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Abstract Electrochemical oxidation (EO) of
organic compounds is an outstanding technology
capable of oxidizing organic pollutants to simple
inorganic compounds such as H;O and CO,. More-
over, EO can be attributed to an energy-efficient
process, since it requires only insignificant amount of
energy in the form of an applied current or a potential
to activate the electrodes. There is a vast variety of
electrodes used in EO processes for organic com-
pounds degradation. They are noble metal electrodes,
such as Pt and Au, boron-doped diamond (BDD)
electrodes, mixed metal oxide (MMO), graphite and
carbon electrode, etc. In this regard, it becomes
difficult to focus on existing electrode properties and
characteristics and choose an anode material for a
particular application. The aim of this study was to
review information on existing anodes used in EO
processes, their advantages and disadvantages, per-
formance and application area. Thus far, MMO
electrodes along with BDD electrodes are leading
materials used in the processes of EO of dyes,
pesticides, pharmaceuticals, industrial wastewaters,
etc. This is due to their excellent catalytic properties
and resistance to both corrosion and dissolution. The
catalytic activity of MMO electrodes strongly depends
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not only on their composition but also on fabrication
methods. Thus, a correlation was made between the
methods of manufacturing, efficiency and cost in the
MMO electrodes. Despite the wide variety of anodes,
most of them are either relatively expensive to be used
for large volumes of wastewater, or they consist of
potentially toxic metals. Moreover, none of them are
sufficiently efficient and stable. Therefore, cost-effec-
tive, efficient and “green” anodic materials are still
under development.

Keywords Electrochemical oxidation - Mixed-
metal oxide electrodes - BDD - PbO, - Organic
pollutants

1 Introduction

Electrochemical oxidation (EO) of organic com-
pounds is an advanced oxidation method (AOP),
which allows to completely mineralize organic pollu-
tants. EO has a number of advantages over traditional
and other AOP water treatment methods. They are
elimination of secondary waste production, such as
spent adsorbents, contaminated retentate, waste acti-
vated sludge or ferric hydroxide sludge that occurs
during adsorption, nanofiltration, biological treatment
and Fenton reactions, respectively. Moreover, EO can
easily oxidize highly toxic pollutants, which are
refractory to microorganisms, and requires signifi-
cantly smaller working areas compared to biological
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treatment. EO has the advantage of easy control
through automation and the absence of additional
chemicals necessary to conduct the process, such as in
the Fenton process. This is due to the high electric
conductivity of industrial wastewaters, which usually
exceeds 10 mS/cm. In addition, electric energy is the
main driving force of the EO process. EO is applicable
for the treatment of turbid and coloured wastewater,
which is difficult to treat by photocatalysis and
photodegradation. However, similarly to other pro-
cesses, EO has some drawbacks. They are polariza-
tion, passivation and corrosion of electrodes.
Polarization of the electrodes is caused by poor mass
transfer and the accumulation of gases on the electrode
surface, which leads to the depletion of electroactive
species in the boundary layer of the electrode (Lee
et al. 2016). Passivation of electrodes is often caused
by polymeric and oligomeric compounds, which are
formed during electrode reactions. However, polar-
ization and passivation can be suppressed by powerful
agitation, generated, for example, by rapid stirrers,
pumps or turbulence promoters (Pletcher and Walsh
1990). Another disadvantage of EO is the corrosion of
the electrodes caused by oxidation reactions of the
anode material and the formation of corrosive prod-
ucts on the surface of electrode, such as, for example,
chlorine gas. This problem can be solved by choosing
properly the electrode materials, or by developing new
electrode materials.

There is a wide variety of electrodes used in EO of
organic pollutants in water. They are noble metal
electrodes, metal alloys electrodes, mixed metal oxide
electrodes (MMO, commercial name is dimensionally
stable anodes DSA®), carbon and graphite electrodes,
boron-doped diamond (BDD) electrodes, etc. (EIMe-
kawy et al. 2016). However, the most common ones
are BDD and MMO celectrodes, such as Ti/Ta,Os—
IrO,, Ti/SnO,-IrO,, Ti/RuO,-IrO,, Ti/Sb-Sn0O,, Ti/
SnOz—Sb205—Rqu and Ti/TiOz—II‘Oz, etc. (Yahiaoui
et al. 2013; Bogdanovskii et al. 2001; Pereira et al.
2012; da Silva et al. 2013; Kong et al. 2007). This is
explained by their long service life, corrosion resis-
tance and high overpotential towards oxygen evolu-
tion reactions. Despite the variety of electrodes, most
of them contain either expensive platinum-group
materials, such as Ir and Ru, or toxic compounds such
as Sb and Pb. Therefore, the search for novel, non-
expensive and non-toxic materials continues. The aim
of this work was to briefly summarize the information
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on existing electrodes used in EO of organic com-
pounds and identify their advantages and disadvan-
tages, as well as the field of application.

