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Abstract

A new approach of photoelectro assisted Fenton process has been developed in our
laboratory. It is found that the Fenton reaction can be efficiency enhanced in photoelectro
assisted Fenton process since Fe(Ill) may complex with certain target compounds or
byproducts, especially those acting as ligands, produced by UVA light and current. The
new design of our system came from the concept of promoting the ferric reduction rate,
which can increase the amount of hydroxyl radicals.

Literatures reported that oxalic, formic and acetic acids are the major products of
aromatic compound degradation, which can complex with ferric ions. These complexes
typically have higher molar absorption coefficients in the UV and visible regions to
generate ferrous ions. Meanwhile, the ferrous ion is regenerated via the reduction of ferric
ion on the cathode. However, the reaction mechanism of ferric ion reduction is still unclear.
Therefore, a functional reactor was designed to save energy and to clarify the mechanism
of ferric reduction with UVA light and electricity.

A new electro-chemical cell was developed to increase the working area and promote
the current efficiency. The operation parameters, such as single and double electrode effect,
electrode distance, initial pH, Fe*"/H,0, molar ratio, applied current, H,O, feeding mode
were investigated, firstly. Then the test of biodegradability (BOD/COD; BOD/TOC) was
used to explore the effect of Fenton, electro-Fenton and photoelectro assisted Fenton
process. Finally, in this dissertation, the intermediate of oxidation process was identified
and the mechanisms were proposed.

Key word: Photoelectro-Fenton process, aromatic compound, biodegradability, kinetic,

intermediate
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CHAPTER 1 INTROUCTION

1.1. Background

2,6-Dimethylaniline (2,6-DMA) and benzene sulfonic acid (BSA) are usually used as
intermediates in the manufacture of azo dyestuffs, pharmaceuticals, agrochemicals,
coloring agents and tanning agents. Large amounts of aromatic compounds have been
produced as building blocks for the synthesis of dyes and detergents, and released into the
environment as waste during their manufacture and use (Bossmann et al., 1998; Takeo et
al., 1997; Alonso et al., 2005). Most of them are not biodegradable. Although 2,6-DMA
and BSA have been produced and applied for a long time, little information is available on
their toxicology and environmental behavior.

Aromatic sulfonated compounds are surface-active and very soluble in water. In
contrast to the linear alkylbenzenesulfonates (LAS), which have been found to be readily
biodegradable, the aromatic sulfonates without long alkyl side chains are reported to be
persistent (Takada and Ishiwatari, 1990). Consequently, it is difficult to remove them from
water and they are transported from sewers to surface waters. In the previous study, the
photocatalytic degradation of sodium benzenesulfonate and its substituted compounds
were investigated (Ollis and Al-Ekabi, 1993). Photochemical or thermal processes also can
enhance the Fenton reaction in the presence of 2,4-dimethylaniline (2,4-DMA) (Bossmann
et al., 1998).

More demanding requirements imposed by law to the treatment plants have forced to
the development of new alternatives, like stronger oxidizing agents or advanced oxidation
processes (AOPs) (Safarzadeh-Amiri et al., 1996; Walling, 1975; Pignatello et al., 2006;

Lu et al., 2001). AOPs are defined as the oxidation processes that generate hydroxyl



radicals in sufficient quantity to effect wastewater treatment (Chou et al., 1999; Lu et al.,
2003; Ting et al., 2007; Sengil and ozacar, 2006). Although AOPs were classified as
expensive treatment option, the cost can be minimized and optimized from different
aspects, such as apply methodologies for catalyst recycling and integration of chemical and
biological treatment processes (Brillas et al., 2002; Badellino et al., 2006; Sirés et al.,
2007a; Sirés et al., 2007b; Esplugas and Ollis, 1997).

Hydrogen peroxide was first used to reduce odor in wastewater treatment plants, and
from then on, hydrogen peroxide entered the realm of wastewater treatment. Hydrogen
peroxide is a non-contaminating oxidant because its products are non-toxic substances, and
can conform to strict environmental regulations (Elizardo, 1991). Besides, some
contaminants may be oxidized into biologically degradable matter using hydrogen
peroxide, and oxygen produced from hydrogen peroxide is also supplied to enhance the
biodegradability.

The Fenton reaction is a widely used and studied catalytic process based on an
electron transfer between H,0O, and a metal acting as a homogeneous catalyst
(Safarzadeh-Amiri et al., 1996). The reactivity of this system was first observed in 1894 by
its inventor H.J.H. Fenton, but its utility was not recognized until the 1930s when a
mechanism based on hydroxyl radicals was proposed (Walling, 1975). The process may be
applied to wastewaters, sludge, and contaminated soils to reduce toxicity, improve
biodegradability, and remove odor and color (Pignatello et al., 2006; Lu et al., 2001; Lu et
al., 2003). During the Fenton process, hydrogen peroxide is catalyzed by ferrous ion to
produce hydroxyl radicals (Walling, 1975).

Fe** +H,0, » Fe’* +OH ™ + HO® (1.1)

This reaction is propagated from ferrous ion regeneration mainly by the reduction of

the produced ferric species with hydrogen peroxide (Walling, 1973),



H,0, + Fe** — Fe’ + HO; +H* (1.2)

However, in the Fenton chain reactions, the rate constant of equation (1.1) is between
53 and 76 M's" (Walling, 1975; Rigg, et al., 1954; Metelitsa, 1971), while that of equation
(1.2) is only 0.01 M™'s™ (Walling, 1973). This means that ferrous ions are consumed more
rapidly than they are produced. This results in the formation of a large amount of ferric
hydroxide sludge during the neutralization stage of the Fenton process, which requires
additional separation and disposal processes (Chou et al., 1999).

Recently, an electrochemical application method in the Fenton process, named the
electro-Fenton method, has been reported. These studies can be generally divided into four
categories (Pignatello et al., 2006). In Type 1, hydrogen peroxide is externally applied
while a sacrificial iron anode is used as a ferrous ion source (Kannan et al., 2006; Sengil
and ozacar, 2006; Kurt et al., 2007).

Fe’ - Fe* +2e” (1.3)

In Type 2, ferrous ion is externally applied, and hydrogen peroxide is generated by an
oxygen sparging cathode (Badellino et al., 2006; Kusvuran et al., 2005).
O,+2H"+2¢e" > H,0, (1.5)
In Type 3, Fenton’s regent was utilized to produce hydroxyl radical in the electrolytic cell,
and ferrous ion was regenerated via the reduction of ferric ion on the cathode (Zhang et al.,
2006; Zhang et al., 2007; Li et al., 2007).

Fe’* +e” — Fe™* (1.4)
In Type 4, ferrous ion and hydrogen peroxide are electro-generated using a sacrificial
anode and an oxygen sparging cathode respectively (Brillas et al., 2002).

Different authors have shown that in aqueous mediums, several organic pollutants
lead to weak decontamination because of the formation of carboxylic acids in both the

Fenton and electro-Fenton processes (Pignatello et al., 2006; Chou et al., 1999; Sirés et al.,



2007b; Brillas et al., 2000; Brillas et al., 2003; Brillas et al., 2007). More potent
electro-Fenton methods with UV irradiation are also being developed for wastewater
remediation, so-called photoelectro-Fenton process (Sirés et al., 2007a; Brillas et al., 2003;
Brillas et al., 2000; Brillas et al., 2007; Brillas et al., 1998). The process was irradiated
with UV light under electro-Fenton conditions. The action of this irradiation is complex
and can be described as: (1) the production of a greater amount of hydroxyl radicals from
the photoreduction of Fe(OH)*", the predominant Fe’" species in acid medium (Pignatello
et al.,, 2006), by equation (1.6) and (ii) the photolysis of complexes of Fe(Ill) with

generated carboxylic acids, as shown in equation (1.7) (Pignatello et al., 2006; Exposito et

al., 2007).
Fe(OH)* —“— Fe** + HO" (1.6)
R(CO,) - Fe(Il) + hy — R(CO3) + Fe(l) - R"+CO, (1.7)

The maximum adsorption wavelength of Fe(OH)*" species is less than 360 nm, hence
visible irradiation may not drive the reaction of equation (1.6). An interesting and
potentially useful modification of the photoreduction reaction takes advantage of the
photo-lability of Fe(IIl )-oxalate complexes, which can be efficiently decomposed up to 500
nm (Pignatello et al., 2006). Oxalic acid is produced during the oxidation of most organics.
Under these conditions, it is also feasible to used sunlight as an alternative inexpensive

source, so-called sunlight-assisted electro-Fenton technology (Casado et al., 2005).



1.2. Research Objective

BSA and 2,6-DMA are usually used as an intermediate of azo dyestuffs,
pharmaceuticals, agrochemicals, coloring agents and tanning agents. Large amounts of
aromatic compounds have been produced and released into the environment as waste
during their manufacture and use. Some BSA has been detected at high concentration
levels in hazardous waste sites, landfill leachates textile and tannery wastewaters (Kim et
al., 1990; Suter et al., 1999; Altenbach and Giger, 1995; Alonso et al., 1999). Although
2,6-DMA and BSA have been produced and applied for a long time, little information is
available on their toxicology and environmental behavior.

In addition most electro-Fenton studies primarily focus on the electro-regeneration of
Fe*" is largely neglected. Generation of iron sludge limits the applicability of Fenton
oxidation processes. Therefore a novel electrochemical cell was developed to enhance the
electro-regeneration rate of ferrous ions and the oxidation efficiency of two aromatic
compounds. In this study, we employed a novel photoelectro-Fenton method, in which
Fenton’s reagent was utilized to produce hydroxyl radical in the electrochemical cell and
ferrous ion was regenerated via the reduction of ferric ion on the light source and cathode.
This research investigates the removal of the BSA and 2,6-DMA by different oxidation
technology. The ferrous ions were generated at the new electrochemical reactor. The
constant current mode was adopted to evaluate the current efficiency (ferric reduction
efficiency) and energy consumption. We are concerned with the reactor efficiency, the
performance of the kinetics, mechanism and the influences of several operating parameters.
At the same time, a very interesting field is what to do with BSA and 2,6-DMA that they
are either toxic and nonbiodegradable. Advanced oxidation technologies for wastewater
treatment show high efficiency but work at high consume of energy and reagents. Partial

chemical oxidation of a toxic wastewater may increase its biodegradability up to high



levels. Consequently, detection of intermediates and biodegradable efficiencies of Fenton,

electro-Fenton and photoelectro-Fenton processes were also investigated in the study.



CHAPTER 2 LITERATURE REVIEW

Fenton and related reactions encompass reactions of peroxides (usually H,O,) with
iron ions to form active oxygen species that oxidize organic or inorganic compounds when
they are present. Recently, Fenton and related reactions have become of great interest for
their relevance to biological chemistry, synthesis, chemistry of natural waters, and
treatment of hazardous wastes. A search of the keyword “Fenton reaction” yielded over

2500 scientific articles since 1945 (Pignatello et al., 2006).

2.1. The use of hydrogen peroxide

Hydrogen peroxide is a strong oxidant (standard potential 1.80 and 0.87 V at pH 0
and 14, respectively) (Degussa Corporation) and its application in the treatment of various
inorganic and organic pollutants is well established. Numerous applications of hydrogen
peroxide in the removal of pollutants from wastewater, such as sulphites, hypochlorites,
nitrites, cyanides, and chlorine, are known (Venkatadri and Peeters, 1993).

Hydrogen peroxide is also useful in the treatment of the gaseous sulphur oxides and
nitrogen oxides being converted to the corresponding acids. Other related uses include the
bleaching of pulp and paper and organic synthesis. Hydrogen peroxide has applications in
the surface treatment industry involving cleaning, decorating, protecting and etching of
metals.

By dissociation into oxygen and water, hydrogen peroxide can also supply oxygen to
micro organisms in biological treatment facilities and in the bioremediation of
contaminated sites. It can be used as a disinfecting agent in the control of undesirable
biofilm growth. Since the oxygen concentration is generally rate limiting during the in situ

biodegradation of organic contaminants, several applications using injection of hydrogen



peroxide into the subsurface have been successfully attempted to enhance the
biodegradation activity (Calabrese and Kostecki, 1989). Hydrogen peroxide can be
decomposed into water and oxygen by enzymatic and nonenzymatic routes.

Oxidation by hydrogen peroxide alone is not effective for high concentrations of
certain refractory contaminants, such as highly chlorinated aromatic compounds and
inorganic compounds (e.g. cyanides), because of low rates of reaction at reasonable
hydrogen peroxide concentrations. Transition metal salts (e.g. iron salts), ozone and
UV-light can activate hydrogen peroxide to form hydroxyl radicals which are strong
oxidants:

Ozone and hydrogen peroxide
O, + HO, » HO* + O, + HO; (2.1)

Iron salts and hydrogen peroxide

Fe** +H,0, - Fe’* +OH™ + HO’ (1.1)
UV-light and hydrogen peroxide

H,O0,+UV —» 2HO® (2.2)
The oxidation processes utilizing activation of hydrogen peroxide by iron salts, referred to
as Fenton’s reagent, are discussed below.

In general, oxidation processes which are based on the generation of radical
intermediates are termed advanced oxidation techniques (Venkatadri and Peeters, 1993).
Hydroxyl radicals (oxidation potential: 2.8 V) are stronger oxidants than ozone and
hydrogen peroxide. Hydroxyl radicals non-specifically oxidize target compounds at high

reaction rates (of the order of 10°M's™" as described later).



