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       Abstract 

        This study investigates the application of two advanced oxidation processes: the activation 

of inorganic oxidising species, specifically persulfate (PS) and Glidarc-type humid air plasma, 

for the treatment of an aqueous solution containing the azo dye "Orange G." UV-visible analysis 

was employed to monitor the degradation of the pollutant, while mineralisation was tracked by 

measuring the chemical oxygen demand (COD). 

        Initially, an oxidation process based on the radical sulfate (SO4
•−), generated by the thermal 

activation of PS and by the heat/Fe(II)/PS process, was evaluated. Several parameters were 

studied, including reaction temperature (20–70°C), pH (2–12), potassium persulfate (PPS) and 

ammonium persulfate (APS) dose (100–1000 mg/L), initial concentration of OG (10–70 mg/L), 

and concentration of FeSO₄. 7H₂O (10–50 mg/L) and (NH₄)₂Fe(SO₄)₂ (8–100 mg/L), as well 

as the impact of organic additives. These parameters were investigated to determine their 

influence on the efficiency of the process. 

        The results show that the oxidation of OG follows a pseudo-first-order kinetic model, with 

a high correlation coefficient (R² = 0.99). Complete decolourisation of 50 mg/L of OG was 

achieved in 150 minutes at 70°C and in 240 minutes at 65°C, in the presence of 1 g/L of PPS. 

The apparent activation energy was estimated to be 157.3 kJ/mol. 

        Furthermore, the results suggest a direct correlation between the oxidation of OG and high 

persulfate concentrations, while an inverse relationship was observed with the initial substrate 

concentrations. It was also found that higher reaction temperatures and a neutral initial pH 

favoured the degradation of OG. 

        The results indicate that the sulfate radical (SO4
•−) is the primary agent responsible for the 

oxidation of OG. Additionally, the presence of Cr (VI) ions in solution exhibited an inhibitory 

effect on the degradation process. The coexistence of ferrous ions and persulfate at high 

temperature demonstrated a synergistic effect, accelerating the oxidation of OG. In contrast, the 

heat/persulfate/Fe (II) process achieved a relatively low mineralisation rate of 75.41% after 260 

minutes of treatment. 

        Furthermore, the degradation of Orange G in aqueous solution using the Glidarc humid air 

plasma process was investigated. Various concentrations of catalysts and oxidants were 

introduced into the Glydarc reactor to optimise the conditions and improve the system's 

performance. Under optimal treatment conditions, the degradation rates obtained were 66.46%, 

100%, 72.79%, 71.19%, 90.48%, and 90.27%, respectively, using Glidarc alone, Glidarc/H2O2, 

Glidarc/IO4-, Glidarc/Fe3+, Glidarc/Fenton, and Glidarc/PPS, after treatment times of 210 min, 

80 min, 210 min, 210 min, 12 min, and 180 min. Furthermore, the energy efficiency of the 
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pollutant degradation was calculated to be 0.022 g/kWh, 0.0054 g/kWh, and 0.004 g/kWh for 

the Glidarc/Fenton, Glidarc/PPS, and Glidarc alone processes, respectively. 

Keywords: 

 Advanced oxidation process, Orange G, Heat-activated persulfate, Sulfate radicals, Humid air 

plasma, Hydroxyl radicals  

Résumé 

        Cette étude examine l'application de deux procédés d'oxydation avancée : l'activation des 

espèces inorganiques oxydantes, en particulier le persulfate, et le plasma d'air humide de type 

Glydarc, pour traiter une solution aqueuse contenant le colorant azoïque « Orange G ». 

       L'analyse UV-Visible a été utilisée pour suivre la dégradation du polluant, tandis que la 

minéralisation a été suivie par la mesure de la demande chimique en oxygène (DCO). 

        Dans un premier temps, un processus d'oxydation basé sur le sulfate radical (SO4
•−), généré 

par l'activation thermique du persulfate et par le processus chaleur/Fe(II), a été évalué. Plusieurs 

paramètres ont été étudiés, notamment la température de réaction (20–70°C), le pH (2–12), la 

dose de persulfate de potassium et d’ammonium  (PSP) (100–1000 mg/L), la concentration 

initiale d'OG (10–70 mg/L), la concentration en 𝐹𝑒𝑆𝑂4. 7𝐻₂𝑂 (10–50 mg/L) et en 

(𝑁𝐻₄)₂𝐹𝑒(𝑆𝑂₄)₂ (8–100 mg/L), ainsi que l'impact des ajouts organiques. Ces paramètres ont 

été investigués afin de déterminer leur influence sur l'efficacité du processus. 

        Les résultats obtenus montrent que l'oxydation de l'OG suit une cinétique de pseudo-

premier ordre, avec un coefficient de corrélation élevé (R² = 0,99). La décoloration complète 

de 50 mg/L d'OG a été réalisée en 150 minutes à 70°C et en 240 minutes à 65°C, en présence 

de 1 g/L de PS. L'énergie d'activation apparente a été estimée à 157,3 kJ/mol. 

        En outre, les résultats suggèrent une corrélation directe entre l'oxydation de l'OG et les 

concentrations élevées de persulfate, tandis qu'une relation inverse a été observée avec les 

concentrations initiales du substrat. Il a également été constaté que des températures de réaction 

plus élevées et un pH initial neutre favorisaient la dégradation de l'OG. 

        Les résultats indiquent que le radical sulfate (SO4
•−) est l'agent principal responsable de 

l'oxydation de l'OG. De plus, la présence d'ions Cr(VI) en solution a montré un effet inhibiteur 

sur le processus de dégradation. La coexistence des ions ferreux et du persulfate à haute 

température a induit un effet synergique, accélérant l'oxydation de l'OG. En revanche, le 

procédé chaleur/persulfate/Fe(II) a permis une dégradation de l'Orange G avec un taux de 

minéralisation relativement faible de 75,41 % après 260 minutes de traitement. 
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        En outre, la dégradation de l'Orange G en solution aqueuse en utilisant le processus de 

plasma d'air humide de type Glydarc a été étudiée. Différentes concentrations de catalyseurs et 

d'oxydants ont été introduites dans le réacteur Glydarc pour optimiser les conditions et 

améliorer la performance du système. Dans des conditions de traitement optimales, les taux de 

dégradation obtenus étaient respectivement de l’orde de  66,46 %, 100 %, 72,79 %, 71,19 %, 

90,48 % et 90,27 %, en utilisant Glydarc seul, Glydarc/H2O2, Glydarc/IO4-, Glydarc/Fe3+, 

Glydarc/Fenton et Glydarc/PPS, après des temps de traitement de 210 min, 80 min, 210 min, 

210 min, 12 min et 180 min. De plus, l'efficacité énergétique de la dégradation du polluant a 

été calculée à 0,022 g/KWh, 0,0054 g/KWh et 0,004 g/KWh pour les processus Glydarc/Fenton, 

Glydarc/PPS et Glydarc seul respectivement. 

Mots-clés :  

Procédés d'oxydation avancés, Orange G, Persulfate activé par la chaleur, Radicaux sulfates, 

Plasma d'air humide, Radicaux hydroxyles 

 

 ملخص

تطبيق عمليتين من عمليات الأكسدة المتقدمة: تنشيط الأنواع المؤكسدة غير العضوية، وتحديداً باسة هذه الدر هتمت         

استخدام تم  جي" برتقالي" لمعالجة محلول مائي يحتوي على صبغة غليدارك،والبلازما الهوائية الرطبة من نوع  بيرسلفات

ل الملوث، بينما تم تتبع التمعدن من خلال قياس الطلب الكيميائي المرئية لمراقبة تحل-التحليل الطيفي للأشعة فوق البنفسجية

.  على الأكسجين  

و  الحراري ، الذي يتم توليده عن طريق التنشيطالكبريتي   الجذيرفي البداية، تم تقييم عملية الأكسدة القائمة على         

، بما في عوامل تؤثر على هذه العمليةم دراسة عدة تالتنشيط عند طريق الحديد الثنائي والحرارة في آن واحد للبرسلفات 

برتقالي جي (،التركيز الابتدائي لصبغة 20–0درجة مئوية(، الأس الهيدروجيني ) 02–02ذلك درجة حرارة التفاعل )

تركيز كبريتات الحديد  ،(ملغ/لتر2222–222بيرسلفات البوتاسيوم ،)و الأمونيومبرسلفات ملغ/لتر(، وتركيز 02–22)

كما تم دراسة تأثير الإضافات ملغ/لتر(، 222–8)و كذلك تر كيز كبريتات الأمونيوم و الحديد الثنائي   ملغ/لتر( 02–22)

 العضوية لتحديد تأثيرها على كفاءة العملية.

ارب  يق الدرجة الأولى، مع معامل ارتباط عال   شبه تتبع نموذجًا حركيًا من برتقالي جيأظهرت النتائج أن أكسدة          

غرام/لترمن البرسيلفات وذلك خلال 2في وجود   البرتقالي جيمع/لتر من  02كما أنه قد تم تحقيق إزالة اللون كليا  ل 2900

تم تقدير طاقة التنشيط الظاهرة درجة مئوية كما قد تم تقدير 50دقيقة عند  042درجة مئوية و خلال  02دقيقة عند  202

صبغة البرتقالي جي لى ذلك، تشير النتائج إلى وجود علاقة ارتباط مباشرة بين أكسدة علاوة ع كيلوجول/مول 20091لتكون 

وتركيزات عالية من البيرسلفات، في حين لوحظت علاقة عكسية مع التركيزات الأولية للركيزة. كما تم العثور على أن 

.برتقالي جيلل درجات حرارة التفاعل المرتفعة والأس الهيدروجيني الابتدائي المحايد تفضل تح  

. بالإضافة إلى ذلك، أظهر وجود برتقالي جيهو العامل الرئيسي المسؤول عن أكسدة  تشير النتائج إلى أن الجذير الكبريتي

. كما ان التواجد التفعيل الثنائي لشوارد السيلفاط بواسط تأثيرًا مثبطًا على عملية التحلل في المحلولالسداسي  أيونات الكروم
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عدن انخفض نسبيا إلى مما سرع من عملية أكسدة الملون ولكن معدل التم ،حديد الثنائي أظهر تأثيرا تآزريالحرارة وال

. بالمئة00942    

جي في المحلول المائي باستخدام عملية البلازما الهوائية الرطبة من نوع  برتقاليعلاوة على ذلك، تم دراسة تحلل         

ة من المحفزات والمؤكسدات إلى مفاعل غليدارك لتحسين الظروف وتحسين أداء غليدارك. تم إدخال تركيزات مختلف

، %00.00، %222، %55.45النظام. في ظل ظروف العلاج المثلى، كانت معدلات التحلل التي تم الحصول عليها 

 ،غليدارك/حمض البريوديك ،/ماء أكسيجينيكغليدار فقط،، باستخدام غليدارك %02.00و 02.48%، 02.20%

 82دقيقة،  022، بعد أوقات معالجة بلغت يعلى التوال ،غليدارك/برسيلفات ،/الحديد الثلاثي، غليدارك/ فنتونكغليدار

دقيقة. علاوة على ذلك، تم حساب كفاءة الطاقة لتحلل الملوث لتكون  282دقيقة، و 20دقيقة،  022دقيقة،  022دقيقة، 

 برسيلفات،غليدارك/  ،غرام/ك.وس لعمليات غليدارك/ فنتون 2.224غرام/ك.و.س، و 2.2204غرام/ك.و.س،  2.200

.وغليدارك فقط  

                                                                                                                                                         

 الكلمات المفتاحية: 

الرطبة، الجدور  جي، بيرسلفات المنشط حراريًا، الجذور الكبريتية، البلازما الهوائية برتقاليلمتقدمة، عملية الأكسدة ا

روكسليةالهيد
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I. INTRODUCTION 

       Water resource contamination, primarily caused by the discharge of untreated effluents, 

poses a significant environmental challenge. These effluents from various industrial activities 

contain substances harmful to human health and aquatic ecosystems. Although present at low 

concentrations, these substances can become particularly toxic when accumulated in living 

organisms, creating chronic risks for exposed populations [1]. 

      Industrialisation, especially in the chemical, pharmaceutical, and agro-industrial sectors, 

released numerous chemical pollutants into aquatic environments, such as pesticides, 

antibiotics, steroid hormones, and organic dyes. These substances, often resistant to 

biodegradation, threaten the natural balance and public health [2]. Dyes, used in various 

industries (textiles, plastics, leather, etc.), are of particular concern. Approximately 106 tonnes 

of commercial dyes are produced worldwide each year, with 5 to 10% being lost in industrial 

effluents, at concentrations ranging from 10 to 10,000 mg/L [3,4]. These dyes degrade water 

quality, hinder photosynthesis, and slow the growth of aquatic organisms. They may also pose 

human health risks, such as allergies, irritations, and toxic or even carcinogenic effects [5]. 

      Authorities and industries must, therefore, develop efficient and cost-effective treatment 

technologies to eliminate these dyes before their release into aquatic environments to meet 

environmental standards and protect biodiversity. However, conventional water treatment 

plants cannot effectively remove these micropollutants, as biological processes are not suited 

to this type of contamination. Moreover, although useful, conventional treatment methods such 

as coagulation-flocculation, precipitation, adsorption, and ultrafiltration are non-destructive 

and generate sludges and concentrates that require further treatment [6,7]. 

      In this context, advanced oxidation processes (AOPs) emerge as a promising solution. 

These processes, which rely on generating highly reactive radicals such as hydroxyl radicals 

and sulfate radicals, allow the complete mineralisation of organic contaminants into CO2, H2O, 

and mineral salts. AOPs include homogeneous chemical processes (such as Fenton’s reagent, 

ozonation, peroxonation, etc.), photochemical processes (such as H2O2 photolysis, 

heterogeneous photocatalysis, and photo-Fenton, etc.), electrochemical processes (such as 

anodic oxidation and electro-Fenton), processes based on the activation of 

persulfates/peroxomonosulfates, and discharge-based processes (e.g., humid air plasma). 



 

2 
 

 
INTRODUCTION 

2 

 

      Among these processes, the activation of persulfates, which generates sulfate radicals, has 

garnered increasing interest. Various methods can achieve this activation, including thermal 

energy or transition metals. These techniques offer notable advantages, particularly their 

efficiency and environmental friendliness. Furthermore, discharge-based processes, 

particularly Glidarc plasma, are increasingly used to depollution liquid effluents due to their 

ability to remove recalcitrant organic pollutants effectively. 

      This study aims to evaluate the potential of advanced oxidation processes, specifically the 

activation of persulfates and humid air Glidarc plasma, to remove an azo dye commonly used 

in the textile industry: Orange G. 

      This thesis is structured into four chapters: The first chapter provides a literature review on 

textile dyes and their environmental impact. A summary of wastewater treatment methods is 

then presented, focusing on advanced oxidation processes (AOPs). The second chapter outlines 

this study's analytical techniques, products, and experimental protocols. The third chapter first 

presents an investigation into the operational conditions for the degradation of the substrate via 

thermal activation of persulfates, followed by the analysis of the results obtained. Next, the 

results of the co-activation of persulfates using thermal and metallic methods for decolourising 

Orange G will be presented and discussed. Finally, the last chapter examines the results 

obtained from the study of the degradation of Orange G by humid air Glidarc plasma. The 

combination of plasma with ferric ions, as well as the effect of the presence of different 

oxidising species, is also investigated. 
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I.  WATER POLLUTION  

        Water pollution is defined by the physical, chemical, biological, or bacteriological 

degradation of its natural qualities due to various inadequately treated wastes from human 

activities. Among these is the waste generated by the aqueous effluents of the textile industries, 

specifically azo dyes, which constitute the majority of dyes used in these industries and are 

responsible for pollution once discharged into the waters.  

II. AZO DYES 

II.1. Generalities 

        Azo dyes are characterised by one or more azo groups (−𝑁 ≡ 𝑁 −) linking two radicals 

that can be aryl or alkyl[1]. The azo group can be associated with benzene rings, naphthalenes, 

aromatic heterocycles, or enolisable aliphatic groups[2]. Depending on the number of azo 

groups in a single dye molecule, they are classified as monoazo, diazo, triazo, and polyazo[3]. 

Thanks to the simplicity of their synthesis procedures, great structural diversity, high molar 

extinction coefficient, and medium to high stability properties in light and humidity, azo dyes 

currently represent the largest group of organic dyes produced in the world[4]. Scheme I.1 

presents the general chemical structure of a dye, where the azo bonds, along with the 

chromophores and auxochromes to which they are linked, define the specific colour of azo 

dyes[5]. 

Scheme I.1. Structure of the azo reactive dye. 
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        The different substitutions of aromatic rings lead to variations in the degree of conjugation 

of the system in azo dyes, which explains the molecule's ability to absorb light in the visible 

region, hence the colour variations[6,7]. Azo dyes come in various bright colours, such as 

yellow, orange, red, green, and blue[8]. These dyes have different absorption spectra and are 

associated with an electronic transition between molecular orbitals[3]. 

II.2. Synthesis of azo dyes 

II.2.1. Chemical synthesis through the diazotisation/coupling reaction 

        The diazotisation/azo coupling reaction is one of the most critical reactions in the 

development of industrial organic chemistry. The process of this synthesis is based on two 

steps[9] illustrated in Scheme I.2 : 

        The first involves treating a diazo component, a primary amine (𝐴𝑟 − 𝑁𝐻2), with nitrite 

in an acidic medium at 0-5°C. To form a diazonium salt (𝐴𝑟𝑁2
+𝐶𝑙−), which is relatively 

unstable, it is necessary to use it immediately in the coupling reaction. 

 

 

 

 

Scheme I.2. Diazotation and azo coupling. 

       The second step of the azo dye synthesis involves a reaction between the diazonium salt 

and a coupling component, which can be a phenol, an aniline, or a β-ketoacid derivative. 

Scheme I.3 shows how methyl yellow, orange, yellow, and red azo dyes are synthesised. 
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Scheme I.3. Diazo coupling reactions 

II.3. Use of azo dyes and their impact on the environment and human health  

        Azo dyes constitute the largest category of synthetic aromatic dyes, with around 3,000 

dyes classified as acid dyes, basic dyes, direct dyes, disperse dyes, mordant dyes, reactive dyes, 

and solvent dyes; of great commercial interest, they are primarily used by the textile, leather 

tanning, cosmetics, food, and paper production industries[3,4,10,11]. 

       Due to their synthetic nature and predominantly aromatic structure, most azo dyes are 

water-soluble and non-biodegradable[3]. Their toxic degradation by-products, mainly 

benzidines and their derivatives, as well as aniline, nitrosamines, and dimethylamine, easily 

penetrate aquatic organisms and can increase the dissolved oxygen demand of receiving waters, 

threatening marine life and overall water quality[12].  Through the food chain, these dyes reach 

humans, and contact with the skin or inhalation poses a risk of cancer, mutations, or causes 

allergies, dermatitis, skin irritations, dysfunctions of the kidneys, liver, brain, reproductive 

system, and central nervous system[13–15]. The toxic effects of certain azo dyes are listed in 

Table I.1 
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Table I.1. The poisonous effect of some azo dyes[4,16]. 

Azo dye Toxic effect Field of application 

Acid Violet 7 Cause lipid peroxidation, chromosomal 

abnormalities and acetylcholinesterase in 

mice. 

Medicine, food, printing 

on paper, cosmetics and, 

in particular, the textile 

and tanning 

industries[17]. 

Acid Orange 7 It causes eye, skin, and respiratory tract 

irritation and long-term toxicity for aquatic 

life. 

Textile industries[18]. 

Direct Black 38 Carcinoma of the human urinary bladder. 

 

Textile, food and 

pharmaceutical 

industries[19]. 

Methyl Orange Mutagenic and harmful to aquatic life. 

 

Indicators in various 

fields[20]. 

Reactive brilliant 

Red 

Inhibits human serum albumin function. Textile dyeing 

factories[21]. 

Reactive Black 5 It can cause allergies, breathing difficulties 

or asthma and reduce urease activity. 

Industrial dyeing[22]. 

Congo Red It may cause severe allergic reactions, 

anaphylactic shock, and carcinogenic 

effects. 

The textile, printing, 

paper, leather and 

plastics industries[20]. 

II.4. Environment legislation 

       Azo dyes are subject to strict regulations due to their potential ecotoxicological effects and 

to minimise their harmful impact on the environment. 

       Arylamine-based azo dyes have been banned in the United Kingdom (UK) since 1967 and 

subsequently in the United States (USA)[23].  

        The European Union (EU) has banned 22 aromatic amines generated by specific azo dyes 

in products likely to come into direct or prolonged contact with the human skin or oral cavity 
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following Directive76/769/EEC, which deals with ‘prohibitions on the use and marketing of 

certain dangerous substances and preparations[24]. 

        Environmental legislation in Algeria is defined by Law 06-141 of 19 April 2006 on the 

discharge of industrial liquid effluents. This law sets out the specifications for liquid discharges. 

Table I.2 shows the Algerian regulatory limits for liquid effluents from specific industries [25]. 

Table I.2. Limit values for industrial effluent discharge parameters[25]. 

Type of industry Parameters Unit Limit 

values 

Tolerance to limit 

values of old 

installation 

Textiles Temperature 

pH 

BOD5 

COD 

Decantable matter 

Undissolved matter 

Oxidability 

Permanganate 

°C 

- 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

 

30 

6.5-8.5 

150 

250 

0.4 

30 

100 

20 

35 

6-9 

200 

 

300 

0.5 

40 

120 

25 

Tannery and 

leather goods 

 

BOD5 

COD 

Suspended matter 

Total chromium 

 

mg/L 

mg/L 

mg/L 

mg/L 

350 

850 

400 

3 

400 

1000 

500 

4 
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III. TREATMENT METHODS FOR AQUEOUS EFFLUENTS  

        Due to population growth and the intensification of industrial activities, including the 

increased use of synthetic organic compounds such as dyes, the world is experiencing 

freshwater shortages. This has led communities to protect the environment by treating aqueous 

effluents before discharging them into the environment. Several techniques at different 

technological levels exist to eliminate these pollutants from wastewater. The initial 

implementations were those known as conventional methods. 

III.1. Conventional methods 

III.1.1. Physical methods 

        Physical or mechanical operations are mainly used to transfer pollutants from one aqueous 

medium to another, such as a solid adsorbent, a membrane, etc. These methods are used to carry 

out preliminary treatment of raw water. Physical processes include: 

III.1.1.1. Adsorption 

        This technique involves transferring a pollutant from the liquid phase to an adsorbent with 

specific properties that favour the adsorption of the pollutant. Activated carbon is widely 

favoured because of its great capacity to adsorb molecules[26]. However, it has limitations in 

specific categories of dyes (cationic dyes, mordant dyes, disperse and reactive dyes) and in 

specific pH ranges[27]. 

III.1.1.2. Membrane technology 

       It is a technique for selectively separating liquid phases based on the principle of 

permeation through a permeable membrane under the effect of a transfer force, in this case, a 

pressure difference on either side of the membrane[28]. The nature of the membrane varies, and 

its application to water treatment is highly dependent on it. There are porous membranes 

(microfiltration and ultrafiltration), dense membranes (reverse osmosis), and ion exchange 

membranes[28]. For example, reverse osmosis can be used to desalinate seawater and produce 

ultra-pure water, while the other membrane processes are used pre- or post-treatment[29,30]. 
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III.1.1.3. Coagulation and Flocculation 

        These physicochemical operations involve destabilising and precipitating suspended 

particles by injecting chemicals (coagulants and flocculants) that promote agglomeration and 

facilitate sedimentation. Hydrolytic aluminium and iron salts are the most commonly used 

coagulants[31]. The effectiveness of this method is influenced by various factors such as type 

and dosage of coagulant/flocculant, pH, temperature, retention time, mixing duration and 

speed[32]. However, this technique generates large quantities of sludge at the end of the 

treatment, requiring additional investments to manage it. 

III.1.2. Biological methods 

        Biological treatment processes are based on the microbial biotransformation of pollutants. 

They use bacteria, algae, fungi, and yeasts to remove contaminants from the environment[33]. 

Although these methods are suitable for a wide range of organic pollutants, they are not always 

applicable to industrial effluents, such as those from the textile industry, because of the high 

concentrations of contaminants, the toxicity that can lead to the death of microorganisms or 

their non-biodegradability. In addition, these techniques generate large quantities of biological 

sludge that require further treatment. 

III.1.3. Chemical methods 

        Chemical oxidation techniques are generally applied when biological processes are 

ineffective or as a pre-treatment for biological processes. Chemical oxidation is also used to 

treat hazardous organic compounds in low concentrations and effluents resistant to 

biodegradation methods. Potassium permanganate, chlorine, ozone, hydrogen peroxide, 

Fenton's reagent and chlorine dioxide are the reagents used in this type of oxidation, with 

hydrogen peroxide, ozone and chlorine being the most commonly used. This classic oxidation 

process allows organic products to be oxidised into water and carbon dioxide or other easily 

biodegradable products such as alcohols, aldehydes, ketones and carboxylic acids; however, in 

certain cases, this system is not sufficient to completely decompose organic pollutants[34], 

either because of slow kinetics, because some pollutants are refractory, or because oxidation 

remains partial and leads to the formation of intermediates that are more toxic than the initial 
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pollutant. In these cases, we call on emerging advanced oxidation technologies, which are even 

more effective, based on the in situ formation of radical oxidising species. 

III.2. Advanced oxidation process   

        Advanced oxidation processes were first developed by Glaze et al. in 1987 for treating 

wastewater at ambient temperature and pressure[35,36]. Since then, AOPs have been 

extensively researched as environmentally friendly methods for their ability to disinfect and 

treat contaminants and have become very attractive in recent years (Figure I.1).  
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Figure I.1. Trends in annual publications concerning the use of advanced oxidation processes 

in water treatment on the Google Scholar and Scopus databases. Consulted on 02/10/2024. 

        The advanced oxidation process (AOP) is an innovative technology based on the in situ 

formation of reactive oxygen species to degrade organic pollutants, with the main aim of 

completely mineralising them into CO2, H2O and harmless end products. Reactive oxygen 

species are free radicals that possess at least one unpaired electron, including the hydroxyl 

radical (HO•), the sulfate radical (𝑆𝑂4
•− ), the carbonate radical (𝐶𝑂3

−), and others and are 

responsible for the oxidation process[37]. 
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         A series of steps define the functioning of the advanced oxidation process[38]: 

 The first is a preliminary step involving forming reactive species with a high reduction 

potential through an oxidation reaction using either a catalyst, an application of energy or a 

chemical reaction.                                                                                                  

 The second step reveals the reaction between the formed radical species and the organic 

pollutant to form a biodegradable intermediate compound.                                                     

 The final step consists of the oxidation of the intermediate compounds and their 

transformation into stable inorganic compounds (complete mineralisation). 

        Table I.3 shows the reduction potential of certain oxidants. The reduction potential 

measures the tendency of a given chemical species to be reduced and to oxidise other species. 

The higher the potential, the greater the acceptor's affinity for electrons. In fact, the higher an 

oxidant's potential, the more powerful it is. 

Table I.3. Redox potential of various oxidants 

Oxidising agent Oxidation potential E°(V/ENH) 

Fluorine ( F2) 3.03 

Hydroxyl radical (HO•) 2.8 

Sulfate radical (𝑆𝑂4
•−) 2.6 

Atomic oxygen (O) 2.42 

Ozone (O3) 2.07 

Persulfate ion (𝑆2𝑂2
2−) 2.01 

Hydrogen peroxide (H2O2) 1.77 
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Scheme I.4. Description and characteristics of HO•. 

III.2.1. Hydroxyl radicals 

          Hydroxyl radicals are reactive oxidising agents made when a covalent bond breaks 

homolytically. They have a high oxidation potential of 2.8 V/ENH, positioning it as the second 

most reactive oxidant known when compared to other reactive oxygen species (Table I.3). In 

addition to its high reduction potential, the hydroxyl radical (HO•) has several advantages (as 

illustrated in Scheme I.4). Some of its essential characteristics include: 

 The ability to rapidly attack, with a rate constant generally between 106 and 109 M-1s-1, and 

non-selectively recalcitrant pollutant species in water by processes such as hydrogen 

abstraction, radical addition, and electron transfer[39,40].  

