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Abstract
The development and characterizationpofy(lactic acid)(PLA)/guineacor(Sorghum bicolor
husks particulates (GHP) composites as biodegradable or green composites was investigated to
serve as an alternative to the conventional polymers which ardegpsadable and are used for
short term periods before discarding. The GHP was treated witlurSdaydroxide (NaOH)
solution, 3 Aminopropyltriethoxysilane (APS) and a combination of both treatments but the
PLA was blended with Biomax Strong 100 and Polyethylene glycol (PEG) as impact modifiers.
Four formulations of the composites were producedirstly melt mixing using extrusion and
pelletizing before injection moulding. The GHP was characterized by density measurement,
thermogravimetric analysis (TGA) and Scanning Electron Microscopy (SEM).composites
producedwere characterized bgensitymeasurements and mechanical testing such as tensile,
impact, hardness and flexural tests. Others include water absorption test on all the composite
formulations to study its effect on the mechanical propeifies burial testvas usedo evaluate
the degadation of the compositesfizrential scanning calorimetry (DSC), dynamic mechanical
analysis (DMA) and thermogravimet@nalysis (TGA)were used foPLABM/GHP composites.
Scanning Electron Microscopy (SEM) wasedto studythe morphologyf the composes,
surfaces of water absorbed and soil buried specimens. The density of GHP lied between 1.45 and
1.46 gtm®, the TGA showed that GHP hadsBep degradatiomt 30-100°C, 2406340°C and
above 348C while that of PLABM/GHP showed a omstep degradation andxhibited a
maximum degradation temperature3&{PC. The ash contents at 6@ showed an increase with
increase in GHP contefte density results of PLAP, PLABM, PLPG and PP and their
composites lied between 1:2640 g/cni,1.281.36 g/ci, 1.291.40¢g/cnt and 0.961.12 g/cnd

respectively. Theresults of thetensile strengthand elongation at breakhowed a general

vii



decrease with increase in GHP content. The unreinforced matrices exlMilgtest tensile
strengthswith maximum of57.13MPa and minimumof 25.88MPaas compared with various
composites having a maximum of 45.48MPa and minimum of 16.63VWiRa.results of the
tensile modulus on the other hand showed a general increase as the GHP content was increased.
The tensile modulus for the unreinforaadtrices had a maximum of 2294.12MPa for PLAP and

a minimum of 733MPa for PPThe morphological study of the tensile fractured surfaces
revealed brittle failuréor PLA matricesbut ductile failurefor PP matrix composites. The water
absorption test showeal general increase in water absorption as GHP was increased from 0 to
40%. The maximum water absorption for the composites at 40% GHP were 11.36%, 12.46%,
21.12% and6.8% for PLAP, PLABM, PLPG and PP composites respectively while the
unreinforcedmatricesabsorbed water to the tune of 0.53%, 0.92%, 1.93% and 0.3% for PLAP,
PLABM, PLPG and PP respectively. The degradation test showed increase with GHP content.
The weight losses for the unreinforced matrices were 0.36%, 0.20%, 0.46% and 0.08% for
PLAP, PLABM, PLPG and PP respectively while at 40% GHP content for the ALKSIL treated
composites, the weight losses were 5.05%, 24.16%, 14.83% and 1.65% for PLAP, PLABM,
PLPG and PP composites respectively. The surface morphologies after soil burial revealed
significant erosion and deep holes in most of the specimens due to the actions of microorganisms
in the soil. From the DSC results, the glass transition temperature (Tg) of PLABM Y&aaréd

melting temperature (Tm) was 1% The storage modulus results shovaedeneral increase

with GHP contentThe composites produced were light in weight, biodegradable and can be

usedfor products intended for shetérm use omdoorapplications

viii



Table of Contents

DECLARATION ittt r e e e e e e e ettt bt b b e e e e e e e e e eeee bbb bb e e e e e aeeeeeeenbenannnns iii
CERTIFICATION ittt e oo e e e ettt et bbb e s e e e e aaeeeeessbbaa e e e e eaaeeeeennnnns iv
Y 0153 1= ox ST PR PPPPPPPPPPPPN Vi
TaDIE OF CONLENES.....eeeiiieii ittt e e e e r et e e e e s bbb r e e e e s s e nnbe e e e e e e e e nnnneees iX
LIS OF FIQUIES .. e e e e e et e e e e e e e e e e e e e e e e e e e e e e s esaesaaaeaasaaaanns XV
LISE OF TADIES ...ttt e et e e e e e et e e e e e e e e ann s XXi
LIST OF PIALES ... eeeeiiieetee ettt e e et e e e e e e sk e e e e e e e e an b b e e e e e e e e rnn e e e e e e an XXil
[ R oY Y o] o 1] o o o1 T PSP PPPPPR PP xXiii
F o] o] (=Y F= 11 o] OO P PP PPPPPP P XXV
SYMDOIS....c et e e e e e e e e e r e e e e e e e s XXX
CHAPTER ONE ...ttt s et e e e e e e et ettt bbb ar e s e e e e e eeeeeestbbba s e eeeaaaeeeees 1
1.0 GENERAL INTRODUCTION ..ottt e et ee b s s e e e e e e e eeeeeben s 1
1.1 Guineacorn Sorghum DICOION...........oooi i e e e e e e e e e e 8
1.2 AIM @GN0 ODJECTIVES. ...ttt e et e e e e e e s bbb e e e e e e e e bbb e e e e e e e e e nnnees 9
IR TN = T Vol (o [ o 11 ] o TSNS 10
1.4 JUSHITICALION ...ttt e e e e et e e e e e e e e e e e e e e e e e e e e reeeeeenn 11
1.5 SCOPE OFHE RESEAICH......eiiiiiii e e e e e e 11
1.6 Contribution t0 KNOWIEAGE........ciiiiiiiiiiiiiie et e e e e e e e 13
CHAPTER TWO .ottt e e e e e e e e et e e ee bbb e e e e e e e e e eeeeeenban s 14



2.0 LITERATURE REVIEW ..ttt ettt e e e e e e e e e e e a e e s e s 14

2.0 POIYIMES. ...cooiiiiiiiiee et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaa 14
A N N I T 0 o ] = 1 1o R 14
2.1.2 ThermoSetting POIYMELS.......coo et e e e e e e 15
2. 1.3 ElBSIOMELS ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e aan 15
B2 = 10T o To] 1Y/ .4 1= T ¢SSR 15
2.2.1 Naturally occurring Biodegrad@POIYmMErS...........ccoo e a e e 18
2,200 SEAICHL . e e e e e e e e e e e e e e a e 19
2.2.1.2 SOY Protein PlastiC (SPR).....cccco ittt e e e e e e e e e e e e e e e e e s e aaanes 20
2.2.2 Biodegradable Polymers Derived from Renewable ResQuUICES..............ccceeeeeiiiiiiiiiieieen, 21
2.2.2.1 POIY(IACHIC @CIA) (PLA). . ettt ettt e e e s e e e e e s s r e e e e e e e nnnneees 21
2.2.2.2 PolyhydroxyalkanoatesS (PHA) ... 23
2.2.3 Biodegradable Polymers Derived from PetroleUm...........ceevevieiiiiiiiiiiiiiiieeeeeee 24
2.2.3.1 POlycaprolacCtone (PCL)........c.uuuiiiieeeiiiiiiiee ettt e e e e a e e e e e nneees 25
2.2.3.2 Poly(butylene SUCCINALE) (PBS)........icuuurriiiieiiiiiieiee ettt e e e neneees 25
2.3 Polymer Matrix COMPOSItES (PMCS)...uuiiiiiiiiiiiiiiiiieee e e e 26
2.3.1 Bio/GreeN COMPOSIEES ....oiiiiiiieeee et e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaeas 28
2.4 LigNOCEIIUIOSIC MALEITAIS. .....ceeeiiiiiieie ettt e e e e e e e nneees 30
2.4.1 Advantages and Disadvantages of Lignocellulosic fibres/filers............ccccooviiiiiiiiinnnnnnn. 30
2.4.2 Surface Modification/Treatment of Lignocellulosic materials..............cccccooo e 31
2.4.2.1 Physical methods for surface ModifiCation.............ccuuveiiiiririiiiiiiee e 32
2.4.2.2 ChemiCal METNOUGS. ........oiiiiiiiiie et e e e e e e nneeee s 34



2.5 Previous WOFK QONE...... ..ottt e et e e et e e e e e e e e aaaaeaaaaeeaeeaseaaeaaaaaaaannnnnnnnen 39

2.5.1 AgroFlours/Fibres reinforced nesiegradable/petrolewtmased Polymers.........oovvvvveeeeeeeenn. 39
2.5.1.1 AgreFlours/Fibres reinforced Thermoset POIYMELS..........uuuviiiieiiiiiieeiiiiieeeieeeieeeeeeeee e, 39
2.5.1.2 AgreFlours/FibresReinforced Thermoplastic POIYMErS...........cccviiiiiiiiiiiiiiieeeeeeeeee 44
2.5.2 Agre Flours/Fibres Reinforced Biodegradable Polymers (Green Compasites).................. 50
2.5.2.1 Poly (butylene succinate) (PBS) MaALliX..........uuuuriiimiiiiimiiiiriieirieriiesieeeeaeeaeaeeeeeesseesssessaaanans 52
2.5.2.2 Poly(Caprolactone) (PCL) MAtliX..........cooiiiiiiiiiiic e ree e e e e e e e e e e e e e e e aaaaaaa e 54
2.5.2.3 Polyhydroxyalkanoates (PHA) MatliX..........cuuiiiiiiiiiiieieeiiiiiiiiie e e e e e 55
2.5.2.4 Poly (lactic acid) (PLA) MaAtriX.........cooeiiiiiiii e rrrr e e e e e e e e e e e e e e e 56
2.6 Mechanical properties Of DIBCOMPOSILES...........uuuuriiiiiiiiiiiiiiirrerreer e e e 59
2.7 Thermal properties Of DIGCOMPOSITES........ccuuiiiiiie et 63
2.8 Water absorption of DIGCOMPOSITES.........ocuiiiiiiie e 66
2.9 Biodegradation of DIGCOMPOSILES...........cccooiiiiii e a e e e e 67
2.10 Biodegradable composites based on poly (IaCtic Cid)..........cuvveeieeiiiiiiiiiieee e 70
2.11 Agrowastes or lignocellulosic materials as reinforcing fillers............ccccccoviiiiieeiic 43
2.12 Studies on sorghum and StWaSTES...........oooiiiiiiii e rr e s e e e e e e e e e e e eeaeesaeeee o O
3.0 MATERIALS AND METHODS ...ttt e et e a e e 78
I A 10 F= =] = TP PUPR PP 78
G 37 o |1 o LT o RO SOPURSPRPPRY
R V11 g o o R3OS PPPPPRPI 80
3.3.1 Preparation of Guineaco®ofghum bicoloyhusks particulates (GHP)...........cccoooiiiiiiieennnn. 80

Xi



3.3.1.1 AlKali (ALK) trEatMEIIL. .....ceii it eieitt e e e e e e e e e e e 80

3.3.1.2 Silane (SIL) trEALMELLL..........uuuuiiiiiiiieiieee e e e e e e e e e e e e e e e e e s e e e s e e e s e e s e s anaearrrrrrrreesees 81
3.3.1.3 Combination of Alkali and Silane (ALKSIL) treatMment...........ccccvvvviiiireeeierieeiieeiieeeeeeeeeeenn, 81
3.3.2 Compounding of COMPOSItE MALEIIALS...........oeviiiiiiiiiieii e 82
3.3.3 INJECHION MOUITING. ....eeeieeiiiiitee ittt e e e e e e e e s e e e e e e e ne e e e e e a3
3.4 PRYSICAl PrOPEITIES...cceiiiiiiiiiiiiie et e e e e e e e e e e e aaaaaaaaaaaead 84
3.4.1 DENSILY MEASUIEIMEIIL ... .uuuiiuttuuittietieererereeeeerrererretetaataaaaaaaaaaaasaaassaaassaaaasssssnnssssssssssrssssnseees 84
3.4.2Water ADSOIPLION TESL....eiiiiiiiiitiiii ettt e et e e e et e e e e e e s nnn e e e e e e e annree s 84
3.4.3 SOl BUFAI TESE...ceiiiiiieiiieie ettt ettt e et e asb e e e e s e e e et e e e anne s 85
3.5 MECHANICAI TESHING ...ceiiiiiieiiieiie e e e e e e e e e e e e e e e aaaaaaaaaaeead 86
I A =T 0 = (o OO PP POPPPPRPPPTPPP 86
3.5.2 FIBXUIAI TESL...cci e ittt e e et e e e e e e e e e e e et r e e e e e e e e nnnee e 87
TR B o To [N 10 0] o T ot 1= =Y PP PRPRPRRR 89
.54 HAIANESS TESL....eeeeeieeiiiite ittt e e e e et e e e e e st e et e e e e e s bbb e et e e e e e e bbb n e e e e e e eann 90
3.6 THEIMAI @NAIYSES. .....eeiiiiiiiiee et e et e e e s st e e e e e e e e e e aeens 91
3.6.1 Differential scanningalorimetry (DSC)........cooooiiiiiiiii e a e a1
3.6.2 Dynamic mechanical analysisS (DMA).........cooo e aaaaaaa e 92
3.6.3 ThermogravimetriC @analySIS (TGA). .. .uce i ittt e e e e aannes 93
3.7 Scanning Electron MICrOSCOPYSEM) .......c.uuiiiiiiiiiiiiiiiiiie et 93
CHAPTER FOUR .. ettt e e e e e e e et ettt bbb e e e e e e e e e eeeeseeneanns 93
4.0 RESULTS AND DISCUSSION... ..ottt sttt e e e e e eaaaes s e e e e s s e e eeeesrrnnanneeeeas 93
4. 1Filler CharaCteriZatiON ............ooieiiiiiiiiiiea e e ettt e et e e e e e et e e e e e s aabb e e e e e e e s e snsbaneeeeeesanes 93

Xii



I 1= 11T TP PPRPPPPPPO 93

4.1.2 Thermogravimetric ANAIYSIS (TGA) ...um i 95
4.1.3 Morphological study Of GHRP.........ouviiiiiei e 98
4.2 CompOoSIteS CharaCteriZAtION...........uvreiiiee et e e e e e e e e e s e e e e e e 101
4.2.1 PRYSICAl PIrOPEITIES. .....eeeeieieiiiitte et e ettt e e e e s e e e e e e st e e e e e e e nnn e e e e e e e e nnnnnes 101
R R 0 1= 71 Y/ 101
4.2.2 MeChaNICal PrOPEItIES. ... ..ttt e e e e e e e e e e e e e e e e e e e s e e e s s e e s s e e see s nnaanennees 105
4.22.1 TeNSIE SIENQGLL...... e e e e ra e e e e e e e e e e e aanes 105
4.2.2.2 TENSIE MOAUIUS. ....coeiiitiiieieee et e e e e e e e 116
4.2.2.3 Elongation at Break (EB)..........cuiiiiiiiiiiiiieeie e 124
4.2.2.4 FIEXUral STrENGLNL.....coiiiiiiiieii e e e e e e e e e s e ee s 129
4.2.25 FIEXUIal MOUUIUS......cooiiiiiiiiei ettt e e e e s es 134
4.2.2.6 HAIANESS. ...ttt ettt ekt e e et e e e e e e e 138
4.2.2.7 120d IMPACE STFENGLN......eeiiiiiiiiie e e e e e e e e e e 144
4.2.2.8 MOrphologiCal STUAIES .......cciiiiiiiiiiiii e s 150
4.2.3 Water @abSOIPLON TESL.... ..o r e e e e e e e e e e e e e e e e e e e e s e e e s e e e e e e e s e eaannannes 156
4.2.3.1 Morphological study after water abSorptian............eeeeeeiieiiieiiiiiiiiiieeee e, 166
4.2.4 Mechanical properties after water abSorptian............cc.uevviiiiiiiiiii e 173
4.2 4.1 TENSIIE SIrENQGLNL....coi it e e e s e e e e s s r e e as 173
4.2.42 TeNSIE MOUUIUS.........ceiiieiieee ettt s e e e e e s e e e e e e e nanes 177
4.2.4.3 Elongation @t Dre@k (EB)........ccuuuiiiiiiiiiiiieiee ettt e e 181
4.2.4.4 FIEXUral STENGLNL.....coiiiiiiiiiiii e e e e e r e e e e s s annneeeeas 186

Xiii



A.2.4.5 FIEXUIAI MOAUIUS........ooeeeeeee et ettt et e et et e e et e e e e e e e e e e eeenns 190

4.2.46 120d IMPACE SITENQGLN......eiieiieeieeeeee e 194
4.2.5 SOOIl DUIAT TEST. ..t 200
4.2.5.1 Surface morphology after soil burial...............ooooiiiiiiiii e 206
4.2.6 TNEIMAI PrOPEITIES. ... .eeeeiiieiiiitt ittt e e e e e e e e e e e e e e e e e e e s annn e e e e e e e e nnnnees 213
4.2.61 Differential Scanning Calorimetry (DSC)........ccocoiiiiiiiiiriiirererer e e e e e aae e 213
4.2.6.2 Dynamic Mechanical ANalysSiS (DMA)......ueiiiiiiiiiiiiiieiieee e 218
4.2.6.3 Thermogravimetric ANAIYSIS (TGA). .. e ittt 227
CHAPTER FIVE ..o e ettt e e e e e e e e et e e ee b e e e e e e e e aeeeeeennnenaans 233
5.0 CONCLUSION AND RECOMMENDATIONS ... 233
ST I Oo ] [od 1§11 o] o IO PP PPPPPPPOPPRRPPP 233
5.2. RECOMMENUALION. .....eiiiiiiiiiiiiii ettt e et e e e e s e e e e e e e e e e e e s sas b b e e e e e e e e annnnreeeeeas 235
REFERENCES. ... oottt e e e ettt et et bbb e et e e e e et et eeeebb e e e aeaeeeeeennnens 236

Xiv



List of Figures

Figure 2.1:.Classification of BIOPOIYMEL...........oooviiiiiii e 18
Figure 2.2: chemical structure of StarChl..............eiiiii e 20
Figure 2.3: Synthesis and structure of PLA...........oooiii e 23
Figure 2.4: Genall StruCture Of PHAS.........ooviiiiiie e errr e 24
Figure 2.5: Synthesis and Stru@wf PCL ... 25
Figure 2.6: CarbondioXide SEERIIAtiON...........ccceiiiiiiiiiiiiieeee e e 51
Figure 3.1: Dumbbell specimen for tenSile tESt..........uueiiiiii e 87
Figure 3.2: FleXUNaeST SPECIMEN.........uuiiiiiiiiiiiiiii ettt 89
Figure3.3: IMpact t€St SPECIMEN......ccci i i eeee e emen 90
Figure 4.1: Density of Guineacorn Husks Particulates against various treatments......... 94
Figure 4.2aWeight loss and derivative weight of UNTRD GHP against temperature.....96
Figure 4.2b: Weight loss of treated and untreated GHP against temperature................. 96
Figure 4.3: Density of PLAP/GHP against filler content for various treatments............. 101
Figure 4.4: Density of PLABM/GHP against filler content for various treatments.......... 101
Figure 4.5 Density of PLPG/GHP against filler content for various treatments............. 102
Figure 4.6: Density of PP/GHP against filler content for various treatments................. 102

Figure 4.7: Tensile strength of PLAP/GHP Composites against filler content for various
LUL=TE 1 1< 0 T TSP PPTTRRRPPPTIN 105

Figure 4.8: Tensile strength of PLABM/GHP Corspies against filler content for various
LTV L0 0[] 0TI PP 106

Figure 4.9: Tensile strength of PLPG/GHP Composites against filler content for various
LUL=TE 1 01T 0 T TP PPTTRRUPPPITN 106

XV



Figure 4.10: Tensile strength of PP/GHP Composites against filler content for various treatments
Figure 4.11: Tensile Modulus of PLAP/GHP Composites against filler content for various
LULETE U 1T 01 PPP TR RRPPPRI 117

Figure 4.12: Tensile Modulus of PLABM/GHP Composites against filler content for various
LUEST= 11 LT 1 PP 117

Figure 4.13: Tensile Modulus of PLPG/GHP Composites against filler content for various
LUCETE U 1T 01 PPP T SRPPPRI 118

Figure 4.17: Elongation at Break of PLPG/GHP Composigiesnst filler content for various
TPEALIMENTS . ...ttt et e n e e e et e e e e e e e et smaer e e e e e e e e e e e e ena s 125

Figure 4.18: Elongation at Break of PP/GHP Composites against filler content for various
TPEALIMENTS . ...ttt et e n e e e et e e e e e e e et smaer e e e e e e e e e e e e ena s 125

Figure 4.19: Flexural Strength of PLAP/GHP Composites against filler content for various
LUL=TE U 1] I P TUPPPPPTTRTRRPPPII 129

Figure 4.20: Flexural Strength of PLABM/GHP Composites against filler content for various
TPEALIMENTS . ...ttt et e n e e e et e e e e e e e et smaer e e e e e e e e e e e e ena s 129

Figure 4.21: Flexural Strength of PLPG/GHP Composites against filler content for various
LULETE U 01T 0 T TSP PP PRRPPPIT 130

Figure 4.22: Flexural Strength of PP/GHP Composites against filler content for various
LT 10 0[] 011U 130

Figure 4.23: Flexural Modulus of PLAP/GHP Compos#gainst filler content for various
LUEST2 1L 0[] 1P 134

Figure 4.24: Flexural Modulus of PLABM/GHP Composites against filler content for various
L0210 TS 01 £ 135

Figure 4.25: Flexural Modulus of PLPG/GHP Composites against filler content for various
LTV L0 0[] 011U 135

Figure 4.26: Flexural Modulus of PP/GHP Composites against filler content for various
LUST 100 01T 1 136

XVi



Figure 4.27: Rockwell Hardness values of PLAP/GHP Composites against filler content for
VAITOUS TrRALMENTS ... uittiiiieie e e e e e e e e ettt ettt rrne e e e e eeeeeeeeeeesesbnnsn s mmmeeeeeeennnes 139

Figure 4.28: Rockwell Hardness values of PLABM/GHP Composites against filler content for
VANOUS TTEALMEINTS . ... uuutiiiiiiiiiiiiie e ettt ettt e e e e e e e e e e e s s rmme e e e e e e e e e e e s s s s nnns s s nnaes 139

Figure 4.29: Rockwell Hardness valudsPLPG/GHP Composites against filler content for
VAITOUS TrRALMENTS ... utitiiiiiie et e e e e e e e e e ettt rrne e e e e e e e e eeeeeeeseebnnsn s mmmeeeeeeenenes 140

Figure 4.30: Shore D Hardness values of PP/GHP Composites against filler contenbta vari
LT 110 0[] 011U PPP PP 140

Figure 4.32: I1zod Impact strength of PLABM/GHP Composites against filler content for various
LUEST= 11 TS 11 PP 144

Figure 4.33: 1zod Impact strength of PLPG/GHP Composites against filler content for various
LUEST= 11 TS 11 PP 145

Figure 4.34: 1zod Impact strength of PP/GHP Composites against filler content for various
LUL=TE U 1] I P TUPPPPPTTRTRRPPPII 145

Figure 4.35: Water absorption curves of unreinforced matrices.............ccoccovceeeervenennns 156
Figure 4.36a: Water absorpticarves of PLAP/GHP Composites at 10% filler content...156
Figure 4.36b: Water absorption curves of PLAP/GHP Composites at 40% filler cantert57
Figure 4.37a: Water absorption curves of PLABM/GHP Composites at 10% filler cont&b7
Figure 4.37b: Water absorption curves of PLABM/GHP Composites at 40% filler cont&b8
Figure 438a: Water absorption curves of PLPG/GHP Composites at 10% filler conteni58
Figure 4.38b: Water absorption curves of PLPG/GHP Composites at 40% filler conterit59
Figure 4.39a: Water absorption curves of PP/GHP Composites at 10% filler cantent..159
Figure 4.39b: Water absorption curves of PP/GHP Composites at 40% filler cantent..160

Figure 4.40: Tensile strength of PLAP/GHP Composites agiiestcontent for various
treatments after water absorption for 30 days..........ccoeeeiviiiiiccciii e, 173

XVii



Figure 4.41: Tensile strength of PLABM/GHP Composites against filler content fousari
treatments after water absorption for 30 days...........cc.uuvrriiiimeeiiiiiiii e 174

Figure 4.42: Tensile strength of PLPG/GHP Composites against filler content for various
treatments after wat@bsorption for 30 dayS.........ccovviiiiiiiiiiiiieee e 174

Figure 4.43: Tensile strength of PP/GHP Composites against filler content for various treatments
after water absorption for 30 dayS.........cooeviiiiiiiiiiicce e 175

Figure 4.44: Tensile Modulus of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coevviviiiiieeee e 177

Figure 4.45: Tensile Modulus of PLABM/GHP Composites against filler content for various
treatments after water absorption for 30 days...........ccuuuvirmiiimrmiiiiiiii e 178

Figure 4.46: Tensile Modulus of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days...........ccuuuvrriiiimemiiiiiiii e 178

Figure 4.47: Tensile Modulus of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coovvvviiiiieee e 179

Figure 4.48: Elongation at Break of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........cc.uuvrrmiiimemiiiiiiii e 182

Figure 4.49: Elongation at Break of PLABM/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coovvvviiiiieee e 182

Figure 4.50: Elongation at Break of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days...........cuuvviriiiimmriiiiiiiiii e 183

Figure 4.51: Elongation &reak of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days............oovvviiiiiiee e 183

Figure 4.52: Flexural Strength of PLAP/GKI®mposites against filler content for various
treatments after water absorption for 30 days...........cuuvviriiiimmriiiiiiiiii e 186

Figure 4.53: Flexural Strength of PLABM/GHP Composites against ibntent for various
treatments after water absorption for 30 days.............uuuvreiiiimemiiiiiiiiiiii e 186

Figure 4.54: Flexural Strength of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days.........cccoeeeviiiiiiccciii e, 187

XViii



Figure 4.55: Flexural Strength of PP/GHP Composites against filler content for various
treatments after water atyption for 30 days...........ccccuviiiiiiiiiiree e 187

Figure 4.56: Flexural Modulus of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days..........cooovviviiiiieeee e 190

Figure 4.57: Flexural Modulus of PLABM/GHP Composites against filler content for various
treatments after water absorption for 30 days.............uvvrmmiiimemiiiiiiii e 190

Figure 4.58: Flexural Modulus of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coevviviiiiieeee e 191

Figure 4.59: Flexural Modulus of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........ccuuuvirmiiimrmiiiiiiii e 191

Figure 4.60: 1zod Impact strength of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........ccuuuvrriiiimemiiiiiiii e 194

Figure 4.61: I1zod Impact strength of PLABM/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coovvvviiiiieee e 195

Figure 4.62: 1zod Impact strength of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days...........cc.uuvrrmiiimemiiiiiiii e 195

Figure 4.63: I1zod Impact strength of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days...........coovvvviiiiieee e 196

Figure 4.64: Weight loss against filler content of PLAP/GHP Composites due to soil burial after
G T 0 T 11 1 201

Figure 4.65: Weight loss against filler content of PLABM/GHP Composites due to soil burial
After 3 MONTNS ... et e e e e e serr et e e e e e e e e e e ns 201

Figure 4.66: Weight loss against fillesrdent of PLPG/GHP Composites due to soil burial after
G T 01T 11 1 202

Figure 4.67: Weight loss against filler content of PP/GHP Composites due to soil burial after 3

70} 11 S 202
Figure 4.68: DSC thermogram for unreinforced PLABM..............coovviviiccciiiiie e, 213
Figure 4.69a: DSC thermograms for UNTRD PLABM/GHP Composites.............cc........ 214

XiX



Figure 4.69b: DSC thermograms #K treated PLABM/GHP Composites..................... 214

Figure 4.69c: DSC thermograms for SIL treated PLABM/GHP Composites................. 215
Figure 4.69d: DSC thermograms for ALKSIL treated PLABM/GHP Compoaosites........... 215
Figure 4.70: DMA curves for unreinforced PLABM.............cooiviiiiiiiimmme e 218

Figure 4.71a: Loss modulus against temperature of UNTRD treated PLABM/GHP Composites

Figure 4.71b: Loss modulus against temperature of ALK treated PLABM/GHP Compdites
Figure 4.7&: Loss modulus against temperature of SIL treated PLABM/GHP Composi22§

Figure 4.71d: Loss modulus against temperature of ALKSIL treated PLABM/GHP Composites

Figure 4.72a: Storage modulus against temperature of UNTRD PLABM/GHP Compog&ip&s

Figure 4.72b: Storage modulus against temperature of ALK treated PLABM/GHP Composites

Figure 4.72c: Storage modulus against temperatugdlofreated PLABM/GHP Composit@23

Figure 4.72d: Storage modulus against temperature of ALKSIL treated PLABM/GHP
(7o) 3] 001571 (== PSSP 223

Figure 4.73: Weight loss and derivative weight of unreinforced PLABM against tempe2aire
Figure 474a: Weight loss of UNTRD PLABM/GHP Composites against temperature...228
Figure 4.74b: Weight loss of ALK treated PLABM/GHP Composites against temperat228
Figure 4.74c: Weight loss of SIL treated PLABM/GHP Composites against temperatuf29

Figure 4.74d: Weight loss of ALKSIL treated PLABM/GHP Composites against tempetafure

XX



List of Tables

""""""""""""""

Table 3.1: Listofequipmeété é é é é e € e e e ééééééeceeeeéeéeéé. 78

Table 32: Compositions of the investigated untreaaed treated samples...........ccccccoeeeend 33
Table 4.1: Summary of TGA data for GHRP..........cooooiiiiiieee e 96
Table 4.2: Summary of DSC data for PLABM/GHP COompositeS......cccooeeveeeeevieeecceeenn. 216
Table 4.3: Summary for the loss modulus Curves of PLABM/GHP Composites........... 221
Table 4.4: Summary for théssage modulus of PLABM/GHP composites at 3D)(........... 224
Table 4.5: Summary of TGA data of PLABM/GHP COmMpOSIteS.......cceeeeiveeeeeiiieeeiciien. 230

XXI



List of Plates
Plate I: SEM micrograps of treated and untreated GHP............cccoooiiiiiicceiiiiiiiiee e, Q9

Plate II: SEM micrographs for tensile fractured surfaces of PLAP/GHP Compasii0% GHP

GH P e e 151

(C] o | PP PP T PUPPPPPPRRIN 152
Plate V: SEM micrographs for tensile fractured surfaces of PP/GHP Composites at 10%3GHP

Plate VI: SEM micrographs showing surfaces of PLAP/40% GHP Composites after water
AbSOrption fOr 30 AYS........civiiiiiiiiii et e e e e e ae e e 167

Plate VII: SEM micrographs showing surfaces of PLABM/40% GHP Composites after water
ADSOrPLioN fOr 30 DAYS......coiiiii it eree e e e e e e e e s eeee e e 168

Plate VIII: SEM micrographs showing surfaces of PLPG/40% GHP Composites after water
AbSOrption fOr 30 AYS........coviiiiiiieii e e e e e e aneer 169

Plate IX: SEM micrographs showing surfaces of PP/40% GHP Composites after water
ADSOrptioN fOr 30 TAYS......cooiiiiiii e e e e e e e eeee e 170

Plate X: SEM micrographs of PLAP/40% GHP Composites after three months of soil BO6al

Plate XI: SEM micrographs of PLABM/40% GHP Composites after three months of soil burial

Plate XIII: SEM micrographs of PP/40% GHP Comesafter three months of soil buria09

XXIi



List of Appendices

Appendix A: Density values of trmmposite formulations.............cccoeeeeiiiiiieeeiiie e, 260
Table A 1: Density Of COMPOSITES. .......uuuiiiiiiiiiiii ettt 260
Appendix B: Mechanical Properties of COMPOSILES.............uuuurrmimimmmiiiiiniiiiireeeeeeeeeeee e 261
Table B 1: Mechanical properties of PLAP and PLAP/GHP composites.............cc.cc..... 261
Table B 2:Mechanicalrpperties of PLABM and PLABM/GHP composites..................... 262
Table B 3: Mechanical properties of PLPG and PLPG/GHP compasites...................... 263
Table B 4: Mechanical properties of PP and PP/GHP composites...........cccccevvcmrerennns 264
Appendix C: Mechanical prop@ss after water absorption test.............oooeeeiiieeee e 265

Table C 1: Mechanical properties of PLAP and PLAP/GHP composites after water absorption
Table C 2: Mechanical properties of PLABM and PLABM/GHP composites after water
ADSOIPLION. ... ettt e e e e e e e e e e e e e e e e e 266