The process of oxidation of organic compounds in
microbial fuel cells (MFC) can be partially attributed
to the processes of EO. This is explained by the fact
that the driving force of the oxidation process is not the
electrical energy, but the metabolism of bacteria and
their ability to oxidize electron-donor compounds.
Microorganisms attached to the surface of the anode
and the enzymes produced by these microorganisms
serve as biocatalysts for the oxidation of organic
compounds. The principle of MFC operation is the
detachment of electrons from nutrients by microor-
ganisms and the transfer of detached electron to the
anode. The anode is connected to the cathode by a
wire/electric circuit. Because of the difference in
redox potentials, the electrons start to move towards
the cathode. Electrons moving from the negative
electrode to the positive electrode generate an electric
current that can be recovered. Electrode materials with
high specific surface area, such as for example
graphite brush, carbon felt, cloth and foam, are used
as anodes in MFCs (Pasupuleti et al. 2015a, b). Since
the processes taking place in the MFCs are bioelec-
trochemical in nature, they will not be considered in
this article. Attention will be concentrated on the true
electrochemical oxidation processes and electrodes
used in these processes.

2 History of application of electrodes for water
treatment from organic compounds

The first studies on electrodes testing for EO of
organic compounds began in the early 1970s with the
degradation of phenolic compounds at PbO, anodes
(Nilsson et al. 1973). However intense research on EO
began in the late 1980s and early 1990s from the
testing of PbO, and SnO, electrodes (Comninellis and
Plattner 1988; Kotz et al. 1991). Thus, phenol was
removed with an efficiency of 72-100% in a packed
bed reactor filled with PbO, pellets after 1.5-2.5 h of
electrolysis in an acidic medium. The initial concen-
tration of phenol was 1.4 x 107* M, and the current
applied varied from 1 to 3 A (Sharifian and Kirk
1986). The main degradation products of phenol
oxidation included benzoquinone, maleic acid and
CO,. Oxidation of phenol on the Pt electrode followed
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two mechanisms: either direct oxidation of the
adsorbed phenol and its intermediates, such as maleic,
fumaric and oxalic acids to CO,, or chemical oxida-
tion through the generation of hydroxyl radicals
(Comninellis 1991). Another study showed complete
degradation of phenol (93-1100 mg/L) after 1.5-2 h
of electrolysis at an applied current of 10 A and pH 2.5
(Smith de Sucre and Watkinson 1981). Increase of pH
reduced the efficiency of phenol degradation. Elec-
trolysis at PbO, anodes at an applied current of 526 A/
m? provided 57, 18 and 22% removal of TOC, COD
and BOD respectively in a mixture of five monohydric
phenols (phenol, p-cresol, o-cresol, 2,3-xylenol and
3.,4-xylenol) within 3 h (Chettiar and Watkinson
1983). Development of mixed metal oxide (MMO)
electrodes in the late 1960s paved the way for their
further testing in the water treatment processes from
organic pollutant (Beer 1966). In the early 1990s it as
discovered that MMO electrodes have high effi-
ciency towards organic compounds oxidation and a
better corrosion resistance than PbO, and noble Pt
anodes. It was shown that Ti/SnO, anodes doped
with Sb performed about 5 times better than Ti/
PbO, and Ti/Pt anodes (Stucki et al. 1991). The
removal efficiency of benzoic acid exceeded 90% at
the Ti/SnO, anode at an applied current density of
30 mA/cmz, while the maximum removal efficiency
of benzoic acid on Ti/PbO, and Ti/Pt anodes was
below 30% (Stucki et al. 1991). Another study
showed a complete mineralization of 1000 mg/L
phenol at the Ti/SnO,-Sb,0O5 anode in alkaline
media at an applied current density of 300 A/m?,
whereas the Ti/PbO, electrode provided a 40% TOC
reduction (K&tz et al. 1991).

3 Types of electrodes materials used in EO

Different electrode materials were tested and used for
electrochemical water treatment. They are noble metal
electrodes, carbon and graphite electrodes, metal
oxide and MMO, BDD and mixed type of electrodes.
In general, all electrodes are divided into active and
non-active (Comninellis 1994). The activity of elec-
trodes is related to the interactions between hydroxyl
radicals and anodes. At potentials that exceed the
potential for oxygen evolution reactions (OER), water

molecules undergo electrolytic discharge followed by
physical adsorption of reactive ‘OH radicals on the
anode surface (Eq. 1).

H,O + M — M(OH) + H" + e~ (1)

Hydroxyl radicals adsorbed strongly on active elec-
trodes can interact with anode material forming higher
oxides (MO), which then react with pollutant forming
pollutant oxidation products, or release free oxygen
(Martinez-Huitle and Ferro 2006).

M(OH) — MO + H" + e~ (2)
MO+ R —M + RO (3)
MO —=M + 1/2 0, (4)

This behavior is typical for anodes with a lower OER
overpotential (Pt, carbon, IrO,, RuO,) and, as a result,
lower activity towards organic oxidation.

Non-active electrodes, such as PbO,, SnO,—SbO,
or BDD, have a high overpotential toward OER and
weakly adsorb the ‘OH radicals. This contributes to a
decrease in OER, direct mineralization of organic
compounds through reaction 5 and, as a result, a
higher pollutant degradation rates.

