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RESUME

Dans cette recherche, notre objectif était de développer des nanocomposites poly (acide lactique)
(PLA) et poly (butylene adipate-co-téréphtalate) (PBAT)/ cellulose nanocristaux (CNC) et des
mélanges PLA/PBAT (75% wt/25% wt) contenant 1 wt % CNC aux propriétés trés améliorées par
rapport a celles des PLA de base (semi-cristallins (sc) et amorphes (a)) et des PBAT. Du PBAT
d'origine pétroliere, mais biodégradable, a été mélangé avec du PLA et des nanocristaux de
cellulose biosourcée (CNC) comme charge pour produire un melange hybride biodégradable de
nanocomposites. Les CNC ont des propriétés intrinsequement hydrophiles qui limitent leur
utilisation a quelques polymeéres hydrosolubles ou a base de latex. En tant qu'agent de renforcement
dans les polymeres hydrophobes ou les mélanges de polymeres, la modification de surface ou la
compatibilité est nécessaire pour obtenir une bonne dispersion et distribution, qui a leur tour
entrainent une amélioration des propriétés des polymeres ou des mélanges de polymeres.
Cependant, dans cette these, nous avons utilisé des CNC vierges qui ont été dispersées dans des
PLA et des PBAT grace a une nouvelle méthode basée sur la sélection thermodynamique des
solvants pour la dispersion et la distribution des CNC et la dissolution des polymeres,

respectivement.

Dans la phase initiale, les nanocomposites PLA/CNC et PBAT/CNC ont été étudiés en utilisant
une technique de coulée par solvant de nanocomposites renforcés par CNC de PLA et de PBAT
afin de produire des matériaux entierement biodégradables. L'analyse thermodynamique reposant
sur la théorie des paramétres de solubilit¢é de Hansen (HSP) a identifié le
diméthylsulfoxyde/tétrahydrofurane (DMSO/THF) comme un systéeme de solvants optimal pour
incorporer les CNC dans les PLA et les PBAT. Les CNC et les polymeéres ont été dispersés et
dissous dans du DMSO et du THF, respectivement. Cela nous a conduit a proposer une
méthodologie qui s'appuie sur deux solvants : I'un pour disperser les CNC, et I'autre pour dissoudre
les polymeres. Les teneurs en CNC dans les PLA et les PBAT etaient de 1, 2 et 3 % en poids.
Ensuite, I'effet des CNC sur les propriétés des PLA et du PBAT pour les états fondus et solides a
été étudié. La présence d'une structure des CNC bien dispersée dans les matrices PLA et PBAT a
été observée en utilisant la microscopie électronique a balayage (MEB) et la microscopie a force
atomique (AFM). En incorporant des CNC a 1 % en poids et des teneurs plus élevées, la viscosité
complexe et les modiles de stockage et de perte ont été considérablement améliorés, en particulier

aux basses fréquences. La création d'un réseau interconnecté de CNC au sein des matrices PLA et
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PBAT est a l'origine de ces améliorations. En outre, la présence d'un réseau 3D a été mise en
évidence par la détermination d’un seuil de contrainte apparente en ajustant le modele Herschel-
Bulkely modifié aux données de cisaillement oscillatoire de faible amplitude de déformation
(SAOS). La concentration seuil de percolation, calculée a I'aide d'un modéle empirique en loi de
puissance ajusté aux données rhéologiques du module de stockage en fonction de la concentration
en CNC, était aussi faible que 1 % en poids pour aPLA et 0.3 % en poids pour scPLA et PBAT.
L'effet des traces de solvant sur les propriétés rhéologiques et morphologiques de I'aPLA, du scPLA
et du PBAT a été étudié et tandis que les PLA conservaient des traces de solvant, entrainant un

effet plastifiant significatif, I'élimination du solvant a été complete dans le PBAT.

Dans la deuxiéme phase, les propriétés morphologiques et rhéologiques des PLA, PBAT, et de
leurs mélanges (75/25% en poids ; PLA/PBAT) ont été étudiées en présence de cellulose
nanocristaux (CNC) préparés a partir d'une technique de coulée a I'aide d'un seul solvant, le N,N-
diméthylformamide (DMF)., suivi d'un mélange a I'etat fondu. La localisation de I'équilibre
thermodynamique des particules de CNC devrait étre dans la phase PBAT. En outre, la tension
interfaciale entre le PLA et le PBAT a été obtenue a partir des meilleurs ajustements des données
viscoélastiques linéaires en utilisant le modele de Palierne pour des mélanges purs préparés a partir
de granulés et de coulée en solution suivie d'un mélange a I'état fondu. Les valeurs calculées étaient
assez différentes de celles obtenues a partir de I'équation de la moyenne harmonique. La viscosité
complexe et le module de stockage des nanocomposites polymeres purs préparés a partir de la
coulée en solution ont augmenté considérablement avec la teneur en CNC, en particulier aux basses
fréquences. De plus, des dépassements prononcés ont été observés dans la croissance des
contraintes dans des essais de démarrage. Les CNC hautement dispersés dans les nanocomposites
coulés en solution ont été agglomérés aprés mélange a I'état fondu. Lors du mélange a I'état fondu,
la viscosité complexe et le module de stockage des nanocomposites purs coulés en solution ont
nettement diminué en raison de la ré-agglomération des CNC dispersées, peut-étre en raison d'une
mauvaise affinité des CNC avec les polyméres et de la désulfatation des CNC a des températures
plus élevées. Pour préparer les nanocomposites des mélanges, les CNC ont été initialement
localisées dans la matrice, dispersées ou les deux phases lors de I'étape de coulée en solution, et la
localisation finale des CNC a été étudiée aprés le mélange a I'état fondu. Les micrographies SEM
de mélanges purs cryo-fracturés PLA (scPLA ou aPLA)/PBAT ont montré que le mélange a I'état

fondu a un effet substantiel sur la morphologie des mélanges purs, et les échantillons sont plus
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homogénes avec des morphologies plus fines par rapport aux mélanges purs préparés a partir de la
coulée en solution . L'ajout de CNC au mélange aPLA/PBAT a entrainé une diminution du rayon
moyen en volume de la phase dispersée, peu importe si les CNC étaient initialement localisées dans
la matrice, dispersées ou les deux phases. Dans le cas du sScPLA/PBAT, lorsque les CNC ont été
initialement localisées dans PBAT, le rayon moyen en volume des gouttelettes était presque le
méme que pour le mélange pur scPLA/PBAT. Dans les autres cas, lorsque les CNC étaient
initialement localisées dans la matrice ou dans les deux phases, des gouttelettes de PBAT allongées
ont été observées avec une tendance a convertir la morphologie matrice-gouttelette en une
morphologie co-continue. De plus, différentes localisations des CNC ont été caracterisées a l'aide
de SEM et d'AFM. Des essais de SAOS et de croissance de contrainte en demarrage ont également
été menés pour étudier le réle des CNC et leur localisation sur les propriétés des mélanges
nanocomposites et leur stabilité morphologique sous cisaillement. Lorsque les CNC étaient
initialement dispersées dans le PLA ou les deux phases, ils avaient tendance a étre localisées a
I'interface des phases PLA et PBAT, ce qui était favorable pour stabiliser la morphologie du
mélange sous cisaillement. Lorsque les CNC ont été introduites dans les mélanges via la phase
PBAT, une morphologie matrice-gouttelette a été obtenue. Lorsque les CNC localisées a l'interface,
des augmentations significatives et Iégeres des courbes de viscosité complexe des nanocomposites
de mélange scPLA/PBAT et aPLA/PBAT, respectivement, ainsi qu'un plateau dans le module de
stockage des nanocomposites de mélange scPLA/PBAT, indicateur de la transformation de
comportement liquide a solide. L'épaulement dans le module de stockage (plus évident pour
scPLA/PBAT/CNC) et I'arc de relaxation des gouttelettes dans les courbes Cole-Cole disparaissent
suite a la localisation interfaciale de CNC a 1 % en poids. Dans les mélanges nanocomposites
aPLA/PBAT/CNC, cette localisation interfaciale n'a pas modifié les morphologies matrice-
gouttelettes d'ou la disparition du deuxiéme arc des courbes Cole-Cole et de I'épaulement du
module de stockage du aPLA/PBAT/CNC était une indication que la relaxation de la phase PBAT
est fortement réduite. D'autre part, pour les mélanges nanocomposites SCPLA/PBAT/CNC, la
morphologie est passée d'une matrice-gouttelettes a une structure continue et I'épaulement du
module de stockage et I'arc de relaxation dans les courbes Cole-Cole ont disparu. L'application d'un
taux de cisaillement de 0.1 s a induit une coalescence de gouttelettes prononcée dans les mélanges
PLA/PBAT purs, tandis que l'ajout de CNC a 1 % en poids a significativement empéche la
coalescence de gouttelettes de PBAT.
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Dans la troisiéme phase, pour mieux comprendre I'efficacité de la méthode a deux solvants, les
propriétés thermiques et mécaniques des échantillons préparés par une méthode a un seul solvant
(DMF) ont été comparées a ceux de la méthode des deux solvants (DMSO/THF). En outre, les
propriétés morphologiques et rhéologiques des hanocomposites purs préparés par une méthode de
solvant ont été étudiées dans la deuxiéme phase avant de préparer le mélange de nanocomposites.
Dans les deux méthodes, la calorimétrie différentielle a balayage (DSC) a montré que le contenu
cristallin total des nanocomposites scPLA/CNC augmentait (effet dd a un agent de nucléation),
alors qu'il diminuait dans les systemes PBAT/CNC (effet de restriction de la mobilité de la chaine
polymére). Dans les deux cas, la température de cristallisation a été augmentée avec la teneur en
CNC. Tous les nanocomposites préparés par la méthode des deux solvants ont présenté un
comportement cassant. Au contraire, pour la méthode a un solvant, I'allongement a la rupture a
augmenteé de 28 et 95 % dans le scPLA et I'aPLA, respectivement, mais a diminué de 80 % dans le
PBAT par incorporation de 3 % en poids de CNC. De plus, pour la méthode a un solvant,
I'incorporation de 3 % en poids de CNC a amélioré les propriétés d'impact de 32 et 9 % dans sCPLA
etaPLA, respectivement, mais les propriétés d'impact des nanocomposites PBAT ont été diminuees
de 4 %. Dans l'analyse thermique mécanique dynamique (DMTA), le module de stockage des
systemes scPLA/CNC et PBAT/CNC a augmenté de maniere significative, en particulier dans la
région caoutchouteuse avec des augmentations correspondantes de 5 a 85 MPa et 105 a 155 MPa,
respectivement. A l'aide d'un modéle de percolation, la force du réseau de percolation du CNC a
pu étre déterminée. Elle s'est avérée dépendante de la température et affectée par des traces de
solvant principalement dans les nanocomposites scPLA. Ces résultats ont confirmé que les deux
méthodes de coulée en solution conduisaient a une bonne dispersion des CNC hydrophobes dans
les matrices PLA et PBAT, mais que le solvant restant avait des effets négatifs sur les propriétés

mécaniques et thermiques, en particulier lorsque la méthode a deux solvants était utilisée.

