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1. Introduction

For many years, the introduction of more stringent
pollution regulations, coupled with financial and social
pressures for sustainable development, has pressed toward
“zero-effluent” processes, as well as to researching and
developing new or more efficient wastewater treatment
technologies. A basic principle in environmental culture is
to reduce waste and pollution to “As Low As Reasonably
Achievable” (ALARA) levels. To ensure acceptable levels
of environmental impact, however, wastewater systems also
have to be engineered in accordance with the principle of
“Best Available Techniques Not Entailing Excessive Cost”
(BATNEECQ).

Because of the extremely diverse features of industrial
waste that usually contains a mixture of organic and inorganic
compounds, no universal strategy of reclamation is feasible.
As to the treatment of effluents polluted with organic
compounds, biological oxidation is certainly the cheapest
process, but the presence of toxic or biorefractory molecules
may hinder this approach. For this reason, physical-chemical
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methods (filtration, coagulation, adsorption, and flocculation),
chemical oxidation (use of chlorine, ozone, hydrogen per-
oxide, wet air oxidation), and advanced oxidation processes
(AOP) (Fenton’s reaction, ozone + UV radiation, photo-
chemistry) are currently used to treat industrial effluents.
However, all these methods have some major drawbacks.
For example, filtration and adsorption are not always
sufficient to achieve the discharge limits;' coagulation and
flotation generate a large amount of sludge; chemical
oxidations have low capacity rates and need transportation
and storage of dangerous reactants; and advanced oxidation
processes require high investment costs.

In this context, oxidative electrochemical technologies
offer an alternative solution to many environmental problems
in the process industry, because electrons provide a versatile,
efficient, cost-effective, easily automatizable, and clean
reagent.” For some decades, a large number of companies
have been marketing electrochemical devices for metal ion
removal and metal recovery, treatment of liquors containing
dissolved chromium, flue-gas desulfurization, desalination,
and salt splitting.>~® However, so far, the role of electro-
chemical technologies for the treatment of organic pollutants
has been “relatively small”. But nowadays, thanks to
intensive investigations that have improved the electrocata-
Iytic activity and stability of electrode materials and opti-
mized reactor geometry, electrochemical technologies have
reached a promising state of development and can be
effectively used for disinfection and purification of waste-
water polluted with organic compounds.'~13

In electrooxidation, pollutants can be removed by (i) direct
electrolysis, where pollutants exchange electrons directly with
the anode surface without involvement of other substances,
or (ii) indirect electrolysis, where organic pollutants do not
exchange electrons directly with the anode surface but rather
through the mediation of some electroactive species regener-
ated there, which act as intermediaries for electrons shuttling
between the electrode and the organic compounds. Indirect
electrolysis can be a reversible or an irreversible process,
and the redox reagent can be electrogenerated by either
anodic or cathodic process. Process selection depends on the
nature and structure of the electrode material, experimental
conditions, and electrolyte composition.

This review focuses on recent progress in and the literature
on direct and mediated anodic processes for the oxidation
of organic pollutants.

2. Figures of Merit

Before describing the results and the mechanisms involved
in the electro-oxidation of organic pollutants, it is necessary
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to review some established performance indicators used
for progress and efficiency assessment of electrochemical
treatments and for comparing reactors with different
geometries.
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2.1. Current Efficiency

Current efficiency (®) is generally defined as the ratio of
the charge used for the oxidation of each compound to the
total charge passed during electrolysis:

_ charge used to oxidize organics

@ total charge

100 (1)

In the literature, different expressions of current efficiency
have been proposed: instantaneous current efficiency (ICE),
electrochemical oxidation index (EOI), general current
efficiency (GCE), and mineralization current efficiency
(MCE).

Instantaneous current efficiency (ICE) of electro-oxidation
can be determined by the oxygen flow rate (OFR) method
or chemical oxygen demand (COD) method, using the
following relationships:'#

Vo — (V,
ICE = M )
VO

where V, is the oxygen flow rate measured in the anodic
compartment in the absence of organic pollutants (in cm?
min~') and V, is the oxygen flow rate at a given time ¢ in
the presence of organic pollutants (in cm® min™"); or

(COD, — COD,. ,,)
ICE = d ST HACFY 3)

where (COD), and (COD),;a, are the chemical oxygen
demands at times ¢ and 7 + At (in go, dm ™), respectively, /
is the current (A), F is Faraday’s constant (96 485 C mol "),
V is the electrolyte volume (dm?®), and 8 is the oxygen
equivalent mass (g eq!).

Both COD and OFR techniques have their limitations, e.g.,
COD is not reliable if volatile organic compounds (VOC)
or high concentrations of chloride ions are present, or if
insoluble organic products are formed during treatment. On
the other hand, OFR requires specialized equipment that may
not be available to many workers.

The electrochemical oxidation index (EOI), which is the
average value of current efficiency during overall oxidation,
is determined from ICE using the following relationship:'*

f ICE dr
EOI = B 4)

where 7 is the time at which ICE is almost zero.

General current efficiency (GCE) represents an average
value of current efficiency, between the initial time = 0
and . It can be determined from COD using the following
relationship:'*

,(COD, — COD)

GCE =F T

(&)

where COD,, and COD; are chemical oxygen demands (g
dm™3) at times ¢+ = O (initial) and ¢, respectively; I is the
current (A), F is Faraday’s constant (96 485 C mol '), V is
the electrolyte volume (dm?), and 8 is the oxygen equivalent
mass (g eq ).
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Mineralization current efficiency (MCE) for treated solu-
tions at a given time can be calculated from total organic
carbon (TOC) using the following equation:

A(TOC),,
MCE = —————2+100 (6)
A(T()C)theor
where A(TOC).y,, is experimental TOC removal and A(TOC-
eor 18 theoretical TOC abatement, assuming that the applied
charge (=current x time) is only consumed in the miner-
alization reaction.

2.2. Space-time Yield

Overall electrochemical oxidation capacity is expressed
in terms of space-time yield (Ysr) using the following
relationship:

ai*CE-M

3600 (7)

Yor =

where a is the specific electrode area (m?> m™3), defined as
the ratio of the electrode area to the reactor volume, i is the
current density (A m~—2), CE is the average current efficiency,
n is the number of electrons involved in the reaction, F is
Faraday’s constant (96 485 C mol™!), and M is the molar
mass (g mol™").

2.3. Specific Energy Consumption

The specific energy consumption (Ej;,), expressed in kWh
kgcop ', is the energy used to remove a unit mass of COD
from wastewater and can be calculated using the following
relationship:

1 FV
Ey = 36008 @ ®)

where F is Faraday’s constant (96 485 C mol '), V. is the
cell potential (V), ® is the average current efficiency, and 8
is the oxygen equivalent mass (g eq ).

The cell potential V. has several components:

Vo=V + > Inl+ Y RI )

where Vrp is the equilibrium value of the cell potential, Y 7
is the sum of the overpotentials at the electrodes, and Y R./
is the sum of ohmic potential drops in the electrolyte, in the
current feeders, and (possibly) in the separator.

2.4. Limiting Current Density

For a process under mass transport control, the maximum
production rate (reactor duty) can be expressed via the
limiting current density ijy:

Iy = n-F-km°COrg (10)
where iy, is the limiting current density for organics
oxidation (A m™2), n is the number of electrons involved in
organics mineralization reaction, F' is the Faraday constant
(96 485 C mol™"), k,, is the mass transport coefficient (m
s, and Cor 18 the concentration of organics in the solution
(mol m™3).

However, in the case of electrooxidation of a mixture of
organic compounds or of actual wastewater, it is not easy to
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apply this equation and it is preferable to estimate limiting
current density from a global parameter, such as COD. The
number of exchanged electrons for the mineralization of a
generic organic compound can be calculated from the
following electrochemical reaction:

CH,0. + (2x — 9H,0 — xCO, + (4x + y —
20H" + (4x +y — 22¢”  (11)

Replacing the value of n = (4x + y — 2z) in eq 10 we obtain:
= (4x +y — 22)Fk,C

org

i (12)
From the equation of organic compound chemical min-
eralization (eq 13),

CHO, + (x + 2 - %)o2 — xCO, + JH,0
(13)

it is possible to obtain the relation between organics
concentration (Corg in molc g0, m~3) and chemical oxygen
demand (COD in molp, m™):

_ 4
Con = Gr 1y = 29°

OD (14)
From eqs 12 and 14, we can relate the limiting current
density of electrochemical organics mineralization with the
electrolyte COD (eq 15):'57"7
iy = 4Fk COD (15)
The limiting current density depends only on chemical
oxygen demand (molo, m™*) and hydrodynamic conditions.
The hydrodynamic parameters of the electrochemical cell
are independent of the chemical nature of the organic
compound present in the electrolyte. In order to use eq 15
for a mixture of compounds, the k,,, value of each individual
component should be similar.

3. Direct Electrolysis

In direct electrolysis, pollutants are oxidized after adsorp-
tion on the anode surface, without involvement of any
substances other than the electron, which is a “clean reagent”:

Ry — 26 — Py (16)

In electrochemical incineration reactions, oxygen is trans-
ferred from water to the organic pollutant using electric
energy. This is the so-called electrochemical oxygen transfer
reaction (EOTR). A typical example of EOTR is anodic
incineration of phenol (eq 17).

CH,OH + 11H,0 — 6CO, + 28H" + 28¢~
17

In this reaction, water is the source of oxygen atoms for
complete phenol oxidation to CO, at the anode of the
electrolytic cell. Protons liberated in this reaction are
discharged at the cathode to dihydrogen (eq 18).

28H" + 28¢” — 14H, (18)
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Figure 1. Consecutive cyclo voltammograms of 4-chlorophenol
5 mM in 1 M H,SOy: consecutive cycles 1, 2, 3, 4, and 5. Scan
rate 50 mV s, T = 25 °C. (A) Anodic start of the cyclic
voltammograms. Reprinted with permission from ref 15. Copyright
2001 The Electrochemical Society.

Direct electro-oxidation is theoretically possible at low
potentials, before oxygen evolution, but the reaction rate
usually has low kinetics, which depends on anode electro-
catalytic activity. High electrochemical rates were observed
using noble metals such as Pt and Pd, as well as metal oxide
anodes, such as iridium dioxide, ruthenium—titanium dioxide,
iridium—titanium dioxide, and lead dioxide.

However, the main problem of electro-oxidation at a fixed
anodic potential before oxygen evolution is catalytic activity
decrease, commonly called poisoning effect, due to the
formation of a polymer layer on the anode surface.

This deactivation depends on (i) adsorption properties of
the anode surface and (ii) the concentration and (iii) the
nature of organic compounds and their degradation inter-
mediates. In particular, electrocatalytic activity decrease is
less pronounced with anodes with weak adsorption properties
and inert surface—such as boron-doped diamond'3—while it
is more evident in the presence of high organic concentrations
and aromatic substrates, such as phenol, '~ chlorophenols, 1>#32*
nitrophenols,??* aniline?’ naphthol,'® aromatic and aliphatic
olefins,?® herbicides,”® hydroquinone® synthetic dyes,*'~3*
pyridine,** and industrial wastewater containing aromatic
sulfonated acids.*

For example, Rodrigo et al.'> showed that 4-chlorophenol
(4-CP) can be directly oxidized at the boron-doped diamond
(BDD) anode working in the potential region of water
stability. However, direct electron transfer reactions resulted
in electrode fouling due to the formation of a polymeric film
on its surface. As a matter of fact, during continuous potential
cycling in a solution of 4-chlorophenol 5 mM at the BDD
electrode, the anodic peak at 1.70 V vs SHE (standard
hydrogen electrode) corresponding to the oxidation of
4-chlorophenol decreased with the number of cycles and
completely disappeared after about 5 cycles, thus confirming
electrode deactivation (Figure 1). The authors postulated that
film formation during 4-CP oxidation was a consequence of
the coupling of chlorophenoxy cations (or radicals), formed
by the initial oxidation step:

+
OH Os O
-e -e
E—— — — Polymer (19)
-1
Cl Cl Cl
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Figure 2. Linear sweep voltammograms for the oxidation of
different concentrations (0.1—10 mM) of 4-chlorophenol at a Pt
anode and pH 6. Reprinted with permission from ref 24. Copyright
1999 American Chemical Society.

This reaction mechanism for polymer formation on BDD
is similar to that proposed by Gattrell and Kirk?! for platinum
anode deactivation during phenol oxidation.

