&

Cairo University

OPTIMIZATION OF MICROWAVE ASSISTED
EXTRACTION OF BETA CAROTENE FROM CARROT
PEELS USING RESPONSE SURFACE METHODOLOGY

By

Amira Khaled Anwar Abo El-Ata

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
in
CHEMICAL ENGINEERING

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



OPTIMIZATION OFMICROWAVE ASSISTED
EXTRACTION OF BETA CAROTENE FROM CARROT
PEELS USING RESPONSE SURFACE METHODOLOGY

By
Amira Khaled Anwar Abo El-Ata

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
in
CHEMICAL ENGINEERING

Under the Supervision of

Prof. Dr.
Mahmoud Abdel Hakim El-Rifai

Professor of Chemical Engineering
Chemical Engineering Department
Faculty of Engineering
Cairo University

Prof. Dr. Dr.

Reem Sayed Ettouney Ayat Osama Ghalab
Professor of Chemical Engineering Associate Professor of Chemical Engineering
Chemical Engineering Department Chemical Engineering Department

Faculty of Engineering, Cairo University Faculty of Engineering, Cairo University

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



OPTIMIZATION OF MICROWAVE ASSISTED
EXTRACTION OF BETA CAROTENE FROM CARROT
PEELS USING RESPONSE SURFACE METHODOLOGY

By

Amira Khaled Anwar Abo El-Ata

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
in
CHEMICAL ENGINEERING

Approved by the
Examining Committee

Prof. Dr. Mahmoud Abdel Hakim El-Rifali, Thesis Main Advisor
Professor, Chem. Eng. Dept., Fac. Of Eng., Cairo University

Prof. Dr. Reem Sayed Ettouney, Advisor
Professor, Chem. Eng. Dept., Fac. Of Eng., Cairo University

Prof. Dr. Magdi Fouad Abadir, Internal Examiner
Professor, Chem. Eng. Dept., Fac. Of Eng., Cairo University

Prof. Dr. Abdel Ghani Gamal Abou El Nour, External Examiner
Professor of Chemical Engineering, Pilot Plant and Chemical Engineering
Department, National Research Center, DokKi

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2018



Engineer’s Name: Amira Khaled Anwar Abo El-Ata

Date of Birth: 20/5/1986

Nationality: Egyptian

E-mail: Amira_aboelata@yahoo.com
Phone: 01010080545

Address: Maadi, Cairo, Egypt
Registration Date:  1/10/2011

Awarding Date: / 12018

Degree: Doctor of Philosophy
Department: Chemical Engineering

Supervisors:
Prof. Mahmoud Abel Hakim El-Rifai
Prof. Reem Sayed Ettouney
Dr. Ayat Osama Ghallab

Examiners:
Prof. Mahmoud Abdel Hakim El-Rifai (Thesis main advisor)
Prof. Reem Sayed Ettouney (Advisor)
Prof. Magdi Fouad Abadir (Internal examiner)

Prof. Abel Ghani Gamal Abou EIl Nour (External examiner)

Title of Thesis:

Optimization of Microwave Assisted Extraction of Beta Carotene From Carrot
Peels Using Response Surface Methodology

Key Words:
Response Surface methodology, Microwave assisted Extraction, $-carotene; Carrot
peels

Summary:

This thesis presents a detailed response surface methodology study on the microwave
assisted extraction of B-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
procedure, then a full response surface methodology starting from the first order
model passing by the steepest ascent line to the second order model was applied.
Optimum conditions were determined and compared with published experimental
results.



Acknowledgments

First | 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, | 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.



