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Abstract

The effectivity and efficiencies of ozonation and various advanced oxidation
processes (AOPs) based on photocatalysis and non-thermal plasma generated by
a dielectric barrier discharge (DBD), in different gas atmospheres in the
degradation and mineralization of aqueous solutions of organic pollutants
including non-steroidal anti-inflammatory drugs (NSAIDs) diclofenac (DCF)
and ibuprofen (IBP), chlorophenoxy herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D), 2,4-dichlorophenol, and methylene blue (MB) were investigated and
compared. The removal of MB has also followed by Fenton, photo-Fenton, and
photocalaytic oxidation in the presence of hydrogen peroxide. To enable a direct
comparison of the efficiencies of the mentioned methods, a planar falling film
reactor with comparable design has been used. The results obtained in the
present work show that the degradation of all the studied organic pollutants by
photocatalytic oxidation (P.C. Oxidation) and DBD plasma in air atmosphere
were only moderate, while the degradation by ozone in darkness (direct
ozonation) was very effective and possessed the highest energy yield at 50%
conversion (Gsg) of all pollutants. However, it should be noted that the
mineralization of the studied organics, was poor. The reason was due to the
formation of stable towards ozone by-products, especially low chain carboxylic
acids. The fate of these by-products during the degradation with different

treatment methods has been followed and discussed.

Combination of ozonation with the photocatalysis showed a synergistic effect
on the degradation of IBP and 2,4-D and the mineralization rates of all
pollutants were enhanced. However, the energy yields at G, were diminished,
due to the additional power demands of UVA light. A significant enhancement
in the decolorization of MB by the addition of H.O. into the P.C. Oxidation
system was observed and the complete decolorization was achieved after one-
hour treatment. The degradation efficiency and the production of reactive

species like ozone and H.O. by the DBD plasma significantly depends on the



composition of gas atmosphere and amount of the applied electrical power. The
effects of various gas atmospheres and the input energy power on the generation
of H.O. and ozone as well as on the degradation efficiency of the examined
methods were investigated. The addition of Fe** into the solution improves the
removal of pollutants by the DBD plasma under the argon atmosphere due to the

occurrence of Fenton reaction.

The mineralization efficiency of examined methods were followed by the
total organic carbon (TOC) removal. The highest TOC removal was obtained by
the photocatalytic ozonation and DBD plasma either in combination with Fenton

oxidation or in an Ar/O, atmosphere.
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Chapter One

Introduction and Literature Review

1. Introduction

Water contamination with organic compounds such as pharmaceutical
residues, pesticides and organic dyes has been reported as a major
environmental concern [1-4]. Contaminants of emerging concern (CECs)
include those micro-pollutants that are found in trace amounts in drinking
water and in recent time have received public attention owing to potential
human health and environment impacts [5]. Widespread consumption and
disposal of these pollutants by industries, manufacturing plants, hospitals,
frames and institutions considered as a major source of water pollution.
Therefore, a significant amount of these pollutants are released into the
environment. Since the use of organic compounds cannot be controlled or
eliminated, due to the population growth and industrial development, their
release into the environment has to be optimized and limited, as it may cause
risks to human health, climate and aquatic environments [6-11]. Large
number of organic pollutants including pharmaceutical residues, pesticides,
herbicides and organic dyes have been recently detected in the surface and
ground water at the trace concentration mainly in the range of ng to ug L™ [1,
4, 12-14]. In order to mitigate the risk of these pollutants on environment,
wastewater remediation by efficient techniques from these sources is essential
before discharging them into water environments. Various treatment methods
including physical, chemical and biological as well as a combination of these
techniques have been developed and used for the removal of organic
pollutants from aqueous solutions. Physical methods are based on a
mechanical separation of the pollutants from water by a particular supporting

system. Chemical oxidation processes are often used for decomposition of



non-biodegradable organic pollutants by powerful oxidizing agent, such as
ozone, chlorine and hypochlorite. However, the use of such oxidant is limited
due to the formation of possibly toxic non-degradable by-products, for
instance, halogenated organic by-products in case of chlorine treatment.
Biological methods are relatively low cost and widely used for municipal and
industrial wastewater treatment. However, biological degradation of organic
pollutants is significantly slower than other processes. Moreover, most of
toxic organic pollutants are non-biodegradable and do not effectively remove
by biological treatments. In order to minimize the previously mentioned
limitations, new powerful technologies based on the generation of oxidation
species have been developed and extensively investigated. These methods are
called advanced oxidation processes (AOP). Traditional physicochemical
treatment such as adsorption process is effective method and widely used for
removal of organic pollutants from wastewater [15-17]. Unlike the principle
decontamination of adsorption method, as the pollution is only transferred
from the aqueous solution to the adsorbents that cannot avoid the risk of the
contaminating the environment. Furthermore, the need of additional treatment
processes such as filtration and frequent adsorbent reactivation makes this
process inconvenient and costly. Advanced oxidation processes (AOPS) are
recognized as a successful and promising methods for the degradation and
mineralization of organic pollutants found in water bodies. These methods
involve the generation of active, unstable and non-selective oxidizing species
like hydroxyl radical that may oxidize most of the persistent organic

pollutants present in water [2, 18-20].

1.1 Advanced oxidation processes (AOP)
Nowadays, many scientific studies have focused on improving the design
and efficiency of existing methods that are applicable in the field of water and

wastewater treatment, aiming to solve new problems with cheaper, simpler,



sustainable, more efficient and environmental friendly methods. The

application of advanced oxidation technologies is one of these developments.

