MOLECULAR TRANSPORTATION IN POLYMER AND COMPOSITE
MATERIALS: BARRIER PERFORMANCE AND MECHANICAL
PROPERTY EVALUATION

by
Md Nuruddin

A Dissertation
Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

0€ U,y
;L IQ»
37y \—~ O
o :5

~

@W

School of Materials Engineering
West Lafayette, Indiana
May 2020



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. John Howarter, Chair

School of Materials Engineering

Dr. Jeffrey Youngblood, Chair

School of Materials Engineering

Dr. Kendra Erk

School of Materials Engineering

Dr. Andrew Whelton

Lyles School of Civil Engineering
Environmental and Ecological Engineering

Approved by:
Dr. David Bahr



Dedicated to my Parents, Wife and my Son



ACKNOWLEDGMENTS

First of all, I would like to thank my advisors Dr. Howarter and Dr. Youngblood for their
continuous support and assistance over the course of my graduate studies at Purdue University.
This work would not be possible without help of Dr. Erk and Dr. Whelton, who always expanded
their helping hand to guide me in the right direction for my research work despite of their busy
schedule.

Second, I would like to express my deepest gratitude to my lab mate Dr. Reaz Chowdhury,
Dr. Gamini Mendis, Dr. Logan Kearney and Caitlyn Clarkson for keeping me motivated
throughout my graduate studies through motivational speeches, helping hand and priceless
guidelines.

Third, 1 am thankful to Seyedeh Sendesi, Kyungyeon Ra, Xianzhen Li, Hyungyung Jo, Dr.
Francisco Montes, and Dr. Nelyan Lopez-Perez for technical assistance, support, and patience.
They were always active to provide me their technical help to conduct my research work.

Finally, I would like to thank my family for their love, support, and understanding during my

graduate studies at Purdue University.



TABLE OF CONTENTS

LIST OF TABLES ...ttt sttt sttt sttt n e b e 9
LIST OF FIGURES ...ttt sttt sttt e e et e e e snb e e e nnb e e e nnbeeenneees 10
y N S Y I 2 ¥ X O PR 12
CHAPTER 1. INTRODUCTION ....ooiiiiiiiieiiiie ettt sne s 14
1.1 Background and MOTIVALION ..........ccueiiiiiiiieieese et re e sre e 14
1.2 RESEAICN ODJECLIVES......cuiiiiiiitiiiieiieieet ettt bttt 15
1.3 OULIINE OF the TNESIS ..eeuvieiieiie et ste e e e e sreenee s 16

CHAPTER 2. EVALUATION OF THE PHYSICAL, CHEMICAL, MECHANICAL, AND
THERMAL PROPERTIES OF STEAM-CURED PET/POLYESTER CURED-IN-PLACE PIPE

........................................................................................................................... 17

220 A 111 o To [0 Tod o] o USRS 17
2.2 Materials and MELNOUS. ..........ooiiiiei e ee s 20
2.2.1 IMIAEETTAIS ... et 20
2.2.2  Curing of uncured resin tube in the laboratory ..........c.ccccceeveieiiciciecc e, 20
2.2.3 Aging of onsite-cured CIPP SAMPIES........ccoiiiiiiiieieic e 21
2.2.4  Thermogravimetric analysiS (TGA) .....oociiiiiriiieee e 21
2.2.5 Differential scanning calorimetry (DSC)........cccovviiiiiieii e 21
2.2.6  Proton nuclear magnetic resonance (*HNMR) analysis ...........ccccoveveveverrvevinererinenennns 21
2.2.7 Chemical extraction and GC/MS analysis of CIPPS............cccooviiiiiiiienciee, 22
2.2.8  Absorption and SWelliNg tEST ..........ooeiiiiiiiieee e 23
2.2.9  ThiCKNESS MEASUIEMENT......cueiiierieieiieite ittt st e 23
2.2.10  POroSity MEASUMEIMENT .....cveiieitieieeee st ettt ettt ae s re e reeste e e sreenneenne e 23
2.2.11  DEeNSItY MEASUIEIMENT ....uiiiiiiieuieie ettt sb bbbt se bbb e 24
2.2.12  FIEXUIAl TESTING .. .oviiiiieiiieiieee e bbb 24
2.2.13  Fracture SUrface analySiS .........cccieiiiiiieeiie ittt 25
2.3 RESUILS aNd DISCUSSION .....veiueiiiiiiiieiieiie sttt bttt sbe e sreenbe e e 25
2.3.1 Physical and mechanical properties of the exhumed CIPP ..........cccoovveviviieiieiineenn, 25
2.3.2 Thermal Behavior: Exhumed CIPPs vs. Oven Cured CIPP Material...........c............ 27
2.3.3 Chemical analysis of leaching organic compounds............cccceevveiiieiiieiie e e 31



2.3.4 Interaction of Water with CIPP SPECIMENS ........ccveviiiieiicie e 34
2.4 The effect of water conditioning on physical and mechanical properties ............cccccoc.... 36
2.5 SUMIMAIY ..ottt b e h bt e b e e Rt e e ke e e st e e sbe e e nbeesbeeenbeenreeanee 38

CHAPTER 3. INFLUENCE OF AGGRESSIVE ENVIRONMENTAL AGING ON
MECHANICAL AND THERMO-MECHANICAL PROPERTIES OF UV-CURED CIPP

LINE RS ot b ettt eerenre s 40
K200 1o oo [0 Tox 1 T o RSP TSTRR 40
3.2 Materials and EXPErIMENT........cviiiiiiiieiteie et 42

321 IMIAEEITAIS . bbb 42
3.2.2 Differential scanning calorimetry (DSC)........ccoevveiiiieieie e 44
3.2.3  Thermogravimetric analysiS (TGA) ....occuriiiriiieieie e 44
3.2.4  Aging solution and eXPEriMENTS ........c.eiiriiirieieie e 45
3.2.5  Absorption and SWElIING TESIS .......coviiiiiieie e 45
3.2.6  Energy dispersive spectroSCOPY (EDS) .......ccceiveiiiiiiieiesie e 46
3.2.7 Accelerated aging of onsite-cured CIPP samples........cccccoivvviieiieniienise e 46
3.2.8 Headspace gas chromatography-mass spectroscopy (HS GC-MS).........cccccvvvrrnnnne 46
3.2.9 Inter-laminar shear strength (ILSS) characterization .............ccccccevevveiieiiesieveenenn, 47
3.2.10  Fracture surface analysSiS ..........ccooviieiieie e 48
3.2.11 Dynamic mechanical analysis (DMA) .......cccouiiiiiiiieieieieee e 48
3.3 ReSUILS and dISCUSSION .....ccueeiieiieiieeie ettt sreeseeeneenneenes 48
3.3.1 Thermal Behavior of CIPP SPECIMENS ........ccvciiiiiiiiiiiee e 48
3.3.2 Solution Uptake and Diffusion Behavior of CIPP Liners .........cccccovveveiicieevieennenn, 50
3.3.3 Role of Nature of Solution in Extracting Styrene from CIPPs into Water ................ 55
3.3.4 Effect of Aging on Interlaminar Shear Strength of CIPP Liners.......cccccccccvvovevvennene. 56
3.3.5 Effect of Aging on Viscoelastic Properties of CIPP LiNers .........cccoovevviveveevieennenn, 58
B 10110 0 0 T YRR 62

CHAPTER 4. THE INFLUENCE OF FREE VOLUME DETERMINED BY POSITRON
ANNIHILATION LIFETIME SPECTROSCOPY (PALS) ON GAS PERMEABILITY OF

CELLULOSE NANOCRYSTALS FILMS ..ottt 64
A1 INEFOAUCTION ...ttt bbbttt b et b et sbeene s 64
4.2  Materials and EXPEIIMENTS ......cviiiiiiiiiiieiieiesee e eneas 66



421 IMAEEITAIS ... bbb 66
4.2.2 Preparation 0F CNC FIlM ..o 66
4.2.3 Preparation of CNC coated Polypropylene (PP) ... 67
4.2.4 Herman’s order parameter determination............ccovervirieiieieeieeseee e 68
4.2.5 Gas permeability MeaSUrEMENL..........ccviiieiieieiieseerie et re e 69
4.2.6 Positron Annihilation Lifetime SPeCtroSCOPY .....cccvevverieiveieiiesieiesee e see e 69
4.3 RESUIS aNd DISCUSSIONS ......ccuiiiiiiiieieiiesiieie e siee e sreesee e ste et snee e ste e sreeneeaneesreenes 71
4.3.1  Alignment of CNCS WIthin FIIMS.......c.cooiiiiiiiiiiise e 71
4.3.2 Free volume of self-organized and shear-oriented CNC films...........ccccovevviiveivennnne 72
4.3.3 Effect of alignment on gas barrier performance of CNC films ..........c..ccccocevveieennnnn 74
4.3.4 Comparison of barrier performance of CNC films with other commercial polymers75
4.3.5 Dil model for the prediction of gas permeability............c.ccocriiiiiiiiniie 77
B IS YU 1 11 - YO RSP SPRR 80

CHAPTER 5. GAS AND WATER VAPOR BARRIER PERFORMANCE OF CELLULOSE
NANOCRYSTALS-CITRIC ACID COATED POLYPROPYLENE FILM FOR FLEXIBLE

PACKAGING ottt e e et e et e et e e st e e st e e anbe e e snteeesnbeeesneeeenneeeennes 81
T8 A 1 (oo [0 Tox o] RSSO 81
5.2 Materials and EXPEIIMENTS ........covoiiiiieii ettt sre e 83

5.2.1  MALEIIAIS ...ttt nne e 83
5.2.2  Preparation OF COIING ........coiiiiieieieiie st 83
5.2.3  Application of COAtiNG .......ccccceiiiiiiicciece e e 84
5.2.4  Wet COAtING PrOPEITIES .....veeviivieitiecie ettt sttt reesneene e 84
5.2.5 Characterization of Coated FIIMS .........ccceiiiiieiiieii e 84
5.2.6 Barrier Properties of the FIlMS ... 85
5.2.7 Contact Angle MEaSUIEMENT ...........cccuiiieiieiie ittt 86
5.3 RESUILS aN0 DISCUSSIONS ... .ccuviiiiiiiieiieiie sttt sttt st sbe et sbe e sreesbeanee s 87
5.3.1 Wet COoatiNg PrOPEITIES......cceiiiieieiiesie sttt 87
5.3.2 Coating CharaCterization ..........c.cooeieiiiiniiieiee e e 89
5.3.3  CONACT ANQGIE ..ot 92
5.3.4 Barrier performance of coated filmMS........ccccooiiiiiiiiiciii e 93



5.3.5 Comparison of Barrier performance of CNC-CA coated PP with other commercial

0] Y =T £ SR 97

5.4 SUMIMAIY ..ottt ettt ekttt e s bt et e e ket e st e e ebe e e n b e e ebeeenbeenbeeanbeeabeeannaeas 100
CHAPTER 6. CONCLUSION AND FUTURE WORK .......ccooiiiiiic e 101
6.1 Thermal and UV-aging Of CIPP lINEIS.......cccciviiiiiiicicceee e 102
6.2 Barrier performance of CNC films at higher relative humidity............c.ccoecviviiveinennnnn, 102
6.3 Improve the hydrophobicity 0f CNC FillM.........cooiiiiiiiieee e 102
6.4 Investigate the solvent-free process to disperse the CNC into extrudable polymers...... 102
APPENDIX A ettt ettt R bt R ettt b e bt e ettt enenre e 104
APPENDIX B ...ttt sttt ettt sttt sttt bbb e nenre e 113
N o =t N 15 1 SR 117
APPENDIX D oottt ettt e e e e e a e e e e nrre e e e e 124
REFERENGCES .....coo ittt sttt sttt se ettt ane et neene e s 134
RV 1 NSRS PRSPPI 154
PUBLICATIONS . ...ttt e et e e st e e st e e st eesste e e snaeeesnbeeennaeeennneean 155



LIST OF TABLES

Table 2.1 Thermal behavior of uncured, onsite-cured, and oven-cured CIPP liners.................... 30
Table 2.2 Organic molecules detected from 1H-NMR spectra and GC-MS of leachate solutions of
(O [ e T3] 5SS 33
Table 3.1 Thermal properties of CIPP from installation site-1 and Site-2. ..........ccccecvvvevverieennnnn. 50
Table 3.2 Equilibrium sorption and Fickian diffusion coefficient of CIPP specimens from Site-1
and site-2 for water, salt and pore SOIULION. ..........c.ooiiiiiiiiice s 52
Table 3.3 Surface concentration of ions for the CIPP SPECIMENS. .........cccoveriiiiiieiene e 55
Table 3.4 Styrene concentration of samples detected and quantified by GC-MS. ....................... 56
Table 4.1 o0-Ps Characteristics, Pore Radii, and fractional free volume for self-organized and shear-
(o LT a1 =To IO 1N O 111 TSRS 73
Table 5.1 Chemical ingredients and amounts used to prepare barrier coatings...........c.ccocvvvrvene. 83

Table 5.2. Thickness, grammage and roughness of the CNC and CNC-CA coatings. Data are
expressed as Mean ValUES £ SD. ... 90

Table 5.3. WVTR of CNC-CA coated PP films, compared with other commercially available
010117 1= 11 PSSRSO 99



LIST OF FIGURES

Figure 2.1 Onsite installed CIPP in Indiana sites. The outer surface is in contact with the cold host
pipe while the inner surface is in contact with hot steam during installation and curing. ............ 19

Figure 2.2 Physical properties of the inner and outer layers of the exhumed CIPP. .................... 26

Figure 2.3 DSC thermograms of uncured resin liner, inner layer of the onsite-cured CIPP, outer
layer of the onsite-cured CIPP, and oven-cured CIPP liners. DSC performed in nitrogen
atmosphere showing the heating portion of heat-cool-heat scan for each sample..........c............. 28

Figure 2.4 (a) Thermogravimetric (TG) and (b) Derivative thermogravimetric (DTG) curves of
uncured, onsite-cured, and oven-cured CIPP HINEIS. ... iviieiiie e 30

Figure 2.5 TGA weight loss of uncured, onsite-cured, and oven-cured CIPP liners at 120 °C and
L0 CC. ittt h bR b £ E e E e h b b £ bR R b e bRt b et b et b n e 31

Figure 2.6 Weight (a) and thickness (b) change of inner and outer layers of CIPP as a function of
TIMIMEISION TIMIE. ..ttt ettt bbbt bt e s e et e b e s b st e bt e b e e st e ne et e nteebenbenbeene e 35

Figure 2.7 Debonding between the coating layer and the composite layer of the CIPP before and
Y (=] g oTo] a0 14 ] o PSSR 35

Figure 2.8. Porosity and density of the inner and outer layers of the non-conditioned and water-
CONAitioNEd CIPP SPECIMENS. .......ciuieii ettt et te e st e e b e sreeste e e e s reenteeneesneennas 36

Figure 2.9 Flexural strength and modulus of the CIPP samples before and after conditioning. .. 37

Figure 2.10 Optical microscope images of fracture surface of as-received and conditioned CIPP.

....................................................................................................................................................... 37
Figure 2.11 SEM images of the fracture surface of non-conditioned, water-conditioned and
chloroform-conditioned CIPP SPECIMENS. .......coviiiiiiiiiiiiieiieieeeie ettt 38
Figure 3.1 UV-CUIed CIPP LINEIS. ......cciiiiiieite ettt sttt ste s sneesteenne s 43
Figure 3.2 DSC curves of CIPP specimens from site-1 and Site-2. ........c.cccceeveveivieiievecicseenns 49

Figure 3.3 Weight gain vs time curves of site-1 and site-2 CIPP samples for water, salt and pore
0] (VX To] g1 o1 T USSP ST PT TP PP 51

Figure 3.4 Morphology of as-received CIPP specimens from site-1 and after aging with water, salt
AN PO SOTUTION. ...ttt bbbt bbbttt et e bbb b bt eneas 53

Figure 3.5 Interlaminar shear strength (ILSS) of CIPP from site 1 and 2 at different environment
CONTITIONS. ..ttt b bbbttt s bbbt bt bt bt e bt e et e b ab e et e b b ane s 56

Figure 3.6 Optical images and Scanning electron microscopic images of fracture surface of as-
received and aged CIPP SPECIMENS. .......cuiiiiiieiie ettt sa bbb 60

Figure 3.7 Glass transition temperature (Tg) and storage modulus of as-received and aged CIPP
from 2 different iNStallation SITES. ........cccveiieieeie et 61

10



Figure 4.1 Schematic of preparation of self-organized and shear-oriented CNC films................ 67
Figure 4.2 Schematic of preparation of CNC coated PP films. .........cccccooeviiiiiii e 68
Figure 4.3 Experimental setup for PALS MEASUrEMENT. .........ccuerirriniiiiinisieeeeee e 70

Figure 4.4 (a) self-organized, and (b) shear-oriented CNC films with light transmittance value and
OPLICAl MICTOSCOPY IMAYES. . .cuveevieieeeieeie s e steete st et e et s e st e e e sbeesteeseeareenteessesseesbeeneesreenseeneesneenras 72

Figure 4.5 (a) O-Ps lifetime (t3) and pore radius (r), (b) O-Ps intensity (13) and fractional free
volume (FFV) of self-organized and shear-oriented CNC films. ......cccoooviviiiniinicniie e 73

Figure 4.6 Oxygen and carbon dioxide permeability of self-standing (chiral) and shear oriented
(AHGNEA) CINC TIIMS. ...ttt et reenbeente e st e sneeee s 75

Figure 4.7 Plot of oxygen permeability of cellulose films as a function of relative free volume and
comparison with other engineering polymers. Details of quantitative data for this plot can be found
LR I o] [ 3K USSR 76

Figure 4.8 Plot of carbon dioxide permeability of cellulose films as a function of relative free
volume and comparison with other engineering polymers. Details of quantitative data for this plot

can be foUNd IN TADIE C2. .....cieieieee et ste et be e ereenns 77
Figure 4.9 Comparison of the modified Dil and modified Bharadwaj model with experimental
permeability data for oxygen and carbon dioXide............cooveiiiiiiiiiinie e 80
Figure 5.1. Effect of citric acid on surface tension of CNC SUSPENSIONS. .........cccoverererereniennnnn. 87
Figure 5.2 Steady-state viscosity vs shear rate for CNC and CNC-CA suspensions. ................. 88

Figure 5.3 The shear stress and shear strain rate of CNC aqueous suspensions at different
concentrations, (b) The relationship between the flow index (n) and CA concentration in CNC

U] 1= 05T 0] OSSPSR 89
Figure 5.4 AFM 3D images (10 X 10 mm2) of uncoated and coated polypropylene (PP). ......... 91
Figure 5.5 Optical transparency of CNC and CNC-CA coated PP films. .......cccccoviiniiiiinnnnnn 92
Figure 5.6. Variation of contact angle with time for uncoated and coated PP. ............c.ccccevenene 93

Figure 5.7 Oxygen and carbon dioxide permeability of CNC film with varying amount of CA. 94
Figure 5.8 Schematic diagram of gas transmission through CNC and CNC-CA film. ................ 95
Figure 5.9 Oxygen permeability of CNC and CNC-CA coated PP films..........ccccceovveiiiiiieinnnnn, 96
Figure 5.10 . Water vapor transmission rate (WVTR) of CNC and CNC-CA coated PP films. .. 97

11



ABSTRACT

Transport of gasses and liquids through polymers and composites is an important factor to
be considered when designing a material for structure and packaging applications. For structural
engineering applications, more focus has been given to the transportation of water, vapor and
organic liquids rather than gases as diffusion of these liquids into the polymers and polymer-based
composites can significantly lower service life. In addition, much attention has been given to the
leaching of unreacted reactant molecules, solvents, additives, degradation products from the
polymers and composites to the atmosphere (water, soil etc.). We studied the transport of volatile
organic compounds and water in cured-in-place-pipe (CIPP) (a representative of FRPC) and gas
permeability of highly engineered cellulose nanocrystals (CNC) films.

Cured-in-place-pipe (CIPP) is a popular technology which uses fiber reinforced polymer
composite to repair sanitary sewer, stormwater, and drinking water pipe. The liner is installed in
the field and exposed to flowing water immediately after installation (curing of the liner) is done.
Curing conditions dictate liner properties as undercured liners can contain unreacted styrene
monomers, additives, degradation products. These agents can leach out and enter the environment
(soil, water, air). The objective of this work was to investigate the curing behavior, volatile content,
thermal stability of steam-cured and UV-cured CIPP liners collected from Indiana and New York
installation sites. The liner specimens were also exposed to water and other aggressive
environmental conditions (saltwater, concrete pore solution at 50 °C) to explore the leaching of
unreacted styrene and other organic chemicals from the liners. The influence of transportation of
water, salt solution and pore solution through liners on mechanical and thermo-mechanical
properties was also examined to study the durability of the liners. Study suggested that the
durability of the liners depends on the curing condition and exposed environment conditions.

The function of polymer packaging materials is mainly to inhibit gas and moisture permeation
through the films. Cellulose nanocrystals (CNCs) have drawn growing interest for the packaging
due to their non-toxicity, abundance in nature, biodegradability and high barrier properties. The
objective of this work was to corelate the alignment of CNC with free volume and barrier
performance of the film. Furthermore, citric acid (CA) was added to the CNC suspensions with
varying quantity to explore the effect of CA on coating quality and barrier performance of CNC

coated polypropylene (PP) film. Study revealed that CA addition in CNC suspension can enhance
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the hydrophobicity and gas barrier performance of coated PP films while retaining the high optical

transparency.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

The transportation of small molecules (gas, water, solvent) through polymers and composite
has an important role in the development of economical industrial product for both structure and
packaging applications. Polymer and composite materials which is in contact with water, vapors,
or low molecular weight organics, can be affected significantly as those molecules can create a
local strain in the polymers and can change the properties of the products, including loss of barrier
properties, loss of adhesive strength, undesirable appearance of cracks, and leaching of polymer
fragments, solvent or unreacted reactant molecules [1-3]. Furthermore, the permeability of gas
and water vapors through packaging polymers plays a vital role as packaging polymers are
designed to barrier performance for the passage of the gas and vapors. However, the transportation
of small molecules through polymer and composites consists of three steps: (1) sorption of species
(penetrant) on the surface of the polymers, (2) diffusion of the penetrant species through the
materials, and (3) desorption of the penetrant species from the materials [4].

Cured-in-place pipe (CIPP), a trenchless technology has been used worldwide for the past
40 years in drinking water, sewerage and storm water pipe rehabilitation because of its ease of
installation and the targeted service life has been considered as long as 50 years [5]. Recent studies
reported that during and after CIPP installation, unreacted styrene monomers and some other
chemicals leached to nearby water and threatened the environment [6-9]. Furthermore, water from
pipeline may infiltrate into the liners which can change the mechanical and physical properties of
the CIPP liners. No detailed studies have been performed on the effect of leaching of small organic
molecules and exposed to aggressive environment on mechanical performance of CIPP liners.

As for packaging polymers, the barrier performance of the packaging materials is an
important consideration. Petroleum based polymers are widely used for packaging applications
because of their low cost, easy processability, and superior performance. However, much focus
has been given to environmentally friendly biodegradable polymers to develop next generation
packaging polymers because of gradual depletion of the petroleum-based resources and adverse
environmental effects of petroleum-based polymers. Cellulose nanocrystals can be a promising

alternative to traditional petroleum-based polymers to developing next generation packaging
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materials because of their high crystallinity (around 85%), biodegradability, low cost , and high
mechanical properties (the strength and axial modulus are 7.5-7.7 GPa and 110-220 GPa,
respectively) [10,11]. Unfortunately, there is a great challenge for the application of cellulose
nanocrystals as a packaging film as CNC films are highly brittle in nature. So, the alternative
approach for utilizing CNC in barrier packaging applications is to utilize them as coating materials

on traditional engineering polymers to improve the barrier performance.

