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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 (G50) 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 G50 were diminished, 

due to the additional power demands of UVA light. A significant enhancement 

in the decolorization of MB by the addition of H₂O₂ 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 H₂O₂ by the DBD plasma significantly depends on the 



ii 
 

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 H₂O₂ and ozone as well as on the degradation efficiency of the examined 

methods were investigated. The addition of Fe²⁺ 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/O2 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 µg L¯¹ [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 
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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, 
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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 CO₂, H₂O 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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is commercially available under various trademark such as Degussa P-25 and 

Millennium TiONA PC50 which are commonly used in scientific studies. 

TiO₂ 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 (λ ≤ 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 ⁰C [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 TiO₂ by photo-

generated electrons to form superoxide anion radical (R2) that may further 

react with H⁺ to generate hydroperoxyl radical (R3) followed by H₂O₂ 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 CO₂, 

H₂O and mineral salts (R7-9) [24].    
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 𝑖           𝑖   
                                                                               

                                                                                                            

                                                                                                       

             
                                                                                      

                                                                                               

                                                                                                    

                                                                               

                                                                              

                                                                             

      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 TiO₂ 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 TiO₂ photocatalytic mechanism 

 

     Many studies in the literature have been reported for improving the 

photocatalytic efficiency of TiO₂ 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 TiO₂ 

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 TiO₂ photocatalyst (enhance the solar 

efficiency of TiO₂ under solar irradiation which is low cost and easily 

available).    

1.2.1 Superhydrophilicity  

     UV illumination of a surface coated with TiO₂ particle may induce a 

phenomenon called superhydrophilicity, attributed a high wettability 

properties of photo-excited TiO₂ 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(III) state, and the holes oxidize the O²¯anions to O₂. 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 TiO₂ coated on the surface of reactor wall provides 

a homogeneous and stable liquid falling film in the falling film reactor.  

 

 

Figure 1.2 Mechanism of photo-induced superhydrophilicity of TiO₂ 
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1.2.2 Heterogeneous photocatalytic oxidation 

     Photocatalytic oxidation is an advanced oxidation process consists of a 

combination of a photo-active catalyst like TiO₂ (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 TiO₂ powder in aqueous suspension has been the 

main disadvantage. Though the coated film of TiO₂ 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 (O₃) 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 

trihalomethane removal as well as degradation of organic pollutants. Despite 
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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]. 

                                                                                         

                                                                                            

Or alternatively 

                                                                                                 

                                                                               

 

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 is (3300 M⁻¹ cm⁻¹) which is much higher than that of H₂O₂ at the 

same wavelength. The decay rate of ozone is around 1000 times higher than 

that of H₂O₂ [38]. P.C. Ozonation is more efficient than P.C. Oxidation. 
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Ozone acts as a very strong electrophilic agent forming ozonide (O₃•) 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 TiO₂ 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, CO₂ and harmless mineral acids.   

       
                                                                                   

                                                                      

                                                                                    

                                                               

 

1.5 Hydrogen peroxide oxidation 

     Degradation of organic pollutants by hydrogen peroxide is based on the 

production of OH radicals via the decomposition of H₂O₂ 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 H₂O₂ 

and the homogeneous ferrous catalyst [38].  
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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, H₂O₂ decomposition can be catalyzed by Fe³⁺ 

as well (Fenton-like reaction). This process maintains a steady-state 

concentration of ferrous ions during H₂O₂ decomposition [20].   

                                                                             

                                                                                 

                                                                          

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, O₂, H₂O, 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 µg/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]. 
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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/H₂O₂ [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⁻¹ 

[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.  



 

17 
 

Cl Cl

O

OH

O

 

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 

photo-reactor.  

[139] 

 

CdS/multi-walled carbon nanotube-TiO₂ under the 

visible light.  

[140] 

 

Photocatalysis  TiO₂/UV-based photocatalysis. [141] 

UVA/TiO₂ nanoparticle in a self-made photocatalytic 

reactor. 

[142] 

 

copper (II) oxide synthesized by thermal 

decomposition of Flubendazole complexes. 

[143] 

Synthesized copper, zinc, tin, and sulfide nanoparticles 

under the visible light. 

[144] 

Photocatalysis using ZnO:Eu nanoparticles. [145] 

Non-thermal plasma Liquid film over the inner electrode using DBD in 

cylindrical reactor. 

[146] 

Pulsed corona discharge in a multi wire plate 

geometry. 

[147] 

 

DBD at the gas water interface. [148] 

DBD plasma jet in air, nitrogen and argon gas 

atmospheres. 

[149] 

 

Coaxial DC corona discharge in air, N₂, He and CO₂. [150] 

 

Double-chamber DBD reactor in air and oxygen carrier 

gases. 

[151] 

 

Microwave plasma jet at atmospheric pressure in 

argon. 

[152] 
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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.   

 

 

N

S
+

(H3C)2N N(CH3)2
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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 

2. Experimental 

2.1 Materials 

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 > 98.5 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(II) 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 

dihydrate 

354.13 ≥ 90 Sigma-Aldrich 

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 

(concentrate for IC) 

105.99 0.1M Sigma-Aldrich 

Sodium bicarbonate, eluent 

(concentrate for IC) 

  84 0.1M Sigma-Aldrich 

Sulfuric acid   98.08 95-97 Merck 

Sodium hydroxide   40 ≥ 98.8 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 Activ™ 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 Activ™ glass (TiO2 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 µm 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/cm² 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 



 

25 
 

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. 

 

 

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 × 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 



 

27 
 

was circulated in a batch operational mode at a flow rate of about 20 L/h 

using a membrane pump.    

 

 

 

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 Activ™ glass as a falling liquid film. The 

Pilkington Activ™ 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 TiO₂ 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 m²/m³ per cycle) and its great superhydrophilicity (water 

contact angle 0˚) provides a homogeneous and stable falling liquid film (~150 

µm 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 (G₅₀) for the degradation of each pollutant treated in this 

work at 50% conversion (g/kWh) and estimated by the following equation 

(Eq. 2.1): 
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G50 = 
     [ ]     

       
                                           (2.1) 

where [C]ₒ  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 t50 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 t50 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 10µL injection loop, and a UVD 1705 

Dual-Channel UV-VIS Detector). The stationary phase is a NUCLEOSIL 

100-5 C18 (125 × 2 mm, 5µm) 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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H₃PO4 solution, with a ratio of 50:50 at λ=280. The mobile phase was flowed 

at 250 µL/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) 

 

 

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 

 

 

Figure 2.6 Calibration curve of 2,4-D concentration vs. peak area 
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Figure 2.7 Calibration curve of 2,4-dichlorophenol concentration vs. peak 

area 

2.4.2  Ion 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 Ion Pac AS14 (4 

× 250 mm) column and an AG14 (guard column) with the injection volume of 

25 µL. The mobile phase is consisted of a mixture of NaHCO₃ (1.0 mM) and 

Na₂CO₃ (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 

 

 

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 

 

 

Figure 2.11 Calibration curve of glycolic acid concentration vs. peak area 
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Figure 2.12 Calibration curve of chloride concentration vs. peak area 

 

 

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 (Eq. 2.2) 

 

      
[   ] 

[   ] 
            (2.2)  

where [TOC]ₒ and [TOC]t 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 λ=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 λ = 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 based on the reaction of hydrogen 

peroxide and titanium (IV) in acid solution resulting in the formation of an 

intensively yellow colored pertitanic acid complex and possesses a maximum 

absorbance at 390 nm. 

Preparation of reagents and analysis procedure 

1. A solution of 50 g/L potassium titanium oxide oxalate was prepared by 

dissolving 25 gram of K2TiO(C2O4)2∙2H2O in 400 mL of deionized water 

and diluted to 500 mL with deionized water in a volumetric flask. 

2. 20 mL of concentrated sulfuric acid (d = 1.84 g/mL) was added to 340 mL 

deionized water slowly, the yielded concentration was placed in a 1 L 
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beaker and then allowed to cool and used as a solution of (1:17) 

H2SO4:H₂O. 

3. A stock solution of 1000 mg/L H2O2 was prepared by diluting about 6.7 

mL of concentrated H2O2 (ACS reagent, 30%) to a 2 liter volumetric flask 

with deionized water. In order to determine the actual concentration of 

H2O2 the prepared solution was standardized by using the potassium 

permanganate titration method.  

4. The calibration curve and analysis of treated samples were performed as 

follows: a volume of 1 mL of 50 g/L potassium titanium oxide oxalate 

reagent was added to a mixture of a series H2O2 standard solutions or a 

suitable volume of the treated sample solutions with 1 mL (1:17) solution. 

The mixture was mixed well and diluted to 25 mL in a volumetric flask 

using deionized water, allowing the solution for 5 min. The absorbance of 

the resulted pertitanic acid was measured against the reagent blank at 390 

nm. The calibration curve was drawn between absorbance and H2O2 

concentration and the concentration of H2O2 in treated sample solutions 

was obtained from the calibration curve (Fig. 2.15).    
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Figure 2.14 Calibration curve of methylene blue concentration vs. peak area 

 

 

Figure 2.15 Calibration curve of hydrogen peroxide concentration vs. peak 

area 
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2.4.5 Gas chromatography-mass spectrometry (GC/MS) 

The intermediate degradation products formed during the degradation of 

diclofenac and ibuprofen were identified by gas chromatography-mass 

spectrometry (GC-MS). An Agilent (GC: 6890, MS: 5975) was equipped with 

a capillary column DB-5MS (10 m x 0.25 mm ID x 0.1 µm film thickness). 

The carrier gas was helium at a flow rate of 6.0 mL/minute. The GC/MS 

system was operated in electron impact ionization scan mode using the 

NIST14 spectra library. The analysis was performed by PiCA Prüfinstitut 

Chemische Analytik GmbH, Germany. Each sample was analyzed by both 

acidic and alkaline extraction procedure with MTBE solvent after spiked with 

internal standard (i.a.PCB209) solution.   

For each pollutants, two treated samples (200 mL of initial concentration 

50 mg/L) were collected and analyzed: the first sample was collected and 

mixed after (5, 15, 30 and 60 minutes photocatalytic oxidation then followed 

by 1, 3 and 5 min photocatalytic ozonation) treatment time in photocatalytic 

reactor whereas the second sample was collected and mixed after 1, 3, 5, 10, 

15, 20, 30, 40 and 60 minutes treatment time in DBD plasma reactor under 

argon gas atmosphere. Each sample solution was treated with 0.025 g sodium 

thiosulfate to stop the action of hydrogen peroxide or dissolved ozone in the 

solution. 

2.4.6 Real wastewater treatment by DBD plasma 

The proposed DBD plasma under argon gas atmosphere at power of 150 W 

and treatment time of 30 minutes was also used for treatment of real 

wastewater.  

