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Abstract:  

The persistence of refractory organic pollutants (ROPs) in aquatic environments poses a 

significant challenge due to their chemical stability, resistance to conventional treatment 

methods, and adverse ecological and health impacts. Among these pollutants, Rhodamine B 

(RhB) is widely used as a model compound to assess advanced oxidation processes (AOPs). 

This work focuses on the performance evaluation of catalytic AOPs in both homogeneous and 

heterogeneous phases, with particular emphasis on semiconductor-based photocatalysis. 

Titanium dioxide (TiO₂) nanoparticles were synthesized via a non-conventional sol-gel route 

and calcined at different temperatures (400, 600, and 800 °C). The materials were extensively 

characterised using TG/DSC, FTIR/ATR, XRD, BET, SEM/EDX, UV/Vis, and pHpzc analysis. 

Their photocatalytic performance was investigated through the degradation of RhB under 

various operational conditions, including pollutant concentration, catalyst loading, pH solution, 

irradiation wavelength, and calcination temperature. The TiO₂-400 sample exhibited the highest 

degradation efficiency (96.11%) and stability, demonstrating its suitability as an efficient 

photocatalyst. To further enhance its photocatalytic activity, TiO₂ was incorporated into 

bentonite clay supports with varying contents (10% TiO₂-BN, 30% TiO₂-BN, and 50% TiO₂-

BN) using the same non-conventional sol-gel method. The TiO₂-bentonite composites (TiO₂-

BN) were characterised using FTIR/ATR, XRD, BET, SEM/EDX, and pHpzc, and tested for 

RhB removal under various conditions: pollutant concentration, catalyst loading, solution pH, 

and irradiation wavelength. The incorporation of bentonite enhanced surface area, adsorption 

capacity, and charge separation, leading to improved degradation performance. The 50% TiO₂-

BN sample displayed the best balance between adsorption and photocatalytic activity, with a 

degradation rate of 99.64%. Kinetic studies confirmed that RhB degradation followed a pseudo-

first-order model based on the Langmuir-Hinshelwood (L-H) mechanism. A direct comparison 

between TiO₂-400 and 50% TiO₂-BN composites highlighted the synergistic role of bentonite 

in enhancing photocatalytic efficiency. Overall, this research demonstrates that tailoring the 

synthesis route, calcination temperature, and support material significantly influences 

photocatalytic performance. The findings contribute to the development of sustainable catalytic 

AOPs for the removal of refractory organic pollutants from water, offering promising 

perspectives for environmental remediation. 

Keywords: Advanced oxidation process, Catalysis, Water, Refractory organic pollutants 

(ROPs). 

 



:صالملخّ   

ً كبيراً نظراً لاستقرارها الكيميائي،  ةالبيئ في (ROPs) ثات العضوية المقاومةوجود الملو   راستمراإن  المائية يشكل تحديا

ثات، ومقاومتها لطرق المعالجة التقليدية، فضلاً عن آثارها السلبية على النظم البيئية وصحة الإنسان. ومن بين هذه الملو  

ز هذا يرك  . (AOPs)المتقدمة  الأكسدةتقنيات على نطاق واسع كمركب نموذجي لتقييم  (RhB) ب يسُتخدم مركب الرودامين

العمل على تقييم أداء عمليات الأكسدة المتقدمة التحفيزية في الطورين المتجانس وغير المتجانس، مع إيلاء اهتمام خاص 

بواسطة  (TiO₂) تم تحضير جسيمات ثاني أكسيد التيتانيوم النانوية .لعملية التحفيز الضوئي المعتمدة على أنصاف النواقل

م(. وقد جرى ° 800، و600، 400درجات حرارة مختلفة ) تحت يسهاتكل تم   ثمتقليدية،  رغي (Sol-gel)جيل -ولطريقة س

، BET ،SEM/EDX، وXRD، وFTIR/ATR، وTG/DSCتقنيات توصيف المواد المحضرة بشكل موسع باستخدام 

UV/Vis ،وpHpzcصبغة تحللدراسة خلال  أدائها منتقييم  وتم RhB ث، مختلفة شملت: تركيز تجريبية  تحت ظروف الملو 

 ₂TiO-040العي نة  تس. وقد أظهريشعاع، ودرجة حرارة التكلالإمحلول، طول الموجة ال pH ، قيمةالمضافة 2TiOكتلة 

تحفيزي الضوئي للولتعزيز نشاطه  فعاليته.%( مع ثباتية جيدة، مما يبرهن على 96.11) الرودامين ب تحلل نسبة فيأعلى 

باستخدام  TiO₂-BN %50) و TiO₂-BN ،30%TiO₂-BN %10مختلفة: )مع طين البنتونيت بنسب  TiO₂ دمج أكثر، تم

، FTIR/ATR بواسطة (TiO₂-BN) بنتونيت-TiO₂ جيل غير التقليدية. جرى توصيف مركبات-نفس طريقة السول

، محف زالملوث، كمية التحت ظروف مختلفة: تركيز  RhB ، واختبُرت لإزالةpzcpH، وSEM/EDX، وBET، وXRDو

للمحلول، وطول الموجة للإشعاع. وقد أدى إدماج البنتونيت إلى تحسين المساحة السطحية والقدرة على الامتزاز  pH قيمة

نشاط أفضل توازن بين الامتزاز و TiO₂-BN 50 %نموذج وفصل الشحنات، مما أسفر عن تعزيز الأداء في التحلل. وحقق 

اتبع نموذجاً شبه من الدرجة الأولى وفق  RhB أكدت الدراسات الحركية أن تحلل %.99.64بلغ ، بمعدل التحلل الضوئي

الدور  TiO₂-BN%50 و TiO₂-400 كما أبرزت المقارنة المباشرة بين Langmuir-Hinshelwood (L-H) آلية

شروط تحضير أن التحكم في  بصورة عامة، يبين هذا البحث .التآزري للبنتونيت في تعزيز الكفاءة التحفيزية الضوئية

هذه النتائج في  وتساهم. التحلل الضوئي ، ودرجة حرارة التكلس، ونوع المادة الداعمة يؤثر بشكل ملحوظ على أداءالمحفزات

تطوير عمليات أكسدة متقدمة تحفيزية مستدامة لإزالة الملوثات العضوية المقاومة من المياه، مما يوفر آفاقاً واعدة لمعالجة 

 .لوث البيئيالت

 ّالملوثات العضوية المقاومة المياه،المتقدمة للأكسدة، التحفيز،  التقنيات:ّالكلماتّالمفتاحية

 

 

 

 

 

 

 



Résumé : 

La persistance des polluants organiques réfractaires (ROPs) dans les milieux aquatiques 

constitue un enjeu environnemental majeur en raison de leur stabilité chimique, de leur 

résistance aux procédés de traitement conventionnels ainsi que de leurs effets écotoxicologiques 

et sanitaires préoccupants. Parmi ces composés, la Rhodamine B (RhB) est fréquemment 

employée comme molécule modèle pour l’évaluation des procédés d’oxydation avancée 

(AOPs). La présente thèse est consacrée à l’étude des performances des AOPs catalytiques en 

phase homogène et hétérogène, avec une attention particulière portée à la photocatalyse à base 

de semi-conducteurs. À cet effet, des nanoparticules de TiO₂ ont été synthétisées par une voie 

sol-gel non conventionnelle, puis soumises à une calcination à 400, 600 et 800 °C. Les 

matériaux obtenus ont été caractérisés de manière approfondie par TG/DSC, FTIR/ATR, XRD, 

BET, SEM/EDX, UV/Vis et pHpzc. L’échantillon TiO₂-400 a présenté la meilleure efficacité de 

photodégradation de la RhB (96,11 %) ainsi qu’une stabilité remarquable, confirmant son 

potentiel en tant que photocatalyseur performant. Dans une seconde étape, afin d’accroître 

l’activité photocatalytique, des composites TiO₂-bentonite (10 % TiO₂-BN, 30 % TiO₂-BN, 50 

% TiO₂-BN) ont été élaborés par la même méthode sol-gel non conventionnelle. Leur 

caractérisation et leur évaluation ont montré que l’incorporation de la bentonite favorise 

l’augmentation de la surface spécifique, de la capacité d’adsorption et de la séparation des 

charges, ce qui se traduit par une amélioration notable de la performance photocatalytique. Le 

composite contenant 50 % TiO₂ a offert le meilleur compromis entre adsorption et activité 

photocatalytique, atteignant un taux de photodégradation de 99,64 %. Les études cinétiques ont 

confirmé que la dégradation de la RhB obéit à un modèle pseudo-premier ordre, en accord avec 

le mécanisme de Langmuir-Hinshelwood. Ces résultats mettent en évidence l’effet synergique 

de la bentonite et démontrent que la voie de synthèse, la température de calcination et la nature 

du support exercent une influence déterminante sur les performances photocatalytiques. Dans 

l’ensemble, ce travail contribue à l’avancement des connaissances sur les procédés d’oxydation 

avancée catalytiques et ouvre des perspectives prometteuses pour le développement de 

solutions durables visant l’élimination des polluants organiques réfractaires des milieux 

aqueux. 

Mots clés : Les procédés d’oxydation avancées, Catalyse, Eau, Polluants organique réfractaire 

(PORs) 
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General introduction:  

Water pollution has emerged as one of the most pressing global challenges of the twenty-first 

century, driven by rapid industrialization, urban expansion, and intensified agricultural 

practices [1]. Among the diverse classes of contaminants, refractory organic pollutants (ROPs) 

are of particular concern due to their exceptional chemical stability, resistance to 

biodegradation, and persistence in aquatic environments [2,3]. These compounds, often 

released from textile, pharmaceutical, dyeing, and agrochemical industries, not only deteriorate 

water quality but also bioaccumulate, thereby posing long-term risks to aquatic ecosystems and 

human health [4,5]. Conventional water treatment technologies, including biological processes, 

coagulation-flocculation, and adsorption, have demonstrated limited efficiency against such 

pollutants, as they often fail to mineralise them into harmless byproducts fully. Consequently, 

the scientific community has increasingly turned toward advanced oxidation processes (AOPs) 

as sustainable, high-performance alternatives capable of addressing this critical environmental 

challenge [2,6]. Within this framework, semiconductor-based photocatalysis has garnered 

significant attention due to its ability to generate highly reactive oxygen species under light 

irradiation, thereby facilitating the mineralization of a wide range of persistent pollutants [7]. 

Titanium dioxide (TiO₂), in particular, remains the most extensively studied photocatalyst due 

to its abundance, low cost, non-toxicity, strong oxidizing power, and photostability[8]. 

However, its photocatalytic performance is strongly influenced by factors such as synthesis 

route, calcination temperature, crystallinity, surface area, and electron–hole recombination 

dynamics [9]. To address these challenges, researchers have explored novel synthesis 

approaches as well as the incorporation of suitable supports or dopants to enhance 

photocatalytic efficiency and extend light absorption into the visible range [10,11]. The present 

thesis is dedicated to the evaluation of catalytic advanced oxidation processes (AOPs) in both 

homogeneous and heterogeneous phases, with a particular focus on semiconductor 

photocatalysis. To this end, TiO₂ nanoparticles were synthesized using a non-conventional sol-

gel method and subsequently calcinated at different temperatures (400, 600, and 800 °C). These 

materials were extensively characterized through TG/DSC, FTIR-ATR, XRD, BET, SEM/EDX, 

UV-Vis DRS, and pHpzc analyses. The photocatalytic performance was systematically assessed 

using Rhodamine B (RhB) as a model pollutant, allowing for the investigation of the effects of 

initial dye concentration, photocatalyst loading, irradiation wavelength, and solution pH. 

Among the synthesized materials, the TiO₂-400 sample demonstrated the highest photocatalytic 

efficiency (96.11%) combined with good stability, thereby confirming its potential as a high-

performance nanocatalyst. 
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In a second stage, the study was extended to the development of TiO₂–bentonite composites 

(with 10, 30, and 50% TiO₂) using the same sol-gel route. The incorporation of bentonite was 

expected to improve textural and surface properties by increasing the specific surface area, 

enhancing adsorption capacity, and facilitating charge separation. Experimental findings 

confirmed that the bentonite support exerts a synergistic role, significantly improving 

photocatalytic performance. In particular, the 50% TiO₂–BN composite exhibited the best 

compromise between adsorption and photocatalytic activity, achieving a degradation efficiency 

of 99.64%. Furthermore, kinetic studies revealed that the photocatalytic degradation of RhB 

followed a pseudo-first-order model consistent with the Langmuir-Hinshelwood (L–H) 

mechanism, thereby providing insights into the reaction pathway and rate-determining steps. 

These results highlight the crucial influence of synthesis method, calcination temperature, and 

support material on the overall photocatalytic efficiency, offering a comprehensive 

understanding of how structural, morphological, and surface properties govern the reactivity of 

TiO₂-based catalysts. 

The thesis is organized into three main chapters: 

 Chapter I provides an in-depth literature review covering water pollution by refractory 

organic pollutants, limitations of conventional treatments, principles of AOPs, and a 

particular focus on TiO₂-based photocatalysis and its modification strategies. 

 Chapter II describes the experimental methodology, including the synthesis procedure, 

characterization techniques, and photocatalytic testing protocols. 

 Chapter III presents and discusses the experimental results, starting with pure TiO₂ 

nanoparticles, followed by TiO₂–bentonite composites, and culminating in a detailed 

kinetic analysis of the photocatalytic degradation process. 

 Chapter IV devoted to kinetics and comparative evaluation) quantifies the degradation 

rates for RhB over TiO₂ and TiO₂-BN, validates the L-H kinetic formalism, and 

establishes a head-to-head performance comparison between TiO₂-400 and 50% TiO₂-

BN. 

Overall, this research contributes to the development of sustainable, efficient, and 

environmentally friendly oxidation processes for the elimination of refractory organic 

pollutants. The findings not only advance fundamental understanding of the structure–

activity relationship in TiO₂-based photocatalysts but also provide practical insights for the 

design of next-generation water treatment technologies. 
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1. Introduction:  

Refractory organic pollutants (ROPs), including synthetic dyes, pharmaceuticals, pesticides, 

and industrial chemicals, constitute a significant category of persistent contaminants that 

withstand conventional water treatment methods. This chapter provides a comprehensive 

overview of the latest advancements in catalytic advanced oxidation processes (AOPs), with a 

particular focus on heterogeneous photocatalysis involving titanium dioxide (TiO₂) and its 

composites. It addresses the physicochemical characteristics of ROPs, their persistence in 

aquatic environments, and the detrimental ecological and human health impacts they have. Due 

to their chemical stability and resistance to biodegradation, ROPs present a significant 

challenge in wastewater remediation. The chapter also reviews the mechanisms and operational 

parameters of key AOPs such as TiO₂-based photocatalysis and related catalytic systems. It 

emphasises the influence of factors such as pH, light source, oxidants, and catalyst structure. 

Special attention is given to the modification of TiO₂ with clay-based supports, particularly 

bentonite, to enhance photocatalytic activity, improve pollutant adsorption, and mitigate 

limitations such as rapid electron-hole recombination. Overall, this review identifies existing 

research gaps and situates the scientific contribution of the present study within the broader 

field of environmental nanotechnology and sustainable water treatment. 

2. Refractory organic pollutants (ROPs):  

2.1. Definition and sources of (ROPs):  

 

Refractory organic pollutants (ROPs), also known as persistent organic pollutants (POPs), are 

a notable group of hazardous substances that resist natural degradation processes. These 

pollutants include various synthetic organic compounds such as dyes, pharmaceuticals, 

pesticides, polycyclic aromatic hydrocarbons (PAHs), and endocrine-disrupting chemicals 

(EDCs), which are defined by their chemical stability, hydrophobic nature, and low 

biodegradability. Due to their persistent properties, ROPs are frequently detected in industrial 

and municipal wastewater, posing significant risks to aquatic ecosystems and human health 

through bioaccumulation and long-distance environmental transport [1]. Traditional treatment 

methods, such as biological oxidation, coagulation-flocculation, and adsorption, often fail to 

fully degrade these contaminants, creating a need for more effective and sustainable 

technologies like advanced oxidation processes (AOPs) [2,3]. The difficulty in degrading ROPs 

stems not only from their structural diversity but also from their interactions with coexisting 

matrix components and resistance to microbial breakdown, which makes their removal a major 

engineering and environmental challenge. 
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2.2. Physicochemical properties and persistence: 

Refractory organic pollutants (ROPs) are a diverse group of synthetic and naturally occurring 

compounds characterized by high chemical stability, low biodegradability, and long 

environmental half-lives as shown in table I.1. Their physicochemical properties, such as low 

water solubility, high molecular weight, hydrophobicity (often indicated by high octanol-water 

partition coefficients, log Kₒw), and strong aromaticity, contribute to their resistance to 

conventional biological treatment and environmental degradation processes [9,10]. These 

features enable ROPs to persist in surface waters, sediments, and even groundwater for 

extended periods. Many ROPs also exhibit volatility and semi-volatility, leading to atmospheric 

dispersion and long-range environmental transport. Their pronounced chemical resilience is 

primarily attributed to structural motifs such as halogen substituents, extended π-conjugated 

systems, and heterocyclic frameworks that confer stability and impede both oxidative 

transformation and microbial degradation[11]. Consequently, ROPs tend to accumulate within 

biological tissues and persist in environmental compartments, thereby reinforcing their 

designation as persistent, bioaccumulative, and toxic (PBT) substances [12]. This persistence 

presents major challenges for water treatment facilities, necessitating the development of more 

robust, advanced treatment technologies such as catalytic advanced oxidation processes 

(AOPs). 

 

Table I.1. Common refractory organic pollutants in wastewater and their characteristic. 

 

 

Pollutant class Examples Sources Properties Ref 

Synthetic dyes Rhodamine B, 

Methylene Blue 

Textile, cosmetics, and 

dyeing industries 

Highly stable, low 

biodegradability 

 [4] 

Pharmaceuticals & 

PPCPs 

Carbamazepine, 

Diclofenac, 

Ibuprofen 

Hospitals, households Persistent, 

endocrine-disrupting 

 

[5] 

Pesticides & 

agricultural 

chemicals 

Atrazine, 

Chlorpyrifos 

Agricultural runoff Toxic, persistent  

[6] 

PAHs & 

heterocyclic 

organics 

Benzo[a]pyrene, 

Quinoline, 

Indole 

Petrochemical 

processes, coking 

plants 

Carcinogenic, low 

biodegradation 

 

[7] 

Surfactants & 

phenolic 

compounds 

Nonylphenol, 

Bisphenol A 

Detergents, plastics Endocrine-

disrupting, refractory 

 

[8] 
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2.3. Environmental and health impacts:  

Refractory organic pollutants (ROPs) pose significant environmental and public health risks 

due to their persistence, toxicity, and potential for bioaccumulation. Once released into the 

environment through industrial discharges, agricultural runoff, or domestic wastewater, ROPs 

can persist in surface and groundwater, sediments, and even atmospheric compartments, where 

they undergo long-range transport and transformation into equally or more toxic byproducts 

[13]. Ecologically, these compounds can disrupt aquatic life by interfering with endocrine 

systems, altering reproductive cycles, and causing genetic mutations in fish, invertebrates, and 

microorganisms. For humans, chronic exposure via contaminated water, food chains, or 

inhalation has been linked to carcinogenicity, neurotoxicity, and developmental disorders [14]. 

Particularly concerning are dyes, pharmaceuticals, pesticides, and phenolic compounds, which 

exhibit high toxicity even at trace concentrations. The resilience of ROPs to biodegradation 

further exacerbates their health effects, as conventional wastewater treatment systems often fail 

to fully remove them, leading to continuous environmental cycling and human exposure[15]. 

These threats underscore the urgent need for advanced remediation strategies that can 

mineralize or degrade such pollutants into harmless byproducts. 

2.4. Rhodamine B as a model compound in photocatalytic degradation studies: 

Rhodamine B (RhB) is a xanthene-based synthetic dye widely employed in the textile, paper, 

leather, and food industries due to its brilliant pink colour and high photostability. Despite its 

industrial utility, RhB is considered a model pollutant for evaluating the efficiency of 

wastewater treatment technologies owing to its persistent, toxic, and non-biodegradable nature. 

Its molecular structure includes aromatic rings and amino groups, which confer stability against 

microbial degradation and contribute to its resistance to conventional biological treatment 

methods [16]. Rhodamine B (RhB) constitutes a significant environmental contaminant with 

pronounced ecotoxicological and human health implications. Within aquatic ecosystems, it can 

attenuate photosynthetic efficiency by diminishing light penetration, thereby perturbing 

primary productivity and destabilising trophic dynamics. In humans, its carcinogenic and 

mutagenic potential has been attributed to its propensity to intercalate into the DNA double 

helix, consequently compromising genomic integrity and promoting aberrant cellular 

processes[17]. Furthermore, its intense colouration makes even low concentrations 

environmentally problematic, as it causes aesthetic and ecological damage [18]. Owing to these 

characteristics, Rhodamine B is widely employed as a model compound in advanced oxidation 
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process (AOP) research for benchmarking the performance of photocatalytic and catalytic 

systems designed for the degradation of refractory organic pollutants. 

3. Overview of advanced oxidation processes (AOPs): 

3.1. General principles and reactive oxygen species (ROS):  

Advanced oxidation processes (AOPs) are chemical treatment technologies that utilize the 

generation of highly reactive oxygen species (ROS), particularly hydroxyl radicals (•OH), to 

initiate and drive the oxidative breakdown of recalcitrant organic pollutants in aqueous 

environments. These radicals possess a high oxidation potential (E⁰ = +2.80 V) and are capable 

of non-selectively attacking a broad range of organic molecules, ultimately leading to their 

degradation  [19], [20]. AOPs typically involve the in situ generation of ROS through various 

activation mechanisms such as ultraviolet (UV) irradiation, ozonation, Fenton and photo-

Fenton reactions, and heterogeneous photocatalysis using semiconductors like titanium dioxide 

(TiO₂) [21], [22]. In addition to hydroxyl radicals, other reactive species such as superoxide 

anions (O₂•⁻), singlet oxygen (¹O₂), and hydrogen peroxide (H₂O₂) may also participate in the 

oxidation process, with their generation and relative contributions being contingent upon the 

nature of the catalyst and the prevailing operational conditions [23].  

 

Figure I.1 Classification of advanced oxidation processes techniques [24]. 

Several parameters, including pH, oxidant concentration, light intensity, and the chemical 

nature of the target contaminants, govern the efficiency of AOPs. Owing to their high oxidative 

capacity and minimal generation of harmful by-products, advanced oxidation process are 



Chapter I: Literature review 
 

 24 

widely recognised as among the most effective and environmentally sustainable technologies 

for the remediation of persistent organic pollutants in wastewater [25]. An overview of the main 

types of AOPs, including homogeneous and heterogeneous processes with and without energy 

input, is presented in Figure I.1. 

3.2. Homogeneous processes:  

Homogeneous advanced oxidation processes (AOPs) involve the generation of reactive oxygen 

species (ROS) within a single-phase system, typically an aqueous solution, where both the 

oxidants and catalysts are present in the same phase. These processes are characterized by fast 

reaction kinetics and high degradation efficiency due to the uniform distribution of 

reactants[26]. Common homogeneous AOPs include the classical Fenton and photo-Fenton 

reactions, in which ferrous ions (Fe²⁺) catalyze the decomposition of hydrogen peroxide (H₂O₂) 

to generate hydroxyl radicals (•OH). This process can be enhanced under UV or visible light 

irradiation to improve radical production [27]. Other homogeneous systems include UV/H₂O₂, 

O₃/H₂O₂, and electro-Fenton processes, which may be further intensified by external energy 

inputs such as ultraviolet light, ultrasound, or electrical current [28]. While these techniques are 

highly effective for degrading a wide range of refractory organic pollutants, their efficiency 

strongly depends on operational parameters such as pH, oxidant dosage, and the presence of 

radical scavengers. Moreover, challenges related to iron sludge generation and catalyst recovery 

limit the long-term environmental sustainability of homogeneous systems, motivating a 

growing interest in heterogeneous alternatives [29]. 