Table of Contents

Contents
ACKNOWIEAZMENTS ...ttt ettt e e e e e e aaaaeae e e e e e sasaaseasesassssssssnnsnssnnssnnsnsnnsnnnnsnnnnnnnnnnnn i
Table Of CONTENLS.......coooiiiii et e st e e s e e e s s sar e e e e s eabeeeesenreeeesnneeeeeas i
LISt Of TABI@S........ooieiiie ettt e ettt e e et e e s e bbe e e e e aabeee e e aabeeeeesaaneeas v
LISt OF FIGUI@S.....coo ottt ettt e e e e e ettt e e e e e e e e s et eeeeeeeeasaasssaaeeeaeeeesanssssaneeaaesesannsnnes Vi
List of Symbols, Abbreviations, and Nomenclature .....................ccc oo viii
Y 1 1 T ot PRSP P PP RUPRRPPPPRN iX
Chapter L: Introduction ... 1
Chapter 2: LIterature REVIEW ..............uviiiiiiiiiiiiiiieeee e e e e ettt e e e e e e st e e e e e e e e s s sneaeaeeeeeeesasansstareeeeeeaaans 3
2.1 INEFOTUCTION ...ttt ettt et b et e bt e st e s bt et e e bt e sbeeseesbeeneenbeensesbeens 3
p A O 0] (13 T0] [6 3T TP PSR P PP TP OPTPRPPTPRRPPORO 3
2.2.1 CAIOLENES....cuviiiiiiiiieiie e s 3
YA € 01 110 o] 0177 1 USSR 4
2.3 Physical and Chemical Properties of Caroten0idS..........cccuerviriieerienieeieeniesie e 5
2.4 Natural ReSOUICES OF CAFOTENE.........ccuiriiiiiiiiiieieeeete ettt sbe e 6
2.5 USES OF CAFOTEMES .......eiuiiieiitiiteeit ettt ettt ettt et sh et e bt et bt e bt e ht e beeaeesbe et e s beenbesbeenre e 7
2.6 Economy of Carotenoids and B-CArOtENE ..........cc.coeiiiiiiiiiiiiiiienie e 8
2.7 Methods OF EXEFACTION ......eoiiiiiiiiitieie ettt ettt sttt et sae e b saeens 9
2.7.1 Extraction of carotenoids from algae using organic SOIVENtS...........cccceceverieriniienienennnn. 10
2.7.2 Extraction Using Super Critical Mediated Fluid EXtraction ...........ccccccceevvveeviveevieeeeneen. 13
2.7.3 Extraction of Carotene Using MiCro-EmUISIONS ...........ccoceeiiriniiininienieenieieeeeneeeee 17
2.7.4 IN-Situ EXTraction from AlQAE ........eeeueieiiei ettt et et e e 18
2.7.5 Pressurized FIUId EXTFACTION ......ccc.oviiiiiiiieieeie ettt 18
2.7.2 Extraction Techniques and EQUIDMENT USEd ..........ccoeiiiiieiiiniiiieiieieceeee e 22
2.8 Theory of Microwave AsSISted EXTraction .........c.cccocveiiiiiiiiii et 28
2.8.1 Theory of Solid-Liquid DiffUSION........cccciiciiiiiie et e e e e saeeas 28
2.8.2 Theory of Solid-Liquid Diffusion in Dunaliella Salina and $-carotene Extraction........... 30
2.8.3 Theory of MICIOWAVE ENEIQY ...cc.ooiiiiiieiiecieesieesie ettt ettt ssae e e s 32



