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Abstract This work summarizes progresses achieved in elec-
trochemical oxygen transfer reactions from water to organic
pollutant molecules on metal oxide electrodes during the past
two decades. Fundamental understanding of the dynamics of
the electrochemical oxygen transfer reaction is of crucial im-
portance for the development of key concepts of electrocata-
lytic processes, leading to the implementation of environmen-
tal electrochemistry wastewater treatment schemes with ratio-
nal design of the suitable electrocatalytic systems. We discuss
the current knowledge on the electrochemical oxygen transfer
reaction, emphasizing the importance of surface processes in
order to generalize mechanistically the experimental results
obtained on different electrode materials, describing also the
practical kinetic models developed and their implications.
From the information gathered in this review, it is apparent
that explanations for the kinetics of the reactions in relation to
the structure of the organic compounds involved is lacking,
hence that new information about structure-reactivity relation-
ships is needed. We show in particular that the open circuit
decay of the concentration of radical cations, obtained from
spectroelectrochemical data, allows correlating the structure
of adsorbed states with reactivity during oxygen transfer reac-
tions, pointing as well to research efforts required to under-
stand the catalytic performance of metal oxide electrodes in
decomposing organic compounds strongly adsorbed on their

surfaces. Finally, some perspectives for future research in this
area are briefly commented.

Keywords Electrocatalysis . Oxygen transfer . Metal oxide
electrode . Surface reaction . Kinetic modeling . Linear free
energy relationships

Introduction

Electrochemical oxygen transfer reactions have been of inter-
est for the anodic oxidation of organic compounds, specifical-
ly to degrade pollutants [1–20] and for energy conversion in
fuel cells [21–26]. Other uses of these reactions include also
the electrosynthesis of different organic compounds to obtain
oxidized products [27–34]. Research on this type of electro-
chemical reactions on metal oxides has been wide and intense
over the past few years [1–70], so much in fact that electro-
chemical oxygen transfer to achieve the total oxidation of
organic compounds has been frequently proposed as a viable
and practical route for the degradation of persistent pollutants.
The production of enormous amounts of industrial wastes is a
problem of increasing relevance due to their negative impact
on the quality of life, the ecosystems, and the environment. In
general, polar organic compounds are to some extent soluble
in water, leading to pollution of surface and underground wa-
ter sources; thus, it is mandatory to understand, evaluate, de-
sign, and improve physicochemical processes capable of in-
ducing severe changes in the chemical structure of organic
matter, to transform it mainly into carbon dioxide, water, and
mineral acids.

In this paper, we discuss the scope and mechanisms for the
electrocatalysis of oxygen transfer reactions on metal oxide
electrodes, providing examples of the behavior of several
kinds of organic compounds on various electrocatalysts. We
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illustrate the development of kinetic models that are appropri-
ate to distinct conditions, including hitherto unpublished
spectroelectrochemical data on the formation of radical cat-
ions adsorbed on the surface of metal oxide electrodes and
their decay at open circuit, providing significant information
on the thermodynamics of adsorption and oxidation kinetics,
and giving way to correlations between structure and reactiv-
ity. We end up this paper with some prospects for further
studies, emphasizing the potential application of electrocata-
lytic advanced oxidation processes to current environmental
problems.

Electrocatalysis of the oxygen transfer anodic
reaction

The direct electrochemical oxidation of organic compounds is
feasible at lower electrode potentials than that required for
oxygen evolution in water. However, such reactions are rela-
tively slow and depend strongly on the electrocatalytic activity
of the electrode material [2–6]. On materials such as gold,
platinum, palladium, iridium oxide, and ruthenium oxide,
the reaction rates have been found to be relatively high; none-
theless, the catalytic activity decays due to the formation of a
polymeric layer on the surface of the electrode, inevitably
passivating the electrode. This deactivation process depends
on the adsorption properties of the anode surface and also on
the nature and concentration of the organic compounds and
the intermediates formed during electrooxidation [66–69].
Passivation phenomena may curtail when oxidation is carried
out at potentials allowing also water discharge or by indirect
oxidation through the in situ generation of a redox mediator
capable of oxidizing the organic matter [1–10].

The electrochemical oxidation of organic compounds in
aqueous solution can be carried out without passivation of
the electrode surface, enabling oxygen transfer from water to
the organic compound at highly positive potentials, within the
discharge region of the solvent. This oxygen transfer involves
hydroxyl radicals adsorbed on the anode surface, generated
from the oxidation of water [1–20]. Highly reactive hydroxyl
radicals can be created on materials such as lead oxide, tin
oxide, and boron-doped diamond, allowing relatively high
reaction rates of oxidation of organic matter in solution.

Electrocatalysis on metal oxides

Metal oxides exhibit great stability towards chemical attack,
with surfaces that may undergo changes in their oxidation
states and also high surface energies with strong hydrophilic
profiles [71–72]. Thus, they are electrochemically active.
Low-cost metal oxide electrodes have been achieved by de-
position of an oxide film on top of an inert metallic substrate,
the latter serving both as mechanical support and electric

charge collector. The reaction rates of electrocatalytic process-
es on these electrodes depend on the oxide composition and
morphology and on the interfacial and electrochemical prop-
erties [3–6, 71–72]. Figure 1 shows the main considerations
about the electrode materials for anodic oxygen transfer. We
describe below the main characteristics and general perfor-
mance of electrode materials employed for the anodic oxida-
tion of organic compounds.

Dimensionally stable anodes (DSA®)

Dimensionally stable anodes are electrodes comprising con-
ductive thin films of metal oxides or mixed oxides on titanium
substrates, showing high electronic conductivity as well as
chemical, mechanical, and thermal stability. Ruthenium oxide
(RuO2) has been found to be a good catalyst for chlorine
production and iridium oxide (IrO2) for oxygen evolution;
both are widely used at industrial scale [2–4]. These electrodes
are usually prepared by thermal decomposition of the corre-
sponding metal salt in the presence of oxygen; the tempera-
tures used must allow three combined processes: decomposi-
tion of the precursor salt, oxidation of the surface film, and the
corresponding crystal phase formation. Typical manufacturing
temperatures vary between 350 and 600 °C [73–84].

Both RuO2 and IrO2 electrodes have been employed for the
anodic oxidation of different organic compounds found in
industrial effluents at oxygen evolution potentials [73–100].
These oxides are capable of oxidizing aromatic compounds,
converting them mainly to aliphatic acids, yet with low effi-
ciencies for mineralization, i.e., for the conversion of the latter
acids to carbon dioxide and water. Under oxidative conditions
without water decomposition, it has been found that
these electrodes are passivated by the deposition of a
non-conducting polymer film, originated from the con-
secutive reaction of organic radical ions produced on
the electrode surface [3, 66].

