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Abstract 

Indiscriminate and widespread disposal of pharmaceutical compounds, dye molecules, and 

pesticides in to water resources pose a serious threat to the quality of drinking water. A critical 

need exists for developing novel practical, efficient, and cost effective water treatments for 

remediation of these emerging contaminants since conventional water treatment techniques are 

ineffective in treating these contaminants. In this research, a new class of water treatment 

technologies is proposed based on the application of non-thermal plasma. Creation of plasma by 

means of a helical resonator allows the use of low power for plasma generation (10-15 W, 

comparable to LED light bulbs). Furthermore, producing plasma by a single electrode 

significantly increases the flexibility of the method for real life applications. The most important 

feature that distinguishes this technology from other emerging methods is the presence of a post 

treatment stage in decontamination. Therefore, not only do the contaminants degrade in the 

presence of plasma (treatment stage), but decontamination also continues for a long period of 

time even after the plasma is switched off (post treatment stage). To gain deeper understanding 

of various physiochemical processes involved in the treatment mechanism, we have 

systematically investigated the effect of physical and chemical parameters such as the distance 

between the electrode and water surface (air gap distance), the input voltage to the helical 

resonator, pH and ion concentration of water. The results indicate that there is an optimum air 

gap distance (6 mm) at which maximum removal of contaminations can be achieved. Moreover, 

increasing the input voltage can enhance the removal of the contaminations. However, energy 

consumptions at higher input voltages render the method inefficient. Presence of various ionic 

species in water (chloride, phosphate, carbonate, etc.) and the initial pH of the solution can 

significantly alter the chemistry of the process. Special attention has been paid to the role of 
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chloride ions (Cl-) in the solution. The reason was while some report that the presence of Cl- 

deteriorates the efficiency, others suggest the enhancing role of these ions in removing 

contaminants. In this research, for the first time, we showed that during the treatment stage 

(presence of plasma) the scavenging behavior of Cl- towards OH. decreases the removal%. On 

the other hand, due to the formation of singlet oxygen (1O2) from reaction of hypochlorous acid 

(HOCl) and hydrogen peroxide (H2O2) the removal% improves significantly during the post 

treatment stage (absence of plasma). The initial pH of the solution also affects the 

decontamination process. While highest removal% in the treatment stage was achieved with 

initial acidic conditions, both initial acidic and alkaline conditions deteriorate the post treatment 

stage. Furthermore, almost equal contributions from treatment and post treatment stages can be 

achieved for solutions with initial near neutral pH values. Finally, the application of the proposed 

system for degradation of four pharmaceutical contaminants (ampicillin, ibuprofen, fluoxetine 

and propranolol) has been investigated. We showed that after 3 hr of treatment, 100% of 

ampicillin, fluoxetine and propranolol and 90% of ibuprofen were removed from water. 

Moreover, the energy yield of the process (the amount of contaminant degraded for 1 kWh of 

energy consumption) was calculated to be in the range of 0.12-0.13 g/kWh. For each 

contaminant, degradation by-products were identified and a degradation pathway was suggested. 

For all contaminants, the degradation mechanism was mostly dominated by the action of 

hydroxyl radicals. However, formation of oxygenated by-products suggested the possible role of 

ozone in the process. Finally, for the first time, this research proposed the application of 

Excitation-Emission Matrix (EEM) analysis to track the degradation of each contaminant. 

Possible connections between the EEM analysis and identified degradation by-products were 

outlined. Not only can the results of this research enhance the understanding of the 
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physiochemical processes involved, but also open up new opportunities for the development of 

more advanced and efficient water treatment technologies.   
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the pH dependency of the Cl-based reactions involved in the production of 1O2 (Equations (3.17) 
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or triple bonds [189]. Subsequently, this cleavage in the aromatic ring (i.e. interference with the 
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Chapter 1: Introduction 

The presence of pharmaceutical compounds in various water bodies has received the attention of 

societies due to their increasing usage worldwide and their possible adverse effects on humans 

and wildlife [1]. This problem becomes more acute considering the rate of population growth, 

the discovery of new drugs and the realization of new applications for existing drugs [2]. 

Moreover, most of the pharmaceutical compounds are designed to be very stable. Therefore, they 

can withstand conventional water treatment processes such as biological treatments [3–5]. As a 

result, if they are introduced to wastewater they can by-pass conventional wastewater treatment 

plants and find their way into various water sources (surface water, drinking water, etc.). The 

presence of certain pharmaceutical compounds in the effluent of wastewater treatment facilities, 

some even detected in tap water, indicates that current treatment technologies are not designed to 

handle pharmaceutical contaminations [2,6]. As a result, many studies have devoted to find new 

and effective water treatment processes to replace the orthodox methods. Amongst various 

studied approaches, Advanced Oxidation Processes (AOPs) are considered to be the most 

suitable methods for degradation of pharmaceutical compounds in water.  The purpose of this 

chapter is to: 

1) Introduce various pathways that pharmaceutical compounds can be introduced to water. 

2) Explain briefly different categories of drugs used worldwide and their possible adverse 

impacts on environment, human and wildlife and; 

3) Explain why we chose a plasma-based treatment system by introducing and comparing 

various AOPs used for degradation of pharmaceutical contaminants in water.  
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1.1. Source of pharmaceutical compounds in water 

As mentioned in the previous section, the consumption of various drugs around the world has 

increased significantly during the last few decades. This is probably due to the rapid rise in the 

population, the exploration of new drugs for new diseases and the realization of new applications 

for existing drugs [2]. As a result, there is a very complex and interconnected mechanism with 

which pharmaceutical compounds and their metabolites can be introduced to various water 

sources. This mechanism with its interconnected routes is shown in Figure 1.1 [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1. Various pathways through which pharmaceutical compounds can be introduced into 
water [7]. As shown, the mechanism can be very complex and various sources such as 
household uses, animal farming and even the manufacturers can be involved. 
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It is believed that one of the main sources of pharmaceutical compounds in water is through 

excretion, both from humans and animals. It is very well-known that complete metabolic 

absorption of drugs in the body is not possible; 25-70% of the drug concentration (depending on 

the drug formulation, the method of administration, the patient physical health, etc.) is excreted 

as unmetabolized compounds [8,9]. These unmetabolized drugs are normally disposed into the 

sewage system and find their way to the wastewater treatment plants (WWTPs). As described 

previously, since current available technologies used in the wastewater treatment plants are not 

designed to eliminates these compounds, pharmaceutical compounds eventually find their route 

to surface water through the effluent of WWTPs, as shown in Figure 1.1. Moreover, in some 

countries, the effluent of WWTPs is “recycled” and used to water plants and support vegetation. 

A recent news report indicated that in Israel, elevated concentrations of an anticonvulsant 

(carbamazepine) was detected in the urine of people who consumed vegetables grown by 

reclaimed wastewater [10]. Another by-product of a WWTP is normally the sludge or biosolid 

that can contain various pharmaceutical compounds. This sludge is normally used as fertilizer. 

Therefore, the soil can be contaminated and increase the risk of ground water contamination by 

leaching. On the other hand, veterinary medicines used in animal farming share almost the same 

fate. Since the metabolism of the veterinary drugs in animals is also not complete, they end up in 

the soil through the animal excretion. Further leaching of these compounds from the soil causes 

the introduction of pharmaceutical compounds to ground water sources. Also, the contact of the 

contaminated soil with surface water can result in the contamination of surface water [7]. 

Improper disposal of household unwanted medicines has turned out to be a significant problem 

for many societies. A 2009 report published by British Columbia Pharmacy Association shows 

that although rigorous medicine take-back programs have been established throughout the 
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province, only 20% of the population returned their unwanted/expired medicines to their 

pharmacies [11]. This means the rest of the 80% either keep their expired drugs, which can 

impose serious health risks in case of use, or dispose them through improper ways such as 

disposal in the trash or flushing down the toilet. While disposal in the trash increases the risk of 

soil contamination, discarding the unwanted medicines in the toilet directly introduces these 

compounds to the sewage and eventually surface water, as described above. Finally, improper 

disposal of the manufacturing waste or accidental spills during production or distribution can be 

counted as other sources of water contamination. These contaminations in surface water or 

ground water sources may reach drinking water treatment plants (DWTPs); however, some of 

these contaminations can end up in the tap water. The above-mentioned discussion alongside the 

flow chart presented in Figure 1.1 indicates that the introduction of pharmaceutical contaminants 

into various water bodies can happen through a many complex pathways. However, the bottom 

line is clear. When these compounds enter water, many of them survive our current treatment 

strategies and they tend to have negative impacts on the environment. These effects will be 

explored further in the next section.   

1.2. Pharmaceutical classification and their adverse effects 

 The ever growing population and the advancement of technology has resulted in the production 

of a wide variety of medicines.  However, seven categories can be identified for medicines that 

have a higher consumption rate worldwide. These medicines are more frequently found in the 

environment. Some of these compounds are known to be persistent in the environment such as 

carbamazepine, erythromycin, etc. [12]. These compounds tend to accumulate in water. The 

other group includes drugs known to be “pseudo-persistent”, i.e. although their lifetime is short 

in the environment; they enter our water sources continuously due to persistent use.  
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This creates an almost constant background concentration level of these compounds. The most 

well known medicine that belongs to this group is diclofenac [2]. Figure 1.2 illustrates the most 

commonly found pharmaceuticals in the environment alongside their classifications. These 

compounds have been detected in the influent and effluent of WWTPs and also in various water 

bodies such as surface water, ground water, etc. [7].  Table 1.1 summarizes the application, the 

detected concentration in water and the negative impacts of each the above-mentioned 

classifications.  

 

Figure 1.2. Pharmaceutical compounds most commonly found in the environment 
alongside their corresponding classifications [7]. These contaminants have been 
identified in the influent and effluent of WWTPs as well as surface water, ground water 
and even in the tap water. 
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Class Application Detected 

Concentration 

Negative Effect 

Antibiotic 

[4,5,13,14] 

Antibiotic -Higher µg/l 

range in hospital 

effluent 

-Lower µg/l in 

municipal 

wastewater 

-ng/l in surface, 

groundwater and 

tap water 

-Emergence of antibiotic resistant 

bacteria (e.g. in the case of 

sulfonamides, fluoroquinolones) 

-Toxicity to aquatic organisms 

- Phytotoxicity 

Lipid Regulator 

[15–17] 

Blood lipid 

controller 

-Tens of µg/l in 

WWTPs influent 

and effluent 

(clofibric acid) 

 

-Possible lower survival rate in 

aquatic life (little data available) 

Table 1.1. Summary of application, detected concentration and negative effects of each 
pharmaceutical class (page 6-9). 

Table 1.1. The summary of application, detected concentration and negative effect of each 
pharmaceutical class. 
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Antihypertensive 

[15,18–20] 

Lowers blood 

pressure 

-Tens of ng/l 

surface water 

-Found in ground 

water and 

drinking water 

(beta blockers 

such as 

metoprolol, 

atenolol and 

propranolol) 

-May pose a threat to freshwater 

and salt water biota (organisms) 

-Lack of toxicity data for some 

drugs 

Anticonvulsant 

[18,21,22] 

 

Treatment of 

epilepsy 

 

-Tens of ng/l in 

rivers and lakes  

-ng/l range in 

ground water and 

drinking water 

-Few µg/l in 

WWTPs and 

drinking water 

(metabolites of 

carbamazepine)  

-Affect marine life  

 



 8 

Non-Steroidal 

Anti-

Inflammatory 

(NSAIDs) 

[15,18,23,24] 

 

-Analgesic 

(Pain killer) 

-Antipyretic 

(Reduces 

Fever) 

-Anti-

inflammatory 

effect 

 

-Tens of µg/l in 

WWTPs influent 

and effluent 

-Tens to 

hundreds of ng/l 

in surface water 

-Found in 

drinking water 

(e.g. diclofenac, 

acetaminophen) 

 

-Toxicity in the case of some 

NSAIDs 

-Influence on the growth of aquatic 

Phototrophs (ibuprofen) 

-High sensitivity in phytoplankton 

(ibuprofen) 

-Inhibition in reproduction (e.g. in 

snails after exposure to ibuprofen) 

-Lower fish survival  (after 120 

days, ibuprofen) 

-Liver and kidney damage with the 

Presence of aminophenols 

(paracetamol) 

-Increase in drug half life in the 

environment (paracetamol) 

- Inhibition of the tumor stopping 

human antibody: topoisomerase 

Iiα (paracetamol) 
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The most important conclusions that can be drawn from the summary of the literature presented 

in Table 1.1 are as follows: 

Hormones 

[20,25] 

-Hormone 

replacement 

therapy 

-Oral 

contraceptives 

-Veterinary 

medicine for 

growth 

enhancement 

 

-Few ng/l in river 

water (17β-

estradiol, 17α-

ethinylestradiol) 

-Found in ground 

water and 

drinking water 

 

-Intensively active even at very low 

concentration 

-Endocrine disrupting (aquatic 

species) 

 

Antidepressant 

[26,27] 

- Treatment 

of depression, 

anxiety and 

bipolar 

disorder 

-100 ng/l to few 

µg/l in WWTPs 

influent and 

effluent and also 

surface water 

 

- Alter mobility in snails 

- Alter memory and cognitive 

function in cuttlefish 

- Alter reproduction in fish 
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1) The contamination of various water sources is not limited to a few pharmaceutical 

compounds. The presence of a large number of pharmaceuticals in the environment has been 

documented in the literature.  

2) These compounds are present in the environment with a variety of concentrations. It has to be 

mentioned that although the detected concentration of some of these pharmaceuticals such as 

hormones are very low, they can pose serious risks to the environment due to their extreme 

activity.   

3) Until the present day, the hazardous impact of these compounds has only been recorded for 

animals (fishes, snails, birds, etc.) and plants. However, a report published by the World Health 

Organization (WHO) in 2011 acknowledged that the effect of long-term exposure to these 

compounds on humans, even at low concentrations, is unknown and can be catastrophic. 

Moreover, the same report indicated that specific studies have to be designed to evaluate the 

effect of these compounds on special groups of the population such as pregnant women, 

elderlies, patients with compromised immune system, etc. [28].  

4) The presence of the pharmaceutical contaminants in water is not limited to one or two 

countries. Reports from United States [12], Europe  (Danube river) [20] and China [13] show 

that the problem of water contamination with pharmaceutical contaminants is a worldwide issue. 

These conclusions explicitly express that the current water treatment processes are not capable of 

eliminating pharmaceutical compounds from water. As mentioned previously, AOPs have been 

proposed as one of the most suitable candidates for replacement of current water treatment 

strategies. In the next section, an introduction to various types of AOPs will be given. 
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Afterwards, a comparison will be made between these AOPs and the reason behind our interests 

in plasma-based technologies will be discussed.   

1.3. Advanced Oxidation Processes (AOPs) 

 As described previously, due to the inability of the conventional water treatment processes such 

as chlorination and biodegradation to eliminate pharmaceutical compounds, various types of 

AOPs have been investigated for this purpose. In general, the basis of all AOPs is the in-situ 

generation of highly reactive transient oxidizing agents, such as hydroxyl radicals (OH.) in the 

aqueous phase [29]. These oxidizing agents can breakdown contaminants within the liquid, and 

are proven to be very effective in water treatment [30,31]. Here in this section we will explore 

some of the most used AOPs in the literature for degradation of pharmaceutical contaminants.  

1.3.1. Ultraviolet/hydrogen peroxide oxidation (UV/H2O2) 

The UV/H2O2 process is an AOP method in which the production of hydroxyl radicals is 

achieved through the decomposition of H2O2 by UV irradiation, as described by Equation 1.1. 

This process is normally categorized under the homogenous AOPs since the main component, 

i.e. hydrogen peroxide, is in the same phase as the reactants [32].  

𝐻!𝑂!
!"
2𝑂𝐻. 

It has to be mentioned that the direct degradation of the pharmaceutical compounds by UV 

irradiation is also possible. This process is called “photolysis”. However, normally the rate of 

photolysis for pharmaceuticals in water is not very high and the process is not cost effective [33]. 

The rate of hydroxyl radical production in this process is directly related to the power of the 

incident light.  

(1.1) 
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Kim et al. investigated the efficacy of both UV and UV/H2O2 processes for treatment of 

secondary effluents contaminated by pharmaceutical compounds [34]. Their initial analysis of 

the effluent showed that 41 types of pharmaceutical contaminants including 10 analgesics and 12 

antibiotics were present in water. The results indicated that even at very high doses of UV 

irradiation, acceptable removal could only be achieved for few of the contaminants such as 

diclofenac. However, the addition of H2O2 to water and using an UV/H2O2 process resulted in 

90% removal for 39 of the contaminants, at much lower UV dosages. This was attributed to the 

direct action of hydroxyl radicals, as the most powerful oxidizing agents, on the pharmaceutical 

contaminants. Elimination by means of the UV/H2O2 process has been reported for 

pharmaceuticals such as clofibric acid [35], penicillin [36], metronidazole [37], naproxen and 

carbamazepine [38], 17α-ethinylestradiol and 17β-estradiol [39], etc. The advantage of treatment 

processes based on UV/H2O2 is the homogenous destruction of organic compounds in water. 

However, the concentration of the added H2O2 should be closely controlled since extra 

concentrations of H2O2
 can participate in a side reaction with hydroxyl radicals and act as radical 

scavenger [32].  

1.3.2. Fenton and photo-Fenton Process 

Fenton processes, as a homogenous AOP, produce hydroxyl radicals in the solution based on the 

reaction of ferrous ions (Fe2+) with hydrogen peroxide molecules (H2O2). When ferrous ions and 

hydrogen peroxide are added to the solution, the following fundamental reactions can occur 

[40,41]: 

𝐹𝑒!! + 𝐻!𝑂! → 𝐹𝑒!! + 𝑂𝐻. + 𝑂𝐻! 

𝐹𝑒!! + 𝐻!𝑂! → 𝐹𝑒!! + 𝐻! + 𝐻𝑂!.  

(1.2) 

(1.3) 
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Equation (1.2) describes the main reaction of Fenton processes in which the reaction of a ferrous 

ion (Fe2+) and a hydrogen peroxide molecule creates one hydroxyl radical. The reaction rate for 

this process has been reported to be 76 M-1s-1 [42]. One of the by-products of Equation (1.2) is 

ferric ion (Fe3+). Ferric ions cannot participate directly in the production of hydroxyl radicals. 

However, they can react with hydrogen peroxide to produce ferrous ions again, as shown by 

Equation (1.3). The reaction to produce ferrous ions happens with the rate of 0.01 M-1s-1 [42]. 

One of the main drawbacks of Fenton processes is rooted from this significant difference 

between the reaction rates of Equations (1.2) and (1.3). Ferrous ions are the main component of 

Fenton processes. The reaction (Equation (1.2)) to consume ferrous ions happens at a much 

faster rate compared to the reaction (Equation (1.3)) that reproduces ferrous ions. As a result, 

generation of hydroxyl radicals in a Fenton process happens quickly at the beginning but slows 

down significantly as it proceeds. Moreover, this inequality in the reaction rates results in a large 

production of iron sludge [43]. The application of light irradiation in photo-Fenton processes has 

been suggested to address these drawbacks. In acidic solutions (pH near 3), the main photoactive 

species that is created from ferric ions is [Fe(OH)]aq
2+. Under UV-visible illumination, hydroxyl 

radical can be created from this species, as described by Equation (1.4). 

[𝐹𝑒 𝑂𝐻 ]!"!!
!!
𝐹𝑒!! + 𝑂𝐻.  

Consequently, in a photo-Fenton process, not only are hydroxyl radicals created from ferrous 

ions (Fe2+), but ferric ions (Fe+3) also participate in the process. Another possible advantage of 

photo-Fenton processes, in case of UV irradiation, is the direct generation of hydroxyl radicals 

from hydrogen peroxide molecules. This phenomenon has already been discussed in section 

1.3.1.  

(1.4) 
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Shemer et al. evaluated the application of Fenton and photo-Fenton processes for degradation of 

metronidazole in di-ionized water. Their results showed that by using 29.4 µM of hydrogen 

peroxide and 5.9 µM of ferrous ion, 70% of metronidazole could be removed effectively from 

water in a period of 300 s. More importantly, using a medium pressure (MP) UV light in a photo-

Fenton process and similar concentrations of hydrogen peroxide and ferrous ion, 90% of the 

contaminant could be degraded in the same period of time [37]. This was attributed to the 

additional production of hydroxyl radicals from ferric ions when UV irradiation is utilized. Using 

Fenton and/or photo-Fenton processes, successful degradation of various pharmaceutical 

compounds such as diclofenac [44,45], penicillin [36], sulfamethoxazole [46], azathioprine and 

thiotepa [47], etc. has been demonstrated. 

1.3.3. Semiconductor Photocatalysis 

Semiconductor photocatalysis is a process in which energetic oxidizing agents are produced 

through the application of a catalyst that absorbs photons. The catalyst in this process is a 

semiconductor such as TiO2, ZnO, etc. [48]. When a semiconductor is irradiated with a photon 

with energies higher than the band gap of the semiconductor, electron-hole pairs are created. By 

absorbing such a photon, an electron will be excited to the conduction band (eCB
-) and leaves a 

hole in the valance band (hVB
+). The holes in the valance band are powerful oxidizing agents that 

can react with organic compounds and cause their degradation [49]. Moreover, the holes can also 

react with water molecules at the semiconductor/water interface to create hydroxyl radicals [48]. 

The application of various semiconductors in the form of nanoparticles [50,51] and nanowires 

[49] have been demonstrated. Figure 1.3 illustrates the above-mentioned process for a BiFeO3 

(BFO) nanowire irradiated by photons with sufficient energy. 
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The advantage of using homogenously dispersed nanoparticles for a semiconductor 

photocatalysis process is the occurrence of oxidation reactions through the volume of the 

solution. However, special measures should be considered to remove nanoparticles from the 

solution, after the treatment process is done. This problem can be overcome by utilizing 

nanowire mats; however, in this case, oxidation reactions only happen at the 

semiconductor/water interface. This can limit the efficiency of such a method.   

Perhaps, the most widely used semiconductor photocatalysis process for degradation of 

pharmaceutical compounds is the TiO2 nanoparticles/UV system. Utilizing such a method, Reyes 

et al. demonstrated the removal of tetracycline in water. Their results indicated that when 0.5 g/l 

of TiO2 nanoparticles are suspended in the water containing 40 mg/l of the contaminant, 50% 

Figure 1.3. The schematic illustration of the semiconductor photocatalysis shown for a 
BiFeO3 (BFO) nanowire. The involved processes including the generation of an 
electron-hole pair and hydroxyl radicals are shown [49]. 
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removal could be achieved in 10 min if UV lamp was used [52]. The degradation of a variety of 

pharmaceuticals such as 17β-estradiol [53], triclosan [54], lincomycin [55], sulfamethazine [56] 

and many more has been explored.  

1.3.4. Electrolysis 

Electrolysis and electrochemical methods for water treatment have gained the attention of many 

researchers during the past few decades. The high number of companies around the world that 

offer electrochemical-based technologies is a testament to the versatility and effectiveness of 

these methods [57]. Electrochemical oxidation of organic compounds can be achieved either 

through direct of indirect pathways [58]. In the direct method, the oxidation of organic molecules 

happens at the anode of the electrochemical setup. At the anode, oxidation progresses by 

physisorbed hydroxyl radical (OH.) or chemisorbed oxygen in the lattice of the metal anode 

(MOx+1) [59,60].  

 

 

 

 

 

 

 

 

Figure 1.4. Various steps (a-f) involved in the direct 
electrochemical oxidation of organic compounds are shown 
[60]. “M” and “R” in the figure represent the surface of the 
anode and organic molecule, respectively.  
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The complete oxidation of organic pollutants or their oxidation conversion by means of direct 

electrochemical method is described by Comninellis et al. [60], schematically shown by Figure 

1.4.  The process starts with the electrolysis of water molecules at the anode surface (a). The 

direct consequence of the water electrolysis process is the production of hydroxyl radicals at the 

surface. These radicals participate in the subsequent reactions in two pathways. The first 

pathway is the direct reaction of hydroxyl radicals with organic molecules (e), which eventually 

results in the formation of water and carbon dioxide (complete mineralization). The second 

pathway (c and f) stems from the chemisorption of hydroxyl radicals on the anode surface 

(M(OH).). Since M(OH). is unstable, it forms a higher metal oxide (MO) which can react with 

organic compounds on the surface and oxidize these molecules. It has to be mentioned that in 

both pathways mentioned above, competing reactions are present that prohibit the oxidation of 

organic compounds. One of the most important competing reactions is the evolvement of oxygen 

molecules from the anode surface (b and d in Figure 1.4). Comninellis proposed that the role of 

each of these reactions (b and d) depends strongly on the nature of the anode electrode. Based on 

the results obtained by Comninellis et al., two types of electrodes were introduced, i.e. active and 

non-active anodes [60]. In active anodes, the interaction between the anode material (M) and 

hydroxyl radicals (OH.) is strong. As a result, the adsorbed hydroxyl radical can react with the 

anode material and form higher oxide metal (MO). In this case, the oxidation of organic 

compounds in the solution can occur by this higher oxide metal (reaction f). On the other hand, 

in non-active anodes, the interaction between the anode and hydroxyl radicals is weak. 

Consequently, hydroxyl radicals can involve in the oxidation of organic compounds (reaction e) 

[60].  
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Beside direct pathways, the electrolytic degradation of organic compounds can happen through 

indirect pathways. In this method, secondary oxidizing agents such as chlorine gas molecules 

(Cl2), hypochlorite (ClO-) and peroxodisulfate (S2O8
2-) can be formed. Perhaps, the most studied 

secondary oxidizing agent is chlorine and its by-products, possibly due to the presence of various 

concentrations of Cl- in different wastewaters [58]. Further analysis and identification of these 

Cl-based oxidation agents in electrolytic systems has been performed by Comninellis et al. [60] 

and Bonfatti et al. [61]. These studies proposed that depending on the concentration of Cl-, the 

pH of the solution and other factors, oxidizing agents such as Cl2, ClO-, HClO, etc. could be 

involved in degradation of organic compounds.  

Pauwels et al. studied the electrolytic removal of ethinylestradiol, one of the most powerful 

synthetic estrogens, in water [62]. In this study, two different water matrices were treated, i.e. the 

effluent of a membrane bioreactor used for treating hospital sewage and drinking water spiked 

with 1 mg/l of ethinylestradiol. The results indicated that for both water matrices, when optimum 

parameters, such as the input current, were used, 98% removal of the contaminant could be 

achieved. Further investigation revealed that the removal of ethinylestradiol was increased as 

higher concentration of sodium chloride (NaCl) was added to the water. This was attributed to 

the possible role of free chlorine species such as ClO- and Cl radicals [62].  Utilizing electrolytic 

cells with various designs, successful degradation of pharmaceutical compounds such as 

epirubicin hydrochloride [63], clofibric acid [64], 17β-estradiol [65] and piroxicam [66] has been 

achieved. 
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1.3.5. Ozonation 

The application of ozone for treatment of a variety of contaminants in water has been the subject 

of many researches during the past few decades. This is due to the high oxidation capability of 

ozone molecules. The oxidation potential of ozone molecules has been reported to be 2.07 V 

which is slightly lower than the oxidation potential of the most powerful oxidizing agent, i.e. 

hydroxyl radicals (2.8 V) [67]. Moreover, due to its structure, ozone molecules can react as an 

electrophile, a nucleophile or a dipole. As a result, a wide range of applications such as oxidation 

of organic pollutants, control of taste, color and odor in water and also disinfection of water 

contaminated by microorganisms have been proposed for ozonation [68]. Although the high 

reactivity of ozone molecules can be used for effective degradation of contaminants, it also 

promotes the degradation of ozone in water. This decomposition proceeds through the following 

five reactions [69]: 

𝑂! + 𝐻!𝑂 → 2𝑂𝐻. + 𝑂! 

𝑂! + 𝑂𝐻! → 𝑂!.
! + 𝐻𝑂!.  

𝑂! + 𝑂𝐻. → 𝑂! + 𝐻𝑂!. ↔ 𝑂!.
! + 𝐻! 

𝑂! + 𝐻𝑂!. ↔ 2𝑂! + 𝑂𝐻. 

2𝐻𝑂!. → 𝑂! + 𝐻!𝑂! 

Even though the decomposition mechanism of ozone molecules in water can be complex, 

Equations (1.5) to (1.9) show that these mechanisms can be divided into two classes, i.e. 

instructive and destructive. Equations (1.5) and (1.8) describe two instructive reactions in which 

ozone molecules are decomposed into hydroxyl radicals. As a result, more powerful oxidizing 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

(1.9) 
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agents are produced. On the other hand, reactions such as Equation (1.6) consume ozone 

molecules in water to produce less powerful radicals such as hydroperoxyl radical (HO2
., 

oxidation potential of 1.7 V [70]). These reactions can be classified as destructive reactions since 

they reduce the overall oxidizing power of the ozonation process. It has to be mentioned that 

although the generation of hydroxyl radicals from ozone molecules  (Equations (1.5) and (1.8)) 

can be considered instructive, hydroxyl radicals can further react with ozone molecules to 

produce less active species, as described by Equation (1.7). Moreover, the entire process of 

ozone decomposition depends on many parameters such as solution pH, presence of hydroxyl 

radical scavengers, etc. Based on these parameters, the lifetime of ozone molecules in water can 

span from few seconds to few tens of minutes [67]. Due to this rather short lifetime, normally 

high ozonation efficiencies can be achieved only at very high costs of operation. To further 

improve the efficiency of ozonation processes, the combinatory methods involving ozonation 

and other AOPs have been investigated. These methods include O3/H2O2 [71] and O3/UV [72] 

with the aim to generate higher concentrations of hydroxyl radicals. More detailed description of 

these combinatory methods is not the focus of this work and can be found in the literature 

[71,72]. 

Li et al. compared the efficiency of the ozonation process and O3/H2O2 method for degradation 

of hydrocortisone in water [71]. The results indicated that for the ozonation process, at pH level 

of 5.7 and O3 dosage of 217.5 mg/l, only 45% decrease in chemical oxygen demand (COD) could 

be achieved after 90 min of treatment. On the other hand, when H2O2/O3 ratio of 0.3 and pH 

level of 3 was used, 67% decrease in COD could be obtained only after 15 min of treatment. This 

faster degradation during O3/H2O2 process was attributed to the higher concentrations of 

hydroxyl radicals produced in this process compared to the ozonation process [71]. The 



 21 

application of the ozonation process or its combinatory techniques was investigated for the 

degradation of various pharmaceuticals such as penicillin [73], lincomycin and spectinomycin 

[74], carbamazepine [75,76], acebutolol, atenolol and metoprolol [77].  