1.2 Research Objectives

The aim of this study is to understand the effect of molecular transportation of small
molecules from CIPP liners to the surrounding and from surrounding to the liners, on mechanical
performance of the liners, and to investigate the molecular transportation of gas and vapor through
cellulose nanocrystals-based packaging films. In particular, the specific objectives are listed below:

1. Investigate the physical and thermal properties of steam-cured and UV-cured CIPP liners
collected from CIPP installation sites (Indiana and New York). Also, explore the effect of
water and aggressive environmental aging on mechanical and viscoelastic properties of
CIPP liners. DSC and TGA were used to investigate the volatile content, curing condition
examination.

2. Examine the structure-property relationship of CNC as a coating material for packaging
applications. In this process, investigate the effect of CNC alignment on free volume and
barrier performance of CNC films. For measuring the barrier performance, we designed
and built a gas permeability rig. The free volume of CNC with different structural
arrangements were investigated by PALS instrument.

3. Investigate the coating quality of CNC/citric coating formulation for packaging
applications. Explore the effect of addition of citric into CNC suspension on wet coating
quality and barrier performance of coated film. Rod coating was used to apply uniform

CNC coating on PP substrate.
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1.3 Outline of the thesis

This thesis is categorized into four main ideas to investigate the molecular transportation in
polymers and polymer-based composites. Chapter 2 demonstrated the physical properties (porosity,
density) and thermal properties (residual curing, volatile content and thermal stability) of inner
and outer layer of steam cured CIPP liners which is made of PET felt reinforced unsaturated
polyester resin. The liners were immersed in water for a short-term to examine the leaching of
organic chemicals and also observed influence of water on mechanical performance of the liners.
Chapter 3 investigated the effect of aggressive environmental conditions such as water, salt
solution and simulated concrete pore solution at moderate temperature on mechanical and thermo-
mechanical performance of UV-cured CIPP liners made of fiber glass reinforced vinyl ester resin.
Thermal properties of the liners from two different installation sites were investigated to observe
the residual curing, volatile content and decomposition behavior of the liners. Chapter 4
demonstrated the free volume and barrier performance of CNC films with different structure
arrangements of CNC domains (self-standing and shear-oriented CNC films). Modified
conventional Bharadwaj model was proposed for a single component CNC films to predict the gas
permeability with variation of CNC alignment. Chapter 5 demonstrated the CNC and CNC-citric
acid coated polypropylene film to explore the barrier performance and coating quality of the coated

films.
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CHAPTER 2. EVALUATION OF THE PHYSICAL, CHEMICAL,
MECHANICAL, AND THERMAL PROPERTIES OF STEAM-CURED
PET/POLYESTER CURED-IN-PLACE PIPE

All research work except GC-MS and three-point bending was performed by Md Nuruddin. All
analysis except GC-MS analysis was performed by Md Nuruddin with guidance by Prof. John
Howarter and Jeffrey P. Youngblood. All writing was performed by Md Nuruddin with guidance
and editing by Prof. John Howarter, Jeffrey P. Youngblood, and Andrew Whelton.

The following chapter contains content reproduced with permission from Md Nuruddin, Gamini
Mendis, Kyungyeon Ra, Seyedeh Mahboobeh Teimouri Sendesi, Tyler Futch, Johnathan Goodsell,
Andrew J. Whelton, Jeffrey P. Youngblood, John A. Howarter "Evaluation of the physical,
chemical, mechanical, and thermal properties of steam-cured PET/Polyester cured-in-place pipe
(CIPP)," Journal of Composite Materials 53 (19), 2687-2699, 20109.

2.1 Introduction

Cured-in-placed-pipe (CIPP) is a trenchless technology which has been used worldwide
over the past 40 years to repair existing storm, sewer, and drinking water pipelines [12]. CIPP resin
technology typically uses thermoset polymer matrices, reinforced by fiberglass mats or
polyethylene terephthalate (PET) felts. Generally, a combination of vinyl ester or polyester resins
are used with styrene monomers (30-50% by weight) and silica (1-5% by weight) [13-15]. The
resin is typically blended with peroxide initiators, plasticizers, and solvents (i.e., styrene for
unsaturated polymer). While styrene-free vinyl ester resin [16,17] and epoxy resins can be used to
replace styrene-based vinyl ester or polyester resin [17], these technologies are considerably more
expensive. Styrene is a low-cost monomer and serves multifunctional purposes in the resin
formulation; styrene is used as a diluent to reduce resin viscosity and can also react during the
curing process contributing to the final material network, after free radical polymerization is
initiated by the thermal or photochemical decomposition of the peroxide initiators.

Hypothetically, proper curing procedures and the implementation of physical barrier layers
should prevent chemicals from migrating from the resin into the environment, however improperly
cured materials and poorly controlled processes can lead to contamination. Curing of the CIPP
thermoset resin-impregnated felts is performed using hot water, pressurized steam, or ultraviolet
(UV) light. The inner surface of the CIPP resin assembly (Figure 2.1) is typically exposed to hot
water at 180 £ 10°F or steam at 210-250 °F during the curing process [18]. The curing time depends
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upon the desired CIPP thickness, and can be 3-6 hours for hot water curing and 1.5-2.5 hours for
steam curing [18]. The curing time should be chosen so that CIPP is able to fully cure through the
entire thickness of the pipe (i.e. thicker pipe walls necessitate longer cure times). However, local
conditions (e.g. cold outer surfaces) may inhibit complete curing. The inner surface of the
presaturated felt or fiberglass is coated with a thermoplastic polymer such as polypropylene,
polyethylene, etc. to restrict the resin ingredients from contacting the hot water or steam during
curing [15,19]. However, a number of studies have demonstrated that various organic chemicals
can migrate into the environment [5,15,19-21].

Deviations from the recommended curing conditions may deteriorate the expected
mechanical performance as well as longevity of the liners. Non-uniform curing temperatures can
lead to a low degree of crosslinking and weaker fiber reinforcement, which may ultimately reduce
the service life of the finished liner because of lower mechanical (interlaminar shear strength) and
thermal properties (glass transition temperature and storage modulus) [22,23]. In contrast, pressure
is applied to squeeze out resin from the spaces between the individual fibers and from the space
between adjacent plies [24]. Insufficient curing pressure can cause poor ply consolidation,
entrapped air or excess residual volatiles within the composites [25]. Entrapped volatiles may
leach out to the environment, contaminate the water and leave voids within the composite. The
presence of voids can weaken the matrix-dominated mechanical properties (shear and compressive
strength) as a result of induced localized stress concentration [25,26]. These voids can be elongated
and create porosity at the fiber-matrix and ply interface [27]. Proper pressure during curing can
sgueeze out the entrapped volatiles or voids, giving finished composites with better service life.
Composite structures with higher void content have lower mechanical properties [25-29]. Thus,

CIPP liner with higher void content will not meet the expected service life.
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Figure 2.1 Onsite installed CIPP in Indiana sites. The outer surface is in contact with the cold
host pipe while the inner surface is in contact with hot steam during installation and curing.

CIPP developers have claimed that CIPPs have a service lifetime of approximately 50 years
[30]. To our knowledge, these claims have not been validated in the peer-reviewed literature, and
CIPP technology was developed 40 years ago [31]. Likely, the structural lifetime of the CIPP
largely depends upon (1) physical (length, diameter, type of reinforcing materials such as PET
felts or fiberglass, type of resin, liner thickness) (2) functional (operating conditioned like
temperature and pressure, regular maintenance strategies) and (3) surrounding (soil type, weather
condition, ground water, aggressive chemicals etc.) factors. Some studies have reported on the
mechanical and physical properties of onsite installed CIPP liners, but until now, no reports have
investigated the effects of environmental conditioning on the mechanical and physical properties
of CIPP.

The goal of this study was to better understand properties of newly installed CIPPs.
Specific objectives were to: (1) to identify the physical, thermal and mechanical properties across
the thickness of the onsite installed CIPP, (2) to compare the physical and thermal properties of
the onsite-cured CIPP with laboratory, oven-cured CIPP (3) to identify the composition of organic
chemicals which can be extracted from onsite-cured CIPP and compared with oven-cured CIPP,
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and (4) to determine the effects of water conditioning on the physical and mechanical properties
of CIPP.

2.2 Materials and Methods
2.2.1 Materials

In July 2016, CIPPs were installed using the steam curing process inside 45.7 cm diameter
vitrified clay sanitary sewer pipes in Indiana. According to contractor provided materials, the resin-
impregnated felt consisted of 1TI1 191024 CTD Felt 15 mil 69 (11% wt. to 29% wt.), high molecular
weight isophthalic unsaturated polyester 102T/TA resin, (38% wt. to 47% wt.), amorphous fumed
silica (0% wt. to 2% wt.), styrene (15% wt. to 31% wt.), various organic peroxides (0.5% wt. to
0.7% wt.), fiberglass (0% wt. to 20% wt.), and proprietary filler(s) (0% wt. to 22% wt.). The resin
impregnated tube liner consisted of two layers of flexible PET felt which helped obtain the desired
CIPP thickness [32].

While onsite, the authors collected uncured resin tube samples, and the contractors cut
samples of newly installed CIPP (7-8 mm thick) from the end of the newly installed CIPP. Fabric
was also obtained that had not been impregnated with resin. Resin containing materials were stored
at 0 °C until analysis. The fabric (without resin) was stored at room temperature.

A variety of analytical standards were used for this study. Chloroform (>99.5%, containing
100-200 ppm amylenes as stabilizer), dichloromethane (>99.8%, containing 40-150 mg/L amylene
as stabilizer), hexane (>97.0%), and deuterium oxide (for NMR, deuteration degree min. 99.9%)
were purchased from Sigma Aldrich Inc. Chloroform-d, for NMR, (99.8+% atom D, contains 0.03
viv% TMS) was purchased from Fisher Scientific. The lists of analytical standards for the

quantitative gas chromatography/mass spectrometry (GC/MS) are given in Appendix A.

2.2.2 Curing of uncured resin tube in the laboratory

The maximum curing temperature of the uncured resin tube was determined by Differential
Scanning Calorimetry (DSC) analysis [Appendix A, Figure A-1]. The collected uncured resin tube

was cut into 10”x10"squares and heated in the oven at 110 °C for 2 hours. No pressure was applied.
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2.2.3 Aging of onsite-cured CIPP samples

Onsite-cured CIPP samples were cut using a water jet cutting machine to 120 mm (length)
x 12.5 mm (width) x 7.5 mm (thickness). The samples were polished to achieve a smooth surface
using 2000 and 320 grit micro-fine sandpaper.

Sample immersion tests in distilled water were conducted according to the ASTM D543-
14 standard. Ten samples were immersed in 500 ml solution in a 500 ml glass bottle with PTFE
lined caps and kept in the oven at 40 °C for 7 days. At the end of test, the samples were taken out
of the solution and kept at 23 °C and 50% relative humidity for 48 hours, according to the ASTM
D618—13 standard.

2.2.4 Thermogravimetric analysis (TGA)

The thermal stability, and the volatile content of the onsite-cured CIPP (inner and outer
layers), the uncured and oven-cured CIPP liner were studied using a Q-500 thermogravimetric
analyzer and platinum pans, both from TA Instruments Inc. (Delaware, USA). Sample weight was
maintained between 10-15 mg and a gas purge flow rate of 60 mL/min was used. Samples were
heated at 10 °C/min to 160 °C in a nitrogen atmosphere and held for 120 minutes to examine the
volatilization of organic compounds and the evaporation of styrene. Samples were further heated

at 10 °C/min to 900 °C in air to examine the degradation of the composite material.

2.2.5 Differential scanning calorimetry (DSC)

Curing behavior and thermal analysis of the inner and outer layers of the onsite-cured CIPP,
the uncured resin tube and the oven-cured resin tube were performed using a Q-2000 differential
scanning calorimeter (TA Instruments Inc., Delaware, USA). Aluminum sealed pans were used
with sample weight of approximately 10 mg and scans were performed at 20 °C/min from -25 to
200 °C. A heat-cool-heat cycle was used during the experiment to understand residual curing

behavior and the emission of volatile chemicals.

2.2.6 Proton nuclear magnetic resonance (*HNMR) analysis

150 mg of onsite-cured CIPP (inner and outer layers of CIPP), uncured resin tube, and

oven-cured resin tube were immersed in 1.5 ml of deuterated chloroform in 20 ml glass vials with
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PTFE caps and kept in the oven at 40 °C for 24 hours. At the end of the 24-hour period, the
extracted chemicals were separated out from the residue using syringe filters with polypropylene
housing (0.45 um pore size and a polypropylene membrane) and was placed in a NMR tube. H
NMR spectra were collected using 64 scans on a 500 MHz Bruker spectrometer (Bruker BioSpin,
Fremont, CA, USA) equipped with TopSpin software. The *H NMR peaks were analyzed using
MestReNova software. Initially the tentative organic compounds were identified by using
ChemOffice Professional 16 software. Finally, 'H NMR was conducted on standards chemicals
for the confirmation of the tentatively identified compounds.

2.2.7 Chemical extraction and GC/MS analysis of CIPPs

Subsamples of all CIPPs were obtained by cutting through the wall of the CIPP with a drill.
Subsamples were cut into spirals to increase the contact surface area of the CIPP with the extraction
solutions. Dichloromethane was used as the extraction solvent due to its non-polarity and prior use
for uncured resin tubes for CIPP [5]. About 3 g of CIPP sample was added to a 20 mL amber glass
vial with a PTFE cap and filled with an extraction solution. The experiments (uncured, onsite-
cured and oven-cured CIPP) were performed in triplicate. Extractant solutions were stored in a
dark at room temperature for 3-days, based on previous experimental results [5]. After 3-days
extraction, solvents were filtered through a 0.2 pm PTFE filter to prevent any solids from entering
the GC/MS. Filtered samples were analyzed using a Shimadzu GC/MS-TQ8040 (Shimadzu
Scientific Instruments, MD, USA). Each extract was diluted by a factor of 10 except for the
uncured resin. Uncured resin was diluted by a factor of 1000 to avoid saturation of the column by
highly concentrated chemicals. 1,4-Dichlorobenzene-d4 (1 mg/L) was the internal standard and
was added to 1.5 mL samples. The helium carrier gas for the GC/MS was used at a 3.0 mL/min
purge flow rate and a 1.5 mL/min column flow rate. Samples were injected in split mode with a
1:10 ratio at 280 °C. The cut time for the dichloromethane samples was 1.8 min to 27.50 min and
was 2.5 min to 27.5 min for the hexane samples. Syringes were rinsed in methanol three times
between each injection.  Analytical standards for the confirmation and quantification of the
organic compounds in the GC/MS are shown in the Appendix A.
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2.2.8 Absorption and swelling test

Three specimens of 8 mm (width) x 10 mm (length) were cut along the interface of the
inner and outer layers of onsite-cured CIPP sample to separate the individual layers of onsite-cured
CIPP. The specimens were polished to create smooth surfaces and were kept dry in an oven at
50 °C for 24 hours and were cooled to room temperature in a desiccator. The weight and dimension
of the dry specimens were measured and recorded. The dried specimens were then immersed in
distilled water and kept in an oven at 40 °C. The specimens were removed from the water
periodically (at 24, 48, 72, 84, 96, 120, 144 hours) and wiped with filter paper to remove surface
water. The sample was immediately weighed with a digital scale and the dimensions were
measured with calipers. After measurement, the specimens were re-immersed in water and kept in
the oven. The weight gain was measured using the following equation:

W (%) = —W(tijzov)v(o) x 100 1)
where w(t) and w(0) are the weight of the CIPP specimen at time t and before immersion,

respectively.

2.2.9 Thickness measurement

The images of multiple location of onsite-cured liner was taken using an AmScope stereo
microscope and the AmScope image capture software. The inner and outer layer thickness was
measured by ImageJ software. At least sixty measurement was taken, and the average value was
determined. Two unpaired independent samples t-test was performed to compare results with a
probability (P value) of 0.05.

2.2.10 Porosity measurement

Onsite-cured CIPP samples (inner and outer layers) were further investigated to study the
porosity of conditioned specimens using optical microscopy and compared with as-received CIPP
specimens. Samples were imaged in multiple locations using an AmScope stereo microscope and
the AmScope image capture software. At least twenty images were taken for each specimen. The
selection tool in Adobe Photoshop was used to outline and select the pore regions in each image.

ImageJ was used to apply a threshold to the copied pore-only images, distinguishing the pores
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from the non-porous regions. Using the “analyze particles” feature in ImageJ, percent area (percent
porosity) was calculated for each sample image. The average of the percent areas was used to
determine the percent porosity of the sample [Appendix A, Figure A-2]. Two unpaired independent
samples t-test was performed to compare the porosity of non-conditioned and water-conditioned
specimens with a probability (p value) of 0.05.

2.2.11 Density measurement

The density of the inner and outer layers of the onsite-cured CIPP was measured according
to ASTM D792-00, before and after the absorption and immersion tests. The samples were
weighed in air and during submersion in water. Proper caution was taken so that no air bubbles
were present on the sample surface during submersion in water. Two unpaired independent
samples t-test was performed to compare the density of non-conditioned and water-conditioned
specimens with a probability (p value) of 0.05.

2.2.12 Flexural testing

Flexural tests were performed of curved samples excised from the cylindrical pipe. Though
the samples were curved, every attempt was made to follow the modified ASTM D790-17 standard
for flexural testing of composite samples [33]. Samples of the material both before and after
immersion in water were tested. The apparent flexural strength and modulus of the composite were
determined using the three-point bending test method using an MTS 810 instrument (MTS Systems
Corporation, MN, USA) with a 22 Kip load cell. Note that because of the gross curvature and
local thickness variations in each sample, only an apparent flexural strength and modulus can be
calculated. These are not to be interpreted as the true values of strength or modulus, as the stress
state in the specimen was not actually determined, for the aforementioned reasons. However, these
apparent values give an approximate means to compare the effects of immersion on the mechanical
properties of the material. There was no significant change in sample dimensions for the
mechanical testing for immersed and neat samples as all exposed samples were dried for 48 hours
prior to testing. The tests were conducted using the displacement control mode with a crosshead
speed of 1 mm/min. The nominal sample size was 100 mm (length) x 12 mm (width) x 7.5 mm

(thickness). The span length to thickness ratio of 10:1 was maintained, thus the span was adjusted
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accordingly based on the directly measured thickness for each sample, with a nominal span length
of 75 mm. Seven non-conditioned samples and six water conditioned samples were tested at 23 °C
and 50% humidity. The average value of flexural modulus and strength were taken and two
unpaired independent samples t-test was performed to compare the mechanical properties of non-

conditioned and water-conditioned specimens with a probability (p value) of 0.05.

2.2.13 Fracture surface analysis

The fracture surfaces of the conditioned and non-conditioned samples were investigated
using an AmScope stereo microscope (Irvine CA) and the AmScope image capture software. In
addition, a Phenom ProX desktop SEM (PHENOM WORLD, Netherlands) was also used to obtain
images of the fracture surface of the specimens.

2.3 Results and Discussion
2.3.1 Physical and mechanical properties of the exhumed CIPP

Visual differences in the CIPP inner and outer layer led the authors to investigate each
individual layer. The newly created CIPP removed from the field (onsite-cured) consisted of two
resin-impregnated PET felt layers (Figure 2.1). Notably, the CIPP thickness and the physical
properties differed between the CIPP’s inner and outer layer (Figure 2.2). The thickness of inner
and outer layers are 2.65 mm and 5.26 mm, respectively. Porosity of the inner layer (3.4 %) was
less than that of outer layer (8.1 %). Interestingly, the CIPP bulk densities were not different.
Allouche reported the density and porosity of five different installations sites in Denver, Colorado
and Columbus, Ohio [34]. The range of density and porosity of CIPPs of those sites were 1.0731-
1.174 and 8.16-17.75 %, respectively.

During steam curing, there is likely a temperature difference between the inner layer (in
contact with steam) and the outer layer (in contact with the cold host pipe) as depicted in Figure
2.1 [35]. Therefore, the outer layer of the CIPP liner likely experienced a slower temperature
increase than the inner layer because resin saturated fiber felts have low thermal conductivity. The
complete consolidation of the outer layer could not be achieved prior to the resin viscosity rising

beyond the processable range, which resulted in a non-uniform and poor consolidation region in
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the outer layer of the liner [35]. Thus, the thickness of the outer layer is higher than that of the

inner layer because of this consolidation effect.

Properties Inner Layer Outer Layer
M 4
- A Wit - >
Bx-y » »
Surface e <
Morphology | & S DN
Porosity, % 3.41 +£0.89 8.07£1.32
Density, g/cm? 1.24 £ 0.02 1.23+£0.01
Thickness, mm 2.65+0.05 5.26 £ 0.09

Figure 2.2 Physical properties of the inner and outer layers of the exhumed CIPP.

Porosity can be formed due to entrapped air during resin impregnation, the insertion of
impregnated uncured resin liner into the culvert, and the liberation of volatiles formed during the
curing cycle. The observed porosity difference between the inner and outer layer may have been
caused by several phenomena. During CIPP manufacture, high pressure steam was applied to
expand the liner, and this pressure may have forced entrapped air bubbles towards the edge of the
CIPP. In addition, the porosity of the inner layer of the CIPP is smaller and spherical in shape,
while large cylindrical pores were observed at the CIPP edges. The consolidation pressure (curing
pressure) may vary across the thickness of the fiber reinforced composite laminate [35,36]. The
consolidation pressure was applied from the inner layer during steam curing, and then the pressure
was distributed across the thickness of the liners. When consolidation pressure was applied from
the inner layer (comparatively high-pressure region), resin started to flow towards the edge of the
liner (low pressure region). The voids (formed due to entrapped air or volatiles) may have migrated
from the inner layer to the edge and coalesced to form large cylindrical pores. Liu and Chen
reported that voids were small and spherical at a higher pressure while larger and elongated voids
could be observed in lower pressure regions [37]. Another explanation of this behavior could be

that the CIPP reached a cured state or sufficiently high viscosity prior to entrapped air or porosity
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completely diffusing out of the CIPP, leaving large regions of porosity near the edge. Rubin and
Jerina reported that insufficient curing pressure would form porosity in a composite laminate [38].

Mechanical properties could only be measured for the entire exhumed CIPP sample, not
the individual layers. The flexural strength and modulus of the exhumed CIPP were 43.25 + 2.13
MPa and 1,437+ 93.99 MPa, respectively. Minimum standards for the flexural strength and
flexural modulus of the approved polyester-saturated felt CIPP liners are 31 MPa and 1,720 MPa,
respectively according to contractor records [33] and in some cases meeting a minimum
mechanical performance threshold is used to determine if a CIPP installation has been “fully-
cured”. The types of resin (polyester or vinyl ester), reinforcing materials (flexible felts or
equivalent woven or non-woven materials) and most importantly, the curing condition (pressure
and temperature) play a vital role to control the mechanical strength of the cured CIPP liners. The
minimum and maximum flexural strength and flexural modulus of CIPP reported in the literature
are 34.7-50.1 MPa and 1,259-3,379 MPa, respectively [34]. As we could not separate the two
layers, it is unknown whether the extra porosity in the outer layer weakened it or the final

composite, although this cannot be discounted.

