anolyte: 0:05M Na2SO4 (pH 3)
solution. Scan rate: 5mV s�1. Temperature: 21:5 ˙ 0:5ıC
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In particular, the rapid increase in current density at potentials more negative than
�1:2V vs. RHE was accompanied by rapid evolution of hydrogen bubbles at the
cathode. These data show that using voltammetric measurements can provide in-
formation on the HDH of halogenated organics, but cannot investigate the HDH
reaction and the hydrogen evolution separately. More data to guide reactor design
and process development can only be obtained from quantitative electrolysis.

13.3.6 Percentage of Halogenated Organics Removal
and Space–Time Yield

Figure 13.8 shows the effect of cathode catalysts on the HDH of an aqueous satu-
rated PCP solution in the SPE HDH reactor.

The palladised cathode gave the greatest percentage of PCP removal due to its
superior capability to produce and store hydrogen. The poor performance at the
iron cathode was mainly a result of its instability under the HDH condition. Both
instability and poisoning of catalyst by intermediates were responsible for the poorer
performance of the Ni cathode.

The electrochemical HDH is much more effective than a chemical HDH, as com-
pared in Fig. 13.8. In “chemical HDH” the same reactor with a Ti mesh-supported
Pd catalyst was used. The PR for the HDH of PCP using a poor Ni cathode was even
higher than that achieved in the chemical HDH, e.g. 20% against 15% at 120 min
(Cheng et al. 2003a).
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Fig. 13.8 Change in the percentage of pentachlorophenol (PCP) removal for the electrochem-
ical HDH of saturated aqueous solution using a Nafionr 117 membrane reactor. Active area:
20 cm2. Cathode: Pd or Pt/Ti mesh (2 mg Pd or Pt cm�2), Fe or Ni mesh. Anode: Pt/Ti mesh�
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In addition to operate with aqueous waste streams, a striking feature of the HDH
reactor is its capability to carry out HDH in non-aqueous and very poorly conduct-
ing aqueous media. Figure 13.9 shows variations in percentage of DCP removal and
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Fig. 13.9 (a) Variations in percentage of 2,4-dichlorophenol (DCP) removal for the electrochem-
ical HDH of DCP in paraffin oil media. Anolyte: 0:5M H2SO4 aqueous solution
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.

Cathode: Pd/Ti mini-mesh
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�
. Volume: 100 cm3. Curves a: 19:1ıC, 5 mM and

10mA cm�2; b: 40ıC, 20 mM and 10mA cm�2; c: 19:1ıC, 20 mM and 10mA cm�2; d: 19:1ıC,
20 mM and 20mA cm�2; e: 19:1ıC, 20 mM and 5mA cm�2. Other conditions are as in Fig. 13.6.
(b) Variations in space–time yield for the electrochemical HDH of DCP in paraffin oil media.
Anolyte: 0:5M H2SO4 aqueous solution
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STY for the electrochemical HDH of DCP in paraffin oil. In this case, a sulphuric
acid aqueous solution was used as the anolyte, which decreased the cell resistance
that arose from the application to the non-aqueous catholyte, making the process
possible. As shown in Fig. 13.9a (curves c, d and e), moderate current densities, i.e.
around 10mA cm�2, were necessary to achieve better performance; high current
densities, such as 20mA cm�2, caused severe side reactions, e.g. hydrogen evolu-
tion at the cathode (13.13) and oxygen evolution at the anode:

2H2O! O2 C 4HC C 4e� (13.14)

Figure 13.9a also shows that high temperature (e.g. 40ıC, curve b) promoted
faster reaction kinetics and enhanced the HDH capacity. Not surprisingly, the per-
centage of DCP removal was higher at lower DCP concentration (5mM vs. 20mM,
curve a vs. curve c).

Figure 13.9b shows the change in STY for the electrochemical HDH of 20 mM
DCP in paraffin oil, which varied between 4.2 and 5 kg m�3 h�1.

Figure 13.10 shows a change in STY during the electrochemical HDH of 200 mM
2,4-dibromophenol (DBP) in paraffin oil:

Br2C6H3OH .DBP/C 4e� C 2HC ! C6H5OHC 2Br� (13.15)
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. Flow rate:

100ml min�1. Temperature: 18:5 ˙ 0:5ıC
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a reactor with a fixed electrode surface area. The STY ranged between 0.5 and
7:6 .kgDBP/ m�3 h�1, depending on electrolysis conditions. The data suggest that
increasing the ratio of the waste volume to the cathode surface area can greatly
enhance the HDH rates.

13.3.7 Selectivity

Another characteristic of the HDH reactor is its high selectivity to desired products.
For instance, DCP was selectively converted to phenol with only a small amount
(less than 1%) of intermediates, such as 2-chrolophenol (CP) formed (Fig. 13.11):

Cl2C6H6OH .DCP/C 2e� C HC ! ClC6H4OH .CP/C Cl� (13.16)

This behaviour is of particular importance for a practical waste treatment
process where intermediates may be more toxic than the original halogenated
compounds.

13.3.8 Current Efficiency and Energy Consumption

Efficient use of electrical energy was achieved in the HDH reactor. Figure 13.12
shows current efficiency and energy consumption for the electrochemical HDH
of DCP in paraffin oil. Here the unit for energy consumption is defined as kWh
.kg DCP/�1.
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Both current efficiency and energy consumption were related to the current den-
sities. Current efficiencies were above 75% at a current density of 10mA cm�2

but below 35% at 20mA cm�2 due to side reactions, such as the hydrogen evolu-
tion. A moderate current density, e.g. 10mA cm�2, gave lower energy consumption,
e.g. 1.5–1.8 vs. 4:4–7:8 kWh kg�1 at 10 and 20mA cm�2, respectively. Higher and
lower current densities could not balance the rates of hydrogen production and con-
sumption and, hence, caused lower performance.

13.3.9 Stability of the HDH Reactor

To be used in a realistic process, the HDH reactor should provide long-term op-
eration. Figure 13.13 shows data for 250 h continuous operation for the HDH of
150 mM DBP in paraffin oil

�
1,000 cm3

�
using a Nafionr 117 membrane with Ti

mesh-supported Pd cathode and Pt anode, at a current density of 10mA cm�2. An
anolyte of 0:5M H2SO4 aqueous solution

�
1,000 cm3

�
was used.

The cell voltage changed between 2.7 and 2.9 V. After an operation, the same
reactor treated other waste systems successfully, also on a long-term basis. The
data demonstrated that the Pd cathodes can be subjected for a relatively long HDH
operation.
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Fig. 13.13 Long-term evaluation data for the electrochemical HDH of 150 mM 2, 4-
dibromophenol (DBP) in paraffin oil. Catholyte: 150 mM DBP in paraffin oil
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1; 000 cm3

�
.

Anolyte: 0:5M H2SO4 aqueous solution
�
1; 000 cm3

�
. Other conditions are as in Fig. 13.8

13.4 Conclusion

Electrochemical HDH in a SPE reactor is a promising method to treat aque-
ous and non-aqueous halogenated organic waste. High percentage of halogenated
organics (above 95%) can be achieved with high selectivity (up to 98%), high
current efficiency (up to 98.5%), high STYs (up to 8:0 kg m�3 h�1) and low en-
ergy consumption

�
2:2 kWh kg�1

�
. The cathode material had a decisive influence

on HDH with respect to both reaction rate and efficiency. Palladised cathodes
were much more effective than other cathodes. Moderate current densities (around
10mA cm�2/ promoted high rates of HDH and high efficiency. The long-term HDH,
up to 250 h, demonstrated that reasonable rate and the acceptable efficiency can be
achieved for continuous operation. A performance improvement can be achieved by
material and process optimisation, such as optimising catalysts and reactor structure,
and by maintaining high reactant concentrations via a concentrating line.

Overall the advantages of the HDH process include:

– Clean reduction using only electrons
– Minimal by-products produced
– Can operate with aqueous and non-aqueous waste streams
– Can operate with streams of varying pH and which are electrically non-

conducting
– Reactor has stable operation
– Low energy consumption
– Capable to treat a large range of halogenated organics
– Potential for simultaneous reduction and oxidation.
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Chapter 14
Preparation, Analysis and Behaviors of Ti-Based
SnO2 Electrode and the Function of Rare-Earth
Doping in Aqueous Wastes Treatment

Yujie Feng, Junfeng Liu, and Haiyang Ding

14.1 Introduction: Background and Significance

Aromatic compounds are common pollutants in the waste effluent from many in-
dustrial sectors, such as petroleum refineries, synthetic chemical plants, plastics,
pulp and paper, textiles, detergent, pesticide and herbicide, and pharmaceutical
factories. Wastewater containing aromatic chemicals is refractory, and is often
toxic to biological treatment processes. Electrochemical degradation is an at-
tempt, which is attractive for environmental compatibilities, such as simplicity,
robustness in structure, and easy operation (Walsh and Mills 1993; Esplugas
et al. 1994; Masten and Davies 1994; Brillas et al. 2000; Santiago et al. 2002;
Ricardo et al. 2003; Rajkumar and Palanivelu 2004), and especially electrolysis
can be used as a pretreatment technology to detoxify ahead of biotreatment, rather
than mineralizing them completely with high cost. EC process has the potential to
be developed as a cost-effective technology for the treatment of toxic pollutants in
low-volume applications.

Although organic wastes in general can be oxidized at numerous electrode
materials (Beck and Schulz 1987; Comninellis 1994; James et al. 1999; Vukovic
et al. 1999; Rodgers et al. 1999; Habazaki et al. 2002; Ya and Hans 2002), the elec-
trochemical effects depend on the kinds and structure of anode materials (Stucki
et al. 1991a; Feng and Li 2003). The current efficiency was usually found poor with
the electrode graphite or Ni (James et al. 1999). Some organics can be degraded
quickly at Pt anode, but it is reported that phenols can cause the inactivation of
Pt anode by the deposition of oligomers (Comninellis and Pulgarin 1991). A great
success development has been obtained since the discovery of dimensionally stable
anodes (DSA) in 1966 (Beer 1976). DSA, also called dimensionally stable electrode
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Fig. 14.1 Crystal structure
of SnO2

(DSE), precious metal-coated titanium anodes (PMTA), oxide-coated titanium an-
ode (OCTA), or activated titanium anode (ATA) are composed of a thin layer (a few
micrometers) of metal oxides (RuO2, IrO2, SnO2, PbO2, etc.) on a base metal, such
as Ti, Zr, Ta, etc. (Chopra et al. 1983). Researchers’ results showed that electrodes
either composed of SnO2 or with a component of SnO2 in the catalayers can possess
better degradable ability for organic degradation (Comninellis and Vercesi 1991;
Stucki et al. 1991b; Comninellis and Pulgarin 1993; Houk et al. 1998; Vicent
et al. 1998; Steve et al. 1999; Polcaro et al. 1999).

The structure of unit cell of SnO2 is listed in Fig. 14.1. Sn atom is in the center
of octahedron, with six oxygen atoms around. The crystal parameters of SnO2 lies
a D b D 0:4737 nm and c D 0:3185 nm. The radii of O2� and Sn4C are 0.14 nm
and 0.071 nm, respectively (Jarzebski and Marton 1976).

Pure SnO2 crystal is a kind of n-type semiconductor, which has wide Eg value
(3.5–4.3 eV) (Kötz et al. 1991; Supothina and Guire 2000) and cannot be used
as conductor. The conductivity of SnO2 can be enhanced by adding some doping
atoms. For most cases, Sb as doping atoms is applied into crystal SnO2 and new
energy bands can be induced.

In terms of heterocatalytic characteristics, it is worthy to note that the catalytic
characteristics could be changed with the structure variation of the catalyst. For rare
earth, there are many f-electron orbits of rare earth atoms and, when element of
rare earth was doped into the DSA-coating materials, additional energy bands can
be induced in the structure of coating metal oxides. This might help to develop
convenient channels for electrons transition and help to enhance the electrocatalytic
characteristics of the anodes also.

It is clearly important to know the different electrocatalytic behaviors of some
potential DSA anodes and it is also important to obtain the influences of some incor-
porated elements on the properties of the resulting oxides coatings of DSA anodes.
This present chapter focuses on our research related to electrochemical degradation
of model substrates – phenol by the SnO2 anode and rare-earth doping SnO2 elec-
trode, including fabrication electrodes, analysis method, and the evaluation of the
characteristics of the electrodes.
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14.2 Electrode Fabrication Methods

To achieve a catalytic layer on base materials is the “core” process for DSA-
electrode fabrication. To ensure the layer stability, it is important to try to
make the layer better adhesion with the base surface. We have tried several methods
in the electrode preparation, including pretreatment, pyrolysis technologies, and
electrodeposition. Till now, our research revealed that the electrode service life
and the behaviors have been influenced by the electrode preparation methods and
technological factors.

14.2.1 Pretreatment of the Ti-Base Metal

Usually there are some fatty grease or titanium oxides on the surface of fresh tita-
nium surface, which might influence the layer solidification. The following steps
should be useful for the treatment of Ti-base metal plate (Feng et al. 2003; Li
et al. 2005).

– Polish thoroughly with a 80–320-grit sandpaper, till the surface became even and
a little coarse.

– Degreased in 40% NaOH at 80ıC for 2 h, to remove the fatty grease. And then
etched in 15% oxalic acid at 98ıC for 2 h to remove the oxides thoroughly in the
Ti-base surface, followed by a thorough washing with deionized (DI) water. The
treated Ti plates became gray, losing their metallic sheen.

14.2.2 Dip-Pyrolysis Method

“Dip” is a process that drives the Ti plates into the dipping solution, which contained
elements in DSA electrodes. There are some important methods, such as puttering,
spray pyrolysis, dipping, chemical vapor deposition (CVD), physical vapor deposi-
tion, etc., that can be employed in catalytic layer fabrication. We developed a kind
of “dip-pyrolysis” method, including a serious repeats of “dipping – drying” and
finally pyrolysis in high temperature.

In this process, the temperature and the Sb doping content are the main factors
for the catalytic ability of the electrodes.

� Calcined temperature. Based on the degrading reaction of the component in
dipping solution, temperatures of 400ıC, 500ıC, 600ıC, 700ıC, and 800ıC
were tested at the same pyrolysis time. From the results for phenol degradation
(Fig. 14.2), a similar degradation results obtained at the pyrolysis temperature
500ıC and 600ıC.
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Fig. 14.2 Effect of
preparation temperature on
phenol degradation, phenol:
100mg L�1; electrolyte:
0:25M Na2SO4; anode:
SnO2; cathode: stainless steel;
current density: 10mA cm�2
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Fig. 14.3 XRD patterns of
Ti=SnO2–Sb anodes prepared
at different temperature
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The XRD of SnO2 electrode at different calcined temperature (Fig. 14.3)
showed that the square rutile SnO2 can be detected at 400ıC and 500ıC pyrolysis
temperature. When calcined temperature increased, a rutile TiO2 can also be found
in the layer which might induce poor electrocatalysis of the electrodes.

� Content of Sb in the crystals of SnO2. Proper doping of Sb can increase the
conductivity and also the electrocatalytic ability of the SnO2 electrodes. Usually
the behavior of the electrode do not vary much more when Sb content lies in
3–6%. But higher or smaller doping can decrease the service life of the electrode.
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14.2.3 Electrodeposition

It is helpful for the electrochemical degradation ability by getting a uniform
layer on base metals. Electrodeposition is convenient and is an effective way to
realize this. Sb and Sn metals can be prepared either by co-electrodeposition
together or by a sequencing electrodeposition. We developed a sequencing elec-
trodeposition method which is more useful for more uniform and more effective
layers.

Procedures for the preparation of Ti=SnO2–Sb electrodes by electrodeposition
method can be followed by the following steps: The Ti substrates were first cathodic
electrodeposited in the sulfuric acid solution including Sn2C and followed in the
citric acid solution including Sb3C with the same current density of 10mA cm�2 at
35ıC (the voltage is controlled as 3.2 V). The Sn2C and Sb3C irons were deposited
on the Ti electrode with formation of Sn and Sb separately due to electrochemical
redox process. Deposition time can be used to adjust the mole ratio of Sn/Sb. Such
procedures should be repeated 3–5 times depending on the request for the electrode.
Finally, the electrodes should be calcined at higher temperature for 3 h to obtain the
Ti=SnO2–Sb electrode.

The degradation curves of several kinds of electrodes in 100 mL (100 mg L�1)
phenol solution are shown in Fig. 14.4. Compared with other electrodes, higher cat-
alytic activity was observed for the electrodes obtained by electrodeposition with a
pyrolysis temperature of 550ıC.

14.2.4 Technologies for Nanometer Coating Fabrication

Fabrication of SnO2 nanometer coating is more difficult than that of normal coating
due to the control of crystal size. There are several technologies for the fabrica-
tion of SnO2 nanometer coating, such as sol–gel, electrodeposition, chemical vapor

Fig. 14.4 Degradation of
phenol of SnO2 electrode
prepared with
electrodeposition method
(with different calcined
temperature)
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deposition, and sputtering (Correa-lozano et al. 1996; Liu et al. 2004). But sol–gel
method is a relatively simple, effective, and convenient way to realize nanocoating.

We developed a sol–gel method to fabricate the SnO2 nanometer coating on
Ti-base metal by the following steps (Liu et al. 2006). (1) Sol solution. The aque-
ous solution of SnCl4 and SbCl3 is added drop wise to aqueous ammonia solution
and a kind of precipitation was formed. (2) Coating solution. The precipitation is
isolated by centrifuging and washed with distilled water several times and after that
dissolved in aqueous oxalic acid solution at 50–70ıC. This is used as the coating
solution. (3) Dipping and pyrolysis. Put Ti-base metal (after pretreatment) into the
coating solution, then dry and heat it under air flow at a high annealing tempera-
ture for 3 h. This process should be repeated two times, and SnO2 electrodes with
nanometer coating are obtained. The pyrolysis temperature has great influences on
the performance of the electrode formed (Fig. 14.5) and the temperature of 600ıC
was found a niche temperature for nanocoating fabrication. For the electrocatalytic
ability, nanocoating is also behaved better that of the normal size of SnO2 electrode
(Fig. 14.5).

The XRD patterns of electrodes fabricated at different temperatures (Fig. 14.6)
showed that rutile SnO2 was detected at every temperature. Diffraction lines of elec-
trode prepared at 500ıC are broadened, indicating the nanosized crystallites in the
surface coating of the electrode. When the annealing temperature increases from
500 to 700ıC, the intensity of the peaks increases sharply and it means that the
crystal of electrode surface grows more integrated. Better electrocatalytic ability
can be achieved.

14.2.5 Technologies of Increasing the Life Service
of the Electrodes

Although SnO2 electrode possesses better electrocatalytic ability for organic degra-
dation, a most important problem for the SnO2 electrode is its shorter service life

Fig. 14.5 Effect of
preparation temperature on
phenol degradation, phenol:
100mg L�1; electrolyte:
0:25M Na2SO4; anode: SnO2

with nanometer coating;
cathode: stainless steel
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Fig. 14.6 XRD patterns of
electrodes with nanometer
coating prepared at different
temperature
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in application (Lozano et al. 1997). The factors which induced the service-life
descending are very complicated and have not researched thoroughly, although
we have already accumulated much more knowledge of SnO2. Technologies of
increasing the service life of SnO2 electrode are optimizing the process of thermal
oxidation, adding interlayer et al. The most effective technology is adding interlayer
between Ti base and SnO2 coating. The interlayer is regarded as a “bridge” or “glue”
which can connect the base metal and the catalyst layer together.

The service life is defined as the time the electrode can be used without eletrocat-
alytic ability descending. The value can be got by an intensive experiment at larger
electric current with the formula below

t D .I1=I /
2� t1;

where, I1 stands for current density in larger current experiment test; I stands for
normal current density; t1 stands for service life with larger current experiment test,
and t stands for service life at normal current density.

Usually it is effective to install an interlayer between Ti-base metal and the layer
of SnO2. The interlayer possesses different behavior that depends on the structure
and the installation technologies. In our lab, several kinds of interlayers are designed
(You et al. 2004; Cui et al. 2005; Feng and Liu 2006; Feng et al. 2006) and some
achievements have been achieved (Table 14.1).

– Electrocatalytic behavior. The time for 100 mL (100 mg L�1) phenol degradation
in 0.25 M Na2SO4 electrolyte, I D 0:10mA cm�2

– Service life. The using time calculated in larger current experiment test.
The radius of Ru atom is in the middle of that of Sn atom and Ti atom.
The three elements can form stabilized solid solution during thermal oxida-
tion and it can resist the formation of nonconductive TiO2. That is the reason
why SnO2 electrode with interlayer processes longer service life. RuO2 coat-
ing has low oxygen evolution potential, which will result in low electrocatalytic
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Table 14.1 Behaviors of
electrodes with inter-layers

Element contained
in interlayer

Electrocatalytic
behavior Service life

Co 4 h 170 days
Mn 4 h 180 days
Ru 6 h 350 days
Ru, Sn 3 h 310 days

characteristics. While doping Sn element in RuO2 coating can obviously enhance
the oxygen evolution potential of SnO2 electrode. Therefore, SnO2 electrodes
with interlayer containing Ru and Sn elements own higher electrocatalytic char-
acteristics and longer service life.

14.3 Analysis Method

14.3.1 Analysis of the Degradation Solution

For analysis, the degradation effects and research on the degradation pathway of
organics, phenols, and some intermediates should be quantity analyzed.

The pathway of phenol degradation has been researched by some researchers (see
Sect. 14.4.3). So, it is important to install an effective analysis method to investigate
the intermediate variation during electrodegradation. Gas chromatograph (GC), high
performance liquid chromatograph (HPLC), and also IC, UV, etc. are main measures
to get these information. And it should be noted that the analysis conditions are
different for different organics.

� Analysis for Phenol, Hydroquinone, Benzoquinone, and CatecholW Phenol, hy-
droquinone, benzoquinone and catechol can be detected with the R�C18 column
.ID D 3:91mm, length D 50mm/ and a UV detector at working wavelength
of 190–400 nm. Methanol/water (1/1, V/V) can be selected as the mobile phase
at a flow rate of 0:5mL min�1. A0:2�m membrane filter is necessary before
injection.

� Analysis for Intermediate Organic Acids: For the organic acids analysis, the
column can be selected as Waters Symmetryr dC18 column .ID D 3:91mm,
length D 50mm/ and the wavelength for UV detector used was around 190–
300 nm. The mobile phase switched to 20 mM NaH2PO4 at a flow rate of
0:5mL min�1. Based on the above conditions, phenol and the intermediates can
be separated and analyzed (Figs. 14.7 and 14.8).

The peak at retention time of 2:609 min stands for hydroquinone, the peak
.tR D 3:200 min/ is identified as benzoquinone (Fig. 14.7).

There are lots of intermediates in Fig. 14.8. Although not all the peaks
can be identified in Fig. 14.8, at least some importance can be founded such



14 Preparation, Analysis and Behaviors of Ti-Based SnO2 Electrode 333

Fig. 14.7 HPLC chromatogram electrochemical degradation of phenol at (a) 0 min; (b) 15 min;
and (c) 120 min; phenol: 100 mg L�1

as formic acid .R D 3:396 min/, ’-oxoglutaric acid .tR D 4:457 min/, maleic
acid .tR D 6:508 min/, fumaric acid .tR D 7:817 min/, and 2,4-muconic acid
.tR D 12:167 min/. The quantification (Feng et al. 2007) of some of these in-
termediates was conducted with HPLC (Fig. 14.9). It is clear to see that the
condition above mentioned is suitable for some intermediates’ separation and
quantity analysis.

UV Analysis Applied: For the whole organic amounts, we can also employ UV to
know the information of organic degradation statues. Usually the scan from 200
to 400 nm and the total organic amounts can be estimated by the strength of the
absorbing value. Also, some typical organic has its unique absorbing peak at some
wavelength, so we can estimate the amounts of the organics. For example phenol,
benzoquinone, maleic acid, etc. has their unique absorb position in UV curves
(Fig. 14.10).
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Fig. 14.8 HPLC chromatogram electrochemical degradation of phenol at (a) 0 min; (b) 15 min;
and (c) 120 min; phenol: 100 mg L�1 (for organic acids analysis)

We selected several different electrodes as catalytic anodes and phenol as model
substrate (Feng et al. 2003). The degradation solution was scanned at 200–400 nm.
We can see that the behavior of the electrode is different (Fig. 14.11).

It can be concluded that opening of aromatic ring of phenol was taken place from
the disappeared peak of 269.32 nm of phenol in the electrolysis process. Electrolysis
then stops at different stage with various carboxylic acids. Much more organic com-
pounds remained in the electrolyte when Ti=RuO2 (a) and Ti/Sb–Sn–RuO2 (b) were
selected as anodes, and this means that oxidation ability for organic compounds
on these two anodes is poor. Almost no organic substrates remained in electrolyte
when “ � PbO2 (d) was selected as anodes, and lower absorbency was detected
at 290 nm. These results showed that high efficiency both for phenol oxidation to
benzoquinone, and benzoquinone oxidation, which is related with aromatic rings
opening, can be got on lead dioxides anodes. Although relative lower organic acid
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Fig. 14.9 The quantity
analysis of intermediates
during phenol degradation.
(a) TOC and phenol variety;
(b) hydroquinone and
benzoquinone; and (c) some
organic acids
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remained in the electrolyte when Pt was selected as anodes, but it is obvious that
Pt anodes have high efficiency for phenol oxidation and lower for benzoquinone
oxidation (much more benzoquinone accumulated in the initial electrolysis period).
Comparing with electrode of Ti=RuO2 and Ti=Sb–Sn–RuO2, less organic acid re-
mained in the electrolyte when same charge passed with the electrode of Gd-doped
Ti=SnO2–Sb2O3=RuO2 (c). The introduction of Gd makes the electrolysis to take
place easier on the direction of oxidation than the direction of reduction as reported
by many. The results we obtained from UV scan are corresponding with the degrada-
tion results, which showed that UV is an efficient method for analyzing the solution.
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Fig. 14.10 Standard UV scan curves of phenol and some possible intermediates
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Fig. 14.11 UV scan results at 200–400 nm of the electrolyte at different electrolysis time, with
electrode of (a) Ti/RuO2, (b) Ti=Sb–Sn–RuO2, (c) Ti=Sb–Sn–RuO2–Gd, (d) PbO2, and (e) Pt
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14.3.2 Structure of the Electrodes

The molecular structure of the electrode has great influences on the behavior of
the catalytic electrode, so it is important to get the exact structure information. There
are many structural analysis methods being used for semiconductor materials. Here
we listed some in the following sections.

14.3.2.1 Crystal Structure of Electrodes

X-ray diffraction (XRD) is a good measure to understand the structure of materials.
We can get much information by XRD.

Usually we can read the electrode structure from the diffraction peaks recorded
according to the JCPDS. We selected an example listed in Fig. 14.12 (Liu
et al. 2006). The serial peaks appeared at 35:0ı, 38:3ı, 40:0ı, 70:6ı, and 76:1ı

were agreed with the Ti metal (JCPDS No.05–0682) and the peaks appeared at
26:6ı, 33:7ı, and 51:8ı stand for SnO2 ((JCPDS No.21–1250). Therefore, the
electrode surface was mainly SnO2 crystal processed in a tetragonal rutile-type
structure. If the diffraction peaks were broadened like that of the electrode pre-
pared at 500ıC, it means the nanocrystallites in surface coating. If the intensity of
peaks increases sharply, it indicates that the crystal of electrode surface grows more
integrated.

The particle sizes of SnO2 crystal in the samples can be calculated by well-
known Scherrer formula from diffraction lines 110 (appeared at 26:6ı). The particle
sizes of electrodes prepared at 500ıC, 600ıC, and 700ıC for 3 h were 8.5, 10.2,
and 11.9 nm, respectively. This data tells us that the electrodes process nanometer
structure and SnO2 crystal of electrode surface does not reunite seriously.

Fig. 14.12 X-ray diffraction
pattern of electrodes prepared
at an annealing temperature
of 700ıC, 600ıC and 500ıC
for 3 h

0 20 40 60 80 100
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Fig. 14.13 Microstructure of SnO2 electrodes with nanometer coating and SnO2 electrodes with
normal coating

14.3.2.2 Micrograph of the Electrodes

SEM or TEM is a useful tool to investigate the micrograph of the electrodes’ sur-
faces. The image of the electrode can give us some information about the coating
quality and implied some service-life information. For those nanometers, they also
can imply some information about the crystal sizes.

Here is an example of SEM picture (Liu et al. 2006) listed in Fig. 14.13. The
surface of SnO2 electrodes with nanometer coating is covered by SnO2 crystal sym-
metrically, and has no crack appeared at the surface of SnO2 electrodes with normal
coating. The cracks in the surface may cause oxidation of Ti-base metal during
electrocatalytic reaction and descending of the service life. This means that SnO2
electrodes with nanometer coating have better coating quality and longer service
life. We also can use the scale marked in the bottom of SEM picture to estimate the
crystal size.

14.3.2.3 Chemical Environmental Analysis with XPS

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for
chemical analysis (ESCA), is a useful measure to know chemical environment of
elements in material surface. The strength of XPS is its ability to identify dif-
ferent chemical states. This function is useful in physics, chemistry and material
science, such as oxidation/corrosion products, adsorbed species or thin-film growth
processes. Analysis of insulators is possible, and XPS is also capable of semiquan-
titative analysis.
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Table 14.2 The
deconvoluted components of
Sn3d5/2 in electrode with
nanometer coating

Binding energy (eV) Content (%)
486.000 2.58
486.654 97.42

Fig. 14.14 XPS pattern of
Sb3d in electrode with
nanometer coating
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For XPS, spectral information is collected from a depth of 2–20 atomic layers,
depending on the materials studied. Different chemical states resulting from com-
pound formation are reflected in the photoelectron peak positions and shapes. We
can use it to identify the chemical states of elements in the electrode surface, and
also the content of special chemical state.

Here is an example of application of XPS (Liu et al. 2006). The binding energy
of Sn3d5=2 in SnO2 nanometer coating is 486.615 eV, and it corresponds to the
standard binding energy 486.654 eV of Sn3d5=2 in SnO2 crystal. And the results of
the deconvoluted components of Sn3d5=2 as shown in Table 14.2 also indicate that
Sn element in SnO2 nanometer coating exists in the form of Sn (IV).

The binding energies of Sb3d5=2 and O1s in SnO2 nanometer coating are
530.615 eV and 530.865 eV (Figs. 14.14 and 14.15); the XPS peaks of Sb3d5=2 and
O1s were superposed. The chemical environment of Sb element can only be de-
termined by the binding energy of Sb3d3=2 .EB D 540:115 eV/. It corresponds to
the standard binding energy of Sb3d3=2 in Sb2O5 crystal, and Sb element in SnO2
nanometer coating exists in the form of Sb (V).

Information of Unpaired Electrons

Electron paramagnetic resonance (EPR) is a spectroscopic technique detecting
chemical species that have unpaired electrons. A great number of materials contain
such paramagnetic entities, which may occur either as electrons in unfilled conduc-
tion bands, electrons trapped in radiation damaged sites, or as free radicals, various
transition ions, biradicals, triplet states, impurities in semiconductors, as well as
other types. Solids, liquids and gases are all accessible to EPR.
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Fig. 14.15 XPS pattern of
O1s in electrode with
nanometer coating
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Researchers are capable of obtaining detailed information about many top-
ics of scientific interest. For example, chemical kinetics, electron exchange,
electrochemical processes, crystalline structure, fundamental quantum theory, catal-
ysis, and polymerization reactions have all been studied with great success.

We can know the information of radicals generated during EC reactions and
oxygen vacancies in SnO2 crystal lattice. We also can infer electrocatalytic char-
acteristics from the concentration of oxygen vacancies.

Here is an example of the application of EPR (Cui et al. 2005a). Considering
the fact that there are no unpaired electrons in the structure of either Sn4C or Sb5C,
oxygen vacancy should be the only producer for EPR signals of all the samples.
The g values of electrodes with Sb doping amount 6% and 12% are 14.6 and 6.2
(Fig. 14.16). Higher g value enable electrode to have more oxygen vacancy and
better electrocatalytic ability. It is easy to understand that the concentration of oxy-
gen vacancies in SnO2 crystal lattice decreased with increasing of Sb atoms, as the
higher valence of Sb5C needs more oxygen atoms to make charge balance when
Sn4C atoms in crystal lattice are replaced.

14.3.3 Electrochemical Analysis

14.3.3.1 Cyclic Voltammograms Analysis

Cyclic voltammograms (CV) is a kind of electrochemical analysis method and is
a linear-sweep voltammetry with the scan continued in the reverse direction at the
end of the first scan; this cycle can be repeated a number of times. Usually it is used
in the field of electrochemistry. The function of CV in electrocatalytic analysis of
electrodes might be in these parts (a) kinetics; (b) mechanism of electrode reactions;
and (c) corrosion studies.

Here we give an example listed in Figs. 14.17 and 14.18 to give a whole im-
age of how to use CV to analysis electrode ability. From Fig. 14.17 (Pt, Ti/RuO2,
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Fig. 14.16 EPR spectrum of
electrodes with Sb doping
amount 6% (a) and 12% (b)
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Fig. 14.17 Comparison of cyclic voltammograms of several electrodes in 0:25mol L�1 Na2SO4

solution
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Fig. 14.18 Comparison of cyclic voltammograms of several electrodes in 0:25mol L�1 Na2SO4
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phenol concentration D 500mg L�1

�

and Ti/SnO2–Sb electrodes in 0.25 mol L�1Na2SO4 solution absent of phenol), a
great difference among oxygen evolution reaction of Pt, Ti/RuO2, and Ti/SnO2–Sb
electrodes can be found, and their oxygen evolution potentials is in the sequence
of Ti/RuO2 < Pt < Ti/SnO2–Sb. Figure 14.18 exhibits cyclic voltammograms of
Pt, Ti/RuO2, and Ti/SnO2–Sb electrodes in 0.25 mol L�1Na2SO4 solution with
500 mg L�1 phenol. Compared with Figs. 14.17 and 14.18, in 0.25 mol L�1Na2SO4
solution with 500 mg L�1 phenol system, oxygen peaks of Pt, Ti/RuO2, and
Ti/SnO2–Sb electrodes existed at 0.93 V, 0.95 V, and 1.40 V (vs. Ag/AgCl), re-
spectively. The oxygen peaks can be considered as the phenol oxide/redox reaction
peaks occurring at the surface of Pt, Ti/RuO2, and Ti/SnO2–Sb electrodes. From
Fig. 14.18, electrocatalytic oxidation of phenol occurring on the surface of Pt,
Ti/RuO2, and Ti/SnO2–Sb electrodes is irreversible. The oxidation potentials of
phenol on the Pt, Ti/RuO2, and Ti/SnO2–Sb electrodes are different due to the
different oxidation paths for phenol, which is resulting from the varied structures
of Pt, Ti/RuO2, and Ti/SnO2–Sb electrodes (Ding et al. 2007). In addition, the
current values of phenol oxidation peaks for Pt, Ti/RuO2, and Ti/SnO2–Sb elec-
trodes are varied, whose sequence is Pt < Ti/SnO2–Sb < Ti/RuO2. The current
value of oxidation peak is lower than that of Ti/RuO2 and Ti/SnO2–Sb electrodes,
indicating that Pt electrode has poorer ability on direct electrocatalytic oxidation
of phenol than Ti/RuO2 and Ti/SnO2–Sb electrodes, and Ti/RuO2 electrodes have
the strongest ability on direct electrocatalytic oxidation of phenol. However, the
past study of our work showed that the capacity of degradation of phenol by these
electrodes was in the sequence of Ti/RuO2 < Pt < Ti/SnO2–Sb (Li et al. 2005),
which was not corresponding with their capacity by direct electrocatalytic oxida-
tion of phenol. This indicated that there was an indirect electrocatalytic oxidation
process occurring during the degradation of phenol. Indirect electrocatalytic oxi-
dation process can produce high active group (such as �OH) with strong oxidation
capacity, which can degrade and oxide the organics and enhance the electrocatalytic
oxidation capacity of the electrodes.
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14.3.3.2 Tafel Curve

Tafel curve is overpotential of the electrode and the current density passing through
the electrode 	 D a C b log i , is an efficient measure to be applied in electrochem-
istry. The Tafel slope can be used to address the catalytic activity of the catalytic
material and also provide information about the mechanism of the reaction. Here
we also give an example to address this (Fig. 14.19).

Tafel curves of Pt, Ti=RuO2, and Ti=SnO2–Sb were tested using polarization
in 0.1 mol L�1H2SO4 solution, as shown in Fig. 14.19. The logarithm of current
density is in line with the potentials of the electrodes, which is corresponding to
Tafel equation (14.1)

	 D aC b log I; (14.1)

where b can be obtained from (14.1)

b D
@	

@ log I
: (14.2)

From Fig. 14.19, the evolution potentials of the electrodes are in the sequence of
Ti=RuO2 < Pt < Ti=SnO2–Sb, which is in accordance with the oxygen evolution
sequence of Ti=RuO2 < Pt < Ti=SnO2–Sb obtained from Figs. 14.1 and 14.2. The
oxygen evolution potentials of the electrodes are different due to their varied mate-
rial compositions, and different conditions for preparing the electrodes resulted in
varied structures, properties, and oxygen evolution potentials of the electrodes. The
oxygen evolution potentials of Ti=RuO2, Pt, and Ti=SnO2–Sb electrodes with the
current density of 0.1 mA cm�2 are in the sequence of 1.19, 1.51, and 1.81 V (vs.
Ag/AgCl), respectively. According to (14.2), the slopes of Tafel curves for Ti=RuO2,
Pt, and Ti=SnO2–Sb electrodes are 50, 150, and 450 mV, respectively. The slope val-
ues of Tafel curves for different electrodes reflect the dominating steps of oxygen
evolution reaction. When anodic potential enhances, active site (M) on the electrode
has electrochemical reaction with H2O with product of M–OH (Johnson et al. 2000).
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Fig. 14.19 The Tafel curves of Pt, Ti=RuO2, and Ti=SnO2–Sb electrodes
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Ti=SnO2–Sb electrode has higher oxygen evolution potential and oxygen evolution
becomes difficult, which facilitates the reaction from M–OH to �OH. The differ-
ence of the oxygen evolution potentials of Ti=RuO2, Pt, and Ti=SnO2–Sb electrodes
becomes evident electrodes with high current density. For example, the oxygen
evolution of Ti=SnO2–Sb electrode is 1.4 V higher than that of Ti=RuO2 elec-
trode with the current density of 10mA cm�2, which indicates that Ti=SnO2–Sb
electrode restrains oxygen evolution more seriously than that of Ti=RuO2 electrode,
and Ti=SnO2–Sb electrode needs higher oxygen evolution potential to have the same
oxygen evolution reaction rate for Ti=RuO2 electrode. Therefore, Ti=SnO2–Sb elec-
trode can produce more �OH with higher current density, which accords with the
prophase result (Zhao et al. 2000).

14.3.3.3 Electrochemical Impedance Spectroscopy Tests

Electrochemical impedance spectroscopy (EIS) is a powerful tool for examining
the processes occurring at the electrode surfaces. EIS is a kind of electrochemical
analysis method which can be used in the characterization of batteries, fuel cells,
and corrosion phenomena.

Comparisons of electrochemical impedance spectroscopy of freshly prepared
electrodes and after accelerated life test can give us some information of the de-
activation mechanism.

Figure 14.20 listed the EIS results of SnO2 electrode in 0.5 mol L�1 H2SO4
solution and 1.0 mol L�1 NaOH solution. The potentials are 2.0 and 1.0 V (vs.
Ag/AgCl), respectively, and the frequency range is 100 kHz–100 mHz. It is evident
that the impedance arcs are enhanced greatly after the service-life tests, indicating
increased resistance. The equivalent circuit which best fits the experimental EIS
data is a Rs .CfRf/ .CdRct/ combination, as shown in Fig. 14.21. Rs, Cf, Rf, Cd, and
Rct correspond to solution resistance, membrane capacitance, membrane resistance,
double layer capacitance, and charge-transfer resistance, respectively. The simu-
lated results are listed in Table 14.3. Seen from Table 14.3, the membrane resistance
and the charge-transfer resistance is enhanced greatly after accelerated life tests
both in 0.5 mol L�1 H2SO4 solution and 1.0 mol L�1 NaOH solution. The mem-
brane resistances of the freshly prepared electrode are 4.29 and 2:95˝, and they
are 1,231 and 90:55� after the accelerated life tests in 0.5 mol L�1 H2SO4 solution
and 1.0 mol L�1 NaOH solution, respectively. However, the membrane capacitance
of the electrode was reduced to 10% of the original value or so, which explained that
the electrode activity sites decreased greatly. The double capacitance varied more
significantly between the freshly prepared electrode and after accelerated life tests,
with 1.0% of the original value or more. It is implied that the electrode surface was
occupied by the electrochemical inertia matter, and the charge-transfer resistance
increased, resulting in hard charge transfer. It is probable that the TiO2 membrane
with poor conductivity is formed on the electrode surface.
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Fig. 14.20 Comparison of electrochemical impedance spectra of freshly prepared electrodes and
after accelerated life test in 0:5mol L�1 H2SO4 solution (a) and in 1.0 mol L�1 NaOH solution (b)
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Fig. 14.21 Equivalent circuit used in the simulation of the experimental results

Table 14.3 Simulated results of EIS
Solution Electrode Cf (mF) Rf (˝) Cd (mF) Rct (˝)
H2SO4 Fresh 5.92 4.59 1.59 342

Deactivated 0.618 1,231 1:8� 10�2 1,157
NaOH Fresh 8.03 2.95 4.13 16.3

Deactivated 0.911 90.6 9:38� 10�3 140.3
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14.3.4 Summary

Available analysis methods are important for evaluation of the electrocatalytic abil-
ities of electrodes. It is complicated to have a whole estimation system. New
evaluation, new technologies, and methods are always needed and also very im-
portant for developing new electrode materials.

14.4 Characteristics of Rare-earth Doped Ti-Base SnO2

Electrode

14.4.1 Sb Doping SnO2 Electrode

For organic compounds degradation, Ti-base SnO2 electrodes showed better behav-
iors than any other DSA electrodes, especially for the nanostructure.

Figure 14.22 listed a result both for nano- and normal size SnO2 electrodes. The
degradation possesses first-order regulation and the kinetic parameter is 0.03479,
which is much higher than reported (Beck and Schulz 1987; Panizza et al. 2000;
Cui et al. 2005).

For nanocoating and normal size SnO2, they both have crystal structure with
tetragonal rutile-type structure, but crystals of SnO2 with nanosize are smaller and
have higher concentration of oxygen vacancies. Smaller crystal size means larger
surface area, and enables more reaction to take place together. Higher concentration
of oxygen vacancies means that oxidation of organic compounds is the main reaction
instead of oxygen evolution reaction. SnO2 nanometer coating has no cracks, while
SnO2 normal coating has many cracks. More cracks in electrode surface can cause
descending of the service life. Therefore, different structures bring them different
abilities.
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Fig. 14.22 Phenol degradation dynamics of electrode with nanometer coating (a) and electrode
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14.4.2 Effects of Rare-Earth Doping on Structure
and Performance of Ti=Sb–SnO2 Electrode

Four kinds of rare-earth (Dy, Eu, Nd and Gd) doping SnO2 electrodes were prepared
by following the conditions described before (Cui et al. 2004; Wang and Feng 2005;
Feng et al. 2005; Wang et al. 2005).

Till now, we do not wholly understand for the mechanism and rare-earth func-
tion on the electrode ability. But our research showed that the oxygen evolution
potential varied in different rare-earth doping and this might be confirmed by the
main factors which have relation with the catalytic ability as shown in Fig. 14.23.
Figure 14.24 displayed Tafel curves of earth-doped Ti=SnO2–Sb electrodes
measured at 2.0–2.5 V(vs. Ag/AgCl).The electrode has higher oxygen evolution
potential, and it facilitates to produce more OH. The electrode with higher oxygen
evolution potential would have stronger activity of catalytic oxidation of the organ-
ics. Therefore, the electrocatalytic activity of earth-doped Ti=SnO2–Sb electrodes
was in the following sequence: Ti=SnO2–Sb–Nd electrode > Ti=SnO2–Sb–Dy
electrode > Ti=SnO2–Sb–Gd electrode > Ti=SnO2–Sb–Eu electrode.

There are many other factors which can influence Cerium, Europium, Gadolinium,
and Dysprosium on electrocatalytic ability of Ti=Sb–SnO2 anodes, such as heat-
treatment temperature, REs content, etc. Usually different micrographs of the
electrodes can also induce variation of the ability of the electrodes. With an energy
dispersive spectrometer (EDS), we also found that REs and Sb atoms were both en-
riched toward anode’s surface layer when REs were introduced (Table 14.4). X-ray
diffraction (XRD) implied some characteristics of the coating crystal structure. The
unit cell of SnO2 on REs-doped Ti=Sb–SnO2 anodes expanded slightly compared
with Ti=Sb–SnO2 anode. Introducing Eu, Gd, and Dy restrained the upgrowth of
SnO2 grains while Ce slightly promoted its upgrowth. Based on the experimental
and the theoretical analysis, it is argued that the electrocatalytic activity of SnO2
anodes might be influenced by lattice oxygen, active sites, crystal grain size, metal
ion redox couples, and oxygen evolution potential.
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Fig. 14.24 Tafel curves of Dy, Nd, Eu, and Gd doped Ti/Tafel curves of Dy, Nd, Eu, and Gd doped
Ti=SnO2–Sb electrodes in 0:5M H2SO4 solution

Table 14.4 EDS data of REs and Sb-doped Ti=Sb–SnO2 electrodes

Sn

Sb/mol% Gd/mol%
Electrode
samples

Theory
data

Practice
data

Theory
data

Practice
data

Ce/2% 100 6.4 18.22 2.0 9.24
Gd/2% 100 6.53 2.0 8.04
Eu/2% 100 13.7 2.0 10.6
Dy/2% 100 13.69 2.0 5.52

14.4.3 Reaction Pathway of Electrochemical Degradation
of Phenol on Ti=SnO2–Sb Electrodes

Till now, many degradation pathways have been proposed by some researchers.
Basically, the phenol degradation was regarded as basic three process (1) from phe-
nol to benzoquinone, catechol and hytroquinone, (2) organic acids formed based
on aromatic rings being opened and (3) the organic acids transformed to CO2 and
H2O (Howard 1984; Comninellis and Pulgarin 1993; Boudence 1996; Duprez 1996;
Steve 1999; Santos 2005)

Phenol! aromatic intermediates! fatty acids! H2OC CO2

A possible pathway was proposed in our previous study (6), which was proposed
deepens on different electrode structure (Fig. 14.25).
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14.4.4 Summary

The section presented some information about the SnO2 electrode and rare-earth
doped SnO2 electrode on the electrochemical phenol degradation process, and
should be helpful for the application of electrocatalysis in the field of environment
as well as for the preparation of electrocatalytic anodes.

SnO2 electrode with nanostructure have better behaviors on phenol degrada-
tion than the electrode with nanosize. Rare-earth doping can change the electrode
behavior and appropriate doping can enhance the ability for the electrode to electro-
catalytic degradation of phenols. The electrode structures have great influences on
the behavior of organic degradation and on the degradation pathway.

Acknowledgment The author thanks his students, Junfeng Liu, Haiyang Ding, Yuhong Cui,
Baiyan Cui, Zhengqian Liu, etc., who finished most of the data in this part, and also thanks Junfeng
Liu and Haiyang Ding for their efforts in editing the words and drawing the figures. The author
also thanks Dr. X. Y. Li in the University of Hong Kong for his support on some analysis for
phenol degradation and some creative suggestion on the students’ research. The project is sup-
ported by the National Science Fund of China (50278022 and 50638020), the Chinese 973 Key
Project (2004CB41850), and also the Provincial Science Fund for Excellent Youth in Heilongjiang
Province. The author also thanks the financial support of the research.

References

Beck, F. and Schulz, H. (1987) Cr–Ti–Sb oxide composite anodes, electro-organic oxidation.
J. Appl. Electrochem. 17, 914–924.

Beer, H.B. (1976) Electrodes and coating thereof. US Patent 3632498.
Boudence, J.L. (1996) Electrochemical oxidation of aqueous phenol at a carbon black slurry elec-

trode. J. Appl. Catal. A, General 143, 185–202.
Brillas, E., Calpe, J.C. and Casado, J. (2000) Mineralization of 2, 4-D by advanced electrochemical

oxidation processes. Water Res. 34, 2253–2262.
Chopra, K. L., Major, S. and Pandya, D.K. (1983) Transparent conductors – A status review. Thin

Solid Film 102, 1–15.
Comninellis, C. (1994) Electrocatalysis in the electrochemical conversion/combussion of organic

pollutants for waste water treatment. Electrochem. Acta 39(11/12), 1857–1862.
Comninellis, C. and Pulgarin, C. (1991) Anodic oxidation of phenol for waste water treatment.

J. Appl. Electrochem. 21, 703–708.
Comninellis, C. and Pulgarin, C. (1993) Electrochemical oxidation of phenol for wastewater treat-

ment using SnO2 anodes. J. Appl. Electrochem. 23, 108–112.
Comninellis, C. and Vercesi, G.P. (1991) Characterization of DSA-type oxygen evolving elec-

trodes, choice of coating. J. Appl. Electrochem. 21(4), 335–340.
Correa-lozano, B., Comninellis, C. and Battisti, A.D. (1996) Preparation of SnO2–Sb2O5 films by

the spray pyrolysis technique. J. Appl. Electrochem. 26, 83–89.
Cui, Y.H. and Feng, Y.J. (2005) EPR study on Sb doped Ti-base SnO2 electrodes. J. Mater. Sci.

40(17), 4695–4697.
Cui, Y.H., Liu, Z.Q., Liu, Z.G. and Feng, Y.J. (2004) Preparation and investigation of Ti-based

SnO2 electrode doped with Ce element. J. Funct. Mater. 35, 2035–2039 (in Chinese).
Cui, Y.H., Feng, Y.J. and Liu, J.F. (2005a) Performance of Ti-base SnO2 electrode with an inter-

layer containing Mn element. Chin. J. Mater. Res. 19(1), 47–53 (in Chinese).



14 Preparation, Analysis and Behaviors of Ti-Based SnO2 Electrode 351

Cui, Y.H., Feng, Y.J. and Liu, J.F. (2005b) Preparation and characterization on Sb doped Ti-base
SnO2 electro-catalytic electrodes. J. Funct. Mater. 36(2), 234–237 (in Chinese).

Ding, H.Y., Feng, Y.J. and Liu, J.F. (2007) Comparison of electrocatalytic performance of different
anodes with cyclic voltammetry and Tafel curves. Chin. J. Catal. 28(7), 646–650 (in Chinese).

Duprez, D. (1996) Catalytic oxidation of organic compounds in aqueous media. Catal. Today 29,
317–322.

Esplugas, S., Yue, P.L. and Perverz, M.I. (1994) Degradation of 4-chlorophenol by photolytic oxi-
dation. Water Res. 28, 1323–1328.

Feng, Y. J. and Li, X.Y. (2003) Electro-catalytic oxidation of phenol on several metal-oxide elec-
trodes in aqueous solution. Water Res. 37(10), 2399–2407.

Feng, Y.J. and Liu, J.F. (2006) Preparation of a kind of DSA electrode with nanometer coating.
200610010182.6.

Feng, Y.J., Cui, Y.H. and Wang, J.J. (2005) Preparation and characterization of Dy doped Ti-base
SnO2=Sb electro-catalytic electrodes. Chin. J. Inorganic Chem. 21(6), 836–841 (in Chinese).

Feng, Y.J., Cui, Y.H. and Liu, J.F. (2006) Preparation method of rare-earths doped SnO2 electrode
based on Ti. 200610010184.5.

Feng, Y.J., Cui, B.Y., Li, X.Y., Cui, Y.H. and Liu, J.F. (2007) Degradation pathway of electro-
chemical oxidation of phenol on Ti base SnO2 anode. 207th ACS Meeting, August, Boston,
USA.

Habazaki, H., Hayashi, Y. and Konno, H. (2002) Characterization of electrodeposited WO3 films
and its application to electrochemical wastewater treatment. Electrochim. Acta 47, 4181–4188.

Houk, L.L., Johnson, S.K., Feng, J., Houk, R.S. and Johnson, D.C. (1998) Electrochemical in-
cineration of benzoquinone in aqueous media using a quaternary metal oxide electrode in the
absence of a soluble supporting electrolyte. J. Appl. Electrochem. 28, 1167–1177.

