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Preface 

This doctoral thesis represents the culmination of several years of dedicated research, 

critical analysis, and scientific exploration. It reflects a journey marked by curiosity, 

persistence, and an unwavering commitment to addressing environmental challenges 

through innovative materials science. Conducted within the Department of Processing 

Engineering and Petrochemicals at the Faculty of Technology, University of El-Oued, 

this research has significantly contributed to the fields of nanotechnology, photocatalysis, 

and environmental remediation. 

The work presented herein centers on the synthesis, characterization, and application of 

polyvinylpyrrolidone (PVP)-based metal oxide nanocomposites for the effective 

removal of organic pollutants, with a particular emphasis on molecular docking studies 

to elucidate interaction mechanisms. Through a green chemistry approach and advanced 

experimental techniques, this study explores multifunctional nanocomposites capable of 

addressing diverse environmental issues such as dye degradation, heavy metal removal, 

CO₂ methanation, hydrogen production, and biodiesel purification. 

In alignment with the regulations of the PhD Commission, this thesis is structured as a 

compilation of peer-reviewed publications, each chapter reflecting a significant milestone 

in the research trajectory and contributing original insights to the broader scientific 

community. The following publications form the core of this dissertation: 

1. C. Salmi et al., “Biosynthesis of Mn₃O₄/PVP nanocomposite for enhanced 

photocatalytic degradation of organic dyes under sunlight irradiation,” Journal of 

Cluster Science, pp. 1–15, 2023. 

2. C. Salmi et al., “Biosynthesized MgO@SnO₂ nanocomposite and their 

modification with polyvinylpyrrolidone: Efficiency for removal of heavy metals 

and contaminants from industrial petroleum wastewater,” Clean Technologies and 

Environmental Policy, pp. 1–20, 2024. 

3. C. Salmi et al., “Gallic acid assisted synthesis of novel CuO/Ni/Fe₃O₄ 

nanocomposite for catalytic CO₂ methanation and photocatalytic hydrogen 

generation,” Journal of Sol-Gel Science and Technology, pp. 1–13, 2024. 

4. C. Salmi et al., “Green electrospinning synthesis of NiO/Ni nanofiber for efficient 

soap removal from crude biodiesel,” Surfaces and Interfaces, 2024. 
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Abstract 

This thesis explores the green synthesis, characterization, and environmental applications 

of polyvinylpyrrolidone (PVP)-based metal oxide nanocomposites for the effective 

removal of organic pollutants from aqueous media. The work is framed within the context 

of sustainable nanotechnology and focuses on multifunctional nanocomposite systems 

combining metal oxide nanoparticles with polymeric matrices to enhance photocatalytic, 

adsorptive, and catalytic performance. 

Four novel nanocomposite systems were developed and systematically investigated: 

1. Mn₃O₄/PVP nanocomposites for sunlight-driven degradation of bromophenol blue 

and o-toluidine dyes. 

2. MgO@SnO₂/PVP composites for the adsorption of heavy metals and contaminants 

from petroleum wastewater. 

3. CuO/Ni/Fe₃O₄ nanocomposites synthesized using gallic acid for dual functionality 

in CO₂ methanation and photocatalytic hydrogen production. 

4. NiO/Ni@PVA electrospun nanofibers for efficient soap extraction from crude 

biodiesel. 

All nanomaterials were synthesized using eco-friendly routes, employing plant-based 

reducing agents and polymeric stabilizers. Structural, morphological, and surface 

properties were characterized using XRD, FTIR, SEM, BET, TGA, UV–Vis spectroscopy, 

and zeta potential analysis. The performance of the nanocomposites was evaluated through 

adsorption and photodegradation experiments under simulated and natural sunlight. 

Kinetic, isotherm, and thermodynamic models were applied to describe adsorption 

mechanisms, while molecular docking simulations were employed to visualize the 

interactions between dye molecules and the active surfaces of the composites at the 

molecular level. 

The results demonstrate the effectiveness of polymer-supported metal oxide 

nanocomposites in achieving high degradation and removal efficiencies, structural stability 

over multiple cycles, and enhanced environmental compatibility. This research provides 

valuable insights into the design of green nanomaterials for water treatment, energy 

recovery, and environmental remediation, contributing to the advancement of sustainable 

nanotechnology. 

Keywords: Adsorption, Environmental remediation, Molecular docking, CO₂ methanation, 

Hydrogen production, Heavy metal removal, Petroleum wastewater, Biodiesel purification, 

Sustainable nanotechnology. 
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Résumé 

Cette thèse porte sur la synthèse verte, la caractérisation et les applications 

environnementales de nanocomposites à base d’oxyde métallique et de PVP, destinés à 

l’élimination efficace des polluants organiques dans les milieux aqueux. S’inscrivant dans 

le cadre de la nanotechnologie durable, ce travail explore des systèmes nanocomposites 

multifonctionnels associant des nanoparticules d’oxydes métalliques à des matrices 

polymériques afin d’améliorer les performances photocatalytiques, adsorptives et 

catalytiques.  

Quatre systèmes nanocomposites innovants ont été développés et étudiés de manière 

approfondie : 

1. Mn₃O₄/PVP pour la dégradation sous irradiation solaire des colorants bromophénol 

bleu et o-toluidine ; 

2. MgO@SnO₂/PVP pour l’adsorption des métaux lourds et des contaminants issus 

des eaux usées pétrolières ; 

3. CuO/Ni/Fe₃O₄, synthétisé avec de l’acide gallique, pour une double application en 

méthanation du CO₂ et production photocatalytique d’hydrogène ; 

4. NiO/Ni@PVA, sous forme de nanofibres électrofilées, pour l’extraction efficace 

du savon dans le biodiesel brut. 

Tous les nanomatériaux ont été élaborés par des méthodes écologiques, utilisant des 

extraits végétaux comme agents réducteurs et des polymères comme stabilisants. Les 

propriétés structurales, morphologiques et de surface ont été caractérisées par XRD, FTIR, 

SEM, BET, TGA, UV-Vis et analyse du potentiel zêta. Les performances ont été évaluées 

via des expériences d’adsorption et de photodégradation en lumière solaire simulée et 

naturelle. Des modèles cinétiques, isothermes et thermodynamiques ont été appliqués pour 

décrire les mécanismes d’adsorption, et des simulations de docking moléculaire ont été 

menées pour visualiser les interactions entre les colorants et les surfaces actives des 

nanocomposites à l’échelle atomique. 

Les résultats ont montré une efficacité élevée en termes de dégradation et d’adsorption, 

une bonne stabilité structurale sur plusieurs cycles, et une excellente compatibilité 

environnementale. Cette recherche apporte des connaissances précieuses pour la 

conception de nanomatériaux verts destinés au traitement de l’eau, à la valorisation 

énergétique et à la dépollution, contribuant ainsi à l’avancement de la nanotechnologie 

durable. 

Mots-clés : Adsorption, Dépollution environnementale, Docking moléculaire, 

Méthanation du CO₂, Production d’hydrogène, Élimination des métaux lourds, Eaux usées 

pétrolières, Purification du biodiesel, Nanotechnologie durable.
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 الملخّص
للمواد النانوية المركبة المكونة من  التخليق الأخضر، والتوصيف، والتطبيقات البيئيةتتناول هذه الأطروحة موضوع 

، بهدف إزالة الملوثات العضوية من المياه. يندرج هذا العمل (PVP) سيد المعادن المدعمة ببوليفينيل البيروليدونأكا

، ويركز على تطوير أنظمة نانوية متعددة الوظائف تجمع بين جسيمات أكاسيد تكنولوجيا النانو المستدامةضمن إطار 

 .ي الضوئي، والامتزازي، والتحفيزيالمعادن ومصفوفات بوليمرية لتحسين الأداء التحفيز

 :تم تطوير ودراسة أربع أنظمة نانوية مركبة مبتكرة

 توليدين تحت أشعة الشمس؛-o لتحفيز تحلل أصباغ البروموفينول الأزرق و Mn₃O₄/PVPمركب  .1

 لامتزاز المعادن الثقيلة والملوثات من مياه الصرف الصناعي البترولي؛ MgO@SnO₂/PVPمركب  .2

تحويل ثاني أكسيد الكربون المحضّر بمساعدة حمض الغاليك، لتطبيق مزدوج في  CuO/Ni/Fe₃O₄مركب  .3

 ؛إنتاج الهيدروجين ضوئياًو إلى الميثان

المنتجة بطريقة الغزل الكهربائي، لإزالة الصابون بكفاءة من وقود الديزل  NiO/Ni@PVAألياف نانوية  .4

 .الحيوي الخام

صديقة للبيئة، معتمدة على مستخلصات نباتية كعوامل اختزال، وبوليمرات  تم تخليق جميع المواد باستخدام طرق

، SEM، وFTIR، وXRD كمثبتات. تم توصيف الخصائص البنيوية والمورفولوجية والسطحية باستخدام تقنيات

كما تم تقييم الأداء من خلال تجارب  .(Zeta potential) ، وقياس الجهد السطحيUV-Vis، وTGA، وBETو

زاز والتحلل الضوئي تحت ضوء الشمس الطبيعي والمحاكى، مع تطبيق نماذج حركية وحرارية وتوازنات امتزاز الامت

لدراسة التفاعلات  (molecular docking) المحاكاة الجزيئيةلفهم آليات التفاعل. بالإضافة إلى ذلك، تم استخدام 

 .بين جزيئات الصبغة والأسطح النانوية على المستوى الذري

هرت النتائج فعالية عالية في إزالة وتفكيك الملوثات، وثباتاً هيكليًا جيدًا على مدى عدة دورات، وتوافقًا بيئيًا ممتازًا. أظ

يقدّم هذا البحث رؤى علمية مهمة لتصميم مواد نانوية خضراء تسُتخدم في معالجة المياه، وتحقيق استرداد للطاقة، 

 .ة، مما يسُهم في تقدم تكنولوجيا النانو المستدامةوتحسين استراتيجيات المعالجة البيئي

الامتزاز، المعالجة البيئية، الإرساء الجزيئي، تحويل ثاني أكسيد الكربون إلى ميثان، إنتاج الهيدروجين، إزالة  :الكلمات المفتاحية

 .المستدامة المعادن الثقيلة، مياه الصرف الصناعي البترولي، تنقية الوقود الحيوي، تكنولوجيا النانو
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General Introduction 

Nanotechnology has rapidly evolved into a cornerstone of modern science and engineering, 

offering a paradigm shift in how materials are designed, synthesized, and applied across 

various domains. By manipulating matter at dimensions typically ranging from 1 to 100 

nanometers, researchers can tailor the structural, electronic, optical, and chemical 

properties of materials in ways that are unattainable at the macro scale [1]. At this nanoscale 

regime, materials exhibit a suite of unique and size-dependent phenomena, including 

quantum confinement effects, surface plasmon resonance, increased surface-to-volume 

ratios, and enhanced charge carrier dynamics. These nanoscale attributes often result in 

superior reactivity, selectivity, and functional versatility compared to their bulk 

counterparts [2,3]. Consequently, nanotechnology has catalyzed major breakthroughs in a 

wide array of sectors, including renewable energy systems, catalytic processes, drug 

delivery platforms, tissue engineering, environmental decontamination, and the 

development of high-performance functional materials [4,5]. Among the diverse classes of 

nanomaterials, metal oxide nanoparticles (MO-NPs) have emerged as particularly 

promising due to their tunable surface chemistry, robust thermal and chemical stability, 

and exceptional performance in photocatalysis, adsorption, and biomedical applications. 

These advantages position metal oxide nanomaterials at the forefront of sustainable 

solutions for pressing environmental and technological challenges [6,7]. 

Among various nanostructured materials, MO-NPs have emerged as versatile candidates 

in the field of environmental nanotechnology due to their tailorable physicochemical 

properties, high structural stability, redox potential, and catalytic reactivity [5]. These 

nanomaterials exhibit superior performance in processes such as adsorption, 

photocatalysis, antibacterial activity, and pollutant degradation, owing to their unique 

surface chemistry, variable oxidation states, and enhanced charge transfer capabilities. 

Several metal oxides, including magnesium oxide (MgO), iron oxide (Fe₃O₄), tin oxide 

(SnO₂), nickel oxide (NiO), copper oxide (CuO), and manganese oxide (Mn₃O₄), have been 

extensively investigated for their application in environmental remediation and energy-

related technologies. MgO NPs are widely acknowledged for their strong basicity, high 

surface area, and exceptional thermal and chemical stability, rendering them effective in 
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adsorbing both organic and inorganic contaminants. They also demonstrate antibacterial 

properties and catalytic potential in wastewater treatment systems [6,7]. Fe₃O₄ NPs, 

distinguished by their superparamagnetic behavior, are frequently employed in magnetic-

assisted separation processes, catalytic degradation of pollutants, and biomedical 

applications such as drug delivery and magnetic resonance imaging [8]. SnO₂, a wide-

bandgap semiconductor, offers high electron mobility and visible-light-driven 

photocatalytic efficiency, making it a suitable candidate for organic dye degradation, gas 

sensing, and optoelectronic devices [9]. NiO NPs possess excellent electrochemical 

stability and strong catalytic activity, particularly in CO₂ methanation and hydrogen 

evolution reactions, and are also valued for their gas sensing and antibacterial efficacy 

[10,11]. CuO NPs have attracted attention due to their narrow bandgap, low cost, and high 

photothermal conversion efficiency. Their notable antibacterial, antifungal, and catalytic 

capabilities make them effective in dye degradation, environmental detoxification, and 

biomedical uses. Furthermore, Mn₃O₄ NPs are known for their redox flexibility, tunable 

magnetic properties, and oxygen storage capacity, which make them valuable in 

photocatalysis, supercapacitors, and oxidative degradation of persistent organic pollutants 

[12–14]. Despite their promising properties, the practical use of metal oxide nanoparticles 

is often limited by challenges such as aggregation, poor aqueous dispersibility, surface 

instability, and declining reusability [8,9]. These issues can reduce their efficiency and 

hinder large-scale application. To overcome these drawbacks, researchers have 

incorporated MO-NPs into polymeric matrices, which enhance dispersion, stability, and 

functionality. 

The integration of MO-NPs into polymer matrices offers an effective solution to common 

limitations such as aggregation, poor dispersibility, and limited reusability. This approach 

leads to the formation of polymer-based nanocomposites, where the polymer not only 

stabilizes the nanoparticles but also enhances their physicochemical and functional 

properties [10,11]. By improving dispersion, reducing surface instability, and providing 

protective encapsulation, polymer matrices contribute to greater structural integrity and 

long-term performance in environmental and catalytic applications. Among various 

polymers explored for nanocomposite synthesis, polyvinylpyrrolidone (PVP) has proven 

particularly advantageous due to its amphiphilic nature, strong affinity for metal oxide 
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surfaces, and ability to form coordination bonds with metal ions [12,13]. PVP-coated metal 

oxide nanoparticles exhibit superior dispersion in aqueous systems, increased surface area, 

and improved interactions with pollutant molecules, all of which enhance their catalytic 

and adsorptive efficiencies [14]. The functionalization with PVP also contributes to greater 

chemical and thermal stability, enabling sustained performance during repetitive usage 

cycles in pollutant degradation or removal processes [15]. In addition, polyvinyl alcohol 

(PVA) has been widely employed in the fabrication of nanocomposite fibers via 

electrospinning techniques [16]. PVA offers excellent film-forming properties, mechanical 

robustness, and hydrophilicity, making it an ideal candidate for generating nanofibrous 

architectures with large specific surface areas and tunable porosity [17]. When combined 

with metal oxide nanoparticles, PVA-based nanofibers demonstrate enhanced sorption 

capabilities and faster mass transfer kinetics, making them well-suited for applications in 

water purification and catalytic reactions [18]. The synergistic effect between metal oxides 

and polymers such as PVP and PVA thus provides a versatile platform for designing next-

generation nanomaterials with tailored properties for sustainable environmental 

remediation. 

In recent years, nanomaterial synthesis has increasingly shifted toward eco-friendly and 

sustainable approaches, commonly known as green synthesis. Unlike conventional 

methods that rely on toxic reagents and high energy input, green synthesis utilizes natural 

resources such as plant extracts, microbial cultures, and fruit-derived compounds as 

reducing, stabilizing, and capping agents [19,20]. This strategy aligns with green chemistry 

principles, aiming to reduce environmental impact, production costs, and toxicity. Among 

various natural sources, the use of Pistacia lentiscus, Zingiber officinale (ginger), and 

Laurus nobilis (bay leaf) has garnered particular interest due to their abundance of 

bioactive phytochemicals, including flavonoids, phenolic acids, alkaloids, and terpenoids 

[21–23]. These secondary metabolites play a crucial role in the nucleation and stabilization 

of nanoparticles by donating electrons and forming strong coordination bonds with metal 

ions during the synthesis process [24]. For example, flavonoids and phenolics facilitate the 

reduction of metal salts into zero-valent or oxide forms, while concurrently preventing 

agglomeration through surface functionalization [25,26]. As a result, green-synthesized 

nanoparticles offer multifunctionality and are highly suitable for applications in catalysis, 
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pollutant removal, and biomedicine. Their bio-functionalized surfaces improve adsorption, 

electron transfer, and photocatalytic performance, making them valuable tools for 

addressing environmental challenges [27]. 

Beyond experimental investigations, molecular modeling and docking techniques have 

become essential tools for probing the interaction mechanisms between nanomaterials and 

target molecules [28]. Molecular docking allows for the prediction of binding affinities and 

interaction modes between dye molecules and the active sites of metal oxide 

nanocomposites at the atomic level [29]. This approach provides crucial insights into the 

adsorption mechanisms, electron transfer dynamics, and the role of functional groups in 

enhancing pollutant capture [30,31]. In the context of this thesis, docking simulations have 

been employed to model the interactions between selected dyes and PVP-based 

nanocomposites, helping to rationalize experimental observations and guide material 

design toward improved efficiency and selectivity. 

This study employs a green approach to develop multifunctional nanocomposites by 

integrating metal oxide nanoparticles with polymer matrices, emphasizing eco-friendly 

synthesis and polymer-assisted stabilization. Four systems were designed to tackle key 

environmental challenges, including dye degradation, petroleum wastewater treatment, 

renewable energy production, and biodiesel purification. These composites combine 

various metal oxides with polymers to enhance photocatalytic activity, adsorption 

performance, and stability. Comprehensive characterization was performed using XRD, 

FTIR, SEM, BET, UV–Vis, TGA, and zeta potential analyses. Adsorption behavior was 

assessed through kinetic, isotherm, and thermodynamic modeling, while molecular 

docking simulations provided molecular-level insights into dye–nanocomposite 

interactions and selectivity. 

The structure of this thesis is organized into the following steps: 

• General Introduction – Provides the foundational background, highlighting the role 

of nanotechnology, metal oxides, polymeric nanocomposites, and green synthesis 

in environmental remediation, along with the significance of molecular docking in 

material evaluation. 
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• Chapter I: Sunlight-driven dye degradation using Mn₃O₄/PVP nanocomposites – 

Details the green synthesis of Mn₃O₄ using Pistacia lentiscus, integration with PVP, 

and the photodegradation of BPB and o-toluidine dyes under solar irradiation. 

• Chapter II: Green Synthesis of MgO@SnO₂ Nanocomposite Using Pistacia 

lentiscus Extract – Focuses on the preparation and application of MgO@SnO₂ 

nanocomposites for the adsorption of petroleum wastewater pollutants and heavy 

metals, supported by isotherm and kinetic analyses. 

• Chapter III: Gallic acid-enabled CuO/Ni/Fe₃O₄ catalysts for CO₂ methanation and 

H₂ generation – Explores a green synthetic route for CuO/Ni/Fe₃O₄ nanocomposites 

using gallic acid, emphasizing their catalytic activity in CO₂ conversion and 

sustainable hydrogen production under visible light. 

• Chapter IV: Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Soap 

Extraction from Biodiesel – Presents the development of electrospun 

NiO/Ni@PVA nanofibers and evaluates their performance in biodiesel purification, 

including adsorption kinetics, reusability, and computational modeling of soap-

nanofiber interactions. 
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1. Introduction  

Water pollution caused by synthetic organic dyes represents one of the most pressing 

global environmental challenges[1][2][3]. These dyes, primarily discharged from 

textile, leather, cosmetics, and pharmaceutical industries [4], are characterized by 

complex aromatic structures that confer resistance to biodegradation and photolysis 

[5][6]. Upon entering aquatic ecosystems, even at low concentrations [7], they can 

significantly alter water quality by reducing light penetration [8], inhibiting 

photosynthetic activity, and accumulating in living organisms [9]. Their toxic, 

mutagenic, and carcinogenic properties pose a severe threat to both environmental and 

human health [10], necessitating the development of efficient and sustainable 

remediation strategies [11][12]. 

Traditional wastewater treatment methods including coagulation-flocculation [13][14], 

adsorption on activated carbon [13][15], membrane filtration [16][17], and biological 

oxidation [18] have shown limited effectiveness in degrading persistent dyes [19][20]. 

These techniques often suffer from high operational costs, generation of secondary 

waste, low selectivity, and inefficiency in treating complex dye mixtures [21]. 

Moreover, conventional methods  [22] may only transfer pollutants from one phase 

[23] to another rather than achieve complete mineralization [24][25]. These drawbacks 

underscore the urgent need for more innovative and environmentally benign treatment 

approaches capable of addressing the limitations of current technologies [26][27]. 

Among emerging alternatives, photocatalysis has emerged as a sustainable and highly 

promising solution for the degradation of organic pollutants [27][28][29]. 

Photocatalysis utilizes semiconducting materials to harness light energy and generate 

electron-hole pairs [30], which react with water and oxygen to form reactive oxygen 

species (ROS) such as hydroxyl (∙OH) and superoxide (O₂⁻∙) radicals [31][32]. These 

ROS are capable of breaking down a wide range of toxic compounds into less harmful 

byproducts, such as carbon dioxide and water [33][34]. The photocatalytic process 

operates under ambient conditions [35], requires no additional chemicals [36], and 

aligns with green chemistry principles, making it an attractive method for 

environmental remediation [37]. 
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Manganese oxide (Mn₃O₄) has gained significant attention as a potential photocatalyst 

due to its unique redox properties [38], abundance, low toxicity [39], and ability to 

absorb visible light [40]. Its mixed-valence structure (Mn²⁺/Mn³⁺) [41] and narrow 

bandgap enable redox reactions that are vital for efficient pollutant degradation 

[39][38]. However, the practical application of bare Mn₃O₄ nanoparticles is hampered 

by inherent drawbacks such as particle aggregation [42], low surface area, and the rapid 

recombination of photogenerated charge carriers [43]. These limitations reduce its 

photocatalytic efficiency and restrict its use in real-world water treatment systems [26]. 

    

Figure I. 1: Molecular Representation of (a) Mn₃O₄ NP; (b) Mn₃O₄/PVP NC 

To overcome these limitations, the incorporation of stabilizing agents such as polymers has 

emerged as a powerful strategy [44] to improve the physicochemical and functional 

properties of photocatalysts [45][46]. Polyvinylpyrrolidone (PVP), a water-soluble, non-

toxic polymer, is particularly effective in this context [47][48]. PVP not only stabilizes 

nanoparticles by preventing agglomeration but also enhances surface dispersion, increases 

light absorption [49][50], and improves charge carrier mobility [51][52]. Its functional 

groups can interact with both the catalyst surface and pollutant molecules [53], thereby 

enhancing adsorption capacity and facilitating catalytic activity [54]. When integrated with 

Mn₃O₄ [55], PVP can synergistically improve both the stability and performance of the 

resulting nanocomposite in photocatalytic applications [56]. 

The present research aims to develop an environmentally friendly Mn₃O₄/PVP 

nanocomposite through a green synthesis approach using Pistacia  lentiscus leaf extract as 

a natural reducing and capping agent [57]. The use of plant-based extracts provides a 

sustainable and non-toxic alternative to conventional chemical methods [58][59], 

eliminating the need for hazardous reagents and aligning the synthesis process with 
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ecological and safety standards [60]. The bioactive compounds in Pistacia lentiscus notably 

flavonoids [61], polyphenols [62], and tannins facilitate the controlled nucleation and 

stabilization of nanoparticles [63][64], resulting in a functional material with enhanced 

photocatalytic properties [65]. 

       

Figure I. 2: Molecular Representation of (a) BPB, (B) OPB 

This chapter presents a detailed account of the green synthesis methodology, material 

characterization using FTIR, XRD, SEM, and UV–Vis spectroscopy, and the 

photocatalytic evaluation of the Mn₃O₄/PVP nanocomposite under natural sunlight 

irradiation [57]. Furthermore, Monte Carlo and DFT-based simulations were employed to 

gain molecular-level insights into the adsorption mechanisms and energetics of dye 

interactions with the nanocomposite surface [57]. Through this multidisciplinary approach, 

the study seeks to establish a robust framework for designing high-performance, eco-

friendly photocatalysts tailored for water purification and environmental sustainability. 

Ultimately, the findings offer a significant contribution to the field of green 

nanotechnology and open new avenues for practical applications in wastewater treatment. 
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Figure I. 3: Schematic Overview of Mn₃O₄/PVP Nanocomposite Synthesis, 

Characterization, and Photocatalytic Evaluation for Dye Degradation 
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2. Experimental Procedures 

2.1. Formation Process of Mn3O4 Nanoparticles 

Pistacia lentiscus leaves were collected from Annaba, Algeria, then thoroughly cleaned, 

dried, crushed, and soaked in distilled water for 24 hours. The resulting extract was filtered 

and stored for use in the green synthesis of Mn₃O₄ nanoparticles (NPs). A 0.33 M solution 

of manganese (II) nitrate tetrahydrate (Mn(NO₃)₂·4H₂O) was prepared by dissolving the 

salt in 100 mL of distilled water under continuous stirring. Subsequently, 50 mL of the 

plant extract was gradually added to the metal salt solution under constant stirring to 

facilitate the reduction of manganese ions by the bioactive compounds present in the 

extract. The mixture was then heated at 70 °C for 2 hours, during which a visible color 

change indicated the formation of Mn₃O₄ nanoparticles.  

Following the reaction, the mixture was allowed to cool to room temperature and 

centrifuged to collect the precipitate. The obtained solid was thoroughly washed with 

distilled water and ethanol to remove any impurities. The purified product was dried at 

70 °C for 24 hours and subsequently calcined at 600 °C for 4 hours to yield pure, crystalline 

Mn₃O₄ nanoparticles for further characterization and applications [57]. 

2.2. Polymer-Assisted Synthesis of Mn₃O₄/PVP Nanocomposites 

The synthesis of the Mn₃O₄/polyvinylpyrrolidone nanocomposites was carried out through 

a multi-step process, as established in previous studies, to ensure the formation of a well-

dispersed and stable material. Initially, 0.3 g of the previously synthesized Mn₃O₄ 

nanoparticles and 0.3 g of PVP were each added to 110 mL of distilled water in separate, 

clean, sterile beakers. Both mixtures were stirred at room temperature for 20 minutes to 

achieve complete dissolution of the PVP and uniform dispersion of the nanoparticles, 

resulting in a homogeneous polymeric solution. 

Following this, the Mn₃O₄ nanoparticle suspension underwent ultrasonic treatment at 45 °C 

for 1 hour to effectively break down any agglomerates and ensure uniform particle 

distribution, thereby maximizing the surface area available for interaction with the PVP. 

The Mn₃O₄ suspension was then slowly introduced into the PVP solution under continuous 

stirring to promote adsorption of the polymer onto the nanoparticle surfaces. The resulting 
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mixture was stirred for an additional hour at room temperature to facilitate the formation 

of a stable Mn₃O₄/PVP complex. 

To further improve the homogeneity and structural integrity of the nanocomposite, the 

solution was subjected to a second ultrasonic treatment at 45 °C for 15 minutes. This step 

was designed to reinforce the interactions between Mn₃O₄ nanoparticles and PVP chains, 

enabling uniform encapsulation of the nanoparticles within the polymer matrix. 