With the purpose of improving the electrocatalytic proper-
ties of the electrodes and increasing the extension and efficien-
cy of the oxidation of organic compounds, different research
groups have synthesized and evaluated a series of electrodes
based on mixed oxides of a variety of metals. The degradation
efficiency of p-chlorophenol has been determined for quater-
nary oxides of titanium, ruthenium, tin, and antimony,

Fig. 1 Considerations about electrode materials
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accomplishing complete attenuation of the chemical oxygen
demand and the total organic carbon values of the organic
samples [91]. It has been observed that electrodes consisting
of ruthenium-titanium and iridium-titanium oxides have im-
proved the electrocatalytic oxidation of aliphatic and aromatic
olefins [92]. Also, the selective oxidation of lignin has been
studied on different electrodes, Ta2O5–IrO2, SnO2–IrO2,
RuO2–IrO2, and TiO2–IrO2, resulting in vanillic acid and van-
illin [93]. There have been also efforts to use dimensionally
stable electrodes of ruthenium and iridium oxides to achieve
the indirect oxidation of organic matter via the in situ genera-
tion of chlorine activated species, formed by the oxidation of
chloride ions present in the electrolytic solution [3, 94–96].
All these researches have been carried out to identify the best
combination of electrode materials and to enhance their indi-
vidual properties, such as the water splitting capability of
RuO2 or chlorine evolution with IrO2 electrodes, in concert
with properties concerning the adsorption, catalysis or low
selectivity of other metal oxide towards the oxidation of or-
ganic compounds. The electrocatalytic activity of dimension-
ally stable anodes has been evaluated also from fundamental
and mechanistic point of views. The role of the IrO2 electrode
towards the oxygen evolution reaction has been studied using
electrochemical methods coupled with mass spectroscopy and
isotopic labeling methods. During cyclic voltammetry with
labeled water (H2

16O and H2
18O), the amount of 16O2 evolv-

ing (m/z = 32) decreases, with increase of 18O16O (m/z = 34)
evolution, and finally reaching a steady state; the evolution of
18O2 (m/z = 36) was also detected, and the surface presence of
Ir18O2 was identified during the splitting of the labeled water
on a Ir16O2 electrode. Thus, the surface layer of IrO2 partakes
in the oxygen evolution reaction, with water splitting involv-
ing the formation of an iridium oxide with a higher valence at
surface level, IrO2 + H2O → IrO3 + 2 H+ + 2e−, serving as
intermediary for the oxygen evolution reaction, IrO3 →
IrO2 + ½O2 [77].

Tin dioxide electrodes

Tin dioxide electrodes supported on glass, quartz, or titanium
have optical and electrical properties endowing them with
versatile performances. Pristine SnO2 is an n-type semicon-
ductor with wide band gap (3.87–4.30 eV), transparent to
visible light [101], with a tetragonal rutile crystal structure.
When doped with antimony, fluorine, molybdenum, boron,
or bismuth, it acquires very good electrical conductivity (re-
sistivity in the order of 9 × 10−4 Ω cm) [102]. SnO2 films are
polycrystalline and have grain sizes between 200 and 300 Å
[102–103]; its electric properties highly depend on its stoichi-
ometry and microstructure, as well as on the nature and quan-
tity of atoms incorporated in the crystalline structure, either
replacing an original atom or in interstices [101–106]. A com-
monly used dopant of SnO2 is antimony, and the resultant

material is an anode with high overpotential for water decom-
position. Antimony doping is substitutional, but it can also fill
interstitial space, leading to larger grain sizes without chang-
ing the crystalline structure parameters [102–103].

Several techniques have been employed to deposit SnO2

thin films onto a variety of substrates; the most commonly
used are chemical vapor deposition, the sol–gel method, reac-
tive sputtering and spray pyrolysis [106–116]. The most rec-
ommended technique in literature to deposit the SnO2 elec-
trodes is spray pyrolysis, due to its low cost and high repro-
ducibility [111–113]. This technique is based on the endother-
mic reaction of tin tetrachloride with water in acid atmosphere
to yield tin dioxide and hydrochloric acid; it consists in
spraying an atomized mixture of this solution on a warm sub-
strate (with temperatures between 375 and 800 °C), leading to
the deposition of a tin dioxide film. To obtain antimony doped
films, an antimony trichloride or pentachloride solution is
added to the initial mixture. The tin dioxide films prepared
by this technique are transparent and insoluble in both acid
and bases; furthermore, they exhibit low temperature coeffi-
cient and they are chemically stable at high temperatures
[111–114].

SnO2 electrodes have been used extensively for the inves-
tigation of the degradation of a variety of organic compounds.
Using radical trapping molecules (N,N-dimethyl-p-
nitrosoaniline) and UV–Vis spectroscopy, it was shown that
water splitting involves generation of hydroxyl radicals on the
electrode, and these radicals become available to oxidize the
organic matter adsorbed on the SnO2 surface [3, 9]. Tin oxide
electrodes have been used for the anodic oxidation of diverse
organic compounds such as phenols [15–16, 53, 55, 59–61,
63, 70, 76, 117], organic dyes [118–121], organic acids [122],
and pesticides [70, 90, 123–124]; it has been found that these
electrodes require high overpotential for oxygen evolution and
that they are poorly selective towards the complete oxidation
of organic compounds and its reaction intermediates. A limi-
tation for the application of tin dioxide electrodes is the loss of
electrocatalytic activity in highly oxidizing environments [3];
a short typical lifetime has been reported, 12 h in 1 M H2SO4

at 100 mA cm−2 and 25 °C [114]. In recent times, nonetheless,
a variety of research groups have been working in the synthe-
sis of SnO2 electrodes combined with mixed oxides and metal
nanoparticles [117–130], as it has been shown that these can
improve the stability of the electrode material.

Lead dioxide electrodes

Lead dioxide electrodes have good conductivity, high chemi-
cal stability, and large surface areas due to the high surface
roughness obtained with the preparation techniques, and have
been used widely for the oxidation of organic compounds [6,
131]. Electrochemical synthesis is the most widespread tech-
nique for preparation of these electrodes, it is relatively
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simple, and it consists in the anodic deposition of the PbO2

from lead salts in acidic media onto different metallic sub-
strates [15, 38, 47, 131–142]. PbO2 electrodes show high
overpotential for oxygen evolution, and they generate effi-
ciently hydroxyl radicals during the water splitting process;
thus, they achieve oxygen transfer effectively and oxidize or-
ganic matter to a large extent [3–4, 6, 8, 37–38, 41, 43, 47, 50,
131–153].

Using radical trapping molecules such as N,N-dimethyl-p-
nitrosoaniline and 5,5-dimethyl-1-pyrroline-N-oxide, together
with UV–Vis spectroscopy and electron spin resonance [2–3,
49], it has been shown that water splitting on PbO2 involves
hydroxyl radical formation and that these radicals are avail-
able to oxidize the organic matter adsorbed on the electrode
surface [2–4, 15, 38, 47, 138–140]. The electrochemical prop-
erties and mechanical stability of the PbO2 films during gen-
eration of hydroxyl radicals strongly depend on the crystalline
structure and doping properties given by different metals, e.g.,
Bi, F, Co, Fe, or As. Lead dioxide electrodes with rutile crys-
talline phase (β-PbO2) show good performance for oxidation
of organic compounds [15, 38, 47, 131–142]; these, when
doped with metals, tend to improve the removal of organic
matter from aqueous solution. Bismuth doping reduces the
crystal sizes, increasing the specific surface area, also with
crystalline cell expansion and increasing structural defects
[139], thus raising the density of active sites on the electrode
surface and also improving the faradaic efficiency for the gen-
eration of hydroxyl radicals by inhibition of the oxygen evo-
lution reaction, due to a decrease in the hydroxyl radicals’
recombination [139, 141]. The incorporation of fluorine in
the precursor material (F, Bi co-doped PbO2) was found to
raise the mechanical stability of three-dimensional arrange-
ments, allowing catalytic efficiency without the loss of anodic
material [154].

