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In recent years, there has been increasing interest in finding innovative solutions for the efficient
removal of contaminants from water, soil and air. The present tutorial review summarizes the
results of an extensive selection of papers dealing with electrochemical oxidation, which is
proposed as an alternative for treating polluted wastes. Both the direct and indirect approaches
are considered, and the role of electrode materials is discussed together with that of other

experimental parameters.

Apart from discussing the possibility of removing selected contaminants from water using
different anodes, efficiency rates for pollutant removal have been collected, the dependence of
these rates on operational conditions advantages and disadvantages determining the further

full-scale commercial application.

Introduction

The intensification of industrial activities, since the latter half
of the XIX century and throughout the XX century, has
inevitably caused severe environmental pollution with dra-
matic consequences in atmosphere, waters, and soils. The
consequent restrictions imposed by new legislation require
effective initiatives for pollution reduction, not only in gaseous
emissions and industrial aqueous effluents but also adequate
decontamination in soils. Typically, in the case of the latter,
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different classes of pollutants may have accumulated during
long periods of uncontrolled waste disposal and reclamation
may represent a serious technological problem. Due to the
extremely diverse features of pollution phenomena, universal
strategies of reclamation have not been found.'

Generally, wastewater treatment is carried out using pri
mary, secondary or tertiary methods, depending on the nature
of the pollutants. As far as organic pollutants in wastewaters
are concerned, biological abatement may sometimes be impos
sible, due to the bio-refractory character of the substrates. For
this reason, physical-chemical methods are preferably applied,
but an oxidation with ozone or chlorine dioxide is not always
effective and also transportation and storage of reactants may
be a significant inconvenience for safe processing.’

An alternative can be the application of electrochemical
technologies for wastewater treatment, benefiting from advan-
tages such as versatility, environmental compatibility and
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potential cost effectiveness among others described below.”
Both direct and mediated electrochemical oxidations can be
considered, and have proved to be interesting subjects for
different research groups and industries seeking new technol-
ogies for wastewater treatment.’

In recent years, the applications of electrochemistry for
environmental pollution abatement have been thoroughly
investigated.>* The feasibility of electrochemical conversion/
destruction of organic substrates in wastewater, in particular,
has attracted much attention since pioneering studies by
Dabrowski in the 70’s, Kirk, Stucki, Kotz, Chettiar and
Watkinson in the 80’s, and Comninellis in the early 90’s to the
present day. In these studies, the influence of the nature of the
electrode material during the anodic mineralization of organics
has been considered in detail, showing that optimal conditions
for the process in question are obtained at high-oxygen-
overpotential anodes.

Briefly, electrochemical oxidation is performed by the action
of strong oxidants, similar to chemical destruction, but the
in-situ  electro-generation allows better efficiency of the
abatement of the organic substrates. Direct electrochemical
destruction has been investigated with particular focus since
the end of the eighties, through the testing of different anodic
materials for the oxidation of diverse organic pollutants
dissolved in water. Many organic substrates show a complex
reactivity toward the anodic mineralization; in these cases, the
central role of adsorbed hydroxyl radicals and the mode of
adsorption of the organic species should be taken into account.

Results obtained using simple molecules, e.g. oxalic acid,
support the view that co-electrosorption of hydroxyl radicals
and organic species affect the rate of the anodic mineralization,
volcano-plot approaches of the type traditionally applied for
ethylene electrochemical oxidation being possibly a good
interpretative tool.> These considerations lend further evidence
to the importance of the nature of the electrode material in
electrochemical oxidation.’ In this context, a general model
mechanism proposed by Comninellis® considers the different
stabilization exerted by the electrode material on electrosorbed
hydroxyl radicals and satisfactorily accounts for the different
results described in the literature. Accordingly, electrodes have
been classified as active and non-active, on the basis of their
electrocalytic properties.” On the other hand, indirect oxida-
tion (also called mediated electrochemical oxidation) is based
on the activity of strongly oxidant species,* e.g. CI", S,02~ and
Ce", and may also represent an interesting alternative to the
aforementioned wastewater treatments. The high acidic con-
centration needed to achieve significant concentrations of the
above species makes this method more suitable for the
treatment of low water-content sludges, the main process
being essentially a two-phase one.®'® The oxidative attack of
organics in aquatic media does not follow a conceptually
different path. We can speak formally of direct and indirect
(mediated) processes. Into the latter group we can include
active-chlorine, ozone-mediated attacks and others, where the
main reaction stages take place in the solution bulk. The
former group would include those processes whose main stages
occur at the electrode surface, through adsorption of reactants
and intermediates, the strong oxidant being essentially the
hydroxyl radical. Regarding the recent mechanism proposal by

the Comninellis group,'' which assumed the action of the
latter extended to a reaction cage in the vicinity of the
electrode surface, rather than limited at the surface itself,
the distinction between direct and mediated oxidation becomes
even less stringent.'?

The role of mediators such as ClI-—of particular interest for
its common presence in many different types of wastewater—
brings the role of the electrode material to a prominent
position. The Cl -mediated mineralization has been shown to
give good results at low-oxygen-overvoltage electrodes, such as
Pt.!3"15 The addition of chloride ions in the electrolyte allows
an increase of the removal efficiency, and a degradation of
pollutants can be obtained due to the participation of active
chlorine. These results indicate indirect oxidation as second
alternative in the elimination of the organic pollutants from
water. Similar to chlorides, bromides can also be effectively
used for the anodic oxidation of organic pollutants, but this
anion has scarcely been investigated and only a limited number
of examples are reported in the literature.'¢°

In investigations of direct and indirect oxidations many
organic substrates have been considered, as well as different
experimental conditions and anode materials. Nevertheless, in
many cases, the electrochemical process leads to the formation
of stable carboxylic acids such as maleic, formic, acetic, malonic
and oxalic acids. These molecules may represent the polluting
content of industrial wastewaters, e.g.in oil manufacturing.?!

While a thorough optimization of the process can suggest
the use of a particular anode material, other motivations, such
as the anode material availability and cost, can drive the
choice. For these reasons, “mediated electrochemical oxida-
tion” (MEO) was particularly studied by different research
groups: 32022725 hoth the influence of the nature of the anion,
and its concentration were analyzed in order to increase the
effectiveness of the process. Particular interest has been
addressed to chloride mediation due to the ubiquitous
character of Cl™ species in wastewaters, and its relatively
effective action. Different authors have already published the
possible “direct” and “‘indirect” roles for the chloride anion in
the electrochemical reaction.'? 152272

The aim of this work is to present a thorough analysis of the
literature concerning wastewater treatments, emphasizing the
use of direct and indirect electrochemical oxidation processes
as an alternative to other wastewater treatments.

Wastewater treatment

The effective treatment of effluents represents a serious problem,
especially for the chemical industry. Over the last twenty-five
years, huge efforts have been made to limit at the source this type
of pollution, by improving processes, recycling products and
controlling the treatment of wastes at the production stage.
However, considering the large amounts of industrial effluents to
be treated, for example to retrieve certain solvents, there are
inevitably residues requiring a final transformation, which is
often delicate. Traditional destruction methods, for their part,
pose problems of corrosion and, more seriously, of emissions, if
the treatment conditions are not perfectly controlled.

From the industry point of view, this problem must be
examined as a whole since there are no universal or simple
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methods in this area. The wide variety of industrial discharges
means that a diversification of techniques must be sought,
adapting the treatment to each situation, as much as possible.
In spite of the efforts made to develop clean processes, the
increasingly severe environmental laws should encourage the
research for better-performing treatments, making it possible
to obtain environmentally compatible effluents.?® Actually, the
processes for the treatment of wastewater may be divided into
three main categories: primary, secondary and tertiary.
Tertiary treatment, also known as advanced wastewater
treatment, includes acid/base neutralization, precipitation,
reduction and oxidation processes.'

