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N.M. Baba Abstract

Abstract

This project aims to benefit the sub-Saharan African economies by exploiting cassava
for chemical feedstock for materials production. It anticipates the industrial changes
that will follow from increased petroleum price and regulatory control of embedded

fossil carbon. It offers a way to integrate industrial and agricultural sectors.

Initially, glucose and fructose were dehydrated by reactive distillation over a sulfated
zirconia catalyst and 1-butyl-3-methylimidazolium chloride (BMIM CI) ionic liquid
as solvent under a nitrogen atmosphere at 180 °C to produce 5-(hydroxymethyl) furan
(5-HMF) as a precursor for polymeric materials. Solvent, catalyst and reaction
conditions were varied to improve the yield of 5-HMF. Yields of 82% and 65% were
obtained using fructose and glucose substrates with this catalyst.

Secondly, 2,5-furandicarboxylic acid (FDCA) and 2,5-bis-(hydroxymethyl)furan
(BHMF) were synthesised as monomers from 5-HMF. The aldehyde group of 5-HMF
was oxidized using potassium permanganate to FDCA with 80% vyield achieved.
BHMF was synthesised from 5-HMF using sodium borohydride with 88% vyield

achieved.

The third part focuses on the polymerization of FDCA with the following diols: 1,4-
butanediol, 1,6-hexanediol, 1,8-octanediol and BHMF via esterification reactions at
160-200 °C using titanium (V) n-butoxide catalyst. All diols produced polymers under
the same conditions. The difference within this family of polymers was the number of
carbon atoms in the linking diols and that BHMF had a different diol structure with a

furan ring attached.

Furthermore, a study of the interaction of all the monomers and the 5-HMF with Na-
montmorillonite clay was made. It was observed that all were intercalated into the clay

paving the way for the manufacture of nanocomposites.

Finally, all the polymers were shown to be hydrophobic with PBH-2,5-F more
hydrophobic with a contact angle of 91° compared to others. Water absorption,
dielectric constant and mechanical properties of the polymers were recorded.



N.M. Baba Table of Contents

Table of contents

DECIATALION. ... ... ettt a e b nre s 2
N 0L 1 - To! SRS 3
Table OF CONTENTS. ..o.viiiiiicce bbb 4
ACKNOWIEAGEMENES ... re e enes 11
ADDIBVIALIONS. . ... ceeeiiiie ettt sttt e b sre e nre e e nnes 12
LISt OF TaBIES. ... .o enes 15
LISt OF FIQUIES. ... oot re e ens 17
CHAPTER 1: INTRODUCTION.....ccoiiiieiisie st 24
1.1 General INtrodUCTION .......ocviiieie e e 24
1.2 Motivation for this reSEArCh ...........cevviieiieie e 25
1.2.1  Nigeria: the background ..ot 26
1.2.2 Crude oil production in NIgeria .........cccuviririiiieieiese s 27
1.2.3  Crude oil EXport from NIGeria ........ccoceviiiiiniiieieiese e 28
1.2.4  The NIgerian ECONOMY ........cooeiiiiiiiiiiiisisieeee e 29
1.2.5 Nigeria’s agricultural potential...........cccooviiiiiiiiiiiii 30
1.2.6  Land availability........ccccoooii 31
1.2.7 The place of Cassava in the Nigerian economy ..........ccocceevvveivnvnennnnn 32

1.3 AIMS Of thiS reSEArCN......cc.viiieiee e 34
CHAPTER 2: LITERATURE REVIEW........c.ccoitiiieeeee s 37
2.1 BIOMASS ...ttt re e 37



N.M. Baba Table of Contents

2.2 Biomass resources and their CompoSIition ...........cccccceevieiieciie e, 37
2.3 Chemicals from DIOMASS .........ccuiieiiiiieiese e 39
23,1 CarbONYArates.......cceiviriiiiiieieiee e 39
2.3.2  Chemicals produced from sacCharides............cccccerverviirnienncninieeniene 39
2.3.3  Bi0-based POIYMErS......cocoi i 40
2.3.4 Classification of bio-based pOIYMErs ..........ccocvviiieniie i 41
2.3.5 Bio-based polymers derived directly from biomass...........c.ccoovvvvnrnnne. 42

2.3.6 Bio-based polymers from chemical synthesis of bio-derived monomers

..................................................................................... 50

2.3.7 Bio-based polymers derived from microorganisms ..........cccceeeeervereenne 53
2.3.8 Other sources of bio-based pOlYMErs........ccccovvvvevieii i 55
2.4  Production of furan-based aldehyde............ccccoveiiiiiiiiieiiei e 59
2.4.1  Furfural production ..........coccooeeieeieiene e 59
2.4.2 Catalytic conversion of carbohydrate to 5-HMF...........cccccevivinivennnne 62
2.4.3 Solvents used in production of 5-HMF ..........cccooiiiiiiiiiie e 67
2.5 Furan derivatives for polymer applications...........cccccvvvvverenieiieeniesienenn 69
2.5.1 2,5-Furandicarboxylic acid (FDCA) .......ccccoiimeeieie e 72
2.5.2  2,5-Diformylfuran (DFF) .....cccovoiiiiieie e 73
2.5.3  2,5-Dimethylfuran (DMF).......ccoiiiiiiiiieienceeee e 74
2.5.4  2,5-Bis-(hydroxymethyl) furan ..........cccooniiiiii e 74
2.6 Polymer - Clay NanOCOMPOSITES ......cveveiiriiiiiiiinieeieie e 75
2.6.1 Types of polymer-clay NnanOCOMPOSILES.........ccerverierierieriieiesesieieeens 75
2.7 Preparation of NANOCOMPOSITES ........cverierieriiriiriisieiee e 77
2.7.1 Insitu Template SYNtNESIS .......cvoiiiiiiieieee e 77
2.7.2 Intercalation of Polymer or Pre-polymer from Solution.............cccc...... 78
2.7.3 Insitu intercalative polymerization...........cccoovvviiieniiencseeeee 80
2.7.4  Meltintercalation ... 81



N.M. Baba Table of Contents

2.7.5  LaYered SHHCAES ......ccveieiiieieee e e 82
2.8  Characterization of the structures of NnanOCOMPOSItES ............coocvvvvveiennns 83
2.8.1  X-ray diffraCtion.......cccooiiiieiice e e 83
2.8.2  Transmission electron microscopy (TEM).......cccooeiiiiniiiiininicie, 85
2.9  Bio-based polymer COMPOSITES ........ccueiverieriiriiinieieieee e 86
2.9.1 Thermoplastic Starch Based COMPOSITES .........cccereriererenerinisieieniens 86
2.9.2 Poly Lactic Acid Based COMPOSITES .........ccccurieierierieienie s 87
2.9.3 Cellulose Based COMPOSITES ......ccueverierieriiriisiisieieie e 88
CHAPTER 3: MATERIALS AND METHODS ........ccoooiiiieee e 90
3.1 IMEEITAIS. ... 90
3.2 Analytical INSTrUMENTS .......oiiiiiiiiee e 92
3.2.1 Nuclear Magnetic Resonance spectrophotometer (NMR) ..........c.c.c..... 92
3.2.2  Fourier Transform Infrared spectrophotometer (FTIR) .........cccovvvvenenee. 92
3.2.3  X-Ray diffractometer (XRD) .......cccoviiiriiiiinieieie e 92
3.2.4 Transmission Electron Microscope (TEM).......ccccovvviniiieiiniiniesieniennnn 92
3.2.5 Thermogravimetric analysis (TGA) .....ccccuirierereieiene e 93
3.2.6  TenSile ProPerties .....ccoviioiiieee et 93
3.2.7 Elemental @nalySiS.......ccooiiiiiiiieie e 94
3.2.8  Water contact angle........coooveieieieieie s 94
3.2.9  Surface tension Of Water ..........ccooiiiiiiiieiie e 94
3.2.10 Capacitance and dielectric CONSLANT ..........cccevereereeiesiee e 95
3.2.11 URIaSoNniC Probe ......c.ooiiiiiiicee e 95
3.3 IMBENOMS ... 95
3.3.1 Synthesis of sulfated zirconia catalyst ............ccooerireniiiniiniiieen, 95
3.3.2 Dehydration of glucose to 5-HMF [43].......cccoveiiiieiieieeie e 96
3.3.3 Dehydration of glucose to 5-HMF by vacuum distillation .................... 96



N.M. Baba

Table of Contents

3.3.4 Yield calculation of 5-HMF produced ...........cccccovevveiieeiieiie e 97
3.4  Synthesis of some derivatives of 5-HMF............ccccoooviiiiiiiiiiiiecen, 97
3.4.1 Synthesis of 2,5-furandicarboxylic acid (FDCA)[323].......cccccevvrienrnns 97
3.4.2 Synthesis of 2, 5-bis-(hydroxymethyl) furan (BHMF) ...........ccccceevnee. 97
3.4.3 Synthesis of dimethyl-2, 5-furandicarboxylate (DFD) [158]................. 98
3.4.4  Sample preparation for XRD.......ccccoviiiiiiiniiniiine e 98
3.4.5 Treatment of montmorillonite clay with 5-HMF and FDCA.................. 98
3.4.6  Synthesis of modified MMT Clay.........ccccoviiiiininiiiencsen 99
3.5 POlymErization reaCtionS............cceveeieerieiie e 100
3.5.1 Synthesis of polyester from FDCA [323] ....cccooeieiiienininenieieiee, 100
3.5.2  Water abSOrption tESt........cuuierierieiiii s 100
3.6 Preparation of polymer/clay nanoCOMpPOSItES .........cccvervvreeiverieniesiieean, 101
3.6.1 Polymer/Clay Nanocomposites by Intercalation method..................... 101
3.6.2 Insitu intercalative polymerization..........ccccovcvevenienienie s 101
3.6.3  Meltintercalation ..........cooveieiiiiie e 101
CHAPTER 4: RESULTS AND DISCUSSION .....ccociiiiiiiiiieie e 102
4.1 Characterisation of sulfated zirconia catalyst ...........cccocovceiiiiiiinieinnnnn 102
4.2 X-ray diffraction of sulfated Zirconia.............ccocevererenenineiienseeenen, 102
4.3 Dehydration of glucose/fructose by solvent extraction.................cco...... 104
4.4  Dehydration of glucose/fructose by vacuum distillation ......................... 105
4.4.1 Testing the vacuum distillation equipment ...........cccoevvevveierieereeriennnn 109
4.5  Synthesis of 5-(hydroxymethyl) furan (5-HMF) .......cccccooovviiiiviiiiieen, 109
4.5.1 5-HMF yields from dehydration of glucose and fructose .................... 109
4.5.2 Catalytic activity of the solid catalystS..........c.ccceeveviiieriiiieieceee 111
4.5.3 5-HMF formation in other ionic liquidsS..........ccccoooviiiiiiiininiicee, 111
4.5.4 Effect of reaction temperature with time on 5-HMF yield................... 112



N.M. Baba Table of Contents

4.5.5 Effect of catalyst dosage on 5-HMF synthesis...........c.cccccevviiicinnnne. 113
4.5.6 Sulfated zirconia and [BMIM]CI recycling ........cccocovviiiniiiiienene, 114
4.6  Characterization Of 5-HMF ..o, 115
4.7  Synthesis of some derivatives of 5-HMF..........ccccoiviiiiiiininece, 115
4.7.1  SYNthesiS OF FDCA. ..ot 115
4.7.2  Synthesis of 2,5-bis (hydroxymethyl) furan (BHMF)..........ccccevvennee. 116
4.7.3 Synthesis of dimethyl-2, 5-furandicarboxalate (DFD)..........c.ccccvervenee. 117
4,8  Assessment of intercalation of monomers into clay ............ccocovevvveienenn, 117
4.8.1 5-HMF and Na-MMT Clay .......ccccceriiiiiiinininienese e 117
4.8.2 FDCA and MMT Clay ....covoiieieiiiieiesceseeee s 119
4.8.3 BHMF and MMT Clay.......cocoiiiiiiiiiiiisieee e 120
4.9  Organically modified MMT ..., 120
4,10  FT-IR absorption spectra of modified MMT ........cccceviiiniininnecien, 121
4.11  Polymers derived from FDCA ..ot 122
4.11.1 NMR structure charaCterization ............ccccceoverereneienenesescseeeeeee 122
4.11.2 FT-IR structure charaCterization ............ccccooevereneiene s 124
4,12 Polymers from FDCA and other diolS ...........ccooviiiiinencieee, 126

4.12.1 NMR structure characterisation of PH-2,5-F, PO-2,5-F and PBH-2,5-F
POIYIMEIS ..ot st be e be e are s 126

4.12.2 FT-IR characterisation of PH-25-F, PO-25-F and PBH-2,5-F

POIYIMETS. .. o 131
4.12.3 Elemental @nalysSiS.........coooiiiiiiiiiiiiiiiieeee e 134
4.12.4 TenSile PrOPEITIES .......coeiieieieie ettt 134
4.12.5 Water contact angle ........coooiiiiiiieieeee s 136
4.12.6 Variation of contact angle wWith time...........cccccceviveii i, 139
4.12.7 Capacitance and dielectric ConStant ............cccocevveveiiveresie e 140
4.12.8 Water @DSOPLION .....ccveiiieiieieieie e 142
4.12.9 Thermogravimetric Analysis (TGA) ....cccooveirieniiie e 143



N.M. Baba Table of Contents

4.12.10 Differential Scanning Calorimetry (DSC) ......ccccovviiiiinieiieieiieienn 145
4.12.11 XRD pattern of the polymer ..., 145
4.12.12 Effect of grinding on XRD pattern of the polymer............cccceovenenee. 146
4.13  Polymer/Clay Nan0COMPOSITES......c..civeireriiriiiiirieeiieieie e 146
4.13.1 XRD pattern of the polymer/clay nanoComposites ...........ccocvevvevenennes 146

4.13.2 XRD pattern of polymer/clay nanocomposites prepared by different

METNOUS .. bbbt 147

4.13.3 TEM images of polymer/clay nanoCOmposite ..........c.ccooervvrineninennnn 148
CHAPTER 5: CONCLUSIONS AND FUTURE WORK ........ccooniviiiiiinnn, 151
5.1 (OF0] 000 113 [0 USSP 151
5.2 FULUIE WOIK ..ottt 153
5.2.1 Other sources of carbohydrate..........ccocovviiiniinierene e, 153
5.2.2  Other derivatives 0Of 5-HMF ..........ccccooiiiiiini e, 153
5.2.3 Molar mass determination of the poOlymers........ccccocevviiiineniininiienn, 154
5.2.4 Mechanical properties of the POIYMErS .......ccccovriieieniininineceeeen, 154
5.2.5 Regulatory MEASUIES ........cveierieieriesie st 155
Appendix 1. Vacuum distillation apparatus............ccceceeveeieeieiieie e 156
Appendix 2. NMR and FT-IR spectrum of 5-HMF ...........cccooiiininie, 157
Appendix 3. NMR and FT-IR spectra of FDCA...........coceii i 160
Appendix 4. NMR and FT-IR spectra of BHMF ...........ccccoooiiiiiicccece e, 162
Appendix 5. 'H and 1*C NMR spectra of DFD..........ccccoceveveuevieeeieieeeeeeeieseeee e, 164
Appendix 6. Analytical INSIrUMENTS...........coviiiriiiee e, 165
1. X-Ray Diffraction (XRD) .....ccceeiiiiiiiiiiieiie et 165



N.M. Baba Table of Contents

2. Nuclear Magnetic Resonance (NMR) SPECIIOSCOPY ....covvveververrierrienenrieeeeens 167
3. Fourier Transform Infrared (FT-IR) SPeCtroSCOPY ......ccoevververvenerininieieeenns 169
4.  Thermogravimetric analysisS (TGA) .....cooiiiieiiie e 171
5. Differential Scanning Calorimetry (DSC) ........cccviveviiiiiiieie e 172
Appendix 7. Photographs of some of the equipment used...........cccccorovririiinienen, 175
1. Bruker alpha FTIR ..o 175
2. Siemens D500 X-Ray Diffractometer..........cccooevveiiiicieeicccceee e 175
3. Thermal @NAlYSEr ..........coviiiiieie et 176
4, CONITTUGE. ..ottt 176
REFERENGQCES ... ...t 177

10



N.M. Baba Acknowledgements

Acknowledgements

I would like to thank my supervisors; Prof. Julian R.G. Evans for giving me the
opportunity to work with him, for his suggestions, guidance and support despite his
tight schedule for the successful completion of this work and to Prof. Helen C. Hailes

for her advice and support during this project.

| also appreciate the assistance from Mr. Phil Hayes and Mr. David Webb, the
technical staff in the Turner Lab, for their time and guidance in the use of some of the
analytical equipment. And to Dr. Jeremy Cockcroft and Mr. Martin Vickers who
helped and taught me how to use the XRD equipment. Also, my appreciation goes to
Dr. Steve Firth for his time and guidance on the use of TGA and TEM.

I want to acknowledge the financial support of the Tertiary Education Trust Fund
(TETFund) and the Kaduna State University, Kaduna Nigeria for the Fellowship, Prof.
E. M. Abdurrahman for the encouragement in accomplishing this intellectual work
which gave me to opportunity to come to England and accomplish these task. Also,
not forgetting the role played by Alh. Rilwanu Abdussalami to see this dream comes

true.

My heartfelt appreciation to the following people who made my stay in UCL a
memorable one: Brother Sa’eed Sa’eed, Mohammed Haque, Abdul-Lateef Adedigba,
Tom Daley, Ahmed Akbar, Alex Bour and Sandra Aline Sanchez.

To my parents, brothers and sisters to whom | owe this success and which words are
not enough to express my gratitude towards them for all their prayers, patience and
encouragement during these period of my absence. | would also like to thank Ahmad
Adamu Ambi (Majidadin Bauchi), Hamisu Kawu, Husseyn Umar Gende, Col.
Muhammad S’Barak, Usman A. Shuaibu (Marshall) Sirajo Adamu, Aminu Adamu

Ambi, ZMS, and their families for their prayers, care and support.

Finally, to my wife Halima for her prayers, understanding and patience throughout this
period and not forgetting my kids; Aisha and AbdurRahman.

11



N.M. Baba

Abbreviations

[BDMIM]PFs

[BMIM]CI

[HMIM]CI

5-HMF

BD

BDM

BHMF

CDCls3

CTAB

DFD

DFF

DMAc

DMF

DMSO-ds

DSC

EtOAC

FCA

Abbreviations

1-butyl-2,3-dimethylimidazolium hexaflourophosphate

1-butyl-3-methylimidazolium chloride

1-hexyl-3-methylimidazolium chloride

5-(hydroxymethyl) furan

1,4-butanediol

1,3-benzenedimethanol

2,5-Bis-(Hydroxymethyl)furan

Chloroform

Cetyltrimethylammonium bromide

Dimethyl-2,5-furandicarboxylate

Diformyl furan

N,N-Dimethylacetamide

Dimethyl furan

Deuterated dimethyl sulfoxide

Differential Scanning calorimetry

Ethyl acetate

5-Formyl-2-furandicarboxylic acid

12



N.M. Baba

FDCA

FTIR

HFCA

15

LA

Na-MMT

NMR

OMLS

PB-2,5-F

PBH-2,5-F

PCL

PEO

PET

PH-2,5-F

PLA

PO-2,5-F

PVA

PVOH

Abbreviations

2,5-Furandicarboxylic acid

Fourier Transform infrared spectroscopy

5-Hydroxymethyl-2-furandicarboxylic acid

lonic Liquids

Lactic Acid

Sodium Montmorillonite

Nuclear Magnetic Resonance

Organo-modified layered silicate

Poly(butylene-2,5-furanndicarboxylate)

Poly(2,5-furandimethylene-2.5-furandicarboxylate)

Polymer-Clay nanocomposite

Poly(ethylene oxide)

Poly(ethylene terephthalate)

Poly(hexylene-2,5-furandicarbaxylate)

Poly(lactic acid)

Poly(octylene-2,5-furandicarboxylate)

Poly(vinyl acetate)

Poly(vinyl alcohol)

13



N.M. Baba

Abbreviations

Sz

TEM

TGA

TPO

XRD

Sulfated zirconia

Transmission Electron Microscopy

Thermo Gravimetric Analysis

Thermoplastic olefin

X-ray diffraction

Zirconia

14



N.M. Baba List of Tables

List of Tables

Table 2-1. Glass transition and melting temperature of PLA with various L-monomer

(010] 0101 1Y/ 1 LT O - £ [ RSP PR 52
Table 2-2. Trade names and suppliers of various brands of PLA [76] .........cccccve.... 52
Table 2-3. PHAS biosynthesis in plants [137].....cccccoveiiiiiiieeie e 54
Table 2-4. Nanocomposites prepared by intercalation from solution [260]. ............. 80

Table 2-5. Commonly used layered phyllosilicates with their general formula [263].

................................................................................................................. 82
Table 3-1. Materials used in thiS WOIK ........ccueeeeeeeeee e 90
Table 4-1. Phase mixtures transformation of sulfated zirconia............ccccceeveeeee. 104

Table 4-2. Vacuum reactive distillation of 5-HMF from the dehydration of

carbohydrates with different entrainers [333]. ......ccccoevveieiiicvecnene, 107
Table 4-3. Characteristic peaks 0f FDCA .........coooiiie i 116
Table 4-4. Maximum peak and d-spacing of Na-MMT and 5-HMF ....................... 118
Table 4-5. FT-IR absorption bands of polyester from FDCA..........cccooiviiineienn. 125
Table 4-6. Assignments of the functional groups of the polymers.............c............ 133
Table 4-8. Elemental analysis results of the polymers” ...........cccocovvvvvvvevresenennns 134
Table 4-9. Some mechanical properties of polymers derived from FDCA ............. 136

Table 4-10. Water contact angles of polymers derived from FDCA and various diols

15



N.M. Baba List of Tables

Table 4-11. Decomposition and maximum degradation temperature of polymers.. 144

16



N.M. Baba List of Figures

List of Figures

Figure 1-1. Yearly oil price 2001-2013 [2]....ccocoeiiriiiiiiineeeeiee s 24

Figure 1-2. Map of Nigeria showing the 36 states and the Federal Capital Territory

[LAL. oottt 27
Figure 1-3. Crude oil production in Nigeria 1980 — 2012 [15].....ccccccevvvevveiirieennnn, 28
Figure 1-4. Nigeria crude oils and condensate export in 2012 [15].........ccccvevvvenne. 28
Figure 1-5. Real Growth Rate (%), 2009: first half — 2010 first half [17]. ................ 29
Figure 1-6. U.S crude oil imports (East coast) from Nigeria 1993-2013 [15]............ 30
Figure 1-7. Map of Nigeria showing [and USe ...........ccccevvevieieiicie i, 31
Figure 1-8. World’s leading producers of cassava [22]. .......cccoeverireniiiinieninienens 32
Figure 1-9. Cassava production zones in Nigeria [26]..........ccocerereieniiiienienienieiens 33
Figure 1-10. Nigerian Cassava Yyields 2001-2013 [22] ......ccoveveveeieeiieiiece e, 33
Figure 1-11. EXperimental SEQUENCE. .......cccveiuiiieieerie ettt 35
Figure 2-1. Conversion of biomass into bio-products and energy. ..........cc.ceevevenne. 38
Figure 2-2. Cellulosic Biomass COMPOSITION. ........ociiiriiiiiiieiee e 38

Figure 2-3. Number of publications of bio-based polymers (source: I1SI Web of

SCIBINCE) .ottt e et e e e b e e e 41
Figure 2-4. Schematic classification of bio-based polymers ...........ccccocvniiiiiennnn 42
Figure 2-5. CellUlOSe STIUCTUIE ..........oiiiiriiriieieee e 43



N.M. Baba List of Figures

Figure 2-6. Hydrolysis of cellulose to glucose [78]. ......ccccovirierieniniiiieceee e, 44
Figure 2-7. Structure of chitin, chitosan and cellulose [83]..........cccoceiiiiniiiiiiennn 46
Figure 2-8. Molecular structure of starch [110].......cccccovveiieieiieerece e 48
Figure 2-9. Primary lignin monomer structure [118].......cccccvevviiieiiiievieececie e, 49
Figure 2-10. Lignin degradation by oxidative pathways [78].........ccccooririiiiniennnnn 49
Figure 2-11. Triglyceride generic structure [151]........ccccviriiiiiiiniienireeeeeeees 56
Figure 2-12. Typical composition of cassava root...........cccccveveveeieciiesieese e, 56
Figure 2-13. Simple process for cassava starch production...............cccocevvevieieennenn, 58

Figure 2-14. Structures of some ionic liquids used in the synthesis of 5-HMF......... 68

Figure 2-15. Monomers derived from furfural [65]..........ccoovviiiiiniiiiiiiiee 70
Figure 2-16. Difuran monomers derived from 2-subsituted furans [65]................... 70
Figure 2-17. A selection of monomers derived from HMF [65]...........ccccecveiieiieennenn, 71
Figure 2-18. Products of HMF oxidation [239]. ..o 72
Figure 2-19. Structural similarity between terephthalic acid and FDCA................... 72

Figure 2-20. Schematic illustration of three different types of polymer clay

nanocomposites, reproduced with permission [257].........ccccccevveneee. 77

Figure 2-21. Schematic representation of polymer adsorption from solution,
reproduced with permission [260]..........ccocvrrrerenineniniseeeeee 78

Figure 2-22. Structure of layered silicate reproduced with permission [260]........... 83

18



N.M. Baba List of Figures

Figure 2-23. XRD pattern of three types of silicate layers (a) Conventional (b)
Intercalated (c) exfoliated nanocomposites reproduced with permission
[263]. et 84

Figure 2-24. TEM micrographs of (a) treated hectorite, (b) thermoplastic-treated
hectorite and (c) thermoplastic starch-untreated hectorite
nanocomposites reproduced with permission [295]. ........c.ccccvvveienen. 85

Figure 4-1. XRD patterns of (a) ZrO; (b) SO4%/ZrO, (M and T designate monoclinic

and tetragonal PRASES) .......ccveueiieieiie e 103
Figure 4-2. 5-HMF yields by solvent extraction method.............cccccoceiiiiiniiiiniennn, 105
Figure 4-3. Plot of vapour pressure against temperature for 5-HMF [339]. ............ 108
Figure 4-4. Plot of In P against reciprocal of temperature for 5-HMF [339]........... 109
Figure 4-5. Dehydration of glucose and fructose in different solid catalysts .......... 111
Figure 4-6. 5-HMF yields in 10niC HQUITS ........ccooeiiiiiiniiiicc e 112
Figure 4-7. Effect of reaction temperature and time on 5-HMF yield.................... 113
Figure 4-8. Effect of catalyst dosage on 5-HMF yield............cccoociveiiiiiiicieee 114
Figure 4-9. Recycling of sulfated zirconia and [BMIM]Cl.........c.ccccccovevviieinenenne. 114

Figure 4-10. XRD pattern of (a) 5-HMF, MMT and solvent (b) MMT and solvent (c)
MMT ONIY o 118

Figure 4-11. XRD pattern of (a) FDCA/ MMT/ DMSO (b) MMT and (¢) MMT/DMSO

19



N.M. Baba List of Figures

Figure 4-13. XRD pattern of: (a) Organo-MMT and (b) Na-MMT...........cccccveenne 121

Figure 4-14. FT-IR spectra of: (a) Organo-MMT and (b) Na-MMT ............ccoc...... 122

Figure 4-15. *H NMR spectra of polyester from FDCA and 1, 4-butanediol in CDClI3

............................................................................................................ 123
Figure 4-16. *3C NMR spectra polyester from FDCA and 1, 4-butanediol.............. 123
Figure 4-17. FTIR spectrum of PB-2,5-F polymer from FDCA and BD ................ 124

Figure 4-18. FTIR spectrum of PB-2,5-F polymer, 1,4-butanediol and FDCA......125

Figure 4-19. *H and 3C NMR spectra of PH-2,5-F pOIYMEr .........cccccevvvvvvvreeennn. 127
Figure 4-20. *H and 3C NMR spectra of PO-2,5-F polymer ...........cccccccevvveverncnnns 129
Figure 4-21. *H and 3C NMR spectra of PBH-2,5-F polymer...........ccccccccovvuevnnen. 130

Figure 4-22. FTIR spectra of PH-2,5-F, PO-2,5-F and PBH-2,5-F polymers ......... 131

Figure 4-23(a-c). FT-IR spectra of the polymers with their corresponding diols.... 133

Figure 4-24. Tensile properties of the four polymers synthesized in this work: (a)
Force-extension curve (b) Tensile strength-strain curve................... 135