2.2. Fenton’s reagent
2.2.1. Fundamental chemistry of the Fenton reaction

Fenton’s reagent was discovered about 100 years ago, but its application as an
oxidizing process for destroying toxic organics was not applied until the late 1960s (Huang
et al.,, 1993). Fenton reaction wastewater treatment processes are known to be very
effective in the removal of many hazardous organic pollutants from water. The main
advantage is the complete destruction of contaminants to harmless compounds, e.g. CO»,
water and inorganic salts. The Fenton reaction causes the dissociation of the oxidant and
the formation of highly reactive hydroxyl radicals that attack and destroy the organic
pollutants.
2.2.2. Kinetic scheme

Fenton’s reagent is a mixture of hydrogen peroxide and ferrous ion, which generates
hydroxyl radicals according to equation (1.1) (Kitis et al., 1999; Yoon et al., 2001; Lu et al.,
2001). The ferrous ion initiates and catalyzes the decomposition of hydrogen peroxide,
resulting in the generation of hydroxyl radicals. The generation of the radicals involves a
complex reaction sequence in an aqueous solution (Rigg et al., 1954; Buxton and
Greenstock, 1988)
Fe’* + H,0, - Fe’* +OH ™+ HO" (chain initiation) ki =~ 58~70 M 's™! (1.1)
HO® + Fe** - OH™ + Fe’* (chain termination) ko = 3.2x10° M's™' (2.3)
Moreover, the newly formed ferric ions may catalyze hydrogen peroxide, causing it to be
decomposed into water and oxygen. Ferrous ions and radicals are also formed in the
reactions. The reactions are as shown in below (Walling and Goosen, 1973; Bielski et al.,
1985; Buxton and Greenstock, 1988).
Fe* + H,0,  Fe-OOH> + H* ks = 0.001~ 0.01M 's™" (2.4)

Fe-OOH> — HO; + Fe** (2.5)



Fe’* + HO; » Fe** + HO; ke = 1.3x10° M 's™' (2.6)
Fe’* + HO; » Fe** + O, + H* ks = 1.2x10° M 's™' (2.7)
HO® + H,0, > H,0 + HO; ke = 3.3x10" M's™' (2.8)
As seen in equation (2.8), hydrogen peroxide can act as a hydroxyl radical’s scavenger as
well as an initiator (equation (1.1)). Hydroxyl radicals can oxidize organics (RH) by
abstraction of protons producing organic radicals (R"), which are highly reactive and can be
further oxidized (Walling and Kato, 1971; Venkatadri and Peters, 1993; Lin and Lo, 1997).
RH + HO® - H,0 + R® — further oxidation (2.9)
Since ke = 107 M's™" while k;>10° (equation (2.3)) can be made unimportant by
maintaining a high [RH]/[H,0;] ratio.
Walling (1975) simplified the overall Fenton chemistry by accounting for the

dissociation water:
2Fe* + H,0, + 2H" > 2Fe™ + 2H,0 (2.10)

This equation suggests that the presence of H' is required in the decomposition of H,0,,
indicating the need for an acid environment to produce the maximum amount of hydroxyl
radicals. Previous Fenton studies have shown that acidic pH levels near 3 are usually
optimum for Fenton oxidations (Hickey et al., 1995). In the presence of organic substrates
(RH), excess ferrous ion, and at low pH, hydroxyl radicals can add to the aromatic or

heterocyclic rings (as well as to the unsaturated bonds of alkenes or alkynes)

000"

They can also abstract a hydrogen atom, initiating a radical chain oxidation (Walling, 1975;
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Lipczynska-Kochany et al., 1995)

RH + HO®* —->H,0 + R (chain propagation) (2.9)
R* + H,0, > ROH + HO® (2.11)
R* + O, > ROO* (2.12)

The organic free radicals produced in equation (2.9) may then be oxidized by Fe®", reduced

by Fe*", or dimerized according to the following reactions (Tang and Tassos, 1997)

R* + Fe’" —oxidation > R" + Fe* (2.13)
R* + Fe** —reduction » R~ + Fe’* (2.14)
2R® —dimerization »> R-R (2.15)

2.2.3. Stoichiometric relationship

The key features of the Fenton system are believed to be its reagent conditions, i.e.
[Fe?"], [Fe*"], [H20,] and the reaction characteristics (pH, temperature and the quantity of
organic and inorganic constituents). Because these parameters determine the overall
reaction efficiency, it is important to understand the mutual relationships between these
parameters in terms of hydroxyl radical production and consumption. Yoon et al. (2001)
studied these relationships and classified them in three categories according to the quantity
of the [Fez+]o/[H202]0 ratio (initial concentration of Fe?" versus initial concentration of

H,0,). Their results are now summarized.
2.2.3.1. High ratio of [Fe®*]o/[H20:]o (>2)

The Fenton reaction begins by producing hydroxyl radicals from the reaction between
ferrous ion and hydrogen peroxide (equation (1.1)). When the Fenton reaction in the
absence of organics is initiated under [Fe* ]o/[H,0,]o (>2), the consumption ratio of ferrous
ion to hydrogen peroxide (A[Fe* "/ A[H20,]) becomes about 2, and radical chain reactions

are quickly terminated.
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This is because the hydroxyl radicals produced as a result of equation (1.1) mainly
react with the ferrous ion (equation (2.3)) instead of hydrogen peroxide (equation (2.8)).
This explanation is supported by the fact that the reaction between hydroxyl radical and the
ferrous ion is ten times faster than that between hydroxyl radicals and hydrogen peroxide

(ko =3.2x10* M's ' and k; = 3.3x10" M"'s 7).

HO® + Fe** - OH™ + Fe** (chain termination) ko = 3.2x10° M's™! (2.3)
HO® + H,0, > H,0 + HO; ke = 3.3x10" M's™" (2.8)
RH + HO® - H,0 + R® — further oxidation (2.9)

On the other hand, the presence of RH affects only the behavior of the ferrous ion, not
the hydrogen peroxide. This is because the organics compete with ferrous ion for hydroxyl
radicals (equations (2.3) and (2.9)). The presence of organics reduces the
A[Fe2+]/A[H202] ratio to less than two (A[Fe2+]/A[H202] = 1.3), which means that the
ferrous ion is utilized as a major reactant, not as a catalyst in the Fenton reaction.

Yoon et al. (2001) studied the effect of the Fenton reaction in the removal of landfill
leachate organics. They used a [Fe*']o/[H20,]o ratio of 1.25. In that case, the Fenton
reaction can be divided into two processes. The first process is an initial oxidation at a low
pH of about 3. The second process, which follows the oxidation process, is coagulation at a
high pH of 7~8. It is interpreted that the coagulation step in the Fenton reaction had a
primary role in the selective removal of organics, even though the Fenton reaction is not a
coagulation one.

However, since the efficiency of organic removal in the Fenton reaction was higher
than coagulation, the Fenton reaction in landfill leachate treatment process may be called a

type of “enhanced coagulation”.

12



2.2.3.2. Medium ratio of [Fe’"]¢/[H,0;]o (=1)

Regardless of the presence of organics, hydrogen peroxide rapidly converts all ferrous
to ferric ions via equation (1.1). In the absence of RH, hydrogen peroxide decomposes
slowly through ferric ion induced radical chain reactions (equation (2.4)) just after the
rapid consumption of hydrogen peroxide. The reduction of the ferric ion (equation (2.4)
and (2.5)) is significantly lower than equation (1.1) and is the rate-determining step. To
have a continued decrease of hydrogen peroxide, ferrous ion must be formed by the
reduction of ferric ion. Then, the Fenton reaction can be characterized by two specific
systems, i.e. the ferrous system and the ferric system, which depend on the oxidation stage
of the iron initially added or the major oxidation state of the iron present. The ferrous
system refers to the case where the primary reaction, which produces hydroxyl radicals, is
the reaction between the ferrous ion and hydrogen peroxide (equation (1.1)). The ferric
system refers to the case in which the ferric ion induced equation (2.4) and (2.5) must be

preceded in order to produce hydroxyl radicals via equation (1.1).

Fe** +H,0, - Fe’* +OH ™ + HO’ (1.1)
Fe* + H,O, I Fe-OOH* + H* ks = 0.001~ 0.01 M's™" (2.4)
Fe-OOH* — HO; + Fe* (2.5)
HO® + H,0, > H,0 + HO; ke = 3.3x10" M's™" (2.8)
RH + HO® - H,0 + R® — further oxidation (2.9)

However, the presence of RH has an impact on the behavior of the hydrogen peroxide
in two ways: (i) no further hydrogen peroxide decomposition occurs just after the initial
decrease of hydrogen peroxide, since the reaction of RH with hydroxyl radicals (equation
(2.9)) overwhelms the reaction of hydrogen peroxide with hydroxyl radicals (equation

(2.8)); (i1) the presence of excess RH can hinder the reaction between hydroxyl radicals
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and the ferrous ion, which may have been the major route of hydroxyl radicals
consumption in the absence of RH. Therefore, the remaining ferrous ion can react with the
hydrogen peroxide and show a slightly higher consumption of hydrogen peroxide at the

initial stage of the reaction as compared with that observed in the absence of RH.
2.2.3.3. Low ratio of [Fe’"|¢/[H,0;]o (<<1)

In the absence of RH, a slow decomposition of hydrogen peroxide occurs caused by
ferric ion, which induces radical chain reactions (ferric system) immediately after the
initial rapid depletion of hydrogen peroxide. However, the presence of RH almost stops the
decomposition of hydrogen peroxide by ferric ion (ferric system). At a low ratio of
A[Fe* 1o/ A[H20:]0 (<<1), hydroxyl radicals react to a greater extent with hydrogen
peroxide, producing HO", via equation (2.8). Therefore, additional HO", can participate in
propagating radical chain reactions by reducing ferric to ferrous ion (equation (2.7)), and
can result in larger consumption of hydrogen peroxide than that occurs in the absence of
RH.

Fe’* + HO; » Fe** + O, + H* ks = 1.2x10° M 's™' (2.7)
2.2.3.4. Influence of the structure of hazardous components

Kinetic degradation of aromatic pollutants with the system Fe*'/H,O, was reported
earlier (Yoon et al., 1998; Wei et al., 1990; Lipczynska-Kochany, 1991) but less attention
was given to the mineralization of these substances. The degradation of alicyclic
compounds was given little attention since most of the water pollutants with a low
biodegradability have an aromatic structure.

Ruppert and Bauer (1993) studied the influence of the structure of several organic

pollutants on the way they are mineralized by OH-radicals. All of the aromatic substances
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studied were strongly degraded after several hours, while the organic carbon of
cyclohexanol and cyclohexanone was hardly attacked. In alicyclic compounds the attack of
the electrophilic OH-radicals cannot occur at conjugated C=C double bonds in contrast to

aromatic compounds where ring opening and further degradation take place.

2.3. Electrochemical oxidation processes

The intensification of industrial activities, since the latter half of the 19 century and
throughout the 20 century, has inevitably caused severe environmental pollution with
dramatic consequences in atmosphere, water and soils. The consequent restrictions
imposed by new legislation require effective initiatives for pollution reduction, not only in
gaseous emissions and industrial aqueous effluents but also adequate decontamination in
soils. Typically, in the case of the latter, different classes of pollutants may have
accumulated during long periods of uncontrolled waste disposal and reclamation may
represent a serious technological problem. Due to the extremely diverse features of
pollution phenomena, universal strategies of reclamation have not been found (Manahan,
1994). Generally, wastewater treatment is carried out using primary, secondary or tertiary
methods, depending on the nature of pollutants. As far as organic pollutants in wastewaters
are concerned, biological abatement may sometimes be impossible, due to the
bio-refractory character of the substrates. For this reason, physical-chemical methods are
preferably applied, but an oxidation with ozone or chlorine dioxide is not always effective
and also transportation and storage of reactants may be a significant inconvenience for safe
processing (Rajeshwar et al., 1994). An alternative can be the application of
electrochemical technologies for wastewater treatment, benefiting from advantages such as
versatility, environmental compatibility and potential cost effectiveness among others

described below (Rajeshwar et al., 1994). Both direct and mediated electrochemical
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oxidation can be considered, and have proved to be interesting subjects for different

research groups and industries seeking new technologies for wastewater treatment (Chen,

2004; Carlos et al., 20006).

In recent years, the applications of electrochemistry for environmental pollution have
been thoroughly investigated (Chen, 2004; Juttner et al., 2000). The feasibility of
electrochemical destruction of organic substrates in wastewater, in particular, has attracted
much attention since pioneering studies by Comninellis in the 60s, Dabrowski in the 70s,
Kirk, Stucki, Kotz, Chettiar and Watkinson in the 80s to the present day. In these studies,
the influence of the electrode material has been considered in detail, showing that optimal
conditions for the process are obtained at high-oxygen-overpotential anodes (Carlos et al.,
2006).

Electrochemistry, as a branch of physical chemistry plays an important role in most
areas of science and technology (Grimm et al., 1998). Electrochemistry offers promising
approaches for the prevention of pollution problems in the process industry. The inherent
advantage is its environmental compatibility, due to the fact that it uses a clean reagent, the
electron. The strategies include both the treatment of effluents and waste and the
development of new processes or products with less harmful effects, often denoted as
process-integrated environmental protection. The promising characteristics of approaches
for the prevention and remediation of pollution problems have been explained in detail:
(Rajeshwar et al., 1994, 1997).

(1) Versatility: Several techniques can be applied such as direct and/or indirect oxidations
and reductions, phase separations, biocide functions, concentrations (or
dilutions), and electrochemical methods can deal with many pollutants and
treat from microliters to millions of liters.

(i1) Energy efficiency: These processes generally require lower temperature with respect to
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equivalent nonelectrochemical counterparts (e.g., thermal incineration), the
potential can be easily controlled and operational parameters can be
designed to minimize power losses.

(i11)) Amenability to automation: The electrical variables used in the electrochemical
processes are particularly suited for facilitating data acquisition, process
automation and control.

(iv) Environmental compatibility: The electron is a clean and very effective reagent, whose
reactivity may be tuned by choosing a suitable electrocatalyst, in order to
prevent the production of undesirable metabolites.

(v) Cost effectiveness: The required equipment and operations are generally simple and
inexpensive, but diverse considerations must be studied for optimal
efficiency.

For the above reasons, electrochemistry can be considered as an alternative for the
prevention of pollution problems. Therefore, intensive research proceeds with the goal of
discovering more efficient techniques, processes, materials, technologies and applications
of electrochemistry for remediation and/or prevention of pollution problems (Carlos et al.,
2006).

During the last two decades, research work has focused on the efficiency in oxidizing
various pollutants at different electrodes, on the improvement of the electrocatalytic
activity and electrochemical stability of the electrode materials, on the investigation of
factors affecting the process performance and on the exploration of mechanisms and

kinetics of pollutant degradation (Chen, 2004).
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2.3.1. Anodic oxidation mechanism

Electrochemical oxidation of pollutants can occur directly at anodes through the
generation of physically adsorbed “active oxygen” (adsorbed hydroxyl radicals, HO-) or
chemisorbed “active oxygen” (oxygen in the oxide lattice, MOy:;) (Comninellis, 1994).
This process is usually called “anodic oxidation” or “direct oxidation” and the course for
the anodic oxidation was described by Comninellis (1994), the complete destruction of the
organic substrate or its selective conversion into oxidation products is schematically
represented in Figure 2.1.

When a toxic, non-biocompatible pollutant is treated, the electrochemical conversion
transforms the organic substrate into a variety of metabolites; often, biocompatible
organics are generated, and biological treatment is still required after the electrochemical
oxidation. In contrast, electrochemical degradation yields water and CO,, no further
purification being necessary. Nevertheless, the feasibility of this process depends on three
parameters: (1) the generation of chemically or physically adsorbed hydroxyl radicals, (i1)
the nature of the anodic material and (iii) the process competition with the oxygen

evolution reaction (Carlos et al., 2006).

18



H20

HY+e" m CO2+nH20
+HY+e

HY+e”

Figure 2.1 Mechanistic scheme of anodic oxidation of organic compounds with
simultaneous oxygen evolution on non-active anodes (reactions a, b and e) and on active

anodes (reactions a, ¢, d and f).

