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Among all natural fibers, cellulose has attracted much attention owing to its fascinating properties and
sustainability. On the other hand, graphene is gathering quickly growing interest as the rising star of
nanotechnology with its exceptional characteristics. Therefore, cellulose/conductive polymers/graphene
composites offer a unique combination of environmental benefits and enhanced performance for energy

storage applications, including supercapacitors, which are the most promising energy storage devices.

In the present thesis, conductive polyaniline-coated cellulose fibers hybridized with rGO in different
ratios were fabricated by adopting a series of simple operations including; the extraction of both
cellulose microfibers (CMF) (with a yield = 52.1% and a crystallinity = 77.8%) from Retama Raetam
plant, and cellulose nanowhiskers (CNW) (with a crystallinity = 82.04%) from cotton, the synthesis of
rGO by a sonication-assisted oxidation of graphite, then the in situ polymerization of aniline monomer
in the presence of CMF or CNW, followed by the hybridization of the as-prepared composites with
different ratios of rGO. The as-prepared composites were then characterized and applied as
supercapacitor electrodes and their supercapacitive performance was investigated using different
electrochemical methods. Thus, appreciable specific capacitance values up to 465.32 F g™ were

achieved.

Keywords : Cellulose microfibers, nanowhiskers, graphene, polyaniline, composites, supercapacitors.
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Parmi les fibres naturelles, la cellulose a beaucoup attiré l'attention en raison de ses propriétés
fascinantes et de sa durabilité. D'autre part, le graphene suscite de plus en plus d'intérét en tant qu'étoile
montante de la nanotechnologie avec ses caractéristiques exceptionnelles. Par conséquent, les
composites de cellulose/polymeres conducteurs/graphene offrent une combinaison unique d'avantages
environnementaux et de performances améliorées pour les applications de stockage d'énergie, y
compris les supercondensateurs, qui sont les dispositifs de stockage d'énergie les plus prometteurs.

Dans la presente these, des fibres conductrices de cellulose enrobées par de polyaniline et hybridées
avec de I’oxyde de graphene réduit (rGO) en différentes proportions ont été fabriquées par 1’adoption
d’une série d'opérations simples comprenant ; I'extraction de microfibres de cellulose (CMF) (avec un
rendement = 52,1% et une cristallinit¢ = 77,8%) a partir de la plante Retama Raetam, et de
nanowhiskers de cellulose (CNW) (avec une cristallinité = 82,04%) a partir du coton, puis la synthese
de rGO par ’oxydation du graphite assistée par ultra-sonication, et ensuite la polymerisation in situ du
monomere aniline en présence de CMF ou de CNW, puis I’hybridation des composites préparés avec
différentes proportions de rGO. Ces composites ont ensuite été caracteérisés et appliqués en tant
qu'electrodes de supercondensateur et leur performance supercapacitive a été étudiée a l'aide de
différentes méthodes électrochimiques. Ainsi, des capacités spécifiques appréciables allant jusqu'a
465,32 F g™ ont été atteintes.

Mots-clés: microfibres de cellulose, nanowhiskers, graphene, polyaniline, composites, super-

condensateurs.



| wish to thank first and foremost, ALLAH the all-powerful for endowing me -during all my years of
education- with health, courage and patience to come to this day. Without ALLAH’s blessings, this

achievement would not have been possible.

| would like to express my great appreciation to my thesis advisor Pr. Djamel BECHKI, for his
precise guidance and encouragement. | will never hesitate to express the spirit and inspiration that he
gave me during my work. It will be my great pleasure to tell that I am extremely fortunate to have

worked under his supervision.

My acknowledgments are to be sent to the board of examiners: Pr. Lakhdar SAKHRI, Dr. Brahim
BELADEL, and Pr. Hamza BOUGUETAIA, who have accepted to examine this work.

Also, | would really thank Dr. Messaoud GOUAMID, for his insight, support, and sharing of
knowledge. My sincere thanks also go to Dr. Soufiane BENHAMIDA, Pr. Ladjel SEGNI, Dr.
Mohamed HADJADJ, Pr. Radhouane CHTOUROU, Dr. Khaled CHARRADI, and Dr. Haythem
GAMMOUDI for their co-operation during my project work.

Although, it is difficult to put an appropriate word, still | have a great effort to express my deepest
gratitude from the beneath of my heart to my beloved mother and father and all the members in my

family who inspired and encouraged me constantly to succeed my work.

My special thanks are extended to the staff of the Department of Chemical Engineering and the
Faculty of Applied Sciences at Ouargla University, for their all kinds of help.

Last but not least, | would like to thank all my friends and colleagues who contributed in terms of

discussion and moral support.



TABLE OF CONTENTS ..ot ss s s s s nsnnan s I

LIST OF FIGURES.......co o eeerrcirrsstsisssmsssscsesssssessssssssmsssssmssassss snsmsssssmssassns snsmsesssms sessms snsnnsensmnnssans nsnnnensnns IV
LIST OF TABLES ... oerirrccersssmersssssrs s essssssssssssssmssessmssassss snsmsssssmssassns snsmssessmssesams snsmnssssmnessans ensannensans VI
LIST OF ABBREVIATIONS ......ooioeiicirrscersssmsessssssssmsesssmsessasssssmsssssmsssssss snsmsssssms snsnsssnsasssssmssssanssnsmnnennns VII
1. GENERAL INTRODUCTION ......ciiiiiiciniisismenrisssssssissssmsssesssnsssessssmsssesssnsssesssnmss snsssmsssesssnsss snsssnns sesssnmenss 1
000 T 11 T 1ot T 1
00 I =TT 0 11 [T 3
R TR 2= =T =T o o= 3
2. CELLULOSE FIBERS: AN OVERVIEW ........imiinecsrissscesnsssssssssssssssssssssssssssssssss sesssssssesssnsssssssnnns 5
78 I 130T [T 4T o R 5
p 2 R T -1 To Yot [T0] Fo X Tol < TToT 1 4 - 130N 5
2.3. CellulOSE, AN INSIZRL ......ueeeiiinennnninnnnneenennessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnse 7
2.4. Molecular STructure of CEIIUIOSE .......ciiiiiiiiiimiiiiiiiiiinrrriieerr e sssses s e s s st ssssssesssssssssssssssssssssssssnnnns 7
2.5. Cellulose crystalline POlYMOIPRS..... ..o s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s sssssssssssssssssssssssnns 9
2.6. Sources and extraction Of CellUlOSE fIDErS .........ciiiiiiiiiiiiiiiiiii e 9
2.7. NANOCEIUIOSE ...cceeiiiiiiiiinnnnniiiiiiisiinnteriiiiiisssasneessssssssssassses s s sssssssssssssssssssssssssssssssessssssssssssssssssssssssnsesssssssssssnssssssssssssss 11
R A N V7 o T=X [ 0o I o] o oY= 13 11
0 A S T T 1 =Y 1o 8 .41 =1 o Yo £ 12
D A T - T Tl 1 [0 Lo XYl o o] or= o o L3R 13
R TR 3 1= = =T o= N 15
3. GRAPHENE AND ITS PROPERTIES ....coiiicctiitmmnenmmssnnmsssnnmssssmsssssmsssssssssssssssssssssssssasssssasssssss snsanssssanes 18
20 I 130T [T 3T o N 18
3.2, GraPRENE SLIUCLUIE......cuueeeeeeeneennnnnnnnnnnnnnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnee 19
3.3. GrapPRENE PrOPEITIES......cuueeeeeernnnnnnnnnnnnnnnnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssee 20
3.3, ElECHrONIC PrOPEItiES. ..o c e 20
3.3.2. MeChanical PrOPerties ...ccccc e, 21
3.3.3. ThermMal ProPeItiES ..o, 22
3.3.4. Optical PrOPErtiES...cccc e, 23
3.4. Graphene SYNTRESIS.......uuueeeeeeeeeeennnnnnesnnnsnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne 23
I 0 B V1Tl Yo ToF | I =3 o] 1= o o PP PPPTTRRR 24
3.4.2. Liquid-phase exfoliation ..., 25
3.4.3. Electrochemical @XFOlIation ......iii i e s e e e s e e e e e e s s a bbb ra e e e e e s s nnanbaaees 26
3.4.4. Graphene via reduction of graphene oXide..........cccoo i, 27
3.4.5. Chemical vapor deposition..........cooi i 28
I S @1 o 1= ol 0 YT o Yo [ PP UPPTPPRT 30
TR T 3 =T = =T o =P RRNN 30
4. SUPERCAPACITORS AND THEIR ELECTRODE MATERIALS......cccocinnsesnisesnsssssssssnes 35
4.1, BACKEBIOUNM ... e s e s eece e s s s s e s e s s e s s s s s s s s s s s s s s s s s s e s e e s e s s s s e e s s s s s e s s e s s s e s s e e e e s e e e e e e s e e e s aaaaaaaaaaaaasasaaasasaasssssssassssssssssnssnas 35
4.2. Brief history and basic PrinCiples..... .. r s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e e s e s e e s s e s e s s e s s e s s s s s s s nnnaan 36

‘ Table of Contents



4.3. Supercapacitors ClasSifiCation ..........cciiiiiiiiiiiniinnri s s s as e s s s aae s s e sanees 37

4.3.1. Electrochemical double-layer capacitors (EDLCS) ........cccuiuueieariieeeiiieee ettt e ettt e e s sibte e e st e e s sbbeeessabeeeesbbeeessabeeeas 37
4.3.1.1. Electrode materials for EDLCs 39
4.3.2. PSEUUOCAPACITONS. ...teteeeeieeiititteeeeeeeieit ettt e e e e e aaatt ettt eeeeaaaanbea e et eeeeaannbbe e e e eeeeaanns bbbt e e aeessaannbbbeeeeesssaannbbneeeaeesssannns 39
4.3.2.1. Common pseudocapacitive materials 40
4.3.3. HYDIid SUPEICAPACITIONS «.eeiiiieiiiteeee ettt ettt e e e e ettt et e e e e e s bbbttt e e e e s s aab bbbt e e eeessaaanbbbeeeeeessaannbbneeeaesssannnes 44
4.4. Electrochemical characterization teChNIQUES .....cccciiiiiiiiiiiiiiiiiiiiirsssssssssssssssssssssssssssssssssssssssssas 45
4.5. SUPercapacitors aPPliCatioNS. . ..ciiiiiiiiiiiiiiirirrrrrrrrrrrrr s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ssssssssssssssssssssssssssssssssans 47
L =T =T =T o= 48
5. EXTRACTION AND CHARACTERIZATION OF CELLULOSE MICROFIBERS FROM RETAMA
RAETAM STEMS ... iiiiiiiiiiismnnisssmsss s ss s sesssmss s esssmss s e samss e ssmss s sassnmss e nmsssesssnmssesssnnes sesssnnsnssssnnnsnnssn 52
LR B 130T [T 3T o N 52
5.2. Materials and MEthods ..........ccoiiimiiiiiiiiiiiiiiniiinrr s ssaass s s s e s s s s sssns s e s s s s s s sannn e e s sessssssenns 53
I B (VY LT | [PPSO PPPTPP PP 53
5.2.2. Preparation Of SAMIPIES ........ ittt e e e ettt e e e e s e bbb r et e e e e s e br e e e e e e s e e bbbt e e e e e e e annrrrees 54
I B V[ Tol o] {1 o T=Y g3 =Tt o] o RO PSP P PP PPPTPPPPP 54
5.2.4. Fourier transform infrared SpeCtroSCOPY ...cceiiiiiiii i 55
5.2.5. X-ray Diffraction (XRD) ANalYSiS.....ccccuurreeeeeeiiiiiiiieeeeeeeeieittreeeeeeesssitstsaeeeeeessaestraeeeeesssaasstssaeeeesssansssreseaesssanssrrenes 55
5.2.6. Morphological SErUCTUIE ...ccce e, 55
5.2.7. ThermogravimetriC analySis (TGA)......uuuueeieeiiiiiiireeeeeeeeieitiree e e e e e s ssettrreeeeeessaearraeeeeeessaasstraeeaaeessaanssreesaeeesansssrrenes 55
5.3. ReSUILS aNd diSCUSSION.....cciiiiiiiiiiinniiiiiiiiiiiinneneitisisssssneee s sessssssassses s s essssssassse s s sssssssssnssssssssssssssssnsesssssssssssnssesssssssssssnns 56
5.3.1. Extraction method and cellulose yield............ooo i, 56
5.3.2. FT-IR SPECLrOSCOPIC @NAIYSIS c.eiieiiieieeei e 56
5.3.3. X-ray Diffraction MeasUIrE€mMENTS........cccciiiii i 58
5.3.4. Morphological properties of chemically purified cellulose microfibers..........ccccccovvviiiiiiie 60
5.3.5. Thermal stability ..., 62
0 S 00T 3 T 11T o N 63
LR TR 2 =T = =T =N 64
6. PREPARATION AND CHARACTERIZATION OF CELLULOSE NANOWHISKERS FROM PURE
10 0 68
R0 I 130T [T 3T o N 68
6.2. Materials and MEthOds ..........ccoiiemiiiiiiiiiinrrr s ssssse s s s ssssssssesssssssssssssssesssssssssssnsssssssssssssnnns 69
(S 2 B VY LT S - [P U PP OPPPTTP PP 69
6.2.2. Preparation of cellulose nanowhiskers (CNW) ..o, 69
6.2.3. Characterization MELNOUS .......ciiiiiiiiie et e e e s s bbb e et e e e e s saabbbaeeeeesssanabbbaaeeeeessananrennes 69
6.3. RESUILS aNd dISCUSSION.....ceiiiiiiiiiiinniiiiiiiiiiisnntttiiiieisssanseeeiiesssssssssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssnsessssssssssssnns 69
6.3.1. Diffraction @analysis ......ccoe i, 69
6.3.2. Morphological @nalysis ..........cooiiiiiiiii e, 70
6.4, CONCIUSION....uuueiiiiiiiiiiiiintettiiiisisisasseettisessssssseesssessssssnssesssssssssssssesssssssssssssssssssssssssssssssssssssssssssssesssssssssssssesssssssssssnnes 71
6.5, REFEIENCES ...uueeeeeiiiiiiiiiinnittiiiiiisssnnneeetssssssssannse s et ssessssannseesssessssssnnsesssssssssssssssesssessssssssnssessesssssssssnsesssssssssssnnsesssssssssne 71
7. SYNTHESIS OF REDUCED GRAPHENE OXIDE (RGO)...ccccusmsmssemssnsserssnssessssssassssssasssssssssssssasssnssans 73
78 T 130T [T 3T o RPN 73
7.2. Materials and Methods ..........cicieeiiiiiiiiieeeriiererr e esee s ss s ssssnse s s sssssssssnssessssssssssssnssesssssssssssnsessssssssssssnns 74
2 2 B VL LT - L PP PPPTPP PR 74
7.2.2. Synthesis of reduced graphene oxide (rGO)...........coooiiiiiiiii i, 74

= ‘ Table of Contents



7.2.3. Characterization METNOGS .. ......ooviiiieee e ettt e e e e e et bt e e e e e s e bbb s eeeeseeabb s eeeeseesraans 75

7.3. ReSUILS aNd dISCUSSION....cceeiiiiiieiireneeriiiiisiisenneeetisiesssnnnesessssessssnnsesesssssssssnnsesssssssssssnnssesssssssssssnnsesssssssssssnsessssssssssnnns 75
7.3.1. RaMAN SPECIIOSCOPY ..o eiiiiiiiiiiiieei ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeas 75
7.3.2. X-ray diffraction @NalySiS ....cce uuiiieiiee ettt ettt ettt ettt e e be e e e a bt e e e s bbe e e e eabae e e s bbeeeesbaeeeeas 76

7 S 0o 3T 11 o T N 77

728 T 10 =T =T ol N 77

8. SYNTHESIS AND CHARACTERIZATION OF CELLULOSE/POLYANILINE/RGO COMPOSITES

....................................................................................................................................................................... 79

= 0 1 o T LT 1 o o N 79

£ 0V 1 2=T 4 =1 E3 T o N 44 =1 o o T N 80
A B (VY LT S| [P PP PSP PPPTPP PP 80
8.2.2. Preparation of CMF/PANI and CNW/PANI COMPOSITES.......ccccveieeiiiieieiiiieeeiitreeeeeiteeeesetreeeestreeesssseeesssseeesssseeesns 80
8.2.3. CMF/PANI/rGO COMPOSItES Pr@PAIatiON .....cccvviieeiiieieeiieeeeeitieeeeeteeeeeetteeeesitreeeesabeeeeseabaeeeeitbeeesssbaeeesssbeeeesnsseeeens 80
8.2.4. CNW/PANI/rGO COMPOSITES PrEParatioN......ccuveieeiiireeeeiieeeeiitieeeeeiteeeeeetteeeesitreeeesbereesasteeeesstseeesssaeeesssesessssseeennns 81
8.2.5. Characterization MELNOGS .......cciii it e e e st e et e e e s s sab e et e e e e s s ssabbbeeeeeeessenanrrnnes 81

L0 TR 1= ] 1 T T o Yol U] o N 81
8.3, L. SYNENESIS PrOCESS. ..o 81
8.3.2. Structural and Morphological analysis...........ccoiiiiiiii i, 82

=8 0o T ol 113 T N 86

8T =] =1 /=T 3T TN 87

9. PREPARATION OF SUPERCAPACITOR ELECTRODES AND THEIR ELECTROCHEMICAL

CHARACTERIZATION c.uuttiiitiissssisssssissssmsssssmsssssesssssssssssssssssssssssssssssssss assss asssssssss ssssss sasasssssasssssns sasanssssanes 89

L= 0 1 o T T 1 o o N 89

9.2, EXPerimental details ....cccciiiiiiiiiiiiiiiiiicinccrrrrrrr s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s sssseeeeseessesnaas 920
N B (VY LT | [P P P PPPPPTTP PP 90
9.2.2. Preparation of supercapacitor electrodes.........cocov i, 90
9.2.3. Electrochemical characterization teChNIQUES..........ccooi i, 90

9.3. ReSUItS aNd diSCUSSION.....uuuueiiiiiiiiiiiinniiiiiiiiiiisnneertiiissssssteerrrsssssssssssesssssssssssssssssssssssssssssssssssssssssnsssssssssssssssnsssssssssss 91
9.3.1. Cyclic VORAMMELTY .o, 91
9.3.2. GalvanostatiC Charge/diSCRAIZE .......veicecuviee ettt e et e et e e e et e e e setbe e e e sbbeeesebaeeeeenteeeestreeeens 93
9.3.3. Electrochemical impedance SPECLrOSCOPY (EIS) ..uvveeiiiiiiiiiiiieiee e e ettt e e e e esetiree e e e e e e s ebrbaereeeeesesanbraeeeeeeesennnrennes 98

L2 0o T ol 113 T N 99

L2 TR T =] =T =T 3T T 100

10. CONCLUSIONS AND PROSPECTS ....oitiiiiiimnisnnnmssesissesisssssmssesmsssssissasssssasssssss ssssnssssasssssns snsanssssans 103

‘ Table of Contents



Figure 2.1: Structure of lignocellulosic biomass containing cellulose, hemicellulose, and lignin. ........................ 7

Figure 2.2: The structure and the inter- and intra-chain hydrogen bonding in cellulose I. ....................cc. 8
Figure 2.3: Transformation of cellulose into its different polymorphs..........ccccc 9
Figure 2.4: TEM micrographs of CNCs (a), CNFs (b), and SEM micrograph of BC (C). ....cceevvecuvrireeeeeeiiicciiiireeenen, 11
Figure 3.1: Graphene is the basic building block for all graphitic materials [7]. ..o, 19
Figure 3.2: (a) Graphene hexagonal structure [15], (b) Schematic of the o bonds and the p orbitals [16]. ......... 19

Figure 3.3: Electronic band structure of graphene: (a) the conduction band touches valence band at the K and
K’ points, and (b) linear band dispersion relation near the Dirac points showing gapless features, and (c)

electronic properties of graphene depend on the l[ayer NUMbBET . ....... .. i 21
Figure 3.4: Schematic of the optothermal Raman measurement technique [41].........ccccciiii, 22
Figure 3.5: (a) An assembled graphene/PET touch panel [31], (b) white light transmittance through mono and

o] XYY ={ =T o] a LT L= I 2 R PP PPPPPPRt 23
Figure 3.6: Schematic representation of micro-mechanical cleavage of graphite........................l. 25

Figure 3.7: Schematic of an electrochemical cell used for graphite exfoliation (a) [59], and proposed
mechanisms for graphite exfoliation in LiClO4/PC electrolyte (b) [60], and in NaOH/H,0,/H,0 electrolyte (c)... 26
Figure 3.8: Schematic illustration of the preparation of reduced graphene oxide (rGO) from graphite ............. 28
Figure 3.9: Diagram of the graphene growth mechanism by CVD method, transport and reaction processes ... 29
Figure 3.10: (a) lllustration of several techniques for CNTs unzipping [83], and (b) typical steps of graphene

epitaxial Growth 0N an SiC SUBSTIAte. ......uuuuuiiiiii s 30
Figure 4.1: Schematic of the Leyden jar [7]. ..o 36
Figure 4.2: The electrical double layer models, (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern
(070 o [<] TN 1721 PR RRRR 38
Figure 4.3: Charging schematic of EDL capacitor [22]......cccoiiiiiiiiiiii i, 39
Figure 4.4: Schematic of charge storage via pseudocapacitance [27]. .....ccccciiiiiiii 40
Figure 4.5: Chemical structures of main conducting polymers (CPs) used in supercapacitors............................ 42
Figure 4.6: Reversible doping/dedoping of polyaniling. ............ooooiiiiiiiiiiiie e 44
Figure 4.7: Application fields of sUPErcapacitors.........ccccce i 47
Figure 4.8: Schematic illustration of wayside regenerative braking energy storage system (ESS) for subway
LU 1 ST X IR 48
Figure 5.1: Photograph of the Retamaraetam plant...........ccc i 53
Figure 5.2: FT-IR spectra of (a) untreated sample, (b) alkali treated sample, and (c) bleached cellulose
(0011 o] 1 o T=] SRR 57
Figure 5.3: XRD diffractogram of extracted R. raetam cellulose microfibers....................ccl 59
Figure 5.4: SEM images of extracted R. raetam cellulose microfibers. .................cccc 60
Figure 5.5: TGA (a) and DTG (b) curves of the untreated sample and the bleached cellulose microfibers.......... 62

< ‘ List of Figures



Figure 6.1: XRD data of pure cotton and hydrolyzed cellulose nanowhiskers (CNW). .........cccovveveeiiiiicciiieennennn. 70

Figure 6.2: SEM micrographs of single cotton fiber (a) and hydrolyzed CNW (b, €)...coeeeveiiiiiiiiiiieeiiiieeeee, 71
Figure 7.1: Raman spectra of pristine graphite and reduced graphene oxide (rGO). ........cccccvvreeeeeiiicccinereeeennn. 76
Figure 7.2: XRD of pristine graphite and reduced graphene oxide (rGO). ........cccccuurrrrreeeiiicciiiieeee e eciireeea e 76
Figure 8.1: Representative schematic of the composites preparation process. ........cccccevviiiiiiiiii, 82
Figure 8.2: XRD data of (a) CMF, CMF/PANI and CMFPGs composites, (b) CNW, CNW/PANI and CNWPGs
Tolo]010] o Jo 11 (=L TS PP PPPPPPPORRRPPPPPPPPR 83
Figure 8.3: Raman spectra of (a) CMF, CMF/PANI and CMFPGs composites, (b) CNW, CNW/PANI and CNWPGs
Tolo]010] oJo 11 (=TT U PP PPPPPPPORRPPPPPPRRR 84
Figure 8.4: SEM micrographs of CMF (a), CMF/PANI (b), CMFPG10 (c), CNW (d), CNW/PANI (e), and CNWPG10
(B )ttt ettt ettt e ettt e e s et e e e et b et e e e a bt et e e e bt e ee e aabaeeeeaabae e e e e b beee s e abeeeeeanbreeeeanreeeeennreeeeennrres 86
Figure 9.1: (a) CV curves of bare Pt, CMF/PANI, CMFPG10, and CMFPG20 at 50 mV s, (b) Normalized
integrated CV areas (%). (c) CV curves of CMFPG10 at different scan rates. ........ccccvvvveeeeeeeeiicciiiieeeee e, 92
Figure 9.2: (a) CV curves of bare GC, CNW/PANI, CNWPG10, CNWPG20 and CNWPG40 at 100 mV s™. (b)
Normalized integrated CV areas (%). (c) CV curves of CNWPG10 at different scan rates. .......ccccceceeeevecrrveeennnnn. 93

Figure 9.3: (a) GCD profiles of CMF/PANI, CMFPG10, and CMFPG20 at a current density of 1 A g™. (b) GCD
profiles of CMFPG10 at different current densities. (c) Cs of CMFPG10 as a function of various current

o 1] oI 1 A =TT PP PP PPUPPPPPPPRN 94
Figure 9.4: (a) GCD profiles of CNW/PANI, CNWPG10, CNWPG20 and CNWPG40 at a current density of 1A g™.
(b) GCD profiles of CNWPG10 at different current densities. (c) Cs of CNWPG10 as a function of various

ol 0[] e 1= oI A =T PSP PTPPPPPRN 95
Figure 9.5: The impedance data of CNW/PANI and CNWPGs composite electrodes. ........ccccovvreeeeveeeeenveeeeennnne 99