 It is an eco-friendly and harmless oxidant that can be easily produced using various 

methods[37]. 

 Additionally, HO• has a short lifetime of a few nanoseconds in water, leading to its self-

elimination from the treatment system[41].  

III.2.1.1. Hydroxyl radical oxidation mechanism 
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        The nature of the polluting substrate can vary, including its aliphatic or aromatic structure, 

its saturation or unsaturation, and the presence of activating and/or deactivating groups, which 

is why hydroxyl radicals ( HO•)react with them using three main mechanisms [36,42]: 

 Hydrogen abstraction: 

        The reaction where a hydroxyl radical (HO•) removes a hydrogen atom by the homolytic 

cleavage of a C-H band from a saturated aliphatic compound (R-H), resulting in the formation 

of a new organic radical (R•) 

𝐻𝑂• + 𝑅𝐻 → 𝑅• + 𝐻2𝑂                                    (I.1) 

 Electrophile addition: 

        The hydroxyl radical (HO•) acts as an electrophile, reacting with the π-bond of an 

unsaturated organic molecule or aromatic to give hydroxyalkyl or cyclohexadienyl radicals. 

𝐻𝑂• + 𝐴𝑟𝑋 → 𝐻𝑂𝐴𝑟𝑋•                                     (I.2) 

 Electron transfer: 

        Reactions can occur when the compound contains halogen substituents or steric hindrance 

that prevents electrophilic addition or hydrogen atom abstraction reactions. In that case, the 

hydroxyl radical (HO•) acts as an oxidant and is reduced to hydroxide (OH⁻). 

𝐻𝑂• + 𝑅𝑋 → 𝑅𝑋•+ + 𝑂𝐻−                                      (I.3) 

III.2.2. Classification of the AOP process  

As reported in the literature, Advanced Oxidation Processes (AOPs) are classified based on the 

production method of hydroxyl radicals, depending on the type of energy applied (e.g., light, 

ultrasound, electricity) and the chemical agents used (e.g., H₂O₂, O₃, persulfate ion, iron salts). 

The classification of AOPs can be broadly categorised into chemical oxidation, photochemical, 

electrochemical, sonochemical, sulfate radical-based AOPs, plasma-based AOPs, and some 

other types of AOPs such as catalytic wet air oxidation, supercritical water oxidation, carbonate 

radical-based AOPs, and combined AOPs[37,43]. Scheme I.5 illustrates the classification of 

non-conventional oxidation processes. 
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Scheme I.5. Classification of the AOP process. 

III.2.2.1.Chemical oxidation 

        Chemical oxidation is the process of using powerful reagents like hydrogen peroxide 

(𝐻2𝑂2), ozone (𝑂3), and chlorine dioxide(𝐶𝑙𝑂2) to reduce residual COD, non-biodegradable 

compounds, and trace organic compounds[44]. 

III.2.2.1.1. Fenton’s process 

        It is among the oldest Advanced Oxidation Processes (AOPs). First developed in 1894 by 

H.J.H. Fenton, it was reported that ferrous salts could activate hydrogen peroxide to oxidise 

tartaric acid. In 1930[45], Haber and Weiss demonstrated that the decomposition proceeded 

through a complex chain reaction[35].  

       The Fenton process generally involves the reaction of hydrogen peroxide (H2O2) with iron 

ions (Fe2+) according to Equation I.4 in an acidic medium to produce a potent oxidising agent, 

namely the hydroxyl radical(HO•), which subsequently degrades the pollutants[46,47]. 

𝐹𝑒2+ + 𝐻2𝑂2⟶ 𝐹𝑒3+ + 𝑂𝐻− + 𝐻𝑂•               k=40-80 M-1 s-1              (I.4) 
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        In a cyclic mechanism, the generated ferric ions (Fe3+) can be reduced by reacting with 

an excess of hydrogen peroxide to regenerate ferrous (Fe2+) ions (Equation I.5). 

  𝐹𝑒3+ + 𝐻2𝑂2⟶𝐻𝑂𝑂• + 𝐹𝑒2+ + 𝐻+                k=9.1×10-7 M-1 s-1           (I.5) 

        This reaction is referred to as a Fenton-type reaction. It is kinetically slower than the 

Fenton reaction. The reaction indicates that this process also generates hydroperoxyl radicals 

(HOO•), which exhibit lower reactivity than hydroxyl radicals. 

        The Fenton process’s efficiency heavily depends on various factors such as temperature, 

medium pH, catalyst concentration, and 𝐻2𝑂2. It also depends on the optimal molar ratio 

between the iron ions and hydrogen peroxide, which must be determined experimentally to 

avoid scavenging[46]. 

III.2.2.1.2. Peroxone process 

        The Peroxone process is an Advanced Oxidation Process (AOP) that generates hydroxyl 

radicals (HO•) through the interaction of two strong oxidising agents, ozone and hydrogen 

peroxide, for pollutant remediation. This process was initially identified by Hoigné and 

Staehelin in their significant pioneering research[48]. The researchers determined that the 

reaction progresses as hydrogen peroxide in aqueous solution dissociates into protons and 

hydroperoxide ions (Equation I.6). Subsequently, the hydroperoxide ions react with ozone, 

leading to its decomposition. The overall reaction can be summarised as follows[48,49]: 

𝐻2𝑂2⟷𝐻𝑂2
− + 𝐻+                                   (I.6) 

𝐻2𝑂2 + 𝑂3⟶𝐻𝑂• + 𝑂2
− + 𝑂2                   (I.7) 

        The Peroxone technique treats wastewater discharged from various industries. A hybrid 

method, such as incorporating a catalyst or an energy source (e.g., UV light, electricity), could 

improve the treatment's efficiency. 

III.2.2.2. Photochemical oxidation 

        Photochemistry is a branch of chemistry that studies the chemical reactions resulting 

from the absorption of ultraviolet, visible, or infrared light, focusing on the absorption of light 

energy[50]. This can be grouped as follows: 
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III.2.2.2.1. Photodecomposition 

       Photolysis, also known as photodecomposition, is a chemical process in which photons, 

alone or in combination with strong oxidants like H2O2 and O3, break down an inorganic or 

organic chemical[51]. 

III.2.2.2.1.1. Direct photolysis 

       UV/Photolysis is a method that uses UV irradiation, devoid of oxidants and catalysts, to 

decompose pollutants into smaller molecules. The water molecule is dissociated under UV 

irradiation, yielding hydrogen and hydroxyl radicals[52]. The following equations can 

schematise the pollutant's photolysis reaction. 

𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡
ℎ𝜐
→ 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡∗                     (I.8) 

𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡∗
ℎ𝜐
→  𝑃ℎ𝑜𝑡𝑜𝑝𝑟𝑜𝑑𝑢𝑐𝑡            (I.9) 

       This process is less effective than others involving combining radiation with hydrogen 

peroxide or ozone or using homogeneous or heterogeneous photocatalysis[53]. 

III.2.2.2.1.2. Photolysis of hydrogen peroxide (UV/𝐇𝟐𝐎𝟐) 

        The UV/H2O2 process initiates with the decomposition of hydrogen peroxide under UV 

radiation, absorbed at the 185–400 nm wavelength range, especially in the shorter range of 200–

300 nm, which activates and cleaves the O—O bond of H2O2[54], forming hydroxyl radicals 

according to Equation I.10.  

    𝐻2𝑂2
ℎ𝜐
→  2 𝐻𝑂•                                        (I.10) 

       These free radicals then continue to promote the decomposition of H2O2 through a series 

of chain reactions. Next, a series of radical reactions take place [55]: 

 Propagation reactions: 

  𝐻𝑂• + 𝐻2𝑂2⟶ 𝐻2𝑂 + 𝐻𝑂𝑂
•            (I.11) 

𝐻𝑂𝑂• + 𝐻2𝑂2⟶   𝐻𝑂• + 𝐻2𝑂 + 𝑂2   (I.12) 
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  𝐻𝑂• + 𝐻𝑂2
−⟶𝐻𝑂𝑂• + 𝑂𝐻−             (I.13) 

 Termination reactions : 

2𝐻𝑂𝑂•⟶𝐻2𝑂2 +𝑂2                           (I.14) 

  𝐻𝑂• + 𝐻𝑂𝑂•⟶𝐻2𝑂 + 𝑂2                 (I.15) 

2  𝐻𝑂•⟶𝐻2𝑂2                               (I.16) 

        The UV/H2O2 process is frequently used for groundwater purification and degrading 

contaminants containing photosensitive compounds[49]. The reaction rate is influenced by 

various elements, including pH, temperature, pollutant type, the type of UV lamp, the 

transmittance of the quartz sleeve, the length of the optical path through the reactor medium, 

the optical properties of the effluent, and the concentration of peroxide to avoid scavenging 

radicals[49,55]. However, the main constraint of this process is the low absorption coefficient 

of H2O2 (ε = 18.6 L mol-1 cm-1 at 253.7 nm)[56] 

III.2.2.2.1.3. Photolysis of ozone (UV/O3) 

        In an aqueous solution, ozone (O3) has a maximum molar absorption coefficient (𝜀𝑚𝑎𝑥 =

3600 𝐿 𝑚𝑜𝑙−1𝑐𝑚−1) at 𝜆 =253.7 nm, while hydrogen peroxide only has a (𝜀𝑚𝑎𝑥 =

19,7 𝐿 𝑚𝑜𝑙−1𝑐𝑚−1) at the same wavelength. This enables ozone to absorb UV light at 253.7 

nm more efficiently, leading to a higher generation of hydroxyl radicals (HO•) [38,40]. These 

radicals effectively oxidise and destroy toxic organic compounds in wastewater, as illustrated 

in the following equations: 

 Photolytic dissociation: 

𝑂3 + 𝐻2𝑂
ℎ𝜐
→ 2  𝐻𝑂• + 𝑂2                    (I.17) 

 Conversion to peroxyl radical: 

𝑂3 +   𝐻𝑂
•⟶𝐻𝑂𝑂• + 𝑂2                  (I.18) 

𝑂3 + 𝐻𝑂𝑂
•⟶   𝐻𝑂• + 2𝑂2                (I.19) 

 Conversion to harmless products: 
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 𝐻𝑂• + 𝐻𝑂𝑂•⟶𝐻2𝑂 + 𝑂2                 (I.20) 

Numerous variables, including pH, temperature, traps in the influent, turbidity, UV intensity, 

the lamp's spectral characteristics, and the type(s) of pollutant in the system, can affect this 

system's effectiveness. This system has demonstrated its efficiency in eliminating 

chlorophenols[57,58]. 

III.2.2.2.2. Photocatalysis 

        Photocatalysis is a process where light activates a photocatalyst, enhancing the rate of a 

chemical reaction without being involved in the transformation. It involves semiconductor 

material absorbing sufficient light energy to facilitate the transfer of electrons from the valence 

band to the conduction band, forming electron-hole pairs. These pairs generate free radicals that 

oxidise organic materials and degrade pollutants. Photocatalysis is classified into homogeneous 

and heterogeneous types, depending on the catalyst phase[59]. 

III.2.2.2.2.1. Homogeneous photocatalysis 

         Homogeneous photocatalysis is a process in which a photocatalyst is present in the same 

phase as the reactants (liquid solution). Transition metal complexes commonly serve as 

homogeneous photocatalysts due to their stability and appropriate electronic band gap[60]. 

Processes frequently used by homogeneous photocatalysts include the photo-Fenton process. 

III.2.2.2.2.1.1. Photo-Fenton Process (UV/Fe+2/𝐇𝟐𝐎𝟐 ) 

       The photo-Fenton (Fe2+/H2O2/UV-Vis) process improves the traditional Fenton reaction by 

using light in the ‘near UV to visible’ range, with wavelengths up to 600 nm[61]. This 

modification solves the problem of the accumulation of Fe3+ ions during the Fenton process, 

which leads to sludge formation. Therefore, this process accelerates the photolytic reduction of 

ferric ion (Fe3+) to ferrous ion (Fe2+)Equation (I.22), which ultimately regenerates the catalyst 

required for the process, resulting in lower amounts of iron needed for photo-Fenton than 

Fenton[62,63], The reduction of ferric ion also creates another hydroxyl radical resulting in the 

hydrogen peroxide being fully converted into two radicals[64]. A simplified mechanism for the 

process can be described as follows: 

𝐹𝑒3+ + 𝐻2𝑂 ⟶ 𝐹𝑒(𝑂𝐻)2+ + 𝐻+              (I.21) 
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𝐹𝑒(𝑂𝐻)2+
ℎ𝜐
→ 𝐹𝑒2+ +   𝐻𝑂•                         (I.22) 

𝐹𝑒2+ + 𝐻2𝑂2⟶ 𝐹𝑒(𝑂𝐻)2+ +   𝐻𝑂•          (I.4) 

𝐻2𝑂2
ℎ𝜐
→ 2  𝐻𝑂•                                             (I.10) 

      The rate of photo-reduction of Fe3+, as well as the rate of production of the 𝐻𝑂•radical, 

depends on the irradiation wavelength and the pH, as each ferric iron species does not exhibit 

the same photo-reactivity. Table I.4 presents the quantum yield values for the different species 

of ferric iron[65,66]. 

Table I.4. Quantum yield of hydroxyl radical production by UV/visible irradiation of Fe3+ 

solution 

λnm Species εmax( L mol
−1cm−1) Quantum yield 

of  HO•production. 

254 Fe3+ 1500 0.065 

313 Fe(OH)2+ 2000 0.140 

360 Fe(OH)2+ 400 0.017 

 

        The Fe(OH)2+ complex has the highest quantum yield (0.14) at 313 nm and dominates 

under slightly acidic conditions. The photolysis of Fe+3 and the Fenton reaction enhances the 

efficiency of the radical hydroxyl HO• production process. In contrast, the photolysis of H2O2 

Equation (I.10) contributes minimally due to its low absorption of UV and visible light[67], 

so Fe(OH)²⁺ represents the most reactive species for hydroxyl radical production[68]. 

       The photo-Fenton process has already been used to remove several contaminants and works 

particularly well on organic recalcitrant substances such as dyes[69], pesticides[70],  

pharmaceuticals and phenols[71,72]. 

        The precipitation of Fe(III) in water at pH levels above 5 is the main challenge of the 

photo-Fenton process, necessitating acidic conditions to prevent excessive iron sludge 
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formation[73]. Organic ligands like EDTA, oxalate, and EDDS have been introduced to 

improve the process's performance and increase the production of hydroxyl radicals (HO•) [37]. 

III.2.2.2.2.1. Heterogeneous photocatalysis 

        Heterogeneous photocatalysis is mainly based on irradiating semiconductor materials with 

light energy (UV, near-UV, or visible light) to initiate chemical reactions on their surfaces.  

        The fundamental mechanism of photocatalysis involves the creation of electron-hole pairs, 

which, upon separation, initiate redox reactions of species adsorbed on the active surface[74] 

III.2.2.2.2.1.1. TiO2 photocatalysis (UV/𝐓𝐢𝐎𝟐) 

       Researchers have reported that titanium oxide TiO2, due to its high stability, wide band 

gap, and strong ultraviolet absorption, is one the most effective semiconducting photocatalysts 

and performs best when exposed to UV light. It facilitates the photocatalytic decomposition of 

organic compounds on its surface in water and air[75,76]. Based on its crystal structure, TiO2 

can exist in three different forms: anatase, rutile, and brookite. While Anatase and rutile have 

been extensively studied, reports on brookite remain limited[77–80]. 

       Regarding its mechanism, when TiO2 is exposed to UV light with energy equal to or larger 

than its band gap energy DEbg (3.0 eV for rutile and 3.2 eV for anatase), an electron is excited 

from the valance band to the conduction band Figure I.2. This excitation creates a positive hole 

(hVB
+) in the valance band and an electron (eCB

−) in the conduction band. The positive hole 

(hVB
+) can either oxidise pollutants directly or react with water to produce HO•radicals, while 

the electron in the conduction band (eCB
−) reduces oxygen adsorbed on a photocatalyst’s 

surface. Equations (I.23)-(I.28) represent the abovementioned mechanism[76,80]. 

𝑇𝑖𝑂2
ℎ𝜈
→ ℎ𝑉𝐵

+ + 𝑒𝐶𝐵 
−                                                              (I.23) 

𝑒𝐶𝐵 
− +𝑂2⟶𝑂2

•−                                                                 (I.24) 

ℎ𝑉𝐵
+ + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 ⟶ 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠        (I.25) 

ℎ𝑉𝐵
+ + 𝐻2𝑂 ⟶ HO• + 𝐻+                                                  ( I.26) 

HO• + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 ⟶ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  (I.27) 
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𝑒𝐶𝐵 
− +𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 ⟶ 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠       (I.28) 

        When the reduction process of oxygen and the oxidation of contaminants do not proceed 

simultaneously during the photocatalytic degradation of pollutants, an electron accumulation 

occurs in the conduction band, leading to the rapid recombination of electrons and positive 

holes. Therefore, improving the separation efficiency of photogenerated electrons and holes in 

a semiconductor catalyst is essential to improve its photocatalytic performance[81]. 

 

 

 

 

 

 

 

 

 

Figure I.2. Schematic illustration of the photocatalytic oxidation of organic compounds in 

textile wastewater, initiated by photoexcitation of pure TiO₂ under UV light[82]. 

III.2.2.3. Electrochemical oxidation 

        Electrochemical oxidation involves applying an electric current or voltage between two 

electrodes (anode and cathode) that generate hydroxyl radicals or other oxidising agents, 

depending on the type of anode material and supporting electrolyte used without sludge 

production [83]. This process can be direct or indirect. In direct electrooxidation, pollutants are 

degraded directly at the anode by charge transfer reactions. In indirect electro-oxidation, the 

pollutants are eliminated by reactive species formed during oxidation of the water or 

electrolytes in the solution [84]. 
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III.2.2.3.1. Electro-Fenton process 

        The electro-Fenton (EF) process uses electrochemistry as an advanced method to generate 

and control the Fenton reagent by producing hydrogen peroxide (H2O2) directly in solution 

through a reduction of two-electron oxygen (O2) in an acidic medium Equation (I.29)[85]. In 

this process, H2O2 reacts with iron (Fe2+) to produce hydroxyl radicals(HO•) that degrade 

organic pollutants. The regeneration of Fe²⁺ at the cathode ensures a steady supply of HO• 

Equation (I.30), preventing the accumulation of Fenton’s reagent and minimising side 

reactions [86,87]. 

𝑂2 + 2𝐻
+ + 2é ⟶ 𝐻2𝑂2                   ( I.29) 

𝐹𝑒3+ + é ⟶ 𝐹𝑒2+                               (I.30) 

        The EF process offers several advantages over traditional chemical Fenton systems[88]: 

 On-site production of H2O2 reduces transport and storage risks. 

 Controlled reaction kinetics for precise oxidation and degradation. 

 Improved pollutant removal thanks to continuous regeneration of Fe2+. 

 Reduced use of chemical reagents and sludge production.  

 Cost-effective mineralisation occurs under optimised operating conditions. 

        The process involves selecting effective cathodic and anodic materials for efficient and 

sustainable hydroxyl radical generation. It focuses on the practical design of open and undivided 

electrochemical reactors[88]. 

III.2.2.3.2. Anodic oxidation process 

        The anodic oxidation (AO) process is a treatment method for pollutants in which 

substances near the anode undergo oxidation during electrolysis. Organic pollutants can be 

oxidised directly on the electrode surface or indirectly through hydroxyl radicals (HO•) 

generated by water oxidation on the anode surface. This process operates via two main 

mechanisms: direct electron transfer (direct oxidation) and oxidation by reactive species 

(indirect oxidation)[89].         
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        Several factors influence the AO mechanism, including the type of contaminant, electrode 

material, electrolyte type, and applied current or voltage. These variables affect the formation 

and stability of reactive species and the likelihood of secondary oxidant production[90]. A 

variety of anode materials have been used in the anodic oxidation process, including a metal 

(Pt)[91,92], metal oxides (RuO2[93], IrO2[94], PbO2 [95] and SnO2[96]), and carbonaceous 

materials (BDD[97]).  

          AO is widely used in wastewater treatment, effectively removing synthetic dyes, phenols, 

organic pesticides, pharmaceuticals, and resistant pollutants[98]. 

III.2.2.4. Sonochemical oxidation 

        Sonochemistry involves chemical reactions induced by powerful ultrasound radiation (20 

kHz–10 MHz) via acoustic cavitation phenomena[99,100]. 

        Ultrasound (US) passes through a liquid and forms bubbles from gas nuclei. These bubbles 

oscillate and can collapse violently, creating localised temperatures of up to 5000 K and 

pressures in the hundreds of atmospheres[101] Scheme I.6.   

 

Scheme I.6. Diagram of acoustic cavitation, bubble growth, and cavity implosion. 

        On the other hand, this extreme environment leads to the thermal dissociation of water 

vapour, producing reactive hydroxyl radicals (HO•) and hydrogen atoms (𝐻•) Equation (I.31), 
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which can form additional radicals in the presence of O₂ and H₂O. In pure water, these radicals 

typically recombine to form hydrogen peroxide (H2O2), while with organic solutes, various 

reactions occur depending on the solute's characteristics[102,103]. The chemical effects caused 

by cavitation depend on the specific characteristics of the dissolved gas and solute in the 

solution. 

𝐻2𝑂 + 𝑈𝑆 ⟶ HO• + 𝐻•                                         (I.31) 

        According to the "hot spot" theory, sonochemical reactions occur in three zones[104]:  

 Within the cavitation bubble, where volatile and hydrophobic molecules undergo pyrolysis. 

 At the bubble–liquid interface, where hydroxyl radical reactions dominate.  

 In the bulk solution, free radicals migrate from the bubble–liquid interface into the liquid, 

driving secondary sonochemical reactions. 

III.2.2.5. Process based on the sulfate radical 

        The sulfate radical-based advanced oxidation process (SR-AOP) is an emerging water 

treatment technology that has attracted attention for its exceptional effectiveness in removing 

and mineralising pollutants, particularly those resistant to traditional treatment methods[105]. 

        SR-AOP used radical oxidising species (ROS), precisely sulfate radicals (𝑆𝑂4
•−), typically 

generated through the activation of peroxydisulfate (PDS) or peroxymonosulfate (PMS), to 

degrade organic pollutants effectively. As a result, SR-AOP is considered one of the most 

promising advanced oxidation processes for water and wastewater treatment[106,107]. Table 

I.5 summarises the advantages and disadvantages of sulfate radical-based AOPs. 
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Table I.5. Advantages and disadvantages of SR-AOP. 

Advantages limitations 

The high oxidation power of 𝑆𝑂4
•− and  HO• 

The extended half-life of 𝑆𝑂4
•−  

Suitability across a broad pH range 

Safe storage of oxidant agents on a large 

scale 

High selectivity for oxidation due to 𝑆𝑂4
•−  

Expensive compared to H2O2 

Risk of generating toxic by-products in the 

presence of Cl− and Br− 

 

III.2.2.5.1. Properties of peroxydisulfate and peroxymonosulfate 

        Peroxydisulfate (PDS, S2O8
2-), commonly called persulfate (PS), and peroxymonosulfate 

(PMS, HSO5
−) are both oxidising agents used in situ Chemical Oxidation (ISCO), which are 

characterised by an oxygen-oxygen (O–O) bond similar to hydrogen peroxide [108]. Figure 

I.3.  

Figure I.3. Chemical structures of 𝑆2𝑂8
2−and 𝐻𝑆𝑂5

−. 

        PMS is generally a compound salt comprised of potassium hydrogen sulfate, potassium 

sulfate and potassium peroxymonosulfate in a 1:1:2 ratio[108]. In contrast, PDS contains sulfate 

ions and cations, exhibiting a longer O-O bond length of 1.497 Å and lower bond energy of 

33.5 kcal mol-1 compared to PMS, which has an O-O bond length of 1.453 Å[109,110]. The 

asymmetric structure of PMS results from the substitution of hydrogen atoms in H2O2 by SO3. 

However, PDS is chemically more stable and has a higher redox potential (E0=2.01 V compared 

with E0=1.77 V for PMS)[107]. 
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       Both compounds have gained increasing attention due to their value for water solubility, 

affordability, ease of storage, and environmental friendliness. Table I.6 outlines the various 

properties of peroxymonosulfate (PMS) and peroxydisulfate (PDS). Figure I.4 shows the 

evolution of the number of publications on applying persulfate activation in situ chemical 

oxidation in recent years, based on the results of the Scopus and Google Scholar databases.  

Table I.6. Various properties of PMS and PDS.[106,108] 

Properties PDS PMS 

Quantum yield of radical generation 1.8 0.52 

Relative absorbance 0.044 0.024 

Solubility in water at 25°C (g.L-1) 92 377 

Estimated lifetime in groundwater > 5 months Hours to days 

Molecule formula K2S2O8- Na2S2O8-

(NH4)2S2O8 

KHSO5- KHSO4- 

K2SO4 
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Figure I.4. The yearly evolution in the number of publications searched using the terms 

‘sulfate radical’ and ‘persulfate activation in situ chemical oxidation’ in the Scopus and 

Google Scholar databases. Consulted on 17/11/2024. 

III.2.2.5.2. Sulfate radicals based AOPs 

III.2.2.5.2.1. Definition and general principles  

        The physicochemical activation of persulfate (PS) can generate sulfate radicals (SO4
•−)by 

dissociating peroxide bonds through energy transfer or one-electron reduction[111]. Sulfate 

radicals (SO4
•−) have attracted significant attention as an oxidising agent for pollutant 

degradation due to their high acid-base adaptability and selectivity toward organic chemical 

bonds, and they also have a relatively longer half-life (30–40 μs) compared to traditional 

hydroxyl radicals (HO•), offering additional advantages for advanced oxidation processes 

(Scheme I.7) [109]. 

        With a high oxidation potential (E° (SO4
•−/SO4

2−) = 2.6–3.1 V/ENH)[112], SO4
•−radicals 

can attack organic pollutants through at least three primary mechanisms[113]: 

 Hydrogen abstraction from saturated carbon atoms 
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 Addition reactions on double bonds 

 Electron transfer 

        The oxidation capability of SO4
•−radicals is particularly effective in environments 

containing carbonate and phosphate buffer solutions, ammoniacal nitrogen in wastewater, and 

various micropollutants. Reaction rates range from 106 to 109 M⁻¹ s⁻¹[114], which exceed those 

of HO•-based advanced oxidation processes (AOPs). Research has shown that SO4
•−is less 

affected by competing constituents, such as alkalinity and natural organic matter in real water 

matrices. This resistance to interference suggests that SO4
•−is more effective for degrading 

highly reactive organic contaminants[112,115,116]. 

 

Scheme I.7. Comparison of HO• and SO4
•−characteristics. 
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III.2.2.5.2.2. Reactivity of sulfate radicals  

        The decomposition of the persulfate ion in aqueous solution is crucial for generating 

sulfate radicals. These radicals, valued for their high reactivity and stability, are instrumental 

in the efficiency of advanced oxidation processes (AOPs) to remove organic contaminants from 

the environment. Nonetheless, the decomposition mechanism of persulfate in the absence of 

solutes has been minimally studied and is still not fully understood. The reduction in sulfate 

radical concentration is attributed to the following reactions[117]: 

 Biomolecular reaction: 

SO4
•− + SO4

•−⟶ 𝑆2𝑂8
2−              k=8. 1× 108 𝑀−1𝑠−1             (I.32) 

 Reaction with persulfate ion: 

SO4
•− + 𝑆2𝑂8

2−  ⟶ 𝑆2𝑂8
•− + 𝑆𝑂4

2−   k=6.62× 105𝑀−1𝑠−1       (I.33) 

 Reaction with water : 

SO4
•−  + 𝐻2𝑂 ⟶ 𝑆𝑂4

2− +  HO• + 𝐻+    k=9. 4× 103𝑀−1𝑠−1    (I.34) 

III.2.2.5.3. PS activation mode 

        The activation of PS and PMS is essential for generating the SO4
•− radical in an aqueous 

medium by breaking the peroxide bond (O-O) to achieve the removal of organic contaminants 

in water and soil by a series of radical reactions[113,118,119] Equations (I.35) and (I.36),  in 

addition to SO4
•−there is also indirect generations of  HO• radical, superoxide radical (𝑂2

•) or 

other reactive species, however SO4
•−remains the primary species responsible for the 

effectiveness of removal of pollutants[120].  