After completing the dispersion process, the suspension was centrifuged and washed 

multiple times with distilled water to eliminate any unbound or excess PVP. The purified 

Mn₃O₄/PVP nanocomposite was then dried in a laboratory oven at 60 °C for 24 hours, 

resulting in a fine, stable powder. This final product was subsequently employed for 

various characterization techniques and photocatalytic applications, including dye 

degradation studies [57]. 

 

Figure I. 4: Graphical abstract of green synthesis of Mn₃O₄ NP Mn₃O₄/PVP NC 
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2.3. Analytical Characterization Methods (FTIR, XRD, SEM, UV-

Vis) 

A comprehensive set of analytical techniques was employed to characterize the structural, 

morphological, and optical properties of the synthesized Mn₃O₄ nanoparticles and the 

Mn₃O₄/PVP NC. Fourier-transform infrared spectroscopy (FTIR, Nicolet iS5 model) was 

used to investigate the functional groups and chemical structure of the PVP polymer, 

Mn₃O₄ NPs, and Mn₃O₄/PVP NC. To assess the crystallographic structure of the samples, 

X-ray diffraction (XRD) analysis was performed using a benchtop model provided by 

Proto Manufacturing Company. 

The surface morphology and particle size distribution of the materials were examined using 

scanning electron microscopy (SEM, JEOL JSM 840A, Japan). Crystallite sizes were 

estimated based on the XRD patterns using the Scherrer equation, which relates peak 

broadening to particle size [66]: 

D =
Kλ

β cos θ
                         (1) 

where D denotes the crystallite size, K is the shape factor (typically 0.9), λ is the X-ray 

wavelength (0.15418 nm for Cu Kα radiation), β is the full width at half maximum 

(FWHM) of the diffraction peak, and θ is the Bragg angle [67]. 

Additionally, the optical properties of Mn₃O₄ NPs and Mn₃O₄/PVP NC were analyzed 

using UV–visible spectroscopy (SECOMAM 9600 model) across the wavelength range of 

200–800 nm to evaluate their light absorption behavior and estimate the optical band gap. 
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Figure I. 5: Characterization Techniques and Instrumentation for Mn₃O₄-Based NC 

2.4. Light-Driven Catalytic Properties of Mn₃O₄ and Mn₃O₄/PVP 

Composites 

The photocatalytic performance of Mn₃O₄ nanoparticles and Mn₃O₄/PVP nanocomposites 

was systematically evaluated using aqueous solutions of two organic dyes: bromophenol 

blue (BPB) and ortho-toluidine blue (O-TB). For these experiments, 200 mL solutions of 

each dye were prepared at a concentration of 50 parts per million (PPM). The degradation 

efficiency of these dyes under sunlight irradiation was studied by analyzing two critical 

factors influencing photocatalytic activity: the duration of irradiation (contact time) and the 

amount of photocatalyst used (photocatalyst dose). 

To investigate the effect of contact time, the photocatalytic degradation of BPB and O-TB 

was monitored at various time intervals 5, 15, 30, 60, and 90 minutes using 5 mg of Mn₃O₄ 

NPs and Mn₃O₄/PVP NC dispersed in 5 mL of the dye solutions. In a separate set of 

experiments, the influence of the photocatalyst dose was studied by varying the catalyst 
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weight (2.5 mg, 5 mg, and 7.5 mg) while maintaining a constant contact time of 90 minutes. 

These tests aimed to identify the optimal conditions for maximum dye degradation. 

After the photocatalytic reaction, the Mn₃O₄ NPs and Mn₃O₄/PVP NC were separated from 

the reaction mixture by centrifugation. The residual concentration of the dyes in the 

supernatant was determined by measuring the absorbance spectra of the solutions using a 

UV-visible spectrophotometer within the range of 200 to 800 nm. The degree of dye 

degradation was calculated using the following equation [67]: 

% 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐴0 − 𝐴(𝑡)

𝐴0
× 100                         (2) 

and are the initial time adsorption of BPB and O-TB 

Here, A0 represents the initial absorbance of the dye solution before irradiation, and A(t) 

denotes the absorbance at a specific time t. This formula provided a quantitative measure 

of the photocatalytic efficiency of Mn₃O₄ NPs and Mn₃O₄/PVP NC, offering insight into 

their potential for practical applications in wastewater treatment. 

 

Figure I. 6: Photocatalytic Degradation of BPB and O-TB Dyes Under Sunlight Using 

Mn₃O₄ NP and Mn₃O₄/PVP NC: Influence of Irradiation Time and Catalyst Dosage 
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2.5. Cyclic Performance of Dye Photodegradation 

After determining the optimal conditions for dye degradation 75 minutes of contact time 

and 0.0075 grams of Mn₃O₄/PVP NC the stability and reusability of the photocatalyst were 

evaluated over multiple cycles. For this purpose, aqueous solutions of bromophenol blue 

(BPB) and ortho-toluidine blue (O-TB), each with an initial concentration (C₀) of 50 ppm, 

were prepared. These solutions were treated with 0.0075 grams of Mn₃O₄/PVP NC and 

exposed to sunlight irradiation for 75 minutes, simulating realistic conditions for 

wastewater treatment. 

After each photocatalytic cycle, the residual dye concentrations were analyzed using UV–

visible spectroscopy to determine the degradation efficiency. The photocatalyst was then 

recovered by centrifugation, thoroughly washed with distilled water to remove any 

adsorbed dye residues, and dried at 100 °C to restore its catalytic activity. The regenerated 

Mn₃O₄/PVP NC was subsequently reused in fresh dye solutions under the same 

experimental conditions to assess its photocatalytic performance across successive cycles. 

To evaluate the structural stability of the Mn₃O₄/PVP NC after repeated use, X-ray 

diffraction (XRD) analysis was performed on the catalyst both before and after the final 

cycle. This assessment was essential for detecting any changes in crystallinity or phase 

composition that could affect photocatalytic activity. The results offered valuable insight 

into the durability and practical applicability of Mn₃O₄/PVP NC as a recyclable and 

efficient photocatalyst for environmental remediation [57]. 
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Figure I. 7: Assessment of Mn₃O₄/PVP NC Reusability in Consecutive Photodegradation 

Cycles of Organic Dyes 

2.6. Molecular Modeling and Energetic Profiling of Adsorption 

To evaluate the binding affinity between the dye molecules and the surfaces of Mn₃O₄ 

nanoparticles and Mn₃O₄/PVP nanocomposites, first-principles calculations were 

conducted using the Forcite molecular mechanics package [68]. These calculations aimed 

to determine the adsorption energy [68][69], providing insight into the interaction strength 

between the dye pollutants and the photocatalyst surfaces [70]. 

The computational process began with the preparation of the receptor structure [71]. The 

precise geometric and crystallographic structure of Mn₃O₄ NPs was carefully modeled 

using ChemDraw software to ensure the accuracy of the nanoparticles’ shape and 

dimensions. The Mn₃O₄ surface was specifically prepared along the cleavage plane (1 1 0), 

known for its stability and reactivity in photocatalytic processes. To further enhance the 

reliability of the simulations, a supercell with dimensions 3 × 3 × 1 was created, offering a 

sufficiently large surface area for interactions [57]. 

The PVP polymer was then modeled and placed on the Mn₃O₄ surface, forming the 

Mn₃O₄/PVP NC [57]. The system underwent geometric optimization and electronic 
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property calculations using Forcite [72]. This software ensures crystalline symmetry is 

preserved throughout the optimization, resulting in an energetically stable structure [73]. 

The ligand structure, representing the dye molecules [74] (e.g., bromophenol), was 

obtained from PubChem’s chemical database [75]. It was subsequently placed on the 

Mn₃O₄/PVP surface [57] to evaluate the interaction using the Monte Carlo Metropolis 

technique, a robust method for simulating molecular adsorption processes [76]. 

The adsorption energy (Ead) was calculated using the following equation [77]: 

𝐸𝑎𝑑 = 𝐸𝐌𝐧₃𝐎₄/𝐏𝐕𝐏−𝐝𝐲𝐞 − 𝐸𝐌𝐧₃𝐎₄−𝐏𝐕𝐏 − 𝐸𝒅𝒚𝒆            (3) 

Where: 

• 𝐸𝐌𝐧₃𝐎₄/𝐏𝐕𝐏−𝐝𝐲𝐞  is the total energy of the Mn₃O₄/PVP-dye complex in its ground 

state. 

• 𝐸𝐌𝐧₃𝐎₄−𝐏𝐕𝐏 is the energy of the isolated Mn₃O₄/PVP NC in its ground state. 

• 𝐸𝒅𝒚𝒆 is the energy of the isolated dye molecule in its ground state. 

This calculation provided a quantitative measure of the interaction strength, with more 

negative Ead values indicating stronger adsorption [78]. These findings offered valuable 

insights into the adsorption mechanisms and the efficiency of Mn₃O₄/PVP NC as a 

photocatalyst for dye degradation [57]. 

3. Structural and Morphological Characterization 

3.1. Structural Analysis (XRD) 

X-ray diffraction analysis was performed to investigate the crystallographic structure [79] 

and phase composition of Mn₃O₄ nanoparticles, PVP, and Mn₃O₄/PVP NC [57]. The XRD 

pattern of Mn₃O₄ NPs revealed distinct diffraction peaks at multiple 2θ positions, including 

18.01°, 28.91°, 30.99°, 32.38°, 36.08°, 38.09°, 44.41°, 50.84°, 53.86°, 56.02°, 58.50°, 

59.91°, 63.3°, 64.61°, 69.77°, 74.15°, and 77.54°. These peaks corresponded to the crystal 

planes (101), (112), (200), (103), (211), (004), (220), (105), (312), (303), (321), (224), 

(116), (314), (305), (413), and (404), characteristic of the tetragonal structure of Mn₃O₄, as 
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shown in Figure I.1. This pattern aligned well with the standard reference data for Mn₃O₄ 

NPs (JCPDS Note 01-080-0382), confirming the successful synthesis of pure Mn₃O₄ NPs 

[57]. 

The XRD analysis of Mn₃O₄/PVP NC revealed additional peaks at 2θ values of 11.68° and 

21.84°, attributed to the crystallite structure of PVP. These new peaks confirmed the 

successful incorporation of PVP into the Mn₃O₄ NPs, forming a composite material with 

enhanced structural and functional properties. The broader peaks associated with PVP 

suggested an amorphous nature, which complemented the crystalline Mn₃O₄, enhancing 

the composite's overall stability and functionality [57].  

 

Figure I. 8: Crystallite size comparison 

 

Table II.1 summarizes the particle sizes determined using the Scherrer equation, which 

showed that the pure Mn₃O₄ NPs had an average size of 37 nm. In contrast, the Mn₃O₄/PVP 

NC exhibited a slightly larger average crystallite size of 45 nm, likely due to the PVP 

coating on the nanoparticle surfaces. 
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Table I. 1: represent particle size of Mn₃O₄ NP and Mn₃O₄/PVP NC [57] 

Samples Lattice parameters Particle size (NM) 

(hkl) Angle 

MN3O4 NPS  (211) 36.08° 37 

MN3O4/PVP NC (211) 36.08° 45 

 

Figure I. 9: XRD patterns of PVP, Mn3O4 NPs, and Mn3O4/PVP NC [57] 

3.2. Morphological and Size Distribution (SEM) 

 Scanning electron microscopy was conducted to analyze the surface morphology [80], 

particle size, and distribution characteristics of Mn₃O₄ NPs and Mn₃O₄/PVP NC [57]. SEM 

provides high-resolution images that reveal essential structural details, making it a valuable 

tool for evaluating the impact of polymer modification on nanoparticle morphology [81]. 

The SEM micrographs of Mn₃O₄ NPs and Mn₃O₄/PVP NC are shown in Figure I.10 (a) and 

Figure I.10 (b), respectively, and highlight the structural distinctions between the two 

samples. 

The Mn₃O₄ NPs displayed a predominantly spherical shape, but slight agglomeration was 

observed, likely due to the interactions between functional groups present in the Pistacia  

lentiscus leaf extract used during synthesis [57]. The organic compounds in the leaf extract, 
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such as polyphenols and flavonoids, acted as reducing and stabilizing agents, which can 

sometimes lead to intermolecular interactions and clustering of particles [82][83]. This 

agglomeration resulted in an average particle size of approximately 37 nm [57], which 

aligns with previously reported findings in the literature and confirms the successful 

synthesis of Mn₃O₄ NPs. 

On the other hand, the Mn₃O₄/PVP NC exhibited a distinct morphology, with significantly 

reduced agglomeration compared to the bare Mn₃O₄ NPs [57]. The noticeable improvement 

in particle dispersion is attributed to the presence of PVP, a non-ionic polymer known for 

its stabilizing properties [51]. During the synthesis process, PVP likely adsorbed onto the 

surface of Mn₃O₄ nanoparticles, creating a protective polymer layer that reduced 

interparticle van der Waals forces and steric hindrance [57]. This polymer coating not only 

improved the dispersion of the nanoparticles but also slightly increased their average 

particle size to about 45 nm [57], indicating the successful encapsulation of Mn₃O₄ by PVP. 

The SEM images clearly demonstrate that the addition of PVP significantly influences the 

physical characteristics of the nanocomposite [84]. The reduced agglomeration and 

improved uniformity in particle size distribution suggest enhanced stability and 

dispersibility of the Mn₃O₄/PVP NC in various solvents and applications. These 

modifications are particularly advantageous for photocatalytic processes, as they increase 

the effective surface area and improve light absorption efficiency [57]. 

Moreover, the uniform distribution of PVP around Mn₃O₄ nanoparticles can potentially 

enhance the composite’s mechanical properties, making it more suitable for environmental 

and industrial applications. The successful incorporation of PVP into the Mn₃O₄ structure 

is evident, highlighting the critical role of the polymer in enhancing the nanocomposite’s 

functionality. SEM analysis thus confirms the efficacy of the synthesis method and 

provides insights into the structural benefits conferred by PVP, paving the way for further 

exploration of Mn₃O₄/PVP NC in photocatalytic and environmental remediation 

applications [57]. 
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Figure I. 10: SEM micrographs and particle size analysis of (a) Mn₃O₄ nanoparticles and 

(b) Mn₃O₄/PVP nanocomposite, along with (c) a comparison of particle size distributions 

for both materials [57] 

3.3. Functional Group Identification (FTIR) 

Fourier-transform infrared spectroscopy was performed to identify the functional groups 

[85] present in the Pistacia  lentiscus leaf extract, Mn₃O₄ NPs, PVP, and the Mn₃O₄/PVP 

NC [57]. The corresponding FTIR spectra are shown in Figure I.13, highlighting the 

characteristic absorption peaks for each component. 

 

Figure I. 11: Identification of Key Functional Bonds by FTIR in the Bioreduction of NC 
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The FTIR spectrum of the Pistacia lentiscus leaf extract (Figure I.13 (a)) exhibited broad 

absorption bands in the range of 3200–3700 cm⁻¹, attributed to the O–H stretching 

vibrations commonly found in phenolic compounds [86]. These peaks confirm the presence 

of bioactive molecules such as polyphenols and flavonoids [87], which play a vital role in 

the bioreduction and stabilization of Mn₃O₄ nanoparticles. Additionally, a prominent peak 

at 1215 cm⁻¹ was observed, corresponding to the C=O stretching vibrations, further 

indicating the presence of organic compounds in the extract [87]. 

 

Figure I. 12: Proposed Molecular Interactions Between Mn₃O₄, PVP, and Plant-Derived 

Phenolics 

Table I. 2: FTIR-Identified Functional Group Shifts Upon Composite Formation 

Functional Group Pure Component (cm⁻¹) Composite (cm⁻¹) Shift 

Mn–O 468, 594 496, 642 +28, +48 

O–C–O 1425 1411 –14 

OH (broad) 3200–3700 3200–3500 slight 

The FTIR spectrum of Mn₃O₄ NPs (Figure I.13(b)) displayed characteristic peaks at 468 

cm⁻¹ and 594 cm⁻¹, which are attributed to Mn–O stretching vibrations [88], confirming 

the successful formation of Mn₃O₄ [89]. A band related to O–H bending vibrations was 

also present, supporting the interaction of hydroxyl groups with the nanoparticle surface 

[90]. 

In the case of PVP (Figure I.13(d)), the key absorption bands included a broad peak at 1683 

cm⁻¹ corresponding to O–H stretching vibrations [91], a peak at 1425 cm⁻¹ due to the 
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asymmetric stretching of O–C–O groups [92], and a peak at 2954 cm⁻¹ assigned to C–H 

stretching vibrations [88][93]. 

The FTIR spectrum of the Mn₃O₄/PVP nanocomposite (Figure I.13(c)) showed a 

combination of characteristic peaks from both Mn₃O₄ and PVP. Notably, the Mn–O 

stretching bands shifted from 468 cm⁻¹ and 594 cm⁻¹ to 496 cm⁻¹ and 642 cm⁻¹ [89], 

respectively, indicating interactions between the Mn₃O₄ nanoparticles and the PVP matrix 

[94][57]. Furthermore, the O–C–O stretching peak shifted from 1425 cm⁻¹ to 1411 cm⁻¹, 

reinforcing the evidence of successful surface modification of Mn₃O₄ by PVP [90] [94]. 

These spectral shifts confirm the effective integration of PVP onto the surface of Mn₃O₄ 

nanoparticles, enhancing the nanocomposite’s structural stability and functional 

performance, especially in photocatalytic applications. 

 

Figure I. 13: FT-IR Spectral Analysis of Pistacia  lentiscus Leaf Extract, Mn₃O₄ 

Nanoparticles, Mn₃O₄/PVP Nanocomposite, and Pure PVP [57] 

3.4. Optical Properties and Bandgap Analysis (UV-Vis) 

 The optical properties of Mn₃O₄ NPs and Mn₃O₄/PVP NC were examined using UV-Vis 

spectrophotometry over a wavelength range of 200–800 nm. The absorption spectra 

provided critical insights into the electronic structure and optical behavior of the 

synthesized materials. As shown in Figure I.14, the Mn₃O₄ NPs displayed a prominent 
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absorption peak at 305 nm, a characteristic feature confirming the successful formation of 

nanoparticles. 

In contrast, the absorption spectrum of the Mn₃O₄/PVP NC exhibited a higher-intensity 

peak with a noticeable red shift in the maximum absorption wavelength to 319 nm [57]. 

This shift in the absorption edge indicated successful modification of Mn₃O₄ with PVP, 

which enhanced its light-harvesting capabilities, particularly in the visible region. 

 

Figure I. 14: UV–Vis spectra of Mn3O4 NPs and Mn3O4/PVP NC 

The bandgap energy of Mn₃O₄ NPs was calculated by plotting the Tauc equation against 

photon energy (hν), yielding an estimated bandgap of 1.8 eV. This value aligns with the 

semiconducting nature of Mn₃O₄, making it suitable for photocatalytic applications. 

However, as illustrated in Figure I.15, the Mn₃O₄/PVP NC exhibited a reduced bandgap of 

1.0 eV [57]. This significant reduction can be attributed to the interaction between PVP 

and Mn₃O₄, which likely caused shifts in the valence and conduction bands [95]. Such 

shifts enhance carrier-carrier interactions and increase the density of localized states within 

the bandgap, ultimately reducing the optical energy gap [96]. 
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Figure I. 15: Tauc Plot for Mn3O4 NPs and Mn3O4/PVP NC 

The reduced bandgap energy suggests that Mn₃O₄/PVP NC can efficiently utilize a broader 

range of the solar spectrum, thereby enhancing its photocatalytic performance. The indirect 

bandgap was calculated using the Tauc method, further validating the improved optical 

properties of Mn₃O₄/PVP NC for potential environmental and energy applications [57]. 

 

Figure I. 16: Schematic Illustration of Bandgap Narrowing in Mn₃O₄/PVP 

Nanocomposites Compared to Pure Mn₃O₄ 

4. Photocatalytic Performance Evaluation 

4.1. Influence of Irradiation Time on Dye Degradation 

 This investigation assessed the time-dependent photocatalytic performance of Mn₃O₄ NPs 

and Mn₃O₄/PVP NC for the degradation of o-toluidine and bromophenol blue under natural 

sunlight. The experimental results revealed that while Mn₃O₄ NPs were moderately 
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effective in degrading o-toluidine, achieving a degradation efficiency of 61%, their 

performance against BPB was limited to only 14%. In contrast, the Mn₃O₄/PVP 

nanocomposite demonstrated significantly enhanced photocatalytic activity, with removal 

efficiencies of 91% for o-toluidine and 85% for BPB after 75 minutes of exposure [57]. 

 

Figure I. 17: Photocatalytic Degradation Efficiency of o-Toluidine and Bromophenol 

Blue Using Mn₃O₄ NPs and Mn₃O₄/PVP NC after 75 Minutes of Solar Irradiation 

To better understand the degradation mechanism, kinetic studies were performed using a 

pseudo-first-order reaction model [97] 

         ln (
𝐴0
𝐴𝑡 
⁄ ) = 𝑡 × 𝑘                                  (4) 

where the rate constant k characterizes the degradation efficiency with respect to irradiation 

time t. The calculated rate constants for the Mn₃O₄/PVP NC were 0.0189 min⁻¹ for BPB 

and 0.0046 min⁻¹ for o-toluidine, indicating that BPB was degraded more rapidly under the 

same photocatalytic conditions (Figure I.19). 
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Figure I. 18: Photocatalytic Degradation Over Time of BPB Using (a) Mn₃O₄ NP, (b) 

Mn₃O₄/PVP NC 

These findings confirm that the Mn₃O₄/PVP NC outperforms bare Mn₃O₄ NPs in terms of 

both degradation efficiency and reaction kinetics. The enhanced activity can be attributed 

to improved charge separation [98], extended light absorption, and increased surface area 

facilitated by the presence of PVP [51]. Thus, time-dependent analysis supports the 

superior photocatalytic capability of the nanocomposite in efficiently decomposing organic 

pollutants under solar irradiation. 
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Figure I. 19: Photodegradation efficiency versus reaction time: UV-vis spectra for 

degradation of (a,b) BPB dye and (c,d) O-TB dye using Mn3O4 NPs and Mn3O4/PVP 

NC, respectively. The degradation rate of BPB and TB using (e) Mn3O4 NPs and (f) 

Mn3O4/PVP NC. (g) First-order kinetic plot of 𝑙𝑛(
𝐴0

𝐴𝑡
) versus time of Mn3O4/PVP 

nanocomposites in the ddegradation of BPB and O-TB [57]- 

4.2. Catalyst Mass Optimization Study 

 An optimization study was conducted to evaluate the impact of catalyst dosage on the 

degradation efficiency of organic dyes using Mn₃O₄ NPs and Mn₃O₄/PVP NC, as illustrated 

in Figure I.6. The experiments were performed under constant irradiation time (75 minutes) 

to isolate the effect of mass variation. 

The findings demonstrated that the Mn₃O₄/PVP NC exhibited superior photocatalytic 

performance at an optimized dose of 7.5 mg. At this dosage, the nanocomposite achieved 

a degradation efficiency of 95.75% for o-toluidine and 86% for BPB. In comparison, an 

equal mass of unmodified Mn₃O₄ NPs yielded a lower removal rate of 81% for o-toluidine 

and showed negligible activity toward BPB degradation [57]. 
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These results underscore the enhanced photocatalytic capability of the Mn₃O₄/PVP NC, 

which can be attributed to the synergistic effect of PVP in improving dye adsorption, 

charge separation, and reactive species generation. The presence of PVP likely contributes 

to better surface stabilization and improved electron transfer dynamics. 

Moreover, the study highlights that catalyst mass optimization exerts a more significant 

influence on dye degradation efficiency than variation in irradiation time alone. This 

suggests that controlling the photocatalyst dosage is a critical parameter for maximizing 

the degradation rate of organic pollutants in photocatalytic treatment systems [57]. 
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Figure I. 20: Photodegradation efficiency of catalyst versus mass: UV-vis spectra for 

degradation of (a) O-TB dye and (b) BPB dye using Mn3O4/PVP NC and (c) O-TB dye 

using Mn3O4 NPs. The degradation rate of BP and O-TB using (d) Mn3O4/PVP NC and 

(e) Mn3O4 NPs [57] 

4.3. Recyclability and Structural Stability of the Catalyst 

The reusability of a photocatalyst is a key factor in evaluating its practicality for sustainable 

water treatment applications [99][92]. To investigate the recyclability of the Mn₃O₄/PVP 

nanocomposite, the photocatalyst was recovered, dried, and subjected to subsequent 

photocatalytic degradation experiments under identical conditions to the initial cycle. The 

photocatalytic performance across five successive cycles is illustrated in Figure I.21(a, b). 

The results revealed that the Mn₃O₄/PVP photocatalyst maintained excellent degradation 

efficiency for both BPB and O-TB dyes throughout the cycling process [57]. Although a 

slight decrease in photocatalytic activity was observed dropping from 85.09% to 83.07% 

for BPB and from 91% to 89% for O-TB this minor decline may be attributed to material 

losses during recovery processes [100] (e.g., centrifugation and washing) or the 

accumulation of intermediate degradation products on the catalyst surface [101].   

Structural stability was further verified through X-ray diffraction analysis, as shown in 

Figure 21(c). The XRD patterns of the Mn₃O₄/PVP nanocomposite remained consistent 

before and after five photocatalytic cycles, confirming that the crystal structure was 

preserved. These findings collectively demonstrate the high durability, recyclability, and 

structural integrity of the Mn₃O₄/PVP nanocomposite, making it a promising candidate for 

long-term photocatalytic applications [57]. 
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Figure I. 21: Recyclability of the Mn3O4/PVP photocatalyst for degradation of (a) BPB, 

and (b) O-TB dyes. (c) XRD analysis of Mn3O4/PVP of pure and reused [57]. 

5. Mechanistic and Computational Insights 

5.1. Proposed Photocatalytic Degradation Mechanism 

Figure I.22 presents the proposed photocatalytic degradation mechanism of BPB and O-

TB dyes facilitated by Mn₃O₄/PVP NC under solar irradiation. Semiconductor 

nanoparticles, when exposed to oxygen or atmospheric air, exhibit the capability to degrade 

various organic pollutants due to their unique surface chemistry [102]. Upon irradiation 

with photons (hν), the PVP-functionalized Mn₃O₄ becomes photoactivated, leading to the 

generation of electron-hole (e⁻/h⁺) pairs that act as effective reducing and oxidizing agents, 

respectively [57]. 
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Figure I. 22: presents the proposed photocatalytic degradation mechanism of BPB and 

O-TB using NC 

Following excitation, electrons transition from the lowest unoccupied molecular orbital 

(LUMO) of PVP to the conduction band (CB) of Mn₃O₄, while the corresponding holes 

migrate from the valence band (VB) of Mn₃O₄ to the highest occupied molecular orbital 

(HOMO) of PVP. These photogenerated electrons reduce molecular oxygen (O₂) adsorbed 

on the catalyst surface, forming superoxide anion radicals (O₂⁻) [103][104]. Concurrently, 

the holes interact with surface hydroxyl (OH⁻) groups, generating highly reactive hydroxyl 

radicals (∙OH) [105]. These radicals play a central role in the oxidative degradation of dye 

molecules, breaking them down into harmless byproducts such as carbon dioxide and water 

[106][57]. 

In addition to radical-mediated oxidation, dye molecules that are physically adsorbed onto 

the surface of the Mn₃O₄/PVP NC may also undergo direct oxidation by photogenerated 

holes [107]. The series of reactions involved in the degradation process is represented by 

Equations (5–11), providing insight into the multiple pathways contributing to the 

enhanced photocatalytic performance of the nanocomposite system [57]. 
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Figure I. 23: Possible mechanism for BPB and O-TB dyes degradation under sunlight 

irradiation using Mn3O4/PVP nanocomposite 

5.2. Adsorption Behavior and Binding Affinity 

 Adsorption plays a crucial role in the removal of dye pollutants from wastewater using 

nanostructured photocatalysts. In this study, the interaction of dye molecules with Mn₃O₄ 

and Mn₃O₄/PVP nanocomposites was computationally investigated to better understand 
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their adsorption characteristics. As illustrated in Figure I.24, optimized monolayers of both 

materials were analyzed for their ability to bind with dye molecules such as o-toluidine (O-

TP) and bromophenol blue (BPB). 