2.3.2 Thermal Behavior: Exhumed CIPPs vs. Oven Cured CIPP Material

Calorimetry and thermogravimetry measurements identified differences between the
uncured resin tube, inner and outer layers of onsite-cured CIPP, and oven cured CIPP material
(Figure 2.3). The uncured resin shows a pronounced exotherm between 80 °C and 120 °C with a
maximum peak temperature around 100 °C due to the thermal curing of the resin. In both the first
and second heating scan of the uncured resin tube, two endothermic peaks were observed at around
120 °C and 160 °C, indicating the melting temperature (Tm) of polyethylene/polypropylene bilayer
coating [Appendix A, Figure A-3]. In contrast, the onsite cured CIPP exhibited much different
thermal behavior, even compared to the inner and outer layers. Neither the first or second heating
scan revealed the presence of an exothermic response associated with curing, indicating no residual
reactivity and that the resin was essentially “fully cured”. Both inner and outer layers had small
endotherms between 25 °C and 120 °C on the first heating scan only, which may be indicative of
volatilization. This lack of an endotherm on the second scan indicates that lack of detectable
amount of volatile contents. Oven-cured CIPPs exhibited very similar thermal characteristics to

onsite-cured CIPP, even though oven cured CIPP was not exposed to pressurized steam. Like
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onsite-cured CIPP, an endotherm was detected for the first heating scan, but not the second scan,

and the thermoplastic bilayer coating melting response was also found.
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Figure 2.3 DSC thermograms of uncured resin liner, inner layer of the onsite-cured CIPP, outer
layer of the onsite-cured CIPP, and oven-cured CIPP liners. DSC performed in nitrogen
atmosphere showing the heating portion of heat-cool-heat scan for each sample.

Thermogravimetric analysis was applied using air and nitrogen atmospheres to further
examine the thermal behavior of the uncured resin tube, onsite-cured CIPP (inner, middle and
outer layers), and oven-cured resin tube (Figures 2.4 and 2.5, Table 2.1). The initial weight loss
around 120 °C and was due to the evaporation of the residual volatile compounds, water and
unreacted styrene. Since the boiling point of styrene is around 145 °C, the residual entrapped and
unreacted styrene evaporated by around 160 °C [39]. As expected, the uncured resin tube contained
the most volatile material (7.73 and 9.16 % at 120 and 160 °C, respectively). Interestingly, the

oven-cured CIPP liner exhibited substantially less weight loss than onsite-cured CIPP samples,
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indicating that the onsite-cured samples may not have the same level of process optimization which
can be met under laboratory conditions. Furthermore, the volatile and styrene contents of the outer
layer (0.53 and 1.63 %) of onsite-cured CIPP were higher than in the inner layer (0.40 and 0.80 %).
During installation, the air pressure may have induced most of the residual volatiles and unreacted
active styrene monomers to migrate from the inner layer to the outer layer. These volatile
compounds entrapped in outer layer because of curing of the resin tube. Another possible
explanation could be that the inner layer has a higher/longer temperature and so is more fully cured
which reduced the volatile content. The absence of prior studies that examined CIPPs at this detail
inhibited a more fundamental explanation of the factors that influenced result.

The uncured resin tube exhibited a first major decomposition temperature (373.6 °C) due
to the decomposition of the unsaturated polyester crosslinked structure. The second decomposition
temperature represented PET felt as the raw felt had a 436 °C decomposition temperature
[Appendix A, Figure A.4]. The observed uncured resin tube decomposition temperature was
different from raw felt (436 °C) because decomposition of the crosslinked resin and coating
materials are all considered in the complex thermogram. Both oven-cured and onsite-cured CIPP
liners exhibited similar decomposition behavior trends. For onsite-cured CIPP liners, the inner
layer’s thermal decomposition behavior is comparable to the outer layer, however, as shown in
Figure 4, the inner layer shows two more decomposition events (around 323 °C) just before the 1%
major decomposition. These two decompositions were caused by the decomposition of the PE/PP
bilayer coating [Appendix, Figure A.4].

The third decomposition peak around 530 °C denoted the burn off for the carbon residue,
which remained after the first and second decomposition temperatures. Mass remaining at 900 °C
represented inorganic fillers (likely fumed silica according to the contractor’s SDS) [32]. The PET
felt with a PE/PP bilayer coating showed only 1-2% residue [Appendix, Figure A.4]. This result
further confirms that some inorganic material originated from the resin itself. Interestingly, the
outer layer contained the greatest amount of residue (26.4 %). One hypothesis could be that when
high pressure steam was blown inside the CIPP, fumed silica may have been pushed towards the
outer layer. Another possibility is that the inner layer sample collected for TGA analysis contained
coating layer which yield lower residue coating whereas the outer layer sample only consisted of
felt and resin. Independent compositional analysis of CIPP resins and uncured resin tubes were not

found in the literature for comparison.
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Table 2.1 Thermal behavior of uncured, onsite-cured, and oven-cured CIPP liners.

Sample Weight loss  Weight loss 1st step 2nd step 3rd step Residue
at 120 °C at 160 °C  Decomposition Decomposition Decomposition  Content at
(%) (%) Temp Temp Temp 900 °C
(W9 0 C) (%)

Uncured liner 7.73+0.18 9.16+0.33 373.6+0.8 412.44 +0.30 528.30+0.56 24.74+0.75
Oven-cured liner  0.42+0.11 1.41+0.29 381.8+0.48 410.21 £2.52 532.29+0.51 25.44+0.82

Onsite-cured 0.4740.03  0.80+0.06  379.95+0.47 403.11+8.51  528.83+3.78  15.95+1.27
(Inner layer)

Onsite-cured 0.53+.03 1.63+0.21 381.84+.48 420.6 £ 0.48 530.25+1.42 26.40+.82
(Outer Layer)

100 15
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Figure 2.4 (a) Thermogravimetric (TG) and (b) Derivative thermogravimetric (DTG) curves of
uncured, onsite-cured, and oven-cured CIPP liners.
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Figure 2.5 TGA weight loss of uncured, onsite-cured, and oven-cured CIPP liners at 120 °C and
160 °C.

2.3.3 Chemical analysis of leaching organic compounds

NMR analysis of the uncured resin tube revealed the presence of styrene as well as other
compounds (Table 2.2, Figure A.5). Styrene was detected by the presence of peaks around 5.25,
5.76, 6.72, 7.33, and 7.41 ppm, and was used with the isophthalic-based, polyester resin-saturated
PET felt liner. Other major compounds detected were benzaldehyde, phenol, and 1-tetradecanol.
Benzaldehyde is a known oxidation product of styrene [40]. Resin initiators are thermally unstable
and undergo self-decomposition to form decomposition products, such as 1-tetradecanol [41],
while phenol may be a contaminant of the unsaturated polyester resin. These compounds likely
volatilized from samples during TGA measurement.

An important observation of this study was that styrene dimers and trimers may be present

in onsite-cured CIPPs (Table 2.2). Complicating analysis and interpretation of NMR results was
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that limited information was found regarding the chemical NMR and library data for the styrene
dimers and trimers. Evidence suggests that styrene undergoes free radical polymerization to form
styrene dimers and trimers during curing temperatures and pressures in the presence of initiator
[Appendix A, Figure A.6]. Steam can catalyze oligomerization reactions and a prior CIPP study
reported that, during steam injection, water vapor can diffuse through uncured resin tubes to the
liner’s outer surface [Appendix A, Figure A.8]. Several potential styrene oxidation products were
also found in the onsite-cured CIPP [42]. They included styrene oxide, benzaldehyde, benzoic acid,
and 2-phenyl acetaldehyde [Appendix A, Figure A.7] [40].

GC-MS analysis results support NMR results and confirmed the presence of styrene,
benzaldehyde, and 1-tetradecanol in the uncured resin tube. Onsite-cured CIPP samples also
contained those three compounds but at much lower loadings [Appendix A, Table-A.1] The
findings of this study suggested that the steam/water curing process may have leached significant
amounts of benzaldehyde, 1-tetradecanol, and benzoic acid from the CIPP liners. Phenol and
benzoic acid were also detected in the onsite-cured CIPP. For oven-cured CIPP, all chemicals were
detected by NMR except benzaldehyde.

Interestingly, no styrene dimer or trimer compounds were detected for oven cured CIPPs
but were detected for onsite-cured materials. This finding indicates that onsite-curing conditions
may influence the styrene oligomerization process, and therefore the leachates and extractives of
the CIPP. As these organic molecules may diffuse into the water flowing through the installed
CIPP pipe and that hydrophobic polymers have moderate barrier properties towards organic
molecules (permeability of small organic molecules depends upon the chemical structure of the
permeant molecules) [43], research should investigate the effects of pressurized hot steam on

styrene oligomerization and their transport behavior.
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Table 2.2 Organic molecules detected from 1H-NMR spectra and GC-MS of leachate solutions of CIPP liners®.

Compounds 1H-NMR Analysis GC-MS Analysis
Detected Regions uncured | Onsite-cured | Oven- | uncured | Onsite- [ Oven-
ppm inner | Outer | cured cured cured
surface | surface
Styrene 5.25,5.76, 6.72, 7.33, 7.41 Yes Yes Yes Yes Yes Yes Yes
2,4-diphenyl-1-
' 2.29,2.56,4.96,5.33,6.83,7.14,
buten_e (styrene 7.107.22.7.28 No Yes Yes No No No No
dimer)
1,2-
diphenylcyclobutane 1.81,2.06,3.61, 7.19,7.28 No Yes No No No No No
(Styrene dimer)
2,4,6-triphenyl-1- 1.89,2.11,2.36,2.53,2.71,
hexane (styrene 4.96,5.33, 6.83,7.14,7.19, No Yes Yes No No No No
trimer) 7.22,7.24
1,3,5-
triphenylcyclohexane | 1.9,2.15,2.72,7.19,7.21,7.32 No Yes No No No No No
(styrene trimer)
2-phenyl
acetaldehyde (Minor | 4 43 7 557 247.27,3.66 No Yes | Yes | No No No No
Oxidation product of
styrene)
Benzaldehyde 7.53, 7.63, 7.88, 10.03 Yes Yes Yes No Yes Yes Yes
Phenol 8.7,7.24,6.84,6.93 Yes Yes No Yes No Yes Yes
1-Tetradecanol 0.88, 1.26, 1.43,1.58,3.62, 4.7 Yes Yes Yes Yes Yes Yes Yes
Benzoic acid 7.48,7.81,8.13,12.71 No No No No No Yes Yes

3CDCI3 and DCM solvents were used for *H-NMR spectra and GC-MS analysis, respectively. "Yes” represents the presence of the depicted organic molecules in
leaching solution.




2.3.4 Interaction of Water with CIPP Specimens

The swelling of the onsite-cured CIPP samples was investigated to examine the effect of
water conditioning on the change of physical and mechanical properties (Figures 2.6). Water
immersion results describe the Fickian behavior for CIPP’s outer layer. In contrast, non-Fickian
behavior was observed for the CIPP’s inner layer. This difference is likely due to the coating layer
delamination after 48 hours of immersion (Figure 2.7). Delamination likely introduced additional
sorption sites which enabled further weight gain. The higher water sorption (3.8% wt) found in the
outer layer compared to the inner layer (3.1% wt) was likely due to the outer layer’s higher
available porosity. The enhanced porosity of outer layer increases the possibility of having more
sorption sites and suitable diffusion paths. Furthermore, the authors assumed that the sorption
process achieved saturation within 7 days. No decrease in weight was observed during water
immersion experiments.

Swelling curves indicated that initially the sample thickness swelled dramatically and
reached a saturation point (constant value of thickness). Similar to weight gain data, the inner layer
exhibited a two-step swelling phenomena after exposing to water which further indicate
delamination of the coating layer. There was no observed difference in the swelling behavior of
the inner and outer layers of CIPP once the material had reached swelling equilibrium.

Microscopy results revealed that the initiation of coating layer debonding was observed
after samples were immersed for 7 days (Figure 2.7). This debonding was thought to be caused by
swelling (and thus dimensional changes) of the composite. Furthermore, the thermal contraction
of the matrix as it cooled down from its curing temperature may introduce residual stress [44].
During conditioning, the composites may swell and generate new residual stresses acting in
opposition to the thermal stresses. Part of thermal residual stresses were relieved by the effects of
swelling [44]. During conditioning, the swelling effect weakening the thermoplastic coating

adhesion although no matrix crack could be observed.
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Figure 2.6 Weight (a) and thickness (b) change of inner and outer layers of CIPP as a function of
immersion time.
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Figure 2.7 Debonding between the coating layer and the composite layer of the CIPP before and
after condition.
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2.4 The effect of water conditioning on physical and mechanical properties

In Figure 2.8 is shown the density and porosity measurements for the two materials. While
no differences were detected for porosity and density for water conditioned oven cured CIPPs,
water conditioning altered the mechanical behavior of the specimens as follow. To investigate the
effects of conditioning on the mechanical properties of the CIPP, flexural tests were performed.
The flexural modulus and strength of the specimens was measured before and after conditioning
in water, as shown in Figure 2.9. Ductile behavior was observed in the flexure tests of non-
conditioned specimens, while more brittle behavior was seen in the water-conditioned CIPP liners
(Appendix A, Figure A.10-A.11). The flexural strength and modulus of the CIPP were 43 + 2 MPa
and 1,400 + 100 MPa, respectively. Surprisingly, after water-conditioning the modulus value
increased by 20%, although the difference in strength was statistically insignificant, indicating that,
at least in the short term, water exposure (such as during use or during CIPP sample transport to a
testing laboratory) may improve the mechanical performance of the CIPP. The non-conditioned
samples contain unreacted monomers and other organic molecules which are expected to plasticize
and increase the toughness of the composite materials. In contrast, after water conditioning, the
synergistic effects of the thermal aging (post curing) and the leaching of the residual organic

molecules caused the composite samples to behave like brittle materials.
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Figure 2.8. Porosity and density of the inner and outer layers of the non-conditioned and water-
conditioned CIPP specimens.
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Figure 2.9 Flexural strength and modulus of the CIPP samples before and after conditioning.
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Figure 2.10 Optical microscope images of fracture surface of as-received and conditioned CIPP.
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Figure 2.11 SEM images of the fracture surface of non-conditioned, water-conditioned and
chloroform-conditioned CIPP specimens.

Fracture surface analysis of the non-conditioned specimens showed toughened behavior of
the samples with little crack initiation and no fracture of coating layer (Figure 2.10 and 2.11). In
contrast, the water-conditioned specimen exhibited destructive damage with brittle behavior after
mechanical testing. This embrittlement was likely due to the removal of compounds (e.g. styrene)
that had plasticized the CIPP liner. Furthermore, the mode of failure for both non-conditioned and

water-conditioned specimens included matrix cracking, pot holing, and fiber pull-out.

2.5 Summary

The goal of this study was to investigate the CIPP liner in terms of physical properties,
presence of unreacted volatile compounds and mechanical properties. The porosity and density of
the inner layer differed from the outer layer as the inner layer may have been influenced by higher
pressure and temperature during installation. Installation pressure and temperature also likely
influenced the presence of unreacted volatile content. Volatiles present in the CIPPs included
styrene, it’s oxidation products, and other possible carcinogens of varying amounts. TG analysis
showed that the volatile content, of inner layers was lower than outer layer. Unique to this study
was that styrene dimer and trimers were found in the onsite cured CIPP liner but were not detected

when the same uncured resin tube was oven cured in the laboratory. The inner and outer layer
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exhibited response differently to water conditioning, showing different porosities and uptake.
Furthermore, water conditioning did not change strength of the liner significantly, although
conditioning did show onset of cracks and debonding indicating that long-term mechanical
performance may be compromised to some degree. Additional work is needed to document the
characteristics of CIPPs being installed, elucidate the role of the temperature gradient down the

length of the liner and through the pipe wall, and sensitivity of final properties to pressure, curing
temperature, and exposure duration.
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CHAPTER 3. INFLUENCE OF AGGRESSIVE ENVIRONMENTAL
AGING ON MECHANICAL AND THERMO-MECHANICAL
PROPERTIES OF UV-CURED CIPP LINERS

All research work except GC-MS experiment was performed by Md Nuruddin. All analysis except
GC-MS analysis was performed by Md Nuruddin with guidance by Prof. John Howarter and
Jeffrey P. Youngblood. All writing was performed by Md Nuruddin with guidance and editing by
Prof. John Howarter, Jeffrey P. Youngblood, and Andrew Whelton.

The following chapter contains content reproduced with permission from Md Nuruddin, Kayli
DeCocker, Seyedeh Mahboobeh Teimouri Sendesi, Andrew J. Whelton, Jeffrey P. Youngblood,
John A. Howarter " Influence of aggressive environmental aging on mechanical and thermo-
mechanical properties of Ultra Violet (UV) Cured in Place Pipe liners” Journal of Composite
Materials.

3.1 Introduction

Cured-in-place pipe (CIPP) is a popular trenchless technology that was invented in the 1970s
to rehabilitate the existing sewer and underground water pipe [45]. This in-situ process has gained
wide attention in the U.S. because its use can help avoid open-trench excavation and roadway
shutdowns. The process involves the insertion of felts (PET or fiber glass) saturated with thermoset
resin (unsaturated polyester, vinyl ester or epoxy) into the existing deteriorated pipe. The resin is
then polymerized using hot water, hot steam, or UV light [46]. Thermal curing processes (hot
water and steam) are the most popular in the U.S. because of their low process cost and lower
working time compared to UV light process [46]. However, concerns exist regarding chemical
emissions into the environment by thermal curing processes. Teimouri et al. (2017) reported that
a multiphase mixture was released during steam CIPP installation that contained carcinogenic
styrene vapor, but also degradation products of styrene, other organic volatile organic compounds
(VOC), uncured resin, particulates, and water vapor [6]. Ra et al. (2019) found a variety of VOC
and semi-volatile organic compounds leaching from new steam-cured CIPP liners in California
[8]. Compounds were mainly initiator degradation products (i.e., acetophenone, 4-tert-
butylcyclohexanone, 1-tetradecanol, benzoic acid), monomers and oligomers (i.e., styrene, dimers,
trimers, and other monomers), an oxidation product (i.e., benzaldehyde) [8,47]. Kobos et al. (2019)
found that material discharged during steam-CIPP manufacture can be toxic to human and mouse

lung cells [48].
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Compared with the thermal CIPP manufacturing process, UV CIPP technology first entered
into U.S. in 2007. The practice is reportedly claimed to have faster curing, lower chemical
emissions, small carbon footprint, high strength reinforced materials, avoiding usage of hot water
or steam, and no requirement for a cool-down phase [7,46,49]. As found by Ra et al. (2018) and
Li et al. (2019), chemical leaching into water associated with UV-cured CIPP installation process
is still a problem [7,9]. Ra et al. (2018) reported multiple prior studies showing that styrene leached
from the UV-cured CIPPs into simulated storm-water that was flushed through the pipes [9]. Most
recently, Li et al. (2019) collected the rinse water exiting each CIPP after installation followed by
immediate flushing in New York and Virginia installation sites. Results showed that rinse water
the styrene and dibutyl phthalate (DBP) levels exceeded state surface water limits[7].

Numerous studies have focused on the air emission and water quality due to leaching of
carcinogenic styrene and other organic volatiles of the nearby area during CIPP installation [6—
9,50]. Cured-in-place pipe is used for rehabilitation of underground or stormwater pipes, but a lack
of knowledge of hygrothermal degradation mechanisms, durability of the material and potential
property changes due to aging creates a challenge for long time usage. Few of the reported studies
have dealt with the mechanical and physical properties of CIPP liners [51-55] but long term
durability was not a focus. Nuruddin et al. (2019) investigated the physical and mechanical
properties of steam cured CIPP liners after short time exposure to water for 7 days at 40°C[56].
They reported that the physical properties (porosity and density) were not influenced by water
aging although flexure modulus was increased significantly because of leaching unreacted styrene
and other volatiles compounds.

UV-cured CIPP liners made of fiber glass/PET felts reinforced polyester resin. Thus the
mechanical and thermal properties of both polymer resin and reinforcing fibers can be degraded
significantly after exposure to aqueous and aggressive environment especially salt and alkaline
solutions [57-61]. When exposed to a humid environment, the transportation (sorption and
diffusion) of water molecules into the molecular structure swells the matrix, and generating
internal stresses that can crack and fail the resin [62]. Furthermore, the polymer matrix can undergo
chain scission triggered by hydrolysis, and low molecular weight material leaching from the bulk
resin could further degrade the matrix [63]. Thus, changes in the resin can be classified as
reversible (plasticization and swelling) or as irreversible (hydrolysis, dissolution, and

microcracking) [64]. These reversible and irreversible process causes microstructural defects, and
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subsequently weakening the interfacial strength of fiber reinforced composite. On the other hand,
glass fibers undergo corrosion induced damage due to the interaction of moisture with the metal
oxides and thus results in reduced mechanical strength [65].

CIPP can be exposed to sea salts in hot-humid climates or marine environment, deicing salts
in cold climates, and many other severe environments. Because CIPP liners are installed for
damaged concrete sewerage pipe rehabilitation, CIPP may exposed to concrete pore solution
having pH values ranges from 12.4 to 13.7 [65]. Thus, the presence of elevated temperature,
alkali, and salt in humid environment have synergistic effect on degradation mechanism of both
polymer and fibers. The elevated temperature during aging of composites could play an important
role in the degradation process of composite materials. Ray reported that at the same level of
absorbed moisture, interlaminar shear strength of composite is decreased with increasing
conditioning temperature [66]. High temperature imposes polymer chain scission, thermo-
oxidation or lead to polymer post-curing. Salt molecules accelerates degradation mechanism by
hydrolysis and scission of the chemical bonds. Moreover, salt crystals inhibit the moisture
diffusion by blocking the paths through which water diffuses into the material. Furthermore, the
alkaline environment damages glass fibers severely by chemical attack which reduce the toughness
and strength of the fibers [67].

In this study, the mechanical and thermo-mechanical performance of newly manufactured
CIPP liners from two different storm sewer installation sites were investigated. Characterization
of volatile material inside the new CIPPs and residual curing were conducted. Furthermore, the
samples were exposed to the distilled water, saltwater and concrete pore solution to investigate the
combined effect of temperature, humidity, saltwater and alkaline environment on the interlaminar

shear strength and viscoelastic properties of CIPP liners.

3.2 Materials and Experiment
3.2.1 Materials

All the materials examined in this study were obtained from two installation sites of a CIPP
storm-water culvert liner, in Syracuse, NY (Figure 3.1). The contractor for both sites used a
SAERTEX®-S-LINER. This liner composition was reported in Li et al (2019) [7]. The main liner

material contained two layers of unidirectional stitch-bonded fiber glass (comprises 45% of the
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total liner weight) and vinyl ester resin, and a thin layer of PET fleece. The liner was covered by
multiple layers of foils. During installation, the inside of the liner was protected by a laminated
foil (PA/PE). This foil was removed after installation. There were two outside foils, one preventing
the escape of styrene and resin, and the second providing protection against UV light and any

damages while handling the liner [68].

UV-CIPP-Site-1

Figure 3.1 UV-cured CIPP liners.

The material SDS provided by CIPP contractor, indicated the resin used was ATLAC® E-
Nova RE 3475. The composition of the resin included 35-50% styrene, 0.1-25% phenyl bis(2,4,6-
trimethylbenzoyl)-phosphine oxide (Irgacure® 819), less than 0.25% 2,2-dimethoxy-1,2-
diphenylethan-1-one (Irgacure® 651) [69]. The resin MSDS also indicated that it was an epoxy
bisphenol A vinyl ester urethane especially modified for thickening with magnesium oxide,
dissolved in styrene [70]. A 4x1000 W light bulb UV light train was used for the curing process.
The wavelengths of highest intensity were between 400 and 450 nm.

The CIPP liners from NY were installed in corroded corrugated metal pipes. These pipes

were pre-cleaned by contractors prior to installation. For both sites, standing water existed at both
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culvert inlet and/or outlet locations. Liners from site-1 and site-2 were installed on August 8-10,
2017, both having a diameter of 61.0 cm and length of 30.5 m. Once the CIPP liner was
manufactured and the ends were cut off, wall thickness was measured at culvert inlet using a tape
measure.

