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This thesis presents a detailed response surface methodology study on the microwave 

assisted extraction of β-carotene from carrot peels. Unlike published research which 

utilized a modified domestic microwave oven, in this study, a controlled temperature 

microwave oven was used. Preliminary trials were applied to find the best heating 
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Optimum conditions were determined and compared with published experimental 

results. 

 

  

 

 

 



 

i 
 

Acknowledgments 
 

First I thank ALLAH, the most gracious, the ever merciful for helping me finishing this work. 

 

I want to thank all those, who helped me by their knowledge and experience by expressing my 

deepest gratitude to my main supervisor; Professor Mahmoud A. El-Rifai for his continuous support, 
encouragement, immense knowledge and patient guidance, his guidance helped me in all time of 

research and writing this thesis. 

 
I am also indebted to my co-supervisor Professor Reem S. Ettouney for her continuous and 

unconditional help, I owe her for valuable supervision, continuous encouragement, and useful 

suggestions during this work. My profound thanks are also due to Dr. Ayat O. Ghallab, co-supervisor 

of my thesis for her continuous support. 
 

No words are enough to express my gratitude to Professor Kamal Youssef, Faculty of Science, Chemistry 
Department, Minya University for his advice and support during conducting the experimental work in his 
laboratory. 

 
Last but not the least; my sincere appreciation and profound gratitude to my beloved family for their 

continuous help and support in not only this work but through my whole life. 

 

 

 

 

  



 

ii 
 

Table of Contents 
 

 

Contents 
Acknowledgments ................................................................................................................................... i 

Table of Contents.................................................................................................................................... ii 

List of Tables ........................................................................................................................................... v 

List of Figures ......................................................................................................................................... vi 

List of Symbols, Abbreviations, and Nomenclature ..............................................................................viii 

Abstract ................................................................................................................................................. ix 

Chapter 1: Introduction .......................................................................................................................... 1 

Chapter 2: Literature Review .................................................................................................................. 3 

2.1 Introduction ................................................................................................................................. 3 

2.2 Carotenoids .................................................................................................................................. 3 

2.2.1 Carotenes ............................................................................................................................... 3 

2.2.2 Xanthophylls ......................................................................................................................... 4 

2.3 Physical and Chemical Properties of Carotenoids ...................................................................... 5 

2.4 Natural Resources of Carotene.................................................................................................... 6 

2.5 Uses of Carotenes ......................................................................................................................... 7 

2.6 Economy of Carotenoids and β-carotene .................................................................................... 8 

2.7 Methods of Extraction ................................................................................................................. 9 

2.7.1 Extraction of carotenoids from algae using organic solvents  ............................................. 10 

2.7.2 Extraction Using Super Critical Mediated Fluid Extraction ............................................. 13 

2.7.3 Extraction of Carotene Using Micro-Emulsions ................................................................ 17 

2.7.4 In-Situ Extraction from Algae ............................................................................................ 18 

2.7.5 Pressurized Fluid Extraction .............................................................................................. 18 

2.7.2 Extraction Techniques and Equipment Used ..................................................................... 22 

2.8 Theory of Microwave Assisted Extraction ................................................................................ 28 

2.8.1 Theory of Solid-Liquid Diffusion ........................................................................................ 28 

2.8.2 Theory of Solid-Liquid Diffusion in Dunaliella Salina and β-carotene Extraction ........... 30 

2.8.3 Theory of Microwave Energy ............................................................................................. 32 



 

iii 
 

2.8.4 Parameters Affecting Microwave Extraction ..................................................................... 34 

2.8.5 Applications of Microwave Assisted Extractions (MAE) ................................................... 37 

2.9 Microwave Assisted Extraction of Carotene from Carrot, Carrot Peels and Algae ................ 52 

Chapter 3: Statement of the Problem ................................................................................................... 53 

Chapter 4: Experimental Methodology ................................................................................................. 54 

4.1 Introduction ............................................................................................................................... 54 

4.2 Design of Experiment (DOE) ..................................................................................................... 54 

4.2.1 DOE Steps ........................................................................................................................... 54 

4.2.2 Practical and Careful Experimental Planning ................................................................... 54 

4.2.3 Modern Approach in DOE.................................................................................................. 55 

4.2.4 Types of Experimental Designs .............................................................................................. 55 

4.2.5 Response Surface Design and Steps towards Optimization ............................................... 55 

4.2.6 Detailed Optimization Procedure ....................................................................................... 56 

4.2.7 Full Factorial Design (2
K 

Factorial).............................................................................. 57 