Procedure  

    The DBD reactor was filled with a 500 mL of the deionized water which 

was circulated at 1 L/min. An argon gas with a flow rate of 20 L/h was 

continuously introduced to the reactor for 2 hours to achieve atmospheric 
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saturation of the reactor with argon gas. After filling the reactor with argon 

gas atmosphere the deionized water was exchanged by 500 mL real 

wastewater, the gas inlet and outlet were connected to each other and 

circulated at 20 L/h in a batch mode followed by plasma treatment of real 

wastewater for 30 min. at power of 150 W. 

In order to stop the action of hydrogen peroxide generated during the 

discharge plasma and bacteria growth, the collected samples after treatment 

were protected by addition of 0.025g sodium thiosulfate and 5g sodium 

azaide. The analysis of treated samples was performed by SGS Institute 

Fresenius GmbH, Germany using standard analytical gas chromatography 

methods DIN EN ISO 10301, SOP M2949 DIN 38407-16 and DIN 38407-

F16 for chlorobenzene, chloroaniline and non-chlorinated aniline compounds, 

respectively. The conductivity and pH of the treated wastewater samples were 

1600 µS/cm and 6.7 at 24 ˚C, respectively. Both treated samples were taken 

from the same source (sample (1) without biological treatment and Sample (2) 

after biological treatment).  

2.5 Average thickness of the liquid falling film  

     Among various methods for measuring the average liquid film thickness, 

collecting and measuring the volume of distinct amount of the liquid flowed 

down through the surface of reactor is the simplest method [157]. The average 

thickness liquid falling film is calculated by dividing the average volume of 

the water collected by the surface area of the reactor wall. Due to the 

difficulty of disassembling the planar reactors used in this work in order to 

collect the exact amount of the drained water and because of the collected 

water from the outlet of the reactor is not accurate; the same technique was 

applied with a small modification. The thickness of liquid falling film in a 

planar reactor used in this work was calculated according to the following 

equation (Eq. 2.3) 
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Figure 2.16 Calibration and optimization of ozone generator 
 

2.7 The effect of UVA lamp on ozone decomposition 

     The influence of UVA lamp irradiation on the decomposition of ozone 

inside the photocatalytic reactor was investigated. To obtain that goal, 0.5 L 

of the deionized water (pH = 5.5) was recirculated in the reactor with a 

constant flow rate of 1 L/min., ozone gas with a flow rate of 10 L/h and the 

initial concentration of 130 mg/L at power of 30W was continuously 

introduced to the reactor from the gas inlets at the bottom of the reactor. The 

concentration of ozone in gas phase and dissolved ozone in deionized water 

was monitored during the experimental operation over a time period of 2 

hours. The same experiment was repeated under seven UVA lamps irradiation 
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the reactor was accelerated by illumination with UVA light and after 20 min. 

of irradiation the condition was reached to steady state. 

 

 

Figure 2.17 Effect of UVA light irradiation on decomposition of ozone; 0.5L 

DI, T = 24˚C, pH = 5.5 and O3 feed gas = 130±5 mg/L. 
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PVC is only moderate and does not have great effect on the reactor frame. A 

very low concentration of produced chloride and a maximum amount of 12 

mg/L of acetate ion was observed. Due to the very slow oxidation rate of 

acetic acid by ozonation alone [159] the measured acetate concentration was 

increased with treatment time. However, the concentration of acetate ion by 

photocatalytic ozonation was remained low during the period of 2 hours 

probably due to the degradation of acetic acid by photocatalytic ozonation 

[160]. 

 

 

Figure 2.18 Effect of UVA light irradiation on decomposition of ozone; 0.5L 

D.I, T = 24˚C, pH = 5.5 and O3 feed gas = 130±5 mg/L. 
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2.9 The effect of H₂O₂ concentration on methylene blue degradation by 

UVA/TiO₂/H2O2 and optimization the amount of Fe²⁺ in Fenton processes 
 

     The optimum concentration of H₂O₂ in the TiO₂/H₂O₂/UVA method for the 

decolorization of 50 mg/L MB was examined (Fig. 2.19). The results indicate 

that almost the same decolorization rate was observed when 100, 130 and 200 

mg/L of H₂O₂ was added to the solution; therefore, 130 mg/L was chosen as 

the optimum concentration of H2O2.  

 

Figure 2.19 Effect of H₂O₂ concentration on decolorization of MB (50 mg/L) 

by UVA/TiO₂/H₂O₂. 
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     The same condition was used to optimize the amount of Fe²⁺ catalyst in 

Fenton oxidation process. As shown in Fig. 2.20, 100 percent decolorization 

was attained either in the presence of 20 or 25 mg/L Fe
2+

. To optimize the 

initial concentration of H2O2, the same experiments at the same condition (20 

mg/L Fe
2+

) were performed. The result presented in Fig. 2.20 indicates that 

100 percent decolorization of MB is achieved when the concentration of 

added H2O2 reaches to 100 mg/L. 

 

Figure 2.20 Optimization of the concentrations of H₂O₂ and Fe²⁺ on 

decolorization of 50 mg/L MB in Fenton oxidation. 
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Chapter Three 

3. Results and discussion 

 

3.1 Formation of reactive species in the DBD reactor 

      Advanced oxidation processes based on non-thermal plasma generated by 

electrical discharge in gas-liquid interface, gas atmosphere, induces ultrasonic 

waves, ultraviolet radiation, and of particular importance, generation various 

reactive species at ambient condition such as neutral molecules (H₂, O₂, O₃, 

and H2O2), negative and positive ions, and most importantly free radicals 

(
•
OH, 

•
O, 

•
H, and HO2

•
).These reactive species can decompose most of the 

organic pollutants. The amount and the feature of these reactive species are 

influenced by many factors such as the type of discharge, input energy, the 

nature of the gaseous atmosphere as well as the composition of the solution 

and its pH, conductivity and temperature. The formation mechanisms of 

active species by the discharge are as follows [44, 48, 161, 162]: 

                                                                                   .   

                                                                               .   

                                                                                                     .   

                                                                                               .   

                                                                                    .   

                                                                                      .   

                                                                                              .   
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When oxygen is present in the gas atmosphere: 

                                                                                                .   

                                                                                                         .   

                                                                                   .    

                                                                              .    

                                                                                   .    

                                                                                                .    

     Among them, hydroxyl radical (
•
OH) is the main desired powerful, non-

selective and unstable oxidant (E
o
 = 2.85 V/SHE) that play an important role 

in oxidizing recalcitrant organic pollutants that present in water. It reacts with 

most organic pollutants either by hydrogen abstraction with saturated 

aliphatic hydrocarbons and alcohols, or electrophilic addition with 

unsaturated hydrocarbons [161]. Hydrogen peroxide (E
o
 = 1.77 V/SHE) is 

another important species formed mainly by decomposition of water 

molecules in gas-liquid plasma system followed by the recombination of 

generated hydroxyl radicals in oxygen free water [161, 163]. Hydrogen 

peroxide at ambient conditions is relatively stable in an aqueous solution. It 

can also be used, consequently, as an efficiency measure of the hydroxyl 

radical generation in the DBD discharge in an argon gas atmosphere. The 

formation of hydrogen peroxide in DBD process is affected by various 

parameters such as gas composition, flow rate, input energy power and the 

shape of electrode [163, 164]. In order to characterize the efficiency of the 
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DBD reactor, the formation of H₂O₂ in deionized water under an argon gas 

atmosphere at different input energies power was studied. Fig. 3.1 shows the 

concentration of H₂O₂ in the liquid phase generated in dependence on time 

and introduced input power. 

 

Figure 3.1 Formation of H₂O₂ in deionized water and in solutions containing 

(Cₒ=100 mg/L 2,4-D or 2,4-DCP) and (Cₒ=50 mg/L DCF, IBP or MB) by 

DBD plasma at different input powers, in Ar and Ar/O₂ (80:20) atmosphere 

(the treatment time includes also the pause intervals without discharge which 

is explained in experimental part) 

 

     The concentration of H₂O₂ increases with increase of discharge time and 

introduced energy up to a saturation level. At higher energy even a decrease is 

observed with progressive time. This is caused by decomposition of H₂O₂ in 

the solution at high concentration by its reaction with active species generated 

during the discharge [44, 165] and by the possible effect of discharged water 
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temperature which was raised from 23 to 29, 33 and 36.5 ⁰C at power of 100, 

150, and 200 W after 90 min discharge respectively. 

     From the initial formation rate the estimated energy yield for H₂O₂ 

production in deionized water by DBD under the argon atmosphere obtained 

in the present work was 1 to 1.1 g/kWh depending on the power applied. This 

energy yield is in the same range reported by Lock et al. [163] which is 

generally in the range of 0.5-1 g/kWh. Similarly, in previous works several 

methods have been used for estimation of H₂O₂ production which involve 

pulsed corona discharge in water [147], microwave plasma under argon 

atmospheric pressure  [152], low power pulsed water spray plasma reactor 

[166] and plasma reactor with coaxial geometry corona discharge in water 

[84] to give different yields with 0.47, 0.0027, 10-20 and 1.6 g/kWh, 

respectively. These variations of energy yields are attributed to the use of 

different reactor technique. 

    In the presence of the pollutants Fig. 3.1 the production of H₂O₂ is affected. 

Scavenging of OH radical by the pollutants which prevent their recombination 

to H₂O₂ is the main cause of the reduction of H₂O₂ yield in the treated 

solutions of each 100 mg/L (2,4-D or 2,4DCP) or 50 mg/L of each DCF, IBP 

or MB.  

    The presence of oxygen in the gas atmosphere as in Ar/O₂ (80:20) mixture 

induces the reaction between the generated active electrons and oxygen, 

which results in the production of •O and O₃ (R 3.8-9). Also in Ar/O₂ 

atmosphere only a very low production of H₂O₂ was observed (Fig. 3.1), due 

to the decomposition of H₂O₂ by generated ozone (R 3.8-9) in peroxone 

process (R 3.11). Furthermore, in the case of argon combined with the Fenton 

reaction a part of the generated H2O2 was subjected to the Fenton oxidation.   
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     Ozone generation is one of the most successful commercial applications of 

non-thermal plasma. Ozone itself is a powerful oxidant (E
o
 = 2.07 V/SHE) 

and can react with organic pollutants either directly or indirectly after 

decomposition through a series of reactions [167].  

     The results shown in Fig. 3.2 illustrate the variation of ozone yields in the 

deionized water under a mixture of Ar/O2 (80:20) gas atmosphere. The 

generated ozone in the gas phase during the discharge is dissolved in 

deionized water up to a maximum amount of 450 µg/L, while at high power 

of 200W the concentration will decline (Fig. 3.2) and that is due to the 

interaction of the radicals formed during the discharge in a chain reaction with 

ozone in water according to (R 3.14-15) (competition between ozone 

production and ozone decomposition at high concentration of ozone)  [168, 

169]: 

                                                                                            .    

                                                                                            .    