Figure 4-25. Water contact angle of: (a) PB-2,5-F (b) PH-2,5-F (c) PO-2,5-F and (d)
PBH-2,5-F ..ot 138

Figure 4-26. Hydrophilic and hydrophobic surfaces based on contact angle [372]. 138

Figure 4-27. Water contact angle as a function of time of the various polymers .... 140

Figure 4-28. Capacitance of the four polymers derived from FDCA and diols....... 141

20



N.M. Baba List of Figures

Figure 4-29. Dielectric constants of the four polymers derived from FDCA and diols

Figure 4-31. TGA traces of polyester from FDCA and various diols at 10°C/min. 144

Figure 4-32. DSC traces of: (a) PH-2,5-F / PO-2,5-F and (b) PB-2,5-F / PBH-2,5-F

Figure 4-33. XRD pattern of: (a) ground (b) unground PB-2,5-F polymer............. 146

Figure 4-34. XRD pattern of polymer-clay nanocomposites (a), clay (b) and polymer
(5SRO 147

Figure 4-35. XRD pattern of polymer/clay nanocomposites: (a) melt (b) in situ and (c)
SOIULION MELNOAS ..o 148

Figure 4-36: TEM image of Polymer/clay nanocomposite by the melt processing
MELNO ... 149

Figure 4-37. TEM image of PB-2,5-F/Na-MMT nanocomposites by in situ interaction

TSSO TS U PP TO TSP PTPRPPT 150
Figure 5-1. Vacuum distillation set-up for glucose/fructose dehydration............... 156
Figure 5-2. *H NMR spectra of 5-HMF synthesised............cccccocerrieverecressiceerenns 157

Figure 5-3. *H NMR spectra of 5-HMF: (a) commercially sourced and (b) Synthesised

21



N.M. Baba List of Figures

Figure 5-5. FT-IR spectra of (a) commercially sourced and (b) synthesized 5-HMF

............................................................................................................... 159
Figure 5-6. 'H NMR of FDCA in DMSO-dg (500 MHZ) ........ccooiviveiiriirercisienans 160
Figure 5-7. 3C NMR of FDCA in DMSO-ds (500 MH2) ........cccccveeiirnirercriinennnns 160
Figure 5-8. FT-IR Spectra of prepared FDCA. ... 161
Figure 5-9. *H NMR spectra of BHMF in CDCl3 (300 MHZ) ........ccccooevevevceevennnn. 162
Figure 5-10. 1*C NMR spectra of BHMF in CDCl3 (300 MHZ).......c.cccccccovevrevennnae. 162
Figure 5-11. FT-IR spectra of (a) 5-HMF and (b) BHMF ..........c.coeeviiiiicieeee 163
Figure 5-12. *H NMR spectra of DFD in DMSO-dg (500 MHZ).........cc.ccoevvveurncnn 164
Figure 5-13. 1°C NMR of DFD in DMSO-dg (500 MHZ)..........cocoerverrrererenerenrenee. 164

Figure 5-14. Bragg's Law reflection. The diffracted X-rays exhibit constructive
interference when the distance between paths ABC and A'B'C' differs

by an integer number of wavelengths (L). ......ccoceveriiiiiniininienn 165

Figure 5-15. Schematic diagram of NMR Spectrometer [383].........cccccovvrviiininnnnns 168

Figure 5-16. Schematic diagram of the probe of an NMR spectrometer [383] ..... 169

Figure 5-17. Schematic diagram of an FT-IR instrument [384] ........cc.ccooevvevvennnne. 171
Figure 5-18. A standard output for a polymer from a DSC machine...................... 172
Figure 5-19. Alpha Bruker FTIR spectrophotometer...........cccooevvveieienenenieienn, 175
Figure 5-20. Siemens D500 X-Ray Diffractometer...........cccccoeveiiievie e, 175
Figure 5-21. Netzsch STA 449 F1 Jupiter thermal analyser..........ccccccceeveeiieinnnne, 176



N.M. Baba

List of Figures

Figure 5-22. Heraeus Biofuge Primo Centrifuge machine

23



N.M. Baba CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION

1.1 General Introduction

Research on biomass as a source of chemical feedstock has received considerable
attention from the academic and industrial communities in recent years in contrast to
the obscurity that has prevailed since the 1960s. This is partly because of the changes
in mineral oil price. The increase in oil price is mainly a result of new extraction
techniques for mineral oil and other global political situations such as trade and
exchange rates. These changes could have transformative effects on the chemical and
materials industries. For instance, between 2008 and 2009, although the price of oil
fell rapidly by around $33.39 per barrel from a peak of $94.45, there is an underlying
upward trend as revealed in Figure 1-1.

Furthermore, impending developments in control measures to address climate change
may also encourage industries to seek independence from fossil fuels and to use
biomass resources as alternatives for fossil-derived materials and energy in order to
reduce the embodied carbon content. Isotopic assay can be used to distinguish mineral
and biomass oil sources [1]. Again, the use of agricultural biomass as raw material
realigns industrial and agricultural sectors for the establishment of an integrated-
sector-economy. This would provide new opportunities for countries that depend on

fossil fuel resources to diversify their economic-drivers.
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Figure 1-1. Yearly oil price 2001-2013 [2].
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The use of fossil fuels for energy and chemicals is a global issue in terms of climate
change and economic perspective. It is beyond the scope of this work to address these
questions globally and so this thesis focuses on the agricultural opportunities offered
by sub-Saharan Africa and more specifically by Nigeria as a nation because of its
emerging economy which presently depends largely on its petroleum and natural gas
resources despite the huge amount of agricultural resource that is presently under-
utilized. Also, Nigeria, as a developing country with a population of over 160 million
[3] will be significantly affected by the impacts of climate change even though it is a
low carbon emitter. Indeed, the severity will be more pronounced in developing
countries especially those in Africa, due to their lower level of coping capabilities and

their geographical positions which make them vulnerable to desertification [4] .

Therefore, this research focuses on the production of engineering polymers that begin
with cassava. Cassava is a robust plant capable of providing food, fuel and chemical
feedstock [5-8]. This work builds upon the substantial emerging interest in the
potential business opportunities and government initiatives centred around the
exploitation of cassava products in Nigeria and indeed sub-Saharan Africa in general.
These potentially open the way for export markets and for the industrial transformation
of Nigeria and sub-Saharan Africa.

As part of the introduction to this thesis, the motivation for the work is explained in
the context of an assessment of Nigeria and her economic potential. A comprehensive
review on the available literature on bio-based polymers and nanocomposites is
presented in Chapter 2. Details of materials and the methods used are highlighted in
Chapter 3, while the results and discussion thereof are given in Chapter 4.

Conclusions are provided in Chapter 5 along with directions for further work.

1.2 Motivation for this research

The motivation of this work was nurtured because of the prevailing economic situation
in Nigeria in trying to diversify its economy from dependence on its petroleum
products as the main economic driver. Before the discovery of oil in 1970, agriculture
was the main economic driver as it played a vital role by engaging both subsistence
and full time farmers. However, the role of agriculture is not prioritized at present
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because of oil discovery. Agricultural export has tended to be neglected in the Nigerian
market [9-11].

Nigeria is one of the leading producers of petroleum in the world. It is one of the
members of the Organization of Petroleum Exporting Countries (OPEC) and presently
is facing a serious security challenge in the Niger Delta. This is where the country’s
mineral oil production is located. This could force the oil-producing companies to
relocate and this will have a serious effect on the socioeconomic activities of the
country. To further add to the motivational factor that encouraged this research, the
Governor of the Central Bank of Nigeria, Mr. Sanusi Lamido Sanusi [12] made the
following remarks recently about Nigeria at the TEDxYouth platform in Maitama,
Abuja:

“A country that specializes in exporting what it does not produce and importing that

which it produces .

“One of the world’s largest producer of crude oil that does not refine its own
petroleum products and has to import petroleum products .

“The world’s largest producer of cassava but does not produce starch or ethanol”.

“A large tomato belt, yet the world’s largest importer of tomato paste”.

It is against this background that the thesis envisages an integrated-sector-economy for
Nigeria in which its economic future is re-established around agricultural potential
paving the way for farmers to produce more agricultural products and investors to have
the opportunity of establishing polymer/materials industries that can utilize the
agricultural products particularly cassava, a unique plant providing food, fuel and
materials. The thesis explains its use for the synthesis of bio-based polymers for
materials application.

1.2.1 Nigeria: the background

Nigeria is located in western Africa on the Gulf of Guinea and lies between latitude 4°
and 14°N and longitude 2° 45 and 14° 3E. It has a total area of 923,768 km?, making it
the world's 32nd-largest country [13]. The country shares about 4047 km border with
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Benin (773 km), Niger (1497 km), Chad (87 km), and Cameroon (1690 km), and has
a coastline of at least 853 km.

Figure 1-2. Map of Nigeria showing the 36 states and the Federal Capital Territory
[14].

1.2.2 Crude oil production in Nigeria

Nigeria, as a member of OPEC produces mostly light, sweet (low sulfur) crude oil and
exports to the global markets. Production of crude oil in Nigeria between 1980 and
2012 as represented in Figure 1-3 revealed a maximum production of crude oil in 2005
with a production capacity of 4.84 m®s (2.63 x 10° barrels per day) [15]. However,
this began to decline significantly as violence from militant groups surged, forcing
many companies to withdraw staff and shut down production. By 2009 crude oil
production had reached about 4.07 m3/s (2.21 x 10° barrels per day). Furthermore, lack
of transparency in oil revenue, tension over revenue distribution and environmental
degradation due to oil spillage have created a fragile situation in the oil producing

states.

In order to provide a conducive atmosphere for increased production, an amnesty was
granted to militants in the Niger Delta region in late 2009 and an agreement was
reached whereby the militants handed in their weapons in exchange for cash payments

and training opportunities. This has provided a relatively calm situation in the region:
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reduction in attacks on oil facilities was witnessed and production was partially

increased as can be seen in Figure 1-3.
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Figure 1-3. Crude oil production in Nigeria 1980 — 2012 [15].

1.2.3 Crude oil Export from Nigeria

As a member of OPEC, Nigeria exports her crude oil to the global markets at between
4.07 m¥/sto 4.23 m®/s (2.21 x 10° barrels per day to 2.3 x 10° barrels per day) of crude
oil and condensate products in 2012 [15]. In the same year, the United States imported
about 406,000 billion barrels per day from Nigeria which accounted for 18% of the
total exports. India, Brazil, Spain and the Netherlands made up the remaining countries

that import crude oil from Nigeria. This is represented in Figure 1-4.

i Other Americans 4 Other Asian and Oceania
M Africa EUS.A

M India M Brazil

i Spain LI Netherlands

i Other Europe

Figure 1-4. Nigeria crude oils and condensate export in 2012 [15].
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1.2.4 The Nigerian Economy

Nigeria is a middle-income nation with developed financial, communication and
transport sectors. The country’s economy is one of the most developed economies in

Africa because it has the second largest stock exchange in the continent [16].

During the first half of 2010, the economy recorded a slight improvement against the
previous year. For instance, Real Gross Domestic Product (GDP) was N334.74 billion
($2.069 billion) representing a rise of 7.53%, and 1.26% increase over the same period
in 2009 as shown in Figure 1-5. The Gross Domestic Product (GDP) of the country as
at 31st December, 2010 was $369.8 billion.

B (o)

Percentage Real GDP
\]

2009: 1st half 2009: 2nd half 2010: 1st half

Figure 1-5. Real Growth Rate (%), 2009: first half — 2010 first half [17].

Although much has been made of its status as a major exporter of oil, Nigeria’s proven
oil reserve was 37.14 x 10° barrels (5.9 x 10° m®) and a natural gas reserves of 5.295
x 102 m3, making the country’s gas reserves the seventh largest in the world [18], yet
it produces only about 2.75% of the world's supply [15]. Although it is ranked as 15th
in production at 4.07 m%s (2.21 x 10° barrels per day) putting the life index of the oil

at 46 years, this implies its main export capability has a limited future.

Furthermore, the United States imported crude oil from Nigeria as one of its major
supplier. U.S imported between 9% and 11% of crude oil from 1993 to 2013. However,

from Figure 1-6, it was observed that in 2012, there was a drastic decline in crude oil
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importation from Nigeria by U.S which fell to an average of 5% and by 2013, it
dropped to about 4%. As a result, Nigeria has fallen from being the fifth largest foreign
oil supplier to the United States in 2011 to eighth in 2013 [15]. This will definitely

affect the country’s socioeconomic activities if this trend continues.
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Figure 1-6. U.S crude oil imports (East coast) from Nigeria 1993-2013 [15].
1.2.5 Nigeria’s agricultural potential

Nigerian agriculture is characterized by considerable regional and crop diversity. The
sector remained stagnant during the oil boom decade of the 1970s, and this accounted
largely for the declining share of its contributions. The trend in the share of agriculture
in the GDP shows a substantial variation and long-term decline from 60% in the early
1960s through 48.8% in the 1970s and 22.2% in the 1980s. Unstable and often
inappropriate economic policies (of pricing, trade and exchange rate), the relative
neglect of the sector and the negative impact of the oil boom were also important

factors responsible for the decline in its contributions [19].

On its diversity, Nigerian agriculture features tree and food crops, forestry, livestock
and fisheries. In 1993 at 1984 constant factor cost, crops (the major source of food)
accounted for about 30% of the Gross Domestic Product (GDP), livestock about 5%,

forestry and wildlife about 1.3% and fisheries accounted for 1.2% [20].
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1.2.6 Land availability

Nigeria has abundant land resources for agricultural purposes. It has a land area of
923,768 km? and it is used for several agricultural practices such as grazing, farming
and forestry with a land use estimates as shown in Figure 1-7. Rainfall is heaviest in
the southern part where the forest and savannah benefit from abundant precipitation
and relatively short dry seasons. The crops grown include cassava, yam, cocoyam, and
sweet potato. The main commercial product includes cocoa, oil palm, rubber and
timber. Cocoa grows mostly in the southwest; oil palm is predominantly in southeast
and is numerous in the southern area. Rubber stands are common in south and south-

eastern Nigeria, while timber is in the south and southwest.

The northern part of the country experiences dry season of between three to four
months. During this season less than 400 mm of rain fall is reported [21]. The region
lies in the Sudan savannah and Sahel savannah mostly, where crops such as millet,
cowpeas and drought resistant crops like cassava, sorghum, corn rice, cotton and
groundnuts are cultivated [19]. Between the arid north and the moist south lies the
guinea savannah region. This area produces staples such as sorghum, millet and

cowpea in low quantities together with fruits such as orange and mango.

Land use in Nigeria

- Arable land
- Farestshwood|ands
- Farming

Figure 1-7. Map of Nigeria showing land use

Of all these uses, the highest percentage of land use goes to land used for pastures,

forests and woodlands, making up some 56% of general land use. This region stretches
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across the South including some eastern and middle belt states and 33% goes to arable

land in which crops are planted throughout the year.
1.2.7 The place of Cassava in the Nigerian economy

Nigeria is the largest producer of cassava in the world [22] with an estimated area of
3.8 million hectare that is under cultivation and in 2011, the country produced over 50
million tonnes according to Food and Agricultural Organization (FAQ) as shown in
Figure 1- 8 [22].
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Figure 1-8. World’s leading producers of cassava [22].

Cassava is cultivated widely in almost every part of the country as this biomass plays
a vital role as food security and can be cultivated under marginal soil conditions as it
can withstand prolonged drought and it provides a livelihood for over 30 million
farmers all over the country with the southern states providing over 60% as illustrated
in Figure 1- 9 [23, 24].

In terms of yield, cassava production in Nigeria has shown a significant yield (Figure
1-10) [22]. For instance, between 2010 and 2012, the yields tends to increase within
the years mentioned with the exception of 2005 and 2007 where an outbreak of cassava
mosaic disease was experienced. This outbreak was partially eradicated in 2006 which

boasts an increased in yield. After this period, a steady increase in the yield was
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achieved after some researches on how to overcome the future outbreak of the disease
[25].

Therefore, Nigeria has considerable potential to diversify the use of cassava both as a
primary industrial raw material and livestock feed. The two main factors that give the
country this potential have been the rapid adoption of improved cassava varieties and
the development of small-scale processing technologies [25].

In addition, among the many crops widely cultivated in Nigeria, research has probably
made the greatest impact on cassava by increase in production over the years and also
the area cultivated with production efficiency through the introduction of high

yielding, disease- and pest-resistant species.
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Figure 1-9. Cassava production zones in Nigeria [26].
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Figure 1-10. Nigerian Cassava yields 2001-2013 [22]
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1.3 Aims of this research

The aim of this research is to synthesis hydrophobic polymers and nanocomposites for
materials applications from biomass obtained from cassava. The stage from cassava to
glucose and fructose is well established (Figure 1-11). Therefore, the first investigative
step is to synthesise 5-(hydroxymethyl) furan (5-HMF) from glucose using ionic liquid
as solvent in a solid catalyst. Next, derivatives of 5-HMF are synthesised to serve as
monomers for the polymerisation reaction with commercially available diols. Then a
diol is synthesised from 5-HMF and used in place of the mineral oil based diol to form
the polyester. The next stage was to study the interaction of the monomers so obtained
with potential reinforcement agents, such as montmorillonite clays with a view to
making composites by in-situ polymerisation. Such composites should have improved
elastic modulus and barrier properties. Subsequently, the interaction of clays with the
polymers is studied with the aim of preparing composites based on these biomass
polymers by melt or solvent intercalation. The ultimate objective, not fully realised in
the timescale of this research, is to find appropriate conditions for polymerisation and
reinforcement to prepare nanocomposites with mechanical properties in the range

suitable for composite applications in the automotive industry.

This research will pave the way for polymer-clay nanocomposites from cassava as a
biomass source in which there is no embedded carbon (depending on the source of
energy used in the manufacturing process) and which are therefore largely
independent of mineral oil stock and also are environmentally benign. Montmorillonite
clay is selected as the reinforcement agent because it has the ability to exfoliate to
about 1 nm leading to high aspect ratio reinforcement. Furthermore, this reinforcement

is also of low embedded carbon and is cheap
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Figure 1-11. Experimental sequence.

The work will use 5-(hydroxymethyl) furan (5-HMF) derived from glucose as the
biomass source which has been described as a “sleeping giant” in the field of
intermediate chemicals from re-growing resources for the synthesis of various
chemicals derived from petroleum source [27]. This will serve as the precursor for the
synthesis of 5-HMF derivatives as monomers for the polymer synthesis such as
polyesters, polyamides and polyurethanes [28-30]. Another part of the work is the
synthesis of 2,5-furandicarboxylic acid (FDCA) from 5-HMF as the bio-based diacid

for the synthesis of bio-based polyester as an analogue poly (ethylene terephthalate)
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PET derived from petroleum source. In addition, 2,5-bis-(hydroxymethyl) furan
(BHMF) as bio-based diols would be synthesised for polymerisation with FDCA.
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CHAPTER 2: LITERATURE REVIEW

2.1 Biomass

Biomass can be defined as any plant material that consists mainly of carbon, hydrogen,
oxygen and nitrogen [31]. It can also be defined as an organic material that has stored
sunlight in the form of chemical energy [32] or a plant material derived from the
reaction between CO: in the air, water and sunlight, via photosynthesis to produced
carbohydrates that form the building blocks of biomass [33]. Biomass has been defined
also to be ‘any material, excluding fossil fuel, which was a living organism that can be

used as a fuel either directly or after a conversion process.

Conversion of biomass into bio-products and energy involves a series of feed streams
that are interconnected as illustrated in Figure 2-1. These operations can make use of
various technologies such as chemical, biological and mechanical processes to produce
chemical intermediates that are environmentally benign and renewable. By preparing
for these technologies now, a company or country can anticipate a world market
increasingly regulated by environmental standards and can hedge against increases in

oil price that make the petrochemical market uncompetitive.

Therefore, production of high-value chemicals from biomass can become an economic
driver for countries that currently depend solely on fossil fuels for revenue. This is
likely to lead to profitable ventures to meet energy and chemical demands for these

countries.
2.2 Biomass resources and their composition

Biomass resources include wood, crops (energy and agricultural), wastes (animal and
plants) and seed oils [34]. The most abundant extracted feeds of biomass are cellulose,
hemicelluloses and lignin [34-36]. They are of low cost and adequately available for
large scale sustainable production of liquid fuels [36], with various compositions
typically as 33%, 28%, and 24% of cellulose, hemicelluloses and lignin respectively.

Others such as oil, fibre and starch account for 15% as shown in Figure 2-2. This lingo-
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cellulosic biomass can also be converted to bio-oil through fast pyrolysis in the

absence of air at atmospheric pressure and temperatures of 450-550 °C [37].

BIOMASS

Fuel and energy

Bioethanol

Figure 2-1. Conversion of biomass into bio-products and energy.

Biodiesel

Biogas

Materials and
chemicals

Basic chemicals

Fine chemicals

Biopolymers

Figure 2-2. Cellulosic Biomass Composition.
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2.3 Chemicals from biomass

Petroleum and natural gas are currently the main raw materials for the production of
about 95% of the world’s chemicals. Predominantly, various chemicals such as
ethylene, propylene, butadiene, butanes, benzenes etc. are derived from crude oil.
These chemicals could be used as end-products, monomers for the polymer industries
or as precursors for the production of chemicals for other applications. However, price
fluctuations of these materials in the global markets and the effect of the emission of
greenhouse gases to global climate coupled with increased public awareness of these
effects, has renewed interest the search for an alternative to chemicals derived from
fossil resources [38-41]. In this respect, biomass, which is widespread, inexpensive
and abundant is considered as an ideal replacement for fossil resources [42-44].

2.3.1 Carbohydrates

Carbohydrates are the predominant raw materials for the present day biorefineries [45]
which account for 75% of the 1.7 x 10%* kg of plant biomass harvested yearly [46,
47].These carbohydrates can be broken-down into various monomers through
enzymatic hydrolysis, thermochemical degradation or a combination of these two. The
major components of carbohydrates, cellulose and hemi-cellulose play major roles as
the structural components of plant tissues and plant cell walls and these constitute the
major biomass-based precursors for chemicals that can be suitable for conversion into

more valuable chemicals and polymers [48-50].

2.3.2 Chemicals produced from saccharides

Glucose is the most abundant monosaccharide in nature that can be derived from
cellulose, starch and hemicellulose and used in production of various chemicals via
bioconversion and chemical modification. It can be used to produced bio-based acids
and ketoacids via oxidation to synthesis D-gluconic acid which are widely used in

pharmaceutical and food industries as a complexing or acidifying agents [51].

On an industrial scale, glucose is produced by the enzymatic hydrolysis of starch
derived from cassava, corn, wheat and potato [52] with an annual production of over
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15 million tonnes globally. It can also be obtained from lignocellulose materials via
hydrolysis of the cellulose components for the synthesis of bio-based chemicals such

as bioethanol, citric acid, lactic acids and 1,3-propandiol [53].

Several known processes for the conversion of carbohydrates into energy and liquid
fuels have been in existence for decades. For instance, liquefaction or pyrolysis of
biomass leads to formation of bio-oils [54], Fischer-Tropsch synthesis has been
employed for the production of alkanes or methanol from biomass-derived CO: H» gas
and the production of aromatic hydrocarbons via the conversion of sugars or methanol
was reported using zeolites as catalysts [55, 56]. However, the most widely used
process for producing liquid fuels from biomass is the conversion of glucose to ethanol
[57].

2.3.3 Bio-based polymers

Bio-based polymers are defined as materials that are produced from renewable
resources [58] [59, 60]. Also, the term biopolymers generally refers to naturally
occurring long-chain materials such as proteins and carbohydrates or materials that
can be prepared synthetically such as poly (lactic acid) or from bio-based monomers
[61, 62]. Hence, they are referred to as natural polymers because their synthesis
generally involves enzyme-catalyzed, chain growth polymerization reactions of
activated monomers, which are typically formed within cells by complex metabolic

processes [63].

These polymers have continued to draw increased interest from the scientific
community in recent years. For instance, according to a recent survey of publications
from the ISI Web of Science (Figure 2-3), this renewed interest is evidenced by the
number of publications per year. These polymers reduce dependence on fossil fuels
for materials applications and ameliorate environmental impacts by reducing carbon

dioxide emissions and price fluctuations that are associated with fossil fuels [64-67].
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Figure 2-3. Number of publications of bio-based polymers (source: ISI Web of
Science)

For these reasons, there is a motive to replace the petroleum-derived raw materials
with renewable-based materials for polymer production and based on a recent study,
it was predicted that the worldwide production capacity of bio-based plastics will
increased from 3.6 x 108 kg in 2007 to 23. 2 x 108 kg in 2013 and 34.6 x 108 kg by
2020 [68].

2.3.4 Classification of bio-based polymers

Bio-based materials have been generally classified into three groups [59]. These are:
(@) those derived directly from biomass, examples are polysaccharides such as
cellulose, chitin, starch, lignin and proteins, (b) those produced by chemical synthesis
of bio-derived monomers such as poly (lactic acid) and (c) those from microorganisms
such as polyhydroxyalkanoates (PHAs) and polyhydroxybutyrates (PHBS). The

schematic classification is presented in Figure 2-4.
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Figure 2-4. Schematic classification of bio-based polymers

2.3.5 Bio-based polymers derived directly from biomass

Bio-based polymers derived directly from biomass are generally polysaccharides
which are carbohydrates formed through the condensation of monosaccharide residues
by hemi-acetal or hemi-ketal linkages. They can also be found as a short
oligosaccharide sequence or polymeric repeat units linked to other biopolymers and
serve as energy storage, structural and protective components, and for gel formation
depending on their specific chemical structure, composition, molecular weight and
ionic character [69]. The major classes of polysaccharides are starches, celluloses and
chitin which constitutes the bulk of polymers directly derived from biomass and are
used in food and non-food industries due to their functional diversities [69].

Although they are naturally obtained directly from biomass, they generally need to
have a bulk or surface modification chemically on the hydroxyl groups in their
structure to pave the way for their application as biopolymers. In terms of bulk
modification, some derivatives of these polymers are also desirable: an example of
such a process is the formation of chitosan and the chemical modification involves the
compatibility and minimization of the hydrophilicity of natural fibres between the

fibres and the matrix [64]. Therefore, polysaccharides are generally modified for used
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as biopolymers by reducing their hydrophilicity; achieved by lowering their surface
energy or creating enough surface morphology in order to obtain a water contact angle
higher than 90° [64, 66, 70].

2.3.5.1 Cellulose

Cellulose is the most abundant and widespread biopolymer on earth and its
macroscopic morphology occurs in the form of fibres [71]. It is produced by plants,
bacteria, algae and fungi by biosynthesis. Bacterial cellulose, with a degree of
polymerization of 2000-8000 is an example of an extracellular polysaccharide that is
produced by several microorganisms. This class of biopolymer is produced as a three-
dimensional network of highly crystalline nano- and microfibrils having 10 — 100 nm
diameter as revealed in Figure 2-5 below and unique physical and mechanical
properties that makes it a very promising material for a wide range of applications.
Cellulose is also characterised by its poor solubility as a result of the strong intra- and
inter- molecular bonds of the hydrogens within its structure. It exhibits a chemical
reactivity that is affected by its morphology and degree of crystallinity which varies

according to its origin and pre-treatment [72].

Because of its abundance, biodegradability and specific properties, cellulose is used in
paper making, cotton textile, coatings, biodegradable plastics and biomaterials [73-
75]. It is also used in the form of a fibre for reinforcements as revealed by its
macroscopic morphology, replacing glass fibre used in composite materials with
thermoplastics or thermosetting polymer materials. Their use in this regard have
helped dramatically in cost reduction and density in handling and transportation,
recycling, combustion energy recovery and lower fibre abrasion on the processing
machines, when compared with glass fibre [64].

OH OH

HO HO o HO OH

1 4
OH P OHpB| 4

OH

Figure 2-5. Cellulose structure
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As a natural bio-based polymer, cellulose can undergo chemical modification to
improve the adhesion between the polar OH groups of the cellulose fibre and that of
the non-polar polymer matrix to create some sort of covalent bonds between the fibre
surface and the polymer matrix which tends to reduce the hydrophilicity and also the
moisture absorption of the cellulose fibre [64]. The modification of cellulose leads to
formation of various derivatives by altering one or more OH groups of the structure.
Some of these derivatives are ethers, esters and acetals which are found commercially
[76].