AOPs were first proposed for drinking water purification in 1980. Later
on, these processes were widely investigated and developed for treatment of
various types of wastewater. It is defined as the water treatment process
(oxidation process) that involves an input of energy (either chemical,
electrical or radiative) into the water environment to produce in situ highly
reactive chemical oxidizing species, such as the hydroxyl radical (oxidizing
potential of 2.80 V), which has recently emerged as an important class of
technologies to accelerate the non-selective oxidation and hence the
destruction of a wide range of recalcitrant organic and inorganic contaminants
in polluted water and air which cannot be eliminated by conventional
wastewater treatment methods [21, 22]. This method is unlike the principle of
the decontamination methods of adsorption, coagulation-flocculation,
sedimentation and membrane separation which very often shift the pollutant
problem from water to another medium. The application of AOPs under
proper conditions leads to the decomposition and mineralization of a variety

of toxic pollutant into CO,, H,O and harmless mineral salts.

The advanced oxidation processes basically use ozone, hydrogen peroxide,
and oxygen in many combinations. These are either combined with each other
or applied with UV-Vis irradiation and/or various types of homogeneous and
heterogeneous catalyst to generate in situ highly reactive radical species
mainly but not exclusively hydroxyl radical, that can destroy a wide range of

organic and inorganic pollutants.

1.2 Titanium dioxide photocatalyst
Titanium dioxide is the most common and widely studied semiconductor
used as a photocatalyst for environmental purification due to its high photo-

activity, inexpensive, low toxicity and good chemical and thermal stability. It
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iIs commercially available under various trademark such as Degussa P-25 and
Millennium TIONA PC50 which are commonly used in scientific studies.
TiO, exists in nature in three different polymorph forms namely, anatase
(tetragonal), rutile (tetragonal) and brookite (orthorhombic). Anatase is the
most photo-active form that has a band gap of 3.2 eV therefore; UV light
irradiation (A < 387nm) is required to generate electron-hole pairs. All three
polymorphs can be prepared in the laboratory. Anatase and brookite will
transform to the thermodynamically stable rutile when heated at temperature
exceeding to 600 °C [23-25]. Degussa (Evonik) P25 is a titania photocatalyst
composed of anatase and rutile crystal structure in the ratio of 70-80 anatase:
30-20 rutile that is used widely in many catalytic and photocatalytic
application [26]. The principle of photocatalysis is based on the generation of
electron-hole (e™-h*) pair (R1) when a semiconductor illuminate with light of
sufficient energy (greater than the band gap of the semiconductor) to produce
highly reactive species like hydroxyl and superoxide radicals (Fig. 1.1) which
can cause to the photocatalytic degradation of pollutants. In order to achieve
successful and continuous production of reactive oxidizing chemical species
as well as preventing the electron-hole recombination, two redox reactions
must be occur simultaneously. The first one includes the reduction of
adsorbed electrophilic dissolved oxygen molecule on the TiO, by photo-
generated electrons to form superoxide anion radical (R2) that may further
react with H* to generate hydroperoxyl radical (R3) followed by H,O, and
finally hydroxyl radical (R4,5). The second one involves oxidation of
adsorbed water molecule or hydroxyl anion by photo-generated holes to
produce hydroxyl radicals (R6). The powerful hydroxyl and superoxide anion
radicals can subsequently oxidize and mineralize organic pollutants into CO,,
H,O and mineral salts (R7-9) [24].



Ti0, + hv - TiO, (e"+ h") (R1)

0y, +e = 0y~ (R2)
O, + H" -+ 00H (R3)
2¢00H - H,0, + 0, (R4)
Hy0,+ hv - «OH ++0H (R5)
H,0 + h" - «OH + H* (R6)
* OH + Pollutants -»—»—-—- H,0 + (0, (R7)
0, ¢” + Pollutants »——-—- H,0 + (0, (R8)
* O0OH + Pollutants »—--- H,0 + (0, (R9)

Degussa P25 which consist of a mixture of anatase and rutile is considered
to be more photo-reactive than the pure crystalline anatase or rutile [27].
Recombination of photo-generated electron-holes is the significant limitation
as it decreades the over all photo-active efficiency. The TiO, crystalities of
Evonic (Degussa) P25 compose of a mixture of anatase and rutile, the
photoexicited electron at conduction band from the anatase part jump to
conductive band of the rutile phase which may act as an electron sink,
because the conductive band potential of rutile is more possitive than that of
anatase [24, 27]. This phenomenon, leading to increase the seperation of
photo-generated electron-holes, resulting in reduced recombination, and

consequently, an increase in photoactivity.
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Figure 1.1 Schematic diagram of TiO: photocatalytic mechanism

Many studies in the literature have been reported for improving the
photocatalytic efficiency of TiO, either via morphological modification such
as increasing surface area and porosity, or via chemical and physical
modification, by incorporation of other materials (doping) into the TiO,
structure such as carbon atoms [28], transition metal ions, noble metals and
non-metals [24, 29]. These modifications have been made to enhance the
surface area, reducing electron-hole recombination, decreasing the band gap
and increasing visible light activity of TiO, photocatalyst (enhance the solar
efficiency of TiO, under solar irradiation which is low cost and easily

available).