3.3. Heterogeneous processes: semiconductor-based photocatalysis: 

Heterogeneous advanced oxidation processes (AOPs), particularly those based on 

semiconductor photocatalysis, have gained increasing attention for the degradation of refractory 

organic pollutants due to their high efficiency and environmental compatibility. In these 

systems, the photocatalyst, typically a semiconductor such as titanium dioxide (TiO₂), is 

activated by light irradiation, usually in the UV or visible range, generating electron-hole pairs 

(e⁻/h⁺) on its surface (equation I.1). The photogenerated electron can be trapped by oxygen to 

form superoxide (O2
•‾) and hydroperoxyl radicals (HO2

•), and subsequently hydrogen peroxide 

(H2O2) (equations 2-7). The charge carriers interact with water and dissolved oxygen to form 

reactive oxygen species, primarily hydroxyl radicals (•OH) and superoxide anions (O₂•⁻), which 

oxidize the pollutants adsorbed on the catalyst surface as shown in the equations below 

[30],[31]:  
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TiO2 + hν → e‾
(CB) + h+

(VB)                (Equation I.1) 

h++ H2O → HO•                                (Equation I.2) 

h++ OH‾→ HO•                                 (Equation I.3) 

e‾ + O2 → O2
•‾                                  (Equation I.4) 

O2
•‾ + H+ → HOO•                           (Equation  I.5) 

HOO• + e‾ → HO2
‾                            (Equation I.6) 

HO2
‾ + H+ → H2O2                            (Equation I.7) 

In contrast to homogeneous systems, heterogeneous photocatalysis offers significant 

operational advantages, notably the ease of catalyst separation and recovery, the potential for 

repeated reuse with minimal loss of catalytic performance, and applicability across a broader 

pH spectrum. TiO₂ remains the most studied photocatalyst due to its strong oxidative potential, 

non-toxicity, low cost, and photochemical stability. However, its performance is limited by 

rapid electron-hole recombination and weak absorption in the visible light region [22]. To 

address these limitations, recent research has focused on modifying TiO₂-based photocatalysts 

through strategies such as metal/non-metal doping, heterojunction formation, and the 

development of composite materials. These modifications aim to enhance charge carrier 

separation and extend the optical absorption range into the visible spectrum, thereby improving 

photocatalytic efficiency [25,32].  

Table I.2. Recent studies on Rhodamine B degradation using TiO₂-based advanced oxidation 

processes (AOPs). 

AOP Type Catalytic process Key Experimental Conditions R (%) Ref 

Synthesized TiO2 

Via the sol-gel method 

(Photocatalysis) 

 

TiO2/UV 

[TiO2]0= 0.3 g.L–1 

[RhB]0=6 mg L–1 

pH 5, UV lamp 
λmax(nm) 280–100 

 

 

99.8 

 

[33] 

Visible-Light 
Photocatalysis 

N-doped TiO₂ / 
Bentonite 

Composite 

RhB 20 mg/L; pH 5.5; 1 g/L 
catalyst; λ > 420 nm; 120 min 

 
90.4  

[34] 

Photo-Fenton-Like Process TiO₂–Fe₃O₄ 

Composite 

RhB 15 mg/L; pH 3.0   

UV-A light; 0.5 g/L catalyst; 
60 min 

 

96.7  

 

[35] 

Ozone-Assisted 

Photocatalysis 

TiO₂-graphene 

oxide composite 

+ O₃ 

RhB 25 mg/L; O₃ flow 1 L/min; 

TiO₂-GO 1 g/L; UV-C light; 

90 min 

 

>95  

 

[36] 

Visible-Light / Ultrasound TiO₂-WO₃ 

Nanocomposite 

RhB 10 mg/L; ultrasound 

(20 kHz); visible light; pH 6; 

0.5 g/L catalyst; 90 min 

 

93.5  

 

[37] 
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A variety of studies have reported the successful application of  advanced TiO₂-based materials 

for the degradation of Rhodamine B. A summary of selected recent studies demonstrating the 

effectiveness of TiO₂-based AOPs for Rhodamine B degradation is presented in Table I.2, 

highlighting the influence of catalyst composition, irradiation source, and operational 

parameters on photocatalytic performance. Figure I.2 illustrates the bibliometric trends in 

publications on nano-TiO₂ and TiO₂-based AOPs from 2000 to 2022. Both research areas 

display a steady growth trajectory until around 2019, followed by a plateau and a slight decline 

in subsequent years. Publications on nano-TiO₂ consistently outnumber those on AOP-TiO₂, 

although both follow similar growth patterns, reflecting sustained global interest in TiO₂ for 

environmental applications. The pronounced increase between 2015 and 2019, particularly for 

AOP-TiO₂, suggests intensified research efforts in photocatalytic technologies, likely driven by 

advances in synthesis techniques, visible-light activation strategies, and the escalating demand 

for sustainable water and wastewater treatment solutions. 

 

Figure I.2.Number of publications per year on the topic of TiO2 and AOP 

based on the ISI Web of Science [38]. 

3.4. Heterogeneous processes vs Homogeneous processes:  

The distinction between heterogeneous and homogeneous processes lies in the phase 

distribution of the catalyst relative to the reactants, which significantly affects the reaction 

mechanisms, efficiency, and practical applicability of the treatment method. In homogeneous 

processes, all the reactive species and catalysts are present in the same phase, typically the 
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aqueous phase. This configuration allows for rapid diffusion and high reaction rates due to the 

intimate contact between the reactants. A classic example is the Fenton reaction, where ferrous 

ions (Fe²⁺) catalyze the decomposition of hydrogen peroxide (H₂O₂) to generate hydroxyl 

radicals (•OH), which are highly effective in degrading a wide range of organic pollutants [39]. 

Despite their high efficiency, homogeneous processes are constrained by several operational 

limitations, including a restricted optimal pH range typically in the acidic range, challenges 

associated with catalyst recovery, the generation of secondary pollutants such as iron-rich 

sludge, and the necessity for continuous chemical dosing, all of which collectively compromise 

their long-term sustainability and economic viability in large-scale applications [40]. In 

contrast, heterogeneous processes involve catalysts that exist in a different phase from the 

reactants, most commonly as solid catalysts interacting with liquid-phase pollutants. This 

separation offers several operational benefits, including easier catalyst recovery and reuse, 

reduced risk of secondary pollution, and improved stability in varying environmental conditions 

[41]. Titanium dioxide (TiO₂)-based photocatalysis is a well-established heterogeneous 

advanced oxidation process that has been extensively investigated for environmental 

remediation. Upon irradiation with ultraviolet or solar light, TiO₂ generates reactive oxygen 

species (ROS), including hydroxyl radicals (•OH) and superoxide anions (O₂•⁻), which are 

capable of initiating oxidative pathways leading to the degradation and complete degradation 

of organic pollutants [42]. Furthermore, Heterogeneous photocatalytic systems demonstrate 

robust performance across a broad pH range. Recent research has increasingly focused on 

enhancing their visible-light responsiveness through advanced strategies such as elemental 

doping, surface functionalization, and heterojunction engineering. Despite these advances, 

several intrinsic limitations remain. Photocatalytic activity can be hindered by low quantum 

efficiency, rapid electron-hole recombination, and mass transfer resistances at the solid-liquid 

interface. Moreover, the immobilisation of catalysts, although beneficial for post-treatment 

recovery and reusability, often reduces the accessible active surface area, thereby diminishing 

degradation kinetics. Nevertheless, heterogeneous photocatalysis is gaining prominence in 

sustainable water and wastewater treatment due to its recyclability, long-term stability, and 

compatibility with environmentally benign technologies. The choice between homogeneous 

and heterogeneous systems is determined by multiple factors, including contaminant 

characteristics, treatment objectives, cost–benefit considerations, and environmental impact. 

Current research increasingly favours hybrid configurations that integrate the advantages of 

both approaches, for example, employing immobilised iron-based catalysts in photo-Fenton 
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reactions to address system-specific limitations and achieve superior degradation performance 

[41,43,44].  

3.5. Influence of key operational parameters on advanced oxidation processes: 

The efficiency of advanced oxidation processes (AOPs) is strongly influenced by several 

operational parameters, with pH, light source, oxidant type, and catalyst properties being 

particularly critical. The pH of the reaction medium affects not only the speciation of oxidants 

(e.g., H₂O₂, O₃) but also the surface charge of catalysts and the stability of reactive oxygen 

species, such as hydroxyl radicals. For instance, Fenton and photo-Fenton reactions exhibit 

optimal performance under acidic conditions (typically around pH 3), whereas heterogeneous 

photocatalysis with TiO₂ can function across a broader pH spectrum. Nonetheless, its activity 

is generally enhanced under slightly acidic to neutral conditions [25,45].  The light source 

represents a critical operational parameter, as it dictates the photoactivation efficiency of 

semiconductor catalysts. Ultraviolet (UV) irradiation has traditionally been employed to excite 

wide-bandgap materials such as TiO₂; however, recent advancements increasingly prioritise 

visible-light activation to enhance the utilisation of solar energy. This objective is pursued 

through tailored modification strategies including elemental doping, dye sensitisation, and 

heterojunction engineering, which extend the optical absorption range, promote efficient charge 

separation, and thereby improve photocatalytic performance. [46,47]. The type and 

concentration of oxidants exert a decisive influence on the generation of reactive species; 

however, excessive dosages can induce scavenging effects, thereby diminishing overall 

degradation efficiency. The catalyst’s properties, including surface area, crystallinity, bandgap 

energy, and morphology, affect pollutant adsorption and the rate of ROS production. Advances 

in catalyst engineering, such as doping and the development of composite materials, aim to 

enhance charge separation and broaden light absorption, thereby improving photocatalytic 

performance [48]. Therefore, optimizing these key parameters is essential for achieving high 

degradation rates, process stability, and environmental sustainability. 

3.5. Recent advances in AOPs for the degradation of refractory organic pollutants: 

Advanced oxidation processes (AOPs) have seen significant strides in treating refractory 

organic pollutants, those that defy conventional degradation due to their chemical stability and 

low biodegradability. One noteworthy innovation involves spherical metal oxides (SMOs) with 

engineered morphologies, such as hollow, yolk-shell, porous shell, and nanoflower structures, 

that promote enhanced light absorption, improved diffusion of reactive oxygen species (ROS), 
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and heightened antibiotic degradation efficiency [49,50,51]. Additionally, composites of BiOI 

and HKUST-1 have been proven effective for the visible-light activation of persulfate, 

achieving up to 94.9% degradation of the azo dye Orange II within 60 minutes under optimized 

conditions [52]. Electrochemical oxidation, producing reactive species directly at electrode 

surfaces without added chemicals, continues to attract attention as an effective approach for 

breaking down complex pollutants, including pharmaceuticals and dyes [53]. Beyond 

advancements in individual processes, a recent systematic literature review underscores the 

sustainability potential of AOPs for the treatment of refractory wastewater, noting that pollutant 

removal efficiencies frequently exceed 96%, sludge generation is minimal, and effluent 

biodegradability is enhanced, thereby facilitating scalable and environmentally sustainable 

treatment solutions [26]. Furthermore, integrating AOPs with complementary techniques, such 

as membrane filtration [29], electro-Fenton methods [53], and biological catalysts [54], has 

demonstrated synergistic effects, including higher selectivity, lower toxic by-products, and 

improved energy efficiency, particularly in complex wastewater cases. These developments 

demonstrate how innovative material structures, electrochemical enhancements, and hybrid 

system designs support the next generation of strong, scalable, and environmentally friendly 

AOPs for degrading persistent and hazardous organic pollutants. 

4. Sol-gel method: 

4.1. Definition: 

The sol-gel method is a versatile wet-chemical synthesis technique widely employed for the 

preparation of inorganic materials, particularly metal oxides, with controlled composition, 

morphology, and microstructure. It involves the transition of a colloidal suspension (sol) into a 

three-dimensional continuous network (gel) through hydrolysis and polycondensation reactions 

of molecular precursors, typically metal alkoxides or inorganic salts [54]. This process operates 

under relatively low temperatures, enabling the production of materials with high purity, tunable 

porosity, and nanoscale particle sizes, making it particularly attractive for applications in 

photocatalysis, optics, sensors, and coatings [55].     

4.2. Sol-gel reactions:  

The sol-gel process proceeds through a sequence of hydrolysis and condensation reactions of 

metal alkoxide precursors, culminating in the formation of a three-dimensional oxide network. 

In the initial stage, metal alkoxides M(OR)n, such as titanium tetraisopropoxide (TTIP), 

undergo hydrolysis (equation I.8), where hydroxyl groups replace alkoxy groups through 
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nucleophilic attack by water molecules. This step is followed by condensation reactions 

(Equation I.9-10), which may proceed through either oxolation or alkoxolation pathways, 

generating metal-oxygen-metal (M-O-M) linkages and releasing small molecules such as 

alcohol or water. Ultimately, the transformation from a colloidal sol to a continuous gel network 

occurs, and subsequent drying and thermal treatment yield the targeted oxide material [38], 

[56]. The general reactions can be represented as [57]: 

a) Hydrolysis 

 M(OR)n+H2O→M(OR)n−1(OH)+ROH          (Equation I.8) 

b) Condensation 

(1) Oxolation (water release): 

 M-OH+M-OH→M-O-M+H2O                     (Equation I.9) 

 (2) Alcoxolation (alcohol release): 

 M-OR+M-OH→M-O-M+ROH                    (Equation I.10) 

These reactions are influenced by parameters such as precursor type, water/alkoxide molar 

ratio, pH, temperature, and the presence of catalysts, all of which determine the microstructure, 

porosity, and crystallinity of the final oxide material [56].  

4.3. Types of Sol-gel Processes: 

Sol-gel processes can be broadly categorized based on the nature of the precursor and the 

reaction pathway employed during synthesis[58]. Two principal approaches are commonly 

distinguished: (i) the aqueous sol-gel route, which using metal alkoxides or inorganic salts 

undergoing hydrolysis and condensation in water, and (ii) the non-aqueous sol-gel route, where 

organic solvents serve as the reaction medium, often enabling greater control over hydrolysis 

kinetics and particle morphology. The aqueous method is typically favoured for its cost-

effectiveness and environmental compatibility. In contrast, the non-aqueous approach offers 

enhanced tunability of nanoparticle characteristics, such as crystallinity, surface area, and 

porosity, due to the reduced rate of uncontrolled hydrolysis [59]. Hybrid sol-gel processes, 

which integrate organic and inorganic components, have also emerged to produce organic-

inorganic nanocomposites with tailored functionalities for specific applications [60]. The 

selection of a particular sol-gel type depends on factors such as the targeted material properties, 

precursor availability, and intended application in fields ranging from catalysis to biomedical 
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engineering. As conventional sol-gel methods are often limited by long reaction times and poor 

crystallinity, non-conventional sol-gel approaches have been developed to enhance the 

structural and photocatalytic properties of TiO₂ [61]. 

4.4. Factors influencing the Sol-gel method: 

The sol-gel method is susceptible to a range of physicochemical parameters that collectively 

govern the structure, morphology, and performance of the final material. Key factors include 

the precursor type and concentration, which determine the hydrolysis and condensation 

kinetics, as alkoxide precursors such as titanium isopropoxide (TTIP) hydrolyze at different 

rates depending on their alkyl chain length and steric effects [56,62]. The pH of the reaction 

medium critically influences the mechanism: acidic conditions generally promote linear 

polymeric networks via slower condensation, whereas basic conditions favour rapid nucleation 

and branched structures [63]. Water /alkoxide molar ratio (R) plays a pivotal role, with higher 

ratios accelerating hydrolysis but risking uncontrolled precipitation [64]. The type and 

concentration (acidic or basic) of catalyst alter both the rate and direction of sol-gel reactions, 

impacting particle size and porosity[62]. Furthermore, temperature and ageing time govern the 

extent of polycondensation and network crosslinking, thereby affecting crystallinity and surface 

area [59]. Finally, drying and calcination conditions dictate the removal of residual organics 

and the phase composition of the oxide, which in turn influences photocatalytic activity [65]. 

Optimization of these parameters is therefore essential to tailor the physicochemical properties 

of sol-gel-derived TiO₂ for specific applications such as photocatalysis. 

5. Titanium dioxide (TiO₂) as a photocatalyst:  

Titanium dioxide (TiO₂) is one of the most widely studied and applied photocatalysts due to its 

high oxidative potential, photostability, non-toxicity, and low cost[66]. Upon UV or near-UV 

irradiation, TiO₂ generates electron-hole pairs that participate in redox reactions, leading to the 

formation of reactive oxygen species (ROS) capable of degrading a wide range of organic 

pollutants. Among its polymorphs, anatase typically exhibits superior photocatalytic activity 

compared to rutile and brookite due to its higher surface area and charge carrier mobility. 

However, its wide band gap (~3.2 eV) limits its activation to UV light, which comprises only a 

small fraction of the solar spectrum. Recent research has focused on enhancing its visible-light 

activity through doping with metals or non-metals, surface modification, and heterojunction 

formation [67,68]. These advancements aim to expand their applicability in environmental 

remediation, particularly in wastewater treatment. 
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5.1. Principal crystallographic forms of Titanium dioxide: 

 

5.1.1. TiO2 rutile:  

 

Rutile (Figure I.1.A) constitutes the most abundant polymorph of titanium dioxide. Its name 

derives from its red hue, although it may also occur in yellow or black varieties. Rutile 

crystallises in a tetragonal Bravais lattice [69]. 

Structurally, rutile and anatase represent the most widespread crystalline forms of TiO₂. Its 

atomic arrangement is as follows: each TiO₆ octahedron shares two opposite edges with 

adjacent octahedra, forming one-dimensional chains aligned along the c-axis. These chains are 

interconnected with four neighbouring chains via corner-sharing. 

The oxygen planes and titanium-vacancy planes, oriented parallel to (100) and (010), are 

separated by a short interplanar spacing of d(100) = 1.148 Å, conferring a relatively high density 

(d = 4.24 g·cm⁻³) to rutile [66]. Vacancies within the titanium sublattice generate square-section 

tunnels along the [001] crystallographic direction. Morphologically, the rutile typically occurs 

as elongated prismatic crystals, in contrast to the octahedral habit of anatase. Above 

approximately 700 °C, anatase undergoes an irreversible phase transformation into rutile [70]. 

 

5.1.2. TiO2 anatase: 

Anatase Figure I.3 (B) represents another polymorphic form of titanium dioxide, crystallizing 

in the tetragonal system. Structurally, each TiO₆ octahedron shares edges with adjacent 

octahedra to form chains aligned along the a-axis, adopting a zigzag configuration along the c-

axis. This chain motif is also encountered in other TiO₂ polymorphs and certain sodium 

titanates. The chains are interconnected via corner-sharing along the b-axis, producing 

structural blocks, which subsequently link along the c-axis through edge-sharing to generate a 

three-dimensional framework [112]. In the crystallographic orientation, both oxygen atom 

planes and titanium vacancy planes are discernible. These planes are separated by an interplanar 

spacing of d₍₁₁₋₂₎ = 1.166 Å, slightly greater than that of rutile, resulting in a lower 

crystallographic density (d = 3.92 g·cm⁻³). Cationic vacancies within the planes give rise to 

tunnel-like channels extending in two symmetrically equivalent crystallographic directions, 

(100) and (010) [71,72]. Upon thermal treatment between 630 and 1050°C, anatase undergoes 

an irreversible phase transformation into rutile, the thermodynamically most stable TiO₂ 

polymorph. The transformation temperature increases with crystallite size, reflecting the 

competition between surface and bulk free energies [70]. 
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Figure I.3. Unit cell of (a) rutile and (b) anatase phases of TiO₂. The grey circles represent 

titanium atoms, and the red circles represent oxygen atoms. Both phases crystallize in the 

tetragonal system, with lattice constants a = 0.3785 nm and c = 0.9514 nm for anatase, and a 

= 0.4594 nm and c = 0.2958 nm for rutile, respectively [73]. 

5.2. Synthesis of TiO2 nanoparticles via non-conventional sol-gel method: 

Titanium dioxide (TiO₂) can be synthesized using various methods, each one provides a distinct 

control over morphology, crystallinity, and functional properties. Common approaches include 

hydrothermal and solvothermal synthesis[74], which promote crystal growth under elevated 

temperature and pressure; chemical vapor deposition [75], and physical vapor deposition [76] 

for precise thin-film fabrication; precipitation [77], and co-precipitation methods [78], which 

are cost-effective and straightforward but often yield a broader particle size distribution; and 

microwave-assisted [79] or green synthesis routes [80], which provide rapid and 

environmentally friendly processing.  

The sol-gel process is a versatile and cost-effective technique for synthesizing metal oxide 

nanoparticles, enabling precise control over size, morphology, and crystallinity through mild 

reaction conditions[81]. For the non-conventional sol-gel approach, modifications to classical 

protocols such as using precursor/solvent ratios, unconventional solvents, pH adjustments, or 

modified hydrolysis/condensation sequences are introduced to optimize particle uniformity, 

phase composition, and photocatalytic activity [82]. Titanium alkoxides, particularly titanium 

isopropoxide (TTIP), remain the most common precursors due to their high reactivity toward 

hydrolysis. The reaction proceeds through hydrolysis [38]: 

Ti(OR)4+4H2O→Ti(OH)4+4ROH               (Equation I.9) 
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followed by condensation: 

Ti(OH)4→TiO2+2H2O                                (Equation I.10) 

In non-conventional sol-gel approaches, parameters such as acidic catalysis (e.g., HNO₃, HCl) 

under controlled pH conditions are employed to inhibit precipitation and facilitate the formation 

of well-dispersed nanoparticles with tunable anatase/rutile phase ratios. Recent investigations 

have introduced methodological variations, including the utilisation of ethanol-water mixtures 

under reflux, low-temperature drying before calcination, and the incorporation of additives such 

as surfactants or biotemplates to enhance porosity and specific surface area [83]. For instance, 

Lukong et al. [1] demonstrated that controlled acid hydrolysis at pH 3 followed by low-

temperature drying yielded TiO₂ with high anatase purity and improved photocatalytic 

degradation of methylene blue [84]. Similarly, Nirmal Rajeev et al. synthesized mesoporous 

TiO₂ via a modified sol-gel route incorporating CTAB as a structure-directing agent, resulting 

in higher Congo red degradation rates under UV light [85]. Other studies investigate the 

synthesis of TiO2 via non-conventional sol-gel method [86,87]. These non-conventional 

adaptations facilitate the precise engineering of particle physicochemical properties, thereby 

optimising their performance for targeted photocatalytic and environmental applications. 

 

5.3. Parameters affecting the photocatalytic activity of TiO₂: 

The photocatalytic performance of TiO₂ is strongly influenced by different physicochemical 

parameters that determine its crystal structure, surface area, charge carrier dynamics, and light 

absorption properties. Among the most critical factors are the calcination temperature, which 

governs phase composition and crystallinity, and the amount of incorporated secondary 

materials, such as clays, metal oxides, carbonaceous phases, or dopants, which can modify 

surface reactivity, charge separation efficiency, and pollutant adsorption capacity. The 

optimization of these parameters is essential for maximizing the degradation efficiency of target 

contaminants in advanced oxidation processes (AOPs) [42]. 

5.3.1. Effect of calcination temperature:  

The calcination temperature is a key factor controlling the crystalline phase, crystallite size, and 

surface characteristics of TiO₂ nanoparticles. Anatase, the metastable phase with superior 

photocatalytic activity, generally forms at low to moderate calcination temperatures (300-500 

°C) and gradually transforms into the thermodynamically stable rutile phase at higher 

temperatures (≥600 °C) [88]. While increasing calcination temperature enhances crystallinity 
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and reduces bulk defects, thereby improving charge transport, it also promotes particle growth 

and reduces surface area, which can limit the number of active sites available for photocatalysis 

[89]. Optimal calcination temperatures, therefore, balance high crystallinity with sufficient 

surface area; for many sol-gel synthesized TiO₂ samples, this range is between 400 and 500 °C 

[90]. Beyond 700 °C, the anatase-to-rutile transition is typically complete, and the reduced band 

gap of rutile may shift light absorption toward the visible region. However, its higher electron-

hole recombination rate often lowers photocatalytic efficiency. Adjusting calcination 

temperature according to the synthesis route and intended application is thus critical for 

achieving optimal activity in environmental remediation [91]. 