The authors were present onsite during setup, CIPP manufacture, and cleanup. The authors
collected uncured resin tube samples from the contactors, who also cut samples from the end of
the newly installed CIPP liner (7-8 mm thickness) using a razorblade. The cured and uncured
samples were immediately covered with black bag and stored in a cooler separately with dry ice
during shipment. Once at the author's laboratory, the sample was stored in a freezer at -20 °C until
analysis was performed.

For wet chemistry, solid liquid extraction experiments and gas chromatography-mass
spectrometry (GC-MS) analysis, the following analytical standards were purchased from Sigma
Aldrich, Inc.: Calcium Hydroxide (> 96%, 2.24 g/mL), sodium hydroxide (> 97%, ACS reagent),
Calcium sulfate (4 mesh particle size), potassium hydroxide (2.04 g/cm?®), styrene > 99% that
contained 4-tert-butylcatechol as stabilizer (CAS# 100-42-5). Styrene was confirmed and
quantified in the solutions because it was the most abundant and consistently detected compound.
Other contaminants leached from the composites at lesser levels, were only detected in some

replicate aging solutions, and were not quantified.

3.2.2 Differential scanning calorimetry (DSC)

Curing behavior and thermal analysis was conducted for CIPP liners. A Q-2000 differential
scanning calorimetry (DSC) was applied (TA Instruments, Inc., Delaware, USA). Approximately
10 mg samples were added to aluminum sealed pans for testing. Heat-cool-heat cycle scans were
performed at a ramp rate of 20 °C/min from -25 °C to 200 °C in nitrogen environment. Heating
and cooling curves were examined to understand residual curing behavior and emission of volatile

compounds.

3.2.3 Thermogravimetric analysis (TGA)

The thermal stability and volatile content of CIPP liners was determined using a Q-500

thermogravimetric analyzer (TGA) (TA Instruments, Inc., Delaware, USA). A sample weight of
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10 to 15 mg was used for testing. A gas purge rate of 60 mL/min was used. Samples were heated
to 160 °C at a rate of 10 °C/min in nitrogen atmosphere. The volatilization of organic compounds
and evaporation of styrene was examined by holding samples at 160 °C for 120 min. Samples were
then headed to 900 °C at a rate of 10 °C/min to determine the composite degradation behavior.
This approach was previously applied by Li et al. and Ra et al. for CIPP specimens exhumed from
the field [7,8].

3.2.4 Aging solution and experiments

A salt solution and a concrete pore solution were prepared for the CIPP exposure
experiments. Deionized water (>18.0 MOhm-cm) was obtained from a Barnstead™ system. A 10%
NaCl salt solution was made by dissolving 100 gm of NaCl in 900 mg of water. The simulated
concrete pore solution with a pH of 13.5, was made by dissolving analytical grade 0.1 M calcium
hydroxide (Ca(OH)2), 0.1 M sodium hydroxide (NaOH), 0.2 M potassium hydroxide (KOH) and
0.003 M calcium sulfate (CaSOs4), according to Ghords et al. [71].

3.2.5 Absorption and swelling tests

Three CIPP liner samples from site-1 and site-2 were cut using a water jet cutter into
squares of 10 mm wide by 10 mm long. These cut samples were then polished to smooth the cut
surfaces. Samples were then kept dry at room temperature for 48 hr, which were then weighed.
Three specimens from each site were immersed in distilled water, a salt solution, or a pore solution.
These solutions were stored in a 50 °C oven for the duration of the experiment. The specimens
were removed from the aging solutions periodically (at 24, 48, 72, 84, 96, 120, 144, 168, 192, 216,
240, 264, 288, 312, 336 hr) and wiped with Kim wipes to remove surface water. The dry specimens
were immediately weighed and then returned to the solutions. Weight gain was calculated using
the following equation:

W (%) = —W(tijzov)v(o) x 100 (1)
where w(t) and w(0) are the weight of the CIPP specimen at time t and before immersion,

respectively.
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3.2.6  Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) was applied to determine what metal ions were
ingresses into the interior of the liners from the solutions. After 15 days of the absorption and
swelling test, the specimens were sampled by cutting sections across the plys, and EDS analysis
was performed within 150 um of the exposed end using Hitachi S-4800 cold-cathode field-
emission scanning electron microscope (FE-SEM) to determine the existence of any penetrated

metal ions.

3.2.7 Accelerated aging of onsite-cured CIPP samples

CIPP liners from the field were prepared for viscoelastic and inter-laminar shear strength
(ILSS) investigation by first cutting with a water jet cutter. Cut samples were polished starting
with 320 grid sandpaper and increasing grit until reaching 2000 grit sandpaper. Ten samples were
prepared for ILSS testing and four samples prepared for viscoelastic measurements. After
polishing, all samples were immersed in solutions in individual 1000 mL glass bottles with PTFE-
lined caps. Immersed samples were kept in an oven at 50 °C for 15 days according to ASTM D543-
14 standard [72]. At the end of their aging period, samples were then taken out of the solutions
and kept at 23 °C and 50% relative humidity for 48 hr, following standard ASTM D618-13 [73].
The dry specimens were tested to investigate the irreversible change in mechanical and viscoelastic
properties of the CIPP liners.

3.2.8 Headspace gas chromatography-mass spectroscopy (HS GC-MS)

At the end of aging period, the solution containing extracted chemical compounds was
investigated to identify the styrene that leached into aging solution using a HS GC-MS method. A
Shimadzu GC-MS instrument equipped with a HP-5MS capillary column with a length of 30 m,
diameter of 0.25 mm, and film thickness of 0.25 um (Agilent Technologies, Inc.), and a headspace
syringe (2.5 mL) from PAL system (Lake EImo, MN, USA), was used to identify and quantify any
volatile organic compounds (VOCs). Due to high concentrations of compounds extracted by
solvent and also variation of chemical concentration from each CIPP liner, extracted samples from
site-1 were diluted 10 times and extracted samples from site-2 were diluted 100 times to avoid

contamination in GC-MS. Freshly prepared aging solutions were used for dilution i.e., freshly
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prepared pore solution was used to dilute the pore solution containing extracted chemicals. Three
replicates of the diluted samples, of 10 mL volume containing 1,4-dichlorobenzene-d4 dissolved
in methanol as internal standard (1S), were analyzed by GC-MS. For that, the samples were first
placed in autosampler agitator with 250 rpm speed and then incubated at 55 °C for 20 min. Next,
the syringe collected 1 mL of the headspace which was immediately injected to GC-MS. IS
concentration for samples expected to have higher and lower chemical level was 6.27 mg/L and
57 ug/L, respectively. The oven temperature was initially set at 50 °C and held for 3 min, then
ramped to 120 °C at 10°C/min. The purge flow used was 3.0 mL/min and column flow was 1.48
mL/min. Split injection was performed with a hold at 220 °C with a set ratio of 10. Total time for
each run was 10 min. Calibration curves were produced for styrene in the range of 50 pg/L to 1.36
ng/L (R? = 0.994) for the site 1 samples and styrene in the range of 290 ug/L to 3.43 ug/L (R? =
0.999) for site 2 samples. Analysis of variance (ANOVA, two factors with replication) was
conducted to identify variation between type of solution and CIPP sites in liquid-solid extraction

experiments by considering 5% level of significance.

3.2.9 Inter-laminar shear strength (ILSS) characterization

The inter-laminar shear strength (ILSS) of the as-received and the aged CIPP liners was
determined using a short beam shear test, following standard ASTM D-2344-00 [74]. The short
beam shear test was considered to find inter-laminar shear strength of the fiber reinforced
composites by generating an inter-laminar shear by bending the sample. The test was performed
using a ADAMET Expert 7603 universal testing Machine (Massachusetts, USA). 3-point bending
mode was used to study the ILSS [Appendix B Figure B.1]. Displacement mode was used with a
cross-head speed of 1.0 mm/min. Load was applied at the center until first failure was observed.
The load at the first fracture was used to calculate the inter-laminar shear strength using a relation
derived from classical beam theory as shown in the equation 2. Eight or more of each sample type
was tested and used to determine the average ILSS value for each sample type.

_ 075xF (2)
WXt
Where, t- Shear strength in MPa, F - Maximum applied load in KN, W - Width of Specimen in

mm, t - Thickness in mm.
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The dimensions of the specimens used in the test were 12 mm wide by 40 mm long. The
thickness was the original thickness of the liner around 6.5 mm. The span length in the set up was
19.5 mm and width of each beam was 12 mm, as required by standard ASTM D2344-00.

To compare the ILSS properties between site-1 and site-2 and different aging effect, the results
were analyzed by using two-way analysis of variance (ANOVA) to check for significance (at 0.05

level).

3.2.10 Fracture surface analysis

The surface and cross-section images of as-received and aged CIPP specimens were
investigated using Hitachi S-4800 cold-cathode field-emission scanning electron microscope (FE-
SEM). A thin layer of gold was sputtered on the surface of the specimens. Surface images were
taken at two different magnifications with accelerating voltages of 10 and 30KV.

3.2.11 Dynamic mechanical analysis (DMA)

A DMA 800 ((TA Instruments, Inc., Delaware, USA) was used for the thermo-mechanical
testing. The samples tested were 13 mm wide by 50 mm long. Both as-received and aged
specimens were mounted in a 3-point bending set-up. A static load of 1N was applied the to the
samples while also dynamically oscillating with a deflection maximum of 40 um amplitude. The
temperature ramped at 5 °C/min from 30 °C to 200 °C. Storage and glass transition temperature
(Tg) were obtained from the data. To compare the storage modulus and T4 between site-1 and site-
2, and different aging effect, the results were analyzed by using two-way analysis of variance
(ANOVA) to check for significance (at 0.05 level).

3.3 Results and discussion
3.3.1 Thermal Behavior of CIPP Specimens

Proper curing (crosslinking of polymer resin) of the CIPP liner is important since it strongly
influences the mechanical properties and resistance to aggressive environment. Thus, the curing
behavior of CIPP from installation sites-1 and site-2 investigated using differential scanning
calorimetry with heating-cooling-heating scan. The residual cure of monomer styrene indicates the

unreacted resin and this generally corelates with crosslinking. The unreacted monomers of not
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fully cured resin undergo further crosslinking at high temperature which shows the exothermic
peaks in DSC analysis.

As shown in Figure 3.2, first heating scan shows wide range endotherm attributed to the
evaporation of volatile chemicals present in the specimens. In contrast, the second heating scan
shows a flat line indicating the absence of volatile components. The broad endothermic peak is
more prominent for site-2, indicating the presence of a greater amount of volatile chemicals.
Furthermore, the site-2 CIPP liner had a pronounced exotherm with a maximum peak at about
160 °C arising due to the thermal curing of the resin (Appendix B, Figure B.2). This exothermic
peak is absent in second heating scan indicated that after first heating scan, the specimens are fully

cured, and no volatile chemicals present.
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Figure 3.2 DSC curves of CIPP specimens from site-1 and site-2.

Further thermal behavior of CIPP was analyzed using thermogravimetric analysis under air
and nitrogen atmosphere as shown in Figure B-3 (Appendix B) and Table 3.1. Volatile content
was significantly much greater in site-2’s CIPP liner compared site-1’s liner. Both site-1 and site-
2 liners exhibited 0.5 wt% to 1.7 wt% weight loss at around 120 °C. This was likely due to the
evaporation of volatile compounds including styrene [56]. A greater weight loss (1.3 wt% to 3.3
wt%) was found at 160 °C, and is likely attributed to the further evaporation of styrene, oligomeric
products of styrene, and other volatile materials. Similar observation for volatile content was
reported for steam cured and UV-cured CIPP [7,8,56]. Nuruddin et al. (2019) found 0.8 wt% to
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1.6 wt% weight loss of steam cured CIPPs at 160 °C while Li et al. (2019) reported 2.7 wt% to 9.3

wit% weight loss due to emission of volatile compounds for four UV-cured CIPPs [7,56].

Table 3.1 Thermal properties of CIPP from installation site-1 and site-2.

Sample  Weightloss  Weight loss 1st step 2nd step Residue Content
at 120 °C at 160 °C Decomposition Temp  Decomposition at 800 °C
% % °C Temp
°C %
Site-1 058%0.47 137x1.14 396.17 + 2.69 534.50 + 12.61 5768+ 1.71
Site-2  1.74+050 3.26£0.57 384.20 £ 10.20 522.85+8.10 5254 +7.01

CIPP from both installation sites show two major decompositions. First major
decomposition at around 385°C was due to the decomposition of crosslinked structure of
unsaturated polyesters while second major decomposition represents the burn off carbon residue
remained after first decomposition. CIPP from site-2 exhibits earlier first major decomposition
(around 384 °C) than that of site-1 (396 °C), because of improper crosslinking network and
uncured residue.

As discussed above, the presence of volatile organic compounds and thermal stability
extensively depends on whether the composite was properly cured, with too low of a cure leading
to residual. Additives such as plasticizers, degradation products of initiators, as well as unreacted
compounds such as styrene and it’s oligomeric products may leach into the water during service
life. [6-8,56]. So, Fully curing of the CIPP liners during installation can minimize the unwanted

leaching of organic chemicals into the environment.

3.3.2 Solution Uptake and Diffusion Behavior of CIPP Liners

CIPP liners made of glass fiber reinforced polymer composite, are viscoelastic materials,
and their mechanical and physical properties are strongly time and temperature dependent [75-77].
Therefore, hygrothermal aging at elevated temperatures were used as accelerating factor in order
to conduct the durability study of CIPP liners in a limited time. Furthermore, the lifetime prediction
and resistance to aggressive environmental conditions like water, saltwater and alkaline conditions,
are ongoing concern for fiber reinforced industry. Based on aforementioned reasons and the fact
that stormwater liners would experience similar conditions during their service-life, CIPP

specimens were aged in water, salt solution and pore solution (simulated aggressive alkaline
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condition). Aging involved solution exposure at 50 °C for 15 days which could predict the
durability of CIPP after 96 days [Equation B-1].

For both CIPP liners, pore solution exposure caused the greatest weight gain (1.56 wt% to
1.65 wt%) compared to salt (0.57 wt% to 0.64 wt%) and deionized water solutions (0.69-0.74
wt%). As shown in Figure 3.3, weight gain versus time curves for water, salt and concrete pore
solution showed an initial linear region, followed by a region concave to the abscissa, although
evidence of weight loss due to degradation could be observed for pore solution of site-1 and for
all three solution of site-2. Thus, it can be concluded that weight gain behavior of CIPP specimens
depended upon the type of solution, and on the curing behavior of the composite materials. Pore
solution causes catastrophic damage and created much more new sorption sites. Thus, pore
solution aging shows significantly higher uptake rate and equilibrium mass uptake while those
values were lower for salt solution.

Hygrothermal aging of the CIPP samples was conducted at elevated temperature (at 50 °C).
Damage in the form of crazing, microcracking, and hydrolysis of vinyl ester resin was observed.
Leaching of unreacted styrene and other volatile additives out of the samples also occurred. These

phenomena likely resulted in additional sorption sites [78].
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Figure 3.3 Weight gain vs time curves of site-1 and site-2 CIPP samples for water, salt and pore
solution aging.
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Interestingly, site-1 and site-2 CIPP liner’s solution uptake behavior differed. Specimens
from site-1 take longer time to reach equilibrium, although both installation sites used the same
resin (vinyl ester resin) and fibers (fiber glass) for lining. For site-2, there are some uncured region,
which causes leaching of unreacted styrene and initiators out of the specimens, and susceptible to
be more damaged and resulted in reaching equilibrium solution uptake within a short period of
time. In contrast, site-1 is fully cured, thus allowing much less sorption and diffusion sites, which

resulted in longer time to reach equilibrium uptake.

Table 3.2 Equilibrium sorption and Fickian diffusion coefficient of CIPP specimens from Site-1
and site-2 for water, salt and pore solution.

. : H of the Equilibrium Diffusivity, x10”’

SHITIILES AT SOITE Ficsolution Sgrption % cm2>ls

Water 7.45 0.69 2.93

Site-1 Salt solution 8.25 0.64 4.77
Pore solution 13.5 1.65
Water 7.45 0.74
Site-2 Salt solution 8.25 0.57
Pore solution 13.5 1.56

The equilibrium sorption and diffusion coefficient depended on the aging condition and
residual curing of the liners as shown in Table 3.2. Furthermore, the equilibrium uptake and
diffusion of CIPP specimens in DI water and salt solution showed opposite trends. Salt solution
aging showed lower moisture sorption in compared to water aging. Soulier et al. (1988) studied
the interaction of salt solution with fiber reinforced epoxy composite and reported lower
equilibrium weight gain in sodium chloride solution [79]. Interestingly, the salt solution diffusivity
(4.77 cm?sY) is higher than pure water (2.93 cm?s™). It can be anticipated that the salt solution
weakening the fiber-matrix interface and degrading the matrix, which creates more free volume
for the water molecules for the movement. In contrast, the equilibrium sorption of pore solution
of CIPP specimens from both sites are higher than water and salt solution. The higher equilibrium
sorption is associated with the penetration of pore solution and the occupation in the interlaminar
space, voids and microcracks in the liners followed by deposition of Ca(OH)2. Thus, the added
weight because of the nucleation and deposition of Ca(OH): inside the CIPP liners may mislead

the calculation of equilibrium water uptake [64].
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As shown in Table 3.2, the equilibrium water uptake of CIPP specimens for site-1 and site-
2 are 0.69 % and 0.57 % respectively. Similar water uptake behavior reported in the literature [80—
83]. The lower uptake behavior of site-2 is due to leaching of the unreacted styrene and the
degradation of the specimens. Furthermore, presence of uncured regions makes them easier for
breaking the polymeric network and weakening the interface, which causes degradation after
immersion in water, salt and pore solution. The actual equilibrium sorption could not be obtained
because of the degradation [84,85]. Therefore, this data could not be used to calculate diffusion
coefficients for CIPP from site-2. As penetrant sorption and desorption of degraded material
occurred simultaneously, the equilibrium sorption data will make the estimated diffusion

coefficient questionable.
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Figure 3.4 Morphology of as-received CIPP specimens from site-1 and after aging with water,
salt and pore solution.
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As shown in Figure 3.4, the microscopy images of the aged specimens indicate that the
water, salt and pore solutions each cause matric cracking. The pore solution damages both the
matric and fibers severely, and weakens the interfacial adhesion by degrading the matrix at the
interface. There was no notable morphological difference in the images from site-1 and site-2,
which indicates that visual inspection, is not the best method for determining whether a material
is fully cured or not. From our data TGA and DSC are better discriminators to assess the degree
of curing. The material morphology is visibly different because of aging in the various solutions,
and therefore microscopy is valuable in assessing physical material degradation post-curing.

Differences between the amount of sodium (Na), potassium (K) or calcium (Ca) were
found of interior of the as-received, water-conditioned, salt-conditioned, and pore solution
conditioned specimens, (Table 3.3). Potassium and calcium were found in all specimens. Tap water
and DI water contained calcium and potassium ions [Table B.1]. We are expecting that the
potassium and calcium ingressed into the specimens during polishing the sample before
conducting the experiment. The concentration of potassium, sodium, and calcium cations in salt
and pore solutions was significantly greater. Significantly greater amounts of cations were found
on salt and pore solution exposed specimens compared to those exposed to tap water and DI water
solutions. As shown in Table 3.3, the concentration of calcium (8.72 wt%) was higher in compared
to potassium (0.26 wt%) and sodium (0.26 wt%) although sodium has higher ionic mobility [86].
Chakraverty et al. (2015) reported that sodium ion has higher affinity for chloride ion as compared
to that of calcium ion with chloride ion [86]. Therefore, less sodium ions penetrate into composite
body in compared to calcium ions. Chin etal. (2001) reported that sodium ions did not transported
into the vinyl ester and polyester polymer after immersion in salt solution [2]. Nevertheless, the
ingression of these ions into the CIPP specimens impart visible physical degradation of the
specimens through matrix micro-cracking and weakening the matrix-fiber interface and provide

additional pathway for ions transportation into the specimens.
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Table 3.3 Surface concentration of ions for the CIPP specimens.

Samples Concentration (wt.%)
C o) Si Ca K Na Cl S
As-received 575 2625 75 3.75 1.25 0 1.25 2.5

Water-aged 70.13 18.18 476 476  0.43 0 0.44 1.3
Salt solution-aged 67.9  19.1 3.3 2.5 0.3 0.1 6.8 0
Pore solution-aged 53.3 25.68 1126 872 026 026 0.26 0.26

3.3.3 Role of Nature of Solution in Extracting Styrene from CIPPs into Water

The influence of ionic strength on the styrene extraction efficiency was investigated
because the ionic strength can influence the partition coefficient between the gas and the liquid
phases. Notably, the authors compared the styrene extraction ability of three solutions (deionized
water, salt solution and pore solution) for material from site-1 and site-2 (i.e. “fully cured” and
“under-cured” respectively based on DSC results). Results showed that greater amounts of styrene
were always extracted from CIPP of site-2 samples compared to site-1 samples (Table 3.4). This
result is supported by chemical characterization of those same CIPPs by Li et al. (2019) [7]. Li et
al. (2019) found that when tap water was used to flush each CIPP, styrene in site-2 rinse water
(446 pg styrene/L) was greater than styrene in site-1 rinse water (3.2 ug styrene/L) [7]. Results
presented in Table 3.4 indicate that for both CIPP liners, composite exposure to saltwater resulted
in the least amount of styrene release, but no difference was found between DI water and pore
solution water. The liners exposed to saltwater gained the least water weight (Table 3.2) indicating
a minimal amount of mass transport in and out of the material relative to the other solutions. The
pore solution caused the greatest amount of styrene release for the material from site-1. In contrast,
deionized water caused greatest styrene leaching for site-2. For both site-1 and site-2, salt solution
leached least amount of styrene. Most importantly, the degree of curing dictates the total amount
of styrene available to be released when exposed to any of the three test solutions, as the styrene

measured from site-2 is an order of magnitude greater than the site-1 styrene levels.
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Table 3.4 Styrene concentration of samples detected and quantified by GC-MS.

Concentration, mg/L

Sample lonic strength
Site 1 Site 2
Deionized water <10% 8.48+3.46 279.93+6.39
Salt solution 2.21 430+0.07 152.69 +1.06
Pore Solution 0.61 11.21+1.42 27240+ 7.03

3.3.4 Effect of Aging on Interlaminar Shear Strength of CIPP Liners

The interlaminar shear strength of the fiber reinforced composite can be deduced from the
force at rupture, which indicates the adhesion strength of fiber-matrix. ILSS was expected to
change depending on the curing condition and hygrothermal aging. As shown in Figure 3.5, the
interlaminar shear strength of site-1 and site-2 before aging were 18.15 and 16.09 MPa,
respectively. The lower value of ILSS property of site-2 is due to the presence of improper curing.
Improper crosslinking weakens the fiber/matrix adhesion. Furthermore, the unreacted styrene can

weaken the strength of fiber/matrix bonding in CIPP liners.
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Figure 3.5 Interlaminar shear strength (ILSS) of CIPP from site 1 and 2 at different environment
conditions.
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The overall decrease in ILSS property of CIPP specimens of both sites was observed for
all environmental (water, salt and pore solution) aging. Water aging at elevated temperature (50 °C)
for 15 days decreased the ILSS by 16.7 and 15.4% for both CIPP specimens of site-1 and site-2,
respectively. Environmental aging at elevated temperature induced thermal oxidation,
environmental stress cracking (ESC), and chemical scissioning of polymer matrix [87], which can
create free radicals, which in the presence of oxygen form peroxides, which can later form radicals
during heating. During hygrothermal aging at elevated temperature, these radicals from chain
scission or peroxides can further breakdown polymer chains. In addition, difference in thermal
expansion of matrix and fibers may cause thermo-mechanical degradation during hygrothermal
aging [87]. Similar to differential thermal expansion, a mismatch of the hygroscopic swelling
property of resin matrix and fibers leads to matrix cracking [88]. Furthermore, environmental stress
promotes crazing and cracking in the matrix which weakens the adhesion strength of the fiber-
matrix interface [87]. Most importantly, the ester group at the chain ends of the polymer matrix
are susceptible to undergo hydrolysis reaction which cause chain scission of cross-linked network
of the polymers, resulting in poor load transferring efficiency between the matrix and the fiber [3].
In addition, glass fibers also undergo degradation during hygrothermal aging due to the leaching
of alkali oxides from glass fiber surface and may lead to the formation of surface micro-cracks
which can act as stress concentrators, thus weakening the fiber strength [86].