     Another effect limiting the dissolved ozone concentration is the temprature 

of the discharged soluion which is gradually raises from 24 to 31 and 33 ⁰C 

after 90 min discharge time at 150 and 200 W input energy. In the presence of 

pollutants, the generation of ozone was affected (Fig. 3.2). In the solutions 

containing DCF, 2,4-DCP and MB, no dissolved ozone was detected due to 

the consumption of generated ozone for the oxidation of pollutants and their 

intermediate products. However, in the presence of IBP and 2,4-D a small 

amount of dissolved ozone was detected especially at the beginning of the 

process. This is probably due to the slower decomposition rate of these 

pollutants by ozone (table 3.1). The concentration of generated ozone inside 

the reactor atmosphere has been measured by ozone analyzer and it reached to 

3.6 and 4.5 mg/L at 150 and 200 W input energies respectively.  
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Figure 3.2 Concentration of generated O3 in deionized water and in solutions 

containing (Cₒ=100 mg/L 2,4-D and 2,4-DCP) and (Cₒ=50 mg/L DCF, IBP 

and MB) by DBD plasma in Ar/O₂ (80:20) atmosphere (the treatment time 

includes also the pause intervals without discharge, explained in experimental 

part). 

 

      It is notable that when the discharge is operating in air atmosphere, a poor 

generation of H₂O₂ was detected only by 3 mg/L in deionized water and o.5 

mg/L gaseous ozone. Electric discharge in oxygen-nitrogen mixture like air 

atmosphere inevitably results in the formation of aqueous nitrite and nitrate 

anions [170]. Fig. 3.3 shows the variation of generated nitrite and nitrate 

anion concentrations in deionized water under air atmosphere at 200W input 

energy. 
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Figure 3. 3 Variation of generated nitrite and nitrate ion concentrations by 

DBD in deionized water (P = 200W) in air atmosphere (the treatment time 

includes also the pause intervals without discharge, explained in experimental 

part). 

 

3.2 Degradation of organic pollutants 

      Oxidative degradation of 100 mg/L of each 2,4-D, 2,4-DCP and 50 mg/L 

of each DCF, IBP, and MB in aqueous solutions have been investigated by 

different advanced oxidation process by using a planar falling film reactor. 

Plasma in contact with a thin liquid falling film has the advantageous of 

minimizing mass transfer limitations between the plasma and treated solution 

[44, 163]. The degradation of DCF, 2,4-D, and 2,4-DCP can be tracked by 

three different methods: direct determination of pollutant-decay by HPLC, 

indirectly via the produced chloride ion by ion chromatography, and by the 

degree of mineralization using measurement of TOC removal. For IBP and 
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MB indirect determination by chloride is not applicable. However, the 

behavior of TOC removal with respect to the direct determination of IBP and 

MB are similar as for mentioned pollutants. In the following discussion, the 

values determined by direct HPLC analysis is used to obtain the degradation 

efficiency of examined methods. The degradation of DCF and 2,4-D by DBD 

plasma in argon atmosphere and P.C. Oxidation are chosen as a representative 

examples and the results are shown in Fig. 3.4 and 3.5. 

 

  

 

Figure 3.4 Relative concentration profiles of DCF removal (C₀ = 50 mg/L, 

pH 5.6) by DBD/Ar at 150W and P.C. Oxidation (in DBD the treatment time 

includes also the pause intervals without discharge). 
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Figure 3.5 Relative concentration profiles of 2,4-D removal (C₀ = 100 mg/L, 

pH 3.35) by DBD/Ar at 150W and P.C. Oxidation (in DBD the treatment time 

includes also the pause intervals without discharge). 

 

     The degradation processes tracked by indirect measurement of chloride is 

somewhat retarded compared with direct measurements by HPLC due to the 

formation of chloride containing intermediates [70, 71, 171]. The decrease of 

TOC value is also remarkably slower as more stable organic by-products are 

formed (see by-product and mineralization sections). This behavior was 

observed in all experiments.  
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3.3 Degradation by non-thermal DBD plasma 

     The efficiency of degradation by DBD plasma depends on the gas 

composition and introduced energy. The TiO₂ photocatalyst coated on PAGs 

used a falling film liquid generator in the present work. This is also another 

possible synergistic system of DBD plasma processes to improve the 

degradation process through the production of active oxidant. The UV light 

emitted by DBD during the pulsed discharge can irradiate the coated TiO₂ on 

the glass sheets [40].  

 𝑖           𝑖   
                                                                             .    

                                                                                                 .    

                                                                                                          .    

                                                                                                  .    

     The effect of the gas composition atmosphere including pure argon, argon: 

oxygen (80:20) mixture, and air as well as combination Fenton oxidation with 

DBD plasma under argon atmosphere was investigated for degradation and 

mineralization of each pollutant. 

 

3.4 Degradation based on ozonation and photocatalysis 

     The degradation of pharmaceutical diclofenac (DCF), Ibuprofen (IBP), 

2,4-dichlorophenol (2,4-DCP), phenoxy herbicide 2,4-dichlorophenoxyacetic 

acid (2,4-D) and organic dye methylene blue (MB) as model pollutants were 

investigated via ozonation (O₃), photocatalytic ozonation (UVA/TiO₂/O₃), 

and photocatalytic oxidation (UVA/TiO₂/O₂)  in a planar falling film reactor. 

In addition, other advanced oxidation processes such as Fenton, photo-Fenton, 
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ozonation in alkaline medium, and photocatalytic oxidation in the presence of 

H₂O₂ (UVA/TiO₂/O₂/H₂O₂) have been also examined for the removal of MB 

in the same reactor. Degradation of organic pollutants based on ozonation is 

generally proceeds via two possible routes; (1) direct molecular ozone attack 

in darkness and (2) indirect process via transformation of O₃ into OH radicals 

by elevating pH or by UV irradiation pathway. In acidic medium (pH < 4), 

the direct pathway is assumed. When pH ranges between 4–9, both are 

present. For pH > 9, the indirect pathway is suggested [38, 172]. Table 3.1 

summarizes the rate constants for the reaction of ozone and hydroxyl radicals 

with DCF and IBP. The reaction of hydroxyl radicals is very fast for all 

pollutants whereas the reaction of ozone with DCF and 2,4-DCP is much 

faster than the reaction with IBP and 2,4-D.  

These differences are also due to the relation between chemical structures of 

organic compounds that are resulting from the presence of various 

substitutions on aromatic ring and their reactivity with ozone.  

 

Table 3.1 Rate constants for reactions of ozone and OH radical with 

pollutants. 

Pollutant  k (O₃) M ⁻¹ S⁻¹ k (•OH) x 10⁹   M⁻¹ S⁻¹ 

Diclofenac ≈ 1 X 10⁶ [173] 7.5 ± 1.5 [173] 

Ibuprofen 9.6 ± 1 [173] 7.5 ± 1.4 [173] 

2,4-D 2.4 [158] 5.2 ± 0.4 [174] 

2,4-DCP 8 ± 4 x 10⁹ [159] 7.4 ± 0.5 [174] 
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3.5 Degradation of pharmaceutical DCF and IBP 

      Figure 3.6 illustrates the degradation of DCF and IBP (50 mg/L, pH 5.6) 

by ozonation and photocatalytic ozonation. Direct attack of the 

pharmaceuticals by ozone molecules in darkness is expected to be the main 

degradation mechanism due to the initial pH of the solutions used in this work 

[175]. A direct ozonation results in a very fast degradation of DCF which is 

completely disappeared after 4 min. The presence of two chlorine atom in the 

aromatic ring of DCF results additionally in a fast dechlorination step by 

ozonation and consequently in an increase of the degradation rate [38]. Then, 

combination of ozone with UVA has only a marginal effect on the 

degradation of DCF. On the other hand, the removal of TOC by P.C. 

ozonation is much faster than by direct ozonation in the darkness (see Section 

mineralization).  

     The degradation of IBP at pH = 5.7 by ozonation (direct reaction) is slower 

than that of DCF (Fig. 3.6). The differences are due to the rate constants for 

the reactions of ozone with DCF and IBP (Table 3.1). 

     P.C. ozonation enhances the degradation of IBP (Fig. 3.6). This is due to 

the oxidation of IBP through the generated hydroxyl radicals, either by ozone 

photolysis (R3.10-3.15) or via the photocatalysis of ozone molecules by 

photo-generated electrons on the surface of the TiO₂ coated on the surface of 

Pilkington active glass (R3.20-22) [63, 95]. In that case, a real synergetic 

effect is obtained by the combination of ozonation and photocatalysis.  

TiO₂   hν    ⁻   h                                                                  (R3.20) 

O₃(ads)    ⁻    O₃⁻                                                                     (R3.21) 

O₃⁻   H    HO₃     OH + O₂                                                                           (R3.22) 
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Figure 3.6 Relative concentration profiles during DCF and IBP degradation  

(Cₒ= 50 mg/L each, pH = 5.6) by ozonation and P. C. Ozonation. 

 

      As shown in Fig. 3.7, the photocatalytic oxidation (UVA/TiO₂/O₂) of both 

pharmaceuticals is only moderate. This is due to the lower efficiency of the 

OH radical production in aqueous solution by only slow heterogeneous 

reactions on TiO₂ [176]. 

      Degradation of both pharmaceuticals by DBD in air atmosphere is only 

moderate Fig. 3.7.  However, in the argon gas atmosphere alone with an input 

energy of 150W, a complete degradation of IBP and DCF was attained after 

20 and 30 min respectively. Moreover, degradation rate was enhanced with 

increasing power from 150 to 200W (Fig. 3.8). The addition of oxygen to the 

argon atmosphere has a different impact on the degradation of the selected 

pollutants under study: for DCF an acceleration of the degradation is 

observed, whereas for IBP oxygen seems to have a restraining effect (Fig. 

3.9). 
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Figure 3.7 Relative concentration profiles during DCF and IBP degradation  

(Cₒ= 50 mg/L each, pH = 5.6) by P. C. Oxidation and DBD plasma under air 

atmosphere. 

 

      The main reactive species involved in the degradation process are 

hydroxyl radicals, hydrogen peroxide, ozone and other reactive species that 

might be formed during the discharge. The hydroxyl radicals formed in 

discharge in the humid argon atmosphere near the surface of the falling film 

can react directly with the contaminants in a fast reaction according to their 

comparable high rate constants (Table 3.1). In oxygen containing gas 

atmosphere ozone is generated which react then very fast with DCF but not 

with IBP because of the low rate constant (Table 3.1). The direct reaction of 

hydrogen peroxide with organic pollutants is generally slow, but an addition 

of ferrous ion as a homogeneous catalyst to the aqueous solution improves the 

degradation process by the formation of hydroxyl radicals (Fenton reaction)  

 

                                                                               .    
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     The results of DCF and IBP degradation in the presence of 10 mg/L 

ferrous ion as FeSO4 salt are shown in Fig. 3.9.  The results of TOC reduction 

(see mineralization section) show that the degree of degradation and 

mineralization is improved only for DCF. Whereas, for IBP a significant 

influence of ferrous ion is not observed. These results are due to differences in 

their chemical structure and their reactivity with Fenton reaction.   