2.8.4 Parameters Affecting Microwave EXTraction ............ccocoveeiinieninienenieseeeseee e 34

2.8.5 Applications of Microwave Assisted Extractions (MAE).......ccccoveeiieiiiee v, 37

2.9 Microwave Assisted Extraction of Carotene from Carrot, Carrot Peels and Algae................ 52
Chapter 3: Statement of the Problem..................oooiiiiii e 53
Chapter 4: Experimental Methodology ... 54
4.1 INEFOAUCTION ...ttt et b ettt b e ettt an e bt e sbeene e 54
4.2 Design of EXPeriment (DOE).........oooiiiieiiieiiesie ettt see st ste et sseesae et e snaeenaeensaeens 54
O R B L ] Y T o 1 SRRSO 54
4.2.2 Practical and Careful Experimental Planning ...........ccccoovvviiieicee e 54
4.2.3 Modern ApProach iN DOE...........cooiiiiiiiieeee ettt 55
4.2.4 Types of EXPerimental DESIGNS .....cccuvieiiei ettt te et srae s rre e e eaae e ennaeens 55
4.2.5 Response Surface Design and Steps towards Optimization .............ccoceevereereneeneniienene 55
4.2.6 Detailed Optimization ProCEAUIE ........ccoiiiiiiiiiiiieieeesie ettt 56
4.2.7 Full Factorial Design (2 FACLOITAL)............c.cveviieeeieceeeeeeeeeeeeeeeee et 57
4.2.8 CONEEE POINES ...ttt sttt ettt sttt s be ettt e b e e bt et e eatesbeentesbeennenas 58
4.2.9 AXIAL POINTS. .....oeiiiiiiitieteee ettt ettt sttt b e bt e at e b e e enbeeanenes 58

4.3 SIGNITICANT PAFAMETETS.....cciiiie ettt e et e e te e et e e s teeessteeesaeesnseeesnnneessseeas 59
4.3.1 Selection of the Proper SOIVENL ..........cocviiiie e 59
4.3.2 Extraction Time, Absorbed microwave power, and Temperature ...........ccccceeeveereervennnenn 61
4.3.3 SAMPIe PretreatMeNt .......coocviieiiee ettt e et e e e st e e st e e etae e eeaeesnneeennns 62
4.3.4 SOlA/LIQUI (S/L) RALIO.....cveeuiiiteeierieeie sttt et 62
4.3.5 CONLACT SUITACE ATBA ... .eiuiiiieiieiieeie ettt ettt ettt et s bt et sa e be st e nae e 62
Chapter 5: Experimental ProCedUres ..............ooooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e eeeeeeaees 63
5.1 INEFOAUCTION ...ttt bbbt et b e et b et b e e bt e aeesbe e st e s beenbesbeense e 63
5.2 MALEITAIS USBA ...ttt ettt ettt sbe e naes 63
B EQUIPIMIENT. ...ttt h et sttt ae et at e bt s atesbe e st e bt e bt e ae e b e ent et e eaeenbeenee 63
5.4 EXPErimental PIOCEAUIES ......cc.ooiiiiirieiteeitesteete sttt sttt sttt sttt sttt st saeebesnaenbeenee 65
Chapter 6: Results and DISCUSSION .............oooiiiiiiiiiiiiiecceeeceeceeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e eeseeeeeeeeeaaeees 68
6.1 INEFOTUCTION ...ttt st b e sbe e 68
6.2 PrelimiNary RUNS.......c.viiiiie ettt e et e e s te e e st e e e stae e s teeesataeebaeesnteeesnteeenseeesnseeennns 68
6.2.1 Selection Of Preliminary RUN .........ccooiieiie ettt snee e eneee s 68
6.2.2 Results of Preliminary RUNS ........cccviiiiiieiiee ettt et tae st e e e s e e snneas 70



6.2.3 Analysis of the Results of the Preliminary RUNS ...........ccocoviiiiiieninienieeeecereee 71

B.3 PRESE L ... bbbt 76
6.3.1 PArameters VAlUES ........cocuoiuiiiiiieieneee ettt ettt st eaeas 76
6.3.2 ReSUlts Of Phase | RUNS .........ccoiiiiiiiieiicece s 76
6.3.3 Analysis of the Results 0f Phase | RUNS ............oooiiiiiiii ittt 77

B.4 PRESE Tl ... 85
6.4.1 Parameters’ Values in Phase IL.............ccoocoiiiiiiiiiiii e 85
6.4.2 RESUILS OF PRASE T ...ttt 86
6.4.3 Analysis of the ReSUItS Of Phase I ..........cccviiiiiiiiiieceece e 86