< ‘ List of Figures



Table 2.1: Chemical composition of some typical cellulose-containing natural sources [15].....cccceeeeeirivviinnnnnnn.. 10

Table 5.1: The main observed IR bands and their assignments. .........ccccciiiiiii, 58
Table 5.2: Comparison of the crystallinity indices of cellulose microfibers from various sources.........c....c........ 59
Table 5.3: Comparison of the diameters of cellulose microfibers extracted from various sources by different

EXEFACHION METNOMS. ....eiiiiiiiiee e e e ettt e e e e s sttt e e e e e e s esaabbbaeeeeeesssannrbaaaeeeeessnsnass 61
Table 5.4: DTG and char yields of cellulose microfibers from different sources............ccccccii, 63
Table 7.1: Intensity ratios Ip/Is for pristine graphite and rGO.........cccueeeiiiiiiei ittt 76
Table 8.1: The main observed Raman bands and their assignments............ccccccii 85

Table 9.1: Comparison of the performance of PANI-based graphene composites in supercapacitor electrodes

At @ CUITENT AENSIEY OF 1A 8™ .ottt ettt ettt ettt et et et e s e e et eae e et eses s et ese s et eaeneeteseanasenas 97

=, ‘ List of Tables



APS
BC

CE
CFG
CMF
CMFPGs
CMOS
CNC
CNF
CNTs
CNW
CNWPGs
CPE
CPs
Crl

Csp

CVv
CVvD
DMF
DMSO
DNA
DP

EB
EDLCs
EIS

ES
ESR
ESS

Ammonium persulphate

Bacterial cellulose

Counter electrode

Carboxyl-functionalized graphene

Cellulose microfibers

Cellulose microfibers/polyaniline/reduced graphene oxide composites
Complementary metal-oxide-semiconductor
Cellulose nanocrystals

Cellulose nanofibers

Carbon nanotubes

Cellulose nanowhiskers

Cellulose nanowhiskers/polyaniline/reduced graphene oxide composites
Constant phase element

Conducting polymers

Crystallinity index

Specific capacitance

Cyclic voltammetry

Chemical vapor deposition
N,N-dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic acid

Degree of polymerization

Emeraldine base

Electrochemical double-layer capacitors
Electrochemical impedance spectroscopy
Emeraldine salt

Equivalent series resistance

Energy storage system

S, ‘ List of Abbreviations



FETs
FT-IR
GC
GCD
GICs
GNRs
GNS
GO
HEVs
HOPG
HSCs
IHP
LB
LCDs
LEDs
LPE
LS
MFC
NCC
NEC
NEMs
NFC
NHE
NMP
OCP
OFGs
OHP
OLEDs
PANI
PANI-HS
PC
PC

Field effect transistors

Fourier transform infrared spectroscopy

Glassy carbon

Galvanostatic charging/discharging
Graphite intercalated compounds
Graphene nanoribbons

Graphene nanosheets

Graphene oxide

Hybrid-electric vehicles

Highly oriented pyrolytic graphite
Hybrid supercapacitors

Inner Helmholtz plane
Leucoemeraldine base

Liquid crystal displays

Light emitting diodes
Liquid-phase exfoliation
Leucoemeraldine salt
Microfibrillated cellulose
Nanocrystalline cellulose

Nippon electric company
Nanoelectromechanical systems
Nanofibrillated cellulose

Normal hydrogen electrode
N-methylpyrrolidone
Open-circuit potential
Oxygen-containing functional groups
Outer Helmholtz plane

Organic light emitting diodes
Polyaniline

Polyaniline hollow spheres
Propylene carbonate

Propylene carbonate

s ‘ List of Abbreviations



PE Polyethylene

PECVD Plasma-enhanced chemical vapor deposition
PEDOT Poly-[3,4-ethylenedioxythiophene]
PET Polyethylene terephthalate
PNB Pernigraniline base

PNS Pernigraniline salt

PP Polypropylene

PPy Polypyrrole

PTh Polythiophene

PVA Polyvinyl alcohol

RE Reference electrode

rGo Reduced graphene oxide

SCE Saturated calomel electrode
SEI Solid/electrolyte interface
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
SOHIO Standard oil company of Ohio
SSA Specific surface area

TCFs Transparent conductive films
TGA Thermogravimetric analysis
UDP) Uridine diphosphate

UPS Uninterruptible power supply
WE Working electrode

XRD X-ray Diffraction

X ‘ List of Abbreviations



General Introduction

1.1. Introduction

Over the last few decades, The use of natural fibers instead of synthetic fibers as reinforcement
materials for polymer composites has gained considerable attention because of their unique
characteristics, such as renewability, biodegradability, processing flexibility, low density, high specific
strength and low-cost [1, 2]. In addition, natural fibers have applications in various fields such as
bioenergy industries, automobiles, paper manufacturing and textile, owing to their properties and broad
availability [1, 3]. As a result, nowadays, the subject of many researchers worldwide focuses on the
need to find alternative fiber sources [4]. Among all natural fibers, cellulose has attracted much interest
as it is the most abundant renewable resource in nature and the degradation of cellulosic biomass is an
important part of the biosphere’s carbon cycle [5]. It is a polydispersed linear polymer with a fibrillar
structure composed of poly-p (1->4)-D-glucose units with a syndiotactic configuration [6, 7], found in
the cell walls as a network of nanofibrils embedded in a non-cellulosic matrix [8]. Cellulose is,
currently, the most promising feedstock for various industrial and domestic life applications owing to
its interesting properties [9]. These interesting properties include its robust mechanical strength, its
high functionality as well as the porous canals feature in natural cellulose fibers, which work as an
additional ion diffusion route for the charge/discharge processes, has opened the gate for cellulose to be

applied in energy storage cells fabrication [10].
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Graphene, the rising star of nanotechnology, is a flat monolayer of carbon atoms packed into a
two-dimensional (2D) hexagonal lattice, firstly isolated in 2004 and came into the limelight of material
science in 2010 through the announcement of Noble Prize in Physics [11]. Graphene is a hot topic in
the circles of science and engineering, being an alternative to replace many traditional materials for
different applications and gathering quickly growing research interest because of its tremendous
mechanical performance, distinctive optical properties, and exceptional electrical and thermal
conductivities [12, 13]. Various methods are being developed for producing graphene based on both
bottom-up and top-down approaches, some of these methods are currently scalable and others still on
the laboratory scale [12, 14].

Furthermore, conductive polymers/cellulose composites are recently becoming a trend in
composites research because of their good properties as compared to their conventional counterparts
that had already found applications in, for instance, adsorbents, sensors, batteries, and supercapacitors.
Moreover, Polyaniline (PANI) is one of the most used conductive polymers, especially for
supercapacitor electrodes, due to its controllable electrical conductivity and doping/dedoping chemistry
as well as facile synthesis and low-cost [15]. In this context, chemical polymerization of PANi on
cellulose fibers has recently been used for synthesizing conductive composite films and similar
materials; for instance, Stejskal et al. [16] reported the in-situ coating of cellulose paper with PANI as a
flame-retardant to prevent the complete destruction of the paper during burning. Via in-situ
polymerization of aniline on bacterial cellulose (BC), Mashkour et al. [17] fabricated BC/PANI
nanobiocomposites used as bio-anodes in microbial fuel cells. Avelar Dutra and co-authors [18] used
PANI-deposited cellulose fiber composite as an adsorbent for the removal of meloxicam from aqueous
media. Wang et al. [19] reported the synthesis of BC nanofiber-supported PANI nanocomposites with
flake-shaped morphology as supercapacitor electrodes. Moreover, Xu and co-workers [20] constructed
highly cycling stable electrode materials for supercapacitors via in situ synthesis of PANI on cellulose

matrix by using phytic acid as a “bridge”.

In addition, graphene has recently been used to enhance the capacitive performance of PANI,
based on the fact that PANI is a well enough electron donor and graphene is a good electron acceptor.
The electrical conductivity, the charge transfer properties, and the specific capacitance of

graphene/PANi composites are significantly improved compared to pure PANI [21, 22].
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In the present thesis, ternary cellulose/PANI/rGO composites are fabricated by adopting a series
of steps based on a combined methodology of in-situ chemical polymerization and solution mixing.
The advantages of PANI, the outstanding properties of rGO, and worthy physical properties of
cellulose along with its biocompatibility and biodegradability, will be fully combined to promote
supercapacitor electrodes performance.

1.2. Thesis Outline

The present work is part of the development research of composite materials based on graphene
and fibers for the storage of electrical energy.

The thesis is divided into two parts; (I) a descriptive theoretical part: to give a theoretical
underpinning to our research object through a comprehensive review on the materials involved in this
research, namely, cellulose fibers, graphene, as well as PANI, in addition to a thorough overview on
supercapacitors, their types, electrode materials, characterization methods, and their applications. (I1)
an experimental practical part: which involves the extraction of cellulose microfibers (CMF) and
cellulose nanowhiskers (CNW) from selected sources, the synthesis of reduced graphene oxide (rGO)
by a sonication-assisted oxidation of graphite, and then the preparation of cellulose/PANI/rGO
composites. These composite materials reinforced with cellulose fibers are then characterized and
applied as supercapacitor electrodes and their electrochemical behavior is studied by different
electrochemical methods. The results obtained are discussed, commented and compared with available

data from the literature and conclusions are drawn.
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2.1. Introduction

“Back to nature” is the mantra of the modern world. The current worldwide trend is toward
developing new products made from renewable and sustainable resources that are biodegradable, non-
petroleum based, and have low environmental, animal/human health and safety risks [1, 2]. in this
context, lignocellulosic biomass is the most abundant feedstock on earth and is one of the promising
renewable and sustainable resources [3]. Lignocellulosic biomass consists of three major structural
biopolymers, namely cellulose, hemicellulose, and lignin. Of these, cellulose is the most promising
feedstock owing to its applications in various industries [1]. It has a fibrous structure consisting of
insoluble bundles of linear D-glucose polymers held together by interchain hydrogen bonding and van
der Waals interactions. Cellulose fibers are extracted from different sources; the fibers properties
depend on their origin and the extraction methods used as well. For many centuries, cellulose has
served humanity in a wide variety of applications, from crude building resources to feedstock for

advanced synthetic materials [4].

This section aims to provide the reader with a comprehensive overview of cellulose and
nanocellulose including, cellulose raw materials and extraction methods, structural features,

morphologies, physicochemical properties and applications.

2.2. Lignocellulosic biomass

Lignocellulosic biomass refers to any material derived from living or once living material

comprising lignin, cellulose and hemicellulose, including all plants and plant derived materials, i.e.,

~5~
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agricultural crops and trees, wood and wood residues, municipal residues, and other residue materials.
It is the largest amount of sustainable carbon material group and the most promising feedstock for the
sustainable production of biochemical, bioethanol, and biofuels [5]. In particular, lignocellulosic
biomass is a source of natural fibers that can replace petroleum-based polymers because of its
exceptional ecological properties. In addition, biomass wastes, such as agricultural wastes and forest
residues, have a high potential for reuse as fuel or feedstock for the production of high value-added

materials without competition with human and animal food chains [6].

The cell wall of land plants forms an organic complex composite material that fulfills various
functions. It is characterized by a framework of polysaccharides (see Figure 2.1), specifically
crystalline cellulose nanofibrils embedded in an amorphous matrix containing hemicellulose,
polyphenolic material (lignin), pectin, and proteins. However, the content ratio of these components
varies due to the difference in species, types, and sources of lignocellulosic biomass [6-8]. Cellulose is
the major constituent of the cell walls of plants, its structure, morphology and applications will be
further discussed in this chapter. Hemicellulose is the second predominant component in a
lignocellulosic biomass. It is an amorphous branched heteropolymer of pentoses (C5 carbohydrates),
hexoses (C6 carbohydrates), and sugar acids; the ratio of which depends on the type of biomass.
Hemicellulose serves as an interfacial coupling agent between highly polar cellulose and less polar
lignin matrix [6, 9]. Hemicellulose common types are xylans, which are abundantly present in
hardwood and glucomannans, which are mostly found in softwood [6]. In recent years, applications of
hemicellulose have been widely investigated, particularly in the manufacturing of food additives,
emulsifiers, plastic films for the protection and foods or superabsorbent hydrogels [10]. However,
application of hemicelluloses in area such as packaging and biomedicine still holds considerable
promise for the future [11]. Lignin represents about 10-25 wt.% of dry lignocellulosic biomass, it binds
together the different components of the cell wall, and confers a rigid, impermeable, resistance to
microbial attack and oxidative stress. Lignin is an amorphous heteropolymer network of phenyl
propane units (p-coumaryl, coniferyl and sinapyl alcohol) held together by different linkages [6, 12].
Recently, there has been a vast growing enthusiasm for developing novel lignin—based derivatives for
practical applications in many fields such as adsorbents, flocculants, adhesives, anti-oxidants, energy

storing films, and vehicles for drug delivery and gene therapy [13].
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Figure 2.1: Structure of lignocellulosic biomass containing cellulose, hemicellulose, and lignin. [14]

2.3. Cellulose, an insight

Cellulose is the most abundant, renewable polymer resource on the planet. It has been estimated
that about 10''-10" tons are synthesized annually by photosynthesis in a rather pure form, i.e., in the
seed hairs of the cotton plant, but mostly is combined with lignin and hemicelluloses in the cell walls of
woody plants [15]. It is certainly one of the most important structural elements in plants and other
living species. Its existence as the common material of plant cell walls was first investigated by
Braconnot in 1819 [16] and Payen in 1838 [17]. In 1839, the resulting carbohydrate was named
“cellulose” in a report of the French Academy, which evaluated Payen's work [18]. Cellulose has been
used for centuries in highly diverse applications, mainly in the form of intact wood and textile fibers
such as cotton or flax, or in the form of paper and board. Moreover, cellulose is a versatile starting
material for chemical conversions, aiming at the production of artificial, cellulose derivatives used in
many areas of industry and domestic life such as food, printing, cosmetic, oil well drilling, textile,
pharmaceutical and biomedical applications [1, 19]. In addition to the empirical knowledge acquired
over thousands of years on dyeing cellulose fibers and biodegradation of cellulose by rotting ...etc.,
cellulose and its derivatives have been widely studied recently, with the focus on their biological,

chemical, and mechanical properties [20, 21].

2.4. Molecular Structure of cellulose

Understanding molecular structure of cellulose is important to explain its characteristic
properties, such as hydrophilicity, biodegradability and high functionality [20]. Figure 2.2 illustrates

the structure and the inter- and intra-chain hydrogen bonding pattern in cellulose I.
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Cellulose is a linear polysaccharide composed of B(1-4)-linked D-glucopyranose ring units in
the *C1-chair conformation, which exhibits the lowest energy conformation. In contrast to the a(1-4)
linkage as occurs in starch, The f(1-4) linkage between glucose units, gives cellulose unique structural
features. The successive glucose units are rotated by 180° relative to each other to form a disaccharide
“cellobiose” with a length of 1.3 nm, which is the structural repetitive unit of the cellulose chain.
Uridine diphosphate (UDP) glucose is the direct precursor for cellulose biosynthesis. Each
anhydroglucose ring within the cellulose chain has three reactive hydroxyl groups; a primary group at
C6, and two secondary groups at C2 and C3 positioned in the plane of the ring [20, 22, 23].
Furthermore, cellulose has several hydrogen bonding systems, which have a significant impact on its
properties; for example, the limited solubility in most solvents, the reactivity of the —OH groups, as
well as the cellulose crystallinity are due to the strong hydrogen bonding systems. The intramolecular
hydrogen bonds, together with the B-glycosidic covalent linkage, are responsible for the rigidity or
stiffness of the cellulose polymer. While, intermolecular hydrogen bonding is responsible for the strong

interaction between cellulose chains [22].

Non-reducing end
Glucose 7 Reducing end

OH

Chain polymerization Cellobiose

Figure 2.2: The structure and the inter- and intra-chain hydrogen bonding in cellulose 1. [23]

As is typical for a polymer formed by “polycondensation”, two different ending groups are found in
each cellulose chain edge; a non-reducing group is present where a closed ring structure is found. A
reducing group with both an aliphatic structure and a carbonyl group is found at the other end of the
chains. The cellulose chain is thus a polarized molecule. New glucose units are added at the non-

reducing end allowing chain elongation [22-24]. The average number of repeated glucose units in each
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chain, which is known as “the degree of polymerization (DP)”, significantly varies with the origin and
treatment of the raw material. Cotton and other plant fibers have DP values in the range of 800-10000,

while the DP values of wood pulp are typically 300-1700 [25].

2.5. Cellulose crystalline polymorphs

Different hydrogen-bonding configurations change the packing and molecular orientation of the
cellulose chains, leading to the formation of different crystalline structures or polymorphs that differ in
symmetry and chain geometry [6, 26]. Therefore, there are six different crystalline polymorphs of
cellulose: cellulose I, 11, 111y, 11y, 1V, and V). Cellulose Il is the most crystalline thermodynamic
stable form and its molecules are more densely packed, while cellulose I is the most abundant form
found in nature. Cellulose | can be converted to other crystalline polymorphs by chemical or physical
treatments (Figure 2.3). It presents in two different crystalline modifications, namely, cellulose 1, and
Is, which can be found alongside each other; the 1./l ratio depends on the origin of the cellulose; higher
plant cellulose mainly consists of cellulose g, whereas cellulose produced by primitive organisms

crystallizes in the I, phase [22, 23, 26].

Cellulose |,

A R
glycerol NH; (I

NaOH )
Cellulose IV, «<=—— Cellulose Il aOH| . Cellulose Il ———= Cellulose Iy,

260 °C A NaOH
A
N"N %H glycerol
260°C

Cellulose I,

Cellulose IV,

Figure 2.3: Transformation of cellulose into its different polymorphs. [27]

2.6. Sources and extraction of cellulose fibers

Cellulose fibers can be extracted from a variety of sources, such as annual plants, animals, and
microbes. These include seed fiber (cotton), wood fibers (hardwoods and softwoods), bast fibers (flax,
hemp, jute, ramie ... etc.), grasses (bagasse, bamboo ... etc.), sSimple marine animals, such as tunicates,
algae, and bacteria [1]. However, commercial cellulose production concentrates on naturally highly
pure sources such as cotton or on harvested sources such as wood [15]. Chemical composition of some

typical cellulose-containing natural sources is exhibited in Table 2.1.
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Table 2.1: Chemical composition of some typical cellulose-containing natural sources [15].

Source Composition (%)

Cellulose Hemicellulose  Lignin Extract
Hardwood 43-47 23-25 16-24 2-8
North American 66-67 17-21 20-36 3-6
Softwood 40-44 25-29 25-32 1-5
Bagasse 40 30 20 10
Corn cobs 45 35 15 5
Corn stalks 35-45 25 17-21 4-7
Cotton 95 2 1 0.4
Flax (retted) 71 21 2 6
Flax (unretted) 63 12 3 13
Hemp 70 22 6 2
Henequen 78 4-8 13 4
Jute 71 14 13 2
Kenaf 36 21 18 2
Ramie 76 17 1 6
Rice straw 43 33 20 <1
Sisal 73 14 11 2
Sugarcane bagasse 45-55 20-25 18-24 >1
Wheat straw 30 50 15 5

The isolation of highly pure cellulose has been extensively studied for many years due to the
complexity of the cell wall structure [28]. It would be necessary to combine both chemical and
mechanical treatments in order to dissolve lignin, hemicellulose, and other non-cellulosic substances. A
protocol based on acidified sodium chlorite is frequently applied to delignify woody materials as an
initial step in the isolation of cellulose. Commonly, alkali treatment is performed to dissolve
hemicelluloses before or after delignification. It is well known that treatment with chlorite can remove
almost all of the lignin, and the following isolation of cellulose with alkali extraction can be performed
at room temperature, which has been applied to isolate cellulose from woody materials for analysis for

more than a century [29, 30].

Pulping and bleaching are two vital procedures widely used in paper industries to remove
lignins, hemicelluloses, and other non-cellulosic substances and obtain pulp fiber with high cellulose
purity and brightness through chemical and mechanical processes. In these procedures, NaOH, NayS,
H,S0,4, Na,SO3;, NaHSO3; and/or SO, are the major active chemicals used in chemical pulping for
impregnation and delignification. However, the presence of excessive amounts of residual lignin in
isolated cellulose fibers after delignification significantly affects their structure and properties. Fibers

with high amounts of lignin are stiff and coarse, and have a brownish color. Therefore, it is challenging

~10 ~
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to obtain fibers that are relatively free of residual lignin. To attain this goal, chemical bleaching, which
is used to obtain fibers with higher cellulose content from delignified and unbleached fibers, is usually
considered as a continuation of delignification process to isolate cellulose from woody raw materials
[29].

Nowadays, there are various procedures for extraction of cellulose fibers including:
delignification and alkali extraction, steam explosion, alkaline peroxide extraction, organic solvent
extraction (Organosolv method), acid hydrolysis, and biological treatments [29]. The different

processes result in varying fiber purities and strengths [22].
2.7. Nanocellulose

2.7.1. Types and properties

The term “nanocellulose”, which was first evolved publicly in the early 1980s, is widely used to
describe a wide range of cellulose-based nanomaterials with at least one dimension in the nanometer
scale. Depending on sources and dimensions, nanocellulose can be classified into three main
categories: (1) cellulose nanocrystals (CNC), also known as nanocrystalline cellulose (NCC) and
cellulose nanowhiskers (CNW), (11) cellulose nanofibers (CNF), also referred to as nanofibrillated
cellulose (NFC) or microfibrillated cellulose (MFC), and (I11) bacterial cellulose (BC) also identified as

microbial cellulose or biocellulose [31, 32]. Figure 2.4 shows TEM images of the three categories.

Nanocellulose is a biodegradable transparent material with low density (around 1.6 g/cm?®), high
axial elastic modulus (up to 220 GPa) which is greater than that of Kevlar fiber, high tensile strength
(up to 10 GPa) which is greater than that of cast iron, low coefficient of thermal expansion (~1 ppm/K),
good thermal stability (up to 300 °C), together with a strength/weight ratio of 8 times higher than that
of stainless steel. Moreover, nanocellulose has a large reactive surface of hydroxyl groups which can be

functionalized to various surface properties [6, 33, 34].

Figure 2.4: TEM micrographs of CNCs (a), CNFs (b), and SEM micrograph of BC (c). [31]

~11~



2. Cellulose Fibers: An Overview

2.7.2. Preparation methods

Cellulose fibrils aggregate with (a) highly ordered regions (crystalline structure), and (b)
disordered regions (amorphous structure) [17]. The former promote high stiffness and strength of
cellulose, while the latter contribute to the flexibility of the bulk material. The aggregations of ordered
and disordered regions consist of cellulose fibers of 3-100 pum in diameter and 1-4 mm in length for
general lignocellulosic biomass [6]. Several methods have been developed to disintegrate cellulose
fibers and prepare nanocellulose from cellulosic materials. These methods can be categorized into three
main techniques: acid hydrolysis, mechanical processes, and biological approaches including
enzymatic treatments. Different extraction methods resulted in differences in types and properties of

the obtained nanocellulose [6, 35].

Currently, CNC are mainly produced by selective acid hydrolysis of amorphous cellulose
regions under controlled temperature. A typical production process consists of acid hydrolysis,
washing, centrifugation, dialysis, and sonication then drying. Removing the amorphous region of
cellulose in the hydrolysis step results in highly crystalline particles with source-dependent dimensions,
for instance, 5-20 nm diameter x 100-500 nm length, for plant source CNC. Sulfuric acid is most
commonly used in hydrolysis process. It grafts negatively charged sulfate half-ester groups onto the
surface of the particles, thereby preventing their re-aggregation in agqueous suspensions due to the

resulting electrostatic repulsion between particles [31, 36].

CNC present as a liquid crystal solution in water due to concentration-dependent liquid
crystalline self-assembly behavior. Thus results in macroscale, transparent, ordered films under normal
evaporative conditions of CNC suspensions. CNC films have been extensively studied for various
applications, mainly because of their chiral nematic organization and optical and mechanical properties
as well as their gas barrier and water sorption capacities. However, the commercialization of CNC
products is still very limited due to the time consuming production process and the low vyield,

especially when the initial sources contain high amounts of amorphous cellulose [31, 37].

On the other hand, the extraction of CNF from cellulosic fibers can be achieved by: (1) chemical
treatments (e.g. TEMPO oxidation), (II) mechanical treatments (e.g. High pressure homogenization,
cryocrushing, grinding, and milling), (I11) enzymatic treatments, or (I\VV) combination of the previous

treatments. However, the mechanical approach is the most commonly employed [31, 35].
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Analogous to CNC, the fundamental characteristics of CNF also depend on the raw material source and
the employed extraction process. However, unlike CNC which have near-perfect crystallinity, CNF are
micrometer-long entangled fibrils that contain both amorphous and crystalline cellulose domains.
Entanglement of the long particles leads to highly viscous aqueous suspensions even at relatively low
concentrations (< 1 wt.%) [31, 35].