Adsorption refers to the accumulation of adsorbate molecules on the surface of a solid 

material (adsorbent) through physical or chemical interactions [108]. At the nanoscale, this 

process is enhanced due to a higher surface-to-volume ratio and the presence of unsatisfied 

bonding sites on nanoparticle surfaces [109][110]. Unlike bulk materials, where atomic 

bonding requirements are generally fulfilled by adjacent atoms, surface atoms in 

nanomaterials remain partially coordinated, increasing their reactivity and adsorption 

potential [111]. 

 

Figure I. 24: Adsorption types 

The mechanism of adsorption can generally be classified into two types: physisorption 

[112], which involves weak van der Waals forces [113], and chemisorption [114], which 

entails stronger interactions such as hydrogen bonding, electrostatic attraction [115], or 

covalent bonding. The nature of the interaction depends on both the surface chemistry of 

the nanocomposite and the functional groups of the dye molecules [112], as depicted in 

Figure I.25. 
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Figure I. 25: The adsorption of various dyes on the optimized Mn3O4 monolayer (a) O-

TP. The adsorption of various dyes on the optimized (c) BPB and Mn3O4/PVP monolayer 

(b) O-TP and (d) BPB [94] 

The incorporation of polyvinylpyrrolidone (PVP) into the nanocomposite structure 

significantly enhances surface functionality by increasing the number of available active 

sites and promoting stronger binding with dye molecules [116][117]. This is evident from 

the comparative adsorption behavior shown in Figure I.24, where Mn₃O₄/PVP 

demonstrates superior dye affinity and surface coverage relative to bare Mn₃O₄. The 

calculated adsorption energies (Eₐd), which quantify the strength of interaction, further 

support this enhancement. For Mn₃O₄, the Eₐd values were –399.404 eV for BPB and –

122.007 eV for O-TB, whereas for Mn₃O₄/PVP, the values increased in magnitude to –

427.359 eV and –125.514 eV [94], respectively (Figure I.26). 
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Figure I. 26: Schematic Representation of Dye Adsorption on Mn₃O₄ and Mn₃O₄/PVP 

Nanocomposites with Corresponding Adsorption Energies (Eₐd)  

These findings suggest that Mn₃O₄/PVP nanocomposites provide more stable and 

energetically favorable adsorption sites, likely due to improved surface chemistry and 

polymer-assisted dispersion [57]. Figure I.27 presents the optimized dye adsorption 

configurations, highlighting the enhanced interactions achieved through PVP 

functionalization. 

 

Figure I. 27: Adsorption configuration of dye 

The adsorption behavior of the nanocomposite could potentially be modulated by altering 

the type of incorporated metal oxide [117]. The computational findings presented here are 
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consistent with the experimental observations, thereby validating the enhanced adsorption 

capacity of the Mn₃O₄/PVP system [94]. 

 

Figure I. 28: The general mechanism of dyes adsorption on the Mn3O4 NC surface 

6. Environmental and Practical Considerations 

6.1. Environmental Benefits of Green Synthesis 

The adoption of green synthesis routes for nanomaterials offers substantial environmental 

advantages over traditional chemical methods [26]. In this study, the use of Pistacia  

lentiscus leaf extract as a natural reducing and stabilizing agent exemplifies a sustainable 

approach to nanoparticle fabrication [94]. This method eliminates the need for hazardous 

reagents, reduces toxic byproducts, and minimizes energy input by operating under mild 

temperature conditions [118][119]. Moreover, the bioactive compounds inherent in the 

plant extract promote efficient reduction and stabilization [120], enhancing the 

environmental compatibility and functional properties of the resulting Mn₃O₄/PVP 

nanocomposite [94]. Such practices align with green chemistry principles, supporting safer 

material synthesis and contributing to the mitigation of environmental pollution associated 

with industrial nanomaterial production [121][122]. 
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Figure I. 29: Environmental Benefits of Green Synthesis 

6.2. Cost and Material Availability Assessment 

A critical advantage of the proposed synthesis method lies in its economic feasibility and 

accessibility of raw materials [122].  The key components Pistacia lentiscus leaves, 

manganese nitrate, and polyvinylpyrrolidone are readily available and inexpensive, making 

the process scalable and cost-effective [109]. The plant extract is sourced from local, 

renewable biomass, reducing dependency on imported or synthetic chemicals [123]. 

Additionally, the synthesis is conducted in aqueous media, eliminating the need for costly 

organic solvents [121]. These attributes not only lower the overall production cost but also 

facilitate technology transfer to resource-limited settings [124]. The simplicity of the 

preparation protocol further enhances its potential for broad application in environmental 

remediation [109]. 

 

Figure I. 30: Cost and Material Availability Assessment 
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6.3. Limitations and Scalability Potential 

Despite the promising results demonstrated by Mn₃O₄/PVP nanocomposites, several 

limitations must be addressed before large-scale deployment [94]. One constraint is the 

variability in phytochemical composition of plant extracts, which can lead to batch-to-

batch inconsistencies in nanoparticle properties [125]. Additionally, while the process is 

suitable for laboratory-scale synthesis, scaling up may require optimization of reaction 

kinetics, extraction protocols, and post-synthesis treatments to maintain reproducibility and 

uniformity [126]. Another challenge lies in ensuring efficient recovery and reuse of the 

nanocomposites without performance degradation. Nevertheless, the process holds 

significant scalability potential, particularly if integrated with automated synthesis 

platforms and standardized green extract formulations [127]. Addressing these factors 

could enable the widespread use of eco-friendly nanomaterials in real-world wastewater 

treatment applications [58]. 

 

Figure I. 31: Limitations and Scalability Potential 
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7. Conclusion  

 This chapter presented a comprehensive study on the green synthesis, characterization, 

and photocatalytic performance of Mn₃O₄/PVP nanocomposites using Pistacia lentiscus 

leaf extract as a natural reducing agent. The synthesized Mn₃O₄/PVP nanocomposite 

exhibited remarkable physicochemical and photocatalytic enhancements compared to bare 

Mn₃O₄ nanoparticles. Structural analysis revealed that the crystallite size increased slightly 

from 37 nm for Mn₃O₄ NPs to 45 nm for Mn₃O₄/PVP NC due to polymer surface 

encapsulation. UV–Vis spectroscopy showed a distinct red shift in absorption from 305 

nm (Mn₃O₄ NPs) to 319 nm (Mn₃O₄/PVP NC), accompanied by a substantial narrowing 

of the optical bandgap from 1.8 eV to 1.0 eV, confirming enhanced visible-light absorption. 

Photocatalytic evaluation demonstrated the superior activity of the Mn₃O₄/PVP NC under 

natural sunlight, achieving 91% degradation of o-toluidine blue (O-TB) and 85% 

degradation of bromophenol blue (BPB) within 75 minutes, while bare Mn₃O₄ NPs 

showed only 61% (O-TB) and 14% (BPB) removal under identical conditions. Kinetic 

analysis followed a pseudo-first-order model, with rate constants (k) of 0.0189 min⁻¹ for 

BPB and 0.0046 min⁻¹ for O-TB using Mn₃O₄/PVP NC. The optimized catalyst dosage of 

7.5 mg resulted in maximum degradation efficiencies of 95.75% (O-TB) and 86% (BPB), 

emphasizing the role of catalyst loading in achieving optimal performance. 

Reusability tests confirmed the excellent stability of the Mn₃O₄/PVP NC, retaining over 

89% degradation efficiency for O-TB and 83% for BPB after five successive cycles, with 

no observable structural change in XRD patterns. Molecular modeling supported these 

results, showing higher adsorption energies for Mn₃O₄/PVP (–427.36 eV for BPB and –

125.51 eV for O-TB) compared to pure Mn₃O₄ (–399.40 eV and –122.01 eV, respectively), 

validating the strong dye–catalyst interactions and improved surface reactivity. 

Collectively, these results confirm that the polymer-assisted green synthesis significantly 

enhances photocatalytic activity, stability, and reusability of Mn₃O₄-based systems. This 

environmentally benign and scalable strategy bridges the gap between sustainable 

synthesis and real-world wastewater treatment, contributing to the advancement of eco-

friendly nanomaterials for pollution control. 
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Future research should focus on scaling up synthesis by standardizing extract composition 

and exploring advanced photophysical studies (e.g., reactive species quantification and 

time-resolved photoluminescence). Further, applying Mn₃O₄/PVP NC to real wastewater 

matrices and emerging pollutants will expand its environmental applicability and establish 

its potential for large-scale sustainable remediation. 
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1. Introduction  

The exponential growth of industrialization [1], particularly within the petroleum sector 

[2], has intensified the generation of petroleum-contaminated wastewater [3], posing 

severe environmental and public health risks [4][5]. These effluents typically comprise a 

complex mixture of pollutants, including heavy metals [6], polycyclic aromatic 

hydrocarbons [7], aliphatic compounds, surfactants [8], and total suspended solids (TSS) 

[9]. Their persistence, toxicity [10], and bioaccumulation potential significantly impair 

aquatic ecosystems  [11] and threaten clean water supplies [12][13]. As regulatory 

standards tighten globally, the need for effective and sustainable treatment technologies for 

petroleum wastewater becomes increasingly urgent [14][15]. 

Conventional treatment methods [16] such as coagulation-flocculation [17], membrane 

filtration, chemical oxidation [18], and biological processes have been widely employed to 

mitigate such pollution [19][20]. However, these techniques often fall short due to 

limitations in contaminant specificity, low removal efficiency for recalcitrant compounds, 

high operational costs, secondary sludge generation [21], and energy-intensive 

requirements [22][23]. Biological methods are constrained by the non-biodegradable 

nature of many petroleum-derived pollutants [24][25], while physical treatments suffer 

from fouling and frequent maintenance demands [26][27]. These challenges underscore the 

necessity for advanced treatment systems that are both ecologically and economically 

viable [28]. 

Nanotechnology [29] offers a transformative platform for environmental remediation 

[30][31], particularly in the field of water treatment [32][33]. Nanocomposites hybrid 

materials composed [34] of two or more nanoscale phases have emerged as powerful 

adsorbents and photocatalysts due to their high surface area [35], tunable porosity, and 

customizable surface functionalities [36]. A comprehensive review of nanocomposites in 

water remediation reveals a significant shift toward materials that combine adsorptive and 

photocatalytic capabilities [37], allowing for dual-action treatment strategies [38][39]. 

These multifunctional materials offer enhanced selectivity [40], faster reaction kinetics 

[41], and greater adaptability to complex wastewater systems [42]. 
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Among the most promising classes of nanocomposites are those based on metal oxide 

nanostructures [43], such as magnesium oxide (MgO) [43] and tin dioxide (SnO₂) [44]. 

MgO is renowned for its basic surface sites [45], high ionic character, and affinity for acidic 

pollutants [46], including heavy metals [47]. SnO₂, on the other hand, demonstrates strong 

photocatalytic behavior due to its wide bandgap and high carrier mobility [48]. When 

integrated into a composite (MgO@SnO₂) [49], these materials exhibit synergistic 

properties that enhance both adsorption and light-driven catalytic processes [50][51]. Their 

combined functionality enables the simultaneous removal of metal ions and degradation of 

organic pollutants under environmentally relevant conditions [48][47]. 

 

Figure II. 1: Molecular representation (a) MgO@SnO2 NC (b) MgO@SnO2@PVP NC 

To further enhance the performance of these nanocomposites, green synthesis techniques 

utilizing plant extracts and biodegradable polymers have gained momentum [52][53]. 

These eco-friendly methods eliminate the need for hazardous reagents [54], reduce energy 

consumption [55], and promote the production of biocompatible, low-toxicity materials 

[56]. Plant-based extracts [57], such as those derived from Pistacia lentiscus, are rich in 

polyphenols, flavonoids [58], and terpenoids, which act as natural reducing and stabilizing 

agents during nanoparticle formation [59]. Additionally, the incorporation of water-soluble 

polymers such as polyvinylpyrrolidone (PVP) serves to stabilize nanoparticles, prevent 

agglomeration, and introduce functional groups that can actively participate in pollutant 

adsorption [60]. PVP-modified nanostructures demonstrate improved aqueous 

dispersibility, surface reactivity, and operational durability characteristics essential for 

real-world applications [61]. 
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The use of metal oxide nanocomposites also plays a critical role in the removal of heavy 

metals a major class of pollutants in petroleum wastewater [62][63]. These nanostructures 

can engage in multiple adsorption mechanisms, including ion exchange [64], surface 

complexation, electrostatic interaction, and chelation [65], depending on surface chemistry 

and solution pH. MgO@SnO₂@PVP nanocomposites [66], for instance, provide a high 

density of active sites for capturing metal ions like Pb²⁺, Cd²⁺, and Cr⁶⁺, often achieving 

near-complete removal within short contact times [67]. 

In addition to adsorption, photocatalytic degradation of organic pollutants [67] using metal 

oxide nanocomposites has gained significant attention [68][69]. Upon exposure to light, 

these materials generate reactive oxygen species (ROS) [70], such as hydroxyl and 

superoxide radicals [71], which oxidize and break down complex organic compounds into 

benign end-products like CO₂ and H₂O [72][73]. The presence of PVP in the composite not 

only improves light absorption but also facilitates charge separation [74], thereby 

enhancing photocatalytic activity under solar or visible-light conditions [75]. This dual-

action capability adsorption and photocatalysis makes MgO@SnO₂@PVP nanocomposites 

exceptionally suited for integrated treatment of petroleum wastewater containing both 

dissolved metals and persistent organics [66]. 

Despite these advances, several research gaps remain [76]. First, there is a need for 

systematic understanding of the interactions between plant-based functional groups and 

metal oxide surfaces during synthesis [77][78]. Second, while laboratory-scale studies 

often report excellent performance, scalability, long-term reusability, and environmental 

impact assessments are not adequately addressed [79]. Additionally, more in-depth 

mechanistic insights at the molecular level are needed to optimize surface functionalization 

and active site exposure [80]. The integration of computational simulations  [81] with 

experimental techniques offers a promising avenue to address these gaps by guiding 

material design and predicting adsorption behavior under varying environmental 

conditions [82][83]. 

This chapter therefore focuses on the green synthesis, characterization, and application of 

MgO@SnO₂@PVP nanocomposites for petroleum wastewater remediation [66]. It 
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encompasses a review of existing nanocomposite systems, elaborates on the biosynthetic 

route involving Pistacia lentiscus extract, and details experimental evaluations for heavy 

metal and organic pollutant removal [66]. The chapter also integrates adsorption isotherm 

modeling, photocatalytic degradation kinetics, and first-principles computational studies 

to provide a holistic understanding of the material’s functionality. Finally, it assesses the 

economic feasibility, industrial scalability, and environmental sustainability of the 

proposed treatment system, offering recommendations for future development in this 

critical area of environmental nanotechnology [66]. 
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Figure II. 2: Schematic Workflow for the Green Synthesis, Characterization, and 

Environmental Applications of MgO@SnO₂ & MgO@SnO₂@PVP Nanocomposites 
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2. Experimental Methodology 

2.1. Biosynthesis of MgO@SnO2 NC 

To initiate the green synthesis of nanocomposites, an aqueous extract of Pistacia lentiscus 

leaves was first prepared. The collected leaves were thoroughly washed to eliminate 

surface impurities and dried in a shaded environment to preserve their phytochemical 

integrity. Once fully dehydrated, the leaves were ground into a fine powder, and 100 g of 

this material was infused in 1000 mL of distilled water. The mixture was left to steep at 

ambient temperature for 24 hours to allow the bioactive compounds to leach into the 

solution. The resulting extract was filtered and stored for subsequent use in nanomaterial 

synthesis. Utilizing this extract, the MgO@SnO₂ nanocomposite (NC) was synthesized 

through a bio-mediated co-precipitation approach. A solution containing 0.04 M of both 

magnesium chloride hexahydrate (MgCl₂·6H₂O) and tin(II) chloride dihydrate 

(SnCl₂·2H₂O) in 100 mL of distilled water was prepared and gradually introduced into the 

plant extract under continuous magnetic stirring at 75 °C and 700 rpm. After 3 hours, the 

mixture was subjected to centrifugation to isolate the precipitate, which was then washed, 

dried at 70 °C for 12 hours, and finally calcined at 500 °C for 4 hours. This process yielded 

a white powder, confirming the successful formation of MgO@SnO₂ NC via a sustainable, 

plant-assisted synthesis route [66]. 

2.2. Functionalization of MgO@SnO2 NC with Polyvinylpyrrolidone 

To enhance the functional properties of the biosynthesized MgO@SnO₂ nanocomposite, 

surface modification was carried out using polyvinylpyrrolidone (PVP) as a stabilizing 

agent. In this process, 1 g of MgO@SnO₂ NC and 1 g of PVP were each dispersed in 100 

mL of distilled water and stirred individually at room temperature for 30 minutes to ensure 

complete dissolution and homogenization. The MgO@SnO₂ suspension was then subjected 

to ultrasonic treatment at 50 °C for 2 hours to promote uniform dispersion and reduce 

particle agglomeration. Following this, the two solutions were combined and stirred for an 

additional hour to facilitate surface interaction between the nanocomposite and the 

polymer. This mixture was further treated with ultrasonic dispersion at 50 °C for 20 

minutes to strengthen the polymer–nanoparticle interface. To eliminate unbound PVP, the 
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resulting suspension underwent repeated centrifugation and washing cycles. The final 

product, MgO@SnO₂@PVP NC, was then dried in an oven at 50 °C for 24 hours, yielding 

a surface-functionalized nanocomposite with improved dispersion stability and potential 

for enhanced adsorption and photocatalytic performance [66]. 

 

Figure II. 3: Graphical abstract of the green synthesis of MgO@SnO2 NC& 

MgO@SnO2@PVP NC  

2.3. Characterization of MgO@SnO2 & MgO@SnO2@PVP NC 

The structural, optical, and morphological characteristics of the synthesized MgO@SnO₂ 

and MgO@SnO₂@PVP nanocomposites were thoroughly examined using a suite of 

analytical techniques. UV-visible spectroscopy (SECOMAM 9600) was employed to 

monitor the optical absorbance of the nanocomposites over the range of 200–800 nm, 

confirming their successful formation. To elucidate the functional groups and confirm 

chemical bonding, Fourier transform infrared (FTIR) spectroscopy (Nicolet iS5) was 

performed across the spectral range of 400–4000 cm⁻¹. Crystalline structure and phase 

identification were assessed using X-ray diffraction (XRD) with a benchtop diffractometer 
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(Proto Manufacturing, Inc.), providing insights into lattice parameters and phase 

composition. Additionally, scanning electron microscopy (SEM) was utilized to 

investigate the surface morphology and particle size distribution of the nanocomposites. 

The average crystallite size was calculated using the Debye–Scherrer equation [84], which 

relates the crystallite dimension (D) to the X-ray wavelength (λ), the diffraction angle (θ), 

and the full width at half maximum (FWHM, β) of the diffraction peaks, as expressed in 

Equation (1) [85]: 

D =
Kλ

β cos θ
                         (1) 

Here, D represents the crystallite size, λ=0.15418 nm (for Cu Kα radiation), β is the FWHM 

of the peak, and θ is the Bragg angle. This comprehensive characterization provided a 

detailed understanding of the physicochemical properties of the nanomaterials essential for 

their functional evaluation. 

2.4. Sorption of Heavy Metals: Experimental Setup 

To evaluate the adsorption performance of the synthesized nanocomposites, sorption 

experiments were conducted involving eleven selected heavy metal ions: arsenic (As), 

beryllium (Be), cadmium (Cd), chromium (Cr), manganese (Mn), molybdenum (Mo), 

nickel (Ni), lead (Pb), antimony (Sb), selenium (Se), and zinc (Zn) [84]. For consistency 

in ionic behavior, all metal ions were introduced in the form of their respective nitrate salts. 

In each adsorption trial, 40 mg of MgO@SnO₂ NC or MgO@SnO₂@PVP NC was added 

to 20 mL of oily industrial wastewater containing varying concentrations of the target metal 

ions. The resulting mixtures were subjected to ultrasonic agitation for 30 minutes to 

enhance dispersion and adsorption kinetics. After sonication, magnetic separation was 

employed to isolate the nanocomposites from the aqueous phase. The residual 

concentrations of metal ions in the supernatant were then quantified using inductively 

coupled plasma mass spectrometry (ICP-MS), performed with a NexION 2000 instrument 

(USA) [86]. Quantitative analysis was conducted using linear regression models based on 

calibration standards, with additional corrections applied through internal standards. 

Where sample dilution was necessary, recalculations were performed using the 
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accompanying software, and the measured concentrations were adjusted accordingly by 

the relevant dilution factors to ensure precise and reliable data [66]. 

 

Figure II. 4: Unveiling Metal‑Ion Capture on MgO@SnO₂ NC and Their PVP‑Enhanced 

Hybrids 

2.5. Analysis of Oil-in-Water Sample (OIW) 

The quantification of hydrocarbon content in oil-in-water (OIW) samples was performed 

using a TD-500 oil-in-water analyzer (Turner Designs Hydrocarbon Instruments, USA), 

which was first calibrated using standard solutions with known oil concentrations. To 

prepare the calibration standards, 200 mL of distilled water was acidified to a pH below 2 

by the addition of hydrochloric acid (HCl), followed by the introduction of 20 mL of 

hexane as the organic solvent. The mixture was then vigorously agitated for 3 minutes to 

ensure effective extraction of hydrocarbons from the aqueous phase into the hexane layer. 

After settling for approximately 15 minutes, a significant portion of the organic phase was 

carefully drawn using a syringe from the ampoule’s test socket. The test socket was then 

cleaned thoroughly before placing it into the TD-500 device for measurement. Within 

approximately five seconds, the instrument provided a direct reading of hydrocarbon 

concentration expressed in parts per million (ppm). These readings were subsequently used 

to evaluate the efficiency of the nanocomposites in removing hydrocarbons from 

petroleum-contaminated water samples [66]. 
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Figure II. 5: Rapid Hexane‑Extraction Workflow for Measuring Hydrocarbons in 

Oil‑in‑Water Samples with the TD‑500 Analyzer 

2.6. Determination of Total Suspended Solids (TSS) 

The concentration of total suspended solids (TSS) in petroleum-contaminated water 

samples was determined using a UV-visible spectrophotometric method. Precisely 20 mL 

of the sample was measured and transferred into a clean, transparent cuvette to ensure 

optimal light transmission during analysis. The cuvette was then placed in the UV-visible 

spectrophotometer, where the light beam could pass unobstructed through the solution. 

After a designated equilibration period of 10 minutes, the absorbance value corresponding 

to the TSS concentration was recorded from the spectrophotometer display. This 

measurement provided a quantitative assessment of suspended particulate matter in the 

sample, enabling evaluation of the nanocomposites' effectiveness in removing solid-phase 

pollutants from oily wastewater [66]. 
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Figure II. 6: UV‑Vis Spectrophotometric Read‑Out of Total Suspended Solids in 

Petroleum‑Contaminated Water 

2.7. Isotherm Modeling 

To investigate the adsorption characteristics and underlying mechanisms associated with 

the removal of contaminants specifically hydrocarbons and total suspended solids (TSS) 

from oily industrial wastewater (OIW), the MgO@SnO₂@PVP nanocomposite (NC) was 

employed as the adsorbent. The adsorption uptake (q) and removal efficiency (R) were 

quantitatively assessed using standard equations. The adsorption capacity at equilibrium or 

a given time was calculated using [87]: 

𝑞(𝑒,𝑡) = 
(𝐶0 − 𝐶(𝑒,𝑡))𝑉

𝑀
                   (2) 

and the removal percentage was computed as [84]: 

𝑅 =  
(𝐶0 − 𝐶(𝑒,𝑡))

𝐶0
× 100          (3) 

In these equations, C0 represents the initial concentration of the pollutant (in mg/L), Ce and 

Ct are the equilibrium and time-dependent concentrations, respectively, V is the volume of 

the solution (L), and M is the mass of the adsorbent (g). To further analyze the adsorption 

behavior, both Langmuir and Freundlich isotherm models were applied. The Langmuir 

model, which assumes monolayer adsorption onto a homogenous surface, was evaluated 

by plotting Ce\qe  against Ce, where Ce is the equilibrium concentration and qe is the amount 

adsorbed per gram of adsorbent. The Freundlich model, suitable for heterogeneous surface 
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adsorption, was assessed by plotting log qe versus log Ce, yielding a linear relationship 

characterized by a slope of 1/n and an intercept of log KF , where n indicates adsorption 

intensity and KF represents the adsorption capacity [66]. 

 

Figure II. 7: Adsorption mechanism and isotherm modeling for hydrocarbon and TSS 

removal using MgO@SnO₂ NC and MgO@SnO₂@PVP NC 

2.8. Computational description of adsorption energy 

To assess the adsorption affinity of heavy metal ions onto the surfaces of MgO@SnO₂ and 

MgO@SnO₂@PVP nanocomposites, computational modeling based on first-principles 

calculations was performed using the Forcite module within the Materials Studio software 

suite. The structural modeling process began with the construction of the MgO@SnO₂ 

nanocomposite, generated using ChemDraw and further processed by cleaving the surface 

along the (110) crystallographic plane. A supercell was then constructed with dimensions 

of 3×3×1 to simulate the extended surface. Similarly, the polyvinylpyrrolidone (PVP) 

ligand was modeled and positioned atop the MgO@SnO₂ surface. Geometrical 

optimization and energy minimization were carried out using Forcite, which applies 

classical molecular mechanics while maintaining crystallographic integrity during the 

simulation process [66]. 

The structure of the PVP ligand was sourced from the Materials Studio database to ensure 

molecular accuracy. Following optimization, the Monte Carlo Metropolis algorithm was 

employed to estimate the adsorption energy (Eₐd), reflecting the interaction strength 
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between the nanocomposite and the target pollutant molecule. The adsorption energy was 

computed using the following equation [66]: 

𝐸𝑎𝑑 = 𝐸MgO@SnO2/MgO@SnO2@PVP − 𝐸MgO@SnO2−MgO@SnO2@PVP − 𝐸𝑝𝑜𝑙𝑢𝑡𝑎𝑛𝑡            (4) 

Here, E(MgO@SnO2@PVP_polutant)  represents the total energy of the pollutant-adsorbed 

nanocomposite system, E(MgO@SnO2@PVP) denotes the ground state energy of the isolated 

nanocomposite, and E(pollutant) is the ground state energy of the free pollutant molecule (e.g., 

bromophenol). A more negative Eₐd value indicates a stronger binding interaction, thereby 

signifying higher adsorption potential and surface reactivity of the nanocomposite material 

[66]. 

 

Figure II. 8: Computational modeling of adsorption energy 

3. Structural and Morphological Characterization 

3.1. XRD analysis 

The crystallographic structure of the synthesized MgO@SnO₂@PVP nanocomposite, 

along with its individual components, was investigated using X-ray diffraction (XRD) 

analysis. The diffraction pattern for the pure PVP and the composite material exhibited a 

series of well-defined peaks. Specifically, the XRD spectrum revealed characteristic peaks 
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at 2θ values of 26.61°, 33.89°, 37.95°, 42.63°, 51.78°, 54.75°, 62.59°, 64.72°, 65.94°, 

69.23°, 71.77°, and 78.71°, corresponding to the crystallographic planes (110), (101), 

(200), (210), (211), (220), (221), (112), (301), (311), (320), and (321), respectively. These 

reflections are indicative of the tetragonal crystal structure of SnO₂ nanoparticles, 

conforming to the space group P42mc (No. 136), with lattice constants a = 4.7382 Å and c 

= 3.1871 Å, as confirmed by JCPDS Card No. 00-041-1445. 

