Chapter 2

Importance of Electrode Material
in the Electrochemical Treatment
of Wastewater Containing Organic
Pollutants

Marco Panizza

2.1 Introduction

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

The overall performance of the electrochemical processes is determined by

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

1.

2.

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

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

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

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

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

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

2.2 Electrochemical Parameters

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

The instantaneous current efficiency (ICE) of the electrooxidation is deter-
mined by chemical oxygen demand (COD) measurements, using the relationship
(Comninellis and Pulgarin 1991):
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where (COD), and (COD),, 5, are the chemical oxygen demands at times ¢ and
t+ At (in 202 dm™3 ) respectively; I is the current (A); F is Faraday’s constant
(96,500C mol™"); and V is the volume of the electrolyte (dm?).

The Electrochemical Oxidation Index (EOI), which is the average value of
the current efficiency during the oxidation, is determined from the ICE using the
relationship (Comninellis and Pulgarin 1991):
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where 7 is the time at which the ICE is almost zero.
The Electrochemical Oxygen Demand is calculated using the relationship
(Comninellis and Pulgarin 1991):
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where [organic] is the amount of the organic in the electrolyte (g) and EOD is ex-
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The General Current Efficiency for the anodic oxidation is calculated from the
COD values, using the following relationship (Martinez-Huitle et al. 2004b):

2.4)

CODy — COD
GCE = FV (M) ,

81t

where (COD), and (COD),, 5, are the chemical oxygen demands (gdm™?) at
times ¢ = 0O (initial) and 7, respectively; [ is the current (A), F' is Faraday’s constant
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(96,500C mol~"); V' the volume of the electrolyte (dm?), and 8 is the oxygen equiv-
alent mass (g eq_l). This equation is similar to that proposed by Comninellis and
Pulgarin (1991) for the determination of the ICE, although the expression used for
the GCE represents an average value between the initial time 7 and ¢ + Az.
The overall capacity of the electrochemical oxidation is expressed in terms of
space—time yield (YST) using the following relationship (Chen 2004):
a X i X CE x Mgw

Ysr = o F x 3,600, (2.5)

where «a is the specific electrode area (m_l), defined as the ratio of the electrode
area to the reactor volume; i is the current density (A m_z); CE is the current effi-
ciency; n is the number of electrons in the reaction involved; F is Faraday’s constant
(96,500C mol~'); and My is the molar mass (g mol™").

2.3 Oxidation Mechanisms

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

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

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

Rags — 7267 — Pags (2.6)

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

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

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

In the reversible process, the redox reagents are turned over several times
and recycled. The reversible mediators of oxidation can be a metallic redox cou-
ple, such as Ag"™/Ag?" (Farmer et al. 1992), Co®>* /Co3* (Leffrang et al. 1995),
Ce>* /Ce*t (Nelson 2002), Fe?T /Fe3* (Dhooge and Park 1983), or inorganic ions
such as C17 /ClO™ (Comninellis and Nerini 1995; Szpyrkowicz et al. 1995; (Panizza
and Cerisola 2003a) or Br~ /BrO™ (Martinez-Huitle et al. 2005) added to or present
in the electrolyte. The main drawback of the use of a solution redox couple is the
need to subsequently separate the oxidation products from the mediator.

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

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

S[]+H,O — S[OH]+H" + ¢~ 2.7
S[OH]+R — S[]+RO+H' + e~ (2.8)

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

S[OH] 4 H,0 — S[] 4+ O, 4+ 3H" + 3e™ (2.9)

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

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

MO, + H,0 — MO, (OH) + HT 4 ¢~ (2.10)

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

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

MO, (OH) - MO,;; + H" + e~ (2.11)

The surface redox couple MOy 41 /MOy, which is sometimes called chemisorbed
“active oxygen,” can act as a mediator in the conversion or selective oxidation of
organics on “active” electrodes:

MOy+1 + R — MOy + RO (2.12)

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

MO, (OH) 4+ R — MO, + m CO, + nH,O + H" + e~ (2.13)

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

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

2.4 Electrode Materials

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

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

— Carbon and graphite

— Platinum-based anodes
— Iridium-based oxides

— Ruthenium-based oxides

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

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

The oxygen evolution potentials in H,SO4 of the most extensively investigated an-
ode materials are compared in Table 2.1.