The anodic oxidation of different phenolic, quinonic, and
aromatic compounds [2–4, 6, 8, 13–15, 33, 35–38, 41, 45, 46,
49, 51, 52, 56–58, 66, 85, 140], organic dyes [143–144], her-
bicides and pesticides [85, 144], aliphatic acids [50], and sur-
factants [146] has been accomplished on these electrodes; it
has been generally found that total oxidation of organic com-
pounds with this material and their reaction intermediates is
poorly selective.

Electrode materials based on carbon and boron-doped
diamond

Vitreous carbon and graphite electrodes have been used as
tridimensional materials for the electrochemical decomposi-
tion of organic pollutants. Fixed and fluidized bed reactors
have been evaluated using carbon and graphite particles, po-
rous electrodes, reticulated vitreous carbon, and carbon fibers
[1–6]. These materials offer large active surfaces to combine
oxidation and adsorption processes for the removal of organic

matter. It has been reported that electrooxidation at high po-
tentials and current densities induces surface corrosion, lead-
ing to poor efficiencies and short life times of the electrodes
[3].

Oxidation of phenol [155–156] and different clorophenols
[157–158] on these materials leads to the complete removal of
the compounds together with their reaction intermediates. In
the degradation of organic dyes [159–160], total degradation
of the pollutant has been found, but not of their intermediates.
As a general conclusion, at relatively low potentials (E < 1.9 V
vs. SCE), the surface of these electrodes becomes inactive due
to deposition of a nonconductive and insoluble polymeric
film; however, with relatively high potentials and with an
increase of temperature, higher yields of oxidation may be
obtained, but with the consequence of higher corrosion rates
and higher electric resistivity of the material [2–3].

Synthetic boron-doped diamond (BDD) is an electrode ma-
terial that shows interesting electrochemical properties [1–3]:
The voltammetric potential window for this material is very
wide (around 3 V) both in aqueous and non-aqueous electro-
lytes; hydrogen evolution starts at −1.25 V vs SHE and oxy-
gen evolution at 2.30 V vs SHE, and furthermore, this material
has high electrochemical and morphological stability to cor-
rosion in very hostile media. On the other hand, its surface has
low adsorption properties for a large number of chemical spe-
cies; thus, it can be considered as adsorption inert. Compared
to other electrodes, background currents and differential ca-
pacitances are very low.

Thin diamond films are synthesized employing chemical
vapor deposition assisted by plasma on materials such as sil-
icon, tungsten, molybdenum, titanium, niobium, tantalum,
and vitreous carbon, but high stability obtains only on silicon.
These films become electrically conductive when they are
doped with boron during the synthesis process, using a
boron/carbon ratio between 1000 and 10,000 ppm [3]. The
oxidation of different organic compounds has been tested with
this electrode material, such as phenols and quinones [1–4, 7,
40, 54, 56, 64, 161–162], organic acids [1–3, 7, 163–165],
herbicides and pesticides [85], dyes [144, 165–166], surfac-
tants [146], and industrial effluents [167–168]. The oxidation
of all these organic compounds together with their intermedi-
ates and collateral products was complete in all instances.
Recently, BDD electrodes have been used to promote the for-
mation of other strong oxidants besides hydroxyl radicals,
with excellent results at bench scale [169–172]. However,
application of diamond-based electrodes is limited because
of high manufacturing costs [2].

Oxygen transfer mechanism on metal oxides

The electrochemical oxidation of organic compounds can be
achieved either by direct electronic charge transfer between
organic species and the electrode or indirectly by the
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generation of hydroxyl radicals from water splitting. The for-
mer has its mayor drawback in the formation of polymers on
the electrode from nucleophilic attack of neutral molecules to
the cationic radicals formed or by combination of cationic
radicals. Indirect oxidation via generation of hydroxyl radicals
involves the heterogeneous reaction of organic molecules on
the electrode surface [1–10].

In the past few years, a variety of materials such as gold,
platinum, boron-doped diamond, vitreous carbon, IrO2, RuO2,
SnO2, PbO2, and diverse mixed oxides have been used as
electrodes for the anodic oxidation of organic compounds
[2–15]. Also, metal oxides have been doped with metal cat-
ions capable of reacting to become oxides with low oxygen
evolution overpotentials, thus highly improving the reaction
rate; then, with the objective of combining synergistically the
electrocatalytic properties of each material, combined mate-
rials, mainly mixed oxides, have been developed as active
electrodes for the selective and non-selective oxidation of di-
verse compounds.

The electrochemical oxidation of organic compounds on
metal oxides occurs after transport of the reactant Rsol from
the bulk of the solution to the electrode surface, Rs,

Rsol→Rs ð1Þ

Subsequently, adsorption of the organic compound occurs
on active sites on the electrode surface,MOx[] [4, 6, 8, 15, 41]:

Rs þMOx½ �⇄MOx R½ � ð2Þ

Direct oxidation of organic matter occurs at sufficiently
positive potentials leading to the generation of radical inter-
mediaries RIR,

MOx R½ �→MOx RIR½ � þ e− ð3Þ

These are radical cations stabilized at the surface as organic
radicals. Water splitting occurs concurrently with generation
of adsorbed hydroxyl radicals [1–15],

MOx½ � þ H2O→MOx OH
•½ � þ Hþ þ e− ð4Þ

Oxygen transfer towards the organic molecule results from
the reaction of hydroxyl radicals with the radical intermedi-
aries formed [1–6], with formation of oxidation products Pox:

MOx OH
•½ � þMOx RIR½ �→MOx½ � þMOx Pox½ � þ nHþ þ ne− ð5Þ

Oxygen evolution is therefore an unavoidable parallel
reaction [1–4],

MOx OH
•½ � þ H2O→MOx½ � þ O2 þ 3Hþ þ 3e− ð6Þ

As mentioned above, experimental evidence shows that
with electrode materials with high overpotential for oxygen
evolution, such as PbO2 and SnO2, doped with metallic

cations whose oxides have low overpotentials for oxygen evo-
lution, organic compounds are degraded to CO2 and H2O
[1–10]; on the other hand, for materials with low overpotential
for oxygen evolution, such as dimensionally stable anodes
(e.g., IrO2, RuO2), conversion of organic compounds is in-
complete, specially due to formation of polymeric species
[2–4, 6, 58, 66–69].

With materials with low overpotential for the oxygen evo-
lution reaction, it has been proposed [9] that the interaction
between the electrode and the hydroxyl radicals is strong, in
such a way that the oxygen in the hydroxyl radical incorpo-
rates into the lattice of the metal oxide in a parallel process that
competes with the oxidation of the organic compound and
causes oxygen evolution,

MOx OH
•½ �→MOxþ1½ � þ Hþ þ e− ð7Þ

MOxþ1½ �→MOx½ � þ 1
�
2
O2 ð8Þ

For these materials, there is evidence for the formation of
polymers P on the electrode, generated from the combination
of the organic radical intermediate species generated during
the oxidation process [3, 66–68],

n MOx RIR½ �→n MOx P½ � þ n−1ð ÞHþ þ n−1ð Þe− ð9Þ

and there have been reports of incomplete oxidations to
intermediate species I too [66–68]:

MOxþ1½ � þMOx RIR½ �→MOx½ � þMOx I½ � ð10Þ

The oxidation products Pox and I formed through these
processes undergo adsorption-desorption equilibria at the in-
terface,

MOx Pox½ �⇄MOx½ � þ Poxs ð11Þ
MOx I½ �⇄MOx½ � þ Is ð12Þ

and subsequently, these species are transported to the solu-
tion bulk:

Poxs→Poxsol ð13Þ
Is→Isol ð14Þ

Figure 2 shows the main electrochemical processes involv-
ing environmental objectives, such as wastewater remediation
using metal oxide electrodes with high overpotentials for wa-
ter oxidation.