The influence of salt and pore solution was more destructive as compared to water aging.
Salt solution decreased the ILSS of CIPP samples from site-1 and site-2 by 24 and 34%,
respectively. Chin et al. (1999) reported that salt solution accelerated the degradation mechanism
by hydrolysis of ester group of polymer chain [84]. Furthermore, some salt solution may diffuse
into the matrix and creates flaws at the fiber/matrix interface, which will nucleate the matrix crack
and weaken the fiber/matrix interfacial bonding. It is also important to note that the decreased of
ILSS value was maximum for both site-1 and site-2. About 43 and 54% decreased in ILSS of site-
1 and site-2 were observed after aging with pore solution. Pore solution catalyzes the hydrolysis
reaction of ester linkage to form carboxylic ions which further react with alkali to form salts [89].
The newly formed salts and alkali remain in the matrix system or matrix/fibers interface, and thus,
they crystallize and grow over the surface of the fibers, reducing the cross-sectional area of the
fibers and resistance to the applied load. Glass fibers also deteriorates in pore solution aging due

to the dissolution of silica network of fibers [90,91]. The synergistic effect of both hydrolysis of
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matrix and dissolution of fibers weakens the strength of fiber/matrix interface. The ILSS property
of pore solution aged CIPP specimens are lower because of detrimental damage of both fibers and
matrix.

The fracture surface of the as-received and aged specimens were investigated by optical
and scanning electron microscopy. As shown in Figure 3.6, the typical brittle failure could be
observed for all specimens, indicating matrix cracking, crack propagation and delamination.
Similar to the prior microscopy images in Figure 3.4, there was no difference in the site-1 and site-
2 morphology; site-1 data is presented as representative data. The longitudinal section of fracture
surface of unconditioned samples was relatively smooth, and the fibers are well imbedded in the
matrix. However, after aging especially salt and pore solution aging, most of the fibers are
observed to have exfoliated from the matrix, demonstrating the poor matrix/fiber interfacial
bonding. It is interesting to notice that the failure of the salt solution and pore solution aged CIPP
specimens is the result of fiber pullout rather than the failure of the fibers themselves. Fiber pullout
indicates weak fiber-matrix interface bonding, and most of the single fibers could not take up their
potential maximum load before the initiation of failure. A similar failure mechanism (e.g. fiber
pull-out, matrix cracking, fiber breaking, delaminating, etc.) was reported in literature for aging of

fiber reinforced polymer composites [92-96].

3.3.5 Effect of Aging on Viscoelastic Properties of CIPP Liners

The visco-elastic properties of as-received and aged CIPP specimens were investigated to
evaluate the effect of water, salt solution and pore solution aging on storage modulus and glass
transition temperature (Tg). As shown in Figure 3.7, the storage modulus and glass transition
temperature of as-received CIPP from site-1, were 4,935 MPa and 148 °C, respectively. Water
aging improved the storage modulus and Tg of site-1 by 37% and 3 °C, respectively. The most
likely causes of increased visco-elastic property for water aging, are leaching of low molecular
weight flexibilizing segments of the matrix such as styrene, unreacted initiators, additives, etc.,
and additional crosslinking, which leads to network embrittlement [1]. Salt solution increased the
embrittlement, and in the same time degrade the specimens by chain scissioning, swelling,
environmental stress cracking and thermal aging which may lower the property [86,97]. Therefore,
no significant change in storage modulus and T4 values was observed because of this competing

behavior for salt solution aging. In contrast, pore solution aging decreased the storage modulus by
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29% but increased the glass transition temperature by 3°C. Significant increase in Tq value was
attributed to the penetration of metal ions such as Ca, K, and Na into the CIPP composite body
which occupy the free volume and restricts the movement of polymer chain segment. Furthermore,
the decrease in modulus for pore solution aging is due to the combined action of the elevated
temperature and pore solution, which causes chemical degradation of polymer chains and poor
fiber-matrix interactions. Yao and Ziegmann (2007) investigated the accelerated water aging for
pipe made of glass fiber reinforced epoxy and polyvinyl ester resins, and found decreased in glass
transition temperature and storage modulus of the pipe [98]. Overall these aging results for water,
saltwater and pore solution indicate that the mechanical integrity remains consistent for water and
saltwater exposure, which are the most common application environments for CIPP. However, as
mechanical performance of the pipe depends on the viscoelastic properties of the materials, the
CIPP liners are apparently susceptible to undergo catastrophic failure in extremely alkaline

environments such as the model pore solution tested here.
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Figure 3.6 Optical images and Scanning electron microscopic images of fracture surface of as-received and aged CIPP specimens.



(@) 1544 Site-2
1 Site-1
152 4 w
150 w J 1 -
148 . -
g \
2 146 1 ]
()]
- - T / /
144 - / ;
142
140 5; /
0
3 ed ,aged
ceNe@ (-09° for gov
ps© we® 2k so pote 0
7000
(b) Site-2
] Site-1
6000 N
T |
- N \ T l
50004
2 |
>
3 Z ‘
3 i %
S 4000 7
2 |
(48]
S 3000 1
" / .
0 .
A QA
ed ) a0 a0
W€ ~ ge ' N OfV
p\s—@ce \Na\e‘ & " QWO pore W
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from 2 different installation sites.
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It interesting to note that site-2 has lower storage modulus (4,629 MPa) and glass transition
temperature (142 °C) as compared to site-1. As discussed earlier that CIPP from installation site-
2 is under-cured, the presence of unreacted styrene molecule, initiators, and partially cross-linked
polymer molecules causes the chain segment of polymer matrix to be more flexible as compared
to fully cured CIPP. Water aging of the specimen induced residual crosslinking and resulted in
increased of storage modulus and Ty value by 21% and 2 °C, respectively. Furthermore, no
significant change in storage modulus could be observed for salt aging although Tg value was
increased by 3 °C. On the other hand, similar to site 1, the storage modulus of pore solution aged
specimens was decreased by 29% while Tg value increased by 5 °C. Garland (2000) studied the
water aging of pultruded vinyl ester/glass composites for 3,000 hr at different elevated temperature
(25, 50 and 85 °C) to understand the effect of accelerated aging on mechanical performance and
the extent of curing of the composite [99]. Garland (2000) reported that water aging at elevated
temperature increased both storage modulus and Tg4 as aging process increased the crosslinked
density due to further curing of the composite. For CIPP system, the increased in both stiffness
and Ty means the suitability of the liners for stormwater rehabilitation as the liners become more
stiffer within their service. In contrast, lowering storage modulus in pore solution indicated that
CIPP for rehabilitation will be a poor choice in aggressive environments like alkali environments.

The mechanical performance of a CIPP depends strongly on its Ty, as above this
temperature the mechanical properties decrease rapidly. Furthermore, the storage modulus is
similar to Young’s modulus which indicates the inherent stiffness of the material [99]. Thus, in
order to properly predict the service lives of the CIPP liners, one must consider the role of

aggressive environment, temperature, exposure time, and presence of residual curing.

3.4 Summary

The durability of UV-cured CIPPs from two different storm sewer installation sites was
investigated to understand the effect of water, salt solution, and pore solution aging. Installation
site-1 specimens were found to be fully cured (fully crosslinked) while site-2 CIPP specimens were
not fully cured (presence of residual curing). CIPP durability and chemical leaching was
influenced by the curing and aging conditions. Site-2 specimens have higher volatile contents and
lower thermal stability as compared to site-1. The greater amount of volatile content and under

curing condition caused site-2 specimens to have a lower T4. CIPP specimens exhibited different
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moisture uptake behavior in the different chemical environments. Moisture uptake behavior of
cured CIPP specimens (site-1) in water and salt solutions follow Fickian behavior although non-
fickian behavior was observed for the pore solution condition. This is likely because of matrix
cracking and Ca(OH)2 deposition in the liners. Furthermore, undercured CIPP specimens (site-2)
also follow non-Fickian behavior for aging with all three types of solutions because of matrix chain
scissioning and hydrolysis. During CIPP aging, unreacted styrene monomer diffuses out into the
solution. GC-MS results suggested that the aging operations leached out a significant quantity of
styrene for the site-2 undercured material; for site-1 “fully cured” pipes leaching was significant
but an order of magnitude lower. The interlaminar shear strength and storage modulus of CIPP
from site-1 was higher than that of site-2. Results show that CIPP aging can increase the T4 due to
the post curing of the specimens and leaching of unreacted monomers and volatiles. Water, salt,
and pore solution aging significantly reduced the interlaminar shear strength. Long-term exposure

to salt and alkaline environments may have detrimental effect on performance of CIPP liners.
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CHAPTER 4. THE INFLUENCE OF FREE VOLUME DETERMINED
BY POSITRON ANNIHILATION LIFETIME SPECTROSCOPY (PALYS)
ON GAS PERMEABILITY OF CELLULOSE NANOCRYSTALS FILMS

All research work except Herman’s order parameter determination experiment was performed by
Md Nuruddin. All analysis except free volume analysis was performed by Md Nuruddin with
guidance by Prof. John Howarter and Jeffrey P. Youngblood. All writing was performed by Md
Nuruddin with guidance and editing by Prof. John Howarter and Jeffrey P. Youngblood.

4.1 Introduction

Over the past few decades, polymeric materials have become the dominant materials for
development of packaging because of their light weight, flexibility, crack-resistance and low cost
[100]. Unfortunately, unlike glass and metal-based packaging materials, a major drawback of
common polymer-based packaging materials is their relatively high permeability to gas and
moisture, which limits their industrial usage as single component packaging materials. The main
concern for polymer-based packaging materials in food, pharmaceutical, electronics and
microelectronics is oxygen and moisture barrier performance. The ingression of moisture and
oxygen from the environment to the packaged products leads to oxidation and corrosion of
electronic devices and food/pharmaceutical products and drastically decreases lifetime [100-102].
Unfortunately, a polymer with high oxygen barrier property may be moisture sensitive and vice
versa [103,104]. To overcome this drawback, flexible packaging films are coated, laminated or co-
extruded with high oxygen barrier polymers like EVOH or PVDC, or coated with inorganics such
as silica or aluminum to enhance barrier performance [105-107]. However, these multilayer
approaches lack sustainability as they make it impossible to recycle the finished product and most
of these materials are non-biodegradable [103]. Therefore, the packaging industry has drawn
attention towards high barrier alternative packaging materials for coatings in terms of
biodegradability, recyclability, easy separation from surface, and ecological friendliness [108,109].

Cellulose nanomaterials (CNs) have drawn wide attention as renewable and sustainable
nanomaterials and offer a promising alternative to traditional petroleum-based materials in the
field of food packaging polymers [110-112], barrier coating [113-117], electronic packaging [118]
and structural applications [119-124]. CNs can be extracted in the form of cellulose nanocrystals

(CNCs) and cellulose nanofibers (CNFs) from various cellulose sources (e.g. wood, plant,
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agricultural residues, trees, tunicate, algae and bacterial) [125-128]. CNCs have a rod-like shape
(i.e., 3-5 nm wide by 100-200 nm long) and have been explored for packaging applications because
of their high crystallinity (about 85%) and mechanical properties (the strength and axial modulus
are 7.5-7.7 GPa and 110-220 GPa, respectively) [10,11].

CNCs are highly crystalline and, therefore, gas molecules and moisture are impermeable
through individual CNCs. However, as multiple CNCs stack to form nanostructured films when
drying CNC suspensions free volume is left between the CNCs which gas molecules can use for
diffusion throughout the film. The available free volume is thus the governing parameter to control
the gas diffusion and is dependent upon the CNC-CNC interspacing. During CNC composite
processing at ambient conditions, CNCs can arrange in a chiral nematic arrangement [129].
However, CNCs can be oriented in a given direction by using an external force which can be
achieved by several methods such as magnetic [130,131], electric [132,133] or shear-based
alignmen [134,135]. It has been shown that the mechanical, thermal, and hygroscopic swelling
properties are dependent upon the structure of the finished dried CNCs film (chiral or aligned)
[118,123,129,136]. Chowdhury et al. (2019) investigated the effect of shear induced orientation in
CNC films on gas permeability. They inferred that alignment of individual CNCs in the shear
directions can reduce the interfacial spaces (free volume) between CNCs and thereby, decrease the
gas permeability [137].

Several techniques, such as x-ray or neutron scattering, Fourier transform infra-red (FTIR)
spectroscopy, differential scaling calorimetry (DSC), electron microscopy, and dynamic
mechanical analysis (DMA) can be employed in an indirect way to give an idea about the free
volume in polymers and nanocomposites [138]. However, few direct methods for free volume
measurement exist. Positron annihilation lifetime spectroscopy (PALS) is a well-established
technique for measuring the free volume size, density and size distribution in polymers and
polymer nanocomposites [139,140]. To the best of our knowledge, to date neither PALS nor free
volume of CNC films has been measured quantitatively. Previous studies predicted free volume of
shear oriented (aligned) and self-organized CNC (chiral) films qualitatively by measuring density
and Herman’s order parameter [129,137,141]. Recently, Torstensen et al. developed a new
pathway to measure the free volume of TEMPO-oxidized CNF film by PALS [142], however, they

did not measure CNCs nor consider any structural orientation of the cellulose nanomaterials.
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In the current study, the relation of free volume as measured by PALS, Herman’s order
parameter and the gas barrier performance in CNC films (aligned and chiral) was investigated.
Self-organized and shear-oriented CNC films were prepared and free volume size and density of
the CNC films were measured. Additional insight into free volume of CNC films was obtained by
investigating oxygen and carbon dioxide gas permeability of the films and comparing with other
engineering polymers. Finally, the Dil model [143], which was originally developed for
nanocomposite system, was modified for this single component CNC system to predict the effect
CNC alignment in the finished film on permeability of oxygen and carbon dioxide.

4.2 Materials and Experiments
4.2.1 Materials

11.9 wt% cellulose nanocrystal aqueous suspension containing 0.99 wt% sulfur on dry
CNC (Batch# 014-FPL-065) were purchased from the University of Maine (Orono, Maine, USA).
Based on TEM analysis (Appendix C, Figure C1), the average particle length and width were
100£25 nm and 5£1.5 nm respectively. The zeta potential and crystallinity of the CNCs were -
47+2 mV and 85.5%, respectively (Appendix C, Figure C2 and C3).

4.2.2 Preparation of CNC Film

Self-organized and shear-oriented CNC films were prepared according to the method

reported by Shrestha et al. (2017) and Diaz et al. (2013) [129,141].
For preparation of self-organized CNC films, an aqueous suspension of 2 wt% CNC was poured
into polystyrene Petri dishes of 100 mm in diameter (Figure 4.1) and kept at room temperature and
50% RH for 7 days to allow water to evaporate slowly. At the end of the drying, the dried self-
organized films were peeled from the Petri dish.

For preparation of shear-oriented CNC films, 10 ml of 11.9 wt% CNC suspensions were
cast on a clean glass substrate containing two 0.6 mm thick polyethylene terephthalate (PET) strips
at the edges as shown in Figure 4.1. A regular razor blade of 4 cm wide was used to apply shear to
align the CNC crystals in the shear direction. After shearing, the films were kept at room
temperature and 50% RH for 7 days to evaporate the water slowly. At the end of their drying

period, the shear-oriented films were peeled from the substrate.
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Figure 4.1 Schematic of preparation of self-organized and shear-oriented CNC films.

4.2.3 Preparation of CNC coated Polypropylene (PP)

The shear-oriented and self-organized CNC films are highly brittle in nature which prevent
crack-free sealing in the gas permeation film holder. Hence, CNC coated PP films were prepared
for measuring the barrier performance of shear-oriented CNC films as PP has a high relative
permeability. The surface tension of the CNC suspension was 70 dynes/cm, as measured by
pendant drop tensiometer while the surface energy of the polypropylene film was 28 dynes/cm
(measured by goniometer) [Appendix C]. The polypropylene surface was corona treated 5-6 times
to compatibilized the substrate and coating system, using BD-20AC Laboratory Corona Treater
(Electro-Technic Products, Chicago, USA). As shown in Figure 4.2, immediately after the corona
treatment, CNC coatings were applied on polypropylene thin films using a K Hand coater (Bar No.
2, wet film thickness 12 micron) from Testing Machines Inc. (New Castle, DE, USA). The coated
films were immediately placed in an oven maintained at 60 °C for 5 mins to dry. In contrast, for
self-organized CNC films coated PP, corona treated PP film was fixed inside the petri dish of 100
mm in diameter. An aqueous suspension of 2 wt% CNC was poured into the polystyrene Petri
dishes containing PP films and kept at room temperature and 50% RH for 7 days to allow water to

evaporate slowly. At the end of the drying, the dried self-organized films coated PP films were
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peeled off from the petri dish. All dried coated films were stored in desiccator at <5%RH until gas

permeability measurement was conducted.

/ / Rod Coated

PP Substrate
CNC Coated PP Substrate

Figure 4.2 Schematic of preparation of CNC coated PP films.

4.2.4 Herman’s order parameter determination

A Carl Zeiss (Axio observer Al) inverted polarized light microscope in transmission mode
was used for imaging the samples at 45° and 90° to the linear polarized light in bright field.
Herman’s order parameter for self-organized and shear-oriented CNC films were calculated using
a conventional UV-Vis spectrophotometer (Spectra max Plus 384, Molecular devices Corm.
Sunnyvale, CA) with a method according to Chowdhury et al. (2017) [144]. Briefly, a sample
(chiral or aligned) was placed between a cross-polarizer. The transmitted light intensity in the
wavelength regions 400-750 nm was measured at 45° and 90° configurations. The Herman’s order

parameter (S) was calculated from the following equations:

wAnd 4.1

Iy = I, sin?20 sin?( 7 ) (41)

And. 2 —p =p.g= (25+1) (4.2)
" Igo -9 1-§

where, lo, 8, An, d, A, lss, loo, g and D represent the amplitude of the incident light, sample angle
regarding incident light, refractive index difference, film thickness, wavelength, transmitted light
intensity for the 45° configuration, transmitted light intensity for the 90° configuration, correction
factor and dichroic ratio, respectively. The material is considered random if S=0 while S=1 for
perfectly aligned arrangement.
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4.25 Gas permeability measurement

The pure gas permeability (O2, CO,) of self-organized (chiral nematic) and shear-oriented
CNC coated PP films were measured by a custom made constant-volume/variable-pressure
permeation system [Appendix C]. A detailed description of the instrumentation was reported by
Chowdhury et al. (2019) [137]. Briefly, the CNC coated films of 25 mm diameter were cut
precisely with high precision scissors. The film was enclosed inside a sample holder with an
exposed area of 2.7 cm? for gas transportation. After degassing the entire system by vacuum, the
downstream side of the instrument was closed and the feed gas (0., CO2) was introduced to the
upstream side at a fixed pressure. The pressure rise in the downstream volume as a function of

time was measured. The gas permeability of the film was calculated using the following

e (), - (),
"~ P,ART'\dT/ys  \dT/oqi

where, Vg4 (cm?®) is the downstream volume (volume of tank and tube), | is the film thickness (cm),

expression [145]:

P2 is the upstream absolute pressure (cmHg), A is the film’s exposed area for gas transportation

(cm?), R is the gas constant (0.278 cmHg cm®/[cm3(STP)K], and T is absolute temperature (K).
Furthermore, (%)SS and (%)leak are the steady state pressure rise in the downstream volume

during gas permeation through the films and leak testing, respectively. The gas permeability of the
CNC coated layer was calculated using the following expression [146]:
hc

T h Ry
P_1+ P_Z (4.4)

Fe

where P¢, he, P1, P2, o are permeability of CNC coated PP, thickness of CNC-coated PP, thickness
of PP substrate, thickness of CNC coated layer, and permeability PP substrate, respectively.

4.2.6 Positron Annihilation Lifetime Spectroscopy

The PALS measurements of self-organized and shear oriented CNCs were performed
according to Torstensen et al. (2018) [142]. Briefly, brittle CNC films (self-organized or shear
oriented) were broken into pieces and stored in a desiccator maintaining 0-10% RH for 7 days.

Approximately half of a 20 ml glass vial was filled with ground CNC film pieces (totaling of
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around 2 gm). A 20 pCi ??Na positron source encapsulated by Kapton® films was placed among
the pieced of CNCs so that the source was roughly in the middle of the vial. The rest of the vial
was then filled with CNC pieces. A spacer made of aluminium sheet, was used to keep pressure
on the samples to minimize the spurious signals from air. The vial containing samples and positron
source was then capped tightly with a predrilled hole in the vial cap to allow equilibration with the
surrounding environment. The vial was kept inside a sealed Ziploc bag containing desiccant during

the entire experiment period as shown in Figure 4.3.

Sample

o

Stop detector

Start detector

s ) s |

Cap
CF CF
DISC p— TAC — DISC | Spacer |
1274 KeV 511 KeV
IV-'ICA Compressed

CNCs

Fitting PALS — K | _ .
Spectra i o i \
\\(T, | Measurement) ) LN | Positron source, Z2Na
PALS Spectra
SC= Fast scintillator, PMT= Photomultiplier tube, CF DISC= Constant fraction differential discriminator,
TAC=Time-to-amplitude converter, MCA= Multichannel analyzer

Figure 4.3 Experimental setup for PALS measurement.

Positron annihilation studies were performed on an ORTEC fast-fast coincidence system.
The vial containing CNC samples and positron source, was placed between the two detectors to
acquire a lifetime spectrum. Each spectrum was collected to 1 million counts of annihilation events.
The resolution function was determined to be 331 ns and was obtained using a copper standard.
The spectrum was fitted to three exponential components for their respective lifetimes and relative
intensities, using the PALSFIT program. The first (t1) and second (t2) components are associated
with para-positronium (p-Ps) and bulk positron annihilations, respectively. The long-lived third
(t3) component and its relative intensity (lI3), were associated with the annihilation of ortho-

Positronium (oPs) trapped in the holes and was sensitive to the structural changes induced by
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alignment of the CNCs. The lifetime (t3) of the positronium can be correlated to the size of the

pore or free volume cavity using the Tao-Eldrup model expressed as:

051 r+1_(2nr)
73 = 0.5] r+ Ar 27rsm r+Ar]

-1

(4.5)
where r represents the radius of a spherical free-volume pore and Ar=0.166 nm [140]. I3 represents
the relative number density of free volume. The fractional free volume (FFV) of the system can
calculated as[147]:

4
FFV = C x I3 X §”r3 (4.6)

where, C is an arbitrarily scaling factor, and considered as C= 1.5 for a spherical cavity.

4.3 Results and Discussions
4.3.1 Alignment of CNCs within Films

As shown in Figure 4.4, the self-organized CNC film exhibited the typical iridescence
which is associated with chiral nematic organization of CNCs. In contrast, the shear-oriented CNC
film is transparent without having any light interference. The degree of order of CNC alignment
within self-organized (chiral) and shear-oriented (aligned) CNC films was measured via UV-Vis
spectroscopy with birefringence used to determine Herman’s order parameter. As shown in Figure
4.4, the optical images of self-organized CNC film for both 90° and 45° configurations exhibited
similar dark and bright speckled regions due to the chiral nematic domains. Hence, both directions
showed similar transmitted light intensity and the Herman’s order parameter for chiral nematic
films was nearly zero (S=0.08), which confirms the random distribution of the chiral nematic
domains. A similar observation was reported in Diaz et al. (2013) [129]. As the CNCs domain in
the films are organized in a random fashion, the in-plane properties of the films should be isotropic
[129,144].
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Figure 4.4 (a) self-organized, and (b) shear-oriented CNC films with light transmittance value
and optical microscopy images.