Advanced oxidation processes

Different advanced oxidation processes have been developed
and investigated by several research groups for the elimination
of organic pollutants from wastewater, such as Fenton
processes, photo-assisted Fenton processes, UV/Fe**-oxalate/
H,O0,, photocatalysis, ozone water system, Mn**/oxalic acid/
ozone, H,0O, photolysis, O;/UV and others.?” These technol-
ogies consist mainly of conventional phase separation techni-
ques (adsorption processes, stripping techniques) and
methods, which destroy the contaminants by chemical oxida-
tion and/or reduction. Chemical oxidation aims at the
mineralization of the contaminants to carbon dioxide, water
and inorganics or, at least, their transformation into harmless
products. Obviously, the methods based on chemical destruc-
tion, when properly developed, offer a complete solution to the
problem of pollutant abatement, different from those in which
only a phase separation is realized with the consequent
problem of the final disposal. It has been frequently
observed®® ! that pollutants not amenable to biological
treatments may also be characterized by high chemical stability
and/or by a great reluctance to go to complete mineralization.
Also, the adoption of these oxidation treatments requires that
specific conditions must be considered during the process: the
influence of pH, inhibition due to scavenger presence, light
wasting, mass transfer limitations, direct ozone attack and
appropriate equipment.?’ In these cases, it is necessary to
adopt much more effective reactive systems than those adopted
in conventional purification processes.

Electrochemistry and environment

Electrochemistry, as a branch of physical chemistry plays an
important role in most areas of science and technology.*
Electrochemistry offers promising approaches for the preven-
tion of pollution problems in the process industry. The
inherent advantage is its environmental compatibility, due to
the fact that it uses a clean reagent, the electron. The strategies
include both the treatment of effluents and waste and the
development of new processes or products with less harmful
effects, often denoted as process-integrated environmental
protection.®

The application of electrochemistry for the protection of the
environment has been the topic of several books and
reviews.>>37 Besides the process-oriented benefits, electro-
chemistry is also playing a key role in sensor technology.

Electroanalytical techniques for monitoring and trace level
detection of pollutants in air, water and soil as well as of
microorganisms are needed for process automation. Sensors
for environmental applications have been already
reviewed,>?> while an interesting view on the role of
electrocatalysis for electrochemistry and environment has
recently been given by Trasatti.*

In a review by Rajeshwar ez al., the promising characteristics
of approaches for the prevention and remediation of pollution
problems have been explained in detail.>*® Versatility: several
techniques can be applied such as direct and/or indirect
oxidations and reductions, phase separations, biocide func-
tions, concentrations or dilutions; electrochemical methods
can deal with many pollutants and treat from microliters to
millions of liters. Energy efficiency: these processes generally
require lower temperature with respect to equivalent non-
electrochemical counterparts (e.g., thermal incineration); the
potential can be easily controlled and operational parameters
can be designed to minimize power losses. Amenability to
automation: the electrical variables used in the electrochemical
processes (j, E) are particularly suited for facilitating data
acquisition, process automation and control. Environmental
compatibility: the electron is a clean and very effective reagent,
whose reactivity may be tuned by choosing a suitable
electrocatalyst, in order to prevent the production of undesir-
able metabolites. Cost effectiveness: the required equipment
and operations are generally simple and inexpensive, but
diverse considerations must be studied for optimal efficiency.

For the above reasons, electrochemistry can be considered
an alternative for the prevention of pollution problems.
Therefore, intensive research proceeds with the goal of
discovering more efficient techniques, processes, materials,
technologies and applications of electrochemistry for the
remediation and/or prevention of pollution problems.

Electrochemical technologies for wastewater
treatment

Electrochemical technologies have gained importance in the
world during the past two decades. There are different
companies supplying facilities for metal recoveries, the
treatment of drinking water as well as process waters resulting
from tannery, electroplating, dairy, textile processing, oil and
oil-in-water emulsion, ete’ At present, electrochemical tech-
nologies have reached such a state that they are not only
comparable with other technologies in terms of cost, but
sometimes they are more efficient and compact. The develop-
ment, design and application of electrochemical technologies
in water and wastewater treatment has been focused on
particularly in some technologies such as electrodeposition,
electrocoagulation, electrofloculation and electrooxidation.?

Electrochemical oxidation: an alternative in
wastewater treatment

Studies on electrochemical oxidation for wastewater treatment go
back to the XIX century,” when the electrochemical decomposi-
tion of cyanide was investigated.41 Extensive investigation of this
technology commenced in the 70s, when Nilsson ez @l in 1973
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investigated the anodic oxidation of phenolic compounds.*
Mieluch ef al. studied for the first time the electrochemical
oxidation of phenol compounds in aqueous solutions.>* In 1975,
Dabrowski et al. studied the electrochemical purification of
phenol-containing wastes in a pilot plant,*> while Papouchado
et al. investigated the pathways of phenolic compounds anodic
oxidation.** Later, in 1979, Koile and Jonhson examined the
electrochemical removal of phenolic films from platinum
anodes:* in the same period, Smith de Sucre obtained relevant
results in phenol electro-oxidation during wastewater treat-
ment,*® and in the 80s these studies were continued in
collaboration with Chettiar.”""?

During the last two decades, research work has focused on
the efficiency in oxidizing various pollutants at different
electrodes, on the improvement of the electrocatalytic activity
and electrochemical stability of the electrode materials, the
investigation of factors affecting the process performance and
the exploration of mechanisms and kinetics of pollutant
degradation.® Experimental investigations, focusing on the
behaviour of different anodic materials, have been carried out
by different research groups, the results of which warrant a
detailed description. Attempts for an electrochemical oxida-
tion/destruction treatment for waste or wastewater can be
subdivided into two important categories: direct oxidation at
the anode, and indirect oxidation using appropriate anodi-
cally-formed oxidants.*

Direct and indirect electrochemical oxidation
Electrochemical oxidation mechanism

Electrochemical oxidation of pollutants can occur directly at
anodes through the generation of physically adsorbed “active
oxygen” (adsorbed hydroxyl radicals, ‘OH) or chemisorbed
“active oxygen” (oxygen in the oxide lattice, MOy . ;).® This
process is usually called “anodic oxidation” or “direct
oxidation” and the course for the anodic oxidation was
described by Comninellis;® the complete destruction of the
organic substrate or its selective conversion into oxidation
products is schematically represented in Fig. 1.

When a toxic, non-biocompatible pollutant is treated, the
electrochemical conversion transforms the organic substrate
into a variety of metabolites; often, biocompatible organics are
generated, and biological treatment is still required after the
electrochemical oxidation. In contrast, electrochemical degra-
dation yields water and CO,, no further purification being
necessary. Nevertheless, the feasibility of this process depends
on three parameters: (1) the generation of chemically or
physically adsorbed hydroxyl radicals, (2) the nature of the
anodic material and (3) the process competition with the
oxygen evolution reaction.

A mechanism for the electrochemical oxidation of organics,
based on intermediates of oxygen evolution reaction in
aqueous media, was formerly proposed by Johnson.*’? The
process involves anodic oxygen transfer from H,O to organics
via hydroxyl radicals formed by water electrolysis.