Cellulose, in the form of a cotton fabric was reported to have been chemically modified
via two-stage process in order to have an antibacterial properties [77]. The first stage
of the modification was the treatment of the cotton fabric with chloroacetyl chloride
using a THF/pyridine as a solvent/catalyst system to introduce the chloroacetate
groups. The chloroacetylated cotton was treated with potassium salts of a bioactive 1-
napthylacetic acid in the second stage of the process to give a cellulose-1-napthylacetic
acid adduct. The results from these modifications was reported to have some
bactericidal activity on Escherichia coli and also showed a high degree of

hydrophobicity, with a contact angle of more 120° [77].

Cellulose can be converted into glucose through hydrolysis by enzymes such as endo-
1,4-p-glucanase and exo-1,4-4-glucanase which are secreted from fungi, bacteria and
protozoans and can catalyse the oxidation reactions of glucose, or lower molecular
weight oligomers produced from the hydrolysis reactions [78]. During the hydrolysis,
endo-1,4-$-glucanase attacks the internal bonds and the exo-1,4-f-glucanase attacks
the end of the cellulose structure thereby separating the cellulose polymer into two

glucose units as represented in Figure 2-6.
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Figure 2-6. Hydrolysis of cellulose to glucose [78].
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2.3.5.2 Chitin and Chitosan

Chitin is the second most abundant polysaccharide after cellulose that is produced
annually by biosynthesis. This biopolymer is a long-chain homopolymer of N-acetyl-
D-glucosamine  (GIcNAc), (1-4)-linked  2-acetamido-2-deoxy-B-D-glucan, a
derivative of glucose as shown in Figure 2-7. It occurs in nature as ordered crystalline
microfibrils forming structural components in exoskeletons of arthropods or in the cell
walls of fungi and yeast [79, 80]. It can also be produced by other microorganisms
such as insects and worms and is considered as one of the most abundant renewable
biopolymers that can be obtained as a cheap renewable biopolymer from marine

sources [81].

Chitin may be described as cellulose biomass because of its similarity in structure in
that the one hydroxyl group on the monomer structure of cellulose is replaced by an
acetylamine group as seen in Figure 2-7. Because of this substitution of the hydroxyl
group in cellulose, chitin possesses increased strength resulting from increased
hydrogen bonding between the adjacent polymer chains. This makes it a favourable
bio-based material for use in surgical thread application where it is biodegradable with
time as the wound heals. Furthermore, it is used industrially for the manufacture of
separation membranes and ion exchange resins for water purification and as an

additive in the pharmaceutical and food industries as a stabilizer [82].

Chitosan on the other hand, is the most important derivative of chitin and is also
derived from natural products including the exoskeletons of insects, arthropods such
as crustacean shells, prawns, crabs as well as cell walls of fungi [83]. It is made up of
linear B-(1—4) glycosidic linkages that are similar to that of cellulose as can be seen
in Figure 2-7 that the 2-acetamido-D-glucose and 2-amino-D-glucose units are
combined by glycosidic bond. This biopolymer is produced by partial deacetylation
(removal of an acetate moiety) of chitin under acidic conditions (concentrated NaOH)

or by enzymatic hydrolysis in the presence of chitin deacetylase [84].
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Figure 2-7. Structure of chitin, chitosan and cellulose [83].

Chitin and chitosan can undergo some form of chemical modification for further
applications. For instance, based on the structure of chitin, it can be modified at the
only two hydroxyl groups present while chitosan at either the hydroxyl group, amino
groups or both. These chemical modifications of chitin and chitosan have been
reviewed by several authors in recent times [85-87]. For example, chemical
modification of some polymers was reported via graft copolymerization reactions and
the following polymers were obtained: polyurethanes, poly(2-alkyl-oxazolines),
poly(ethylene-glycol), block polyether, poly(ethylene-imine), poly(2-
hydroxyalkanoate), poly(dimethylsiloxane) and dendrimer-like hyper branched
polymers [88]. Similarly, these chemical modifications can occurred as
phosphorylated, acylated or alkylated with the formation of Schiff’s bases [89], or
carboxylates, phthaloylation, silylated, tosylated, sulfated and thiolated [87]. During
the chemical modification of chitin and chitosan, the physicochemical and biochemical

properties of these bio-based polymers are not altered.

On their degradation, chitin and chitosan can undergo total degradation by chemical,
enzymes and by physical methods. The chemical methods involve acid hydrolysis with
HCI or oxidation reactions with nitrous acid and hydrogen peroxide. In the enzymatic
method, chitin and chitosan are degraded by enzymes such as chitinase, chitosanase,
gluconase, proteases, lysozyme, cellulose, lipase and pectinase. In the case of physical

degradation, this can be achieved by microwaves, thermal treatments, ultrasound and
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ionizing radiation [90]. Furthermore, chitin and chitosan can undergo an in-vivo
biodegradation that leads to the production of non-toxic oligosaccharides with
different chain lengths that are incorporated into the metabolic pathways to give
glycosaminoglycan and glycoproteins [78]. Also, the rate of biodegradation depends
on the degree of acetylation, distribution of the acetyl group and the chain lengths of
the bio-based polymers [78]. It is suggested that fast rates of biodegradation should be
avoided if chitin or chitosan are to be considered for medical application. This is to
prevent the accumulation of amino sugars which can lead to an inflammatory response
[91].

Chitin and chitosan as bio-based polymers are used as food additives, in textile
materials, in drug delivery, as an antibacterial agents, tissue engineering, treatment of
waste water and in metal nanocomposites [90-94]. Chitosan on the other hand has been

reported to be moulded as fibres and films [95, 96].

2.3.5.3 Starch

Starch is one of the natural polymers that is generated from carbon dioxide and water
during photosynthesis in plants [97]. Starch is composed of amylose (poly-a-1,4-D-
glucan) and amylopectin (poly-a-1,4-D-glucan and a-1,6-D-glucan) which is a
biodegradable and biocompatible polymer from many renewable sources [98-100]. a-
Amylose is a straight chain of glucose molecules joined by a-1, 4-glycosidic linkages.
Amylopectin is similar to amylose except that short chains of glucose molecules
branch off from the main chain as shown in Figure 2-8. Starches found in nature are
10-30% o-amylose and 70-90% amylopectin [101]. Based on these properties, starch
has been given attention since the 1970s for the production of starch-based polymers
and for other applications [102-104]. It is considered as a prime candidate for the
production of bio-based materials that are sustainable because of its complete
biodegradation, and low cost [105, 106] and it is found in plant roots, stalks, crop seeds

and staple crops such as rice, corn, wheat, tapioca and potato [107].

The main sources of starch worldwide are maize 82%, wheat 8%, potatoes 5% and
cassava 5% [108]. From Figure 2-8, it can be seen that starch structure contains many

hydroxyl groups at C-2, C-3 and C-5. This suggest that starch can be oxidized or
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reduced and also participate in the formation of hydrogen bonds, esters and ether which

are mostly the characteristics of alcohols [109].
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Figure 2-8. Molecular structure of starch [110].

2.3.5.4 Lignin

Lignin is the only renewable source of aromatics, which consists of three basic
structural units, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol in which
the structural unit are connected by ether and C-C bond, as presented in Figure 2-9
[111]. These compounds offer the possibility for the synthesis of value-added
renewable products for materials applications because of the presence of the phenolic
functional group. For instance, lignin constitutes about 30% by weight and 40% of its

biomass value which can be used to increase fuel production [111].

In lignocellulose material, lignin appeared as a matrix that surrounds the cellulosic
fibre mostly in herbaceous and soft wood plants [112], with their structures as lamellar
macromolecular complexes that link through non-covalent interactions [113]. As with
other bio-based polymers, lignin can undergo some chemical modifications in order to
be used in polymer synthesis. The modification can be done at the phenolic side or the
aliphatic hydroxyl groups for the synthesis of polyesters and polyurethane by the
liquefaction process [78]. Polymers synthesized from these monomeric units of lignin
are said to have some advantages in terms of their thermal and mechanical properties

because of their aromatic character [64].
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Lignin, like other bio-based polymers can undergo some forms of biodegradation
facilitated by enzymes and by extracellular lignolytic enzymes such as lignin
peroxidises, the first lignolytic enzymes isolated from Phanerochaete chrysosporium
[114] and lactases [115]. In addition to these two enzymes, fungi have also been
reported to use the secretion of some metallenzynmes such as manganese peroxidases
in breaking down lignin [116, 117]. These enzymes oxidize the phenolic compounds

and the aryl-ether position of the molecule as illustrated in Figure 2-10 [78].

OH OH OH
OMe MeO OMe
H H H
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Figure 2-9. Primary lignin monomer structure [118]

OH (0]

=
o HO Oy Lignin
™ OLignin OLignin
OCHj; OCH;
OCH; OCH3 OLignin OH
OLignin OLignin
A

Side-Chain Oxidation
(depolymerization)

Lignin

OH
OCH,4 H3CO O
O OCH;
OH
Phenolic Oxidative Coupling Lignin
(cross-linking) .

O  OCHj3 __(cross-inking) | o
HO. B ignin
Lignin
_ OH
HO \ o OCHjs
~"0 OCHs OCH;  OH
vo A9
OH /\‘ U,
x Uy
OCHj
o
2NN
oy %,
- 70,
Hao0” OH c ) Dy OH
Lignin
‘\ Lignin Ho OH
HO Z oH
OCHj +
OCHj OCHj,
OH OH

Figure 2-10. Lignin degradation by oxidative pathways [78].
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2.3.5.5 Proteins

Proteins are copolymers of amino acids that are randomly arranged and classified
based on their origins: plant proteins (e.g. soy, pea, canola etc.) and animal proteins
(e.g. gelatin, whey casein and keratin). Therefore, bio-based polymers derived from
proteins can be defined as a stable 3D polymeric network which is strengthened by

hydrophobic interaction and hydrogen bonding [119].

Protein obtained from plants particularly from grains obtained by starch extraction
from the grains are often blended with other materials for possible applications in food
packaging, preservation and also in automobiles as car dashboards because of their
improved water resistance [78]. For the proteins to be applied in materials application,

they undergo compression moulding, injection moulding and extrusion [120].

2.3.6 Bio-based polymers from chemical synthesis of bio-derived

monomers

2.3.6.1 Poly (lactic) acid

PLA, as a bio-based polymer is produced commercially because of its similarities with
conventional polymers produced from fossil fuels such as polyethylene terephthalate
(PET). Therefore, PLA is considered as a thermoplastic polymer that has the potential
to replace polymers such as PET, PS and PCs for packaging, electronics and
automobile applications [121]. However, their low thermal properties (Tg = 60 °C)
make PLAs less attractive. Therefore, PLAs are often blended with other polymers
changing the stereochemistry of these polymers. This influences the crystallinity of the

final polymer and hence, improves the mechanical and thermal properties [122].

PLAs are produced by the polymerisation of lactic acid. The monomer, lactic acid
(LA) is a hydroxyl carboxylic acid that is obtained through bacterial fermentation of
starch or sugars derived from agricultural biomass and also by chemical processes.
Two optical isomers of LA are obtained depending on the bacterial strain used during

the fermentation process.

50



N.M. Baba CHAPTER 2: LITERATURE REVIEW

Synthesis of PLA is achieved by either direct polycondensation reaction of lactic acid
(LA) or ring opening polymerisation of lactide, a cyclic dimer of the lactic acid (LA)
as presented in scheme 2-1 below [123]. However, it was reported that the synthesis
of the PLA by the polycondensation reaction is difficult due to the formation of water

molecules during the reaction [58].

.
%q;\\o Low molecular weight prepolymer
& Mw = 2,000 - 10,000

High molecular weight PLA
Mw =>100,000

=
on ©
[ i)
g g
=
[SSR)
° £
o >
olle)
M a

OIOICHS
H,C" 00

. 3 .
W&Oﬁ Lactide

High molecular weight prepolymer
Mw = 1,000 - 5,000

Scheme 2-1. Synthesis of PLA

In scheme 2-1 above, the synthesis of low-cost continuous process developed by
Nature Works LLC for PLA synthesis is presented [124]. The process provides two
routes for production, the first producing a low molecular weight pre-polymer of
lactide dimers by a condensation process. In the second route, high molecular weight
PLA is produced via the catalytic ring opening polymerization of the low-molecular

weight pre-polymer earlier prepared by the condensation reaction [125].

These processes provide the opportunity to produce various types of PLA and their

corresponding copolymers which depends on the ratio and stereochemical nature of
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the monomers. This results in the production of PLAs with final properties based on

the ratio of the monomers with an example presented in Table 2-1 [126].

Table 2-1. Glass transition and melting temperature of PLA with various L-monomer

copolymer ratio

Copolymer Glass transition (Tg), Melting temperature °C
ratio °C

100:0 (L/DL)-PLA 63 178

95:5 (L/DL)-PLA 59 164

90:10 (L/DL)-PLA 56 150

85:15 (L/DL)-PLA 56 140

80:20 (L/DL)-PLA 56 125

In the global market, PLA is produced under different brand names for various

applications in the industrial sectors such as automobile, electronics, medical and

commodity uses. The major producers of different grades of PLAs with various ratios

of D/L lactide and trade names are listed in Table 2-2 [76].

Table 2-2. Trade names and suppliers of various brands of PLA [76]

Trade Name Suppliers Country
Nature Works® Cargill Dow USA
Galacid® Galactic Belgium
Lacty® Shimadzu Japan
Heplon® Chronopol USA
CPLA® Dainippon Ink Chem Japan

Eco plastic® Toyota Japan
Treofan® Treofan Netherlands
Ecoloju® Mitsubishi Japan
Biomer® L Biomer Germany
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2.3.7 Bio-based polymers derived from microorganisms

2.3.7.1 Polyhydroxyalkanoates (PHAS)

PHAs were first discovered in 1926 as an accumulated polymer within a bacterium
named Bacillus megaterium [127] and this accumulation occurs in the presence of a
carbon source together with a deprivation of some nutrients such as nitrogen [128,
129]. Therefore, these bio-based polyesters have been found in most microorganisms
as intracellular granules [130-132] or secreted as extracellular by the microorganisms
[127, 133]. Also, these bio-based polymers can be produced in high yields from certain
genetically modified plant species [134-136]. Therefore, PHAs have the potential to
replace some plastics that are derived from petroleum because they are biodegradable
and biocompatible [137].

Polyhydroxyalkanoates (PHAS) are bio-based aliphatic polyesters with a general
formula as shown in scheme 2-2 below [138] that are produced by numerous
microorganisms through bacterial fermentation using several renewable wastes
feedstock [60, 139]. Examples of microorganisms used in PHASs synthesis are:
microbes such as Bacillus megaterium, Azotobacter, Agrobacterium, Rhodobacter and
Sphaerotilius that are accumulated in the form of granules as energy storage
compounds [78]. However, production of PHAs from microorganisms is very
expensive as the cost of the carbon source is the main contributing factor to this [122].
Therefore, a cheaper route for their production is the use of genetically modified plants
that use atmospheric carbon dioxide and sunlight for the production of PHAs [134,
140]. Table 2.3 illustrates some of the plants that have been used in the synthesis of
PHAs via biosynthesis.
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Scheme 2-2. The general structure of Polyhydroxyalkanoates

Table 2-3. PHAs biosynthesis in plants [137]

[138].

Plant PHA genes Product Yield
Nicotiana Acinetobacter sp. [ HiC O 7 7.3-18.8 %
tabacum Thiolase (phaA), iy )\/U\ DW in leaf

N I~ .
syhthase (phaC) O ], tissue
Poly(3-hydroxybutyrate)
Nicotiana Bacillusbmegateri [ HsC 0] 8.8 % DW
tabacum um reductase L )\/u\\ in total
(phaB) O I plant
Poly(3-hydroxybutyrate) biomass
Elaeis bktB, phaB, phaC CHy O SN ~91.2 %
guineensis  and tdcB {
O
Poly(3-hydroxybutyrate-co-3-hydroxyvelarate)
Panicum PhaA, phaB of R. [ H;C 07 3.72 % DW
virgatum L eutropha hybrid L )\/u\\ in leaf, 1.23
phaC |0 I. % DW in
Poly(3-hydroxybutyrate) stalk
A. thalia, R. eutropa phaA, [ H,;C O 7 1.6-1.8 % in
gsgcarum phaB phaC o )\/U\\ the leaves.

Poly(3-hydroxybutyrate)

DW = dry weight
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The structure of PHAS have a great influence on their properties with the simplest PHA
consisting of a hard and brittle material [141], which makes it very difficult to be

manipulated using melt processing machines used for conventional plastics [142].

PHAs are classified into two groups according to the number of carbons on their
monomer structure. These are: short chain length (scl-PHA) and medium chain length
(mcl-PHA). The scl-PHA contains 3-5 carbon atoms and are synthesised by some
bacteria such as Cuprivadus necator and Alcaligenes latus. The other group, mcl-PHA
consists of 6-14 carbon atoms and are synthesised by bacteria such as Psedomonas
putida and Psedomonas mendocina [143, 144]. Short chain length PHAs are stiff and
brittle in addition to having a high degree of crystallinity while medium chain length
PHAs are flexible with low degree of crystallinity, tensile strength and melting points
[144]

PHAs can undergo biodegradation into water-soluble oligomers and monomers by
lipases and also by microbial depolymerases excreted from various microbes found in
the environment [145] and can also undergo thermal degradation as well as
nonezymatic degradation. This makes the PHAs suitable in medical applications,

disposable materials and in the production of bottles, films and fibres [144].

2.3.8 Other sources of bio-based polymers

2.3.8.1 Plantoils

Plant oils such as fatty acids and terpenes have great potential as alternative renewable
resources for synthesis of polymers derived from biomass because of their abundance
and relatively low price [146, 147]. Furthermore, diverse chemical techniques can lead
to their modification for synthesis of various monomers and polymers for material
applications [148-150].

Plant oils are made up of triglycerides which are triesters of glycerol with long-chain
fatty acids as shown in Figure 2-11. The structure of the fatty acids varies and is
dependent on the plant, crop, season and the growing conditions. The glycerides are
obtained from the esterification reaction involving glycerol with three fatty acids that
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accounts for 95% of the total weight of the triglycerides and their content in each plant
oil [151]. The physical and chemical properties of glycerides are generally affected by
factors which include: the stereochemistry of the double bonds within the fatty acids
structure, the degree of unsaturation of the double bonds and the length of the carbon
chains [146].

O
oAor
Rz\n/O\)\/O\n/ R,
O o
R1 = fatty acid chain

Figure 2-11. Triglyceride generic structure [151].

2.3.8.2 Cassava as a biomass source of starch

Cassava (Manihot esculenta) is one of the most important sources of biomass starch
for the production of wide range of materials as well as being a food crop. Because of
its ability to survive drought and conditions of low nutrients, this plant is usually
planted in humid tropics [152] by stem cutting and grows to a height of 1 to 3 m with

several roots with various compositions as shown in Figure 2-12.

H Moisture H Starch
i Fiber H Protein

M Others including minerals

Figure 2-12. Typical composition of cassava root

Among plants that can convert large amounts of solar energy into soluble
carbohydrates per unit area cassava ranks highly and can yield 40% starch higher than
rice and 25% more than maize. Therefore, it is the cheapest source of energy for human
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consumption and animal feed with its production requiring only marginal land for

increased agricultural production [153].

2.3.8.3 Starch production from cassava

Cassava is a woody shrub that was introduced by the Portuguese navigators to the
African continent around the 17 century and flourished as a reliable source of food to
the poor [154]. It is cultivated as an annual crop in tropical and sub-tropical regions as
a major source of carbohydrate from its starchy roots. The crop is regarded as a major
source of staple food in developing countries because it is the third-largest source of
food carbohydrate. Because of its drought-tolerance, this crop is capable of growing on

marginal soils [153].

Starch is one of the most abundant substances in nature, a renewable resource for use
as a raw material for bio-based polymers. As stated earlier, starch is produced from
grain or root crops. It is mainly used as food, but is also readily converted chemically,
physically, and biologically into many useful products such as food, paper, textiles,
adhesives, beverages, confectionery, pharmaceuticals, and building materials. Cassava
starch has many remarkable characteristics, including high paste viscosity, high paste
clarity, and high freeze-thaw stability, which are advantageous to many industries
[155, 156].

The greatest potential of cassava as an agro-industrial crop lies in the production of
starch which can generally be produced by the wet milling of fresh cassava roots but
in some countries such as Thailand it is produced from dry cassava chips. The wet
milling method of starch extraction from fresh cassava roots can be divided into five
main stages: preparation (peeling and washing), rasping/pulping/grating, purification
(starch washing), dewatering and drying, and finishing (milling and packaging) as

shown in Figure 2-13.

In sub-Saharan Africa, these processes of making starch from cassava are subjected to
quality control measures to prevent deterioration in the quality of the starch which
might otherwise reduce its acceptability for food or pharmaceutical use. This is

achieved by adding water to the mash in order to make a thin slurry. The slurry is
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sieved, dewatered, and then dried, which may be by sun drying: that is, spreading thin
layers of the lumps on concrete floors or raised wooden platforms for 24-120 hours.
The possibility of contamination by dirt is high and poor weather extends the chances
of spoilage by microbial attack. Therefore, mechanized drying at 50 °C for 6 h is
employed to improve the quality of the starch. Sometimes starch is dewatered in a
centrifuge or vacuum filter before drying in fluid-bed driers, tray driers, and flash
driers. It is then pulverized, sifted, and packaged [157].
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Figure 2-13. Simple process for cassava starch production

Among the chemical precursors that are derived from carbohydrates (fructose and
glucose) besides their use in food chemistry are furan derivatives such as furfural and
5-hydroxymethylfuran which are produced as the major products by acid catalysed

hydrolysis and dehydration of several abundant biomass carbohydrates [158]. These
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can be considered as starting materials for the preparation of polymers to replace those
of fossil raw materials [49, 159]. With the recently developed preparation methods, 5-
hydromethylfurfural is expected to play a vital role in renewable energy and chemical
areas, and together with related oxidation product derivatives, 2,5-dicarboxylic acid
(FDCA) and 2,5-diformylfuran (DFF) can serve as excellent candidates as monomers
for the development of new polymeric materials [160], that can have direct

applications in the pharmaceuticals and polymer industries [161, 162].
2.4 Production of furan-based aldehyde

Furan-based aldehydes derived from biomass-based carbohydrates have been
produced in recent years and have found a lot of industrial applications. This is because
of the availability of cheaper materials, environmentally benign catalysts and solvents
used in their preparation in comparison with conventional catalytic conversion

systems. The detailed advancements in their production are highlighted below.

2.4.1 Furfural production

2.4.1.1 Furfural from Xylose and xylan as feedstock

Furfural is generally produced from xylose that is mainly present as xylan in the
hemicellulose. Traditionally, furfurals are produced using homogeneous acid catalysts
such as HCOOH, CH3COOH, HCI, H2SO4, HNOs and HsPO4 in aqueous solution
[163-168]. However, these homogeneous acid catalysts have some drawbacks such as
being very corrosive and possessing higher environmental risks [169-171]. This
prompted the scientific community to proffer some solutions by the use of solid acids,
Lewis acids and various solvents that were considered to be cleaner and more
environmentally benign. Based on these, dehydration of xylose in water by the use of
H-ZSM-5 catalyst was investigated and 46% furfural yield was obtained at 200 °C
over 18 min [167]. Similarly, a one-pot conversion of hemicellulose into furfural using
K10 and HUSY in aqueous media was conducted [172] and 12% yield at 170 °C for 3
h was obtained. In addition, Sn-beta, MSHS-SOsH, graphene, graphene oxide (GO),
sulfonated graphene (SG) [173] and sulfonated graphene oxide (SGO) were also
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synthesized and used for furfural formation, and yields of 14.3, 43.5, 51, 53, 55 and
62% respectively were achieved [170, 174, 175].

As stated earlier, water was used as a solvent for the synthesis of furfural with a
reasonable yield and is considered as the most economical solvent for the synthesis of
furfural. However, it can lead to formation of some undesired side reactions that
decrease the vyields of furfural [176]. Therefore, polar aprotic solvents were
subsequently introduced to the production of furfural. Takagaki et al [177] showed
that a furfural yield of 37% was obtained from xylose in N,N-dimethylformamide
(DMF) using Amberlyst-15 with addition of hydrotalcite (HT). When the dehydration
of xylose was performed in dimethyl sulfoxide (DMSO) by the use of Nafion 117,
60% furfural yield was achieved [178]. Although polar aprotic solvents have been used
in furfural production, they have also been found to inhibit the formation of side-
products to some extent, and suffer from the drawback of poor solubility of
carbohydrates and the problem of high boiling points, which are unfavourable in the

production and separation of furfural [176].

In recently times, mixed solvents consisting of water and toluene or methyl isobutyl
ketone (MIBK) in the presence of H-form mordenite were found to be effective for the
conversion of xylose into furfural [179]. In these systems, the dehydration reaction
takes place in the aqueous phase and furfural is extracted to the organic phase as soon
as it is formed [179] and this contributes to reduction of several unwanted secondary
reactions and improves furfural yields. Hence, the biphasic systems were further
studied by a number of research groups that used various solid acids including ion-
exchange resins, zeolites, sulphated metal oxides and supported heteropoly acids,
furfural yields ranging from 20.2 to 98% were obtained [180, 181].

Another acid option for the production of furfural is solid acids. These solid acids are
considered an attractive option for the synthesis of furfural because they are less
corrosive and can be easily separated and reused [176]. However, solid acids may be
gradually deactivated due to the deposition of humins and the loss of active sites after
a few reaction cycles, and consequently, require frequent regeneration by calcination

and impregnation.
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2.4.1.2 Production of 5-(hydroxymethyl) furfural (5-HMF)

5-hydroxymethylfurfural (HMF) is a yellow organic compound with a low melting
point (30 - 34 °C) that is produced by dehydration of carbohydrates, such as fructose,
glucose, sucrose, cellulose and inulin. HMF is regarded as a key building block in
biomass-based bio refinery because it can produce a variety of useful derivatives,
including 2,5-dimethylfuran, which is a promising biofuel, 2,5-diformylfuran, 2,5-

furandicarbaldehyde and 2,5-furandicarboxylic acid [41]

Generally, production of 5-(hydroxymethyl) furfural (5-HMF) is based on the triple
dehydration of Cs sugar (hexose) as shown in scheme 2-3. 5-hydroxymethylfurfural
(HMF) is being considered as a key intermediate for chemicals derived from biomass.
Its potential has been identified by several authors as biofuel intermediates [59, 182,
183], polymeric materials and fine chemicals [184, 185], pharmaceuticals [162] and
solvents [49, 186].

It can also be produced from oligo- and polysaccharides by more complex catalytic
systems and reaction media [187, 188]. The dehydration reaction of hexose is usually
carried out in the presence of acid catalysts. Efficient yield of HMF is achieved when
the dehydration reaction is carried out in a non-aqueous medium rather than in aqueous
media. This efficient yield was reported to be attributed to the degradation of HMF to
the side reactions such as the formation of levulinic acids [38]. The experimentally
observed mechanism for the dehydration of hexose is proposed to consist of a cyclic
intermediate [176, 189] and an open-chain mechanism [190] in aqueous and non-

aqueous media.

HO o

o]

-3H,0 ° Ny +2H,0 I
Hexose ——2—3» [Intermediate] ——» \W/ O—2>WOH + H/\OH
5 _HMF O Lewlinic acid Formic acid

Scheme 2-3. Production of HMF and the corresponding side reaction [162].
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2.4.2 Catalytic conversion of carbohydrate to 5-HMF

Dehydration of carbohydrate, particularly fructose is known to be catalysed by
Bronsted acids and Lewis acids. Catalysts used in the dehydration are classified as
mineral acids, solid acids and metal-containing catalysts [162].

2.4.2.1 Mineral acids

Mineral acids have been employed widely in studies relating to catalytic conversion
of carbohydrates [164] producing yields of 40 - 60% of HMF at 70 - 90% fructose
conversion [173]. The most commonly used mineral acids are H2SOa, H3PO4 and HCI
because they are not expensive [191]. However, these homogenous acids have some
disadvantages being particular difficult in terms of separation from the reaction
mixtures and subsequent recycling. Furthermore they have the possibility of corroding

the reaction vessel materials when they are in contact.

Dehydration of D-fructose was reported using H2SOj4 as catalyst in sub-critical water
at 250 °C [27, 189]. The results indicate that 53% yield of HMF was obtained.
Similarly, 78% vyield was obtained at 180 °C when a sub-critical or supercritical
acetone-water mixture was used as the reaction medium [27]. Another mineral acid
used in fructose dehydration is HCI as the catalyst. The acid was used in a two-phase
reactor system. In this process, DMSO and poly (1-vinyl-2-pyrrolidinone) (PVP) were
employed to suppress the undesired side reactions [162]. Similarly, glucose was
reported to be hydrated using mineral acid such as HsPOs at a temperature of 190 °C.
The results indicate a low yield of 15.5% and were attributed to the stable ring structure
of the glucose [162].