4.2.8 Center Points ....................................................................................................................... 58 

4.2.9 Axial Points.......................................................................................................................... 58 

4.3 Significant Parameters............................................................................................................... 59 

4.3.1 Selection of the Proper Solvent ........................................................................................... 59 

4.3.2 Extraction Time, Absorbed microwave power, and Temperature  .................................... 61 

4.3.3 Sample Pretreatment .......................................................................................................... 62 

4.3.4 Solid/Liquid (S/L) Ratio ...................................................................................................... 62 

4.3.5 Contact Surface Area .......................................................................................................... 62 

Chapter 5: Experimental Procedures .................................................................................................... 63 

5.1 Introduction ............................................................................................................................... 63 

5.2 Materials used ............................................................................................................................ 63 

5.3 Equipment .................................................................................................................................. 63 

5.4 Experimental Procedures .......................................................................................................... 65 

Chapter 6: Results and Discussion ........................................................................................................ 68 

6.1 Introduction ............................................................................................................................... 68 

6.2 Preliminary Runs ....................................................................................................................... 68 

6.2.1 Selection of Preliminary Run .............................................................................................. 68 

6.2.2 Results of Preliminary Runs ............................................................................................... 70 



 

iv 
 

6.2.3 Analysis of the Results of the Preliminary Runs ................................................................ 71 

6.3 Phase I ........................................................................................................................................ 76 

6.3.1 Parameters Values .............................................................................................................. 76 

6.3.2 Results of Phase I Runs ....................................................................................................... 76 

6.3.3 Analysis of the Results of Phase I Runs .............................................................................. 77 

6.4 Phase II ...................................................................................................................................... 85 

6.4.1 Parameters’ Values in Phase II ........................................................................................... 85 

6.4.2 Results of Phase II ............................................................................................................... 86 

6.4.3 Analysis of the Results of Phase II ...................................................................................... 86 

6.5 Phase III ..................................................................................................................................... 88 

6.5.1 Parameters' Values ............................................................................................................. 88 

6.5.2 Results of phase III.............................................................................................................. 88 

6.5.3 Analysis of the Results of Phase III .................................................................................... 89 

6.6 Analysis of Heating Phenomena ................................................................................................ 96 

6.6.1 Final Temperature Reached ............................................................................................... 96 

6.6.2 Relation between Mixing and Temperature Variation ...................................................... 97 

6.6.3 Relation between Temperature Reached and Temperature Depression ........................... 97 

6.6.4 Relation between Solvent’s Volume and Concentration and Effervescence...................... 98 

Chapter 7: Conclusions ....................................................................................................................... 100 

References .......................................................................................................................................... 102 

 

 

 

 

 

 

 

 

 



 

v 
 

 

List of Tables 
 

Table (2.1) Molecular formula and structure of carotenes...................................................................... 3 

Table (2.1) Molecular formula and structure of carotenes, cntd ............................................................. 4 

Table (2.2) Molecular formula and structure of xanthophylls ................................................................. 4 

Table (2.3) Carotene content in many vegetables (Pakistan) .................................................................. 6 

Table (2.4) Carotenes content in different vegetables (Boston).............................................................. 7 

Table (2.5) Total carotenoids obtained from algae (mg/g) using different solvents ............................. 10 

Table (2.6) Total carotenoids obtained from algae (mg/g) using different mixtures of solvents........... 11 

Table (2.7) Different extraction techniques in solid-liquid extraction ................................................... 23 

Table (2.7) Different extraction techniques in solid-liquid extraction, cntd .......................................... 24 

Table (2.7) Different extraction techniques in solid-liquid extraction, cntd .......................................... 25 

Table (2.7) Different extraction techniques in solid-liquid extraction, cntd .......................................... 26 

Table. (2.8) Microwave assisted extraction of polyphenolic compounds .............................................. 38 

Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd ..................................... 39 

Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd ..................................... 40 

Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd ..................................... 41 

Table (2.9) Microwave assisted extraction of different antioxidant compounds .................................. 42 

Table (2.10) Microwave assisted extraction of different kinds of oils ................................................... 43 

Table (2.10) Microwave assisted extraction of different kinds of oils, cntd .......................................... 44 

Table (2.11) Microwave assisted extraction of different kinds of acids  ............................................. 45 

Table (2.12) Microwave assisted extraction of food grade products .................................................... 46 

Table (2.12) Microwave assisted extraction of food grade products, cntd............................................ 47 

Table (2.13) Microwave assisted extraction of compounds of pharmaceutical importance ................. 48 