1.3.6. Non-thermal plasma (NTP) treatment 

The application of non-thermal plasma (NTP) for the degradation of various contaminants 

including pharmaceutical compounds has gained the attention of many researchers during the 

past few years. In general, plasma is known as the fourth state of matter. In this state, gaseous 

media is present in the ionized from. In other words, ionic species (positive and negative ions) 

and electrons are present in the gaseous phase in equilibrium. When a sufficiently high voltage is 

applied to a gas contained between two electrodes at atmospheric pressure, an electrical 

discharge occurs. In this process, the collision of energetic electrons with neutral gas molecules 

produces ionization. The result of this process is a medium in which ions, electrons, neutrals, 

radicals, UV photons, etc. coexist. The plasma is called non-thermal plasma since the gas is not 

fully ionized and the temperature of the electrons is much higher than that of ions and neutrals 

[78]. While more detailed description of physical and chemical processes will be given in the 

next chapter, it suffices to mention that one of the main pathways of generation of hydroxyl 

radicals in this type of AOP is the dissociation of water molecules. In plasma channels, since 

electric field is high, charged particles and in particular electrons are accelerated. Electrons are 

the most important feature of this process due to their smaller mass and higher kinetic energies 

they can obtain from the electric field. The dissociation of water molecules through inelastic 

collisions with energetic electrons is shown by Equation (1.10). 

𝐻!𝑂 + 𝑒! → 𝑂𝐻. + 𝐻. + 𝑒! (1.10) 
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The generated hydroxyl radicals (OH.) in this process are known as one of the most powerful 

oxidizing agents (oxidation potential of 2.8 V) [67]. In order to degrade contaminants in water, 

plasma can be generated either in the gas phase above the solution [79,80] or directly in the 

solution [81,82]. Creation of plasma in the bulk of the liquid is more energy intensive. This is 

probably due to the fact that the mean free path of electrons, as the main components of the 

plasma generation process, is much smaller in water than in the gas phase [70]. This is due to the 

higher density of water compared to air (1 g/cm3 for water versus 0.001 g/cm3 for air at 15 °C 

and sea level). The energy that an electron can acquire between two successive collisions is 

directly related to the amount of the electric field present and the mean free path. Since electrons 

need to reach a certain energy threshold to ionize neutral molecules, lower mean free path in 

water means higher electric fields are needed to compensate for the shorter path that electrons 

travel between two collisions. As a result, more energy is required to sustain plasma in the bulk 

of the liquid. Therefore, the rest of this work focuses on plasma generation technologies in the 

gas phase. When plasma is created in the gas phase, the collision of energetic electrons with 

moisture in the air can create hydroxyl radicals. However, since the lifetime of hydroxyl radicals 

is very short (few microseconds [83]), effective introduction of these agents from gas phase to 

the solution is improbable. On the other hand, at the interface of the plasma and solution, 

energetic electrons can collide with water molecules at the surface of the solution. This can 

provide a high concentration of hydroxyl radicals at the surface of the solution. If the treatment 

system is designed in a way that it can provide a sufficient mass transfer from bulk of the 

solution to the interface, significant degradation of the contaminants by hydroxyl radicals can be 

expected. However, this is not the only mechanism in which the decontamination process occurs. 
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Previous studies indicated that during a plasma treatment process, ozone (O3) and hydrogen 

peroxide (H2O2) can be produced in the gas phase [84,85]. 

𝑂! + 𝑒! → 𝑂. + 𝑂. + 𝑒! 

𝑂. + 𝑂! +𝑀 → 𝑂! +𝑀 

𝑂𝐻. + 𝑂𝐻. → 𝐻!𝑂! 

Equation (1.11) describes the molecular dissociation of oxygen molecules by energetic electrons 

in the gas phase. The product of this reaction is oxygen radical. These oxygen radicals take part 

in a three-body collision process to form ozone molecules, as shown by Equation (1.12). “M” 

represents the third collision partner that can be any of oxygen, nitrogen or argon molecules (if 

present). Hydrogen peroxide also forms from the recombination of two hydroxyl radicals, as 

described by Equation (1.13). These molecules have a much longer lifetime compared to 

hydroxyl radicals. As a result, they can diffuse through the gas/liquid interface and reach the 

bulk of the solution for further decontamination. Moreover, dissolved ozone and hydrogen 

peroxide molecules in the solution can be involved in many other reactions. Three of these 

reactions are shown below [81,84,85]: 

𝐻!𝑂!
!"
2𝑂𝐻. 

𝑂! + 𝐻. → 𝑂𝐻. + 𝑂! 

𝑂! 𝑎𝑞 + 𝐻!𝑂!
!"!!

𝑂𝐻. + 𝐻𝑂!. + 𝑂! 

The reactions shown by Equation (1.14) to (1.16) indicate that oxidizing agents created by 

plasma not only do involve in the degradation of contaminants, but also they interact with each 

(1.11) 

(1.12) 

(1.13) 

(1.14) 

(1.15) 

(1.16) 
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other to create either more powerful agents (Equation (1.15)) or new agents (HO2
. in Equation 

(1.16)). It has to be mentioned that the chemical reactions discussed in this section are only a 

small number of reactions that might happen by the action of plasma. More comprehensive 

studies and discussions can be found in the literature [85]. Furthermore, other chemical reactions 

containing other chemical elements (beside oxygen and hydrogen) can occur. Reactions 

involving nitrogen molecules and its by-products are of significant importance, especially in the 

post treatment stage. This topic will be more discussed in Chapter 3, where the effect of ionic 

constituents in the solution will be studied.   

Zeng et al. studied the application of non-thermal plasma for degradation of ibuprofen in water 

[86]. Their results indicated that plasma treatment process could be considered as a suitable 

method for elimination of pharmaceuticals contaminants in water. After treating water 

contaminated by 60 mg/l of ibuprofen for 80 min, about 92% of ibuprofen molecules were 

degraded and 35% mineralization was obtained. Moreover, the significant increase in the 

biodegradability index (the ratio of Biochemical Oxygen Demand after 5 days to Chemical 

Oxygen Demand, BOD5/COD) showed that further mineralization of the remaining organic 

content could be achieved by biological treatments. Degradation of many pharmaceutical 

compounds such as sulfadiazine [87], pentoxifylline [88], enalapril [89], amoxicillin, ampicillin 

and oxacillin [90], paracetamol and β-oestradiol [3], etc. has been shown. These studies have 

been performed using various plasma generation technologies such as Dielectric Barrier 

Discharge (DBD), corona discharge, etc. A detailed description of these techniques will be given 

in Chapter 2.  
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1.3.7. Comparison of various AOPs 

A brief description regarding various AOPs and their application in elimination of various 

pharmaceutical compounds was given in section 1.3.1 to section 1.3.6. In this section, we will 

compare these methods briefly and outline our motivation behind choosing plasma-based 

technologies.  

Figure 1.5 illustrates the change in the normalized publication regarding each of the above-

mentioned AOPs over the last few decades. The data in Figure 1.5 was obtained in the following 

manner. Google Scholar© was used as the main database. In order to find the number of 

publications in each decade, advanced search was done by typing the AOP method name and the 

term “degradation of pharmaceuticals” in the “with the exact phrase” box. The resultant numbers 

of publication were then tabulated and the data in each decade was normalized to the total 

number of publications in each AOP category.  

 

 

 

 

 

 

 

 

Figure 1.5. The change in the normalized publication regarding various AOPs used 
for degradation of pharmaceutical compounds is shown as a function of year. The fast 
increase in the number of publications corresponding to the application of non-thermal 
plasma in this area, especially in the last decade indicates the viability and versatility 
of this method. 
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Finally, the %change in the normalized number of publications was divided by the number of 

years passed. The calculated normalized publication (Δ%/year) was plotted as a function of year.  

The trends shown by Figure 1.5 indicate that: 

1) The number of publications regarding the application of all AOPs discussed above in 

degradation of pharmaceutical compounds has grown in the last decade. This is probably due to 

the fact that the number of studies proving the presence of pharmaceuticals in our water sources 

and their subsequent negative impacts has increased. Table 1.1 in section 1.2 described these 

effects.  

2) The highest growth in the publication in the last few years (2010-2016) is in the area of non-

thermal plasma and Fenton and photo-Fenton processes. The rise in the number of publications 

in the area of Fenton and photo-Fenton processes is probably due to the homogenous nature of 

this process. In Fenton and photo-Fenton processes, the generation of hydroxyl radicals occurs 

throughout the volume of the solution. This is in contradiction with electrolysis that hydroxyl 

radicals are only created at the surface of anodes. On the other hand, photocatalysis can be 

homogenous (in case of homogenously dispersed catalysts); however, there is a need to remove 

the catalyst from the solution. The high number of publications in the area of non-thermal plasma 

is probably due to the simultaneous production of reactive chemical agents such as hydroxyl 

radicals, ozone, hydrogen peroxide (H2O2), peroxynitrite, etc. [42,80,91–94].   

3) The sharpest growth in the publication (the slope of curves in Figure 1.5) in the last 10 years 

corresponds to the application of non-thermal plasma in pharmaceutical decontamination. As 

mentioned before, the variety of oxidizing agents created in this process can be a reason. 

Moreover, a significant post treatment stage can only be achieved through plasma-based 
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methods. In this stage, the degradation continues while plasma is turned off, i.e. no energy is 

used. Further discussions on the nature of this stage will be given in Chapter 2 and Chapter 3.  

4) Finally, in most of the above-mentioned AOP techniques, addition of one or more constituents 

of the process is necessary. The necessity for adding hydrogen peroxide in the UV/H2O2 process 

as well as Fenton and photo-Fenton processes, the need for using additional UV sources for 

UV/H2O2 process and TiO2 photocatalysis and the requirement for using separate ozone 

generators in ozonation implies the complex and costly nature of these processes for real life 

applications. On the other hand, in a plasma-based treatment system, hydrogen peroxide, UV 

light and ozone is automatically created by the action of plasma. This means that synergistic 

occurrence of many of the above-mentioned AOPs can be naturally expected along with the 

plasma process. This fact along with the presence of the post treatment stage presents a very 

crucial advantage for plasma-based technologies. 

These four discussions in this section form the basis of our motivation to choose plasma-based 

technologies for treatment of water contaminated by pharmaceutical compounds. However, there 

are many variations to plasma-based technologies and these techniques and their comparison will 

be the subject of our next chapter.   
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Chapter 2: Plasma-based water treatment processes 

In Chapter 1, we reviewed the negative impacts of the presence of the pharmaceutical 

compounds in our water bodies and various AOPs proposed for elimination of these compounds. 

The final section of Chapter 1 compared these methods and outlined the rationale behind our 

choice for using plasma-based technologies. The main aim of this chapter is to describe different 

variations made to plasma-based technologies, particularly the plasma generation method. 

However, the fundamental phenomena involved in all plasma-based methods are similar. As a 

result, the first section of this chapter gives a brief introduction to plasma in general and the 

phenomena associated with it. The second section outlines the main variations to plasma 

generation methods. At the end of this chapter, a comparison will be made between these 

methods and the motivation for inventing another variation in this study will be discussed.  

2.1. Introduction to gas discharge1 

The formation of plasma in the gas phase starts with the ionization of neutral molecules, i.e. gas 

discharge phenomena [95]. Perhaps the first indication of the gas discharge in history dates back 

to 17th century. During the course of various electrostatic studies, researchers observed that when 

a charged piece of metal is left in a gaseous environment, with no connection to any other metal, 

it would gradually lose its charge. More interestingly, experiments in this area revealed that the 

rate of the charge loss depends on the gaseous environment surrounding the metallic piece. By 

mid-18th century, not only was the charge dissipation of a conductor to the gas proven 

experimentally, but studies of researchers such as Franklin also illustrated the formation of bright 

sparks between two conductors held close to each other and also lightening. From that period of 

                                                
1	Most of the materials in this section are adapted from “An introduction to gas discharge” by Howatson 
A. M. [95]. Additional references will be used if necessary and cited accordingly. 
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time to mid-19th century, the electric arc became a popular area of research, owing to the advent 

of continuous current sources. Investigations led by researchers such as Faraday on the nature of 

the discharge at pressures lower than atmospheric pressure resulted in the invention of gas 

discharge tubes and cathode rays. Finally, during the second half of the 19th century, gas 

discharge tubes were used in a variety of electronic applications such as high voltage switches, 

computing tubes, surge protectors, etc. However, the emergence of the semiconductor industry 

and especially silicon industry, has limited the application of these tubes to only very high 

voltages in our era. 

One of the most important topics in the subject of the gas discharge is different types of 

discharge that could happen upon the application of high voltages to a gaseous medium. 

Therefore, a brief discussion on this topic would be delivered in the next section. Moreover, this 

brief discussion would serve as the introduction to plasma physics and various phenomena in 

plasma.  

2.1.1. Types of gas discharge 

Generally, gas discharge is described as a process in which the flow of electric current happens 

in a gas medium. This current is the direct result of the movement of charged species in the 

electric field. According to the current that is carried through the gas during the discharge, three 

distinct types of discharge are categorized for a low-pressure tube with two planar electrodes, 

attached to a direct current (DC) voltage source: 

1- The Townsend or dark discharge, which could carry currents up to 10-6A. 

2- The glow discharge with currents ranging from 10-6A to 0.1A. 
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3- The arc discharge which could have currents about 0.1A and higher. 

The trend showed in Figure 2.1 is a general illustration of the change in the current in the 

gaseous medium as the voltage is increased [96].  

A Townsend gas discharge is normally characterized with a number of features. These features 

are: 1) the current that passes in the gas phase is low, 2) the discharge is invisible, hence the 

name dark glow. This is mainly due to the fact that the number of excited particles with the 

ability to emit visible light is very small, 3) the discharge is not self-sustained, i.e. it cannot 

support its ionization entirely. This means that external sources such as ultraviolet (UV) or X-ray 

irradiation are required to produce primary electrons from either the body of the gas or the 

negative electrode. 

 

  

 

 

 

 

 

 

 Figure 2.1. Schematic illustration of voltage and current change during the course of a 
gas discharge process. Different types of discharge could be recognized distinctly 
based on the trend of the voltage and current [96]. 
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The early observations of the researchers on the charge dissipation of an isolated charged 

conductor are examples of the Townsend discharge. If the voltage across a gaseous medium that 

contains a Townsend discharge increases, at a threshold value the current increases sharply by 

orders of magnitude. This is the point known as the breakdown of the gas which could have 

voltages ranging from few hundreds of volts and upward, depending on the nature of the gas, 

pressure of the gas and the separation distance of the electrodes. At this point, the discharge is 

able to support its ionization since electrons are formed as a result of the breakdown. This 

discharge is luminous and it could take the form of the glow discharge or arc discharge 

depending on a number of parameters. Although glow discharges could be mainly observed in 

the pressures much lower than atmospheric pressure (few mmhg), but depending on the shape 

and the distance of the electrodes, they could be obtained at atmospheric pressure and upward. 

Generation of plasma (glow discharge) at atmospheric pressure is the subject of section 2.2. 

Finally, arc discharges are associated with random ionizations of gas molecules in narrow 

channels when high voltages are applied. The formation of lightening in the sky is an example of 

the arc discharge. 

2.1.2 Plasma physics and chemistry 

Traditionally, all plasma-based technologies are divided into two general categories, i.e. thermal 

plasma and non-thermal plasma [97]. Thermal plasma (such as arc) is known for its capability 

for delivering high powers. Each unit of a thermal plasma generator is able to produce up to 50 

MW of power. However, because of the Joules heating and thermal ionization, extensive 

considerations should be made for cooling the system and also protecting the electrodes. That is 

the main reason why the application of thermal plasmas has been very limited. On the other 

hand, in non-thermal plasmas, the temperature of neutrals and ionic species is much lower than 
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the electrons temperature. As a result, the gas temperature does not rise significantly and the 

energy efficiency is high. Hence, no measures are required to cool the reactor [97]. As a result, 

non-thermal plasmas have found their way in many applications, especially for abatement of 

contaminants.  

Regardless of the non-thermal plasma generation method, the fundamental basis of the plasma 

generation is similar. The majority of the energy given to the gas in the reactor is spent to 

accelerate electrons instead of heating the gas molecules. These energetic electrons in turn can 

collide with gas molecules and produce a wide range of species such as radicals, excited species 

and also more electrons. In the first part of this section, we deal with the production of electrons 

from the collision of accelerated primary electrons with gas molecules. This phenomenon is 

known as electron avalanche. In the second part, the production of other species, especially 

radicals, and their interactions with each other is discussed briefly. This area is known as plasma 

chemistry.  

2.1.2.1. Electron avalanche -The Townsend mechanism of breakdown 

Electrical breakdown of gases is known to happen when the electric field applied to the gas 

reaches a certain critical value. At this point, conductive gas channels will be created in the 

volume of the gas. Although this process can be very complicated and many forms of discharge 

(plasma) can be created, all of these forms start with the phenomenon called electron avalanche. 

Here we only restrict our discussions to a simple case of a gas medium between to planar 

electrodes with distance d and DC voltage of V applied between the electrodes. Detailed 

discussions regarding more complex discharge systems is not the scope of this work and can be 

found in the literature.  
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Figure 2.2 illustrates a simple discharge system with planar electrode configuration. One can 

imagine occasional formation of primary electrons near the negative electrode by cosmic or X-

ray radiations. When a DC voltage is applied between the electrodes, an electric field will be 

created. In such a planar system, this uniform electric field can be calculated by Equation (2.1): 

𝐸 =
𝑉
𝑑 

 In Equation (2.1), V and d represent the applied DC voltage and the distance between the 

electrodes, respectively. The created electric field causes the movement of the primary electrons 

from the negative electrode towards the positive electrode. This gives rise to a low initial current 

of i0. If the voltage and hence the electric field is increased to a certain threshold (depending on 

the ionization energy of the gas phase molecules), the accelerated electrons can ionize neutral 

molecules during their travel towards the positive electrode. The subsequent secondary electrons 

Figure 2.2. Schematic representation of a discharge system in which a 
gaseous medium is placed between two planar electrodes is shown. When the 
applied electric field to the medium reaches a certain threshold, it can initiate 
the electron avalanche process. 

(2.1) 
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can also accelerate in the electric field and ionize more gas molecules. This multiplication of 

electrons is known as the electron avalanche, as schematically illustrated by Figure 2.2. This 

process is normally described by the Townsend ionization coefficient (α) that expresses the 

electron multiplication per unit length. As a result, by assuming that the avalanche only develops 

in one direction (x-direction), one can simply conclude that [97]: 

!"!
!"

= 𝛼𝑛! 

In Equation (2.2), ne defines the electron density present in the gas volume. Equation (2.2) is 

equivalent to: 

𝑛! 𝑥 = 𝑛!! exp 𝛼𝑥  

in which ne(x) and ne0 represent the electron density in space along the x-direction and the initial 

electron density, respectively. Equation (2.3) indicates that the density of electrons during the 

avalanche process increases exponentially as they move from the negative electrode towards the 

positive electrode. The Townsend ionization coefficient depends on the electron mobility and the 

electric field since they define the energy gained by the electrons between two successive 

collisions. This dependency is shown by Equation (2.4) [82,97]. 

𝛼 = !
!!

!(! !!)
! !!

 

In Equation (2.4), ki(E/n0) denotes ionization rate coefficient. µe and E/n0 are the electron 

mobility and reduced electric field, respectively.  

As mentioned previously, during the electron avalanche, not only are electron created, but 

positive charges are also produced which travel towards the negative electrode. Using Equation 

(2.2) 

(2.3) 

(2.4) 
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(2.3), one can infer that when one primary electron travels the distance between the electrodes 

(d), the number of positive charges created per one initial electron can be expressed by: 

𝑛! 𝑑 = exp 𝛼𝑑 − 1 

These positive charges move towards the negative electrode and create electrons from the 

negative electrode through the process of secondary electron emission. The number of electrons 

created by this process can be estimated by Equation (2.6). 

𝑛!" = 𝛾 exp 𝛼𝑑 − 1  

in which γ expresses the secondary emission coefficient, defined as the probability of the 

secondary electron generation on the negative electrode by ion impact. This coefficient depends 

on the electrode material, the nature of the gas (positive ions), the state of the surface and the 

reduced electric field [97]. These secondary electrons can move in the electric field and they can 

contribute to further avalanche processes. It has to be mentioned that not all of the electrons 

created through the avalanche process are involved in ionization of further neutral molecules. A 

portion of the produced electrons is lost due to the recombination and attachment to 

electronegative molecule processes. These processes become significant when the gap distance is 

large (d>5 mm) and the concentration of electronegative molecules such as oxygen is high. The 

inclusion of these processes in the general explanation of the phenomena intended in this work 

deviates us from the main focus. As a result, we will not explore these subjects.  

As mentioned previously, the main contributor to the current that develops in the electrode gap is 

the movement of the electrons in the electric field. The current is non-self-sustained (dark current 

mode in Figure 2.1) if the positive ions reaching the negative electrode cannot produce at least 

one secondary electron. The discharge mode will make the transition from the dark mode to the 

(2.5) 

(2.6) 
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glow mode (Figure 2.1) when the electric field reaches a certain threshold. At this point the 

discharge current is self-sustained, i.e. the positive ions reaching the negative electrode can 

produce at least one secondary electron that can continue the electron avalanche process. This is 

generally known as the gas breakdown. Therefore, the simplest breakdown criterion is: 

𝛾 exp 𝛼𝑑 − 1 = 1               𝑜𝑟              𝛼𝑑 = ln !
!
+ 1  

2.1.2.2. Streamers in breakdown 

Streamers are thin ionized channels that grow very fast in the gap between electrodes. The 

original concept of streamer formation during the electron avalanche process was developed by 

researchers such as Loeb [98], Meek and Craggs [99]. It is hypothesized that streamers are 

formed when the initial primary avalanche is very intense, i.e. the electron multiplication factor 

(αd) is large enough. If the space charge created in this intense avalanche is large enough, it can 

create an internal electric field comparable in magnitude to the external field.  This results in the 

elongation of each previously formed avalanche in a specific direction. This transition from the 

avalanche form to the streamer form is shown schematically by Figure 2.3. The avalanche-to-

streamer transition happens when the internal electric field becomes comparable in magnitude to 

the external applied electric field. This internal electric field is the direct result of the charge 

separation (electrons and positive ions) and can be visualized in three main positions. These 

positions are at the center of the streamer (in the charge separation zone), at the head (where 

electrons are moving) and at the tail (where ions are located) of the streamer.  

 

 

(2.7) 
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The direction of the internal electric field located at the center of the streamer is opposite to the 

direction of the external electric field. As a result, the central internal electric field is weakened. 

This electric field is responsible for recombining the ionized molecules and electron in the 

streamer. Therefore, the weakening of this field means that the force to bring the charged 

particles back together is lowered. On the other hand, the two internal electric fields developed at 

the head and tail of the streamer have the same direction as the external electric field. This means 

that these two internal electric fields are intensified. The combined effect of the lowered central 

electric field and the intensified fields at both ends of the streamer causes the streamer to be 

stretched. This is why streamers are normally observed as elongated thin channels of ionized gas. 

This condition, i.e. the generation of a comparable internal electric field to the external applied 

Figure 2.3. The transition from the avalanche form to the streamer form is 
shown schematically. This transition occurs when the internal electric field 
created by the charge separation becomes comparable to the applied external 
electric field. 
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electric field by the charge separation in the avalanche is known as the Meek condition [99]. 

Detailed descriptions regarding the mathematical modeling and expression of the Meek 

condition is not the focus of this work and can be found in literature [97,99]. However, one 

criterion that is relevant in our discussions is the transition of the streamer discharge to the spark 

discharge mode. It has been proven that when the external electric field is large enough, the 

avalanche-to-streamer transition can occur far away from the positive electrode. In this case, the 

streamer propagates towards both electrodes. If the streamer channel stretches sufficiently to 

connect the electrodes, a significant current can pass through the gas medium and a transition 

from the streamer mode to spark mode can occur. This transition from the glow discharge to the 

spark discharge along side the sudden increase in the current is shown in Figure 2.1. This 

transition forms an important basis for designing various plasma-based treatment systems 

discussed in section 2.2.  

2.1.2.3. Plasma chemistry 

The description given in sections 2.1.2.1 and 2.1.2.2 regarding the electron avalanche and 

streamer formation only expresses one interaction of energetic electrons and neutral molecules, 

i.e. ionization. The direct result of this interaction is the production of electrons and positive 

ions, as described above. However, depending on the energy of the electrons and also the nature 

of the gas molecules, a variety of other species can be present in the plasma. These species 

include radicals, excited species, metastable species and a variety of newly generated molecules. 

In order to avoid any deviation from the main path of this work, we will focus our discussions to 

only species created in non-thermal plasmas generated in the air and in contact with the surface 

of water.  
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When plasma is generated in air, different molecular species in the air can interact with 

accelerated electrons. The most important species are oxygen (O2), nitrogen (N2) and water 

(H2O, both moisture in the air and water molecules at the surface). The collision of energetic 

electrons with these molecules creates: 

  𝑂! + 𝑒! → 𝑂. + 𝑂. + 𝑒! 

𝑁! + 𝑒! → 𝑁 . + 𝑁 . + 𝑒! 

𝐻!𝑂 + 𝑒! → 𝑂𝐻. + 𝐻. + 𝑒! 

Reactions shown by Equations (2.8) to (2.10) indicate dissociation reactions that can occur in the 

plasma. The direct result of these reactions is the production of various radical specices. It has to 

be mentioned that these reactions are the simplest reactions that can serve as an initial 

description of the process. Since plasma is a complex medium and the energy of all of the 

electrons is not similar, a variety of reactions is possible for each of the molecules mentioned 

above. For instance, a review done by Joshi et al. on the chemistry aspect of discharges includes 

more than twenty possible reactions for only water molecules [85]. Some of these possible 

reactions describe momentum transfer to water molecules and vibrational and rotational 

excitation of the water molecules. Further description of these processes are not the scope of this 

work.  

Hydroxyl radicals (OH.) created during the dissociation of water molecules (Equation (2.9)) are 

one of the most powerful oxidizing agents. As mentioned previously, since the lifetime of these 

radicals is very short (few microseconds [83]), effective introduction of hydroxyl radicals created 

in the bulk of the gas to the water is nearly impossible. However, hydroxyl radicals produced in a 

thin air layer close to the air/water interface alongside the radicals created by the collision of 

(2.8) 

(2.9) 

(2.10) 



 40 

electrons with water interface can diffuse to the surface of water. These radicals can effectively 

degrade contaminants that come to the surface. On the other hand, the combination of the 

radicals created in the air by plasma (Equations (2.8) to (2.10)) can create oxidizing agents that 

despite being less powerful than hydroxyl radicals, they generally remain in the solution for a 

much longer time and can diffuse to the bulk of the solution. These agents can be created by 

[94,100–104]: 

𝑂. + 𝑂! +𝑀 → 𝑂! +𝑀 

𝑂𝐻. + 𝑂𝐻. → 𝐻!𝑂! 

𝑁 . + 𝑂. → 𝑁𝑂 𝑔  

𝑁𝑂 𝑔 + 𝑂. → 𝑁𝑂! 𝑔  

𝑁𝑂! !" + 𝑁𝑂! !" + 𝐻!𝑂 ! ↔ 𝑁𝑂!! + 𝑁𝑂!! + 2𝐻! 

𝑁𝑂 !" + 𝑁𝑂! !" + 𝐻!𝑂 ! ↔ 2𝑁𝑂!! + 2𝐻! 

𝑁𝑂!! + 𝐻!𝑂! + 𝐻! → 𝑂𝑁𝑂𝑂𝐻 + 𝐻!𝑂 

Equation (2.11) represents a three-body reaction in which ozone molecules are formed from the 

reaction of oxygen molecules with oxygen radicals. In this reaction “M” is the third body that 

can be either oxygen or nitrogen molecules. Equation (2.12) describes the recombination of two 

hydroxyl radicals to form one hydrogen peroxide molecule. Both ozone (2.07 V) and hydrogen 

peroxide (1.77 V) are oxidizing agents with longer lifetime than hydroxyl radical [67,105]. 

Equations (2.13) to (2.17) show reactions in which nitrogen and oxygen radicals participate to 

create nitrogen monoxide (NO) and nitrogen dioxide (NO2). These newly generated molecules 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 
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diffuse into the solution from the air/water interface and react with water molecules as shown by 

Equations (2.15) and (2.16). The most important reaction in this chain reaction is the formation 

of peroxynitrous acid (ONOOH) and its conjugate peroxynitrite (ONOO-), with the involvement 

of hydrogen peroxide. Various studies have concluded that the oxidizing properties of water 

treated with air plasma in the post treatment stage (towards various organic and biological 

contaminations) can be attributed to the action of peroxynitrite in the solution [100–103]. Other 

examples of further reactions of these secondary oxidizing agents with each other are shown by 

Equation (2.18) and (2.19) [81,84,85].   

𝐻!𝑂!
!"
2𝑂𝐻. 

𝑂! 𝑎𝑞 + 𝐻!𝑂!
!"!!

𝑂𝐻. + 𝐻𝑂!. + 𝑂! 

These reactions are responsible for reproduction of hydroxyl radicals and creation of other 

radicals from hydrogen peroxide and ozone molecules. The reactions discussed in this section 

under the topic of plasma chemistry show that in a plasma treatment system, a large variety of 

oxidizing agents with different lifetimes can be present to degrade contaminants in water. That is 

why plasma treatment systems have attracted the attention of many researchers in the past 

decade, as explained in section 1.3.7.  

2.2. Plasma generation systems for water treatment 

As described in section 2.1.2.2, one of the main processes that happen during the formation of 

non-thermal plasma at atmospheric pressure is the development of the streamers in the gas phase. 

Section 2.1.2.2 also briefly described that when the streamer channel elongates sufficiently to 

create a connection between two electrodes, a transition from the streamer discharge to spark 

(2.18) 

(2.19) 



 42 

discharge occurs. Based on the above-mentioned discussion, there are three steps for the 

transition of a discharge to a spark. These steps are the avalanche to streamer transition, the 

streamer growth between two electrodes and the triggering of the return intense ionization wave. 

Previous studies indicate that by considering the streamer velocity in the order of 108cm/s and a 

gap distance of 0.5-2 cm, the overall time for the initiation of electron avalanches, the transition 

to streamer discharge and the propagation of streamers is about 100-300 ns [106]. Since the 

transition to the spark mode is accompanied by the flow of a massive current through the gas 

medium, its formation has been deemed undesirable since it can damage the electronic and also 

increases the energy consumption. 

