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ADVANCED OXIDATION PROCESSES FOR
THE DEGRADATION OF PERSISTENT
ORGANIC POLLUTANTS IN WATER

Abstract: The need for fresh drinking water is increasing in the world and accord-
ing to the World Health Organization data, about 80 % of diseases that affect the pop-
ulation are due to the use of contaminated water. Persistent organic pollutants (POPs)
molecules are very stable synthetic chemicals produced for different purposes: pesticides,
industrial processes, by-products and medicaments etc. They are released into soil, wa-
ter and air and due to their high stability they may enter the food-chain. The presence
of POPs and other toxic pollutants into water compartments may cause harmful effects
for humans and animals therefore there are needed strict regulations about the release
of these chemicals. The use of conventional methods like biological processes, chemical
coagulation, membrane filtration, adsorption is not suitable for their complete removal
from contaminated soils, water and wastewater plants.

Advanced oxidation processes (AOPs) involve the production of a very strong oxidiz-
ing agent, the hydroxyl radicals that are very useful agents capable to completely min-
eralize organic pollutants into carbon dioxide, water and inorganic ions. Hydroxyl rad-
icals can be generated from hydrogen peroxide by various methods like heterogencous
and homogencous photocatalysis based on UV and solar irradiation, ozonation, Fen-
ton and Electro-Fenton process. These methods permit the efficient degradation of the
POPs and the new technologies based on electrochemical advanced processes are going
to pass from academic research level to large-scale treatments.
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1. INTRODUCTION

The development of the world chemical industry during the last decades
enabled the production of numerous chemical compounds such as poly-
mers; composite materials, pesticides, colorants, pharmaceuticals etc. that
have served for many purposes and have greatly increased the productivi-
ty in agriculture. Despite their positive impact for specific tasks their pres-
ence in the environment represents also a danger for the living organisms.
Those chemicals are spread in the environment after their use in many ways
and are concentrated in different places by different transport ways: air, wa-
ter and soil. Some of these products are removed and eliminated by classi-
cal conventional physico-chemical methods but there are also some organic
compounds persist to standard treatment processes and their total degrada-
tion can takes many decades or centuries. The chemical compounds which
are very resistant to different chemical or biological agents are called per-
sistent organic pollutants. As part of this category are considered pesti-
cides like Aldrin, Dieldrin, Chlorodane, DDT (Dichlorodiphenyltrichloro-
ethane), Endrin, Heptachlor, Mirex and Toxaphene; industrial chlorinated
chemicals known as polychlorobiphenyls or PCBs and dibenzodioxins and
Dibenzofurans. Although the use of some of these chemicals is banned since
several decades, [1] they are still released into the environment from many
sources as those materials have been used for many purposes. Due to their
high stability, volatility and low water solubility they may be transported
to long distances as they are recycled between air, water and soil. [2] Those
chemicals may have the affinity to interact with the leaves and food crops
and after the consumption of contaminated food they enter into the hu-
man bodies they may affect their health in different ways. POPs are con-
sidered to cause diabetes, endocrine disturbance, cancer, cardiovascular and
reproductive problems. 3]

Another major concern today for the world population is the produc-
tion of fresh drinking water for all inhabitants. Despite its omnipresence
on Earth, about 70% of the terrestrial area is covered with water but it is
constituted by aquatic resources that are not directly used by human be-
ings like salted waters of seas and oceans and glaciers. It remains only a very
small portion about 0.65 % of water that can be utilized for drinking with-
out further treatment if there is not any kind of pollution. These sources of
water are not equally spread over the world. Human activities in many ar-
eas such industry, agriculture, transport, medicine, construction etc. have
largely contributed to underground and surface water pollution with many
toxic compounds. Human population is growing very fast and therefore is
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really important to develop very efficient methods for the removal of pol-
lutants from the contaminated waters. [4] World Health Organization has
published data which stipulates that about 80 % of discases that affect the
population are due to the use of contaminated water. [5]

There exist many physico-chemical conventional methods the so-called
non-destructive separation techniques that remove the pollutants from water
and concentrate them into another phase such as: decantation, adsorption,
extraction, coagulation, membrane filtration etc. Destructive methods use
very powerful chemical oxidation agents which enable the chemical trans-
formation of the toxic compounds into their final products carbon dioxide
and water and include biological, thermal and chemical methods. Biolog-
ical methods such bioremediation use different microorganisms as agents
to convert toxic organic molecules into CO s methane, water and inorgan-
ic compounds. These transformations are not very fast, it may take months
under aerobic and anaerobic conditions as in the case of the pharmaceuti-
cal product naproxen [6], there are some pH and other limitations like the
presence of membrane fouling with toxic sludge and some chemicals with-
stand to this treatment. [7]

The thermal treatment or incineration method consists on the burning
of the organic compounds and their transformation into CO,, water and
ash and the heat is released.