B.5 PRESE T ...ttt h et b et b ettt 88
6.5.1 PArameters’ ValUBS .........c.coiiiiiiiiiiieieee ettt 88
6.5.2 ReSUILS OF PRESE T.....c..oiiiiiiiieee bbb 88
6.5.3 Analysis of the Results 0f Phase T ..........oooiiiiiiiiiiieee e 89

6.6 Analysis of Heating PRENOMENA .......c.ueiicuiieiiee ettt ettt e sbe e e tae e e reeeenes 96
6.6.1 Final Temperature REACHEM ...........coiiiiiiiiiiiiece e 96
6.6.2 Relation between Mixing and Temperature Variation ...........ccccceecvveveenieeniieeneesieeieenenns 97
6.6.3 Relation between Temperature Reached and Temperature Depression...........ccceeuveennee.. 97
6.6.4 Relation between Solvent’s Volume and Concentration and Effervescence...................... 98

Chapter 7: CoNCIUSIONS ..o 100
REFEIENCES ... ettt e e st e st e e s a et e e s et e e e e nreeeesanr e e e e nnee 102



List of Tables

Table (2.1) Molecular formula and structure of Carotenes............cccceeeeereecrrrsneeeeeeereecesssssneeeeessesesssssnnnens 3
Table (2.1) Molecular formula and structure of carotenes, CnNtd.........ccceevrerrrrrrrrrrrrrrrrrrsrsrsssrssssssssssssssnns 4
Table (2.2) Molecular formula and structure of xanthophylls...........ccccorrrriiiiiiririirrrrrrrrrrrcccccrrccrcceeeeee, 4
Table (2.3) Carotene content in many vegetables (PaKiStan)........cccccceeeiicerrrneeeenneniecccsssnneeeeesssecsssnnnenes 6
Table (2.4) Carotenes content in different vegetables (BOSton).........ccccccereriiiiiirrirciicesesessessessessssssssssnnnns 7
Table (2.5) Total carotenoids obtained from algae (mg/g) using different solvents ..........cccccecueennee. 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..........cccccceiiiiiiiircnnneeniiicciisscnnnnens 23
Table (2.7) Different extraction techniques in solid-liquid extraction, cntd........ccccccevvereeerreeeccrrsnnnnens 24
Table (2.7) Different extraction techniques in solid-liquid extraction, cntd.........ccccceeeeerereriirccriecccennn. 25
Table (2.7) Different extraction techniques in solid-liquid extraction, cntd........ccccceevvcmreeerrececcrrsnnnens 26
Table. (2.8) Microwave assisted extraction of polyphenolic compounds...........cccceeeiirmmreniiiicccisicnnnens 38
Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd...........ccccceeeerreeecrrrnennees 39
Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd.........ccccccveriiriceiirinnnnens 40
Table. (2.8) Microwave assisted extraction of polyphenolic compounds, cntd..........cccccveeerreeccirrnennens 41
Table (2.9) Microwave assisted extraction of different antioxidant compounds..........ccccceceereeecrrrennnns 42
Table (2.10) Microwave assisted extraction of different kinds of 0ils........cccceverrrrrrrrirrrrririirirerrerersennnnns 43
Table (2.10) Microwave assisted extraction of different kinds of oils, cntd ..........ccccevvvrereeerreccciirnnnnns 44
Table (2.11) Microwave assisted extraction of different Kinds of acids ......cccvceceerererercnercrcneresnescnnens 45
Table (2.12) Microwave assisted extraction of food grade products ........ccccceeiiiiiiiiiiiiiiiicccccceceeceeeeennnn. 46
Table (2.12) Microwave assisted extraction of food grade products, cntd........cccceeeeeiremreeerrececcrrsnnnens 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 PigmeNnts........ccccvceeiiiiiiiiiiinenniiniiicssesensen 50
Table (2.15) Microwave assisted extraction in recycling........ccccvveeiiiiiiiiiiinennneniinicnnneeneesnnsen 51
Table (2.16) Microwave assisted preparation of adsorbents.........cccccceeeeeirveeeeeeeiieccccrssenreeeeneeeccsssnnneens 51
Table (6.1) Preliminary tests reSUILS......ccccvreeriiiiiiiiiiiinnetitiiiiiisisnnseesssissssssssnsssessssssssssssnssassssssssssssnnnsans 70
Table (6.2) Coded and real values of the investigated parameters in phase |......cccccevvceeeeeereeecircnennens 76
Table (6.3) Factorial design results of Phase |.......cccceiiiiiiiiiinierieniiccceereerrscssssssssesesssssssssnnnneens 76
Table (6.4) Values of the factorial design inserted in JMP in phase | .......cccccceeeeeerecccirsnneeeeeneecccsssnnneene 77
Table (6.5) Statistical analysis of MOdel L......cccciiiiiiimeiiiiiiiirrerr s sssnnsessssessssssnnnnsens 83
Table (6.6) Values selected in Phase ll.........ccuiiieeiciiirreeeiieeiecccrsnneeeeeeeeeessssssnesseeeseeessssssnseseesesesssssnnssnns 85
Table (6.7) RESUILS OF PRASE Il .........cvrreirrririrrrrerrrrssresresesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnnnnns 86
Table (6.8) Calculated and experimental B-carotene yield in phase ll..........ccceeeeeeecciirrcneeeeeeeeecccsssnnneene 86
Table (6.9) Parameters’ Values in Phase ] ........ccccccciireeeeieeniecisissnnneeeeeseecssssnnseeeessesssssssnsseseesssesssssnnnsnes 88
Table (6.10) Results of CCD in Phase lll........cceiieeeiiirriineeeiieiiiccsssnneeeeesssessssssnneesssesssssssssnnsessssssssssssnnnsnns 89
Table (6.11) Statistical analysis of Mmodel ll......... .. s naes 93