5.3.2. Effect of incorporated material content:  

Incorporating secondary materials into TiO₂, such as natural clays, silica, alumina, graphene, 

carbon nanotubes, or metal oxides, can significantly influence its photocatalytic behaviour by 

modifying surface chemistry, morphology, and charge carrier dynamics [92]. The amount of the 

added phase is a crucial factor: low to moderate loadings often enhance photocatalytic activity 

by increasing surface area, improving pollutant adsorption, and promoting charge separation 

through heterojunction formation [93]. For example, coupling TiO₂ with layered clays such as 

bentonite can improve dispersibility and stability while reducing particle agglomeration, 

thereby preserving active surface sites [94]. In contrast, excessive incorporation may block light 

penetration to TiO₂ surfaces, introduce recombination centres, or dilute the active photocatalyst 

fraction, resulting in decreased performance as reported by Adhi Setiawan et al [34,95]. The 

optimal additive content depends on factors such as the additive type, synthesis method, and 

target pollutant. In many TiO₂-clay composites, the reported optimal range is typically between 

10 % and 50 % by weight, as noted by Laysandera et al. [96]. Systematic optimization of the 

additive loading is therefore crucial to fully exploit synergistic effects while minimizing 

potential adverse impacts. 

5.4. Photocatalytic mechanisms of TiO2 and activation under UV/Visible light:  

Figure I.4 illustrates the photocatalytic mechanism of TiO₂ under UV light irradiation. The 

photocatalytic activity of TiO₂ is primarily governed by its capacity to absorb photons and 

generate electron-hole (e⁻/h⁺) pairs, which subsequently trigger a cascade of redox reactions. 

Under UV irradiation (λ ≤ 387 nm), photons possessing energy equal to or greater than the 

bandgap of anatase (~3.2 eV) or rutile (~3.0 eV) promote the excitation of electrons from the 

valence band to the conduction band, thereby leaving behind oxidizing holes (h+). These photo-

https://www.researchgate.net/profile/Adhi-Setiawan?_sg%5B0%5D=Ybuuo1lHplJvWztczKE4h-jSXkf3bXqzvdvK7cETpFrYBDGzMqtqDN4MS2kxzpzspak1mW8.eIzkrDDkO6SfJbudoqAIAIk-MuoUURnbeCaThfXfaYyJ5kbCWMyrKGWeR2l_V8atpUPIH46yEJo8IiFZURpiHg&_sg%5B1%5D=TwquPs3qqOBOVLAC-zXPwNjLmQputUNyyyZDKIoM61e9qbc8StfsfKBV_tSDC1zycx4b104.e2MVQv3ythIXrSgYF7yGnkpXDTVtO3oTvzZ5hp0EBvgXXGceixwxZZQALczs2cZ-mkq98XADKn5aujh6z-kYIg&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
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generated charge carriers participate in surface reactions: (h⁺) oxidizes water or hydroxide ions 

to form highly reactive hydroxyl radicals (•OH), while e⁻ reduces molecular oxygen to 

superoxide radicals (O₂•⁻), both of which are potent oxidants responsible for degrading organic 

contaminants [97,98].  To extend activation into the visible spectrum, various strategies have 

been employed, such as doping with non-metals (e.g., N, F) or metals, and forming composites 

with carbonaceous materials or secondary oxides. Such modifications can introduce mid-gap 

states or reduce the effective bandgap, thereby enabling the excitation of electrons by lower-

energy photons within the visible-light range. For example, N-F co-doped TiO₂ facilitates 

electron promotion from nitrogen-derived mid-gap states to the conduction band under visible-

light irradiation. These states can subsequently be replenished via electron transfer from Ti³⁺ 

centres or oxygen vacancies, sustaining continuous charge excitation and the generation of 

reactive oxygen species (ROS) [99,100].  

 

           Figure I.4. Photocatalytic mechanism of TiO2 [101]. 

Carbonaceous materials, such as graphene, act as electron sinks, facilitating charge separation 

and suppressing recombination by accepting photo-generated electrons from TiO₂ due to their 

favourable Fermi levels, which enhances photocatalytic efficiency [102]. Collectively, these 

UV- and visible-light-induced pathways demonstrate the dual mechanisms by which TiO2 and 

its modified variants can harness solar spectra for environmental remediation, employing both 

high-energy excitation and engineered bandgap tailoring to utilise a broader range of light. 
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4.5. Limitations of TiO₂ photocatalysis: 

 Despite its excellent photocatalytic efficiency and chemical inertness, TiO₂ suffers from several 

intrinsic limitations that restrict its large-scale application. One of the primary drawbacks is the 

rapid recombination of photogenerated electron-hole (e⁻/h⁺) pairs, which significantly reduces 

the quantum efficiency of the photocatalytic process. This recombination competes with the 

redox reactions on the catalyst surface, thereby diminishing the generation of reactive oxygen 

species (ROS) [57,93]. Furthermore, the inherently wide bandgap of TiO₂ (~3.2 eV for anatase 

and ~3.0 eV for rutile) restricts its optical absorption predominantly to the ultraviolet region, 

which accounts for less than 5% of the solar spectrum. This spectral limitation substantially 

constrains its capacity to harness visible light for photocatalytic applications [3,4]. Additionally, 

TiO₂ undergoes progressive deactivation during repeated photocatalytic cycles due to surface 

passivation by adsorbed reaction intermediates, structural degradation under prolonged 

irradiation, or thermally induced phase transformations (e.g., anatase-to-rutile transition) at 

higher temperatures [100]. Addressing these limitations requires targeted strategies such as 

surface modification, heterojunction formation, doping with metals or non-metals, and coupling 

with narrow-band-gap semiconductors to extend the light absorption range and inhibit charge 

recombination [103]. 

5.6. Surface modification strategies of TiO₂: 

Surface modification strategies are widely employed to overcome the intrinsic limitations of 

TiO₂, such as its wide band gap and rapid electron-hole recombination, thereby improving 

photocatalytic activity under both UV and visible light. Common approaches include doping 

with nonmetals (e.g., N, C, S) or metals (e.g., Fe, Ag, Pt), coupling with other semiconductors 

(ZnO, WO₃, CdS), and integrating TiO₂ with high-surface-area supports such as clays [104]. 

Clays, particularly bentonite, montmorillonite, and kaolinite, offer layered structures, abundant 

hydroxyl groups, and high cation exchange capacity, which enhance TiO₂ dispersion, prevent 

nanoparticle agglomeration, and provide additional adsorption sites for pollutants, facilitating 

improved mass transfer during photocatalysis [105,106]. Moreover, the intercalation of TiO₂ 

into clay layers can create hybrid materials with synergistic adsorption and degradation 

functions, increasing photocatalytic efficiency in complex water matrices [106]. Other 

modifications, such as sensitization with dyes or carbon-based materials (graphene, carbon 

nanotubes), further extend light absorption into the visible range and inhibit recombination 

[107].  As a whole, these strategies engineer the surface chemistry, morphology, and electronic 
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structure of TiO₂ to align with the functional requirements of targeted environmental 

applications. 

6. Clay:  

Clay minerals have emerged as effective supports in photocatalysis due to their high surface 

area, layered structure, ion-exchange capacity, and tunable surface chemistry. Their 

incorporation with semiconductor photocatalysts, such as TiO₂, enhances the dispersion of 

active sites, improves light utilization, and facilitates pollutant adsorption, thereby promoting 

photocatalytic efficiency[108]. Moreover, clays such as bentonite, kaolinite, and 

montmorillonite provide structural stability, prevent nanoparticle aggregation, and enable 

controlled release of reactive species during photocatalytic reactions. The synergistic 

interaction between clay minerals and photocatalysts optimizes charge separation and enhances 

catalyst reusability, making clay-based composites promising candidates for sustainable water 

and wastewater treatment applications [109].  

6.1. General characteristics of clays:  

Clays are naturally occurring, fine-grained aluminosilicate minerals characterised by a layered 

phyllosilicate structure and particle sizes typically below 2 µm [110]. It exhibits high specific 

surface areas, significant cation exchange capacities (CEC), and variable surface charges, which 

give them notable adsorption and ion-exchange properties. Structurally, clay minerals consist 

of tetrahedral silica sheets and octahedral alumina or magnesia sheets arranged in various 

stacking sequences, leading to diverse clay types such as kaolinite, montmorillonite, and illite 

[111]. Their physicochemical properties, such as swelling capacity, thermal stability, and 

surface reactivity, are greatly influenced by their mineralogical composition, degree of 

crystallinity, and exchangeable cations. These features make clays versatile materials in 

environmental remediation, catalysis, and nanocomposite synthesis [108]. 

6.1.1. Mineralogy and crystallochemistry of clays: 

Clay rocks are silico-aluminous sedimentary rocks, composed mainly of phyllosilicates along 

with various other compounds such as quartz, carbonates, and iron or aluminium oxides. 

Figure I.5 illustrates the terminology used to define the structure of clays. Four levels of 

organization can be distinguished for clay minerals or phyllosilicates [72]: 

 Planes : formed by atoms. 

 Sheets: tetrahedral or octahedral, formed by a combination of planes. 
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 Layers: correspond to combinations of sheets. 

 Crystal: results from the stacking of several layers. 

 

 

Figure I.5. Structure of phyllosilicates [112]. 

6.1.2. Structural elements of clay minerals: 

 

Layered clays are phyllosilicates whose fundamental structural unit is the layer (Figure I.6). 

Each layer comprises a stacking of tetrahedral (T) and octahedral (O) sheets. These sheets are 

formed by the superposition of oxygen planes that define cavities with either tetrahedral or 

octahedral geometry. Incorporating cations within these cavities ensures the structural stability 

of the layer. Si⁴+ ions typically occupy tetrahedral sites, whereas octahedral sites host Al³⁺ or 

Mg²⁺ ions [113]. Others of different chemical nature may substitute these cations, but with 

comparable ionic radius, such as Al³⁺ and Fe³⁺ in tetrahedral sites, or Mg²⁺, Fe³⁺, Fe²⁺, or Li⁺ in 

octahedral sites. Heterovalent substitutions (e.g., Si⁴⁺ → Al³⁺ or Al³⁺ → Fe²⁺) generate a charge 

imbalance, which is generally compensated by hydrated or non-hydrated cations in the 
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interlayer space[114]. Different clay types are distinguished based on the nature of their layers. 

 

Figure I.6. Structure of clay [72]. 

 

6.1.3. Classification  

The classification of clay minerals is primarily determined by the following structural 

parameters: Layer stacking sequence: T/O (1:1), T/O/T (2:1), or T/O/T/O (2:1:1), Nature of the 

octahedral cations, Magnitude of the layer charge, Composition of the interlayer space, 

including exchangeable cations, water molecules, or other species. Two principal layer types 

are commonly distinguished: TO (1:1) layers, composed of one tetrahedral (T) sheet directly 
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bonded to one octahedral (O) sheet, and TOT (2:1) layers, consisting of an octahedral sheet 

sandwiched between two tetrahedral sheets. 

Table I.3. Classification of phyllosilicates recommended by AIPEA. Examples of species 

occurring in soils are underlined. Species marked with an asterisk occur only in soils from 

Brazil and Georgia, USA, and are rare in temperate soils [72]. 

 

Layer 

Type 

Interlayer 

Filling 

Layer Charge 

for O₁₀(OH)₂ 

Group Subgroup (based 

on octahedral 

nature) 

Example 

 

 

1:1 

 

 

Empty or H₂O 

 

 

x ≈ 0 

 

 

Serpentine-

kaolinite 

Serpentine 

(trioctahedral) 

Berthierine, 

Odinite, 

Cronstedtite 

Kaolinite 

(dioctahedral) 

 

Kaolinite 

2:1 Empty x ≈ 0 Talc–

pyrophyllite 

Talc 

(trioctahedral) 

– 

Pyrophyllite 

(dioctahedral) 

– 

 

 

 

 

2:1 

 

 

 

 

Hydrated 

exchangeable 

cations 

x ≈ 0.2 to 0.6 

(tetrahedral or 

octahedral) 

 

Smectite 

Saponite 

(trioctahedral) 

– 

Montmorillonite 

(dioctahedral) 

Montmorillonite 

x ≈ 0.2 to 0.9 

(tetrahedral or 

octahedral) 

 

Vermiculite 

Trioctahedral – 

Dioctahedral  

– 

 

 

 

2:1 

 

 

Non-hydrated 

cations 

 

x ≈ 0.5 to 1 

(tetrahedral) 

x ≈ 0.2 

(tetrahedral) 

 

Mica 

 

Trioctahedral 

 

              

– 

Dioctahedral Muscovite, Illite 

 

Brittle mica 

Trioctahedral – 

Dioctahedral  

– 

 

 

2:1:1 

 

 

Hydroxides 

 

 

x variable, iron 

excess in the 

hydroxide layer 

x variable, iron 

excess in the 

hydroxide layer 

 

 

Chlorite 

 

 

 

 

 

 

Trioctahedral Chamosite 

 

 

Dioctahedral 

 

 

– 
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Table I.3 summarizes the AIPEA classification of phyllosilicates based on layer structure (1:1, 

2:1, 2:1:1), interlayer composition, and layer charge. Mineral groups such as serpentine-

kaolinite, talc-pyrophyllite, smectite, vermiculite, mica, brittle mica, and chlorite are further 

divided into dioctahedral or trioctahedral subgroups. Representative species, with soil-

occurring types underlined, illustrate the diversity of structural and compositional variations 

influencing physicochemical properties and environmental behaviour. 

6.1.4. Role of clays as supports in photocatalysis: 

Clays have emerged as versatile and cost-effective supports for photocatalysts due to their 

layered structure, high specific surface area, tunable porosity, and inherent ion-exchange 

capacity. These characteristics facilitate the uniform dispersion of semiconductor nanoparticles, 

such as TiO₂, and reduce agglomeration, thereby increasing the number of active sites available 

for photocatalytic reactions [94]. Furthermore, clays can enhance the adsorption of target 

pollutants, promoting a synergistic "adsorption–photodegradation" mechanism that improves 

degradation efficiency. Their structural stability under irradiation and in aqueous media also 

contributes to catalytic reusability [105]. Recent studies have demonstrated that clay-TiO₂ 

composites exhibit superior photocatalytic performance compared to bare TiO₂, particularly in 

the degradation of dyes and emerging contaminants. For example, Laysandra et al. reported that 

TiO₂ immobilized on bentonite significantly enhanced Rhodamine B and methylene blue 

degradation under UV-Vis light, attributing the improvement to increased surface hydroxyl 

groups and efficient charge separation [96]. 

 

Figure I.7. Schematic representation of clay-based photocatalysts and their mechanism for 

organic pollutant degradation  [115]. 
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Similarly, clay-supported photocatalysts have been applied for the removal of pharmaceutical 

residues and heavy metals, highlighting their adaptability across environmental remediation 

contexts [116]. This dual function, serving both as an adsorbent and as a stable support matrix, 

positions clays as strategic materials for developing high-performance, sustainable 

photocatalytic systems.  Figure I.6 illustrates the structure and functional mechanism of clay-

based photocatalysts for the degradation of organic pollutants, highlighting the synergistic 

interactions between the clay support and the semiconductor phase. The montmorillonite (2:1) 

layered silicate provides a high specific surface area, interlayer space, and exchangeable 

cations, enabling efficient adsorption of pollutants and uniform dispersion of photocatalytic 

nanoparticles such as TiO₂ and BiOX. Upon photoexcitation, these semiconductors generate 

electron-hole pairs, which then participate in redox reactions with surface-adsorbed water and 

oxygen to produce reactive oxygen species (•OH, O2
•⁻). These radicals initiate oxidative 

degradation of organic contaminants, ultimately yielding CO₂ and H₂O [115]. The incorporation 

of clay not only enhances the adsorption capacity and pollutant pre-concentration near active 

sites but also improves charge carrier separation and prevents photocatalyst agglomeration, 

thereby substantially increasing the overall photocatalytic efficiency through a combined 

adsorption-photodegradation mechanism [117]. 

6.2. Bentonite: 

6.2.1. Structural characteristics and surface properties of bentonite: 

Bentonite is a natural smectite clay predominantly composed of montmorillonite, a 2:1 layered 

phyllosilicate in which an octahedral alumina sheet is sandwiched between two tetrahedral 

silica sheets [115,118]. Isomorphic substitutions within these layers, commonly Mg²⁺ for Al³⁺ 

in the octahedral sheet or Al³⁺ for Si⁴⁺ in the tetrahedral sheet, generate a permanent negative 

layer charge, balanced by exchangeable cations (Na⁺, Ca²⁺, K⁺) in the interlayer spaces. This 

structural arrangement endows bentonite with a high cation-exchange capacity (CEC), a 

significant specific surface area, and swelling capacity, enabling the intercalation of organic or 

inorganic species and the effective dispersion of nanoparticles [119]. The surface chemistry is 

dominated by silanol (Si-OH) and aluminol (Al-OH) groups, which can act as reactive sites for 

adsorption, ion exchange, or chemical modification, enhancing compatibility with 

photocatalytic oxides such as TiO₂. Furthermore, the combination of micro and mesoporosity 

facilitates mass transfer and pollutant adsorption, while the layered morphology contributes to 

mechanical stability in composite photocatalysts [34], [111]. 
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Figure I.8. Structure of bentonite clay [120]. 

6.2.2. Adsorption and ion-exchange mechanisms of bentonite in the photocatalytic process:  

The adsorption and ion-exchange properties of clay minerals, particularly bentonite, are 

essential for enhancing photocatalytic processes by promoting pollutant pre-concentration and 

regulating surface charge. The layered structure of bentonite, primarily consisting of negatively 

charged aluminosilicate sheets, facilitates cation exchange through its interlayer spaces, thereby 

effectively sequestering dye molecules and metal ions from aqueous solutions [121].  

 

Figure I.9. Charge transfer mechanism for the degradation of phenol on TiO2-BiOBr-

bentonite ternary heterostructures [115].  
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This pre-adsorption enhances photocatalytic degradation by increasing the local pollutant 

concentration at the surface of the semiconductor, thereby improving charge transfer and the 

formation of reactive oxygen species [116,121]. Additionally, ion-exchange sites in bentonite 

can hold metal cations or semiconductor nanoparticles, stabilising them against aggregation and 

boosting interfacial electron transport [122]. For example, when integrated into hybrid 

photocatalysts like TiO₂-BiOBr-bentonite ternary heterostructures, these properties work 

together to improve light absorption, extend charge carrier lifetimes, and reduce electron-hole 

recombination through effective interfacial charge separation. This cooperative effect is 

schematically shown in Figure I.9. [115,119]. Recent research demonstrates that such clay-

based composites have superior photocatalytic efficiency in the degradation of organic 

compounds due to the combined adsorption-photocatalysis process [113,122, 123]. 

7. TiO₂-Bentonite composites: 

7.1. Techniques of synthesis: 

The synthesis of TiO₂-bentonite composites has been widely investigated as a strategy to 

improve photocatalytic efficiency by harnessing the synergistic interaction between titanium 

dioxide and the high surface area, adsorption capacity, and ion-exchange properties of 

bentonite. A wide range of preparation methods has been reported, each conferring specific 

physicochemical attributes that critically determine the structural organization, surface 

properties, and catalytic performance of the resulting composites. Among these, the sol-gel 

method remains one of the most widely employed due to its ability to produce homogeneous 

dispersions of TiO₂ nanoparticles on bentonite surfaces, precise control over particle size, and 

tunable crystallinity through calcination [92], [124]. In this process, titanium precursors such 

as titanium isopropoxide (TTIP) undergo hydrolysis and condensation in the presence of 

dispersed bentonite, followed by drying and thermal treatment to achieve the desired anatase or 

mixed-phase composition [125]. Alternative methods include hydrothermal synthesis, which 

promotes strong interfacial bonding between TiO₂ and bentonite layers through crystallization 

under high-temperature and high-pressure aqueous conditions, resulting in enhanced structural 

stability and improved charge separation efficiency [126]. Impregnation and precipitation 

techniques are also frequently utilized, offering simplicity and scalability; however, these 

methods often yield less uniform TiO₂ distribution compared to sol-gel and hydrothermal 

approaches [118,127]. More recently, ultrasound-assisted and microwave-assisted syntheses 

have gained attention for their ability to accelerate reaction kinetics, improve TiO₂ dispersion 

within bentonite matrices, and reduce energy consumption [128]. The choice of synthesis 
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technique directly impacts textural properties, surface chemistry, and ultimately the 

photocatalytic degradation efficiency toward refractory organic pollutants. 

7.1.1. Synthesis of TiO₂-Bentonite composites using sol-gel method:  

 

The sol-gel method is a widely employed and versatile approach for synthesizing TiO₂-

bentonite composites, distinguished by its capacity to yield high-purity materials with uniform 

dispersion of active phases and controllable physicochemical properties. This method involves 

the hydrolysis and condensation of metal alkoxides or inorganic precursors under controlled 

conditions, enabling the formation of a colloidal sol that gradually evolves into a gel network. 

Incorporating bentonite into the sol-gel matrix enhances the surface area, adsorption capacity, 

and stability of the resulting photocatalyst, while also improving the dispersion of TiO₂ 

nanoparticles and reducing agglomeration. The layered silicate structure and high cation-

exchange capacity of bentonite provide favourable sites for the immobilization of TiO₂, which 

in turn facilitates charge separation and enhances photocatalytic efficiency. Various synthesis 

parameters, including precursor type, pH, calcination temperature, and TiO₂ loading, 

significantly influence the structural, textural, and optical properties of the composite material 

[125,127,129]. Rapsomanikis et al. synthesized TiO₂-halloysite clay composites via the sol-gel 

method for the photocatalytic degradation of BB41. A distinctive aspect of this photocatalyst 

was the surface modification with silver particles, achieved by immersing the composite films 

in a 1.0 mM AgNO₃ solution for 10-20 minutes, followed by rinsing with double-distilled water 

and drying under nitrogen. Subsequent UV irradiation facilitated the reduction of Ag⁺ to 

metallic Ag⁰. The presence of these Ag nanoparticles was shown to enhance charge carrier 

separation in TiO₂, thereby improving its photocatalytic performance [130]. Incorporation of 

Ag nanoparticles, such as in Ag-AgCl-doped TiO₂-palygorskite, enhances visible-light 

responsiveness and significantly improves photocatalytic performance for Rhodamine B 

degradation [131]. In addition, the spectral response of TiO₂ can be extended by coupling with 

metal oxides such as Fe₂O₃, which exhibits strong visible-light photoactivity via Fenton-type 

processes. When incorporated into bentonite-supported TiO₂ through a sol-gel method, Fe₂O₃ 

significantly enhanced the photocatalytic degradation of methylene blue, achieving complete 

degradation within 2 hours. Beyond improving visible-light absorption, the magnetic properties 

of Fe₂O₃ also enabled facile recovery and reuse of the catalyst, enhancing its practical 

applicability [132]. Table I.4 provides a concise overview of the synthesis strategies and 

applications of various titania-clay composites in dye degradation through photocatalysis. A 

comparative analysis by Asma Raza et al [94] indicates that the sol-gel approach is the most 
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widely employed method for fabricating titania-clay composites, relative to other reported 

techniques. 

Table I.4. Summary of the synthesis of TiO2-Bentonite composites and photocatalytic 

operational conditions reported in recent literature. 

Catalyst composites Method Pollutants Operating 
conditions 

R (%) Ref 

TiO2- Bentonite 

composites 

Sol gel  

methyl orange 

[MeO]0=10 mg/L 

pH 3 and 10 

Lamp (UV-LRGP) 

 

100 

[133] 

TiO2- Bentonite 

composites 

Sol-gel-

assisted 

microwave 

 

methylene blue 

Amount of catalyst 

(10 mg) 

UV lamp (64 W)  

 

98 

 

[134] 

TiO2- Bentonite 

composites 

      

        Sol-gel 

 

crude oil 

150W UV (λ= 240-

580 nm) 

20mWcm-2 

 

52 
 

[135] 

 Cu/TiO2/bentonite Thermal 

decomposition 

Deltamethrin pH 12, natural 

sunlight 

    97.48 [113] 

 

TiO2/Bentonite/ZnO 

 

Sol gel 

 

methyl orange 

pH=5, [MeO]0=20 

ppm, Amount of 

catalyst (4 g/L) 

 

95 

 

[136] 

 

TiO2- Bentonite 

composites 

 

 

impregnation 

 

methylene blue 

Amount of catalyst  

(5 mg), [MeB]0=50 

ppm, 10-watt UV 

lamp 

     

     99.91 

 

[137] 

 

Bentonite/TiO2/Ag 

 

Sol gel 

 

Direct red 80 

Amount of catalyst 

(0.03 g), 10mg/L, 

UV lamp  

       

        77 

 

 

 

[138] 

 

7.1.2. Role of bentonite loading:   

Bentonite incorporation influences the structural and photocatalytic performance of TiO₂-

bentonite composites by controlling surface area, porosity, and light-harvesting capacity[139]. 