Howard, R.D. (1984) Mechanism of the oxidation of aqueous phenol with dissolved oxygen. Ind.
Eng. Chem. Fundam. 23, 387–392.

James, D.R., Wojciech, J. and Nigel, J.B. (1999) Electrochemical oxidation of chlorinated phenols.
Environ. Sci. Technol. 33, 1453–1457.

Jarzebski, Z.M. and Marton, J.P. (1976) Physical properties of SnO2 materials. Preparation and
defect structure. J. Electrochem. Soc. 123(7), 199C–205C.

Johnson, D.C., Feng, J. and Houk L.L. (2000) Direct electrochemical degradation of organic wastes
in aqueous media. Electrochim. Acta 46(2–3), 323–330.
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Chapter 15
Wet Electrolytic Oxidation of Organics
and Application for Sludge Treatment

Roberto M. Serikawa

15.1 Introduction

Sewage treatment systems are the major source of organic sludge emissions and the
amount produced in Japan reached 428 million m3 in 2003. This issue has become a
global concern, as the huge amount of sludge emitted increases every year because
of the diffusion of sewage nets in the infrastructure of urban areas. Roughly 34%
of this organic sludge is dewatered or digested and returned in green areas as a soil
conditioner or fertilizer. Sewage sludge can provide a large part of the nitrogen and
phosphorus requirements of many crops. However, a large variety and quantity of
pharmaceutical and personal-care products enter the sewage via daily domestic use.
Although they are dilute, most of these compounds have limited biological degrad-
ability in the sewage treatment system and become concentrated in the sludge by
sorption (Ternes et al. 2004). Accumulation of these potentially harmful compounds
together with toxic heavy metals, endocrine disruptors, and pathogenic and para-
sitic organisms that can be found in the sludge means that reusing it agriculturally
poses a potential risk to both human health and the environment. The environmental
and human health consequences of reusing the sludge in the agricultural sector are
still unclear, but some countries have already forbidden returning the sludge to the
agricultural land.

Roughly 36% of all organic sludge is placed in landfills after its volume has been
reduced. Current landfill sites are expected to be exhausted in less than 10 years,
and environmental concerns, as well as lack of acceptance by local communities,
mean that securing new sites is becoming increasingly difficult. New methods to re-
duce the amount of sludge at its source are being developed, including using ozone
(Saktaywin et al. 2005, 2006), ultrasonic waves (Cao et al. 2006; Rai et al. 2004),
and solubilization techniques. These techniques make the suspended organic solids
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soluble rather than reducing the chemical oxygen demand (COD) of sludge.
Solubilized liquors are recycled in aeration tanks and the COD is removed with
a biological treatment. The organics are mineralized into CO2 by the metabolism
of microorganisms. In this sludge reduction method, it is necessary to restrict the
solubilization dose to balance it with the capacity of the biological tank and avoid
any deterioration in the quality of the effluent water. Reports indicate that ozone
solubilization, when properly applied in biological treatments and depending on
the type of sewage, can reduce excess sludge by up to 100% (Sakai et al. 1997).
Methane fermentation is another practical technique that allows the recovery of
energy in the form of biogas from organic sludge and reduces the COD. Because
of its low biodegradability, organic sludge is mixed with other biodegradable waste
before undergoing methane fermentation. Also, making the sludge soluble before-
hand is reported to improve the biodegradability of methane fermentation (Hogan
et al. 2004). Typical COD reduction in anaerobic digestion is around 65–85%,
but the methane fermentation itself produces sludge by-products. The final or-
ganic sludge after methane fermentation can be dewatered using a screw press or
other mechanical method after the sludge is coagulated and sedimented by adding
chemical flocculants. Incineration is the ultimate treatment for all organic sludge.
Dewatered organic sludge still has a water content of roughly 90%, most of which
is water inside or strongly attached to the cells of micro-organisms. Because of the
high water content of sludge it has to be incinerated or burnt at 800 � 1; 000ıC
together with other solid waste with a high calorific value or by adding some fuel.
Some modern incinerators operate at even higher temperatures and the inorganic
components or ash is melted, locking the heavy metals inside the slag. Roughly
20–30% of sewage sludge is burned in cement kilns and reused as a construction
material.

While sludge incineration is widely practiced on a full-scale basis, wet oxidation
(Lendormi et al. 2001) is again becoming the focus of attention as an alternative to
incineration, and new facilities for wet oxidation are being constructed in Europe.
The beginning of wet oxidation for treating sludge goes back to the early 1950s and
1960s, when the concept and basic process was developed by F. J. Zimmermann in
USA. The organic sludge is oxidized at a high temperature and under high-pressure
conditions using air as an oxidizer. Operational temperatures are lower than those of
incineration and thermal energy for water evaporation is not required. This allows
an auto-thermal operation in which the organic pollutants serve as the fuel. Several
variations of wet oxidation have been developed up till now, and some process uses
oxygen gas, liquid oxygen or hydrogen peroxide in place of air. The working tem-
perature varies from 120ıC to temperatures near the critical point of water .374ıC/,
depending on the type of wet oxidation. The working pressures are usually higher
than the saturated vapor pressure to ensure the presence of a liquid phase and the
fluidity of the reactants inside the reactors. Super critical water oxidation can also be
considered as an extension to the process of wet oxidation, differing in the respect
that the operating temperatures and pressures are higher than the critical point of
water (374ıC, 22 MPa). The use of a heterogeneous catalyst in wet oxidation allows
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a lower working temperature to be used and ensures the degradation of compounds
that are refractory in conventional wet oxidation processes. However, catalyzed wet
oxidation systems can encounter some difficulties when treating wastewater that
contains scaling components. Calcium and magnesium can easily cause poisoning
of the catalyst when present in concentrations higher than 60 ppm. Noncatalyzed
wet oxidation, where the reaction performance mainly depends on the reaction tem-
perature, seems to be a solution for treating organic sludge. A 97% reduction in the
volume of sludge and a roughly 85% removal rate of COD can be easily achieved
with wet oxidation treatment at 350ıC (Shananblesh and Shimizu 2000). Although
some soluble COD remains in the treated water, these soluble organics are identi-
fied as mainly volatile fatty acids (VFA), which are a good substrate for biological
treatment.

Wet electrolytic oxidation (WEO) is basically a wet oxidation system, differing
in that the oxidation reactions are assisted by electrochemical reactions. The basic
concept was born from a simple idea to perform wet oxidation without using high
pressure compressors to inject oxidizers into the reactor. The idea was to produce
nascent oxygen in situ in the reactor by water electrolysis. This idea seemed to
be attractive since high-pressure compressors are usually expensive and the cost of
compressing the oxidizer (air) accounts for a large portion of the running costs of a
wet oxidation facility.

The potential required for oxygen evolution in water electrolysis becomes lower
as temperature increases (Flarshein et al. 1986). At 200 � 300ıC, around twice as
many ionic products of liquid water are produced compared with the ionic prod-
ucts under ambient conditions, and a large number of dissociated HC and OH�

can enhance the electrochemical reactions. The diffusion coefficient of some or-
ganics in aqueous media, experimentally obtained by microelectrode measurement
and predicted by the Stokes–Einstein relation, are reported to be 20 times higher
at 304ıC compared with at 25ıC (Liu et al. 1997). The water solubility of some
organics, such as benzene, increases by a factor of 10 at 200ıC and they become
completely miscible at 297ıC (Bard et al. 1988). The improved kinetics and greatly
increased mass transfer rates imply operations at higher current density and through-
puts (MacDonalds et al. 1986).

All this information in the research literature encourages the use of a wet-
oxidation process with in situ oxygen produced by water electrolysis. However, a
crucial problem related to safety must be solved. The hydrogen that is generated in
twice the amount of the oxygen generated has to be separated from the oxygen in-
side the wet oxidation reactor. The lower explosion limit of hydrogen is just 4 vol%
under atmospheric conditions and the difficulty is how to avoid forming a potentially
explosive gaseous mixture inside a wet oxidation reactor. For electrolysis at lower
temperatures and pressures, divided cells that use separation membranes can easily
solve this problem. However, there is no feasible polymer electrolyte or solid-oxide
electrolyte material that can be used as a separation membrane in the harsh and
high-temperature conditions found in the wet oxidation reactors.
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15.2 Peculiar Electrolysis of Aqueous Solution at Higher
Temperatures

Although the formation of an explosive gas composed of hydrogen, oxygen or chlo-
rine is expected when conducting electrolysis of aqueous solutions in closed and
undivided pressure cells, the electrochemical reaction with subcritical water results
in a completely different reaction (Serikawa et al. 2000).

Figure 15.1 illustrates the electrolysis products as a function of temperature when
charging 2A-DC in 150 mL of 2 wt% NaCl aqueous solution for 1 h inside a 300-mL
electrolytic autoclave. The gaseous products were measured using gas chromatog-
raphy and free residual chlorine was measured using a DPD method, collecting
samples directly from the autoclave. The experimental details can be found else-
where (Serikawa et al. 2000). At temperatures lower than 100ıC, there is a clear
evolution of hydrogen, oxygen and chlorine which is detected as free residual chlo-
rine, because of the progress of the well-known following electrolysis.

2H2OC 2e� ! H2 C 2OH� (15.1)
2H2O! O2 C 2HC C 2e� (15.2)
Cl� C H2O! HOClC HC C 2e� (15.3)

The evolution of hydrogen, oxygen and chlorine is strongly suppressed as the tem-
perature increases. Chlorine evolution is not detected at temperatures higher than
150ıC. Oxygen evolution is not detected at temperatures higher than 250ıC. Traces
of hydrogen are detected even at higher temperatures but the amount is extremely
small compared with the amount supposed to be produced by Faraday’s law. Elec-
trolysis of water under subcritical conditions can take place without producing
oxygen and hydrogen. These findings allow the conclusion that electrolyzing wa-
ter as an oxidizer supply can be performed safely inside the wet oxidation reactors
without the need to use separation membranes.

Fig. 15.1 Temperature
influence on the electrolysis
product of aqueous NaCl
solution
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Fig. 15.2 Temperature
influence on the
thermodynamic windows of
aqueous NaCl solution
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However, if oxygen evolution cannot be detected during subcritical water elec-
trolysis, another question arises about the efficiency of producing nascent oxygen
in situ in a wet oxidation reactor. The evolution of oxygen, chlorine and hydrogen
is highly suppressed during the subcritical water electrolysis of an aqueous NaCl
solution, but electrolytic reactions are taking place. Indeed, the cyclic voltammetry
investigation of a chloride solution in Fig. 15.2 clearly shows peaks corresponding
to anodic and cathodic peak currents, even at 250ıC.

At higher temperatures the thermodynamic window becomes narrow because
of the overpotentials decrease for oxygen evolution, but anodic and cathodic re-
actions are clearly taking place. The suppression mechanism of usual electrolysis
products under subcritical water conditions is not completely understood. A pos-
sible explanation is that the oxidizer species formed at the anode is preferen-
tially reduced at the cathode, thereby suppressing the evolution of hydrogen at the
cathode. Bard and his coworkers have done pioneering work on electrochemical
measurements at near-critical and supercritical fluids in a series of nine publica-
tions (Bard et al. 1988). Although the experimental conditions are not the same
and the work focuses on electrochemical measurements, they did not find any ev-
idence of such suppression of oxygen or hydrogen evolution in subcritical water
conditions. The reactions that suppress hydrogen or oxygen evolution can occur at
places besides the electrode interface and are not purely electrochemical. Although
any direct chemical reaction between hydrogen and oxygen inside the reactor is un-
likely, hydrogen is known to be a difficult compound to oxidize under subcritical
water conditions. Thus, the catalytic effects of high-temperature chloride solutions,
electrode materials or autoclave materials are also possible explanations for these
reactions. The most probable explanation for the chlorine disappearance is thermal
degradation.
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15.3 Wet Electrolytic Oxidation of Organics

Although the oxidizer species cannot be detected during electrolysis under subcrit-
ical water conditions, efficient oxidation can take place when some organics are
present. Figure 15.3 shows a case of degradation of 2-aminoethanol (MEA) when
applying 12A-DC in 150 mL of solution containing 2 wt% NaCl as a supporting
electrolyte at 25ıC and 7 MPa. Different concentrations of MEA are degraded with
the same ratio, while the applied current is kept constant. The H2:CO2:N2 volumet-
ric ratio in the gaseous product is 13:4:1, showing that the overall WEO reaction
can be written as follows.

2C2H4OHNH2 C 6H2O! 13H2 C 4CO2 C N2 (15.4)

Several organics including acetic acid were confirmed to be efficiently mineralized
by WEO (Serikawa et al. 2000) accompanied by hydrogen evolution. Although the
absence of organics suppresses the evolution of hydrogen, WEO reaction produces
hydrogen in the presence of organics. Please note that hydrogen is generated but
oxygen is not produced and the reaction product is still a nonexplosive gas mixture.
Other recent work (Sasaki et al. 2007; Goto et al. 2004) has also confirmed hydro-
gen evolution during the hydrothermal electrolysis of biomass-related compounds.
Hydrogen is produced because of the cathodic reduction of water, but further addi-
tion of an oxidizer can suppress this water reduction and enhance the mineralization
reaction.

Figure 15.4 illustrates the reaction products of WEO of acetic acid with and with-
out added oxygen gas. Here, 2A-DC was applied to 150 mL of 4;000mg L�1 acetic
acid solution having 2 wt% NaCl at 250ıC and 7 MPa. In the experiment without
any added oxygen gas, an inert gas (argon) was pressurized in the head space of
the electrolytic autoclave (150 mL). For the experiment with oxygen, a gas mixture
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Fig. 15.4 Gaseous product from WEO of acetic acid with and without added oxygen

containing 30 vol% oxygen with argon balance was pressurized in the autoclave.
The addition of oxygen for WEO of organics clearly suppresses the generation
of hydrogen. For WEO of acetic acid, two reactions can be written, depending on
whether or not oxygen is added.

CH3COOHC 2H2O! 4H2 C 2CO2 .without oxygen/ (15.5)
CH3COOHC 2O2 ! 2CO2 C 2H2O .with oxygen/ (15.6)
2H2OC 2e� ! H2 C 2OH� .without oxygen/ (15.7)
2H2OC O2C2e� ! H2O2 C 2OH� .with oxygen/ (15.8)

The electrical charge required for reaction (15.5) is 8 F and for reaction (15.6) is 4 F.
Accordingly, the addition of an external oxidizer can decrease the electrical power
consumption by a factor of 2.

The cathodic reaction during the WEO of organics also changes depending on
whether or not oxygen is present [(15.7) and (15.8)]. When oxygen gas is added,
the cathodic reaction reduces dissolved oxygen gas rather than water in accordance
with the redox potential. The reaction in WEO is thermodynamically limited rather
than kinetically limited.

Cathodic reduction of oxygen explains the suppression of hydrogen when oxygen
is added in WEO of organics. The oxygen is transformed to a more active form of
oxygen [represented as H2O2 in (15.8)] at the cathode, and that can further oxidize
the organics.

Figure 15.5 shows the influence of electrical charge in WEO of acetic acid with
added oxygen.

Even with added oxygen, degradation of acetic acid clearly depends on the elec-
trical charge and the controlling mechanism is electrochemical rather than chemical
oxidation. Acetic acid is a component that is known to oxidize minimally under wet
oxidation conditions (see 0 A line).
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Fig. 15.5 Influence of
electrical charge during WEO
of acetic acid with added
oxygen at 250ıC

0

300

600

900

1200

1500

1800

T
O

C
 /
 m

g 
L

–1

4A6A

0 15 30 45 60

Elapsed time / min

0A

0.5A

1A
2A

Another relevant aspect that can be considered in performing electrochemical
oxidation at higher temperatures is related to the use of chloride ions as a sup-
porting electrolyte. Chloride ions were found to catalyze the electrolytic oxidation
of organics at room temperature because of the participation of electrogenerated
hypochlorous acid (Comninellis and Nerini 1995). However, this electrolytic oxida-
tion under room conditions was reported to be followed by the formation of harmful
organochlorinated (AOX) by-products. The formation of AOX compounds can also
be suppressed by increasing the reaction temperatures. Figure 15.6 illustrates the
AOX, TOC and gases after WEO treatment of phenol as a function of temperature.
Figure 15.6a shows the AOX concentration in the aqueous phase and gas phase. The
AOX in the aqueous phase was 800 ppm after a 13:3Ah L�1 charged electrooxida-
tion at 30ıC and this decreased as the reaction temperature increased. The AOX
in the aqueous solution is attributed to the chlorophenols confirmed by GC-MS
analysis. The AOX in the gas phase is because of the formation of volatile chlo-
rinated compounds such as trichloromethane, which results from the degradation of
chlorophenols. The AOX in the gas phase shows a peak in concentration at 150ıC.
Aqueous phase and gas phase AOX are strongly suppressed in all electrolysis con-
ducted at temperatures higher than 200ıC. This kind of behavior of AOX byproducts
with increases in electrolysis temperature is not particular to phenol and can be ex-
tended for other organics. Separate experiments using EDTA and 2-aminoethanol
in place of phenols have shown analogous results with an elevated concentration
of AOX compounds at low temperature electrolysis and undetectable amounts for
electrolysis conducted at temperatures higher than 200ıC. Two explanations can be
given for the absence of AOX byproducts under WEO conditions.

The first is that the oxidation mechanism of organics in WEO occurs directly at
the electrode surface, without evolving intermediate reactions that form chlorinated
compounds, and that can be supported by the fact that free residual chlorine is not
detected in the effluent samples for all electrolysis conducted at temperatures higher
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Fig. 15.6 Influence of temperature on phenol electrooxidation. Condition: 150 mL of 19 mM phe-
nol with 2 wt% NaCl, 2 Ah and 3 MPa air initially charged

than 200ıC. The second explanation is that there is an intermediate chlorination
mechanism followed by a subsequent dechlorination of AOX compounds. Highly
stable chlorinated aromatics, such as PCBs, were reported to be dechlorinated un-
der alkaline hydrothermal conditions (Yamazaki et al. 1980). Similar hydrothermal
dechlorination can occur, for example, at the cathode vicinity where the pH is
alkaline in WEO. Nevertheless, organochlorinated by-products are strongly sup-
pressed when the temperatures are higher than 200ıC evidencing the “clean” aspect
of WEO reactions. Figure 15.6b illustrates the TOC concentration as a function of
electrolysis temperature when aqueous phenol is electrolyzed. A negligible TOC
decrease was observed for electrolysis at 30ıC. The degradation rate of phenol re-
ported by Comninellis’group (Comninellis et al. 1955) is higher because of the high
pH (12.2) used in their experiments. An alkaline solution increases the solubility
of phenols in the aqueous phase, thereby improving the electrooxidation. In the
case discussed here, the pH was not adjusted and was weakly acidic (5.8). The
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electrolysis temperature greatly influenced the TOC removal rate. For electrolysis
at 250ıC, the TOC removal rate was 95% at charging 13:3Ah L�1. Free-residual
chlorine in the effluent was 8mg L�1 at 30ıC electrolysis and was undetected at
temperatures higher than 150ıC. Separate experiments using the same electrolytic
autoclave without adding phenol resulted in the production of 3800mg L�1 of
free residual chlorine at 30ıC electrolysis and an undetectable amount at temper-
atures higher than 150ıC. This indicates that the formed hypochlorous acid at low
temperature electrolysis is almost completely consumed by phenol chlorination or
by autodegradation without promoting oxidation of organics. The gaseous product
analysis shown in Fig 15.6c also supports this theory. A negligible amount of CO2
was measured at 30ıC electrolysis. A pronounced increase in CO2 concentration
was observed with the increase in the reaction temperature and this reached 8 vol%
at 200ıC. The decrease of O2 and H2 concentration with the increase in tempera-
ture indicates that electrolytic oxidation under hydrothermal conditions takes place,
thereby consuming the oxygen gas and suppressing the evolution of hydrogen at the
cathode. Please note that the initial concentration of oxygen gas is 21 vol% because
of the initially charged air in the autoclave. The oxygen in Fig. 15.6c comes from
the initially charged air and not from the anodic oxygen evolution of WEO

15.4 Behavior of Organic Sludge Under Hydrothermal
Conditions

Before starting to explain the treatment of organic sludge by WEO, this section
describes the basic behavior of organic sludge under hydrothermal conditions. An
example of the water quality of typical organic sludge is given in Table 15.1. This
sludge was produced in a commercial methane fermentation facility treating sewage
sludge, night soil and garbage.

Table 15.1 Typical water
quality of organic sludge
(methane fermentation
sludge)

Analysis item Unit
MLSS mg L�1 34,000
MLVSS mg L�1 23,000
T-CODCr mg L�1 45,000
S-CODCr mg L�1 5,900
T-BOD mg L�1 2,600
S-BOD mg L�1 450
T-Sugar mg L�1 5,700
S-Sugar mg L�1 760
EC mS cm�1 8.2
pH – 7.7
Color degree 2,400
VFA mg L�1 25
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Fig. 15.7 Influence of temperature on hydrothermal reaction of organic sludge

Figure 15.7 shows the results of hydrothermal treatment when 150 mL of the
sludge listed in Table 15.1 was charged into the autoclave and kept at various tem-
peratures for 30 min. No electrical current or oxygen was used in these experiments
and the results illustrated in Fig. 15.7 are caused purely by thermal effects. The or-
ganics in the form of suspended solids (VSS) start to decrease at temperatures higher
than 100ıC because of thermal solubilization. The first compound that appears
as the result of solubilization is soluble sugar (S-Sugar), because of the hydrol-
ysis of the organic compounds in the sludge. The origin of the soluble sugar is
attributed to the polymeric sugars that make up the cell wall of methanogenic mi-
croorganisms. The soluble sugar achieves a maximum yield at 180ıC. Although not
illustrated in this figure, amino acids are also produced at similar temperatures be-
cause of the hydrolysis of proteins. A further increase in the temperature causes the
degradation of S-Sugars and appearance of color compounds that achieve a maxi-
mum concentration at 200ıC. These color compounds often appear when treating
organic waste under subcritical water conditions and they are extremely problem-
atic. These color compounds dye the treated water a dark black color and usually
cannot be removed by biological processes. The production of color compounds
in subcritical water is attributed to the progress of a melanoidin reaction between
amino acids and soluble sugars. A further increase in the reaction temperature to
higher than 250ıC causes a decrease in colors and an increase in the production of
VFA. The VFA are composed of acetic acid, lactic acid, formic acid, and propionic
acid. Among the VFA, acetic acid is a very stable compound under subcritical wa-
ter conditions. The VFA are produced because of the partial oxidation of organic
compounds in the sludge.

For a combined process with a biological system, it is interesting to convert the
sludge to VFA as much as possible. The VFA provide a good substrate for the bio-
logical process and can be readily treated in anaerobic or aerobic processes.
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15.5 Wet Electrolytic Oxidation of Organic Sludge

As described in Sect. 15.4, when submitting the organic sludge to a hydrothermal
treatment there is a production of problematic color compounds at 200ıC. In the
WEO, the color is erased by the electrochemical reaction. Figure 15.8 shows the
color behavior of WEO-treated water as a function of electrical charge and reaction
temperature. The color that appears at 200ıC clearly decreases with an increase in
electrical charge. Although the color disappears, the VFA amount in WEO treatment
can be increased as a function of applied electrical charge (Fig. 15.9).

Another relevant aspect of sludge treatment by WEO that should be considered
is related to the dewatering properties of organic sludge. A large part of the water
in organic sludge is located inside or strongly attached to the cells of microorgan-
isms. The gel-like compound that surrounds cells of microorganisms retains a large
amount of water and increases the viscosity of the sludge. Usually, it is difficult
to dewater organic sludge by filtration because of this viscosity and a precipita-
tion procedure is needed that uses a huge amount of chemical coagulants. However,
WEO can degrade these viscous compounds, drastically decreasing the viscosity of
the sludge. Furthermore, the cell walls of the microorganisms rupture because of
thermal effects thereby releasing the water inside. Some of the thermally degraded
cell walls are transformed to small particles of char-like products in WEO. These
char particles naturally precipitate and can be easily removed from the treated water
by filtration. The filtrate after WEO treatment is transparent and almost colorless.
Figure 15.10 shows the morphological changes of organic sludge before and after
WEO treatment.

The filtrate still contains dissolved COD compounds that can be removed by
biological processes. Complete COD removal of sludge by WEO is possible but
no longer recommended. The initial T-COD concentration of this sludge was
45 g L�1 (see Table 15.1). According to the Faraday’s law, an electrical charge of
151 kAh m�3 of sludge will be required for complete COD removal. Considering

Fig. 15.8 Color erasing by
electrochemical effects in
WEO of organic sludge

5,000

10,000

15,000

20,000

25,000

0
100 200 300 400

Temperature / �C

C
ol

or
 /
 d

eg
re

e

0Ah/L

10Ah/L

20Ah/L

30Ah/L
40Ah/L
50Ah/L

0



15 Wet Electrolytic Oxidation of Organics and Application for Sludge Treatment 365

Fig. 15.9 Increase in VFA
yield by electrochemical
effects in WEO of organic
sludge
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that the voltage between the electrodes in the WEO is around 5 V, an electrical
power of 755 kWh m�3 of sludge will be required for total COD removal.

This level of electrical power consumption is usually prohibitive for commercial
treatment of organic sludge, suggesting the need to couple WEO with a biological
process. The WEO product should have an improved biodegradability if it is to be
treated by a biological process.

One reference for this biodegradability is the BOD/COD ratio. The BOD/COD
ratio of the original sludge was 6%, but after the WEO treatment this value could be
increased to higher than 50%. The BOD/COD ratio increased with the increase in
temperature and electrical charge, and that was attributed to the formation of VFA.

The BOD/COD ratio is an indicator of biodegradability for an aerobic process but
the WEO was also found to increase the biodegradability for anaerobic treatment.
The filtrate from WEO treatment of organic sludge at 250ıC was submitted to a
methane fermentation test. Figure 15.11 shows the methane yield for the filtrate of
WEO, in which different electrical charges were applied. A clear increase in the
methane yield was observed with the increase in the electrical charge of WEO. The
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Fig. 15.11 Methane
fermentation of organic
sludge after WEO treatment
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methane yield from raw sludge was very low because the residue had already been
treated by methane fermentation. The aqueous product from the WEO treatment has
good biodegradability in aerobic and anaerobic biological processes.

15.6 Materials for WEO

The proper choice of anode material, cathode material and reactor material are of
particular importance in conducting WEO treatments. The reaction takes place high
temperature at oxidizing conditions in the presence of organics and salts, which
make the reaction environment extremely corrosive.

Table 15.2 lists the results of a test on anode material under accelerated-corrosion
conditions using high current densities under WEO conditions at 250ıC. The mate-
rials that were classified as having a low stability showed a high level of corrosion,
dissolution or delamination with failure in less than 50 h under accelerated test con-
ditions. The materials classified as having medium stability cleared the 50-h test
but showed localized corrosion or partial delamination of coating layers. The mate-
rial classified as having a high stability showed no visible changes in the electrode
surface after the 50-h test.

Platinum and gold anodes are unstable and dissolution of these materials is ac-
celerated by an increase in temperature (test samples n.1, n.2) when the electrolyte
solution contains chloride ions. Platinum sample n.1 showed visual surface dissolu-
tion and weight loss during the 50-h test, and the gold-coated tantalum lost all the
gold layers in less than 5 h. Iridium electrodes (test samples n.3, n.4) showed no
visible changes after the 50-h test. An iridium anode seems to work better when it is
made from pure metallic iridium. Iridium oxide electrodes prepared by thermal de-
composition (test sample n.5) on tantalum substrate are less stable, possibly because
of the porous morphology of the coating oxide layer. Although this sample cleared
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Table 15.2 Anode material stability test for WEO
n Sample Test sample specification I

�
mA cm�2

�
Stability

1 Pt 99.9% purity Pt disk 3,200 Medium
2 Au/Ta Au .3�m/ coated on Ta disk by

electroplating
3,200 Low

3 Ir 99.9% purity Ir disk 3,200 High
4 Ir/Ta Ir .3�m/ coated on Ta disk by

electroplating
3,200 High

5 Ir/Ta Ir .3�m/ coated on Ta by thermal
decomposition

3,200 Medium

6 Ir/Ti Ir .3�m/ coated on Ti by thermal
decomposition

3,200 Low

7 T15Pd JIS grade12 Pd–Ti alloy 3,200 Low
8 BDD CVD-coated borondoped diamond 150 Low

Electrolyte: 5; 000mg L�1 acetic acid with 2; 000mg L�1 chloride ion aq. solution, T D 250ıC
and P D 7MPa

the 50h test, some delamination of the coating layer was observed. The stability of
iridium oxide coated on titanium (test piece n.6) showed a low stability compared
with using tantalum as a substrate. The delaminated area was larger in this sample
and the remaining coated area showed losses of iridium when measured by X-ray
fluorescence. The stability of the coated electrodes by thermal decomposition also
depends on the substrate material. Titanium is not suitable as an anode substrate.
Test sample n.7 for example, which is a titanium alloy containing palladium that
is considered to be more stable than pure titanium, completely dissolved after 3 h
under accelerated test conditions. Also, boron-doped diamond (BDD) was tested
here at usual current densities of 150mA cm�2. Diamond electrodes made of CVD
are a promising electrode material for low-temperature electrolysis but at a working
temperature of 250ıC a complete delamination occurred in a few minutes.

Lead oxide and tin oxide are often found in research literature as anode materials,
but there is little indication that these materials are stable at higher temperatures.
These electrodes were not tested here because of the possibility that the heavy metals
would leach into the electrolyte solution.

Conventional techniques for detecting the anode failure by increasing the poten-
tial could not be used under WEO conditions. With low-temperature electrolysis,
when the coating layers of the electrode delaminate, the exposed passivation layer
of titanium and tantalum substrate causes an increase in the voltage between the
electrodes. However, under WEO conditions, even with a complete delamination
of the coating layers, the voltage does not increase. No protective passivation layer
seems to form at WEO by anodic polarization. Metallic titanium, when exposed to
WEO conditions, was found to be directly converted to white titanium oxide powder
inside the electrolytic autoclave (test sample n.7). Tantalum was found to be more
robust than titanium and no dissolution was found even with complete delamination
of the Au layer (test sample n.2). In addition, no voltage increase was observed for
tantalum during this test.
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Table 15.3 Cathode material stability test for WEO
n Test sample Test piece specification i

�
mA cm�2

�
Stability

9 SS400 JIS G3101 steel 3,200 Low
10 SUS 316 JIS Cr16-Ni12-Mo2 iron alloy 3,200 Low
11 Nickel 276 JIS Mo16-Cr15- Fe4-W3 nickel

alloy
3,200 Medium

12 Nickel 22 JIS Cr21-Mo13-Fe4-W3 nickel
alloy

3,200 Medium

13 Nickel 625 JIS NCF625 nickel alloy 3,200 Medium
14 TP 340 JIS-grade 2 titanium 3,200 High
15 TP 550 JIS-grade 4 titanium 3,200 High
16 T64 JIS-grade 60 Al6-V4 titanium

alloy
3,200 Medium

Electrolyte: 5; 000mg L�1 acetic acid with 2; 000mg L�1 chloride ion aq. solution, T D 250ıC
and P D 7MPa

Table 15.3 list the results of the cathode material test under accelerated corrosion
conditions using high-current densities in WEO at 250ıC. Steel (sample n.9) and
stainless steel (sample n.10) showed a high corrosion rate over their whole surface
and are not suitable as a cathode material for WEO. Cathodic protection against
corrosion does not work for these materials under WEO conditions. Alloys with high
nickel content (samples n.11, n.12, and n.13) passed the 50-h test under accelerated
conditions, though they showed some localized corrosion on the surface. Although
these nickel alloys have a high tensile strength at higher temperatures, they were
found to be unsuitable for direct exposure with the electrolyte solution in WEO
reaction. Samples n.14 and n.15, which are titanium with different purity grades,
cleared the 50-h test, showing no visible corrosion. Titanium alloy T64 (sample
n.16) passed the 50-h test, but had some localized corrosion on its surface. The
titanium alloy had less surface corrosion than the nickel alloys but it too cannot be
used for direct exposition under the WEO reaction environment.

From the test results listed in Tables 15.2 and 15.3, and from the experience
gained in building and running continuous WEO apparatus for some years, the au-
thor will make some brief comments on a suitable material for WEO.

For anodes, the best material found up to now is metallic iridium. Although the
actual price of iridium is only 20% that of platinum on a weight-for-weight basis,
the cost of manufacturing the whole anode from iridium is still prohibitive. Some
possible options for manufacturing large electrodes include either iridium foil at-
tached to a tantalum substrate or electroplated iridium. Titanium alloy T64, and
nickel alloys 276, 22, and 625 are usually good materials for a high-temperature
and high-pressure reactor, but cannot be used in place of direct contact with the
electrolyte solution in a WEO reactor. When used as a construction material for a
WEO reactor, they have to be properly lined with titanium. Titanium was found to
be a suitable material for the cathode in WEO. However, because of its low tensile
strength at higher temperatures, titanium cannot be used as a material for pressure
vessels and must be limited to use as a lining material. Stainless steel 316 or even



15 Wet Electrolytic Oxidation of Organics and Application for Sludge Treatment 369

common steel can be used as a reactor material, if properly lined with titanium. To
reinforce a high-pressure reactor against corrosion, a cathodic current is preferably
applied to titanium-lined walls or the titanium lining can be directly used as the
cathode.

15.7 Conclusions

Wet electrolytic oxidation is an electrochemically assisted wet oxidation process in
which the reaction can be controlled by varying the electrical charge, thereby of-
fering new parameter other than reaction temperature for handling the degree of
reaction. The electrolytic reaction under WEO conditions is thermodynamically
limited rather than kinetically limited, allowing water to be electrolyzed without
generating any hydrogen or oxygen. The organochlorinated compounds that are
formed in usual electrooxidation are strongly suppressed with WEO oxidation,
evidencing a clean chloride evolved reaction. When applied to organic sludge treat-
ment, colors are decreased and VFA yields are increased, and consequently the
biodegradability of the treated water is improved, allowing further biological pro-
cessing. The reaction environment of WEO is extremely corrosive and suitable
material must be selected. Iridium as an anode and a titanium reactor liner as a
cathode were found to be suitable material for the WEO process.
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Chapter 16
Environmental Photo(electro)catalysis:
Fundamental Principles and Applied Catalysts

Huanjun Zhang, Guohua Chen, and Detlef W. Bahnemann

16.1 Introduction

Since the demonstration by Honda and Fujishima of the photoelectrolysis of water
using a TiO2 electrode under an anodic bias potential (Fujishima and Honda 1972),
intensive research efforts have been devoted to the study of photocatalytic perfor-
mances of semiconductor materials (Hoffmann et al. 1995). Before touching the
details of any photocatalytic process using semiconductors, it is crucial to clarify a
few fundamental definitions which are most relevant in this context. The electronic
energy structure within a semiconductor consists of three distinguished regimes, i.e.,
the conduction band, the valence band, and the forbidden zone. The forbidden zone
represents a region in which energy states do not exist for an ideal, undoped semi-
conductor. Energy states only exist above and below this region. Taking the energy
level of the electron in the vacuum as reference and as the uppermost level, the up-
per band is called the conduction band, and the lower one is called the valence band.
In terms of energy, the difference between the upper edge of the valence band and
the lower edge of the conduction band is called bandgap

�
Eg
�

of the semiconduc-
tor. If the two levels can be described with the same wavevector, the semiconductor
is considered to have a direct bandgap; otherwise it has an indirect bandgap. The
bandgap is one of the most critical parameters defining the optical properties of
semiconductors.

A semiconductor immersed into a solvent (in most cases water) and illuminated
with photons exceeding its bandgap energy will be called a photocatalyst provided
that at its surface it is able to catalyze reactions with �G < 0 (e.g., the oxidation
of organic compounds by molecular oxygen). In case endothermic reactions such
as the splitting of water into O2 and H2 are found to occur at the semiconductor
surface upon ultra-bandgap illumination the system will be called photosynthetic
and will be able to store part of light energy in the form of chemical energy. Most
studies of photocatalytic reactions are nowadays focused on particulate systems
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(Ollis et al. 1991; Gerischer and Heller 1992; Gerischer 1995), employing either
transparent colloidal suspensions of semiconductor nano particles or light scatter-
ing suspensions of larger semiconductor particles, due to the apparent reality that
particles possess much higher surface area (therefore enabling hopefully higher
yields of utilizing the incoming light energy called photonic efficiency) than their
bulk counterparts. The photocatalyst particles can actually be regarded as individ-
ual microelectrodes, always kept under open circuit potential, inside which charge
carriers (electrons and holes) can be generated upon bandgap irradiation, i.e., the
incident photons have higher energies than the bandgap of the semiconductor. The
thus formed charge carriers then travel to the particle surface to participate in pos-
sible chemical reactions with surface-adsorbed species. This is a highly simplified
description of photocatalytic reactions which as will be shown below turn out to be
rather more complicated, however, if one takes a closer scrutiny.

16.2 Description of Photocatalytic Systems

16.2.1 The Semiconductor–Electrolyte Interface in the Absence
of Redox Systems

Most researchers have studied photocatalytic reactions in an aqueous environ-
ment. It is therefore essential to understand the semiconductor–electrolyte interface,
preferably from an energetic point of view. To illustrate this, the semiconductor–
electrolyte interface in the absence of redox species is depicted in Fig. 16.1
(Memming 2001). Compared with metal electrodes, the charge-carrier density

Fig. 16.1 Potential distribution at the semiconductor–electrolyte interface [Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission from Memming (2001)]
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in semiconductor electrodes is much lower, even if they are doped. Therefore,
when the semiconductor is brought into contact with an electrolyte, the so-called
Helmholtz double layer having a potential drop of��H over a distance dH is formed
on the solution side. On the solid side, the counter charge (i.e., the charge to neutral-
ize that on the solution side due to bonding or specific adsorption of, for example,
hydroxyl ions) is distributed over a certain range below the surface. Correspond-
ingly, a potential drop ��sc is formed across this so-called space charge region, the
dimension of which is denoted as dsc, as indicated in Fig. 16.1. Here the diffuse
layer in the solution has been neglected assuming that a high ion concentration is
applied. The potential and charge distribution within the space charge region in the
solid is described by the Poisson equation as follows

d2��sc

dx2
D �

1

""0
�.x/ (16.1)

in which " is the dielectric constant of the material and "0 is the permittivity of free
space. The charge density �.x/ is given by

� .x/ D e ŒNd �Na � n.x/C p.x/� (16.2)

in which x is the distance from the surface andNd andNa are the fixed ionized donor
and acceptor densities, respectively, introduced by the doping of the semiconductor.
The electron and hole densities, n.x/ and p.x/, vary with the distance x according
to the following equations

n.x/ D Ncexp
�
�
Ec.x/ �EF

kT

�
; (16.3)

p.x/ D Nvexp
�
�
Ev.x/ �EF

kT

�
; (16.4)

where Nc is the density of states at the lower edge of the conduction band and Nv
is the density of states at the upper edge of the valence band. Ec.x/ is the energy
of the lower edge of the conduction band which varies with the distance x andEv.x/

the energy of the upper edge of the valence band. EF is the Fermi level energy of
the semiconductor, which is defined in solid-state physics as the highest occupied
energy level within the crystal at 0 K. For an intrinsic semiconductor, the position
of its Fermi level can be calculated from

EF D
Ec CEv

2
C
kT

2
ln
�
Nv

Nc

�
D
Ec CEv

2
C
kT

2
ln
�
m�h
m�e

�
(16.5)

in which m�e and m�h are the effective masses of electrons and holes, respectively.
Within the space charge region, since the Fermi level is expected to be con-

stant, the position of the energy bands Ec.x/ and Ev.x/ vary with distance. If the
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charge-carrier densities in the bulk of the semiconductor are n0 for electrons and p0
for holes, then

n.x/ D N0exp
�
�
Ec.x/ �E

b
c

kT

�
D N0exp

�
�
e��sc.x/

kT

�
; (16.6)

p.x/ D p0exp
�
�
Ev.x/ �E

b
v

kT

�
D p0exp

�
e��sc.x/

kT

�
; (16.7)

in which Eb
c and Eb

v are the energy levels of the conduction and valence bands in
the bulk. These two equations imply a Boltzmann distribution of charge carriers in
the space charge region. In the bulk of the semiconductor, i.e., at sufficient distance
from the surface, charge neutrality must be obeyed. Then

Nd �Na D n0 � p0: (16.8)

Inserting (16.2), (16.6), (16.7), and (16.8) into (16.1) one obtains the so-called
Poisson-Boltzmann equation:

d2��sc

dx2
D

e

""0



n0 � p0 � n0 exp

�
�
e��sc

kT

�
C p0 exp

�
e��sc

kT

��
: (16.9)

Without going into much mathematical detail, the capacity of the space charge re-
gion is derived by solving the Poisson–Boltzmann equation as

Csc D
""0

LD
cosh

�
e��sc

kT

�
(16.10)

in which the so-called Debye length is defined by

LD D

�
""0kT

2nie2

�1=2
; (16.11)

where ni is the intrinsic carrier density given by the equilibrium equation
n0p0 D n

2
i . From (16.10) one recognizes that the space charge capacityCsc depends

strongly on the potential drop ��sc across the space charge region.

16.2.2 The Semiconductor–Electrolyte Interface in the Presence
of Redox Systems

In the presence of a redox system dissolved in the electrolyte, as long as there exists
an energy difference between the Fermi level of the semiconductor and the redox
couple, to reach the equilibrium conditions charge-carrier transfer occurs across the
semiconductor–liquid interface via the energy bands, i.e., the conduction or valence
band of the semiconductor. At the equilibrium point, the Fermi level of the redox
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system, EF; redox, is equivalent to the electrochemical potential of the electrons in
the redox system, as shown in the following equation:

EF; redox D N�e; redox D �
0
e; redox C kT ln

�
Cox

Cred

�
(16.12)

in which Cox and Cred are the concentrations of the Ox and Red species being in
equilibrium according to the following reaction:

OxC e�• Red (16.13)

Conventionally, the corresponding redox potential is given on a scale using the
normal hydrogen electrode (NHE) or the saturated calomel electrode (SCE) as ref-
erence electrode.

The Gerischer model (Gerischer 1959, 1961), which has the advantage that en-
ergy levels of localized electron states in an electrolyte solution can be introduced,
is usually employed to illustrate the charge-carrier transfer between the semicon-
ductor and the redox system at the interface. In a very simplified version of the
Gerischer model as illustrated in Fig. 16.2, the redox system is characterized by a
set of occupied states centered around the energy value of E0red and a set of empty
states centered around E0ox. Correspondingly, the densities of the electronic states,
i.e., Dred for the occupied and Dox for the empty states, are proportional to the con-
centration of the reduced (Cred/ and oxidized .Cox/ species in the redox system,
respectively, as given by

Dred.E/ D CredWred.E/; (16.14)
Dox.E/ D CoxWox.E/; (16.15)

Fig. 16.2 Electron energies of a redox system vs. density of states: (a) E0
red for occupied states,

E0
ox for empty states, A as electron affinity and I as ionization energy of the redox system;

(b) the corresponding distribution functions at Cox D Cred; (c) the distribution functions at
Cox 	 Cred [Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission
from Memming (2001)]
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in which Wred.E/ describes the distribution of the occupied electronic levels and
Wox.E/ the distribution of the empty levels. These two distribution functions are
dependent on the reorganization energy � (Fig. 16.2a) which is accompanied by the
rearrangement of the solvation shell and the solvent dipoles after the fast electron
transfer between the reduced and the oxidized species in the solution, and have the
following forms:

Wred.E/ D .4kT �/
�1=2 exp

"

�

�
E �E0F; redox � �

�2

4kT �

#

; (16.16)

Wox.E/ D .4kT �/
�1=2 exp

"

�

�
E �E0F; redox C �

�2

4kT �

#

: (16.17)

As shown in Fig. 16.2b, at equal concentrations, the distributions of the reduced
and oxidized species are equivalent at the standard electrochemical potential of the
redox couple, E0F; redox. By varying the concentrations of the redox species a shift
of the Fermi level (where Dred and Dox are equal) of the redox system is induced
according to the Nernst equation (Fig. 16.2c).

At the semiconductor–electrolyte interface, the electron transfer rate depends on
the density of energy states on both sides of the interface. For example, the elec-
tron transfer from the redox system to the conduction band of the semiconductor
generates an anodic current

jCc D ek0Cred

Z 1

EF

.1 � f .E// �.E/exp

"

�

�
E �E0F; redox � �

�2

4kT �

#

dE: (16.18)

The subscript “c” and superscript “C” of j indicate that the current is generated via
the “conduction” band and is an “anodic” current. k0 is the electron-transfer rate
constant. �.E/ is the distribution of energy states in the semiconductor. f .E/ is the
Fermi energy distribution function as given in

f .E/ D
1

1C exp
�
E �EF

kT

� : (16.19)

In most cases, the overlap between energy states on both sides of the interface is lim-
ited to a small energy range, the electron transfer is therefore assumed to be within
1 kT at the edge of the conduction band. The integral in (16.18) can be approximated
using dE D 1 kT and E D Es

c . Then one obtains

jCc D ek0 .1 � f .Ec// � .Ec/

(

Cred exp

"

�

�
Es

c �E
0
F; redox � �

�2

4kT �

#)

(16.20)
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in which the product of Cred and the exponential function corresponds to the density
of occupied states of the redox system at the energy of the lower edge of the conduc-
tion band on the surface where E D Es

c . The density of states in the semiconductor
at the lower edge of the conduction band is

� .Ec/ D Nc D
2
�
2�m�e kT

�3=2

h3
; (16.21)

where Nc is the density of energy states within few kT above the conduction band
edge. Usually, most of the energy states in the conduction band are empty, i.e.,
1 � f 	 1, therefore

.1 � f .Ec// � .Ec/ 	 Nc: (16.22)

Then (16.20) can be written as

jCc D ek0NcCred exp

"

�

�
Es

c �E
0
F; redox � �

�2

4kT �

#

: (16.23)

It is clear from (16.23) that the anodic current is independent of the electrode poten-
tial, since the equation contains only constant parameters for a given system.

The cathodic current due to electron transfer from the conduction band of the
semiconductor to the empty states of the redox system is given by

j�c D ek0f .Ec/ �.Ec/ Cox exp

"

�

�
Es

c �E
0
F; redox C �

�2

4kT �

#

(16.24)

in which the product f .Ec/�.Ec/ at E D Es
c is the density of occupied states at

the bottom of the conduction band on the surface. It is equivalent to the density of
free electrons on the surface ns, which is dependent on the potential drop across the
space charge region as given by

ns D n0exp
�
�
e��sc

kT

�
: (16.25)

The net current due to the electron transfer via the conduction band is then the sum
of j�c and jCc , which continues to be nonzero until the electrochemical potentials
of the electrons are equal on both sides of the interface. This leads to a further
modification of the space charge region in the semiconductor, on top of the simple
semiconductor–electrolyte case in the absence of redox systems. Accordingly, if one
visualizes the electron energy states in the space charge region, the energy bands are
usually drawn as energy vs. distance plots. The so-called “band bending” simply
refers to the bending or curvature in such plots, as shown in Fig. 16.3. Other than
via the energy bands, charge transfer can also occur via the surface states at the
interface, which will, however, not be further discussed in this section.
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Fig. 16.3 Electron energies of a semiconductor electrode in contact with a redox sys-
tem [Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from
Memming (2001)]

16.2.3 The Semiconductor–Liquid Interface Under Illumination

If the semiconductor is illuminated by photons more energetic than its bandgap
energy, the equilibrium achieved at the interface in the dark is now disturbed by the
excitation of electrons from the valence band to the conduction band. Besides this
band–band transition, in a real, i.e., nonideal system also other electronic transitions
can be induced upon light excitation, including the excitation of an electron from
a donor state or an impurity level into the conduction band, and the formation of
an exciton. The latter represents a bound state between an electron and a hole due
to their Coulomb attraction. Its energy is close to the conduction band, and thermal
excitation can hence feasibly split the exciton into an independent electron and hole.
In this section, however, only the band–band transition is considered during the
analysis of charge transfer processes occuring at the semiconductor–liquid interface
under illumination.

The absorption of a photon results in the formation of an electron–hole pair. This
process is of special interest if minority carriers, i.e., the holes in an n-type and the
electrons in a p-type semiconductor, are involved in the charge transfer. Thereby, the
density of the minority carriers can be increased upon light excitation, by orders of
magnitude, as compared with that in the dark. For a n-type semiconductor, the mi-
nority carriers (holes) generated in the space charge region are subsequently driven
to the interface by the “built-in” electric field. Those generated outside this region
can only reach the space charge region by diffusion, and then continue the relayed
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Fig. 16.4 Charge transfer at the n-type semiconductor–solution interface under illumina-
tion [Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from
Memming (2001)]

transfer driven by the electric field. The general minority carrier transfer process
across the semiconductor–solution interface occuring under illumination of a n-type
semiconductor is illustrated in Fig. 16.4.

Overall, only the holes photogenerated within the range of Lp C dsc will reach
the surface, i.e., the interface between the semiconductor and the electrolyte, if neg-
ligible recombination within the space charge region is assumed. The distance Lp,
defined as the hole diffusion length, across which the minority carriers travel with-
out recombination is usually limited due to the electron–hole recombination outside
the space charge region. To obtain the photocurrent density, one needs to solve the
diffusion equation for holes in the bulk using Reichman’s method, as given by

D
d2p
dx2
�
p � p0

�
C I˛ exp .�˛x/ D 0 (16.26)

in which D is the diffusion coefficient; p the hole density; p the equilibrium hole
density; � the lifetime of holes; I the monochromatic photon flux across the semi-
conductor which is dependent on the distance from the interface; ˛ the absorption
coefficient of the semiconductor, a wavelength-dependent parameter defined as

˛ D
1

d
ln
I0

I
; (16.27)

where d is the thickness of the semiconductor; I0 the incident photon flux on the
surface at x D 0; and I is the transmitted photon flux. Subject to the wide range
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of bandgap energies of different semiconductors, their absorption coefficients vary
typically between 103 and 106 cm�1, depending on the wavelength of the incident
photons. The inverse of ˛ is called the depth of penetration (of light), the distance
at which the radiant power decreases to 1/e of its incident value if the Naperian
absorption coefficient is adopted. Accordingly, the depth of penetration of different
semiconductors also varies over a wide range, typically from tens of nanometers to
microns.

The three terms on the left-hand side of (16.26) account, respectively, for the
diffusion, recombination, and generation of holes under illumination. Without ad-
vancing into mathematical details, one obtains the hole current density at the
interface between the bulk and the space charge region, i.e., the diffusion current
density jdiff, as given by

jdiff D �j0

�
pd

p0
� 1

�
C
eI0˛Lp

1C ˛Lp
exp .�˛dsc/ (16.28)

in which p0 is the hole density in the bulk .x D1/; pd is the hole density at
x D dsc that is related to the hole density ps on the semiconductor surface under
illumination via

ps D pd exp
�

e��sc

kT

�
: (16.29)

j0 is a saturation current density which represents the generation/recombination rate
of holes in the bulk of the semiconductor as given by

j0 D
eDn2i
NDLp

; (16.30)

where ni is the intrinsic electron density equivalent to .n0p0/1=2; ND is the den-
sity of donor states; and the hole diffusion length Lp is herein defined as .D�/1=2.
A typical value of Lp for GaAs has been given as 1�m (Memming 2001). Mean-
while, the thickness of the space charge region, dsc can be estimated by

dsc D
1

e

�
2�EF""0

ND

�1=2
: (16.31)

To quantitatively sense the dimension of dsc using the dielectric constant " D 11:68
and typical density of donor states ND D 1017cm�3 of Si and assuming �EF D

0:5 eV, one obtains that dsc is in the order of 0:1�m. Within the space charge region
where it is assumed that no recombination occurs, excitation of holes leads to the
current

jsc D eI0 Œ1 � exp .�˛dsc/� : (16.32)

If recombinations at the semiconductor–solution interface are also neglected, the
total hole current at the semiconductor surface is then given by the sum of jdiff and
jsc. Together with (16.28), this summation leads to
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jv D jdiff C jsc D �j0

�
pd

p0
� 1

�
C
eI0˛Lp

1C ˛Lp
exp .�˛dsc/

CeI0 Œ1 � exp .�˛dsc/�

D �j0



ps

p0
exp

�
�
e��sc

kT

�
� 1

�
C
eI0˛Lp

1C ˛Lp
exp .�˛dsc/

CeI0 Œ1 � exp .�˛dsc/� : (16.33)

Again, the subscript “v” in (16.33) indicates that the charge transfer occurs via
the valence band. This current density must also be equal to the hole current de-
rived from the surface hole densities. In a way similar to that used for deriving
(16.23) and (16.24), the anodic and cathodic current via the valence band can be
obtained as

jCv D ek0psCred exp

"

�

�
Es

v �E
0
F; redox � �

�2

4kT �

#

; (16.34)

j�v D ek0NvCox exp

"

�

�
Es

v �E
0
F; redox C �

�2

4kT �

#

; (16.35)

in which ps is the hole density at the surface of the semiconductor; Nv is the density
of states at the upper edge of the valence band; and Es

v is the energy of the upper
edge of the valence band at the surface of the semiconductor. At equilibrium in
the dark, the anodic and cathodic currents are equal in magnitude, which can be
regarded as a saturation current density j 0v determined by the rate of hole transfer at
the interface via the valence band as follows:

j 0v D jCv
ˇ
ˇ
equilibrium D ek0p

0
s Cred exp

"

�

�
Es

v �E
0
F; redox � �

�2

4kT �

#

D j�v
ˇ
ˇ
equilibrium D ek0NvCoxexp

"

�

�
Es

v �E
0
F; redox C �

�2

4kT �

#

: (16.36)

Equation (16.36) is subject to the condition ps D p0s . The density of states at the
upper edge of the valence band Nv barely changes since the valence band is almost
always full, i.e., Nv is almost constant whether or not an equilibrium is achieved.