Enfin, dans la quatrieme phase, I'effet des localisations interfaciales des CNC apres mélange a I'état
fondu a éte etudié sur les propriétés morphologiques, rhéologiques, thermiques et mécaniques de
mélanges de PLA/PBAT contenant 1 % en poids de CNC. Il a été montré dans la deuxiéme phase
que la localisation initiale de 1 % en poids de CNC dans la matrice (PLA) ou dans les deux phases
entrainait une localisation interfaciale des CNC dans les nanocomposites du mélange PLAs/PBAT.
Peu importe la localisation initiale, alors que la localisation interfaciale dans aPLA/PBAT/CNC a
conduit a des morphologies matrice-gouttelettes plus fines, dans scPLA/PBAT/CNC la
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morphologie matrice-gouttelettes a été converties en une morphologie co-continue. De plus, ces
observations ont été confirmées par une analyse rhéologique. De plus, les propriétés thermiques
(d'apres I'analyse DSC) ont confirmé I'effet de nucléation des CNC dans les mélanges PLAS/PBAT
et amélioré la cristallisation de scPLA et PBAT dans les mélanges de scPLA/PBAT et
aPLA/PBAT, respectivement, avec des augmentations de la température de cristallisation et le
degré de cristallinité. La localisation interfaciale des CNC a amélioré I'allongement a la rupture et
la résistance aux chocs de 52 a 171 % et de 57 a 140 %, respectivement, dans les mélanges
nanocomposites SCPLA/PBAT par rapport aux PLA purs. Cette amélioration était moindre dans les
mélanges nanocomposites aPLA/PBAT en raison d'une moindre efficacité de la localisation des
CNC a l'interface en raison de plus de traces de solvant dans aPLA/PBAT/CNC et d'une meilleure
affinité des CNC avec le solvant par rapport aux polymeres, d'ou une adhérence interfaciale plus
faible entre les phases aPLA et PBAT. En raison de cet effet, bien que la perte dans le module de
stockage du systéme aPLA/PBAT n'ait pas été compensée par I'ajout de CNC, les CNC dans le
SscCPLA/PBAT ont pu créer une meilleure adhérence entre les phases et améliorer le module de

stockage jusqu'a la valeur de scPLA pur.



ABSTRACT

In this research, our objective was to develop poly (lactic acid) (PLA) and poly (butylene adipate-
co-terephthalate) (PBAT)/ cellulose nanocrystal (CNC) nanocomposites and PLA/PBAT (75
wit%/25 wt%) blends containing 1 wt% cellulose nanocrystals (CNCs) with highly improved
properties in comparison to those of neat PLAs (semicrystalline (sc) and amorphous (a)) and
PBAT. Petroleum-sourced, but biodegradable PBAT was blended with PLA and bio-based CNCs
as a filler to produce biodegradable hybrid blend nanocomposites. The CNCs are intrinsically
hydrophilic properties that limit their usage to a few water-soluble or latex-based polymers. As a
reinforcing agent in hydrophobic polymers or polymer blends, Surface modification or
compatibilization is necessary to achieve a good dispersion and distribution, which in turn result
in improvement in polymers or polymer blend properties. However, in this thesis, we used pristine
CNCs that were dispersed in PLAs and PBAT through a novel method based on the thermodynamic
selection of solvents for dispersion and distribution of CNCs and dissolution of polymers,

respectively.

In the initial phase, PLA/CNC and PBAT/CNC nanocomposites were investigated using solvent
casting of pristine CNCs reinforced nanocomposites of PLAs and PBAT in order to produce fully
biodegradable materials. Thermodynamic analysis relying on the Hansen solubility parameter
(HSP) theory identified dimethyl sulfoxide/tetranydrofuran (DMSO/THF) as an optimal solvent
system to incorporate CNCs into PLAs and PBAT. The CNCs and the polymers were dispersed
and dissolved in DMSO and THF, respectively. It led us to propose a methodology that relies on
two solvents: one to disperse the CNCs, and the other to dissolve the polymers. The CNC contents
in both PLAs and PBAT were 1, 2, and 3 wt%. Then, the effect of the CNCs was investigated on
the properties of the PLAs and PBAT for both molten and solid states. The presence of a well-
dispersed CNC structure within the PLAs and PBAT matrices was observed using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). By incorporating 1 wt% CNCs
and greater contents, the complex viscosity, storage, and loss moduli were considerably enhanced,
especially at low frequencies. The creation of an interconnected network of CNCs within the PLAS
and PBAT matrices was credited with these improvements. Also, the presence of a 3D network
was evidenced by the determination of apparent yield stress by fitting a modified Herschel-Bulkely
model to the strain amplitude oscillatory shear (SAOS) data. The percolation threshold

concentration, calculated using an empirical power-law model fitted to the rheological data of the
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storage modulus as a function of CNC concentration, was as low as 1 wt% for aPLA and 0.3 wt%
for both scPLA and PBAT. The effect of solvent traces on the rheological and morphological
properties of aPLA, scPLA, and PBAT was investigated and while PLAs retained solvent traces,

leading to a significant plasticizing effect, solvent removal was complete in PBAT.

In the second phase, the morphological and rheological properties of PLAs, PBAT, and their blends
(75/25 wt%; PLA/PBAT) were investigated in the presence of CNCs prepared from solution
casting using a single solvent, N, N-dimethylformamide (DMF), followed by melt mixing. The
thermodynamic equilibrium localization of CNCs particles should be in the PBAT phase. Also, the
interfacial tension between both PLA and PBAT was obtained from the best fits of the linear
viscoelastic data using the Palierne model of the neat blends prepared both from granules and from
solution casting followed by melt mixing. The calculated values were quite different than those
obtained from the harmonic-mean equation. The complex viscosity and storage modulus of the
neat polymer nanocomposites prepared from solution casting increased markedly with CNC
content, particularly at low frequencies. Also, pronounced overshoots were observed in the stress
growth coefficient. The highly dispersed CNCs in the solution cast nanocomposites were
agglomerated after melt mixing. Upon melt mixing the complex viscosity and storage modulus of
the solution cast neat nanocomposites decreased markedly due to re-agglomeration of the dispersed
CNCs, possibly due to poor affinity of CNCs with the polymers and desulfation of CNCs at higher
temperatures. For preparing the blend nanocomposites, the CNCs were initially localized in the
matrix, dispersed, or both phases during the solution casting step, and the final localization of CNCs
were studied after melt mixing. SEM micrographs of cryo-fractured neat blends PLA (scPLA or
aPLA)/PBAT showed that melt mixing has a substantial effect on the morphology of the neat
blends, and the samples are more homogenous with finer morphologies compared to the prepared
neat blends from solution casting. Adding CNCs to the aPLA/PBAT blend were resulted in a
decrease of the volume average radius of the dispersed phase no matter if the CNCs were initially
localized in the matrix, dispersed, or both phases. In the case of sScPLA/PBAT, when the CNCs
were initially localized in PBAT the volume average radius of droplets was almost the same as for
the neat SCPLA/PBAT blend. In the other cases, when CNCs were initially localized in the matrix
or both phases, elongated PBAT droplets were observed with a tendency of converting the matrix-
droplet morphology to a co-continuous one. Also, different localization of CNCs were
characterized using SEM and AFM. SAOS and stress growth tests were also conducted to
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investigate the role of the CNCs and their localization on the blend nanocomposite properties and
their morphological stability under shear flow. When CNCs were initially dispersed in PLA or both
phases, they tended to be localized at the interface of the PLAs and PBAT phases, which was
favorable to stabilize the blend morphology under shear flow. When CNCs were introduced to the
blend nanocomposites through the PBAT phase, a matrix-droplet morphology was obtained. When
CNCs localized at the interface, significant and slight increases in the complex viscosity plots of
scPLA/PBAT and aPLA/PBAT blend nanocomposites and also a plateau in the storage modulus
of scPLA/PBAT blend nanocomposites were an indication of the transform from liquid to solid-
like behavior. Both the shoulder in complex modulus (more obvious for scPLA/PBAT/CNC) and
the droplet relaxation arc in the Cole-Cole plots disappear following the interfacial localization of
1 wt% CNCs. In the aPLA/PBAT/CNC blend nanocomposites, this interfacial localization did not
change the matrix-droplet morphologies, hence the disappearance of the second arc of Cole-Cole
plots and shoulder in complex modulus of aPLA/PBAT/CNC was an indication that the relaxation
of the PBAT dispersion phase is greatly reduced. On the other hand, for the scPLA/PBAT/CNC
blend nanocomposites, the morphology changed from matrix-droplet to a continuous structure, and
both the shoulder in complex modulus and relaxation arc in Cole-Cole plot of sScPLA/PBAT/CNC
disappear. Applying a shear rate of 0.1 s induced a pronounced droplet coalescence in the neat
PLA/PBAT blends, whereas adding 1 wt % CNCs significantly prevented PBAT droplet

coalescence.

In the third phase, to have a better understanding of the effectiveness of the two solvents method,
the thermal and mechanical properties of the samples prepared by one solvent method (DMF) were
compared to those of the two solvents (DMSO/THF) method. Also, the morphological and
rheological properties of neat nanocomposites prepared by one solvent method were investigated
in the second phase before preparing the blend nanocomposites. In both methods, differential
scanning calorimetry (DSC) showed that the total crystalline content of the scPLA/CNC
nanocomposites increased (nucleating agent effect), whereas it decreased in the PBAT/CNC
systems (polymer chain mobility restriction effect). In both cases, the crystallization temperature
was increased with CNC content. All the nanocomposites prepared via the two solvents method
exhibited a brittle behavior. On the contrary, for the one solvent method, the elongation at break
increased by 28 and 95 % in the scPLA and aPLA, respectively, but decreased by 80 % in PBAT
by incorporation of 3 wt% CNCs. Also, for the one solvent method, incorporating 3 wt% CNCs
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were improved the impact properties by 32 and 9 % in scPLA and aPLA, respectively, but the
impact properties of PBAT nanocomposites were decreased by 4%. In dynamic mechanical thermal
analysis (DMTA) the storage modulus of scPLA/CNC and PBAT/CNC systems increased
significantly, especially in the rubbery region with corresponding increases from 5 to 85 MPa and
105 to 155 MPa, respectively. Using a percolation model, the strength of the percolating CNC
network could be determined and was found to be dependent on temperature and affected by traces
of solvent mostly in the scPLA nanocomposites. These results confirmed that both solution cast
methods led to a good dispersion of hydrophobic CNCs within PLA and PBAT matrices, but
remaining solvent had some negative effects on the mechanical and thermal properties, especially

when the two solvents method was used.

Finally, in the fourth phase, the effect of interfacial localizations of CNCs after melt mixing was
investigated on morphological, rheological, thermal, and mechanical properties of blends of
PLAS/PBAT containing 1 wt% CNCs. It was shown in the second phase that initial localization of
1 wt% CNCs in the matrix (PLASs) or both phases resulted in interfacial localization of CNCs in
the PLAsS/PBAT blend nanocomposites. No matter of initial localization, while interfacial
localization in aPLA/PBAT/CNC led to finer matrix-droplet morphologies, in sScPLA/PBAT/CNC
the matrix-droplet morphologies were converted to a co-continuous one. Also, these, observation
was confirmed by rheological analysis. Also, thermal properties (from DSC analysis) confirmed
the nucleation effect of CNCs in PLAS/PBAT blends and improved the crystallization of scPLA
and PBAT in the blends of scPLA/PBAT and aPLA/PBAT, respectively, with increases in the
crystallization temperature and the degree of crystallinity. Interfacial localization of CNCs
improved elongation at break and impact strength by 52 - 171 % and 57 -140 %, respectively, in
ScCPLA/PBAT blend nanocomposites compared to the neat PLAs. This improvement was less in
aPLA/PBAT blend nanocomposites due to less effectiveness of CNC localization at the interface
because of more trace of solvent in aPLA/PBAT/CNC and better affinity of CNCs with solvent
compared to polymers, hence resulted in lower interfacial adhesion between aPLA and PBAT
phases. Due to this effect, although the loss in the storage modulus of aPLA/PBAT was not
compensated by the addition of CNCs, the CNCs could create in sScCPLA/PBAT better adhesion

between phases and improved the storage modulus up to the value of neat scPLA.
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CHAPTER 1 INTRODUCTION