(a) Formation of hydroxyl radicals, HO-.

(b) Oxygen evolution by electrochemical oxidation of hydroxyl radicals.

(c) Formation of the higher metal oxide, MO.

(d) Oxygen evolution by chemical decomposition of the higher metal oxide.

(e) Electrochemical combustion of the organic compound via hydroxyl radicals.

(f) Electrochemical conversion of the organic compound, R, via the higher metal oxide.
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The electrochemical oxidation of some organics in aqueous media may take place
without any loss in electrode activity, except at high potentials, and with concomitant
evolution of oxygen (Comninellis et al., 1995, 1996, 1998; Thar et al., 1998). Furthermore,
it has been described that the nature of the electrode material strongly influences both the
selectivity and the efficiency of the process. To interpret these observations, a
comprehensive model for the anodic oxidation of organics in acidic medium, including the
competition with the oxygen evolution reaction, has been proposed (Comninellis et al.,
1994, 1996; Foti, 1997; Simond, 1997). More recent results, obtained at conductive
diamond electrodes (which are characterized by very high oxygen overpotential), fit the
model predictions quite well (Marselli et al., 2003). Based on these results, Comninellis
explained the differences considering two limiting cases, i.e. the so-called “active” and
“non-active” anodes.

In both cases, the first equation (2.16) is the oxidation of water molecules leading to
the formation of adsorbed hydroxyl radicals:

M+H,O->MHO)+H" +e” (2.16)
Both the electrochemical and chemical reactivities of adsorbed hydroxyl radicals depend
strongly on the nature of the used electrode material. With active electrodes there is a
strong interaction between the electrode (M) and the hydroxyl radical. Adsorbed hydroxyl
radicals may interact with the anode, forming a higher oxide MO (equation (2.17)).
M(HO") > MO+H" +e” (2.17)
These may be the case when higher oxidation states are available, for the electrode
material, above the thermo-dynamic potential for the oxygen evolution (1.23 V vs. SHE)
(Comninellis et al., 1994).
With active electrodes, the redox couple MO/M acts as a mediator in the oxidation of

organics (equation (2.18)). This reaction is in competition with the side reaction of oxygen
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evolution, which is due to the chemical decomposition of the higher oxide (equation

(2.19)).
MO+R—>M +RO (2.18)
MO - M +1/20, (2.19)

The oxidative reaction via the surface redox couple MO/M (equation (2.18)) may be
much more selective than the reaction involving hydroxyl radicals (equation (2.20)). A
typical example of an active electrode is the case of IrO, (Comninellis et al., 1994). With a
non-active electrode, weak interactions exist between the hydroxyl radical and the
electrode surface. In this case, the oxidation of organics is mediated by hydroxyl radicals
and may result in fully oxidized reaction products such as CO, (Carlos et a;., 2006).

M(HO*)+R—>M +mCO, +nH,O+H" +e~ (2.20)

In the above schematic equation, R is a fraction of an organic compound containing
no heteroatoms, which needs one oxygen atom to be fully transformed into CO,. This
reaction competes with the side reaction of hydroxyl radicals (direct or indirect
consumption, through the formation of hydrogen peroxide as intermediate) to oxygen
(equation (2.21)) without any participation of the anode surface (Carlos et al., 2006):
M(HO*) > M +1/20,+H" +e” (2.21)

A non-active electrode does not participate in the anodic reaction and does not
provide any catalytic active site for the adsorption of reactants and/or products from the
aqueous medium. In this case, the anode serves only as an inert substrate, which can act as
a sink for the removal of electrons. In principle, only outer-sphere reactions and water
oxidation are possible with this kind of anode. Intermediates produced by the water
oxidation are subsequently involved in the oxidation of organics in aqueous medium
(Marselli et al., 2003).

The electrochemical activity (which may be related to the overpotential for oxygen
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evolution) and chemical reactivity (rate of the organics oxidation with electrogenerated
hydroxyl radicals) of adsorbed HO- are strongly linked to the strength of the M-HO-:
interaction. As a general rule, the weaker the interaction, the higher the anode reactivity for
organics oxidation (fast chemical reaction); boron-doped diamond electrodes (BDD) are
typical non-active electrodes, characterized by high stability and acceptable conductivity.
This model assumes that the electrochemical oxidation is mediated by hydroxyl radicals,
either adsorbed at the surface (in the case of active electrodes) or free, in the case of the
non-active ones (Marselli et al., 2003).
2.3.2. Electro-Fenton method

Electro-Fenton methods broadly include electrochemical reactions that are used to
generate in situ one or both of the reagents for the Fenton reaction. The reagent(s)
generated depend on cell potential, solution conditions and the nature of the electrodes.

Several different types of electro-Fenton reactions have been described, as summarized in

Table 2.1.
Table 2.1 Types of electrochemical Fenton reaction
Type Anode reaction Cathode reaction Reagent externally
1  Fe’ - Fe* +2e 2H,0+2¢" > H>+20H" H,0,
2 2H,054H"+0,+2e  0O,+2H"+2¢ - H,0, Fe**
3 2H,0-54H"+0,+2¢  Fe**+e — Fe** Fe*'; H,0,
4  Fe' > Fe’"+2e O,+2H" +2¢e” - H,0, -

Fe'* +e” — Fe™

Ferrous ions may be produced by oxidative dissolution of sacrificial anodes such as
iron metal (Pratap and Lemley, 1994; Roe and Lemley, 1997; Wang and Lemley, 2001;
Saltmiras and Lemley, 2001; Chou et al., 1999; Arienzo et al., 2001a, 2001b) or titanium
and iron (Huang et al., 1999):

Fe’ — Fe’ +2e” (1.3)
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The electrodes must have sufficiently high specific surface area to achieve optimum
dissolved iron concentrations (Savall, 1995). Ferrous ion may also be produced by
reduction of ferric ions at an inert cathode, such as platinum (Hsaio and Nobe, 1993;
Oturan et al., 1999; Brillas, et al., 1998b; Qiang et al., 2003):

Fe'' +e” — Fe** (1.4)
Hydrogen peroxide may be produced by reduction of oxygen at the cathode (Chou et al.,
1999; Brillas et al., 1998b, 2000; Oturan et al., 1999; Sudoh et al., 1986; Casado et al.,
2005):

O,+2H"+2¢e" > H,0, (1.5)

In situ generation of reagents might be an advantage in some applications over
pumping the same reagents from an external reservoir using conventional technology.
However, the electro-Fenton reaction faces several obstacles that must be overcome first.
The production of hydrogen peroxide in equation (1.5) is slow because oxygen has low
solubility in water (Savall, 1995) and because current efficiency under acidic conditions is
low (Chou et al., 1999). Porous gas dispersion electrodes appear to be a promising solution
to the former problem (Shen et al., 2005). Stoichiometric electro-generated Fe*™ can be
carried out near neutral pH (Pratap and Lemley, 1998), thus overcoming the need for acidic
conditions, a fundamental disadvantage of Fenton reactions in general. However,
formation of ferric oxyhydroxide sludge is still a problem here. The sludge can be
electrochemically reduced to Fe®', but this requires a step in which the pH is lowered
below 1 (Qiang et al., 2003; Chou et al., 1999). Gradual corrosion of electrodes can be
expected in many electro-Fenton applications. Hydrogen peroxide produced at the cathode
is destroyed at the anode unless the cells are separated by an electrolyte bridge. Shen et al.
(2005) studied acid red B dye degradation in such a dual-chamber cell. They achieved both

anodic oxidation of the dye in the anode chamber and hydrogen peroxide oxidation
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(accelerated by addition of Fe*") in the cathode chamber.

In principle the most promising electro-Fenton mode is Type 3 (Table 2.1), in which
ferric ion is reduced to ferrous at the cathode. However, Fe®" regeneration is slow even at
optimal current density, and both current density and current efficiency drop off
precipitously above pH~2.5. As an active area of research, further advances are expected in

electro-Fenton reactions.

2.4. The photo assisted Fenton reaction

Irradiation of reaction solutions with ultraviolet (UV) or UV/visible light almost
invariably leads to faster rates and higher yields of inorganic products (e.g., Pignatello,
1992; Ruppert et al., 1993; Kiwi et al., 1994; Lei et al., 1998; DeLaat et al., 1999;
Balanosky et al., 2000; Benitez et al., 2000). Photoenhancement will be observed even in
the presence of ordinary overhead fluorescent light used to illuminate laboratory space.
Enhancement is due nearly entirely to the photochemistry of Fe(Ill). Fe(Il) complexes
undergo ligand-to-metal charge transfer (LMCT) excitation, dissociating to give Fe(Il) and

an oxidized ligand, Lox (Balzani and Carassiti, 1970; Sima and Makanova, 1997):
Fe" (L), +hv— Fe" (L), +L, (2.22)

The photochemistry of Fe(IIl) is advantageous to Fenton AOPs because the reduced iron
can then react with hydrogen peroxide to produce hydroxyl radicals (equation (1.1)) and
because oxidation of the ligand may lead to further degradation of the target pollutant (e.g.,
Pignatello, 1992; Sun and Pignatello, 1993; Safarzadeh-Amiri et al., 1996; Bandara et al.,
1997; Bossmann et al., 1998). The photolysis of Fe(Il) species is unimportant at
wavelengths employed in Fenton AOPs. Hydrogen peroxide also photolyzes with UV

light:
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H,O, +hv - 2HO® (2.2)
2.4.1. Photolysis of aquated Fe(III) species

Fe(IIT) hydroxy complexes present in mildly acidic solution, such as Fe(OH)*" and
Fe,(OH),"", absorb light appreciably in the UV and into the visible region. These
complexes undergo photoreduction to give hydroxyl radicals and ferrous ions. The most
important species is Fe(OH)*" due to a combination of its relatively high absorption

coefficient and concentration relative to other Fe(Ill) species under typical conditions:

Fe" (L), +hv — Fe" (L), , + L, (2.22)
Fe(OH)** —“— Fe** + HO" (1.6)

In technical applications, quantum efficiency under polychromatic irradiation, symbolized
by (@), is of interest. The quantum yield (®) for Fe** formation in equation (2.22) is
wavelength dependent (Faust and Hoigne, 1990; Langford and Carey, 1975; Benkelberg
and Wameck, 1995): It is 0.14-0.19 at 313 nm and 0.017 at 360 nm (Faust and Hoigne,
1990). The (@) for Fe* production from ferric sulfate at pH 3 using a medium-pressure
mercury arc (Heraeus Noblelight, TQ 718) is 0.21 (Bossmann et al., 1998).

Excitation of Fe(Ill) aquo complexes alone (i.e., without peroxide) can be used to
promote degradation of pollutants since HO is formed (Larson et al., 1991; Kawaguchi
and Inagaki, 1994; Mazellier et al., 1997, 1999; Brand et al., 1998, 2000a, 2000b; Mailhot
et al., 1999). However, photolysis of Fe(Ill) alone appears to offer little, if any, advantage
over the photo-Fenton reaction. Fe(Ill) is required in stoichiometric amount unless a
pathway for its regeneration from Fe®” is available. While regeneration is possible from
intermediates in the reaction, or air, it is not very efficient. Furthermore, care has to be
taken to keep the pH in a range (2.5<pH<3~4) where the Fe(OH)*" species exists in

appreciable concentration and the bulk of the iron remains soluble.
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2.4.2. Photolysis of Fe(I1I) complexes with organic ligands

Fe(Il) may complex with certain target compounds or their byproducts, especially
those acting as polydentate ligands. These complexes typically have higher molar
absorption coefficients in the near-UV and visible regions than do the aquo complexes.
Their excitation leads to the production of Fe*" and a ligand radical by the generalized
equation (2.26) with quantum yields that are wavelength dependent. Polychromatic
quantum efficiencies in the UV/visible for different complexes range from ~0.05 to ~0.95
(Ronco and Aymonino, 1987; Pohl et al., 1988; Andrianirinaharivelo et al., 1995; Bandara
et al., 1996; Van der Zee et al., 1993).

The photoreactivity of Fe(Ill)-carboxylate or Fe(Ill)-polycarboxylate complexes is
well-known and usually leads to decarboxylation of the organic ligand (Balzani and
Carassiti, 1970):

R(CO,) - Fe(Ill) + hy - R(CO;) + Fe(Il) > R*+CO, (1.7)
An interesting and potentially useful modification of the photo-Fenton reaction takes
advantage of the photo-lability of Fe(Ill)-oxalate complexes (Safarzadeh-Amiri et al., 1996,
1997; Hislop and Bolton, 1999), which is efficient up to 500 nm (®) = 1.0~1.2). Ferric
oxalate is commonly used as a chemical actinometer (Hatchard and Parker, 1956; Braun et
al., 1991). Bolton and coworkers added oxalate to reaction solutions and obtained

photoreduction of the resulting ferrioxalate complexes in situ, such as
[Fe(C,0,),]” — Fe** +2C,0,” +C,0,”" (2.23)

and obtained degradation of aromatic and chlorinated aromatic hydrocarbons, chlorinated
ethenes, ecthers, alcohols, and ketones (Safarzadeh-Amiri et al., 1996, 1997). Oxalate
addition also enhanced photo-Fenton degradation of the herbicide diuron in goethite
suspensions by accelerating photoreductive dissolution of iron (Mazellier and Sulzberger,

2001):
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= Fe(Il1)=(C,0, )+ hv — Fe** 2y +C,0, (2.24)

where =represents the surface-bound metal.
At low Fe(IIl) concentrations, the oxalyl radical anion rapidly decomposes to give
carbon dioxide and the carboxylate radical anion. The latter reacts with dioxygen (when

present) to yield the superoxide anion:

C,0, *'-»CO,+CO, * (2.25)
0,+C0O, *—»CO,+0, * (2.26)
At high Fe(Ill) concentrations, C,0, ° reduces Fe(III) to Fe(II).