In a nonequilibrium situation upon illumination, the net current density due
to the hole transfer from the semiconductor surface to the solution can be
obtained as

jv D j
C
v � j

�
v D jCv

ˇ̌
equilibrium

ps

p0s
� j�v

ˇ̌
equilibrium D j

0
v

�
ps

p0s
� 1

�
(16.37)

p0s is related to the bulk hole density p0 by the Boltzmann distribution function
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p0s D p0exp
�
e��0sc

kT

�
; (16.38)

in which ��0sc is the potential drop across the space charge region under the equi-
librium condition in the dark. From (16.37) and (16.38), one obtains
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�
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j 0v
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�
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�
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kT

�
: (16.39)

Inserting (16.39) into (16.33) leads to

jv D
j0 C eI0

h
1 � exp.�˛dsc/

1C˛Lp

i
� j0 exp

�
� e�
kT

�

1C j0
j0v
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�
� e�
kT

� ; (16.40)

in which 	 D ��sc � ��
0
sc is the overpotential created upon illumination; the new

term jg called the generation current is defined as

jg D j0 C eI0



1 �

exp .�˛dsc/

1C ˛Lp

�
D j0 C jph; (16.41)

where jph is the so-called photocurrent density.
Equation (16.40), though rather complex in form, is of remarkable importance

because it describes the overall charge transfer process via the valence band at a
n-type semiconductor electrode for both anodic and cathodic polarizations. As men-
tioned earlier, j0 represents the generation/recombination rate of holes in the bulk
of the semiconductor and j0 represents the rate of hole transfer at the interface. The
ratio j0

ı
j 0v indicates whether the generation/recombination or the surface kinetics

of the hole transfer is rate determining. If j0
ı
j 0v 
 1, i.e., the rate is controlled by

surface kinetics due to slow hole injection, then

jv D j
0
v

h
exp

� e	
kT

	
� 1

i
C jph

j 0v
j0

exp
�
�

e	
kT

	
; (16.42)

which leads to a constant current �j 0v under high negative polarization in the
dark. If j0

ı
j 0v � 1, i.e., the current is controlled by the generation/recombination

rate, then
jv D j0

h
1 � exp

�
�

e	
kT

	i
C jph: (16.43)

It is straightforward that under high positive polarization, the current levels off to
a constant being the sum of j0 and jph. Since the charge carriers to be transferred
across the interface are minority carriers, j0 is usually of very small magnitude and
depends on material properties such as diffusion coefficient and the diffusion length
of minority carriers, as expressed in (16.30). For instance, using typical values of the
parameters in (16.30) for Si electrodes, the dark current density j0 is found to be in
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the order of 10�12 A cm�2, which is a hardly detectable value. Such small currents
can be considerably enhanced by light excitation. The limiting value is obtained
once all excited minority carriers reach the surface where they are consumed in the
reaction process. However, this is still a simplified analysis of charge transfer at the
illuminated semiconductor–electrolyte interface because, for example, the cathodic
dark current is hitherto assumed to be only due to the injection of holes into the va-
lence band of the n-type semiconductor. More complexities will arise if other effects
such as surface states are introduced, which will not be further discussed here.

16.2.4 Photocatalytic Reactions at Semiconductor Particles

16.2.4.1 Charge Transfer at Semiconductor Particles

In photocatalytic reactions, the essential advantage of using semiconductor particles
is their large surface area. Besides, the photogenerated charge carriers can easily
reach the surface before they recombine, so that a high quantum yield (which will
be defined later) can also be expected. However, two reactions, an oxidation and
a reduction must proceed simultaneously at the same particle surface (otherwise
the particle will be charged up, eventually leading to the termination of the overall
reaction), as presented in Fig. 16.5. The slower process then determines the overall
reaction rate. In this regard, the particle behaves practically as a microelectrode kept
always under open circuit potential with the anodic and cathodic current being equal
in magnitude.

Using larger-sized semiconductor particles, the partial currents in the dark are of
rather limited magnitude under open-circuit conditions, because the majority carrier
(e.g., electrons for a n-type semiconductor) density at the surface is small due to
the depletion layer beneath the electrode surface, as indicated in Fig. 16.5a. In con-
trast, no space charge region is formed in much smaller particles of size d � dsc
(Fig. 16.5b). Upon light excitation, some minority carriers (e.g., holes for n-type ma-
terials) in larger particles are transferred to the electron donor in the solution, which
results in a negative charging of the particle that alleviates the positive space charge.
Accordingly, this event causes a flattening of energy bands (see the dashed line in
Fig. 16.5a), equivalent to a negative shift of the rest potential of a bulk electrode
under illumination.

Using much smaller semiconductor particles .d � dsc/, the photogenerated
electrons and holes can be easily transferred to the surface and react with the elec-
tron and hole acceptors, provided that the energetic requirements are fulfilled. The
average transit time �tr within a particle of diameter d can be obtained by solving
Fick’s diffusion law as

�tr D
d2

4�2D
: (16.44)



384 H. Zhang et al.

Fig. 16.5 Charge-carrier transfer at large (left) and small (right) semiconductor particles in the
presence of an electron donor D and an acceptor A [Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission from Memming (2001)]

Taking typical values of D D 0:1 cm2s�1 and d D 20 nm, the average transit time
is about 1 ps, which is much shorter than the recombination time so that most charge
carriers can reach the surface before recombination.

16.2.4.2 Quantum Size Effect

As mentioned previously, nanosized semiconductor particles have been very popu-
lar as photocatalysts due to their large surface area. Yet the most striking feature of
the semiconductor nanoparticles is the remarkable change in their optical absorp-
tion spectra due to size reduction, compared with the bulk materials (Linsebigler
et al. 1995; Alivisatos 1996a, b). For example, the bandgap of CdS can be tuned
between 2.5 and 4.5 eV as the size is varied from a macroscopic crystal down to
the molecular regime. This interesting phenomenon has been addressed with suc-
cess using the effective mass model. As mentioned earlier, in bulk semiconductors,
light excitation results in the formation of electron–hole pairs, which experience
a Coulomb interaction and can form excitons with usually small binding energy
(<0.03 eV) and large radius. The exciton radius can be calculated based on the Bohr
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radius of an electron in a H atom modified by introducing the dielectric constant of
the semiconductor and its reduced effective mass m� with the latter being given by

m� D

�
1

m�e
C

1

m�h

��1
: (16.45)

Using a “particle in a box” model with an infinite potential drop at the wall as the
boundary condition, and taking into account that the exciton consists of an electron–
hole pair, the Schrödinger equation can be solved yielding the energy of the lowest
excited state (Brus 1983, 1984; Rossetti et al. 1984), i.e., the lower edge of the
conduction band, as

E .R/ D Eg C
h2

8m0m�R2
�
1:8e2

"R
; (16.46)

in whichm0 is the electron mass in vacuum. According to (16.46), when a semicon-
ductor has a reduced effective mass significantly smaller than the free electron mass,
a large variation of its bandgap can be expected. Examples of such semiconductors
are given: CdS (m�e D 0:21m0, m�h D 0:80m0), CdSe (m�e D 0:13m0, m�h D
0:45m0), GaAs (m�e D 0:067m0, m�h D 0:082m0) and ZnO (m�e D 0:24m0,
m�h D 0:45m0) (Bahnemann et al. 1987a; Wong and Searson 1999). There are, how-
ever, semiconductors with larger effective mass due to which quantization does only
occur once particle sizes reach the molecular regime, e.g., in small clusters. One ex-
ample is TiO2 which has been the most intensively studied photocatalyst materials
in the past decades. Experimentally, TiO2 particles synthesized with an average size
between 5 and 20 nm were confirmed to exhibit the bandgap properties of the bulk
solid. However, when the TiO2 particle size is controlled below 3 nm (i.e., corre-
sponding to clusters consisting of a few hundred TiO2 molecules), a quantum size
effect could also be identified indicating a bandgap increase of �0:25 eV (Kormann
et al. 1988). To precisely explore the quantum size effect, it should be emphasized
that the bandgap shifts can only be measured with sufficient precision employ-
ing colloidal suspensions possessing a sufficiently narrow size distribution. Besides
dispersed particles, techniques have also been available for fabrication of semicon-
ductor films consisting of nanocrystalline particles (Wong and Searson 1999). Such
films may exhibit similar quantum-size effects as individual particles, depending on
the effective mass of the semiconductor as just described.

Accompanying the bandgap widening due to reduced particle size, electrons at
the lower edge of the conduction band and holes at the upper edge of the valence
band then possess higher negative and positive potentials, respectively. In conse-
quence, electrons and holes can be expected to have a higher reduction and oxidation
power, respectively, in such quantized particles.

Besides bandgap widening, variation of semiconductor particle size has also
possible interesting consequences on the charge-carrier transfer in photocatalytic
reactions. For instance, differences in the pathways of the photocatalytic reaction
of acetic acid between a system using a TiO2 bulk electrode short-circuited to a Pt
electrode and that using Pt-loaded TiO2 particles provide a very suitable illustration
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of such size-dependent consequences (Kraeutler and Bard 1978). Using spatially
separated electrodes, acetic acid is oxidized by photogenerated holes at the illumi-
nated TiO2 electrode to form CH�3 radicals which then combine with each other
to yield ethane, while H2 evolution is the result at the Pt electrode. Distinctively,
at the Pt-loaded TiO2 particles, a photogenerated electron (most likely trapped at
Pt sites) and a hole are able to reduce a proton and oxidize acetic acid to yield
surface-adsorbed hydrogen Had and a CH�3 radical, respectively. Then at adjacent
TiO2 and Pt sites, methane can be formed due to the reaction between a neighbor-
ing Had and a CH�3. Another interesting consequence of the size effect concerns the
density of photons absorbed by semiconductor particles. Considering two colloidal
suspensions containing semiconductors of different particle sizes and assuming that
all photons are absorbed in both, the time interval between the absorption of two
photons in the smaller-particle suspension can be exceedingly larger than that in the
bigger-particle suspension. This difference can be very influential on those reaction
pathways which require multiple-electron transfer.

16.2.4.3 Photonic Efficiency and Quantum Yield in Photocatalytic Systems

Studies on heterogeneous photocatalysis have been undertaken extensively world-
wide, employing significantly diverse experimental conditions including illumina-
tion, photocatalyst preparation, and reactor design. To allow the comparison of
experimental data between different research laboratories, a unified, unambiguous
definition of the efficiencies of photocatalytic processes is compulsory.

The term photonic efficiency .	/ is defined as the ratio of the rate of a photo-
catalytic reaction (usually the initial rate) to the rate of incident photons entering
the system at a given wavelength interval. This parameter attracts the most attention
for photocatalysis applications in that it does provide a basis for an engineering effi-
ciency. On the other hand, the quantum yield, � is defined as the ratio of the quantity
of reactant molecules consumed or product molecules formed to the quantity of ab-
sorbed photons at a given wavelength. In practice, this ratio is often alternatively
measured by the reaction rate and the absorption rate of the photon flow, i.e., the
volumetric rate corresponding to a given reactant (or product) divided by the rate of
photons absorbed in the system, as given by

� D r=Ia; (16.47)

in which r is the photocatalytic reaction rate and Ia is the absorbed photon flux. The
latter can be obtained from

Ia D I0 � F; (16.48)

in which I0 is the incident photon flux and F is the integrated absorption fraction in
the system over the useful wavelength range calculated as follows:

F D

R �2
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I�T
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�
f�d�

R �2
�1
I�T

F
�
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; (16.49)
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where I� is the relative incident photon flux in the wavelength interval d�; I F
�

is the
transmittance of the filter used in the experiment; and f� is the fraction of photons
absorbed at wavelength � as given by

f� D 1 � T� D 1 � 10
�A� (16.50)

in which T� and A� are the transmittance and absorbance, respectively, of the pho-
tocatalytic system at wavelength �: I0 and F can be determined by actinometry and
spectrophotometry, respectively.

16.3 Materials for Photocatalysis

Thin-film photoelectrodes are needed in photoelectrocatalytic systems to apply a
bias potential, either for the photoelectrode characterization or to facilitate the
photocatalytic reactions. However, to be able to present a more comprehensive view
on the performance of different materials, our subsequent discussions will focus
on particulate semiconductor photocatalysts since the latter have been much more
extensively investigated. Their electronic band structure (i.e., both the bandgap en-
ergy and the positions of CB and VB) is the key factor to determine whether or
not a semiconductor material is suitable for a specific photocatalytic reaction, as
will be demonstrated by reviewing a number of selected metal oxides and cou-
pled/composite materials based on various semiconductors.

16.3.1 Single Semiconductors

16.3.1.1 TiO2

The virtues of TiO2, high photostability (i.e., the resistance to photocorrosion), low
cost, and nontoxicity, have allowed it to be widely used in photocatalytic appli-
cations, including the degradation of organic pollutions in aqueous and gaseous
phases, removal of heavy metals from contaminated waters, hydrogen gas gener-
ation from photocatalytic water splitting, etc. Studies of TiO2 photocatalysis have
been increasingly thriving since the first pioneering articles appeared in the 1970s
(Fujishima and Honda 1972; Frank and Bard 1975, 1977a, b). Anatase and rutile
TiO2 are commonly used as photocatalysts, with anatase showing a higher pho-
tocatalytic activity in most cases (Linsebigler et al. 1995). The difference in their
photocatalytic activity arises from their different lattice structures and electronic
band structures.

It has been generally accepted that upon bandgap illumination of TiO2 particles
the physical events simply proceed as follows: First, electrons are raised into CB
and holes left in VB of TiO2; then a portion of the electrons and holes success-
fully reach the particle surface where subsequent chemical reactions can take place.
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Experimental techniques, such as pulsed laser photolysis and transient absorption
spectroscopy (Bahnemann et al. 1984a; Bahnemann et al. 1984b, 1997), are use-
ful to probe the behavior of photogenerated charge carriers in the degradation of
organic pollutants by aqueous colloidal suspensions of TiO2. Upon pulsed laser ex-
citation, electrons and holes are generated inside a TiO2 particle. Their subsequent
behavior can then be probed by the transient absorption spectroscopy technique.
To do this, it is necessary to identify the absorption bands of electrons and holes.
However, a precise assignment of the electron and hole absorption is rather dif-
ficult because their absorption spectra are very broad and the bands overlap each
other in the visible wavelength range (Bahnemann et al. 1997). Optically transpar-
ent colloidal TiO2 systems are best chosen to investigate the transient absorption
of photogenerated charge carriers. Considerable progress in synthetic methods to
produce extremely small TiO2 clusters (Bahnemann 1993) makes it possible for
such investigations to be carried out under well-defined experimental conditions
(Colombo and Bowman 1995; Serpone et al. 1995).

Detailed spectroscopic investigations on aqueous colloidal TiO2 suspensions
upon bandgap irradiation in the absence of any hole scavengers showed that,
while photogenerated electrons are trapped instantaneously, i.e., on the timescale of
nanoseconds, holes can be trapped in electronically shallow or deep states. Deeply
trapped holes are rather long lived and inactive, while shallowly trapped holes,
which are in a thermally activated equilibrium with free holes, exhibit a very high
oxidation potential as probed by using dichloroacetate .DCA�/ and thiocyanate
.SCN�/ as substrates (Bahnemann et al. 1997). In another recent work by Yoshihara
et al. (2004), the free and trapped electrons and trapped holes were identified em-
ploying transient absorption spectra. Their reactivity was evaluated by transient
absorption spectroscopy in the presence of hole- and electron-scavengers indicat-
ing that the trapped electrons and holes are localized at the surface of the TiO2
particles and the free electrons are distributed in the bulk, as depicted in Fig. 16.6.

The primary cause for the photocatalytic activity of TiO2 is believed to be the
formation of �OH radicals by rapid conversion of photogenerated holes upon con-
tact with the adsorbed H2O molecules on TiO2 according to the following reaction
pathways (Gao et al. 2002; Wang et al. 2003a, 2006a):

Fig. 16.6 Spatial distribution
of photogenerated charge
carriers in TiO2 [Reprinted
with permission from
Yoshihara et al. (2004).
Copyright (2004) American
Chemical Society]
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These highly active �OH radicals are capable of mineralizing most organic pol-
lutant molecules. Oxygen molecules dissolved in H2O, which usually serve as
scavengers of photogenerated electrons, also lead to the formation of �OH radicals.
Other oxidizing routes have also been proposed, including direct oxidation by the
photogenerated holes (Bahnemann et al. 1997; Yoshihara et al. 2004), generation
of oxidizing species from reactions involving intermediates formed in the solution
(Richard and Boule 1995), etc.

Besides colloidal TiO2, various nanosized TiO2 particulate aqueous suspensions
have also been used in photocatalytic degradation of organic molecules such as
methanol (Wang et al. 2002b, 2004a), dichloroacetate, oxalic acid, phenols, dyes,
and other pollutants including herbicides, pesticides, and their derivatives, etc. Com-
mercially available TiO2 products such as Degussa P25 and Sachtleben Hombikat
UV100 have also been studied for different reactions (Wang et al. 2001a, 2002a;
Siemon et al. 2002), with the former being regarded as a model photocatalyst widely
used as a reference to be compared with other photocatalytic materials.

The photocatalytic activity of TiO2 toward a specific reaction depends on both,
its physicochemical properties such as primary particle size, degree of aggre-
gation, surface area, crystalline structures, etc. and external conditions such as
irradiation intensity, pH of the aqueous system, the presence/absence of elec-
tron/hole scavengers, and the bias potential if applied for TiO2 film photoelectrodes.
These factors are often interactively affecting the overall photocatalytic activity
(Hoffmann et al. 1995).

Particle size, degree of aggregation, and surface area determine the adsorption
ability of TiO2 photocatalysts for substrate molecules, which has proven to be
a prerequisite for many photocatalytic reactions to proceed efficiently. Most cur-
rently used and commercially available photocatalyst powders, for example, consist
of nanocrystalline primary particles that are aggregated to form secondary struc-
tures with dimensions in the micrometer range. Aggregation of particles would
inevitably reduce their total surface area exposed to the outer environment, lead-
ing to a lowered photocatalytic activity as observed in many reaction systems. Only
in a certain special agglomerated fashion, i.e., adjacent crystallites are aligned in
a given crystallographic orientation to enable a strong electronic coupling between
the primary particles, can the photocatalytic activity be maintained at a high level
due to the so-called “antenna effect” (Wang et al. 2003a, 2006a). Compared to ran-
domly agglomerated TiO2 particles, a chain of well-aligned particles will act as
the antenna system to transfer the photon energy from the spot of light absorption
to the reaction site since the electron-transfer resistance at the grain boundaries is
considerably reduced in these nanowires formed upon the aggregation of individual
nanoparticles. Based on similar arguments, due to the attraction of both high surface
area (hence high adsorption capacity) and crystallite alignment, mesoporous TiO2



390 H. Zhang et al.

Fig. 16.7 HRTEM micrographs and reconstructed shapes of anatase TiO2 nanoparticles: (a, b)
truncated cube; (c, d) prism [Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission from Feldhoff et al. (2007)]

films with ordered structures have also been actively developed recently as efficient
photocatalysts (Antonelli and Ying 1995; Bach et al. 1998; Yu et al. 2002a, b;
Crepaldi et al. 2003; Tang et al. 2004; Choi et al. 2006; Pan and Lee 2006; Sakatani
et al. 2006). The employed illumination mode can also affect the adsorption property
of TiO2 particles via a deaggregation scheme (Wang et al. 2004a, 2006a), in which
high intensity, e.g., pulsed laser irradiation, induces the deaggregation of particles
through non-adiabatic heat transfer following the electron-hole recombination. This
exposes more surface area for the adsorption of the target molecules that was orig-
inally blocked due to particle–particle aggregation. This deaggregation scheme is
considerably valid since most TiO2 nanoparticles do not exhibit a spherical shape,
as revealed by a high-resolution transmission electron microscopy (HRTEM) study
shown in Fig. 16.7, but possess flat facets upon contact of which the adsorption sites
can be notably reduced in number (Feldhoff et al. 2007).

Consequently, the knowledge of the adsorption behavior of different molecules
onto the TiO2 surface provides more profound insight into the mechanisms of the
corresponding photocatalytic reactions (Blesa et al. 2000; Weisz et al. 2001, 2007;
Mendive et al. 2008). In this regard, Attenuated Total Reflection-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR) serves as a powerful tool to probe the
interactions between the TiO2 surface and organic molecules, e.g. carboxylic acids
(Araujo et al. 2005; Mendive et al. 2005, 2006). For example, three forms of oxalate
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Fig. 16.8 Schematic evolution of the surface composition of oxalates chemisorbed on TiO2 sur-
face during UV illumination [Reprinted from Mendive et al. (2005), Copyright (2005), with
permission from Elsevier]

structures are formed upon chemisorption of oxalic acid on the TiO2 surface in a
low-pH aqueous system, as illustrated in Fig. 16.8, with complex (I) being the most
stable and complex (III) being the least stable one. Sequential ATR-FTIR spectra
of these adsorbed oxalates under UV illumination suggested that the photocatalytic
oxidation of oxalate proceeds through the most stable surface complex, i.e., com-
plex (I) in Fig. 16.8. Complexes (II) and (III) undergo structural rearrangements to
replenish the surface availability of complex (I) during its oxidation.

The pH of the aqueous environment of the TiO2 particles appears to be one of
the most influential external conditions determining their photocatalytic activity.
Apparently, the adsorption behavior of TiO2 surfaces toward ionic species can be
directly modified by changing the pH of the solution: at lower pH, the TiO2 surface
is protonated to be positively charged which favors the adsorption of anionic species
from the solution; at higher pH, the surface is negatively charged thus repelling
anionic species from approaching the surface. On the other hand, the pH also bears
an influence on the levels of energy bands in TiO2. At ambient temperature (298 K),
the flatband potential, Efb, of a single-crystal TiO2 photoelectrode varies with pH
according to

Efb D Efb.pHD0/ � 0:059 pH; (16.54)

where Efb.pHD0/ is the flatband potential of the photoelectrode at 25ıC at pH 0.
In other words, the flatband potential shifts cathodically by 59 mV upon changing
the pH by one unit. The value of Efb.pHD0/ for rutile TiO2 photoelectrodes has
been determined to be 0.06, –0.038, or �0:05 V (vs. NHE) by different researchers.
Particulate TiO2 also exhibits such a Nernstian pH dependence at 25ıC as reported
by Duonghong et al. (1982) using colloidal TiO2 composed mainly of amorphous
and anatase TiO2:

Efb .TiO2 particle/ D � .0:12˙ 0:02/ � 0:059pH .vs. NHE/ : (16.55)

The difference between the Efb.pHD0/ values of particulate and film photoelectrode
TiO2 can, for example, be explained by the different crystal structures of particles
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and electrodes. Anatase particles possess a larger bandgap than rutile particles and
electrodes. As the valence band position appears to be rather insensitive to the
TiO2 lattice structure, this difference is thus reflected in a more negative value of
Efb.pHD0/ of anatase particles than of rutile electrodes. Since the flatband potential
is usually very close to the Fermi level of electrons and the conduction band edge
in n-type TiO2, the pH dependence of Efb also determines the position of the con-
duction band edge, and hence the rate of interfacial electron transfer. Consequently,
reduction reactions initiated by conduction band electrons will be more favored (i.e.,
occur at a higher rate or yield) at high pH values while oxidation processes are fa-
vored at low pH values. Depending upon the desired reactions, the proper choice of
pH will therefore be crucial for the overall process efficiency. Since this so-called
Nerstian behavior is by no means limited to TiO2 but is a general phenomenon of
almost any semiconductor/water interface, the above considerations can readily be
generalized for all of the subsequently described systems.

16.3.1.2 ZnO

ZnO has a similar bandgap to TiO2 as shown in Fig. 16.9 and is expected to exhibit
similar photocatalytic capacity to that of TiO2, provided that this property is largely
dependent on the energy level of CB and VB. Therefore, it has been comparatively
studied with TiO2 concerning its photocatalytic performance (Amalric et al. 1994;
Richard 1994; Yeber et al. 2000; Khodja et al. 2001; Sakthivel et al. 2003;
Daneshvar et al. 2004; Jing et al. 2004b; Seven et al. 2004). The main drawback of
particulate ZnO in an aqueous environment is, however, its chemical instability:

ZnOC 2HCaq • Zn2Caq C H2O (16.56)
ZnOC H2O• Zn .OH/2 (16.57)

Hence, the pH range in which ZnO is found to exist in the stable form is very limited
(Bahnemann et al. 1987a).

ZnO has shown photocatalytic activities toward the reduction or oxidation of
several compounds (Richard et al. 1992; Sakthivel et al. 1999, 2001; Khodja
et al. 2001; Jing et al. 2002, 2004b; Akyol et al. 2004; Chakrabarti and Dutta 2004;
Daneshvar et al. 2004; Yatmaz et al. 2004) including organic dyes and pulp and
paper bleaching effluents, etc. Similar oxidation pathways to those of TiO2 were
confirmed in ZnO photocatalysis, including the formation of �OH radicals as well
as the direct oxidation by photogenerated holes, etc. But the implementation of
ZnO photocatalytic systems has not been as flourishing as TiO2 systems, mainly
due to its unsatisfying photostability. Under prolonged optical irradiation, ZnO suf-
fered from photodecomposition, which is mainly attributed to the oxidation of ZnO
from solid phase into aqueous phase by holes according to the following reaction
(Fujishima et al. 1981):

ZnOC 2hCVB ! Zn2C C
1

2
O2 (16.58)
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Although its photocatalytic application is not as successful as TiO2, ZnO has been
attracting more and more attention in other fields, including sensors (Wan et al.
2004; Ozgur et al. 2005; Pearton et al. 2005), optoelectronics (Wang et al. 2004b),
and field emission units (Studenikin et al. 1998; Li et al. 2000; Kong et al. 2001).

16.3.1.3 SnO2

SnO2 is also an n-type semiconductor with bandgap energy of �3:8 eV, which cor-
responds to an optical absorption edge below 330 nm. However, the CB position of
SnO2 is such that it is incapable of reducing oxygen molecules (Fig. 16.9). There-
fore, in the past, semiconductors of such kind have not been considered as suitable
photocatalysts that can be used individually. On the other hand, such materials may
have an advantage regarding their band structures and can possibly provide another

Fig. 16.9 CB and VB energy levels of several semiconductors. (The semiconductors are in con-
tact with aqueous electrolyte at pH 1. The energy scale is indicated in electron volts using either
the normal hydrogen electrode (NHE) or vacuum level as reference. On the right the standard
potentials of several redox couples are presented against the standard hydrogen electrode poten-
tial.) [Reprinted by permission from Macmillan Publishers Ltd: [Nature] (Grätzel 2001), copyright
(2001)]
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way to serve in photocatalytic systems, i.e., when coupled with other semicon-
ductors with suitable matching of band levels (Vinodgopal and Kamat 1995). This
has been demonstrated in a number of publications (Vinodgopal and Kamat 1995;
Vinodgopal et al. 1996; Wang et al. 2002a; Cun et al. 2004; Zhang et al. 2004) de-
tails of which will be given in Sect. 16.3.2. A much narrower bandgap of 2.53 eV
was also reported for SnO2, corresponding to an absorption edge of 490 nm (Wang
et al. 2002a). Quite recently, an interesting type of SnO2 photocatalyst, nanosized
V-shaped bipods, was reported by Wang and coworkers (Wang et al. 2006b), and the
materials showed a broad photoresponse in the visible region deep up to �550 nm.
This was believed to be due to the presence of oxygen vacancies, together with
abundant surface states.

16.3.1.4 WO3, Fe2O3 and CdS

WO3, Fe2O3, and CdS are jointly discussed in the same section simply because
of their similar and relatively narrow bandgaps, 2.6, 2.1, and 2.25 eV, respectively,
which make them capable of being excited by visible light. Figure 16.9 shows that
the upper edge of the VB of WO3 is close to that of TiO2, which is exceeding the
H2O=O2 oxidation potential. Thus, the photogenerated holes in WO3 upon bandgap
excitation are capable of oxidizing a wide range of compounds. The advantage of
WO3 as a photocatalyst is that the bandgap is only �2:6 eV, which is �0:6 eV
narrower than TiO2. Therefore, more visible light can be harnessed by WO3 from
the sunlight spectrum (Santato et al. 2001). Another virtue of WO3 is its remark-
able photostability in acidic aqueous solutions making it a powerful photocatalyst,
e.g., for the treatment of wastewater contaminated by organic acids (Monllor-Satoca
et al. 2006). For example, formic acid and Rhodamine B have been reported to be
effectively degraded on WO3 photoelectrodes.

Another important application of WO3 is photocatalytic water splitting to pro-
duce hydrogen gas using visible solar light, due to its narrow bandgap. Earlier
studies of the photoelectrochemical behavior of both polycrystalline and monocrys-
talline WO3 provided instructive knowledge for the development of photocatalytic
water-splitting systems (Hodes et al. 1976; Hardee and Bard 1977). The difficulty
in the overall water splitting (both reduction and oxidation of H2O molecules are
to be achieved) by WO3 is that the lower edge of the CB lies below the redox
potential of H2O=H2, as illustrated in Fig. 16.9. This means that the reduction
of water molecules to generate hydrogen gas is thermodynamically unfavorable
(Gissler and Memming 1977). Applying a bias potential to the system can over-
come the energy barrier for the photogenerated electrons to be ejected into the
adsorbed water molecules (Santato et al. 2001). Coupling with other semiconduc-
tor materials (Abe et al. 2005) and doping by metal ions (Hwang et al. 2002;
Hameed et al. 2004) are other alternatives to make use of the oxidation power of
WO3 for water splitting. WO3 also found interesting applications in electrochromic
(Papaefthimiou et al. 2001; Badilescu and Ashrit 2003; Baeck et al. 2003) and pho-
tochromic (Shigesato 1991; Bechinger et al. 1996; Su et al. 1997; Xu et al. 2000;
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Kim et al. 2006b) devices such as large area displays and “smart windows” because
WO3 films can be switched between different optical states under different electro-
chemical or optical conditions. The electrochromic effect is caused by the elec-
trochemical reaction between the WO3 electrode and protons in the electrolyte
solution, under the influence of a bias potential to provide charge carriers (elec-
trons in this case). The electrons can then create color centers by reducing the W6C

species to W5C species. The photochromism effect of WO3 is due to the formation
of an identical absorption band upon light irradiation (Bechinger et al. 1993). This
process is completely reversible by exposing the reduced sample to oxygen gas.

The band structure of ’-Fe2O3 is quite similar to that of WO3, with the VB edge
exceeding the standard redox potential of H2O=O2 and the CB edge being lower
than the standard redox potential of H2=H2O. Upon optical irradiation, the recombi-
nation of the photogenerated charge carriers is reported to be very rapid (within 1 ns)
if no electron or hole scavengers were present in the electrolyte (Faust et al. 1989).
In the presence of appropriate scavengers, however, the holes can function as pow-
erful oxidants, and the electrons as moderately powerful reductants. For example,
S4C species, such as aqueous SO2, HSO3� and SO32� etc., have been shown to
be readily oxidized on the surface of ’-Fe2O3 (Frank and Bard 1977; Leland and
Bard 1987). Using Fe3C as the electron scavengers, ’-Fe2O3 is capable of oxidiz-
ing H2O to evolve oxygen gas (Ohmori et al. 2000). A bias potential can also help
to achieve a total H2O splitting under visible irradiation (Khan and Akikusa 1999).
A number of organic compounds (e.g. salicylic acid (Pal and Sharon 1998), phenols
(Pulgarin and Kiwi 1995), azo dyes, and 2-naphthol (Kawahara et al. 2006)) can also
be photocatalytically degraded on ’-Fe2O3 photocatalysts, either by adding sacrifi-
cial scavengers or through the application of a bias potential, although the efficiency
remains to be improved.

In the area of photoelectrochemistry, CdS has been the most heavily stud-
ied II–VI group semiconductor. It has a higher VB edge as compared with the
above-mentioned metal oxides, as shown in Fig. 16.9. This is because the VBs of
metal oxides are mainly formed by O2p states, while that of CdS is formed by
S2p states. The electronegativity of S is smaller than that of O, resulting in the
different VB positions. Quantum size effects, represented by the markedly differ-
ent properties of materials when their sizes decrease, were often emphasized in
the study of CdS semiconductors. For example, the onset of light absorption by
CdS varies significantly as the particles decrease in size. Moreover, this quantum
size effect can be maintained during the assembly of CdS films from quantum-
sized CdS particles (Hirai et al. 2002; Granot et al. 2004; Baron et al. 2005).
For example, assembly of p-aminothiophenol-capped CdS nanoparticles onto a
p-aminothiophenol-functionalized Au electrode was achieved by electropolymer-
ization, resulting in a flexible charge-carrier behavior upon optical irradiation under
the bias potential (Granot et al. 2004). Chemoselective photocatalytic reduction of
aromatic azides to aromatic amines was recently reported on CdS quantum dots
in the presence of sacrificial electron donors (Warrier et al. 2004). As commonly
seen in other low CB edge semiconductors, CdS also suffers from photocorrosion
by photogenerated holes (Meissner and Memming 1988). Moreover, as reported by
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Meissner et al. (Meissner et al. 1986), there might even be fundamental problems
concerning the principle ability of CdS to form molecular hydrogen from water in
a photoelectrochemical cell based upon the position of its conduction band edge.
This problem has been recently addressed by a new method for the preparation of
CdS electrodes, meanwhile obtaining high photocatalytic activity toward hydrogen
production (Jing and Guo 2006).

16.3.2 Coupled Semiconductors

Coupling between different semiconductors in photocatalytic systems was designed
to alleviate the charge-carrier recombination in individual photoelectrodes. A good
matching of their CB and VB levels can realize a vectorial transfer of photogen-
erated charge carriers from one to the other as illustrated in Fig. 16.10, where the
relative positions of the energy bands of the two particles are shown in terms of en-
ergetic rather than spatial level. After coupling in the shown manner, the energy gap
between corresponding band levels drives the charge carriers from one particle to its
neighbor to form a spatial separation between electrons and holes. But coupling of
semiconductors does not always enhance the charge separation, because the design
of a coupled photoelectrode relies on the band structures of its components, which
are determined by many other factors (e.g. surface area, defect density, crystallinity,
and quantum size effects). More detailed aspects of such coupling effects will be
discussed below for a few examples.

Other than the mutually photosensitive components, coupling between one pho-
tosensitive and another nonsensitive (e.g., very wide bandgap) semiconductor may
also have positive effects on the photocatalytic performance of the sensitive one. For
example, Kisch and Weiss (Weiss et al. 2001; Kisch and Weiss 2002) studied the
SiO2-supported CdS photoelectrode in an organic addition reaction, and found that
the enhanced photocatalytic activity was related to the changes in bandgap and flat-
band potential of CdS, which originates from an electronic semiconductor–support
interaction mediated by [Si]–O–Cd–S bonds.

Fig. 16.10 Coupling two
different semiconductor
particles and charge-carrier
separation
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16.3.2.1 TiO2=WO3

The coupling scheme depicted in Fig. 16.10 has been achieved for WO3=TiO2 pho-
toelectrodes. As shown in an earlier study (Do et al. 1994) concerning the effect
of adding WO3 to TiO2 on the photocatalytic activity of TiO2, the observed en-
hanced photocatalytic degradation of 1,4-dichlorobenzene was explained by the
increased electron transfer from TiO2 to WO3 via the formation of an intermediate
W(V) species, together with the increased surface acidity in the coupled photo-
electrode. Protonated surface hydroxyl groups, and hence the surface acidity, can
promote the electron transfer from the CB of TiO2 to adsorbed oxygen molecules
(Papp et al. 1994). In a study by Kwon et al. (2000), the role of the increased sur-
face acidity due to WO3 addition was confirmed by treating the photocatalytic
reactions on WO3=TiO2 electrodes using the Langmuir–Hinshelwood equation
(Hidaka et al. 1992) as follows:

r D
kKC

1CKC
; (16.59)

where r is the rate of photocatalytic reaction; k is the reaction rate constant only re-
lated to the illumination source, the catalyst activity, and the reaction media, but not
to the structure of the reactants; K represents the equilibrium adsorption constant
and is a function of the reactant molecular structure; and C denotes the concen-
tration of the reactant. The magnitude of k is indicative of the decomposition rate
of the adsorbed organic molecules, which is closely related with the charge-carrier
separation and trapped charge density on the surface. Meanwhile, K represents the
adsorption efficiency of the organic compounds, which is intimately related to the
Lewis surface acidity of the particles. Therefore, the contribution to the enhanced
photocatalytic activity by WO3 incorporation can be divided into two aspects (1)
improved charge-carrier separation and (2) increased surface adsorption affinity.
The authors suggested that under certain circumstances the second might be the
predominant effect. As proposed by Miyaochi et al. (2002) who studied the effect
of layered WO3=TiO2 structures, both the surface hydrophilicity of the top TiO2
layer and the photocatalytic oxidation efficiency for the test molecule methylene
blue were increased, which was also explained by a charge-carrier transfer between
the TiO2 and WO3 layers.

The TiO2=WO3 coupling does not always enhance the photocatalytic activity of
TiO2. For example, too much loading of WO3 shows adverse effects because some
W sites can act as charge recombination centers according to the following scheme
(Keller et al. 2003):

W6C C e�.TiO2/CB !W5C (16.60)

W5CChC
.TiO2/VB !W6C (16.61)

Another negative example was reported to be due to the difference in WO3 crys-
tallinity. Higashimoto et al. (2006) studied two systems of TiO2 coupled with either
amorphous or crystalline WO3. Their bandgap calculations on the two systems
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Fig. 16.11 Energetic diagram of amorphous- and crystalline-WO3=TiO2 [Reprinted from
Higashimoto et al. (2006), Copyright (2006), with permission from Elsevier]

revealed different CB and VB positions of amorphous and crystalline WO3, and
so are the different CB positions between TiO2 and WO3 in the two systems, as
depicted in Fig. 16.11.

The band structures in the crystalline-WO3=TiO2 couple do not favor the sep-
aration but rather the recombination of charge carriers. Although the CB electron
transfer is favored in amorphous-WO3=TiO2, the bandgaps and band edge levels
in WO3 and TiO2 may vary from sample to sample due to different preparation
methods (Miyauchi et al. 2000; Higashimoto et al. 2006). Therefore, the fabrica-
tion of coupled semiconductors with controlled band structure properties is still a
challenging task.

16.3.2.2 TiO2=SnO2

As mentioned in Sect. 16.3.1.3, SnO2 has a very large bandgap (�3:8 eV) and
has been traditionally viewed as a bad candidate for photocatalytic applications.
However, coupling SnO2 with other semiconductors can greatly enhance its pho-
tocatalytic activities for organic pollutants degradation (Bedja and Kamat 1995;
Vinodgopal and Kamat 1995; Vinodgopal et al. 1996; Kamat 1997; Levy et al. 1997;
Hattori et al. 2000; Kanai et al. 2004), especially when an external bias potential is
applied (Vinodgopal and Kamat 1995).
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Vinodgopal and Kamat (1995) reported a very rapid decolorization of acid orange
7 using a coupled SnO2=TiO2 photoelectrode under a bias potential. They ascribed
the enhanced degradation rate as an improved charge separation due to a good
matching in energy levels (ECB for SnO2 D 0 V vs. NHE at pH 7, while for
TiO2ECB D �0:5 V vs. NHE at pH 7). The anodic bias potential was also re-
ported to be responsible for the enhancement in photocatalytic activity by driving
away the electrons into the conduction band of SnO2, thus promoting the oxida-
tion of dye molecules on the TiO2 surface where photogenerated holes are more
abundant. The photoelectrocatalytic degradation of naphthol blue black by a sim-
ilar system (Vinodgopal et al. 1996) again was significantly improved compared
with pure TiO2, due to the enhanced charge separation between TiO2 and SnO2
nanoparticles. As the content of SnO2 was increased, the influence of oxygen
on both the short-circuit photocurrent and the open-circuit photovoltage became
less and less significant, indicating the rapid injections of electrons from TiO2
into SnO2 before recombination with the holes or being scavenged by the oxygen
molecules. A scheme depicting this coupled photoelectrode is shown in Fig. 16.12.
The network of three-dimensionally interconnected nanoparticles of both kinds gen-
erates sufficient contact points between these two kinds of particles and thus a large
SnO2=TiO2 interface.

Another coupling approach is to deposit one type of semiconductor film over
another, thus a clear-cut two-dimensional interface layer will be achieved. Em-
ploying this approach, the charge-carrier transfer between TiO2 and SnO2 was
also confirmed as the dominant factor for the improved photocatalytic activity.
Hattori et al. (2000, 2001) prepared the double-layer SnO2=TiO2 coupled films
(as shown in Fig. 16.13) and studied their photocatalytic activity toward both the
oxidation of formic acid and 1,3,5,7-tetramethylcyclotetrasiloxane and the re-
duction of AgC and bis(2-dipyridyl)disulfide. By comparing the amount of CO2
evolved, the photooxidation of formic acid on the SnO2=TiO2 couple was con-
firmed to occur more efficiently than on pure TiO2 films. The degradation of 1,3,5,
7-tetramethylcyclotetrasiloxane was also more efficient on the coupled SnO2=TiO2
films. On the other hand, photocatalytic reduction processes on the SnO2=TiO2
couple were found to be less efficient than on pure TiO2 films. These results
are unanimously in consistence with the vectorial charge-carrier transfer as pro-
posed earlier (Vinodgopal and Kamat 1995; Vinodgopal et al. 1996). Note that the

Fig. 16.12 Idealized
photoinduced charge
separation in a SnO2=TiO2

semiconductor film
[Reprinted with permission
from Vinodgopal
et al. (1996). Copyright
(1996) American Chemical
Society]
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Fig. 16.13 SnO2 and TiO2=SnO2 deposited on glass substrate (Hattori et al. 2000) (Reproduced
by permission of The Electrochemical Society)

electrode substrates in these studies are nonconducting, therefore electrons trans-
ferred from TiO2 into SnO2 can only exit these layers via the edges of the SnO2
layer in contact with the electrolyte (Hattori et al. 2000).

Shang et al. (2004) also confirmed the positive effect of the coupled semicon-
ductors by the higher photocatalytic degradation of formaldehyde on SnO2=TiO2
bilayers which were compared with pure TiO2. They further studied the effect of
the thickness of the TiO2 layer on the photocatalytic activity of the couple. As the
TiO2 thickness increased, the activity was found to decline, until a similar value as
that of the pure TiO2 film was attained. As the TiO2 layer became thicker, more and
more electrons generated far away from the SnO2=TiO2 interface recombine with
the holes before they can reach the region of the interface in which a gradient can
“pull” them toward the SnO2 CB. The outermost TiO2 region functioned very much
the same way as a pure TiO2 film did. If TiO2 was firstly deposited on the glass sub-
strate, followed by depositing a SnO2 layer over the TiO2 film, the photocatalytic
activity of this couple was much lower than that of the glass/SnO2=TiO2 config-
uration. This again supports the coupling effect in that the electrons in the SnO2
conduction band now cannot be transferred into TiO2 due to the energy barrier. More
complex patterns can also be formed in combining SnO2 and TiO2 layers into a film
photoelectrode (Cao et al. 2001; Kawahara et al. 2001). As shown in Fig. 16.14, a
first layer of SnO2 followed by two layers of TiO2 stripes orthogonal to each other
resulted in much higher activity, as compared with nonpatterned structures.

16.3.2.3 TiO2/CdS

Similar coupling schemes as those described in Sect. 16.3.2.1 can be used for
CdS=TiO2 photoelectrodes. The relative energetic positions of CBs and VBs
between CdS and TiO2 are shown in Fig. 16.15. Both the CB and VB of CdS parti-
cles are higher than their counterparts in the TiO2 particles (Srinivasan et al. 2006).
The smaller bandgap of CdS (�2:5 eV) enables it to absorb visible light to generate
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Fig. 16.14 3D imaging of a cross-patterned SnO2=TiO2 coupled film. (The SnO2 layer was at
the bottom, with two orthogonal TiO2 stripes on top.) [Reprinted with permission from Kawahara
et al. (2001). Copyright (2001) American Chemical Society]
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Fig. 16.15 Band positions in the coupled TiO2/CdS system (Srinivasan et al. 2006)

electrons and holes. Subsequently the electrons will flow from the CB of CdS to the
CB of the adjacent TiO2, leaving the holes behind in the VB of CdS. The enhanced
charge separation under visible-light illumination has made the couple widely used
in the photo(electro)catalytic reactions, e.g., for the degradation of organic pollu-
tants (Kumar and Jain 2001; Yin et al. 2001; Bessekhouad et al. 2004, 2006; Tristao
et al. 2006), in the production of hydrogen gas (So et al. 2004; Jang et al. 2006),
and in visible-light-driven solar cells (Robel et al. 2006), etc.

Studies on the coupling effect between CdS and TiO2 can be traced back to
the early 1980s, when the hydrogen generation via photocatalytic H2S splitting
by CdS was found to be enhanced upon the addition of TiO2 particles (Serpone
et al. 1984). Spanhel et al. (1987) also found a tenfold increase in the quantum yield
for the photoreduction of methylviologen by using coupled CdS=TiO2 particulates.
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Evans et al. (1994) suggested that the CB electron transfer from CdS to TiO2 could
be completed on a timescale of picoseconds, resulting in a significantly slower re-
combination for the charge carriers formed upon light absorption in CdS.

Earlier research on TiO2/CdS couples was mostly limited to colloidal systems,
and CdS was usually the dominant component. Subsequent research started to re-
verse this trend by using CdS as a “sensitizer.” The small amount of CdS dispersed in
TiO2 matrix can absorb visible light, making the coupled photocatalyst sensitive to
visible light. Yu et al. (2003) prepared a CdS-sensitized TiO2 nanocrystalline photo-
catalyst and obtained much higher activity toward the degradation of methylene blue
under visible-light illumination .� > 400 nm/ than with pure TiO2 or pure CdS, re-
spectively, due to the rectified electron transfer from CdS to TiO2, as shown by
the formation of Ti3C observed in electron paramagnetic resonance (EPR) spectra
(Wu et al. 2006). Wang et al. (2006c) prepared a coupled TiO2/CdS hydrogel with
a CdS loading of only about 0.9%. The hydrogel consisted of uniform crystalline
CdS particles (�2 nm in size) well dispersed in TiO2. At this size, the quantum
size effect from CdS could be expected, i.e., the bandgap of CdS was widened
to increase the energy difference between the CBs of CdS and TiO2. Meanwhile,
the coupled semiconductor was still sensitive to visible light for the degradation of
methylene blue under visible light (excitation wavelength longer than 420 nm). The
degradation mainly took place on the TiO2 surface since most of the CdS surface
was covered by the TiO2 matrix.

Another benefit of a such-structured couple is that the surrounding TiO2 ma-
trix can protect the CdS quantum dots against photocorrosion, which has been
a major problem for CdS photocatalysts to be used in aqueous environments
(Bessekhouad et al. 2006). The effects of quantized TiO2 particles were also stud-
ied in TiO2/CdS couples. Sant and Kamat (2002) prepared extremely small TiO2
particles coupled with CdS. The quantum size effects from both TiO2 and CdS
were confirmed by the blue shift of the absorption edges as the size of the parti-
cles decreased. When the TiO2 size came down to 0.5 nm, the bandgap of TiO2 was
widened by 0.85 eV. This in turn shifted the energy of the conduction band edge of
TiO2 by over 0.5 eV toward negative values. Such a shift in CB of TiO2 now cre-
ated an energy barrier for the electron transfer from CdS to TiO2, because the CB
edge of TiO2 had become more negative than that of CdS. This was confirmed by
the CdS emission spectra, i.e., the quenching of CdS emission (the electron transfer
from CdS to TiO2/ could no longer be observed as the TiO2 particle size dropped
to 0.5 nm with CdS size remaining unchanged, as illustrated in Fig. 16.16.

It is straightforward that an adequate physical and electric contact (e.g., an ohmic
contact) between different semiconductors in the coupled semiconductor assembly
is necessary for an effective transfer and hence a significant separation of the charge
carriers. Thus, many efforts have been dedicated in this regard. Jang et al. (2006)
prepared a coupled CdS=TiO2 photocatalyst by coupling CdS nanoparticles with
TiO2 nanosheets to maximize the contact between the two phases. The such-coupled
photocatalyst showed higher activity for hydrogen production and methylene blue
degradation under visible-light illumination .� > 420 nm/ than a physical mixture
of CdS nanoparticles and TiO2 nanorods. Coaxial arrays of TiO2/CdS sheath/core
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Fig. 16.16 Energy level diagram of quantized TiO2/CdS coupled semiconductors [Sant and
Kamat (2002) – Reproduced by permission of the PCCP Owner Societies]

Fig. 16.17 SEM image of TiO2/CdS nanocables prepared by templated liquid-phase deposition
[Reprinted from Hsu et al. (2005), Copyright (2005), with permission from Elsevier]

couples were also prepared to increase the contact interface (Hsu et al. 2005), as
shown in Fig. 16.17. The outer layer of the TiO2 sheath was firstly grown guided by
an anodic aluminum oxide template; then the CdS core was grown within the TiO2
sheath. This coupling mode has been found to be highly favorable for the vectorial
electron transfer between the coaxial CdS and TiO2.
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Fig. 16.18 TiO2/CdSe couple linked by organic molecules: (a) particle–particle; (b) particle–
film [Reprinted with permission from Robel et al. (2006). Copyright (2006) American Chemical
Society]

While the above-mentioned methods tried to couple TiO2 with CdS via a di-
rect contact between hard particles, a “soft” coupling scheme was also proposed.
Robel et al. (2006) used bifunctional organic molecules as the surface modifier to
link up CdSe quantum dots (QDs) with TiO2 nanoparticles, as shown in Fig. 16.18.
The optical absorption properties of the QDs remain unchanged but the emission
yield decreases by �80% when linked to TiO2. This indirectly proved the hypothe-
sis that TiO2 nanoparticles are interacting with the excited CdSe QDs via a vectorial
electron transfer scheme. It should be emphasized that the photoactivity strongly
depends on the physicochemical properties of the coupled semiconductors, such as
the surface area, porosity, adsorption capacity, distribution of the active sites, etc.
Upon coupling, besides the vectorial charge transfer, the original properties of the
components might also be modified. This complicates the comparison of photoac-
tivity before and after coupling. In many cases, only the total photocatalytic activity,
which is a collective performance based on many factors, was studied.

16.3.3 Noble Metal/Semiconductor Composites

Combining noble metals with semiconductor photocatalysts on a nanometer scale
was proposed to enhance the photocatalytic activity due to their different Fermi
levels, characterized by the work function of the metals and the band structure of
the semiconductors. Upon contact, a Schottky barrier (Gao et al. 1991; Schierbaum
et al. 1991; Linsebigler et al. 1995) can be formed between semiconductor and metal
particle, leading to a rectified charge-carrier transfer similar to that in the coupled
semiconductors. As shown in Fig. 16.19, irradiation by photons with higher energy
than the semiconductor bandgap generates electrons in the CB of the semiconduc-
tor, and raises its Fermi level to more negative values (Subramanian et al. 2004).
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Fig. 16.19 Electron transfer and Fermi level shift at the metal/semiconductor interface [Reprinted
with permission from Subramanian et al. (2004). Copyright (2004) American Chemical Society]

Then, the energetic difference at the semiconductor/metal interface drives the elec-
trons from the CB of the semiconductor into the metal nanoparticles. The Fermi
level of the metal is thereby also negatively shifted so that a secondary electron
transfer can occur between the metal and electron acceptors in the redox couples
from the surrounding electrolyte. A large number of reports on nanosized Ag, Au,
and Pt combined with photocatalysts such as TiO2 have indeed shown increased
photoactivity which was hence explained by this effect (Sano et al. 2000; Yu and
Zhao 2000).