M(OH) + R—M + mCO, + nH,O+H"
+ e (5)

However, in the case of both active and non-active
anodes, pollutant degradation reactions are constantly
competing with OER described in Egs. 4 and 6.
Equations 4 and 6 also occur in the absence of organic
pollutants. The implementation of each particular

reaction is associated with minimal energy
consumption.
M(OH) =M + 1/20,+H" + e~ (6)

Along with useful electrochemical reactions leading to
the organic pollutant oxidation, there are unwanted
side reactions, which can cause the corrosion of
electrodes. They are, for example, dissolution of the
anode metal (Eq. 7), anodic oxygen evolution (Egs. 8§,
9) or toxic chlorine gas evolution (Eq. 10) in the
presence of chloride ions in the working solution
(Sequeira 1994). Therefore, to improve the efficiency
of EO, corrosion-resistant electrode materials are
needed.
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M, —ze” — M*"

2H,0 — 4~ — O, + 4H" E)= —123V
pH <7

40H™ — de” — O, + 2H,0 E)= —040V )
pH >7

2CI" — 2~ — Cl, (10)

Figure 1 shows the activity of different electrodes
towards OER in acidic media, which can serve as an
indicator of the efficiency of these electrodes for the
oxidation of organic compounds. As can be seen in
Fig. 1, the BDD anode along with Ti/SnO,—Sb,Os5
have the highest OER overpotential, and they are the
most effective in terms of mineralization of organic
pollutants, followed by Ti/PbO, and Ti/Ta,Os—SnO,
electrodes (Shestakova et al. 2016). As mentioned
above, the higher OER overpotential the weaker
bonding of ‘OH radicals on the anode material and
less energy is consumed for the side reaction of water
oxidation. Pt, IrO,-Ta,Os and RuO,-TiO, anodes
have a high activity for OER and are less efficient in
the mineralization of pollutants.

Over the past 10 years EO treatment has been
recognized as effective in discoloring wastewater,
removing pesticides, pharmaceuticals, and complex
industrial effluents (Un et al. 2008; Zayas et al. 2011).
A summary on the performance of different active and
non-active electrode materials for the oxidation of
organic pollutants is given in Table 1.

3.1 Noble metal electrodes

Noble metal electrodes, in particular Pt anodes, have
the longest history of use in electrochemical processes

due to their excellent electrocatalytic properties,
corrosion resistance and long-service life. Pt is widely
used in electroplating and fuel cells processes how-
ever, but has limited application in water treatment
because of its high cost and low activity towards
organic compound oxidation. Nevertheless, pure Pt
anodes or, more often, platinized metal electrodes are
intensively used on a laboratory scale to study new
processes due to their excellent repeatability proper-
ties. It was found that Pt can completely degrade
phenol to chlororganic compounds while applying
only 1 mA/cm? current (Bogdanovskii et al. 2001).
The degradation of organic pollutants on Pt occurs
through two mechanisms. The first one is controlled by
direct slow electron transfer between the adsorbed
organic pollutant (R) and the anode, which leads to the
formation of pollutant oxidation products (Eq. 11) (Li
et al. 2005).

(11)

The direct oxidation via electron transfer reactions
usually takes place at high electrode potentials.
Indirect pathway involves the reaction of organics
oxidation by ‘OH radicals (Eqgs. 1, 5) and is prone to
occur at low electrode potentials (Martinez-Huitle
2004).

The indirect mineralization pathway of phenol on
the Pt anode consists of intermediate reactions of
formation of hydroquinone and benzoquinone with
their subsequent conversion into maleic and succinic
or oxalic acids. Maleic and succinic acids are directly
oxidized to CO, and H,O, while succinic acid
undergoes transformation through the formation of
malonic and acetic acids with a final oxidation to CO,
and H,O (Li et al. 2005). Galvanostatic (100 A/mz)
oxidation of oxalic acid at Pt anode provided complete
removal of the pollutant after consumption of the

R,es — ne” — Oxidation products

Fig. 1 The onset potential T ps T1/Ta205-Sn0O2 BDD
of OER for different anode RuO2-TiO2  Ti/Pt A
materials in acidic media A r \
L1 1 1 1 L1 1 | I | >
1.2 1.4 1.6 2/0 22 24 2.6 2.8
Carbon Ti/'Sn0O2-Sb20
Ir02-Ta205 Sn0O2-5b205
Ti/PbO2
E/V vs. SHE
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Table 1 The performance of different active and non-active electrode materials in the oxidation of organic pollutants

Anode type Targeted pollutant Working Removal References
(initial concentration) parameters efficiency
Pt Reactive blue 109 (1000 mg/L) NaCl (0.1 M) 96% COD Nordin et al. (2013)
I = 20 mA/cm?
pH 4
tgq = 1.25h
Dimethyl phthalate (0.03 mM) Na,S04 (0.2 M) 20% Li et al. (2010)
I =20 mA/em®>  10% COD
pH 7
tq =18 h
Diethyl phthalate (0.03 mM) Na,SO,4 (0.2 M) 50%
[ =20 mA/em®  30% COD
pH7
tq =18 h
Diheptyl phthalate (0.03 mM) Na,SO4 (0.2 M) 100%
[ =20 mA/em®  100% COD
pH7
tq =18 h
Phenol (490 mg/L) Na,SO, 100% Li et al. (2005)
0.25 M)
tq =20 h 20% TOC
I = 20 mA/cm®
pH S
Pt/MnO, Methylene blue (40 mg/L) Na,S0y4 90% Alaoui et al. (2015)
(0.05 M)
[ =7 mA/m>  70% COD
pH 8
tqy =2h
Graphite carbon electrode Landfill leachate Na,SO,4 (1 g/lL) 68% COD Bashir et al. (2009)

