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 ABSTRACT 
 الملخص 

، وهي ناتج ثانوي لصناعة المضادات Streptomyces rimosusتتناول هذه الأطروحة دراسة تثمين الكتلة الحيوية للبكتيريا  

الشحنة )الأزرق الأساسي   الموجبة  للبيئة لإزالة الأصباغ  ، والأصفر  46، الأحمر الأساسي  41الحيوية، كمادة ماصّة صديقة 

عن الكيميائية وجود مجموعات فعّالة مسؤولة  -( من الأنظمة المائية متعددة المكونات. أظهرت التحاليل الفيزيائية28الأساسي  

العالية في الامتزاز. بيّنت الدراسات الحركية والإيزوثرمية أن العملية تلقائية، ماصّة للحرارة، وتخضع بشكل رئيسي  الكفاءة 

العلاقة بين طاقات الامتزاز والخواص الإلكترونية  (DFT) للتفاعل الكيميائي السطحي. كما أوضحت حسابات نظرية دالة الكثافة

الجزيئ التفاعل  الطبقاتوآليات  ثلاثي  الهجين  النموذج  المتقدمة، خصوصاً  الآلي  التعلّم  نماذج  مكّنت  وقد  –DNN–NAS ي. 

PSO  من التنبؤ الدقيق وتحسين سلوك الامتزاز. تؤكد النتائج أن الكتلة الحيوية لـ ،S. rimosus   ،تمثل مادة ماصّة فعّالة ومستدامة

 وتقدمّ مقاربة اقتصادية دائرية لمعالجة مياه الصرف الصناعي 

الأنظمة المائية متعددة   ؛  لأصباغ الكاتيونيةا ؛  Streptomyces rimosusالكتلة الحيوية لـ   ؛الحيوي  : الارتباط  المفتاحيةالكلمات  

 . التحسين باستخدام التعلم الآلي؛  (DFT) نظرية دالة الكثاف ؛ المكونات

Résumé 

Cette étude porte sur la valorisation de la biomasse de Streptomyces rimosus, sous-produit 

industriel de la production d’antibiotiques, comme biosorbant écologique pour l’élimination de 

colorants cationiques (Basic Blue 41, Basic Red 46 et Basic Yellow 28) à partir de systèmes aqueux 

multi-composants. La caractérisation physico-chimique a révélé la présence de groupements 

fonctionnels actifs conférant une forte affinité d’adsorption. Les études cinétiques et isothermes 

ont montré un processus spontané, endothermique et principalement de type chimisorptif. Les 

analyses de la Théorie de la Fonctionnelle de la Densité (DFT) ont permis de relier les énergies 

d’adsorption et les descripteurs électroniques aux observations expérimentales. Les modèles 

d’apprentissage automatique, notamment le réseau neuronal profond hybride DNN–NAS–PSO, 

ont permis une prédiction et une optimisation précises du processus d’adsorption. Cette recherche 

démontre le potentiel de S. rimosus comme biosorbant durable et efficace, contribuant à une 

approche circulaire pour le traitement des eaux usées industrielles. 

Mots-clés : Biosorption ; Biomasse de Streptomyces rimosus ; Colorants cationiques ; Systèmes 

aqueux multi-composants ; Théorie de la Fonctionnelle de la Densité (DFT) ; Optimisation par 

apprentissage automatique 

Abstract 

This research investigates the valorization of Streptomyces rimosus biomass, an industrial by-

product of antibiotic production, as an eco-friendly biosorbent for the removal of cationic dyes 

(Basic Blue 41, Basic Red 46, and Basic Yellow 28) from multicomponent aqueous systems. 

Comprehensive physicochemical characterization confirmed the presence of active functional 

groups responsible for high adsorption affinity. Adsorption kinetics and isotherms revealed a 

spontaneous, endothermic, and predominantly chemisorptive process. Density Functional Theory 

(DFT) analyses correlated adsorption energies and electronic descriptors with experimental 

performance, elucidating molecular-level interaction mechanisms. Advanced machine learning 

models, including a Tri-Hybrid DNN–NAS–PSO framework, provided accurate prediction and 

optimization of adsorption behavior. The study establishes S. rimosus biomass as a sustainable and 

efficient biosorbent, offering a circular-economy approach for industrial wastewater remediation. 

Keywords: Biosorption; Streptomyces rimosus biomass; Cationic dyes; Multicomponent aqueous 

systems; Density Functional Theory (DFT); Machine learning optimization. 