Table C 3: Mechanical properties of PLPG and PLPG/GHP composites after water absorption

Table C 4: Mechanical properties of PP and PP/GHP composites after water absorptid68

Appendix D: Composites degradation by soil burial test after 3manths....................c... 269
Table D 1: Weight losses of all the composite formulations..............cccoovvieeeiiiiieeeenen. 269
Appendix E: Water absorptidest after 30 days...........ccvvveeeiiiiimmmiiieeee e 270
Figure E 1: Water absorption of PLAP/GHP Composites for UNTRD samples............ 270

Figure E 2: Water absorption of PLAP/GHP Composites for ALK treated samples......270
Figure E 3: Water absorption of PLAP/GHP Composites for SIL treated samples........ 271

Figure E 4: Water absorption of PLAP/GHP Composites for ALKSIL treated samples.271

XXlii



Figure E 5: Water Absorption of PLABM/GHP Composites for UNTRD samples......... 272

Figure E6: Water Absorption of PLABM/GHP Composites for ALK samples................ 272
Figure E 7: Water Absorption of PLABM/GHP Composites for SIL sasipl.................... 273
Figure E 8: Water Absorption of PLABM/GHP Composites for ALKSIL samples.......... 273
Figure E 9: Water absorption of PLPG/GHP Composites for UNTRD samples............ 274
Figure E 10: Water absorption of PLPG/GHP Composites for ALK samples................ 274
Figure E 11: Waterlasorption of PLPG/GHP Composites for SIL samples..................... 275
Figure E 12: Water absorption of PLPG/GHP Composites for ALKSIL samples........... 275
Figure E 13: Water absorption of PP/GHP Composites for UNTRD samples............... 276
Figure E 14: Water absorption of PP/GHP Composites for ALK samples..................... 276
Figure E 15: Water absorption of PP/GHP Composites for SIL samples.............ccc.eeee. 277
Figure E 16: Water absorption of PP/GHP Compos$tesLSKIL samples..............c........ 277

XXV



3-APS

AA

ALK

ALKSIL

ASTM

BF

BM

BP

CEN

CG

CPE

CSP

DDGS

DM

DMA

DMTA

DSC

DTG

EB

EPO

Abbreviations
3-Aminopropyltriethoxysilane
Acrylic acid
Alkali treatment
Alkali and Silane treatment
American ®cietyfor TestingandMaterials
Bamboo fibre; Bamboo flour, Bagadsiere
Biomax strong 100
Bamboopowder; Bagassparticles; Bagassgowder
European committee fotandardization (French: comité Européen de
Normalisation)
Coffeeground
Chlorinated Polyethylene
Coconutshell particulates
Distillers dried grains with solubles
Maximum degradation
Dynamic mechanical analyser
Dynamic mechanical thermal analyser
Differential scanningCalorimetry
Derivative thermogravimetric
Electron beam; Elongation at break

Epoxidized palm oll

XXV



FTIR

GHP

GPa

HDPE

ISO

KF

KFRC

KN

LDI

LDPE

MA

MAPP

MDI

MEKP

MFB

MMT

MPa

Mw

NaOH

OPA

OPF

PALF

Fourier transform infraed spectroscopy
Guineacorn huskgsarticulates
Giga Pascal

High density Polyethylene
International standard organization
Kenaf fibre

Kenaf fibre reinforced composites
Kilonewton

Lysine diisoscyanate

Low density Polyethylene

Maleic anhydide

Maleic anhydride Polypropylene
Methylene diphenyl diisoscyante
Methyl ethyl ketone peroxide
Medium length bamboo fibre
Montmorillonite

Mega Pascal

Molecular weight

Sodium hydroxide

Oil palm ash

Oil palm fibre

Pineapple leaf fibre

XXVi



PBAT Poly(butylene adipateo-terephthalate)

PBS poly(butylene succinate)

PBSA Poly(butylene succinateo-Adipate)

PC Polycarbonate

PCL Polycaprolactone

PE Polyethylene

PEG Polyethylene glycol

PEg-MA Polyethylenegrafted maleic anhydride

PEO Polyethylene oxide

PET Polyethylene terephthalate

PF Phenol formaldehyde

PGA Polyglycolic acid

PHA Polyhydroxyalkanoate

PHB poly(3-hydroxybutyrate)

PHBV poly(3-hydroxybutyrateco-3-hydroxyvakrate)

PKS Palm kernel shell

PLA Poly(lactic acid)

PLABM Poly(lactic acid) blended with Biomax strong 100
PLAP Pure Poly(lactic acid)

PLPG Poly(lactic acid) blended with Polyethylene glycol
PMC Polymer matrix composite

PP Polypropylene

XXVii



p-PLA
PS
PU
PVC
RH
RHA
RHDPE
RHF
rpm
RPP
SBP
SCB
SEM
SF
SIL
SLS
SP
SPC
SPI
Tc
Tg

TGA

PlasticizedPoly(lactic acid)
Polystyrene

Polyurethane

Polyvinyl chloride

Rice husk

Rice husk ash

Recycled high density polyethylene
Rice husk filler

Revolution per minute
Recycled polypropylene
Sugar beet pulp

Sugacane bagasse
ScanningelectronMicrosmpy
Soy flour

Silane treatment

Sodium laulryl sifate

Soy protein

Soy protein concentrate
Soy protein isolate
Crystallinity temperature
Glasstransition temperature

Thermogravimetric analysis

XXVIii



T™m

TPS

TPU

UNTRD

upP

uv

VHDPE

WEF

XPS

Melting temperature
Thermoplastic starch
Thermoplastic polyurethane
Untreated

Unsaturated polyester

Ultra violet

Virgin high density polyethylene
Wood fibre; Wood flour

X-ray phot@lectronspectroscopy

XXIX



%

CO,

glent

H.O

J/m

°C

Symbols

Percentage

Carbon IV Oxide

Storage Modulus

Loss Modulus

Gram per cubic centimeter

Water

Joule per meter

Degree celcius

Loss factor

weight percent

Crystallinity

XXX



CHAPTER ONE

1.0GENERAL INTRODUCTION

Synthetic polymeric materials have been extensively used globally bechatiseir excellent
chemical, physical and mechanical properties. Therefore, they have various forms and serve in
many roles which make it almost impossible to imagine just one day without @Gmmddet al.,
2012;Obasi, 2012). The versatility is the resonfor their use in a wide range of applications
such as packaging, structural (building materials), transportation, electrical components,
biomedical and consumer products. Themultiuse of plastihsegotheir unique capability to be
manufactured to Bet very specific functional needs for consumers as well as being cheap, not
susceptible to loss of strength when wet and they improve product protection. (Lee, 20@T; Pilla

al., 2007).

Plastics are prevalent in almost every human activity. Howekier, €xpansion in use has
become a source for concern due to their negative impact on the environment especially where

they are used for a short period of time before discarding (Lee, 2007; €oald2012).

Plastics waste, especially plastics packgdhat float or litter the oceans, rivers, seas and lakes
are a major threat for birds, fish and other animals in those habitats (Lee, 200t Rilla
2007). Worldwide, about one half of all discarded plastics come from packaghait of this,
almog athird of them come from singlesedpackaginghatare discarded soon after use (Lee,

2007).



Production and expenses of plastic materials grow an average of 9% each year and production
has grown from 1.5 million tons in 1950 to 245 million tons in@0Boudaet al.,2012). With

the increase in global population, approximately 140 million tonnes of synthetic polymers are
produced worldwide every year to meet growing demaRdsniraj and Doble, 2005; Rudeekit

et al.,2008;Leja and Lewandowicz 2010; Nampoothiret al, 2010). Since most plastics take a
longtime to decay in nature due to their resistance against action of microorganisms and other
environmental factors, disposing thefter use is dig problem. Recycling and reusing are the
processes to reduce the environmental pollution caused by postconsumer plastic materials
(Goudaet al.,2012) but this strategy of reuse has limitations because recycled plastics do not
possess the same properties as their virgin counterparts and cannoedoen usimilar
applicatiors as their properties are known to deteriorate wheaycling (Pillaet al., 2007).
Furthermore, the conventional plastics are obtained from petroleum resources which are
considered to be finite and are decreasing every year tpadipressure to conserve these
resources (Pilleet al., 2007, Pillaet al., 2008 Yu et al., 201Q Liu et al.2012; Srubarlll et
al.,2012). Studies had shown that waste wood in the form of wood flour (WF), fibres or pulp is

suitable as filler for polyolefin matrix composites.

The lck of degradabilityof conventional plasticand the closing of landfill sites as well as
growing water ad land pollution problems have led goowing concerrs about plastics which

makes it necessary to find a solution and prevent accumulation of thousands of tonnes of solid
wastes every year. Awareness of the waste problem and its impact on the envirdnasent
awakened keen interest in the area of degradable polymers leading to increasing demands to

develop materialsvith little or no burdenon the environment§hahet al., 2008; Goudaet al.,



2012). Biodegradable polymers developmeatfer a possible solubn to wastedisposal
problems associated with traditional petroledenived plastics (Mohantgt al., 2000). These
materials are designed to degrade under environmental conditions or in municipal and industrial
biological waste treatment facilities (Gou@d al., 2012). Other environmental benefits of
biodegradable plastics include less greenhouse emissions, renewability of the base materials,
sustainable, biocompatible, reduction of dependency on the depleting fossil fuels, they, are CO
neutral and their egradation products are ntoxic to the environment (Pillat al.,2007;Pilla

et al.,2008;Yu et al.,2010; Wanget al.,2011).

There are numerous biodegradable polyni¥ien deVelde and Kiekens, 2002hich mainly
include aliphatic polyesters such d3oly (Capolactone) (PCL), Poly (Butylen&uccinate)
(PBS), Poly (Butylen&uccinateco-adipatg (PBSA) (Jiang and Zhang, 2011), Poly (lactic acid)
(PLA) (Rudeekitet al., 2008) and other aliphatic gmlyesters and aliphat&romatic ce
polyesters suclas poly (butylene adipatm-terephihalate) (PBAT) (Jiang and Zhang, 2011).
The most popular and important biodegradable polymers are poly(lactic acid) (PLA),
poly(caprolactone) (PCL), polyethylene oxide (PEO), pocly@roxybutyrate) (PHB),

poly(butylere adipate terephthalate) (PBA&hd polyglycolic acid (PGA) (Baedt al.,2013).

One of the most interesting bimsed polymers is poly (lactic acid) (PLA), an aliphatic pggr

which is made from plants and is readily biodegradable which was devdlpEeive as an
alternative to conventional polymers such as polyethylene (PE), polypropylene (PP),
polyethylene terephthalate (PET) and polystyrene (P8l et al., 2007; Pillaet al., 2008;
Carrascceet al.,2010; Wanget al.,2011) It is the only themoplastic polymer based on natural

resources which can be produced with a capacity of over 140,000 tonnes peBajeand
3



Mussig 2008;Lim et al., 2008; Ranjanet al., 2013; Senawiet al.,2013). In general, PLA is
synthesized by ringpening polymerization of lactide and lactic acid monomers, which are
obtained from the fermentation of sugar beet, corn, sugar cane, potatbjieigbérget al.,

2003; Pilla et al., 2007; Pillaet al.,2008Yu et al.2010;Anuaret al., 2012at.iu et al.,2012).

PLA, in addition to beindgiodegradable, has some notable properties which are comparable to
those of the conventional polymers and can substitute them in many ways, such as in packaging,
barriers for saitary products and diapers, planting, disposable cups and plates and others
(Fortunatiet al., 2010; Wang et al., 2011; Liu et al., 2012). Also, PLA has high modulus,
reasonable strength, good heat sealability, claloty, emission of greenhouse gasesl dow
amount of energy used for its productidcmocompatibility etc (Pillaet al., 2007; Pillaet al.,

2008; Yuet al.,2010). However, it has some limitations such as high cost compared to the costs
of conventional thermoplasticand brittleness which lwver its widespread applicability and

competitiveneséPilla et al.,2007; Limet al.,2008 Pillaet al.,2008.

The stiffness and brittle nature of PLA can be overcome by use of plasticizers to improve its
elongation and impact propertidgungbergetal., 2003;Oksmaret al.,2003 Renet al.,2006.

A number of low molecular weight compounds have been employed as plasticizers which serve
as impact modifiers for PLA, for example, glycerol, Biomax strong (it et al., 2012),
Triactine, Tributyl citrée(Ljungberget al.,2003 Renet al.,2006), poly (ethylene glycol) (PEG)
(Plutaet al.,2006 Mat Taibet al.,2010, citrate esters, partial fatty acid ester, ethylene oxide
(Sawalhaet al., 2010). Essentially, theplasticizerswere used to lower the glass transition

temperatur€Tg), increase ductility and improve the processibility of PLA (Rasal.,2010).



In order to tailor theost ofmaterials and engineer the materials properties, development of bio
composites offered a convenient approach (Pdtaal., 2007). As a result of growing
environmental awareness, agiters which are basically lignocellulosic materials have been
used aseinforcing fillers in thermoplastic composite materials (Yanhgl.,2004).These natural

fillers are especially being sought because they are inexpensive, are able to minimize the
environmental pollution. They also have a high impact upon economitisefonoplastics while

a general improvement in certain properties is also achieved (&taalg, 2004; Tserkiet al.,

2005). The main advantage of lignocellulosic materiatscompared tonineral fillers is their
environmental friendlinesd €erkiet al.,2005). Theuse ofthese materials expected toeduce

waste deposit volume while undergoing degradation in a landfill and would be a possible
sustainable solution to the uifiserkiettla2005Pija of t h
et al.,2007; Fakhrul and dlam, 2013 The benefits offered by lignocellulosic materials such as
wood flour, rice husk flour, wheat straw, bagasse, kenaf, sisal etc. include making the final
product light (Husseinsyah and Zakaria, 2011), decreasing the wear ofchmeng used, low

cost, biodegradability (Obasi, 2012) and absence of residues or toxic byprodamgset al.,

2004) They are also abundant, renewable and generally of low density (&satkP006a).

However,the main disadvantage encountered during the incorporation of natural lignocellulosic
materials into polymers is the lack of good interfacial aimebetween the two components
which results in poor properties of the final materidhgunatharet al., 2012; Mohama&asidi

et al., 2014). It has been observed that lignocellulosic fillers in composite materials do not
disperse easily in thermoplastic polymer such as polyolefin and biodegradable polymer as it

tends to agglomerate duritige compounding proces3he low compatibility and poor adhesion



between filler and polymer lead to the low mechanical and thermal properties of the bio
composites (Kimet al., 2007)The polar hydroxyl groups on the surface of the lignocellulosic
materials have difficulty in foning a well bonded interface with a npolar matrix, as the
hydrogen bonds tend to prevent the wetting of the filler surfaces thus leagiogrtmechanical
properties and high water absorptifFserki et al., 2005; Tserkiet al., 2006a; Tserkiet al.,

2006k Gelfusoet al.,2011;, Reddyet al.,2013; Nedjmaet al.,2014).Interfacial interactions can

be improved by different kinds of physical (corona, plasma, lasér;radiation) and chemical
(esterification, silane treatment, sodium hydroxigleatmentsHlalasz and Csoka, 20l hese
methods are usually based on the use of reagents which contain functional groups that are
capable ofbeing bonced to the hydroxyl groups of the lignocellulosic material, while
maintaining good compatibility witthe matrix. Interfacial compatibilization improves the stress
transfer between the two components and leads to the improvement of mechanical and physical

properties of the produced composites (Tsetldl.,2005).

A careful study of our environment presenvarious forms of environmental pollutants
(generally plastic wastes) which are scattered almost everywhere. Some of these items include
6packaged6 waawayrpacksaptastie (disppsabtelackps and spoons, empty plastic
containers for water ansoft drinks etc. These items have one thing in common whialsés;

and discard immediatelyWhile efforts have been made to control these items in the
environment especially by applying the 3Rs i.e. Recycle, Reuse and Remove, it has not been
very effecive. Example of Reuse can be seen where some of these containers for water and soft
drinks are picked by the | ocals to package

for sale. The 6packagedd water s aapositesby have

S
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incorporating agraesidues by some academics while other items are picked by locals to sell to

some companies for recycling. However, these have not been very effective in removing these
discarded items from the environment as not all carebgcled, reused or remaleAs such,

many find their wayinto nearby rivers or seas which poses a serious danger to the animals in

those habitats. Others find their way into drainages which could eventually lead to flood as it

could block water ways for ée flow of rainwater. Similarly, some others find their way under

the soil which could cause difficulties in the future especially when the area is to be developed.
There is therefore, an urgent need to find a lasting solution to the problems posed by

comnodities that are used for a short period of time and discarded almost immediately after use.

Furthermore, agricultural crop residues such as Corn cob, Oil palm leaves, Palm kernel shell,
Coconut coir and shell, Pineapple leaf, Banana leaves, Sugar cane bagasse, Rice husk,
Guineacorn husk/stalks, wheat straw, Empty fruit bunch etc. are produbébioims of tonnes

around the world. They can be obtained in abundance, low cost and are renewable sources of
biomass. Among these large amount of residues, only a small quantity of the residues is applied
as household fuel or fertilizer while anotherlditportion is consumed by animals and the rest
which is the major portion of the residues is either left to rot on the farmlands or burned in the
field. As a result, it gives a negative effect on the environment due to the air pollution it would
generate Sahariand Sapua@011). The vital alternative to solve this problem is to use the
agricultural residues as reinforcement in the development of polymer composites. A viable
solution is to use the entire residues as natural fillers/fibres and combine itfeipolymer
matrices derived from petroleum or renewable resources to produce a useful product for our

daily applications (Sahaand Sapuag011).



1.1 Guineacorn (Sorghum bicolor)

Guineacorn is a cereal crop which is grown in different parts of the wadd as the United
States, India, Nigeria, Argentina, China, Ethiopia €&@, 2013). Nigeria is the largest
sorghum producer in West Africa, accounting for about 71% of the total regional sorghum output
(FAO, 2013; Zalkuwiet al.,2 01 4 ) . N i gne praductions alse accognked for 35% of the
African production in 2007 (Sorghum production, 2014; l&hal., 2014). The country is the

third largest world producer after the United States and India (Maikasuwa and Ala, 2013; USDA,
2014). However, 90% ofosghum produced by United States and Indiased asanimal feed,
making Nigeria the world leading country for food grain sorghum production. In Nigeria,
sorghum is the third cereal in terms of production after maize and millet (Maikasuwa and Ala,
2013; WSDA, 2014) with more than 4.5 million tonnes harvested in 2010 representing 25% of
the total cereal productiofrAO, 2013).It is the primary food cromivirtually all the Northern

part of the countryRAO, 2013, USDA, 2014).The residues, stems, huskscadsed with the

crop is a source of feed to the animals.

The aim of this study therefore, is to produce a fully degradable composites (green or bio
composites) using a biopolymer, Poly (lactic acid) (PLA) as the matrix and an agricultural
residue, Guineaxrn husks particles as the reinforcement. This is intended to give an immediate
solution to the environmental challenges facing us with respect to commaodities that are used and

discarded almost immediately.



1.2 Aim and Objectives
The aim of this study i® produce a biodegradable composite referred to as green composites or
bio-composites based on Poly(lactic acid)(PLA) and Guineacorn husks particles (GHP) using the

injection moulding method.

The specific objectives include:

U To study the effect of theariation of GHP loading (040%) in the PLA matrix

U To characterize the treated and untreated GHP through density measurement,
thermogravimetric analysis and Scanning electron microscopy

U To study the effect of plasticizers such as Biomax strong and Rylgeé glycol (PEG)
in the composites produced

0 To study the effect of alkali treatment, silane treatment and a combination of alkali and
silane treatment on the composites

U To characterize both the treated and untreated composites produced through:

e Mechanial tests: Tensile, Impact anep®int bending test otherwise called flexural test

e Thermal stability tests wusing: Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), Dynamic Mechanical Analysis (DMA)

U Morphological studies using ScangiElectron Microscopy (SEM)

U To carry out water absorption test for all the composites produced

U To carry out a simple soil burial test to test for degradability using the weight loss method

as criterion



U To produce Polypropylene (PP)/Guineacorn husks pestcomposites for the purpose of

comparison.

1.3 Background

Conventional or commodity polymers such as Polypropylene (PP), Polyethylene (PE), Polyvinyl
chloride (PVC) etc. made from petroleum resources have brought considerable benefits to human
life. However, they persist for many years after disposal thereby raising concern on the negative
impact on the environment and also on fossil resources which are known to be finite. These
polymers seem inappropriate for applications involving plastics that havelige span in terms

of usage i.e. those plastics that are used once and then disposed. Furthermore, plastics are soiled
with food and other biological substances which makes recycling difficult or expensive. On the
basis of these, researches to all®viollution and litter problems have focused on developing
bio-based composites consisting of biopolymers and agricultural residues. These products are
expected to reduce our dependency on the depleting fossil fuels and decreaske&¥@d into

the atmaphere. Since biopolymers and agricultural residues are degradable, their use as a
substitute for their nodegradable counter parts as fillers can be beneficial to the environment.
Therefore, the use of these products will go a long way in tackling thdepns associated with

the buildup of solid wastes in the environment especially from commaodities which are used for

a short period of time.
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1.4 Justification

Thousands of tonnes of different crops are produced annually and most of their wastes do not
hawe any utilization. Therefore, different agricultural wastes such as wheat husk, rice husk and
their straws, hemp fibres, coir, coconut shell, date pits, palm kernel seeds etc. are now being used

as reinforcement in polymer matrices for commercial purposes.

Nigeria is blessed with a good number of agricultural produce from which a great amount of
wastesare generated annually. Guikgean Sorghumbicolor) is one of the major food crops of

the world and millions of tonnes are produced annually. piweluction of this crop also
generates millions of tonnes of byproducts annually and these byproducts are cheap and
abundantly available but with limited use. Therefore, the piisgitof finding use for
Guineaorn Sorghum bicolorwastes i.e. husks indigreen composite manufacturing will help

in opening market for what was hitherto considered as waste and thrown away.

1.5 Scopeof the Research

The scope of the research is as follows:

1. Treating the Guineacorn husks particulates (GHP) with sodium higérgklaOH), 3
Aminopropyltriethoxysilane, and a combination of the two treatments.

2. Production of PLA/GHP composites with addition of Biomax strong 100 and
Polyethylene glycol (PEG) as plasticizers

3. Production of PP/GHP composites

11



4. Characterizing the GHP byedsity measurements, thermal gravimetric analysis (TGA),
and Scanning Electron Microscopy (SEM) for the treated and untreated particulates.
5. Characterizing the composites produced by:
V Measurement of density for all the composites produced
V Carrying out wagr absorption test for all the composites produced
V Soil burial test for the composites produced
V Mechanical tests : Tensile, Flexural, Impact and Hardness
V Thermal stability testdr only PLABiomax strong 100/GHP composites using :
Differential Scanning Cafimetry (DSC), Dynamic Mechanical Analysis (DMA)
and Thermogravimetric analysis (TGA)
6. Morphological studies using Scanning Electron Microscopy (SEM) for tensile fractured
surfaces
7. Mechanical properties (Tensile, Flexural and Impact) after water absoigston

8. SEM analysis for surfaces of water absorbed and soil buried composites.
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1.6 Contribution to Knowledge

1.

2.

The use of GHP as filler for composite production has been established.

Awareness on the use of cereal-grgpducts (Agricultural wastes) dtlers for the
production of polymer composites would lead to conservation of wood resources
especially in countries where they are limited, particularly so in Nigeria where
deforestation is a problem.

Exposing the possibility of producing a completelyean composites (i.e 100%
biodegradable) which is a composite based on biodegradable polymer and biodegradable
fillers. This will preserve our environment from pollution of plastics and the likes.
Reduction of environmental pollution by creating an immiedisolution to waste
disposal problems since the composite produced has been established to be
biodegradable.

The utilization of agricultural wastes i.e. Guineacorn husks as reinforcement in polymer
matrix could bring economic benefits and reduce the enmiental impacts of plastics.
Creating awareness on the use of different agricultural wastes as reinforcement in
biodegradable polymer matrices as well as on the existence of biodegradable polymers.
Commodity plastics manufacturers would be encourageddadiwdegradable plastics for
commodity products hawg understood the processability and properties established

from this study.
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CHAPTER TWO
2.0 LITERATURE REVIEW
2.1 Rolymers
The unique and attractive properties olymers havded to their emergencas the material

used forawide range of application¥ ¢usif et al.,2009.

There area number opolymers available depending on the starting raw ingredvethsseveral

broad categories, eattavingnumerous variations. The most comnufntheseare lyestes,

vinyl estes, epoxes phenolis, polyimides, polyamide, polypropylene, polyether ether ketone
(PEEK) and others (Jos al.,2012). Themajor advantages of polymers as matnxterialsare

low cost, easy processability, good chemical resistance and low specific gravity. Some of their
disadvantages include low strength, low modulus and low operating temperatures which limit
their use. Varieties of polymers for compositpsoduction are termoplastic polymers,

thermosetting polymers, elastomesswell agheir blends (Joset al.,2012).

2.1.1Thermoplastics

Thermoplasticsare polymersconsising of linear or branched chain molecules having strong
intramolecular bonds but weak intermolecular bonds. They can be reshaped by application of
heat and pressure and are either semicrystalline or amorphous in structure. Examples include
PolyethylengPE), PolypropylengPP) Polystyrene (PS), Nylons, Polycarbonate (F)lyether

ether ketone, Polysulfone, Polyphenylene sulfide, etc. €lcale 2012).
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2.1.2Thermosetting polymers

Thermosetsare those polymers witbrosslinked or network structures having covalent bonds
with all molecules They do not soften but decompose on heatiegause, mce they are
solidified bythe crosslinking process, they cannot be reshaped. Common examples are epoxies,

polyesters, pheslics, ureas, melamine, silicone and polyimides (&bse.,2012).

2.1.3 Elastomers

An el astomer is a polymer with the property
modulus and high yield strain compared with other materials. Each of themamnthat link to

form the polymer is usually made of carbon, hydrogen, oxygen and silicon. Elastomers are
amorphous polymers existing above their glass transition tempe(aigkeand their primary

uses are for seals, adhesives and moulded flexible. gaxemples include natural rubber,
synthetic polyisoprene, polybutadiene, chloroprene rubber, butyl rubber, ethylene propylene

rubber, silicone rubber, fluoroelastomers, thermoplastic elastomers eteet(abs2012).

2.2 Bopolymers

The annualproduction of conventional (synthetic) polymers is estimatet4@tmillion tonnes.
Since they are extremely stablehé production and the use tifesematerials increase the
problem of waste disposal affteir degradation cycles in the biosphere aretéich(Premraj and
Doble, 2005Rudeekitet al.,2008. Therefore, e rapid growth in the usage of plastic products,

persistence of plastics in the environment, the shortage of lasit##land entrapment by the
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ingestion of packaging plastic by marineddand animals have raisedforts to look for better

alternatives (Khaliekt al.,2008).

Furthermoretherising oil pricesn the 1970shelped to stimulate early interest in biodegradable
polymersand concerns over trahrinking availability of landfill sites are reviving interests in
biodegradable materials today. First developed in the 1980s, biodegradable polymers as used in
films, moulded articles, sheets e.t@onstitutea market that is stikleveloping(Mohantyet al.,
2000).Environmental and economic factors are mwghingthe trend towards greatpursuitof
bio-based polymers (such as polylactic acid (PLA), polyhydroxy butyrate (PHB), cellulosic
plastics, soypased plastic and starch plastic) and materials (Mohantal., 2002 and
2004)Much attention has been paid to biodegradable polymers in recent years because of their
wide range of applications ifields of biomedtine, packaging and agricultufé £ n et sle
2014).According to ISO, CEN definition, biodegradation is the degradation caused by biological
activity, especially by enzymatic action, leading to a significant change in the chemical structure
of the exposed material and resulting in the production of cattmide, water, mineral salts
(mineralization) and new microbial cellular constituents (lovird al., 2008).
Degradable plastics are grouped by the American Society for Testiniylatedials (ASTM

D20.96) (Srirothet al.,2000) as:

a. Photodegradable plastica degradable plastic in which the degradation results from
the action of natural daylight;
b. Oxidatively degradable plastica degradable plastic in which the degradation results

from oxidation;
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c. Hydrolytically degradable plasticsa degradable plastic in which the degradation
results from hydrolysis; and
d. Biodegradable plasties degradable plastic in which the degradation results from the

action of naturally occurring microorgems such as bacteria, fungi and algae.

Accordingly, biodegradable polymeric materials are classified as natural or synthetic depending
on their origin Gatyanarayanat al., 2009. The classification of these polymers and their
nomenclature is shown in Figugl. The first group is agrpolymers (e.g. polysaccharides)
obtained from biomass by fractionation. The second and third groups are polyesters, obtained,
respectively by fenentation from biomass or from genetically modified plants (e.g. poly
(hydroxyalkanoate) (PHA)) and by synthesis from monomers obtained from biomass (e.g. Poly
(lactic acid) (PLA)). The fourth group is made up of polyesters synthesized by the petrochemical
process (e.g. poly (caprolactone) (PCL)). A large number of these biopolymers are commercially
available, they show a large range of properties and can competehwitinaditionalnon

biodegradable polymers in different industrial fields (e.g. packagdadpn and Thomas, 2008).
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|| Lignocellosic eq PBSA
products
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Pacting Plants: polysters
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Figure 21: Classification obiopolymersjohn and Thomas, 2008)

2.2.1 Naturally occurring Biodegradable Polymers

In the last century, the development lwbpolymers was significantly ampereddue to the
advent of lowcost petrochemical polymers. It was only about two decades ago that intensive
research omiopolymers was revived, primarily due to the issues of environmental pollution and
the depletion of fossil oils. Modern technologies previgw insights of the synthesis, structures

and properties of thebiopolymers. These new findings have enabled developments of
biopolymers with novel processing characteristics and properties which can be uaedider

range ofapplications (Jiang and Ahg, 2011). Lignocellulosic materials appear to be suitable
filler for high cost biodegradable matrices offering a way of reducing the cost of the end product.
A few investigations have been made on the possibilities to use natural fibres as reinforcement

with renewable biopolymers such as smly based epoxy, starch, polycaprolactone (PCL),
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polyhydroxybutyrate (PHB), modified cellulose, acetic acid, polylactic acid (PLA) and polyester

amide for composite (Oksma al.,2003;Mo0 h a ma d et Hl.2GLY).z

2.2.1.1StarcBtarch, which is produced in plants, is an inexpensive, abundant, biodegradable and
renewable natural resour¢Bluanget al., 2004 Deanet al., 2007). It consists of a mixture of
linear amylose (poly-a-1,4D-glucopyranoside) and branched amylopectin (f@ely4D-
glucopyranoside and-B 6-Dglucopyranoside) and exisia the form of discrete granules
Amylose has a molecular weight of several hundred thousand whkatas amylopectin is in

the ader of tens of millions. Starch is not mable in its natural form and therefore cannot be
processed as a thermoplastic. However, it can be thermoplasticizedistuption and
plasticization of starch macromolecules using heat in the presence of naigasticizers such

as glycerol.The resultant starch is termed thermoplastic starch (TRf®)products made from

TPS are water sensitive with poor physical and mechanical properties. The mechanical
weaknesses of these materials for packaging applicesiorbe improved by incorporation of a
synthetic polymer or an inorganic reinforcing material including Montmorillonite (MMT).
Numerous studies exploring the use of TPS as a thermoplastic polymer have been conducted

(Deanet al.,2007 MajdzadebArdakaniet al., 2010;Jiang and Zhang, 20)1

Huanget al,(2004) produced glycergdlasticized TPS/Montmorillonite composites and reported
that the tensile strength, Youngods modul us al

they reported that the wategsistant property of the composite was better thainahthe matrix.
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Cyrat al, (2008) studied the properties of TPS/Montmorillonite Nacmmposites and found
that the thermal resistance of the Nanomposite was improved and there was a significant
reduction in water absorption with the addition af teinforcement. Deagt al, (2007) prepared
meltextruded TPS/clay Narcompositesandreported that the most significant improvement in
modulus was observed in the system containing higher levels of clay for beittedded and
ultrasonically treatedasnples. They related the modulus obtained to the intrinsic properties of
the components rather than dispersion and interfacial interaction in their conckigime. 2.2

shows the chemical structure of starch.