2.4.1 Carbon and Graphite

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



2 Importance of Electrode Material in the Electrochemical Treatment 31

Table 2.1 Potential for oxygen evolution of different anodes in H,SOy4

Anode Value vs. SHE Conditions
RuO, 1.47 0.5M H,SO4
IrO, 1.52 0.5M H,S04
Pt 1.6 0.5M H,SO4
Oriented pyrolytic graphite 1.7 0.5M H,SO,4
SnO, 1.9 0.05M H,SO4
PbO, 1.9 1M H,SOq4
BDD 23 0.5M H,SO4

Standard potential for oxygen evolution is 1.23 V vs. NHE (Panizza and
Cerisola 2006b)
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Fig. 2.2 The effect of temperature on the rate of phenol oxidation at a glassy carbon electrode
(Gattrell and Kirk 1993)

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

The electrochemical 2-chlorophenol and 2,6-dichlorophenol removal from aque-
ous solutions using porous carbon felt (Polcaro and Palmas 1997) or a fixed bed of
carbon pellets (Polcaro et al. 2000) as three-dimensional electrodes was investigated
by Polcaro’s group. The group’s experimental setup consisted of a two-compartment
electrochemical cell separated by an anionic membrane where the carbon felt or
pellets could be lodged and the solution was recirculated by peristaltic pumps. Both
carbon-based anodes effectively removed the chlorophenols as well as their reaction



32 M. Panizza

intermediates. The HPLC chromatographs showed that the main intermediates were
aliphatic compounds such as oxalic and maleic acids, while phenol, cathecol, and
benzoquinone were not observed; this may indicate that cleavage of chlorine occurs
at the same time as the ring opening. They also demonstrated that the electrolyte
velocity through the electrode did not affect the reaction behavior, while the most
important parameter was the current density per unit electrolyte volume: Using an
applied current density of 5mA cm™2 of electrode, average current efficiency val-
ues were from 25 to 30%. Moreover, under these conditions, they observed only low
corrosion effects on the superficial characteristics of the anodes after they had been
working for several hours.

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

Other types of carbon-based electrodes, such as activated carbon (Canizares
et al. 1999), graphite particles (Piya-areetham et al. 2006), graphite Rashig rings
(Ogutveren et al. 1999), and carbon black slurry (Boudenne et al. 1996; Boudenne
and Cerclier 1999) have also been employed sometimes for the treatment of organic
compounds.
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Fig. 2.3 Relationship between phenol removal efficiency and current, under different flow
rates and residence time values, during phenol oxidation at porous graphite anodes (Awad and
Abuzaid 2000)
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Carbon-based materials have also been widely used as cathodes in indirect elec-
trolyses of organics generating in situ hydrogen peroxide, by two-electron reduction
of oxygen on the cathode surface:

0, + 2H" 4+ 2¢~ — H,0, (2.14)

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

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

Fe?t + H,0, — Fe*t + OH™ + OH’ (2.15)
This reaction is propagated by Fe?" regeneration, which takes place through the

reduction of Fe*' with H,O,, the hydroperoxyl radical HO,, previously formed,
and the organic radical intermediates and by reduction at the cathode:

Fe*t 4+ H,0, — Fe?* 4 OH™ 4 OH, (2.16)
Fe*t + HO, — Fe?t + HY + 0, (2.17)
Fe3t + e~ — Fe?T (2.18)

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

2.4.2 Platinum

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

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

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

The electrochemical oxidation of phenol at platinum anodes was also studied
in depth by Comninellis and Pulgarin (Comninellis and Pulgarin 1991) under dif-
ferent conditions for wastewater treatment. A yellow-brown polymeric product was
formed during the oxidation of phenol, and this film formation strongly depended on
the experimental conditions. They showed that the process was not limited by mass
transfer at the anode and the oxidation occurred through an electrophilic attack on
the aromatic ring by the OH. The EOI and the EOD values were slightly influenced
by the current density and temperature, but they increased with the pH (Table 2.2)
and phenol concentration (Fig.2.4). However, even at pH = 12.5 the EOI ob-
tained during the electrochemical oxidation of 0.01 M of phenol at 7 = 70°C and
i = 57mA cm™?2 was only 0.143. Such a low value was due to the formation of re-
action intermediates, mainly aliphatic acids (e.g., maleic, fumaric, and oxalic acid),
which resisted further electrooxidation.