1.2.1 Superhydrophilicity
UV illumination of a surface coated with TiO, particle may induce a
phenomenon called superhydrophilicity, attributed a high wettability

properties of photo-excited TiO, which has been well described by Fujishima
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et al. [30]. A possible application of this phenomenon is anti-fogging and self-
cleaning windows [24]. In this phenomenon, the photo-generated electron-
hole pairs react in a different route. The electrons tend to reduce the Ti(IV)
cations to the Ti(lll) state, and the holes oxidize the O% anions to O,. Such
trapped holes weaken the bond between the associated titanium and lattice
oxygen, allowing oxygen atoms to be liberated, thus creating oxygen
vacancies (Fig. 1.2). Water molecules can then occupy these oxygen
vacancies, producing adsorbed OH groups, which tend to make the surface
hydrophilic. The longer the surface is illuminated with UV light, the smaller
the contact angle for water becomes; the contact angle approaches zero,
meaning that water has a tendency to spread perfectly across the surface [27,
30]. This phenomenon of TiO, coated on the surface of reactor wall provides

a homogeneous and stable liquid falling film in the falling film reactor.
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Figure 1.2 Mechanism of photo-induced superhydrophilicity of TiO2



1.2.2 Heterogeneous photocatalytic oxidation

Photocatalytic oxidation is an advanced oxidation process consists of a
combination of a photo-active catalyst like TiO, (either as the solid photo-
catalyst powder or coated on a support sheet like glass) and UV light in the
presence of oxygen. The fundamental mechanism of photocatalysis consists in
the generation of electron-hole pairs, which determine the occurrence of
redox reactions of species adsorbed on the photocatalyst surface. This method
has been successfully used for wastewater treatment [31]. In spite of high
efficiency, the separation of TiO, powder in aqueous suspension has been the
main disadvantage. Though the coated film of TiO, on a support plate is the
developed step forward to overcome this disadvantage. This process leads to
the generation hydroxyl and superoxide ion radicals (see Fig. 1.1) that can be
utilized in oxidation and decomposition of organic pollutants. The presence of
oxygen which acts as electron scavenger can prevent the photo-generated
electron-hole pairs recombination and consequently improves the degradation
efficiency [32]. Degradation of various organic pollutants in aqueous solution
has been investigated in many reports by using photocatalytic oxidation
technique [33-35].

1.3 Ozone (0s) oxidation

Ozone is a highly toxic gas and a strong oxidizing agent with the standard
redox potential of 2.07 V, after fluorine (3.06 V), hydroxyl radical (2.80 V)
and atomic oxygen (2.42) [36]. The solubility of ozone is much higher than
oxygen in water according to Henry's constant [37]. This is the advantages of
ozone because the production of ozone is usually in gas phase and has to be
dissolved in aqueous solution. Ozone is widely used as an effective oxidant in
water and wastewater treatment. Ozonation process has been widely used for
water disinfection treatment including bacteria sterilization, odor, algae, and

trinalomethane removal as well as degradation of organic pollutants. Despite



of several advantages of ozonation, its application to wastewater treatment is
limited due to high cost of ozone production and only partial degradation of
organic pollutants present in water [38, 39]. Ozonation can proceed via two
routes: direct reaction in darkness at acidic solution and indirect attack via
generation of active species like OH radicals either in alkaline solution or in
combination with photocatalyst. Normally under acidic condition (pH < 4) in
darkness, the direct ozonation is dominant. When the pH ranges between 4-9,
both are present. For pH > 9, the indirect pathway prevails [38]. Ozonation at
alkaline medium and photocatalytic ozonation can be placed in a group of
AOP methods. In alkaline pH, ozone molecules decompose by hydroxyl ions

eventually producing the strong oxidizing agent OH radicals (R 10-13) [31].
O3 + OH™ = 0y¢" + HO,e (R 10)
O3 + HOp+— 20, + sOH (R 11)
Or alternatively

2HO,e— 0, + H,0, (R12)

1.4 Photocatalytic ozonation

Photocatalytic ozonation (P.C. Ozonation) is an effective method for the
decomposition of toxic and recalcitrant organic pollutants in water. It was
shown that photolytic ozonation is more powerful for the removal of some
organic pollutants than either UV-photolysis or ozonation alone. Ozone
decomposition in water leads to the formation of hydroxyl radicals which can
be effectively accelerated by UV irradiation. The molar absorptivity of ozone
at 253.7 nm 1s (3300 M! cm™) which is much higher than that of H.O: at the
same wavelength. The decay rate of ozone is around 1000 times higher than
that of H.O. [38]. P.C. Ozonation is more efficient than P.C. Oxidation.



Ozone acts as a very strong electrophilic agent forming ozonide (Ose) radicals
which results in the production of OH radicals (R 14-15). Addamo et al. [31]
estimated the formation of an hydroxyl radical for each trapped electron (R
14-15), while three electron are needed for the generation of one hydroxyl
radical when oxygen acts as the electron acceptor. Moreover, EPR studies
confirmed that oxygen is less electrophilic than ozone for photo generated
electrons onto TiO, surface. Therefore, when the catalyst is irradiated in the
presence of ozone, a greater amount of hydroxyl radicals is formed with
respect to that produced in the presence of oxygen. The major chain reactions
of ozone with photo-generated electrons over the surface of photocatalyst are
given in reaction (R 14-17). Hydroxyl radicals generated in these chain
reactions non-selectively attack target pollutants and mineralize them into

water, CO, and harmless mineral acids.

03 qds € —°03° (R 14)
03"+ H,0—-> 0, + «0OH + OH (R 15)
*03°+ H"> + HO3e (R 16)
* OH + Pollutants -»—-»—-—- H,0 + (0, (R17)

1.5 Hydrogen peroxide oxidation

Degradation of organic pollutants by hydrogen peroxide is based on the
production of OH radicals via the decomposition of H,O, either by UV light
or ferrous ions (so called Fenton’s oxidation). Fenton oxidation is a widely
used and studied catalytic process based on electron transfer between H,0,

and the homogeneous ferrous catalyst [38].

H,0, + Fe** — Fe** +e OH + OH (R 18)
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The Fenton’s process is an efficient source for generating hydroxyl
radicals. However, it involves a utilization of one Fe2* molecule per one OH
radical produced. Nevertheless, H,O, decomposition can be catalyzed by Fe3*
as well (Fenton-like reaction). This process maintains a steady-state

concentration of ferrous ions during H.O, decomposition [20].