CHL>OH CHLOH CH_-OH
o o o
OH OoOH OH
OH O o OH
OH OH - OH

Figure2.2: chemical structure of starGhang and Zhang, 2011)

2.2.1.2 Soy Protein Plastic (8P

As a renewable plafttased polymer, soy protein (SP) has attracted intensive research interests in
the nonfood industrial applications (Zhargt al., 2006). The major attractive features of soy
proteinbased plasticsvhich has made them a viable source of raw material for the plastics
industryincludeelative abundance, moderate costs, loaad weltlestablished production
practices, as well as biodegradability and seswvinentally friendly Furthermore, its use in

biodegradable resins will reduce environmental wastes and add value to agrityjuoducts
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(Zhanget al., 2001, Graiveret al.,2004. It is commercially available in three different grades

from soybean pressing plants: soprotein isolate (SPI) (about 90% protein content), soy

protein concentrate (SPC) 6562 % pr ot ein content), and soy D
(John and Bhattacharya, 19%raiveret al.,2004. A major disadvantage of soy protebased

plastics is their water sensitivity (Mungagt al., 2002). Water sensitivity has been reduced by
blending biopolymers with other polymers of hydrophobic nature such as polyesters. By
producing blends of soy protein and some of these biodegradalyiesteos, the cost of the

product would besignificantlyreduced. In addition, using leaost brands of soy protein such as

SPC and SF, the final products could be cost competitive with petrochemical plastics (Mungara

et al.,2002).

2.2.2 BiodegradablBolymers Derived from Renewable Resources

Unlike the aforementioned natural polymers, some polymers can be produced from naturally
occurring biesources. PLAs and PHAs are the two most important polymers within this
category. They have received much attentin terms of research and are finding different

applications due to their unique combinations of properties (Jiang and Zhang, 2011).

2.2.2.1 Polyiactic acid) (PLA)
PLA is a biodegradable, semiystalline, linear aliphatic thermoplastic polyester tlet
manufactured from lactic acid producedligcterialfermentation of renewable resources such as

whey, corn,sugarcanepotato or molasses which is then polymerised to poly(lactic acid) either

21



by gradual polycondensation or by ring opening polymerisaisnshown in Figure 2.3
(Ljungberget al.,2003; Graupneet al.,2009;Jiang and Zhang, 201Hassaret al.,2013).It is
characterized bygood biecompatibility, nontoxic by-products, excellent transparency, high
strength and modulusiodegradability(A y d € al., 2011;Jiang and Zhang, 201Hassanet

al., 2013.

PLA can be conveniently processedi mi | arl 'y as pol yol eyusisg and ¢
existing polymer processing equipment and techniques suafeason-moulding, compression

moulding, extrusion and thermoforming étds suitable for biodegradable packaging such as

bottles, food ontainers and wrappers due tcclgsity. It has also been used for food service

ware, grocery and composting bags, mulch films, coatings for paper and cardboard, fibres for
clothing, carpets, sheets and towels and wall coverings. Also, in biomedicalaippB, it is

used for sutures, stents, prosthetic materials, pins, scaffolds, dialysis media and drug delivery
devices (A y deé al., 2011; Kim et al., 2012; Hassaret al., 2013) PLA is completely
compostable as dlegrades primarily by hydrolysis thrdug twostage process. First, random

chain scission of the ester groups of PLA reduces its molecular weight. The speed of chain
scission depends on the pH value, temperature and moisture levels of the environment.
Embrittlement of the polymer occurs withet reduction of its molecular weight. Second, low
molecularweight PLA is metabolized by microorganisms vyielding carbon dioxide, water and
humus(Ljungberget al., 2003; Jiang and Zhang, 2011r oper t i es of PLA <car
through the use of lignocelluosi ¢ yl | ers that reduce the <cost

their biodegradabilityA y degéah,2011).
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Figure2.3: Synthesis and structure of PLAJiang and Zhang, 2011).

2.2.2.2 Polyhydroxyalkanoates (PHA)

PHAs are a family of aliphatic biodegradable polyestétls different side groups and different
numbers of carbon atoms in the repeating uffitgure 2.4)which is synthesized via bacterial
fermentation under nutriefimited conditionsn the presencef@xcess carbon sourdeHAs are

of interest because they (1) are biodegradable, (2) can be microbially synthesized using natural
carbon sources, including sugar and methane, and (3) are highly crystalline and hydrophobic,
demonstrating good mechanicalprer t i es si mi |l ar to conventional
in commercial wood plastic composités{ng and Zhang, 201 8rubar Il et al.2012. It has

been discovered that extracellular PHAs are degradedhigmous bacteria and some fungi and

their breakdown productare metaboliséo carbon dioxide and water. ThIBHA products can

be degraded completely and rapidly by composting (typicd@ntnths) (Poier, 1999) With

their inherent biocompatibility and biodegradability, PHAs have found impoaiaplications in

medical and pharmaceutical areas including wound management (e.g. sutures, skin substitutes,
nerve cuffs,), vascular system (e.g. Heart valves, cardiovascular fabrics, and vascular grafts),

orthopedics (e.g., scaffold, spinal cages, bgnadt substitutes, and internal fixation devices), and
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drug delivery systemg§Bhatt et al., 2008; Jiang and Zhang, 201pplication of PHAs as
commodities are limited due to their high cost and thus, attention is being focused on composite
products wher total product biodegradability can be attained for little extra cost. The major
drawbacks of PHAs are its low melting temperature and crystallization rate. A common way to
minimize these undesirable properties is to prepare its block and graft copoymebéends

with suitable wel!/ d e y n &ets inferesting posgibiity of frepdriggme r b

biodegradable materials with useful mechanical properties (Bhalt 2008).

) I
O—CH—(CH,)— C
100-30000
n=1 R= hydrogen poly (-3-hydroxypropionate)
methyl poly (-3-hydroxybutyrate)
ethyl poly(3-horoxyvalerate)
propyl poly (-3-hydroxyhexanoate)
pentyl poly (-3-hydroxyoctanoate)
nonyl poly (-3-hydroxydodecanoate)
n=2 R= hydrogen poly (-4-hydroxybutyrate)
n=3 R= hydrogen poly (-5-hydroxyvalerate)

Figure2.4: General structure ¢tHAs Ojumu et al., 2004; Jiang and Zhang, 2011).

2.2.3 Biodegradable Polymers Derived from Petroleum
Petroleurdbased biodegradable polyesters are synthesized by polycondensation reaction between
aliphatic diacids and aliphatic diols or by ringening polymerization of lactones. Typical

synthetic aliphatic polyesters include PCL, PBS, and their copolymers (Jiang and Zhang, 2011).
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2.2.3.1 Polycaprolactone (PCL).

Polycaprolactone (PCL) is a biodegradable, biocompat#gmicrystalline aliphatic polyeste
synthesized by ringpening polymerization of caprolactoms shown in Figure 2.8t is a
polyester with a number of potential applications from agricultural usage to biomedical devices.
Largescale application of PCL has been limited due to theitivels high cost, as well as some
intrinsic inferior properties. An effective and economic method in resolving this problem is by
blending biodegradable polymers with other materials (natural or synthetic) €Zlaap2008).
Therefore, PCL is often bleed with polymers like Polypropylene (PP), Polycarbonate (PC),
Polyethylene oxide (PEO) and starch to produce composites with desired properties (Tsuji and
Suzuyoshi, 2002). PCL is completely degradable through enzyme actidiae@g and Zhang,

2011)

O o
Catalyst I—
- * I_ CHchchchchp_oﬁ*

Heat

Caprolactone PCL

Figure2.5: Synthesis and structure BCL (Jiang and Zhang, 2011)

2.2.3.2 Poly(butylene succinate) (PBS).
Polybutylene succinate (PBS) is one of the aliphatic thermoplastic polyesters with a range of

desirable properties including biodegradability, melt processability, and both thermal and
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chemical resistance. It is synthesized through the polycondensataiomeaf glycols such as
1,4-butanediol and aliphatic dicarboxylic acid such as succinic acid which is used as principal
raw materials. Aliphatic polyesters can be naturally degraded into the natural environment by
bacteria and fungi. In recent years, mattempts have focused on making PBS composites from
cellulosic materials with low cost, renewability, biodegradability and nontoxicity (&tiral.,

2005%; Shihet al.,2006;Jiang and Zhang, 201Calabiaet al.,2013.

Furthermore, PBS is a white crystalline thermoplastiwing a melting point whickimilar to

that of low density Polyethylene (LDPE), tensile strength in the range of that of Polyethylene
(PE) and Polypropylene (PP), stiffness in the range of that of L&tEHDPE (Shitet al.,
2006). Thereforedifferent reinforcing fillers such as rice straw, wood flour, jute fibre, water
bamboo husks etc have been uastkinforcenents inPBS to enhance its properties and reduce

its high cos(Calabiaet al.,2013).

2.3 Polymer Matrix Composites (PMCs)

Polymer matrix composites (PMCs) are among the astenchedengineering composite
materials. The three classes of polymers namely; thermoplastics, thermosets and rubbers are all
employed as matrices (Jalham, 200B)e applicationsdr both thermoplastic and thermoset

based composites concern mainly automotive industry or domestic dijajots al.,2007).

PMCs are very popular due to their low cost and simple fabrication methods. Use-of non
reinforced polymers astructural materials is limited by low level of their mechanical properties,

namely strength, modulus and impact resistance. Reinforcement of polymers by strong fibrous
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network permits fabrication of PMCs which is characterized by: a) High specific $trbpgt
High specific stiffness c) High fracture resistance d) Good abrasion resistance e) Good impact

resistance f) Good corrosion resistance g) Good fatigue resistance h) Low cost 8102612)

In the last couple of years, there have been major dawelots in the design and fabrication of

high strength materials, primarily due to the development of polymer composite materials
(Husseinsyah and Zakaria, 2011). Synthetic polymer composite materials are currently widely
used in many industrial areas teeet lightweight and high strength requirements. However,
with the increasing amount of synthetic polymer materials present worldwide, environmental
issues such as disposal treatment, waste disposal services and incineration pollution are

becoming increasgly important (Suardaret al.,2011).

Advanced polymer composites containing carbon and glass fibres have been utilized extensively
in the aerospace, automotive and construction industries. Since the matricése afilore
reinforcements in these advanced composites are based on mineral resources, their long term
sustainability is problematic. While recycling may be a viable strategy, the complicated mixed
morphology of composite materials makes them inherentficdlif to recycle. In comparison,
several biecomposites have been developed that offer certain environmental advantages at the
end of their use cycle when composites are land filled or incinerategtoBiposites therefore,

are defined as composite maadsi that combine lignocellulosic materials such as sisal, jute,

hemp, and kenaf with either biodegradable or-bmaegradable polymers (Let al.,2009)

27



2.3.1 Bio/Green Composites

Growing global environmental and social concerns, the high rate of depletion of petroleum
resources and new environmental regulations has forced the search for new composites and
green materials that are compatible with the environment. In fact, renewabiees of
polymeric materials reinforced with lignocellulosic fillers derived from annually renewable
resources, offer an answer to maintaining sustainable development of economically and
ecologically attractive materials with respect to ultimate displisabnd raw materials use
(Avella et al., 2009). The main motivation for developing fomposites is to create new
materials that are completely environmentally compatible in terms of production, usage and
removal. Since raw materials are entirely takem biologically renewable resources, bio

composites are expected to be fully integrated into natural cycles (Geaige001).

A number of literatures have defined fmomposites as those composites that are composed of
lignocellulosic materials dpersed in polymeric matrices, i.e biodegradable polymers
(poly(lactic acid) (PLA), polyhydroxyalkanoates (PHAS),soy plastic, starch pktsfic and/or
nonbiodegradable polymers i.e. thermoplastics like polypropylene (PP),polyvinyl chloride
(PVC), High density polyethylene (HDPE), Low density polyethylene (LDPE), Chlorinated
polyethylene (CPE), Normal polystyrene (P®}c.; thermosets like epoxy, vinyl ester,
Unsaturated polyester resins (as in fibreglass), Phenolic, Novolac and Polgterdehanty et

al., 2001; Khananet al., 2007; Taj et al., 2007 Dobircauet al., 2009 Kumar et al., 201Q

Khanjanzadelet al.,2012)

Today, it seems very difficult to fabricate green composites with higher performance in terms of

long time behaviour which is often in contradiction with the biodegradability performance
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requirement. Thus, green composites have to be used effectivelyafyr applications such as
consumer products with short life cycles or products intended for one time or short time use
before disposal. A number of bftlers have good intrinsic mechanical properties associated
with low density, lightweight and nostoxic nature. Above all these advantages, they are low
cost materials which are abundantly available in nature. The biodegradable nature of plant fibres
can contribute to the formation of a healthy -sgstem as welbs the high performance that

fulfils the ecaonomic interest of industrie®pbircauet al.,2009.

Lee and Wang (2006) developed doimmposites with desirable interfacial properties from
biodegradable polymers, PLA and PBS with bamboo fibre using hghirscyanate as a bio
based coupling agent. The Bomposite developed showed appreciably improteasile
properties and water resistance by adding coupling agent. Oletradn(2003) investigated the

use of flax fibre reinforced PLA composites using triacetin as plasticizer for PLA in order to
improve the impact properties. Their results showedrtteathanical properties of PLA and flax
fibre composites were promising but addition of plasticizer did not show any positive effect on
impact strength of composites. Tsedi al, (2006b) studied biodegradable polymer matrix
composites based on lignocddisic waste flours (spruce, olive husk and paper flours) as
reinforcement and polyester, bionolle 3020 was used as a matrix. The incorporation of the waste
flours into the polymer matrix reduced the tensile strength and significantly increased its tensile
modulus, water absorption and biodegradation rate. The use of bigrdke compatibilizer
significantly improved the mechanical properties of the composite, especially their tensile

strengths.
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2.4Lignocellulosic Materials
A number of lignocellulosienateials, such as jute, hemp, sisal, abaca k&ve beerused as
reinforcemert for biodegradable bicompositesdue totheir good mechanical properties and

low specific mass (Kumaat al.,2010).

Lignocellulosic fillers/fibres, depending on their performance when incorporated in a plastic
matrix can be classified as (1) Flours which can be considered as particulate fillers that enhance
(increase) the tensile and flexural moduli of the compositete having little effect on the
composite strengths. (2) Fibres which have higher aspect ratios and contribute to an increase in
the moduli of the compositas well asits strength when suitable additives amployedto

improve stress transfer between thatrix and the fibres (Rowett al.,1999).

2.4.1 Advantages and Disadvantages of Lignocellulosic fibres/fillers

The advantages of using lignocellulosic materials as fillers/reinforcements in plastics are
numerous. They include low densities, high sieqgiroperties (such as high filling levels
possibly resultig in high stiffness propertiesand biodegradability. There are also wide
materials availability (throughout the world), rural job generation, enhancement of nonfood
agricultural/ farrbased ecammy, low energy consumptiolow requirements on processing
equipment no abrasion during processingnd lower costs The main advantage of
lignocellulosic materials upon mineral fillers is their environmental friendlingssvéll et al.,

1999; Tserketal., 2005.
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The limitatiorsencountered witlihe use of lignocellulosic materials is ithéow processing
temperature due to the possibility of degradation and/or the possibility of volatile emissions that
could affect composite properties. The processangperatures are thus limited to about 200°C,
although it is possible to use higher temperatures for short periods (Fbwe]1999;Ewulonu

and Igwe, 2011 Another drawback is the high moisture absorption of lignocellulosic materials.
Moisture absorpon can result in swelling of the fibre resulting in dimensianatability in the
lignocellulosic filler composites. The absorption of moisture by the fillers is minimized in the
composite due to encapsulation by the polymer and goodhlérx bondirg. Good adhesion
decreases the rate and amount of water absorbed in tmphage region of the composite
(Rowell et al., 1999). Water absorption and specific gravity of lignocellulosic filler composites
are important characteristics that determine emdapglications of these materials. Good wetting
of the filler by the matrix can decrease the rate and amount of water abbgriedcomposite

(Rowellet al.,1999).

2.4.2 Surface Modification/Treatment of Lignocellulosic materials

The composite interte is the diffusion or reactiosite in which the constituenphases are
chemically and/or mechanically combined. Interfacial adhesion between filler and matrix plays a
significantrolein characterizing the mechanical properties of compodfast adhesion across

the phase boundargsults in poor mechanical properties of the compositedredatively weak

dispersion of forcéetween the constituent phagkabir et al.,2011).
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Lignocellulosic materials consist mainly of cellulpsenatural polyrar rich in hydroxyl groups.

The other components which are made up of hemicelluloses, pectin and lignin are also molecules
rich in hydroxyl, carboxyl and other functional groups which makes the materials significantly
hydrophilic in nature while most polyan matrices are hydrophobic in nature. As a result, there

is the problenof compatibility between the filler and the matrix leading to poor disperaieak
interface and ultimately inferior quality compositégpropriate methods such as (1) Physical
metlods and (2) Chemical methods are used to tackigpatibility problemsn orderto improve
adhesion between the composite constituents. In both cases, however, theyoahjsrto
improve the wettability of the constituents and promote adhesion by thetim of chemical

bonding and/or thadjustingof surface energyZafeiropoulos, 2008

2.4.2.1 Physical methods for surface modification

Physical treatmentare used tomodifthe structural and surface properties of fibres without the
use of chemical agents. Soregamplesof physical treahents include corona, plasmiagat
treatments electric discharge methodtc. (Joffe and Andersons, 200&abir et al., 2011).
Physical treatments do nbtoadly modifythe chemical composition of the fibres but enhance
the interface generallgy increasing thenechanical bonding between the fibre and the matrix.
One of the most attractive features of physteehtmentss the fact that they are “clean' since

they do not involve the use of chemicasaigeiropoulos, 2008

Corona treatmentCorona is defined as a luminougpaeciabledischarge that occurdue to

excessive localized electric field gradient on an object ¢hases the ionization and possible
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electrical breakdown of the air adjacent to this point. Corona discharges are relatively low power
electrical discharges that take place at or near atmospheric pressure. The corona is generated by
strong electric fieldsassociated with small diameter wires, needles or sharp edges on an
electrode (Mukhopadhyay and Fangueiro, 20@@&ssan and Gutowski (2000) studied the effect

of corona discharge and UV treatments on the properties of Epoxy/Jute comieifesbiet

al., (2010) evaluated the impact of corona treatment on the mechanical properties of PP/Hemp
composites while the effect of corona dischaogethe mechanical and thermal properties of
composites using miscanthus ybr Bxsvasstudiedaso!l yl ac

by Ragoubkt al.(2012).

Electron Beam (EB)Electron beam irradiatioare conducted to create a hydrophobic group,
cause crosBnking and increase the interfacial surface area of fibres. The electron beam (EB)
irradiation technique is being increasingly utilizedatterthe surfaces of various materials, such

as fibres, textilesand films. Cotton fabrics have been coated withment colours using EB to
improve colour fastness, water absorption and crease resistafidagd@dreaet al.,2005). Haret

al.,, (2006) irradiated natural fibres with EB to improve adhesion between the fibres and
thermoplastics and reported that EB ireddin is effective in both impurity removal and
functional group development on the surface of natural fibres for better bonding between natural

fibre and polymer matrix.
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2.4.2.2 Chemical Methods

Chemical modifications aresually appliedo optimize the interface of fibres in that they may
activate hydroxyl groups or introduce new moieties that can effectively interlock with the matrix
so as toinducethe required properties in the polymer (Sreekataal., 2000; Li et al., 2007,
Singha ad Thakur, 2009). Generally, chemical coupling agents are molecules possessing two
functions; (1) they react with hydroxyl groups of cellulose and (2) they react with functional
groups of the matrix. Quite a number of researchers have investigated theatneodifications

of lignocellulosic materials which is aimed at improving the adhesiitim polymer matrices

The following are some of the chemical methods used for surface modification of natural fibres.

Alkali (NaOH) treatment (MercerizationAlkali treatment disrugtthehydrogen bonding in the
network structureof the lignocellulosic fibresthereby increasing surface roughness. This
treatment removes a certain amount of lignin, pectin, wax and oils covering the external surface
of the fibre cell wdl depolymerizes cellulose and exposes the short length crystalliies énd
Anandjiwala, 2008Karthikeyan and Balamurugan, 2012; Muretiial.,2014). The equation of

reaction is as followsJohn and Anandjiwala, 20p8

Fibrei OH + NaOH — Fibrei O i Na + HO (1)

In mercerizationtreatment, fillers are immersed in NaOH solution for a given period of time,
removed, washed and subsequently dried. &a/, (2001) treated jute fibres iit5% aqueous
NaOH solution for 2, 4, 6 andI&s. at 30C and submitted that 4hrs treated fibre gave the best

properties tested while Goud and Rao (2011) treated Roystegeafibre with 5% NaOH

34



solution for 2h and recorded 8, 8.2 and 2.6% increasensiléestrength, tensile modulus and
percent elongation at break respectively at 20% fibre content. In a similar regdstiakhay et

al., (2012), date palm fibres were treated with 6% NaOH solution to observe that artificial and
natural impurities, oilswaxes, residual hemicelluloses and lignin were etched away which gave
them a reason to believe that the fibre diameters were reduced to form finefibmesevhich
wasconfirmed irtheir SEM analysis. It is reported that alkali treatment has two effects on the
fibre: (1) it increases surface roughness resulting in better mechanical interlocking; and (2) it
increases the amount of cellulose exposed on the fibre surface, thus ngctéasnumber of
possible reaction sites (Murat al.,2014). Van de Weyenbesg al, (2003) reported that alkali
treatment gave up to a 30% increase in tensile properties (both strength and modulus) for flax
fibrei epoxy composites and coincided withetmemoval of pectin. However, at a higher
concentration of NaOH above a certain limit (5%), there is reduction in properties as reported by
Mishra et al, (2003). This isbecausehigh alkali concentration results in the excess

delignification of naturaliflers and consequently results in a weaker or damaged fibre.

Acetylation Acetylation treatment involvesa reaction introducing an acetyl functional group
(CH3COO-) into an organic compound. iBlinvolves the generation of acetic acid ({CHDOH)
as a by-product which must be removed from the lignocellulosic material befoie used.
Chemical modification with acetic anhydride (&8 (=0)}O-C (=O)CHs) replaceghe polymer
hydroxyl groups of the cell wall with acetyl groupsking them tdoecome hydrophuc. The

reaction of acetic anhydride with fibreusittenas: (Kumaret al.,2011).

Fibrei OH + CHi1 C (=0)1 O C (=0)1 CHz — Fibrei OCOCH; + CH;COOH (2)
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Mishra et al, (2003) investigated the acetylation of sisal fibres. Dewasiedl fibre was
immersed in 5 and 10% NaOH solution for 1 h atG3the alkalitreated fibre was soaked in
glacial acetic acid for 1 h at 3D; it was decanted and soaked in acetic anhydride containing one
drop of concentrated 430, for 5 min. Nairet al, (2001) treated raw sisal fibre in 18% NaOH
solution, then in glacial acetic acid and finally in acetic anhydride containing two drops of
concentrated bSO, for 1 h. The treated surface of sisal fibre reportedly became very rough and
had a number of voidthat provided better mechanical interlocking with the polystyrene (PS)
matrix. Moreover, the thermal stability of treated fibre composites was found to be higher than
that of untreated fibre composite because of better thermal stability of treated dilates
improved fibré matrix interactions in treated fibre composites (Nairal, 2001). It was also
reported that acetylated natural fibenforced polyester composites exhibited higher- bio
resistance and less tensile strength loss compared to compesitesilane treated fibre in

biological testsAbdul Khalil and Ismail, 20011

It was reported that catylation treatmentredu@s moisture absorption of natural fibres.
Reduction of about 50% of moisture uptake for acetylated jute fibres and of up tdo65%
acetylated pine fibres has been reported in the literature. Acetylation has also been found to

enhance the interface in flax/polypropylene compositesr{ and Anandjiwala, 2008

Silane treatmentSilane with chemical formula Sikls a coupling agemwhich is capable of
redudng the number of cellulose hydroxyl groups in the fibneatrix interface. In the presence

of moisture, hydrolysable alkoxy group leads to the formation of silanols. The silanol then reacts
with the hydroxyl group of the fibre, fming stable covalent bonds to the cell wall that are

chemisorbed onto the fibre surface (Kureaial.,2011; Tajul Islamet al.,2013).The chemical
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composition of silane coupling agents (bifunctional siloxane molecules) allows forming a
chemical link beween the surface of the cellulose fibre and plodymer matrixthrough a
siloxane bridge. This eeeactivity provides molecular continuity across the interface region of
the composite. It also provides the hydrocarbon chains that restrain fibre sweditigeimatrix.

Natural fibres exhibit micropores on their surfaces and silane coupling agent act as a surface
coating which penetrates into the pores and develop mechanically interlocked coating on their

surface (Kabiet al.,2011).The reaction schemeseagiven as follows (Kumaet al.,2011):

CH,CHSi(OGHs)s CH,CHSI(OH} + 3GHsOH A3)

CH,CHSI(OH) + H,0O + fibreOH CHCHSI(OHYO'i fibre )

Silane coupling agents have been found to be effective in modifying naturdlpbbymer
matrix interface and increasing the interfacial strength. Tane@opropyltrimethoxy silane with
concentratiorof 1% in a solution of acetone and water (50/50 by volume) for 2 h was reportedly

used to modify the flax surface (Van de Weyenletral, 2003).

Silane solutions in a water and ethanol mixture-§@p was used by Hudet al, (2008) and

Singha andrhakur (2009) to treat kenaf fibres for PLA composites and Grewia optiva fibres for
phenol formaldehyde composites respectively.study of the influence of different silane
coupling agents on the properties of henequen-fiirdorced polymer compositegas carried

out. The authors used FTIR and XPS to show that the reaction between silane and cellulose takes

place only at temperatures abov€G@John and Ananjiwala, 2008).
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PermanganateatmentPermanganate is a compound that contains permanganafeMn®,
Permanganate treatment leads to the formation of cellulose radical throughidnformation.

The treatmentis conducted by using potassium permanganate (KiMsGlution (in acetone) in
different concentrations with soaking duration from 1 tmif after alkaline préreatment (Liet

al., 2007). Permanganate treatmewias observed to reduce the hydrophilic tendency of fibres
and thus,decrease inthe water absorption of fibmeinforced composite. The hydrophilic
tendency of fibre decreasedthe KMnQy concentrations increasddowever,at higher KMnQ
concentrations of 1%, degradation of cellulosic fibre occurred which resulted in the formation of

polar groups between fibre and matrix étial.,2007).

Other chemicatreatmentOther chemicamodification of lignocellulosic materials include the

use of Stearic acid GKCH,)1sCOOH), maleated coupling agent, Benzoylation treatment etc.
The Benzoylation treatment uses benzoyl chloride to reduce the hydrophilic tendency of the
fillers and improvefiller- matrix adhesion, thereby increasing the strength of the composite.
During benzoylation treatment, alkali pretreatment is used to activate the hydroxyl groups of the
filler. Then it is soaked in benzoyl chloride solution for 15mins. Afterwagtteinol solution is

used for 1hr to remove the benzoyl chloride that adhered to the filler surface followed by

washing with water and ovenyaing (Kabir et al.,2011).
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2.5 previous work done
2.5.1Agro-Flours/Fibres reinforced nesregradable/petrolewinasedPolymers
The discussion on the petroletbased polymers reinforced lignocellulosic materials would be

limited to thermoplastic and thermoset polymers.

2.5.1.1 AgreFlours/Fibres reinforced Thermoset Polymers.

Thermoset polymers are used as matrices for most structural composite materials. The main
advantage of thermoset polymergheir low viscosity and can thus be introduced into fillers at

low pressures. Téy are processed by simple processing techniquels as hand layp and
spraying, compression, resin transfer, injection and pressure bag moulding opeexiomgles

of thermosettingoolymersare epoxy resins and unsaturated polyesters (UP); phenolic resins
(including phencformaldehydes); amino resinge.g. melamindormaldehydes and urea

formaldehydes) and polyurethane (Deepal.,2011).

PolyestercompositesJnsaturated polyesterepopular thermoset polymers used as polymer
matrix in composites for decades due to tharsatilty in properties ad applications. They
possess many advantages compared to other thermogettyngersincluding room temperature
cure capability, good mechanical properties and transparéhey.arring of unsaturated
polyester is due to a polymerization reaction tteises cross linking among individual linear
polymer chains. No bproduct is formed during the curing reaction; hence it can be moulded,

cast and laminated at low pressures and temperdizeset al.,2005). Extensive studies have
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been reported on thacorporation of agrdlours/fibres in polyester matrixHardinnawirda and
SitiRabiatull (2012) studied the effect of rice husks as fillers in unsaturated polyester resin as
matrix with methyl ethyl ketone peroxide (MEKP) as catalyst. It was found thsitdestrengths

of the composites slightly decreased with increasing filler loading due to the poor interfacial
bonding that existed between the hydrophilic filler and hydrophobic matrix. In the water
absorption test, they observed that the water absorpteyeased with increase in filler loading

due to the presence of voids in the natural filler polymer composites. In a similar study, Ahmad
et al, (2007) produced composites of unsaturated polyester with rice husk as filler using the
simple hand layup technique. They observed a general decrease in tensile strength as the filler
loading increases but the alkali treated particles had higher strengths than the untreated particles.
The reason for the poor tensile strength, they explained, was thetioulate filled composites,
discontinuities are created which generate weak structures due to poottratrsfes at the
filled-polymer interphases. However, with alkali treatment, there was an improvement in the
interfacial bonding by giving rise to additial sites of mechanical interlocking which promoted

more residiller interpenetration at the interface.

It was reported that alkali treatment improves the surface adhesive characteristics of fillers by
removing the natural and artificial impurities suahlignin, wax and pectin, thereby producing
rough surface topography. The alkali treatment also helps to improve the dispersion of filler in

the matrix, leading to the reduction of the agglomeration of the filler (Arehat,2007).

Husseinsyah and Zaka, (2011) produced a composite of coconut shell and polyester using the
hand layup technique. The filler size used was 304um and the filler content was {6@% Gt

15% interval. The study showed that the tensile strength of the composite decrehstx wit
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addition of 15% filler content and then started to increase afterwards while the elongation at
break decreased as the filler content increased. The decrease in elongation at break was due to a
decrease in deformability of rigid interface betweenfilier and the polyester matrix. Water
absorption behaviour showed an initial sharp water absorption uptake followed by gradual
increase until equilibrium water content was achieved. The reason being that coconut shell is a
lignocellulosic material and gsesses the tendency to absorb moisture from the environment.
Their conclusion on the morphology of the fractured surface indicated that the rfiigix

interaction improved with an increase of the filler in the matrix.

The effect of NaOH and Sodium Laulryl Sulfate (SLS) treatments on banana/kenaf hybrid and
woven hybrid composites using polyester as the matrix was investigated by Thiruchitrambalam
et al, (2009). They observed that tensile strength of SLS treated fiasehwgher than that of
NaOH treated fibre with about 13% and 10% for the-wonen and woven hybrid composites
respectively. Similar trends were shown in the flexural and impact tests results. Different reports
(Li et al.,2007John and Anandjiwala, 200Babir et al.,2011; Kumaret al.,2011)have shown

that surface modification by chemical treatments of fibres such as alkali, silane, acetylation etc
resulted in significant increase in tensile strengths and other properties of lignocellulosic
materials sice the bemical modifications are considered to optimize the interface of fibres.
Also, chemicals may activate hydroxyl groups or introduce new moieties that can effectively
interlock with the matrix thereby producing composites with better propeAgea result, the

SLS treatment which does not have a wide publication in literatures compared to other chemical

modifiers, gave a better result than the alkali treatment because, cleaner fibre surface was
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obtained than with the alkali treatment thereby imprg the adhesion between fibre and matrix

which in turn, led to better mechanical properties than the alkali treated fibres.

Epoxy matrix:Epoxes are amongst the important classes of thermosetting polymers which are
widely used as matricefor fibre-reinforced composite materials and as structural adhesives.
They are amorphous, highly cross linked polymers which results in them possessing various
desirable properties such as high tensile strength and modulus, ease in processing, good thermal
and chemicatesistance and dimensional stability. However, they exhibit low toughness and poor
crack resistancewhich could bwodified before they can be considered for many -esd
applications Bhaskar and Singh, 20L3The various agrflours/fibres that have beamsed as

reinforcements to this important matrix resin are outlined.

Sapuanet al, (2003) investigated the tensile and flexural properties of coconut shell filler
particles in epoxy matrix. They found at the end of their study that the tensile and flexural
strengths of the composites increased as the filler content increased. There was a linear
behaviour with sharp fracture in the tensile testing while there was slightly nonlinear behaviour

prior to sharp fracture for the flexural test.

Masoodi and Pilla{2012) investigated the water absorption and swelling tests of jute fibres and
two types of epoxy (traditional and bimased) resins. Their results indicated a high swelling rate

at the beginning of the wetting test but subsequently, the rate of swekiogaded
asymptotically. Moreover, the bigpoxy composites had higher water absorption and swelling
measurements than the traditional epoxy resin. A reason they offered for that is possibly due to

the use of cellulose and hydroxyl group in-Boxies. Frthermore, they submitted that addition
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of more jute fibres to the composite parts led to higher rates of swelling and water absorption in
all the composites. For the fibre percentage of 40%, the measured values of volume swellings
were 19% and 24% for thepoxy and bieepoxy matrices, respectively. The highest amount of

water absorption values, which were measured for composites with 40% fibres, were 17.5% and

26% for the epoxy and {f@poxy composites respectively.