 

 

Figure 3.8 Relative concentration profiles during DCF and IBP degradation  

(Cₒ= 50 mg/L each, pH = 5.6) by DBD plasma under argon atmosphere at 150 

and 200W (the treatment time includes also the pause intervals without 

discharge). 
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Figure 3.9 Relative concentration profiles during DCF and IBP degradation  

(Cₒ= 50 mg/L each, pH = 5.6) by DBD plasma in Ar/O2 atmosphere and 

Ar/Fenton at 150 and 200W (the treatment time includes also the pause 

intervals without discharge). 

 

3.6 Degradation of 2,4-D and 2,4-DCP 

     Figure 3.10 shows the degradation results obtained by direct ozonation, 

P.C.Ozonation and P.C.Oxidation. Photocatalytic oxidation did not 

completely decompose 2,4-D and 2,4-DCP. Even after 90 min of treatment, 

only 67% of 2,4-D and 73% of 2,4-DCP were decomposed mainly into other 

organic by-products where by which only 7% and 12% of TOC was removed.  

     Decomposition of organic pollutants by direct ozonation in acidic medium 

leads to the partial degradation of organic molecules present in water and the 

formation of ozone resistant low chain carboxylic acids. Therefore, it results 

in low degree of mineralization [39, 172].  In the present work, based on the 

initial pH of treated solutions by direct mechanism for both 2,4-D (initial pH 

3.35) and for 2,4-DCP (initial pH 6.85) is expected to be the main degradation 
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pathway by ozonation in darkness. As shown in Fig. 3.10 the degradation of 

2,4-D is slower than 2,4-DCP. A complete degradation of 2,4-DCP and 2,4-D 

by direct ozonation were achieved after 10 and 20 min respectively. Whereas, 

the TOC decreases only moderately (see mineralization section). The 

combination of ozonation with photocatalysis in P.C. Ozonation (TiO₂ on 

PAGs under UVA illumination) does not show any significant synergistic 

effect on 2,4-DCP degradation, but only a marginal effect on 2,4-D 

degradation. Obviously, the reaction of these pollutants with ozone is so fast 

that the additional formation of OH radicals by direct ozone photolysis with 

UVA or by ozone interaction with illuminated TiO2 does not result in a 

significant degradation improvement. At the same time, a dramatic increase in 

the mineralization was achieved. 
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Figure 3.10 Relative concentration profiles of 2,4-D and 2,4-DCP 

degradation (Cₒ= 100 mg/L each) by ozonation, P.C. Ozonation, and P.C. 

Oxidation. 

 

     The effect of the gas atmosphere including pure Ar, Ar/O₂ (80:20) and air 

on DBD process has been studied for the degradation and mineralization of 

both pollutants. The relative concentration profiles of 2,4-D and 2,4-DCP as a 

measure of the degradation in DBD plasma at power of 150W under Ar, 

Ar/O₂, Ar combined with Fenton reagent and air at 200W are shown in Figs 

3.11 and 3.12. The degradation of both pollutants under air atmosphere at 

power of 200W was only moderate. In pure argon, a complete degradation of 

both pollutants was obtained in about 15 min. Addition of 20% oxygen to 

argon results in a retardation of the degradation. On the other hand, the 

mineralization efficiencies are improved. This is due to the acceleration of 
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intermediate by-product oxidation through the production of additional 

reactive species like •O and O₃ (Reactions (R3.8) and (R3.9) as well as by the 

peroxone process (Reactions R3.10 and R3.11). In pure argon atmosphere, 

hydrogen peroxide is formed during the discharge. Hydrogen peroxide is a 

stable and long living species produced in DBD plasma and its amount is 

influenced by several parameters such as gas composition and the design of 

the reactor. The production of hydrogen peroxide under argon atmosphere in 

deionized water and in solution of 2,4-D and 2,4-DCP is shown in Fig. 3.1. 

The combination of two different advanced oxidation processes is an effective 

approach to enhance the oxidation efficiency due to the additional source of 

OH radicals. The removal of both pollutants were significantly enhanced in 

the presence 10 mg/L of ferrous ion due to the additional Fenton oxidation 

between ferrous ion and generated hydrogen peroxide under argon 

atmosphere in DBD system.  

     From the degradation results which are shown in Figs. 3.11 and 3.12 and 

the energy yields which are shown in the (section 3.8), it is obvious that the 

effect of this combination is more significant in 2,4-D degradation than 2,4-

DCP. This difference may be due to the initial pH of treated solution which is 

more acidic in 2,4-D and their chemical structure with electronic density 

[177] (see experimental). Beside of degradation, also the degree of 

mineralization is improved for both pollutants (Fig. 3.32). 
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Figure 3.11 Relative concentration profiles of 2,4-D degradation (Cₒ= 100 

mg/L, pH = 3.35) by the DBD plasma at 150W in Ar, Ar/Fenton, and Ar/O2 

(80:20) atmosphere and (P = 200W in air), (the treatment time includes also 

the pause intervals without discharge). 
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Figure 3.12 Relative concentration profiles of 2,4-DCP degradation (Cₒ= 100 

mg/L, pH = 6.85) by the DBD plasma at 150W in Ar, Ar/Fenton, and Ar/O2 

(80:20) atmosphere and (P = 200W in air), (the treatment time includes also 

the pause intervals without discharge). 

 

3.7 Degradation of methylene blue  

     The results shown in Fig. 3.13 illustrate the decolorization of MB (50 

mg/L) by ozonation and other applied advanced oxidation process. The 

decolorization of MB by the photocatalytic oxidation (UVA/TiO2/O2) is only 

moderate (Fig. 3.13A) which is due to the lower efficiency of hydroxyl 

radical production by only photocatalytic oxidation. However, in the presence 

of 100 mg/L H2O2 (the optimum concentration of H2O2 for decolorization of 

50 mg/L MB see experimental) a significant enhancement in decolorization is 

observed and the complete decolorization of MB has been achieved after one-

hour treatment by (UVA/TiO2/O2/H2O2). The variation of H2O2 concentration 
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with time is shown in Figure 3.14. Addition of H2O2 into the system provides 

an additional source for generating OH radicals via decompostion by either 

photocatalysis (R3.24- R3.27) or UV illumination (Eq. R3.28) [178]. As 

shown in Fig. 3.14, the decrease in H2O2 concentration due to the generation 

of OH radicals follows the first-order kinetics. 

 𝑖                                                                                             .    

                                                                                                   .    

                                                                                       .    

                                                                          .    

                                                                                          .    

     The ozonation of MB at pH = 5 (direct reaction of ozone molecule with 

MB) and pH = 11 (indirect reaction of ozone with MB via the radical chain 

mechanism) as well as the combination with the UVA light results in a 

complete decolorization of MB after four min (Fig. 3.13B). Neither the 

combination of ozonation with the UVA irradiation nor increasing the pH 

value from 5 to 11 shows synergistic effect on the decolorization efficiency of 

MB. This is due to the fast decomposition of MB by the direct reaction of 

ozone molecules with MB in the ozonation process. The only observed 

differences are in the TOC removal efficiency which is much higher at 

alkaline pH and in the presence of UVA light (see mineralization section).  
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Figure 3.13 Relative concentration profiles of MB decolorization (Cₒ=50 

mg/L, pH = 5) by (A) H2O2-photocatalysis, and P.C. Oxidation (B) Fenton, 

ozonation, and P.C. Ozonation. 
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Figure 3.14 The variation of concentration H2O2-decay during the 

degradation of 50 mg/L MB at different initial concentration. 
 

     Comparing the decolorization efficiencies of the ozonation and 

UVA/TiO₂/H2O2 processes indicates that the ozonation provides 

tremendously higher decolorization efficiency than H2O2. The lower 

decolorization efficiency of H2O2 in comparison with ozone is due to the 

much lower molar absorptivity of hydrogen peroxide. The molar absorptivity 

of H2O2 at 253.7 nm is only 20 M⁻¹ cm⁻¹ which is much lower than that of 

ozone at the same wavelength (3300 M⁻¹ cm⁻¹). Therefore, H2O2 needs a 

longer UV exposure time than the photocatalytic ozonation [38, 179]. 

Fenton oxidation contaning 100 mg/L H2O2 and 20 mg/L Fe
2+

 (as ferrous 

sulfate) is found to be the fastest process for the decolorization of  MB 

solution as shown in  Fig. 3.13B. The oxidation reaction is based on electron 

transfer from Fe
2+

 to H2O2 where ferrous cations act as a homogeneous 
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OH radicals 
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(R3.23) [38]. Because of the high effectivity of Fenton oxidation in 

generating 
•
OH radicals and consequently in the decolorization of MB, 

combination of Fenton with the UVA light did not show any synergistic effect 

on MB decolorization. 

      From Fig. 3.15, it can be observed that applying the DBD plasma with an 

input electrical power of 150 W under the argon or a mixture of argon/oxygen 

atmosphere completely decolorized MB solution after 25 min. Combination 

of non-thermal DBD plasma with other AOPs such as Fenton reaction can 

improve the production of active species. Also it enhances the efficiency of 

MB oxidation. As shown in Fig. 3.15, the presence of 20 mg/L Fe²⁺ as a 

homogeneous catalyst enhances the decolorization and mineralization 

efficiencies and improves the energy yield due to the occurrence of Fenton 

oxidation reaction by means of Fe
2+

 and H2O2 which is generated during the 

DBD process (R3.23).  

     Considering the results, it can be concluded that the ozonation, 

photocatalytic ozonation, Fenton and photo-Fenton oxidation displayed higher 

decolorization efficiencies than the DBD non-thermal plasma. However, the 

DBD plasma showed higher decolorization efficiency than either the 

photocatalytic oxidation alone or in the presence of H2O2.  
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Figure 3.15 Relative concentration profiles of MB decolorization (Cₒ= 50 

mg/L, pH = 5) by DBD plasma in Ar, Ar/O₂, and Ar/Fenton atmosphere at 

150W (the treatment time includes also the pause intervals without 

discharge). 

 

The influence of the initial concentration of MB on the energy yield of 

decolorization at different degradation levels of MB by DBD plasma 

(P=150W) under the argon atmosphere is studied and the obtained results are 

shown in Fig. 3.16. 
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Figure 3.16 Effect of the initial concentration of MB on the energy yield of 

MB decolorization by the DBD plasma (P = 150W, pH= 5) under the argon 

atmosphere. 

      It can be seen that the energy yield of decolorization is proportional with 

the initial concentration of MB. This is probably due to the presence of higher 

amount of reactant molecules in the solution affected by the discharge. A 

maximum energy yield of 2.13 g/kWh at G50 of the solution containing 100 

mg/L MB is achieved. However, the energy yield decreases to 1.66, 1.36 and 
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3.8 Energy yield 

    The energy yields at 50% degradation (G50) for each pollutants examined in 

the present work were calculated according to the Eq. 2.1. G50 is defined as 

grams of pollutant decomposed per kilowatt-hour and expressed in (g/kWh). 