The carboxylate radical anion (CO, °) is a sufficiently strong reducing agent that it

can, in the absence of peroxide and dioxygen, reduce perchloroalkanes such as
tetrachloromethane and hexachloroethane, which are normally inert to hydroxyl radicals
(Huston and Pignatello, 1996):
2.4.3. Contribution of different photochemical reactions to the enhancement of
the Fenton reaction
Clearly, many photochemical reactions are possible in irradiated Fenton systems. The
contribution of a given reaction to degradation depends on the emission spectrum of the
source, the concentration and absorbance of the photoactive species, the quantum
efficiency for the given reaction, and the presence and concentration of other
light-absorbing species in the system that is the inner filter effect. The inner filter effect
limits the reactor volume. The concentration and absorbance of photoactive and
non-photoactive species change during the course of the reaction. Further research is
needed to establish the contributions of individual reactions. However, a few conclusions

may be reached from existing knowledge.
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First, Fe(Ill) complexes often exhibit higher absorbances and higher quantum yields
than simple aquated Fe(III) species, and therefore may be more important in photo-Fenton
systems. For example, the mixture of 2,4-dimethylaniline and Fe(Ill) at pH 3 photolyzes
with a quantum yield of 0.92 for Fe(Il) production (Bossmann et al., 1998), compared to
<0.2 for aquated complexes. The photolysis of Fe(Ill)-carboxylate or -polycarboxylate
complexes likely play a dominant role when they are present. Photodecarboxylation, in fact,
often accounts for a substantial fraction of carbon mineralization, especially when the
target compound is aromatic (Casado et al., 2005; Sun and Pignatello, 1993b, 1993c). For
example, 60% of CO, evolved from 24-D was attributed to Fe(Ill)-catalyzed
photodecarboxylation principally of oxalic acid resulting from advanced degradation of the
aromatic ring (Sun and Pignatello, 1993b, 1993c). Oxalic acid is a major product of
aromatic ring degradation and its complexes with Fe(Ill) are very stable to hydroxyl
radicals attack in the dark. These examples help explain why complete mineralization often
cannot be achieved using the Fenton reaction in the dark.

H,O, +hv - 2HO® (2.2)

Second, although photolysis of hydrogen peroxide (equation (2.21)) has a relatively
high quantum yield, its contribution in photo-Fenton applications is limited by the weak
absorption of light by hydrogen peroxide and the strong “inner filter effect” due to
absorption of light by iron and organic solutes (especially aromatics). However, hydrogen
peroxide photolysis may contribute to hydroxyl radical production at low concentration of
iron and organic absorbers or at very large concentrations of hydrogen peroxide.

Third, while in theory rate should increase with radiant power, in practice there may
be an upper limit reached when photoreduction of iron outpaces its reoxidation, that is,

when iron in the +I1I state becomes a small fraction of total iron.
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2.5. The photo assisted electro-Fenton reaction
2.5.1. Fundamental chemistry of the Fenton reaction

In general, the Fenton processes operate through the interaction of the hydrogen
peroxide with the iron present in solution, generating the hydroxyl radicals according to the
following reaction (Brillas et al., 1998; Brillas et al., 2003a):

Fe** +H,0, - Fe’* +OH™ + HO’ (1.1)

Furthermore, it has been shown that the application of UV light to this system, i.e. in
the photo-Fenton processes, produces additional hydroxyl radicals through the reduction of
ferric ions, which could be coupled to other parallel reactions such as the photolytic
breakdown of the Fe(OH)*" complex:

Fe(OH)* —™— Fe** + HO® (1.6)

The catalytic effect of Fe*™ in the electro-Fenton process can be enhanced by solution
irradiation with UV light. Thus, the combination of the electrochemical generation of
hydrogen peroxide with the photochemical production of hydroxyl radicals, called the
Photoelectro-Fenton process, generates a greater quantity of free radicals because of the
contribution of both mechanisms (Boye et al., 2002). Direct photolysis of acid solutions
containing peroxide on the other hand generates hydroxyl radicals through the hemolytic
breakdown of the peroxide molecule according to equation (2.2):

H,0,+UV —» 2HO® (2.2)
This reaction increases oxidative capability of the process due to the rise of the hydroxyl
radicals in the process. In addition to all of these mechanisms in the photoelectro-Fenton
process, two hydroxyl radicals can be produced from hydrogen peroxide by photocatalytic
effect of UV light (253 nm).

The degradation of the target organic substrate can be enhanced when the solution is

irradiated by UV light in parallel to the application of the electro-Fenton process
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(photoelectro- Fenton). Photochemical regeneration of Fe*" by the photoreduction of Fe’*
ions and p-activation of complexes renders the photoelectro-Fenton system more efficient
(Brillas et al., 2003a; Boye et al., 2003). At acidic pH, oxalic acids behave as photo-active
complexes in the presence of ferric ions which undergo photo-decarboxylation reaction
(Pignatello et al., 2006):
R(CO,) - Fe(Il)+ hy - R(CO;) + Fe(Il) > R*+CO, (1.7)
Environmental application of the photoelectro-Fenton process is fairly a new topic
and previous studies are quite limited. The most part of these studies have comprised to
treatability of some specific pollutants such as some kinds of herbicides (Boye et al., 2002;
Irmak et al., 2006; Boye et al., 2003; Brillas et al., 2003b), some kinds of dyes (Flox et al.,
2006; Rao et al., 2006) and some kinds of organics (Brillas et al., 2002; Boye et al., 2006).
In addition, Flox et al. (2007) have recently used solar energy as photon source, and
reduced operating costs of the process substantially. However, in order to increase the

environmental application of the process, researchers should focus on real wastewaters.

2.5.2. Overview of the earlier work of the photoelectro-Fenton process

In conclusion, the use of photoelectro-Fenton technique for the destruction of
pollutants is new to the researchers. Table 2.2 gives the list of chemicals degraded by the
photoelectro-Fenton process and the references. Some of the illustrative works in recent
years have been discussed in detail so as to establish the optimum operating parameters
and other critical considerations for attaining maximum efficiency of this hybrid oxidation

technique.
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Table 2.2 List of the chemicals degraded by photoelectro-Fenton oxidation process

Year

Experimental conditions

Title and Source

Significant conclusion

Pollutant Anode Cathode Current UV [Fe*']
Aniline mineralization by AOP’s: anodic - The photoelectro-Fenton process allows
oxidation, photocatalysis, electro-Fenton Aniline Carbon- A=360 nm to destroy 92 % of TOC after 6 hr.
1998 Pt 0.1A 1 mM
and photoelectro-Fenton processes TOC=100 ppm PTFE 125W - Electro-Fenton reaction only leads to 68%
Appl. Catal. B-Envoron. 16, 31-42 of mineralization.
Mineralization of 2,4-D by advanced
2,4-D Carbon- A=360 nm - The photoelectro-Fenton process allows
2000 electrochemical oxidation processes Pt 0.1A 1 mM
TOC=100 ppm PTFE 6WwW to destroy 97 % of TOC after 4 hr.
Water Res. 8, 2253-2262
- The photoelectro-Fenton process allows
Anodic oxidation, electro-Fenton and to destroy 99 % of TOC after 3 hr.
photoelectro-Fenton treatment of Herbicide Carbon- A=360 nm - Electro-Fenton reaction only leads to
2003 Pt 0.1A 1 mM
2,4,5-trichlorophenoxyacetic acid TOC=100 ppm PTFE 6W 60~65% of mineralization.
J. Electroanal. Chem.557, 135-146 - The herbicide decay always follows a
pseudo first-order reaction.
- The photoelectro-Fenton process allows
Mineralization of herbicide
to destroy 98 % of TOC after 4 hr.
3,6-dichloro-2-methoxybenzoic acid in
Herbicide Carbon- A=360 nm - While electro-Fenton only yields
2003 aqueous medium by anodic oxidation, Pt 0.1A 1 mM
TOC=50 ppm PTFE 6W 60~70% mineralization,

electro-Fenton and photoelectro-Fenton

Electrochimica Acta. 48, 1697-1705

photoelectro-Fenton allows a fast and

complete depollution.
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Electro-Fenton and photoelectro-Fenton

- Complete mineralization is feasible

using electro-Fenton with a BDD anode

degradation of indigo carmine in acidic Dye Pt Carbon- A=360 nm . .
2006 dA 1 mM and 1.0 mM Fe™" and 0.25 mM Cu”" are
aqueous medium TOC=100 ppm BDD PTFE 6W
combined as catalysts in
Appl. Catal. B-Envoron.. 63, 243-248
photoelectro-Fenton with a Pt anode.
- The elector-Fenton process allows a
Electrochemical removal of gallic acid TOC and COD abatement aloes to 70%
gallic acid Carbon- A=360 nm
2006 from aqueous solutions Ti-Pt 08 A 1 mM at maximum after 4 hr.
o TOC=155 ppm PTFE 6W
Electrochimica Acta. 52, 256-262 - The photoelectro-Fenton process allows
to destroy 90 % of TOC after 4 hr.
- 96% TOC decay and complete
dechlorination were observed.
Degradation of clofibric acid in acidic - The decay kinetics of clofibric acid
aqueous medium by electro-Fenton and  Clofibric Carbon- A=360 nm always follows a pseudo-first-order
2007 Pt 0.1A 1 mM

photoelectro-Fenton TOC=100 ppm PTFE 6W reaction.

Chemosphere. 66, 1660-1669 - The similar rate constant in
electro-Fenton and photoelectro-Fenton
processes.

- PEF with UVA or solar light yields

Mineralization of herbicide mecoprop
complete mineralization (>96% TOC

by photoelectro-Fenton with UVA and Herbicide Carbon- A=360 nm

2007 BDD 05A 0.5mM  removal).
solar light TOC=58 ppm PTFE 160 W

Catalysis Today. 129, 29-36

- The kinetics for the herbicide decay

follows a pseudo-first-order reaction.
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Solar photoelectro-Fenton degradation

- The decay kinetics for all cresols

follows a pseudo-first-order reaction.

of cresols using a flow reactor with a Carbon- - The aromatic intermediates are rapidly
2007 BDD 0.1A - 1 mM
boron-doped diamond anode TOC=100 ppm PTFE converted into a mixture of carboxylic
Appl. Catal. B-Envoron. 75, 17-28 acids, being oxalic and acids the most
persistent final products.
Mineralization of clofibric acid by
- Total mineralization is achieved at
electrochemical advanced oxidation
Q=12 Ah™' (4 hr) in photoelectro-Fenton
processes using a boron-doped diamond Carbon- A=360 nm
2007 . BDD 0.1A 1 mM process.
anode and Fe™" and UVA light as TOC=100 ppm PTFE 6W
- The decay kinetics for clofibric follows
catalysts
a pseudo-first-order reaction.
Appl. Catal. B-Envoron. 72, 373-381
TOC removal (4 hr):
Degradation of the herbicide 2,4-DP by -AO-Pt: 17%
anodic oxidation, electro-Fenton and - AO-BDD: 63%
Pt Carbon- A=360 nm
2007  photoelectro-Fenton using platinum and 0.1A I mM - EF-Pt: 48%
TOC=100 ppm BDD PTFE 6W
boron-doped diamond anodes - EF-BDD: 82%
Chemosphere. 68, 199-209 - PEF-Pt: 70%
- PEF-BDD: 83%
Mineralization of the biocide
TOC removal:
chloroxylenol by electrochemical Pt Carbon- A=360 nm
2008 0.1A 1 mM - PEF-BDD> PEF-Pt> EF-BDD> EF-Pt>
advanced oxidation processes TOC=60 ppm  BDD PTFE 6 W

Chemosphere. 71, 1718-1729

AO-BDD> AO-Pt
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2008

Mineralization of salyic acid in acidic
aqueous medium by electrochemical

advanced oxidation processes using o
Salyic acid Pt Carbon-

TOC=100 ppm BDD  PTFE

platinum and boron-doped diamond as
anode and cathodically generated
hydrogen peroxide

Water Res. 42, 499-511

0.1A

A=360 nm
6W

1 mM

TOC removal (3 hr):
- AO-Pt: 12%

- AO-BDD: 69%

- EF-Pt: 62%

- EF-BDD: 85%

- PEF-Pt: -%

- PEF-BDD: -%
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CHAPTER 3 EXPERIMENTAL METHODS

3.1 Chemicals and analytical methods

3.1.1 Chemicals

All the reagents used in the experiments were in analytical quality. BSA,
CsHsSO3H-H,O; it was 97% pure, and had a molecular weight of 176.19 (g/mole).
2,6-DMA, CgH N; it was 98% pure, and had a molecular weight of 121.18 (g/mole). BSA
and 2,6-DMA were obtained from Kanto Chemical Company and Merck Company,
respectively. The physical properties and chemical structures are shown in Table 3.1 and
Figure 3.1. Ferrous sulfate (FeSO47H,0), H,0; (35%), NaOH, HC1O,4 and NaClO4 were
all purchased from Merck Company.
3.1.2 Analytical methods
1.2,6-DMA

All the preparations and experiments were conducted at room temperature. The
samples taken at predetermined time intervals were immediately injected into tubes
containing sodium hydroxide solution to quench the reaction by increasing the pH to 11.
Then all the samples were filtered with 0.45 um mixed cellulose ester filters (Toyo) before
analysis. The 2,6-DMA was analyzed by an HP4890 gas chromatography with a flame
ionization detector and an HP-5 column (0.53 mm in inside diameter, 15 m long).
2. BSA

All the preparations and experiments were conducted at room temperature. The
samples taken at predetermined time intervals were immediately injected into tubes
containing sodium hydroxide solution to quench the reaction by increasing the pH to 11.
Then all the samples were filtered with 0.45 pm mixed cellulose ester filters (Toyo), and
kept for 12 hours in the refrigerator before chemical oxygen demand (COD) analysis was

conducted. This work has been carried out to correct quantitative the effect of the
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concentration of hydrogen peroxide on the COD value. COD was determined using a
closed-reflux titrimetic method based on Standard Methods (APHA, 1998).
3. Ferrous ions concentration

The investigation of accumulated ferrous ions during the reaction at different current
densities on cathode and 1 mM of Fe’* and pHi=2.0. The Fe’" concentration was
determined by light absorbance measurement at 510 nm after complexing with
1,10-phenanthroline using a Unicam UV-Visible spectrophotometer (APHA, 1998).
4. Hydrogen peroxide concentration

The residual H>O, was determined photometrically using potassium titanium oxalate
in mineral acid (Wagner and Ruck, 1984; Roland et al., 1997). The formula of titanium
reagent was described as follows: 272 ml H,SO4 and 35.4 g K,TiO(C,04),-2H,0 were
placed in 300 ml D.I. water and then diluted the mixture with D.I. water to 1000 ml.
Finally, mix this titanium reagent with the sample. The titanium-H,O, complex was
analyzed photometrically at 400 nm. Before the measurements were made, calibration

curve was plotted using standard H,O, of known concentration.

36



H.C CH,

2,6-DMA

Figure 3.1 The structures of BSA and 2,6-DMA.

Table 3.1 The characteristics of BSA and 2,6-DMA.