Rodgers et al.>* explored the mechanism of anode fouling
by chlorinated phenols and compared structure versus
reactivity for phenols differing in the extent of chlorination.
At a fixed scan rate of 0.1 V s~! (Figure 2), the peak current
for 4-chlorophenol was not proportional to concentration
above 1 mM, and it shifted to less positive potentials as
concentration increased. Simultaneously, the oxidation of
water shifted to more positive potentials. This behavior is
consistent with previous observations of anode fouling during
bulk electrolyses of phenols,?'*® and in particular, it means
that a lower concentration allows more positive potentials
to be reached before fouling occurs. Moreover, they observed
that, during linear sweep voltammograms of more chlorinated
phenols, the anodic current peak shifted to less positive
potentials as the number of chlorine atoms increased, unlike
what might have been intuitively expected, because highly
chlorinated compounds are generally more resistant to
oxidation.

The poisoning effect can be avoided by performing
oxidation in the potential region of water discharge, with
simultaneous oxygen evolution, or by indirect electrolysis,
by generating a redox reagent in situ, as a chemical reactant
to oxidize the organics.

4. Oxidation via Intermediates of Oxygen
Evolution

Electrochemical oxidation of organic compounds in aque-
ous solution can be obtained without electrode fouling, by
performing the electrolysis at high anodic potentials in the
region of water discharge due to the participation of
intermediates of oxygen evolution. This process does not
need to add oxidation catalysts to the solution and does not
produce any byproducts. However, current efficiency is
diminished by the secondary reaction of oxygen evolution
occurring during oxidation. Generally, removal efficiency has
been observed to be strictly related to operating conditions
and, above all, to selected electrode materials.

Johnson et al.>”~*7 speculated that O-transfer reactions at
high anodic potential involve the production of adsorbed ‘OH
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Figure 3. Scheme of the electrochemical oxidation of organic
compounds on “active” and “nonactive” anodes. Adapted from ref
48.

radicals generated from the discharge of water:

S[] + H,0 — S['OH] + H™ + ¢~ (20)

S[OH'] +R—S[]+ RO+ H" +e  (21)

where S represents the surface sites for adsorption of "OH
species.

An inevitable but undesirable concomitant reaction is
oxygen evolution through water oxidation:

S['OH] + H,0 — S[] + O, + 3H" + 3¢~
(22)

Comninellis et al.*®>! found that the electrode material
nature strongly influences both process selectivity and
efficiency; in particular, several anodes favored partial and
selective oxidation of pollutants (i.e., conversion), while
others favored complete combustion to CO,. In order to
interpret these observations, they proposed a comprehensive
model for oxidation of organics at metal oxide electrodes
with simultaneous oxygen evolution (Figure 3).

Similar to the mechanism proposed by Johnson, the first
step in oxygen transfer reaction is the discharge of water
molecules to form adsorbed hydroxyl radicals:

MO, + H,0 — MO (OH) + H' + ¢ (23)

The following steps depend on the nature of electrode
materials and make it possible 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 electrode surface, adsorbed hydroxyl
radicals may interact with the anode, forming the so-called
higher oxide:

MO, ('OH) = MO_,, + H  + ¢~ (24)

The surface redox couple MO,4,/MQO,, which is sometimes
called chemisorbed “active oxygen”, can act as a mediator
in the conversion or selective oxidation of organics on
“active” electrodes:

MO,,, + R — MO, + RO (25)

Chemical Reviews, 2009, Vol. 109, No. 12 6545

Table 1. Potential for Oxygen Evolution Reaction on Different
anodes in H,SO4; Standard Potential for Oxygen Evolution is
1.23 V vs SHE

anode value vs SHE conditions
RuO, 1.47 0.5 M H,SO4
IrO, 1.52 0.5 M H,SO,
Pt 1.6 0.5 M H,SO4
oriented pyrolytic graphite 1.7 0.5 M H,SO4
SnO, 1.9 0.05 M H,SO,
PbO, 1.9 1 M H,SO,
BDD 2.3 0.5 M H,SO4

(b) At “non-active” electrodes, where the formation of a
higher oxide is excluded, hydroxyl radicals, called phys-
isorbed “active oxygen”, may assist the nonselective oxida-
tion of organics, which may result in complete combustion
to COy:

MO (‘'OH) + R — MO, + CO, + H,0 + H" + ¢~
(26)

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

According to this mechanism, anodes with low oxygen
evolution overpotential (i.e., anodes that are good catalysts
for oxygen evolution reaction), such as carbon, graphite, IrO,,
RuO,, or platinum (Table 1) have an “active” behavior,
allowing only partial oxidation of organics, while anodes with
high oxygen evolution overpotential (i.e., anodes that are
poor catalysts for oxygen evolution reaction), such as
antimony-doped tin oxide, lead dioxide, or boron-doped
diamond (Table 1), have a “non-active” behavior and favor
complete oxidation of the organics to CO,. Therefore, they
are ideal electrodes for wastewater treatment.

In practice, however, most anodes will exhibit a mixed
behavior, since both parallel reaction paths participate in
organic oxidation and oxygen evolution reactions.

4.1. Ruthenium- and Iridium-based Oxides

Anodes made of a titanium base metal covered with a thin
conducting ruthenium or iridium oxide layer—commonly
called dimensionally stable anodes (DSA)—are good catalysts
for chlorine and oxygen evolution, respectively. For several
decades, they have been commercially used by the chlor-
alkali industry and in other electrochemical processes, such
as water electrolysis and metal electrowinning. Recently,
DSA with a different coating composition have also been
studied for applications in the oxidation of organics, 8283252758
However, using these anodes, organic oxidation is expected
to yield low current efficiency for complete combustion, since
they favor the secondary reaction of oxygen evolution.

For example, Feng and Li**** studied phenol oxidation
on three RuO,-based anodes and compared the results with
PbO, and Pt electrodes. As shown in Figure 4, phenol
degradation performance of the three RuO, electrodes follows
the order: Ti/Sb—Sn—RuO,—Gd > Ti/Sb—Sn—RuO, > Ti/
RuO,, but they are less efficient than Pt and PbO, electrodes.
At all RuO, anodes, the aromatic ring opens and phenol is
decomposed into aromatic intermediates, such as benzo-
quinone and hydroquinone, or several carboxylic acids, such
as maleic acid, succinic acid, and oxalic acid. No full
mineralization to CO,, nor complete TOC removal, could
be obtained with RuO, anodes. This occurred only at the
PbO, anode.
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Figure 4. Electrochemical degradation of 100 ppm phenol in 60
mL of electrolyte as a function of charge passed for different
electrode materials, i = 10 mA cm™2, (A) phenol removal; (B) TOC
removal; (—Hl—) Ti/RuO,; (—a—) Ti/Sb—Sn—RuO,; (—@®—) Ti/
Sb—Sn—Ru0O,—Gd; (—0O-) Ti-PbO,; and (—O—) Pt. Reprinted
with permission from ref 53. Copyright 2003 Elsevier.

Similar results were also obtained by Coteiro and An-
drade® for 4-chlorophenol oxidation at Ti/Rug3Ti,0, and
Ti/Ruj3Sng 7,0, prepared by thermal decomposition through
two different routes: inorganic precursors dissolved in
isopropanol and polymeric precursors. The anodes are very
promising for 4-chlorophenol degradation, although—with
maximum 52% TOC removal—mineralization of the starting
material is not complete. The cleavage of the aromatic ring
occurred preferentially in the case of electrodes prepared by
decomposition of inorganic precursors, while oxalic acid
oxidation was favored on the anode prepared through
decomposition of polymeric precursors.

Many studies on organic compounds oxidation with Ti/
IrO, electrodes have been carried out by Comninellis’
group.20:30:31:6061 A Ti/IrO, anode, detoxification of a 1,4-
benzoquinone solution results in the rupture of the aromatic
ring to produce aliphatic intermediates. However, these
compounds are then poorly degraded® (Figure 5). Further-
more, it has been reported that isopropanol is not completely
mineralized at IrO, anodes, but it is only converted to acetone
as a final product with over 90% selectivity and with
moderate constantly decreasing current efficiency.’!

However, several authors have reported that DSA, coated
with a RuO; or IrO, layer and with other oxides—owing to
their chlorine evolution activity—can be effectively used for
organic disposal by indirect electrolysis, generating in situ
active chlorine (see section 5.2.1).

4.2. Platinum Anode

Platinum anodes have been used for a long time as
electrode materials, because of their good conductivity and
chemical stability even at high potentials. They have also
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i = 50 mA cm 2, T = 70 °C. Reprinted with permission from ref
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been used for oxidation of various organic pollutants, such
as phenol,'#2148:5253 chlorophenols,?*** glucose,* benzene,®
hydroxybenzoic acid,** methanol and formic acid,® synthetic
dyes,*? herbicides,% and naphthalene—sulfonic acids.’”%’

The overpotential for oxygen evolution of Pt anodes is
not very high (i.e., 1.6 V vs SHE in 0.5 M H,SO,); therefore,
its behavior for organic oxidation is similar to that of
ruthenium- or iridium-based anodes. It permits only selective
conversion of pollutants with low current efficiency for
mineralization.

For example, Comninellis and Pulgarin'**® showed that
phenol is oxidized at Pt anodes in two steps: at the beginning
of electrolysis, aromatic intermediates (hydroquinine, cath-
ecol, benzoquinone) are formed, and in the second step th,e
aromatic ring opens, with formation of aliphatic acids (e.g.,
maleic, fumaric, and oxalic acid) that are stable toward
further electro-oxidation (Figure 6). Because of the formation
of these intermediates, complete TOC removal cannot be
obtained and current efficiency decreased during electrolysis.
EOI was slightly influenced by current density and temper-
ature, but it increased with pH and phenol concentration.
However, even at pH =12.5, EOI obtained during oxidation
of 0.01 mol dm™3 of phenol was only 0.143. A similar
behavior for phenol oxidation was also obtained by Feng
and Li,”>%} that is, fast phenol concentration decrease down
to zero. However, residual TOC suggests that the degradation
reaction might slow down significantly for some intermediate
products (Figure 4).

Torres et al.®® reported that also the nature of the
substituents affects electrochemical degradation of p-substi-
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Table 2. EOI for Several p-Substituted Phenols at Ti/Pt
Electrodes in Acidic and Basic Media; Adapted from Ref 68

compound pH?2 pH 11
p-NO, 0.045 0.107
p-COOH 0.049 0.108
phenol 0.056 0.139
p-Cl 0.058 0.155
p-NH, 0.077 0.185

tuted phenols. In general, phenols with electron-donor groups
(e.g., OH™ and NH,") are more easily oxidized than those
with electron-withdrawing groups (Table 2). Alkaline pH,
high temperature, and low current increased process ef-
ficiency, but even under the best conditions and while all
parent compounds degraded, no total conversion to CO,
could be attained.

4.3. Carbon and Graphite

Carbon and graphite electrodes have been widely used for
organics removal in electrochemical reactors with three-
dimensional electrodes (e.g., packed bed, fluidized bed,
carbon particles, porous electrode, etc.), because they are
very cheap, have a large surface area, and can combine
adsorption and electrochemical degradation of pollutants.
However, with these materials, electro-oxidation at high
potentials is generally accompanied by surface corrosion that
reduces their service life.

Many types of carbon-based electrodes can be employed
for the treatment of organic compounds, such as carbon
felt,®™ carbon pellet,”! carbon black slurry,”>”® carbon
fibers,”*8! glassy carbon,® graphite particles,®* % and
graphite Rashig rings.®

Gattrell and Kirk®? studied phenol oxidation using reticu-
lated glassy carbon anodes in a flow-by cell, and observed
that, at low potential, there was a rapid reaction rate decrease,
caused by the electrode surface being clogged with insoluble
polymeric products that were slow to oxidize or desorb.
Conversely, high temperature and high applied potentials
(i.e., greater than 1.9 V vs SCE) resulted in more complete
phenol oxidation but also decreased current efficiency and
faster electrode corrosion. This corrosion led to loss of
material and increased electrode resistance (Figure 7).

The electrochemical removal of 2-chlorophenol and 2,6-
dichlorophenol from aqueous solutions using porous carbon
felt’” or a fixed bed of carbon pellets’! in a flow cell was
investigated by Polcaro’s group. Both carbon-based anodes
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effectively removed chlorophenols, as well as their reaction
intermediates. Electrolyte velocity through the electrode did
not affect the reaction behavior, while the most important
parameter was current density per unit electrode volume:
using applied current density of 5 mA cm™2 of electrode,
average current efficiency values ranged from 25 to 30%.
Moreover, under these conditions, they observed only low
corrosion effects on anode surface, even after they had been
working for several hours.