For each treated pollutants, the examined methods are compared on the bases 

of energy yield, i.e the energy necessary for degradation of certain amount of 

each pollutants. This value is well established measure especially for non-

thermal plasma experiments, to compare different plasma methods such as 

DBD, corona discharge, and electrohydraulic discharge in order to design the 

most effective experimental process. Moreover, it allows us to compare the 

energy yield of plasma experiments with ozonation and other advanced 

oxidation processes because the amount of energy introduced to the system in 

each oxidation process is known. It should be noted that the comparison of 

data reported in the literature for degradation of pollutants by various 

advanced oxidation processes is a challenging study, because the estimated 

energy yields depend not only on the type of used reactors but also on a 

variety of other factors such as percent of conversion, the presence of catalyst 

and additives, initial concentration, pH, nature of gas atmosphere, design of 

the reactor, and by-products of the pollutants. In the present work the 

condition of 50% conversion G50 has been selected because most energy yield 

values reported in the literature is available in this conversion and interference 

from intermediates may not negligible at >50% conversion [44].   
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3.8.1 Energy yield (G50) of pharmaceutical DCF and IBP 

     The estimated energy yields G₅₀ for the degradation of 50 mg/L DCF and 

IBP by ozonation and different AOPs are shown in Figs. 3.17 and 3.18. The 

results reflect the decomposition behavior discussed in 3.5. The highest yield 

of 28 g/kWh DCF is obtained by direct ozonation. This is much higher than 

that for DBD plasma assisted DCF decomposition. Dobrin et al. [70] reported 

energy yield at G50 of about 1 g/kWh for decomposition of 50 m/L DCF using 

a corona discharge in oxygen over the water surface. This value is comparable 

with our results of DBD in an oxygen atmosphere, whereas in pure argon and 

Ar/O₂ mixture higher values (up to 5.1 g DCF/kWh) are obtained (Fig. 3.17). 

Banaschilik et al. [84] calculated the energy yield at G90 for lower initial 

concentration of 0.5 mg/L DCF which is 100 times lower than the initial 

concentration in the present work by 0.045 g/kWh using  corona discharge 

generated in extended coaxial geometry directly in water.   
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Figure 3.17 Energy Yields (G50) of the ozonation and other applied AOPs for 

the degradation of DCF (Cₒ = 50 mg/L). 

 

The energy yield (G50) for the decomposition of IBP by ozonation and other 

tested advanced oxidation processes are shown in Fig. 3.18. They are in the 

range of 0.1 g/kWh by DBD plasma in air atmosphere up to 2.5 g/kWh by 

ozonation. 

The yield for the DBD plasma in argon atmosphere with about 2.15 g/kWh is 

comparable with the energy yield obtained by ozonation. Zheng et al. [85] 

compared the energy yield (G50) for the IBP degradation obtained for an 

initial concentration of 20 mg/L using several AOPs. Most of them are below 

1 g/kWh and the energy yields reached up to 10 g/kWh by using a cylindrical 

wetted-wall corona discharge.  
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Figure 3.18 Energy Yields (G50) of the ozonation and other applied AOPs for 

the degradation of IBP (Cₒ = 50 mg/L). 

3.8.2 Energy yield (G50) of 2,4-D and 2,4-DCP 

The energy yields (G50) of 2,4-D and 2,4-DCP (Cₒ= 100 mg/L each) are 

shown in Fig. 3.19 and 3.20. It can be seen that the highest yield of 24.54 

g/kWh for 2,4-DCP and 6.5 g/kWh for 2,4-D are obtained by ozonation and 

DBD/Ar-Fenton respectively. The order of estimated G50 among the 

investigated methods is;  
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DBD/Air > P.C. Oxidation for 2,4-D while, for 2,4-DCP degradation is 

ozonation > DBD/Ar-Fenton > P.C. Ozonation > DBD/Ar > DBD/Ar:O₂ > 

P.C. Oxidation > DBD/Air. 
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     In the present work, the estimated energy yield G50 for the degradation of 

100 mg/L 2,4-D by DBD plasma under air, argon/oxygen mixture, argon 

alone and their combination with Fenton process is 0.18, 1.5, 2.84 and 6.5 

g/kWh (Fig. 3.19) respectively. The concentration of H₂O₂ produced in the 

100 mg/L 2,4-D solution under argon atmosphere reaches 57 mg/L after 60 

min (Fig. 3.1) 

 

 
 

Figure 3.19 Energy Yields (G50) of the ozonation and other applied AOPs for 

the degradation of 2,4-D (Cₒ= 100 mg/L). 

    These values are comparable with corresponding results obtained by other 

groups. Singh et al. [180] reported the energy yield of 1.6 g/kWh for 90% 2,4-

D degradation using multiple pin-plain corona discharge at lower initial 

concentration of 1 mg/L . Bradu et al. [181] studied the degradation of 2,4-D 

by combination of corona discharge with ozonation and obtained an energy 

yield at G50 of 5.1 g/kWh and the concentration of H₂O₂ produced in the  25 

mg/L 2,4-D solution in the absent of ozone reaches 41 mg/L after 60 min. 
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    The obtained energy yields for 2-chlorophenol degradation at G50 (Cₒ= 65 

mg/L) using pulsed streamer corona discharge is 2.9 g/kWh [112] and (Cₒ= 

100 mg/L at pH 6.5) using non-thermal plasma-induced photocatalysis and 

without catalyst in needle-plate reactor [113] have been reported as 2.15 and 

0.95 g/kWh respectively.  

    The estimated energy yield G50 for the degradation of 100 mg/L 2,4-DCP 

obtained in the present work (Fig. 3.20) is 3.2 and 4.64 g/kWh by DBD under 

argon alone and their combination with Fenton oxidation respectively.  

 

Figure 3.20 Energy Yields (G50) of the ozonation and other applied AOPs for 

the degradation of 2,4-DCP (Cₒ = 100 mg/L) 
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3.8.3 Energy yield (G50) of MB  

     Fig. 3.21 shows the energy yields at 50% decomposition (G50) of MB. The 

decolorization of MB by the Fenton oxidation reaction is fast and does not 

require any sort of energy input. The highest energy yield of 20.5 g/kWh is 

obtained by the ozonation which is much higher than those of the DBD 

plasma methods due to the high efficiency of ozonation in decolorization of 

MB. Previously, several studies have been reported the value of energy yields 

for MB degradation by non-thermal plasma such as Ikoma et al. [182]  who 

used the pulsed discharge in Ar-O₂ at G70 and initial concentration of 15 mg/L 

MB. Benetoli et al. [164] have used a point-to-plate electrical discharge 

reactor in O₂ at G81 and Cₒ= 20 mg/L MB. Liu et al. [150] used a DC corona 

discharge in air at G90 and Cₒ= 50 mg/L MB. Chandana et al. [149] conducted 

a study using a plasma jet in argon at G72 and 50 mg/L MB, the estimated 

energy yields was 0.073, 0.0244, 1.21 and 0.4 g/kWh respectively. 

Magureanu et al. [147] used a pulsed corona discharge in O₂, Wang et al. 

[151] applied a double-chamber DBD in O₂. Garcia et al. [152] conducted a 

research by using a microwave plasma jet in argon, the authers reported the 

energy yields for 50 mg/L MB decomposition at G50, G100 and G50  as 1.3, 

0.83, and 0.033 g/kWh respectively. Hsieh et al. used a pulsed electrical 

discharge which is generated in a tubular reactor under argon carrier gas have 

also reported the energy yield in the range of 1.7 to 4.1 g/kWh. In the present 

work, the obtained energy yields G50 by the DBD plasma under the different 

gases atmosphere such as argon/oxygen (80:20), argon alone and their 

combination with additional Fenton oxidation process at P=150W are 0.84, 

1.36, and 2.5 g/kWh respectively.  
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Figure 3.21 Energy Yields (G50) of the ozonation and other applied AOPs for 

the decolorization of MB (Cₒ= 50 mg/L). 
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3.9 Mineralization and by-products degradation 

     Degradation simply means the transformation of the parent compound into 

the other lower molar mass compounds, whereas mineralization is complete 

degradation of target pollutants to CO2, H2O, and other harmless inorganic 

compounds. 

     Disappearance of target pollutant in wastewater does not guarantee for the 

successful wastewater treatment method. For instance, the only decolorization 

of organic dye in polluted water does not guarantee the quality of such 

wastewater meets the standard limits for disposal. As the decolorization may 

only be due to the change in chromophore groups of dye molecules which is 

responsible for color appearance. Moreover, the degradation by-products may 

be more toxic and harmful than the initial pollutant [76, 183]. Therefore, 

beside the degradation of initial pollutants, it is also important to follow the 

degradation of intermediates and by-products and the degree of 

mineralization. Maximum degree of mineralization is an important key for the 

successful wastewater treatment system by an advanced oxidation processes. 

Poor mineralization is the indication of remaining of some non-degradable 

intermediate by-product in the system. Therefore, a prolonged treatment time 

is necessary until these intermediate by-products are also decomposed and the 

solution contains only safe or harmless compounds. 
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3.9.1 Mineralization and by-products degradation of DCF and IBP 

     The main ionic by-products which have been identified and measured by 

ion chromatography during the degradation of DCF and IBP are acetate and 

oxalate. Chloride (Fig. 3.5), nitrate, and to a minor extent, maleate, malonate 

and succinate ions are also identified during the degradation of DCF. Figure 

3.22 and 3.23 show the variation of the acetic acid and oxalic acid 

concentrations during the decomposition of both pollutants, respectively. It 

can be seen that a significant amount of acetate and oxalate ions remain as by-

products even after a complete decomposition of two pollutants by ozonation 

and DBD plasma in an argon and air atmosphere. This is important, especially 

in the case of ozonation, for which the highest energy yield has been 

observed. However, the ozone resistant carbonic acids could not be removed. 

This behavior is also reflected in the TOC values (degree of mineralization) 

after the decomposition of both pharmaceuticals by ozonation (Fig. 3.24 for 

DCF and 3.25 for IBP). The direct ozonation results in a fast decomposition 

of the parent compounds, but ozone resistant byproducts remain in the 

solution. The TOC value remains also high after P.C. oxidation and DBD 

plasma in air atmosphere, for which the degradation is slow (Fig. 3.7). The 

maximum TOC reduction is obtained for both pharmaceuticals by using P.C. 

ozonation and DBD in Ar/O2 mixtures. 
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Figure 3.22 Variation of acetate intermediate by-product concentrations 

during the degradation of 50 mg/L : (A) DCF, (B) IBP. 
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Figure 3.23 Variation of oxalate intermediate by-product concentrations 

during the degradation of 50 mg/L : (A) DCF, (B) IBP. 
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Figure 3.24 TOC removal after 90 min treatment of DCF (Cₒ= 50 mg/L, 

initial TOC 26.2 mg/L). 