BC is synthesized extracellularly by cellulose-producing bacteria belonging to the genera:
Acetobacter (Gluconacetobacter), Agrobacterium, Acanthamoeba, Achromobacter, Zooglea,
Aerobacter, Azotobacter, Rhizobium, Sarcina, Salmonella, Escherichia, Pseudomonas, and
Alcaligenes, with Acetobacter xylinum (or Gluconacetobacter xylinus) being the most efficient
amongst them. To produce BC, Bacteria are cultivated for few days in an aqueous culture media
containing glucose, phosphate, carbon, and nitrogen sources. The cell membrane of the cellulose-
producing bacteria is composed of a network structure of ribbon-shaped cellulosic fibrils that are 20-
100 nm wide, assembled from bundles of 2—4 nm wide nanofibrils. The structures and properties of the
produced BC can be regulated by cultivation conditions such as nutrient source, oxygen ratio, bacterial
strain type, incubation time, and cultivation in a bioreactor. Moreover, BC is synthesized as pure
cellulose, unlike plant-derived nanocellulose, which may require pretreatment to remove lignin and
hemicellulose before hydrolysis [31, 35, 37, 38].

2.7.3. Nancellulose Applications

Nanocellulose, with its outstanding properties and biodegradablity, is one of the most attractive
materials for various applications in many fields such as nanocomposite materials, surface modified

materials, and transparent papers with special functions [31, 39].

Cellulose-based nanocomposite materials show special properties including high mechanical
strength and high thermal properties with lightweight and transparency. CNC, CNF and BC represent
better alternatives for synthetic fillers to reinforce polymer nanocomposites used in various fields such
as automotive industry, optoelectronics, energy storage, biosensors, tissue scaffolds, drug delivery,

catalysis, packaging and furniture production...etc. [6, 18, 35].

For instance, Wang et al. [40] added nanocellulose extracted from soybean to three different
polymers, namely, polyvinyl alcohol (PVA), polypropylene (PP) and polyethylene (PE), the resulting
reinforced polymers exhibited significantly improved tensile strength and stiffness compared with the

base polymers. In addition, Robles et al. [41] used nanocellulose obtained from blue agave bagasse as
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reinforcement in poly (lactic acid) to form new composite materials with enhanced thermal properties

and crystallization and a better interaction among matrix fillers.

Furthermore, nanocellulose can be used for surface modification of various substrates, owing to
its high reactive surface area of hydroxyl groups. Direct chemical modification or covalent attachment
of molecules with hydroxyl groups of nanocellulose surface is the most commonly used method [6]. In
this context, Phanthong et al. [42] fabricated an amphiphobic nanocellulose-modified paper with super
hydrophobic and oleophobic properties, by coating nanocellulose on a filter paper and treating the
coated paper using chemical vapor deposition with trichloro(1H,1H,2H,2H-tridecafluoro-n-
octyl)silane. Such anti-wetting property is very useful for developing special surfaces of self-cleaning,
anti-bacterial and anti-reflective properties [42].

On the other hand, transparent and foldable nanocellulose-based films are applied in electronic
devices, solar cells, flexible displays, and flexible circuits ...etc. [6, 31, 36]. For example, Nogi et al.
[43] fabricated transparent nanocellulose paper from wood flour, with high-strength (223 MPa), high
Young’s modulus (13 GPa), and minimal thermal expansion (8.5 ppm/K) which is suitable for

electronic devices.

Nanocellulose is also widely applied in medical field due to its low toxicity, biocompatibility,
biodegradability and excellent physical properties [6, 44, 45]. For instance, nanocellulose dressing can
be well adhered with wound and easily detached by itself after skin recovery [6, 31]. Hakkarainen et
al. [46] used the nanofibrillated cellulose from the bleached birch pulp fibers for wound dressing, and
found that the nanofibrillated cellulose was highly biocompatible with the skin graft donor sites. Other
applications of nanocellulose in the medical field including drug excipients, drug delivery into target
cells, immobilization and recognition of enzyme/protein, blood vessel and soft tissue replacements,
skin and bone tissue repair materials, and antimicrobial materials are also investigated in recent years
[44, 45].

Besides the above applications, nanocellulose is also applied in other fields such as thickener in
cosmetics, texturing agent in food, filler of special textiles, biodegradable package, CO, adsorbent, oil

recovery and many more [6, 36, 45, 47, 48].
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3.1. Introduction

Carbon is the fourth most abundant element in our Milky Way Galaxy, following hydrogen,
helium, and oxygen [1]. It is the materia prima for life and the basis of all organic chemistry [2]. Due
to carbon bond flexibility, carbon-based systems show a significantly large number of different
structures with different physical properties [3]. Carbon allotropes are subject of intense theoretical and
experimental investigations for their superb structural, electronic, and chemical properties, and while
some carbon allotropes -such as graphite and diamond- are naturally found on earth as minerals, the
others are synthetic. Following the OD fullerenes (Buckyballs) and the 1D carbon nanotubes
(Buckytubes), 2D graphene is the youngest representative of the synthetic carbon allotropes [4-6].
Graphene is a flat monolayer of carbon atoms packed into a two-dimensional (2D) hexagonal lattice.
As Figure 3.1 exhibits, graphene is the basic building block for graphitic materials of all other
dimensionalities, since 2D graphene sheets can be wrapped into OD buckyballs, rolled into 1D
nanotubes, or stacked into 3D graphite [6-8]. Graphene as a planar conjugated carbon sheets has
attracted the interest of theoreticians since the 1940's [9], when it was served as a model system for
understanding the electronic properties of graphite, but it was long presumed not to exist in its free-
standing form due to the thermodynamic instability of two-dimensional crystals according to the
classical Mermin-Wagner theorem [10]. However, the latter theory was surprisingly challenged in 2004
by Novoselov, Geim and co-workers at Manchester University, when single layers of graphene were
successfully isolated for the first time by mechanical cleavage [11]. Their groundbreaking experiments

on graphene were honored with the Nobel Prize in Physics in 2010. Since its discovery, graphene with
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its outstanding electrical, mechanical, thermal and optical properties, in particular, the high charge-
carrier mobility, the excellent electrical and thermal conductivities, the large specific surface area
combined with mechanical strength and transparency, make graphene an exciting field for theoretical
studies and experimental research with thousands of papers published per year [12, 13]. Therefore,
graphene and graphene-based materials are finding increasingly more applications in diverse
technological sectors including electronic devices, sensors, composite materials, photodetectors, solar

cells, energy storage devices, automotive industry and medicine.[12, 14]

Figure 3.1: Graphene is the basic building block for all graphitic materials [7].

3.2. Graphene structure

obond p orbital

Figure 3.2: (a) Graphene hexagonal structure [15], (b) Schematic of the o bonds and the p orbitals
[16].
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Graphene is a 2D crystal consisting of hexagonally arranged, covalently bonded carbon atoms,
with a C-C bond length of 0.142 nm [8, 17]. The honeycomb lattice has a unit cell represented in
Figure 3.2 (a). by the vectors a; and a,, where |a;|=|a| = a, with a=2.461 A, each unit cell contains two
atoms, A and B [15, 18]. The carbon atoms in graphene are sp? hybridized, which means that the s, py
and py orbitals of carbon atoms form strong covalent ¢ bonds, while the remaining p, orbital form =
bonding, oriented perpendicular to the lattice (Figure 3.2 (b)) [16, 19]. The strong ¢ bondings are
responsible for the mechanical robustness of the honeycomb framework, while the w-orbital electrons
contribute to the formation of a delocalized electron network [17], which is responsible for the superior
electrical conductivity of graphene [5, 19]. Moreover, Graphene can have some “intrinsic” corrugations
or ripples and other defects such as topological shapes (pentagons, heptagons, or their combination),
vacancies, adatoms, edges, cracks, and adsorbed impurities [17].

3.3. Graphene properties

3.3.1. Electronic properties

Graphene has attracted much interest primarily due to its extraordinary electronic properties
[20]. Which depend on the layer thickness and stacking configurations [21]. Monolayer graphene is a
zero bandgap semiconductor in which the empty conduction band meets the filled valence band at two
Dirac points (K and K’) (See Figure 3.3). It has a linear Dirac-like spectrum around the Fermi energy
[21-24]. Bilayer graphene has a parabolic spectrum with an extremely small band overlap of 0.16 meV
and can be also referred to as a zero-gap semiconductor [21, 22, 25]. Moreover, band structures for
three and more graphene layers (Figure 3.3 (c)) become increasingly complicated along with the
presence of several charge carriers and large overlaps of conduction and valence bands. [25] Electrons
in graphene mimic massless relativistic particles (so called Dirac fermions), travelling at high Fermi
velocity (~ 10° m/s) [26, 27]. Furthermore, The charge mobility of graphene supported on an insulating
substrate is about 1.5 x 10* cm?/Vs, and 6 x 10* cm?/Vs at 300 and 4 K, respectively, with electrons
and holes in concentrations of about 10" cm™ [11, 28]. The low temperature mobility for suspended
graphene can reach about 2 x 10°> cm?/ Vs [29] and can even exceed 2.5 x 10° cm?/Vs [30], which is
>100 times higher than that of silicon (1.5 x 10° cm?/Vs) [28]. Furthermore, graphene sheet resistance

is as low as ~30 Q/sq due to its exceptional conductivity [31].
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Figure 3.3: Electronic band structure of graphene: (a) the conduction band touches valence band at the

K and K’ points, and (b) linear band dispersion relation near the Dirac points showing gapless features,

and (c) electronic properties of graphene depend on the layer number. [25]

3.3.2. Mechanical properties

The inherent strength is one of graphene’s stand-out properties, it is the strongest material ever
tested [32]. The mechanical properties of monolayer graphene have been investigated theoretically
using quantum mechanics calculations, molecular dynamic simulations and continuum models [33].
Different theoretical values were reported by using different effective graphene sheet thicknesses, and
different potential functions (force-constants) with several algorithms [33]. Reddy et al. [34] have
described the mechanical properties of graphene sheets based on equivalent continuum modeling. They
reported a Young's modulus value of around 1.11 TPa, which is the same as that obtained by Van Lier
et al. [35] using ab initio methods. However, Gao and Hao [36] and Yanovsky et al. [37] reported
graphene’s Young's modulus values of 0.6-1.1 TPa and 0.737-1.127 TPa using quantum molecular

dynamics simulation and quantum mechanics calculations, respectively.
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Experimentally, Frank et al. [38] used the force displacement of an atomic force microscope
(AFM) tip to measure the Young's modulus and the effective spring constant of stacks of grapheme
sheets (<5 layers) suspended over trenches patterned in SiO; film. The measured Young's modulus was
found to be 0.5 TPa with a spring constant ranging from 1 to 5 N/m. Lee et al. [32] investigated the
elastic properties and intrinsic breaking strength of graphene by an AFM nanoindentation technique on
a free-standing monolayer graphene sheet suspended over an Si substrate with circular cavities, their
reported values for Young’s modulus and tensile strength were 1.0+0.1 TPa and 130 GPa, respectively.
These reported values for graphene Young’s modulus are about 5 times higher than that of steel (230
GPa) [24]. They also showed single layer graphene to have a breaking strength of 42 Nm™ which is
over 200 times greater than that of steel. However, these values are believed to be dependent on the
purity of graphene sheets [8, 32]. These impressive mechanical strength of graphene is attributed to its
unique structural architecture and the strength of covalent ¢ bonds between carbon atoms [33].
Furthermore, monolayer graphene is the lightest material so far with a surface density of 0.77 mg/m?
[39], and it is considered as the world’s thinnest membrane that is impermeable to all gases including

helium [40].
3.3.3. Thermal properties

Using a noncontact optothermal Raman measurement technique, a thermal conductivity value
up to 5300 Wm™K™ was reported by Balandin et al. [41] for a mechanically exfoliated monolayer
graphene sheet suspended over a wide trench in Si/SiO, substrate as shown in Figure 3.4. This reported
thermal conductivity value is higher than that of diamond (2310 Wm™K™), multi-wall carbon
nanotubes (3000 Wm™K™), single-wall carbon nanotubes (3500 Wm™K™) and far higher than that of
copper (~400 Wm™K™) [8, 42]. Furthermore, graphene’s thermal conductivities ranging from 10° to

10* Wm™ K™ were calculated theoretically using various methods [43].

Excitation
Laser Light
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Single-Layer
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Graphitic
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Figure 3.4: Schematic of the optothermal Raman measurement technique [41].
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These outstanding thermal properties pave the way for graphene and graphene derivatives for
different applications in thermal sensors, heat dissipators and composites with excellent thermal
conductivities [8].

3.3.4. Optical properties

With moderately high optical transmittance (97.7 %), graphene materials show promise for
transparent conductive films (TCFs) manufacturing [17] (see Figure 3.5 (a)). Experimental
measurements showed a monolayer graphene sheet to absorb 2.3 % of the white light with negligible
reflectance (< 0.1 %) [44], it is also observed that graphene’s transmittance decreases linearly with the
number of layers (Figure 3.5 (b)). Basically, each layer absorption A=1 - T = 7 a = 2.3%; (where a =
2ré® / he = 1/137 is the fine structure constant, e is the electron charge, c is the light speed, and h is
Planck’s constant) [17].

light transmittance (%)

0 25 50
distance (um)

Figure 3.5: (a) An assembled graphene/PET touch panel [31], (b) white light transmittance through

mono and bilayer graphene [44].

3.4. Graphene synthesis

It was in 1975 when B. Lang [45] reported the formation of few-layer graphite by thermally
decomposed carbon on single crystal platinum (Pt) substrates, the layers were not designated as
graphene due to a lack of characterization techniques or perhaps due to its limited possible applications.
Scattered attempts to produce atomically thin layers of graphite have been reported since then.
However, researchers have not shown much interest to extensively investigated the process due to the

failure to identify the beneficial applications of the product and the lack of consistency between
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properties of such graphite sheets formed on different crystal planes of metals [46]. In 2004, Andre
Geim, Konstantin Novoselov and co-workers firstly isolated free-standing graphene sheet at
Manchester University by the mechanical exfoliation technique using an adhesive tape [11]. This
process was the first repeatable synthesis of graphene through exfoliation. Since then, there has been a
huge interest in exploring graphene production methods and potential applications.

In the following, the main methods used for graphene synthesis are reviewed based on top-
down and bottom-up approaches.

3.4.1. Mechanical exfoliation

In mechanical exfoliation, which is one of the top-down approaches, graphene is peeled from
the bulk graphite layer by layer (Figure 3.7), thus overcoming the Van der Walls attraction between
adjacent graphene flakes [47].

One such study was conducted by Ruoff’s group in 1999, who isolated thin graphitic flakes
on SiO; substrates by mechanical rubbing of patterned islands on highly oriented pyrolytic graphite
(HOPG) without reporting any electrical characterization [48]. Later, in 2005, thinner graphite flakes
(20 nm, ~30 layers) on Si/SiO, substrates were produced using a similar adapted approach and the

electrical properties were reported [49]

In 2004, Geim et al. [11] first isolated graphene by repeated peeling of HOPG flake using an
adhesive tape, the graphite flake gets thinner and thinner by continuous pealing, resulting in mono-,
bi- and few-layer graphene which was identified by optical microscopy over specially prepared
SiO,(300 nm)/Si substrates. This simple but highly effective technique is called “Scotch tape
method” or “micro-mechanical cleavage”. In the same context, Huc et al. [50] have produced large
(~10 um) and flat graphene flakes by manipulating the substrate bonding of HOPG on Si substrate
and controlled exfoliation. Likewise, Shukla et al. [51] prepared mm-sized mono- to few-layer
graphene by bonding bulk graphite to borosilicate glass, followed by exfoliation to leave single- or

few-layer of graphene on the substrate.

Mechanical exfoliation has produced the highest quality samples, but the method is neither
high throughput nor high-yield [52]. Therefore, it cannot be used for industrial large-scale

production, thus, other methods have been developed.
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Figure 3.6: Schematic representation of micro-mechanical cleavage of graphite.

3.4.2. Liquid-phase exfoliation

Liquid-phase exfoliation (LPE) of graphite involves wet chemical dispersion in suitable liquid
media in the presence or absence of surfactants followed by ultrasound or shear force induced
exfoliation to extract single to few-layer graphene sheets. During exfoliation, the growth and collapse
of the microscopic bubbles and voids in liquids due to pressure fluctuations act on the bulk graphite to
overcome interlayer Van der Waal’s forces and induce graphite exfoliation into smaller flakes
gradually [8, 28]. The yield of monolayer graphene (up to 12 wt.%) and total concentration of graphene
dispersions (up to 63 mg/mL) can be considerably improved through repeated exfoliation, extended

sonication time, and subjecting to solvothermal and supercritical treatments [25].

The surface energy y of graphene was estimated to be 46.7 mJ/m? [53]. Therefore, the suitable
liguid medium should have close surface energy in order to minimize the interfacial tension between
the solvent and the graphene layers [8]. N-methylpyrrolidone (NMP) (y=40.1 mJ/m®), N,N-
dimethylformamide (DMF) (y=37.1 mJ/m?), and dimethyl sulfoxide (DMSO) (y=42.98 mJ/m?), are the
most used solvents, however, NMP is the best organic solvent for monolayer and few-layer graphene
[25]. Other attempts to exfoliate graphite in low boiling point solvents such as acetone, propanol,
Butanol, tetrahydrofuran, chloroform, etc. have been also reported [54-56]. Furthermore, direct
exfoliation of graphite in water is impossible due to the high surface energy of water (y= 72.75 mJ/m?)
and the hydrophobic nature of graphene as well [8, 57]. These challenges are usually overcome by
using various polymers, nonionic and ionic surfactants including poly(vinyl pyrrolidone), sodium
cholate, 4-dodecylbenzenesulfonic acid, sodium deoxycholate, and sodium dodecylbenzenesulfonate
[8, 28]. Such additives help to promote the exfoliation of graphite and ensure long-term stabilization of

graphene suspensions, for instance, lonic surfactants adsorbed on the sides of graphene sheets produce
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charged sheets, thus prevents sheet aggregation due to coulomb repulsion [28]. The reader can be
directed to [58] for a thorough investigation on surfactant-assisted graphite exfoliation.

Stable liquid-exfoliated graphene dispersions can be used to form flexible, transparent,
conducting, and freestanding films, and can function as conducting inks for Inkjet-printed electronics
[28].

3.4.3. Electrochemical exfoliation
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Figure 3.7: Schematic of an electrochemical cell used for graphite exfoliation (a) [59], and proposed
mechanisms for graphite exfoliation in LiClIO4/PC electrolyte (b) [60], and in NaOH/H,0,/H,0
electrolyte (c) [61].

Electrochemical exfoliation is a form of large-scale production of graphene from natural
graphite or HOPG rods or foils. Graphite is used for both working and counter electrodes (Figure 3.7
(a)) or for working-electrode only [24, 62]. The electrodes were immersed into an electrolytic bath, i.e.,
organic electrolytes, aqueous electrolytes or electrolyte mixtures with surfactants and polymers [24,
28]. Electrolyte selection is essential for successful graphite exfoliation and active research in this field
continues to identify the best aqueous and non-aqueous based electrolytes that can be used effectively
to achieve efficient electrochemical graphite exfoliation [8]. In this regard, sulfuric acid (H,SO,) and

phosphoric acid (H3PO,) are proven to be good options due to the intercalation of electrolyte anions,
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radicals and their solvated complexes between graphite layers [28]. The process of exfoliation is
usually started by applying a positive current to the electrodes. The graphite-based electrode will be
oxidized and the electrolyte negatively charged ions will be intercalated into the layers of graphite.
Subsequently, a negative potential is applied to facilitate the exfoliation process [8]. In a non-oxidative
electrochemical process, negative graphite electrode is charged in LiClO./propylene carbonate (PC)
electrolyte (Figure 3.7 (b)). Thus, an expansion of the graphite electrode occurs during high current
density charging (—15 £ 5 V) due to the co-intercalation of PC with Li* to form ternary graphite
intercalated compounds (GICs). With sonication-assisted exfoliation of GICs in a mixture of DMF/PC,
more than 70% of graphene sheets with layer number < 5 can be produced [25, 28, 60].

3.4.4. Graphene via reduction of graphene oxide

Reducing graphene oxide (GO) to reduced graphene oxide (rGO) is the most popular wet
chemical method for graphene production in large quantities. Its popularity is due to low-cost, excellent
yield, high scalability potential and the ability to disperse functionalized graphene in various solvents
[63]. This method involves intercalation of graphite with an oxidant that introduces functional oxygen
groups on the surface of graphene sheets, which help to disperse and stabilize GO homogenously in
water [8, 64] (see Figure 3.8). Generally, graphite is oxidized to graphite oxide using oxidants such as
potassium permanganate in concentrated acidic media, based on Brodie method, Staudenmaier method,
or Hummers method [65], which is the most widely used protocol with several modifications and
improvements [8, 66]. Aqueous graphite oxide suspension is then sonicated to yield individual
dispersed GO sheets in water. The aggressive chemical treatment of graphite introduces functional
groups such as (-OH) and (C-O-C) in the basal plane, and (C=0) and (-COOH) on the edges of
graphene sheets, in addition to five- and six-membered-ring lactols decorating along the peripheral

edges of GO as well as esters of tertiary alcohols on the surface [8, 19, 25, 28].

Reduced GO (rGO) is basically a modified graphene, its structure and properties are closely
match with pristine graphene [28]. rGO is obtained from GO through a reduction process. A lot of
research is taking place in this area and different methods are developed for reducing GO. The quality,
the properties and the potential areas of application of the produced graphene are significantly affected
by the reduction method [8]. The defects introduced through the oxidation of graphite can be partially
removed via the reduction processes. However, none of the current known methods can restore and

completely remove all graphene defects caused by oxidation [8, 67]. It is therefore important to find

~ 27 ~



3. Graphene and its properties

more efficient ways in which the quantity of functional groups introduced by oxidation on graphene
surface can be easily controlled and minimized [8, 68].
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Figure 3.8: Schematic illustration of the preparation of reduced graphene oxide (rGO) from graphite
[69].

Chemical, thermal and microwave are the three main current methods used to reduce GO [8].
Reducing agents used in chemical methods include hydrazine hydrate, phenyl hydrazine, hydroiodic
acid, sodium borohydride, amino acid, pyrrole, dopamine, hydroquinone, glucose, and ascorbic acid [8,
65, 66]. In thermal methods, the oxygen containing functional groups are decomposed to CO, and H,0O
[8, 70], due to thermal treatment of GO at high temperatures. Microwave irradiation was also effective

in reducing GO to few-layer graphene [71].

Thermal and microwave treatment eliminate the need for chemical treatment, which may
involve very toxic and dangerous materials such as hydrazine, especially in large volumes. However,
high local temperatures on the surface (> 1000 °C) can be detrimental, for example, on flexible
substrates [8]. For more comprehensive reviews on GO reduction methods, the reader is referred to
Refs. [67, 72].

3.4.5. Chemical vapor deposition

Chemical vapor deposition (CVD) is one of the most appropriate methods for scalable
production of high quality and large-area graphene films [24, 73]. It involves the pyrolysis of

hydrocarbon compounds on the surface of transition metal catalysts within a reaction chamber and

~ 28 ~



3. Graphene and its properties

under processing conditions of gas flow rate, pressure, and temperature [24]. The quality of the final
product, which is obtained as a film on a substrate, is mainly determined by the processing parameters
[24, 25]. Various substrates can be used for graphene film growths including nickel (Ni) [74], copper
(Cu) [75, 76], iron (Fe) [77], and cobalt (Co) [78]. Methane (CH,), acetylene (C;H,), and other
hydrocarbon gases are usually used as a carbon source [24]. Two main CVD methods are widely used
to dissociate the carbon source, namely, thermal CVD and plasma-enhanced CVD (PECVD) [24, 79].
The main advantage of PECVD compared to thermal CVD is that it can be conducted at low
temperature, low pressure and low concentration of carbon sources [24, 76, 80], however it generally
produces graphene films of lower quality than thermal methods [81].

CVD process mechanism is illustrated in Figure 3.9 and comprises eight steps [82]: (1) mass
transport of the reactant, (2) reaction of the film precursor, (3) diffusion of gas molecules, (4)
adsorption of the precursor, (5) diffusion of the precursor into the substrate, (6) surface reaction, (7)
desorption of the product, and (8) removal of the byproduct.

In the case of thermal CVD, the substrate is typically pre-heated to around 1000 °C under a
continuous flow of hydrogen and/or argon [81]. The growth itself is performed at high temperature
ranging from 650 to 1000 °C. The high temperature, results in thermal decomposition of carbon
sources into carbon and hydrogen atoms [24]. Hydrogen (H,) and argon (Ar) can be used to maintain a
reducing environment, and to fine-tune the pressure, respectively [81]. Moreover, Ar and H, were also

used as carrier gases to remove unwanted oxides on the surface of the metal catalyst [24].
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It is noteworthy that current methods for transferring graphene involve attacking the metal
substrate with etching agents. However, this results in higher costs, toxic wastes and structural damage
to graphene [25].