In addition to the MgO phase, diffraction peaks at 2θ values of 44.37°, 59.17°, and 73.33° 

were observed, corresponding to the (400), (511), and (620) planes, respectively. These 

peaks are consistent with the cubic phase of MgO nanoparticles, which crystallize in the 

Fd-3m space group (No. 227) and possess lattice parameters a = b = c = 8.1200 Å, in 

agreement with JCPDS Card No. 00-030-0794. The composite material, 

MgO@SnO₂@PVP NC, also displayed additional peaks at 2θ values of 11.68° and 21.84°, 

which are associated with the semi-crystalline nature of PVP. These features confirm the 

successful incorporation of PVP into the nanocomposite matrix [66]. 

 

Figure II. 9: Molecular and Crystal Structure Comparison of Pure PVP, MgO@SnO₂ 

Nanocomposite, and MgO@SnO₂@PVP Hybrid Nanocomposite 

The average crystallite sizes of the MgO@SnO₂ and MgO@SnO₂@PVP nanocomposites 

were determined to be approximately 23.3 nm and 25 nm, respectively, using the Debye–

Scherrer equation. Additional structural parameters including interplanar spacing (d-

spacing), lattice constants, X-ray density (ρₓ), specific surface area, and percentage 
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crystallinity were also calculated based on standard equations. The specific surface area 

(SSA) was estimated using the following formula [66]: 

𝑆𝑆𝐴 =  
6000

𝐺𝑆 ×  𝜌𝑥
                   (5) 

where GS is the crystallite size in nanometers, and ρₓ is the X-ray density of the 

photocatalyst. The degree of crystallinity was determined using the equation [66]: 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (%) =  
𝐴𝑐𝑝

𝐴𝑡𝑎
× 100           (6) 

where Acp represents the integrated area under crystalline peaks and Ata denotes the total 

area under the diffraction curve. A summary of these calculated structural properties is 

provided in Table 1 for both the unmodified and PVP-functionalized nanocomposites. 

 

Figure II. 10: X-ray Diffraction (XRD) Patterns of Pure PVP, MgO@SnO₂ 

Nanocomposite, and MgO@SnO₂@PVP Hybrid Composite [66] 

10 20 30 40 50 60 70 80

In
te

n
si

ty
 (

a
.u

.)

2-Theta (Degree)

 PVP (¨)

 MgO@SnO2 NC

 MgO@SnO2@PVP NC

(1
1

0
) 
  

(2
0

0
) 
  

(1
0

1
) 
  

(2
1

0
) 
  

(4
0

0
) 
  (2

1
1

) 
  

(5
1

1
) 
  

(2
2

0
) 
  

(2
2

1
) 
  

(1
1

2
) 
  

(3
0

1
) 
  

(3
1

1
) 
  (3

2
0

) 
  

(6
2

0
) 
  

(3
2

1
) 
  

¨ ¨



Chapter II. Advanced MgO@SnO₂ NC for Heavy Metals Industrial Petroleum Wastewater 
Purification 

 

[71] 

 

Table II. 1: Crystallographic Characteristics of MgO@SnO₂ and MgO@SnO₂@PVP 

Nanocomposites [66] 

samples 
d-spacing 

(nm) 

Surface area 

(m2 g−1) 

Crystallinity 

(%) 

Grain size 

(nm) 

Density 

(g/cm3) 

MgO@SnO2 NC 0.236 32.1 52.3 23.3 8.02 

MgO@SnO2@PVP NC 0.237 34.33 63.2 25 6.99 

3.2. FTIR analysis 

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the functional 

groups and chemical bonding characteristics present in the Pistacia  lentiscus leaf extract, 

MgO@SnO₂ nanocomposite (NC), and its PVP-modified form (MgO@SnO₂@PVP NC), 

offering key insights into their molecular composition (Figure II.12). In the spectrum of 

the leaf extract, a broad absorption band near 3700 cm⁻¹ indicates O–H stretching 

vibrations, typically associated with hydroxyl groups in phenolic and alcoholic compounds 

[88]. A pronounced band at 3287 cm⁻¹ further suggests hydrogen-bonded O–H groups [89]. 

Additional peaks at 1722 cm⁻¹ and 1365 cm⁻¹ correspond to C=O stretching and ether 

functional groups [90], respectively, while peaks at 2353 cm⁻¹ and 1024 cm⁻¹ are attributed 

to C≡C triple bond and C–O stretching vibrations [91], indicating a complex composition 

of phytochemicals within the extract. 

The FTIR spectrum of the MgO@SnO₂ nanocomposite reveals strong absorption peaks at 

3700 and 3386 cm⁻¹, confirming the presence of hydroxyl groups [92], which may result 

from adsorbed water or surface hydroxyls on the metal oxide structure [93]. Characteristic 

peaks at 1658 cm⁻¹, 1429 cm⁻¹, and 1076 cm⁻¹ are assigned to carbonyl (C=O) [94], C–H 

[95], and C–O stretching vibrations [96], respectively. A distinct peak at 853 cm⁻¹ 

corresponds to C–O–C asymmetric stretching [97], while the band at 542 cm⁻¹ is indicative 

of metal–oxygen (M–O) stretching, confirming the formation of MgO and SnO₂ phases 

[98][99]. 
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Figure II. 11: Schematic Illustration of Functional Group Interactions Identified by FTIR 

in Pistacia lentiscus Extract, MgO@SnO₂ NC, and PVP-Modified MgO@SnO₂ NC 

In the PVP-functionalized nanocomposite (MgO@SnO₂@PVP NC), additional peaks 

observed at 1479 cm⁻¹ and 1279 cm⁻¹ are assigned to C=C stretching [100] and C–N 

stretching vibrations [101], respectively. These spectral features confirm the successful 

incorporation of PVP onto the nanocomposite surface [102]. Notably, the preservation of 

the original FTIR peaks from the unmodified MgO@SnO₂ NC in the modified sample 

suggests that the core structure of the nanocomposite remained intact during surface 

modification. For reference, the FTIR spectrum of pure PVP exhibits characteristic peaks 

at 3513 cm⁻¹ (O–H stretching) [103], 2951 cm⁻¹ (C–H stretching), and 1681 cm⁻¹ (C=O 

stretching) [75], all of which are consistent with the polymer’s chemical profile [104]. 

Collectively, the FTIR results affirm the successful synthesis and surface functionalization 

of the nanocomposites and offer a detailed understanding of their chemical framework 

[105][106], which is essential for predicting their behavior in environmental remediation 

applications [66]. 
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Figure II. 12: FTIR Analysis of Leaf Extract, MgO@SnO₂ Nanocomposite, 

MgO@SnO₂@PVP Nanocomposite, and Pure PVP: (a) Spectral Range 4000–400 cm⁻¹ 

and (b) Magnified Region from 400 to 800 cm⁻¹ [66]. 

3.3. UV–Vis Spectroscopy and Bandgap Determination 

The optical absorption properties of MgO@SnO₂ and MgO@SnO₂@PVP NC were 

investigated using UV–visible spectroscopy in the wavelength range of 200–800 nm. As 

shown in Figure II.13 (a), the MgO@SnO₂ nanocomposite exhibited a prominent 

absorption peak at 274 nm, confirming its successful formation. Upon PVP modification, 

the absorption maximum shifted to 283 nm, accompanied by a noticeable increase in 

intensity, thereby indicating the successful synthesis and enhanced optical activity of the 

MgO@SnO₂@PVP nanocomposite [66]. 
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Figure II. 13: (a) UV–Visible Absorption Spectra of MgO@SnO₂ and 

MgO@SnO₂@PVP Nanocomposites, (b) Corresponding Bandgap Energy Analysis [66]. 

To determine the optical bandgap, Tauc plots were constructed by graphing (αhν)¹ᐟ² versus 

photon energy (hν), assuming an indirect allowed transition. The MgO@SnO₂ NC 

displayed a bandgap energy of 2.83 eV, as shown in Figure II.13 (b), which is significantly 

lower than the 5.2 eV [66] bandgap reported in literature for sol-gel synthesized 

MgO@SnO₂ systems [49]. This reduction highlights the effectiveness of the green 

synthesis route employed in the current study. 

 

Figure II. 14: Visual Representation of Optical Absorption Behavior and Bandgap 

Narrowing in MgO@SnO₂ and MgO@SnO₂@PVP Nanocomposites  

Furthermore, the MgO@SnO₂@PVP nanocomposite exhibited an even narrower bandgap 

of 1.98 eV, suggesting improved electronic interactions and enhanced light-harvesting 

capability [66]. The observed bandgap narrowing is attributed to modifications in the 
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valence and conduction band positions, which promote stronger electron–hole interactions 

[107]. Additionally, the presence of unsaturated defect sites and increased density of 

localized energy states within the bandgap may further account for the optical bandgap 

reduction, facilitating better charge transport and photocatalytic performance [108]. 

 

Figure II. 15: Explication of Band gap narrowing 

3.4. Surface Morphology and Elemental Composition Analysis 

(SEM/EDX) 

Scanning Electron Microscopy (SEM) was employed to examine the surface morphology 

and particle dispersion of the synthesized nanocomposites. As shown in Figure II.18 (a), 

the unmodified MgO@SnO₂ nanocomposite demonstrates a predominantly spherical 

morphology with slight indications of particle agglomeration. However, following surface 

modification with polyvinylpyrrolidone (PVP), as illustrated in Figure II.18 (b), a notable 

change in morphological characteristics is observed. The modified MgO@SnO₂@PVP 

nanocomposite exhibits a more uniformly dispersed structure with reduced agglomeration, 

suggesting the effective stabilizing and dispersing action of PVP [66]. 
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Figure II. 16: EDX Elemental composition of MgO@SnO₂@PVP Nanocomposites 

Particle size analysis based on SEM imaging further reveals that the average diameter of 

MgO@SnO₂ particles is approximately 53 nm, whereas the PVP-modified variant shows a 

slight increase in particle size to around 65 nm (Figure II.18 (c)). This enlargement may be 

attributed to surface coverage by the PVP matrix, which likely contributes to improved 

dispersion and reduced interparticle attraction within the nanocomposite matrix [66]. 

 

Figure II. 17: Enhanced Morphology and Composition of PVP-Modified MgO@SnO₂ 

Nanocomposites 

Additionally, Energy Dispersive X-ray Spectroscopy (EDX) analysis was conducted to 

confirm the elemental composition of the MgO@SnO₂@PVP nanocomposite (Figure II.18 

(d)). The detected elements oxygen (O), tin (Sn), magnesium (Mg), and carbon (C) 

correspond to the expected constituents of the composite structure. Quantitative analysis 

yielded atomic percentages of 54.8% for O, 20.43% for Sn, 14.06% for Mg, and 10.37% 
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for C, corroborating the successful incorporation of PVP and the structural integrity of the 

synthesized nanocomposite [66]. 

 

’ 

 

Figure II. 18: Surface Morphology and Particle Size Characterization of (a) MgO@SnO₂ 

Nanocomposite, (b) PVP-Functionalized MgO@SnO₂ Nanocomposite, (c) Elemental 

Composition via EDX Analysis, and (d) Particle Size Distribution [66]. 
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4. Evaluation of Heavy Metal Removal Performance 

4.1. Experimental Results for Individual Metal Adsorption 

The adsorption performance of MgO@SnO₂ and MgO@SnO₂@PVP nanocomposites was 

systematically evaluated for the removal of eleven heavy metal ions, including As, Be, Cd, 

Cr, Mn, Mo, Ni, Pb, Sb, Se, and Zn, from petroleum-contaminated water. Experiments 

were conducted at multiple time intervals (5, 10, 20, and 30 minutes) to assess adsorption 

kinetics. As shown in Table II.2 and Figure II.21 (a–d), both nanocomposites demonstrated 

a marked decrease in metal ion concentrations over time, with a substantial reduction 

observed after 30 minutes of treatment [66]. 

 

Figure II. 19: Heavy Metal Adsorption by Functionalized Nanocomposites 

Complete removal of Cr, Mo, and Sb was achieved within 20 minutes, while Se was fully 

adsorbed within 10 minutes. The remaining metal ions were effectively eliminated by over 

99% within 30 minutes, confirming the high adsorption efficiency of these 

nanocomposites. Comparative analysis further reveals that MgO@SnO₂@PVP NC 

outperformed MgO@SnO₂ NC, as evidenced by lower residual metal concentrations. This 

enhanced performance is attributed to the superior surface characteristics and dispersion 

capacity imparted by PVP modification, which promotes greater surface availability for 

adsorption [66]. 
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Figure II. 20: Heavy metals concentrations before and after treatment 

Table II. 2: Comparative ICP-MS Analysis of Reservoir Oily Water Before and After 

Nanocomposite-Based Treatment [66] 

Samples 
As 75 

(mg/L) 

Be 9 

(mg/L) 

Cd 111 

(mg/L) 

Cr 52 

(mg/L) 

Mn 55 

(mg/L) 

Mo 98 

(mg/L) 

Ni 60 

(mg/L) 

Pb 208 

(mg/L) 

Sb 121 

(mg/L) 

Se 82 

(mg/L) 

Zn 66 

(mg/L) 

OIW before 

treatment 
2.613 0.102 0.442 0.367 100.847 0.405 2.041 2.938 1.831 0.182 142.523 

OIW after treatment (30 min) 

Samples 
As 75 

(µg/L) 

Be 9 

(µg/L) 

Cd 111 

(µg/L) 

Cr 52 

(µg/L) 

Mn 55 

(µg/L) 

Mo 98 

(µg/L) 

Ni 60 

(µg/L) 

Pb 208 

(µg/L) 

Sb 121 

(µg/L) 

Se 82 

(µg/L) 

Zn 66 

(µg/L) 

MgO@SnO2 NC 1.750 0.002 0.606 0 71.828 0 0.519 1.688 0.005 0 90.895 

MgO@SnO2@PVP 

NC 

1.510 0.001 0.592 0 70.310 0 0.369 0.833 0 0 80.355 

4.2. Comparative Efficiency of Bare vs PVP-Modified NCs 

A comparative analysis between the unmodified MgO@SnO₂ NC and the PVP-

functionalized variant demonstrated enhanced performance by the latter across all tested 

metal ions. The PVP-modified nanocomposite consistently exhibited lower residual 

concentrations of metal ions in the treated solutions. This improvement is attributed to the 
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increased surface availability and dispersion stability provided by the PVP coating, which 

enhances the accessibility of active sites and facilitates stronger interaction with the metal 

ions [66]. 

The metal concentrations in both untreated and treated water samples were quantified using 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as shown in Figure II.21. The 

raw oily wastewater (OIW) showed initial metal concentrations ranging from sub-ppm to 

over 140 ppm, with Zn and Mn among the most prevalent contaminants. After 30 minutes 

of treatment with the nanocomposites, residual concentrations dropped significantly. For 

instance, the concentration of Pb reduced from 2.938 mg/L to 1.688 µg/L with MgO@SnO₂ 

and to 0.833 µg/L with MgO@SnO₂@PVP as showed in table II.2. These findings confirm 

the high sensitivity and effectiveness of the adsorption process, supported by accurate and 

reliable quantification [66]. 
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Figure II. 21: Time-Dependent Performance of (a,b) MgO@SnO₂ and (c,d) PVP-

Modified MgO@SnO₂ Nanocomposites for Heavy Metal Removal from Aqueous 

Solutions [66]. 

4.3. Surface Interactions and Mechanism of Adsorption 

The adsorption mechanism is primarily governed by electrostatic interactions facilitated by 

deprotonation-induced surface charge enhancement. The resulting increase in negatively 

charged active sites significantly improves the binding affinity toward metal cations. The 

stepwise adsorption process involves: (i) migration of metal ions from the bulk solution to 

the nanocomposite surface [109], (ii) diffusion through the boundary layer, (iii) internal 

pore diffusion, and (iv) binding onto active adsorption sites [66]. These steps are essential 

for understanding adsorption dynamics and optimizing nanocomposite design for practical 

applications. 
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Figure II. 22: Explication of Heavy Metal Sorption by MgO@SnO₂@PVP Adsorbent 

The superior adsorption capacity of MgO@SnO₂@PVP NC is attributed to a synergy of 

physical and chemical interactions. The presence of PVP introduces functional groups such 

as hydroxyls and carboxyls, which engage in Lewis acid-base interactions and surface 

complexation with metal ions [66].  

 

Figure II. 23: Representation of Metal Ion Adsorption by Nanocomposites 

Electrostatic interactions between the negatively charged functional groups on the PVP 

matrix and the positively charged metal ions further reinforce this adsorption behavior. 

Additionally, the porous and tunnel-like morphology of the MgO@SnO₂ NC offers 

abundant active sites that enhance diffusion and retention of metal species [66]. 



Chapter II. Advanced MgO@SnO₂ NC for Heavy Metals Industrial Petroleum Wastewater 
Purification 

 

[83] 

 

 

Figure II. 24: Electrostatic Attraction Between the Surface Complexation and the Ions 

Metals 

Figure II.25 schematically illustrates these proposed adsorption pathways, including 

surface complexation and electrostatic attraction. These mechanisms, validated by 

molecular docking studies (Figure II.38), reveal strong interactions between the 

nanocomposite surfaces and selected metal ions (As, Cr, Mo, Ni, Pb, Zn), further 

supporting the material's suitability for environmental remediation [66]. 

 

Figure II. 25: Schematic Illustration of Heavy Metal Adsorption Mechanisms on 

MgO@SnO₂@PVP Nanocomposites 
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5. Photocatalytic Degradation of Petroleum Pollutants 

5.1. Degradation of Hydrocarbons and TSS 

Photocatalysis has emerged as a promising and increasingly utilized strategy for the 

treatment of produced and petroleum-contaminated waters. In this study, magnesium 

oxide–tin dioxide and PVP-functionalized MgO@SnO₂ nanocomposites were employed as 

photocatalysts to investigate the degradation of hydrocarbons under natural sunlight 

exposure. Petroleum-derived oily industrial wastewater (OIW) was used as a representative 

model for the degradation process [66]. 

 

Figure II. 26: Photocatalytic Degradation of Hydrocarbons and Total Suspended Solids 

(TSS) in Oily Industrial Wastewater 

Experimental findings reveal that both nanocomposites achieved significant photocatalytic 

activity after 30 minutes of solar irradiation. Specifically, the degradation efficiency of 

hydrocarbons reached 74% with MgO@SnO₂ and improved markedly to 88% with 

MgO@SnO₂@PVP nanocomposites (Figure II.27 (a,b)). Similarly, the removal of total 

suspended solids (TSS) exhibited notable enhancement, with respective efficiencies of 

69% and 85% for MgO@SnO₂ and MgO@SnO₂@PVP nanocomposites (Figure II.27 

(c,d)) [66]. Although both materials demonstrated effective performance, the PVP-

modified nanocomposite consistently outperformed its unmodified counterpart. This 

superior performance is primarily attributed to the improved surface properties and 

enhanced dispersion provided by the PVP coating, which facilitates more efficient light 

absorption and interaction with target pollutants [109]. 
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Figure II. 27: (a,b) Photocatalytic Hydrocarbon Degradation in Oily Wastewater, (c,d) 

Total Suspended Solids (TSS) Removal Using MgO@SnO₂ and PVP-Modified 

MgO@SnO₂ Nanocomposites [66]. 

5.2. Reaction Kinetics and Pseudo-First Order Model 

To further elucidate the photocatalytic process, kinetic modeling was performed using a 

pseudo-first-order kinetic equation (Equation 7) [110], enabling quantitative assessment of 

degradation rates. The kinetic analysis yielded rate constants (k) of 0.041 min⁻¹ and 0.090 

min⁻¹ for OIW and TSS degradation, respectively, when using MgO@SnO₂@PVP as the 

photocatalyst (Figure II.28). These values underscore the enhanced reactivity and 

accelerated degradation kinetics offered by the functionalized nanocomposite [66]. 

ln (
𝐶0
𝐶𝑡 
⁄ ) = 𝑡 × 𝑘                         (7) 

In this expression, C0 denotes the initial concentration of the target compound, Ct is the 

concentration at a given irradiation time t, and k represents the pseudo-first-order rate 

constant. A higher k value signifies a more rapid degradation rate, thereby confirming the 
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improved photocatalytic efficiency of the MgO@SnO₂@PVP nanocomposite. These 

findings reinforce the material’s potential as a highly effective photocatalyst for the 

remediation of petroleum-based contaminants and suspended solids in wastewater [66]. 

 

Figure II. 28: First-Order Kinetic Analysis of TSS and OIW Degradation by 

MgO@SnO₂@PVP [66] 

5.3. Mechanistic Insights Based on Charge Carrier Dynamics 

The photocatalytic mechanism illustrated in Figure II.29 provides a detailed representation 

of the pathways governing the degradation of organic pollutants in the presence of 

semiconductor nanocomposites under light irradiation. This approach is particularly 

effective in elucidating the transformation of organic molecules during photocatalytic 

treatment processes [107]. 

 

Figure II. 29: Photocatalytic degradation of TS removal in OIW 
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Upon exposure to photons possessing energy equal to or greater than the band gap energy 

(E=hν), electrons in the nanocomposite are excited from the valence band (VB) to the 

conduction band (CB), resulting in the generation of photoinduced electron–hole pairs 

(e−/h+) (Equation 8). These charge carriers play a crucial role in initiating redox reactions 

at the catalyst surface [66]. 

 

Figure II. 30: Photocatalytic Mechanism of TSS and OIW Degradation by 

MgO@SnO₂@PVP Nanocomposite 

The photogenerated holes in the valence band ({VB}h+) exhibit strong oxidizing power 

and react readily with water molecules or surface hydroxyl groups to form hydroxyl 

radicals (•OH) [109], which are highly reactive species capable of mineralizing organic 

pollutants (Equation 9) [109]. Concurrently, the excited electrons in the conduction band 

({CB}e−) are transferred to surface-adsorbed molecular oxygen, reducing it to superoxide 

anion radicals (•O2
−) (Equation 10) [66]. 

These superoxide radicals further undergo protonation to yield hydroperoxyl radicals 

(•OOH) (Equation 11), which dimerize to form hydrogen peroxide (H₂O₂) (Equation 12). 

In subsequent steps, H₂O₂ is reduced by conduction band electrons, generating additional 

hydroxyl radicals (Equation 13), thus amplifying the oxidative degradation pathway. The 

synergistic action of these reactive oxygen species (ROS), particularly •OH and •O2
−, 

facilitates the breakdown of complex organic compounds and total suspended solids (TSS) 
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in oily wastewater (OIW), ultimately converting them into benign end products such as 

carbon dioxide (CO₂) and water (H₂O) (Equation 14) [86]. 

ℎʋ + MgO@SnO2@PVP → MgO@SnO2@PVP (hVB
+ + 𝑒𝐶𝐵

− )               (8)    

𝐻2𝑂 + hVB
+  → • OH   +  H+                      (9) 

𝑂2 + (eCB
− ) → • O2

−                                        (10) 

• O2
−  + H+  → • OOH                                    (11) 

• 2OOH → 𝐻2𝑂2                                             (12) 

𝐻2𝑂2 + e
− → 𝐻𝑂 • +  OH−                        (13) 

 𝑇𝑆𝑆 𝑂𝑅 𝑂𝐼𝑊 + OH• +  •𝑂2    → Degraded products + CO2 + H2O    (14) 

This multi-step redox pathway underscores the efficiency of the MgO@SnO₂-based 

nanocomposites in driving advanced oxidative processes, supporting their application in 

environmental remediation, particularly for the treatment of oily wastewater laden with 

recalcitrant organic compounds [66]. 

 

Figure II. 31: Photocatalytic Degradation Mechanism of TSS and OIW Using 

MgO@SnO₂@PVP NC  
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5.4. Adsorption Isotherm Modeling study of TSS 

The adsorption behavior of heavy metal ions and hydrocarbon-laden oily wastewater 

(OIW), including total suspended solids (TSS), onto MgO@SnO₂@PVP nanocomposites 

(NCs) was systematically evaluated using two widely accepted isotherm models: Langmuir 

and Freundlich. These models offer insight into the interaction mechanisms between the 

adsorbate and the nanocomposite surface. The adsorption experiments were conducted 

across a pH range of 6.5 to 8.5 to simulate environmentally relevant conditions. 

The Langmuir model assumes monolayer adsorption onto a homogeneous surface with a 

finite number of identical sites, where each site binds to one adsorbate molecule with 

uniform energy. In contrast, the Freundlich model describes adsorption onto heterogeneous 

surfaces and does not restrict adsorption to monolayer formation. The corresponding 

linearized equations for these isotherms are given below: 

𝐶𝑒
𝑞𝑒
=

1

𝑏𝑞𝑚
+
𝐶𝑒
𝑞𝑚
                                                 (15)   

log (𝑞𝑒) = log (𝐾𝑓) +
1

𝑛
   log (𝐶𝑒)                  (16)   

Where: 

• qe (mg·g⁻¹) is the amount of solute adsorbed per unit mass of adsorbent at 

equilibrium, 

• Ce (mg·L⁻¹) is the equilibrium concentration of the adsorbate in solution, 

• qm  (mg·g⁻¹) represents the maximum adsorption capacity, 

• b (L·mg⁻¹) is the Langmuir constant related to the binding energy of adsorption, 

• Kf and n are the Freundlich constants associated with adsorption capacity and 

intensity, respectively. 

The Langmuir isotherm constants qm and b were determined from the linear plot of Ce/qe 

versus Ce, as illustrated in Figure II.33 (a). The Freundlich model parameters were 
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extracted from the linear relationship between log qe and log Ce , with the model showing 

excellent correlation (R² = 0.99) as seen in Figure II.33 (b) [66]. The higher correlation 

coefficient for the Freundlich model suggests that the adsorption process follows a 

heterogeneous surface interaction, consistent with the nature of the nanocomposite surface. 

To further evaluate the favorability of the adsorption process, the dimensionless separation 

factor RL was calculated using the expression [86]: 

𝑅L =
1

1 + 𝑅L𝐶0
                (17)     

Where C0 is the initial adsorbate concentration. The value of RL provides insight into the 

nature of adsorption [86]: 

• RL = 0: irreversible, 

• 0< RL <1: favorable, 

• RL =1: linear, 

• RL >1: unfavorable. 

In this study, all computed RL  values for the adsorption of TSS and hydrocarbons from 

OIW were found to lie between 0 and 1, confirming that the process was 

thermodynamically favorable. The complete set of isotherm parameters is summarized in 

Figure II.32. 
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Figure II. 32: Comparison of Langmuir and Freundlich Isotherm Models for TSS and 

OIW Adsorption onto MgO@SnO₂@PVP Nanocomposite 

These findings collectively indicate that MgO@SnO₂@PVP NCs exhibit strong adsorption 

potential under mild pH conditions, with heterogeneous surface properties that align well 

with the Freundlich isotherm, making them suitable for real-world water remediation 

applications [66]. 

 

Figure II. 33: Isotherm Modeling of OIW and TSS Adsorption onto MgO@SnO₂@PVP 

Nanocomposite: (a) Langmuir Approach, (b) Freundlich Approach [66] 

6. Catalyst Stability and Reusability 

The practical applicability of photocatalysts in wastewater treatment relies heavily on their 

reusability, efficiency retention, and structural stability over multiple cycles. To assess 

these parameters, the MgO@SnO₂@PVP nanocomposite (NC) was subjected to a 

regeneration process involving drying, followed by reuse under the same photocatalytic 
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conditions applied in the initial cycle. This approach aimed to simulate realistic operational 

conditions for evaluating catalyst longevity and performance consistency [66]. 

Photocatalytic degradation experiments were conducted over five successive cycles using 

the regenerated MgO@SnO₂@PVP NC. The results, illustrated in Figure II.35 (a,b), 

demonstrate that the photocatalyst maintained high degradation efficiency for both oily 

wastewater (OIW) and total suspended solids (TSS), affirming its functional sustainability. 