An improvement in the mechanical propestiof alkalised jute fibre reinforced epoxy composites
was observed by Gassan and Bledzki (1999). By this process, shrinkage of the fibres during
treatment had significant effects on fibre structure and, as a result, on the mechanical properties
of the fitres. Regarding fibrenatrix adhesion, the rougher surface morphology after NaOH
treatment did not lead to any improvement but the composite strength fmelsstigenerally

increased.

OthersThe few other thermoset resins used as matrices and few lieratuereof include
phenolic resins (including phenfidrmaldehydes (PF)); amino resins (e.g. melamine
formaldehydes and urdarmaldehydes) and polyurethane. Some of the works of their

composites are outlined hereafter.

Sreekalaet al,(2000) investigatedthe use of surface modification of oil palm fibres as
reinforcement in PF resin. The fibres were subjected to different chemical modifications such as
mercerisation, acrylonitrile grafting, acrylation, latex coating, permanganate treatment,
acetylation angperoxide treatment. They came to a conclusion that treatment of fibre changes
the stresstrain characteristics, tensile strength, tensile modulus and elongation at break of the

composites. The incorporation of the modified fibres resulted in composit@sghexcellent
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impact resistance. Upon morphological studies with SEM, the authors observed that significant

changes occurred to the fibre surface upon modification due to different treatment methods.

Rozmanet al, (2003) used rice husk (RH) as reinfemgent in polyurethane (PU) matrix for
composite production. Flexural, tensile and impact tests were carried out to which the tested
properties improved with the incorporation of rice husk. They also noted that the size of RH
played significant role in theroperties since the smaller size RH produces composites with
higher strengths. Badret al, (2005) studied the mechanical properties of Polyurethane

composites fronoil palmresources (refined, bleached and deodorized palm kernel oil).

Rajuet al, (2012 used groundnut shell particles of size 600um BS sieve to reinforce vinyl Ester

resin.

2.5.1.2 AgreFlours/Fibres Reinforced Thermoplastic Polymers.

Thermoplastic composites are composites that use a thermoplastic polymer as a matrix. A
thermoplastic polymer is a long chain polymewithmedium to high molecular weight
whichiseitheramorphous in structure or seariystalline. Thg possesg&xcellentpropertiessuch

as toughness, resistance to chemical attack and recyclability. Methods such as extrdsion an
injection moulding are used for the processing of their composites. An advantage of
thermoplastics is that thecan bemoulded nonrisothermally, i.e., they can be rapidly heated and
rapidly cooled withoutaffecting their microstructure In thermoplastis, most of the works
reported so far deals with commodity polymers such as Polyethylene (PE), Polypropylene (PP),

Polystyrene (PS), and Poly (vinyl chloride) (PVC) (Deegtaal., 2011). However, from
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numerous literatures, it was found that works on Pojyette (both high and low density) and

Polypropylene were mostly reported.

Polyethylenematrix:Polyethylene (PE), a neslegradable polymer which is the first commodity
plastic to be used for food packaging came into general use in the 1950s. Since then, it has
achieved itdeadingposition as a packaging material for a wide range of foods and begera

due toits relatively low cost, versatile properties and the edseanufacture The main end
productsof PE plastics used for food packaging are films, bottles and other containers made by

thermoforming and blow miding processes (Behjat al.,2009).

Some of the documented literatures on the use of lignocellulosic materialsl¢agfitbres) as

reinforcements in Polyethylene matrix are outlined hereafter.

Behjatet al, (2009) used cellulose derived from kenaf plant to reinforce both high and low
density Polyethylene (HDPE and LDPE) using polyethylene glycol (PEG) as a plasticizer and
then tested for biodegradability using soil burial test for a period of 120 days. Their results
indicated that the composites biodegradability increased with imegeesllulose content. The

degradability of LDPE was highest with 5% PEG while that of HDPE was highest with 7% PEG.

Yao et al, (2008) investigated the effect of fibre type and loading using virgin and recycled
high-density polyethylene (VHDPE and RHDP&3 matrices. The fibres used wereod fibre
andfour rice straw componentse., rice husk, rice straw leaf, rice straw stem and whole rice
straw). Their findings indicated that both VHDPE and RHDPE, rice straw fibre systems had
comparable mechanical grerties with those of wood composites. Increase in fibre loading led

to increased moduli and decreased tensile and impact strengths. Composite panels with rice husk
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had the smallest storage moduli, but their impact strengths were comparable or bettersithan

of other straw fibres.

Ishidi et al, (2011a) used alkatreated palm kernel nut shell (300um particle size) to form
composites with HDPE as matrix. Their results indicated filats incorporated into the
polymer matrix influenced the melting and crystallization temperatures of the composites.
Another study of Ishidet al,(2011b)studied the physionechanical properties of HDPE/palm

kernel nut shell composites.

Alsewailem andBinkhder (2010) prepared and characterized composites based on date pits and
HDPE. The findings of that work indicated that addition of date pits reduced the tensile strength
and izod impact strength of the resulting composites. They attributed theilsadaoanechanical
properties of the composite system to possibly a coarse morphology of the composite systems,

especially in the absence of an appropriate coupling agent.

HerreraFranco and Valade@onza’'lez (2004) studied the mechanical behaviour of dhégisity
polyethylene (HDPE) reinforced with continuous henequen fibres. The fibres were treated with
2% w/v NaOH solution and also with silane coupling agent. The henequen fibres were further
impregnated with a 1.5% w/w HDPE/xylene solution. At the enthefstudy, they concluded

that the mechanical properties, specifically, the tensile strength did not improve significantly
when high silane concentrations were used to treat the fibre. Still on the use of HDPE matrix,
Obasi (2012) carried out a study in il he reinforced HDPE with corncob flour to produce
composites. Tensile test, water absorption study and soil burial test were carried out on the

produced composites. He stated at the end of the study that tensile test decreased slightly but it
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then improed on the addition of RB-MA as coupling agent. Also, they found out that the
composites degraded increasingly as the filler loading increased both for the treated and

untreated samples.

Rassiahet al, (2012) studied the effect of sodiunydmoxide on e water absorption and
biodegradability of Low Density Polyethylene (LDPE)/sugarcane Bagasse (SCB) composites. At
the end of their study, they suggested that sugarcane bagasse could be used as a biodegradable

filler in polymeric matrices so as to minimizavironmental pollution.

Polypropylenematrix:Polypropylene (PP) is one of the most extensively used plastics both in
developed and developing countries. It provides advantages amdrég economy (price),
ecology(recycling behavior) (Haquet al.,2010) easy processabilifAzumaet al.,2009) and

has been used as matrix in many kinds of compositesefCali,2006).In the last few decades,
detailed investigations have been undertaken and reported on the use of PP as matrix for

composites proddion with lignocellulosic materials as reinforcement.

Some of the documented works on the use of polypropylene as matrix reinforced with agro
flours/fibres to produce composites are outlined. First is the work of Blet#ti (2010) who
studied the potdials of grain byproducts (wheat husk and rye husk) as reinforcements in
polypropylene matrix. They investigated the thermal degradation characteristics, bulk density,
water absorption and solubility index as well as the tensile and charpy impacOtestst the
conclusion of their study stated that wheat husk and rye husk were thermally stabRCadrt85

210°C respectively.
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Suardaneet al, (2011) studied theffects of NaOH andilane coupling agent treatments on
themechanical properties of heripres and hemp/PP composites. Conclusively, they submitted
that alkalinetreatment decreased the density and tensile strength but increased the weight loss of
hemp fibreswhile dlane treatment decreased the density but increased the weight and tensile
strength of hemp single fibre due to tisgéane coating on the fibre surface. The alkaline
treatment of hemp fibre increased the tensile and flexural strengths of hemp/PP composites,
indicating that interfacial bonding improved after alkaline treatment. pp®<ed to the NaOH
treatment, the tensile and flexural strengths of the Sii@ated composites were nearly equal to
those of the untreated hemp fibre/PP compositesir Tmelings suggested that thelame

treatment of the hemp fibregddchot affect themechanical properties of the composites.

Ashori and Nourbakhsh (2010) studied the potentials of sunflower stalk, corn stdikgasse

fibres as reinforcement for polypropylene as an alternative to wood fibres. They subsequently
compared the effects of two grades (EastmaB0@3 and &3216) of coupling agents on the
mechanical properties of the composites produced. They conclidegdtie mechanical
properties of the composites treated with both grades of coupling agents were superior to those
of the untreated ones due to the stronger interfacial bonding between the fibre and the matrix

polymer.

Abu-SharklandHamid (2004) compoundedate palm leaves with PP and UV stabilizers to form
composite materials. They then studied the stability of the composites produced in natural
weathering conditions of Saudi Arabia and in accelerated weathering conditions. They concluded
that PP/date pah cellulose fibre compositaserefound to be much more stable than PP under

the severe natural weathering conditions of Saudi Arabia and in accelerated weathering. In
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addition, compatibilized samples were generally less stable than uncompatibilizedsoaes a

result of the lower stability of the maleated polypropylene used.

Fuadet al, (1995) studied the effect of applyinganate (LICA 38, zirconate (NZ 44) and

silane (PROSIL 2020 and PROSIL 9234) coupling agents to rice husk ash (RHA) in
polypropylenecomposites. The conclusion of the work showed that the four coupling agents
used gave various changes to the mechanical properties of the composites produced. They also
submitted that most of the RHA composites had better impact properties but lower aealsil
flexural strengths. They suggested thatable applications for the RHA composites would be in
components demanding high stiffness, excellent dimension stability with reasonable tensile and

impact properties.

Zabihzadehet al, (2011) used rapeseestalks as fillers in polypropylene matrix to form
composites. They concluded that increasing the filler content reduced the flexural strength of the

composites significantly. However, the flexural modulus increased with increase in filler content.

The few documented reports on composites with other thermoplastic matrices include the works
of Wirawanet al, (2009) who made a review on the mechanical properties of natural fibre
reinforced PVC composites; Threepopnatktlal, (2009) studied the pperties of pineapple

leaf fibre reinforced polycarbonate compositesSBEEkeilet al, (2012)studied thénfluence of

fibre content on mechanical (i.e. tensile, flexural, impact, hardness and abrasion resistance) and
thermal (i.e. TGA) properties dfend bast fibre reinforced thermoplastic polyurethane (TPU)
composites. Furthermore, Schlemmet al, (2009) studied thedegradation of different

polystyrene/thermoplastic starch blends buried in soil.
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2.5.2 Agre Flours/Fibres Reinforced Biodegradabl@yPers (Green Composites)

The growingconcernin environmental impacted to the evolution of plastics that degrade
rapidly leading to a complete mineralization (Avedt al., 2005). The nondegradability of
plasticsand the closing of landfill sites as well g problems ofgrowing water and land
pollution have led to concern about plastics. The growing interest in environmental issues has led
to increasing demands to develop materials which do not burden theneneirt significantly.
Biodegradation is necessary for wasetuble or watermmiscible polymers becauseventually

theyenter streamand thesean neiber be recycled nor incineraté8hahet al.,2008).

Furthermore, bidased products obtained fronenewable resources also maintain carbon
dioxide neutrality as depicted in Figure 2.6Environmentallyfriendly bio-composites
manufactured from plasderived fibres and cropderived plastics are novel materials which
would be of great importance to the eradls world as a solution to growing environmental
threat and also as a solution to the uncertainty of petroleum supply. Biopolymers are also moving
into stream use, and may soon be competing with commodity plastics, as a result of the sales

growth of moe than 2030% per year (Mohantgt al.,2002).
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Figure2.6: Carbondioxide sequestratidiohanty et al., 2002).

The special challengesf these bio-composites are their eco attributes that make them

environmentally friendly, completely degradable and sustainable (Aetediia, 2009).

A number of reports have been documented on the possibilities of reinforcing biopolymers with
agroflours/fibres to produce what is known as green composites. They are known as green
composites because thage agriculturabased polymers and biodegradaplentbased fillers.
They can be used in naturable applications (a few years), products intended for-gtrontuse

(a few times) or indoor applications (like wood or automotive péfiskenstadet al.,2007ab).
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2.5.2.1 Poly (butylene succina{®BS) Matrix

PBS is one of the most important biodegradable polyesters in use. It is synthesized by
polycondensation between succinic acid and butanbgliekterification between the diacid and

the diol and then polycondensation under high temperatdertohigh-molecularweight PBS.

Showa Highpolymer (Japan) synthesized and commercialized various aliphapolgesters

(PBS and PBSA) based on succinate, adipate, ethylene glycol afithrédiol under the trade
name i Bi o rnyodxHib& . meltingTténmgperatures >10C and thermal degradable
temperatures >30Q and other properties similar to LDPE, HDPE and PP. HEneyapable of
beingprocessed by injection moulding, extrusion and film blowing using conventional polymer
processing equipment. Therefore, they are considered to be the potential alternatives to

petrochemical polyolefin€liang and Zhang, 2011)

Ishiaku et al,(2005) investgated the mechanical and morphological properties of short fibre
reinforced jute/poly butylene succinate (PBS) biodegradable composites with a special emphasis
on the effect of a dual gated mould in the fabrication of welded specimens. They observed that
incorporation of jute fibre conferred drastic changes on the stess properties of the matrix

as the elongation at break dropped from 16% in the matrix to just 10% in the composite. Also,
the tensile strength of the composite was lower than that ixnbait tensile modulus increased.

Lee and Wang2006)investigated the effects of lysimsed diisocyanate (LDI) coupling agent

on the properties of bioomposites from poly (lactic acid) (PLA), poly (butylene succinate)
(PBS) and bamboo fibre (BF). T&le properties, water resistance and interfacial adhesion of
both PLA/BF and PBS/BF composites were improved by the addition of LDI. The

biodegradability of PBS/Jute composites by compost soil burial test was investigateddty Liu
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al.,(2009) The order bhigher weight loss due to biodegradability of the compositehfe effect
of ybre surface modiycation was PBS/untreat ed

agent treated jutd.he weight loss of PBS/10% jute composite after 180 days was 62.5%.

Similar investigations on the use of PBS as matrix was documented bgtkily{(20054) who
reported the productionf rice husk flour (RHF) and wood flour (WF) filled polybutylene
succinate (PBS) bicomposites as alternatives to cellulosic matdiileld conventional plastic
(polyolefins) composites. They compared the mechanical properties between conventional
plastics and agrflouri filled PBS biecomposites. They evaluated the biodegradability and
mechanical properties of agfiouri filled PBS biecomposites according to the content and filler
particle size of agrflour. As the agreflour loading was increased, the tensile strength of the
bio-composites decreased as a result of the weak interfacial bonding between filler and matrix
polymer. The tasile strength of WHilled PBS biccomposites was higher than that of RHF
filled PBS biecomposites as a result of the higher holocellulose and lignin contents of WF. The
Izod impact strength of RHfled PBS bieccomposites was lower than that of Rfifed PP

and HDPE composites because bé tvery brittle characteristicsf PBS. As filler loading
increased, the 1zod impact strength of afjpari filled PBS bieccomposites decreased because

of the poor interfacial adhesion when impact occurred whichwatlothe cracks to easily
propagate. Another study of Kigt al,(2005b)investigated the thermal properties of afiour-

filled (RHF and WF) polybutylene succinate (PBS)-bamnposites. They analysed the thermal
properties such athermagravimetricanalyss (TGA), differential scanning calorimetry (DSC)

and d/namic mechanical thermal analyzer (DMTAgcording to the agrfbour contents and

mesh sizeln the conclusion of their work, they submitted that the results they obtained indicated
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that the deree of compatibility and interfacial adhesiaere dependent on the mixing ratio of
agroflour in the PBS. The storage moduli() o f -fiour-dled@®BS sgstems was higher
than that of neat PBS and increased with increasingfimnocontent, beaase of the increasing
stiffness of the biwomposites. They further stated that larger filler particle size produced

increasedd Vv a |l u e s-commositestcdmgarel to emaller particle size.

2.5.2.2 Poly(Caprolactone) (PCL) Matrix

PCL is adegradableand semicrystalline aliphatic polyester synthesized by fopening
polymerization of caprolactoné. can be a waxy solid (Mw below several thousands) or a solid
polymer (Mw above 20,000and exhibitsmechanical properties similao tPE possessing a
tensile strengttof 12-30MPa. It can be spun into fibres or blown films under°@0®&ithout

thermal degradatiorts drawback however s its low melting point (~6XC) which prohibits its
applications at elevated temperatures. Therefore, PCL is ofteteblevith other polymers such

as PP, Polycarbonate (PC), Polyethylene oxide (PEO) and starch to produce composites with

desired propertie§liang and Zhang, 2011)

Teramotoet al,(2004)investigated the biodegradation of aliphatic polyester compositesasuch
poly(e-caprolactone) (PCL), poly{Bydroxybutyrateco-3-hydroxyvalerate) (PHBV),
poly(butylene succinate) (PBS) and poly(lactic acid) (PLA) with 10 wt.% untreated or acetic
anhydridetreated (AA) abaca fibres by the sdiurial test. With the neat pesters, the order

of higher weight loss after the burial was PCL > PHBV > PBS > PLA. The presence of untreated
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abaca or AAtreated abaca did not pronouncedly affect the weight loss because PCL itself has a

relatively high rate of biodegradability.

Other reports on PCL studies include works of Zhab al,(2008) who investigated the
biodegradation behaviour of Polycaprolactone/rice husk-ceamposites in simulated soil
medium; Calilet al,(2007)who studied the enzymatic degradation of pokgdprolactoe) and
cellulose acetate blends by lipase &kamylase Wu (2003) investigated thghysical properties
and biodegradability of maleatgmblycaprolactone/starch composites while Chengl, (2012)
studied the influence of maleic anhydride treated kenaf dust filled

Polycaprolactone/Thermoplastic Sago starch composites.

2.5.2.3 Polyhydroxyalkanoates (PHA) Matrix

PHAs are biodegradable polyestéhat are synthesized and accumulated by bacteria as carbon
and energy storage materials under limiting nutrientgditionin the presence of excess carbon
source. The polymers are stored in the cells as discrete granules with sizes between 0.2 and 0.5
pum. Molecular weight of PHAsdepending on the species of bacteria and their growth condition,
isin the range of 2x1o 3x1@ Da. The homopolymer PHB is a highly crystalline thermoplastic

with a melting temperature (Tm) of about 2Z5PHAsareconsumed by mioorganisms as an

energy sourcand herefore, are readily biodegradablemitrobial active environments such as
compost. PHAs are finding more applications in packaging, susgeand disposable items,
housewares, appliances, electrical and electrgnimensumer durables, agriculture and soll

stabilization, adhesives, paints, coatiegis (Jiang and Zhang, 2011)
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Some documented reports on the use of PHA and its composites include the report of Sahari and
Sapuan(2011) who documented a review amaturl fibre reinforced biodegradable polymer
composites where they reported a wor Kk by Si

composites using bamboo fibre and PHBV which is a family of PHA.

Furthermore, Bledzki and Jaszkiewiq2010) studied the mechanical performance of- bio
composites based on PLA and PHBYV reinforced with natural fibres-(naae cellulose, jute

and abaca fibres) and made comparative study to PP. Tensile and impact tests were used to
investigate the mechanicglkerformance. The tested biomposites clearly showed better or
comparable characteristic values than the natural fibre reinforced PP. They reported an increase
in stiffness, a significant increase in strength (> 50%) and a noticeable improvement in notch

impact strength.

2.5.2.4 Poly (lactic acid) (PLA) Matrix

PLA is a synthetic biodegradable polyestidrat is made by bacterial fermentation of
carbohydrates such as corn, sugarcane, potatoes and other biomass. PLA can be symthesized
direct condensain polymerization, azeotropic dehydrative condensatonring-opening
polymerization of lactide. Direct condensation polymerization is the least expensive method
because it can onlgroducelow-molecular weight PLA owing to the fact that it is difficudt t
remove water completely from the reaction mixture. PLA is well known for its biocompatibility
and biodegradability and being a thermoplastic polymer, it can be conveniently processed using

the existing polymer processing equipment and techniquémgand Zhang, 2011)
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The various work that have been documented on PLA and its composites include works of
Finkenstadet al, (2007a) whose investigation was based on the evaluation of Poly (lactic acid)
and sugar beet pulp (SBP) green composites. Thew&BRyround to a particle size of less than
300um and was compounded with the PLA in ar@ating twinscrew extruder after which it

was injection moulded to various test sizes; thermal and mechanical properties were evaluated.
The result for the thermalrgperties after extrusion and injection moulding indicated that the
glass transition temperaturegjTof PLA was 58C and the melting temperaturenff was 152C

from 61°C and 153IC respectively. They explained that the lowey ifidicated that some
degradabn of PLA took place during thermmechanical processing. As for the mechanical
properties, the Youngdés modulus of the compo
2590MPa as SBP increased to 45% while the tensile strength decreased with increasing SBP

content from 69.55MPa (pure PLA) to 29.55MPa for 45% SBP content.

Oksmanet al, (2003) investigated the use of flax fibre reinforced PLA composites using
triacetin as plasticizer for PLA in order to improve the impact properties. Their results showed
tha mechanical properties of PLA and flax fiore composites were promising but addition of

plasticizer did not show any positive effect on impact strength of composites.

The mechanical properties of injection moulded PLA/Cordenka® rayon fibres and flax fibre
composites were tested and compared. The highest impact strength 6h*7akd tensile
strength of 58MPa were found for Cordenka® reinforced PLA at 30 wt% fibre content. The
highest Young's modulus of 6.31 GPa was found for the composite ahdleA and fax. A

poor adhesion between the matrix and the fibres was shown for both composites using SEM. The

promising impact properties of the presented PLA/Cordenka® compositesdti@iv potential
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as an alternative to traditional composit8ax( andMullssig, 2@8). The suitability of wood

fibores (WF) as reinforcements in PLA based composites was investigated in comparison with
WEF reinforced polypropylene composites. It was observed from the results that 40 wt% of WF
resulted in an improvement of about 200% af flexural modulus of PLA comparable to that
obtained for polypropylene composites reinforced with the same amount of WF. Also, flexural
strength of WF/PLA composites improved from about 100 MPa for the neat PLA to about

115MPa for PLA based composite2&40 wt% of WF (Avellaet al.,2009).

Mat Taibet al,(2008)nvestigated the tensile properties and water absorption behafikio-
composites produced with 10 wt% polyethylene glycol (PEG) plasticizalgt (lactic acid) (p

PLA) reinforced with kenafilbres (KF). The composites which contained fibre loading up to 40
wt% were prepared by Haake internal mixer and then compression moulded. At the end of their
study, they observed that the incorporation of KF irteL increased both the tensile strength

and tensile modulus of the resulted composites except the strain at break. Also, they stated that
the reinforcing effect of KF was observed when the fibre content exceeded 10 wt%. Scanning
electron microscopy (SEM) of the tensile fractured surfaces revealssty good adhesion
between KF and LA matrix. Waterabsorption behaviour of-BLA/KF composites were
studied by immersion in distilled water at room temperature for 60 days. All composites as well
as unfilled pPLA were found to exhibit nefickian behaviour. The deviation from Fickian
water uptake behaviour was attributed to the devedsr of microcracks on the surface and
inside the composites. In addition to microcracks that occurred along the fibre length, water
absorption too caused fibreatrix debonding. Both were revealed via SEM examination on the

surfaces of pPLA/KF composits. Results suggested that KBF is a potential reinforcement for
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plasticized poly(lactic acid) composites but possible applications should avoid high humidity

environment.

2.6 Mechanical properties of biecomposites

The introduction of natural fillers in honer matrices have significant advantages compared to
traditional fillers such as glass and carbon fibres which have been variously used in composites.
Polymer based composites reinforced with natural filler have increased worldwide due to their
advantage such as low cost, low density, renewable and biodegradable character, good
mechanical and thermal properties and their environmental friendliness. Numerous researches
have been conducted to take advantages of these wide range of natural fillers pr{fpestibir

et al.,2013a).

The incorporation of natural fillers into polymer matrices causes substantial changes in the
mechanical propeds of the resulting composite§he mechanical properties of composites
reinforced by particles generally depend ba tlispersion /distribution state, interfacial adhesion
between particles and matrices, morphology and particle loading of the fillers (Estsabir

2013a).

There have been numerous reports on the studies of mechanical properties (Tensile, Flexural,

Hardness, and Impact etc.) of lmomposites

Tensile test is a measure of the ability of a material to withstand forces that tend to pull it apart

and to what extent the material stretches before fracture. It is a fundamental mechanical test
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where a carelly prepared specimen is loaded in a controlled manner while measuring the
applied load and the elongation of the specimen over some distance. A number of properties are
obtained from the test which include tensile strength, modulus of elasticity, etomgatoreak

etc During the test, the specimenpasitioned vertically in the grips of the testing machine and

the grips are then tightened firmly to prevent any slippage with gauge length kept at a specified
distance. The main product of a tensile test is a bgainstelongation curve which is then
converted into a stressgainststrain curve Mofokeng, 2010Kumar et al., 2014). One of the

most used methods for the tensile test is the ASTMD638 method.According to the method,

dumbbell shape (Type 1V) specimen is needed for reinforced composite.testing

At start of the test, the specimen elongates thereby increasing the resistance of the specimen
which is detected by a load cell. This load value is recorded until a rupture of the specimen
occurs. Instrument software provided along with the equipmelhtcalculate the tensile

properties e.g. tensile strength, tensile modulus and elongation at break (Molkhi&007).

Flexural strength is the ability of a material to withstand bending forces applied perpendicular to
its longitudinal axis. The flaxal load is a combination of compressive and tensile stresses. As
described in ASTM D790, thrgmoint loading system applied on a supported beam was utilized

(Mokhtaret al, 2007).

Hardness is generally used to describe the resistance of a matesialfdoe indentation,
scratching or marring while impadest determing the ability of a material to withstand an

i mpact | oad which depends etal,2018)e mat eri al 0s
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Investigation on the mechanical propertiesioé husks fibre reinforcegolyester composites by
Surataet al, (2014) showed that tensile strength and modulus as well as flexural strength and
modulus increased with increase in fibre weight fraction. Also, the mechanical properties further
improved with gkalization of the fibres due to better interfacial bonding between the fibre and

the matrix.

Studies on the ethanical, thermal and morphological properties of Poly(lactic acid)/Epoxidized
palm olein blendwas conducted by Silverajeh al, (2012). They rported that the addition of

1% epoxidizedpalm oil (EPO) in PLA matrix was enough to increase the tensile strength and
tensile modulus of the neat PLA because, above that amount, the strength and modulus
decreased. A similar trend was observed in the te$oit flexural strength and modulus. The
impactstrengthrecorded an improvement of 10% over the neat polymer with same quantity of

EPO.

The mechanical and thermal properties of PP/Almond shell particlebiposites was studied

by Essabiret al, (2013b). Theirresults showed an improvement in mechahproperties from

the use of almondhells particles in the PP matrix with and without maleic anhydride
compatibilizer, corresponding to a gain in Yo
30 wt.%almond &ells particle content. In another study of Essabail., (2013a), they reporte

a | inear i ncrease i n Yoshel gpatisles maanpdsiteswittodn PP/ A
increase Iin particle content as compared to neat PP. However, there was a decrease in tensile
strength with particle content and with particle size. They condlutiat the mechanical

properties of PP/Argan mshell particles biccomposites depended on patrticle size, degree of

dispersion, interfacial adhesion and particle content.
61



Yussufet al, (2010) compared the properties of Polyla@md/kenaf and Polylactiacid/ice

husk composites and reported that all the composites produced had higher modulus than the pure
PLA matrix. They observed that flexural modulus increased from 3.4 to 4.5GPa and from 3.4 to
4GPa by addingenaf fibres andice husk fibres respeeely into PLA matrix. As for flexural
strength, it however decreased from 110MPa to 90MPa and 85MPa by adding kenaf and rice
husk fibres respectively. The impact strength also had similar behaviour with flexural strength as
it decreased from 37J/m for uPLA to 34J/m and 30J/m when reinforced with kenaf and rice

husk fibres respectively.

Furthermore, Renakis et al, (2009) reported an almost independent case for tensile strength on
addition of wooedflour to PLA matrix. They suggested that a weak adhesikisted between the
woodflour particles and the matrix. However, they recorded about 95% improvement in tensile
modulus in the micr@omposites relative to the neat PLA matrix as the particles content
increased but there was reduction in elongatiorbraak of the composites. The miero
composites further showed an increase in the impact strength with increase iflouocdntent
reaching a maximum value at 20% w/w of the particles beyond which the impact strength was

almost constant.

In the study of Structurémorphology mechanical properties relationship  of
pol ypropylene/ |l ignocel leual, (281#)cimpact stmgngtts was feusd b y
to decrease in composites relative to the matrix PP because the lignocellulosic components
probably educed the mobility of the polymer chains and by extension, the ability to absorb
energy during fracture propagation. The hardness values of the composites were found to be

higher than that of the pure matrix probably due to the formation of a more uifgaes of the
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composites relative to the pure matrix. A reduction in impact strength of PP/ldood
composites relative to pure PP was also reported by Nourbaklah(2010). Their reason for
such was thathe presence of wood particles in PP mati@used points of stress concentrations

which then led to provide sites for crack initiation.

2.7 Thermal properties of bio-composites

Thermal analysis of polymers is an important study used for understanding the dtructure
property relation and masterirtige technology for industrial production of different polymeric
mat eri al s, -reirdopcedcconpdsitey. Mgrdmeer, it is a useful technigue to determine
the thermal stability of the materials, especially with the processinditionsin mind (Doan et

al., 2007; Luzet al., 2008). Itis a group of techniques in which a physical property of a
substance and/or its reaction products is measured as a function of temperature whilst the

substance is subjected to a controlled temperature program (Slaima012).

The manufacturing temperature and variety of applications in industry afolposites are

influenced by the thermal characteristics of the dignar and biodegradable polymer.

Therefore, in thermogravimetric analysi§TGA), the mass of asample in a controlled
atmosphere is recorded as a function of temperature or time as the temperature of the sample is
increased. It is used toeasure the moisture content, thermal breakdown and thermal stability of
bio-composites.Differential scanningcalorimetry (DSC)is a thermeanalytical technique in

which the difference in the amount of heat required to increase the temperature of a sample and

reference is measured as a function of temperadunember of important physical changes in a
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polymer may be measured by DSC. These include the glass transition temperature (Tg), the
crystallization temperature (Tc), the melt temperature (Tm) and the degradation or
decomposition temperature (T.DDPynamic mechanical analyzer (DMA) on the other handhas
beenwidely used for investigating the structures and viscoelastic behaviours-obrjosites

S0 as to determine their storage moduls8 § | osEdOMmModands!| §dss factor
response of the bicomposites to this treatment can provide infororatn the stiffness of the

bio-composites$andleret al.,1998;Kim et al.,200%; Salameet al.,2012).

Studies on the dynamic mechanical and thermal analysis of untreated and &l&ated jute
fibres reinforced Vinylester was carried out by Reid., (2002). They observed, at the end of
their study that storage modulus of the composites increased with fibre loading but decreased

with increase in temperature.

In a similar study by Doaet al, (2007), the thermal, hydrothermal and dynamic behaviour of
Polypropylenglte fibre composites was investigated. They also observed an increase in storage
modulus with increase in fibre content and a decrease in storage modulus with an increase in
temperaure. They found out that theewas a significant differenaaused by molecular weight

of polypropylene, content of Jute fibre and maleic anhydride modified polypropylene.

Mohanty et al, (2006) investigated the mechanical and dyicamechanical analysi®f
HDPE/jute fibre composites and concluded that an increase in storage modulus was observed
with increase in fibre loading but the damping properties decreased as compared to the

unreinforced matrix.
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Yu et al, (2010) investigated theffect of fibre suflacetreatments on the thermal properties of
poly(lactic acid)/ramie composites and reported that the storage modulus of PLA composites,
after the DMA process, was higher than that of the neat matrix. Also, they observed that
composites with surface treagmt exhibited higher storage modulus than those for the untreated.
Furthermorethe TGA resultsshowed that the PLA degradation took place in a single stage and

it occurred at 32&. They also reported that thermal degradation of treated compositesédcreas
relative to that of the untreated while that of the untreated showed lower degradation temperature
as compared to the neat PLA matrix. The DSC results showed an increase in Tg of the
composites relative to PLA matrix and crystallization peaks becamiéesmas untreated fibres

were added into the matrix which then disappeared with addition of treated ramie fibre.