Chemical names 2,6-DMA BSA
CAS No 87-62-7 98-11-3
Molecular weight 121.18 176.19
Properties colorless to light yellow oily liquid needle solid
Assay >99% >99%
Boiling point 216°C 190°C
Melting point 11.2°C 43-44°C
Solubility in water moderate appreciable (10%)
LDs oral rat 698 mg/kg oral rat 890 mg/kg
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Figure 3.2 Calibration curve of the H,O, concentration.
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5. Biochemical oxygen demand (BOD)

The reaction final solution was used for the BOD test after being neutralized. BOD
was measured according to the procedures in Standard Methods (APHA, 1998).
6. Total/Dissolved organic carbon (TOC/DOC)

TOC/DOC was determined on a TOC analyzer The TOC was determined with an
Elementer-liquid TOC (Germany) total organic carbon analyzer.
7. Organic acids

Organic acids were analyzed using a Dionex DX-120 ion chromatograph (IC) with an
TonPac® AS 17 anion column at 30 °C. The eluent concentration was generated by an RFIC
eluent generation system. Sample analysis with a RFIC system using a potassium
hydroxide eluent gradient proved to be the ideal choice to meet the separation and
detection requirements of this application. Analytes were detected at concentrations less
than 1 pg/l. The present application note describes an RFIC method using a carbonate
removal device to determine a similar set of 14 anions common in electronic component
extracts. This method allows more reliable quantification of sulfate, oxalate, and other
anions eluting just after carbonate.
8. Intermediates

Oxidation products were detected by gas chromatography mass spectrometry (GC-MS)
using an HP 6890 gas chromatography and an HP 5975 mass spectrometer. DB-5MS capillary
column (30 m x 0.25 mm 1.d., 0.25 Im film, from J&W, USA) was used. The GC temperature
program was as follows: 40 °C for 2 min, followed by a 15 °C/min ramp to 280 °C, and hold

for 5 min.
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3.2 Experimental apparatus

Figure 3.3 shows the schematic experimental setup of this study. The cylindrical
reactor (radius: 6.5 cm and height: 35 cm) was operated at a constant current mode. The
total volume of the reactor was 3.5 liters. The anode used was titanium net coated with
RuO,/IrO, (DSA), and the cathode was made of stainless steel. The double electrode cell
had a DSA anode with an inside diameter of 7 cm, and the cathode had 2 ¢cm and 13 cm

stainless steel walls.

3.3 Experiment procedures
3.3.1 Fenton process

All the reactions were carried out in a 3.5 L reactor (Figure 3.2) at room temperature,
28(£2°C). The pH of the reaction solution was adjusted by using HClIO4 or NaOH. A
predetermined quantity of ferrous concentration was added after the pH was adjusted to the
desired value. Solution pH was not controlled during the reaction. The hydrogen peroxide
was added to initiate the reaction. The oxidation reaction was stopped instantly by adding
NaOH to the reaction mixtures after sampling. The samples were then filtered with 0.45
um to remove precipitates before analysis.
3.3.2 Electrolysis process

All the reactions were carried out in a 3.5 L reactor (Figure 3.3) at room temperature,
28(£2°C). The pH of the solution was adjusted by using HCIO4 or NaOH. The solution pH
was not controlled during the reaction. The power supply was turned on to initiate the
reaction. The oxidation reaction was stopped instantly by adding NaOH to the reaction
mixtures after sampling. The samples were then filtered with 0.45 pm to remove

precipitates before analysis.
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3.3.3 Electro-Fenton process

The reaction solution was poured into the system. The ferrous ion was added after the
pH was adjusted to the desired value. The pH of the solution was not controlled during the
reaction. In the meantime, hydrogen peroxide was added to the solution, and the power
supply was turned on to initiate the reaction. The oxidation reaction was stopped instantly
by adding NaOH to the reaction mixtures after sampling. The samples were then filtered
with 0.45 um to remove precipitates before analysis.
3.3.4 Photoelectro-Fenton process

The irradiation source was a set of sixteen 3 W UVA lamps (Sunbeamtech. com)
fixed inside a cylindrical Pyrex tube (allowing wavelengths A>320 nm to penetrate). This
setup prevented the formation of HO ° radicals by the direct photolysis of H,O,. Figure 3.4
shows the UV-—vis spectrum of the UVA lamp. In addition to all the experimental
conditions mentioned above, UV light with maximum wavelength of 360 nm was
irradiated inside the reactor, supplying a photoionization energy input of 48 W to the

solution.
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CHAPTER 4 RESULTS AND DISCUSSION

Framework of the results and discussion

- Section 4.1 Enhancement of the ferric reduction efficiency
The electro-chemical by using different electrode geometries

reactor design

* Performance of Fe®* generation
* Energy consumption with different electrode distance
* Effect of H,O, feeding mode

Section 4.2 Kinetics of 2,6-dimethylaniline degradation by
electro-Fenton process

Kinetics study of
* Effect of pH

* Effect of Fe?* loading

* Effect of H,O, molar concentration

* Effect of current density

* Degradation performance

* The factors on the oxidation of 2,6-DMA

2,6-DMA degradation

A 4

Section 4.3 Treatment of BSA and 2,6-DMA by different
Degradation of oxidation processes

different oxidation  J------- ™M * Oxidation of BSA in different processes

processes on the BSA * Mineralization of BSA in different processes
* Intermediate products of BSA
and 2,6-DMA * Degradation of 2,6-DMA in different processes

* Mineralization of 2,6-DMA in different processes
* Intermediate products of 2,6-DMA

A 4

Section 4.4 Contribution of the Fenton, electro-Fenton and
photoelectro-Fenton processes to the biodegradation of

biodegradability by F, 2,6-DMA

Improvement of

E-F and PE-F methods * Biodegradability of 2,6-DMA in different oxidation processes

* Reaction pathway for 2,6-DMA mineralization

Figure 4.1 The schematic diagram of this study
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4.1. Enhancement of the Ferric Reduction Efficiency by Using Different
Electrode Geometries

In this part of the research, we would like to investigate the role of the electrode
geometry playing in the electrochemical system. The parameters including the electrode
working area, electrode distance and energy consumption were investigated to evaluate the

reactor design.

4.1.1. Performance of Fe** generation
The proposed reactions in the electrolytic system are (Chou et al., 1999)

(1) on the anode side:

H,0 > HO +H" +e 4.1)
H,0 ->2H" +1/20, +2¢" 4.2)
H,0, >0, +2H" +2e" 4.3)
Fe’* > Fe’ +e (4.4)

(2) on the cathode side:

Fe’* +e” — Fe* (1.4)
HZO+e_—)1/2H2+OH_ (45)
2H++2e_—)H2 (46)

The performance was evaluated by the instantaneous current efficiency (CE %) of ferrous

ion generation, which is defined as equation (4.7) (Chou et al., 1999)

CE% = (FV / A)(dC,, / dt)x100% (4.7)

where F is Faraday’s constant, Cg, represents the molar concentration of generated ferrous
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ion, V is the volume of the solution, A is the operating current, and t is the reaction time.
Since the current was kept constant, the amount of generated Fe*" was proportional to the
electrolysis time.

Figure 4.2 shows the effect of cathode geometry on the generated ferrous
concentration. According to our past experience, a single working electrode does not
significantly enhance the electro-regeneration of ferrous ions. For this reason, we
developed a double cathode electrolysis cell (Figure 3.3 (a)) to increase the working area
and to promote current efficiency. As shown in equations (4.4) and (1.4), the small working
area on the anode was designed to minimize the oxidation of ferrous ions and to promote
the reduction of ferric ions on the cathode. At the cathode, ferric ions were
electrochemically reduced to ferrous ions in an acidic solution. Simultaneously, H,
evolution may occur as the side reaction which reduces the current efficiency. At the anode,
the oxidation of H,O leads to oxygen evolution and proton release. Consequently the
ferrous concentration increased with increasing in the cathode working area. Figure 4.3
shows the effect of cathode geometry on initial current efficiency (Figure 3.3 (a) and (b)).
The double cathode reactor could increase the current efficiency by 7 %, which would
translate to greater ferrous production and a higher degradation rate of organic compounds
in the electro-Fenton process. A 41 % current efficiency was observed using the double
cathode electrochemical cell when CD.= 71.0 A/m*> and CD,= 75.8 A/m*. The CD, and
CD, denote the current densities of the cathode and anode, respectively. Chou et al. (1999)
reported that the initial current efficiency of Fe*" regeneration was 39 % at [Fe*"]o = 1000
mg/L, CD~= 98 A/m’ and CD,= 980 A/m’ in the constant current mode. It should be
pointed out that the double cathode electrochemical cell has more potential for the

improvement of the efficiency of electricity utilization.
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Figure 4.2 Effect of cathode geometry on ferrous concentration.
The solid line is the fit of second-order polynomial model (Fe’*=1000 mg/L; pH=2.0;
CDa= 75.8 A/m’; (M) double electrode (Fig. 3.4 (a)) : CDc="71.0 A/m%; (O) single
electrode (Fig 3.4 (b)): CD.= 81.6 A/m?; CD, and CDc denote the current densities of

anode and cathode, respectively)
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Figure 4.3 Effect of cathode geometry on initial current efficiency.
(Fe*™=1000 mg/L; pH=2.0; CD,= 75.8 A/m’; double cathode reactor (Fig. 3.4 (a)): CD=

71.0 A/m?; single cathode (Fig. 3.4 (b)): CD.= 81.6 A/mz).

48



The ferrous ions were oxidized to ferric ion on the anode by equation (4.4). Fe**
regeneration was controlled either by the electron transfer between Fe’™ and the cathode or
by the mass transfer of Fe’" across the cathode-solution interface. As shown in Figure 4. 4
two geometries of electrode distance 3.0 cm and 5.5 cm (Figure 3.3 (b) and (c)) were
employed to investigate the effect of electrode distance on Fe’" regeneration. Figure 4.5
shows the effect of electrode distance on current efficiency. A 52 % current efficiency was
observed in the trial using an electrode gap of 5.5 cm, and approximately 33 % was
detected in the trial using 3.0 cm. This shows a 19 % increase in current efficiency which

indicates that long electrode distance can avoid the oxidation of ferrous ion on the anode.
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Figure 4. 4 Effect of electrode distance on ferrous concentration.
The solid line is the fit of second-order polynomial model (Fe**=1000 mg/L; pH=2.0;
CD,= 75.8 A/m*; double cathode reactor (Fig. 3.4 (a)): CD="71.0 A/m?%; single cathode
(Fig. 3.4 (b)): CD~= 81.6 A/m?)
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Figure 4.5 Effect of electrode distance on current efficiency.
(Fe**=1000 mg/L; pH=2.0; current=10 A; single cathode reactor (Fig. 3.4 (a)): 3.0 cm;

single cathode reactor (Fig. 3.4 (b)): 5.5 cm)
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4.1.2. Energy consumption with different electrode distance

To simplify the analysis, only electricity was considered. The energy consumption
was calculated for electrode distances of 3.0 cm and 5.5 cm for the electro-Fenton process,
respectively, when 1 kg COD needs to be removed. The energy cost for each device was

obtained from equation (4.8).

Energy conmption (kWh/kg COD) = AVoitaget / ACODV (4.8)

Resistance =VOItage / Current (49)

Where A is the operating current, Voiage 15 the voltage, V is the volume of the solution,
t is the reaction time and ACOD denotes the experimental COD decay in solution. The
experimental results with regard to COD removal and energy consumption are shown in
Table 4.1. Although the current efficiency of the 5.5 cm device is 19 % higher than 3.0 cm,
results show that after 2 hours of electrolysis the electronic expense using an electrode gap
of 5.5 cm is much higher than 3.0 cm. The result suggests that the electrode distance 3.0
cm device can provide more economical operation.

This phenomenon is due to equation (4.9). Long electrode distance will increace the
resistance causing the voltage and electricity cost to be higher. The results were compared
with the results obtained by Brillas et al, when aniline was treated with Ti/Pt anode and
carbon-PTFE cathode (Brillas et al., 2002). The electro-Fenton process used by Brillas has
a higher energy cost (45 kWhm™ for 2 hrs) than this system (39 kWhm™ at 2 hr, the data

calculated from 3.0 cm device: Figure 3.3 (b)).
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Table 4.1 Effect of electrode distance on energy consumption ([CcHsSO;H]=10 mM;
[Fe?"1=8 mM; [H,0,]=166 mM; pH=2.0; current=10 A; H,0, feeding time= 0, 5, 10, 15,
20, 30, 40, 60, 80, 100 min; single cathode reactor: 3.0 cm, Fig. 3.4 (b); 5.5 cm, Fig. 3.4
(c))

Time Current Voltage Electrode distance  COD residual  Energy consumption

(hr) (A) (V) (cm) (%) (kWh/kg COD)
0.5 9.99 8.1 3.0 50 12.58

1 9.99 7.2 3.0 37 17.60

2 9.99 6.9 3.0 29 28.35
0.5 1000 196 5.5 45 26.59

1 10.00  16.8 5.5 34 38.53

2 9.99 16.5 5.5 26 62.59
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4.1.3. Effect of hydrogen peroxide feeding mode

As shown in Figure 4.6, the residues in turn depend on the method of chemical
addition, for example, single-step or multi-step addition; thus, affect the process
performance. Multi-step addition of chemical was considered due to that the initial
application of one reactant might be in excess of the other. To avoid the excessive
application or rather the waste of chemical, the step additions appears to be attractive.
Bowers et al. (1989) and Mohanty and Wei (1993) used the Fenton process for degradation
of toxic organics and reported that multi-step addition of H,O, shows a removal efficiency
better than one-step addition, without further explanation of cause and effect. Hence, it is
also desirable to know if the multi-step addition of hydrogen peroxide will lead to any
improvement in the performance of Fenton, electro-Fenton and photoelectro-Fenton
processes.

Figure 4.6 presents the comparison of single-step and multi-step additions of H,O; by
electro-Fenton process. The amount of H,O, applied was 166 mM in one-step addition, and
16.6 mM in ten-step addition at times of 0, 5, 10, 15, 20, 30, 40, 60, 80 and 100 min.
Multi-step addition of H,O, was slightly better in front of 80 min compared with single
step addition. Similar observations were derived when multi-step H>O, addition was
employed to treat landfill leachate by electro-Fenton process (Zhang et al., 2006). The
COD removal ratio was improved by multi-step addition as much as 10% in electro-Fenton
process at the first 20 min. That is because the ferrous ion is regenerated via the reduction
of ferric ion on the cathode induce the Fenton chain reaction. Thus, stepwise addition
keeps the hydrogen peroxide concentration at relatively low levels, reducing the
detrimental effect of hydroxyl radical scavenging (equation (2.8)).