Anodic oxygen transfer: reaction kinetics

There have been attempts to compile the information acquired
on the kinetics of anodic oxygen transfer reactions into math-
ematical models, with the aim of achieving a quantitative and
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predictive description of the electrochemical reaction. These
models include transport processes considering a semi-
empiric scheme using an overall mass transport coefficient,
and there have been also model proposals taking into account
the kinetics of surface reactions, using schemes of elementary
reactions involving adsorbed states and solid state species on
the electrode surface. These models yield satisfactory results
for specific experimental conditions and can be considered
borderline cases for the description of complex kinetics in-
volving mass transfer phenomena coupled with chemical
reactions.

Semi-empiric model of mass transport

Kapałka, Fóti, and Comninellis [1, 7, 48] proposed a kinetic
model for the electrochemical mineralization reaction of or-
ganic compounds on BDD under galvanostatic conditions.
The fundamental tenets of this model are mass transport of
reactants towards the electrode

Rsol→Rs limiting stepð Þ ð15Þ

and water splitting to form hydroxyl radicals weakly
adsorbed on the electrode surface,

BDD½ � þ H2O→BDD OH•½ � þ Hþ þ e− ð16Þ

with negligible adsorption of the organic compounds, un-
dergoing fast electrochemical reactions

xBDD OH•½ � þ R→xBDD½ � þmineralization products

þ yHþ þ ye− ð17Þ
BDD OH•½ � þ H2O→BDD½ � þ O2 þ 3Hþ þ 3e− ð18Þ

involving the weakly adsorbed hydroxyl radicals as they
arrive to the electrode surface. Hence, the electrochemical

mineralization is governed by mass transport from the bulk
of the solution to the electrode surface. For the sake of sim-
plicity, the model considered the same diffusion coefficient for
all organic compounds.

From a semi empirical point of view, the process can be
described through an overall mass transfer coefficient km ex-
pressing the mass flux in terms of the limiting current ilim, pro-
portional to the difference in concentration c–cσ of the organic
species in the bulk of the solution and at the electrode interface.
The proportionality constant is the overall mass transport coef-
ficient [7], and assuming that electrochemical reactions are fast
and hence that cσ = 0, the limiting current is described by

ilim ¼ nFkmc ð19Þ

where nF is the molar charge transferred.
Considering the stoichiometric balance involving total

mineralization of the organic compound,

CxHyOz þ 2x−zð ÞH2O→xCO2 þ 4xþ y−2zð ÞHþ

þ 4xþ y−2zð Þe− ð20Þ

a general expression for the total number of transferred
electrons can be realized. Moreover, taking into account the
overall combustion reaction,

CxHyOz þ 4xþy−2zð Þ
.

4

h i
O2→xCO2 þ yH2O ð21Þ

then the equivalence of the organic concentration with the
corresponding chemical oxygen demand (COD) can be
established [7]. This allows expressing the current in terms
of the COD,

ilim ¼ 4FkmCOD ð22Þ

Obtaining an expression of the COD as a function of time
requires further considerations; on the one hand, the chemical

Fig. 2 Anodic oxygen transfer reaction on metal oxide electrodes
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balance of the fluxes and on the other the boundary condition
imposed by a current that is either lower or higher than the
limiting current [7]. It was found that the COD drops contin-
uously with time decaying either linearly,

COD ¼ COD0 1þ i

ilim

� �
Akm
V

� �
t

� �
;

i

4Fkm
< COD

< COD0 ð23Þ

or exponentially,

COD ¼ i

ilim

� �
COD0exp −

Akm
V

� �
t þ

1−
i

ilim

� �
i

ilim

� �
2
664

3
775;COD

<
i

4Fkm
ð24Þ

depending on whether COD > i/4Fkm or otherwise. In (23)
and (24), i is the galvanostatically imposed current, V is the
reaction volume,COD0 is the initial chemical oxygen demand
of the solution, A is the surface area of the electrode, and t is
time.

The outcome of the suppositions made, together with the
experimental validation of the model for the oxidation of
acetic acid, 2-propanol, 2-naphthol, phenol, and 4-
chlorophenol on BDD, shows accurate correlation between
experimental data and the equations [7]; however, the miner-
alization rate was found to be independent of the chemical
nature of the organic compounds. Furthermore, the model
breaks down at high concentrations of the organic compounds
and is not applicable to oxidations on electrodes with rate-
limiting surface processes, such as metal oxides.

Reaction model with intermediate species in the solid state

Simond, Schaller, and Comninellis [45] proposed a kinetic
model for the anodic oxidation of organic compounds on met-
al oxides MOx with intermediates MOx+1 in the solid state.
The model considers formation of an oxide with higher va-
lence at the electrode surface, generated from water splitting,

MOx½ � þ H2O→
r25

MOxþ1½ � þ 2Hþ þ 2e− ð25Þ

and reaction of the organic compound with this newly
formed metal oxide MOx+1, onto which the adsorption of
organic compounds is negligible, regenerating MOx:

MOxþ1½ � þ R→
r26 MOx½ � þ RO ð26Þ

The oxidation reaction is considered first order with respect
to both organic compound and active sites, with oxygen

evolution occurring in steady-state concurrently with oxida-
tion of the organic compound according to (8), as first-order
reaction with respect to the active sites too. Under these cir-
cumstances, the electrochemical oxidation is controlled by the
kinetics of the solid-state transformation occurring at the elec-
trode surface, according to the following equations under gal-
vanostatic conditions:

r25 ¼ i
.
nF ð27Þ

r26 ¼ k26θΓ sc
σ ð28Þ

r8 ¼ k8∂Γ s ð29Þ

where r25, r26, and r8 are the rates of reactions (25), (26),
and (8) associated to the generation of the oxide with a higher
valence, oxidation of the organic compound, and oxygen evo-
lution, respectively, k26 and k8 are the corresponding kinetic
constants, cσ is the volume concentration of the organic com-
pound at the electrode surface, Γs is the number density of
active sites on the electrode surface, and θ is the surface cov-
erage of the higher valence oxide. On the basis of (27)–(29), a
method to validate the model and evaluate the kinetic con-
stants of the various steps was devised, consisting in plotting
the inverse of the current efficiency ,

η ¼ r1
r25 þ r26

ð30Þ

as a function of the inverse of the organic concentration in
solution. Two typical conditions were evaluated, either
neglecting concentration polarization, hence considering that
surface reactions are rate limiting,

1

η
¼ 1þ k26

k25

1

c

� �
ð31Þ

or taking into account concentration polarization and incor-
porating diffusion as an overall mass transfer coefficient [45].