It is rational to conclude that in order to sustain stable plasma, without transition to spark mode, 

two fundamental approaches can be used. One approach is to limit the growth of the streamer 

channel. The other technique is to completely eliminate the connection between the electrodes 

even when the streamer channel is able to grow to the size of the inter-electrode distance. Based 

on this rationale, four major methods have been used in literature in order to create plasma for 

water decontamination purposes. These techniques are: 

• Dielectric Barrier Discharge (DBD) 

• Floating Electrode Dielectric Barrier Discharge (FEDBD) 

• Gliding Arc Discharge (GAD) 

• Streamer Corona Discharge (SCD) 

DBD and FEDBD systems are based on the application of one or two thin layers of dielectric 

materials such as quartz on one or both electrodes. In this manner, even in the case of the 

complete growth of the streamer channel, the two electrodes cannot be connected to each other 
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and streamer-to-spark transition can be avoided. In GAD method, unlike the others, the 

formation of sparks or arcs is desirable and a fast flow of a gas is used to blow the plasma plume 

on the surface of water. SCD systems use high voltage pulses with short durations. The duration 

of the pulse is normally shorter than the duration of the streamer formation and propagation 

(100-300 ns). In this way, the connection between the two electrodes can be avoided. In the 

following sections, each of the above-mentioned methods along with their applications in 

degradation of pharmaceutical compounds will be discussed.  

2.2.1. Dielectric Barrier Discharge (DBD) 

As mentioned in the previous section, one approach to avoid the streamer-to-spark transition is to 

eliminate the possibility of the connection of two electrodes. In practice, a thin layer of a 

dielectric barrier such as quartz or glass is used. In this manner, the streamer channel cannot 

physically connect the two electrodes and the current that passes through the gas is controlled. 

Figure 2.4 illustrates a schematic of a simple DBD system. 

 

 

 

 

   

 

 Figure 2.4. The schematic of a DBD system is shown. The 
dielectric barrier serves at the limiting factor for the current and 
hence avoiding the spark transition. 
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In order to generate plasma, a high voltage pulsed or alternating current (AC) power supply is 

used. The use of AC power supplies is more common since the presence of a pulsed power 

supply is not a necessity, as opposed to plasma system based on SCD (more explanation will be 

given in section 2.2.3). The use of pulsed power supplies can be a disadvantage since the 

circuitry of such a system can be complicated and upscaling is an issue due to high demands on 

the electronics of large pulsed power supplies [78]. Normally, for the air gap distances of a few 

millimeters, AC waveforms with the frequency in the range of 500 Hz-500 kHz and amplitude of 

approximately 10 kV are sufficient to create plasma in the gap. Two major configurations of 

DBD technology have been used extensively in literature, i.e. planar and cylindrical [107]. A 

planar configuration consists of two flat metallic electrodes as shown by Figure 2.4. On the other 

hand, in a cylindrical configuration, one metallic rod and another metallic hollow pipe can be 

used. In this configuration, water normally flows on the inner side of the hollow pipe. In most 

DBD processes, although the plasma in the electrode gap seems uniform, under magnification, it 

consists of numerous microdischarges propagated in the space between electrodes [97]. These 

microdischarges are shown in Figure 2.5.  

  

 

 

 

 

 
Figure 2.5. The structure of microdischarges in 
a DBD process [97]. 
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The formation of microdischarges in a DBD process is a complex phenomenon; however, it can 

be simply explained by the action of the streamer channels. When streamer channels are formed 

in the gap, a charge separation occurs as described in section 2.1.2.2. In this process, electrons 

move towards the positive electrode and positive ions travel to the negative electrode (assuming 

that there is only positive ions in the gap). Electrons travel much faster than positive ions by 

virtue of their smaller size. In a gap of few millimeters, it takes about 40 ns for electrons to travel 

the gap and reach the positive electrode. As a result, the movement of electrons is normally used 

to explain various phenomena in plasma while ions are assumed to be stationary. When electrons 

reach the dielectric barrier of the positive electrode, they accumulate on the surface. This 

deposition and accumulation of electrons on the dielectric barrier prevents the formation and 

propagation of new avalanches and subsequently streamers nearby. This prevention from new 

streamer formation continues until the polarity of the applied voltage reverses. At this moment, 

electrons deposited on the dielectric barrier are repelled by the new negative electrode and start 

their travel to the opposite electrode [97]. This means that generation of new streamers starts 

from exactly the same position that electrons were deposited in the previous cycle. In other 

words, the formation of new streamer channels is not random. This phenomenon repeats itself 

during each cycle of the AC waveform. As a result, microdischarges are observed in a DBD 

process and plasma is not uniform.  

The application of various forms of DBD systems for degradation of pharmaceutical compounds 

in water has been investigated. Magureanu et al. developed a DBD reactor with falling liquid 

film to investigate the degradation of three antibiotics (amoxicillin, ampicillin and oxacillin) in 

water [108]. The reactor in their study consisted of a coaxial configuration in which the 

contaminated water was flown as a thin layer of liquid on the surface of the inner electrode. The 
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solution was collected at the bottom of the reactor and it was pumped back to the reservoir 

containing the solution. In this manner, secondary oxidizing agents such as ozone and 

peroxynitrite were efficiently introduced to the bulk of the solution. Moreover, the gaseous 

environment surrounding the plasma was collected and pumped to the reservoir to introduce 

oxidizing agents present in the gas phase (such as ozone) to the bulk of the contaminated water. 

The results indicated that for water contaminated with 100 mg/l of the contaminants, 100% 

removal of amoxicillin was achieved in only 10 min. For the other two compounds, 30 min 

treatment was required to achieve complete degradation.  Using similar reactors, degradation of 

other pharmaceutical compounds such as sulfadiazine [87], carbamazepine [109], pentoxifylline 

[88], enalapril [89] has been investigated. Another variation to the DBD technology is called 

rotating drum reactor. In this configuration, plasma is created between a plate covered with a 

layer of dielectric barrier and a rotating drum. The rotating drum is normally placed on top of the 

water reservoir. In each rotation, the drum partially enters the solution and carries a thin layer of 

the solution to the plasma zone. Using this method, the degradation of pharmaceuticals such as 

carbamazepine, clofibric acid and iopromide [110] has been shown.  

2.2.2. Floating Electrode Dielectric Barrier Discharge (FEDBD) 

The concept of FEDBD was first introduced by Fridman et al. in 2006 [111]. FEDBD is a 

variation to DBD technology in which electrodes are covered by a layer of a dielectric barrier 

such as quartz. As a result, it is expected that the physics governing the plasma generation in a 

DBD process (discussed in section 2.2.1) is applicable in a FEDBD process. The main difference 

between FEDBD processes and DBD processes is the generation of plasma by only a single 

electrode in FEDBD processes. Figure 2.6 shows the schematic of such a process.  
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Similar to DBD processes, a pulsed or AC high voltage power supply can be used to generate 

plasma. Fridman and his colleagues have used this technology in many applications. The focus 

of their studies was to develop a plasma-based technology that can be used in a variety of 

medical and biological applications. For instance, fast blood coagulation and living tissue 

sterilization [111], apoptosis of Melanoma skin cancer cell line [112] and elimination of bacteria 

[113] from surfaces have been investigated. In these studies, the subject to be treated acts as the 

second electrode in the process of the plasma generation. The advantage of FEDBD for these 

applications is the fact that since plasma can be generated from a single electrode; the system can 

be designed in a way that the plasma moves on the surface of the subject. Despite these 

applications, the use of FEDBD systems for degradation of pharmaceutical compounds in water 

has never been explored. This might be due to the fact that in FEDBD, plasma can be only 

generated when the distance between the electrode and the surface of the subject to be treated is 

less than 3 mm [111]. This limitation is not present in DBD systems where plasma can be 

generated over a larger ranger of gap distances.  

 

Figure 2.6. The schematic of a FEDBD process is shown. The main 
difference between FEDBD and DBD processes is the ability to generate 
plasma by single electrode in FEDBD processes. 
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2.2.3. Gliding Arc Discharge (GAD) 

The application of GAD for abatement of contaminations in air was first proposed by 

Czernichowski et al. [114]. The schematic representation of a GAD system is shown by Figure 

2.7. As shown in Figure 2.7, a GAD system consists of two diverging electrodes in the gas phase. 

One of the electrodes is connected to a pulsed or AC or DC high voltage power supply while the 

other is grounded. When the high voltage is applied, an arc forms in the narrowest gap, i.e. at the 

top of the electrodes. This arc by itself is thermal plasma. This means that the temperature of gas 

molecules is very high. However, a flow of a gas is used to move the formed arc along the length 

of the two electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. A GAD system is shown schematically. In this method, 
arcs are created between the two diverging electrodes. The plasma 
plum is blown on the surface of water with a gas flow. 
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As the arc moves down, its size increases since the two electrodes are diverging. This results in 

the formation of a new arc at the top. The formation of the new arc causes the old arc to break 

and turn into a plasma plume. As the size of the arc increases, the temperature of the gas 

molecules decreases. As a result, the plasma present in the plume is a non-thermal plasma upon 

breaking [94]. The main advantage of GAD compared to other plasma generation technologies is 

that it possesses advantages offered by both thermal and non-thermal plasma. In thermal 

plasmas, a much higher concentration of energetic electrons can be produced compared to non-

thermal plasmas. As a result, higher concentrations of radicals and oxidizing agents should be 

anticipated. However, thermal plasmas never meet this expectation since the temperature of ions 

and neutrals is also very high and the energy supplied to the plasma is not selectively used for 

generation of radicals (as discussed in section 2.1.2.3). In non-thermal plasmas, although the 

electron density and energy are lower, the chemical processes created by the collision of 

electrons with neutrals are much more selective. This is due to the high degree of non-

equilibrium between electron and neutrals in non-thermal plasmas. In a GAD system, the entire 

process of plasma generation starts with thermal plasmas in the form of arcs and finishes with 

non-thermal plasmas in the form of plasma plumes. Consequently, high density of energetic 

electrons and high degree of non-equilibrium can be achieved [97].  

Studies investigating the application of GAD technology for degradation of pharmaceutical 

compounds in water are very few. For instance, Krishna et al. investigated the degradation of 

verapamil chloride in water by a GAD reactor [115]. Verapamil is a medicine normally 

prescribed for controlling hypertension and cardiac arrhythmia in patients. The results indicated 

that by treating the solution contaminated by 50 µM of verapamil chloride, more than 95% of 

removal could be achieved in 80 min.   
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2.2.4. Streamer Corona Discharge (SCD) 

The application of corona/streamer discharge for removal of a variety of contaminants has been 

studied extensively during the past decade. In general, corona is formed when an intense electric 

field inhomogeneity is present, due to an asymmetrical electrode structure. It is in the form of a 

small luminous region around the electrode with the highest radius of curvature. The application 

of wire-to-plate [116], wire-to-cylinder [117] and pin-to-plate [118] electrode configurations has 

been shown. A schematic of a pin-to-plate SCD system is shown by Figure 2.8. In order for a 

corona discharge to be effective for contamination removal, activated species created in the 

corona region should reach the contaminated body. The use of an external gas flow [118] and 

natural ion wind created in the discharge [119] for inactivation of E. coli and removal of organic 

contaminations from water has been investigated, respectively. The simplest method to create 

corona is to use a high voltage DC power supply with an asymmetric electrode configuration. 

However, there are two main issues regarding the application of DC corona discharges for 

contamination removal.  

 

 

 

 

 

 
Figure 2.8. A generic pin-to-plate SCD system is shown 
schematically. 
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First, this type of discharge is only operable at very low power inputs, impractical for real life 

applications. An increase in the power results in the transformation of the discharge to streamer 

discharge. At high DC powers, sustaining a stable streamer discharge is impossible and 

transformation to spark discharge is inevitable. The occurrence of sparks is mostly undesirable 

since it can damage the electronics and it consumes a significant amount of energy. Second, 

during a corona discharge, active species are only created in the corona region, a small region 

around the sharp electrode, far from the contaminated body. Since hydroxyl radicals (as the most 

active species in AOPs) have a very short lifetime, they cannot interact with the contaminations; 

hence, the decontamination efficiency is low [82,106]. In order to solve these problems, the use 

of high voltage pulses with very short durations has been suggested [106,120]. The rationale 

behind the application of high voltage pulses can be briefly explained based on the theory of 

streamer development in the gas, as explained in section 2.1.2.2 [106]. As discussed previously, 

there are three steps for the transition of a discharge to a spark. These steps are the avalanche to 

streamer transition, the streamer growth between two electrodes and the triggering of the return 

intense ionization wave. Previous studies indicate that by considering the streamer velocity in the 

order of 108cm/s and a gap distance of 0.5-2 cm, the overall time for the initiation of electron 

avalanches, the transition to streamer discharge and the propagation of streamers is about 100-

300 ns. This means that by using high voltage pulses with durations in the above-mentioned 

range, sustaining non-thermal plasma in the streamer mode with high power is possible. This 

means that the gas only experiences a sufficiently high electric field for a very short period of 

time. As a result, the electric field is eliminated before the streamer channel can connect the 

electrodes to each other.  
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Zeng et al. utilized a wire-to-cylinder SCD reactor to investigate the degradation of ibuprofen in 

water. In this system, a wire connected to the high voltage is inserted into the center of a 

grounded hollow cylinder. A voltage pulse with the amplitude of 32 kV and duration of 

approximately 200 ns was used to generate streamer corona discharges between the wire and 

inner surface of the cylinder. Water solutions contaminated with ibuprofen with concentrations 

in the range of 10-60 mg/l were pumped from a reservoir. The solution flowed as a thin layer on 

the inner surface of the cylinder where it came into contact with the plasma. The results indicated 

that for the highest concentration of ibuprofen used, 91.7% degradation could be achieved in 80 

min. This type of SCD reactors is known as wetted-wall corona reactor. Using a similar reactor 

design, successful degradation of sulfadiazine was also achieved [87]. Simple pin-to-plate type 

SCD reactors have also been used to degrade various pharmaceuticals such as tetracycline [50], 

diclofenac [121] and methylparaben [122]. Another improvement to the corona discharge reactor 

is to shower the solution in the plasma region. Using this type of reactors, treatment of water 

contaminated by paracetamol, indomethacin and β-oestradiol [3] has been investigated.  

2.2.5. Floating Electrode Streamer Corona Discharge (FESCD) 

The concept of plasma generation by FESCD method and its application for degradation of 

pharmaceutical compounds in water is the main objective of this research. Here in this section, 

we will give a brief overview regarding the FESCD method. In the next section, we will outline 

the rationale behind inventing this technique by making a comparison between all the plasma 

generation methods discussed in this chapter. Moreover, the working principles will be 

discussed. The use of a FESCD reactor for elimination of pharmaceuticals from water will be 

discussed in Chapter 4. 
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Similar to the improvements done by Fridman et al. to create plasma in a DBD system by a 

single electrode (FEDBD) [111], the main enhancement in the FESCD is to generate a streamer 

discharge from a single electrode. Figure 2.9 illustrates the general form of the FESCD system 

schematically. The main component of the FESCD system is the application of the helical 

resonator. Before discussing the working principles of the FESCD method, we will compare the 

above-mentioned plasma generation technique. Especial comparison will be made between 

FESCD and SCD to outline the advantages of the FESCD method.  

2.2.6. Plasma-based systems comparison matrix 

In order to compare the plasma generation techniques discussed in the chapter, all of the main 

characteristics of each setup is summarized in the Table 2.1. 

 

Figure 2.9. Schematic illustration of the FESCD plasma generation system 
is shown. The main part of the FESCD system is the helical resonator. In 
this system, plasma is generated between the tip of the electrode and the 
surface of water. 
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Based on the information given by Table 2.1, five main factors can be used to compare various 

plasma generation techniques. These factors are discussed in the next four sections. 

2.2.6.1. Input waveform 

In general, three waveforms can be used to create plasma, depending on the plasma generation 

technique. These are direct current (DC), alternating current (AC) and pulsed. The use of pulsed 

voltages for the creation of plasma in SCD is inevitable. This is due to the quick transition of the 

discharge type from streamer mode to arc mode, if pulsed voltages are not used. In general, 

arcing is not desirable in almost all of the industrial applications since it can damage the 

electrical components of the system heavily. One desirable application of the arcs is in GAD, as 

discussed in the section 2.2.3; however, there are disadvantages associated with this technique, 

which will be addressed in the sections 2.2.6.4 and 2.2.6.5. In the case of DBD, FEDBD and 

GAD, although pulsed voltages have been used in most of the proposed systems, the use of AC 

waveform and DC voltages (in the case of GAD) has been proposed. In order to create plasma 

with a pulsed waveform, these requirements should be considered: 

a) A high voltage pulse with amplitude of 10-20 kV is required. 

b) The duration of the pulse should be very short (100-300 ns). 

c) The pulse rise rate should be very high (0.5-3 kV/ns). 

This means that complex circuitry should be used to satisfy all of the above-mentioned 

requirements. Although these circuitries are available, upscaling of the treatment system is an 

issue due to the high demand of electronics of large pulse power supplies. This means that the 
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application of simple waveforms such as AC and DC is favorable. From this point of view, 

generation of plasma by SCD is inferior to other methods in which AC waveform is used.  

2.2.6.2. Electrode configuration 

The only two techniques that do not require the use of two electrodes (one HV electrode and one 

ground electrode) are FESCD and FEDBD. These techniques use the treatment substrate as the 

floating electrode to create the plasma. The advantage of using only one electrode is the 

significant increase in the flexibility and feasibility of the treatment system. The effect of this 

flexibility will be further discussed later. 

A more specific comparison can be made between FESCD and SCD where the former can be 

considered as the improvement to the latter.  The use of the two-electrode system in SCD means 

that the ground electrode is always placed in the liquid (when water treatment is the goal). This 

raises the concern regarding the corrosion of the ground electrode in real life applications. 

Furthermore, previous studies showed that in the case of SCD, the distance between the HV 

electrode and ground electrode should be controlled precisely. This is due to the fact that the type 

of the discharge is dependent on the inter-electrode distance and it can change from a streamer 

discharge type to an arc discharge type [123,124]. As mentioned before, this transformation to 

arc discharge is mostly undesirable.  

Based on the above-mentioned discussions, FESCD and FEDBD are superior to other methods in 

terms of the advantages resulting from the single electrode configuration.  
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2.2.6.3. Gas flow requirement 

Except for GAD, none of the techniques discussed require gas flow for treatment. As mentioned 

in section 2.2.3, GAD works based on the formation of arc discharge between two diverging 

electrode. The discharge is then blown to the surface of the substrate to be treated (flow rates of 

0.5-6 l/min have been used). This creates extra complexity in the treatment system since extra 

instrumentations are needed for controlling the flow of the gas. This is one of the main 

disadvantages of GAD in comparison with other above-mentioned methods.  

2.2.6.4. Power consumption 

As shown in the comparison Table 2.1, FESCD consumes 10-15 W of power, which is similar if 

not lower compared to the power consumption of SCD, DBD and FEDBD. The power 

consumption of the GAD technique is much higher than the others since it works based on the 

creation of arcs, which only occurs at high input voltages and currents, i.e. high power 

consumptions. This is another main drawback of GAD technique for treatment purposes. Before 

drawing a conclusion, one point should be addressed; the power consumptions mentioned in the 

comparison table only include systems from literature in which the contaminated water is 

stationary. More complex systems can be found in literature in which water is circulated between 

the reaction chamber and a reservoir, water is flown on the surface of the electrode in the shape 

of a thin layer (such as DBD with falling liquid film or wetted-wall corona), the gaseous media 

around the discharge is bubbled into the liquid, etc. Although these complexities can increase the 

efficiency, they require additional power consumption for controlling the flow of water or gas. 

These power consumptions may or may not be included in the values found in literature. As a 

result, we excluded these studies from our considerations.  
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Based on the discussions provided, one can conclude that Floating Electrode Streamer Corona 

Discharge (FESCD) is a superior technique for treatment of various substrates. It combines the 

flexibility and feasibility for real life applications, low electronic demand due to the use of a 

simple AC waveform, direct treatment of substrates (especially solid substrates such as 

contaminated soils and surfaces) and low power consumption. The only current drawback is the 

low contact area of plasma with substrate and therefore the low treatable volume in case of liquid 

substrates. Strategies to increase the number of HV electrodes can be used to increase the plasma 

contact area and subsequently the treatable liquid volume.  

2.2.7. FESCD working principles 

As described in section 2.2.6.1 to section 2.2.6.5, the FESCD system has three important 

advantages, i.e. single electrode plasma generation, low power consumption and the ability to 

use AC waveform (when compared to the SCD method). These advantages stem from the 

working principles of the FESCD technique. 

One of the main advantages of the technique proposed in this research when compared to its 

previous counterpart methods [42,120,123,125,126] is the capability of generating plasma 

(streamer discharge) by using only one electrode. This ability not only solves challenges 

regarding the role of the submerged grounded electrode in water (as discussed in section 2.2.6.2), 

but also opens up new opportunities for diverse applications. As discussed explicitly in the 

previous study by Van Neste et al. [127], the helical resonator completes its circuit with the stray 

capacitance of its surrounding environment. This eliminates the need for a physical return cable 

(or a ground electrode in this case).  
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This also means that when a high enough voltage is applied to the Pt/Ir electrode, it uses the air 

around it as a virtual secondary electrode (held at a floating potential) and creates plasma in this 

space. Using such a technique, one can create plasma with appreciable size in air (Figure 

2.10(a)). This can possibly be used for removal of pollutants from air (for instance VOC 

abatement). If a dielectric object such as water, ceramic tile or soil is kept close enough to the 

electrode with a sufficient driving waveform to the resonator, plasma will be created between the 

tip of the electrode and the surface of the object (Figure 2.10(b), (c) and (d)). This can be used 

for the removal of contaminants from water, inactivating organisms such as bacteria on the 

(c) 

(b) (a) 

(d) 

Figure 2.10. The versatility of the proposed technique for diverse applications is shown. 
Various hypothetical scenarios include (a) removal of pollutants from air (b) 
decontamination of water by injecting plasma from the surface (c) inactivation of 
microorganisms on the surfaces (coffee mug is used as a model surface) and (d) removal of 
contaminants from soil. 
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surfaces and decontaminating soil. Similarly, plasma jets [128] and GAD method (as described 

in section 2.2.3) [79,101] have been developed to eliminate the need for a submerged electrode 

in water. These technologies are also able to create plasma in the gas phase; however, a flow of 

gas (1-4 l/min) is required to direct the plasma to the surface being treated. This requirement is 

not necessary in the technology proposed in this study. 

The second important feature that should be discussed is the ability to use low input voltages 

(less than 100 V). In the previous study, Van Neste et al. elaborated the fundamental working 

principles of the helical resonators [127]. In general, in a normal transmission line, the output 

electric field as a function of the position on the line (d) can be expressed by: 

𝐸!"# = 𝐸!"exp [𝑗 𝛾𝑑 + 𝑤𝑡 ] 

in which γ denotes the propagation constant and can be defined as γ=α+jβ. α and β are known as 

the attenuation factor and the phase constant, respectively. Moreover, ω is the angular frequency 

of the wave being propagated. However, in the special case of the standing wave propagating 

along a helical resonator, the phase constant (β) is a function of the position (d), as discussed 

explicitly by Van Neste et al [127]. This means that γ is not constant anymore. As a result, the 

electric field build-up along the length of the helical resonator is governed by: 

𝐸! = 𝐸!!! + 𝐸!𝑒! !!!!!! !! . 𝑒!"# ,          ∀𝑖 = [1,𝑁]           

in which N represents the total number of the turns in the helical resonator. The direct 

consequence of this electric field build-up in a helical resonator (Equation (2.19) vs. Equation 

(2.20)) is the achievable field amplification factor. In a traditional transmission line a maximum 

field amplification of 2 or 2.5092 can be achieved (assuming the perfect reflection of the wave 

from the terminal end); however, the field (or voltage) amplification of 100 times can be 

(2.19) 

 (2.20) 
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obtained at the terminal end of a helical resonator [127]. More detailed discussions and analysis 

can be found in the work of Van Neste et al. [127].   

The final feature of the proposed method is the capability of plasma generation (streamer 

discharge) using a simple AC waveform instead of commonly used pulsed waveforms (in SCD). 

It has to be mentioned that the resonance frequency of the helical resonator used in this study is 

about 2 MHz. The equivalent of this value in the time domain (inverse of frequency) is 500 ns, 

which is the duration in which both polarities (negative and positive) of the AC voltage are 

applied to the electrode. In each half cycle (250 ns), electron avalanches and the subsequent 

streamers propagate in the opposite direction of the electric field. As the polarity changes, the 

direction of streamer propagation changes as well. It takes about 100-300 ns for the initiation of 

electron avalanches, the transition to streamer discharge and the propagation of streamers (i.e. 

prior to transition to spark), depending on the velocity of the streamers. Since the AC waveform 

used in this study has a half cycle of 250 ns, it can be qualitatively concluded that the use of a 

helical resonator with a resonance frequency of approximately 2 MHz can create stable plasma 

without any transitioning from streamer discharge to spark discharge.  
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Chapter 3: Effect of physiochemical parameters 

In Chapter 2, various physical and chemical phenomena that are involved in the plasma 

treatment of contaminated water were introduced. In this chapter, the effects of these processes 

on the efficiency of our plasma treatment method are explained experimentally. Before providing 

the discussions regarding the obtained results, an introduction will be given and the goals of this 

chapter will be outlined. Afterwards, the detailed experimental procedure will be discussed. 

Finally the obtained results and their correlation to the fundamental physical and chemical 

phenomena will be explored.  

3.1. Introduction 

As discussed in Chapter 2, the plasma treatment process introduced in this work involves the 

production of plasma in air and its subsequent injection to the surface of water. In such a process, 

both physical aspects of the plasma generation and chemical aspects of various oxidizing agents 

created in the plasma are important. These parameters can alter the efficiency of the degradation 

of contaminants in water. The most important physical phenomenon that initiates the plasma 

formation is the electron avalanche. This phenomenon is described by the Townsend mechanism 

of breakdown, as explained in section 2.1.2.1. An examination of the governing equations 

(Equations (2.1) to (2.7)) reveals that the two most crucial parameters that can control the 

breakdown process are the applied voltage between the electrodes and the inter-electrode 

distance (air gap distance). This is due to the fact that both parameters are involved in defining 

the electric field present in the gap (Equation (2.1)). This electric field determines the energy 

acquired by the electrons between two successive collisions. Moreover, the number of electrons 

multiplied in the gap between two electrodes depends on the gap distance and the Townsend 
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ionization coefficient (α). This coefficient by itself depends on the electric field. These 

correlations will be explained in details in section 3.4. The investigations into the effect of the 

applied voltage and the gap distance not only do provide fundamental understandings of the 

process, but also set the operational parameters for the rest of the experiments that follow.  

The chemistry of plasma produced in air was discussed in section 2.1.2.3; various oxidizing 

agents produced either in air or at the air/water interface were introduced. Many researchers have 

studied the role of the atmosphere in which the plasma is generated [88,90,124,129,130]. 

Atmospheres containing pure oxygen, nitrogen and argon or the mixtures of these gases have 

been used. The main goals of this type of experiments are to understand the role of different 

oxidizing agents created in various atmospheres and also to realize the optimum atmosphere in 

which the degradation of contaminants is at its maximum. Although this type of studies can bear 

valuable information, the use of other atmospheres other than air for practical water treatment 

processes is not feasible. The other aspect of plasma chemistry that can be more crucial is 

various chemical phenomena occur in water due to different ionic species present. In general, 

different ionic species with various concentrations can be present in wastewater [131]. Chloride 

(Cl-), sulfate (SO4
2-), carbonate (CO3

2-), phosphate (PO4
3-), ferrous (Fe2+) and ferric (Fe3+) ions 

are amongst the most important ionic constituents in water that can influence the outcome of a 

plasma-based treatment process. Moreover, the initial pH of the solution under treatment can 

play a crucial role. 

Perhaps, one of the most studied ionic constituents in the area of AOPs is chloride ion (Cl-). The 

effect of chloride ion (Cl-) on the removal efficiency of various AOP treatment systems, 

including plasma-based methods [132–137] and UV and UV/H2O2 based treatments [138,139] 

has been investigated previously. In general, the scavenging properties of Cl- towards OH. is well 
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accepted [138–143]. However, conflicting results regarding the effect of Cl- on the 

contamination removal efficiency have been reported. Researchers such as Pignatello et al. and 

Kiwi et al. point towards the inhibitory role of Cl- [40,144–146]. In other words, the presence of 

Cl- reduces the degradation capability of the AOP system studied. This phenomenon is attributed 

to the scavenging properties of Cl- towards OH.. As a result, various chlorine-based active 

species including chlorine radical anions (Cl2
.-) are formed. These newly formed species are less 

active and are not as powerful as OH.. On the other hand, Liang et al. observed that the presence 

of Cl- in the solution can promote the degradation of contaminants [147]. This discrepancy can 

be associated with the nature of the contaminations and the concentration of Cl-. As described by 

Yang el al., halogen radicals such as Cl2
.- are more selective than OH. in reacting with electron-

rich organic molecules. Moreover, during the degradation of a textile azo dyestuff (R3BS), 

Ramjaun et al. observed that removal efficiency depends on the concentration of Cl-. For 

[Cl-]<0.01 M, removal efficiency of the dye decreased; however, higher concentrations of Cl- 

helped the decontamination process [135].  

Similar to the case of Cl- ions, the presence of any other ionic species in water can act as 

hydroxyl scavengers. Phosphate (PO4
3-) and carbonate (CO3

2-) ions are known as the most 

efficient hydroxyl radical scavengers. The presence of these ions in water can reduce the 

efficiency of the treatment process to degrade contaminants [147]. Since in a plasma treatment 

process in air, hydrogen peroxide can be introduced to the solution, Fenton reactions are 

expected to occur if water contains ferrous and ferric ions [42,44,148].  Finally, sulfate ions 

(SO4
2-) can scavenge hydroxyl radicals in the aqueous phase and form sulfate radicals (SO4

.-). 

These radicals can also cause the oxidation of organic contaminants but they are less active than 
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hydroxyl radicals [149]. The role of these ions in our plasma treatment system will be 

experimentally studied in section 3.5. 

The effect of pH on the contamination degradation is also dependent on the nature of the 

contamination [85]. While the removal of contaminants such as methylene blue is promoted in 

acidic conditions [150], removal of phenol is faster in alkaline conditions [81,85]. Various lines 

of reasoning have been used to justify the effect of the pH of the solution. These include the 

acid-based equilibrium of dye molecules [81,85], the effect of alkaline conditions on OH., etc. 

[85,123,125,135]. The effect of the solution initial pH will be experimentally discussed in 

section 3.5.  

3.2. Objectives 

Based on the introduction given in section 3.1, the following goals were set for understanding 

various physical phenomena governing the process: 

1) Investigate the effect of the operational parameters, i.e. the air gap distance, the applied 

voltage and the plasma injection period 

2) Outline the physical phenomenon connecting the obtained results to the above-mentioned 

operational parameters 

3) Realize the optimum operational parameters to be used in the next parts of this study 

The following aims were set to understand the fundamental chemistry involved in the treatment 

process: 

1) Examine the role of Cl- in the treatment stage (presence of plasma) and post treatment stage 

(absence of plasma) separately 
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2) Propose a chemical mechanism by which Cl- ions are involved in the process and prove it by 

means of analytical methods 

3) Investigate the role of other ionic species on the treatment process 

4) Study the effect of the solution initial pH 

5) Examine the effect of various concentrations of the contaminant in water 

3.3. Experimental 

3.3.1. Materials 

Methylene blue (MB) (obtained from Sigma Aldrich Ontario, Canada) was the target 

contaminant used throughout this study due to its ease of quantification through optical methods. 