HO® + H,0, » H,0 + HO; k = 33x10" M's™" (2.8)
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In addition, BSA led to weak decontamination after 80 min because of the formation
of carboxylic acids. Oxalic acid is a major product of aromatic ring degradation and its
complexes with Fe(Ill ) are very fast (see in 4.2.3). This indicates that almost zero residues

of ferrous ion after 80 min.
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Figure 4.6 Effect of H,O, feeding mode on COD removal by electro-Fenton process.
([CsH5SO3H]=10 mM; [Fe*" =8 mM; [H,0,]=166 mM; pH=2.0; CD,= 75.8 A/m’;

CD.=71.0 A/m*; H,0, feeding time= 0, 5, 10, 15, 20, 30, 40, 60, 80, 100 min)
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4.1.4. Summary

The effect of electrode geometry and different oxidation methods were investigated to
evaluate reactor design and mineralization efficiency. The double cathode reactor could
increase the working area and enhance the current efficiency by 7 %, which would
translate to greater ferrous production and a higher degradation rate of organic compounds
in the electro-Fenton process. It should be pointed out that the double cathode
electrochemical cell has more potential for the improvement of the efficiency of electricity
utilization. The result also suggests that the electrode distance 3.0 cm device can provide

more economical operation.
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4.2. Kinetics of 2,6-DMA degradation by electro-Fenton process

Based on the results of current efficiency and energy consumption, the double cathode
device (Figure 3.3 (a)) should be used for further oxidation research. In this part of
research, the effects of initial pH (pH;), Fe*™ loading, H,O, concentration and current
density on the processes were investigated. In addition, the study also concerned the

degradation performance of the Fenton, electro-Fenton and photoelectro-Fenton processes.

4.2.1. Effect of pH

The pH of the solution controls the production of the hydroxyl radical and the
concentration of ferrous ions (Pignatello et al., 2006; Abad et al., 2007; Muruganandham
and Swaminathan, 2004; Sun et al., 2007). Hence, pH is an important parameter for the
electro-Fenton process. The effect of pH on the degradation of 2,6-DMA is shown in
Figure 4.7. Increasing the pHi from 1.5 to 2.0 decreased the remaining from 36% to 25% in
2 hours. A further increase of pH; from 2 to 4 increased the remaining from 25% to 85%.
At pH; 3, only a small amount of Fe** is observed. Above this pH, Fe’* started to be
precipitated in the form of amorphous Fe(OH)s). The formation of Fe(OH)s() not only
decreased the dissolved Fe’" concentration, but also inhibited Fe*" regeneration by partially
coating the electrode surface. The optimum pH was found to be about 2. It is in good
agreement with early reports (Lu et al., 2003; Chou et al., 1999; Sirés et al., 2007a; Li et al.,

2007; Qiang et al., 2003).
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Figure 4.7 Effect of pH; on the 2,6-DMA degradation.
([2,6-DMA] =1 mM; [Fe*"]=1 mM; [H,0,]= 20 mM:; [NaClO4]= 50 mM; CD,= 7.6 A/m’;

CD=7.1 A/m?)
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Table 4.2 Kinetic constant (Keps) for 2,6-DMA degradation in electro-Fenton process
([2,6-DMA] =1 mM; [Fez+]=l mM; [H,0,]= 20 mM; pH;=2.0; [NaClO4]= 50 mM; CD,=
7.6 A/m*; CD=7.1 A/m?)

Initial pH Final pH [Fe®'] [H,O;] Current density Remaining  Kgps

(PH)  (pHp ~ (mM)  (mM) (A/m’) (%) (min”) "

1.50 1.31 1.0 20 7.10 36 0.0084 0.996
2.00 1.89 1.0 20 7.10 25 0.0113 0.994
3.00 2.80 1.0 20 7.10 56 0.0079  0.946
4.00 3.50 1.0 20 7.10 85 0.0038 0.999
2.00 1.89 1.0 20 7.10 25 0.0113 0.994
2.00 1.93 1.5 20 7.10 19 0.0141 0.997
2.00 1.89 2.0 20 7.10 0 0.0158 0.998
2.00 1.93 1.0 10 7.10 46 0.0069 0.993
2.00 1.89 1.0 15 7.10 36 0.0086 0.985
2.00 1.89 1.0 20 7.10 25 0.0113 0.994
2.00 1.89 1.0 25 7.10 0 0.0152 0.991
2.00 1.89 1.0 30 7.10 35 0.0086 0.997
2.00 1.93 1.0 20 3.50 42 0.0067 0.977
2.00 1.89 1.0 20 7.10 25 0.0113 0.994
2.00 1.88 1.0 20 10.6 9 0.0204 0.977
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To further compare the rate constant of 2,6-DMA degradation, all experimental data
were analyzed using a simple first-order kinetic model; the values of rate constant, kobs,
were obtained and are presented in Table 4.2. The first-order rate constants (Kqps) of the pH;
effect were determined from the slopes of the plots of In([2,6-DNA]/[2,6-DNA]p) vs. time
and for reaction time < 120 minutes (R>0.95). The results in Table 4.2 show that the Kops of
2,6-DMA degradation was significantly influenced by the pH; value and that the optimal
pHi was observed at pH 2.0. The value of Kops increase when the pHi increase from 1.5 to
2.0, suddenly decrease when the pHi is raised from 2.0 to 3.0, and then slightly drops off
with the increase of the pHi in the range of 3.0 to 4.0. The Kops is limited in the low pH;
range (<2.0) due to the hydroxyl radical scavenging effects of the H" ion (Muruganandham

and Swaminathan, 2004; Sun et al., 2007).

‘OH+H"+e" > H,0 (4.10)

The poor degradation of 2,6-DMA at a high pH range (>2.0) was caused by the
formation of ferric and ferric hydroxide complexes with much lower catalytic capability
than Fe*" (Pignatello et al., 2006). Furthermore, a low pH also promotes hydrogen
evolution, according to equation (4.6), reducing the number of active sites for generating
ferrous ions.

On the cathode side:

Fe'* +e” — Fe™ (1.4)
HZO+e_—)1/2H2+OH_ (45)
2H++2e_—)H2 (46)
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4.2.2. Effect of Fe’* loading

The first-order rate constants (Kqs) were determined from the slopes of the plots of
In([2,6-DNA]/[2,6-DNA]y) vs. time and for reaction time < 120 minutes (R>0.99). The
effect of Fe*" concentration on the kinetic rate constants, Kobs, for 2,6-DMA degradation
was studied by varying [Fe’'], from 1.0 to 2.0 mM. The results are presented in Figure 4.8.
It can be seen from Table 2 that the Kqps of 2,6-DMA degradation increased with increasing
Fe’* concentration from 1.0 to 1.5 mM. This is due to the fact that Fe’" plays a very
important role in initiating the decomposition of hydrogen peroxide to generate the
hydroxyl radical in the Fenton process. When the concentrations of Fe’" and hydroxyl

radical are high, Fe** can react with the hydroxyl radical according to equation (2.3).

Fe" +°OH — Fe’" +OH " k=32x10°M's" (2.3)
H,0, +Fe* > Fe’* +H,0"+H" k =0.01 M's" (1.2)
Fe’ +e” — Fe™* (1.4)

The kops does not increase significantly as the dosage of ferrous ions increased from 1.5
mM to 2.0 mM. The rate constant in equation (2.3) has a value of several orders of
magnitude higher than that in equation (1.2) and (1.4). Hence, the excess ferrous ions
consumed the hydroxyl radicals with a high oxidative potential. It caused the ferric
reduction efficiency to be lower than in equation (2.3). However, it is not a good idea to
use over high concentration of Fe?". Otherwise, a large quantity of ferric oxide sludge will

be generated, resulting in much more requirement of separation and disposal of the sludge.
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Figure 4.8 Effect of Fe*" dosage on the 2,6-DMA degradation.
([2,6-DMA] =1 mM; [H,0,]= 20 mM; pH=2.0; [NaClO4]= 50 mM; CD,= 7.6 A/m?;

CD=7.1 A/m?)
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4.2.3. Effect of H,O, molar concentration

The initial concentration of H,O; plays an important role in the electro-Fenton process.
The effect of the H,O, concentration on the 2,6-DMA degradation is shown in Figure 4.9.
Increasing the H,O, concentration from 10 mM to 25 mM increased the removal efficiency,
46%, at 120 min. A further increase from 25 mM to 30 mM decreased the removal
efficiency, 35%. The increase in the removal efficiency was due to the increase in hydroxyl
radical concentration as a result of the addition of H,O,. However, at a high dosage of
H,0,, the decrease in removal efficiency was due to the hydroxyl radical scavenging effect
of H,O, (equation (2.8) and (4.11)) and the recombination of the hydroxyl radical

(equation (4.12)) (Muruganandham and Swaminathan, 2004).

HO® + H,0, » H,0 + HO; k = 3.3x10" M's™" (2.8)
*HO, + *OH — H,0+0, k = 1.0x10" M's" (4.11)
*OH +"OH — H,0, k = 42x10° M's™" (4.12)

The first-order rate constants (Kqs) were determined from the slopes of the plots of
In([2,6-DNA]/[2,6-DNA]y) vs. time and for reaction time < 120 minutes (R>0.97). The
results shown in Figure 4.9 indicates that from 10 mM to 25 mM, the reaction was
first-order, reflecting equation (1.2) as the rate limiting step. Above 25 mM, the rate was
inhibited by the hydroxyl radical scavenging effect of H,O, and the recombination of the

hydroxyl radical (Li et al., 2007).

Fe* + H,0, > Fe’" +OH ™ + "OH (1.1)

H,0, + Fe’ —» Fe** +*H,0+H"* (1.2)

64



11 I I I I I I

cic,

0.0 T T T T T T T T T T T T

0 20 40 60 80 100 120
Time (min)

Figure 4.9 Effect of H>O, concentration on the 2,6-DMA degradation.
([2,6-DMA] =1 mM; [Fe*]=1 mM; pH;=2.0; [NaClO4]= 50 mM; CD,= 7.6 A/m*; CD=7.1

A/m?)
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4.2.4. Effect of current density

Figure 4.10 shows the effect of current density for the 2,6-DMA degradation, which
was significant. Increasing the current density increased the production rate of Fe** on the
cathode. Therefore, the removal efficiency increased with increasing current density. In this
work, the removal efficiency was 58%, 75% and 91% for current densities of 3.50, 7.10
and 10.6 A/m’ respectively. The results further indicate that the effect of the apparent
current density on the removal efficiency was significant indicating that the production rate
of Fe*" was increased with increasing current. It should be pointed out that the optimal
current density also depends on the Fe’" concentration because Fe’" mass transfer also
controls the ferric reduction efficiency (Chou et al., 1999; Qiang et al., 2005).

Figure 4.11 shows the effect of current density on the (a) remaining ratio (b)
concentration of accumulated ferrous ion and (c) k value for the 2,6-DMA degradation in
60 minutes. The first-order rate constants (Kqps) were determined from the slopes of the
plots of In([2,6-DNA]/[2,6-DNA]y) vs. time and for reaction time < 120 minutes (R>0.97).
The effect of current density on the kinetic rate constants, kops, for 2,6-DMA degradation
was studied by varying the current density from 3.5 to 10.60 A/m’. The results are
presented in Figure 4.10. It can be seen from Kops that the 2,6-DMA degradation was
increased with the increase of current density from 3.5 to 10.6 A/m®. This was due to the
higher electro-regeneration of ferrous ions from ferric ions (equation (1.4)) with increasing

the current density, which increased the efficiency of the Fenton chain reactions.

66



1.1+

1.0
—— 3.50 A/m°

—0—7.10 A/Im°
—A—10.6 A/m°

0.9

0.8 -

0.7
0.6

0.5+

c/c,

0.4 4
0.3 4
0.2

0.1

0.0 T I T I T I T I T I T I
0 20 40 60 80 100 120

Time (min)

Figure 4.10 Effect of the current density for the 2,6-DMA degradation.

([2,6-DMA] =1 mM; [Fe*']=1 mM; [H,0,]= 20 mM; pH=2.0; [NaClO4]= 50 mM)
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4.2.5. Degradation performance

Three concentrations of hydrogen peroxide (15, 20 and 25 mM) were applied to study
its effect on the 2,6-DMA oxidation. Fenton, electro-Fenton and photoelectro-Fenton
processes were carried out for the comparison. Figure 4.12 shows that the Fenton reaction
could hardly remove 2,6-DMA. In this method, hydrogen peroxide is catalyzed by ferrous
ion to produce hydroxyl radicals (equation (1.1)). However, in the Fenton chain reactions,
the rate constant of equation (1.1) is between 53 and 76 M™'s™ (Walling, 1975; Rigg et al.,
1954; Metelitsa et al., 1971), while that of equation (1.2) is only 0.01 M's" (Walling,
1973). This means that the ferrous ions have been fully consumed in the earlier reaction

period of 5 min, and the ferric ions catalysis of hydrogen peroxide is not important.

Fe’* +H.,0, > Fe** +OH + *OH 1.1
2%2

H,0, + Fe*" — Fe*" + "H,0+H" (1.2)

As shown in the same figure, the concentration of hydrogen peroxide affected the
efficiency of 2,6-DMA destruction obviously in electro-Fenton and photoelectro-Fenton
processes. In the electro-Fenton process, hydroxyl radicals can be initiated by the reduction
of ferric ion to ferrous ion at the cathode surface. Therefore, the residual ratios were 61%,
50% and 43% for the hydrogen peroxide concentrations of 15, 20 and 25 mM, 60 min,
respectively. In photoelectro-Fenton process, the Fenton’s reagent was utilized to produce
hydroxyl radical in the electrochemical cell, and ferrous ion was regenerated via the
reduction of ferric ion on the light source and cathode. Increasing the hydrogen peroxide
concentration decreased the residual ratio of 2,6-DMA in photoelectro-Fenton process. In
this work, the residual ratios were 28%, 12% and 9% for the hydrogen peroxide

concentrations of 15, 20 and 25 mM, 60 min, respectively.
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Figure 4.12 Effect of hydrogen peroxide concentration on the 2,6-DMA degradation.
([2,6-DMA] =1 mM; [Fe*"]=1 mM; pHi=2.0; [NaClO4]= 50 mM; 48 W UVA irradiation;
CD,=7.6 A/mz; CD.=7.1 A/mz; CD, and CD. denote the current densities of anode and

cathode, respectively; (0): 15 mM; (0): 20 mM; (A): 25 mM
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4.2.6. The factors on the oxidation of 2,6-DMA

In this section the degradation of 2,6-DMA was explored by electro-Fenton and
photoelectro-Fenton processes. To compare the performance of different oxidation
processes, we evaluated three indexes: (i) the stoichiometric efficiency (E), (i1) the rate
constant (Kops) and (iii) UVA-promoted efficiency (rpg.r/tgr). We define E as below
(Valentine and Wang, 1998):

E (mM/mM) =A[pollutant]/A[H,0, ] (4.13)
When E is low, few radicals react with organic compounds, it substitutes for inefficient
scavenging reaction. To evaluate the effect of UVA light on the degradation of 2,6-DMA,
electro-Fenton and photoelectro-Fenton processes were compared at different
concentrations of hydrogen peroxide (15, 20 and 25 mM). Table 4.3 indicates that higher
hydrogen peroxide concentrations induce faster 2,6-DMA degradation, yet reduce E. These
phenomena may be due to the hydroxyl radical scavenging effect of hydrogen peroxide
(equation (2.8)) (Walling, 1975; Rigg et al., 1954).