3.4.6. Other methods

Other methods to produce graphene have also been developed over the past few years
Including, unzipping carbon nanotubes longitudinally to yield thin elongated graphene strips called
“graphene nanoribbons (GNRs)” [19] through metal-catalyzed cutting, oxidation and reduction, plasma
etching, Laser irradiation, intercalation and exfoliation, and sonication ...etc. (Figure 3.10 (a)) [83]. In
addition to epitaxial growth of graphene on silicon carbide SiC, wherein, SiC is thermally decomposed
to produce monolayer graphene through the graphitization of SiC by silicon (Si) sublimation during
high temperature vacuum annealing (Figure 3.10 (b) [19, 25, 28].

Plasma

L _
(a) 1&2 ’Z’L etching

Catalyzed
cutting

: Formation of graphene film

Figure 3.10: (a) Illustration of several techniques for CNTs unzipping [83], and (b) typical steps of

graphene epitaxial growth on an SiC substrate.
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Supercapacitors and their
electrode materials

4.1. Background

In today's world, the need for more energy is steadily increasing. Both households and
industries require large amounts of power [1]. As a result, finding a way to power the future while
maintaining a robust socio-economic growth and a clean environment is one of the biggest challenges

will be faced in the coming decades [2].

Although energy storage and conversion is a historical subject of research and commercial
efforts, the increase in energy consumption and the depletion of fossil fuels as well as the increased
levels of pollution have sparked a keen interest in harnessing energy from renewable bio-friendly
sources such as sunlight, wind, and water. However, the lack of continuous availability of these
alternate sources demands efficient and affordable energy storage devices and technologies for
sustained supply. The existing technologies range from rechargeable batteries with capacities on the

order of mWh to “pumped storage hydroelectricity”” at MWh or greater scales. [1, 3, 4]

The driving force behind the continuous development of diverse energy conversion and storage
technologies was and still is the cost resulting from, i.e., availability of resources, active materials
synthesis, devices manufacturing, energy capacity, power capability, provision reliability, service life,
recyclability, and environmental impact [3]. Batteries, supercapacitors and fuel cells are recognized as

the most important energy storage/conversion devices.
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Supercapacitors or ultra-capacitors, with high power densities and extended cycle lives over
commercial batteries play an important role as promising energy storage systems for solving the thorny
issues of fossil fuel exhaustions and climatic changes [5]. Using high specific surface area electrodes
and thinner dielectrics, supercapacitors attain higher capacitances while sharing the same fundamental
principles as conventional capacitors. They have energy densities greater than those of conventional
capacitors and power densities higher than those of batteries [6]. For such properties, supercapacitors
have received considerable attention from both academia and industry as they meet the needs of a wide
range of energy storage applications requiring fast, safe and stable charging cycles, such as backup

systems, portable devices and electric vehicles [5].

4.2. Brief history and basic principles
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Figure 4.1: Schematic of the Leyden jar [7].

The Leyden jar, which was invented independently in 1745 and 1746, was considered as the
first device for storing electrical charge, it is the ancestor of the modern capacitors. It consisted of two
metal foils coated on the inner and outer surfaces of an insulative container, and a metal rod inserted
vertically through the jar lid to make contact with the inner foil (Figure 4.1) [7-9]. This led to the
discovery of parallel-plate capacitors, in which two conductive plates separated by a dielectric medium
accumulate equal but opposite charges, resulting in an electric field between the plates. The dielectric is
generally an electrically insulating material such as ceramic, polymer, liquid, or even a vacuum [7]. In
1886, electrolytes were initially developed as dielectrics by Charles Pollak [7, 10], who invented the

first stable electrolytic capacitor [11].
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In 1957, Becker H.I. described the concept of the earliest prototype of electrochemical double-
layer capacitors (EDLCs) based on carbon with a high specific surface area (SSA) coated on a metallic
current collector in an H,SO,4 solution [7, 12, 13]. In the 1970s, NEC (Nippon Electric Company,
Japan) developed and successfully marketed the EDLCs under SOHIO’s license for CMOS memory
power-saving units in electronics, NEC introduced the term “Supercapacitor” and this application was

considered as the starting point for electrochemical capacitors use in commercial devices [6, 13].

4.3. Supercapacitors classification

Based on the dominant energy storage mechanism, supercapacitors are classified into three
categories: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and hybrid
supercapacitors (HSCs) [6, 14, 15].

4.3.1. Electrochemical double-layer capacitors (EDLCs)

An electric double layer is a structure that appears when a charged object is immersed into a
liquid. The ions in the liquid accumulate at the object/fluid interface to counter balance the surface
charge through Coulomb’s force, thus, an electric double-layer is formed (i.e., a layer of surface charge
and a layer of ions). The separation between the surface charge and the attracted oppositely charged
ions is on the order of nanometers. Such a small separation would result in an ultra-high capacitance at

the object/fluid interface, a feature which is exploited in supercapacitors [6, 10, 16-18].

As illustrated in Figure 4.2, several models were proposed to describe the aforementioned
solid/liquid interface, namely; the Helmholtz model, the Gouy—Chapman model and the Stern model.
(in Figure 4.2: ¥ is the potential, ¥ is the electrode potential, IHP is the inner Helmholtz plane, and
OHP is the outer Helmholtz plane).

The German physicist Helmholtz first proposed the existence of an electrical double layer due
to the buildup of charges of opposite signs across the electrode/electrolyte interface, the electrolyte ions
are rigidly arranged at a “d” distance from the electrode. It was the simplest approximation for
modeling the spatial charge distribution at double layer interfaces, though it does not adequately

explain what occurs in nature.

The Helmholtz model was further modified by Gouy and Chapman taking into account that the
ions are mobile in the electrolyte solutions and not rigidly attached to the surface. The electrolyte ions

are under the combined influences of diffusion and electrostatic forces, resulting in the so-called
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“diffuse layer”. However, the Gouy-Chapman model fails to estimate the experimental data of
interfacial capacitance, since it considers the ions as point charges and that they can approach the
surface with no limits, which is not true. Later, Stern stated that the ions do have a finite size, so cannot
approach the surface with no limits, he combined both Helmholtz and Gouy-Chapman models to
reorganize two ion diffusion layers, i.e., a compact layer (also called the Stern layer) and a diffuse layer
[7, 10, 16, 19-21].
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Figure 4.2: The electrical double layer models, (a) Helmholtz model, (b) Gouy-Chapman model, and
(c) Stern model. [21]

Therefore, in EDLCs, both the compact and the diffuse layers contribute to the total
capacitance. Moreover, as equation (4.1) indicates, the equivalent circuit of the entire double-layer for

each electrode can be treated as the series connection of the capacitances Ccompact and Caiffuse- [10]

1 1 1

+ 4.1
Ctotal Ccompact Cdiffuse ( )

The charging schematic of EDL capacitor is illustrated in Figure 4.3. There is no electron transfer or
ion exchange across the interface, only a physical adsorption of ions is involved. Furthermore, the

ionically permeable separator prevents short circuiting the two conducting plates [22, 23].

EDLCs main advantage is that they can withstand millions of cycles, since there is no physical

change in the electrodes during charge and discharge processes [6, 15].
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Figure 4.3: Charging schematic of EDL capacitor [22].
4.3.1.1. Electrode materials for EDLCs

As the stored charge and the capacitance in EDLCs essentially depend on their electrode
materials, carbon-based materials with a high accessible surface area such as activated carbon, carbon
nanotube (CNTSs), carbon nanofibers and graphene are usually used. Activated carbon is the most
common electrode material used in commercial EDLCs, due to its high SSA and low cost. Graphene
with its outstanding properties, as discussed in previous chapter, is proved to be suitable for developing

high performance energy storage devices with enhanced rate capabilities and improved capacities. [6,
10, 13, 24]

It is worth mentioning that for porous electrode materials such as activated carbon, the ions
mobility into the pores is significantly influenced by the pore size, thereby ions do not move in the bulk
electrolyte the same way as they do within the pores of an electrode material. Generally, too small
pores do not contribute to double layer capacitance due to their inaccessibility to the electrolyte ions.
On the other hand, too wide pores contain more free space not used for capacitive charge storage.

Therefore, it is necessary to tune pore sizes in order to have carbon materials with narrow, short and
electrolyte-accessible pores. [16, 25]

4.3.2. Pseudocapacitors

Compared to EDLCs, where charge storage is governed by the electrostatic mechanism,
pseudocapacitors store charge via faradaic processes involving charge transfer across the

electrode/electrolyte interface via thermodynamically and Kinetically favored electrochemical
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reduction/oxidation (redox) reactions. The charge quantity (q) resulting from the reaction changes
continuously with the electrode potential (V), thus, the proportionality constant (dg/dV) is called the
pseudocapacitance. The power performance of an EDLC is usually higher than that of pseudocapacitors
due to the slower faradaic processes involved. Nevertheless, these faradaic processes allow

pseudocapacitors to achieve higher specific capacitances as compared to EDLCs. [6, 10, 16]

For a pseudocapacitive electrode, several charge storage mechanisms can be distinguished,
namely, redox reactions of transition metal oxides, reversible electrochemical doping/dedoping in
conducting polymers (CPs), under-potential deposition, and intercalation pseudocapacitance. [16, 26]

As an example, Figure 4.4 illustrates the proton adsorption and the redox process of hydrous

ruthenium oxide (RuO,*xH,0) in a pseudocapacitor electrode [27].
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Figure 4.4: Schematic of charge storage via pseudocapacitance [27].
4.3.2.1. Common pseudocapacitive materials
A. Metal oxides

The electrode materials are the prime components of supercapacitors. As popular
pseudocapacitive electrode materials, transition metal oxides have been extensively studied owing to
their unique layered structure and the wide variety of oxidation states. The pseudocapacitance of metal
oxides rises from the extremely fast and reversible intercalation of metal ions into the lattice, and the
reversible surface chemical reactions. RuO,, IrO;, MnO,, Co304, V20s, TiO,, NiO and MoOj3 are

examples of metal oxides that are commonly used for electrode materials.
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Ruthenium oxide (RuO,) is reported to have a specific capacitance over 700 Fg™, which is
around 6 times higher than those of porous carbon materials. It is the most studied metal oxide,
however, its high cost and toxicity have severely limited the commercial usages of RuO,-based
supercapacitors. Hence, researchers worldwide focus on other cheaper and less toxic alternative metal
oxides/hydroxides such as, MnO,, C0304, Fe304, Co(OH),, and V,0s. [28, 29]

B. Conducting polymers

Polymers are defined as macromolecules composed of chemical units (monomers) that are
repeated ‘n’ times throughout a chain. In Greek “poly” means “many” and “mer” means “parts” [30].
Cellulose, chitosan, starches, xanthan gum and proteins are examples of natural polymers, while
synthetic polymers include nylon, Teflon and polyethylene and many more. In fact, the human body
itself is partly composed of polymer substances, such as deoxyribonucleic acid (DNA), which is found

in every cell nucleus, and keratin in hair and nails.

It was traditionally referred to polymers as electrical insulators. However, in 1977, a novel class
of polymers known as intrinsically conducting polymers or electroactive conjugated polymers was
discovered. Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa shared the 2000 Nobel Prize
in Chemistry for this scientific breakthrough. Conducting polymers (CPs) with their interesting
properties have attracted the whole scientific community for a wide range of applications such as
sensors, supercapacitors, polymeric batteries, light emitting diodes (LEDs), Solar cells, Field effect

transistors (FETS), corrosion inhibitors, etc. [31-34]

Commonly, CPs are synthesized via; directly catalyzed synthesis [35], chemical oxidation of
the monomer [36], electrochemical oxidation [37], plasma oxidation [38], and out of precursor
polymers [39]. However, other methods are less used, including photoinitiated polymerization,
synthesis in the inverse emulsion, condensation polymerization, and monomer oxidation with a

cathodically generated intermediary during the reduction of the dissolved O,. [34]

CPs have several features that make them suitable materials for supercapacitors, such as low
environmental impact, low cost, high conductivity in a their doped states, adjustable redox activity
through chemical modification, fast charge/discharge, as well as relatively high storage capacity.
However, they suffer from undergoing mechanical/chemical changes like swelling, shrinkage, cracks or
breaking during long term charging/discharging processes, as a result, the working potential window of

the CPs electrodes is limited by degradation over oxidation.
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The most commonly used CPs for supercapacitor electrodes include polyaniline (PANI), polypyrrole
(PPy), polythiophene (PTh) and poly-[3,4-ethylenedioxythiophene] (PEDOT) [40, 41].

1O 1O+
PPy
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Figure 4.5: Chemical structures of main conducting polymers (CPs) used in supercapacitors.

CPs conductivity is achieved through oxidation or reduction reaction, a process termed as
“doping”, which involves removing electrons from the valence band (p-doping), or adding electrons to
the conduction band (n-doping), thus charge carrier counter ions (e.g. CI™) are required to be entrapped
or released from the polymer chain, in order to cause delocalization of electrons. Such process
generates charge carriers (negative (electrons) or positive (holes)) that move to opposite electrodes
upon the application of an electric field. This movement is what is actually responsible for electrical
conductivity. PANI, PPy and most CPs can only be p-doped, PTh and its derivatives can be either n-
doped or p-doped. [24, 40, 42]

The p-doping (oxidation) and n-doping (reduction) processes can be described by the following

equations, where A~ and C* represent the anion and cation.

CP - CP"* (A7), +ne~ (p— doping) 4.2)

CP +ne- - (C*), CP*~ (n-—doping) (4.3)

CPs offer capacitance behavior through reversible redox processes i.e., doping/dedoping.
Therefore, ions are transferred to the polymer backbone upon doping then released back into the

electrolyte upon dedoping. These reactions in the CP occur throughout its entire bulk volume, not just
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on the surface as it is observed in carbon electrodes. The doping/dedoping are highly reversible and do

not involve any phase changes. [40, 43]

Unlike EDL electrode materials, the typical cyclic voltammogram of a CP electrode exhibits
current peaks at redox potentials of the polymer, resulting in a deviation from the rectangular shape.
Metal oxide electrodes, on the other hand, can show series of redox reactions giving a nearly
rectangular cyclic voltammogram [16].

B.1. Polyaniline (PANI)

The monomer “aniline” was discovered independently by Otto Unverdorben in 1826 who
named it “krystallin”, F. Ferdinand Runge in 1834 who named it “kyanol”, Carl J. Fritzsche in 1840
who called it “Anilin”, and Nikolai Zinin in 1842 who named it “benzidam”. Later, in 1843, August W.
Hofmann has concluded that the previously reported substances were the same compound, which
eventually became known as phenylamine or aniline [30].

Both Runge and Fritzsche have reported in 1834 and 1840 that the treatment of the oils they
isolated with oxidizing agents resulted in the formation of various dark insoluble dyes, which could be
practically commercialized. In 1862, Letheby developed the anodic oxidation of aniline and obtained a
bluish-green precipitate at the anode. These resultant products from aniline became ultimately known
as polyaniline (PANI). However, PANI did not come into common use until the rediscovery of this

material in 1985 by MacDiarmid and co-workers as a conducting polymer. [30, 44]

Electrical conductivity and other properties of PANI are highly dependent on its oxidation
states. PANI exists in different oxidation states, namely, fully reduced designated as leucoemeraldine
base (LB), half-oxidized designated as emeraldine base (EB), and fully oxidized designated as
pernigraniline base (PNB). The three base forms LB, EB, and PNB can be protonated to corresponding
salt forms designated as LS, ES and PNS. As shown in Figure 4.6, the insulating EB form and the
highly conducting ES form of PANI can be reversibly converted by doping with acid or dedoping with
base. [45]
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Figure 4.6: Reversible doping/dedoping of polyaniline.

The doping/dedoping mechanism and the controllable electrical conductivity as well as the
facile synthesis, the low-cost, the air- and moisture-stability, all have made PANI one of the most used
materials for supercapacitor electrodes. PANI has been used to modify various substrates such as
carbon, nickel, stainless-steel, or blended with other materials including RuO,, carbon, and other CPs

for supercapacitor application. [46]

Based on the most reports on PANI supercapacitors, PANI-based electrodes can deliver the
charging/discharging process at 0.8 to 1.0 V potential windows. Any PANI-based supercapacitor with a

potential window less than 0.6 V is not of practical interest due to the too low resulting energy density.
4.3.3. Hybrid supercapacitors

This third type is the newest type of supercapacitors. It is the most advanced supercapacitor
which combines advantages of both EDL capacitance and pseudocapacitance to obtain large
enhancement in the overall performance of the supercapacitor. Along with their capability to provide
high currents without sacrifices in affordability or cyclic stability, the main property of a hybrid
supercapacitor (HSC) is the higher volumetric and gravimetric energy density due to faradaic reaction
that occurs on the pseudocapacitive or battery-type electrode. The second electrode is typically made
from a carbon-based material that stores electrostatic energy in the double layer on the electrode
surface. Examples of HSCs electrodes include (AC)//Ni(OH),, AC//\V,0s, AC//IMnO,, LisTisO1,//AC,
AC//LiMn,Oy ... etc.

Currently, the HSC technology is still in its development stage with limited commercialized

applications. However, HSCs are gradually being considered as next-generation energy-storage
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devices. Some companies like JM Energy, FDK, NCC, and Yunasko have recently started marketing
HSC devices. [1, 15, 16, 43, 47-49]

4.4. Electrochemical characterization techniques

In order to evaluate the electrochemical performance of supercapacitors, some fundamental
electrochemical measurements should be performed on supercapacitor electrodes, i.e., cyclic
voltammetry (CV), galvanostatic charging/discharging (GCD), and electrochemical impedance

spectroscopy (EIS).

The measurements are typically conducted on a potentiostat/galvanostat, using either two or
three electrode systems. The three-electrode electrochemical cell consists of a working electrode (WE),
a counter electrode (CE), and a reference electrode (RE) in an electrolyte solution. Wherein, the voltage
is applied between the reference and the working electrode and the corresponding current is measured
between the counter and working electrodes. The electrochemical phenomena take place at the working
electrode. The reference electrode has a constant potential against which the other potentials are
measured, commonly used reference electrodes for aqueous solutions are the saturated calomel
electrode (SCE), the silver/silver chloride electrode (Ag/AgCl), the standard hydrogen electrode (SHE),
and the normal hydrogen electrode (NHE). The counter electrode is typically made of
electrochemically inert materials such as gold and platinum and is used to complete the electrical

circuit.

In CV, The electrochemical cell is potentiodynamically controlled by sweeping the potential
between two pre-selected limits with a chosen scan rate and measuring the resulting current. The
current response is plotted versus the potential to obtain a CV curve. This technique provides useful
information on the stable electrochemical window, capacitance, reactions reversibility and cyclability

of the active materials or devices. The system Kinetics can also be studied by varying the scan rate.

Typical EDLC electrodes will exhibit CV curves approximately rectangular in shape. The
pseudocapacitive contribution leads to a deviation from the rectangular shape accompanied with the

presence of redox peaks. [10, 50-52]

~ 45 ~



4. Supercapacitors and their electrode materials

In addition, GCD measurement technique (also called chronoamperometry) is employed to
accurately determine the operating voltage and calculate the specific capacitance (Csp) of a

supercapacitor electrode as per the equation 4.4. in the three electrode configuration:

I X At

= 4.4
s m X AV (44)

wherein, I is the discharge current (A), At is the discharge time (s), m is the loaded mass of the

composite (g), and AV is the potential drop upon discharging (excluding the IR drop) (V).

Furthermore, energy and power densities are commonly calculated on total mass or volume

basis for fully packaged supercapacitors.

It should be noted that, for non-faradaic electrode materials, the discharge curve is linear, but in
contrast, it deviates from linearity for pseudocapacitive electrode materials. [10, 50-52]

On the other hand, electrochemical impedance spectroscopy (EIS) is a powerful tool for studying the
frequency behavior and the equivalent series resistance (ESR) of a supercapacitor electrode. EIS
measurements are conducted usually at the open-circuit potential (OCP) by imposing a small-amplitude

sinusoidal perturbation (5 ~ 10 mV) over a wide range of frequency.

Unless the electrode is purely resistive, impedance is a complex quantity, since the current may

show a phase shift ¢ compared to the voltage/time function, thus,

Z=27 +jz" (4.5)

where Z' and Z" are respectively the real and imaginary parts of impedance. The plot of -Z" versus Z' is
called Nyquist plot. The ESR of the electrode can be obtained from the X-axis intercept of the Nyquist
plot.

Due to the complexity of charge storage mechanisms (EDL and pseudocapacitance) and other
phenomena arising from different surface morphologies of the studied supercapacitor electrodes,
conventional capacitor models such as the Randles circuit are inadequate for modeling supercapacitors.
Hence, EIS is a promising technique in extracting model parameters and modeling equivalent circuits.
[10, 50, 51]
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4.5. Supercapacitors applications

Figure 4.7: Application fields of supercapacitors.

By the 1970s, NEC had successfully marketed its first supercapacitors for CMOS memory
power-backup in computers, since then, supercapacitors were moving from niche to widespread
applications and more and more companies were investing in the development of supercapacitors
including Nippon Chemi-Con, Maxwell Technologies, KEMET Electronics, Panasonic, ELNA,
Nichicon, Nissan Motors (Ageo), NESS, Murata, YUNASKO and many others. Globally, the

supercapacitor market is growing steadily and rapidly.

Currently, one of the most promising applications of supercapacitors is their use in the
transportation field. In hybrid-electric vehicles (HEVS), such as in some Toyota and Honda HEV
models, supercapacitors absorb and store virtually all Kinetic energy from the braking systems, power
would then be released to help hybrid cars and buses to accelerate and/or assist a faster and reliable
engine start-up. Furthermore, many forklift manufacturers employed supercapacitors to provide lift to
electric forklifts, easing the stress on the battery pack which runs the forklift. A forklift with a fuel cell
powertrain needs supercapacitors to meet the power requirements in lifting operations. In rails, energy

is recovered from regenerative braking systems and used for assisting train acceleration and powering
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vehicles where wiring systems are not available (Figure 4.8). Moreover, supercapacitors are
implemented in aircrafts to open emergency doors in the case of power failures as in Airbus A380. [6,
10, 13, 53-56]
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Figure 4.8: Schematic illustration of wayside regenerative braking energy storage system (ESS) for
subway trains. [57]

In UPS systems for hospitals, banking centers, data centers, airport control towers, and cell
phone towers, supercapacitors, owing to their fast response, serve as an emergency power backup that
can rapidly supply power once the primary energy source is failed, so the equipment would be securely
shut down or a secondary power source would be initiated [10, 53, 58].

In addition, as affordable energy storage devices, supercapacitors are used to stabilize the
output of renewable energy installations, and in general to ensure the reliability and stability of power
grids by delivering quick bursts of energy during peak power demands, then quickly recover the lost

energy for sustained supply. [10, 53]
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Extraction and characterization
of cellulose microfibers from
Retama raetam stems

5.1. Introduction

Cellulose has attracted much interest among all natural fibers due to its outstanding properties
such as renewability, biodegradability, processing flexibility, and high functionality, which make it a
promising feedstock for industrial applications in various fields ranging from food industry to printing,

cosmetic, oil well drilling, textile, pharmaceutical and biomedical sectors [1-4].

The existence of cellulose as the common material of plant cell walls was first investigated by
Braconnot in 1819 [5] and Payen in 1838 [6]. It is a polydispersed linear polymer with a fibrillar
structure composed of poly-p (1->4)-D-glucose units with a syndiotactic configuration [7, 8], found in
the cell walls as a network of nanofibrils embedded in a non-cellulosic matrix [9]. Several plants are
rich in cellulose, i.e., cotton, wood, bamboo, hemp, flax, and jute ...etc. [10]. In addition, cellulose
fibers have been extracted from several sources such as; milkweed stems [11], hop stems [12], rice
husk [13], Cissus quadrangularis root [14], dichrostachys cinerea bark [15] and many more. Although
several sources of natural fibers were investigated in detail, the isolation of cellulose fibers from

Retama raetam has not been reported yet.
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Retama raetam, locally known as R’tem, is a wild plant of the Fabaceae family (Figure 5.1). It
is common to North and East Mediterranean regions [16]. It is largely abundant in arid area; this
abundance makes it a good candidate for industrial utilization. Moreover, the Retama species
contributes to the bio-fertilization of poor grounds because of their aptitude to associate with fixing
nitrogen bacteria Rhizobia [17]. Therefore, the genus of the Retama is included in a re-vegetation

program for degraded areas in semi-arid Mediterranean environments [18].

In this research, natural micro-sized cellulose fibers were extracted from R. raetam stems using
alkali and bleaching treatments, the resultant cellulose microfibers were characterized using FTIR,
SEM, XRD and TGA.

Figure 5.1: Photograph of the Retama raetam plant.

5.2. Materials and methods

5.2.1. Materials

Stems of R. raetam subject of this study were collected in Ouargla, Algeria, in 2015. Acetone,
ethanol, sodium hydroxide, and hydrogen peroxide were purchased from Sigma—Aldrich (Germany)

and were used without further purification.
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5.2.2. Preparation of samples

Adult stems were cleaned with water and air dried, broken to the size of about 1 cm long and 1
mm width, grinded into powder with a Retsch SM100 Comfort cutting mill (Retsch GmbH, Haan,
Germany), and sieved using a sieve size of 0.25 mm.