16.3.3.1 Ag=TiO2

Photoinduced Charge Transfer in Ag=TiO2

Combination of Ag and TiO2 can be achieved in different manners. For instance, Ag
nanoparticles can be deposited on the TiO2 surface by photoassisted reduc-
tion of AgC ions in aqueous solution under UV illumination (Friedmann
et al. 2007). Ag=TiO2 core/shell structures can also be obtained, for example,
by firstly reducing AgC ions to form an Ag core and hydrolyzing titanium-
(triethanolaminato)isopropoxide to form a TiO2 shell around the Ag particle
(Hirakawa and Kamat 2004, 2005). In the absence of electron scavengers, such
materials have shown the ability to store the photogenerated electrons transferred
from TiO2 to the Ag cores upon UV excitation, as shown in Fig. 16.20. The electron
transfer continued until a Fermi level equilibrium was established between Ag and
TiO2. The shift of the surface plasmon resonance band was used to measure the
number of electrons stored in the Ag core, with an estimation of 66 electrons per
Ag=TiO2 core/shell structure. This electron storage ability shows the importance of
such structures in photon energy conversion by storing electrons during excitation
and delivering them back in the dark. But their photocatalytic activity was limited,
as indicated by C60=C60� probe under UV irradiation (Hirakawa and Kamat 2005).
Similar electron transfer and Fermi level equilibration were also observed in noble
metal/ZnO nanocomposites (Wood et al. 2001).
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Fig. 16.20 Electron accumulation in Ag=TiO2 core–shell particles [Reprinted with permission
from Hirakawa and Kamat (2004). Copyright (2004) American Chemical Society]

Photocatalytic Performance of Ag=TiO2

High photoactivity of Ag=TiO2 nanocomposites has been reported, for exam-
ple, in the decoloration of methyl orange solutions (Yu et al. 2005b). This was
attributed to the multiheterojunctions formed by Ag=TiO2 (anatase), Ag=TiO2
(rutile), anatase/rutile, etc. Although anatase TiO2 has been known to be more ac-
tive than rutile, their coexistence has a positive effect on the photocatalytic activity,
as exemplified by the highly active Degussa P25 with a two-phase formula (Sun
et al. 2003). Ag nanoparticles were also intercalated between TiO2 nanosheets,
and a larger photocurrent can be obtained as compared with pure TiO2 films
(He et al. 2004). This was explained by the enhanced photoelectron conduction be-
tween TiO2 layers due to metallic Ag. Under visible-light irradiation (wavelengths
longer than 470 nm), photooxidation of Rhodamine B by Ag=TiO2 can be achieved
due to the following mechanisms (Sung-Suh et al. 2004) (1) The dye molecules
are photosensitive and can be excited to generate electrons which are then trans-
ferred to the CB of TiO2; (2) TiO2 under visible-light illumination only acts as the
electron acceptor from the excited dye due to its large bandgap; (3) the Ag nanopar-
ticles attract the electrons from the CB of TiO2 due to the Schottky-barrier effect;
and (4) Ag nanoparticles can also act as efficient dye-adsorption sites, where oxidant
species can be formed from electron scavenging by adsorbed oxygen molecules. Un-
der bias potential, Ag=TiO2 thin-film photoelectrodes on ITO glass can efficiently
degrade formic acid. Both, Ag loading and the bias potential are responsible for the
increased activity. Ag not only traps the photoelectrons from TiO2 but also assists
the bias electric field to drive them into the external circuit.

Photocatalytic reduction has also been studied employing Ag=TiO2 nanocom-
posite powders with very small Ag clusters (diameter �1:5 nm) and low Ag
loading (�0:24wt%) prepared by a photoassisted deposition method (Tada
et al. 1999, 2000, 2004). The composite shows very high efficiency toward the
photocatalytic reduction of nitrobenzene and bis(2-dipyridyl)disulfide. The Ag0

nanoclusters attracting the photoelectrons from the CB of TiO2 worked as selective
adsorption/reduction sites for nitrobenzene and bis(2-dipyridyl)disulfide, while the
TiO2 surface with trapped photogenerated holes served as oxidation sites. The high
efficiency for such reactions was explained by the combined effects of selective
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adsorption and rectified charge separation. Photoactivity enhancement was also
observed for the photoreduction of selenate ions by Ag=TiO2 (Tan et al. 2003).
Without Ag, the selenate was firstly reduced by photoelectrons to Se0. Then upon
the exhaustion of selenate in the solution, the as-formed Se0 was further reduced
to H2Se. In the presence of Ag, the selenate was directly reduced to H2Se. The
photoelectrons were thought to be transferred from TiO2 to Se0 via Ag. The accu-
mulation of electrons in Se0 before the exhaustion of Se(VI) led to the reduction of
Se0 to Se2�. It is necessary to take into account the reaction kinetics to elucidate the
mechanism of this photoreduction process, besides thermodynamics considerations
(i.e., the Fermi level differences between TiO2, Ag, Se4C=Se0, Se0=Se2� etc.).

Coexistence of Metallic and Ionic Ag

It is the contact between metallic particles and semiconductors that forms the
Schottky barrier between them, but noble metals do not always exist in the pure
metallic form in these composites. A certain part of the metals can be oxidized to
form ions. Xin et al. (2005) reported three types of silver species, including Ag2O,
AgO, and Ag0, in the Ag=TiO2 composites prepared by a sol–gel method. At lower
Ag loadings (<0.3 mol%), silver mainly exists as Ag2O and AgO; while at higher
loadings (up to 5 mol%), all three types exist with Ag0 being the dominant one.
Ag2O may introduce impurity band levels within the material. The oxygen-related
surface states are multiple due to various valence states of Ag species. Two O1s
peaks from Ag–O and Ag0-adsorbed O were confirmed besides the lattice O, sur-
face bridging O, and the surface hydroxyl O in TiO2. The improved photocatalytic
degradation of Rhodamine B by the Ag=TiO2 indicates that both ionic and metallic
silver can effectively capture the photogenerated electrons and enhance the pho-
toactivity of TiO2. Kumar and Mathur (2004) studied the photooxidation of aniline
using Ag=AgC-loaded TiO2, and also found an improvement in the photoactivity
due to similar reasons.

Photostability of Ag0

Noble metal nanoparticles are expected to undergo morphology transformation
after long time exposure to light (Ah et al. 2000; Stathatos and Lianos 2000;
Einaga et al. 2003; Sun et al. 2003; Kawahara et al. 2005). For example, Ag par-
ticles 40–60 nm in size in water can be fragmented into smaller particles when
exposed to highly energetic laser pulses (Kamat et al. 1998). Photoinduced struc-
tural changes were also observed in Ag nanoparticles deposited on glass (Murakoshi
et al. 2002). Moreover, optical irradiation was used for synthesis purposes to con-
vert Ag nanoparticles into triangular nanoprisms with special optical properties
(Jin et al. 2001). The size- and morphology dependency of the catalytic activ-
ity of nanomaterials has been well emphasized in the literature (Jana et al. 1999;
Pradhan et al. 2001; Roucoux et al. 2002; Narayanan and El-Sayed 2003; Cozzoli
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et al. 2004a). Moreover, the electron or hole scavengers in solution can also affect
the oxidation or reduction of the metals (Subramanian et al. 2003). For example, in a
Ag=TiO2-nanorod composite, the Ag particles diminished upon UV irradiation with
oxygen as electron scavenger in the solution (Cozzoli et al. 2004b). Recognition of
such problems is of great importance in designing high-efficiency nanocomposite
photocatalysts (Zhang and Yu 2005).

Photochromism of Ag=TiO2

Photochromic materials, which change their colors reversibly in response to light,
can be used in smart windows, displays, and memory devices (Yao et al. 1992).
While conventional photochromic materials respond monochromatically, multi-
color photochromism often requires combinations of different materials or fil-
ters. If this can be achieved on a single material, photochromic devices would
find broader applications such as rewritable color copy paper, electronic paper,
and multi-wavelength optical memory (Irie 2000). Tatsuma and coworkers (Ohko
et al. 2003; Naoi et al. 2004, 2005) recently explored an interesting property of
Ag=TiO2 film, as shown in Fig. 16.21. The film color was initially brownish-gray.
Upon visible-light irradiation, it was changed to be identical to the incident light and
could be changed back to brownish-gray under UV light. This multicolor response
arose from the broad absorption of the Ag=TiO2 film ranging from 350 to 700 nm,
due to the diversity in size and morphology of Ag particles, and the high refractive
index of the TiO2 matrix.

16.3.3.2 Au=TiO2

Despite its bulk inertness, Au nanoparticles with diameters smaller than 5 nm
on TiO2 supports have shown high catalytic activity in chemical reactions

Fig. 16.21 Multicolored Ag=TiO2 film [Reprinted by permission from Macmillan Publishers Ltd:
[Nature Materials] (Ohko et al. 2003), copyright (2003)]
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such as low-temperature CO oxidation (Bollinger and Vannice 1996; Grunwaldt
et al. 1999; Lee et al. 2004), water–gas-shift reaction, and epoxidation of propylene
(Hayashi et al. 1998). Au nanoparticles are also able to enhance photocatalytic
reactions if incorporated into photocatalysts like TiO2 (Bamwenda et al. 1995).
For example, Au=TiO2 photoelectrodes under visible-light irradiation generate
photocurrents due to Au surface-plasmon resonance. Photoelectrocatalytic produc-
tion of hydrogen gas using Au=TiO2 film electrodes was also attempted (Zhao
et al. 1996). Different preparation methods such as impregnation, photodeposition,
deposition–precipitation, and sol–gel have been employed to achieve Au=TiO2
composites. Their photoactivity indeed showed a dependency on the preparation
methods. Mechanisms concerning the role of Au nanoparticles were investigated
by the aid of electrochemical, photochemical, and spectroelectrochemical probing
techniques (Nakato et al. 1988; Zhao et al. 1996). For example, due to the stability
of C60� in N2 and the ease to follow its optical absorption at 1,075 nm, C60=C60�

redox couples were used as a convenient probe to determine the Fermi level of
the Au=TiO2 composite system. According to the report by Subramanian et al.
(Jakob et al. 2003; Subramanian et al. 2004), the Fermi level shift in Au/TiO2
composites showed a size dependency (20 mV for 8 nm, 40 mV for 5 nm, and
60 mV for 3 nm Au particles). The influence of Au particle size on the photoelec-
trochemical behavior of the respective Au=TiO2 system was probed by isolating
the individual charge transfer steps as shown in Fig. 16.22. Upon UV irradiation
in the presence of ethanol, photoelectrons were trapped at Ti4C sites in the TiO2
nanoparticle suspension. After addition of Au nanoparticles with controlled size,
the trapped electrons were then transferred to Au, indicated by the decreased blue
coloration. Once C60 was introduced, the electrons trapped at the Au nanoparticles
were further transferred to reduce C60 to form C60� as confirmed by the quantifiable
increase in the 1,075 nm absorption intensity. This probing technique is very helpful
for understanding photoreduction processes on these nanocomposite materials.

Photocatalytic Oxidation by Au=TiO2

Au=TiO2 nanocomposites have shown high activity for photocatalytic degradation
of various organic compounds. Li et al. (Li and Li 2001) studied photooxidation of
methylene blue by Au-loaded TiO2 in aqueous solutions. The high Schottky barrier

Fig. 16.22 Photoelectron
transfer in a Au=TiO2

nanocomposite probed by
C60=C60� couple [Reprinted
with permission from
Subramanian et al. (2004).
Copyright (2004) American
Chemical Society]
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existing between TiO2 and Au nanoparticles facilitated the photoelectron transfer
out of the CB of TiO2 and enhanced the electron/hole separation. Meanwhile, the
existence of ionic AuC and Au3C species served as traps for charge carriers, which
also contributed to the charge separation. Au loadings should be controlled prop-
erly to achieve the optimum performance. This is because Au ionic impurity levels
can also act as charge recombination centers which become relevant, in particu-
lar, at very high Au loadings. A similar tendency was found in Au=TiO2 thin-film
composites with Au deposited over the TiO2 layer via electron beam evaporation
(Arabatzis et al. 2003). Employing these structures, the highest photoactivity for
methyl orange degradation was obtained at a surface Au concentration of about
0:8 �g cm�2. The Au particle size also affected the performance. As the Au concen-
tration increased, its particle size also increased to benefit the photoelectron transfer
because the distance between trapped electrons and remaining holes became larger.
Very high Au loadings, however, resulted in a high coverage of the TiO2 surface
area, leaving a smaller surface exposed for light absorption and methyl orange ad-
sorption. Compared with bare TiO2, enhancement in phenol photodegradation was
also reported on Au=TiO2 thin-film electrodes (Sonawane and Dongare 2006).

Plasmon-Induced Electron Transfer in Au=TiO2

Based on their experimental results concerning ethanol and methanol photooxida-
tion by Au=TiO2 composites under visible-light illumination, Tatsuma et al. (Tian
and Tatsuma 2005) proposed a plasmon-induced charge separation scheme. They
observed a surprising phenomenon, in which the photoelectrons were excited from
Au nanoparticles and transferred to the CB of TiO2 (Wood et al. 2001; Subramanian
et al. 2004). Meanwhile, the oxidized Au species accepted electrons from the donor
molecules present in the solution to recover the charge balance. The process is illus-
trated in Fig. 16.23.

The photocatalytic activity of Au=TiO2 nanocomposites mainly depends on the
effectiveness of electron transfer between Au and TiO2 resulting in an improved
electron–hole separation. The charge transfer behavior is dictated by the specific
electronic structures of both Au and TiO2. The so-called Schottky-barrier effect only
provides the conceptual explanations on how the charge transfer proceeds. Other
factors such as particle sizes, lattice defects, oxygen vacancies, surface states in
both components (Okazaki et al. 2004), and the chemical environment surrounding
the heterojunctions also influence the characteristics of the heterojunctions within
the composite materials.

16.3.3.3 Pt=TiO2

Platinization of semiconductor photocatalysts like TiO2 has become a routine prac-
tice to enhance the photoactivity (Lee and Choi 2004). Pt nanoparticles showed
very fast electron trapping from semiconductor CB upon light excitation (Wood
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Fig. 16.23 Charge separation upon visible-light irradiation on Au=TiO2 [Reprinted with permis-
sion from Tian and Tatsuma (2005). Copyright (2005) American Chemical Society]

et al. 2001). Other factors such as selective adsorption of reactants at the Pt sur-
face may also contribute to the observed activity enhancement. There were also
cases where Pt-loading showed no positive effects on the photocatalytic perfor-
mance (Linsebigler et al. 1996; Keller et al. 2003; Sun et al. 2003). This indicates
that the charge-carrier transfer in a Pt/semiconductor composite is as complicated
as for the Ag and Au counterparts.

Platinized TiO2 has long been used as the photocatalyst for a variety of reactions
(Henglein et al. 1981; Bahnemann et al. 1984b, 1987b; Wang et al. 2004a). The role
of Pt nanocontacts as electron traps was confirmed by transient absorption spectra
analysis of Pt=TiO2 powders (Furube et al. 2001). As shown in Fig. 16.24, in addi-
tion to the normal decay of the transient absorption of the trapped CB electrons in
TiO2 at 600 nm due to the electron/hole recombination following 390-nm excitation,
a new decay component lasting a few picoseconds was observed and interpreted as
the photoelectron migration from TiO2 to Pt. For pure TiO2 samples, no such decay
occurred within 25ps. This clearly proved that the charge-carrier separation can be
enhanced by Pt trapping of the electrons from the CB of TiO2. In consistence with
this mechanism, a recent study (Nakajima et al. 2004a, b) revealed that the pho-
toluminescence of Pt=TiO2 under UV irradiation was blue-shifted upon increasing
the Pt content. The excited electrons accumulated in the Pt particles possess higher
energy, so that the electron/hole recombination emitted shorter-wavelength lumines-
cence, as compared with that of pure TiO2.
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Fig. 16.24 Transient absorption spectra of irradiated TiO2 and Pt=TiO2 [Reprinted from
Furube et al. (2001), Copyright (2001), with permission from Elsevier]

Bahnemann et al. (1984a, b) studied the surface trapping of photoelectrons and
holes in a platinized TiO2 sol and assigned the trapping mode to different scavengers
by laser flash photolysis technique combined with transient absorption spectroscopy.
Anpo et al. (1991) compared the effect of Pt loading on the photoactivity for the hy-
drogenation of CH3C=CH and C3H6 by TiO2 and ZnO, and found that Pt increased
the photoactivity for both catalysts. Electron trapping by adsorbed protons on Pt
may be responsible for this enhancement. A comparative study on photocatalytic
H2 generation between Pt=TiO2 and Au=TiO2 powders suggested that Pt can be a
better trapping site for photoelectrons than Au (Bamwenda et al. 1995). Another
comparison was made between Ag=TiO2, Pt=Ag=TiO2, and Pt=TiO2 catalysts for
the photocatalytic dehydrogenation of 1-propanol (Sclafani and Herrmann 1998).
In Pt=Ag=TiO2, the photoelectrons can be effectively transferred from TiO2 via
Ag to Pt clusters where chemically dissociated hydrogen was adsorbed to gen-
erate H2. Favorable adsorption of reactants on Pt clusters was also confirmed in
the photooxidation of CO (Einaga et al. 2003). Uchida et al. (1998) proposed
a novel configuration of Pt=TiO2 electrodes for the photodegradation of 1,2,4-
trichlorobezene (TCB). As shown in Fig. 16.25, TiO2 and PTFE particles were
firstly deposited together on an ITO substrate via an electrophoretic method. Then
Pt nanoparticles were photodeposited into the TiO2/PTFE matrix. PTFE showed
affinity toward both O2 and TCB, which led to efficient TCB adsorption and photo-
electron consumption for O2 reduction. Pt particles promoted the electron transfer
within the matrix and their reaction with O2 molecules.

Zhao et al. (2002) studied the photodestruction of sulforhodamine-B in Pt=TiO2
suspension under visible light illumination. The electrons excited from dye
molecules were accepted by Pt islands. The accumulated electrons then react with
O2 to form O2�� and subsequently �OH, which ultimately caused the self-destruction
of the dye molecules. Photocatalytic destruction of oxalic acid (Iliev et al. 2006)
and H2 generation (Sreethawong et al. 2006) from aqueous methanol solution
were also promoted by platinizing TiO2. Under anoxic conditions, products from
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Fig. 16.25 Pt-loaded
TiO2-PTFE film
photoelectrode deposited on
ITO glass substrate
[Reprinted from Uchida
et al. (1998), Copyright
(1998), with permission from
Elsevier]

photocatalytic reactions using Pt=TiO2 may be different from those using pure TiO2.
For example, although the reaction rate of alkylamine degradation was increased by
the presence of Pt, some undesirable toxic byproducts were also generated (Lee and
Choi 2004). Quan et al. (2004) reported a synergetic effect on the photoelectrocat-
alytic degradation of 2,4-dichlorophenoxyacetic acid using Pt=TiO2/Ti electrodes.
The degradation efficiency was higher than the sum of individual photocatalytic and
electrochemical efficiencies. Suppression of charge-carrier recombination benefits
from the trapping of photoelectrons by Pt while the charge-carrier separation is
improved by the external bias potential.

16.3.4 Doped Semiconductors

Wide bandgap semiconductor materials have long been serving as active photocat-
alysts. But their main drawback is just this wide bandgap, as this only allows very
limited utilization of solar energy. Accordingly, the red shift of their absorption
edge into the visible-light region has been widely attempted. Sensitization by dye
molecules has shown encouraging results in dye-sensitized solar cells (O’Regan
and Grätzel 1991; Bach et al. 1998; Grätzel 2001; Kay and Grätzel 2002; Wang
et al. 2003b). However, in most photocatalytic systems, the dyes are usually not sta-
ble once the photocatalyst is exposed to bandgap illumination. Another way to shift
the absorption toward the visible region is to dope the semiconductors with ionic
species. Although not all the results were successful, quite a few studies provided
very encouraging results for the development of visible-light-active photocatalysts.
While the light absorption edge could be red-shifted by this type of doping, the pho-
toactivity after doping may not necessarily be improved. The measured absorption
spectra of a photocatalyst is the overlapped results from several absorption bands
of different origins such as intrinsic bulk absorption, surface state absorption, ab-
sorptions from defects, etc. As a result, the absorption by intrabandgap states may
not form sufficiently strong oxidants for certain reactions. The absorption spectra
for a photocatalyst should not be expected to match entirely with the action spectra
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of its photocatalytic performance. Although numerous theoretical and experimental
results concerning doped photocatalysts have already been published, a clear mech-
anistic understanding concerning the role of dopants and the photocatalytic behavior
is far from being established.

16.3.4.1 Nonmetal-Ion Doped Photocatalysts

Earlier studies (Saha and Tompkins 1992; Lee et al. 1995) on anionic doping used
N-containing TiO2 obtained from thermal oxidation of TiN or chemical vapor
deposition with titanium(IV) isopropoxide and nitrous oxide. Other choices of
dopants included C, F, S, P, etc., which have been subject to investigations on opti-
cal absorption, photocatalytic activity, and/or band structure calculations. Nitrogen
has been the most intensively studied nonmetal-ion dopant for TiO2, as can be seen
from the yearly increasing number of publications on N-doped TiO2. Even for this
single dopant, various mechanisms have been proposed to explain its effect on the
light absorption and photoactivity of such-doped TiO2, i.e., the bandgap narrowing
by overlapping between N2p and O2p orbitals (Asahi et al. 2001; Morikawa
et al. 2001), the creation of oxygen vacancies (Ihara et al. 2003; Serpone 2006),
the generation of intrabandgap surface states, or combined effects between them
(Sakthivel and Kisch 2003). A schematic diagram shown in Fig. 16.26 displays
these possible mechanisms (Serpone 2006).

Fig. 16.26 Various schemes of band structure change of: (a) Pure anatase TiO2; (b) Doped-TiO2

with localized dopant levels near the CB and VB edges; (c) Bandgap narrowing due to VB broad-
ening; (d) Localized dopant levels and electronic transitions to the CB; (e) Electronic transitions of
dopant levels near the VB edge to corresponding excited states for Ti3C and FC centers [Reprinted
with permission from Serpone (2006). Copyright (2006) American Chemical Society]
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Fig. 16.27 Total DOSs of doped anatase TiO2 (a) and the projected DOSs into the doped anion
sites (b). The results for N-doping at the interstitial site (Ni-doped) and that at both substitutional
and interstitial sites (NiCs-doped) are also shown [from Asahi et al. (2001); Reprinted with per-
mission from AAAS]

Bandgap Narrowing

Asahi and coworkers (Asahi et al. 2001) published the results from both theoretical
density-of-states (DOS) calculations of the band structures and photocatalytic exper-
iments of nonmetal-ion doped TiO2 in 2001. They claimed that among C, N, F, P,
and S, the most effective substitutional dopant was N for the bandgap narrowing of
TiO2. As shown in Fig. 16.27, the calculated p states from N dopants mix with O2p
states from TiO2 to narrow the bandgap and effectively transfer the photoexcited
charge carriers to the reactive sites at the TiO2 surface within their lifetime. Al-
though doping by S shows a similar bandgap narrowing, the ionic radius of S is too
big to enable it to be substitutionally incorporated into the TiO2 lattice. (This may
not be a serious problem if S-doped TiO2 is prepared by thermal oxidation of TiS2
instead of using S to attack the O in the TiO2 lattice (Takeshita et al. 2006).) The
states introduced by C and P are located energetically too deep with in the bandgap
of TiO2 to promptly transfer the charge carriers to the surface reactive sites.

For the interstitial N doping and substitutional-and-interstitial N doping, calcu-
lations indicate the existence of molecular dopants with bonding states quite similar
to those of NO and N2 molecules. Such dopants give rise to bonding states below
the O2p valence bands and antibonding states deep in the bandgap (Fig. 16.27b,
Ni-doped and NiCs-doped), which hardly interact with the band states of TiO2
and therefore are not effective to transfer the photogenerated charges carriers. This
argument was confirmed by testing the visible-light-driven photocatalytic degrada-
tion of aqueous methylene blue and gaseous acetaldehyde and by XPS analysis of
the atomic-N peak area (corresponding to a binding energy of 396 eV (Saha and
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Tompkins 1992)), because the N-doped TiO2 sample with the highest fraction of
atomic N state (calculated as the area of the 396 eV peak relative to the total area
of the 396, 400 with 402 eV peaks, with the latter two peaks corresponding to the
molecularly chemisorbed states (Saha and Tompkins 1992)) shows the highest pho-
tocatalytic degradation rate. Contrary opinions exist about whether substitutional or
interstitial N-doping is more effective. Diwald et al. (2004) doped TiO2(110) single
crystals with N by an NH3 treatment at 870 K and found that it is the interstitial
nitrogen that was responsible for the red shift of the optical absorption down to a
lower energy.

The work by Asahi et al. initiated a new wave of research aiming to find visible-
light-active photocatalysts based on doped TiO2, which seemed to be able to benefit
from the guidance of theoretical calculations, although their reliability could not
be easily estimated. Umebayashi et al. (2002) found that the mixing of S3p states
with the VB of anatase TiO2 resulted in a bandgap narrowing of S-doped TiO2
which is consistent with Asahi et al.’s results. Based on first principles calculations,
Yamamoto et al. (2004) also obtained a bandgap narrowing of rutile TiO2 induced
by S doping. Based on plane-wave-based pseudopotential density functional theory
calculations, Tian and Liu (2006) presented a similar bandgap narrowing by mixing
O2p with S3p states in a S-doped anatase TiO2. Recently, Wang and Lewis (2006)
re-calculated the band structures of C, N, and S-doped TiO2, showing that their
dopant of choice was C for the development of visible-light-active TiO2-based pho-
tocatalysts, in contrast to the suggestion by Asahi et al. that the energy states induced
by C do not effectively overlap and mix with O2p states. However, despite all these
obvious differences these groups of authors do share a common recognition con-
cerning the bandgap narrowing by mixing the O2p orbitals with the introduced
energy states near the VB edge of TiO2. Experimentally, Umebayashi et al. (2003b)
investigated the optical properties of S-doped anatase TiO2 prepared by annealing
TiS2. The diffuse reflectance spectra showed that the absorption edge was shifted
toward the lower energy region due to the bandgap narrowing by mixing S3p states
with the TiO2 VB. By studying the visible-light-active C-doped TiO2 made from
thermal oxidation of TiC powders, Irie et al. (2003) suggested that the bandgap nar-
rowing could be seen even at a low carbon loading (�0:32%). It is obvious from
these results that considerable hesitation concerning the reliability of theoretical
calculations, aiming for the prediction of the electronic band structures of doped
semiconductors, is most certainly indicated because the predictions of these studies
just do not agree with each other. Moreover, a large number of experiments seem
to prove that it is not by bandgap narrowing but by newly formed localized energy
states that the visible-light absorption of doped TiO2 is enhanced.

Formation of Intrabandgap Energy States

States Close to the Conduction Band Edge

Color centers constitute one type of intrabandgap energy states in semiconductor
materials. Color centers are, for example, formed in a metal oxide upon the loss
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Fig. 16.28 Possible energy
states between the CB and
VB of fluorine-doped TiO2

[Reprinted from Li
et al. (2005), Copyright
(2005), with permission from
Elsevier]

of an oxygen atom; the electron pair that remains trapped at the remaining cavity
gives rise to the formation of a so-called F center; a positively charged FC center is
equivalent to a single electron residing at the oxygen vacancy; the electron-pair de-
ficient oxygen vacancy is referred to as a doubly charged FCC center; the electrons
left in the cavity can also react with adjacent Ti4C ions to yield Ti3C centers (Lu
et al. 2001b; Li et al. 2005a).

In most fluoride .F�/-doped TiO2 photocatalysts, the main reason for the im-
proved light absorption was assigned to the color centers formed upon F� incorpo-
ration. For example, Li et al. (2005b) studied F�-doped TiO2 from spray pyrolysis
of H2TiF6 and found a high photocatalytic activity toward the decomposition of
gaseous acetaldehyde under both UV and visible-light irradiation. XPS analysis re-
vealed two types of color centers in the sample, i.e., the oxygen vacancies with
either two trapped electrons (F centers) or one trapped electron (FC centers). As
indicated in the excitation/emission pathways shown in Fig. 16.28, both types of
color centers form trapped states below the CB edge of TiO2 (0.53 eV for F centers
and 0.84 eV for FC centers, respectively) as deduced from the photoluminescence
spectra. Ho and coworkers (Ho et al. 2006) prepared hierarchical-structured F�-
doped TiO2 nanospheres exhibiting visible-light photoactivity which was also ex-
plained by the extrinsic absorption resulting from the color centers formed upon
F�-doping. Ihara et al. (2003) prepared a N-doped TiO2 photocatalyst by calcina-
tion of the hydrolysis products of Ti .SO4/2 with ammonia. The resulting powder
showed visible-light absorption between 400 and 550 nm that was interpreted as be-
ing due to the creation of oxygen vacancies preferably at the grain boundaries of
TiO2. These oxygen vacancies will in turn reduce both, cation charge and coordina-
tion number, leading to localized states between the CB and the VB of TiO2 (without
pinning their positions) and thus allowing excitation pathways to be initiated with
subbandgap energy (Bilmes et al. 2000). Lin et al. (2005) quantified the position of
the donor states introduced by oxygen vacancies by theoretical calculations, as be-
ing localized at 0.15–0.30 eV below the CB edge. Martyanov et al. (2004) prepared
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oxygen-deficient TiO2 by annealing TiO and Ti2O3 powders under O2 atmosphere.
In this way, the interference from N-doping on oxygen vacancies could be excluded
since no N was involved in the preparation of TiO2.

Oxygen vacancies were also attributed as being responsible for the visible-light-
activity of C- and S-doped TiO2. Li et al. (2005c) prepared C-doped titania by
carbonization of anatase TiO2, and the product showed optical absorption bands
up to 700 nm and much higher photooxidation activity for gas-phase benzene than
pure TiO2 under artificial solar irradiation. These observations were explained by
the presence of oxygen vacancies and the formation of Ti3C levels between the CB
and VB. Yu and coworkers (Yu et al. 2005a) observed considerable antibacterial
photoactivity of S-doped TiO2 for killing bacteria under visible-light illumination
that was explained by the formation of intrabandgap S6C states close to the CB
edge of TiO2. Ohno et al. (2003, 2004) proposed that sulfur incorporated into the
TiO2 lattice mainly substitutes Ti4C with S4C based on XPS analysis. (The S6C

peaks found in their XPS spectra were claimed to be sulfuric acid adsorbed on the
TiO2 surface.) First-principles calculations carried out by Ohno et al. indicate the
formation of S4C states near the CB edge of TiO2 that account for the visible-light
absorption and photoactivity for 2-propanol decomposition. Note that S dopants
do not always substitute Ti with the specific doping mode depending largely on
the methods of preparation (Ohno et al. 2004; Takeshita et al. 2006). Theoretical
calculations also showed that oxygen vacancies in TiO2 lattices are also able to ac-
commodate S atoms (Rodriguez et al. 2001). Visible-light-active P-doped TiO2 was
also prepared and it was reported that phosphorus atoms exist in their pentavalent
form and act as impurity levels to trap photogenerated electrons (Shi et al. 2006).
Based on the common features reported for most doped TiO2 photocatalysts, i.e.,
the formation of oxygen vacancies and color centers that are inevitably due to a
partial reduction of TiO2 at a certain point during the preparations of the materials,
Serpone (Kuznetsov and Serpone 2006; Serpone 2006) argued that the red-shift of
the absorption edge is indeed caused by such color centers (Fig. 16.26e).

States Close to the Valence Band Edge

Theoretical calculations by Lin et al. (2005) suggested that N-doping did not nar-
row the bandgap of TiO2 by mixing O2p with N2p orbitals, even at much higher
N concentrations than those used by Asahi et al. (2001). Instead, their calculations
predicted that the N2p states are localized near the top of the VB of TiO2. Only at
very high dopant levels (�20%) would the N2p states mix with the O2p orbitals,
leading to a bandgap narrowing. However, in practice, too much N loading results
in the formation of TiN, which is not transparent in the visible region. Moreover,
it is questionable whether or not a semiconductor can maintain its chemical and
electronic structural integrity after incorporating a large amount of foreign dopants
(Serpone 2006). The highest experimentally achieved N loading in TiO2 was re-
ported to be 8% (Ma et al. 2005), which is far below the amount required for a
bandgap narrowing as calculated by Lin et al. While the dopant loading is pertinent
to the properties of the doped materials, their distribution within the materials, which



16 Environmental Photo(electro)catalysis: Principles and Applied Catalysts 419

is closely related to the preparation methods, should never be ignored. As shown by
Takeshita and coworkers (Takeshita et al. 2006), even with similar sulfur loadings in
TiO2, different distribution of S resulted in significant differences in their photoac-
tivity under visible-light illumination. Di Valentin et al. (2005) conducted density
functional theory (DFT) calculations revealing that besides the substitutional N2p
states, states formed by interstitial N are located higher than substitutional N2p
states above the VB edge and are expected to also contribute to the red-shift of the
absorption edge. However, these interstitial N dopants might behave as strong hole
trapping sites thus reducing the direct oxidizing power of doped TiO2 (Mrowetz
et al. 2004).

Theoretical calculation results predicting localized states above the VB edge have
been confirmed by some photocatalytic experiments using N-doped TiO2 photoelec-
trodes. Nakamura et al. (2004) determined the mid-bandgap surface state positions
by studying the photooxidation of various hole scavengers (e.g., SCN�, Br�; I�

etc.) with unique oxidation potentials, under both UV and visible-light irradiation.
The estimated energy levels of the surface states are shown in Fig. 16.29. Hence,
the possibility of a bandgap narrowing resulting from an overlapping between O2p
and N2p orbitals was excluded by the observed oxidizing power variation of the
photogenerated holes under different irradiation conditions.

Miyauchi et al. (2004) supported this conclusion by testing the photoactivity
of N-doped TiO2 under visible-light illumination. They compared the photocat-
alytic decomposition of 1-propanol under UV and visible-light illumination, and
found that the reaction rate under UV irradiation is much higher than that under
visible-light illumination. If the visible-light activity of N-doped TiO2 were due to
the mixing of N2p with O2p levels, then the photoactivity should not differ much
under these different irradiation conditions. However, the quantum yield (defined

Fig. 16.29 Band structure of N-doped TiO2 with the oxidation potentials of a few redox couples
[Reprinted with permission from Nakamura et al. (2004). Copyright (2004) American Chemical
Society]
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Fig. 16.30 i � V characteristics of pure TiO2 (a) and N-doped TiO2 (b) irradiated by white light
[Reprinted with permission from Lindgren et al. (2003). Copyright (2003) American Chemical
Society]

as the number of oxidized 1-propanol molecules per absorbed photon) of N-doped
TiO2 is lower than that of pure TiO2 under UV irradiation. This suggested a negative
effect of N-doping, i.e., the energy states formed by doping acted as the recombina-
tion centers for electrons and holes and should thus be located in the mid-bandgap
region between VB and CB.

The possible role of dopant species as recombination centers was also confirmed
by other researchers. Lindgren et al. (2003) studied the photoelectrochemical i–V
characteristics of a N-doped TiO2 film electrode under modulated irradiation. As
shown in Fig. 16.30, white light hardly caused any photoresponse for the undoped
TiO2 film electrode (Fig. 16.30a), whereas there was an obvious photoresponse with
the N-doped TiO2 (Fig. 16.30b). Pronounced photocurrent transients could be seen
in a wide bias-potential range around the photocurrent onset, indicated by the circle
in Fig. 16.30b. The transients together with the nearly linear increase of the pho-
tocurrent under positive bias-potential are typical indicators for a high electron/hole
recombination rate under stable irradiation.

Sakthivel and Kisch (2003) prepared nitrogen-doped (0.08–0.13 wt%) titania by
hydrolysis of TiCl4 with nitrogen-containing bases, followed by a 400ıC calcina-
tion in air. Diffuse reflectance spectra showed that the thus prepared catalyst could
absorb visible light (wavelength between 400 and 520 nm). The bandgap energy
of the doped TiO2 was estimated to be 3.12 eV by plotting the modified Kubelka–
Munk function as a function of the photon energies. This bandgap is slightly smaller
than that of pure anatase TiO2 and was ascribed to a bandgap narrowing due to a
modest anodic shift of the CB edge. Since the light absorption edge was 520 nm
(2.39 eV, which is much smaller than 3.12 eV), the authors proposed that some lo-
calized energy states above the VB edge must exist. The positions of these states
were determined by measuring the wavelength dependence of the photooxidation
of different charge-carrier scavengers. The final band structure suggested by these
authors is shown in Fig. 16.31.
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Fig. 16.31 Electrochemical potentials (vs. NHE) for band edges, surface states (shaded areas)
and oxygen reduction at pH 7 for TiO2 and N-doped TiO2 [Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission from Sakthivel and Kisch (2003)]

16.3.4.2 Metal-Ion-Doped Photocatalysts

In metal-ion-doped semiconductors, there are also two different positions that the
dopant ions can occupy in the semiconductor lattice, i.e., substitutional and intersti-
tial. If the ionic radius of the dopant is similar to that of the matrix cation, the dopant
will conveniently take the substitutional mode; if the dopant radius is much smaller
than the matrix cation, interstitial doping is also possible (Serpone et al. 1994).
Some studies even suggest that the interstitial doping is possible for dopant ions
larger than the matrix cation (Shah et al. 2002). Note that the dopant ions should
be within an appropriate concentration to exclude a phase separation between the
dopant and the matrix (Wang et al. 2001b; Miyake and Kozuka 2005). Compared
with the valence states of the matrix cations, cationic dopants can be divided into
two categories: those with valence states higher than those of the matrix cations and
those with valence states which are lower than those of the matrix cations. In the
TiO2 matrix, these two types of dopants behave in distinctly different ways, i.e.,
the higher-valence dopants act as electron donors and are therefore called n-type
dopants, while the lower-valence dopants act as electron acceptors and are called
p-type dopants.

Transition metal dopants influence wide bandgap semiconductor photocatalysts
with at least two effects (Karakitsou and Verykios 1993; Serpone et al. 1994): chang-
ing the bulk electronic structure of the matrix semiconductor [resulting in, e.g.,
changes in the position of the Fermi level, the formation of new energy levels by the
interaction of the dopant with the matrix lattice, changes of the electron conductivity
within the matrix semiconductor (Bally et al. 1998; Sharma and Bhatnagar 1999)]
and/or modification of the surface properties. The latter can be linked with the varia-
tions of the thickness of the space charge layer, changes in the concentration of sur-
face states, and the initiation of photocorrosion processes (Wilke and Breuer 1999;
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Carp et al. 2004). Earlier studies focused on metal-ion-doped photocatalysts can
be traced back to the 1980s (Grätzel and Howe 1990). Electron paramagnetic reso-
nance (EPR) was applied by these authors to study the doped TiO2 to discriminate
the various doping modes in both anatase and rutile TiO2. Since then, doping of
photocatalysts with metal ions has been investigated extensively with the conse-
quence that nearly all metals in the periodic table of elements have been tried as
dopants (Kikkawa et al. 1991; Karakitsou and Verykios 1993; Serpone et al. 1994;
Litter and Navio 1996; Ranjit Viswanathan 1997; Navio et al. 1998, 1999; Wilke
and Breuer 1999; Iwasaki et al. 2000; Wang et al. 1999, 2000a, b, 2004a, c; Yu
and Zhao 2000; Gesenhues 2001; Klosek and Raftery 2001; Di Paola et al. 2002;
Xu et al. 2002; Yu et al. 2002b, 2006; Yuan et al. 2002; Zheng et al. 2003;
Arana et al. 2004; Cao et al. 2004; Jing et al. 2004a, 2005; Yang et al. 2004; Kim
et al. 2005, 2006a; Sahoo et al. 2005; Bettinelli et al. 2006; Colmenares et al. 2006;
Colon et al. 2006; Ha et al. 2006; Lee et al. 2006; Mohamed and Al-Esaimi 2006;
Ohno et al. 2006; Tsuge et al. 2006). For this section, only some mechanistic prin-
ciples and a few examples based on doped-TiO2 have been selected to illustrate the
influence of metal-ion dopants on photocatalysts.

Formation of New Energy Levels

Upon metal-ion doping, new energy states can be formed either within or beyond
the bandgap of semiconductors. The diagram in Fig. 16.32 qualitatively provides a
scenario illustrating where the dopant levels could be within the energy diagram of
a metal-ion-doped TiO2 (Serpone et al. 1994).

For Cr and Fe ions, their most frequently employed valence states are Cr3C and
Fe3C, respectively. If these cations are incorporated into the TiO2 lattice by sub-
stituting Ti4C cations, the electroneutrality as a whole requires the simultaneous
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Fig. 16.32 Energy states in TiO2 after being doped by Fe, Cr and V ions [Reprinted with permis-
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formation of oxygen vacancies, the amount of which should be equal to half of
the substitutional trivalent cation dopants incorporated at Ti4C sites, as shown in
(16.62):

M2O3 ! 2jMIIIj0Ti C V��0 C 3O0 (16.62)

where M refers to the corresponding metals (Fe or Cr); V��0 represents the oxygen
vacancy, the energy level of which lies slightly below the CB edge as shown in
Fig. 16.32; O0 denotes the oxygen atom at its normal lattice site. Consequently,
only a fraction of the dopant centers will have a full-coordination sphere of lattice
oxygen atoms, while the other dopant centers are in the position of having an oxygen
vacancy at the nearest neighbor site. Similarly, for pentavalent dopants such as V5C,
the following equation holds:

2M2O5 ! 4jMj5�Ti C 5V4
0

Ti C 10O0 (16.63)

where V4
0

Ti represents cation vacancies which are good hole acceptors (as shown in
Fig. 16.32, after excitation holes in the VB can be trapped at these sites to form VTi

000

and VTi
00 states above the VB edge); jMj5�Ti denotes the defect sites which are good

electron acceptors (upon acceptance of one or two photoelectrons, V4C and V3C

states can be formed within the bandgap).

Increase of Visible-Light Absorption

Due to the formation of intrabandgap energy levels, the light absorption edge can be
red-shifted by electronic transitions from the VB to these levels and/or from these
levels to the CB. For Cr3C-doped TiO2, both the Cr3C states and the visible-light
activity were confirmed by many research groups (Karvinen 2003; Umebayashi
et al. 2003; Osterwalder et al. 2005). Zhu et al. (2006) prepared Cr3C-doped TiO2
by a sol–gel/hydrothermal procedure, and observed visible-light absorption at a
doping level between 0.15 and 0.30%. An absorption shoulder at around 450 nm
was ascribed to the excitation of Cr3C resulting in generation of CB electrons.
Lu and coworkers (Lu et al. 2001a) prepared Cr3C-doped TiO2 by a diffusion-
doping-sensitization technique. Their products showed an absorption edge at around
750 nm. Ghicov et al. (2007) recently reported enhanced visible-light absorption up
to 520 nm by TiO2 nanotubes doped with Cr3C by ion implantation. Although a
certain amount of defects was created during ion implantation that could potentially
act as recombination centers, such adverse effect could be minimized by reanneal-
ing the doped TiO2 samples. Umebayashi et al. (2003) also reported that Cr-dopant
levels appeared close to the VB edge of TiO2 following the material preparation by
an ion implantation method.

For Fe3C-doped TiO2, the red shift of the absorption edge was ascribed to the
excitation of 3d -Fe3C electrons to the CB of TiO2 (Litter and Navio 1996), or
the charge transfer between dopant ions (Fe2C and Fe4C/ via the CB. Wang and
coworkers (Wang et al. 2000a, 2003a, 2006a, d) described a sol–gel method to
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prepare Fe(III)-doped TiO2 nanopowders with high uniformity of Fe(III) distri-
bution throughout the TiO2 matrix, which was considered to be responsible for
the high quantum efficiency of the materials in the photocatalytic oxidation of
methanol to form formaldehyde. Yamashita and coworkers (Yamashita et al. 2003)
prepared iron-doped TiO2 by ion implantation exhibiting visible-light absorption
up to 600 nm. Jeong et al. (2005) observed a red shift in the absorption edge
of Fe-doped TiO2 films deposited on glass substrates. Zhou et al. (2006) pre-
pared mesoporous Fe-doped TiO2 powders and found that the absorption was
red-shifted as the dopant concentration increased from 0.05 to 0.25 at.%. Zhang
and coworkers (Zhang et al. 2006) prepared Fe-doped TiO2 supported on activated
carbon which also showed a red shift in its light absorption edge. Very recently,
Wang et al. (2006d) demonstrated that Fe3C-doped TiO2 nanopowders prepared by
plasma oxidative pyrolysis could degrade methyl orange under visible-light irradia-
tion. Nahar et al. (2006) prepared Fe-doped TiO2 by calcination of FexTiS2 (x was
varied from 0.002 to 0.01). The material was able to photocatalytically degrade
phenol under visible-light illumination (405–436 nm). Teoh et al. (2007) prepared
Fe-doped TiO2 by flame spray pyrolysis which showed considerable activity to-
ward the degradation of oxalic acid under visible-light illumination above 400 nm.
Other metal (e.g. Mn (Dvoranova et al. 2002); V, Co (Gracia et al. 2004); Ni (Jing
et al. 2005; Kim et al. 2006a); Mg (Hwang et al. 2002); and Pt (Zang et al. 1998;
Macyk et al. 2003; Kim et al. 2005)) ion-doped photocatalysts were also found to
exhibit visible-light activities. Although quite a large number of examples exist in
the literature of materials exhibiting enhanced light-absorption properties, it should
be pointed out that the absorption of light is a necessary yet not sufficient condition
to promote the photocatalytic activity (Gracia et al. 2004).

Changing the Lifetime of Charge Carriers and Photoactivity

Metal-ion dopants can greatly alter the lifetime of photogenerated charge carriers,
and thus the photocatalytic activities. At appropriate concentrations, the dopants
can selectively trap one charge carrier thus allowing the other one to reach the par-
ticle surface to be able to take part in the desired redox reactions. For example,
Grätzel and Howe (1990) demonstrated by electron paramagnetic resonance mea-
surements that doping of colloidal TiO2 particles with Fe3C and V4C resulted in a
drastic augmentation in the lifetime of the photogenerated electron/hole pairs upon
bandgap irradiation, which would recombine within a few nanoseconds without
these dopants. Quite a few photocatalytic activity measurements for metal-ion-
doped TiO2 also confirmed the enhancement of charge-carrier lifetime and the
corresponding photocatalytic activity (Sakthivel et al. 2004; Yu et al. 2006).

On the other hand, the dopant ions can also act as recombination centers for pho-
toelectrons and holes thus decreasing the photocatalytic performance (Dvoranova
et al. 2002). The frequently reported decrease in photoactivity of metal-ion-doped
TiO2 with increasing dopant concentration above a certain doping level is a good
illustration of this phenomenon. In fact, visible-light photoactivity could hardly be
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observed for a Fe3C-doped TiO2 at a Fe loading of 10 wt%, although the visible-
light absorption was very considerable. Radecka et al. (2004) studied the photoelec-
trochemical behavior of Cr3C-doped TiO2 electrodes and found that the addition
of Cr3C led to an increase in the recombination of photogenerated charge carriers,
and therefore the energy conversion efficiency for the doped electrodes was lower
than that of an undoped TiO2 electrode. Wilke and Breuer (1999) examined the rela-
tionship between dopant concentration, charge-carrier lifetime, and photocatalytic
performance of Cr3C- and Mo5C-doped TiO2. Their study revealed that for both
Cr3C- and Mo5C-doped TiO2, the lifetime of the charge carriers was drastically
decreased from about 90�s for pure TiO2 down to about 25�s at a dopant concen-
tration of 1 at.%. Meanwhile, the photocatalytic activity decreased to a low level
with dopant concentrations below 1 at.% for both systems. This was ascribed to the
substitutional doping by the cations which act as recombination centers. Wang and
coworkers (Wang et al. 2006d) studied the photodegradation of methyl orange by
both pure and Fe3C-doped TiO2 nanopowders under UV irradiation, and found that
the photoactivity of the former is higher than that of the latter, which was explained
by the more serious recombination loss of charge carriers in Fe3C-doped TiO2.

All the examples given above are seemingly suggesting that a direct relationship
exists between the charge-carrier lifetime and the photoactivity for metal-ion-doped
photocatalysts. The longer the lifetime, the higher the photoactivity. However,
such a statement should not be generalized because the relationship between the
charge-carrier lifetime and the photoactivity is not straightforward and unambigu-
ous. As pointed out by Bahnemann and coworkers (Bahnemann et al. 1997), photo-
generated holes could be trapped either deeply or shallowly. Those deeply trapped
holes which were rather long lived exhibited almost no activity, i.e., they were not
able to oxidize dichloroacetate (DCA�/. Shallowly trapped holes, on the other hand,
were able to oxidize DCA� almost instantaneously

�
t1=2 < 5 �s

�
. Moreover, there

are also other effects caused by metal-ion doping on the photoactivity of catalysts,
such as change of the surface hydrophilicity (Yu et al. 2005c; Arpac et al. 2007),
change of the adsorption ability toward reactant molecules, shifting of Fermi levels
(Karakitsou and Verykios 1993), change of the thickness of the space charge region
near the surface, and induction of crystalline phase transitions within the catalysts
(Gracia et al. 2004). Sometimes these factors may exhibit opposite effects when
being present simultaneously (Ranjit and Viswanathan 1997; Yu et al. 2005c).

Although in this review the different ways to increase the efficiency of photocat-
alysts, e.g., coupled semiconductors, deposition of noble metals, and doping, have
been discussed separately, these techniques can also be combined to achieve syner-
getic effects in improving the photocatalytic performance. In a recent report, Tada
et al. (2006) showed that an Au=TiO2 photocatalyst was capable to effectively pho-
toreduce elemental S to S2� in an aqueous environment (Kiyonaga et al. 2006).
Based on this finding, the authors prepared an Au=CdS=TiO2 nanocomposite pho-
tocatalyst by the selective deposition of CdS on Au deposited on the surface of TiO2
nanoparticles. Convincing evidence was presented that a vectorial electron transfer
takes place from TiO2 via-Au-to CdS under irradiation, as a result of the simulta-
neous excitation of CdS and TiO2. Under these reaction conditions the CdS surface
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was found to predominantly function as the reductive site leaving the exposed TiO2
surface as the oxidizing site, as probed by the photodeposition of Pt metal selectively
on the CdS surface. This observation is in clear contrast to the simple electrochemi-
cal picture in which according to the energetic positions of CB and VB in TiO2 and
CdS (cf. Fig. 16.9), the former should be the place for the reduction processes and
the latter for the oxidation reactions.

16.4 Concluding Remarks

The photocatalytic oxidation of mainly organic pollutants in water and air as one
of the advanced oxidation processes has been proven to be an effective technique
for environmental remediation. To develop efficient photocatalytic systems, high-
quality semiconductor-based materials have been actively studied in recent years.
Among a wide spectrum of semiconductors, TiO2 has attracted significant atten-
tion over the past decades due to its excellent performance as photocatalysts under
UV-light irradiation. The maturity in synthesis methods for various nanostruc-
tures based on TiO2 allows further enhancement of its photocatalytic performance.
Considerable efforts have also been devoted to developing visible-light-sensitive
materials to extend the usable solar energy spectrum into the longer-wavelength re-
gion. Although the photocatalysts reviewed here only cover a small portion of the
whole range of applicable materials, both theoretical and experimental evidence has
been accumulated to support that such materials can serve as the basis upon which
highly efficient photocatalysts for solar energy utilization can be developed.
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Chapter 17
Solar Disinfection of Water by TiO2

Photoassisted Processes: Physicochemical,
Biological, and Engineering Aspects

Angela Guiovana Rincón and Cesar Pulgarin

17.1 Introduction

The most common used techniques for water disinfection are chlorination, heating,
and ozonation. The negative effect of chlorination is the appearance of tri-
halomethanes (THMs) as by-products of its reaction with organic matter (Cooper
et al. 1993). It also gives drinking water an unpleasant taste (Mercalf 2005). When
used for irrigation, chlorine is often phytotoxic. Other methods, e.g., ozonation, are
either moderately expensive or involve high consumption of energy that is usually
not sustainably produced. In this respect, the use of solar energy as an alternative to
chlorination has recently been explored because this technology could be economi-
cally viable for communities in regions with a high of sunlight radiation. The bacte-
ricidal effect of sunlight has been known for many years (Whitelam and Codd 1985).