 

 
Figure 3.25 TOC removal after 90 min treatment of IBP (Cₒ= 50 mg/L, initial 

TOC 30.7 mg/L). 
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3.9.2 Proposed degradation pathways of DCF and IBP by photocatalysis 

     In order to identify degradation products during DCF and IBP treatment, 

samples have been collected at various time intervals and analyzed by gas 

chromatography mass spectrometry GC/MS. Also the identified low chain 

acid by-products obtained by ion chromatography which were used to propose 

the mechanism of degradation pathway for both pharmaceuticals.  

 

3.9.2.1 Degradation products of DCF 

    The intermediate products of DCF produced by photocatalysis are 

identified by GC/MS which are presented in (table 3.2). In case of DBD 

plasma under argon atmosphere treatment, only 2,6-dichloroanile as an 

intermediate products is identified by GC/MS. This is due to the fast 

degradation of DCF by this method (see 3.5). The short chain acids as 

formate, acetate, oxalate, maleate, malonate and succinate are identified by 

ion-chromatography.  

     Figure 3.26 illustrates the possible degradation pathway of DCF by 

photocatalysis treatment. The proposed degradation pathway is based on the 

results presented in table 3.2. Low chain acids and possible expected products 

are identified by ion chromatography. 

 

 

 

 

 

 

 

 

 



 

88 
 

Table 3.2 Degradation products observed for DCF during photocatalysis 

identified by GC/MS. 

Compound m/z Rt (min) 

(1) Diclofenac 295.1  12.929 

(2) [2-(2,6-Dichlorophenylamino)-phenyl]-

hydroxy-acetic acid 

311 11.334 

(3) Dihydroxylation diclofenac 327.1 13.664 

(4) 2-(2,6-Dichlorophenylamino)-benzaldehyde 265.1 11.294 

(5) 2-(2-Chlorophenylamino)-benzaldehyde 231.1 10.777 

(6) 1-(2,6-Dichlorophenyl)-1,3-dihydro-2H-

endol-2-one 

277.1 11.868 

(7) 2-[2-(2-chloro-6-hydroxy 

anilino)phenyl]acetic acid 

277.1 11.868 

(8) 1-(2,6-Dichlorophenyl)-3-hydroxyindolin-2-

one 

293.1 13.392 

(9) 1-(2,6-Dichlorophenyl)-5-hydroxyindolin-2-

one 

293.1 13.964 

(10) 1-(2,6-Dichlorophenyl)-7-hydroxyindolin-2-

one 

293.1 14.467 

(11) 1-(2,6-Dichloro-4-hydroxyphenyl)indolin-2-

one 

293.1 13.39 

(12) 1-(2,6-Dichlorophenyl)-1H-benzo 

[1,2]oxazine-3-4H-one 

293.1 13.964 

(13) N-(2,6-Dichlorophenyl)-2-formylbenzamide 293.1 14.467 

(14) 2,6-Dichloroaniline 161 5.068 

(15) 2,6-Dichlorobenzonitrile 171 5.314 

(16) 2,6-Dichlorophenol 162 4.768 
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Figure 3.26 Proposed degradation pathways of DCF by photocatalysis. 
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3.9.2.2 Degradation products of IBP 

     In order to identify the reaction intermediate and to understand the 

degradation pathway of IBP during photocatalytic treatments, samples have 

been collected at various treatment times and have been analyzed by means 

GC/MS. The results indicate that a number of by-products listed in table (3.3) 

have been identified during the photocatalytic degradation of IBP. During 

DBD/Ar plasma treatment, the GC/MS results showed only the identification 

of one intermediate products 4-(2-methylpropyl)acetophenone, probably due 

to the effective degradation of IBP by DBD plasma in argon atmosphere. 

Based on the results showed in table 3.3, a photocatalytic degradation of IBP 

where proposed (Fig. 3.27).   

 

Table 3.3 Degradation products observed for IBP during photocatalysis 

identified by GC/MS. 

Compound m/z Rt (min) 

(1) Ibuprofen 206.1   8.65   

(2) 2-Hydroxy-2-(4-(1-hydroxy-2-

methylpropyl)phenyl)propanoic acid 

235.1 7.140 

(3) 4-Isobutylbenzoic acid 178 6.704 

(4) 4-Isobutylbenzaldehyde 162 6.063 

(5) 4-Isopropylbenzaldehyde 148 4.636 

(6) 4-Ethylacetophenone   148 6.165 

(7) 4-Isobutylacetophenone  176 6.690 

(8) 4-(1-carboxyethyl)benzoic acid 190 8.140 
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Figure 3.27 Proposed degradation pathways of IBP by photocatalysis. 

 

 



 

92 
 

3.9.3 Mineralization and by-products degradation of 2,4-D 

     Ion chromatography and HPLC analysis of the treated samples of 2,4-D by 

examined methods showed the simultaneous formation and degradation of 

some low chain acids namely; oxalic acid, glyoxylic acid, glycolic acid and 

2,4-DCP as a main by-products during the degradation of 2,4-D. Figs. 3.28, 

3.29, 3.30, and 3.31 show the comparative variation of the 2,4-DCP, oxalate, 

glycolate and glyoxylate concentrations during the degradation of 2,4-D 

respectively. It is observed that the concentration of produced by-products in 

most methods increased to peak value and then decreased over time, except 

oxalate ion which remains as by-products even after a complete degradation 

of 2,4-D by ozonation and DBD under argon atmosphere indicating the 

resistant of oxalic acid against these methods. Poor mineralization is the 

indication of remaining of some non-degradable intermediate by-products in 

the system which might be more toxic and carcinogenic than the initial 

pollutant [76]. The mineralization efficiency was measured by total organic 

carbon (TOC) analysis. Figs. 3.32 (A and B) presents abetment of TOC value 

by ozonation, P.C.ozoznation, P.C.oxidation and non-thermal DBD plasma 

under (argon, argon:oxygen, and air) processes with initial concentration of 

100 mg/L of both pollutants. Ozonation in darkness is very effective for 

degradation of both pollutants. However, poor mineralization is observed. The 

TOC decay remains also low after P.C.oxidation and DBD under air. It could 

be seen from the results shown in Fig. 3.32 (A and B) that the combination of 

ozone with photocatalysis markedly enhances the TOC removal and complete 

mineralization is obtained after 60 min of treatment. The DBD/Ar subjected 

to additional Fenton oxidation and addition of oxygen to the gas atmosphere 

results is significant improvements in TOC reduction.  
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Figure 3.28 Variation of 2,4-DCP intermediate by-product concentrations 

during the degradation of 100 mg/L 2,4-D. 

 

Figure 3.29 Variation of oxalate intermediate by-product concentrations 

during the degradation of 100 mg/L 2,4-D. 
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Figure 3.30 Variation of glycolate intermediate by-product concentrations 

during the degradation of 100 mg/L 2,4-D. 

 

Figure 3.31 Variation of glyoxylate intermediate by-product concentrations 

during the degradation of 100 mg/L 2,4-D. 

0

1

2

3

4

5

6

7

8

9

0 20 40 60 80 100

C
on

ce
nt

ra
tio

n 
(m

g/
Li

te
r) 

Reaction time (min) 

DBD/Ar DBD/Ar-Fenton DBD/Ar:O₂ (80/20) 
DBD/Air 200 W Ozonation P.C.Ozonation
P.C.Oxidation

0

5

10

15

20

25

30

0 20 40 60 80 100

C
on

ce
nt

ra
tio

n 
(m

g/
Li

te
r) 

Reaction time (min) 

DBD/Ar DBD/Ar-Fenton DBD/Ar:O₂ (80/20) 
DBD/Air 200 W Ozonation P.C.Ozonation
P.C.Oxidation



 

95 
 

 

 

 

Figure 3.32 Relative TOC concentration profiles in ozonation and other 

applied AOPs: (A) 2,4-D (initial TOC = 42.1 mg/L) and (B) 2,4-DCP (initial 

TOC = 43 mg/L). 
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3.9.4 Mineralization and by-products degradation of MB 

     Degree of mineralization is an important key for the successful wastewater 

treatment system by AOPs. Poor mineralization is the indication of remaining 

of some refractory by-products in the system. Therefore, besides the 

decolorization of dye pollutants, it is also necessary to follow the degradation 

and mineralization of splitting by-products. To this end, ionic by-products of 

MB decomposition such as acetate, oxalate, and sulfate are identified and 

measured by ion chromatography. Figure 3.33, 3.34, and 3.35 indicate the 

formation of these anions during the degradation of MB by different AOPs. It 

is observed that a significant amount of acetate and oxalate as degradation by-

products remain in the solution even after 90 min of treatment. Particularly in 

the case of ozonation and Fenton processes in the absence of UV light, 

considerable amounts of acetate and oxalate are accumulated in the treated 

solutions without sufficient mineralization. The combination of the UVA light 

with the ozonation and Fenton processes accelerates the decomposition of 

acetate and oxalate by the so-called photocatalytic ozonation and photo-

Fenton processes. This is due to the excessive production of non-selective and 

highly reactive hydroxyl radicals.  

    In the Fenton method, it is not possible to measure the exact amount of 

sulfate produced during the degradation process due to the presence of ferrous 

sulfate which is used as the source of Fe
2+

. As estimation for the complete 

decomposition of MB, it has been noticed that when the concentration of 

sulfate anion in the solution reaches to an amount which is equivalent to the 

summary of sulfate in MB and ferrous sulfate all sulfur containing organic 

molecules are decomposed. This is only observed in the case of ozonation and 

photocatalytic ozonation processes, while using other AOPs a part of the 

sulfur containing molecules remained untreated (Fig. 3.35). 
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Figure 3.33 Variation of acetate intermediate by-product concentrations 

during the degradation of 50 mg/L MB. 
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Figure 3.34 Variation of oxalate intermediate by-product concentrations 

during the degradation of 50 mg/L MB. 

 
Figure 3.35 Variation of sulfate intermediate by-product concentrations 

during the degradation of 50 mg/L MB. 
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     Abatement of the dissolved TOC can be used as an indicator for the 

mineralization efficiency of the treatment method. Figure 3.36 compares the 

efficiency of different treatment methods in the removal of TOC from a 50 

mg/L MB solution after treatment by different AOPs for 60 and 90 min.  

     As mentioned before, the decolorization of MB by the ozonation is very 

fast and possesses the highest energy yield compared to other AOPs. 

However, it has low mineralization efficiency even after 90 min treatment 

(Fig. 3.36). This may be due to the relatively selective reaction of ozone 

molecule, in low pHs, with organic pollutants via the nucleophilic position in 

the aromatic ring of chromophoric molecules such as azo dyes. Therefore, this 

can leads to the formation of ozone resistant by-products like aldehydes, 

ketones and aliphatic carboxylic acids [172, 184]. Consequently, the 

combination of ozone with the UVA light and increasing the pH of the 

solution leads to a dramatic increase in the mineralization efficiency (Fig. 