Notably, the degradation performance for OIW decreased slightly from 88.13% in the first 

cycle to 86.98% in the fifth, while for TSS it declined modestly from 85.54% to 83.87% 

over the same period (Figure II.35 (c,d)) [66]. This minor reduction in photocatalytic 

activity is primarily attributed to material loss during recovery processes such as washing, 

centrifugation, and the possible adsorption of intermediate species generated during the 

photoreaction [87]. 

To further examine the structural integrity of the nanocomposite throughout the recycling 

process, X-ray diffraction (XRD) analysis was performed before and after the five-cycle 

degradation experiment. As shown in Figure II.35 (e), the XRD patterns exhibited no 

significant changes in peak positions or intensities, thereby confirming the preservation of 

the crystalline structure of MgO@SnO₂@PVP NC. These findings strongly support the 

conclusion that the photocatalyst retains its structural and functional properties throughout 

multiple reuse cycles, highlighting its potential for cost-effective and sustainable 

application in environmental remediation [66]. 

 

Figure II. 34: Regeneration Cycle using MgO@SnO₂@PVP NC 
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Figure II. 35: Recyclability and Reusability of MgO@SnO₂@PVP Nanocomposite for 

the Photocatalytic Degradation of (a) OIW and (c) TSS, with (b,d) Degradation 

Efficiency over Successive Cycles, and (e) XRD Analysis of Fresh and Reused 

Photocatalysts [66] 
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7. Computational Simulations of Adsorption Behavior 

7.1. Model Setup and Geometry Optimization 

To gain a fundamental understanding of the adsorption processes governing heavy metal 

ion interaction with the nanocomposite surfaces [111][65], computational simulations were 

conducted using a first-principles approach within the Materials Studio software 

environment [112][113]. The model construction began by generating a representative 

surface of the MgO@SnO₂ nanocomposite [66]. The crystallographic surface was cleaved 

along a low-index plane to expose catalytically active sites, thereby mimicking realistic 

surface environments typically encountered in aqueous-phase adsorption [114]. The 

polyvinylpyrrolidone molecule was retrieved from the software's structural library and 

subjected to full geometry optimization to reach an energetically favorable conformation 

[66]. The optimized PVP ligand was then anchored onto the MgO@SnO₂ surface to 

simulate surface functionalization and polymer-nanocomposite interaction. To enhance 

realism, a 3×3×1 supercell was created, enabling periodic boundary conditions that 

approximate extended material surfaces [66]. All structures were subjected to energy 

minimization using the Forcite module, applying universal force field (UFF) parameters 

while maintaining fixed crystallographic constraints on the slab to preserve structural 

fidelity [115]. This multi-step simulation framework allowed for the accurate modeling of 

surface chemistry and provided a reliable platform for probing the subsequent adsorption 

phenomena [116]. 

 

Figure II. 36: Comparative Adsorption Mechanisms of Heavy Metals on MgO@SnO₂ 

and MgO@SnO₂@PVP Nanocomposites 
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7.2. Adsorption Energy of Metal Ions on MgO@SnO₂ and 

MgO@SnO₂@PVP 

The adsorption behavior of heavy metal ions on the surfaces of MgO@SnO₂ and 

MgO@SnO₂@PVP NCs was evaluated through a computational approach, as depicted in 

Figure II.38 [66]. This analysis focuses on the structural and energetic aspects of metal 

surface interactions [117], providing insights into the binding configurations and 

adsorption affinities of selected metals [118]. Adsorption in this context refers to the 

accumulation of solute species onto a solid surface, driven by intermolecular forces such 

as van der Waals interactions, electrostatic attraction, or chemical bonding [119][120]. The 

process is facilitated by the high surface area and active sites present on the nanocomposite 

monolayers [120]. 

Unlike atoms within bulk materials, which are fully coordinated by neighboring atoms 

through covalent, metallic, or ionic bonds [121], surface atoms exhibit unsaturated 

coordination environments [122]. These under-coordinated atoms create energetically 

favorable sites for adsorption [123], enabling the attachment of solute molecules or ions 

onto the adsorbent surface [124]. The nature of this attachment can vary and is typically 

classified as either: 

• Chemisorption, which involves stronger interactions such as covalent bonding or 

electrostatic attractions [125]. 

• Physisorption, characterized by weaker van der Waals forces [126]. 

Figure II.38 highlights the adsorption configurations and interactive behaviors of several 

heavy metals namely arsenic (As), chromium (Cr), molybdenum (Mo), nickel (Ni), lead 

(Pb), and zinc (Zn) on both unmodified and PVP-functionalized MgO@SnO₂ 

nanocomposites [66]. The binding strength of these interactions was quantified using 

adsorption energy Ead, a critical parameter indicating the stability of the adsorbate 

adsorbent complex [127]. More negative values of Ead correspond to stronger binding 

affinities, surpassing those typically associated with weak electrostatic interactions [128]. 
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The calculated adsorption energies for the MgO@SnO₂ and MgO@SnO₂@PVP NC were 

as follows presented in figure II.37 [66]. 

 

Figure II. 37: Adsorption Energy Assessment of Heavy Metals on MgO@SnO₂ NC and 

MgO@SnO₂@PVP NC Surfaces 

7.3. Binding Configurations and Interaction Strength 

A detailed examination of the adsorption geometries was conducted to elucidate the nature 

and orientation of the interaction between heavy metal ions and the nanocomposite surfaces 

[86]. Six representative heavy metals arsenic, chromium, molybdenum, nickel, lead, and 

zinc were selected based on their environmental relevance and prevalence in petroleum 

wastewater [86][84]. Each metal ion was positioned on energetically favorable regions of 

both the MgO@SnO₂ and MgO@SnO₂@PVP surfaces [107]. Geometry optimization was 

performed to determine the most stable adsorption configuration for each system [129]. As 

shown in Figure II.38, the metal ions exhibited distinct binding orientations, with several 

forming bidentate or tridentate interactions via surface oxygen atoms or functional groups 

on the PVP ligand [130]. The coordination involved chemisorption mechanisms such as 

electrostatic attraction and donor–acceptor interactions, particularly in the case of PVP-

modified systems where carbonyl and hydroxyl groups facilitated stronger binding [131]. 

In contrast, the unmodified MgO@SnO₂ system exhibited predominantly physisorption 

behavior with weaker interaction energies [66]. The adsorption strength was quantified 

through interatomic distances and adsorption energy values, providing a comprehensive 
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understanding of the physicochemical interactions at play [132]. These insights confirm 

that surface functionalization with PVP not only alters the electronic landscape of the 

nanocomposite but also enhances its capability to interact selectively and strongly with 

diverse metal contaminants [133]. The results clearly indicate that the PVP-functionalized 

nanocomposite exhibits superior adsorption capacity, particularly for lead (Pb), which 

shows the most negative binding energy among all tested metals. This suggests that the 

introduction of PVP enhances the surface reactivity and binding efficiency of the 

nanocomposite [66]. Furthermore, the variation in adsorption energy values across 

different metals highlights the possibility of tuning the nanocomposite’s selectivity based 

on specific target contaminants [134]. 

 

Figure II. 38: (a–f) Adsorption Configurations of As, Cr, Mo, Ni, Pb, and Zn on the 

Optimized MgO@SnO₂ Monolayer; (g–l) Adsorption of the Same Metals on the 

Optimized MgO@SnO₂@PVP Monolayer [66]. 

The metal ions demonstrate notable affinity and selectivity toward the active adsorption 

sites present on the MgO@SnO₂ nanocomposite surface. However, the enhanced 

thermodynamic stability of the MgO@SnO₂@PVP nanocomposite evidenced by its lower 

binding free energy suggests a stronger interaction potential and greater adsorption 

capacity relative to the unmodified MgO@SnO₂ system [66]. 
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Figure II. 39: Adsorption Configurations and Binding Energies of Heavy Metal Ions on 

MgO@SnO₂ and MgO@SnO₂@PVP Nanocomposites 

7.4. Correlation with Experimental Results 

The computational findings derived from adsorption energy calculations and molecular 

interaction studies were corroborated with experimental adsorption data obtained from 

batch treatment of petroleum-contaminated wastewater [135][66]. The agreement between 

simulated adsorption energies and experimentally measured removal efficiencies validates 

the robustness of the computational approach [81][136]. For instance, metals that exhibited 

the most negative adsorption energies in simulation such as Pb, Mo, and Cr were also the 

most effectively removed in practical experiments using MgO@SnO₂@PVP 

nanocomposites [66]. This strong correlation suggests that the theoretical predictions not 

only explain but also anticipate adsorption trends, enabling a predictive framework for 

optimizing nanomaterial design [81][137][138]. Furthermore, the enhanced adsorption 

performance of the PVP-functionalized nanocomposite observed in both simulated and 

real-world conditions underscores the role of polymer-assisted surface engineering in 

improving adsorption kinetics, selectivity, and capacity [66]. These findings highlight the 

power of computational modeling in guiding material development for environmental 

remediation, offering a cost-effective, mechanistically grounded, and experimentally 

validated methodology for future adsorbent optimization [66]. 
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Figure II. 40: Correlation Between Computational Adsorption Energies and 

Experimental Removal Efficiencies of Heavy Metals Using MgO@SnO₂@PVP 

Nanocomposite 

8. Environmental and Practical Implications 

8.1. Cost-Effectiveness of Green Synthesis 

The green synthesis of MgO@SnO₂ and MgO@SnO₂@PVP nanocomposites using 

Pistacia  lentiscus leaf extract presents a highly cost-effective alternative to conventional 

chemical and physical fabrication routes [66]. Traditional synthesis techniques often 

require expensive precursors, high temperatures, inert atmospheres, and prolonged reaction 

durations factors that contribute significantly to overall production costs [139]. In contrast, 

the biosynthetic approach utilized in this study relies on naturally abundant, renewable 

plant resources and aqueous-based processing conditions that do not demand complex 

infrastructure or hazardous reagents [140]. This not only reduces the financial burden 

associated with material preparation but also eliminates the need for post-synthesis 

detoxification procedures, thereby minimizing operational costs [141][142]. Furthermore, 

the use of polyvinylpyrrolidone as a benign stabilizing agent enhances material 

performance without significantly increasing synthesis expenditure [143]. The economic 

feasibility of this process positions it as a viable candidate for large-scale environmental 

remediation technologies, particularly in resource-limited settings [144][145]. 
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Figure II. 41: Comparative Illustration of Conventional vs. Green Synthesis of 

MgO@SnO₂@PVP Nanocomposites and Their Impact on Production Cost 

8.2. Scalability and Industrial Applications 

The promising performance of the synthesized MgO@SnO₂@PVP nanocomposites in the 

removal of heavy metals, hydrocarbons, and suspended solids from petroleum-

contaminated water highlights their suitability for industrial-scale deployment [66]. The 

synthesis procedure, based on simple mixing, mild thermal treatment, and readily available 

natural precursors, is inherently scalable [146][147]. The compatibility of this green route 

with batch and continuous processing techniques enables its integration into existing 

industrial wastewater treatment frameworks with minimal retrofitting [148]. Moreover, the 

demonstrated recyclability of the photocatalyst over multiple degradation cycles with 

negligible efficiency loss suggests strong operational stability an essential criterion for 

industrial use [149]. The magnetic separability of the nanocomposites further simplifies 

recovery and reuse, reducing the need for filtration or chemical separation methods [150]. 

These factors collectively underscore the potential for translating laboratory-scale 

synthesis and performance into practical, high-throughput treatment systems in sectors 

such as petrochemical refining, mining, and municipal wastewater management 

[151][152]. 
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Figure II. 42: Schematic Representation of the Scalability and Industrial Deployment of 

MgO@SnO₂@PVP Nanocomposites 

8.3. Sustainability Considerations 

The environmental sustainability of this nanocomposite system is supported by several key 

factors, beginning with the use of eco-friendly precursors and processes that align with the 

principles of green chemistry [153]. By employing plant-derived bioextracts and aqueous 

media, the synthesis minimizes toxic emissions and hazardous waste generation [110]. The 

avoidance of high energy inputs, such as those required for hydrothermal or solvothermal 

methods, further reduces the carbon footprint of material production [154]. Additionally, 

the PVP-functionalized MgO@SnO₂ nanocomposites exhibit high removal efficiency at 

low dosage levels and retain their structural and functional integrity after repeated use, 

thereby extending their service life and reducing material consumption [66]. The successful 

integration of computational simulations with experimental validation also contributes to 

sustainability by enabling rational material design, reducing trial-and-error 

experimentation, and conserving resources [155]. Taken together, these attributes position 

the developed nanocomposites as a sustainable solution for advanced wastewater 

treatment, contributing to cleaner production, resource conservation, and the mitigation of 

environmental pollution [156]. 
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Figure II. 43: Key Sustainability Features of MgO@SnO₂@PVP Nanocomposites for 

Wastewater Treatment 
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9. Conclusion and Future Perspectives 

This chapter presented a comprehensive investigation into the green synthesis, 

functionalization, characterization, and application of MgO@SnO₂ and 

MgO@SnO₂@PVP nanocomposites for the advanced treatment of petroleum-

contaminated wastewater. The nanocomposites were synthesized using Pistacia lentiscus 

leaf extract and polyvinylpyrrolidone (PVP) as green stabilizing and capping agents, 

producing eco-friendly materials with tunable surface and optical properties. 

The XRD analysis confirmed the coexistence of cubic MgO and tetragonal SnO₂ phases 

with crystallite sizes of 23.3 nm (MgO@SnO₂) and 25 nm (MgO@SnO₂@PVP), while the 

specific surface area increased from 32.1 m²·g⁻¹ to 34.33 m²·g⁻¹, and crystallinity improved 

from 52.3% to 63.2% after PVP modification. UV–Vis spectroscopy showed a redshift in 

the absorption edge from 274 nm to 283 nm, corresponding to a reduction in the optical 

bandgap from 2.83 eV (MgO@SnO₂) to 1.98 eV (MgO@SnO₂@PVP), confirming 

enhanced visible-light absorption and improved electron–hole separation efficiency. 

SEM analysis revealed a uniform, spherical morphology with reduced agglomeration after 

polymer functionalization, while EDX spectra verified the presence of O (54.8%), Sn 

(20.43%), Mg (14.06%), and C (10.37%), indicating successful PVP incorporation. 

The adsorption tests demonstrated excellent performance in heavy metal removal: 

complete elimination of Cr, Mo, Sb (within 20 min) and Se (within 10 min), with over 99% 

removal of all remaining metal ions within 30 minutes. For instance, Pb concentration 

decreased from 2.938 mg·L⁻¹ to 0.833 µg·L⁻¹, Cd from 0.442 mg·L⁻¹ to 0.592 µg·L⁻¹, and 

Zn from 142.5 mg·L⁻¹ to 80.35 µg·L⁻¹ using MgO@SnO₂@PVP. The adsorption process 

followed the Freundlich isotherm (R² = 0.99), confirming a heterogeneous surface 

mechanism. 

In the photocatalytic degradation experiments, the MgO@SnO₂@PVP nanocomposite 

achieved 88% hydrocarbon degradation and 85% total suspended solids (TSS) removal 

within 30 minutes of sunlight exposure, compared to 74% and 69%, respectively, for the 

unmodified MgO@SnO₂. Kinetic modeling showed pseudo-first-order rate constants of 
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0.041 min⁻¹ (OIW) and 0.090 min⁻¹ (TSS), validating the superior catalytic activity of the 

PVP-functionalized system. 

Reusability tests confirmed that after five consecutive cycles, the degradation efficiency 

remained high 86.98% for OIW and 83.87% for TSS demonstrating the catalyst’s structural 

and operational stability. 

Computational modeling provided theoretical support for these results, showing 

significantly enhanced adsorption energies after PVP functionalization: Eₐd = –457.36 eV 

(Pb), –421.55 eV (Cr), –406.18 eV (Mo), –389.42 eV (Ni), –374.51 eV (Zn) compared to 

less negative values for bare MgO@SnO₂. These results confirmed stronger metal–surface 

interactions, consistent with the experimental removal efficiencies. 

From an environmental standpoint, this work presents a green, cost-effective, and 

multifunctional nanocomposite system that effectively integrates adsorption and 

photocatalysis for simultaneous removal of heavy metals and hydrocarbons. The process 

eliminates toxic reagents, minimizes energy input, and enables easy magnetic recovery, 

aligning with sustainable development and green chemistry principles. 

Future research should focus on pilot-scale synthesis, long-term reusability under complex 

wastewater conditions, and integration of machine learning and life-cycle assessment to 

optimize process scalability. Overall, the MgO@SnO₂@PVP nanocomposite establishes a 

powerful platform for industrial-scale wastewater remediation, bridging laboratory 

innovation with real-world environmental sustainability.
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1. Introduction  

 The increasing severity of climate change, depletion of fossil fuel reserves [1], and 

escalating greenhouse gas emissions have intensified the global call for carbon-neutral 

energy solutions [2][3]. Sustainable alternatives are urgently needed to mitigate 

environmental degradation while satisfying growing energy demands [4][5]. In this 

context, the development of renewable and circular energy systems is critical [6][7]. 

Technologies such as CO₂ utilization and solar-driven hydrogen (H₂) production [8] are at 

the forefront of this transition, offering promising strategies to convert waste carbon into 

valuable fuels and establish clean energy pathways [9][10]. 

Among the most attractive carbon utilization strategies, CO₂ methanation [11] (also known 

as the Sabatier reaction) and photocatalytic hydrogen generation have emerged as key 

processes [12]. CO₂ methanation converts carbon dioxide and hydrogen into methane 

(CH₄) [13], which can be directly used in energy grids [14], while photocatalytic H₂ 

evolution enables the direct conversion of solar energy into chemical fuel [15][16]. 

However, both technologies face significant challenges [17], including high activation 

energies, low selectivity, limited catalyst stability [18], and sluggish charge transfer 

kinetics [19]. Therefore, the development of efficient, cost-effective, and multifunctional 

catalysts is vital to enhance conversion efficiency and enable industrial deployment [20]. 

Nanomaterials have revolutionized the field of renewable energy due to their high surface 

area, tunable morphology [21], and superior electronic and optical properties [22][23]. 

Their quantum confinement effects, enhanced charge mobility, and catalytic versatility 

make them ideal candidates for facilitating redox reactions under mild conditions [24][25]. 

Particularly, metal oxide nanomaterials have gained prominence for their ability to act as 

active sites in energy-related transformations [26][23]. Despite these advantages, single-

component nanomaterials often suffer from limitations such as rapid electron-hole 

recombination and limited light absorption, necessitating the design of more advanced 

nanostructures [27][28]. 
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To overcome these challenges, trimetallic nanostructures have been proposed as next-

generation materials for catalytic energy applications [29][30][31]. These systems offer 

enhanced activity, selectivity [32], and durability by combining the complementary 

functionalities of three different metal or metal oxide phases [33][34]. The synergistic 

interactions among the components improve charge separation, redox potential, and 

surface reactivity [35][36]. In particular, integrating CuO, Ni, and Fe₃O₄ into a unified 

nanocomposite enables multiple functionalities [37], including electronic conduction, 

catalytic redox cycling, and magnetic recovery [38], thereby making them attractive 

candidates for dual-purpose catalytic systems [39]. 

The synthesis of such complex nanostructures often relies on chemical reducing agents that 

pose environmental risks [40][41][42]. In contrast, gallic acid, a naturally occurring 

polyphenol, provides a sustainable and green alternative [43][44]. It functions as both a 

reducing and stabilizing agent during nanoparticle formation, enabling the biosynthesis of 

metal oxide nanocomposites under mild, eco-friendly conditions [45][46]. The presence of 

multiple hydroxyl and carboxyl groups facilitates the chelation and reduction of metal ions, 

leading to controlled nucleation and growth of nanoparticles [47]. Using gallic acid aligns 

with green chemistry principles and supports the scalable production of environmentally 

benign nanomaterials [43]. 

Each component of the CuO/Ni/Fe₃O₄ nanocomposite offers unique catalytic properties 

that, when combined, create a powerful synergistic effect [48]. Copper oxide (CuO) is 

known for its redox activity and ability to facilitate CO₂ activation [49], while nickel (Ni) 

enhances hydrogenation reactions due to its strong H₂ adsorption capability [50]. 

Meanwhile, iron oxide (Fe₃O₄) contributes not only magnetic recyclability but also electron 

mobility and oxygen vacancy sites that aid in photocatalysis [51]. The integration of these 

materials into a single nanocomposite results in improved charge separation, extended light 

absorption, and increased active site availability, which are essential for efficient energy 

conversion [52]. 
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Figure III. 1: Molecular Representation of CuO/Ni/Fe₃O₄ Nanocomposite Showing 

Elemental Distribution and Structural Integration 

This multifunctionality enables the dual use of CuO/Ni/Fe₃O₄ nanocomposites in both CO₂ 

methanation and photocatalytic hydrogen evolution [48]. The ability to operate under both 

thermal and photonic activation makes these nanocomposites highly versatile and efficient 

in facilitating green chemical transformations [53]. Moreover, their structural and 

functional stability across catalytic cycles makes them promising candidates for practical 

deployment in renewable energy technologies [54]. 

The primary objective of this chapter is to comprehensively investigate the green synthesis, 

physicochemical characterization, and dual catalytic functionality of CuO/Ni/Fe₃O₄ 

nanocomposites synthesized via a gallic acid-mediated biosynthetic route. Emphasis is 

placed on the sustainable design and fabrication of these nanocomposites through an 

environmentally benign approach that eliminates the need for hazardous chemical 

reductants, aligning with the core principles of green chemistry [55][56]. The study delves 

into the systematic characterization of the synthesized nanomaterials [57], employing 

advanced techniques such as FTIR, XRD, SEM-EDX, UV–vis spectroscopy [56], and TGA 

to elucidate their structural integrity , chemical bonding, crystallinity, thermal stability 

[58], and optical behavior [59]. 

Critically, this chapter evaluates the catalytic potential of the CuO/Ni/Fe₃O₄ nanocomposite 

in addressing two interrelated challenges of global energy transition: CO₂ methanation for 

greenhouse gas utilization and photocatalytic hydrogen generation for clean fuel 
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production. The material’s activity under thermal conditions is assessed in a high-pressure 

microreactor, examining parameters such as CO₂ conversion efficiency, CH₄ selectivity, 

and temperature responsiveness. Simultaneously, the photocatalytic H₂ evolution 

capability is explored under simulated solar irradiation, highlighting the role of electron-

hole separation, band structure alignment, and material stability over multiple cycles [48]. 

Through these investigations, this chapter aims to provide new insights into the design of 

dual-function nanocatalysts that integrate thermocatalytic and photocatalytic mechanisms 

within a single platform. The findings contribute to the broader scientific pursuit of next-

generation, multifunctional nanomaterials that support carbon-neutral energy strategies by 

coupling CO₂ valorization with renewable hydrogen production. Ultimately, the outcomes 

presented herein establish a strong foundation for future advancements in integrated clean 

energy systems, particularly those based on bioinspired synthesis and metal oxide 

nanotechnology [48]. 
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Figure III. 2: Graphical Abstract: Gallic Acid-Derived CuO/Ni/Fe₃O₄ Nanocomposites 

for Dual Catalytic CO₂ Methanation and Photocatalytic H₂ Generation 
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2. Materials and methods 

2.1. Green Synthesis of CuO/Ni/Fe₃O₄ Nanocomposite 

The CuO/Ni/Fe₃O₄ nanocomposite (NC) was synthesized through a green chemistry 

approach. Initially, a 0.1 M solution of gallic acid was prepared by dissolving the required 

amount in 100 mL of deoxygenated water under continuous stirring. To this solution, 0.2 

M of iron(II) chloride hexahydrate (FeCl₂·6H₂O, 98%) and copper(II) sulfate pentahydrate 

(CuSO₄·5H₂O, 98%), along with 0.1 M of nickel(II) sulfate hexahydrate (NiSO₄·6H₂O, 

98%), were successively added while maintaining a low-oxygen environment. Following 

the complete addition of the precursors, 70 mL of 2 M sodium hydroxide (NaOH) was 

slowly introduced into the mixture, leading to the formation of dark-colored precipitates 

indicative of CuO/Ni/Fe₃O₄ NCs. The resulting suspension was stirred continuously at 75 

°C and 500 rpm for approximately 3 hours to ensure uniform nanoparticle formation. Upon 

completion of the stirring process, the precipitates were separated via centrifugation at 

4000 rpm for 10 minutes. The collected nanoparticles were subsequently washed with a 

30:70 ethanol-to-water mixture at room temperature and centrifuged again under the same 

conditions to remove any residual impurities. Finally, the obtained precipitate was dried in 

an oven at 75 °C for 5 hours and subjected to calcination at 550 °C for 4 hours, resulting 

in the formation of the CuO/Ni/Fe₃O₄ nanocomposite [48]. 
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Figure III. 3: Graphical abstract of Green Synthesis of CuO/Ni/Fe₃O₄ Nanocomposite 

[48] 

2.2. Characterization of CuO/Ni/Fe₃O₄ Nanocomposites 

The characterization of the CuO/Ni/Fe₃O₄ nanocomposite (NC) was conducted using a 

series of advanced analytical techniques. UV–visible spectroscopy, utilizing the UVILine 

9600 instrument (SECOMAM Aqualabo, France) [60], was employed to record the 

absorption spectra of the nanocomposites within the wavelength range of 200–800 nm. 

Fourier transform infrared (FTIR) spectroscopy was performed by preparing thin films 

through the incorporation of the nanocomposite with potassium bromide (KBr), followed 

by spectral analysis using a Nicolet iS5 FTIR spectrometer (Thermo Scientific, USA) to 

identify the functional groups present. The structural characteristics and crystallite size of 

the CuO/Ni/Fe₃O₄ NC were investigated using X-ray diffraction (XRD) analysis with a 

Benchtop diffractometer (Proto Manufacturing, Inc., USA), operating at 30 kV and 20 mA 

with a Cu Kα radiation source (λ = 1.540593 Å) over a 2θ range of 10–90° [61]. Crystallite 

size estimation was performed using the Scherrer equation. Morphological features, 

particle size distribution, and aggregation behavior were examined through scanning 

electron microscopy (SEM) using the VEGA3 system (TESCAN, USA). 

Thermogravimetric analysis (TGA) was carried out using a Q500 thermal analyzer (TA 

Instruments, USA) under a nitrogen atmosphere to evaluate the thermal stability of the 

synthesized nanocomposites. 



Chapter III. Gallic Acid-Enabled CuO/Ni/Fe₃O₄ Catalysts for CO₂ Methanation and H₂ 
Generation 

 

[121] 

 

 

Figure III. 4: Characterization of CuO/Ni/Fe₃O₄ Nanocomposites 

2.3. CO₂ Methanation 

The catalytic performance of the CuO/Ni/Fe₃O₄ NC in CO₂ methanation was evaluated 

using a high-pressure fixed-bed microreactor [48]. In accordance with standard procedure, 

0.6 g of the catalyst was compressed into a tablet and placed within the reactor. Prior to the 

reaction, the catalyst underwent a reduction treatment at 220 °C for 4 hours under a 

hydrogen flow rate of 50 mL/min. Following activation, the reaction conditions were 

adjusted to 280 °C and 5 MPa in the presence of hydrogen [62]. Subsequently, a feed gas 

mixture composed of 20% CO₂, 70% H₂, and 10% N₂ was introduced at a flow rate of 120 

mL/min, achieving a gas hourly space velocity (GHSV) of 20,000 h⁻¹ [62]. The 

composition of the outlet gases was analyzed using an inline gas chromatograph (GC-2010 

Plus, Shimadzu Corporation, Japan) equipped with a Carboxen™ 1006 PLOT column and 

a thermal conductivity detector (TCD) capable of detecting N₂, CO₂, CO, H₂, and CH₄ [63]. 