Dehydration of carbohydrate can also be achieved using mineral acids as catalyst in a
biphasic reactor system. It was reported that a high yield of 5-HMF (63.3%) was
obtained from glucose hydrolysis in a water-butanol biphasic reactor system using HCI
as catalyst [49]. This approach can also be employed to polysaccharides such as

sucrose, starch, cellobiose and xylan using mineral acids catalysts [164].
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Therefore, it has been established that mineral acids have been employed broadly in
dehydration of carbohydrate and found to be effective: 5-HMF was obtained at
reasonable yields. However, mineral acids have some drawbacks in terms of separation

and recycling as well as material corrosion.

2.4.2.2 Solid acid catalysts

Solid acid catalysts are used because they have some advantages over liquid acid
catalysts. Some of these advantages include: their ability to facilitate the separation of
products, they can be recycled easily and can work at elevated temperatures, thereby
lowering the rate of reactions and favouring the formation of 5-HMF [162].

Recently, dehydration of fructose was carried out using niobic acid as a solid acid
catalyst and a stable 5-HMF product was obtained without the formation of side
products [192]. The reaction was carried out using water as the solvent because the
acid is known to be water-tolerant [193, 194]. Also, hydrated niobium pent oxide
(Nb20s.nH20) was reported to have shown high catalytic activity in the dehydration
of carbohydrates to 5-HMF [195] and from the results, 74% vyield of 5-HMF was
obtained. Furthermore, this hydrated niobium oxide is relatively cheap, low toxicity
and provides easy handling. Other solid acids used in dehydration of carbohydrates are
H-form mordenite [196], vanadyl phosphate [197], ion-exchange resins [162] and
sulphated zirconia [198].

Dehydration of carbohydrate was studied using dealuminated H-form mordenite in a
solvent mixture of water-methylisobutylketone (MIBK) at 165 °C [196] and the results
obtained indicate a 5-HMF yield of 69.2% at 76.0% conversion was accomplished in
one hour. The authors further stated that the conversion and selectivity of the 5-HMF

depends on both the acidic and structural properties of the catalyst.

Catalytic properties of vanadyl phosphate as a solid catalyst were also reported in the
dehydration of D-fructose in aqueous solution and 40.2% vyield of 5-HMF was
obtained within 30 minutes [197]. Other phosphate-based catalysts like niobium
phosphate (NbOPQO4) and phosphoric acid-treated niobium oxide were also used and
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delivered 70 - 80% selectivity of 5-HMF at a D-fructose conversion of 30 - 50% in
pure water, achieved at 100 °C without any extracting solvent [199].

Fructose dehydration was investigated using acidic ion-exchange resins and 80% yield
of 5-HMF was obtained [200]. Similarly, 80 - 90% yield of 5-HMF was obtained using
Levitit® SPC-108 and Diaion® PK-216 resins as catalysts [201, 202]. Furthermore,
high selectivity of 5-HMF was obtained in the presence of ion-exchange resin catalyst
and DMSO as the solvent medium. From the results obtained in DMSO, 90% vyield of
5-HMF was reported while 80% yield was obtained in water as the reaction medium.
This suggests that both DMSO and water as solvents can effectively give 5-HMF in
high yield. In addition, DMSO is a dipolar aprotic solvent and can prevent the
formation of side products; however, separation of the solvent (DMSO) and 5-HMF
remained a major challenge [162]. Amberlyst-15 is also used as catalyst in the
dehydration reaction of fructose. This catalyst was in various ionic liquids and 5%
yield of 5-HMF was obtained at 80 °C in 1-butyl-3-methylimidazolium
tetraflourophosphate and closed to 80% in the same ionic liquid (1-butyl-3-
methylimidazolium hexaflourophosphates) in a micro batched reactor [203]. Also,
llgen et al. [186] reported a 40% yield of 5-HMF using Amberlyst-15 catalyst in a
cholin chloride (ChCI)/D-fructose system.

2.4.2.3 Sulfated zirconia as a solid catalyst

The use of liquid acid catalysts is very important in commercial and industrial
applications. However, the uses of these liquid catalysts have some safety and
environmental drawbacks such as toxicity, corrosion, pollution, separation of products,
and problems associated with storage, disposal, transportation and handling.
Therefore, replacing those acids with more environmentally benign solid catalysts is
desirable to overcome these environmental and safety drawbacks. Among these solid
catalysts, sulfated zirconia has attracted much attention since it exhibited a promising
catalytic activity in many reactions such as isomerization, hydrocracking, alkylation,
condensations, and oligomerizations [204]. The use of sulfated zirconia as a solid
catalyst was first reported by Arata et al. [205] used in n-butane isomerization at
moderate temperatures. The results showed that the reaction mechanism involved the

formation of carbenium ions via protonation of the alkane, and this demonstrated the
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super acidity of sulfated zirconia. However, catalytic activity of sulfated zirconia is
not only affected by acid strength alone, but also the type of the acid sites, Brgnsted

and Lewis acid sites, plays an important role in determining the catalytic properties.

It is generally accepted that the essential properties of sulfated zirconia, such as the
acid strength, the nature of the Lewis and Brgnsted acid sites, and catalytic properties,
are strongly influenced by the method of preparation, nature of the starting materials,
types of sulfating agent, and thermal treatment [206]. Conventional sulfated zirconia
is generally synthesized by two step methods [207, 208]. In the first step, zirconium
hydroxide is prepared by hydrolysis of an aqueous solution of a zirconium salt. The
second step involves treatment of the zirconium hydroxide with a suitable sulfating
agent to form strong acid zirconia upon pyrolysis. An alternative one step preparation
procedure has also been developed for the synthesis of sulfated zirconia. In the one
step method, alcogel is formed by mixing the zirconium alkoxide, usually zirconium
propoxide, in alcohol with nitric acid in the presence of sulfuric acid. The alcohol is
then dried to form aerogel which in turn forms sulfated zirconia when calcined at high
temperature [209]. These methods are affected by the type of hydrolysing and
precipitation agents, pH of the solution, type of the zirconium precursor, sulfating
agents, and finally the drying and calcination procedures. Typical sulfating agents
reported in the literature are H2SOs, (NH4)2SO4, SO2, H2S, and SO:Clz, and typical
zirconium precursors are zirconium chloride, zirconium nitrate, zirconium

isopropoxide, and zirconium oxychloride [210].

Recently, production of 5-HMF catalyzed by TiO, and ZrO, was examined under
microwave irradiation [211, 212]. In these approaches, 38.5% yield was obtained using
TiO2 with D-fructose conversion of 83.6% and 30.5% vyield at 65% conversion using
ZrO; all at 5 minutes reaction time. Sulfated zirconia was impregnated with H2SO4
used in dehydration of fructose as catalyst [199, 213]. From the results obtained, 72.8%
yield of 5-HMF was reported at 180 °C at 93.6% fructose conversion in acetone-
DMSO solvent mixtures. This suggests that sulfated zirconia is an effective solid

catalyst that can catalyse fructose in non-aqueous solvents.
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2.4.2.4 Metal-Containing catalysts

Transition metal elements have found applications in dehydration of D-fructose as far
back as the 1960s [162]. 5-HMF was prepared using thorium and zirconium metals as
catalysts [162]. Similarly, lanthanide (Ill) ions were reported to catalyse the
dehydration of six carbon sugars in aqueous media at 140 °C without the formation of
side reactions [214] and also dehydration of D-glucose to 5-HMF was catalyzed by
lanthanoide (I11) ions, but the 5-HMF was observed to be decomposed further in the
reaction [215].

Several authors have recently reported some remarkable achievements in metal
catalyzed reactions in carbohydrate dehydration to 5-HMF. Zhao et al. [216] reported
that metal halides particularly, chromium chloride can effectively catalyse D-fructose
and D-glucose in ionic liquids. From their findings, 70% yield of 5-HMF was obtained
from D-fructose and glucose using CrCl. as catalyst in 1-ethyl-3-methylimidazolium
chloride (BMIMCI) [217]. In a similar report, llgen et al. [186] obtained 60% yield of
5-HMF from fructose using CrCls catalyst in a medium consisting of ChCl and 50wt.
% of the fructose substrate. Furthermore, 55% vyield of 5-HMF was obtained in a
single-step conversion of cellulose components catalyzed by metal chlorides basically
CuClz and CrClz in 1-ethyl-3-methylimidazonalium chloride (EMIMCI) [217] [218]

and 89% conversion of cellulose was achieved in EMIMCI-water mixture [217] [219].

From these studies, it can be seen that metal-containing catalysts can be applied
effectively in the dehydration reaction of hexose sugars for the synthesis of 5-HMF.

2.4.2.5 Other catalysts

Presently, ionic liquids are applied in the synthesis of bio-based materials because they
are stable, have low vapour pressure and can be recycled [220, 221]. These ionic
liquids can serve as catalysts as well as solvents in green chemistry [222]. For instance,
a 74.8% yield of 5-HMF was obtained from fructose dehydration at 90 °C using N-
methyl-morpholinium methyl sulphonate as catalyst under a nitrogen atmosphere
[223]. Also, 88% yield of 5-HMF was reported using 1-ethyl-3-methylimidazolium
hydrogen sulphate as catalyst at 30 min in MIKB as co-solvent [223]. Therefore, their
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use has been explored extensively in the dehydration of sugars mostly in the presence
of metal chlorides and acidic resins [216, 224].

2.4.3 Solvents used in production of 5-HMF

Solvents that are commonly used in the dehydration of hexose are dimethylsulphoxide
(DMSO), n-butanol, acetone, dioxane, polyglycol ether and dimethylformamide
(DMF) [190]. Water is also considered as a possible solvent based on economic and
environmental perspectives and recently was applied as a reaction medium in the
dehydration reaction of fructose over a niobic acid catalyst without the formation of
any side-reactions [192]. Among these solvents, dimethylsulphoxide (DMSO) has
been reported many times as the most widely used in carbohydrate dehydration
reactions. It was reported that dehydration of fructose to HMF with DMSO as solvent
was found to be possible without a catalyst [225]. However, product separation and
reactant solubility using this solvent has been identified as its major disadvantage. In
addition, economic feasibility and environmental impact of using these non-aqueous
solvents in HMF production on a large scale is also a challenge [189] . In order to
overcome these challenges facing solubility of the products, mixed solvents such as
water - organic systems are used because non-aqueous solvents are often partially
miscible with water and therefore, they can serve as phase modifiers of the aqueous
medium [226].

In summary, the solvents mentioned above have been reported to be used as reaction
media in hexose dehydration by several authors. HMF can be decomposed to levulinic
and formic acids by taking up two molecules of water under acidic, hence this may
affect the HMF yield and separation of HMF from levulinic acid tends to be difficult
[227]. Therefore, the presence of water should be avoided if one is to obtain HMF in
high yield in acid catalysed dehydration of hexose.

2.4.3.1 lonic liquids as solvents

lonic liquids are used as solvents in dehydration of hexose. They are regarded as novel
environmentally benign solvents mainly because of their very low vapour pressures.

lonic liquids are defined as salts that melt at or below 100 °C, affording liquids

67



N.M. Baba CHAPTER 2: LITERATURE REVIEW

exclusively composed of ions [159]. They are generally organic salts with low melting
point which usually appear crystalline under ambient conditions, however at relatively
low temperature (less than 100 °C) they can be molten and dissociate [217]. One of

their most important features is that they present a very low vapour pressure.

Dehydration of glucose to HMF was reported by several authors using ionic liquids as
solvents [47, 216, 228-231] some of them are shown in Figure 2-14.
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Figure 2-14. Structures of some ionic liquids used in the synthesis of 5-HMF

HMF yield of about 70% was reported using 1-ethyl-3-methylimidazolium chloride
(EMIMCI) as ionic liquid in the presence of chromium (1) chloride catalyst at 100 °C
for 3 hours [216]. These authors were the first to report such a significant yield of HMF
in ionic liquid. Furthermore, 1-butyl-3-methylimidazolium chloride (BMIMCI) was
used in the production of HMF and 88.4% yield was obtained with a fructose
conversion of 95.8% at 100 °C for 30 minutes reaction time catalyzed by sulphated
zirconia [230]. From their results, it appears that the ionic liquid can be recycled up to
6 times with the catalyst without loss of activity for both the ionic liquid and catalyst.
This suggests that ionic liquids used as solvent can be recycled in the course of

carbohydrate dehydration without loss of activity.

Cao et al [232] have studied the effects of ionic liquid structure and the amount of
catalyst used in 5-HMF synthesis. From their findings, it was observed that 5-HMF
yield of 63% was achieved using 1-butyl-3-methylimidazolium chloride (BMIMCI)
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while 1-butyl-2, 3-dimethylimidazolium chloride yielded no 5-HMF. They observed
that the structural difference between these ionic liquids is the position of hydrogen
and methyl group on the C-2 position in which the reaction was affected the acidic

nature of the C-2 hydrogen.

A recent study on the conversion of glucose to HMF was conducted using an
inexpensive tetraethyl ammonium chloride (TEAC) ionic liquid and the results show
an HMF vyield of 71.3% was achieved in 30 minutes reaction time at 130 °C [229].
Based on these results, the authors have argued that though higher yield was obtained
by others, the ionic liquids were expensive and the reaction proceeds in relatively long
reaction times of 3-6 h. Furthermore, the ionic liquids used were reported to be highly
problematic for actual industrial application, hence the need to develop relatively

inexpensive ionic liquids for the production of HMF from glucose [229].
2.5 Furan derivatives for polymer applications

Recently, interest of the scientific community is focusing on furan derivatives for
polymer production and applications because of their distinct characteristics that are
associated with the peculiar behaviour of the furan ring. Furans being heterocyclic
compounds possess an aromatic-dienic character that opens vast perspectives for the
production of polymeric materials [64, 233]. Compared with benzene and its
homologues such as pyrrole and thiophene, furan has the lowest aromatic character as
well as highest dienic character. The supremacy of the dienic character is positioning
some monosubstituted furan derivatives as precursors for new methods in polymer
synthesis and modification, such as by Diels-Alder (DA) reactions. In this case, the
furan ring plays the role of dienic reagent with a variety of dienophiles such as
maleiamides [65, 234, 235]. This may represent a starting point for the preparation of

polymeric materials with novel properties and applications.

Furthermore, furan derivatives such as 2,5-disubstituted furans can be suitable
precursors of condensation polymers such as polyesters and most commercial
polymers with furan version like poly(butylenes terephthalate) (PBT) and
poly(propylene terephthalate) (PPT) [236-238]. These polymers are dependent on
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furans and 5-HMF that can be converted into two distinct large families of monomers

that may replace those available from petrochemicals [65, 233].

Monomers derived from furfural are illustrated in Figure 2-15. They are prepared by
connecting the various vinyl moieties and acrylic or epoxide groups of the furan ring
which can be polymerized or copolymerised by either free radical, anionic or cationic

polymerisations via these moieties.
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Figure 2-15. Monomers derived from furfural [65].

Additionally, furfural derivatives are reported as serving as precursors of difunctional
difuran monomers appropriate for step-growth polymerizations and their production is
based on the acid-catalysed condensation of the corresponding 2-substituted furan
derivatives in the presence of an aldehyde or ketone as illustrated in Figure 2-16 [64,
65].
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Figure 2-16. Difuran monomers derived from 2-subsituted furans [65].
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Other monomers are derived from 5-HMF as illustrated in Figure 2-17. They are
prepared like those of furfural but in this case, the carbonyl, hydroxyl, amino or
isocyanate functional groups are connected to the heterocyclic ring of the 5-HMF
which are suitable for step-growth reactions. These types of monomers when
polymerised can give rise to polycondensation products with the furan ring being part
of the polymer’s backbone unlike those from furfural which are pendant on the
backbone of the polymers [64].
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Figure 2-17. A selection of monomers derived from HMF [65].

Therefore, from all these monomers derived from furfural and 5-HMF as illustrated in
Figures 2-16 and 2-17, FDCA and its derivatives such as the corresponding esters
(R=OAlkyl) and dichloride (R= CI) are potential precursors for the synthesis of 2, 5-

disubstituted furan polyesters.

Other derivatives of 5-HMF that can serve as monomers for the production of
polymers to replace those derived from fossil are 2,5-furandicarboxylic acids (FCDA),
2,5-bis(hydroxymethyl)furan (BHMF), 2,5-bis(aminomethyl)furan 2,5-diformylfuran
(DFF), and 2,5-dimethylfuran (DMF) [64, 238] (Figure 2-18). These compounds are
oxidation products of 5-HMF and can be used in the production of polyesters,

polyamides and polyurethane [34].
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Figure 2-18. Products of HMF oxidation [239].
2.5.1 2,5-Furandicarboxylic acid (FDCA)

2,5-furandicarboxylic acid is synthesised from the oxidation of 5-HMF. This has
properties and applications that are similar to teraphthalic and isophthalic acids which
are used in the production of polymers and chemicals [158, 233]. For instance, FDCA
has a similar structure to teraphthalic acid (Figure 2-19) that is used in the production
of polyethylene terephthalate (PET). Therefore, FDCA has been found to be an
alternative for the petroleum-based terephthalic acid counterparts used in the chemical
industry [240]. Furthermore, the US department of Energy has also identified FDCA
as one of the 12 top potential chemicals that can be derived from biomass [241].
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Figure 2-19. Structural similarity between terephthalic acid and FDCA

The oxidation of 5-HMF has been studied using variety of catalysts. For instance, 5-
HMF oxidation over Pt/Pb catalysts was studied [242]. It was found that the reaction
proceeds via two stages; the aldehydes side chain was first oxidized to a carboxylic
acid, producing 5-hydroxymethyl-2-furancarboxylic acid (HFCA), and the oxidation
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of the hydroxymethyl side chain follows to yield FDCA. The same authors also found
that hydroxide base was more effective in producing FDCA than carbonate base,
which favoured the production of HFCA. Furthermore, metallic catalysts such as
carbon or alumina-supported platinum are found to be efficient for the oxidation of 5-
HMF to FDCA [243]. Similarly, high yield of 2,5-FDCA was obtained using Pt/Pb
bimetallic catalysts [242] and 60% yield based on air oxidation of 5-HMF using
Co/Mn/Br catalysts was reported [242]. The reaction was performed at 125 °C under
7.0 MPa air pressure for 3 hours. Also, 99 mol.% yield of 2,5-FDCA from 5-HMF was
obtained when the reaction was performed under mild conditions (65-130 °C, 1.0 MPa

air) in water and gold nanoparticles supported on Au-CeO- catalyst [244].

Recently, supported Pt, Pd and Au catalysts were evaluated in the aqueous-phase
oxidation of 5-HMF to FDCA at 295K and high pH in a semi batch reactor [239]. The
results showed that Pt and Pd were able to oxidise the HFCA effectively to FDCA

under identical conditions.

2.5.2 2,5-Diformylfuran (DFF)

2,5-diformylfuran has been considered as an important derivative of 5-HMF because
it can serve as a potential intermediate for a vast array of chemicals [162]. This bio-
based material had been reported to have potential applications in pharmaceuticals
[245], fungicides [246], and a cross-linking agent for poly (vinyl alcohol). Also, DFF
can be applied as a monomer for polymeric materials due to its symmetrical and
unsaturated structure [247, 248].

In terms of manufacture, DFF is produced mostly by selective oxidation of 5-HMF,
using metallic catalysts such as Pt/C [242], Co/Mn/Zr/Br [249], V205 [250], and
VOPOQO;4 .2H,0 [251]. These catalysts have been found to show excellent catalytic
activity with significant yield of DFF produced. For instance, DFF yield of 90% was
obtained from 5-HMF using V20s/TiO2 using toluene at 90 °C and 1.6 MPa air
pressure within 4 h [250]. Also, 77% yield was obtained over vanadylacetylacetonate/
PVP catalyst in triflurotoluene via aerobic oxidation of HMF to DFF [252]. However,
isolation and purification of 5-HMF requires a large amount of energy, and so pure 5-
HMF might be costly; hence DFF production may be limited and incur very high cost.
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Since glucose is cheap and readily available, it can be regarded as a prime candidate
for the synthesis of 5-HMF as stated earlier and subsequently to DFF.

2.5.3 2,5-Dimethylfuran (DMF)

Among the furan derivatives, 2,5-dimethylfuran (DMF) is the most attractive as a
biofuel because it has an energy content of 31.5 MJ L, which is similar to that
obtained from gasoline (35 MJ L) and greater than that of ethanol (23 MJ L) by
40% [42]. Other advantages of DMF over ethanol include higher boiling point (92 —
94 °C) than ethanol (78 °C), which makes it less volatile and more suitable as a
transportation fuel [42]. Furthermore, DMF can be more stable during storage than
ethanol because it is insoluble in water and also consumes only one-third of the energy
used in its production compared with that required during fermentation of ethanol
[253]. Therefore, this physicochemical property makes DMF a very promising

gasoline alternative from biomass resources.

DMF is produced from hexoses by selective removal of five oxygen atoms. Recently,
catalytic routes for its manufacture have been developed using D-fructose by two-step
processes: acid catalysed dehydration of fructose which produced 5-HMF using a
biphasic reactor and then conversion to 2,5-DMF by hydrogenolysis of the C-O bond

over copper-ruthenium catalyst [253].

2.5.4 2,5-Bis-(hydroxymethyl) furan

2,5-Bis-(hydroxymethyl)furan (BHMF) was reported to be synthesised by the
reduction of the formyl group of HMF in the presence of nickel, copper chromites,
platinum oxide and sodium amalgam as catalysts [254]. Similarly, catalytic
hydrogenation of HMF in an aqueous medium was conducted in the presence of nickel,
copper, palladium and platinum catalysts [162] and BHMF was obtained as the major

product.
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2.6 Polymer - Clay nanocomposites

The manufacture of new materials with enhanced properties and performance is
presently an expanding area at the interface of chemistry and materials science. A
significant advanced in these fields has been the synthesis of polymer-clay

nanocomposites.

Toyota Motor Corporation were the pioneers in polymer-clay nanocomposites which
reported the exfoliation of montmorillonite clay by incorporating polyamide-6 via in
situ polymerization [255, 256]. Also, reports by other research groups [257-259] on
blending of layered silicates with polymers in molten state provided an environmental
benign and versatile approach in the production of polymer-clay nanocomposites.
Therefore, these breakthrough have attracted much attention from the academic and
industrial communities and since then, extensive research has been carried out to
investigate the reinforcing effects of clay in other polymer matrices, such as polyolefin,

epoxies, polyesters, and polyurethanes (PU) [259].

Polymer-clay nanocomposites are materials in which nanoscopic inorganic particles,
typically 1-10 nm in at least one dimension, are dispersed in an organic polymer matrix
in order to improve the performance of the polymer. These concepts have attracted a
great deal of attention recently in materials science because of their superior
engineering properties and represent a new alternative to conventionally filled
polymers. Because of their nanometre sizes, filler dispersion nanocomposites exhibit
markedly improved properties when compared to the pure polymers or their traditional
composites. These properties include increased modulus and strength, outstanding
barrier properties, improved solvent and heat resistance and decreased flammability
and, because the reinforcement is at such a fine scale, the same processing operations
that are used for the unfilled polymer, such as extrusion and injection moulding can be

applied to the composite.
2.6.1 Types of polymer-clay nanocomposites

Three types of polymer-clay nanocomposites are thermodynamically achievable
depending on the strength of interfacial interactions between the polymer matrix and
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the layered clay silicates [257]. These are: intercalated, intercalated-and-flocculated
and exfoliated nanocomposites as illustrated in Figure 2-20.

2.6.1.1 Intercalated nanocomposites

In intercalated nanocomposites, the guest species is reversibly inserted into a host solid
while maintaining the structural features of the host. Intercalated nanocomposites are
formed when the insertion of an organic molecule such as a polymer into the layered
silicate structure occurs in a crystallographically regular fashion, regardless of the clay
to polymer ratio. This results in a well ordered multilayer structure of alternating
polymeric and inorganic layers with a repeat distance between them [260].
Furthermore, this type of nanocomposites can also be described based on the distance
between a plane in the unit layer and the corresponding plane in the next unit layer
defined as the basal plane spacing, doo1 [261]. If there is an increase in doo1 as an
organic species enters the galleries and the clay layers remain stacked, the composite
formed is ‘intercalated’ [261].

2.6.1.2 Intercalated-and-flocculated nanocomposites

Intercalated-and-flocculated  nanocomposites  represent  another  type  of
nanocomposites that is conceptually the same as intercalated nanocomposites as
defined by Ray et al; containing flocculated intercalated silicate layers due to
hydroxylated edge—edge interaction of the silicate layers [259].

2.6.1.3 Exfoliated nanocomposites

In exfoliated nanocomposites, the individual clay layers are separated in a continuous
polymer matrix by extended distances that depends on clay loading. Usually, the clay
content of an exfoliated nanocomposites is much lower than that of intercalated
nanocomposites [259]. If the clay layers are pushed apart completely leading to a
disordered array, an exfoliated nanocomposite results [261], and some authors
classified composites as exfoliated if the basal plane spacing such as doo1 > 10 nm that

cannot be determined by conventional X-ray diffractometer [261, 262].

76



N.M. Baba CHAPTER 2: LITERATURE REVIEW

o Mz 2
ANEAL)
Xl Z VG

Intercalated Intercalated and flocculated Exfoliated

Figure 2-20. Schematic illustration of three different types of polymer clay

nanocomposites, reproduced with permission [257].
2.7 Preparation of nanocomposites

Four main routes for the preparation of nanocomposites have been reported [260, 263].
These are: In situ template synthesis, intercalation of polymer or prepolymer from

solution, in situ intercalative polymerization and melt intercalation.
2.7.1 Insitu Template synthesis

In in situ template synthesis, the inorganic material is prepared within the polymer
matrix using an aqueous solution containing the polymer and the silicate building
blocks. This method has been reported for the synthesis of double-layer hydroxide-
based nanocomposites in an aqueous solution of the polymer and silicate building
block [264]. The polymer is said to aid nucleation and growth of the inorganic host
crystal and gets trapped within the layers as they grow [260]. However, this method is
not commonly used in nanocomposite preparation because it requires high temperature
in the synthesis of the clay minerals which tends to decompose the polymers. Also, the
aggregation tendency of the growing silicate layers is another challenge for this
method [260].
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2.7.2 Intercalation of Polymer or Pre-polymer from Solution

This method involves the dispersion of organically modified silicate in a solvent in
which the polymer is also soluble. The dispersion is achievable because the weak
forces that stack the layers together can easily be overcome in an appropriate solvent
to produce dispersion. In this case, the polymer then adsorbs onto the delaminated
sheets and when the solvent is evaporated (or the mixture precipitated), the sheets
reassemble, sandwiching the polymer to form, in the best case, an ordered multilayer
structure [263]. This method may lead to the formation of intercalated
nanocomposites. It is not necessarily environmentally benign because of the use of

large amounts of solvent. The schematic of the process is shown in Figure 2-21 [260].
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Figure 2-21. Schematic representation of polymer adsorption from solution,

reproduced with permission [260].

This technique is well suited for the intercalation of water soluble polymers such as
poly (vinyl alcohol), poly (ethylene oxide), poly (acrylic acid) and poly
(vinlypyrrolidone) [265, 266]. It has been used in organic solvents for polymers that
are insoluble in water. For instance, high density polyethylene was used as polymer
matrix which was dissolved in a mixture of xylene and benzonitrile [267]. Similarly,
biodegradable nanocomposites using poly(lactic acid) as polymer matrix were also
reported using dichloromethane as solvent and some exfoliated and intercalated
nanocomposites were obtained based on the type of organically modified

montmorillonite [268]. However, some polymers like poly (imides) do not dissolve in

78



N.M. Baba CHAPTER 2: LITERATURE REVIEW

organic solvents, therefore, in such cases, a pre-polymer or polymer precursor is
intercalated in the silicate interlayers and subsequently converted in the polymer
matrix [263]. Toyota researchers [269] reported the preparation of poly(imide)
montmorillonite nanocomposites by mixing poly(amic acid) in dimethylacetamide in
the presence of modified montmorillonite. From their findings, the montmorillonite
was exchanged with dodecylammonium hydrochloride resulting in the generation of
exfoliated nanocomposites. This was confirmed by the absence of diffraction peaks
from the XRD diffractograms. Conjugated polymers can also be intercalated in the
filler interlayers by a similar precursor intercalation approach [270] and poly(p-
phenylenevinylene)/montmorillonite intercalated nanocomposites were produced with
layered silicates using poly(xylenylenedimethylsulfonium bromide) as precursor [270,
271]. The precursor was then transformed into polymer by base-mediated elimination
of dimethylsulfide and HBr. Furthermore, emulsion polymerization of monomers in
the presence of the layered silicates has also been reported to generate intercalated and
exfoliated nanocomposites using methyl methacrylate and styrene as monomers [272].
The monomer is suspended in water along with varying amounts of silicates in the
presence of emulsifier and then polymerized which results in the generation of
nanocomposites with a part of silicate embedded inside the polymer particles and a
part adsorbed on the surface of the particles [272].