5.2.3. Microfibers extraction

The extraction of cellulose microfibers was performed using classical chemical treatments with
adaptations in dewaxing, alkali and bleaching treatment processes. The totally chlorine-free extraction
procedure can be described as follows:

Dewaxing

About 20g of powdered stems were first dewaxed in a Soxhlet reflux with a 2:1 (v/v) mixture of
acetone/ethanol at 63 °C for 7 h. The main purpose of this step is to remove off waxes and extractives.
The sample was then placed in a Buckner funnel and vacuum dried at room temperature for 3 h to

remove traces of residual solvents.

Alkali treatment

The alkali treatment was performed to purify the cellulose by removing lignin and
hemicellulose from R. raetam fibers. The extractive-free sample was treated with an alkali solution (7
wt.% NaOH) with a solvent to solid ratio of 10:1 at 80 °C for 3 h under mechanical stirring. This
treatment was performed trice, after each treatment the solid was filtered and washed with distilled

water until neutral pH.

Bleaching

A subsequent bleaching treatment was carried out to remove residual lignin and whiten the
microfibers. The sample was immersed in a hydrogen peroxide solution (11%, v/v), the pH was
adjusted to 11 using 7 wt.% NaOH, the system was vigorously stirred for 3 h at 45 °C. For more
effective discoloration, the bleaching process was performed twice under the same conditions, after

each treatment, the microfibers were filtered and washed with distilled water.
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5.2.4. Fourier transform infrared spectroscopy

Fourier Transmission Infra-Red Spectroscopy was used to analyze the chemical changes of the
samples and investigate functional groups in the extracted cellulose. The FTIR spectra were recorded
on a Cary 660 FTIR Spectrometer (Agilent Technologies, USA) in a wavelength range of 4000—600

cm™* with a resolution of 4 cm™.

5.2.5. X-ray Diffraction (XRD) Analysis

The crystallinity of cellulose microfibers was investigated by X-ray diffraction (XRD) analysis,
using a powder X-ray diffractometer (D8 Advance A25 Bruker AXS GbmH., Germany) with Cu Ka
radiation (1.5406 A°) at 40 kV and 25 mA, in the range of 20 = 5—60° at a scanning rate of 0.02 ° s .
The crystallinity index (Crl) was calculated according to Segal equation [19]:

Crl =100 X (I200 — Iam) / I200 (5.1)

where Iy is the diffraction intensity at 20 = 22—23° and |l is the minimum diffraction intensity at 20 =
18-20°.

The crystallite size was calculated as per the Scherrer equation [20]:

Lh,k,l = (0 94 x A)/(ﬁ X COS 9) (52)
where A is the X-rays wavelength, B is the full width at half maximum in radians, and 6 is the Bragg
angle.

5.2.6. Morphological structure

A scanning electron microscope (SEM) (Quanta 250 FEG, FEI, USA) with an accelerating
voltage of 15 kV was used to investigate the microstructure and the surface morphology of the obtained

cellulose microfibers.

5.2.7. Thermogravimetric analysis (TGA)

In order to study the thermal stability of the extracted cellulose microfibers, thermogravimetric
analysis (TGA) was performed using a Mettler Toledo TGA/DSC 3+ instrument. The scan was carried

out from 25 to 600°C at a heating rate of 10 °C/min and under nitrogen atmosphere.
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5.3. Results and discussion

5.3.1. Extraction method and cellulose yield

A stepwise totally chlorine-free procedure for the isolation of cellulose microfibers from
Retama raetam was proposed based on that adopted by Sun et al. [21] with modifications. These
modifications involve increasing sodium hydroxide and hydrogen peroxide concentrations as well as
improving treatment time and/or temperature to enhance non-cellulosic components removal.
Therefore, the isolation of R. raetam cellulose microfibers was successfully achieved without any
additional harsh acid treatments (Table 5.3), which makes the suggested extraction process not only
eco-friendly and cost-saving, but also yielding cellulose microfibers of high crystallinity and smaller
diameters as further confirmed by XRD and SEM results.

Cellulose microfibers yield was gravimetrically determined (calculated as the percentage of the
extracted cellulose microfibers over the initial raw sample weight) and was found to be 52.1%. This
yield value is higher than that reported in literature for cellulose microfibers extracted from Hibiscus
sabdariffa fibers (38.6%) [22] and comparable to yield values of 52, 52 and 55% for cellulose
microfibers extracted from Coconut palm leaf sheath [23], African Napier grass [24] and Palmyra palm

fruits [25], respectively.

5.3.2. FT-IR spectroscopic analysis

Infrared spectroscopy is currently one of the most important analytical techniques available to
scientists [26]. It presents a relatively easy method of obtaining direct information on chemical changes
that occur during chemical treatments [27]. Furthermore, FT-IR analysis was conducted to investigate
the presence of different functional groups in the isolated samples. Figure 5.2 shows the IR spectra of
(a) untreated sample, (b) alkali treated sample and (c) bleached cellulose microfibers. As summarized

in Table 5.1, the cellulose spectrum is similar to those reported in literature for cellulose fibers [28].

The band at 3332 cm™ relates to the stretching of H-bonded OH groups, and the one at 2901 cm’
! to the C—H stretching [29], it is observe that the band around 3332 cm™ is narrower and has a higher
intensity for cellulose, which demonstrated that the extracted cellulose contained more —OH groups
than in untreated sample [30]. The band at 1644 cm™ is associated with —OH bending of the absorbed
water [31]. Typical bands assigned to cellulose at 1159 cm™ and 897 cm™ are due to C—O—C stretching
at the b-(1->4)-glycosidic linkages [32]. The presence of these peaks showed the increase in the
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percentage of cellulosic components after removal of non-cellulosic materials by chemical treatments
[33]. The absorption peak at ~1734 cm™ on the spectrum of the untreated sample (a) is attributed to the
C=0 stretching of the acetyl and uronic ester groups of polysaccharides [8, 34], it is also related to the
p-coumeric acids of lignin and/or hemicellulose [31], the absence of this peak after successive chemical
treatments indicates the removal of most of lignin and hemicelluloses from the microfibers. Another
indicator of lignin and hemicellulose removal during the chemical treatments is the significant decrease
in the intensity of the peak around 1236 cm™ which is related to the —COO vibration of acetyl groups in
hemicellulose and/or the C-O stretching of the aryl group in lignin [25]. Noticeable peaks on spectrum
(c) at 1429 cm™ relates to the CH, bending and at 1370 cm™ to the O—H bending. The absorbance at
~1316 cm™ is attributed to the C-C and C-O skeletal vibrations [35]. The C-O-C pyranose ring

skeletal vibration occurs in 1054 cm™ and 1031 cm™. [36]
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Figure 5.2: FT-IR spectra of (a) untreated sample, (b) alkali treated sample, and (c) bleached cellulose

microfibers.
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Table 5.1: The main observed IR bands and their assignments.

Spectra Wavenumber  Assignment Ref.
(cm™)

(@), (b), (c) 876-897 C-O-C stretching at the B-(1->4)-glycosidic [32]
linkages

(@), (b), (c) 1029-1031 C—O-C pyranose ring skeletal vibration [36]

(b), (c) 1051-1054 C—O-C pyranose ring skeletal vibration [36]

(@), (b), (c) 1144-1159 C-O-C stretching at the p-(1->4)-glycosidic [32]
linkages

(@), (b) 1224-1236 —COO vibration of acetyl groups / C-O [25]
stretching of the aryl group

(@), (b), (c) 1316-1327 C—C and C-O skeletal vibrations [35]

(@), (b), (c) 1370-1374 O—H bending [35]

(@), (b), (c) 1417-1429 CH2 bending [35]

(@), (b), (c) 1644-1646 OH bending of the absorbed water [31]

(a) 1734 C=0 stretching [34]

(@), (b), (c) 2896-2922 C—H stretching [29]

(@), (b), (c) 3323-3332 H-bonded OH groups stretching [29]

5.3.3. X-ray Diffraction measurements

The cellulose amorphous phase is characterized by the low diffracted intensity at a 20 value of
19.12°, whilst the peaks at 15.14°, 16.25°, 22.75° and 34.39° are attributable to the crystallographic
planes of (1-10), (110), (200) and (004), respectively, which are characteristic of the typical cellulose I
structure [24, 37]. The crystallinity index (Crl) of the bleached microfibers was determined using
equation (5.1) and was found to be 77.8%. Obviously, as illustrated in Table 5.2, this Crl value is
higher than the value of 73.91% reported by Kale et al. for commercial microcrystalline cellulose from

wood pulp [20]. Moreover, it is higher than the Crl values reported in the literature for cellulose
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microfibers isolated using different methods from various sources such as Sugarcane bagasse (50%)
[38], Agave fibers (64.4%) [39], mengkuang leaves (69.5%) [40] and Soy hulls (69.6%) [31].

Furthermore, the crystallite size (Lnx;) which was found to be 3.62 nm is comparable to the
reported sizes of cellulose crystallites (4 to 7 nm generally) [41]. However, the calculated Ly, value is
much lower than that reported for hydrolyzed commercial microcrystalline cellulose (10.32 nm). The
higher Crl and the lower Lk, values suggest that the adopted stepwise chlorine-free extraction
treatments were effective in removing most of amorphous domains leading to break the bundles of
cellulose fibers to form smaller cellulose crystallites [42, 43].
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Figure 5.3: XRD diffractogram of extracted R. raetam cellulose microfibers.

Table 5.2: Comparison of the crystallinity indices of cellulose microfibers from various sources.

Source Crystallinity index (Crl) Reference
Coconut palm leaf sheath 47.7% [23]
Sugarcane bagasse 50% [38]
Agave fibers 64.4% [39]
Mengkuang leaves 69.5% [40]
Soy hulls 69.6% [31]
Commercial microcrystalline cellulose 73.91% [20]
Sisal fibers 75% +1 [44]
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Wheat straw 77.8% [31]
Retama Reatam 77.8% This work
Hibiscus sabdariffa 78.95% [22]
Palmyra palm Fruits 81.9% [25]

5.3.4. Morphological properties of chemically purified cellulose microfibers

Figure 5.4 shows SEM micrographs of the chemical-purified cellulose microfibers. After they
had been subjected to alkaline solution treatment and bleaching, the cellulose microfibers were
separated into individual micro-sized fibers. These micro-sized cellulose fibers were reported to be
composed of strong hydrogen bonding nanofibers [45]. The diameter of the microfibers is about 6-7

um but the exact determination of their length is difficult.

Figure 5.4: SEM images of extracted R. raetam cellulose microfibers.
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As Table 5.3 demonstrates, the extracted R. raetam cellulose microfibers are smaller in
diameter as compared to those isolated by different extraction methods from various sources such as
sisal fibers, agave fibers, coconut palm leaf sheath, soy hull and wheat straw [23, 31, 39, 44].
Moreover, they are comparable to cotton and sugarcane bagasse microfibers extracted by sulfuric and
nitric acid hydrolysis, respectively [38, 46]. This morphology and smaller diameter would enable R.
raetam cellulose microfibers to be used for various applications ranging from reinforcing agents in

biodegradable composites, to gel forming food and cosmetic additives [39, 47].

Table 5.3: Comparison of the diameters of cellulose microfibers extracted from various sources by

different extraction methods.

Source Extraction method diameter Ref.
(jum)

Sisal fibers Alkali, peroxide and HNOs/HAC treatments 12.8-31 [44]

Coconut palm Chlorination, alkali and HNOs/HAcC treatments  10-15 [23]

leaf sheath

Soy hull Alkali treatment and HCI Acid hydrolysis 10-15 [31]

Wheat straw Alkali treatment and HCI Acid hydrolysis 10-15 [31]

Agave fibers Chlorination, alkali and HNOs/HAC treatments  8-14 [39]

Hibiscus Steam explosion and oxalic acid hydrolysis 10.04 [22]

sabdariffa

Sisal fibers Chlorination and alkali treatments 7-11.2 [44]

Cotton Sulfuric acid hydrolysis 5-10 [46]

Sugarcane Nitric acid hydrolysis 5-10 [38]

bagasse

Palmyra palm Chlorination, alkali and HNOs/HAC treatments  4-11 [25]

fruit

Napier grass Chlorination, alkali and HNO3s/HAC treatments 8.3 [24]

fibers

Retama Raetam Alkali and alkaline peroxide treatments 6-7 This

Stems work

Jatropha Curcus  Chlorination, alkali and HNOs/HACc treatments  0.23-1.04 [47]

L seed shell

* HAc: Acetic Acid
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5.3.5. Thermal stability
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Figure 5.5: TGA (a) and DTG (b) curves of the untreated sample and the bleached cellulose

microfibers.

Investigating thermal properties of cellulose microfibers is a key factor for their applicability as
reinforcing fillers in biocomposites [33]. Figure 5.5 (a) and (b) show, respectively, the
thermogravimetric analysis (TGA), and the derivative thermogram (DTG) curves for both the raw and
bleached samples. TGA curves show an initial weight loss below 155 °C, this initial drop (4.6 % for
raw sample and 6.5 % for cellulose microfibers) was due to the evaporation of moisture bounded on the
surface of the samples, chemisorbed water bounded inside the samples and/or the compounds of low
molecular weight such as extractives presented in the raw sample [33, 48], the presence of the absorbed
water was affirmed previously through the FT-IR results. The main broader cellulose thermal
degradation (50.84%) occurs over 179 °C and involves synchronous multi-processes such as
dehydration, depolymerization, and decomposition of glycosidic units [49]. The raw sample showed
separated pyrolysis processes within a wider temperature range, including thermal depolymerization of
hemicellulose up to 273 °C, decomposition of cellulose up to 348 °C, and the degradation of lignin up
to 536 °C in addition to its simultaneous decomposition with other degradation stages due to its
complex structure [48]. DTG curves exhibited maximum decomposition rates at DTGmax=294 °C and
311 °C for the raw and bleached samples, respectively. A shoulder can be clearly observed at 261 °C
on the left side of the main peak of the raw sample DTG curve, which was due to initial decomposition

of hemicellulose and non-cellulosic components [49], while the broadening at 245 °C on the
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microfibers DTG curve, could be an indicator of a broad distribution of molecular mass from cellulose
or a residual content of hemicellulose which withstood the extracting procedures [44]. Finally, the
formation of a charred residue took place (46 % for raw sample and 42 % for cellulose microfibers).
The higher charred residue of the raw sample is due to that fact that the non-cellulosic could induce
higher char formation [33]. However, R. raetam cellulose microfibers presented relatively high char
yield when compared to literature (Table 5.4), indicating higher non-volatile carbonaceous material
generated on pyrolysis [50] and could indicate also a good thermal stability of the extracted cellulose
microfibers [20, 51].

Table 5.4: DTGnax and char yields of cellulose microfibers from different sources.

Samples Tmax (°C) Char (%) Reference
Date seeds cellulose microfibers 300 11 [52]
Bamboo cellulose microfibers 328 13 [53]
Rice hulls microcrystalline cellulose 283 23 [54]
bean hulls microcrystalline cellulose 281 25 [54]
Onion skin cellulose microfibers 333 26 [55]
Retama Raetam cellulose microfibers 311 42 This work
Cotton silver microcrystalline cellulose 340 57 [56]
Jute microcrystalline cellulose 280 61 [56]

5.4. Conclusion

The main goal of this work was to investigate the viability of Retama raetam as a novel,
renewable and low-cost source of cellulose microfibers. The successful isolation of cellulose
microfibers was achieved with a yield of 52.1% by stepwise chemical treatments. The FTIR results
revealed that the chemical treatments removed most of lignin and hemicellulose from the sample. The
extracted cellulose microfibers were highly crystalline native cellulose I, with a crystallinity of 77.8%
and a crystallite size of 3.62 nm. The diameter of the micro-sized fibers was about 6-7 um. TGA/DTG
curves show a maximum decomposition peak at 311°C and a high char yield. These findings proved
that R. raetam is a candidate renewable source for the production of cellulose microfibers and should
stimulate further research on the use of these fibers for various applications such as cellulose
nanocrystals preparation, reinforcement agent in green biocomposites, and bio-fillers for polymer

matrices.
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Preparation and characterization
of cellulose nanowhiskers from
pure cotton

6.1. Introduction

Cellulose nanofibers (CNF) and cellulose nanowhiskers (CNW) have attracted considerable
attention as green nanofillers in bionanocomposites because of their potential reinforcing capabilities
offered by their superior mechanical properties, high aspect ratio, low density, biocompatibility, high
strength, and crystallinity [1, 2]. They promise good prospects for various applications, such as
polymer composites, flexible substrates for electronics, films, medicines, and functional materials [3].
Recently, there has been a burgeoning interest in extracting nanocellulose from various plants and
organisms. Among various sources, such as plants, algae, sea creatures and bacteria, natural cotton
fibers hold the highest percentage of cellulose (>95 %) [4, 5]. In nature, cotton fibers with a diameter of
several micrometers consist of numerous superfine fibrils in nanometer scale. The nano-architecture of
the cellulose promotes isolation of nanowhiskers and nanofibrils [5]. Therefore, CNW can be obtained
from cotton fibers using the acid hydrolysis method to remove amorphous phases between crystalline
domains [3, 6].

In the present chapter, CNW were prepared from pure cotton by acid hydrolysis and

characterized using X-ray diffractometry (XRD) and scanning electron microscopy (SEM).
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6.2. Materials and methods

6.2.1. Materials

Pure cotton was obtained from Saffec-Cotiflex (Algeria). sulfuric acid was purchased from
Sigma—Aldrich (Germany).

6.2.2. Preparation of cellulose nanowhiskers (CNW)

CNW were prepared from cotton source by acid hydrolysis as reported elsewhere [7, 8] with
minor modifications. Typically, 8g of pure cotton was mechanically stirred in a beaker at a ratio of 1:25
(w/v) of aqueous concentrated sulfuric acid (60%, w/w) at 45 °C for 60 min. The reaction was
quenched after hydrolysis by adding tenfold volume of chilled water. The hydrolyzed cellulose sample
was washed four times by centrifugation at 10000 rpm for 15 min each. The resultant colloidal

suspension was dialyzed in distilled water until constant pH and then air dried for further use.
6.2.3. Characterization methods

An X-ray diffractometer (D8 Advance A25, Bruker, Germany) was used to investigate the
crystallinity of the prepared cellulose nanofibers. The morphologies of the samples were evaluated by a

scanning electron microscopy (JSM-6360, JEOL, Japan) with an accelerating voltage of 15 kV.

6.3. Results and discussion

6.3.1. Diffraction analysis

The effect of acid hydrolysis on the crystallinity of cotton cellulose fibers was examined by X-

ray diffractometry. XRD patterns of both raw cotton and CNW are shown in Figure 6.1.

Both diffractograms present the same diffraction features of cellulose type I (also referred to as
native cellulose), which is corroborated by the fact that there is no doublet in the intensity of the main
peak [9, 10]. The patterns exhibit well-defined peaks at 20 values of 22.58° and 34.46° for the
unmodified cotton and 22.88° and 34.20° for the hydrolyzed cotton corresponding, respectively, to the
(200) and (004) crystallographic planes of cellulose I. Furthermore, the two peaks around 26~15°-16°
are related to the (1-10) and (110) crystallographic planes, respectively [10, 11]. The latter reflections
were partially overlapped for raw cotton and became more distinct after hydrolysis process, due to the
removal of amorphous materials, mainly, lignin and amorphous cellulose, which cover the two peaks
[12].
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Figure 6.1: XRD data of pure cotton and hydrolyzed cellulose nanowhiskers (CNW).

Moreover, the intensities of the diffraction peaks of CNW were increased significantly
compared to those of cotton fibers. This is mainly due to the increase in the crystallinity of the CNW
[13]. The crystallinity indices (Crl) of cotton and CNW calculated using Segal equation [14] were
73.12% and 82.04%, respectively, which indicate a crystallinity increase by 12% after acid hydrolysis.
The increase in crystallinity of CNW was due to the hydrolytic cleavage of glycosidic bonds in the
accessible regions of cellulose fibers, which was accompanied by a significant loss of disordered

soluble fraction of the polymer [9, 15].

6.3.2. Morphological analysis

Figure 6.2 (a), (b, and ¢) shows the SEM images of raw cotton single fiber and cellulose
nanowhiskers, respectively. Figure 6.2 (a) clearly exhibits the shape and size of an individual micro-
sized fiber in the raw cotton. These raw well-separated fibrils have diameters of about 12-16 pm.
Moreover, they exhibits both amorphous and crystalline regions, the latter regions arise from the linear
and the conformationally homogeneous nature of the cellulose polymer and the extensive

intermolecular hydrogen bonding between adjacent cellulose chains [16].
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Figure 6.2: SEM micrographs of single cotton fiber (a) and hydrolyzed CNW (b, c).

Though SEM lacks the necessary resolution to allow imaging of individual nanowhiskers, the
fibrillar, ribbon-like morphology of the obtained CNW is highly observable in micrographs (b) and (c),
with clusters randomly strung together. The ribbons have nanoscale dimensions with varied widths and
lengths. An almost similar morphology has been reported by Braun et al. for cotton linter CNW [17].
The remarkable size reduction as well as the higher Crl revealed by XRD data indicate that H,SO,
hydrolysis successfully led to the dissolution of amorphous domains, and therefore resulted in the
longitudinal cutting of the microfibrils which generate cellulose nanocrystals (CNC) known as

nanowhiskers [18].

6.4. Conclusion

Cellulose nanowhiskers (CNW) from pure cotton fibers were successfully prepared by H,SO,4
hydrolysis without any pulping steps before the acidic treatment. XRD results showed a 12% increase
in cellulose crystallinity and no modification in cellulose type after chemical treatment. Moreover,
significant morphological differences between pure cotton and CNW were observed by SEM, although

the fibrillar morphology was retained.
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Synthesis of reduced graphene
oxide (rGO)

7.1. Introduction

Graphene, a two-dimensional hexagonal lattice of sp>-bonded carbon atoms has attracted
considerable scientific interest because of its unique properties; a large surface area, excellent
mechanical properties, a very high electronic conductivity, an exceptionally high thermal conductivity,
as well as many other exceptional properties have made graphene an interesting material for various

applications [1].

In wider sense, there are two different approaches for producing graphene; “Top-down”
consists of breaking down of graphite into large monolayer or few-layer graphene flakes, using external
forces such as mechanical, electrochemical etc., and “Bottom-up” consists of building up graphene

using organic precursors [2, 3].

To date, the oxidative-exfoliation is one of the most common top-down methods for the large-
scale synthesis, it produces large quantities of graphene oxide (GO), a graphene-like nanosheets which
are then reduced to reduced graphene oxide (rGO) [1]. This strategy begins with the oxidation of
graphite using a Brodie, Staudenmaier, Hummers, or a modified Hummers method to produce graphite
oxide. During the oxidation process which is established in concentrated acids media (sulfuric acid,
nitric acid, and/or phosphoric acid) using strong oxidants (potassium permanganate and potassium

perchlorate), the attachment of the oxygen-containing functional groups (OFGS) increases the distance
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between graphitic layers, hence weakening the van der Waals forces and effectively facilitating the
exfoliation of graphite oxide into individual graphene oxide (GO) sheets by ultra-sonication. The GO is
then reduced into graphene by means of chemical reduction (by various reducing agents including
hydrazine and its derivatives, hydroiodic or ascorbic acid, hydroquinone, potassium and sodium
hydroxide, diverse metal hydrides, hydroxylamine, sodium ammonia solution, urea and thiourea),

thermal annealing or microwave irradiation. [1, 4-6]

Here, a sonication-assisted oxidative exfoliation of natural graphite was employed to obtain
graphene oxide (GO), followed by its reduction with ascorbic acid as a green, inexpensive, and
abundant alternative for conventional reducing agents of GO (e.g. hydrazine hydrate). The synthesized

rGO was characterized using Raman spectroscopy and X-ray diffractometry.
7.2. Materials and methods

7.2.1. Materials

Graphite fine powder (Extra pure) was purchased from Merck (Germany), potassium
permanganate, sodium hydroxide, sulfuric acid, and hydrochloric acid were purchased from Sigma—
Aldrich (Germany) and were used as received. L-ascorbic acid was obtained from Eden-Labo
(Algeria).

7.2.2. Synthesis of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was synthesized by a modified Hummer's method [1]. Initially,
1 g of graphite was dispersed in 50 mL concentrated sulfuric acid (96-98%) with swirling in an ice-
water bath. Thereafter, KMnO, (3 g) was then slowly added to the reaction mixture maintaining the
temperature below 10 °C. The mixture was stirred at room temperature for 30 min, then sonicated for 5
min in a 120W ultrasonic cleaner. The stirring-sonication process was repeated 10 times before adding
200 mL of distilled water to quench the reaction. The mixture was sonicated for an extra 1h, and then
the pH was adjusted at ~6 by adding 1M NaOH solution. Subsequently, 100 mL of 1M L-ascorbic acid
aqueous solution was added to the exfoliated graphite oxide suspension. The system was then brought
to 95 °C and stirred for 1 h to achieve the reduction. GO loses its hydrophilicity during this stage
resulting in a black precipitate, which was simply filtered on a Whatman paper, washed with a 1M HCI

solution and distilled water until neutral pH, then dried to obtain rGO powder.
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7.2.3. Characterization methods

Raman spectra were recorded with a DXR SmartRaman Spectrometer (Thermo Scientific,
USA) equipped with 785 nm laser in order to assess the quality of the prepared rGO and determine the
microstructure of the samples. An X-ray diffractometer (D8 Advance A25, Bruker, Germany) was used
for the XRD measurements.