Ti/SnO,—-Sb-Mo

PbO,

Ti/Pt/PbO,

Ti/Pt/SnO»-Sb,0,

Ti/IrOz—RuOZ

(COD 1414 mg/L)

Phenol (100 mg/L)

Aniline (2.7 mM)

Sanitary landfill
leachate (COD 6.2 g/L)

Sanitary landfill
leachate (COD 6.2 g/L)

4-Chlorophenol (100 mg/L)

I = 79 mA/cm?
tel = 4 h

N32SO4
025 M)

I = 10 mA/cm?
ty=35h

pH 2

I=2A
ty=1h
I=03A

t51:6h
I=03A

tu=6h

Nast4
(0.1 mM)

84% colour

99.6%

82.7% TOC

>90%

40% COD

40% COD

100%

Liang et al. (2015)

Kirk et al. (1985)

Fernandes et al. (2014)

Wang and Wang (2007)
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Table 1 continued

Anode type Targeted pollutant Working Removal References
(initial concentration) parameters efficiency
I =39 mA/em®  >70% COD
ta=2h
Ti/Ta,05-IrO Phenol (0.05 mM) KCl (0.01 M) 99% Makgae et al. (2008)
Ti/SnO-RuO,-IrO, Phenol (0.05 mM) teqg =8 h
Ti/RhO,-IrO, Phenol (0.05 mM) Eqg=15V
pH2, 7, 12
Ti/Ta,O5-Sn0, Methylene blue (0.025 mM) Na,SO, (0.1 M) 38.6% TOC Shestakova et al. (2015)
I =9.1mA/
cm?
tq4 =3 h 95% colour

Ti/RllOz—PbOz

Ti/RuO,—-IrO,-Sn0O,-TiO,

Ti/lr0,/RuO4/TiO,

Ti/SnO,-Sb

Ti/SnO,—Sb/PbO,

Paper mill effluent (polyphenols;
2585 mg/L COD; 101.2 m™!
colour)

Phthalic anhydride (2 g/L)

2,4-Dichlorophenol (80 mg/L)

Pretilachlor (60 mg/L)

Phenol (100 mg/L)

Pyridine (100 mg/L)

Perfluorooctanoic acid (100 mg/L)

Perfluorooctanoic acid (100 mg/L)

NaCl (5 mg/L)

tel = 2 h
pH 6.3

Eg=6V
Na,S04 (0.1 M)
I =5 A/dm?
pH 3
tq=4h
Na,SOy4

(0.05 M)

pH 9
Eq,=18V

tq =4h
Na,SO,4 (0.1 M)
I = 20 mA/cm®
pH 7.2
tq=1h

Nast4
0.25 M)

I = 10 mA/cm?

tq =6h

Na,SO,4 (10 g/
L)

I = 30 mA/cm?

pH3

ta4 =3h

NaClO,
(10 mM)

I = 10 mA/cm?
ty=1.5h

NaClO,
(10 mM)

I = 10 mA/cm?

99% COD

95% colour

95%
polyphenols

88% COD

100%

98.8%
43.1% TOC

95.5%

74.5% TOC

98%

90.3%

91.1%

Zayas et al. (2011)

Chellammal et al. (2016)

Chu et al. (2010)

Wei et al. (2011)

Lv et al. (2013)

Li et al. (2016a, b)

Lin et al. (2012)
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Table 1 continued

Anode type Targeted pollutant Working Removal References
(initial concentration) parameters efficiency
tqy=15h
Ti/SnO,-Sb/MnO, Perfluorooctanoic acid (100 mg/L) NaClO,4 37.1%
(10 mM)
I =10 mA/cm?
tqy=15h
PbO,-Zr0, Methylene blue (30 mg/L) Na,SO4 (0.2 M) 100% Yao et al. (2013)
[ =50 mA/em®  72.7% COD
tq=2h
Sng gg—Sbg.03-Mng_10~Pto o1- 4-Chlorophenol (8 mM) H,SO,4 (0.5 M) 100% Meaney and Omanovic

oxide/Ti

Stainless Steel/SnO,—CeO,

Ti/RuO,

Ti/Ti0,-RuO,

BDD

Dye wastewater (Colour, 1565
PCU; COD, 188.94 mg/L)

Olive mill wastewaters (COD 41,
000 mg/L; oil-greese 1970 mg/

L)

Phenol (490 mg/L)

Landfill leachate (TOC 1270 mg/

L; COD 1855 mg/L O,)

Phenol (100 mg/L)

Sanitary landfill leachate (COD

6.2 g/L)

Dimethyl phthalate (0.03 mM)

Diethyl phthalate (0.03 mM)