Optimal bentonite content facilitates uniform nanoparticle dispersion, prevents TiO₂ 

agglomeration, and provides an abundance of active sites for adsorption-photodegradation 

processes [118]. However, excessive bentonite content can dilute the active TiO₂ phase, 

reducing light absorption and limiting electron-hole pair generation. In contrast, insufficient 

bentonite may result in particle aggregation and lower pollutant adsorption capacity [140]. For 
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TiO₂/ clinoptilolite prepared by the sol-gel method, a 90/10 ratio demonstrated the highest 

activity, as lower clay content increased surface area, enhanced degradation of cyanide and MV-

2B dye, and aided catalyst recovery by preventing TiO₂ agglomeration [94]. Recent 

investigations indicate that optimized bentonite/TiO₂ ratios, typically within the range of  20-

50 wt%, can significantly enhance photocatalytic efficiency; for example, composites 

containing ~20 % TiO₂ on bentonite achieved up to 99.94 % methylene blue removal under UV 

irradiation, the findings highlight that an optimised bentonite loading balances surface area, 

adsorption capacity, and active site availability, thereby improving charge separation and 

minimising electron-hole recombination, which are crucial for effective photocatalysis in 

environmental remediation [118].  

8. Conclusion 

This chapter has established the theoretical foundation of the present study, beginning with a 

comprehensive examination of refractory organic pollutants (ROPs), their physicochemical 

attributes, persistence within environmental matrices, and the consequent ecological and human 

health risks. Emphasis was accorded to Rhodamine B, chosen as a model compound because 

of its extensive application, pronounced chemical stability, and resistance to conventional 

treatment processes. A critical review of advanced oxidation processes (AOPs) highlighted 

heterogeneous semiconductor photocatalysis as a particularly promising route for the 

degradation of such pollutants, offering the potential for complete degradation under 

appropriate operational conditions. Within this context, the sol-gel method was presented as a 

versatile and controllable synthesis route for nanostructured photocatalysts, enabling precise 

modulation of textural, morphological, and optical properties. Titanium dioxide (TiO₂), as the 

most extensively studied photocatalyst, was discussed in terms of its crystalline phases, key 

operational parameters, and inherent limitations, including electron-hole recombination and 

restricted visible-light activity. The incorporation of clay minerals, notably bentonite, was 

identified as an effective strategy to enhance photocatalytic performance by improving TiO₂ 

dispersion, increasing surface area, and augmenting pollutant adsorption capacity. The 

synthesis and optimization of TiO₂-bentonite composites via the sol-gel method, along with an 

evaluation of bentonite loading effects, emerged as a critical research direction to overcome 

existing performance limitations. These considerations provide the conceptual foundation and 

scientific rationale for the experimental investigations detailed in the subsequent chapters 
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1. Introduction  

 

In this chapter, the experimental methodology and characterization techniques employed in this 

thesis are presented, including the chemical reagents, catalyst synthesis protocols, and 

photocatalytic evaluation. The characterization techniques employed include thermo-

gravimetric and differential scanning calorimetry (TG/DSC), X-ray diffraction (XRD), 

Brunauer-Emmett-Teller (BET) surface area analysis, Fourier-transform infrared spectroscopy 

with attenuated total reflectance (FTIR-ATR), point of zero charge determination (pHpzc), and 

UV–Vis diffuse reflectance spectroscopy (UV-Vis DRS).  

 

2. Experimental procedures:  

 
2.1. Chemicals: 

 
 The chemicals II.1 were used without prior purification to synthesize the catalysts or adjust 

the pH of solutions. 

 

Table II.1. Chemical product properties and utilisation 

 

Chemical 

product 

Formula  Purty Provenance Utilisation 

Titanium tetra- 

isopropoxide  

Ti (OC3H7)4 97% Sigma-Aldrich  
 

 

Reagents of synthesis 
Nitric acid  HNO3 69% Sigma-Aldrich 

Ethanol  C2H5OH 96% Riedel-de Haen 

Sulfuric acid  H2SO4 96% Sigma-Aldrich Adjustment 

of pH Sodium 

Hydroxide  

NaOH ≥ 97% Biochem 

Chemopharma 

Distilled water  H2O      - LAMES laboratory Preparation of the 

solution and the 

hydrolysing agent 

Degussa P-25 TiO2 

 

99.5 Sigma Aldrich Comparison with 

the synthesized 

TiO2 

Bentonite  Al2O3 2SiO2 2H2O Natural 

product  

Western Algeria  Synthesis of 

TiO2-BN 

composite 

 The Rhodamine B dye (RhB) has been selected as a model of organic pollutants in this 

study. Table II.2 shows its physicochemical properties. Rhodamine B is a synthetic organic 
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dye commonly used as a tracer in water studies to evaluate flow characteristics, including 

volume, rate, and direction. Due to their fluorescent properties, rhodamine dyes can be 

detected efficiently and cost-effectively using devices known as fluorometers. As an 

artificial dye, it exhibits low biodegradability and can remain in aquatic environments, 

causing environmental problems.  

Table II.2. Physicochemical properties of Rhodamine B dye 

 

A scan over a range of 200 to 800 nm was carried out for a solution of RhBat a concentration 

of 10 mg/L in a natural pH of 4.80. According to the absorption spectrum, the maximum 

absorption wavelength of Rhodamine B is 553 nm, as shown in the Figure II.3 (a).  

Commune name        Rhodamine B            

 
Chemical formula   

O

O

OH

N N
+

CH3

CH3 CH3

CH3
Cl-  

Name (IUPAC) Chloride of [9-(2-carboxyphenyl)-6-diethylamino-3-

xanthenylidene]-diethylammonium 

Chemical formula  C28H31CIN2O3 

Molecular weight (g/mol) 479.02 

pKa 3.4 

λmax (nm) 553 

Solubility (mg.L–1) 1,2 × 104 

Henry constant (atm .m3. mol–

1) 

2,2 × 10–21 

Class Cationic dye 

Name (CI)  Basic Violet 10 

Henry constant 2,2 × 10–21 
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Figure II.1. (a) Absorption spectrum of Rhodamine B in aqueous solution (10 mg/L), 

(b) Rhodamine B calibration curve 

The calibration curve was established using RhB dye solutions at various concentrations, as 

measured by UV spectroscopy. The RhB concentrations ranged from 1 to 10 mg/L. The 

calibration was performed within the linear range defined by the Beer-Lambert law and was 

subsequently used to convert absorbance values obtained during the photodegradation 

experiments into RhB concentrations. The final dye concentration was determined from 

absorbance values using the following equation:  

     𝐶 =
A−intercept

slope
       (Equation II.1) 

C represents the concentration of RhB in solution, and A is the absorbance measured at 553 

nm. 

 2.2. Photocatalyst preparation:  

 2.2.1. Synthesis of TiO2 nanoparticles:  

The synthesis of TiO2 nanoparticles was carried out using a non-conventional sol-gel method, 

as described by V.T. Lukong et al [1]. In this study, Titanium tetraisopropoxide was dissolved 

in ethanol (1:5 v/v) under vigorous stirring (550 rpm) at ambient temperature for 30 minutes, 

forming a white colloidal suspension. A diluted HNO3 solution (pH = 3) was then gradually 

added dropwise to facilitate precursor hydrolysis. The mixture was stirred at 60°C for another 

hour to ensure complete hydrolysis and then dried at 100°C. The obtained titania xerogel was 
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crushed and calcined at 400, 600, and 800°C for 2 hours to get a nanocrystalline TiO2. The 

experimental scheme is shown below in Figure II.3: 

 

 

Figure II.2. Flow chart of the synthesis method of TiO2 nanoparticles by the non-

conventional sol-gel method. 

                         

2.2.2. Synthesis of TiO2-bentonite composites (TiO2-BN):  

 

Before using the clay, a portion of bentonite was washed with distilled water and dried in an 

oven for 24 hours at 105°C to remove impurities.  

Titanium dioxide/Bentonite composites (TiO2-BN) were synthesized at different weight ratios 

of TiO2 (10%, 30%, and 50%) using the non-conventional sol-gel method, which involved the 

synthesis of TiO2 nanoparticles as shown in the Figure II.3. A known amount was added to the 

mixture of the Titanium tetra-isopropoxide and ethanol after stirring for 30 min (550 rpm). The 

nitric acid (pH 3) was added dropwise under continuous stirring. The mixture was stirred and 

heated at 60°C for another hour. After being dyed at 100°C for 24 hours, the sample was 

calcined at 400°C for 2 hours to obtain the TiO2-BN composites. Figure II.5 displays the 

morphological appearance of the raw bentonite, TiO₂-400, and the 50% TiO₂-bentonite 

composite samples. The observed variation in colour and texture among the samples reflects 

the physicochemical changes induced by the incorporation of TiO₂ into the bentonite matrix. 
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Figure II.3. Flow chart of the synthesis method of TiO2-BN composites by non- 

conventional sol-gel method. 

 

 
 

 

Figure II.4. Physical aspect of Bentonite, TiO₂-400 °C, and 50% TiO₂-BN samples  

 

2.3. Photocatalytic studies:  

 

This test examines the photodegradation of a persistent organic pollutant through the 

heterogeneous photocatalysis process, used the synthesised samples. Figure II.6 illustrates that 
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the cylindrical water-jacketed photoreactor (400 ml) promotes the homogeneity of mobile 

photocatalyst diffusion with a magnetic stirrer. A commercial UV lamp (λ = 254 nm, intensity 

= 5400 μW/cm²) served as the light source; another lamp was used to compare the effect of 

intensity and wavelength (λ = 365 nm, intensity = 1280 μW/cm²) on the photodegradation 

process. The photocatalytic activity of the samples was evaluated at room temperature. Before 

the photodegradation tests, the suspension was vigorously stirred magnetically in the dark for 

30 minutes under constant stirring at 350 rpm to ensure adsorption-desorption equilibrium.  

During the experiment, aliquots (5 mL) were drawn from the suspension at regular intervals 

and centrifuged at 3500 rpm for 15 minutes to remove solids. The residual concentration was 

analyzed using UV–vis spectrophotometry (JENWAY 6300, U.K.). The concentration of RhB 

after illumination was monitored at λ = 553. The photodegradation efficiency (R%) was 

substantially estimated from the equation:  

 

                𝑹(%) = (
𝑪𝟎−𝑪𝒕

𝑪𝟎
) × 𝟏𝟎𝟎        (Equation II.2) 

 

C0 and Ct are the dye concentrations at the initial and defined time t, respectively. 

 

 

Figure II.5. Photocatalytic Reactor Setup for UV Irradiation Experiments. 

3. Characterization techniques:  

3.1. X-ray diffraction (XRD):  
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X-ray diffraction (XRD) is an analytical technique used to measure the average spacing between 

different crystalline planes, determine the orientation of a single crystal or grain, study the 

crystal structure of an unknown material, and measure the size, shape, and internal stress of 

small crystalline regions. Since the wavelength of X-rays is in the range of the distances 

between the atoms in a crystal lattice, a special interference phenomenon of diffraction can 

provide information about the distances between the atoms. X-ray wavelengths typically range 

from approximately 10 nm to 0.01 Å (1 × 10⁻³ nm) [2]. X-ray diffraction (XRD) analyses were 

performed using a Bruker D2 PHASER diffractometer employing Cu Kα radiation (λ = 1.5406 

Å). Data were collected over a 2θ range of 10-80° in continuous scanning mode, with a step 

size of 0.010° and a counting time of 19.10 s per step.  

 

Figure. II.6. Bruker 2D PHASER diffractometer used for XRD measurements 

 (Technology platform for the physicochemical Analysis, CRAPC, University of Constantine, 

Algeria) 

This technique involves placing material onto a cylindrical sample holder, which is positioned 

at the centre of the diffractometer chamber and rotates around a vertical axis. The 

electromagnetic waves (X-rays) of wavelength λ that are applied to the sample interact with the 

electron clouds of the atoms comprising the crystal lattice of the material, characterized by 

interplanar spacings hkl, where h, k, and l are Miller indices. The diffracted rays are detected 

as signals, which are subsequently processed to enable the identification of crystalline phases 

and the determination of the unit cell parameters of the analyzed sample. Bragg’s law (Equation 

II.3) demonstrates that the diffraction angles are related to the characteristics of the crystal 

lattice and the incident radiation (wavelength λ) (see Figure II.8). Thus, each family of 

crystallographic planes (hkl) corresponds to a diffracted ray. 
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2.dhkl sinn.(Equation II.3)

Where: 

 hkl (Å): interplanar distance between two planes of the (hkl) family; 

 θ (°): angle between the incident and diffracted beams (Bragg angle); 

 λ (Å): wavelength of the incident beam; 

 n: order of Bragg diffraction. 

 
 

Figure II.7. schematic diagram of Bragg’s law [2]. 

 

 

3.2. Transform Infrared Spectroscopy- Attenuated Total Reflectance (FTIR-ATR): 

 

Attenuated total reflectance (ATR) is the most widely used sampling methodology for Fourier 

transform infrared (FTIR) spectroscopy (Figure II.9). ATR-FTIR quickly and easily measures 

a broad range of sample types, including liquids, solids, powders, semisolids, and pastes. 

Fourier-transform infrared (FTIR) spectroscopy is a non-destructive absorption spectroscopic 

technique. This characterization method allows the identification of functional groups present 

in the sample based on the vibrational modes of molecular bonds. The infrared radiation range 

is divided into near, mid, and far IR. We are particularly interested in the mid-IR region [4000-

400 cm⁻¹], which corresponds to the molecular vibration domain. FTIR analysis was conducted 

at the technology platform laboratory (CRAPC, University of Biskra). 

https://www.agilent.com/en/product/molecular-spectroscopy/ftir-%20spectroscopy
https://www.agilent.com/en/product/molecular-spectroscopy/ftir-%20spectroscopy
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Figure II.8. Spectrometer Agilent for FTIR/ATR analysis, Technology platform for the 

physicochemical Analysis, CRAPC, University of Biskra, Algeria. 

 

 3.3. Morphological analysis (SEM/EDX): 

In this study, scanning electron microscopy (SEM) coupled with energy-dispersive X-ray 

spectroscopy (EDX) was performed at the Technology Platform for Physicochemical Analysis 

of Materials, CRAPC, University of Constantine. SEM analysis is a non-destructive technique 

for characterising solid samples. The microscope operated at an accelerating voltage of 20 kV. 

It aims to image the microstructural characteristics of solid specimens, such as morphology, 

surface topography, and composition on the micrometre scale. The SEM technique relies on 

the emission of electrons produced by the cathode (primary electrons) and the detection of 

secondary electrons that emerge from the surface upon the impact of primary electrons. The 

images are generated by collecting secondary electrons with a detector consisting of a 

scintillator coupled to a photomultiplier. In general, the energy dispersive spectrometry (EDX) 

coupled with SEM is used to analyse and perform quantitative assessments of the chemical 

composition of samples . 
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Figure II.9. (a) scanning electron microscopy (SEM) and (b) Energy dispersive spectrometry 

(EDX), Technology platform for the physicochemical Analysis, CRAPC, University of 

Constantine, Algeria. 

 

1.4. Brunauer- Emmett- Teller (BET) : 

The specific surface area of the samples studied was measured using the BET (Brunauer-

Emmett-Teller) method. The principle of this method is based on the physisorption of gas 

molecules onto the surface of the solid; in this study, nitrogen was employed as the 

adsorbate. The quantity of gas physisorbed at the material's surface is measured under 

specific temperature and relative pressure P/P0 of the gas used, where P0 is the saturation 

vapour pressure of the gas. This analysis was conducted at the technology platform for the 

physicochemical Analysis, CRAPC, University of Constantine. The instrument used was a 

Nitrogen adsorption apparatus (2017, Quantachrome, version 5.21) (Figure II.11). After 

degassing at 80°C under vacuum for 600 min, the mass of the sample was measured before 

and after analysis. 
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Figure II.10. Nitrogen adsorption apparatus (2017, Quantachrome instruments, version 5.21) 

(Technology platform for the physicochemical Analysis, CRAPC, University of Constantine, 

Algeria). 

 

3.5. Thermogravimetric-differential scanning calorimetry (TG/DSC): 

Thermogravimetry/Differential Scanning Calorimetry (TG/DSC) is a coupled thermal analysis 

technique that simultaneously monitors mass variations and heat flow of a sample under a 

controlled atmosphere (inert or oxidizing). Thermogravimetry (TG) measures the sample's loss 

or gain of mass, enabling the detection of phenomena such as dehydration, thermal 

decomposition, or oxidation. On the other hand, DSC (Differential Scanning Calorimetry) 

records the heat flows associated with physical or chemical transformations (endothermic or 

exothermic reactions), such as melting, crystallisation, or phase transitions. The TG/DSC 

combination provides valuable information for characterising the studied materials' thermal 

stability, decomposition stages, and thermodynamic properties. In our study, the thermal 

transformation of TiO2-xerogel was analyzed using differential thermal scanning calorimetry 

and thermal gravimetric analysis (TG/DSC) with the Mettler Toledo STARe System TGA/DSC 

3+ instrument, applying a heating rate of 10°C/min from room temperature to 1000 °C, 

followed by cooling back to room temperature. The analysis took place at the technology 

platform for the physicochemical analysis of materials, CRAPC, University of Constantine.   
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Figure II.11. Differential thermal scanning calorimetric and thermal gravimetric analysis 

(TG/DSC) apparatus. (Technology platform for the physicochemical Analysis, CRAPC, 

University of Constantine, Algeria). 

 

3.6. UV/Visible spectroscopy 

 

The spectroscopic technique was used to determine the band gap energy (Eg) of synthesized 

TiO2 samples.  In our study, the ultraviolet-visible (UV-vis) spectroscopic analysis of our 

samples was carried out at the research laboratory of the Laboratory USTHB university in the 

200-900 nm range using a UV-Visible spectrometer (UV-VIS Double-Beam 

Spectrophotometer from Jasco (model V-650) (Figure II.13). The gap energies (Eg) were 

calculated using the Tauc formula (equations II.4 and II.5): 

 

F (R) (hv)2 A hv Eg                 (Equation II.4) 
 

F (R) 1R / 2R(Equation II.5)

 

Where: 

F(R) :  Kubelka-Munk equation 

ⱨυ: lumineuses Energy 

A: constant  

Eg: Band gap Energy  

The principle of this technique is based on the interaction of light with matter. When a beam of 

light of intensity I₀ strikes the surface of a sample, the chemical species changes its energy state 
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from Eₙ to Eₙ₊₁ through energy absorption or vice versa. On the other hand, the sample transmits 

a portion of light of intensity I weaker than the incident intensity I₀. The photometer therefore 

measures and compares the intensity emitted by the source and reflected by the sample. 

 

Figure II.12. V-650 UV-VIS Double-Beam Spectrophotometer from Jasco  

(Technology platform for the physicochemical Analysis, CRAPC, University of USTHB, 

Algeria) 

 

3.7. Point of zero charge (PZC) analysis:  

 

The Point of zero charge (PZC) is the pH value at which the sample's surface exhibits a zero 

charge, and all the active sites are neutral [3]. Its value was determined by the method described 

by Reham et al [4].  

 

Figure II.14. Procedure of the determination of the point of zero charge (PZC) 

In 5 beakers, 0.1 g of the sample was added to 50 mL of NaNO3 (0.1 N) solution with different 

pH values, ranging from 2 to 11, using NaOH or HNO3 solution (0.1 mol/L). After 24 hours of 
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stirring at room temperature, the final pH (pHf) of each suspension was noted. pHpzc is the Point 

of intersection of the curve (pHf-pHi) as a function of initial pH (pHi) and the x-axis. 

4. Conclusion  

This chapter presents the synthesis routes, experimental protocols, and characterization 

techniques used to investigate the structural, surface, and optical characteristics of the 

synthesised TiO₂ and TiO₂-BN materials. The adopted synthesis method, notably the modified 

sol-gel process followed by calcination at various temperatures, aims to enhance the 

photocatalytic activity of the materials. A range of characterisation tools, including TG/DSC, 

XRD, BET, FTIR-ATR, pHPZC, and UV-Vis DRS, provides essential insights into the properties 

governing their photocatalytic behaviour. The information gathered here establishes the 

necessary groundwork for interpreting photocatalytic performance for the photodegradation of 

Rhodamine B, which will be explored in the following chapters. 
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Part 1: Photodegradation of Rhodamine B using TiO₂ nanocatalyst    

synthesized via non-conventional sol-gel method 

 

1. Introduction  

This chapter presents the characterization results and photocatalytic activity of TiO2 

nanoparticles prepared via a non-conventional sol-gel method, calcined at 400, 600, and 800°C. 

A comprehensive analysis was performed, using XRD, TG/DSC, FTIR/ATR, and SEM/EDX 

techniques.  The BET surface area, pHpzc, and the band gap of the samples were also measured. 

The photodegradation efficiency of Rhodamine B (RhB) with TiO2 materials was examined 

under UV irradiation, emphasising the effects of operational parameters such as initial dye 

concentration and photocatalyst loading for each calcined. sample. A detailed analysis of pH 

changes and light wavelengths was conducted on the sample calcined at 400°C.  The 

photocatalytic performance of TiO2 nanocatalysts was benchmarked against the commercial 

Degussa P-25.  

 

2. Characterisation: 
 

2.1. TG/DSC analysis of TiO2-xerogel: 

 

Thermogravimetric and differential scanning calorimetry (TG/DSC) analyses were conducted 

to evaluate the thermal stability of the samples and identify phase transitions.  
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Figure III.1. TG/DSC curves of TiO2 -Xerogel 
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The (TG/DSC) curves for TiO2-Xerogel are shown in Figure III.1. The thermogram plot 

revealed that the sample had a sharp weight loss (17%) in the range of 80-400°C accompanied 

by two endothermic peaks of DSC at 106°C caused by evaporation of moisture and another 

peak at 354°C attributed to oxidative decomposition of the residues or intermediate products 

formed during the synthesis [1]. Other exothermic peaks were observed in the DSC at 200°C 

due to the transformation from the amorphous to the anatase phase [2], [3]. The XRD results 

explain these observations.       

 

2.2. XRD and BET analysis : 

 

X-ray diffraction (XRD) analysis was conducted to determine the crystalline structure, phase 

composition, and crystallite size of TiO₂ nanoparticles synthesized via a non-conventional sol-

gel method and calcined at different temperatures. The XRD pattern of different TiO2 nano 

289 catalysts are shown in Figure 4. Distinct peaks at 2θ= 25.35°, 37,78°, 48,07°, and 75,09° 

(JCPDS290 card no. 21-1272) correspond to (101), (004), (200), and (215) planes of the anatase 

phase, respectively. While the peaks at 2θ= 27.44°, 36.09°, 41.25°,54.33°, 62.78° 69.02°, and 

76.62° (JCPDS card no. 21-1276) corresponding to (110), (101), (111), (211), (002), (301) and 

(202) planes of rutile structure. The crystallite sizes were calculated using the Debye–Scherrer 

equation [4]: 

 

D =
Kλ

2βcosθα
      Equation III.1 

 

 Where D is the size of the crystallite, λ is the wavelength of CuKα radiation (λ = 1.5406 Ǻ), θ 

is the Bragg angle of diffraction, and β is the full width at half maximum (FWHM). 