7.3. Results and discussion

7.3.1. Raman spectroscopy

Raman spectroscopy is a standard non-destructive analysis tool for characterization of various
carbon materials [7]. Therefore, it was employed to analyze the structural changes after chemical
processing from graphite to reduced graphene oxide (rGO). Figure 7.1 shows the Raman spectra of
bulk graphite powder and rGO. There are two main prominent peaks for both graphite and rGO
samples, assigned to G band (1582-1592 cm™) and D band (1312-1315 cm™), which represent the in-
plane bond-stretching motion of the pairs of C sp? atoms (the E2g phonons) and the breathing modes of

rings or K-point phonons of A;g symmetry.

Besides G and D bands, there is a weaker intensity band called 2D located at 2636-1645 cm™.
The 2D band is sensitive to the number of graphene layers, namely, a sharp 2D peak of intensity greater
than four times of G-band intensity represents a single-layer graphene, while a modulated bump at 2D
band shows few-layer graphene [8]. Thus, the synthesized rGO is consistent with few-layer graphene.
It is worth mentioning that the 2D band is Raman active for crystalline graphitic materials and it is

sensitive to the © band in the graphitic electronic structure [9, 10].

The inset of Figure 7.1 exhibits the Raman region (2400-3100 cm™) for rGO, it shows the so-
called D + G band at 2908 cm™ which is induced by disorder [9].

Moreover, the intensity ratios Ip/lg are shown in Table 7.1. Obviously, the Ip/l¢ ratio for rGO is
higher than that of pristine graphite, which is due to the defects and partially disordered crystal
structure of rGO, suggesting that the synthesized rGO has a defect content as a result of residual OFGs.
[11]

It is worth to note that the rGO spectrum is in accordance with Raman spectra reported in

literature for rGO at the same laser excitation [9, 12, 13].
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Table 7.1: Intensity ratios Ip/lg for pristine graphite and rGO.

Graphite rco
Io 652.87 4612.58
le 1953.59 3571.69
In/l 0.33 1.29
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Figure 7.1: Raman spectra of pristine graphite and reduced graphene oxide (rGO).

7.3.2. X-ray diffraction analysis
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Figure 7.2: XRD of pristine graphite and reduced graphene oxide (rGO).
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Figure 7.2 represents the XRD patterns of pristine graphite and reduced graphene oxide (rGO).
Pristine graphite exhibits a sharp (002) diffraction peak at 20=26.46°, reflecting an interlayer spacing of
0.336 nm according to Bragg's law. The weaker peaks at 42.40°, 44.46° and 54.56° are assigned to the
(100), (101) and (004) planes, respectively.[14, 15]

For rGO, a broad and weak peak centered at 20=25.16° assigned to the (002) plane and
corresponds to an interlayer spacing of 0.354 nm, which is slightly higher than that of well-ordered
pristine graphite. This can be interpreted by the presence of residual OFGs, which had withstood the
reduction process of graphene oxide [16]. The broad nature of the peak suggests poorly organized
sheets along the stacking direction, suggesting the presence of single to very few layers of graphene
[17, 18]. Furthermore, the (100) diffraction peak at 26= 42.86° indicates a turbostratic disorder of the
graphene sheets [17].

7.4. Conclusion

In summary, reduced graphene oxide (rGO) has been synthesized by a sonication-assisted
oxidation of graphite as a modified Hummers method; graphite powder reacted with KMnO, in a
concentrated H,SO,4 solution while sonicating for specific periods of time followed by reduction with
ascorbic acid as a non-toxic reducing agent. Raman analysis proved the synthesis of few-layer
graphene with an Ip/Ig=1.29. Moreover, XRD data exhibited the characteristic rGO peaks at 26=25.16°
and 42.86° and suggested the presence of residual OFGs, which had withstood the reduction process of
GO.
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Synthesis and characterization of
cellulose/polyaniline/rGO
composites

8.1. Introduction

Owing to its high theoretical capacitance, easy synthesis, good environmental stability and low
cost, polyaniline (PANI) became one of the frequently investigated advanced electrode materials for
supercapacitors [1]. However, in addition to their low conductivity, neat PANI electrodes are very
brittle and inevitably expands and contracts in the charge/discharge process, resulting in poor cycling
stability and low power density. The incorporation of cellulose fibers, PANI, and carbon materials
especially conductive and high-surface-area graphene provides an effective approach to solve neat

PANI problems, leading to mechanically robust and highly conductive composite electrodes [1-3].

In the present work, conductive PANI-coated cellulose composites hybridized with rGO in
different ratios were fabricated by adopting a series of simple operations as depicted in Figure 8.1.
These operations include, mixing aniline with cellulose microfibers (CMF) or cellulose nanowhiskers
(CNW), in situ polymerization of aniline monomer in the presence of CMF or CNW, and then
hybridization of the as prepared composites with different ratios of rGO. The prepared composites were
characterized using X-ray diffractometry (XRD), Raman spectroscopy, and scanning electron

microscopy (SEM).
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8.2. Materials and methods

8.2.1. Materials

Aniline, ammonium persulfate (APS), hydrochloric acid, and acetone were purchased from
Sigma—Aldrich (Germany). Reduced graphene oxide (rGO) was synthesized from graphite. Cellulose
microfibers (CMF) and cellulose nanowhiskers (CNW) were previously isolated from R. raetam and

cotton, respectively.
8.2.2. Preparation of CMF/PANI and CNW/PANI composites

CMF/PANI and CNW/PANI composites were prepared via in situ polymerization of aniline on
CMF and CNW, respectively. HCI was used as dopant and ammonium persulfate (APS) as
oxidant/initiator, as reported elsewhere with slight modifications [4, 5]. Typically, 2.5g of cellulose
fibers (CMF or CNW) thus obtained were dispersed by stirring and sonication in 200 ml of 1M
hydrochloric acid solution dissolving aniline (2:1 molar ratio), enabling the aniline solution to fully
infiltrate through the cellulose network. Subsequently, 100 ml of 0.25M ammonium persulfate solution
in 1M HCI was dropwisely added to the reaction mixture to initialize the oxidative polymerization
reaction. The reaction was continued for 4 h at 0-5 °C. Finally, The PANI-coated cellulose was
collected as a dark green solid on a filter paper, washed successively with acetone and deionized water

to remove the remaining reagents and dried at 60 °C in an air oven for 4 h.

8.2.3. CMF/PANI/rGO composites preparation

CMF/PANI/rGO composites were prepared by solution mixing approach, with
dimethylformamide (DMF) being a mutual solvent. In a typical experiment, 1g of the as-prepared
PANI-coated cellulose fibers were dispersed in 100 ml of DMF. Separately, rGO dispersions with
different rGO loadings were prepared by dispersing a certain amount of rGO into 10 mL of DMF with
the aid of ultrasonication for 2 h. CMF/PANI/rGO composites were then prepared by mixing rGO and
CMF/PANI dispersions. The mixtures were sonicated for 30 min and stirred for 1 h at room
temperature. After filtration, the obtained composites were dried in an air oven at 60 °C for 4 h and are
encoded as CMFPG10 and CMFPG20 for 10 and 20 wt.% of rGO, respectively.
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8.2.4. CNW/PANI/rGO composites preparation

CNW/PANI/rGO composites were prepared using the same procedure described above. The
obtained composites were encoded as CNWPG10, CNWG20 and CNWPG40 for 10, 20 and 40 wt.% of
rGO, espectively.

8.2.5. Characterization methods

An X-ray diffractometer (D8 Advance A25, Bruker, Germany) was used to confirm the
formation of PANI coating on CMF and CNW surfaces and verify rGO incorporation. Raman spectra
were recorded with a DXR SmartRaman Spectrometer (Thermo Scientific, USA) equipped with 785
nm laser in order to determine the microstructure of the samples and study the chemical changes of the
samples. The morphologies of the samples were evaluated by a scanning electron microscope (Quanta
250 FEG, FEI, USA) with an accelerating voltage of 15 kV, and a SEM (JSM-6360, JEOL, Japan) with
an accelerating voltage of 15 kV for the CNW sample .

8.3. Results and discussion

8.3.1. Synthesis process

Solution mixing is the most direct and straightforward method for the preparation of graphene-
based PANI composites and nanocomposites. During the process, cellulose/PANI and rGO are
previously prepared, and then they are mixed under ultrasonication and/or stirring. Firstly, PANI was
grown directly on cellulose fibers via a simple in situ polymerization in acidic medium to obtain
cellulose/PANI conductive composite. The aniline monomer penetrates into the inner network of
cellulose. Meanwhile, the abundant functional hydroxyl groups of cellulose interact with amine groups
of aniline to form hydrogen bonds, ensuring the uniform distribution and polymerization of aniline on
the surface of cellulose fibers [1]. The interaction between CMF or CNW and aniline monomer has a
physical nature without chemical grafting involvement [6]. The in-situ polymerization of aniline was
initiated by dropwisely adding 0.25M APS solution dissolved in 1M HCI at low temperature. The
aniline monomer which was soaked on the surface of cellulose fibers acts as the seed template for the
growth of PANI and led to the homogeneous deposition of polyaniline on the fibers network [1]. The
resulting cellulose/PANI precipitate has an obvious dark green color, suggesting the successful
incorporation of PANI in its emeraldine salt form on the cellulose scaffold. Finally,

cellulose/PANI/rGO composites were prepared by solution mixing, with DMF being a mutual solvent.
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The good dispersity of both cellulose/PANI and rGO depends on their compatibility with the mutual
solvent [7].
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Figure 8.1: Representative schematic of the composites preparation process.

8.3.2. Structural and Morphological analysis

In order to achieve a better understanding on structural changes of the products obtained after
each fabrication step, XRD studies on the cellulose fibers, PANI-coated fibers and cellulose/PANI/rGO

composites have been conducted and their corresponding patterns are given in Figure 8.2.

In Figure 8.2 (a), the CMF peaks at 15.14°, 16.25°, 22.75° and 34.39° are ascribed to the
crystallographic planes of (1-10), (110), (200) and (004), respectively, which are characteristic of the
typical cellulose I structure [8, 9]. XRD pattern of the CMF/PANI composite reveals that PANI was
successfully coated on the surfaces of cellulose microfibers. The characteristic cellulose peaks have
been dramatically weakened due to the amorphous nature of the PANI coating, which partly hindered
the crystalline structure of the microfibers [10, 11]. The newly appeared peak broadening at 26=25.24°
is assigned to the periodicity perpendicular to the PANI chain [12], other PANI peaks of (011) and
(020) planes appear around 15° and 22° overlapping with weak CMF peaks [13]. CMFPGs composites
show similar XRD patterns to CMF/PANI with a new weak reflection at 43.02° attributed to the (100)

crystal plane of graphene [14], which indicates the incorporation of rGO in the composites.
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Figure 8.2: XRD data of (a) CMF, CMF/PANI and CMFPGs composites, (b) CNW, CNW/PANI and
CNWPGs composites.

On the other hand, The four peaks of CNW pattern centered at 15.02°, 16.62°, 22.88° and 34.20°
are related to the characteristic crystallographic planes of cellulose I, namely, (1-10), (110), (200) and
(004), respectively [8, 9]. While the CNW/PANI composite exhibits three peaks located at 14.38°,
22.36°, and 25.10°, corresponding to (011), (020), and (200) planes of pure PANI in its emeraldine salt
state [15], where the peak at 26=22.36° is caused by the layers of polymer chains alternating distance,
and the peaks at 20=14.38° and 25.10° are attributed to the periodicity perpendicular and parallel to the
polymer chain, respectively [12]. The presence of these peaks as well as the disappearance of cellulose-
related peaks confirm the successful coating of conductive PANI on the surfaces of CNW. The XRD
data of CNWPGs composites present crystalline peaks almost similar to those obtained from
CNW/PANI. In addition, a new weak reflection at 42.8° ascribed the (100) crystal plane of graphene
can be observed [14]. It indicates that rGO was successfully incorporated in the composites. Whilst, the

peak attributed to graphene’s (002) plane is overlapped with PANI peaks around 26=25° [15].

Obviously, the intensities of the graphene-related peaks of (002) and (100) planes increased by
increasing rGO ratio in CMFPGs and CNWPGs composites, suggesting more agglomeration of

graphene sheets [16]. The latter observation was further confirmed by electrochemical measurements.
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Figure 8.3: Raman spectra of (a) CMF, CMF/PANI and CMFPGs composites, (b) CNW, CNW/PANI
and CNWPGs composites.

The Raman spectra of PANI-coated cellulose and cellulose/PANI/rGO composites are shown in
Figure 8.3 and the results are summarized in Table 8.1.

The bands around 420, 515 and 807 cm™ correspond to the out-of-plane C—H wag of quinonoid
ring, the out-of-plane C-N-C torsion and out-of-plane C-H bending in the quinonoid rings,

respectively [18 ,17]. The bands around 1170 and 1226 cm™ are attributed to the in-plane C—H

~ 84 ~



8. Synthesis and characterization of Cellulose/Polyaniline/rGO Composites

bendings of benzenoid and quinonoid rings, respectively [18, 19]. The band at ~1376 cm™ is assigned
to the C-N"" stretching [19, 20]. The band at ~1508 cm™* corresponds to the C=C stretching vibrations
of quinonoid rings [21, 22]. Moreover, the bands at 1589 and 1592 cm™ in CMF/PANI and
CNW/PANI curves are attributed to the C—C stretching of the benzenoid rings [23 ,17]. These results
agree with the characteristic peaks of PANI as the cellulose-related bands cannot be distinguished.
Apart from the characteristic peaks of PANI, the bands around (1319-1330 cm™) and (1591-1598 cm™)
correspond to the characteristic bands D and G of graphene also appear in the Raman spectra of
CMFPGs and CNWPGs, revealing the presence of PANI and rGO in the composites [18]. The
intensities of the latter peaks increased by increasing rGO ratio in the composites, and the G band is
significantly apparent in CMFPG20 and CNWPGA40, suggesting more agglomeration of graphene
sheets. These results are consistent with the XRD results.

Table 8.1: The main observed Raman bands and their assignments.

Wavenumber cm™ Assignment Ref.
414-428 Out-of-plane C—H wag of quinonoid rings. [17]
511-520 Out-of-plane C—-N—C torsion. [17]
800-812 Out-of-plane C—H bending in the quinonoid rings [18,17]
1167-1175 In-plane C—H bending deformation in the benzenoid [18, 19]
rings.
1226-1233 In-plane C—H bendings of quinonoid rings. [19]
1319-1330 Breathing modes of rings or K-point phonons of Ay [24]
symmetry.
1374-1379 C-N"" stretching vibration [19, 20]
1505-1513 C=C stretching vibrations of quinonoid rings. [21, 22]
1589 , 1592 C—C stretching of the benzenoid rings. [17, 23]
1591-1598 In-plane bond-stretching motion of the pairs of C sp* [24]

atoms (the E»y phonons).

SEM micrographs of CMF/PANI, CNW/PANI, CMFPGs, and CNWPGs composites are shown
in Figure 8.4. Figure 8.4 (a) and (d) reveals that both CMF and CNW present a typical
fibrous/whisker morphology as discussed previously in chapters 5 and 6. The micrographs of
CMF/PANI and CNW/PANI composites in Figures 8.4 (b) and (e) verified that cellulose was fully
covered with polyaniline, forming mechanically robust and conductive backbones. However, while the
former composite retains the fibrous structure, the latter exhibits a compact sheet-like to granular
shaped accumulation and the fibrous structure was no longer observed at the available magnification.

The aggregation of the PANI-coated CMF and CNW was mainly due to the strong hydrogen bonding

~ 85 ~



8. Synthesis and characterization of Cellulose/Polyaniline/rGO Composites

between sequentially formed PANI layers on adjacent microfibers or whisker clusters, thus bounding
them and reinforcing the composites structures [5, 25]. The densely packed structure leads to a
continuous conducting pathway responsible for low resistance against electron transfer in the
composites [26]. Moreover, the micrographs 8.4 (c) and (f) of CMFPG10 and CNWPG10, respectively,
show that the composites maintained their previous morphologies even after the rGO incorporation,
furthermore, the brighter edges in the inserted (f) offset are due to the stronger electron scattering

property of rGO [27].
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Figure 8.4: SEM micrographs of CMF (a), CMF/PANI (b), CMFPG10 (c), CNW (d), CNW/PANI (e),
and CNWPG10 (f).

8.4. Conclusion

In this chapter, cellulose/PANI composites were prepared via in situ polymerization of aniline
monomer on cellulose microfibers (CMF) and cellulose nanowhiskers (CNW), followed by

hybridization of the as prepared composites with different ratios of rGO.

XRD and Raman data verified that PANI was successfully coated on the surfaces of CMF and
CNW and indicated the incorporation of rGO in the composites. Moreover, the data suggested more

agglomeration of graphene sheets by increasing rGO ratio in CMFPGs and CNWPGs composites. SEM
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images revealed that the CMF/PANI composite retains the fibrous structure, while the CNW/PANI
exhibits a compact sheet-like to granular shaped accumulation and the fibrous structure was no longer
observed.
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Preparation of supercapacitor electrodes
and their electrochemical characterization

9.1. Introduction

Supercapacitors, also known as ultracapacitors, are considered as one of the most promising
candidates to meet sustainable development requirements in the energy sector, owing to their
advantages such as high capacitance, fast charging/discharging rates, long cycle life, and low
processing costs. A supercapacitor consists of two electrodes, an electrolyte, and a separator, where
electrodes are immersed in the electrolyte. Electrode materials play a crucial role in the development of
supercapacitors, thus significant research efforts have been devoted to the development of inexpensive
and environmentally friendly electrode materials for supercapacitors [1].

The performance of supercapacitor electrodes can be characterized using a series of key
parameters, including the specific capacitance, operating voltage, and equivalent series resistance. To
accurately study these parameters, three fundamental electrochemical methods have been proposed and
used among academia and industry, i.e., cyclic voltammetry (CV), galvanostatic charging/discharging
(GCD) and electrochemical impedance spectroscopy (EIS) [2].

The measurements are typically conducted on a potentiostat/galvanostat, using either two or
three electrode systems. The three-electrode electrochemical cell consists of a working electrode (WE),

a counter electrode (CE), and a reference electrode (RE) in an electrolyte solution.
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In the focus of probing for novel electrode materials, the previously prepared composites were
tested as supercapacitor electrodes and their supercapacitive behavior was investigated using different
electrochemical techniques.

9.2. Experimental details

9.2.1. Materials

Dimethylformamide and sulfuric acid were purchased from Sigma—Aldrich (Germany), Liquion
solution (5 wt.% Nafion) was purchased from lon Power (USA).

9.2.2. Preparation of supercapacitor electrodes

The working electrodes were prepared by drop-casting the nafion-impregnated samples onto a
platinum electrode of 3.0 mm in diameter for CMF/PANI and CMFPGs composites, and on a glassy
carbon (GC) electrode of 3.0 mm in diameter for CNW/PANI and CNWPGs composites. Typically, 15
mg of active material was dispersed in ImL of DMF containing 10 pL of 5% nafion solution using an
agate mortar/pestle to get a homogeneous dispersion. This sample was then dropped onto the working

electrode and dried in ambient conditions. The mass loadings of the samples were 0.8-1.6 mg cm™.
9.2.3. Electrochemical characterization techniques

Electrochemical measurements i.e., cyclic voltammetry (CV), galvanostatic charge discharge
(GCD) and electrochemical impedance spectroscopy (EIS) were carried out in 1M H,SO, agqueous
electrolyte solution at room temperature with a conventional three-electrode cell system on a VoltaLab
PGZ 301 (Radiometer Analytical, France) for CMF/PANI and CMFPGs composites, and an Autolab
PGSTAT302N potentiostat/galvanostat (Metrohm, Netherlands) for CNW/PANI and CNWPGs
composites. A platinum disc electrode is used as counter electrode and an SCE or an Ag/AgCl
electrodes were used as reference electrodes. The specific capacitance (Cs) derived from the discharge

curves was calculated as per the formula

Ix At
_ 9.1
(s = xav ®1)

wherein | is the discharge current (A), At is the discharge time (s), m is the loaded mass of the

composite (g), and AV is the potential drop upon discharging (excluding the IR drop) (V).
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9.3. Results and discussion

The supercapacitive behavior of cellulose/PANI composites was evaluated by cyclic
voltommetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS).

9.3.1. Cyclic voltammetry

Cyclic voltammetry (CV) is an ideal technique for probing the electrochemical behavior and
characterizing the capacitive performance of electrode materials in supercapacitors [3, 4].

Figures 9.1 (a) and 9.2 (a) compare the CV curves of CMF/PANI with CMFPGs and
CNW/PANI with CNWPGs composites electrodes, respectively, at scan rates of 50 mV s™ and 100 mV

s, respectively.

The CV curves exhibit the pseudocapacitive behavior of the composites showing two couples of
well-defined redox peaks, corresponding to the redox transition of PANI from a semiconducting state
(leucoemeraldine form) to a conducting state (emeraldine form) as well as faradaic transformation of
emeraldine/pernigraniline [5]. Obviously, CMFPGs and CNWPGs composites curves show
significantly higher current densities and larger integrated CV areas (Figures 9.1 (b) and 9.2 (b)) as
compared to CMF/PANI and CNW/PANI composites, respectively. Hence, suggesting an improved
capacitive behavior after the incorporation of rGO. This enhanced electrocapacitive performance
springs from the fact that graphene-hybrid composite electrodes integrate the high pseudocapacitance
of PANI with the excellent electrical conductivity of graphene, as well as the improved surface area
due to the fibrous feature of the cellulose fibers and whiskers [3, 6, 7]. Moreover, it is known that the
pseudocapacitance of PANI comes mainly from the surface faradaic redox reactions, therefore, in
comparison with PANI-coated CMF, PANI-coated CNW would provide a larger electrochemical
active surface area, which is highly desirable to exploit the full advantages of PANI pseudocapacitance
and rGO-based double-layer capacitance [7, 8]. Meanwhile, the high conductivity of graphene
improves the conductivity of PANI, as the presence of graphene nanosheets provides a high contact
interface between PANI and electrolyte [3, 9].

However, for both CMFPGs and CNWPGs, the highest current responses were observed for
CMFPG10 and CNWPG10, and then the current densities significantly decreased as the rGO content

increased in the composites. This phenomenon was explained by the agglomeration of graphene sheets
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leading to a decrease in active surface area, and thereby resulting in relatively low capacitive behaviors,
as reported elsewhere by Xie et al. for Co304-rGO nanocomposites [8] and Yang et al. for rGO-NiO
composites [10].
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Figure 9.1: (a) CV curves of bare Pt, CMF/PANI, CMFPG10, and CMFPG20 at 50 mV s™. (b)
Normalized integrated CV areas (%). (c) CV curves of CMFPG10 at different scan rates.

Figures 9.1 (c) and 9.2 (c) illustrate, respectively, the CV curves of CMFPG10 and CNWPG10

composite electrodes at different scan rates (5, 10, 20, 50 and 100 mV s™).

Obviously, while increasing the scan rate, the current responses increase, thus, reflecting good rate
ability and fast response to redox reactions [11, 12]. Furthermore, a positive shift of anodic peaks and a
negative shift of cathodic peaks can be observed, which is mainly due to the strengthened electric

polarization and the possible kinetic irreversibility of electrolyte ions at the electrode surface during the
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redox reaction at high scan rates [13]. In addition, the CV curves deviate from the ideal rectangular

shape, indicating the dominance of PANI pseudocapacitance [14].
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Figure 9.2: (a) CV curves of bare GC, CNW/PANI, CNWPG10, CNWPG20 and CNWPG40 at 100
mV s™. (b) Normalized integrated CV areas (%). (c) CV curves of CNWPG10 at different scan rates.

9.3.2. Galvanostatic charge/discharge

Figures 9.3 (a) and 9.4 (a) compare the galvanostatic charge/discharge (GCD) curves of
CMF/PANI with CMFPGs and CNW/PANI with CNWPGs composites electrodes, respectively, at a
current density of 1 A g™,
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Figure 9.3: (a) GCD profiles of CMF/PANI, CMFPG10, and CMFPG20 at a current density of 1 A g™.
(b) GCD profiles of CMFPG10 at different current densities. (c) Cs of CMFPG10 as a function of

various current densities.