I = 30 mA/cm?
tg=10h
T =23 °C
Eqg=5V

teg = 2 min
NaCl 2 M)

I =135 mA/
cm?

t51:7h

Nast4
(0.25 M)

ty=235h
I = 20 mA/cm?
pH S

Flow rate
2000 L/h

tel = 3 h
I =116 mA/em?®

Nast4
0.25 M)

I = 10 mA/cm?
tel = 6 h
I=03A

tq =6h
Na,SO,4 (0.2 M)
I = 20 mA/cm®
pH 7

tq =0.5h
Na,SO4 (0.2 M)
I = 20 mA/cm®
pH 7

tq =0.5h

83% colour
48.6% COD

99.6% COD

99.5% oil—
greese

99%

40% TOC

86% colour

73% COD
57% TOC
100%

95.4% TOC

40% COD

100%
50% COD

100%
50% COD

(2007)

Zhang et al. (2010)

Un et al. (2008)

Li et al. (2005)

Moraes and Bertazzoli
(2005)

Lv et al. (2013)

Fernandes et al. (2014)

Li et al. (2010)
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Table 1 continued

Anode type Targeted pollutant

(initial concentration)

Removal References

efficiency

Working
parameters

Diheptyl phthalate (0.03 mM)

Ti/TiO4H,/Sb-SnO, Aniline (500 mg/L)

Na,SO4 (0.2 M)  50%

I =20 mA/em® 10% COD

pH 7

tay=05h

Na,SO, (5 85% Li et al. (2016a, b)
wt %)

I =20 mA/em® 71% COD

ta=35h

I, applied current (A); t., electrolysis time (h); E;, applied voltage at electrolysis (V)

charge of 12 Ah/dm>. For comparison, the Au elec-
trode showed the same efficiency upon consuming
11 Ah/dm® charge (Martinez-Huitle 2004). The Pt
anode provided 96-98% malachite green oxalate dye
decolourisation in 6 h of electrolysis while applying
66.7 mA/cm® current (El-Ghenymy et al. 2015).
However, the mineralization efficiency after 6 h was
only 22%. As mentioned above, Pt anodes are not
effective in the complete oxidation of organic com-
pounds, since they have a low overpotential toward the
OER. To enhance their mineralization activity, Pt
electrodes are usually used in indirect oxidation
processes in combination with other strong oxidants
and their intermediates, such as, for example, H,O, or
electro-Fenton. In the case of the malachite green
oxalate dye, coupling of EO on Pt anode with electro-
Fenton process increased mineralization efficiency of
the dye to about 97% after 3 h of the degradation
process at same working parameters (El-Ghenymy
et al. 2015). Moreover, the mineralization of the dye
reached almost 85% after 2 h of the degradation
process while coupling Pt anodic oxidation with the
photo electron-Fenton process.

Another group of catalysts used in wastewater
treatment application are metal alloys (Pt—-Au, Ru-Pd,
Pt—Ru). The activity of these catalysts depends on the
ratio of components, as well as on the surface
properties. They are widely used in fuel cell applica-
tions and rarely find application in water treatment
technologies.

@ Springer

3.2 PbO, electrodes

The second most studied anode material for the
oxidation of organic compounds is PbO,. According
to Fig. 1 the onset potential of the OER on PbO,
electrodes is in the range between 1.8 and 2 V versus
SHE, which determines the high efficiency of these
materials towards organic pollutants oxidation. More-
over, the electrodes are cost-effective compared to
noble metal electrodes. It was shown that 55% of the
mineralization efficiency was achieved after 2 h of
electrolysis in a 0.25 mM solution of methyl orange
dye at an applied current of 1 A and pH 3 while
controlling TOC reduction values (Recio et al. 2011).
The removal efficiency of tetracycline reached 78%
within 1 h of electrolysis at Pb/PbO, anode with
applied current density of 25 mA/cm? (Yahiaoui et al.
2013). A filter-press reactor with a B-PbO, anode
operating at 30 mA/cm” and pH 10 provided 50%
mineralization of the picloram herbicide (100 mg/L)
(Pereira et al. 2015). The removal of TOC from the
treated phenol solution (50 mg/L) reached 90% at the
PbO, anodes when conducting electrolysis at an
applied current of 50 mA/cm” for 3 h (Duan et al.
2013). Nevertheless the high activity of PbO, anodes
towards the EO of organic compounds, there is a risk
of Pb leaching from the electrodes during their
operation. Therefore, the wide use of these electrodes
in industrial water treatment applications is still
limited.
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3.3 Mixed metal oxide electrodes