H,0, + Fe*" & FeOOH** + H* (R 19)
FeOOH?** » Fe?* + HO, (R 20)
Fe** + HO,+ — Fe** +0, + H* (R 21)

Moreover, the degradation efficiency of organic pollutants by Fenton system
could be significantly improved by the combination with UV light irradiation

(Photo assisted Fenton process).

1.6 Non-thermal plasma

One part of AOP methods is formed by non-thermal plasma generated in
various types of electrical discharge in liquid and gas-liquid interface. Plasma
is a fully or partially ionized gas which is regarded as the fourth state of
matter. It consists of electrons, free radicals and ions, as well as neutral
species. And it can be produced by a variety of electrical discharge. When a
significant amount of energy is applied to the gas through mechanisms such
as an electric discharge, the electrons that escape from atoms or molecules not
only allowing ions to move more freely, but also produce more electrons and
ions via collisions after accelerating rapidly in an electric field. Eventually,
the higher the number of electrons and ions, change will occur in the electrical
property of the gas which leads to ionized gas or plasma. All varieties of
plasma systems are traditionally defined into two major categories, namely
thermal and non-thermal, in terms of electronic density or temperature.
Thermal plasma (usually arc discharges, torches or radio frequency) is

associated with sufficient energy introduced to allow plasma constituents to
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be in thermal equilibrium. While non-thermal plasma is obtained using less
power (usually corona discharge, dielectric barrier discharge, gliding arc
discharge, glow discharge and spark discharge), which is characterized by an
energetic electron temperature much higher than that of the bulk-gas
molecules. In this plasma, the energetic electrons can collide with background
molecules (N2, O, H,O, etc.) producing secondary electrons, photons, ions,
radicals and neutral molecule species as well as UV light [40, 41]. Owing to
the ability to form reactive species in situ, i.e. without the addition of
chemicals, and the variety of physical effects induced simultaneously with the
chemical reactions, electrical discharge generated in water and gas-liquid
interface are considered to be a novel, effective and environmentally friendly
tool for water treatment. In the present work, non-thermal plasma generated in
DBD in a planar falling film reactor has been applied and studied for the
removal of organic pollutants from aqueous solution. DBD also referred to as
silent discharge which is based on the use of at least one dielectric barrier
(e.g. glass, quartz, ceramics and alumina, etc.) in the discharge gap between
ground and high voltage electrodes. DBD produce highly non-equilibrium
plasmas in a controllable way at atmospheric pressure and at moderate gas
temperature. They provide the effective generation of reactive species such as
atoms, radicals and excited species by energetic electrons. Based on DBD
technology, ozone gas has been industrially generated with oxygen and air

feed, and applied for wastewater treatment [40, 42].

1.7 Application of non-thermal plasma for water treatment

Plasma generated by electrical discharges in liquid and gas-liquid
environments have been studied for pulsed power application and high-
voltage insulation, and increasing interest has been shown to application in
water contamination treatment, nano-technology, sterilization of medical

equipment and food and medical applications. The removal of organic
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pollutants from wastewater by AOPs has been widely studied as an alternative
to conventional wastewater treatment methods. Among them, non-thermal
plasma treatment of polluted water with various organic compounds such as
pharmaceuticals, organic dyes and pesticides has also been extensively
investigated. The reviews by Jiang et al. [40] and Hijosa-Valsero et al. [43]
showed that plasma treatment is a successful and promising technique for
water remediation at least at laboratory and pilot plant scale. The authors
found that the type of plasma, reactor configuration, gas composition
atmosphere in case of plasma discharge in contact with liquid and the solution
properties like pH and conductivity are the main factors that affect the

efficiency of the method for degradation and removal of the pollutants.

It was suggested that plasma in contact with a thin layer of water is
advantageous because mass transfer limitations between the generated plasma
and liquid are minimized [44]. Dielectric barrier discharges (DBDs) with
falling liquid film usually in coaxial and planar configuration were developed
and studied. In this configuration designs, the polluted solution is flowing
down through the inner walls of the reactor or on the surface of the ground
electrode, and significant improvements in energy efficiency were reported
[44]. A wide range of water pollutants were treated via this type of plasma
configuration such as pharmaceutical pollutants [45, 46], pesticides [18, 47]
and organic dyes [48].

1.8 Degradation of aqueous organic pollutants

The decomposition and removal of toxic organic pollutants from
wastewater has become a serious global issue in environmental research and
technology, since these pollutants accounts for an increasing environmental
threat. Among the large number of water treatment technologies that can be
apply for removing organic pollutants from water and wastewater, AOPs have

been widely studied as an effective technology for destruction of those
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organic pollutants which cannot be treated by conventional wastewater
treatment methods due to their chemical stability and resistance against

biological degradation.

1.8.1 Pharmaceuticals

Pharmaceutical residues in surface and ground waters have been a major
environmental concern. The structures of Diclofenac 2-[2-(2,6-
dichloroanilino)phenyl]acetic acid and ibuprofen 2-[4-(2-methypropyl)
phenyl] propanoic acid are shown in figures (1.3 and 1.4). These are typical
representatives of analgesic non-steroidal anti-inflammatory pharmaceutical
compounds (NSAIDs) that have been recently detected in the aquatic
environment at trace concentrations (ng to pg/L) [13, 14]. This is one of the
reason that diclofenac (including the synthetic hormone 17-alpha-
ethinylestradiol (EE2), the natural hormones 17-betaestradiol (E2) and
Estrone (E1), and three macrolide antibiotics (azithromycin, clarithromycin
and erythromycin)) are now included in EU first watch for emerging water
pollutants [4, 49]. The ecotoxicity of NSAIDs such as DCF alone is relatively
low, but prolonged exposure to environmentally relevant concentrations or to
combinations of various NSAIDs present in water, increases the toxicity

considerably and has a negative effect on aquatic life [50].