𝑆2𝑂8
2−

𝐸𝑛𝑒𝑟𝑔𝑦(ℎ𝑒𝑎𝑡,ℎ𝜈)
→            2SO4

•−                                           (I.35) 

𝐻𝑆𝑂5
−
𝐸𝑛𝑒𝑟𝑔𝑦(ℎ𝑒𝑎𝑡,ℎ𝜈)
→             𝑆𝑂4

•− +  𝐻𝑂•                                 (I.36) 

        When sulfate radicals (SO4
•−) interact with organic compounds, they can trigger a sequence 

of radical chain reactions Equations (I.37) and (I.38). These reactions often result in the 

oxidation or complete mineralisation of the organic compound. 
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𝑆𝑂4
•− + 𝑅𝐻 ⟶ 𝑆𝑂4

2− + 𝐻++ 𝑅•                                     (I.37) 

 𝐻𝑂• + 𝑅𝐻 ⟶ 𝐻2𝑂+ 𝑅
•                                                ( I.38) 

        Moreover, due to the ease of activation, PS is the most commonly used reagent for SO4
•− 

radical productions [113]Equation (I.39).  

𝑆2𝑂8
2− + 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑜𝑟 ⟶ SO4

•− + (SO4
•−𝑜𝑟 SO4

2−)            (I.39) 

        PS can be activated through various methods, including[107,121,122]: 

 Photochemical activation: Primarily includes UV activation. 

 Chemical activation: Involves techniques such as alkali activation, transition metal ions and 

metal oxide activation, and activation using carbon-based material. 

 Physical Activation: includes thermal (heat) activation, plasma activation, and ultrasound 

(US) activation. 

 Coupled activation methods: combines multiple activation techniques, such as 

heat/transition metal ions/PS or US/heating/PS. 

        Figure I.5 provides an overview of the various activation methods for persulfate, while 

Table I.7 summarises them.  

 

Figure I.5. Various persulfate activation modes [122]. 
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Table I.7. PS activation methods. 

Method Mechanism Predominant 

Radical species 

Heat Homolysis of peroxide bond SO4
•−/ HO• 

UV Radiation Homolysis of peroxide bond SO4
•− 

Transition Metals One electron transfer SO4
•− 

Alkaline pH Base-catalysed hydrolysis of PS leads to 

hydroperoxide formation, subsequently 

triggering radical generation. 

SO4
•−/ HO• 

III.2.2.5.3.1. UV Activation  

        UV irradiation has been employed to activate persulfate (PS) and degrade various organic 

pollutants. During this process, active radicals generated from the activation of PS break the 

chemical bonds of pollutants under UV irradiation. Specifically, the radical species SO4
•−are 

formed from the fission of the peroxide bond (–O–O–). 

        The wavelength of UV light plays a crucial role in the activation process within UV/PS 

systems. Research indicates that visible light with wavelengths longer than λ > 420 nm has little 

effect on PS activation. When the wavelength exceeds λ > 300 nm, the absorption rate of PS 

remains low. The highest absorption rate occurs at 254 nm, with an absorption coefficient of 

𝜀 =27.5 ± 1.1 M cm⁻¹[123,124]. 

        Most studies employ UV at 254 nm, which provides sufficient energy to break the –O–O– 

bond in PS[125]. Upon UV irradiation, PS activation forms two SO4
•−radicals, as shown in 

Equation (I.35). In solution, some SO4
•−can spontaneously convert to HO•, particularly in 

alkaline pH[106], as in Equations (I.34) and  (I.40).  

   𝑆2𝑂8
2−

ℎ𝜈
→ 2SO4

•−                                       (I.35) 

SO4
•−  + 𝐻2𝑂 ⟶ 𝑆𝑂4

2− +  HO• + 𝐻+         (I.34) 

SO4
•− + 𝑂𝐻−⟶ 𝑆𝑂4

2− +  HO•                   (I.40) 
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        The UV/PS system has recently been used to degrade various resistant organic pollutants; 

many studies have demonstrated its high oxidation capacity due to its higher quantum 

yield[126]. However, as UV light constitutes only a tiny fraction of sunlight (3-5%), efforts 

have been made to extend the photoactivation range of PS from UV to visible and sunlight 

wavelengths[107,127]. 

III.2.2.5.3.2. Alkali activation 

        The alkaline activation of PS is highly dependent on pH; typically, increasing the pH to 

levels above 11, often achieved by adding sodium or potassium hydroxide (NaOH, KOH), is 

crucial for the activation process[128,129]. During this process, the hydrolysis of a persulfate 

molecule produces a hydrogen peroxide anion (𝐻𝑂2
−), which subsequently generates 

superoxide radicals (𝑂2
•−). These reactions are pivotal in the activation mechanism Equations 

(I.41) and (I.42).  

S2O8
2− + 𝐻2𝑂 ⟶ 2𝑆𝑂4

2− + 𝐻𝑂2
− + 𝐻+                 (I.41) 

S2O8
2− + 𝐻𝑂2

−⟶ 𝑆𝑂4
2− + 𝑆𝑂4

•− + 𝑂2
•− + 𝐻+       (I.42) 

        Also, sulfate radicals (𝑆𝑂4
•−) can transform under alkaline conditions into hydroxyl 

radicals HO•  Equation (I.40)[130]. 

𝑆𝑂4
•− + 𝑂𝐻−⟶ 𝑆𝑂4

2− +  𝐻𝑂•                              (I.40) 

       However, compared to activation methods such as heating, UV irradiation, or metal-based 

approaches, alkali-activated persulfate systems are less effective and require longer degradation 

times. 

III.2.2.5.3.3. Transition metal activation 

        Persulfate (PS) can be activated at room temperature and neutral pH through electron 

transfer from metals with relatively low valence states, such as cobalt (Co²⁺), silver (Ag⁺), 

manganese (Mn²⁺), and iron (Fe²⁺). This process generates SO4
•−radicals, with the primary 

activation mechanism described as follows, where M represents typical metal ions: 

𝑆2𝑂8
2− +𝑀𝑛⟶𝑀(𝑛+1) + SO4

•− + 𝑆𝑂4
2−        (I.43) 
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        Among these metals, Fe²⁺ is frequently used in persulfate-based in situ chemical oxidation 

(ISCO) due to its environmental compatibility, non-toxicity, and cost-effectiveness[131]. The 

activation of persulfate by Fe²⁺ occurs through a one-electron transfer, where Fe²⁺ provides an 

electron to the persulfate anion (S2O8
2−) with an activation energy of 50,23 kJ mol−1[132], as 

shown in Equation (I.44). 

S2O8
2− + 𝐹𝑒2+⟶ 𝐹𝑒3+ + 𝑆𝑂4

•− + 𝑆𝑂4
2−           (I.44) 

        The Fe²⁺/PS system has been proven effective in degrading various refractory pollutants 

at optimal Fe²⁺ concentrations. However, an excess of Fe²⁺ ions can lead to competitive side 

reactions that decrease the generation of sulfate radicals[133], as demonstrated in Equation 

(I.45). 

𝐹𝑒2+ + SO4
•−⟶ 𝐹𝑒3+ + 𝑆𝑂4

2−                         (I.45) 

III.2.2.5.3.4. Ultrasonic activation 

        The activation of persulfate by ultrasonic methods is based on generating cavitation 

bubbles in wastewater through ultrasound. The collapse of these bubbles produces localised 

high temperatures (up to 5000 K), which induce homolysis of the O-O bonds in persulfate. This 

reaction generates reactive species, such as SO4
•−, through a mechanism comparable to heat- 

and UV-induced radical generation[134,135].  

S2O8
2−

𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑢𝑛𝑑
→         2 𝑆𝑂4

•−                               (I.46) 

        Ultrasonic activation is notable for its chemical efficacy and stability[136]. However, 

challenges such as high energy consumption and limited processing capacity hinder its broader 

adoption and application. 

III.2.2.5.3.5. Plasma activation 

        Activated persulfate using plasma technologies has emerged as an effective method for 

degrading organic pollutants in wastewater treatment. Physical and chemical reactions are 

triggered when high-energy ions and electrons from the plasma collide with molecules in the 

liquid. During this process, the ions and molecules in the liquid interact with the high-energy 

electrons and ions in the plasma, leading to the excitation or ionisation of the chemicals in the 
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solution. This interaction can activate PS, producing sulfate radicals (SO4
•−), which exhibit 

strong oxidising properties, significantly improving the degradation efficiency of persistent 

organic contaminants[137]. 

III.2.2.5.3.6. Thermal activation 

        Thermal activation of persulfate (TAP) occurs when sufficient energy equivalent to 

dissociation energy of the peroxide bond (ranging from 140 to 213,3 kJ mol−1) is supplied to 

the persulfate anion(S2O8
2−) [130,138]. This process generates two sulfate radicals (SO4

•−) with 

a rate constant ranging from 1×10−7 s−1 at 25°C to 5.7×10−5 s−1at 70°C[129], as shown in 

Equation (I.35), which can react with water (H2O) to produce hydroxyl radicals ( HO•) 

lowering the pH of the solution, and is also an effective species for treating persistent 

pollutants[139]. However, this reaction Equation (I.34) is relatively slow under most 

conditions, with a rate constant of less than k= 2×10−3 s−1.  Nevertheless, it becomes much faster 

at higher temperatures, highlighting temperature's critical role in accelerating reaction 

rates[140].  

𝑆2𝑂8
2−

ℎ𝑒𝑎𝑡
→  2SO4

•−                                           (I.35) 

SO4
•−  + 𝐻2𝑂 ⟷ 𝑆𝑂4

2− +  HO• + 𝐻+            (I.34) 

        TAP system is typically conducted at temperatures above 30°C and offers several 

significant advantages:  

 Sustainability: Heat is a sustainable and environmentally friendly energy source for 

pollutant removal, minimising or eliminating the use of harmful chemical activators. 

 High Efficiency: Thermal energy is an effective activator, significantly reducing 

reaction times and improving overall efficiency. 

 Simplicity: The Ease of Use of the TAP system has made it a valuable method for 

studying the mechanisms and kinetics of pollutant degradation. 

 Versatility: The combination of TAP with renewable energy sources makes it a 

promising approach for the remediation of organic pollutants. 
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III.2.2.5.3.6.1. Effect of process operating conditions  

 The impact of temperature: 

 

        The effect of temperature on heat-activated persulfate (TAP) systems, especially regarding 

the decomposition rate and efficiency in degrading micropollutants (MPs), is a crucial factor to 

consider. As temperature increases, the decomposition rate of MPs also rises. This is because 

the concentration of reactive species, such as SO4
•− radicals, increases, making them more 

readily available to degrade the MPs. 

        For instance, Wang et al. highlighted the significance of temperature in enhancing the 

decomposition rate of micropollutants (MPs) when using TAP systems for spiramycin removal. 

They found that at 40°C and 50°C, spiramycin removal reached 53.5% and 97%, respectively, 

within 60 minutes. However, when the temperature was raised to 60°C and 70°C, the removal 

increased to 88% and 100% within 20 minutes[141]. In a similar study, Chen et al. reported 

that as the temperature increased from 50°C to 70°C, diclofenac removal improved from 60% 

after 600 to 90% after 120 minutes[142].  

        Table I.8 presents the removal efficiencies of various categories of pollutants using the 

TAP process, further emphasising the critical role of thermal conditions in optimising persulfate 

activation for effective pollutant removal. 

        On the other hand, while higher temperatures generally enhance the TAP process by 

increasing radical generation, they can also make energy costs prohibitive. Additionally, the 

rapid formation of  SO4
•−  radicals at elevated temperatures can lead to their rapid self-

scavenging Equation (I.32), resulting in excessive persulfate consumption[143]. Furthermore, 

increasing the temperature can initiate side reactions due to the unproductive decomposition of 

persulfate anion [144], as shown in Equation (I.47). 

SO4
•− + SO4

•−⟶ 𝑆2𝑂8
2−                                       (I.32) 

𝑆2𝑂8
2− + 𝐻2𝑂 → 2𝐻

+ + 2𝑆𝑂4
2− +

1

2
𝑂2               (I.47) 

        Therefore, from a technical standpoint, selecting the optimal temperature requires careful 

consideration of energy and chemical costs to achieve the desired efficiency within a reasonable 

industrial processing time[145]. 
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Table I.8. Effect of temperature on several organic compounds eliminated by thermally 

activated persulfate (TAP). 

Contaminant 

Class 

pollutants Experimental 

condition 

Temp

eratur

e °C 

Remov

al (%) 

Time 

(min) 

Ref. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amoxicillin 

 

 

 

  

Diclofenac 

 

 

 

 

 

Ketoprofen 

 

 

 

 

Sulfamethazine 

 

 

 

Sulfamethoxazole 

 

 

 

 

 

 

Valsartan 

 

 

 

 

Atrazine 

 

 

 

 

Thiamethoxam 

 

 

C0=100 µM, 

[PS]=10 mM, 

pH=7 

 

 

C0=47 µM, 

[PS]=0,47 

mM, 

pH=7 

 

 

C0=10 µM, 

[PS]=2 mM, 

pH=7 

 

 

C0=30 µM, 

[PS]=2 Mm, 

pH=7 

 

C0=100 mg/L, 

[PS]=10 mM, 

pH=7 

 

 

 

 

C0=1 µM, 

[PS]=0,42 

mM, 

pH=6 

 

C0=50 µM, 

[PS]=1 mM, 

pH=7 

 

 

C0=2 mg/L, 

[PS]=100 

mg/L, 

40 

50 

55 

60 

 

50 

60 

65 

70 

 

40 

50 

60 

70 

 

 

40 

50 

60 

 

40 

50 

60 

70 

80 

 

 

40 

50 

60 

 

20 

40 

50 

60 

 

 

40 

50 

60 

32 

91 

100 

100 

 

60 

90 

90 

90 

 

10 

55 

90 

100 

 

 

≈ 33 

67/100 

100 

 

≈ 20 

≈ 34 

≈ 70 

100 

100 

 

 

≈ 50 

100 

100 

 

0 

≈ 22 

≈ 68 

100 

 

 

25 

58 

100 

330 

330 

330 

90 

 

600 

600 

240 

120 

 

30 

30 

30 

30 

 

 

90 

90/360 

90 

 

140 

140 

60 

80 

20 

 

 

30 

30 

10 

 

 

120 

120 

120 

120 

 

30 

30 

30 
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Bisphenol A 

 

 

 

 

 

Bisphenol S 

 

 

 

 

p-nitrophenol 

 

 

 

 

 

Congo red 

 

 

 

Methylene bleu 

 

 

 

Sudan black B 

pH=7 

 

C0=220 mg/L, 

[PS]=625 

mg/L, 

pH=7 

 

 

C0=25 µM, 

[PS]=0,5 mM, 

pH=7 

 

 

C0=720 µM, 

[PS]=30 mM, 

pH=7 

 

 

 

C0=20 mg/L, 

[PS]=1 mM, 

pH=7 

 

C0=15,6 µM, 

[PS]=1 mM, 

pH=7 

 

C0=220 mg/L, 

[PS]=625 

mg/L, 

pH=7 

 

 

70 

 

40 

50 

60 

70 

 

 

55 

60 

65 

70 

 

25 

50 

60 

70 

90 

 

30-40 

80 

 

 

50 

70 

 

 

40 

60 

100 

 

40 

100 

100 

100 

 

 

48,4 

70 

100 

≈ 100 

 

3 

26,4 

73,6 

100 

100  

 

<2 

98 

 

 

64 

100 

 

 

37/43,5 

97 

30 

 

30 

30 

7,5 

2,5 

 

 

180 

180 

180 

120 

 

180 

180 

180 

180 

20 

 

180 

180 

 

 

120 

60 

 

 

80/120 

80 
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 Effect of pH : 

        The pH of the aquatic solution also plays a critical role in determining the degradation rate 

of MPs in the TAP process. Depending on the pH level, the elimination of MPs can be 

enhanced, hindered, or remain unaffected. Research by Liang and Su and Feng et al. has 

shown that the pH of the solution influences the distribution and production of reactive species, 

which in turn affects MP degradation[147,158]. 

        Both reactive species (SO4
•−and   HO•) contribute to the degradation process at neutral pH. 

Under acidic conditions, persulfate undergoes acid-catalysed decomposition to generate SO4
•−, 

as described in Equation (I.48). In contrast, under basic conditions, SO4
•− reacts to 
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produce HO•, as outlined in Equation (I.40) and Equation (I.34)[158,159]. Although basic 

conditions promote HO• formation, the lower redox potential of  HO•(≈2.0 V) reduces its 

oxidative capacity[160]. 

𝑆2𝑂8
2− + 𝐻+ → 𝐻𝑆2𝑂8

− → 𝑆𝑂4
•− + 𝑆𝑂4

2− + 𝐻+     (I.48) 

𝑆𝑂4
•− + 𝑂𝐻−⟶ 𝑆𝑂4

2− +  𝐻𝑂•                               (I.40) 

SO4
•−  + 𝐻2𝑂 ⟷ 𝑆𝑂4

2− +  HO• + 𝐻+                      (I.34) 

        The reactivity of these species differs considerably:  HO• interacts mainly with carbon 

double bonds and removes hydrogen from N–H, C–H, or O–H bonds[161]. Meanwhile, 

SO4
•−exhibits excellent selectivity, reacting with target compounds through electron transfer, 

hydrogen abstraction, and addition-elimination mechanisms[112,161,162]. Ultimately, the 

predominant reactive species dictate the degradation pathway of MPs. 

 Effect of persulfate concentration : 

       The initial concentration of persulfate is critical in the heat-activated PS oxidation of MPs. 

Studies on compounds such as propranolol, sulfamethazine, and atenolol have demonstrated 

that increasing the persulfate concentration enhances the degradation rate of MPs[148,163,164]. 

Researchers, including Arvaniti et al. and Miao et al., have reported a linear relationship 

between the apparent rate constant (Kapp) and the initial PS concentration[145,164]. This 

indicates that higher persulfate concentrations promote the formation of SO4
•− radicals, leading 

to a consistent radical yield per persulfate dose. Consequently, the degradation rate becomes 

proportional to the persulfate concentration at a given temperature[145,163,165]. 

        However, excessive persulfate concentrations may result in an oversupply of 

SO4
•− radicals, potentially causing undesirable reactions between the radicals or with persulfate 

itself, as described in Equations (I.32) and (I.33)[146,166,167]. While higher persulfate levels 

generally improve degradation efficiency, they also increase operational costs and contribute to 

sulfate ion (SO4
2− ) pollution. Elevated SO4

2−  levels are a concern, as the World Health 

Organization (WHO) recommends limiting sulfate concentrations in drinking water to 250–500 

mg/L [168]. 

SO4
•− + SO4

•−⟶ 𝑆2𝑂8
2−                                     (I.32) 
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SO4
•− + 𝑆2𝑂8

2−  ⟶ 𝑆2𝑂8
•− + 𝑆𝑂4

2−                     (I.33) 

        Therefore, optimising the persulfate dosage is essential to balance degradation efficiency 

and environmental safety. 

 Effect of the initial concentration of the target micropollutant: 

        Environmental pollutants exist in varying concentrations in natural and wastewater 

systems. Understanding how treatment performance changes with initial pollutant 

concentrations is crucial for optimising processes. Research indicates that higher initial 

concentrations of micropollutants (MPs) can significantly hinder degradation performance 

during treatment. 

        For instance, studies on bisphenol A (BPA) and spiramycin (SPM) under specific 

temperatures and persulfate concentrations reveal that higher concentrations of MP lead to a 

marked decrease in removal efficiency[141,152]. This is primarily due to a reduced reactive 

species/pollutants ratio. Although experimental setups often use excess oxidants, the constant 

generation rate of reactive species limits removal efficiency as pollutant concentrations 

rise[142,145].  

        In contrast, real-world systems show that the initial concentration of MPs has a minor 

impact on degradation compared to the influence of other scavengers of reactive species present 

in the matrix[169]. 

 Effect of  organic matter: 

        Natural organic matter (NOM) is widely present in wastewater and natural water systems, 

significantly influencing treatment efficiency. NOM comprises both condensed components, 

such as humic acid (HA), fulvic acid (FA), humin substances, and lignin, and amorphous 

components, like fatty acids, peptides, and phenolic compounds[170]. It contains diverse 

hydrophilic and hydrophobic functional groups, including alkyl chains, aromatic rings, 

hydroxyl groups, and carbonyl groups, which govern its interactions with other 

substances[170–172]. 

        Humic acid (HA) and fulvic acid (FA) are commonly used as representative compounds 

of NOM. Research has demonstrated that NOM can inhibit contaminant degradation during 
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AOP and TAP. For example, a study by Gao et al. showed that the presence of FA significantly 

reduced triclosan (TCS) removal efficiency during TAP treatment. Specifically, The 

degradation efficiency decreased by 30% and 40% with the addition of 10 mg/L and 20 mg/L 

of FA, respectively[173]. The researchers attributed this decline to competition between fulvic 

acid and TCS to sulfate radicals.  

        Similarly, a study by Liu et al. reported that adding 1 and 5 mg/L of HA decreased the 

removal efficiency of sulfachloropyridazine by 25% and 96%, respectively[174]. This decline 

is attributed to consuming reactive oxygen species (ROS), such as sulfate radicals and hydroxyl 

radicals, by electron-rich sites within humic substances[174,175]. Consequently, HA acts as 

scavengers of  SO4
•−and  HO• Equations (I.49) and (I.50).  

NOM +  SO4
•− → 𝑁𝑂𝑀•− + 𝑆𝑂4

2−                     k=2. 35× 107 𝑀−1𝑠−1             (I.49) 

NOM +  𝐻𝑂• → 𝑁𝑂𝑀•− + 𝑂𝐻−                   k=3× 108 𝑀−1𝑠−1                    (I.50) 

        In conclusion, the co-presence of NOM in wastewater reduces the oxidative capacity of 

TAP by consuming ROS. Notably, higher NOM concentrations (>5 mg/L) exacerbate the 

suppression of treatment efficiency[176]. 

 Effect of  inorganic anions: 

        Inorganic anions are widely present in natural water and can influence TAP performance 

in wastewater treatment[175]. Among the common inorganic species, carbonates CO3
2−, 

bicarbonates HCO3
−, nitrates  NO3

−, sulfates SO4
2−, chlorides Cl− and phosphate ions (H2PO4

−, 

HPO4
2−  and PO4

3− ) have received particular attention in AOP research. These coexisting anions 

can interact with  SO4
•− and  HO• radicals in TAP systems, forming reactive species with lower 

oxidation potential, as described in Equations (I.51)-(I.66). This interaction can either promote 

or inhibit the degradation of recalcitrant organic contaminants.     

 SO4
•− + Cl− → 𝑆𝑂4

2− + 𝐶𝑙•           k=3× 108 𝑀−1𝑠−1         𝐸° = 2.6 𝑉          (I.51) 

𝐻𝑂• + Cl− → 𝑂𝐻− + 𝐶𝑙•                                                                                 (I.52) 

𝐶𝑙•+𝐶𝑙− → 𝐶𝑙2
•−                                                                    𝐸° = 2.41 𝑉       (I.53)  
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𝐶𝑙2
•− + 𝐶𝑙2

•− → 𝐶𝑙2 + 2𝐶𝑙
−                                                   𝐸° = 1.36 𝑉        (I.54)                                   

𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻
+ + 𝐶𝑙−                                         𝐸° = 1.48 𝑉        (I.55)       

𝐶𝑙− + 𝐻𝑂• → 𝐻𝐶𝑙𝑂•−                    k=4.3× 109 𝑀−1𝑠−1                                 (I.56)   

 HCO3
− ↔ 𝐻+ + 𝐶𝑂3

2−                                                                                       (I.57) 

 HCO3
− +  SO4

•− → 𝑆𝑂4
2− + 𝐻𝐶𝑂3

•        k=1.6× 106 𝑀−1𝑠−1                             (I.58) 

 HCO3
− + 𝐻𝑂• → 𝐶𝑂3

•−  + 𝐻2𝑂          k=8.5× 106 𝑀−1𝑠−1                             (I.59)   

𝐻𝐶𝑂3
•  ↔ 𝐻+ + 𝐶𝑂3

•−                                                                                        (I.60) 

𝐶𝑂3
2−  +  SO4

•− → 𝑆𝑂4
2− + 𝐶𝑂3

•−          k=6.5× 106 𝑀−1𝑠−1                            (I.61) 

𝐶𝑂3
2−  + 𝐻𝑂• → 𝑂𝐻− + 𝐶𝑂3

•−            k=3.9× 108 𝑀−1𝑠−1                             (I.62)    

𝑁𝑂3
−  +  SO4

•− → 𝑆𝑂4
2− + 𝑁𝑂3

•            k=2.1× 106 𝑀−1𝑠−1    𝐸° = 2.5 𝑉       (I.63)     

𝐻2𝑃𝑂4
− +  SO4

•− → 𝑆𝑂4
2− +𝐻2𝑃𝑂4

•     k<7.2× 104 𝑀−1𝑠−1                            (I.64)   

𝐻𝑃𝑂4
−2 +  SO4

•− → 𝑆𝑂4
2− + 𝐻𝑃𝑂4

•−     k=1.2× 106 𝑀−1𝑠−1                            (I.65) 

𝐻𝑃𝑂4
−2 + 𝐻𝑂• → 𝑂𝐻− + 𝐻𝑃𝑂4

•−        k=1.5× 105 𝑀−1𝑠−1                            (I.66)    

        The effect of chloride ions (Cl−)on the degradation of micropollutants (MPs) during heat-

activated sulfate radical processes varies depending on the system's conditions. Cl−, a common 

anion in aqueous matrices, can positively or negatively affect the degradation efficiency. For 

instance, Bruton and Sedlak reported no significant effect of salinity on the persulfate 

oxidation of perfluoroalkyl acids[177]. At the same time, studies by Chen et al. and Ji et al. 

have shown that high Cl−concentrations can decrease the removal of the degradation of methyl 

paraben and ethyl paraben, by 22.8% and 26%, respectively, can also inhibit atrazine 

degradation, with minimal effect at 20 mM[150,178]. This trend was also consistent for other 

pollutants such as pharmaceuticals, endocrine disruptors, and pesticides[151,153,167]. 
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        Conversely, Zhao et al. demonstrated that a high concentration of chloride ions 

(Cl−) enhances the degradation efficiency of amoxicillin, yielding a slightly higher apparent 

rate constant (Kapp) than that observed in deionised water. Specifically, the amoxicillin removal 

rate increased from 0.071 min⁻¹ without Cl− to 0.082 min⁻¹ with Cl−addition[146]. Comparable 

findings were reported in studies investigating removing antihypertensive drugs, such as 

valsartan and losartan, under TAP processes, where the inclusion of chloride ions modestly 

improved the reaction rates[145,179]. 

        The dual behaviour of Cl− in the degradation of MPs has also been highlighted in several 

studies. For example, Gao et al. observed that the degradation of triclosan is affected by low 

concentrations of Cl− (<10 mM), while degradation is facilitated by higher concentrations (20-

50 mM)[173]. Similarly, at Cl− concentrations above 10 mM, Qian et al. reported increased 

oxidation of cefalexin[175]. Contrarily, Chen et al. found that diclofenac degradation was 

significantly enhanced at Cl− levels of 1-10 mM, but it was inhibited as concentrations 

increased to 10–500 mM[142]. This effect is attributed to the formation of reactive chlorine 

species, such as chloride radicals (𝐶𝑙•,𝐶𝑙2
•−), free chlorine (𝐶𝑙2), and hypochlorous acid radicals 

(𝐻𝑂𝐶𝑙•), whose distribution and reactivity depend on operational parameters like temperature, 

pH, and ion concentrations, influencing their selectivity for degrading MPs and their by-

products. 