Table (2.13) Microwave assisted extraction of compounds of pharmaceutical importance, cntd ........ 49 

Table (2.14) Microwave assisted extraction of pigments ...................................................................... 50 

Table (2.15) Microwave assisted extraction in recycling ....................................................................... 51 

Table (2.16) Microwave assisted preparation of adsorbents ................................................................ 51 

Table (6.1) Preliminary tests results...................................................................................................... 70 

Table (6.2) Coded and real values of the investigated parameters in phase I ....................................... 76 

Table (6.3) Factorial design results of phase I ....................................................................................... 76 

Table (6.4) Values of the factorial design inserted in JMP in phase I .................................................... 77 

Table (6.5) Statistical analysis of model I .............................................................................................. 83 

Table (6.6) Values selected in phase II .................................................................................................. 85 

Table (6.7) Results of Phase II ............................................................................................................... 86 

Table (6.8) Calculated and experimental β-carotene yield in phase II................................................... 86 

Table (6.9) Parameters’ Values in Phase III ........................................................................................... 88 

Table (6.10) Results of CCD in phase III ................................................................................................. 89 

Table (6.11) Statistical analysis of model II ........................................................................................... 93 



 

vi 
 

 

List of Figures 
 

Figure (2.1) Different β-carotene isomers ............................................................................................... 5 

Figure (2.2) Global Carotenoids market value by product type, 2010/2018 ($ Millions) ......................... 9 

Figure (2.3) Solubility of β-carotene in mixed solvents decane–CH2Cl2, decane–MEK and decane–MTBE 

as a function of the Vtoxic solvent/Vorganic phase ............................................................................................. 12 

Figure (2.4) Extraction ability (%) of different mixed solvents and decane on Dunaliella salina and 

solubility of β-carotene in these solvents ............................................................................................. 13 

Figure (2.5) Cis/trans ratio as a function of the solvent/algae ratio for several conditions: x, extraction 

with acetone;     supercritical extraction, 20 MPa/313.1K,    supercritical extraction, 20 MPa/331.1K.. 16 

Figure (2.6) Effect of time on extraction yield ....................................................................................... 17 

Figure (2.7) Extraction yield at different  densities for both super critical ethane and ethylene........... 17 

Figure (2.8) Yield of carotene versus different kinds of solvents and micro-emulsions ........................ 18 

Figure (2.9) Surface plot for the effect of time and temperature on the extraction of β-carotene from 

soggy carrots and α-carotene from orange carrots ............................................................................... 19 

Figure (2.10) β -Carotene and cumulative β -carotene extraction versus time  ..................................... 20 

Figure (2.11) Different solid-liquid extraction equipment..................................................................... 27 

Figure (2.12) Solid-liquid extraction mechanism ................................................................................... 29 

Figure (2.13) Processes occurring during solute extraction from a solid particle .................................. 30 

Figure (2.14) Electron micrograph of a stressed cell grown in a two-phase system with medium and 

dodecane .............................................................................................................................................. 32 

Figure (2.15) Effect of an electric field on the ions and molecules of the material................................ 33 

Figure (2.16)   Interaction between the different parameters to be considered in microwave assisted 

extraction ............................................................................................................................................. 36 

Figure (2.17) Applications of MAE ......................................................................................................... 37 

Figure (4.1) Steps towards optimization with the appropriate fitted regression models ...................... 56 

Figure (4.2) Detailed scheme of different steps taken to reach optimization ....................................... 57 

Figure (4.3) Factorial, center and axial points in case of 22 factorial design .......................................... 58 

Figure (4.4) Proper solvent choice as function of the material used and the objective to be fulfilled... 60 

Figure (4.5) Parameters to be considered in solvent selection.............................................................. 61 

Figure (5.1) Start S (Milestone) Milestone Inc.-U.S.A Microwave oven................................................. 64 

Figure (5.2) Agilent 1100 series HPLC .................................................................................................... 65 

Figure (5.3) Solid-Liquid Separation process using Buchner funnel ....................................................... 66 

Figure (5.4) Organic phase separation via a separation funnel ............................................................. 67 

Figure (5.5) Brown bottle for sample preservation ............................................................................... 67 

Figure (6.1) Selection of Preliminary runs according to Heating method, L/S ratio and Hexane % ....... 69 

Figure (6.2) Temperature profiles of runs 1-3 ....................................................................................... 71 

Figure (6.3) Temperature profiles of runs 5 & 6 .................................................................................... 71 

file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240051
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240052
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240074
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240075


 

vii 
 

Figure (6.4) Temperature profiles of runs 4 and 5 ................................................................................. 72 