Sunlight is able to inactivate microorganisms due to the synergistic effect of the
UV and IR parts of sunlight. The main type of UV-B-induced DNA lesions con-
sists in the formation of dimeric pyrimidine photoproducts cause inhibition of DNA
replication and also bacterial mutations (Britt 1996).

The practical use of solar disinfection in drinking water was first studied by Acra
et al., who filled polyethylene bags with water before exposing them to full sun-
light. Recently, a review of solar disinfection used as a water treatment method has
been published (Reed 2004).

The disinfecting effect of solar light can be enhanced by addition of a catalyst and
the generated system belongs to the group of advanced oxidation processes (AOPs).
AOPs could be an attractive alternative for the treatment of contaminated ground,
surface, and wastewaters containing hardly biodegradable anthropogenic sub-
stances as well as for the purification and disinfection of drinking water (Hoffmann
et al. 1995). Although AOPs use different reacting systems, all are characterized by
the same chemical feature: production of �OH radical (Hoigne 1997). Photoinduced
AOP can be roughly divided into heterogeneous and homogeneous processes.
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In the case of heterogeneous photocatalytic oxidation via TiO2, when the TiO2
semiconductor is suspended in water and irradiated with near UV (� < 385 nm),
the absorption of one UV photon generates electron/hole pairs .eCB�=hvBC/ sepa-
rated in the conduction band (CB) and the valence band (VB) of the semiconductor,
respectively. �OH radicals are generated by the reaction of holes and electrons, re-
spectively with donors and acceptors of electrons [(17.1)–(17.7)]. The �OH radical
is highly toxic toward microorganisms and very reactive in the oxidation of organic
substances. Therefore, the solar photocatalytic treatment could not only become a
disinfecting method but also an efficient way to degrade organic matter. Reduction
of the amount of organic matter present in drinking water sources makes chlorinated
drinking water harmless for human consumption.

TiO2 C hv! TiO2.e� C hC/ (17.1)

TiO2.hC/C RXad ! TiO2 C RXad
�C (17.2)

TiO2.hC/C H2Oad ! TiO2 C �OHad C HC (17.3)

TiO2.hC/C� OHad ! TiO2 C �OHad (17.4)
TiO2.e�/C O2 ! TiO2 C O2�� (17.5)

O2�� C HC ! HO2� (17.6)
O2�� C HO2� ! �OHC O2 C H2O2 (17.7)

The earliest example of the semiconductor photocatalysis application as a method
of disinfection was published by Matsunaga et al. (1985). This work reveals that
TiO2 particles were effective in the inactivation of bacteria, such as Lactobacillus
acidophilus, Saccharomyces cerevisiae, and Escherichia coli. To date more than
200 studies are related with this subject and at least three reviews were dedicated to
photocatalytic disinfection (Blake et al. 1999; Srinivasan and Somasundaram 2003;
Carp et al. 2004). Some general conclusions on TiO2 disinfection are reported below
and the literature will be discussed more specifically throughout the chapter.

Most of the TiO2 disinfection studies focus on bacteria and cancer cells (Blake
et al. 1999), but a few studies also on other microorganisms, such as yeast (Serpone
et al. 2006), fungi (Sichel et al. 2007a), and viruses (Sjogren and Sierka 1994)
(Belháová et al. 1999). The most currently investigated topic is the photoin-
activation kinetics for different bacterial groups under different experimental
conditions.

Disinfecting rates or inactivation times are usually not comparable from study to
study, due to widely varying operational parameters and reactor configurations. Re-
actor configurations range from small volume Pyrex beakers and Petri dishes (typ-
ically 1–10 cm3 using illumination from the top by tubular lamp) (Bekbolet 1997;
Huang et al. 2000; Sunada et al. 2003) to the design and construction of large volume
reactors .0:01–0:1m3/ (Ireland et al. 1993; Rincón and Pulgarin 2004a; Fernandez
et al. 2005).

The different microorganisms sensitivities toward TiO2 photocatalysis follows
the order: virus > bacterial cell gram positive > gram negative > bacterial spores
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(Matsunaga et al. 1985; Saito et al. 1992; Sjogren and Sierka 1994; Pham et al. 1995;
Bekbolet 1997; Butterfield et al. 1997; Lee et al. 1997; Rincón and Pulgarin 2004b),
and it suggests that several microorganisms respond differently to the complexity
and thickness of the cell envelope, which comprises the cell and cytoplasmic
membrane.

Kinetic investigation of the E. coli cells photokilling was shown to involve two
steps, an initial lower rate killing step, followed by a higher one (Maness et al. 1999;
Rincón and Pulgarin 2003).

Only few studies explored the mechanisms leading to cell death (or inactivation)
(Matsunaga et al. 1985; Saito et al. 1992; Ireland et al. 1993; Kikuchi et al. 1997;
Sunada et al. 1998; Maness et al. 1999; Huang et al., 2000; Salih 2002; Sunada
et al. 2003; Gogniat et al. 2006). These mechanisms have not yet very fully under-
stood and some explanations are contradictory. The first killing mechanism implies
an oxidation of the intracellular coenzyme a (CoA), which inhibits the cell respira-
tion and subsequently causes cell death as a result of a direct contact between TiO2
and the target cell (Matsunaga et al. 1985). The second killing mode suggests that
bacterial death is caused by a significant disorder in the cell permeability and by
the decomposition of the cell walls (Saito et al. 1992). It is suggested that the cell
wall damages might take place prior to cytoplasmic membrane damages (Sunada
et al. 1998; Huang et al. 2000). Photocatalytic treatment progressively increases the
cell permeability and subsequently allows free efflux of intracellular constituents,
which eventually lead to cell death. Up to now, the development of large scale
photocatalytic reactors for practical applications of water disinfection has not been
investigated enough and further research is necessary in this field.

17.2 Experimental Part

17.2.1 Photoreactors and Light Sources

17.2.1.1 Pyrex Glass Bottle Illuminated by Solar Lamp

A Pyrex glass bottle of 50-mL capacity was used as batch reactor. In these flasks
40 mL of water was the total volume. Solar irradiation was simulated by a Hanau
Suntest (AM1) lamp. Total radiation measurements were carried out with an YSI
corporation power meter. Experiments were performed at room temperature .25ıC/
reaching up to 32ıC during irradiation.

17.2.1.2 Coaxial Photocatalytic Reactor

A complete description of the pilot system called CAPHORE (Coaxial Photocat-
alytic Reactor) was presented previously (Rincón and Pulgarin 2005). The illumi-
nated part of the setup is connected with a nonilluminated bioreactor (Biolafitte).
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The illuminated part of the system is composed of two glass tubes which contain
neon lamps. Two Philips 36-W black actinic lights are employed for irradiation in
such a way that their center passes through the reactor axis. The sterile bioreac-
tor was inoculated with bacterial culture in demineralized water; both parts of the
system were sterilized before and after each experiment. The bacterial suspension
and the suspended TiO2 circulate in a 4-L closed circuit. A small pump (Little Giant
Pump Comp.) ensures circulation of water through the system; the pipe is a PVC-
Nylon Solaflex. Temperature and pH measurements, addition of gas (O2 or N2) as
well as the sampling are done in the bioreactor.

17.2.1.3 Compound Parabolic Reactor CPC

A complete description was presented previously (Rincón and Pulgarin 2004a).
Solar ultraviolet radiation is determined by means of a global UV radiometer
(KIPP&ZONEN, model CUV3). Solar-UV power varies during experiments, es-
pecially when clouds are passing by. Data combination from several days and their
comparison with other photocatalytic experiments is done by the application of the
following equation.

QUV;n D QUV;n�1 C�tnUVG;n
ACPC

VTOT
;

where �tn D tn � tn�1, tn is the experimental time for each sample, UVG;n is
the average UVG (global UV radiation) during tn, ACPC D 3:08m2, VTOT D 35L,
and QUV;n is the accumulated energy incident on the photoreactor for each sample
during the experiment per unit of volume (kJ L�1). The total solar radiation was
measured by means of a radiometer KIPP&ZONEN, model CUV4.

17.2.2 Materials

The photocatalyst was TiO2 Degussa P-25 (mainly anatase, specific surface area
50m2 g�1). TiO2 in suspension was used in all photocatalytic experiments. Sodium
hydrogen phosphate, sodium bicarbonate, sodium nitrate, sodium sulfate, sodium
chloride, potassium sulfate, potassium bicarbonate, potassium hydrogen phosphate,
potassium sulfate, potassium nitrate, potassium chloride, and iron chloride were
used without further purification and were supplied by Fluka (Buchs, Switzerland).

17.2.3 Bacterial Strain and Growth Media

A complete description was presented previously (Rincón and Pulgarin 2004a, b,
2007a, b). The bacterial strain used was Escherichia coli K12 (ATCC 23716) and
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was supplied by DSM, German Collection of Microorganisms and Cell Cultures.
E. coli K12 was inoculated into Luria Bertani (LB) medium and grown overnight
at 37ıC by constant agitation under aerobic conditions. LB solution was then ster-
ilized by autoclaving for 20 min at 121ıC. Aliquots of the overnight culture were
inoculated into sterilized LB medium and incubated aerobically at 37ıC. At an
exponential growth phase, bacterial cells were collected by centrifugation and the
bacterial pellet was washed with a tryptone solution. Finally, the bacterial pellet
was resuspended in tryptone solution and diluted in different water types to the re-
quired cell density corresponding to 103 � 106 colony forming units per milliliter
(CFU mL�1). Thereafter, bacterial suspension was exposed to the sunlight irradia-
tion. Samples were taken during illumination period and after 24 h in the subsequent
dark period. Samples were plated on agar Plate-Count-Agar (PCA, Merck, Ger-
many) plates. Colonies were counted after 24-h incubation at 37ıC.

17.3 Physicochemical Aspects

17.3.1 TiO2 Concentration

The optimal TiO2 concentration reported in the literature for photodisinfection
studies is ranged from 0.1 to 3 g L�1 (Blake et al. 1999; Maness et al. 1999; Saito
et al. 1992). For each experimental system, an optimum, depending on the reactor
geometry can be determined.

In this work, the influence of TiO2 concentration on E. coli inactivation was
investigated in the range of 0:0025�2 g L�1 at two different light intensities.
In general, the time required for total inactivation increases as TiO2 concentra-
tion decreases. Figure 17.1a (107 CFU) shows that the initial inactivation rate (r0)
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Fig. 17.1 Initial rate of bacterial inactivation as a function of TiO2 concentration. (a) For an initial
bacterial concentration of 107 ( filled square) and 105 CFU mL�1 ( filled diamond) at 1,000 W m�2.
(b) For an initial bacterial concentration of 107 at 1,000 W m�2 ( filled square) and 400W m�2

( filled circle). Solar simulator
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determined after 5 min of illumination, increases with the amount of catalyst to a
plateau at 1 g L�1 corresponding probably to the complete absorption of the inci-
dent light by TiO2. Thus, at TiO2 concentrations higher than 1 g L�1, the weak light
penetration into the bulk of the solution makes the photoactivity of the catalyst less
effective and the concomitant action of light on bacteria (direct photolysis) is also
diminished. At high TiO2 concentrations, terminal reactions [(17.8) and (17.9)],
could also contribute to the diminution of the bacterial inactivation. In (17.9), �OH
will readily dimerize to form H2O2 which will produce HO2�. This hydroperoxyl
radical is less reactive and does not seem to contribute to the oxidative process
(Legrini et al. 1993).

�OH C �OH! H2O2 (17.8)
H2O2 C �OH! H2OC HO2� (17.9)

The shape of the relation between initial deactivation rate and TiO2 concentra-
tion in the whole range between 0.0025 and 1:5 g L�1 of TiO2 varies in function
of initial bacterial concentration and light intensity as shown in Fig. 17.1a, b. The
maximal initial inactivation rate appears at TiO2 concentration around 0:5 g L�1 for
105 CFU mL�1 of initial concentration of bacteria, while values around 1:0 g L�1

for 107 CFU mL�1 were found (Fig. 17.1a). E. coli inactivation rate increasing
with light intensity was observed (Fig. 17.1b). This implies that saturation of TiO2
acting as a photosensitizer has not been reached when moving to 1,000 W m�2.
Higher light intensity increases the amount of hvb

C, �OH radicals, and other ox-
idative radicals generated at the TiO2 surface active in the bacterial destruction
(Ollis et al. 1991). In addition, for values above 1:0 g L�1 of TiO2 (in Fig. 17.1), the
initial rates of bacterial inactivation were negatively affected by the progressive in-
crease of TiO2. A similar result was observed when E. coli inactivation was studied
in wastewater taken at the outlet of a biological wastewater treatment plant (Vidy,
Lausanne, Switzerland in November of 2000), using the same initial concentration
of 107 CFU mL�1 and at a light intensity of 1,000 W m�2 as in Milli-Q water. The
optimal concentrations of TiO2 were around 0.5 and 1:0 g L�1 for wastewater and
Milli-Q water, respectively. These results suggest that the optimal TiO2 concentra-
tion also depends on the chemical matrix of water (see Sect. 17.3.2).

17.3.2 Presence of Natural Anions

In photocatalytic disinfection in the presence of anions, there are at least three in-
teractions or equilibria (a) anion–bacteria, (b) anion–TiO2, and (c) TiO2–bacteria.
These interactions are affected by the light (Rincón and Pulgarin 2004c). Pho-
tocatalysis damages the cell walls and membranes to a high extent, so that the
sudden change of chemical species in their environment achieves the membrane
disorganization or even the cell lyses.
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A negative effect on the TiO2 photocatalytic disinfection was found by the
addition of HCO3�, H2PO4�, Cl�, SO4�2, and NO3� .0:2mmol L�1/ to E. coli
suspension in the presence of TiO2:HCO3� and HPO4�2=H2PO4� decrease the
inactivation rates in a larger extend than NO3�, Cl�, and SO4�2.

This inhibition could be due to:

1. Anions .A�/ reduce the oxidation rate by scavenging the oxidizing radical
species (�Ox), such as �OH and HO2� radicals [(17.10)–(17.12)]. For example,
HCO3�=CO3�2 reacts with the �OH radical, producing the less reactive anion
radical CO3�� [(17.11) and (17.12)] (Chen et al. 1997). This radical shows a
wide range of reactivity with organic molecules but it is mainly a selective elec-
trophilic reagent, and its reactions are slower than those of �OH. However, by
comparing the sequence of the �OH quenching by different anions to the pho-
tocatalytic disinfection rate, no correlation was found. This is illustrated by the
fact that SO4�2 has the highest reaction constant with �OH radicals, but does not
inhibit the photocatalytic disinfection to the largest extent. Thus, the inhibition
of the photocatalytic disinfection is not exclusively due to the scavenging of �OH
by anions.

�OxC A� ! A� C Ox� (17.10)
�OHC HCO3� ! CO3�� C H2O (17.11)
�OHC CO3�2 ! CO3�� C OH� (17.12)

2. There is adsorption of anions and organic substances in the active surfaces of
TiO2. This effect has been specially studied for phosphates which are adsorbed
in TiO2 surface and block light penetration. It has been reported (Poulina and
Mikhailova 1995) that HPO4�2 has a higher inhibiting capacity of TiO2 than
HCO3� during the photocatalytic degradation of organic compounds. These au-
thors postulated that adsorption of phosphate takes place as a ligand attached to a
surface Ti4C ion by an exchange reaction between the surface hydroxyl groups of
TiO2 and H2PO4�. This bonding is stronger than that of Cl�. Such mechanism
can also be postulated for the adsorption of SO4�2 in the TiO2 surface, while
NO3� and HCO3� appear to be an intermediate case. Furthermore, H2PO4�

reacts with �OH to form H2PO4� which is not as reactive as �OH.
3. Anions compete for the photogenerated holes. For example, HCO3� proba-

bly acts as scavengers of hC formed on the TiO2 surface (17.13) reducing the
inactivation rate (Abdullah et al. 1990). HCO3� partially inhibits the photocat-
alytic reactions by generation of a negatively charged layer on the TiO2 surface;
therefore the TiO2 surface charge becomes less positive, leading to the decrease
in the adsorption of bacteria.

hC C HCO3� ! HCO3�� (17.13)

The adsorption of ions on TiO2 is influenced by the competitive anion uptake by
bacteria. In the system in the presence of light, anions TiO2, and without bacteria,
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SO4�2 was less adsorbed in TiO2 than NO3� and Cl�. Nevertheless, SO4�2 inhibits
E. coli inactivation to a higher extent than Cl� and NO3�. This suggests that other
mechanisms about anion adsorption on TiO2 are involved in the inhibition of the
photocatalytic disinfection by certain anions.

Using optical microscopy and flow cytometry, it was shown (Gogniat et al. 2006)
that adsorption of E. coli cells depends on the composition of the solution. Authors
confirmed by flow cytometry that the membrane integrity was very rapidly and dras-
tically affected by photocatalytic treatment, and this fact was directly correlated
with loss of culturability. Whereas, all cells were adsorbed before illumination in
(NaCl/KCl solution), only 5% of cells adhered to TiO2 particles in phosphate buffer
solution (PBS). On starting illumination, bacterial adsorption on TiO2 in PBS in-
creased with increasing illumination time (Gogniat et al. 2006). Moreover, there is
a correlation between the loss of culturability and the enhancement of the bacte-
rial adsorption in TiO2. Accordingly, aggregation of bacteria and TiO2, as well as
the adsorption between bacteria and TiO2 aggregates change as a function of ionic
strength of solution and is probably affected in a different way by the presence or
absence of light. Thus cell adsorption to TiO2 and consequently the E. coli inacti-
vation rate is modified (generally increased) during the illumination.

The inhibition sequence of E. coli photocatalytic inactivation as a function of the
type of anion has followed a similar shape of that reported by other authors (Chen
et al. 1997) for the photocatalytic degradation of organic substances, namely higher
inhibition of H2PO4�=HPO4�2, HCO3� and SO4�2. However, by modifying the
pH, the inhibiting effect of inorganic salts could be modified (Hu et al. 2003; Epling
and Lin 2002). Thus in a solution containing inorganic substances and bacteria, pH
which modifies the chemical properties of inorganic ions can meaningfully affect
the photocatalytic disinfection process. But the ions toxicity which depends on its
concentration can also represent a supplementary stress for the bacteria affecting
both their metabolism and the osmotic strength of solutions. The turbidity and optic
absorption very often generated in the presence of anions, influences also the light
penetration and consequently diminishes its effect on both bacteria and TiO2.

On the other hand, the photoelectrocatalytic disinfection of E. coli suspensions
by TiO2 in a sparged photoelectrochemical reactor has been reported (Christensen
et al. 2003). They found that phosphate addition poisons both the electrode and
particulate-slurry systems in a partially reversible way. While, bicarbonate detri-
mental effect was irreversible after washing the electrodes with cold water. It was
also demonstrated (Koizumi and Taya 2002) that the photocatalytic inactivation of
phage MS2 with TiO2 was inhibited when NO3�, SO4�2, and HPO4�2=H2PO4�,
KC, or CaC2 were present in the reaction mixture. The inhibitory effects were ex-
plained from the direct proportionality between the inactivation rate constants and
the quantities of the phage adsorbed in the TiO2 surface.

When water contains a mixture on the same natural anions, a retard effect on
photocatalytic disinfection was observed. As expected, the time required for com-
plete bacterial inactivation change as a function of the concentration of anion in the
mixture (Rincón and Pulgarin 2007b). However, E. coli inactivation rate is acceler-
ated in some experiments carried out using natural waters, filtered and spiked with
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E. coli, when compared to that of bacteria suspended in MQW. This type of water
probably contains, in addition of natural anions, chemical photosensitizers (organic
or inorganic) which increase the detrimental action of light on bacteria.

Organic substances are also present in natural waters. The composition and the
concentration of organics such as humic compounds are different in surface waters,
groundwater, and wastewater. Consequently, absorptivity of light by these studied
waters may then be affected by the nature of these UV absorbing chromophores as
well as by the intermediates generated during the photocatalytic reaction. Organic
compounds present in these waters can either positively affect the photocatalytic
disinfection by the enhancement of ROS production (Whitelam and Codd 1985)
or negatively by competing with bacteria for the photogenerated oxidative species
(Rincón et al. 2001). Thus, photocatalytic disinfection experiments carried out using
ultra-pure waters do not perfectly simulate the actual situation in natural waters.

The response of bacteria to the photocatalytic inactivation results from a combi-
nation of antagonistic and synergistic effects of different water components. Then,
the response of bacteria generated by an individual substance could be very differ-
ent from that observed if the same substance is accompanied by other chemicals.
Photolytic treatment was also affected by chemical composition of water. The sig-
nificant difference observed between both treatments indicates the specific action
mode of each system (Rincón and Pulgarin 2007b). However, the extent of this ob-
served difference depends on the type of water. Thus, for practical applications each
type of water has to be considered as a specific case.

In addition, bacteria recovery is dependent on the chemical composition of water.

17.3.3 Presence of Iron

No difference was observed in the photocatalytic bacterial inactivation with
0:5 g L�1 of TiO2 in the absence or presence of 0:3mg L�1 FeC3 (Fig. 17.2).
In these conditions, the TiO2 screens the light absorbance of FeC3 and protects
bacteria against the inactivation action of the UV–Vis=FeC3 system (Rincón and
Pulgarin 2006). This is confirmed with lower TiO2 concentrations, the beneficial
effect of FeC3 addition on the photocatalytic E. coli inactivation was observed. The
beneficial effect of FeC3 ions on water disinfection for TiO2 concentrations lower
than 0:5 g L�1 is attributed to electron trapping at the semiconductor surface. FeC3

behaves as an electron scavenger, thus preventing the recombination of electron–
hole pairs (17.14). This reaction is thermodynamically favorable with regard to the
oxide-reductive potential of Fe(III)/Fe(II) (E versus NHE D C0:77V) and that of
the conduction band of TiO2 (�0:1 to 0.2 V).

The trapping of photoelectrons (17.14) leaves photogenerated holes available for
reaction with hydroxyl ions to form hydroxyl radicals. Decreased activity above
the optimum metal ions concentration is possibly due to the oxidation of Fe2C by
hydroxyl radicals or holes. The competition of holes between FeC2 and OH�means
that less OH� radicals would be generated for the bacteria inactivation. The reactivity
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of the iron aquocomplexes with e- photogenerated at the conduction band of TiO2
could be positive or negative as a function of the iron species present in the medium
(Mest’ankova et al. 2004).

Fe3C C e� ! Fe2C (17.14)

The presence of FeC3=FeC2 in TiO2 suspension strongly influences the reaction of
hydrogen peroxide generation and surface peroxidic groups (Brezova et al. 1995). In
the combined system Fe=TiO2=hv, the re-oxidation reactions of Fe(II) to Fe(III) on
the TiO2 surface is due to oxidants species such as HO�, O2��, HO2�, and H2O2. The
reaction of FeC2 with H2O2 photogenerated by the system TiO2=UV–Vis (17.15)
represents a supplementary source of HO� radicals resulting in the increase of the
bacterial inactivation rate in the irradiated systems. With the addition of TiO2 in the
solution of Fe(III), the Fenton reaction increases the re-oxidation rate of Fe(II) and
consequently favors the photocatalytic cycle Fe(III)$ Fe(II), which seems to be the
limiting process in the degradation of pollutants by iron complexes (Mest’ankova
et al. 2004).

H2O2 produced during the TiO2-mediated photocatalysis may diffuse across the
cell membrane and produce intracellular �OH radicals according to the known Fen-
ton mechanism (17.15).

M.n�1/C C H2O2 C HC ! MnC C �OHC H2O (17.15)

As mentioned above, Fig. 17.2 showed that no additional effect of FeC3 was ob-
served at 0:5 g L�1 of TiO2 concentration. Moreover, for 1 g L�1 of TiO2 concen-
tration total disinfection (<1CFU mL�1) in the absence or presence of FeC3 is
within the same time span (not shown here). These results may be due to the fol-
lowing reasons. (1) In the range of TiO2 concentration between 0.5 and 1 g L�1 the
efficiency of the photocatalytic disinfection is higher than low TiO2 concentrations
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(Sect. 17.3.1). Consequently, low quantity of FeC3 added is not enough to trap
electrons and increases �OH production. (2) The size of TiO2 and TiO2–bacteria ag-
gregates changes upon the increase of TiO2 concentration and the presence of FeC3.
The charge interaction between E. coli (negatively charged) and TiO2 (slightly pos-
itively charged) is affected. This affects the TiO2–bacteria adsorption, which is
necessary for the bactericidal effect of TiO2 photocatalysis. But the main param-
eter affecting the TiO2 aggregation state is the pH. Then, the pH (6.5–5) changes
during TiO2 photocatalysis affect both the size of TiO2 aggregates and the species
of iron aqua complexes presented in the solution. (3) Bacteria are also very sen-
sitive to the chemical changes produced during the solar irradiation (Rincón and
Pulgarin 2004c).

Some years ago, the near-UV photocatalytic disinfection of Phage MS2
in aqueous TiO2 suspension was reported (Sjogren and Sierka 1994). A level
of inactivation of phage MS2 of 90% increased to 99.9% after 2�M ferrous sul-
fate was added. Hydroxyl radical oxidation, with Fenton reaction enhancement, is
suspected to be primarily responsible for the viral degradation. In other study, MS2
bacteriophage and B. fragilis phage were exposed to TiO2 photocatalytic inactiva-
tion with addition of FeSO4.4�M/ and an increase in the inactivation efficiency
was also observed (Armon et al. 1998).

17.3.4 pH Influence

Photocatalytic E. coli inactivation (TiO2 P25) in Milli-Q water was not affected
by modifications of initial pH between 4.0 and 9.0 (Rincón and Pulgarin 2004c).
However, modification of the pH during the illumination by successive acid addition
(without TiO2) resulted in a greater diminution of bacteria compared with the no
acidified system. That suggests that photocatalytic disinfection results from the ac-
cumulative and possible synergistic effect of three factors: pH modification, direct
action of light, and attack of photogenerated oxidative species.

E. coli presented in a TiO2 suspension were inactivated after 2 h of irradiation
by a sunlight lamp with a concomitant decrease of pH from 7.0 to 4.0; or 8.5 to
5.9; or 6.0 to 5.2 respectively. As the reaction time progresses, and the suspension
pH moves to more acidic pH values, the TiO2 surface becomes positively charged,
thus favoring the TiO2 electrostatic attraction with E. coli. Chemisorbed water on
the TiO2 surface allows the valence band hole transfer induced by light irradiation
through the reaction (17.16) (Bahnemann et al. 1994; Dhananjeyan et al. 2001).

hvb
C C H2O! HC C �OH (17.16)

On strictly electrostatic basis, the E. coli abatement should be much less favored
at pH 8.5 than at pH values of 4.5 and 6.0, since E. coli is negatively charged be-
tween pH 3 and pH 9, and TiO2 Degussa P-25 surface becomes more positively
charged up to pH 7.0, because the isoelectric point (IEP) is 6.5. However, this was
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not the case; the kinetic of the inactivation was the same for the different initial pH.
Thus, electrostatic attraction between the E. coli and TiO2 Degussa P-25 is not a
determining factor in the kinetics of E. coli photoinactivation.

Contrary to that, E. coli survival kinetic for a positively charged Millenium
5S-300A, with an IEP of 7 follows what is expected from repulsion or the attraction
between the TiO2 and E. coli. The same behavior was observed for Tayca TKS201
(IEP of 7) and Tayca TKS 203 with IEP <3. Surface and crystallographic parame-
ters are similar for Tayka TKS 201 and Tayka TKS 203 with exception of the IEP
(Gumy et al. 2006a). Then, negatively charged TiO2 was not efficient in activating
E. coli because of the electrostatic repulsions with the negative outer membrane.

In addition, a change in the initial pH of solution containing chemical sub-
stances and bacteria would change not only the equilibrium (i.e., amphoteric) of
certain anions but also the ionic strength, and modify the dynamic interactions
between TiO2 and bacteria and consequently the response of bacteria to the light
irradiation.

17.3.5 Physicochemical Characteristics of Suspended TiO2

Thirteen different TiO2 samples suitable for water disinfection were systematically
characterized, according to their physicochemical properties (Gumy et al. 2006a).
Except for two mixed catalysis anatase-rutile from Degussa, P25, and P25 TN90, all
photocatalysis were pure anatase crystalline. The particle sizes of the TiO2 samples
varied from about 5 to 700 nm, and was inversely correlated with the BET spe-
cific surface area (ranged from 9 to 335m2 g�1/. Surface properties of the colloidal
suspensions measured by electroacoustic methods were evaluated at different pH
values. The aggregate size appeared to be dependent on the pH value of the solu-
tion. The IEP of the TiO2 samples ranged from very acidic (IEP, 3) to neutral values.

Interestingly, BET specific surface area, particle, and aggregate size seemed not
to be correlated with E. coli inactivation. However, surface charges appeared to be
crucial for the TiO2 and bacteria interaction. Indeed, negatively charged TiO2, i.e.,
TiO2 with acidic IEP, were not efficient in E. coli inactivation probably due to the
electrostatic repulsions with the negatively charged outer membrane of the E. coli
(Gumy et al. 2006). This phenomenon was observed while investigating the pho-
tocatalysis experiment at different pH values (Sect. 17.3.4). These results suggest
that the preparation method, superficial charge, the size of the aggregates, and the
crystallographic structure of TiO2, together, play an important role during the in-
terfacial transference of charge between TiO2 and E. coli. The optimization and
interrelation of these parameters could allow an increase in bacterial inactivation.

17.3.6 Supported TiO2

Several microorganisms have been reported to be inactivated by fixed TiO2, and
those include E. coli (Ireland et al. 1993; Jacoby et al. 1998; Kikuchi et al. 1997;
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Kuhn et al. 2003; Matsunaga et al. 1988; Salih 2002; Sunada et al. 1998, 2003),
Vibrio alginolyticus (Nakayama et al. 1998), Pseudomonas aeruginosa (Amezaga-
Madrid et al. 2002; Lonnenn et al. 2005), Lactobacillus acidophilus, Saccharomyces
cerevisiae (Matsunaga et al. 1985), Bacillus subtilis, Micrococcus luteus (Wolfrum
et al. 2002), Lactobacillus casei, and Phage PL-1 (Kashige et al. 2001). However,
most of these studies describe small batch systems (few mL) where the TiO2 cat-
alyst is fixed as a thin film on glass support. More specifically, they tend to focus
on assessing the biocidal effect of the TiO2 once fixed, and to determine the ex-
act mechanisms leading to the bacteria outer membranes’ alteration rather than
developing a potential applicability for large-scale water treatment. Nonetheless,
continuously recirculated flow reactors have also been studied (Ireland et al. 1993;
Wolfrum et al. 2002), and showed a relative efficiency but were rarely compared to
suspended TiO2 or direct sunlight effect. Indeed, when suspended vs. fixed TiO2
were compared for the purpose of bacterial inactivation, the later always appeared
to be less efficient (Rincón and Pulgarin 2003; Salih 2002).

Fixed TiO2 efficiency, however, could be improved while applying a potential in
electrophotochemical assays and reached even better results than suspended TiO2
(Butterfield et al. 1997; Christensen et al. 2003, 2005; Dunlop et al. 2002). For
practical disinfection applications of fixed TiO2, two types of reactors have been
investigated. The first one, a batch system without water recirculation, based on
the SODIS technology (Duffy et al. 2004; Lonnenn et al. 2005), consisted of PET
bottles with the catalyst being coated on the bottle wall or on intern solid supports.
The second were large-scale continuously recirculated reactors with intern pieces
supporting the catalyst (Fernandez et al. 2005).

17.3.6.1 TiO2 Fixed in Nafion Membranes

Immobilization of catalyst: TiO2-P25 fixed on Nafion membranes inactivate E. coli
with efficiencies close to that observed for bacterial suspensions containing the same
concentration of suspended TiO2 (25 mg in 40 mL) (Rincón and Pulgarin 2003).
The low TiO2 concentration used in both fixed and suspended form explains the little
beneficial effect of the photocatalytic process on deactivation compared with direct
photolysis. Fixation of TiO2 concentration higher than 25mg L�1 would result in a
diminution of light penetration, limiting also the efficiency of the process. Hence a
compromise between these two parameters has to be found. In terms of applicability
of this system, other supports cheaper than Nafion should be explored.

17.3.6.2 TiO2 Fixed on Glass

TiO2 immobilized (Gel deposition technique) on Pyrex glass was tested for E. coli
inactivation. Figure 17.3 shows that the required total time to inactivate bacteria,
using immobilized TiO2 on glass was higher than that observed with suspended
TiO2 at the same concentrations (40, 20, and 10 mg of TiO2 P-25 in 40 mL of
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Fig. 17.3 (a) Bacterial inactivation by light, in the presence of TiO2 P-25 fixed in glass, for an
initial concentration of 105 CFU mL�1 and 10 (open circle), 20 (open circle), and 40 mg (open
circle) of TiO2. System without TiO2 addition (filled square), 10 (filled triangle), 20 (filled trian-
gle), and 40 mg (filled triangle) of TiO2 suspended TiO2. (b) Dose required for reach total E. coli
inactivation of suspended (filled triangle) and fixed TiO2 (open circle). Simulated sunlight

water). The order in the deactivation efficiency using immobilized TiO2 was, 10mg
>20mg >40mg, which is in accordance with the decrease of the wall thinness
formed by TiO2 deposit and consequently the portion of light reaching the bulk
of the bacterial suspension. The dose (Intensity � illumination time) necessary for
total inactivation as a function of catalyst concentration is shown in Fig. 17.3b. The
dose for total inactivation of E. coli using TiO2 in suspension was independent on
catalyst concentration in the tested range, suggesting that in this type of reactor,
even at 10mg L�1 of suspended TiO2, the �OH generation is not a limiting factor.
For fixed TiO2, the dose necessary for the total inactivation decreases by increasing
the fixed TiO2 concentration. All concentrations of suspended TiO2 revealed the
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same behavior than 40 mg of immobilized TiO2 meaning that the optimal fixed TiO2
concentration, in this type of photoreactor, was found between 20 and 40 mg (against
less than 10 mg if suspended TiO2/ in contact with 40 mL of stirred water.

Some factors influencing the photocatalytic activity of immobilized TiO2 are
(1) diminution of specific surface of catalyst accessible to light and bacteria; (2)
the TiO2 support could enhance the recombination of photogenerated electron/hole
pairs; (3) the pathway followed by the light to reach TiO2 layers which are in contact
with bacterial suspension increases in this case with the concentration of fixed TiO2,
because the light source is outside the reacting system; (4) limitation of oxygen dif-
fusion in the deeper layers of TiO2; (5) immobilized catalyst is less exposed than
the suspended one to chiral and friction forces which would avoid its deactivation;
(6) the mean distance between bacteria and immobilized TiO2 increases and causes
a diminution of the probability of attack by �OH as compared with suspended TiO2;
(7) due to catalyst fixation there is no penetration of the little TiO2 beads (30–50 nm)
into bacteria (�1�m) to cause intracellular damage; (8) the reactor geometry deter-
mines the light distribution and its availability for fixed TiO2 excitation.

17.3.6.3 TiO2 Coated on Fibrous Web

TiO2 photoactivity on bacteria inactivation was performed with the catalyst supports
(web support NW10 and KN47) and two types of catalyst P25 and PC500 from
Ahlstrom. The experiments were carried out using fixed and suspended TiO2 and
blank light. The fibrous web was coated first with SiO2 binder, then with 12 g m�3

of P25 TiO2 and only with SiO2 binder without TiO2.
It was found that neither the type of web supports nor the nature of the TiO2

seemed to influence the bacteria inactivation kinetics (Gumy 2006). No enhance-
ment was observed with fixed catalysis compared with light only (Fig. 17.4), for the
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tested concentrations during the first hour of treatment. Indeed, the photocatalytic
effect of fixed TiO2 starts after 1 h of illumination. A total bacterial inactivation was
reached after 2 h while it was reached after 1 h using suspend TiO2. In the dark,
during 3 h, inactivation or bacterial adsorption on fibrous web did not occur (trace
“filled square”).

The less-efficient activities of TiO2 coated on NW10 web can be partially at-
tributed to the presence of the silica-binder used for TiO2 fixation. Indeed, at
pHD 7, the surface of TiO2 is neutral, but the surface of SiO2 is negatively charged,
once coated with TiO2 (IEP of SiO2 D 2). Therefore, the negatively charged
surface decreases the adsorption of negatively charged bacteria by electrostatic re-
pulsion, thus decreasing the photocatalytic activity (Gumy et al. 2006b). A similar
behavior had already been observed during degradation experiments of anionic or-
ganic compounds with the same supported TiO2 (Guillard et al. 2003a, b; Pizarro
et al. 2005). Moreover, previous studies also showed that positively charged TiO2
supports strongly favored bacteria inactivation (Butterfield et al. 1997; Christensen
et al. 2003). Hence, as there is no adsorption of bacteria on the fixed TiO2 and that
reactions occur certainly mainly at, or close to, the surface of TiO2 (and not in the
solution), the average distance between bacteria and catalyst appears here to be an
important limiting factor for the photocatalytic inactivation of bacteria. The average
distance between bacteria and immobilized TiO2 increases, compared to suspended
TiO2, and the probability of an attack by oxidative species �OH radical decreases as
compared with suspended TiO2.

17.3.7 Oxygen Concentration

As mentioned above, dissolved oxygen molecules accept electrons from the conduc-
tion band of TiO2 and are transformed into superoxide anion radicals, which react
with H2O and generate other oxidative species such as �OH or H2O2 [(17.1)–(17.6)].

The effectiveness of the CAPHORE was tested using water contaminated with a
mixed E. coli and Bacillus sp. population. E. coli was found to be more sensitive to
photocatalytic treatment than Bacillus sp. Bacterial inactivation was dependent on
the oxygen concentration and the chemical composition of water. It was observed
that the presence of oxygen clearly enhanced the inactivation process of the mixed
culture. A sharp drop in dissolved oxygen was observed during photocatalytic disin-
fection in the presence of a mixture of organic and inorganic matter. In this situation,
photogenerated ROS simultaneously attack the bacteria and the organic compounds,
leading to heavy consumption of O2, which is involved in the photocatalytic produc-
tion of ROS. The effect of oxygen on bacterial photocatalytic inactivation is crucial
in water containing a large amount of organic matter. For practical reasons, good
oxygenation of this kind of water seems to be essential to prevent the inhibition of
bacterial inactivation.

Other authors have discussed the role of DO in water on bacterial inactivation by
photocatalysis. Wei et al. reported that bactericidal activity increased with the con-
centration of DO; they used suspended TiO2 and solar irradiation. The composition
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of the gas flowing in the solutions exerted a dramatic effect on the bacterial activity
of irradiated TiO2 when switched from 100% O2 to 100% N2 (Wei et al. 1994).
Reed and coworkers reported that even in the absence of TiO2, solar disinfection
depends on the DO concentration (Reed 2004; Reed et al. 2000).

17.4 Biological Aspects

17.4.1 Initial Bacterial Concentration

The initial bacteria population is an important parameter, during the evaluation of
the photocatalytic water disinfection efficiency. Examples of photocatalytic inacti-
vation starting at four different initial E. coli concentrations confirmed the fact that
longer time is required for bacterial inactivation when the initial concentration of
bacteria is higher (not shown here). This behavior corresponds to a first-order ki-
netic (Huang et al. 1998; Rincón and Pulgarin 2004a, b; Wei et al. 1994). However,
the total deactivation rate calculated for the whole photocatalytic treatment duration
and expressed in CFU min�1 mL�1 is 104 times higher for an initial concentration
of 107 CFU mL�1 than for an initial one of 102 CFU mL�1.

17.4.2 Physiological State of Bacteria

Experiments in which bacteria were illuminated at two different growth states,
stationary and exponential phase and two different generations were performed
(Fig. 17.5). Bacteria collected from the culture at their stationary phase were less
readily inactivated in the presence and absence of TiO2 than those taken at expo-
nential growth phase. This difference is highlighted when TiO2 is not added.

To our knowledge, no systematic study of the impact of TiO2 photocatalytic
inactivation of different types of bacteria at different physiological states has been
performed. However, the influences of the growth state of bacteria on UV disin-
fection have been documented (Kadavy et al. 2000; Morton and Haynes 1969;
Lewis and Burt Maxcy 1984). There are a number of studies reporting stationary
phase bacteria that are more resistant to irradiation than exponential phase cells.
The stationary-phase response to environmental changes involves the synthesis of
a set of proteins which confer on E. coli cells a marked resistance to several stress
conditions, including heat shock, oxidation (UV light), hyperosmolarity, acidity, and
nutrient scarcity (Child et al. 2002; Murno et al. 1995). We can assume that similar
events occur under photocatalytic treatment and the resistance of microorganisms
to these conditions is not only dependent on the type of bacteria but also on their
growth state. Nevertheless, in the present study (Fig. 17.6), bacterial recovery af-
ter total photocatalytic inactivation was not observed after 24 h in the dark with a
culture taken either in exponential or in stationary phase.
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The influence of the generation of E. coli is illustrated in Fig. 17.5. Bacteria har-
vested at the third generation of culture were less sensitive to irradiation than those
taken from the seventh one. This effect of bacteria generation was observed in three
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illuminated systems (1) light alone, (2) light plus H2O2, and (3) light plus TiO2. Ac-
cording to our study, these mutations make bacteria more sensitive to photocatalytic
attack (Rincón and Pulgarin 2004b).

17.5 Technological Aspects

In this section, the behavior of an E. coli suspension during the subsequent dark pe-
riod is discussed in order to estimate the potential of using the solar (photocatalytic)
treatment process in real water disinfection situations. Photocatalytic disinfection
at field scale is illustrated using water from the Leman Lake (LLW). Other aspects
when using a pilot reactor such as dose, circulation rate and catalyst concentrations
are discussed.

17.5.1 Durability of Disinfection and Postirradiation Events

The main advantage of using chlorine for drinking water disinfection is that the
presence of a residual amount of oxidant assures bacterial inhibition during water
transport and storage. During the photolytic and photocatalytic processes, generated
oxidant species have a far shorter half-life time than chlorine. Thus, when pho-
totreatment is applied, it is important not only to determine the time required to
reach complete disinfection of water but also to verify the durability of the pho-
todisinfection. For these reasons, at the end of the illumination of E. coli within
photolytic and photocatalytic conditions, the bacterial suspensions were examined
under permanent agitation during a subsequent dark period of 60 h.

Some experiments were carried out using a solar lamp in controlled conditions
of the laboratory. After reaching a complete photocatalytic bacterial inactivation of
the E. coli suspended in the water, no bacterial regrowth was observed after 8, 24
48, and 60 h of dark incubation at 37ıC. By contrast, in the absence of TiO2, bacte-
rial regrowth was observed. In another experiment, water was irradiated for 30 min
a time when some bacteria are still cultivable; thereafter, the bacterial suspensions
were examined under permanent agitation during a subsequent dark period of 60 h
(Fig. 17.6). As expected, photocatalytic inactivation was accelerated by the increase
in light intensity. After irradiation at 400W m�2 (trace “open triangle” ), culturable
bacteria gradually reached 1CFU mL�1 after 60 h in the dark. When the process was
conducted at 1,000 W m�2 (trace “filled triangle”), the inactivation of bacteria was
continuous also in the dark as it was observed in the former experiments carried out
at 400W m�2. But at 1,000 W m�2 the post irradiation events were drastically accel-
erated. For instance, E. coli treated at 1,000 W m�2 for 10 min (dose: 167Wh m�2)
reached a value of <1CFU mL�1 after around 3 h in the dark. In contrast to that, if
a light intensity of 400W m�2 was applied for 30 min (dose: 200Wh m�2/, the total
disinfection was attained only after 60 h. This fact suggests that, in our experimental
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conditions, the “residual disinfecting effect” of the photocatalytic process observed
during the subsequent dark period is dependent on the light intensity, but not on the
dose. To assure no bacterial regrowth before water consumption, the effective disin-
fection time (EDT) required for total killing of bacteria has to be determined during
the evaluation of the solar disinfection process. In the illuminated system without
catalyst, the EDT was not reached (no shown here). Thus, if all bacteria were not
killed, the recovery of the damaged bacteria and/or the cellular reproduction of the
not affected cells could occur in the dark.

17.5.2 Water Disinfection by Sunlight Using a CPC Photoreactor

A CPC photoreactor (Sect. 17.2.2) represents an approximation to the real-field
application of solar technology for water decontamination. Thirty-five liters of nat-
ural water was used to suspend E. coli in the absence or presence of TiO2. In the
absence of TiO2 (Fig. 17.7a), active E. coli concentration decreases as the accu-
mulated energy increases to 15:5 kJ L�1 with an asymptotic tendency between 12
and 15:5 kJ L�1. Bacterial concentrations below the detection limit (1CFU mL�1)
are not reached during illumination probably because: (1) some bacteria recover
their culturability; (2) the decrease of UV intensity and modification of the visible
spectral composition during the experimentation time; and (3) replication of the re-
maining culturable cells (Rincón and Pulgarin 2007a, b).

Figure 17.7b shows that active E. coli concentration decreases as the accumulated
energy increases to 37:5 kJ L�1. Total bacterial inactivation (<1CFU mL�1) was
reached after 5.5 h of phototreatment. As mentioned above, the decrease on bacterial
culturability is due to the direct action of UV light and the indirect action of organic
and inorganic photosensitizers present in LLW.

Note that the initial concentration of bacteria in Fig. 17.7a is 1,000 times higher
than that of Fig. 17.7b. A low bacterial load requires less time to reach a bac-
terial concentration below the detection limit (1CFU mL�1). However, the effi-
ciency of the photolytic and photocatalytic disinfection rates are higher for a high
concentration of bacteria (like 106–107 CFU mL�1) than for small concentration
(102 CFU mL�1) as explained in the Sect. 17.4.1 (Rincón and Pulgarin 2004b).

17.5.3 Water Disinfection by Sunlight and TiO2 Using a CPC
Photoreactor

0:02 g L�1 of TiO2 was enough to enhance the solar disinfection of 35 L of E. coli
contaminated water in CPC solar photoreactor. Figure 17.8 shows that active E. coli
concentration decreases as the accumulated energy increases and arrives to nonde-
tectable level (<1CFU mL�1) when 13 kJ L�1 are applied.
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Fig. 17.7 Inactivation of E. coli by sunlight in a CPC photoreactor. The insert contains the UV
(continuous line) and total (dashed line) solar irradiation measured during the period of the exper-
iment. 25th (a) and 26th (b) September 2003, in Lausanne, Switzerland. Dark control for samples
that corresponds to 0, 1, 2, and 3 h of the illumination exposure. Conditions: VTOT D 35L, recir-
culation rateD 20:5L min�1, illumination timeD 3 h (a) and 5 h (b), natural pH. Type of water:
LLW. The bars show the SD of four samples

17.5.4 Postirradiation Events at Field-Scale Experiments

To study the durability of solar disinfection at field scale, the final samples of
Figs. 17.7a, b and 17.8 were incubated in the dark. During the solar treatment in
the absence of catalyst, presented in Fig. 17.7a, total bacterial inactivation was not
reached and bacterial recovery was observed during the subsequent dark period
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Fig. 17.8 Inactivation of E. coli by sunlight in the presence of TiO2 in CPC photoreactor. The
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the period of the experiment. 27th September 2003 in Lausanne, Switzerland. Dark control for
samples that corresponds to 0, 1, 2, and 3 h of the illumination exposure. Conditions: TiO2 D
0:02 g L�1, VTOT D 35L, recirculation rateD 20:5L min�1, illumination timeD 3 h. Water from
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Fig. 17.9 Durability of solar disinfection without catalyst experiment of Fig. 17.7a, September
25th (a). Durability of solar disinfection with catalyst experiment of September 27th, 2003 (b).
Initial and final samples were incubated for 24 h in the dark

(Fig. 17.9a). Even in the experiment shown in Fig. 17.7b, total inactivation was
reached during illumination, bacterial recovery was still observed after 24 h in
the dark (not shown here). Therefore, in the studied conditions, a bacteriostatic
but not bactericidal effect of photolytic treatment occurred. Conditions are fa-
vorable for E. coli replication since even the nonilluminated sample undergoes
growth (Fig. 17.9a); although, the low concentration of dissolved organic carbon
in Leman lake water limits the bacterial growth. Thus, in the experiment shown in
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Fig. 17.7a, b EDT24 was not reached after 5.5 and 3 h of illumination, respectively.
Consequently, in these conditions a longer time of illumination would be necessary
to reach the EDT24.

In the presence of TiO2, total photocatalytic inactivation (Fig. 17.8) and no
bacterial regrowth was observed after stopping the treatment, as shown in Fig. 17.9b,
suggesting that this treatment induces strong and lethal bacteria damages. Similar
behavior after photocatalytic disinfection via TiO2 has been reported in our pre-
vious papers (Rincón and Pulgarin 2004b, c). In this latter work, it has also been
demonstrated that residence time of water in the illuminated part of the system, light
intensity, and the period of the day selected for the treatment (morning, afternoon)
strongly influence the EDT (Rincón and Pulgarin 2004a).

Other photocatalytic disinfection experiments (not shown here) were carried
out and in all cases EDT24 was reached before 3 h of phototreatment (Rincón
and Pulgarin 2004). In preceding works, a “residual disinfection effect” was ob-
served at laboratory and field scale after solar photocatalytic treatment (Rincón and
Pulgarin 2004a, b, 2005, 2007b, c).

17.5.5 Dose in Water Disinfection

As with chemical disinfection, the performance of UV irradiation systems (espe-
cially with 254-nm lamps) is determined by the disinfectant UV dose. In the case of
solar disinfection of water, dose can then be calculated from the average solar UV
intensity and the residence time in the irradiated part of the reactor: dose D I � tr,
where dose is the solar UV dose (Wh m�2), I is the average intensity (W m�2), and
t is the residence time (h). Note that only the UV part of the solar spectra is taken
into account.

In order to compare the effect of solar illumination applied at different seasons
of the year (2003) and at different moments of the day, we calculated for each
period the solar UV dose necessary to reach approximately 99.9900% of E. coli
inactivation. As expected, the dose necessary to inactivate a similar quantity of bac-
teria is higher in the absence (37:28–43:74W m�2) than in the presence of TiO2
(17:204–23:720W m�2).

In general, similar doses do not result in the same bacterial inactivation. For
example, in one experiment (August 19, 2003) a dose of 19:52Wh m�2 achieved
less bacterial inactivation (active E. coli
 1CFU mL�1) than in the experiment 5
with a dose of only 17:04Wh m�2 (August 19, 2003). These results were explained
(Rincón and Pulgarin 2004) because of (1) the solar spectra characteristics change
with the day period and seasons; the relative UV and visible wavelengths intensities,
characteristics of each season, and day period significantly affect the solar photoin-
activation, photoreactivation as well as the bacterial behavior in the subsequent dark
period, (2) the nonlinear dependence on light intensity, (3) the temperature in dif-
ferent seasons and consequently the oxygen level in water could also influence the
process.
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The nonproportionality between UV disinfection and dose received was con-
firmed in experiments carried out with reactor (CPC) illuminated surface. Then,
a better performance would be expected from larger exposed area from the basic
tenets of disinfection kinetics as described by Chick’s Law, since the bacteria receive
more illumination time (and hence more UV dose) in the 3-m2 configuration com-
pared to the 1m2 (McLoughlin 2004). However, using the same photoreactor, once
the minimum solar dose has been received, the disinfection efficacy is not par-
ticularly enhanced by any further increase of dose (Sichel et al. 2007b) which is
consistent with our findings in experiments carried out at laboratory scale (Rincón
and Pulgarin 2004a, b).

It has been reported, in the presence (Rincón and Pulgarin 2003) or absence of
TiO2 (Sommer et al. 1998), a greater effectiveness of applying a high UV intensity
for short time than applying a lower intensity for a long period of time was observed.
Then, E. coli survival was affected differently under similar doses also at laboratory
scale. This effect may be due to the action of repair enzymes in the cell which are
more negatively influenced by UV intensities (Sommer et al. 1998).