Activated carbon fibers (ACF) possess a high specific
surface area, good conductivity, and excellent adsorption
capability. Therefore, they have recently been used in
wastewater treatment as novel three-dimensional electrodes.
The potential for oxygen evolution on ACF electrode is 1.7
V, which is approximately equal to that on platinum
electrode.’®

Fan et al.’® studied Amaranth degradation on ACF
electrode under potentiostatic conditions. During the treat-
ment of solutions containing 80 mg dm > of dye, color
removal was about 94.5%; however, COD and TOC removal
ratios were about 35 and 30%, respectively, indicating that
electro-oxidation with ACF can easily destroy the azo bond
of the dye molecule, but it cannot completely mineralize all
the intermediates.

Yi and Chen’®# studied the electrochemical treatment
feasibility of Alizarin Red S dye wastewater using ACF as
anode material. They observed that ACF anode is more
effective for color removal than the carbon fiber anode
(Figure 8), and, in particular for ACF anodes, a larger specific
surface area and higher mesopore percentage could ensure
a more effective electrochemical degradation of the dye.
Maximum color and COD removal were about 98% and
76.5%, respectively.

4.4. Tin Dioxide

Pure SnO; is an n-type semiconductor with a band gap of
3.5 eV and low conductivity at room temperature; hence, it
cannot be used as electrode material. However, its conduc-
tivity can be improved by doping with Ar, B, Bi, F, Cl, P,
and, in particular, Sb, which is commonly used in electro-
chemical applications.??~%2

Antimony-doped SnO, electrodes have a good conductivity
and an overpotential for oxygen evolution of about 1.9 V vs
SHE (i.e., 600 mV higher than Pt), which makes it attractive
electrode material for anodic oxidation of organics.
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Figure 10. Evolution of (1) phenol; (2) aromatic intermediates;
(3) aliphatic acids; and (4) CO, during oxidation of phenol at SnO,
anode: i = 50 mA cm ™2, T = 70 °C. Reprinted with permission
from ref 48. Copyright 1994 Elsevier.

The use of N,N-dimethyl-p-nitrosoaniline (RNO) as a spin
trap has shown that oxygen evolution at the SnO, electrode
involves the production of “OH radicals on the electrode
surface, differently from IrO, and Pt anodes (Figure 9); thus,
the oxidation of organics is unselective and results in
complete combustion.*® In fact, Figure 9 shows that, during
electrolysis of 2 x 107> mol dm™3 of RNO solution with Pt
and IrO, anodes, there was only a slight decrease in the
adsorption spectra at 440 nm. On the contrary, using SnO,
anode, there was a rapid decrease of optical density. These
results indicated an accumulation of *OH at only the SnO,
surface.

Kotz et al.** first reported the use of antimony-doped tin
oxide deposited on a titanium base metal (Ti/SnO,—Sb,0s)
for electrochemical wastewater treatment. Complete TOC
removal of a wide range of organic compounds was obtained
independently of pH, with average efficiency five times
higher than with Pt anodes (Table 3).

Similar results were also obtained by Comninellis and
Pulgarin**%* and by Li et al.>? for phenol oxidation. EOI
achieved with a SnO, anode (EOI = 0.25) was much higher
than the value obtained with a Pt anode (EOI = 0.10),
because SnO, enabled a rapid removal of phenol oxidation
intermediates, mainly aliphatic acids (Figure 10), which, on
the contrary, were practically inactive on Pt anodes (Figure
6).

Many other papers demonstrated the great potential of
SnO, for wastewater treatment;*"-*>~1% however, these elec-
trodes are not currently commercially available, because of

Table 3. Electrochemical Oxidation Index Obtained for the
Oxidation of Various Organic Compounds at Pt and SnO,
Anode; Adapted from Ref 93

initial electrochemical oxidation index (EOI)
organic species platinum anode SnO,—Sb,05 anode

ethanol 0.02 0.49
acetone 0.02 0.21
acetic acid 0.00 0.09
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
naphthalene-2-sulfonic acid  0.04 0.51
phenol 0.15 0.6

EDTA 0.30 0.30

Average=0.05 Average=0.34

their short service life—a major drawback.'"”1% Therefore,
these anodes are under investigation in many laboratories
for further improvement.

The addition of an IrO, interlayer between the Ti substrate
and the SnO,—Sb,0s coating has been demonstrated to
strongly increase anode service life (by about 2 orders of
magnitude) due to the isomorphous structure of IrO, with
TiO, and Sn0,.!%!% However, onset potential for oxygen
evolution of Ti/IrO,/Sn0O, lies between those of Ti/IrO, and
Ti/SnO,—Sb,05 and depends on IrO, interlayer thickness:
the thicker the layer, the lower is its onset potential.

Zanta et al.'®> reported that, in the case of a high
SnO,—Sb,0s coating relative to the IrO, interlayer loading
(i.e., 20—30%), electrode service life can be increased
without significantly affecting the electrode ability to carry
out p-CP oxidation. Anode potential evolution, p-CP con-
centration, and TOC during p-CP oxidation are shown in
Figure 11 for a SnO,—Sb,0s with and without IrO, inter-
layer. The presence of an IrO, interlayer decreases the
electrode potential and allows operation at constant potential
during almost the entire process, thus indicating a higher
stability. Conversely, Ti/SnO,—Sb,0s electrode anode po-
tential rapidly increases after 150 Ah dm™>, thus indicating
electrode deactivation. Furthermore, both electrodes behave
similarly toward p-CP oxidation and TOC removal, suggest-
ing that organic oxidation at the Ti/IrO,/SnO,—Sb,05
electrode occurs only through the SnO,—Sb,Os component
without IrO, interlayer interference.

Other authors have also demonstrated that the addition of
platinum to SnO,—Sb,0s electrodes increased their stability,
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Figure 12. Effect of temperature on the evolution of COD and
MCPP concentration with time during the electrolyses of 320 mg
dm™3 of MCPP in 0.05 M Na,SO, using the PbO, anode. Flowrate
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but oxidation efficiency of the composite Pt—SnO, electrodes
is even lower than those of pure Pt electrodes.®

4.5. Lead Dioxide

Lead dioxide anodes are inexpensive and easy to prepare,
with good conductivity, chemical stability, and a large area.
Hence, they have wide industrial applications. Moreover,
there is a great interest in the development of PbO, anodes
for the oxidation of organics, because of their large over-
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potential for oxygen evolution in acidic media, which enables
the production of hydroxyl radicals during water discharge.

Evidence for active hydroxyl radical generation on the
PbO, surface has been shown by electron spin resonance
spectroscopy (ESR) using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as spin trapping agent,'” by high-performance
liquid chromatography (HPLC) using salicylic acid as spin
trap agent,''® or by UV absorbance using N,N-dimethyl-p-
nitrosoaniline (RNO) as spin trap agent.® The mechanism
for hydroxyl radical generation and the electrochemical
reactions that occur at the PbO, electrode during organic
oxidation are still difficult to understand, and no final
conclusions have so far been drawn.

Asmentioned above (eqs 20—22), Johnson and co-workers
speculated that the O-transfer step occurs from adsorbed
hydroxyl radicals generated by water discharge at PbO, sites
and adsorbed reactant species.

Pavlov et al.''"!'2 proposed a more complex mechanism
that interpreted the electrochemical processes taking place
during oxygen evolution in the light of the gel-crystal
structure of the PbO, layer. There is an equilibrium between
crystal zones, made of PbO, exhibiting electron conductivity,
and gel zones, composed of hydrated lead dioxide,
PbO(OH),, that forms linear polymer chains with electron
and proton conductivity:

PbO, + H,0< Pb*O(OH), < H,PbO,
Hydrated (gel) layer

37—47

Crystal layer

Pb*O(OH), is an active center located in the hydrous layer.
Upon anodic polarization, an electrochemical reaction is
triggered in the active centers:

Pb*O(OH), — Pb*O(OH)"(OH)" + ¢~ (28)

Electrons move along the polymer chains and reach the
crystal zones, as a result of which electric current passes
through the electrode. The active centers are charged
positively. Their electric charge is neutralized through the
following chemical reaction:

Pb*O(OH)"(OH)" + H,0 — Pb*O(OH),~(OH)" + H"
(29)

where “+++” is the connection between ‘OH radical and active
center. Therefore, as a result of reaction 29, the active centers
contain "OH that could break away from the active centers
and react with the contaminants in the solution.

Thanks to the effective production of *OH radicals, PbO,
is expected to perform quite well for organics mineralization.
For this reason, it has been used for the oxidation of several
compounds such as phenol,'*"!° chlorophenol,”-120~122
nitrophenol,'?*'?*  methoxyphenol,'*  dichloroethane,'?
aniline,'?” naphthol,*® benzoqinone*""'?® maleic acid,'?® chlo-
roanilic acid,” oxalic acid,'*>'*" glucose,” synthetic dyes,*>!3!-132
indoles,'*3 4-chloroguaiacol,'** herbicides and pesticides, >3
landfill leachate,’® tannery wastewater,'3’ and anionic sur-
factants.!3®

Early papers studied phenol oxidation using a packed-
bed reactor with PbO, pellets. Greater conversion to CO,
was achieved with high current, temperature, dissolved
oxygen, and low phenol concentration.

Phenol electrochemical oxidation was also widely studied
by Tahar and Savall'!®~!8 using Ta/PbO, anodes. Phenol
and its intermediates (benzoquinone, maleic and fumaric

113,114
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Figure 13. Variation of TOC amounts of o-nitrophenol (ONP)

with time on different PbO, electrodes: (—HM—) Ti/Bi—PbO,;
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[ONP]y = 50 mg dm3; i = 30 mA cm 2. Reprinted with permission

from ref 124. Copyright 2008 Springer.

acids) were completely eliminated through the intermediation
of hydroxyl radicals adsorbed at the active site of the
electrode. An increase in initial phenol concentration and
decrease in applied current improves the faradic yield by
favoring oxidation reactions of organics at the expense of
competitive O, evolution. They also observed that a tem-
perature increase from 60 to 90 °C favored phenol oxidation.
Looking at activation energy (i.e., 19 kI mol™}), they
speculated that probably the limiting step is not thermal but
rather of a diffusional nature.

Recently, Panizza et al.'* studied the influence of the main
operating parameters—such as current density, hydrodynamic
conditions, pH, and temperature—on Mecoprop herbicide
(MCPP) oxidation in Na,SO,4. Within the studied range, total
mineralization (>97% COD abatement) of MCPP was
obtained, regardless of operating conditions. In agreement
with Tahar and Savall''®~'!'® and other authors,*>6>113.114.123
they reported that temperature increase resulted in an increase
of COD and MCPP removal (Figure 12). However, they
explained this behavior in terms of electrogeneration of
inorganic oxidizing agents. Actually, ithas been demonstrated'**'40
that ozone can be formed during electrolyses with PbO,
electrodes at high potentials:
+H " +e  (30)

PbO,("OH),,, — PbO,(O")

ads ads

PbO,(0"),, + O, — PbO, + O, 31)

These reagents are known to be powerful oxidants that
can act as mediators for organics oxidation. The oxidation
rate of organic compounds with ozone, hydrogen peroxide,
and all oxidants as a whole increases with temperature. They

Panizza and Cerisola

also reported that Mecoprop decay kinetics follows a pseudo-
first-order reaction, and the rate constant increases with
current density and recycle flow rate, while it is almost
unaffected by solution pH.'?

The electrochemical properties of electrodeposited PbO,
as well as its stability are strongly affected by the crystal
structure and the incorporation of doping species such as
Fe, Co, Bi, F, etc. Abaci et al.'"*! observed that highly
crystalline 8-PbO, films had stronger performance on phenol
degradation, thanks to a porous structure that provides an
enhanced active surface area, increasing the formation of ‘OH
and favoring the anodic oxidation process.

Johnson’s group®”3® showed that the electrocatalytic
properties and fouling resistance of PbO, film electrodes were
enhanced by the incorporation in the films of metallic species,
such as Fe, Bi, or As. For example, current efficiency for
electrochemical incineration of 10 mM of benzoquinone at
10 mA cm™2 increased from 7.4% to 23.5%, when the PbO,
anode was replaced with a Fe—PbO, one.

The electrochemical performance of pure PbO, or F-, Fe-,
Co-, Fe,F-, and Co,F-doped PbO, electrodes in the oxidation
of simulated wastewaters containing Blue Reactive 19 dye
or phenol using a filter-press reactor was investigated by
Andrade et al.""*!3! TOC reduction during Blue Reactive 19
dye oxidation'?! was greater for the PbO,—Fe,F electrode
obtained from an electrodeposition bath containing 1 mM
Fe** and 30 mM F~. For phenol oxidation,'"” the best results
were attained with PbO, electrodes doped with a low-Co
content (1 mM Co?* in the electrolytic bath) along with F~:
COD and TOC of simulated wastewaters were removed by
about 75% and 50%, respectively (Table 4).