1

η
¼ 1þ k26

k25
1þ ik25

nF k25cþ k26ð Þkm

� �
1

c

� �
ð32Þ

Scialdone et al. [173–174] developed a further theoretical
model involving both direct anodic oxidation and mediated
oxidation routes, through adsorbed hydroxyl radicals and
adsorbed oxygen as MOx+1, respectively. Relationships be-
tween the instantaneous current efficiency and operative pa-
rameters such as the applied current, the organic compound
concentration and hydrodynamic conditions were presented
for these oxidation routes, considering cases of mass transfer
control, surface oxidation control, and mixed kinetic regimes,
but without considering the adsorption of organic compounds.

With the assumptions first made by Simond et al. [45]
experimentally validated for the oxidation of 2-propanol on
IrO2 [83] and the extension of the model made by Scialdone
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et al. [173–174] with satisfactory evaluation of the oxidation
of formic and oxalic acids on IrO2-Ta2O5 [173], accurate cor-
relations between experimental data and the corresponding
equations for advanced oxidations have been obtained. This
model, however, as that discussed for electrocatalytic process
under pure mass transport control, is not applicable to reac-
tions where organic adsorption phenomena and surface reac-
tions are rate limiting.

Recently Oliveira and coworkers [175] designed a kinetic
model that explains the strong dependence of the consumption
rate of aromatic compounds by electrogenerated hydroxyl rad-
icals, with the presence of other potential radical scavenging
species. The competitive effect was evaluated for different
organic compound mixtures on platinum electrodes but this
effect may be extrapolated to other electrode materials with
high hydroxyl adsorption enthalpy, i.e., anodes with low
overpotential for oxygen evolution reaction such as RuO2

and IrO2.
Polcaro and coworkers [176] formulated a kinetic model

that takes into account the synergistic effect of both the direct
oxidation by electrogenerated radicals adsorbed on active sites
at RuO2 or IrO2 electrode surfaces in combination with indi-
rect oxidation by oxidants produced in the presence of chlo-
ride ions in solution, thus involving the heterogeneous reac-
tion of radicals produced from water at the electrode surface
and the homogeneous reaction of radicals produced from the
electrolyte in the liquid phase. The treatment needs numerical
solution of the equations and allows selection of the operating
conditions of electrochemical reactors, interpreting as well the
complex effects on the removal efficiency of operating param-
eters such as current density, linear velocity of the electrolyte,
and the ratio between the anode surface area and the volume of
the solution.

Model based on chemical reactors theory

Chemical reactor theory has also been considered for the
description of the electrochemical oxidation of organic
compounds [177–179]. This model regards the oxidation
process as an electrochemical reactor comprising three
zones, each being a perfectly agitated tank, placed consec-
utively one after the other. The first zone considers mass
transfer taking into account the highest concentration gra-
dient between the solution and the interface; the second
zone takes account of electrode processes as electron
transfer reactions described by the Butler-Volmer equation;
and the third zone describes the solution bulk, where
chemical reactions may also occur. As the models de-
scribed in Semi-empiric model of mass transport and Re-
action model with intermediate species in the solid state
above, it does not consider adsorption and desorption of
chemical compounds and other surface phenomena at the
electrode. This model does not yield general, closed-form

analytical equations; hence, interpretation of data involves
numerical solution of the corresponding system of differ-
ential equations. Validation of the model with good agree-
ment with experimental data has been reported for the
oxidation of formic acid, oxalic acid, maleic acid, and
phenol, on both stainless steel and BDD electrodes
[177–178].

Model considering reactions between adsorbed species

Different authors have found that under experimental condi-
tions where mass transport rates are sufficiently fast, the
rate-limiting process during oxidation is the reaction be-
tween organic compounds and hydroxyl radicals, both
adsorbed on the electrocatalyst surface [4, 6, 8, 15, 35–38,
41, 43, 46–47, 50, 53, 55, 60, 70, 138, 140, 154, 180–197].
Kinetic studies indicate that the reaction rate r shows hyper-
bolic dependence with the concentration c of the organic
compound, following the Langmuir-Hinshelwood (LH) ki-
netic model,

r ¼ kKc

1þ Kc
ð33Þ

where k is the rate constant associated to the Langmuir-
Hinshelwood surface reaction and K is the Langmuir
adsorption-desorption equilibrium constant.

Having found good correlation for experimental data
corresponding to the oxidation of a wide range of or-
ganic compounds and a variety of electrode materials, it
has been proposed that the oxidation of organic com-
pounds requires the establishment of a relatively fast
adsorption-desorption equilibrium between the organic
compound and the electrode, as expressed by Eq. (2),
allowing the direct oxidation of adsorbed organics and
water through (3) and (4), respectively, followed by the
relatively slow surface reaction (5) between the
adsorbed organic and hydroxyl radicals resulting from
water splitting, with oxygen evolution according to (6)
occurring unavoidably in parallel.

Model based on transport with surface reaction

Recently, it has been shown that during the anodic oxidation
of diverse organic compounds, mass transport in solution and
heterogeneous surface phenomena occur at comparable rates.
Hence, these processes compete during oxidation as it is the
case with organic compounds with different functional groups
in their structure, giving way to rich surface chemistries [6, 41,
202]. To elucidate the kinetics under these conditions, the
equation for diffusive-convective transport has been solved
using the rotating disc electrode analysis [198–201], associat-
ing the mass flow arriving to the electrode surface to a kinetic
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condition equivalent to the Langmuir-Hinshelwood rate law
[202]. The resulting oxidation current i (reaction rate) of the
organic compound is a nonlinear function of the rotating rate
of the electrode,

i ¼ nFA

2K 1:61D
1
3ω−1

2ν
1
6

� �

DKcþ kK 1:61D
1
3ω−1

2ν
1
6

� �
þ D− 1:61D

1
3ω−1

2ν
1
6kK þ D−DcK

� �2
þ 4KD2c

� �1
2

( )

ð34Þ

where A is the electrode surface area, k is the rate constant
associated to the Langmuir-Hinshelwood surface reaction, K
is the adsorption-desorption Langmuir equilibrium constant, ω
is the rotating rate of the electrode, D is the diffusion coeffi-
cient of the organic compound, and ν is the kinematic viscos-
ity of the solution. The above equation describes the coupling
of mass transfer phenomena in the bulk with surface reactions
according to the Langmuir-Hinshelwood model, and it has
been applied to the study of two experimental systems, the
electrochemical oxygen transfer to p-methoxyphenol and p-
nitrophenol on PbO2 electrodes [202], and the UV light pho-
tocatalytic oxidation of p-nitrophenol on both phosphorus-
modified TiO2 and TiO2 nanoparticles [203]. The Langmuir
equilibrium constants and kinetic reaction rate constants ob-
tained with the rotating disc electrode compare well with the
corresponding values determined from independent adsorp-
tion isotherm and electrolysis studies, respectively, demon-
strating that the approach presented appropriately describes
the kinetic couplings between mass transport, adsorption–de-
sorption equilibrium, and surface reactions, occurring in pro-
cesses following the Langmuir-Hinshelwood mechanism.
Theoretical considerations and the appropriate procedures to
obtain the kinetic parameter are described elsewhere
[202–203].