        Bicarbonate ions ( HCO3
−), among water's most abundant inorganic ions, significantly 

influence contaminant degradation in heat-activated PS systems. Typically, increasing 

 HCO3
− concentrations inhibit degradation rates due to its quenching effects on reactive radicals 

( HO• and  SO4
•−), yielding less reactive carbonate radicals (𝐻𝐶𝑂3

•  /𝐶𝑂3
•−  ). However, studies by 

Fan et al., Ji et al., and Ghauch et al. revealed exceptions where  HCO3
− enhanced the 

degradation of specific micropollutants like sulfamethazine, sulfamethoxazole, and 

naproxen[148,180,181]. This enhancement is attributed to the higher reactivity of carbonate 

radicals toward certain MP and the pH changes induced by it, which further affect removal 

efficiency. 

        The impact of nitrate (  NO3
−) on the degradation of emerging contaminants varied. While 

its presence showed negligible effects on compounds such as spiramycin, bisphenol S, and 

atenolol[141,153,164], it significantly enhanced naproxen and theophylline degradation at 
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specific concentrations. For example,   NO3
− at 20 μM increased the rate of theophylline 

degradation, but higher concentrations caused a slight decrease[165,181]. This behaviour may 

result from the formation of 𝑁𝑂3
•  Equation (I.63), a potent oxidant, which promotes 

degradation at optimal concentrations but undergoes self-quenching at higher levels, reducing 

efficiency. 

        Sulfates (SO4
2−), carbonates (CO3

2−), and phosphates (H2PO4
−, HPO4

2− ) exhibit minimal 

impact on organic pollutant removal, such as ketoprofen, and naproxen[147,181]. Their low 

reactivity with SO4
•−limits their influence on the efficiency of the TAP process. 

        Studies have shown that inorganic cations such as calcium (Ca²⁺) and magnesium (Mg²⁺) 

have negligible effects on heat-activated PS systems since their presence (1mM) does not 

influence the degradation of pollutants such as amoxicillin or ketoprofen. This suggests these 

cations cannot quench the radicals generated in the concentration range examined[146,147]. 

        Conversely, trace metals such as iron (Fe²⁺) and manganese (Mn2+) in natural waters can 

activate persulfates. For example, 2 mg/L Fe²⁺ combined with 20 mg/L PS completely 

removed 500 μg/L piroxicam under ambient conditions in less than 20 minutes [182]. 

However, most studies focus on the design of catalytic materials rather than actual 

environmental concentrations, often using levels of metals much higher than those naturally 

present. 

III.2.2.6. Process based on non-thermal plasma 

III.2.2.6.1. Generalities about plasmas 

        The term ‘plasma’ was coined by Irving Langmuir in 1928 to describe a state of matter 

consisting of a mixture of balanced charges, including electrons and ions[183,184]. Plasma is 

considered the fourth state of matter, after solids, liquids, and gases, and can exist in both 

ground and excited states while maintaining overall charge (Figure I.6). It is a highly energetic, 

partially or totally ionised gas containing charged ions, free electrons, and neutral atoms and 

molecules. Various electrical discharges can generate plasma, which can emit different types 

of electromagnetic radiation, including ultraviolet (UV), visible and infrared light[185].  
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Figure I.6. Diagram of the four states of matter. 

        Plasma systems are generally classified into two main categories based on their electron 

density or temperature: thermal and non-thermal plasmas[186]. Thermal plasmas, such as those 

generated by arc discharges, torches, or radiofrequency discharges, require significant energy 

to bring the plasma components to thermal equilibrium. Conversely, non-thermal plasmas are 

produced using lower energy sources, such as corona discharge, dielectric barrier discharge, 

gliding arc discharge, glow discharge and spark discharge. These are characterised by an 

electron temperature much higher than the bulk gas molecules. In non-thermal plasma, high-

energy electrons interact with background molecules (e.g. N2, O2, H2O)[187], producing 

secondary electrons, photons, ions and radicals. Plasma is the most prevalent form of visible 

matter in the universe. In conclusion, the unique properties of plasmas can be systematically 

categorised based on various criteria, as illustrated in Figure 1.7 below. 
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Figure 1.7. Key properties for plasma qualification and classification 

III.2.2.6.2. Thermal classification of plasmas  

        In a plasma, each particle possesses energy that is characterised by a temperature, which 

in turn defines the thermodynamic state of the plasma. At low pressures, when electrons (with 

a temperature denoted as Te) and heavy species, such as ions or radical species (with a 

temperature denoted as Tg), exhibit different energy levels (Te >Tg)[188], the plasma is said 

to be out of thermodynamic equilibrium, it is referred to as "non-thermal". Conversely, when 

the temperatures of the electrons and heavy species are similar (Te ≈ Tg)[186], the plasma is 

considered to be in thermodynamic or thermal equilibrium. These plasmas are typically 

generated at pressures above atmospheric pressure (Figure I.8).  



 

 

47 
 

Chapter I : Literature Review 

 

47 

 

 

Figure I.8. Gas and electron temperatures in plasma[189]. 

 Table I.9 summarises the key characteristics of both thermal and non-thermal plasmas. 

Table I.9. Characteristics of thermal and non-thermal plasmas[190]. 

Plasma classification Thermal plasma Non-thermal plasma 

         Plasma state Te ≈ Tg Te >> Tg 

Electronic energy 1-3 eV 1-10 eV 

         Electron density < 1021 − 1024 < 1019 

         Temperatures Te ≈ Tg ≈ 10 000 K Te ≈ 10 000- 100 000 K 

Tg ≈ 300- 1000 K 
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III.2.2.6.2.1. Thermal plasma 

       Thermal plasmas are plasmas with a high degree of ionisation; they are created at high 

densities and temperatures. They are characterised by a similar energy distribution among all 

the elements present (ions, electrons, molecules), indicating a thermodynamic equilibrium. 

They are somewhat more exotic than cold plasmas. In fact, they are found in particular regions 

of our universe, such as stars, supernova remnants, thermonuclear fusion processes, thermal arc 

torches and plasma jets emitted by black holes[189]. 

III.2.2.6.2.1. Non-thermal plasma 

        Non-thermal, or cold plasma (NTP), is a type of plasma in which electrons have 

significantly higher temperatures than heavier species due to their mass difference. When 

energy is applied, the gas breaks down into various reactive species, leading to ionisation, 

excitation, or de-excitation reactions[191]. 

        Cold plasma discharges were initially generated using alternating current (AC), pulsed, or 

direct current (DC) electrical fields. Different power supply methods, such as capacitively 

coupled plasma (CCP), inductively coupled plasma (ICP), and pulsed DC plasma, were 

employed for this purpose[192]. However, modern techniques, including atmospheric pressure 

plasma jets, corona discharge, radio frequency, microwave-induced plasma, gliding arc 

discharge, and dielectric barrier discharge, have become more prevalent for generating cold 

plasma discharges[193]. 

        These discharges offer several advantages, making them commercially viable. One key 

benefit is their energy efficiency and high selectivity in chemical reactions, as cold plasma does 

not establish a localised thermodynamic equilibrium. Due to these properties, the application 

of cold plasma technology is expanding rapidly, particularly in wastewater treatment, attracting 

significant interest from technologists[194]. 

         Figure I.9. Lists some advantages of different types of non-thermal plasma 

discharge[185]. 
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 Figure I.9. Advantages of using cold plasma discharge methods in wastewater treatment. 

III.2.2.6.2.1.1. Gliding arc discharge (GAD) 

        The gliding arc discharge (GAD) of non-thermal plasma was initially developed by 

Czernichowski[195] and later refined by Lesueur et al.[196] , has been extensively utilised for 

wastewater treatment applications. GAD offers significant advantages compared to other 

plasma discharge types, including high operating pressure, enhanced power output, and 

increased plasma density[197]. Notably, GAD exhibits characteristics of both thermal and non-

thermal plasmas. 

        Structurally, the system comprises an impedance, a nozzle, divergent "knife-edge" 

electrodes through which a high voltage is applied, an insulating cover, and a high-power supply 

(Figure I.10). Arc discharge occurs when the applied electric field reaches approximately 3 

kV/mm. Due to the high gas velocity, the arc length extends, resulting in an initial increase in 

temperature, characteristic of thermal plasma. However, as the ionised gas expands, its 

temperature decreases, transitioning to a non-thermal plasma state[198]. 

        Operating at atmospheric pressure, GAD technology has been widely recognised for its 

efficacy in degrading various organic contaminants present in wastewater[199,200]. 
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Figure I.10. Schematic view of gliding arc discharge. 

III.2.2.6.2.1.1.1. Electrical characteristics of Gliding arc plasma 

       Understanding the different operating regimes of plasma discharges generated by the 

Glidarc system can be achieved by assuming that the utilised electrical circuit is equivalent to 

an electrical system comprising resistance and the electric arc, as depicted in Figure I.11.  

 

Figure I.11.Experimental plasma creation device. 

       The resistance RC represents the generator's internal resistance. The electric arc is 

established between the electrodes at the minimum gap, allowing the passage of electrical 
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current and consequently leading to a relatively low resistance of the formed gas plasma. High-

voltage generators compensate for transferring electrical energy into thermal energy supplied 

to gas molecules. As the electric arc extends along the electrodes, its resistance increases, as 

does the voltage across them. The arc's behaviour is analogous to a resistance that increases 

with its length. In addition, these discharges are obtained at relatively low supply voltages, 

ranging from 5 to 10 kV, compared to dielectric barrier and corona discharges, which require 

significantly higher voltage values (> 10 kV)[201]. 

III.2.2.6.2.1.1.2. Chemical characteristics of gliding arc plasma 

        Gliding arc plasma (NTP) generates a variety of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) through high-energy electron collisions with neutral molecules. 

ROS such as hydroxyl radicals (𝐻𝑂•), superoxide anions (𝑂2
•_), hydrogen peroxide (𝐻2𝑂2), 

atomic oxygen (O), ozone (𝑂3), and singlet oxygen (1𝑂2) are produced alongside RNS, 

including nitric oxide (NO), nitrogen dioxide (NO2), dinitrogen pentoxide (N2O5), and atomic 

nitrogen (N). These species have short lifetimes, typically in the microsecond range, and are 

highly reactive. The formation of primary reactive species, including electrons, ionised and 

excited gases, and atomic species, occurs through electron-induced collisions, leading to 

secondary species like 𝐻2𝑂2, NO2, NO3, and 𝑂3. When these species dissolve in the liquid 

phase, they form tertiary species such as 𝐻2𝑂2, 𝑁𝑂
2−, and 𝑁𝑂3−. These longer-lived species, 

such as 𝑂3, 𝐻2𝑂2, 𝑁𝑂
3−, and 𝑁𝑂2−, can persist from milliseconds to days and are soluble in 

water, lowering the pH of the solution by up to 2 units. The formation and dissolution of reactive 

species vary depending on whether the target is dry or aqueous. NTP's generation of ROS and 

RNS plays a crucial role in environmental applications, such as water purification, where these 

species interact to degrade pollutants and alter pH levels, enhancing the overall efficiency of 

the treatment process[202,203]. 

 Formation pathway for important reactive chemicals in NTP: 

        Due to the absence of local thermodynamic equilibrium, non-thermal plasmas provide 

highly effective energy for chemical reactions [204]. In fact, short-lived reactive species, such 

as the hydroxyl radical (𝐻𝑂•) and nitrogen oxide (NO) radical, have been shown to play a 

crucial role in NTP (Non-Thermal Plasma) wastewater treatment. The lifetimes of these species 

range from nanoseconds to microseconds. 



 

 

52 
 

Chapter I : Literature Review 

 

52 

 

 Reactive oxygen species (𝑯𝑶•, 𝑶𝟑 , 𝑯𝟐𝑶𝟐): 

        The presence of water molecules in electric discharges leads to the formation of hydroxyl 

(𝐻𝑂•) and hydrogen (𝐻•) radicals through various mechanisms[194,205]. These include the 

photolysis of hydrogen peroxide Equation (I.10) and the photolysis or electron bombardment 

of water molecules. Excited water molecules can also generate additional reactive species while 

relaxing to the ground state. When dioxygen is exposed to an electric discharge, oxygen atoms 

(E°𝑂•/H2O = 2.42V/ESH) can form through dissociation, further enhancing hydroxyl radical 

production. Hydroxyl radicals' short lifespan (10-100 ns in the gas phase) makes their diffusion 

from the plasma to the aqueous solution nearly impossible[206,207]. Due to their even shorter 

lifetime in solution (1 ns), these radicals must immediately react with surrounding molecules 

or recombine to generate hydrogen peroxide (E°H2O2/H2O = 1.77V/ESH)[208]. Hydrogen 

peroxide is formed in both phases through recombination Equation (I.16), radical deactivation 

(Equations (I.77) and (I.78)), and photochemical activation Equation (I.79) as well as acid-

base equilibrium Equation (I.80). Additionally, oxygen atoms may react with contaminants or 

combine with dioxygen to form ozone (O3) (E°O3/O2 = 2.1V/ESH)[209]. Ozone can act as an 

electron acceptor for metal ion oxidation, an electrophile for organic compound oxidation, or 

by addition to carbon-carbon double bonds. However, ozone decomposes in neutral or basic 

environments through a chain mechanism, producing hydroxyl radicals[210]. Thus, the 

hydrogen peroxide formed in an electric discharge indirectly enhances the overall oxidizing 

capacity of the plasma and plays a crucial role in plasma chemistry. 

𝐻2𝑂 + ℎ𝜈 → 2𝐻𝑂
•                                       (I.10) 

2  𝐻𝑂•⟶𝐻2𝑂2                                            (I.16) 

𝐻2𝑂 + é + ℎ𝜈 → 𝐻𝑂
• +𝐻•                         (I.67) 

𝑂3 + 𝐻𝑂2
• + ℎ𝜈 → 𝑂2

• + 𝐻𝑂• + 𝑂2              (I.68) 

𝐻2𝑂 + é → 𝐻2𝑂
+ + 2é                                (I.69) 

𝐻2𝑂 + 𝐻2𝑂
+ → 𝐻3𝑂

+ +𝐻𝑂•                     (I.70) 

𝐻2𝑂2 + é + 𝐻
+ → 𝐻𝑂• + 𝐻2𝑂                    (I.71) 

𝐻2𝑂 + é → 𝐻2𝑂
∗ + é                                   (I.72) 
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𝐻2𝑂
∗ + 𝐻2𝑂 → 𝐻2𝑂 +𝐻𝑂

• + 𝐻•                (I.73) 

𝐻2𝑂
∗ + 𝐻2𝑂 → 𝐻2𝑂 + 𝑂

• + 𝐻2                    (I.74) 

𝐻2𝑂
∗ + 𝐻2𝑂 → 𝐻2𝑂 + 𝑂

• + 2𝐻•                   (I.75) 

𝑂• + 𝐻2𝑂 → 2𝐻𝑂
•                                           (I.76) 

𝐻𝑂2
• + 𝐻𝑂2

• → 𝐻2𝑂2 +𝑂2                                (I.77) 

𝑂• + 𝐻2𝑂 → 𝐻2𝑂2                                            (I.78) 

𝑂3 + 𝐻2𝑂 + ℎ𝜈 → 𝐻2𝑂2 + 𝑂2                          (I.79) 

𝐻+ + 𝐻𝑂2
− → 𝐻2𝑂2                                           (I.80) 

 Reactive nitrogen species : 

        In the discharge zone, several reactions occur when nitrogen or air is introduced. The 

nitrogen molecule is dissociated, like oxygen and water. This phase initiates a series of 

reactions, the primary ones leading to forming more or less reactive nitrogen species Equations 

(I.81)-(I.90). Among these nitrogen species generated in the plasma phase, nitrites are 

particularly unstable and react with hydrogen peroxide Equation (I.91) or are rapidly converted 

into nitrates Equations (I.92) and (I.93)[211]. Peroxynitrous acid (pKa = 6.8) and its conjugate 

base are oxidative species capable of oxidising certain organic pollutants. For instance, the 

acidic form has a redox standard potential of 2.0 V/ESH. However, it is important to note the 

instability of this species, which can be converted into nitrous acid via isomerisation Equation 

(I.93) or decomposed into NO2 and 𝐻𝑂• Equation (I.94) . In addition to the contribution of 

oxidative species in pollutant removal, the presence of reductive species enables potential 

reductive degradation of contaminants in aqueous solutions. The 𝐻•radicals (E°H2O/𝐻•= -2.30 

V/ESH) formed by electron collisions with water molecules and/or by the reaction of hydrated 

electrons with acids can interact with organic compounds in two ways[212]:  

 Addition to unsaturated bonds.  

 Hydrogen abstraction from saturated compounds.  

𝑁2 + é
∗⟶ 2𝑁• + é                                         (I.81) 
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𝑂2 + é
∗ → 2𝑂• + é                                           (I.82) 

𝑁• + 𝑂•⟶𝑁𝑂•                                               (I.83) 

𝑁𝑂• + 𝑂•⟶𝑁𝑂2
•                                             (I.84) 

𝑁• + 𝐻𝑂•⟶𝑁𝑂• + 𝐻•                                    (I.85) 

𝑁𝑂• + 𝐻𝑂•⟶𝐻𝑁𝑂2                                       (I.86) 

𝐻𝑁𝑂2 + 𝐻𝑂
•⟶𝑁𝑂2

• + 𝐻2𝑂                          (I.87) 

𝑁𝑂2
• + 𝐻𝑂•⟶𝑁𝑂3

− + 𝐻+                               (I.88) 

𝑁𝑂2
− + 𝐻2𝑂 ⟶ 𝑁𝑂3

− + 𝐻2𝑂                            (I.89) 

𝐻𝑁𝑂2 + 𝑂
•⟶𝑁𝑂3

− + 𝐻+                               (I.90) 

𝑁𝑂2
− + 𝐻2𝑂2 + 𝐻3𝑂

+⟶ 𝑂𝑁𝑂𝑂𝐻 + 2𝐻2𝑂    (I.91) 

𝑂𝑁𝑂𝑂𝐻 + 𝐻2𝑂 ⟶ 𝑂𝑁𝑂2
− + 𝐻3𝑂

+                 (I.92) 

𝑂𝑁𝑂𝑂𝐻 ⟶ 𝐻𝑁𝑂3                                          (I.93) 

𝑂𝑁𝑂𝑂𝐻 ⟶ 𝑁𝑂2 + 𝐻𝑂
•                                 (I.94) 

 Plasmagenic gas : 

        The formation of reactive species in plasma discharges inherently depends on the carrier 

gas composition. The selection of an appropriate gas mixture is crucial to optimise the 

generation of targeted reactive species, which play a fundamental role in various plasma-based 

applications[201,213,214]. 

        When oxygen (O₂) is used as the carrier gas, the discharge mainly produces oxygen-

derived species such as atomic oxygen (O°) and ozone (O₃). In contrast, when dry air (a mixture 

of nitrogen and oxygen) is used as the plasmagenic gas, interactions between N₂ and O₂ lead to 

forming a broader range of reactive species, including O°, O₃, NOx, N°, and NO°. 
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        The presence of water vapour in humid air introduces additional reaction pathways, 

allowing further interactions among O₂, N₂, and H₂O. This promotes the formation of highly 

reactive hydroxyl radicals (OH°) and hydrated hydroxyl radicals (°OH₂), significantly 

influencing the plasma chemistry. In particular, humidity suppresses ozone production by 

promoting the production of OH° radicals and hydrogen peroxide (H₂O₂) in the discharge. 

        Furthermore, the presence of water increases plasma acidity by facilitating the formation 

of nitrous acid (HNO₂) in the plasmagenic phase. Once generated, these reactive species 

undergo gas-to-liquid phase transfer, enabling subsequent oxidation reactions, which are 

particularly relevant in environmental applications, such as pollutant degradation and advanced 

oxidation processes. 

 UV light: 

 

        Ultraviolet (UV) light emitted by plasmas containing water molecules arises from the 

relaxation of excited species. This emitted light can directly induce the photodegradation of 

organic molecules (M), as described by the following process[209,215]:  

M + ℎ𝜈 → M* → Products                             (I.95) 

𝑀∗ + 𝑂2⟶𝑀•+ + 𝑂2
•−                                 (I.96) 

        Additionally, the excited molecule can undergo photodissociation through homolytic 

cleavage of a C-H bond, potentially leading to a reaction with oxygen, producing an organic 

superoxide anion: 

MH+ ℎ𝜈 →  M•  + H•                                 (I.97) 

M• + 𝑂2 →  + 𝑀𝑂2
•                                   (I.98) 

       The UV light generated within electrical discharges over an aqueous phase spans various 

wavelengths. However, only radiation with wavelengths longer than 200 nm penetrates the 

solution and interacts with organic molecules[216]. Radiation between 75 and 200 nm is rapidly 

absorbed by surrounding water molecules:  

𝐻2𝑂 + ℎ𝜈 ⟶ 𝐻2𝑂
∗⟶𝐻𝑂• + 𝐻•           (I.99) 
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III.2.2.6.2.1.2. Gliding arc applications in dye wastewater degradation 

        Strict regulations require the textile industry to remove dyes from wastewater. Plasma 

Glidarc, which generates reactive species such as hydroxyl radicals and ozone, effectively 

degrades dyes into harmless compounds. 

        In this context, Liu et al. studied the degradation of methyl violet using a gas-liquid two-

phase gliding arc plasma system, with the wastewater entering the plasma via an atomisation 

nozzle. They found that the degradation rate exceeded 99% after 20 minutes of treatment in air 

and O2 atmospheres [217]. In another study, Yan et al. explored the synergistic effect of zero-

valent iron and gliding arc in the decolourisation of Acid Orange II, noting that zero-valent iron 

enhanced the Fenton reaction by producing H2O2 and 𝐻𝑂•, resulting in a 5% increase in the 

degradation rate, which reached over 90% under optimal conditions [218]. 

        In another research, they examined the degradation of Acid Orange 7 (AO7) in a TiO2 

photocatalyst-assisted gliding arc plasma system, where the degradation rate reached 43.6% 

after 40 minutes of treatment. The immobilised γ–Al2O3–TiO2 catalyst significantly improved 

the removal efficiency [219]. Ghezzar et al. developed a new method by introducing a film-

like liquid into the flowing stream to degrade anthraquinone green 25 (AG25) in gliding arc 

plasma, achieving decolourisation and degradation rates of 95% and 90%, respectively, after 

180 minutes of treatment in the air [220]. Subsequent experiments demonstrated that TiO2 

coating, deposited via magnetron sputtering, reduced treatment time to 60 minutes while 

maintaining the same degradation rate, confirming the scalability of the TiO2-enhanced plasma 

technology [221]. 

       Ni et al. studied AO7 degradation in printing and dyeing wastewater using a gas-liquid 

gliding arc, achieving a 99.3% degradation rate and a 37.9% COD removal with an initial 

concentration of 100 mg/l. The addition of zero-valent iron further increased the degradation 

rate to 97.8% at an initial concentration of 200 mg/L [222]. Several studies have identified the 

possible degradation mechanisms of dyes, with plasma generating O3 and H2O2, which 

effectively break down organic matter. At the same time, 𝐻𝑂•, produced from H2O, plays a 

crucial role in the degradation process [223]. 
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IV. TARGET CONTAMINANT: 

IV.1. Orange G 

IV.1.1. Background 

        Orange G (OG) is an emerging contaminant and synthetic dye classified as an azo dye - 

more precisely, a monoazo and anionic compound. It is highly soluble in water and remains 

chemically stable over a wide pH range[224]. In aqueous solutions, OG exists mainly as a 

sodium salt in two tautomeric forms, while organic solvents tend to stabilise the azo form[225]. 

       Historically, OG was widely used in the United States as a cosmetic dye in pharmaceutical 

products, but these applications were later discontinued. Today, OG is commonly used in the 

textile and printing industries for dyeing materials such as silk and wool and in paper and leather 

production[226,227]. It also plays a crucial role in histology, serving as a key component in 

many staining techniques used by pathologists[228]. 

         The chemical structure of OG consists of 7-hydroxy-8-[(E)-phenyldiazenyl] naphthalene-

1,3-disulfonic acid, as shown in Figure I.12. Its orange colour is attributed to the azo group, 

while auxochromes such as −SO₃ and − OH enhance its binding properties [229]. 

 

Figure I.12. Chemical structure of OG. 
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IV.1.2. Toxicological effect 

        The dye (OG) has been identified as a significant environmental risk, particularly to 

aquatic organisms and the wider aquatic ecosystem. As a highly toxic anionic dye, OG has been 

shown to induce chromosomal damage and clastogenic activity[230,231].  The azo group in its 

molecular structure is primarily responsible for its pronounced toxic, carcinogenic and 

teratogenic properties[232,233]. In addition, the intermediates generated during the degradation 

of OG are just as dangerous, amplifying the ecological threat it represents. Furthermore, due to 

its impact on aquatic life, OG harms terrestrial plants, flora and fauna[234]. In humans, 

exposure to OG has been associated with irritation of the gastrointestinal and respiratory 

systems [227]. Its genotoxicity has also been demonstrated in experimental models, notably in 

Swiss albino mice and the anaerobic biomass of aqueous systems[228,235]. 

IV.1.3. Previous studies on the degradation of OG 

        Due to the many adverse effects of OG on humans, aquatic organisms and plants, 

researchers have sought to develop effective wastewater treatment methods to reduce the 

presence of this harmful pollutant in environmental water systems. Various technologies have 

been studied and documented for wastewater treatment, including adsorption[236], 

photocatalytic degradation[237], ultrasonic degradation[238], electrochemical oxidation[239], 

activated persulfate oxidation[240] and non-thermal plasma degradation[241]. 

  Comparative analysis of OG degradation using SR-AOP with different activation 

methods: 

        There is growing interest in using persulfate (PS) activation due to its favourable 

properties, including its ability to promote efficient reactions, economic and practical 

advantages, safety benefits, chemical stability, and effectiveness in removing micropollutants 

(MPs) and treating wastewater. The following table summarises studies on the removal of 

Orange G using various persulfate activation methods. 
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Table I.10. Degradation of OG using SR-AOP. 

Process Operating  conditions Removal 

efficiency  

time Ref 

 

 

PS/Fe2+ 

 [OG]=0.1mM / pH=3.5 / [PS]=4mM / 

[Fe2+]=4Mm.  

 The variation in persulfate and iron 

concentrations significantly influenced 

the elimination rate.  

 Increasing the temperature positively 

affected the process. Under identical 

operating conditions, raising the 

ambient temperature to 293 K and 313 K 

improved the elimination rate to 76% 

and 100% within 5 min of treatment. 

 

 

99% 

 

30 min 

[242] 

Co3O4/PS 

 

 

 [OG]=0.1mM / pH=7 / [PS]=2 mM / 

T=25°C / [Co3O4]nano=0,5g/L. 

 [OG]=0.1mM / pH=7 / [PS]=2 mM / 

T=25°C / [Co3O4]not nano=0.5g/L. 

 The process is influenced by pH; the 

degradation rate increases with rising 

pH but decreases when the pH reaches 

10. 

 

90.7% 

 

38.7% 

3h 

 

3h 

[243] 

FeMoO4/PS  100ml of [OG]=0.2 mM /pH=2.8/ [PS]= 

4Mm /T=25∓0.5°C /[FeMoO4]=0.3g/L. 

 The variation in the concentration of 

[FeMoO4]₀ influenced the degradation 

rate. 

 [FeMoO4]=0.1- 0.2- 0.3- 0.4- 0.5 g/L  

 

  

95% 

 

 

 

 

 

90% 

  

40 min 

 

 

 

 

 

60-40-

30-25-

20 min 

[244] 

Pyrite/PS  [OG]= 100 µM/ [PS] = 5mM /  

T=30∓0.5°C / [Pyrite]=1g/L/ pH=3-6-9. 

 The partial size of the pyrite had a 

significant impact on the rate of OG 

degradation.  

