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ABSTRACT

STUDIES IN REACTIVE EXTRUSION PROCESSING OF BIODEGRADABLE
POLYMERIC MATERIALS

By
Sunder Balakrishnan

Various reaction chemistries such as Polymerization, Polymer cross-linking and Reactive
grafting were investigated in twin-screw extruders. Poly (1,4-dioxan-2-one) (PPDX) was
manufactured in melt by the continuous polymerization of 1,4-dioxan-2-one (PDX)
monomer in a twin-screw extruder using Aluminum tri-sec butoxide (ATSB) initiator.
Good and accurate control over molecular weight was obtained by controlling the ratio of
monomer to initiator. A screw configuration consisting of only conveying elements was
used for the polymerization. The polymerization reaction was characterized by a
monomer-polymer dynamic equilibrium, above the melting temperature of the polymer,
limiting the equilibrium conversion to 78-percent. Near complete (~100-percent)
conversion was obtained on co-polymerizing PDX monomer with a few mol-percent
(around 8-percent) Caprolactone (CL) monomer in a twin-screw extruder using ATSB
initiator. The co-polymers exhibited improved thermal stability with reduction in glass
transition temperature. The extruder was modeled as an Axial Dispersed Plug Flow
Reactor for the polymerization of CL monomer using Residence Time Distribution
(RTD) Analysis. The model provided a good fit to the experimental RTD and conversion
data.

Aliphatic and aliphatic-aromatic co-polyesters, namely Polycaprolactone (PCL)
and Poly butylenes (adipate-co-terephthalate) (Ecoflex) were cross-linked in a twin-screw

extruder using radical initiator to form micro-gel reinforced biodegradable polyesters.



Cross-linked Ecoflex was further extrusion blended with talc to form blends suitable to
be blown into films. A screw configuration consisting of conveying and kneading
elements was found to be effective in dispersion of the talc particles (5-10 microns) in the
polyester matrix. While the rates of crystallization increased for the talc filled polyester
blends, overall crystallinity reduced. Mechanical, tear and puncture properties of films
made using the talc filled polyester blends were comparable to linear low density
Polyethylene (LDPE).

Ecoflex-Thermoplastic Starch (TPS) graft co-polymers were continuously
manufactured in melt with maleic acid catalyst using a twin-screw co-rotating extruder.
The graft co-polymer was completely extractable in Dichloromethane and formed
transparent films on solvent casting. Regular corn-starch was maleated in a twin-screw
extruder using maleic anhydride or maleic acid, glycerol plasticizer and optional radical
initiator. Confirmation of reactivity of maleic acid onto the starch backbone was
confirmed by Fourier Transformed Infra Red (FTIR) Spectroscopy. The Maleated
Thermoplastic Starch (MTPS) samples were easier to process than TPS and exhibited
lower intrinsic viscosity values. Graft co-polymers of Ecoflex and cross-linked Ecoflex
with MTPS were continuously manufactured in a twin-screw extruder. Mechanical, tear
and puncture properties of films made using the graft co-polymers were comparable to
LDPE. All the above-mentioned reactive extrusion technologies used in the synthesis of

novel biodegradable polymeric materials find use in single-use plastics applications.



Sri Seshadri Swamigal Thunai

Dedicated to

My Parents

1v



ACKNOWLEDGEMENTS
First and foremost, I would like to thank Dr.Ramani Narayan; my advisor, guide and
mentor. His encouragement, motivation, advice and guidance have been astounding and I
am very fortunate to work under Dr.Narayan. Apart from my research, Dr. Narayan and
Mrs. Homa Narayan have been a great moral support for me during the course of my
Ph.D. I would also like to thank my Ph.D. committee; Dr. Kris Berglund, Dr. Dennis
Miller, Dr. Gregory Baker and Dr. Dan Graiver for their advice and support during the
course of my Ph.D. A special word of thanks should go to Ken Farminer, for his valuable
inputs and encouragement. I wish to acknowledge the support by Dr.Philippe Dubois
towards my Ph.D. My lab mates; Phuong Tran, Dr.Raquez, Yogaraj Nabar, Chisa
Brookes, Laura Fisher, Guoren Cheng, Madhu Srinivasan, deserve special mention. I
have enjoyed working with all these people who provided a wonderful atmosphere at
SINAS lab. I extend my heartfelt gratitude to all the people who collaborated with me
during the course of my Ph.D.; Dr.Jean-Marie Raquez, Dr.Boo-Young Shin and
Chandrika Rajagopalan. My gratitude extends to all these people who have helped me
with various aspects of my research; Chris Schuster — Extrusion; Christina Berger -
characterization and testing; Mario -Extrusion experiments; Tiangi Li - GPC
experiments; Brian Rook -extrusion experiments involving the side feeder; Rob Selden —
Mechanical issues concerning extruders; Krithika- Film Processing and UV-
Spectroscopy; Dr.Jayaraman, Bhaskar Patham and Darrell Marchant- Capillary
Rheometer Studies; Dr.Mackay and Anish- Dynamic Light Scattering experiments;
Shirish Karande and Khayyam Ali- Thesis formatting in Microsoft Word and Mohar-

Mathematical modeling.



My sincere thanks to Nancy Albright, who has been a great source of help to me.
Nancy has answers to all my questions and I seem to forget all my problems when I talk
to her. My gratitude to all the working staff of “DECS”- Division of Engineering
Computing Services for having provided me with additional hard drive space to
accommodate my research work. 1 would like to also thank Sachin Vaidya, Lavanya
Parthasarthy and Bhaskar Patham with whom I have had innumerable conversations and
discussions pertaining to various subjects in Chemical Engineering. I would like to
extend my heartfelt thanks to all my friends who have provided me with support and help
during the last five years- Anand, Ganesh Kumar, Swaminathan, Kamlesh Shah, Kannan
Balasubramanian, Seetha Balasubramanian, Skanth Ganesan, Sudarsanam Chellappa,
Jayakrishnan Swaminathan, Rajeev Kalyanaraman, Sreevatsan Kidambi, Chirag Shah,
Shirish Karande, Yash Parulekar, Aishwarya Parulekar, Kantha Kumar Pongaliur,
Akshay Kamath, Prassanna Balasundaram, Bhavana Bhoovaraghan, Gayathri Santhanam,
Venkata Giri Kolli, Prena Sonthalia and Kiran Misra. A special thanks to my best friend,
Srinivasan Rakhunathan, for being there for me whenever I needed him. He is a
wonderful person and I will cherish his friendship for the rest of my life.
This work would n.ot have been possible without the help and support from my
“little family”. I can strongly say that this work was made possible by my parent’s
constant prayers, support, motivation, encouragement and belief. I would also like to
thank my sister Mrs. Vanitha Kumar for her constant source of encouragement. I am
grateful to God for giving me such a loving sister. A special thanks to my bro-in-law Mr.
R.S. Kumar; nephews Nirek and Medheer, my uncle Mr. Balasundaram, late Mr. Rajan,

Mr. Rajagopalan and Mrs. Susheela Rajagopalan, who have been a constant source of

vi



motivation for me. Last but not the least; I would like to thank my fiancée, Vijaya
Rajagopalan, who has been instrumental in my entire thesis. She has been a good listener,
great encourager and provided tremendous support during my Ph.D. work. Whether it
was blowing film at Packaging Building or writing my thesis documentation, she was
with me throughout and this work would not have been possible without her. Although I
have mentioned only a few names, there are many more people who have helped me in
this venture and I would like to extend my appreciation to all the other people who I may

have left out.

vii



TABLE OF CONTENTS

CRAPLET L.ttt et ettt b bt s s sbe st sbe s saesbsane 1
1.1 RATIONALE.. ..ottt 1
1.2 PROPOSED GOALS. ..ottt e s et ssessssesessonesesessasenes 4
1.3 SPECIFIC OBJECTIVES..........oooeoiririiniininnnircissssnsssssssesesissssssssseseses 5
14 STRUCTURE OF THESIS...........ccccoviimiinitniicinnesciisescsesssesessassessssssssns 7

CRAPLET 2.ttt ettt sttt ettt sb et et e st s b et sae bt s s b et e s e neses 9

BULK EXTRUSION POLYMERIZATION OF 1, 4-DIOXAN-2-ONE ...........ccccoeueunee. 9
2.1  INTRODUCTION .....cccociiiiiriiiinincietsissentesessetsaeetssesssssessssesssssssssssssssesesses 9

2.1.1 Mechanism of Polymerization of PDX monomer ............cceceevueruinerucnenes 14
2.1.2 Lactone Polymerization Catalysts............cocceevierunsicninveninnesecsnnsecsecnnenes 20
2.13 Kinetics of PDX Polymerization ..........ccccocceeeeeeeerncncnneseneeninsinnsccacenens 22
214 Thermodynamics of Polymerization..........cccccoueeevuececvcnrinvensecnnnnecsecsncnes 27
2.15 Molecular Weight and Molecular Weight Distribution.............cocceueueunene. 30
2.1.6 EXtrusion StUAIes ........cccceccvviveiniicnriniinininicincinensceeen e enes 33
2.1.6.1 Reactive Extrusion Polymerization............ccocecevevevucruvvenenecnnncnrenncacns 36
2.1.6.2 Screw Conﬁguration ............................................................................. 37
2.1.6.3 Residence Time Distribution ...........cccoccevinuerinrsicninininseneseseisenesscanes 40
2.1.6.3.1 EXtrusion MOdeling .........ccoeeereererieerersensrnrenseesneeccssesncecsssesessasonees 44

2.2 EXPERIMENTAL DETALILS .........ccooniiiiiiinnniiiincnincsnsessesnssseesesesssenens 49
221 Materials and EQUipment ... 50
222 PDX monomer purifiCation...........cccceueieenieiniciiicinnienneseseisessnsseneseens 50

viii



223 Batch Polymerization Studies.........cccceceeveenueeiencncncecncrieeeeecereeceesaenns 53
224 Determination of Extent of Monomer Conversion ............cccecceeceeeecnueenes 56
225 Extrusion Polymerization Studies..........c.ccccevvieeneneicreneeniereeneeneeneeneeneenes 57
2.2.5.1  Screw Configuration ...........cececceuerteeeecreneneecsinenunesseseesesessessessssessenes 63
2.2.5.2 Residence Time Distribution Studies............ccoceevrruevrenrrcicnrccsesreennen 65
226 INrINSIC VISCOSILY ....eeuirecieirnieecriececeenteeneet et eescse e eeseessesennens 66
22.7 Thermal ANalYSis........cccoveeverrcerrirnrennerneeneenerseeceeseeseeseessessssssssssessassnes 69
228 UV -SPECIIOSCOPY ...cuvruininireiincnrnctsiesisanesessesisseissessesessesessssssscssssessessssses 70
23  RESULTS AND DISCUSSION. ........cooiiitrcinteiterecnisesescssessscesssessesenes 71
2.3.1 Batch Polymerization Studies..........ccceceeveruereenenuererseneecerscnseesensuesnecnenens 71

232 Effect of extrusion process parameters on CL and PDX monomer

COMVETSION ...uuuuririerinntiessitssiesestesssestestesessesesassesasssstesessestesssssssssssesssntsssrsesessssssnes 72
233 Effect of CL addition on PDX Polymerization.............cccccveereeererceecueccennen 74
234 Intrinsic Viscosity RESUILS ........ccccceereireirrinieneeceneeceeieseseeeeseneesaeenne 76
235 Thermal Analysis RESULLS ........c.cocerrieveecerverreiniertenenieneeseeserseeeeeesasenesnenne 78
2.3.6 Residence Time Distribution Studies............cccecevereeeneerccereecsercrcresaenne. 81
2.3.6.1 Reactive Extrusion MOdeling ........cc.ccecevveeervenerieenerenesscsesesenescsseseenees 83
L0111 S N 92
3.1  INTRODUCTION .......ccoiittrirencnctnnneesenetseteseseseseesessssssssssassssssssessassssseses 92
3.1.1 Cross-linking ChemiSstry .........ccccouerieeererensinecrnsinenteccsneessenessesnesessesesses 92
312 Cross-linking PrinCiples...........ccoovevienirrnniicnicncninicennnnccnesesnesennens 94
3.13 Filled COMPOSIES ........covrueerririiniereriinieinieesiesectssesessssesesessssssssssnsnns 97
3.2  EXPERIMENTAL DETAILLS .........ccooniiiritrciiictnsiccesssssssesesesessnens 100

ix



321 Materials and EQUIPIMENL ........cocoevieiirireiienecceeneteneieeeeesesesssseanas 100

322 Extrusion Cross-linking Studies ...........ccecerveerienreenrenneenrensnecensnesseessensnes 104
323 Determination of gel fraction...........cocceeervcrciniincncnnncnesrennceeeaee 106
324 Extrusion blending of Ecoflex with talc ..........cccoceceiivcniiininivnincnnne, 107
3.25 Thermal ANALYSIS ......ccvevivierrrreirirreenerrenreereeseessessessessassesseessssesessessessesses 110
3.26 Environmental Scanning Electron Microscopy (ESEM) Studies............ 110
3.27 Blown Film Processing.........cocceivveveninincninnnininnnncnnnnencneene 111
3238 Mechanical Property Determination.............ccecceevecenverereerseescenereeeeceeneencs 112
3.3 RESULTS AND DISCUSSION .......cccovvminmiiririiniiniinsisisiineessesessssssesesssnses 113
3.3.1 Cross-linking StUIES ........cccceevvereeneerrerrseenreenreecsencnensrreressesssneseossesssesnes 113
3.3.1.1 Cross-linking Chemistry .........ccocevevuieirinvinnniisinsnnincssiiseesseesnens 113

3.3.1.2 Effect of Residence Time on gel fraction of cross-linked polyesters. 115

3.3.1.3 Effect of Initiator Concentration on the gel fraction of cross-linked

POLYESLETS .....neiniieiecreetrcereeeeer e seeteee st e esseee st e e s s et et e e ae e et e senteseee st enassantancsn 116
3.3.1.4 Thermal AnalysiS.......ccccovieiriininininiininiiicncniaisenesessssassees 117
3.3.1.5 Environmental Scanning Electron Microscopy (ESEM) Results........ 120
332 Polyester-talc blending Studies ...........ccoceevereeerirrereernceenreeeeeeceeserennes 122

3.3.2.1 Effect of screw configuration on extrusion processing of Ecoflex with

11 N 122
3.3.2.2 Thermal Analysis ReSULLS ........cceceeeueererrericrnirnecirneneentenrnneseeeeeeceeneens 123
3.3.2.3 Environmental Scanning Electron Microscopy (ESEM) Results........ 128
3.3.24 Mechanical Property Results ..........ccocceeviiiiccciininicnicnsincniscneccincnnes 130



CRADLET 4.ttt ettt sttt s e e s b e 134

4.1  BACKGROUND .......ccotritiiiiiinircesetsscsesssisssess s sebssssssssssses 134
4.1.1 Starch ThEOTY .....ccccouieiiiirieerrtreete ettt ettt eee s e s 136
4.1.2 Starch blends with polyesters.........ccocvcivnrinrinniniiiinnncnnene 143