During the examination of operational parameter, water samples created for treatment were 

prepared by dissolving 100 mg/l of NaCl and 0.75 mg/l of MB in MilliQ water. This resulted in 

an initial solution conductivity of 1.87±0.02 mS/cm. 

In order to study the effect of Cl- concentration, sodium chloride (NaCl, certified ACS crystalline 

supplied by Fisher Scientific of Ontario, Canada) was added to MilliQ water. Various 

concentrations of Cl- used in this study include 0, 10, 50, 100,150 and 250 mg/l. The above-

mentioned chemicals were applied without further purification. The water samples created for 

treatment were prepared by dissolving the above-mentioned concentrations of NaCl and 0.75 

mg/l of MB in MilliQ water.  To examine the effect of other ionic species on the treatment 

process, 0.85 mM of sodium chloride (NaCl), sodium phosphate (Na3PO4), sodium carbonate 

(Na2CO3), sodium thiosulfate (Na2S2O3) and sodium sulfate (Na2SO4) were added to MilliQ 
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water in separate experiments. All of the above-mentioned chemicals were supplied by Fisher 

Scientific (Ontario, Canada). 

In order to investigate the effect of the initial pH of the solution, the concentration of NaCl and 

MB were fixed at 50 mg/l and 0.75 mg/l, respectively. The initial pH of the solution was adjusted 

by adding sufficient amount of HCl or NaOH (0.1 M). Three initial pH values of 2.8, 6.4 and 

10.12 were used in this study, representing the initial acidic, near neutral and alkaline conditions, 

respectively.  

Finally, to investigate the effect of the initial MB concentration, five concentrations of 0.75, 

1.25, 2, 3 and 3.75 mg/l were tested; the concentration of NaCl and the initial pH of the solution 

were fixed at 50 mg/l and 6.4, respectively. It has to be mentioned that higher concentrations of 

MB create highly opaque solutions where accurate in-situ optical measurement (see section 

3.3.2) of the concentration is not possible. 

3.3.2. Experimental setup and procedure 

Figure 3.1 shows the schematic illustration of the experimental setup. To generate plasma from a 

single electrode, a sinusoidal wave at the resonance frequency of the helical resonator (1.7-1.8 

MHz) is supplied by the function generator (Agilent 33522A, CA, USA) and fed to a power 

amplifier (2100L RF power amplifier, E&I Inc., NY, USA). More information on the working 

principles of the helical resonator is given section 2.2.7 and can be found in the previous 

publication [127]. The output of the power amplifier is used as the input for the helical resonator. 

The input voltage and current to the helical resonator are measured by means of an oscilloscope 

(TDS 2024C, Tektronix, OR, USA) and a current probe (CT2, Tektronix, OR, USA) connected 

to the oscilloscope, respectively (as shown in Figure 3.1).  
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The power input to the helical resonator was calculated using the multiplication of Vrms and Irms 

(rms values of input voltage and current) with their corresponding phase angle (which was zero 

degrees when tuned to resonance [127] and producing plasma). 45±1 ml of the solution was 

poured into a glass beaker (50 ml, Fisher Scientific, Ontario, Canada) in each test. Table 3.1 

summarizes the parameters used in each study. 

 

 

Figure 3.1. The schematic of the experimental setup used in this study is illustrated. A 
sinusoidal wave is supplied to the power amplifier by the function generator. The 
output of the power amplifier is directly connected to the helical resonator. The input 
voltage and current to the resonator are monitored by an oscilloscope. The 
concentration of the MB in the solution is measured by a UV-Vis spectrophotometer 
equipped with an optic fiber probe for in-situ measurements. Magnetic stirring of the 
solution is used to ensure the homogeneity of the concentration during all experiments.  
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  Studied 
parameter 

variable 
parameter Fixed parameters 

Ph
ys

ic
al

  

Air gap distance 
Air gap 

distances of 2, 
6 and 10 mm 

[NaCl]=100 mg/l, 
[MB]=0.75 mg/l, plasma 

injection period of 10 min, 
input voltage of 68 V 

Input voltage of 
helical resonator 

Input voltages 
of 38, 53, 68, 
83 and 98 V 

[NaCl]=100 mg/l, 
[MB]=0.75 mg/l, plasma 

injection period of 10 min, 
air gap distance of 2 mm 

Plasma injection 
period 

Periods of 5, 
10, 15, 20 and 

25 min 

[NaCl]=100 mg/l, 
[MB]=0.75 mg/l,input 

voltage of 83 V, air gap 
distance of 2 mm 

        

C
he

m
ic

al
 

Chloride ions (Cl-) 
[Cl-]=0, 10, 50, 

100,150 and 
250 mg/l 

[MB]=0.75 mg/l, input 
voltage of 70 V, air gap 

distance of 2 mm, plasma 
injection period of 15 min 

Other ionic species 0.85 mM of 
various ions 

Initial pH pH= 2.8, 6.4 
and 10.12 

Initial 
concentration of 

MB 

[MB]=0.75, 
1.25, 2, 3 and 

3.75 mg/l  
 

The optical spectrum of MB at the beginning of experiments is shown in Figure 3.2(a) with a 

wavelength range of 200-800 nm. Normally, the peak absorbance (at 667 nm) is used as an 

indication for the concentration of MB.  To obtain a calibration curve for MB (Figure 3.2(b)), 

different solutions containing various concentrations of MB were made and the change in the 

absorbance as a function of MB concentration was monitored.  The linear relation between 

absorbance at 667 nm and MB concentration obtained by this calibration curve is used 

Table 3.1. Summary of the parameters used in each study. 
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throughout this study, to calculate the changing concentration of MB (during and after treatment 

stages). Moreover, removal percentage (removal%) is calculated by Equation (3.1) as follows: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙% = (1− !
!!
)×100	

In Equation (3.1), C and C0 denote the concentration of MB at any point in time during the 

experiment, and the initial concentration of MB, respectively. From Removal%, one may 

calculate the energy yield of the process, as shown by Equation (3.2) [7]. 

𝐸𝑛𝑒𝑟𝑔𝑦𝑌𝑖𝑒𝑙𝑑 = !!×!×!
!×!

×0.01 

in which C0 is the initial concentration of MB (in g/l), V is the volume of the treated solution (in 

l), R is the final value of removal% (in percentage) obtained in each experiment at 60 min , P is 

the power supplied to the system in (kW) and t is the duration in which power is used (in hr).  

 

 

 

 

 

 

 

 

(a) (b) 

667	nm	

Figure 3.2. (a) Optical spectrum of methylene blue obtained in this study. The peak 
absorbance at 667 nm is used as a measure for concentration of methylene blue in the 
solution. (b) Calibration curve achieved in this study, based on the optical absorption at 667 
nm for various concentrations of methylene blue.  
 

 (3.1) 

 (3.2) 
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The energy yield estimates the amount of the contamination removed from the solution (in 

grams) per unit of energy consumed during the treatment (in kWh). Calculated values of 

removal% and energy yield form the basis of the comparison between different parameters 

investigated in this study. Magnetic stirring of the solution was employed to assure the 

homogeneity of the solution and correct measurement of the optical spectrum. Each experiment 

was done in triplicate to ensure the repeatability of the treatment process. Conductivity and pH 

values of the solutions were measured using a Fisher Scientific Accumet® Excel conductivity 

meter (XL60, Ontario, Canada) and a Metller Toledo FiveEasy® pH meter equipped with 

InLab® Expert Pro-ISM probe (Ohio, US), respectively.  

3.3.3. Analytical characterization 

In order to characterize the treated and untreated solutions in terms of their inorganic and organic 

constituents, Ion Chromatography (IC) and Mass Spectrometry (MS) analysis were used, 

respectively. In each analysis, two sets of samples were prepared. In the first set, MilliQ water 

was used as the water matrix. The second set of samples was prepared by adding NaCl (50 mg/l) 

to MilliQ water as the water matrix. In both sets, the concentration of MB was fixed at 0.75 mg/l.  

IC analysis was performed using Dionex Ion Chromatography (DX 600, CA, USA) instrument 

with an injection loop volume of 25 µl. Sodium carbonate (Na2CO3) solution with a 

concentration of 9 mM was used as the eluent. Calibration standards were prepared in-house, and 

the calibration was verified using an external reference solution purchased from SCP Science 

(Quebec, Canada).  

RP-HPLC-MS was performed using an Agilent 1200 SL HPLC system. Chromatographic 

separation was obtained using a Kinetex EVO C18 column with guard (Phenomenex, 2.1 mm 
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internal diameter, 50 mm length, 1.6 µm particle size) at 40 °C. The buffer gradient system 

composed of 0.1% formic acid in water as mobile phase A and 0.1% formic acid in acetonitrile 

(ACN) as mobile phase B.  Samples were loaded onto the column at a flow rate of 0.5 ml/min 

and an initial buffer composition of 98% mobile phase A and 2% mobile phase B.  After 

injection, the column was washed using the initial loading conditions for 1 min followed by 

elution of the analytes by using a linear gradient in the form of: 2% to 40% mobile phase B over 

a period of 6 min, 40% to 98% mobile phase B over a period of 3 min, held at 98% mobile phase 

B for 4 min to remove all analytes from the column and back to 2% mobile phase B over 1 min. 

Mass spectra were acquired in positive mode of ionization using an Agilent 6220 Accurate-Mass 

TOF HPLC-MS system (Santa Clara, CA, USA) equipped with a dual sprayer electrospray 

ionization source with the second sprayer providing a reference mass solution.  Mass 

spectrometric conditions were: drying gas 9 l/min at 300 °C, nebulizer pressure 20 psi, mass 

range 100-1000 Da, acquisition rate of ~1.03  spectra/s, fragmentor voltage of 175 V, skimmer 

voltage of 65 V and capillary voltage of 3500V. Mass correction was performed for every 

individual spectrum using peaks at m/z 121.0509 and 922.0098 from the reference solution. Data 

acquisition was performed using the Mass Hunter software package (ver. B.04.00.).  Analysis of 

the HPLC-MS data was done using the Agilent Mass Hunter Qualitative Analysis software (ver. 

B.07.00). 

3.4. Role of physical parameters 

As discussed in section 3.1, three physical (operational) parameters are very important in any 

plasma-based water treatment process. These parameters are the air gap distance, the input 

voltage and the plasma injection period. In this section, the effect of these parameters on the 

degradation of MB in water will be examined. 
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3.4.1. Effect of air gap distance 

 As mentioned in section 2.2.7, the technique described here uses only a single electrode to 

generate plasma (with water playing the role of a floating electrode). The distance between the 

tip of the electrode and surface of the water plays an important role, as it defines the electric field 

present in the air gap between the two. In this investigation, three distances of 2 mm, 6 mm and 

10 mm were employed and their effect on removal%, energy yield, and solution temperature 

were studied. This is shown in Figure 3.3. The rms value of the input voltage and the plasma 

injection period (the time during which plasma was in contact with the solution) were kept 

constant at 68 V and 10 min, respectively. In each experiment, plasma was present during the 

first 10 min (treatment stage in Figure 3.3(a)) followed by a post treatment stage (for 50 min) in 

which plasma was extinguished. Three major points should be discussed, as reflected by Figure 

3.3. These are: 

1) Maximum overall removal% (at t=60 min) can be achieved with the air gap distance of 6 mm, 

as illustrated by Figure 3.3(a) and (b). Moreover, Figure 3.3(a) indicates that the highest 

contribution from the treatment stage can be achieved with the air gap distance of 6 mm.  

2) As shown by Figure 3.3(a), when the air gap distance is fixed at its minimum (2 mm), the 

removal% continues to increase, even 50 min after the point that plasma is turned off. Moreover, 

as the air gap distance is increased to 6 mm and 10 mm, the change in the removal% during the 

post treatment stage becomes slower. At a distance of 10 mm, the change in removal% ends at 

t=20 min. In other words, the contribution of the post treatment stage is more significant at 

smaller air gap distances. 
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Figure 3.3. The effect of air gap distance on the decontamination process is studied at 
constant rms value of input voltage of 68 V and plasma injection time of 10 min. (a) 
Variation in removal% as a function of time for different air gap distances is shown. 
As the distance increases, the effect of oxidizing agents created by plasma lasts for a 
shorter period of time. While the removal still occurs at 60 min for d=2 mm, it stops at 
20 min for d=10 mm. This phenomenon could be attributed to the higher energy of 
particles in plasma at lower distances due to the higher electric field. (b) Final 
Removal% (at t=60 min) and energy yield are compared for the various air gap 
distances used in this study. As it is shown, removal% has a maximum at d=6 mm, 
which is probably due to a larger volume of the ionized air on top of water. 
Furthermore, as the air gap distance increases from 6 mm to 10 mm, the removal% 
decreases significantly. This may be due to the instability of ozone molecules at high 
plasma powers and temperatures (c) The change in the normalized concentration as a 
function of time for different distances is used to study the kinetics of 
decontamination. (d) The temperature of the solution was monitored in the course of 
each experiment. The injection of plasma into the solution causes an increase in the 
temperature. As the distance was increased, the maximum temperature that the solution 
reached (approximately 47 °C for d=10 mm) also increased, due to a higher power of 
plasma.     

(a) 

(c) 

(b) 

(d) 

Treat-
ment	

Post		
Treatment	
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`3) Although the air gap distance of 6 mm results in the highest removal%, the energy yield of 

the system (calculated by Equation (3.2)) decreases with the increase in the air gap distance.  

The dependency of the removal% during the treatment stage to the air gap distance can be 

explained by the underlying phenomena of plasma generation, i.e. electron avalanche. Electron 

avalanches are the building blocks of any plasma generation system. In general, in the presence 

of an intense electric field, primary electrons are accelerated. These energetic electrons can 

ionize gas molecules by means of inelastic collisions and create new electrons. Although the 

process of ionization by inelastic collisions is sophisticated, it can be expressed by Townsend 

mechanism of electrical breakdown, as described in section 2.1.2.1 [106].  

𝑛! 𝑥 = 𝑛!!exp [ 𝛼! − 𝛽! 𝑥] 

In Equation (3.3), ne(x) and ne0 denote the density of electrons as a function of distance from the 

electrode and the initial density of primary electrons, respectively. αT is the Townsend ionization 

coefficient and it shows the multiplication of electrons per unit length. It is expressed by [106]: 

𝛼!
𝑝 = 𝐴𝑒𝑥𝑝(−

𝐵
𝐸
𝑃
) 

In Equation (3.4), A and B are constants that can be calculated numerically. Moreover, p refers to 

the gas pressure in which the discharge happens. Finally, the term βT in Equation (3.3) is defined 

as the second Townsend coefficient; it describes the number of electrons lost to attachment 

processes (due to electronegative molecules such as oxygen) per unit length. The second 

Townsend coefficient becomes crucial at large gaps (d>5 cm) and can be ignored here [106]. As 

the air gap increases, ne(d) (number of electron at a distance “d” from the electrode) also 

increases. This is due to the fact that the number of electrons generated due to the electron 

(3.3) 

(3.4) 
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avalanches has an exponential dependency to the distance, as shown by Equation (3.3). On the 

other hand, at a fixed applied voltage, the electric field reduces as the air gap increases. This can 

reflect itself in the Townsend ionization coefficient (αT), as described by Equation (3.4). The 

reduction in the electric field can possibly lower the ionization coefficient. It can be 

hypothesized that when the air gap distance increases from 2 mm to 6 mm, the direct influence of 

parameter “d” on the ne(d) compensates for the effect of decreased electric field in αT. As a 

result, the number of energetic particles, more specifically electrons that hit the surface of the 

water, increases. One of the most important consequences of the collision between electrons and 

water molecules is the formation of hydroxyl radicals. Hydroxyl radicals are one of the most 

powerful oxidizing agents (oxidation potential of 2.8 V) [85]. Their ability to degrade organic 

compounds such as dye molecules is well known [150,151]. Therefore, the removal% enhanced 

when the air gap distance was changed from 2 mm to 6 mm. The decrease in the removal% at 

d=10 mm is probably due to the dominant role of the lowered electric field in determination of 

ne(d). More importantly, our experiments show that while at d=2 mm the plasma is highly 

focused on the surface of water, at d=10 mm it barely reaches the surface and spreads in the air. 

This is shown in Figure 3.4. This lowers the probability of the injection of the energetic particles 

into the water surface. As a result, the lowest overall removal% was obtained for the air gap 

distance of 10 mm, as shown by Figure 3.3(b).   

The effect of the air gap distance on the removal% during the post treatment stage also shows an 

interesting trend. As shown in Figure 3.3(a), as the air gap distance increases, the ability of the 

treatment system to remove MB during the post treatment stage is lowered. In other words, the 

change in the removal% as a function of time becomes less significant for d=6 mm and d=10 

mm.  
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As mentioned in section 2.1.2.3, the role of nitrogen-based compounds such as peroxynitrite in 

the post treatment stage, for air plasma, has been established [94,100–103,113]. Moreover, 

generation of ozone, as a strong oxidizing agent (oxidation potential of 2.07 V) [85], in the 

plasma has been studied [84,104]. The effect of the air gap distance on the post treatment 

behavior of the system can be explained based on the presence of ozone in the solution. Any 

possible reason that lowers the concentration of ozone in the liquid phase can affect the 

removal% during the post treatment stage. There are three major factors that can alter the 

concentration of ozone in water. These are: 

1) As shown in Figure 3.3(d), the increase in the solution temperature for air gap distances of 6 

and 10 mm is more significant than the air gap distance of 2 mm. While the solution temperature 

reached a maximum of 32 °C for d=2 mm, maximum temperatures of 42 °C and 47 °C were 

obtained for d=6 mm and d=10 mm, respectively. Previous studies have been performed to 

understand the kinetic of ozone decomposition, under various conditions [152–155]. Although 

different decomposition rates have been proposed for ozone, possibly due to the different 

(a) (b) (c) 

Figure 3.4. Images of plasma on top of the solution taken for various air gap distances of (a) 2 
mm, (b) 6 mm and (c) 10 mm. When the air gap distance is increased to 6 mm, the volume of the 
plasma increased. Therefore, more ionized gas could reach the surface of water. This could be the 
reason behind the increased removal% when air gap distance was increased to 6 mm. Further 
increase in the distance resulted in a significant decrease in removal%. This could be partly due to 
lower injection probability of plasma to the surface of water, as shown by (c).  At air gap distance 
of 10 mm, frequent injection of plasma to the surrounding air could be observed. 
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parameters involved in these studies, one key feature emerges. This is the fact that the 

decomposition rate is inversely and exponentially related to the solution temperature. In other 

words, the thermal decomposition of ozone occurs faster when the solution temperature 

increases. The effective application of ozone for decontamination purposes in water is not 

possible for solution temperatures higher than 40-45 °C. This is due to the very short half-life of 

ozone in these temperatures [156,157].  

2) Another consequence of the increase in the solution temperature is lower solubility of ozone 

in water [158]. Therefore, it is expected that as the maximum solution temperature increases (due 

to the higher air gap distance), lower concentration of ozone can dissolve in the solution. 

3) Finally, the presence of water molecules in the gas environment can be detrimental to the 

produced ozone by plasma. The dissociation of water molecules in the gas phase by collision 

with energetic electrons yields OH. and H. radicals, as explained in section 2.1.2.3. These radicals 

can react with ozone molecules (Equations (3.5) to (3.7)) in the gas phase and prevent their 

sufficient introduction to the solution [84]. 

𝐻. + 𝑂! → 𝑂𝐻. + 𝑂! 

𝑂𝐻. + 𝑂! → 𝐻𝑂!. + 𝑂! 

𝐻𝑂!. + 𝑂! → 𝑂𝐻. + 2𝑂! 

As mentioned previously, the increase in the air gap distance can enhance the electron avalanche 

processes (Equation (3.3)). This means that the probability of formation of OH. and H.
 radicals in 

the gas phase increases. As a result, it can be expected that the concentration of ozone in the gas 

phase decrease as larger air gap distances are used.  

(3.5) 

(3.6) 

(3.7) 
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The combination of the all of the above-mentioned rationales can possibly explain the lower 

removal% during the post treatment stage for d= 6 mm and d= 10 mm. Finally, as shown by 

Figure 3.3(b), the energy yield of the system deteriorates with increase in the air gap distance. 

This is due to the fact that more power is consumed by the plasma at higher distances (power 

consumption of 5.1±1.5, 9±2 and 14.8±1.9 W for air gap distances of 2, 6 and 10 mm, 

respectively). As shown by Equation (3.2), the energy yield changes inversely with respect to the 

input power. As the air gap increases, the flow of charged particles experiences less resistance, 

due to the greater probability of electron avalanches. Consequently, input current supplied by the 

power amplifier increases because of the perceived reduction in the total system load resistance.  

The kinetics of decontamination were investigated as shown in Figure 3.3(c). Regardless of the 

air gap distance, the whole decontamination process followed the pseudo-first-order kinetics in 

the form of: 

 

in which k signifies the reaction rate (in min-1). The minus sign in Equation (3.8) shows the 

decrease in the contamination concentration as a function of time.    

Based on the above-mentioned arguments, the air gap distance of 2 mm was chosen for the rest 

of the experiments since not only does it provide a longer decontamination period during the post 

treatment stage, but also consumes the lowest energy while having the highest energy yield. 

Additionally, the increase in the solution temperature from room temperature (20 °C) is minimal 

(increase of 10-15 °C).  

kt
C
CLn −=)(
0

(3.8) 
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As a control experiment, the solution was heated to various temperatures using a hot plate and 

the peak absorbance of MB at 667 nm was monitored (Figure 3.5). It was revealed that the 

increase in the solution temperature has no effect in the peak absorbance of MB. We can 

conclude that the variation of this absorbance during non-thermal plasma treatment of the 

solution was solely due to the decontamination process and not thermal degradation. 

3.4.2. Effect of input voltage of helical resonator 

As mentioned in section 3.3.2, the main component of the treatment process is the helical 

resonator that generates atmospheric pressure plasma in air. As a result, the input voltage to the 

helical resonator may be crucial in optimizing the decontamination process in terms of removal% 

and energy yield. In this study, five input voltages (with rms values of 38, 53, 68, 83 and 98 V) 

Figure 3.5. The effect of temperature on the absor
bance of the solution is studied. For both heating a
nd cooling cycles, there is no significant change in 
the peak absorbance of methylene blue at 667 nm. 
This in turn proves that the change in the absorban
ce observed during the plasma treatment in this stu
dy is solely due to the removal of methylene blue. 
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were applied to the helical resonator. The air gap distance of 2 mm and the plasma injection 

period of 10 minutes were kept constant throughout each experiment. Based on the mentioned 

input voltages, it could be readily deduced that using the helical resonator for the generation of 

plasma requires much lower voltages when compared to traditional plasma generators, which 

need voltages in the range of 1-20 kV [29,150]. Since the helical resonator could act as a passive 

amplifier by itself (as discussed in section 2.2.7), low input voltages of less than 100 V are 

sufficient for plasma generation. Figure 3.6 shows the effect of various input voltages on the 

decontamination process. As indicated in Figure 3.6(a) and 3.6(b), increasing the input voltage 

increases the removal%; however, energy yield of the process does not increase accordingly for 

an input voltage higher than 83 V. The increase in the removal% can be explained based on the 

effect of the electric field on the electron avalanches. As indicated by Equation (3.4), the 

Townsend ionization coefficient (αT) depends on the electric field present in the air gap. The 

increase in the applied voltage results in the higher electric field in the gap and subsequently 

higher ionization coefficient (αT). Therefore, the density of electrons generated due to the 

electron avalanches increase, as expressed by Equation (3.3). This higher density of energetic 

electrons can increase the probability of the formation of active species such as hydroxyl radicals 

as they hit the water surface. Hence, removal% increases. On the other hand, higher density of 

energetic electrons (due to higher input voltage) in the air gap can cause faster destruction of 

ozone by production of more OH. and H.
 radicals in the gas phase (according to reactions (3.5)-

(3.7)). However, our results show that regardless of the input voltage used, the effect of 

continued decontamination from activated species with a long lifetime (e.g. ozone) is still present 

in the post treatment stage (Figure 3.6(a)).  
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(a) (b) 

(c) (d) 
Figure 3.6. The effect of input voltage to the helical resonator on the water treatment 
process is investigated. The air gap distance and the plasma injection period were fixed 
at 2 mm and 10 min, respectively. (a) and (b) show the response of increasing input 
voltages on the removal of methylene blue. Moreover, as shown in (b), although final 
removal% increases with the increase in the input voltage, energy yield of the process 
does not increase accordingly. This means that the treatment process with 98 V as input 
voltage is not efficient in terms of energy consumption (power consumption of 3.1±0.7, 
4.4±0.8, 5.1±1.5, 6±0.9 and 7.4±1 W for input voltages 38, 53, 68, 83 and 98 V, 
respectively). The kinetics of methylene blue removal is illustrated in (c). Regardless of 
the input voltage, an exponentially decaying kinetics could be observed. (d) shows the 
change in the solution temperature for various input voltages. A higher degree of change 
in temperature could be observed for higher input voltages. Based on the data presented, 
it could be concluded that at the air gap distance of 2 mm and plasma injection time of 
10 min, the input voltage between 68 V and 83 V is optimum when considering 
removal%, energy yield and temperature change relative to room temperature (20 °C).    

 



 83 

This means that the effect of the air gap distance (as discussed in section 3.4.1) on ozone 

concentration and removal% during the post treatment stage is more pronounced than the effect 

of the applied voltage. As shown by Figure 3.6(b), the energy yield does not increase 

continuously with higher input voltages. This is probably because when the input voltage 

increases more power is used. At input voltages higher than 83 V, the role of power consumption 

becomes dominant in determining the energy yield; therefore, no increase in energy yield is 

observed. The kinetics of decontamination (Figure 3.6(c)) follows the same exponential decay 

(as indicated by Equation (3.8)), regardless of the input voltage. Figure 3.6(d) plots the change of 

the solution temperature with increasing input voltage. The increase in the solution temperature 

(maximum temperature of 40 °C at input voltage of 98 V) could be attributed to the increase in 

the plasma power as the input voltage increases. Based on the results presented here, one could 

conclude that the application of moderate voltages (around 83 V) is most beneficial since not 

only is maximum energy yield reached, but also lower temperature elevations occurred. This 

diminishes the possibility of ozone poisoning and its concentration decay at high plasma powers 

and temperatures. Unlike the air gap distance, which can affect the shape of the plasma and 

hence the contact area with water surface (discussed in section 3.4.1 and Figure 3.4), no 

significant change is observed in the shape of the plasma as the input voltage varies. 

3.4.3. Effect of plasma injection period 

In this study, the plasma injection period is defined as a period of time in which plasma is in 

contact with the solution surface. As indicated in sections 3.4.1 and 3.4.2, the kinetics of the 

decontamination always follow an exponential trend in the treatment stage, when the plasma is 

present. It is expected that longer plasma injection periods increase the removal% significantly, 

since higher concentrations of activated species can be supplied for the decontamination process. 
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In this study, the effect of five plasma injection periods, namely 5, 10, 15, 20 and 25 min, at a 

fixed air gap distance of 2 mm and a rms value of input voltage of 83 V, was investigated (power 

consumption 6±0.9 W).  As shown in Figure 3.7(a), although increasing the injection period 

could enhance the removal%, the rate of increase in removal% as a function of plasma injection 

period (the slope of the removal% curve in Figure 3.7(a)) becomes slower (the slope became 

smaller) at periods higher than 15 min. One possible explanation for this behavior could be 

provided based on the sensitivity of ozone concentration in the solution to temperature. As 

indicated by Figure 3.7(b), an increase in the plasma injection period from 5 min to 25 min 

results in a net change in temperature elevation from 5 °C to 25 °C. As a consequence of these 

high temperatures (maximum of 45 °C for the injection period of 25 min) at high injection 

periods (t>15 min), thermal degradation of ozone, as one of the main oxidizing agents in any 

non-thermal plasma treatment system, could occur faster [159]. Therefore, the removal% alters 

with a higher rate at t≤15 min compared to t>15 min. This effect is also reflected in the energy 

yield of the process, as shown by Figure 3.7(a). Finally, the energy yield of the process reached a 

maximum value at t=15 min. This is because in smaller time periods, low removal% decreases 

the yield. On the other hand, at time periods greater than 15 min, high energy consumption, 

alongside a slow increase of removal%, lowers the overall energy yield. 

It has to be mentioned that using the optimized parameters investigated in this study (d=2 mm, 

V= 83 V and t=15 min), the value of pH and conductivity of the solution were measured before 

and after the treatment. The pH of the solution decreases from 6.4±0.07 to 3.15±0.01. This 

acidification of the solution could be associated with the formation of species such as NO3
- in 

water [100,150].  
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(a) (b) 

Figure 3.7. (a) The effect of time in which plasma is present on the surface of the solution 
is studied (rms value of the voltage and the air gap distance were kept at 83 V and 2 mm, 
respectively). As the plasma injection time increases, final removal% increases; however, 
the variation of removal% with injection time is more significant at periods lower than 15 
min. This is probably due to the increasing rate of ozone concentration decay at higher 
temperatures. Maximum energy yield is obtained at 15 min. In smaller time periods, low 
removal% decreases the yield. On the other hand, at time periods greater than 15 min, 
high energy consumption, alongside a slow increase of removal%, lowers the overall 
energy yield. (b) As the period in which plasma is present increases, more energy 
dissipates in the form of heat; therefore, higher temperatures in the solution were reached. 
(c) and (d) illustrate the change in the removal% and normalized concentration as a 
function of time for various plasma injection periods used in this study. It could be seen 
that at high injection periods (20 min and 25 min), changes in removal% become 
insignificant when the process duration approached 60 min. 