The fractions of anatase and rutile in each sample were calculated using the Spurr and Myers 

equations  [5]: 

𝐴 = (
1

1+1.26
IR

IA

) × 100        Equation III.2 

FA represents the weight fraction of anatase. IR and IA are the intensities of the diffraction peaks 

for rutile (110) and anatase (101), respectively. 
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Figure III.2. XRD patterns of TiO2 samples 

 

The XRD analysis patterns indicated the presence of anatase and rutile phases for TiO2-400 and 

TiO2-600, and rutile for the TiO2-800 sample. The transformation from anatase to rutile in the 

nanocomposites is promoted by increasing the calcination temperature [6]. This transformation 

was confirmed by TG/DSC analysis.   

As shown in Tab.2, the anatase phase composition decreased with increasing calcination 

temperatures from (67,89 %) until the formation of the rutile phase (100%). The crystallite size 

of both the anatase and rutile phases gradually increases up to 600 °C. Beyond this temperature, 

anatase disappears due to the phase transition, as the increasing calcination temperature 

promotes crystallite growth and induces sintering effect [7]. The calculated crystallite sizes of 

anatase and rutile were 19.33 and 25.33 nm, for TiO2-P25. As a well-known commercial 

photocatalyst composed of a mixed-phase anatase/rutile structure, the content of the rutile and 

anatase phases was 79.88% and 19.74%, respectively. Therefore, the results of the BET surface 

area are presented in Table 2. As the calcination temperature increased, the specific surface area 
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decreased significantly, from 62.83 m² g⁻¹ to 2.00 m² g⁻¹, due to the effects of high calcination 

temperatures on nanocrystalline growth and sintering [8]. 

 

Table III.1. Crystalline, optical, and Textural properties of TiO2 samples. 

 

2.3. FTIR-ATR analysis: 

 

Figure III.3 presents the FTIR-ATR spectra of TiO₂ samples calcined at 400 °C, 600 °C, and 

800 °C in the range of 400–4000 cm⁻¹. It has been reported that the broad absorption band 

observed in the 400–900 cm⁻¹ region has been attributed to the vibrational modes of the Ti-O-

Ti linkages [10], The distinct peak around 421.8 cm⁻¹, observed for the TiO₂-400 sample, which 

is commonly attributed to the Ti–O stretching vibration associated with the anatase structure in 

the TiO₂ lattice, identified as the predominant phase based on XRD analysis [11]. In contrast, 

the spectra of TiO₂-600 and TiO₂-800 exhibit broader and less intense absorption features in the 

low-wavenumber region, reflecting changes in the structural characteristics of the materials. 

For TiO₂-600, the principal absorption bands are observed at 500.61 and 669.19 cm⁻¹, while for 

TiO₂-800 are located at 514.8 and 698.2 cm⁻¹. These band positions are associated with 

structural changes, including crystallite growth, increased particle agglomeration, and the phase 

transition from anatase to rutile at high temperatures, which is consistent with the phase 

transformation revealed by XRD analysis [12], [13]. Moreover, the peaks at 2364 and 2370 

cm⁻¹, observed in the TiO₂-600 and TiO₂-800 samples, respectively, correspond to CO₂ 

adsorbed from the ambient air during the measurement, as indicated by their very low 

transmittance values [6]. 

 

Samples 

Crystallite Size 

(nm) 

Phase 

composition (%) 

BET surface 

area 

(m2/g) 

Band gap 

(eV) 

Point 

zero 

charge 

 

R (%) 

 

TiO2-400 

 

Anatase (15.75) 

Rutile (18.94) 

Anatase (67.89) 

Rutile (32.10) 

 

62.83 

 

3.19 

 

6.3 

 

96,11 

 

 

TiO2-600 

 

Anatase (32.60) 

Rutile (30.45) 

Anatase (52.01) 

Rutile (47.98) 

 

7.03 

 

2.97 

 

6.2 

 

93,37 

 

 

TiO2-800 

 

Rutile (37.27) 

 

Rutile (100) 

 

2.00 

 

2.86 

 

5.7 

 

81,25 

 

 

TiO2-P25 

Anatase (19.37) 

Rutile (25.23) 

Anatase (79.88) 

Rutile (19.74) 

 

55 

 

 

 

3.6 

 

5.6 [9] 

 

 

92,07 
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                                          Figure III.3. FTIR-ATR spectra of the TiO2 samples. 

 

2.4. Morphological analysis (SEM-EDX): 

Figure III.4 shows the SEM-EDX images of TiO₂ samples. For the TiO2-400, there is a wide 

distribution of particle sizes, including both micrometric particles and smaller ones, which 

contribute to its high specific surface area. As the calcination temperature increases, smaller 

particles progressively decrease due to crystallite growth and intensified agglomeration, 

ultimately resulting in the dominance of larger micrometric particle structures. These results 

exhibit that TiO₂-400 exhibits nanometric features. A progressive increase in particle 

agglomeration is observed with increasing calcination temperature, due to the high surface 



Chapter III: Results and discussion 

 

 7 

energy of nanostructured particles and sintering effect at high temperatures [14], [15]. This 

trend reflects temperature-induced sintering and correlates with the observed decrease in 

surface area and increase in crystallite size [16]. The TiO2-600 exhibits increased agglomeration 

and grain growth, as seen in the SEM images, resulting in a reduction in surface area.  

Nevertheless, its mixed-phase composition enhances photocatalysis due to the synergistic effect 

between the anatase and rutile phases, which improves charge carrier separation and transport 

[17], [18].In contrast, the TiO₂-800 sample reveals significant particle growth and dense 

agglomeration, resulting in a reduced surface area and porosity compared to other samples [19]. 

Furthermore, while XRD analysis confirmed the nanocrystalline nature of TiO₂, SEM 

observations revealed micrometric particles, attributed to the agglomeration of nanocrystallites 

during synthesis and subsequent calcination processes [18], [20]. The elemental analysis pattern 

(EDX) confirmed the presence of titanium and oxygen ions with different percentages and 

weights. It also confirms the absence of impurities and successfully synthesizes pure TiO2 

materials.  

 

   

Figure III.4. SEM-EDX analysis of TiO2 samples, (a) TiO2-400, (b) TiO2-600, (c) TiO2-800. 
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2.5. UV–Vis Spectroscopy: 

UV-Vis analysis was conducted to explore the optical properties of TiO2 materials. The band 

gap was calculated using the following equation:  

(αhν)n= A (hν -Eg)       Equation III.3 

where α is the absorption coefficient, Eg is the band gap value of the nanoparticle, hν is the 

photon energy, A indicate the constant related to the effective masses associated with the bonds, 

and n represents a value dependent on the nature of the transition (n = 2 for direct transition) 

[21]. Figure III.5. (a-c) shows the UV-Vis absorption spectra for the synthesized TiO2 

nanoparticles. The maximum absorption edges for the TiO2-400, TiO2-600, and TiO2-800 

samples were at 396 nm, 428 nm, and 461 nm, respectively. The absorption edge shifts towards 

higher wavelengths with increased calcination temperature due to the phase transformation 

from anatase to rutile [11], [22]. 

 

    Figure III.5.  UV–vis, (a-c) Absorption spectra and (e-g) Tauc plots of TiO2 samples  

 

Figure III.5. (e-g) displays the Tauc plots of TiO2 samples. The band gap of TiO2 nanocatalysts 

calcined at 400, 600, and 800°C was 3.19, 2.97, and 2.86 respectively, as mentioned in table 
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III.1. The reduction in band gap energy is attributed to the increase in particle size, crystallinity 

and the creation of oxygen vacancies (defect sites) at higher calcination temperatures, which 

agreed with the XRD results [15]. Additionally, the rutile phase is known to exhibit a smaller 

band gap value than the anatase phase; as the calcination temperature increases, the 

transformation from anatase to the rutile phase is favoured, attributed to the decrease in the 

band gap [2].  

 

2.6. Zero Point Charge (PHpzc):  

 

The pH at which the surface charge is neutral is defined by the pH of point zero charge (PZC)    

[23]. Figure .8 shows the variation of the point of zero charge (pHpzc) for all calcined TiO₂ 

samples. As reported in the literature, the pHpzc for anatase and rutile ranges from 2 to 8.9 [24]. 

The PZC values presented in Table 1 are 6.3, 6.2, 5.7 and 5.6 for samples TiO2-400, TiO2-600, 

TiO2-800 and TiO2-P25, respectively. The  PZC of the mixture (Anatase-rutile) samples is 

slightly bigger than that of the rutile sample [25], [26].  Studies demonstrate that solids with a 

reduced specific surface area often exhibit lower PZC values. However, in the case of the same 

TiO₂ polymorphs, the variations in PZC values induced by changes in calcination temperature 

remain negligible, despite modifications in surface area, hydroxyl group density, and 

crystallinity [27],[28]. 
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Figure III.6. PZC determination of TiO2 samples 
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Accordingly, the key structural, textural, and morphological features of synthesized TiO₂ 

materials are summarized to establish their correlation and highlight the relationships between 

these properties. In this context, X-ray diffraction (XRD) analysis revealed that increasing the 

calcination temperature influenced the crystalline structure of TiO₂, promoting the formation of 

a mixed anatase–rutile phase and a predominant rutile phase at higher temperatures. This phase 

evolution was further supported by TG/DSC analysis, which showed thermal transitions 

corresponding to the amorphous-to-anatase transformation and the subsequent growth of the 

rutile phase. In addition, FTIR spectra also exhibited temperature-dependent variations in Ti–

O–Ti vibrations, consistent with the anatase-to-rutile transition indicated by XRD. Moreover, 

the specific surface area decreased significantly with calcination, from 62.83 m²/g to 2 m²/g, 

accompanied by an increase in particle size due to crystallite growth, as confirmed by SEM 

analysis. In addition, the band gap energy decreased with a rise in calcination temperature, due 

to the progressive formation of the rutile phase, which enhances visible light absorption. 

Finally, the pHpzc measurements of all calcined samples revealed slight variations in surface 

charge properties with increasing calcination temperature, which influence dye catalyst 

interactions during photocatalysis 

 

3. Results and discussion  

3.1. Evaluation of photocatalytic performance of TiO2 samples: 

The evaluation of the photocatalytic performance of calcined TiO2 samples with different 

textural, optical, and morphological properties was investigated by studying the effect of 

photocatalyst loading and initial concentration on each calcined sample. The effect of the initial 

pH of the solution and irradiation source was investigated for the sample TiO2-400. The impact 

of calcination Temperature on Rhodamine B photodegradation efficiency was discussed, 

providing in-depth insight into the relationship between the physicochemical properties of TiO2 

material and the photodegradation efficiency of Rhodamine B dye. 
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3.1.1. Effect of photocatalyst loading:  

The effect of calcined catalyst loading on Rhodamine B was investigated by varying the TiO2 

nano-catalyst loading from 0.03 to 0.1 g/L, while maintaining a constant concentration of RhB 

dye (10 ppm) at natural pH for all experiments (Figure III.7). No significant dye adsorption was 

observed. Furthermore, increasing the catalyst loading for all samples leads to higher 

photodegradation efficiency, as a greater amount of photocatalyst provides more active sites for 

the generation of hydroxyl radicals under irradiation [29].  
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Figure III.7.  Effect of TiO2 loading on the photodegradation of Rhodamine B dye (a) TiO2-

400, (b) TiO2-600, (c) TiO2-800, (d) TiO2-P25. 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm; natural pH = 4.80) 
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3.1.2. Effect of initial dye concentration:  

 

Figure III.8 illustrates the influence of the initial Rhodamine B concentration on the 

photocatalytic performance of all calcined TiO₂ samples at a fixed photocatalyst loading of 

0.1 g/L. Degradation experiments were conducted with initial dye concentrations ranging from 

1 to 10 ppm under natural pH conditions (pH 4.80), following 30 minutes of adsorption–

desorption equilibrium and 90 minutes of UV irradiation.  As expected, the photocatalytic 

degradation efficiency of all samples decreased with increasing initial Rhodamine B 

concentration under UV irradiation. This decline can be attributed to the higher number of dye 

molecules competing for adsorption sites on the photocatalyst surface, thereby reducing the 

availability of active sites necessary for hydroxyl radical generation and consequently 

diminishing the photocatalytic activity [30].  
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Figure III.8.  Effect of initial concentration of Rhodamine on the photodegradation (a) TiO2-400, (b) 

TiO2-600, (c)TiO2-800, (d) TiO2-P25. 

 (Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, natural pH = 

4.80). 
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Furthermore, the TiO₂-400 sample exhibits enhanced photocatalytic performance compared to 

TiO₂-P25. After 120 minutes of irradiation, TiO₂-400 maintains a stable photodegradation 

efficiency across initial Rhodamine B concentrations ranging from 1 to 7 ppm, with only a 

slight reduction observed at 10 ppm. In contrast, TiO₂-P25 exhibits a notably higher C/C₀ ratio 

at initial concentrations of 7 and 10 ppm, indicating a comparatively lower degradation 

efficiency under the same experimental conditions. 

3.1.3. Effect of initial pH of the solution:  

The pH of the medium plays a crucial role in the efficiency of the dye photodegradation process, 

as it influences the ionization state of the TiO₂ surface, dye adsorption and the generation of 

oxidation species [31]. In this study, the pH variations ranged from 1 to 12 for the suspension 

with a rhodamine B concentration of 10 ppm and a fixed amount (0.1 g/L) of TiO₂-400 

nanocatalysts (Figure III.9). The pH was adjusted by adding appropriate amounts of NaOH or 

H₂SO₄ solution. The point of zero charge (pHpzc) of TiO₂-400 is 6.3, as mentioned in Table III.1 

The pKa of RhB is approximately 3.4 [32]. Rhodamine B degradation occurs via two 

mechanisms: N-deethylation, resulting in a blue shift in the absorption maximum, and structural 

disruption, leading to a gradual decrease in absorption intensity. Under acidic conditions, TiO₂ 

nanoparticles exhibit higher photodegradation efficiency (99.05%), which can be ascribed to 

the formation of hydrogen bonds between Rhodamine B molecules and the TiO₂ surface. This 

interaction facilitates charge transfer processes, thereby promoting N-deethylation and 

enhancing the overall photodegradation efficiency[33]. Furthermore, at low pH, the structure 

of the Rhodamine B dye shifts to an unstable quinoid form, which is more readily degraded, 

thereby enhancing the process efficiency [34]. In alkaline conditions, an attractive interaction 

exists between the N-ethyl group of RhB and the negatively charged surface of the catalyst. 

This interaction inhibits the N-deethylation process during photodegradation and reaches 

74.50% at a pH value of 12  [21], [23]. 
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Figure III.9.  Effect of pH solution on the photodegradation of Rhodamine B using the TiO2-

400 sample. 

 (Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, natural pH = 4.80). 

 

 

 

 

3.1.4. Effect of irradiation source: 

 
The impact of irradiation source (intensity and wavelength) on the photodegradation of 

Rhodamine B (RhB) with the TiO2-400 sample was investigated using two distinct UV lamps: 

one emitting at 254 nm with an intensity of 5400 μW/cm², and the other at 365 nm with an 

intensity of 1280 μW/cm². The experiments were conducted under natural pH conditions using 

0.1 g/L of TiO₂-400 photocatalyst and an initial RhB dye concentration of 10 ppm. 

Figure III.10 illustrates the influence of wavelength and lamp intensity on RhB 

photodegradation. It is well established that TiO₂ generates electron–hole pairs when it absorbs 

radiation with energy greater than its band gap. For the TiO2-400 sample, the band gap was 3.02 

eV, as mentioned in Table III.. At 254 nm, the Photodegradation efficiency reached 36.48% for 

photolysis and 96.11% for photocatalysis, attributed to the higher photon energy that enhances 

hydroxyl radical generation and electron–hole pair formation, thereby improving the 

photodegradation process  [30]. This result is consistent with section (3.1.2) observations, 
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where TiO₂-400 demonstrated superior performance compared to TiO₂-P25 at an initial RhB 

dye concentration of 10 ppm under the same conditions. In comparison, photons at 365 nm 

induce limited photocatalytic activity for both photocatalysis and photolysis, due to insufficient 

energy for effective electron-hole pair generation [32], [33]. As reported by Mittal et al [9], [35], 

at low light intensities (0–20 mW/cm²), the photodegradation rate increases linearly with 

increasing light intensity, which explains the more efficient RhB discolouration observed under 

254 nm compared to 365 nm irradiations. 

A B C D

0

20

40

60

80

100

 

P
h

o
to

d
e

g
ra

d
a

ti
o

n
 e

ff
ic

ie
n

c
y

 (
%

)

 

Figure III.10.  Effect of Wavelength and intensity of lamps on photocatalytic degradation of 

RhB using TiO2-400 sample. (A) Photolysis at 365 nm, (B) Photocatalysis at 365 nm, (c) 

Photolysis at 254 nm, (D) Photocatalysis at 254 nm 

 (Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², Irradiation time: 90 min, 

[TiO2]0 = 0.1 g/L, [RhB]0 = 10 ppm, natural pH = 4.80). 

 

3.2. Effect of calcination Temperature on Rhodamine B Photodegradation efficiency:  
 

In this study, the calcination temperature is a critical factor, as its variation affects the 

photocatalytic performance of the TiO₂ material [29]. This factor influences phase composition, 

crystallinity, and surface characteristics, as shown in Table III.1. Figure III.11 illustrates the 
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degradation efficiency of Rhodamine B using the TiO2 photocatalyst calcined at different 

temperatures. Among all samples, TiO₂-400 exhibited the highest photodegradation efficiency, 

achieving nearly complete RhB degradation (96.11%).  Several studies have indicated that 

400°C is the optimal calcination temperature for the photodegradation of various organic 

pollutants [25], [26], [27]. The synergistic effect between the anatase and rutile phases in TiO₂ 

improves the photodegradation of Rhodamine B by facilitating charge separation and reducing 

electron-hole recombination [36].  However, the TiO₂-600 and TiO₂-800 samples exhibited a 

slight decrease in degradation efficiency, with rates of 93.37% and 81.25%, respectively, due 

to phase transitions and a reduced surface area, which hindered their photocatalytic 

performance.  [37]. The TiO2-P25 sample demonstrated a degradation rate of 92,07% compared 

to TiO₂-400, illustrating its potential as an effective photocatalyst. The photolysis experiment 

exhibited significantly lower degradation efficiency, highlighting the important role of a 

photocatalyst in achieving effective RhB degradation under UV irradiation.  
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Figure III.11. Photodegradation efficiency of Rhodamine B using TiO₂ samples calcined at 

different temperatures compared to TiO2-400 and photolysis. 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, natural pH = 4.80). 
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4. Photocatalytic Intensification: Comparative Analysis of Rhodamine B Degradation 

Efficiency 
 

Several studies have investigated the influence of operational conditions and synthesis 

parameters on the photocatalytic performance of TiO₂ for the degradation of Rhodamine B. 

Among these parameters, increasing calcination temperature plays a crucial role, as it directly 

affects the physicochemical properties of TiO₂, including its crystalline structure, texture, and 

morphology. Table III.2 provides a comparative evaluation of Rhodamine B photodegradation 

efficiency using TiO₂ samples under different calcination temperatures and operational 

conditions. The findings highlight the importance of optimizing both calcination temperature 

and operational parameters to enhance the photocatalytic efficiency of TiO₂ for Rhodamine B 

degradation. 

 

Table III.2.  Comparative evaluation of Rhodamine B photodegradation efficiency using 

TiO₂ samples under different calcination temperatures and operational conditions 

 

 

TiO2 samples 

Reaction 

conditions 

Lamp RhB 

Degradation 

(%) 

Time 

irradiation 

(min) 

Ref 

 

TiO2 calcined at 550 

[TiO2]0= 0.3 g.L–1 

[RhB]0=6 mg L–1 

pH= 5 

UV-lamp 

λmax(nm) 280–100 

 

99.8 

 

75 

[34] 

 

TiO2 calcined at 450 

[TiO2]0= 1 g. L–1 

[RhB]0=5 mg. L–1 

Natural pH 

UV-lamp 

125 W 

 

100 

 

270 

[2] 

 

Commercial Degussa 

P-25 

[TiO2]0= 1.6 g. L–1 

[RhB]0=6.26×10−5 

pH= 3.05 

UV-LEDs 

10–12 mW 

 

96 

 

180 

[38] 

 

TiO2 without 

calcination 

[TiO2]0= 0.1 g. L-1 

[RhB]0= 5 mg. L-1 

Natural pH= 4.80 

 

UVA lamp 

12 W/m2 

 

81.5 

 

180 

[39] 

TiO2-400 [TiO2]0= 0.1 g. L-1 

[RhB]0= 10 mg. L-1 

Natural pH= 4.80 

 

UV lamp 

λmax(254 nm) 

1280 μW/cm² 

 

96,04 

 

 

90 

Current 

study 

TiO2-P25 TiO2]0= 0.1 g. L-1 

[RhB]0= 10 mg. L-1 

Natural pH= 4.80 

UV lamp 

λmax(254 nm) 

1280 μW/cm² 

 

92,07 

 

90 

Current       

study 
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5. Conclusion:  

This study investigated the photocatalytic activity of titanium dioxide (TiO2) as a photocatalyst 

for the degradation of RhB dye in aqueous solution under UV irradiation. TiO₂ material was 

synthesized using a non-conventional sol-gel method and calcined at various temperatures. The 

calcined samples were characterized through structural, morphological, textural, and optical 

analysis. Among the samples, TiO₂-400 can be classified as nanometric according to SEM 

analysis, whereas TiO₂-600 and TiO₂-800 exhibited larger particle sizes as a result of 

agglomeration and sintering effects. A correlation was established between the structural, 

morphological, textural, and optical properties of the synthesized TiO₂ materials and their 

photocatalytic performance, as investigated through operational parameters, highlighting the 

effect of increasing calcination temperature on the efficiency of Rhodamine B degradation 

under UV irradiation. The TiO₂-400 sample achieved the highest photodegradation efficiency 

(96.11%), followed by TiO₂-600 (93.37%), TiO₂-P25 (92.07%), and TiO₂-800 (81.25%). 

Compared to the benchmark TiO₂-P25, the TiO₂-400 sample exhibited not only higher overall 

photodegradation efficiency but also greater stability across varying initial RhB concentrations.  
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Part 2: Preparation of TiO₂-Bentonite composites via a non-conventional 

sol-gel route for the photodegradation of Rhodamine B 
 

 

1. Introduction 

The preceding section analyzed the photocatalytic efficiency of TiO₂ obtained by the sol–gel 

method, highlighting both its potential and its inherent limitations, particularly nanoparticle 

agglomeration and insufficient adsorption capacity. To address these constraints, 

TiO₂/bentonite composites were synthesized via a non-conventional sol-gel route. Bentonite, 

owing to its layered structure and high surface area, acts as a stabilizing support that promotes 

TiO₂ dispersion, enhances adsorption phenomena, and improves photocatalytic activity. 

This section reports the structural and surface characterization of the composites (FTIR/ATR, 

XRD, BET, SEM/EDS, and pHpzc). It systematically evaluates their performance in the 

photocatalytic degradation of Rhodamine B, considering the effects of dye concentration, 

catalyst loading, pH, irradiation source, and TiO₂ content. 

 

2. Characterisation: 

2.1. FTIR-ATR analysis: 

Figure III.12 presents the FTIR-ATR spectra of Bentonite, TiO₂-400, and TiO₂/Bentonite 

composites containing 10%, 30%, and 50% TiO₂ in the spectral range of 400–4000 cm⁻¹. The 

spectrum of raw Bentonite displays several characteristic bands: a broad peak around 3618 cm⁻¹ 

corresponding to the O–H stretching of structural hydroxyl groups, and a band at 1643 cm⁻¹ 

assigned to the bending vibration of H–O–H from interlayer water molecules. In the lower 

wavenumber region, the peaks at 426.2 and 514.9 cm⁻¹ are associated with Si–O–Si bending 

vibrations, while the band at 983.59 cm⁻¹ corresponds to Si–O stretching vibrations of the 

tetrahedral silica structure [40]. The bands observed at approximately at 410.01 cm⁻¹ (TiO₂-

400), 420.25 cm⁻¹ (10% TiO₂-BN), 418.39 cm⁻¹ (30% TiO₂-BN), and 424.89 cm⁻¹ (50%TiO2-

BN) are attributed to the Ti–O–Ti bridging stretching vibrations, indicating the presence of 

titanium oxide phases in TiO2-BN composites [15], [41], Additionally, the peak at 1417 cm⁻¹ 

for the raw bentonite attributed to carbonate impurities or surface-adsorbed species [42]. 