Figure (6.5) Temperature profiles of runs 7-10 ..................................................................................... 73 

Figure (6.6) Temperature profiles of runs 6 and 8 ................................................................................. 74 

Figure (6.7) β-carotene yield versus hexane used ................................................................................. 75 

Figure (6.8) Hexane recovery versus total hexane ................................................................................ 75 

Figure (6.9) Temperature profiles of runs 1 & 1’ ................................................................................... 78 

Figure (6.10) Temperature profiles of runs 4 & 4’ ................................................................................. 78 

Figure (6.11) Y actual versus Y predicted .............................................................................................. 79 

Figure (6.12) Y leverage residuals for X1, and X2 .................................................................................. 80 

Figure (6.13) Y residual versus Y predicted ........................................................................................... 80 

Figure (6.14) Studentized residuals ....................................................................................................... 81 

Figure (6.15) Prediction profiler ............................................................................................................ 81 

Figure (6.16) Interaction Profiler........................................................................................................... 82 

Figure (6.17) Surface Plot of the model I ............................................................................................... 84 

Figure (6.18) Contour plot of model I .................................................................................................... 84 

Figure (6.19) β-carotene yield versus L/S ratio in phases I and II .......................................................... 87 

Figure (6.20) Y actual versus Y predicted in model II............................................................................. 89 

Figure (6.21) Y leverage residuals for X1, X2, X1X2, X1X1, and X2X2 in model II ................................... 90 

Figure (6.22) Y residual versus Y predicted in model II .......................................................................... 91 

Figure (6.23) Studentized residuals in model II ..................................................................................... 91 

Figure (6.24) Prediction Profiler in model II .......................................................................................... 92 

Figure (6.25) Interaction Profiles in model II ......................................................................................... 92 

Figure (6.26) Surface plot of model II .................................................................................................... 94 

Figure (6.27) Contour plot of model II ................................................................................................... 95 

Figure (6.28) L/S ratio versus β-carotene yield for different Hexane compositions .............................. 96 

Figure (6.29) Effect of L/S ratio and hexane composition on the evolution of temperature during 

preheating and extraction .................................................................................................................... 98 

 

 

 

 

 

 

  

file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240076
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240077
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240078
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240079
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240080
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240082
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240083
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240084
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240085
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240087
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240089
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240090
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240091
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240092
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240093
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240095
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240096
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240097
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240098
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240100
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240101
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240102
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240103
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240105
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240106
file:///C:/Users/Amira/Desktop/PhD%20Files.%20Mon2sha/PhD%20Thesis.%20March.%202018.docx%23_Toc509240106


 

viii 
 

List of Symbols, Abbreviations, and Nomenclature 
 

ANOVA Analysis of Variance 

C Hexane composition (v/v) 

D True diffusivity 

Deff Effective diffusivity 

ε Permittivity 

𝜺𝟎 Permittivity of free space 

𝜺′ Dielectric constant 

𝜺" Dielectric loss 

FMASE Focused microwave assisted soxhlet extraction 

KD Distribution coefficient 

 

L/S Liquid to solid ratio, ml/g 

MAE Microwave Assisted Extraction 

PLE Pressurized Liquid Extraction 

RSM Response Surface Methodology 

𝒕𝒂𝒏 𝜹 Dissipation factor 

UAE Ultrasound Assisted Extraction 

X1 Coded value for L/S ratio 

X2 Coded value for hexane composition 

Y β-Carotene yield, mg/100 g peels 

𝝓 Fraction of space available for extracting solvent 

γ Tortuosity factor  

 



 

ix 
 

 

Abstract 
 

This thesis presents a detailed study on the microwave assisted extraction of β-carotene from 

carrot peels as a modern technique compared to conventional methods such as soxhlet extraction. 

The published literature covering microwave assisted extraction in different fields was based on 

the use of a modified domestic microwave oven which has its own drawbacks as it lacks control 

of temperature. In this study, a controlled temperature microwave oven was used. This relaxes 

the necessity of following up the effect of the set microwave power on the temperature evolution.   

Preliminary trials were conducted to select the best heating procedure along with the appropriate 

values for the rest of the parameters to start investigating around. A factorial design was chosen 

to conduct the trials where a response surface methodology (RSM) is used to analyze obtained 

experimental data with a view to maximizing the β-carotene yield obtainable from local carrot 

peels. The design of the experiments has been conceived to delineate the effects of preheating the 

solvent before MAE, solvent composition, liquid to solid (L/S) ratio, and extraction time on the 

obtainable yield.  