The electrochemical oxidation of some organics in aqueous
media may take place without any loss in electrode activity,
except at high potentials, and with concomitant evolution of
oxygen.”*>*7 Furthermore, it has been described that the nature

H20

Ht+e m CO2+nH20

+H++e"

M ("OH)

Ht+e

Fig. 1 Mechanistic scheme of anodic oxidation of organic com-
pounds with simultaneous oxygen evolution on non-active anodes
(reactions a, b and e) and on active anodes (reactions a, ¢, d and f). (a)
Formation of hydroxyl radicals, OH*; (b) oxygen evolution by
electrochemical oxidation of hydroxyl radicals; (c) formation of the
higher metal oxide, MO; (d) oxygen evolution by chemical decom-
position of the higher metal oxide; (e) electrochemical combustion of
the organic compound via hydroxyl radicals; (f) electrochemical
conversion of the organic compound, R, via the higher metal oxide.
Reprinted with permission from Electrochim. Acta, 1994, 39, 1857.
Copyright 1994, Elsevier.®

of the electrode material strongly influences both the selectivity
and the efficiency of the process.®>™>’ To interpret these
observations, a comprehensive model for the anodic oxidation
of organics in acidic medium, including the competition with the
oxygen evolution reaction, has been proposed.®>>=>" More recent
results, obtained at conductive diamond electrodes’ (which are
characterized by a very high oxygen overpotential), fit the model
predictions quite well. Based on these results, Comninellis
explained the differences considering two limiting cases, i.e. the
so-called “active” and “non-active” anodes.’

In both cases, the first reaction (eqn (a)) is the oxidation of
water molecules leading to the formation of adsorbed hydroxyl
radicals:

M + H,O — M(HO") + H" + ¢~ (a)

Both the electrochemical and chemical reactivities of
adsorbed hydroxyl radicals depend strongly on the nature of
the used electrode material.

With active electrodes there is a strong interaction between
the electrode (M) and the hydroxyl radical (OH"). Adsorbed
hydroxyl radicals may interact with the anode, forming a so-
called higher oxide MO (eqn (b)). This may be the case when
higher oxidation states are available, for the electrode material,
above the thermo-dynamic potential for the oxygen evolution
(1.23 V vs. SHE).®

M(HO") — MO + H* + ¢~ (b)

With active electrodes, the redox couple MO/M acts as a
mediator in the oxidation of organics (eqn (c)). This reaction is
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in competition with the side reaction of oxygen evolution,
which is due to the chemical decomposition of the higher oxide

(eqn (d)):

MO + R — M + RO (c)

MoﬁM+%02 (d)

The oxidative reaction via the surface redox couple MO/M
(eqn (c¢)) may be much more selective than the reaction
involving hydroxyl radicals (eqn (e)). A typical example of an
active electrode is the case of IrO,.°

With a non-active electrode, weak interactions exist between
the hydroxyl radical and the electrode surface. In this case, the
oxidation of organics is mediated by hydroxyl radicals (eqn (e))
and may result in fully oxidized reaction products such as CO,.

M(HO") + R — M + mCO, + nH,0 + H + ¢~ (e)

In the above schematic equation, R is a fraction of an
organic compound containing no heteroatoms, which needs
one oxygen atom to be fully transformed into CO,.” This
reaction competes with the side reaction of hydroxyl radicals
(direct or indirect consumption, through the formation of
hydrogen peroxide as intermediate) to oxygen (eqn (f)) without
any participation of the anode surface:

M(HO')—>M+%Oz+H+ te~ ()

A non-active electrode does not participate in the anodic
reaction and does not provide any catalytic active site for the
adsorption of reactants and/or products from the aqueous
medium. In this case, the anode serves only as an inert
substrate, which can act as a sink for the removal of electrons.
In principle, only outer-sphere reactions and water oxidation
are possible with this kind of anode. Intermediates produced
by the water oxidation are subsequently involved in the
oxidation of organics in aqueous medium.’

The electrochemical activity (which may be related to the
overpotential for oxygen evolution) and chemical reactivity
(rate of the organics oxidation with electrogenerated hydroxyl
radicals) of adsorbed OH" are strongly linked to the strength
of the M-OH" interaction. As a general rule, the weaker the
interaction, the higher the anode reactivity for organics
oxidation (fast chemical reaction); boron-doped diamond
electrodes (BDD) are typical non-active electrodes, character-
ized by high stability and acceptable conductivity. This model
assumes that the electrochemical oxidation is mediated by
hydroxyl radicals, either adsorbed at the surface (in the case of
active electrodes) or free, in the case of the non-active ones.’

Direct anodic oxidation

The anodic oxidation does not require the addition of large
amounts of chemicals to wastewater or the feeding of O, to
cathodes, as in Fenton processes;27 moreover, there is no
tendency to produce secondary pollution and fewer accessories
are required. These advantages make the anodic oxidation
more attractive than other oxidation processes.®> As previously
commented, the most important parameter in this process is

the anode material. Among the investigated anode materials,
the following can be mentioned: stainless steel,”® glassy
carbon,” Ti/RuO,, Ti/Pt-Ir,%*%! carbon fibers,*? MnO,,%>%
Pt—carbon black,®>®® porous carbon felt®” and reticulated
vitreous carbon.®®® Unfortunately, none of them have either
sufficient activity or satisfactory stability. Pt, PbO,, IrO,,
Sn0O,, and conductive diamond films are the most extensively
studied anodes.

Based on the literature, a collection of data obtained at
different anodes for the degradation of some important
pollutants, under different conditions, can be found in
Table S1 of the electronic supplementary informationt. It is
also worth mentioning that this table contains the most
relevant research in the frame of the direct electrochemical
oxidation from the beginning of its application to the present
time. On the other hand, different parameters have been
resumed: the current density, the current efficiency (CE)>® and
other efficiency parameters are of particular interest, as well as
the possible intermediates and/or final metabolites. The
current efficiency™*° is a measure of the process effectiveness;
it can alternatively be expressed by means of the
Electrochemical Oxidation Index (EOI), the Apparent
Current Efficiency (ACE), and/or the Instantaneous Current
Efficiency (ICE), as described in Appendix 1.

Phenol and derivates are among the most investigated
examples in electrochemical studies. Initial research was
carried out by Nilsson et al. in 1973;* Mieluch et al.,** and
Dabrowski et al. also tried the use of electrochemical oxidation
for the destruction of phenolic waste on a pilot-scale plant, in
1975, while Smith de Sucre, Chettiar and Watkinson used
synthetic wastewater solutions in early 80’s.”%7>

Smith de Sucre and Watkinson investigated the oxidation of
phenol for wastewater treatment applications at packed lead
dioxide anodes. They operated in both divided and undivided
cells, obtaining analogous oxidation rates. The percentages of
oxidized phenol ranged from 53% to 77%, depending on the
type of cell and operational conditions (current intensity from
10 to 20 A, and variable pH values).”

Considering ref. 72, the process has not found a commercial
use because of the low reaction rate and/or low efficiency. One
reason for the low reaction rate, in the electrochemical
oxidation of some organic compounds, is electrode fouling,
i.e. the blocking of the electrode surface by reaction products.
In the case of phenol, polymerization products are obtained.
Under these conditions, a 96% destruction of phenol was
obtained, with a 50% reduction in biological oxygen demand
but a reduction in total organic carbon of only 22%.