Cl

NH

Cl OH

Figure 1.3 Molecular structure of diclofenac (DCF)
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Figure 1.4 Molecular structure of ibuprofen (IBP)

Many pharmaceutical compounds have been detected in surface water and
drinking water around the world. This indicates their ineffective removal from
water and wastewater using conventional treatment methods. Among different
treatment options, ozonation and AOPs are successful and promising methods
for the efficient degradation and removal of pharmaceutical pollutants found
in water bodies. Various AOPs have been reported in literatures for the
degradation and removal of residual pharmaceuticals from aqueous solution
[51, 52].

Degradation of DCF was investigated in several reports using photolysis
and photocatalytic degradation [53-58], ozonation [59], sonolysis [60], and
their combined applications [61-64], UV/H,0, [65], Fenton and photo-Fenton
oxidation [66-68], pulsed corona plasma [69, 70] and dielectric barrier
discharge plasma [71].

IBP has already been treated by several oxidation processes including
photolysis and photocatalysis [72-74], sonolysis and sono-catalytic
degradation [75-77], ozonation and photocatalytic ozonation [78, 79], Fenton
and photo-Fenton process [80, 81] and non-thermal plasma [82-85].
Decomposition of DCF and IBP in aqueous solution obtained by different
methods, including ozonation, photocatalysis and nonthermal DBD-plasma
using a planar falling film reactor with a common design which has been
investigated and compared in the present work. Besides the removal of DCF

and IBP, special attention was paid to the degree of mineralization and the
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formation of byproducts. The intermediates formed during the degradation of
both pharmaceuticals which were identified by GC/MS. The transformation

pathways were also proposed.

1.8.2 Pesticides

Pesticides are chemical compounds that are classified on the basis of their
potential against unwanted living organism such as weeds, disease, and pets
to improve crop yields. Herbicides, insecticides and fungicides are the most
common pesticides [86, 87]. Widespread consumption of these chemicals
worldwide has been considered as a major source of water pollution. Due to
their adverse effect, the accumulation of these chemicals in water
environments can be toxic and harmful for human health and aquatic life [8,
87]. The concentration of pesticides in surface and ground water is considered
to be very small (trace or ultra-trace concentration). However, out flowing
from agricultural area and pesticide formulating or manufacturing plants
contains a high concentration of pesticide which may reaches up to 500 mgL™
[88]. Therefore, a powerful wastewater treatment is necessary to treat these
point sources of pesticides so as to decrease their risks on the environment.
2,4-dichlorophenoxyacetic acid (2,4-D), has the chemical structure shown in
(Fig. 1.5) is a common phenoxy herbicide widely used for controlling broad-
leaf weeds and grasses in forests, gardens and crops [89]. After application of
2,4-D, the residues can be discharge or it can be washed during precipitation
and pollute nearby water bodies. Due to its carcinogenic and mutagenic
activity, the presence of 2,4-D residues in agricultural product and
environment can be extremely harmful to both human and animal [9]. The
production of 2,4-D is based on reaction 2,4-dichlorophenol (2,4-DCP) with
chloroacetic acid and, in addition the main degradation by-product of 2,4-D is
2,4-DCP [90]. Thus, both emerging water pollutants occur in the environment

simultaneously.

16



O\)J\
OH

Cl Cl

Figure 1.5 Molecular structure of 2,4-D

Several methods have been used for the removal of 2,4-D and 2,4-DCP in
aqueous solutions including oxidation via persulfate [90] and adsorption
processes [91, 92]. Advanced oxidation processes (AOPs) have been
extensively examined for the removal of 2,4-D herbicide and 2,4-DCP from
aqueous solutions [93]. Owing to the high toxicity and potential carcinogenic
effects of 2, 4-D and 2, 4-DCP [94], the only oxidation of these pollutants
would not be a sufficient treatment. Therefore, it is necessary to sufficiently
mineralize the mentioned pollutants via efficient treatment methods. Ozone as
a powerful oxidant selectively attacks organic pollutants at neutral or acidic
medium, but in many cases poor mineralization of these pollutants is observed
[88, 95]. This disadvantage makes the application of ozonation alone
undesirable. For this reason, various ozone-based AOPs have been studied for
the removal of 2,4-D from aqueous solutions such as photocatalytic ozonation
[19, 95-97], ozone-hydrogen peroxide [98], AOPs based on photocatalytic
degradation [99-102], Fenton and photo-Fenton oxidation [103-105] and
electro oxidation process [106]. AOPs based on plasma in contact with liquid
water has been emerging as a powerful and novel advancement water
purification technology for the removal of most recalcitrant micro pollutants
[5]. Recently the degradation of 2,4-D has been reported by combination of
ozonation with non-thermal corona discharge to enhance the degradation
efficiency [107], and a multiple-pin plane configured pulsed corona discharge
reactor [108].
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Several oxidation processes have been reported for the removal of
chlorophenol from water including ozontion and photocatalysis [109-111],
non-thermal plasma induced by corona discharge [112, 113] or dielectric
barrier discharge [114] and Fenton and photo-Fenton treatment [115, 116]. In
the present work ozonation and different AOPs involving photocatalysis and
non-thermal DBD plasma under various gas atmosphere for the degradation
and mineralization of 2,4-D and 2,4-DCP from their aqueous solution have

been investigated and compared, using a planar falling film reactor.