MMO electrodes are a wide group of electrocatalysts,
both noble, which can adsorb oxygen on their
structure, and base metals. The invention of MMO
anodes was a breakthrough in electrocatalysis and
allowed new cell engineering solutions with stable,
inexpensive and long service life lasting electrodes (up
to 10 years) (Trasatti 2000). Material oxides are prone
to complete or partial reduction at the cathode and
unstable in acidic media. Therefore, they are usually
used for the anodic oxidation of organic pollutants in
neutral and alkaline pH values. The most common
MMO electrodes are Ti/TiO,—RuO, (Pereira et al.
2012), Ti/Ta,05-IrO, (da Silva et al. 2013), Ti/TiOp—
RuO,-IrO, (Rajkumar et al. 2001), Ti/IrO,—RuO,
(Zhou et al. 2011), Ti/SnO,—Sb,05 (Kong et al. 2007),
etc. The oxide layers of these anodes are mainly
deposited on Ti substrates. This due to the stability,
good conductivity properties and cost-efficiency of Ti
metal. MMO anodes have high corrosion-resistant
properties and are resistant to dissolution. The com-
mercial name for MMO anodes is dimensionally
stable anodes (DSA). It was given to the anodes
because of their excellent properties. Taking into
account the possibility of regenerating the catalytic
surface oxide coating, MMO anodes are considered
stable in preserving structural integrity. They have a
much slower rate of degradation compared to graphite
and PbO, electrodes. DSA have been found effective
in mineralization of dyes, pesticides, herbicides,
phenols and other toxic organic compounds (Feng
and Li 2003; Aquino Neto and de Andrad 2009;
Panakoulias et al. 2010; Motheo et al. 2000). IrO, and
RuO,-doped Ti substrates are the most studied DSA
electrodes.

While studying the EO of the glyphosate herbicide
(1000 mg/L) in an acidic medium of 2662 mg/L NaCl
at pH =3 and an applied current of 50 mA/cm?,
different MMO electrodes such as Ti/Rug 30Pbg 7005,
Ti/Rug 30 Tio.7002, Ti/Irg.30Sn0.7002, Ti/Rug 30Sn0.7002
and Ti/0,3(Ru02)0,7(TaZO5) provided 75, 50, 35, 32
and 30% of pollutant removal respectively after 4 h of
electrolysis. The highest mineralization efficiency of
24% was obtained using the Ti/Irg39Sng 700, anode
(Aquino Neto and de Andrad 2009).

The SnO, anode with a small amount of dopant
elements, for example, Sb, has a catalytic behaviour of

the semiconductor. The Ti/SnO,—Sb,Os electrode
provided complete mineralization of the 1000 mg/L
phenol to CO, at pH = 12, while applying 300 A/m*
current (Kotz et al. 1991). Another MMO electrodes
showed good performance towards mineralization of
dyes. The rhodamine B mineralization efficiency
reached 71.7, 61.7, 50.1 and 15.2% after 30 min of
electrolysis with an applied current of 20 mA on Ti/
TiO,—PdO-RuO, Ti/TiO,—PdO Ti/RuO, and Ti/TiO,
electrodes, respectively. Ti/TiO,—PdO-RuO, elec-
trode was also the most effective among the above-
described electrodes for decolourisation of treated
solution providing a colour removal efficiency of
90.4% after 30 min (Du et al. 2012).

Electrodes preparation methods

The efficiency of MMO anodes depends not only the
composition of electrodes but also on the effect of
manufacturing technology. All methods of MMO
electrode preparation can be divided into two groups,
depending on the ease of implementation and quality of
the film. The first group includes sol-gel, spray
pyrolysis, thermal decomposition and Pechini methods.
These methods are inexpensive, simple in operation,
and allow the preparation of a multicomponent precur-
sor solution and film deposition in a single coating. The
electrodeposition method can also be attributed to this
group due to its wide application. Thin films produced
by these methods can be morphologically and struc-
turally uneven, have a cracking surface, lack of porosity
and transparency. This can lead to a lack of accurate
reproducibility of pollutant removal efficiency while
using electrodes prepared at different time. However,
the efficiency of the electrodes is still sufficient for most
of industrial wastewater treatment applications. In the
case of laboratory studies or the need for secondary use
of treated wastewater in precise technological pro-
cesses, such as, for example, microelectronics, elec-
trodes with high quality properties are required. The
second group of methods, which can be used to obtain
MMO electrodes with high quality catalytic coatings are
physical and chemical vapour deposition (PVD and
CVD respectively) methods. These methods are rela-
tively expensive and require professional staff to carry
out the coating process. The essence of the methods of
MMO electrodes preparation, as well as their advan-
tages and disadvantages are given in Table 2.
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Table 2 MMO electrode preparation methods: advantages and disadvantages

Method

Description

Advantages

Disadvantages

Thermal decomposition
(Shestakova et al.
2014)

Electrodeposition (ED)

Sol-gel (Attia et al.
2002; Baker et al.
2007)

Pechini (Pechini 1967;
Freitas et al. 2006; Xu
et al. 2013; Liu and
Wang 1995)

The precursor solution is prepared
from a mixture of metal salts and a
solvent and applied to the pre-treated
substrate with a brush or drop-
coating, followed by drying and short
annealing. The coating is repeated
the desired amount of time with final
annealing for one and more hours

ED is conducted in a plating bath
containing dissolved metal salts to
deposit and supporting electrolyte.
The acidity and temperature of the
working solution for deposition are
usually controlled. ED can be either
cathodic (Ding et al. 2007) or anodic
(Petit and Plichon 1998) depending
on the nature of dissolved salts used
in the preparation of electrolyte
solutions. After the deposition
process, the electrodes are rinsed,
dried and can be annealed or
electrochemically oxidized to obtain
metal oxide films