Today, we need a wide range of polymeric materials with their applications in different areas such
as aerospace, aeronautical, automotive, medical, sensors, agriculture, etc. [1]. This is mainly
because polymeric materials are light and have many advantages such as low cost, durability, water
resistance, etc. in comparison to their metal counterparts. Most of the plastics that are in the
environment are polyethylene (PE), polypropylene (PP), Polyethylene terephthalate (PET),
polystyrene (PS), and polyvinyl chloride (PVC) which are non-biodegradable or fossil-based [2].
The fossil-based polymers produce a large quantity of waste in the environment. One way to
resolve these problems in the environment is to substitute fossil-based polymers with bio-based
polymers. Both bio and fossil-based polymers can be biodegradable or not [3]. Also, it is worth
mentioning that biodegradability could not be the ultimate solution in replacing fossil-based
polymers with bio-based one. For example, when the impacts of carbon sequestration in a landfill
are taken into account, Poly (lactic acid) (PLA) and PP greenhouse gas emissions are equal [2].
PLA and Poly (butylene adipate-co-terephthalate) (PBAT) received remarkable attention from
industrial and academic points of view. PLA is bio-based, biodegradable, biocompatible, and non-
toxic [4]. PLA belongs to a family of aliphatic thermoplastic polyester, which has attractive
mechanical and physical properties such as high modulus, high strength, and good clarity. So, it is
a good candidate to replace petroleum-based polymers such as PS, PET, and PP [5]. It has a wide
range of applications such as construction and automobile product, textile and fibers, films and
packaging, and biomedical (drug delivery, blood vessels, tissue engineering, and scaffolding) [6].
However, it suffers from serious drawbacks such as low melt strength, low crystallization rate, poor
processability, slow crystallization rate, low toughness, low service temperature, and high
brittleness [5]. Also, PBAT has been identified as a promising biodegradable plastic candidate for
packaging applications due to its high degree of flexibility, toughness, and ductility, as well as
acceptable mechanical strength and good processability [7], [8]. In this context, PBAT has been
proposed as a viable alternative to the commonly used PE-based films in flexible packaging [9],
[10]. However, improvements in PBAT's viscoelastic and barrier properties, as well as mechanical
strength and stiffness, may expand its applications in packaging and other areas. These
disadvantages of PLA and PBAT can be improved through the development of PLA or PBAT-



based nanocomposites [11], [12]. Cellulose nanocrystals are rod-like nanoparticles made by acid
hydrolysis of cellulose from the cell walls of various plants, sea creatures, and bacteria. Low
density, renewability, biodegradability, high reactivity, big surface area per unit weight, and high
strength and modulus are just a few of the benefits of CNC [13]. Recently, there has been a surge
in interest in incorporating CNCs into PLA and PBAT in order to broaden their uses by improving
mechanical and thermal properties over a wide temperature range[13]-[16]. CNC can help PLA
and PBAT retain their unique qualities including biocompatibility, biodegradability, and
transparency while improving their mechanical and thermal properties. This would result in
completely biobased, biocompatible, and biodegradable composite materials that might be used to
replace petroleum-based polymeric products in the packaging and automobile industries. When
CNC particles are exposed to non-water-soluble polymers, strong hydrogen bonds between them
result in the creation of large agglomerates. As a result, the application of CNC to improve the
properties of polymers has increased, but it is still confined to a few water-soluble polymers and a
few other materials. As a result, in most situations, surface modification or compatibilization are
required to produce a high dispersion of CNCs, as well as a minimum requirement to significantly
improve polymer characteristics [17]. Due to the plasticization effect of the modifiers or
compatibilizers, improvements in mechanical properties have not always been observed despite
adequate dispersion. What is more, pristine CNC has been used in solution casting, but as far as
we know, no previous research has investigated how to select the best solvent for dispersing CNCs
or dissolution of polymers. Both the melt and solid characteristics of nanocomposites are
influenced by the creation of an interconnected network of particles. As a result, in this study, at
first, we attempted to find an effective preparation process (selecting best solvent based on
thermodynamic point of view) to incorporate CNCs in PLA and PBAT, and second, we compared
the effectiveness of this method with the regular preparation solution casting using
dimethylformamide (DMF) on the mechanical and thermal properties of PLA and PBAT/CNC
nanocomposites. In addition to neat PLA and PBAT/CNC nanocomposites in this thesis, we
developed biopolymer blend nanocomposites based on polylactide (PLA) with highly improved
morphological and rheological, thermal, and mechanical properties in comparison to those of neat
PLAs. PLA blending will open a new horizon for new or extended PLA applications [5]. The final
properties of the blend depend on the inherent properties of components in the blend and blend
morphology [5]. So, the properties can be improved by controlling the PLA ratio in the second
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phase, use of another polymer as the third component (ternary blend systems), and developing
hybrid systems through introducing nanoparticles, which can be localized in the matrix, in droplets,
or at the interface [5]. One of the promising second components to blend with PLA is PBAT, which
is a biodegradable synthetic fossil-based polymer. The final performance of polymer blends can be
increased by introducing nanoparticles as reinforcements and can be considered hybrid materials.
One of the promising nanoparticles is cellulose nanocrystals [18]. Although there is a wide range
of investigations on the properties of polymer blends and nanocomposites, very few pay attention
to the control and stabilization of the morphology of polymer blends using nanoparticles [19]. Also,
CNCs localization could have a significant effect on rheological, thermal, and mechanical
properties that should be addressed properly. So, in this work, we improved the morphological,
rheological, thermal, and mechanical properties of PLA/PBAT blend nanocomposites by the
addition of cellulose nanoparticles. The whole system as a hybrid system can be considered a green
nanocomposite or bio-nanocomposite since PLA and CNC are bio-based and biodegradable and
PBAT is biodegradable.

The main contributions of this research are found in four scientific articles; the first and second
have been published in the journals of Cellulose and Nanomaterials, respectively, the third and
fourth have been accepted with a revision in the journals of Polymer Composites, and Polymer,

respectively.

This thesis consists of the following chapters:
Chapter 1: Introduction
Chapter 2: Literature review

Chapter 3: Objectives

Chapters 5 - 8: The four articles reporting the main results of this project.

>
>
>
» Chapter 4: Organization of the articles
>
» Chapter 9: General discussion

>

Chapter 10: Conclusions and recommendations



CHAPTER 2 LITERATURE REVIEW

2.1 Biodegradable Polymers

Biodegradable polymers are polymers that undergo the mineralization process through chain
scission by microbes present in the environment, which needs specific pH, humidity, oxygen level,
and metals in order to become completely degradable in the environment [20]. It is important to
state that bio-based plastics and biodegradable plastics are completely different from each other. A
bio-based plastic can be biodegradable or not and if plastic is biodegradable, it does not mean that
it is bio-based [3]. So, plastics from biomass feedstock materials that are bio-based can be
biodegradable or not. Biodegradable plastics can be from renewable resources such as poly (lactic
acid) (PLA) and polyhydroxyalkanoate (PHA) or can be from fossil resources such as
polycaprolactone (PCL), polybutylene succinate (PBS), and poly (butylene adipate-co-
terephthalate) (PBAT) (Figure 2.1) [3]. Despite their enormous potential, biodegradable (bio or
fossil-based) plastics have yet to gain widespread adaptation in the plastic industry, owing to their
higher costs and poor mechanical properties. Global bioplastics production capacities are expected
to rise from around 2.11 million tons in 2020 to around 2.87 million tons in 2025, according to the
latest industry data collected by European Bioplastics in collaboration with the Nova-Institute [21].
Biobased PLA and biodegradable PBAT global production capacity were around 294x10° and
280x10° tonnes in 2020 and the production of biodegradable plastics is expected to increase to 1.8
million tonnes in 2025 [21]. Bioplastic final cost is likely to be reduced as processing technologies
and capability improve; however, the weak mechanical properties will continue to be a limiting
factor. Biopolymers have a number of flaws, including brittleness, poor barrier properties, low

thermal stability, thermal degradability, and processing window sensitivity [22].



BIOBASED
Bioplastics Bioplastics
bio-PE, bio-PP,
: > PLA
bio-PA, X
cellulosc-acctate, PHA (PHB...),
io-polyisoprene, TES,
m ) cellulose-regenerates
bio-PTT
NOT
BIODEGRADABLE
BIODEGRADABLE Conventional Bioplastics
o co- . (PBAT),
PE-LD, PE-HD, zcaplohcwon.
PP, PA, PS, B({' *
PVC, EVOH,
FOSSIL-BASED

Figure 2.1 Biodegradability characteristic of conventional and bio-polymers [3]

2.1.1 Polylactide (PLA)

Poly (lactic acid) or polylactide (PLA) is a bio-based and biodegradable polymer produced from

biomasses or resources such as cornstarch and sugarcane that belongs to the aliphatic thermoplastic

polyester group and is produced industrially. PLA has one of the highest commercial potentials

among biodegradable polyesters due to its widespread availability, mechanical properties, and low

cost [23], [24]. Direct condensation and ring-opening polymerization of lactic acid monomer and

cyclic lactic dimer, respectively, can be used to synthesize PLA (Figure 2.2) [5].
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Figure 2.2 Different methods of PLA synthesis [6][5].
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PLA is one of the few bioplastics that can match the mechanical strength of commodity polymers
including polystyrene (PS) and polyethylene terephthalate (PET). PLA has a number of
advantages, including high modulus (2-16 GPa), high strength (around 14-117 MPa), and
transparency, but it also has a number of drawbacks that must be resolved in order for it to be used
in broader applications. The brittleness, low barrier properties, and slow crystallization rate of PLA
are its key drawbacks [5]. Different techniques for improving PLA toughness were discussed by
Anderson et al. [25] and Rasal et al. [26], including changing the ratio of D and L mesoforms (ratio
of D:L and native properties depend on the synthesis route taken; Chemically synthesized lactic
acid gives the racemic mixture (50% D and 50% L), while fermentation-derived lactic acid
typically consists of 99.5% of the L-isomer and 0.5% of the D-isomer), plasticization,
copolymerization with other polyesters, and blending with other bioplastics. PLA resins containing
more than 93 % of L-lactic acid are semi-crystalline. However, PLA with 50-93 % L-lactic acid is
completely amorphous. Blending PLA with other bioplastics has gotten a lot of attention because
it's cost-effective and improves not only the brittleness of PLA but also its other properties [5],
[25].

2.1.2 Poly (butylene adipate-co-terephthalate) (PBAT)

PBAT is a synthetic polymer derived from fully biodegradable fossil resources, has a high
elongation at break (up to 700%) [27]. Figure 2.3 shows the molecular structure of PBAT, which
is made up of butylene terephthalate (BT) and butylene adipate (BA) parts. It is used in a variety

of applications, including packaging, biomedical, and hygiene devices, among others [7].

o
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Figure 2.3 Chemical structure of PBAT [27].

The use of this biodegradable material is hampered by its high prices and poor thermo-physical
and mechanical resistance as compared to non-biodegradable polymers [28]. As a result, the growth
of a PBAT market will be possible only if production costs are reduced and their properties are
enhanced [29]. PBAT has been identified as a promising biodegradable plastic candidate for

packaging applications due to its high degree of flexibility, toughness, and ductility, as well as



good processability [30]. In this context, PBAT has been proposed as a viable alternative to the
commonly used polyethylene (PE)-based films in flexible packaging [9], [10]. However,
improvements in PBAT's viscoelastic and barrier properties, as well as mechanical strength and

stiffness, may expand its applications in packaging and other areas.