 

(c) (d) 
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Furthermore, the conductivity of the solution changes from an initial value of 1.87±0.02 mS/cm 

to 3.39±0.11 mS/Cm. This could be due to the formation of ionic species such as H3O+, NO3
-, 

etc. [151]. Preliminary characterization by Ion Chromatography (IC) of the treated solutions 

shows that on average, 11.8±0.1 mg/l of nitrate ions (NO3
-) and 4.1±0.1 mg/l of nitrite ions 

(NO2
-) are formed in the solution. This confirms the acidification and also the increase in the 

conductivity of the solution. Using the optimized parameters, the maximum obtainable energy 

yield in this system is approximately 0.02 g/kWh (for removal% of 70%). This value of energy 

yield is comparable to the values calculated in previous studies (a list of which can be found in 

the study by Magureanu et al. [7]). Although unlike previous studies, no significant measures 

were taken to design the reactor in the current study. Therefore, with a few modifications (such 

as pumping the gas around plasma to the water for the efficient introduction of active species 

such as O3, modification of the applied waveform to the helical resonator, water circulation 

between the reaction chamber and a reservoir, etc.), higher energy yields could be expected from 

our proposed technique. Moreover, we calculated the electrical energy efficiency (based on 

power consumption) of our plasma generating system (power amplifier and helical resonator) as 

follows [127]: 

𝜂 =
𝑃!"#!!"#$%# − 𝑃!"#!!"#$%&'(&

𝑃!"#!!"#$%#
×100 

Basically, in the presence of the plasma, the equivalent circuit of the helical resonator and 

plasma can be estimated with two resistances in series. The first resistance represents the 

resistance of the wire in the helical resonator. The other resistance is related to the resistance of 

the plasma since it is an ionic medium with flow of charges. It has to be mentioned that the 

helical resonator also has capacitance and inductance components; however, in any RLC system 

 (3.9) 
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at resonance, the contributions of capacitance and inductance components cancel out in 

determination of the total impedance. In Equation (3.9), PWithPlasma denotes the power consumed 

by the helical resonator when plasma is present. On the other hand, PWithoutPlasma is the power 

consumption of the resonator in the absence of plasma (i.e. the power dissipated in the wire 

only). The subtraction of PWithPlasma with PWithoutPlasma yields the estimated power dissipated in the 

plasma. The electrical efficiency is thus the power of the plasma divided by the total power 

(plasma plus wire). Furthermore, the measurements were done at a constant input current to the 

resonator. In other words, PWithPlasma and PWithoutPlasma show the difference between the input 

voltages, in the presence and absence of plasma, respectively. In order to avoid the formation of 

plasma (for calculation of PWithoutPlasma), an aluminum ball (approximately 5 mm in diameter) was 

attached to the tip of the Pt/Ir electrode. This eliminates the formation of plasma by increasing 

the radius of the curvature of the electrode. As a result, the electrical energy efficiency calculated 

by Equation (3.9) refers to the amount of energy transferred to the plasma for the treatment 

process, compared to the total energy input to the electrical system. The energy yield was found 

to be 93%. This means that only 7% of the energy supplied to the system is lost (the main loss 

occurring in the wire resistance of the resonator) and 93% of the input electrical energy is 

available for the treatment process. We believe that this number is significant, alongside the 

removal% and energy yield, when real life applications of plasma-based water treatment systems 

are considered. In addition, the energy yield (Equation (3.2)) and the electrical energy efficiency 

of the system (Equation (3.9)) refer to two different but important parameters. Electrical energy 

efficiency shows the efficiency of the system in transferring the input energy to the plasma. The 

extent of the efficiency of the plasma in removing the contaminations (MB in this study) is 

shown by the energy yield of the system. 
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Our preliminary investigation on the nature of these long-lived, activated species indicates that 

when the optimized process parameters are applied to a blank solution (MilliQ water + 100 mg/l 

of NaCl), new features are formed in the optical spectrum of the solution (Figure 3.8). These 

features are created during the injection of plasma and are found in the wavelength range of 300-

400 nm, which can be attributed to nitrites and nitrates. A comparison between the absorbance of 

these newly formed peaks in the presence and absence of MB (Figure 3.8 (c)-(f)), reveals that 

during the treatment stage the absorbance of all peaks increases almost equally in both cases; 

however, the absorbance values in the presence of MB decay much faster during the post 

treatment stage. This could be a qualitative indication of the consumption of these activated 

species or their reaction products such as peroxynitrite[94,100–103,113] by MB molecules. More 

importantly, as shown in Figure 3.8 (a), for the blank solution exposed to plasma, the absorbance 

in this wavelength region persists for as long as 6 hr after the plasma is extinguished. This is a 

clear indication of the generation of activated species with a long lifetime. A better 

understanding towards the nature of these activated species and their effect in the degradation 

pathways of MB could be achieved through the application of standard chemical analysis such as 

High Performance Liquid Chromatography (HPLC). The result of this analysis will be presented 

in section 3.5.1. 
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Figure 3.8. Formation of new features in the optical spectrum of (a) solution with no 
methylene blue and (b) solution in the presence of methylene blue in the wavelength region of 
300-400 nm is shown. The fact that these features appear in both of these cases is a qualitative 
indication of the generation of new plasma-activated species in the solution. Moreover, as 
shown in (a), the presence of these features in the optical spectrum even after 360 min proves 
the long lifetime of these species, even though plasma was absent from t=15 min. (c)-(f) 
depicts the change in the absorbance of each of the dominant peaks shown in (a) and (b) as a 
function of time. It is evident that the presence of methylene blue in the solution causes a lower 
amount of absorption in each case, when the plasma is removed from the surface. Therefore, it 
could be concluded that these new features in the spectrum are indeed related to plasma-
activated species.  
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3.5. Role of chemical parameters2 

As discussed in Chapter 2 and section 3.1, chemical phenomena that affect the plasma treatment 

process of contaminants in water can occur both in the gas phase and the aqueous phase. While 

processes in the gas phase can be of importance, in this section, we will focus our attention on 

the phenomena that are crucial in the aqueous phase. These phenomena can be due to the 

presence of various ionic species, pH of the solution, etc. Amongst the possible ionic species, the 

role of Cl- has been controversial and conflicting results have been obtained. As a result, the first 

section in this part of the research will be allocated to systematically study the role of Cl- in the 

treatment process experimentally. Afterwards, the effect of other ionic constituents such as PO4
3-

, CO3
2-, Fe2+, etc. will be examined. The effect of the initial pH of the solution and the initial 

concentration of the contaminant form the rest of the sections of this chapter. 

3.5.1. Effect of Cl- concentration 

The effect of variation in the electrolyte concentration (NaCl) is investigated on methylene blue 

removal efficiency. In all experiments, the duration of the treatment stage (when plasma is 

present) and post treatment stage (in the absence of plasma) are 15 min and 45 min, respectively 

(t=0 min to t=15 min for treatment stage and t=15 min to t=60 min for post treatment stage). The 

initial pH of the solutions was set to be near neutral (6.4-6.7). Figure 3.9(a) illustrates the overall 

removal% and changes in the conductivity of the solution as a function of NaCl concentration. A 

local maximum in removal% at NaCl concentration of 10-50 mg/l could be observed. Moreover, 

in the absence of NaCl (0 mg/l), the overall removal% is significantly lower.  

                                                
2	Parts of this section have been published in the journal of Environmental Science: Water 
Research & Technology, 2017, 3, 156-168.	
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Figure 3.9. The effect of NaCl concentration on the decontamination of MB is studied. (a) 
The change in the overall removal% and conductivity of the solution as a function of 
NaCl concentration is shown. The overall removal% has a maximum in the range of 10-50 
mg/l in NaCl concentration. In order to understand this behavior, removal% during the 
treatment and post treatment stages as a function of NaCl concentration were compared 
separately, as shown in (b). The removal% during the treatment stage is maximum when 
no NaCl is added to the solution. The addition of the salt to the solution reduced the 
removal% during this stage. This can be explained by the scavenging behavior of 
Cl- towards OH.. It has been shown that when Cl- scavenges OH., amongst various Cl-
based by- products, Cl2.- is dominant [141]. Although Cl2

.-
 can oxidize MB, its oxidation 

potential is much lower than OH.. As a result, removal% during the treatment stage 
decreases when NaCl concentration increases. On the other hand, removal% during the 
post treatment stage enhanced significantly when NaCl was introduced to the solution. 
This can be explained by the formation of singlet oxygen (1O2) from reaction of HOCl and 
H2O2; both of which are produced due to the action of plasma and are stable enough to 
induce MB degradation after plasma is extinguished. It can be hypothesized that upon the 
addition of NaCl, an optimum NaCl concentration (around 50 mg/l) exists where the 
negative effect of Cl- (scavenging properties) and its positive role (production of 1O2) are 
balanced. This reflects itself in the energy yield of the system, as shown in (c). Finally, the 
change in overall removal% as a function of time is shown in (d). The significant 
continuation of MB removal during the post treatment stage only exists when NaCl is 
present in the solution.  
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Removal of MB in the treatment stage and in the absence of NaCl (about 50% removal) can be 

attributed to the action of hydroxyl radicals (OH.) on the MB molecules. These radicals are the 

most powerful oxidizing agents and they are formed due to the collision of energetic electrons 

with water molecules [85]. 

𝐻!𝑂 → 𝑂𝐻. + 𝐻. 

One of the by-products of reaction (3.10) is the formation of hydrogen peroxide (H2O2)[85]: 

𝑂𝐻. + 𝑂𝐻. → 𝐻!𝑂! 

Hydrogen peroxide is also an oxidizing agent (oxidation potential of 1.78 V); however, our 

results show that even at very high concentrations of H2O2 (120 mM), MB shows little 

discoloration (about 5%), as illustrated by Figure 3.10(a). These high concentrations of H2O2 

significantly exceed the values we measured in our experiments (approximately 1.2 mM), as 

shown in Figure 3.10(b). The concentration of H2O2 was measured using previously published 

methods based on the application of the fluorescence probe, Amplex Red [160,161]. Figure 

3.10(b) also shows that the produced H2O2 remains in the solution for a long time after plasma is 

extinguished. 

The removal of MB during the post treatment stage in the absence of NaCl, can be explained by 

the introduction of nitrogen-based compounds to the solution from plasma. The overall chemical 

reactions involved have been studied by Lukes et al, Brisset et al, Fridman et al, etc. [94,100–

103]. The reactions can be expressed as follows: 

𝑁𝑂! !" + 𝑁𝑂! !" + 𝐻!𝑂 ! ↔ 𝑁𝑂!! + 𝑁𝑂!! + 2𝐻! 

𝑁𝑂(!") + 𝑁𝑂!(!") + 𝐻!𝑂(!) ↔ 2𝑁𝑂!! + 2𝐻! 

(3.10) 

(3.11) 

(3.12) 

(3.13) 
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In reactions (3.12) and (3.13), NO(aq) and NO2(aq) are introduced after the dissociation of N2 and 

O2 in air by collisions with electrons in plasma, as discussed in section 2.1.2.3. The direct 

consequence of these phenomena are the introduction of nitrite and nitrate ions to the solution as 

shown by reactions (3.12) and (3.13). In addition, formation of H+ in the solution means that the 

conductivity of the solution exposed to air plasma increases and its pH decreases, as shown in 

Figure 3.9(a) and Figure 3.10(d), respectively. Amongst the various suggested reaction paths that 

nitrite and nitrate ions can follow, the most important one is the formation of peroxynitrite 

(ONOOH) in the following manner:  

𝑁𝑂!! + 𝐻!𝑂! + 𝐻! → 𝑂𝑁𝑂𝑂𝐻 + 𝐻!𝑂 

(a) (b) 

Figure 3.10. As a control experiment, various concentrations of H2O2 were added to 
the MB containing solutions. (a) shows the removal% of MB as a function of time. 
Only minute removal of MB can be achieved (about 5%) when high concentrations of 
H2O2 (120 mM) are added to the solution. These high concentrations of H2O2 
significantly exceeds the concentrations measured in our experiments, as shown in (b). 
In our experiments, the concentration of H2O2 was evaluated by means of fluorescence 
probe, Amplex red, according to previously published methods. Moreover, (b) shows 
that H2O2 can stay in the solution for a long period of time in the post treatment stage. 
As a result, they can react with HOCl to produce 1O2 in the solution and continue the 
removal of MB in this stage.    

(3.14) 
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Various studies have concluded that the oxidizing properties of water treated with air plasma in 

the post treatment stage (towards various organic and biological contaminations) can be 

attributed to the action of peroxynitrite in the solution [100–103]. The results presented in Figure 

3.9(b) clearly shows that in the absence of NaCl in the solution, 15% of MB removal occurs 

during the post treatment stage which can possibly be due to the action of peroxynitrite. 

However, it has to be mentioned that in acidic conditions (pH<6.8), H+-catalyzed decomposition 

of peroxynitrite can happen [100], according to Equation (3.15). 

𝑂𝑁𝑂𝑂𝐻 ↔ 𝑂𝐻. + 𝑁𝑂!.  

This can limit the effect of peroxynitrite in the post treatment stage considering the fact that the 

pH of the solution decreases quickly as it is treated with air plasma (see section 3.5.4 for further 

discussion). On the other hand, decomposition products of peroxynitrite in acidic conditions (as 

shown by Equation (3.15)) are powerful oxidizing agents, but with short lifetime, that can help 

the MB removal process (possibly during the treatment stage).  

As shown in Figure 3.9(b), increase in the concentration of NaCl in the solution resulted in a 

gradual decrease in the removal% during the treatment stage. However, a significant increase in 

the removal% during the post treatment stage occurred. The gradual decline of removal% during 

the treatment stage can be explained by the scavenging properties of Cl- towards OH. [137,141], 

as shown by Equation 3.16. According to the kinetic modeling performed by Yuan et al., 

chlorine radical anions (Cl2
.-) are the most dominant in terms of concentration amongst many 

possible chlorine-based by-products [141]. The role of Cl2
.- in degradation of organic pollutants 

has been also suggested [137].   

𝑂𝐻. + 𝐶𝑙! ↔ 𝐶𝑙𝑂𝐻.! 

(3.15) 

(3.16) 
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𝐶𝑙𝑂𝐻.! + 𝐶𝑙! ↔ 𝐶𝑙!.
! + 𝑂𝐻! 

As shown by Equations (3.16) and (3.17), Cl- can scavenge OH. and Cl2
.- is eventually formed in 

the solution. Chlorine radical anion is an oxidizing agent; however, its oxidation potential is 

lower than the oxidation potential of hydroxyl radicals (1.57 V for Cl2
.- versus 2.8 V for OH.) 

[70]. This means that the presence of Cl- in the solution can reduce the decontamination ability 

of the plasma treatment process, especially in the treatment stage. This is due to the fact that 

during the treatment stage the action of OH. towards MB molecules is the most important 

decontamination pathway (see section 3.5.2 for further discussion). This is in accordance with 

the trend observed for removal% in the treatment stage illustrated by Figure 3.9(b). On the other 

hand, for Cl- to be able to contribute to the increase in the removal% during the post treatment 

stage, stable chemicals should be produced in the solution. Only then the prolonged 

decontamination in the post treatment stage can be expected, as shown by Figure 3.9(d) for Cl-

containing solutions. One pathway (reactions (3.18) and (3.19)) that can justify the role of Cl- in 

the post treatment stage, is the production of singlet oxygen (1O2) [132,134–136]. 

𝐶𝑙!.
! + 𝑂𝐻. → 𝐻𝑂𝐶𝑙 + 𝐶𝑙! 

𝐻𝑂𝐶𝑙 + 𝐻!𝑂! ↔ 2𝐶𝑙! + 𝑂! ! + 2𝐻! 

According to reaction (3.19), the formation of the singlet oxygen depends on the presence of 

hydrogen peroxide (H2O2) and hypochlorous acid (HOCl) in the solution formed by reactions 

(3.11) and (3.18), respectively. These chemicals are stable in the solution (as shown in Figure 

3.10(b) for H2O2) to induce prolonged decontamination in the post treatment stage. It is worth-

mentioning that we attempted to detect 1O2 in the solution using the fluorescence probe, 9,10-

dimethylanthracne (DMA), as described in literature [160,162]. DMA is a fluorescent molecule 

(3.17) 

(3.18) 

(3.19) 



 96 

in nature and it loses its fluorescence properties when it reacts with 1O2. However, DMA is not 

soluble in water and our experiments show that upon dissolution in acetonitrile and subsequent 

mixture with the untreated aqueous phase, it loses its fluorescent properties. As a result, 

distinguishing between the effect of 1O2 and mixture with aqueous phase on the fluorescence 

properties of DMA proved to be a challenge. The application of the HPLC-MS and identification 

of the degradation by-products provided indirect proofs for the presence of 1O2
 in the solution. 

The results of this study will be presented in section 3.5.2. 

Finally, the calculated energy yield of the process for various concentrations of NaCl is shown in 

Figure 3.9(c). A local maximum at 50 mg/l is due to the higher removal% at this concentration. 

This local maximum in the overall removal% is probably due to the balanced role of OH. during 

the treatment stage and 1O2 during the post treatment stage. The variation of the overall 

removal% as a function of time is shown in Figure 3.9(d) for various concentrations of NaCl. It 

clearly shows the role of Cl- ions in the solution for continuation of decontamination in the post 

treatment stage (from t=15 min to t=60 min). 

3.5.2. Analytical characterization 

As described in section 3.3.3, IC and HPLC-MS analysis was used to characterize solution with 

and without Cl-. The results of these studies are discussed in the next two sections. 

3.5.2.1. Ion Chromatography (IC) analysis 

IC analysis was used to measure the concentration of inorganic species in water, both before and 

after treatment. Table 1 summarizes the results obtained from IC analysis. 
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Sample Treatment 
stage Concentration (mg/l) 

    Cl- NO3
- NO2

- 

MilliQ Water 
Before -- -- -- 
After -- 14.4±0.026 5.1±0.036 

MilliQ 
Water+NaCl 

Before 50±0.09 -- -- 
After 50.36±0.35 11.08±0.07 4.1±0.032 

 

The results indicate that regardless of the nature of the water matrix, nitrate (NO3
-) and nitrite 

(NO2
-) ions are formed in the solution. This is due to the direct action of plasma on water, as 

discussed in section 3.5.1 (Equation (3.12) and (3.13)). The results in Table 3.2 also show that 

for solutions containing NaCl, the concentration of Cl- is similar before and after the plasma 

treatment. This can be explained based on the Equations (3.16)-(3.19), mentioned in section 

3.5.1. These reactions describe a chemical path in which Cl- is a reactant in reaction (3.16) and a 

product in reaction (3.19). In other words, Cl- acts as a catalyst in the formation of 1O2. As a 

result, the concentration of Cl- before and after the plasma treatment is same.  

3.5.2.2. High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS) 

analysis 

HPLC-MS was used to determine the degradation by-products of MB and to suggest a pathway 

in which plasma affects MB structure. The analysis was performed on both water matrices, i.e. 

only MilliQ water and MilliQ water with NaCl (50 mg/l). As discussed in section 3.5.1, the 

nature of MB degradation (especially in the post treatment stage) can be different in the presence 

and absence of Cl-. 

Table 3.2. Concentration of various inorganic ions detected by IC analysis. 
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While in the absence of Cl-, peroxynitrite is possibly the main contributor to the degradation of 

MB during the post treatment stage, in the presence of Cl-, the enhanced removal% can be 

attributed to the formation of 1O2. Table 3.3 summarizes the compounds detected by HPLC-MS 

for each sample. In Table 3.3, terms “before” and “after” indicate the stage of the samples during 

Sample Detected 
m/z Identification 

MilliQ-
Before 284.12 

Methylene 
blue 

MilliQ-
After 

166.06 P7 
101.02 P10 
107.07 P9 
180.07 P6 
256.09 P2 
270.11 P1 

284.12 
Methylene 

blue 
244.07 P3 
228.06 P4 

NaCl-
Before 284.12 

Methylene 
blue 

NaCl-After 

107.07 P9 
180.07 P6 
101.02 P10 
270.11 P1 
187.07 P5 
244.07 P3 
231.04 P11 
228.06 P4 
158.02 P8 

Table 3.3. Chemical species detected by 
LC-MS due to the degradation of MB by 
plasma. 
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the process, i.e. before and after treatment. On the other hand, “MilliQ” and “NaCl” in the name 

of the samples reflect only MilliQ water and MilliQ with NaCl water matrices, respectively. The 

highlighted compounds in the table indicate the compounds detected in only one of the water 

matrices. Two conclusions can be readily made from the results summarized in Table 3.3 

regarding the by-products formed by plasma treatment.  

1) After treatment by plasma, residues of the parent compound (MB) are only present in the 

samples with MilliQ water matrix. However, HPLC-MS could not detect any MB in treated 

samples where NaCl was added to MilliQ water (NaCl-After). This is understandable 

considering the higher removal% obtained when 50 mg/l of NaCl was added to MilliQ water 

(85% versus 65%), as shown in Figure 3.9.      

2) Although most of the degradation by-products are similar in both treated samples, there are 

few organic species formed only in one or another water matrix after plasma treatment. As 

shown by Table 3.3, besides MB, products P2 and P7 only formed when only MilliQ used as the 

water matrix. More importantly, products P5, P8 and P11 were only detected in treated samples 

with NaCl added to the water matrix. This possibly points to the hypothesis that the degradation 

mechanism is at least partially different in the two water matrices, as discussed in section 3.5.1. 

Based on the species summarized in Table 3.3, a degradation pathway was suggested for MB, as 

shown by Figure 3.11. The identified by-products can be categorized into three groups based on 

their appearance in specific water matrix. These include only in MilliQ (P2 and P7), common by-

products (P1, P3, P4, P6, P9 and P10) and only in NaCl added to MilliQ water (P5, P8, P11). 

 

 



 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. A degradation pathway for MB was suggested based on the species 
detected by HPLC-MS. The major pathway for degradation of MB molecules is 
believed to be the action of OH.. Moreover, the by-products can be categorized into 
three groups based on their formation in specific water matrices. These categories 
from left to right in the figure are:1) Only in MilliQ 2) common by-products and 3) 
only in NaCl added to MilliQ water. The formation of sulfones (P11) and sulfinic 
acids (P5 and P8) in only samples with NaCl added to MilliQ water confirms the 
formation of 1O2 as an oxidizing agent in these samples. Moreover, the presence of 
small organic molecules (such as P10) in both water matrices suggests the complete 
destruction of the aromatic ring and formation of aliphatic molecules. This is possibly 
due to the action of ozone molecules on aromatic compounds such as P9. This process 
proceeds first with the formation of ozonide compounds which are unstable and turn 
into aliphatic molecules.  
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In Figure 3.11, a chemical structure inside two brackets indicates an intermediate compound 

which although not detected by HPLC-MS, its inclusion in the degradation pathway increases the 

clarity of various steps involved in the degradation mechanism. The major pathway in 

degradation of MB is oxidation by OH.. The first step is the oxidation of a methyl group (CH3) to 

a hydroxymethyl group (CH2-OH). This structure is probably unstable (shown in the bracket in 

Figure 3.11) and results in the termination of the methyl group from MB molecule (P1). The 

remaining methyl groups can go through a similar process to yield P2, P3 and P4. It has to be 

mentioned that the same by-products can be achieved through the action of ozone (O3) on MB 

molecules, as suggested by Huang et al. [150]. Product P4 can degrade further by losing its 

amine (-NH2) groups to form an intermediate (top right corner of Figure 3.11). This intermediate 

is probably the substrate for oxidation by 1O2, in the case of NaCl added to MilliQ water, to form 

sulfones (P11). P11 can be further oxidized by OH. or O3 to create sulfinic acid by-products (P8). 

The presence of the sulfones (P11) and sulfinic acids (P5 and P8) can be explained by the action 

of 1O2 on organic molecules. Due to the high electrophilicity, 1O2 is capable of oxidizing 

phenols, sulfides and amines. Oxidation of sulfides by 1O2 results in the formation of sulfoxides 

and sulfones [163,164]. The sulfone group is known to be an electron-withdrawing group 

(EWG), i.e. it draws the electron density from neighboring atoms. Subsequently, the strength of 

the bonds neighboring the sulfone group decreases. As a result, further degradation of the 

organic molecule containing sulfone group becomes easier. This confirms the hypothesis 

discussed in section 3.5.1 in which the increased removal% of MB (during the post treatment 

stage) in solutions containing Cl- was attributed to the formation of 1O2 through a series of 

reactions mediated by Cl-based compounds. HPLC-MS results presented in Figure 3.11 indicates 

that one major step in degradation of MB, regardless of the water matrix used, is the degradation 
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of the aromatic moieties. This is probably done by the attack of hydroxyl radicals and results in 

the formation of products such as P7 from P2, P6 from P3, etc. This aromatic ring destruction 

continues until the organic molecules turn into their simplest aromatic form (P9). Finally, P9 can 

lose its aromatic structure completely and form the aliphatic by-product P10. This is possible by 

formation of an ozonide intermediate, as suggested by Kim et al. [165]. Finally, the HPLC-MS 

results suggest that there are no chlorinated by-products present in the plasma treated solutions, 

in the case of NaCl added to MilliQ water matrix. These chlorinated by-products can be 

hazardous (if present) for wildlife due to bioaccumulation [135]. 

3.5.3. Role of other ionic species 

In section 3.5.1, the role of Cl- ions on the degradation of MB during the treatment and post 

treatment stages was elaborately explained. Moreover, chemical mechanisms involved in each 

stage were outlined. Beside Cl- ions, various types of ionic species can be present in water. These 

ions can influence the decontamination process as well and their roles should be investigated. In 

this section, we start the examination by exploring the role of ferrous (Fe2+) ions in water. As 

described in section 1.3.2, the catalytic role of Fe2+ ions in Fenton processes to produce hydroxyl 

radicals has been used extensively to eliminate various contaminants from water. The most 

important reactions involved in Fenton processes are:  

𝐹𝑒!! + 𝐻!𝑂! → 𝐹𝑒!! + 𝑂𝐻. + 𝑂𝐻! 

𝐹𝑒!! + 𝐻!𝑂! → 𝐹𝑒!! + 𝐻! + 𝐻𝑂!.  

A quick look at Equation (3.20) and (3.21) indicates that in Fenton processes, beside Fe2+ ions, 

the presence of H2O2 is necessary. Similar necessity was also observed in Equations (3.16) to 

(3.19), where the role of Cl- in production of 1O2 was discussed. As a result, it is interesting to 

(3.20) 

(3.21) 
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investigate the competition between Fenton processes and 1O2 production in the solution when 

both Fe2+ and Cl- ions are present simultaneously. In order to achieve this goal, sodium chloride 

(NaCl) and iron (II) chloride (FeCl2) with a concentration of 0.85 mM were added to MilliQ 

water separately. For comparison purposes, solutions with similar concentration of iron (II) 

sulfate (FeSO4) were also used. To investigate the degradation efficiency in each solution, 0.75 

mg/l of MB was also added. The experimental setup was similar to the setup used for other 

experiments.  

Figure 3.12(a) shows the change in the removal% as a function of time for various electrolytes 

used in this study. In addition, the extent of MB removal during the treatment (0 to 15 min) and 

post treatment (15 to 60 min) stages are plotted separately for each electrolyte in Figure 3.12(b). 

 

 

 

 

 

 

 

 

 

Figure 3.12. The competition between Fenton processes and 1O2 production in Cl-mediated 
reactions was investigated. For this purpose, removal% of MB was calculated as a function of 
time for various electrolytes. This is shown in (a). There are two major differences between 
the removal% in different electrolytes. Firstly, removal of MB in solutions containing Fe2+ 
ions is higher and faster compared to the other electrolytes, regardless of the anion present in 
the solution. This is probably due to the homogenous formation of hydroxyl radicals in the 
solution from Fenton processes. Secondly, only solutions containing NaCl show appreciable 
degradation of MB during the post treatment stage (15 to 60 min). This is also shown in (b) 
where the removal% during the treatment and post treatment stages were plotted separately 
for each electrolyte. 

(a) (b) 
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There are two major differences between the removal% of MB in various electrolytes. Firstly, 

the degradation of MB in solutions containing Fe2+ ions occurred more and at a much faster rate, 

regardless of the anion (Cl- or SO4
2-) present in the solution. This is probably due to the fact that 

when Fe2+ ions are present in the solution, upon production of H2O2 by plasma, Fenton processes 

take place in the entire solution homogenously. The direct result of this phenomenon is the 

homogenous production of hydroxyl radicals (Equation (3.20)) through out the solution. 

Subsequently, the degradation of MB molecules by hydroxyl radicals proceeds in the entire 

volume of the solution. This is in contradiction with the case of other electrolytes where 

hydroxyl radicals are mostly created at the interface of plasma and water. As a result, the 

degradation of MB in solutions containing Fe2+ ions is much faster. The second difference can be 

observed from the extent of MB removal during the treatment and post treatment stages of each 

electrolyte, as shown in Figure 3.12(b). Although the highest removal% during the treatment 

stage was obtained for Fe2+ containing solutions, these solutions showed a small removal% 

during the post treatment stage. On the other hand, the highest removal% during the post 

treatment stage could be achieved from solutions containing Cl-. This becomes more interesting 

in the case of FeCl2 where both Fe2+ and Cl- ions are present in the solution. Moreover, the 

removal% during the post treatment stage was higher for MilliQ water than solutions containing 

Fe2+ ions. These results can be explained in this manner. In section 3.5.1, we explained that when 

MilliQ water is used as the electrolyte, the degradation of MB in the post treatment stage is 

probably caused by the action of peroxynitrite. In this process, H2O2 is required to produce 

peroxynitrite. On the other hand, we described the role of Cl- ions in the solution in which 1O2 is 

produced by the action of H2O2. These statements show that the occurrence of appreciable post 

treatment stages in both cases requires the presence of H2O2. When Fe2+ ions are present in the 
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solution, they tend to consume H2O2 molecules in Fenton processes to produce hydroxyl 

radicals. As a result, it can be hypothesized that due to the Fenton processes, a significant portion 

of the produced H2O2 molecules are used in the treatment stage. As a result, the removal% 

during the post treatment stage of the solutions containing Fe2+ is insignificant, although Cl- ions 

coexisted in the solution.  

To further investigate the competition between Fenton processes and Cl-mediated reactions, 

various concentrations of FeCl2 (0, 0.05, 0.2, 0.425, 0.85 and 1.2 mM) were added to MilliQ 

water. The efficiency of the system in terms of the removal% of MB for each solution was 

studied.  

 

 

 

 

 

 

 

 

 

 

Figure 3.13. (a) The removal% of MB as a function of time is shown for solutions containing 
various concentrations of FeCl2. The results indicate that as the concentration of FeCl2 is 
increased, higher MB removal could be obtained in the plasma treatment process. To evaluate 
the obtained results in a more detailed manner, the removal% during the treatment and post 
treatment stages were plotted separately as a function of the concentration of FeCl2, as shown 
in (b). The removal% during the treatment stage enhanced as the concentration of the salt 
increased. However, the rate of the increase in the removal% in this stage (the slope of the 
black curve in (b)) as a function of the concentration gradually decreased. This can be due to 
the fact that at high concentrations of FeCl2, the concentration of H2O2 measured in our 
system (Figure 3.10) becomes comparable to the concentration of Fe2+ in the solution. 
However, not all of the H2O2 molecules can be used by Fe2+ ions since there are many other 
side reactions that can remove H2O2 from solution. As a result, a plateau is expected in the 
removal% during the treatment stage as the concentration of Fe2+ is increased. Moreover, 
higher concentrations of FeCl2 in the solution decreased the removal% during the post 
treatment stage. 