The presence and slight shifts in these bands in the TiO₂-BN composites suggest interactions 

between TiO₂ particles and the bentonite matrix, indicating successful incorporation and 

possible structural modifications upon composite formation. 
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Figure III.12. FTIR-ATR analysis of bentonite and different synthesized samples. 

 

2.2.XRD and BET analysis:  

 

Figure III.13 displays the X-ray diffraction (XRD) patterns of pure Bentonite, TiO₂-400, and 

TiO₂-BN composites with 10%, 30%, and 50% TiO₂. The pattern of raw Bentonite shows the 

presence of montmorillonite at 19.77°, 26.60° and 61.89°  [43], [44]. In the same context, TiO₂-

400 exhibits sharp and intense peaks corresponding to the anatase phase of TiO₂, with 

reflections at 2θ= 25,35°, 37,78°, 48,07°, and 75,09°, assigned to the (101), (004), (200), and 

(215) planes, respectively. At the same time, the peaks at 2θ= 27,44°, 36,09°, 41.25°,54,33°, 

62,78° and 69,02° (JCPDS card no. 21-1276) correspond to (110), (101), (111), (211), (002) 

and (301) planes of rutile. Upon TiO₂ incorporation, the diffraction peaks associated with the 

anatase phase are retained in all TiO₂-BN composites, and their intensities increase with higher 

TiO₂ content, indicating the successful deposition and preservation of crystalline TiO₂ within 

the clay matrix [45]. Notably, the characteristic peaks of Bentonite diminish in intensity as the 

TiO₂ loading increases, suggesting either partial coverage of the clay surface or structural 

changes resulting from TiO₂ interaction [45], [46]. 
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Figure III.13. XRD patterns of Bentonite, TiO2-400 and TiO2-BN samples. 

Furthermore, the analysis of BET surface area indicates a clear pattern that corroborates the 

structural findings. Pure TiO₂ and raw bentonite exhibit surface areas of 62.83 m²/g and 27.11 

m²/g, respectively. The 10%TiO₂-BN and 30% TiO₂-BN composites show surface areas of 

58.44 m²/g and 55.63 m²/g, respectively, indicating moderate dispersion of TiO₂ nanoparticles 

without significant enhancement in textural properties compared with the 50%TiO2-BN sample.  

However, a substantial increase in surface area is observed for the 50% TiO₂-BN composite, 

reaching 130.19 m²/g. This remarkable enhancement reflects the evolution of a distinctly porous 

architecture characterised by enhanced interfacial interactions between TiO₂ and Bentonite, 

which can be attributed to the optimal distribution and possible exfoliation or delamination of 

clay layers throughout the synthesis process [40]. The combined XRD and BET results confirm 

the successful fabrication of TiO₂-BN heterostructures with improved crystallinity and surface 

characteristics at higher TiO₂ loadings. 
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Table III.3. BET surface area of Bentonite and different synthesized samples  

 

 

 

 

 

 

 

2.3. SEM/EDS Analysis 

 

The SEM and EDS analyses presented in Figure 3 provide critical insights into the 

morphological and elemental composition of TiO2-BN composites: (a) Raw bentonite, (b) 

10%TiO₂-BN, (c) 30%TiO₂-BN, and (d) 50%TiO₂-BN. The SEM micrograph of raw bentonite 

(a) reveals a smooth and layered surface morphology typical of clay minerals, characterized by 

compact, plate-like structures. As the TiO₂ content increases from 10% to 50% (b–d), a 

significant change in surface texture occurs; the composites display more irregular, porous, and 

rougher morphologies, indicating the progressive deposition of TiO₂ nanoparticles on the 

bentonite surface, which disrupts the original clay structure and introduces increased surface 

heterogeneity and potential active site. EDS spectra confirm the successful incorporation of 

TiO₂, evidenced by the emergence and intensification of Ti peaks alongside the existing signals 

for Si, Al, O, and minor elements such as Mg and Fe. The atomic and weight percentages of 

titanium increase proportionally with the TiO₂ loading (Table 1), confirming the compositional 

control achieved during the synthesis process. The enhanced oxygen signal is consistent with 

the progressive incorporation of TiO₂ into the composite structure. Furthermore, this elemental 

analysis illustrates a uniform spatial distribution of titanium, suggesting a homogeneous 

dispersion of TiO₂ nanoparticles within the bentonite matrix. This compositional and 

morphological evolution suggests that higher TiO₂ loadings enhance the surface complexity and 

potential photocatalytic activity of the materials, making them promising candidates for 

environmental remediation applications [47] 

 

 

Samples  Surface area  

TiO2  62.830 

Bentonite  27.111 

10% TiO2-BN 58.441 

30% TiO2-BN 55.631  

50% TiO2-BN 130.188 
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Figure III.14.  SEM images and EDX spectra of (a) Bentonite, (b) 10% TiO2-BN, (c) 30% 

TiO2-BN, (d) 50% TiO2-Bentonite  
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Table III.4.  Elemental composition (Weight and Atomic %) of raw bentonite and TiO₂-BN 

composites at varying TiO₂ loadings, determined by EDS Analysis 

 

 

2.4.pHpzc analysis 

The pH at the point of zero charge (pHpzc) indicates the pH level where the net surface charge 

of an adsorbent material is neutral. A comprehensive understanding of the point of zero charge 

(PZC) of bentonite–TiO₂ composites is crucial for the rational design and optimisation of their 

functional performance in various environmental applications, particularly in wastewater 

treatment systems, where they simultaneously serve as effective adsorbents and photocatalyst 

[44]. Figure III.15 illustrates the determination of the point of zero charge (pHpzc) for bentonite, 

TiO₂, and the 50% TiO₂-BN composite. A quick and effective way to measure the pHpzc is the 

pH drift technique, as explained in the experimental procedures and characterisation section by 

[48].  For all materials, a positive ΔpH at low initial pH values (pH 2-6) shows the adsorption 

of H⁺ ions from the solution, suggesting a negatively charged surface in this range. As the initial 

pH increases beyond roughly 6–7, ΔpH turns negative, indicating the release of protons and a 

shift to a positively charged surface. The pHpzc is the point where ΔpH equals zero, which is 

about 6.8 for bentonite, 6.4 for the 50% TiO₂–BN composite, and 6.3 for TiO₂. These results 

show that TiO₂ has a more acidic surface compared to bentonite, while the 50% TiO₂–BN 

composite shows intermediate behaviour, reflecting the combined effects of both components. 

This change in surface charge due to TiO₂ addition could significantly influence adsorption and 

photocatalytic processes with ionic pollutants, especially in pH-sensitive environments, thereby 

improving the potential for environmental remediation using the composite. 

Samples Raw bentonite 10%TiO2-BN 30%TiO2-BN 50%TiO2-BN 

Element Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 
Atomic 

(%) 
Weight 

(%) 
Atomic 

(%) 
Weight 

(%) 
Atomic 

(%) 

O 62.44 77.77 48.44 66.43 48.15 66.48 48.07 66.47 

Mg 3.81 3.41 2.59 2.33 2.74 2.48 2.50 2.28 

Al 5.41 7.10 8.87 7.21 8.04 6.58 8.89 7.29 

Rb 16.58 5.60 3.15 0.81 2.03 0.53 5.59 1.45 

Si 0.99 0.77 18.75 14.65 17.58 13.83 19.49 15.35 

K 2.41 1.34 1.35 0.76 1.38 0.78 0.59 0.33 

Ca 4.89 2.65 4.25 2.33 2.64 1.45 0.45 0.25 

Fe 3.48 1.35 4.31 3.79 2.60 1.03 1.16 0.46 

Ti - - 8.28 1.69 14.84 6.12 19.82 6.84 
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Figure III.15.  Determination of the point of zero charge (pHpzc) for Bentonite, TiO₂, and 

50% TiO₂-Bentonite composites. 

 

 

3. Evaluation of TiO₂, Bentonite, and UV Irradiation for Rhodamine B Degradation 

Figure 5 shows a comparison of the photocatalytic degradation efficiency of Rhodamine B 

under UV light, using TiO₂ (0.1 g/L), bentonite (0.1 g/L), and their mixture at a 1:1 ratio. During 

the first 30 minutes in the dark, a notable adsorption of the dye onto the materials was observed, 

confirming minimal photocatalytic activity and emphasising the dominance of adsorption in 

this phase. When exposed to UV light, distinct differences in photocatalytic performance 

emerge among the tested systems. Bentonite, whether alone or under UV exposure, shows 

limited photocatalytic activity. This aligns with existing literature, which indicates that although 

natural clays have high surface areas and cation exchange capacities, they lack the electronic 

structure needed to produce reactive oxygen species upon irradiation [49]. Conversely, TiO₂ 

calcined at 400 °C (TiO₂-400) exhibits notable photocatalytic activity, due to its anatase-

dominant crystalline form and sufficient surface area, both of which support effective charge 

carrier generation and dye degradation[8]. Degussa P-25, a commercial benchmark 

photocatalyst consisting of mixed anatase and rutile phases, surpasses TiO₂-400, which supports 
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earlier findings that highlight the improved charge separation and higher reactivity of mixed-

phase TiO₂ systems. 
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UV on

Figure III.16. Photocatalytic degradation of Rhodamine B under UV irradiation using 

Bentonite, TiO₂, and Degussa p-25. 

 

The high degradation efficiency observed with the physical mixture of TiO₂ and bentonite in 

suspension under UV irradiation can be ascribed to a cooperative mechanism between the 

photocatalytic properties of TiO₂ and the physicochemical characteristics of bentonite. TiO₂, as 

the photoactive component, generates electron-hole pairs upon UV exposure, leading to the 

formation of reactive oxygen species responsible for dye oxidation. Although bentonite is not 

photocatalytically active, its high surface area and adsorption capacity facilitate the enrichment 

of dye molecules near TiO₂ particles, thereby enhancing their interaction with the reactive 

species generated. Furthermore, bentonite contributes to the improved dispersion of TiO₂ in 

aqueous media, minimizing particle aggregation and promoting greater light penetration and 

access to active sites. While no chemical bonding or structural integration exists between TiO₂ 

and bentonite in this physical mixture, their combination in suspension yields a modest yet 

meaningful synergistic effect, resulting in improved photocatalytic performance compared to 
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the individual components.  These findings highlight the importance of integrating the active 

phase into a supporting matrix through controlled synthesis strategies to achieve optimal and 

sustained photocatalytic efficiency. 

 

4. Evaluation of photocatalytic performance of TiO2-BN composites:  

This section evaluates the photocatalytic performance of TiO₂–Bentonite (TiO₂–BN) 

composites through the degradation of Rhodamine B (RhB) under various experimental 

conditions. Key parameters influencing the efficiency of the photocatalytic process are 

systematically investigated, including the initial dye concentration, photocatalyst loading, 

solution pH, and irradiation source. Furthermore, the effect of TiO₂ content on the 

photodegradation rate of Rhodamine B was investigated to determine the optimal composition 

for enhanced photocatalytic efficiency.  

 

4.1. Effect of photocatalyst loading:  

The graphs (a), (b), and (c) in Figure III.17 illustrate the photocatalytic degradation of 

Rhodamine B using TiO₂–BN composites at varying catalyst loadings of 30 mg, 50 mg, 70 mg, 

and 100 mg under UV irradiation.  

 

Figure III.17.  Effect of TiO₂-BN catalyst loading on the photodegradation of Rhodamine B 

under UV Irradiation. 



Chapter III: Results and discussion 

 

 28 

The highest degradation efficiency is consistently observed with the 100 mg loading, followed 

by 70 mg, 50 mg, and 30 mg. This trend can be attributed to the increased availability of active 

sites and enhanced photon absorption at higher catalyst dosages, which promote the generation 

of reactive species responsible for dye degradation [50]. However, the data also indicate 

diminishing returns beyond a certain threshold, particularly between 70 mg and 100 mg, 

suggesting that excessive catalyst amounts may lead to particle agglomeration or increased light 

scattering, thereby reducing photocatalytic efficiency [51], [52] 

4.2. Effect of the initial dye concentration of rhodamine B: 

The three plots (Figure III.18) illustrate the photocatalytic degradation profiles of Rhodamine 

B (RhB) at varying initial concentrations (1–10 ppm), using TiO₂-BN composites under UV 

irradiation. In each graph, the UV lamp was activated after 30 minutes of equilibrium 

adsorption-desorption. As the initial dye concentration increases, the degradation rate 

decreases, with lower concentrations (1–5 ppm) exhibiting more rapid and complete 

photodegradation compared to higher concentrations (7 and 10 ppm). This trend is attributed to 

the greater light penetration and availability of active sites at lower dye concentrations [53].  

 

Figure III.18. Effect of initial Rhodamine B concentration on photodegradation efficiency 

using TiO₂-BN composites under UV Irradiation 
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Conversely, at higher concentrations, excess dye may shield the catalyst surface, limiting light 

absorption and thereby reducing photocatalytic efficiency [54]. The similarity in degradation 

trends across the three plots suggests consistent behaviour of the composites, while slight 

variations may reflect differences in catalyst composition or experimental conditions. 

 

4.3. Effect of pH solution  

 

Figure III.19 illustrates the effect of pH solution on the photodegradation efficiency of 

Rhodamine B when using a 50% TiO₂–BN composite under UV irradiation. The degradation 

efficiency remains very high at acidic to near-neutral pH values (pH 1–6), indicating that the 

photocatalytic activity is most effective within this range. This can be attributed to the positive 

surface charge of the photocatalyst at pH values below its point of zero charge pHpzc, which 

enhances electrostatic attraction with dye molecules. When the pH increases beyond 6, 

especially within the range of pH 7 to 12, the degradation efficiency gradually decreases, 

reaching around 79% at pH 12. The decline can be explained by a change in the surface charge 

of the photocatalyst, which becomes negative at higher pH values, causing repulsive 

interactions with the dye molecules and reducing their adsorption [55]. 

 

Figure III.19.  Effect of pH solution on the photodegradation efficiency of Rhodamine B, 

using 50% TiO₂-BN.  
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Furthermore, in highly alkaline conditions, the presence of excess hydroxide ions (OH⁻) may 

act as scavengers for photogenerated holes, thus inhibiting the formation of reactive oxidative 

species necessary for efficient dye degradation [56]. Given these observations, a neutral pH was 

selected for subsequent experiments. The choice of neutral pH offers a compromise between 

maintaining high photocatalytic efficiency and ensuring practical feasibility, as it reflects 

typical environmental and wastewater conditions where significant pH modification is often 

neither practical nor economical. Additionally, using near-neutral conditions reduces the 

likelihood of unwanted reactions and maintains the stability of the catalyst and dye, thereby 

enhancing the reliability and repeatability of the results. 

4.4. Effect of irradiation source: 

Figure III.20 illustrates the photodegradation efficiency of Rhodamine B using the 50% TiO₂-

BN sample under two different UV irradiation sources. The observed variation in degradation 

efficiency can be attributed to the photon energy associated with each wavelength. Additionally, 

the structural and adsorptive properties of bentonite play a crucial role in enhancing the 

performance of the 50% TiO₂-BN composite  [57]. This synergistic effect accounts for the 

nearly complete degradation of Rhodamine B observed under 254 nm irradiation in the presence 

of the composite (99.64%) , as the high-energy UV light enables efficient charge carrier 

generation and promotes the formation of reactive oxygen species (ROS). As reported by Livy 

Laysandra et al [40], the incorporation of bentonite into TiO₂ systems induces a synergistic 

interaction that significantly enhances photocatalytic activity. In contrast, irradiation at 365 nm 

provides photon energy only slightly above the TiO₂ band gap, resulting in markedly lower 

degradation efficiency (17.98%), even in the presence of the catalyst. This reduction is likely 

due to less efficient light absorption and a weaker generation of charge carriers. Moreover, the 

limited degradation observed under at 365 nm (0.37%) and 254 nm (47.51%) in the absence of 

the catalyst suggests that, although UV-C light possesses sufficient energy to induce partial dye 

degradation, the presence of a photocatalyst is essential to achieve efficient degradation. The 

bentonite also contributes to performance enhancement by preventing TiO₂ nanoparticle 

aggregation, improving dispersion, and maximizing the exposure of active sites under UV 

irradiation [58].  
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Figure III.20.  Effect of the irradiation source on the Rhodamine B photodegradation 

efficiency using 50% TiO2-BN 

(a) Photolysis at 365 nm, (b) Photolysis at 254 nm, (c) 50% TiO2-BN (Photocatalysis 254 

nm), (d) 50% TiO2-BN (Photocatalysis 365 nm) 

 

 

4.5. Effect of the contents of TiO2:  

Figure III.21 illustrates the relationship between TiO₂ content and the photocatalytic 

degradation efficiency of Rhodamine B for TiO₂–BN composites under UV irradiation. A 

notable increase in degradation efficiency is observed as the TiO₂ content rises from 10% to 

50%. At the lower loading of 10% TiO₂, the composite displays moderate efficiency (86.76%), 

likely due to the limited availability of photocatalytic active sites for light absorption and the 

generation of reactive oxygen species (ROS) [55]. Upon increasing the TiO₂ content to 30%, 

the degradation efficiency markedly improves, reaching approximately 99%, indicating a 

significant enhancement in photocatalytic activity. This improvement is attributed to the higher 

concentration of TiO₂ nanoparticles (as confirmed by EDX analysis), which facilitates greater 
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photon absorption and promotes the generation of electron-hole pairs  [59]. 
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Figure III.21. Effect of TiO₂ content on the photodegradation efficiency of Rhodamine B 

using a 50% TiO₂- BN composite. 

The marginal gain observed at 50% TiO₂ suggests that this composition represents an optimal 

balance between photocatalyst quantity and its uniform dispersion within the bentonite matrix. 

Bentonite plays a crucial role in preventing TiO₂ nanoparticle agglomeration, maintaining a 

high surface area, and thereby enhancing the accessibility of active sites and promoting the 

adsorption of dye molecules [60], [61]. The observed synergistic interaction between TiO₂ and 

bentonite is consistent with previous studies that highlight the improved photocatalytic 

efficiency in hybrid systems, attributed to enhanced charge separation, increased surface 

adsorption, and better light utilization [62]. Overall, these findings confirm that increasing the 

TiO₂ content within the composite significantly boosts the degradation efficiency of Rhodamine 

B, with the 50% TiO₂-BN sample demonstrating the most effective performance under UV 

irradiation. 
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5. Conclusion 

This chapter has presented a comprehensive investigation into the synthesis, characterization, 

and photocatalytic evaluation of TiO₂/Bentonite composites prepared via a non-conventional 

sol–gel method for the degradation of Rhodamine B. The physicochemical analyses (FTIR-

ATR, XRD, BET, SEM/EDS, and pHpzc) confirmed the successful incorporation of TiO₂ onto 

the bentonite matrix and revealed significant modifications in surface area, morphology, and 

surface charge properties, which are critical for photocatalytic applications.The control study 

underlined the individual and synergistic roles of TiO₂, bentonite, and UV irradiation, 

demonstrating that the combined system significantly enhances photodegradation efficiency. 

The photocatalytic performance of the TiO₂/Bentonite composites was then systematically 

evaluated under various operational parameters. Results showed that the degradation efficiency 

is strongly influenced by the initial dye concentration, catalyst dosage, solution pH, light source, 

and TiO₂/Bentonite ratio. Notably, the composite with 50% TiO₂ exhibited superior 

photocatalytic activity under UV light, highlighting the importance of optimizing the 

composition for enhanced performance. Overall, the findings of this chapter support the 

effectiveness of TiO₂/Bentonite composites as promising heterogeneous photocatalysts for 

environmental remediation, particularly in the treatment of dye-contaminated wastewater. This 

study also reinforces the relevance of material design and operational parameter optimization 

in developing sustainable and efficient advanced oxidation processes. 
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1. Introduction 

The kinetics of Rhodamine B dye photodegradation using different synthesized catalyst 

samples were evaluated using pseudo-first-order (Equation IV.1) and pseudo-second-order 

(Equation IV.2) models, as illustrated in Figure 14. a-b:  

Pseudo-first order   𝑙𝑛 (
𝐶𝟎

𝐶𝒕
) = 𝑘𝟏𝑡              Equation IV.1 

Pseudo second order  𝑙𝑛 (
1

𝐶𝒕
) = (

1

𝐶𝟎
) + 𝑘𝟐𝑡         Equation IV.2 

C₀ is the initial concentration (mg/L) of Rhodamine B, while Cₜ is the concentration of 

Rhodamine B at time t (mg/L), and t represents the contact time in minutes (min). k₁ and k₂ are 

the first and second-order rate constants, respectively. In the same context, the adsorption and 

photocatalytic activity of the photocatalysts are predicted using the Langmuir-Hinshelwood (L-

H) equation, as it is also commonly employed to describe heterogeneous photocatalysis in 

several studies  

 [1,2]. Equation 3 represents a straight line with an intercept of 1/ka and a slope of 1/kaK, as 

derived for the L-H model, where K is the adsorption coefficient of the reactant in (L.mg-1) and 

ka is the reaction rate constant in (mg. L⁻¹.min⁻¹ )[3]:   

 

  
𝟏

𝒓𝟎
=

𝟏

𝒌
+

𝟏

𝒌𝑲𝑪𝟎
           Equation IV.3 

 

2. Photodegradation kinetics of Rhodamine B using TiO2 photocatalyst: 

As shown in Figure 2, the pseudo-first-order model provided a better fit than the pseudo-

second-order model, indicating a significant correlation between ln(C₀/Cₜ) and time. The rate 

constants (k₁) suggest that TiO₂-400 has the highest degradation rate, with k₁ = 0.0377 min⁻¹ 

(Table IV.1), which can be attributed to its physicochemical properties, including a higher 

specific surface area (62.83 m²/g), smaller crystallite size, and predominant anatase phase 

(67.89% anatase and 32.10% rutile), as confirmed by BET and XRD analysis. Additionally, 

TiO₂-400 exhibits an optical band gap energy of 3.14 eV, which contributes to its enhanced 

photocatalytic activity. In contrast, TiO₂-600 and TiO₂-800 exhibited lower rate constants, 

0.0336 and 0.0202 min⁻¹, respectively, compared to TiO₂-400 and TiO₂-P25. This decrease in 

photocatalytic activity is attributed to a reduction in specific surface area, an increase in 

crystallite size, and the anatase-to-rutile phase transformation that occurs at higher calcination 
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temperatures. Therefore, the phase transitions result in a reduced number of active sites and 

diminished charge separation efficiency [4,5] 

 

Figure IV.1. (a) Pseudo-first-order, (b) Pseudo-second-order kinetics fitting of Rhodamine 

dye photodegradation using different TiO2 samples. 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, pH = 4.80). 

 

Additionally, the increased particle agglomeration observed at higher calcination temperatures 

decreases the available surface area, contributing to the lower photocatalytic performance 

compared to TiO₂-400, as confirmed by SEM analysis [6]. The kinetic parameters derived from 

the L-H model are presented in Table IV.1, revealing a strong correlation between the 

degradation rate and the adsorption characteristics of the TiO₂ samples. 

          

Table IV.1.  Kinetics models and Langmuir-Hinshelwood representation parameters of 

Rhodamine B photodegradation using different TiO2 samples. 