In contrast, shear-oriented CNC films exhibited significant difference in peak intensity of
transmitted light for the 90° and 45° configurations. The Herman’s order parameter (S) value of
shear-oriented films was 0.75. This is because when a shear was applied on the CNC suspensions,

the CNCs flow in the shear direction and order into an anisotropic film with a higher Herman’s

order parameter.

4.3.2 Free volume of self-organized and shear-oriented CNC films

PALS is an established technique to determine the free volume structure of a polymer
matrix. Recently, this technique has been successfully employed for the investigation of free
volume structure of interfacial layers in polymer nanocomposites [138,139,148]. These studies
have reported that o-Ps is efficiently trapped in the free volume nanoholes at interfacial layers of
polymer nanocomposites. The oPs pickoff lifetime (t3), and its intensity (Is) can be well correlated
with the size and density of nanoholes in polymer nanocomposites. The pickoff lifetime provides
an indication of the mean free volume cavity radius and the corresponding intensity (Is) parameter

is a measure of the relative number of free volume cavities.
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Table 4.1 o-Ps Characteristics, Pore Radii, and fractional free volume for self-organized and
shear-oriented CNC films.

Sample 0-Ps lifetime Radius of pore I3 Fractional Free
(13) () Volume (FFV)
ns nm % %

Self-organized 1.763+0.039 0.264+0.0044  10.705+0.017 1.234+0.06
Shear-oriented  1.644+0.0272  0.252+0.000028 10.330+0.025 1.041+0.03
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Figure 4.5 (a) O-Ps lifetime (13) and pore radius (r), (b) O-Ps intensity (13) and fractional free
volume (FFV) of self-organized and shear-oriented CNC films.

In this study, the PALS spectra were analyzed by PALSFit software to calculate the 0-Ps
lifetime (t3), pore radius and relative fractional free volume of self-organized and shear-oriented
CNC films. In self-organized CNC film, the CNC crystalline domains are in a cholesteric phase
where each plane (local order) is rotated by a phase angle, which makes them lower packing
density (p = 1.45 g/cm?®) with higher free volume [137,141]. In contrast, individual CNC oriented
in the shear direction maintaining minimum intra- and inter crystals distance for shear-oriented
CNC film resulted in higher packing density (p = 1.55 g/cm?®) [137,141]. As shown in Table 4.1
and Figure 4.5, 0-Ps lifetime for self-organized CNC films (1.763 ns) is significantly higher than
that of shear-oriented CNC films (1.644 ns), suggesting that shearing the CNC suspensions
increased the alignment of CNC domains which reduced the free volume within the films.
Furthermore, the pore radius (r) of self-organized films is 0.264 nm while for shear-oriented films
is 0.252 nm. Applying shear on CNC suspensions not only influenced the pore radius but also
significantly reduced the population of pore and overall free volume of the films. Figure 4.5 shows
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the variation of number of free volume sites (I3) and fractional free volume (FFV) of self-organized
and shear-oriented CNC films. Population of available free volume for self-organized and shear-
oriented CNC films are 10.71% and 10.33%, respectively. In addition, shear-oriented CNC film
(1.041%) has 16% lower fractional free volume as compared to chiral nematic CNC film (1.234 %).

4.3.3 Effect of alignment on gas barrier performance of CNC films

The transportation of gas molecules through polymeric systems follows the solution-
diffusion mechanism which consists of three steps: 1. the absorption or adsorption of gas molecules
at the upstream (high pressure) region; 2. diffusion of gas molecules through the membrane; and
3. desorption or evaporation from downstream (low pressure) regions. These solution-diffusion
mechanisms are mostly controlled by the difference in thermodynamic activity at the upstream and
downstream faces of the polymer films as well as the interaction between the polymers and gas
molecules. Thus, the gas barrier performance of a polymeric system depends upon the solubility
and diffusivity of the gas molecules. The diffusivity of the gas is the kinetic part of the solution-
diffusion model and depends on the size of the gas molecules, degree of crystallinity, axial ratio
of nanomaterials, and importantly in this case, existing free volume of the system. [10,149-151].
Free volume in a system is the main diffusion path for the transportation of the gas molecules.
Furthermore, gas molecules having higher kinetic diameter need higher activation energies for the
formation of transient holes in polymers for the diffusion process [152]. Typically, oxygen gas has
lower permeability than carbon dioxide as the kinetic diameter of oxygen and carbon dioxide are
0.346 and 0.33 nm, respectively [153].

As shown in Figure 4.6, the oxygen permeability (Po2) of shear-oriented CNC film (1.48
x10% cmd.cm/cm?.s.Pa) with an order parameter of 0.75 was 95% lower than that of self-
organized chiral nematic CNC films (2.91x10® cm3.cm/cm?.s.Pa). Furthermore, the Pcog for self-
organized and shear-oriented CNC films are 1.07x10* and 4.21x10 "' cm®.cm/cm?s.Pa,
respectively. Similar to oxygen permeability, the carbon dioxide permeability was also reduced by
96% after increasing the alignment of the CNCs, although overall at a higher level. As explained
by Chowdhury et al. (2019), generally Pco2 will be higher as compared to Po. for both types of
CNC films due to the stronger interaction between CO, and CNCs and smaller kinetic diameter of
COzover O2[137].
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Figure 4.6 Oxygen and carbon dioxide permeability of self-standing (chiral) and shear oriented
(aligned) CNC films.

Overall, while the Oz and CO> permeabilities of aligned CNC films were similar to that
reported by Chowdhury et al. (2019), the permeability of chiral nematic (self-organized) films of
this study was found to be lower than previously reported [137]. One of the possible reasons for
higher permeability of chiral nematic CNC films reported by Chowdhury et al. may be the presence
of invisible micro-cracks. As Chowdhury et al. used self-standing films for measuring the
permeability, it is believed that cutting the brittle chiral nematic CNC films to size and applying
high pressure to seal the permeation cell induced micro-crack that were not clearly visible. In
contrast, here, chiral nematic CNCs were coated onto PP polymer film which increases flexibility

and reduces the possibility of inducing micro-cracks.

4.3.4 Comparison of barrier performance of CNC films with other commercial polymers

As shown in Figure 4.7 and 4.8, the fractional free volume significantly influences the gas
barrier performance of polymers. It is expected that polymers with high free volume density and
size will have higher gas permeability due to the enhanced gas diffusion through the free volume
holes. The fractional free volume in polymers largely depends on polymer chemistry, crystallinity,
rigid amorphous fraction (the amorphous component that is restricted between crystalline lamella),
and mobile amorphous fraction (the bulk amorphous component that separates the lamella stacks)
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[147]. Free volume and density of holes in the rigid amorphous fraction is higher than that of the
mobile amorphous fraction. The dominant hole size controls the diffusion process, whereas the
density of free volume controls the solubility of gaseous molecules [154]. As shown in Figure 4.7,
the PVOH and EVOH have lowest free volume and higher barrier performance as compared to
other engineering polymers like HDPE, PP, polymethyl methacrylate, PVC etc.

Both self-organized and shear-oriented CNC films have lower free volume although their
barrier performance differs significantly. Self-organized chiral nematic CNC film belongs to the
moderate barrier region while shear-oriented CNC film is categorized as excellent barrier films.
Shear-oriented CNC film has 15- and 5-fold higher oxygen barrier performance as compared to
PET and EVOH polymer films. Due to higher barrier performance, shear-oriented CNC can be
coated on low barrier commercial polymer films like PE, PP, and PLA to improve the barrier

performance.

1E-8 3 T T T

i M Engineering polymers
1 B This Work

1E-9 o !

9 3 M Cellulose nanofibers El

i _;Self-organized CN
1E-12 ECNFS './V;/.. ) 7
1E-13 — ) ] 7 /////

1E-16 -

Y

=

m

=

o
|

Ultra Low Barrier Region /3

[N
m
=
[N

/
J

LDPE

PP

0, Permeability, cm®.cm/cm?.s.Pa

Shear-oriented CNC

JHigh Barrier Region
1E-18 — 7T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Fractional Free Volume (%)

Figure 4.7 Plot of oxygen permeability of cellulose films as a function of relative free volume
and comparison with other engineering polymers. Details of quantitative data for this plot can be
found in Table C2.
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Figure 4.8 Plot of carbon dioxide permeability of cellulose films as a function of relative free
volume and comparison with other engineering polymers. Details of quantitative data for this
plot can be found in Table C2.

4.3.5 Dil model for the prediction of gas permeability

The Bharadwaj model was developed to fit gas permeability through nanocomposites of
impermeable anisotropic nanomaterials in a permeable polymer matrix and does a good job of
modelling order induced diffusivity changes [Equation 4.7] [151]. Based on this model, the relative

permeability of a polymer nanocomposite (Pc) and its corresponding polymer matrix (Pm) is given

by:

13 1-0, 4.7)
L 2 1
140 @E +)

where ¢s , L, W, and S represent the volume fraction, length and width of the filler materials, and

Herman’s order parameter, respectively.
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In a previous study by the authors here, the Bharadwaj model was modified for application
towards a single component CNC system by assuming the CNCs themselves were impermeable
and the “matrix” was free volume between the CNCs [137]. The “concentration” of nanoparticles
(CNCs) in the matrix (free volume) was estimated based on density of the films as related to the
theoretical density of crystalline cellulose and was dependent upon the order parameter of the
system. However, this approach has some limitations for predicting the permeability of gas
molecules through CNCs films. Among the several limitations, one of the most important flaws
was that the model considers the anisotropic material to be a perfect rod-shaped particle. However,
generally the shape of anisotropic nanomaterials ranges from perfect rod shape to nanoplatelet.
Hence, experimental data can show significant deviation from the Bharadwaj model. To overcome
this limitation, Dil et al. modified the Bharadwaj model by considering the particle shape of the
nanomaterials for the model [143] as:

Fe 1-0; (4.8)

-
1+§—a;<1— /(%(1—5))

Cellulose nanomaterials can have different aspect ratios based on the source of materials

and chemistry of the extraction process [155]. In this work, CNCs with high aspect ratio was used
for the film fabrication. The shape of the anisotropic nanomaterials is not a perfectly rod-like
structure (see Supporting Information for TEM image). Moreover, nonuniformity in the width was
observed in individual crystalline domains as these materials have significant dispersity. Therefore,
the experimental data is expected to have some deviation in any modified Dil model due to the
base Bharadwaj model from which it is derived. Thus, in a similar manner as before, the Dil model
was modified for the single component CNC system by considering CNCs as the impermeable
nanoparticle and interstitial free volume as the matrix, with the effective loading fraction
determined by the relative density as compared to the theoretical crystalline cellulose density
(Equation 4.9 and 4.10). The length and width of the CNC was considered as 100 and 5 nm for
predicting the relative gas permeability. The experimental data was then compared to both the
modified Bharadwaj model and modified Dil model.
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where,¢anisotropic, L and W represent the volume fraction of anisotropic phase of the CNC film,

(Z)anisotropic

length of CNCs and width of CNCs.

The relative permeability data for the CNC films here (along with some previously
published data to fill in gaps) is shown in Figure 4.9 plotted as a function of their respective
Herman’s order parameters. The modified Dil model and modified Bharadwaj model are fitted to
the data. For our modified Dil model system, the experimental data was calculated based on the
chiral nematic CNC (S=0.08) system considered as a totally isotropic system (S=0), although there
is local alignment as discussed earlier. In the previous work by the authors, aligned CNC film data
fit the modified Bharadwaj model reasonably well if the S=0 state (the unity criterion) was
regressed from the aligned data rather than using the chiral nematic as the initial state. However,
if the chiral nematic state was taken as the “isotropic” state, the fits were much poorer. This was
attributed to the microscopic structural differences between aligned and chiral nematic — that is,
while chiral nematic is globally isotropic, it is not disordered. However, as stated earlier, the
anomalously high permeability for the chiral nematic free standing films may be in fact due to
unobservable microcracks due to stresses in the films. Thus, the data was replotted and fit using
the chiral nematic film as the initial state.

With the new chiral nematic data, the prediction of relative permeability data of the
modified Bharadwaj model fit much better to experimental data although some deviation was
observed for COz gas system, likely due to the complex quadrupolar nature of CO2. Further, the
modified Dil model also fits the data reasonably well. Of course, in this case, the models differ
only slightly with the modified Dil model predicting a very small higher relative permeability that
the modified Bharadwaj model. The predicted relative permeability value (Table C3 in Appendix
C) for oxygen gas from modified Bharadwaj model has 27-47% error when compared with
experimental value. In contrast, only 3-6% error was observed for modified Dil model with the
exception of high Herman’s order parameter, although neither model predicted well there with
both ~50% off of the actual value. On the other hand, both models did a poor job of predicting
carbon dioxide permeability value with high accuracy. This being the case, overall, it seems in
the absence of specific chemical interaction knowledge, that the modified Dil model fits O>
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permeability better while the modified Bharadwaj model fits the CO2 permeability better, and both

do an excellent job of relative performance prediction.
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Figure 4.9 Comparison of the modified Dil and modified Bharadwaj model with experimental
permeability data for oxygen and carbon dioxide.

4.3.6 Summary

The main objective of this study was to measure the free volume of CNC films and correlate
this data with order parameter and gas barrier performance. The study showed that shear-aligned
CNC films have lower free volume size and density as compared to self-organized CNC film
(chiral nematic) due to the alignment of individual CNCs in shear direction. As free volume
dictates the transportation of gas molecules and alignment enhance the path tortuosity, the aligned
CNC film exhibits excellent barrier performance. Furthermore, compared to chiral nematic CNC
film, aligned CNC film has 95% and 96% higher Oz, and CO- barrier performance, respectively.
The Bharadwaj model as modified by Dil can further be modified for a single component CNC
film and was utilized successfully to predict gas permeability with variation in order parameter of
the film. Overall, the supported film permeability data better fit models than previously due to
sample quality in the chiral nematic film. The modified Dil model is more accurate to actual data
for Oy, but less accurate than CO> as compared to a modified Bharadwaj model, although both

models do a good job of relative performance fitting.
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CHAPTERSS. GAS AND WATER VAPOR BARRIER PERFORMANCE
OF CELLULOSE NANOCRYSTALS-CITRIC ACID COATED
POLYPROPYLENE FILM FOR FLEXIBLE PACKAGING

All research work except AFM experiment was performed by Md Nuruddin. All analysis was
performed by Md Nuruddin with guidance by Prof. John Howarter and Jeffrey P. Youngblood. All
writing was performed by Md Nuruddin with guidance and editing by Prof. John Howarter and
Jeffrey P. Youngblood.

5.1 Introduction

Barrier properties represent the ability to restrict the transport of gases, vapors, and liquids
from the outside environment into the packaging system or vice versa. The polymers used for food
packaging, directly or indirectly, has severe requirements as the quality, odor, and taste of the food
can be affected because of the transportation of gases, liquids, and vapors (water or organic).
Further, transportation of vapor or liquid either from the interior (e.g. food) or the outside
environment can cause plasticization of a polymer barrier material, which in turn may lead to
increased permeability of gases and vapors [156]. Loss of water from the food causes an
undesirable drying of the products while gaining moisture from surroundings may lead to
microbial activity which results in the spoiling of the food. Oxygen accelerates lipid oxidation and
stimulates rancidity of the foods [157]. For carbonated drinks, the loss of CO; has a detrimental
effect on the shelf life of products. Thus the packaging materials should have excellent barrier
properties for CO; transportation [158].

Polymers have drawn widespread attention as an alternative to traditional materials like metals
and glass for packaging applications due to their desirable properties such as flexibility, toughness,
chemical resistance, low density, formability and low cost. A key difference between polymers
and other materials like glass and metals, is that metals and glass are excellent barriers to the
transportation of small molecules like gases, water vapors, organic vapors, in addition to aromas,
additives, and flavors, while polymers are generally permeable to gases and vapors to a much
larger degree [156,159].

Generally, while a variety of polymers are utilized as packaging materials, polyolefins, such
as polypropylene (PP), are most widely used for packaging applications because of their low-cost,

high clarity, chemical inertness and excellent water barrier properties [105]. However, PP is
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limited in its application as a single layer film for food packaging because of inherent poor oxygen
and carbon dioxide barrier properties [160]. In general, PP films are coated with high oxygen
barrier polymers like EVOH, PVDC and aluminum to enhance barrier performance or laminated
or co-extrude with high barrier polymers [105-107]. However, these multilayer approaches lack
sustainability as they make it impossible to recycle the finished product and these materials do not
biodegrade.

Much attention has been given to cellulose nanocrystal (CNC) based films and coatings
because of their renewability, low toxicity, biodegradability, and excellent barrier properties [161].
CNCs, rod-like cellulose nanoparticles, can be prepared by acid hydrolysis treatment of
microcrystalline cellulose (MCC), micro-fibrillated cellulose (MFC), cellulose nanofibrils (CNF)
or delignified cellulosic biomass [161-165]. Due to the high aspect ratio (3-5 nm wide and 50-500
nm in length) and crystallinity (54-88% crystalline depending upon source and reaction conditions),
they have been utilized for polymer nanocomposites by solvent casting, melt extrusion or coated
on other polymer substrate for packaging applications [163]. Recently, reports have shown that
alignment of CNC films can increase film density by removing free volume between the CNC
crystals, which leads to increased modulus, thermal transport, decreased expansion, and
importantly here, extremely high oxygen and CO: barrier properties (superior to PVOH)
[118,134,136,166,167]. Unfortunately, CNC films can be very brittle leading to cracking, which
destroys the barrier behavior, and are very humidity sensitive, which limits applicability in
packaging systems [168].

In this work, the food additive, citric acid (CA) is used as an additive to CNC films to induce
plasticization and to improve hydrophobicity. It is hoped that this will prevent cracking and limit
humidity-induced changes. Varying ratios of CA to CNC were coated as films on a polypropylene
substrate and investigations were conducted to understand the effect of the CA on physical
properties and barrier performance of CNC coating. The coated polypropylene films were
characterized for oxygen, carbon dioxide and water vapor barrier performance, coated film’s

morphology and surface roughness.
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5.2 Materials and Experiments
5.2.1 Materials

CNC aqueous suspension, 11.9 wt% containing 0.99 wt% sulfur on dry CNC (Batch# 014-
FPL-065) was purchased from the University of Maine (Orono, Maine, USA), and manufactured
by the US Department of Agriculture Forest Service-Forest product laboratory (Madison,
Wisconsin, USA). The average particle length and width (based on TEM image) were 100£25 nm
and 5+1.5 nm, respectively [Appendix D, Figure D2]. The average zeta potential and crystallinity
index for CNC suspensions was -47+2 mV and 85.5 %, respectively [Appendix D, Figure D3-D4
and Table D1]. Polypropylene flexible film of 18-micron thickness (trade name: Bicor™ 70 HSH)
was supplied by Jindal Film (LaGrange, GA, USA), used as a substrate for anisotropic CNC
coatings. Citric Acid (ACS reagent, >99.5%) was purchased from Sigma Aldrich.

5.2.2 Preparation of coating

The 10 wt% CNC suspension was prepared by diluting the 11.9 wt% CNC suspension with
ultrapure water. Ultrapure water (>18.0 MOhm-cm) was obtained from a Barnstead™ system. A
10 wt% citric acid solution (dissolved in water as before) was then added to the 10 wt% CNC
suspensions with varying quantities of 5%,10% 15% 20% and 25% respectively, as shown in Table
5.1 to achieve the final suspension of 10% solid content. After addition of the CA, all coating
formulations were ultrasonicated (Branson Ultrasonics, Danbury, CT, USA) for 3 min (at 10%
amplitude with a 10s plus and 10s rest at 60 Hz frequency) to uniformly disperse the CNCs

suspension and homogenize solution.

Table 5.1 Chemical ingredients and amounts used to prepare barrier coatings

Sample Name CNC Citric Acid
(%) (%)
100CNC 100 0
95CN-5CA 95 5
90CN-10CA 90 10
85CN-15CA 85 15
80CN-20CA 80 20
75CN-25CA 75 25
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5.2.3 Application of Coating

The surface tension of the CNC and CNC-CA suspension (was higher than surface energy
of the polypropylene film substrate [Appendix D, Table D2]. To compatibilize the substrate and
coating system, the polypropylene surface was corona treated for 5-6 times using BD-20AC
Laboratory Corona Treater (Electro-Technic Products, Chicago, USA). Immediately after the
corona treatment, CNC and CNC-CA coatings were applied on polypropylene thin films using a
K Hand coater (Bar No. 2, wet film thickness 12 micron) from Testing Machines Inc. (New Castle,
DE, USA) (Appendix D, Figure D5). The coated films were immediately transferred to the oven
maintained at 60 °C and kept for 20 min to complete the drying process. The dried coated films

were kept in a desiccator at 0-5%RH until required for further characterization.

5.2.4 Wet coating properties

Surface tension of the CNC-CA coating formulations was measured by pedant drop
tensiometer, using a Ramé-Hart contact angle goniometer (Ramé-Hart Inc., NJ, USA) with DROP
Image Advanced software. A small drop of liquid (10-15ul) was suspended from a teflon tip
(volume 30 pl) into the air under room temperature. Ten measurement of the surface tension was
taken with 30 seconds per measurement, and the average value was reported as a final
measurement of the surface tension.

Rheology measurements of the CNC and CNC-CA formulations were carried out using a
Malvern Bohlin Gemini HR Nano rheometer according to the standards specified in DIN 53019-
1. A cup and bob fixture with a vertical gap of 150 um was used. Before starting the measurement,
the samples were pre-sheared at 100 s for 60 s and then left to equilibrate for 120 s. Shear flow
behavior measured with a shear rate ramp of 0.1-500 s with 30 s per data point.

5.2.5 Characterization of Coated Films

The cross-sectional images of the coated PP were obtained using a Phenom ProX desktop
SEM (PHENOM WORLD, Netherlands). The samples were sputter-coated with a thin layer of
gold. The images were investigated using ImageJ software to measure the thickness of the coating
layers. About 20 measurements from five images were investigated for each coated film, and

average value was reported as the thickness of the coated films.
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Samples of dimension 10 mm x 10 mm (lengthx width) were immersed in the 20 ml glass
vials containing water and kept in the oven at 80 °C for 3 hours. Then, the samples were taken out
of the vials, and wash with distilled water to remove residual coating materials from the PP
substrate. The samples were then dried in the oven at 80°C for 6 hours. Weights of the dried
samples were measured. The coat weight of the coating was calculated by Equation 5.1:

Weoatea = Wuncoatea (5.1)
Area of the sample

Coat weight =

The transparency of the CNC and CNC_CA coated PP films were investigated using a
conventional UV-Vis spectrophotometer (Spectramax Plus 384, Molecular devices Corp., 133

Sunnyvale, CA) in the wavelength ranges from 200 to 750 nm with air as the background.

5.2.6 Barrier Properties of the Films

The permeability of O and CO> gas were investigated at room temperature using a
constant-volume/variable-pressure permeation system [Appendix D]. Polymer films with 25 mm
diameter were cut precisely with high precision scissors. The film was inserted inside a Millipore
stainless steel high-pressure sample holder (Millipore Sigma, MA, USA) with an exposed
transportation area of 2.7 cm?. The entire permeation system was maintained at vacuum for 12
hours to remove entrapped air and moisture from the films and then the valves connecting the film
holder were closed to prevent entering air during the entire experiment. The slow increments in
pressure over time in the downstream volume due to leakage of the system (the leak rate) was
measured. For measuring the permeability, the feed gas (O2, CO2) was introduced to the upstream
side at a fixed pressure and the pressure rise in the downstream volume as a function of time was
measured.