2.2 Nanocellulose

Nanotechnology is defined as the study and control of materials with at least one dimension in the
range of 100 nanometers. Nano dimensional materials with unique properties can lead to new
advanced material applications. Nanomaterials derived from renewable resources, such as
cellulosic and lignocellulosic biomass, have the potential to play a significant role in
nanotechnology research. A suitable method or a combination of methods may be used to extract
nanocellulose from lignocellulosic biomass. Extracted nanocellulose is a readily available and
reusable biomaterial resource with unique properties for advanced materials applications.
Nanocellulose's shape, scale, surface morphology, yield, and properties are all affected by the
lignocellulosic biomass source, pretreatment, and preparation processes [31], [32]. Cellulosic
nanomaterials such as bacterial nanocellulose (BNC) which is formed by certain strains of bacteria,
cellulose nanofibers (CNF), and cellulose nanocrystals (CNC) which are isolated from
lignocellulosic biomasses are all referred to as nanocellulose (Figure 2.4). The majority of cellulose
nanocrystals (CNC) are rod-like nanoparticles with diameters of 10-20 nm and lengths of several
hundred nanometers. Strong acid hydrolysis is used to make them from a variety of materials,
including wood pulp, cotton, manila, tunicin, and bacteria. The nanocellulose and main amorphous
components are eliminated during the acid hydrolysis process, leaving CNC particles with high
crystallinity and a half ester sulfate group (OSO3") on their surface. Cellulose nanofibrils (CNF)
are flexible fibers with a diameter similar to or greater than CNC and a length of several um [33]—
[35]. Tempo-mediated oxidation (2,2,6,6,-tetramethylpipelidine-1-xoyl radical) is a typical
manufacturing process [36], [37]. The resulting CNF has both amorphous and crystalline portions,
giving it a lower crystallinity than CNC, and carboxylate groups are added during the TEMPO
oxidation process. Due to the almost excellent crystalline structure of CNC or crystalline sections
of CNF, together with intra- and inter-chain hydrogen bond networks, both CNC and CNF are
nanomaterials with exceptional mechanical properties. Cellulose nanocrystals as a reinforcing

phase have gotten a lot of interest because of their low cost, biodegradability, ease of availability,



high strength, renewability, and other excellent properties [38]. CNCs also could disperse more
effectively than CNF in the matrix of polymers. Nanocelluloses have the ability to reinforce various
polymer matrices with very low filler loadings to achieve targeted properties, with Young's
modulus in the range of 100-130 GPa and a high specific surface area of several hundred m? g*
[31].

Microfibrillated
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Crystalline region

Elementary =
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on " "~ ‘
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0

Figure 2.4 (a) Cellulosic fiber, (b) micro-fibrillated cellulose, (c) elementary fibril and (d) basic

cellulose chemical structure [39].

Cellulose nanocrystals have some excellent characteristics that make them suitable for reinforcing

phases in polymer matrices, including the following [31]:

1) High aspect ratio (length/width ratio) compared to micro cellulosic materials, allowing for

good stress transfer between fillers and polymer matrix during loading.

2) Because of the nanosized dimensions, there is a large specific contact surface area, which
means that a low concentration is required to disperse and distribute across the matrix and

achieve the desired properties.

3) The large hydroxyl groups on the surface of the cellulosic nanofiller may form hydrogen
bonds/participate in chemical reactions with the matrix, resulting in better matrix

reinforcement.

4) Furthermore, the abundance of hydroxyl groups in nanocellulose allows for the
functionalization of nanocellulose with suitable molecules for efficient nanocellulose

reinforcement in polar and nonpolar matrix polymers.
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5) Cellulose nanofillers are a form of nanofiller that is both environmentally friendly and

renewable.

2.2.1 CNC Treatments

Apart from their intriguing features, CNCs, use in polymer nanocomposites is confined to a few
hydrophilic polymers like polyvinyl alcohol (PVOH) [40]-[42] and polyethylene oxide (PEO)
[43], and hydrophobic polymers in latex form [44]. This is owing to CNC's high hydrophilicity,
which means they do not disperse well with more intriguing polymers like hydrophobic
polyolefins, PLA, and other hydrophobic polymers. To achieve improved mechanical
characteristics and excellent dispersion of CNCs into polymer matrices, compatibilization is
required [45]. CNC treatments to make it more hydrophobic, polymer matrix functionalization to
make it more hydrophilic or the use of compatibilizers should all be considered in this regard. CNC
surface treatments include acetylation or esterification [46], tempo-mediated oxidation [36], [37],
grafting [47]-[50], and cationization [51], as well as plasma [52] and corona [53] treatments and
chemical alterations. For CNCs, these procedures must be followed by a post-treatment reaction
such as grafting a long hydrophobic chain (surfactant) as a grafting agent to the carboxylate or
carboxylic groups due to a lack of significant physical or chemical interactions with polymer
matrices. This can make the entire treatment procedure costly, time-consuming, and difficult to
manage. Also, to improve the compatibility of CNCs and polymer matrices, coupling agents and
compatibilizers have been utilized [54], [55]. The plasticization effect of short chains grafted on

the surface of CNCs, on the other hand, impairs the CNCs' reinforcing action.

2.3 Polymer Nanocomposites

Polymer nanocomposites have stimulated the interest of scientists and industry in recent years due
to their ability to achieve substantial improvements in mechanical, thermal, thermomechanical, and
solvent or gas barrier properties with respect to the polymer matrix at very low filler concentrations
as compared to continuous phase materials [56]. Three major factors influence the properties of
nanocomposites: polymer matrix and nano reinforcing phase properties, as well as the interfacial
interaction between the filler surface and the polymer matrix. Moreover, the properties of
polymeric nanocomposites are highly dependent on the dispersion and distribution of

nanomaterials in the continuous matrix phase for a particular nano reinforcement and matrix of the
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polymer [38]. As well distributed in polymers, cellulose nanocrystal (CNC) has the potential to
generate new products due to its superior mechanical properties, low density, biodegradability,
renewability, and low cost [17], [57]-[59]. While modified CNCs have been successfully applied
to a variety of polymers in recent years, the use of unmodified CNCs in polymer matrices is still a
question that needs to be answered. Furthermore, the incorporation of CNCs into polymer blends
has received little attention and will be discussed in the section on polymer blends.

2.3.1 PLA/CNC and PBAT/CNC Nanocomposites

Since CNCs are bio-based, biodegradable, biocompatible, non-toxic, and derived from abundant
resources on Earth, these materials that are entirely bio-based and biodegradable are becoming
increasingly popular [60], [61]. Their growth is due to the ability to create polymer nanocomposites
with improved properties while preserving the matrix's biodegradability. CNC's biggest drawback
is that they are difficult to disperse in hydrophobic media such as PLA and PBAT since they are
predominantly hydrophilic [62]. In order to create CNC-based nanocomposites, various methods
such as solvent casting, melt mixing, and in situ polymerization have been used. [63]. Several
recent advances in the production of these nanocomposites are detailed in several review articles
[64]-[67]. Table 1 summarized the advantages and disadvantages of different methods in preparing

CNC-based nanocomposites.

Table 2.1 Advantages and disadvantages of different methods in preparing CNC-based

nanocomposites [63]

Methods Advantages Disadvantages

Solvent The production process is easy, 3- | Solvent utilization and some solvents

casting dimensional CNC network are toxic, not good for large scale
production

Melt mixing Large scale production, no solvent CNC degradation, destruction of a 3-
dimensional network through high
shear rate, very bad dispersion in
hydrophobic matrices

In situ CNC network formation, making | CNC degradation during
polymerization | covalent bonding between polymer | polymerization, dispersion of CNCs in
and CNCs, the possibility of large- | monomer phase does not allow to go
scale production for a high degree of polymerization

The use of direct melt mixing to achieve well-dispersed CNCs in PLA and PBAT has not been

extensively established. This is primarily due to the presence of interacting hydroxyl groups on the
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CNC surface, which makes dispersion within PLA and PBAT difficult. The irreversible
agglomeration of CNCs in the PLA/CNC and PBAT/CNC nanocomposites during melt mixing are
caused by strong interactions among CNC particles, as well as their large surface area and high
surface energy [68], [69]. Besides that, high processing temperatures combined with applied shear
forces can cause further thermal degradation of CNCs that accelerate beyond 200 °C [68], [69].
The developed CNC agglomerates in the matrix could also serve as stress concentration sites,
reducing the mechanical properties of nanocomposites dramatically. Many attempts have been
made to boost the CNC dispersion in PLA and less in PBAT and, as a result, the final properties of
their ~ nanocomposites. CNC  surface  functionalization, the incorporation  of
surfactants/compatibilizers, and the use of hybrid processing methods are examples of these efforts
[13]. Table 2 summarizes the research on CNC melt mixing in PLA, including the method of
modifications, CNC content, percolation threshold concentration, and analysis. Among these
studies, Kamal et al. [70] were able to melt mix spray-freeze-dried CNCs into a PLA matrix without
modifying the CNCs or using additives. They obtained a percolation threshold of 3 wt% CNCs.
Only a few studies have been published on melt mixing as a method of preparing PBAT/CNC
nanocomposites. Using an internal melt mixer, Zhan et al. [71] integrated both unmodified and
modified CNCs into PBAT. Morelli et al. [72] reported a slight increase in thermal stability and
mechanical properties of PBAT reinforced by phenyl butyl isocyanate-modified CNCs, even by 10
wt% CNCs, prepared through melt-processed using a twin-screw extruder (TSE). A slight
improvement in mechanical properties was reported by Pinherio et al. [16], where they prepared

PBAT/octadecyl isocyanate-modified CNCs in an internal melt mixer.

Table 2.2 Melt mixing of PLA/CNCs [13]

Melt process CNC content and modification Results
Twin-Screw Using Beycostat A B09 as a| CNC dispersion increased, but PLA
Extruder[73] surfactant (5 wt%) degraded at 20 wt%

Twin-Screw CNC-grafted PLA (2, 4, and 8 | --
Extruder[74] wit%)

Twin-Screw Silanation (3 wt%) Still the presence of agglomerates
Extruder[75]

Twin-Screw Esterification (0.5, 1, and 2 wt%) | Increase in interfacial interaction
Extruder[76] without any effect on the crystallization
Twin-Screw CNC-HCL, CNC-AA, and CNC- | PLA had better interaction with LA in

Extruder[77] LA (5 wt%) comparison to the AA and HCL
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Twin-Screw CNC hydrolysis with H>SQO4, | CNC hydrolysis with H3PO4 resulted in
Extruder[78] HCL, H3PO4, HNO3 good dispersion

Twin-Screw CNC grafted PLLA (1, 2, 3wt%) | Agglomeration increased with CNC
Extruder [47] content

Twin-Screw CNC grafted PMMA (5 wt%) Good dispersion of CNCs

Extruder [79]

Twin-Screw --- (4 wt%) Up to 10 um CNC agglomerates
Extruder [80]

Internal  Mixer | CNC-ASA (5 wt%) Better dispersion in comparison to
[81] unmodified CNCs

Internal  Mixer | --- (3 and 6 wt%) 10 um agglomerates of CNCs at CNC
[82] content of 3 wt%

Internal  Mixer | CNC-grafted PLA (3 and 6 wt%) | Good dispersion of CNCs

[82]

Internal  Mixer | Freeze dry and spray dry CNC | Had a good dispersion even at 7 wt%
[83] (0.5,1, 15, 3, 5, 7 wt%)

Internal  Mixer | CNC-grafted PLLA (1,2,3 wt%) | Good dispersion of CNC

[84]

Internal  Mixer | Lignin coated CNCs Up to 30 um agglomerates of CNCs
[85]

CNC-ASA=CNCs modified with alkenyl succinic anhydride, CNC-LA=lactic acid modified
CNCs, CNC-AA=acetate modified CNCs, CNC-HCI =Hydro chloric acid modified CNCs,
CNC-H2S04 = CNCs hydrolyzed through H2SO4, CNC-H3PO4 = CNCs hydrolyzed through
H3PO4, CNC-HNO3z = CNCs hydrolyzed through HNO3, CNC-g-PMMA= CNCs grafted with
poly(methyl methacrylate)

Since it's difficult to get a good CNC dispersion in PLA and PBAT using melt mixing, several
studies have looked at how to boost it using solvent casting. Solution casting implies dissolving
PLA and PBAT chains in a polar solvent such as N, N-dimethylformamide (DMF) [86], dimethy!
sulfoxide (DMSO), formic acid, dimethylacetamide (DMAC), pyridine, chloroform [87]-[89],
dichloromethane [90], and a few more solvents [62] in order to disperse CNC inside the PLA and
PBAT chains. After the solvent has evaporated, a strong CNC solid percolation network can form.
As solution casting is used, thermal degradation of PLA and CNC can be avoided. Also, the
combination of wet (solution casting) and dry (melt mixing) methods can be an effective method
in the preparation of PLA/CNC and PBAT/CNC nanocomposites. Few researchers obtained
interesting results without modification of CNCs and studies conducted on modified CNCs can be
found in a recent review paper conducted by Vatansever et al. [13]. Among different studies
conducted on unmodified PLA/CNC nanocomposites [13], [87], [91]-[94], Bagheriasl et al. [80],
[95] demonstrated that using DMF as the solvent, well-dispersed CNC particles could be obtained
in PLA. They compared their findings to samples prepared using a melt mixing (TSE) directly.
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When comparing melt mixing (Figure 2.5, first row) and solution casting (Figure 2.5, second row)
in PLA nanocomposite with 4 wt% of CNCs, the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images in Figure 2.5 shows that when using solution

casting in PLA nanocomposite well distributed CNCs were obtained.
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Figure 2.5 Images of PLA/CNC nanocomposite (containing 4 wt% CNCs) prepared by solution
casting and melt mixing; SEM (left) and TEM (right) [80], [95].