Additionally, a combination of an Rtx® R-Wax column and a hydrogen flame ionization 

detector (FID) was utilized for the identification of CH₄ and other C₁ organic compounds 

[64]. Nitrogen (N₂) was employed as an internal standard to ensure consistent 

quantification between inlet and outlet streams, thereby enabling accurate calculations of 

CO₂ conversion and CH₄ selectivity [65]. The CO₂ conversion (Xₜ) and the selectivity 

toward a specific product (S_B) were determined using the following formulas [66]: 

𝑋𝑇(𝐶𝑂2) =
𝐴𝑇(𝐶𝑂2)

𝐴𝑇(𝑁2)
×
𝐴0(𝑁2)

𝐴0(𝐶𝑂2)
                                      (1) 
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𝑆𝐵 =
𝑛𝐵

𝑛𝐶𝑂 + 𝑛𝐶𝐻4 + 𝑛𝐶𝐻3𝑂𝐻
=

𝑛𝐵
𝑛𝐶𝐻4

𝑛𝐶𝑂
𝑛𝐶𝐻4

+
𝑛𝐶𝐻3𝑂𝐻
𝑛𝐶𝐻4

+ 1
                

=

𝑓𝐵 ×
𝐴𝐵
𝐴𝐶𝐻4

𝑓𝐶𝑂 ×
𝐴𝐶𝑂
𝐴𝐶𝐻4

+ 𝑓𝐶𝐻3𝑂𝐻 ×
𝐴𝐶𝐻3𝑂𝐻
𝐴𝐶𝐻4

+ 1

                                      (2) 

 

where X represents the CO₂ conversion, A corresponds to the chromatographic peak areas, 

with subscripts T and 0 denoting the exit and inlet streams, respectively. B indicates the 

specific product gas, and S represents the product selectivity. The adjustment factors (f) 

account for differences in detector response for each gas relative to CH₄. 

 

 

Figure III. 5: CO2 Methanation using CuO/Ni/Fe₃O₄ Nanocomposites 

2.4. Photocatalytic H₂ Production 

The photocatalytic hydrogen (H₂) generation performance of the CuO/Ni/Fe₃O₄ 

nanocomposits was assessed under ambient conditions in a controlled gas environment 

[48]. Ethanol was employed as a sacrificial agent to enhance the reaction by facilitating 

electron capture and promoting effective charge separation, thereby improving H₂ 
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production efficiency. In the experimental setup, 20 mg of the photocatalyst was dispersed 

in a three-necked flask containing a solution composed of 10 mL of methanol and 40 mL 

of deionized water. The reaction system was irradiated with a 200 W xenon (Xe) arc lamp 

operating at an intensity of 100 mW/cm². Hydrogen evolution was periodically monitored 

by sampling the gas phase from the reactor and analyzing it using an inline gas 

chromatograph (Agilent-8860, United States) [66].  

 

 

Figure III. 6: Photocatalytic H₂ Production using CuO/Ni/Fe₃O₄ Nanocomposites 

3. Structural and Morphological Characterization 

3.1. FTIR Analysis 

Fourier-transform infrared (FTIR) spectroscopy was employed to identify the functional 

groups present in the CuO/Ni/Fe₃O₄ nanocomposites synthesized using gallic acid, which 

acts as a reducing and stabilizing agent during the bioreduction of metal ions and the 

formation of trimetallic oxide nanoparticles. This analysis was intended to elucidate the 

molecular species involved in the stabilization and capping of the nanoparticles throughout 

the synthesis process. The FTIR spectra of the samples are presented in Figure III.7 [48]. 

A prominent absorption band observed around 3366 cm⁻¹ corresponds to O–H stretching 

vibrations [67], characteristic of phenolic and alcoholic groups [68]. The band detected at 

2926 cm⁻¹ is attributed to C–H bond stretching [69][51], while the peak at 1467 cm⁻¹ is 
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associated with C=C stretching vibrations of aromatic rings [70]. Additionally, a band at 

1348 cm⁻¹ indicates O–H bending vibrations related to aqueous-phase synthesis [71], and 

C–H bending modes were identified at 1257 and 1132 cm⁻¹ [49]. A signal at 1082 cm⁻¹ 

suggests the presence of C–O–C stretching vibrations [72], while the absorption near 903 

cm⁻¹ corresponds to C=C groups typical of alkenes [73]. Furthermore, bands located at 580 

cm⁻¹ and 461 cm⁻¹ were assigned to metal–oxygen bond vibrations, specifically Cu–O, Fe–

O, and Ni–O linkages [74][75].  

 

Figure III. 7: FTIR Spectrum of CuO/Ni/Fe₃O₄ Nanocomposite Recorded over the 

4000–400 cm⁻¹ Range [48] 

These results confirm the presence of functional groups derived from active 

phytochemicals, such as flavonoids, phenolic acids, and aromatic compounds, which play 

a crucial role in facilitating both the reduction of metal precursors and the stabilization of 

the resulting trimetallic nanoparticles [76][77]. 
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Figure III. 8: Schematic Representation of FTIR Functional Groups and Metal–Ligand 

Interactions in CuO/Ni/Fe₃O₄ Nanocomposite Synthesized with Gallic Acid 

3.2. XRD analysis  

 

The XRD analysis of the CuO/Ni/Fe₃O₄ nanocomposite (Figure III.11) exhibits 

characteristic diffraction peaks at 2θ values of 44.49°, 51.85°, and 76.38°, corresponding 

to the (111), (200), and (220) crystallographic planes of Ni nanoparticles, indicative of a 

cubic crystal structure [48].  
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Figure III. 9: Schematic Illustration of XRD Analysis Revealing Crystalline Structures 

of CuO/Ni/Fe₃O₄ Nanocomposite 

These results agree with JCPDS Card No. (01-087-0712). Additionally, the diffraction 

peaks observed at 2θ values of 18.33°, 30.3°, 35.34°, and 62.67° correspond to the (111), 

(220), (311), and (440) planes, respectively, confirming the presence of Fe₃O₄ 

nanoparticles, which also exhibit a cubic structure in line with JCPDS Card No. (01-088-

0315). Furthermore, the detection of peaks at 2θ values of 32.5°, 35.6°, 38.7°, 48.8°, 61.6°, 

and 68.9°, associated with the (110), (-111), (111), (202), (-113), and (-221) planes, 

respectively, verifies the formation of CuO nanoparticles with a monoclinic crystal 

structure, consistent with JCPDS Card No. (01-089-2529). The crystallite size, calculated 

using the Scherrer equation, was approximately 30 nm, indicating the nanocrystalline 

nature of the CuO/Ni/Fe₃O₄ composite [48].  

 

Figure III. 10: Crystallographic Properties of CuO/Ni/Fe₃O₄ Nanocomposite 
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Moreover, key structural parameters, including X-ray density, d-spacing, lattice 

parameters, specific surface area, and degree of crystallinity, were evaluated and are 

summarized in Figure III.10, providing deeper insights into the physical and structural 

properties of the photocatalysts. Equations (3) and (4) were utilized to estimate the 

photocatalyst surface area based on grain size (GS) and X-ray density (ρₓ), and to determine 

the percentage crystallinity by calculating the ratio of the crystalline peak area (Acp) to the 

total area (Ata) [78], respectively. 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 =  
6000

𝐺𝑆 ×  𝜌𝑥
                   (3) 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (%) =  
𝐴𝑐𝑝

𝐴𝑡𝑎
× 100           (4) 

 

Figure III. 11: X-ray Diffraction Analysis of CuO/Ni/Fe₃O₄ Nanocomposite Structure 

[48] 

3.3. SEM Analysis 

The SEM micrograph shown in Figure III.13(a) illustrates the morphological features of 

the synthesized CuO/Ni/Fe₃O₄ nanocomposite. The image reveals that the material 

predominantly consists of aggregated spherical nanoparticles, indicating a pronounced 

tendency for clustering within the composite matrix. Such aggregation behavior is likely 
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influenced by factors including the synthesis process, surface chemistry, and interparticle 

forces. Additionally, the particle size distribution analysis (Figure III.13(b)) indicates an 

average particle size of approximately 40 nm for the CuO/Ni/Fe₃O₄ NC. This relatively 

narrow size distribution is advantageous for applications such as catalysis and sensing, 

where uniformity and reproducibility are critical to performance [48]. 

 

Figure III. 12: Elemental Distribution of CuO/Ni/Fe₃O₄ Nanocomposite 

The elemental composition of the nanocomposite, as determined by EDX analysis (Figure 

III.13(c)), is summarized in Figure III.12. EDX spectrum confirms the presence of Cu, Ni, 

Fe, and O elements, verifying the successful synthesis of the intended nanocomposite. 

Notably, nickel (Ni) exhibits the highest contribution, with a weight percentage of 76.10% 

and an atomic percentage of 52.44%, emphasizing its dominant role within the composite 

structure. This significant incorporation of Ni is expected to influence the physicochemical 

properties and functional performance of the CuO/Ni/Fe₃O₄ NC. Furthermore, the minor 

detection of chlorine (Cl) is likely attributable to residual precursor salts or surface 

contamination [48]. 
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Figure III. 13: (a) Surface Morphology of CuO/Ni/Fe₃O₄ Nanocomposite via SEM 

Imaging; (b) Particle Size Distribution Profile; (c) EDX Analysis of Elemental 

Composition [48]. 

3.4. Thermogravimetric Analysis 

The thermogravimetric (TGA) and differential thermal analysis (DTA) of the 

CuO/Ni/Fe₃O₄ nanocomposite (NC) provides detailed information regarding its thermal 

behavior and stability, as depicted in Figure III.15. An initial weight loss of 2.8% was 

recorded between 85 and 178 °C, attributed to the evaporation of surface-adsorbed water 

and volatile substances. Such early-stage weight loss is commonly observed in materials 

synthesized via wet chemical routes, where residual solvents and physically adsorbed 

moisture are typically present. A more substantial weight reduction of 27.31% was 
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observed within the 286–512 °C range, corresponding to the decomposition of organic 

residues or impurities embedded in the composite [48].  

 

Figure III. 14: Thermal Stability Stages of CuO/Ni/Fe₃O₄ Nanocomposite 

This thermal range is characteristic of the degradation temperatures of various organic 

compounds, implying the presence of synthesis-related residues or unreacted starting 

materials. Finally, a weight loss of 5.69% occurred between 589 and 785 °C [48], which 

may be associated with the decomposition or transformation of residual organic species, or 

potentially with the thermal degradation or oxidation of the composite's structural 

components at elevated temperatures [79]. 
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Figure III. 15: Thermogravimetric and Differential Thermal Analysis of CuO/Ni/Fe₃O₄ 

Nanocomposite [48] 

4. Optical Properties and Band Structure 

4.1. UV-Visible Analysis 

The optical properties of the CuO/Ni/Fe₃O₄ nanocomposite were investigated using UV–

visible spectroscopy. The absorption spectrum exhibited a distinct peak at approximately 

370 nm (Figure III.16(a)), indicative of electronic transitions within the nanocomposite 

structure, likely arising from the individual energy levels of the CuO, Ni, and Fe₃O₄ 

components. To further elucidate the optical behavior, a Tauc plot was constructed by 

plotting (αhν)¹ᐟ² against photon energy (hν) [80], where α represents the absorption 

coefficient. This method enabled the estimation of the optical band gap (E₉). 

As shown in Figure III.16 (b), the Tauc plot revealed a band gap energy of approximately 

1.26 eV for the CuO/Ni/Fe₃O₄ NC [48].  
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Figure III. 16: (a) UV–Visible absorption spectrum of CuO/Ni/Fe₃O₄ nanocomposite. 

(b) Tauc plot illustrating the energy dependence of (αhν)¹ᐟ² for CuO/Ni/Fe₃O₄ 

nanocomposite [48] 

The relatively narrow band gap suggests that the material possesses favorable 

semiconductor characteristics [81], making it a promising candidate for applications such 

as photocatalysis, photovoltaics, and sensing technologies [82]. 

 

Figure III. 17: Optical Absorption and Band Gap Representation of CuO/Ni/Fe₃O₄ 

Nanocomposite 

4.2. Implications of Band Structure for Photocatalysis 

The band structure of semiconductor photocatalysts plays a pivotal role in determining 

their efficiency in photocatalytic processes. The CuO/Ni/Fe₃O₄ nanocomposite, with a 

narrow band gap of approximately 1.26 eV as derived from the Tauc plot, exhibits a high 

capacity for visible light absorption, enabling effective utilization of solar energy. This 

reduced band gap facilitates the generation of electron–hole pairs under low-energy photon 
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excitation, promoting redox reactions essential for hydrogen evolution and CO₂ 

methanation. The conduction band position is suitably aligned for proton reduction to 

hydrogen, while the valence band provides sufficient potential for the oxidation of 

sacrificial agents like methanol. Moreover, the heterojunction formed between CuO, Ni, 

and Fe₃O₄ components enhances charge separation and suppresses recombination, thereby 

improving photocatalytic activity. These band structure characteristics underscore the 

potential of the synthesized nanocomposite for sustainable energy conversion applications. 

5. Catalytic CO₂ Methanation Performance 

5.1. CO₂ Conversion Rate and CH₄ Selectivity 

The catalytic methanation of CO₂ was systematically studied to assess the performance of 

the CuO/Ni/Fe₃O₄ nanocomposite [48]. The experimental outcomes, depicted in Figure 

III.5, exhibit clear trends in both catalytic activity and selectivity. At an initial reaction 

temperature of 140 °C, the catalyst demonstrated relatively low activity, achieving a CO₂ 

conversion rate of 38.1%. As the reaction temperature increased, the conversion 

significantly improved, reaching a maximum of 94.75% at 420 °C (Figure III.18) [48], 

thereby confirming that higher temperatures effectively enhance catalytic conversion [83]. 

In addition, the catalyst showed improved selectivity toward methane as the temperature 

increased, especially at lower temperature ranges [84][85], suggesting that the 

incorporation of CuO/Ni/Fe₃O₄ NC favors CH₄ production [48]. Nevertheless, at higher 

temperatures, the selectivity advantage imparted by the catalyst diminishes[86], likely due 

to a reduced contribution of side reactions such as the reverse water–gas shift [87]. 
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Figure III. 18: Influence of Reaction Temperature on (a) CO₂ Conversion and (b) CH₄ 

Selectivity during Catalytic CO₂ Methanation over CuO/Ni/Fe₃O₄ Nanocomposite [48]. 

5.2. Mechanism of Surface Adsorption and Activation 

The mechanism of CO₂ methanation on the catalyst surface involves a series of sequential 

steps. Initially, CO₂ and H₂ molecules adsorb onto the catalyst surface [88][89]. CO₂ is then 

activated, dissociating into surface-bound oxygen species (O*) and carbon monoxide 

radicals (CO*) [90], a process facilitated by hydrogen atoms present on the surface [91]. 

Concurrently, H₂ molecules also adsorb and dissociate, generating surface hydrogen atoms 

(H*) [92]. Subsequently, the activated CO* intermediates react with H* atoms to form CH₄ 

and H₂O [93][94]. The final step involves the desorption of methane and water molecules 

from the catalyst surface, thereby completing the catalytic cycle [95][96].  
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Figure III. 19: schematic of CO2 Methanation using CuO/Ni/Fe₃O₄ NC  

These sequential reactions collectively describe the transformation of CO₂ and H₂ into CH₄ 

and H₂O, as represented in reaction equation R4 [97][98]. 

𝐶𝑂2
𝐻∗
→  𝐶𝑂∗ + 𝑂∗                         (5) 

𝐻2 → 2𝐻
∗              (6) 

𝐶𝑂∗ + 3𝐻∗  →  𝐶𝐻4 + 𝐻2𝑂     (7) 

𝐶𝑂2 + 4𝐻2  →  𝐶𝐻4 +  2𝐻2𝑂   (8) 

The trends in catalytic performance emphasize the effectiveness of CuO/Ni/Fe₃O₄ NCs in 

CO₂ methanation and underscore the critical role of temperature in optimizing reaction 

efficiency and selectivity [48].  

6. Photocatalytic Activity  

6.1. H₂ Production 

 

The photocatalytic H₂ synthesis results offer critical insights into the catalytic performance 

of CuO/Ni/Fe₃O₄ nanocomposites (Figure III.20) [48]. A progressive increase in H₂ 

production over time highlights the catalyst’s efficiency. After 6 hours of reaction, the 

CuO/Ni/Fe₃O₄ NC achieved a significantly higher hydrogen yield (741 µmol/g) compared 
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to the initial generation rate of 165 µmol/g·h (Figure III.20 (a)) [48]. This enhancement is 

primarily attributed to the role of CuO/Ni/Fe₃O₄ as a surface modifier, promoting better 

dispersion of active catalytic sites and expanding the effective surface area for the reaction 

[48]. Furthermore, the nanocomposite improves charge separation efficiency during 

photocatalysis, thereby boosting overall activity [99][100][101]. The plateau observed in 

H₂ evolution after 5 hours suggests the system may reach a dynamic equilibrium; however, 

the slight yet continuous production beyond this point indicates ongoing reaction kinetics 

[102][103]. Reusability tests over four consecutive photocatalytic cycles demonstrated 

consistent H₂ production, evidencing the catalyst’s stability (Figure III.20 (b)) [48]. XRD 

analyses of the CuO/Ni/Fe₃O₄ NC before and after photocatalysis showed no significant 

structural changes, confirming the material’s robustness and its potential for repeated use 

in photocatalytic applications (Figure III.20 (a)) [48]. 
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Figure III. 20: (a) Hydrogen generation performance using CuO/Ni/Fe₃O₄ NC 

photocatalysts; (b) Assessment of CuO/Ni/Fe₃O₄ NC stability through successive 

reusability cycles; (c) XRD patterns of CuO/Ni/Fe₃O₄ NC before and after photocatalytic 

activity [48] 

6.2. Potential Mechanism for Photocatalytic H₂ Generation 

The photocatalytic generation of hydrogen involves a series of fundamental steps 

[104][105][106] (Figure III.21). Upon light irradiation, electron–hole pairs are generated 

within the CuO/Ni/Fe₃O₄ nanocomposite [48], initiating irreversible oxidation reactions of 

methanol or water. The mechanism describing the use of methanol as a sacrificial agent for 

hydrogen evolution by CuO/Ni/Fe₃O₄ NCs can be outlined through the following processes 

[48]: 

𝐶𝑢𝑂/𝑁𝑖/𝐹𝑒3𝑂4  
ℎ𝑣
→  ℎ𝑉𝐵

+  +  𝑒𝐶𝐵
−                 (9) 

The photogenerated holes (ℎ𝑉𝐵
+ ) on the catalyst surface react with hydroxyl groups (OH⁻), 

water (H₂O), or adsorbed methanol (CH₃OH), producing hydroxyl radicals (OH•) through 

well-established pathways [107][82]: 

𝑂𝐻− + ℎ𝑉𝐵
+    →  𝑂𝐻 ∙                                 (10) 

 𝐻2𝑂 + ℎ(𝑉𝐵)
+  →  𝑂𝐻 ∙  +𝐻+                      (11) 
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𝐶𝐻3𝑂𝐻 + ℎ(𝑉𝐵)
+ →   𝐶𝐻3𝑂 ∙   +𝐻

+          (12) 

𝐶𝐻3𝑂 ∙  + ℎ(𝑉𝐵)
+ →  𝐶𝐻2𝑂 ∙  +𝐻

+              (13) 

𝐶𝐻2𝑂 ∙ + ℎ(𝑉𝐵)
+ →  𝐶𝐻𝑂 ∙  +𝐻+                (14) 

𝐶𝐻𝑂 ∙  + 𝑂𝐻 ∙ →  𝐻𝐶𝑂𝑂𝐻                           (15) 

𝐻𝐶𝑂𝑂𝐻 + ℎ(𝑉𝐵)
+ →  𝐻𝐶𝑂𝑂 ∙  +𝐻+          (16) 

𝐻𝐶𝑂𝑂. + ℎ(𝑉𝐵)
+ → 𝐶𝑂2 + 𝐻

+                   (17) 

Methanol thus plays a dual role: efficiently scavenging the photogenerated holes and 

possibly acting as a hydrogen atom reservoir at the Ni–CuO interface. Subsequently, the 

protons (H⁺) are reduced by the photogenerated electrons to produce molecular hydrogen 

[108]: 

2𝐻+ + 2𝑒−  →  𝐻2                              (𝑅14) 

It is important to note that although the energy input required for the lamp exceeds the 

energy output in the form of hydrogen by approximately six-fold [109], enhancing the 

catalyst’s efficiency is critical for advancing the practical application of solar-driven 

hydrogen production under visible light irradiation [110][111]. 
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Figure III. 21: Photocatalytic H₂ Generation Mechanism Using CuO/Ni/Fe₃O₄ 

Nanocomposites 

7. Synergistic Role of Trimetallic Design 

7.1. Impact of CuO, Ni, and Fe₃O₄ Interfacing on Activity 

The integration of CuO, Ni, and Fe₃O₄ within a single nanocomposite architecture imparts 

a synergistic enhancement in catalytic performance, surpassing the limitations of their 

individual counterparts [48]. Copper oxide contributes significant redox activity and CO₂ 

activation capability due to its facile electron transfer characteristics [112]. Nickel (Ni), a 

well-established hydrogenation catalyst, exhibits strong H₂ adsorption and dissociation 

properties, thereby promoting efficient hydrogenation of CO₂ intermediates [90]. 

Meanwhile, Fe₃O₄ provides structural stability [113][114], redox cycling through Fe²⁺/Fe³⁺ 

transitions [115], and magnetic separability, facilitating catalyst recovery and reuse. The 

heterojunction formation at the CuO–Ni–Fe₃O₄ interfaces improves interfacial electron 

mobility, reduces charge recombination, and increases the density of catalytically active 

sites [48]. This trimetallic synergy ensures optimal spatial distribution of reactants and 

intermediates on the surface, resulting in enhanced catalytic activity in both 

thermocatalytic CO₂ methanation and photocatalytic hydrogen evolution [48]. 
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Figure III. 22: Synergistic Interaction of CuO, Ni, and Fe₃O₄ in Trimetallic 

Nanocomposites Enhancing Catalytic Activity 

7.2. Role of Gallic Acid in Reducing and Stabilizing Metal Ions 

Gallic acid [116], a naturally occurring trihydroxybenzoic acid [117], plays a pivotal role 

in the eco-friendly synthesis of the trimetallic nanocomposite by acting simultaneously as 

a reducing and stabilizing agent [118][119]. Its polyphenolic structure, rich in hydroxyl 

and carboxyl functional groups, enables effective chelation and reduction of metal ions 

(Cu²⁺, Ni²⁺, and Fe²⁺/Fe³⁺) in aqueous media [44]. During the synthesis process, gallic acid 

facilitates the bioreduction of these metal ions into their corresponding oxide forms [117] 

while preventing uncontrolled agglomeration through surface capping and steric 

stabilization [120]. This controlled nucleation and growth pathway promotes the 

homogeneous dispersion of metal oxide domains throughout the nanocomposite matrix 

[121], ensuring compositional uniformity and nanoscale phase integration [122]. 

Moreover, the residual organic moieties from gallic acid may contribute to surface 

functionalization [123], which can enhance the hydrophilicity and catalytic accessibility of 

the nanomaterials [124]. 
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Figure III. 23: Role of Gallic Acid in the Green Synthesis and Stabilization of 

CuO/Ni/Fe₃O₄ Trimetallic Nanocomposites 

7.3. Enhanced Charge Separation and Active Site Distribution 

One of the defining advantages of the CuO/Ni/Fe₃O₄ nanocomposite is its superior ability 

to facilitate charge carrier separation and transport, which is essential for efficient 

photocatalytic activity [48]. The band alignment among the three metal oxides creates an 

internal electric field that directs photogenerated electrons and holes away from one 

another, thereby minimizing recombination losses [125]. CuO, with its narrow band gap, 

acts as a visible-light absorber and electron donor [126], while Fe₃O₄ and Ni serve as 

electron acceptors and co-catalytic sites [127]. This heterostructure configuration supports 

efficient photogenerated charge migration toward reaction sites, promoting reduction and 

oxidation processes concurrently [34]. Furthermore, the high surface area and uniform 

active site distribution achieved through gallic acid-mediated synthesis maximize reactant 

accessibility and interaction with the catalyst surface [128]. These electronic and structural 

attributes collectively result in improved catalytic kinetics and sustained performance in 

both CO₂ conversion and H₂ evolution applications [129]. 
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Figure III. 24: Band Alignment and Charge Separation Mechanism in CuO/Ni/Fe₃O₄ 

Nanocomposites for Enhanced Photocatalytic Activity 

8. Environmental and Energy Implications 

8.1. CO₂ Valorization in Methanation 

CO₂ valorization through catalytic methanation presents a viable strategy for mitigating 

greenhouse gas emissions while simultaneously producing value-added fuels [130][131]. 

By converting CO₂ into methane (CH₄), a storable and energy-dense molecule, this process 

integrates seamlessly with existing natural gas infrastructure [132]. The use of 

CuO/Ni/Fe₃O₄ nanocomposites enhances this transformation by providing active redox 

sites, efficient hydrogenation pathways, and high selectivity toward CH₄ under moderate 

reaction conditions [48]. This not only contributes to the circular carbon economy but also 

aligns with carbon capture and utilization (CCU) objectives aimed at reducing the 

atmospheric burden of CO₂ [133]. The implementation of CO₂ methanation technologies 

on an industrial scale could play a significant role in achieving climate neutrality targets 

across multiple sectors, including energy, manufacturing, and transportation [134][135]. 
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Figure III. 25: CO₂ Valorization via Methanation Using CuO/Ni/Fe₃O₄ Nanocomposites 

within a Circular Carbon Economy Framework 

8.2. Green H₂ Production for Energy Storage 

Photocatalytic hydrogen (H₂) generation represents a cornerstone in the development of 

renewable and storable energy carriers [136][137][138]. Utilizing sunlight to split water or 

reform alcohols via semiconducting nanocomposites offers a clean and sustainable route 

to produce hydrogen fuel without emitting CO₂ [139][140]. The CuO/Ni/Fe₃O₄ 

nanocomposite, owing to its optimized band structure and efficient charge separation, 

demonstrates notable activity in generating hydrogen under visible-light irradiation [48]. 

This green H₂ can serve as a zero-carbon energy source for fuel cells, grid storage, and 

transportation [141]. Furthermore, coupling green hydrogen production with renewable 

electricity generation can facilitate load balancing in power grids and contribute to long-

duration energy storage strategies [142], thus addressing one of the critical challenges in 

transitioning toward fully decarbonized energy systems [143]. 
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Figure III. 26: Photocatalytic Green Hydrogen Production Using CuO/Ni/Fe₃O₄ 

Nanocomposites for Renewable Energy Storage and Grid Applications 

8.3. Sustainability, Scalability, and Future Applications 

The synthesis and application of CuO/Ni/Fe₃O₄ nanocomposites exemplify a sustainable 

approach to catalyst design [48], particularly through the use of gallic acid as a biogenic 

reducing agent [45]. This green chemistry pathway minimizes environmental risks [46], 

eliminates the need for toxic solvents, and supports the scalable production of 

nanomaterials under mild conditions [45]. The structural robustness, reusability, and 

magnetic separability of the nanocomposite further enhance its practical viability. Looking 

ahead, the integration of such multifunctional catalysts into pilot-scale reactors for CO₂ 

utilization or solar-driven hydrogen generation presents exciting opportunities [10]. Future 

applications may extend beyond energy, including environmental remediation, 

photocatalytic disinfection, and solar-to-chemical conversion platforms [136]. Advancing 

these systems through process optimization and lifecycle analysis will be essential to 

translating laboratory successes into impactful technologies for global sustainability [137]. 
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Figure III. 27: Sustainable Synthesis and Multifunctional Applications of CuO/Ni/Fe₃O₄ 

Nanocomposites via Green Chemistry Approach
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9. Conclusion and Future Outlook 

This chapter presented an in-depth investigation of the green synthesis, structural 

characterization, and dual catalytic performance of CuO/Ni/Fe₃O₄ nanocomposites 

prepared via a gallic acid-mediated bioreduction route. The eco-friendly synthesis process 

successfully integrated the redox-active CuO, hydrogenation-active Ni, and magnetically 

separable Fe₃O₄ phases into a trimetallic heterostructure that demonstrated exceptional 

physicochemical and catalytic properties. 