Kinetic considerations. Effect of the nature
of the organic compound and linear free energy
relationships

As described above and depending on the nature of the elec-
trodes and the organic compounds being oxidized on them,
the kinetics of anodic oxygen transfer reaction have been elu-
cidated through three different types of models, either based in
mass transport or considering the kinetics of surface phenom-
ena or taking into account the coupling of both mass transport
and surface phenomena. The structure of organic compounds
may comprise diverse functional groups with different surface
chemistries, and this must be taken into account in the detailed
description of the electrocatalysis of this type of reactions.
Some research has indicated differences in reaction

mechanisms and kinetic parameters related to the nature of
the organic compound oxidized [8, 41, 53–55, 204–211].
However, quantitative relationships for the adequate descrip-
tion and prediction of these effects have not been hitherto
elucidated with quantitative rigor. In the discussion below,
we will provide examples of the relevance of such effects,
determining the stability of the organic radical intermediates
generated during oxidation, using UV–Vis reflectance
spectroelectrochemistry to analyze the open circuit potential
decay of electrodes polarized anodically in solutions contain-
ing a family of p-substituted phenols. Such analysis allowed
establishing satisfactory conditions to quantify the change of
Gibbs free energy of activation of the reaction between organ-
ic radical intermediates and hydroxyl radicals, and this value
pertaining the surface reaction is proposed as suitable descrip-
tor for evaluation of free energy linear relationships, to corre-
late the effect of the chemical structure of the organic com-
pound with the reactivity for its complete oxidation.

Radical species formed during the electrocatalytic process
in the oxidation of phenols

Open circuit voltage decay and in situ UV–Vis
spectroelectrochemistry

The stability of organic intermediates generated during the
electrolysis of p-methoxyphenol, p-methylphenol, phenol, p-
cyanophenol, and p-nitrophenol on bismuth-doped PbO2 (Bi-
PbO2), antimony-doped SnO2 (Sb-SnO2), IrO2, and RuO2,
was studied polarizing the electrode–electrolyte interface to
potentials appropriate for the complete oxidation of the
adsorbed species, and measuring UV–Vis reflectance spectra
during relaxation of the potential to the equilibrium state after
opening the potentiostatic circuit. The experimental proce-
dures for preparation of electrodes used in this discussion have
been previously reported with detailed descriptions given for
Bi-PbO2 [41], Sb-SnO2 [60], RuO2 [73–74], and IrO2 [77] and
general considerations given by, e.g., Guo and coworkers
[80]. Spectroelectrochemical measurements involved the elec-
trical polarization of the interphase with simultaneous mea-
surement of the UV–Vis reflectance spectra until reaching a
steady state, followed by interruption of the polarization while
spectra were collected during potential decay at open circuit as
it approaches equilibrium, using a conventional setup for in
situ UV–Vis reflectance studies [41], with procedures for re-
flectance spectroelectrochemistry [212–214] and theory and
practice of open circuit potential decay measurements as de-
scribed in [215–217]. With bismuth-doped lead oxide elec-
trodes, appropriate oxidation conditions before opening the
circuit were found with polarizations ranging from 1.3 to
2.0 V vs SCE, whereas for antimony-doped tin dioxide elec-
trodes polarization potentials ranged from 1.3 to 2.6 V vs
SCE. For electrodes with low oxygen evolution overpotentials
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such as iridium and ruthenium dioxides, potentials were below
1.5 V vs SCE.

Figure 3 shows UV–Vis reflectance spectra during open
circuit potential decay of the oxidation of p-methoxyphenol
on different electrodes materials. Figure 3a, b displays the
relaxation kinetics on Bi-doped PbO2 and Sb-doped SnO2

electrodes, respectively. The characteristic signals of the initial
organic compound appear between 200–230 and 270–
320 nm. The signal associated with the formation of p-benzo-
quinone during electrolysis can be clearly distinguished be-
tween 230 and 270 nm [53, 55, 60], and a signal arising be-
tween 330 and 400 nm is observed to decay at open circuit
vanishing after a relatively short interval of time t < 1 s. The
latter is related to the formation of a radical intermediate gen-
erated during oxidation of the adsorbed organic compound
[218–224]; the signal only persists at the oxidation potential
but rapidly disappears once polarization is interrupted and the
potential decays at open circuit. Figure 3c, d corresponds to
the reflectance spectra on IrO2 and RuO2 electrodes,

respectively. In addition to the absorption signal of p-
methoxyphenol and other possible oxidation stable products
between 200 and 320 nm, a relatively intense signal develops
between 320 and 820 nm, spanning practically the entire near
ultraviolet and visible spectral ranges. This signal is associated
to the generation of polymeric species on the electrode surface
[66] and appeared invariably, thwarting the study of variations
during potential decay of the spectrophotometric signals asso-
ciated to organic radical intermediates on IrO2 and RuO2 elec-
trodes. Iridium and ruthenium oxides are good electrocatalysts
for electron transfer reactions; both have been designed as
DSA® for the electrocatalysis of oxygen and chlorine evolu-
tion, respectively [71–72], and electron transfer of the
adsorbed organic molecules is then favored too on these elec-
trodes, resulting in the formation of organic radical cations
that rapidly form a polymeric film.

The UV–Vis reflectance spectra during open circuit poten-
tial decay of the oxidation of p-methylphenol, phenol, p-
cyanophenol, and p-nitrophenol on Bi-PbO2, Sb-SnO2, IrO2,

Fig. 3 Open circuit UV–Vis reflectance spectra decay during p-methoxyphenol oxidation on Bi-PbO2 (a) and Sb-SnO2 (b) fromE0 = 2.0 V vs. SCE, and
IrO2 (c) and RuO2 (d) from E0 = 1.3 V vs. SCE. Traces from t = 0 (1) to t = 1.0 s (6) at Δt = 0.2 s intervals
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and RuO2 electrodes show tendencies similar to the behavior
discussed above for p-methoxyphenol. Thus, such family of
organic compounds undergoes oxidation according to a simi-
lar mechanism, although in each case with a different rate,
depending on the electronic properties of the substituting
functional group.

The organic radical intermediates generated under strong
oxidation condition have been identified as a radical cation
species [218–224]. The UV–Vis reflectance spectra obtained
for the radical during phenol oxidation on Bi-PbO2 and Sb-
SnO2 correspond to the reported spectra for these species
[219, 221], considering hypsochromic shift of the absorption
bands due to the solvent as well as their interaction with the
electrode surface. Thus, the kinetics of consumption of the
radical intermediates was studied during potential decay at
open circuit.

Potential and temperature effects

Figure 4 shows the open circuit relative reflectance changes
associated to the intermediate radicals generated during oxi-
dation of phenols at different potentials on Bi-PbO2 and Sb-
SnO2 electrodes, with pseudo-first-order exponential decay
kinetics, according toΔR/R = (ΔR/R)0 exp(−k’ t), due to large
excess of adsorbed hydroxyl radicals with respect to adsorbed
organic radicals. Figure 5 shows the pseudo-first-order kinetic
constants obtained for the decay of the radical intermediate
produced during electrolysis of p-methoxyphenol and p-nitro-
phenol, with electron donor and acceptor p-substituents, re-
spectively, on Bi-PbO2 and Sb-SnO2 electrodes. A sigmoid
dependence of the kinetic constant with the electrolysis poten-
tial was observed in all studied systems. The initial potential
affects the excess coverage of hydroxyl radicals and also the
extent of oxidation, hence the number of electrons transferred
per mol of organic compound oxidized. Moreover, at all

potentials on both Bi-PbO2 and Sb-SnO2 electrodes, it was
found that the kinetic constant for p-methoxyphenol oxidation
was invariably larger than for p-nitrophenol, a result consis-
tent with theoretical calculations considering the reaction of
hydroxyl radicals and the organic compounds in homoge-
neous phase [225–228]. Thus, in the heterogeneous surface
reaction, as in homogeneous phase, an electron donor group in
the aromatic structure favors kinetically the hydroxyl radical
attack.