The importance of PLA molecular weight and crystallizability on CNC dispersion efficiency was
reported by Vatanserver et al. [96]. Due to a better interpenetration of PLA molecules and CNC
nanoparticles within each other during the solution preparation process, it was shown that the CNCs
could be better distributed in a lower molecular weight PLA. They also showed that the high
crystallizability of PLA could improve the CNC dispersion quality by preventing agglomeration
during the solvent evaporation step. Figure 2.6 displays TEM images of PLA/CNC nanocomposites
with a CNC content of 5 wt%. The existence of CNC agglomerates in high molecular weight PLAS
could be seen (Figure 2.6, first column). In low molecular weight PLA, however, the CNC
dispersion appears to be better (Figure 2.6, second column). Comparing Figures 2.5 and 2.6 show,
although Vatanserver et al. [96], used the same methods for the preparation of lower molecular
weight PLA/CNC nanocomposites, they achieved a lower dispersion of CNCs in low molecular
weight PLA. Morelli et al. [97], using solution casting, obtained 120 % and 40 % improvement in
tensile modulus and strength when incorporated 10 wt% aromatic isocyanate-grafted CNCs in
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PBAT matrix. Also, Ferreira et al. [98] could achieve an improvement in storage modulus for
PBAT/3 wt% unmodified and adipic acid-modified CNCs prepared from solution casting. Despite
the fact that solution casting has been performed in several studies to prepare polymer-CNC
nanocomposite, none of them consider how to select a solvent for CNC dispersion and polymer

dissolution. Furthermore, the impact of residual solvent on rheological, mechanical, and

morphological properties is still a challenging topic that needs to be addressed properly.

Amorphous high molecular weight PLA/ICNC Amorphous low molecular weight PLA/ICNC

Figure 2.6 TEM images of PLA/CNC nanocomposites (amorphous and semicrystalline with
different molecular weights) with 5 wt% CNCs prepared by solution casting [96].

Researchers recently merged the two methods to prepare a better dispersion of CNCs not only from
solvent casting but also from both solvent casting and melt mixing, in order to make it industrially
acceptable. Most of them used solution casting to create a masterbatch, which is then diluted in the
melt mixing process. To stop CNC agglomeration inside PLA, Oksman et al. [99] investigated a
liquid-assisted nanocellulose feeding into the extruder. Their goal was to remove the need for CNC
drying before processing, which could cause irreversible aggregation due to strong hydrogen
bonding. During the process, they also used (polylactide-graft-maleic anhydride) PLA-g-MA and
poly (ethylene glycol) (PEG) as a compatibilizer in the system. Other researchers used the same
liquid-assisted feeding process but were unable to achieve a high degree of CNC dispersion in the
PLA matrix [99]-[103]. More researchers have recently concentrated on the masterbatch method,
which uses a polymer as the CNC carrier. Solution casting [104]-[106], spin coating [107], and in-
situ polymerization [14], [108] are popular methods for creating masterbatches. Bitinis et al. [109]
used solution casting to prepare PLA masterbatches with pristine CNCs, PLA-grafted-CNC, and
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alkyl-grafted-CNC (C18-g-CNC). They discovered that using C18-g-CNC resulted in a more
uniform CNC dispersion in PLA. Similarly, Heshmati et al. [110] used a solvent casting process
and DMF as the solvent to prepare a masterbatch of PLA/CNC and PLA/PEO-CNC by high-
pressure homogenization and freeze-drying. The masterbatch was then diluted with the aid of an
internal mixer. Atomic force microscopy (AFM) images show an acceptable dispersion of 2 wt%
of CNCs (with or without PEO) in the PLA (Figure 2.7). The dispersion of CNCs was better when
the CNCs were functionalized with PEQO, as seen in the images; a percolation threshold of 1.5 wt%

was reached.

PLA/2 wt% CNC-PEO {

B
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Figure 2.7 AFM images of PLA/2 wt% CNC and PLA/2 wt% CNC-PEO nanocomposites
prepared by dilution of masterbatch in an internal mixer [110], [111].

In a recent study, Bagheriasl et al. [80] prepared PLA/4 wt% CNC through TSE subsequent to
dilution of a masterbatch (prepared via solution casting). Although the TEM images of samples
prepared by solution casting and melt mixing (Figure 2.8) are close to those obtained by solution
casting alone (Figure 2.5), the rheological properties of samples prepared by solution casting are
significantly improved. However, they discovered that the tensile strength remained nearly
constant while the modulus increased only slightly. This may be due to the difference in surface

energies between PLA and CNC particles, which results in poor interfacial strength.
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Figure 2.8 Images PLA/CNC nanocomposite (containing 4 wt% CNCs) prepared by dilution of
masterbatch in the TSE; SEM (left) and TEM (right) [80].

Shojaeiarani et al. [107] compared two masterbatches of PLA/CNC-PEO made by spin-coating
and solvent casting and then diluted with a twin-screw extruder. The dispersion of CNC was better
from the spin-coating method at low CNC contents up to 3 wt%, but as the CNC content increased
to 5 wt%, the dispersion from solvent casting was better than spin-coating. The existence of a
significant amount of residual solvent associated with a large volume of spin-coated masterbatches
at 5 wt% CNCs hampered the CNC dispersion within PLA, according to the authors. They also
suggested that the CNC agglomeration could be caused by insufficient shear or a shorter residence
time. They didn't display TEM or AFM images of the dispersed CNCs to see whether they could
get a better dispersion of CNCs in the PLA. Water-soluble polymers including polyvinyl alcohol
(PVOR), polyethylene oxide (PEO), and polyvinyl(acetate) (PVAc) have also been used as carrier
polymers to make masterbatches and then PLA/CNC nanocomposites [82], [112]-[114]. Arias et
al. [82] successfully dispersed CNCs at a nano-level scale through a novel two-step process. First,
they encapsulated CNCs with polyethylene oxide (PEO) using a solution mixing method followed
by freeze-drying. Second, they prepared PLA/PEO-CNC in the molten state. They used a high and
low molecular weight of PEO and showed that using low molecular weight resulted in a finer
dispersion of CNCs. Also, they compared their result with direct mixing of CNCs and PLA and the
result showed 10 um agglomerates of CNCs at CNC content of 3 wt%. Moreover, they showed
that the brittle behavior PLA transferred to the ductile behavior by increasing the amount of low
molecular PEO. Regarding PBAT/CNC nanocomposites, in a study conducted by Vatansever et al.
[105], CNC reinforced PBAT nanocomposites with CNC contents of 1, 3, and 5% were made by

solution casting or melt mixing of a PBAT/CNC masterbatch. They discovered that solution-cast
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nanocomposites had a much finer CNC dispersion, while melt mixing resulted in CNC
agglomerates (Figure 2.9). They did not observe any significant differences in thermal degradation,
and mechanical properties of PBAT/CNC prepared from solution casting or dilution of masterbatch

through melt mixing.
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Figure 2.9 TEM images of PBAT/5 wt% CNC nanocomposites prepared by solution casting or
dilution of master batch prepared by solution casting in a TSE [105].

2.3.2 Rheological Properties of PLA/CNC and PBAT/CNC Nanocomposites

From rheological analysis, it is possible to predict or estimate the properties of polymers containing
CNCs. Variations in complex viscosity and storage modulus as a function of frequency are widely
used to describe the morphology (e.g., CNC dispersion) of CNC-based nanocomposites [115].
Using the information from the storage and loss modulus (G “and G ”, respectively) and the complex
viscosity (77*) as a function of frequency, the rheological behavior of the polymer can be described.
Kamal's group [116] identified the following rheological characteristics as indicators of solid-
network formation initiation: (a) a sudden shortening of the linear viscoelastic region, (b) a higher
G’(than G”) at low frequencies, (c) an upturn in complex viscosity at low frequencies. When the
CNC distribution and dispersion are homogenous throughout the polymer, G “and G ”increase with
the filler content, and the increases are more important at low frequencies [115]. On the other hand,
there is a wide range of investigations that showed that adding a filler (nano) to the polymers will
result in increases or decreases in the complex viscosity. The decrease in complex viscosity can be
due to the degradation of the polymer matrix in the presence of a filler. Mariano et al. [115]
prepared PLA/CNC nanocomposites through melt mixing where the CNCs were modified by two
PLLA-based surfactants (imidazole group (Im-PLLA) and polyethylene glycol (PEG) block (PEG-
b-PLLA)). They showed that adding a large amount of CNCs increased the complex viscosity of
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the system. Zhang et al. [117] showed that the addition of 3 wt.% CNC to the polymer
nanocomposite of PBAT/CNC resulted in an increase in the complex viscosity. On the other hand,
Pinherio et al. [118] showed that modified CNCs with octadecyl isocyanate in PBAT/CNC
nanocomposites had a reverse effect on the complex viscosity. In another study, Ben Azouz et al.
[119] investigated the effect of CNCs on polyoxyethylene (PEO)/CNC nanocomposite. They
showed that the viscosity decreased with increasing CNC content up to 6 wt.%, probably this is
due to interactions between the oxygen groups of PEO and the hydroxyl groups of cellulose, which
result in a strong affinity between PEO chains and the cellulosic surface.; beyond that
concentration, the viscosity started to increase. Because most of the polymers are hydrophobic and
the CNCs are hydrophilic, there is not a good interfacial interaction between CNCs and polymers,
which results in agglomeration or poor dispersion of CNCs in the polymer matrix [120], [121]. In
addition to the effects of CNCs on the storage modulus, loss modulus, and complex viscosity, it
can produce another effect by providing a three-dimensional network, which connects through the
polymer. This three-dimensional network is considered above a percolation threshold at which the
rheological properties of polymer composites increase exponentially and the systems exhibit an
apparent yield stress [122]. Bagheriasl et al. [122] investigated the shear rheology of PLA/CNC
nanocomposite which is produced through solvent casting and they showed that the system reached
a percolation threshold at the CNCs wt% of 0.66 for PLA/CNC nanocomposites. In another study
conducted by Arslan et al. [106], the rheological properties of the PLA/CNC nanocomposites
confirmed the CNC dispersion variation in the samples prepared through solution casting and
dilution of a master batch in a twin-screw extruder (TSE). The CNC percolation network in
nanocomposites prepared by solution casting was found to be between 1 and 3 wt% CNC, while
the solid network formation concentration in nanocomposites prepared by TSE was calculated to
be greater than 5 wt% CNC. Vatanserver et al. [105] confirmed the dispersion and distribution of
CNC in PBAT through the rheological experiments. The CNC percolation network concentration
in nanocomposites prepared by solution casting was calculated to be around 2.18 wt% CNCs, while
the solid network formation concentration in nanocomposites prepared by TSE was calculated to
be around 3.15 wt% CNCs.