It is clearly visible that each prepared composite exhibits an almost symmetric charging and
discharging curves, implying good reversible pseudocapacitance in the studied potential and current
ranges [13]. Moreover, the calculated specific capacitances at 1 A g™ were Cs=122.61, 246.39, and
232.88 F g™ for CMF/PANI, CMFPG10 and CMFPG20, respectively, and Cs= 135.35, 465.32, 439.82,
and 311.79 F g™ for CNW/PANI, CNWPG10, CNWPG20 and CNWPGA40, respectively. A noticeable
increase in specific capacitance was achieved by incorporating graphene in the composites. However,
the Cs decreased significantly by further increasing the rGO content in the composites, which means

that introducing higher contents of rGO into cellulose/PANI matrices can cause a serious
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agglomeration of graphene sheets and thus would lead to a decrease of the surface area, resulting in less
electrochemical utilization of PANI and graphene sheets [14, 15]. Besides, if the content of rGO is too
much, the relatively low specific capacitance of restacked rGO itself will effectively lower the
capacitance of the whole composite [15]. The latter observations are totally consistent with the CV

results discussed previously.
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Figure 9.4: (a) GCD profiles of CNW/PANI, CNWPG10, CNWPG20 and CNWPGA40 at a current
density of 1 A g™, (b) GCD profiles of CNWPG10 at different current densities. (c) Cs of CNWPG10

as a function of various current densities.
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It is pointed out that, the calculated specific capacitance of CMF/PANI is noticeably lower than
that of CNW/PANI electrode, reflecting the fact that PANI-coated CNW would provide a larger
electrochemical active surface area to maximize PANI utilization efficiency [7].

Figures 9.3 (b) and 9.4 (b) depict the GCD curves of CMFPG10 and CNWPG10 composite
electrodes, respectively. The measurements were performed within a potential range from 0 to 0.8 V
and at current densities of 1, 2 and 3 A g™ in 1M H,SO,. In addition, the specific capacitances (Cs) are

plotted in Figures 9.3 (c) and 9.4 (c) as a function of various current densities for each sample.

For CMFPG10, the Cs values were 246.39, 232.44 and 222.62 F g%, at 1, 2 and 3 A g™,
respectively. While Cs values of 465.32, 438.29 and 420.66 F g, at 1, 2 and 3 A g™, respectively, were
achieved for CNWPG10. The decrease in specific capacitance upon increasing the current density is
attributed to the limited ion-diffusion rate and/or the increased IR drop at higher current densities [16].

Table 9.1 exhibits a comparison of the performance of PANI-based graphene composites in
supercapacitor electrodes, which were prepared using different methods and then characterized using
the conventional three-electrode cell system at a current density of 1 A g™. Obviously, the specific
capacitances of the as-prepared CMFPG10 and CNWPG10 composite electrodes are comparable to or

even better than a wide range of PANI-based graphene composite electrodes reported in recent years.

The remarkable Cs values are attributed to the good dispersion of PANI coating around
cellulose microfibers and nanowhiskers as well as the presence of graphene nanosheets [17], this
combination would effectively provide a larger electrolyte/electrode contact surface area for redox

reactions and enhance the capacitive performance of the composites [3, 9, 17].
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Table 9.1: Comparison of the performance of PANI-based graphene composites in supercapacitor

electrodes at a current density of 1 A g™.

Preparation Specific
Composite P Electrolyte capacitance Ref.
methods (F oY)
Gr/PANI In situ chemical
Nanofibers polymerization T La=io 20 [18]
PANITGO YN seit.assembly 1M H,S0, 218.43 [19]
Graphene- 1M Et;N"BF,
wrapped PANI Self-assembly /PC 236 [20]
Nanofibers
CMF/PANI/FGO  Solution mixing 1M H,SO, 246.39 ng'fk
In situ chemical
CFG/PANI polymerization 1M H,SO4 262.35 [21]
Gr@PANI Self-assembly 1M H,SO, 300.8 [22]
nanoworms
PANI nanocones . .
. In situ chemical
on pristine polymerization 1M H,SO4 341 [11]
graphene
CNF/GNS/PANI Solution mixing +
film Vacuum filtration M H2S0, 342,817 [23]
Amide Group-
Connected . ..
Gr/PANI Solution mixing 2M H,SO4 361.9 [24]
Nanofibers
QNF/GNS/PANI In situ chem'lcal 1M H,SO, 431 [25]
film polymerization
CNW/PANI/rGO  Solution mixing 1M H,SO,4 465.32 \m‘rsk
PANI Chemical
nanofibers/N- polymerization +
doped rGO Hydrothermal IMHS0, 610 [26]
hydrogels process
Graphene- ]
wrapped PANI-HS Self-assembly 1M H,SO, 614 [27]
PANI nanorods on
rGO sponges Self-assembly 1M H,SO, 662 [28]
Gr-PANI paper 1S 1M H,SO, 763 [29]

electropolymerization

CFG: Carboxyl-functionalized graphene / Gr: Graphene / GNS: Graphene nanosheets / PC: Propylene
carbonate / CNF: Cellulose nanofibers / PANI-HS: Polyaniline hollow spheres
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9.3.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a technique complementary to galvanostatic
cycling measurements which provides more information on the electrochemical frequency behavior of
the system. The EIS data were analyzed using Nyquist plots. A Nyquist plot shows the frequency
response of the electrode/electrolyte system, it is a plot of the (-) imaginary component (-Z”) of the
impedance against the real component (Z’). Each data point is at a different frequency with the lower

left portion of the curve corresponding to the higher frequencies.

As revealed by CV and GCD results, the CNW/PANI and CNWPGs composite electrodes
showed the best capacitive performance, therefore, they were further characterized using EIS measured
at open circuit potential in aqueous solution 1M H,SO4. All measurements were plotted on a frequency
band ranging between 100 KHz and 0.1 Hz, with an alternative current voltage of 10 mV. The results
are depicted in Figure 9.5.

The common feature of the Nyquist plots is a depressed semicircle in the high frequency region,
followed by a straight line in the low frequency region. The semicircle in the Nyquist plot results from
the parallel combination of resistance and capacitance, it is related to the presence of electron transfer
limiting step at the interface between electrode material and electrolyte [30, 31]. The diameter of the
semicircle gradually decreases from CNW/PANI to CNWPGs composite indicating fewer obstructions
in the electron transfer process due to the high conductivity of rGO sheets [30, 32]. The linear part, in
the low frequency region, corresponds to the diffusion-controlled doping and undoping of ions, a

consequence of the Warburg behavior [30, 33].

Furthermore, the equivalent circuit in the inset of Figure 9.5 is used to fit the CNWPG10
Nyquist plot by ZView software V3.1 (Scribner Associates Inc.). The equivalent series resistance
(denoted as R;) is related to the intrinsic electronic/ionic conductivity of electrode substrate, active
material, and electrolyte [34]. The Rs value is acquired from the x-intercept of the curve at high-
frequency end and is estimated as 4.06 Q. Rcr and Rsg, are associated with the resistance of charge-
transfer and ions migration through the solid/electrolyte interface (SEI), respectively [34, 35]. W is the
Warburg impedance contribution. CPE; and CPE; are constant phase elements used to replace the
double-layer capacitance of the electrode/electrolyte interface and the pseudocapacitance of the

electroactive material, respectively [36, 37]. In contrast to the ideal capacitor elements (Cg), constant
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phase elements (CPEs) reflect the interfacial irregularities associated with the electrode geometry such

as porosity, and roughness of the electrode [32].
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Figure 9.5: The impedance data of CNW/PANI and CNWPGs composite electrodes.

9.4. Conclusion

This chapter was framed within the arena of constant probing for novel supercapacitor electrode
materials. The pre-prepared cellulose/PANI/rGO composites were applied as electrode materials,
wherein, the active material was deposited on electrochemically inert current collectors and
characterized using different electrochemical techniques.

CV data suggested that the capacitive behaviors of all composite electrodes are mainly
dominated by pseudocapacitance rather than electric double-layer capacitance. GCD results revealed an
almost symmetric charging and discharging curves, implying good reversible pseudocapacitance in the
studied potential and current ranges. Furthermore, CNW/PANI composite electrode showed a specific

capacitance noticeably higher than that of CMF/PANI. Moreover, the calculated specific capacitances
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of CMFPG10 and CNWPG10 composite electrodes at a current density of 1 A/g were 246.39 and
465.32 F/g, respectively. The latter Cs value is comparable to or even better than a wide range of
PANI-based graphene composite electrodes reported in recent years. This enhanced electrocapacitive
performance springs from the fact that graphene-hybrid composite electrodes integrate the high
pseudocapacitance of PANI with the excellent electrical conductivity of graphene, as well as the
improved surface area due to the fibrous feature of the cellulose fibers and whiskers.
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Conclusions & prospects

Cellulosic fiber-reinforced polymeric composites are finding more and more applications in
various fields ranging from construction industry to packaging, energy devices and automotive
industry. In this context, cellulose/conductive polymers/graphene composites offer a unique
combination of environmental benefits and enhanced performance for energy storage applications,

including supercapacitors.

After doing a comprehensive literature review on cellulose fibers, graphene, supercapacitors,
their electrode materials and characterization techniques, a sequence of steps were adopted and
culminated in synthesizing conductive PANI-coated cellulose fibers and nanowhiskers hybridized with

different ratios of reduced graphene oxide (rGO) for supercapacitors electrode applications.

Firstly, highly crystalline cellulose microfibers (CMF) were successfully extracted from Retama
raetam local plant with a yield of 52.1% by following a stepwise totally chlorine-free procedure
including dewaxing, alkali, and bleaching treatments. The extracted CMF, which have a diameter of ~
6-7 um, were highly crystalline native cellulose I, with a crystallinity of 77.8% and a crystallite size of
3.62 nm. Moreover, TGA/DTG data shows a maximum decomposition peak at 311°C and a high char
yield. These findings proved that R. raetam is a candidate renewable source for the production of
cellulose fibers and should stimulate further research on their applications, particularly, as bio-fillers

for polymer matrices.

In addition, cellulose nanowhiskers (CNW) were prepared by acid hydrolysis method from pure

cotton fibers. The results revealed a 12% increase in cellulose crystallinity with significant
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morphological differences in shape and size and no modification in cellulose type as compared to raw
cotton fibers.

Next, reduced graphene oxide (rGO) was synthesized by a modified Hummers method
involving sonication-assisted oxidation of graphite with potassium permanganate in a concentrated
sulfuric acid solution while sonicating for specific periods of time followed by reduction with ascorbic
acid as a non-toxic reducing agent. The results proved the synthesis of few-layer graphene and
suggested the presence of residual oxygen-containing functional groups (OFGs), which had withstood
the reduction process of GO.

The fabrication of cellulose/polyaniline (PANI)/rGO composites was achieved by a
straightforward procedure, which involves, (I) preparation of CMF/PANI and CNW/PANI composites
via in situ oxidative polymerization of aniline monomer on cellulose microfibers (CMF) and cellulose
nanowhiskers (CNW), respectively, using hydrochloric acid as a dopant and ammonium persulphate
(APS) as an initiator/oxidant, (1) hybridization of the as-prepared composites with different ratios of
rGO, namely, 10, 20, and 40 wt.%. The characterization data verified that PANI was successfully
coated on the surfaces of CMF and CNW and indicated the incorporation of rGO in the composites
with more agglomeration of graphene sheets observed by increasing rGO ratio in the final composites.
Furthermore, SEM micrographs revealed that the CMF/PANI composite retains the fibrous structure,

while the CNW/PANI exhibited a compact sheet-like to granular shaped accumulation.

Further, in the research trend of investigating novel materials for supercapacitor electrodes, the
pre-prepared composites were then tested as electrode materials, wherein they were deposited on
platinum or glassy carbon substrates and characterized using different electrochemical techniques.
Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) data revealed that the capacitive
behaviors of all composite electrodes are mainly dominated by pseudocapacitance with good
reversibility in the 0-0.8 V potential range. Furthermore, CNW-based composites showed, generally,
specific capacitances (Cs) significantly higher than that of CMF-based ones. Cs values as high as
465.32 and 246.39 F/g were achieved, respectively, for the former and the latter by the incorporation of
rGO in 10 wt.%. The achieved Cs value of CNWPG10 composite electrode is comparable to or even
better than a wide range of PANI-based graphene composite electrodes reported in recent years. This
improved electrocapacitive performance springs from the fact that graphene-hybrid composite

electrodes integrate the high pseudocapacitance of PANI with the excellent electrical conductivity of
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graphene, as well as the improved surface area due to the fibrous feature of the cellulose fibers and

whiskers.
As a prospective research career, this domain is still open for extensive study and investigation on:

I- The effect of PANI to cellulose ratio on mechanical, morphological, and electrochemical
properties of cellulose/PANI and cellulose/PANI/rGO composites.

I1- The comparison between electrochemical performances of PANI, cellulose/PANI and
cellulose/PANI/rGO electrodes (taking only the mass of the active material into account).

I11-The effect of graphene and composites preparation methods on the electrochemical
performances of the final electrodes.

IV-Fabrication and characterization of fully packaged flexible supercapacitors based on the results

achieved in the current thesis as a step towards research valorization.
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Abstract

Cellulose is the most abundant renewable resource in nature, it has various industrial applications due to its promising
properties. Retama raetam is a wild plant belonging to the Fabaceae family, largely abundant in arid area which makes
it a good candidate for industrial utilization. In the present study, highly crystalline cellulose microfibers (77.8% Crl)
were extracted from Retama Raetam stems as a novel renewable source. The samples underwent a dewaxing process,
then the microfibers were extracted using 7 wt% sodium hydroxide followed by a bleaching treatment. The extracted
cellulose microfibers were characterized by Scanning electron microscopy, Fourier transform infrared spectroscopy,
X-ray Diffraction and thermo-gravimetric analysis.
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1. Introduction

Over the last few decades, The use of natural fibers
instead of synthetic fibers as reinforcement materials for
polymer composites has gained considerable attention
because of their unique characteristics, such as renewability,
biodegradability, processing flexibility, low density, high
specific strength and low-cost!'!. In addition, natural fibers
have applications in various fields such as bioenergy industries,
automobiles, paper manufacturing and textile owing to their
properties and broad availability!*!. As a result, nowadays,
the subject of many researchers worldwide focuses on the
need to find alternative fiber sources!*. Among all natural
fibers, cellulose has attracted much interest as it is the most
abundant renewable resource in nature and the degradation
of cellulosic biomass is an important part of the biosphere’s
carbon cycle®. Its existence as the common material of plant
cell walls was first investigated by Braconnot in 1819/ and
Payen in 18387, It is a polydispersed linear polymer with a
microfibrillar structure composed of poly-b (1—4)-D-glucose
units with a syndiotactic configuration®?), found in the cell
walls as a network of microfibrils embedded in a non-cellulosic
matrix!"’, Several plants are rich in cellulose, i.c. cotton,
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wood, bamboo, hemp, flax, and jute ...etc!"". In addition,
cellulose fibers have been extracted from several sources
such as; milkweed stems!'”, hop stems!'?), rice husk!'*,
Cissus quadrangularis root'”), dichrostachys cinerea bark!"
and many more. Although several sources of natural fibers
were investigated in detail, the isolation of cellulose fibers
from R. Raetam has not been reported yet.

Retama raetam, locally known as R’tem, is a wild
plant of the Fabaceae family. It is common to North and
East Mediterranean regions'®l. It is largely abundant
in arid area; this abundance makes it a good candidate
for industrial utilization. Moreover, the Retama species
contributes to the bio-fertilization of poor grounds because
of their aptitude to associate with fixing nitrogen bacteria
Rhizobia"", Therefore, the genus of the Retama is included
in a re-vegetation program for degraded areas in semi-arid
Mediterranean environments''*,

In this research, Natural micro-sized cellulose fibers
were extracted from R. Raetam stems using alkali and
bleaching treatments, the resultant cellulose microfibers
were characterized using FTIR, SEM, XRD and TGA.
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2. Materials and Methods
2.1 Materials

Stems of R. ractam subject of this study were collected
in Ouargla, Algeria, in 2015. Acetone, Ethanol, Sodium
hydroxide & Hydrogen peroxide were purchased from
Sigma-Aldrich and were used without further purification,

2.2 Preparation of samples

Adult stems were cleaned with water and air dried,
broken to the size of about 1 ¢cm long and 1 mm width,
grinded into powder with a Retsch SM 100 Comfort cutting
mill (Retsch GmbH, Haan, Germany), and sieved using a
sieve size of 0.25 mm.

2.3 Microfibers extraction

The extraction of cellulose microfibers was performed
using classical chemical treatments with adaptations
in dewaxing, alkali and bleaching treatment processes.
The totally chlorine-free extraction procedure can be
described as follows:

2.3.1 Dewaxing

About 20g of powdered stems were first dewaxed in a
Soxhlet reflux with a 2:1 (v/v) mixture of Acetone/Ethanol
at 63 °C for 7 h, the main purpose of this step is to remove
off waxes and extractives, the sample was then placed in a
Buckner funnel and vacuum dried at room temperature for
3 h to remove traces of residual solvents.

2.3.2 Alkali treatment

The alkali treatment was performed to purify the cellulose
by removing lignin and hemicellulose from R. Raetam fibers.
The extractive-free sample was treated with an alkali solution
(7 wt% NaOH) with a solvent to solid ratio of 10:1 at 80
°C for 3 h under mechanical stirring. This treatment was
performed trice, after cach treatment the solid was filtered
and washed with distilled water until neutral pH.

2.3.3 Bleaching

A subsequent bleaching treatment was carried out to
remove residual lignin and whiten the microfibers. The sample
was immersed in a hydrogen peroxide solution (11%,
v/v), the pH was adjusted to 11 using 7 wt% NaOH, the
system was vigorously stirred for 3 h at 45 °C. For a more
effective discoloration, the bleaching process was performed
twice under the same conditions, after each treatment, the
microfibers were filtered and washed with distilled water.

2.4 Fourier transform infrared spectroscopy

To analyze the chemical changes of the samples and
investigate functional groups in the extracted cellulose we
used Fourier Transmission Infra-Red Spectroscopy. The FTIR
spectra were recorded on a Cary 660 FTIR Spectrometer
(Agilent Technologies, USA) in a wavelength range of
4000-600 cm™" with a resolution of 4 cm™.

2.5 X-ray Diffraction (XRD) analysis

The crystallinity of cellulose microfibers was investigated
by X-ray diffraction (XRD) analysis, using a powder X-ray
diffractometer (D8 Advance A25 Bruker AXS GbmH.,
Germany) with Cu Ka radiation (1.5406 A”) at 40 kV and
25 mA, in the range of 20 = 5-60° at a scanning rate of 0.02°
s . The crystallinity index (Crl) was calculated according
to Segal equation'”:

Crl =100x( 1500 =14 ) 1300 M

where 7, is the diffraction intensity at 20 = 22-23" and 7,

is the minimum diffraction intensity at 20 = 18-20".
The crystallite size was calculated as per the Scherrer
equation®”!

Ly, kg =(0.94x)/(Bx cosB) @)

where X is X-rays wavelength; B is the full width at half
maximum in radians; and 0 is the Bragg angle.

2.6 Morphological structure

A scanning electron microscope (SEM) (Quanta 250 FEG,
FEI, USA) with an accelerating voltage of 15 kV was used
to investigate the microstructure and the surface morphology
of the obtained cellulose microfibers.

2.7 Thermogravimetric Analysis (TGA)

In order to study the thermal stability of the extracted
cellulose microfibers, thermogravimetric analysis (TGA) was
performed using a Mettler Toledo TGA/DSC 3+ instrument.
The scan was carried out from 25 to 600 °C at a heating rate
of 10 °C/min and under nitrogen atmosphere.

3. Results and Discussion
3.1 Extraction method and cellulose yield

A stepwise totally chlorine-free procedure for the
isolation of cellulose microfibers from retama raetam was
proposed in this paper based on that adopted by Sun et al.?!!

Table 1. Comparison of the crystallinity index of cellulose microfibers from various sources.

Source

Crystallinity index (Crl)

Reference

Coconut palm leaf sheath 47.7% Uma Maheswari et al.**)
Sugarcane bagasse 50% Jonjankiat et al.”*”!
Agave fibers 64.4% Reddy et al. >l
Mengkuang leaves 69.5% Sheltami et al.”
Soy hulls 69.6% Alemdar and Sain™*
Commercial microcrystalline cellulose 73.91% Kale et al 12

Sisal fibers 75% +1 Morén et al 126
Wheat straw 77.8% Alemdar and Sain!**
Retama Reatam 77.8% This work
Hibiscus sabdariffa 78.95% Sonia and Priya Dasan®”
Palmyra palm Fruits 81.9% Reddy et al.™
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with modifications. These modifications involve increasing
sodium hydroxide and hydrogen peroxide concentrations
as well as improving treatment time and/or temperature to
enhance non-cellulosic components removal. Therefore, the
isolation of R. Raetam cellulose microfibers was successfully
achieved without any additional harsh acid treatments
(Table 1), which makes the suggested extraction process
not only eco-friendly and cost-saving, but also yiclding
cellulose microfibers of higher crystallinity and smaller
diameters as further confirmed by XRD and SEM results.

Cellulose microfibers yield was gravimetrically
determined (calculated as the percentage of the extracted
cellulose microfibers over the initial raw sample weight)
and was found to be 52.1%. This yield value is higher than
that reported in literature for cellulose microfibers extracted

from Hibiscus sabdariffa fibers (38.6%)"*" and comparable
to yield values of 52, 52 and 55% for cellulose microfibers
extracted from Coconut palm leaf sheath®!, African Napier
grass'?l and Palmyra palm fruits®®], respectively.

3.2 FT-IR spectroscopic analysis

Infrared spectroscopy is currently one of the most
important analytical techniques available to scientists™.
It presents a relatively easy method of obtaining direct
information on chemical changes that occur during chemical
treatments®'l. Furthermore, FT-IR analysis was conducted
to investigate the presence of different functional groups
in the isolated samples. Figure 1. shows the IR spectra
of (a) untreated sample, (b) alkali treated sample and (c)
bleached cellulose microfibers. As summarized in Table 2,

Untreated sample
— Alkali treated sample
(a) ~—— Bleached cellulose microfibers
8
=
£ 2
& 5 L 2
@
& (c) 8 8 ]
S -
= “
X
~
a
L 23
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™')
Figure 1. FT-IR spectra of (a) untreated sample, (b) alkali treated sample and (c) bleached cellulose microfibers.
Table 2. The main observed IR bands and their assignments.
Spectra Wavenumber (em™') Assignment Ref.
(a), (b), (c) 876-897 C-0O-C stretching at the b-(1—4)-glycosidic linkages Oh et al.B4
(a), (b), (c) 1029-1031 C-O-C pyranose ring skeletal vibration Sun et al.™!
(b). (¢) 1051-1054 C-0O-C pyranose ring skeletal vibration Sun et al.PY
(a), (b), (c) 1144-1159 C-O-C stretching at the b-(1—4)-glycosidic linkages Oh et al.l*!
(a), (b) 1224-1236 ~COO vibration of acetyl groups / C-O stretching of the aryl group Reddy et al.”
(a), (b), (¢) 1316-1327 C—C and C-0 skeletal vibrations Gao et al.BY
(a), (b), (c) 1370-1374 O-H bending Gao et al.BY
(a), (b), (c) 1417-1429 CH2 bending Gao et al.”™
(a), (b), (¢) 1644-1646 OH bending of the absorbed water Alemdar and Sain'™!
(a) 1734 C=0 stretching Sain and Panthapulakkal'™!
(a), (b), (¢) 2896-2922 C—H stretching Kondo and Sawatari!*!
(a), (b), (¢) 3323-3332 H-bonded OH groups stretching Kondo and Sawatarit*®
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the cellulose spectrum is similar to those reported in literature
for cellulose fibers7.

The band at 3332 em'' relates to the stretching of H-bonded
OH groups, and the one at 2901 cm' to the C—H stretching™,
we observe that the band around 3332 ¢cm is narrower and
has a higher intensity for cellulose, which demonstrated that
the extracted cellulose contained more ~OH groups than in
untreated sample!'”. The band at 1644 ¢cm is associated
with ~OH bending of the absorbed water!*!. Typical bands
assigned to cellulose at 1159 em and 897 cm! are due to
C—O-C stretching at the b-(1—4)-glycosidic linkages™.
The presence of these peaks showed the increase in the
percentage of cellulosic components after the removal
of non-cellulosic materials by chemical treatments"™*.
The absorption peak at ~1734 cm™ on the spectrum of the
untreated sample (a) is attributed to the C=0 stretching of
the acetyl and uronic ester groups of polysaccharides!”,
it is also related to the p-coumeric acids of lignin and/or
hemicellulose!*, the absence of this peak after successive
chemical treatments indicates the removal of most of lignin
and hemicelluloses from the microfibers. Another indicator
of lignin and hemicellulose removal during the chemical
treatments is the significant decrease in the intensity of
the peak around 1236 cm™ which is related to the -COO
vibration of acetyl groups in hemicellulose and/or the C-O
stretching of the aryl group in lignin®*l. Noticeable peaks
on spectrum (c) at 1429 cm! relates to the CH, bending
and at 1370 ¢cm” to the O-H bending. The absorbance
at ~1316 cm™ is attributed to the C—C and C-O skeletal
vibrations!**, The C—O—C pyranose ring skeletal vibration
occurs in 1054 cm™ and 1031 em'(%3,

3.3 X-ray Diffraction measurements

Figure 2 exhibits the XRD data of the extracted cellulose
microfibers. The cellulose amorphous phase is characterized
by the low diffracted intensity at a 20 value of 19.12°,
whilst the peaks at 15.14°, 16.25°, 22.75" and 34.39" are
attributable to the crystallographic planes of (1-10), (110),
(200) and (004), respectively, which are characteristic of
the typical cellulose I structure®, The crystallinity index
(CrI) of the bleached microfibers was determined using
Segal equation and was found to be 77.8%. Obviously,
as illustrated in Table 1, this Crl value is higher than the
value of 73.91% reported by Kale et al. for commercial
microcrystalline cellulose from wood pulp™”. Moreover,
it is higher than the Crl values reported in the literature
for cellulose microfibers isolated using different methods
from various sources such as Sugarcane bagasse (50%)*,
Agave fibers (64.4%)*, mengkuang leaves (69.5%)* and
Soy hulls (69.6%)1,

Furthermore, the crystallite size (LMJ) which was
found to be 3.62 fam is comparable to the reported sizes of
cellulose crystallites (4 to 7 nm generally)"*/l. However, the
calculated L, , | value is much lower than that reported for
hydrolyzed commercial microcrystalline cellulose (10.32 nm).
The higher Crl and the lower L, values suggest that the
adopted stepwise chlorine-free extraction treatments were
effective in removing most of amorphous domains leading
to break the bundles of cellulose fibers to form smaller
cellulose crystallites! 42,
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Figure 2. XRD diffractogram of the extracted R. Ractam cellulose
microfibers.