4.1.2.1 Incompatible Blends ..........ccccocevieeenciennneeineceneerereereeee et 145
4.1.2.2 Compatibilization Theory ..........cccerevecurnesiiniininninincniiiciniiesesenne 148
413 Starch-Polyester Reactive Blends.........cccocveevereeeccrncrceenncenineenteneeneenens 150
4.14 Starch DEriVAtIVES.......cccecceuiveitiinieircrcnetestentesteceseeseereestsoessassessanine 151

42  EXPERIMENTAL.........cccooivtiiiiiiiinincterctnsestssetesesssessssessessssssssssessenes 155
4.2.1 Materials and EQUIpMENL ..........cccovvvvinirininiiinininninininincnsesesenens 155
422 Ecoflex-Thermoplastic Starch graft copolymers ........cc.cocccevirninircencnnne 156

4.2.2.1 Synthesis of Ecoflex-TPS graft copolymers by reactive extrusion

PTOCESSINE ..cvveineiriaricienieeicetisaesenessseasassstesssesssecaseoreossnssssessasssssessaossassssssssessssssaes 156
4.2.2.2 Soxhlet EXtraction Studies........ccccecceveermnrcrniecceeenenenncnrucsncccsesnsnes 159
423 Ecoflex-Maleated thermoplastic starch graft copolymers ............c.c.u... 159
423.1 Maleation of starch by reactive extrusion processing...........cc.ceeuerueune 159

4.2.3.2 Synthesis of Ecoflex-MTPS graft copolymers by reactive extrusion

PTOCESSINE ..covvurerieinrinissinsississisaisissississessisessessesesstssesssesestessessessontsassasssessessesessess 163
4.2.3.3  Soxhlet Extraction Studies...........ccoceeuvueiniruicnsinniuneinninesenennsiniininns 165
4.2.3.4 Fourier Transformed Infrared Spectroscopy (FTIR) Studies.............. 165
4.23.5 Thermal Analysis Studi€s ........cc..covurevirernveireiincrinriinniininiieeeinne 166
4.2.3.6 Intrinsic VisCOSity StUAIEs ........ccceereeereerecerineeeenneenerereetreeetesenee 166
4.2.3.7 Blown Film Studies..........ccocovevinriinmiinminriiiiiciiniieienneeninns 167

xi



4.2.3.8 Mechanical Property Determination............cccveveveiiinnicsnniccsniisnennes 167

RESULTS AND DISCUSSION .......cocvvtmminiiiiiinininesitseseisscssssissessssessenes 168

43.1 Ecoflex-TPS graft COPOIYMETS..........coriiruetruentircrincteticsecssssssenenes 169

43.1.1 Trans-esterification Reaction Chemistry in the Synthesis of Ecoflex-

TPS graft COPOIYMETS ......cooviniiiiiiniiiiiiinniccet et saesses 169
4.3.1.2 Proof of Grafting by Soxhlet EXtraction.........cccecccevereevecrercencruccuennes 170
4.3.1.3 Proof of Grafting by FTIR Analysis.........cccceverruereererrerenecceccrencnes 171
4.3.1.4 Proof of grafting by Thermal Gravimetric (TGA) Analysis............... 173
43.1.5 Mechanical Properties Results............cccoooueuiiiiininnninincicccceienene 174
432 Maleated Thermoplastic Starch (MTPS) .......cccocrveorecnrnecinircncnennes 177
4.3.2.1 Starch Maleation Chemistry ........cccocveeieiiirnreinceiiicntncseceeeenes 177
4.3.2.2 Results on reactive extrusion processing of MTPS ...........c.ccocuueeee. 178

4.3.2.3 Proof of reaction of maleic anhydride and maleic acid onto starch by

FTIR ANALYSIS....cooceieeeceieieececececeteerene st sesaesee e nesaeensessssssstessessssssssssssssenns 179
4.3.2.4 Thermal Analysis ReSUItS .......ccccoerieiirininieiiecciecenceereeceeeeene 181
4.3.2.5 Intrinsic viscosity ReSUltS ........ccccovivuivenririnivinininininieninncnsesneanes 185
433 Ecoflex-MTPS graft cCOPOlymETS .........ccccccvvrinirincnnrnesnnincsnesennccsesenns 188

43.3.1 Trans-esterification Reaction Chemistry in the synthesis of Ecoflex-

MTPS graft COPOLYINETS.......c..cceeeriecereiecniesteereceetscrrete e sessesaessesesasassseases 188
4.3.3.2 Proof of grafting by Sox!:iet EXtraction..........cccoccevueceiiinceniniccnnnnne 189
4.3.3.3 Proof of grafting by FTIR Analysis.......c.cccceeerrureeeseencrseencercrsceucrncenes 192
43.3.4 Proof of grafting by Thermal Analysis.......cccccoeeereerrneccncnccncnncene. 193

43.3.5 Blown Film Processing Results of Ecoflex-MTPS graft copolymers 195

Xii




4.3.3.6 Mechanical Property Results of Ecoflex-MTPS graft copolymers..... 197
CRAPLET 5.ttt sttt sttt st et e ettt e e e e ne s e saesnen 206
5.1 SUMMARY ...ttt ssessste e sessssssestasesessensssasenes 206
5.1.1 Extrusion polymerization of 1, 4-dioxan-2-one (PDX) monomer and co-
polymerization with €-caprolactone (CL) MONOMET..........cccoeuemeemrerercrueeruereeeeenes 207

5.1.2 Reactive extrusion cross-linking of biodegradable polyesters (Ecoflex and

PCL) and blending with talC. ........ccccoeiiiiniicnriiinictecccteeeeeeee e 209
513 Ecoflex-Starch graft copolymers by reactive extrusion processing........ 210
5.2 CONCLUSIONS........ccoceiitmiiiiiiisesecsssnesssesssssesssssssssassssssssssssss 212

5.2.1 Extrusion polymerization of 1, 4-dioxan-2-one (PDX) monomer and co-
polymerization with €-caprolactone (CL) MONOMET...........c.cccvvecurmrerentsscerereereruncnnne 212

522 Reactive extrusion cross-linking of biodegradable polyesters (Ecoflex and

PCL) and blending with talC. .........ccceereierinineneieentetecseeeteeree et eenae 215
523 Ecoflex-Starch graft copolymers by reactive extrusion processing........ 217
CRAPLET 6.ttt ettt st b e et sa et s s enesesaesssassantessnsnsanen 222
6.1 RECOMMENDATIONS.........cccociiminrriiniiiiieiiesenesesesesessssesssssesssenesens 222
6.1.1 Bulk Extrusion Polymerization of 1, 4-dioxan-2-one monomer ............ 222

6.1.2 Reactive Extrusion Cross-linking of Biodegradable Polyester and
Blending with Inorganic Fillers. .........ccccoueviniicninicnnciinrccceecccccsnecessenees 223

6.1.3 Polyester-Starch graft copolymers by Reactive Extrusion Processing... 224

Xiii




LIST OF FIGURES

Figure 2-1: Oxidative cyclization of DEG to PDX and competing dehydration reactions

................................................................................................................................... 10
Figure 2-2: PDX MONOMET ......c.coevtiiuiniiiinicieninieeieiitsencssestssssessescssessssssssscssssssessones 11
Figure 2-3: Reactivity of PDX MONOMET........ccccccerieuirraeriereneentrtrcteereeseseeeeesacsseneenes 13
Figure 2-4: Chain Propagation in Lactone Polymerization .............cc.cccecevinuireincvenncncnncnns 15
Figure 2-5: Cationic ROP Reaction Mechanism ..........cceccevevrvinincenicnncnceiicncnncnneene 16
Figure 2-6: Anionic ROP Reaction Mechanism ..........ccccocceereiencerruencnnnecncncnescciscnnsnens 17
Figure 2-7: Coordination-Insertion Reaction Mechanism............ccoceeeincninnccincnccncnnne 17
Figure 2-8: Coordination-Insertion Mechanism in the formation of PPDX polymer....... 18
Figure 2-9: Intermolecular and Intramolecular trans-esterification of PPDX .................. 20

Figure 2-10: Effect of Polymerization Temperature on the monomer conversion reached

at equilibrium for a monomer to initiator ratio of 600 and a polymerization time of

T4 Rttt ettt s s e 25
Figure 2-11: Dispersive and Distributive Mixing schematic............cocceencrumvencrrenninnncnnes 39
Figure 2-12: Conventional screw COnfiguration .............c.ccccecnircnnincniniinenecnineescsenaens 40
Figure 2-13: Schematic of Distillation SEtup ............ceeuevereerireriiniiineniiciissnecesesenns 51
Figure 2-14: Schematic Of DIying SEtUP.......ccceveeeerrererrerseenressersaereeseessssessessessessasassnesnes 53
Figure 2-15: Schematic of Batch polymerization SEtup...........cccccoueureeierercrinrscscscscrnencns 54

Figure 2-16: Three-arm structure of the PPDX polymer produced by reactive extrusion
polymerization of PDX mMONOMET..........ccccocovirimmiiniiiiiccicc e 57

Figure 2-17: Process schematic for REX-PPDX production...............cccecocvveerinnnuencucncncee 59

Xiv



Figure 2-18: PDX monomer pump calibration curve (PDX monomer maintained between

B32-350C) e eeeemmseeeeesssess s R 60
Figure 2-19: ATSB initiator solution calibration Curve..........cccceeceeevreeceersercenrscnseeereennenns 60
Figure 2-20: Screw Configuration evaluated for the Synthesis of REX-PPDX................ 64
Figure 2-21: UV Set Up Block Diagram ...........ccceevvveniiinininnininiiinncinicinececieienee 70

Figure 2-22: DSC thermogram of PPDX homopolymer and PCL-co-PPDX copolymers
obtained by reactive extrusion with different final molar fractions in CL: Fc; = 0.00
(a), 0.11 (b), 0.16 (c) and 0.20 (d) (heating rate = 10°C/min, under N, only the
$ecOnNd run iS CONSIAETEA)......c.cueeeeirieiiriieerirecertreeeeineeeesssareessssssssesssseesssnresssssaeses 78

Figure 2-23: Time-dependence of weight loss at 180°C for PPDX and PCL-co-PPDX
polymers obtained by reactive extrusion with different final molar fractions in CL:
Fcr=0.00 (a), 0.11 (b), 0.16 (c) and 0.20 (d) (T = 180°C under a He flow)............ 80

Figure 2-24: Rate of weight loss for PPDX and PCL-co-PPDX polymers obtained by

reactive extrusion with different final molar fractions in CL: Fc = 0.00 (a), 0.11 (b),

0.16 (c) and 0.20 (d) (T = 180°C under a He floW) .......coeeemreeemmeceieccieeeeeeceeeeeeeens 81
Figure 2-25: RTD curves at 1300C ...........vveuveucveeeeenceesissssessessesssesssesssessssssssssssssnnss 82
Figure 2-26: RTD curves at 170°C ..........oooorivuerrveeeeresriessieessse s ssessssssssssssssssssnes 83

Figure 2-27: Axial Dispersed PFR model applied to RTD data for CL polymerization at
130°C (Screw speed of 125 RPM and monomer feed rate of 14 ml/min)................ 85

Figure 2-28: Axial Dispersed PFR model applied to RTD data for CL polymerization at
130°C (Screw speed of 125 RPM and monomer feed rate of 22 ml/min)................ 85

Figure 2-29: Axial Dispersed PFR model applied to RTD data for CL polymerization at

130°C (Screw speed of 225 RPM and monomer feed rate of 14 ml/min)................ 86

XV



Figure 2-30: Axial Dispersed PFR model applied to RTD data for CL polymerization at
130°C (Screw speed of 225 RPM and monomer feed rate of 22 ml/min)................ 86
Figure 2-31: Axial Dispersed PFR model applied to RTD data for CL polymerization at
170°C (Screw speed of 125 RPM and monomer feed rate of 14 ml/min)................. 87
Figure 2-32: Axial Dispersed PFR model applied to RTD data for CL polymerization at
170°C (Screw speed of 125 RPM and monomer feed rate of 22 ml/min)................ 87
Figure 2-33: Axial Dispersed PFR model applied to RTD data for CL polymerization at
170°C (Screw speed of 225 RPM and monomer feed rate of 14 ml/min)................ 88
Figure 2-34: Axial Dispersed PFR model applied to RTD data for CL polymerization at
170°C (Screw speed of 225 RPM and monomer feed rate of 22 ml/min)................ 88

Figure 2-35: Model vs. Experimental conversions in the polymerization of CL monomer

to form three-arm PCL polymer (Table 2-8). .........cccocceuvivrvviniiiininniciicnccnncncnnee 91
Figure 3-1: Schematic showing cross-linked and uncross-linked networks..................... 93
Figure 3-2: Chemical structure of PCL pPOlYeSter.........cccocenineinirnnncnrcrnieeecneceeesieneeenne 101
Figure 3-3: Chemical structure of aliphatic-aromatic COpOlyester ............ccccovverirurruenae 103

Figure 3-4: Theoretical percent Carbon dioxide evolution of Ecoflex under EN 13432 test

PTOLOCOL. ..ottt cteste bttt s st sb st s b et sestssesasas st s s sasasbessoren 103
Figure 3-5: Screw Configuration used for Cross-linking studies ...........cccceceevereercrnennee 106
Figure 3-6: Process Schematic of extrusion processing of Ecoflex with talc................. 108
Figure 3-7: Blown Film Processing Schematic ..........ccccooeveeiencnnnincnnnncnnncccceene. 112
Figure 3-8: Cross-linking chemistry by free radical reaction...........ccccocovuerueeernincnnnnne.. 114

Figure 3-9: DSC results of Ecoflex and cross-linked Ecoflex (0.1-wt% Luperox 101). 117

xvi



Figure 3-10: TGA Results of Ecoflex and LEcoflex (cross-linked using 0.1-wt% Luperox

JOL) ettt ettt ettt et et e s e 119
Figure 3-11: ESEM Results of ECOflIeX ......ccccovvtirirninnininiieerteececereece e eeesesseesnenes 120
Figure 3-12: ESEM Results of LECOfIEX ......ccccecrenuenerniniiniiiceeieceeseeeenencseseneenes 121

Figure 3-13: Schematic of mixing provided by kneading blocks used for the extrusion
processing of Ecoflex With talC..........ccecvvrvireeieeieninnnirnrcneseecneereeete et eaenees 122
Figure 3-14: DSC Results of Ecoflex/talc (70/30; W/W).......c.ccceeererenenreesecssnsserseesenens 124
Figure 3-15: DSC Results of LEcoflex/talc (70/30; w/w) [LEcoflex made with 0.1-wt%
LUPeroX 101ttt sttt et b et st 125
Figure 3-16: TGA Results of Ecoflex/talc (70/30; W/W) .......ccceeuevrenerrenrrenensensressessesnes 126