 

6 

 TABLE OF CONTENTS 
 

LIST OF ABBREVIATIONS 

LIST OF TABLES 

LIST OF FIGURES 

GENERAL INTRODUCTION ................................................................................................................................. 15 

CHAPITER 1. LITERATURE REVIEW ON BIOSORPTION ............................................................................ 21 

I. SYNTHETIC DYES ..................................................................................................................................... 22 
I.1. Introduction.......................................................................................................................................... 23 
I.2. Definition and chemical Structure ....................................................................................................... 23 
I.3. Classification of Dyes .......................................................................................................................... 24 
I.4. Environmental and Health Hazards of Dyes ........................................................................................ 28 
I.5. Dye Removal Techniques .................................................................................................................... 29 

I.5.1. Overview of Conventional Treatment Methods .............................................................................................. 29 
I.5.2. Physical Methods ............................................................................................................................................ 30 
I.5.3. Chemical Methods .......................................................................................................................................... 31 
I.5.4. Electrochemical Methods ................................................................................................................................ 32 
I.5.5. Biological Methods ......................................................................................................................................... 32 

I.6. Advantages of Adsorption over Other Methods: ................................................................................. 32 
II. FROM FUNDAMENTAL PRINCIPLES TO ADVANCED MODELING: ADSORPTION OF DYES IN 

COMPLEX SYSTEMS ........................................................................................................................................... 34 
II.1. Introduction.......................................................................................................................................... 35 
II.2. Definition and Fundamentals ............................................................................................................... 35 

II.2.1. Physical Adsorption (Physisorption) ............................................................................................................... 36 
II.2.2. Chemical Adsorption (Chemisorption) ............................................................................................................ 36 

II.3. Adsorption Mechanisms in Dye Removal ........................................................................................... 36 
II.4. Factors Affecting the Adsorption Process ............................................................................................ 39 
II.5. Adsorption Modeling ........................................................................................................................... 40 

II.5.1. Adsorption Kinetics ........................................................................................................................................ 40 
II.5.2. Adsorption Isotherms ...................................................................................................................................... 40 
II.5.3. Adsorption Isotherms According to Giles ....................................................................................................... 41 
II.5.4. Thermodynamic Parameters ............................................................................................................................ 43 

II.6. Density Functional Theory (DFT) ....................................................................................................... 43 
II.6.1. Density Functional Theory (DFT) Fundamentals ............................................................................................ 44 
II.6.2. Exchange–Correlation Functionals and Basis Sets .......................................................................................... 44 
II.6.3. Adsorption Energy Calculations ...................................................................................................................... 45 
II.6.4. Electronic Properties and Adsorption Mechanisms ......................................................................................... 45 
II.6.5. DFT in Adsorption Studies of Organic Dyes ................................................................................................... 46 

II.7. Application of Machine Learning in Adsorption Process Modeling .................................................... 46 
II.7.1. Artificial Neural Network (ANN) ................................................................................................................... 47 
II.7.2. Deep Neural Network (DNN) ......................................................................................................................... 48 
II.7.3. Neural Architecture Search (NAS) .................................................................................................................. 49 
II.7.4. Particle Swarm Optimization (PSO) ............................................................................................................... 50 
II.7.5. DNN–NAS Bi-Hybrid Framework.................................................................................................................. 51 
II.7.6. DNN–NAS–PSO Tri-Hybrid Framework ....................................................................................................... 51 

II.8. Adsorption and Challenges in Multicomponent Dye Systems ............................................................. 52 
III. BIOSORBENTS AND BIOMASS ........................................................................................................... 53 

III.1. Introduction.......................................................................................................................................... 54 
III.2. Bacterial Biomass in Adsorption ......................................................................................................... 54 



 

7 

III.3. Streptomyces rimosus Biomass ............................................................................................................ 55 
III.3.1. Description of the Biomass Streptomyces rimosus ..................................................................................... 55 
III.3.2. Chemical Structure of the Cell Wall of Streptomyces rimosus ................................................................... 56 

III.4. Mechanisms of Interaction Between Microorganisms and Dyes ......................................................... 58 
III.5. Characterization techniques ................................................................................................................. 60 
III.6. Summary and research gaps................................................................................................................. 61 

CHAPITER 2. MATERIALS AND METHODS ..................................................................................................... 63 

IV. MATERIALS AND METHODS ................................................................................................................... 64 
IV.1. Introduction.......................................................................................................................................... 65 
IV.2. Materials Used ..................................................................................................................................... 65 