(a) (b) 
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Figure 3.13(a) illustrates the change in the overall removal% as a function of time for various 

concentrations of FeCl2 in the solution. As the concentration of FeCl2 is increased in the solution, 

the overall removal% of MB also was enhanced. To evaluate the obtained results in a more 

detailed manner, the removal% during the treatment and post treatment stages were plotted 

separately as a function of the concentration of FeCl2, as shown in (b). The removal% during the 

treatment stage enhanced as the concentration of the salt increased. However, the rate of the 

increase in the removal% in this stage (the slope of the black curve in (b)) as a function of the 

concentration gradually decreased. This can be due to the fact that at high concentrations of 

FeCl2, the concentration of H2O2 measured in our system (Figure 3.10) becomes comparable to 

the concentration of Fe2+ in the solution. However, not all of the H2O2 molecules can be used by 

Fe2+ ions since there are many other side reactions that can remove H2O2 from solution. As a 

result, a plateau is expected in the removal% during the treatment stage as the concentration of 

Fe2+ is increased. On the other hand, higher concentrations of FeCl2 in the solution reduced the 

removal% during the post treatment stage. As described before, in order to expect a significant 

removal%, either through the action of peroxynitrite or 1O2, H2O2 is required. As the 

concentration of Fe2+ is increased, higher concentrations of H2O2 are consumed in Fenton 

processes. As a result, reactions involved in the production of peroxynitrite or 1O2 (Equations 

(3.14) and (3.20)) happen at slower rates. Subsequently, the removal% during the post treatment 

stage gradually decreased with the increase in the concentration of Fe2+.  

Beside Fe2+ ions that can influence the efficiency of the plasma treatment system by promoting 

Fenton processes, other ionic species can be present in wastewater. These ions are PO4
3-, CO3

2-

and SO4
2-. In order to show the difference between the effects of different ionic forms 

constituting similar elements, we also investigated the addition of thiosulfate to the solution 



 107 

(S2O3
2-). The results of this study are shown in Figure 3.14. Figure 3.14(a) illustrates the change 

in the overall removal% as a function of time for different electrolytes. The highest overall 

removal% was obtained from NaCl electrolyte. On the other hand, the lowest degradation of MB 

happened in solutions containing PO4
3- and CO3

2- ions. This is probably due to the fact that these 

ions scavenge hydroxyl radicals with a very high rate (7×106 M-1S-1 and 2.8×108 M-1S-1 for 

reaction of hydroxyl radicals with PO4
3-

 and CO3
2- ions, respectively [166]). This high rate of 

reaction between hydroxyl radicals and the above-mentioned ions can possibly prevent the 

effective reaction of hydroxyl radicals with MB molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

(b) (a) 
Figure 3.14. The effect of the presence of various ionic species in water on the removal% of 
MB is investigated. (a) The change in the overall removal% as a function of time is shown for 
various electrolytes. The highest removal% was obtained for solutions containing NaCl. On 
the other hand, the overall removal of MB is insignificant for solutions containing PO4

3- and 
CO3

2- ions. This is due to the fact that these ions are very well known for their scavenging 
behavior towards hydroxyl radicals. (b) illustrates the removal% during the treatment and post 
treatment stages for each electrolyte. Highest removal% during the treatment stage was 
obtained from MilliQ water. This can be justified by considering the fact that any ionic 
species in the solution can act as a scavenger of hydroxyl radicals. As a result, the 
concentration of hydroxyl radicals available for reaction with MB molecules is lowered. The 
highest removal% during the post treatment stage was achieved from solutions containing Cl-. 
This can be attributed to the production of 1O2, as described in section 3.5.1. 
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Similar explanation can be given for Cl- ions. These ions are also capable of scavenging 

hydroxyl radicals. However, this reaction is the initial step for the production of 1O2
 in the 

solution that induces a significant removal% during the post treatment stage. As a result, it can 

be hypothesized that the reaction of hydroxyl radicals with PO4
3-

 and CO3
2- ions probably creates 

species that are not strong oxidizing agents. For instance, Balachandran et al. concluded that the 

reaction of hydroxyl radicals with CO3
2- ions produces carbonate anion radicals (CO3

.-). These 

radicals react with organic molecules very slowly [167]. Figure 3.14(b) shows the removal% 

during the treatment and post treatment stages for various electrolytes. As mentioned previously, 

the maximum removal% during the treatment stage was obtained from MilliQ water. This is 

because any additional ions in the solution act as the scavenger of hydroxyl radicals. On the 

other hand, the highest removal% in the post treatment stage was obtained from NaCl containing 

solution, possibly to the production of 1O2. The removal% in the treatment stage for solutions 

containing SO4
2- is comparable to the case of NaCl solutions. This can be explained by the 

following chemical reactions [131]: 

𝐻! + 𝑆𝑂!!! ↔ 𝐻𝑆𝑂!! 

𝐻𝑆𝑂!! + 𝑂𝐻. → 𝑆𝑂!.! + 𝐻!𝑂 

The sulfate anion radical formed in Equation (3.23) is an oxidizing agent that can degrade MB 

molecules. However, its oxidation strength is lower than the oxidation capability of hydroxyl 

radicals, but higher than that of CO3
.- [149]. Finally, as shown by Figure 3.14(b), the removal% 

during the post treatment stage in solutions containing SO4
2- is also comparable to the solutions 

containing NaCl. This can be explained based on the formation of peroxodisulfate in the solution 

[131]. 

(3.22) 

(3.23) 
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𝑆𝑂!.! + 𝑆𝑂!.! → 𝑆!𝑂!!! 

The peroxodisulfate ions formed from the combination of sulfate anion radicals is an oxidizing 

agent [168] that can degrade MB molecules. It has to be mentioned that the reaction kinetics of 

peroxodisulfate ions towards many organic compounds is very slow at ambient temperature; 

however, at elevated temperatures achieved through the injection of plasma to the water surface 

(section 3.4), the degradation of organic compounds by this ion can be expected.  

3.5.4. Effect of initial pH 

The initial pH of the solution is another parameter that can affect the treatment process, as 

described in section 3.1. Since the chemistry involved in plasma treatment processes can be 

complicated in the presence of various ionic species in water, the effect of the solution initial pH 

will be only examined in the presence of Cl- ions. In this study, the concentration of MB and 

NaCl was fixed at 0.75 mg/l and 50 mg/l, respectively. The initial pH of the solutions was 

adjusted by adding sufficient amount of 0.1 M solutions of HCl or NaOH to create acidic or 

alkaline conditions, respectively. Figure 3.15(a) shows the effect of the initial pH of the solution 

on the removal% during the treatment and post treatment stages. Maximum overall removal% 

can be achieved in either acidic and near neutral pH values (82-85%). However, decontamination 

process at pH=2.8 mostly occurred in the treatment stage (75%) and the role of the post 

treatment stage was insignificant (10%). On the other hand, when the initial pH was set to 6.4, 

the contribution of the treatment (40%) and post treatment stage (45%) to the overall 

decontamination was almost equal. 

 

 

(3.24) 
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Figure 3.15. The effect of the initial pH of the solution on the decontamination of MB is 
investigated. (a) Overall removal%, removal% during the treatment stage (light gray) and 
removal% during the post treatment stage (dark gray) are shown as a function of the initial pH 
of the solution. The highest removal% during the treatment stage was achieved by using 
solutions with initial acidic pH values. This can be explained by various phenomena including 
the pH dependency of the oxidation potential of OH., the acid-base equilibrium of the dye 
molecules, etc. The removal% during the post treatment stage is insignificant for solutions with 
either initial acidic or alkaline conditions (pH values of 2.8 and 10.12). This can be justified by 
considering the pH dependency of the Cl-based reactions involved in the production of 1O2 
(Equations (3.17) and (3.19)). As discussed in section 3.5.1, when Cl- is present in the solution, 
it can possibly scavenge OH.. This reaction path eventually produces 1O2 from two stable 
compounds, i.e. HOCl and H2O2, which can degrade MB in the post treatment stage. 
Significantly high concentrations of OH- or H+, when initial alkaline or acidic conditions are 
used respectively, can cause Equations (3.17) or (3.19) to occur with a faster rate in the reverse 
direction. As a result, lower concentration of 1O2 is created and removal% in the post treatment 
stage reduces. This can be seen in (b) which illustrates the change in the removal% as a function 
of time for three different initial pH values. Initial near neutral pH values represent the most 
balanced condition for production of 1O2. As a result, removal of MB continues significantly 
after the plasma is extinguished. The overall change in the pH of the solutions with various 
initial pH is shown in (c) (pH of the solution decreases). The acidification of the solutions is a 
direct consequence of formation of nitrite and nitrate ions in the solution, as discussed in section 
2.1.2.3. The highest acidification happens for the solutions with initial alkaline condition. This 
is understandable since these solutions are depleted from H+. Finally, the pH change as a 
function of time is shown in (d). 
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As discussed in section 3.5.1, the most important oxidizing agent during the treatment stage is 

OH.. In acidic solutions (initial pH of 2.8) significant removal% during the treatment stage, 

compared to initial pH values of 6.4 and 10.12 can be explained by multiple reasons. These are: 

1) Oxidation potential of OH. (as the most powerful oxidizing agent) is known to be 2.8 V; 

however, this value only holds in acidic solutions. Previous studies show that in non-acidic 

conditions, the oxidation potential of OH. is reduced to 1.8 V [139,169]. This diminishes the 

oxidation ability of OH. towards organic contaminations significantly. 

2) Previous studies suggested that for dye molecules and in general organic compounds, the acid-

base equilibrium of the molecule can play a significant role in its decomposition at different pH 

values [85]. This rationale was used to explain the higher degradation rate of phenol molecules in 

alkaline conditions [81]. Moreover, higher removal% (during the treatment stage) of MB in 

solutions with initial acidic conditions is in accordance with previous studies [150]. However, 

the effect of the initial pH on removal% during the post treatment stage was not considered 

previously. 

3) It has been suggested that in alkaline conditions (pH>7), OH. reacts selectively with carbonate 

ions which are the by-products of organic molecules degradation [85,123,125,170].  This 

competition between MB molecules and carbonate ions to react with OH. can possibly reduce the 

removal% of MB during the treatment stage, at initial pH of 10.12.  

4) At highly alkaline solutions, since the concentration of hydroxyl ions (OH-) exceeds the 

concentration of MB significantly, OH. can participate in a side reaction (Equation (3.25)) which 

transforms OH. to its less reactive conjugate base, O.- [85,135,171,172].  

𝑂𝐻. + 𝑂𝐻! ↔ 𝑂.! + 𝐻!𝑂 (3.25) 
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This transformation of OH. to a less reactive species can possibly lower the removal% during the 

treatment stage for highly alkaline solutions.  

We have established in section 3.5.1 that Cl-  plays an important role in the removal of MB, 

especially during the post treatment stage. As a result, it is plausible that the pH dependency of 

the reactions involving Cl- and its derivatives can explain the pH dependency of the removal% at 

this stage, as shown in Figure 3.15(a) and 3.15(b). A quick investigation into the reactions 

proposed in this study for the effect of Cl- (Equations (3.16)-(3.19)) shows that reactions (3.17) 

and (3.19) are highly pH dependent. When alkaline solutions are used (initial pH of 10.12), the 

concentration of OH- is high. As a result, reaction (3.17) occurs in the reverse direction at a faster 

rate. This becomes more crucial considering the rate constants of the forward and reverse 

reactions (kFor=105 M-1S-1 and kRev=4.5×107M-1S-1 [141]). This means that lower concentrations 

of Cl2
.-

 are available to produce HOCl and as a result 1O2. Therefore, the removal% during the 

post treatment stage for alkaline solutions is small, as shown in Figure 3.15(a). On the other 

hand, for solutions with initial acidic conditions (initial pH of 2.8), the post treatment removal% 

is also insignificant. This can be explained based on the pH dependency of reaction (3.19). In a 

similar manner discussed above, in highly acidic solutions, the concentration of H+ is high. As a 

result, reaction (3.19) happens at a faster rate in the reverse direction. This means that lower 

concentrations of 1O2
 would be available for reaction with MB during the post treatment stage. 

Based on the above-mentioned rationale, it can be hypothesized that near neutral condition 

(pH=6.4) represents the most balanced condition for reactions (3.17) and (3.19). As a result, the 

highest concentration of 1O2
 can possibly be achieved for solutions with initial pH values in the 

neutral region. Therefore, the highest removal% for post treatment stage was obtained for initial 

pH of 6.4.  
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Figure 3.15(c) and 3.15(d) shows the overall change in the solution pH as a function of the initial 

pH and pH variation as a function of the treatment time, respectively. The highest pH change 

occurred for the solutions with the initial pH of 10.12. This is understandable since alkaline 

solutions are inherently depleted of H+. This facilitates the production of H+ by reactions (3.12) 

and (3.13). It is worth mentioning that based on the results presented by Figure 3.15, the initial 

pH of the solution is crucial in determining the decomposition ability of the system. However, 

solutions treated by air plasma become acidic quickly. In other words, all the treated solutions 

share almost the same pH value for most of the treatment time, regardless of the initial pH value 

(Figure 3.15(d)). This means that the initial pH has negative or positive effects on one or some of 

the components of the system at the beginning of the process. However, the chemistry of the 

water treated by plasma is quite complex and further analysis and kinetic modeling is required to 

understand this phenomenon completely. 

3.5.5. Effect of initial MB concentration 

The decontamination capability of the technique against increasing concentrations of MB is 

investigated. The electrolyte consists of NaCl (50 mg/l) dissolved in MiliQ water. The initial pH 

of the solutions was set to near neutral values (pH=6.4-6.7). Although removal% decreased 

slightly at higher concentrations of MB, energy yield of the system increased significantly 

(Figure 3.16(a)) due to the higher concentration of MB degraded (the average power 

consumption used for energy yield calculations by Equation (3.2) is 13.7±0.2 W). This can 

possibly be explained by means of the collision theory of molecules. When plasma is injected to 

the surface of water, primary oxidizing agents such as OH. and secondary species such as 1O2 are 

formed in the solution. 
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When number of MB molecules present in the solution is higher, the collision frequency between 

active species and MB is significantly higher. This has crucial impact on the process, especially 

in the case of OH. where the lifetime is very short. Therefore, the collision between MB 

molecules and active species can occur more efficiently. This also reflects itself in the reaction 

rate of the process, as shown in Figure 4(b). k1 and k2 show the decontamination reaction rates 

Figure 3.16. The efficiency of the plasma treatment system is evaluated against the 
increasing concentration of MB. (a) shows the change in the removal% and energy yield 
of the system as a function of MB concentration. Although removal% shows a slight 
decrease, the energy yield increases significantly as MB concentration increases. This is 
due to the fact that when higher concentrations of MB are present in the solution, the 
collision frequency between MB molecules and oxidizing agents is higher. For OH., this 
is very critical since their lifetime is very short. This also reflects itself in the reaction 
rate of the MB degradation during both treatment and post treatment stages, as shown in 
(b). In (b), k1 and k2 represent the reaction rates of MB degradation during the treatment 
and post treatment stages, respectively. These rates were obtained by fitting the data to a 
pseudo-first-order kinetics equation (Equation (3.8)), separately for each stage. As 
shown by (b), regardless of the MB concentration, k1 (reaction rate during the treatment 
stage) is always higher. This is due to the action of more powerful oxidizing agents 
(such as OH.) on MB molecules during the treatment stage. Moreover, higher reaction 
rates during treatment stage can be achieved if higher concentrations of MB are present 
in the solution. This reflects the importance of the collision frequency between MB 
molecules and OH. during this stage. On the other hand, the reaction rate during the post 
treatment stage (k2) is significantly less sensitive to the concentration of MB. This is 
probably due to the fact that removal of MB during this stage is not only dependent on 
the collision frequency between MB molecule and oxidizing agents (such as 1O2), but 
also it is limited by reactions that create 1O2. The negative sign of the reaction rates only 
shows the decrease in the concentration of MB during the degradation process. 
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during the treatment stage (with plasma present) and post treatment stage (without plasma), 

respectively. These rates were obtained by fitting the data with the pseudo-first-order kinetics 

equation (Equation (3.8)), separately for each stage. As shown in Figure 3.16(b), the reaction rate 

during the treatment stage is always higher than the post treatment stage, possibly due to the 

presence of stronger oxidizing agents such as OH. in this stage. Moreover, higher concentrations 

of MB resulted in higher reduction rates during the treatment stage. This can be explained by 

higher frequency of collisions between MB molecules and oxidizing agents, as discussed earlier. 

Finally, the reaction rate during the post treatment stage is almost constant, regardless of the 

concentration of MB. This indicates that the decontamination process during the post treatment 

stage mainly occurs by secondary active species, i.e. 1O2. In the case of these secondary 

oxidizing species, the reaction rate with MB is not only dependent on the MB concentration, but 

also depends on the rate constants of reactions that produce 1O2 (reactions (3.16)-(3.19)). This 

rational can possibly explain the lower sensitivity of k2 to MB concentration. 
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Chapter 4: Degradation of pharmaceutical contaminants 

4.1. Introduction 

As described in Chapter 1, the presence of pharmaceutical compounds in various water bodies 

has received the attention of societies due to their increasing usage worldwide and their possible 

adverse effects on human and wildlife [1]. Previous studies have indicated that these compounds 

are present in the environment at very low concentrations (in the range of ng/l to µg/l) [173,174]. 

However, a report published by the World Health Organization (WHO) in 2011 acknowledged 

that the effect of long-term exposure to these compounds, even at low concentrations, is 

unknown and can be catastrophic [28]. This problem becomes more acute considering the rate of 

the population growth, the discovery of new drugs and the realization of new applications for 

existing drugs [2]. The introduction of pharmaceutical contaminants can occur through various 

pathways including human and animal excretion, improper disposal of unwanted drugs from 

houses and hospitals, incorrect waste disposal from pharmaceutical manufacturing, etc. [7]. 

Moreover, in Chapter 1, we introduced various classes of pharmaceutical compounds and 

discussed their negative effects on humans, wildlife and environment. This information can be 

found in Table 1.1. As mentioned previously, most of the pharmaceutical compounds can 

withstand conventional water treatment processes such as biological treatment [3–5]. Hence, 

they can by-pass conventional wastewater treatment plants and find their way into various water 

sources. As a result, the main goal of this chapter is to evaluate the efficiency of our novel 

plasma generation method for degradation of pharmaceutical compounds in water matrices that 

are relevant in real life situations. For this purpose, we chose to focus our attention on four 

popular compounds that belong to four different classes of pharmaceuticals. These compounds 

are: ampicillin (antibiotic), ibuprofen (NSAIDs), fluoxetine (antidepressant) and propranolol 



 117 

(antihypertensive). The main water matrix used in this investigation is tap water due to its 

similarities to real life applications. 

Amongst these pharmaceutical drugs, antibiotics and non-steroidal anti-inflammatory drugs 

(NSAIDs) are the most consumed drugs around the world. Reports indicated that more than 

100,000 to 200,000 metric tons of antibiotics are used annually worldwide [175] ; amongst 

which the class of β-lactam antibiotics [176] (50-70% of all antibiotics) and more specifically the 

group of penicillin [177] (up to 44% of β-lactam class) form the largest consumption. The main 

concern regarding the presence of antibiotics in water is the emergence of antibiotic-resistant 

bacteria that can cause life-threatening infections such as methicillin-resistant Staphylococcus 

aureus (MRSA) [7,178]. Further negative impact of the presence of antibiotics in water includes 

disruption in metabolism of bacterial communities and interference with the photosynthesis of 

plants [50]. NSAIDs and in particular ibuprofen, an analgesic drug, are regarded as one of the 

most used drugs around the world [86]; annual production of ibuprofen exceeds 15,000 tons 

worldwide [179]. The hazardous effects of ibuprofen include interference with the growth of 

aquatic phototrophs, inhibition in reproduction (e.g. in snails) and lower fish survival [24]. 

Fluoxetine is normally prescribed to treat patients with major depressive disorder, eating 

disorder, panic disorder and obsessive-compulsive disorder.  A report published by National 

Center for Health Statistics (NCHS) in 2011 revealed that between the years of 1988-1994 and 

2005-2008, the rate of antidepressant consumption especially fluoxetine (known by its brand 

name Prozac®) amongst teens and adults (age 12 and older), increased by almost 400% in US 

[180]. The same statistics reported that between the years of 2005 and 2008, about 1 in every 10 

Americans used some type of antidepressant medication, making this class of pharmaceuticals 

the third most prescribed medication in that year [180]. Similar type of studies in UK in 2013 
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indicated that the use of Prozac® has soared 500% during the past two decades [181]. 

Investigations performed by Bringolf et al. revealed that the presence of fluoxetine in freshwater 

can cause the bioaccumulation of this compounds in marine species. This bioaccumulation in 

turn resulted in the disruption of several aspects of reproduction in these species [182]. 

Propranolol is a beta-blocker used to treat chest pain, hypertension and heart rhythm disorder. A 

report published by WHO in 2012 indicated that approximately 75000-150000 tablets of 

propranolol are used annually in US [183].  Similar to fluoxetine, the presence of propranolol in 

freshwater can cause bioaccumulation in marine organisms [19].  

4.2. Objectives 

Based on the introduction given in section 4.1, the following objectives were defined for this 

chapter of the study: 

1) Evaluate the feasibility of the Floating Electrode Streamer Corona Discharge (FESCD) setup 

for degradation of pharmaceutical compounds (ampicillin, ibuprofen, fluoxetine and propranolol) 

by means of standard water characterization methods such Total Organic Carbon (TOC). 

2) Identify the degradation by-products using High Performance Liquid Chromatography-Mass 

Spectrometry (HPLC-MS) and, 

3) Evaluate the application of Excitation-Emission Matrix (EEM) analysis for characterization of 

water and realizing possible connections between EEM and HPLC-MS analyses. 
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4.3. Experimental 

4.3.1. Materials 

Ampicillin sodium salt, ibuprofen, fluoxetine hydrochloride and propranolol hydrochloride 

(>98%, obtained from Sigma Aldrich Ontario, Canada) were the target contaminants used 

throughout this study. Potassium indigo trisulfonate (Sigma Aldrich Ontario, Canada) was used 

for detection of ozone in water. In order to prepare the solutions for plasma treatment, each 

contaminant was dissolved separately in tap water (100 mg/l) except for fluoxetine where a 

concentration of 25 mg/l was used. Tap water was used as the main water matrix due to its 

similarities to real life situations. The same concentration of the contaminants was also dissolved 

in MilliQ water (18.2 MΩ/cm) for comparison purposes.  

4.3.2. Experimental setup 

Figure 4.1 shows the schematic illustration of the experimental setup. To generate plasma from a 

single electrode, a sinusoidal wave at the resonance frequency of the helical resonator (1.65 

MHz) is supplied by the function generator (Agilent 33522A, CA, USA) and fed to a power 

amplifier (2100L RF power amplifier, E&I Inc., NY, USA). More information on the working 

principles of the helical resonator is available in our previous publication [127]. The output of 

the power amplifier is used as the input for the helical resonator. The input voltage and current to 

the helical resonator are measured by means of an oscilloscope (TDS 2024C, Tektronix, OR, 

USA) and a current probe (CT2, Tektronix, OR, USA) connected to the oscilloscope, 

respectively (as shown in Figure 4.1).  
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The power input to the helical resonator was calculated using the multiplication of Vrms and Irms 

(rms values of input voltage and current) with their corresponding phase angle (which was zero 

degrees when tuned to resonance [127] and producing plasma). Each solution (tap water or 

MilliQ water spiked by the desired concentration of each of the pharmaceutical compounds) was 

treated with plasma for various periods of 0, 0.5, 1, 2 and 3 hr. For each treatment time, 60±1 ml 

of the desired solution was poured into a glass beaker (100 ml, Fisher Scientific, Ontario, 

Canada). To avoid over heating the plasma electrode, plasma was applied on top of the solution 

intermittently for 15 min, with 15 min off cycles in between. Therefore, treatment time of 1 hr, in 

Figure 4.1. The schematic representation of the experimental setup is shown. 
Single electrode plasma in air at atmospheric pressure is created using a 
helical resonator. A sinusoidal wave at the resonance frequency of the 
resonator is fed to a power amplifier by a function generator. The input 
voltage and current to the helical resonator is measured to calculate the power 
consumption. A Pt/Ir electrode is used to generate the plasma due to its 
stability at high temperatures. The water samples are stirred by a magnetic 
stirrer to assure the homogeneity of the oxidation reactions.   
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this study for instance consisted of 4 on-cycles (each 15 min) and 4 off-cycles (each 15 min) 

after each on-cycle.  The distance between the electrode tip and water surface (air gap distance) 

and the input voltage to the resonator were kept constant at 2 mm and 71 V, respectively. Pt/Ir 

electrodes (conical shaped with the tip diameter of approximately 0.5 mm) were used for the 

generation of plasma, due to their stability at high temperatures. Magnetic stirring of the solution 

was employed to assure the homogeneity of the solution. The treatment chamber was open at the 

top during each experiment. Conductivity and pH values of the solutions were measured using a 

Fisher Scientific Accumet® Excel conductivity meter (XL60, Ontario, Canada) and a Metller 

Toledo FiveEasy® pH meter equipped with InLab® Expert Pro-ISM probe (Ohio, US), 

respectively. 

4.3.3. Characterization 

To analyze the treated (0.5, 1, 2 and 3 hr) and untreated solutions (0 hr), three analysis methods 

were used, as described below. 

4.3.3.1. Total Organic Carbon-Inorganic Carbon (TOC-IC) 

To evaluate the degree of mineralization in each solution (both in tap water and MilliQ water), a 

TOC-IC analyzer (TOC-L, Shimadzu, Kyoto, Japan) was used. For each sample, the TOC was 

calculated by subtracting the value of the IC from the value of the Total Carbon (TC). TC and IC 

measurements were carried out based on the infrared absorption of carbon dioxide. Measurement 

of IC involves the acidification of the samples (by means of 0.1 M H3PO4) to convert HCO3
- and 

CO3
2- to CO2 and subsequent quantification of the released CO2. TC was determined using the 

high temperature combustion method [184]. For each measurement, 40 ml of the desired solution 

was poured into a glass vial (Fisher Scientific, Ontario, Canada) and put in the analyzer auto 
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sampler (ASI-L, Auto Sampler, Shimadzu, Kyoto, Japan). To assure the accuracy of the 

measurements, each vial was thoroughly cleaned and preconditioned at 250 °C for 2 hr.  

4.3.3.2. High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS) 

The experimental procedure regarding the application of HPLC-MS was previously described in 

section 3.3.3. It is worth mentioning that due to the complexity of samples containing tap water, 

identification of unknown by-products in the solutions by HPLC-MS analysis was only 

performed only on samples with MilliQ water matrix. 

4.3.3.3. Excitation-Emission Matrix (EEM) 

Fluorescence EEM measurements were carried out using a Varian Cary Eclipse 

spectrophotometer (Agilent, USA). The spectrophotometer showed a maximum emission 

intensity of 1000 arbitrary units (a.u.). Xenon excitation source was used in this study and the 

excitation and emission slits were set to 5 nm. To obtain EEMs from samples, 4 ml of each 

sample was poured into a quartz cuvette. The excitation wavelength was incrementally increased 

from 200 nm to 400 nm, with steps of 5 nm. At each excitation wavelength, the emission was 

detected in the range of 200-650 nm, with 1 nm steps. In order to partially account for the 

Raleigh scattering, fluorescence signal of a blank sample (sample without the addition of 

ampicillin or ibuprofen, i.e. only tap water) was recorded and subsequently subtracted from the 

fluorescence spectra of the main samples. It has to be mentioned that EEM analysis was 

performed at room temperature using only samples with tap water matrix. pH of all samples was 

adjusted to 7 beforehand using 1 M solution of NaOH. EEMs were plotted using Origin 2015 

software with 10 contour lines and emission intensities in the range of -10 to 1005 a.u. Keeping 
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the same intensity range for all the plots is very important since in this manner a clear change in 

the fluorescence signal can be observed as the treatment time increases.  

4.3.3.4. Measurement of ozone concentration 

In order to measure the concentration of ozone in the aqueous phase, Indigo dye method was 

used [185]. The stock solution of Indigo Reagent was prepared by dissolving 1 mM of potassium 

indigo trisulfonate salt in 20 mM phosphoric acid solution. A calibration curve for Indigo dye 

(shown by Figure 4.2) was obtained by diluting the stock solution with MilliQ water to various 

ratios and measuring the absorbance of the solution at 600 nm (UV/Vis spectrophotometer 

Varian Carey 50, Agilent, USA). The measurements were done during one cycle of the plasma 

treatment process, i.e. 15 min of treatment followed by 15 min of post treatment. Furthermore, to 

estimate the concentration of ozone consumed by one of the model pharmaceutical compound in 

this study, i.e. ampicillin, experiments were carried out in the absence and presence of ampicillin 

(100 mg/l) in MilliQ water. In each experiment, 60±1 ml of the solution was poured into a glass 

beaker. At desired time intervals (either in the treatment or post treatment stage), 0.25 ml of the 

Indigo dye stock solution was added to the aqueous solution and the change in the absorbance 

was monitored in-situ by means of a fiber optic connected to the UV/Vis spectrophotometer. The 

difference between the ozone concentration measured in the presence and absence of ampicillin 

indicated the amount of ozone consumed by ampicillin molecules. 
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4.4. Removal% and energy yield 

In order to evaluate the treatment process in terms of the removal% and energy yield, 

chromatograms of each compound obtained during HPLC-MS analysis was used. The change in 

the chromatogram of ampicillin, ibuprofen, fluoxetine and propranolol as a function of the 

treatment time is shown in the insets of Figure 4.3(a), 4.3(b), 4.3(c) and 4.3(d), respectively. The 

Figure 4.2. A calibration curve for indigo dye was obtained to correlate the concentration 
of the dye in the solution to its absorbance (UV/Vis spectroscopy at 600 nm). Based on 
the indigo method for measurement of ozone concentration in the solution [185], at low 
pH values, amino groups in the indigo dye molecules are protonated and they do not 
participate in any oxidation process. That is why the stock solution of the indigo 
trisulfonate is prepared in 20 mM solution of phosphoric acid. As a result, the only C=C 
double bond in the center of the molecule is expected to react with an ozone molecule. 
Thus, it can be assumed that one molecule of indigo trisulfonate reacts with one molecule 
of ozone. Using the calibration curve presented here, the absorbance of the indigo 
solution can be converted to the concentration of the indigo dye. Finally, the change in 
the concentration of the indigo dye represents the concentration of ozone in the solution. 
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area under the curve for each compound was plotted as a function of the treatment time, as 

shown in Figure 4.3(a), 4.3(b), 4.3(c) and 4.3(d) for ampicillin, ibuprofen, fluoxetine and 

propranolol, respectively. It is clear that for all parent compounds the degradation follows an 

exponentially decaying behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.3. The change in the area underneath the curve in the chromatogram of (a) ampicillin, 
(b) ibuprofen, (c) fluoxetine and (d) propranolol as a function of time is shown. The insets show 
the Extracted Ion Chromatograms (EIC) at retention time of (a) 4.4 min, (b) 5.6 min, (c) 3.8 
min and (d) 3.1 min corresponding to ampicillin (m/z of 350.11), ibuprofen (m/z of 206.13), 
fluoxetine (m/z of 310.14) and propranolol (m/z of 2601.6) molecules, respectively. The dash 
line in the graphs resulted from the fitting of the data to an exponential decay kinetics equation.  