Figure 3-17: TGA Results of LEcoflex/talc (70/30; w/w) [LEcoflex made with 0.1-wt%

LUPETOX 101 ]ttt sttt meens 127
Figure 3-18: ESEM Results of Ecoflex/talc (70/30; W/W)........ccceeveeeererrernrenreeneeserscsnens 128
Figure 3-19: ESEM Results of LEcoflex/talc (70/30; W/W) ....ccccocereervuennensccenennenesennane 129
Figure 3-20: Tensile strength of Ecoflex and LEcoflex blends with talc ....................... 130
Figure 3-21: Modulus of Elasticity of Ecoflex and LEcoflex blends with talc .............. 131
Figure 3-22: Break Elongation of Ecoflex and LEcoflex blends with talc..................... 132
Figure 4-1: Structure of amylOSe .........cccceeeurrirrirrierinierenieiencseereneseescssessessesssssesessssessens 136
Figure 4-2: Structure of amylopectin..........cccoccveveniircencrinnintnninirnceeisenieseencasnes 137
Figure 4-3: Swelling of Starch granules ...........cccccoveerireeinnninenrcreeeeeeeeeteteceeaee 139
Figure 4-4: ESEM image of Starch ...........ccocevievenininnneninncnicnieiceencscscseisisscnesnenes 141
Figure 4-5: ESEM image of thermoplastic starch..............ccceceeveviencerncnercncrcnnncscnnennnn. 141
Figure 4-6: X-Ray diffractogram results of starch and thermoplastic starch.................. 142

Xvii



Figure 4-7: Effect of composition and viscosity on phase morphology............c.cecueuee. 147
Figure 4-8: Starch Reaction with half-esters of dicarboxylic acids........c..cccccecuvuernecnnene 153

Figure 4-9: Screw Configuration used for the synthesis of Ecoflex-TPS graft copolymers

Figure 4-11: Acid-catalyzed trans-esterification chemistry in the synthesis of Ecoflex-

TPS graft COPOIYMETS. ......ooevuiiiiiieiietecetncccetcese et ssss et sessenees 169
Figure 4-12: FTIR Spectrum of Ecoflex-TPS graft co-polymers...........ccccocceuvenvininucnnae 172
Figure 4-13: TGA Results of Ecoflex-TPS graft COPOLymers ..........ccccocevereecrseniencnnenne 173
Figure 4-14: Tensile strength results of Ecoflex-TPS graft copolymers ........................ 174
Figure 4-15: Modulus of elasticity results of Ecoflex-TPS graft copolymers................ 175
Figure 4-16: Break elongation results of Ecoflex-TPS graft copolymers...........cccccueucee 176
Figure 4-17: Maleation of starch using maleic anhydride ...........cccccocenvnininvininnninncnenns 178
Figure 4-18: FTIR results of MTPS samples using maleic acid modifier ...................... 180
Figure 4-19: FTIR results of MTPS samples using maleic anhydride modifier............. 180
Figure 4-20: DSC Results of MTPS samples ..........ccccceoeeueuevenurcrenueencnenneencenenesesessesenes 182
Figure 4-21: TGA Results of MTPS samples..........ccococeeririnininniniinininnicncncniisiesnnssnaene 183

Figure 4-22: TGA Results of MTPS samples modified with 2.5%, 5% and 10% maleic

o7 o OO OO 184
Figure 4-23: Intrinsic viscosity of regular cOm Starch...........coceceureeureverireenrinescrsiseenns 186
Figure 4-24: Intrinsic ViSCOSIty Of TPS........cccoeeeuevevrererereeeeseesaesesesaesessssesssssesesssesnns 186

Figure 4-25: Intrinsic viscosity of MTPS (2.5% Maleic anhydride) ..........cc.cooververnennn. 187

XVviil



Figure 4-26: Intrinsic viscosity of MTPS (2.5% Maleic anhydride and 0.1% Luperox 101)

Figure 4-27: Trans-esterification reaction chemistry in the synthesis of Ecoflex-MTPS

STt COPOLYINETS. ....ceveeierentiiiirieieectrteeeete et e seseesee st st s e e see e eseaeenaeneenene 189
Figure 4-28: FTIR Results of Ecoflex-MTPS graft copolymers ..........ccocccceunivininrincnnne 192
Figure 4-29: DSC Results of Ecoflex-MTPS graft copolymer...........ccoccevuvvnnivvccnunes 193
Figure 4-30: TGA Results of Ecoflex-TPS graft copolymer..........ccccoceeninicccniieniennes 194
Figure 4-31: Blown film pressures of Ecoflex-MTPS graft copolymers.............cocueune 196
Figure 4-32: Tensile Strength Results of Ecoflex-MTPS graft copolymers................... 197
Figure 4-33: Modulus of Elasticity Results of Ecoflex-MTPS graft copolymers .......... 198
Figure 4-34: Break Elongation Results of Ecoflex-MTPS graft copolymers................. 199

Figure 4-35: Tensile Strength Results of Ecoflex-MTPS (70/30) graft copolymers 2.5-
wt%, 5-wt% and 10-wt% maleic acid in MTPS ............c.cccccvviniininnnninnnneniennenne 201

Figure 4-36: Modulus of Elasticity Results of Ecoflex-MTPS (70/30) graft copolymers
2.5-wt%, 5-wt% and 10-wt% maleic acid in MTPS...........cccoccovnvivriinniinncnnnes 202

Figure 4-37: Break Elongation Results of Ecoflex-MTPS (70/30) graft copolymers 2.5-

wt%, 5-wt% and 10-wt% maleic acid in MTPS ..., 203

Xix




LIST OF TABLES

Table 2-1: Properties of PDX MONOMET ........ccccceeuruiuiineninscnenieniecniineteereesseseeseesensens 10

Table 2-2: Patented PDX €N USES........uuieeiiiieiieeieeereeieeeeereeeeesinrneeeessssssreesesssssssesssssns 12

BE 1007 ceevveeeennecccrnsimsnnsessesaeseessssssassss s sesssse e ases et r e 24
Table 2-4: Reactions performed in co-rotating twin screw extruders...........cocceveevererrennne 35
Table 2-5: Extrusion Processing Conditions for CL polymerization at 150°C................. 58

Table 2-6: Polymerization of PDX monomer by Reactive Extrusion: Determination of
Optimal Conditions.........cccecruiiiieiiriiinieicretrct et ssssn e sas s sensen 61
Table 2-7: PCL-co-PDX by reactive extrusion at 130°C: Effect of the addition of limited
amounts of CL MONOMET ........c.cocvuitiiririreniiinneteetitsesseseesesseesesessesnssessesessessonees 63
Table 2-8: Experimental Scheme to synthesize REX-PCL for RTD studies.................... 66
Table 2-9: Conversions of PDX and CL monomers in experimental conditions close to
Reactive Extrusion (Polymerization time = 2 minutes)..........cccceeceeeeceerceserseeseeseenes 72
Table 2-10: Polymerization of PDX monomer by Reactive Extrusion: Determination of
optimal Conditions...........c.ceeiviiiiiiininiiniiiiiic e 73
Table 2-11: Polymerization of PDX by reactive extrusion: Effect of the addition of
limited amounts of CL MONOMET .........c.ccccvuvuiuiririeriinineirieninitsnecsiencesesesenesesessenens 75
Table 2-12: Intrinsic viscosity of PPDX and PCL-cuo-PPDX polymers produced by

reactive extrusion (T=130°C and Screw Speed = 130 RPM) .......cc..oovvverecrerrrrnnnnnn. 17

XX



Table 2-13: DSC data of PPDX and PCL-co-PPDX polymers as obtained by reactive

extrusion (under nitrogen flow, from —100°C to 140°C at a heating rate of 10°C/min,

Table 2-14: Fit coefficients ‘b’ predicting goodness of fit of the Axial Dispersed PFR
model to experimental data in the case of CL polymerization ............ccoccoveriruennenne 84

Table 2-15: Peclet Number values under different experimental processing conditions

(Table 2-8) in the synthesis of three-arm PCL polymer ............ccocceveviiireinncnnnnns 89
Table 3-1: Processing Conditions for Cross-linking PCL and Ecoflex..............cccu.u... 105
Table 3-2: Extrusion Processing Conditions for Ecoflex blending with talc.................. 109
Table 3-3: Blown Film Processing Conditions for talc filled polyester blends.............. 111

Table 3-4: Gel fraction results of LPCL and LEcoflex samples obtained from the vent and

................................................................................................................................. 116
Table 3-6: Tear and Puncture properties of Ecoflex/talc (70/30) blend ......................... 133
Table 4-1: Extrusion Processing conditions for the synthesis of Ecoflex-TPS graft

L0 070) 3T 117 o SO 158
Table 4-2: Extrusion processing conditions for the reactive maleation of starch using

maleic anhydride/maleic acid modifier in the presence of glycerol plasticizer..... 162
Table 4-3: Extrusion processing conditions in the synthesis of Ecoflex-MTPS graft

COPOLYIMETS .....ueniuineniecetetsteceeeeser e s e casesese st e e ese s e be s ssssbessesassesansnsnssnenns 164

Table 4-4: Blown Film Processing Conditions for Polyester-Starch graft copolymers.. 167

Table 4-5: Soxhlet Extraction results of Ecoflex-TPS graft copolymers ............ccccc..... 171

xxi



Table 4-6: Soxhlet Extraction results of Ecoflex-MTPS graft copolymers.................... 191

Table 4-7: Tear and Puncture properties of Ecoflex-MTPS (70/30) graft copolymer.... 204

XXii



TABLE OF ABBREVIATIONS

Chapter 1
ATSB Aluminum tri-sec butoxide
CL Caprolactone
FTIR Fourier Transformed Infra Red Spectroscopy
LEcoflex Cross-linked Ecoflex
LPCL Cross-linked PCL
MTPS Maleated Thermoplastic Starch
PCL Poly (e-caprolactone)
PCL-co- Poly (e-caprolactone)-co- Poly (1,4-dioxan-2-one)
PPDX
PDX 1,4-dioxan-2-one
PFR Plug Flow Reactor
PHB Poly hydroxy butyrate
PHBV Poly hydroxy (butyrate-co-valerate)
PLA Poly (D,L, or DL-lactide)
PPDX Poly (1,4-dioxan-2-one)
ROP Ring Opening Polymerization
Chapter 2
CMR CL mass rate
DEG Diethylene glycol
DSC Differential Scanning Calorimetry

xxiii




DP

Degree of Polymerization

GMA Glycidyl methacrylate
ISR Initiator Solution mass rate
KOH Potassium hydroxide
MHS Mark-Houwink-Sakurada
MMR Monomer Mass Rate
PET Polyethylene terephthalate
PMR PDX mass rate
PVC Poly vinyl chloride
REX-PPDX Reactive Extruded Poly (1,4-dioxan-2-one)
RPM Revolutions per minute
RTD Residence Time Distribution
SAN Styrene Acrylonitrile copolymer
SEC Size Exclusion Chromatography
TGA Thermal Gravimetric Analysis
TSE Twin-screw extruder
X Monomer conversion
Chapter 3
ESEM Environmental Scanning Electron Microscopy
LLDPE Linear low density polyethylene
Luperox 2,5-Bis (tert-butylperoxy)-2,5-dimethylhexane
101
THF Tetrahydrofuran
XXiv




Chapter 4

DCM Dichloromethane
DMSO Dimethyl sulfoxide
DSR Destructurized starch
EAA Poly (ethylene-co-acrylic acid)
Ecoflex Poly butylene (adipate-co-terephthalate)
EVOH Polyethylene-vinyl alcohol
MA Maleic anhydride
SAXS Small angle X-Ray Scattering
TPS Thermoplastic Starch
WAXS Wide angle X-Ray Scattering

XXv




Chapter 1

INTRODUCTION

1.1 RATIONALE

During the last century, a tremendous advance in the field of materials has been made
with the introduction of plastics. In today’s world, life without plastics is
incomprehensible. While plastics are strong, lightweight, inexpensive and easily
Processable, they are not readily broken down by the natural elements in the
environment. This is of particular concern when plastics are used in single-use disposable
Packaging and consumer goods. Thus, new products have to be designed and engineered

from “conception to reincarnation” incorporating a holistic “life cycle thinking




approach”. This has opened up new market opportunities for developing biodegradable
and biobased products as the next generation of sustainable materials that meets
ecological and economic requirements (1-3).

The use of annually renewable biomass as opposed to petrochemicals as the
feedstocks for the production of polymers, chemicals and fuel needs to be understood
from a global carbon cycle basis. Clearly, petrochemical feedstocks are also natural.
Their fossil resources are formed from biomass over geological time frames. However,
the rate at which biomass is converted to fossil resources are in total imbalance with the
rate at which it is consumed. The use of annually renewable biomass to produce polymer
materials, chemicals, and fuel as an adjunct to fossil resources, would begin to move the
rate of carbon dioxide fixation more in balance with the rate at which it is released.
Furthermore, if we manage our biomass resources effectively by making sure that we
plant more biomass than we utilize, we can begin to start reversing the carbon dioxide
rate equation and move towards a net balance between carbon dioxide
fixation/sequestration and release due to consumption (4).

Environmental regulations, societal concerns, and a growing environmental
awareness throughout the world have triggered a paradigm shift in industry to develop
products and processes compatible with the environment. In this regard, there is an
interest in developing and evaluating materials based on recyclable polymers, natural
Polymers and degradable polymers. These include natural pclymers like starch, cellulose,
Proteins, synthetic biodegradable polymers like poly (e-caprolactone) (PCL), poly (D, L,
or DL-lactide) (PLA), poly hydroxy butyrate (PHB), poly hydroxy (butyrate-co-valerate)

(PHBV), poly (1, 4-dioxan-2-one) (PPDX) and their modified versions. Along with the




above mentioned polymers, the entire portfolio of biodegradable plastics are used in a
variety of applications ranging from packaging films, cutlery items such as spoons,
knives, forks etc., biodegradable packaging foams and many more.

Extruders are the most common machines in the Plastics Processing Industry.
Extruders have been used, in the traditional sense, to transform solid plastic into uniform
melt, for delivery to the next stage of processing. Various reactors (Batch, PFR, CSTR or
a combination of these) have been used to conduct chemical reactions that include
polymerizations, polymer functionalization, reactive grafting etc. The concept of using
extruders as reactors is novel and unique and is termed as “Reactive Extrusion”. More
specifically, reactive extrusion refers to the process of conducting chemical reactions
during the melt extrusion process. There are reports (5-10) in the literature on reactive
extrusion processes. The reaction times needed to achieve near complete conversion need
to be well within the residence times available in extrusion operations (typically less than
5 minutes). The advantage of using extruders to conduct reactions is as follows:

e Fast and continuous process
o Efficient devolatilization capability through the vent port. .

® Modular in design and hence easy to scale up.