For the precedent discussion, the solar UV dose is not a good parameter to accu-
rately predict and standardize the impact of solar photocatalytic process on bacteria.
According to our results and for practical applications; we propose to determine the
EDTx for each specific condition. Thereafter, the obtained EDTx value can be raised
of a certain percentage in order to introduce a range of security for users (Rincón
and Pulgarin 2004a). This EDTx is dependent not only on the classical parameters
such as chemical characteristics of water (Rincón and Pulgarin 2007a, b, c), type
and concentration of bacteria, reactor geometry, etc., but also on the UV and visi-
ble composition of sunlight spectra in different geographic locations, seasons, and
period of day.

17.5.6 Flow Rate and TiO2 Concentration

The aim of this section is to quantify the influence of some operating parameters
such as flow rate, catalyst concentration, initial bacterial concentration, and reactor
volume. These parameters affect reactor efficiency evaluation and therefore subse-
quent optimization of the disinfection system.

The photocatalytic process depends on the flow rate because of (1) the stress pro-
duced by mechanical agitation inside the reactor and (2) the possibility of bacteria
being adsorbed or reaching the catalyst. Experiments in the presence or absence of
TiO2 were made using 13.5 and 20L min�1 (Rincón and Pulgarin 2004a, 2007a,
b, c). Even though the lowest flow rate produces the highest residence time, on the
illuminated part of the reactor, of bacteria under solar radiation, the efficiency of
bacteria inactivation is still the lowest. This could be attributed to the capacity of
bacteria to adapt to stressful conditions such as incoming solar photons inside the
reactor, which could easily be developed if residence time was long enough. Later
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results are in accordance with that reported recently by Fernandez et al. (2005), they
found that 22:5L min�1 yields higher efficiency than 13L min�1, which is higher
than 5:0L min�1. However, opposite tendencies occur during solar photocatalytic
disinfection when TiO2 was fixed; in this case a flow rate between 10 and 2L min�1

was used and photocatalytic disinfection effectiveness tend to increase with decreas-
ing flow rates (Sichel et al. 2007b, c). Low flow rates result in a high retention time
in the illuminated part of the reactor and then a better interaction between bacte-
rial cells and photocatalysis which is the principal factor when immobilized TiO2 is
used (Sect. 17.3.6).

In addition, the control in the dark should be taken into account in order to know
about the effect of mechanical agitation toward bacteria. Some results had shown
the impact that mechanical stress in the CPC reactors has the viability of E. coli
cells (Gumy 2006) which is inversely proportional to the anion (Cl�/ concentration
of the solution (Sichel et al. 2007c). Decrease of mechanical stress, as expected,
when the concentration of anions increases in solution because the osmotic shock
on bacteria is reduced compared with that observed in distilled water (Rincón and
Pulgarin 2004, 2007).

Concerning catalyst concentration when using CPC photoreactors, the experi-
ments had shown a nonhigh influence of this parameter between 0.02 and 0:1 g L�1,
as we found in experiment carried out at laboratory scale (Sect. 2.1). However, a
slight enhance on the efficiencies were found using 0:1 g L�1 of TiO2 (Rincón and
Pulgarin 2004a, 2007a, c). Another group of authors reported that the disinfection
rate is independent of catalyst concentration in the range of 0.025 and 0:05 g L�1 us-
ing a CPC photoreactor and slurry TiO2 (Fernandez et al. 2005) while in the range
of 0.003 and 0:009 g L�1, no difference was observed and even in some experiments
disinfection in the absence of TiO2 was more effective than the photocatalytic sys-
tem (McLoughlin et al. 2004).

In general, the time as well as the energy (kJ L�1) required to reach total disin-
fection of water in the presence and absence of TiO2 was strongly dependent on the
initial concentration of bacteria ranging between 102 and 106 CFU mL�1 (Rincón
and Pulgarin 2007a, b, c) as observed in laboratory experiments (Sect. 17.4.1).

The total volume affects the residence time in the nonilluminated part of the
reactor, if the surface of illumination does not vary. It was reported that higher vol-
ume of phototreated water (90 L) results in a decrease in the solar disinfection when
compared with the lower volume (56 L, 70 L) (Rincón and Pulgarin 2004a). Thus,
retention time on the nonilluminated part of the reactor increases of volume increase,
favoring dark repair and then decreases the disinfection.

However, we had observed that the influence of the above parameters in experi-
ments carried out in pilot scale is masked by the final point chosen for comparison
of the results, because as described in Sect. 17.6 the spectral characteristics of the
days are not the same and then the point when the wall is over passed in terms of
time, energy, and intensity is different for each experiment (Rincón and Pulgarin
2007a, b, c).
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17.6 Outgoing Work in Photocatalytic Disinfection

Small doses of sunlight have a postirradiation effect in laboratory and field-scale
photoreactors. The solar photocatalytic disinfection is correlated to the accumulated
energy (Q, kJ L�1): experimental time always plays an important role; some groups
are at the moment working in this aspect.

For a specific situation: to determine the minimum amount of irradiated catalyst
to inactivate bacteria and the efficient disinfection time (EDTx) as well as the opti-
mization of the ratio of dark/illuminated areas became a key factor in the application
of photocatalytic disinfection.

When the TiO2 in slurry is used, no regrowth was found after a specific dark
period. However, it is not clear whether solar photocatalysis with supported TiO2
avoid the E. coli regrowth once the “zero” is achieved. The interaction between
the catalyst and the bacteria is the determinant factor; in addition, the interaction is
depending on the chemical matrix of water and geometrical characteristics of the
photoreactors. This subject should be studied in more detail.

Concerning the technological point, the development of solar collectors to higher
UV flux concentrations, the combination of photocatalytic and thermal effect in the
same collector, and the study of series manufacturing techniques incorporating new
materials are investigated by some groups.

To study the action of the photocatalytic system at the genetical level of bacteria
should contribute to the understanding of the bacterial disinfection mechanism.
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Chapter 18
Fabrication of Photoelectrode Materials

Huanjun Zhang, Xinyong Li, and Guohua Chen

18.1 Sol–Gel Methods

Sol–gel synthesis has been widely used for making transition-metal oxide
solids with fine-scaled microstructures (Anderson and Bard 1995; Antonelli and
Ying 1995; Lakshmi, Patrissi and Martin 1997b). In this method, normally the
corresponding metal alkoxides or other salts are used as precursors, which are
dissolved in acidic aqueous or organic-solvent-based solutions (Shang, Yao, Zhu
and Wu 2004) at controlled temperatures, and the resulted colloidal solution can be
kept stable for months. Pore and particle sizes no greater than a few nanometers
can be easily achieved in the freshly derived gels. These gels have a hydrous solid
skeleton that contains a large amount of hydroxyl groups. Annealing is usually
indispensable for dehydroxylation to achieve sufficient crystallinity to give the de-
sired combination of mechanical, catalytic, and optoelectronic properties for their
applications (Wu, Wang and Rusakova 1999). In fact, many methods discussed
in the following context more or less involve (either based on or combined with)
the sol–gel method (Kim and Anderson 1994; Sunada, Kikuchi, Hashimoto and
Fujishima 1998), therefore discussions on this method are placed here prior to all
the other methods.

The sol–gel method has been used for over two decades to produce TiO2 films
from aqueous-based TiO2 (Anderson, Gieselmann and Xu 1988). A typical recipe
of this method includes preparing a Ti-precursor solution by mixing it with HNO3
in H2O, refluxing the mixture at elevated temperature (normally 80ıC), transferring
the TiO2 sol onto a conducting glass substrate, and finally annealing the coated film
at high temperatures.

Nonaqueous-based TiO2 sols have also been used. For example, Anderson
and Bard (1995) prepared a TiO2=SiO2 composite film photoelectrode using an
alcohol-solvent-based sol–gel method, in which the gels were obtained from the
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acid-catalyzed hydrolysis of tetraisopropyl orthotitanate (TIOT) and tetraethoxysi-
lane (TEOS). The TIOT/TEOS mixture was added dropwise to a solution of
2-propanol containing a small amount of concentrated HCl at 0ıC while being
stirred in an ice bath. A molar quantity of water four times the total moles of Ti and
Si species was added dropwise under vigorous stirring to form the gel.

Using similar these recipes, other researchers (Kim and Anderson 1994; Sunada
et al. 1998; Shang et al. 2004) prepared TiO2 or TiO2-based photoelectrodes to
study their photoelectrocatalytic properties. For example, taking the advantage
of the different hydrolysis rates of titanium ethoxide (TEOT) and TEOS precur-
sors, Jung and Park (2000) prepared silica-embedded TiO2 composites. Butterfield
et al. (1997) used a chemical composition of Ti.O-i -C3H7/4:H2O:C2H5OH:HCl D
1:1:8:0.008 in molar ratio, while Yu et al. (2000) used a chemical composition
of Ti.OC4H9/4:C2H5OH:H2O:NH.C2H4OH/2 D1:26.5:1:1 to prepare the TiO2
sol. Shang et al. (2004) prepared TiO2=SnO2 composite photoelectrodes using
TiO2 and SnO2 sols. (The SnO2 sol was obtained by dissolving SnCl2 hydrates
in ethanol at desired concentrations.) Ohyama et al. (1997) prepared highly ori-
ented ZnO films using Zn.CH3COO/2 hydrate and monoethanolamine dissolved
in 2-methoxyethanol to form a homogeneous ZnO sol. Dip coating and thermal
annealing were in these three reports to form the TiO2 or ZnO films over support-
ing substrates. Santato and coworkers (2001) developed a novel sol–gel method to
prepare nanostructured WO3 film electrodes using tungstic acid as the precursor.
The tungstic acid was collected in ethanol, followed by the addition of an organic
stabilizer such as poly(ethylene glycol) (PEG 300) to form a viscous, pale yellow-
ish colloidal solution with much higher stability than that obtained without adding
organic stabilizers. The WO3 films were obtained by spreading the colloidal solu-
tion onto conducting glass substrates, followed by drying and annealing in oxygen
flow at 400–550ıC. Ichinose and coworkers (1997) proposed a “surface sol–gel”
method to prepare metal-oxide films over other substrates. This method is actually
a layer-by-layer sol–gel process, which usually consists of four steps: chemisorp-
tion of metal alkoxide precursors; rinsing; hydrolysis of the metal alkoxides; and
drying the monolayer. By repeating these steps, multilayer metal-oxide films could
be assembled with a precise thickness control down to the molecular level. Some
other novel sol–gel based (and/or related) fabrication methods will be discussed in
the following sections.

18.2 Film Assembly Using Particles

18.2.1 Simple Sintering of Particles

Early studies on the photoelectrochemical behaviors of semiconductors used film-
structured photoelectrodes prepared via simple sintering of their particles. For
example, TiO2 film photoelectrodes were fabricated by applying TiO2 particulate
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suspension over optically transparent electrodes (e.g., conducting glass), as reported
by Hidaka et al. (1995, 1996), followed by drying and sintering at elevated temper-
atures. The suspension could be either water- (Hidaka et al. 1995) or alcohol-based.
Applying the TiO2 particulate suspensions could be achieved by dip-coating or spin-
coating methods (Song, Park, Kwon, Lee, Chung and Lee 2001), as commonly used
for producing film structures over supporting materials (McMurray, Byrne, Dunlop
and McAdams 2005). The TiO2 particles were connected to each other and the as-
formed TiO2 films could strongly adhere to the glass substrates (Vinodgopal and
Kamat 1995). The suspension applying/sintering process was repeated for a few
cycles to control the film thickness (or it can be achieved by varying the concentra-
tion of the particulate suspensions) (Choi, Hong, Chang and Cho 2000). Composite
semiconductor films composed of different particles (e.g., SnO2 and TiO2/ can also
be made by this method (Nasr, Kamat and Hotchandani 1998). Normally the par-
ticles sintered into the films would keep their original sizes and morphologies if
the sintering temperature was not too high (otherwise neckings could be formed
between particles), and the control over other geometrical properties (e.g., surface
roughness and inner porosity of the films) was limited using this method.

18.2.2 Layer-by-Layer Self-Assembly

The layer-by-layer self-assembly (LBLSA) method has been used to prepare
uniform monolayer and multilayer thin-film structures incorporating organic com-
ponents, biopolymers, virus particles and other molecules (Decher, Hong and
Schmitt 1992; Decher 1997). The driving force behind this process is the ionic
interaction between opposite charges of different components in adjacent layers.
This technique has the advantage of allowing subtle molecular-level control over
the film composition and thickness. The products are independent of the substrate
size and topology. The assembly process is easy to operate and does not require
high-temperature sintering.

The LBLSA method can also be used to produce multilayered thin-film structures
containing inorganic components such as semiconductor nanoparticles. Normally
polyelectrolytes are employed to provide electrostatic attractions with the inorganic
materials in the next layer and to reduce the defect formation within the multi-
layer structures. For the films used as photoelectrodes, the organic polyelectrolyte
components in the films should be burned out to form a robust structure. The con-
trol of pH in the component solutions is critical, because it strongly influences the
dissociation of the polyelectrolyte molecules and the surface charge density of the
inorganic particles. Hao and coworkers (2005) produced TiO2 photoelectrodes on
quartz substrates by this technique. A poly(sodium-4-styrenesulfonate) (PSS) solu-
tion and a positively charged TiO2-sol solution were used to submerge the substrate,
followed by extensive rinsing between adjacent immerging. The thickness of the
multilayered TiO2=PSS films was controlled by choosing the appropriate number
of cycles. After thermal treatment nanoporous TiO2 granular films were obtained
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Fig. 18.1 LBLSA process for fabrication of TiO2=TALH multilayered films [reprinted from Kim
et al. (2006), copyright (2006), with permission from Elsevier]

Fig. 18.2 TiO2 films from LBLSA: (a) immersed and (b) not immersed in silver acetate solution
[reprinted from Tsuge et al. (2006), copyright (2006), with permission from Elsevier]

with photocatalytic activity in the degradation of Rhodamine B. Kim et al. (2006)
reported TiO2 multilayered thin-film photoelectrodes using similar polyelectrolyte
components but different TiO2 precursor that contains both 7-nm-sized TiO2 sol so-
lution and titanium(IV) bis(ammonium lactato) dihydroxide (TALH) with negative
charges after dissociation in water. The molecular structure of the assembled film is
shown in Fig. 18.1. Without thermal treatment, the final product showed activity in
photocatalytic degradation of methyl orange under UV light.

Highly porous TiO2 films could also be obtained upon exposure to a silver acetate
solution after cycles of LBLSA, as reported by Tsuge et al. (2006), and the spongy
structure brought significant enhancement on the energy conversion efficiency of
this film photoelectrode. The morphology of both normal and highly spongy films
is shown in Fig. 18.2.

18.2.3 Electrophoretic Deposition

Electrophoretic deposition (EPD) is a colloidal process in which the charged col-
loidal particles are driven by a dc electric field to deposit on a substrate, forming
a condensed film. This process is a combination of electrophoresis and deposition
(Sarkar and Nicholson 1996). It has a long history and the first application was in
1927 for ThO2 and tungsten deposition on a platinum cathode. Recently, photocat-
alyst semiconductor nanoparticles/microparticles have also been assembled by this
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technique to form film-structured electrodes on top of indium tin oxide (ITO) glass
substrates. Matsuda and coworkers (2006) prepared TiO2=SiO2 composite films
consisting of spherical microparticles which showed high activity in photocatalytic
reactions probed by the I�=I2 redox couple under UV irradiation. In their method,
the TiO2=SiO2 core-shell-structured microparticles were dispersed in acetone con-
taining I2 and poly(vinylidene fluoride). The resultant suspension was subjected to
a dc electric field between an ITO glass cathode and a stainless steel spiral counter
electrode. Uchikoshi et al. (2004) combined EPD with a magnetic field to prepare
TiO2 films with control over the crystalline orientation of the particles. By varying
the angle between the electric and the magnetic fields, the dominant crystal orien-
tation at the surface was controlled, and it could be retained after phase transition
from anatase to rutile.

18.3 Aqueous Phase Deposition

18.3.1 Electrodeposition

Electrodeposition of dissolved precursors (especially in aqueous solutions) is a low
cost and scalable method which is well suited to the mass production of thin films
of metal-oxide semiconductors such as TiO2, Cu2O, WO3, and ZnO. Control of
temperature, pH and the deposition potential are important because the correspond-
ing electrochemical reactions within the deposition bath mainly depend on these
parameters.

Kavan et al. (1993) proposed an anodic electrodeposition method to prepare TiO2
films over various substrates by oxidative hydrolysis of TiCl3 in aqueous acidic so-
lutions. The TiO2 films, possessing the anatase structure after annealing at 450ıC,
showed high photoelectrochemical activity as the photoanode in an I�=I2 regen-
erative cell. One layer of such-electrodeposited TiO2 film over conventional TiO2
particulate layers also enhanced the short-circuit photocurrent and open-circuit pho-
tovoltage in dye-sensitized solar cells (Nazeeruddin, Kay, Rodicio, Humphrybaker,
Muller, Liska, Vlachopoulos and Grätzel 1993).

Cathodic electrodeposition can be used to produce TiO2 thin films over ITO glass
substrate, as reported by Natarajan and Nogami (1996). They prepared the deposi-
tion bath by dissolving Ti powders with H2O2 and ammonia solution first (a gel
was obtained after heating to remove excess H2O2 and NH3) and then dissolv-
ing the TiO2C-gel in H2SO4 or HNO3 solution. An et al. (2005) added cationic
surfactants (such as cetyltrimethylammonium bromide, CTAB) can serve as the
deposition-promoting agent to cathodically deposit TiO2 films in TiCl3 or TiCl4
aqueous solutions containing KNO3. The main reactions in the deposition baths
were proposed as follows (An et al. 2005):
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.a/NO3� C H2OC 2e� ! NO2� C 2OH�

.b/TiO2C C 2OH� ! TiO.OH/2 .for TiCl4 precursor/

.c/TiOH2C C 2OH� ! Ti.OH/3 .for TiCl3 precursor/
(18.1)

The beneficial effect of CTAB was to increase the deposition (film growth) rate
due to the less electrostatic repulsion between NO3� ions and the cathode after
adsorbing CTAC cations (anionic or nonionic surfactants did not show this effect).

Deposition of Cu2O films over TiO2 underlayer on OTC glass substrates was re-
ported using the cathodic electrodeposition in an aqueous solution of cupric acetate
and sodium acetate (Tang, Chen, Jia, Zhang and Li 2005). The temperature of the
deposition bath showed a strong influence on both the morphology and the deposi-
tion rate, and highly porous Cu2O films could be obtained by keeping the deposition
bath temperature at 60ıC. The morphology of the film was shown in Fig. 18.3.

WO3 films can also be made using electrodeposition by dissolving tungsten
powder in aqueous hydrogen peroxide solution containing 2-propanol (Luo and
Hepel 2001). After being annealed at 400ıC, the WO3 films showed higher pho-
tocatalytic activity for the degradation of a textile diazo dye, naphthol blue black, as
compared with the TiO2 nanoparticulate film electrode.

Based on cathodic electrodeposition of TiO2 and WO3 films, de Tacconi and
coworkers (2003) provided a method to cathodically electrodeposit TiO2=WO3
composite films via the control of a pulsed deposition potential. By mixing the
deposition baths for both TiO2 and WO3, the authors applied a pulsed potential

Fig. 18.3 Cu2O films obtained by electrodeposition at various temperatures: (a) 0ıC, (b) 30ıC,
(c) 45ıC and (d) 60ıC [reprinted from Tang et al. (2005), copyright (2005), with permission from
Elsevier]
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Fig. 18.4 Contrast between TiO2=WO3 composite films electrodeposited by (a) pulsed-potential
deposition in a single deposition bath and (b) sequential deposition in different baths [reprinted
from Somasundaram et al. (2006), copyright (2006), with permission from Elsevier]

sequence during which �0:45 and �0:95V were used to trigger the deposition of
WO3 and WO3–TiO2, respectively. The duration of the two potentials was con-
trolled to achieve an appropriate ratio between TiO2 and WO3 in the film. But
the incident photon-to-current efficiency (IPCE) measurements suggested that this
pulsed-potential method in a single-deposition bath provided less satisfactory cou-
pling effects between TiO2 and WO3 than sequential electrodeposition of TiO2 and
WO3 in separate deposition baths. SEM results, as shown in Fig. 18.4, revealed that
layered TiO2=WO3 films could be obtained using the latter method, which might be
responsible for the more efficient separation of photogenerated electrons and holes.

Electrodeposition has also been frequently used to fabricate ZnO films. Peulon
and Lincot (1996) obtained ZnO thin films on tin oxide/glass substrate by a cathodic
electrodeposition process using an aqueous zinc salt solution containing dissolved
oxygen, according to the following diffusion and reaction steps:

.a/O2;bulk ! O2;surface

.b/Zn2Cbulk ! Zn2Csurface

.c/O2;surface C 2H2OC 4e� ! 4OH�surface

.d/Zn2Csurface C 2OH�surface ! ZnOC H2O

.e/OH�surface ! OH�bulk

(18.2)

where (a), (b), and (e) are the diffusion steps accounting for the transfer of materi-
als between the bulk solution and the electrode surface; (c) is the electrochemical
step for oxygen reduction; and (d) represents the formation of ZnO on the sub-
strate. It was proposed that the growth of such films is a heterogeneous process
under quasithermodynamic equilibrium conditions at the electrode/electrolyte in-
terface. The deposition temperature, deposition bath composition, and the nature
of the substrate influenced the final properties of the films. The SEM images
shown in Fig. 18.5 display the effect of the deposition conditions on the struc-
ture of the ZnO films. Efforts have also been made to modify the film structure
and properties by introducing structure-directing agents (such as surfactants) in
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Fig. 18.5 ZnO films deposited with: (a) high zinc concentration on Au substrate; (b) low zinc
concentration on tin oxide/glass substrate (Peulon and Lincot 1998) [reproduced by permission of
The Electrochemical Society]

the electrodeposition bath (Oekermann, Yoshida, Schlettwein, Sugiura and Mi-
noura 2001; Choi, Lichtenegger, Stucky and McFarland 2002).

Simultaneous electrodeposition of ZnO and dye molecules from aqueous solu-
tion was reported as well to achieve a deeper penetration of the dye molecules
into the inorganic film, as compared with those obtained by adsorption of dye
molecules by the pre-assembled particles (mostly limited to the top layers). Yoshida
and coworkers (2000) conducted such deposition process in an aqueous solution of
Zn .NO3/2 and eosin Y at 70ıC and obtained ZnO/eosin Y dye-sensitized semicon-
ductor films without high temperature annealing. The eosin Y molecules condensed
at a sufficiently high concentration at both inside and on the surface of the film,
which improved light absorption and IPCE.

18.3.2 Hydrothermal Methods

Hydrothermal methods have been widely used to fabricate well-ordered, highly
crystalline materials (Sayari, Liu, Kruk and Jaroniec 1997; Feng and Xu 2001; Wang
and Li 2002; Liu and Zeng 2003). Yoshida, Zhang and coworkers (2002) prepared
nanocrystalline TiO2 films by low-temperature hydrothermal treatment of a paste
containing nanocrystalline TiO2 powder and titanium salts (such as TiCl4, TiOSO4,
and Ti(IV) alkoxide). The titanium salts were crystallized to form a chemical “glue”
between the TiO2 particles, resulting in crack-free, robust porous thick films up to
18�m at temperatures as low as 100ıC. With such thickness, the light-harvesting
capacity could be maintained high which is not surprising, and the IPCE of the films
was also promising because of the improved electron transport in the film since the
connection of anatase TiO2 particles was improved by the additional thin TiO2 layer.
Subsequent high-temperature annealing further elongated the electron lifetime upon
the removal of the residual organic species, which might otherwise act as the sur-
face states and recombination centers. Hosono et al. (2004) reported a hydrothermal
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Fig. 18.6 Rutile TiO2 films deposited by hydrothermal method: (a) top view; (b) cross-section
view [reprinted with permission from Hosono et al. (2004), copyright 2004 American Chemical
Society]

method to fabricated highly crystalline (nearly single-crystalline) rutile TiO2 films
over glass substrates. Hydrothermal treatment was conducted on an aqueous TiCl3
solution containing high-concentration NaCl in Teflon-lined autoclaves at 200ıC.
The substrate was covered completely and continuously by the TiO2 film consisting
of rectangular parallel submicron pipes 150–250 nm in width and 3–4�m in length,
as shown in Fig. 18.6.

Guo et al. (2005a, b) reported the hydrothermal growth of large area, densely
packed and well-oriented single-crystalline ZnO nanorod arrays on ITO substrates.
To obtain high-quality ZnO nanorods, they firstly modified the ITO substrate surface
by a few cycles of spin coating of an aqueous zinc nitrate/methenamine solution fol-
lowed by annealing at 200ıC. Then hydrothermal growth was carried out at 95ıC by
immersing the modified substrate in a diluted solution containing the same precur-
sors. The resultant ZnO films consisted of well-aligned ZnO nanorod with diameters
typically smaller than 150 nm and their thickness were around 4�m, as shown in
Fig. 18.7. The films exhibited high photoconversion efficiency as dye-sensitized
photoelectrodes [the IPCE was comparable to much thicker ZnO nanoparticu-
late films tested under identical conditions (Rensmo, Keis, Lindstrom, Sodergren,
Solbrand, Hagfeldt, Lindquist, Wang and Muhammed 1997)].

18.3.3 Electrochemical Anodization

TiO2 nanotubes has been attracting attention in photoelectrochemical applica-
tions because they are believed to be capable of transferring electrons more
efficiently than conventional nanoporous TiO2 films (Adachi, Murata, Okada
and Yoshikawa 2003). TiO2 nanotubes can be synthesized by a variety of
methods, such as sol–gel (Zhang, Bando and Wada 2001), sonochemical (Zhu,
Li, Koltypin, Hacohen and Gedanken 2001) and surfactant-templated methods
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Fig. 18.7 ZnO nanorod arrays deposited on ITO substrates by hydrothermal method: (a) top view;
(b) cross-section view [reprinted from Guo et al. (2005a), copyright (2005), with permission from
Elsevier]

(Adachi et al. 2003). Recently, Shankar and coworkers (2007) has successfully
developed a templateless method to directly from highly ordered TiO2 nanotube
arrays suitable for photoelectrodes.

Briefly, this method consists of the following steps: (1) a thin layer (�500 nm) of
Ti was RF sputtered onto FTO glass substrate; (2) the resulted film was anodized at
a constant potential in an electrolyte solution of 0.5% HF andC acetic acid mixed at
desired ratio; (3) after annealing at elevated temperatures, they obtained crystalline
TiO2 nanotube-array films of 360 nm thick, and with pore diameters of�46 nm and
wall thickness of �17 nm (Mor, Shankar, Paulose, Varghese and Grimes 2006). By
varying the electrolytes (fluoride ion-containing baths supplemented by dimethyl
sulfoxide, formamide, ethylene glycol, and N -methylformamide, etc.) and the an-
odization voltage, TiO2 nanotubes with lengths up to 220�m (Shankar et al. 2007),
pore diameters ranging from 20 to 150 nm, and length-to-width aspect ratio of
�835 could be achieved, together with a remarkable photoconversion efficiency of
16.25% for H2O photoelectrolysis (Paulose, Shankar, Yoriya, Prakasam, Varghese,
Mor, Latempa, Fitzgerald and Grimes 2006). Figure 18.8 gives the SEM images
of the resulted TiO2 nanotube arrays. Using similar procedures, nanoporous Fe2O3
films were also fabricated with controlled pore size and length (Prakasam, Varghese,
Paulose, Mor and Grimes 2006).

Other groups have also reported the fabrication of TiO2 nanotube-based film
electrodes by electrochemical anodization. For example, Quan et al. (2005) synthe-
sized TiO2 nanotube array films by anodizing Ti sheets in a 0.2 wt% HF aqueous so-
lution under a potential of 20 V at room temperature. Their electrodes showed high
and stable photoelectrocatalytic efficiency for the degradation of pentachlorophe-
nol under UV irradiation. TiO2 nanotube arrays can also be further coupled with
other photosensitive materials such as polyoxometalate (POM) to form a compos-
ite photoelectrode by a hydrothermal method, as reported by Xie (2006), and the
composite photoelectrode showed a high efficiency for photoelectrocatalytic degra-
dation of bisphenol A due to the promotion of interfacial charge transfer caused
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Fig. 18.8 Bottom surface (a) and top surface (b) of a TiO2 nanotube-array grown at 60 V in an
ethylene glycol electrolyte containing 0.25 wt% NH4F [reprinted with permission from Paulose
et al. (2006), copyright 2006 American Chemical Society]

Fig. 18.9 SEM images of TiO2 nanotube arrays (a) and coupled POM=TiO2 film (b) [Xie (2006);
copyright Wiley-VCH Verlag GmbH & Co. KGaA; reproduced with permission]

by the coupling modification. The SEM images of the TiO2 nanotubes and the
coupled POM=TiO2 film are shown in Fig. 18.9. Feng et al. (2007) studied the for-
mation of TiO2 nanotube arrays under a wide range of pH conditions and found
that not only acidic conditions but also neutral and basic conditions were suitable
for the fabrication of TiO2 nanotube arrays. By applying a more viscous electrolyte
solution containing, for example, glycerol to inhibit the local current, concentra-
tion and pH fluctuations during the anodization process, very smooth-walled TiO2
nanotube arrays have been obtained (Macak, Tsuchiya, Taveira, Aldabergerova and
Schmuki 2005).

18.3.4 Template Methods

Template methods have been applied to synthesize semiconductor photocatalysts
with well-ordered structures including nanowires (Miao, Xu, Ouyang, Guo, Zhao
and Tang 2002), nanorods (Limmer, Seraji, Wu, Chou, Nguyen and Cao 2002),
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nanotubes (Lakshmi, Dorhout and Martin 1997a; Lakshmi et al. 1997b) and
nanoporous films. Generally, well-ordered materials that are feasibly dissolved
via chemical methods can be used as “hard” templates. Polymeric materials, on the
other hand, can serve as “soft” templates for the fabrication of ordered mesoporous
films (Soler-Illia, Crepaldi, Grosso and Sanchez 2003).

18.3.4.1 “Hard” Template Methods

The most commonly used hard templates are anodic aluminum oxide (AAO) and
track-etched polycarbonate membranes, both of which are porous structured and
commercially available. The pore size and thickness of the membranes can be well
controlled, which then determine the dimension of the products templated by them.
The pores in the AAO films prepared electrochemically from aluminum metals
form a regular hexagonal array, with diameters of 200 nm commercially available.
Smaller pore diameters down to 5 nm have also been reported (Martin 1995). With-
out external influences, capillary force is the main driving force for the Ti-precursor
species to enter the pores of the templates. When the pore size is very small, elec-
trochemical techniques have been employed to enhance the mass transfer into the
nanopores (Limmer et al. 2002).

Charles Martin’s group has been working on the fabrication of nanoporous alu-
mina membrane templates (Che, Lakshmi, Fisher and Martin 1998; Lee, Mitchell,
Trofin, Nevanen, Soderlund and Martin 2002) and subsequent synthesis of nanos-
tructured metal-oxide materials, including TiO2, ZnO, WO3, MnO2, V2O5, and
Co3O4, within the nanopores of the alumina membranes (Martin 1995; Lakshmi
et al. (1997a, b)). They combined the sol–gel synthesis with the template method
to fabricate for example, nanotubules and nanofibrils of TiO2 using titanium iso-
propoxide as the precursor. First, a TiO2 sol was formed within the mixture of
titanium isopropoxide, ethanol, water, and HCl; the alumina template membrane
was then dipped into the sol for desired amount of time, removed and dried in air,
followed by thermal treatment to crystallize the TiO2 products; finally after remov-
ing the alumina template in aqueous base solution, TiO2 tubules or fibrils could be
obtained. In this process, initially the TiO2 sol was adsorbed on to the pore walls
by forming Ti–O–Al bonds with Al–OH sites on the pore wall. After a longer time
of contact, the pores could be further filled to form nanofibrils. Operation at higher
temperatures also facilitated the formation of TiO2 nanofibrils within shorter time.
The TiO2 nanofibers showed high activity for the decomposition of salicylic acid.

Direct sol filling was suggested to have potential limitations in that the sols com-
monly have a very low solid content (�5 vol%) which might not be high enough to
form condense packing of solids in the pores. Increasing the concentration of the sol
would result in a highly viscous sol that is very difficult to be transferred into the
pores driven by the capillary force alone. Therefore, shrinkage, cracking, and defects
can be formed by the large volume change upon drying when the solvent content is
removed. To overcome this limitation, electrophoretic motion was introduced by an
applied electric field to increase the mass transfer of the TiO2 sol particles, which
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were positively charged by appropriately controlling the pH of their environment,
into the nanopores of the template membrane. Limmer and coworkers (2001, 2002)
demonstrated that this method could effectively increase the density of the sol inside
the polycarbonate membrane, and a less significant shrinkage was observed after the
samples were fired at 700–800ıC to crystallize the nanorods. Note that the polycar-
bonate membrane could be burned off at around 400ıC, i.e., below the temperature
at which the metal oxide could be fully crystallized. Some of the insufficiently crys-
tallized nanorods with low mechanical strength could be broken or distorted during
the firing process. Recently, this method has also been applied to the production
of transparent conducting ITO membranes, which have an apparent resistivity of
5� cm (Limmer, Cruz, and Gao 2004).

The electrophoretic sol–gel template method could overcome the pore size limi-
tation to certain extent (down to a few tens of nanometers), but it is still limited by
the size of the sol particles which were preformed prior to being subjected to the
electric field. To address this problem, Miao et al. (2002) reported an electrochem-
ical sol–gel template method in which the sol particles were generated within the
pores of the AAO template membrane, as shown in Fig. 18.10.

The hydroxyl ions were first generated from the cathodic reduction of the nitrate
ions in a stock solution containing TiO2C ions (Natarajan and Nogami 1996). These
hydroxyl ions increased the local pH in the pores of the AAO template, leading to

Fig. 18.10 Illustration of the electrochemical sol–gel template process. [reprinted with permission
from Miao et al. (2002), copyright 2002 American Chemical Society]
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the formation of titanium oxyhydroxide sol particles which was further converted
into a network of gel by bond formation between the sol particles within the pores
of the template. Finally, the thermal treatment and the removal of the AAO template
resulted in the TiO2 single-crystalline nanowire arrays. This method successfully
pushed the template-pore-size limit down to around 10 nm and a much higher sur-
face area of the products could be achieved. Another advantage is that a higher
packing density of the sol particles could be obtained because of the high pH gra-
dient constructed at the bottom of the pores, hence less shrinkage and cracking
happened during the thermal treatment especially for the smaller-diameter pores
since the pH gradient is higher in this case than that for larger-diameter pores.

18.3.4.2 “Soft” Template Methods

Soft polymeric materials, for example, the so-called block copolymers, have been
successfully used as templates for the synthesis of well-ordered, mesoporous
nanostructured materials (Yang, Deng, Zhao, Feng, Pine, Chmelka, Whitesides and
Stucky 1998; Zhao, Feng, Huo, Melosh, Fredrickson, Chmelka and Stucky 1998a;
Zhao, Huo, Feng, Chmelka and Stucky 1998 b). This method is also named
“evaporation-induced self-assembly” (Grosso, Babonneau, Sanchez, Soler-Illia,
Crepaldi, Albouy, Amenitsch, Balkenende and Brunet-Bruneau 2003; Choi, Ma-
mak, Coombs, Chopra and Ozin 2004; Choi, Mamak, Speakman, Chopra and
Ozin 2005), which can produce a variety of mesostructured shapes including pow-
ders, films, monoliths and aerosols. A recent review has covered more details of
the copolymer-templated synthesis methods (Soler-Illia et al. 2003). For the fabri-
cation of TiO2 mesoporous films, commercially available block copolymers (such
as Pluronic P123 and F127) are dissolved and mixed with an acidified alcoholic
solution containing the TiO2 precursors, for example, titanium(IV) ethoxide or
propoxide. Aging of the solution is usually required before the film casting. Control
over the temperature and the relative humidity of the film-aging environment is very
important for the formation of ordered mesostructures. Slow temperature-increasing
calcinations lead to the removal of the organic components and crystallization of the
inorganic walls of the mesoporous structures. The TiO2 films exhibited much higher
photocatalytic activities than conventionally assembled films (Wark, Tschirch, Bar-
tels, Bahnemann and Rathousky 2005). Such films can be further modified, for
instance, by introducing noble metal nanoclusters into the mesopores (Yu, Wang,
Wu, Ho, Zhang and Zhou 2004; Wang, Yu, Yip, Wu, Wong and Lai 2005) to enhance
the photocatalytic activities. Stucky’s group reported film-structured Ag=TiO2 pho-
toelectrodes using surfactant-directed titania as the support (Andersson, Birkedal,
Franklin, Ostomel, Boettcher, Palmqvist and Stucky 2005). Hexagonal mesoporous
titania film was first made by dip coating quartz slides from the titanium precursor
mixed with Pluronic P123 as the structure-directing agent. As low burning temper-
ature as 250ıC was used to keep the long-range order of the mesoporous film. The
remaining surfactant which was not completely burned off at this temperature was
said to reduce the silver ions and form metallic silver nanoparticles.
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18.3.5 Methods for Synthesis of Composite Photoelectrodes

The above-mentioned aqueous-phase methods have shown their ability to produce
structure-controlled (on the nanometer scale) photoelectrodes. In this section, sev-
eral other methods operated in aqueous phase will be briefly discussed with a
focus on the synthesis of composite photocatalysts such as bimetal oxides and
metal/semiconductor nanocomposite materials.

18.3.5.1 Wet Impregnation Method

Wet impregnation method in some publications it was also called the incipient
wetness impregnation method (Song et al. 2001; Bowker, Millard, Greaves, James
and Soares 2004) is a widely applied technique to synthesize composite photocata-
lysts (Papp, Soled, Dwight and Wold 1994; Pal, Sharon and Nogami 1999; Reddy,
Chowdhury and Smirniotis 2001; Shchukin and Caruso 2003; Bandyopadhyay,
Birkner, van den Berg, Klementiev, Schmidt, Grunert and Gies 2005), metal ion-
doped semiconductors (Di Paola, Marci, Palmisano, Schiavello, Uosaki, Ikeda
and Ohtani 2002; Tayade, Kulkarni, and Jasra 2006), and metal/semiconductor
nanocomposites (Haruta, Uphade, Tsubota and Miyamoto 1998; Bowker et al. 2004;
Jing, Li, Wang, Xin, Fu, Wang and Cai 2005; Li, Liu, Nag and Croziers 2005b;
Bavykin, Lapkin, Plucinski, Torrente-Murciano, Friedrich and Walsh 2006). The
general route consists of the following steps: (1) the supporting material (e.g., metal-
oxide particles or films) is first impregnated with aqueous solutions of the target
precursors (such as metal ions); (2) after standing for desired amount of time, wa-
ter is evaporated by heating the impregnated sample; (3) the dried solid is further
burned at desired temperatures to form, the final products. For example, WO3=TiO2
and MoO3=TiO2 composite nanopowders were prepared by impregnating TiO2
nanoparticles with aqueous ammonia solution of H2WO4 and aqueous solution of
ammonium paramolybdate, followed by drying and burning at different tempera-
tures (Papp et al. 1994). Dispersion of MoO3 on various binary and ternary metal
oxide supports (TiO2=ZrO2, TiO2=Al2O3, TiO2=SiO2, TiO2=SiO2=ZrO2, etc.) has
also been reported (Reddy et al. 2001). The resulted metal-oxide composite powders
can be fixed onto conducting support to serve as electrodes for photoelectrocatalytic
applications.

Direct synthesis of film-structured TiO2=ITO, TiO2=ZrO2=ITO, TiO2=In2O3=
ITO and TiO2=SnO2=ITO photoelectrodes have also been achieved by impreg-
nating organic templates with aqueous TiO2 sols, as reported by Shchukin and
Caruso (2003). Cellulose acetate and polyamide membrane filters were used as the
organic templates, which were first attached to the conducting surface of the ITO
glass substrate. Then the templates were immersed in the target aqueous metal oxide
sols (or their mixtures at desired molar ratios) and stored at room temperature in the
dark for 24 h. Water was evaporated by heating at 60ıC, followed by calcination at
500ıC to burn out the organic templates and result in highly porous films supported
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Fig. 18.11 TiO2 film supported on ITO surface: (a) view from the edge and (b) view from the top
surface of the titania film [Shchukin and Caruso (2003) Copyright Wiley-VCH Verlag GmbH &
Co. KGaA, reproduced with permission]

on ITO substrate. The morphology of the TiO2=ITO film is shown in Fig. 18.11. Its
photoelectrochemical activity was twice that of a spin-coated titania film electrode.
TiO2=ZrO2=ITO, TiO2=In2O3=ITO and TiO2=SnO2=ITO films showed different
photocatalytic activities, depending on the molar ratio between TiO2 and the other
metal oxide component and the nature of it.

Metal ion-doped TiO2 photocatalysts can be synthesized by the wet impregna-
tion method. The difference between such materials and the mixed metal oxides
is that the impregnated metal ions in the former take the substitutional or in-
terstitial sites of the TiO2 lattice (which depends on their relative ionic radius
to Ti4C cations and does not significantly alter the XRD pattern and the crys-
tallinity of TiO2), while in the latter the impregnated metal species can form its
own localized oxide phase segregated from TiO2 and can be detected from XRD
measurements. TiO2 photocatalysts doped by metal ions of Co, Cr, Cu, Fe, Mo,
V, W, and Ni have all been prepared by this method (Di Paola et al. 2002; Tayade
et al. 2006).

Noble metal nanoparticles deposited on TiO2 support have also been achieved
using the wet impregnation method. An aqueous stock solution of noble metal pre-
cursors (such as chloroauric acid in the case of gold (Bowker et al. 2004)) was first
prepared to impregnate the TiO2 substrates at desired loadings. Different from the
metal ion-doped TiO2, the noble metal ionic species in this case normally undergo a
reduction process during the aging or heating process to form metallic nanocrystals.
Li and coworkers (2005b) also reported an in situ reduction of Ni2C ions on TiO2
support to form metallic Ni=TiO2 heterojunctions at atomic resolution as observed
using environmental transmission electron microscopy.
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18.3.5.2 Photodeposition

Photodeposition has been frequently used in synthesizing metal/semiconductor
composite materials such as Ag=TiO2, Pt=TiO2 and Au=TiO2 (Tada, Teranishi,
Inubushi and Ito 2000; Tada, Mitsui, Kiyonaga, Akita and Tanaka 2006; Vorontsov,
Stoyanova, Kozlov, Simagina and Savinov 2000; Soejima, Tada, Kawahara and
Ito 2002; Chan and Barteau 2005). It takes the advantage of the semiconductor pho-
tocatalysts under irradiation to reduce the metal precursors in an aqueous or organic
solution, and metal nanoparticles are deposited on the surface of the photocatalyst
particles. Normally the metal precursors (for example, AgNO3 for Ag, HAuCl4 for
Au or H2PtCl6 for Pt) are first dissolved to make a solution, in which the photocat-
alyst particles are loaded and dispersed. Then the system is subjected to bandgap
irradiation to deposit the noble metal nanoparticles on the photocatalyst surface.
Chan and Barteau (2005) used this method on a small scale (on a TEM copper grid
loaded with TiO2 particles) and observed the formation of Au=TiO2 nanocompos-
ites as exemplified in the TEM images in Fig. 18.12. Tada et al. (2006) proved that
the Au=TiO2 photocatalyst was capable of fast photoreduction of elemental S to
S2� in an aqueous environment (Kiyonaga, Mitsui, Torikoshi, Takekawa, Soejima
and Tada 2006). Based on this finding, they synthesized a Au=CdS=TiO2 nanocom-
posite photocatalyst with selective deposition of CdS at the Au spots on the surface
of TiO2 nanoparticles, as illustrated in Fig. 18.13. Subsequent photodeposition of Pt
on this material could also be achieved to give more complex structures.

Cozzoli and coworkers (2004) synthesized Ag=TiO2 nanocomposites by
photodeposition of Ag from a CHCl3 solution of surfactant-stabilized TiO2
nanorods containing AgNO3 as the Ag precursor. Careful control of the irradiation
condition was able to give the Ag=TiO2 nanocomposites with various Ag particle-
size and its contact modes with the TiO2 nanorods. Film-structured photoelectrodes

Fig. 18.12 Au=TiO2 nanocomposites obtained by photodeposition on different TiO2 nanoparticles
((a) commercial and (b) prepared by MOCVD) in HAuCl4 solution [reprinted with permission
from Chan and Barteau (2005), Copyright 2005 American Chemical Society]
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Fig. 18.13 Geometrical structure of Au=CdS=TiO2 composite nanoparticle formed on TiO2

[adapted by permission from Macmillan Publishers Ltd: Nature Materials (Tada et al. 2006),
copyright (2006)]

loaded with noble metal nanoparticles were also fabricated using the photodeposi-
tion method. He and coworkers (2003) fabricated Ag=TiO2=ITO photoelectrodes
by photodeposition of Ag onto TiO2 films supported on ITO glass. Combined with
a layer-by-layer assembly technique, He and coworkers (2004) prepared another
type of Ag-loaded TiO2=ITO photoelectrode. In this method, TiO2 nanosheets
were first hybridized with an Ru(II) complex, and then the hybridized species was
deposited on an ITO substrate, followed by dipping it into an aqueous AgNO3 solu-
tion. The film was subjected to UV irradiation to form the Ag nanoparticle-loaded
photoelectrode. Jin and Shiraishi (2004) conducted photodeposition of Pd, Cu and
Pt nanoparticles on a transparent TiO2 film supported by a glass tube, and the
product showed increased activity in the photocatalyticoxidation of several organic
compounds in water.

18.3.5.3 Deposition–Precipitation

The deposition–precipitation method as proposed by Haruta et al. (1993) provides
another way to synthesize composite materials with noble metal nanoparticles over
metal-oxide supports. The synthesis of gold and platinum nanoparticles supported
on various metal oxide substrates (such as TiO2, ZnO, CeO2, Co3O4 and Fe2O3)
(Bamwenda, Tsubota, Nakamura and Haruta 1995; Boccuzzi, Chiorino, Tsubota
and Haruta 1996; Centeno, Carrizosa and Odriozola 2003; Moon, Lee, Park and
Hong 2004; Zanella, Delannoy and Louis 2005; Li, Comotti and Schuth 2006) has
been continually reported in the past one and a half decades.
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In a typical deposition–precipitation method (for example, to synthesize gold
nanoparticles supported by TiO2), an aqueous solution of HAuCl4 is heated and the
pH is adjusted to a desired value; then an appropriate amount of TiO2 nanopow-
ders is added to the solution. After aging the slurry for an effective adsorption of
the metal precursor onto the surface of TiO2, the mixture is washed and the solid
content is separated out. The solids are dried and calcined in air at moderate tem-
peratures to result in metallic gold nanoparticles on TiO2 surface. The mechanism
of the formation of metallic gold and the oxidation states of the gold species after
being deposited on TiO2 surface are still to be elucidated (Zanella 2005; Dimitratos,
Villa, Bianchi, Prati and Makkee 2006; Venkov, Fajerwerg, Delannoy, Klimev,
Hadjiivanov and Louis 2006). It seems that the “precipitation” part is missing from
the “deposition–precipitation” term. Actually the precipitation part has been origi-
nally designed to obtain metal hydroxide supports from aqueous solution of metal
salts prior to the deposition of metal nanoparticles. Obviously it is not a suitable
way to prepare TiO2 by aqueous precipitation. For other metal oxides (e.g., Fe2O3
(Khoudiakov, Gupta and Deevi 2005)), the precipitation procedure has indeed been
included using suitable salts under an alkaline environment. Nowadays due to the
easy availability of nanosized metal-oxide materials, direct application of such metal
oxides as the supporting materials in the deposition–precipitation method is com-
mon practice (Zanella, Giorgio, Henry and Louis 2002; Zanella and Louis 2005;
van Bokhoven, Louis, Miller, Tromp, Safonova, and Glatzel 2006; Weiher, Beesley,
Tsapatsaris, Delannoy, Louis, van Bokhoven and Schroeder 2007). It is suggested
that the supporting materials should have a surface area of at least 50m2 g�1 (Bond
and Thompson 1999). Besides working as photocatalysts (You, Chen, Zhang and
Anpo 2005), such materials are also under intensive investigation in gold-catalyzed
chemical reactions including low-temperature CO oxidation.

18.4 Gas-Phase Deposition

Generally, gas phase deposition for the fabrication of photoelectrodes possess the
advantage of direct formation of highly crystalline films that do not need post-
thermal treatments as often required in the aqueous phase deposition methods
discussed in Sect. 18.3. But the equipments for conducting gas phase deposition
are more expensive because conditions like high vacuum are frequently required
during the operation processes. In this section, recent developments in the fabrica-
tion of photoelectrodes using chemical vapor deposition (CVD), spray pyrolysis,
magnetron sputtering, and ion implantation will be discussed.

18.4.1 CVD Methods

CVD has been a powerful technique in synthesizing film-structured materials (such
as metal-oxide semiconductors, diamond-related materials and carbon nanotubes)



492 H. Zhang et al.

with a variety of morphologies and properties. In a typical CVD process, the
substrate is exposed to one or more volatile precursors, which react and/or decom-
pose on the surface of the substrate to produce the desired deposit. Frequently,
volatile byproducts are also formed, which are removed from the reaction region
by carrier gas through the reaction chamber. In the fabrication of film-structured
semiconductor photoelectrodes, some new techniques has been incorporated into
traditional CVD, and new methods such as metal-organic chemical vapor de-
position (MOCVD) (Babelon, Dequiedt, Mostefa-Sba, Bourgeois, Sibillot and
Sacilotti 1998; Gauthier, Bourgeois, Sibillot, Maglione and Sacilotti 1999; Lee,
Park and Ko 2000; Lee, Huang and Wu 2005; Won, Wang, Jang and Choi 2001;
Lo Nigro, Toro, Malandrino and Fragala 2003; Zhang, Zhou and Lei 2006), light-
induced CVD (Halary, Benvenuti, Wagner and Hoffmann 2000; Murakami, Kijitori,
Kawashima and Miyasaka 2004; Halary-Wagner, Bret and Hoffmann 2005),
aerosol-assisted CVD (Backman, Auvinen and Jokiniemi 2005; Conde-Gallardo,
Guerrero, Fragoso and Castillo 2006; Palgrave and Parkin 2006), plasma-enhanced
CVD (Okuyama, Honma and Ohno 1999; Karches, Morstein, von Rohr, Pozzo,
Giombi and Baltanas 2002) and ion-beam-induced CVD (Espinos, Fernandez,
Caballero, Jimenez, Sanchez-Lopez, Contreras, Leinen and GonzalezElipe 1997)
have been successfully developed. A few examples will be given here to illustrate
their application to fabricate TiO2-based photoelectrodes.

The most widely used precursors for the CVD-synthesis of TiO2 thin films are
TiCl4 and titanium isopropoxide. The chemical nature of the precursors has been
shown to have a direct influence on the properties of the deposited TiO2 films, as
reported by Evans and coworkers (2006). The existence of oxygen in titanium iso-
propoxide molecules makes it possible for an intramolecular reaction to take place.

A typical atmospheric-pressure CVD process was exemplified by the work of
Hyett et al. (2006). The authors fabricated TiO2 thin films over float glass substrates
using TiCl4 and ethyl-acetate as precursors. After being vaporized in heated bub-
blers, the precursors were introduced to the deposition region, and the substrate
temperature was adjusted to control the crystal orientation and phase of the de-
posited TiO2 films. Low pressure conditions can also be used to make TiO2 films
using the CVD method. The reduced pressure in the deposition chamber could re-
duce the unwanted gas-phase reactions and improve the film uniformity across the
substrates. MOCVD uses metal-organic precursors or a mixture of them to fab-
ricate both pure and doped materials. For example, Nd3C, Pd2C, Pt4C or Fe3C

ion-doped TiO2 was synthesized using titanium isopropoxide and acetylacetonates
of the corresponding metals as the precursors (Shah, Li, Huang, Jung and Ni 2002).
Plasma-enhanced CVD allows significant reduction in the substrate temperature, as
compared with conventional CVD processes. This makes it possible to deposit ma-
terials with poor thermal tolerance. A high deposition rate of 900 nm min�1 could
be obtained. Besides, the control of the plasma-induced reactions also allows one
to optimize the film composition and its microstructure (Yang and Wolden 2006).
Aerosol-assisted CVD generates aerosol droplets (for example, by an ultrasonic
humidifier) containing the precursor solution which was transferred by the car-
rier gas to the reaction region. This method has been used when the precursors
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are nonvolatile or thermally unstable under the conditions typical in a conventional
atmospheric-pressure CVD process. Moreover, by designing precursors specifically
for the aerosol-assisted CVD, the restrictions of volatility and thermal stability can
be loosened and new precursors and films can be investigated. For example, gold
nanoparticles in toluene solution containing titanium isopropoxide or tungsten phe-
noxide could be used as the precursors to deposit Au=TiO2 or Au=WO3 composite
films by the aerosol-assisted CVD (Palgrave and Parkin 2006). Light-induced CVD
enables manipulating light beams with high spatial resolution on the substrate sur-
face, thus achieving localized deposition of film-structures. Both lamps and laser
beams have been utilized to heat the substrates at temperatures much lower than
that for conventional thermal CVD processes (Halary-Wagner et al. 2004).