Table 2-4 shows representative examples of polymer-clay nanocomposites produced
by intercalation from solution. This method is only possible for certain polymer, clay
and solvent systems. This implies that for a given polymer one has to find the right
clay, organic modifier and solvents [257, 263]. Moreover, the use of these organic
solvents is not economically viable from an industrial point of view and as such they

are not environmentally benign [257].
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Table 2-4. Nanocomposites prepared by intercalation from solution [260].

Nanocomposite Solvent(s)
PVOH/Na*-MMT Water
PVA/Na'-MMT Water
TPO/OMLS Toluene/DMAC
PEO/ Na*-MMT or Na*-hectorite Acetonitrile
PEO/MMT Chloroform
PLA/OMLS Dichloromethane
PLA/OMLS DMAc

2.7.3 Insitu intercalative polymerization

This method involves the dispersion of particles first in a monomer and then the
mixture is polymerized. It is applied in the polymerization of thermoplastic and
thermosetting polymers. Nanocomposites were prepared with polyamide-6 matrix and
silica inclusions by first drying the particles to remove water adsorbed on the surface.
Then, the particles were mixed with caproamide and concurrently a suitable
polymerization initiator was added. The mixture was then polymerized at a high
temperature under nitrogen [273]. This technique produced well-dispersed samples
when the inclusions were around 50 nm in size, but aggregation occurred for smaller

particles around 12 nm in size.
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2.7.4 Melt intercalation

This method involves the mixing of the layered silicates by either annealing or under
shear with the polymer while heating the mixture above the softening temperature of
the polymer. The polymer chains are diffused from the bulk polymer melt during the

annealing process into the clay galleries [263, 274-277].

This technique is attractive because of its versatility and compatibility with existing
processing infrastructure and it is now applied in commercial applications [278]. The
structure of nanocomposites formed by this method depends on the thermodynamic
interaction between the polymer and the clay as well as the movement of polymer

chains from the bulk melt into the clay galleries [279].

Polypropylene (PP)/calcium carbonate nanocomposites were made by melt
intercalation method [280]. The authors mixed the polypropylene first with antioxidant
and calcium carbonate (44 nm in diameter) which was added slowly and mixing
continued for a fixed time after all particles were added. The results indicate a well
dispersed sample at lower filler volume fractions of 4.8% and 9.2% respectively.

However, aggregation was found to be at a higher volume fraction of 13.2%.

Although this method has been applied for the synthesis of nanocomposites, it has

some limitations for two reasons:

First, production of nanocomposites involving high-temperature processes leads to
low thermal stability of the clay modifier and hence, decrease in the distance between
the clay sheets as a result of the thermal degradation of the clay modifier. Furthermore,
loss in hydrophobicity of the clay surface occurs which leads to a hydrophilic surface
[281, 282]. These limitations were confirmed by Park et al [283] who discovered that
the d-spacing of the clay galleries decreased when the reaction temperature was
increased from 200 °C to 280 °C because of the degradation of the clay particles and

this affected the intercalation of the polymer and the clay.

Second, it was reported that this method seems to be unsuitable for the synthesis of

some polymer nanocomposites such as those from amorphous PS even though PS can
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be intercalated into clay through weak interaction between the phenyl group of PS and
the clay surface. The interplanar spacing was observed to be decreased upon heating
PS and clay [284].

2.7.5 Layered Silicates

Layered silicates are clay minerals, built of two structural units. The simplest are the
1:1 structures (e.g. in kaolinite) where a silica tetrahedral sheet is joined to an
aluminium octahedron, sharing the oxygen atoms [285]. Most of the layered silicates
commonly used in nanocomposite preparation are of 2:1 phyllosilicate types which
includes: smectite clays (e.g montmorillonite, saponite, and hectorite) [286]. Their
detailed general formulae are presented in Table 2-5. Among these silicates,
montmorillonite (MMT) with the general formula Mx(Als.xMgx)SisO20(OH)s (where,
M is sodium, calcium) is the filler chosen for most studies of polymer nanocomposites
because it is of low-cost and is environmentally benign [287]. Furthermore, its unique
layered structure, cation exchangeability and expandability makes it a better candidate
than others [288].

Table 2-5. Commonly used layered phyllosilicates with their general formula [263].

2:1 Phyllosilicate General formula
Montmorillonite Mx(AlsxMgx)SigO20(OH)4
Hectorite Mx(Mgs-xLix)SigO20(OH)4
Saponite Mx(Mgx)(Sigx Alx)O20(OH)4

The montmorillonite crystal structure consists of layers formed by sandwiching an
aluminium octahedral sheet between two silicon tetrahedral sheets. Stacking of the
layers leads to a van der Waals gap between the layers. Substitution of aluminium
(Al**) for magnesium (Mg?*) in the octahedron sheet gives each three-sheet layer an
overall negative charge in the range 0.2-0.6 per formula unit, which is normally

counterbalanced by exchangeable metal cations residing in the interlayer space. The
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interlayer cations hold the individual negatively charged silicate layers together
through electrostatic forces. Due to the weak interaction between layers, organic
monomers can be intercalated into these interlayer spaces and react with the interlayer

cations as shown in Figure 2-23 [260].
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Figure 2-22. Structure of layered silicate reproduced with permission [260].
2.8 Characterization of the structures of nanocomposites

Structures of nanocomposites are characterized by two main techniques. These are X-
ray diffraction and transmission electron microscopy [289]. These structures can be
distinguished based on the ordering and the clay dispersion into the polymer matrix as

conventional (immiscible), intercalated and exfoliated (delaminated) [290].
2.8.1 X-ray diffraction

This technique is used to determine the distance d between the basal layers of the clay
or layered material by the use of Bragg’s law: nA = 2d sinf where, A corresponds to

the wavelength of the X-ray radiation used in the diffraction experiment, d is the
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spacing between diffraction lattice planes and 0 is the measured diffraction angle

[277].

Among the three distinguished nanocomposite structures, intercalation and exfoliation
are associated with the change in the distance between the clay layers and the polymer.
An increase in the value of d indicates that an intercalated nanocomposite has been
formed implying that the polymer chains have entered clay galleries which expand.
The absence of diffraction peaks suggests an exfoliated (delaminated) nanocomposites
indicating that a great amount of polymer has entered the clay galleries and disordered
the platelets [291]. Furthermore, conventional (immiscible) polymer nanocomposites
exhibit no change in d-spacing with respect to pristine clay, meaning that no polymer
has entered the gallery and that the spacing between clay layers is unchanged [292-
294]. Therefore, the value of d-spacing observed in XRD describes the nanoscale
dispersion of the clay in the polymer matrix [292]. The three types of structures that
are obtained by XRD measurements are illustrated in Figure 2-24.
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Figure 2-23. XRD pattern of three types of silicate layers (a) Conventional (b)
Intercalated (c) exfoliated nanocomposites reproduced with permission [263].

As stated earlier, XRD is a useful technique for measuring the d(o1)-spacing of ordered
miscible and intercalated nanocomposites [259]. However, it has some limitations or
drawbacks in that it is not sufficient in measuring disordered and exfoliated
nanocomposites that do not give XRD peaks. In other words, the absence of peaks may

be misinterpreted [289, 294]. Some factors can influence the XRD pattern which may
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results in the absence of peaks and some of these factors are concentration and ordering
of the clay [294]. Therefore, absence of peak from the XRD pattern of a polymer-clay
nanocomposites cannot prove or disprove the presence of exfoliated clay platelets in
the nanocomposites. XRD relates only to the degree of dispersion of clay sheets with
respect to each other in the polymer matrix, and does not give information with respect
to interaction between the organic and inorganic phase in the composite materials
[294].

2.8.2 Transmission electron microscopy (TEM)

As XRD patterns of polymer-clay nanocomposites have some limitations, TEM is the
next available instrument to determine quantitatively how the layered silicate filler
(clay) is dispersed into the polymer. Usually a thin cross-section of approximately 40-
50 nm of the nanocomposite is microtomed and observed via the TEM. When
nanocomposites are formed, a dark lines are observed signifying the formation of a
polymer-clay nanocomposite as illustrated in Figure 2-25 [259, 263, 295].

(a)

Figure 2-24. TEM micrographs of (a) treated hectorite, (b) thermoplastic-treated
hectorite and (c) thermoplastic starch-untreated hectorite nanocomposites
reproduced with permission [295].
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2.9 Bio-based polymer composites

2.9.1 Thermoplastic Starch Based Composites

Thermoplastic starch based composites have been synthesized by melt-processing of
starch and glycerol for the manufacture of bio-based nanocomposites for materials
application [295]. Thermoplastic starch was first reported as a bio-based material for
the production of polymer nanocomposites by melt intercalation methods in a twin
screw extruder [296]. The composites were prepared with regular corn starch
plasticized with glycerine and reinforced with hydrated kaolin and the results afforded
an increased in tensile strength of the nanocomposites from 5 to 7.5 MPa with 50%
clay composition. Similarly, the modulus of elasticity increased from 120 to 290 MPa
while the tensile strain at break was observed to decrease from 30 to 14%. The results
further revealed the occurrence of strong bonding between kaolin and the matrix as

obtained by the scanning electron microscopy of the nanocomposite.

The effect of varying the amount of plasticizer on the mechanical and structural
properties of starch nanocomposite was investigated by the solution method [297].
From these results, it was observed that the sequence of addition of components
(starch/plasticizer/clay) had a significant effect on the nature and properties of
nanocomposites formed. The results further revealed that the dispersion of the filler
was more heterogeneous and brittle when the starch was plasticized prior to the
addition of the clay and as a result of that the modulus of elasticity was increased
significantly in all the nanocomposites produced irrespective of the preparation
method. These authors concluded that all the properties of the nanocomposites derived
from starch could be achieved by proper dispersion of the clay filler and not necessarily

on varying the sequence in which the addition of plasticizers occurred.

Modified starch with acetate was used in the synthesis of bio-based nanocomposites
with cellulose fibres [298]. In this approach, 70% corn starch was extruded with 10,
20 and 30% (w/w) cellulose and 20% (w/w) ethanol for the synthesis of bio-based
nanocomposites at 150, 160 and 170 °C barrel temperatures and 170, 200 and 230 rpm
screw speeds in a twin screw extruder. The results further revealed from the XRD

pattern that the crystallinity of the starch and cellulose reduced drastically. Also, the
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melting temperatures of the composites were observed to change significantly when
higher DS starch acetates were used. Experimental variables such as cellulose content,
barrel temperature and screw speed have profound effects on thermal, physical and
mechanical properties of extruded foams. For the extruded starch foams, thermal
properties were strongly related to blend composition, barrel temperature and screw
speed. Ty and Tm of the extruded foams decreased as cellulose content increased. The
author noted that as barrel temperature and screw speed increased, Tg and Tm
increased initially and then decreased when barrel temperature and screw speed were

higher than 160 °C and 200 rpm respectively.

Further studies by Kumar and Singh [299] were done through starch modification by
photo-induced cross linking. Composite films were made from the aqueous dispersions
of starch with microcrystalline cellulose using glycerol as plasticizer and irradiated
under ultraviolet (UV) light using sodium benzoate as photo-sensitizer via casting.
Young’s modulus of composites reinforced with 5, 10 and 15 wt. % which were
irradiated for 30 minutes improved by 72.41%, 42.5% and 32% respectively, when

compared to control samples.

The elongation (%) values were found to decrease with increasing cellulose fibre
content and time of photo-irradiation. Other researches on the use of thermoplastic
starch without further modification (i.e., changes in experimental conditions) also
reported significant increase in tensile and thermal properties of thermoplastic research

when reinforced with nanofibres [300-305].

2.9.2 Poly Lactic Acid Based Composites

Bio-based nanocomposites were prepared using poly (lactic) acid (PLA) with
organically modified clay by dissolving the PLA in hot chloroform in the presence di
methyl ammonium modified MMT [306]. The results of this study as revealed by the
XRD pattern indicated that the silicate layered clay could not be intercalated by PLA
to form nanocomposites by the solvent casting method. In a recent study,
PLA/organically modified clay nanocomposites were prepared by dissolving the
polymer in hot chloroform in the presence of dimethyl distearyl ammonium modified

MMT and the results revealed that the clay layers were unable to be intercalated based
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on the XRD pattern [306]. It was reported that the clay existed in the form of tactoids
with several stacked silicate layers which could lead to an increase in the Young’s
modulus of the nanocomposites. Similarly, other research groups have reported the
synthesis of nanocomposites derived from PLAs [307-313], and the results indicate
improved mechanical, thermal and impact properties of the nanocomposites. For
instance, a nanocomposite of PLA/Wood flour (WF) was prepared by melt
compounding and injection moulding and it was found that the tensile modulus of this
composite increased from 62.5 to 169.5% and the tensile strength increased 13.7%,
16.7% and 13.9% at the loading levels of 10, 20, and 30 wt.% WF, respectively [314].
Furthermore, nanocomposites of PLA with a compatibilizer and cellulose fibrils have
been developed by Qu, et al [315]. It was observed that the tensile test results and the
elongation rate increased by 56.7% and 60% by adding PEG to the PLA and the
cellulose nanofibrils matrix, compared with the PLA/cellulose nanofibrils composites.
The authors explained that PEG covers the surface of the cellulose nanofibrils and acts
not only as a plasticizer for PLA to improve its elongation, but also as a compatibilizer
between the hydrophobic PLA and the hydrophilic cellulose nanofibrils. It was also
stated that PEG prevents the aggregation of the nanofibrils, so that the cellulose

nanofibrils disperse in the PLA matrix homogeneously to form a network structure.

2.9.3 Cellulose Based Composites

As stated in section 2.5.1.1, cellulose from biomass has been identified as a source of
biopolymer that can replace petroleum polymers. Bio-based nanocomposites have
been successfully produced from cellulose acetate (CA), triethyl citrate (TEC)
plasticizer and organically modified clay via melt compounding [316]. The cellulosic
plastic with 80 wt. % pure cellulose acetate and 20 wt. % triethyl citrate plasticizer
was used as the polymer matrix for nanocomposite production. Mechanical properties
of the composites were determined and correlated with observations from X-ray
diffraction and transmission electron microscopy. The results obtained indicate that
cellulosic plastic-based nanocomposites containing 5 and 10 wt. % organoclay have
better exfoliated and intercalated structure than those of 15 wt. % organoclay. Tensile
strength and modulus of cellulosic plastic reinforced with 10 wt. % organoclay

improved by 75 and 180% respectively.
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Furthermore, a cellulose-based nanocomposite material has been investigated and the
results revealed that this nanocomposites can serve as humidity and temperature
sensors [317]. The cellulose employed in this study was obtained from cotton pulp via
acid hydrolysis using a solution of lithium chloride and N,N-dimethylacetamide.
During the experiment, nanoscaled polypyrrole was used as the second component of
the nanocomposite and the composites were prepared by a polymerization-induced
adsorption process. The polypyrrole was coated onto the surface of the cellulose and
its influence on the cellulose membrane was determined by atomic force microscopy
technique. These authors primary aim in this experiment was basically on the sensing
ability and not the structural integrity of the nanocomposite material. Therefore, the
study shows that successful deposition of the polypyrrole nanolayer onto the cellulose
surface was achieved because the material was not analyzed on a structural basis it

could not determine if cellulose served as the reinforcement or the polypyrrole.

In summary, many agricultural products can serve as a source of bio-based polymers
and these include: terpenes, sugars, celluloses, starches, lignin, proteins, polyphenols
and fibres. Others have utilized wastes produced from these agro materials and food
wastes for the production of bio-based polymers. Both materials can undergo three
basic strategic pathways for the production of bio-based polymers. These pathways
are: (i) those that are derived directly from biomass (ii) biochemical modification of
the bio-based components and (iii) those produced from genetically modified
transgenic plants. All these pathways produce polymers with added importance to the
bio-based industries and in which their characteristics can be improved by using some

reinforcements sourced from natural resources such as plant fibres and smectite clays.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

The details of materials used in this work are given in Table 3-1. All chemicals and

reagents were used as received without further purification.

Table 3-1. Materials used in this work

Reagent Supplier Purity/% Location
Grade
1,2-dichlorobenxene Sigma-Aldrich 99 Gillingham,
Dorset ,UK
1,4-butanediol Sigma-Aldrich 99 Gillingham,
Dorset , UK
1,4-dioxane Alfer Aeser 99.8 Heysham,
Lancashire, UK
1,6-hexanediol Sigma-Aldrich 99 Gillingham,
Dorset , UK
1,8-octanediol Alfer Aeser 98+ Heysham,
Lancashire, UK
12-tungstophosphuric acid  Strem Chemicals 99 Massachusetts,
Ltd US.A
1-butyl-3- lo.li.tec 99 Germany
methylimidazolium
chloride
2,5-Furandicarboxylic Sequoia Research 97 Pangbourne,
acid Products Ltd UK
5-(Hydroxymethyl) Sigma-Aldrich 99 Gillingham,
furfural Dorset ,UK
Anhydrous sodium VWR International  AnalaR West Sussex,
carbonate Ltd UK
Benzylamine Sigma-Aldrich 99 Gillingham,
Dorset ,UK
Chromium (111) chloride Sigma-Aldrich 99 Gillingham,
Dorset ,UK
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Ethylene glycol

Formic acid

Fructose

Glucose

Levulinic acid

Nanofil 116 clay

Nitric acid

Palladium on activated

carbon

Potassium per manganate

Sodium borohydride

Sodium cyanoborohydride

Sodium hydroxide

Sulphuric acid

Titanium (1V) n-butoxide

Triflouroacetic acid

Zirconium (1V) hydroxide

VWR International
Ltd

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Rockwood

Additives Ltd

VWR International
Ltd

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alfer Aeser

Fisher Chemicals
VWR International
Ltd

Across Organics
VWR International

Ltd
Sigma-Aldrich
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Technical

95

99.5

99.5

98

68

5wt

99, ACS
grade

98

95
Analytical
grade

95

99

99

99.5

West Sussex,
UK

Gillingham,
Dorset , UK

Gillingham,
Dorset ,UK

Gillingham,
Dorset ,UK

Gillingham,
Dorset ,UK

Widnes,
Cheshire, UK

West Sussex,
UK

Gillingham,
Dorset ,UK

Gillingham,
Dorset ,UK

Gillingham,
Dorset ,UK

Heysham,
Lancashire, UK

Loughborough,
UK

West Sussex,
UK

Loughborough,
UK

West Sussex,
UK

Gillingham,
Dorset ,UK
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3.2 Analytical Instruments

3.2.1 Nuclear Magnetic Resonance spectrophotometer (NMR)

All *H and *C NMR were recorded using a Bruker AMX 300 MHz and 500 MHz
spectrometers. Data were processed by ACD/NMR Processor Academic Edition and
sample dilutions were made in CDClz and DMSO-ds respectively. All chemical shifts

(0) are reported in parts per million (ppm).
3.2.2 Fourier Transform Infrared spectrophotometer (FTIR)

FTIR spectra obtained in this work were conducted with an ALPHA Bruker Optics FTIR
spectrophotometer equipped with ZnSe ATR crystal. The samples were scanned from
400 — 4000 cm™ wavenumber with a 32 scan per sample circle and a resolution of 4
[318].

3.2.3 X-Ray diffractometer (XRD)

All XRD data were collected using a Siemens D500 X-Ray diffractometer using Cu Kal
radiation with wavelength of 0.154056 nm. The diffractometer was operated at 40 kV
and 30 mA. Scans began at a low angle of 2° and scanned to 25° of 28 in 0.05° steps at

6 seconds per step.
3.2.4 Transmission Electron Microscope (TEM)

TEM was conducted on a JEOL JEM-2100 electron microscope with digital image
capture operating at 200 kV. TEM specimens were embedded into a resin and were
sectioned with a Leica EM UC6 microtome (Leica microsystems, Wetzlar, Germany),
equipped with diamond knife (Diatome, Hatfield, PA, USA) into thin sections at the
Anatomy Department, UCL. Sections were transferred to 300 mesh copper grids coated
with carbon [319].
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3.2.5 Thermogravimetric analysis (TGA)

Thermal analysis of the polymers and nanocomposites were conducted on Netzsch STA
449 F1 Jupiter thermal analyser. Samples (~ 10-15 mg) were heated using an aluminium
pan at a constant rate of 10 °C min! under helium at a flow rate of 20 mL min* between
20 °C and 600 °C. The onset of thermal degradation was determined according to the
method developed by Marsh [320].

3.2.6 Tensile properties

Tensile testing of the polymer and its nanocomposites was performed using a Tinius
Olsen H10KM/0348 testing machine (Salford Redhill, Surrey, UK) with 1 kN load cell
and a crosshead speed of 10 mm per minute. Tensile stress and elongation at break were
calculated from the average of five duplicate readings for each polymer and
nanocomposites at ambient temperature. The calibration of the machine was done using
dead weight and the deviation between recorded and actual force was 0.4% upon which
a calibration factor was based. Gauge lengths were measured using a vernier calliper
and was set at 70 mm. Samples were prepared by solvent (ethyl acetate) casting on a
Petri dish and left overnight under ambient temperature and cut with a hot knife to give

sections of 10 mm x 0.13 mm.

The tensile stress and strain were calculated based on the following equations:

Force F

Tensile stress, 0 = ———— = — -==mmomrmmmmmmm oo (3.1)

: . Changeinlength _ AL
Tensile strain, & = o TE T = 2 (3.2)
Original length Lo
The Young’s modulus, E, was estimated from the slope of stress-strain curve derived as
a tangent modulus of the various polymers and this was accomplished using equation

(3.3).

93



N.M. Baba CHAPTER 3: MATERIALS AND METHODS

Tensile stress c
Young’s modulus E = ————— = = —---mmmmmmmmmmmmem e (3.3)
Tensile strain €

3.2.7 Elemental analysis

Elemental analysis of the polymers were conducted using Exeter analytical CE440
analyser (Warwick, UK) for the determination of carbons and hydrogens by placing 1-
3 mg of the samples in an aluminium pan for combustion in an excess of oxygen under
static conditions at about 600 °C. Helium was used to carry the combustion products
through the analytical system to atmosphere, as well as for purging the instrument and
the concentrations of carbon and hydrogen are measured by displacing the sample gas
through the detectors and were recorded as a percentage. The oxygen concentrations

were obtained as the difference from the percentage of carbons and hydrogens.
3.2.8 Water contact angle

Water contact angles on the polymer surfaces were determined using a camera STC-
TC-83USB-AT and a cold light source (Schott 150 w) attached to a fibre optic cable.
Distilled water droplets of ~0.8 mm diameter as determined from the volume of the
sessile hemispherical drop, were placed using a stainless steel needle on a horizontal
surface of the polymer inside a glass cell with a ground glass rim and covered with a
glass lid. Distilled water was placed inside the cell to provide a buffered atmosphere of
100% RH. The needle was cleaned with a blue flame prior to placing the water droplets.
Images of the sessile drops were captured after 10-120 seconds and at later times to
assess stability and the contact angles were measured from enlarged prints using a

protractor. A graticule was photographed at the same magnification to provide scaling.
3.2.9 Surface tension of water

Distilled water for contact angle measurements was obtained directly from the glass
condenser without contact with polymeric tubing. Surface tension was measured using
Du Noly balance (White electrical company, Worcestershire, UK) at a room
temperature of 18.9 °C using a platinum ring which was previously cleaned by heating

in a blue flame to just close to orange colour. The result was compared to the literature
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[321, 322] values interpolated for exact temperature and the distilled water was then
used for the contact angle measurements explained in section 3.2.8 above.

3.2.10 Capacitance and dielectric constant

Samples for the capacitance measurements were electroded with a conductive silver ink
(Johnson Matthey, London U.K) to provide rectangular electrodes approximately 12 x
12 mm? and the capacitance was obtained using an Agilent 4294A 40Hz-110 MHz

precision impedance analyser in the frequency range 1-10 MHz.

The dielectric constants of the polymers were calculated from equation (3.4).

where C is the capacitance, & is the relative permittivity of the dielectric, & the
permittivity constant = 8.85 x 1012 Fm™, A is the area of the electrode and the thickness
of the polymers is d.

3.2.11 Ultrasonic probe

This instrument was used during the study of the interaction of the monomers with the
montmorillonite clay. Ultrasonic vibrations were used to assist in the dispersion of the
monomer and polymer into the clay galleries. Ultrasonic homogenizer sonicator model
U200S-Control from IKA Labortechnik Staufen, Germany was used at duty cycle 0.5
with constant amplitude of 60%.

3.3 Methods

3.3.1 Synthesis of sulfated zirconia catalyst

Sulfated zirconia (SO4>/ZrO,) was prepared according to the method described by Qi
etal [43, 213]. Briefly, 1 g of zirconium hydroxide was dissolved in 10 mL of 1M H2SO4
and stirred vigorously at room temperature for 3 h. The suspension was centrifuged

using a Heraeus Biofuge Primo Centrifuge machine set at 3000 rpm for 15 minutes and
95



N.M. Baba CHAPTER 3: MATERIALS AND METHODS

the supernatant was discarded. The deposition at the bottom of the centrifuge tube was
dried in a vacuum at 60 °C overnight. It was ground into a fine powder using pestle and
mortar, and further calcined at 500 °C in a muffle furnace for 3 h. The catalyst was
characterised by XRD and FT-IR.

3.3.2 Dehydration of glucose to 5-HMF [43]

To glucose (5.0 g, 0.028 mol) was added BMIMCI (20.0 g, 0.11 mol) and the following
catalysts at 10 mol. %: H.SOs, HCI, HNO3, CrCI3.6H20, ZrOz, and SO4* /ZrO,. The
mixture was heated to 120 °C for 2 h and samples were withdrawn at 30 minute intervals
and immersed in an ice bath to quench the reaction in order to assess the progress of

conversion.

After completion of the reaction, ethyl acetate (50 mL) was added and the mixture
separated by decanting the upper layer. The same procedure was repeated three times
and the combined ethyl acetate extracts were dried (sodium sulfate) and evaporated in
vacuo at (50 °C) to isolate 5-HMF as a thick pale yellow liquid. An identical procedure

was used for fructose.

'H NMR (300 MHz; CDCl3)  9.57 (1H, s, CHO), 7.22 - 7.21 (1H, d, J = 3.0 Hz, 3-H),
6.50 (1H, d, J = 6.0 Hz, 4-H), 4.70 (2H, s, OCH,); 13C NMR (75 MHz; CDCl3) § 177.8
(C=0), 160.9 (C-5), 152.2 (C-2), 122.9 (C-3) 109.8 (C-4), 57.7 (OCH>); FT-IR (cm™)
3345br, 1660s, 1250s, 1188s, 1160s.

3.3.3 Dehydration of glucose to 5-HMF by vacuum distillation

Glucose (5.0 g, 0.028 mol) and BMIMCI (20.0 g, 0.11 mol) were heated in an oil bath
at a temperature of 120 °C and stirred for 300 s to allow the dissolution of the glucose
in the ionic liquid. The reaction was started by adding 10 mol. % of the following
catalysts: CrCls.6H20, ZrO2, and SO4>/ZrO,. After completion of the reaction, 5-HMF
was collected by vacuum distillation at 180 °C, 2.7 kPa. The same procedure was used

for fructose.
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3.3.4 Yield calculation of 5-HMF produced

The yield of 5-HMF produced was calculated from the following equation:

Moles of 5-HMF produced
Moles of carbohydrate used

5-HMF yield (mol. %) =

G (([1 7 S (3.5)

3.4 Synthesis of some derivatives of 5-HMF

3.4.1 Synthesis of 2,5-furandicarboxylic acid (FDCA)[323]

To 5-HMF (1.26 g, 0.01 mol) was added a solution of NaOH (0.92 g, 0.023 mol).
Potassium permanganate (3.6 g, 0.023mol) was added and the reaction stirred at ambient
temperature for 0.5 h. The mixture was filtered and to the filtrate 1 mL of concentrated
HCI was added to to adjust the pH to 1 or less. The precipitate was collected by suction
filtration, washed with distilled water (50 mL) and FDCA isolated as a yellow solid
(1.25 g, 80%).