(c) (d) 
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By fitting the data shown in Figure 4.3 with an exponentially decaying function (R2>0.99), one 

can obtain the time constant for degradation of each compound. To calculate the removal%, 

Equation (4.1) is used for the case of each compound separately. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙% = 1−
𝐴
𝐴!

×100 

In Equation (4.1), A and A0 show the area under the chromatogram’s peak at any treatment time 

and before treatment (original peak area), respectively. Using the removal% obtained by 

Equation (4.1) in Equation (4.2), we can calculate the energy yield of the plasma treatment 

process. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑌𝑖𝑒𝑙𝑑 =
𝐶!×𝑉×𝑅
𝑃×𝑡 ×0.01 

In Equation (4.2), C0 is the initial concentration of the parent compound in g/l, V is the volume of 

the treated sample, R is the final removal% after 3 hr, P is the power input to the helical 

resonator in kW and t is the duration of time in which power is consumed (in hr). The values of 

the degradation time constant, removal% and energy yield for each compound is summarized in 

Table 4.1. The results obtained in this study show that the lowest degradation time constant and 

hence removal% corresponds to ibuprofen molecules. This possibly shows that ibuprofen 

molecules are more recalcitrant towards reaction with various oxidizing agents (OH., O3, etc.) 

created during the plasma treatment process. 

 

 

 

(4.1) 

(4.2) 
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Degradation time 

constant (hr-1) Removal% Energy Yield 
(g/kWh) Pharmaceutical 

Compound 

Ampicillin 0.87 100.00 0.13 
Ibuprofen 0.64 90.91 0.12 
Fluoxetine 5.44 99.66 0.03 

Propranolol 1.26 99.64 0.13 
 

The lowest energy yield was obtained for the case of fluoxetine (0.03 g/kWh), although the 

degradation of fluoxetine occurred with the fastest time constant (5.44 hr-1). This is only due to 

the fact that the initial concentration of fluoxetine used in this study was 25 mg/l that is one 

fourth of the other compounds (100 mg/l).  In general, the values of the energy yield obtained for 

various pharmaceutical compounds in this study are in the range of 0.12-0.13 g/kWh. We believe 

that improving the design of the treatment systems can further increase these values. For 

instance, the volume of the treated water can be significantly increased by using flow through 

systems in which water is circulated between a reservoir tank and a plasma treatment tank. It has 

to be mentioned that the degradation time constant, removal% and energy yield values calculated 

here are based on the chromatograms that obtained during HPLC-MS analysis. As mentioned in 

section 4.3.3.2, samples with MilliQ water were used for this analysis. As a result, values 

reported here for removal% and energy yield can be a slight overestimation of the values that 

may be obtained in real water matrices (such as tap water). This is due to the fact that in tap 

water, hydroxyl radical scavengers such as carbonate and bicarbonate ions can be present (as 

Table 4.1. Degradation time constant, removal% and energy yield of the 
plasma treatment process obtained for each of the pharmaceutical compounds 
in this study is summarized. 
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discussed in section 3.5.3). These scavengers can interfere with the plasma treatment process and 

slow down the degradation process. 

4.5. Degree of mineralization 

The removal% calculated in section 4.4 only describes the degradation of the parent compounds, 

i.e. ampicillin, ibuprofen, fluoxetine and propranolol. However, the degradation of by-products 

and their evolution during a treatment process are of importance. A general idea about the 

evolution of the parent compounds and their by-products as an ensemble can be achieved by 

measuring TOC of the solutions. Figure 4.4 shows the change in the TOC of the solution 

containing ampicillin and ibuprofen. Figure 4.5 provides similar information for fluoxetine and 

propranolol. The change in the normalized TOC (TOC/TOC0) and normalized IC (IC/IC0) as a 

function of the treatment time are shown by Figure 4.4(a) and 4.4(b) for ampicillin in tap water 

and MilliQ water, respectively. While the degree of mineralization for ampicillin solutions in tap 

water is about 20%, this value for solutions made with MilliQ water is approximately 25% 

(TOC/TOC0 of 0.8 versus TOC/TOC0 of 0.75 at 3 hr). This again shows the inhibition role of 

scavengers such as CO3
2- that might be present in tap water. As shown in Figure 4.4(a), the 

normalized IC of the ampicillin solutions in tap water decreased significantly. This behavior can 

be explained considering the initial IC of the tap water (about 23 mg/l-C) and the decrease in the 

pH of the solution treated by plasma (shown by Figure 4.6). As the treatment time increases, the 

pH of the solution decreases possibly due to the formation of species such as NO3
- in water 

[100,150]. This acidification of the solution transforms the CO3
2- and HCO3

-, present initially in 

tap water, into CO2 that eventually leaves the solution. As a result, normalized IC in tap water 

declines significantly.  



 129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Ampicillin in tap water Ampicillin in MilliQ 
water 

Ibuprofen in MilliQ 
water Ibuprofen in tap water 

Figure 4.4. The change in the relative TOC (TOC/TOC0) and IC (IC/IC0) of the solutions is 
shown for (a) ampicillin in tap water (b) ampicillin in MilliQ water (c) ibuprofen in tap water 
and (d) ibuprofen in MilliQ water. Approximately, 20% and 25% mineralization was obtained 
for ampicillin in tap water and MilliQ water, respectively (as shown by TOC/TOC0 in (a) and 
(b)). On the other hand, significantly higher mineralization was achieved for ibuprofen 
solutions (56% and 61% in tap water and MilliQ water, respectively). This shows that although 
the degradation rate was higher for ampicillin molecules (as discussed in Figure 4.3), the 
degradation by-products of ampicillin are more recalcitrant compared to those of ibuprofen. In 
both cases, the lower mineralization in tap water can be explained by the presence of variety of 
ionic species (especially carbonate and bicarbonate) in tap water that can interfere with the 
oxidation of the target molecules. It is worth-mentioning that regardless of the nature of the 
pharmaceutical contamination, the inorganic content (IC/IC0) of the tap water solutions 
decreased. Ionic species such as (CO3

-2, HCO3
-, etc.) are the main contributors to the IC of tap 

water. During the plasma treatment process, the pH of the solution decreases significantly. This 
acidification of the solution transforms these ionic species to gaseous CO2, which leaves the 
solution. As a result, IC of tap water solutions decreases. Moreover, in both cases, the IC of 
MilliQ water solutions showed a slight increase followed by a decline. Since the initial IC of 
the MilliQ water is low (<1 mg/l-C), the increase in IC can be related to the formation of 
carbonate and bicarbonate ions from oxidized organic molecule. The subsequent decrease is 
possibly due to the acidification of the solutions, as discussed earlier.  
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The results shown in Figure 4.4(b) indicate that the normalized IC for ampicillin solutions in 

MilliQ water underwent an initial increase followed by a subsequent decrease. In explaining this 

behavior, it has to be mentioned that the initial IC of the solutions with MilliQ water is very low 

(<1 mg/l-C). The initial increase in IC/IC0 in MilliQ water can possibly be attributed to the 

formation of carbonate ions from the degradation of ampicillin and its by-products [150]. The 

subsequent decline is probably due to the acidification of the solution due to the plasma 

treatment and transformation of carbonate ions into carbon dioxide, as described earlier. Figure 

4.4(c) and 4.4(d) illustrates the change in TOC/TOC0 and IC/IC0 of solutions containing 

ibuprofen in tap water and MilliQ water, respectively. Similar to the case of ampicillin, the 

degree of mineralization in ibuprofen solutions is higher in MilliQ water compared to tap water. 

Moreover, the change in IC/IC0 of solutions in tap water and MilliQ water is similar to the case 

of ampicillin. As a result, explanations given for the case of ampicillin hold for ibuprofen 

solutions.  

Figure 4.5(a) and 4.5(b) show the change in the normalized TOC and IC of the solutions 

containing fluoxetine in tap water and MilliQ water, respectively. 60% and 65% mineralization 

was obtained in tap water and MilliQ water, respectively, for water samples spiked by 25 mg/l of 

fluoxetine. Figure 4.5(c) and 4.5(d) illustrate the change in the normalized TOC and IC for 

propranolol containing samples in tap water and MilliQ water, respectively. Approximately, 17% 

and 20% of the organic content of the solution was mineralized in tap water and MilliQ water. In 

both cases, the higher degree of mineralization for MilliQ water samples is due to the presence of 

various hydroxyl radical scavengers in tap water. Moreover, the difference between the changes 

in the normalized IC in both compounds is similar to the case of ampicillin and ibuprofen. As a 

result, the above-mentioned rationales hold in this case. 
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Fluoxetine in tap water 
Fluoxetine in MilliQ 

water 

(a) (b) 

(c) (d) 

Propranolol in tap 
water 

Propranolol in MilliQ 
water 

Figure 4.5. The change in the normalized TOC and IC as a function of the treatment time for 
solution containing fluoxetine in tap water and MilliQ water are shown in (a) and (b), 
respectively. 60% and 65% mineralization was obtained in tap water and MilliQ water, 
respectively, for water samples spiked by 25 mg/l of fluoxetine. (c) and (d) illustrate the change 
in the normalized TOC and IC for propranolol containing samples in tap water and MilliQ 
water, respectively. Approximately, 17% and 20% of the organic content of the solution was 
mineralized in tap water and MilliQ water. In both cases, the higher degree of mineralization 
for MilliQ water samples is due to the presence of various hydroxyl radical scavengers in tap 
water. Moreover, the difference between the changes in the normalized IC in both compounds 
is similar to the case of ampicillin and ibuprofen. As a result, the above-mentioned rationales 
hold in this case.  



 132 

 

 

  Degree of mineralization (%) 
Pharmaceutical 

Compound Tap water MilliQ 
water 

Ampicillin 20 25 
Ibuprofen 56 61 
Fluoxetine 60 65 

Propranolol 17 20 
 

Table 4.2 presents a summary of the degree of mineralization of each pharmaceutical compound 

studied in this work. It is interesting to note that the highest degree of mineralization was 

obtained from fluoxetine and ibuprofen containing solutions. These two compounds also showed 

the highest (5.44 hr-1 in the case of fluoxetine) and the lowest (0.64 hr-1) degradation time 

constants, as shown in Table 4.1. This shows that the degradation of the parent compound and its 

by-products is fast in the case of fluoxetine. In the case of ibuprofen however, although 

ibuprofen itself is more recalcitrant compared to the other parent compounds, its degradation by-

products as a whole are more prone to oxidation in the plasma treatment. The evolution of the 

degradation by-products and its pathway will be discussed in the next section (section 4.6). 

Finally, as mentioned in the discussions regarding the change in the normalized IC of the 

solutions, the decrease in the pH plays an important role. As a result, we measured the pH and 

also conductivity of the solution made with tap water and MilliQ water, spiked with different 

pharmaceutical contaminants. These are shown in Figure 4.6. Regardless of the contaminant 

(ampicillin, ibuprofen, fluoxetine or propranolol) and the type of the water matrix (tap water or 

MilliQ water), the pH of the solutions decreased and the conductivity increased significantly.  

Table 4.2. The degree of mineralization of each 
compound in two different water matrices is 
summarized. 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
Figure 4.6. The change in the solution pH and conductivity are shown as a function of 
treatment time for (a) ampicillin in tap water (b) ampicillin in MilliQ water (c) ibuprofen in tap 
water (d) ibuprofen in MilliQ water, (e) fluoxetine in tap water (f) fluoxetine in MilliQ water 
(g) propranolol in tap water and (h) propranolol in MilliQ water. 
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This is probably due to the introduction of the nitrogen-based compounds to water (NO(aq) and 

NO2(aq)) and subsequent formation of ionic species such as NO2
-, NO3

- and H+ in the solutions 

[150]. One interesting observation is that the above-mentioned changes occurred faster when 

MilliQ water is used as the water matrix. This can be attributed to the presence of various ionic 

species in tap water such as carbonate and bicarbonate that can interact with the species created 

by plasma. 

4.6. Degradation by-products and pathway 

Sections 4.4 and 4.5 dealt with the degradation of the parent compounds (ampicillin, ibuprofen, 

fluoxetine and propranolol) and the combined evolution of the organic content in the solution, 

respectively. One important step in treatment of organic contaminants in water is the 

identification of the degradation by-products. For this means, we used HPLC-MS analysis on 

solutions with MilliQ water matrix. 

4.6.1. Degradation of ampicillin 

 Table 4.3 shows a summary of the detected chemical species in ampicillin solutions treated for 

various periods. It is interesting to note HPLC-MS could not detect any compounds for treatment 

periods greater than 1 hr. Moreover, beside ampicillin, the only detected by-product with a 

known structure is ampicilloic acid. This compound was only present at the beginning of the 

treatment process (until 30 min treatment) and disappeared afterwards.  
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Table 4.3. Chemical species detected by HPLC-MS for ampicillin solutions. 
Treatment Time (hr) Detected m/z Identification Ratio 

0 
350.11 Ampicillin 1.000 
368.12 Ampicilloic acid 0.063 

0.5 

350.11 Ampicillin 0.625 
368.12 Ampicilloic acid 0.016 
366.11 P1 0.013 
382.1 P2 0.011 
259.07 P3 0.008 
349.09 P4 0.017 
333.09 P5 0.004 
322.12 P6 0.004 

1 

350.11 Ampicillin 0.031 
366.11 P1 0.003 
382.1 P2 0.016 
349.09 P4 0.006 
398.1 P7 0.004 

2 ----------------- ----------------- 0.000 
3 ----------------- ----------------- 0.000 

*The ratio is calculated by dividing the peak intenisty (count) of each compound by the peak 
intensity of the parent compound.  

 

Based on the chemical species detected by HPLC-MS for ampicillin solution, a degradation 

pathway was proposed, as shown by Figure 4.7. Three major reaction pathways can be imagined 

for ampicillin solutions. The first reaction pathway is the hydrolysis of ampicillin molecules that 

results in the formation of ampicilloic acid. This reaction pathway is completely independent of 

the plasma treatment process and it is due to the dissolution of the ampicillin sodium salt in 

water. Based on the by-products detected by HPLC-MS, the other two reaction pathways that 

happened as a direct result of plasma treatment are reaction with hydroxyl radicals and with 

ozone molecules. By-products such as P1, P2, P4 and P7 were formed by addition of one or 

multiple oxygen atoms to the organic molecules.  
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Figure 4.7. A degradation pathway is suggested for ampicillin in MilliQ water. Three major 
reactions have been identified, based on the species detected by HPLC-MS. The first reaction is 
the hydrolysis of the ampicillin molecules (formation of ampicilloic acid). This occurs as a 
result of the dissolution of ampicillin sodium salt in water and it is independent of the 
degradation processes. The other two chemical reactions are reaction of organic molecules with 
hydroxyl radicals and ozone molecules. By-products such as P1, P2, P4 and P7 were formed by 
addition of one or multiple oxygen atoms to the organic molecules. This may be explained by 
the action of ozone. On the other hand, by-products such as P3, P5, P6, etc.  were formed due to 
the cleavage of chemical bonds (shown by red dash line). This phenomenon is probably due to 
the degradation of organic molecules by hydroxyl radicals. Small portion (20-25%) of the by-
products shown here were eventually mineralized as suggested by the TOC data (Figure 4.4(b)). 
Moreover, a larger portion (75-80%) of the by-products was further broken down to small 
organic molecules. These molecules were not detected by HPLC-MS, as suggested by Table 4.3 
for treatment times of 2 hr and 3 hr. 

Ampicillin 
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This may be explained by the action of ozone. Generally, during a plasma treatment process in 

ambient air, ozone is possibly created from oxygen and dissolves in the aqueous phase, as 

discussed in section 2.1.2.3. The presence of ozone in the solution will be further explored in 

section 4.8.  

On the other hand, by-products such as P3, P5, P6, etc. were formed due to the cleavage of 

chemical bonds (shown by red dash line). This phenomenon is probably due to the degradation 

of organic molecules by hydroxyl radicals. It is worth noting that the degradation of the by-

product P4 to P3 results in the detachment of one dimethyl sulfoxide (DMSO) molecule from 

one P4 molecule. The formation of a brownish color in the solution at initial steps of the plasma 

treatment observed during the experiments is probably due to the formation of DMSO in the 

solution during these stages. This brownish color faded away at later stages of the plasma 

treatment (2 hr and 3 hr treatment period), indicating that DMSO molecules were broken down 

further to form smaller molecules. Considering the results obtained by HPLC-MS and TOC 

analysis for solutions containing ampicillin, one can conclude that 20-25% of the organic 

molecules shown here were completely mineralized after 3 hr of plasma treatment. The rest of 

70-75% of the organic content remained in the solution are possibly small organic molecules that 

could not be detected by HPLC-MS.  

4.6.2. Degradation of ibuprofen 

HPLC-MS was also used to determine the degradation by-products of plasma treated solutions 

containing ibuprofen, a summary of which is given in Table 4.4. Unlike the case of ampicillin, 

ibuprofen and its by-products were detected even after 3 hr of plasma treatment. However, the 

number of the detected by-products gradually decreased from treatment period of 1 hr to 3 hr.  
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Table 4.4. Information on the species detected by HPLC-MS for ibuprofen solutions. 
Treatment Time (hr) Detected m/z Identification Ratio* 

0 206.13 Ibuprofen 1.000 

0.5 

190.14 B4 0.020 
134.11 B5 0.082 
270.11 B2 0.036 
178.14 B3 0.036 
222.13 B1 0.127 
206.13 Ibuprofen 0.682 

1 

193.0514 B8 0.019 
150.1 B11 0.041 
226.12 B6 0.016 
190.14 B4 0.018 
256.13 B7 0.028 

175.1137 B9 0.025 
222.13 B1 0.015 
178.14 B3 0.082 
206.13 Ibuprofen 0.409 
270.11 B2 0.027 

2 

134.11 B5 0.127 
270.11 B2 0.064 
206.13 Ibuprofen 0.209 
226.12 B6 0.015 

193.0514 B8 0.015 

3 

165.0565 B12 0.017 
150.1 B11 0.032 

175.1137 B9 0.026 
206.13 Ibuprofen 0.100 

*The ratio is calculated by dividing the peak intenisty (count) of each compound by the peak 
intensity of the parent compound.  

 

Using the chemical species presented in Table 4.4, a degradation pathway was proposed for 

ibuprofen, as shown in Figure 4.8. Two major reaction pathways can be considered for the 

degradation of ibuprofen and its by-products. In the first pathway, ozone molecules can react 

with ibuprofen molecules. 
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Figure 4.8. A degradation pathway is proposed for ibuprofen molecules. The two main reaction 
pathways include the reaction with hydroxyl radicals and ozone molecules. The reaction by-
products such as B2 suggest that ozone molecules possibly cleave the aromatic ring and create 
carboxylic acid functional groups. Hydroxyl radicals react with organic molecules in two ways. 
The first pathway is the hydroxylation of ibuprofen molecules (formation of B1). Since 
hydroxyl functional group is an electron-donating group (EDG), it increases the electron 
density of the neighboring bonds through the inductive effect. As a result, the bonds near the 
hydroxyl group become stronger. That is probably why the further degradation of B1 starts 
from the opposite side of the molecule (formation of B12), until the aliphatic chain is 
completely cleaved (B11). The second pathway in which hydroxyl radicals react with the parent 
compound and its by-products is through the direct cleavage of bonds (by-products such as B4, 
B7 and B8). A comparison between the results presented here and TOC measurements (Figure 
4.4(d)) indicates that although the smallest by-product (detected by HPLC-MS) is B5 (m/z of 
134.11), further degradation by plasma treatment resulted in approximately 60% mineralization 
of organic compounds.  
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The reaction by-products such as B2 suggest that ozone molecules possibly cleave the aromatic 

ring in ibuprofen molecules and create carboxylic acid functional groups. A More important 

reaction pathway is through the reaction of hydroxyl radicals with organic molecules. Hydroxyl 

radicals react with organic molecules present in the ibuprofen containing solutions in two ways. 

The first pathway is the hydroxylation of ibuprofen molecules (formation of B1). Since the 

hydroxyl functional group is an electron-donating group (EDG), it increases the electron density 

of the neighboring bonds through the inductive effect. As a result, the bonds near the added 

hydroxyl group become stronger. That is probably why the further degradation of B1 starts from 

the opposite side of the molecule (formation of B12), until the aliphatic chain is completely 

cleaved (B11). The second pathway in which hydroxyl radicals react with the parent compound 

and its by-products is through the direct cleavage of bonds (by-products such as B4, B7 and B8). 

Results presented in Figure 4.8 indicate that the smallest detected by-product in ibuprofen 

solutions is B5 (m/z of 134.11). However, a comparison with TOC measurements (Figure 4.4(d)) 

shows that further degradation of this compound by plasma results in approximately 60% 

mineralization. 

4.6.3. Degradation of fluoxetine 

Table 4.5 summarizes the detected chemical species by HPLC-MS along with their m/z for water 

samples containing fluoxetine and treated for various periods of time. Similar to the case of 

ibuprofen, the parent compound (fluoxetine) was detected even in the samples treated for 3 hr by 

plasma. Based on the species summarized in Table 4.5, a degradation pathway was suggested for 

fluoxetine, as shown by Figure 4.9. 
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Table 4.5. Information regarding the chemical species detected in fluoxetine containing 
solutions by HPLC-MS.   

Treatment Time (hr) Detected m/z Identification Ratio* 
0 310.14 Fluoxetine 1.000 

0.5 
326.13 F1 0.015 
310.14 Fluoxetine 0.267 

1 

326.13 F1 0.004 
310.14 Fluoxetine 0.080 
249.1 F5 0.003 
255.16 F2 0.002 
220.09 F6 0.006 

2 

326.13 F1 0.002 
310.14 Fluoxetine 0.067 
272.16 F7 0.003 
227.12 F3 0.003 
220.09 F6 0.005 

3 

170.11 F10 0.010 
213.12 F4 0.005 
310.14 Fluoxetine 0.013 
272.16 F7 0.003 
147.04 F9 0.006 
177.05 F8 0.010 
227.12 F3 0.003 
220.09 F6 0.005 

*The ratio is calculated by dividing the peak intenisty (count) of each compound by the peak 
intensity of the parent compound.  

 

Unlike the case of ampicillin and ibuprofen where both mechanisms of interaction with hydroxyl 

radicals and ozone molecules were involved, the only degradation mechanism observed for 

fluoxetine and its by-products is reaction with hydroxyl radicals. Hydroxyl radicals can react 

with organic molecules in two ways. The first process is known as the hydroxylation of the 

molecules where a hydroxyl functional group is added to the structure. This is evident in the 

formation of by-products such as F1, F7 and F10.  
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Figure 4.9. A degradation pathway was proposed for fluoxetine based on the specie detected by 
HPLC-MS analysis. The only mechanism involved in the degradation of fluoxetine and its by-
products is through hydroxyl radicals. Hydroxyl radicals can react with organic molecules in 
two ways. The first process is known as the hydroxylation of the molecules where a hydroxyl 
functional group is added to the structure. This is evident in the formation of by-products such 
as F1, F7 and F10. In the other hand, hydroxyl radicals can cause the cleavage of the chemical 
bonds in the structure. This can be seen in transformation of F1to F5, F6 to F8, F8 to F9, etc. 
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On the other hand, hydroxyl radicals can cause the cleavage of the chemical bonds in the 

structure. This can be seen in transformation of F1to F5, F6 to F8, F8 to F9, etc. Another process 

that is involved in the degradation pathway, shown in Figure 4.9, is the reduction of organic 

molecules by hydrogen radicals (H.). Hydrogen radicals are the direct result of the collision of 

energetic electrons by water molecules [85], as described by Equation (2.10) in section (2.1.2.3). 

The involvement of hydrogen radicals in the reduction of organic molecules can be seen in 

detachment of fluorine atoms from the structure (formation of F2 from fluoxetine). This process 

can be explained in this manner. Imagine the case where fluorine atoms are detached as fluoride 

ions (F-). The detachment of three fluorine atoms from fluoxetine in the form of fluoride ions 

leaves the carbon atom in the structure as a carbon ion (C3+). This means that for the formation 

of a methyl group (CH3) at that end of the structure, hydrogen should be involved in the form of 

three negative ions (H-), which is not rational. This process can be explained by the role of 

hydrogen radicals. In this process, fluorine atoms detach from the structure as radicals and leave 

the carbon radical behind. This carbon radical is terminated by hydrogen radicals to form the 

methyl group. Results presented in Figure 4.9 indicate that the smallest by-product that contains 

fluorine is F9. Moreover, F4 is the smallest by-product that does not possess fluorine atoms in its 

structure. A comparison with the TOC results obtained for fluoxetine containing solutions 

(Figure 4.5(b)) shows that further degradation of these by-products resulted in 65% 

mineralization of the organic compounds. The rest of the 35% of the organic content is in the 

form of the compounds shown in Table 4.5 at treatment time of 3 hr.  
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4.6.4. Degradation of propranolol 

HPLC-MS analysis was used to determine the degradation by-products of propranolol during the 

plasma treatment process. Table 4.6 presents a summary of the species found by HPLC-MS 

analysis. 

Table 4.6. Degradation by-products of propranolol detected by HPLC-MS. 
Treatment Time (hr) Detected m/z Identification Ratio* 

0 260.16 Propranolol 1.000 

0.5 

290.13 P4 0.073 
281.11 P5 0.027 
274.14 P3 0.043 
292.15 P2 0.050 
276.16 P1 0.233 
265.12 P6 0.070 
218.11 P7 0.027 
260.16 Propranolol 0.533 

1 

281.11 P5 0.053 
274.14 P3 0.023 
276.16 P1 0.030 
292.15 P2 0.040 
290.13 P4 0.058 
265.12 P6 0.040 
260.16 Propranolol 0.023 

2 260.16 Propranolol 0.004 
3 260.16 Propranolol 0.001 

*The ratio is calculated by dividing the peak intenisty (count) of each compound by the peak 
intensity of the parent compound. 

 

It is interesting to note that HPLC-MS analysis could not detect any by-products for treatment 

times of 2 hr and 3 hr. The only species large enough to be detected at these treatment times is 

the parent compound, i.e. propranolol, although at very low concentrations considering the 

removal% (99.64%) discussed in section 4.4.  
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Figure 4.10. A degradation pathway was suggested for propranolol during the plasma treatment 
process. The main degradation process is through the action of hydroxyl radicals. This process 
shows itself in two ways. The first pathway is by hydroxylation of the organic molecules. This 
in turn can occur in two different positions. The first position is the hydroxylation of the methyl 
groups (CH3) at the end of the chain to form CH2OH at this position. This can be seen in the 
formation of P1 and subsequently P2 from propranolol and the formation of P5. The second 
position for hydroxylation is in the aromatic ring (P5 and P6). This process is known to be the 
most common oxidative degradation of organic compounds [186]. The second process 
involving hydroxyl radicals is the direct cleavage of the bonds. This can be seen in the 
formation the transient by-product (in the bracket) and transformation of P5 to P6. 
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This also implies that propranolol molecules are more recalcitrant towards oxidation by various 

oxidizing agents compared to their by-products. As discussed in section 4.5, the degree of 

mineralization for solutions containing propranolol was approximately 20%. One can 

hypothesize that 80% of the solution organic content treated for 3 hr by plasma consisted of 

propranolol itself and organic molecules that were too small to be detected by HPLC-MS. Figure 

4.10 illustrates the degradation pathway proposed for propranolol based on the species detected 

by HPLC-MS. The main degradation process for propranolol molecules is through the action of 

hydroxyl radicals. This process shows itself in two ways. The first pathway is by hydroxylation 

of the organic molecules. This in turn can occur in two different positions. The first position is 

the hydroxylation of the methyl groups (CH3) at the end of the chain to form hydroxymethyl 

functional groups (CH2OH) at this position. This can be seen in the formation of P1 and 

subsequently P2 from propranolol and the formation of P5. The second position for 

hydroxylation is in the aromatic ring (P5 and P6). This process is known to be the most common 

oxidative degradation of organic compounds [186]. The second process involving hydroxyl 

radicals is the direct cleavage of the bonds. This can be seen in the formation the transient by-

product (in the bracket) and transformation of P5 to P6. Another oxidation pathway that can be 

observed in the degradation pathway is the process known as the oxidation of secondary alcohols 

to ketones. This can be seen in the transformation of P3 from P1 and P4 from P2. P3 and P4 are 

both ketones that are resulted from the oxidation of alcohols (P1 and P2). This can be done 

through the action of ozone molecules on the above-mentioned alcohols [187]. 

4.7. Excitation-Emission Matrix (EEM) 

As we discussed in section 4.6, HPLC-MS analysis was used to identify the degradation by-

products of ampicillin, ibuprofen, fluoxetine and propranolol. Based on these by-products, a 
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degradation pathway was proposed for each contaminant. However, identification of unknown 

compounds by HPLC-MS is only possible for solutions with a simple water matrix, i.e. MilliQ 

water. Here in this section, we propose the application of EEM analysis to follow the degradation 

of the contaminants in more complex water matrices such as tap water. In general, EEM analysis 

is based on the fluorescence property of the organic molecules. The result of such a study is 

normally shown as contour maps with the excitation wavelength on the y-axis and the emission 

wavelength on the x-axis. The emission intensity of the compounds in the solution is shown as 

contour maps. Regarding the application of EEM analysis to characterize treated water 

containing pharmaceutical contaminants, one can conduct the experiment at various time 

intervals during the plasma treatment. Then the change in the fluorescence intensity or the 

position of the signal in the EEM map can be related to the possible by-products formed during 

the treatment.  