H,0, + *OH — H,0 + "HO, k = 3.3x10" M's" (2.8)

The kinetic study of the electro-Fenton and photoelectro-Fenton processes follows
pseudo-first-order kinetics in which the k value is determined by the following expression:
InC/C, =kt (4.14)
Where Cy represents the initial concentration of the organic compound, and C represents
the concentration of the organic compound at time, t. The first-order rate constants (Kops)
were determined from the slopes of the plots of In([2,6-DNA]/[2,6-DNA]o) vs. time and
for reaction time 60 minutes (R>0.95). The Kqps value for 2,6-DMA degradation in each
process is determined as show in Table 4.3. The degradation rate of the electro-Fenton with

UVA irradiation would faster than the one without it. The photoelectro-Fenton process
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exhibited good decomposition ability on the degradation of organic contaminants in this
work. It is due to the fact that ferrous ion catalyst can be regenerated though the
photoreduction of ferric ions. It then catalyzes hydrogen peroxide to produce highly
reactive hydroxyl radicals. These findings confirm the significant contribution the

additional generation of hydroxyl radicals in the photoelectro-Fenton process.
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Table 4.3 Comparison of various oxidation processes by Stoichiometric efficiency (E) and
kinetic constant (Kops) ([2,6-DMA] =1 mM,; [Fez+]=1 mM; [H,O;]= 20 mM; pH;=2.0;
[NaClO4]= 50 mM; CD,= 7.6 A/m?;, CD=7.1 A/m* 48 W UVA irradiation; reaction

time=60 min)

Electro-Fenton Photoelectro-Fenton
[H,0,]
(%) (mM/mM)  (min™) (%) (mM/mM)  (min™)
15 61 0.0548 0.0096 28 0.1122 0.0194
20 50 0.0457 0.0123 12 0.0744 0.0314
25 43 0.0320 0.0153 9 0.0489 0.0408

Table 4.4 UVA irradiation promoting the efficiency of 2,6-DMA oxidation ([2,6-DMA] =1
mM; [Fe*']=1 mM; [H,0,]= 20 mM; pHi=2.0; [NaClO4]= 50 mM; CD,= 7.6 A/m?;
CD.=7.1 A/m* 48 W UVA irradiation)

[Fe*"] (mM) [H0,] (mM) IEF IPEF IPE-F/TEF
1 15 0.0096 0.0194 2.01
1 20 0.0123 0.0314 2.56
1 25 0.0153 0.0408 2.66
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The role of UVA irradiation in promoting the oxidation efficiency of 2,6-DMA could
be clearly illustrated with the values obtained in Table 4.4. The ratios of UVA irradiation

promoting the efficiency on the initial rates of 2,6-DMA could be obtained as follows:

rpe.r/Te-p = Initial rate of PE-F /Initial rate of E-F (4.15)

Where rpg.r represents the initial rate of the photoelectro-Fenton process and rg.r represents
the initial rate of the electro-Fenton process. The initial oxidation rate by hydroxyl radicals
of organic compound in the electro-Fenton and photoelectro-Fenton processes can be

expresses as equation (4.16) and (4.17), respectively (Benitez et al., 2001):

—d[Ce_¢1/dt =Koy ["OH[Ce ¢ 1= ¢ (4.16)

—A[Cpe_¢ ]/ dt =Ko, ["OH J[Cpe ¢ ] =T ¢ (4.17)

Where Ce.r and Cpe.p are the concentration of organic compounds in the electro-Fenton
and photoelectro-Fenton processes, and the Koy represents the rate constants for the
reaction between hydroxyl radicals and organic compound. The rations (rpe-r/re-r) of UVA
promoting the efficiency on the initial rates of 2,6-DMA were 2.01, 2.56 and 2.66 while the
initial concentration of hydrogen peroxide increased from 15 to 20 and 25 mM,
respectively. It can be concluded that the highest benefit of UVA irradiation was achieved

at 25 mM of hydrogen peroxide.
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4.2.7. Summary

The effect of initial pH, Fe*" loading, H,O, concentration and current density were
investigated to evaluate the degradation and mineralization efficiency of electrolysis,
Fenton, electro-Fenton and photoelectro-Fenton processes. The optimal pH; in this study
was 2. When above this pH, Fe’" started to be precipitated in the form of amorphous
Fe(OH)3). The formation of Fe(OH)ss) not only decreased the dissolved Fe'
concentration, but also inhibited Fe®" regeneration by partially coating the electrode
surface. Increasing ferrous ions increased the hydroxyl radicals and then promote the
oxidation efficiency of 2,6-DMA. The optimal hydrogen peroxide concentration for
2,6-DMA degradation in this study was 25 mM. Higher hydrogen peroxide concentrations
induce faster 2,6-DMA degradation, yet reduce E. These phenomena may be due to the
hydroxyl radical scavenging effect of hydrogen peroxide. The reason is may be either the
reaction of hydroxyl radical and hydrogen peroxide, or the combination of two hydroxyl
radicals to form hydrogen peroxide. The 2,6-DMA degradation was increased as the
current density was increased from 3.5 to 10.6 A/m’. This was due to the higher
electro-regeneration of ferrous ion from ferric ion with an increase in the current density,
which increased the efficiency of the Fenton chain reactions.

The kinetic study of the electro-Fenton and photoelectro-Fenton processes follows
pseudo-first-order kinetics. The electro-Fenton oxidation under UVA irradiation conditions
would accelerate degradation faster than electro-Fenton method alone. These findings
confirm the significant contribution of the radical pathway due to the additional generation

of hydroxyl radicals in the photoelectro-Fenton process.
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4.3. Treatment of BSA and 2,6-DMA by Different Oxidation Processes

According to the summary mentioned above, we know that the double cathode
electrochemical cell has more potential for the improvement of the efficiency of electricity
utilization. Therefore, in this part of study, we employed a novel photoelectro-Fenton
method, in which ferrous ion was regenerated via the reduction of ferric ion by the light
source and also on the double cathode. Furthermore, the electrolysis, Fenton,
electro-Fenton and photoelectron-Fenton experiments were conducted to investigate the

synergistic effect of combined photo and electrochemical methods.

4.3.1. Oxidation of BSA in different processes

Based on the results of current efficiency and energy consumption, the double cathode
device (Figure 3.3 (a)) should be used for further oxidation research. Electrolysis, Fenton,
electro-Fenton and photoelectron-Fenton experiments were conducted to investigate the
synergistic effect of combined photo and electrochemical methods. Figure 4.13 showed
that the electrochemical method could only slightly remove COD from the benzene
sulfonic acid solution. In the electro-Fenton process, COD was removed rapidly during the
first 20 minutes. The final COD removal efficiency achieved by the electro-Fenton process
was nearly 17 % higher than that of the Fenton’s reagent alone. Meanwhile, the
photoelectron-Fenton process achieved a COD removal efficiency that was 14 % higher
than that of the electro-Fenton process. This indicated that the photoelectro-Fenton method

had synergistic effect for COD removal.
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Figure 4.13 Effect of different processes on COD removal efficiency.
([C¢HsSOsH]=10 mM; [Fe*']=8 mM; [H,0,]=166 mM; pHi=2.0; CD,= 75.8 A/m?;

CD=71.0 A/m*; H,0, feeding time= 0, 5, 10, 15, 20, 30, 40, 60, 80, 100 min)
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4.3.2. Mineralization of BSA in different processes

To investigate the synergistic effect of combined irradiation, electrochemical method
and Fenton’s reagent, 720 mg/L TOC of BSA solution was treated with Fenton reagent
alone, the electro-Fenton method alone and the photoelectro-Fenton method, respectively.
Figure 4.14 show that the Fenton process could only slightly remove TOC from the BSA
solution. Furthermore in both the electro-Fenton and the photoelectro-Fenton processes,
TOC was removed faster during the first hour. After that, only slow changes in TOC were
observed because ferric ion was complexed by oxidation products such as oxalic acid. The
degradation of aromatic compounds often leads to the formation of intermediates such as
glyoxylic, maleic, oxalic, acetic and formic acids (Pignatello et al,. 2006; Sirés et al,.
2007a). These complexes typically have higher molar absorption coefficients up to 500 nm
in the near-UV and visible regions leading to the generation of ferrous ion
(Safarzadeh-Amiri et al., 1996). Meanwhile, the ferrous ion is regenerated via the
reduction of ferric ion on the cathode.

The photochemistry of Fe’" is advantageous to the Fenton process because the
reduced iron can react with H,O, to produce hydroxyl radical. The final TOC removal
efficiency achieved by the electro-Fenton method was 64%, nearly 20% higher than
Fenton’s reagent alone. Meanwhile the final TOC removal efficiency achieved by the
photoelectro-Fenton method was 72 %. This indicates that irradiation and electrochemical
methods had a synergistic effect for TOC removal because the photoelectro-Fenton
reaction takes advantage of the photo-reduction of Fe(IIl )-oxalate complexes (Pignatello et
al,. 2006). Bolton and coworkers added oxalate to the reaction solution and observed the

photoreduction of the resulting ferrioxalate complexes, such as
[Fe(C,0,),]” —™— Fe’ +2C,0,” +C,0;" (2.23)

and obtained degradation of aromatic and chlorinate aromatic hydrocarbons
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(Safarzadeh-Amiri et al., 1996). However, photodecomposition of Fe’* complexes
produced some short organic acids, which are produced in the last degradation steps before
total conversion to CO; (Brillas et al., 2000). As shown in equation (2.23), this is especially
relevant with regard to the oxalic acid mineralization. The ferric complexes would be
reduced to ferrous ion from the photo-reduction and by reduction in the cathode. This

would induce the Fenton chain reaction efficiently.
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Figure 4.14 Mineralization of benzene sulfonic acid with different processes.
([C¢HsSOsH]=10 mM; [Fe*']=8 mM; [H,0,]=166 mM; pHi=2.0; CD,= 75.8 A/m?;

CD=71.0 A/m?)
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4.3.3. Intermediate products of BSA
The degradation of aromatic compounds often leads to the formation of intermediates
such as glyoxylic, maleic, oxalic, acetic and formic acids (Pignatello et al,. 2006; Sirés et

al,. 2007a).

Figure 4.15 indicates the formation of organic acid. The photo-reactivity of
Fe(II )-carboxylate or Fe(Ill )-polycarboxylate complexes usually leads to decarboxylation

of the organic ligand (Boye et al,. 2002).

R(CO,)— Fe(Il) + hy — R(CO;) + Fe(Il) - R +CO, (1.7)

The use of long wave UV light and electric current as electron donors can efficiently
initiate the Fenton reaction. Oxalic acid, the major intermediate of aromatic compound
degradation, can complex with ferric ions. These complexes typically have higher molar
absorption coefficients up to 500 nm in the near-UV and visible regions leading to the
generation of ferrous ion (Safarzadeh-Amiri et al., 1996). Meanwhile, the ferrous ion is
regenerated via the reduction of ferric ion on the cathode. The photochemistry of Fe’" is
advantageous to the Fenton process because the reduced iron can react with H,O; to
produce hydroxyl radical.

Bolton and coworkers added oxalate to the reaction solution and observed the

photoreduction of the resulting ferrioxalate complexes, such as

[Fe(C,0,),]” —M> Fe** +2C,0,” +C,0;" (2.23)
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and obtained degradation of aromatic and chlorinate aromatic hydrocarbons
(Safarzadeh-Amiri et al., 1996). However, photodecomposition of Fe’" complexes
produced some short organic acids, which are produced in the last degradation steps before
total conversion to CO, (Brillas et al., 2000). As shown in equation (2.23), this is especially
relevant with regard to the oxalic acid mineralization. The ferric complexes would be
reduced to ferrous ion from the photo-reduction and by reduction in the cathode. This

would induce the Fenton chain reaction efficiently.
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Figure 4.15 Formation of organic acid by the degradation of benzene sulfonic acid.
([CsHsSOsH]=10 mM; [Fe*"]=8 mM; [H,0,]=166 mM; pHi=2.0; CD,= 75.8 A/m?;
CD~71.0 A/m®)

4.3.4. Degradation of 2,6-DMA in different processes

Electrolysis, Fenton, electro-Fenton and photoelectron-Fenton experiments were
conducted to investigate the synergistic effect of combined photo and electrochemical
methods. As shown in Figure 4.16, the electrochemical method alone could remove 18% of
2,6-DMA in 2 hr. In the electrolysis method, 2,6-DMA would be destroyed by reaction
with adsorbed hydroxyl radical generated at the surface of a high oxygen-overvoltage
anode from water oxidation (Zhang et al., 2007; Sirés et al., 2007b), according to equation
4.1).

H,O— ‘OH+H" +e” (4.1)

The same tendency can be found in the research of Brillas et al (Brillas et al., 1998; Brillas
et al., 2007). The removal ratio reached 24% with Fenton’s reagent, showing that the
Fenton process could only remove 2,6-DMA slightly. The main reason is that ferrous ions
reacted very quickly with hydrogen peroxide to produce some hydroxyl radicals (equation
(1.1)), and it is a Fe*"/H,0, reaction (t < 5 minutes). The rate constant of ferrous ions
reacting with hydrogen peroxide to produce hydroxyl radicals is 53 M''s™, and the rate
constant of ferric ions reacting with hydrogen peroxide to form ferrous is 0.01 M™'s™
(equation (1.1) and (1.2)) (Pignatello et al., 2006; Walling, 1973). As literature reported
(Pignatello et al., 2006; Lu et al., 1999), Fe** has a lower catalytic activity than Fe*" and
may complex with intermediates. It means that the ability of Fenton method without
electrical or photo reduction to promote the ferrous concentration is too low for generating

hydroxyl radicals.

The 75% removal efficiency achieved by the electro-Fenton process was nearly 51%
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higher than that of the Fenton’s reagent alone. Meanwhile, in the photoelectro-Fenton
process, 2,6-DMA was removed completely during the first 100 minutes. The
photoelectron-Fenton process achieved a removal efficiency that was 25% higher than that
of the electro-Fenton process. This indicates that the photoelectro-Fenton method had a

synergistic effect for 2,6-DMA degradation.
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Figure 4.16 Effect of different processes on the 2,6-DMA degradation.

([2,6-DMA] =1 mM; [Fe*']=1 mM; [H,0,]= 20 mM; pH=2.0; [NaClO4]= 50 mM; CD,=

7.6 A/m*; CD=7.1 A/m?)
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4.3.5. Mineralization of 2,6-DMA in different processes

To investigate the synergistic effect of combined irradiation, electrochemical method
and Fenton’s reagent, 96 mg/L TOC of 2,6-DMA solution was treated with Fenton reagent,
the electro-Fenton method and the photoelectro-Fenton method, respectively.