Based on the above rationale, the overall goal is to study and evaluate three different
reaction chemistries such as Ring Opening Polymerization, Polymer cross-linking and
Reactive grafting of synthetic biodegradable and natural polymers in extruders. This
novel reactively extruded biodegradable biobased polymeric materials and blends find

use in biodegradaple plastics technology for film applications.




1.2 PROPOSED GOALS

This study targeted the design and engineering of a new process for the extrusion
polymerization of 1, 4-dioxan-2-one (PDX) monomer, the co-polymerization of PDX
monomer with €-caprolactone (CL) monomer and the characterization of the resulting
polymers. It further deals with the reactive extrusion cross-linking and characterization of
biodegradable polyesters such as PCL (aliphatic polyester formed by the Ring Opening
Polymerization [ROP] of CL monomer) and Ecoflex (aliphatic-aromatic co-polyester
based on the monomers adipic acid, terephthalic acid and 1, 4-butane diol). It finally
targets the synthesis of Ecoflex-starch graft copolymers by reactive extrusion processing
and the subsequent characterization of the graft copolymers. Specifically, the study
focused on the following:

e Reactive extrusion Ring Opening Polymerization (ROP) of PDX and co-

polymerization with CL monomer.
e Reactive extrusion cross-linking of PCL and Ecoflex.

e Ecoflex-Starch graft copolymers by reactive extrusion processing.




1.3 SPECIFIC OBJECTIVES

e Reactive extrusion Polymerization of PDX and co-polymerization with
CL monomer.

= Bulk (solvent-free) homo-polymerization of PDX monomer
and co-polymerization with CL monomer using Aluminum
tri-sec butoxide (ATSB) as a catalyst in a batch reactor.

* Development of an extrusion polymerization process to
synthesize three-arm PPDX and Poly (g-caprolactone)-co-
Poly (1, 4-dioxan-2-one) (PCL-co-PPDX) using ATSB as a
catalyst.

® Characterization of PPDX and PCL-co-PPDX polymers
produced by the bulk extrusion polymerization process-
Molecular weight, Thermal Analysis.

= Modeling reactive extrusion polymerization of CL
monomer in a BAKER PERKIN extruder as an axially

dispersed Plug Flow model.

* Reactive extrusion cross-linking of PCL and Ecoflex.
= Development of an extrusion process to cross-link PCL and

Ecoflex using free radical initiation chemistry.




Characterization of the cross-linked PCL (LPCL) and
cross-linked Ecoflex (LEcoflex) - Gel fraction and Thermal
Analysis.

Reactive extrusion blending of Ecoflex and their cross-
linked versions with talc.

Characterization of the blends- Thermal analysis and

mechanical properties of blown films.

e Ecoflex-starch graft copolymers by reactive extrusion processing.

Ecoflex-starch graft copolymers by reactive extrusion
processing using maleic acid as a trans-esterification
catalyst.

Characterization of the graft copolymers- Soxhlet
extraction, Fourier Transformed Infra Red Spectroscopy
(FTIR) analysis, Thermal Analysis and Mechanical
Properties of films.

Development of an extrusion process to maleate starch in a
twin-screw extruder using maleic anhydride or maleic acid
to form maleated thermoplastic starch (MTPS).
Characterization of MTPS- Fourier Transformed Infra Red
Spectroscopy (FTIR), Thermal Analysis and Intrinsic

viscosity measurements.




= Reactive blends of PCL and Ecoflex with MTPS in
extruders.

= Characterization of the blends- Soxhlet extraction, Thermal
Analysis, FTIR Analysis and Mechanical Properties of

films.

14 STRUCTURE OF THESIS

The thesis is composed of several chapters, each of which individually addresses the
work that has been done in relation to the specific objectives outlined above.

Chapter 2 deals with the bulk extrusion polymerization of PDX monomer and the co-
polymerization of PDX monomer with CL monomer to produce high molecular weight
PPDX and PCL-co-PPDX polymer. Chapter 2 also deals with particular reference to
screw configuration, residence time requirements, molecular weight of the polymer
produced, thermal analysis and modeling experiments. Chapter 3 explains the reactive
extrusion modification of biodegradable polyesters by cross-linking. Characterization
methodologies with particular reference to gel fraction and Percent Crystallinity are
discussed. Chapter 3 also deals with blends of the biodegradable polyesters and their
cross-linked versions with talc for blown film applications. Chapter 4 deals with
synthesis and characterization of Ecoflex-starch graft copolymers. Chapter 4 also deals
with the synthesis of Maleated Thermoplastic Starch (MTPS) and Ecoflex/MTPS graft

copolymers by reactive extrusion, and its subsequent characterization using Thermal




analysis, FTIR, and mechanical property measurements. Summary and Conclusions are

outlined in Chapter 5 and Recommendations for future work are discussed in Chapter 6.




Chapter 2

BULK EXTRUSION POLYMERIZATION OF 1, 4-DIOXAN-2-ONE

Z2.1 INTRODUCTION

1. <®_ljoxan-2-one (PDX) is a six-member lactone that is conveniently prepared by the
O & <A ;aative cyclization of diethylene glycol (DEG) (11). Figure 2-1 represents the oxidative
€Y< 1i = ation of DEG to PDX with the competing dehydration reactions. PDX is a useful
M T2 mer and co-monomer for the synthesis of biodegradable aliphatic polyesters.
Pon D xnerization occurs by a consecutive ROP to give high molecular weigiit polymer. The

h‘
tEh Polarity and reactivity of PDX make this lactone a useful chemical intermediate and

SOlvent
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1,4-Dioxane 2,3-Dihydro-1,4-Dioxin/Dioxene

Figure 2-1: Oxidative cyclization of DEG to PDX and competing dehydration

reactions

The properties of PDX are listed in Table 2-1.

Table 2-1: Properties of PDX monomer

Melting Point 27°C
Boiling Point 212-214°C @ 760mm Hg
Density @ RT 1.26 g/ml
Flash Point 255°F; 123°C
Molecular Weight C4HgO5 102.09
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The chemical reactivity, solvent properties, and high flash point make PDX useful in
several applications. The patent literature contains multiple uses for PDX; Table 2-2

summarizes patented uses for PDX.

The structure of PDX monomer is depicted in Figure 2-2.

O

O O

Figure 2-2: PDX monomer
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Table 2-2: Patented PDX end uses

U.S. Patent Assignee Application
Number
2,631,989 Am. Cyan. Solvent for Acrylonitrile Polymerization
(1953)
3,280,065 Dow Latex Stabilization
(1966)
3,631,189 Eastman PDX salts Useful Stabilizers For Halogen
(1971) Containing Polymers (i.e., PVC)
2,803,646 Jefferson PDX Ether-Esters Plasticizers and Lube Additives
(1957) Chem. Co.
3,268,310 Dow PPDX Controlled Dustiness and Improved Ignition
(1966) of Charcoal Briquettes
3,294,743 GAF Epoxy Ether Resin PDX Compositions
(1966)
3,351,485 Dow Preserving Wood By PDX Impregnation
(1967)
3,264,182 Dow A Process for the Preservation of Specimens of the
(1966) Animal Kingdom
—
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The primary reactivity site on the PDX molecule is the ester carbonyl. The carbonyl is
reactive toward nucleophiles such as water, alcohols, and amines. These nucleophiles are
known to react with PDX to afford the corresponding ring opened product (Refer Figure

2-3).

o) (o} 0o
+ H—X—R —» R\ )K/o\/\
X OH
o
o 0
o o) /[k/ R )k/o
R o) N
ROH ROH NV
:/,/_, o \/\OH ROH_ “o OR
0

-H 20
Figure 2-3: Reactivity of PDX monomer

Reaction of PDX with excess alcohol catalyzed by strong acid produces the
corresponding ester ether. This final reaction product proceeds through the intermediate
hydroxyl ester (12). Ring opening polymerization (ROP) of PDX monomer gives poly (p-
diox anone) (PPDX), a biodegradable thermoplastic poly (ester-alt-ether). Both in vivo
and in vitro, PPDX has good biodegradability. PPDX can degrade in vivo, and the
degrading products of each step are in accord with the normal metabolites of the body.
Most of them are excreted via the respiratory tract, and the reminder is extracted via the
ali“'lentary tract (13). The hydrolytic degradation of PPDX is a consequence of the

breaking of the ester bonds in every repeating unit of PPDX. This is generally studied in

13



a phosphate buffer solution of pH 7.4 and a temperature of 37°C. It is reported that the
increase in degree of crystallinity in the beginning of hydrolysis may be attributed to the
ester bond breaking first in the amorphous region and then in the crystalline region (14-
16). Nishida et al. have also demonstrated that PPDX is decomposed to carbon dioxide

and water by microorganisms isolated from natural environments (17).

2.1.1 Mechanism of Polymerization of PDX monomer

The ROP of lactones and lactides has been thoroughly investigated during the last 40
years, due to its versatility in producing a variety of polymers in a controlled manner.
There are two main reasons for studying the polymerization of cyclic esters. The primary
reason is to exploit the potential of synthetic polymer chemistry to prepare a variety of
Polymers with control of the major variables affecting polymer properties. A second
reason for studying ROP is to enable various advanced macromolecules, including
homopolymers with well-defined structures or end groups, to be prepared, as well as co-
Polymers with different architectures, e.g., block, graft, or star co-polymers (18).
ROP of lactones begins by addition of the lactone to the initiator. Chain
Propagation continues by consecutive addition of lactone to the end of the growing

POlymer chain. Chain propagation is described in Figure 2-4.
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Figure 2-4: Chain Propagation in Lactone Polymerization

Each macromolecule formed generally contains one chain end terminated with a
functional group originating from the termination reaction and one terminus end capped
with a functional group originating from the initiator. Using different catalysts or
initiators, the nature of the functional groups can be varied to fit the desired application.
Moreover, the ROP can be performed either as a bulk polymerization, or in solution,
€mulsion, or dispersion (19-23). Depending on the initiator, the polymerization proceeds

according to three different major reaction mechanisms, viz., cationic, anionic, or

Coordination-insertion” mechanisms (18).
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The cationic ROP involves the formation of a positively charged species, which is
subsequently attacked by a monomer. The attack results in ring opening of the positively

charged species through an Sn2-type process. Figure 2-5 depicts the reaction mechanism.

o)

o, ﬁ —:0}0_ ‘ij N P/OYR\/O“\__’

o

Figure 2-5: Cationic ROP Reaction Mechanism

Anionic ROP of cyclic ester monomers takes place by the nucleophilic attack of a
negatively charged initiator on the carbonyl carbon or on the carbon atom adjacent to the
acyl oxygen, resulting in linear polyester. The propagating species is negatively charged
and is counter balanced with a positive ion. Depending on the nature of the ionic
Propagating chain end and the solvent, the reacting complex varies from completely ionic
to almost covalent. Figure 2-6 demonstrates the reaction mechanisms for the ROP of a

CYyclic ester by anionic initiation.
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Figure 2-6: Anionic ROP Reaction Mechanism

In the case of reaction by coordination-insertion mechanism, the propagation is thought
to proceed by coordination of the monomer to the active species, followed by insertion of
the monomer into the metal-oxygen bond by rearrangement of the electrons. Figure 2-7

depicts a schematic for the coordination-insertion mechanism.

o)

AN , RO-—C—R'
M—OR . | |—>\M—O/\R'—|C|:—OR
/ T T

Figure 2-7: Coordination-Insertion Reaction Mechanism

The growing chain remains attached to the metal through an alkoxide bond during the
Propagation. The reaction is terminated by hydrolysis forming a hydroxyl end group. It

has been shown that the ROP of PDX to form PPDX polymer proceeds via the
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coordination-insertion mechanism (24). Figure 2-8 represents the coordination-insertion

polymerization mechanism to form high molecular weight PPDX chains.

OR
/
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OR
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n
Figure 2-8: Coordination-Insertion Mechanism in the formation of PPDX polymer

Lactone polymerization can be accompanied by two common side reactions;
Intermolecular and intramolecular trans-esterification. These two reactions are illustrated
n Figure 2-9 for PPDX. Intermolecular trans-esterification occurs when the hydroxyl end

18



group undergoes trans-esterification with a different polymer chain. This process
broadens the molecular weight distribution of the polymer until the equilibrium value of
two is reached. Intramolecular trans-esterification produces cyclics, by ‘back biting’ of
the hydroxyl end onto the same polymer chain. This reaction is of utmost importance, for
if the concentration of cyclics becomes too high, polymer properties and processing may
be adversely affected. The focus of this work was on the bulk extrusion ROP of PDX

monomer using aluminum alkoxides initiators, specifically aluminum tri-sec butoxide.

Intermolecular
R= -MLOH

OH

s 1
A AAN,
O C(/\ - a + R—OH
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Intramolecular
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Figure 2-9: Intermolecular and Intramolecular trans-esterification of PPDX

2.1.2 Lactone Polymerization Catalysts

There are numerous catalysts available in patents for the polymerization of lactones.
Union Carbide had several broad-based cyclic ester polymerization patents, which are
valid, but expired (25). GAF was first to patent polymerization catalysts specific for PDX
POlymerization. These patents fall into two classes: 1) Alkyl, alkoxy, and hydrido
aluminum catalysts (26); 2) Alkyl, alkoxy, and halide complexes of group IIB transition
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metals (27). These catalysts showed good activity between 0 and 45°C at catalyst
concentrations of around 0.01 mole%. Dow patented the use of 1, 3-diketone complexes
of iron, titanium, and zinc catalysts specifically tailored for PDX polymerization (28).
Unlike the earlier case, the activities of these catalysts were low requiring about 0.2-0.5
wt-%. Polymerization temperatures also ranged from 60-90°C and gave low molecular
weight PPDX polymers (< 5000 g/mol). Eastman Kodak (29) also patented the use of tin
(IV) complexes to produce low MW PPDX polymers. Ethicon has the largest number of
PDX/PPDX patents on polymerization, processing and fabrication. Ethicon’s focus is
primarily on the medical device market. Ethicon’s earlier patent literature described PDX
polymerization in the bulk below the melting temperature of PPDX polymer (30).
Recently, Ethicon’s patents are focused on PDX melt polymerization, which allows the
preparation of a wide range of copolymers and gives uniform molecular weight
distribution (31-35). More recently, there has been considerable work in using zinc-based
catalysts, specifically Zn-L-lactate, in the bulk polymerization of PDX to form PPDX
polymer. While the highest molecular weights were obtained at 100°C, long reaction
times between 8 to 14 days were required to obtain optimum results (36). Nishida et al.
(37) investigated the PDX polymerization in bulk with Sn (II) ethylhexanoate or
triethylaluminum over a range of 60-180°C. More recently, Raquez et al. have studied
PDX melt polymerization, as initiated by aluminum triisopropoxide (Al (O'Pr) 3) and
compared to the ROP promoted by tin (II) octoate (24). Nishida et al. have conducted the
€nzymatic polymerization of PDX monomer with 5-wt% immobilized lipase CA. The
POlymerization was carried out at 60°C for 15 hours and the highest molecular weight

Obtained was 41,000 g/mol (38).
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2.1.3 Kinetics of PDX Polymerization

PDX bulk polymerization kinetics has been investigated in a wide variety of conditions
using different catalysts as explained above. It has been shown that zinc lactate initiated
polymerizations are relatively slow when compared to Sn (II)-ethylhexanoate
(Sn (Oct) ;). However, it has the advantage that it does not catalyze backbiting
degradation even at reaction times of 14 days. Also, zinc chloride was shown to be less
effective for the polymerization as compared to zinc lactate and zinc bromide. Yet, for
any preparative application, zinc lactate has two advantages: Firstly, the lactate anion is
part of the human metabolism in contract to the bromide ion, and secondly, zinc lactate is
less hygroscopic, and thus more stable on storage than zinc bromide. Kricheldorf et al.
also found that bulk polymerizations of PDX at 100°C with zinc lactate, as a catalyst
never exceeded 80% yield (26). Although the polymerization rates using the three above-
mentioned initiators were distinctly different, the equilibrium monomer conversions were
almost the same at each temperature. The equilibrium conversions decreased in a similar
manner with increasing polymerization temperature. These results indicate that no matter
which initiator is used for the polymerization, the conversion of PDX monomer always
converges to a thermodynamic equilibrium. The kinetics of propagation for an

equilibrium polymerization system is generally expressed as follows in equation (2.1).

ln[[M]O—[MLJ_

e U7l |_ 2.1)
M] -[M],

kappt

In the equation shown above, [M ]o is the initial monomer concentration, [M L is the

€quilibrium monomer concentration, [M ], is the actual monomer concentration at time t
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and k,, is the apparent rate constant. In all cases, a linear time dependence of

ln{{IM]o -[m ],} / {[M ], -[m ], }} is observed after an induction period close to 6
minutes. This induction period could be attributed to the formation of active initiating
species.