With the purpose of determining the activation free energy
of the reaction between hydroxyl radicals and intermediate
organic radicals on Bi-PbO2 and Sb-SnO2 electrodes, the ki-
netics of the open circuit decay of the intermediates were
evaluated as a function of temperature under high polarization
conditions. Under this condition, the kinetic constants become
potential-independent and furthermore, complete mineraliza-
tion of the organics to CO2 may be obtained upon extensive
electrolysis. The rates increase with temperature, and the re-
actions reach completion under 1.0 s on Bi-PbO2 and under
0.4 s on Sb-SnO2 throughout the 25–50 °C temperature range
studied. Temperature has two opposing effects on the reaction
kinetics; on the one hand, higher temperatures favor desorp-
tion of adsorbed species, thus decreasing the probability of
molecular surface events leading to reaction, while on the
other hand increase the frequency of such events. Nonethe-
less, since the decay kinetics of the adsorbed intermediates
followed first-order kinetics at all temperatures and consider-
ing that the activation energy remains constant within a nar-
row interval of temperatures, then the Arrhenius equation k
′ = A exp(−Δ‡G/RT) may be used to obtain the Gibbs energy
of activationΔ‡G. As we show below, the activation energy is
an appropriate descriptor for the comparison of oxygen trans-
fer reactions on different electrode surfaces and to elucidate
the effects of the chemical structure of the organic compounds
on the oxidation kinetics.

Linear free energy relations in the anodic oxygen transfer

To evaluate the effects of the structure organic compound on
the oxygen transfer anodic reaction, it is first necessary to
consider the dependence of the reaction rates r with the con-
centration c. The experimental procedures for the determina-
tion of the kinetic data used in this discussion have been pre-
viously reported [41]. Figure 6 shows the oxidation rate of a
family of phenols on Bi-PbO2, and in general it can be con-
sidered that at very low concentrations, there is a linear in-
crease of the rate with c, becoming independent of c at higher
concentrations. Such representation of r vs. c does not suggest
at first glance a simple relation between the properties of the
substituent and the reactivity of the electrooxidation. Howev-
er, such relationship becomes evident after obtaining the ad-
sorption and rate constants of the phenol-hydroxyl adducts
from the linear representation r−1 vs. c−1 of the Langmuir-

Fig. 4 Open circuit decay of reflectance at 366 nm due to the organic
radical formed during anodic oxidation of p-methoxyphenol on Bi-PbO2

electrode after polarization at 1.3 V (square), 1.4 V (circle), 1.5 V
(up-pointing triangle), 1.6 V (down-pointing triangle), 1.7 V
(diamond), 1.8 V (left-pointing triangle), 1.9 V (right-pointing
triangle), and 2.0 V (hexagon) vs. SCE
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Hinshelwood mechanism [229] and plotting the r/k ratio as a
function of the concentration. The tendency predicted from
the LH model is clear in Fig.7, and allows resolving the struc-
tural effects on reactivity of p-substitutions in the aromatic
ring. In terms of the LH equation r/k = Kc/(1 + Kc), normal-
izing the reaction rate with respect to the rate constant obtain-
ed at maximum coverage with hydroxyl allows elucidation of
the effect of the adsorption-desorption phenomena during
electrolysis. Thus, at comparable concentrations in solution,
the surface concentration of phenols with electron-
withdrawing groups is much larger than that of phenols with
electron-donating groups. The overall rate of the heteroge-
neous process comprises the kinetics of the reaction between
adsorbed phenols and adsorbed OH• radicals, expressed by k,
as well as the thermodynamics of interaction of the phenols
with the surface, expressed by K. The experimental data
shown in Fig. 7 indicate that throughout the concentration

range, the corresponding values of K vary according to the
sequence K(p-NO2) > K(p-CN) > K(p-H) > K(p-CH3) > K(p-
OCH3), suggesting that the process is controlled throughout
by the heterogeneous reaction rate, determined by the surface
concentration of the species, as indicated by the Langmuir
constant obtained. Conversely, the rate constants k vary in
the sequence k(p-NO2) < k(p-CN) < k(p-H) < k(p-CH3) < k(p-
OCH3), in agreement with theoretical calculations reported for
the second order rate constant of the reaction between phenols
and OH• radicals in homogeneous phase [225]. Thus,
representing the reaction rate data in r/k vs. c coordinates, as
in Fig. 7, allows elucidation of the surface kinetic and thermo-
dynamic phenomena involved, with clear appreciation of the
correlations existing between the structure of the organic com-
pounds and their reactivity towards the anodic oxygen transfer
reaction.

Fig. 5 Pseudo first order decay
kinetic constants of the surface
reaction of –OCH3 (square) and –
NO2 (circle) p-substituted
phenolic radicals with hydroxyl
radicals on Bi-PbO2 (a) and Sb-
SnO2 (b), after polarization at
different electrode potentials

Fig. 6 Oxidation rates of –OCH3 (square), −CH3 (up-pointing triangle),
− H (diamond), −CN (down-pointing triangle) and –NO2 (circle)
p-substituted phenols as a function of the initial concentration of the
respective phenol in solution, on Bi-PbO2-electrode

Fig. 7 Normalized oxidation rates (r/k) of –OCH3 (square), −CH3

(up-pointing triangle), −H (diamond), −CN (down-pointing triangle)
and –NO2 (circle) p-substituted phenols as a function of the initial
concentration of the respective phenol in solution, on Bi-PbO2-electrode
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The Hammett equation describes a linear free energy rela-
tionship relating reaction rates with equilibrium constants for
many reactions involving p-substituted benzoic acid, such as
ionization in homogeneous phase [230]. However, this corre-
lation is not applicable to the heterogeneous catalytic reactions
[231–232]. As shown in Fig. 8, a poor correlation is obtained
between ln(kjX/kjH) vs. σ, where kj may refer to the Langmuir
adsorption constant K (X refers to the p-substituent and H
refers to the phenol), to the Langmuir-Hinshelwood rate con-
stant k, to the rate constant k′ of the surface reaction between
the organic radical cation and hydroxyl radicals, or to the
apparent rate constant kK given by the LH model. Hence,
additional factors should be considered to correlate the struc-
ture of the organic with its reactivity. For instance, a phenol
adsorbed on a metal oxide surface polarized to a condition
involving solvent decomposition via formation of highly ox-
idizing adsorbed radicals will not be in an energetic environ-
ment comparable to that of the homogeneous phase ionization
of benzoic acid. Nonetheless, in the field of electrocatalysis,
there have been considerable efforts to explain the behavior of
families of compounds with the Hammett relation, leading in
general to very coarse tendencies [54, 208–211]. In electro-
chemical systems where electrocatalytic reactions of oxidation
of nitric oxide, nitrite, hydroxylamine, hydrazine, glucose, and
other species on electrodes modified with organometallic
macrocyclic compounds have been documented [233–237],
Zagal and coworkers have shown that the redox potential is

a very good reactivity index for predicting catalytic activity
towards reactions of interest. In the case of electrochemical
oxygen transfer reactions, the oxidation of the organic occurs
under oxygen evolution conditions, the reaction extent and the
distributions of products depend on the applied potential, and
adsorption phenomena may also affect the kinetics; hence,
finding an appropriate indicator is not straightforward. How-
ever, from the results and discussion above, an appropriate
index reflecting the free energy contributions of p-substitu-
tions in the electrochemical environment leading to the total
oxidation reaction of adsorbed organic radical and hydroxyl
radicals is the Gibbs energy of activation Δ‡G obtained at
large positive potentials, where reaction rates attain maximum
values due to high coverage with OH•. Figure 9 shows that the
ln(kjX/kjH) vs. (Δ

‡GX–Δ
‡GH) relationships result in good cor-

relations, indicating systematic links between kinetic and ther-
modynamic parameters to relate the structure of the organic
molecules to their reactivity.