Figure 4.17 shows that the electrochemical method could only remove 10% of TOC
from the 2,6-DMA solution via reaction with adsorbed hydroxyl radical (equation (4.1)).
Furthermore in the Fenton process, only 8 % of the TOC was removed in the first 10
minutes. After that, no obvious change in TOC was observed in the end of 8 hours of
treatment (15% mineralization) because ferrous ions were precipitated. In the
electro-Fenton and the photoelectro-Fenton processes, TOC removal tendencies during the
first 30 minutes were similar. After that, slow changes in TOC were observed in the
electro-Fenton and photoelectro-Fenton processes because ferric ion was complexed by
oxidation products such as oxalic acid. These complexes typically have higher molar
absorption coefficients up to 500 nm in the near-UV and visible regions leading to the
generation of ferrous ions (Pignatello et al., 2006). The photochemistry of Fe’™ is
advantageous to the Fenton process because the reduced iron can react with H,O; to
produce hydroxyl radical. The final TOC removal efficiency by the electro-Fenton method
was 60%, nearly 45% higher than with Fenton’s reagent alone. Meanwhile, the final TOC
removal efficiency by the photoelectro-Fenton method was 84%. This indicates that

irradiation and electrochemical methods had a synergistic effect for TOC removal.
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Figure 4.17 Effect of different processes on the 2,6-DMA mineralization.
([2,6-DMA] =1 mM; [Fe*']=1 mM; [H,0,]= 20 mM; pH;=2.0; [NaClO4]= 50 mM; CD,=

7.6 A/m*; CD~7.1 A/m?)
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4.3.6. Intermediate products of 2,6-DMA

The degradation of aromatic compounds often leads to the formation of intermediates
such as glyoxylic, maleic, oxalic, acetic and formic acids (Lu et al., 2003; Casado et al.,
2005). Here, the oxalic acid has been detected in the degradation solution by ion-exclusion
chromatography in order to get a further understanding of the oxidative ability for
electrolysis, Fenton, electro-Fenton and photoelectro-Fenton processes. Figure 4.18
indicates the formation of oxalic acid. Result indicates that the electrolysis and Fenton
methods displayed worse oxidative ability with regard to the production of the oxalic acid,
and it is obvious that photoelectro-Fenton process showed the best performance. The
electro-Fenton method resulted in an accumulation of oxalic acid, almost reaching a
constant concentration of 23.11 mg/L.

R(CO,) - Fe(Il)+ hy - R(CO;) + Fe(Il) > R*+CO, (1.7)

Oxalic acid is rapidly produced and destroyed by photoelectro-Fenton. As shown in
equation (1.7), the photo-reactivity of Fe(IIl )-carboxylate or Fe(IIl )-polycarboxylate
complexes usually leads to decarboxylation of the organic ligand (Pignatello et al., 2006;
Brillas et al., 2003). The use of UVA light and electric current as electron donors can
efficiently initiate the Fenton reaction. Oxalic acid, the major intermediate of aromatic
compound degradation, can complex with ferric ions. These complexes typically have
higher molar absorption coefficients up to 500 nm in the near-UV and visible regions,
leading to the generation of ferrous ion (Pignatello et al., 2006). The photochemistry of
Fe’" is advantageous to the Fenton process because the reduced iron can react with H,O, to
produce hydroxyl radicals. However, photodecomposition of Fe’" complexes produced
some simple organic acids, which are produced in the last degradation steps before total

conversion to CO; (Brillas et al., 2003). This is especially relevant with regard to the oxalic
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acid mineralization. The ferric complexes would be reduced to ferrous ions from the
photo-reduction and by reduction in the cathode. This would induce the Fenton chain

reaction efficiently.
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Figure 4.18 Formation of oxalic acid by the degradation of 2,6-DMA.
([2,6-DMA] =1 mM; [Fe*']=1 mM; [H,0,]= 20 mM; pH;=2.0; [NaClO,]= 50 mM; CD,=

7.6 A/m*; CD=7.1 A/m?)
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4.3.7. Summary

This part of study has demonstrated that the performances of the electro-Fenton and
photoelectro-Fenton methods are significantly superior to the oxidative ability of a Fenton
process in the degradation of BSA and 2,6-DMA. The same tendency was shown in the
TOC removal. This indicates that the photoelectro-Fenton method had a synergistic effect
for mineralization. Oxalic acid, the major intermediate of aromatic compound degradation,
can complex with ferric ions. The ferric complexes would be reduced to ferrous ion from
photo-reduction and by reduction in the cathode. This would induce the Fenton chain

reaction efficiently.
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4.4. Contribution of the Fenton, Electro-Fenton and Photoelectro-Fenton

Processes to the Biodegradation of 2,6-DMA

As mentioned in this study, the photoelectro-Fenton process is a successful one for the
2,6-DMA degradation. In this part, the intermediates were detected and the biodegradable
efficiency of Fenton, electro-Fenton and photoelectro-Fenton processes was examined. The
variation of biodegradability as a function of the chemical reaction conditions was

determined. BOD, BOD/COD and BOD/TOC were used for measuring biodegradability.

4.4.1. Biodegradability of 2,6-DMA in different oxidation processes

Fenton, electro-Fenton and photoelectro-Fenton processes were conducted for 2 hours

to investigate the biodegradability of the effluent of reaction solutions. As show in

Figure 4.19, the Fenton oxidations of BOD, COD and TOC were steady around 90,
339 and 85 mg/L, respectively. The ferrous ions were limited as a result of the slow
regeneration rate of reactions (1.1) and (1.2), the final BOD, COD and TOC values could

be increased by the electro-Fenton process.

Fe* + H,0, > Fe’" +OH ™ + "OH (1.1)

H,0, + Fe* —» Fe** +*H,0+H"* (1.2)

This combination (electrochemical/Fenton regent) leads to the formation of additional
recycling of ferrous catalyst and hydroxyl radicals. It is very interesting to observe that in
the electro-Fenton process, the degradation of 2,6-DMA was retarded after 1 hour. A

possible explanation for this observation is the formation of Fe’” with organic
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intermediates in the solution, yielding iron complex species which could interfere with the
electrochemical regeneration of Fe’". The photo-reactivity of Fe(Ill)-carboxylate or
Fe(IIl )-polycarboxylate complexes usually leads to decarboxylation of the organic ligand
(Pignatello et al., 2006). Hence, the photoelectro-Fenton process has significant oxidation

capacity compared with the Fenton and electro-Fenton processes.

R(CO,) - Fe(Ill) + hy — R(CO;) + Fe(Il) - R +CO, (1.7)
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Figure 4.19 Comparison between Fenton, electro-Fenton and photoelectro-Fenton
processes at 1 mM of 2,6-DMA, 1 mM of Fez+, 20 mM of H,O,, 48 W UVA irradiation,

CD,= 7.6 A/m* and CD.=7.1 A/m>.
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The biodegradability of the solution was also tested in the experiment. BODs/COD
and BODs/TOC ratios were chosen as biodegradability indicators. BODs/COD ratios are
plotted in

Figure 4.20. In the Fenton process, the ratio barely increased in the range of 0.1 to 0.3.
A BOD/COD ratio of 0.4 is generally considered the cut-off point between biodegradable
and difficult to biodegrade waste. Domestic wastewater typically has a BODs/COD ratio of
between 0.4 and 0.8 (Metcalf and Eddy Inc, 1985).

For electro-Fenton and photoelectro-Fenton processes, the ratio of BODs/COD was
increased to 0.4 and 1.0, respectively. The same tendency was observed for BODs/TOC
ratios for each process.

Figure 4.21 shows the biodegradability of BODs/TOC in each process for various
reaction times. The BOD test measures organic pollutant concentrations indirectly in terms
of an equivalent oxygen demand by biological oxidation of the organic matter. However,
not all organic materials are biologically degradable. Conversely, the BOD/TOC (molar
ratio) evaluation measures the amount of total organic carbon decomposable by
microorganisms. A high BOD/TOC ratio means a high degree of biodegradation. An
increase in the BODs of a sample due to different treatment would indicate a greater
amenability to biodegradation. Thus, an increase in the BODs/TOC ratio after Fenton,
electro-Fenton and photoelectro-Fenton processes are indicative of improved
biodegradability due to an enhancement in the proportion of TOC amenable to biological
mineralization. The BODs/TOC ratio could exceed 1.0. This is because the oxygen demand

by microorganisms not only applies from organic carbon (i.e. nitrification).
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4.4.2. Reaction pathway for 2,6-DMA mineralization

The formation of aminobenzene, nitrobenzene, 2,6-dimethylphenol, phenol and oxalic
acid were observed by GC-Mass. Therefore, the degradation mechanism of 2,6-DMA
was proposed in Figure 4. 22. Hydroxyl radicals react with organic compounds by the
addition to double bonds possessing sufficient electron density, by hydrogen abstraction
from alkyl groups or hydroxyl groups, or by electron transfer (Figure 4.23). Therefore,
aminophenols should be generated during the addition reaction with hydroxyl radicals.
Bossmann et al. (1998) reported that the aromatic amine group of 2,4-DMA leaves as
hydroxylamine and 2,4-dimethylphenol can be formed. The concentration of these
products may strongly depend on the reaction conditions and different processes, but their
presence supports a hydroxyl radical mechanism (Neyens and Baeyens, 2003; Pignatello et
al., 2000).

Brillas et al. (1998) reported that different oxidation reactions led to the formation of
nitrobenzene and benzoquinonimine. Benzoquinonimine produced benzoquinone. The
oxidation of phenol leads to hydroquinone, which can be further degraded to either
benzoquinone. The destruction of nitrobenzene with the release of NO3', benzoquinone and

1,3,4-trihydroxybenzene gives maleic, fumaric and oxalic acids.

99



NH NH, NH
2 2
CH, CH, COOH
. | co,
COOH

Figure 4. 22 Proposed reaction pathways for the mineralization of 2,6-DMA by Fenton,

electro-Fenton and photoelectro-Fenton processes.

NH,

NH,
(a) . CH C)
H -Hy . H
HO [ Additi : HO I = 3
4 ition _ >
—_— R
+>_< > —=oH
. Addition
CH,

CH;

. 2y + R-H . Hydrogen
HO R+ HO abstraction NH, OH
3) CH, CH,
> Electron transfer
0 —_—
Eleetron
+ RH [RHI** + HO'  transfer
CH, CH;

Figure 4.23 Possible reaction pathways involving hydroxyl radicals

(Bossmann et al., 1998).

100



4.4.3. Summary

This study has demonstrated that the performances of electro-Fenton and
photoelectro-Fenton methods are significantly superior to the oxidative ability of a Fenton
process in the degradation of 2,6-DMA. After Fenton, -electro-Fenton and
photoelectro-Fenton treatments, the biodegradability was measured using BOD/COD and
BOD/TOC. The BOD/COD values increased from 0.27, 0.40 to 0.98. Photoelectro-Fenton
process is thought to be a successful treatment for both the abatement and the improvement
of the biodegradability. The photoelectro-Fenton method could apply enough acute
detoxicity and no inhibition effects on 2,6-DMA as well as a BODs/COD higher than 0.95.
These conclusions would allow us to suggest integrating the technology of
photoelectro-Fenton process and biological treatment as an optimal strategy for 2,6-DMA
removal in industrial wastewater. Gas chromatography and mass spectrometry allows to
detect some organic intermediates; aminobenzene, nitrobenzene, 2,6-dimethylphenol,

phenol and oxalic acid in the different oxidation processes.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
Using the results and discussion in Chapters 4, we can make the following
conclusions:

(1) Considering the effects of electrode geometry and different oxidation methods, it
should be pointed out that the double cathode electrochemical cell has more potential
for improving the efficiency of electricity utilization. The results also suggest that a
small electrode distance device can provide more economical operation.

(2) Considering the effect of different oxidation methods to mineralize BSA, the final
COD removal efficiency achieved by the photoelectro-Fenton process was 17 % higher
than that using the Fenton’s reagent alone. The photoelectro-Fenton process achieved a
COD removal efficiency that was 14 % higher than that of the electro-Fenton process.
The same trend was shown in the TOC removal.

(3) In the degradation of 2,6-DMA, the performances of the electro-Fenton and
photoelectro-Fenton methods are significantly superior to that of the Fenton process.
The final TOC removal efficiencies were 10%, 15%, 60% and 84% using the
electrolysis, Fenton, electro-Fenton and photoelectro-Fenton processes, respectively.

(4) The investigation of E, Kops and rpg_g/rgr in the electro-Fenton and photoelectro-Fenton
processes show that higher hydrogen peroxide concentrations induce faster 2,6-DMA
degradation, yet reduce E. This may be due to the hydroxyl radical scavenging effect of
hydrogen peroxide.

(5) The kinetic study of the electro-Fenton and photoelectro-Fenton processes follows
pseudo-first-order kinetics. The electro-Fenton oxidation under UVA irradiation

conditions accelerates degradation faster than does the electro-Fenton method alone.
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(6) After treatment, the BOD/COD values of Fenton, electro-Fenton and
photoelectro-Fenton processes were 0.27, 0.40 and 0.98, respectively.

(7) Some organic intermediates; i.e. aminobenzene, nitrobenzene, 2,6-dimethylphenol,
phenol and oxalic acid were detected in the different oxidation processes using
GC-Mass.

(8) Oxalic acid, the major intermediate of aromatic compound degradation, can complex
with ferric ions. The ferric complexes are reduced to ferrous ions from photo-reduction

and electrogeneration in the cathode. This efficiently induces the Fenton chain reaction.
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5.2. Recommendations

The electro-Fenton and photoelectro-Fenton processes have been demonstrated to be
effective in degrading organic compounds. Further research can focus on the following

arcas:

(1) To save costs, we suggest that wastewater can be treated with the electro-Fenton or
photoelectro-Fenton process. Biotreatment can then be used.

(2) The anion effect of 2,6-DMA and BSA was roughly investigated in this study. The
effect for oxidation of wastewater should be further studied.

(3) Based on the data obtained from the study, a pilot reactor can be designed and setup.
The cost of the electro-Fenton and photoelectro assisted Fenton process can be evaluate
with the pilot reactor.

(4) The integral, initial rate and excess methods can be used to determine the kinetics of

the reaction.
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APPENDIX

The GC-Mass spectra:
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[2,6-DMA]= 1 mM, [Fe>'] =1 mM, [H,0,]=20 mM, 48 W UVA irradiation,

CD,= 7.6 A/m* and CD.=7.1 A/m>
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The IC spectra:
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Retention time

[2,6-DMA]= 1 mM, [Fe>'] =1 mM, [H,0,]=20 mM, 48 W UVA irradiation,

CD,= 7.6 A/m* and CD.=7.1 A/m?
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