3.4 Morphological properties of chemically purified
cellulose microfibers

Figure 3 shows SEM micrographs of the chemical-purified
cellulose microfibers. After they had been subjected to alkaline
solution treatment and bleaching, the cellulose microtibers
were separated into individual micro-sized fibers. These
micro-sized cellulose fibers were reported to be composed
of strong hydrogen bonding nanofiberst**. The diameter of
the microfibers is about 6-7 pum but the exact determination
of their length is difficult.

As Table 3. demonstrates, the extracted R. Ractam
cellulose microfibers are smaller in diameter as compared
to those isolated by different extraction methods from
various sources such as sisal fibers, agave fibers, coconut
palm leaf sheath, soy hull and wheat straw!***2°, Moreover,
they are comparable to cotton and sugarcane bagasse
microfibers extracted by sulfuric and nitric acid hydrolysis,
respectively”#, This morphology and smaller diameter
would enable R. Raetam cellulose microfibers to be used
for various applications ranging from reinforcing agents in
biodegradable composites, to gel forming food and cosmetic
additives?*4,

3.5 Thermal stability

Investigating thermal properties of cellulose microfibers
is a key factor for their applicability as reinforcing fillers
in biocomposites**l. Figure 4a and 4b shows, respectively,
the thermogravimetric analysis (TGA), and the derivative
thermogram (DTG) curves for both the raw and bleached
samples. TGA curves show an initial weight loss below
155 °C, this initial drop (4.6% for raw sample and 6.5%
for cellulose microfibers) was due to the evaporation of
moisture bounded on the surface of the samples, chemisorbed
water bounded inside the samples and/or the compounds of
low molecular weight such as extractives presented in the
raw sample***°L the presence of the absorbed water was
affirmed previously through the FT-IR results. The main
broader cellulose thermal degradation (50.84%) occurs
over 179 °C and involves synchronous multi-processes
such as dehydration, depolymerization and decomposition
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Table 3. Comparison of the diameters of cellulose microfibers extracted from various sources by different extraction methods.

Source Extraction method diameter (um) Ref.
Sisal fibers Alkali, peroxide and HNO,/HAc treatments 12.8-31 Moran et al.”**!
Coconut palm leaf sheath Chlorination, alkali and HNO,/HAc¢ treatments 10-15 Uma Maheswari et al.1*!
Soy hull Alkali treatment and HCl Acid hydrolysis 10-15 Alemdar and Sain'®
Wheat straw Alkali treatment and HCl Acid hydrolysis 10-15 Alemdar and Sain'!
Agave fibers Chlorination, alkali and HNO/HAc treatments 8-14 Reddy ct al.?¥
Hibiscus sabdariffa Steam explosion and oxalic acid hydrolysis 10.04 Sonia and Priya Dasan'*’!
Sisal fibers Chlorination and alkali treatments 7-11.2 Morén et al.*!
Cotton Sulfuric acid hydrolysis 5-10 Chatterjee et al.'*"
Sugarcane bagasse Nitric acid hydrolysis 5-10 Jonjankiat et al.l**!
Palmyra palm fruit Chlorination, alkali and HNO /HAc treatments 4-11 Reddy et al.l¥!
Napier grass fibers Chlorination, alkali and HNO /HAc treatments 83 Reddy et al.™"!
Retama Raetam Stems Alkali and alkaline peroxide treatments 6-7 This work
Jatropha Curcus L seed shell ~ Chlorination, alkali and HNO /HAc treatments 0.23-1.04 Puttaswamy et al."**!

Figure 3. SEM images of the extracted R. Raetam cellulose microfibers.

of glycosidic units™”.. The raw sample showed separated
pyrolysis processes within a wider temperature range,
including thermal depolymerization of hemicellulose up
to 273 °C, decomposition of cellulose up to 348 °C. and
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the degradation of lignin up to 536 °C in addition to its
simultaneous decomposition with other degradation stages
due to its complex structure!”. DTG curves exhibited
maximum decomposition rates at DTG =294 °C and
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Figure 4. TGA (a) and DTG (b) curves of the untreated sample and the bleached cellulose microfibers.

Table 4. DTGmax and char yields of cellulose microfibers from different sources.

Samples T, O Char (%) Reference
Date seeds cellulose microfibers 300 11 Nabili et al."**!
Bamboo cellulose microfibers 328 13 Chen et al.l*”)
Rice hulls microcrystalline cellulose 283 23 Adel et al.™
bean hulls microcrystalline cellulose 281 25 Adel et al.™
Onion skin cellulose microfibers 333 26 Reddy and Rhim!®"
Retama Raetam cellulose microfibers 311 42 This work
Cotton silver microcrystalline cellulose 340 57 Das et al.%)
Jute microcrystalline cellulose 280 6l Das et al.1¥%l

311 °C for the raw and bleached samples, respectively.
A shoulder can be clearly observed at 261 °C on the left
side of the main peak of the raw sample DTG curve, which
was due to initial decomposition of hemicellulose and
non-cellulosic components'*”, while the broadening at
245 °C on the microfibers DTG curve, could be an indicator
of a broad distribution of molecular mass from cellulose
or a residual content of hemicellulose which withstood
the extracting procedures'*. Finally, the formation of a
charred residue took place (46% for raw sample and 42%
for cellulose microfibers). The higher charred residue of
the raw sample is due to the fact that the non-cellulosic
components could induce higher char formation™,
However, R. Raetam cellulose microfibers presented
relatively high char yield when compared to literature
(Table 4), indicating higher non-volatile carbonaceous
material generated on pyrolysis™ and could indicate
also a good thermal stability of the extracted cellulose
microfibers*-34],

4. Conclusion

The main goal of this work was to investigate the viability
of Retama Raetam as a novel, renewable and low-cost
source of cellulose microfibers. The successful isolation of
cellulose microfibers was achieved with a yield of 52.1%
by stepwise chemical treatments. The FTIR results revealed
that the chemical treatments removed most of lignin and
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hemicellulose from the sample. The extracted cellulose
microfibers were highly crystalline native cellulose I, with
a crystallinity of 77.8% and a crystallite size of 3.62 hm.
The diameter of the micro-sized fibers was about 6-7 pm.
TGA/DTG curves show a maximum decomposition peak at
311 °C and a high char yield. These findings proved that R.
Raetam is a candidate renewable source for the production of
cellulose microfibers and should stimulate further research
on the use of these fibers for various applications such as
cellulose nanocrystals preparation, reinforcement agent in
green biocomposites and bio-fillers for polymer matrices.

5. References

1. Baskaran, P., Kathiresan, M., Senthamaraikannan, P., &
Saravanakumar, S. (2018). Characterization of new natural
cellulosic fiber from the bark of dichrostachys cinerea. Journal
of Natural Fibers, 15(1), 62-68. http://dx.doi.org/10.1080/15
440478.2017.1304314.

2. Mohammed, L., Ansari, M. N. M., Pua, G., Jawaid, M., &
Islam, M. S. (2015). A review on natural fiber reinforced
polymer composite and its applications. International Jowrnal
of Polymer Science, 15. http://dx.doi.org/10.1155/2015/243947.

3. Sheltami, R. M., Abdullah, 1., Ahmad, 1., Dufresne, A.. &
Kargarzadeh, H. (2012). Extraction of cellulose nanocrystals
from mengkuang leaves (Pandanus tectorius). Carbohvdrate
Polymers, 88(2), 772-779. http://dx.doi.org/10.1016/j.
carbpol.2012.01.062.

4. Zain,N.F.M., Yusop, S. M., & Ahmad, L. (2014). Preparation
and characterization of cellulose and nanocellulose from pomelo

6/8



Extraction and characterization of cellulose microfibers from Relama raetam stems

10.

17.

18.

(Citrus grandis) albedo. Journal of Nutrition & Food Sciences,
5(1), 334. http://dx.doi.org/10.4172/2155-9600.1000334.
Zhao, L., Pang, Q., Xie, J., Pei, J., Wang, F., & Fan, S.
(2013). Enzymatic properties of Thermoanaerobacterium
thermosaccharolyticum B-glucosidase fused to Clostridium
cellulovorans cellulose binding domain and its application in
hydrolysis of microcrystalline cellulose. BMC Biotechnology,
13(1), 101, http://dx.doi.org/10.1186/1472-6750-13-101.
PMid:24228818.

Braconnot, H. (1819). Sur la conversion du corps ligneux en
gomme, en sucre, et en un acide d'une nature particuliére,
par le moyen de I'acide sulfurique; conversion de la méme
substance ligneuse en ulmine par la potasse. Annales de Chimie
et de Physique, 12, 172-195.

Payen, A. (1838). Mémoire sur la composition du tissu propre
des plantes et du ligneux. The C++ Report, 7, 1052-1056.
Naduparambath, S., Jinitha, T., Shaniba, V., Sreejith, M.,
Balan, A. K.. & Purushothaman, E. (2018). Isolation and
characterisation of cellulose nanocrystals from sago seed
shells. Carbohydrate Polymers, 180, 13-20. http://dx.doi.
org/10.1016/j.carbpol.2017.09.088. PMid:29103489.
Vestena, M., Gross, 1. P., Muller, C. M. O., & Pires, A. T. N.
(2016). Isolation of whiskers from natural sources and their
dispersed in a non-aqueous medium. Polimeros, 26(4), 327-
335. hitp:/dx.doi.org/10.1590/0104-1428.2367.

Penjumras, P., Rahman, R. B. A., Talib, R. A., & Abdan, K.
(2014). Extraction and characterization of cellulose from
durian rind. Agriculture and Agricultural Science Procedia,
2,237-243. http://dx.doi.org/10.1016/j.aaspro.2014.11.034.

. L1, M., Wang, L., Li. D., Cheng, Y.-L., & Adhikari, B. (2014).

Preparation and characterization of cellulose nanofibers from
de-pectinated sugar beet pulp. Carbohydrate Polymers, 102,
136-143. http://dx.doi.org/10.1016/j.carbpol.2013.11.021.
PMid:24507265.

. Reddy, N., & Yang, Y. (2009). Extraction and characterization

of natural cellulose fibers from common milkweed stems.
Polymer Engineering and Science, 49(11),2212-2217. http://
dx.doi.org/10.1002/pen.21469.

. Reddy, N., & Yang, Y. (2009). Properties of natural cellulose

fibers from hop stems. Carbohydrate Polymers, 77(4), 898-
902. http://dx.doi.org/10.1016/j.carbpol.2009.03.013.

. Johar, N., Ahmad, I.. & Dufresne, A. (2012). Extraction,

preparation and characterization of cellulose fibres and
nanocrystals from rice husk. Industrial Crops and Products,
37(1),93-99. http://dx.doi.org/10.1016/j.indcrop.2011.12.016.

. Indran, S.. Edwin Raj, R., & Sreenivasan, V. S.. (2014).

Characterization of new natural cellulosic fiber from Cissus
quadrangularis root. Carbohydrate Polymers, 11(), 423-429.
http://dx.doi.org/10.1016/j.carbpol.2014.04.051. PMid:24906775.

. Kacem, |., Majdoub, H., & Roudesli, S. (2008). Physicochemical

properties of pectin from retama ractam obtained using sequential
extraction. Journal of Applied Sciences, 8(9), 1713-1719. http:/
dx.doi.org/10.3923/jas.2008.1713.1719.

Bokhari-Taieb Brahimi, H., Faugeron, C., Hachem, K., Kaid-
Harche, M., & Gloaguen, V. (2015). Investigation of parietal
polysaccharides from Retama raetam roots. African Journal of
Biotechnology, 14(29), 2327-2334. http://dx.doi.org/10.5897/
AJB2015.14754.

Mechergui, K., Mahmoudi, H., Khouja, M. L., & Jaouadi, W.
(2017). Factors influencing seed germination of the pastoral
plant Retama raetam subsp. bovei (Fabaceae): interactive effects
of fruit morphology, salinity, and osmotic stress. Biologija,
63(2), 134-151. http:/dx.doi.org/10.6001/biologija.v63i2.3525.

. Segal, L.. Creely, J., Martin, A. Jr, & Conrad, C. (1959). An

empirical method for estimating the degree of crystallinity
of native cellulose using the X-ray diffractometer.

Polimeros, 29(1), €2019011, 2019

20.

21

24,

26.

27.

3L

33.

Textile Research Journal, 29(10), 786-794. http://dx.doi.
org/10.1177/004051755902901003.

Kale, R. D., Bansal, P. S., & Gorade, V. G. (2018). Extraction
of microcrystalline cellulose from cotton sliver and its
comparison with commercial microcrystalline cellulose.
Journal of Polymers and the Environment, 26(1), 355-364.
http://dx.doi.org/10.1007/510924-017-0936-2.

Sun, X.-F., Sun,R.-C., Su, Y., & Sun. J.-X. (2004). Comparative
study of crude and purified cellulose from wheat straw. Journal
of Agricultural and Food Chemistry, 52(4), 839-847. http://
dx.doi.org/10.1021/jf0349230. PMid: 14969539.

. Uma Maheswart, C., Obi Reddy, K., Muzenda, E.. Guduri, B.

R., & Varada Rajulu, A. (2012). Extraction and characterization
of cellulose microfibrils from agricultural residue — Cocos
nucifera L. Biomass and Bioenergy, 46, 555-563. http://dx.doi.
org/10.1016/j.biombioe.2012.06.039.

. Jonjankiat, S., Wittaya, T., & Sridach, W. (2011). Improvement

of poly (vinyl alcohol) adhesives with cellulose microfibre from
sugarcane bagasse. lranian Polymer Journal, 20(4), 305-317.
Reddy, K. O., Zhang, J., Zhang, J., & Rajulu, A. V. (2014).
Preparation and properties of self-reinforced cellulose
composite films from Agave microfibrils using an ionic
liquid. Carbohydrate Polymers, 114, 537-545. http://dx.doi.
org/10.1016/.carbpol.2014.08.054. PMid:25263924.

. Alemdar, A., & Sain, M. (2008). Isolation and characterization

of nanofibers from agricultural residues—Wheat straw and soy
hulls. Bioresource Technology, 99(6), 1664-1671. http://dx.doi.
org/10.1016/j.biortech.2007.04.029. PMid:17566731.
Moran, J. I, Alvarez, V. A., Cyras, V. P., & Véizquez, A. (2008).
Extraction of cellulose and preparation of nanocellulose from
sisal fibers. Cellulose, 15(1), 149-159. http://dx.doi.org/ 10,1007/
s10570-007-9145-9.

Sonia, A., & Priya Dasan, K. (2013). Chemical, morphology
and thermal evaluation of cellulose microfibers obtained
from Hibiscus sabdariffa. Carbohydrate Polymers. 92(1),
668-674. http://dx.doi.org/10.1016/j.carbpol.2012.09.015.
PMid:23218352.

. Reddy, K. O., Maheswari, C. U., Dhlamini, M. S., & Kommula,

V. P. (2016). Exploration on the characteristics of cellulose
microfibers from Palmyra palm fruits. /nternational Jowrnal
of Polymer Analvsis und Characterization, 21(4), 286-295.
http://dx.doi.org/10.1080/1023666X.2016.1147799.

29. Reddy, K. O., Maheswari, C. U., Dhlamini, M. S., Mothudi,

B. M., Kommula, V. P., Zhang, J., Zhang, J., & Rajulu, A. V.
(2018). Extraction and characterization of cellulose single
fibers from native african napier grass. Carbohydrate Polymers,
188, 85-91. http://dx.doi.org/10.1016/j.carbpol.2018.01.110.
PMid:29525176.

. Fan, M., Dai, D., & Huang, B. (2012). Fourier transform

infrared spectroscopy for natural fibres. In S. M. Salih (Ed.),
Fourier transform-materials analysis (pp. 45-68). Rijeka:
InTech. http://dx.doi.org/10.5772/35482.

Maryana, R., Ma’rifatun, D., Wheni, A., Satriyo, K., & Rizal,
W. A, (2014). Alkaline pretreatment on sugarcane bagasse for
bioethanol production. Energy Procedia. 47. 250-254. http://
dx.doi.org/10.1016/j.egypro.2014.01.221.

. Oh, 8. Y., Yoo, D. L, Shin, Y., Kim, H. C., Kim, H. Y., Chung,

Y. S., Park, W. H., & Youk, J. H. (2005). Crystalline structure
analysis of cellulose treated with sodium hydroxide and carbon
dioxide by means of X-ray diffraction and FTIR spectroscopy.
Carbohydrate Research, 340(15), 2376-2391. http://dx.doi.
org/10.1016/j.carres.2005.08.007. PMid:16153620.

Sun,J. X., Sun, X. F., Zhao, H., & Sun, R. C. (2004). Isolation
and characterization of cellulose from sugarcane bagasse.
Polymer Degradation & Stability, 84(2),331-339. http://dx.doi.
org/10.1016/j.polymdegradstab.2004.02.008.

7/8



Khenblouche, A., Bechki, D., Gouamid, M., Charradi, K., Segni, L., Hadjadj, M., & Boughali, S.

34,

35:

36.

37.

38.

39.

40.

41.

42.

43.

45.

Gao, X., Chen, K.-L., Zhang, H., Peng, L.-C., & Liu, Q.-X.
(2014). Isolation and characterization of cellulose obtained from
bagasse pith by oxygen-containing agents. BioResowrces, 9(3).
4094-4107. http://dx.doi.org/10.15376/biores.9.3.4094-4107.
Sain, M., & Panthapulakkal, S. (2006). Bioprocess preparation
of wheat straw fibers and their characterization. Industrial
Crops and Products, 23(1), 1-8. http://dx.doi.org/10.1016/.
indcrop.2005.01.006.

Kondo, T., & Sawatari, C. (1996). A Fourier transform infra-red
spectroscopic analysis of the character of hydrogen bonds in
amorphous cellulose. Polvmer, 37(3), 393-399. http://dx.doi.
org/10.1016/0032-3861(96)82908-9.

Kondo, T. (1997). The assignment of IR absorption bands due
to free hydroxyl groups in cellulose. Cellulose, 4(4), 281-292.
http://dx.doi.org/10.1023/A: 10184481092 14.

Flauzino, W. P, No., Silvério, H. A., Dantas, N. O., & Pasquini,
D. (2013). Extraction and characterization of cellulose
nanocrystals from agro-industrial residue-soy hulls. Industrial
Crops and Products, 42, 480-488. http://dx.doi.org/10.1016/].
inderop.2012.06.041.

French, A. D. (2014). Idealized powder diffraction patterns
for cellulose polymorphs. Cellulose, 21(2), 885-896. http://
dx.doi.org/10.1007/510570-013-0030-4.

Park, S., Baker, J. O., Himmel, M. E., Parilla, P. A., & Johnson,
D. K. (2010). Cellulose crystallinity index: measurement
techniques and their impact on interpreting cellulase
performance. Biotechnology for Biofuels, 3(1), 10. http://
dx.doi.org/10.1186/1754-6834-3-10. PMid:20497524.
Wang, Y., Zhao. Y., & Deng, Y. (2008). Effect of enzymatic
treatment on cotton fiber dissolution in NaOH/urea solution
atcold temperature. Carbohydrate Polvmers, 72(1), 178-184.
http://dx.doi.org/10.1016/j.carbpol.2007.08.003.

Rhim, J.-W., Reddy, J. P., & Luo, X. (2015). Isolation of
cellulose nanocrystals from onion skin and their utilization
for the preparation of agar-based bio-nanocomposites films.
Cellulose, 22(1),407-420. http://dx.doi.org/10.1007/s10570-
014-0517-7.

Abe, K., & Yano, H. (2009). Comparison of the characteristics of
cellulose microfibril aggregates of wood, rice straw and potato
tuber. Cellulose, 16(6), 1017-1023. http://dx.doi.org/10.1007/
s10570-009-9334-9.

. Chatterjee, A., Kiran Kumar, G., Dharma Sagar, B., Sravanti,

K., Ramakrishna, K., & Rajesh, C. (2018). Pure and copper
doped cellulose microfibers-a case study. Materials Research
Express, 5(10), 105302 http://dx.doi.org/10.1088/2053-1591/
aad9d4.

Puttaswamy, M., Srinikethan, G., & Shetty, K. V. (2017).
Biocomposite composed of PVA reinforced with cellulose
microfibers isolated from biofuel industrial dissipate: Jatropha
Curcus L. seed shell. Jowrnal of Environmental Chemical

Polimeros, 29(1), 2019011, 2019

46.

47.

48.

49.

50.

51

52

54.

Engineering, 5(2), 1990-1997. http://dx.doi.org/10.1016/].
jece.2017.04.004.

CS, ). C.. George, N., & Narayanankutty, S. K. (2016). Isolation
and characterization of cellulose nanofibrils from arecanut
husk fibre. Carbohydrate Polymers, 142, 158-166. http://
dx.doi.org/10.1016/j.carbpol.2016.01.015. PMid:26917386.
Kasiri, N., & Fathi, M. (2018). Production of cellulose
nanocrystals from pistachio shells and their application for
stabilizing Pickering emulsions. International Journal of
Biological Macromolecules, 106, 1023-1031. hup://dx.doi.
org/10.1016/j.ijbiomac.2017.08.112. PMid:28842201.
Nabili, A., Fattoum, A., Brochier-Salon, M.-C., Bras, J., &
Elaloui, E. (2017). Synthesis of cellulose triacetate-1 from
microfibrillated date seeds cellulose (Phoenix dactylifera
L.). Iranian Polymer Journal, 26(2), 137-147. http://dx.doi.
org/10.1007/s13726-017-0505-5.

Chen, W.. Yu, H., Liu, Y., Hai, Y., Zhang, M., & Chen, P.
(2011). Isolation and characterization of cellulose nanofibers
from four plant cellulose fibers using a chemical-ultrasonic
process. Cellulose, 18(2), 433-442. http://dx.doi.org/10.1007/
§10570-011-9497-z.

Adel, A. M., Abd El-Wahab, Z. H., Ibrahim, A. A., & Al-
Shemy. M. T. (2011). Characterization of microcrystalline
cellulose prepared from lignocellulosic materials. Part I1:
physicochemical properties. Carbohydrate Polymers, 83(2).
676-687. http://dx.doi.org/10.1016/j.carbpol.2010.08.039.
Reddy, J. P., & Rhim, J.-W. (2018). Extraction and characterization
of cellulose microfibers from agricultural wastes of onion and
garlic. Journal of Natural Fibers, 15(4),465-473. http://dx.doi.
org/10.1080/15440478.2014.945227.

Das, K., Ray, D., Bandyopadhyay, N. R., & Sengupta, S.
(2010). Study of the properties of microcrystalline cellulose
particles from different renewable resources by XRD, FTIR,
nanoindentation, TGA and SEM. Journal of Polymers and
the Environment, 18(3), 355-363. http://dx.doi.org/10.1007/
$10924-010-0167-2.

. Azubuike, C. P., & Okhamafe, A. O. (2012). Physicochemical,

spectroscopic and thermal properties of microcrystalline
cellulose derived from corn cobs. International Journal of
Recyeling of Organic Waste in Agriculture, 1(1). 9. http://
dx.doi.org/10.1186/2251-7715-1-9.

Das, K., Ray, D., Bandyopadhyay. N. R., Ghosh, T., Mohanty,
A. K., & Misra, M. (2009). A study of the mechanical, thermal
and morphological properties of microcrystalline cellulose
particles prepared from cotton slivers using different acid
concentrations. Cellulose, 16(5), 783-793. http://dx.doi.
org/10.1007/s10570-009-9280-6.

Received: Aug. 03, 2018
Revised: Sepr. 21, 2018
Accepted: Oct. 23, 2018

8/8