A detailed review of abovementioned methods used for the removal of
organic pollutants during the water treatment may be found elsewhere, see
for example [8] while in this paper the main focus will be on the basic prin-
ciples of advanced oxidation processes.

2. ADVANCED OXIDATION PROCESSES

The concept advanced oxidation processes is used for all water depollu-
tion treatment processes made in normal conditions near ambient temper-
ature and pressure. [9] The common point of all these processes is the 77
situ formation of hydroxyl radical, OH, by different ways: chemically, pho-
tochemically or electrochemically, as is seen in the Figure 1. This radical is
the most powerful oxidation agent after the fluorine, it is very unstable and
those radicals react steadily with organic molecules in chain reactions and
transform them as final products into CO, and water. Its oxidation poten-
tial is E° = 2.80 V/SHE, SHE-standard hydrogen electrode and compared
with ozone, its reactivity toward organic compounds is usually several or-
ders of magnitude higher than that of ozone under same conditions. This
higher reactivity is due to fact that the hydroxyl radical contains unpaired
electron while ozone and hydrogen peroxide have paired electrons in their
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Fig. 1. Different advanced oxidation processes that produce hydroxyl radicals

molecules. Hydroxyl radicals are able to destroy completely organic pollut-
ants by abstraction of hydrogen atoms from their hydrocarbon chains or by
attacking unsatured bonds in alkenes, dienes or aromatic ring.

3. OZONATION

Ozone molecule is a strong oxidant and in aqueous solutions at aqueous
basic solutions enables the formation of hydroxyl radicals according to the
following reactions:

O+OH%O +HO
O +O—>O +O
O +H+eHO3
HO3%'OH+O2

The treatment with ozone is very appropriate for wastewaters that con-
tain POPs and inorganic ions of sulfides and cyanides at high pH values.
The use of other AOPs that operate at lower pH values will increase the risk
of release of highly toxic gases H,S and HCN.

The mixture of ozone and hydrogen peroxide is one of the most used
for water treatment. H O, is deprotonated in aqueous solution according
to the reaction:

H,0,+H,0 = HO, + HO"
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The creation of hydroxyl radicals is enhanced when ozone reacts with the
deprotonated hydrogen peroxide by this reaction:

O3 + HOZ‘ — O2 + OH + HOZ‘-

Therefore the combination of ozone and hydrogen peroxide makes pos-
sible the removal of persistent organic pollutants including POPs from wa-
ter after a short time treatment. [10] It improves the degradation rate of or-
ganic pollutants and has a very high bactericide activity, is quite simple to
hand and always is used in the disinfection of drinkable waters. The main
disadvantage of this process is the cost of all treatment and sometimes it is
coupled with other costless methods.

4. HOMOGENEOUS PHOTOLYSIS OF
HYDROGEN PEROXIDE

UV/H, O, treatment. UV radiation with wavelength < 300 nm has
enough energy to transform the hydrogen peroxide molecule into hydrox-
yl radicals according to the reaction:

HZO2 + hn — 2 " OH

These radicals generated via the H,O, photolysis undergo further non-
specific reactions with other organic molecules and transform them into
nontoxic molecules. [11]

UV/O, treatment. Irradiation of ozone molecule in the presence of wa-
ter with a mercury lamp that enables UV radiation at the 254 nm permits
the formation of hydroxyl radicals according to the reaction:

O3+H20+hn—>2'OH+O2

These photolysis methods are useful for the complete oxidation of differ-
ent organic compounds in waste water treatment like drugs, benzene and
its derivatives, volatile chlorinated organic compounds etc. [12]