From an examination of data in Table S1 of the ESI{, Pt
and PbO, are the most widely investigated anode materials for
electrooxidation. PbO, is one of the classic high-oxygen-
overpotential materials and it is expected to perform quite well
in electrochemical mineralization of organics (e.g., for the
oxidation of glucose at different anodic materials, Fig. 2). At
this electrode material, Kirk realized the oxidation of aniline,
obtaining good removal efficiencies: the current efficiency
ranged from 15% to 40% for the complete oxidation of the
organic substrate to CO,.”® The operating current density was
also reasonably high: 80-160 A m 2 The performance of this
electrode material was further evaluated in terms of faradaic
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1201
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©
i
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0 5 10 15
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Fig. 2 Decrease of glucose content in solution, as a function of
charge, at different electrode material and at different current densities.
Solution: glucose 1 g dm 3 in 2 N H,SO, at 25 °C. Reprinted with
permission from J. Electrochem. Soc., 1999, 146, 2175.7° Copyright
1999 The Electrochemical Society.

yield and fraction of removed toxic intermediates during the
electrolysis of 2-chlorophenol.”* Subsequently, this anode was
used for the oxidation of several organic compounds, like e.g.
indoles,” glucose,76 oxalic acid,”” choloranilic acid,!? trypto-
phan” benzoquinone’® and p-nitrophenol.”” Moreover, Ti-
supported PbO, electrodes (differing in terms of preparation,
in the detail of their surface texture and, to a certain extent,
also in their composition and microstructure, to the case of
Pb/Pb0O») have been used for the oxidation of benzoquinone,go
phenol,®! chlorinated phenols,® landfill leachate®® and

JOC0C0 00 0O k===-=1

ey
S

Fig. 3 Electrochemical cell: (a) Pb anode feeder; (b) bed of 1 mm lead
pellets; (c) stainless steel cathode plate; (d) Nafion membrane; (e)
stainless steel screen; (f) Luggin capillary; (g) glass beads; (h) gasket; (i)
reactor inlet; (j) reactor outlet. Reprinted with permission from
J. Electrochem. Soc., 1986, 133, 921.%° Copyright 1986 The
Electrochemical Society.

others.>’*7° In all these works, good removal efficiencies were
obtained; however, the CE values were different, depending
principally on experimental conditions. An important applica-
tion was realized by Kaba,®* who treated urine waste biomass
mixtures obtaining a 95% removal efficiency. On the other
hand, the innovative use of lead pellets by Kirk gave low CE
(16-21%), and removal efficiencies depended on the potential
and various other parameters.®® In this research, a pack bed
reactor was used, and the anolyte was recirculated while
following phenol loss and benzoquinone, maleic and carbon
dioxide formation (Fig. 3 and 4).

PbO, electrodes are relatively inexpensive and quite effective
in oxidizing pollutants; unfortunately, this electrode material is
subjected to electrochemical corrosion (especially in media
with no sulfate ions dissolved) and the release of Pb>" ions can
cause severe water contamination. As a viable solution, Ti can
be used as a support for PbO, films obtained by thermal
preparation.®

In the case of the Pt electrode, there have been various
applications: urine wastes,®* tannins,®” herbicides,*® as well as
other model organic pollutants.”**** Ti-supported Pt was also
used for the elimination of dyes,95 tannery wastewater,”® benzoic
acid,”” and bisphenol-A.98 At this electrode material, a selective
oxidation is generally attained and, in agreement with the model

COo,
40F
30f
=
£
§ 20t
—
<
o
—
z
w
(&)
P
S 10 TOTAL
(&)
PH
MA
T — BQ

0 2 4 6 8 10
TIME h

Fig. 4 Concentration of phenol (PH), benzoquinone (BQ), maleic
acid (MA), and carbon dioxide (CO,) as a function of electrolysis time
for 1.4 x 1072 M phenol in 1.0 M H>SO,. Temperature = 25 °C, flow
rate = 1.0 mL s~ . Reprinted with permission from J. Electrochem.
Soc., 1986, 133, 921.%° Copyright 1986 The Electrochemical Society.
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proposed by Comninellis,® PtO, can be formed during the
oxidation process. For Pt and Ti/Pt, efficiency results are
sometimes very different, probably as a consequence of material
preparation.”” Pt has been used for studying the passivation by
phenol derivatives, due to polymeric film production;***? in this
context, pioneering works were made by Koile.*> Modifications
of the Pt electrode surface have also been described: Pt/
WO, %11 and Ti/Pt-Ir* have been applied for the oxidation
of carboxylic acids and dyes, respectively. In both cases, high
current efficiencies (80-100%) and conversions near 99% for the
carboxylic acids'°*!°! and 50% for the dyes” were obtained.
Despite the satisfactory results obtained in the oxidation of
simple inorganic pollutants, at very low current densities,”* Pt
electrodes showed poor efficiencies in anodic oxidation of
organic compounds.””'%

For graphite electrodes, the maximum CE was approxi-
mately 70%, obtained at very low current densities (ranging
from 0.03 to 032 A m 2. When current densities
were increased to 10-100 A m 2, the CE values decreased to
only 6-17%.'* However, the addition of carbon black was
found to significantly enhance the performance of Ti/Pt anodic
oxidation of aqueous phenol.®’

Pure SnO, is a n-type semiconductor; this oxide material
exhibits a very high resistivity at room temperature and cannot be
used as an electrode. However, its conductivity can be improved
significantly by doping with B, Bi, F, P and Sb.! For
electrochemical applications, Sb is the most commonly used
dopant for SnO,. Kotz et al. reported the anodic oxidation of
pollutants at Sb-doped SnO,-coated titanium electrodes
(Ti/Sn0»,-Sb,05).!% They obtained CEs, at Ti/SnO»-Sb,Os,
approximately five times higher than that at Pt.”” Comninellis®!
measured the CE obtained at SnO,-Sb,Os to be 0.58 for 71%
degradation of phenol while values at PbO,, IrO,, RuO, and Pt
were, respectively, 0.18, 0.17, 0.14 and 0.13 at j = 500 A m 2
pH 12.5, initial concentration of 10 mM, reaction temperature of
70 °C. Zanta et al. studied the oxidation of p-chlorophenol,
obtaining a 75% degradation of the organic substrate at this
electrode material.'”” Chen er al. compared the degradation of
different pollutants, achieving CE values of 11-50%, and 22-65%
removal efficiency at different values of the charge consumed per
square meter of electrode surface.'"®

The oxidation of phenol was investigated at SnO,-Sb,0Os5
and PbO, using also the cyclic voltammetric approach, and the
former electrode material was found to be more active than the
latter.'® Tt must also be noted, however, that Cossu e al.
reported no substantial differences in activity between SnO,—
Sb,0s5 and PbO; in treating landfill leachate.®?

IrO; has been widely studied as an electrocatalyst for O,
evolution. The low current efficiency for organics oxidation is
thus expected.®'"8 The low activity of this anode in oxidizing
1,4-benzoquinone has been related to the low current density
employed.''® Nevertheless, IrO, has been used for the
electrochemical elimination of aliphatic alcohols, allowing
CE of 30-40%, and 90% conversion to CO,.!'" In general, low
current efficiencies and high removal efficiencies have been
obtained at longer times, as a result of the competition
between the oxidation of organics and the oxygen evolution
reaction. The former process consists of a selective oxidation,

which takes place through the formation of “higher oxides”.®

TiO, is usually employed in wastewater treatment as a
photocatalyst. By doping with Nb and/or Ta, the TiO,
conductivity can be successfully improved,''>!"* allowing its
use as an electrocatalyst for pollutant oxidation. This type of
electrode is usually made by baking the Ti substrates coated
with Nb and/or Ta-doped TiO, films. TiO, electrodes are
stable at low current densities (below 30 A m™2), their lifetimes
being significantly shortened when operating at higher current
densities.'"?

Another conductive titanium oxide is Ebonex™, a non-
stoichiometric titanium oxide mixture consisting of Magneli
phase titanium oxides Ti;O; and TisOy, and made by heating
TiO, to 1000 °C in the presence of H,.''® This kind of material
was applied for the direct electrochemical oxidation of
compounds such as phenol''® and trichloroethylene;''® the
oxidation of the former has been investigated also by cyclic
voltammetry at Ebonex/Pb0,.'”