Liu et al.'** characterized various kinds of PbO, electrodes
doped with Bi and/or Co oxide in terms of their morphologi-
cal (SEM) and structural (XRD) features and electrocatalytic
activity for o-nitrophenol oxidation. The Ti/Bi—PbO, elec-
trode has the highest TOC removal of o-nitrophenol (87.0%),
followed by Ti/Co—Bi—PbO,, Ti/f3-PbO,, and Ti/Co—PbO,,
whose TOC removal rates are 83.3%, 77.8%, and 75.9%,
respectively (Figure 13). They associated the good electro-
catalytic activity of the Ti/Bi—PbQO, electrode with the doping
manner of Bi atoms in PbO,. Bi doping diminished the size
of the crystal particles, thus increasing the specific surface
area and resulting in crystal cell expansion and structure
defects. These two factors increased the active sites on the
surface of the PbO, electrode, making it more conducive to
the generation of hydroxyl radicals, so as to enhance the
electrocatalytic activity of this electrode.

Conversely, other authors!!” reported that a pure PbO,
anode is more efficient than perchlorate- or bismuth-doped
lead dioxide for complete phenol combustion. Although
phenol is oxidized at the same rate on the three deposits,

Table 4. Reaction Apparent Rate Constant (k,;), Apparent Mass Transport Coefficient (k,,), Compounds’ Concentrations, COD and
TOC Removals, Average Current Efficiencies (ACE), and Energy Consumptions (EC) in the Electrolysis (100 mA c¢m?) of a Simulated
Phenol Wastewater (1000 mg dm~3 Phenol) Using Pure and Co,F-doped PbO, Electrodes (Adapted from Ref 119. Copyright 2008

Elsevier.)
pure PbO, 1 mM Co,F-doped PbO, 5 mM Co,F-doped PbO,

ky (W71 3.32 1.98 3.21
[benzoquinone] (mg dm™3) 43.1 82.2 182.0
[hydroquinone] (mg dm™3) 2.2 3.9 19.0
[fumaric acid] (mg dm™3) 8.65 2.86 26.8
COD removal (%) 63.4 754 48.8
TOC removal (%) 434 50.7 36.6
ACE (%) 14.6 18.2 11.6
EC (kWh kgcop ™) 132 105 165
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Figure 14. Comparison of the trend of COD during the oxidation
of 200 mg dm 3 of Methyl Red in 0.5 M Na,SO, at different anodes.
Conditions: / = 500 mA; flow rate = 180 dm* h™!. Reprinted with
permission from ref 32. Copyright 2007 Elsevier.

perchlorate-doped PbO, and Bi,Os—PbO, required more
charge for intermediates mineralization to CO,. In particular,
the higher the degree of doping, the more difficult it is to
completely remove TOC from the solution.

Many papers compared the performance of PbO, anodes
with other electrode materials for the oxidation of several
organic compounds.$36:60.629899.117.120,126,129.130,132,136.138 Rop
almost all pollutants, PbO, permits faster mineralization than
Pt, iridium oxide, ruthenium oxide, and doped-SnQO,, but it
is less efficient than BDD anodes under the same operating
conditions. To explain this behavior, Gherardini et al.'?’
speculated that on PbO,, which has a hydrated surface,
hydroxyl radicals are more strongly adsorbed and, conse-
quently, less reactive than on BDD, which has an inert
surface with weak adsorption properties.

For example, Bonfatti et al.%? studied the electrochemical
incineration of glucose and its metabolites (gluconic and
glucaric acid) at Pt, SnO,, and PbO, electrodes, at different
current densities and temperature values. Larger EOI values
were found at PbO, electrodes under all conditions of current
density and temperature.

Panizza and Cerisola®? studied the influence of electrode
materials (i.e., platinum, boron-doped diamond, lead dioxide,
and Ti—Ru—Sn ternary oxide) for Methylene Red electro-
chemical oxidation and reported that Pt and TiRuSnO,
electrodes permit only partial dye oxidation, but no complete
mineralization, while complete COD and color removal is
achieved using lead dioxide and BDD. In particular, a faster
oxidation rate is achieved using BDD (Figure 14).

Similar results were also obtained by Huitle et al.'*® during
the oxidation of methamidophos (MMD), a highly toxic
pesticide, on Pb/PbO,, Ti/SnO,, and Si/BDD. Under gal-
vanostatic conditions, electrode material performance is
influenced by pH and current density, but under all condi-
tions, the current efficiency for MMD removal follows the
sequence BDD > PbO, > SnO,.

It is reported that PbO, has the same performance as BDD
only during oxalic acid incineration, because this compound
has a strong interaction with Pb(IV) sites that promote anodic
oxidation.'?*!1*9 However, despite their high removal ability
of organic pollutants and low price, the major drawback of
PbO, anodes is the likely release of toxic ions, especially in
basic solutions. In fact, lead ions can damage nervous
connections and cause blood and brain disorders. These
effects limit the practical application of PbO, anodes in
wastewater treatment. Other materials, which are nontoxic
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a b

Figure 15. Electrochemical cell for bulk oxidation of organics on
diamond electrode. (a) Setup used: 1, thermoregulated reservoir;
2, electrochemical cell; 3, power supply; 4, pump. (b) Electro-
chemical cell: 1, outlet; 2, anode; 3, cathode; 4, electrolysis
compartment; 5 and 6, electrical contacts; 7, inlet.

or do not dissolve, may be much more preferable to such
inexpensive electrodes which are, however, quite toxic
themselves.!?

4.6. Boron-Doped Diamond (BDD)

Synthetic boron-doped diamond (BDD) thin film is a new
electrode material that has recently received great attention,
thanks to the development of technologies for synthesizing
high-quality conducting diamond films at a commercially
feasible deposition rate.'*?~!4" Diamond films are grown on
nondiamond materials, usually silicon, tungsten, molybde-
num, titanium, niobium, tantalum, or glassy carbon, by
energy-assisted (plasma or hot-filament) chemical vapor
deposition. In order to make diamond films conducting, they
are doped with different concentrations of boron atoms. The
doping level of boron in the diamond layer expressed as B/C
ratio is about 1 000—10 000 ppm. High-quality BDD elec-
trodes possess several technologically important properties
that distinguish them from conventional electrodes, such as
* An extremely wide potential window in aqueous and
nonaqueous electrolytes: in the case of high-quality diamond,
hydrogen evolution commences at about —1.25 V vs SHE
and oxygen evolution commences at +2.3 V vs SHE;
therefore, the potential window may exceed 3 V.43
» Corrosion stability in very aggressive media: diamond
electrode morphology is stable during long-term cycling from
hydrogen to oxygen evolution, even in acidic fluoride
media.'¥
* Inert surface with low adsorption properties and strong
tendency to resist deactivation: the voltammetric response
toward ferri/ferrocyanide is remarkably stable for up to two
weeks of continuous potential cycling.'>
* Very low double-layer capacitance and background current:
the diamond—electrolyte interface is ideally polarizable and
the current between —1000 and +1000 mV vs SCE is <50
uA cm2. Double-layer capacitance is by 1 order of
magnitude lower than that of glassy carbon.!!

Thanks to these properties, during electrolysis in the region
of water discharge, BDD anodes promote the production of
weakly adsorbed hydroxyl radicals, which unselectively and
completely mineralize organic pollutants with a high current
efficiency:

BDD + H,0 — BDD('OH) + H" + ¢~ (32)
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BDD("OH) + R — BDD + CO, + H,O (33)

Experiments conducted to confirm this mechanism, using
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and salicylic acid
as spin trapping, demonstrated that the oxidation process on
BDD electrodes involves hydroxyl radicals as electrogen-
erated intermediates.!>

So far, the number of laboratories investigating this
material for wastewater treatment and the number of related
publications have rapidly increased during the last two
decades.!>!5315* Many papers have demonstrated that BDD
anodes allow complete mineralization—up to near 100%
current efficiency—of a large number of organic pollutants,
suchas carboxylic acids, 1 benzoic acid,'*"'%2 cyanides, 6>+
cresols,'% herbicides,?*019671% drugs,!” naphthol,'®>® phe-
nolic compounds, %2671~ 187 polyhydroxybenzenes,'3® poly-
acrylates,'® surfactants, 3107192 and real wastewaters.’>!%371%
The experimental conditions and some results of the most
relevant research on this electrode material are summarized
in Table 5.

Comninellis and co-workers inves-
tigated the behavior of Si/BDD anodes for the oxidation of
a wide range of pollutants using an undivided electrolytic
flow cell illustrated in Figure 15. They observed that,
independently of organic pollutant nature, current efficiency
and the amount of intermediates were affected by local
concentration of *OH relative to organics concentration on
the anode surface. In particular, for high organic concentra-
tions or low current densities, COD decreased linearly,
forming a large amount of intermediates, while ICE remained

15,16,22,34,120,155,161,163,189

Panizza and Cerisola

about 100%, indicating a kinetically controlled process.
Conversely, for low organic concentrations or high current
densities, pollutants were directly mineralized to CO, but
ICE was below 100%, due to mass transport limitation and
side reactions of oxygen evolution. For example, Figure 16
shows COD and ICE trends during electrochemical oxidation
of different concentrations of naphthol. In order to describe
these results, the authors developed a comprehensive kinetic
model to predict COD trends and current efficiency for the
electrochemical combustion of the organic with BDD
electrodes, as well as to estimate energy consumption during
the process.!%!7120:19 The model, developed for an electro-
chemical reactor operating in a batch recirculation mode
under galvanostatic conditions, was formulated on limiting
current density estimates from COD value using eq 15.

Depending on applied current density (iyp) With respect

to limiting current density (i;,), which decreased during
treatment, two different operating regimes were identified:
* iyppl < iim: When the applied current was low or the
concentration of the organics was sufficiently high, elec-
trolysis was under current limited control, current efficiency
was 100% and COD decreased linearly over time.
* iyppl > Iim: When the applied current was high or the
concentration of the organics was low, electrolysis was under
mass-transport control and secondary reactions (such as
oxygen evolution) commenced, resulting in current efficiency
decrease. In this regime, COD removal, due to mass-transport
limitation, followed an exponential trend.

A graphical representation of the proposed kinetic model
and the equations that describe the trends over time of COD

Table 5. Some Examples of Organic Compounds Oxidized on Diamond Electrodes

pollutant experimental conditions remarks ref
carboxylic acids i =30mA cm % T =30 °C; 1 M H,SO, average current efficiency: 70 — 90% 155—158
benzoic acid i =7-36 mA cm % 0.5 M HCIO, oxidation intermediates: salicylic acid, 161, 162
hydroquinone, hydroxybenzoic acid
cyanides i =36 mA cm % 1 MKCN + 1 M KOH 95% of CN™ elimination after passage 163, 164
of 220 Ah/l
o- and p-cresol 27129 < Re < 42631, i = 15—60 mA cm™2 o-cresol is more recalcitrant than 165
p-cresol
herbicides i =30—150 mA cm™2; pH = 2—12, T = 15—60 °C  herbicides decay follows a pseudo- 29, 66, 166—170
first-order kinetics
naphthol i=15-75 mA cm % T = 30—60 °C, 1 M H,SO, efficiency increases with naphthol 16, 56
concentration
phenol flow-cell, batch one compartment cell, microwave and ultrasound enhanced 171-175
bipolar trickle tower reactor phenol oxidation
phenols, chlorophenols, i = 15—60 mA cm % 5000 mg/L Na,SO, or without diffusion limitation the 19, 25, 26,
and nitrophenols 1 M H,SO, current efficiency is 100% 176—182
phenolic compounds and i = 50 mA cm™?%; impinging cell efficiency of 100% up to the near- 183—185
Triazines complete mineralization
mixture of phenols i =30 mA cm™?; 0.1 M Na,CO; model proposed for the degradation 186, 187
of mixture of organics
polyhydroxybenzenes i =15—60 mA cm™? influence of temperature, pH and, 188
supporting media was studied
polyacrylates i = 1-30 mA cm™% 1 M HCIO,4 initial current efficiency 100% 189
surfactants i = 4-30 mA cm~% SDBS = 25—-300 mg dm* complete removal of COD and TOC 138, 190—192
tridecane dicarboxylic E=1.6-5V, pH = 3.4-8.26, COD about

acid wastewater
malic acid, EDTA, and
triethanolamine
olive mill wastewater

10 000 mg dm™3
i = 7—36 mA cm™?; initial
COD 1500—8000 mg dm
T =25°C;i= 230 mA cm 2

effluent of a fine i
chemical plant
Ink-manufacturing i =15—60 mA cm % T = 25—60 °C
process wastewater
wastewater from the
automotive industry
industrial effluent

initial COD > 2500 mg dm >

150—600 A m™2 pH = 2—12; T = 25—60 °C

i =20—60 mA cm % Q = 60 —180 dm® h™".