List of Figures

Figure (2.1) Different B-Carote@ne iSOMENS.......ccccceerieiieiirrssneeeririiessssssnneenessssssssssnnssesessssssssssnnsesssssssssssnns 5
Figure (2.2) Global Carotenoids market value by product type, 2010/2018 ($ Millions).....c.ccccereruverennen. 9
Figure (2.3) Solubility of B-carotene in mixed solvents decane—CH,Cl,, decane-MEK and decane—MTBE
as @ fuNCtion Of the Vioxic solvent/Vorganic phase sssssssssssssssssssssssssnsssssssssssssssssssssssssssssssssassssssssssssassssssssssssassssses 12
Figure (2.4) Extraction ability (%) of different mixed solvents and decane on Dunaliella salina and

solubility of B-carotene in these SOIVENtS ......cccccveeiiiiiiiiiinieenierr e ss s sssasssssssseas 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, M supercritical extraction, 20 MPa/331.1K..16

Figure (2.6) Effect of time on extraction yield.........cccccovvmmeiiiiiiiiiiinnnnneiniiniieeseessnisssssssssssessssssssssnes 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.............cc.c........ 18
Figure (2.9) Surface plot for the effect of time and temperature on the extraction of B-carotene from
soggy carrots and a-carotene from Orange CarrotS.......ccocviiiininetiiisisneiisssssnessssssssssssssssssssssassssssssassssesse 19
Figure (2.10) B -Carotene and cumulative } -carotene extraction versus time ........ccccceesverriseinssennnnnes 20
Figure (2.11) Different solid-liquid extraction eqUIPMENt..........ccccvvrmeeriiiiiiirirscneeeeeiecesssnnnneeeesseesssnnes 27
Figure (2.12) Solid-liquid extraction MechaniSM..........ccccccceeeiieeiceiirsnneeeeeeeececsssnneeeeeeeeeessssssnnsssesseecssnns 29
Figure (2.13) Processes occurring during solute extraction from a solid particle .........ccccovecmreererreecnnnee 30
Figure (2.14) Electron micrograph of a stressed cell grown in a two-phase system with medium and