The boron-doped diamond (BDD) film electrode represents
an attractive anode material for the degradation of refractory
pollutants such as ammonia, cyanide, phenol, chlorophenols,
aniline, various dyes, surfactants, alcohols and many other
compounds.5’7‘l1’12’15’77’”6’152 Unlike PbO,, SnO, and TiO,,
the BDD thin films deposited on Si, Ta, Nb and W by
chemical vapor deposition have shown excellent electrochemi-
cal stability.'>® The application of BDD electrodes for waste-
water treatment has been mostly studied at Si-supported
devices, in spite of the difficulties related to their industrial
transposition, due to the fragility and the relatively low
conductivity of the Si substrate. BDD films synthesized on Nb,
Ta and W are promising, but their large-scale utilization is
impossible due to the unacceptably high costs of these metal
substrates. On the contrary, titanium would possess all
required features to be a good substrate material, if a proper
synthetic route were available; preliminary samples of Ti/BDD
have been used for the destruction of several pollutants, e.g.
dyes, 1% carboxylic acids!® and phenol.!'®® Carey er al.
patented the use of diamond films as anodes for organic
pollutants oxidation.'*' The anodic oxidation of various
pollutants, as well as the mechanism by which the organic
substrates are oxidized at this electrode surface, have been
investigated by Comninellis and coworkers: they suggested
the formation of a film of relatively free hydroxyl radicals at
the Si/BDD surface, representing a sort of “‘reaction cage” for
the process.'!8:1227127:130.133-135.140.151 " Related results have
been summarized in Table S1 of the ESI{. The obtained CEs
are very high, ranging from 33.4 to more than 95%, depending
on pollutant characteristics and oxidation conditions. The
work by Beck! also reports results obtained by
Comninellis,'® comparing the Si/BDD with Ti/SnO,, Ta/
PbO, and Pt for the oxidation of phenol. At a charge loading
of 20 Ah 17!, the total organic carbon (TOC) content was
reduced from an initial value of 1500 to about 50 mg 17! at Si/
BDD, and to about 300, 650 and 950 mg 17! at the other
electrode materials, in the above order. At BDD electrodes,
another aspect to be taken into consideration is the production
of powerful oxidants, like peroxodisulfate;'>>1>® these species
can participate in the oxidation of the organic substrates,
permitting higher efficiencies. In particular cases, for high
organic concentrations and low current densities, the COD
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decreased linearly and the Instantaneous Current Efficiency
(ICE) remained at about 100%, indicating a kinetically
controlled process, while for low organic concentrations 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. 5
shows the trend of the COD and ICE during the electro-
chemical oxidation of 2-naphthol. In order to describe these
results, the authors developed a comprehensive kinetic model
that allowed them to predict the trend of the COD and
current efficiency for the electrochemical degradation of the
organic with BDD electrodes and estimate the energy
consumption during the process.'**~"*! This model is explained
in Appendix 2.

As can be observed in Table S1 of the ESI{, other anode
materials have been employed for the direct oxidation of
pollutants: pure metals,’*%%%° DSA®-type electrodes’®””-”’
and carbonaceous materials (e.g. glassy carbon, carbon felt,
granular carbon, graphite).>®-67-80:157:158.99.159.103 e column
of intermediates is also a key-point for the evaluation of data
in the tablef: in fact, several metabolites are generally
produced during the oxidation of the original organic
substrate. Starting from an aromatic compound, hydroxylated
derivatives are found as initial intermediates but, in the final
stages of the oxidation process, several carboxylic acids are
produced, the last being usually oxalic acid. The formation of
these acids increases the time process and highlights possible
mass transport limitations; interestingly, some anode materials
are more efficient than others for their elimination.

Indirect anodic oxidation

The electrooxidation of pollutants can be performed through
different ways.? Electrochemical destruction of organics can be
attempted by both direct and indirect oxidation. In addition,
peroxide, Fenton’s reagent, Cl,, hypochlorite, peroxodisulfate
and ozone are prominent oxidants that can also be electro-
chemically produced.* These oxidants react with the organic

50

substrates, eventually leading to their complete conversion to
CO,, H,O and other inorganic components. As far as the
indirect oxidation is concerned (Table S2 of the ESI}
summarizes different examples), the most used electrochemical
oxidant is probably chlorine (hypochlorite, in neutral or
alkaline media), as a result of the ubiquitous character of CI™
species in wastewaters, and due to their quite effective action.
Looking at the literature, the anodic oxidation of organics in
the presence of NaCl was studied for the first time by Mieluch
et al., while investigating the direct electrochemical oxidation
of phenol.?> The phenol oxidation rate was influenced by the
current density (1 to 24 A dm ?), temperature (50 to 80 °C)
and NaCl concentration (2 to 15%). According to the obtained
results, phenol compounds in NaCl-containing wastewaters
were eliminated by direct anodic reaction and/or through the
mediation of CI' or ClIO™ ions, which formed at the anode.
Nevertheless, the possible role of the mediated process was not
taken into account by the authors.

Anodically generated chlorine and/or hypochlorite can be
used to destroy oxidizable pollutants. In most cases, both
inorganic and organic pollutants can be eliminated in the
presence of a suitable chloride concentration;>-00-62:169-172
practical applications have been claimed in a number of
patents.!”*!7* The addition of chloride ions in the electrolyte
caused an increase in removal efficiency, and the complete
degradation of pollutants was attained due to the participation
of active chlorine, in the form of chlorine (E° = 1.358 V),
hypochlorous acid (E° = 1.63 V) and hypochlorite (E° =
0.90 V). A scheme for the MEO of organic pollutants in the
presence of NaCl in alkaline media was proposed by
Comninellis and Nerini,>* who considered the anodic forma-
tion of hypochlorite and the successive indirect oxidation of
the organic substrate in the bulk of the solution or in close
proximity of the electrode surface. At the same time, a number
of reactions may take place in parallel, decreasing the process
efficiency: among the different possibilities, the formation of
chlorate and the chlorine evolution must be mentioned. De
Battisti and coworkers studied the oxidation of glucose in the
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Fig. 5 Influence of applied current density on the trends of COD and ICE (inset) during electrolysis of 4-CP on BDD anode. ((J) i =15, (x )i =
30 and (@) i = 60 mA cm 2. Electrolyte 1 M H,SOy; Initial 4-CP concentration 7.8 mM; 7' = 25 °C. (—) Representation model prediction (see
Table 1). Reprinted with permission from J. Electrochem. Soc., 2001, 148, D60.'*! Copyright 2001, The Electrochemical Society.
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Fig. 6 Extension of the reaction pattern proposed by Comninellis,®
for the electrochemical incineration of organics, to the case of active
chlorine-mediated electrochemical incineration. Reprinted with per-
mission from J. Electrochem. Soc., 2000, 147, 592.' Copyright 2000
The Electrochemical Society.

presence of chlorides,'® and hypothesized HCIO to be the
oxidizing agent (formed at the anode, thanks to chloride
oxidation and the concomitant oxygen evolution reaction). On
the basis of the above studies, both chloro- and oxychloro-
radicals, co-generated at the electrode surface, have to be
considered in the mechanism of the electrochemical destruc-
tion, thus representing an extension of the model initially
proposed by Comninellis® for the direct electrochemical oxida-
tion. According to De Battisti and coworkers, in the case of
active chlorine mediation, an oxygen transfer can be attained
through adsorbed oxychloro-species'>!# instead of from the
more commonly cited hydroxyl radicals (Fig. 6, 7 and 8).

Zhang et al made experiments on the elimination of
dyestuffs from wastewaters (such media always contains a
high concentration of sodium chloride).!” The indirect
electrochemical process removed the color completely and
the COD content by 87%, in 50 minutes, while the direct
electrochemical process removed 47% of the COD and the
color by 50%, in 5 hours. Hypochlorite production at the
anode was found to be diffusion-controlled and rate-limiting.
A 99% current efficiency was estimated for the indirect
process, while that of the direct oxidation was 16%; cost
efficiency of the two processes was 8000 mg-COD kWh ™! and
1000 mg-COD kWh ™!, respectively.