Essabiret al, (2013b) observed in their TGA resailthree degradation peaks fémand shell

(AS) particles in their study. The peaks walgserved at 2882(F°C, 32043(°C and 432C
representing thermal decomposition of hemicellulose, cellulose and lignin respectively. They
concluded that the addition of particles to polymer matrices reduce the overall thermal stability
of resulting composite In another study (Yussetf al.,2010), TGA results showed that thermal
stability of PLA reinforced with kenaf fibre and rice husk reduced relative to the pure matrix.
They also observed three stages of decomipositf the natural fillers &80-15°C which is due

to moisture evaporatior230-36(°C which is due to degradatiasf cellulosic substances and

above 3660C which is due to degradation of narellulosic substances.

In a study that investigated the effect of loencentration alkali solution preatment on the
properties of Poly(lactic acid)/bamboanticles (BP) composites, Qi@ al, (2013) reported an

increase in degree of crystallinity of the composite produced after alkali treatment of BP. They
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observed degree of crystallinity eintreated PLA/BP composite to be 6.07% while that of
treated PLA/BP composite at 3 hours was 14.35%. They concluded that BP had a heterogeneous

nucleation effect during the crystallization of PLA.

2.8 Water absorption of bio-composites
All polymer composites absorb moisture in humid atmosphere and when immersed in water. The
water uptake of polymer composites depend on the hydrophilic nature of the polymers and fillers

(Alvarez and Vazquez, 200Bhakalet al.,2007).

Lignocellulosic based compositeabsorb water and cause undesirable dimensional changes in
the final product. It may also cause rapid debonding and loss of structural integrity of the
mat eri al 6 s mec h a netala2006ap Thee dfferent mechar{isms favekoeen
proposedfor moisture penetration into composites. The main process is diffusion of water
molecules inside the microgaps between the polymer chains. The others are the capillary
transport of water into the gaps and flaws created at the interface of filler anx andtthen the
diffusion of water molecules into the microcracks formed in the matrix arising from the swelling
of fillers (RazaviNouri et al.,2006; Dhakakt al.,2007). Generally, the moisture diffusion in a
bio-composites depends on factors which include volume fraction of fillers, voids, viscosity of

matrix, humidity and temperature (Dhaledlal.,2007)

A number of researches have been conducted on the effeat®isture absorption on bio
composites. Sreekala and Thomas (2003) investigated the effect of surface modification on water

sorption behaviour of ib palm fibres. Their investigation was carried out at different
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temperatures of 30, 50, 70 and®’@0Theyobserved at the end of their study that the diffusion
mechanism for all the systems were #0ckian and treatments reduced the water uptake at all
temperatures. They reported also that mechanical performance of the fibres decreased on water
sorption. Raza&-Nouri et al, (2006) investigated the mechanical properties and water absorption
behaviour of chopped rice husk filled polypropylene composites. They concluded that water
absorption of the composites increased with an increase in filler loading. Ho¢ @fffvater
absorption on t he mechanical properties of
composites at 25 and 160G was studied by Dhakadt al, (2007). They concluded that the
moisture uptake increased with increase in fibre volume fractidntlaa tensile and flexural
properties of the composites decreased with increase in moisture uptake. Other studies on water
absorption include those of Alvaretal, (2003) who investigated the mechanipadperties and

water absorption behaviour of MatefBIiSisal fibre composites; Yargt al, (2006) who studied
water absorption behaviour and mépcohlaynoilceayln pbric

composites.

2.9 Bodegradation of bio-composites

Biodegradation ofa polymeric material is a chemical degradation obtained by the action of
naturally occurring microorganisms such as bacteria and fungi through enzymatic action into
metabolic products (e.g.,.B, CQ, CH,; biomass etc.) of microorganisms. The actions of
microorganisms on polymers are influenced by two different processes:1. Direct action: The
deterioration of plastics which serve as a nutritive substance for the growth of the

microorganisms 2. Indirect action: The influence of metabolic products of #rearganisms,
67



e.g., discoloration or further deterioratiol@dhan and Srivastava, 201(Reports have it that
microorganism colonization occurs when materials are exposed to the biological environment
like soil and water. The reason being that the materal be susceptible to secondary factors
that result in an enhanced biological activity. All phases of polmeiaforced lignocellulosics,
including the fillers, resins, and the filleesin interfaces are susceptible to some type of

microbial degradatiofAbdulkhalil et al.,2010).

In recent years, biodegradable polymers and plastics have gained increasing attention because of
growing recognition worldwide of the need to reduce global environmental pollution. These
biodegradable materials can be completéégraded into natural ecosystems such as active
sludge, natural soil, lake and marine. Bamposies therefore, are composedbabdegradable
polymers which serve as matrices and cellulosic materials which act as the reinforcing fillers.
There are manystudies concerning the use of dilore and bieflour as reinforcemestin
biodegradable polymer bicomposite systems. These reinforcing materials can be naturally
degraded by microorganisms and play a significant role in degrading natural organiccasgbstan

in the ecosystertKim et al.,2006.

Kim et al, (2006) conducted a natural and aerobic compostsodegradation studies for
PBS/ice husk flour (RHF) for 80 days. They observed that tensile strength of pure PBS
decreased slightly after 10 days of exposure. They further observed that as filler content was
increased, the tensile strength and impact strength of PBS anddsnypmsies decreased more
rapidly with passing days. The study showed that addition of RHF enhanced biodegradability of
PBS due to the increased polymer surface created after the consumption of RHF by

microorganisms. Conclusively, they observed that the reduictiorechanical properties as well
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as weight loss of the bicomposites in the natural soil were lower than those observed in the

compost soil because of the high temperature and humidity in the chamber.

Schlemmeet al, (2009) prepared blends of PolystyeefiPS) and thermoplastic starch (TPS) by
solvent casting method using glycerol and buriti oil as plasticizers and then subjected them to
soil burial test for six months. After the soil burial test, TGA results showedbtkats
ofPS/TPS with glycerol oruriti oil presented less stages of thermal degradation than the original
ones. Furthermore, PS/TPS blends with buriti oil presented even less degradation stages than

blends with glycerol but more degradability compared to those of glycerol.

Abdulkhalil et al., (2010) carried out a study to evaluate the effect of biodegradation on the
mechanical properties (tensile, flexural, and impact) andnhss loss 0bil palm fibre (OPF

filled recycled PP (RPP) composites useul burial tests for 12 months. Thegbserved a

general decrease in the mechanical properties with an increase in exposure time and the effects
of biodegradation increased with burial period. The tensile strength, tensile modulus, elongation
at break and toughness of the composites decrégse®B, 37, 40, and 47% respectively while

the flexural strength and modulus decreased by 40% and 37% respectively. There was also a
47%reduction in impact strength relative to the values obtained before the test. Furthermore, the
masses of the composites, PP and RPP also decreased with exposure time. They explained that it
could be due to the increase in water uptake of the compositeg) caurial which led to
swelling thereby causing micimracking of the composites resulting in a decrease in the
mechanical properties and mass loss. The highest mass loss, at 12.7% after 12 months was
observed in the composite samples while the lowessruss at 9.2% was exhibited by the PP

samples whereas RPP showed a 10.7% reduction in mass over the same period.
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Obasi (2012) produced bmmposite of HDPE/ corncob flour and tested the biodegradability by
soil burial for 9 weeks. The result showed tlveater diffuses into the composite samples in the

soil which leads to swelling thereby enhancing biodegradation.

Sapuanet al, (2013) studied the effect of soil burial on the mechanical properties of
thermoplastic polyurethane (TPU)/ kenaf fibre (KF)mgmsites. They reported that tensile
strength of the composite decreased but flexural strength and modulus did not show any
significant change after 80 days of soil burial. Also, they submitted that weather, humidity,
temperature and degradation processtridouted in the reduction of tensile strength and that

TPU as a matrix needed more time to degrade.

2.10 Bodegradable composites based on poly (lactic acid)

Green composites use agricultdbalsed polymers and biodegradable plzaged fillers. They
canbe used in nowurable applications (a few years), products intended for-tront use (a

few times) or indoor applications (like wood or automotive parts). Poly(lactic acid) (PLA) is a
hydrophobic polymer prepared from renewable agriculbeasled feedstocks which are
fermented to lactic acid and then polymerized (Finkengtiaalt,2007ab). It can be extruded and
injection moulded and is biodegradable in soil, compost or water and the degradation products of
PLA are nortoxic to the environment. Thase of renewable and biodegradable fillers is
desirable to provide cesbmpetitive polymer composit@snkenstadet al.,2007alb; Mohamed

et al.,2009. At the same time, PLA is nearly G@eutral and reduces dependency on oil for the

production of compage materials (Van den Oevet al.,2010).
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PLA is a sustainable alternative to petrochemdsived products since the lactides from which
it is ultimately produced can be produced on a mass scale by the microbial fermentation of

agricultural byproducts mainly the carbohydrate rich substaiigesireopoulos, 2014)

In the last years, different lignocellulosic materials have been employed in order to modify the
properties of PLA. Up to now, the most studied natural fibre reinfozogsrfor PLA are kenaf
(Hudaet al., 2008 Ochi,2008; Anuaet al, 2012b),flax (Bax andissig2008; Kumatret al.,
2010),hemp I6lam et al., 2010; Baghaeiet al., 2013) bamboo@kuboet al., 2009; Kang and

Kim, 2011), jute and wood fibres (Huaa al., 2006; Ma and Joo, 2011; Memon and Nakai,
2013 Guptaet al.,2014). Hudaet al, (2008)worked on kenaf fibre reinforced PLA laminated
composites prepared by compression moulding using thestdcking method. Their goal was

to evaluate the mechanical athérmal properties of the composites as a function of modification

of the kenaf fibre using alkali and silane treatments. They found that both aidnelkal

treated fibre reinforced composite ofdrsuperior mechanical properties compared to untreated
fibre reinforced composite. The alkafollowed by silanereated fibre reinforced composite also
significantly improved mechanical properties. It was found that standard PLA resins are suitable
for the manufacture of kenaf fibre reinforced laminatectdmoposites with useful engineering
properties. The effects of the alkali treated natural fibores on the mechanical properties of
PLA/hemp fibres were studied by Hu and Lim (2007). They fabricated completely biodegradable
composites of PLA reinforced with sft hemp fibres by using the hptess method. The results
showed that the composite with 40% volume fraction of alkali treated fibre possessed the best
mechanical properties. The tensile strength, elastic modulus and flexural strength of the

composite wih 40% treated fibre were 54.6 MPa, 8.5 GPa, and 112.7 MPa respectively, which
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are much higher than those of neat PLA. The composites have lower densities, which were
measured to be from 1.19g¢nto 1.25gcnt. Bamboo fibre (BF) reinforced PLA composites
were prepared in order to improve the impact strength and heat resistance of PLA @tokoro
al., 2008). Three different types of BF (short fibre bundle, alkkalted filament and steam
exploded filament) were extracted from raw bamboo by either sodiumxtigle treatment or
steam explosion in conjunction with mechanical processing. Composite samples were fabricated
by injection moulding using PLA/BF pellets prepared by a {sdrew extruding machine.
Among them, the highest bending strength was obtairtezhwgteanexploded filaments were

put into PLA matrix. Impact strength of PLA was not greatly improved by addition of short fibre
bundles. In order to improve the impact strength of PLA/BF composites, PLA composite
samples were alternatively fabricatedhmt pressing using medium length bamboo fibre bundles
(MFB) to avoid the decrease in fibre length at fabrication. Impact strength of PLA/MFB

composite significantly increased, in which long fibre bundles were pulled out from the matrix.

The effects of sdace treatment of pineapple leaf fibores (PALF) on the performance of the
natural fibrereinforced renewable composites was studied for laminated composites prepared by
compression moulding using the film stacking method (Heidal., 200&). The results hae

shown that mechanical properties of the PLA laminated composites were remarkably improved
after chemical treatment. It was found that both sHaemed alkalitreated fibre reinforced
composites offered superior mechanical properties compared to udtriédate reinforced
composites. Differential scanning calorimetry (DSC) results suggested that surface treatment of
PALF affects the crystallization properties of the PLA matrix. Other fillers that have been used

as reinforcements in PLA matrix for biocposites production include Carab (Faludiet
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al.,2013), Phormium tenax@e-Rosaet al.,2011), Coconut shell powder (Chen al., 2012),

Wood flour (Liuet al.,2013) etc.

2.11 Agro-wastes or lignocellulosic materials as reinforcing fillers

Development of composites using agvastes or lignocellulosic materials as reinforcing fillers

with thermoplastic polymers as matrices has been the focus of attentiondtvaing@007). By
embedding natural reinforcing fillers into bBpomlymeric matrice; new materials called bio
composites are created and are still being developed. Since both components are biodegradable,
the component as the integral part is also expected to be biodegradable. The natural fillers which
are lignocellulosic in nature avadely distributed in the biosphere in the form of trees (woods),
plants and crops (Mohanst al.,2000). Many researchers have studied different-agistes or
lignocellulosic materials as reinforcement in different polymer matrices among which include
the works of Kumar & Anandjiwala (2010) whoprepared flax fibre reinforced PLA by solution
casting cum compression moulding method and conducted several studies. They compared this
method with injection moulded method of the same composite constituentfwamdl that
injection moulded composite specimens showed almost the same tensile strength and elongation
at break when compared to composite prepared from solution casting cum compression
moulding method. But injection moulded flax/PLA showed higher modiflas solution cast

cum compression mouldedshori and Nourbakhsli2010)investigated the use of sunflower
stalk, corn stalk and bagasse fibre in Polypropylene matrix. They concluded that bagasse fibre
gave the best mechanical properties in the treatedimindated conditions. Copet al, (2007)

studied the possibility of using hazelnut husk for particle board production. Their findings
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indicated that hazelnut husk is a valuable renewable natural resource for particle board
production and could be utilideas a substitute for wood in board production. Gétoal,
(2006)studied the use of rice huskplastic composite for building materials and they found out
that the apparent density of ribesk i plastic composite increased with increasing binder

content and the flexural strength was encouraging.

Elsaidet al, (2011) studid the mechanical properties oérkaf fibre reinforced concrete. They
evaluated the basic characteristickehaf fibre reinforced concrete (KFRC). They established
suitable mixture for KFRC with contents of 1.2% and 2.4%. They concluded that in order to
maintain the workability of KFRC, the use of a cement rich mixture and coarse aggregates with a
maximum diameter of 9.5mm is required. Prematall.(2002) studied the effect ofHRloading

in the PP matri x. In terms of mechani cal pro
increased whereas yield strength and elongation at break decreased with increase in filler

loading.

The incorporation of RH as reinforced filler in PP laéso been reported by Yarmg al, (2004,

2007). Their study revealed that tensile strength, notched and unnotched izod impact strengths
were lowered by the addition of RH. However, tensile modulus increased with increasing RH
loading. They also studied tlefect of compatibilizing agent on mechanical properties of rice
husk filled polypropylene composite. The tensile strengths of composites decreased as the filler
loading increased but significantly improved with maleated Polypropylene. Both notched and
unnotched izod impact strengths were almost the same with the addition of compatibilizing

agent.
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In another research, Yangt al,(2006) studied rice husk flour and wood flour filled polyolefin
bio-composites to determine their physical and mechanical properties as a function of filler
loading and type of filler. Polyolefin (HDPE, LDPE and PP) were used as matrix polymers.
Thicknessswelling and water absorption of bammposites slightly increased while mechanical
properties decreased as filler loading increased but their values remained negligible as compared
with those of the woottased composites and solid woods. With increadkst foading, the

poor interfacial bonding between the filler and the matrix polymers caused the tensile strength
and izod impact strength of the composites to be reduced. The poor interfacial bonding resulted
in an increase in the number of micro voidsisiag increased water absorption. The use of
compatibilizing agents had a positive effect on thesecbroposites. With the addition of the
compatibilizing agent, the interfacial bonding between the filler and the matrix polymer was
greatly improved resutftg in improved dimensional stabilities and water absorption behaviours.
Thus, making them suitable for use in damp places such as the interior of bathrooms, wood

decks, food packaging, etc.

Choi et al,(2006) developed a new recycling method for ricekbuand waste expanded
polystyrene by combining both wastes. Rice kpisistic composites were prepared for apparent
density, water absorption, expansion in thickness, and dry and wet flexural strengths. The
apparent density of the composites increased mitheasing binder content and filbmder

ratio. Their flexural strengths and wet flexural strengths reached maximum at a binder content of
30% and a filletbinder ratio of 1.0. Their water absorption and expansion in thickness decreased
with increasingbinder content and fillebinder ratio. Due to high flexural strength and water

resistance, these composites were proposed to be used as building material.
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Other studies that used agmastes as fillers in polymer matrices for composites production
include those of Salma#t al, (2012) who usedoconut shell powder to reinforce polylactic acid
for bio-composites; Shehet al, (2014) who usedpalm kernel shell (PKS) apticulate as
reinforcement in polyester matrix; Viet al, (2012) who studied dnafpowderfilled recycled
high density polyethylenehatural rubber bio-composites; Ueberschaeret al, (2006) who
investigated the micromechanical properties of injectionmoulded starch wood particle
composites;wood flour filed PLA was studied by Febriantt al, (2006); pine needle

reinforced Uredormaldehyde was studied by Singha and Thakur (2009) etc.

2.12 Sudies on sorghum and its wastes

Studies on the use of sorghum or its wastes as reinforcement in polymer matrices have not been
widely reported irliteratures The few available literatures on the use of sorghum and its wastes
include; Chukwuet al, (2011) whodetermined some physical and chemical properties of two
cultivated varieties of guinea corn (brown and white).Physical properties (peradopy,

kernel size, 1000Kernel weight and moisture content) ahémical composition (oil, crude

fibre, ash and protein content) were determined. Reddy & Yang (2007)used sorghum leaves and
stems to produce natural cellulose fibres with properties seifablcomposites, textiles and

other highvalue fibrous application. The leaf and stem fibres produced are multicellular and
have similar cellulose contents. They also found out that the breaking tenacity and elongation of
the fibres are similar to that ofatural cellulose fibres such as kenaf and corn stalk fibres.
Finally,Yakubu et al, (2010)studied thePhysicemechanical effects of surface modified

sorghum stalk powder on reinforced rubber. The surface treatments given were with groundnut
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oil, alkaline and 3chloro-2-hydroxyl propyl trimethylammonium chloride. At the end, they
observed that the impact tests demonstrated critical loading effects for all the different samples
and the hardness index did not show much difference between the untreatsshtattifillers

but generally, there was improvement from the use of the tertiary ammonium salt of cellulosic

filler as reinforcing material for natural rubber.

Based on the aforementioned literatures and to the best of my knowledge, there is no work that
has been carried out on the use of Guineacorn husks as reinforcement in polymer matrix;
whether biodegradable or ntaodegradable. Therefore, production of completely biodegradable
composites was carried out in this study using Poly(lactic acid) (PLA)popolgmer and

Guineacorn husks particulai@HP).
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CHAPTER THREE
3.0 MATERIALS AND METHODS
3.1 materials
The materials used during the course of this research include Poly(lactic acid)(PLA) grade
3051D from Nature works (USA), Polypropylene (RRjanpro)homopolymer grade 643fiom
Malaysia, Guineeorn husks particles (GHR)om Zaria, Nigeria - Aminopropyltriethoxysilane
(3-APS)cat.44,0140 Lot: 12100 from Sigma Aldrich, Germangodium hydroxide (NaOH3P
pellets, Acetic acidglacial) 100%AO0S,ISQ methanol, Plastic containers, Laboratory trays,
Hand gloves, Nose masks, Biomax strd from Nature Works (USA)Polyethylene glycol

(PEG1000 81190 from Sigma Aldrich, Germanyesiccator, Silica gel.

3.2 Equipment

The equipment used in titseurse of the research are listed in Table 3.1
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Table 3.1: List of equipment

S/No. Equipment Model Model
Number

1. Laboratory sized mircrusher NA NA

2. Precision weighing balance (0.00001g) precisa NA

3. Brabender Single Screw Extruder 837420 083002

4, Granulator (Pelletizer) 881207 088051

5. Injection Moulding Machine BOY 22M 38345

6. Binder Humidity Chamber KBF240 05-91400

7. Micromeritics Heliumgas pycnometer 133/3401/00 3604
(Accupucl330)

8. Impact tester Zwick 74864

9. 100KN InstronUniversal testing machine 5982 5982R4262

10. Zeiss Scanning Electron Microscope SUPRA 35VP
(SEM)

11. Scanning Electron microscope JOEL-JSM 5600 series

12. Mitutoyo Universal Hardness testing HR-521/521L 400211202
machine

13 Mettle Toledo DifferentiaScanning Staf NA
Calorimetry

14. Perkin EImer Thermogravimetric Analysi Pyris6 NA

15.  Mettle Toledo Dynamic Mechanical DMAS861° NA
Analyser

16. Shore D Hardness tester TECLOCK GS702G
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All the laboratory work/procedures were carried out usingdb#ities provided by the School
of Materials and Mineral Resources Engineering, Universiti Sains Malaysia, Nibong Tebal,

Malaysia.

3.3 Methods

3.3.1 Preparation of Guineac¢®orghum bicolorhusks particulates (GHP)

The Guine&orn (Sorghum bicoloy stalk after the removal of the edible cereals were gathered
from the local farmers in Zaria, Kaduna State, Nigeria after the harvest period (November
December) and the husks removed manually from the stalks. The husks were then washed
thoroughly withwater anddetergentsolutionto remove all forms of dirt including stones, dried

and subsequently ground a mini crusher having a sieve of 0.5mm attached to its odihet
particulates were then oven dried at AMJor 24 hours and then stored before erkinar on

further processes. To remove volatile materials, the particulates were soaked in hot water for
24hrs, washed and dried in air and subsequently oven dried & ¥66 24 hours. The
particulates were designated as untreated (UNTRD). The untreaticlljates were treated

with sodium hydroxide (NaOH) solution;Aminopropyltriethoxysilane3-APS) coupling agent

and a combination of both treatments. The untreated particulates were used as control in this

study.

3.3.1.1 Alkali (ALK) treatment
The unteated (UNTRD) particulates were treated with 5% sodium hydroxide (NaOH) solution

for 24hours at room temperature after which it was washed with distilled water until all the
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NaOH was eliminate@lishraet al, 2003) A little quantity of acetic acid wasdded to help in
the quick neutralization process. This was confirmed by using a pH meter which showed neutral
state of 7.2. After washing, the particulates were kept in air for 2 days to dry before oven drying

at 105C for 6 hours.

3.3.1.2 Silane (SILy¢atment

The untreated particulates were treated withd%-Aminopropyltriethoxysilang3-APS)kilane
coupling agent. This was leved by first hydrolysing the dlane coupling agent in a
methanol/water mixture in the ratio 50/50. The pH of the mixture adgusted to 4.5 by adding a
small quantity of acetic acid. The whole mixture was stirred before introducing the particulates
into the mixture and left for 3hrs. The particulates were then removed, washed and kept in air for

2 days before oven drying a@%’C for 6hours.

3.3.1.3 Combination of Alkali and Silane (ALKSIL) treatment

The untreated particulates were first treated with sodium hydroxide solution as described in
section 3.3.1.1followed by treament with dslane coupling agent as described in Eect
3.3.1.2.After the treatments, the particulates were placed in plastic bags, sealed and stored in a

desiccator before further processing.
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3.3.2 Compounding of composite materials

Four formulations consisting of Poly(lactic acid)PLA) and 1Polypropylene (PP) were
prepared for compounding; two PLA formulations were blended plésticizers,whichncluded
Biomax strong 100(BM) and Polyethylene Glycol (PEGO0Q which were 5% and 10% by
weight of PLA respectively while the last formutat was without a plasticizer. The Guineacorn
husksparticulates (GHP) (untreated and treated) were oven dried@f&06hrs, the PLA were
also dried at 5% for 4hrs while the PP was used directly without dryifige compositions of

the samples are siva in Table3.2

The compounding was accomplished for all the formulations using a Brabender single screw

extruder with the following temperature profiles from hopper to nozzle:

i. PLA/Biomax (PLABM)/GHP: 160C/ 175°C/ 175°C/ 165°C; screw speed 40rpm
i. PLA/GHP (PLAP) : 16GC/ 175°C/ 175°C/ 165°C; screw speed 40rpm
i. PLA/PEG(PLPG)/GHP: 17C/180°C/180°C/175°C; screw speed 60rpm

iv. PP/GHP : 18%C/ 190°C/ 190°C/ 185°C; screw speed 40rpm

The mixture of resin angbarticulates were introduced into the hopper of the extrdde
compounding and subsequently extruded as long strahdPLPG formulation was extruded at

a screw speed of 60rpm because of the viscous nature of PE@Grid@8quires a higher speed

for extrusion.The extrudates were collected in a water tank wathtinuous flow of water which

served as a cooling medium. The extrudates were then pelletized using a Brabender granulator.
PLA samples were dried in the oven afGHefore while the PP samples were dried aC60

before injection moulding.
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3.3.3 Injecion moulding
The pellets were introduced into a BOY 22M injection moulding machine to produce the various
standard test samples of tensile, flexural and impact according to ASTM D638,790 and 256

respectively. The temperature profiles used for the diffdogntulations were as follows:

I PLA/Biomax(PLABM)/GHP: 145C /180°C /180°C /165°C
. PLA/GHP (PLAP) : 145C /180°C /180°C /165°C
ii. PLA/PEG(PLPG)/GHP: 18&/190°C/19¢°C/18(°C

V. PP/GHP : 19%C/ 200°C/ 200°C/ 180°C

Injection speed of 45: 53: 29 mm/s, ifjea pressure was 50bar, back pressure was 5 bar,
mould temperature was 8G and cooling time was 30 seconds. After moulding, all the test
samples were conditioned in a Binder KBF240 Humidity chamber for 40hrs % 2Ad

50% relative humidity prior teesting.

Table 32: Compositions of the investigated untreated and treated samples

S/No. PLAP/GHP PLABM/GHP PLPG/GHP PP/GHP
1. 100/0 100/0 100/0 100/0
2 90/10 90/10 90/10 90/10
3 80/20 80/20 80/20 80/20
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4 70/30 70/30 70/30 70/30

5 60/40 60/40 60/40 60/40

3.4 Fhysical properties

3.4.1 Density measurement

The guiineacorrhusksparticulates (GHP), PLAP/GHP, PLABM/GHP, PLPG/GHP and PP/GHP
composites were subjected to density measurements using a tg@lsupycnometer. Each of the
sample was weighed and introduced into a fOcapacity sample holder of the pycnometer
which was tha inserted into the machine and tightly covered. The measured weigh of each
sample to be tested was recorded in the machine before pressing the start button on the machine.
On starting the machine, a number of cycles involving purging and determinatrofunfe of

the samples was initiated. This was done for about 15minutes before the calculated densities
were displayed on the screen of the machine. 3 values were given for each sample and the

average values were recorded.

3.4.2 Water Absorption Test

Water absorption tests were carried out according to ASTM D 570 for all the composites
produced.Before the immersion, the specimens were oven driedGifd&024hrs, cooled and
weighed with a weighing balance to the nearest 0.0001g. The initial weight®fthie samples

after drying were recorded. Then, they were submerged in various containers with distilled water
at room temperature for 24hours. At the end of this period, the specimens were removed, wiped

with a dry clean cloth and immediately weighedyet the wet weight (W The specimens were
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weighed every day for two weeks then subsequently every day except Saturdays and Sundays for

the next two weeks making a total of 30 days.

The percent increase in weight during immersion was calculated asifgllowing equation:

% water absorbed =22 x 100 (3.1)

w1

Where Wis the weight of the samples at time t of immersion andswhe initial weight.

Tensile, flexural and impact samples were used fotdgbeafter which the variouappropriate

mechanical testingiere carried ouvn the specimens

3.4.3 Soil Burial Test

Biodegradation testvas performed on all the produced composites using the simple soil burial
test and weight loss method was used for evaluation. Before the burial, all the samples were
properly driedin an oven at 5 for 24hrsand their initial weights (\)J were recorded. Téh
specimens were buried in the normal soil in the garden within the School of Materials and
Mineral Resources Engineering, Universiti Sains Malaysia, Malaysia for a period of 3 months.
After the completion of the test, the specimens were dug out and waglsthg running water

in order to remove the sand from the surface of the samples, and all specimens were dried in the
oven at a temperature of ®5for 12hrs before recording their final weights j\WWI'he weight

los=es of the buriedsamples wre calculated and evaluated using the followgssufet al,

2010)
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wio—w1l

Weight loss (%) = x 100 (3.2

w0

Where W and W are weights of specimens before and after the burial test respectively.

3.5Mechanical testing

3.5.1 Tensile test

According to ASTM (D638), dumbbell shape (Typé)Ispecimen is needed for reinforced
composite testing. The testing was done in a standard laboratory atmosphere of 23°C £+ 5°C and
50 + 5 percent relative humidity. Each of the specimen (Figu)emeasuring 146.49 X 9.96 X
3.52mm was positioned verticaliy the grips of the testing machine. The grips were tightened
firmly to prevent any slippage with gauge length kept at 77mm. As the tensile test starts, the
specimen elongates; the resistance of the specimen increases and is detected by a load cell. This
load value was recorded until a rupture of the specimen occurred. Instrument sdBiwabdl)

provided along with the equipment was used to calculate the tensile properties Jecisikes
strength, tensile modulus and elongation at hr8dle test wagperformed using d@00KN
capacity Instron 5982 Universal Testing Machine at a crosshead speed of 2mm/min for PLA and
its composites and 10mm/min for PP and its composites and a gauge length of 77mm. Three
samples were tested for each composition and fotiooland the average value for each was
recorded. It was noticed that the unreinforced PP sample did not fracture after the maximum

stress was reached.
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Figure3.1: Dumbbell specimen for tensile test

3.5.2 Flexural test

3-point bending test otherwise called flexural test was performed on the specimens measuring
126.49 X 12.90 X 3.05mm according to ASTM D790 using Instron 5982 Universal Testing
Machine at a crosshead speed of 5mm/min for PLA and its composites and 20nfon/Rih

and its composites and a span length of 80inthe commencement of the test, the specimens

were rested on the two supports of the bottom fixture, perpendicular to the loading nose. Then,
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the upper anvil was manually adjusted just barely toucthegcomposite bar by turning the
knob attached to the machine. The test was subsequently run and automatically stopped at
rupture or when there was a maximum deflection of the sample. It was noticed that most of the

PP samples did nétacturelike the PLA samples.

Three samples were tested for each composition and formulation and the average values were

recorded. Flexural strength and flexural modulus were evaluated using the Bluehill software.
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Figure3.2 Flexural test specimen

3.5.3 I1zod impact test
Unnotched Izod impact test was conducted on all the composite samples produced according to

ASTM D256 with a Zwick impact testing machine. A 7.5J hammer was used for the samples.
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The dimension of the samples was 63X12.9X3.05mm. Three samples were ubedifgpact

test for all the composites produced and the average values were recorded.
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Figure3.3 Impact test specimen

3.5.4 Hardness test

For the purpose of this study, Durometer hardness test was perfomid® and PP composites

to measure the relative hardness of the materials. The method was based on the rate of
penetration of a specified indenter forced into the material under specified condition and the
sample was placed on a flat surface. The pressure foot of the instrwaemressed on the

specimen, making sure it was parallel to the surface of the specimen. Each sample was subjected
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to 10 Durometer hardness reading at different positions on the sample base. The average value

for each sample was recorded in "accordan@estotM D2240.

Furthermore, a Mitutoyo Universal Hardness testing machine was also used to test the hardness
of the PLA and its composite§he surfaces of injection moulded specimens were smooth
enough so there was no surface preparation before carrying out the test. The test type was
Rockwell hardness witR scale (HRR), the indenter used was % inch steel ball with minor and
major loads ofl0 and 60Kgf respectively. The samples were placed on the anvil and the load
was applied by adjusting the knob of the machine down to effect a penetration on the specimen
after which it was released from the surface of the specimen. The hardness vakiesader

directly from the screen of the machine.

3.6 Thermal analyses

3.6.1 Differential scanning calorimetry (DSC)

A PerkinElmer DSC 6 differential scanning calorimeteras the DSC instrument used to
characterize thesamples.The instrument was computentrolled and the calculations were
performed usingStaf software. All the analyses wereperformed under nitrogen flow (20
mil/min). The PLABM/GHP Composite samples were analysed from 25 to 200 °C at a rate of
10°/min. The samples were heated, cooled, aitkated under the same conditions. Only the
second heating scan was used to determine the melting enthalpies and tempdratures.

%crystallinity (%Xc) of

PLABM and its compsites was evaluatedsing thefollowing equation
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%XC = (_Anfn’—w”;ﬂller)) * 100 (3.3

AH°(1
100

Where o@HmM is the melting en t%sé#eémeltingerithalpymfas e c on
100% crystalline PLA (93.0J/g) (Battegazzateal., 2014) and %wt filler is the filler weight

percentage.