 

97.9%-

47.9%- 

17.6% 

 

20 min 

[245] 

Mn-SDBC/PS  50ml of [OG]=1500 mg/L / [PS]=3 mM 

/ [biochar]=1g/L / pH=6/ SDBC without 

metal. 

34% 

 

 

 

 

720 

min 

[246] 
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 50ml of [OG]=1500 mg/L / [PS]=3 mM 

/ [biochar]=1g/L / pH=6 / Mn-SDBC: 

[Mn]= 40mM. 

 A high concentration of Mn above 40 

mM did not effectively promote the 

degradation of the dye. 

 The pH showed no significant influence 

on the process. 

 Increasing the biochar concentration 

from 0.5 g/L to 2 g/L enhanced the 

removal of OG by 5.66%. 

 Increasing the PS concentration from 1 

mM to 7 mM improved the removal rate 

from 55.8% to 97.21%. 

90.28% 

Fe/SGAC  [OG]=0.2 mM / [PS]= 2Mm / pH= 

ambiant / T=25°C / [catalyste]=1g/L:  

0.5%Fe/SGAC. 

 [OG]=0.2 mM / [PS] = 2Mm / pH 

=ambiant / T=25°C / [catalyste]=1g/L: 

0.5%Fe/GAC. 

 The increase in iron concentration 

inhibited the elimination of OG. 

 Acidic conditions were more conducive 

to eliminating the OG dye in this 

process. 

 

99% 

 

 

96% 

 

3h 

[247] 

 

 Mechanism of OG Oxidation using SR-AOP process  

 

 Via iron-activated PS 

        The reaction intermediates resulting from the oxidation of OG via Fe(II) / PS process 

were analysed by GC/MS and HPLC, with the proposed degradation mechanism illustrated 

in Scheme I.8. The degradation pathway suggests that the process begins with cleavage of 

the azo bond, which then leads to decomposition of the aromatic structures and eventual 

formation of organic acids. The main intermediates identified are phenolic compounds, 

aniline, naphthalene and quinone derivatives. Key intermediates such as hydroquinone 

(HQ), benzoquinone (BQ), phthalic acid and short-chain organic acids (including oxalic, 

fumaric and maleic acids) were detected. Despite these transformations, only 15% of the 

nitrogen in the system was converted to molecular nitrogen (N₂) [240] 
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Scheme I.8. Mechanism of OG degradation via iron-activated PS [240]. 

 

 Via Co3O4 nanoparticles-activated PS : 

        GC/MS analysis identified the OG degradation products in the nano-Co₃O₄/PS process, 

with mechanistic pathways illustrated in Scheme I.9. Most of the by-products had lower 

molecular weights than their parent compounds. The proposed degradation mechanism suggests 

that SO4
•− and  HO• radicals first attack the aromatic ring, leading to the cleavage of 

characteristic functional groups such as (SO₃H), (phenyl), (OH), and (phenyl-N=N). 

Subsequent radical-induced transformations generate hydroxylated intermediates and quinone 

derivatives; thus, the loss of (phenyl) and (phenyl-N=N) groups directly facilitates the 

decolourisation of OG in the activated PS process[243]. 
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Scheme I.9. Mechanism of OG degradation by Co3O4 nanoparticles-activated PS[243]. 

 

 Comparative analysis of OG degradation using Gliding arc plasma : 

        Gliding arc plasma has shown considerable potential for energy conversion and chemical 

reactions. Due to its unique properties, arc discharge possesses superior thermal characteristics 

compared to non-thermal plasma, making it effective for the removal of organic pollutants. The 

table below summarises the studies on gliding arc discharge plasma for the degradation of 

Orange G. 
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Table I.11. Degradation of OG using Gliding arc discharge. 

Process Operating parameters Removal efficiency Time Ref 

GAD/Laterite soil Gliding arc plasma reactor  

500 ml of OG solution; 

 pH adjusted to 3–10 

 3g/L Ltérite soil 

17% with GAD 

alone 

Nearly 100% with  

GAD/ laterite soil  

   

60min 

[248] 

GAD/ TiO2 Gliding arc plasma reactor  

500 ml of OG solution; 

 0.16 g/L P25 TiO2 

17% with GAD 

alone 

Nearly 56% with  

GAD/ catalyst  

   

60min 

[248] 

GAD/TiO2/Fe2O3 Gliding arc plasma reactor  

500 ml of OG solution; 

 3g/L TiO2/Fe2O3 

17% with GAD 

alone 

Nearly 75 with  

GAD/TiO2/Fe2O3 

   

60min 

[248] 
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I. Introduction 

        This chapter presents the equipment, techniques, protocols, and processes used or 

developed in the context of this thesis. It provides a comprehensive description of the 

experimental setup, including the reactors used for wastewater treatment. 

        In the first part, we introduce the model molecule under study, the reactants and the 

chemicals involved. This is followed by a description of the experimental setup of the thermal 

activation process of persulfates. Subsequently, the glidarc plasma device, developed at the 

LAMES laboratory of the University of Skikda, is presented, along with its combined 

application in the study of the co-degradation of the target pollutant. Finally, the analytical 

techniques and methods employed are detailed. 

II. Materials used 

II.1. The target compound 

        The Orange G, abbreviated to OG, whose molecular structure and physico-chemical 

properties are listed in Table II.1, was purchased from RAL Diagnostics and used without 

purification. 

Table II.1. Physico-chemical properties of orange G. 
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I.2. Chemical reagent and solvent  

        The chemicals used during this work are listed in Table II.2 below. These are mainly 

solvents and reagents used without prior purification to adjust or control pH or as additives. 

These chemicals are of analytical quality, stored at room temperature and protected from light. 

Table II.2. Characteristics of the chemicals used. 

Product Molecular formula Quality Manufacturer 

Potassium persulfate K2S2O8 98% Pamracic 

Ammonium persulfate (NH4)2S2O8 98% Prolabo 

Sulfuric acid H2SO4 96% Cheminova 

Molecular formula 

 

C16H10N2Na2O7S2 

Molecular weight (g/mol) 

 

452.37 

 

IUPAC name 

 

7-hydroxy-8-phenyldiazenylnaphthalene-1,3- 

Disulfonate 

 

Case number 

 

1936-15-8 

𝜆𝑚𝑎𝑥 (nm) 

 

478 

Pka 

 

11.5 

Solubility in water (g/L) 

 

80 at 25°C 
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Sodium hydroxide NaOH 97% Bichem 

Iron (II) sulfate 

heptahydrate 

FeSO4.7H20 97% Acros 

Potassium dichromate K2Cr2O7 99,5% Fluka 

Ammonium iron (II ) 

sulfate hexahydrate 

(NH4)2(FeSO4)2.6(H2O) 99% Sigma-Aldrich 

Ferric oxide Fe2O3 98% Fluka 

Hydrogen peroxide H2O2 30% Biochem 

Potassium Iodide KI ≥ 99% Sigma-Aldrich 

Periodic acid H5IO6 99,5% Biochem 

Ethanol C2H5OH 96% Riedel de Haen 

EDTA C10H16N2O8 99% Sigma-Aldrich 

Ter-butanol C4H9OH ≥ 99% Sigma-Aldrich 

II.3. Water matrix used  

        The solutions were prepared using distilled water with a 1.5 to 2.5 𝜇s.𝑐𝑚 −1 Conductivity. 

Different types of water were tested to study the effect of the aqueous matrix. Table II.3 lists 

the characteristics of each matrix. 
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Table II.3. Characteristics of the water matrices used. 

type of matrix Distilled water Mediterranean 

seawater 

(Algeria) 

Raw spring 

water 

Zemem water 

pH 6.5 6.8 6.5 7 

𝐻𝐶𝑂3
− ∕ 140 ∕ 285 

𝑆𝑂4
2− ∕ 2650 ∕ 610.53 

𝐶𝑙− ∕ 20000 ∕ 147.5 

Br- ∕ 65 ∕ ∕ 

III. Experimental procedures 

III.1. Heat-activated persulfate process device 

        Advanced oxidation processes based on sulfate radicals were employed to remove Orange 

G from an aqueous solution, specifically (heat/persulfate) and (heat/persulfate/iron). The 

process was conducted in a glass (quartz) reactor with a capacity of 500 mL and a relatively 

dense thickness (13 mm). The reactor was well covered to minimise potential losses due to 

evaporation and was placed in a thermostated bath equipped with a thermostat and a 

thermocouple containing two temperature sensors. The system was maintained under 

mechanical stirring at a fixed speed. 

        Once the target temperature was reached, the appropriate amount of inorganic oxidant (PS) 

was introduced into 400 mL of OG-loaded aqueous solution. Samples were taken regularly 

using a sampling system, immediately cooled, and analysed with a UV-visible 
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spectrophotometer to determine the OG concentration. The experimental setup used is 

illustrated in FigureII.1. 

 

Figure II.1.Experimental setup for heat-activated persulfate process. 

III.2. Gliding Arc Discharge (GAD) Plasma Device 

        The first-generation Glidarc device was utilised in this work to treat the pollutant molecule 

Orange G. 

        Figure II.2 and II.3 illustrate the experimental setup developed in the laboratory and used 

in this study. The system consists of two divergent stainless-steel electrodes, which have a 

melting temperature exceeding 1420°C, symmetrically positioned around a gas supply nozzle 

with a diameter of 𝜙 = 1.3 mm. The entire setup is placed in a double-walled Pyrex reactor, 

which is equipped with a cooling system and a mechanical stirring mechanism operating at a 

fixed speed. The two electrodes are connected to a high-voltage generator (Siet: 10 kV, 50 Hz). 
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        The plasma gas used in this experiment is air-sourced directly from a compressor. Before 

entering the system, the air passes through a water-filled bubbler for humidification, followed 

by a ball flowmeter arranged in series. 

        The gliding discharge is initially initiated at a minimum electrode gap of 3 mm, forming a 

thermal plasma in thermodynamic equilibrium. Under the influence of the humid air flow, the 

discharge propagates along the electrodes, eventually breaking into a plume that interacts with 

the surface of the solution to be treated (Figure II.3). This propagation disrupts the 

thermodynamic equilibrium, causing a sudden drop in plasma temperature and leading to the 

formation of cold plasma. 
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Figure II.2. Experimental Setup of the gliding Arc Plasma ‛Glidarc’. 

        The electrode-solution distance, set at approximately 15 mm, is optimised to ensure that 

the electrodes are sufficiently close to the target to be treated while avoiding splashing onto the 

reactor walls. This spacing enhances gas-liquid interaction time, facilitates the effective capture 

of short-lived reactive species, and promotes the penetration of UV radiation into the solution. 

The volume of liquid introduced into the reactor is 400 ml. The entire system is placed on a 

magnetic stirrer to ensure continuous homogenisation of the solution, thereby facilitating the 

diffusion of target molecules towards the plasma-solution interface, which serves as the 

principal site for reactions between plasma-generated species and the target molecules.  
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Figure II.3.Visualisation of the evolution of a gliding arc plasma[1]. 

IV. Analytical procedure 

IV.1. UV-Visible Spectrophotometry 

        Ultraviolet-visible (UV–visible) spectrophotometry is a predominantly quantitative 

analytical method that focuses on the absorption of near-UV (180–390 nm) or visible (390–780 

nm) light by chemical substances in solution. Different colours of visible light and their 

complementary colours in solutions absorb at specific wavelengths. Due to the overlap of 

vibrational and rotational transitions, the UV–visible spectrum of analytes in solution exhibits 

minimal fine structure. Consequently, this technique is rarely employed for identification 

purposes (although every molecule will have a wavelength corresponding to its maximum 

absorption). Still, it remains one of the most commonly utilised methods for quantitative 

analysis. Under carefully controlled experimental conditions, the amount of absorbed radiation 

can be directly correlated with the analyte concentration in the solution, as described by Beer’s 

law. It is applicable for quantifying organic (mainly in the near-UV range) and inorganic 

(primarily in the visible range) substances[2]. 
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IV.1.1. Principle 

        UV-visible spectroscopy is a spectroscopic technique based on the interaction between 

matter and electromagnetic waves. Following this interaction, radiation will be absorbed or 

emitted. The latter is subsequently analysed to determine the material's properties to be 

studied, according to the Beer-Lambert law [136]. 

 Beer-Lambert law: 

         The Beer-Lambert Law, also known as Beer’s Law, is a fundamental principle in 

spectroscopy that describes the attenuation of light as it passes through a substance. It 

establishes a direct, linear relationship between the absorbance of light by a solution and the 

concentration of the solute, the molar absorption coefficient, and the optical path length of the 

solution. The Beer-Lambert law is expressed as:  

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
=  𝜀𝐿𝐶                             (II.1) 

Where: 

A: is the absorbance or optical density at a given wavelength (dimensionless). 

I0: is the incident light intensity.  

I: is the transmitted light intensity.  

𝜀: is the Molar extinction coefficient (in units of 𝐿𝑚𝑜𝑙−1𝑐𝑚−1). 

L: is the Optical path length, corresponds to the width of the cuvette used (cm).   

C: is the concentration of the absorbing substance (𝑚𝑜𝑙𝐿−1). 
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Figure II.4. Schematic representation of the UV-Visible spectroscopy principle. 

        In this study, the spectrophotometric measurements were performed using an "Agilent 

Cary 60" device controlled by a computer with "Cary WinUV" software. This setup enables a 

scan range from 200 nm (UV) to 800 nm (visible). The cuvettes used for the sample analysis 

or the blank (reference) are made of quartz and have an optical path length of 1 cm. 

 

Figure II.5. "Agilent Cary 60" spectrophotometer. 
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        The experimental UV-visible spectrum of the Orange G solution at free pH (6.5) shows a 

major band in the visible region with maximum absorption at 478 nm (λmax) and a band 

Localised at 330 nm (Figure II.6). 
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Figure II.6. Absorption spectrum of OG at free pH. 

        A scan between 200 and 800 nm was also performed for the K2S2O8 reagent, and its 

absorption spectrum is presented below. 
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Figure II.7. Absorption spectrum of K2S2O8. 

IV.2. Chemical oxygen demand (COD)  

       The Chemical Oxygen Demand (COD) is a key indicator of the quantity of oxygen that 

reactions within a specified solution can consume. It is typically expressed as the mass of 

oxygen consumed per volume of solution, with the standard unit being milligrams per litre 

(mg.𝐿−1) in the SI system. A COD test is widely employed to quantify the concentration of 

organic matter in water. Its primary application lies in measuring the levels of oxidisable 

pollutants in surface water or wastewater. In water quality, COD serves as a valuable metric for 

assessing the potential impact of an effluent on the receiving water body[3]. 

        In this study, Chemical Oxygen Demand (COD) was determined using a method outlined 

by Thomas and Mazas[4], where potassium dichromate (K2Cr2O7)served as the oxidising agent 

in a strongly acidic environment. Silver sulfate acted as the catalyst (Ag2SO4), and mercury 

sulfate (HgSO4) helped to complex chloride ions (𝐶𝑙−). The process involved adding specific 

quantities (3ml) of an acidic solution, mercury sulfate (0,1g), the sample (or distilled water for 

the blank) (1ml), and potassium dichromate (1ml) into a tube, which was sealed and 
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homogenised. The tube was then heated at 148°C for 2 hours. The dichromate oxidised the 

organic material during this time, forming chromate ions (Equation II.2).  

2𝑂𝑀 + 2𝐶𝑟2𝑂7
2− + 16𝐻+⟶ 2𝑂𝑀6+ + 6𝑂2− + 4𝐶𝑟3+ + 8𝐻2𝑂              (II.2) 

The COD was calculated based on the amount of dichromate consumed. The final concentration 

of residual oxidant was determined by measuring the absorbance of the reaction mixture at 440 

nm after cooling. 

 

Figure II.8. WTW thermoreactor for COD measurement. 

IV.3. pH measurement 

        During all advanced oxidation process experiments, pH measurements were conducted 

using a 197 WTW pH meter equipped with a SenTix 41 (WTW) electrode (Figure II.9). The 

pH was adjusted to different values using sulfuric acid or sodium hydroxide for acidic or basic 



Chapter 2: Experimental Procedures and Analysis Methods  

 

 

102 
 

102 

 

conditions. pH meter calibration was performed before each experiment using buffer solutions 

(pH = 4, 7, and 10). 

 

Figure II.9. 197 WTW pH meter.  

IV.4. Conductivity measurement 

        Conductivity refers to the capacity of an aqueous solution to conduct an electric current. 

This current is transported by ions, so conductivity is directly influenced by the ion 

concentration, their mobility, and the temperature of the water. In this study Conductivity 

measurement were conducted using a WTW inoLab Cond 7310 conductivity Meter (Figure 

II.10). 
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Figure II.10. WTW inoLab Cond 7310 conductivity Meter.  

V. Preparation of solution 

        To ensure the precise and efficient execution of this work, the solutions were prepared 

strictly according to the established conventional protocols. These protocols were meticulously 

followed to account for the specific physical properties of each solution, thereby ensuring the 

reliability and consistency of the preparation process.  

V.1. Aqueous solutions of Orange G 

        The stock solutions of Orange G were prepared by dissolving a defined amount of the dye 

in distilled water, considering its solubility. The standard solutions used for analytical studies 

were then obtained by successive dilutions to achieve the desired concentrations. Calibration 

curves were constructed to quantify the residual concentrations using different experimental 

methodologies. 
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        To examine the influence of the water type on the degradation process of Orange G via 

the thermal activation of persulfates (TAP), solutions were prepared by directly dissolving the 

dye powder in various water matrices designated for this study. 

V.2. Sulfuric acid solution 

        A 1M sulfuric acid solution was prepared by diluting a commercial solution from the 

Cheminova brand, which has a density of 1.84 and a purity of 96%. This solution was mainly 

used to adjust the pH of solutions containing the target molecule, thereby allowing the 

monitoring of its degradation process under different pH conditions. 

V.3. Sodium hydroxide solution 

        A 1M Sodium hydroxide solution was prepared by dissolving a known amount of NaOH 

crystals in a measured volume of distilled water. This solution was used to adjust the pH, 

facilitating the observation of the degradation of target molecules as a function of pH values, 

moving towards an alkaline pH. 

V.4. Potassium iodide solution  

        A 1M potassium iodide solution was prepared by dissolving the appropriate amount of KI 

(Sigma-Aldrich) in distilled water. This solution was then used to demonstrate the oxidising 

properties of humid air plasma. 

VI. Representation of Experimental Results 

        The experimental results detailed in the following sections are presented using 

formulations that facilitate a comprehensive analysis and a clearer interpretation of the 

influence of different parameters on the progression of target pollutant oxidation experiments.  

VI.1. Pollutant degradation rate 

        The degradation rate of the pollutant indicates the proportion of the pollutant that 

undergoes conversion during the oxidation reaction. The following equation defines this 

parameter: 
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% Degradation =
(C0− Ct)

C0
× 100                                       (II.3) 

        Where C0 and Ct represent, respectively, the initial and remaining concentrations of the 

pollutant at a treatment time t. 

VI.2. Mineralisation Rate 

        The mineralisation rate quantifies the extent to which a pollutant is fully oxidised into its 

final degradation products: CO2, H2O, and inorganic ions. 

        This parameter is crucial in assessing the efficiency of advanced oxidation processes 

(AOPs) and other wastewater treatment methods. 

        The mineralisation rate is typically expressed as a percentage using the following formula: 

% Mineralisation =
COD0− CODt

COD°
× 100                            (II.4) 

        COD0 represents the initial chemical oxygen demand (COD), and  CODt denotes the 

remaining COD at a given time t.  

        The COD measurement reflects the amount of oxygen required to chemically oxidise 

organic and some inorganic substances in water, making it a key parameter for evaluating 

pollutant degradation. 

VI.3. Thermodynamic aspect 

VI.3.1. Gibbs free energy (ΔG) 

       Gibbs free energy (ΔG) is a thermodynamic quantity that represents the energy available 

to perform work and determines the spontaneity of a reaction. A negative ΔG indicates that the 

reaction occurs spontaneously at all temperatures, whereas a positive ΔG suggests that the 

reaction is not spontaneous and requires external energy[5]. 

        Mathematically, the equation used to calculate Gibbs free energy is as follows: 

∆𝑮 = ∆𝑯 − 𝑻∆𝑺                                               (II.5) 
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        Under standard conditions, the Gibbs free energy is given by the expression below: 

∆𝑮𝟎 = ∆𝑯𝟎 − 𝑻∆𝑺𝟎                                          (II.6) 

        Where, the standard entropy (ΔS˚) measures the disorder of the system, and the standard 

enthalpy of reaction (ΔH˚) represents the total energy contents of the system[6]. 

VII. Conclusion 

        This chapter provided an in-depth exploration of the organic pollutant investigated in this 

study, highlighting its physicochemical characteristics. It also details the chemicals employed 

in the experimental procedures.  

       A comprehensive discussion is presented on the experimental protocols through which this 

pollutant undergoes degradation, with particular emphasis on their operational modes.  

       The chapter further describes the analytical techniques used to assess and monitor the 

degradation of this refractory compound, ensuring the accuracy and reliability of the data 

throughout this research.
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I. INTRODUCTION 

        Peroxydisulfate (also known as persulfate, 𝑆2𝑂8
2−) has gained significant attention in 

recent years for its role in advanced oxidation processes used for wastewater and industrial 

waste treatment, as well as for in situ chemical oxidation (ISCO) in the remediation of 

contaminated soils and groundwater [1]. In these applications, persulfate is activated into highly 

reactive sulfate (𝑆𝑂4
•−) and hydroxyl (𝐻𝑂•) radicals, potent oxidants that can degrade various 

organic pollutants. 

        Persulfate activation can be achieved through various methods, including heat, transition 

metals, alkaline conditions, UV irradiation, ultrasound, and other mechanisms [2–6] . Among 

these, heat activation is particularly prevalent due to its unique advantages, drawing 

considerable attention in recent research. This method produces two moles of S𝑂4
•−for each 

mole of persulfate activated, in contrast to the typical one mole generated through activation 

with transition metal ions. Additionally, heat activation is considered an environmentally 

friendly in situ chemical oxidation approach [7,8]. Numerous studies have highlighted the 

effectiveness of thermally activated persulfate for degrading a range of contaminants, including 

antibiotics [9,10], herbicides [11,12], and industrial chemicals [4,13]. 

        This study focuses on the degradation of Orange G, an azo dye, from an aqueous solution 

using heat-activated persulfate and heat/ metal co-activated persulfate. In the first section, we 

explore the impact of activation temperature on the removal of Orange G, considering the 

effects of potassium persulfate (PPS) concentration, initial dye concentration, and pH during 

the oxidation process. The study also examines the influence of radical scavengers and the water 

matrix on the dye removal efficiency. In addition, the degradation kinetics and thermodynamic 

parameters, including Gibbs free energy, activation energy, reaction entropies, and energy 

estimates, are analysed and presented. The evaluation of the process is based on the 

decolourisation of the Orange G dye-loaded solution. In the second section, emphasis was 

placed on studying the co-activation (heat/metal) of potassium persulfate for the Orange G 

degradation process. The effect of the initial concentrations of the metals and the initial pH of 

the solutions was examined. In addition, the study addressed the issue of dye mineralisation. 

Finally, particular attention was paid to the synergy between the two processes studied, which 

was evaluated. The evaluation of the process is based on the decolourisation of the Orange G 

dye-loaded solution.  
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         Orange G was chosen as the model compound because of its widespread presence as an 

azo dye and the increasing amount of research focusing on the removal of these micropollutants. 

As conventional wastewater treatment plants often have difficulty removing these 

contaminants, biological treatment processes are generally ineffective in treating effluents 

containing these substances [9,14], and conventional treatment techniques are not destructive 

and produce sludge and concentrates that require further treatment[15]. 

II. ELIMINATION OF OG BY HEAT-ACTIVATED PERSULFATE: EFFECT OF 

OPERATIONAL PARAMETERS, THERMODYNAMIC ANALYSIS, AND ENERGY 

CONSUMPTION REQUIREMENTS.  

II.1. The role of temperature on the degradation of orange G by heat/PS process. 

        Temperature plays a significant role in removing persistent organic pollutants using 

activated oxidising inorganic species such as persulfate. To assess the effect of elevated 

temperatures on the degradation of 400 ml solution of organic compounds (OG), a series of 

experiments were conducted at various temperatures (20, 40, 50, 55, 60, 65, and 70°C) while 

maintaining a constant initial dye concentration and fixed concentrations of PS (Ammonium 

persulfate (APS) (NH4)2S2O8  and Potassium persulfate (PPS) K2S2O8 at the initial pH of the 

water treatment.Samples were taken at regular intervals over a period of 260 minutes and then 

analysed by UV-Visible spectrophotometry to measure absorbance at 478 nm.The results are 

shown in the figures below.      

 Effect of temperature on degradation of OG by heat/APS process 

        The degradation of the OG at 50 mg/L was monitored as a function of temperature, varying 

within a range of 20°C to 70°C, in the presence of 1 g/L of Ammonium persulfate ((NH4)2S2O8) 

and at free pH of 6 (Figure III.1). 
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Figure III.1. Effect of reaction temperature on the OG degradation by heat/ APS process. 

Experimental conditions: [OG]0 =50 mg/L ,[APS]0 =1g/L, pH=6. 

 Effect of temperature on the degradation of OG by heat/PPS process 

        This time, another series of experiments was conducted with 1 g/L of potassium persulfate 

(K2S2O8) (Figure III.2) at temperatures varying from 20°C to 70°C.        
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Figure III.2. Effect of reaction temperature on the OG degradation by heat/PPS process. 

Experimental conditions: [OG]0 =50 mg/L ,[PPS]0 =1g/L, pH=6. 

        The data presented in Figures III.1 and III.2 indicate that the heat/PS activation process 

was ineffective at 20°C. At this temperature, the rate of degradation of the organic compound 

(OG) was markedly low, reflecting slow reaction kinetics. However, when the temperature was 

increased from 20°C to 70°C, the degradation efficiency improved significantly. Complete 

decolourisation was achieved at 65°C and 70°C after 240 and 150 minutes of treatment, 

respectively, with activated APS, and at 70°C after 180 minutes with PPS. 

       For the other temperatures tested, the efficiency of OG degradation using heat-activated 

APS ranged from 11.15% to 96.88% (20, 40, 50, 55, 60°C), while the performance of heat-

activated PPS ranged from 4.22% to 99.51% (20, 40, 50, 55, 60, 65°C). These results suggest 

that elevating the temperature accelerates the conversion of persulfate (PS) to sulfate radicals 

𝑆𝑂4
•− (𝐸° = 2.6 𝑉, 𝑠elective), as described in Equation (III.1).  

     𝑆2𝑂8
2−

𝐻𝑒𝑎𝑡
→  2𝑆𝑂4

•−                                              (III.1) 
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       This activation initiates a series of secondary reactions (Equations (III.2)-(III.5), 

generating additional radicals and strong oxidants such as hydroxyl radicals 𝑂𝐻•(𝐸° =

2.8 𝑉, non − selective), which then engage in the degradation of the target recalcitrant organic 

pollutant [16,17]. 

𝑆𝑂4
•−+𝐻2𝑂 → 𝐻𝑂

•+𝐻+ + 𝑆𝑂4
2−                        (III.2) 

𝑆𝑂4
•− + 𝑂𝐻− → 𝑆𝑂4

2− + 𝑂𝐻•                             (III.3) 

𝑆𝑂4
•− + 𝑂𝐺 → 𝑆𝑂4

2− + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡                                      (III.4) 

𝐻𝑂• + 𝑂𝐺 → 𝐻𝑂− + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡                          (III.5) 

 

       To better visualise and confirm the effect of increasing temperature on the removal of OG 

by the heat/PS process, a series of experiments were carried out as a function of time over a 

temperature range from 40°C to 70°C for different concentrations of PPS. 

II.1.1. Kinetic studies of OG degradation via heat-activated PS process     

        The kinetics of heat-activated PPS and APS processes for the removal of Orange G have 

been studied.  

        The degradation reactions of Orange G by heat-activated persulfate follow a pseudo-first-

order kinetic model. 