COD removal rate 99%, specific energy 159
consumption 6.4 kWh kgcop ™.

current efficiency of 85—100% 160

complete mineralization with high 193—195
efficiency

efficiencies of the process depend on 196
the pH and the temperature

Oxidation favored by the formation 197
of electrogenerated oxidants.

current efficiency > 90% for COD 198
values higher 500 mg dm™3,

total mineralization of the aromatic 35

sulphonated acids




Anodic Oxidation of Organic Pollutants

100

Chemical Reviews, 2009, Vol. 109, No. 12 6553

20 g

80

oD / mol O, m™

10
Gt Ahdm”?

5

T

8

10 12

14

Q4 Ahdm?
Figure 16. Influence of 2-naphthol concentration on the evolution of COD and ICE (inset) with the specific electrical charge passed during
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Figure 17. Evolution of (a) COD and (b) ICE as a function of
time (or specific charge); (A) represents the charge transport control;
(B) represents the mass transport control.

and ICE in both regimes are given in Figure 17. The main
advantage of this model is that it does not include any
adjustable parameters. Hence, the system behavior can be
predicted if the experimental conditions (applied current
intensity, organic concentration, and mass-transfer coef-
ficient) are known. The model was applied to the electro-
chemical treatment of solutions containing acetic acid,'®’
isopropanol,'®® naphthol,'® phenol,?? chlorophenols,'?° poly-
acrylates,'® benzoic acid,'®' and chloromethylphenoxy her-
bicides.”” A good agreement between the experimental and
modeling results obtained in all cases validated the assump-
tions on which the model is based. Figure 16 shows, for
example, the excellent concordance between experimental
and theoretical evolution of COD and ICE, observed during
naphthol oxidation under different experimental conditions.

Recently Panizza et al.,”” studying 3,4,5-trihydroxybenzoic
acid oxidation, observed that, while with low current density
a high current efficiency and a low energy consumption can
be obtained, organic mineralization required a long elec-
trolysis time, because some of the reactor capacity is
underused. Conversely, when operating current exceeds the
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Figure 18. Changes in the removal percentage of COD as a
function of the OCC during CDEO (M), ozonation (O), and Fenton
oxidation (A) of a fine chemical industry wastewater. Experimental
conditions of BDD electrolysis: i = 300 A m™~2 Experimental
conditions of ozonation: pH 12; ozone production 0.99 g h™%
Experimental conditions of Fenton oxidation: pH 3; Fe?" 850 mg
dm™3. Reprinted with permission from ref 196. Copyright 2006
Elsevier.

limiting one, electrolysis is fast, but current efficiency
decreases; hence, energy consumption increases, because a
portion of the current is wasted on the secondary oxygen
evolution reaction (Table 6). They proposed that a simple
way to minimize secondary reactions and maximize reactor
performance could be to operate with multiple current steps
electrolysis, in which the applied current is adjusted during
electrolysis not to exceed the instantaneous limiting current.
Therefore, they adapted the equations of the previous
model'®!17:120.199 5 calculate the time for each step, so that it
would remain below the instantaneous limiting current. By
comparing the results obtained with the current steps
electrolysis and those at constant currents, the former was
found to permit a fast oxidation rate, comparable with high
current density electrolysis, but with nearly 100% current
efficiency and low energy consumption, as in low current
density electrolysis (Table 6). Furthermore, if the number
of current steps is sufficiently high, i.e., working in a
semicontinuous control mode, the reactor performance is
comparable with the one achievable in an ideal diffusion-
controlled process, with 100% efficiency.
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Table 6. Comparison of the Results Obtained during Constant Currents Electrolysis and Current Steps Electrolysis for the Oxidation
of 3,4,5-Trihydroxybenzoic Acid at BDD Anode (Reprinted with Permission from Ref 200. Copyright 2008 Elsevier.)

applied current density average current efficiency # (—)

electrolysis time 7 (min)

specific energy consumption Ey, (kWh kgCOD™!)

10 mA cm™2 0.96

60 mA cm 2 0.28

four current step 0.94

semicontinuous control 0.97
electrolysis

200 13
108 68
126 14.5
115 14.0

BDD application for wastewater treatment has also
been widely studied by the group of
Canizares, 92576:30.156,164.176.177,179.180,182,188,197.201 y16ino an ex-
perimental setup similar to that illustrated in Figure 15. They
obtained complete mineralization of organic wastes, inde-
pendently of their characteristics (initial concentration, pH,
and supporting media) and operating conditions (temperature
and current density). They also found that, depending on
electrolyte composition, the organics were oxidized on the
electrode surface—by reaction with hydroxyl radicals—as
well as in the bulk of the solution by inorganic oxidants
electrogenerated on BDD anodes, such as peroxodisulfuric
acid from sulfuric acid oxidation:

2H,S0, — H,S,0, + 2H" + 2¢~ (34)

This group has recently compared conductive-diamond
electrochemical oxidation (CDEQ) with two other advanced
oxidation processes, Fenton oxidation and ozonation, for the
treatment of synthetic and real wastewaters.!>’"!%41% To
compare the performance of different AOP, they introduced
a new parameter, namely, oxygen-equivalent chemical
oxidation capacity (OCC), which quantifies, in arbitrary units,
the oxidants added to the waste and is defined as the kg of
O,, which is equivalent to the quantity of oxidant reagents
used in each process to treat 1 m?® of wastewater. This
parameter is related to the various oxidants used in the three
advanced oxidation processes and can be calculated accord-
ing to the following equations:

OCC (kgom ) = 0.2980 (kAhm ) (35)
OCC (kgom ) = 1.000[0;](kgom ™) (36)

OCC (kgom°) = 0.471[H,0,] (kgy o m )
(37

For both synthetic and real wastewaters, CDEO was the
only technology capable of completely reducing COD and
TOC content. Conversely, ozonation and mainly the Fenton
process led to the buildup of significant concentrations of
oxidation-refractory organic compounds. The percentages of
refractory compounds increase significantly depending on
initial waste concentration. For example, Figure 18 shows
the evolution of COD removal obtained during the treatment
of fine chemical industry wastewater using BDD anode,
Fenton oxidation, and ozonation. They also observed that
energy requirements are significantly lower for electrochemi-
cal oxidation than for ozonation. This indicates that elec-
trochemical technology could successfully compete with
other commonly used AOP (like ozonation).

Panizza et al.**? studied the use of electrochemical oxida-
tion as a refining technology to guarantee the quality of a
real effluent containing high concentrations of naphthalene
sulfonates and other recalcitrant organic compounds. They

coupled a biofilm airlift suspension (BAS) reactor with an
electrochemical cell equipped with a BDD anode. The
degradation yield evolution during the combined biological—
electrochemical process showed that overall degradation
efficiency of BAS did not exceed 70% owing to the
recalcitrant nature of some aromatic sulfonates in the effluent.
However, these compounds were completely mineralized by
electrochemical oxidation (Figure 19). The results suggested
that the combined process allowed for the minimization of
aeration volumes required for biological oxidation, as well
as the energy required for electrochemical oxidation. Similar
results were also obtained by Canizares et al.>”' for waste
treatment from a door-manufacturing process.

The group of Brillas?*!%%167:170 demonstrated that anodic
oxidation with BDD is very effective for complete miner-
alization of herbicides and pharmaceutical drugs. Experi-
ments carried out in batch under steady conditions using a
flow reactor reveal that the removal of pollutants is practically
pH-independent, but it gets faster with increasing herbicide
concentration, current density, temperature, and liquid flow
rate (Figure 20). They reported that herbicide decay follows
a pseudo-first-order kinetics, and that these persistent organic
compounds are mainly destroyed by reaction with ‘OH
produced at BDD surface, while generated weak oxidants,
such as H,0, and peroxodisulfate ions, have little influence
on TOC decay.

Polcaro et al. showed that the crucial point to
obtain high faradic yields during pollutants oxidation on
BDD anodes is the rate of mass transfer of the reactant
toward the electrode surface. Thus, they used an impinging
cell that enabled the obtainment of a high mass transfer
coefficient (~107* m s™') for degradation of phenolic
compounds, diuron, and 3,4-dichloroaniline. The results
indicated that, if a minimum value of current density is
imposed, suitable initial conditions can be set at which the
process is carried out at a faradic yield close to 1, up to
near-complete disappearance of total organic load.'3*

The use of BDD anodes was also widely investigated for
the removal of synthetic dyes from wastewaters 3! 331322037218
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oxidation of organic molecules. Reprinted with permission from
ref 202. Copyright 2006 John Wiley & Sons, Inc.
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Figure 20. Effect of experimental parameters on TOC decay for
the degradation of 1.8 L of 178 mg dm™> of Mecoprop herbicide
using a BDD anode. (a) Current density = (@) 150, (W) 100, and
(®) 50 mA cm ™2, T = 40 °C, liquid flow rate = 130 dm’® h™. (b)
Current density = 150 mA cm™2, T = (@) 15, (H) 40, and () 60
°C, liquid flow rate = 130 dm® h™!. (c) Current density = 150 mA
cm™2, T = 40 °C, liquid flow rate = (@) 230, (H) 170, (®) 130,
and (A) 75 dm® h™!. Reprinted with permission from ref 166.
Copyright 2006 Elsevier.
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Figure 21. Principle of the MEO process.

The efficacy of these electrodes was pointed out in the
removal of color as well as mineralization of these pollutants.
For example, the effects of operational variables on Orange
IT oxidation at a boron-doped diamond electrode using Ti
as a substrate (Ti/BDD) were systematically examined by
Chen et al.?* They reported that high temperature and low

Chemical Reviews, 2009, Vol. 109, No. 12 6555

current density were beneficial for Orange II oxidation.
Nevertheless, the effect of pH and electrolyte concentration
was not significant. At high COD values, nearly 100%
current efficiency was obtained.

Canizares et al.?! studied the oxidation of synthetic waste
polluted with three azoic dyes (Eriochrome Black T, Methyl
Orange, and Congo Red) using a Si/BDD anode. Results
showed that complete COD and color removal was obtained
for all solutions. Current efficiency did not seem to depend
on the molecule of oxidized azoic dyes but only on its
concentration range.

Conversely, other authors* compared Alizarin Red (an
anthraquinone dye) and Eriochrome Black T (an azoic
compound) oxidation and demonstrated that pollutant nature
and especially the presence of functional groups (such as
the azoic group) seem to strongly affect the oxidation
mechanism and efficiency of the electrochemical process.
Alizarin Red electrochemical oxidation led to an almost direct
generation of carbon dioxide, without any build-up of large
amounts of intermediates in the system, while Eriochrome
Black T oxidation process started with the breakage of the
azoic group and formation of a great amount of intermediates.
It then continued with the mineralization of all generated
intermediates.

Many researchers compared BDD degradation ability with
traditional electrodes, such as SnO,, PbO,, RuO,, and IrO,,
and they demonstrated that, under all experimental condi-
tions, BDD enables the highest oxidation rate and current
CfﬁCienCy.S1’56’60’120‘129’130’136'138’168’174’205 To explain its best
performance, Comninellis and co-workers'?’ speculated that
on BDD—which has an inert surface with weak adsorption
properties—electrogenerated hydroxyl radicals are weakly
adsorbed and consequently more reactive toward organic
oxidation. Furthermore, they assumed that ‘OH action is
extended to a “reaction cage” in the vicinity of the electrode
surface, rather than limited to the surface itself.

For example, Panizza and Cerisola®* compared electro-
catalytic properties of BDD, Ti—Ru—Sn ternary oxide,
platinum, and lead dioxide anodes for Methyl Red oxidation
by potentiodynamic measurements and bulk electrolysis.
They verified that faster mineralization and higher current
efficiency were obtained at BDD (Figure 14). Similarly, Chen
et al.?% 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
Ti/Sb,0s—Sn0O, electrode.

Weiss et al.!”* have recently studied phenol oxidation in
a one-compartment flow cell with BDD or PbO, anodes and
demonstrated that phenol, TOC, and COD removals were
achieved more quickly with BDD than with PbO,. In
particular, the energy required for 99% removal of aromatic
compounds was 80 and 330 kWh m for BDD and PbO,
anodes, respectively.

Other papers have demonstrated that Si/BDD electrodes
are able to achieve faster oxidation and better incineration
efficiency than Ti/PbO, in the treatment of naphthol,*
4-chlorophenol,'® chloranilic acid® surfactants,'*® and
herbicides. 3198

Despite the numerous advantages of diamond electrodes,
their high cost and especially the difficulties in finding an
appropriate substrate for thin diamond layer deposition are
their major drawbacks. Indeed, really stable diamond films
are mainly deposited on silicon, tantalum, niobium, and
tungsten, but these materials are not suitable for large-scale
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Figure 22. Scheme of a silver-mediated electrochemical oxidation process.

use. As a matter of fact, a silicon substrate is very brittle
and its conductivity is poor, while tantalum, niobium and
tungsten are too expensive.