A very good comparison in the review of VVatansever et al. [13] focuses on the rheological behavior
of PLA/CNC nanocomposites at a frequency of 0.1 rad/s from different reports (Figure 2.10).
According to Figure 2.10, it is obvious that Bagheriasl et al. [123] and Gupta et al. [124] reached



19

a very high value in the complex viscosity and storage modulus, which is an indication of a CNC
network formation at a very low amount of CNCs (around 0.6 wt%). The decrease in the complex
viscosity from the work of Bagheriasl et al. [123] at a CNC content of 7 wt% is an indication of

CNC agglomeration in the PLA matrix (Figure 2.10).
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Figure 2.10 Relative (a) complex viscosity and (b) storage modulus of PLA/CNC
nanocomposites from different reports as a function of CNC content [13], [83], [111], [123]-[126].

By applying the empirical power-law equation (Equation 2.1) to the experimental data of storage
modulus versus CNC material, the percolation threshold in polymer nanocomposites could be
determined.

n,
G =4.G (wj for m>m.G (Equation 2.1)

m.G

In this equation 4G and n, are power-law constants, m is the CNC concentration (wt%) and m.G
is the rheological percolation threshold (wt%) [96], [123], [127]-[130]. By fitting this empirical
model to the rheological data, percolation thresholds could be calculated for CNC nanocomposites.
The onset of CNC percolation threshold concentrations were identified by Bagherasli et al. [123]
and Gupta et al. [85] as 0.66 and 0.68 wt%, respectively, which is consistent with their experimental
results. Vatanserver et al. [96] used this approach to determine the CNC rheological percolation
threshold for PLA/CNC nanocomposites, which was 7.8 and 4.8 wt% for high and low molecular
weight (MW) PLA with amorphous content, and 6.6 and 2.8 wt% for high and low MW PLA with

semicrystalline content, respectively.
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2.3.3 Thermal and Crystalline Properties PLA/CNC and PBAT/CNC

Nanocomposites

Differential scanning calorimetry was used to investigate the effect of CNCs on the crystallization
and spherulite growth of biodegradable polymers from the melt. CNCs act as nucleating agents,
increasing the melting temperature (Tm), crystallization temperature (Tc), and degree of crystallinity
(Xc) of the polymer, according to several authors [63]. The presence of thicker polymer crystalline
lamellae can lead to a rise in melting temperature [97], whereas the crystallization of slightly less-
perfect polymer crystals can lead to a decrease in melting temperature [72]. When a nanofiller
serves as a nucleating agent, the nanocomposite's crystallization temperature is typically raised
slightly above that of the neat polymer, which is directly linked to an increased number of
heterogeneous nuclei for crystallization. When CNCs act as an anti-nucleating agent, however, T
decreases, which may be due to polymer chain restriction, which impedes crystalline growth [131],
[132]. Chen et al. [133] investigated the effect of modified and unmodified CNCs on the poly(j-
hydroxybutyrate) composites. They showed that unmodified CNCs increased the crystallization
temperature due to the nucleating effects on CNCs, but modified polylactide-grafted CNCs showed
a lower crystallization temperature in comparison to the unmodified CNCs and the neat polymer.
The degree of nucleation dispersion, nanocomposite processing method, polymer chemical
structure, filler structure, and other factors all influence the crystallization process of polymeric
nanocomposites. Various observations were reported in the literature on the impact of CNC on
polymer crystallinity. CNCs have an effect on the crystallinity of polymers and this is related not
only to the role of CNCs as nucleating agents but also through increasing the interfacial interaction
between filler-matrix [72], [134], [135]. This effect was shown by Pei et al. [136]. They
investigated the effects of CNCs and silylated CNCs on the crystallinity of PLLA-based
nanocomposite. They showed that unmodified CNCs did not have any effect on the crystallinity of
PLLA, but the modified CNCs increased the degree of crystallinity of PLLA from 14.3 to 30.4 %.
These findings show that the increase in crystallinity of PLLA resulted from a better interfacial
interaction between silylated CNCs and PLLA and also from a better dispersion throughout the
PLLA matrix. Despite the rise in T¢ as the amount of CNC increased, the crystallinity of PBAT did
not change significantly, according to Morelli et al. [97]. Hameed et al. [137] found a similar
behavior while working with PHBV. Morelli et al. [14] observed that after adding modified CNCs

with a low molecular weight poly (butylene glutarate), Tc of PBAT increased while X. decreased.
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Several other investigations on PLA/CNC nanocomposites reported both increase [116], [136]-
[142] and decrease [140], [142]-[145] in crystallization rate and crystallinity of PLA. As a result
of these contradictory findings, cellulose nanocrystals (especially modified CNCs) can function as
nucleating agents, affecting the interfacial interaction between the filler-matrix, Tc, and X. of the
polymer. As a result, it's a good idea to look into the nucleation effect of CNCs for each system, as
it can change and alter the final material properties.

2.3.4 Mechanical Properties PLA/CNC and PBAT/CNC Nanocomposites

The enhancement of the host matrix mechanical properties appears normal, given cellulose's
inherent mechanical role in nature. The use of CNCs in various polymer matrices to produce
nanocomposites with adequate mechanical properties is critical for the better utilization of these
materials in various fields. When these materials are used as packaging, for example, they must
have a high elongation at break and a high tear resistance [146]. In biomedical applications, the
material should be flexible with high elongation at break, whereas high stiffness and strength are
needed in automotive applications [147], [148]. The inclusion of a hard phase (CNCs) in the
comparatively softer polymer matrix can be linked to an increase in the mechanical properties of
the nanocomposites, which absorb part of the external stress due to their high Young's modulus
and also dissipate this external stress through particle-particle and particle-polymer friction, as
previously described [149]. Other possibilities in improving the mechanical properties can be
related to polymer crystallinity. As explained in the previous section, the crystallinity of CNC-
based nanocomposites increased by adding CNCs to the matrix [136]. In addition to many efforts
for studying the effect of CNCs on mechanical properties of polymer nanocomposites [150]-[153],
other authors have shown experimentally that adding CNCs as reinforcement improves the
mechanical properties of various polymer matrices. In thermoplastic nanocomposites such as PLA-
CNC or PBAT/CNC, decreases in the elongational at break are reported in different publications
and this is mainly related to intrinsic properties of thermoplastic nanocomposites, which are
common in all of them. Fortunati et al. [154] investigated the PLA/modified CNC nanocomposites
and showed despite the increase of 83 % in Young modulus, the elongational at break decrease by
adding 5 wt% modified CNCs. On the other hand, Pinherio et al. [118] investigated mechanical
properties of PBAT/CNC nanocomposites, for which the CNCs were modified with octadecyl

isocyanate. They showed that elongation at break of PBAT increased with increasing the CNCs
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content up to the theoretical percolation threshold (CNC content of 3 wt%). They explained that a
homogenous dispersion of CNCs was achieved up to the theoretical percolation threshold and this
resulted in better dissipation of external stresses. Above the theoretical percolation threshold, the
CNC agglomeration takes place and produces stress concentration spots in the matrix. Many other
investigations on mechanical properties of PLA/CNC and PBAT/CNC were extensively reviewed
by Vatnatserver et al. [13] and Ferreira et al. [63].

2.4 Polymer Blends

From a thermodynamic standpoint, the Gibbs free energy will explain the mixing structure of two

polymers. The Gibbs free energy of mixing is shown in Equation 2.2 [155]:

DGy = RTX,pa + RT [PAZATEA 4 L00500] Equation 2.2

Mw 4 Mwpg

where AG,,, @;, X485, Mw;, p;, R, and T are Gibbs free energy of mixing, volume fraction of
component i, Flory-Huggins interaction parameters, molecular weight of polymers, density of
polymers, gas constant, and absolute temperature, respectively. In the Gibbs free energy
description, DG = DH + RTDS, the first term is the enthalpy of mixing, and the second term is the
contribution of the entropy of mixing. Binary polymer blends are divided into three categories

based on Gibbs free energy of mixing [155]:

1) Completely miscible (AG < 0, ‘ZZZ—A; > 0 (in all compositions))

2) Partially miscible (AG < 0 (in all compositions), ‘ZZZ—A; > 0 (parts of composition))

3) Immiscible (AG > 0(in all composition range))

Both components of miscible polymer blends are miscible down to the molecular scale, whereas
immiscible polymer blends form two distinct phases of the polymers. Again, two phases form in
partially miscible systems, but each phase is a miscible mixture of both polymer components.
Because of the positive enthalpy of mixing and negligible entropy of mixing caused by high
molecular weights and a low degree of freedom of polymers, the majority of polymer mixtures are
immiscible. As a result, most polymer mixtures have a positive Gibbs free energy of mixing,
resulting in immiscibility. The morphology of immiscible polymer blends has a significant impact

on final blend efficiency and must be managed to achieve the desired properties [5]. Figure 2.11
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depicts various possible morphologies in binary polymer systems as well as their potential

properties [156].
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Figure 2.11 Immiscible polymer blends in various morphologies and their possible properties
[156].

Controlling the polymer blend ratio, viscoelastic properties of the materials, and processing
methods and conditions will result in the morphologies shown in Figure 2.11 [157], [158]. Also,
the interfacial tension between the phases has a significant impact on the morphology of immiscible
polymer blends [159]. Conversely, the interfacial tension between two polymers is proportional to
their surface tension (energy). The work needed to increase the surface area of a solid or a liquid
by one unit of area is known as surface tension [160]. The surface tension is measured in J/m? or
N/m. The contact angle method [161], [162] is the most popular method for measuring the surface
tension of polymers in the solid-state among various techniques. There are unavoidable errors in
contact angle measurements, such as the roughness of the solid polymer surface, the purity of the
liquid probes, and the droplet image resolution. The pendant drop method [163], [164], on the other
hand, has been commonly used to determine the surface tension of polymer melts. This approach
is accurate and has a limited range of error, and it can be used with both Newtonian and viscoelastic
fluids [165]. Interfacial tension is a reversible work that is needed to minimize an interfacial area
by the unit area [160]. The interfacial tension arises from the unbalanced forces at the interface and
has the same units as the surface tension (J/m? or N/m). The interfacial tension in a binary blend
can be calculated through the geometric mean equation (Equation 2.3) [160]. The surface tension

of the components can be used to calculate the interfacial tension between two polymers, or a
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polymer melt and a solid. To estimate interfacial tension, Good and Girifalco [166] used the work
of adhesion concept:

Yiz=VY1+V2— W, Equation 2.3

where y;, represents the interfacial tension between the two components, y; and y, represent the
surface tensions of components 1 and 2, respectively, and W, represents the work of adhesion
between the two components. Wu [167] proposed the harmonic mean approach (Equation 2.4) for
systems with low surface tensions based on the principle of energy additivity and the contribution
of polar and dispersive components in adhesion work:

p.p
vy 8% )

vé+vd o vi+v]

Yij=vitvyi—4 < Equation 2.4

where y? and y? are the surface tension's dispersive and polar elements, respectively. Wu [167]
also discovered that using the geometric mean equation (Equation 2.5) to estimate the interfacial
tension between two materials with highly different polarities is inaccurate. In these systems, he

calculated the adhesion work using the geometric mean method.

Vij =vityj—2 [\/Vidyjd + \/V}’V}”] Equation 2.5

From a rheological analysis, in the small-amplitude oscillation shear (SAQOS), Palierne [168]
proposed a model for predicting the rheological properties of viscoelastic emulsions with a narrow
droplet size distribution (Rv/Rn < 2, where Ry and Rn is the volume and number-average diameter,
respectively). The storage modulus of a polymer blend, according to his model, is written as
(Equations 2.6 and 2.7): [169]:

Gp(w) = Gp(w) % Equation 2.6
and

4(H12)[26;, () +56(0)]+[G (@) =G ()] [16Gip (@) +196 5 ()] ]
H (w) = (=) a d ¢ Equation 2.7

40(322) G (@)+63(@)]+[263 (@) +3G7 ()] [1667m (©) +19G5 (@)]

where ¢, o, and y, are the volume fraction of droplets of volume average radius, Ry, the angular
frequency, and the interfacial tension, respectively. G;(w), Gy (w), and G;(w) are the storage

modulus of the blend, matrix, and dispersed phase, respectively. The interfacial tension is
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calculated using this method by fitting the Palierne model to the rheological details. The rheological
approach can only estimate interfacial tension in systems where the second plateau in the storage

modulus is experimentally available.