       The apparent rate constants (Kapp) for the Heat/persulfate process were determined by 

plotting the curve ln(C₀/C) as a function of time, according to Equation (III.6), which produces 

a straight line whose slope is equal to Kapp (Figure III.3). 

−𝑙𝑛
[𝑂𝐺]

[𝑂𝐺]0
 = 𝐾𝑎𝑝𝑝 × 𝑡                              (III.6) 
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Figure III.3. Representation of the apparent rate constant for the OG degradation by the 

heat/PS process according to the pseudo-first-order kinetic model: Experimental conditions: 

[OG]0 =50 mg/L, [APS]0 =1g/L, [PPS]0 =1g/L, pH=6. 

        Table III.1 presents the results of the rate constants kapp. The study demonstrates that 

increasing the temperature of PS activation leads to increases in the apparent rate constant (kapp) 

with a high regression coefficient (R²). 
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Table III.1. The kinetic constants and regression coefficients predicted by the pseudo-first-

order kinetic model 

 

 

Temperature 

°C 

 

APS 

 

PPS 

kapp(min-1)×

10−3 

R2 % kapp(min-1)×

10−3 

R2 % 

40 0.4 97 0.3 96 

50 2.9 98 3.3 99 

55 7.2 99 6.3 97 

60 12.6 98 14.3 99 

65 34.4 98 35.5 99 

70 83.2 98 73 99 

II.2. Choice of oxidant  

        Figure III.4 compares the degradation kinetics of OG in the presence of oxidising 

additives (APS and PPS) activated at different temperatures under constant operating conditions 

to optimise the operational parameters for enhanced oxidation of the studied micropollutant 

while minimising the electrical energy consumed relative to the quantity of oxidant (EE/O). 
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Figure III.4. Effect of temperature on the OG degradation by heat/PS process. 

Experimental conditions: [OG]0 =50 mg/L, [APS]0 =1g/L, [PPS]0 =1g/L, pH=6 ,  

       The results illustrate that the degradation kinetics of the OG substrate are nearly identical 

for both types of inorganic oxidants used. The minor difference observed in the degradation 

kinetics of OG dye in the presence of the two persulfate additives (APS, PPS) allowed for the 

free selection of either additive. 

II.3. Degradation of orange G using the heat-activated potassium persulfate (PPS) 

process 

II.3.1. Effect of initial PPS concentrations  

       To demonstrate the vital importance and effect of the PS dosage on the degradation of 

persistent pollutants via thermal activation of PS, a series of experiments were carried out using 

various PPS concentrations (ranging from 1g/L to 100 mg/L). These tests were performed with 

a concentration of 50 mg/L of OG while keeping the neutral pH constant. The results are 

presented in Figure III.5. 
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Figure III.5. Effect of PPS concentrations on the OG degradation by heat/PS process at 

fixed temperature and OG concentration. Experimental condition: [OG]0 =50 mg/ L, T= 65°C, 

pH=6. 

       The results presented in Figure III.5 show that increasing the dosage of PPS from 100 

mg/L 𝑡o 1g/L improved the rate of OG degradation, rising from 74.79% to 99.51% over a 

reaction period of 260 minutes. A similar trend was observed for various other environmental 

pollutants, including diuron [11], the azole fungicide fluconazole [18], Sudan black B [19], and 

bisphenol A [20].  

       This pattern is attributed to the interaction between OG and radicals (including 𝑆𝑂4
•− and 

𝐻𝑂•) generated by the amount of activated PS present in the solution, with this effect becoming 

more pronounced as PPS dosages increase. However, the literature highlights that an 

excessively high initial PS concentration might result in the heightened production of 𝑆𝑂4
•−, 

which could inhibit the oxidation of contaminants with self-scavenging reactions (Equations 

(III.7) and  (III.8)) [9,21,22]. 
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𝑆𝑂4
•− + 𝑆2𝑂8

2−
𝐾=6,1.105 𝑀−1 𝑠−1 
→              𝑆𝑂4

2− + 𝑆2𝑂8
•−       (III.7) 

𝑆𝑂4
•− + 𝑆𝑂4

•−
𝐾=4.108 𝑀−1 𝑠−1 
→            𝑆2𝑂8

2−                        (III.8) 

 

      On the other hand, the OG elimination reaction became 8.75 times faster in the presence of 

1g.L-1 PPS dose than in the presence of a dose of 100 mg.L-1 PPS, where the apparent rate 

constants kapp increased from 0.4. 10−2  min-1 to 3.5. 10−2 min-1(Figure III.6), this is probably 

due to the increase in the amount of radical oxidising species in solution and their reaction with 

the OG according to equation (Equations (III.4), (III.5), (III.7) and (III.8)), as well as the 

reaction of the PS, which can undergo direct reaction with the organic compound according to 

the Equation (III.9), leading to the formation of sulfate radicals. This process then triggers the 

progressive degradation of the OG [13]. 

 𝑆𝑂4
•− + 𝑂𝐺 → 𝑆𝑂4

2− + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡                                 (III.4) 

 

𝐻𝑂• + 𝑂𝐺 → 𝐻𝑂− + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡                           (III.5) 

 

𝑆2𝑂8
2− + 𝑂𝐺 → 2𝑆𝑂4

•− + 𝑂𝐺•                            (III.9) 
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Figure III.6. Plot of rate constant kapp versus PPS dose. Experimental condition: [OG]0 =50 

mg/L, T= 65°C, pH=6. 

        Reinforcing our previous interpretations, Figure III.7 confirms the correlation between 

the degradation kinetics of OG, the initial concentrations of PS, and the activation temperature.  
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Figure III.7. Plot of kapp rate constants as a function of different temperatures for different 

doses of PS. Experimental condition: [OG]0 =50 mg/L, T= 40-70°C, pH=6. 

       The results indicate that at low temperatures (< 60°C), the degradation kinetics of OG are 

weakly influenced by the amount of PS added to the solution. However, beyond 60°C, the 

degradation of OG becomes strongly correlated with the initial amount of PS. 

       Finally, as expected, the results confirmed the central role of temperature and the amount 

of oxidising inorganic species in the process of generating oxidising radical entities that 

oxidise the OG dye via the heat/PS process. 

II.3.2. Effect of initial OG concentrations 

        The research examined the impact of different initial concentrations of OG, ranging from 

10 mg/L to 70 mg/L, on their degradation via a heat-activated persulfate process. The study 

involved using varying concentrations of PS, while keeping the temperature constant at 65°C 

and the reaction time at 260 minutes. Furthermore, the experiment was carried out under natural 

pH conditions. 
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Figure III.8. Effect of OG concentration on its degradation by heat/PPS process. 

Experimental conditions: [OG]0 =10-70 mg/L ,[PPS]0 =100-500 mg/L, pH=6. 

        Figure III.8 shows that the elimination of OG decreased with increasing dye concentration 

from 10 mg/L to 70 mg/L for all the PS doses tested. The elimination rates presented in Figure 

III.9 exhibited variations, ranging from complete degradation to 95.6% using 500 mg/L of PS, 

from 100% down to 88.9% with 300 mg/L of PS, from 99.2% to 71% with 200 mg/L of PS, 

and finally,  from 97.2% to 37.2% with 100 mg/L of PS. 



 

 

121 
 

Chapter III: Elimination of OG Dye By Heat/PS And Heat/Metal/PS Process 

121 

 

 

Figure III.9. Effect of OG concentration on its elimination by the heat/PPS process. 

Experimental condition: [OG]0 =10-70 mg/L ,[PPS]0 =100-500 mg/L, T= 65°C, pH=6. 

        On the other hand, pseudo-first-order kinetic behaviour was observed in all the reactions, 

with a high regression coefficient (see appendix). Figure III.10 illustrates the effect of OG 

concentration on the rate constants of its degradation via heat-activated persulfate. 
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Figure III.10. Effect of OG concentration on the rate constants of its degradation by heat/PS 

process. Experimental condition: [OG]0 =10-70 mg/L, [PPS]0 =100-500 mg/L, T= 65°C, 

pH=6. 

        For instance, as shown in Figure III.10, when the temperature was maintained at 65°C 

and initial OG concentrations ranging from 10 to 70 mg/L were considered (with values of 10-

20-30-40-50-60-70 mg/L the rate constant kaap , showed a gradual decrease. Specifically, at a 

PPS concentration of 500 mg/L, the rate constant decreased from 11.10 −2  min-1 to 

1.10 −2  min-1. With 300 mg/L PPS, the rate constant reduced from 11. 10 −2  min-1 to 

0.5. 10 −2  min-1. At 200 mg/L PPS, the rate constant decreased from 3.8. 10 −2  min-1 to 

0.3. 10 −2  min-1. Finally, with 100 mg/L PPS, the rate constant decreased from 2.2. 10 −2   to 

0.1. 10 −2  min-1. 

        The decline in OG degradation efficiency as the initial OG concentration increased might 

stem from the interaction between the free oxidising radical species in the solution and the 

intermediate products of OG degradation. These intermediates might engage in a competitive 

parallel reaction with the oxidising species at higher dye concentrations. Consequently, the ratio 

between the reactive species and the pollutant decreased as the OG concentration increased. 

This decreasing ratio led to a decrease in the dye removal [19,23]. 
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II.3.3. Effect of initial pH 

        pH is widely recognised as a critical parameter affecting chemical reactions. In particular, 

the initial pH of the solution plays an essential role in the heat-activated persulfate for OG  

degradation. This influence arises from its ability to alter the distribution of oxidising species, 

affect the overall rate of PS decomposition, and modify the speciation of the target pollutant 

[24,25]. 

       To investigate this effect, a series of experiments were carried out using unbuffered 

solutions with pH values ranging from 2 to 12, adjusted using 0.1 mol/L NaOH or H₂SO₄. The 

initial concentrations of PS and OG were kept constant, and the temperature was maintained at 

65°C throughout the study. 
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Figure III.11. Effect of initial solution pH on the OG degradation by heat/PPS process. 

Experimental conditions: [OG]0 =50 mg/L, [PPS]0=300 mg/L, T=65°C. 

 

         As shown in Figures III.11.and III.12, the OG degradation process is virtually the same 

for pH 4, 6 and 9, with elimination rates equal to 96.9%, 96.94% and 96.2%, respectively, and 

rate constants varying between 1.10-2 min-1 and 1.1.10-2 min-1, so that, in this specific pH range, 
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no significant impact was observed on the degradation of the OG, comparable results were 

obtained when the degradation of paracetamol was studied using heat activated 

peroxydisulphate [26]. However, when the pH was adjusted to 2, the degradation of OG was 

only slightly influenced, with a decrease in the elimination rate to 94.9% and a decrease in the 

apparent constant to kapp= 0.8.10-2 min-1; in contrast, at a strongly basic pH (pH=12), the 

degradation process of OG was strongly influenced, so that the elimination rate of the dye 

decreased to 74.7% and its rate constant to kapp=0.5.10-2 min-1. 
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Figure III.12. Effect of initial solution pH on the process of OG dye removal rate and the 

variations in pseudo-first-order rate constants. Experimental conditions: [OG]0 =50 mg/L, 

[PPS]0=300 mg/L, T=65°C. 

       These results could be justified by the distribution of the sulfate radical SO4
•−and the 

hydroxyl radical HO• which, at a pH close to natural, both radical species existed 

simultaneously in the solution; moreover, at a pH below 7, the sulfate radical SO4
•− 

predominated due to its formation during the reaction of H+ with the persulfate anion 

S2O8
−2 according to (Equations (III.10) and (III.11), whereas at very basic pH conditions, 

noted pH=12, the formation of the HO•  radical was favoured (Equation (III.3)), which had a 

lower redox potential and a shorter lifetime than SO4
•−[9,23,27]. 

𝑆𝑂4
•− + 𝑂𝐻− → 𝑆𝑂4

2− + 𝑂𝐻•                           (III.3) 
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S2O8
2− + H+⟶HS2O8

−                                    (III.10) 

HS2O8
−⟶ SO4

2− + SO4
•− + H+                          (III.11) 

II.3.4. Effect of water matrix 

        To better simulate real-life conditions, Orange G degradation experiments were carried 

out using different aqueous matrices: raw spring water, Zemzem water, and Mediterranean Sea 

water. To achieve an initial substrate concentration of 50 mg/L, synthetic solutions were 

prepared by directly dissolving the OG dye powder in an aqueous medium. The main 

characteristics of the waters used are detailed in Chapter II. 

The results, illustrated in Figures III.13 and III.14, show that the nature of the aqueous 

matrix used negatively influenced the degradation process by thermal activation of the PPS.  
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Figure III.13. Effect of the type of water used on the OG degradation by heat/PPS process. 

Experimental conditions: [OG]0 =50 mg/L, V=400 mL, [PPS]0=300 mg/L, T=65°C,pH=6. 
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Figure III.14. Effect of the type of water used in the heat/PPS process on the OG dye 

removal rate and the variations in pseudo-first-order rate constants. Experimental conditions: 

[OG]0 =50 mg/L, V=400 mL, [PPS]0=300 mg/L, T=65°C,pH=6. 

        It has been observed that the rate of elimination of Orange G (OG) varies according to the 

aqueous matrix used. Since each type of water has a specific chemical composition, it remains 

challenging to identify the constituents responsible for inhibiting the degradation process. 

However, these results suggest that, in a large-scale application, the heat-activated PS 

degradation process could be influenced favourably or unfavourably by the presence of 

coexisting substances in natural aquatic environments, such as chloride ions, as confirmed by 

several studies in the literature[20,28]. 

II.3.5. Effect of Hexavalent chromium (VI)  

        Hexavalent chromium (Cr (VI)) refers to chromium in one of its most common oxidation 

states. In aqueous solutions, it can exist in various forms, including 𝐶𝑟𝑂4
2−, 𝐻𝐶𝑟𝑂4

−,  𝐻2𝐶𝑟𝑂4, 

𝐻2𝐶𝑟𝑂7
−, 𝐶𝑟2𝑂7

2−, depending on the pH of the medium. At low pH, the predominant species is 

generally hydrogen chromate ( 𝐻𝐶𝑟𝑂4
− ) [29–31]. 
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        Figures III.15 and III.16 illustrate the effect of varying concentrations of 𝐶𝑟2𝑂7
2−on the 

removal efficiencies and degradation rate constants of 50 mg/L OG via the heat-activated PPS 

process. 
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Figure III.15. Effect of different concentrations of K2Cr2O7 on the OG degradation by 

heat/PS process. Experimental conditions: [OG]0=50 mg/L, [PPS]0=300 mg/L, [𝐶𝑟2𝑂7
2−]=0-

40mg/L, T=65°C. 
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Figure III.16. Effect of different concentrations of K2Cr2O7 in the heat/PPS process for the 

OG dye removal rate and the variations in pseudo-first-order rate constants. Experimental 

conditions: [OG]0 =50 mg/L, ,[𝐶𝑟2𝑂7
2−]=0-40 mg/L, [PPS]0=300 mg/L, T=65°C,pH=6. 

        The results presented in the figures above show that the degradation of Orange G was 

significantly inhibited for all tested concentrations of dichromate (𝐶𝑟2𝑂7
2−), namely (3, 5, 8, 10, 

20, 30, and 40 mg/L). Indeed, the removal rates of the micropollutant decreased significantly: 

from 96.96% in the absence of Cr (VI) to only 90.59% at the maximum concentration of 40 

mg/L of 𝐶𝑟2𝑂7
2− (see Table III.2). 

        This inhibition can be attributed to the competitive consumption of sulfate radicals (𝑆𝑂4
•−) 

generated by the thermal activation of persulfate (PPS). These radicals are partly diverted 

towards reducing the Cr (VI) ion to Cr (III), a much less toxic form. This phenomenon is 

consistent with the proposed reduction reaction (Equation (III.33), suggesting that the 

oxidising species produced are no longer fully available for the oxidation of OG in the presence 

of Cr (VI) [31,32]. 

𝐶𝑟6+ + 𝑆𝑂4
•− + 2𝐻2𝑂 ⟶  𝐶𝑟3+ +  𝑆𝑂4

2− + 4𝐻+ + 𝑂2     (III.12) 
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Table III.2. The rate of OG elimination by PS in the presence of Cr (VI) after 260 min of 

treatment 

[𝑪𝒓𝟐𝑶𝟕
𝟐−] (mg/L) %  Removal 

Without Cr (VI) 96.94 

3 96.57 

5 96.55 

8 96.71 

10 96.36 

20 95.8 

30 94.8 

40 90.59 

 

II.4. Indirect identification of radical species 

       In the context of the heat-activated PS process, which involves the degradation of organic 

compounds, it is essential to note that both sulfate (𝑆𝑂4
•−) and hydroxyl (𝐻𝑂• ) radicals play 

significant roles as reactive oxidative species [33].  

       To assess the contribution of these radicals to the degradation of OG by heat-activated PS 

at neutral pH (pH =6), conventional quenching tests were carried out by adding a constant 

volume = 0.025% (V/V) of various radical-scavengers: EtOH, TerOH, EDTA to the treated 
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solution containing a fixed concentration of OG and PS and at a stable temperature of 65°C. 

The quenching results were described in Figure III.17, while the kinetic study was presented 

in Figure III.18. 
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Figure III.17. Effect of a radical scavenger on the OG degradation by heat/PS process. 

Experimental conditions: [Scavenger]0 =0.025% V/V,[OG]0 =50 mg/L, [PPS]0=300 mg/L, 

T=65°C. 
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Figure III.18. Effect of a radical scavenger on the elimination of OG and the variations in 

pseudo-first-order rate constants. Experimental conditions:[Scavenger]0 =0.025% V/V,[OG]0 

=50 mg/L, [PPS]0= 300mg/L, T=65°C . 

        As can be seen from the data above, the efficiency of OG removal decreased from an initial 

value of 96.94% (without scavenger) to 66.09%, 86.58%, and 93.98% using ETOH, EDTA, 

and TerOH, respectively, at 260 minutes of treatment.  

       Tert-butanol (TerOH) is known for its great ability to scavenge 𝐻𝑂• radicals (𝐾𝐻𝑂•/TerOH 

= 3.8×108 -7.6×108 M‾1s‾1) compared to 𝑆𝑂4
•− radicals (𝐾𝑆𝑂4•− /TerOH = 4×105 - 9×1.105 

M‾1s‾1) on the other hand ethanol (EtOH ) act as effective scavengers, reacting with hydroxyl 

radicals (𝐻𝑂•) and sulfate radicals (𝑆𝑂4
•−) at a similar rate constant [2,34,35]; Moreover, EDTA 

represents an organic compound capable of undergoing reactions with 𝐻𝑂• and 𝑆𝑂4
•− Hence, it 

is essential to steer clear of introducing an excessive quantity of EDTA. This precaution is 

necessary to avoid any potential competition between EDTA and the contaminant for the 

available reactive radical species [13].  
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       Based on these data, in this study, the degradation of OG by heat-activated persulfate was 

initiated by 30.95% of sulfate radicals and 6.02% of hydroxyl radicals, implying that 𝑆𝑂4
•− plays 

a crucial role as the primary reactive radical responsible for governing the degradation of 

organic compounds (OG). 

II.5. Thermodynamic evaluation of OG degradation via heat-activated PPS process 

       In the context of the oxidation of orange G by thermally activated persulfate, the 

thermodynamic study plays a crucial role in understanding the energy dynamics of the PS 

activation reaction process. In this case, the apparent rate constants (𝐾𝑎𝑝𝑝) (calculated in section 

II.1.1) were used to determine the activation energy (𝐸𝑎) by fitting the data to the Arrhenius 

equation, as mathematically expressed in Equations (III.13) and (III.14): 

𝐾𝑎𝑝𝑝 = 𝐴𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)                                  (III.13) 

ln 𝐾𝑎𝑝𝑝 =ln 𝐴 −
𝐸𝑎

𝑅

1

𝑇
                                  (III.14) 

Where: 

 kapp = Rate constant. 

 A =Pre-exponential factor. 

 𝐸𝑎 = The activation energy. 

 R =Gas constant (8.314 Jmol−1K−1). 

 T = Absolute temperature in Kelvin. 
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Figure III.19. Plot of ln 𝑘𝑎𝑝𝑝 as a function of the inverse of temperature (1 𝑇⁄ ). Experimental 

conditions: [OG]0 =50 mg/L ,[PPS]0=1g/L , pH=6 , T=40-70°C. 

        As illustrated in Figure III.19, a strong linear correlation was observed between 𝑙𝑛 𝑘𝑎𝑝𝑝 

and the inverse of temperature (1/T), with a high regression coefficient R2 equal to 99.7%. This 

strong linearity confirms the applicability of the Arrhenius model (Equation (III.13)). From 

the slope of the regression line (−Ea=slope× R), the activation energy was calculated to be 

157.3 KJ.mol−1  within the temperature range of 40–70 °C. This value is comparable to the 

activation energies reported for the thermal degradation of other compounds via persulfate-

based advanced oxidation processes, such as chloroxylenol (130 kJ·mol⁻¹), arsenite (As III) 

(119.91 ∓  17.5 KJ.mol−1),  paracetamol (180 KJ mol⁻¹), Reactive Black 5 (141 kJ·mol⁻¹), 

bisphenol A (133.5 kJ·mol⁻¹), and dexamethasone (86.9 kJ·mol⁻¹) [2,9,20,26,36,37]; This 

difference implies that the composition of the impurities and the specific conditions of the 

experiment can significantly influence the PS oxidation mechanism and could lead to 

alterations in the rate of contaminant oxidation [9,18].  
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       In order to provide a more in-depth analysis of the energy changes and a reinterpretation 

offering a better understanding of the phenomenon under study, the thermodynamic parameters 

of the system, namely the standard Gibbs free energy (ΔG˚), the standard entropy (ΔS˚) and the 

standard enthalpy of reaction (ΔH˚), were calculated using the Eyring-Polanyi equation 

Equation (III.15), and more precisely by the specific formulation provided in Equation 

(III.17). 

𝐾𝑎𝑝𝑝 =
𝑘𝐵𝑇

ℎ
 𝑒
−∆𝐺0

𝑅𝑇                                     (III.15) 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0                                 (III.16) 

𝑙𝑛
𝐾𝑎𝑝𝑝

𝑇
= −

∆𝐻0

𝑅
 (
1

𝑇
) + 𝑙𝑛

𝐾𝐵

ℎ
+
∆𝑆0

𝑅
           (III.17) 

      In the provided equations, the constants are defined as follows: 

 "𝑘𝐵" is Boltzmann's constant (1.381×10-23 JK-1) 

 "ℎ" is Planck's constant (6.626×10-34 Js) 

 "𝑅" is the universal gas constant (8.314 J mol-1 K-1)  

 "𝑇" is the absolute temperature in Kelvin 

        In addition, "∆𝐻0 " represents the enthalpy of activation, "∆𝑆0" corresponds to the 

entropy of activation, and   "∆𝐺0"  is the free energy. 

        The plot of ln
𝐾𝑎𝑝𝑝

𝑇
 as a function of 

1

𝑇
  is presented in Figure III.20; from which the slope 

and y-intercept were used to calculate the values of ∆H⁰ and ∆S⁰. These values were determined 

to be 153.377 KJ mol−1 and 0.18 KJ mol−1K−1, respectively. 
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Figure III.20. Plot of ln (𝐾𝑎𝑝𝑝 /𝑇) as a function of the inverse of temperature (1 𝑇⁄ ). 

Experimental conditions: [OG]0 =50 mg/L, [PPS]0=1g/L, pH=6 , T=40-70°C. 

        Finally, these results suggest that the process requires energy input to occur, indicating 

that it is not spontaneous for the tested range of temperature (20-70°C) under standard 

conditions .  

       As expected, the results confirm the crucial role of temperature in activating the persulfate 

and generating free radicals in solution, which are responsible for oxidising the dye Orange G. 

II.6. Preliminary assessments of energy demands 

        The economy is a crucial factor in the wastewater treatment process, with energy 

consumption playing a significant role in energy-intensive operations, such as the thermal 

activation of persulfate.  

       To assess the energy requirements for industrial applications, an initial estimate of the 

electrical energy needed to degrade 1 mg of organic contaminant (OG) using the heat/PS 
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process was calculated under specific operating conditions of the heat/PS process: [OG] = 50 

mg/L, [PS ]̅ = 300 mg/L; Tf = 65°C, Ti =20°C, and a treated solution volume of 400 mL. This 

estimate was made using the specific heating equation (Equation (III.18)). 

SE
H[kWh mgOG⁄ ]

=
QHKJ

3600×VL    ×[OG]mg/L
                             (III.18) 

      Where QH represents the heating energy, calculated using the following equation 

(Equation (III.19)). 

QHKJ = ρKg/L × VL × CPKJ Kg×K⁄
× (Tf − Ti)K            (III.19) 

       In the given context, 𝜌 denotes the solution density, V represents the solution volume, Cp 

is the specific heat (4.18 kJ/kg×K), and Tf and Ti correspond to the final and initial temperatures, 

respectively. In this context, the SEH was calculated at 1.05.10-3 kWh/mgOG. 

III. ELIMINATION OF OG BY HEAT AND FERROUS IONS CO-ACTIVATED 

PERSULFATE:  SYNERGY EFFECT AND MINERALISATION 

        Co-activated persulfate with heat and metal is a novel advanced oxidation process (AOP) 

used to degrade various organic contaminants in water and soil.  Activation of PS (S2O8
2−) by 

heat and metal ions, particularly transition metals such as iron (𝐹𝑒2+/𝐹𝑒3+), enhances its 

oxidative potential, allowing the generation of highly reactive sulfate radicals (𝑆𝑂4
•−) and 

hydroxyl radicals (𝑂𝐻•) that can effectively degrade a wide range of recalcitrant organic 

pollutants, including dyes. 

III.1. Effect of the FeSO4.7H2O dosage on OG degradation 

        Iron (Fe), a cost-effective and environmentally friendly transition metal [38], plays a 

crucial role in PS oxidation. 

        The ferrous ion can catalyse persulfate through a Fenton-type oxidation reaction, resulting 

in the generation of 𝑆𝑂4
•−Equation (III.20) [39], which are the main radicals involved in the 

degradation of OG. Therefore, the effect of varying 𝐹𝑒2+ concentrations on OG degradation 

was investigated. 

𝐹𝑒2+  + 𝑆2𝑂8
2−  ⟶ 𝐹𝑒3+ + 𝑆𝑂4

•− + 𝑆𝑂4
2−      (III.20) 
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         As illustrated in Figures III.21 and III.22, a significant increase in the rate of OG 

degradation by thermally activated PPS was observed for all FeSO4 concentrations tested. The 

rate constants increased from 1.2.10-2 min-1 to 4.6.10-2 min-1 when the dose of  𝐹𝑒2+ was varied 

from 0 to 50 mg/L. Furthermore, after 50 minutes of treatment, the OG elimination rate showed 

a progressive increase of 44.68% (see Table III.3). However, after this time, the efficiency of 

the thermal activation process of PPS in the presence of iron decreased at higher concentrations 

of 𝐹𝑒²⁺, leading to a reduction in removal rates (Table III.3). 
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Figure III.21. Effect of the ferrous ions on the OG degradation by heat/PPS process. 

Experimental conditions:  [FeSO4]0 =0-50 mg/L, [OG]0 =50 mg/L, [PPS]0=300 mg/L, 

T=65°C. 
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Figure III.22. Effect of the ferrous ions on the dye removal and the variations in pseudo-

first-order rate constants. Experimental conditions:[FeSO4]0 =0-50 mg/L, [OG]0 =50 mg/L, 

[PPS]0=300 mg/L, T=65°C. 

 

        These results suggest that the rapidity of degradation kinetics after the first 50 min of 

treatment in the presence of high 𝐹𝑒2+ concentrations is probably due to the amount of sulfate 

radical generated in solution following a rapid activation of the PS anion by the 𝐹𝑒2+catalyst 

(Equation (III.20)), as has been reported in the literature for other organic pollutants 

(Aniline,p-Nitrophenol)[36,39,40]. On the other hand, after 50 min of treatment, the rate of OG 

elimination decreased as the concentration of iron added to the solution increased and, 

consequently, the concentration of sulfate radicals 𝑆𝑂4
•− resulting from thermal co-activation 

and using the catalyst 𝐹𝑒2+ increased; these results could be attributed to the consumption of 

the sulfate radicals by its direct reactions with the ferrous ion following Equation (III.21) at 

concentrations of 𝐹𝑒2+ in excess. 