 

TiO2 samples TiO2-400 TiO2-600 TiO2-800 TiO2-P25 

First-order 

kinetics 

k1 (min-1) 0,0377 0,0336 0,0202 0,0349 

R2 0,9940 0,9909 0,9958 0,9921 

Second-

order 

kinetics  

k2 (mg. L-1min-1) 0,283 0,179 0,0570 0,188 

R2 0,7650 0,8851 0,9840 0,7450 

Langmuir-

Hinshelwood  

K (L.mg-1) 0.0436 

 

0.0988 

 

0.1616 

 

0.0824 

 

ka(mg.L-1.min-1) 1,5696 0,7484 

 

0,3198 

 

0,8762 

 

R2 

 

0,9973 0,9925 0,9921 0,9931 
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Among the studied materials, TiO₂-400 exhibits the highest adsorption constant (K = 0.0436 

L·mg⁻¹) and the highest apparent rate constant (kₐ = 1.5696 mg. L⁻¹·min⁻¹), with an excellent 

correlation coefficient (R² = 0.9973) as shown in Figure IV.2. These results suggest an enhanced 

interaction between Rhodamine B molecules and the TiO₂-400 surface under photocatalytic 

conditions, leading to improved degradation kinetics.  The progressive decrease in K and 

increase in ka constants with rising calcination temperature is consistent with the anatase-to-

rutile phase transition, resulting in a reduced specific surface area and increased crystallite size, 

which, in turn, influence photocatalytic performance [7]. For all samples, kₐ values were higher 

than K, indicating that the photocatalytic process is driven by surface reactions, as reported in 

the literature [3].       
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Figure IV.2.  Representation of Langmuir-Hinshelwood equation of Rhodamine dye 

photodegradation using different TiO2 samples (a) TiO2-400, (b) TiO2-600, (c) TiO2-800, (d) 

TiO2-P25 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, natural pH = 4.80). 
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3. Photodegradation kinetics of Rhodamine B using TiO2-BN composites: 

 

The experimental data of the TiO2-BN samples were fitted for both pseudo-first-order and 

pseudo-second-order kinetic models to elucidate the photodegradation behaviour of Rhodamine 

B dye. As shown in Figure IV.3, the pseudo-first-order model provided a better fit than the 

pseudo-second-order model. Among the tested composites, the 50% TiO₂-BN sample exhibited 

the highest apparent rate constant in both models (k₁ = 0.05802 min⁻¹; k₂ = 2.35245 

mg·L⁻¹·min⁻¹), indicating an efficient generation of reactive oxygen species (ROS), due to 

greater availability of photoactive TiO₂ sites. This finding aligns with recent studies, which 

have shown that increasing TiO₂ content enhances ROS formation and photocatalytic efficiency 

up to an optimal loading [8], [9]. The 30% TiO₂-BN sample displayed intermediate activity (k₁ 

= 0.04914 min⁻¹; k₂ = 0.80481 mg·L⁻¹·min⁻¹), suggesting a balanced interplay between TiO₂ 

dispersion and surface accessibility. In contrast, the 10% TiO₂-BN sample yielded the lowest 

kinetic constants (k₁ = 0.02562 min⁻¹; k₂ = 0.1101 mg·L⁻¹·min⁻¹), which can be attributed to 

insufficient photocatalytic sites and limited ROS production [10]. 

 

 

Figure IV.3. (a) Pseudo-first-order, (b) Pseudo-second-order kinetics fitting of Rhodamine 

dye photodegradation using TiO2-400 and different TiO2-BN samples. 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, pH = 4.80). 

 

However, for the 10%TiO2-BN and 30%TiO2-BN samples, the pseudo-second-order model 

also exhibited relatively considerable R² values (0.8584 and 0.78465, respectively), indicating 
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a possible influence of surface adsorption processes or active site saturation, especially with 

low TiO₂ content  [11]. In contrast, the second-order fit for 50% TiO₂-BN was lower (R² = 

0.56613), further supporting that degradation here was driven by photogenerated species rather 

than surface-controlled kinetics. Although the pseudo-first-order model showed that the 50% 

TiO₂-BN composite had the highest apparent rate constant (k₁ = 0.05802 min⁻¹), indicating rapid 

RhB degradation. 

Furthermore, the Langmuir-Hinshelwood model (Figure IV.4) showed a significantly lower 

surface reaction rate (kₐ = 0.0705 mg·L⁻¹·min⁻¹) for the sample 50% TiO₂-BN. In contrast, the 

10% TiO₂-BN composite exhibited a higher rate (kₐ =1.325 mg·L⁻¹·min⁻¹), indicating more 

effective surface catalysis despite having less TiO₂. This difference arises because the pseudo-

first-order model captures overall degradation mainly driven by ROS generation, while the L–

H model provides mechanistic insights by separating adsorption from surface reactions [12]. 
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Figure IV.4. Representation of the Langmuir-Hinshelwood equation of Rhodamine dye 

photodegradation using TiO2-400 different TiO2 samples: 

 (a)TiO2-400 (b) 10%TiO2-BN, (c) 30%TiO2-BN, (d) 50%TiO2-BN 

(Operational parameters: UV lamp: λ254nm, intensity 4750 μW/cm², [TiO2]0 = 0.1 g/L, [RhB]0 

= 10 ppm, natural pH = 4.80) 
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In contrast, the 30% TiO₂-BN composite exhibited a considerable decrease in photocatalytic 

activity (ka = 0.0509 mg.L⁻¹·min⁻¹, K = 0.0168 L.mg⁻¹), which can be attributed to the 

agglomeration of TiO₂ nanoparticles and the consequent reduction in accessible active sites. 

This agglomeration limited both the adsorption capacity and the efficiency of the photocatalytic 

reaction. Although the 50%TiO₂-BN sample showed a higher adsorption constant (K = 0.0519 

L·mg⁻¹), its degradation rate remained relatively low (ka = 0.0705 mg·L⁻¹·min⁻¹), suggesting 

that enhanced adsorption alone is not sufficient to ensure improved photocatalytic performance. 

Such behaviour is often associated with overloading effects, which may hinder charge transfer, 

increase electron-hole recombination rates, or reduce light penetration within the catalyst matrix   

[13]. The high correlation coefficients (R² > 0.99) for all samples support the applicability of 

the L-H model in describing the photodegradation kinetics of RhB over these composites. These 

findings highlight the importance of optimizing the TiO₂ content within bentonite matrices to 

strike a balance between adsorption capacity and photocatalytic reactivity, thereby achieving 

efficient pollutant removal [14]. 

 

Table IV.2. Kinetics models and Langmuir-Hinshelwood representation parameters of 

Rhodamine B photodegradation using TiO2-400 and TiO2-BN samples. 

 

TiO2 samples TiO2-400 10% TiO2-BN 30% TiO2-BN 50% TiO2-BN 

First-order 

kinetics 

k1 (min-1) 0,0377 0,02562 0,04914 0,05802 

R2 0,9940 0,99651 0,99861 0,99229 

Second-order 
kinetics  

k2 (mg. L-1min-1) 0,283 0,1101 0,80481 2,35245 

R2 0,7650 0,8584 0,78465 0,56613 

Langmuir-
Hinshelwood  

K(L.mg-1) 0,0436 
 

0,0206 
 

0,0168 
 

0,0519 
 

ka (mg.L-1.min-1) 

 

1,5696 1,325 0,0509 

 

0,0705 

 

R2 

 
0,9973 0,9937 0,9976 0,99281 

 

4. Photocatalytic performance comparison: TiO₂-400 vs. 50%TiO₂-BN:  

As a final step in the kinetic analysis, a comparative evaluation was conducted between the two 

most efficient photocatalysts, TiO₂ calcined at 400 °C (TiO₂-400) and the 50%TiO₂-bentonite 

composite (50%TiO₂-BN) to assess the effect of bentonite incorporation on photocatalytic 
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performance (Table IV.3). Both materials exhibited high degradation efficiencies toward 

Rhodamine B under UV irradiation; however, the 50%TiO₂-BN composite demonstrated 

superior performance, achieving 99.64% degradation compared to 96.11% for TiO₂-400 after 

90 minutes. 

Table IV.3. Comparison of photodegradation efficiency and kinetic parameters of TiO₂-400 

and 50%TiO₂-Bentonite composites under UV Irradiation. 

 

The pseudo-first-order rate constant (k₁) of 50%TiO2-BN was slightly higher for the composite 

(0.05802 min⁻¹) compared to TiO₂-400 (0.0377 min⁻¹) due to improved adsorption facilitated 

by the bentonite matrix. This is further supported by the higher Langmuir-Hinshelwood 

adsorption constant observed for the composite (K = 0.0519 L·mg⁻¹ vs. 0.0436 L·mg⁻¹ for TiO₂-

400). However, the apparent rate constant ka was significantly lower for 50%TiO₂-BN (0.0705 

mg·L⁻¹·min⁻¹) than for TiO₂-400 (1.5696 mg·L⁻¹·min⁻¹), suggesting that the presence of excess 

bentonite may hinder photocatalytic reaction kinetics by limiting light penetration, reducing 

active site accessibility, or promoting charge carrier recombination [15].  

  

Figure IV.5. Photodegradation of Rhodamine B using (a) TiO₂-400 and (b) 50%TiO₂-

Bentonite composite 

Sample Photodegradation 

efficiency (%) 

Irradiation 

time (min) 

k1 (min-1) ka(mg.L-1.min-1) K(L.mg-1) 

TiO2-400 96,11 90 0,0377 1,5696 0,0436 

50%TiO2-BN 99,64 90 0,05802 0,0705 

 
0,0519 

 

a 
b 
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Figure IV.5 illustrate the progressive discolouration of Rhodamine B solution during 

photocatalytic treatment. Figure (a) corresponds to TiO₂-400, while Figure (b) depicts the 

degradation behaviour obtained with the 50%TiO₂-BN composite, highlighting the enhanced 

catalytic efficiency. Similar effects have been reported in the literature for TiO₂-clay systems 

with high support content [16]. These findings demonstrate that although bentonite can enhance 

adsorption and improve material recovery, its proportion must be carefully optimized to ensure 

that the intrinsic photocatalytic activity of TiO₂ is not compromised.                          

5. Conclusion  

This chapter provided a detailed assessment of the photocatalytic performance and kinetic 

behaviour of synthesised TiO₂-based catalysts, including pure TiO₂ calcined at various 

temperatures and TiO₂-BN composites with different TiO₂ loadings. The photodegradation of 

Rhodamine B under UV light was used as a model reaction to evaluate the activity of each 

material. kinetic modelling with pseudo-first-order, pseudo-second-order, and Langmuir–

Hinshelwood models offered valuable insights into degradation mechanisms and adsorption-

reaction processes. Among all samples, TiO₂-400 showed the highest apparent reaction rate 

constant, underscoring the importance of optimal crystallinity and surface properties. 

Nonetheless, the 50%TiO₂-BN composite demonstrated superior adsorption capacity and 

competitive degradation efficiency, highlighting bentonite’s role as a support material. 

However, excessive bentonite content was found to potentially impair photocatalytic 

performance by restricting active site access or increasing charge recombination. Overall, the 

results emphasise that both the physicochemical properties and composition of the catalysts 

significantly affect photocatalytic behaviour, and that a careful balance between the support 

structure and the active phase is crucial for achieving high photocatalytic efficiency. These 

findings lay a strong foundation for optimising TiO₂-based systems in environmental 

remediation. 
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General conclusion  

This thesis examined advanced oxidation processes (AOPs) based on heterogeneous and 

homogeneous photocatalysis for removing refractory organic pollutants from water, with 

particular focus on Rhodamine B (RhB) as a model contaminant. The main aim was to 

synthesise, characterize, and optimize nanostructured photocatalysts based on titanium dioxide 

(TiO₂), prepared via a non-conventional sol-gel method, and to investigate how structural 

modifications, composite formation, and operational conditions affect their photocatalytic 

efficiency. Initially, pure TiO₂ nanoparticles were successfully synthesised and subjected to 

controlled calcination at 400, 600, and 800 °C. Detailed physicochemical characterisation 

(TG/DSC, XRD, FTIR-ATR, BET, UV–Vis spectroscopy) demonstrated the significant 

influence of calcination temperature on crystallinity, surface area, and phase composition. 

Among the samples, TiO₂-400 exhibited the most favourable properties, combining a high 

anatase content with adequate surface area, which contributed to superior photocatalytic activity 

(96.11%), surpassing TiO₂-600 (93.37%), TiO₂-800 (81.25%), and the benchmark TiO₂-P25 

(92.07%), following a pseudo-first-order kinetic model consistent with the Langmuir-

Hinshelwood mechanism. In the second phase, TiO₂/bentonite (TiO₂-BN) composites were 

synthesised using the same non-conventional sol-gel approach to overcome the inherent 

limitations of TiO₂ photocatalyst agglomeration and limited adsorption capacity. Structural 

analysis (FTIR-ATR, XRD, BET, SEM/EDS, pHpzc) confirmed successful incorporation of TiO₂ 

into the bentonite matrix, resulting in composites with improved textural properties and 

enhanced surface reactivity. The photocatalytic performance of TiO₂-BN improved with 

increasing TiO₂ content. Specifically, the 10% TiO₂-BN composite achieved a degradation 

efficiency of 86.76%, while the 30% TiO₂-BN reached 98.67%. The highest activity was 

observed with the 50% TiO₂-BN sample, which exhibited a degradation efficiency of 99.64%. 

This trend clearly indicates that higher TiO₂ loading enhances the availability of active sites for 

photocatalytic reactions, while the bentonite matrix contributes to adsorption and stabilisation 

of TiO₂ nanoparticles, resulting in a synergistic effect that maximises overall photocatalytic 

efficiency. The influence of key parameters, including initial dye concentration, photocatalyst 

dosage, pH, irradiation source, and TiO₂ content, was systematically studied, confirming the 

crucial role of adsorption-photocatalysis synergy in pollutant removal efficiency. The non-

conventional sol-gel method proved to be a reliable and versatile synthesis route, producing 

nanostructured catalysts with performance comparable or superior to commercial TiO₂. These 

findings deepen understanding of how structural and operational factors govern photocatalytic 
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degradation and highlight the potential of TiO₂-based nanocatalysts for environmental 

remediation. Future work will focus on scaling up the synthesis process, evaluating catalyst 

stability and reusability over long-term cycles, and extending degradation studies to real 

wastewater samples containing complex pollutant mixtures. Additionally, combining 

TiO₂/bentonite composites with other strategies, such as metal/non-metal doping or 

hybridisation with carbon-based materials, could further enhance visible-light activity and 

broaden application scope. In conclusion, this research offers valuable insights into designing 

and optimising TiO₂-based nanocatalysts for wastewater treatment. By demonstrating the 

effectiveness of a non-convolutional sol-gel synthesis route and the beneficial role of bentonite 

addition, the work establishes a basis for developing more efficient, stable, and sustainable 

photocatalysts to tackle the persistent issue of refractory organic pollutants in aquatic 

environments. 
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Figure A.1. Photolysis of Rhodamine B (10 ppm) under UV irradiation 

300 400 500 600 700

Longuer d'onde (cm
-1
)

 pH neutre

 pH 1

 pH 3

 pH 9

 pH 12
 

0,0

0,2

0,4

0,6

0,8

1,0

A
b

s
o

rb
ti

o
n

 

 
Figure A.2. UV-Vis absorption spectra of Rhodamine B at different pH values 
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Figure A.3. Technical data sheet of Rhodamine B 

 
➢ JCPDS reference cards extracted from the highScore database of TiO₂ and TiO₂-BN 

Samples: 
 

1. TiO2 nanoparticles:  
 

a) TiO2-400 sample:  

 

Name and formula (Anatase) 
 

Reference code: 00-004-0477  
 
Mineral name: Anatase, syn 
Compound name: Titanium Oxide  
PDF index name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2 

 

 

Crystallographic parameters 
 

Crystal system: Tetragonal  
Space group: I41/amd 

Space group number: 141 
 
a (Å):   3,7830 

b (Å):   3,7830 

c (Å):   9,5100 

Alpha (°):  90,0000 
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Beta (°):  90,0000 

Gamma (°):  90,0000 

 
Calculated density (g/cm^3):   3,90 

Volume of cell (10^6 pm^3): 136,10 

Z:   4,00 

 
RIR: - 

 
 

Status, subfiles and quality 
 
Status: Marked as deleted by ICDD 

Subfiles: Alloy, metal or intermetalic 
 Inorganic 

 Mineral 

 Pharmaceutical 
Quality: Indexed (I) 

 

Comments 
 

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

 

References 
 

Primary reference: Swanson, Tatge.,Private Communication, (1950) 
Other: Parker.,Z. Kristallogr., 59, 1, (1923) 

 

 
 
Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

1    1    0    1        3,51000    25,354     100,0 

  2    1    0    3      2,43500    36,884       9,0 

  3    0    0    4      2,37900    37,785      22,0 

  4    1    1    2      2,33600    38,507       9,0 

  5    2    0    0      1,89100    48,077      33,0 

  6    1    0    5      1,69900    53,922      21,0 

  7    2    1    1      1,66500    55,116      19,0 

  8    2    1    3      1,49400    62,075       4,0 

  9    2    0    4      1,48000    62,728      13,0 

 10    1    1    6      1,36700    68,596       5,0 

 11    2    2    0      1,33700    70,359       5,0 

 12    2    1    5      1,26400    75,094      10,0 

 13    3    0    1      1,25000    76,084       3,0 

 14    3    0    3      1,17100    82,267       2,0 

 15    3    1    2      1,16090    83,140       3,0 

 16                     1,08690    90,261       3,0 

 17    3    2    1      1,04330    95,179       3,0 

 18    1    0    9      1,01730    98,436       2,0 

 19    3    1    6      0,95500   107,530       4,0 

 20    4    0    0      0,94610   109,014       3,0 

 21    3    2    5      0,91890   113,919       2,0 

 22    1    1   10      0,89600   118,568       3,0 

 23    2    2    8      0,88770   120,396       2,0 
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 24    3    2    7      0,83110   135,896       1,0 

 25    4    1    5      0,82680   137,391       3,0 

 26    3    0    9      0,81000   143,974       1,0 

 27                     0,79900   149,193       3,0 

 
 

Stick Pattern 

 
 

 
 
Name and formula (Rutile) 
 
Reference code: 03-065-0190  

 
Mineral name: Rutile, syn 
Compound name: Titanium Oxide  
PDF index name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2 

 
 

Crystallographic parameters 
 
Crystal system: Tetragonal  

Space group: P42/mnm 
Space group number: 136 

 
a (Å):   4,5925 

b (Å):   4,5925 

c (Å):   2,9578 

Alpha (°):  90,0000 

Beta (°):  90,0000 

Gamma (°):  90,0000 
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Calculated density (g/cm^3):   4,25 

Volume of cell (10^6 pm^3):  62,38 

Z:   2,00 

 
RIR:   3,54 

 

 

Status, subfiles and quality 
 

Status: Marked as deleted by ICDD 
Subfiles: Alloy, metal or intermetalic 

 Inorganic 
 Mineral 

 NIST Pattern 

 Pharmaceutical 
Quality: Calculated (C) 

 

Comments 
 

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

N 22682        21030. Temperature Factor: No TF given for entry, B=1.0 assumed  
Deleted Or Rejected By: Delete: same as 01-078-1508.  

 

 
 

 
 
 
References 
 
Structure: R.Restori, D.Schwarzenbach&J.R.Schneider, ActaCrystallogr., Sec. B: 

Structural Science, 43B, 251-2, (1987) 
 

 
 
Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

1    1    1    0      3,24739    27,443     100,0 

  2    1    0    1      2,48669    36,091      43,0 

  3    2    0    0      2,29625    39,201       6,4 

  4    1    1    1      2,18671    41,252      16,4 

  5    2    1    0      2,05383    44,055       5,7 

  6    2    1    1      1,68701    54,337      44,6 

  7    2    2    0      1,62369    56,642      13,0 

  8    0    0    2      1,47890    62,780       5,8 

  9    3    1    0      1,45228    64,066       5,9 

 10    2    2    1      1,42334    65,530       0,4 

 11    3    0    1      1,35954    69,025      13,6 

 12    1    1    2      1,34590    69,826       6,7 

 13    3    1    1      1,30361    72,441       0,7 

 14    3    2    0      1,27373    74,423       0,1 

 15    2    0    2      1,24334    76,565       1,4 

 16    2    1    2      1,20014    79,859       0,7 

 17    3    2    1      1,16987    82,363       2,6 

 18    4    0    0      1,14813    84,276       1,7 
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 19    4    1    0      1,11384    87,509       0,6 

 20    2    2    2      1,09335    89,583       3,9 

 21    3    3    0      1,08246    90,734       2,1 

 22    4    1    1      1,04238    95,290       3,5 

 23    3    1    2      1,03620    96,042       2,7 

 24    4    2    0      1,02691    97,201       1,5 

 25    3    3    1      1,01653    98,537       0,1 

 26    4    2    1      0,97011   105,128       0,3 

 27    1    0    3      0,96397   106,087       1,0 

 28    1    1    3      0,94341   109,473       0,3 

 29    4    3    0      0,91850   113,996       0,1 

 30    4    0    2      0,90691   116,286       1,5 

 31    5    1    0      0,90066   117,577       1,6 

 32    4    1    2      0,88973   119,942       0,8 

 33    2    1    3      0,88882   120,143       3,0 

 34    4    3    1      0,87718   122,841       3,0 

 35    3    3    2      0,87348   123,738       2,1 

 36    5    1    1      0,86160   126,769       0,1 

 37    5    2    0      0,85281   129,178       0,1 

 38    4    2    2      0,84350   131,907       1,8 

 39    3    0    3      0,82890   136,655       2,0 

 40    5    2    1      0,81943   140,119       3,8 

 41    3    1    3      0,81572   141,582       0,2 

 42    4    4    0      0,81185   143,181       0,5 

 
 

 
 
 
 
Stick Pattern 
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b) TiO2-600 sample:  

Name and formula (Anatase)  
 

Reference code: 00-004-0477  

 
Mineral name: Anatase, syn 
Compound name: Titanium Oxide  
PDF index name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2 

 
 

Crystallographic parameters 
 

Crystal system: Tetragonal  

Space group: I41/amd 
Space group number: 141 

 
a (Å):   3,7830 

b (Å):   3,7830 

c (Å):   9,5100 

Alpha (°):  90,0000 

Beta (°):  90,0000 

Gamma (°):  90,0000 

 
Calculated density (g/cm^3):   3,90 

Volume of cell (10^6 pm^3): 136,10 

Z:   4,00 

 
RIR: - 

 
 

Status, subfiles and quality 
 
Status: Marked as deleted by ICDD 

Subfiles: Alloy, metal or intermetalic 
 Inorganic 

 Mineral 

 Pharmaceutical 
Quality: Indexed (I) 

 

Comments 
 

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

 

References 
 

Primary reference: Swanson, Tatge.,Private Communication, (1950) 
Other: Parker.,Z. Kristallogr., 59, 1, (1923) 

 

Peak list 
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No.    h    k    l      d [A]     2Theta[deg] I [%]    

1    1    0    1      3,51000    25,354     100,0 

  2    1    0    3      2,43500    36,884       9,0 

  3    0    0    4      2,37900    37,785      22,0 

  4    1    1    2      2,33600    38,507       9,0 

  5    2    0    0      1,89100    48,077      33,0 

  6    1    0    5      1,69900    53,922      21,0 

  7    2    1    1      1,66500    55,116      19,0 

  8    2    1    3      1,49400    62,075       4,0 

  9    2    0    4      1,48000    62,728      13,0 

 10    1    1    6      1,36700    68,596       5,0 

 11    2    2    0      1,33700    70,359       5,0 

 12    2    1    5      1,26400    75,094      10,0 

 13    3    0    1      1,25000    76,084       3,0 

 14    3    0    3      1,17100    82,267       2,0 

 15    3    1    2      1,16090    83,140       3,0 

 16                     1,08690    90,261       3,0 

 17    3    2    1      1,04330    95,179       3,0 

 18    1    0    9      1,01730    98,436       2,0 

 19    3    1    6      0,95500   107,530       4,0 

 20    4    0    0      0,94610   109,014       3,0 

 21    3    2    5      0,91890   113,919       2,0 

 22    1    1   10      0,89600   118,568       3,0 

 23    2    2    8      0,88770   120,396       2,0 

 24    3    2    7      0,83110   135,896       1,0 

 25    4    1    5      0,82680   137,391       3,0 

 26    3    0    9      0,81000   143,974       1,0 

 27                     0,79900   149,193       3,0 

 

 

Stick Pattern 
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Name and formula (Rutile) 
 
Reference code: 01-078-1509  

 
Mineral name: Rutile, syn 
Compound name: Titanium Oxide  
Common name: Titanium dioxide  
ICSD name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2 

 
 

Crystallographic parameters 
 
Crystal system: Tetragonal  

Space group: P42/mnm 
Space group number: 136 

 
a (Å):   4,5933 

b (Å):   4,5933 

c (Å):   2,9580 

Alpha (°):  90,0000 

Beta (°):  90,0000 

Gamma (°):  90,0000 

 
Calculated density (g/cm^3):   4,25 

Measured density (g/cm^3):   4,26 

Volume of cell (10^6 pm^3):  62,41 

Z:   2,00 

 
RIR:   3,60 

 