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

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

Ta(li)le 2.2 Inﬁuencehof pH pH T (°C) EOI EOD

and temperature on the

EOI and EOD during the 132070 0.078 099

oxidation of phenol at a 12-13 70 0.143 114

platinum anode 1.5-1.7 15 0.048 0.76
12-13 15 0.121 1.20

Initial phenol concentration: 0.01 mol dm™3,

i = 57mAcm 2 (Comninellis and Pul-
garin 1991)
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Fig. 2.4 Influence of the 0.4
initial phenol concentration S
on the EOI and EOD values
. . - 1.5
obtained during
electrochemical oxidation at 0.3 1
platinum electrodes.
I =57 mA cm™2,
T = 70°C, pH 12.5 _ -1.0 o
(Comninellis and 8 0.2 1 8
Pulgarin 1991)
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Table 2.3 Dependence of 1-aminonaphthalene-3,6-disulfonic
acid (ANDS) conversion on the electrooxidation temperature
of the platinum anode, ¢ = 103 mol dm™3, volume of
solution = 60 mL (Socha et al. 2005)

Temperature (°C) ntoc (%) ncop (%) Nabs (%)

30 13.83 35.14 76.76
40 16.45 33.78 76.76
50 15.67 33.58 77.82
60 15.23 35.14 78.21
70 17.63 36.48 78.93
80 18.75 36.48 78.93

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

2.4.3 Dimensionally Stable Anodes

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

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

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

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

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

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

2C17 — Cly + 2¢e~ (2.19)
As a function of pH, chlorine remains in the solution as aqueous chlorine

(pH < 3) or disproportionates to hypochloric acid (pH < 7.5) or hypochlorite
ions (pH > 7.5):
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Concentration (mg/L)

o 20 40 60 80 100
Elactrical charge (Ah/L)

Fig. 2.5 Evolution of benzoquinone, intermediates and COD during the oxidation of benzo-
quinone at Ti/IrO, anodes as a function of charge: open square with dot COD; filled circle
benzoquinone; open diamond aliphatic acids, dashed line others; plus CO,. Reprinted from
Pulgarin et al. (1994), Copyright (1994), with permission from Elsevier

Cl, + H,O0 — HOCl + H" + CI™ (2.20)
HOCI — H* 4+ OCI™ (2.21)

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

Comninellis and Nerini (1995) studied the oxidation of phenol with Ti/SnO, and
Ti/IrO, anodes in the presence of sodium chloride. They showed that the addition
of 85 mM of NaCl to the solution catalyzed the oxidation of phenol at Ti/IrO,
anodes due to the participation of electrogenerated C1O™, increasing the EOI from
about 0.06 to 0.56. Surprisingly, the COD elimination was independent of the NaCl
concentration and the applied current density. Unfortunately, in their experimental
conditions, organochlorinated intermediates, which were further oxidized to volatile
organics (CHCl3), were formed.

A systematic study of the kinetics and the influence of operating conditions on the
anodic mineralization of formaldehyde with electrogenerated hypochlorite ions at a
mixed-oxide anode of SnO,-PdO-Ru0,-TiO, (SPR) was undertaken by Do and
Yeh (Do and Yeh 1995; Do et al. 1997). During the oxidation of the formaldehyde
the current efficiency increased with the stirring of the solution, the concentration
of the chloride ions, the pH, and the concentration of the formaldehyde, while
it decreases with current density. The maximum degradation fraction during the
electrolysis at i = 75mA cm™2, at pH = 13, and in the presence of 1M NaCl
was about 90%.

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

Anode Cell Color COD Faraday
Anode material potential (V) potential (V) removal (%) removal (%) efficiency (%)
Ti/Pt 4.36 8.0 40 9 21.4
Ti/Ru0O,-TiO, 4.33 7.8 42 26 60.4
Ti/Sn0O,-Sb, 05 4.59 8.6 45 23 61.7
Ti/Pt-Ir 4.56 8.6 50 39 104.8
Ti/MnO,-RuO, 4.44 8.2 46 10 23.9
Ti/RhO,-TiO, 4.41 8.6 47 29 77.6
Ti/PdO-Co30,4 4.32 8.6 48 25 57.9

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

More recently, Panizza (Panizza and Cerisola 2003a) investigated the oxida-
tion of 2-naphthol with in situ electrogenerated active chlorine using an undivided
flow cell with a Ti—-Ru—Sn ternary oxide anode and a stainless steel cathode. The
degradation rate increased with the NaCl concentration and pH, but it was almost
independent of the current density. A higher EOI value, about 0.302, was achieved
with a concentration of NaCl of 7.5g dm™> at pH 12 (Fig. 2.6). A small quantity
of organochlorinated compounds was detected in the solution during oxidation, but
these compounds were then mineralized to CO, or oxidized to volatile chlorinated
compounds (i.e., chloroform).