IV.2.1. Adsorbent Preparation ............................................................................................................................... 65 
IV.2.2. Adsorbate Preparation ................................................................................................................................ 65 

IV.3. Characterization Techniques and Methods for the Prepared Adsorbent............................................... 66 
IV.3.1. Proximate Analysis .................................................................................................................................... 66 
IV.3.2. Ultimate Analysis ....................................................................................................................................... 66 
IV.3.3. Bulk Density .............................................................................................................................................. 66 
IV.3.4. True Density............................................................................................................................................... 67 
IV.3.5. Porosity and Pore Volume .......................................................................................................................... 67 
IV.3.6. BET Surface Area and Pore Size Distribution ........................................................................................... 67 
IV.3.7. Methylene Blue Index (MBI) and Specific Surface Area ........................................................................... 68 
IV.3.8. Thermogravimetric analysis ....................................................................................................................... 69 
IV.3.9. Zeta Potential Analysis .............................................................................................................................. 69 
IV.3.10. Boehm titration .......................................................................................................................................... 70 
IV.3.11. Potentiometric titration .............................................................................................................................. 72 

IV.3.11.1. Identification of Functional Groups from Potentiometric Titration ...................................................... 72 
IV.3.12. Cation Exchange Capacity (CEC) .............................................................................................................. 73 
IV.3.13. Determination of the Point of Zero Charge (pHPZC) ................................................................................... 73 
IV.3.14. X-ray Diffraction (XRD) ........................................................................................................................... 74 
IV.3.15. Fourier Transform Infrared Spectroscopy (FTIR) ...................................................................................... 75 
IV.3.16. Scanning Electron Microscopy (SEM)....................................................................................................... 75 

IV.4. Adsorption experiment and equilibrium study ..................................................................................... 76 
IV.5. Adsorption Kinetics ............................................................................................................................. 77 

IV.5.1. Pseudo-First-Order Kinetic Model ............................................................................................................. 77 
IV.5.2. Pseudo-Second-Order Kinetic Model ........................................................................................................ 77 
IV.5.3. Intraparticle Diffusion Model .................................................................................................................... 77 

IV.6. Modelling of Adsorption Isotherms ..................................................................................................... 78 
IV.6.1. Langmuir Isotherm Model ......................................................................................................................... 78 
IV.6.2. Freundlich Isotherm Model ........................................................................................................................ 78 
IV.6.3. Extended Langmuir equation (ELE) .......................................................................................................... 78 
IV.6.4. Jain and Snoeyink modified extended Langmuir model (JSME) ............................................................... 79 

IV.7. Thermodynamic Parameters ................................................................................................................ 80 
IV.8. Desorption study .................................................................................................................................. 81 
IV.9. Statistical analysis ................................................................................................................................ 82 
IV.10. Density Functional Theory (DFT) Computational Methodology .................................................... 83 

IV.10.1. System Preparation .................................................................................................................................... 83 
IV.10.2. Computational Details ............................................................................................................................... 83 
IV.10.3. Adsorption Configurations ......................................................................................................................... 83 
IV.10.4. Adsorption Energy Calculations ................................................................................................................ 84 
IV.10.5. Strategy for Stable Adsorption Geometry Identification ............................................................................ 84 
IV.10.6. Conceptual DFT Descriptors and Molecular Electrostatic Potential (MEP) .............................................. 84 

IV.11. Machine Learning methodology .......................................................................................................... 86 
IV.11.1. Machine Learning Inputs and Target .......................................................................................................... 86 
IV.11.2. Machine Learning Methods Description .................................................................................................... 87 

IV.11.2.1. Artificial Neural Network (ANN) ......................................................................................................... 87 



 

8 

IV.11.2.2. Deep Neural Network (DNN) ............................................................................................................... 87 
IV.11.2.3. Deep Neural Network (DNN) + Neural Architecture Search (NAS) .................................................... 87 
IV.11.2.4. Tri-Hybrid Deep Neural Network (DNN) + Neural Architecture Search (NAS) + Particle Swarm 

Optimization (PSO) ................................................................................................................................................... 88 

CHAPITER 3. RESULTS AND DISCUSSION ....................................................................................................... 89 