Electrochemical oxidation of phenol using a Ti-supported
TiO,-RuO,-IrO; ternary mixture was studied by Rajkumar,
in a chloride-containing supporting electrolyte.!’® In these
experiments, a complete degradation of phenol was achieved,
with a pronounced formation of chlorinated organic com-
pounds, at the beginning of electrolysis, which reduced to
lower levels with extended electrolysis.

In the indirect oxidation, the possible formation of
chlorinated organic intermediates or final products is a
possible limitation for the real application of this techni-
que.’>""7 Another drawback to be considered is that if the
chloride content in the raw wastewater is low, a large amount
of salt must be added to increase the process efficiency.!”’

As far as other chemical agents are concerned, several
pollutants can be degraded by electrochemically generated
hydrogen peroxide,'”®'%3 and electrically generated ozone is
reported for wastewater treatment too.'!3%!8

The anodic oxidation of organics in the presence of NaBr
was studied in the case of isosorbide,'® methyl-orange,!”
hydrazo-dicarbonamine18 and lactic acid;'® NaBr was also
employed as a mediator for the indirect oxidation of alcohols,
in a double mediator system.>°

" A A e

concentration (g/l)

4 chloride as CI
® chlorate as ClO3”
a chlorine as Cl,

v gluconate

0 1 2 3

4

electrolysis time (h)

Fig. 7 Mass balance of inorganic chlorine species during mediated glucose mineralization. Glucose concentration: 10 g dm™3; NaCl
concentration: 5 g dm™3; background electrolyte: 1 M Na,SO4 + 0.01 M NaOH. Electrode: Ti/Pt; j = 1200 A m ™ 2. Reprinted with permission from
J. Electrochem. Soc., 2000, 147, 592.'* Copyright 2000 The Electrochemical Society.
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background electrolyte: 1 M Na,SOy + 0.01 M NaOH. Reprinted with permission from J. Electrochem. Soc., 2000, 147, 592.'* Copyright 2000 The

Electrochemical Society.

The “indirect electrochemical oxidation” has a wide range
of applications, depending on mediator characteristics.'®
Redox couples with a high standard reduction potential (e.g.,
Ag?*, Co™) are mainly used for the total oxidation of organic
pollutants from highly acidic wastewaters. In the presence of
chloride ions or chlorinated compounds in the solution to be
treated, the Co**/Co*" redox couple should be preferred to
Ag?/Ag®, because the latter suffers from precipitation
limitations. On the other hand, the presence of cobalt ions in
solution, at the end of the process, may represent a serious
problem, especially when the organic content has been totally
eliminated and the water should be discarded. Mediators with
lower standard reduction potentials are mainly used in
selective organic syntheses'®” and redox couples having
a negative standard reduction potential (e.g., Ti**/Ti** and
Cr**/Cr*") find applications in reductive organic syntheses.

Farmer et al. proposed a mediated electrooxidation for the
treatment of mixed and hazardous wastes;'*® metal ions are
oxidized at the anode from a stable, low-valence state to a
reactive, high-valence state, which can directly attack organic
pollutants. The reaction may also produce free hydroxyl
radicals, which are useful for the destruction of the organic
pollutants. Subsequently, the mediators are regenerated at the
anode, thus forming a closed cycle. Typical mediators are
Ag>, Co**, Fe**, Ce*™ and NiZ".'8819 Ag previously
mentioned, mediated electrooxidation usually requires to
operate in highly acidic media—unfortunately the resultant
pollution from the added heavy metals limits its application.
Azzem et al. studied the indirect electrooxidation of 4-picoline
with in-situ electrogenerated Co(111) acetate.'® The pyridine-4-
aldehyde diacetate product was obtained in good yield (45—
68%), performing the electrolysis in acetic anhydride at 80 °C,
in an undivided cell and under controlled current conditions.

Mediated electrochemical oxidation of organics in waste-
waters were discussed by Gray et al.,'”® including operating
principles, modeling, and laboratory scale experiments. In one

test, 0.5 1 of ethylene glycol was destroyed in 22 h with a 99%
removal efficiency. The destruction rate was limited by the rate
at which Ag®* was produced in the electrochemical cell.

The authors of ref. 196 studied the Co(111)-MEO of ethylene
glycol, 1,3-dichloro-2-propanol, 2-monochloro-1-propanol
and isopropanol in sulfuric acid. The electrochemical reactor
had a rotating cylindrical anode, which operated well below
the limiting current for Co(Ill) generation, allowing the
obtainment of high current efficiencies for the process,
together with a significant CO, evolution. Also, aniline was
oxidized by either Ce™ or Co®", and carbon dioxide was
produced as the final oxidation product.'®” Other works based
on Co(11) generation showed that the anodic oxidation of
water and Co(lll) formation are probably simultaneous
reactions. The kinetics of the oxidation of water by the
mediator depends on the temperature and represents the most
important side reaction, which diminishes the electrochemical
efficiency.'”" Other applications of metallic mediators were
reported by several authors.!% 20

Other studies were carried out using cylindrical fluorocar-
bon-impregnated carbon anodes, specifically designed for
ozone generation, in a solid-polymer electrolyte cell.?*”2%% As
already mentioned, the use of metal ions with high oxidation
potential like Ag(i) and Co(lil) can lead to the complete
oxidation of the organic compounds to CO,. Therefore, this
frequently called mediated oxidation method was developed
for the treatment of hazardous organic wastes, and originally
used in the nuclear industry to dissolve refractory plutonium
dioxide in nitric acid.?”

The successful experiments kicked-off the process develop-
ment activities at the Lawrence Livermore Laboratory,'s® at
AEA Dounreay’'® and at the Forschungszentrum in
Karlsruhe,>'" where intermediates and reaction paths for the
oxidation of phenol and chlorinated phenols were identified;
the method was then applied to a plurality of hazardous
wastes.* In the cathodic compartment of the cell, nitric acid is
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reduced according to the Vetter mechanism?'> to NO, which
can be regenerated to nitric acid by the well-known oxidative
absorption in columns.?'* Experiments with electrochemically
generated Mn(111) in sulphuric acid,>'* whose synthesis was
intensively investigated by Comninellis also for the production
of aldehydes,'®® showed a fast and complete oxidation of NO
to HNOs;. In this procedure, using two electrochemical cells,
one for destruction of organics and the other for nitric acid
recovery, hydrogen is the final cathodic reaction product.

The formation kinetics for the oxidizing state of mediators
were investigated by rotating disc electrode experiments.’'
For the Ag(i) system, under favorable flow conditions, very
high current densities of more than 5 kA m 2> could be
obtained. The formation of Ag(il) is mainly transport
controlled: an average value of 0.488 cm s ' was determined
for the pertaining mass transfer coefficient. During the
oxidative degradation of chlorinated organic compounds,
precipitation of silver chloride occurs, which is redissolved in
the presence of an excess of Ag(1I) by the oxidation of chlorides
to perchlorates, which progressively enrich the anolyte and can
be separated from time to time by cooling crystallisation, as
potassium perchlorate.?'® Cathodically formed nitrogen oxides
are oxidized back to nitric acid in a bubble column, which is
continuously fed with a sulphuric acid Mn(ill) solution
generated at the anode of a second electrolytic cell, while
hydrogen is generated as a useful by-product at the cathode of
this cell.

Economic considerations and comparison with other
processes

The above data mainly concern model organic substrates and/
or synthetic wastes; as a matter of fact, the reality is often more
complicated. Actual wastewaters are being polluted by a
variety of organic substances, which are not always biode-
gradable and thus not suitable for being treated with the
conventional technologies.

In some cases, prior technologies may still find useful
applications.