Lo Lo Yo 1= or-1 s V- IS 32
Figure (2.15) Effect of an electric field on the ions and molecules of the material..........ccccccverrrrecenneee 33
Figure (2.16) Interaction between the different parameters to be considered in microwave assisted
=31 = Tt o T o N 36
Figure (2.17) Applications Of IMAE...........ccciiimmtiiiiiiiiinnnsneeiiiiiisssiesiiiimsssssstsisesssssessssssssssssns 37
Figure (4.1) Steps towards optimization with the appropriate fitted regression modeis...................... 56
Figure (4.2) Detailed scheme of different steps taken to reach optimization ........cccccecevvveenreniiiiiccnnnnee 57
Figure (4.3) Factorial, center and axial points in case of 22 factorial design .........ccceereeeereeeereereernesnennes 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..........ccccceeiiiiiciirnnnenniiincciisnenneeeennsesssnne 61
Figure (5.1) Start S (Milestone) Milestone Inc.-U.S.A MiCrOWaVve OVEN.........cccceceeeeerrecccrssnnneeeeeseecesnns 64
Figure (5.2) Agilent 1100 Series HPLC........cccocvvmeeiiiiiiiinsssnnnneeninisssssssnssesssssssssssssnsssssssssssssssnssssssssssssssnns 65
Figure (5.3) Solid-Liquid Separation process using Buchner funnel............cccccvvveeeeeeereccerrrsnneeeeeneccesnnne 66
Figure (5.4) Organic phase separation via a separation funnel ..........ccceeeeiiiierirccreeninincccinsnneeeeneeeccnnees 67
Figure (5.5) Brown bottle for sample preservation...........cccccceeeeeecrrseeeeeeeeeecccsssneeeeeeeeecesssssnsessesseecsssnns 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 ......cccciiiiiiiiiiiiiicrrrrreerrrr e e e ee e e e e e e s e e e eeesseseesseenns 71
Figure (6.3) Temperature profiles of rUNS 5 & B.......cccccvrremeeiriiiiicisssnnnreeeesiieessssnnneeseessssssssssnnsesesssssssnns 71