18.4.2 Spray Pyrolysis

Spray pyrolysis has been an attractive synthesis route for nanostructured films
because large-scale thin films can be produced feasibly on various types of sub-
strates (such as glass and stainless steel) (Kim and Yoon 1991; Zhang, Zhu and
Brodie 1992; Cui, Shen, Gao, Dwight and Wold 1993; Okuya, Prokudina, Mushika
and Kaneko 1999; Teleki, Pratsinis, Kalyanasundaram and Gouma 2006). For the
fabrication of TiO2-based films, the precursors frequently used here are similar to
those used in CVD methods, including titanium isopropoxide and TiCl4. In this
method, the substrate is preheated to desired temperatures; then the pyrolysis pro-
cedure is initiated using compressed gas (e.g., air or oxygen) to spray the precursor
solution and form a mist over the substrate. The temperature of the substrate should
be maintained high enough to burn off the organic content in the precursor solution
and leave behind a compact TiO2 thin film. The temperature can be lowered upon
the landing of the cool mist, therefore, an intermittent operation can be practiced
for the recovery of the substrate temperature. Repeated cycles of spray-pyrolysis
can produce films with desired thickness. The final crystal structure of the product
usually depends on the specific precursor solutions employed. An example of such-
made TiO2 film is shown in Fig. 18.14. The film was deposited over a glass substrate
using an isopropanol solution of titanium isopropoxide/TiCl4 as the precursor, and
the substrate temperature was 430ıC (Okuya et al. 1999).

Compact TiO2 layer incorporated in dye-sensitized solar cells has been deposited
using this method (Peng, Jungmann, Jager, Haarer, Schmidt and Thelakkat 2004).
Aqueous solution of peroxo-titanium complex was also used as the precursor
solution to produce TiO2 films using spray-pyrolysis (Natarajan, Fukunaga and
Nogami 1998). Other metal-oxide semiconductor films such as WO3 (Ortega, Mar-
tinez, Acosta and Magana 2006) and ZnO (Studenikin, Golego and Cocivera 1998;
Paraguay, Estrada, Acosta, Andrade and Miki-Yoshida 1999) have also been fab-
ricated by this method. Because the precursor solutions can be easily prepared by
simply mixing various species at desired molar ratios (especially for water soluble
salts), a variety of doped semiconductor films (Badawy 1997; Bougrine, El Hichou,
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Fig. 18.14 TiO2 film deposited by spray-pyrolysis method using TiCl4=titanium isopropoxide as
the precursor [reprinted from Okuya et al. (1999), copyright 1999, with permission from Elsevier]

Addou, Ebothe, Kachouane and Troyon 2003; Manivannan, Seehra, Majumder and
Katiyar 2003; Li, Haneda, Hishita, Ohashi and Labhsetwar 2005a; Ilican, Caglar,
Caglar and Yakuphanoglu 2006; Teoh, Amal, Madler and Pratsinis 2007) have
been produced by spray pyrolysis. For instance Badawy (1997) prepared indium-
incorporated TiO2 thin films with an ethanol solution of a TiCl4=InCl3 mixture and
the spray-pyrolysis process was operated at 450ıC. Bougrine et al. (2003) synthe-
sized Sn-doped ZnO films using an aqueous mixture of ZnCl2 and SnCl2 with the
temperature of the glass substrate maintained at 450ıC. Manivannan et al. (2003)
obtained cobalt-doped TiO2 films using an ethanol solution of titanium acetylacet-
onate and cobalt nitrate, which was sprayed by N2 gas over glass substrates kept at
400ıC followed by annealing at 500ıC in air to remove the organic contaminants.
Li and coworkers (2005a) used H2TiF6 as the single-component precursor to pre-
pare fluorine-doped TiO2 photocatalysts. Ilican et al. (2006) prepared In-doped ZnO
nanofiber thin films over glass substrates at 350ıC, using zinc acetate hydrate and
indium chloride dissolved in the H2O/methanol mixture as the precursor solution.
Because the precursor species can be premixed to achieve a homogeneous distri-
bution in their solution, this method is useful for the synthesis of homogeneously
doped materials.

18.4.3 Magnetron Sputtering

Magnetron sputtering, one type of physical vapor deposition (PVD) method, is a
powerful and flexible method that can be used to coat virtually any surface with
a wide range of materials. It removes atomized materials from a solid by high-
energy bombardment of its surface layers with ions or neutral particles. Prior to the
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sputtering process, a high vacuum should be achieved, followed by the introduc-
tion of a closely controlled flow of an inert gas to raise the pressure to the minimum
needed to operate the magnetrons. After a proper type of power is supplied to a mag-
netron sputtering system, positive ions driven by the electric field collides with the
atoms at the surface of the target solid, accompanied by an energy transfer which, if
larger than about three times the surface binding energy, will make the surface atoms
sputtered. The type of power supply depends on the target materials, i.e., for pure
metals a DC power supply can be used (Zheng, Wang, Xiang and Wang 2001), while
for semiconductors and insulators a pulsed DC or a radio-frequency power supply is
required. Deposition can be carried out in either nonreactive (inert gas only such as
Ar) or reactive (inert and reactive gas such as N2 or O2 mixed with Ar) discharges
with single- or multielemental targets. During the magnetron sputtering process, a
magnetic field is used to trap secondary electrons close to the targets, which follow
helical paths around the magnetic field lines undergoing more ionizing collisions
with neutral gaseous near the target. This enhances the ionization of the plasma
near the target and leads to a higher sputtering rate. Meanwhile it is capable of sus-
taining the plasma at a lower pressure. Following a condensation of the sputtered
species, films can be obtained on the substrate placed close to the target material.

Magnetron sputtering has been applied to fabricate a wide range of
film-structured photocatalyst electrodes, including pure semiconductors (Wein-
berger and Garber 1995; Dumitriu, Bally, Ballif, Hones, Schmid, Sanjines, Levy
and Parvulescu 2000; Takeda, Suzuki, Odaka and Hosono 2001; Ohno, Sato, Kon,
Song, Yoshikawa, Suzuki, Frach and Shigesato 2003), ion-doped semiconductors
(Lindgren, Mwabora, Avendano, Jonsson, Hoel, Granqvist and Lindquist 2003;
Visinescu, Sanjines, Levy, Marcu and Parvulescu 2005; Kitano, Funatsu, Matsuoka,
Ueshima and Anpo 2006) and metal-oxide composites (Takahashi, Nakabayashi,
Yamada and Tanabe 2003; Kanai, Nuida, Ueta, Hashimoto, Watanabe and
Ohsaki 2004; Liu, Zhao, Zhang, Zhao, He and Feng 2005). In the following context
a few examples will be given to emphasize some key parameters (such as the sput-
tering pressure the substrate temperature, and the chemical nature of the reactive
sputtering gas) that influence the structure and properties of the films obtained.

High-quality photocatalytically active TiO2 films have been deposited by the
magnetron sputtering method. For example, Weinberger and Garber (1995) pre-
pared highly crystalline (without post-annealing), porous microcolumnar-packed
anatase TiO2 films (as shown in Fig. 18.15) by reactive DC magnetron sputtering
using titanium metal target and O2=Ar sputtering. The films showed high activity
for photodecomposition of gaseous pollutants such as C2H2 and C2Cl3H in air.

Zheng, Wang, Xiang and Wang and coworkers (2001) deposited TiO2 thin films
on glass substrates in a DC magnetron sputtering system using a mixture of Ar and
O2 under 5.0 Pa pressure in the deposition chamber, and the substrate temperature
was kept at 200ıC during the sputtering process. Yamagishi et al. (2003) prepared
polycrystalline anatase TiO2 thin films on glass substrates (as shown in Fig. 18.16)
using an radio frequency (RF) magnetron sputtering method under varied sputtering
pressures. The authors revealed a dependency of their photocatalytic activity on
the sputtering pressure, i.e., the activity decreased with the decrease in the total
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Fig. 18.15 TiO2 films deposited by reactive DC magnetron sputtering: (a) Top view and (b) cross-
sectional view [reprinted with permission from Weinberger and Garber (1995), Copyright 1995,
American Institute of Physics]

Fig. 18.16 TiO2 thin films deposited by RF magnetron sputtering under various pressure
[reprinted from Yamagishi et al. (2003), copyright 2003, with permission from Elsevier]

sputtering pressure in the range of 0.3–3 Pa because of the defect level generated by
the bombardment of the high-energy particles on the growing film surface. Similar
trends were confirmed by Zerman and Takabayashi (2003), who also found that
the photocatalytic activity of magnetron sputtering-deposited TiO2 films increased
with the increasing film thickness if the films were prepared at higher sputtering
pressures.

Zhang and coworkers (2004) studied the influence of the Ar gas flow rate on
the properties of the deposited TiO2 films and found that the photocatalytic degra-
dation of methyl orange was enhanced when the Ar flow rate increased, which
was ascribed to the dependency of both the crystallite size of TiO2 and the optical
properties (transmittance and reflectance) of the films on the Ar flow rate. The



18 Fabrication of Photoelectrode Materials 497

operation mode of the magnetron also has an influence on the crystallinity and the
photocatalytic performance of the sputtered TiO2 photoelectrodes, as reported by
Glö“ and coworkers (2005). Kikuchi et al. (2006) fabricated visible-light-sensitive
TiO2 films over optically transparent electrode (OTE) substrates by RF magnetron
sputtering of a high-purity sintered TiO2 target in an Ar=O2 mixture. The working
pressure inside the sputtering chamber was kept at 1.0 and 2.0 Pa, the temperature
was controlled at 400 and 600ıC, and the substrate holder was rotated for uni-
form deposition of TiO2. The light absorption of such-deposited TiO2 films could
be extended into visible region at wavelengths up to 600 nm (Matsuoka, Kitano,
Takeuchi, Anpo and Thomas 2005) that was caused by the decrease in the O/Ti ratio
from the surface (O=TiD 2:00) to the bottom (O=TiD 1:93), i.e., the creation of
oxygen vacancies. The films were capable of photocatalytic splitting of water under
visible-light irradiation, though the IPCE was still limited due to the recombination
of photogenerated electrons and holes.

Nitrogen-doped TiO2 films have been successfully fabricated by magnetron
sputtering methods by adding N2 as a reactive gas into the sputtering cham-
ber. Lindgren, Mwabora, Avendano, Jonsson, Hoel, Granqvist and Lindquist and
coworkers (2003) deposited nitrogen-doped TiO2 films by DC magnetron sputter-
ing using a mixture of Ar, N2, and O2. Their characterization results showed that the
crystal structure of the films varied from rutile to anatase depending on the nitrogen
content, i.e., the portion of anatase phase increased with increasing the nitrogen
content, which was controlled by increasing the N2 pressure in the sputtering cham-
ber. All the N-doped TiO2 films showed visible-light absorption in the wavelength
range from 400 to 535 nm. Similarly, Anpo Katino and coworkers (2005, 2006)
introduced nitrogen into the sputtering gas (Ar) in the magnetron sputtering system
and obtained N-doped TiO2 film photoelectrodes showing photocatalytic activity
for water splitting under anodic bias and visible-light irradiation with wavelengths
up to 550 nm. The extent of substitution of nitrogen into the lattice oxygen positions
of TiO2 can also be controlled by changing the N2=Ar ratio. The surface morphol-
ogy and roughness of the deposited N-doped TiO2 films were influenced by the
concentration of N2. But the nitrogen-doping level does not always go up with
increasing the N2 flow rate. Tu et al. (2006) fabricated p-type nitrogen-doped ZnO
films by RF magnetron sputtering with Ar gas mixed with various concentrations of
N2. Their XPS data showed a decrease of N/Zn atomic ratio as the N2 flow rate was
increased. P-type nitrogen-doped Cu2O films were also deposited by reactive RF
magnetron sputtering using Cu metal as the target and Ar=O2=N2 as the sputtering
gas (Ishizuka, Kato, Maruyama and Akimoto 2001).

Metal ion-doped or binary-oxide semiconductor films can be obtained by mag-
netron (co-)sputtering using appropriate combination of various metals (and/or their
oxides) as the target material. The deposition conditions should be closely con-
trolled to achieve a homogeneous distribution of the metal ion dopants because
the two target materials may have different sputtering rates. By mixing different
amounts of alumina powders as the Al doping source with ZnO powders, Kim
and coworkers (1997) prepared Al-doped ZnO films on glass or Si substrates.
A bandgap widening was observed, depending on both the Al doping level and
the microstructure of the films. Using titanium and iron mixed metal target, Zhang
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et al. (2003) prepared Fe-doped TiO2 films by the pulsed DC magnetron cosputter-
ing method. In this case, the Fe2O3 phase occurred in the high iron concentration
samples. Liu et al. (2005) fabricated TiO2=CeO2 composite films using TiO2=CeO2
composite disks as the target operated at temperatures lower than 150ıC, and the
films showed enhanced photoactivity due to the existence of CeO2 which favored
the photogenerated electron transfer as compared with pure TiO2 films. Layered
composite metal-oxide films, such as TiO2=WO3 (Takahashi et al. 2003) and
TiO2=SnO2 (Kanai et al. 2004), were also deposited by sequential reactive mag-
netron sputtering with different metals (or metal oxides) as the targets. Pulsed laser
deposition (PLD) (Beck, Sasaki and Koshizaki 1999; Hidaka, Ajisaka, Horikoshi,
Oyama, Zhao and Serpone 2001; Inoue, Yuasa and Okoshi 2002; Suda, Kawasaki,
Ueda and Ohshima 2004, 2005; Xu, Mi and Wang 2006) and thermal or elec-
tron beam evaporation (Oh, Kim, Hahn, and Kim 2003; Modes, Scheffel, Metzner,
Zywitzki and Reinhold 2005; Yang, Yang, Shiu, Chang and Wong 2006; Hsu, Yang,
Chen and Wong 2007) have also been applied for the deposition of photoelectrodes,
the details of which will however not be covered here.

18.4.4 Ion-Implantation

Ion-implanted nanocomposite photocatalysts has been recently developed by Anpo
and coworkers (1998; 2000) for the synthesis of visible-light-sensitive photocata-
lysts. The key component of this system is the ion implanter, a typical setup of
which is shown in Fig. 18.17. It consists of a metal ion source, a mass analyzer, and
a high-voltage ion accelerator. The metal ions from the source are accelerated in

Fig. 18.17 Diagram of a metal ion-implantation system [reprinted from Yamashita et al. (2003),
copyright 2003, with permission from Elsevier]
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the electronic field and injected to the sample target (a semiconductor wafer such as
TiO2/ as the ion beam. These metal ions interact with the sample surface in differ-
ent manners, depending on their kinetic energy. The metal ions accelerated under
high energy conditions (�150 keV) can be implanted into the bulk of the samples.
For the synthesis of ion-doped materials, post-thermal treatments were conducted so
that a phase separation and a precipitation of guest ion species should not be formed
within the host materials but a relatively uniform distribution of the implanted ions
should be maintained. In addition, phase-separated metal nanoparticles embedded
inside the semiconductor matrix can also be prepared by ion-implantation followed
by an annealing process (Sun, Zhu, Fromknecht, Linker and Wang 2004; Wang,
Zhang, Shutthanandan, Thevuthasan and Duscher 2004).

Anpo et al. (1999, 2001) studied the TiO2 photocatalysts modified by ion implan-
tation with various transition metal ions such as Cr, V, Co, Fe and Ni followed by
annealing in oxygen atmosphere at around 450ıC, and found that the light absorp-
tion bands of the doped TiO2 were in all cases largely shifted towards the visible
region. A comparison on the absorption spectra between the ion-implanted and the
chemically doped TiO2 showed that ion-implantation modified the electronic prop-
erties of TiO2 in a way different from that of chemical-doping, and the spectra were
shown in Fig. 18.18. In the former case (Fig. 18.18a), the absorption band was obvi-
ously red-shifted to wavelengths longer than 500 nm, depending on the amount and
kind of ions implanted into TiO2, while in the latter case (Fig. 18.18b), only a new
absorption shoulder (rather than a whole new absorption band) could be observed at
around 420 nm, which was ascribed to the impurity levels within the bandgap.

The ion-implanted TiO2 also excelled the chemically doped counterpart in pho-
tocatalytic performance because the former showed photocatalytic activities for a
few selected reactions under visible-light irradiation, while the same reaction did
not proceed with the latter sample. For example, V-doped TiO2 produced by ion
implantation was capable of photodegrading 2-propanol diluted in H2O under O2
atmosphere, leading to the formation of acetone and finally CO2 under visible-light

Fig. 18.18 Optical absorption spectra of Cr-doped TiO2 prepared by (a) ion-implantation method
and (b) chemically doping method (After Anpo et al. 2001)
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irradiation (Yamashita, Harada, Misaka, Takeuchi, Ikeue and Anpo 2002). The same
photocatalyst could also catalyze the photohydrogenation reaction of methylacety-
lene with H2O to form CH4 when irradiated by light of wavelengths longer than
450 nm. Moreover, by comparing the photocatalytic activities under UV irradia-
tions, the authors also suggested that the implanted species at appropriate doping
levels did not act as recombination centers for the photogenerated electrons and
holes while the chemically doped species did. For the ion-implanted catalysts, it
was proposed that optimal conditions should exist in the depth and number of metal
ions implanted to achieve the best photocatalytic performance.

In another way of ion implantation, titanium dioxide catalysts were successfully
anchored onto porous silica glass substrates with various Ti contents using TiCl4
as the Ti ion source (Yamashita, Honda, Harada, Ichihashi, Anpo, Hirao, Itoh and
Iwamoto 1998). Acceleration at an energy level of 30–100 keV implanted Ti ions
into the surface layers of the silica glass, replacing the host atoms there. The amount
of the implanted Ti ions could be controlled by varying the duration time of the im-
plantation process. Post-thermal treatment in O2 gas at 450ıC was conducted before
being used as photocatalysts. The Ti ions were implanted as tetrahedral titanium
oxide moieties which was believed to be responsible for the high photocatalytic
activity of liquid-phase mineralization of 2-propanol.

Various doped or composite photocatalysts with visible-light activity have been
produced by ion implantation. Zheng and coworkers (2002a) implanted Sn4C ions
via a Ti-substituting mode into TiO2 thin films deposited by RF magnetron sputter-
ing method, and the photocatalytic activity in the degradation of Rhodamine B was
improved due to the implanted Sn species. The authors also observed a negative ef-
fect by Fe-ion implantation on the photoactivity of Fe-doped TiO2 as compared with
undoped TiO2. Ferric ions as the recombination centers were proposed to be one of
the possible causes (Zheng et al. 2002b). In a report by Tesfamichael et al. (2005),
nitrogen gas was ionized to create the ion beam to implant TiO2 films coated on con-
ducting glass substrates. A maximum N concentration of 6.08 at.% was obtained
using the highest ion dose and ion-implanting energy. The authors correlated the
transmittance of the implanted films with the N concentration, showing that in-
creasing N concentration led to a decrease in the transmittance of the films possibly
because of the increased number of defects in the films, and this can be minimized
by annealing at temperatures above 400ıC. Ghicov and coworkers (2006) implanted
N ions onto the anatase TiO2 nanotube films produced by electrochemical Ti oxida-
tion, and found that the N-ion implantation caused a serious structural alteration of
the films, as shown in Fig. 18.19. By studying their photoelectrochemical responses
under UV and visible irradiations, the authors suggested a dual effect of the N-ion
implantation, that is, the defect states introduced by ion implantation acted as traps
for photogenerated electron–hole pairs, thus decreasing the photocurrent in the UV
range; but on the other hand, an efficient N-doping led to a significant increase in
photoresponse in the visible range. Hou et al. (2006) confirmed that annealing is
indispensable for V-doped TiO2 films prepared by ion implantation to exhibit pho-
tocatalytic activity under visible-light irradiation, because the unannealed samples
did not show such activities. The authors also explained the decreased quantum
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Fig. 18.19 Top views of SEM images of nanotube layers: Amorphous structures of N-ion im-
planted TiO2 nanotubes at 1 � 1015 ions per cm2 (a) and 1 � 1016 ions per cm2 (b); annealed
anatase TiO2 nanotube films before ion implantation at 1� 1015 ions per cm2 (c) and 1� 1016 ions
per cm2 (d) [reprinted from Ghicov et al. (2006), copyright 2006, with permission from Elsevier]

efficiency when the amount of the implanted V ions exceeded its optimum value
(determined to be 1 � 1016 ions per cm2) by the possibility that the overdosed V
ions which could not find more substituting positions would then reside at the inter-
stitial space as the recombination centers for photogenerated charge carriers. Zhou
and coworkers (2006) studied the photocatalytic activities of VC-doped TiO2 for
the complete oxidation of formic acid under visible light (� > 450 nm). Photocat-
alytic degradation of gaseous formaldehyde by Cr ion-implanted TiO2 films was
also studied under visible-light irradiation in a parallel-plate reactor (Lam, Leung,
Leung, Vrijinoed, Yam and Ng 2007).

The above-mentioned examples demonstrate the synthesis of ion-doped pho-
tocatalysts by implantation methods with or without post-annealing. In particular
for transition metal ion-implanted samples, no separated phases of metal oxides
were found from the implanted ion sources. In some implantation processes using
noble metal-containing species, noble metal nanoparticles have been commonly ob-
served after the implanted samples were subjected to annealing. Tsuji et al. (2005,
2006) prepared the Ag ion-implanted rutile and anatase TiO2 after annealing at
above 400ıC and observed Ag metal nanoparticles in the surface region of the
TiO2 films, which were responsible for the improved photocatalytic activity for
the decolorization of methylene blue. Wang et al. (2004) conducted high-energy Au
ion-implantation process and obtained Au nanoclusters inside TiO2 films after high-
temperature annealing. After closely examining the implanted samples by HRTEM
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Fig. 18.20 Representative
STEM-HAADF image of the
Au ion-implanted TiO2

operated at 300 K and
subsequently annealed at
1,275 K, revealing large Au
clusters, which are labeled by
Au. The dashed line circled
region is Au atoms
conglomerated region
[reprinted with permission
from Wang et al. (2004),
copyright 2004, American
Institute of Physics]

and high angle annular dark-field (HAADF) imaging as shown in Fig. 18.20, the au-
thors suggested that Au atoms were in substitutional Ti atomic columns in the TiO2
lattice prior to the nucleation of Au, and the size and spatial distribution of the Au
nanoclusters showed dependence on the implantation temperature. Without post-
annealing treatments, gold nanoparticles embedded in the near-top layers of TiO2
and SrTiO3 films were also observed by Sun et al. (2004). The formation of no-
ble metal nanoparticles in these processes might be caused by the special chemical
nature of noble metal ionic species (e.g., the high oxidizing power at elevated tem-
peratures). It was also proposed that the formation of a supersaturated solid solution
of the implanted species should be necessary to produce embedded nanoparticles
(Meldrum, Haglund, Boatner and White 2001).

18.5 Concluding Remarks

Photocatalysis has provided promising means of addressing the energy and
environmental-protection issues, and its success relies on the availability of
high-performance photoelectrocatalytic materials. Recent developments of new
approaches for the fabrication of photoelectrode materials and their related appli-
cations are presented in this chapter. Major efforts have been devoted to achieving
higher photocatalytic activities by enhanced light absorption and improved separa-
tion between the photogenerated charge carriers. Doped semiconductors, coupled
semiconductors with different bandgaps and composite materials with hetero-
junctions between, for example, semiconductors and noble metals have been
successfully fabricated by the selectively reviewed methods. Other beneficial struc-
tural features such as high surface area and porosity within the photoelectrode
materials could also be realized by some of these methods.
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Chapter 19
Use of Both Anode and Cathode Reactions
in Wastewater Treatment

Enric Brillas, Ignasi Sirés, and Pere Lluı́s Cabot

19.1 Introduction

In the last decade, indirect electro-oxidation methods based on the cathodic
electrogeneration of hydrogen peroxide are being developed for the treatment of
acidic wastewaters containing toxic and refractory (nonbiodegradable) organic pol-
lutants. They are environmentally friendly techniques considered as electrochemical
advanced oxidation processes (Brillas et al. 2000), since their main oxidant is the
in situ electrogenerated hydroxyl radical .�OH/. The most usual method is electro-
Fenton that can be easily applied using divided and undivided electrolytic cells.
In the first case, �OH is produced by the catalytic Fenton’s reaction of Fe2C with
electrogenerated H2O2, whereas in the second one this radical is also formed from
water oxidation at the anode surface. The electro-Fenton process in undivided cells
then profits from the oxidative ability of both anode and cathode reactions, be-
ing more efficient to destroy organics than anodic oxidation with electrogenerated
H2O2. Its oxidation power depends on the kind of anode, cathode, and metallic ion
catalyst (Fe2C, Fe3C, Cu2C, etc.) used. Novel indirect electro-oxidation methods
like photoelectro-Fenton and peroxi-coagulation have been recently proposed to
enhance the efficiency of electro-Fenton in undivided cell taking into account the
catalytic action of UVA light and the alternative use of a sacrificial iron anode, re-
spectively. Fundamentals, laboratory experiments, and environmental applications
of these emerging techniques are discussed in this chapter.
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19.2 Fundamentals of Indirect Electro-oxidation Methods
Based on H2O2 Electrogeneration

Hydrogen peroxide is a “green” chemical that leaves O2 and water as by-products. It
is used to bleach pulp and paper and textiles, clean electronic circuits, and delignify
agricultural wastes, as well as a disinfectant in medical and industrial applica-
tions and as an oxidant in synthesis and wastewater treatment (Plant and Jeff 1994;
Pletcher 1999; Drogui et al. 2001a, b). However, the direct treatment with applied
H2O2 shows some limitations by its low oxidation power, since it can only attack
reduced sulfur compounds, cyanides, chlorine (it is reduced to chloride ion), and
certain organics such as aldehydes, formic acid, and some nitro-organic and sulfo-
organic compounds. More effective wastewater treatments have been proposed by
activating H2O2 with an iron catalyst (Fenton’s reagent), ozone, or UVC light at
�max D 254 nm. These chemical and photochemical methods are advanced oxida-
tion processes where organic pollutants can be destroyed efficiently by the in situ
generated strong oxidant �OH. In this section, we will see that this oxidant radi-
cal can also be produced by means of alternative indirect electro-oxidation methods
based on the generation of H2O2 from the cathodic reduction of O2.

19.2.1 Cathodic Electrogeneration of Hydrogen Peroxide

It is known since 1882 that hydrogen peroxide can be formed in aqueous NaOH
by the cathodic reduction of dissolved O2 at high surface area carbon electrodes
(Traube 1882). From this pioneering work, a large number of papers and patents
have been published dealing with the electrogeneration of alkaline H2O2 solutions
from pure O2 and air using carbon-based cathodes for different purposes. More
recently, the electrogeneration of H2O2 in acid medium has been applied to wastew-
ater remediation. In this scenario, the reduction of dissolved O2 on reticulated
vitreous carbon (RVC), graphite, and carbon-felt cathodes and directly injected O2
or air to gas diffusion have been mainly reported. Several papers have also checked
the reduction of O2 at a mercury cathode for wastewater treatment (Tzedakis
et al. 1989; Ventura et al. 2002), but the use of this toxic material is discarded for
environmental applications.

The overall two-electron reduction of O2 gas to H2O2 in acid medium proceeds
as follows (Foller and Bombard 1995):

O2.g/ C 2HC C 2e� ! H2O2 (19.1)

Hydrogen peroxide production and stability depend on several factors like the cell
configuration, the cathode used, and the experimental conditions applied. Electro-
chemical reduction on the cathode surface by reaction (19.2) and in much lesser
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Fig. 19.1 Sketch of an H-type two-compartment cell and equipment utilized for cathodic electro-
generation of H2O2 and degradation of organics. O2 is bubbled near the cathode and released CO2

was collected and quantified [adapted from Sudoh et al. (1986)]

extent disproportion in the bulk solution by reaction (19.3) are general parasite
reactions which result in the loss of product or a lowering of observed current effi-
ciency (Alvarez Gallegos et al. 2005):

H2O2 C 2e� ! 2OH� (19.2)
2H2O2 ! O2.g/ C 2H2O (19.3)

For an H-type two-compartment cell with a graphite cathode (see scheme in
Fig. 19.1), Sudoh et al. (1986) reported a maximum current efficiency of 85%
for H2O2 production in 0.5 M Na2SO4 as the catholyte by applying a cathodic
potential .Ecat/ of �0:6 V vs. Ag/AgCl/saturated KCl at pH 3 under O2 sparging.
They also found a gradual increase in H2O2 concentration with prolonging elec-
trolysis time in the pH range 1–3. Do and Chen (1993) described similar results
using the same electrolytic system and showed a drop in current efficiency for Ecat
more negative than �0:39 V vs. Ag/AgCl/3 M KCl due to the side reaction (19.2)
along with H2 evolution from direct proton reduction and H2O2 decomposition
via reaction (19.3) when temperature rises from 25ıC. A sparging O2 rate higher
than 5 cm3 s�1 was needed to keep the catholyte saturated with this gas (solubility
	1mM) while it is transfered from the bulk to the cathode to be reduced to H2O2
by reaction (19.1). Da Pozzo et al. (2005a) confirmed this behavior for a graphite
cathode in several divided three-electrode cells, determining current efficiencies as
high as 85% for H2O2 production in 0.04 M Na2SO4 C 0:05M NaHSO4 as the
catholyte at the optimum Ecat D �0:6 V vs. SCE, practically independent of time.

Alvarez-Gallegos and Pletcher (1998) used the flow divided three-electrode
cell fed with O2 and flow circuit depicted in Fig. 19.2 to generate H2O2 at a
three-dimensional RVC cathode. Maximum current efficiencies of 56–68% were
obtained for 10 mM HCl and 10 mM H2SO4 .pH 	 2/ as catholytes at Ecat values
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Fig. 19.2 Sketches of (a) a flow divided three-electrode cell with an RVC cathode and (b) the flow
circuit used for H2O2 electrogeneration (Alvarez-Gallegos et al. 1998)

between �0:4 and �0:7 V vs. SCE, which slightly increased by adding NaCl and
Na2SO4 as background electrolyte, respectively. Harrington and Pletcher (1999)
further explored the ability of a carbon-polytetrafluoroethylene (PTFE) O2-diffusion
cathode to form H2O2 in a 0.05 M Na2SO4 solution of pH 2 using a small di-
vided three-electrode cell, but they found that H2O2 concentration reaches a steady
value of 5 mM at Ecat D �0:5 V vs. SCE due to its fast decomposition. These
results disagree with those reported by Da Pozzo et al. (2005a), who found a con-
stant H2O2 production with current efficiency >90% when an Ecat value of �0:9
V vs. SCE is applied to a carbon-PTFE O2-fed cathode immersed in a 0.04 M
Na2SO4 C 0:05M NaHSO4 as the catholyte of a three-electrode cell. Current ef-
ficiencies >95% for H2O2 electrogeneration have also been obtained for a similar
O2-diffusion cathode in a divided Pt=O2 electrolytic cell containing a KCl solution
of pH 3.0–3.5 as the catholyte under galvanostatic electrolysis at 80 mA (Boye
et al. 2006).
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Fig. 19.3 Scheme of an open and undivided Pt=O2 cell of 100 cm3 capacity with an O2-diffusion
cathode used for the degradation of organic pollutants by indirect electro-oxidation methods with
Pt, BDD, and Fe anodes (Brillas et al. 1995)

A very different behavior is found when undivided electrolytic cells are used for
H2O2 production. Figure 19.3 presents a scheme of an open and undivided Pt=O2
cell containing a 10-cm2 Pt sheet anode, a 3-cm2 carbon-PTFE O2-fed cathode, and
100 cm3 of a 0.05 M Na2SO4 solution of pH 3.0 vigorously stirred with a magnetic
bar (Brillas et al. 1996). For this system, H2O2 is gradually accumulated during the
initial 3 h of electrolysis up to reach a steady value, as can be seen in Fig. 19.4 at
450 mA (curve a), 300 mA (curve b), and 100 mA (curve e) (Brillas et al. 2000).
The steady H2O2 content increases with increasing current and it is attained just
when its electrogeneration rate becomes equal to its oxidation rate to O2 via hy-
droperoxyl radical

�
HO2�

�
at the Pt anode surface by the following reactions (Brillas

et al. 1995):

H2O2 ! HO2� C HC C e� (19.4)
HO2� ! O2.g/ C HC C e� (19.5)

Similar trends for H2O2 accumulation have also been described by Badellino
et al. (2006) in an undivided Pt/RVC cell under potentiostatic control (see a scheme
of this kind of cell in Fig. 19.5) and by Wang et al. (2005) in an undivided
RuO2/carbon-felt cell under galvanostatic control. These results confirm the anodic
decomposition of H2O2 with formation of intermediate HO�2 from reaction (19.4),
a much weaker oxidant than �OH.

Recently, Xie and Li (2006a) suggested the conversion of electrogenerated H2O2
into �OH on a TiO2–Ti semiconductor anode illuminated with UVA light at �max D

360 nm using the undivided cell sketched in Fig. 19.6 containing 13 cm3 of 0.01 M
Na2SO4 and an RVC cathode controlled by an SCE as the reference electrode. They
found a much lower H2O2 accumulation in the TiO2–Ti=RVC cell than in a Pt/RVC
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Fig. 19.4 Concentration of accumulated H2O2 vs. time during the electrolysis of 100 cm3 of a
0.05 M Na2SO4 C H2SO4 solution of pH 3.0 at 25ıC in the Pt=O2 cell of Fig. 19.3. (a, b, e)
Without Fe2C (anodic oxidation with electrogenerated H2O2), (c) with 1 mM Fe2C (electro-Fenton
conditions), (d) in the presence of 1 mM Fe2C and under 6-W UVA irradiation (photoelectro-
Fenton conditions). Applied current: (a) 450, (b, c, d) 300,(e) 100 mA (Brillas et al. 2000)
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Fig. 19.5 Scheme of an undivided electrolytic cell fed with oxygen to electrogenerate H2O2 for
the treatment of wastewaters [adapted from Panizza et al. (2001)]

one under comparable electrolytic conditions, along with an enhancement of the
oxidation power of the photoelectrochemical system to destroy pollutants. This be-
havior is explained by the expected promotion of one electron from the valence band
to the conduction band

�
e�CB

�
of TiO2 by UVA light with production of a hole

�
hC
�

from reaction (19.6), followed by the direct reduction of accumulated H2O2 with
e�CB to yield �OH by reaction (19.7):

TiO2 C h�! hC C e�CB (19.6)
e�CB C H2O2 !�OHC OH� (19.7)
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Fig. 19.6 Schematic diagram of the photoreactor equipment with a cylindrical quartz cell contain-
ing a three-electrode assembly fed with oxygen (Xie et al. 2006a)

�OH can also be formed by oxidation of water with hC (Xie and Li 2006) as follows:

H2OC hC ! �OHC HC (19.8)

19.2.2 Anodic Oxidation with Electrogenerated H2O2

Anodic oxidation is one of the most common electrochemical technologies for the
treatment of wastewaters with low contents of organics pollutants. In acid medium,
this method involves the destruction of contaminants with adsorbed �OH generated
at the surface of a high O2-overpotential anode as intermediate during water oxida-
tion to O2 (Comninellis and De Battisti 1996; Panizza and Cerisola 2005):

H2O! �OHC HC C e� (19.9)

�OH is the second most strong oxidizing agent known after fluorine due to its
high standard potential .Eı .�OH=H2O/ D 2:80V vs. SHE). This radical is then
able to react nonselectively with organics giving dehydrogenated or hydroxylated
derivatives up to total mineralization, i.e., overall conversion into CO2, water, and
inorganic ions (sulfate, nitrate, chloride, etc. depending on the heteroatoms of the
organic pollutant).

The use of a classical anode such as Pt in anodic oxidation usually leads to a
partial mineralization of wastewaters containing aromatics due to the formation of
final short-chain carboxylic acids, as oxalic acid, that hardly react with �OH. Overall
mineralization is feasible with a boron-doped diamond (BDD) anode that possesses
a much greater O2 overpotential compared to Pt, thus producing a higher amount of
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reactive �OH with ability to destroy such aliphatic acids. Evidence on the formation
of this radical from reaction (19.9) with concomitant evolution of O2 in active (like
Pt) and nonactive (like BDD) anodes in acid medium has been reported (Marselli
et al. 2003). In addition, in sulfate medium other weaker oxidants such as perox-
odisulfate ion and ozone can be competitively formed with �OH at the BDD anode
from the following reactions (Panizza et al. 2005):

2HSO�4 ! S2O82� C 2HC C 2e� (19.10)
3H2O! O3.g/ C 6HC C 6e� (19.11)

Several indirect electro-oxidation methods based on H2O2 electrogeneration have
then been proposed by combining a high O2-overpotential anode and a cathode
that produces hydrogen peroxide in an undivided electrolytic cell to decontami-
nate wastewaters under the action of oxidizing species formed from both anode
and cathode reactions. The simplest technique without catalysts is the so-called
anodic oxidation with electrogenerated H2O2. An example is the Pt=O2 cell of
Fig. 19.3 containing 100 cm3 of 0.05 M Na2SO4 of pH 3.0. This system accumu-
lates H2O2 during electrolysis at 450, 300, and 100 mA, as shown in curves a, b,
and e of Fig. 19.4, respectively. However, this method is not more useful in prac-
tice than direct anodic oxidation (without H2O2) for wastewater treatment, since
pollutants undergo similar destruction rate in both cases because their main oxi-
dant is �OH formed at the anode surface from reaction (19.9), with much smaller
participation of other weaker oxidants like H2O2, HO2�, S2O82�, and O3 formed
from reactions (19.1), (19.4), (19.10), and (19.11), respectively. Examples on the
degradation of some organics by anodic oxidation with electrogenerated H2O2 us-
ing undivided cells with a Pt or BDD anode, to show the much higher oxidation
power that possesses the electro-Fenton process with Fe2C as catalyst under com-
parable electrolytic conditions, will be given below.

19.2.3 Electro-Fenton Method

The electro-Fenton method, called electrogenerated Fenton’s reagent (EFR) by
Sudoh et al. (1986), consists in the degradation of an acidic wastewater in an elec-
trolytic cell where H2O2 is continuously supplied to it by reaction (19.1) in the
presence of a small quantity of Fe2C or Fe3C as catalyst. Under these conditions,
Fe2C and electrogenerated H2O2 react to produce �OH and Fe3C by the following
well-known Fenton’s reaction (Sudoh et al. 1986; Sun and Pignatello 1993; De Laat
and Gallard 1999):

Fe2C C H2O2 ! Fe3C C �OHC OH� (19.12)

An advantage of this method is the catalytic behavior of the Fe3C=Fe2C system.
Thus, Fe2C can be regenerated mainly from the reduction of Fe3C at the cathode
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by reaction (19.13) and in smaller extent from the reduction of Fe3C with H2O2 by
reaction (19.14), with HO2� by reaction (19.15) and/or with organic radical inter-
mediates R� by reaction (19.16):

Fe3C C e� ! Fe2C (19.13)
Fe3C C H2O2 ! Fe2C C HC C HO2� (19.14)
Fe3C C HO2� ! Fe2C C HC C O2.g/ (19.15)

Fe3C C R� ! Fe2C C RC (19.16)

Reactions (19.13)–(19.16) propagate Fenton’s reaction (19.12) with the continuous
production of �OH giving rise to the fast destruction of organic pollutants in the
bulk solution. However, a part of this radical is lost by the oxidation of Fe2C from
reaction (19.17) and by decomposition of H2O2 from reaction (19.18):

Fe2C C �OH! Fe3C C OH� (19.17)
H2O2 C �OH! HO2� C H2O (19.18)

The rate of Fenton’s reaction (19.12) can also decay by oxidation of Fe2C in the
bulk with HO2� by reaction (19.19) and at the anode by reaction (19.20) when an
undivided cell is used:

Fe2C C HO2� ! Fe3C C HO2� (19.19)
Fe2C ! Fe3C C e� (19.20)

Several authors (Alvarez-Gallegos et al. 1998; Brillas et al. 1996, 2000, 2004a;
Badellino et al. 2006) confirmed the fall of H2O2 concentration in solution under
electro-Fenton conditions in comparison to that accumulated in the absence of Fe2C

due to reactions (19.12), (19.14), and (19.18). This trend can be deduced from com-
parison of curves b and c of Fig. 19.4 obtained when 100 cm3 of 0.05 M Na2SO4 of
pH 3.0 without and with 1 mM Fe2C, respectively, are electrolyzed in an undivided
Pt=O2 cell at 300 mA. It has also been reported the concomitant decay of Fe2C

content during the electro-Fenton process (Alvarez-Gallegos et al. 1998; Brillas
et al. 1996). The regeneration of Fe2C from Fe3C reduction by reaction (19.13)
on a graphite cathode has been exhaustively studied by Qiang et al. (2003), who
demonstrated that the optimum potential for this reduction is Ecat D �0:1V vs.
SCE and that the regeneration rate for Fe2C is accelerated by increasing cathode
area surface and solution temperature.

In an undivided electrolytic cell, the electro-Fenton process leads to the destruc-
tion of organics contained in wastewaters by simultaneous oxidation with �OH
formed at the anode surface from reaction (19.9) and in the medium from Fenton’s
reaction (19.12). Parallel slower reaction of pollutants with weaker oxidants such as
H2O2, HO2�, S2O82�, and O3 formed from reactions (19.1), (19.4), (19.10), and
(19.11), respectively, is also possible. In addition, final carboxylic acids can form
complexes with iron ions that are difficult to be oxidized by �OH. We will see the
notable influence of the anode material (Pt or BDD) on the degradation of these
compounds in further sections.
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Some papers (Brillas et al., 2004a; Sirés et al. 2006) have explored the effect
of Cu2C as co-catalyst in the electro-Fenton treatment of organics. The Cu2C=CuC

system is also catalytic (Sharma and Millero 1988; Gallard et al. 1999) involving
the reduction of Cu2C to CuC with HO2� by reaction (19.21) and/or with organic
radicals R� by reaction (19.22)

Cu2C C HO2� ! CuC C HC C O2.g/ (19.21)

Cu2C C R� ! CuC C RC (19.22)

followed by regeneration of Cu2C by oxidation of CuC with H2O2 from the follow-
ing Fenton-like reaction:

CuC C H2O2 ! Cu2C C� OHC OH� (19.23)

An enhancement of the oxidation power of the electro-Fenton process with both
Fe2C and Cu2C as catalysts should then be expected due to the additional generation
of �OH from reaction (19.23), but a more significant effect on the oxidation of final
aliphatic acids has been found by the easier oxidation of their complexes with Cu2C

than with Fe3C, as described below.

19.2.4 Photoelectro-Fenton Method

The photoelectro-Fenton method involves the simultaneous irradiation of the
wastewater with UVA light while it is degraded by electro-Fenton in an undivided
cell. UVA irradiation favors the regeneration of Fe2C from additional photoreduc-
tion of Fe .OH/2C, which is the predominant Fe3C species in acid medium (Sun
et al. 1993):

Fe .OH/2C C h�! Fe2C C� OH (19.24)

The acceleration of H2O2 destruction mainly from Fenton’s reaction (19.12) due
to the above Fe2C regeneration under UVA illumination can be corroborated by
comparing curves c (without UVA light) and d (with UVA light) of Fig. 19.4 deter-
mined during the electrolysis of 100 cm3 of a solution containing 0.05 M Na2SO4
and 1 mM Fe2C of pH 3.0 in an undivided Pt=O2 cell at 300 mA.

In the photoelectro-Fenton process the mineralization of organic pollutants can
be enhanced by the production of more �OH from reaction (19.24) and the additional
acceleration of Fenton’s reaction (19.12). However, we will see that the main action
of UVA irradiation is the photodecomposition of complexes between Fe3C and some
final aliphatic acids, as for example oxalic acid (Zuo and Hoigné 1992).
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19.2.5 Peroxi-coagulation Method

The peroxi-coagulation method uses a sacrificial iron anode to treat a wastewater
in an undivided cell containing a cathode that electrogenerates H2O2 from reaction
(19.1). In this process, soluble Fe2C is continuously supplied to the solution from
the oxidation of a Fe anode as follows (Brillas et al. 1997, 1998b):

Fe �! Fe2C C 2e� (19.25)

Fe2C thus formed is quickly oxidized by electrogenerated H2O2 from Fenton’s re-
action (19.12) yielding a Fe3C saturated solution, whereas the excess of this ion
precipitates as hydrated Fe(III) oxide .Fe.OH/3/. Organics can then be removed
from the wastewater by the combined action of their degradation with �OH gener-
ated by Fenton’s reaction (19.12) and their coagulation with the high amount of
Fe.OH/3 precipitate formed. No hydrogen peroxide is accumulated in the bulk.
Peroxi-coagulation differs from classical electrocoagulation with a Fe anode and
an inert cathode, where soluble organics are not oxidized by the absence of electro-
generated H2O2, although they can be separated from the medium by precipitation
of their complexes with injected iron ions. A related procedure is the so-called an-
odic Fenton treatment (Pratap and Lemley 1998; Wang and Lemley 2001, 2002,
2003; Wang et al. 2004) in which H2O2 is directly added to the treated solution
contained in the anodic compartment of a divided cell with a Fe anode. This method
will not be explained here because it does not use cathode reactions for wastewater
treatment.

19.3 Electro-Fenton Degradation of Organics
Using a Divided Cell

This section is devoted to discuss the main results obtained for the treatment of or-
ganics in wastewaters by electro-Fenton using a divided cell usually with a cationic
membrane (e.g., of Nafion) to separate the anolyte and catholyte. Although the an-
ode reactions do not affect the degradation of pollutants under these conditions, it
is interesting to know the characteristics of their homogeneous oxidation with �OH
when this radical is uniquely formed in the medium from Fenton’s reaction (19.12).

The electro-Fenton method (or EFR) was initially used for synthetic purposes
considering the hydroxylation of aromatics in the cathodic compartment of a di-
vided cell. Thus, the production of phenol from benzene (Tomat and Vecchi 1971;
Tzedakis et al. 1989), (methyl)benzaldehydes and (methyl)benzyl alcohols from
toluene or polymethylbenzenes (Tomat and Rigo 1976,1979, 1984, 1985) by adding
Fe3C to generate Fe2C via reaction (19.13), as well as benzaldehyde and cresol
isomers from toluene or acetophenone and ethylphenol isomers from ethylbenzene
(Matsue et al. 1981) with direct addition of Fe2C, have been described. Further
studies have reported the polyhydroxylation of salicylic acid (Oturan et al. 1992)
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and benzoic acid (Oturan and Pinson 1995) at pH 3 by �OH generated on a mercury
cathode at Ecat D �0:5V vs. SCE with addition of Fe3C. Mono-, di-, and trihydrox-
ylated derivatives of chlorophenoxy herbicides and other aromatic pesticides using a
Hg cathode (Oturan et al. 1999a) or a carbon-felt cathode (Aaron and Oturan 2001)
and the metabolites of riluzole using a carbon cathode (Oturan et al. 1999b) under
similar experimental conditions have also been identified.

As far as we know, Sudoh et al. (1986) were the first to use the electro-Fenton
process for wastewater treatment. They degraded 170 cm3 of O2-saturated phe-
nol solutions with Fe2C as catalyst in the cathodic compartment of the H-type
Pt/graphite cell of Fig. 19.1 at Ecat D �0:6V vs. Ag/AgCl/saturated KCl. Un-
der these conditions, phenol is mineralized to CO2 via hydroquinone, catechol,
p-benzoquinone, muconic acid, and maleic acid as intermediates. The current effi-
ciency was >60% for 260–2;600mg O2 dm�3 of initial chemical oxygen demand
(COD) at pH 3 and the optimum Fe2C content was 2 mM for 2.5 mM phenol.
Recently, a similar H-type cell with a stainless steel anode and an RVC cathode
has been utilized to successfully decolorize the industrial wastewaters containing
azo dyes (Alvarez Gallegos et al. 2005). The energy needed for the treatment was
supplied by a solar panel and iron ions released from anode oxidation passed the
membrane to produce the oxidant �OH by Fenton’s reaction (19.12) with electrogen-
erated H2O2 in the cathodic compartment containing the O2-saturated wastewater.

Ponce de Leon and Pletcher (1995) reported the degradation of 2:5 dm3 of
formaldehyde solutions saturated with O2 under batch recycling in a flow divided
cell with an RVC cathode (similar to that of Fig. 19.2) at Ecat D �0:6V vs. SCE.
Total organic carbon (TOC) analysis of electrolyzed solutions confirmed their com-
plete mineralization to CO2 under electro-Fenton conditions. The greatest current
efficiency was 24% for the removal of 75% of 12mg dm�3 formaldehyde with
0:5mM FeCl2 at pH 3 after 2,000 s of treatment. Addition of 10 mM NaCl or
10 mM HCl to this solution caused a slower degradation. Following the study
on H2O2 electrogeneration in the flow reactor and circuit of Fig. 19.2 above ex-
plained, Alverez-Gallegos and Pletcher (1999) used this system to treat 1 dm3 of
O2-saturated 0:05M Na2SO4CH2SO4 solutions of pH 2 containing different organ-
ics and 1mM Fe2C at Ecat D �0:7V vs. SCE. The COD of solutions with phenol,
cresol, catechol, p-benzoquinone, aniline, oxalic acid, and the azo dye amaranth
was reduced from 50 to 500mg O2 dm�3 to below 10mg O2 dm�3 with a current
efficiency >50%. Harrington et al. (1999) also examined the oxidation ability of
electro-Fenton to mineralize 80 cm3 of aqueous 0:05M Na2SO4 solutions with 0.5–
3 mM phenol, aniline, acetic acid, formaldehyde, or three azo dyes and 1mM Fe2C

in the pH range 1–3 using a small divided cell with a 2:3-cm2 carbon-PTFE O2-fed
cathode at Ecat from �0:4 to � 1:4V vs. SCE. The best current efficiencies (60–
70%) were found at pH 2 for 90% COD removal, without significant influence of
the applied potential. Energy costs<14 kWh m�3 were estimated for these optimum
conditions assuming a cell that operates with a voltage of 5 V.