When the polymerization was conducted in the presence of aluminum tri-
isopropoxide (Al (OiPr) 3), for similar initial monomer to initiator ratios, the
polymerization is faster. Also, PDX conversion, for example, increases from 60% to 80%
when Sn (Oct) ; is replaced by Al (O'Pr) 5 for an initial monomer to initiator ratio of 100.
Even here, it has been determined that the time dependence of polymer conversion passes
through a maximum before leveling off at the equilibrium monomer concentration. Table
2-3 compares the effect of using Sn (Oct) ; and Al (OiPr) 3 on the yield of PPDX obtained

in bulk at 100°C.
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Table 2-3: Influence of the nature of the initiator on the yield of PPDX obtained in

bulk at 100°C.
Entry | Initiator [DX] Polymerization time (min) | Polymerization yield (%)
o/metal
1 Al (O'Pr); 1000 270 80
2 Sn (Oct); 100 270 60
3 Al (O'Pr); 300 270 84
4 Sn (Oct) 2 300 270 71
5 Al (O'Pr); 1000 375 70

Furthermore, kinetic experiments on PDX polymerization initiated by Al (O'Pr) 3 have
been conducted at 80°C and 100°C for various monomer to initiator ratios. It has been
determined that for an initial [PDX ]o / [Al] ratio of 600 at 100°C, the time dependence
of monomer conversion passes through a maximum after about 7 min, and then the
monomer conversion decreases and levels of at a value close to the equilibrium monomer
conversion at about 12 min. Moreover, it has also been shown that at 80°C, as the initial
monomer to initiator ratio increases, the time taken for the conversion to reach the
equilibrium value also increases. It has also been noted that a linear time dependence of

ln{{[M]o -[M], KM, -[M].}} is observed after an induction period close to 6 min. This

linearity attests that the bulk polymerization kinetics of PDX monomer initiated by Al
(inl‘) 3 is first order in monomer in the overall range of monomer conversions
i“"t‘-Stigated. Such a linear dependence also indicates that the number of growing chains

does not appreciably change during polymerization. From the slope of these linear
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relationships, the values have been determined to be 0.293, 0.144 and 0.104 min™ for
initial monomer to initiator ratios of 200, 400 and 600 respectively at 80°C (39). Figure
2-10 shows the effect of polymerization temperature on the equilibrium monomer
conversion for a [PDX ]0 / [Al] ratio of 600 and a polymerization time of 14 hours. It is

evident from the figure that equilibrium monomer conversions decrease with increasing

temperature.

100 «

30 <

20 «

Equilibrium monomer conversion (wt%)
8

10 <

0 50 100 150 200
Polymerization temperature (°C)

Figure 2-10: Effect of Polymerization Temperature on the monomer conversion
reached at equilibrium for a monomer to initiator ratio of 600 and a polymerization

time of 14 h.
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Thus, PDX polymerization leaves high amounts of unreacted monomer due to a low
ceiling temperature. The micro reversibility model can adequately describe such

monomer-polymer equilibrium. According to the model, all growing chains

(M .andM ,.+1) are capable of depolymerizing until they reach a constant equilibrium

monomer concentration as explained by equation (2.2) and (2.3).

M,+M—5M,, 2.2)
M., —<>M+M @2.3)

Where k, and k,, correspond to the propagation rate constant and the depolymerization

rate constant respectively. US 5,717,059 describe a method for removing the PDX
monomer from previously solidified polymerizing mixture without any adverse
degradation reactions to form high molecular weight polymers. However, the time for
removing the unreacted monomer from the polymerizing mixture is in the order of hours.
Thermally stabilized PPDX polymers have also been prepared by end-capping the
extremity of PPDX in the melt. However, after end-capping of the PPDX extremity by a
chemical agent such as pyromellitic anhydride, the reacting mixture still contains a large
amount of unreacted monomer, which has to be removed from PPDX and recycled,

making the process economically unattractive (US No 5,652,331).
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2.1.4 Thermodynamics of Polymerization

In order for a polymerization reaction to yield high molecular weight polymer at a given
temperature and pressure, the monomer-polymer equilibrium must be favorable to drive
the reaction forward and the reaction must be mechanistically feasible (40). All reactions
are generally characterized by a thermodynamic equilibrium as explained above in
equations (2.2) and (2.3). This equilibrium is characterized by equilibrium constant,
which to a first approximation is equal to the inverse equilibrium monomer concentration

as explained in equation (2.4) and equation (2.5).

K = [M;ﬂ] ~ l (2.4)
(e al) M
n[m], = AG JAH> _AS” @2.5)
RT RT R

Equation (2.5) discloses the connection between the equilibrium monomer concentration
and the free enthalpy of polymerization as the driving force of the polymerization. For
standard conditions (initial monomer concentration equal to 1M) and for a certain critical
temperature, the equilibrium constant may be 1 and hence the equilibrium monomer
concentration is 1M. Under these conditions, no polymer is obtained. From a
thermodynamic point of view, the critical temperature is defined as the ceiling
temperature (T¢) with both AH and AS<O (and as the floor temperature, Tt for both AH
and AS>0). For every polymer system, above T. polymerization is impossible and
propagation occurs only if concentration of monomer is greater than the equilibrium

monomer concentration at a given temperature (41).

27



Monomer-polymer equilibrium is not the only equilibrium observed in ROP.

There is a second equilibrium to be considered, ring chain equilibrium.

M: (—)M:_X+R (2.6)

X

As indicated by equation (2.6) the equilibrium constant of a certain cyclic R with degree
of polymerization x is to a first approximation equal to the equilibrium concentration of
the respective cycle. According to Jacobson and Stockmayer (42), the equilibrium
constant is determined by and is proportional to the degree of polymerization to the —2.5
power and indicated by equations (2.7) and (2.8).

=] R )= 1r)= [ )]y 1 { L )y @7

(N )\ <r?2>

K, = (2.8)

L
7
with [R,] being the equilibrium concentration of the cyclic oligomers with degree of

polymerization x, N the number of bonds of the oligomers, and < r? > the mean square

radius of gyration of a polymer segment with degree of polymerization x.
Thermodynamic data for small and medium sized lactones show that the entropy
change during polymerization is negative. Thus, the driving force for polymerization is
the negative change of entropy. The ROP of highly strained three-and four-membered
rings is a favorable reaction- the driving force being the release of angular strain (Bayer’s
strain). The presence of substituents at the ring carbons further increases the strain and
thus increases the exothermicity of the reaction. In medium sized rings, such as a 7-

membered ring, the relief of intramolecular crowding (transannular strain) is the driving
force. The AG, values for PB-propiolactone, Y-butyrolactone, 8-valerolactone,
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g-caprolactone, and o,a-dimethyl-B-propiolactone have been reported as —60.2, +12.6, -

8, -12.8, and -84.02 kJ/mol, respectively. The AGg is positive for y-butyrolactone,

indicating that the ROP of y-lactone is thermodynamically unfavorable because of the
stability of the 5-membered ring (43,44). However, by use of drastic reaction conditions,
polymerization may be carried out. For example, poly (y-butyrolactone) of M, 35,000
g/mol could be prepared under a pressure of 20,000 atm at 160°C (45,46).

ROP of lactones begins by addition of the lactone to the initiator. Chain
propagation continues by consecutive addition of lactone to the end of the growing
polymer chain. The conformational strain of six member ring cyclic esters, such as PDX,
differs from other six member heterocyclic rings not containing a carbonyl group such as
tetrahydropyran or 1,4-dioxane etc. These cyclic ethers do not undergo ROP due to the
stability of the ring conformation adopted as explained above. With six member ring
lactones, ring strain is induced from the planar configuration ;)f the ester group. In
addition, this ring strain twists the planar ester group, causing resonance destabilization
(47). Both these factors result in the polymerizability of six member ring lactones such as
PDX.

There is limited work done on the thermodynamics of PDX polymerization. The
equilibrium monomer concentration is related to temperature using Dainton’s equation as

shown below.

k

4

k,)| AH
Rin[M], = mn[i) =2 _AS® (2.9)
T

In equation (2.9), AH, is the enthalpy of polymerization under the prevailing

experimental conditions, AS: is the entropy change at the standard state
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([M L =1mol/ L) and R is the perfect gas constant. By doing a linear regression analysis
and plottingRln[M ], vs% , the enthalpy of polymerization is determined to be -14.1

KJ/ mole and the entropy of polymerization is determined to be -45.3J/ mole.K . The

enthalpy of polymerization reported is less negative than that reported for L-lactide. This
may be attributed to less ring strain for the non-substituted ether-ester PDX ring than for
the substituted diester L-lactide ring (39). The thermodynamic parameters mean that PDX
polymerization has a less negative free energy than that for L-lactide. These values are in
quite good agreement, with the values reported by Nishida et al. (38). The precipitation of
the polymer in the low temperature bulk polymerization of PDX profoundly influences
the monomer polymer equilibrium. For example, polymerization of trioxane to polyacetal
at or above the Ty, of polyacetal is equilibrium limited to less than 50%. To drive the
reaction, polyacetal is prepared in molten trioxane. Under the polymerization conditions,
polyacetal precipitates from the molten trioxane. Chain growth proceeds both in the
liquid phase and in the crystalline phase. The precipitation of polyacetal from solution
shifts the trioxane-polyacetal equilibrium, allowing complete conversion of monomer to
polymer. Similarly, the PDX to PPDX equilibrium is shifted by the precipitation of

PPDX from solution.

2.1.5 Molecular Weight and Molecular Weight Distribution

The two main polymerization parameters that determine the molecular weight of the

PPDX polymer are initiator concentration and monomer to polymer conversion. The total
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initiator concentration determines the number of polymer chains for a given
polymerization reaction. The number of monomer units in each polymer chain is then
determined by the conversion of monomer to polymer. Therefore, the two-polymerization
parameters that determine the molecular weight of the PDX polymer is; initiator
concentration and the monomer to polymer conversion. Equation (2.10) shown below
provides the number average molecular weight as a function of the initiator concentration
and conversion of monomer to polymer.

M, = [%Conv.* PDX (moles)/ Initiator(moles)]*102.09 (2.10)

While equation (2.10) predicts the number average molecular weight, it does not predict
molecular weight distribution, which is determined by specific polymerization conditions
(48).

Kiricheldorf et al. polymerized PDX monomer using zinc lactate catalyst and
determined that 100°C was the optimum temperature for polymerization to obtain a high
molecular weight. Moreover, up to a monomer to initiator ratio of 4000, highest viscosity
values were obtained at the longest reaction times. These results again demonstrate that
zinc lactate is a relatively inefficient catalyst, but it has the advantage that it does not
catalyze backbiting degradation. When zinc chloride was used as the catalyst, the
molecular weight obtained at a monomer to initiator ratio of 2000 was significantly lower
than the value obtained with zinc lactate (36).

Nishida et al. polymerized PDX at 80°C and determined that the number and
weight average molecular weights increased linearly with conversion. These results
suggest that this process is a living mechanism (37,49). However, since the

polymerization is an equilibrium polymerization, the polydispersity of the polymers
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broadened to about 2; the most probable distribution of molecular weights, with increase
in conversion. Equilibration and depropagation probably occur by bimolecular
transesterification as in the case of €-caprolactone reported by Kowalski et al. (50) and
Schindler et al. (51).

Raquez et al. polymerized PDX monomer in bulk using aluminum triisopropoxide
as initiator. It was determined that with an increase in the [PDX ]o / [Al] ratio, the PPDX
molecular weight (with reference to polystyrene standards) increases gradually with time.
Furthermore, there is a relative increase of M, with an increase in the [PDX ]0 / [Al]

ratio at constant monomer conversion. As an example, M, passes from 6000 g/mol to
11,200 g/mol as the [PDX],/ [Al] ratio increases from 400 to 600, respectively. It has
also been observed that by using chloroform added with 0.3-wt% of tri-n-
octylmethylammonium chloride (TOAC) as an eluent at 40°C; low values of apparent
molecular weight are obtained as expressed with reference to polystyrene standards and
low polydispersities (MM, < 1.3). This is due to the poor solubility of PPDX in
conventional organic solvents, which leads to the formation of very compact coils,
characterized by a low hydrodynamic volume compare to highly soluble polystyrene
(39).

Nishida et al. also polymerized PDX at 60°C for 15 hours with 5 wt%
immobilized Lipase CA as an enzymatic catalyst. The product without purification
showed multimodal distribution and wide polydispersity. This wide polydispersity is
attributable not only to the heterogeneous polymerization but also to the simultaneous

degradation process (52,53).
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2.1.6 Extrusion Studies

The traditional use of an extruder is to use heat, pressure, and shear to transform solid
plastic into a uniform melt, for delivery to the next stage of processing. This frequently
involves mixing in additives such as color concentrates, blending resins together, and
incorporating regrind. The extruder accomplishes all this by using a barrel, a hollow tube,
containing a screw with helical channels. The screw is generally divided into three
sections: (1) the solids conveying section, (2) compression section and (3) the metering or
pumping section. The major purpose of the feed section is to convey the plastic pellets
forward through the extruder, once they have been fed into the barrel at one end through
the hopper and feed port. In the compression section of the screw, the plastic is melted.
The depth of the screw channels decreases, building up more pressure on the plastic and
forcing the solid against the barrel wall. External heating, as well as internal heating from
friction between the plastic and the barrel and especially from the shearing of the plastic
itself, causes the plastic to soften and melt. In the metering section of the screw, the
channel is again a constant depth. This part of the screw is responsible for delivering
molten polymer at a desired and uniform rate to the shaping device (54).