2.4.1 Morphology Development in Immiscible Polymer Blends

Most polymers are immiscible due to their high molecular weight, which results in a small entropy
gain when mixed [170]. Nonetheless, there is a small number of miscible polymer pairs, and a few
of them have commercial applications [170]. The degree of molecular mixing in such systems is
sufficient to produce macroscopic properties consistent with a single-phase material [170]. When
immiscible polymers are mixed, they form multi-phasic materials with a specified phase
morphology. While blending two polymers is the most popular method, ternary blends have also
attracted a lot of attention. Shokoohi and Arefazar [171] recently analyzed the various
morphologies that occur in ternary blends. It is well understood that the properties of immiscible
blends are influenced not only by the blend component characteristics and concentrations but also
by the phase morphology. Thus, tailoring the blend morphology allows for the optimization of
product properties [172]. Only binary immiscible polymer blends will be included in this thesis.
Such structures are made up of two co-continuous phases or dispersed domains in a continuous
phase. The change of the droplet-like morphology to a continuous morphology occurs when the
minor phase concentration is increased. In the dispersion step, this process occurs by droplet break-
up and coalescence and crossing the percolation threshold. Finally, co-continuous morphology is
obtained when both phases are 100 % continuous. Many studies have been conducted on the effects
of various parameters on the morphological development of polymer blends, including rheological
characteristics (viscosity and elasticity ratios), interfacial tension, compatibilizer, the presence of a
third component (polymer or filler), processing method, and conditions (shear rate, time, and
temperature) [159], [173]-[175]. Deformation, retraction, breakup, and coalescence of droplets
cause morphology growth in a droplet-like morphology (Figure 2.12). As a consequence, the binary
polymer blend droplet morphology is the result of a competition between droplet coalescence and
breakup. The system free energy can be reduced by increasing the size of the minor phase or matrix

structure, which can be achieved by a quiescent process.
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Figure 2.12 Morphology growth in a droplet-like morphology (a) droplet in shear flow, (b)

droplet deformation and retraction, (c) droplet breakup, and (d) droplet coalescence [172].

2.5 PLA/PBAT Blends

As previously mentioned, mixing PLA with other bioplastics has been proposed as a viable method
for PLA toughness [5]. PLA/PBAT blends [19], [176], [185]-[191], [177]-[184] have gotten a lot
of attention because of PBAT's high impact strength and elongation at break. Furthermore, the
PBAT polyester design makes it compatible with PLA. Using a TSE, Jiang et al. [192] produced
immiscible PLA/PBAT blends. They discovered that PBAT improved blend toughness and
elongation at break while lowering tensile strength and modulus. PLA crystallization was also
accelerated by PBAT. Nofar et al. [193] recently demonstrated that by incorporating 25% PBAT
in a high molecular weight amorphous PLA without the use of a compatibilizer and using a TSE,
PBAT droplet sizes below 1 um within the PLA matrix could be achieved, increasing the blend
ductility to about 265 percent with respect to PLA. Deng et al. [194] also found that raising the
PBAT content from 10 wt% to around 20 wt% improved the ductility of the PLA/PBAT blend
system from around 10% to around 300%. Lee et al. [195] demonstrated that ultrasound sonication
significantly improved the interfacial adhesion between PLA and PBAT. Previous research on the
mechanical properties of PLA/PBAT has found that adding PBAT lowers tensile strength and
modulus while increasing elongation at break as compared to the neat PLA. Several studies have
looked into the impact of different additives as plasticizers or compatibilizers on the properties of
PLA/PBAT. Coltelli et al. [196] demonstrated that adding acetyl tributyl citrate (ATBC) as a
plasticizer (up to 30 wt%) could increase the strain at break of a PLA/PBAT blend by 300%
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compared to the neat PLA. Al-Itry et al. [197]-[199] demonstrated that the epoxy-based Joncryl
chain-extender (CE) could improve the PLA/PBAT blend modulus, strain at break (up to 135%),
and melt strength. Two CEs (Joncryl and 1,6- hexanediol diglycidyl ether) were studied by Dong
et al. [200]. By combining multiple CEs, the compatibility of PLA and PBAT was significantly
improved, and the strain at break was increased by up to 500% without losing too much strength.
Dong et al. [201] looked at the effect of compatibilizers including phthalic anhydride (PA) and
bioxazoline (BOZ) on the mechanical and morphological properties of PLA/PBAT blends. Due to
reduced domain sizes, small amounts of anhydride (PA) or bioxazoline (BOZ) increased elongation
at break by up to 515 % without affecting the tensile strength. Zhang et al. [202] found that using
glycidyl methacrylate (GMA) improved the surface adhesion between the PLA and PBAT phases,
as well as the phases compatibility and, as a result, the rheological properties. The strain at break
was also raised by 180% while the tensile strength remained unchanged. They also showed a three-
fold increase in impact strength. The effect of mixing ratio and 2,5-dimethyl 2,5-di (tert
butylperoxy) hexane as a reactive compatibilizer investigated by Nishida et al. [203]. When the
mixing ratios were 50/50 and 30/70 (wt%/wt%), the inclusion of the crosslinking agent
considerably boosted elongation at break. The findings were compared to those of 1zod impact
tests, which quantify material fracture toughness. Coltelli et al. [204] used the same compatibilizer
and found that the blend viscosity increased with a better phase surface adhesion and the elongation
at break increased by up to 60%. According to Zhang et al. [205], adding epoxy-functional styrene
acrylic as a reactive compatibilizer increased the impact toughness of the blends by three times and
increased the elongation at breakup by 150%. The use of poly-(dichloro)-phosphazene (DCP) as a
reactive compatibilizer reduced the size of PBAT domains, improved interfacial adhesion with
PLA, and increased melt strength and elongation at break by 300 percent, while tensile strength
remained unchanged [206], [207]. Gu et al. [177] investigated the melt rheological properties of
PLA/PBAT blends. Due to the PLA/PBAT interface contribution, the storage modulus of the blend
increased with PBAT material at lower frequencies. Nofar et al. [19] investigated the rheological
and interfacial properties of PLA/PBAT blends with a fixed weight ratio of 75/25 wt%, as well as
various processing techniques and two different molecular weight PLAs. They measured the
interfacial tension between PLA and PBAT to be 1.2 mN/m using the Palierne model [168]. They
also confirmed that PBAT droplet coalescence can occur in shear flow and can be controlled using
rheometry, and that the effect of coalescence can be predicted using the Palierne model. Using the
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Palierne model, Jalali Dil et al. [191] discovered that when a low molecular weight PBAT was
distributed in a PLA, the interfacial tension between the PLA and PBAT could be as low as 0.6

mN/m.

2.6 PLA/PBAT Blend Nanocomposites

While adding PBAT to PLA can boost some properties, it can also reduce the strength and modulus
of the blends. The incorporation of nanoparticles into immiscible polymer blends has been studied
over the past decade in order to enhance their overall physical properties. A reduction in the size
of the dispersed phase, as well as a reduction in interfacial tension and an improvement in
interfacial adhesion between the two polymeric phases, are indicative of the nanofiller
compatibilizing effect. The effectiveness of a nanofiller as a compatibilizer is determined by its
shape, specific surface area, surface chemistry, and localization in the blend. Furthermore, it is
important to remember that localization is influenced not only by the shape, aspect ratio, and
surface chemistry of the nanoparticles (NPs) but also by the processing parameters. It has also been
stated that by selectively localizing nanoparticles within the blend structure, various morphologies
with desired properties can be obtained [208]. We will discuss this topic in more detail in the next
section. The nanoparticle localization in blends affects dramatically their rheological behavior
[209]. The state of dispersion and localization of the nanofillers can be determined using
viscoelastic properties in the molten state. They will also give you an idea of how efficient the
processing characteristics are on the dispersion and finally on the final properties. Several studies
have looked into the properties of PLA/PBAT blends with nanoparticles like nanoclay [187],
[210]-[213], graphene [213], [214], carbon nanotubes [190], [215], [216], and nanosilica [188],
[189]. To the best of our knowledge, Ma et al. [217] and Sarul et al. [218] were the only authors to
analyze the properties of PLA/PBAT/CNC blend nanocomposites. Ma et al. [217] only focused on
the antimicrobial properties and Sarul et al. [218] investigated the preparation of PLA/PBAT/CNC

blend nanocomposites through solution casting followed by melt mixing via a twin-screw extruder.

2.6.1 Morphology Development Based on Nanoparticle Localization in the
Polymer Blend

The final morphology of blend nanocomposites is generally highly dependent on the final
localization of the nanoparticles in the blend [208], [219]. Understanding the processes involved
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in the localization of solid particles in polymer blends is therefore critical for achieving the desired
properties in the final blend. It is important to briefly discuss the implications of the most critical
thermodynamic and Kinetic parameters on the localization of solid particles in polymer blends and
the impact of different nanoparticle localization on the morphology of binary polymer blends will

be discussed in the following section.

The localization of the nano-inclusion can be qualitatively measured from a thermodynamics
standpoint by comparing the surface tensions of the three components. The location of the nano-
inclusion after mixing is determined by the differences in surface tensions. The Young equation

(Equation 2.8) [220] can be used to calculate the distribution coefficient wa:

W, = Ps T Equation 2.8
Y12

where y,,, V25, and y,, are the interfacial tensions between polymer 1 and solid particles, polymer
2 and solid particles, and polymers 1 and 2, respectively. The interfacial tensions between solid
particles and polymers, as seen in Young's model, play key roles in the particle final
thermodynamics localization. Thermodynamically, the particles would be localized in phase 2
when w, > 1, while phase 1 is the preferred location of the solid particles when w, <—1. The solid
particles will be thermodynamically localized at the interface when —1 < w, < 1. As is discussed
in the previous sections, The two key methods for calculating the interfacial tension are the
harmonic-mean (Equation 2.4) and geometry-mean (Equation 2.5) approach. However, since only
the thermodynamics equilibrium state of the materials is taken into account in the calculations, this
simple method of estimating the localization can not always be accurate. Elias et al. [221]
demonstrated that in polypropylene/polystyrene, PP/PS (70/30 wt%) blend, hydrophobic and
hydrophilic silica particles were found in the PP phase or at the interface, and in the PS phase,
respectively, after components were mixed at the same time using a twin-screw mini-extruder. The
results showed an agreement between the thermodynamics predictions and the final localization of
silica particles after mixing. In another recent study conducted by Jalali Dil et al. [222] two mixing
strategies were adopted to localize copper nanowires (CuNWSs) in a high interfacial tension
PLA/LDPE (70/30 wt%) (PLA/CnNWs masterbatch blended with LDPE (Prl), LDPE/CuNWs
masterbatch blended with PLA (Pr2)). They reported in both strategies, by providing sufficient
shear rate and mixing time, the polar CuNWs localized in a more polar phase (PLA in PLA/LDPE
blend) (Figure 2.13).



30

Prl \// \

//
\ |
o
NS
///

Premixing with
More Polar Phase
(Low & High Shear rates)
Premixing with
Less Polar Phase
(High Shear rate)

Premixing with
Less Polar Phase
(Long mixing time)

/
e
2

i

Figure 2.13 Different localizations of CUNWSs in PLA/LDPE (70/30 wt%). (Pr1) PLA/CnNWs
masterbatch blended with LDPE and (Pr2) LDPE/CuNWSs masterbatch blended with PLA [222].