V. ADSORBENT CHARACTERIZATION ...................................................................................................... 90 
V.1. Physicochemical and Structural Characterization of Streptomyces rimosus Biomass ......................... 91 
V.2. Proximate and Ultimate compositions ................................................................................................. 91 
V.3. Ultimate compositions ......................................................................................................................... 91 
V.4. Bulk Density ........................................................................................................................................ 92 
V.5. True Density ........................................................................................................................................ 92 
V.6. Porosity and Pore Volume .................................................................................................................... 93 
V.7. BET Surface Area and Pore Size Distribution ..................................................................................... 93 
V.8. Methylene Blue Index (MBI) and Specific Surface Area .................................................................... 93 
V.9. Thermogravimetric analysis................................................................................................................. 94 
V.10. Zeta Potential Analysis ........................................................................................................................ 95 
V.11. Boehm titration .................................................................................................................................... 96 
V.12. Potentiometric titration and Cationic Exchange Capacity ................................................................... 96 
V.13. Cation Exchange Capacity ................................................................................................................... 98 
V.14. The point of zero charge (pHzpc) .......................................................................................................... 99 
V.15. X-ray Diffraction (XRD) ................................................................................................................... 100 
V.16. FT-IR analysis of Streptomyces rimosus biomass .............................................................................. 101 
V.17. SEM analysis of Streptomyces rimosus biomass ............................................................................... 102 

VI. ADSORBATE CHARACTERIZATION ................................................................................................ 103 
VI.1. Introduction to the experimental procedure for dye biosorption ........................................................ 104 
VI.2. Adsorbate characterization................................................................................................................. 104 
VI.3. Biosorption of BY28, BB41 and BR46 ............................................................................................. 104 

VII. SINGLE ADSORPTION SYSTEM ....................................................................................................... 105 
VII.1. Single-System Biosorption: Parametric Effects, Kinetics, Isotherms, and Thermodynamics ............ 106 
VII.2. Initial pH effect .................................................................................................................................. 106 
VII.3. Biosorbent dose effect........................................................................................................................ 108 
VII.4. Contact time effect ............................................................................................................................. 109 
VII.5. Initial dye concentration effect .......................................................................................................... 110 
VII.6. Kinetic studies for single system ....................................................................................................... 111 
VII.7. Isotherm studies for single system ..................................................................................................... 113 
VII.8. Thermodynamic Parameters .............................................................................................................. 114 
VII.9. Adsorption mechanism ...................................................................................................................... 118 

VIII. BINARY AND TERNARY ADSORPTION SYSTEM .......................................................................... 119 
VIII.1. Introduction to Binary and Ternary Adsorption Systems .............................................................. 120 
VIII.2. Contact time effect ........................................................................................................................ 120 
VIII.3. Initial dye concentration effect ...................................................................................................... 121 
VIII.4. Kinetic studies for binary and ternary adsorption system ............................................................. 122 
VIII.5. Isotherm studies for binary and ternary adsorption system ........................................................... 124 
VIII.6. Extended Langmuir Equation ....................................................................................................... 126 
VIII.7. Jain and Snoeyink Modified extended Langmuir model (JSME) ................................................. 126 
VIII.8. Desorption study ........................................................................................................................... 127 
VIII.9. Comparison with literature ............................................................................................................ 128 

IX. DENSITY FUNCTION THEORY (DFT) .............................................................................................. 130 
IX.1. Density Function Theory (DFT) ........................................................................................................ 131 
IX.2. Frontier Molecular Orbitals (HOMO and LUMO), Hardness, and Softness ..................................... 131 
IX.3. Molecular electrostatic potential (MEP) ............................................................................................ 133 



 

9 

IX.4. Local Reactivity: Parr Functions ....................................................................................................... 134 
IX.5. Adsorption Energy Analysis .............................................................................................................. 137 
IX.6. Linking Experimental Adsorption Data with DFT Insights ............................................................... 138 

X. MACHINE LEARNING MODELISATION ............................................................................................... 141 
X.1. Machine Learning Modeling and Performance Analysis ................................................................... 142 
X.2. Artificial Neural Network (ANN). ..................................................................................................... 142 
X.3. Deep Neural Network (DNN) ............................................................................................................ 148 
X.4. DNN+NAS -Deep Neural Network Optimized Using Neural Architecture Search ........................... 154 
X.5. Tri-Hybrid Deep Neural Network Modified by Neural Architecture Search and Particle Swarm 

Optimization (DNN+NAS+PSO) ..................................................................................................................... 160 
X.6. Integrated Discussion of Comparative Perspective ............................................................................ 170 

GENERAL CONCLUSION .................................................................................................................................... 172 

REFERENCES ........................................................................................................................................................ 175 

APPENDICES .......................................................................................................................................................... 204 

 

 

 

 

 

 

 

 



 