Reactive extrusion refers to the process of conducting chemical reactions during the
melt extrusion process. These reactions include polymerization, cross-linking, grafting,
chain extension etc. The advantage of using extruders to conduct reactions is as follows:

e Fast and continuous process.

e Reactions can be performed in bulk in the absence of solvent.

o Efficient devolatilization capability through the vent port.
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e Modular in design and hence easy to scale up.
However, in any reactive extrusion process, the following parameters are of key
importance

e Screw Configuration

e Metering of reactants

e Temperature profile

e Heat transfer requirements.
There are numerous references on grafting reactions conducted in extruders. Specifically,
grafting of functional groups like acids, esters and anhydrides have been studied by many
researchers (55-57). Cross-linking of polypropylene has been conducted in extruders
(58). Cross-linking of biodegradable polyesters will be discussed in detail in the
forthcoming chapter. Chain extension of PET and that of polyamides have also been
investigated (59,60). Blends of synthetic polymers with natural polymers such as starch
and cellulose have been synthesized in twin-screw extruders (61,62). Table 2-4 represents

the various reactions performed in co-rotating twin screw extruders (63).

34



Table 2-4: Reactions performed in co-rotating twin screw extruders

Final Product Feed Product Type of reaction

Polyurethane Polyol + Diisocyanate + Polyaddition
Aromatic Diamine

Polyethylene Bis (Hydroxyethyl) Polycondensation

Terephthalate Terephthalate

Potassium Aluminate

Clay + alkali solution

Salt formation

Polyarylate Bisphenol A + Phthalic acids Polycondensation
Polyoxymethylene Trioxane + comonomer Ionic Polymerization
IS Block Copolymer Isoprene, 1, 3-butadiene + Ionic block
styrene copolymerization
Polyamide (Nylon 6) Caprolactam Ionic polymerization
SAN Copolymer Styrene + Acrylonitrile Ionic polymerization, free
prepolymer radical
Ethylene vinylacetate Polyethylene + vinylacetate Radical grafting
Terephthalic acid Isophthalic acid Isomerization
Polyalkylmethacrylate Methacrylate ester Radical polymerization
Polyols, Amines Polyurethane scrap Hydrolysis
Styrene monomer Polystyrene Depolymerization
Indoxyl Phenylglycine Cyclization
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2.1.6.1 Reactive Extrusion Polymerization

Reactive extrusion polymerization involves polymerizing a liquid/solid monomer or pre-
polymer within the residence time available in the extruder to form a high molecular
weight melt. The economics of using the extruder as a bulk polymerization reactor are
favorable when high throughputs and control of molecular weight are realized. This
places a limitation on the residence time required to complete the polymerization, which
ideally should be less than 5 minutes (64). Researchers have shown that extruders can be
used for bulk polymerizations of monomers like methylmethacrylate, styrene, lactam and
lactide (65-67). Further, there are various patents in literature describing the
polymerization of polyurethanes, polyacetals and polyetherimide in modular twin- screw
extruders (68-74). Since different polymerization mechanisms are involved in the
extrusion of these polymers, the process schematics and screw configurations vary
considerably. The extruder screw configuration can have an effect on yield, molecular
weight, molecular weight distribution and product throughput.

Bulk polymerization of CL monomer in a co-rotating twin-screw extruder has
been investigated (75-78). Narayan et al. have used a reactive extrusion process for the
bulk polymerization of CL monomer using coordination insertion catalysts to form a high
molecular weight polymer at high throughputs (79-81). Bulk polymerization of CL
monomer using coordination insertion catalysts have been discussed by Young et al (82).
Narayan et al. (83) have also discussed bulk polymerization of CL monomer in an
extruder in the presence of starch to give a compatibilized blend of PCL, starch and

starch-g-PCL polymers. EP 626405 describes the preparation of low molecular weight
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PCL polymer with M, ranging from 35,000 g/mol to 66,000 g/mol at residence times
ranging from 6 to 15 minutes respectively. Low cost production and processing methods
for biodegradable plastics are of great importance since they enhance the commercial
viability and cost-competitiveness of these materials. Reactive extrusion is an attractive
route for the polymerization of a cyclic ester monomer, without solvents, to produce high
molecular weight biodegradable plastics. There is thus a definite need for an improved
bulk polymerization process for economically producing aliphatic ester polymers.
Compositions of such polymers that possess improved properties and processability are

useful as biodegradable articles, especially films.

2.1.6.2 Screw Configuration

Twin-screw extruders have been used for processing of viscous materials for over a
century. They are used for a wide variety of applications and are made in a number of
different geometries. The screw configuration used in an extruder depends on the
application. There are three fundamental types of screw elements: forwarding, mixing
and zoning. The screw configuration is generally limited to the torque handling capability
of the screw shafts.

Forwarding elements are used to drive and center mixers and zoning elements.
They also forward material past feed, vent, drain and output barrel holes. Forwarding
screw elements can be single flighted (monolobal), double flighted (bilobal), or triple
flighted (trilobal). Single flighted screws have the largest channel cross-section and are

useful when large conveying capacity is required, such as in the feed section when
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feeding low bulk density materials. Double flighted screws have the second largest
channel cross-section. They are used when both good mixing and output is required.
Triple flighted screws have the smallest channel cross-section and, consequently, the
lowest output capacity. They are useful when high shearing forces are required; triple
flighted screws also yield high heat transfer capability (63). Left-handed screw elements
are primarily used for sealing purposes. A left handed screw element requires the
upstream screw section to be completely filled over a certain distance in order to generate
the pressure necessary to override the left handed section. Thus, one can intentionally
create a fully filled screw section to obtain complete sealing. This is frequently used just
before a vent port where vacuum is being applied.

Mixers will be dispersive, distributive or a combination thereof. They can also be
described additionally as having a pressure drop over them (restrictive), no pressure drop
(neutral) or a pressure rise over them (forwarding). Common distributive mixers include
narrow kneaders, slotted screw flights, vane mixers, turbine mixers, slotted axial flow
elements, pin mixers, and the like. Common dispersive mixers include wide kneaders,
shaped lobals, radial barrier elements, axial barrier disc elements, large advance flighted
solid elements, axial slotted restrictors with OD gaps to the barrels, etc. The strongest of
these dispersive mixers capture lobal and other regions from which material may be
elongationally acclerated. The most distributive mixers simply divide and recombine
materials with material domains remaining intact. Absence of lobal capture is often an
advantage for distributive mixing. Figure 2-11 represents the concepts of distributive and

dispersive mixing schematically.
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Dispersive mixing

Distributive mixing

Figure 2-11: Dispersive and Distributive Mixing schematic

A sequence could be described for a strong dispersive mixer of where material leaving
gentle screw channels to be captured in a lobal pool from which it experiences
elongational acceleration/extensional flow/stretching and mixing, entering an overflight
region. Usually, when this condition is met, a productive elongational mixing condition
will also exist around the intermesh and apex regions (84).

Zoning elements are used to separate two sub-processes, such as a vacuum vent
from upstream screws, an injection/mixing sub-process from upstream and downstream
screws, ensuring the maximum size of a particle that can pass a given barrel point, and

the like. Most zoning elements also serve as forwarding or mixing elements.
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A typical screw configuration in an extruder consists of conveying and kneading
elements. Conveying or forwarding elements are represented by a set of two numbers as
X/Y where X is the pitch of the element and Y, the axial length, both in millimeters
(mm). Reverse flighted elements are represented as X/Y LH. Kneading or Mixing blocks
are represented as KB X/Y/Z where X is an angle that represents the degree of stagger, Y
is the number of kneading block elements and Z is the pitch in mm. Additionally, they
may be reverse staggered and represented as KB X/Y/Z LH (79). A typical screw

configuration consisting of conveying and kneading elements is shown in Figure 2-12.
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Figure 2-12: Conventional screw configuration

2.1.6.3 Residence Time Distribution

The idea of using the distribution of residence times in the analysis of chemical reactor
performance was apparently first proposed in a pioneering paper by MacMullin and
Weber. However, the concept did not appear to be used extensively until the early

1950’s, when Danckwerts gave organizational structure to the subject by defining most of
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the distributions of interest. In an ideal plug flow reactor, all the atoms of material
leaving the reactor have been inside it for exactly the same amount of time. This time that
the atoms spend in the reactor is called the residence time of the atoms in the reactor. The
residence time distribution (RTD) of a reactor is characteristic of the mixing that occurs
in the chemical reactor. There is no axial mixing in a plug-flow reactor, and this omission
is reflected in the RTD, which is exhibited, by this class of reactors. The CSTR is
thoroughly mixed and possesses a far different kind of RTD than the PFR. Thus, the RTD
exhibited by a given reactor yields distinctive clues to the type of mixing occurring
within it and is one of the most informative characterizations of the reactor.

The RTD is determined experimentally by injecting an inert chemical, molecule,
or atom, called a tracer, into the reactor at some time ¢ = 0 and then measuring the tracer
concentration, C, in the effluent stream as a function of time. In addition to being a non-
reactive species that is easily detectable, the tracer should have physical properties
similar to those of the reacting mixture and be completely soluble in the mixture. It
should also not adsorb on the walls or other surfaces in the reactor.

In a pulse input experiment, an amount of tracer N,is suddenly injected in one

shot into the feed stream entering the reactor in as short a time as possible. The outlet
concentration is then measured as a function of time. The effluent concentration-time
curve is referred to as the C curve in RTD analysis. The quantity E (t) is called the
residence time distribution function. It is the function that descnbes in a quantitive
manner how much time different fluid elements have spent in the reactor. It is defined as

shown in equation (2.11).
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E@)= (2.11)

IC(t)dz

0

The integral in the denominator is the area under the C curve. The principal difficulties
with the pulse technique lie in the problems connected with obtaining a reasonable pulse
at a reactor’s entrance. The injection must take place over a period, which is very short
compared with residence times in various segments of the reactor or reactor system, and
there must be a negligible amount of dispersion between the point of injection and the
entrance to the reactor system. E (t) is also called the exit-age distribution function. If we
regard the “age” of an atom as the time it has resided in the reaction environment, then E
(t) concerns the age distribution of the effluent stream. The fraction of the exit stream that
has resided in the reactor for a period of time shorter than a given value t is equal to the

sum over all times less than t of E (t), or expressed as follows:
[E@ar=F@) 212
0

F (t) is defined as a cumulative distribution function. Sometimes, the F curve is used in
the same manner as the RTD in the modeling of chemical reactors.

No matter what RTD exists for a particular reactor, ideal, or non-ideal, the
nominal holding time 7, is equal to the mean residence time, tn. The mean value of the
variable is equal to the first moment of the RTD function, E (t). Thus, the mean residence

time is as explained in equation (2.13)
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The second moment commonly used is taken about the mean and is called the variance,

or square of the standard deviation. It is defined as follows in equation (2.14)

2

o =|(t-1,) E@)dt (2.14)
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The magnitude of this moment is an indication of the “spread” of the distribution; the
greater the value of this moment, the greater a distribution’s spread. The third moment is
also taken about the mean and is related to the skewness. The skewness is defined as

follows in equation (2.15).

s =

(-, Bl @19

2

[—y
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o¥
The magnitude of this moment measures the extent that a distribution is skewed in one
direction or another with reference to the mean. More recently, on-line measurements of
RTD in a twin-screw extruder (TSE) using simple optical techniques have been
developed (85). Use of the RTD in screw design can minimize thermal degradation,
improve product uniformity and control the residence time of the melt to allocate
sufficient time to complete a reaction. The RTD, in combination with the reaction
kinetics, can be used with the assumption of segregated flow to provide models for fitting
reactive extrusion data without requiring complete understanding of the physical flow

conditions (86).
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2.1.6.3.1 Extrusion Modeling

Extrusion is one of the most versatile and energy-efficient processes for the manufacture
of polymer products, including food, pharmaceuticals and plastics (87). Flow patterns,
mixing conditions and Residence Time Distribution (RTD) in any plasticizing and
cooking extruder have significant effects on the extent of the thermal and shear treatment
provided to the extradites, and the extent of conversion and chemical reactions of the
biopolymers (88). Flow in the extruder has been modeled at various levels of
sophistication. A review of the basic features of extrusion models is available (89) and it
would appear that one could predict the gross features of the relationships among design
and performance variables with reasonable success. The major failures of simple extruder
models lie in two areas. Most models introduce simplifying assumptions with respect to
heat transfer between the extruder surfaces and the melt, and these assumptions are
probably rarely consistent with typical commercial operation. Furthermore, detailed
instrumentation of an extruder, from which heat transfer coefficients might be obtained,
is rarely carried out and/or reported. The other major factor in the failure of simple
extruder models lies in the variety of screw designs. Simple extruder models include
simplification with respect to screw geometry, and the nearly infinite variability of
detailed geometrical parameters makes it impossible to consider more than a small
fraction of possible designs. Nevertheless, such models are useful for indicating how the
major variables are related, and so provide a rational basis upon which one may estimate

performance limits of a specific piece of equipment. In addition, such models should



provide some rational guidelines for scale-up from a small laboratory extruder-reactor to
a larger commercial system (90).

The flow behavior of the twin-screw extruder (TSE) is also not well understood,
but is generally believed to fall between a CSTR (complete mixing) and a PFR (no axial
mixing). As explained in the earlier paragraph, model configurations such as PFR, CSTR,
PFR+CSTR, CSTR in series, and PFR+CSTR in series have been proposed for the flow
profile in a single-screw extruder. Few models have been proposed for the TSE because
its flow profiles are much more complex. Bounie (91) used Fourier functions and
multivariable optimization techniques to predict a pulse response from several flow
models, and reported that the model of PFR + nCSTR gave the best fit to the
experimental data. Giudici et al. modeled industrial nylon-6, 6-polycondensation
processes in a twin-screw extruder reactor (92). Michaeli et al. (93) have developed an
extruder design based on a model that describes the mechanism of conveying, heat
transfer, and reaction in a co-rotating twin-screw extruder. The developed model has been
tested in practice on the production of homopolymers (nylon 6 and polystyrene) and a
copolymer (nylon 6 block copolymer). Zhang et al. (94) investigated the ‘living’ free
radical polymerization of butyl acrylate and styrene using a tubular reactor model.
Residence time distribution effects on polymer properties are studied by varying the

Peclet no (Pe,) to show the degree of back mixing that adversely affects polymer

properties. Polymerization of CL monomer has been studied in a co-rotating extruder and
modeled using kinetic and rheological data (78).
S. Hojabr et al. (95) modeled the melt grafting of glycidyl methacrylate (GMA)

onto polyethylene in a co-rotating twin-screw extruder as a modular reactor consisting of
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plug flow and axial dispersion reactor cells. There are also sources available in literature
where researchers have modeled the conveying elements of a screw as PFR and the
kneading blocks as a CSTR (96). Thus, it was suggested to model the bulk extrusion
polymerization process of CL monomer by an axial dispersed PFR model using RTD
analysis. Moreover, as a regular PFR model represented a good fit of the batch process, it
was assumed that an axial dispersed PFR would represent a good fit of the extrusion
polymerization process.