Titanium is a preferable choice as a substrate, due to its
good conductivity, high strength, low price, high anticorro-
sion, and quick repassivation behavior. However, service life
of a Ti/BDD electrode is relatively short, because of large
thermal residual stress due to substrate cooling from about
850 °C to ambient temperature, as well as due to the
formation of a TiC interlayer reducing diamond film adhesion
to the substrate.”!’

Service life improvement of Ti/BDD anodes is now under
investigation in many laboratories. Chen and co-workers
found that, by applying a silicon interlayer between Ti and
diamond, accelerated lifetime tests of the Ti/Si/BDD was
extended from 264 to 320 h for Ti/BDD.??® They also
reported that the use of two-temperature-stage hot filament
chemical vapor deposition permits the manipulation of TiC
interlayer properties, thus significantly increasing accelerated
lifetime tests to 804 h.?2! A further improvement in Ti/BDD
stability will open the door to potential industrial applications
of such electrode material.

5. Indirect Electrolysis

The idea of indirect electrolysis is to prevent electrode
fouling, avoiding direct electrons exchange between organics
and anode surface. Therefore, in indirect electrolysis, pol-
lutants are oxidized through the mediation of some electro-
chemically generated redox reagents, which act as an
intermediary for electrons shuttling between the electrode
and the organics.

The main requirements for obtaining high efficiencies in
indirect electrolytic processes are the following:?
* The potential at which the intermediate species is produced
must not be near oxygen evolution potential.
* The intermediate generation rate must be high.
 The reaction rate of the intermediate species and the pol-
lutant must be higher than the rate of any competing
reactions.
e Pollutant adsorption must be minimized.

Oxidation mediators can be metallic redox couples, such
as Ag(Il), Ce(IV), Co(Ill), Fe(Ill), and Mn(III), or strong
oxidizing chemicals, such as active chlorine, ozone, hydrogen
peroxide, persulfate, percarbonate, and perphosphate.

5.1. Metallic Redox Couple

Indirect electrolysis using metallic couples as redox reagent
is called mediated electrochemical oxidation (MEO). The
principles of this process are shown in Figure 21. Metal ions
in acidic solutions are anodically oxidized from their stable
oxidation state (M?") to the higher reactive oxidation state
(M@ in which they attack the other organic feed,
breaking it down into carbon dioxide, insoluble inorganic
salts, and water:

M — MEDT ™ (38)
ME T + organics — M + CO, + H,0
(39

This reaction brings the couple back to a stable state (M),
and it is then recycled through the cell to continuously
regenerate further reactions. MEO has the advantage of
operating at low temperature values (up to 90 °C) and at
near-atmospheric pressure; it is easily controllable by switch-
ing off power supply to the electrochemical cell; and it does
not produce toxins. This process is preferably used to treat
solid waste or concentrated solutions, with an organic content
higher than 20%, in order to avoid or limit the separation of
the metallic redox couples from the solution. For total
organics oxidation, a redox pair with a high oxidation
potential, such as Ag(I/IT) (E° = 1.98 V), Co(I/11]) (E° =
1.82 V), or Ce(IIl/IV) (E° = 1.44 V), must be chosen.

A MEOQO diagram throughout the oxidizing species Ag(Il)
regeneration process is presented in Figure 22. The core of
the plant is the divided electrochemical cell, where Ag(Il)
ions are generated by anodic oxidation of Ag(I) ions in
concentrated nitric acid, forming a dark brown complex with
nitrate ions, which slows down silver(I) reduction by water:

Ag" + NO;,~ — AgNO," + e~ (40)

The corresponding cathodic reaction is the reduction of
nitric acid to nitrous acid or NO, which can be further
oxidized to nitric acid by bubbling oxygen through it or by
oxidative absorption in columns.®

Cells, divided by a porous separator or an ion-exchange
membrane, have to be used to prevent Ag(Il) reduction at
the cathode and the mixing of anolyte and catholeyte streams;
otherwise, Ag(II) produced at the anode will react with HNO,
produced at the cathode, to reform AgNO; again, instead of
mineralizing the pollutants, hence reducing process efficiency.
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Table 7. Materials Treated by the Silver II Process; Adapted from Ref 234

industry pollutants

plant scale destruction efficiency current efficiency

nuclear materials
chemical warfare

TBP/OK, IX resin, cellulose, oil
VX, HT, GB, HD, HT, DMMP, TBP/OK

energetic compounds RDX, TNT, triple base, TETRIL, nitroglycerine, DEMEX, laboratory—12 kW 99.999%

OTTO fuel, M28, DNT, TETRYTOL

laboratory—12 kW complete 70—95%
0.15—12 kW 99.9999—99.99999% 50—90%,
80—100%.

Organic waste is fed to the anolyte, with an appropriate
mixer to ensure its dispersal, and then mineralized by Ag(II)
ions to carbon dioxide, insoluble inorganic salts, and water:

AgNO," + R + H,0 — Ag" + CO, + HNO,
(4D

During oxidation, the anolyte remains clear because the
bulk AgNO;™" concentration was essentially zero. Then, when
the solution turns dark brown, it is evidence of AgNO;" in
the anolyte and of organics destruction.

Platinum is the anode material generally used for silver
couple regeneration,?”>”2** because of its good corrosion
resistance in nitric acid. However, other electrodes can be
used, such as gold,?® antimony-doped tin dioxide,??® and
boron-doped diamond electrodes.??’

Silver-mediated electrolysis was developed in the 1980s
for refractory plutonium oxide dissolution in nuclear waste
processing units.?>>224228229 [ ater, it was also applied to the
treatment of various organic pollutants and waste streams
including persistent organic pollutants (POPs), > kerosene,*!
urea®®? and organic acids.?*?

Accentus Plc?* developed and applied a silver MEO
(Silver II Process) for the mineralization of a wide range of
organic substrates, as summarized in Table 7. Nuclear
materials were completely mineralized with current efficien-
cies in the range of 70—95%, working from laboratory scale
to 12 kW plant. Warfare chemical agents were removed with
99.9999—-99.99999% destruction efficiency and 50—90%
current efficiencies, while the range of energetic compounds
were also successfully treated with 80—100% current ef-
ficiency.?**

Steele??® used a cell with a platinum anode and a platinum
cathode, AgNO; (1M) in HNO; (6M) as anolyte, HNO; (12

M) as catholeyte for the treatment of rubber gloves, anionic
and cationic exchange resins, and hydraulic oil, obtaining
complete destruction of all the compounds.

Farmer et al.?*® investigated silver MEO of ethylene glycol
(EG) and benzene (BZ). EG, BZ, and their intermediates
were completely converted to CO, (100% conversion ef-
ficiency) with 83—88% Coulombic efficiencies, by applying
a current of about 24—40% the limiting current for mediator
generation. They also investigated three separator materials
to prevent anolyte and catholeyte mixing: a porous ceramic,
Vycor microporous glass, and a Nafion 117 cation-exchange
membrane. Porous ceramic frits allowed HNO, to migrate
from catholeyte to anolyte, thereby reducing process ef-
ficiency. Conversely, Vycor microporous glass and Nafion
117 were effective barriers to HNO, migration; therefore,
they allowed faster conversion (Figure 23).

The main drawbacks of this process are the loss of silver
by AgCl precipitation during the oxidation of chlorinated
compounds, the relatively high cost of silver, HNO, and NO,
generation at the cathode, corrosion problems, high quantities
of Ag leakage through the separator, and the need to
completely regenerate the silver ions, because they are
considered a hazardous waste by themselves.

Co(II) is another powerful oxidant similar to silver(Il),
but with some advantages over the latter, including the fact
that cobalt chloride is soluble and, hence, does not precipitate.
Cobalt is cheaper than silver, and, under appropriate condi-
tions, it can operate in a divided or undivided cell. Working
in the divided cell with HNOj as electrolyte, Co(IlI)-mediated
electrochemical oxidation was employed for the destruction
of aniline’® and many chlorinated hydrocarbons**>** with
over 90% current efficiency.

In order to eliminate the problems related to the separator,
oxidation can be performed in an undivided cell in sulfuric
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Figure 24. Construction details of the CerQO, electrochemical cell for wastewater treatment. Reproduced by permission of Platinum Metals
Review. Reprinted with permission from ref 243. Copyright 2002 Johnson Matthey PLC.

media. Electrogenerated Co(IIT) immediately reacts with the
organics near the anode surface, and the cathodic reduction
of Co(IIl) is suppressed by the irreversible character of this
redox couple.

The destruction of halogenated organic waste by reaction
with Co(IIl) in a cell with no electrode separator has been
demonstrated by Farmer et al.?*” Dissolved ethylene glycol
(EG), 1,3-dichloro-2-propanol (DCP), 3-monochloro-1-pro-
panol (MCP), and isopropanol (IPA) were completely
converted to CO, by reaction with Co(IlI). They also found
a correlation between the total number of Co(IIl) ions
required for complete oxidation of a compound and its
corresponding Coulombic efficiency. Indeed, about 74% EG
oxidation efficiency was obtained, which dropped drastically
to 10% for MCP of IPA.

Leffrang et al.>*® used an undivided cell with a concentric
cylindrical anode and a cathode made of platinum for the
oxidation of various chlorophenols. All substances were
totally destroyed with at least 98% conversion rate and 75%
current efficiency.

Sanroman et al.>** demonstrated that the electrochemical
process with Co(IIl) redox mediator can efficiently electro-
catalyze the oxidation of different mixtures of dyes (Bro-
mophenol Blue, Indigo, Poly R-478, Phenol Red, Methyl
Orange, Fuchsine, Methyl Green, and Crystal Violet), thus
significantly shortening treatment time versus electrolysis
without cobalt ions.

Many papers have demonstrated that the use of cerium as
an electrocatalyst has some advantages over silver and cobalt.
Actually, (i) It does not form any precipitate with chloro-
organic compounds. (ii) The rate of water oxidation by
Ce(IV) is minimal compared to silver(Il) and cobalt(III) ions.
(iii) It is not a listed or hazardous compound. (iv) It can be
recovered and recycled without much loss.

Chung et al.>*> compared the results of Ce(IV)- and
Co(IIT)-mediated electrochemical destruction of aniline,
showing that Ce(IV) was better than Co(IIl) in terms of cost
per given amount of aniline treated. Other papers demon-
strated that Trimsol cutting oil, Otto Fuel II, and Sarin
(C4H (FO,P) can be removed with over 99% destruction
efficiency using Ce(IV), by operating at a temperature range
of 40—100 °C.240:24

Nelson et al.>**?* developed a commercial-scale plant with
80 kW nominal capacity for the destruction of chlorinated
pesticides and herbicides using a cerium-catalyzed electro-
chemical process (CerOx). Oxidation is performed in a series
of “tank systems” of plate and frame cells in poly(vinylidene
fluoride) (PVDF), with platinum bipolar electrodes separated
by a Nafion membrane (Figure 24). Electrolyte concentra-
tions are 1.0 M cerium in 3.5 M nitric acid for the anolyte
and 4 M nitric acid for the catholeyte. Experiments were
carried out at a temperature between 90—95 °C and at
atmospheric pressure. This system allowed the complete
destruction (>99.995%) of chlorinated organics such as
Chlordane, Ambush, Keldane, or 2,4-D with about 88%
current efficiency.

More recently, Moon’s group successfully tested a cerium-
MEQO in batch and continuous mode for the mineralization
of various model compounds (e.g., ethylenediaminetetraacetic
acid (EDTA), phenol, benzoquinone, hydroquinone, catechol,
maleic acid, and oxalic acid).>**"2! They used 1 M cerium
nitrate and 3 M nitric acid as anolyte and 4 M nitric acid as
catholeyte. The electrochemical cell was equipped with a
mesh-type Ti/IrO, anode and a Ti cathode separated by a
Nafion 324 membrane. Destruction efficiency (D.E.), evalu-
ated measuring the evolved CO, or solution TOC, was higher
than 95% for all the organics studied, with 88—92%
Coulombic efficiency (Table 8).

They also studied the effect of various parameters for
EDTA destruction, such as EDTA concentration, tempera-
ture, cerium and nitric acid concentrations, and organic
feeding time. An excellent destruction efficiency was achieved
for the following conditions: EDTA concentration = 67 mM;
temperature = 95 °C; cerium concentration = 0.95 M; and
nitric acid concentration = 3 M.