The method is based on the solvolysis
of organic solvent and inorganic salts
or organic alkoxide and water. The
precursor is usually condensed by
refluxing for an hour about at
70-80 °C solution and allowed to
age in an open vessel at room
temperature until the required
viscosity is achieved. Thin films are
further prepared by dip, spin, spray,
flow, capillary or roll coating at
intermediate temperatures, followed
by final annealed at high
temperatures

The precursor solution is prepared by
mixing the metal salts with citric acid
and ethylene glycol at a fixed
temperature, usually up to 100 °C.
The precursor is coated to the
substrate in the same manner as in
the sol—gel

Simple in operation
Multicomponent precursors
are easily prepared

Large areas of deposition

Films can be fabricated on
electrodes of complex
shapes

Ease of implementation and
automation

Widespread method

Simple and cost-effective
set-up

Multicomponent
homogeneous precursor

Low temperatures of
precursor preparation

Simple and cost-effective

Multicomponent
homogeneous precursor

Low temperatures of
precursor preparation

Uneven coating

Poor reproducibility of the
coating composition

Significant loss of some metals
during annealing, for example,
Sn and Pt

Post-annealing at high
temperatures is required to
form metal oxides

Formation of a large amount of
acidic and toxic wastewater

Uneven coatings
Energy-intensive process

Post-annealing at high
temperatures may be required
for metal oxide formation

It is difficult to achieve
repeatability of film quality

It is difficult to control the
quality of sol-gel

Limited porosity and cracking of
surface area of the films

High sensitivity of alkoxides to a
humid environment

Different susceptibility to
hydrolysis of different
components

Post-annealing at high
temperatures may be required
for metal oxide formation

The morphological structure of
the films is strongly dependent
on citric acid/ethylene glycol
ration

Limited porosity

The cracking of the surface is
depends strongly on the citric
acid/metal ions ratio
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Table 2 continued

Method

Description

Advantages

Disadvantages

Spray pyrolysis
(Mooney and
Radding 1982)

PVD (Martin et al.
1996; Okimura 2001)

CVD (Klamklang et al.

2010; Natishan et al.
2013)

The precursor solution of metal and
metalorganic compounds in the
solvent (usually water) is sprayed
over a heated substrate by a
(pneumatic, ultrasonic or
electrostatic) spay atomizer. The
constituents react forming the final
products. Undesirable products
evaporate during heating. The
number of spays can be repeated
required amount of time within a
short interval of time (usually few
minutes). After coating is completed,
the substrate is cooled down at low
temperature rates to avoid the
detachment of the thin films from the
substrate. The method is commonly
used to form oxides, such as SnO,,
for example

PVD is a vacuum deposition method,
which consists of three main steps.
The first one is the evaporation of the
reagent into the gaseous phase by
heating the liquid or solid source
material. The second step is the
transport of vapours mixed with an
inert gas through the plasma to the
substrate. The third step is the
condensation of vapour on the
substrate and the formation of layers
and substrate cleaning. Depending on
the type of evaporation used in the
process PVD can be divided into
electron beam PVD, pulsed laser
deposition, cathodic arc deposition,
magnetron sputtering, molecular
beam epitaxy, etc.

During CVD, a chemical interaction
occurs between the molecules of the
volatile precursor and active sites of
the substrate surface. The substrate is
exposed to the precursor until one
monolayer of deposition is formed,
after which the inert gas is purged
through the reactor to remove excess
reactant and volatile by-products.
The procedure is repeated several
times until the desired film thickness
is formed. CVD can be classified into
different categories such as atomic
layer deposition, microwave plasma-
assisted CVD, metalorganic CVD,
combustion CVD, plasma-enhanced
CVD etc. depending on the type of
initiated chemical reaction

Simple, safe and cost-
effective

The possibility of spraying a
multicomponent precursor
solution in a single-source
deposition

It is easy to change the size
and composition of
crystallites

Low to moderate
temperatures of deposition
(100-500 °C)

Widespread method

Large coating areas

There is no need for post-
annealing

Highly resistant films

Uniform coating

High reproducibility of
coating

Ability to use the source
materials of any state
(liquid or solid) and nature
(organic or inorganic)

Accurate control of film
thickness

High reproducibility of the
coating

Uniform thin film coating
including pores

Films can be fabricated on
the electrodes of complex
shapes

Conformal coatings

It is difficult to obtain
repeatability of film quality

The surface morphology is
sensitive to the pH, viscosity,
density and surface tension of
the precursor solution

It is difficult to control the
temperature of the film
annealing

High vacuum is required
Expensive equipment

Relatively complicated,
professionals are required

Limitations in coating of
substrates of complex shapes

Cooling water systems are
required

High temperatures and vacuum
are required

Expensive equipment

Relatively complicated,
professionals are required
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3.4 Graphite and carbon electrodes

Carbon and graphite electrodes are effective in a range
of small potentials and currents, which is explained by
high corrosion rates at potential higher than 1.7-1.9 V
versus SCE (Gattrell and Kirk 1990). Corrosion of
carbon-based anodes is a major disadvantage since it
leads to electrode deterioration, material loss, increase
of electrode resistance and loss of stability. It was
found that the removal efficiency of phenol at carbon
electrodes reached 50% after 8 h of potentiostatic
electrolysis at a constant voltage of 1.7 V (Gattrell and
Kirk 1990). Graphite rod anodes packed into a square
packed/bed reactor provided 95% TOC removal
during EO treatment of textile effluents after 1 h of
electrolysis at an applied current density of 28 mA/
cm? (Radha et al. 2009). Graphite carbon electrodes

enabled 68% of COD and 84% of colour removal from
the landfill leachate wastewater within 4 h of the EO
process at an applied current density of 79 mA/cm®
(Bashir et al. 2009).