Wet oxidation?®>. In the wet oxidation process (WOP), the
oxidant is oxygen: the reaction occurs at high temperature
(175-320 °C) and pressure (20-200 atm), in order to
dramatically increase the solubility of oxygen in water. The
process generally involves a number of oxidation and
hydrolysis reactions in series that degrade the initial compound
into a series of compounds of simpler structure. Complete
WOP results in converting of hazardous organic compounds
into carbon dioxide, water vapor and ammonia (for nitrogen-
containing wastes), sulfate (for sulfur-containing wastes) and
halogen acids (for halogenated wastes). Partial degradation
products may remain in treated wastewaters from WAO and
may be given subsequent treatment before being discharged.
This technology is most applicable for waste streams contain-
ing dissolved or suspended organics in the 500 to 15,000 mg 1!
range; below 500 mg 17!, the oxidation rates of most organic
constituents are too slow to allow an efficient application. The
WOP can be applied to wastes that have significant
concentrations of metals (approximately 2%) whereas

biological treatment, carbon adsorption, and chemical oxida-
tion may have difficulty treating such wastes. The process is
less energy intensive than incineration and is less likely to
produce oxides of nitrogen as by-product air pollutants; on the
other hand, only wastewaters containing oxidizable organic
and inorganic compounds can be treated. For example, wet
oxidation cannot destroy PCBs, some halogenated aromatics
and some pesticides. Capital costs for wet oxidation systems
depend on the capacity of the system, oxygen demand
reduction of the wastewater, severity of the oxidation
conditions required to meet the treatment objectives, and
construction materials. The US Army Construction
Engineering Research Laboratories estimated an expense of
$12 million for a 60 m® per day system able to treat TNT red
waters; operation and maintenance would cost $974,000 per
year, while the disposal of hazardous waste costs $300 per m”.
The economic analysis turned out a payback period, for
investment in equipment/process, of 4.3 years.

Biological aqueous wastewater treatment (ref. 225). This
approach is based on the use of naturally occurring microbes
to process contaminated wastewater; however, where highly
toxic or recalcitrant target compounds are present, innocuous,
microbial amendments are introduced. The systems use
aeration and biological processes to break down contaminants.
This technology can be applied to a wide variety of waste-
waters; contaminants amenable to treatment include penta-
chlorophenol, creosote components, gasoline and fuel oil
components, chlorinated hydrocarbons, ketones, alcohols,
phenolics, and solvents. Other potential targets of waste
streams include coal tar residues and organic pesticides. The
production of minimal sludge and air emissions, the elimina-
tion of biotoxicity in the waste-stream and minimal operator
attention requirements are undeniable benefits, which unfor-
tunately contrast with the non-applicability of the method in
the presence of non-biodegradable contaminants, such as
DDT, PCBs, dioxins, and heavy metals. The capital cost for
this technology depends on the flow rate, being $14,000 for a 5
to 10 m> per day unit and $140,000 for a 500 m> per day unit.
Operating costs are approximately $0.20 per m* for a 25 m® per
day unit and $0.10 per m> for a 150 m® per day unit.

Looking at the disadvantages of the above technologies, an
improved removal of refractory dissolved organic carbon can
be achieved by means of so-called advanced oxidation
processes (AOPs). Examples for well-established AOPs are
the combined application of ozone and hydrogen peroxide
(“Perozon”), the combination of dissolved ferrous iron and
hydrogen peroxide (‘“Fenton process™) and the “activation” of
hydrogen peroxide by UV irradiation; several other advanced
oxidation technologies involve various combinations of ozone,
UV light, peroxide, photo-catalysts, homogeneous catalysts
and mechanical processes. All these AOPs aim at the
formation of highly reactive radicals (e.g., hydroxyl radicals),
which subsequently oxidize organic compounds. These radical
reactions cause an improvement of biodegradability or even
the complete elimination of the COD.

H,0,/UYV radiation (ref. 225). Hydrogen peroxide is added
to the contaminated water, and the mixture is fed into the
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treatment system, which contains one or more oxidation
chambers. Each chamber contains one high-intensity UV
lamp, mounted in a quartz tube. The contaminated water
flows into the space between the chamber wall and the quartz
tube in which each UV lamp is mounted. UV light catalyzes
chemical oxidation of organic contaminants in water by its
combined effect upon the organic substances and reaction with
H,O,. First, many organic contaminants that absorb UV light
may undergo a change in their chemical structure or may
become more reactive with chemical oxidants. Secondly and
more importantly, UV light catalyzes the breakdown of H,O,
to produce hydroxyl radicals, which subsequently react with
organic contaminants destroying them and producing harm-
less carbon dioxide, halides, and water. This process produces
no hazardous by-products or air emissions.

The reaction conditions affect both performance and cost:
among the important variables, the type and concentration of
organic contaminant, the light transmittance of the water
(turbidity or colour), the nature and concentration of dissolved
inorganic substances (e.g., carbonates and iron) and the water
pH are of utmost importance. In addition, UV and H,O,
dosage, pH and temperature conditions, and the use of
supplementary catalysts treatment mode (batch, recycle, or
continuous) have to be considered.

This AOP approach is comparatively expensive: the
capital cost for the hydrogen peroxide oxidation system is
between $100,000 and $200,000 for a 750 m® per day treatment
facility; equipment capacities can range up to several
thousands m® per day; operating costs range from $0.15 to
$3 per m®.

Ozonation (ref. 225). The oxidation potential of ozone is
high enough (E° = 2.07 V) for a direct oxidation of numerous
organic materials; alternatively, with the aid of initiators
(OH", H,0,), reactive OH radicals can be formed and,
similarly to the previous AOP, the control of radical
scavengers is thus quite important. Since ozone rapidly
decomposes, it cannot be stored and must be generated on-
site: most wastewater treatment plants generate ozone by
imposing a high voltage alternating current (6 to 20 kV) across
a dielectric discharge gap that contains an oxygen-bearing gas.

The ozone consumption can be estimated in terms of 2.3-3 g
O, per removed gram of COD,?*® which means high costs for
reagents and high energy consumption; moreover, the technol-
ogy is relatively new and long-term performance data is not
available. Among the disadvantages, no or low reduction of
inorganic compounds, such as ammoniacal nitrogen, can be
obtained; this AOP is more complex than chlorine- or UV-
disinfection, requiring complicated equipment and efficient
contacting systems; in addition, to obtain maximum benefit
from the system, a full-time operator is required. Costs are
largely influenced by site-specific factors: capital costs
are $275,000 for the treatment of 3000 m® per day:;
maintenance expenditures are also not competitive with
available alternatives.

Concerning other approaches, and the Fenton process in
particular, specific pH conditions and temperature adjustment
are often required; in addition, the process continuously
demands chemicals, while leading to the formation of sludges

requiring a subsequent separation and elimination; the process
optimization is also water-specific.

Electrochemical methods. The latter remark may be applied
to the electrochemical approach, since the effectiveness of the
treatment depends on electrode materials and cell parameters
(mass transport, current density, water composition... as
discussed in the above paragraphs of this review).
Unfortunately, the literature is lacking information concerning
real application: cost efficiencies of 8000 mg-COD kWh™! and
1000 mg-COD kWh ™! were estimated by Zhang er al. for the
hypochlorite-mediated and direct anodic oxidation of dye-
stuffs from wastewaters, respectively.!” Stucki and coworkers
estimated an energy consumption in the order of 50 kWh kg ™!
COD, asserting that the treatment is capable of operating with
wastewaters having a COD from 500 to 15,000 mg ™', thus
competing with the wet oxidation.”” In the case of a plant for
the recovery of heavy metals and the concomitant destruction
of cyanides (wastewaters from plating baths), an electrolytic
unit with a capital cost of about $13,000 has been suggested, to
treat about 1000 m® of silver cyanide rinse waters a year.
Comparing the capital and maintenance costs with those of
waste treatment and disposal, only 19 months are necessary as
a payback period for investment in equipment/process.’*>

While no indication about electrode materials is present in
the above economic analysis, the lifetime of electrodes may
represent the deciding parameter: a lot of work is still in
progress, to enhance the performances of existing electrode
devices (i.e., noble-metal-based oxides), without disdaining
possible new electrode materials (e.g., boron-doped diamond
thin films).