'H NMR (500 MHz, DMSO-ds) & 13.56 (2H, s, COOH), 7.29 (2H, s, 2 x =CH); C
NMR (126 MHz, DMSO-ds) & 158.5(COOH), 149.5 (C-2 and C-5), 118.3 (C-3 and C-
4); FT-IR (cm™) 3117s, 1665s, 1570s, 1418s, 960s, 851s.

3.4.2 Synthesis of 2, 5-bis-(hydroxymethyl) furan (BHMF)

To 5-HMF (2.0 g, 0.016 mol) in methanol (40 mL, 0 °C), sodium borohydride (2.4 g,
0.063 mol) was slowly added. The reaction was stirred for 3 h at room temperature,
guenched with saturated aqueous sodium chloride solution (40 mL) and stirred for a
further 30 minutes. The methanol was removed in vacuo at 40 °C. The product was
extracted with ethyl acetate (3 x 40 mL), the organic layers combined and washed with
brine (60 mL) and dried (sodium sulfate). The solvents were removed in vacuo to give

BHMF as a pale yellow powder (1.8 g, 88%).

IH NMR (300 MHz, CDCls) § 6.22 (2H, s, 3-H and 4-H), 4.56 (4H, s, OCH2); 3C NMR
(75 MHz, CDCl3) § 154.1 (C-2 and C-5), 108.7 (C-3 and C-4), 57.5 (OCHy); FT-IR (cm

1) 3310br, 1730s, 1240s, 971s, 810s, and 756s.
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3.4.3 Synthesis of dimethyl-2, 5-furandicarboxylate (DFD) [158]

To FDCA (10.0 g, 0.064 mol) in 130 mL of methanol, p-toluenesulfonic acid
monohydrate (30.5 g, 0.16 mol) was added. The mixture was heated at reflux for 3 h
and distilled water (130 mL) added. The precipitate formed was collected and

recrystallized from methanol to give DFD as colourless crystals (10.6 g, 91%).

IH NMR (500 MHz; DMSO-ds) § 7.27 (2H, s, 2 x =CH)), 3.84 (6H, s, 2 X OMe)); 3C
NMR (126 MHz; DMSO-ds) 157.8 (C=0), 146.0 (C-2 and C-5), 118.9 (C-3 and C-4).

3.4.4 Sample preparation for XRD

The samples prepared from 5-HMF and FDCA by the solution and melt intercalation
methods were carefully ground into fine powders using a pestle and mortar and pressed
with a microscope slide into a copper sample holder and analysed using an X-ray
diffractometer (Siemens D500) in the Chemistry Department of UCL using Cu Kal
radiation with wavelength of 0.154056 nm. The diffractometer, running at 40 kV, and
30 mA was set at a low initial angle of 2° and scanned to 25° 26 in 0.05° steps. Counts
were collected for 6 s at each step and the XRD pattern of the samples was obtained.

3.4.5 Treatment of montmorillonite clay with 5-HMF and FDCA

3.4.5.1 Dispersion of clay and 5-HMF

A suspension of 1 g of montmorillonite clay (Nanofill 116) was made in 25 mL of
ethyl acetate in a glass bottle with lid and 2 g of 5-HMF was added. The contents were
stirred with the aid of an ultrasonic probe (U200s control, IKA Labortechnik Germany)
at 0.5 duty cycle to limit the heating effect, 60% amplitude and poured into a Petri dish
and left to stand for 86 ks (24 h) for drying. Control samples were prepared with solvent
but without 5-HMF.

3.4.5.2 Melt intercalation method of clay and 5-HMF

1 g of 5-HMF was carefully weighed into a 10 mL beaker and 0.05 g of montmorillonite

clay was added. The contents were covered with an aluminium foil and heated on a hot
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plate at a temperature of 75 °C for 20 minutes. The contents were cooled at 2 °C and
analysed by XRD.

3.4.5.3 Dispersion of clay and FDCA

1 g of montmorillonite clay was dissolved in 25 mL of DMSO in a 50 mL glass bottle
and dispersed with an ultrasonic probe at 0.5 duty cycle, 60% amplitude for 20 minutes.
To the contents in the 50 mL glass bottle, 2 g of FDCA were added and the dispersion
continued for further 20 minutes. The contents were poured into an evaporating basin
and placed on a hot plate pre-set at 150 °C to evaporate the DMSO. After 30 minutes,
the evaporating basin was cooled to room temperature and dried in a vacuum oven at 60
°C for 72 h.

3.4.5.4 Melt intercalation of clay and FDCA

Montmorillonite clay and FDCA were weighed in a ratio of 1:2 and placed into a 400
mL cylindrical glass vessel. Nitrogen gas was introduced into the glass vessel with the
aid of a balloon as inlet and an empty balloon was placed at the outlet. The contents
were heated in a furnace to 330 — 344 °C and allowed to cool to room temperature.

3.4.6 Synthesis of modified MMT clay

Organically modified MMT clay was synthesis according to the protocol described by
Yuan et al. [324]. Briefly, 15 g of Na-MMT was suspended in 400 mL of distilled water
and stirred for 6 hrs at ambient temperature. A mixture of hydrochloric acid (HCI) and
cetyltrimethylammonium bromide (CTAB) as an organic treatment agent in a mole ratio
of 1:1 was added slowly to the clay suspension and stirring continued for another 3 h at
80 °C. A precipitate was formed and filtered, washed with distilled water several times
and the filtrate was tested with 0.1 mol/L AgNOs until no further bromide ions were
detected. The result product was dried in a vacuum at 60 °C overnight and ground with

a pestle and mortar to a fine powder.
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3.5 Polymerization reactions

3.5.1 Synthesis of polyester from FDCA [323]

FCDA (5.0 g, 0.03 mol), 1,4-butandiol (13.523 g, 0.15 mol) and titanium (IV) n-
butoxide (0.102 g, 0.0003 mol) were heated at 160 °C for 6 h under a N2 atmosphere.
Excess diol was then removed under vacuum and the reaction heated at 200 °C for
further 2 h under vacuum. Upon cooling to room temperature, 6 mL of 1,2-
dichlorobenzene was added and heating continued at 200 °C under vacuum to remove
traces of diol. The resulting polyester was dissolved in 30 mL of trifluoroacetic acid
(TFA) and precipitated using methanol (300 mL). The precipitates were centrifuged at
3000 rpm for 10 minutes, washed with methanol (3 x 5 mL) and dried at 50 °C under

vacuum for 18 h.
3.5.2 Water absorption test

Water absorption tests were conducted by following ASTM D570-98: standard test
method for water absorption of plastics [325]. Briefly, the samples were conditioned by
drying in an oven for 24 h at 50 £ 3 °C, cooled in a desiccator and immediately weighed
to the nearest 0.001g. The conditioned samples were immersed entirely in a 50 mL glass
beaker containing 25 mL of distilled water maintained at ambient temperature. The
immersed samples were removed after specific time intervals and all surface water was
gently wiped with dried lint-free filter paper and weighed to the nearest 0.001g.
Percentage increased in weight during immersion was calculated using the following

equation:

Increase in weight, % = W’;;W" DYl (]| ———— --- (3.6)

o

Wrs is the weight of the water absorbed sample and W, is the weight of the conditioned

sample.
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3.6 Preparation of polymer/clay nanocomposites

Polymer/clay nanocomposites were prepared by intercalation from solution, in situ

intercalative polymerization and melt intercalation as follows:
3.6.1 Polymer/Clay Nanocomposites by Intercalation method

Montmorillonite clay (10 mg) was weighed and dispersed in chloroform (25 mL) by
ultrasonication. Polyester (200 mg) was added to the clay solution and dispersed for a
further 30 minutes. The contents were transferred into a Petri dish and dried in a fume
cupboard overnight to evaporate the chloroform. After drying, the mixture was ground
with a pestle and mortar to a fine powder and the XRD pattern of the polyester/clay was

obtained.
3.6.2 Insitu intercalative polymerization

FDCA (4.5 g), montmorillonite clay (0.225 g), 1,4-butandiol (13.53 g, 30 mmol) and
titanium (1V) n-butoxide were charged into a 50 mL round bottom flask and heated in
an oil bath set at 160 °C under reflux and in a N2 atmosphere for 6 h. The excess diol
was removed under vacuum and the reaction continued for further 2 h at 200 °C under
vacuum. The reaction mixture was cooled at room temperature and the resulting
polyester was dissolved in triflouroacetic acid (30 mL). Methanol (100 mL was added
to precipitate the polyester/clay and the precipitate was centrifuged at 3000 rpm for 10
minutes, washed with methanol (10 mL 3 times) and dried under vacuum at 50 °C

overnight.
3.6.3 Melt intercalation

Montmorillonite clay (10 mg) and polyester (200 mg) were charged into a 50 mL round
bottom flask and heated at 40 °C with constant stirring at 300 rpm for 1h. The melt
sample was cooled to 4 °C and ground with a pestle and mortar to a fine powder and
analysed by XRD.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Characterisation of sulfated zirconia catalyst

Sulfated zirconia (SO4>/ZrQ2), has been reported as a solid acid catalyst used in
various reactions such as acylation, alkylation, nitration, etherification and
esterification [43]. In this work, it was used in the dehydration of glucose to 5-HMF
with other solid catalysts such as CrCls.6H20 and zirconium dioxide (ZrO2). The

sulphated zirconia prepared was characterized by XRD.
4.2 X-ray diffraction of sulfated zirconia

XRD was used to elucidate the changes in the crystalline phase of zirconia before and
after treatment with sulphuric acid. It was observed that the XRD patterns exhibited
tetragonal-monoclinic phase transformation as revealed in Figure 4-1. From literature,
it was revealed that sulfate treatment of zirconia retards its crystallization which leads
to its transition from the tetragonal phase to the monoclinic phase occurs [326].
Furthermore, it was reported that during monoclinic-tetragonal phase transformation
of zirconia, the tetragonal phase should be formed above 1170 °C [43, 213], but in this
experiment the zirconia prepared occurred as a tetragonal phase at lower temperature
This might be that the transformation was hindered in fine SO4%/ZrO, powders because
of the sulfate treatment of pure zirconia [327]. Moreover, this transformation of the
tetragonal phase into the monoclinic phase was probably due to the lower surface

energy of the tetragonal phase compared to monoclinic phase [328].
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Figure 4-1. XRD patterns of (a) ZrO2 (b) SO4>/ZrO, (M and T designate monoclinic

and tetragonal phases)

Therefore, sulfate treatment of zirconia can lead to retention of the tetragonal phase
and this indicates a strong effect of the sulfate ions on phase modification of zirconia
and allowed the catalyst to retained its stability in the tetragonal phase as reported
elsewhere [213].

The phase composition in Figure 4-1 was established using JCPDS card index nos. 14-
0534, 17-0923, 79-1770 and 85-1081 for tetragonal phase and 13-0307, 37-1484 and
07-0343 for monoclinic phase as reported by Evans, et al [329] and the phase mixtures
are presented in Table 4-1. Furthermore, the amount of tetragonal ZrO, was calculated
using intensity measurements as suggested by Evans, et al [329] and Schmid [330]
using the following equation:

I;(111)

fy = L1+ L,y (4.1)

Where, f(; fraction of tetragonal phase, 1; (111) and Im (111) are X-ray intensity peaks

of tetragonal and monoclinic phases in 111 (hkl) planes.

From the results obtained, it was observed that 27% represents the tetragonal ZrO: is
present in pure zirconia and 73% in sulfated zirconia using JCPDS card index numbers
17.0923 and 13-0307.
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Table 4-1. Phase mixtures transformation of sulfated zirconia
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Phase JCPDS card hkl 20 0 d/nm
index

Tetragonal ZrO; 14-0534 111 30.28 15.14 0.294900

Tetragonal ZrO> 17-0923 111 30.17 15.08 0.296000

Monoclinic ZrO, 13-0307 111 31.54 15.77 0.283400

Monoclinic ZrO; 37-1484 111 31.47 15.73 0.284069

4.3 Dehydration of glucose/fructose by solvent extraction

Synthesis of 5-HMF via the dehydration of glucose and fructose were investigated

using a solvent extraction method. This is to provide a preliminary investigation on

the yields obtained using these liquid catalysts and the sulfated zirconia catalyst. The

results obtained are presented in Figure 4-2 from which it was observed that higher

yield (36%) was obtained from SZ catalyst using fructose as a substrate. This is only

a slightly higher yield compared to H>SO4 using the same substrate. However, glucose
substrate revealed a lower yield in SZ (18%) compared to H.SO4 (26%).This can be

attributed to the isomerization of glucose to fructose which has been reported to

undergo a different reaction mechanism to form 5-HMF [331]. Therefore, SZ was

subsequently used with other solid catalysts for 5-HMF synthesis via vacuum

distillation and the results are discussed in section 4.4.
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Figure 4-2. 5-HMF yields by solvent extraction method
4.4 Dehydration of glucose/fructose by vacuum distillation

The dehydration of glucose and fructose were investigated using a reactive vacuum
distillation approach. This is to provide an avenue whereby the production of 5-HMF
is conducted and separated with minimal use of volatile solvents: almost all reported
literature on the synthesis of 5-HMF is based on solvent extraction [43, 164, 212, 213,
231, 332]. To date, only one paper reported the separation of 5-HMF under vacuum
distillation [333]. These authors reported the dehydration of glucose and fructose using
a vacuum distillation set-up with so-called ‘entrainers’ and reported a yield of 94.4%
at 180 °C and 93.2% at 150 °C using fructose as reactant for 10 and 30 minutes reaction
times respectively. Furthermore, they reported yields of 68.5% and 65.2% of 5-HMF
also using glucose at the same temperatures and reaction times. From their stated
operating conditions, 2 g of fructose/glucose and 0.065 g of IrCls.(1-2)H.0/0.049 g of
CrCl3.6H20 were dissolved in 20 g of ionic liquids. It could be argued that based on
these stated reaction conditions, the level of precision claimed in their results is not
justified by the likely associated weighing errors. Whether the results support the

conclusions is therefore somewhat controversial.

Wei et al [333] used nitrogen, hexane and methyl isobutyl ketone (MIBK) as
entrainers. These entrainers were used to increase the evaporation efficiency of the

distillation process and effectiveness of the recovery of 5-HMF. Their suggestion was
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that the solvents hexane and MIBK enhanced the process. Inspection of rows 1, 3 and
5 in their results (reproduced here as Table 4-2) shows that there may be no significant
difference in yield compared to the use of nitrogen alone (Entry 1) and that
improvements in recovery are marginal. Since the use of the solvents introduces a
downstream separation stage and nitrogen does not, there is a case for using nitrogen
only to enhance the distillation.

Therefore, considering the boiling point of 5-HMF which is 114 -116 °C at 1 mbar, a
reactive vacuum distillation procedure involving both the chemical reaction and
product separation steps within a single unit was applied for the production of 5-HMF
from glucose dehydration. This reactive distillation method can have a wide range of
industrial applications [334-336]. The process results in the evaporation of the most
volatile component because when the pressure is reduced, the molecules are few and
hence, it is possible for vaporization and distillation to take place. A continuous

operation procedure could be envisaged.

As stated earlier, the reaction involves the dehydration of glucose and fructose in
BMIMCI ionic liquid with separation by vacuum distillation [337]. It was aimed to
provide a commercially viable pathway that avoids a discrete separation stage and
efficiency savings in any heating costs. It also helps to keep the product from
decomposing at the high temperatures that would be required for atmospheric pressure
distillation. In general, thermally sensitive substances can be processed easily and
separated from component mixtures by this technique. In previous work on the
dehydration of glucose as reported by some authors, a reaction step was followed by a
liquid-liquid separation stage with attendant redistillation and capture of solvents [43,
338]. This makes the process considerably less attractive from a manufacturing

viewpoint.
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Table 4-2. Vacuum reactive distillation of 5-HMF from the dehydration of
carbohydrates with different entrainers [333].

Entry Carbohydrate  Entrainer Temp. Time Recovery Yield
(°C) (min) (%) (%)

1 Fructose N2 180 10 90.6 94.4
2 150 30 89.4 93.2
3 Hexane 180 10 94.6 93.8
4 150 30 93.6 93.7
5 MIBK 180 10 95.0 95.1
6 150 30 93.6 94.6
78 - 180 10 - 92.5
8? - 150 30 - 90.8
ik - 120 20 - 89.0
10 Glucose N2 180 10 88.3 68.5
11 150 30 85.3 65.2
12 Hexane 180 10 87.5 70.4
13 150 30 88.6 64.8
14 MIBK 180 10 88.2 71.8
15 150 30 88.4 66.2
168 - 180 10 - 51.3
178 - 150 30 - 421
182 - 100 180 - 35.1

4 Reaction carried out without vacuum distillation
The relationship between vapour pressure and temperature of 5-HMF from

thermodynamic data reported [339] was used to determine the actual boiling point of
the 5-HMF at the pressure used (Figures 4-3 and 4-4).
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Figure 4-3. Plot of vapour pressure against temperature for 5-HMF [339].

The relationship between the temperature of a liquid and its vapour pressure is

logarithmic and can be explained by the Clausius-Clapeyron equation as:

d InP _ AHvap
dT = RT2

From the above equation, the rate at which the natural logarithm of the vapour pressure
changes with temperature is determined by the molar enthalpy of vaporization AHvap,

the ideal gas constant R, and the temperature T (K) of the system.

Assuming that AHysp does not change very much with temperature, equation (4.2) can
be expressed in the following integrated form where C is a constant.

) L — 4.3)

This form of the Clausius-Clapeyron equation (4.3), is been used to measure the
enthalpy of vaporization of the 5-HMF from plots of the natural logarithm of its vapour

pressure versus temperature.

The logarithm of the vapour pressure increases as the temperature of the system

increases. Thus the In P vs 1/T plot shown in Figure 4-4 is linear as expected.
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Figure 4-4. Plot of In P against reciprocal of temperature for 5-HMF [339].
4.4.1 Testing the vacuum distillation equipment

To test the efficacy of the arrangement for vacuum distillation, water was initially used
and operating at a pressure of 27 kPa to 53 kPa, 94% of the water was collected at
45 °C. The same process was repeated with the addition of 5-HMF dissolved distilled
water (ratio of 0.2: 25). After 30 min, 94% of water was collected as the distillate while
a pale yellow liquid remained as undistilled material. This was dried under vacuum for
1 h to remove traces of water and the amount of 5-HMF remaining was 60% of what
was initially added. This indicated that the experimental arrangement was able to
separate 5-HMF from the solvent (water) used in 60% yield and the equipment was
therefore employed in the dehydration of glucose and fructose.

4.5 Synthesis of 5-(hydroxymethyl) furan (5-HMF)

4.5.1 5-HMF yields from dehydration of glucose and fructose

The dehydration of glucose was conducted as reported by Wei et al [333] with some
modifications of their experimental conditions. These modifications included a change

in catalyst, entrainer and the use of the vacuum distillation equipment as highlighted
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above. The catalysts used in this work have been used previously in dehydration of
carbohydrate. However, they have not been employed with reactive vacuum

distillation equipment.

The results of the dehydration of glucose and fructose conducted under vacuum at
180 °C in 1-butyl-3-methylimidazolium chloride (BMIMCI) solvent with 10 mol.% of
the catalysts, CrCls.6H20, ZrO, and SO4*/ZrO; designated as Cr (lIIl), Z and SZ
respectively, are presented in Figure 4-5. From these results, it was observed that
higher yields (82%, 75% and 55%) of 5-HMF were obtained using fructose as a
substrate with catalysts SZ, Cr (Ill) and Z, respectively. When using glucose as a
substrate, the yields were lower compared with those for fructose as substrate. This
lower yield may be as a result of the glucose straight chain and pyranose ratio (63% [-
glucopyranose and 37% a-glucopyranose) in water and hence, the enolisation rates
might be slow [48]. Since fructose forms less stable ring structures, more open chains
structures are likely to be present in BMIMCI and therefore the enolisation rates might
be higher Fructose and glucose have been reported to exhibit different reaction
mechanisms to form 5-HMF as glucose isomerizes to fructose on dehydration [340],
and this might account for the lower yield of 5-HMF from glucose as compared to that
of fructose. This observation was also explained elsewhere [341]. The results of the 5-
HMF yields from glucose (65%, 63% and 34%) using SZ, Z and Cr (I11) catalysts in
BMIMCI solvent was higher in this work as compared to 22%, 24% and 27% using
the same solvent and catalysed by zeolite (H-ZMS-5) as reported from literature [342].
Therefore, this study revealed that SZ can effectively catalysed the dehydration of
glucose to 5-HMF in higher yield as compared to zeolite even though both catalysts

are environmentally benign.
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Figure 4-5. Dehydration of glucose and fructose in different solid catalysts

4.5.2 Catalytic activity of the solid catalysts

Based on catalytic activity, it was observed that SZ exhibited a strong catalytic activity
as can be seen (Figure 4-5) which gave almost 80% and 65% yields from fructose and
glucose substrates. Also, the catalytic activity of SZ was compared with an untreated
Z catalyst and lower yields were obtained from the latter. This increased catalytic
activity of SZ may be attributed to the increased acid sites of SZ in comparison to Z.

4.5.3 5-HMF formation in other ionic liquids

In order to optimise 5-HMF vyield, the use of other ionic liquids; 1-hexyl-3-
methylimidazolium chloride ([HMIM]CI) and 1-butyl-2,3-dimethylimidazolium
hexaflourophasphate ([BDMIM]PF¢) were used. The results compared to those when
using [BMIM]CI ionic liquid are presented in Figure 4-6. Among the ionic liquids
used in the synthesis of 5-HMF, [BMIM]CI clearly gave 5-HMF in higher yields.

lonic liquids [BMIM]CI and [HMIM]CI media provided significant yields of 5-HMF
in the dehydration reaction of fructose and glucose substrates. This may be due to the
fact that the chloride ions form only weak ion pairs [343], which leads more readily to
the isomerization of carbohydrates [216] and the subsequent dehydration process.
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Furthermore, as a result of the weak coordination of the ionic liquid structures, they
do not compete with sugar for the binding of metal chlorides; therefore it is more likely

that a sugar-metal coordination complex will be formed [344].
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Figure 4-6. 5-HMF yields in ionic liquids

4.5.4 Effect of reaction temperature with time on 5-HMF yield

The effect of reaction temperature with time on 5-HMF yield in the dehydration of
fructose catalysed by sulfated zirconia (SZ) using [BMIM]CI solvent was investigated
and the results are presented in Figure 4-7. The reactions were conducted at 100 °C,
120 °C, 150 °C and 180 °C. As shown in Figure 4-7, it was observed that the reaction
temperatures have a significant effect on the 5-HMF yield. When the reactions were
conducted at 100 °C, a lower yield (18%) was obtained after 2 h and a maximum yield
of 82% was obtained at 180 °C after the same time of 2 h. It was also observed that the
yield tended to increase gradually with increasing reaction time up to 120 minutes.
Beyond 120 minutes, a decrease in yield of 5-HMF was observed in these temperature
regimes. These results indicate that the degradation of 5-HMF was significant at higher
reaction time even though increase in temperature speeds up the reaction initially and
this behaviour was also reported elsewhere [41, 189, 254]. Furthermore, it was
reported that [BMIM]CI is known for its reaction with aldehyde functional group [345]
and this decreased in yield might also be a side product formed from the reaction

between 5-HMF and [BMIM]CI as reported in literature [331].
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Figure 4-7. Effect of reaction temperature and time on 5-HMF vyield
4.5.5 Effect of catalyst dosage on 5-HMF synthesis

The effect of catalyst dosage on 5-HMF synthesis was investigated using fructose and
glucose as substrates and the results are presented in Figure 4-8. This result is based
on the dehydration of the substrates in BMIMCI ionic liquid solvent and sulfated
zirconia catalyst at 180 °C, where the highest yield of 5-HMF was obtained (Figure 4-
7). When the catalyst dosage was increased from 2.5 mol. % to 10 mol. %, the yield
of 5-HMF increased, at 180 °C for a reaction time of 120 minutes, from 22% to 82%
with fructose as substrate and 16% to 65% when using glucose as substrate. However,
when the amount of the sulfated zirconia was increase from 10 mol. % to 30 mol. %,
there was a decrease in the 5-HMF yield with both fructose and glucose as substrates.

Therefore, 10 mol. % of catalyst dosage was chosen as the most suitable condition.
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Figure 4-8. Effect of catalyst dosage on 5-HMF vyield

4.5.6 Sulfated zirconia and [BMIM]CI recycling

Recycling of catalysts and solvents is very important based on the principles of green
engineering [346] and therefore, recycling of sulfated zirconia catalyst and [BMIM]CI
ionic liquid was examined. The result of this study is presented in Figure 4-9 which
shows that the recycled catalyst and ionic liquid gave comparable results on 5-HMF
yields. For instance, the catalyst and the solvent retained a very high activity up to the
third cycle and tended to lose their activity slightly from fourth to fifth cycle. This

might be due to the retention of some 5-HMF or unreacted substrates in these cycles.
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Figure 4-9. Recycling of sulfated zirconia and [BMIM]CI
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4.6 Characterization of 5-HMF

The synthesised 5-HMF was characterised by *H NMR, $3C NMR and FT-IR and were
similar to previous data reported [333]. From the analysis of the 'H and 3C NMR
data, only 5-HMF was present indicating a purity >95%. In addition, the FT-IR data
indicated that the absorption bands were in agreement with NMR data as assigned in
section 3.3.2. All spectral data are compared with commercially sourced 5-HMF and

are presented in appendix 2.
4.7 Synthesis of some derivatives of 5-HMF

Some derivatives of 5-HMF were synthesised in order to select the optimal monomer
for treatment with montmorillonite clays for subsequent production of polymer-clay
nanocomposites. These derivatives were 2,5-FDCA and 2,5-BHMF which were
characterised by FT-IR and NMR spectroscopy and their spectra are shown in

appendix 3.
4.7.1 Synthesis of FDCA

Stated in the experimental section, FDCA was synthesised by oxidation of 5-HMF by
potassium permanganate in a solution of sodium hydroxide and a pale yellow solid
was isolated by filtration as the product. The product was characterized by NMR and

FT-IR spectroscopy.

4.7.1.1 Characterization of FDCA

The *H and 3C NMR results as assigned in section 3.4.1 were similar as to reported
values found in literature [65, 237, 347].

In addition, the expected FT-IR absorption bands were observed (section 3.4.1). The
C = O stretching vibration characteristic of the carbonyl group occurs at 1670 cm™ in
agreement with others [348]. Using the C = O stretching absorption resulting from that
of carboxylic acids occurs near 1760 cm™ [347]. This decrease may be attributed to

the conjugation effects of the carbonyl group with the unsaturation of the furan ring

115



N.M. Baba CHAPTER 4: RESULTS AND DISCUSSIONS

which decreases the bond order of the C=0 slightly and this leads to shifting of the
absorption band to a lower frequency [348].

The FT-IR peaks observed are summarised in Table 4-3 which are in agreement with
the values reported elsewhere [65, 237, 347, 349].

Table 4-3. Characteristic peaks of FDCA

Assignment Wavenumber / cm
C = O stretching 1670

C-H 3150, 3120

OH (Acid) 2700 - 3400

C = C (Furan ring) 1569

C — O —H bending (Acid) 1418

C — H bending and Furan ring 960, 851, 762

4.7.2 Synthesis of 2,5-bis (hydroxymethyl) furan (BHMF)

2,5-bis (hydroxymethyl) furan was synthesised by oxidation of SHMF using NaBH4
and KMnOs. The product was recrystallized in a refrigerator and a light yellow powder

and was characterized by NMR and FT-IR spectroscopy.

4.7.2.1 Characterization of BHMF

From the analysis of the *H NMR data, the BHMF was present indicating a purity
>90%. Furthermore, the FT-IR data confirmed the various functional groups
associated with BHMF as assigned by NMR. Both data assigned were presented in
section 3.4.2 and the spectra are in appendix 3.
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Therefore, this product will either serve as a monomer or diol for esterification
reactions and also will be treated with Na-MMT clay for an attempt to carry out an in

situ polymerization for the synthesis of polymer-clay nanocomposite.
4.7.3 Synthesis of dimethyl-2, 5-furandicarboxalate (DFD)

In order to establish if the intercalation of 2,5-FDCA with Na-MMT clay was due to
the acid functional group, the corresponding dimethyl dicarboxylate was synthesised
in excess methanol. An analysis of the 'H NMR results revealed that DFD was
obtained as the only product as confirmed by the assignment of the protons shown in
section 3.4.3 and the spectra in appendix 4.