1.8.3 Organic dyes

Organic dyes and pigments are widely used in various industries such as
textile, paper, plastic, leather, ceramic, cosmetic and food processing.
Therefore, a significant amount of unfixed dyes are discharged into water
environment during synthesis and industrial processing which resulting in
serious environmental problems worldwide [117, 118]. These organic dyes
can affect the aquatic life by minimizing the sunlight penetration into the
stream and reducing photosynthetic process. Furthermore, the majority of
these organic dyes are chemically stable, less adapted to the biological
treatment and are toxic to the environment due to their resistance to the
aerobic degradation and formation of carcinogenic aromatic amines during
the anaerobic degradation [119-122]. Therefore, decomposition and removal
of these pollutants from wastewater is a necessary step before being
discharged into the aquatic ecosystem.

Various treatment technologies in the literature has been reported and
reviewed for removing organic dyes from water such as physicochemical,
biological, chemical, electrochemical and advanced oxidation processes [122-
127].

Biological treatment is commonly used for the removing of organic

pollutants from textile wastewater. These methods are environmentally
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friendly, produce less sludge, and are relatively inexpensive [128], but it
requires a large area of land and it is a very slow treatment process. There is
some toxic organic dye which resist against biological degradation which

limits the application of this technique.

The physiochemical techniques involve (coagulation-flocculation,
adsorption and membrane separation) are effective methods for removing
organic dyes. Nevertheless, production large amount of sludge, adsorbent
reactivation, decomposition of pollutants after separation, membrane
clogging, high capital cost and high disposal cost are the main limitations
[126, 129]. Chemical methods such as ozonation and advanced oxidation
processes are powerful methods and provide fast decolorization and
degradation of organic dyes.[48, 130-132].
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Table 1.1 Ozonation and various AOPs reported for MB degradation

Type of oxidation process Conditions Reference

Ozonation Continuous reactor system. [136]
Batch bubble column. [137]

Fenton Photo-Fenton and sono-photo-Fenton were compared.  [138]
Under the exposure to UV or Vacuum-UV in a micro [139]
photo-reactor.

CdS/multi-walled carbon nanotube-TiO: under the [140]
visible light.

Photocatalysis Ti02/UV-based photocatalysis. [141]
UVA/TiO: nanoparticle in a self-made photocatalytic [142]
reactor.
copper (I1) oxide synthesized by thermal [143]
decomposition of Flubendazole complexes.

Synthesized copper, zinc, tin, and sulfide nanoparticles [144]
under the visible light.
Photocatalysis using ZnO:Eu nanoparticles. [145]

Non-thermal plasma Liquid film over the inner electrode using DBD in [146]
cylindrical reactor.

Pulsed corona discharge in a multi wire plate [147]
geometry.

DBD at the gas water interface. [148]
DBD plasma jet in air, nitrogen and argon gas [149]
atmospheres.

Coaxial DC corona discharge in air, N2, He and CO.. [150]
Double-chamber DBD reactor in air and oxygen carrier [151]
gases.

Microwave plasma jet at atmospheric pressure in [152]

argon.
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MB (Fig. 1.6) is one of the most commonly colored compounds used
during the dyeing process of cotton, wood and silk [133]. Removing
methylene blue from aqueous solution was intensively investigated in the
literature. The removal of methylene blue is done either by adsorption on
activated carbon [134, 135], or by oxidation via ozonation and various AOPs
(Table 1.1).

In the present work, degradation and mineralization of methylene blue as a
model dye pollutant was examined by ozonation and various advanced

oxidation process in a planar falling film reactor.

(H3C)2N

+W0

N(CHz3)2

CI

Figure 1.6 Molecular structure of a methylene blue (MB)
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1.9 Objectives of this study

Due to the differences in the reactor design and experimental set up used in
literature comparative observation of the results by various AOPs is difficult.
Therefore, the main objective of the present work is the investigation and
comparison of the efficiency of ozonation and different AOPs in the removal
of various organic pollutants including DCF and IBP pharmaceuticals, 2,4-D
phenoxy herbicide and its degradation by-product 2,4-DCP, and MB dye,
from their aqueous solutions, using a planar falling film reactor with a
common design. The use of a planar falling film reactor has the advantage of
higher transfer rate of generated reactive species from gas into liquid due to
the large surface to volume ratio. The performance of the studied treatment
methods have been compared in terms of energy yield at 50% conversion and
total organic carbon (TOC, degree of mineralization) removal for the
treatment of all pollutants. Furthermore, the study includes the efficiency of
each examined methods in the degradation of the main by-products formed
during the degradation process. In fact, this is generally an important aspect
because some of the by-products might be more toxic and carcinogenic than
the initial pollutant. Therefore, a maximum mineralization of the pollutants is
necessary before releasing them into the ecosystem. Hence, this comparative
study helps to elucidate the most efficient remediation methods that can be

used for commercial applications.
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Chapter Two

Experimental



2. Experimental

2.1 Materials

Chapter Two

All solvents and chemicals used in this work were analytical grade and used

without further purification.

Table 2.1 List of the chemical compounds; MW = molar weight

Chemical MW Purity (%) Manufacturer
Acetonitrile for HPLC 41.05 >99.9 Chemsolute, Germany
Ammonium sulfate 132.14 >99.5 Merck, Germany
Diclofenac sodium salt 318.14 >08.5 Alfa Aesar, Germany
2,4-dichlorophenoxyacetic acid 221.04 98 Alfa Aesar, Germany
2,4-dichlorophenol 163 99 Aldrich

Ibuprofen sodium salt 228.26 > 98 Fluka

Iron(I1) sulfate heptahydrate 278.02 >90 Sigma-Aldrich

Glacial acetic acid 60.05 99.7 Amresco

Glycolic acid 76.05 99 Sigma-Aldrich
Glyoxylic acid 74.035 98 Sigma-Aldrich

Liquid hydrogen peroxide 34.01 30 Merck

Hydrochloric Acid 36.46 35-38 Chemsolute, Germany
Methylene blue (C.I. 52015) 319.85 Merck