𝑆𝑂4
•− + 𝐹𝑒2+⟶ 𝐹𝑒3+ + 𝑆𝑂4

2−       (III.21) 
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Table III.3. Rate of OG elimination by PPS co-activated with heat and 𝐹𝑒2+ after 50 and 

260 minutes of treatment. 

[𝐅𝐞𝟐+] 𝐦𝐠/𝐋 % Removal (50 min) %Removal (260 min) 

Without Fe2+ 43.72 96.94 

10 47 96.75 

15 60.95 96.02 

20 61.04 95.79 

30 73.88 94.95 

40 82.79 93.47 

50 88.4 92.53 

 

III.1.1. Effect of pH on heat/ Fe2+ co-activated PS for OG degradation 

        Radicals are important oxidant species in the activated persulfate (PS) oxidation process, 

and the pH value significantly affects the formation of these radicals. For this reason, the effect 

of pH on the co-activation of PPS with heat and iron (II) (Fe2+) has been investigated. 

        Based on the data presented in Figure III.23, it can be observed that increasing the solution's 

initial pH from 1.2 to neutral (pH = 6) enhanced the degradation of OG, with the elimination rate 

rising from 88.6% to 92.53% under optimum conditions of 50mg/L of OG, 50mg/L of Fe2SO4,  

300 mg.L-1 of PPS and temperature of 65°C. These results are attributable to the fact that at pH 

values below 7, the sulfate radical (𝑆𝑂4
•−) is the primary species involved in the PS activation 

process [41]. In this pH range, the degradation of OG is favoured due to the enhanced oxidation 

of 𝐹𝑒2+ to 𝐹𝑒3+ in the presence of PS anions S2O8
2-. 
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        However, the OG degradation process is inhibited at pH values above 7 in alkaline media, 

and the elimination rate decreases to 35.36%. This is likely due to the loss of soluble iron ions 

[42].  
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Figure III.23. Effect of initial solution pH on the OG degradation by heat/𝐹𝑒2+ /PPS 

process. Experimental conditions: [OG]0 =50 mg/L, [PPS]0=300 mg/L, [FeSO4]0 =50 mg/L, 

T=65°C. 

        III.2. Effect of Mohr’s salt dosage on OG degradation 

        Another process involving the co-activation of potassium persulfate by heat and ferrous 

iron II in the degradation of OG was demonstrated, this time using varying concentrations of 

Mohr's salt as the source of ferrous ions, as illustrated in Figures III.24 and III.25. 

         For all concentrations tested, a synergistic improvement in the rate of OG degradation 

was observed, as shown in Figure III.25. The results indicated that the OG dye removal 
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reaction in the presence of 100 mg/L Fe²⁺ was 12.4 times faster compared to heat-induced PS 

activation without metal ions. Notably, a moderate increase in degradation was observed with 

the presence of Fe²⁺ ions, as indicated in Table III.4, after a treatment time of 25 minutes. 

Subsequently, the degradation process was significantly enhanced up to a reaction time of 50 

minutes for Fe²⁺ concentrations of 100 and 70 mg/L  was added to the solution, 75 minutes for 

ferrous ion concentrations of 50, 40, 30, and 20 mg/L , 100 minutes for Fe²⁺ concentrations of 

10 mg/L , and 125 minutes for Fe²⁺ concentrations of 8 mg/L added in solution, after which the 

PS/Heat/ Fe+2 process began to be ineffective, at which point removal rates stagnated 

throughout the reaction time ( 260 min) (Figures III.24)  
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Figure.III.24. Effect of the Mohr salt on the OG degradation by heat/PPS process. 

Experimental conditions: [(NH4)2Fe(SO4)2]0 =0-100 mg/L, [OG]0 =50 mg/L, [PPS]0=300 

mg/L, T=65°C. 
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Figure III.25. Effect of the Mohr salt on the process of dye removal and the variations in 

pseudo-first-order rate constants. Experimental conditions: [(NH4)2Fe(SO4)2]0 =0-100 mg/L, 

[OG]0 =50 mg/L ,[PPS]0=300 mg/L, T=65°C; 

          These compelling results lead to the conclusion that the heat/PS process is more effective 

at treating an aqueous solution loaded with OG than the heat /PS/ Fe+2 process in terms of 

pollutant removal rate, which is in agreement with the results obtained by M. Zhang et al. in 

their work on the degradation of p-Nitrophenol [41]. 
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Table III.4. The rate of OG elimination by PS co-activated with heat and 𝐹𝑒2+ after 20 

min and 50 min of treatment. 

[𝐅𝐞𝟐+] 𝐦𝐠/𝐋 % Removal (25 min) % Removal (50 min) 

Without 27.29 43.72 

8 30 51.62 

10 38.74 63.25 

20 39.77 69.67 

30 44.08 73.37 

40 47.8 81.87 

50 57.45 83.01 

70 83.84 87.73 

100 83.08 84.6 

 

III.3. Synergistic effect of simultaneous activation of PPS by heat and ferrous ions  

        The synergistic effect of simultaneous activation of PPS by heat and ferrous ions 

represents an innovative approach to improving the efficiency of OG degradation.  

        According to the results presented in Figures III.26 and III.27, including ferrous ions in the 

OG dye degradation process through heat-activated PPS has significantly enhanced the kinetic 

efficiency of the system under investigation. 
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        Under optimal conditions, including an initial concentration of 50 mg. L−1 of OG, 300 

mg/L of PS, 50 mg/L of FeS𝑂4, 100 mg/L of Mohr salt, a natural pH, and a reaction time of 

260 minutes at room temperature, the removal efficiency of OG were 29.18% and 46.37% in 

iron1/PS and iron2/PS processes, respectively. The systems exhibited a kinetic rate constant of 

0.25. 10−2min⁻¹ and 0.47. 10−2min⁻¹, as illustrated in Figure III.27.  

        However, by maintaining the same operating conditions with a stabilised temperature of 

65 °C, the heat/PS/Fe²⁺ system showed a notable increase in the rate constant, reaching 

4.6 . 10−2 and 14.9. 10−2 min⁻¹ in the presence of iron1 and iron2 respectively. This 

improvement indicates that the co-activation of persulfate by heat and ferrous ions accelerates 

the OG removal process by a factor of 3.8 and 12.4 compared to the heat/PS system and 18.4 

and 31.7 compared to the Fe²⁺/PS system in the presence of FeSO4  and Mohr salt respectively. 

These results suggest that the heat/PS/Fe²⁺ process has significant synergistic effects. 
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Figure III.26. Removal efficiency of OG degradation in single and co-activated PS system. 

Experimental conditions: [OG]0 =50 mg/L, [PSP]0=300 mg/L, iron1[FeSO4]0 =50 mg/L, iron2 

[Mohr salt ]=100 mg/L ,T=65°C. 
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Figure III.27. Pseudo-first-order rate constants of the OG degradation in single and co-

activated PPS system [OG]0 =50 mg/L, [PSP]0=300 mg/L, iron1[FeSO4]0 =50 mg/L, iron2 

[Mohr salt ]=100 mg/L, T=65°C, 

        The percentage of synergy can be calculated according to Equation (III.22) [42]:  

𝑆 = [1 −
𝐾ℎ𝑒𝑎𝑡/𝑃𝑆+𝐾𝐹𝑒2+/𝑃𝑆

𝐾ℎ𝑒𝑎𝑡/𝑃𝑆/𝐹𝑒2+
] × 100                 (III.22) 

        Where K represents the degradation rate constant of the OG dye in the different activation 

systems (heat/PS, Fe²⁺/PS, and heat/PS/Fe²⁺). 

        Applying this equation, the synergy percentages in the heat/PS/FeSO4 and heat/PS/Mohr 

salt processes were calculated as 68.48% and 88.97%, respectively, thus confirming the process's 

synergistic efficiency. 

        Previous studies on the TAP/ZnO-GAC oxidation system for AB113 degradation reported 

a limited synergistic effect between heat and ZnO-GAC, of only 18.36% [42]. Conversely, the 
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MnO2/heat/PS oxidation system demonstrated a significantly higher synergistic effect of 88.6% 

during sulfamethoxazole treatment [43]. 

III.3. Mineralisation of OG 

        Chemical Oxygen Demand (COD) is commonly used to quantify the amount of organic 

compounds that can be chemically oxidised in an aqueous medium and to assess the 

mineralisation of the compound. The evolution of the initial concentration of the substrate and 

the COD of a 50 mg/L solution of OG was monitored at time intervals of 0, 20 min, 40 min, 60 

min, 120 min, 180 min, and 260 min. 

      Figure III.28 illustrates the evolution of COD/COD0 during the heat/iron co-activated 

persulfate process for the degradation of an OG solution with an initial concentration of 50 

mg/L at 65°C and 50 mg/L of Fe²⁺ under neutral pH conditions. 
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Figure III.28. COD abatement during the OG Degradation with the heat/PS/FeSO4Process. 

Experimental conditions:[OG]0 =50 mg/L, [PSP]0=300 mg/L,[FeSO4]0 =50 mg/L,  T=65°C. 
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       The results indicate that OG degradation led to a significant decrease in the COD value, 

indicating the progression of mineralisation. However, the mineralisation of OG occurred at a 

slower rate than its degradation. After 260 minutes, the COD reduction reached approximately 

75.41%, while the degradation rate was 92.53%. These results are consistent with previous 

studies, which suggest that total mineralisation is rapid at temperatures of ≥90°[44–46] . At 

this stage, the relatively low mineralisation yield can be considered acceptable, depending on 

the specific objectives of the treatment process. 

IV. CONCLUSION 

        After this study, the following key points can be drawn: 

 The increase in reaction temperature and initial persulfate concentration improved the 

efficiency of Orange G degradation. 

 Under all experimental conditions, the degradation of Orange G follows a pseudo-first-

order kinetic model. 

 The highest degradation rate was observed under natural pH conditions. 

 The optimal parameters included natural pH, a potassium persulfate concentration of 300 

mg/L, a reaction time of 260 minutes, a temperature of 65°C, and an Orange G concentration 

of 50 mg/L, which resulted in a removal efficiency of 96.94%. 

 The presence of organic and inorganic substances significantly impacted the removal of 

Orange G. 

 The nature of the water used notably affected the degradation process of Orange G. 

 The presence of chromium ions (Cr⁶⁺) competes with Orange G and inhibits its degradation. 

 Trapping tests (scavenging test) were conducted to identify the predominant reactive 

species in the neutral solution. 

 The specific energy consumption (SEH) was estimated at 1.05 × 10⁻³ kWh/mg of Orange 

G. 

 The oxidation kinetics of Orange G were faster in the heat/Fe2+/PS process than in the 

heat/PS process alone, with a calculated synergy effect between the two processes of 

68.48% for the heat/PS/FeSO4 process and 88.79% for the heat/PS/Mohr's salt process. 

 The removal rate of Orange G was higher in the heat/PS process. 

 The reduction in COD in the heat/iron/PPS process was 75.41% after 260 minutes of 

treatment. 
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        The results obtained confirm that the Heat/PS and Heat/PS/Iron processes can be 

considered as promising techniques for the treatment of effluents contaminated with azo dyes 

in terms of efficiency and cost. 
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I. INTRODUCTION 

        This section is dedicated to studying the oxidation of the azo dye Orange G through an 

advanced oxidation process, more specifically, an electrical process known as the "Glidarc 

plasma" process. Humid air is used as the plasmagenic gas.  

       The study focuses on a first-generation semi-open batch-type Glidarc plasma reactor. As 

previously described, this process combines several types of advanced oxidation processes 

simultaneously. Due to its oxidising properties, it can effectively degrade a wide range of 

organic pollutants. 

        In the first part, we optimised the Glidarc plasma reactor to determine the optimum 

treatment conditions. The device used, previously described in Chapter II, was optimised 

according to the following criteria: 

 The flow rate of the plasmagenic gas is 650 L/h 

 The diameter of the gas injection nozzle is 1 mm. 

 The inter-electrode distance is 3 mm, 

 The distance between the electrode and the solution is 15 mm. 

 The volume of the solution to be treated is 400 ml. 

 The initial concentration of the solution to be treated is 50 mg.L-1 

        In the second phase, we investigated and highlighted specific properties of non-thermal 

plasma. We then analysed the degradation of the target molecule using the Glidarc plasma 

process and examined the impact of various additives on the treatment process. Finally, we 

explored the combination of the Glidarc process with the Fenton process, examining the effect 

of the operating parameters. Subsequently, the coupling of the two processes, the activation of 

persulfates and non-thermal plasma, was carried out. Additionally, we evaluated the energy 

efficiency associated with pollutant treatment in the plasma reactor. 

II. NON-THERMAL GLIDARC PLASMA 

        A plasma constitutes a complex medium whose composition significantly depends on the 

type of plasmagenic gas used and the voltage applied between the electrodes. For Glidarc-type 

plasmas, Czernichowski et al [1] proposed a relatively simple technique, yet offering 
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numerous advantages. This method uses a sliding arc, which moves within a gas flow between 

two divergent electrodes. The device, operating at atmospheric pressure, thus allows for the 

generation of cold plasmas. The electrical discharge begins where the distance between the 

electrodes is smallest and then propagates under the influence of the gas flow towards the 

electrode ends. The interaction between the arc and the species present in the plasmagenic gas 

leads to the plasma formation. This type of discharge has been employed in our study for the 

degradation of the model pollutant molecule, Orange G. 

III. HUMID AIR PLASMA 

III.1. The chemical composition of a humid air plasma 

        In a humid air plasma, the reactive species that may be present arise from the molecules 

constituting the humid air, derived explicitly from 𝑁₂, 𝑂₂, and 𝐻₂𝑂. These parent species form 

other reactive species, primarily ozone, nitrogen oxides (NOx), and radicals such as 𝑁𝑂•,𝐻𝑂•, 

and 𝐻𝑂2
•. The reactions below represent the main chemical reactions expected in the humid air 

plasma [2–7]. 

 The  formation of ozone: 

𝑂2(𝑔) + 𝑒 ⟶ 2𝑂• + 𝑒                            (IV.1) 

𝑂2(𝑔) + 𝑂
•⟶𝑂3(𝑔)                               (IV.2) 

𝑂3(𝑔)⟶ 𝑂3(𝑎𝑞)                                      (IV.3) 

 The formation of nitric acid and nitrogen oxides (NOx): 

𝐻2𝑂 ⟶ 𝐻𝑂• + 𝐻•                                  (IV.4) 

𝑁2 + 𝑒 ⟶ 2𝑁 + 𝑒                                  (IV.5) 

𝑁 + 𝐻𝑂•⟶𝑁𝑂 +𝐻                             (IV.6) 

𝑁𝑂 +𝐻𝑂•⟶𝐻𝑁𝑂2                               (IV.7) 

𝐻𝑁𝑂2 + 𝐻𝑂
•⟶𝑁𝑂2 + 𝐻2𝑂                (IV.8) 
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𝑁𝑂2 + 𝐻𝑂
•⟶𝐻𝑁𝑂3                            (IV.9) 

 The formation of radicals : 

𝐻2𝑂 + 𝑒 ⟶ 𝐻𝑂• + 𝐻•                            (IV.10) 

𝐻• +𝑂2⟶𝐻𝑂2
•                                     (IV.11) 

   𝐻𝑂• + 𝑂3⟶𝐻𝑂2
• + 𝑂2                            (IV.12) 

 The formation of hydrogen peroxide: 

   𝐻𝑂• +    𝐻𝑂•⟶𝐻2𝑂2                       (IV.13) 

𝐻𝑂2
• + 𝐻𝑂2

• ⟶𝐻2𝑂2 + 𝑂2                   (IV.14) 

III.2. The chemical reactivity of a plasma generated in humid air 

        Several chemical species exhibit acidic and redox properties in a humid air plasma. The 

formation of nitrous acid (𝐻𝑁𝑂2) and nitric acid (𝐻𝑁𝑂3) leads to an acidification of the reaction 

medium. At the same time, the formed gaseous species interact in redox systems characterised 

by high standard potentials, capable of oxidising most organic molecules. Table IV.1 below 

lists the standard potentials of various redox couples that may interact in a humid air plasma. 

Table IV.1. Standard potentials of some oxidation/reduction couples in a humid air plasma 

[8,9]. 

Ox +né Red E°(V/ENH) 

   𝐻𝑂• + 𝐻+ + 𝑒 𝐻2𝑂 2.85 

𝑂(𝑔) + 2𝐻
+ + 2𝑒 𝐻2𝑂 2.42 

𝑂3 + 2𝐻
+ + 2𝑒 𝑂2 + 𝐻2𝑂 2.07 

   𝐻𝑂• + 𝑒 𝑂𝐻− 2.02 
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𝐻𝑂2
• + 3𝐻+ + 3𝑒 2 𝐻2𝑂 1.70 

𝐻2𝑂2 + 2 𝐻
+ + 2𝑒 2 𝐻2𝑂 1.68 

𝑂3 + 6 𝐻
+ + 6𝑒 3 𝐻2𝑂 1.51 

𝐻𝑂2
• + 𝐻+ + 𝑒 𝐻2𝑂2 1.50 

𝑂2 + 4𝐻
+ + 4𝑒 2 𝐻2𝑂(𝑎𝑞) 1.23 

𝑁𝑂2 + 𝐻
+ + 𝑒 𝐻𝑁𝑂2 1.09 

𝑁𝑂2 + 2𝐻
+ + 2𝑒 𝑁𝑂 + 𝐻2𝑂 1.05 

𝑁𝑂3
− + 3𝐻+ + 2𝑒 𝐻𝑁𝑂2 + 𝐻2𝑂 0.96 

𝑁𝑂3
− + 4𝐻+ + 3𝑒 𝑁𝑂 + 2 𝐻2𝑂 0.92 

        The chemical species present in plasma are responsible for its acidic and oxidative 

properties. Hydroxyl radicals ( 𝐻𝑂•), the most abundant radicals in humid air plasmas, as 

demonstrated in the study by Benstaali et al. [10], are primarily responsible for the oxidative 

properties due to their high standard potential. On the other hand, the acidic nature is attributed 

to  𝑁𝑂• radicals, which play a key role in the formation of 𝐻𝑁𝑂2 and 𝐻𝑁𝑂3 [11], as illustrated 

by Equations IV.7 and IV.9. 

𝑁𝑂 +𝐻𝑂•⟶𝐻𝑁𝑂2                            (IV.7) 

𝑁𝑂2 + 𝐻𝑂
•⟶𝐻𝑁𝑂3                            (IV.9) 

IV. CHARACTERISATION OF THE CHEMICAL PROPERTIES OF GLIDARC-

TYPE HUMID AIR PLASMA  

        This section is dedicated to the study of specific properties of humid air plasma, carried 

out using the experimental setup developed at the LAMES laboratory, previously detailed, for 

the degradation of the target molecule 
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IV.1. Evolution of pH  

        To assess the acidifying effect of the Glidarc plasma, we monitored the pH of 400 ml of a 

10-4 N NaOH solution treated under the optimal conditions of the Glidarc plasma. The air flow 

rate was Q = 650 L/h, with a distance of 1.5 cm between the surface of the liquid and the plasma. 

Measurements were taken over a time interval ranging from 0 to 210 minutes. Samples of the 

treated solution were collected at various time points to track the pH evolution. The results 

obtained are presented in Figure IV.1. 
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Figure IV.1. Evolution of the pH of the NaOH solution as a function of the treatment time. 

Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-

90 min. 

        Figure IV.1 illustrates the decrease in the pH of the NaOH solution during the treatment. 

This decrease begins after only 5 minutes of exposure to humid air plasma, where the pH drops 

from 9.303 to 4.43. Then it decreases gradually, reaching approximately 3.04 after 210 minutes 
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of treatment. This initial pH drop has been attributed to the buffering effect of the HNO2/𝑁𝑂2
− 

system (pKa = 3.3) [6]. Furthermore, Benstaali et al. explained the gradual decrease in pH 

during the treatment by the fact that an increase in treatment time promotes the enhanced 

production of reactive species that diffuse into the aqueous solution [12]. Among these species, 

𝑁𝑂•, NO2, N2O4, and N2O5 are generated in the gas phase and at the plasma/liquid interface 

[13]. Additionally, species like NO2, N2O4, and N2O5 are hydrated in the aqueous medium, 

where they convert into nitrous and nitric acids, responsible for the progressive acidification of 

the medium. 

IV.2. Study of the variation in conductivity 

       The conductivity of the solution affects the oxidative properties of the plasma. To assess 

this effect, conductivity monitoring was conducted in a 400 ml solution of Orange G at 50 mg/L, 

subjected to treatment with a Glidarc plasma using humid air and a pulsing system, with each 

cycle lasting 10 minutes, under the same optimal conditions previously described. Samples 

were collected at regular intervals, and the conductivity was measured using an Inolab-7310 

type conductometer. The results of the conductivity variation over time during treatment are 

summarised in Figure IV.2. 
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Figure IV.2. Evolution of the conductivity of the OG as a function of the treatment time. 

Exposure time to Glidarc-type plasma: Cycle 1: 0–10 min, Cycle 2: 30–40 min, Cycle 3: 80-

90 min. 

        This figure illustrates a continuous increase in conductivity as a function of treatment time. 

After 90 minutes, the conductivity rises from 22 to 8790 µS/cm. This phenomenon was 

explained by Du et al., who attribute this increase to the formation of 𝐻₃𝑂⁺ ions induced by 

electronic and ionic bombardment during the gliding discharge [7]. The primary electrons 

generated in the discharge collide with water molecules, resulting in an electron impact that 

leads to the formation of 𝐻𝑂• radicals and 𝐻₃𝑂⁺ ions (Equations IV.10 and IV.11), both in the 

liquid and gas phases. These 𝐻₃𝑂⁺ ions, due to their high mobility in water compared to other 

similarly sized cations, play a significant role in the increase in conductivity of the medium. 

Indeed, the rise in conductivity, which measures a solution's ability to conduct electrical current, 

is primarily attributed to the diffusion of ionic species from the plasma towards the target and 

depends on the concentration and mobility of ions in solution. 
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𝐻2𝑂 + 𝑒 → 𝐻2𝑂
+ + 𝑒                                     (IV.10) 

𝐻2𝑂 + 𝐻2𝑂
+ → 𝐻3𝑂

+ +𝐻𝑂•                         (IV.11) 

V. ELIMINATION OF ORANGE G BY GLIDARC PLASMA 

        Several studies have been conducted on the degradation of various organic pollutants using 

high-voltage discharge processes, particularly the Glidarc plasma process in humid air, 

employed as a plasmagenic gas. These studies have demonstrated that these methods effectively 

degrade different organic molecules [7,11,14–17]. Further research efforts have focused on 

improving these processes' efficiency by combining them with advanced oxidation processes, 

such as the Fenton process, and persulfate activation methods [18–20]. 

        In this work section, we investigate the treatment of organic pollutants (OG) using high-

voltage electrical discharge, specifically the Glidarc plasma process in humid air, both as an 

independent treatment and in combination with other processes. 

V.1. Study of OG Degradation Using Plasma alone and Combined with other Processes 

        The aim of treating OG using gliding arc discharge is to assess the effectiveness and 

behaviour of the plasma treatment on azo dyes. In this case, a 400 ml solution of OG was 

subjected to plasma treatment with humid air. Samples were collected at regular time intervals, 

up to 210 minutes. Each sample was subjected to UV/Visible spectrophotometric scanning 

across a wavelength range of 200 to 800 nm. 

V.1.1. Effect of initial OG solution concentration 

        The effect of initial OG solution concentration on degradation efficiency by the Glidarc 

reactor was displayed in Figure IV.3.  

        Figure IV.3 (a, b, c, d) illustrates that the OG presents an absorption band at 260 nm, 

which is associated with the benzene ring, a notable band at 330 nm that corresponds to the 

naphthalene ring, and a significant band at 478 nm related to the azo bond. Following plasma 

discharge treatment, new absorption bands emerge at 200 and 240 nm, which are linked to the 

formation of multi-substituted benzene derivatives, such as benzene-1,2-dicarboxylic acid, 

formed through the degradation of the naphthalene ring. The removal of the 330 nm band 
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indicates the breakdown of the conjugated system containing the –N=N– bond and the 

degradation of the benzene and naphthalene rings. The gradual reduction of the absorption band 

at 478 nm over time further demonstrates the destruction of the chromophore [21–23]. 

        On the other hand, the data showed that the OG degradation efficiency at lower initial OG 

concentrations was higher than at higher initial OG concentrations after 210 minutes of 

treatment. The main reason was that the amount of plasma-active species formed during the 

discharge process remained at a specific concentration level for a constant energy input [24]. 

However, high concentrations of pollutants may lead to the saturation of reactive species, thus 

decreasing the degradation efficiency. 

        Furthermore, the results presented in Figures IV.3.a, b, c, and d have proven that the 

proposed plasma reactor is effective for the degradation of OG. 
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Figure IV.3. UV-Vis spectrum of OG as a function of treatment time. Exposure times to 

Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 

4:130-140 min. pH0=6 a :[OG]0= 3 mg/L, b :[OG]0= 5 mg/L, c :[OG]0= 7 mg/L, d :[OG]0= 10 

mg/L. 

V.1.2. Effect of the initial pH 

        The influence of the initial pH variation of the solution on the removal of OG under non-

thermal glidarc plasma was studied. The obtained results are presented in Figures a, b, and c of 

Figure IV.4.    
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Figure IV.4. UV-Vis spectrum of the effect of pH on the degradation of OG as a function of 

treatment time. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 

min, Cycle 3: 80-90 min, Cycle 4:130-140 min. [OG]0= 10 mg/L a: pH0= 3 ,b: pH0= 6 ,c: 

pH0= 10. 
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        According to the data above, the dye removal efficiency varies significantly depending on 

the pH of the solution. A slight difference in the degradation rate of OG by plasma discharge is 

observed for the tested initial pH values (3, 6, and 10). Indeed, after 210 minutes of treatment, 

59.11%, 66.46%, and 57.25% degradation rates were recorded at pH 3, 6, and 10, respectively 

(Figure IV.5).  

        These results indicate a more favourable pollutant degradation in neutral environments. 

The generation of hydroxyl radicals can explain this in solution from hydrogen peroxide 

produced by the plasma in humid air, which is stable in acidic to neutral environments. In 

contrast, in basic conditions, hydrogen peroxide is rapidly decomposed. 

Figure IV.5. Influence of the initial pH on the efficiency of OG degradation (10 mg/L) by 

non-thermal plasma. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-

40 min, Cycle 3: 80-90 min, Cycle 4:130-140 min. 
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V.1.3. Effect of adding 𝑯𝟐𝑶𝟐 

        To investigate the impact of hydrogen peroxide (𝐻₂𝑂₂) addition on the degradation of 

organic pollutants (OG) at 10 mg/L by NTP of the Glydarc type at free pH, several experimental 

series were conducted by varying the volume of the oxidant (H₂O₂) relative to the volume of 

the treated solution. The obtained results are presented in Figure IV.6. 

Figure IV.6. Influence of the 𝐻2𝑂2 on the efficiency of OG degradation (10 mg/L) by non-

thermal plasma. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 

min, Cycle 3: 80-90 min, Cycle 4: 130-140 min. 

        The experimental data (Figure IV.6) show that a complete (100%) degradation of the OG 

was achieved after 40, 50, and 80 minutes with the respective addition of 0.25%, 0.025%, and 

0.0125% of 𝐻₂𝑂₂ When 0.0025% of 𝐻₂𝑂₂ was added, the degradation rate reached 88.33% 

after 150 minutes of treatment. In comparison, in the Glydarc system without adding an oxidant 

(𝐻₂𝑂₂ ), the degradation rate only reached 48.48% after 150 minutes of treatment. 