4.8 Assessment of intercalation of monomers into clay

4.8.1 5-HMF and Na-MMT clay

An assessment of the intercalation of 5-HMF into a natural montmorillonite clay
(MMT) was conducted and the results obtained by XRD (Figure 4-10) are presented
in Table 4-4. The XRD pattern of the clay shows a strong basal reflection at 6.95° of
20 which from the Bragg equation (sin 6 = A/2d) corresponds to d (o1) of 1.271 nm
which is close to values usually reported for natural montmorillonite [257, 259, 261,
295, 308, 350-353]. After introducing 5-HMF into the solvent (ethyl acetate) and Na-
MMT clay, the contents were dispersed by the aid of an ultrasonic probe for 15
minutes. The corresponding doy) reflection of 5-HMF-Na-MMT appears at a lower
angle (4.30° of 26), indicating an increased basal spacing to 2.053 nm. This can be
attributed to the intercalation of 5-HMF into the Na-MMT galleries. The other
reflections such as that observed at 19.60° of 26 were not shifted by the introduction
of 5-HMF. Thus the inner sheet structure of the Na-MMT was not affected by the
intercalation and geometrical irregularities in the sample which are amplified at low
angles were not responsible for the displacement. It is often assumed that the
intercalating species, in this case 5-HMF is lying flat on the silicate surface, which

could maximise the electrostatic interaction [354].
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In order to be sure that ethyl acetate, the solvent used for intercalation of 5-HMF did
not play a part in the basal plane expansion, a control was used consisting of clay that
had been soaked in ethyl acetate without 5-HMF and subsequently dried in the same
procedure and then tested. XRD patterns of 5-HMF and Na-MMT /ethyl acetate were
obtained separately as shown in Figure 4-10. It was observed that the solvent in the
Na-MMT has been completely evaporated and gave exactly the doz) of as-received
Na-MMT.

Table 4-4. Maximum peak and d-spacing of Na-MMT and 5-HMF

Samples Maximum peak, Basal spacings,
20/degree dooz/ NM
Na-MMT 6.95 1.27
Na-MMT/EtOACc 6.95 1.27
Na-MMT, 5-HMF and 4.30 2.05
EtOAC
300 -
2.05 nm, 20 = 4.30°
z 400 A
S
= 300 - 1.27 nm, 20 = 6.95°
Z |
=7 i fl 1.27 nm, 20 =6.95°
5 00 0.44 nm. 20 = 20.16°
£ (a)
= 100 - {“\
W |1_ Fﬂ*ﬁumﬂ_hﬂ\“‘mw I:h}
0 “‘Wuﬂ" St (€)
0 10 ID 30
20/ Degree

Figure 4-10. XRD pattern of (a) 5-HMF, MMT and solvent (b) MMT and solvent (c)
MMT only

118



N.M. Baba CHAPTER 4: RESULTS AND DISCUSSIONS

4.8.2 FDCA and MMT clay

XRD was used to assess whether the monomer (FDCA) synthesized in this work
intercalated into MMT clay and the results are presented in Figure 4-11. From these
results, there was a slight increase of the basal reflection from 6.95° to 5.2° of 26 for
the clay after treatment with FDCA dissolved in DMSO, evaporated to dryness at
190 °C and then dried in a vacuum. The evaporation technique was applied considering
the boiling point of the DMSO in relation to that of the FDCA. As shown in
Figure 4-15b, the XRD pattern revealed an increase from 1.27 nm to 1.70 nm, an
increase of 0.43 nm relative to that obtained from as-received Na-MMT. Also, the
XRD pattern of MMT/DMSO revealed that the DMSO was not present within the
MMT galleries as there is not much difference with that of the MMT alone. Therefore,

this result indicates an intercalation of the diacid into the clay galleries by this

technique.
400 -
1.70 nm, 26 = 5.20°
1.27 nm, 20 = 6.95°
= 300 0.44 nm, 26 = 20.16°
3
O
2 | (@)
= 200 A 0.44 nm, 20 = 20.16°
= 27 nm, 26 =6.95
£ (b)
100 A
0.44 nm, 26 = 20.16°
(©)
0 - : '
0 10 20 30
2 0/Degree

Figure 4-11. XRD pattern of (a) FDCA/ MMT/ DMSO (b) MMT and (c)
MMT/DMSO
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4.8.3 BHMF and MMT clay

The synthesized BHMF was tested with Na-MMT clay to investigate if the monomer
would be incorporated into this clay. The XRD pattern in Figure 4-12 revealed an
increase in the basal spacing doy) from 1.25 nm to 1.67 nm when this monomer was
added to clay. Also observed on the XRD patterns are peaks at 26 = 10.85°, 15.75° and
21.7°. These are diffraction patterns associated with this monomer as they are present
on the XRD pattern of the monomer without clay (Figure 4-12). Based on this result,
intercalation of this monomer into the clay galleries is said to occur and this might
possibly lead to the production of polymer-clay nanocomposites by in situ
polymerization of the diacid (FDCA) synthesized earlier with this monomer.
Therefore, it is worth noting that this is the first investigation on the intercalation of

Na-MMT clay with BHMF: there is no reported literature on this.

400 - 1.67 nm. 20 = 5.29°
(a)
300 -

1.27 nm. 20 = 6.95°
(b)
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]
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2 B/degree

| )
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Figure 4-12. XRD pattern of: (a) BHMF/Na-MMT and (b) Na-MMT
4.9 Organically modified MMT

Organically modified MMT was synthesised (section 3.3.10) and characterised by
XRD and compared with that of the Na-MMT are presented in Figure 4-13. From
Figure 4-13 the d (0o1) Of the organo-MMT calculated from Bragg’s equation is about

1.94 nm for 26 = 4.55° compared with d (oo1) of the Na-MMT 1.27 nm for 26 = 6.95°.
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Therefore, this basal spacing increase indicates intercalation of the CTAB into Na-

MMT. This is due to ion-exchange of the organic ammonium cations of the CTAB

with Na ions of the MMT resulting in the expansion of the galleries [355].
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Figure 4-13. XRD pattern of: (a) Organo-MMT and (b) Na-MMT

4.10 FT-IR absorption spectra of modified MMT

The FT-IR absorption spectra of Na-MMT and organo-MMT clays were recorded and

are presented in Figure 4-14. It can be observed that an absorption band around 3620

cm ! was noted on both the Na-MMT and organo-MMT spectra. This is as a result of

the stretching vibrations of OH groups that are coordinated to Al-Al pairs [356]. Also

observed on the spectra are absorptions at 2919 cm™ and 2849 cm™ (Figure 4-14(a))

which are the characteristic bands of the CTAB which indicates that intermolecular

attractions occurred between the adjacent alkyl chains of CTAB in Na-MMT. This is

also confirmed elsewhere [357, 358]. Therefore, these observed absorption bands are
attributed to the organophilic modification of Na-MMT clay [359-361].
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Figure 4-14. FT-IR spectra of: (a) Organo-MMT and (b) Na-MMT
4.11 Polymers derived from FDCA

Initial polymerisation reactions were conducted at 200 °C using esterification and
polycondensation method (section 3.4.1). At the end of the polymerization reaction,
methanol was added to precipitate the polymer formed which was collected via
centrifugation. A fibrous polymer was obtained and after drying was characterized by

NMR, FTIR and TGA instruments. The reaction scheme is presented in scheme 4-1.

. 0
Y502 om 0GR »\@Z/Z?
—+ /\/\/
HO 0] 0
HO™ \ /= "o 160 - 200 °C \ /3
n

4

Scheme 4-1. Synthesis of poly (butylene-2, 5-furandicarboxylate) (PB-2,5-F)

4.11.1 NMR structure characterization

The *H NMR and *3C NMR spectra for the polymer product are presented in Figures
4-15 and 4-16. From Figure 4-15, it was observed that the resonance peaks of 3-H and
4-H of the furan protons appeared at 7.21 ppm and that at 4.38 is attributed to ester
OCH_> group. Also observed were two peaks due to OCH,CH-at 1.89 ppm as expected.
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In the $33C NMR spectrum (Figure 4-16), the C = O, C-2/C-5 and C-3/C-4 associated
with the furan ring were observed at 160.0, 147.8 and 118.5 ppm respectively. Also
observed are the carbon atoms associated with the ester at 65.0 ppm and 25.2 ppm
corresponding to OCH: and OCH.CH: respectively. These resonances were

comparable to those for the same polymer reported elsewhere [362].

From these results, it was concluded that the furan ring remained thermally stable in
the final product despite the extensive heating at 200 °C during the polymerization

reaction.

727
G

438
189

(@] 1 (o]
5 0.2
o
n
7

8

189+

16 12 8 6 4
Chemical shift/ppm

Figure 4-15. 'H NMR spectra of polyester from FDCA and 1, 4-butanediol in CDCls
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Figure 4-16. 1*C NMR spectra polyester from FDCA and 1, 4-butanediol
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4.11.2 FT-IR structure characterization

The resulting polymer synthesized from FDCA and 1,4-butanediol (BD) was
characterized by FT-IR. The FT-IR spectra shown in Figure 4-17 provided evidence
for characteristic absorptions of the furan ring at 3117, 1570, 1040, 975, 824 and
771 cm 1, and those of the ester carbonyl at 1722 cm “* which were all observed. This
also confirmed the results obtained from the NMR spectrum. The detailed functional

group assignments are presented in Table 4-5.

To ascertain the total elimination of the 1,4-butanediol from the polymer, the FT-IR
spectrum of 1,4-butanediol and FDCA was compared with that of the polyester product
as shown in Figure 4-18 and it can be seen that the absorption band of the OH group
present on the 1,4-butanediol (BD) spectra was absent on the polyester. This indicates

that the polymerization reaction proceeds and the expected product was obtained.
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Figure 4-17. FTIR spectrum of PB-2,5-F polymer from FDCA and BD
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Figure 4-18. FTIR spectrum of PB-2,5-F polymer, 1,4-butanediol and FDCA

Table 4-5. FT-IR absorption bands of polyester from FDCA

Assignment Wavenumber/cm
=CH 3117

C-H 2960, 2890

C=0 1722, 1785

C=C 1570

C-0 1270

Furan breathing 1040

Furan bending motion 975, 824, 771
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4.12 Polymers from FDCA and other diols

Further polymers were synthesised using different diols, 1,6-hexanediol, 1,8-
octanediol and the synthesised furan-based diol, BHMF (scheme 4-2). The products
were characterised by NMR and FT-IR spectroscopy as described for PB-2,5-F

polymer.

o ' o
o 1 o :
W Ho/\/\/\/OH Ti(OC4Hg)y o 5\0/2 o
HOO \ / ©oH * 160 - 200 °C » s
4 3
PH-2,5-F n

o 1 o
O 1
)&\5@72//2 oH Ti(OC4Ho)s o %
+ S _ -
HO \ / ©OH HO 160 - 200 °C s
4 3
n
PO-2,5-F
o ! o} i o 1 0 1
5 0.2 502 . 50,2 5. 0.2
Ti(OC4H) 2
Ho” (J o+ w0 Y on L TOBM o T o
P Pt 160 - 200 °C s e
n

PBH-2,5-F

Scheme 4-2. Synthesis of PH-2,5-F, PO-2,5-F and PBH-2,5-F polymers

4.12.1 NMR structure characterisation of PH-2,5-F, PO-2,5-F and
PBH-2,5-F polymers

NMR spectroscopy was employed to elucidate the structures of PH-2,5-F, PO-2,5-F

and PBH-2,5-F polymers and the results are presented below.

4.12.1.1 NMR spectra of PH-2,5-F polymer

The *H and ¥C NMR spectra of PH-2,5-F polymer are presented in Figure 4-19. The
peak at 7.12 ppm was attributed to 2H of the furan ring at H-3 and H-4 and that at 4.33
ppm was assigned to the 4H at OCH». The peak at 1.77 ppm was due to 4H of
OCH,CH>. Furthermore, a peak at 1.45 ppm was the methylene groups at
O(CH2)2CH,. The 3C NMR of this polymer revealed some peaks at 158.2 and 146.9
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ppm and these were attributed to C=0 and C-2/C-5 of the furan ring. The C-3 and C-
4 of the furan ring was observed at 118.4 ppm and the peaks at 65.4 ppm, 28.4 ppm
and 25.5 ppm corresponds to OCH2, OCH>CH>2 and OCH2CH2CH> respectively.
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Figure 4-19. *H and *C NMR spectra of PH-2,5-F polymer
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4.12.1.2 'H and *C NMR spectra of PO-2,5-F polymer

The H and *C NMR spectra of PO-2,5-F polymer are presented in Figure 4-20. This
polymer resembled that explained in section 4.10.2.2 in terms of its structural
characterisation by NMR. For instance peaks at 7.18 ppm and 4.31 ppm are associated
with the 2H of the furan ring and 4H of the methylene protons of OCH>CH>. The same
observation was made in terms of the 3C NMR in relation to other polymers, PB-2,5-

F and PH-2,5-F respectively.
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Figure 4-20. *H and 3C NMR spectra of PO-2,5-F polymer

4.12.1.3 'H and *C NMR spectra of PBH-2,5-F polymer

PBH-2,5-F polymer was characterized by *H and 3C NMR. From the results in Figure
4-21, it was observed that the *H NMR spectrum (Figure 4-21(a)) is characterized by
the presence of three singlet peaks at 7.26 ppm, 6.12 ppm and 4.33 ppm. The peak at
7.26 ppm is attributed to the 2H resonances at 3-H and 4-H of the furan ring and at
4.33 ppm is due to 2H of OCH.. Also observed on the spectrum is a chemical shift at
6.12 ppm and is attributed to the 3-H and 4-H due to the deshielding effect of the 2,5-
dicarbonyl groups on these protons..

For the =C NMR spectrum (Figure 4-21(b)), it was observed that this polymer consists
of six resonance peaks. The resonance peaks associated with the furan carbons were
observed at 154.6 ppm, 118.4 ppm, 147.0 and 107.4 ppm. These are attributed to C-
2/C-5, C-3/C-4, C-2'/C-5" and C-3'/C-4' respectively. Also observed are peaks present
at 158.9 ppm and 55.8 ppm. These corresponds to the resonances of C=0 and OCH?2
The higher chemical shifts for the resonances of C-2/C-5 and C-3/C-4 when compared
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with those for C-2'/C-5' and C-3'/C-4' carbons correlates with the *H NMR results of
this polymer which are due to deshielding effects of the 2,5-dicarbonyl groups on these
carbons as earlier reported.

All the assignments were similar with those established for similar 2,5-disubstituted
furan polyesters [237, 363].
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Figure 4-21. *H and **C NMR spectra of PBH-2,5-F polymer
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4.12.2 FT-IR characterisation of PH-2,5-F, PO-2,5-F and PBH-2,5-F

polymers

The polymers PH-2,5-F, PO-2,5-F and PBH-2,5-F (scheme 4-2) were characterised by
FT-IR and the results are presented in Figure 4-22. It was evident that they possessed
similar functional groups. For instance, all absorption peaks indicated the presence of
furan rings. For example, absorption bands were observed at approximately
3117 cm* and attributed to the =C-H groups of the furan rings of PH-2,5-F, PO-2,5-F
and PBH-2,5-F polymers respectively. The carbonyl, C = O, functional groups of these

polymers were observed at approximately 1722 cm™.
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Figure 4-22. FTIR spectra of PH-2,5-F, PO-2,5-F and PBH-2,5-F polymers

In order to ascertain that the polymerisation reactions proceed without any traces of
the OH functional group in the final products, FT-IR spectra of the polymers were
compared with the various diols and FDCA used in their synthesis and are presented
in Figure 4-23(a-c). It can be observed that in all the polymers produced, there was no

absorption band around the OH regions of the polymers spectra.
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Figure 4-23(a-c). FT-IR spectra of the polymers with their corresponding diols

Table 4-6. Assignments of the functional groups of the polymers

Wavenumber/cm
Assignment PH-25-F PO-2,5-F PBH-2,5-F
=CH (furan) 3117 3117 3117
C-H(CHy) 2939, 2858 2922, 2857 2937, 2859
c=cC 1574, 1509 1573, 1506 1572, 1500
C=0 1722 1722 1722
CcC-0 1274 1271 1271
Furan breathing 1043 1011 1040

Furan bending motion 967, 871, 772 967, 867, 774 962, 846, 764

In summary, the details of the functional groups found in these polymers are presented
in Table 4-6 which suggests that all the assigned groups are in agreement with the
proposed structures. Also, these assignments are similar to those reported by Jiang et
al [364].
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4.12.3 Elemental analysis

The values for elemental analyses of the polymers produced are given in Table 4-8 and
they indicate that the percentage hydrogens in all the polymers were slightly higher
than the theoretical values. This may be attributed to the residual moisture. It has been
reported elsewhere that residual moisture can cause these values to be slightly higher
than the calculated values [365]. Using the excess, the equivalent percentage of
residual water was calculated and found to be within ~ 0.1 wt. % - 0.2 wt. % for all the
polymers. These results are compared with water uptake experiments as reported in
section 4.12.9 which establish that the polymers are capable of absorbing up to 0.8

wt.% water.

Table 4-7. Elemental analysis results of the polymers”

% C % H % O™
Polymer Calculated Found Calculated Found Calculated Found
PB-2,5-F 57.14 53.53 4.80 4.90 38.06 41.57
PH-2,5-F 60.50 58.13 5.92 7.19 33.58 34.68
PO-2,5-F 63.66 64.21 441 4.56 31.93 31.23
PBH-2,5-F 65.12 64.92 3.90 4.13 30.98 30.95

* The manufacturer, Exeter Analytical Inc., authenticate the quotation of results to
0.01% and claim a typical deviation theoretical values of 0.03%

** Values calculated by difference

4.12.4 Tensile properties

The tensile stress, tensile modulus and elongation at break of polymers prepared from
2,5-furandicarboxylic acid and various diols (1,4-butandiol, 1,6-hexanediol, 1,8-

octanediol and 2,5-Bis-(hydroxymethyl)furan) designated as PB-2,5-F, PH-2,5-F,
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PO-2,5-F and PBH-2,5-F were determined using the Tinius Oslen H10KM/0348
testing machine. Examples of results obtained from these studies are presented in
Figure 4-24.
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Figure 4-24. Tensile properties of the four polymers synthesized in this work: (a)

Force-extension curve (b) Tensile strength-strain curve

Of the four polymers prepared, the elastic properties are similar but the PBH-2, 5-F
has a higher tensile failure stress compared to others and PO-2, 5-F possesses the least.
When compared with the strength of PET as reported elsewhere [366] the tensile

failure stress of these polymers was lower than that of PET and this can be attributed
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in part to the fact that a great deal of refinement to the synthesis is needed to obtain a
high and narrow molecular weight distribution. Such refinement is beyond the scope

of the present work.

It is normal practice for Young’s modulus of polymers to be obtained using an
extensometer which measures the elongation of the sample directly and eliminates
machine compliance. Unfortunately, an extensometer was not available for use during
the course of this investigation. Since the loads recorded in figure 4-24(a) are low, it
can be argued that machine compliance has minimal effect and a ‘nominal Young’s

modulus’ is recorded for the purpose of comparison.

These estimated Young’s modulus results are within the range reported for phenolic
resins (2.8 - 4.8 GPa) and polyester resins (2.1 - 4.4 GPa) [367]. The detailed results

obtained are summarized in Table 4-7.

Table 4-8. Some mechanical properties of polymers derived from FDCA

Polymers Tensile strength/MPa Young’s modulus/GPa Elongation at break (%)
Mean  95%" Mean  95%" Mean 95%" n"~
PB-2,5-F 19 1 2.9 0.1 2.0 0.1 5
PH-2,5-F 21 2 2.8 0.1 1.7 0.1 5
PO-2,5-F 19 2 2.6 0.1 1.8 0.1 5

PBH-2,5-F 21

3.0

0.1

11

0.2

*Confidence limit,  **Number of population
4.12.5 Water contact angle
The water contact angle gives an indication of hydrophobicity which in turn is related

to the number of permanent dipoles in the structure and hence to dielectric constant.
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This reveals how a water drop on a solid or liquid surface spreads. Water contact angle
iIs defined as the included angle that water makes with a solid surface or capillary walls

of a porous material when both materials come into contact [368].

As one of the aims of this research is the synthesis of hydrophobic polymers, contact
angle of the polymer surface was determined to study wettability and the results are
presented in Figure 4-25. The contact angle as measured with a protractor on printed
images of droplets such as those displayed in Figure 4.26 was 91° for PBH-2, 5-F
polymer (Figure 4-25). During the measurements of the contact angle, the advancing
angles were measured and not the receding angle. This is because the measurements
were conducted within 10-120 seconds and the formation of receding angles was
prevented by buffering the atmosphere to stop evaporation from the water droplets.
Therefore, the results suggest that the PBH-2,5-F polymer is slightly more
hydrophobic than the others based on their water contact angle measurements [368,
369]. In general, a material or surface is designated hydrophobic if the water contact
angle is greater than 90° but this is an arbitrary criterion. An angle less than 90°
corresponds to high wettability or hydrophilicity of the surface as illustrated in Figure
4-26. However, others have argued that 65° should be the criterion for hydrophobic
surfaces [370, 371]. As shown in Table 4-10, the other polymers: PB-2,5-F, PH-2,5-F
and PO-2,5-F also have contact angles close to 90° and therefore also fall into the

category of hydrophobic. The actual angles can be seen in Table 4-10.
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Figure 4-25. Water contact angle of: (a) PB-2,5-F (b) PH-2,5-F (c) PO-2,5-F and (d)
PBH-2,5-F
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Figure 4-26. Hydrophilic and hydrophobic surfaces based on contact angle [372].
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Table 4-9. Water contact angles of polymers derived from FDCA and various diols

Polymers Water contact angle/ °
Mean 95%" n"
PB-2,5-F 83 1 6
PH-2,5-F 85 1 6
PO-2,5-F 87 2 6
PBH-2,5-F 91 1 6
*Confidence limit **Number of population

4.12.6 Variation of contact angle with time

The relationship between contact angle and time was investigated and the results are
presented in Figure 4-27. The contact angles of the sessile drops were also measured
between 10-120 seconds and it was found out that PB-2,5-F, PH-2,5-F and PO-2,5-F
polymers have the same contact angles of 83° at 10s while PBH-2,5-F has an angle of
89°. This study revealed that the contact angles on these polymers increase slightly
with time as observed on different polymers [373]. The reason is that the approach to
equilibrium is slow: some authors have advised vibrating the sessile drop to obtain an

equilibrium angle [374].
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Figure 4-27. Water contact angle as a function of time of the various polymers

In conclusion, water droplets on these polymers rest on their surfaces with a high

contact angle which is stable in a 100% RH buffered atmosphere.

4.12.7 Capacitance and dielectric constant

Studies on the electrical properties of polymers are important for industrial
applications involving, for example, insulation of cables, encapsulates for electric

components, interlayer dielectrics, and printed wiring board materials [375].

In this work, the capacitance and dielectric constants were determined and Figure 4-
28 shows the frequency dependences of the capacitance of simple capacitors made
from the four polymers produced from FDCA and various diols. It can be observed
that PBH-2,5-F and PB-2,5-F polymers have almost the same capacitance values at
24-25 pF when compared to the remaining two polymers. The capacitance value for
PH-2, 5-F was lower than that of the others. These values of the capacitance were used

to determine the dielectric constants of all the polymers synthesised in this work.
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Figure 4-28. Capacitance of the four polymers derived from FDCA and diols

The dielectric constant or relative permittivity (er), was obtained from the capacitance
values of the various polymers using equation 3.4 in section 3.2.10. A frequency range
that avoided space charge effects from electroding and high frequency effects was
used. Permittivity is also useful in predicting other electrical properties of the polymers
[376, 377]. The results are presented in Figure 4-29 as derived from the capacitance-
frequency curves (Figure 4-28).

From Figure 4-29, it can be observed that PBH-2,5-F polymer has the highest value of
the dielectric constants among the four polymers with a dielectric constant of about
3.25 which is similar to the reported value for an analogous polyester, PET which was
3.4 [378]. The dielectric constants of PH-2,5-F and PO-2,5-F polymers were found to
be 2.7 and 2.6 while that of PB-2,5-F and PBH-2, 5-F polymers were 2.8 and 3.2
respectively. The dielectric constants of PH-2,5-F and PO-2,5-F in the range exhibited
by common thermoplastics such as polystyrene and acrylonitrile butadiene styrene
[379]. This variations in the dielectric constants can be attributed to the structure and

composition of the polymer which have strong effects on the dielectric constant [378].
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Figure 4-29. Dielectric constants of the four polymers derived from FDCA and diols

4.12.8 Water absorption

Water absorption tests were conducted on the polymers produced at different times
and the results are presented in Figure 4-30. It can be seen that all the polymers have
absorbed a significant but low amount of water rising to about 1% at saturation.
Among the four polymers produced, PHB-2, 5-F shows the least water absorbed
compared to others. After 14 days of immersion in water, this polymer was able to
absorb only about 0.8% water. This correlates with the contact angle value of this
polymer: it gave the highest contact angle of about 91° compared to others. Similarly,
PB-2, 5-F polymer was observed to have the highest water absorption value of 1%
after 14 days of immersion which correlates with lowest water contact angle as earlier
shown in Table 4-8. In general therefore, these polymers are able to absorb about 1%
of water when in contact with water for extended times during their potential

applications.

142



N.M. Baba CHAPTER 4: RESULTS AND DISCUSSIONS

1.2 -
S
=
2
2, 0.8 -
s
-§ 06 | PB-2,5-F
5 PH-2,5-F
g 0.4 - PO-2,5-F
PBH-2,5-F
0.2
0 ] ] ]
0 500000 1000000 1500000
Time/s

Figure 4-30. Water absorption of the polymers derived from FDCA and various diols

4.12.9 Thermogravimetric Analysis (TGA)

To anticipate the potential applications of the polymers produced, thermal stability and
degradation behaviour of these polymers are of great importance. Thus,
thermogravimetric analyses were conducted to assess their thermal behaviour and
stability. As shown in Figure 4-31, the first stage involves a mass loss of around 9 wt.
%, and corresponds to the vaporization of moisture, to desorption of water and to the
possible emission of volatile organic compound [380]. For PB-2,5-F polymer, the
TGA curves have a main weight loss onset at above 324 °C representing about 85% of
the total weight PB-2,5-F polymer, with a maximum degradation rate at 381 °C. Also
noted was a minor weight loss commencing at 200 °C which may be due to low
molecular weight fractions. In the region below 200°C there are fluctuations of the
weighing balance due to vibrations from adjacent equipment located in the same
vicinity. The other polymers (PBH-2,5-F, PH-2,5-F and PO-2,5-F) showed similar
thermal behaviour and both exhibit some weight loss at 300 °C. Among the polymers
synthesised, PB-2,5-F possessed the highest temperature of maximum degradation at
381 °C with a weight loss of 85% at that temperature. The decomposition and
maximum degradation temperatures of these polymers are summarised in Table 4-11.

These represent thermal degradation processes in helium at a rate of 10 °C/min. Also,
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it is observed that the polymers prepared from the aliphatic diols, maximum
degradation temperature decreased with increasing methylene number of the diols in
the following order: PB-2,5-F > PH-2,5-F > PO-2,5-F polymers respectively.
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O T T 1
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Figure 4-31. TGA traces of polyester from FDCA and various diols at 10°C/min.