vi


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

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

Figure (6.5) Temperature profiles of rUNS 7-10 .......ccccccerreeeeriericerssssnneeeeesecesssssnseeseesessssssssnssssessssssssnns 73
Figure (6.6) Temperature profiles of runs 6 and 8...........cccceeiiiiiiiiiiicmereeniiiiccnseeneeeenssessssssessesesssesssnns 74
Figure (6.7) B-carotene yield versus heXane USed...........cccceeeeeeeiecirrneeneeeeeeecccsssnneeeeeeeeeesssssnnsssessseessnns 75
Figure (6.8) Hexane recovery versus total NeXane .........ccccceeerieiiiisisnneeeennniscessssnnneesessssssssssnnnsesesssssssnns 75
Figure (6.9) Temperature profiles of runs 1 & 1'......cccccvviemeeiiiiiiiiiissnnnneeiniiscsssssnseesessssssssssnnsesessssssssnns 78
Figure (6.10) Temperature profiles of FUNS 4 & 4’ ..........ueeeeiiieeicciissneeeeeeeeeecesssssnseeeeessessssssssnsesesssessssnns 78
Figure (6.11) Y actual versus Y predicted ........cccccceeeeiicenssnneeeieniicecsssnnneesessssesssssnsssssssssssssssnnsssssssssssssnns 79
Figure (6.12) Y leverage residuals for X1, and X2 ......cccceiiiiiiiiiiiiiiiniiieeiiinienessseessssssssssesesesssssessssssssssssenns 80
Figure (6.13) Y residual versus Y predicted .........cceeeiiceirieeeiiiinicccsssnnnneeeessssessssnssesessssssssssnnssssessssssssnes 80
Figure (6.14) Studentized residuals.........ccciviiimmeiiiiiiiiiiiinnreiiiiissseessssssesssssssssssssssessssssssssssns 81
Figure (6.15) Prediction Profiler.......ccccieicccrrreeeeiinciicccnnneeenesssscssssnneeeseessssesssssnnsesessssssssssnnsessessssssssnns 81
Figure (6.16) Interaction Profiler.........cciciiiiieeeiiiiniiiiiinneeiniiinissssssesiinisssssssssesssisssssssssssssssssssssns 82
Figure (6.17) Surface Plot of the MOdEl L.........eeeeeeiieeiiirreeeeteeeieccccrnenreeeesseeessssnseeseessesssssssnnseeessssssssnns 84
Figure (6.18) Contour plot of Model ........ccceeeiiiiiiiiiinnnnneiiiiieeeeenrrsssssssessssssssssssnssesssssssssssnns 84
Figure (6.19) B-carotene yield versus L/S ratio in phases 1 and Il ........cccccecvererreercreeecreeesseereseereseeeennne 87
Figure (6.20) Y actual versus Y predicted in model ll..........eeeeeeeeeeeiirreeeeeenincccsssnneeeeesseccssssnnseseesseeessnes 89
Figure (6.21) Y leverage residuals for X1, X2, X1X2, X1X1, and X2X2 in model ll..........ccccovcmrerrrrricccnnne 90
Figure (6.22) Y residual versus Y predicted in model ll..........ccceeieeciieeeiiineecccisseneeeeenecccsssssnneeeesseeessnns 91
Figure (6.23) Studentized residuals in model Il ..........cccovmeeiiiiiiiiiiincnreeiiniccceeeeesersssssssssnseeseessessssnns 91
Figure (6.24) Prediction Profiler in model ll..........ccieiiiiiieeeiiieiicccirneeeeeeeeeecccssnsneeeeeeseeeesssssnseseessesssssnns 92
Figure (6.25) Interaction Profiles in model ll..........couiiiimeeiiiiiiiciinenreennsrcccssesnneesessssssssssnnssssessssssssnns 92
Figure (6.26) Surface plot 0f MOdEl ll...........ueueeeeeiiieeiiiirrneeeeteeieeeisssnneeeeeeeeeesssssnseeseesesessssssnssseessssssssnns 94
Figure (6.27) Contour plot of MOdel ll...........eueeeeiiiiiiiirreeeeerinrcccrrnneeeressssssssssssnseseesssssssssnnnsesessssssssnns 95
Figure (6.28) L/S ratio versus B-carotene yield for different Hexane compositions ..........ccceeeveeverrecnnns 96
Figure (6.29) Effect of L/S ratio and hexane composition on the evolution of temperature during

preheating and eXtraction ... e e e s s s e e e s e e e e e s e e e e eeees 98

vii


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

List of Symbols, Abbreviations, and Nomenclature

ANOVA

C

D

Detf

L/S

MAE

PLE

RSM

tan é

UAE

Analysis of Variance

Hexane composition (v/v)

True diffusivity

Effective diffusivity

Permittivity

Permittivity of free space

Dielectric constant

Dielectric loss

Focused microwave assisted soxhlet extraction
Distribution coefficient

Liquid to solid ratio, ml/g

Microwave Assisted Extraction

Pressurized Liquid Extraction

Response Surface Methodology

Dissipation factor

Ultrasound Assisted Extraction

Coded value for L/S ratio

Coded value for hexane composition
[-Carotene yield, mg/100 g peels

Fraction of space available for extracting solvent

Tortuosity factor

viii



Abstract

This thesis presents a detailed study on the microwave assisted extraction of B-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 B-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 pB-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 B-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.



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 B-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 3-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 -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.



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.