Fe(II)/Fe(III) or Mn(II)/Mn(III) are not suited for total
oxidation of organics, because of their low oxidation
potential, but they can be used for selective partial oxidation
of organic substances.?2" 23

Mediated electrochemical oxidation has been applied also
for off-gas purification. In this process, the chemical reaction
between gas pollutant and redox mediator can be achieved
either in the electrochemical cell—where the mediators are
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Figure 25. Scheme of inner-cell processes for gas purification by
cobalt-mediated electrochemical oxidation.

regenerated (inner-cell process)—or in adsorption towers/
scrubbing devices (outer-cell process).

Farmer et al.>> patented an inner-cell assembly for the
treatment of air contaminated with halide-containing organ-
ics, by Co(Ill)-mediated electrochemical oxidation. The cell
is cylindrical and undivided, with a cylindrically shaped
cathode disposed along the center of the cylindrical anode,
both made of platinum. Air containing organic waste is fed
from the bottom through a distributor. As bubbles progress
through the CoSO,/H,SO, electrolyte within the cell, organics
are dissolved and react with electrogenerated Co(III) to form
CO,. Hydrogen, which has evolved at the cathode, and CO,
exit from the top of the cell. A diagram of this cell is reported
in Figure 25.

5.2. Oxidizing Chemicals

For the disposal of wastewaters containing low concentra-
tions of organic pollutants (i.e., organic content lower than
20%), MEO is not recommended, since metallic redox
couples may require a solution—solution separation step,
which may not be desirable. These effluents can be treated
by indirect electrolysis generating in situ chemical reactants
and converting them into less harmful products.

The oxidizing chemicals can be electrogenerated either by
anodic oxidation (such as active chlorine, ozone, or persul-
fates) or by cathodic reduction (hydrogen peroxide). Al-
though indirect H,O,-mediated electrolysis is an effective
and promising process, it is not discussed here because it is
a cathodic process. Also, it is the subject of another review.

Chemical Reviews, 2009, Vol. 109, No. 12 6559

5.2.1. Active Chlorine

Among anodically generated oxidizing chemicals, active
chlorine is the most traditional one and the most widely
employed for wastewater treatment. Chlorine-mediated elec-
trolysis has been reported in the oxidation of a wide range
of model pollutants,'*"->7~280 but it is particularly suitable
for the treatment of real wastewaters with high sodium
chloride concentrations (even more than 5 g dm™3), such as
olive oil wastewater, textile, and tannery effluents,67103:137.281-313
Some examples are summarized in Table 9.

Despite the wide use of chlorinated inorganic species as
redox mediator, the electrochemical and chemical reactions
that take place during electro-oxidation of organic pollutants
in chloride-containing solutions are complex and not entirely
known. Indeed, oxygen transfer to organic molecules can
be attained both on the electrode surface through adsorbed
oxychloro species (such as chloro and oxychloro radicals)
or in the bulk of the solution, through long-lifetime oxidants
(such as chlorine, hypochlorous acid, or hypochlorite)
anodically produced by the oxidation of chloride ions,
according to the following reactions:

2C1I° — Cl, + 2¢~ (42)
Cl, + H,0 — HOCI + H" + CI” (43)
HOCI — H" + oCl™ (44)

An explanation of the mediating role of chloride ions
and a reaction mechanism have been proposed by De
Battisti’s group®?2%%26! (Figure 26). They extended the
diagram for electrochemical oxygen transfer reactions
proposed by Comninellis*® to the cases where oxygen
transfer is carried out by adsorbed oxychloro species—which
are intermediates in chlorine evolution reaction—instead of
by hydroxyl radicals. The presence of chloride ions seems
to inhibit oxygen-evolution reaction, causing an increase in
anode potential and, therefore, a higher reactivity of adsorbed
chloride—oxychloride radicals. They also observed that the
oxidation of organics in the presence of chloride ions mainly
depends on chloride concentration, solution temperature, and
pH, and that it is substantially insensitive to electrode surface
nature.

In the literature, the most used electrode materials for in
situ generation of active chlorine are based on platinum or
on a mixture of metal oxides (e.g., RuO,, TiO,, IrO,) that
have good electrocatalytic properties for chlorine evolution,
as well as long-term mechanical and chemical stability.
However, other electrodes can also be used, such as
Pb02137,260,26l,272,273 and graphite.262’274_277*281

One of the early papers reporting on the catalytic effect
of chloride ions in organic pollutants oxidation was published
by Comninellis and Nerini.?’® They showed that the addition
of 85 mM NaCl to the solution catalyzed phenol oxidation
at Ti/IrO, anodes, due to the participation of electrogenerated
CIO™, by increasing EOI from about 0.06 to 0.56.

More recently, Panizza et al.’*3!* deeply investigated the
influence of operating conditions on the oxidation of
2-naphthol with in situ electrogenerated active chlorine on
a Ti—Ru—Sn ternary oxide. Degradation rate increased with
NaCl concentration and pH, reaching maximum efficiency
(EOI = 0.302) with 7.5 g dm ™~ of NaCl and pH 12 (Figure
27). COD removal rate increased linearly with current, but
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Table 8. Mineralization of Various Organics by Cerium(IV) Mediated Oxidation Process at 80°C, [Ce(IV)] = 0.95 M, [HNO;] = 3 M,

and Feed Rate = 3 cm® min!; Adapted from Ref 246

organic compound feed concentration (ppm)

D.E. based on CO, (%)

D.E. based on TOC (%)

phenol 10
benzoquinone 2,5
hydroquinone 10
cathecol 10
maleic acid 10
oxalic acid 10
EDTA 25

89.9 99.2
90.6 95.0
93.3 99.0
914 99.4
99.2 99.0
88.5 99.5
89.8 98.8

there were no significant differences in the amount of electric
charge consumed at different current density values (Figure
28). This implies that the faradic yield of the mineralization
process does not depend on current density. Similar results
were also obtained by De Battisti and co-workers?! during
glucose oxidation with Ti/Pt anode, as well as by Iniesta et
al.?”® during phenol oxidation using PbO, anodes.

The main drawback of this indirect oxidation is the likely
formation of chlorinated organic compounds during elec-
trolysis, resulting in increased wastewater toxicity. Indeed,
Panizza et al.>'* detected a small amount of organochlorinated
compounds during 2-naphthol electrolysis, reaching a maxi-
mum at about 9 Ah dm™3, which disappeared during
electrolysis.

Conversely, De Battisti et al.?®*2! demonstrated that, by
selecting appropriate experimental conditions, glucose can

X MO,
oH €0z + Ha0 4+ CI
OM +Cl;
[}
R
o1, oy, clo” N
Ci
MO,(-OH) MO, (HOC),,,

cr )}
Figure 26. Scheme of chlorine-mediated electrolysis proposed by
Bonfatti et al. Reprinted with permission from ref 261. Copyright
2000 The Electrochemical Society.

Figure 27. 3D representation of the combined effect of NaCl
concentration and pH on the values of the EOI during the
electrolyses of 2-naphthol on a Ti—Ru—Sn ternary oxide anode.
Initial 2-naphthol concentration = 5 mM; applied current density
=75 mA cm™?; flowrate = 180 dm? h™!; and T = 25 °C. Reprinted
with permission from ref 56. Copyright 2004 Elsevier.

be incinerated by chlorine-mediated electrolysis without
formation of chlorinated organics.

Vlyssides et al.?®® studied the efficiency of chlorine-
mediated electrolysis for the treatment of obsolete organo-
phosphoric pesticides (Demeton-S-methyl, Metamidophos,
Fenthion, and Diazinon). They used an experimental plant
(Figure 29) with a cylindrical electrolytic cell containing 6
dm? of brine solution (NaCl 4% w/v) equipped with a Ti/Pt
cylindrical anode located inside a perforated 304 stainless
steel cylinder, which served as cathode. This construction
ensured homogeneous dynamic lines between anode and
cathode and provided good waste contact with the electrode.
The pesticide solution was added in the electrolytic cell with
a centrifugal 3 mL min~! flow rate pump. They observed a
high reduction of COD and BOD; of oxidized pesticides and,
in particular, improved biodegradability index (COD/BODjs
ratio) of investigated pesticides. This is evidence that the
initial toxic pesticides solution was highly detoxified, and
that electrochemical oxidation could be used as a pretreat-
ment method for pesticide detoxification, followed by
biological oxidation. Actually, it is acceptable that a waste
with a COD/BOD ratio < 2 can be treated by a biological
system, while a COD/BOD ratio > 5 indicates toxic waste.>

In order to evaluate process integration feasibility and set
some criteria for optimization (i.e., how to maximize
degradation efficiency with minimum energy consumption
and sludge) in combined biological and electrochemical
oxidation of tannery wastewater, Szpyrkowicz et al.?%
compared four different combinations of electrochemical and
biological processes. Figure 30 gives the main characteristics
of the options considered, and computation results are shown
in Table 10. They observed that, if cheap energy is available,
electro-oxidation can be proposed as a unique treatment
process, reducing plant size by about 95%. Placing the
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Figure 28. Influence of applied current density on the evolution
of COD with the specific electrical charge passed during the
electrolyses of 2-naphthol on a Ti—Ru—Sn ternary oxide anode.
Initial 2-naphthol concentration = 5 mM; T = 25 °C; pH = 10;
NaCl concentration = 5 g dm™>; applied current density: (0) i =
25mAcm 2% (Q)i=50mAcm 2 (A)i=75mAcm % (O)i=
100 mA cm 2. Reprinted with permission from ref 314. Copyright
2003, Elsevier.
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Table 9. Examples of the Indirect Electrochemical Oxidation Electrogenerating in situ Active Chlorine

pollutant anode comments ref
anionic surfactants Ti—Ru—Sn0O, optimal NaCl concentration: 2.5 g dm™* 191
atrazine Ti/Rug;3Ti70, TOC removal dependent on the quantity of NaCl in solution 257
chlorophenol Ti/TiO, RuO, CE 89% at pH 12.6 and current density of 11.39 mA cm™> 258
cresol Ti/TiO>,—RuO,—IrO, optir?um conditions were 2.5 g dm™> of chlorides and i = 5.4 A 259
dm™
glucose Ti/PbO,, Ti/SnO,, Ti/Pt oxidation rate was independent of the electrode but increase with i, 260, 261
pH, and T
indigo dyes graphite 90% of indigo degraded in 120 min with a power consumption of 262
1.84 kWh m™
methylene blue Ti/RuO, optimal chloride concentration 1.2 g dm™3 263
oxalic acid Ti/Pt oxidation rate depends on the halides, following the order F~ > Br~ 264
>ClI™
pesticides Ti/Pt COD/BOD:s ratio was improved considerably after electrolysis 265—271
phenol PbO, complete phenol degradation 272
phenol PbO, formation of chloroform 273
phenolic compounds carbon batch or tubular reactor 274277
phenol Ti/IrO,, Ti/SnO, EOI = 0.56 independent of the applied current and NaCl 278
concentration
phenol Ti/TiO,—RuO,—1rO, formation of AOX at the beginning of electrolysis 279
Reactive Orange 4 Ti/PtO, TOC removal of 81% with 20 g dm™* of NaCl 280
distillery effluent graphite reductions of BOD, COD, and absorbance were 93.5%, 85.2%, and 281
98.0%
paper mill wastewater Ti/Co/SnO,—Sb,05 COD removal 86%, color removal 75% at pH 11 and 15 g dm™ of 103
NaCl
landfill leachate TiO, RuO, reductions of COD, TOC, and color were 73%, 57%, and 86% 282
landfill leachate graphite, Ti/PbO,, best treatment with ternary Sn—Pd—Ru oxide 283
Ti/ Sn—Pd—RuO,
landfill leachate Ti/Pt COD reduction 84%, complete removal of VSS, N-NH,, and total 284, 285
phosphorus
industrial paint wastewater carbon 51.8% of COD removal and complete color and turbidity removals 286
industry wastewater Ti/TiO,—RuO,—1rO, organic halogens (AOX) were detected at high concentrations 287
industrial wastewater Ti/Pt, Ti/RuSnO,, carbon better COD removal with Ti/Pt anode 67
olive mill wastewater Ti/RuO, energy consumption for COD removal was 0.8 kWh dm™. 288
olive mill wastewater Ti/Pt energy consumption = 123 kWh kgcop ™! 289
olive mill wastewater Ti/Pt 90% decolorization and 85% removal of phenols 290
olive mill wastewater Ti/Ta—Pt—Ir removal efficiency of COD reached 85.5% 291
tannery wastewater Ti/RuO,, Ti/PbO, best conditions at i = 600 A m~2, pH 10, T = 40 °C 137
tannery wastewater Ti/Pt, Ti/Pt—Ir, Ti/PbO,, Ti/PdCo complete removal of COD, tannins, ammonium, and sulfide 292—297
tannery wastewater different DSA decrease of total phenolic compounds, absorbance, and toxicity 298
reactive dyes TiO,—RuO,—1IrO, COD and TOC removals were from 39.5 to 82.8% and from 11.3 to 299, 300
44.7%
textile wastewater Ti/RuTiO,; Ti/IrTiO,; Ti/RuSnO, lower energy consumption using Ti/Rug3Ti70, electrode 301
textile dye wastewater Ti/Pt COD, BOD, color, and TKN removals were 86%, 71%, 100%, and 302—304
35%
textile wastewater different DSA Ti/Pt—Ir anode showed the best performance 305—310
textile dyes Ti/Ta—Pt—Ir formation of organochlorinated compounds 311
textile wastewater oxide-coated titanium Ti/RuO, gives better oxidation than Ti/SnO, and Ti/PbO, 312, 313

electrochemical reactor as a final polishing stage, after the
conventional biological aerobic sludge process, allows an
80% reduction in total plant volume. This solution can be
considered competitive, offering high reliability and low plant
volume, even if the energy requirement is much higher than
that theoretically needed in a single-sludge biological plant.