Table 4-10. Decomposition and maximum degradation temperature of polymers

Polymer Decomposition/°C Maximum degradation /°C
PB-2,5-F 324 381
PBH-2,5-F 280 350
PH-2,5-F 287 346
PO-2,5-F 281 336

144



N.M. Baba CHAPTER 4: RESULTS AND DISCUSSIONS

4.12.10 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) of the polymers was obtained and the results
are presented in Figure 4-32. The DSC results of PH-2,5-F and PO-2,5-F polymers
(Figure 4-32a) exhibit an endotherm starting at 100 °C which ends at 125 °C. If the
area of these endotherms are converted to energy (J) then, using the enthalpy of
vaporization of water (2257 Jg* at 373 K), it corresponds to a loss of ~ 1 wt. % of
water which was in agreement with the water uptake results obtained in section 4.12.9.
The second endothermic peak comprises a shoulder at ~290 °C which is the crystalline
melting endotherm and correlates with the melting point determination (Section
4.12.3). This merges with the endotherm which ends at about 350 °C and is associated
with thermal degradation of these polymers and volatilisation of products. For PH-2,5-
F this is preceded by an exotherm and it is not clear what this represents. Exothermic
behaviour would be expected if oxygen was present but these tests are done in flowing
helium. PB-2,5-F and PBH-2,5-F polymers (Figure 4-32b) exhibit similar behaviour
in the region 100-125 °C corresponding to water loss but the second endotherms
involve much lower enthalpies. These results confirm the TGA traces and suggest that

the polymers have substantial thermal stability under these experimental conditions.
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Figure 4-32. DSC traces of: (a) PH-2,5-F / PO-2,5-F and (b) PB-2,5-F / PBH-2,5-F

4.12.11 XRD pattern of the polymer

The crystalline structures of polymers have a significant impact both on their

mechanical properties and biodegradability. Therefore, the presence of crystallinity in
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PB-2,5-F polymer was assessed by XRD. The XRD pattern as presented in Figure 4-
33(a) revealed some prominent reflections at 20 = 17.9° and 22.5°. This result suggests
that there might be a crystalline melting endotherm in the DSC trace of this polymer
[362].

4.12.12 Effect of grinding on XRD pattern of the polymer

The polymer produced (PB-2,5-F) was obtained as fibrous lumps of material and was
subjected to grinding by pestle and mortar in order to obtain a fine powder material for
XRD measurements. In order to control for the effect of grinding, a sample that had
not been ground was carefully placed into the XRD sample holder and tested. The
XRD patterns were almost identical (Figure 4-33) confirming that grinding the

polymer prior to XRD measurement had no effect on the trace.
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Figure 4-33. XRD pattern of: (a) ground (b) unground PB-2,5-F polymer
4.13 Polymer/Clay nanocomposites

4.13.1 XRD pattern of the polymer/clay nanocomposites

Assessment of intercalation and/or exfoliation of the polymer clay nanocomposites

produced by in situ polymerization of PB-2,5-F polymer was investigated by XRD
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(Figure 4-34(a)) from which it can be observed that the basal spacing (doo1) of the
nanocomposite was 1.45 nm (26 = 6.1°). In comparison with the XRD pattern of the
clay with basal spacing (doo1) of 1.27 nm (Figure 4-34(b)), this suggest the formation
of an intercalated nanocomposites. It can also be noted from Figure 4-34(c) that the

polymer without clay has no doo: reflection in the region 2-10° of 26.
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Figure 4-34. XRD pattern of polymer-clay nanocomposites (a), clay (b) and
polymer (c).

4.13.2 XRD pattern of polymer/clay nanocomposites prepared by
different methods

PB-2,5-F/clay nanocomposites were prepared by solution in ethyl acetate, in situ
polymerization and melt intercalation methods at 200 °C as described in section 3.6. It
was observed that the contents in the flask melted and then solidified on cooling at
ambient temperature. The solidified product was ground by pestle and mortar and all
the products obtained by the three methods were characterized by XRD and are

presented in Figure 4-35.
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Figure 4-35. XRD pattern of polymer/clay nanocomposites: (a) melt (b) in situ and

(c) solution methods

The XRD patterns of PB-2,5-F/clay nanocomposites made by melt processing (Figure
4-35(a)) revealed that there were no d (oo1) reflections above 2° of 20. This suggests
that an exfoliated nanocomposite was made by the melt processing method. However,
nanocomposites produced by in situ and solution methods revealed some doo1
reflections at 20 = 6.1° and 206 = 6.7°. The d-spacings of these nanocomposites
calculated from Bragg’s equation revealed a value of 1.45 nm and 1.32 nm for in situ
polymerization and solution methods respectively, thereby affording intercalated

nanocomposites based on the XRD measurements.

In summary, PB-2,5-F/clay nanocomposite prepared by in situ and from solution
methods revealed an intercalated polymer/clay nanocomposites and by melt method

an exfoliated nanocomposites was produced.
4.13.3 TEM images of polymer/clay nanocomposite

TEM was used to explore whether the nanocomposites were intercalated or exfoliated
as the results obtained by XRD alone cannot provide evidence of partial exfoliation.

The results of polymer/clay nanocomposite prepared by the melt method are presented
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in Figure 4-36. The TEM image indicates structures of light and dark stripes [261, 295]
with a spacing of about 5 nm. Obviously the exact spacing can only be deduced if the
clay layers are perpendicular to the beam but the XRD trace for this system (Figure
4.35(a)) gives no peaks above 20 = 2° which corresponds to 4.4 nm. The dark regions
represent layers that are not completely ordered intercalative structures but might be
seen as partially exfoliated with an orderly structure. Therefore, this results might
suggest that an exfoliated nanocomposite was prepared by melt intercalation method

as earlier proposed by the XRD results [381].

Figure 4-36: TEM image of Polymer/clay nanocomposite by the melt processing
method

Similarly, the TEM image of PB-2,5-F/Na-MMT nanocomposite containing 5 wt %
clay platelets produced by in situ intercalation method was obtained and the image is
presented in Figure 4-37. The silicate layers exist mostly as an ordered structure and
the arrows correspond to two spacings each about 4 nm. The XRD trace (Figure
4.35(b)) gives a broad and rather flat peak with maximum spacing 1.8 nm which would
produce a spacing of 4 nm in the TEM image if the plates were aligned at 27° to the

surface. This implies that an intercalated nanocomposite was obtained via the in situ
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polymerization technique which confirmed the results of the XRD as explained in
section 4.12.12 above.

Figure 4-37. TEM image of PB-2,5-F/Na-MMT nanocomposites by in situ

interaction .
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CHAPTER 5: CONCLUSIONS AND FUTURE
WORK

5.1 Conclusions

The overall conclusion from this research work is that it is feasible to manufacture
hydrophobic polymers and their composites from cassava as a starting material and in
so doing to extend materials markets towards bio-based resources and away from
mineral oil feedstock. This approach, in the context of the economies of sub-Saharan
Africa potentially realigns the agricultural and industrial economic sectors helping to
establish an integrated-sector-economy, providing a stronger relationship between
farmers and manufacturers, extending employment and thus providing social stability

in these regions of the world.

The first part of this work demonstrates that it is possible to use carbohydrates
particularly glucose and fructose to obtain 5-(hydroxymethyl) furan (5-HMF) via a
reactive vacuum distillation process (based on the boiling point of 5-HMF as 114 -
116 °C at 1 mbar) so that the chemical reaction and product separation take place
within a single vessel. This process provides an avenue whereby the production of 5-
HMF is conducted and separated with minimal use of volatile solvents and offers the
possibility of a semi-continuous industrial processes to produce 5-HMF as a precursor
for the production of hydrophobic polymers from biomass. The novelty in this part is
the dehydration of glucose and fructose using sulfated zirconia and BMIMCI ionic
liquid as solvent by the reaction distillation process which afforded 5-HMF as the main
product. This the first investigative research involving this catalyst and the solvent by
this method. Another novelty part was the intercalation of Na-MMT with the 5-HMF
affording an increased d-spacing of the clay from 1.27 nm to 2.05 nm determined by
Bragg’s equation from the XRD pattern. There was no report from literatures on the
intercalation of Na-MMT clay with 5-HMF prior to this report and this suggest that
the precursors derived from 5-HMF as monomers could potentially produce polymer-

clay nanocomposites.
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The second part of this work makes use of the 5-HMF for the production of derivatives
to serve as monomers for the synthesis of hydrophobic polymers by esterification. Two
monomers were synthesised and these are: 2,5-furandicarboxylic acid (FDCA) and
2,5-bis-(hydroxymethyl) furan (BHMF). FDCA was obtained at 80% yield by
oxidation of 5-HMF using potassium permanganate. A yield of 88% BHMF was
obtained by the reduction of 5-HMF using sodium borohydride (NaBHa) as reducing
agent. This product was synthesis so as to pave way for the synthesis of polymers that
encompass the starting materials: diacid and diol both derived from biomass sourced
carbohydrate via esterification reaction. Furthermore, these diols were treated with Na-
MMT clay and the results obtained indicate an intercalation of the clay with the
monomers. For instance, the d-spacing of the clay as determined from the XRD
patterns using Bragg’s equation increased from 1. 27 nm to 1.70 nm for FDCA and to
1.67 nm for BHMF respectively. Again, this is the novelty part of this research as there

was no reported literature on this.

The third part of this work was the polymerization of FDCA monomer with various
diols including BHMF as the reduction product of 5-HMF. The other diols used were
1,4-butandiol, 1,6-hexanediol, and 1,8-octanediol. The FDCA monomer was used to
produce polymers using these various diols namely:  poly (butylene-2,5-
furandicarboxylate) (PB-2,5-F), poly (hexylene-2,5-furandicarboxylate) (PH-2,5-F)
and poly (octylene-2,5-furandicarboxylate) (PO-2,5-F). Another polymer, poly (2,5-
furandimethylene 2,5-furandicarboxylate) (PBH-2,5-F) was produced from FDCA
and BHMF. Their structures were confirmed by *H NMR and FT-IR spectroscopies

after precipitation in methanol.

As one of the aims is the synthesis of hydrophobic polymers, the wettability of these
polymers was determined by water contact angle measurement. The contact angle on
PBH-2,5-F was 91° and this is the more hydrophobic. For the others, the angle was
just below 90°. Water uptakes during immersion were in the region of 0.8-1.0% for all

these polymers. Dielectric constant was comparable to that of PET.

Furthermore, the mechanical properties of the four polymers are similar but the PBH-
2,5-F has a higher tensile failure stress compared to the others and PO-2,5-F possesses
the least. The tensile failure stress of these polymers were lower than that of PET and
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this can be attributed in part to the fact that a great deal of refinement to the synthesis
IS needed to obtain a high and narrow molecular weight distribution. Similarly,
Young’s modulus of the polymers, obtained as ’nominal modulus’, were similar within
the range of 2.6-3.0 GPa comparable to that of PET.

Finally a study of the interaction between the monomers and Na-montmorillonite clay
was made. Results shows that 5-HMF, FDCA and BHMF were able to intercalate
between the clay layers which suggests that production of polymer-clay
nanocomposites are possible based on the in-situ polymerisation of intercalated
monomers. An attempt to produce polymer-clay nanocomposites from PB-2,5-F
polymer and Na-montmorillonite clay via the in situ polymerization technique
produced a polymer accompanied by increased basal spacing of the montmorillonite,
confirming that a polymer-clay nanocomposite had been prepared. This is also the
originality aspect of this project as there was no literature report on this type of

polymer-clay nanocomposites.

The success of this sequence of laboratory experiments provides sufficient confidence
for a materials production strategy based on derivatives of biomass in the form of
cassava and suggests the feasibility of scale-up, highlighting the areas of refinement
to the process that are needed.

5.2 Future work

5.2.1 Other sources of carbohydrate

Other sources of carbohydrates which can be obtained from biomass should be
explored to find an alternatives to fossil-derived chemicals. These sources includes
wastes crop residues such as sugar cane bagasse, wheat straw, rice straw and corn

stover which can serve as raw materials for the synthesis of glucose.

5.2.2 Other derivatives of 5-HMF

In addition to FDCA and BHMF, other derivatives of 5-HMF that can be obtained
from carbohydrate biomass are 2,5-diformyl furan (DFF) and 2,5-dimethylfuran
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(DMF). These derivatives could potentially provide vast arrays of important chemicals
and biofuels. It is suggested that effective approaches for their synthesis and potential
applications as bio-based materials and starting materials for polymers should be

investigated.

5.2.3 Molar mass determination of the polymers

It is of great importance for these polymers to be characterised by molar mass. Various
methods are available for the determination of molar mass of polymers. Some of these
methods are: (i) light scattering (ii) ultracentrifugation (iii) osmatic pressure (iv) gel
permeation chromatography (GPC) and (v) viscosity. Among these techniques, the
absolute method for molar mass determination are light scattering, ultracentrifugation
and osmotic pressure as they determine the molar mass of polymers directly. The other
two methods are GPC and viscosity which do not directly give the values of molar
mass and are termed as relative methods. These methods use calibration curves or
evaluation of unknown constants by first finding out the molecular weight of the

standard or reference polymers.

These methods with the exception of viscosity requires equipment which was not
available during the course of this work. Also, molecular weight of a reference
standard polymer was not published or established elsewhere. Therefore, molar mass
determination of these polymers should be investigated and most importantly
molecular mass distribution should be measured and the synthesis process
interactively developed to avoid low molecular mass fractions and increase overall

molecular mass in order to improve the mechanical and formability properties.

5.2.4 Mechanical properties of the polymers

Generally, polymers and nanocomposites exhibit mechanical deterioration over time
which affect their durability and long term performance. Therefore, detailed
mechanical behaviour and mechanisms of failure during creep and oxidative and UV
degradation should be investigated for future work. Furthermore, the mechanical
properties of the composites depends on the composite constituents as well as on the

interfacial strength between them. There is a need to determine their long term
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performance by the use of reliable tools to determine mechanical durability with the
aim of developing polymers and nanocomposites with enhanced mechanical properties
for a wide range of applications. Furthermore, other reinforcements such as graphene
or graphene oxide could be added to the polymers and their behaviour and properties
studied. Again, the volume fraction of reinforcing agents should be studied to find the
favourable amount that could provide a nanocomposites with much improved

properties.

5.2.5 Regulatory measures

Regulatory measures addressing climate change and environmental legislation should
be revisited so as to incorporate the use of biomass as a resource for bio-based
materials. This will encourage Governments to focus their attention and investments
in biomaterials research in order counter-balance the effects of oil price increase and
to safeguard their long term energy security.

Looking at the future, the use of biomass as a resource for bio-fuel and biomaterials
will diversify the economies of sub-Saharan Africa particularly Nigeria from
dependence on fossil fuel for their economic drivers and this will create more jobs for
the teaming unemployed population. Therefore the use of agricultural biomass will
realign the industrial and agricultural sectors. An agreement between Governments
and industries has to be made in order to assure availability and therefore sustainability

for this project.
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Appendix 1. Vacuum distillation apparatus

The vacuum distillation set-up in this work consisted of a rotary vacuum pump, a
condenser with coolant recirculation, a silicone oil bath and a hot plate. The hot plate
was fitted with a type K thermocouple inserted by drilling into the plate and its
temperature was controlled by a Eurotherm 815 programmable controller (Worthing
UK). Vacuum connection was via a needle valve (Ham-Let, Sussex, UK) with a ‘T’ to
another needle valve for air entry (labeled I and J respectively in Figure 5-1) and a
Bourdon-type pressure gauge. Valve A was opened slowly and the vacuum gauge
registered its lowest pressure which was 2.7 kPa. This was done several times until a
desired vacuum level was obtained. Needle valve B allows gas (air or nitrogen) to
bleed into the chamber.

Figure 5-1. Vacuum distillation set-up for glucose/fructose dehydration

Key: A: 100 ml round bottom flask. B: Oil bath set at predetermined temperature, C:
Hot plate with magnetic stirrer, D: Reflux condenser, E: Vacuum pump, F: 50 ml round
bottom flask for product collection, G: Thermometer, H: Pressure gauge, I: Valve B
and J: valve A.
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Appendix 2. NMR and FT-IR spectrum of 5-HMF
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Figure 5-2. 'H NMR spectra of 5-HMF synthesised
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Figure 5-3. 'H NMR spectra of 5-HMF: (a) commercially sourced and (b)
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Figure 5-4. 1*C NMR of synthesised 5-HMF
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Figure 5-5. FT-IR spectra of (a) commercially sourced and (b) synthesized 5-HMF
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Appendix 3. NMR and FT-IR spectra of FDCA
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Figure 5-6. 'H NMR of FDCA in DMSO-ds (500 MHz)
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Figure 5-7. 1*C NMR of FDCA in DMSO-ds (500 MHz)
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Figure 5-8. FT-IR Spectra of prepared FDCA.
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Appendix 4. NMR and FT-IR spectra of BHMF
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Figure 5-9. 'H NMR spectra of BHMF in CDCl3 (300 MHz)
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Figure 5-10. **C NMR spectra of BHMF in CDCl3 (300 MHz)
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Appendix 5. H and *C NMR spectra of DFD
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Figure 5-12. *H NMR spectra of DFD in DMSO-ds (500 MHz)
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Appendix 6. Analytical instruments

1. X-Ray Diffraction (XRD)

X-ray diffraction technique is used to determine the crystal lattice structure and the
spacing between atomic planes which will constructively interfere to yield peaks at
discrete angles. In another words, when a crystal is irradiated with X-rays that are
similar to the spacing of the atomic-scale lattice and at certain incidence angles, then
intense reflected X-rays are produced when the wavelengths of the scattered X-rays

interfere constructively as illustrated in Figure 5-14.

For the waves to interfere constructively, the differences in the travel path must be
equal to integer multiples of the wavelength which will results into a diffracted beam
of X-rays that will leave the crystal at an angle equals to that of the incident beam
[382].

A C
Incident x-rays Diffracied x-rays
A A A C’
A
A
B %
[ d:
d
y
b B »
Atomic-scale crystal lattice planes

Figure 5-14. Bragg's Law reflection. The diffracted X-rays exhibit constructive
interference when the distance between paths ABC and A'B'C’ differs by an integer

number of wavelengths (A).

To illustrate this phenomena, consider a crystal with crystal lattice planar distances d
(right). Where the travel path length difference between the ray paths ABC and A'B'C'
is an integer multiple of the wavelength, constructive interference will occur for a

combination of that specific wavelength, crystal lattice planar spacing and angle of
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incidence (0). Each rational plane of atoms in a crystal will undergo refraction at a

single, unique angle (for X-rays of a fixed wavelength).

The general relationship between the wavelength of the incident X-rays, angle of
incidence and spacing between the crystal lattice planes of atoms is known as Bragg's

Law, expressed as:

nAd = 2d Sinf---------------nnmeeeev (5.1)

Where n (an integer) is the "order" of reflection, A is the wavelength of the incident

X-rays, d is the interplanar spacing of the crystal and 0 is the angle of incidence.

Application of Bragg’s equation

In X-ray diffraction (XRD) the interplanar spacing (d-spacing) of a crystal is used for
identification and characterization purposes. In this case, the wavelength of the
incident X-ray is known and measurement is made of the incident angle (0) at which
constructive interference occurs. Solving Bragg's Equation gives the d-spacing
between the crystal lattice planes of atoms that produce the constructive interference.
A given unknown crystal is expected to have many rational planes of atoms in its
structure; therefore, the collection of "reflections™ of all the planes can be used to
uniquely identify an unknown crystal. In general, crystals with high symmetry (e.g.
isometric system) tend to have relatively few atomic planes, whereas crystals with low
symmetry (in the triclinic or monoclinic systems) tend to have a large number of

possible atomic planes in their structures.

In the case of wavelength dispersive spectrometry (WDS) or X-ray fluorescence
spectroscopy (XRF), crystals of known d-spacing are used as analyzing crystals in the
spectrometer. Because the position of the sample and the detector is fixed in these
applications, the angular position of the reflecting crystal is changed in accordance
with Bragg's Law so that a particular wavelength of interest can be directed to a
detector for quantitative analysis. Every element in the Periodic Table has a discrete
energy difference between the orbital "shells” (e.g. K, L, M), such that every element

will produce X-rays of a fixed wavelength. Therefore, by using a spectrometer crystal
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(with fixed d-spacing of the crystal) and positioning the crystal at a unique and fixed
angle (0), it is possible to detect and quantify elements of interest based on the

characteristic X-ray wavelengths produced by each element.

2. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance popularly called NMR spectroscopy is an instrumental
technique usually applied in structural elucidation and conformational analysis in
organic and inorganic compounds. It gives detailed information about molecules and
their environment based on the interactions of nuclear magnetic moments with
electromagnetic radiation. Therefore, this technique is a quantitative technique based
on the fundamental properties of magnetic resonance and according to quantum
mechanics, separation between energy levels are quantized. This resonance frequency
information on the chemical structure and the magnetic environment can be obtained
and also the information on the spin system because of the disturbance from
equilibrium. In NMR spectroscopy, magnetic resonance is exhibited by the presence
of a magnetic moment provided by the NMR with a non-zero nuclear spin and are

aligned with the magnetic fields applied in the form of radio frequencies

Therefore, in determining the structures of compounds by NMR, the samples are
subjected to the electromagnetic waves with various frequencies and those that
matched the frequencies of the nucleic or electrons are sent to the detector as an electric
signals. These signals are then recorded as plots of voltage as a function of time which
are converted to peaks as a function of frequencies by the mathematical method of
Fourier transformations as hydrogen and carbon nuclei represented as *H NMR and
13C NMR.

NMR samples are prepared as solutions in deuterated solvents and placed in 5 or 10
mm glass tubes. The tubes are inserted into a cryomagnet probe (Figure 5- 15) that are
positioned between the poles of an electro- or permanent magnet or inside a solenoid
of a superconducting magnet under liquid helium conditions as illustrated in Figure 5-
15 [383].
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Figure 5-15. Schematic diagram of NMR Spectrometer [383].

The schematic representation of the probe is illustrated in Figure 5-16. A Dewar vessel
is attached to the probe which holds the sample tube, the various sensor coils and the
conduits of the entire system. Attached to the Dewar vessel is a heater which controls
the probe and the samples at a prescribed temperature. Also attached to the Dewar are
two coils: RF lock-coil and the RF coil. The RF lock-coil is usually tuned to deuterium
as the reference nucleus and this provide the calibrating scale for the spectrum and the
RF coil for the nucleus under examination [383]. The probe is integrated by radio-
frequency transmitter and receiver coils and a spinner which spins the tube sample in
its vertical axis in order to average out the magnetic field inhomogeneity across all the

sample.

Therefore, the NMR spectroscopy is used as a quantitative method as the time domain
signals are directly related to the peak intensities in the frequency spectrum.
Furthermore, each frequency component corresponds to a peak at a specific frequency
and amplitude and its own line-width. The resolution of a NMR spectrum depends on
the atomic motions, i.e. faster molecular motions lead to sharper lines and higher
resolutions. As well, impurities like solid particles or viscous solutions can cause peak

broadening and degrade the quality of the spectrum [384].
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Figure 5-16. Schematic diagram of the probe of an NMR spectrometer [383]

3. Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy is an analytical technique that is used in the areas of determination
of molecular structure, identification of chemical species and also
quantitative/qualitative determination of chemical species based on their functional
groups. This technique is applied to organic and inorganic materials present in either
solid, liquids or gaseous states. It involves the interaction between an electromagnetic
field with a molecule such that the dipole moment of the molecule changes due to a
molecular vibration. This provides an idea of the structural characteristics of the
molecules based on the molecular vibrations produced by absorptions frequencies,
leading to distinctive physical properties produced by the spectrum. The different
absorption frequencies can provide information about a molecule such as linear or
branched chains, unsaturation, aromatics and various functional groups. Depending on
the number of functional group present in a given molecule, additional absorption
bands are observed which provide an avenue to possibly determine their location and
orientation within the molecular structure. This is because the peaks of some functional
groups tends to be displaced from their theoretical ranges as a results of the influences
from other functional group in the molecular structure, their spatial orientation and

entropy related effects.
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FT-IR spectrum is generated when an electromagnetic radiation adsorption occurs at
a frequency that correlates to the vibration associated with a particular chemical bond
within a molecule. When the number of electrons that are involved in bond formation
in a molecule are greater, then higher energy is required for the excitation of the
electrons to a higher energy level. This implies that the energy applied is proportional
to the frequency, therefore absorptions due to stretching vibrations are observed at
higher frequencies (wavenumbers) than the corresponding bending deformation
vibrations. Similarly, symmetric vibrations are easier to excite than asymmetric
vibrations. However, in terms of masses, the frequencies are inversely proportional
which suggests that light elements vibrate at higher frequencies than the heavy

elements.

The FT-IR spectrometer consists of an infrared source (S), a beam splitter (BS),
movable mirrors (M1 and M2) for frequency change and a detector as presented in
Figure 5-17. Thermally sourced infrared radiation is generated and sent to the beam
splitter, represented here as BS which takes the incoming infrared beam and divides it
into two optical beams. One beam reflects off of a flat mirror, M1 which is on a
mechanism which allows the mirror to move a short distance 2L away from the beam
splitter and the other beam is remitted to the movable mirror, M2. The movable mirror
M2 makes an additional distance x resulting in the entire distance moved by the
radiation 2L + x and directed onto the sample and subsequently to the detector which
records the intensity of the radiation as a function of the displacement x. This resulting
signal is called an interferogram which has the unique property that every data point
(a function of the moving mirror position) which makes up the signal has information
about every infrared frequency which comes from the source. As the interferogram is
measured, all other frequencies are also measured at the same time and Fourier
transformation by the computer displays the result as a frequency spectrum. The
frequency spectrum is scanned several times to reduce the noise and provide a greater
sensitivity and the unknown substances measured are compared with tables of spectral
data [384].
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Figure 5-17. Schematic diagram of an FT-IR instrument [384]

4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical technique that is applied in
polymer characterisation to determine the decomposition, thermal stability and
fractions of volatile components of polymers. This is achieved by measuring the
weight change of a polymer sample as a function of temperature or time. In this
technique, the polymer is subjected to a controlled heating while the weight loss of the
sample is recorded at the same time. The measurements are carried out in air or in an

inert atmosphere, such as helium or argon.

In addition to changes in mass of a polymer, some TGA instruments are capable of
measuring the temperature difference between the polymer sample and a reference
pans (differential thermal analysis, DTA) or the heat flow into the sample pan

compared to that of the reference pan (differential scanning Calorimetry, DSC)
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5. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry is a technique used to measure thermal properties
of polymers based on the rate at which they absorb heat energy compared to a reference
material. The technique takes advantage of the energy changes involved in the various
phase transitions of certain polymer molecules. This allows several properties of the
material to be ascertained; melting points, enthalpies of melting, crystallisation

temperatures, glass transition temperatures and degradation temperatures.

A heat flux differential scanning calorimeter is used in the experiment. This is one in
which a sample is heated along with a reference material with a known specific heat.
One of the criteria of this technique is that the sample and reference material remain
at the same temperature during heating. This can be achieved by setting the machine
to heat both the sample and reference material at a specific rate (In this experiment,
the rate is set to 10°C per minute). This allows the heat flux or difference in energy
input between the sample and reference to be measured. Maintaining a constant supply
of heat to both materials would not (unless the materials have the same heat capacity
at all points, which is unlikely) maintain a minimal temperature difference between
them. Instead, a computer is connected to the machine, and using the software and
various signals from the calorimeter, “decides” when to supply heat to either material.
This information is then dealt with by the computer software and presents it as a graph
of the energy changes versus the temperature. A standard DSC curve for a particular

polymer is shown in Figure 5-18.
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Figure 5-18. A standard output for a polymer from a DSC machine.
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From the diagram, it can be seen that a sudden upward jump in the curve signifies an
exothermic process. A sudden drop in heat flux indicates an endothermic process.

It is possible to approximate the heat flow into the sample holder using the following

equation:

T is the sample temperature, Ty: programmed block temperature and K: thermal

conductivity of the material.
I P 1| ———————— (5.3)

To is the initial temperature and q is the programmed heating rate.

The heat capacity is defined as the amount of heat energy required to raise the

temperature of a body by 1K. For a substance with a constant heat capacity:

OO e B — (5.4)

It is possible to derive an equation from equations 5.5 and 5.5 that forms the basis for

the DSC experiment as follows:

AT is the difference in temperature between the reference material and the sample.

The heat capacity is given as

Where C,, is the specific heat (Amount of heat required to raise the temperature of unit

mass by 1K).
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The enthalpy change for a given phase transition may be found by integrating over the
area in which the transition is seen to occur on the DSC plot. This change may be

described by the following integral:

Tf Tf
AH = [Cdt = j[—KAT de -------------------- (5.7)
7 q

T

Where the limits of integration Ti and Tr are the initial and final temperatures over
which the graph is integrated. Therefore it is the area under the curve that gives

information about the enthalpy changes involved in the various transitions.
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Appendix 7. Photographs of some of the equipment used

1. Bruker alpha FTIR

Figure 5-19. Alpha Bruker FTIR spectrophotometer

2. Siemens D500 X-Ray Diffractometer

Figure 5-20. Siemens D500 X-Ray Diffractometer
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3. Thermal analyser

Figure 5-21. Netzsch STA 449 F1 Jupiter thermal analyser

4. Centrifuge

Figure 5-22. Heraeus Biofuge Primo Centrifuge machine
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