The gas permeability (Po2, Pcoz) of the films was calculated using the following expression

[169]:
P= e, ~ (&), ©?

Where, Vg4 (cm?) is the downstream volume (volume of tank and tube), I is the film thickness (cm),

P2 is the upstream absolute pressure (cmHg), A is the film’s exposed area for gas transportation

(cm?), R is the gas constant (0.278 cmHg cm®/[cm3(STP)K], and T is absolute temperature (K).
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Furthermore, (%)Ss and (%)leak are the steady state pressure rise in the downstream volume

during leak testing and gas permeation through the films.
The gas permeability of the CNC coated layer was calculated using the following
expression:
hc

h, . hy
oy (5.3)

Where Pe, he, P1, P2, h2 are permeability of CNC coated PP, thickness of CNC-coated PP, thickness

of PP substrate, thickness of CNC coated layer, and permeability PP substrate, respectively.

P, =

The water vapor transmission rate (WVTR) for CNC and CNC— CA coatings on PP substrate
was measured according to ASTM-D1653 by a Gardco permeability cup of 10 cm? exposed area
(Paul N. Gardner Company, Inc., FL). The test specimens were precisely cut into circular shape of
32 mm diameter with a precise scissor. The desiccant method was used for the WVTR
measurement where a fixed amount of anhydrous CaCl, was placed in a dish covered with the test
specimen. The edge of the disk was sealed with Neoprene and Teflon Gasket, and the assembly
was placed in a climate-controlled chamber (23 °C, 90% RH). Water vapor transmission rate
(WVTR) through the specimen into the desiccant was calculated by measuring the increase in the
weight of the cup over the duration of the experiment. Every 24 hrs time period, the assembly was
taken out of the controlled chamber and weighted. Water vapor transmission rate (WVTR) through
the specimen into the desiccant was calculated by measuring the increase in weight of the cup over
the duration of the experiment. The average value of three parallel measurements for each

specimen was reported in g/m? day.

5.2.7 Contact Angle Measurement

Contact angle analyses were performed using a Ramé-Hart Goniometer equipped with a
video measuring system with a high-resolution CCD camera. Drop Image Advanced software was
used for data acquisition. 60 X 20 mm? sized rectangular coated and non-coated PP films were
fixed and kept flat throughout the analysis by a special type of sample holder. The contact angle
between water and films was measured by the sessile drop method by gently placing a droplet of
4uL onto the surface of the films. The experiment was conducted at RT and 50% RH. The

evolution of the contact angle was monitored starting from t=0 s to up to 10 min (t=600s) with an

86



interval of 10s. The images of water droplets onto films surface was captured at 10s, 5 min and 10
min, using a software-assisted image-processing system. A minimum of 5 droplets were examined

for each film, and the data which is near the average value was presented graphically.

5.3 Results and Discussions
5.3.1 Wet Coating Properties

Surface tension plays a pivotal role in coating industry as the surface energy compatibility
of ink and substrate is the main requirement for uniform and defect free coating. As shown in
Figure 5.1, the surface tension of CNC suspension was 70.54 mN/m. With the addition of citric
acid, surface tension decreased. The surface tension of the citric acid solution was 68.7 mN/m. For
the CNC/CA mixture, the lower value of surface tension might be due to the tendency of lower
surface tension component, in this case citric acid, to migrate towards the surface. As the PP
substrate has a surface energy of 30 mN/m, there are only two options to compatibilize the
substrate-ink system: (1) increase the surface energy of the substrate and (2) lower the surface
tension of the formulations, such as through additive. As any additive may interfere with data
analysis, increase of the surface energy of the substrate by conducting corona treatment was
performed.
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Figure 5.1. Effect of citric acid on surface tension of CNC suspensions.
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Figure 5.2 shows the viscosity vs shear rate curves for CNC and CA coating formulations.
The rheological behavior is important for coating procedures, as generally shear thinning behavior
is desired [170,171]. However, for CNCs, a high zero shear viscosity or yield is also needed to
prevent disorientation of aligned CNC film [172]. All solutions were shear thinning with multi-
region behavior. The pure CNC suspension was higher in viscosity than CNC-CA formulations
and showed a yield followed by a uniform linear decrease in viscosity indicating alignment of the
CNC suspension after gel breakage. CA addition causes a change in phenomenology where overall
viscosity is decreased at 10% CA and beyond, appearance of a small hump indicating a yield at
low shear rate followed by two linear regions of power-law behavior. Interestingly, after a
transition amount of CA at 5%, 10%, 15%, and 20% CA are essentially the same rheological
behavior, and 25% CA decreases in viscosity. It is thought that CA act as a kind of “lubricant”,
causing the surfaces of the CNCs to slip past each other more easily and is due to the CA
preferentially interacting with the CNCs to interrupt CNC-CNC networking. This would lower
yield and viscosity and likely happen at low contents, but once saturation of CNC surfaces occurs,
little effect would be noticed until enough CA accumulates to affect the bulk liquid properties of
the interstitial fluid. Importantly, this also indicates that both small amounts of CA may be needed

and that the proper amount is likely in the 10-20% range, where the behavior is similar.
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Figure 5.2 Steady-state viscosity vs shear rate for CNC and CNC-CA suspensions.
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Furthermore, shear stress decreases at all ranges of the shear strain rate with increasing CA
concentrations, indicating the lubricating effect of CA [Figure 5.3(a)]. The shear stress to shear
strain rate relationship of the CNC and CNC-CA suspensions shows a typical shear thinning
behavior, which is typically described in the Herschel-Bulkley model [equation 5.3] [173].

T= 1o+ Ky" (5.3)
where 7 is the shear stress, 1o the yield stress, y the shear strain rate, K the consistency, and n the
flow index. The flow index n is directly related with the shear thinning (n < 1) or thickening (n >1)
behavior of non-Newtonian fluid [174]. By fitting the shear stress-shear strain curve with the
Herschel—- Bulkley equation, the value of flow index can be obtained. As shown in Figure 5.3(b),
the flow index value of pure CNC was 0.24 which is typical non-Newtonian fluid showing shear
thinning behavior. As discussed earlier, the origin of shear thinning behavior is thought to occur
as a result of alignment of CNC nanocrystals to flow direction. Addition of CA to the CNC
suspensions increased the flow index value which further proved that CA lubricating the CNC

surfaces, causing the surfaces of the CNCs to slip past each other more easily.
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Figure 5.3 The shear stress and shear strain rate of CNC agqueous suspensions at different
concentrations, (b) The relationship between the flow index (n) and CA concentration in CNC
suspensions.

5.3.2 Coating Characterization

As coating all formulations had a constant (10wt%) solid loading, therefore, it is expected
to have similar coating thickness and coating weight for each sample. However, theoretically the
thickness of CNC-CA coated layer was supposed to be decreased, as the density of CNC
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suspension (1.60 g/cm?®) is lower than CA (1.66 gm/cm®) [175]. Furthermore, the addition of citric
acid on the CNC suspension can significantly reduce the overall viscosity of the suspension that
may influence the coating thickness by reducing the capillary number of the compositions [115].
Based on Figure 5.2, coating formulation with the highest citric acid must have the lowest capillary
number. It is worth to mention that surface tension values were very close to each other for any
coating formulations; hence, the capillary number should be independent of the surface tension.
Therefore, coating thickness from the pristine CNC suspension should have higher coating
thickness compared to any other coating formulations. As shown in Table 5.2, the coating
thickness was decreased with the addition of CA into the coating formulations. Furthermore, no
significant difference in coat weight was observed for all coating formulations, which is expected

as solid content for all coating formulation was maintained as 10 wt%.

Table 5.2. Thickness, grammage and roughness of the CNC and CNC-CA coatings. Data are
expressed as mean values + SD.

Coat

Thickness . Roughness
Sample Weight J
pm g/m? nm
non-coated PP e e 7.23+1.15

CNC-CA (100-0)  1.51+0.14  1.33+0.09  4.92+0.77
CNC-CA (95-5)  1.33+0.03  1.25:0.10 6.21%0.62
CNC-CA (90-10)  1.23+0.05  1.32#0.21 6.39:0.58
CNC-CA (85-15)  1.12+0.04  1.31#0.15 6.40%0.61
CNC-CA (80-20)  1.0+0.06  1.26:0.34  6.67%0.32
CNC-CA (75-25)  0.88+0.09  1.34:0.48 6.69+1.91

As shown in Figure 5.4, the surface roughness of the coated PP films was investigated
using AFM images, and the root mean square values (Rq) are shown in Table 5.2. Coating of the
PP with CNC reduced the overall roughness from 7.23 nm to 4.9 nm likely due to the aligned
nature of the CNC film and strong self-association upon drying leaving few defects. Addition of
CA exhibits higher roughness than pure CNC, although all CA-CNC coatings were similar. A
possible reason for increased roughness after addition of CA into CNC suspension is the formation
and aggregation of elliptical, spherical or spindle-shaped tactoids of CNCs at the surface of the
film [172,176]. Alternatively, the aforementioned interaction of CA with the CNC surface

shielding CNC-CNC interactions may be leading to less self-aggregation and defect formation.
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Figure 5.4 AFM 3D images (10 X 10 mm2) of uncoated and coated polypropylene (PP).

The optical transparency of uncoated and coated polypropylene films were investigated
using UV-vis spectroscopy and shown in Figure 5.5. The uncoated PP films show excellent
transparency of 94% in the visible region. Only ~2% transparency reduction could be observed for
CNC coated PP films with CNC-CA coatings similar, which is likely due to the higher refractive
index of the CNC coatings leading to more reflective losses [113]. Chowdhury et al. reported
similar transparency loss of PET films after adding CNC coating [172]. These findings also suggest
that CNCs have an excellent compatibility with CA as no aggregates on the size of light are
scattering from either surface or bulk. Additionally, the coated films qualitatively exhibit low haze
and high clarity as shown in Figure 5.5. This excellent transparency is a desirable feature of films
for food packaging as a transparent film allows the packed product to be seen [177].
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Figure 5.5 Optical transparency of CNC and CNC-CA coated PP films.

5.3.3 Contact Angle

To evaluate the surface hydrophobicity of the coated films, the contact angle with water
was investigated. As shown in Figure 5.6, the uncoated PP surfaces are hydrophobic, having stable
contact angle of 99.6°. In contrast, the coated layer surface exhibited hydrophilic character,
showing unstable contact angle. The initial contact angle of CNC coated surface was 29°, and the
value was rapidly decreased with time to a value of 14°. The CNC surfaces contain -OH groups,
which is known to participate in extensive hydrogen bonding with water molecules. In contact
with water molecules, the contact angle of water was decreased due to the sorption and swelling
of the films, which caused unstable contact angle [178]. However, the hydrophobicity of the coated
layer increased with the addition of CA. One possible reason is that the CA was H-bonded with
the surface -OH groups of CNC and exposed their hydrophobic hydrocarbon chain on the surfaces.
Thus, a reduction in the number of Lewis sites results in a decrease in the surface polarity of the
CNC-CA coated films [179]. In addition, citric acid esterified some of OH-groups of CNC surfaces
and occupy the free volume of the coated films which prevent them from water diffusion and

swelling of film.
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Figure 5.6. Variation of contact angle with time for uncoated and coated PP.

5.3.4 Barrier performance of coated films

As shown in Figure 5.7, the oxygen permeability (Poz) of pure CNC film was 2.62 x10716
cm?®.cm/cm?.s.Pa, which is 4.5 times lower than high barrier PVOH and EVOH film. Interestingly,
addition of CA to the CNC decreased the Po2 as CA concentration was increased until a minimum
was achieved at 20%CA in the CNC film, after which Po> increased again to the same level as
pure CNC. Overall, addition of CA reduced OTR value to 70% of aligned CNC films. Furthermore,
the CO2 permeability (Pcoz) of pure CNC film was 4.66E-16 cm®.cm/cm?.s.Pa, which is much
lower than high barrier PVOH and EVOH film. Similarly, to Po2, Pco2 was decreased as CA
concentration was raised until a minimum was achieved at 20% CA in the CNC film, after which
it went back up. However, in this case, Pco2 was reduced quite a bit more by addition of CA where
at 20% CA, Pco2 was only 41% of the pure aligned CNC.
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Figure 5.7 Oxygen and carbon dioxide permeability of CNC film with varying amount of CA.

Gas permeability is based upon the combination of diffusivity and the solubility of the gas
molecules in the polymer, where the former depends on structural factors such as crystallinity,
available free volume within polymers, and nature and kinetic diameter of the permeant gases and
the former depends on the nature of the chemistry (e.g. hydrophobic vs hydrophilic) of the gas and
polymer. The kinetic diameter of the permeant gases directly affect the transportation property
though the polymer films [152]. A gas with higher kinetic diameter needs a higher activation
energy for the formation of hole in polymers for their diffusion process [152]. Typically, the
permeability of CO2 is higher than O as the kinetic diameter of oxygen is higher than that of carbon
dioxide (do2 = 0.346 nm > dcoz = 0.33 nm) [153].

Gas molecules cannot pass through the individual CNCs as gas can only permeate through
non-crystalline regions of the polymers, and therefore have a longer diffusion path (Figure 5.8).
Chowdhury et al. (2019) reported that CNC films made with shear can have high packing density
with lower free volume because of orientation of all CNCs in the same direction [180]. This
anisotropic arrangement therefore enhances the tortuosity for gas diffusion that, coupled with the
high polarity of the cellulose, led to a very low Po2 and Pco2. Here, further improvement was
achieved with the addition of citric acid (CA) up to 20% to the CNC suspension. It is probable that
the added citric acid occupies what remaining free volume (pre-existing hole) is left and further
increases the tortuosity of the system as shown schematic diagram (Figure 5.8). However, addition

of 25% CA into the CNC suspensions, an increase the oxygen permeability is noted. Likely, there
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is a critical percentage of CA loading where CA can saturate whatever pre-existing free volume
there is among the CNC or may form intermolecular H-bond with CNCs with a minimal free
volume. However, beyond this critical CA loading (20% CA in our study), CA may plasticize the
coating system by increasing the free volume which would increase the permeability, increase the
hydrophobicity of the overall film leading to higher solubility of the nonpolar oxygen and carbon
dioxide, or may form discrete aggregates, although too small to scatter light. Whatever the reasons,

it is clear that 20% citric acid in CNC is optimal.
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Figure 5.8 Schematic diagram of gas transmission through CNC and CNC-CA film.
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It is also noted that addition of CA seems to reduce Pco, much more than Po,. CNC and
CNC-CA coated PP films contains polar functional groups (-OH and -COOH). Therefore,
nonpolar gases such as oxygen gas have little interaction with the CA/CNC coatings during
sorption and diffusion steps. In contrast, while CO: is considered a hydrophobic gas, it does have
a quadrupole moment. It may be that the dipole-quadrupole interaction between CO; and CA is
higher as the polarity of the hydroxyl groups on CNCs is lower than the carboxylic acid groups
found on CA. Furthermore, some of OH-group of CNC surfaces esterified which further reduces
the CO2 sorption (Figure 5.8).
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Figure 5.9 Oxygen permeability of CNC and CNC-CA coated PP films.

In addition, the oxygen permeability (OP) of un-coated PP films was 3.18 x101*
cm®.cm/cm?.s.Pa as shown in Figure 5.9. Applying CNC and CA/CNC coating on PP films
improved the oxygen barrier properties by 92% and 100%, respectively. Interestingly, the
improvement of CO; barrier performance of coated PP was much higher as compared to O barrier
performance. However, CNC and CA/CNC coated PP has 92 and 99% reduction in CO:
permeability as compared to uncoated PP films with a value of 1.02x10% cm®.cm/cm?.s.Pa.

Low water vapor transmission rate (WVTR) as well as oxygen permeability of a packaging
films are generally the two most important criteria for considering a barrier film. Similar to O, and
CO2 permeability, WVTR of a film depends on the packing density, existing free volume,

hydrophilicity (polymer-moisture interaction) of the film, and crystalline-amorphous ratio.

96



Polypropylene itself is excellent moisture barrier films although it has low oxygen barrier
performance. As shown Figure 5.10, the WVTR of uncoated PP was 2.2 g/m?.24hr. CNC coating
reduced WVTR significantly, which is surprising for such a highly polar polymer. However, it is
likely that the high crystallinity of the CNC and low free volume due to alignment is reducing
water transport. Addition of CA further reduced the WVTR down to a minimum achieved for
coating of 80%CNC-20%CA formulation of about 1.3 g/m?.24hr. While occupation of free
volume as in the oxygen and carbon dioxide cases may be happening, the CA has also increased
hydrophobicity of the CNC film, which may be further reducing WVTR.
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Figure 5.10 . Water vapor transmission rate (WVTR) of CNC and CNC-CA coated PP films.

5.3.5 Comparison of Barrier performance of CNC-CA coated PP with other commercial
Polymers

As shown in Table 5.3, CNC and CA/CNC films has higher oxygen and carbon dioxide
gas barrier performance of commercially available high barrier PVOH and EVOH films.
Furthermore, CNC-CA coated PP films possesses high barrier performance for oxygen, carbon

dioxide and moisture. While it is expected that the oxygen and carbon dioxide permeability values
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of CNC-CA coated PP films are much lower than commercial low barrier substrate polymer films
like HDPE, LDPE, and PLA, the “best” formulation here, 80CNC-20CA coated PP, had slightly
better oxygen and much better (nearly an order of magnitude) carbon dioxide barrier performance
than biaxially oriented PET film. Unfortunately, these coated PP are not quite as good as the “gold
standard” oxygen barrier materials of polyvinyl alcohol (PVOH) and ethylene-vinyl alcohol
copolymer (EVOH) having about 2X the transmission rate. As 1 micron of coating was applied on
PP films, the barrier performance can be further improved by increasing the coating thickness.

Moisture barrier is another crucial property of packaging polymer film. In order to be
excellent packaging films, the films should also possess high moisture barrier performance.
Excellent moisture barrier performance was achieved with CNC-CA coating on PP films, which
IS unsurprising due to the PP substrate as PP itself is a very high moisture barrier film. Overall,
WVTR was significantly lower (better) than PET, PP, HDPE, LDPE, and EVOH films.
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Table 5.3. WVTR of CNC-CA coated PP films, compared with other commercially available polymer films.

Polymer Films Poz Pco2 WVTR Conditions for References
Permeability WVTR
cm.cm/cm?.s.Pa cm®.cm/cm?.s.Pa g/m?.24hr
Uncoated PP 3.18E-14 1.02E-13 2.43 90%RH, 23°C This Work
CNC Coated PP 100 CNC 2.62E-15 8.55E-15 1.8 90%RH, 23°C This Work
80CNC-20CA 1.84E-15 2.55E-15 1.3 90%RH, 23°C This Work
100 CNC 1.48E-16 4.66E-16 90%RH, 23°C This Work
80CNC-20CA 1.03E-16 1.93E-16 90%RH, 23°C This Work
Cellulose Nanofibers (CNFs) 6.49E-15 2.72E-15 234 50%RH, 23°C [167,181]
CNC-PVOH coated PLA e e, 160 3% RH, 23°C [114]
Polypropylene, PP 1.70E-13 6.90E-13 5 90% RH, 23°C [167,182]
LDPE 2.24E-13 1.12E-12 8 100% RH, 37.8°C  [183,184]
HDPE 8.32E-14 2.61E-13 15 100% RH, 37.8°C [183,184]
PLA 3.39E-14 9.34E-14 300 3% RH, 23°C [114,167]
Cellophane 5.30E-16 9.70E-16 533 22% RH, 25°C [167,185]
PET 2.16E-15 1.08E-14 15 85% RH, 23°C [182,186]
PVOH 6.60E-16 9.20E-16 27 90% RH, 23°C [167,182]
Ethylene vinyl alcohol, EVOH 6.65E-16 1.10E-15 10 90%RH, 35 °C [167,187]




5.4 Summary

In this work, the polypropylene (PP) substrate was successfully coated with cellulose
nanocrystals (CNC) and cellulose nanocrystal-citric acid (CNC-CA) using a shear process.
Varying amount of CA (0 to 25% by weight) was added to the CNC suspensions to investigate the
coating quality and barrier performance of the coated PP. The CNC and CNC-CA coatings were
smoother than the base PP, although CNC-CA coated surfaces have higher surface roughness as
compared to CNC-coated surface. Both CNC and CNC-CA coated PP have similar high
transparency property with only a 2% reduction in transmission, likely due to higher reflectivity
due to the increased refractive index. The CNC coating improved both O, and CO. barrier
performance by 92%, while maintaining a high moisture barrier property (low WVTR). Addition
CA up to 20% by weight further improved the gas barrier properties, most probably by occupying
the existing free volume of the coating system, although the higher hydrophobicity of the CA may
also contribute to the improved WVTR. Overall, this study showed that the CNC-CA coated PP
films have better barrier performance than most commonly used commercial polymers revealing
the potential of CNC-CA as ecological bio-based coating for traditional polymers to improve

barrier performance.
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CHAPTER 6. CONCLUSION AND FUTURE WORK

The goal of this research work was to investigate the molecular transportation in polymer
packaging and fiber-reinforced polymer composite based CIPP liners. Two different form of CIPP
liners (steam-cured and UV-cured liners) were collected from the installations sites, and
investigated the physical, thermal, viscoelastic and mechanical properties of the liners. Study
revealed that physical property, and presence of volatiles compounds varied from inner layer to
outer layer of the liners. Short-term water aging did not degrade mechanical property of the liners,
although the modulus of the liners was increased because of leaching of unreacted organic
compounds. It is important to note that the properties of the liners varied from one installation site
to another even though same materials and curing conditions were used. Study suggested that the
final properties (thermal, mechanical, viscoelastic etc.) of the liners depended on the curing
conditions. Improper curing causes to have high volatile compounds inside the liners, and poor
mechanical performance. Furthermore, the liner’s performance responses differently in different
environment conditions. Study suggested that aggressive chemical aging (salt solutions and pore
solution aging) had much higher negative impact that water aging. Also, improper cured liners
may show degradation responses much faster than cured liners.

Another important aim of this research work was to develop new high gas barrier coating
materials for packaging applications. We presented CNCs as high gas barrier coating materials
which are sustainable, low cost, environment friendly. Our study showed that by controlling the
order parameter of the CNC coated films, the barrier performance could be enhanced significantly,
which was even better than high barrier EVOH and PVOH polymer films. We are the first group
are to investigate the free volume of CNCs with different structure arrangements. Furthermore, we
proposed modified Dil model for single component CNC system to predict successfully the gas
permeability of CNC films with different Herman’s order parameter. Furthermore, addition of
citric acid into CNC suspension can enhance the gas and water vapor barrier performance of CNC
coated film. Polypropylene (PP) films are cheaper and high moisture barrier but have poor oxygen
barrier performance. Our study suggested that application of approximately 1 microns CNC-CA
coating on PP substrate could improve the gas barrier performance while retaining their high water
vapor barrier performance. This research approach has opened a new window for coating

industries to utilize biobased coating for traditional low gas barrier polymers.
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This research work has inspired to conduct research further on CNCs and CIPP liners. As

we need more time to conduct the research, the following directions can be listed as future research:

6.1 Thermal and UV-aging of CIPP liners

Our current study investigated the water and aggressive solution aging of CIPP liners. It is
very important to investigate the thermal and UV-aging of CIPP to understand the durability of
the liners. Also, a mathematical model should be proposed to show the durability of the liners for
70 years by considering the liners to be exposed into thermal and UV-aging.