Unlike conventional techniques where any solvent can heat up, only polar/ionic solvents can 

respond to microwave irradiation, that is why a mixture of hexane and ethanol is used as the 

solvent in order to combine good dissolution and high absorbance to microwave energy. Though 

acetone alone was conventionally used in earlier similar studies, it was excluded in this study 

since it is a toxic solvent and not suitable for food grade β-carotene. The maximum extraction 

temperature set on the microwave oven was 50°C. Solvent preheat proved beneficial in reducing 

the MAE time since it provides for the latent heat of vaporization of the water-hexane azeotrope 

evolved on extraction.  

The application of RSM starting from the first order model passing by the steepest ascent line to 

the second order model enabled to determine the optimum operating conditions of 5 minutes 

preheating time, 2 minutes extraction time, a solvent composition of 0.747 (v/v) hexane, and a 

(L/S) ratio of 61.08 ml/g. The maximum yield of 141.77 mg β-carotene per 100 g peels was 

obtained. Comparing obtained results with published literature utilizing the same technique was 

very promising; this study resulted in a higher yield with a lower L/S ratio and less extraction 

time which is attributed to the suggested solvent preheating technique. 

 

 



 

1 
 

 

Chapter 1: Introduction 
 

 

Solid liquid extraction is resorted to in many applications covering chemical processing, 

pharmaceutical industries, and qualitative and quantitative analyses. A wide variety of 

conventional contacting equipment has been used such as soxhlet, automated soxhlet, and high 

pressure soxhlet extraction. New techniques are under experimental studies and proved 

superiority in reducing both extraction time and the amount of solvent. Focused microwave 

assisted soxhlet extraction, microwave assisted extraction, and ultrasound assisted extraction are 

examples of such techniques. This thesis presents a study on the microwave assisted extraction 

of β-carotene from local carrot peels using a preheating technique. 

Chapter (2) starts by giving a brief introduction on carotenoids and their subtypes: Carotenes and 

Xanthophylls. Carotenoids physical and chemical properties are reviewed, and also natural and 

synthetic sources are mentioned. The growing uses of carotene and its reflection on the market 

share are discussed. Different techniques of carotene extraction are presented including the use 

of super critical fluids, micro emulsions and pressurized fluids. This chapter also presents a 

detailed comparison between the different equipment used in the solid liquid extraction. The 

solid-liquid diffusion theory is then explained in general cases and in the specific cases of the 

Dunaliella salina algae which is the highest precursor of β-carotene among all sources. Finally 

details related to microwave heating are discussed starting from the theory of microwave energy 

passing by its various applications in different fields focusing on the microwave assisted 

extraction of carotenes from carrots, carrot peels and algae. 

Chapter (3) outlines the problem to be addressed in this work where a lab scale controlled 

temperature microwave oven is used to maximize β-carotene yield obtained from local carrot 

peels using a safe food grade solvent. The analysis of the experimental data will be carried out 

using response surface methodology with a view to obtain the optimum extraction conditions. 

Chapter (4) presents the experimental methodology. The first part outlines the steps taken in the 

design of the experiment, the design used, and the path from the initial conditions up to the 

optimized ones. The second part details the different parameters to be considered, their proper 

preliminary value selection and the selection of the parameters to be optimized. These include 

different categories such as parameters related to the amount of heat supplied to the material 

(microwave power, temperature, and extraction time), physical and chemical properties of the 

material under extraction (pretreatment methods and contact surface area), and used solvent 

(chemical structure and its ratio to the sample used).  

Chapter (5) details the experimental methodology. It starts by discussing the criteria of selection 

of the natural raw material subjected to the extraction process, and the properties of the 

chemicals used. Detailed explanation of all equipment used in this study is also presented. 

Finally the procedure undertaken in each trial starting from the material preparation passing by 

the extraction process and ending by the analysis is explained. 
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Chapter (6) presents the results of the conducted experimental work. Results of preliminary trials 

conducted to select the best heating procedure along with the appropriate values for the rest of 

the parameters to start investigating around are first presented.  Solvent preheat proved beneficial 

in reducing the MAE time. A detailed response surface methodology was conducted where a first 

order model describing the first phase of the experiment was conducted followed by the second 

phase which included the path along the steepest ascent line until reaching the third phase where 

a second order model was conducted. Finally the optimum conditions were calculated and 

compared to published literature. The results of this study showed superiority with respect to 

yield with a lower L/S ratio and less extraction time. This is attributed to the suggested solvent 

preheating technique. 

Chapter (7) summarizes the main conclusions reached in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 