3.6.2 Dynamic mechanical analysis (DMA)
A Mettler Toledo DMA 86% was used in determining the thesmzchanical properties of all
the PLABM/GHP Composite samples. Impact test samples were used fanahsis in dual

cantilever mode and the parameters were as follows:

Frequency 1 Hz

Amplitude 20 pm

Temperature range20 to 140 °C

Heating rate 5 °C/ min

Preloading force 1N

Sample length  63mm

Sample width  12.90mm

Sample thickness3.05mm
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3.6.3 Thermogravimetric analysis (TGA)

The TGA analyses were carried out in a Petimer Pyris 6TGA thermogravimetric analyser.
Nitrogen was used as the purge gas at the rate of 20 ml/ min. The saridendd were heated
from 30 to 600 °C aa rate of 10 °C/ min. The instrument was computer controlled and the

calculations performed on the curves were done using Pyris6 software.

3.7Scanning Electron Microscopy(SEM)

The tensile fractured surfaces of the PLA and PP and their composites were studied by using
SUPRA™ 35VP andJOEL-JSM 5600 series Scanning Electron Microscopes (SEM). The
specimens were sputter coated with a thin layer of gold to avoid electrostatimghdugng

sample examination. And also the outer surface of the composted samples (soil buried samples

for biodegradability test) and water absorbed samples were evaluated and assessed.

CHAPTER FOUR
4.0 RESULTS AND DISCUSSION
4.1 Filler Characterization
4.1.1 Density

The results for the density values of GHP (treated and untreated) are as shown in Figure 4.1.
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Figure 4.1: Density of Guineacorn Husks Particulates against various treatments

From Figure 4.1, it was observed that the UNTRD GHP had the higleesity value of
1.47g/cni. The treated GHP on the other hand, had slightly lower density values of 1.%6g/cm
1.45g/cmi and 1.44g/crhfor ALKSIL, ALK and SIL treatments respectively. The reduction of
density with surface treatments to the tune of 0.46%0% and 1.75% respectively are not so

significant.

The density values obtained in this studlyich lied between 1.44 and 1.47gfovere higher
than those of somiggnocellulosic fillers such as Rice husk flour (RHF) with a density value of
1.30 g/cni (Rosaet al, 2009), 1.068 g/cifor wood apple shell particulate (Ojlea al, 2014)

but lower than other lignocellulosic fillers sucttasonut shell particulatewith a density value

of 1.60 g/cni (Bhaskar and Singh, 2013; Ojetal, 2014), 1.51.6 g/cnt for cotton fibres , 1.5
g/cnt for abaca, flax and sisal fibres (Bledzki and Gassan,;1Bi@@zki and Jaszkiewicz, 2010

Gil-Castellet al, 2014) and 1.524 g/chfor Date palm fibres (Abdahayet al, 2012).
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The reduction of density values with fage treatment containing alkali could be attributed to the
fact that alkali treatment removes surface impurities and makes the surface of fibre roegh (Yu
al., 2010; Thaotran et al, 2014). The reduction of density withilane treatment could be
attributed to the removal of waxes frote filler as reported by Thawan et al, (2014). The
reduction of density value with surface treatment has been reported by Suetréddné2011)

who stated thathe density value of untreated hemp fibre as 1.249 Yffernon treatment with
NaOH and silane coupling agent, the density values reduced to 1.12%¥aydm.150 g/cth

respectively.

4.1.2 Thermogravimetric Analysis (TGA)
The thermal analysis curves together with their derivative (DTG) curves which show the stages
of decompositionsand maximum decomposition temperatures are shown in Figures 4.2a and

4.2b and the TGA data are summarized in Table 4.1.
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Table 4.1: Summary of TGA data for GHP

GHP Onset {C) Endset {C) Dmax {C) Residue (%)
UNTRD 250 380 360 25.82
ALK 250 375 355 24.37
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SIL 265 370 360 22.93

ALKSIL 260 380 355 22.45

TGA is used in obtaining the thermal stability of fillers at their processing temperatures
(Battegazzoreet al, 2014). The TGA and DTG curves (Figure 4.2a) show that the GHP
exhibited 3 step decomposition. This was also reported for other fillers such as Kenaf fibre and
Rice husks (Yussuét al, 2010), Cocoa pod husk (Chenhal, 2013ab) and Coffee ground and

Bamboo flour (Baelet al., 2013).

The decomposition stages include:

i. 30°C 7 110°C - due to the evaporation of moisture content in the filler (Norashikin
and lbrahim, 2009 ;Yusset al, 2010; Baelet al, 2013; Churet al, 2013a; Essabir
et al, 2013a)

il. 240°C7 340°C1 due to the decomposition of cellulosic substances sucéllatose
and hemicellulose (Yusset al, 2010; Baelet al, 2013; Churet al, 2013a).

iii. Above 340°C i due to the decomposition of naellulosic substances in the filler

(Yussufet al, 2010; Baelet al, 2013).

From the combined curves (Figure 4.2k1),wias observed that the ALKSIL treated GHP
exhibited the highest thermal stability while the others which include the UNTRD, ALK and SIL

treated GHP overlapped.
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The derivatives of the thermogravimetric curves (DTG) of treated and untreated GHP show the
man decomposition temperatures of the GHP (dmax) presented in Table 4.1. It indicated that
GHP, whether treated or untreated is stable up td@4aith a maximum rate of decomposition

at 3506C.

From Table 4.1, the onset decomposition temperature of UNTTRDA&K treated GHP was
250°C while it was 265C for SIL treated GHP and 26Q for ALKSIL treated GHP. Also, the
maximum decomposition temperature for UNTRD and SIL treated GHP wa¥36hile that

of ALK and ALKSIL treated GHP was 356.

The residuesr ash contents at 60C was highest for the UNTRD GHP with a value of 26%
while the least residue was obtained for the ALKSIL treated GHP with a value of 22% . The
reason for relative high residue for the UNTRD GHP and lower values for the treatecbGIHP ¢
be due to the presence of impurities with regards to the UNTRD that were probably removed

with various surface treatments.

4.1.3 Morphological study of GHP

The SEM images for both the treated and untreated GHP fillers are shown in Piates | a
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X380 SEMm

Platel: SEM micrographs of treated and untreated GHRIJNTRD (b). ALK treated (c). SIL
treated (d). ALKSIL treated

From Plate la which shows the SEM image for UNTRD GHP, it was observed that the filler
exhibited some scaly substances that could be waxes which cover the surface of the filler. The

scaly covering was said to be a membrane layer called pellicle (Suatden2011).

The SEM image for ALK treated GHIPlate Ib) showed a rough and cleaimeage as compared
with the UNTRD. Treatment with alkali removes surface impurities such as lignin, pectin,
hemicellulose, oils covering the external surface of the filler cell wall and makes the surface of

fillers rougher ( Kushwaha and Kumar, 2009; &tal., 2010; Suardanet al, 2011; Senawet
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al., 2013; Thadran et al, 2014). The membrane that was observed in the UNTRD GHP was

removed after alkali treatment.

The SIL treated GHP ifPlate Ic looks a bit similar to that of UNTRD GHP but with little
difference which could be as a result of removal of waxes from the swfate GHP. As
reported by Thadranet al, (2014), silane treatment removes waxes from husks surfaces which

does not really lead to very noticeable change of the GHP surfacelaftezegdment.

Suardanaet al, (2011) reported that SIL treatment resulted in the coating of natural filler
surfaces as it was deposited on the filler surface which suggests the similarity between the

UNTRD and SIL treated GHP.

Plate Id shows the SEM imagé ALKSIL treated GHP. The image showed a clean, rough as

well as a coated surface which resulted from the alkali treatment followed by silane treatment.
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4.2 Composites Characterization

4.2.1 Physical properties

4.2.1.1 Density

Figures 4.3 to 4.@nd Tables Al to A4 in appendix &e the density results for the various
composites formulations produced.
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Figure 4.3: Density of PLAP/GHP against filler content for various treatments
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Figure 4.4: Density of PLABM/GHP against filler content ¥arious treatments
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Figure 4.5 Density of PLPG/GHP against filler content for various treatments
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Figure 4.6: Density of PP/GHP against filler content for various treatments

The results showed that the density values for the various composites were higher than those of

their various matrices. Also, the density values increased with filler loading. The increase in
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density values of composites with filler contents over thaheir tvarious matrices was due to
the higher density values for the fillers compared to that of the matrix ¢P#lg 2008; Ojhaet

al., 2014).

The results for the density of PLAP/GHP composites in Figure 4.3 indicates that the density
value forunreinforced PLAP was 1.29g/érand this increased with filler loading for both the
treated and untreated composites. The higher density of composites over that of the matrix was
expected since the filler had higher density than the matrix. It was alsovebisthat for the

same filler contenthe density values for SIL treated composites were the highest while the least

density values were exhibited by ALK treated composites.

The results for the density of PLABM/GHP composkesure 4.4howsthat he matix exhibits

a density of 1.28g/cPrand this value increased with filler loading for all the composites.At 10%
filler content, SIL treated composite had the highest density value of 1.32ghite the ALK
treated composite exhibited the least value ofg/dn?. At 40% filler content, ALKSIL treated
composites had the highest density value of 1.36b/dmie that of UNTRD composite had the

least value of 1.35g/ctn

The density of PLPG matrix was 1.29g/%amd this increased with filler loading as preserite
Figure 4.5. There were different density values recorded for different treatments at all filler
loading but the ALKSIL treated composite at 40% filler content exhibited the highest density
value of 1.41g/crh Other density values for the same fillasntent (40%) were 1.40g/ém

1.39g/cmi and 1.39g/ crifor SIL, ALK and UNTRD composites respectively.
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The density values for PP and its composites lied within the range of 0.96 and 1.1Eigum
4.6. The results indicated that the density values foaPits composites were very much lower

than those of the various PLA matrices and their various composites.

The densityresultsin Figures4.3 to 4.6 showed that the unreinforced matrices had density
values of 1.29g/cfiil.28g/cni,1.29g/cniand 0.94g/crh for PLAP, PLABM, PLPG and PP
respectively. Within the PLA matrices, PLABM exhibited the least density value of 1.28g/cm

probably due to the influence of Biomax strong which is very light.

The reported density values for PLA from other studies were 12A¢leeet al, 2009; Faludi

et al, 2013b), 1.25g/ cm (Hudaet al, 2008; Fortunatiet al,2010; DeRosaet al, 2011)
while the density value reported for PP matrix was 0.99(Bremalalet al, 2002; Essabiet al,
2013b), 0.91 g/cth (Yanget al, 2006; Rosat al, 2009), 0.908.917 g/cmi( P L r petat, i St

2014) and 0.95g/chfAshori and Nourbakhsh, 2010).

The density values obtained for PLA and its composites from this study showed that they lied
within the range of 1.2 and 1.4 g/érSurfacereatment led to slight increase in density values of
the composites in some cases which may lead to higher compatibility between the filler and
matrix thereby reducing the amount of voids in the end product. Fillers generally have low
density which make# possible to produce composite of low weights at low cost (Castedtano

al., 2004) and low weights are among the advantages of composites materia¢t &Kjra007).

Essentially, the composites produced in this study were light weight which woukhbaseful

in applications requiring low weight (Rostal, 2009).
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4.2.2 Mechanical Properties
4.2.2.1 Tensile Strength

The results for the tensile strengths for all the formulations of composites are presented in

Figures4.7 to 4.10and Tables B1 to B4 iAppendix B
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Figure 4.7: Tensile strength of PLAP/GHP Composites against filler content for various
treatments
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Figure 4.10: Tensile strength of PP/GHP Composites against filler content for various treatments

From the tensile strength results in Figae7 to 4.10, a general decrease in tensile strengths
with filler loading was observed for the treated and untreated composites. Also, the neat
polymers (matrices) had higher tensile strengths than the reinforced composites. This observation
is in agreemetnwith those of other investigators such as those of (Finkenstadli 2007a) that
reporteda decrease in tensile strength in P&uyarbeetpulp (SBP) composite from 69.5MPa

for pure PLA to 29.55MPa for 45% SBP content. Also, Clarizio and Tatara (284@jted a

drop in tensile strength from 59.6MPa for pure PLA to 11.2MPa for reinforcedobiposite
reinforced with distillers dried grains with solubles (DDGS). Others include studies ofeRosa

al., (2009), Yanget al, (2007) and Finkenstadtt al, (2007b) that reported reduction in the
tensile strengths of composites as compared to the matrices but they remained within acceptable
limits (Imoisili et al,2012; Yanget al, 2004 and 2006). As for the reinforced composites, the

treated composites shodvigher tensile strengths than the untreated ones in most cases.
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Figure 4.7showsresults for tensile strength of PLAP/GHP composites. It was observed that the
PLAP matrix with a tensile strength of 57.13MPa had a higher tensile strength than the
reinforced treated or untreated composites. The tensile strengths of the reinforced composites at
10% and 40% filler contents were 40.64MPa and 31.59MPa, 41.43MPa and 32.95MPa,
40.56MPa and 30.77MPa and 45.48MPa and 37.57MPa for UNTRD, ALK, SIL and ALKSIL
treated composites respectivelyThe observed trend was a progressive decrease in tensile

strengths with filler loading for all the reinforced composites.

Another observatiom the resultsvas that, compared to the untreated composites, ALKSIL and
ALK treated conposites showed higher tensile strengths while the tensile strengths of the SIL

treated composites gave the least values for all the filler contents investigated.

Figure 4.8 shows the tensile strength results for PLABM/GHP composites. The restdts
similar to those of Figure 4.7 but with lower values. The tensile strength of PLABM was
44.37MPa while different and lower values were obtained at different filler contents for the
untreated and treated composites. At 10% filler content, the tensile stretgéised were
31.20MPa, 31.24MPa, 29.10MPa and 32.09MPa while at 20% filler content, were 26.35MPa,
28.16MPa, 24.08MPa and 29.50MPa for UNTRD, ALK, SIL and ALKSIL treated composites
respectively. At 40% filler content, the tensile strengths obtained v&r8NPa, 20.49MPa,
17.68MPa and 21.71MPa for UNTRD, ALK, SIL and ALKSIL treated composites respectively.
The lower tensile strength values obtained for PLABM and its composites as compared to those
of PLAP and its composites could be attributed to theeeffieBiomax strong which is light and

probably of low tensile strength compared to PLA.
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Figure 4.9 presents the tensile strength results of PLPG/GHP composites. The tensile strength of
PLPG was 47.88MPa which is 16.2% lower than that of PLAP but 7.9%erhittan
PLABM.The results obtained heveasa bit different from those of Figures 4.7 and #h&hat

the SIL treated composites showed higher tensile strengths than that of the untreated ones at 10
and 20% filler contents and it recorded the highest tensile strength at 40% filler content followed
by UNTRD, ALK and ALKSIL treated composites with value§ 21.78MPa, 21.50MPa,
20.17MPa and 16.86MPa respectively. The tensile strengths for ALK and SIL treated composites
showed higher values at 10 and 20% filler contents as compared to those of the UNTRD and
ALKSIL treated composites. The values obtained a% 1filler content were 34.90MPa,
32.07MPa, 31.59MPa and 28.50MPa for ALK,SIL,ALKSIL and UNTRD composites
respectively while at 20% filler content, the values obtained were 28.72MPa, 28.52MPa,

24.85MPa and 24.58MPa for ALK, SIL, UNTRD and ALKSIL treated cosiies respectively.

The results for tensile strength of PP/GHP composites given in Figure 4.10 shows similar trend
of decrease in tensile strengths with filler loading with dineeinforcedPP having a tensile
strength of 25.88MPa. The arrow indicated tha virgin PP did not fracture during the test but a
value was assigned by the Instron machine at the termination of the test after excessive necking
of the specimen. The tensile strength values of PP and its composites were lower than those of
the varius PLA matrices and their composites. The tensile strengths obtained at 10% filler
content were 22.89MPa, 23.21MPa, 23.45MPa and 23.37MPa while the values obtained at 40%
filler content were 15.23MPa, 15.68MPa, 17.13MPa and 16.63MPa for UNTRD, ALK, SIL and

ALKSIL treated composites respectively.
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Decrease in tensile strengths of lignocellulosic parfitked composites is a general trend that
has been variously reportelly (Yang et al, 2004; Kimet al, 200%; Tserki et al, 2006a;
Ahmadet al, 2007; Km et al, 2007; Yanget al, 2007; Rosat al, 2009; Sainkt al, 2010;
Ewulonu and Igwe, 2011; Husseat al, 2011; Kimet al, 2011; Churet al, 2012; Salmalet

al., 2012; Hardinnawirda and SitiRabiatull , 2012; Ibral@tmal, 2012; Imoisiliet al, 2012,
Baeket al, 2013; Churet al, 2013a; Essabet al, 2013a; Ezet al, 2013; Fakhruét al, 2013
andKoutsomitopoulowet al, 2014) However,some other reports have shown increase in tensile

strengths with filler loading (Onuegbu and Igwe, 200jhaet al, 2014).

Tserkiet al, (2006a); Ahmaet al, (2007); Rosa&t al, (2009); Thamaet al, (2009); Ewulonu

and Igwe (2011); Chuet al, (2012) and Vieet al, (2012) gave the reason for general decrease

of tensile strength with filler loadg for particle filled composites as probably due to the
irregular shape exhibited by the fillers which may not be able to maximize the interfacial surface
area and are rather poor in their ability to support the stress transfer from the matrix leading to
weak bond between the flour and matrix which subsequently leads to reduction in tensile
strength with filler loading. This is unlike the reinforcing fillers such as glass, carbon and

Aramid fibres which confer improvement in mechanical properties of thdtireg composites.

Ahmad et al (2007) ; Hardi nnawirda andedtalS{2014)Rabi at
believed that with increase in filler content, the interfacial area between the polymer and filler
increase due to increase in microspaces creating discontinuities which results in the weakening

of the interfacial bonding between the constituégasling to a decrease in tensile strength.
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Another school of thought had it that the declining tensile strength for particle filled composites
as presented by Yareg al, (2006); Ahmacet al, (2007); Rosat al, (2009); Vietet al, 2012;

Eze et al, (2013) is that agglomeration is one characteristic of fillers during composite
production which could generate flaws that lead to creation of voids that become larger in size as

filler contents increase.

Furthermorewith increase in filler content, a sittion leading to more filleto-filler interaction

than fillerto-matrix interaction could arisgnd thiscould lead to generation of voids at fiHer

matrix interface and stress transfer to the filler become inefficient leading to low strength values;
the weak bonding that resulted from the aforementioned could probably obstruct the stress
propagation from matrix to filler and then cause the tensile strength to decrease with filler

loading (Tserkiet al, 2006a; Yanget al, 2007 ; Hardinnawirda and $@abiatull, 2012; Baelet

al., 2013; Churet al, 2013a; Ezeet al, 2013; MohamadHafiz et al, 2013; Sujaritjuret al,

2013).

Conclusively, strength of particldled polymer composites depends on the interfacial adhesion
between the matrix and fillewhich will facilitate the transfer of stress to the filler during
deformation (Husseimt al, 2011). It was reported that the tensile strength of paftidd
composites is more sensitive to the matrix properties (Radawii et al, 2006) but with
increase in the filler content, the matrix content decreases which could probably lead to strength

reduction (lIbrahimet al, 2012).

A number of reports have been presented on improvement of tensile strength of surface treated

composites as compared to theraated ones.
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Ahmadet al, (2007) reported an improvement in tensile strength of aitedied composites as
compared to the untreated composites. They reported that alkali treatment resulted in an
improvement in the interfacial bonding by giving rise a&dditional sites of mechanical
interlocking (Asumaniet al, 2012; Senawet al, 2013; Qianet al, 2013)hence, promoting
resinfiller interpenetration at the interface. Furthermore, alkali treatment helps to improve the
dispersion of fillers in the max thereby reducing filler agglomeration. In their study, tensile
strength of Polyester/Rice husk flour (RHF) composites was 17MPa for alkali treated composites
and 12MPa for untreated composites at 10% filler content as against 25MPa for the Polyester

matrix (Ahmadet al, 2007).

Ewulonu and Igwe (2011) reported an improvement in tensile strength of composites on addition
of maleic anhydride @yethylene (MAPE) compatibilizer over the untreated composites.
Suardanet al, (2011) reported an increaset@msile strength of PP/hemp fibre composites with
alkali treatment but a decrease was recorded with silane treatment as compared to the untreated
composites. Gelfuset al, (2011) on the other hand, reported that alkali treatment did not
improve the teng strength of PRb6conut coir fibre composites. Imoisét al, (2012) reported

an increase in tensile strength of their studied composite system on alkali and silane treatment
with respect to the untreated composites while Rasa, (2009) reportednat the addition of

maleic anhydride PP (MAPP) to PP/RHF increased the tensile strength of the composites with
respect to the untreated composites. However, Sakhal, (2011) reported higher tensile
strength of treated composites as compared to threatetl ones only at higher filler contents.
They reported that-3Aminopropyltriethoxysilane (APS) proved to be effective in enhancing

the dispersion, adhesion and compatibility of PP/Chitosan composites.
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Baeket al, (2013) produced PLA/Coffeground (CG) and PLA/Bamboaidour (BF) composites

at 30% filler content. They reported a tensile strength of 60.1MPa for pure PLA and 48MPa for
PLA/BF composites and 45MPa for PLA/CG composites at 10% filler content. On treating the
fillers with 4,4Methylere diphenyl diisocyanate (MDI) coupling agent, they recorded
improvements in the tensile strengths of both PLA/CG and PLA/BF composites as compared to

the untreated ones.

Sainiet al, (2010) produced a composite madealyvinyl chloride (PVC) andagassegowder

(BP) and reported a decrease in tensile strength with increase in BP content. Alkali treatment of
the BP did not show a marked improvement in the tensile strength of the resulting composites.
Salmabhet al, (2012) reported an increase in the tensttength of acrylic acid treated coconut

shell powder composite as compared to the untreated ones.

Tserki et al, (2006a) produced composites using Bionolle 3020 as matrix and three different
fillers (spruceplive husk andoaper flour) as reinforcementshey reported improvements in the

tensile strengths of the surface treated filler composites with respect to the untreated ones.

From the foregoing discussion, it is clear that not all treated composite systems resulted in
improved tensile strengthsAs the graphs in Figures 4.7 and 4.8 for PLAP/GHP and
PLABM/GHP composites respectively depict, for all the fibententsthe tensile strengths of

the composites containing SIL treated fillenshibitedthe leastvalues; they were even lower

than those amtaining the untreated fillers while the highest tensile strengths were observed in the
composites containing ALKSIL treated fillers followed by those of ALK treated fillers while the

graphsof PLPG/GHP and PP/GHPcomposites Figures 4.9 and 4.1@espectiely depict
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irregular behaviours of tensile strengths with or without surface treatméatthemore
ThaoTranet al, (2014) reported that NaOH treatment did not improve the tensile strength of
PLA/RHF and PLA/Wheat husk (WH) composites in comparisoh thi¢ untreated ones; infact,
there was a 380% reduction in strength on treatment with NaOH. Their explanation was that
loss in strength could be as a result of lower interfacial adhesion between PLA and alkali treated
fillers. Gomeset al, (2007) also reported similar behaviour with alkali treatment. However, there
was improvement in the tensile strength when the fillers were giombined treatment of alkali

andsilane treatment.

The surface treatments given to lignocellulosic materiadsfar the purpose of creating good
dispersion of fillers in the polymer matrix. From this study, it appears that SIL treatment may not
be an appropriate surface treatment for the filler under investigation. Apparently, these results
appear to be in const with some other findings especially the case of the silane treated
composites having lower tensile strengths than the untreated ones. Such studies include those of
Agunsoye and Aigbodio(2013) who reportednincrement in tensile strength bagasse fied
recycled polyethylene bioomposites which was due to the good distribution and dispersion of
the bagasse particles in the matrbserki et al, (2006b) reported that the substitution of
hyrdrophilic hydroxyl groups of the lignocellulosic materiattwacetyl and propionyl groups
rendered the lignocellulosic flour surface more hydrophobic and thus more compatible to
hydrophobic polymeric matrix leading to a material with improved propettieseraFranco

and ValadezGonza’'lez (2004) reported thatnsfe strengths ohigh density polyethylene
(HDPE)/Henequen fibre composites treated with NaOH seems to be at par with those of the

unreinforced composites but the strength increased significantly as the fibres were treated with
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silane. Also, the strengflarther increased as the fibres were treated with a combination of alkali
and silane indicating good chemical and mechanical interaction. Cetadilia(2013) used three
different silane treatments on cotton fibres which were then reinforced with Botyldne
Succinate) (PBS) and concluded that all three treatments had a higher tensile strength than the
untreated fibre composites. Kang and Kim (2011) observed that composites of PLA and APS

treated bamboo fibres gave better strengths than those cogtamireated bamboo fibres.

From the foregoing discussion, it is clear that different systems are affected in different ways
with respect to surface treatments given to fillers for composites production as some treatments
on some fillers would result imiprovement in tensile strengths, same treatments on other fillers

or other systems would reduce the strengths as evident from the present study.

Based on the views expressed, it could be argued that different fillers or fibores and composites
systems haveuitable treatments which lead to improvement in tensile properties and do not
make any meaningful contribution on the strengths of others. An interesting study to buttress this
point was carried out by Sreekada al, (2000) where they investigated theluence of fibre
surface modifications on the mechanical performanceilofPalm fibre reinforced phenol
formaldehyde composites. The fibres were subjected to different chemical modifications such as
mercerization (alkali treatment), acrylonitrile graffinacrylation, latex coating, permanganate
treatment, acetylation, silane and peroxide treatments. At the end of the study, they observed
that, of all the surface treatments done on the fibre only that of silane and acrylated treatments

gave better tensilgtrengths than the untreated fibre composites.
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4.2.2.2 Tensile Modulus

The tensile modulus results for all the composite formulations are shown $gliteto 4.14

and Tables B1 to B4 iAppendix B
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Figure 4.11: Tensile Modulus of PLAP/GHBomposites against filler content for various
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Figure 4.12: Tensile Modulus of PLABM/GHP Composites against filler content for various
treatments
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From the results, a general trend of increase in tensile modulus with GHP loading was observed.
In almost all the cases, the tensile modulus ofctimaposites with or without surface treatments
were higher than those of the various unreinforced matrices with some excepsenged in
PLPG/GHP compositebigure 4.13 where the tensile moduli of some reinforced composites

were lower than that of the tainforced matrix.

The results obtained are in agreement with various other finding&nget al, 2004; Hudaet
al., 2006; Tserket al, 2006a; Leest al, 2008; Pillaet al, 2008; Ashori and Nourbakhsh, 2010;
Onuegbu and Igwe, 2011; Shumigéh al, 2011; lbrahimet al, 2012; Imoisiliet al, 2012;

Fakhrulet al, 2013) that also documented increase in tensile modulus with filler loading.

The general increase in tensile modulus with filler loading is commonly attributed to the inherent
rigidity of fillers which exhibit higher stiffness than the polymer matrices (Rasal, 2009;

Salmahet al, 2012; Ezest al,, 2013).

Furthermore, the increase in tensile modulus with filler loading could also be attributed to the
restriction of polymer chain molty by the rigid fillers whichresults ina stiffening effect in
polymerf/filler composites thereby increasing tligidity of the composites (Mataib et al,

2010; Churet al, 2012 Ibrahimet al, 2012).

Most of the results presented in this study emasistent with those of other studies which
reported the increment in tensile modulus from the neat PLA to higher values for the reinforced
untreated composites and even higher values when the fillers were given various treatments.
Also, they reported imement in modulus as filler content increases due to the possibility of

restricting the macromolecules mobility imposed by the presence of particles and as modulus is a
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measure of a material 6s stiffness, i stiffer e a s e
(Shumiginet al, 2011;Vietet al, 2012; Ezeet al, 2013;MohamadHaafiet al, 2013)On the

contrary,Ay da al, (2011) reported a decrease in tensile modofitiseir composite system.

The tensile modulus results of Figure 4.11 showwsogressive increase with GHP loading. The
tensile modulus of PLAP matrix with a value of 2294.15MPa was lower than those of the
reinforced composites with or without surface treatments. The UNTRD composites had tensile
moduli that ranged between 2380.54M&t 10% filler content and 2915.20MPa at 40% filler
content. The treated composites had tensile moduli that ranged between 2519.46MPa and
3270.69MPa for ALK treated composites, 2638.26MPa and 3206.92MPa for SIL treated
composites and 2553.80MPa and 30681Ba for ALKSIL treated composites at 10% and 40%

filler contents respectively.

The tensile modulus results unlike the tensile strengths results, for the treated composites were
higher than those of the UNTRD composites and it was clear that SIL treampgotved the

tensile modulus. The order of increase of tensile modulus at each filler content is as follows:

i At 10% filler content, UNTRD < ALK < ALKSIL < SIL
ii. At 20% filler content, UNTRD < ALKSIL < SIL < ALK
iii. At 30% filler content, UNTRD < ALKSIL < SIL {ALK

iv. At 40% filler content, UNTRD < ALKSIL < SIL < ALK

This indicated that for all the filler contents, the tensile moduli for ALK treated composites were
highest except at 10% filler content where the highest tensile modulus was recorded for SIL

treatedcomposites.
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Figure 4.12 is the tensile modulus results for PLABM/GHP composites which shows that the
tensile modulus of PLABM matrix was 1941.46MPa, a value which was lower than those of the
reinforced composites with or without surface treatments. Thiétsasere similar to the tensile
strengths results where the values obtained for the neat matrix and reinforced composites were

lower than those of PLAP and its composites.

It was also observed from the results that the tensile moduli of ALK treated dtespesre
lower than even the UNTRD composites while those of the ALKSIL treated ones recorded the

highest values.

Figure 4.13 shows the tensile modulus results for PLPG/GHP composites. The tensile modulus
of neat PLPG was 2045.44MPa; a value that was%.Bigjher than that of neat PLABM and
12.16% lower than that of neat PLAP. The results also showed a progressive increase in tensile
modulus with GHP loading even though the values here were lower than those of PLAP/GHP
and PLABM/GHP composites. The tensifmdulus lied between 1787.02MPa and 2424.76 MPa

for UNTRD, 2113.61MPa and 2560.42MPa for ALK, 1890.94MPa and 2471.34MPa for SIL and
then 1719.63MPa and 2223.95MPa for ALKSIL composites. The significant increment were
obtained at higher filler loadings oD% and 40% filler contents while at lower filler contents

(10% and 20%)), the tensile moduli were a bit lower than that of the neat matrix.

The ALK and SIL treated composites showed higher tensile moduli while ALSKIL treatment
did not influence the tensilmodulus as seen in the results because, for all the filler loading, the
tensile modulus for UNTRD composites were higher than those of the ALKSIL treated

composites.
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The tensile modulus for neat PP was 733.44MPa and higher values were obtained foe both t
treatedand untreated PP/GHP composites Figure.ZHelvalues for tensile moduli for PP/GHP
composites lied between 915.58MPa and 1249.03MPa, 909.75MPa and 1226.83MPa,
947.20MPa and 1279.39MPa and then 950.64MPa and 1282.37MPa at 10% and 40% GHP
loading and for UNTRD, ALK treated, SIL treated and ALKSIL treated composites respectively.
The values obtained for the tensile moduli of PP and its composites were all lower than those

obtained for the various PLA matrices and their composites.

Furthermore, itwas observed that ALK treatment did not improve the tensile modulus in
comparison to the untreated composites. However, SIL and ALKSIL treatments improved the

tensile modulus of PP composites as seen from the results in Figure 4.14.

From the results obtatal, it could be inferred that increase in tensile modulus of composites
with GHP loading is an indication that lignocellulosic fillers have the ability to impart greater
stiffness to the matrix and since increase in filler content resulted in increasesiie modulus,
it means tensile modulus is dependent on the filler content rather than the matrix (éthabhad
2007; Thamaeet al, 2009). It was reported that higher filler contents in polymer matrices

showed much higher density which resulted ineatifomposites (Pillat al, 2008).

Chunet al, (2012) reported an inease in tensile modulus of PLAoNutshell particulates
(CSP) composite with increase in CSP content for both treated and untreated composites. They
reported that maleic anhydride M) treated composites showed higher modulus than the

untreated composites.
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While some investigators such as (Chairal, 2012; Imoisiliet al, 2012; Salmatlet al, 2012)
reported improvement of tensile modulus with surface treatments over the unteafessites,

some other investigators such as (Tsetkil, 2006a; Rosat al, 2009) reported otherwise.