Characterization results confirmed the successful formation of a highly crystalline 

nanocomposite with distinct CuO, Ni, and Fe₃O₄ diffraction peaks. The average crystallite 

size was approximately 30 nm, as determined by XRD, while SEM analysis revealed 

uniform, nearly spherical nanoparticles with an average particle diameter of 40 nm. EDX 

spectra verified the presence of Cu, Ni, Fe, and O elements, with Ni showing the highest 

incorporation (76.10 wt.%, 52.44 at.%), confirming its dominant role in the structure. 

Thermogravimetric analysis (TGA) demonstrated outstanding thermal stability, with only 

35.8% total weight loss up to 785 °C, indicative of minimal organic residue and high 

inorganic content. 

Optical characterization revealed a distinct absorption peak at 370 nm and a narrow band 

gap of 1.26 eV, confirming strong visible-light activity. This narrow band gap and well-

aligned band structure facilitated enhanced charge carrier separation and visible-light 

absorption, which are essential for efficient photocatalysis. 

In the CO₂ methanation experiments, the CuO/Ni/Fe₃O₄ catalyst achieved a CO₂ 

conversion rate of 94.75% at 420 °C and high CH₄ selectivity, highlighting its effectiveness 

under thermocatalytic conditions. These results demonstrate that synergistic interactions 

between CuO, Ni, and Fe₃O₄ phases significantly lower the activation barrier and promote 

CO₂ hydrogenation efficiency. 

For photocatalytic hydrogen evolution, the nanocomposite exhibited a high hydrogen 

generation rate, reaching 741 µmol g⁻¹ after 6 hours of illumination under a 200 W xenon 

lamp (100 mW cm⁻²). The catalyst showed an initial H₂ generation rate of 165 µmol g⁻¹·h⁻¹, 
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with minimal loss of activity after four consecutive cycles, confirming its excellent 

reusability and structural integrity, as verified by post-reaction XRD patterns. 

These findings collectively demonstrate that the gallic acid-derived CuO/Ni/Fe₃O₄ 

nanocomposite provides an efficient, stable, and sustainable catalyst platform for dual CO₂ 

methanation and photocatalytic H₂ production, thanks to its strong interfacial coupling, 

reduced recombination rate, and robust structural framework. 

Future research should target improving visible-light absorption and reaction kinetics 

through surface sensitization (plasmonic, carbon, or dye coupling) and advanced 

photoreactor configurations that enhance light distribution. Integrating these catalysts into 

hybrid CO₂ capture–methanation–hydrogen systems could establish a closed-loop, solar-

driven platform for clean fuel production. The outstanding 94.75% CO₂ conversion, 741 

µmol g⁻¹ H₂ yield, and 1.26 eV band gap position the CuO/Ni/Fe₃O₄ nanocomposite as a 

high-performance, green catalyst for next-generation clean energy and circular carbon 

technologies. 
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1. Introduction  

Biodiesel, a renewable and biodegradable alternative to fossil fuels, has garnered 

substantial interest as part of the global transition toward sustainable energy [1][2]. Derived 

primarily from vegetable oils or animal fats through transesterification [3][4], biodiesel 

offers environmental advantages such as reduced greenhouse gas emissions and enhanced 

biodegradability [3][5]. However, despite its promise, several challenges persist in its 

production chain, particularly in post-reaction purification [6][7][8]. Among these, the 

presence of soap residues formed as byproducts during transesterification poses a 

significant barrier to achieving fuel-grade biodiesel [9][10], thus necessitating innovative 

purification strategies to enhance fuel quality and engine compatibility [11][12]. 

Traditional soap removal techniques such as water washing, adsorption, and solvent 

extraction have been extensively explored [13][14][15]. Water washing remains the most 

commonly used method due to its simplicity and effectiveness [16]; however, it generates 

large volumes of wastewater, increasing operational costs and environmental burdens 

[17][18]. Solvent extraction, while effective, poses risks related to solvent recovery and 

toxicity [19]. Adsorption techniques using solid-phase materials are increasingly favored 

for their efficiency and lower ecological footprint [20], particularly when integrated with 

recyclable or biodegradable adsorbents [21]. Despite their respective benefits, these 

methods face limitations in scalability, cost, and environmental compatibility, 

underscoring the need for more sustainable solutions [22]. 

The presence of soap residues in biodiesel negatively affects its physicochemical 

properties, leading to poor combustion performance [23][24], increased particulate 

emissions, injector fouling, and clogged filters in engines [25][26]. These residues also 

interfere with accurate fuel characterization and quality testing [27], complicating 

adherence to international fuel standards such as ASTM D6751 and EN 14214 [28][29]. 

Therefore, efficient soap removal is essential not only for compliance but also for ensuring 

long-term engine durability and performance [30][31][32]. 

Conventional purification methods, though widely used, suffer from several drawbacks 

[33][34]. Water-based techniques require extensive drying steps post-washing, adding to 
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the energy burden. Solvent-based approaches often involve hazardous chemicals and are 

economically impractical at an industrial scale [35]. Additionally, solid adsorbents like 

activated carbon and ion-exchange resins, while effective, are non-renewable and often 

non-recyclable [36][37]. These limitations have prompted research into alternative 

materials and methods that combine efficiency with environmental sustainability [38]. 

Nanotechnology offers a transformative platform for biodiesel purification[39], leveraging 

the high surface area, tunable surface chemistry, and enhanced reactivity of nanomaterials 

[40][41]. Nanomaterial-based adsorbents can provide selective and efficient removal of 

contaminants like soap, glycerol, and methanol, with improved reusability and lower 

material requirements [42][43][44]. Their physicochemical properties can be engineered 

for specific interactions with soap molecules, thereby enhancing purification performance 

while reducing secondary waste generation [45]. 

Among various nanomaterials [46], metal oxide-based nanostructures have shown 

particular promise for biodiesel treatment [47][40]. Their high adsorption affinity [48], 

catalytic potential, and stability under reaction conditions make them ideal candidates for 

sustainable purification processes [49][47]. When designed appropriately, these materials 

can address key operational challenges such as soap selectivity, regeneration efficiency, 

and compatibility with biodiesel matrices [41][50]. 

A notable advancement in this domain is the green synthesis of nanocomposites using plant 

extracts [51][52]. For instance, Pistacia lentiscus extract serves as an effective biogenic 

reducing agent for the formation of NiO/Ni nanostructures [53]. This eco-friendly route 

avoids the use of hazardous precursors and supports a circular economy by utilizing plant-

based resources [54]. The phytochemicals present in the extract not only mediate the 

reduction process but also impart functional surface groups that enhance adsorption 

interactions with soap molecules [55]. 

Nickel-based nanostructures, particularly NiO/Ni composites, offer exceptional 

performance in adsorption and catalysis due to their amphoteric surface behavior, redox 

activity, and strong affinity for organic and ionic species [56]. Their magnetic properties 

also enable easy recovery post-treatment, further supporting their recyclability and cost-
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effectiveness [57][58]. When integrated into a polymeric matrix such as polyvinyl alcohol 

(PVA) [59], these nanostructures form flexible and robust nanofibers with enhanced 

mechanical and functional properties [60]. 

 

Figure IV. 1: Molecular Structure of NiO/Ni Nanocomposite 

Electrospinning has emerged as a versatile technique for fabricating nanofiber membranes 

from polymer-based matrices [61]. It allows for the controlled deposition of nanoparticles 

within fibrous networks, enhancing surface area and accessibility of active sites [62][63]. 

Electrospun nanofibers not only improve adsorption capacity but also facilitate easy 

handling and regeneration, making them suitable for continuous purification operations in 

industrial settings [64][65]. 

 

Figure IV. 2: Structural Illustration of NiO/Ni@PVA Electrospun Nanofiber Showing 

Nanoparticle Dispersion Within the Polymer Matrix 
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The overarching objective of this chapter is to investigate the green synthesis and 

electrospinning of NiO/Ni@PVA nanofibers for effective soap removal from biodiesel. 

Through comprehensive characterization, adsorption experiments, and computational 

modeling, this study aims to evaluate the structural, functional, and environmental 

attributes of the developed materials. By integrating green chemistry, nanotechnology, and 

sustainable engineering principles, this work contributes to advancing eco-efficient 

purification systems capable of addressing the pressing quality challenges in biodiesel 

production. 



Chapter IV. Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Biodiesel 
Purification 

 

[162] 

 

 

Figure IV. 3: Schematic Illustration of the Green Fabrication and Application of NiO/Ni 

NC & NiO/Ni@PVA Nanofibers for Efficient Soap Extraction from Biodiesel
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2. Experimental Methodology  

2.1. Synthesis of NiO/Ni Nanocomposite via Green Chemistry 

The green synthesis of NiO/Ni nanocomposites was initiated by dissolving 0.3 M nickel 

sulfate (NiSO₄) in 100 mL of deionized water. The prepared solution was subsequently 

mixed with 900 mL of Pistacia  lentiscus leaf extract in an Erlenmeyer flask, ensuring 

minimal oxygen exposure throughout the process. Thereafter, 70 mL of 2 M sodium 

hydroxide (NaOH) solution was gradually introduced into the mixture, leading to the 

formation of dark precipitates, indicative of nanocomposite formation. The suspension was 

stirred continuously at 70 °C and 700 rpm for approximately 3 hours. The resulting 

precipitates were separated via centrifugation at 4000 rpm for 10 minutes, followed by 

washing with distilled water at ambient temperature and an additional centrifugation for 15 

minutes. The purified precipitate was dried in an oven at 75 °C for 5 hours and subsequently 

subjected to calcination at 550 °C for 4 hours, yielding the final NiO/Ni nanocomposite. 

The overall synthesis procedure is depicted in Figure IV.4. 

 

Figure IV. 4: Green Synthesis of NiO/Ni Nanocomposites 

2.2. Preparation of NiO/Ni@PVA Electrospun Nanofibers 

The fabrication of NiO/Ni@PVA electrospun nanofibers commenced with the preparation 

of a 12 wt% polyvinyl alcohol (PVA) solution, into which 0.2 g of NiO/Ni nanocomposites 

(NCs) were incorporated. The resulting mixture was continuously stirred for 2 hours to 

ensure uniform dispersion of the nanocomposites within the polymer matrix. Subsequently, 
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the solution was subjected to ultrasonication for 15 minutes to eliminate any entrapped air 

bubbles, resulting in a clear and homogeneous dispersion. This prepared solution was then 

loaded into the syringe of an electrospinning apparatus. Electrospinning was conducted 

using a Nanospider Lab 200 system equipped with a rotating cylinder electrode for 

membrane fabrication. The process parameters included an applied voltage of 51 kV, an 

electrode separation distance of 18 cm, and a cylinder rotation speed of 4 rpm. The 

electrospinning was carried out at a controlled temperature of 23.5 °C and a relative 

humidity of 38%, with fiber deposition occurring on a polypropylene nonwoven substrate. 

The detailed schematic representation of the NiO/Ni@PVA nanofiber preparation is 

presented in Figure IV.5. 

 

Figure IV. 5: Preparation of NiO/Ni@PVA Electrospun Nanofibers 

 

2.3. Characterization Techniques (UV-Vis, XRD, FTIR, SEM, TGA, 

XPS) 

The optical properties of the NiO/Ni nanocomposites and NiO/Ni@PVA nanofibers were 

examined using UV-visible spectroscopy, with absorption spectra recorded across the 200–

800 nm range utilizing a UVILine 9600 spectrophotometer (SECOMAM Aqualabo, 

France). Fourier-transform infrared (FTIR) spectroscopy was employed to identify the 
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functional groups present within the nanocomposites. For FTIR analysis, thin films were 

prepared by blending the nanocomposites with potassium bromide (KBr) and analyzed 

using a Nicolet iS5 FTIR spectrometer (Thermo Scientific, USA). The crystallite size was 

estimated from X-ray diffraction (XRD) patterns using the Scherrer equation. The surface 

morphology, particle size distribution, and degree of aggregation were assessed through 

scanning electron microscopy (SEM, VEGA3 model, TESCAN, USA) [66]. 

Thermogravimetric analysis (TGA) was performed using a Q500 thermal analyzer (TA 

Instruments, USA) under a nitrogen atmosphere to evaluate the thermal stability of the 

nanomaterials [67]. 

Additionally, the chemical composition and surface states were characterized via X-ray 

photoelectron spectroscopy (XPS) using a VGS ESCALAB 210 system equipped with a 

monochromatic Mg Kα radiation source. The analysis was conducted under constant pass 

energy mode, maintaining a chamber pressure of approximately 5 × 10⁻¹⁰ Torr [68]. 

 

Figure IV. 6: Characterization of NiO/Ni Nanocomposites and NiO/Ni@PVA 

Nanofibers 

2.4. Biodiesel Production from Palm Oil 

Biodiesel synthesis was carried out by initially preparing Solution 1, comprising 150 mL 

of methanol and 4.2 g of potassium hydroxide (KOH) [69]. This mixture was heated on a 
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hot plate equipped with a magnetic stirrer at a temperature range of 55–60 °C until a 

homogeneous solution was achieved. In parallel, Solution 2 was prepared by heating 420 

mL of palm oil within the same temperature range [70]. Once both solutions attained the 

target temperature, Solution 1 was gradually added to Solution 2. The combined mixture 

was stirred continuously at 60 °C for 1 hour at a stirring speed of 250 rpm to facilitate the 

transesterification reaction. Upon completion, the reaction mixture was transferred into a 

separation funnel and left undisturbed for 4–5 hours to allow phase separation, resulting in 

the collection of biodiesel in the upper layer and glycerol in the lower layer [71][72]. 

 

Figure IV. 7: Preparation of Biodiesel 

2.5. Soap Removal Experiments: Dosage, Contact Time, Stirring 

Speed 

A screening study was conducted during the solid-liquid extraction stage to determine the 

most effective nanocomposite for soap removal from biodiesel. For each extraction trial, a 

conical flask was charged with 0.03 g of the NC (either NiO/Ni powder or NiO/Ni@PVA 

nanofiber) and 15 mL of biodiesel (as illustrated in Figure IV.3). The mixtures were 

subjected to orbital shaking at 150 rpm across different contact times (0, 3, 6, 9, 12, 15, 

and 18 minutes) to ensure thorough homogenization. Upon completion of the extraction, 

the phases were allowed to separate naturally before soap content was quantified by 

centrifugation. To evaluate the effect of catalyst dosage, experiments were conducted by 

varying the catalyst mass (0.01, 0.015, 0.02, 0.025, and 0.03 g per 10 mL of biodiesel), 

maintaining a constant contact time of 18 minutes and a stirring speed of 150 rpm. 

Additionally, the influence of stirring speed on the extraction efficiency was assessed by 
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varying the mixing speeds (30, 60, 90, 120, and 150 rpm). All experiments were performed 

under ambient temperature conditions. 

 

Figure IV. 8: Removal of Soap from Biodiesel Using NiO/Ni Nanocomposites and 

NiO/Ni@PVA Nanofibers 

2.6. Soap Content Analysis (AOCS Titration Method) 

The soap content in biodiesel was quantified following the AOCS titration method. 

Specifically, 2.5 mL of 98% acetone and 97.5 μL of bromophenol blue indicator were 

added to 40 g of biodiesel. The resulting solution was titrated with a 0.01 M hydrochloric 

acid (HCl) solution until a color change from blue to yellow was observed. The soap 

concentration was then calculated using the following equation [13]: 

𝑠𝑜𝑎𝑝 (𝑝𝑝𝑚) =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑡𝑒𝑑 𝐻𝐶𝑙 (𝑚𝑙) × 0.01 𝑀 × 304400

𝑤𝑖𝑒𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 (𝑔)
                   (1) 

Furthermore, the extraction efficiency (%) was determined according to the following 

formula [73]: 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
× 100%                                (2) 

where Ci represents the initial soap concentration (ppm) and Cf denotes the final soap 

concentration (ppm). 
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Figure IV. 9: AOCS Titration Method 

2.7. Efficiency of Soap Removal from Biodiesel Over Successive 

Cycles 

Following the optimization of operational parameters specifically, a contact time of 18 

minutes, a catalyst dosage of 0.03 g, and a stirring speed of 150 rpm the reusability and 

adsorption efficiency of the NiO/Ni nanocomposites and NiO/Ni@PVA nanofibers were 

systematically evaluated. In these experiments, 10 mL of biodiesel containing an initial 

soap concentration of 4671 ppm was treated with 0.03 g of catalyst under the optimized 

conditions. Soap content was quantified using the AOCS titration method [13]. After each 

treatment cycle, the catalyst was separated from the biodiesel, thoroughly washed, and 

subsequently dried at 100 °C. The recovered catalyst was then reused in further cycles by 

mixing with fresh 10 mL samples of biodiesel, maintaining a constant initial soap 

concentration of 4671 ppm across all cycles. 
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Figure IV. 10: Efficiency of Soap Removal from Biodiesel Across Successive Cycles 

2.8. Computational Modeling and Adsorption Energy Calculation 

The interaction between soap molecules and the surface of NiO/Ni nanocomposites was 

investigated through first-principles calculations using the Forcite module. The receptor 

structure was carefully constructed and refined to accurately preserve the nanocomposites’ 

geometry and dimensions [74]. Initially, NiO nanoparticles were modeled using 

ChemDraw software, with the surface oriented along the (-100) cleavage plane, and 

subsequently expanded into a 6×6×1 supercell. The Ni element was likewise modeled and 

positioned onto the NiO nanoparticle surface. Geometric optimization and electronic 

property calculations were carried out using Forcite, which maintains crystal symmetry 

during structural refinement [75]. The ligand structure, representing the soap molecule, 

was retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and placed 

on the NC surface. The Monte Carlo Metropolis method was employed to calculate the 

adsorption energy [76]. The adsorption energy (Ead), representing the strength of 

interaction between the nanocomposite and the soap molecule, was determined according 

to the following equation: 

𝐸𝑎𝑑 = 𝐸NiO/Ni − 𝐸NiO/Ni−𝑆𝑜𝑎𝑝 − 𝐸𝑠𝑜𝑎𝑝 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒            (3) 

https://pubchem.ncbi.nlm.nih.gov/
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Where E NiO\Ni-Soap is the total energy of the NiO/Ni nanocomposite with the adsorbed soap 

molecule, E NiO\Ni is the energy of the isolated NiO/Ni nanocomposite, and ESoap represents 

the energy of the isolated soap molecule in their respective ground states. 

 

Figure IV. 11: Computational Description Adsorption Energy 

3. Characterization of Synthesized Nanomaterials 

3.1. Optical Properties and Bandgap Energy (UV-Vis, Tauc Plot) 

UV-Visible spectroscopy was employed to elucidate the optical properties of NiO/Ni 

nanocomposites and NiO/Ni@PVA electrospun nanofibers, providing insight into the 

effects of nanostructuring and polymer integration on their electronic behavior. The 

absorption spectra revealed distinct peaks at 290 nm for the NiO/Ni powder and 284 nm 

for the NiO/Ni@PVA nanofiber (Figure IV.13(a)), corresponding to electronic transitions 

associated with the NiO and Ni phases. The slight redshift observed in the NiO/Ni@PVA 

nanofiber relative to the NiO/Ni powder suggests modifications in the electronic 

environment, likely due to variations in nanoparticle dispersion, surface interactions, or 

morphological changes induced by the electrospinning process. The incorporation of PVA 

appears to contribute to a minor bandgap reduction, potentially driven by enhanced 

interfacial bonding, an increase in defect density, or structural rearrangements, thereby 

influencing charge carrier dynamics and augmenting optical absorption within the 

nanofiber composite [77]. 
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Figure IV. 12: Band Gap Modulation and Charge Transfer Enhancement in 

NiO/Ni@PVA Nanofibers 

Additionally, analysis of the optical band gaps, determined from Tauc plots [67], further 

differentiates the two samples. The NiO/Ni powder exhibited a band gap energy of 3.83 

eV, consistent with values reported in the literature [77], affirming its semiconducting 

nature (Figure IV.13(b)). Conversely, the NiO/Ni@PVA nanofiber demonstrated a slightly 

reduced band gap of 3.61 eV, which can be attributed to enhanced electron mobility, 

improved charge separation, and potential increases in crystallinity induced by the 

electrospinning process [67]. The observed band gap narrowing implies modifications to 

the material’s density of electronic states, which could be advantageous for applications 

requiring enhanced electronic and photocatalytic performance. 

Moreover, the changes in the optical behavior of the NiO/Ni@PVA nanofibers emphasize 

the role of polymer integration in tailoring the electronic structure of nanocomposites. The 

presence of PVA likely facilitates improved charge transfer processes and modifies defect 

states, contributing to enhanced functionalities in applications such as photocatalysis, 

sensing, and pollutant adsorption in biodiesel purification [78]. These findings highlight 

electrospinning as an effective strategy for engineering the optical and electronic properties 

of nanocomposites, positioning these materials as promising candidates for advanced 

technological applications. 
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Figure IV. 13: (a) UV–Vis absorption spectra of NiO/Ni nanocomposites and 

NiO/Ni@PVA electrospun nanofibers. (b) Tauc plot analysis depicting the relationship 

between (αhv)¹/² and photon energy (hv) for both NiO/Ni nanocomposites and their 

PVA-integrated electrospun counterparts. 

3.2. Functional Groups Identified by FTIR 

Fourier-transform infrared (FTIR) spectroscopy was conducted to characterize the 

functional groups present on the surface of the NiO/Ni nanocomposite (Figure IV.15). The 

FTIR spectrum displays distinct absorption bands at approximately 3411 cm⁻¹, 2919 cm⁻¹, 

1627 cm⁻¹, and 1105 cm⁻¹, corresponding to O–H stretching [79], C–H stretching [80], and 

C=O stretching vibrations [81], respectively. The broad absorption feature centered at 3411 

cm⁻¹ is indicative of hydroxyl groups [82], suggesting a hydrophilic surface nature. This 

pronounced hydrophilicity is attributed, in part, to the green synthesis approach employing 

Pistacia  lentiscus leaf extract, wherein residual phytochemicals, such as polyphenolic 

compounds, introduce additional O–H and C=O functionalities onto the nanocomposite 

surface [83]. These bio-derived surface groups not only facilitate nanoparticle reduction 

and stabilization during synthesis but also enhance the interaction with soap molecules, 

thereby improving biodiesel purification performance. 
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Figure IV. 14: Surface Functionalization of NiO/Ni Nanocomposites via Pistacia 

lentiscus Extract: FTIR Insights 

Furthermore, the absorption band observed around 479 cm⁻¹ is assigned to the Ni–O 

stretching vibrations, confirming the successful formation of the NiO/Ni nanocomposite 

structure [84]. The incorporation of bioactive compounds from the plant extract 

significantly modifies the surface chemistry, potentially enhancing the material's 

adsorption capabilities [85]. Identifying these functional groups is crucial for elucidating 

the adsorption mechanisms underlying the nanocomposite's activity and for understanding 

its role in improving biodiesel quality [86]. 

 

Figure IV. 15: Vibrational Spectral Analysis of NiO/Ni NC via FTIR 

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

T
ra

n
sm

it
ta

n
ce

 (
%

)

3411

1203

1627
2376

2919

1523

1105

 NiO\Ni NC

479



Chapter IV. Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Biodiesel 
Purification 

 

[174] 

 

3.3. Crystalline Structure Analysis via XRD 

X-ray diffraction (XRD) analysis was conducted to investigate the structural properties and 

crystallinity of both the NiO/Ni nanocomposite and the NiO/Ni@PVA electrospun 

nanofibers. For the NiO/Ni NC, distinct diffraction peaks were recorded at 2θ values of 

37.33°, 43.38°, 63.38°, 75.60°, and 79.61°, corresponding to the (111), (200), (220), (311), 

and (222) planes of cubic NiO, in accordance with the standard reference code 01-073-

1519 (Figure IV.17 (a)). These reflections confirm the formation of a well-crystallized 

cubic NiO phase. Moreover, the presence of metallic nickel (Ni) is verified by additional 

peaks at 44.60°, 51.98°, and 76.60°, corresponding to the (111), (200), and (220) planes of 

cubic Ni, referenced by code 01-070-0989. The sharpness and high intensity of these peaks 

indicate a high degree of crystallinity for both the NiO and Ni phases within the 

nanocomposite. 

 

Figure IV. 16: Crystallinity and Phase Analysis of NiO/Ni-Based Materials via XRD 

In the case of the NiO/Ni@PVA nanofibers, a pronounced diffraction peak at 2θ = 19.44° 

is observed, attributed to the (101) plane of the monoclinic structure of polyvinyl alcohol 

(PVA) [87], [88]  (Figure IV.17 (b)). Compared to the NiO/Ni NC, the diffraction peaks 

corresponding to NiO and Ni exhibit reduced intensity in the nanofibers, likely due to the 

presence of the PVA matrix, which may cause a partial decrease in crystallinity or a dilution 

effect. This reduction in peak intensity also suggests a fine nanoscale dispersion of the 

NiO/Ni phases within the PVA fibers, which influences the crystallographic coherence. 

Nevertheless, the persistence of the characteristic NiO and Ni reflections indicates that the 



Chapter IV. Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Biodiesel 
Purification 

 

[175] 

 

crystalline nature of the nanocomposite is retained following its incorporation into the 

polymer matrix. These XRD findings affirm the successful integration of the NiO/Ni 

nanocomposite into the PVA nanofibers while highlighting the influence of the polymeric 

environment on the material’s overall crystalline structure. 

 

Figure IV. 17: Crystallographic Patterns of (a) NiO/Ni NC and (b) NiO/Ni@PVA 

Nanofiber 

3.4. Morphological Features (SEM, EDX) 

Scanning electron microscopy (SEM) was employed to examine the surface morphology 

of the NiO/Ni nanocomposite powder and the NiO/Ni@PVA electrospun nanofibers 

(Figure IV.19 (a,b)). The NiO/Ni NC powder exhibits a relatively homogeneous nanoscale 

morphology, characterized by slight agglomeration, a common feature of nanoparticles 

synthesized via green methods. The utilization of  Pistacia  lentiscus leaf extract in the 

green synthesis process introduces bioactive molecules that serve as stabilizing agents, 

facilitating controlled nucleation and growth of nanoparticles and effectively minimizing 

excessive aggregation [89]. This controlled synthesis route leads to the formation of 

smaller nanoparticles with enhanced specific surface area, attributes that are particularly 

advantageous for adsorption processes in biodiesel purification applications. 
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Figure IV. 18: Surface Morphology and EDX Characterization of NiO/Ni@PVA 

Nanofibers 

In the case of the NiO/Ni@PVA electrospun nanofibers, a notable reduction in fiber 

diameter is observed, decreasing from approximately 280 nm in pure PVA fibers to around 

250 nm upon nanocomposite incorporation. This reduction suggests strong interfacial 

interactions between the NiO/Ni NCs and the PVA matrix, likely driven by surface 

functional groups introduced during the green synthesis procedure. Furthermore, the 

structural integrity of the fibers is enhanced, as reflected by the increase in overall fiber 

thickness from 20 µm in pristine PVA fibers to 30 µm in the NiO/Ni@PVA nanofibers. 

The uniform dispersion of the NiO/Ni nanocomposite throughout the fiber matrix 

highlights the effectiveness of the electrospinning process in achieving stable and well-

integrated nanostructures. 