The same authors also investigated the influence of anode
materials based on noble metals and metal oxides (Ti/Pt—Ir,
Ti/PbO,, Ti/PdO—Co030,4, and Ti/RhO,—TiO,) on the treat-
ment of tannery wastewater by indirect electrolysis.?”’ They
observed that only Ti/Pt—Ir and Ti/PdO—Co;0, gave
satisfactory results and that, with these anodes, ammonia,
COD, and sulfide removal was well-described by pseudo-
first-order kinetics. Conversely, Ti/RhO,—TiO, was less
effective, as it promoted direct discharge of proteins, leading
to its partial passivation, while Ti/PbO, was subjected to
fouling.

5.2.2. Ozone

Ozone is another chemical oxidizing agent that can be
produced by anodic process and employed for water disin-
fection and treatment. There is an increasing use of ozone

in wastewater treatment, because it has a high oxidation
standard potential (E° = 2.1 V) and it does not produce
secondary pollution, since it decomposes into oxygen. Ozone
is commonly generated in air by corona discharge at very
high voltage, This method, however, also produces a small
amount of undesirable products, such as nitrogen oxide.
Electrochemical ozone production (EOP) is an attractive
alternative, because it requires low voltage and produces
ozone in high concentrations directly in water, thus eliminat-
ing or minimizing problems of dissolving ozone in water.

The electrochemical ozone generation reaction at the anode
can be expressed as

3H,0 — O, + 6e~ + 6H" (E° = 1.51V vs SHE)
(45)

Ozone production efficiency is limited by oxygen evolution
occurring at lower potential and it is, therefore, thermody-
namically favored:

2H,0 — O, + 4¢~ + 4H" (E° = 1.23V vs SHE)
(46)
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Figure 29. Scheme of the laboratory-scale pilot plant used for the destruction of obsolete pesticides stock. Reprinted with permission from

ref 265. Copyright 2005 Elsevier.
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Figure 30. Schemes of possible combinations of electrochemical and biological processes. Adapted from ref 296.

In order to obtain the best EOP efficiency, literature reports
suggest using electrode materials having high oxygen over-
potential and performing electrolysis at low temperature, very
low interfacial pH, and high anodic current. As a result, most
of the investigations have focused on the use of lead
dioxide; ¥ 1403157326 however, tin dioxide,?’3®  Ti/
IrO,—Nb,05,%?° Ti/lrO,—Ta,05,>*" platinum,*!33? glassy
carbon,* and diamond***~3% were also studied.

For example, Foller et al.3! reported that current efficiency
of ozone generation was more than 50% at a current density
of 0.75 A cm 2 and T = 0 °C, when lead dioxide and 7.3 M
hexafluorophosphoric acid were used as anode and electrolyte
solution, respectively.

Using a boron-doped diamond in 10% H,SO,, Katsuki et
al.33* obtained an ozone concentration from 3 000 to 10 000
ppm, but with low percentage current efficiency, depending
on temperature and current density.

Wang et al.>?’” showed that nickel- and antimony-doped

tin dioxide electrode is a very efficient anode for ozone
production. At room temperature in 0.1 M H,SO,, ozone
concentration reached 34 mg dm™> with 36.3% current
efficiency.

Together with the nature of electrode material, ozone
electrochemical generation performance strongly depends on
the composition of the supporting electrolyte.

Da Silva et al.,*!” in agreement with the results of Foller,*"°
reported that the introduction of fluoro-compounds in the
supporting electrolyte (3.5 M H,SO,) resulted in oxygen
evolution reaction inhibition at high current densities,
improving ozone generation efficiency. In particular, current
efficiency data as a function of electrolyte composition show
improved electrode performance following the following
sequence: 3.5 M H,SO, < (3.5 M H,SO, + NaF) < (3.5 M
H,SO, + HBF,) < (3.5 M H,SO4 +KPF).
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Figure 31. Schematic diagram of (A) the solid polymer electrolyte cell and (B) the experimental apparatus used for electrochemical ozone
production. Reprinted with permission from ref 339. Copyright 2005 The Electrochemical Society.

Table 10. Volumes, Energy Requirements, and Sludge Production for Different Combinations of Electrochemical and Biological
Processes (Concentrations in mg dm™>) (Reprinted with Permission from Ref 296. Copyright 2005 Springer.)

energy consumption (kWh m™3) required volume (m?%)
& P d sludge produced (kg day™!)

for each unit totally for the option for each unit totally for the option

(a) single sludge nitrification ~ 3.02 8.47 1153 1925 431
denitrification 0.55 772
pumping 4.90
(b) anaerobic 0.0472 53.31 1736 1800.5 72
electrolysis 53.30 64.5
(c) anaerobic conditioning 0.0052 53.31 174 238.5 17
electrolysis 53.30 64.5
aerobic
(d) electrolysis 74.70 74.70 93.75 93.75 0
aerobic
(e) aerobic 1.10 29.00 364 398 546
electrolysis 27.90 34
Despite the advantage of high current efficiency, this corrosive for the cell materials, and ozone gas should be

process has the disadvantage that these electrolytes are highly abstracted from electrolyzed water. Therefore, to improve



6564 Chemical Reviews, 2009, Vol. 109, No. 12

=1

Gy, /G L

/

app | A

Panizza and Cerisola

sn L] L} L] L} L]
(b)
a5t ]
=3
&
a0} 1
*y 2 4 C 1
fapp £ A
250 — r T T
(a)
T, 200} :
&L 180f 1
Wy
fapp £ A

Figure 32. Plots of (a) ozone concentration, (b) current efficiency, (c) cell voltage, and (d) specific power consumption with respect to
applied current. Ozone water was produced by electrolysis of pure water with freestanding perforated BDD electrodes. Reprinted with
permission from ref 335. Copyright 2007 The Electrochemical Society.

the performance and stability of electrochemical ozone
production, solid polymer electrolytes (SPEs) can be
used 335337339

In this process, the three-dimensional porous anode and
cathode are pressed on a proton-exchange membrane, which
acts as electrolyte, forming a sandwich. Ozone is produced
in water from the back of the anode at room temperature,
while hydrogen evolves from the back of the cathode. Figure
31 shows a schematic diagram of the solid polymer
electrolyte cell and the experimental apparatus used by Onda
et al.*¥ for ozone generation on PbO, anode. With this
configuration and under optimal conditions (i.e., temperature
= 25—30 °C, water flow rate = 33 dm?® h™', and current
density = 1.0 A cm™?), current efficiency for ozone water
production is about 8%.

High-concentration ozone-water was obtained by Arihara
et al’* with a zero-gap electrolytic cell containing a
freestanding perforated boron-doped diamond anode. Per-
formance of the freestanding perforated BDD electrodes was
proven to be dependent on the number of holes, hole
diameter, and electrode thickness. In particular, increasing
the number of holes per unit area is the most effective way
to improve current efficiency. In the optimal electrode
configuration (i.e., 0.54 mm thickness, 1.0 mm hole diam-
eter), maximum current efficiency was improved up to about
47% (Figure 32).

Degradation of reactive dyes used in the textile industry
(Reactive Yellow 143 and Reactive Blue 264) with electro-
chemically generated ozone was investigated in alkaline
medium by Da Silva et al.**® Electrochemical ozonation
shows a very good efficiency for both solution decoloration
and TOC removal.

5.2.3. Persulfate, Percarbonate, and Perphosphate

Other strong oxidants, such as persulfate (S,0g>"), per-
carbonate (C,04>"), or perphosphate (P,Og*"), can be used
as mediators in indirect electrochemical oxidation of organ-
ics. These compounds are produced by anodic oxidation of

sulfate, carbonate, or phosphate ions present in the solution
according to the following equations:

250, — S,0,°" + 2 (47)
200, — C,0,° + 2 (48)
2P0, — PO, + 2e” (49)

Experimental tests have shown that these oxidants are
efficiently generated only using anodes with high oxygen
evolution overpotential, such as boron-doped diamond or lead
diOXide.16’31’33"135’176"188’193’203’340_342 As reported above, when
BDD or PbO, anodes are used, organic pollutants can be
efficiently removed by hydroxyl radicals electrogenerated by
water discharge. However, a positive contribution of these
chemicals is also foreseen during the final treatment step,
when oxygen is produced as secondary reaction. The
presence of these strong oxidants in wastewater bulk avoids
mass-transfer limitation and increases process efficiency.
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Figure 33. Evolution of COD during the electrolysis of 5 mM
2-naphthol at BDD anode. Applied current / = 1.5 A, T = 60 °C,
electrolyte: (O) H,SO4 1 M, (A) HCIO, 1 M.
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For example, data collected at our laboratory, based on
the comparison in COD evolution during electrolysis of
2-naphthol on BDD anode in perchloric and sulfuric media,
point out that persulfate-mediated oxidation promotes re-
moval of organic pollutants (Figure 33). At the beginning
of electrolysis, when organics concentration is still high and
the process is under charge transfer control, no significant
differences are found between the electrolytes. Conversely,
when the concentration of organics decreases and the process
is under mass-transfer limitation, COD removal is faster in
sulfuric media due to persulfates mediation. Similar results
were also found by other authors for the removal of
triazines,'®® polyhydroxybenzenes, '®® and carboxylic acids.!>®

Canizares et al.** also proposed a theoretical model that
considers both kinetic and mass-transfer processes and
includes the contribution of electrogenerated oxidants (per-
sulfates, perphosphates). According to this model, an elec-
trochemical reactor can be represented as three interconnected
stirred-tank reactors, which correspond to the two zones close
to the electrodes (i.e., electrochemical reaction zones, where
direct oxidation or reduction occur) and to the bulk zone
(i.e., chemical reaction zone, where pollutants are oxidized
by electrogenerated chemicals). The model was applied to
electrochemical treatment using BDD anodes of aqueous
wastes containing carboxylic acids (formic, oxalic, and
maleic) or phenol. It provided good agreement between the
experimental and modeling results.

6. Concluding Remarks

Literature results summarized in this review show that
there are two main strategies for anodic oxidation of organic
compounds. The first is to perform electrolysis at a high
anodic potential in the region of water discharge, with the
participation of intermediates of electrogenerated hydroxyl
radicals. The nature of electrode material strongly affects
both process selectivity and efficiency. In particular, anodes
with low oxygen evolution overpotential, such as graphite,
IrO,, RuO,, and Pt permit only partial oxidation of organics,
while anodes with high oxygen evolution overpotential, such
as SnO,, PbO,, and BDD, favor complete oxidation of
organics to CO,; therefore, they are ideal electrodes for
wastewater treatment. Among them, BDD anodes show the
highest removal rate and stability and are, thus, promising
anodes for industrial-scale wastewater treatment.

The second strategy is to oxidize pollutants by indirect
electrolysis, generating a redox reagent in situ as a chemical
reactant. The inorganic mediator can be a metallic redox
couple, used for waste material disposal with over 15—20%
organic content, or a chemical reagent (e.g., chlorine, ozone,
peroxides). With indirect electrolysis, the mass-transfer
limitation problems are minimal, but it either requires
separation of metallic redox couples or produces secondary
pollution.

Although laboratory and pilot tests have been successful,
industrial applications of these methods are still limited, due
to relatively high energy consumption of the electrochemical
methods. However, thanks to the development of new
electrode materials, electrochemical oxidation could be
increasingly applied in the future, due to specific advantages
for certain applications over other technologies. Moreover,
energy consumption could be reduced using so-called
“advanced electrochemical oxidation processes”, based on
the combination of anodic and cathodic electrogeneration of
highly oxidizing hydroxyl radicals.
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