5. HETEROGENEOUS PHOTOCATALYSIS

TiO_/UV treatment. Titanium dioxide is a semiconductor that under ir-
radiation of UV light serves as heterogeneous photo catalyst because of its
affinity to generate oxidation-reduction reactions. [13] The reason for such
behavior is that the absorbed photons have enough energy to promote the



392 Fetah 1. Podvorica

move of the electron from the valence to the conducting band of the semi-
conductor and an electron-hole pair is formed as is shown in the follow-
ing reaction:

TiO2 +hn —e +h'

If this electron-hole pair is not recombined, it can induce redox reactions
on the surface of the catalyst as it is the case with the water molecule which
is transformed into hydrogen and oxygen. The photo-generated holes are
very strong oxidants and either oxidize directly organic molecules either ox-
idize the hydroxide ions to hydroxyl radicals which in their turn make the
indirect oxidation of these compounds. [14]

TiO, (h) + OH, = TiO, + OH

Although there exist other semiconductor metal oxide as photocatalysts,
the TiO, is used at great extent due to its physico-chemical characteristics:
chemical inertness, non-toxicity, photoactivity and low cost. Heterogeneous
photocatalysis has shown high performance for the total mineralization of
many POPs such pesticides [15] and pharmaceuticals [16].

6. FENTON REACTION

Fenton has discovered at the end of the XIX century that iron (II) ions
react with hydrogen peroxide in aqueous acid solution and form hydroxyl
radicals through the reaction:

Fe*t + HO,+H" — Fe** + 'OH + HO

This reaction is driven with a small amount of iron (II) ions because at
pH 3 these ions are regenerated when the iron (III) ions are reduced from
the so-called Fenton-like reaction:

Fe*t + HZO2 — Fe*t + HOZ' + H*
Fe’t + HO, — Fe*t + O,+H"

When the quantity of Fe, + ions is very high they react with produced
"OH therefore the concentration of iron salt must be controlled in order to
prevent the unwanted consumption of hydroxyl radicals. [17] For continu-
ous use of Fenton process in wastewater treatment it is necessary to have a
fixed concentration ratio of catalyzer (Fe** ions) and H,O,.
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The main advantages of such process are: easy implementation of the
method and easy handling of the chemicals because hydrogen peroxide is
considered as green chemical because when it is decomposed gives rise to
water and oxygen as by products. It has however several disadvantages:

Relatively high cost of the used chemicals for the process and the main-
tenance of the nearly constant pH, the transportation and the storage of
hydrogen peroxide represents some risks, deposition and accumulation of
high quantity of iron sludge during the process.

7. ELECTRO-FENTON PROCESS

Electrochemistry is a powerful technique based on the electron transfer
that makes possible many oxidation and reduction reactions. A great im-
provement of Fenton process is achieved with the use of electrochemistry
to assist the regeneration of iron (II) ions and the formation of hydrogen
peroxide during the electrochemical reduction of oxygen in the cathode
surface. The electrochemical generation of H,O, from the dissolved oxy-
gen molecules in aqueous acid solution is a two electron reduction process
and is given in the following reaction:

O2 +2H" + 2¢ — HZO2

In situ produced hydrogen peroxide reacts immediately with iron (II) ions
and produces hydroxyl radicals, Fenton reaction, while the iron (III) ions
created as products of this process are simultaneously electrochemically re-
duced at the cathode and enable to regenerate the iron (II) ions:

Fe*™ + 1 ¢ — Fe**

The big advantage of electro-Fenton process is the continuous pro-
duction of H O from air oxygen dissolved in water and regeneration of
iron (II) ions at the cathode that allow the formation of hydroxyl radi-
cals in a permanent way. These radicals, in the presence of organic pol-
lutants, react immediately with and transform them into final carbon
dioxide and water.