From the results of tensile modulus obtained in this study, it was observed that the tensile
modulus of PLA and its composites were higher than tbd§ and its composites. This is an
observation that is contrary to what Bajmdial, (2012) obtained in their study where they
reported that tensile modulus of PLA and PP and their composites increased with filler loading

with PP composites having highvalues than PLA composites.
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4.2.2.3 Elongation at Break (EB)

Figures4.15 to 4.18nd Tables B1 to B4Appendix B)are he results for the elongation at break

(EB) of all the composite formulations.
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Figure 4.16: Elongation at Break of PLABM/GHP Composites against filler content for various
treatments
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The observations from the results indicated that all the unreinforced matrices had higher EB
compared to their various compositeshatihat of PP and its composites being the highest. The

arrow indicates that virgin PP has much higher EB but due to the termination of the test, the
machine assigned the recorded value which is probably much lower than the actual EB of virgin

PP.

Figure 415 shows the EB results of PLAP/GHP composites. The EB for the matrix was 4.45%
while lower values were obtained for its composites with or without surface treatments. The
general observation on the EB was that they decreased with GHP loading. ALK atnelaBd
composites exhibited lower EB than ALKSIL and UNTRD composites with those of UNTRD

composites exhibiting the highest values.

The EB of PLABM/GHP composites with a value of 3.48% for PLABM matrix and various
lower values for its composites are smowm Figure 4.16. The EB also decreased with GHP
loading and similar to the PLAP/GHP composites, the ALKSIL and UNTRD composites showed

higher EB values than those of ALK and SIL treated composites.

Figure 4.17 shows the EB results for PLPG/GHP compogiits that of the matrix being
2.63%; a value that is lower than those of PLAP and PLABM. A defined trend was not observed
for this system unlike those of Figures 4.15 and 4.16 earlier discussed. This could probably be
due to the interaction of PEG at diféat treatments and different GHP loading. The EB at 10%
GHP content was greater than that of the matrix. Generally, the UNTRD composites showed

higher values than the treated ones.
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The recorded EB for PP matrix was 54.72% and lower values were obtairisdcfamposites as

seen in Figure 4.18. It was noticed that the EB of PP and its composites were all higher than
those of the various PLA matrices and their composites. This behaviour was envisaged as PP is a
tougher polymer than PLA. A drastic reductiohEB on incorporation of GHP was observed

and these further reduced with filler loading. The UNTRD composites showed a higher EB than
the treated ones at 20% filler content while at 10% filler content, it was less than only the ALK

treated composites.

The reduction in EB with filler loading have been variously reported (Ahreiadl, 2007;
Ewulonu and Igwe, 2011; Onuegbu and Igwe, 2011; Sakhath, 2011; Ibrahimet al, 2012;
Salmahet al, 2012; Ezeet al, 2013). The reduction could be attributed ie fact that fillers

cause polymer matrices to lose their elastic properties due to stiffening effect which leads to
restriction of polymer chain mobility. Also, with increase in filler content, the matrix reduces in
guantity which consequently reduces #féect of the matrix as compared to that of the filler
which then leads to an increase in modulus of composites but reduction of EB (&hm@lad

2007; Churet al, 2012; Ibrahinet al, 2012; Ezest al, 2013).

Ibrahimet al, (2012) reported that inqooration ofoil palm ash (OPA) inunsaturategolyester

(UP) reduces its EB drastically which is as a result of reduction in the volume of the matrix.

Mat Taib et al, (2010) reported that addition of Kenaf fibre drastically decreased the EB of
plasticizedPLA. They attributed the behawio to the stiffening effect of dnaf fibre which

restricts the mobility of the PLA chains. The presence of PEG as a plasticizer however, did not
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improve the EB of the composites as the values were similar to those of plestiasized

composites.

Chunet al, (2012) reported a decrease in the &Breated and untreated PLAdeconut shell
particulate (CSP) composite with increase in CSP content. The addition of CSP reduced the
chain mobility of PLA matrix and resulted in neorigid and brittle composites. Treated

composites exhibited lower EB compared to the untreated composites.

Rosaet al, (2009) reported that incorporation of Rice husk flour (RHF) in PP matrix resulted in

an abrupt drop in EB. The effect of coupling agemEB was not evident.

Saini et al, (2010) reported that EB of PVGbasse powder (BP) composites decreased with
incorporation of BP. This was probably due to restriction in polymer chain mobility. EB of PVC

was 38% while that of 10% BP content was 5% &nvas 3% at 40% BP content.

Salmahet al, (2012) reported the EB of PLA as 4% and on addition of 15% CSP, the EB was
2.2% and it was 1.4% when the CSP cohtgas 60%. They observed thairdic acid (AA)

treatment did not show any improvement in ERothe untreated ones.
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4.2.2.4 Flexural Strength
The flexural strengthesults for all the produced compositesTables B1 to B4 ilAppendix B
andFigures 4.19 to 4.22re presented as follows:
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Figure 4.19: Flexural Strength of PLAP/GHP Composagsainst filler content for various
treatments
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Figure 4.20: Flexural Strength of PLABM/GHP Composites against filler content for various
treatments
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Figure 4.22: Flexural Strength of PP/GHP Composites against filler content for various
treatments
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From the results, the flexural strength of PLA matrices and their composites showed a general
decrease with GHP loading. The results showed a similar @endompared to the tensile
strength results (Suardartal, 2011; Baelet al, 2013) with respect to PLA matrices and their
composites while PP and its composites showed an opposite trend whereby flexural strengths

increase with increase in GHP content.

Figure 4.19 shows the results for flexural strengths of PLAP/GHP composites. The flexural
strength of neat PLAP was 78.41MPa while those for its composites were lower and decrease
with GHP loading. From the results, it was observed that ALKSIL treatmeémtadiimprove the
flexural strength of the composites as lower values than even the UNTRD composites were
recorded. However, the ALK treatment improved the flexural strength of the composites
showing the highest strengths among the reinforced compositepteat 10% GHP content
where the SIL treated composites was the highest. At higher GHP contents (30% and 40%), the
flexural strengths of UNTRD composites were higher than those of SIL treated by marginal

values.

The flexural strength results of PLABM/GHI®mposites Figure 4.20 shethat PLABM matrix

has a strength of 52.11MPa which decreasevalue with increase in GHP loading. Similarly,

the trend observed in this study were similar to those obtained in the tensile strength results
where the order ofncrease in strength was ALKSIL > ALK > UNTRD > SIL. It was also
observed that the flexural strengths of ALK and ALKSIL composites at 10% filler content and

ALKSIL composites at 20% filler content were higher than that of the unreinforced matrix.
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Figure4.21 shows the flexural strength results of PLPG/GHP composites. Similar to the tensile
strength results, the flexural strength of PLPG was 55.90MPa which is 7.27% higher than that of
PLABM and 40% lower than that of PLAP matrices. The flexural strendgthitieoproduced
composites were lower than that of PLPG and decrease with GHP loading following the general
trend obtained earlier from the other PLA matrices (Figures 4.19 and 4.20). The ALK treated
composites had the highest flexural strengths at adir fdbntents with respect to the UNTRD

and other treated composites. The SIL treated composites gave improved flexural strengths than

the UNTRD composites; an observation which was contrary in the PLABM composites.

The ALKSIL treatment did not influence tHiexural strength of PLPG composites since the
UNTRD composites had higher values of flexural strengths than those of the ALKSIL treated

ones.

Figure 4.22 shows the results of flexural strength for PP/GHP composites. The flexural strength
of neat PP was1219MPa and those of its composites were higher and they increased with GHP

loading.

Huda et al, (2006) who studied the flexural strength of Pké&daf composites reported a
decrease wittkenaf fibre addition and surface treated fibre composites had rhifghxeiral
strength than the untreated ones. But Shibatl, (2003) stated that the high flexural strength

exhibited by PLA makes it difficult to improve the strengths of its composites.

Koutsomipolou et al, (2014)reported that flexural strength deses with filler loading.
Suardaneet al, (2011) reported that silane treatment did not affect the flexural strength of the

composites as observed in their study. Thaetaal., (2009) reported that probably due to the
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compressive component of flexuratestgth which is not interface dependent, they observed an
improvement in flexural strength of their studied composites with flour loading. However, at

higher flour content, there was a decrease probably due to agglomeration of the particles.

Ibrahimetal., (2012) who studied the flexural strength of Polyester/OPA composites reported a
decrease with OPA loading possibly due to poor surface adhesion between Polyester and OPA.
Due to limited quantity of matrixpolyester resin was not able to completelyt we the surface

of filler.

Hudaet al, (2006) who studied PLA/Wood fibre (WF) composites reported an increase in the
flexural strength of composites in comparison to PLA but decrease with filler loading. Also, the
flexural strength of PP/WF compositesriease with increase in filler loading but Pbased

composites possessed higher flexural strengths than those of PP-laaseBRomposites.

Yussuf et al, (2010) produced PLAénaf fibore and PLA/RHF composites and observed a
decrease in flexural strengtlof the composites with addition of natural fillers. They attributed
the decrease to the inability of the fillers, which are irregular in shape, to support stresses

transferred from the polymer matrix.
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4.2.2.5 Flexural Modulus

Figures 4.23 to 4.26and Tables B1 to B4 (Appendix Bye the results for the flexural modulus

of all the composite formulations
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Figure 4.23: Flexural Modulus of PLAP/GHP Composites against filler content for various
treatments
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Figure 4.24: Flexural Modulus of PLABM/GHBomposites against filler content for various
treatments
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Figure 4.26: Flexural Modulus of PP/GHP Composites against filler content for various
treatments

From the results shown, it was observed that, with GHP loading, there were increase in flexural
moduli of the various composites produced. The flexural moduli of the unreinforced matrices

were lower than those of their various composites in siralbthe cases.

Figure 4.23 shows the results of flexural modulus for PLAP/GHP composites. The flexural
modulus of the neat matrix was 3547.94MPa and even though various values were obtained for
its composites, there was a progressive increase in fleaxwdulus with GHP loading. A very

keen observation of the system showed that the flexural moduli of the UNTRD composites were
higher than those of all the treated composites at all the GHP loadings indicating that the surface
treatments applied in thisstgm did not have influence on flexural modulus . Also, as compared

to the PLAP matrix, flexural moduli of its composites were higher only at higher filler contents

of 30 and 40%.
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The flexural modulus results of PLABM/GHP composites with a value of 32682a for the
unreinforced matrix are shown in Figure 4.24. It is indicated that there was an increase in
flexural modulus with GHP loading and the moduli of all the composites were higher than that of
the matrix. Unlike the results obtained for PLAP/GHPnposites, the treated composites had
higher moduli than those of the UNTRD. ALK treatment showed better flexural moduli
indicating better interaction between filler and matrix. However, SIL treated composites had

higher flexural modulus at 20 and 30% fileontents over the ALKSIL treated composites.

The flexural modulus results of PLPG/GHP composites are shown in Figure 4.25. Unlike the
results obtained for tensile strengths and moduli as well as for flexural strength where the values
obtained for PLPG we usually higher than those for PLABM, the flexural modulus of PLPG
was lower in value than that of PLABM. The flexural modulus of PLPG was 2380MPa which
was 49.07% and 36.71% lower than PLAP and PLABM respectively. The flexural moduli of the
UNTRD compoges were higher than that of the unreinforced matrix only at higher GHP
contents of 30 and 40% while the ALKSIL treatment did not show any improvement in modulus
as the values obtained were even lower than that of the matrix. The ALK and SIL treatments

exhibited the highest moduli with ALK treatment giving the best influence.

The general trend of increase in modulus with GHP loading was also observed for PP/GHP
composites as seen in Figure 4.26. The unreinforced PP had a flexural modulus of 864.73MPa
and he flexural moduli of all its composites at all filler contents were higher than that of neat PP.
The treated composites had higher flexural moduli than those of the untreated at all filler

contents and the SIL and ALKSIL treated composites exhibitedetsieflexural moduli.
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Ibrahim et al, (2012) defined flexural modulus as the ability of a material to maintain its
dimensions beforéractureand reported an increase in flexural modulus with addition of OPA

fillers. Increase in modulus relates to the sgs properties of the composites.

Hudaet al, (2006) reported an increase in flexural modulus with addition of wood fibres in PLA
matrix. They reported also that PLA and RbAsed composites possessed higher flexural

strengths and moduli than PP andi#Bed composites.

Yussufet al, (2010) who reinforced PLA with Kenaf fibres reported higher flexural modulus of

composites over the matrix due to the introduction of stiffer material in the soft matrix.

4.2.2.6 Hardness
The results for the hardness of fireduced composites are presented in Feyi27 to 4.30and

Tables B1 to B4 in Appendix.B
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Figure 4.27: Rockwell Hardness values of PLAP/GHP Composites against filler content for
various treatments
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Figure 4.28: Rockwell Hardness values of PLABM/GBBmposites against filler content for
various treatments

139



100

Hradness values (HRF
= N w Iy (o)) [o)] ~ (o] (o]
o o o o o o o (@] o

mPLPG
m UNTRD
m ALK

= SIL

H ALKSIL

20
Filler content (wt%)

o
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Figure 4.30: Shore D Hardness values of PP/GHP Composites against filler contemioias
treatments

The results showed a general increase in hardness with GHP loading for the composites. The

increment occurred between 10 and 30% GHP contents and then decreased thereafter.
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In Figure 4.27 the Rockwell hardness results for PLAP/GHP cateposdicated that the matrix

had the highest hardness value of 94.4BHRhile the composites showed different values
which were lower than that of the unreinforced matrix. However, the results showed a
progressive increase in hardness with GHP loading up to 30% filler content but decreased
afterwards for all the treated andtreated composites. ALK and ALKSIL treatments influenced

the hardness as observed in the results but the SIL treatment did not improve the hardness of the
composites with a range of values that lied between 81.30 and 7485¢1&)ainst those for the
UNTRD which lied between 85.23 and 79.57RIRat GHP contents between 10% and 40%

respectively.

The Rockwell hardness results for PLABM/GHP composites Figure 4.28 has the unreinforced
matrix with a hardness value of 63.07R®hile higher values were recorded fts composites

as against what was observed for PLAP/GHP composites where the unreinforced matrix had
higher hardness over those of its composites. However, the hardness for the UNTRD composite
at 10% GHP content with a value of 59.57RIRas lower than tht of the unreinforced matrix.
Surface treatments did not show significant improvement in the hardness of the composites as
compared to the UNTRD composites. However, at 20 and 30% filler contents, the UNTRD

composites with 70.2 and 72.9HRL respectivelg ttee highest hardness.

The Rockwell hardness results for PLPG/GHP composites Figureel/28ls thathe hardness

of the unreinforced matrix was 88.47RRand various values were obtained for the composites
even though they were lower than that of thatnr. Also, the hardness of the composites
increased with GHP loading from 10 to 30% and decreased thereafter for all the treated and

untreated composites. However, the treated composites exhibited higher hardness than the
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untreated ones at 10 and 20%efilcontents but they possessed lower hardness than the untreated

ones at 30 and 40% filler contents.

The Shore D hardness results for PP/GHP composites 4.30 was also observed that hardness
values increased with filler loading from 10 to 30% GHP contenite the value decreased

afterwards for all the treated and untreated composites. The PP/GHP composites possessed
higher hardness than that of the unreinforced PP and surface treatments were not able to show

significant improvement in hardness over th&ested composites.

Onuegbu and Igwe (2011) reported the hardness sh&Pghell powder composites increased
with increase in amount of filler incorporated which according to them, was an indication of

abrasion enhancement.

Imoisili et al, (2012) repded an increase in hardness of composites with increase in filler level
from 5% to 10% for both treated and untreated filler then the hardness decreased afterwards with
increase in filler loading. Treated filler composites showed significant improvenment i

properties.

Saini et al, (2010) reported that hardness of PVC/Bagasse composites increased with filler
loading but NaOH treatment did not change the hardness values of the composites. édussein
al., (2011) reported that Shore D hardness oegdPhell composites decreased with increase in

filler content. Hardness generally was considered to be a property of the surface. Egg shell leads

to a decrease in the matrix surface resistance to indentation.
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The increase in hardness with filler loading couldasea result of a more compact or rigid
structure on the surface of the composite which leads to generation of greater resistance to
penetration and consequently, higher hardness values are obtained for the composites with filler

I oadi ng efaP 20d4whichic&uid probably be the case in the present study.
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4.2.2.7 1zod Impact Strength

The unnotced impact strength results of the produced composites are given is &iglrto

4.34and Tables B1 to B4 in Appendix B
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Figure 4.31: Izodmpact strength of PLAP/GHP Composites against filler content for various
treatments
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Figure 4.32: Izod Impact strength of PLABM/GHP Composites against filler content for various
treatments
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Figure 4.34: 1zod Impact strength of PP/GHP Composites against filler content for various
treatments

145



The results showed that the unreinforced matrices exhibited higher impact strengths than their
respective commites and PLABM with a value of 71.06J/m. possessed the highest impact
strength with respect to the other PLA matrices while PP with a value of 96.89J/m, recorded the
highest impact strength amongst all the matrices even though the sample did not Is®ak. A

was observed that the impact strength decreased with GHP loading for all the composite systems.

Figure 4.3lindicates thathte impact strength afinreinforcedPLAP was 50.39J/m while its

various composites at all filler loading possessed |@strengths and these decrease with GHP
loading. It was observed also that the treated composites had better impact strengths than the
untreated ones with the SIL treated composites exhibiting the highest impact strength at all the

filler contents.

The resuis for the impact strength of PLABM/GHP composites in Figure #a82he impact
strength of the unreinforced matrie be 71.06J/m. The impact strength for the composites
decreased with filler loading and they were lower than those of the unreinforcexl. mae
ALKSIL composites showed the highest impact strengths followed by those of the ALK treated
composites at all filler contents while the UNTRD composites had higher impact strengths than
those of the SIL treated ones except at 10% filler contenteathe SIL treated composite with
impact strength of 43.93J/m was higher than that of the UNTRD which possessed an impact
strength of 41.34J/m. The results obtained indicated that SIL treatment did not influence the

impact strength of PLABM/GHP composites.

Figure 4.43 shows the impact strength results for the PLPG/GHP composites with a value of

25.19J/m for the unreinforced matrix. The impact strengths for the composites were lower than
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that of the matrix and they increased between 10 and 20% GHP condethieansubsequently
decreased afterwards. It was observed also that the results obtained for this system were the
lowest as compared to the other composite formulations. This could be attributed to the presence
of PEG which probably have poor impact prdjges.At 10% GHP content, the impact strengths
were 11.63J/m, 13.79J/m, 15.50J/m and 18.38J/m for UNTRD, ALK, SIL and ALKSIL treated
composites respectively while at 40% filler content, the impact strengths were 14.58J/m,
5.81J/m, 5.95J/m and 13.57J/m foNTRD, ALK, SIL and ALKSIL treated composites
respectively. The results also showed that UNTRD composites exhibited higher impact strengths

than the treated ones except at 10% filler content.

The results of impact strength for PP/GHP composites in Fig@rerdveals thathe pure PP
exhibitedan impact strength of 96.90J/m while its composites exhibited lower impact strengths
than the matriXBajpaiet al, 2012)but the impact strengths increases initially from 10 to 20%

filler content then decreased sutpsently with filler loading. The SIL treated composites
showed higher impact strengths than those of the untreated and other treated composites while
the other treated composites possessed higher impact strengths than the untreated composites

indicating that the surface treatments influenced the impact strengths of PP/GHP composites.

MatTaib et al, (2010) reported thahe impact strength of PEG plasticized PLA/Kenaf fibre
composites decreased with fibre loading. They attributed this behaviour to thecpresdibre

ends inside the composites that can cause crack initiation and propagation and hence composite
failure. PEG addition improved the impact strength of PLA/40%KF by19% from 5.9 to 7.0
kJ/nt, the improvement, however, was not high enough to yusté use of PEG as a plasticizer

for PLA/KF composites.
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Khanjanzadelet al, (2012)reported thatypically, a polymer matrix with high loading of fillers

has less ability to absorb impact energy. Fillers disturb matrix continuity and individual fdler is
site of stress concentration, which can act as a rei@ck initiator. In light of nanoclay effect,
contrary to flexural and tensile properties, impact strength slightly decreased with incorporation
of nanoclay content. The higher the nanoclay contaetJower was the impact strength. With

increasing nanoclay content in the mixture, the impact strength decreased.

Saini et al, (2010) reported that impact strength of Pb&jasse composites decreased with
increasing amount of filler. The decrease wagmificant at 40% filler content. On the other
hand, impact strength increased significantly when atkadited bagasse powder was used as
filler, but was still lower compared to PVC. Khanjanzadghal, (2012) also reported the

decrease in impact strehgdf PP/Wood flour composite with increase in nanoclay content.

PLr pétalj (30L4) reported thahe impact strength of the PP containing various biomass as
fillers decreased compared to PP matrix explaining that the biomass filler reducesbitity of

the polymer chains and in consequence the ability to absorb energy during fracture propagation.
Therefore, the poor interfacial bonding can induce macexks which further propagate easily

and decreased the impact strength of the composites.

Yang et al, (2004) reported thathe unrnotched Izod impact strengths of the composites at
different filler contents slightly decreased as the filler content increased probably due to
microspaces between the filler and matrix polymer, and these causeonanmeicrecracks

when impact occurs, which induce crack propagation easily and decrease the impact strength of

the composites. Izod impact strength of the composite made of 100wt.% matrix polymer
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(polypropylene) showed significantly high impact strengthjch was drastically decreased at
10 wt.% filler loading. The wmotched impact behavior is controlled to a considerable extent by
fracture initiation processes that, in turn, are controlled by stress concentrations at defects in the

system.

The reductionof impact strength with filler loading could be attributed to the fact that fillers
provide points of stress concentrations which could probably provide sites for crack initiation
and potential composites failure (Pik# al, 2008; Nourbakhsket al, 2010). Another reason

could be that addition of fillers could increase the probability of cellulosic fillers agglomeration
which then create regions of stress concentration requiring less energy to elongate the crack

propagation.

Furthermore, the rapid déok in impact strength with flour content could be attributed to the
restriction in polymer chain mobility as a result of incorporation of stiffer fillers which then
reduces the capacity of composites to absorb energy. Also, at regions of moite-filler

contact, stress concentration normally exist which leads to poor interface hence, the reduction of

impact strength (Thamaat al, 2009)
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4.2.2.8 Morphological studies

The SEM micrographs for tensile fractured surfaces of composite specimens samtqaan

Platss Il to V

Plate Il: SEM micrographs for tensile fractured surfaces of PLAP/GHP Composites at 10%
GHP(a) Unreinforced PLAP (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated
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Platelll: SEM micrographs for tensile fractured surfaces of PLABM/GHP Composites at 10%
GHP(a) Unreinforced PLABM (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated
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Plate IV: SEM micrographs for tensile fractured surfaces of PLPG/GHP Composites at 10%
GHP(a) Unreinforced matrix (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated
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PlateV: SEM micrographs for tensile fractured surfaces of PP/GHP Composites at 1004)GHP
UNTRD (b) ALK treated (c) SIL treated (d) ALKSIL treated

The SEM micrographs taken from the fractured surfaces of PLAP and its composites after the
tensile test are shown in Plate {eaThe fracture surface of PLAP matrix (a) showed a smooth
surface indicating brittle failure. The surface for the UNTRD Specimen showed some little
amount of voids due to pullout of fillers and also agglomerationllefd. The ALK treated
specimen showed a better distribution of filler within the matrix. The SEM image for SIL treated
composite showed that the fracture actually occurred at the matrix since the matrix covered the
filler surface showing or indicating gd adhesion between the constituents. The ALKSIL
treated specimen showed well bonded filler and matrix as only little amount of filler was seen in

the SEM image.

153



SEM micrographs for PLABM/GHP composites are shown in Plate-81 aThe PLABM
showed somertly dots all over the surface which may probably be due to the Biomax Strong that
was used as an impact modifier. The image for the UNTRD specimen showed numerous fillers
with no matrix around which could be as a result of poor adhesion at the interfaie. thes

ALK treated filler specimen, a few voids were observed with failure taking place probably at the
interface. The SIL treated specimen indicated that a layer of matrix had covered the filler which
shows that failure took place at the filler itseiflicating good adhesion. The ALKSIL treated
specimen showed the least amount of filler and low amount of voids due to superior bonding

between the constituents as a result, a better tensile strength was recorded.

Plate IV ae shows the SEM micrographs LPG and its composites. The fracture surface of
PLPG was smooth indicating a near ductile failure. The UNTRD specimen showed filler
agglomeration and poor interfacial bonding suggesting that failure occurred along the interface
which produced low tensilstrength. The ALK specimen showed better interaction between the
filler and the matrix thereby leading to good wetting of the filler. The SIL treated specimen
showed many fillers suggesting debonding of the matrix from the fillers and lower mechanical
property. Also, there was filler detachment from the matrix. The ALKSIL treated specimen
showed the best interaction between filler and matrix as less fillers are seen in the micrographs

suggesting a good wetting of the filler by the matrix.

As a result of lak of fracture for virgin PP, the SEM micrograph was not available but those of
its composites are shown in Plate \e.aMatrix drawing and fibrillation was observed in the
PP/GHP composite which indicated ductile failure. However, the UNTRD specimen showed

image that was characterized by filler poillt which leads to voidgenerationwithin the
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composite. Due to good distribution of filler, there was little or no agglomeration in the SEM
image for ALK treated sample. The SIL treated specimen contained asic result of filler
pull-out from the matrix even though this was not as pronounced as that observed in the UNTRD
specimen. Here also, the ALKSIL treated specimen showed the bestfitax interaction. The

failure was within the matrix.
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4.2.3 Water absorption test

After 30 days of water absorption test for the composites, the résuft$-igure 4.35 to 4.38nd
Figures E1 to E16 in Appendix E show the water absorption profiles of the composites.
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Figure 4.36a: Water absorption curves of PLAP/GHP Composites at 10% filler content
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Figure 4.36b: Water absorption curves of PLAP/GHP Composites at 40% filler content
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Figure 4.37a: Water absorption curves of PLABM/GHP Comgssait 10% filler content
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Figure 4.37b: Water absorption curves of PLABM/GHP Composites at 40% filler content
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Figure 4.38a: Water absorption curves of PLPG/GHP Composites at 10% filler content
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Figure 4.39b: Water absorption curves of PP/GHP Composites at 40% filler content

The results indicated that water absorption increagéd filler loading (Gelfusoet al, 2011,
Hardinnawirda and SitiRabiatull, 2012; Viet al, 2012) and the water absorption values for the
various matrices were all lower compared to their various composites. Also, the water absorption
values of PP anBRbased composites were the least as compared to the values obtained for the

various PLA matrices and their various composites.

The water absorption test results for the unreinforced matrices after 30 days in Figure 4.35
indicatesthat PP had the least tea absorbegrofile which generally showed negative value for

the most part of the test. This is attributed to its stable and hydrophobic nature. However, the
PLA matrices exhibited different degrees of water absorption with PLAP being the least to

absorbwater within the PLA matrices while PLPG absorbed water the most. The reason

attributed to PLPG behaviour could be due to the PEG which is generally known to be water

soluble or hydrophilic which contributed immensely in the water absorption behavidwv&u
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a period of 30 days of immersion in water, the maximum water absorbed were about 0.5%, 0.9%

and 1.8% for PLAP, PLABM and PLPG respectively.

The results for PLAP/10% GHP and PLAP/40% GHP composites after 30days of water
absorption test are shown imgEres 4.36a and 4.36b respectively. At 10%GHP content, it was
observed that SIL treated composites exhibited the least water absorption values while the ALK
treated composites exhibited the highest water absorbed values with a maximum value of

3.05%.The dder of increase in water absorption was SIL<ALKSIL<UNTRD<ALK.

The PLAP/40% GHP composites Figure 4.36b indicated that the UNTRD composites
absorbed water the least followed by SIL treated composites while the highest amount of water
absorbed was exhiieid by ALKSIL treated composites followed by ALK treated composites.
The maximum water absorption of 11.36% was exhibited by the ALKSIL treated composites at

the end of the test.

The results for the water absorption test for PLABM/10%GHP and PLABM/40% GHP
composites after 30days are shown in Figures 4.37a and 4.37b respectively. The water absorption
curves at 10%GHP showed that the ALKSIL treated composites possessed the highest amount of
water absorbed values as compared to other treated and untreateditesrijut the values were

not significant. The curves for UNTRD, SIL and ALK treated composites-dapped one
another. The maximum water absorption of 2.93% was exhibited by the ALKSIL treated

composites.

PLABM/40% GHP composites after 30days of wabsorption tesin Figure 4.37b indicated

that the least water absorbed composites were those for SIL treated composites while the
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UNTRD composites exhibited slightly higher water absorbed values than the SIL treated
composites. The ALK treated compositeshibited the highest water absorption while the

ALKSIL treated composites showed slightly lower values than the ALK treated composites. The
maximum amount of water absorbed was 12.46% by the ALK treated specimens at the

conclusion of the test.

The waterabsorption test results for PLPG/10%GHP and PLPG/40% GHP composites after

30days are given in Figures 4.38a and 4.38b respectively. From the curves shown at 10% GHP, it
was observed that SIL treated composites absorbed water the least while ALKSIL treated
composites absorbed water the most. The maximum amount of water absorbed in the entire

period of the test was 4.34% by the ALKSIL treated specimen.

The curves for 40% GHP composites shown in Figure 4.38b indicated that SIL treated
composites exhibited thkeast water absorbed behaviour while the ALK treated composites
exhibited the maximum water absorption of 21.12%. Fronttbere (Figure 4.38b)the water
absorbed values increased steadily and almost stable after 300hrs and seestadt
afterwards. Snilar behaviour was exhibited by the UNTRD composite but at higher values than
the SIL treated composites. The ALK and ALKSIL treated composites showed the maximum
amount of water absorbed in the study with a maximum of about 20%. However, the ALK and
ALKSIL treated composites specimen broke after 500hrs of the test which led to the termination

of test for the two specimens.

After 30days of water absorption test for PP/10% GHP and PP/40% GHP composites, the results

are shown in Figures 4.39a and 4.39b. Tésults showed that there was almost no water
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absorbed at 10% GHP as the values were very low and maximum being 0.3% in the first few

days. Negative values of water absorption were also obtained during the course of the test.

The results of water absorptidest for PP/40% GHP composites after 30days as shown in Figure
4.39b also showed the SIL treated composites as exhibiting the least water absorption while the
ALK treated composite exhibited the highest water absorption over the entire period of.the test

The maximum amount of water absorbed for PP/40% GHF6V&s

The water uptake of the composites could be attributed to the hydrophilic nature of the GHP
which is known to be a lignocellulosic material. The extentvafer uptake by lignocellulosic
filler composites depends on the amount and nature of fillers and the matrix (Alvarez and

Vazquez, 2004; Tserlet al, 2006a).

The increase in water uptake with filler loadimgybeattributed to the fact that as filler content
increases, there could probalbky introduction of voids in the polymer matrix which results in a

higher filler-to-filler interaction rather than filleto-matrix interaction (Gelfuset al, 2011).

The water absorption of PLPG/GHP composites was the highest of all the composites
formulaion. This could be attributed to the presence of PEG which is water soluble in nature.

Being a water soluble material, the PEG could have been leached out from the matrix during the
period of the test. PLA on the other hand, is easily hydrolyzed andessilg voids could have

been created in the material which provided sites for the accumulation of water molecules
thereby generating internal stresskat led to micrecracking (MatTaib et al, 2010) of the

matrix as seen in the SEM micrographs of P\dté
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On a general note, Polypropylene hardly absorbs water as a result of its strong hydrophobic
nature (Rosat al, 2009). However, GHP being hydrophilic in nature led to the absorption of
water by the composites made with PP polymer. The resultshéomwater absorption test
indicated that increasing the filler content and water contact time translated to increased water

absorption for the PP/GHP composites.

Sainiet al, (2010) reported an increase in water uptake for PVC/BP composites with ingreasin
amount of BP as well as immersion time. In their study, they reported that water uptake was
within the range of 0.18 and 7.98%. The water absorption of lignocellulosic materials according
to Mir et al, (2013) isbecausethe hydroxyl (OH) groups attachieto these materials are
responsible for the uptake of water because, with increase in the filler content, the number of (
OH) groups as well as micnoids created in the composites increase which then leads to

increase in water uptake of the composites.

It was also observed from the results presented that at low filler contents, the water absorption
was also low. This could be as a result of full encapsulation of a greater percentage of the
particles by the polymer matrices and except for those partsipssed on the composites
surfaces, the encapsulated particles were not very much in contact with water. Therefore, the
probability of such specimens taking part in the absorption of water was very low and it is
believed that no significant change couldcarc in the microstructure of the composites.
However, increase in filler content increases the chances oft@ifdler interaction thereby
forming agglomerates that subsequently form clusters which serve as passages for water

movement (Yan@t al, 2006; Thamaeet al, 2009).
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Surface treatments led to an increase or decrease in water absorption of the composites. From the
results, it was observed that the SIL treated composites generally absorbed less water than the
ALK and ALKSIL treated composites. #b, as observed from this study, the ALK treated

composites generally absorbed water the most even above the UNTRD composites.