3.36). The combination of  ozonation with the UVA light in the presence of 

TiO2 photocatalyst can enhance the degradation efficiency of organic 

contaminants due to the generation of powerful non-selective 
•
OH radicals 

either by the photolysis of ozone molecules or via the photocatalysis. In the 

photocatalytic ozonation, ozone molecules can react with the photo-generated 

electrons on the surface of TiO₂ and generate 
•
OH radicals. In the ozonation at 

an alkaline pH (pH > 9), ozone decomposition by hydroxide ions accelerates 

the formation of 
•
OH radicals that they enhance the degradation of pollutants 

[185, 186]. 

    The same observation has been made when H₂O₂ involved methods were 

illuminated by the UVA light (Fig. 3.36). The maximum mineralization (TOC 

removal) of MB by 88 percent is obtained using the DBD plasma under the 

argon atmosphere and in the presence of homogeneous Fe²⁺ catalyst which is 

due to the occurrence of an additional Fenton reaction. This is followed by 86 
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percent TOC removal after 90 min of performing the photocatalytic 

ozonation.  

 

Figure 3. 36 TOC removal (%) from a MB solution (Cₒ= 50 mg/L MB, initial 

TOC = 27.7 mg/L) by ozonation and other applied AOPs. 

 

3.10 Real wastewater treatment by DBD plasma in argon atmosphere 

     Table 3.4 shows how the DBD plasma under Ar atmosphere can remove 

various organic pollutants successfully. For this purpose two real wastewater 
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(2) after biological treatment. After 30 min treatment, all organic pollutants 

were decomposed. However, poor mineralization has been observed probably 
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Table 3.4 Results of real wastewater treatment by DBD plasma (in µg/L); 

< BG = less than the quantification limit of the method 

 

Pollutants 

Sample 1 

before 

treatment 

Sample 1 

after  

treatment 

Sample 2 

before 

treatment 

Sample 2 

after 

treatment 

 

TOC (mg/L) 

 

15.5 

 

11.8 

 

17.5  

 

15.8 

Total chlorobenzene 681  < BG 107.6  < BG 

Monochlorobenzene 450  < 0.4 3.6  < 0.4 

1,2-dichlorobenzene 66  < 0.4 54  < 0.4 

1,3-dichlorobenzene 25  < 0.4 22  < 0.4 

1,4-dichlorobenzene 140  < 0.4 28  < 0.4 

Total chloroaniline 564  < BG 217  < BG 

2-chloroaniline 73  < 0.4 70  < 0.4 

2,3-dichloroaniline 25  < 0.4 19  < 0.4 

2,4-dichloroaniline + 2,5-

dichloroaniline 
72  < 0.4 65  < 0.4 

3-chloroaniline + 4-chloroaniline 270  < 0.4 1  < 0.4 

3,4-dichloroaniline 92  < 0.4 28  < 0.4 

3,5-dichloroaniline 32  < 0.4 34  < 0.4 

Total dimethylaniline 490  < BG 198  < BG 

2,4-dimethylaniline + 2,6-

dimethylaniline 
170  < 0.2 72  < 0.2 

2,5-dimethylaniline + 3,5-

dimethylaniline 
220  < 0.2 88  < 0.2 

2,3-dimethylaniline + 3,4-

dimethylaniline 
100  < 0.2 38  < 0.2 

Total non-chlorinated aniline 214  < BG < BG < BG 

Aniline  150  < 0.2 < 0.2  < 0.2 

o-toluidine + p-toluidine + m-

toluidine 
64  < 0.2 < 0.2  < 0.2 
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Conclusions  

       The energy yields and the efficiencies of ozonation and various AOPs in 

the degradation and mineralization of aqueous solutions of different organic 

pollutants including DCF and IBP pharmaceuticals, 2,4-D phenoxy herbicide 

and its degradation by-product 2,4-DCP, and MB dye have been investigated 

and compared using a planar falling film reactor. 

      Due to the application of a common reactor design in all experiments, a 

direct comparison of the efficiencies of the examined treatment methods was 

possible. From the obtained results, it is found that the direct ozonation of 

pollutants is a very effective technique for the decomposition of all the 

studied organics. However, only a partial degradation of organic molecules 

with a poor mineralization is obtained and several ozone-resistant by-products 

are remained untreated. Removal of IBP and 2,4-D by the direct ozonation are 

slower than DCF and 2,4-DCP, respectively. The combination of ozonation 

with the photocatalysis considerably enhanced the degree of mineralization. 

Consequently, nearly complete TOC removal from 2,4-D and 2,4-DCP 

solutions is obtained after 60 min of the combination treatment, while the 

TOC removal for DCF, IBP and MB solutions after 90 min treatment is 97, 

98 and 86 percent, respectively.  Degradation of organics by the non-thermal 

DBD plasma depends on the composition of gas atmosphere and the input 

energy. The degradations of all the studied organic pollutants by the P.C. 

oxidation and DBD plasma under the air atmosphere are only moderate. The 

plasma assisted decomposition of DCF in argon atmosphere is not as efficient 

as in IBP. An addition of oxygen to the gas atmosphere in the DBD plasma 

process for the removal of DCF improves both the energy yield (5.1 g/kW h) 

and the mineralization efficiency. For IBP, the addition of oxygen to argon 

indicated a negative effect on the efficiency of degradation. However, the 

addition of ferrous ion to the solution improves the degradation and 

mineralization efficiencies under the argon atmosphere due to the occurrence 
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of additional Fenton oxidation. Depending on the target pollutant appropriate 

treatment method should be applied: For simple decomposition of the starting 

compounds, ozonation would be the method of choice, but for deeper removal 

also of the by-products and an extensive mineralization the photocatalytic 

ozonation or plasma assisted destruction in argon (or Ar/O₂) possibly in 

combination with Fenton oxidation is preferable. From the results, it can be 

concluded that the non-thermal plasma provides comparable degradation 

degrees with those achieved by the photocatalytic ozonation.  

 

Appendix  

 

      The results of GC/MS for identification of intermediate by-products 

during the degradation of DCF and IBP are shown in the appendix on the 

attached CD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 
 

Publications 

 

1. Hama Aziz, K.H., Miessner, H., Mueller, S., Kalass, D., Moeller, D., 

Khorshid, I., Rashid, M.A.M., ―Degradation of pharmaceutical diclofenac 

and ibuprofen in aqueous solution, a direct comparison of ozonation, 

photocatalysis, and non-thermal plasma‖ Chemical Engineering Journal 

313: 1033-1041, (2017).                          Impact factor: 6.216 

 

2. Hama Aziz, K.H., Miessner, H., Mueller, S., Mahyar, A., Kalass, D., 

Moeller, D., Khorshid, I., Rashid, M.A.M., ―Comparative study on 2, 4-

dichlorophenoxyacetic acid and 2, 4-dichlorophenol removal from 

aqueous solutions via ozonation, photocatalysis and non-thermal plasma 

using a planar falling film reactor‖ Journal of Hazardous Materials 343: 

107-115, (2018).                                        Impact factor: 6.065  

                                                  

3. Hama Aziz, K.H., Mahyar, A., Miessner, H., Mueller, S., Kalass, D., 

Moeller, D., Khorshid, I., Rashid, M.A.M., ―Application of a planar falling 

film reactor for decomposition and mineralization of methylene blue in the 

aqueous media via ozonation, Fenton, photocatalysis and non-thermal 

plasma: Acomparative study‖ Process Safety and Environmental 

Protection 113: 319-329, (2018).                Impact factor: 2.905   

 

4. Attendance in the International Workshop on Plasmas for Energy and 

Environmental Applications (IWPEEA-2016) by giving an oral 

presentation entitled ―Degradation of pharmaceutical residues in 
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Suggestions for future works 

 

1. Study the mechanism and kinetics of degradation of these pollutants by 

various advanced oxidation processes. 
 

2. Application of other types of non-thermal plasma such as corona 

discharge for the treatment of these pollutants and comparing with DBD 

performance. 
 

3. Investigation on the possibility of using DBD plasma for the 

degradation of pollutants which are resistant against other treatment 

methods such as perfluorosurfactants. 
 

4. Study the effects of different parameters such as the nature and 

thickness of dielectric, composition and shape of electrodes as well as 

the flow rate of gas atmosphere circulation in DBD plasma. 
 

5. Attempt to combine the photocatalytic ozonation system with 

photovoltaic modules and utilization of solar energy as photon source 

for activation of photocatalyst surface and power generation for 

electrical equipment (ozone generator, pump and monitoring systems).   
  

6. Attempt to improve the TOC removal by combination different   

advanced oxidation processes such as ozonation with non-thermal 

plasma.     
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 الخلاصة

ّغيرٍاا ماً لنأاالا الاكضالمة ارت اْرة       (Ozonation)ّ فعالٔة التعامل بالاّسٌّ  كفاءةتم بحث ّ مقارىة       

(AOPs)  ارعتنلمة لاى التحفٔش الضْئى(Photocatalysis) تفزٓا   ا غير الحزارٓة الياتجاة بْاصا ة   ّالبلاسم

ٌ  ازاْاء غاسٓاة لتافاة  ّ اٌ التفكا      فاى  (DBD)الحاازش    العشل الكَزباائى   (Mineralization) ّ التنعالم

 (NSAIDs)ّ بضاانيَا العقااايرير غااير الضااتيرّٓلمٓة ارضااااة للالتَابااالا      نحالٔاال ارائٔااة لاناْاااالا العضاآْة    لا

مض احااثيااائى كاْرّفٔيْكضاى  الكاْرّفٔيْكضااى مبٔالمالا الال اا      (IBP)ّ آباْبزّف    (DCF)آكاْفٔياا   

القبَااا آضااا  MBاٌ اسالااة  .(MB)ّ ارٔثاأا  الاسر   (DCP-2,4)  الثيااائى كاْرّفٔيااْل (D-2,4)الخأاا  

ارقارىاة اربارازة    ّ ماً ازال   ّكضألم ااآالمرّز .  لاكضلمة الضْئٔة الحاافشة بْزاْا بير  ّ فْتْفٔيتٌْ ّ افٔيتٌْ 

اٌ اليتاائ   ذّ تصانٔه م اابُ اّ يرابال لانقارىاة.     الفاه الضايرط ارضاتْ   لكفائة ال ز  ارذكْرة تم اصتخلماو مفالل

جمٔا  اراْااالا العضآْة التاى تم اراصاتَا بْاصا ة        مً خالال ٍاذا البحاث تاب  اٌ تفكا       التى تم الحصْل لأَا

الحاصال بْاصا ة    تفك الكاىت معتلملة فقط  بٔينا  ااْاء فى (DBD)الاكضلمة الضْئٔة الحافشة ّ طزٓقة بلاسما 

 جمٔ  اراْااالا.  (G50)مً التحْٓل  %50فى حال  ايرة اىتازٔةفعالا زلما ّتمتا  الاى ط و كاٌالظلاالاّسٌّ فى 

الى تكاآًْ ىااْات  لزضاأة  ضااعٔفة. ّ ٓعااْا ذلاا  كاىاات تمعاالمٌ ارااْاا العضاآْة ارلمرّصااة اٌ  ّ ماا  ذلاا   لااْح 

 متابعاة ّ مياير اة مصاير   قصيرة مً الاحماا  الكاربْكضأأة. ّ يرالم تم    الضلاصل التجاِ الاّسٌّ. ّ خاصة مضتقزة

 لتافة.ٍذِ اليْات  الثاىْٓة مً خلال التفك  باصتخلماو طز  

ّ اٌ صازلة التنعالمٌ    IBP  ّ2,4-D لاى تفك ش الضْئى ب  تأايرا م تركا ٔحفتتزكٔبة مً الاّسٌّ ّ ال       

يرالم اففضات ّ ذلا  بضابا الحازاة الى يراْة        G50 ايراة الياتجاة ليالم    اللكافة اراْاالا يرلم لشسلا. ّ ما  ذالا   اٌ   

الى طزٓقاة   H2O2لانثأا  الاسر  بعالم اضاافة    تعشٓش كبير فى اسالة الاٌْ  ّ يرلم لْح  ضْء. UVAاضافٔة لل 

 الاكضلمة الضْئٔة الحافشة ّ تم تحقٔق اسالة الاٌْ ب كل كامل بعلمة صالة ّاحلمة مً التعامل. 