6.2 Barrier performance of CNC films at higher relative humidity

Recent study showed that increasing the alignment of CNCs improve the gas barrier
performance of the CNC films. The barrier performance was measured for dry oxygen and carbon
dioxide gas system. As CNCs are hydrophilic due to the presence of polar -OH groups, we are
expecting that the barrier performance will be degraded at higher relative humidity. Previous study
from our research group reported that the hygroscopic strain of aligned CNC film was 10 times
higher in transvers direction than in axial direction. As a future study, the barrier performance and
free volume change at higher relative humidity of CNC films could be investigated for its

applicability for food packaging.

6.3 Improve the hydrophobicity of CNC Film

Due to the hydrophilic behavior of CNC films, the commercialization of CNC coated
polymer films is difficult for packaging applications. This drawback could be minimized by
addition of food grade crosslinker which can initiate cross linking reaction within 80°C. Addition
of crosslinker might decrease the barrier performance of the film. Thus, detailed investigation

should be performed to evaluate the barrier performance at low and high relative humidity.

6.4 Investigate the solvent-free process to disperse the CNC into extrudable polymers

CNCs have gained wide attention in packaging, structural and automotive applications due
to their high strength and modulus, aspect ratio, non-toxicity and sustainability. Most of the

polymer used are hydrophobic and extrudable while cellulose nanocrystals are hydrophilic and
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dispersed in water system. Dispersion is the big challenges for utilize them in extrudable polymers.
Plasticizer dissolved in water or water/ethanol system could be used to disperse the CNC into the

extrudable polymers.
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APPENDIX A

Paper 1: Evaluation of the Physical, Chemical, Mechanical, and Thermal Properties of
Steam-Cured Pet/Polyester Cured-In-Place Pipe

Analytical standards

Analytical standards for identification, confirmation and quantification of organic
compounds by H-NMR and gas chromatography/mass spectrometry (GC/MS) included
dichloromethane >99.8% that contained 40-150 mg/L amylene as stabilizer (CAS# 75-09-2,
Sigma-Aldrich), and hexane >97.0% (CAS# 110-54-3, Sigma-Aldrich) used for solid-liquid
extraction experiments were used. Benzaldehyde >99.5% that was purified by redistillation (CAS#
100-52-7, Sigma-Aldrich), benzoic acid (CAS# 65-85-0, Supelco), methanol >99.9% (CAS# 67-
56-1), phenol (CAS# 108-95-2, ACROS Organics), styrene >99% that contained 4-tert-
butylcatechol stabilizer (CAS# 100-42-5, Sigma-Aldrich), 1-tetradecanol (CAS# 112-72-1, Sigma
Aldrich).

Calibration curves were created separately for each extractant solvents. For methylene
chloride extracts, styrene (R?=0.9996 for low range (0.1 to 3 ppm) and R?=0.9985 for high range
(3 to 15 ppm), benzaldehyde (R?=0.9992 & 0.9981 & 0.9954 for 0.06 to 20.88 ppm), benzoic acid
(R?=0.9968 for 2.53 to 10.12 ppm), 1-tetradecanol (R?=0.996 & 0.9919 for 0.106 to 30.56 ppm),
phenol (R?=0.9996 for 0.44 to 17.6 ppm) were created. For hexane extracts, styrene (R?=0.9998
for 0.6 to 7 ppm), benzaldehyde (R?=0.9989 & 0.9913 for 0.13 to 48.72 ppm), 1-tetradecanol
(R?=0.9928 for 0.4 to 80 ppm) were created.
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Curing temperature determination
The maximum curing temperature is at 103 °C for CIPP liner.
1.0 1

0.sJUncured Liner

0.6 4 Maximum curing temperature

/

0.2

2"d heating scan

Heat Flow (W/Qg)

/

-0.8 - 15" heating scan

I i I i I I I
0 50 100 150 200
Temperature (°C)

Figure A.1 DSC thermogram of uncured resin liner for determining curing temperature.

Porosity Measurement

(b) .
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Thermal Analysis

As shown in Figure A.3, The uncoated PET felt show sharp endothermic peak (Melting
temperature) around 250 °C. In contrast, coated PET felt shows two endothermic peaks at 120 and
160 °C, indicating the melting temperature of polyethylene/polypropylene bilayer coating [188].
The cooling scan shows two exothermic peaks representing recrystallization of bilayer coating.

1.2 - 1.2 -
] - - (b)PET felt without coating
10 (a) PET felt with coating 10- ,‘
0.8 - 0.8 -
0.6 - 0.6 -
D 04 ~|Cooling Scan Sy - .
= , = | Cooling Scan
o o
L 0.0- L 0.0 -
§ 02 - § 0.2
Heating Scan e T
-0.4 | Heating Scan -0.4 Lo
-0.6 - -0.6 -
-0.8 - -0.8 -
107777 10577777
0 50 100 150 200 250 0 50 100 150 200 250
Temperature, °C Temperature, °C

Figure A.3 DSC thermogram of (a) PET felt without coating layer, and (b) PET felt with coating
layer.

As shown in Figure A.4(a), the main decomposition peak at 436 °C was due to the
structural decomposition of PET felts followed by burn off carbon residue at 540 °C. Coated PET

felt exhibits two more decomposition peaks representing the decomposition of bilayer coating.
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Figure A.4 TGA thermogram of (a) PET felt without coating layer, and (b) PET felt with coating
layer.
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'HNMR Analysis

Figure A.5 shows the *HNMR spectra of uncured resin liner, onsite cured (inner and outer

layer) and oven cured CIPP.

Onsite cured CIPP-Outer Layer

. (TR

Onsite cured CIPP-Inner Layer ‘

Oven cured CIPP

|

Uncured CIPP

"

T T T T T T T T T T T T T T T T T T T T T T T 1
11,5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

6.0
f1 (ppm)

Figure A.5 tHNMR Spectra of CDClI; leaching solution from uncured, onsite cured and oven
cured CIPP specimens.

Figure A.6 and A.7 show the probable formation of styrene dimer and trimer, and oxidation

products of styrene.
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Figure A.6 dimer and trimer formation of styrene.
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Figure A.7 dimer and trimer formation of styrene.

109



Table A.1 Compounds identified from GC-MS of leachate solutions of CIPP liners.

Compounds Uncured resin Onsite cured CIPP Oven cured CIPP
mg/g mg/g mg/g
Styrene 114.4442+6.3097" 0.7583+0.0351 0.0167+0.0007
Benzaldehyde 1.3672 0.0625+0.0053 0.3085+0.0341
1-tetradecanol 0.1048 0.0677+£0.0121 0.1016+0.0126
Phenol ... 0.0020+0.0001 0.0020+0.0001
Benzoicacid ... 0.0244+0.0004 0.0331+0.0023

Asterix (*) represents 1000 times dilution, all other results represent 10 times

RS ey SR v S,

Condensate

= r

Figure A.8 Water diffused through the thickness of the CIPP liner during CIPP installation.
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Conditioning of CIPP specimens

Inner Layer

Non- Water-

Figure A.9 (a) Inner and (b) Outer layers of non-conditioned and water-conditioned CIPP
specimes.

Mechanical Characterization of CIPP

The non-conditioned samples show toughened behavior. During the experiment, these
samples were not fractured. They were bend as shown in Figured A.10. In contrast, water

conditioned samples exhibited brittle behaviors and fractured Figure A.11.

Non-conditioned > Water-conditioned

il

Figure A.10 Specimens after mechanical testing.
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Figure A.11 Stress-strain curve of non-conditioned and water-conditioned CIPP liners.
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APPENDIX B

Paper-2: Influence of Aggressive Environmental Aging on Mechanical and Thermo-

Mechanical Properties of UV-Cured CIPP Liners

Interlaminar Shear Strength (ILSS) Measurement

y X -—

{ \ \

| | | | 12

\ ) \ )i mm
\ L /

Span Length (L)

Figure B.1 ILSS test setup and test specimen.

Curing temperature determination by DSC

The uncured CIPP liner of 10-12 mg was taken in a DSC aluminum hermetic pan. Heat-

cool-heat cycle scans were performed at a ramp rate of 20 °C/min from -25 °C to 200 °C. Heating

and cooling curves were examined to understand curing behavior of liners.

Uncured CIPP resin tube was collected from the installation site and the curing behavior
was investigated using DSC analysis. As shown in Figure B.2, the exothermic peak around 160°C
in the first heating cycle, indicated maximum curing temperature of the uncured resin tube. The

absent of exothermic peak in the second heating cycle indicated that the resin was fully cured after

1% heating cycle.
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Figure B.2 DSC analysis of uncured resin tube.

Thermogravimetric Analysis
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Figure B.3 TG and DTG curves of CIPP liners from installation site 1 and 2.
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Aging test of CIPP specimens

The accelerated aging time was calculated according to ASTM F1980-16:
Desired Real Time (RT)

Qo[ A4 1) (B-1)

Accelerated Aging Time (AAT) =

Desired real time = 96 days
Accelerated aging time (Taa) = 15 days
Room Temperature (Trt) =23 °C
Aging Factor, Q10 =2.0

lon Chromatography

The presence of ions in tap and DI water was investigated using lon chromatography. The
mobile phase (eluent) is pumped through the system with a constant flow rate. The sample is
injected into it. The mobile phase carries the sample through the static phase (separator) where the
sample is split up into its component ions. In the detector, single components are recognized by a
change in conductivity.

The ions are effectively separated according to their charge/size ratio as they interact with the
exchange groups in the column:
- lons with a smaller charge/size ration elute earlier

- lons with a larger charge/size ratio elute later

Experimental conditions to run our samples

Cation eluent - Oxalic acid (Conc.: 3.5 mM)

Cation Conductivity: 745 - 765 uS/cm

Cation Flow rate: 0.9 mL/min

Anion eluent - Equal mix of Sodium carbonate (Conc.: 3.2 mM) and Sodium bicarbonate (Conc.:
1 mM)

Anion Conductivity: 0.5 -2 uS/cm

Anion Flow rate: 0.7 mL/m
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Tape water and DI water contained cations and anions (Table SI-1), which may ingress into

composite body during processing of the specimens for the experiments.

Table B.1 Presence of anions and cations in tap and DI water.
lons Tap Water DI water

F- 0 0.01
Cl- 40.13 0.28
Br- 0.1 0
NO3- 0.21 0.01
PO43- 0.57 0
S042- 0 0
LI+ 0 0
K+ 3.35 0.02
MG2+ 35.26 0.36
Ca2+ 109.29 1.65
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APPENDIX C

Paper-3: Structure-Property Relationship of Cellulose Nanocrystals Film for Gas Barrier
Applications

TEM image of CNC

The TEM image is shown in Figure SI-1. The Average length and width of TEMs were
100£25nm and 5.0£1.5 nm.

Figure C1. TEM image of CNC.

Zeta Potential

Zeta potential was measured by controlling the pH by adding HCI and NaOH to a CNC solution
in the dilute state. ImL CNC sample was placed in a disposable cuvette and measured on a
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Zetasizer Nano ZS equipment (Malvern Instruments Ltd). The zeta potential of CNC suspension,
within 2.7 -12.8 pH, was -47.4+2 mV.
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Figure C2. Zeta potential of CNC suspension as a function of pH.

XRD Analysis of CNC

20 gm of 2 wt% CNC suspension was poured into a 50 mm polystyrene petri dish and left,
uncovered, inside the fume hood at RT for 7 days. The dry film was then peeled off from the
container and analyzed by X-ray diffraction using a Panalytical Empyrean Powder X-ray
diffractometer, with Cu radiation (1.540598 A), at 45 kV and 40 mA, by rotating the sample at 2
Hz, on a single crystal Si wafer. The diffractometry displayed 6 peaks characteristic of Cellulose
IB and II. Peaks were identified and deconvoluted using OriginPro 2018. Segal Crystallinity index
was calculated? from the (200) plane of cellulose I, using the following equation, where I(peak) is

the intensity of the deconvoluted peak at the plane’s characteristic angle.
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Figure C3. X-ray deconvoluted peaks of CNC
Table C1. Peak analysis of CNC
o Peak
Plane 260 (°) Height FWHM
11 (1-10) 12.02 9157 1.8121
Ip (1-10) 14.67 8281 1.9383
Il Amorphous 16.53 4401 1.7407
Ip (110) 18.73 2486 1.9132
Ip Amorphous 19.85 3403 1.2540
11 (110) 20.63 354 0.6905
Ip (200) 22.37 23447 2.1293
Il & 1Ip (004) 34.15 108 1.0155
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Cl% = (Ilﬁ (200) — IIB Amorphous)
0 —

lig200)
CI% = 85.5%

Surface Tension and Surface Energy Measurement

Surface tension of the CNC coating formulations was measured by pedant drop tensiometer,
using a Rame”-Hart contact angle goniometer (Rame”-Hart Inc., NJ, USA) with DROP Image
Advanced software. A small drop of liquid (10-15ul) was suspended from a Teflon tip (volume
30 ul) into the air under room temperature. Ten measurement of the surface tension was taken with
30 seconds per measurement, and the average value was reported as a final measurement of the
surface tension.

The PP substrate was placed in the goniometer and a 4 pL drop of liquids (water and
diiodomethane) carefully deposited on its surface by using a micropipette. The contact between
PP and the liquid was measured by sessile drop method at RT and 50% RH. A minimum of 5
droplets were examined for each film, and the average value was considered for surface energy
measurement. The values of contact angles of water and diiodomethane drops deposited on PP
substrate were then used to calculate the surface energy of the PP by using the DROP Image
Advanced software.

Calculation Method: Geometric

Liquid 1 Name (Angle): Water (106.24 + 0.61)

Liquid 2 Name (Angle): Diiodomethane (59.80 + 0.55)

Substrate: PP

Polar Component: 0.03 £ 0.02
Dispersive Component: 28.69 + 0.32
Total Surface Energy: 28.72 £ 0.31

120



Instrumentation for Gas permeability
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Figure C4. Experimental setup for measuring gas permeability.
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Table C2: Relative fractional free volume, and gas permeability data for engineering polymers

and cellulose nanocrystals (CNCs).

Polymer Relative Po2 Pcoz Reference
Fractional
Free volume
Self-standing CNC film 1.234 2.91E-15 1.07E-14 This Work
Shear oriented CNC film 1.041 1.48E-16 4.21E-16 This Work
Cellulose nanofibers (CNFs) 0.87 6.49E-15 2.72E-15 [137,142]
PAN 1.47 1.50E-17 6.00E-17 [189,190]
PVOH 1.56 6.60E-16 9.20E-16 [190,191]
EVOH 1.74 6.65E-16 1.10E-15 [190,192]
PVC 1.61 3.40E-15 1.20E-14 [190,193,194]
PET 2.15 2.16E-15 1.08E-14 [195,196]
Nylon 6 2.34 2.85E-15 6.60E-15 [140,190]
PLA 2.1-2.37 3.39E-14 9.34E-14 [190,197]
HDPE 3.36 3.00E-14 2.70E-14 [190,198]
Polysulfone 3.39 1.13E-13 4.2E-13 [190,199]
Polymethyl methacrylate 3.71 1.16E-14 2.33E-13 [190,200]
PS 5.1 2.00E-13 7.90E-13 [190,201]
PP 3.54 1.70E-13 6.90E-13 [190,202]
Polycarbonate 6.50 2.96E-13 1.92E-12 [190,203]
LDPE 7.22 2.20E-13 9.50E-13 [190,204]
Polybutadiene 9.17 143 E-12 1.04 E-11 [190,205]
PTMSP 9.45 8.7E-10 2.82E-9 [206,207]
PDMS 24.02 6.95E-11 3.49E-10 [208,209]
Parameters and Calculation for Model
The volume fraction of anisotropic phase of CNC film:
X(m/danisotropic (1)
Qanisotropic = m m
(X( /danisotropic)) + Y( /disotropic)
Modified Dil model for single component CNC system:
Panisotropic _ 1- Q)anisotropic
Pisotropic (2)

B L® 4 , [2
1 + anzlSVIO;TOplC (1 _ (§ (1 _ S))

Modified Bharadwaj model for single component CNC system:
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Panisotropic _ 1- Qanisotropic

Pisotropic B 1+ L(Z)anzimm/tropic (%) (S + (%))

@)

Table C3. Parameters for predicting gas permeability with varying Herman’s order parameter.

Dil° Bharadwaj°
S aniso disotropic o? L W Model model
Panisolpiso Paniso/Piso
0 1.55 1.45 0 100 5 1 1
0.1 1.55 145 0.094156 100 5 0.747254 0.658019
0.2 1.55 1.45 0.189542 100 5 0.5363 0.430058
0.3 1.55 145 0.286184 100 5 0.374346 0.282552
0.4 1.55 1.45 0.384106 100 5 0.255371 0.186373
0.5 1.55 145 0.483333 100 5 0.169799 0.122368
0.6 1.55 1.45 0.583893 100 5 0.108823 0.07878
0.7 1.55 145 0.685811 100 5 0.065578 0.048438
0.8 1.55 1.45 0.789116 100 5 0.035091 0.026029
0.9 1.55 145 0.893836 100 5 0.013913 1.67E-12
1 1.55 1.45 1 100 5 0 0

#Calculated from equation 1
bCalculated from equation 2
Calculated from equation 3

Table C4. Comparison of theoretical relative permeability (Pc/Pm) results of CNC films with

experimental values.

Herman's Pa/Pc Pa/Pc Error in Prediction Pa/Pc Errorin
Order (Experimental ~ (Modified (%) (Modified Prediction
Parameter value) Dil et al. Bharadwaj (%)
model) model)
O] CO; (O]} CO; 02 CO;
0.28 0.389% 0.225 0.403 3.473  44.168 0.307 -26.710 26.710
0.49 0.166* 0.08 0.177 6.214  54.802 0.128 -29.688  37.50
0.75 0.051°  0.039 0.049 -4.081  20.408 0.037 -37.838  -5.405
0.85 0.01*  0.037 0.024 58.333 -54.167 0.019 47.368 -94.737

@The experimental values were considered from previous study [137].

bExperimental values from this study
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APPENDIX D

Paper-4: Gas and Water Vapor Barrier Performance of Cellulose Nanocrystals-Citric Acid
Barrier Coatings for Flexible Packaging

Structure of Cellulose nanocrystal (CNC) and Citric acid (CA)

OH OH
OH
o 0 OH o o
—O 4 OH
OH OH OH OH

L OH Jn

Cellulose

O OH

(0] (0]

HO OH
OH
Citric Acid

Figure D1. Chemical structure of cellulose and citric acid.

TEM image of CNC

The TEM image was shown in Figure SI-1. The Average length and width of TEMs were
100£25nm and 5.0+1.5 nm.
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Figure D2. TEM image of CNC.

Zeta Potential

Zeta potential was measured by controlling the pH by adding HCI and NaOH to a CNC solution
in the dilute state. ImL CNC sample was placed in a disposable cuvette and measured on a
Zetasizer Nano ZS equipment (Malvern Instruments Ltd). The zeta potential of CNC suspension,
within 2.7 -12.8 pH, was -47.4+2 mV.

0

—0— FPL 065
-15
S
£ 1
g0 5\
<
o
o
o
© -45 o= T
(9]
N

-60

Figure D3. Zeta potential of CNC suspension as a function of P".
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XRD Analysis of CNC

20 gm of 2 wt% CNC suspension was poured into a 50 mm polystyrene petri dish and left,
uncovered, inside the fume hood at RT for 7 days. The dry film was then peeled off from the
container and analyzed by X-ray diffraction using a Panalytical Empyrean Powder X-ray
diffractometer, with Cu radiation (1.540598 A), at 45 kV and 40 mA, by rotating the sample at 2
Hz, on a single crystal Si wafer. The diffractometry displayed 6 peaks characteristic of Cellulose
I and II. Peaks were identified and deconvoluted using OriginPro 2018. Segal Crystallinity index
was calculated? from the (200) plane of cellulose IB, using the following equation, where I (peak) iS

the intensity of the deconvoluted peak at the plane’s characteristic angle.

12000 : :
: —4— FPL 065
] —0o— |1 (1-10)
10000 - I8 (1-10)
] —— |3(110)
I Amorphous
_ ] —o— 11 (110)
3 8000 —<— I} (200)
= —0— IR (004)
= 1 —>— 11(004
g 6000 - (004)
5 ]
= ]
4000
2000 |
0 LA L LA L T LA I L
5 10 15 20 25 30 35 40

2 Theta

Figure D4. X-ray deconvoluted peaks of CNC
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Table D1. Peak analysis of CNC

Plane 20 (°) HPeeiZl;]t FWHM

I (1-10) 12.02 9157 1.8121
Ip (1-10) 14.67 8281 1.9383

Il Amorphous 16.53 4401 1.7407
Ip (110) 18.73 2486 1.9132

I Amorphous 19.85 3403 1.2540
11 (110) 20.63 354 0.6905

1B (200) 22.37 23447 2.1293

Il & 1Ip (004) 34.15 108 1.0155

CI% = (IIB (2z00) — IlBAmorphous)
0 -—

l1g200)
CI% = 85.5%

PP substrate and Coating formulations compatibility

The surface energy of PP substrate was 28 mNm™. In contrast, the surface tension of coating CNC

and CNC-CA coating formulations were 68-70 mNm™ as shown in Table

Table D2: Surface tension of Coating formulations.

Coating Formulation Surface Tension, mN/m
100% CNC 70.54+0.21
95CNC-5CA 70.20+0.19
90CNC-10CA 69.97+0.15
85CNC-15CA 69.76+0.42
80CNC-20CA 69.43+0.23
75CNC-25CA 68.74+0.15
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CNC coating on PP substrate

Rod Coated

CNC+ CA O

==
—_— = -
—) ::7_—;777__77:—/

PP Substrate
CNC Coated PP Substrate

Figure D5. Application of CNC-CA on PP substrate.

Instrument for Measuring Gas Permeability

| p=E—&
\ K H2
{
]
]
1
h -/.'
G- Gas Cylider C- Membrame Cell
K- Gas regulator T1 amd T2 — (Gas Tank AMembeame Cell
P- Presire Transdocer YVIVIVE Ve and V5 are Yales

VE- Vacoom Pump

Figure D6. Experimental setup for measuring gas permeability.
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Thickness of CNC and CNC-CA coated PP

100% CNC Coated 95CNC-5CA Coated 90CNC-10CA Coated

80CNC-20CA Coated 75CNC-25CA Coated

Figure D7. Microscopic images of cross section Area of CNC and CNC-CA coated PP.
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Yield stress and flow index value
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Figure D8. Yield stress vs shear rate curves for CNC-CA formulations to determine flow index

values.
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Contact Angle Measurement

10 Sec 5 mins 10 mins

u
L
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CNC-CA (85:15)

| 1 U
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Figure D9. Contact angle measurement of CNC and CNC-CA coated PP films.
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FTIR Analysis of CNC and CNC-CA Coated Layer

Some of added CA in CNC suspension participated in esterification of OH-groups of CNC
surfaces. Rest of the CA occupy the free volume of the CNC films. Thus, the peak at 1729 cm™ is
the C=0 stretching vibration peak, which is probably a coalescence peak caused by the ester bond

(from esterified CNC) and carboxyl C=0 groups in CA.
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Figure D10. FTIR spectra of CNC and CNC-CA film.

The hydrophilicity nature of the CNC and CNC-CA films were investigated by immersing
the films in water. The delaminated CNC and CNC-CA films were very thin. In order to visualize
the dissolution of CNC films, both films were also prepared by solvent casting method and dried
at 80 °C for 5 hours to investigate the solubility. As can be seen from Figure S10, CNC films
dissolved in water within 2 hours while CNC-CA films remained intact after 30 days. This implies
that addition of CA into CNC enhances the hydrophobicity by surface esterification followed by

crosslinking.
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Figure D11. Solubility of CNC and CNC-CA film (prepared b
0-min 2 hours 3 hours 30 days

sty |

ol

CNC

CNC-

/ .

y solvent casting) in water.
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