        Furthermore, enhancing process efficiency relies on the initial volume of 𝐻₂𝑂₂. This 

phenomenon can be explained by the fact that 𝐻₂𝑂₂ acts as an oxidising agent, facilitating the 
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generation of hydroxyl radicals (𝐻𝑂•) and other reactive species, which play a vital role in the 

degradation of contaminants. An increased production of these reactive species is therefore 

correlated with a higher rate of pollutant elimination [25,26]. 

V.1.4. Effect of periodic acid concentration  

        In an aqueous medium, periodic acid (𝐻₅𝐼𝑂₆) decomposes into periodate ions (𝐼𝑂4
−) 

according to the following reaction [27]: 

𝐻5𝐼𝑂6⟷ 𝐼𝑂4
− + 𝐻+ + 2𝐻2𝑂                                                                                       (IV.12) 

        Periodate is a strong oxidant with a redox potential of 1.60 V; however, its ability to 

independently oxidise and degrade organic pollutants is limited [28]. To overcome this 

limitation, various activation methods have been proposed, including the use of light, alkali, 

𝐻₂𝑂₂, ultrasound, and nanocatalysts. These methods facilitate the generation of active species 

such as 𝐻𝑂•, ¹𝑂₂, 𝐼𝑂3
• , and 𝑂2

•−, further contributing to the degradation of undesirable pollutants 

in water. 

        For instance, Bendjama et al. employed a UV/periodate process to degrade emerging 

organic pollutants. The periodate-assisted UV treatment resulted in a 13,16 fold increase in the 

degradation efficiency of chlorazol black compared to UV alone [29]. Similarly, Chadi et al. 

demonstrated that periodate can be successfully activated by 𝐻₂𝑂₂ to form 𝐻𝑂• and periodate 

species [30]. Furthermore  the physical and chemical effects, such as light and 𝐻₂𝑂₂, produced 

by a non-thermal plasma (NTP) system (as cited in Chapter I), can jointly activate periodate, 

enhancing the energy efficiency of the NTP system and significantly improving the generation 

of free radicals (𝐻𝑂• ,  𝑂2
•−, ¹𝑂₂, etc.)According to the following mechanism [31–36] : 

𝐼𝑂4
− + 𝐻2𝑂2⟶ 𝐼𝑂3

• + 𝑂2
•− +𝐻2𝑂                                                                             (IV.13) 

𝐼𝑂4
−
ℎ𝜐
→  𝐼𝑂3

• + 𝑂•−                                                                                                       (IV.14) 

𝐻2𝑂2 + 𝑂2
•−⟶𝐻𝑂• + 𝑂𝐻− +   1𝑂2                                                                           (IV.15) 

𝐼𝑂4
− + 𝑂2

•− + 𝐻2𝑂 ⟶  1𝑂2 + 𝐻2𝑂 + 2 𝑂𝐻
−                                                              (IV.16) 

𝑂2
•− + 𝐻𝑂•⟶  1𝑂2 +  𝑂𝐻

−                                                                                          (IV.17) 
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1𝑂2⟶  3𝑂2 + ℎ𝜐 (𝜆 = 643 𝑛𝑚)                                                                                  (IV.18) 

1𝑂2⟶  1𝑂2
∗ + ℎ𝜐 (𝜆 = 478 𝑛𝑚)                                                                                  (IV.19) 

𝑂•− + 𝐻+ ↔ 𝐻𝑂•                                                                                                          (IV.20) 

𝐻𝑂• + 𝐼𝑂4
−⟶ 𝐼𝑂4

• + 𝑂𝐻−                                              k= 4.8 × 108  M-1 s-1                     (IV.21) 

𝐼𝑂4
− + 𝐼𝑂3

• ⟶ 𝐼𝑂4
• + 𝐼𝑂3

−                                                 k= 2-7 × 108  M-1 s-1                     (IV.22) 

2 𝐼𝑂3
• ⟷ 𝐼2𝑂6                                                                   k= 7.5 × 108  M-1 s-1                     (IV.23) 

2 𝐼𝑂4 
• ⟷ 𝐼2𝑂8                                                                                                                 (IV.24) 

2 𝐻𝑂•⟶𝐻2𝑂2                                                                 k= 5.5 × 109  M-1 s-1                     (IV.25) 

𝐼2𝑂8 + 𝐻2𝑂 ⟶ 𝐼𝑂4
− + 𝐼𝑂3

− + 2𝐻+ + 𝑂2                        k= 1.5 × 108  M-1 s-1                     (IV.26) 

𝐼2𝑂6 + 𝐻2𝑂 ⟶ 𝐼𝑂4
− + 𝐼𝑂3

− + 2𝐻+                                 k= 4.5 × 108  M-1 s-1                     (IV.27) 

        Globally, from equations 1–14, it appears that the plasma/periodate reaction system 

(H2O2/UV/ periodate) could serve as a potential source of multiple radicals. These radicals can 

be classified into two categories: 

 Reactive oxygen species (ROS), including 𝐻𝑂• ,  𝑂2
•−, and¹𝑂₂. 

 Reactive iodinated species (RIS), such as 𝐼𝑂3
• and 𝐼𝑂4

•.  

These species can significantly enhance the degradation of organic substrates (OG) through 

the plasma glydarc process. 

         In this context, the degradation of OG (10 mg/L) by periodate ions activated by NTP was 

monitored at free pH. The concentration of 𝐻₅𝐼𝑂₆ used was 50 and 100 mg/L; the results are 

presented in Figures IV.7 and IV.8. 
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Figure IV.7. UV-Vis spectrum of the effect of periodic acid concentration on OG degradation 

as a function of treatment time. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, 

Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 4:130-140 min. [OG]0= 10 mg/L, pH0= 6,   a: 

[𝐻5𝐼𝑂6]= 50 mg/L ,b: [𝐻5𝐼𝑂6]= 100 mg/L. 
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Figure IV.8. Influence of periodic acid on the efficiency of OG degradation (10 mg/L) by 

non-thermal plasma process. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, 

Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 4: 130-140 min. 

        The obtained results indicate an enhancement in the degradation of OG in the presence of 

50 mg/L of periodic acid, leading to an improvement in the removal efficiency by 6.33% 

compared to the degradation of the substrate in the absence of 𝐻₅𝐼𝑂₆. This behaviour, which 

shows similarities to the Fenton and electro-Fenton processes [37,38], suggests that the reaction 

between 𝐻₂𝑂₂ and periodate to generate free radicals is extremely rapid, possibly even 

instantaneous, as a degradation of 72.79% occurred within the 210 minutes of applying 50 mg/L 

of H₅IO₆. In contrast, at a higher concentration of periodic acid (100 mg/L), inhibition of the 

process was observed, with a 14.79% reduction in the elimination rate compared to the absence 

of periodic acid and a 21.12% reduction compared to the presence of 50 mg/L of 𝐻₅𝐼𝑂₆. 

        These results can be attributed to the concentrations of periodic acid in the solution. At 

moderate concentrations, a sufficient production of free radicals appears to enhance the 

treatment via non-thermal plasma. However, at very high concentrations, periodate acts as a 

scavenger for free radicals, reducing the chemical activity of the system and thus decreasing 
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the effectiveness of the dye removal [39]. Specifically, the I𝑂₄⁻ ion can trap hydroxyl radicals 

according to the following Equations (IV.21) and (IV.22): 

𝑂• + 𝐼𝑂4
−⟶ 𝐼𝑂4

• + 𝑂𝐻−                 k= 4.8 × 108 M-1 s-1                     (IV.21) 

𝐼𝑂4
− + 𝐼𝑂3

• ⟶ 𝐼𝑂4
• + 𝐼𝑂3

−                  k= 2-7 × 108 M-1 s-1                     (IV.22) 

Figure IV.9. Influence of periodic acid on OG removal rate and the variations in pseudo-first-

order rate constants by non-thermal plasma process. Exposure times to Glidarc-type plasma: 

Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 4: 130-140 min, [OG]0= 10 

mg/L , pH0=6 

       Kinetic studies determined the apparent rate constants (kapp) for the studied process (NTP 

Glydarc / 𝐼𝑂4
−) from the plot of the curve ln 

𝐶0

𝐶
  as a function of time, following the pseudo-

first-order equation. The results show that the degradation kinetics of OG changed, with the 

respective apparent rate constants being 3.6 ×  10⁻³ 𝑚𝑖𝑛⁻¹, 4.6 ×  10⁻³ 𝑚𝑖𝑛⁻¹, and 6.5 ×

 10⁻³ 𝑚𝑖𝑛⁻¹ in the presence of 0 g/L, 100 mg/L, and 50 mg/L of periodic acid (Figure IV.9). 
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V.1.5. Effect of Fe3+ concentration 

        To evaluate the influence of the initial Fe(III) concentration on the efficiency of Orange G 

degradation via gliding arc discharge, a 10 mg/L OG solution was subjected to four cycles of 

gliding arc discharge (GAD) in humid air at different time intervals, with varying 

concentrations of ferric ions (𝐹𝑒³⁺), while maintaining an initial solution pH adjusted to 3. The 

OG concentration was monitored using UV-visible spectrophotometry to assess the degradation 

efficiency. The results obtained are presented in Figure IV.10. 

        The Glidarc/𝐹𝑒³⁺ system exhibits characteristics similar to those of the UV/H2O2/Fe3+ 

system. As mentioned in the literature review, the plasma-type Gliding arc discharge in humid 

air leads to hydrogen peroxide (H2O2) formation, increasing its concentration during the first 

few minutes of operation. Various physical phenomena, including UV light emission, 

accompany this accumulation of H2O2. Consequently, adding 𝐹𝑒³⁺into this system initiates a 

photo-Fenton-like mechanism. 

Figure IV.10. Effect of 𝐹𝑒³⁺concentration on the efficiency of OG degradation. Exposure 

times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-90 min, 

Cycle 4:130-140 min. [OG]0= 10 mg/L , pH0=3,   [𝐹𝑒2𝑂3]= 0 mg/L-32 mg/L   . 
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        As shown by the data in Figure IV.10, the presence of 𝐹𝑒³⁺ has enhanced the degradation 

efficiency of the OG. Specifically, 𝐹𝑒³⁺concentrations of 8, 16, and 32 mg/L resulted in 

degradation rates of 67.43%, 71.19%, and 79.06%, respectively. In contrast, in the absence of 

𝐹𝑒³⁺, a degradation rate of 66.46% was observed after a treatment time of 210 minutes under 

exposure to the Glidarc discharge, which consisted of four cycles of 10 minutes each. 

        Moreover, the kinetic results of the combination of Glydarc/𝐹𝑒³⁺ at pH 3 demonstrated an 

acceleration in the oxidation rate of OG, with kapp varying from 3×6 10⁻³ 𝑚𝑖𝑛⁻¹,  in the absence 

of 𝐹𝑒3+to 8.8×  10⁻³ 𝑚𝑖𝑛⁻¹,  in the presence of 32 mg/L of 𝐹𝑒³⁺(Figure IV.11). 

 

Figure IV.11. Effect of 𝐹𝑒³⁺concentration on OG removal rate and the variations in pseudo-

first-order rate constants by non-thermal plasma process. Exposure times to Glidarc-type 

plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 4: 130-140 min, 

[OG]0= 10 mg/L , pH0=3. 

        The improvement in degradation rates can be attributed to the presence of 𝐹𝑒3+ , which 

initiates the Fenton-like reaction to generate hydroxyl radicals (𝐻𝑂•), regarded as the most 
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reactive species, through the hydrogen peroxide (H2O2) produced during the discharge, 

according to the reaction mechanism outlined below (Equations(IV.28)-(IV.33) [40,41]. 

Although other radicals, such as 𝐻𝑂2
•, are also formed, their oxidation potential is lower than 

that of 𝐻𝑂•. 

𝐹𝑒3+ + 𝐻2𝑂2⟶ 𝐹𝑒2+ + 𝐻𝑂2
• + 𝐻+                         (IV.28) 

𝐹𝑒3+ + 𝐻𝑂2
•  ⟶ 𝐹𝑒2+ +𝑂2 + 𝐻

+                             (IV.29) 

𝐻2𝑂2 + 𝐹𝑒
2+  ⟶ 𝐹𝑒3+ + 𝐻𝑂• + 𝑂𝐻−                     (IV.30) 

𝐻𝑂• + 𝐻2𝑂2⟶𝐻2𝑂 + 𝐻𝑂2
•                                     (IV.31) 

𝐻𝑂• + 𝐹𝑒2+  ⟶ 𝐹𝑒3+ + 𝑂𝐻−                                  (IV.32) 

𝐻𝑂• + 𝑅𝐻 ⟶ 𝑅• + 𝐻2𝑂                                           (IV.33) 

        Abdelmalek et al. reported similar results in degrading a bisphenol solution using the 

Glidarc/Fe2+ system [42]. However, due to the limited generation of H2O2 within the glidarc 

plasma, we opted to explore the effects of incorporating H2O2 into the reaction medium. 

V.1.6. Effect of simultaneous addition of H2O2 and 𝑭𝒆𝟑+ 

        To evaluate the effect of the simultaneous addition of the two reactants (H2O2 and Fe3+) to 

the Glidarc reactor, we fixed the volume of hydrogen peroxide and varied the concentrations of 

Fe3+ to 8, 16, and 32 mg/L, respectively, while monitoring pH at 3. The results obtained are 

presented in Figures IV.12 and IV.13. 
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Figure IV.12. UV-Vis spectrum of simultaneous addition of H2O2 and 𝐹𝑒3+on OG 

degradation as a function of treatment time. Exposure times to Glidarc-type plasma: 0-10 min, 

[OG]0= 10 mg/L , pH0=3, [H2O2]= 0.025% V/V=3.2 mM , a: [𝐹𝑒2𝑂3] =  8 mg/𝐿, 

b: [𝐹𝑒2𝑂3] =  16mg/𝐿, c: [𝐹𝑒2𝑂3] =  32 mg/𝐿. 

       Figure IV.12 (a,b,c) shows that the simultaneous addition of both oxidants, 𝐻₂𝑂₂ and 

𝐹𝑒³⁺, accelerates the degradation kinetics of the OG by Glidarc plasma. An increase in the dye 

degradation efficiency is observed across the entire range of Fe³⁺ concentrations tested 

(compared to the results obtained in the previous section, Figure IV.9).  

       High degradation rates of 90.48%, 90.42%, and 81.3% after 12 minutes of treatment, with 

only 10 minutes of plasma exposure, were recorded for 𝐹𝑒³⁺ concentrations of 16 mg/L, 8 

mg/L, and 32 mg/L, respectively (Figure IV.13). This improvement can be explained by the 

intensive and efficient production of hydroxyl radicals in the studied reactor, demonstrating the 

effectiveness of combining electrical discharge processes with Fenton processes in the 

degradation of organic pollutants [43,44]. 
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       However, these results also show that at high 𝐹𝑒³⁺ concentrations, the degradation 

efficiency decreases. This is due to the scavenging effect of excess 𝐹𝑒³⁺ on the hydroxyl 

radicals, as illustrated by Equation IV.34. 

𝐹𝑒2+ + 𝐻𝑂•⟶ 𝐹𝑒3+ + 𝑂𝐻−                            (IV.34) 

Figures IV.13. Effect of simultaneous addition of H2O2 and 𝐹𝑒3+ on the efficiency of OG 

degradation. Exposure times to Glidarc-type plasma: 0-10 min, [OG]0= 10 mg/L , pH0=3,   

[𝐹𝑒2𝑂3]= 8 mg/L-32 mg/L, [H2O2]= 0.025% V/V=3.2mM 

V.1.7. Effect of potassium persulfate 

       As part of evaluating the performance of the combination of non-thermal Glidarc plasma 

with a sulfate radical-based advanced oxidation process for the removal of Orange G from the 

solution, potassium persulfate was added to the Glidarc reactor. This system treated 

concentrations of 10 mg/L of OG under free pH conditions. The experimental results are 

presented in the following figures: 
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Figure IV.14. UV-Vis spectrum of the presence/ absence of PPS on OG degradation as a 

function of treatment time. Exposure times to Glidarc-type plasma: Cycle 1: 0-10 min, Cycle 

2: 30-40 min, Cycle 3: 80-90 min, Cycle 4:130-140 min. [OG]0= 10 mg/L , pH0=6,  a: [𝑃𝑃𝑆]= 

50 mg/L  ,b: without PPS. 

200 300 400 500 600 700 800

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

 0 min

 10 min

 20 min

 30 min

 60 min

 90 min

 120 min

 150 min

 180 min

 210 min

A
b

s

Wavelength (nm)

b

200 300 400 500 600 700 800

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45

0,50

 0 min

 5 min

 10 min

 15 min

 20 min

 25 min

 30 min

 40 min

 50 min

 60 min

 90 min

 150 min

 180 min

A
b

s

Wavelength(nm)

a



 

 

181 
 

181 

 

Chapter IV: Degradation of OG Dye Using NTP (Glyding arc discharge) 

181 

 

        The results obtained showed that the addition of potassium persulfate significantly 

increased the degradation efficiency of OG. The pollutant removal rate was improved by 

28.54% in the presence of 50 mg/L of PPS compared to its absence, as observed in Figure 

IV.15. This enhanced degradation of OG in the plasma system, in the presence of sulfate ions 

(𝑆₂𝑂₈²⁻) in the solution, can be attributed to the activation of persulfate by the discharge 

plasma. This leads to the formation of more powerful reactive species, such as the sulfate radical 

(𝑆𝑂4
•−). 

Figure IV.15. The Effect of the presence/ absence of PPS on OG degradation with a gliding 

arc discharge process under a 180-minute treatment time. Exposure times to Glidarc-type 

plasma: Cycle 1: 0-10 min, Cycle 2: 30-40 min, Cycle 3: 80-90 min, Cycle 4:130-140 min. 

[OG]0= 10 mg/L , pH0=6,   [𝑃𝑃𝑆]= 50 mg/L. 

       As the Glidarc-type plasma generates various physical and chemical effects, including heat, 

UV irradiation, and the production of reactive species, these effects can activate the persulfate 

according to the following mechanism [45–47]:  

𝑆2𝑂8
2−⟶2 𝑆𝑂4

•−𝑜𝑟 𝑆𝑂4
•− + 𝑆𝑂4

•−                                         (IV.35) 
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𝑆𝑂4
•−+𝐻2𝑂 → 𝐻𝑂

•+𝐻+ + 𝑆𝑂4
2−                                           (IV.36) 

𝑆𝑂4
•− + 𝑂𝐻− → 𝑆𝑂4

2− + 𝑂𝐻•                                                (IV.37) 

VI.2. Energy Efficiency of the OG Degradation 

        The energy yield (g/kWh) was used to assess the energy efficiency of the Glydarc reactor 

during the degradation process of 10 mg/L OG, using plasma treatment alone at an applied 

voltage of 10 kV, as well as in the cases of the combination of Glydarc/Fenton and Glydarc/PS 

activation processes. The energy consumption for OG degradation was calculated using 

Equation (IV.38) [48]. The energy yield results are shown in Figure IV.16. 

𝑌(𝑔/𝑘𝑊ℎ) =  
𝐶0(𝑔/𝐿)×𝑉0(𝐿)×%𝑅×

1

100

𝑃 (𝑘𝑊)×𝑡(ℎ)
                                   (IV.38) 

Where: 

 𝐶0 = initial concentration of the pollutant in mg/L 

 𝑉0 = volume of the treated solution in L  

 %𝑅 = degradation efficiency at time t (%) 

 𝑃 =  power dissipated in the discharge in kW 

 t = time in hours. 
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Figure IV.16. Evaluation of Energy Yield during the OG degradation process using the Glidarc 

reactor. GAD process: [OG]0= 10 mg/L, pH0=6, GAD/ Fenton process: [𝐹𝑒2𝑂3]= 16 mg/L, 

[H2O2]= 0.025% V/V,pH0=3, GAD/ PPS process : [𝑃𝑃𝑆]= 50 mg/L, pH0=6 

       Based on the energy yield calculation, for the degradation of OG at 10 mg/L, the highest 

energy yield was 0.022 g/kWh during treatment with Gliding arc discharge coupled with the 

Fenton process, under an exposure time of 10 minutes and an elimination efficiency of 90.48%. 

However, when the treatment time for OG was increased to 4 exposure cycles, the degradation 

efficiency of the model substrate decreased to 99.27% and 66.46% in the GAD/PS and GAD 

alone processes, respectively. Consequently, the energy yield decreased to 0.0054 g/kWh and 

0.004 g/kWh, respectively. This shows that the energy yield decreased as degradation efficiency 

decreased and treatment time increased. This decrease can be attributed to the low collision 

probability between plasma reactive species and pollutant molecules [49]. 

       Furthermore, the energy yield was proportional to the initial dye concentration, as a higher 

number of reactant molecules were present in the solution, influenced by the discharge [48]. 
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VII. CONCLUSION 

        The results presented in this study highlight the following points: 

 The analysis of the properties of humid air plasma revealed its acidic and oxidising 

capabilities. 

 The degradation rate of pollutants increases with the decrease in their initial concentration. 

 The Glydarc humid air plasma process was effective in a free pH environment. 

 The addition of hydrogen peroxide to the Glydarc reactor enhanced degradation, with 

complete decolourisation achieved at respective volume percentages of 0.25%, 0.025%, and 

0.0125% of H2O2 after 40, 50, and 80 minutes of treatment. 

 The use of periodic acid in the plasma reactor, at a moderate concentration, demonstrated 

the involvement of other radical entities, beyond the hydroxyl radical, which enhanced the 

degradation process. However, a high concentration of periodate inhibited the removal of 

the organic pollutant (OG). 

 The presence of Fe3+ ions in the Glydarc reactor improved the efficiency of OG degradation 

across all tested iron concentrations. 

 The coupling of the Glydarc system with the Fenton process improved the degradation of 

OG, achieving degradation rates of 90.48%, 90.42%, and 81.3% for different concentrations 

of Fe3+, in just 12 minutes of treatment. 

 The combination of Glydarc plasma with sulfate radical-based AOP intensified the 

degradation process of OG by generating sulfate radicals, which are as powerful as hydroxyl 

radicals. 

 The energy yield of OG degradation was calculated at 0.022g/kWh for the GAD/Fenton 

process, 0.0054g/kWh for the GAD/PPS process, and 0.004g/kWh for the GAD process 

alone. 

        The results show that the GAD treatment is ideally suited for dye treatment. This 

alternative method aligns with green chemistry and sustainable development objectives.
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GENERAL CONCLUSION 

        Advanced oxidation processes (AOPs) have become essential for meeting legislative and 

regulatory requirements related to environmental protection. Due to the complexity of industrial 

effluents and the limitations of conventional treatment methods, these processes have proven 

particularly effective in degrading toxic and non-biodegradable organic pollutants in aqueous 

environments. In this context, this study aims to investigate the degradation of an azo dye, 

specifically Orange G (OG), in aqueous media using two advanced oxidation processes: 

persulfate activation and the electric discharge technique (glydarc plasma). 

         The first part of the study focuses on the effectiveness of thermal and thermo-metallic 

activation of persulfate for the treatment of OG, as well as examining the influence of various 

experimental parameters on the degradation kinetics of the substrate. The experimental results 

indicate that the degradation of the dye follows first-order kinetics for all the conducted 

experiments, with the initial degradation rate of the substrate increasing progressively with 

increasing temperatures (from 40°C to 70°C) and increasing oxidant mass (ranging from 100 

to 1000 mg/L). The highest degradation rate was observed under natural pH conditions. Optimal 

parameters included a natural pH, a potassium persulfate concentration of 300 mg/L, a reaction 

time of 260 minutes, a temperature of 65°C, and an Orange G concentration of 50 mg/L, 

resulting in a removal efficiency of 96.9%. However, organic and inorganic substances 

significantly impacted the removal of Orange G. Additionally, the nature of the water used 

considerably impacted the degradation process, with the best results obtained in distilled water. The 

presence of chromium ions (𝐶𝑟⁶⁺) competed with Orange G, inhibiting its degradation. Furthermore, 

scavenging tests identified sulfate radicals (𝑆𝑂4
•−) as the predominant reactive species in the 

neutral solution. The oxidation kinetics of Orange G were faster in the heat/PS/𝐹𝑒²⁺ process 

than in the heat/PS process, with a calculated synergy effect of 68.48% for the heat/PS/𝐹𝑒𝑆𝑂₄ 

process and 88.79% for the heat/PS/Mohr salt process. At the same time, the removal rate of 

OG was higher in the heat/PS process. Under strongly acidic and strongly basic pH values, the 

degradation process of the dye by the heat/PS/𝐹𝑒²⁺ process experienced inhibition. The 

chemical oxygen demand (COD) reduction was 75.41% after 260 minutes of treatment, and the 

energy consumption (SEH) was estimated at 1.05 × 10⁻³ kWh/mg OG.  
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        The second part of this study was dedicated to evaluating the efficiency of the first-

generation Glidarc batch reactor in the degradation of an aqueous solution containing the dye 

Orange G. During this investigation, after optimizing experimental parameters such as the 

electrode-solution distance and the initial substrate concentration, the acidic and oxidising 

properties of the Glidarc plasma were confirmed. This confirmation revealed the presence of 

acidic species such as 𝑁𝑂2
−, 𝑁𝑂3

−, H3O
⁺, HNO3, and HNO2, as well as particularly reactive and 

oxidizing species such as 𝐻𝑂•, 𝐻𝑂2
•, H2O2, and 𝑁𝑂•. The study also highlighted the effect of 

different oxidative additives and the catalyst (𝐹𝑒²⁺) throughout the treatment process. 

        Experimental results showed a dye degradation rate of 66.46% after 210 minutes of 

treatment with Glidarc, with a total exposure time of 40 minutes. The degradation of Orange G 

(OG) was observed to be more effective in a neutral medium and dependent on the initial dye 

concentration. The plasma process enabled complete dye degradation, achieving 100% 

decolorization after 50 minutes of treatment and 20 minutes of discharge exposure in the 

presence of 3.2 mM hydrogen peroxide. Additionally, adding periodic acid at an optimal 

concentration enhanced the degradation process. Furthermore, the presence of the 𝐹𝑒³⁺ catalyst 

facilitated the degradation of OG, with improved results at all tested iron concentrations. The 

combination of Glidarc plasma with an AOP based on sulfate radicals intensified the 

degradation of OG. Finally, coupling the plasma process with the Fenton process allowed for 

efficient pollutant degradation in just 12 minutes of treatment (with 10 minutes of discharge 

exposure), with an energy yield calculated at 0.022 g/kWh. 

        The results confirmed the effectiveness of both processes studied and their 

competitiveness compared to other conventional techniques, particularly advanced oxidation 

processes (AOPs). 

        For prospects, we plan to: 

 Conduct HPLC-MS analyses of treated samples to identify the intermediate products 

resulting from pollutant degradation precisely. 

 Compare the results of the Glidarc plasma process in a humid air atmosphere with those 

of other plasma types for treating this pollutant and study the influence of variations in 

the plasmagenic gas.
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Figure A.2: Calibration Curve of the OG 
 

Figure A.1: UV-visible spectrum of OG at different pH levels 
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Figure A.3: UV-visible spectrum of H2O2 

 

 

y = -0,0229x
R² = 0,9951

y = -0,0106x
R² = 0,9555

y = -0,0086x
R² = 0,9834

y = -0,0053x
R² = 0,9969

y = -0,0048x
R² = 0,9919

y = -0,0026x
R² = 0,9767

-2,000

-1,800

-1,600

-1,400

-1,200

-1,000

-0,800

-0,600

-0,400

-0,200

0,000
0 20 40 60 80 100 120 140 160

ln
(C

/C
0

)

Time (min)

10ppm 20ppm

30ppm 40ppm

50ppm 60ppm

70ppm

200 300 400 500 600 700 800

0

1

2

3

4

5
A

b
s

Wavelength



 

 

193 
 

Appendix 

193 

 

 

 

Figure A.4: Representation of the degradation of different concentrations of OG (10 mg/L-

70mg/L) by the Heat/PPS process at different concentrations of PPS (100mg/L, 200mg/L, 

500mg/L) according to the pseudo-first order kinetic model. 
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