Methanol for LC-MS 32.04 99.95 Chemsolute, Germany
Malonic acid 104.06 99 Abcr, Germany
Maleic acid 116.07 >99 Merck

Oxalic acid 126.07 99.5 Merck

Phosphoric acid 98 85 Sigma-Aldrich
Potassium nitrate 101.1 99.99 Merck

potassium titanium oxide oxalate 354.13 >90 Sigma-Aldrich
dihydrate

Sodium chloride 58.44 99.5 Merck

Sodium thiosulfate pentahydrate 248.18 >99 Fluka

Sodium azide 65.01 99.5 Chemsolute, Germany
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Sodium carbonate, eluent 105.99 0.1M Sigma-Aldrich
(concentrate for IC)

Sodium bicarbonate, eluent 84 0.1M Sigma-Aldrich
(concentrate for IC)

Sulfuric acid 98.08 95-97 Merck

Sodium hydroxide 40 >098.8 Chemsolute, Germany
Succinic acid 118.09 >99 Fluka

2.2 Reactors and equipment

Two planar falling film reactors have been used in the present work (Figs.
2.1 and 2.3). Each reactor with approximately 10 liters volume (height 68 cm,
width 29 cm, diameter 5 cm) consists of two Pilkington ActivT™ glass sheets
as sidewall of the reactor connected by an interior frame of polyvinyl chloride
(PVC) which is surrounded by aluminum made exterior frame. The
Pilkington Activt™ glass (TiO, coated glass) acts as a heterogeneous photo-
catalyst and its great superhydrophilicity provides a homogeneous and stable
falling liquid film with a thickness of about 150 pm at 1L/min liquid flow rate
along the glass sheets. The advantage of the reactor with a thin falling liquid
film is to provide the larger surface-to-volume ratio in a thin film as compared
with deep layers, resulting in a faster rate of transfer of reactive species from
gas into the liquid [44].

2.2.1 Photocatalytic reactor

The photocatalytic reactor (Fig. 2.1) contains seven UVA lamps (LT 15
W/009 UV, produced by NARVA Lichtquellen GmbH & Co.KG, Germany)
with the incident light intensity of 1 mW/cm?2 at the maximum irradiation
wavelength of 350 nm, fixed inside the reactor. The relative intensity of the
UVA lamps has been verified by a UVA photodiode sensor (Gerus GmbH,
Germany). There was no significant aging effect during the experimental
period. The spectrum of this type of UVA lamps is shown in Fig. 2.2. The
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demanded ozone for all experiments performed in this reactor was supplied
by an ozone generator (OZ 502/10 Fischer Technology, Germany). It delivers
about 130+5 mg/L ozone gas at a power of 30 W and an oxygen gas flow rate
of 10 L/h (controlled by a Brooks Mass Flow Controller 5850E, Netherland)
which is continuously flowed into the reactor during the experiments.

The ozonation experiments were carried out in this reactor (Fig. 2.1) in
darkness. However, for P.C. Ozonation and P.C. Oxidation experiments the

seven UVA lamps were switched on.
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Figure 2. 1 Schematic diagram of the photocatalytic reactor
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Figure 2.2 Spectrum of UVA lamps

2.2.2 Dielectric barrier discharge (DBD) reactor

In the non-thermal DBD plasma reactor (Fig. 2.3), two dielectric ceramic
plates (3 mm thickness) are situated inside the reactor, parallel to the glass
sheets between the high voltage and the ground electrodes. The high voltage
electrode consists of a self-adhesive aluminum foil (19 x 47 cm) fixed on the
inner side of the dielectric plate, while the ground electrode is made of self-
adhesive copper strips stuck over a Pilkington Activ™ glass inside the falling
film. Minipuls 6 (GBS Elektronic, Rossendrof, Germany) pulse generator
providing up to 21 KV (RMS) at frequencies between 5 and 20 KHz was used
to generate high voltage. The power of plasma was measured by using the
current and voltage wave form. It was regulated online by a homemade Lab
view program. The desired gas was introduced to the reactor by mass flow
controller at a flow rate of 20 L/h for about two hours until atmospheric

saturation of the reactor was achieved. During the degradation process the gas
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was circulated in a batch operational mode at a flow rate of about 20 L/h

using a membrane pump.
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Figure 2.3 Schematic diagram of the DBD reactor

2.2.3 Instruments and devices

The liquid and gas flow rates were controlled by an Ismatec Reglo-z
digital gear pump and a Brooks Mass Flow Controller 5850E, respectively.
The concentration of both dissolved oxygen and ozone in liquid phase was
measured by means of Hach Orbisphere 410 equipped with Orbisphere A1100
and C1100 electrochemical oxygen and ozone sensors, respectively. Ozone
concentration in the gas phase inside the reactors was monitored via UV-

Photometry method at 253.7 nm by an Anseros Ozomat ozone analyzer GM-
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RT1, Germany. The pH and conductivity of the solutions were measured by a
Microprocessor pH and conductivity meter (pH-196 and LF-96, WTW,

Germany), respectively.

2.3 Experimental conditions

In all experiments presented in this work, 0.5 liter of liquid solution
containing the target pollutant is pumped through the polytetrafluoroethylene
(PTFE) tubes (3.8 mm diameter) by means of gear pump which is introduced
to the top of the reactor and circulated at flow rate of 1 L/min where it flows
downward through the Pilkington ActivT™ glass as a falling liquid film. The
Pilkington Activi™ glass sheet (self-cleaning window) used in the present
work is a colorless transparent glass sheet with a thickness of 4 mm coated
with a nano-layer of 12 nm anatase TiO, nanoparticles with an average
crystalline size of 18 nm an average agglomerate size of 95 nm [153, 154]. It
acts as photo-catalyst and provides the advantages of large surface to volume
ratio (up to 1400 m#/m3 per cycle) and its great superhydrophilicity (water
contact angle 0°) provides a homogeneous and stable falling liquid film (~150
um thickness at 1L/min liquid flow rate) along the glass sheets. In
photocatalytic reactor the oxygen gas or a mixture of ozone-oxygen in case of
ozone used experiments was continuously flowing into the reactor from the
bottom with a rate of 10 L/h in an open system, while in DBD plasma reactor
the desired gas was circulated at 20 L/h during the degradation process.