3.5 BDD electrodes

According to Fig. 1, the BDD anodes have the highest
overpotential for the OER among existing electrodes
used in the EO. This implies a high electrocatalytic
activity and a high efficiency of the electrodes towards
different organic compounds oxidation (Table 1),
which was confirmed by a significant number of
studies (Santana et al. 2005; Kisacik et al. 2013; Zhao
et al. 2008; Cruz et al. 2012; Urtiaga et al. 2014;
Haidar et al. 2013; Labiadh et al. 2016). BDD anodes
are electrochemically stable, corrosion-resistant, have

Table 3 Advantages and disadvantages of different electrodes used for EO of organic compounds

Electrode type

Advantages

Disadvantages

Noble metal electrodes (Pt, Au)

PbO,

Carbon and graphite electrodes

MMO (Ti/TiOy—RuO,, Ti/Ta,05—IrO,, Ti/
TiOz—RUOz—II'Oz, Ti/lI'Oz—Rqu, Ti/sl’lOz—
Sb205 etC.)

BDD

Stable over a wide range or
potentials and pH

Excellent repeatability
properties

Intensive use in the laboratory
scale for new process
investigations

Cheap

Relatively high overpotential
towards OER

Relatively high ability to
mineralize organics

Cheap

Intensive use in laboratory scale
for new process investigations

High stability

Good conductivity properties

Acceptable price

Possibility to regenerate
catalytic oxide coating

High overpotential towards
OER

High ability to mineralize
organics

Excellent conducting properties
even at low temperatures

High electrochemical stability
and corrosion resistance

Expensive
Low mineralization efficiency
Low overpotential towards OER

Poor use in industrial wastewater treatment
application

Potential leaching of toxic Pb

Poor use in industrial wastewater treatment
application

High electrode corrosion rates
Low mineralization efficiency

Low overpotential towards OER

Expensive

Reduced efficiency in diluted solutions and at

increasing current density higher than a
limiting current
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excellent conducting properties in a wide range of
temperatures and low operation costs (Panizza et al.
2008). Despite the high mineralization rates supported
by the reactions of ‘OH radicals with pollutants, BDD
anodes are expensive because of the high diamond and
boron dopant contents (boron: 10"-10*! atoms/cm®)
(Patel et al. 2013; Martinez-Huitle 2004). It has been
found that the ability to mineralize pollutants using
BDD electrodes is more pronounced in concentrated
solutions and at lower current densities (Patel et al.
2013). The latter is due to side reactions (Eqgs. 12—-14)
that occur with ‘OH radicals (Panizza and Cerisola
2009).

2BDD('OH) — 2BDD + 1/20, + 2H" + 2e~
(12)
2BDD('OH) — 2BDD + H,0; (13)

BDD(OH) + H,0, — BDD(HO,) + H,O0 (14)

Summarizing the above review, advantages and
disadvantages of different electrode materials used
for EO of organic pollutants are listed in Table 3.

4 Conclusions

The activity of different electrodes with respect to the
mineralization of organic compounds can be estimated
on the basis of OER overpotentials. The higher the
OER overpotential, the more efficient the electrode in
the complete oxidation of pollutants. Higher OER
overpotentials facilitate the indirect pathway for
pollutants oxidation through reactions with the 'OH
radical. An example is BDD anodes. On the contrary,
lower OER overpotentials induce direct oxidation of
organics through the electron transfer between
adsorbed pollutants and the anode (for example,
RuO,, IrO, and Pt electrodes), which leads to the
formation of oxidation products and, as a result, lower
mineralization efficiencies. All electrodes have their
own advantages and disadvantages, therefore an
optimal choice of electrode types should be made in
each case. Such, for example, Pt electrodes and Pt-
based electrodes have excellent stability in a wide
range of potentials and pH. However, the low miner-
alization efficiency and high price of these electrodes
significantly limit the field of application of the
anodes. The BDD anode is the most effective in terms

of complete oxidation of organic compounds, however
they are relatively expensive. PbO, and carbon-based
anodes are the most cost-effective, but have low
corrosion resistance properties. Depending on the
composition and preparation method, the MMO
electrodes can be relatively inexpensive. Sol-gel,
Pechini and spray pyrolysis electrodes fabrication
methods, as well as partial or complete substitution of
noble metals by base metals in the structure of MMO
anodes can significantly reduce their cost and make
them available for large volume water treatment
applications.
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