 

Subfiles and quality 
 
Subfiles: Alloy, metal or intermetalic 

 Corrosion 

 ICSD Pattern 
 Inorganic 

 Mineral 
 Pharmaceutical 

Quality: Calculated (C) 

 

Comments 
 
ICSD collection code: 062678  

Creation Date: 01/01/1970  

Modification Date: 01/01/1970  
ICSD Collection Code: 062678  

Test from ICSD: At least one TF missing  
Sample Source or Locality: Specimen from Verneuil grown (Djevahirdjian SA)  

Additional Patterns: See PDF 00-021-1276  

Calculated Pattern Original Remarks: Also anharmonic Gram-Charlier expansion calc. Charge 
densitiy in rutile, Ti O2.f a (P42/MNM). AX2.  
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References 
 
Primary reference: Calculated from ICSD using POWD-12++ 

Structure: Restori, R., Schwarzenbach, D., Schneider, J.R., ActaCrystallogr., 
Sec. B: Structural Science, 43, 251, (1987) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

1    1    1    0      3,24795    27,439     100,0 

  2    1    0    1      2,48693    36,087      43,6 

  3    2    0    0      2,29665    39,194       6,4 

  4    1    1    1      2,18696    41,247      16,9 

  5    2    1    0      2,05419    44,047       6,0 

  6    2    1    1      1,68724    54,329      47,8 

  7    2    2    0      1,62398    56,631      13,8 

  8    0    0    2      1,47900    62,775       6,4 

  9    3    1    0      1,45253    64,054       6,3 

 10    2    2    1      1,42355    65,519       0,5 

 11    3    0    1      1,35974    69,014      15,2 

 12    1    1    2      1,34602    69,819       7,7 

 13    3    1    1      1,30382    72,428       0,8 

 14    3    2    0      1,27395    74,408       0,2 

 15    2    0    2      1,24347    76,556       1,6 

 16    2    1    2      1,20026    79,849       0,9 

 17    3    2    1      1,17005    82,348       2,9 

 18    4    0    0      1,14832    84,259       2,0 

 19    4    1    0      1,11404    87,490       0,7 

 20    2    2    2      1,09348    89,570       4,7 

 
 

Stick Pattern 
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c) TiO2-800 sample :  

Name and formula (Rutile) 

 
Reference code: 01-071-0650  

 
Mineral name: Rutile, syn  
Compound name: Titanium Oxide  
ICSD name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2 

 
 

Crystallographic parameters 
 
Crystal system: Tetragonal  

Space group: P42/mnm  
Space group number: 136 

 
a (Å):   4,5941 

b (Å):   4,5941 

c (Å):   2,9589 

Alpha (°):  90,0000 

Beta (°):  90,0000 

Gamma (°):  90,0000 

 
Calculated density (g/cm^3):   4,25 

Measured density (g/cm^3):   4,26 

Volume of cell (10^6 pm^3):  62,45 

Z:   2,00 

 
RIR:   3,63 

 

 

Subfiles and quality 
 

Subfiles: Alloy, metal or intermetalic 
 Corrosion 

 ICSD Pattern 
 Inorganic 

 Mineral 

 Pharmaceutical 
Quality: Calculated (C) 

 

Comments 
 

ICSD collection code: 009161  
Creation Date: 01/01/1970  

Modification Date: 01/01/1970  
ICSD Collection Code: 009161  

Temperature Factor: ATF  

Calculated Pattern Original Remarks: REM      REF  
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Additional Patterns: See PDF 00-016-0934. Rutile-Type Compounds. VI. Si O2, Ge O2 

and a Comparison with other Rutile-Type Structures. f a (P42/MNM). 
AX2.  

 
 

 

References 
 

Primary reference: Calculated from ICSD using POWD-12++, (1997) 
Structure: Baur, W.H., Khan, A.A., Acta Crystallogr., Sec. B, 27, 2133, (1971) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

1    1    1    0      3,24852    27,434     100,0 

  2    1    0    1      2,48760    36,077      42,8 

  3    2    0    0      2,29705    39,187       6,7 

  4    1    1    1      2,18750    41,236      16,4 

  5    2    1    0      2,05454    44,039       6,0 

  6    2    1    1      1,68761    54,316      46,7 

  7    2    2    0      1,62426    56,621      13,6 

  8    0    0    2      1,47945    62,754       6,1 

  9    3    1    0      1,45278    64,041       6,3 

 10    2    2    1      1,42384    65,504       0,5 

 11    3    0    1      1,36002    68,998      15,0 

 12    1    1    2      1,34640    69,796       7,4 

 13    3    1    1      1,30408    72,411       0,8 

 14    3    2    0      1,27417    74,393       0,2 

 15    2    0    2      1,24380    76,532       1,6 

 16    2    1    2      1,20057    79,824       0,8 

 17    3    2    1      1,17028    82,328       3,0 

 18    4    0    0      1,14852    84,241       1,9 

 19    4    1    0      1,11423    87,471       0,7 

 20    2    2    2      1,09375    89,542       4,5 

 

 

Stick Pattern 
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2. TiO2-BN composites:  

a) 10%TiO2-BN sample:  

Name and formula (TiO2 Anatase) 
 

Reference code: 01-071-1167  

 
Mineral name: Anatase  
Compound name: Titanium Oxide  
ICSD name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2  

 

 

Crystallographic parameters 
 

Crystal system: Tetragonal  
Space group: I41/amd  

Space group number: 141 

 
a (Å):   3,7892  

b (Å):   3,7892  

c (Å):   9,5370  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°):  90,0000  

 
Calculated density (g/cm^3):   3,88  

Volume of cell (10^6 pm^3): 136,93  

Z:   4,00  

 
RIR:   4,95  

 

 

Status, subfiles and quality 
 

Status: Diffraction data collected at non ambient temperature 
Subfiles: Alloy, metal or intermetalic 

 Corrosion 

 ICSD Pattern 
 Inorganic 

 Mineral 
 Pharmaceutical 

Quality: Calculated (C) 

 

Comments 
 
ICSD collection code: 009853  

Creation Date: 01/01/1970  

Modification Date: 01/01/1970  
ICSD Collection Code: 009853  

Temperature of Data Collection: REM      TEM 300 C  
Calculated Pattern Original Remarks: REM      M PDF 00-021-1272  

Temperature Factor: ITF  
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Sample Source or Locality: Specimen from Binntal, Wallis, Switzerland  

Additional Patterns: See PDF 01-071-1169. Refinement of the structure of anatase at 
several temperatures. e a (I41/AMDS). AX2.  

 
  

 

References 
 

Primary reference: Calculated from ICSD using POWD-12++, (1997) 
Structure: Horn, M., Schwerdtfeger, C.F., Meagher, E.P., Z. Kristallogr., 

Kristallgeom., Kristallphys., Kristallchem., 136, 273, (1972) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    1      3,52143    25,271     100,0 

  2    1    0    3      2,43542    36,877       6,1 

  3    0    0    4      2,38425    37,698      18,4 

  4    1    1    2      2,33588    38,509       7,1 

  5    2    0    0      1,89460    47,980      23,7 

  6    1    0    5      1,70372    53,761      14,7 

  7    2    1    1      1,66845    54,992      14,4 

  8    2    1    3      1,49539    62,010       2,5 

  9    2    0    4      1,48331    62,572      10,5 

 10    1    1    6      1,36705    68,593       4,5 

 11    2    2    0      1,33968    70,198       4,8 

 12    1    0    7      1,28207    73,858       0,4 

 13    2    1    5      1,26684    74,897       7,2 

 14    3    0    1      1,25213    75,932       2,0 

 15    0    0    8      1,19212    80,505       0,3 

 16    3    0    3      1,17381    82,027       0,5 

 17    2    2    4      1,16794    82,529       3,5 

 18    3    1    2      1,16212    83,034       1,5 

    

    

Stick Pattern 
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Name and formula (Quarts) 

 
Reference code: 01-083-0539  

 
Mineral name: Quartz  
Compound name: Silicon Oxide  
ICSD name: Silicon Oxide  

 
Empirical formula: O2Si 

Chemical formula: SiO2  

 
 

Crystallographic parameters 
 
Crystal system: Hexagonal  

Space group: P3121  
Space group number: 152 

 
a (Å):   4,9210  

b (Å):   4,9210  

c (Å):   5,4163  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°): 120,0000  

 
Calculated density (g/cm^3):   2,63  

Volume of cell (10^6 pm^3): 113,59  

Z:   3,00  

 
RIR:   3,07  

 
 

Subfiles and quality 
 
Subfiles: Alloy, metal or intermetalic 

 Corrosion 
 ICSD Pattern 

 Inorganic 

 Mineral 
 Pharmaceutical 

Quality: Calculated (C) 
 

Comments 
 
ICSD collection code: 079634  

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

ICSD Collection Code: 079634  

Temperature Factor: ATF  
Calculated Pattern Original Remarks: REM      TEM Mentioned  

Calculated Pattern Original Remarks: REM      PRE Mentioned. Crystal structures of the low-
temperature quartz-type phases of Si O2 and Ge O2 at elevated 

pressure  
Additional Patterns: See ICSD 41447. c a (P3121). AX2.  
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References 
 

Primary reference: Calculated from ICSD using POWD-12++, (1997) 
Structure: Glinnemann, J., King, Jr., H.E., Schulz, H., Hahn, Th., La Placa, S.J., 

Dacol, F., Z. Kristallogr., 198, 177, (1992) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    0      4,26171    20,827      21,7 

  2    1    0    1      3,34924    26,593     100,0 

  3    1    1    0      2,46050    36,488       6,5 

  4    0    1    2      2,28570    39,389       6,6 

  5    1    1    1      2,24018    40,224       3,1 

  6    2    0    0      2,13086    42,384       4,9 

  7    0    2    1      1,98292    45,718       2,8 

  8    1    1    2      1,82111    50,046      11,3 

  9    0    0    3      1,80543    50,511       0,4 

 10    2    0    2      1,67462    54,772       3,4 

 11    1    0    3      1,66241    55,209       1,5 

 12    2    1    0      1,61078    57,138       0,2 

 13    2    1    1      1,54395    59,857       7,9 

 14    1    1    3      1,45561    63,902       1,5 

 15    3    0    0      1,42057    65,673       0,4 

 16    2    1    2      1,38440    67,616       4,9 

 17    0    2    3      1,37748    68,002       6,1 

 18    3    0    1      1,37409    68,193       6,6 

 19    0    1    4      1,29050    73,296       1,8 

 20    0    3    2      1,25800    75,515       2,4 

 21    2    2    0      1,23025    77,531       1,3 

 22    1    2    3      1,20194    79,715       2,4 

 23    2    2    1      1,19969    79,895       1,5 

 24    1    1    4      1,18630    80,982       2,1 

 25    3    1    0      1,18199    81,339       2,4 

 26    3    1    1      1,15481    83,677       1,5 

 27    0    2    4      1,14285    84,756       0,2 

 28    2    2    2      1,12009    86,899       0,1 

 29    0    3    3      1,11641    87,257       0,2 

    
    

Stick Pattern 
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b) 30%TiO2-BN sample 

 
Name and formula (TiO2 anatase) 
 

Reference code: 01-071-1168  
 
Mineral name: Anatase  
Compound name: Titanium Oxide  
ICSD name: Titanium Oxide  

 
Empirical formula: O2Ti 

Chemical formula: TiO2  

 

 

Crystallographic parameters 
 

Crystal system: Tetragonal  
Space group: I41/amd  

Space group number: 141 
 
a (Å):   3,7971  

b (Å):   3,7971  

c (Å):   9,5790  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°):  90,0000  

 
Calculated density (g/cm^3):   3,84  

Volume of cell (10^6 pm^3): 138,11  

Z:   4,00  

 
RIR:   4,86  

 

 

Status, subfiles and quality 
 

Status: Diffraction data collected at non ambient temperature 
Subfiles: Alloy, metal or intermetalic 

 Corrosion 
 ICSD Pattern 

 Inorganic 
 Mineral 

 Pharmaceutical 

Quality: Calculated (C) 
 

Comments 
 

ICSD collection code: 009854  

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

ICSD Collection Code: 009854  
Temperature of Data Collection: REM      TEM 600 C  

Calculated Pattern Original Remarks: REM      M PDF 21-1272  

Temperature Factor: ITF  
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Sample Source or Locality: Specimen from Binntal, Wallis, Switzerland. Refinement of the 

structure of anatase at several temperatures. e a (I41/AMDS). AX2.  
 

  
 

References 
 
Primary reference: Calculated from ICSD using POWD-12++, (1997) 

Structure: Horn, M., Schwerdtfeger, C.F., Meagher, E.P., Z. Kristallogr., 
Kristallgeom., Kristallphys., Kristallchem., 136, 273, (1972) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    1      3,52989    25,209     100,0 

  2    1    0    3      2,44381    36,746       6,0 

  3    0    0    4      2,39475    37,527      18,0 

  4    1    1    2      2,34205    38,404       7,0 

  5    2    0    0      1,89855    47,874      22,4 

  6    1    0    5      1,71042    53,533      13,9 

  7    2    1    1      1,67204    54,864      13,5 

  8    2    1    3      1,49927    61,832       2,3 

  9    2    0    4      1,48773    62,365       9,7 

 10    1    1    6      1,37224    68,298       4,2 

 11    2    2    0      1,34248    70,030       4,3 

 12    1    0    7      1,28738    73,503       0,4 

 13    2    1    5      1,27077    74,626       6,4 

 14    3    0    1      1,25479    75,742       1,7 

 15    0    0    8      1,19737    80,081       0,3 

 16    3    0    3      1,17663    81,789       0,5 

 17    2    2    4      1,17102    82,265       3,0 

 18    3    1    2      1,16470    82,809       1,4 

    

    

Stick Pattern 
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Name and formula (Quartz) 
 
Reference code: 01-089-1961  

 
Mineral name: Quartz  
Compound name: Silicon Oxide  
Common name: Silicon oxide - HT  
ICSD name: Silicon Oxide  

 
Empirical formula: O2Si 

Chemical formula: SiO2  

 
 

Crystallographic parameters 
 
Crystal system: Hexagonal  

Space group: P6222  
Space group number: 180 

 
a (Å):   4,9210  

b (Å):   4,9210  

c (Å):   5,4160  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°): 120,0000  

 
Calculated density (g/cm^3):   2,63  

Volume of cell (10^6 pm^3): 113,58  

Z:   3,00  

 
RIR:   4,11  

 
 

Subfiles and quality 
 

Subfiles: Alloy, metal or intermetalic 

 ICSD Pattern 
 Inorganic 

 Mineral 
 Pharmaceutical 

Quality: Calculated (C) 

 

Comments 
 
ICSD collection code: 042498  

Creation Date: 01/01/1970  

Modification Date: 01/01/1970  
ICSD Collection Code: 042498  

Test from ICSD: No R value given  
Test from ICSD: At least one TF missing  

Calculated Pattern Original Remarks: REM      TEM Mentioned. Structural relations between the low- 

and high-temperature forms of beta-eucryptite (Li Al Si O4) and low 
and high quartz. I. k g (P6222). AX2.  

 
  

 



ANNEXES 
 

 147 

References 
 
Primary reference: Calculated from ICSD using POWD-12++  

Structure: Schulz, H., Tscherry, V., Acta Crystallogr., Sec. B, 28, 2168, (1972) 
 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    0      4,26171    20,827      24,8 

  2    1    0    1      3,34917    26,594     100,0 

  3    1    1    0      2,46050    36,488       5,5 

  4    1    0    2      2,28561    39,391       1,0 

  5    1    1    1      2,24016    40,224       0,3 

  6    2    0    0      2,13086    42,384       5,0 

  7    2    0    1      1,98291    45,719       3,2 

  8    1    1    2      1,82106    50,048      10,4 

  9    0    0    3      1,80533    50,514       0,4 

 10    2    0    2      1,67459    54,773       0,4 

 11    1    0    3      1,66233    55,212       0,5 

 12    2    1    0      1,61078    57,138       0,2 

 13    2    1    1      1,54394    59,857       7,1 

 14    1    1    3      1,45556    63,904       0,3 

 15    3    0    0      1,42057    65,673       0,4 

 16    2    1    2      1,38438    67,617       4,2 

 17    2    0    3      1,37743    68,005       4,8 

 18    3    0    1      1,37409    68,193       4,1 

 19    1    0    4      1,29044    73,300       1,6 

 20    3    0    2      1,25799    75,516       1,9 

 21    2    2    0      1,23025    77,531       0,9 

 22    2    1    3      1,20191    79,717       1,7 

 23    2    2    1      1,19969    79,895       0,9 

 24    1    1    4      1,18625    80,986       1,6 

 25    3    1    0      1,18199    81,339       0,7 

 26    3    1    1      1,15480    83,678       1,2 

 27    2    0    4      1,14280    84,760       0,1 

 28    2    2    2      1,12008    86,900       0,1 

 29    3    0    3      1,11639    87,259       0,1 

    

    

Stick Pattern 
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c) 50%TiO2-BN sample:  

 

Name and formula (TiO2Anatase) 
 
Reference code: 01-086-1157  

 
Mineral name: Anatase, syn  
Compound name: Titanium Oxide  
ICSD name: Titanium Oxide  

 
Empirical formula: O2Ti0.72  

Chemical formula: Ti0.72O2  

 
 

Crystallographic parameters 
 
Crystal system: Tetragonal  

Space group: I41/amd  
Space group number: 141 

 
a (Å):   3,7830  

b (Å):   3,7830  

c (Å):   9,4970  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°):  90,0000  

 
Calculated density (g/cm^3):   3,25  

Volume of cell (10^6 pm^3): 135,91  

Z:   4,00  

 
RIR:   3,60  

 
 

Subfiles and quality 
 
Subfiles: Alloy, metal or intermetalic 

 Corrosion 
 ICSD Pattern 

 Inorganic 
 Mineral 

Quality: Calculated (C) 

 

Comments 
 
ICSD collection code: 082084  

Creation Date: 01/01/1970  

Modification Date: 01/01/1970  
ICSD Collection Code: 082084. Rietveld profile refinement applied  

Calculated Pattern Original Remarks: REM      K Minority phase (8%) in mixture with rutile from gel 
dr  

Calculated Pattern Original Remarks: REM      343 K for 24h and annealed at 873 K for 12h in air  

Test from ICSD: No R value given  
Test from ICSD: At least one TF missing  

Additional Patterns: See PDF 01-078-2486. Synthesis and characterization of sol-gel 
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Pt/(Ti O2) catalyst. e a (I41/AMDZ). N3O8.  

 
  

 

References 
 

Primary reference: Calculated from ICSD using POWD-12++, (1997) 
Structure: Sanchez, E., Lopez, T., Gomez, R., Bokhimi, Morales, A., Novaro, O., 

J. Solid State Chem., 122, 309, (1996) 
 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    1      3,51444    25,322     100,0 

  2    1    0    3      2,42777    36,998       1,4 

  3    0    0    4      2,37425    37,863      15,9 

  4    1    1    2      2,33062    38,600       1,8 

  5    2    0    0      1,89150    48,064      26,0 

  6    1    0    5      1,69745    53,975      16,0 

  7    2    1    1      1,66559    55,094      13,4 

  8    2    1    3      1,49210    62,162       0,8 

  9    2    0    4      1,47941    62,756       8,7 

 10    1    1    6      1,36222    68,870       4,6 

 11    2    2    0      1,33749    70,330       5,0 

 12    1    0    7      1,27707    74,196       0,2 

 13    2    1    5      1,26333    75,141       7,5 

 14    3    0    1      1,25003    76,082       1,7 

 15    0    0    8      1,18712    80,915       0,1 

 16    3    0    3      1,17148    82,226       0,2 

 17    2    2    4      1,16531    82,756       2,8 

 18    3    1    2      1,16004    83,216       0,6 

    
    

Stick Pattern 
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 Name and formula (Quartz) 
 
Reference code: 01-070-3755  

 
Mineral name: Quartz  
Compound name: Silicon Oxide  
ICSD name: Silicon Oxide  

 
Empirical formula: O2Si 

Chemical formula: SiO2  

 
 

Crystallographic parameters 
 
Crystal system: Hexagonal  

Space group: P3121  
Space group number: 152 

 
a (Å):   4,9160  

b (Å):   4,9160  

c (Å):   5,4090  

Alpha (°):  90,0000  

Beta (°):  90,0000  

Gamma (°): 120,0000  

 
Calculated density (g/cm^3):   2,64  

Volume of cell (10^6 pm^3): 113,21  

Z:   3,00  

 
RIR:   2,93  

 
 

Subfiles and quality 
 
Subfiles: Alloy, metal or intermetalic 

 ICSD Pattern 
 Inorganic 

 Mineral 

Quality: Calculated (C) 
 

Comments 
 

ICSD collection code: 090145  

Creation Date: 01/01/1970  
Modification Date: 01/01/1970  

ICSD Collection Code: 090145  
Test from ICSD: REF  Journal of Applied Crystallography  

Test from ICSD: CLAS 32    (Hermann-Mauguin) - D3  (Schoenflies)  

Test from ICSD: PRS  hP9  
Test from ICSD: ANX  AX2  

Test from ICSD: WYCK c a  
Temperature Factor: ITF. Rietveld profile refinement applied  

Sample Source or Locality: Specimen from Baveno, Novara, Italy  
Additional Patterns: See PDF 01-079-1910. Accuracy of XRPD QPA using the combined 

Rietveld-RIR method.  
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References 
 
Primary reference: Calculated from ICSD using POWD-12++  

Structure: Gualtieri, A.F., J. Appl. Crystallogr., 33, 267, (2000) 

 

Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    

  1    1    0    0      4,25738    20,848      21,9 

  2    0    1    1      3,34542    26,624     100,0 

  3    1    1    0      2,45800    36,527       6,5 

  4    1    0    2      2,28283    39,441       6,3 

  5    1    1    1      2,23778    40,269       2,9 

  6    2    0    0      2,12869    42,430       4,4 

  7    2    0    1      1,98082    45,770       2,7 

  8    1    1    2      1,81899    50,109       9,9 

  9    0    0    3      1,80300    50,584       0,3 

 10    0    2    2      1,67271    54,840       3,0 

 11    0    1    3      1,66025    55,287       1,3 

 12    2    1    0      1,60914    57,201       0,2 

 13    1    2    1      1,54234    59,925       6,4 

 14    1    1    3      1,45382    63,990       1,2 

 15    3    0    0      1,41913    65,749       0,3 

 16    1    2    2      1,38287    67,701       3,7 

 17    2    0    3      1,37581    68,096       4,5 

 18    0    3    1      1,37267    68,273       4,9 

 19    1    0    4      1,28880    73,409       1,3 

 20    3    0    2      1,25663    75,612       1,6 

 21    2    2    0      1,22900    77,624       0,8 

 22    2    1    3      1,20054    79,827       1,8 

 23    2    2    1      1,19845    79,994       1,1 

 24    1    1    4      1,18479    81,107       1,4 

 25    3    1    0      1,18079    81,440       1,7 

 26    1    3    1      1,15362    83,783       0,9 

 27    2    0    4      1,14142    84,887       0,2 

 28    2    2    2      1,11889    87,015       0,1 

 29    3    0    3      1,11514    87,381       0,2 

    
    

Stick Pattern 
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Effect of thermal treatment on photocatalytic activity of synthesized titanium dioxide 
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(Poster). 

Effect of crystalline phase of synthesized TiO2 photocatalyst on the organic dye removal. The 

First International Conference on Petrochemistry and Energy Transition (ICPET23), 

November 21st to 23rd, 2023, Skikda, Algeria.   (Poster). 

 

Synthesis of titanium dioxide nanoparticles by modified sol-gel method. First international 

conference on materials science and applications, ICMSA’23 (Hybrid) held from February 08th 

to 09th 2023, at Khenchla University (Algeria). (Poster). 

 

National communications:  

Photocatalytic degradation of Rhodamine B using synthesized nano-TiO2. First national 

conference on advanced materials and their applications (NCAMA’23), October 18 and 19th 

2023, Tipaza. Algeria. (Poster) 

A comparative study on synthesized and commercial TiO2 photocatalysts for organic dye 
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