On the contrary, Bonfatti et al. (2000a, b) demonstrated that by choosing optimal
experimental conditions, glucose can be incinerated by chlorine-mediated electroly-
sis without the formation of any chlorinated organics. In the presence of 2-5 g dm™>
of NaCl, the formation of active chlorine makes the mineralization process substan-
tially insensitive to the nature of the electrode surface, its rate being the same at
Ti/PbO,, Ti/SnO,, and Ti/Pt electrodes. In particular, the removal of glucose was
found to be faster at a chloride concentration of 5 g dm™3, a lower temperature, and
a higher current density.

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

i = 75 mA cm™2; flow rate
= 180 1 h™! (Panizza and
Cerisola 2004b)

2.4.4 Tin Dioxide

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

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

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

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

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

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

. o Initial electrochemical oxidation index (EOI)
electrochemical oxidation

index (EOT) determined for Organic species Platinum anode Ti/SnO, anode
the various test substances Ethanol 0.02 0.49
using Pt and SnO, anodes Acetone 0.02 0.21
(Stucki et al. 1991) Acetic acid 0.00 0.09
Tartaric acid 0.27 0.34
Formic acid 0.01 0.05
Oxalic acid 0.01 0.05
Malonic acid  0.01 0.21
Maleic acid 0.00 0.15
Benzoic acid 0.10 0.79
Phenol 0.15 0.60
Aniline 0.1 0.50
EDTA 0.30 0.30
Average 0.05 0.34

Fig. 2.7 Evolution of the
ICE with a specific charge
during the oxidation of
phenol at (a) Pt anode; (b)
SnO, anode. Conditions:

T =70°C, pH = 2, Initial
phenol concentration:

21 mM,i = 50 mA cm ™2
(Comninellis and

Pulgarin 1993)

ICE

0 40 80 120
/Ah dm-3

However, despite the high removal ability of organic pollutants, the SnO, anodes
have the major drawback of a short service life that limits their practical applications
(Lipp and Pletcher 1997). Correa-Lozano et al. (1997) investigated the stability of
the Ti/Sb,05 — SnO, and found that the service life of those produced by spray
pyrolysis can be improved by using a high electrode loading (about 100 g m~2) and
a preparation temperature of 550°C, but even under these conditions their life re-
mained less than 12h at 100mA cm~2 in 1 M H,SOy4 at T = 25°C.

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

2.4.5 Lead Dioxide

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

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

The electrochemical oxidation of phenol was thoroughly investigated under dif-
ferent experimental conditions Belhadj and Savall (Tahar and Savall 1998, 1999a, b)
in a two-compartment cell. Phenol and its intermediates (benzoquinone, maleic,
and fumaric acids) were completely eliminated at a pure Ta/PbO, anode through
the intermediation of hydroxyl radicals adsorbed at the active site of the electrode
(Fig. 2.8). The consumption rate of the phenol was mass-transport limited, and was
favored by a high-temperature and low-current density. The mean Faradic yield
reached 70% at the beginning of the electrolysis at 7 = 70°C for an anodic cur-
rent density of 100mA cm™2. These authors also studied the effect of the type of
substrate (Pb, Ti/IrO,—Ta,Os5, and Ta) or electrode formulation on the stability and
efficiency of PbO, deposits for phenol degradation. The efficiency of the electrodes
for complete TOC removal decreased according to the type of substrate used, as fol-
lows: Ta > Ti/(IrO,-Ta;05) > Pb, andTa/PbO, was also more stable. Regarding
the composition of the electrode, the pure PbO, anode was more efficient for phenol
degradation than Bi; O5—PbO, or perchlorate-doped PbO,.

On the contrary, other studies by Johnson’s group (Chang and Johnson 1990;
Kawagoe and Johnson 1994; Feng et al. 1995) showed that the electrocatalytic
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Fig. 2.8 Variation of the concentration of (1) phenol, (2) 1,4-benzoquinone, and TOC during
electrochemical oxidation of phenol on a Ta/PbO, anode at different temperatures. Initial phenol
concentration 0.021 mol dm™>; i = 100 mA cm™2 (Tahar and Savall 1998)

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

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

Martinez-Huitle et al. (2004a) studied the electrochemical oxidation of oxalic
acid at Ti/PbO,, highly BDD, Pt, Au, and Ti/IrO,-Ta,Os5 electrodes showing that
oxalic acid was oxidized to CO, with different results at several substrates. Higher
current efficiencies were obtained at Ti/PbO, because the interaction of the ox-
alic acid with the PbO, surface was particularly strong, and its anodic oxidation
was only limited by mass transfer at higher current densities and lower substrate
concentrations.