The solutions of treated pollutants and all other standards were prepared by
dissolving appropriate amount of the target compounds in deionized water.
The energy yields (Gso) for the degradation of each pollutant treated in this
work at 50% conversion (g/kWh) and estimated by the following equation
(Eq. 2.2):
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_30x[C]oxV
07 P Xt

(2.1)

where [C], represents the initial concentration of target pollutant (mg/L), V is
the volume of the treated solution (L), P is the power of input energy (W),
and tsq is the time (min) required for 50% degradation of pollutants.

The yield of photocatalysis was calculated as 105W by summarizing the
demanded energy of seven UVA lamps (7 x 15 = 105 W) and the ozone
generator yields about 130 + 5 mg/L ozone gas at a power of 30 W and an
oxygen gas flow rate of 10 L/h was used. Ozonation and photocatalytic
experiments were performed in photocatalytic reactor Fig. 2.1.

It should be noted that the tso is calculated from the degradation curves,
taking into account that the DBD experiments are performed in burst modus:
The plasma is usually applied as 1 second on / 1 second pauses in order to
restore the falling liquid film which is disturbed by the discharge. Each
experiment reported in this work has been repeated for at least two times and

the RSD of measurements is not more than +5%.
2.4 Analytical methods

2.4.1 High-performance liquid chromatography (HPLC)

The concentration of diclofenac (DCF), ibuprofen (IBP), 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2,4-dichlorophenol (2,4-DCP) was
measured by HPLC (Gynkotek HPLC system equipped with M480G gradient
pump, GINA 50 Autosampler with a 10uL injection loop, and a UVD 1705
Dual-Channel UV-VIS Detector). The stationary phase is a NUCLEOSIL
100-5 C18 (125 x 2 mm, 5um) column. The mobile phase consists of 50%
acetonitrile and (50% of 0.01% acetic acid (HAC) for DCF and 1% HAC for
IBP prepared in ultra-pure water) at 254 and 230 nm, respectively. In case of
2,4-D and 2,4-DCP the mobile phase was a mixture of methanol and 0.1%
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H3PQO, solution, with a ratio of 50:50 at A=280. The mobile phase was flowed
at 250 pL/min in all analysis.

In order to calculate the concentrations of DCF, IBP, 2,4-D and 2,4-DCP
from the obtained peak area chromatograms their calibration curves are drawn

by plotting peak area vs. concentration (Figs. 2.4, 2.5, 2.6 and 2.7)
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Figure 2. 4 Calibration curve of diclofenac concentration vs. peak area
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Figure 2. 5 Calibration curve of ibuprofen concentration vs. peak area
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Figure 2.7 Calibration curve of 2,4-dichlorophenol concentration vs. peak
area

2.4.2 lon chromatography (IC)

Anionic by-products produced during the degradation process such as
acetic acid, oxalic acid, glyoxylic acid, glycolic acid, chloride ion as well as
sulfate ion were determined by ion chromatography, using a Dionex DX 500
equipped with a CD20 conductivity detector connected to an lon Pac AS14 (4
x 250 mm) column and an AG14 (guard column) with the injection volume of
25 pL. The mobile phase is consisted of a mixture of NaHCO; (1.0 mM) and
Na,COs (3.5 mM), at a flow rate of 1.2 mL/min. The concentration of each
ion was calculated from their calibration curves, which were drawn by
plotting peak area vs. concentration. The concentration of acetic acid Rt = 2.9
min., oxalic acid Rt = 8.5 min., glyoxylic acid Rt = 3.1, Glycolic acid Rt =
2.75, chloride Rt = 3.85 min. and sulfate ion Rt = 7.7 were calculated by
fitting the concentration to the obtained peak areas using a linear regression

giving the following equations shown in (Figs. 2.8 to 2.13).
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Figure 2.8 Calibration curve of acetic acid concentration vs. peak area
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Figure 2. 9 Calibration curve of oxalic acid concentration vs. peak area
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Figure 2. 10 Calibration curve of glyoxylic acid concentration vs. peak area
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Figure 2.12 Calibration curve of chloride concentration vs. peak area
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Figure 2.13 Calibration curve of sulfate concentration vs. peak area
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2.4.3 Total organic carbon (TOC) analysis

The evaluation of mineralization of the treated samples was performed by
means of TOC analyzer, using a Shimadzu TOC-5000 (Japan). Mineralization
efficiency M (in %) is calculated by the following equation (Eg. 2.2)

[TocC]t
[Toc],

M% = (1-— ) X 100 (2.2)
where [TOC]. and [TOC]; are the TOC concentration (in mg/L) of the solution

at reaction times 0 and t (in min), respectively.

2.4.4 Spectrophotometry

A UV-visible scanning spectrophotometer (Shimadzu UV-1601 CE, Japan)
was used to determine the concentration of the methylene blue at A=665 nm
(Fig. 2.14) and generated hydrogen peroxide as a result of DBD plasma
treatment using spectrophotometric potassium titanium (IV) oxalate method
[155, 156] at A = 390 nm. Titanium (IV) oxalate method is an effective and
successful method for the determination of hydrogen peroxide in treated water
sample by AOPs [156]. This method is base