Energy-dispersive X-ray (EDX) analysis further supports these findings, revealing distinct 

peaks corresponding to Ni, O, and C elements, with atomic percentages of 54%, 32.8%, 

and 12.5%, respectively (Figure IV.19 (c)). The presence of these elements confirms the 

successful embedding of the NiO/Ni NCs within the polymeric network. The green 

synthesis approach significantly influences the final nanofiber morphology by improving 

nanoparticle dispersibility, minimizing fiber defects, and enhancing the homogeneity of 

the electrospun structures. These morphological improvements contribute to increased 

surface area, superior adsorption capacity, and enhanced mechanical stability, thus 

positioning NiO/Ni@PVA nanofibers as promising candidates for industrial-scale 

applications. 
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Figure IV. 19: SEM micrographs of (a) pristine PVA nanofibers and (b) NiO/Ni@PVA 

nanofibers; (c) EDX elemental analysis of NiO/Ni@PVA nanofibers; and (d) nanofiber 

diameter distribution 
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3.5. Surface Chemistry via XPS 

X-ray Photoelectron Spectroscopy (XPS) was employed to investigate the elemental 

composition and chemical states of the NiO/Ni@PVA electrospun nanofibers. The high-

resolution spectra of Ni 2p, O 1s, and C 1s provide critical insights into the surface 

chemistry of the material. 

The Ni 2p spectrum (Figure IV.21 (a)) displays characteristic peaks at binding energies of 

approximately 855 eV (Ni 2p₃/₂) and 873 eV (Ni 2p₁/₂), along with prominent satellite 

peaks, which are indicative of Ni²⁺ oxidation states typical of NiO [90]. The presence of 

these satellite features, commonly associated with nickel oxides, confirms the formation of 

NiO and suggests the coexistence of multiple nickel valence states within the 

nanocomposite. Furthermore, the pronounced intensity and sharpness of these peaks 

highlight a substantial NiO presence on the surface of the electrospun nanofibers. 

 

Figure IV. 20: Surface Chemical Composition and Elemental States of NiO/Ni@PVA 

Nanofibers Revealed by XPS Analysis 

The O 1s spectrum (Figure IV.21 (b)) reveals peaks around 530 eV, 532 eV, and 534 eV, 

corresponding to oxygen atoms in distinct chemical environments  [91]. The peak at 

approximately 530 eV is attributed to lattice oxygen within the NiO structure, while the 

peaks at higher binding energies are associated with hydroxyl groups or surface-adsorbed 

oxygen species, suggesting surface oxidation or interactions with atmospheric moisture. 

The C 1s spectrum (Figure IV.21 (c)) exhibits binding energy peaks near 284 eV and 286 

eV, assigned to C–C and C–O bonds, respectively [90]. These signals confirm the 

successful incorporation of the PVA matrix within the nanofiber structure, with the C–O 
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bonds particularly reflecting the presence of oxygenated carbon species derived from the 

PVA polymer backbone [92]. 

 

 

Figure IV. 21: High-Resolution XPS Analysis Showing (a) Ni 2p, (b) O 1s, and (c) C 1s 

Core-Level Spectra 

3.6. Thermal Stability Evaluation (TGA) 

Thermogravimetric analysis (TGA) was conducted to evaluate the thermal stability and 

decomposition behavior of the NiO/Ni nanocomposites and NiO/Ni@PVA electrospun 

nanofibers. The NiO/Ni NC exhibited minimal weight loss during heating, with a total 

reduction of only 1.64% up to 800 °C, indicating excellent thermal stability. This slight 

weight loss is primarily attributed to the removal of residual moisture and volatile organic 

compounds originating from the synthesis process. 
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Figure IV. 22: Comparative Thermal Stability of NiO/Ni Nanocomposite and 

NiO/Ni@PVA Nanofiber Based on TGA Analysis 

In contrast, the NiO/Ni@PVA nanofibers demonstrated a significantly greater mass loss, 

with approximately 64.5% reduction observed by 800 °C [93]. This substantial weight loss 

is primarily associated with the thermal decomposition of the PVA matrix, as organic 

polymers are prone to degradation at elevated temperatures. An initial weight loss of about 

13% below 200 °C is attributed to the evaporation of physically adsorbed water and 

residual solvents. The major decomposition event, accounting for most of the weight loss, 

occurs between 200 °C and 600 °C and corresponds to the breakdown of the PVA polymer 

structure [94]. Beyond this temperature range, a stable residual mass of approximately 

5.4% remains, attributable to the presence of thermally stable NiO/Ni nanoparticles. 

Overall, these findings highlight the excellent thermal stability of the NiO/Ni phase within 

the electrospun nanofiber matrix and demonstrate that the observed mass losses are 

predominantly due to the degradation of the polymeric component (PVA) at high 

temperatures. 
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Figure IV. 23: Thermogravimetric and Differential Thermal Analysis (TGA/DTA) of (a) 

NiO/Ni Nanocomposite and (b) NiO/Ni@PVA Electrospun Nanofiber 

4. Biodiesel Purification Efficiency 

4.1. Biodiesel Production from Palm Oil 

Biodiesel was synthesized from refined palm oil using potassium hydroxide (KOH) as a 

catalyst and methanol (CH₃OH) as the transesterification reagent, owing to their high 

efficacy in facilitating the conversion of triglycerides into fatty acid methyl esters (FAME) 

[72]. A molar ratio of 10:1 (oil to methanol) was employed to enhance the reaction rate and 

improve biodiesel yield. Although refined palm oil was used as the feedstock, the produced 

biodiesel exhibited a soap content of 4671 ppm, significantly exceeding the internationally 

accepted limit of 50 ppm. This elevated soap concentration highlights the necessity for an 

efficient purification step to ensure the biodiesel meets industrial quality standards. 
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Figure IV. 24: Transesterification Process of Palm Oil into Biodiesel 

4.2. Time-Dependent Soap Adsorption Kinetics 

 The influence of extraction time on the efficiency of soap removal from biodiesel was 

evaluated using both NiO/Ni nanocomposite powder and NiO/Ni@PVA electrospun 

nanofibers (Figure IV.26 (a)). The extraction time was systematically varied to determine 

its impact on adsorption performance. The findings reveal that extending the extraction 

duration enhances the soap removal efficiency up to an optimal point. Shorter contact times 

(e.g., 2 to 10 minutes) were found to be inadequate for achieving significant soap reduction, 

as limited interaction occurs between the soap molecules and the available active sites on 

the adsorbent surface. With increased extraction time, more soap molecules are adsorbed 

due to prolonged exposure to active sites, leading to a progressive decrease in soap content 

[95]. 
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Figure IV. 25: Time-Dependent Adsorption Efficiency of NiO/Ni and NiO/Ni@PVA for 

Biodiesel Purification 

Equilibrium was attained at approximately 18 minutes, beyond which further increases in 

extraction time did not result in notable improvements in removal efficiency. This plateau 

indicates the saturation of the adsorption sites and is in line with classical adsorption theory, 

wherein the initial rate of adsorption is rapid due to the abundance of available binding 

sites, followed by a gradual decline as these sites become increasingly occupied. Notably, 

the NiO/Ni@PVA nanofibers outperformed the NiO/Ni powder due to their higher specific 

surface area and greater density of accessible functional groups, facilitating faster and more 

efficient adsorption. 

Therefore, an optimal extraction time of 18 minutes is recommended for maximizing soap 

removal while maintaining energy efficiency and process feasibility in industrial biodiesel 

purification. Prolonging the extraction period beyond this threshold offers negligible 

benefits and may lead to unnecessary resource consumption. 

To further understand the adsorption kinetics, a pseudo-first-order kinetic model was 

applied (Eq. 4) to describe the time-dependent behavior of soap removal [96]. The 

calculated rate constants (k) were 0.153 min⁻¹ for the NiO/Ni powder and 0.172 min⁻¹ for 

the NiO/Ni@PVA nanofibers (Figure IV.26 (b)), suggesting that although the powder 

demonstrated a slightly faster kinetic rate, the nanofibers exhibited a higher overall 

adsorption capacity. This kinetic analysis provides a quantitative understanding of the 
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enhanced performance of the nanofibers, confirming their suitability for efficient removal 

of organic contaminants such as soap from biodiesel [97]. 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘 𝑡                                              (4) 

Where: 

• 𝑞𝑒 is the equilibrium adsorption capacity (mmol/g), 

• 𝑞𝑡 is the adsorption capacity at time t, 

• k is the pseudo-first-order rate constant (min⁻¹), 

• t is the contact time (min). 

 

Figure IV. 26: (a) Soap Removal Efficiency and (b) Pseudo-First-Order Kinetic Plot 

[ln(C₀/Cₜ)] for NiO/Ni Nanocomposite and NiO/Ni@PVA Nanofiber as a Function of 

Extraction Time 

4.3. Dosage Optimization and Adsorbent Comparison 

The impact of catalyst dosage on the soap removal efficiency from biodiesel was 

investigated using NiO/Ni nanocomposites and NiO/Ni@PVA electrospun nanofibers 

through a solid–liquid extraction method (Figure IV.28). Catalyst quantities ranging from 

0.01 to 0.03 g were dispersed in 10 mL of biodiesel and homogenized at 150 rpm for 18 

minutes. The results demonstrate that increasing the catalyst dosage significantly enhances 

soap removal, confirming the effectiveness of the adsorption process. Notably, the 

NiO/Ni@PVA nanofibers exhibited superior performance, reducing the soap content from 

0 3 6 9 12 15 18
0

1000

2000

3000

4000

5000
 Saop content (NiO/Ni@PVA nanofiber)

 Saop content (NiO/Ni NC)

 %Extraction (NiO/Ni@PVA nanofiber)

 %Extraction (NiO/Ni NC)

Time (min)

S
a

o
p

 c
o

n
te

n
t 

(p
p

m
)

(a)

0

20

40

60

80

100

E
x

tr
a

ct
io

n
 E

ff
ic

ie
n

cy
 (

%
)

2 4 6 8 10 12 14 16 18 20
4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0  NiO/Ni NC

 NiO/Ni@PVA  nanofiber

ln
(q

e
-q

t)

Time (min)

(b)

R2
NiO/Ni = 93.9%

R2
NiO/Ni@PVA = 99.2%



Chapter IV. Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Biodiesel 
Purification 

 

[185] 

 

an initial 4671 ppm to 13.5 ppm, whereas the NiO/Ni NC powder achieved a reduction to 

19.5 ppm under the same conditions. 

The enhanced efficiency of the NiO/Ni@PVA nanofibers can be attributed to several 

factors. The nanofibers possess a higher surface area, enabling greater adsorption capacity, 

while the hydroxyl (-OH) functional groups present in the PVA matrix facilitate hydrogen 

bonding with soap molecules, thereby strengthening molecular interactions. Additionally, 

the PVA component prevents nanoparticle agglomeration, ensuring improved dispersion 

and better accessibility of active sites, which collectively contribute to the superior 

adsorption efficiency [98]. 

 

Figure IV. 27: Dosage-Dependent Soap Removal from Biodiesel Using NiO/Ni and 

NiO/Ni@PVA Adsorbents 

The NiO/Ni NC powder, characterized by its smaller particle size, also promotes good 

dispersion in biodiesel, enhancing contact with soap molecules. Furthermore, the presence 

of surface oxygen-containing functional groups enhances electrostatic interactions with 

soap molecules, supporting the adsorption mechanism [99], as detailed in Table 1. The 

powder form offers operational flexibility by allowing easier adjustment of catalyst dosage 

and extraction time to optimize purification outcomes. 

Despite the favorable properties of the NC powder, the electrospun nanofibers 

demonstrated a more effective soap removal performance overall. An optimal catalyst 

dosage of 0.03 g successfully reduced soap concentrations to below the ASTM D6751 
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standard threshold, thereby improving biodiesel quality while minimizing catalyst 

consumption. These findings underscore the potential of NiO/Ni@PVA nanofibers as an 

efficient and sustainable approach for large-scale biodiesel purification applications. 

 

Figure IV. 28: Soap Removal Performance of NiO/Ni-Based Adsorbents as a Function 

of Catalyst Loading 

4.4. Influence of Stirring Speed on Purification Efficiency 

The stirring speed during the extraction process plays a crucial role in determining the 

efficiency of soap removal from biodiesel when using NiO/Ni nanocomposite powders and 

NiO/Ni@PVA nanofibers (Figure IV.30). In this study, various stirring speeds (30, 60, 90, 

120, and 150 rpm) were systematically evaluated while maintaining all other parameters 

constant. The results demonstrate a clear positive correlation between stirring speed and 

soap removal efficiency. 

At lower stirring speeds (30–60 rpm), soap removal efficiency was relatively poor due to 

inadequate mixing and limited dispersion of the NC within the biodiesel medium. 

Insufficient agitation restricted the interaction between the active adsorption sites on the 

NC and the soap molecules, leading to a reduced collision frequency and lower adsorption 

rates, thus resulting in higher residual soap concentrations. 
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Figure IV. 29: Influence of Stirring Speed on Soap Removal Efficiency Using NiO/Ni-

Based Adsorbents 

As the stirring speed increased, particularly beyond 90 rpm, a significant enhancement in 

soap removal efficiency was observed. Higher agitation facilitated better dispersion of the 

NC throughout the biodiesel, promoting more frequent collisions between soap molecules 

and the available active sites on the adsorbents. This increased contact led to a greater 

adsorption rate and improved soap removal performance. 

The optimal stirring speed was determined to be 150 rpm, where efficient mixing was 

achieved without inducing excessive shear forces that could compromise the structural 

integrity of the NC or trigger undesired secondary reactions [72]. This optimized speed 

ensures maximum soap adsorption while maintaining the stability of the adsorbent 

materials, making it a critical operational parameter for effective biodiesel purification. 
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Figure IV. 30: Soap Removal Efficiency of NiO/Ni Nanocomposite and NiO/Ni@PVA 

Nanofiber as a Function of Stirring Speed 

4.5. Reusability and Cyclic Stability of NiO/Ni vs NiO/Ni@PVA 

Following the optimization of operational conditions 18 minutes of contact time, 0.03 g 

catalyst dosage, and a stirring speed of 150 rpm, the reusability and stability of the NiO/Ni 

NC powder and NiO/Ni@PVA electrospun nanofibers were systematically assessed 

through multiple recycling cycles (Figure IV.32). In each cycle, 10 mL of biodiesel, 

initially containing 4671 ppm of soap, was treated under the optimized conditions. The 

residual soap concentration after each treatment was measured using the AOCS titration 

method [16]. After each cycle, the catalysts were recovered, thoroughly washed, and dried 

at 100 °C before reuse in a fresh biodiesel sample. 
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Figure IV. 31: Cycle-Based Performance of NiO/Ni NC and NiO/Ni@PVA Nanofibers 

in Biodiesel Purification 

The results reveal a progressive decline in soap removal efficiency over consecutive cycles 

for both materials. Initially, the NiO/Ni NC exhibited a soap removal efficiency of 99.5%, 

while the NiO/Ni@PVA nanofibers achieved a slightly higher efficiency of 99.7%. 

However, by the fifth cycle, the efficiencies had decreased to 75.3% for the NiO/Ni NC 

powder and 83.3% for the electrospun nanofibers. This reduction in performance is 

attributed to the gradual saturation of active adsorption sites and possible structural 

alterations or degradation of the nanocomposites during repeated use. 

These findings highlight the importance of evaluating catalyst durability for practical 

applications, as long-term stability and reusability are critical parameters for sustainable 

biodiesel purification. 
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Figure IV. 32: Performance of NiO/Ni-Based Catalysts in Repeated Cycles for Soap 

Extraction from Biodiesel 

5. Molecular docking  

5.1. Mechanism of Soap Molecule Adsorption 

The adsorption mechanism of soap molecules onto NiO/Ni nanocomposites and 

NiO/Ni@PVA electrospun nanofibers is governed by multiple interactions, primarily 

involving electrostatic forces, van der Waals interactions, and hydrogen bonding (Figure 

IV.33) [74]. Negatively charged soap molecules are attracted to positively charged or 

neutral active sites on the nanocomposite surfaces, with electrostatic interactions playing a 

dominant role in facilitating this process [74]. Furthermore, the high surface area and 

porous structure of the nanocomposites significantly enhance van der Waals forces, 

providing an abundance of accessible adsorption sites [100]. 
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Figure IV. 33: Mechanism of Soap Molecule Adsorption 

In addition, functional groups such as hydroxyl and carboxyl groups present on the 

nanocomposite surfaces enable the formation of hydrogen bonds with soap molecules, 

further reinforcing the adsorption interactions (Figure IV.34) [101]. The efficiency of these 

adsorption mechanisms is influenced by operational parameters including contact time, 

catalyst dosage, and stirring speed, emphasizing the necessity of optimizing these factors 

during the extraction process to achieve maximum soap removal efficiency. 

 

Figure IV. 34: Adsorption of Soap Molecules 

Understanding the interplay of these adsorption mechanisms is critical for the effective 

utilization of NiO/Ni-based nanostructures in biodiesel purification, highlighting their 

potential for improving biodiesel quality through enhanced contaminant removal. 
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Figure IV. 35: Presentation of Adsorption Phenomena 

5.2. Analysis of Adsorption Configuration 

Figure IV.36 presents a detailed examination of the adsorption behavior of various dyes 

onto the optimized NiO/Ni nanocomposite monolayers, emphasizing the underlying 

intermolecular interactions. In this context, adsorption refers to the accumulation of solute 

molecules (adsorbates) onto the surface of a solid-phase material (adsorbent), primarily 

driven by physicochemical interactions between the solute and the porous surface of the 

solid matrix [74]. While atoms within bulk materials typically achieve stable bonding 

through covalent, metallic, or electrostatic interactions with neighboring atoms [102], 

surface atoms possess unsatisfied bonding requirements due to fewer neighboring atoms, 

thereby enhancing their propensity for adsorption processes [76]. The adsorption 

mechanism may vary in nature, broadly classified into chemisorption involving stronger 

electrostatic and covalent interactions and physisorption, which is governed by weaker van 

der Waals forces [103]. 
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Figure IV. 36: Adsorption Behavior of Dye and Soap on NiO/Ni NC 

As illustrated in Figure 13.b, the adsorption configuration between the nanocomposite and 

soap molecules is characterized by the adsorption energy, a metric indicative of the 

interaction strength between the ligand (soap) and the adsorbent (NiO/Ni NC). A more 

negative value of adsorption energy denotes a stronger interaction. In this study, the 

calculated adsorption energy (Ead) for the soap molecule on NiO/Ni NC was found to be 

−37.19 eV, suggesting superior adsorption capability exceeding the strength of typical 

electrostatic interactions and indicating the material's strong affinity for the soap 

compound. These computational findings align with the experimental data, reinforcing the 

efficacy of NiO/Ni NC as an effective adsorbent. Furthermore, the results suggest that 

adsorption behavior can potentially be optimized by adjusting the composition of the 

metallic components in the nanocomposite. 
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Figure IV. 37: Mechanistic Representation of Dye and Soap Adsorption onto NiO/Ni 

Nanocomposites 

Figure IV.37 outlines the general adsorption mechanism of soap molecules from biodiesel 

(BD) onto the surface of NiO/Ni nanocomposites. Semiconductor-based nanomaterials, 

particularly those with engineered heterojunctions, serve as effective adsorbents by 

providing enhanced active surface areas for pollutant capture. The adsorption efficiency of 

NiO/Ni NC is further improved through surface modification with compatible materials. 

 

Figure IV. 38: Molecular Interaction Parameters of NiO/Ni Nanocomposites in Soap 

Adsorption 

Simulation results generated using the Material Studio software, along with corresponding 

adsorption energy values, are summarized in Figure IV.38. The calculated binding energy 

(Ead) for the NiO/Ni NC was −46.25 eV, reflecting strong electrostatic interaction and 

significant binding affinity (interaction value: 87). These results indicate that soap 

molecules exhibit high selectivity and strong affinity for the active sites of the NiO/Ni 
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surface. Moreover, the reduced free binding energy contributes to the overall structural 

stability of the nanocomposite during repeated adsorption cycles. 

 

Figure IV. 39: Charge Distribution and Binding Mechanism of Soap Molecule on 

NiO/Ni Nanostructure 

6. Environmental and Practical Implications 

6.1. Sustainability of Green Electrospinning Synthesis 

The green electrospinning synthesis of NiO/Ni@PVA nanofibers exemplifies a sustainable 

approach in advanced material fabrication, aligning with the principles of green chemistry. 

The use of  Pistacia  lentiscus leaf extract as a biogenic reducing agent circumvents the 

need for hazardous chemicals, offering a safe and eco-friendly synthesis route [104]. This 

process minimizes environmental risks by avoiding toxic solvents and utilizing aqueous-

based media under ambient conditions [105]. Furthermore, the electrospinning technique 

employed in this study allows for precise control over nanostructure formation with 

minimal material waste [106]. The resulting nanofibers exhibit high surface area, stability, 

and enhanced functional group availability, making them suitable for environmentally 

benign applications such as biodiesel purification. Importantly, this synthesis pathway 

supports circular material design, using biodegradable polymers like PVA and promoting 

low-energy processing, thus contributing to cleaner production and reducing the 

environmental footprint of nanomaterial synthesis. 
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Figure IV. 40: Schematic Representation of the Sustainable Green Electrospinning 

Synthesis Process for NiO/Ni@PVA Nanofibers 

6.2. Reduction in Wastewater Compared to Water Washing 

One of the notable environmental advantages of employing NiO/Ni@PVA nanofibers for 

soap removal from biodiesel lies in the significant reduction of wastewater generation 

compared to conventional water washing methods. Traditional purification techniques 

often rely on repeated water wash cycles, leading to the production of large volumes of 

contaminated effluent that require further treatment and disposal [107]. In contrast, the 

solid-liquid extraction method utilized in this study eliminates the need for water-intensive 

processing. By using reusable nanocomposites and nanofibers as adsorbents [108][109], 

soap removal is achieved efficiently in a closed-loop system [110], dramatically lowering 

the water demand and associated treatment burdens. This approach not only conserves 

freshwater resources but also mitigates secondary pollution, enhancing the overall 

sustainability of biodiesel production. 



Chapter IV. Green Fabrication of NiO/Ni@PVA Nanofibers for Enhanced Biodiesel 
Purification 

 

[197] 

 

 

Figure IV. 41: Comparative Illustration of Wastewater Reduction Using NiO/Ni@PVA 

Nanofibers vs. Traditional Water Washing in Biodiesel Purification 

6.3. Potential for Scale-Up and Industrial Application 

The scalable potential of the developed NiO/Ni@PVA nanofibers positions them as viable 

candidates for industrial biodiesel purification processes. The electrospinning setup, 

especially using systems like the Nanospider Lab 200 [106], supports membrane 

fabrication at a semi-continuous scale, which can be readily expanded with minimal 

modifications. Moreover, the mild synthesis conditions, absence of toxic reagents, and 

relatively low thermal and energy input requirements make the process economically 

feasible for large-scale deployment [111]. The structural integrity, mechanical stability, 

and reusability of the nanofibers across multiple purification cycles further reduce 

operational costs and environmental liabilities [112]. Given their superior performance in 

removing soap contaminants below regulatory thresholds, these nanofibers have strong 

commercial potential in biofuel refineries and decentralized purification units. 
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Figure IV. 42: Scalable Integration of NiO/Ni@PVA Nanofibers into Industrial 

Biodiesel Purification and Refining Systems 
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7. Conclusion and Future Work 

This chapter has presented a comprehensive investigation into the green synthesis and 

electrospinning fabrication of NiO/Ni@PVA nanofibers for the efficient extraction of soap 

residues from biodiesel. Through a multidisciplinary approach combining green chemistry, 

material engineering, and computational modeling, the study provided significant scientific 

and practical contributions. The integration of Pistacia lentiscus leaf extract in the synthesis 

process not only eliminated the need for hazardous chemicals but also imparted functional 

surface groups to the nanocomposites, enhancing their adsorption capacity. The 

electrospun nanofibers exhibited superior performance in soap removal, achieving 

concentrations below ASTM standards, and demonstrated excellent reusability over 

multiple cycles, highlighting their potential for sustainable biodiesel purification. 

One of the key strengths of the NiO/Ni@PVA nanofiber system lies in its multifunctional 

design. The incorporation of NiO/Ni nanocomposites into a PVA matrix resulted in 

structurally robust, highly porous, and surface-active fibers. These features facilitated 

enhanced interactions with soap molecules via electrostatic attraction, hydrogen bonding, 

and van der Waals forces. Compared to the NiO/Ni powder form, the nanofibers exhibited 

higher adsorption capacity, faster kinetics, improved thermal stability, and greater 

mechanical integrity. Additionally, the magnetic properties of Ni-based components 

enabled easy recovery and reuse, thereby reducing material losses and supporting circular 

economy practices. 

Despite these advantages, several limitations must be acknowledged before transitioning 

to industrial-scale applications. The synthesis process, while green and reproducible at the 

laboratory scale, requires optimization for large-scale electrospinning systems to ensure 

consistent nanofiber morphology and quality. Furthermore, the mechanical durability and 

long-term stability of the nanofibers under continuous flow conditions remain to be fully 

validated. The adsorption performance may also be influenced by the complexity of real 

biodiesel matrices containing multiple impurities beyond soap, necessitating further 

investigation. 
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Future research should focus on enhancing the surface functionality of the nanofibers 

through chemical modification or hybridization with other nanomaterials to target a 

broader range of contaminants. Multi-pollutant removal systems that simultaneously 

address soap, glycerol, methanol, and trace metals in biodiesel should be developed. 

Additionally, real-time pilot studies are essential to evaluate performance under industrial 

conditions, assess regeneration efficiency over extended cycles, and conduct techno-

economic and life-cycle assessments. These advancements will pave the way for the large-

scale adoption of NiO/Ni@PVA nanofibers in biodiesel refineries and contribute to the 

broader goals of clean energy and environmental sustainability. 
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General Conclusion 

This thesis presents a comprehensive investigation into the design, green synthesis, and 

multifunctional application of polymer-based metal oxide nanocomposites for 

environmental remediation, renewable energy production, and pollutant degradation. 

Through an integrated approach combining experimental techniques and computational 

modeling, the research highlights the synergistic effects of metal oxides and polymeric 

matrices particularly polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA) in 

enhancing photocatalytic activity, adsorption efficiency, and structural stability. 

Four distinct nanocomposite systems were developed using sustainable methods, each 

tailored to address specific environmental challenges. The Mn₃O₄/PVP nanocomposite 

demonstrated high sunlight-driven photocatalytic degradation of synthetic dyes, while the 

MgO@SnO₂ system efficiently adsorbed petroleum-derived pollutants and heavy metals. 

The CuO/Ni/Fe₃O₄ nanocomposite, synthesized via a gallic acid-mediated route, exhibited 

dual functionality in photocatalytic hydrogen evolution and CO₂ methanation. The 

NiO/Ni@PVA electrospun nanofibers showcased enhanced performance in biodiesel 

purification, supported by kinetic modeling and molecular docking studies to elucidate 

interaction mechanisms at the nanoscale. 

Advanced characterization techniques, including XRD, SEM, FTIR, BET, UV–Vis 

spectroscopy, TGA, and zeta potential analysis, confirmed the structural integrity, surface 

properties, and functional efficiency of the synthesized nanomaterials. Moreover, kinetic, 

isotherm, and thermodynamic analyses provided in-depth insights into adsorption 

behaviors, while molecular docking simulations offered predictive models for 

nanocomposite–pollutant interactions. 

Collectively, the findings of this research underscore the potential of eco-friendly synthesis 

routes and polymer-assisted nanocomposites in developing high-performance materials for 

environmental and energy applications. The incorporation of green chemistry principles 

and computational tools not only enhances material functionality but also aligns with 

global sustainability goals. 
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Future research should explore the scale-up potential of these materials for pilot-scale 

applications, investigate multi-pollutant removal under real-world conditions, and expand 

surface modifications to further improve selectivity and reusability. The integration of life 

cycle assessment (LCA) and techno-economic analysis (TEA) could also provide valuable 

frameworks for evaluating the feasibility and environmental impact of these systems in 

practical applications. 

 