2.4.6 Boron-Doped Diamond

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

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

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

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

Comninellis and coworkers (Foti et al. 1999; Gandini et al. 1999, 2000; Perret
et al. 1999; Gherardini et al. 2001; Rodrigo et al. 2001) thoroughly investigated the
behavior of Si/BDD anodes in an acidic solution for the oxidation of a wide range of
pollutants, and they observed that complete mineralization was obtained with all the
experimental conditions studied, and the current efficiency was influenced by the
initial concentration and applied current. In particular, for high organic concentra-
tions and low current densities, the COD decreased linearly and the ICE remained
about 100%, indicating a kinetically controlled process, while for low organic con-
centrations or high current densities, the COD decreased exponentially and the ICE
began to fall due to the mass-transport limitation and the side reactions of oxygen
evolution. For example, Fig. 2.10 shows the trend of the COD and ICE during the
electrochemical oxidation of different concentrations of 4-chlorophenol. In order
to describe these results, the authors developed a comprehensive kinetic model that
made it possible to predict the trend of the COD and current efficiency for the
electrochemical combustion of the organic with BDD electrodes and estimate the
energy consumption during the process (Panizza et al. 2001b).
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Fig. 2.10 Evolution of COD and ICE (inser) with the specific electrical charge passed during the
oxidation of 4-chlorophenol (4-CP) on a boron-doped diamond anode. Electrolyte: sulfuric acid
IM; T = 30°C; i = 30mA cm™2; initial 4-CP concentration: (open square) 3.9 mM; (cross)
7.8 mM; (filled circle) 15.6 mM (Rodrigo et al. 2001)
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Table 2.6 Initial current efficiency for the electrochemical oxidation of
4-chlorophenol (MCP), 2,4-dichlorophenol (DCP), and 2,4,6-trichlorophenol
(TCP) using BDD anode at T = 25°C (Canizares et al. 2004a)

Concentration Current density
Compound (mg dm™3 ) pH (rnA Cm_z) Electrolyte Initial ICE
MCP 140 2 30 Na, SO, 0.1
MCP 140 12 30 Na, SO, 0.14
MCP 140 2 30 Na;POs 0.1
MCP 2,000 2 30 Na,SO4 1
MCP 2,000 2 60 Na,SO;  0.95
DCP 180 2 30 Na,SO;  0.25
DCP 180 12 30 Na,SOs  0.16
DCP 180 2 30 Naz;PO,  0.16
DCP 2,000 2 30 Na,;SO4 1
DCP 2,000 2 60 Na,SOs  0.65
TCP 220 2 30 Na,SO;  0.15
TCP 220 12 30 Na,SO; 0.2
TCP 220 2 30 Naz;PO,  0.15

The oxidation of different phenolic compounds (phenol, chlorophenols, and ni-
trophenols) and carboxylic acids on BDD anodes was also studied by the group of
Canizares et al. (2002, 2003b, 20044, c). They reported that the organic compounds
were completely mineralized regardless of the characteristics of the wastewater
(initial concentration, pH, and supporting media) and operating conditions (tem-
perature and current density) used. In particular, high concentration and low current
density values increased the efficiency of the electrochemical oxidation of different
chlorophenols (Table 2.6).

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

2H,S04 — H,S,05 + 2H' + 2¢~ (2.22)

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

Some investigations have also tried to compare the behavior of BDD with other
electrodes, such as SnO,, PbO,, IrO,, for the oxidation of organic pollutants. Chen
et al. (2003) reported that the current efficiency obtained with Ti/BDD in oxidizing
acetic acid, maleic acid, phenol, and dyes was 1.6—4.3-fold higher than that obtained
with the typical Ti/Sb,05-SnO, electrode. Other papers have demonstrated that
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Fig. 2.11 Trend of phenol concentration (solid symbols) and COD (hollow symbols) as function of
electrolysis time during the oxidation of phenol at BDD: (open circle, filled circle) i = 305 A m™2,
Re = 13,250; (open triangle, filled triangle) i = 153 Am™2, Re = 3,500; (open square, filled
square) i = 153 Am™2, Re = 13,250; and (open diamond, filled diamond) i = 305A m™2,
Re = 3,500 (Polcaro et al. 2003)
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Fig. 2.12 Comparison of the trend of COD and ICE (inset) during the oxidation of 2-naphthol
at the (open circle) Ti/PbO, anode, i = 25mA cm™2; flow rate 180 dm> h™!; the (open square)
BDD anode; i = 25mA cm™2; flow rate 180 dm> h™'; and the (open triangle) Ti—-Ru—Sn ternary
oxide anode, NaCl = 7.5¢ dm™; i = 50mA cm™2; flow rate 180dm’>h~L. (Panizza and
Cerisola 2004b)

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

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

2.5 Conclusions

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

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

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

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

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