The findings in this study on ALK treated samples absorbing more water than silane treated and
untreated samples goes contraryvoat was reported by Ahmaat al, (2007) who submitted

that composites with alkalized filler showed lower water absorption properties than that of the
untreated ones. However, the finding was in agreement with some other literatures such as
Gelfusoet d., (2011) who reported that alkalized samples presented higher water absorption
(13%) than the ultrasonic shockwave samples (7%) due to the fact that alkali treatment was
inefficient in removing thé& OH groups on the fillers surface causing higher retentif water.

Also, Sgricciaet al, (2008) reported that alkali treated kenaf and hemp composites absorbed
more water than the silane or alkaiiane treated samples. In fact, they reported that t
untreated, silane and alkallane treated samples hagmilar water absorption profiles. They
explained that treatment with NaOH removes lignin, pectin, waxy substances as well as natural
oils covering the surface of fibre cell walls which changes the fibre morphology by revealing the

fibrils that probably aeated more voids for easy water penetration.

Furthermore, Alvareet al, (2003) and ThaoTraet al, (2014) reported higher water absorption
by alkaline treated composites than those of silane treated composites. While Alvalez
(2003) explained thathe higher water absorption after alkaline treatment besauseit
rendered the fillers more hydrophilic by changingutese | to cellulose Il. Thadranet al,

(2014) reasoned that the decrease in water absorption after silane treatment wabealf&cto
165



that silanes react with the hydroxyl groups on the glucose units of the cellulose molecules in the

cell wall of the husk such that it weakened the ability of the husk to absorb water.

4.2.3.1 Morphological study after water absorption

The SEMmicrographs after water absorption for 30 dayspaesentedPlates VI to IX.
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Plate VI: SEM micrographs showing surfaces of PLAP/40% GHP Composites after water

absorption for 30 daya) Unreinforced PLARb) UNTRD (c) ALK treated (d) SIL treated (e)
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ALKSIL treated
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Mag= 100X

Plate IX: SEM micrographs showing surfaces of PP/40% GHP Composites after water
absorption for 30 daya) Unreinforced PP (b) UNTRD (c) ALK treated (d) Sileated (e)
ALKSIL treated

The surface of the PLAP matrir Plate Vla was very smooth with no indication of any crack.
On incorporation of filler, different surface morphologies were observed due to different

treatments carried out.

The UNTRD specimeshowed matrix tearing and warping with a few holes exposing the filler.
Larger and more holes were observed for the ALK treated specimen from the SEM image. This
suggests and clarifies why ALK treated samples absorbed more water than the untreated
samples.More matrix warping were noticed on the SIL treated specimen as well as some
cracking which could eventually lead water molecules into the matrix to interact with the filler.
A more massive deterioration was observed in the ALKSIL treated specimen troraddi

matrix cracking, fillers were visible which would lead to more water absorption.

The SEM micrographs after water absorption of PLABM/GHP composite in Plate-&Il a

indicates thathte surface of PLABM also looked intact with no holes or crackintheimatrix.
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A deep hole and matrix cracking were observed in the UNTRD specimen. This was more
pronounced in the ALK treated specimen while the SIL treated specimen showed matrix tearing
leading to visibility of fillers. The most deteriorated specimen thas of the ALKSIL treated

composite (Plate VII e). A deeper hole than that observed in ALK treated specimen was

observed and serious warping of the matrix as well.

PLPG matrix showed microracks in the SEM micrographs and various images are seen in its
composite in Plate VIII. This, although contrary to the first two PLA matricé$lates VI and

VII, was probably due to the blending of PLA with PEG which is known to be hydrophilic on its
own. The matrix cracking becamerdar for the UNTRD specimen. b the ALK treated
specimen showed more cracks and holes on the surface and also some warping while the SIL
treated specimen exhibited the least surface cracking and holes but more warping and even a
threshold for storing or holding water which could lapenetrate into the matrix. The most
affected by water in the study was ALKSIL treated specimen. Large matrix cracks which are

more in number and also surface deformation were observed.

Plate IX ae shows he SEM micrographs for water absorbed PP anadtapositesand it
revealssurface of PPwas smooth without any form of crack. The UNTRD specimen showed
Apeelingd of the matrix surface to expose the
filler contained | ess a8l teasd lsdecimarashowedxa ddllp e e | |
surface and warping of the matrix. The dull surface could be due to silane treatment. The
ALKSI L treated surface was not pronounced 1in

that could lead to penetration of tsamolecules.
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Mat Taib et al, (2010) reported warping of PE@asticized PLA/kenaf fibre composites which

according to them suggested dimensional instability due to water absorption.

Tserkiet al, (2006a) reported that water absorption could lead id dgbonding, delamination
and a | oss of structur al integrity which | ec:

properties.

Generally, water uptake in polymer composites happens in three different ways; firstly, there is
the diffusion of water motailes inside the micrgoids in the polymer chains. Secondly, water
flows by capillary action into the voids at the fileratrix interface and thirdly, the transport of
micro-cracks in the matrix resulting from the swelling of the fillers (Paulal, 2015).
Consequently, when GHP reinforced composites were exposed to moisture, the hydrophilic filler
swells and then induces miecoacks in the resin as seen in some of the SEM images and in
others, warping were visible instead. The high GHP contettiefiucontributes to more water
uptake as observed in the water absorption curves and led to cracking of the matrix. As the
cracks get larger with immersion time, water molecules would attack the interface which would
eventually lead to debonding of the tnbaand filler (Paulet al, 2015) as observed in the SEM

images (Plates VI to IX).
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4.2.4 Mechanical properties after water absorption
4.2.4.1 Tensile strength

The tensile strengths results of composites after water absorption test for 20egagsentedn

Figures 4.40 to 4.43and Tables C1 to C4 in Appendix C
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Figure 4.40: Tensile strength of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.41: Tensile strength of PLABM/GHPomposites against filler content for various
treatments after water absorption for 30 days
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Figure 4.42: Tensile strength of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.43: Tensile strgth of PP/GHP Composites against filler content for various treatments
after water absorption for 30 days

The results showed that the tensile strengths of the compai#esvater absorptiodecreased
with increase in filler content as obtaingdthe esults for the dry specimertit with lower

values in most cases.

The tensile strength of PLAP/GHP composites after water absorption test for 30days in Figure
4.40indicated that the tensile strength of PLAP matrix was 58.20Mpa and various lower values
wereobtained for it composites. The PLAP matrix after water absorption test had slightly higher
tensile strength than that of PLAP before water absorption test Figure 4.7.At 10% GHP content,
the tensile strength of the composites were 35.95MPa, 34.62MP8M¥Fa%nd 39.83MPa for
UNTRD, ALK, SIL and ALKSIL treated composites respectively. These showed that ALKSIL

treated composites had the highest tensile strength among the other composites. At higher GHP
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contents, the tensile strengths of UNTRD composites virgher than those of the treated

composites.

The results for the tensile strength of PLABM/GHP composites after water absorption test for
30days in Figure 4.4¢howsthat the PLABM matrix had a tensile strength of 40.22MPa which

is slightly less than thhaof PLABM before water absorption test with a value of 44.37MPa
Figure 4.8.The tensile strength of the composites decreased with increase in GHP content. The
tensile strength of ALKSIL treated composites were higher than those of UNTRD and other
treated ompositesof 10,20 and 40% filler contents while the tensile strengths of SIL treated
composites were the lowest of all the composites with exception of 10% filler content with 23.62

MPa which was higher than only the UNTRD composite with a value of 2281 M

Figure 4.42 shows the tensile strength results of PLPG/GHP composites after water absorption
for 30days. The results showed that PLREE a tensile strength of 9M@a and various values

of tensile strengths were obtained for its composites.Fromethdts, the UNTRD composites
showed the highest tensile strength values at all filler contents except at 40% GHP content where
SIL treated composite had 1.75MPa over that of UNTRD with a value of 1.44MPa. There were
no results for ALK and ALKSIL at 40% Ifer content because the specimens deteriorated and

could not stand the tensile test.

PP and its composites exhibited different tensile strength results after water absorption for
30days as Figure 4.48picts The tensile strength of pure PP was 27.32MRAeh was 5.6%
higher than that of the tensile strength of PP before water absorption Figure 4.10. The

composites obtained had tensile strengths that were either slightly decreased or increased over
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the tensile strengths of the dry BBsed composites. Theehaviar could be attributed to the

plasticization effect of water on the composites.

4.2.4.2 Tensile Modulus

Figures 4.44 to 4.47and Tables C1 to C4 (Appendix @de the results of tensile modulus of all
the composites after water absorption3odays.
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Figure 4.45: Tensile Modulus of PLABM/GHP Composites against filler content for various
treatments aftewater absorption for 30 days
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Figure 4.46: Tensile Modulus of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.47: Tensile Modulus of PP/GHP Composites against filler content for various
tredments after water absorption for 30 days

The tensile modulus results after water absorption test for 30days for PLAP/GHP composites in
Figure 4.44eveals thatte tensile modulus of PLAP matrix was 2296.62MPa and slightly lower
values were obtained bysi composites. From the results, it was observed that the tensile
modulus for the UNTRD composites were generally higher than those for composites with
surface treatments. This was followed by ALK, then SIL treated composites while the ALKSIL
treated compsites exhibited the lowest tensile moduli results. At the same treatment and GHP
content, the tensile moduli for the water absorbed specimen were significantly lower than those

before water absorption test.

In results for tensile modulus of PLABM/GHP congites after water absorption for 30days
shown in Figure 4.45t was observed that the tensile moduli of the composites were higher than

that of the matrix which had a modulus of 2171.48MPa except at 30% GHP content for ALK
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treated composite with a valué ©911.41MPa. There was no definite trend observed in the
results as different treatments and different GHP content possessed various values for tensile
modulus. However, at the same filler content, ALKSIL treated composite apparently had the
lowest tensg modulus values except at 30% filler content where its value was higher than those

of UNTRD and ALK treated composite by 0.7% and 25.54% respectively.

It was apparent from the results obtained that tensile modulus for PLABM/GHP composite after
water absaation test were either higher than those before water absorption test or slightly lower
except at higher filler contents of 30% and 40% for SIL and ALKSIL treated composites which
showed significantly higher values of tensile modulus over the ones afi&r atesorption test.
Generally, for the same treatment and filler contents especially for UNTRD and ALK treated
composites, the tensile moduli for water absorbed specimens were higher than those before water
absorption test. Even the unreinforced matrixwaiter absorbed specimen had higher tensile

modulus than that of the dry specimen by 11.85%.

The tensile modulusesultsof water absorbed PLPG/GHP composites after 30 days of test in
Figure 4.46 shows that the PLPG matrix had a tensile modulus of 1888a5&hile various

lower values were obtained for its composites which decreased with filler loading as expected.
The tensile moduli obtained were much lower than those of the dry composites presented in
Figure 4.13. The tensile moduli for UNTRD and SlLatexd composites were higher than those
obtained for ALK and ALKSIL treated composites. The PEG had a very significant effect in the

tensile modulus as well since it is water soluble.
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The results for tensile modulus of PP/GHP composites after water absofmti 30days are
shown in Figure 4.47 with a value for the pure PP as 845.56MPa as agaidgtvi38 obtained

for the dry PPFigure 4.14. The tensile moduli for the composites were higher than that of the
matrix and these generally increased with filleading. Generally, the tensile moduli for SIL
treated composites were higher than the other composites and at 40% filler content, the tensile

moduli were least for the same treatment.

4.2.4.3 Elongation at break (EB)

The results for the elongation at break (EB) for all the composite formulations after water

absorption for 30days apgesentedn Figures4.48 to 4.5Jand Tables C1 to C4 in Appendix C

181



w »
N

¢ ' N ¢
;RPN W »

Elongation at break (%
=

o
o

Filler con?ent (Wt%)

mPLAP
m UNTRD
m ALK

m SIL

m ALKSIL
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Figure 4.50: Elongation at Break of PLPG/GI@®mposites against filler content for various
treatments after water absorption for 30 days
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Figure 4.51: Elongation at Break of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Generally, there was desase in EB with filler loading and the EB of the matrices exhibited the

highest values over their various composites with the exception of PLPG matrix.

The EB results of PLAP/GHP composites after water absorption for 30adaii®wn in Figure

4.48 reveab thatPLAP matrix exhibited an EB of 3.85% while various lower valuere
obtained for its composieand these decrease with filler loading. It was observed from the
results that, for the same filler content, the UNTRD and SIL treated composites ezkliigt
highest EB as compared to those exhibited by the ALK and ALKSIL treated composites except
at 10% filler content where the EB was highest in ALKSIL followed by ALK treated composites
with values of 2.51% and 2.28% respectively. Generally, the EBtherwater absorbed
composites were higheréah those of the dry compositEgyure 4.15. However, the EB for the

dry matrix was higher than that of the water absorbed by 13.48%.

PLABM/GHP composites after water absorption test for 30days exhibited EBrtwaessively
decreased with filler content Figure 4.49. Firstly, the results showed that the EB of PLABM
matrix which had a value of 2.74% was higher than those of its composites. Secondly, the EB for
the water absorbed specimens were all lower than thfode dry specimens Figure 4.16. The

EB for ALK and SIL treated composites with 0.92% and 0.68% respectively at 30% filler
content were significantly lower than those of the UNTRD and ALKSIL treated. The same

observation was made at 40% filler content.

The results for the EB of PLPG/GHP composites after water absorption test for pBetersted
in Figure 4.50shows that the EB dPLPG and its composites after water absorption test were

significantly lower than those obtainedthe dry compositeBigure4.17.PLPG matrix exhibited
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an EB of 0.67% and various values were obtained from its composites. At 10% GHP content, the
EB were 1.09%, 0.63%, 0.90% and 0.75% for UNTRD, ALK, SIL and ALKSIL treated

composites respectively.

The EB results of PP/GHP compositafter water absorption test for 30d@yssentedn Figure
4.51showsa significant reduction in EB of composites after water absorption as compared to the
dry specimens espetliafor the matrix Figure 4.18he virgin PP exhibited an EB of 14.12%
while the composites exhibited different values which waetehlower than the matrix and they
decreased with filler loading. As observed from the results also, for the same filler content, the
EB for the UNTRD composites were higher than those of the treatedasites except at 20%

filler content where the ALKSIL treated composites had the highest value of EB.
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4.2.4.4 Flexural Strength
The results of the flexural strengths of all the composites after water absorption peesarted

in Figures4.52to 4.55and Tables C1 to C4 in Appendix C
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Figure 4.52: Flexural Strength of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.53: Flexural Strength of PLABM/GHP Composites against filbetent for various
treatments after water absorption for 30 days
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Figure 4.54: Flexural Strength of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.55: Flexural Strength of PP/GHP Compssitgainst filler content for various
treatments after water absorption for 30 days
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The results of flexural strength for PLAP/GHP composite after water absorption for 30days
Figure 4.52indicates thathte PLAP matrix exhibited a flexural strength of 90.2Féwhile

various lower values were obtained for its composites and these values decreased with increasing
filler loading. There was no result for ALK treated composite at 40% filler content because the
specimen broke before the end of the test.The flexatrahgth of the PLAP matrix after water
absorption was significantly higher than that obtained before the test while, even though lower
values were obtained for the composites, they were not very much different from thosedobtaine

before water absorptidestFigure 4.19.

The treated composites exhibited higher flexural strengths over the untreated composites except
at 30% filler content where the flexural strength of UNTRD composite was 44.88MPa which
was just slightly higher than that of the SIL treatedhposite with 44.29MPa. The effect of SIL
treatment was observed after the water absorption test as it possessed the highest flexural

strength at all filler content with the exceptiaB80% filler content.

Figure 4.53showsthat the flexural strength afeat PLABM after water absorption for 30days
was 54.4MPa and lower values were exhibited by its composites. At 10% filler content, the ALK
treated composite exhibited the highest flexural strength followed by ALKSIL treated composite
while the SIL treatedomposites exhibited the least flexural strength for all the filler contents.
The flexural strength for PLABM before water absorption test was slightly lower than that

obtained after water absorption test (Figures 4.20 and 4.53).

The flexural strength rets for PLPG/GHP composites after water absorption for 30days

presentedn Figure 4.54howsvery lowvaluesin themselves and as compared to those obtained
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before water absorption test. There were no results for ALK treated composites at 40% filler
contert and ALKSIL treated composite at 30 and 40 % filler contents due to the fact that the

specimens seriously deteriorated and broke before the endtesthe

At 10% GHP content, the flexural strengths of the treated composites were higher than that of
the matrix which had a value of 11.2MPa whereas the treated ones were 17.01MPa, 20.21MPa
and 20.82MPa for ALK, SIL and ALKSIL treated composites respectively.However, at 20 and
30% GHP contents, the flexural strengths of UNTRD composites were 19.04 and 14.88MP
against 3.49MPa and 8.17MPa, 9.02 and 9.99MPa and then 8.2GMR&, SIL and ALKSIL

treated composite respectively. It indicated that the flexural strength of UNTRD composites at

the mentioned filler contents were higher than those for the treateposites.

The flexural strength results for PP/GHP composites after water absorption test for 30days
presentedn Figure 4.55 indicated that PP matrix had a flexural strength of 27.38MPa. Marginal
increment in flexural strengths for all treatments andlldfiller levels were observed from the
results.While the flexural strengths of PP/GHP composites before water absorption increased
with filler loading Figure 4.22, the strengths obtained after 30days of water absorption test
initially increased at 10 ah20% filler contents and subsequently decreased with higher filler

loadings of 30 to 40% for all treated and untreated composites.

The SIL treated composites exhibited slightly higher flexural strengths at all but 40% filler
content where the ALKSIL treatl composite exhibited the highest flexural strength with a value
of 27.30MPa as against 24.02MPa, 23.45MPa and 24.5MPa exhibited by the UNTRD, ALK and

SIL treated composites respectively.
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4.2.4.5 Flexural Modulus

The results for the flexural modulus @lf the composite formulations after water absorption test

for 30days are shown in Figw4.56 to 4.5%nd Tables C1 to C4 in Appendix C

4500
4000
& 3500
=3
& 3000
=
= 2500
(@)
= 2000
; 1500
o
I 1000
50

© o

Filler content (wt %)

m PLAP

m UNTRD
m ALK

m SIL

m ALKSIL

Figure 4.56: Flexural Modulus of PLAP/GHP Composites against filler content for various
treatments after water absgtion for 30 days
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Figure 4.57: Flexural Modulus of PLABM/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.58: Flexural Modulus of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.59: Flexural Modulus of PP/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.56ndicates that th8exural modulus after water absorption 80¥days of PLAP matrix

was 3708.6MPa with lower values obtained for its composites which progressively decreased
with filler loading.The flexural modulus for the unreinforced matrix for the water absorbed
specimen was higher than that of matrix before waltsorption test Figure 4.23. However, the
flexural modulus of the composites after water absorption were lower than those obtained before
water absorption. The composites at 10% filler content possessed flexural modulus of
3154.99MPa, 3275.54MPa, 3216.1BM and 3485.06MPa indicating that the ALKSIL treated
composite exhibited the highest flexural modulus. Similar behaviour was observed at 30% filler
content while at 20% filler content, SIL treated composite with a flexural modulus of
3010.13MPa and at 409tller content with a flexural modulus of 2742.71MPa exhibited the

highest flexural modulus as compared to the other composites.

After 30 days of water absorption test, flexural modulugesultsfor PLABM/GHP composites
presentedn Figure 4.57indicakes thatthematrix had a modulus 08211.77MPa withhigher
valuesobtained inalmost all oits compositesThe flexural moduli of the composites initially
increased at 10% and 20% filler contents as compared to the unreinforced matrix then it
decreased at86 filler content and further decreased at 40% filler content. The flexural moduli

of SIL treated composites were higher than those of the UNTRD and other treated composites at
all filler contents. The flexural moduli of the UNTRD composites at 20, 30489d filler
contents on the other hand, were higher than those obtained for ALK and ALKSIL treated

composites.

The flexural modulus of PLABM after water absorption test with a value of 3211.77MPa was

slightly lower than that of the matrix before water apsion test vhich had a value of
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3255.53MPd&igure 4.24.As for the composites, the flexural moduli of PLABM/GHP composites
after water absorption test at 10% and 20% filler contents were higher than those obtained for
PLABM/GHP composites before water alysiton test. However, at 30 and 40% filler contents,

the flexural moduli for PLABM/GHP composites before water absorption test were higher than
those obtained after water absorption test. The only exception however, was observed at 20%
filler content for ALK treated composites where the flexural strength of the composite before

water absorption test was higher than that obtained after water absorption test.

PLPG and its composites after water absorption test for 30days have flexural modulus
resultspresenteth Figure 4.58. The flexural modulus for PLPG matrix was 849.59MPa and
different values were obtained for it composites. The reslidisot follow the general trend
observed earlier especially 40% GHP for UNTRD, 20%GHP for ALK 30 and 40% GHP for SIL

treaked composites.

The flexural modulus results for PP/GHP composites after water absorption for 30days in Figure
4.59 showedthat PP matrix had a modulus of 1311.42MPa. The flexural moduli dfaB&d
composites increased initially up to 20% filler contergnttdecreased with filler content for
UNTRD and ALKSIL treated composites while it increased up to 30% filler content before
decreasing at 40% filler content for ALK and SIL treated composites. In most cases, the PP/GHP
composites before water absorptionhixted flexural moduli that were higher than those
obtained after water absorption test. However, it was clear that the flexural modulus of the PP
matrix after water absorption was higher than that obtained for PP matrix before water

absorption test (Fige 4.26).
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4.2.4.6 Izod Impact strength

The results presented in Figare60 to 4.63and Tables C1 to C4 (Appendix &je those of the

un-notched Izod impact strengths of all the composite formulation after water absorption test for

30days.
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Figure 4.60:1zod Impact strength of PLAP/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.62: Izod Impact strength of PLPG/GHP Composites against filler content for various
treatments after water absorption for 30 days
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Figure 4.63: 1zod Impact strength of PP/GHP Composites against filler content for various
treatments féer water absorption for 30 days

The results showed a general reduction of Izod impact strengths with GHP loading for the

various composites.

The Izod impact strength results for PLAP/GHP composites after water absorption test for
30days Figure 4.6ihdicates that PLAP matrix had an impact strength of 25.19J/m with an initial
increment observed at 10% filler content for both the treated and untreated composites. The
values then decreased significantly at first, then progressively with filler loativeyimpact
strength for SIL treated composites at all filler contents except at 10% filler content had the
highest impact strength. The results showed that the surface treated composites had higher

impact strength than the untreated composites.
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The impactstrength of the unreinforced matrix after water absorption was 25.19J/m and that
obtained before water absorption was 50.39J/m while at the same filler contents, the impact
strengths for PLAP/GHP composites before water absorption test were higher tkean tho

obtained after absorption test (Figures 4. 31 and 4.60).

The Izod impact strength results for PLABM/GHP composites after water absorption test for
30days argoresentedn Figure 4.61. The Izod impact strengths of the unreinforced matrix was
36.82J/m andvarious values were obtained for its composites which decreased with filler
loading. For all the filler contents, the SIL treated composites exhibited the highest impact
strength while the other treated composites (ALK and ALKSIL) exhibited higher impact
strengths than the UNTRD composites except 40% filler content where the UNTRD composites
with impact strength of 12.08J/m exhibited higher impact strength than the ALK (10.85J/m) and

ALKSIL (8.53J/m) treated composites.

In comparison with the impact strehgpf PLABM/GHP composites before water absorption test
Figure 4.32, the impact strength after water absorption test Figure 4.61 were much lower and in

most cases they were 50% lower in values.

Thelzod impact strengthesults of PLPG/GHP composites aftegiter absorption for 30days in
Figure 4.62shows thatte composites with different values of impact strength exhibited higher
impact strength than the matrix with the exception of the value obtained at 30 and 40% filler
contents for UNTRD and 40% filler ntent for ALK and ALKSIL treated composites. It was

also observed that SIL treated composites exhibited the highest impact strength at all filler
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contents. The results showed an initial increase in impact strength at 10% and 20% filler contents

before deagasing with filler loading for all treated and untreated composites.

The Izod impact strength results of PP/GHP composites after water absorption test for 30days in
Figure 4.63ndicates thathte PP matrix had an impact strength of 86.05J/m while it cabtepos
exhibited much lower impact strengths which reduced with filler loading.The impact strength of
UNTRD composite at 10% filler content was 46.51J/m indicating that it had the highest impact
strength while the least impact strength was exhibited by r8Htad composite with a value of
31.01J/m. At higher filler contents, the treated composites exhibited higher impact strength than
the UNTRD composites except ALK treated composite with a very low impact strength of
7.75J/m.The impact strength of PP matvefore water absorption was higher than after water
absorption. Howeveat almost all the filler contents, the impact strength of PP/GHP composites
after water absorption were generally higher than those before water absorption as observed in

the results

Generally, moisture absorption leads to the degradation offiligrix interface which creates

poor stress transfer efficiencies resulting in the reduction of mechanical properties Rashdi

2010; Rassiabt al, 2012). Therefore, with increaseimmersion time of composites in water, it

was expected and believed that tensile strength would decrease as reported bye(Taerki
2006a). Another reason for the general decrease in mechanical properties is the fact that natural
fillers such as GHIB hydrophilic due to the presencei@H groups which exhibit low moisture
resistance. This then leads to dimensional variations of composites and poor interfacial bonding
between the filler and matrix thereby causing a decrease in mechanical prdpévdkslet al,

2007).
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It was reported that flexural strength decreased with filler loading after water absorption (Dhakal
et al, 2007) but flexural modulus was not adversely affected by moisture absorption and the
effect of filler is less critical for #xural failures than tensile failure because the failure in
flexural mode is due to a combination of compression, shear and tensile mode (@halkal

2007).

Tensile modulus on the other hand, is affected by water absorption and this is attributed to the
fact that modulus is a filler sensitive property in composites. For higher filler content, the stress
transfer capability between filler and matrix gets sharply reduced due to excess water absorption

(Dhakalet al, 2007).

The effect of water absorptionas not really felt on the unreinforced matrices. Infact some
properties were increased after water immersion for 768hrs. This is also reported indDabkal

(2007) for unsaturated polyester matrix.

It was expected that the mechanical properties of ositgs would decrease with water
absorption as compared to dry specimens. Interestingly however, it was observed that water
absorbed specimens exhibited higher properties in some compositions over the dry specimens.
This could be attributed to the fact thagh amount of water causes swelling of fillers which
could eventually fill the gaps between the fillers and matrix and subsequently, it could lead to
increase in mechanical properties (Dhag&ihl, 2007). Another reason for higher mechanical
properties of water absorbed specimens over the dry specimens could be attributed to the
plasticization effect of water in composite (Alvarez and Vazquez, 2004; Dbaldl 2007.

Also, it is possible that there are other mechanisms taking place which enhancarth t er i al 6
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properties or a good fillematrix bonding that decreases the amount of water absorbed by the
composites could lead to improved mechanical properties of water absorbed specimens over the

dry specimens (Dhakat al, 2007; Pateét al, 2012).

4.2 .5 Soil burial test

Figures 4.64 to 4.67and Table D1 in Appendix Presenttie soil burial test results in terms of

weight loss after three months for all the composite formulapooduced
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It was observed from the results that the various matrices degraded less than their respective
composites as obtained from thaiarious weight losses and that the degradation of the

composites increased with GHP loading.

Figure 4.64 is the weight loss for PLAP/GHP composites after three months of soil burial and
that of the matrix was 0.36%. The weight loss of the compositesaised with filler loading
indicating that degradation increased as filler content increased. The weight loss lied between
0.45% and 1.28%, 0.82% and 2.10%, 0.10% and 1.40% and then 0.59% and 5.05% for UNTRD,
ALK, SIL and ALKSIL treated composites at 10 ad@% filler contents respectively. It was
apparent from the results that ALK and ALKSIL treated composites degraded most in
comparison to the UNTRD and SIL treated composites. With the exception of GHP content at
10%, the weight loss of SIL treated compesi was higher than those of the UNTRD

composites.

Figure 4.65 shows the results of the soil burial test for PLABM/GHP composites after three
months. The results also showed a progressive increment in degradation of the composites with
filler loading as eidenced from the weight loss values. The weight loss of the PLABM matrix
was 0.2% after three months while higher values which increased with filler loading were
obtained for its composites. At filler contents of 10 and 20%, the composites weight loss were
3.80% and 5.35%, 4.62% and 9.07%, 3.01% and 6.62% and then 2.17% and 6.13% for UNTRD,
ALK, SIL and ALKSIL treated composites respectively. The results indicated that ALK and
ALKSIL treated composites exhibited higher degradation rates than the SIL taeatéNTRD
composites while those for the SIL treated composites were higher than those of the UNTRD

composites at 20 and 30% filler contents only.
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The results of the soil burial test for PLPG/GHP composites after three numeentedn

Figure 4.66reveals that he PLPG matrix had degradation rate of 0.46% while its various
composites exhibited different degradation rates which obviously increased with filler loading.
The results indicated that the UNTRD composites had higher weight loss than theanested

10 and 20% filler contents while the treated composites showed higher weight loss over the
UNTRD ones at 30 and 40% filler contents. It was apparent that PEG, being hydrophilic,
contributed to the degradation of the composites by possibly abgarimisture together with

the GHP unlike the Biomax strong which is a rubbery substance and not water soluble in nature.

The degradation results of PP/GHP composites after three months of soil bupisdsaetedn

Figure 4.67. The results also showed@meent in weight loss with filler loading but with much

less values in comparison to the various PLA matrices and their various composites. The weight
loss of pure PP was only 0.08% after three months of soil burial and this increased to a
maximum of 2.60%or ALK treated composite at 40% filler content. Contrary to the results
obtained for PLATbased composites, ALKSIL treated composites exhibited the lowest
degradation rate as compared to the untreated and other treated composites. The reason for the
verylow degradation of PP/GHP composites is attributed to the resistance in microbial attack of
PP which is known to be ndriodegradable and the increment in weight loss was attributed to
the incorporation of filler in the PP matrix which was possibly selelgt attacked by the
microorganisms in the soil and as the filler content increased, the polymer content reduced

leaving a high surface area consisting mostly of filler than polymer.

It was observed from the results that degradation increased witHddiging because the fillers

could easily be attacked by microorganisms (kihal, 2006). This is attributed to the fact that
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lignocellulosic materials, being hydrophilic, transferred water by capillary means into the
composites (Tserket al, 2006a) andas the filler content increased, the degradation increased
due to the growth of microorganisms which are more in higher filler contents. The degree of
biodegradation according to Patel and Sen (2011), varies with temperature, matrix stability and
availabke oxygen. Humid environment also promotes the growth of microorganisms in the soil
(Tserki et al, 2006a) and most microorganisms need light, water, oxygen and favourable
temperature to assist in the biodegradation process (Patel and Sen, 2011). Favonditias

for microbial activities will result to physical disintegration and serious reduction in molecular
weights of the composites and these lower molecular weights and small fragments would then be

amenable to biodegradation (Patel and Sen, 2011).

The results indicated that the addition of GHP enhanced the biodegradability of the various
polymer matrices as seen in tRgures because of the increase in polymer surface created after
GHP consumption by microorganisms (Ken al, 2006). However, theiddegradability of PP

and its composites were obviously and expectedljetsidue to its highly hydrophobic nature.

The natural soil burial test is obviously a slow process but, it is worthy of note that the test
reflects a realife condition better tAn other known types of tests (Kehal, 200%). This could
be attributed to the fact that in soil, fungi are majorly responsible for the degradation of organic
matters including polymers. The biodegradation rate of biopolymers depends on filler content,
biodegradability of each constituent and then quality of the fiflatrix interface (Behjagt al,
2009). Furthermore, filler addition generally increased the degradation rate of composites and

alkaline treatment of fillers resulted in a slight increbisge of degradation (Behjet al, 2009).
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4.2.5.1 Surface morphology after soil burial
The SEM micrographs shown in Platé to Xlll are those of the surface morphologies of the

composites after three months of burial in the soil.
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PlateX: SEM micrographs of PLAP/40% GHP Composites after three months of soil(&urial
Unreinforced PLAP (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated
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Plate XI: SEM micrographs of PLABM/40% GHP Composites after three months of saill
burial(a) Unreinforced PLABM (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated
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PlateXll: SEM micrographs of PLPG/40% GHP Composites after three months of soi{durial
Unreinforced PLPG (b) UNTRD (c) ALK treated (d) SIL treated (e) ALKSIL treated.
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