As previously discussed, mediated oxidation processes may
overcome some of the limitations of the direct anodic
oxidation approach; examples of commercialized devices
includes the CerOx technology, which is based on the
cerium(1v)-mediated oxidation of organic compounds.'®??’
The CerOx process utilizes an electrochemical reaction to
produce (and regenerate) the active, waste-destroying reagent.
Commercially available equipment is not necessarily expen-
sive, having typically a relatively small size.

Another example of commercially available technology is
the production of anolytes (which contain hydroperoxide and
chlorine-oxygen compounds), obtained through the electro-
chemical treatment of more or less diluted brine solu-
tions.??®??° Different systems are already present on the
market, having anolyte production capacities from 0.01 to
5 m® per hour (the maximum power consumption is about
4000 W). An oxidants mixture content from 50 to 500 mg 1~
has been judged suitable for disinfection, washing, sterilization
of medical articles, potable water disinfection, treatment of
purulent and septic diseases of humans and animals;
even larger amounts of oxidants may be obtained (from 150
to 200 g 1! of gaseous mixture of chlorine, chlorine dioxide
and ozone), allowing application in waste and/or sewage
treatment plants, swimming pools, poultry factories and
livestock farms, all of which are epidemic danger areas.

The above technology is based on modular cells, which can
be hydraulically connected in order to obtain monopolar or
bipolar electrolyzer designs; each module may treat from 0.01
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to 0.08 m®> h™! of water, corresponding to solution treatment
times from 0.3 to 3 seconds (currents are in the range 0.5-8 A,
while the cell potential is limited from 10 to 120 V, depending
on requested current and brine concentration). Under the
above conditions, the guaranteed period of the system
operation without replacing its basic elements (electrochemical
reactors, electrokinetic reactor loading) is 60,000 hours.

Conclusions

The analysis of available literature points out the validity of
the electrochemical approach for the elimination of different
organic pollutants; in consideration of the specific reactivity of
each organic substrate, dedicated tests should be carried out in
order to identify the most suitable electrode materials and
experimental conditions. Generally speaking, the mediated
electrochemical approach can be considered more effective
than the direct one, because of the minor problems of electrode
fouling and/or corrosion. In contrast with other technologies,
the form of the waste (liquid, sludge) and its homogeneity are
relatively unimportant: the CerOx approach is surely more
appropriate in the case of a sludge, while Bakhir’s modular
plants are dedicated to clear water solutions (i.e., without
suspended solids) when a direct oxidation is chosen, but the
limitation disappears in case of a mediated (anolyte-based)
approach.

Abbreviations

ACE Apparent current efficiency

BDD Boron doped diamond

CE Current efficiency

COD Chemical oxygen demand (g dm > or mol
m3

(6)% Cyclic voltammetry

CVD Chemical vapor deposition

D Diffusion coefficient (m” s )

DSA Dimensionally stable anodes

F Faraday constant (96 487 C mol ™)

GCE General current efficiency

i appl Applied current

[ lim Limiting current

IEO Indirect electrochemical oxidation

Iy Electrolysis limiting current (A)

J Current density

km Mass transport coefficient (m s~ ")

M Metal

Re Reynolds number

SHE Standard hydrogen electrode
Sy Sample volume

TCE Total current efficiency
TOC Total organic carbon

Appendix 1

The efficiency values, summarized in Tables S1 and S2 of the
ESI+, are estimated on the basis of experimental parameters,
thanks to some specific equations.

The instantaneous current efficiency for the anodic oxida-
tion is calculated using the following relation:**>°

[(coD),— (COD)HrAJ)
8IAt

ICE:FV( (2

where (COD), and (COD), , A, are the chemical oxygen
demands (g dm?) at times ¢ and 7 + At, respectively; I is the
current (A), F the Faraday constant (96487 C mol '), ¥ the
electrolyte volume (dm?®) and 8 is the oxygen equivalent mass
(geq™.

The general current efficiency for the anodic oxidation is
calculated from values of COD, using the following relation:'?

81t ®)
where (COD), and (COD), are the chemical oxygen demands
(g dm™?) at pertaining times, and the other variables have the
same meaning as described above. This equation is similar to
that proposed in ref. 24, for the determination of instanta-
neous current efficiency (ICE), but the expression used for
GCE represents an average value between the initial time z = 0
and .

TCE:FV(KCOD)i_(COD)f]) (i)

8IAt

In the case of the TCE, the COD values are considered at
the initial and final times. Subsequently, from the ICE vs. time
curves, the EOI value can be calculated. The EOI for a given
organic compound supplies information about the reactivity of
the considered species; its evaluation, during a period of
sufficiently short time, and in particular at the beginning of the
electrolysis, can be considered specific for the substrate.

The energy consumption for the removal of one kg of COD
is calculated and expressed in kWh. The average cell voltage,

Table 1 Equations that describe COD and ICE evolution during organics oxidation at BDD electrode.” Reproduced with permission from
ref. 141, J. Electrochem. Soc., 2001, 148, D60. Copyright 2001 The Electrochemical Society

Instantaneous current efficiency ICE (-)

Chemical oxygen demand COD (mol O, m™?)

fappl < fim Under current-limited control ICE =1 CoD()=CO po(1— otz;l/km ;
R
fappl = fim Under mass-transport control ICE=exp<f Alicm N —oc) COD(1) = aCODoexp<f A;cm i 1 ;oc)
R R

@ Vg is the reservoir volume, k,, the mass transfer coefficient in the electrochemical reactor (m s '), A the electrode area (m?), COD° the initial
chemical oxygen demand (mol O, m™?), o = i/# and &, is the initial limiting current density (A m~?)
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during the electrolysis, is taken for calculating the energy
consumption, as follows:'"®

3
Energy consumption = ([[’VA/SV]/I x 10 ]) 0

ACOD/1x 10°

where ¢ is the time of electrolysis (h); J and A4 are the average
cell voltage and the electrolysis current ; S, is the sample
volume (1), and ACOD is the difference in COD (mg 1h.

Appendix 2

A theoretical model that permits the prediction of the
evolution of COD and ICE with time, during the electro-
chemical oxidation of organic pollutants at BDD thin-film
electrodes, has been developed for an electrochemical reactor
operating in a batch recirculating mode under galvanostatic
conditions."**'*! The anodic oxidation of organics was
assumed to be a fast reaction and the oxidation of organics
in the bulk of the electrolyte, by means of electrogenerated
oxidants (O3, H,O,, and H,S,0g), was not considered. The
formulation of the model starts from the estimation of the
limiting current density, from COD values:

itimy(t) = 4Fky, COD(1) (k)

where im(7) is the limiting current density (A m™2) at a given
time ¢#; 4 is the number of exchanged electrons; F is Faraday
constant (C mol™Y); k,, the mass-transport coefficient in the
electrochemical reactor (m s~ '); and COD(¢) is the chemical
oxygen demand (mol O, m~3) at the given time 7. Depending
on the applied current density, two different operating regimes
can be identified: (1) iypp < #im: the electrolysis is under
current control, the current efficiency is 100%, and the COD
decreases linearly with time; and (2) 7,pp1 > iim: the electrolysis
is under mass-transport control, secondary reactions (such as
oxygen evolution) are involved, resulting in a decrease of ICE.
Under these conditions, the COD removal, due to mass-
transport limitation, follows an exponential trend. From the
mass-balances on COD over the electrochemical reactor and
the reservoir, the equations that describe the temporal
evolution of COD and ICE can be obtained, as summarized
in Table 1.
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