The correlations obtained for the kinetic and equilibrium
constants correspond to the experimental tendencies indicated
by the analysis of the results of r/k as a function of c, shown in
Fig. 7. As the overall rate of the heterogeneous process en-
closes the rate of the reaction between adsorbed phenol and
adsorbed OH• radicals as well as the adsorption–desorption
equilibrium of the phenol on the surface, the correlation using
the apparent LH rate constant kapp = kK yields a volcano curve,
reflecting the competition between two unavoidable

Fig. 8 Linear free energy relationships according to Hammett equation
of the high-polarization Langmuir-Hinshelwood kinetic constant k (a),
adsorption equilibrium constant K of the phenol on the electrode
surface (b), pseudo first order rate constant k’ of the organic radical

reaction with OH● (c) and high polarization L-H first order kinetic
constant kK (d). Hammett constant (σ) order: –OCH3 < −CH3 < −
H < −CN < −NO2
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phenomena, the interaction of the organic compound
with the electrode surface and the surface reaction of
the adsorbed organic with adsorbed hydroxyls generated
from water decomposition at sufficiently positive poten-
tials. The result shows clear evidence of the effects of
the structure of the organic compound on the kinetics of
oxygen transfer electrochemical reactions, pointing to
research efforts necessary to understand and describe
the oxidation of molecules with diverse kinds of func-
tional groups with rich surface chemistries, some of
them regarded as persistent organic pollutants that are
recalcitrant to degradation in the environment.

Final considerations and perspectives for future
research

The state-of-the-art knowledge on the electrochemical oxygen
transfer reaction and the results reported in this paper lead us
to envisage some of the main concerns that will be directing
future research in this area, as we briefly outline below.

Improving the understanding of the fundamental aspects
of the electrochemical oxygen transfer reaction

Predicting reaction rates and elucidating the physicochemi-
cal parameters describing the chemical interactions during
the electrolysis of organic compounds is essential for the
understanding, design, operation, and control of these reac-
tive systems. Further consideration of the catalytic perfor-
mance of metal oxide electrodes for decomposition of
strongly adsorbed organic compounds on the electrocatalysts
is needed, and appropriate kinetic models based upon gen-
eral concepts applicable to the different situations should be
developed. With boron-doped diamond electrodes, where
electron transfer and surface reactions occur at high rates,
the kinetic analysis based solely on mass transport phenom-
ena in the solution bulk is appropriate to describe the elec-
trocatalytic oxygen transfer reactions. On metal oxide elec-
trodes with low overpotentials for oxygen evolution, the
kinetics of oxidation of organic compounds couples with
the kinetics of solid state transformations to higher valence
oxide structures. For metal oxide electrodes with high
overpotential for oxygen discharge, on the other hand, the

Fig. 9 Linear free energy relationships of the high-polarization
Langmuir-Hinshelwood kinetic constant k (a), adsorption equilibrium
constant K of the phenol on the electrode surface (b), pseudo first order
rate constant k’ of the organic radical reaction with OH● (c) and high-

polarization L-H first order kinetic constant kK (d), as a function of the
activation free energy difference of p-substituted phenols with respect to
p h e n o l , Δ ‡ G X –Δ ‡ G H . (Δ ‡ G X –Δ ‡ G H ) o r d e r : –
OCH3 < −CH3 < −H < −CN < −NO2
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oxidation process is well described by kinetic analysis based
on the Langmuir-Hinshelwood equation considering fast ad-
sorption followed by slow surface reaction. Moreover, oxy-
gen transfer to organic molecules on metal oxide electrodes
are in general complex electrochemical processes where
mass transfer, adsorption equilibrium, and surface chemical
reactions are kinetically coupled, and kinetic parameters
may be determined analyzing hydrodynamic data obtained
with rotating disc electrodes. In all cases, elucidation of
reaction mechanisms and the kinetic and equilibrium con-
stants involved will aid in the implementation of appropriate
kinetic models with chemical reactor theory, facilitating the
design of appropriate technologies. Thus future experimental
work with environmentally relevant organic compounds
should seek mechanistic information that can be
complemented by in situ techniques, e.g., vibrational and
electronic spectroelectrochemistry, electrochemical imped-
ance spectroscopy, electrochemical hydrodynamics, as well
as quantum chemical calculations. Such studies will lead to
better understanding of the mechanisms responsible for
compound transformations and thus allow a better design
of the electrochemical reactors and operating conditions.
Additional kinetic studies with different electrodes materials
are needed in order to develop structure–function relation-
ships for the oxidation of important classes of contaminants.

Evaluation for present day key wastewater problems

Application of electrochemical oxygen transfer reactions to
decontamination of resistant and dangerous wastewater ef-
fluents produced by current industry and agriculture
should be considered. Evaluation of the electrochemical
advanced oxidation of polycyclic aromatic hydrocarbons
(PAHs), petroleum and petrochemical residues, engine oil
waste, and sewage is needed, considering strategies involv-
ing the molecular contact of contaminant organic matter
with the aqueous phase. Other potential applications in-
clude the electrochemical detoxification of soil and under-
ground water contaminated by non aqueous phase liquids
(NAPL), as well as electrolysis in emulsions under condi-
tions of optimal contact between aqueous and oil phases,
avoiding electrode poisoning [18, 154, 238–242]. Extrac-
tion with surfactants has been proposed as an alternative
for NAPLs recovery from contaminated underground wa-
ters and soils [238–242]. In this process, the solution con-
taining the surfactant is introduced into the contaminated
underground zone and then removed by pumping to a
tank, where the extracted contaminant may be treated elec-
trochemically. Once the contaminant is eliminated, the so-
lution containing micelles can be reused or separated,
using ultra filtration or flotation processes. A potentially
attractive process that needs evaluation is using natural
and low-cost surfactants for soil washing, followed by an

electrocatalytic process involving surface hydroxyl radicals
adsorbed on metal oxides attacking both the contaminant
and the surfactant with different reaction times. This latter
aspect entails an appealing chemical kinetics problem to
tackle a major environmental concern. Further applications
of metal oxide electrocatalysts for advanced oxidation pro-
cesses relate to the production and refining of oil, where
effluents require treatment due to hydrocarbons contami-
nating water or sediment, and evaluation of surfactant deg-
radation and the influence of its concentration on the deg-
radation of organic contaminants are needed with the pur-
pose of developing viable electrocatalytic processes. These
have been matters of concern in our laboratories, where
we have evaluated soil washing followed with photocata-
lytic oxidation [191–192] or electrocatalytic detoxification
[242] as possible environmental solutions.
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