The scheme of the reactor for the electro-Fenton process is shown in the
Figure 2. A power supply is used to impose to the electrodes a potential dif-
ference that is sufficient to drive the electrochemical reactions of the oxy-
gen reduction into hydrogen peroxide and iron (III) reduction into iron
(IT). The quantity of the oxygen needed for the hydrogen peroxide produc-

tion is furnished from the compressed air. As cathode materials are used



394 Fetah 1. Podvorica

different carbon types, especially carbon felt electrodes because they have a
high specific surface that provides higher rate for the production of the hy-
drogen peroxide during the oxygen electrochemical reduction and are low
cost. The potential of the cathode must be well controlled because the im-
position of high negative potential enables two side reactions: the reduction
of oxygen molecule into water and the hydrogen evolution reaction form
the protons in aqueous acid solution:

O2 + 4H" + 4e — ZHZO
2H" + 2¢ — I—I2

The composition of anode material is also very important due to the abil-
ity of certain anodes when are biased under a high positive potential are
able to produce a high quantity of hydroxyl radicals via water molecule ox-
idation according to the reaction:

M+HO—=M(OH) +H" + 1¢

where M and M('OH) represent the anode material and hydroxyl radicals
adsorbed on the anode surface respectively. [18] Many materials are tested
as anode materials and the best performances have shown so-called boron
doped diamond electrode that enables a very eflicient total degradation of
persistent organic pollutants in the combination with carbon cathode. [19]
It has a high capacity to produce a larger quantity of hydroxyl radicals and
in the combination with
hydroxyl radicals produced
during the electro-Fenton
process leads to a fast and
complete removal of organ-
ic pollutants.

Fig. 2. The scheme of the
electro-Fenton cell. Oxygen is
Carbon-felt introduced to the reactor via
o air bubbling. A magnetic bar is
used to homogenize the solu-
tion while a power supply ena-
bles the electrochemical reacti-
Magnetic Ptanode ons on the cathode (production

bar of H202 and Fe2+ ions) and
anode surface. Ref. [15]

Air drying solution
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The main advantages of the electro-Fenton process are: in-site produc-
tion of H O, from the air oxygen that avoid the risks linked to its trans-
port, storage and handling, the use of low quantity of iron (II) ions that
unable the formation of sludge, use of low cost electrodes. Electrochemis-
try is a very important technique from the environmental aspect because
it uses only electrons for the production of hydroxyl radicals so electro-
Fenton is considered a clean method for the overall oxidation of persis-
tent organic pollutants.

Electro-Fenton process has been used in very efficient manner to remove
from wastewaters plenty of persistent organic pollutants and toxic com-
pounds such as synthetic dyes, pesticides, pharmaceuticals, personal care
products etc. [20, 21] It was recently also applied to the soil remediation
through the soil washing and flushing and the complete degradation of pe-
troleum hydrocarbons and aromatic hydrocarbons. [22, 23]

The capacity of electro-Fenton process for a fast and complete remov-
al of persistent organic pollutants can be increased by its coupling with a
source of UV or visible light. The use of UV irradiation enables an addi-
tional quantity of hydroxyl radicals due to the H O photolysis while some
products of Fenton reaction, under the visible Zligflt are easily destroyed.
The combination of solar energy with the electro-Fenton process is very
important from the economical aspect because it can reduce the cost of
electrical energy of lamps that furnish UV light. [24] Solar Photo Elec-
tro-Fenton tank reactors have been constructed for the complete mineral-
ization of dyes and pharmaceuticals with an important diminution of en-
ergy consumption due to the use of photovoltaic energy as a cheap source
of electrical energy. [25, 26]

During the complete degradation of some POPs it is necessary to spent
high amount of electricity that may represent an obstacle for large scale
treatment. In order to escape this inconvenience the electro-Fenton process
which enables the transformation of recalcitrant and toxic molecules to bi-
odegradable intermediates during a very short of the treatment and can be
coupled with a biological treatment that enhances the total degradation of
POPs from the water with a low cost procedure. [27, 28]

8. CONCLUSION

Advanced oxidation processes are very efficient techniques for the degra-
dation of persistent organic pollutants. Their common point is the produc-
tion of hydroxyl radicals by the activation of hydrogen peroxide in differ-
ent ways: photochemically, chemically or electrochemically. These species
are very reactive and transform, in a short period of time, the toxic organic
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molecules into carbon dioxide and water molecules. Electro-Fenton pro-
cess also offers an alternative option for the production of hydroxyl rad-
icals and is considered a cost effective and clean reagent. A combination
of AOPs methods increases the rate of degradation of organic contami-
nants and the use of alternative energies can contribute to the diminution
of the cost of water treatment process. Actually there are many attempts
to pass from the academic research level of AOPs to real large-scale waste-
water treatment plants.
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