بلاسمااا  DBDصاايال الفعالااة مثاال الاّسٌّ ّ البيرّكضاألم ااآاالمرّز  مااً يرباال الاّ تكاآًْ  فاااءة التفكاا ك     

الغاس ارضتخلمو ّ كنٔاة ال ايراة الكَزبائٔاة ارضاتخلممة. اٌ تاأاير الغااسالا ارختافاة ّ         تعتنلم ب كل كبير لاى طبٔعة

ٓ  ارضتخلممة فاى تكآًْ   يرْة ال ايرة  ْااالا ب از    ارا كا  ضاا لااى كفااءة التف   بيرّكضألم ااآالمرّز  ّ الاّسٌّ ّ ا

 . ارضتخلممة يرلم تم التحقق ميَا



Feاٌ اضافة       
 مً الارزاٌْ ّ ٍاذا ٓعاْا الى حالمّ      فى زْ DBD ة زٓقالة اراْاالا بالى المحاْل يحضً إس 2+

 فٔيتٌْ.التفالل 

ّالتااى تعايرباات بقٔاااة إسالااة الكاااربٌْ العضااْ  الكاااى    كضاالمة ارضااتخلممة  الا  كفاااءة التنعاالمٌ  نٔاا  طااز         

(TOC)  . تم الحصْل لاى ألاى إسالة حٔث(TOC)      ّ بْاصا ة التحفٔاش الضاْئى الاّسّىاىDBD    بلاسماا اماا

 .   (Ar/O2)بتْحٔلمٍا م  الاكضلمة بفيتٌْ اّ فى زْ مً 

  



و  بعض الادويةن يعدو ت لتفكيك الصاقط المصتوىلفلم جديد ل تطبيل مفاعل
بلازما الالتحفيس الضوئى و  المائية بواشطة الاوزون, الملوثات العضوية فى المحاليل

   غير الحرارية
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 ثوختة
 

كسدازة ئؤكطانة  و زيَطا جياواشةكانى ناى يةزيةكة لة ئؤشؤنكسدىكازيطةزى و توا        

طةزمى  و ثلاشماى نا (Photocatalysis) لة ضةز بهضيهةى تيشكة كازاكسدى  (AOPs)ثيَشكةوتووةكاى

بة  جياواشدا بؤ يةلَوةشاى ولة ضةند طاشيَكى  (DBD)خالَيبونةوةى بةزبةضتى نةطةيةنةز  بة يؤىدزوضت بوو 

 دةزمانة وةك نمونة لة نيَوانياندا كانيانداطيراوة ئاوية ميهسالَكسدنى ماددة ئةندامى ية ثيطكةزةكاى لة

, دةزمانة دذة طيا (IBP) و ئيبوثسوفين (DCF) ديكموفيهاك (NSADs)ناضتيريؤدة دذة يةوكةزةكاى 

و  (DCP-2,4) دوانة كمؤزيدى فيهؤل ,(D-2,4) كدوانة كمؤزيدى فيهؤكطى تسشى ضسكيشيانبةخشةكاى 

 يؤىبةلةطةلَ ئةوةشدا لابسدنى مةتيميهى شين  .ؤلَيهةوةى لةضةز كسا و بةزاوزد كساليَك بوَيةى مةتيميهى شين

 (H₂O₂) بة بونى يايدزؤجين ثيرؤكطايد ئؤكطانى تيشكة كازاكسدىيةزوةيا و فيهتؤى -زيَطاكانى فيهتؤى و فؤتؤ

ةخؤ بةزاوزد بة شيَوةيةكى زاضت بؤ ئةوةى بتوانسيَت تواناى تةكهيكةكاى تاقى كساوةتةوة و بةزاوزد كساوة.

 .سابةكاز ييَه ى كةوتوو لة ضةز يةماى ديصايوزوو تةختفيمنى كازتياكةزى  بكسيَو

 ةدماد نى يةمووكة يةلَوةشا ئةوةياى دةزخطت لةم كازة شانطتيةدا بةدةضت ياتووى ئةنجامةكاى كة         

يةوادا تةنًا لة ئاضتيَكى  لة (DBD) و ثلاشما تيشكة كازاكسدى بةيؤى  ئؤكطاى بة كاىثيطكةزة ئةندامى ية

 شؤزتسيو و كسدنى زاضتةوخؤ( شؤز كازيطةز بوو)ئؤشؤنلة تازيكيدا  يةلَوةشاى بة ئؤشؤى. بةلَام مام ناوةنداية

بؤ يةموو  (G50) لة كاتى لة ضةدا ثةنجاى يةلَوةشاى بة دةضت يات (Energy yield) ة ووشةدةزئةنجام

ماددة ئةندامى يةكاى شؤز  يَبيهى ئةوة بكسيَت كة بة ميهةزالَكسدنىثيَويطتة ت .ماددة ئةندامى ية ثيطكةزةكاى

 شنجيرة كةم بوو. يؤكةى دةطةزيَتةوة بؤ دزوضتبونى ماددة لاوةكية جيَطيرةكاى لة بةزامبةز ئؤشؤى بةتايبةت

ليَكًةلَوةشاى بة زِيَطا  ضى ئةم بةزيةمة لاوةكيانة لة ئةنجامى كسدازىةنوكاى. ضازى تسشة كابؤكطيمةكوزتةكان

 .ليَى كؤلَسايةوة و باضكسا ضازةضةزة جياواشةكاى

    و IBPكسدازى ليَكًةلَوةشانى  ؤى كسدى لة طةلَ تيشكة كازاكسدى كايطةز بوو لةئؤش ثيَكةوةبةضتهى         

2,4-D  شةىوودةزةنجامة . بةلَام كسديشيادوة تواناى خيَسا ميهسالَكسدنى يةموو ثيطكةزةكاى (G50)  بؤ

ى تيشكى بة يؤى بةكازييَهانى ووشةى شياتس بؤ ضةزضاوة يةلَوةشانى ماددة ثيطكةزةكاى كةمى كسد ئةوةش



UVA. سدنىادكبة شي بة شيَوةيةكى بةزضاو شيادى كسد تواناى لابسدنى زةنطى مةتيميهى شين H₂O₂ بؤ 

 .ةضت يات دواى يةك كاترميَس لة كازليَكبة د تةواوةتى زةنط و لابسدنى ضيطتةمى ئؤكطاى بة تيشكة كازاكسدى

 DBDى بة يؤى ثلاشما H₂O₂ى كازا وةك ئؤشؤى و ةدبةزيةم ييَهانى ماد ةو ليَك يةلَوةشاىتواناى 

كازيطةزي جؤزى  كازةباى بةكازياتوو. و بسى ناوةندةكة لةضةز ثيَكًاتةى طاشى بةشيَوةيةكى بةزضاو بةندة

تواناى  لةضةز ئؤشؤى وة يةزوةيا و H₂O₂و بسِى كازةباى بةكازياتوو لة ضةز دزوضتبونى  طاشةكانى ناوةندةكة

Fe  . شيادكسدنىانة ليَى كؤلَسايةوةئةم زِيَطاي يةلَوةشاى بؤ
كسدازى  يؤى باشكسدنى بؤ طيراوةكة دةبيَتة 2+

 بةيؤى زوودانى كازليَكى فيهتؤى. داطاشى ئازطؤن لة ناوةندى ثلاشمادا DBDلة زيَطاى  لابسدنى ثيطكةزةكاى

كؤى كازبؤى لة مادة  بؤ يةزيةكة لة زيَطاكانى ئؤكطاى ليَى كؤلَساوةتةوة بة يؤى ثيَوانةكسدنى تواناى ميهسالَكسدى

 يَطاكانى تيشكة كازاكسدنىلة يةزيةكة لة زِ ةضت ياتبةد TOC. بةزشتسيو لابسدنى (TOC) ئةنداميةكاى

شى و ثلاشما لة كاتى ثيَكةوةبةضتهى لةطةلَ كازليَكى فيهتؤى ياى لة كاتى بةكازييَهانى تيَكةلَة طا ئؤشؤى كسدى

 ئؤكطجين و ئازطؤى.

 

 



بة  و بوَ هةلَوةشان ى تازةفيممى رووتةختى كةوتوو بةكارهيَنانى كارتياكةرى
لة طيراوة  كانئةندامية ثيصكةرة ماددةهةنديَك لة دةرمانةكان و  مينرالَكردنى
 و ثلازماى نا انى ئوَزوَنكردن , تيشكة كاراكردنا بة هوَى رِيَطاكئاويةكاند

 طةرمى
 

 تيَسيَكة
 بة ئةنجومةنى كؤليَجي كراوة ثيَشكةش

 بةشيَك لة ثيَداويصتيةكانىزانكؤي شميَماني وةك زانصت لة  
 دكتوَرا بةدةشت هيَناني بروانامةى 

 لة زانصتي كيميا
 )كيمياى ذينطة(

 

 لةلايةن
 كوَشار حكمت حمة عسيس

 زانكؤي شميَماني   ,(3122) ى شيكارىكيميا  لة ماشتةر
 

 بةشةرثةرشتي
 

 تمظ مولةرد. ديَ                                       ابراهيم خورشيد  .د
 ثروَفيصوَر                                                          ثرؤفيصؤر

 محمد امين محمد رشيدد.
 رى ياريدةدةرثروَفيصوَ
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