The axial dispersed PFR model can be thought off as a PFR superimposed with
some degree of back mixing or intermixing. This dispersion coefficient, inversely

proportional to Pe, can be determined by pulse tracer experiments as described in

equation (2.16).

o’ 2 2 (l_e_p,,\) (2.16)

Here o is the variance and ¢, the mean residence time, evaluated from the experimental

RTD data. The cumulative F-curve F(z) can be obtained from equations (2.17) & (2.18).
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The predicted F- curve can be compared with the experimental F-curve to find the
goodness of fit (97). Knowing the kinetics of the reaction [equations (2.2) and (2.3)],

monomer concentration could be calculated by the axial dispersion model using equation
(2.19) and compared with the experimental values. In equation (2.19), é is the

normalized concentration equal to ok where C, is the initial concentration of the
0

monomer; Z is the normalized length of the extruder equal to %, where L is the total

extruder length; & is the forward propagation reaction rate constant in lit/mol.min ;

[I ]ols the initial concentration of the initiator in mol/lit ; — is the mean residence time
u

in min obtained from the experimental RTD data and [C ], is the equilibrium monomer

concentration at a given temperature.

1 a’c_dc klhLc kil 2.19)

2 -
Pe' dz dZ u uCo

Equation (2.19) can be solved using the boundary conditions represented in equations

(2.20) and (2.21).
2=0; é -1 (2.20)
d (_3 (2.21)
2=0,—=
dz
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Equation (2.22) shows the solution to the above equation (2.19).

&(z) = (—3) +exp(m, z)[c, cos(m,z)+ ¢, sin(m,z)] (2.22)

Expressions for the constants a, b, m;, m, ¢; and c; are shown in equations (2.23)

through (2.28) respectively.

k,[1],LPe, (2.23)
a=——
u
b=a M‘_ (2'24)
Co
Pe, (2.25)
m =
2
Jaa=pe (2.26)
m, = —
b
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2
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2.2 EXPERIMENTAL DETAILS

The process requirements needed to develop an extrusion process to continuously

polymerize PDX monomer to form PPDX polymer are as follows:

Accurate metering of PDX monomer and initiator under an inert atmosphere of
nitrogen.

Adequate length of the extrusion zone to meet residence time requirements
needed to convert PDX monomer to PPDX polymer. However, in the case of
homo-polymerization of PDX, due to the dynamic chemical equilibrium between
the monomer and the polymer above the melting temperature of the polymer, it is
not possible to obtain complete conversion. When PDX monomer is co-
polymerized with a small amount of CL monomer (about 5-10 mol %), the length
of the extrusion zone becomes very critical.

Suitable screw configuration in order to meet residence time requirements, melt
pumping needs and mixing requirements.

Good melt temperature control.

Reasonable product throughputs of the polymer.

Based on these requirements, a novel extrusion process was developed to continuously

polymerize PDX monomer. The details of the polymerization process developed to

homo-polymerize PDX monomer and co-polymerize PDX monomer with a few mole%

CL monomer in a twin-screw extruder will be outlined in the pages that follow. The

characterization of PPDX and PCL-co-PPDX polymers synthesized by the extrusion

process is also discussed.
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2.2.1 Materials and Equipment

PDX monomer, provided by Shell Chemicals, was purified by vacuum distillation and
then dried over molecular sieves before the polymerization. The details of the distillation
and the drying step are provided in section 2.2.2. The initiator for polymerization was
aluminum tri-sec butoxide (ATSB), obtained from Aldrich Chemicals and used as
obtained. A 10 percent (w/w) solution of ATSB in anhydrous toluene (Aldrich
Chemicals) was used for initiation of the polymerization. The initiator solution was
prepared in a glove bag under an inert atmosphere of nitrogen. Extreme care was taken to
prevent the entrainment of ambient moisture in any of the process steps. CL monomer
was purchased from Dow Chemicals and was used as obtained. RTD studies were
conducted using a fluorescent die, UV-XPBB obtained from LDP Net.

The polymerization of PDX monomer and its co-polymerization with CL
monomer was conducted in a Baker Perkins co-rotating Twin Screw (MPC/V-30); 30
mm co-rotating, fully intermeshing screws were mounted in a barrel about 450 mm long.
The barrel sections were electrically heated and cooled by circulating water. The two-
strand hole die was heated using an external power supply. The screw elements needed

were also obtained from Baker Perkins.

2.2.2 PDX monomer purification

All parts of the distillation setup were dried overnight at 110°C in a ventilated oven

before use. The distillation setup was then put together, purged by three vacuum/nitrogen
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cycles and filled by a nitrogen flow. The different parts of the distillation setup were held
by rubber bands attached via metal wires around the necks. Crude PDX monomer,
provided by Shell Chemicals and made by the catalytic dehydrogenation of ethylene
glycol using a copper (I/0) catalyst supported on silica particles is a mixture of PDX
monomer and linear or cyclic oligomers of PPDX (Shell Oil Company, US Patent).
Among the various purification methods available, fractional distillation under reduced
pressure has been proven to be the most effective way to obtain pure PDX monomer with
high yield (98).

In practice, about 600 g of crude monomer was introduced into a previously oven-

dried and nitrogen-purged distillation system under nitrogen flow (Refer Figure 2-13).

Three necked round bottom flask
{crude PDX monomer)

Bridge

Three necked round bottom flask
(distilled PDX monomer)

Vacuum

Heating mantle

Ice water bath
ce or Three way valve

Figure 2-13: Schematic of Distillation setup
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The distilled PDX monomer was recovered like a solid trapped by an ice/water bath (at
0°C). Starting from an initial purity degree of crude monomer of 90% such as determined
by '"H NMR in CDCl;  a recovery yield of 95% was obtained.

The residual acid content of the distilled monomer was determined by titration.
The titration consists in an acid-base reaction between the PDX monomer and KOH
using phenolphthalein as indicator. The medium is methanol at room temperature. An

average acid value of 2.3 mg,,,/ g,x Characterized the distilled monomer, which is
higher than the value required (below 0.5mg,,,, / &sox) for typical ring-polymerization

of lactones such as CL (40) by reactive extrusion.
In order to reduce the acid value, the PDX monomer was again distilled. The acid
value obtained after the second distillation step decreased strongly from 2.3 to 0.33

mgon/| 8rox allowing us to envision the reactive extrusion polymerization of PDX

monomer.

It is very important to reduce the residual water content in the PDX monomer
before reactive extrusion. Water present could deactivate the active species in the
polymerization by the hydrolysis of the aluminum-alkoxide bond. Thus drying is a very
crucial step in the preparation of the PDX monomer for reactive extrusion. All glass parts
of the drying setup were dried overnight at 110°C in a ventilated oven before use. The
drying setup was then put together, purged by three vacuum/nitrogen cycles and filled by
nitrogen. The different parts of the drying setup were held by rubber bands attached via
metal wires around necks. The monomer (previously melted above its melting

temperature) was pumped through a molecular sieves (3A) column using a peristaltic
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pump for at least 72 hr (Refer Figure 2-14). The PDX monomer, after distillation and

drying was polymerized by reactive extrusion.

Washing flask
head B24/40 Peristaltic pump Red rubber hose
Nitrogen/vacuum p >‘\ /
V\ ~ Connection
B24/40
Molecular sieves
Two-way (3A) column
valve i
Filter (0.45
microns)
Three-necked 2L round

Bottomed flask (distilled
PDX monomer)

Figure 2-14: Schematic of Drying setup

2.2.3 Batch Polymerization Studies

Before conducting extrusion experiments, the polymerizability of PDX and CL
monomers were determined in small scale by conducting polymerization experiments in
vials. This is also useful in determining the efficiency of the distillation and drying steps.
The initiator used for the polymerization is ATSB, which does not require any
purification prior to the experiment. The initiator solution in toluene was prepared in a

glove bag under an inert atmosphere of nitrogen. 13 ml of anhydrous toluene was mixed
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with 1.5 ml (to form a 10% solution) of ATSB. This solution was transferred to an 8 ml
vial, again under nitrogen flow. A 10 ml conical bottom thin-walled vial was oven dried
and purged with nitrogen prior to the experiment. It was filled with 7 ml monomer and
sealed using a screw cap. The vials were heated using an oil bath at 140°C and 160°C for
the PDX and CL polymerization, respectively. For all the vials, nitrogen was supplied by
connecting the nitrogen hose to a syringe needle. Figure 2-15 shows the pictorial

representation of the experimental set up.

Nitrogen
> Syringe needle
I I Conical bottom
= 0Oil bath

Figure 2-15: Schematic of Batch polymerization setup

The theoretical degree of polymerization DP for the three-arm polymer is given by

equation (2.29) where X is monomer conversion and [M],,,and(I],,, signifies the

initial moles of monomer and initiator charged to the reactor respectively.
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Mot (2.29)

three-arm — [1]0',"0,

Thus the theoretical degree of polymerization of each linear arm of the three-arm

polymer is given by equation (2.30)

DP = _D_P_""!.e-n_"" (2.30)

linear — 3

Following this, M, of the three-arm or the linear PCL polymer is given by equation
(2.31), where ‘114’ refers to the molar mass of CL monomer and M, of the three-arm or
the linear PPDX polymer is given by equation (2.32), where ‘102’ refers to the molar
mass of PDX monomer.

M

n.three-arm/linear

= l 14(D})three—ann/linear )g /mOI (2.31)

M = loz(D })Ihree-arm/ linear )g /' mol (2.32)

n.three—arm/ linear

The amount of initiator to be added was dependent on the desired molecular weight of the
polymer and was determined from equations (2.33) and (2.34) for PCL and PPDX

polymers respectively, where M, is the initial volume of monomer charged to the

reactor and p is the density of the monomer.

[I] - [M]O.mol - [Mlo.mol = (pM0ml/114) = pMo""l (2-33)
o™ DP,. .. (M, ncar 1114) M, 110, 1114)  3M

a - Mloma _ Mo _ (oMo, 1102) _ pM,,, (2.34)
o DP,. . . M, ..1102) (M, .. /102) 3M, ...

Using the molar mass of aluminum tri-sec butoxide (97% purity) as 246 g/mol and the
density of the 10% (w/w) initiator solution in toluene as 0.874 g/ml, equations (2.33) and

(2.34) can be simplified further to equation (2.35).
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(1 Y246g/ mol) 967 M (2.35)
omL — -
" (0.97)0.874g/ mL)0.10) M

n,linear

Equation (2.35) was used to calculate the necessary amount of initiator required to
synthesize a three-arm PCL and PPDX polymer with a desired My, jinear (the number
average molecular weight of each arm in the three-arm polymer). The required amount of
initiator was withdrawn into a plastic syringe fitted with a 23-gage needle in the glove
box. The tip of the syringe needle was capped with 5 rubber septum, and it was then
removed out of the glove box in order to be added to the pre-heated monomer. A
stopwatch was started when the initiator was added to the monomer in the reaction vial.
The reaction was allowed to proceed for the desired time, following which the vial was
removed from the hot bath and placed in liquid nitrogen to stop further reaction. Upon
cooling, the contents of the vial were removed for analysis of percent conversion of

monomer. The vial was broken to remove the product for analysis in the case of high

polymer.

2.2.4 Determination of Extent of Monomer Conversion

The extent of polymerization or the monomer conversion to polymer was determined by
a dissolution-precipitation gravimetric method. A known amount, w,, of the crude
polymer (around 5-10 grams) was dissolved in 50 ml solvent (anhydrous toluene in the
case of CL polymerization and 1,1,2,2-tetrachloroethane in the case of PDX
polymerization) for 24 hours at room temperature. The solution was then poured into a

flask containing about 500 ml of another solvent (heptane in the case of CL
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polymerization and Petroleum ether (Petroleqm distillates, 30°C-60°C) in the case of
PDX polymerization) to precipitate the polymer and keep the un-reacted monomer in
solution. The precipitate was filtered and dried in vacuum oven and weighed, w,. By
comparison to the starting crude polymer weight, the fractional monomer conversion, X

was calculated as explained in equation (2.36).

x="e (2.36)

2.2.5 Extrusion Polymerization Studies

The molecular architecture of the PPDX polymer produced by the ROP of PDX

monomer initiated by ATSB is as shown in Figure 2-16.

&’

-~

I G

Monomer  Catalyst Three-arm
polymer

Figure 2-16: Three-arm structure of the PPDX polymer produced by reactive

extrusion polymerization of PDX monomer.
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Due to the expected three-arm nature of the polymer produced, the desired theoretical M,
of the PPDX polymer is designated as the molecular weight of each individual arm of the
three-arm polymer. The relative ratio of the monomer to the initiator determines
molecular weight of the polymer produced. Due to limited availability of the PDX
monomer and the difficulties associated with repeated distillation and drying operations,
the optimal conditions for extrusion (temperature, screw speed and screw configuration)
were determined by conducting the polymerization of CL monomer. Table 2-5 shows the

processing parameters along with the desired theoretical molecular weights.

Table 2-5: Extrusion Processing Conditions for CL polymerization at 150°C.

RPM | MMR? | ISR | Theoretical. | Torque
(g/min) | (g/min) MapcL (%)
(each arm,
g/mol) ¢
130 96 041 193,780 61
130 328 0.61 44,400 60
130 482 0.61 65,300 57

a) Mass flow rate of monomer
b) Mass flow rate of initiator solution

c¢) Theoretical Number average molecular weight {g/mol) of each arm determined

from Equation (2.32)
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Knowing the polymerizability of CL monomer to three different molecular weights, the
synthesis of REX-PPDX by extrusion polymerization of PDX monomer using ATSB
initiator in a twin-screw co-rotating extruder was conducted. Specifically, the
polymerization was conducted at three different temperatures for three molecular
weights. The monomer and initiator flow rates required for a given desired theoretical
molecular weight was calculated as shown from equation (2.29) through equation (2.35).
A peristaltic pump with MASTERFLEX tubing (Pharmed 06485-15) was used to meter
the PDX monomer to the extruder feed zone. The PDX monomer was heated using a
heating mantle and the temperature of the monomer maintained at around 35°C to enable
facile pumping of the monomer into the extruder. Nishida et al have explained the density
of the monomer as a function of temperature (37). The initiator solution was pumped
using a MASTERFLEX pump with Master flex tubing (06412-14). The extrusion
processing conditions for the synthesis of REX-PPDX is shown in Table 2-6. The overall

process schematic is shown in Figure 2-17.