Oturan’s group has extensively studied the mineralization process and the oxi-
dation intermediates of aromatic pollutants degraded in the cathodic compartment
of a divided three-electrode cell with a carbon-felt working cathode surrounding
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Table 19.1 Absolute second-order rate constant for the reaction of several organic pollutants with
�OH formed during the electro-Fenton process with Fe3C as catalyst in divided and undivided
Pt/carbon felt cells at room temperature (Oturan et al. 2000; Oturan et al. 2000, 2001; Gözmen
et al. 2003; Edelahi et al. 2004; Hanna et al. 2005)
Pollutant Cell Experimental conditions k2 � 10

�10.M�1s�1/
2,4-D Divided H2SO4, pH 2, �0.5 V vs. SCE 3:5

2,4-Dichlorophenol 3:3

2,4-Dichlororesorcinol 3:2

4,6-Dichlororesorcinol 3:9

p-Nitrophenol HCl, pH 2, �0.5 V vs. SCE 1:2

p-Nitrocatechol 1:0

Hydroquinone 1:6

1,2,4-
Trihydroxybenzene

0:86

Pentachlorophenol H2SO4, pH 3, �0.55 V vs. SCE 0:36

Bisphenol A HCl, pH 2, �0.5 V vs. SCE 1:0

Diuron Undivided H2SO4, pH 3, 100 mA 0:48

Hydroxypropyl-“-
cyclodextrin

H2SO4, pH 3, 30 mA 0:88

the anodic compartment containing a Pt counter electrode. Electro-Fenton treat-
ments were performed with 110�200 cm3 of O2-saturated aqueous solutions with
0:5�2mM Fe3C of pH 2–3 at Ecat close to �0:5V vs. SCE. Table 19.1 sum-
marizes the second-order rate constant (k2/ determined for the fast reaction of
several aromatics with �OH produced in this system, along with the experimen-
tal conditions applied. Oturan (2000) found that the electro-Fenton process with
1mM Fe3C allows the total removal of 2 mM 2,4-D (2,4-dichlorophenoxyacetic
acid) after passing 700C. Figure 19.7 shows the rapid TOC decay of a solution
with 1 mM of this herbicide up to about 90% mineralization at 2,000 C. HPCL
analysis of treated solutions revealed the formation of hydroxylated products like
2,4-dichlorophenol, 2,4-dichlororesorcinol, and 4,6-dichlororesorcinol, along with
totally or partially dechlorinated derivatives such as chlorohydroquinone, chloro-
p-benzoquinone, and 1,2,4-trihydroxybenzene. Similarly, Oturan et al. (2000)
reported the total destruction of 4 mM p-nitrophenol with 0:5mM Fe3C after
consumption of 1,000 C and 95% COD removal for 1 mM of this compound
after applying 800C. p-Nitrocatechol, 4-nitropyrogallol, benzoquinone, hydro-
quinone, and 1,2,4-trihydroxybenzene were detected as aromatic intermediates,
along with maleic, fumaric, and oxalic acids as major generated carboxylic acids.
Oturan et al. (2001) described the slower TOC abatement of a saturated penta-
chlorophenol (0.03 mM) solution up to 82% mineralization after consumption of
1,500 C, with total release of all chlorine as Cl� ion. Tetrachloro-o-benzoquinone
and tetrachloro-p-benzoquinone were identified as by-products. In a further work
Bisphenol A was comparatively degraded using 1mM Fe3C or 1mM Cu2C as
catalyst (Gözmen et al. 2003). The same k2-value of 1:0 � 1010 M�1s�1 (see
Table 19.1) was found in both cases, but the treatment with Fe3C was more efficient
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Fig. 19.7 TOC decay with total charge passed during the mineralization of 125 cm3 of an O2-
saturated 220 mg dm�3 2,4-D (2,4-dichlorophenoxyacetic acid) solution with 1 mM Fe3C in
H2SO4 of pH 2 at room temperature in the cathodic compartment of a divided Pt/carbon felt cell
at Ecat D �0:5V vs. SCE giving a current of 60 mA [adapted from Oturan (2000)]

in terms of total mineralization vs. charge utilized. In this case, 82% mineraliza-
tion was attained after applying 10,000 C to 200 cm3 of a 0.7 mM Bisphenol A
solution. The direct reaction of this compound with �OH produces ortho- and meta-
monohydroxylated derivatives, which are oxidized to a dihydroxylated product.
Subsequent degradation of these products leads to aromatic intermediates like phe-
nol, hydroquinone, catechol, resorcinol, p-benzoquinone, etc., and carboxylic acids
like butendioic, 4-oxobutenoic, acetic, and formic. The electro-Fenton treatment
of organophosphorus herbicides (Guivarch et al. 2003a) and azo dyes (Guivarch
et al. 2003b) has also been reported. Figure 19.8 illustrates the quick COD re-
moval obtained for 0.32 mM malathion, 0.50 mM TEPP (tetraethyl-pyrophosphate),
and 0.09 mM parathion ethyl solutions with 2mM Fe3C in 10�2 M H2SO4, which
are mineralized >80% at 6;000C. A similar fast COD decay was also found for
aqueous solutions of the azo-dyes Azobenzene, p-Methyl Red, and Methyl Or-
ange, producing hydroquinone, p-benzoquinone, pyrocatechol, 4-nitrocatechol,
2,3,5-trihydroxynitrobenzene, and p-nitrophenol as main by-products.

Irmak et al. (2005) also utilized an analogous divided Pt/carbon-felt cell to
destroy 300 cm3 of an O2-saturated 0.6 mM 4-chloro-2-methylphenol solution
with Fe2C as catalyst in H2SO4 of pH 2.7 by electro-Fenton and photoelectro-
Fenton at Ecat D �0:55V vs. SCE. The solution was irradiated with UVC light
of �max D 254 nm in photoelectro-Fenton. After applying 141C to a solution
with 1:8mM Fe2C for 300 min, the photoelectro-Fenton process led to overall
mineralization with total release of Cl�. This process was much faster than the com-
parable electro-Fenton one, as expected from the additional photolysis of complexes
of Fe3C with pollutants and the production of more �OH from reaction (19.24).
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Fig. 19.8 Chemical oxygen demand evolution of O2-saturated (filled square) 0.32 mM malathion,
(filled circle) 0.50 mM TEPP (tetraethyl-pyrophosphate), and (filled diamond) 0.09 mM parathion
ethyl solutions with 2 mM Fe3Cin10�2 MH2SO4 at room temperature in the cathodic compartment
of a divided Pt/carbon felt cell at Ecat D �0:55V vs. SCE [adapted from Guivarch et al. (2003a)]

Fockedey and Van Lierde (2002) proposed an interesting approach to degrade
wastewaters in a divided cell by �OH formed from both, water oxidation by re-
action (19.9) at a SbO2-doped SnO2-coated Ti foam anode and Fenton’s reaction
(19.12) with H2O2 electrogenerated at an RVC cathode sparged with O2. Two
pumps were used to independently flow the effluent containing up to 3 g dm�3

phenol and 0:25M Na2SO4 through the anodic and cathodic compartments of an
Electrocell AB. The best operative conditions were found at pH 3 with 50mg dm�3

of catalyst Fe2C and 20mg dm�3 of dissolved O2, yielding an energy consump-
tion of 2:68Ah g�1 COD and a current efficiency of about 125% (the maximum
efficiency expected for both coupled anode and cathode oxidations is 200%).

19.4 Treatment of Wastewaters Using an Undivided Cell
Under Potentiostatic Control

Organic pollutants can be destroyed more efficiently with �OH produced from both
anode and cathode reactions if they are degraded in an undivided electrolytic cell
with cathodic electrogeneration of H2O2 under potentiostatic or galvanostatic con-
trol. The use of an undivided cell is energetically advantageous in comparison to a
divided one because the energetic penalty of the ohmic drop of the membrane sep-
arating the anolyte and catholyte is avoided. In this section, relevant work on the
treatment of wastewaters in undivided three-electrode cells is described.
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Panizza and Cerisola (2001) used the cell of Fig. 19.5 with a 1-cm2 Pt wire
anode and a 15-cm2 graphite-felt cathode to treat 200 cm3 of an industrial
wastewater mainly containing naphthalene- and antraquinone-sulphonic acids with
1;350mg O2 dm�3 of COD at pH 4 and 35ıC. From current/potential curves, the
H2O2 electrogeneration was found optimal at Ecat D �1V vs. SCE under O2
sparging. Maximum COD removal of 87% and color fading of 89% were obtained
by electro-Fenton with 3mM Fe2C after 15 h of electrolysis. A similar Pt/graphite
cell has also been utilized by Song-hu and Xiao-hua (2005) for the degrada-
tion of 200 cm3 of solutions of various chlorophenols with 3:8mg dm�3 Fe2C or
3:2mg dm�3 Fe3C in 0:14M Na2SO4 C H2SO4 of pH 2.5 at a cell voltage of 5 V
.Ecat D �0:55V vs. SCE) and room temperature. Concentrations between 16 and
35mg dm�3 of chlorophenols were completely removed in 120–240 min following
a pseudo-first-order reaction with �OH. The corresponding rate constant (k1/
decreased in the sequence: 2,4-dichlorophenol (k1D 6:6 � 10�2 min�1/ > 2; 4,6-
trichlorophenol (k1D 3:4 � 10�2 min�1/ > pentachlorophenol (k1D 1:9 � 10�2

min�1/ > 4� chlorophenol (k1D 1:3 � 10�2 min�1/. Dechlorination with loss of
Cl� was detected during the decay of all compounds.

Meinero and Zerbinati (2006) degraded comparatively 200 cm3 of 100mg dm�3

4-chloroaniline solutions in 0.1–0.05 M Na2SO4 C H2SO4 of pH 3.0 by anodic
oxidation in a Pt/Ti cell at a constant voltage of 7 V and by anodic oxidation
with electrogenerated H2O2 and electro-Fenton in a Pt/carbon cloth cell at Ecat D

�1V vs. Ag/AgCl under air sparging. The best degradation efficiency was found
for the electro-Fenton process with 1mM Fe2C. Further application of this method
to a wastewater containing chloroanilines, obtained by washing a polluted soil,
showed 75% COD removal with an energy consumption of 0:3 kWh g�1 COD cor-
responding to 41:8 kWh m�3. Badellino et al. (2006) also degraded 130 cm3 of
100mg dm�3 of 2,4-D in 0.3 M K2SO4 C H2SO4 solutions of pH 3.5 at 10ıC
in a Pt/RVC cell with 25mg dm�3 O2 at Ecat D �1:6V vs. SCE by means of
different methods such as anodic oxidation with electrogenerated H2O2, electro-
Fenton with 1mM Fe2C, and photoelectro-Fenton with 1mM Fe2C under a 8-W
UVC irradiation. Although UVC light photolyzes 2,4-D, the role of illumination
was very poor in the degradation process since similar 67–69% mineralization was
attained after 90% 2,4-D removal by electro-Fenton and photoelectro-Fenton, a
value higher than 58% obtained for anodic oxidation. The electro-Fenton process is
preferable by its lower energy consumption of 0:05 kWh g�1 TOC in comparison to
0:98 kWh g�1 TOC for photoelectro-Fenton. Intermediates like 2,4-dichlorophenol,
2,4-dichlororesorcinol, 4,6-dichlororesorcinol, and 2-chlorophenol were identified
in all processes.

Recently, novel electro-Fenton procedures based on the oxidation with �OH
simultaneously generated by photoelectrocatalysis via reaction (19.7) using a
TiO2–Ti photoanode irradiated with UVA light and Fenton’s reaction (19.12)
have been proposed. Thus, Xie et al. (2006b) used the TiO2–Ti/RVC cell of
Fig. 19.6 to degrade 80 cm3 of solutions with 0.1 mM azo dye Orange G and
17:2mg dm�3 Fe2C adjusted to pH 3.0 with HCl. The RVC working electrode
was controlled at �0:71V as cathode bias potential to electrogenerate H2O2.
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This electro-Fenton photoelectrocatalytic process was much more effective than
photoelectro-Fenton in a similar Pt/RVC cell with UVA irradiation, yielding 97%
dye removal and 74% TOC reduction at 300 min, due to the additional production
of �OH at the TiO2–Ti anode from reaction (19.7). Peralta-Hernández et al. (2006)
have designed a flow annular photoelectrochemical reactor consisting of an outer
cylindrical carbon-cloth cathode of 5.3-cm diameter, an inner cylindrical TiO2–Ti
photoanode of 1.0 cm diameter and a central 75mW cm�2 UVA lamp for pho-
toanode illumination. This electro-Fenton photoelectrocatalytic system operated
in batch recycle mode and gave higher decolorization and mineralization of O2-
saturated solutions with 2mg dm�3 of the dye Direct Yellow 52 and 0.5 mM Fe2C in
0:05M Na2SO4 C H2SO4 of pH 2 than electro-Fenton in the absence of UVA light
by applying Ecat D �0:7V vs. Hg=HgSO4 and a liquid flow of 100 cm3 min�1.

19.5 Degradation of Organic Pollutants Using an Undivided
Cell Under Galvanostatic Control

A higher number of papers have been published dealing with the degradation
of organic pollutants at constant current in undivided cells by different indirect
electro-oxidation methods based on H2O2 electrogeneration, where the effect of
experimental parameters such as pH, temperature, applied current, and pollutant
and catalyst concentrations on the mineralization processes have been clearly estab-
lished. Most work has been performed by Oturan’s group using a Pt/carbon-felt
cell and also by our group using Pt=O2, BDD=O2, and Fe=O2 cells, which are
separately presented in subsections below. It is also interesting to remark the pa-
per published by Hsiao and Nobe (1993), who studied the hydroxylation of 4 mM
chlorobenzene and 1 mM phenol with 5mM Fe2C in 0:1M Na2SO4 C H2SO4 at
pH 3.8 under batch recycle mode in the undivided flow reactor shown in Fig. 19.9.
The oxygen evolved at the anode and Fe3C were reduced downstream to H2O2 and
Fe2C, respectively, at the RVC cathode, so that no O2 was sparged. Unfortunately,
the process rate in this system was not high enough for practical purposes, probably
limited by its low H2O2 production. Phenol and 4-chlorophenol were obtained from
chlorobenzene, while phenol yielded catechol, resorcinol, and hydroquinone. Wang
et al. (2005) described the electro-Fenton treatment of 500 cm3 of O2-saturated so-
lutions with 200mg dm�3 of the azo dye Acid Red 14 and different Fe2C contents in
0:05M Na2SO4 CH2SO4 of pH 3.0 using a Ru/carbon-felt cell at constant current.
After 6 h of electrolysis at 360 mA after addition of 1 mM Fe2C, 70% TOC removal
and complete decolorization were found. TOC removal gradually increased with in-
creasing current from 120 to 500 mA and Fe2C concentration up to 1 mM, but the
mineralization rate dropped at greater Fe2C contents. This behavior is typical of
the electro-Fenton process, as further reported for a Pt=O2 cell. On the other hand,
Yuan et al. (2006) explored the degradation of 200 cm3 of solutions of several nitro-
phenols in 25 g dm�3 Na2SO4 C H2SO4 of pH 3.0 by electro-Fenton with 0.5 mM
Fe2C and by anodic oxidation using a Pt/graphite cell at 50 mA. The electro-Fenton
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Fig. 19.9 Sketch of the flow undivided electrochemical reactor working in batch recycle mode
designed for the hydroxylation of chlorobenzene and phenol (Hsiao et al. 1993)

process gave a faster decay of all compounds following the sequence: 4-nitrophenol
> 2-nitrophenol > 2,4-dinitrophenol >3-nitrophenol > phenol. Since no significant
amounts of released NO3� and NO2� ions were detected after 4-nitrophenol miner-
alization, they proposed the initial cathode reduction to 4-aminophenol, followed by
the oxidation of this intermediate to hydroquinone and p-benzoquinone with �OH
produced from Fenton’s reaction (19.12), as reaction pathway.

19.5.1 Pt/Carbon-Felt Cell

Recently, Oturan’s group has extended its research on the electro-Fenton treatment
of pollutants to an undivided Pt/carbon-felt cell under current control using the
same configuration and experimental conditions as stated above for the divided
Pt/carbon-felt cell. This procedure was first used by this group to treat 125 cm3

of an O2-saturated 40mg dm�3 diuron solution with 0:5mM Fe3C in H2SO4 of
pH 3 at 100 mA (Edelahi et al. 2004). A fast reaction between the herbicide and
�OH, with a k2-value of 4:8 � 109 M�1 s�1 (see Table 19.1), was found leading
to its disappearance in 10 min, whereas the solution TOC was reduced by 93% af-
ter applying 1,000 C. Hanna et al. (2005) further degraded soil extracts solutions
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containing high pentachlorophenol loads. These extractions were made by adding
hydroxypropyl-“-cyclodextrin (HPCD) to soil effluents that allowed an increase up
to 3.5 times of the concentration of pentachlorophenol during the water flush of
the soil. Although the reaction of �OH with HPCD is more rapid than with pen-
tachlorophenol (see the corresponding k2-values in Table 19.1), it was found that
a HPCD content of 5 mM in an O2-saturated solution with 0:5mM Fe3C at pH
3 accelerated the decay rate of 0.1 mM pentachlorophenol, probably due to the
formation of a ternary complex of pentachlorophenol–HPCD–iron that is directly
oxidized by this radical. Total disappearance of pentachlorophenol and 90% COD
abatement were achieved after 11 h of electrolysis of 125 cm3 of a soil extract so-
lution with 0.15 mM pentachlorophenol, 5 mM HPCD, and 0.5 mM Fe3C of pH 3
at 50 mA. Accumulation of short-chain carboxylic acids such as monochloroacetic,
dichloromaleic, acetic, formic, and oxalic was detected during the mineralization
process. The electro-Fenton treatment of a real olive oil mill wastewater has been
reported by Bellakhal et al. (2006). Complete COD removal of 100 cm3 of an
O2-saturated 1:50 (v/v) diluted sample with 1:84 g O2 dm�3 of initial COD and
0:5mM Fe3C of pH 3.0 was achieved after 9 h of electrolysis at 200 mA (charge con-
sumed of 7,000 C). The sample became colorless after the application of 4,000 C,
when all polyaromatics are completely destroyed. These results evidence the suit-
ability of this method for the remediation of industrial wastewaters from agricultural
activities.

19.5.2 Pt=O2 Cell

Our group has comparatively studied the mineralization of organics by anodic oxi-
dation with electrogenerated H2O2, electro-Fenton, and photoelectro-Fenton using
the open, thermostated, cylindrical, and undivided Pt=O2 cell of Fig. 19.3 containing
100 cm3 of contaminated solution vigorously stirred with a magnetic bar. The anode
was a 10�cm2 Pt sheet and the cathode was a 3-cm2 carbon-PTFE electrode placed
at the extreme of a polypropylene holder and mounted onto a Ni screen that served
as current distributor, in contact with a nichrome wire as electrical connection. This
electrode is directly fed with pure O2 at a flow rate of 12-20 cm3 min�1, which dif-
fuses to the interface of its carbon surface with the liquid where it is reduced to H2O2
by reaction (19.1). No O2 bubbling in the bulk is then needed during electrolysis. For
direct anodic oxidation without H2O2 accumulation (Brillas et al. 2002), a 3-cm2

graphite bar was employed as alternative cathode. Aromatic pollutants of industrial
wastewaters such as aniline (Brillas et al. 1996, 1998a) and 4-chlorophenol (Bril-
las et al. 1998b), as well as common herbicides present in the aquatic environment
such as 2,4-D (Brillas et al. 2000), 4-CPA or 4-chlorophenoxyacetic acid (Boye
et al. 2002), 2,4,5-T or 2,4,5,trichlorophenoxyacetic acid (Boye et al. 2003c), MCPA
or 4-chloro-2-methylphenoxyacetic acid (Brillas et al. 2003d), and dicamba or 3,6-
dichloro-2-methoxybenzoic acid (Brillas et al. 2003a), were degraded in this cell.
The contaminated solutions contained 0.05 M Na2SO4 as background electrolyte
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Fig. 19.10 TOC removal with electrolysis time for the degradation of 100 cm3 of 266 mg dm�3

2,4,5-T (2,4,5-trichlorophenoxyacetic acid) solutions in 0.05 M Na2SO4 C H2SO4 of pH 3.0 at
35ıC. (Open circle) Anodic oxidation in a Pt/graphite cell at 100 mA. (Open square) Anodic oxi-
dation with electrogenerated H2O2 in a Pt=O2 cell at 100 mA. (Open triangle) Electro-Fenton with
1 mM Fe2C in a Pt=O2 cell at 100 mA. Photoelectro-Fenton with 1 mM Fe2C and UVA irradia-
tion in a Pt=O2 cell at: (open diamond) 100, ( filled circle) 300, and ( filled square) 450 mA (Boye
et al. 2003c)

and H2SO4 to adjust its pH in the range 2.0–6.0. Electrolyses were performed at
constant current between 100 and 450 mA, usually maintaining the temperature at
25 or 35ıC. Electro-Fenton and photoelectro-Fenton treatments were carried out by
adding 0.2–2 mM FeSO4 to the starting solutions. In photoelectro-Fenton the solu-
tion was irradiated with UVA light supplied by a 6-W fluorescent black light blue
tube placed at 7 cm above its surface.

An example of the comparative degradation behavior found for the above
methods can be seen in Fig. 19.10, where the TOC abatement with time for
266mg dm�3 of 2,4,5-T at pH 3.0, 100 mA, and 35ıC is presented. The oxida-
tion power of treatments increases in the sequence: anodic oxidation � anodic
oxidation with electrogenerated H2O2 < electro-Fenton < photoelectro-Fenton.
The low degradation rate in direct anodic oxidation can be ascribed to the small
concentration of reactive �OH formed on the Pt anode surface from reaction (19.9),
which is the main oxidizing agent of organics. The slightly faster TOC removal in
anodic oxidation with electrogenerated H2O2 agrees with the expected additional
poor destruction of pollutants with the weak oxidant H2O2. In contrast, electro-
Fenton with 1 mM Fe2C yields a much faster degradation during its first stages due
to the existence of quick homogeneous reactions of organics with the great amount
of �OH produced from Fenton’s reaction (19.12), although at long electrolysis time
the solution accumulates by-products that are not attacked by this radical. The
photodecomposition of such by-products and/or the enhancement of the generation
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rate of �OH by reaction (19.24) can explain the highest mineralization rate of
photoelectro-Fenton giving rise to complete mineralization.

The same relative oxidation power was found for the above methods in the degra-
dation of all aromatics, as deduced from the percentages of TOC removal after 3 h
of electrolysis of solutions with 100mg dm�3 TOC of 4-CPA, MCPA, 2,4-D, and
2,4,5-T at pH 3.0 and 100 mA given in Table 19.2. All initial chlorine of these com-
pounds was released as Cl�, which remained stable in solution. The apparent current
efficiency (ACE) for these trials was then calculated from the following equation:

ACE D Œ�.TOC/exper=�.TOC/theor� � 100 (19.26)

where �.TOC/exper is the experimental TOC decay in solution and �.TOC/theor
is the theoretically calculated TOC removal assuming that the applied electrical
charge (Dcurrent � time) is only consumed in the mineralization process. The
�.TOC/theor values for chlorophenoxy herbicides were obtained considering that
they are transformed into carbon dioxide and chloride ion according to reaction
(19.27) for 4-CPA, reaction (19.28) for MCPA, reaction (19.29) for 2,4-D, and re-
action (19.30) for 2,4,5-T:

C8H7ClO3 C 13H2O ! 8CO2 C Cl� C 33HC C 32e� (19.27)
C9H9ClO3 C 15H2O ! 9CO2 C Cl� C 39HC C 38e� (19.28)
C8H6Cl2O3 C 13H2O ! 8CO2 C 2Cl� C 32HC C 30e� (19.29)
C8H5Cl3O3 C 13H2O ! 8CO2 C 3Cl� C 31HC C 28e� (19.30)

Table 19.2 shows that the ACE values thus determined at 3 h of electrolysis are
3.1–6.0% for anodic oxidation with Pt and electrogenerated H2O2, 14–20% for
electro-Fenton with Pt, and 25–29% for photoelectro-Fenton with Pt, related to a
mineralization of 12–19%, 53–66%, and 90–96%, respectively. In all methods, the
efficiency dropped with prolonging electrolysis time due to the gradual presence in
solution of fewer amounts of pollutants that are more hardly oxidizable with �OH.

For electro-Fenton and photoelectro-Fenton, an increase in current always caused
quicker mineralization rate, as can be seen in Fig. 19.10 for the photoelectro-Fenton
process of 2,4,5-T. This is due to the production of greater amount of �OH at the
anode surface from reaction (19.9) and/or in the medium from Fenton’s reaction
(19.12) since more H2O2 is accumulated (see Fig. 19.4). However, the ACE value
gradually decreased at higher current because of the greater relative increase in rate
of nonoxidizing reactions of �OH like its anodic oxidation to O2 as follows:

2�OH! O2.g/ C 2HC C 2e� (19.31)

and its destruction with Fe2C and H2O2 by reactions (19.17) and (19.18), respec-
tively. In contrast, a higher efficiency was obtained with raising initial pollutant
content, evidencing the acceleration of the destruction of organics with �OH and the
concomitant decay in rate of its nonoxidizing reactions. All pollutants were more
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Table 19.2 Percentage of TOC removal and apparent current efficiency (ACE) determined after
3 h of treatment of 100 cm3 of solutions of chlorophenoxyacetic acid herbicides with a concentra-
tion equivalent to 100 mg dm�3 TOC in 0.05 M Na2SO4 C H2SO4 of pH 3.0 by different indirect
electro-oxidation methods under comparable conditions at 100 mA
Herbicide Methoda T .ıC/ % TOC removal ACE k1

�
min�1

�

4-CPA AO-Pt 35 19 5.6 4:9� 10�3

AO-BDD 54 16 5:4� 10�3

EF-Pt 66 20 0.12
EF-BDD 75 22 0.27
PEF-Pt 96 29 0.16
PC 86 26 0.14

MCPA AO-Pt 35 19 6.0 5:9� 10�3

AO-BDD 58 18 7:0� 10�3

EF-Pt 65 20 0.12
EF-BDD 76 24 0.14
PEF-Pt 91 29 0.14
PC 85 27 0.17

2,4-D AO-Pt 25 13 3.6 7:9� 10�3

AO-BDD 35 57 16 7:1� 10�3

EF-Pt 25 57 16 0.18
EF-BDD 35 78 22 0.31
PEF-Pt 25 90 25 0.23
PC 76 21 0.19

2,4,5-T AO-Pt 35 12 3.1 1:2� 10�2

AO-BDD 59 15 6:6� 10�3

EF-Pt 53 14 0.11
EF-BDD 80 21 0.24
PEF-Pt 99 26 0.12
PC 84 22 0.16

The last column collects the rate constant corresponding to their pseudo-first-order decay with �OH
(Boye et al. 2002,2003a–c; Brillas et al. 2003b–d, 2004b)
aAO-Pt Anodic oxidation with electrogenerated H2O2 in a Pt=O2 cell, AO-BDD anodic oxidation
with electrogenerated H2O2 in a BDD=O2 cell, EF-Pt electro-Fenton with 1 mM Fe2C in a Pt=O2

cell, EF-BDD electro-Fenton with 1 mM Fe2C in a BDD=O2 cell, PEF-Pt photoelectro-Fenton
with 1 mM Fe2C and UVA light in a Pt=O2 cell, and PC peroxi-coagulation in a Fe=O2 cell

efficiently degraded at pH 3.0, near the optimum pH of 2.8 for Fenton’s reaction
(19.12), since it produces the major quantity of oxidant �OH in electro-Fenton and
photoelectro-Fenton with a Pt anode. At pH 3.0 similar degradation rates were found
up to 1 mM Fe2C, whereas higher Fe2C contents caused a decrease in TOC removal
due to the faster consumption of generated �OH with this ion by reaction (19.17).

The decay kinetics for initial pollutants was followed by reversed-phase HPLC
chromatography. As illustrated in Fig. 19.11 for 2,4,5-T, the pollutant concentration
underwent a slow, but similar, drop in anodic oxidation and anodic oxidation with
electrogenerated H2O2 as expected if �OH formed from reaction (19.9) on Pt is the
main oxidant. A much faster destruction rate was always found for electro-Fenton
and photoelectro-Fenton because of the production of greater amount of �OH from
Fenton’s reaction (19.12).
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Fig. 19.11 2,4,5-T concentration decay during the same treatments of Fig. 19.10 at 100 mA. The
inset panel shows its kinetic analysis assuming a pseudo-first-order reaction for 2,4,5-T

Kinetic analysis of all concentration decays fit well with the equation related to
a pseudo-first-order reaction (see the inset panel of Fig. 19.11). The last column
of Table 19.2 lists the k1-values thus determined for the comparative treatments
of chlorophenoxy herbicides. Similar k1 values can be observed for all electro-
Fenton and photoelectro-Fenton treatments with Pt. This discards direct photolysis
of herbicides by UVA light and significant participation of reaction (19.24) to
generate �OH.

GC-MS and HPLC analyses of electrolyzed solutions allowed the detection
of aromatic intermediates such as “p-benzoquinone and nitrobenzene” for ani-
line, “4-chlorocatechol” for 4-chlorophenol, “4-chlorophenol, 4-chlorocatechol,
hydroquinone, and p-benzoquinone” for 4-CPA, “4-chloro-o-cresol, mehylhy-
droquinone, and methyl-p-benzoquinone” for MCPA, “2,4-dichlorophenol, 4,6-
dichlororesorcinol, chlorohydroquinone, and chloro-p-benzoquinone” for 2,4-D,
and “2,4,5-trichloro-phenol, 2,5-dichlorohydroquinone, 4,6-dichlororesorcinol, and
2,5-dihydroxy-p-benzoquinone” for 2,4,5-T. In general, these by-products persisted
in solution while the initial pollutant was degraded.

A high number of short-chain carboxylic acids coming from the cleavage of the
benzenic ring of aromatics and the release of aliphatic lateral chains were iden-
tified by ion-exclusion HPLC chromatography analysis of electrolyzed solutions.
All these acids were also quickly removed, except the final oxalic acid that per-
sisted for long time. The evolution of this acid during the treatments of 2,4,5-T
is depicted in Fig. 19.12. Oxalic acid is slowly accumulated in both anodic oxida-
tion treatments because of the slow degradation of precedent by-products. However,
it is accumulated to reach a steady concentration in electro-Fenton and rapidly
decomposes in photoelectro-Fenton. These trends can be explained by the forma-
tion of a high proportion of Fe3C-oxalate complexes since high amounts of Fe3C
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Fig. 19.12 Evolution of oxalic acid concentration with electrolysis time during the same treat-
ments of 2,4,5-T as given in Fig. 19.10 at 100 mA

are produced from Fenton’s reaction (19.12). The low oxidation ability of �OH
to destroy the Fe3C–oxalate complexes formed justifies the slow TOC abatement
at the end of electro-Fenton (see Fig. 19.10), while the fast photodecarboxylation
of such complexes by UVA light accounts for the total mineralization achieved
in photoelectro-Fenton. This satisfactorily explains the higher oxidation power of
photoelectro-Fenton.

From the results obtained for 2,4,5-T degradation, the reaction sequence of
Fig. 19.13 has been proposed by the different treatments tested in a Pt=O2 cell.
The process is initiated by the formation of 2,4,5-trichlorophenol and glycolic acid
from the breakage of the C(1)–O bond of the herbicide. The subsequent nonse-
lective attack of �OH on C(4)- and C(5)-positions of 2,4,5-trichlorophenol gives
2,5-dichlorohydroquinone and 4,6-dichlororesorcinol, respectively, which are oxi-
dized to 2,5-dihydroxy-p-benzoquinone. These dechlorination reactions yield the
complete loss of all chlorine atoms as chloride ions. Further degradation of 2,5-
dihydroxy-p-benzoquinone leads to a mixture of malic, maleic, and fumaric acids,
which are oxidized to oxalic acid. This acid can also be produced from dehydro-
genation of glycolic acid, followed by hydroxylation of the resulting glyoxylic acid.
Glycolic and glyoxylic acids undergo a parallel oxidation to formic acid, which is
directly converted into CO2. Oxalic acid is slowly transformed into CO2 by the two
anodic oxidation methods, whereas in the indirect electro-oxidation treatments with
iron ions, it mainly forms Fe3C–oxalate complexes. These species are very stable
in electro-Fenton and rapidly photodecompose under the action of UVA light, with
loss of Fe2C, in photoelectro-Fenton.

The degradation of a solution with 100mg dm�3 TOC of the herbicide amitrole
(3-amino-1,2,4-triazole) of pH 3.0 in the Pt=O2 cell of Fig. 19.3 has been further
studied by Da Pozzo et al. (2005b). Complete decontamination was achieved by
electro-Fenton with 1 mM Fe2C, although with a low accumulation of released



19 Use of Both Anode and Cathode Reactions in Wastewater Treatment 539

COOHCOOH

COOH

COOH

COOH

Cl

OH
Cl

Cl

OH

OH
Cl

Cl

OH

Cl

OH

Cl
O

O
OH

HO

O
Cl

Cl

– Cl−

Fe3+-oxalate
complexes

CHO

COOHCOOH

HOOC

CH2OH

COOH

– Fe2+HCOOH
formic acid

hν
CO2

Fe3+

+

+
HO

+

+
– 2 Cl−

Cl .OH

.OH

.OH

.OH

.OH

.OH

.OH

.OH

.OH

.OH
OH.

2,4,5-T

COOH

2,4,5-trichlorophenol

glycolic acid glyoxylic acid oxalic acid

maleic acid fumaric acidmalic acid

2,5-dihydroxy-p-benzoquinone

2,5-dichlorohydroquinone

4,6-dichlororesorcinol

COOH

Fig. 19.13 Proposed reaction sequence for 2,4,5-T degradation in acid aqueous medium by
electro-Fenton and photoelectro-Fenton using a Pt=O2 cell [adapted from Boye et al. (2003c)]

NO3� and NH4C ions as expected if volatile N -products are lost during the
mineralization process. A similar behavior was found for the treatments of the same
amitrole solution by anodic oxidation using Pt/stainless steel and BDD/stainless
steel cells, but electro-Fenton yielded the quickest degradation due to the higher
production of �OH from Fenton’s reaction (19.12).

The effect of Cu2C as co-catalyst on the electro-Fenton and photoelectro-Fenton
processes of nitrobenzene (Brillas et al. 2004a) and paracetamol (Sirés et al. 2004,
2006) has been explored in the same Pt=O2 cell. Solutions with 100mg dm�3 ni-
trobenzene of pH 3.0 and up to 1 g dm�3 paracetamol in the pH range 2.0–6.0 in
0.05 M Na2SO4CH2SO4 were electrolyzed between 100 and 450 mA at 25ıC and
35ıC, respectively. The oxidation power in the presence of catalysts increased in the
sequence: 1mM Cu2C � 1mM Cu2C C UVA light < 1mM Fe2C � 1mM Fe2C C
1mM Cu2C 	 1mM Fe2C C UVA light < 1mM Fe2C C 1mM Cu2C C UVA
light. Anodic oxidation with electrogenerated H2O2 led to very poor degradation,
which was slightly enhanced in the presence of 1 mM Cu2C without and with UVA
light due to the low production of �OH by reaction (19.9) at the Pt anode and
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reaction (19.23) under the action of the Cu2C=CuC system. In the electro-Fenton
process with 1 mM Fe2C, less than 70% mineralization was obtained because of
the formation of stable complexes of Fe3C with by-products. These complexes are
photodecomposed by UVA light in photoelectro-Fenton giving almost total miner-
alization. Complete decontamination is feasible using 1 mM Fe2C and 1 mM Cu2C

since �OH can destroy the complexes between Cu2C and intermediates. The positive
synergistic effect of all the catalysts allows the quickest mineralization using 1 mM
Fe2C and 1 mM Cu2C under UVA irradiation. In this procedure, the fastest parac-
etamol degradation was found at pH 3.0 and its efficiency increased with raising
pollutant concentration and decreasing current.

NO3� and NH4C ions were released during nitrobenzene and paracetamol treat-
ments, respectively. o-Nitrophenol, m-nitrophenol, p-nitrophenol, 4-nitrocatechol,
and maleic, fumaric, and oxalic acids were detected as by-products of nitrobenzene,
whereas hydroquinone, p-benzoquinone, ketomalonic, and maleic, fumaric, oxalic,
and oxamic acids were identified as intermediates of paracetamol. It was found that
Cu2C and/or UVA light did not affect the decay rates of nitrobenzene and parac-
etamol, as well as the evolution of their intermediates, except that of complexes of
Fe3C and Cu2C with the final oxalic and/or oxamic acids. Figure 19.14 shows that
the use of Cu2C alone yields a small accumulation of Cu2C–oxalate and Cu2C–
oxamate complexes due to the slow degradation of pollutants. When only Fe2C

is added, Fe3C–oxalate and Fe3C–oxamate complexes cannot be mineralized by
�OH, thus limiting the oxidation ability of the electro-Fenton process. The efficient
photodecomposition of Fe3C–oxalate complexes, along with a slower photolysis
of Fe3C–oxamate ones, explains the faster mineralization of photoelectro-Fenton.
By combining Fe2C and Cu2C, Fe3C–oxalate, Fe3C–oxamate, Cu2C–oxalate, and
Cu2C–oxamate complexes are produced, but uniquely Cu2C complexes are de-
stroyed. The quickest and total mineralization of paracetamol with Fe2CCCu2CC
UVA light is due to the oxidation of Cu2C–oxalate and Cu2C–oxamate complexes
with �OH in parallel to the photodegradation of their Fe3C complexes by UVA light.

The above catalytic effects of Fe2C, Cu2C, and UVA light on the conversion of
oxamic and oxalic acids into CO2 are reflected in the proposed sequence for parac-
etamol degradation of Fig. 19.15. The pathway involves the formation of oxamic
acid from the oxidation of acetamide, previously released when paracetamol gives
hydroquinone, whereas oxalic acid proceeds from the oxidation of ketomalonic,
maleic, and fumaric acids, coming from the degradation of hydroquinone via p-
benzoquinone.

19.5.3 BDD=O2 Cell

Our group has also investigated the influence of a BDD anode, with much higher
oxidation power than Pt, on the anodic oxidation with electrogenerated H2O2 and
electro-Fenton treatments of chlorophenoxy herbicides (Brillas et al. 2004b). Solu-
tions with 100mg dm�3 TOC of 4-CPA, MCPA, 2,4-D, and 2,4,5-T of pH 3.0 were
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Fig. 19.14 Time course of the concentration of oxalic and oxamic acids during the degradation of
157 mg dm�3 paracetamol solutions in 0.05 M Na2SO4CH2SO4 of pH 3.0 at 300 mA and at 35ıC
using a Pt=O2 cell with the following catalysts: (open square) 1 mM Cu2C, (filled square) 1 mM
Cu2C C UVA light, (open triangle) 1 mM Fe2C, (filled triangle) 1 mM Fe2C C UVA light, (open
diamond) 1 mM Fe2CC1mM Cu2C, and (filled diamond) 1 mM Fe2CC1mM Cu2CCUVA light
[adapted from Sirés et al. (2006)]

electrolyzed at 100 mA and 35ıC in an undivided BDD=O2 cell with the config-
uration of Fig. 19.3. A 3-cm2 BDD thin layer deposited on a conductive Si sheet
was used as the anode. As can be seen in Fig. 19.16, the TOC of all herbicide so-
lutions is removed at similar rate in each procedure, attaining total mineralization
after 6–8 h (specific charge of 6 � 8Ah dm�3/ of electro-Fenton and 9–10 h (spe-
cific charge of 9� 10Ah dm�3/ of anodic oxidation. Although the degradation rate
at the first stages (up to approximately 2 h) of electro-Fenton is very fast, a slightly
shorter time than anodic oxidation is needed for achieving overall mineralization.
Both methods with BDD are then much more efficient than the homologous ones
with Pt (see Table 19.2), which do not allow total decontamination under compara-
ble conditions (see Fig. 19.10). The greater oxidation ability of these methods using
a BDD=O2 cell in comparison to a Pt=O2 one cannot be related to a faster reaction
of aromatic pollutants with the higher amount of reactive �OH that is expected to
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Fig. 19.16 TOC removal vs. consumed specific charge for the treatment of 100 cm3 of: (open cir-
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200 mg dm�3 MCPA (4-chloro-2-methylphenoxyacetic acid), (open triangle, filled triangle) 230
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Na2SO4 C H2SO4 of pH 3.0 at 100 mA and at 35ıC using a BDD=O2 cell. (open circle, open
square, open triangle, open diamond) Anodic oxidation with electrogenerated H2O2, (filled circle,
filled square, filled triangle, filled diamond) electro-Fenton with 1 mM Fe2C (Brillas et al. 2004b)
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Fig. 19.17 Evolution of oxalic acid concentration during the treatment of 194 mg dm�3 4-CPA
solutions in a BDD=O2 cell under the same conditions as reported in Fig. 19.16. (Open circle)
Anodic oxidation with electrogenerated H2O2 and (filled circle) electro-Fenton with 1 mM Fe2C

be formed on BDD from reaction (19.9), since initial herbicides always followed a
pseudo-first-order decay with a quite similar k1 value for each method in both cells,
as can be seen in Table 19.2. These results confirm their quicker reaction with �OH
in the medium than on Pt or BDD surface. Their primary phenol intermediates such
as 4-chlorophenol for 4-CPA, 4-chloro-o-cresol for MCPA, 2,4-dichlorophenol for
2,4-D, and 2,4,5-trichlorophenol for 2,4,5-T also rapidly react with the same oxi-
dant, since they were uniquely detected while starting herbicides were destroyed.
Analyses of generated carboxylic acids revealed the large persistence of the final
oxalic acid or its Fe3C complexes during these treatments in the BDD=O2 cell. This
behavior is illustrated in Fig. 19.17 for 4-CPA degradation. The persistence of large
amount of Fe3C–oxalate complexes in electro-Fenton with BDD cannot be ascribed
to their oxidation by �OH in the bulk since they are stable in electro-Fenton with Pt
(see Fig. 19.12) and hence, they are mineralized by reaction with �OH at the BDD
surface. The slow destruction of such complexes on BDD explains the long time
needed for the total decontamination of herbicides by electro-Fenton. This occurs at
similar times to those needed for anodic oxidation with BDD in which oxalic acid is
accumulated at low concentrations (see Fig. 19.17) because it is practically removed
at the same rate as it is produced. Cl� ion released in all the treatments was slowly
oxidized to Cl2 gas on BDD (Ferro et al. 2000):

2Cl� ! Cl2.g/ C 2e� (19.32)

The great oxidation power of electro-Fenton with BDD has also been confirmed in
the comparative treatment of acidic aqueous solutions containing up to 0:9 g dm�3

of the dye Indigo Carmine by electro-Fenton and photoelectro-Fenton using
BDD=O2 and Pt=O2 cells (Flox et al. 2006). The application of both methods



544 E. Brillas et al.

with 1 mM Fe2C in the Pt=O2 cell led to partial mineralization of the dye. In con-
trast, complete decontamination with loss of NH4C was found using electro-Fenton
with BDD and 1 mM Fe2C and when 1 mM Fe2C and 0.25 mM Cu2C were com-
bined as catalysts in photoelectro-Fenton with Pt. The first procedure gave similar
degradation rate in the pH range 2.0–4.0, whereas the second one was more potent
up to 0:44 g dm�3 of Indigo Carmine at pH 3.0. A higher mineralization rate was
found with increasing current density and initial dye content. The Indigo Carmine
decay always followed a pseudo-zero-order reaction. The aromatic derivatives isatin
5-sulfonic acid, indigo, and isatin were transformed into final oxalic and oxamic
acids. Kinetic results corroborated the destruction of the dye and its aromatic by-
products mainly by �OH formed in the bulk from Fenton’s reaction (19.12). The
electro-Fenton process with BDD allowed the total mineralization of Fe3C–oxalate
and Fe3C–oxamate complexes under the action of �OH on the anode surface. In
the presence of Fe2C and Cu2C, the photoelectro-Fenton process with Pt involved
the photolysis of Fe3C–oxalate complexes by UVA light, while competitive Cu2C–
oxalate and Cu2C–oxamate complexes were mineralized by �OH in the medium.
This study again confirms the positive catalytic action of combining Fe2C, Cu2C,
and UVA light for the treatment of wastewaters with aromatic pollutants.

19.5.4 Fe/O2 Cell

The peroxi-coagulation treatment of 100 cm3 of acidic solutions of different aromat-
ics has been reported by us using an undivided Fe=O2 cell with the configuration
of Fig. 19.3. This method has been successfully applied to remove aniline (Brillas
et al. 1997), 4-chlorophenol (Brillas et al. 1998b), 4-CPA (Brillas et al. 2003c),
MCPA (Boye et al. 2003a), 2,4,5-T (Boye et al. 2003b), and 2,4-D and dicamba
(Brillas et al. 2003b) under comparable experimental conditions to those used in a
Pt=O2 cell. Since the sacrificial Fe anode is quantitatively oxidized to Fe2C by reac-
tion (19.25) (Brillas et al. 1997, 1998b) and large amounts of Fe.OH/3 precipitate,
the pH of the solution increases continuously and needs to be periodically regu-
lated during electrolysis by adding H2SO4 to the medium. For each pollutant, the
same by-products and released inorganic ions were detected using electro-Fenton,
photoelectro-Fenton, and peroxi-coagulation because �OH is the main oxidant. In
peroxi-coagulation, this radical is produced by Fenton’s reaction between both elec-
trogenerated H2O2 and Fe2C.

As an example of the degradative behavior of this process, Fig. 19.18
presents the comparative TOC–time plots determined for 100mg dm�3 TOC of
chlorophenoxyacetic and chlorobenzoic herbicides of pH 3.0 at 100 mA under
pH regulation. The soluble TOC is quickly reduced during the first 2 h, but at
longer time a much slower degradation occurs by the presence of hardly oxidiz-
able products. At 3 h of this treatment, a 76–86% of TOC decay with 21–27%
of current efficiency was found for the chlorophenoxyacetic herbicides, values
higher than those obtained for electro-Fenton but lower than those determined for
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Fig. 19.18 TOC abatement for the peroxi-coagulation degradation in a Fe=O2 cell of 100 cm3

of: (open circle) 200 mg dm�3 4-CPA, (open square) 194 mg dm�3 MCPA, (open up trian-
gle) 230 mg dm�3 2,4-D, (open diamond) 230 mg dm�3 dicamba (3,6-dichloro-2-methoxybenzoic
acid), (open down triangle) 269 mg dm�3 2,4,5-T solutions in 0.05 M Na2SO4CH2SO4 of pH 3.0
at 100 mA and at 35ıC under pH regulation (Brillas et al. 2003b)

photoelectro-Fenton (see Table 19.2). The decay of these compounds in peroxi-
coagulation followed a pseudo-first-order reaction with quite similar k1 values
to those obtained for electro-Fenton and photoelectro-Fenton under comparable
conditions (see Table 19.2). This agrees with their oxidation mainly by the �OH
radicals produced from Fenton’s reaction (19.12). The fast TOC removal at the first
stages of their peroxi-coagulation process (see Fig. 19.18) can then be ascribed to
the rapid oxidation of all organics with �OH, along with the coagulation of some
intermediates with the Fe.OH/3 precipitate formed. The existence of coagulation
during the peroxi-coagulation process was confirmed by determining the percent-
age of TOC removal and percentages of coagulated and mineralized TOC after
electrolysis. Table 19.3 summarizes the values obtained for these parameters after
6 h of treatment of the above herbicides. These data show that the coagulation
and mineralization paths compete at 100 mA, but the increase in current causes
the acceleration of TOC abatement with predominance of coagulation over min-
eralization. The quicker generation of �OH when current raises then enhances the
oxidation of herbicides yielding a larger proportion of by-products that are retained
by the greater quantity of Fe.OH/3 precipitate produced, thus avoiding their further
mineralization. Low contents of the oxalic acid as the ultimate product were de-
tected in the final electrolyzed solutions, indicating that their Fe3C complexes are
very slowly removed by coagulation with the Fe.OH/3 precipitate. Comparative
treatments under UVA illumination (photoperoxi-coagulation process) only allowed
a slight enhancement of TOC decay because UVA irradiation is largely absorbed by
the Fe.OH/3 precipitate (Boye et al. 2003a; Brillas et al. 2003c).
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Table 19.3 Percentage of TOC removal and percentages of coagulated and mineralized TOC ob-
tained after 6 h of photo peroxi-coagulation treatment of 100 cm3 of chlorophenoxyacetic and
chlorobenzoic acids solutions with an herbicide concentration equivalent to 100mg dm�3 TOC
in 0.05 M Na2SO4 C H2SO4 of pH 3.0 at 35ıC in a Fe=O2 cell at different currents and under pH
regulation (Boye et al. 2003a, b; Brillas et al. 2003b, c)
Herbicide Current (mA) % TOC removal % Coagulated TOC % Mineralized TOC
4-CPA 100 91 48 43
MCPA 100 92 49 43
2,4-D 100 81 38 43

300 92 45 47
450 92 50 42

dicamba 100 94 48 46
2,4,5-T 300 94 94 0

450 94 94 0
100 93 54 39

Fig. 19.19 Sketch of the flow plant with an undivided filter-press two-electrode electrochemical
reactor fed with oxygen used for the degradation of 30 dm3 of aniline solutions by electro-Fenton
and peroxi-coagulation (Brillas et al. 2002)

Brillas and Casado (2002) have reported the degradation of 30 dm3 of 1 g dm�3

aniline solutions in 0:05M Na2SO4 C H2SO4 of pH 3.0 at 40ıC using the lab-
scale plant of Fig. 19.19 containing an Electrocell AB with 100-cm2 electrodes in
batch recycle mode. The electro-Fenton process with 1mM Fe2C in a Pt=O2 cell
gave a violet insoluble polymer and soluble TOC was rapidly reduced by 61% in
2 h at 20 A, but it slowly decreased at longer times. Peroxi-coagulation in a Fe=O2
cell was much more effective with >95% TOC removal in 4 h at the same current.
Apparent efficiencies as high as 700% and 900% were calculated from (19.26) after
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30 min of electro-Fenton and peroxi-coagulation, respectively, as expected if a large
proportion of by-products are separated from the medium as insoluble polymers or
by coagulation with Fe.OH/3. The energy cost for total decontamination after 4 h of
peroxi-coagulation at 20 A was ca. 60 kWh m�3, whereas about 70 kWh m�3 were
consumed to attain 65% degradation by electro-Fenton under the same conditions.
Comparative anodic oxidation with electrogenerated H2O2 in the Pt=O2 cell only
led to 18% mineralization in 6 h with a high energy cost of 502 kWh m�3, indicating
that it is not useful in practice.

Boye et al. (2005) treated 200 cm3 of synthetic solutions containing up to
2 g dm�3 of gallotannic acid in 2:0 g dm�3 KCl of pH 3 at 80 mA and 400 cm3 of a
real wastewater from vegetal tanning processes with COD > 100,000 mg O2 dm�3

at 1.5 A by electrocoagulation and peroxi-coagulation using Fe=Pt and Fe=O2
cells, respectively, at room temperature. Complete removal of gallotannic acid via
precipitation of its Fe3C complexes was found for both treatments, although the
soluble COD was more efficiently removed by the peroxi-coagulation process due
to the quicker generation of Fe3C from Fenton’s reaction (19.12). In contrast, the
real wastewater solely reached 40% COD removal with formation of a black pre-
cipitate by electrocoagulation after the consumption of 54;000C dm�3, whereas
peroxi-coagulation yielded almost total destruction of both tannin and nontannin
(mainly proteins) pollutants under the same conditions. These results confirm the
viability of the peroxi-coagulation method to decontaminate concentrated effluents
at the end of industrial tanning.

A recent paper of Boye et al. (2006) reports the degradation of 200 cm3 of so-
lutions containing up to 6 mM gallic acid in 2:0 g dm�3 KCl of pH 3 at 80 mA and
room temperature. The electro-Fenton method with 1 mM Fe2C in a Pt=O2 cell gave
70% TOC removal as maximum at 4 h, whereas the comparable photoelectro-Fenton
process under 6-W UVA irradiation led to 90% TOC abatement. This behavior is
explained by the expected mineralization of pollutants with �OH to produce sta-
ble Fe3C–oxalate complexes that can only be photodecarboxylated by UVA light.
In contrast, the electrocoagulation method using a Fe/Pt yielded 95% decontamina-
tion in 2 h because complexes between gallic acid and Fe3C quickly precipitate.
This precipitation process, along with parallel mineralization of initial pollutant
and its by-products with �OH and coagulation with Fe.OH/3, explains that over-
all decontamination is reached in less than 2 h by peroxi-coagulation in a Fe=O2
cell. Peroxi-coagulation can then be much more effective than electro-Fenton and
photoelectro-Fenton for wastewater remediation when insoluble complexes of Fe3C

with pollutants are formed.

19.6 Conclusions

It has been shown that indirect electro-oxidation methods based on H2O2 elec-
trogeneration such as electro-Fenton, photoelectro-Fenton, and peroxi-coagulation
are promising techniques for an effective and efficient decontamination of acidic
wastewaters containing persistent organic pollutants. They are environmentally
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friendly electrochemical methods that use oxidant species like �OH produced from
anode and cathode reactions in an undivided electrolytic cell. These techniques are
economic, with moderate energetic spent even in the treatment of effluents with
low salt content, and can be easily scaled-up for industrial wastewater remediation.
Iron ions and other metallic ions used as catalysts can be recovered by precipitation
of their hydroxides at neutral pH and reused in further runs. Aromatic pollutants
are more efficiently mineralized by electro-Fenton than by anodic oxidation with
electrogenerated H2O2 under comparable conditions. The efficiency of the electro-
Fenton process depends on both, the anode and the cathode utilized, but it is limited
by the formation of Fe3C complexes with final carboxylic acids such as oxalic and
oxamic. The use of a BDD anode always gives overall mineralization at long elec-
trolysis times. The degradation rate of electro-Fenton is enhanced when iron ions
and Cu2C are combined as catalysts. The photoelectro-Fenton process is also more
efficient and yields total decontamination since UVA light rapidly photodecomposes
the Fe3C complexes with the final carboxylic acids. The operational time and cost of
photoelectro-Fenton are expected to be significantly reduced if inexpensive sunlight
is applied as alternative UVA source. Peroxi-coagulation with a Fe anode is also
very effective, although separation of pollutants in the precipitate formed usually
predominates over their mineralization.
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