4.7.1. EEM analysis of ampicillin solution 

Figure 4.11 depicts the evolution of the fluorescence signal for solutions containing ampicillin as 

a function of the treatment time. Figure 4.11(a) illustrates the EEM signal for the blank solution 

(tap water without ampicillin) as the control. The change in the fluorescence signal of the 

solutions containing ampicillin and its by-products is shown in Figure 4.11(b) through Figure 

4.11(f), corresponding to the treatment times of 0 hr to 3 hr, respectively. It is interesting to note 

that at the beginning of the plasma treatment process (30 min, Figure 4.11(b)), the emission 

intensity of the solution increased. This was followed by a decline in the intensity at longer 

treatment times until the fluorescence signal almost disappeared at treatment time of 3 hr (Figure 

4.11(f)). To have an initial understanding of fluorescence signals and interpret their changes, few 

fundamental points should be taken into account.  
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Figure 4.11. Excitation-Emission Matrix (EEM) was utilized to follow the degradation of 
ampicillin molecule and its by-products in tap water. (a) represents the fluorescence signal of 
the blank sample (only tap water). The fluorescence signal of the solutions containing 
ampicillin and its by-products are shown in (b)-(f), corresponding to different periods of plasma 
treatment. The fluorescence signal shows an initial increase (at treatment time of 30 min) 
followed by a significant decrease at treatment times of 1 hr, 2 hr and 3 hr. After treating the 
solution for 3 hr, the fluorescence signal almost disappeared, as shown in (f). In conjunction 
with the results obtained by HPLC-MS analysis (Table 1 and Figure 4), one can conclude that 
the initial increase in the fluorescence signal is possibly due to the formation of oxygenated by-
products (P1, P2, P4 and P7). It is well-known that the presence of oxygen or nitrogen in 
organic molecules can enhance the fluorescence properties of the molecules due to the lone 
electron spin of these elements [189]. The subsequent decrease in the fluorescence signal at 
longer treatment periods can be attributed to the combined effect of mineralization and 
breakdown of larger molecules to smaller organic molecules.  
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Firstly, one structural feature common to all organic molecules that show significant 

fluorescence properties in visible and near ultra-violet (UV) wavelengths is the presence of 

conjugated double bond systems [188]. This is probably due to the fact that the delocalized π-

electrons in these systems are less bound to the molecule and act in many ways similar to 

electrons in metals. As a result, the excitation of these electrons with visible and near UV 

wavelengths and their subsequent fluorescence emission is possible. The second important 

structural feature is related to the arrangement of these conjugated double bonds in a molecule. It 

is well known that the fluorescence behavior of molecules containing conjugated double bonds 

in a cyclic structure is different from those with conjugated double bonds in a chain structure. 

This is probably due to the difference in the degree of non-localization of π-electron in the two 

systems. In cyclic structures, electrons are completely delocalized and can circulate uniformly 

around the ring. On the other hand, in chain structures electrons are only free towards the center 

of the chain and are localized at the ends. For localized electrons, the probability of radiationless 

transfer from an excited state is significantly higher compared to delocalized electrons. In other 

words, the probability of a successful fluorescence emission is higher from an excited non-

localized electron. This is probably why fluorescence emission is found more in molecules with 

cyclic structure compared to chain structures [188].  Finally, the presence of nitrogen or oxygen 

atoms in an organic molecule can enhance the fluorescence properties. This is probably due to 

the lone electron pairs in these atoms which enables them to resonance, similar to aromatic rings 

[189,190].  

Considering the above-mentioned molecular structural features, the EEM results obtained for 

ampicillin solutions can be explained. One can imagine that not only does the presence of 

oxygen or nitrogen enhance the fluorescence signal, but also their possible addition to an organic 
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molecule can increase the fluorescence emission. As a result, the initial increase in the 

fluorescence emission of ampicillin containing solutions (at treatment time of 30 min) can be 

attributed to the oxygenation of ampicillin or its by-products. This hypothesis can be confirmed 

by HPLC-MS results that indicate the presence of oxygenated by-products (P1, P2, P4 and P7) in 

the solution, as discussed in section 4.6.1 (Figure 4.7). The subsequent decrease in the 

fluorescence intensity can be attributed to the breakdown of the organic molecules. After 3 hr of 

plasma treatment, this breakdown can either cause the complete mineralization of the organic 

compounds (about 20-25% based on TOC results in Figure 4.4(a) and Figure 4.4(b)) or result in 

transformation of larger molecules to much smaller molecules. These molecules were too small 

to be detected by HPLC-MS (Table 4.3, treatment time of 2 hr and 3 hr) and possibly lost most 

of their fluorescence properties. 

4.7.2. EEM analysis of ibuprofen solution 

EEM analysis was carried out on solutions of ibuprofen in tap water.  The results of such an 

analysis is shown by Figure 4.12. Unlike the trend observed for ampicillin, the fluorescence 

intensity did not show any increase. From the fluorescence properties stand point, unlike the case 

of ampicillin, either no oxygenation should be expected for ibuprofen and its by-products, or 

oxygenation happened at the expense of the cleavage in the cyclic structure. This can be 

confirmed by means of HPLC-MS analysis. As shown by the degradation pathway proposed for 

ibuprofen in Figure 4.8, although oxygenated by-products were formed during the plasma 

treatment (B2, B6 and B7), similar to the case of ampicillin, this oxygenation occurred at the 

expense of the cleavage in the aromatic ring structure. As discussed previously, the probability of 

a successful fluorescence emission is much higher from π-electrons of a cyclic system [189].  
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Figure 4.12. The degradation of ibuprofen and its by-products in tap water was monitored through 
the application of Excitation-Emission Matrix (EEM). (a) The background fluorescence of the 
samples was measured by conducting EEM on tap water (as the control sample). The fluorescence 
signal of ibuprofen is shown in (b) which corresponds to 0 hr of plasma treatment. (c)-(f) illustrate 
the change in the fluorescence signal of the solutions treated by plasma for different periods of 
time. Unlike the results obtained for ampicillin (Figure 4.11), the fluorescence signal of the 
solutions containing ibuprofen did not increase at the beginning of the treatment process. This can 
be explained by the chemical species formed from ibuprofen. Although oxygenated by-products 
were formed during the plasma treatment from ibuprofen (B2, B6 and B7), similar to the case of 
ampicillin, this oxygenation occurred at the expense of the cleavage in the aromatic ring structure. 
It is known that the most important structural feature in organic compounds that induce the 
fluorescence properties is the presence of conjugated double or triple bonds [189]. Subsequently, 
this cleavage in the aromatic ring (i.e. interference with the conjugated double bond structure) 
causes the fluorescence intensity to decrease. Moreover, further degradation and mineralization of 
the organic compounds resulted in the loss of the fluorescence signal. 
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Subsequently, this cleavage in the aromatic ring (i.e. interference with the cyclic conjugated 

double bond structure) causes the fluorescence intensity to decrease. Finally, the continuous 

decline in the fluorescence intensity can be attributed to two reasons. The first one is similar to 

the case of ampicillin, i.e. the mineralization (~60% based on the TOC results shown by Figure 

4.4(c) and Figure 4.4(d)). More importantly, two notable structural changes in ibuprofen and its 

by-products can be accounted. The first one is the loss of the cyclic structure, as mentioned 

earlier. This becomes more crucial considering that this loss of cyclic structure was carried over 

to other ibuprofen by-products, namely B6 and B7, as shown in Figure 4.8. The other structural 

change that might be effective in lowering the fluorescence intensity is the loss of the oxygen 

atom that can be observed in oxidation of B2 to B7. These two structural changes alongside the 

degradation and mineralization of the organic molecules are probably responsible for the 

decrease in the fluorescence intensity in the solutions containing ibuprofen.  

4.7.2.1. Closer look into ibuprofen’s EEM signal 

As mentioned in section 4.3.3.3, when analyzing the EEM signals, if the fluorescence intensity 

scale (the color bar) is kept similar for all the results, interesting comparisons regarding the 

change in the fluorescence intensity can be made. This type of analysis is shown in the 

manuscript. However, if the contour maps are plotted within a limited intensity range, new 

information can be revealed. This is illustrated by Figure 4.13 for ibuprofen solutions. As shown 

by Figure 4.13(b) to 4.13(f), for each treatment time, a limited range of intensity is chosen. The 

regions I-V marked on each map has been defined by Chen et al [190]. These regions are: I) 

Aromatic protein II) Aromatic proteinII III) Fulvic acid-like IV) Soluble microbial by-product-

like and V) Humic acid-like.  
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Figure 4.13. Fluorescence signal of solutions containing ibuprofen is shown with smaller 
intensity ranges. For these solutions, the main fluorescence signals are located in regions I and 
IV. As the plasma treatment time increased, the fluorescence signal decreased. This decrease 
can be attributed to the cleavage of the aromatic ring structure (discussed in Figures 4.12). 
More interestingly, a new fluorescence signal was developed as the solutions were treated for 
a longer period of time. The presence of this newly formed feature in region V of the EEMs 
can be clearly seen for treatment times of 2 hr and 3 hr, shown by (e) and (f), respectively. 
This new signal can be due to the formation of new by-products from ibuprofen at longer 
treatment times. 
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As shown by the EEM signals in Figure 4.13, not only did the original fluorescence signal fade 

away as the treatment time increased, but also a new fluorescence feature appeared in the EEM 

results. This newly formed feature is in Region V of the EEM signals, located in the excitation 

and emission wavelength regions of 280-380 nm and 400-500 nm, respectively. The formation of 

this new feature can be further explored using two methods, i.e. Fluorescence Regional 

Integration (FRI) and two-dimensional analysis (2D-EEM). FRI analysis was first introduced by 

Chen et al [190]. In this analysis, since the EEM maps are 3-dimmensional, the volume under the 

fluorescence signal of each of the above-mentioned regions is calculated. To correct for possible 

non-zero fluorescence base levels in the signal, the EEM signal of the blank solution is 

subtracted from the signal of the solution at each treatment time. For region “i” of the EEM 

signal, the volume under the fluorescence signal can be approximately calculated by Equation 

(4.3) [190]. 

∅! = 𝐼 𝜆!"𝜆!" ∆
!"

𝜆!"∆𝜆!"
!"

 

In Equation (4.3), I(λexλem) is the intensity of the emission fluorescence at a specific pair of 

excitation-emission wavelength, Δλex is the excitation wavelength  interval (taken as 5 nm) and 

Δλem is the emission wavelength interval (taken as 1 nm). 

To correct for the unequal size of the different regions, a modification factor (MF) is defined 

equal to the inverse of the fractional projected excitation-emission area for each region. As a 

result, the corrected fluorescence volume of each region can be calculated as: 

𝛷!,! = 𝑀𝐹!𝛷!  

(4.3) 

(4.4) 
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Another parameter that can be calculated for each region is the percentage contribution of each 

region to the total fluorescence volume. This is calculated as: 

𝑃!,! =
𝛷!,!
𝛷!,!

×100 

In Equation (4.5), ΦT,n is the total volume of the fluorescence signal obtained for one sample.  
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Figure 4.14. FRI analysis was performed on the EEM signals of solutions containing 
ibuprofen. The results of this analysis are shown in the form of ΦS,n (fluorescence volume) 
and PS,n (contribution percentage) as a function of treatment time. Two main points can be 
concluded from this analysis. Firstly, the fluorescence volume (ΦS,n) in regions I and IV 
(major EEM peaks) decreased significantly, representing the mineralization and breakdown 
of the organic molecules in the solution. The second conclusion can be drawn from the FRI 
analysis of region V, shown in (d). The fluorescence volume (ΦS,n) declined after 30 min of 
treatment, however, higher values of volume were obtained for longer treatment times. 
Moreover, PS,n (contribution percentage) increased gradually. These changes in ΦS,n and PS,n  
of region V show the formation of new fluorescence features, as discussed in Figure 4.13.    



 156 

Figure 4.14 shows the calculated values of ΦS,n and PS,n for various regions of fluorescence 

signal obtained for ibuprofen containing solutions. Two main points can be concluded from this 

analysis. Firstly, the fluorescence volume (ΦS,n) in regions I and IV (major EEM peaks) 

decreased significantly, representing the mineralization and breakdown of the organic molecules 

in the solution. The second conclusion can be drawn from the FRI analysis of region V, shown in 

Figure 4.14(d). The fluorescence volume (ΦS,n) declined after 30 min of treatment, however, 

higher values of volume were obtained for longer treatment times. Moreover, PS,n (contribution 

percentage) increased gradually. These changes in ΦS,n and PS,n  of region V  can possibly 

indicate the formation of a new fluorescence feature, as discussed in Figure 4.13.  

Another possible analysis on the obtained EEM results is two-dimensional analysis (2D-EEM). 

In this analysis, the fluorescence intensity of a solution is plotted as a function of the excitation 

wavelength, at a fixed emission wavelength. The 2D-EEM analysis of ibuprofen containing 

solutions is shown by Figure 4.15(a), 4.15(b) and 4.15(c), corresponding to three emission 

wavelengths of 290 nm, 425 nm and 570 nm, respectively.  
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The 2D-EEM analysis at emission wavelengths of 290 nm and 570 nm (Figure 4.15(a) and 

4.15(c)) represent the change in the fluorescence intensity of the two main peaks in EEMs of 

ibuprofen containing solutions. The intensity of both peaks decreased. This is probably due to the 

mineralization and breakdown of the organic molecules. Figure 4.15(b) depicts the change in the 

fluorescence intensity at the emission wavelength of 425 nm. At the beginning (treatment time of 

0 min, black curve), no fluorescence signal was obtained. As the plasma treatment time 

increased, higher fluorescence intensities were obtained. This also points to the formation of a 

new feature in the EEM of the solutions at longer treatment periods. We believe that further 

studies and improvements to this methodology can perhaps shed light on possible sources of this 

newly formed fluorescence feature. 

 

(a) (b) (c) 
Figure 4.15. Two-dimensional (2D) fluorescence signals were obtained from EEMs of 
ibuprofen containing solutions by plotting the fluorescence intensity as a function of the 
excitation wavelength, at fixed emission wavelength values (vertical lines in EEMs). (a), 
(b) and (c) show the 2D analysis of the fluorescence signal of ibuprofen solutions at fixed 
emission wavelengths of 290, 425 and 570 nm, respectively. 2D analysis at emission 
wavelengths of 290 nm and 570 nm ((a) and (c)) represent the change in the fluorescence 
intensity of the two main peaks in EEMs of ibuprofen containing solutions. As shown in 
(a) and (c), the intensity of both peaks decreased. This is probably due to the 
mineralization and breakdown of the organic molecules. (b) depicts the change in the 
fluorescence intensity at the emission wavelength of 425 nm. At the beginning (treatment 
time of 0 min, black curve), no fluorescence signal was obtained. As the plasma treatment 
time increased, higher fluorescence intensities were obtained. This also points to the 
formation of new features in the EEM of the solutions at longer treatment periods. 
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4.7.3. EEM analysis of fluoxetine solution 

EEM analysis was used to follow the degradation of fluoxetine in tap water. The results of this 

study are shown in Figure 4.16. The fluorescence signal decreased significantly as the treatment 

time increased. It is interesting to note that the fluorescence signal faded away after a shorter 

period of time compared to other pharmaceutical compounds studied in this work. For instance, 

the fluorescence intensity became insignificant after treating the solutions containing fluoxetine 

for only 30 min. This significant decrease in the fluorescence signal was achieved after 3 hr and 

1 hr of treatment for ampicillin and ibuprofen solutions, respectively. This is understandable if 

we consider the degradation time constant of fluoxetine (5.44 hr-1, Table 4.1) and the degree of 

mineralization of fluoxetine solutions (60%, Table 4.2). These values were the highest amongst 

all the compounds in this study.  
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(a) (b) 

(c) (d) 

(e) (f) 
Figure 4.16. The evolution of the fluorescence signal of solutions containing ibuprofen as a 
function of the treatment time is shown. The fluorescence signal decreased significantly as the 
treatment time increased. It is interesting to note that the fluorescence signal faded away after a 
shorter period of time compared to other pharmaceutical compounds studied in this work. For 
instance, the fluorescence intensity became insignificant after treating the solutions containing 
fluoxetine for only 30 min. This significant decrease in the fluorescence signal was achieved after 
3 hr and 1 hr of treatment for ampicillin and ibuprofen, respectively. This is understandable if we 
consider the degradation time constant of fluoxetine (5.44 hr-1, Table 4.1) and the degree of 
mineralization of fluoxetine solutions (60%, Table 4.2). These values were the highest amongst all 
the compounds in this study. Moreover, unlike the case of ampicillin, the fluorescence intensity did 
not show any increase. This can be either due to the lack of oxygenation or the destruction of the 
aromatic ring during the oxygenation (similar to ibuprofen). A comparison with the degradation 
pathway proposed for fluoxetine (Figure 4.9) reveals that indeed the lack of increase in the 
fluorescence intensity is due to the fact that no oxygenated by-products were formed.  
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 Also, the lower initial concentration of fluoxetine used in this study compared to other 

compounds (25 mg/l versus 100 mg/l for other compounds) can be a reason. In addition, unlike 

the case of ampicillin, the fluorescence intensity did not show any increase. This can be either 

due to the lack of oxygenation or the destruction of the aromatic ring during the oxygenation 

(similar to ibuprofen). A comparison with the degradation pathway proposed for fluoxetine 

(Figure 4.9) reveals that indeed the lack of increase in the fluorescence intensity is due to the fact 

that no oxygenated by-products were formed. Similar to the case of ibuprofen where a new 

feature was formed in the EEM signal of the solutions (section 4.7.2.1), a new fluorescence 

feature was also formed in the EEM signal of the solutions containing fluoxetine. Due to the 

similarities in the results, we will not show these results obtained from fluoxetine solutions. 

However, an interesting observation was made. The new fluorescence feature in the EEM signal 

of fluoxetine is formed exactly in the same position as in the EEM signal of ibuprofen. The only 

difference is, for ibuprofen, the fluorescence intensity of this feature increased gradually as the 

treatment time increased. However, in the case of fluoxetine, the intensity increased at the 

beginning and declined after treatment time of 1 hr. This possibly implies that this EEM feature 

corresponds to a similar group of organic compounds. Furthermore, these compounds underwent 

further degradation in the case of fluoxetine.  

4.7.4. EEM analysis of propranolol solution 

Figure 4.17 illustrates the EEM analysis of the solutions containing propranolol. Figure 4.17(a) 

shows the fluorescence signal of the blank solution (tap water), used as the background signal. 

Comparing the initial fluorescence signal (at 0 hr, Figure 4.17(b)) with the initial signal of the 

fluoxetine and ibuprofen solutions (Figure 4.16(b) and Figure 4.12(b), respectively) shows that 

the main fluorescence signal of propranolol is red-shifted along the emission wavelength axis.  
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.17. EEM analysis was used to investigate the change in the fluorescence properties of the 
solutions containing propranolol as a function of the treatment time. (a) shows the EEM signal of 
the blank solution, i.e. tap water. (b)-(f) illustrate the change in EEM signal of the solution as the 
treatment time increases from 0 hr to 3 hr. The EEM signal decreased as the treatment time 
increased. Similar to the case of fluoxetine, the lack of increase in the signal is due to the absence 
of oxygenated by-products, as proved by HPLC-MS analysis (Figure 4.10). After 3 hr of plasma 
treatment, the EEM signal was almost disappeared. This is partially due to the mineralization of the 
organic compounds (degree of mineralization of 20%, Figure 4.5(c)) and partially due to the 
breakdown of the molecules in the solution. 
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While the center of the main signal of propranolol is located at the emission wavelength of 350 

nm, this value for fluoxetine and ibuprofen fluorescence signal is 290 nm. This can be explained 

based on the structure of the above-mentioned compounds. The initial structure of ibuprofen, 

fluoxetine and propranolol are shown in Figure 4.8, Figure 4.9 and Figure 4.10, respectively. The 

most notable difference between the structures of these molecules is in the arrangement of their 

aromatic rings. Ibuprofen contains only one aromatic ring. On the other hand, both fluoxetine 

and propranolol are comprised of two aromatic rings. The only difference in the structure of 

fluoxetine and propranolol is that in a propranolol molecule, the two rings are fused together in 

the form of naphthalene structure. In a fluoxetine molecule, the two rings are separated, located 

at the center and one end of the molecule. As mentioned before, the aromatic rings are the most 

important feature of molecules with significant fluorescence [188]. Normally, a rudimentary 

explanation of the fluorescence emission process is given by the simple case of the particle in the 

box concept in quantum physics. Although the detailed calculations is not the scope of this work, 

it only suffices to mention that based on the concept of the particle in the box, the energy 

required to excite the particle is inversely related to the size of the box [191]. Now, assuming 

that the particle in this case is an electron and the box is the size of the π-electron cloud, one can 

conclude that in a propranolol molecule, the size of the π-electron cloud is larger compared to the 

case of ibuprofen and fluoxetine, due to the attachment of the two rings. As a result, the energy 

required to excite electrons from the π-electron cloud of a propranolol molecules is lower than 

the excitation energy required for ibuprofen and fluoxetine molecules. This means that the 

fluorescence emission from propranolol molecules can be expected to occur at longer emission 

wavelengths.  
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Finally, as shown by Figure 4.17, the EEM signal decreased as the treatment time increased. 

Similar to the case of fluoxetine, the lack of an initial increase in the signal is due to the absence 

of oxygenated by-products, proved by HPLC-MS analysis (Figure 4.10). After 3 hr of plasma 

treatment, the EEM signal was almost disappeared. This is partially due to the mineralization of 

the organic compounds (degree of mineralization of 20%, Figure 4.5(c)) and partially due to the 

breakdown of the molecules in the solution. 

4.8. Presence of ozone in the aqueous phase 

As mentioned in the degradation pathway of ampicillin, ibuprofen and propranolol (sections 

4.6.1, 4.6.2 and 4.6.4, respectively), one of the oxidation pathways for organic molecules is 

through the action of ozone molecules. This pathway can change the structure of the organic 

molecules in various ways, as discussed in the corresponding sections. As a result, in this 

section, the presence of ozone in the aqueous phase is investigated by means of Indigo method. 

The fundamental mechanism of the reaction of indigo dye with ozone molecules was proposed 

by Bader et al. [185], as described in section 4.3.3.4.  

Figure 4.18(a) shows the change in the concentration of the detected ozone in one cycle of the 

plasma treatment process (15 min of the treatment stage followed by 15 min of the post treatment 

stage). The experiments were done in the absence and presence of ampicillin in the solution. In 

both cases, the concentration of ozone in the solution increased during the treatment stage. This 

is understandable since ozone is continuously created in the plasma in the gas phase and 

subsequently injected into the water.  
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In the post treatment stage, the concentration of ozone decreases possibly due to its limited 

lifetime in the aqueous phase and its subsequent dissociation [152,154]. When ampicillin is 

present in the solution, it creates a competition with indigo molecules to consume ozone. As a 

result, the difference between the concentration of ozone in the presence and absence of 

ampicillin can be used to the first approximation to calculate the ozone consumption by 

ampicillin [121]. Figure 4.18(b) shows the concentration of ozone consumed by ampicillin and 

(a) (b) 
Figure 4.18. (a) The presence of ozone in the aqueous phase was investigated using the 
Indigo method [185]. The measurements were done for one cycle of the plasma treatment 
process, i.e. 15 min of treatment followed by 15 min of post treatment. The change in the 
absorbance of the indigo dye was converted into the concentration of ozone by means of a 
previously obtained calibration curve (Figure 4.2). The concentration of ozone was measured 
in the presence (100 mg/l) and also absence of ampicillin in the solution. In both cases, the 
concentration of ozone in the solution increased during the treatment stage. This is 
understandable since during this stage (i.e. presence of plasma), ozone is created continuously 
in the gas phase and introduced to the solution from the gas/liquid interface. On the other 
hand, the concentration of ozone declined during the post treatment stage. In this stage, since 
plasma is not present, the continuous production of ozone in the gas phase does not occur. As 
a result, the change in the concentration of ozone is controlled by ozone decomposition 
processes such as direct reaction of ozone and water molecules [152]. In the presence of 
ampicillin in the solution as a model pharmaceutical contaminant, lower concentrations of 
ozone were measured. This shows that ampicillin molecules compete with indigo dye 
molecules to consume ozone. The difference between the concentration of ozone measured in 
the presence and absence of ampicillin can show the amount of ozone consumed by 
ampicillin molecules, as shown in (b).   
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its by-products during one cycle of the plasma treatment process. The ozone consumption 

increased during the treatment stage, possibly due to the increasing concentration of ozone 

created in the plasma. The decline in the ozone consumption during the post treatment stage can 

be attributed to the decreasing concentration of both ozone and organic molecules present in the 

aqueous phase. 
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Chapter 5: Conclusions and future directions3 

A novel technique for the generation of AC driven, single electrode plasma is proposed.  Non-

thermal plasma is produced in air at atmospheric pressure, utilizing our helical resonator 

structure. Benefiting from the single electrode nature of the method, the application of this 

technique in various hypothetical situations was shown. In these scenarios, plasma can be 

generated in the air for pollution removal or it can be applied directly to the surface of water, 

ceramic tile, soil or other media for effective decontamination. Using the Floating Electrode 

Streamer Corona Discharge (FESCD) method proposed here, the removal of contamination 

(methylene blue) from water was further investigated. Moreover, the effect of process parameters 

such as the air gap distance, input voltage and plasma injection time on the efficiency of 

methylene blue removal was studied. The correlations between the studied parameters and the 

fundamental physiochemical processes such as the Townsend ionization (electron avalanche) and 

ozone concentration were reached. It is shown that using optimized parameters (an air gap 

distance of 2 mm, input voltage of 83 V and plasma injection period of 15 min), one could not 

only achieve optimum removal% and energy yield (0.02 g/kWh), but also created agents with a 

long lifetime in the solution. These agents continued the degradation process for up to an hour 

after the removal of the plasma from the surface in the post treatment stage. Moreover, the 

application of the helical resonator for plasma generation could offer many advantages that 

would possibly overcome the current limitations of non-thermal plasma techniques for real life 

applications. These advantages include the generation of plasma using a single electrode, 

simplifying the treatment apparatus, the ability of effective treatment using a simple AC 

                                                
3 Parts of this section have been published in the journal of Environmental Science: Water 
Research & Technology, 2017, 3, 156-168.  
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waveform, lower driving electronic power consumption due to the amplifying nature of the 

helical resonator and high electrical energy efficiency. 

In the second part of this work, the effect of solution characteristics, such as the concentration of 

Cl- in the solution, the role of various ionic species, the initial pH of the solution, and the initial 

concentration of MB, on treatment efficiency was investigated. The results indicate that at an 

optimum concentration of Cl- (50 mg/l), the contaminant removal percentage is at its maximum 

(85%). Moreover, although the presence of Cl- decreases the removal percentage during the 

treatment stage, it significantly enhances the removal percentage in the post treatment stage. It 

was hypothesized that this phenomenon is due to the formation of singlet oxygen (1O2) through a 

series of reactions mediated by Cl-based compounds. This hypothesis was analytically confirmed 

by HPLC-MS analysis and through the formation of sulfones and sulfinic acids in only treated 

solutions containing Cl-. While scavengers such as phosphate and carbonate can deteriorate the 

efficiency of the decontamination significantly, the presence of sulfate ions resulted in almost 

equal contributions from the treatment and post treatment stage. This was attributed to the 

generation of sulfate radical anions during the treatment stage and peroxodisulfate ions during 

the post treatment stage.  The initial pH of the solution proved to play an important role in both 

treatment and post treatment stages. While maximum removal% during the treatment stage was 

obtained for initial acidic conditions, the role of treatment and post treatment stages was almost 

equal in solutions with initial near neutral pH values. This was attributed to the sensitivity of the 

involved fundamental Cl-based chemical reactions to the initial pH of the solution. The results 

presented in this study shed light on possible effects of solution characteristics on the behavior of 

plasma-based water treatment processes.  
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Finally, the floating electrode streamer corona discharge (FESCD) system was used to degrade 

pharmaceutical drugs ampicillin, ibuprofen, fluoxetine and propranolol in tap water. After 

treatment of the solutions for 3 hr, 100% of ampicillin, 90% of ibuprofen, 99% of fluoxetine and 

99% of propranolol were degraded. The energy yield for degradation of ampicillin, ibuprofen 

and propranolol was calculated to be in the range of 0.12-0.13 g/kWh. TOC analysis of the 

solutions revealed that although removal% of ibuprofen was the lowest, high mineralization was 

obtained in the case of ibuprofen containing solutions (56% for ibuprofen). The highest degree of 

mineralization was obtained in the case of fluoxetine containing solutions (60%). Degradation 

by-products detected by HPLC-MS indicated that for ampicillin and ibuprofen, the major 

degradation pathways include oxidation by hydroxyl radicals and ozone molecules. The direct 

effect of the oxygenation was only observed in the EEM signals of ampicillin where the initial 

increase in the fluorescence intensity was attributed to the addition of oxygen atoms to organic 

molecules. In the case of ibuprofen, this oxygenation occurred at the expense of losing the cyclic 

structure. Hence, the fluorescence intensity did not increase. Further compatibility between the 

HPLC-MS and EEM results could be seen where the decline in the fluorescence intensity in all 

four contaminants was attributed to the breakdown of the organic molecules. This study shows 

that with few modifications to the design of the decontamination reactor, real life applications of 

a plasma treatment system based on FESCD method is possible. Moreover, with further 

improvements, EEM analysis can be used as a powerful tool for following the degradation of 

pharmaceutical compounds in complex water matrices. 

Two major future directions can be suggested. The first direction is to use further modeling and 

analysis to transform EEM analysis to a powerful tool for tracking the degradation of organic 

contaminants. The observations made during the EEM analysis of ibuprofen and fluoxetine 



 169 

solutions where new fluorescence features were formed during the treatment are proof of this 

direction.  

The second future direction is related to the application of the FESCD system for other 

applications. As suggested in Chapter 3, due to the single electrode nature of the FESCD method, 

many other applications can be proposed. One of these applications is disinfection of water and 

surfaces contaminated with pathogens. To demonstrate the capability of the FESCD system for 

this application, we performed preliminary experiments. In these experiments, tap water was 

spiked with a high concentration of E. coli (ATCC 25922 strain). In one experimental 

configuration, the contaminated water (100 ml) was treated with plasma for various periods of 

time (0, 10, 15, 20 and 30 min). The input voltage and the air gap distance were fixed at 80 V 

and 2 mm, respectively. This configuration is used to evaluate the efficiency of the direct plasma 

disinfection of water. In the second configuration, 100 ml of tap water was first treated for 15 

min. After 15 min of plasma treatment, plasma was turned off and an aliquot of the bacteria 

solution was added to the water. Afterwards, the treated water sample spiked by the bacteria was 

kept under the fume hood for various time periods (10, 15, 20 and 30 min). In both experimental 

configurations, after the desired time periods were reached, water samples were vacuum filtered 

and standard plating and counting methods were used. Figure 5.1 shows the results obtained 

from both experiments. In both configurations, the FESCD system can effectively disinfect 

contaminated water.  
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(a) (b) 

Figure 5.1. The FESCD system was used to assess the pathogen disinfection capability of 
the method. (a) Water samples contaminated by E. coli were treated directly with plasma. 
(b) Water samples were first treated by plasma and then spiked by bacterial. In this 
configuration, the efficiency of the post treatment stage can be evaluated. 
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