Nitrogen

Nitrogen Nitrogen

1,4-dioxan-2-one

Nitrogen =
FUt Vent
cataet 7

solution
R S S L R St s

Doie

Figure 2-17: Process schematic for REX-PPDX production
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The pumps were each calibrated over the desired flow rate range in order to accurately
control the process by adjusting the ratio of the monomer to the initiator. (Refer Figure

2-18 and Figure 2-19). The PPDX homo polymer was collected in aluminum pans and

air-cooled.

0.8 -
0.6 -
=)
=4
£ 0.4 4
e y = 0.0065x - 0.0069
0.2 4 R? = 0.9999
0 v ' .
0 50 100 150

Flow rate (g/min)

Figure 2-18: PDX monomer pump calibration curve (PDX monomer maintained

between 32-35°C)
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£ 0.4 -
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Flow rate (g/min)

Figure 2-19: ATSB initiator solution calibration curve
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Table 2-6: Polymerization of PDX monomer by Reactive Extrusion: Determination

of Optimal Conditions.
Tety | MMR® | ISR | Theoretical | Torque
(°C) | (¢/min) | (¢/min) | My PPDX | (%)
(each arm,
g/mol)
130 23.23 0.60 63,400 14
130 23.23 0.41 94,550 14
130 40.75 1.22 54,800 14
150 23.23 0.60 63,400 14
150 23.23 0.41 94,550 14
150 40.75 1.22 54,800 14
170 23.23 0.60 63,400 14
170 23.23 0.41 54,800 14

a) Monomer Mass Rate

b) Initiator Solution Mass Rate

In contrast to strong strands of PCL, PPDX strands are very low viscosity and liquid like.

These values can be related to the low values of torque as observed and explained in

Table 2-6.
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PDX monomer was co-polymerized with three different mole fractions of CL monomer
to produce reactively extruded PCL-co-PPDX polymers. The feed set up was very similar
to the case of homo polymerization of PDX monomer with the CL monomer being
pumped to the feed port of the extruder. The Degree of Polymerization of the copolymer

can be obtained using equation (2.37) as follows.

_ M ]O,InolCL +[M ]O.InoIPDX 2.37)

) (7)o

The theoretical desired molecular weight of the co-polymer can be calculated knowing

DPC L-co-PDX

the relative rates of the PDX monomer, CL monomer and the initiator solutions. The

extrusion processing conditions are shown in Table 2-7.
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Table 2-7: PCL-co-PDX by reactive extrusion at 130°C: Effect of the addition of

limited amounts of CL monomer

PMR? ISR” | CMR® | Theoretical | Imposed | Torque
(g/min) (g/min) (g/min) M, PPDX FcL (%)
(each arm,
g/mol)
23.23 0.62 - 94,550 - 14
23.23 0.407 2.369 104,200 0.08 9
40.7 1.21 3.294 107,950 0.11 16
23.23 0.60 5.12 77,550 0.16 19
a) PDX Mass Rate
b) Initiator Solution Mass Rate
c) CL Mass rate

2.2.5.1 Screw Configuration

The two types of elements that make up the screw in a twin-screw extruder are conveying
and kneading elements as discussed earlier. Krishnan (40) has shown that use of a
conveying + kneading screw configuration leads to extra hold up time in the kneading

blocks, sufficient to increase the viscosity of the polymer in that section to a high level.
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On account of this, the polymer-monomer mixture preceding that section cannot be
conveyed forward against the backpressure generated by the “frozen” high molecular
weight polymer melt. This could result in complete stoppage of flow of material through
the extruder. However, when an entirely conveying screw configuration was employed,
there were no problems associated with production of high molecular weight polymer.
This study employed a completely conveying screw configuration. The screw
configuration is shown in Figure 2-20. All polymerization experiments were carried out
using the same screw configuration under different qonditions of temperature, desired
molecular weight, screw speed and throughput. Various extruder temperatures studied
ranged from 130 to 180°C; the monomer to initiator feed ratios was adjusted to give the
desired theoretical number-average molecular weight, M,; the monomer feed rate, which
is the throughput of the extrudate was set at two values of 23.23 and 40.75 gm/min. A
screw speed of 130 RPM was used for the study. The percent conversion of the monomer
was obtained for each condition. RTD studies were also conducted using the same screw

configuration.

Extruded Polymer melt

Figure 2-20: Screw Configuration evaluated for the Synthesis of REX-PPDX



2.2.5.2 Residence Time Distribution Studies

Residence time distribution studies were conducted for the polymerization of CL
monomer in a BAKER PERKIN twin-screw extruder using an instantaneous charge of 50
mg of a fluorescent die, UV-XPBB, obtained from LDP NET. The die has a fluorescence
emission and excitation at 453 nm and 365 nm respectively. RTD studies were conducted
for the various operating conditions as shown in Table 2-8. M, of the resulting PCL
polymer was kept constant at 70,000 g/mol. Extrudate samples were collected every 30
seconds for the first three minutes and further on, every one minute up to 2 minutes. The
samples were then dissolved in toluene and the concentration of the dye obtained using
UV-Spectroscopy. The result was then plotted against time to give the distribution, E (t).
The cumulative distribution, F (8) was also plotted to determine the applicability of the
Axial Dispersion model. Peclet no (Pe,) values were fit to a model deemed appropriate,
using STATEASE ‘Design of Experiment’ 6.0 modeling software. Conversion of the
monomer to polymer was determined for all of the above cases (Section 2.2.2).
Experimentally observed conversion values were compared to conversion values

obtained from the model shown in equation (2.22).
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Table 2-8: Experimental Scheme to synthesize REX-PCL for RTD studies.

Desired Throughput (ml/min) | Extrusion Temperature (’C) | Screw Speed (RPM)
14 130 125
22 130 125
14 130 225
22 130 225
14 170 125
22 170 125
14 170 225
22 170 225

2.2.6 Intrinsic Viscosity

Intrinsic viscosity [77] reflects the contribution of the polymeric solute to the difference
between the viscosity of the mixture and that of the solvent. Intrinsic viscosity is
determined using an Ubbelohde viscometer. The viscometers are available in different
sizes, and the type and size to be used depends on the range of viscosity of a particular
polymer/solvent combination. In this study, size 0C was used. Firstly, the dilute polymer
solution of known concentration was made by dissolving pre-weighed polymer (between
0.1 to 1.5 g depending on the type of polymer) into a known volume of solvent, usually

between 50 to 100 ml. For the case of PCL polymer, toluene was used as the solvent

66



while a 3:2 v/v mixture of tetrachloroethane/phenol solvent used for the PPDX polymer.
Typically efflux times (to be discussed later) are between 5-10 minutes for the particular
concentration of the polymer. Both the viscometer and the solution to be tested were
made particle-free to prevent clogging of the capillary tube inside the viscometer.

The viscometer was cleaned by flushing solvent through all the three tubes,
followed by dry air to remove final traces of solvent. The polymer solution to be tested
was then introduced through the largest tube (tube A) till the level of the solution was
between the two lines at the bottom of the tube. The viscometer was then placed in a
constant-temperature water bath (temperature maintained at 24°C) such that the water
level was above the bulb on tube B. The viscometer was then left for at least 20 minutes
to bring the water and the solution temperature to be at equilibrium. The Ubbelohde was
vertically aligned inside the water bath, a finger was placed over the third tube (tube C)
and suction applied to tube B, until the solution reached to the bulb on the tube B.
Suction was then removed from tube B, followed by removing the finger from tube C and
the solution was allowed to flow freely. The efflux time was determined by measuring
the time required for the level of solution in tube B to drop from one marking to the
other. The above procedure was repeated at least three times for each solution and the
average efflux time was determined.

Either the Huggins equation or the Kraemer equation can be used to determine
intrinsic viscosity. These equations are explained in (2.38) [Huggins] and (2.39)

[Kraemer] below.
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¢/ n,-1)=[nl+k e (2.38)

¢ In(n/ n,)=[ml-k[nTc (2.39)

where c is the concentration of the polymer solution tested, 7 is the solution viscosity,
7, is the solvent viscosity, [7]] is the intrinsic viscosity and k, and k, are the
proportional constants associated with each equation. Both constants depend on the type

of polymers being tested. For dilute solutions, it can be said that:

nl m =t/ t, (2.40)

where ¢ is the efflux time of dilute polymer solution and ¢, is the efflux time of solvent
alone. The intrinsic viscosity was determined as the y-intercept obtained by plotting the
left-hand-side of either the Huggins or the Kraemer equation against concentration.

Mark-Houwink-Sakurada (MHS) equation relates intrinsic viscosity ([77]) of a

polymer to the viscosity average molecular weight (M , ) with the equation (2.41)
[7]=km; (2.41)

MHS constants, ‘K’ and ‘a’ depend on the polymer, type of solvent used and the solution
temperature used for testing. Since MHS constants, representing a wide range of
polymers with different types of solvents and testing temperatures, have been published
in various literatures, M, can be determined if the intrinsic viscosity of a polymer is
determined at the condition in which MHS constants are known. If MHS constants are
unknown for a particular combination of polymer, solvent, and testing temperature, they

can be calibrated by determining [7]] and plotting ln[ﬂ]versus ln(M w)or ln(M n ) ‘K’ and

‘a’ are determined as the slope and intercept of the above plot. This method, however, is
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merely an estimate and determination of exact M, involves fractionation of the whole
polymer sample into subspecies of relatively narrow molecular weight distributions and
then averaging the measured M, and M,, to calculate M,.

In general, MHS equation can be applied to estimate M,, or M, of unknown
samples, only if a fraction of a molecular weight distribution is very similar to the sample
used for the calibration. However, this restriction does not apply to the polymers with
random molecular weight distribution, such as linear polyamides and polyesters

polymerized under equilibrium conditions. For these types of polymers, M,, = 2M, and

the relation [7]= KM ¢ can be applied.

2.2.7 Thermal Analysis

Standard DSC measurements were carried out with a 2920 CE Modulated DSC from TA
Instruments. Samples, after extraction of the aluminum alkoxide functions by
liquid/liquid extraction, were heated from -110°C to 140°C at the rate of 10°C per minute
under nitrogen flow. Glass transition temperature (T;) and Melting temperature (T,) were
determined from the plot.

TGA measurements were performed, by using a Hi-Res TGA 2950 of TA
Instruments under helium flow. Samples were heated from room temperature to 180°C at
the rate of 20°C per minute and held at 180°C for 70 minutes. The thermal stability of the

various homo and copolymers were determined from the plot.
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2.2.8 UV-Spectroscopy

UV/Vis Spectroscophotometer ‘Lambda 25’ from Perkin Elmer was used to determine
the concentration of the fluorescent dye in the extruded PCL sample. This concentration
data was further used to determine the RTD at a given temperature, screw speed and
overall throughput. PCL sample, containing the dye, was dissolved in toluene.
Concentrations of the solution were in the range of 102 to 10° M. Samples were put into
glass cuvettes (plastic cuvettes dissolved in toluene). A reference containing the same
concentration of the PCL sample in toluene (without the dye) was used. A spectrum of
Absorbance vs. Wavelength was obtained. Only absorbance values in the range of 0.15
to 1.5 are valid. A peak was obtained corresponding to 370 nm, which is the fluorescence
excitation of UV-XPBB. Ay, the wavelength at which the molecule absorbs the most
light was obtained as the maximum value of the peak. A calibration curve of Amax Vs.
Concentration was obtained by dissolving known amounts of the dye in the PCL solution.
(The concentration of PCL in toluene was kept constant). Using Beer’s law, which states
that the number of photons absorbed is proportional to the concentration of the substance
in solution, the actual concentration values were interpolated from the calibration data.
Care must be taken that the solution does not absorb any light in the same range as that of

the solute. Figure 2-21 shows a block diagram of UV-Spectroscopy.

mono. -----\E\----reference--- detector‘—l
lamp | chromator | ratio

N---| sample |- detector |—

Figure 2-21: UV Set Up Block Diagram
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2.3 RESULTS AND DISCUSSION

The results of batch polymerization studies of CL and PDX monomer using ATSB
initiator will be explained. The results of the effects of different temperatures, screw
speeds and throughput on monomer conversion and molecular weight in the extrusion of
PPDX polymer will be discussed in this section. Moreover, the effect of addition of
different mole percentages of CL monomer on monomer conversion during the bulk
extrusion polymerization of PDX will be discussed. Thermal analysis results of PPDX
and PCL-co-PPDX polymers will be presented and discussed. The results of RTD studies
on the polymerization of CL monomer will also be presented. The suitability of the Axial
Dispersed PFR model on RTD and CL conversion in the extrusion polymerization of CL

monomer will be evaluated.

2.3.1 Batch Polymerization Studies

The conversion results of the batch polymerization experiments of CL and PDX
monomers are shown in Table 2-9. It can be observed that the conversion of CL
monomer is greater than 95% as opposed to a 71% conversion of the PDX monomer. As
known, since the PDX polymerization is characterized by monomer-polymer equilibrium
above the melting temperature of the polymer, conversion values of around 71% is
permissible. These experiments further lead us to test the polymerizability in a twin-

screw extruder.
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Table 2-9: Conversions of PDX and CL monomers in experimental conditions close

to Reactive Extrusion (Polymerization time = 2 minutes)

Experiment Lactone Tpoty Conversion
(C)
1 PDX 140 71
2 CL 160 96

2.3.2 Effect of extrusion process parameters on CL and PDX monomer conversion

For the various extrusion process conditions shown in Table 2-5, the conversion of CL
monomer was 99%. Torque values remained constant (60%) even as the molecular
weight increased from 44,400 g/mol to 193,780 g/mol. Thus, it is clear that at a
temperature of 150°C, for different overall throughputs, using a completely conveying
screw configuration, near complete conversion is observed (99). PCL polymer strands
were of high viscosity and could be easily pelletized by quenching in a water bath.

The conversion results of PDX homopolymerization (Processing conditions

shown in Table 2-6) by reactive extrusion are shown in Table 2-10.
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Table 2-10: Polymerization of PDX monomer by Reactive Extrusion: Determination

of optimal Conditions.

Tpoly MMR? | ISR™ | Theoretical | Torque | Conversion®
(°C) (g/min) | (g/min) | M, PPDX (%) (%)
(each arm,
g/mol)

130 23.23 0.60 63,400 14 68
130 23.23 041 94,550 14 78
130 40.75 1.22 54,800 14 68
150 23.23 0.60 63,400 14 62
150 23.23 041 94,550 14 68
150 40.75 1.22 | 54,800 14 60
170 23.23 0.60 63,400 14 61
170 | 23.23 041 54,800 14 60

a) Monomer Mass Rate
b) Initiator Solution Mass Rate

c) Determined by gravimetry

In contrast to strong strands of PCL, the strands of PPDX are low viscosity. From Table
2-10, based on the conversion values; it is evident that the homo polymerization of PDX
proceeds similarly to that of a system using a standard vacuum technique. For example,
the monomer conversion at 130°C is 68% and 66% for the polymerization of PDX by
reactive extrusion and standard vacuum technique respectively. In the case of the homo
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