On the other hand, there are many reports that show contradictions between predictions of
nanoparticle localization using thermodynamics point of view and final localization after
processing [208], [220], [223]-[225]. Therefore, other parameters, such as kinetics mechanisms
including mixing strategies, viscosity ratio, and mixing time to name a few as well as size/shape of
the nanoinclusions play an important role in the selective localization of nanoparticles [208]. It is
worth mentioning that the differences in the melting temperatures of the polymeric phases, as well
as the variability in the surface energy data of the materials, have been reported as another reason
why the localization predicted by Young’s model did not match with their observation [208]. What
is more, the surface energy of solid particles can be measured using a variety of techniques, which
can result in a variety of surface energy data. Furthermore, the surface energy of polymers at room
temperature was taken from the literature of most previous studies and then extrapolated to higher

temperatures.

2.6.2 Localization of Nanoparticle Affected by Kinetics Parameters

As it is mentioned in the previous section the kinetics parameters could have a substantial effect
on the migration of nano-inclusion to their favorable phases predicted by Young’s equation
(Equation 2.8). Particle migration is thermodynamically advantageous since it lowers the system's
free energy. As long as surface energy effects are dominant, all of the theoretical predictions are
usually right. Therefore, in this section, the effect of kinetics parameters including mixing
strategies, viscosity, the effect of aspect ratio of particles, and nano-inclusion dispersion will be

reviewed.

2.6.2.1 Mixing Strategy Effect

The effect of the sequence in which components are added to polymer blends is the most studied

Kinetics parameter in the literature. The majority of previous studies find that adding all of the
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components to the mixing chamber or adding solid particles to a polymer melt results in particle
localization in their thermodynamics equilibrium localization [221], [223], [234]-[242], [226]-
[233]. Nanoparticles may be premixed with a thermodynamically incompatible phase to trigger
migration of the nanoparticles to a more thermodynamically compatible phase during melt
processing [111], [188], [190], [221], [233], [243]. As a result, nanoparticle interfacial entrapment
with optimized properties could be achieved [187], [190], [222]. For example, Jalali Dil et al. [189]
investigated the localization of micro and nano silica in the bend of PLA/PBAT (70/30 wt%). They
showed that nano silica particles were found to be localized at the interface when mixed with low
or high viscosity PLA phases. When micro-silica particles were premixed with the high viscosity
PLA, on the other hand, they were trapped in the high viscosity PLA. In the literature, viscosity is
the most frequently reported kinetics barrier for solid particle migration. In the following section,
the impact of this parameter will be discussed. In another study conducted by Jalali Dil et al. [190]
three mixing procedures were used to investigate the effect of the mixing sequence on the
localization of multiwall carbon nanotubes (MWCNTs) (MWCNTSs added to the PLA/PBAT melt
(Pr1l), MWCNTSs initially dispersed in the PLA phase and then mixed with PBAT (Pr2), and
MWCNTSs initially dispersed in the PBAT and then mixed with PLA (Pr3)) in PLA/PBAT blends
(80/20 wt% and 50/50 wt%). While the MWCNTSs localized in the PBAT phase through Prl and
Pr3 (in accordance with thermodynamics analysis), they localized in both PLA and PBAT phases
and at the interface through Pr2 (Figure 2.14). Nofar et al. [187] also investigated the effect of
mixing protocol on localization of nanoclay in the blend of PLA/PBAT (75/25 wt%) and observed
different localization based on thermodynamics and kinetics effects.
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Figure 2.14 Schematic of possible localization of MWCNTSs in the blends of PLA/PBAT (80/20
and 50/50 wt%). MWCNTSs added to the PLA/PBAT melt (Prl), MWCNTSs initially dispersed in
the PLA phase and then mixed with PBAT (Pr2), and MWCNTSs initially dispersed in the PBAT
and then mixed with PLA (Pr3) [190].

2.6.2.2 Viscosity Effect

Nanoparticle migration toward stable localization is known to be hampered by viscosity, which
acts as a powerful Kinetics barrier. Elias et al. [223] investigated the localization of fumed silica in
PP/ethylene-co-vinyl acetate (EVA) blend, which melt mixed in a twin-screw mini extruder. They
reported that using low viscosity EVA resulted in localization of fumed silica at the interface and
the PP phase, but high viscosity EVA caused this localization to be in the EVA and at the interface.
Also, Jalali Dil et al. [189], [244] investigated the effect of viscosity on the localization of nano
and micro silica particles in a PLA/PBAT blend (low interfacial tension) and a PLA/LDPE blend
(high interfacial tension) in two separate studies. Using high viscosity LDPE as an initial phase for
dispersing the micro-silica, microparticles could not migrate to the PLA or at the interface.
However, low viscosity LDPE facilitated this migration to the PLA phase. On the other hand, nano-
silica migrated to the PLA phase and at the interface no matter the high or low viscosity LDPE. In
the other study that they used PBAT instead of LDPE, they used both high and low viscosity PLAS

to see the effect of the viscosity on the localization of micro and nano-silica in the PLA/PBAT
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blend [189]. When micro and nanosilica were added to the melt of PLA/PBAT (one-step process),
it resulted in localization of both micro and nanosilica in the PBAT phase (the favorable phase

from a thermodynamics point of view) (Figure 2.15).

Figure 2.15 SEM images of the 3 wt% micro-silica localized in PLA/PBAT blends using a one-
step process. The scale bar is 2 um [189].

On the other hand, for premixing of silica particles with the PLA phase followed by mixing with
PBAT (two-step process), micro-silica migrated to the interface in the case of low viscosity PLA
but stay in PLA phase for high viscosity PLA (Figure 2,16). In this process, nano-silica migrated
to the interface for both low and high viscosity PLAs.

Figure 2.16 SEM images of the 3 wt% micro-silica localized in PLA/PBAT blends using two-
step process. The scale bar is 2 um [189].

2.6.2.3 Effect of Size, Shape, and Quality of the Dispersion of Nanoparticles

Since the agglomerate strength of nanoparticles increases as particle size decreases, achieving a
high degree of nanoscale dispersion of nanoparticles is difficult [81]. Nanoparticle agglomeration
influences not only the reinforcement efficacy of nanoparticles but also their migration and
localization in binary polymer blends due to poor dispersion [245], [246]. Jalali Dil et al. [244]
investigated the localization of nano-silica in PLA/LDPE (80/20 wt%) blend. They prepared the
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blend nanocomposites by premixing nano-silica with HDPE and observed while dispersed
nanosilica migrate to the PLA phase, the aggregates of nano-silica remained in the LDPE phase
(Figure 2.17)

Figure 2.17 The localization of nano-silica particles in PLA/H-LDPE (80/20 wt%) blend, (a)
SEM image of nano-silica aggregates in H-LDPE, (b) AFM image of nano-silica aggregates in
the H-LDPE phase. All the white scale bars show 1 pm.

Goldel et al. [247], compared the migration of carbon nanotube (CNT) and carbon black (CB)
particles from Styrene-acrylonitrile (SAN) to polycarbonate (PC) in a PC/SAN blend to see how
the aspect ratio of solid particles affected migration. They discovered that CB particles migrate at
the interface considerably slower than CNT particles. They hypothesized a method known as the
"slim-fast-mechanism," or SFM, in which the migration is driven solely by the interface curvature.
They stated that when a low aspect ratio particle migrates through an interface, the interface
curvature, and thermodynamic driving force decrease, which can lead to particle trapping at the
interface (Figure 2.18). The interface, on the other hand, cannot relax until the particle has
completely passed through the interface during the migration of a high aspect ratio particle (Figure
2.19).
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Figure 2.18 Ideal low aspect ratio filler (not slim) at the blend interface during melt mixing. The
interfacial curvature can relax while 6> is constant, and thus the driving force Feurvature 1S
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Figure 2.19 High aspect ratio filler (slim) at the blend interface. The interfacial curvature is not
able to relax when 8- remains constant. Thus, the driving force is not decreasing during the
transfer [247].

Using the SLM mechanism, Salehyian et al. [248] investigated the effect of the aspect ratio of CNT
on CNT migration and consequently viscoelastic properties of PLA/polyvinylidene fluoride
(PVDF) blend (70/30 wt%). They showed that, while higher-aspect-ratio CNTs (L-CNTSs) were
found at the interface and within the PLA matrix, the low-aspect-ratio CNTs (S-CNTs) were
localized in the PLA phase. Also, regarding the size of nanoparticles Jalali Dil et al. [244]
investigated the localization of micro and nano-silica in the blend of PLA/PBAT (70/30 wt%).
They demonstrated that in samples prepared by localizing micro or nano-silica in a less
thermodynamically stable phase (PLA), micro-silica particles were still visible in the PLA matrix

since nanosilica particles fully migrated to the interface and stabilized there. This discovery implies
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that larger particles need more energy to move. This should not be confused with the "slim-fast
mechanism,” which is concerned with the penetration rate. Because of the maximum instabilities

at the interface, it is hypothesized that removing larger particles needs less energy.

2.7 Nanoparticle Localization: Morphological Stabilization and

Rheological Responses

Apart from their reinforcing capacity, nanoparticles have been shown to play a role in tailoring the
morphology of immiscible blends in a large number of studies over the last decade [208], [220].
Nanoparticles have been added to immiscible blends to help achieve some uniformity, based on
their concentrations and localization. It should be noted that when using traditional compatibilizers
(co-polymers or reactive compatibilizers), the morphologies cannot be as fine as when using
nanoparticles. A reduction in the size of the dispersed phase, as well as a reduction in interfacial
tension and an increase in the interfacial adhesion between the two polymeric phases, characterizes
the compatibilization effect of nanofillers. In different systems, it is reported that different
localization (in the dispersed phase, at the interface, and in the matrix phase) can have a
compatibilization effect. Rheological experiments on filled blends can be used to quantify their
performance as compatibilizers. There are numerous articles or book chapters on the rheological
behavior of nanoparticle-filled polymers, particularly general reviews [249]-[252]. The structure
of nanocomposite materials, especially the combination of the mesoscopic structure and the
strength of the interaction between the polymer and the NPs, is known to have a significant impact
on viscoelastic properties in the molten state [253]. The most unique rheological behavior of

polymer blend nanocomposites can be categorized as follow:

1) The shifting relaxation spectra are obtained from the loss and elastic modulus because when
nanofillers are added to polymeric chains, their mobility is limited.

2) The change of nonlinear domain to lower strains with the increase of nanofillers [249]

3) The dramatic increase of the complex viscosity at low frequency (nonterminal zone of
relaxation) is due to the formation of the network as a result of highly dispersed

nanoparticles.

In the following, the most highlighted researches are presented, which were done on morphological

stabilization and rheological responses due to the addition of nanoparticles and different
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localizations. Also, other investigations in this area can be found in different books, book chapters,
and review papers [208], [209], [219], [254]-[256].

In a recent study, Jalali Dil et al. [190] investigated in depth the effects of MWCNT localization in
PLA/PBAT blends (80/20 wt% and 50/50 wt%) on the morphology, and rheological properties.
Based on the mixing protocol the MWCNTs were located either in PBAT (mixing all three
components (Prl) or premixing MECNTSs with PBAT and then mixing with PLA (Pr3)) or PLA,
PBAT, and at the interface (premixing MWCNTs with PLA and then mix with PBAT (Pr2))
(Figure 2.20). The localization of MCNTSs using Prl and Pr3 were in the PBAT phase and were in
accordance with the thermodynamics predictions (Equation 2.8). They showed that adding 3wt%
MWCNTSs in the PLA/PBAT (80/20 wt%) blend using Pr2 converted the dispersed phase
morphology to a continuous one (Figure 2.20 b & d) and in the Pr3, dangling of MWCNTSs at the
interface make a bridging effect between PLA and PBAT phases (Figure 2.20 ¢ & e). On the other
hand, in the co-continuous PLA/PBAT (50/50 wt%), the addition of 3wt% MWCTs induced a
phase coarsening compared to the PLA/PBAT blend (Figure 2.20 g-i). In the rheological analysis
(Figure 2.20 k & I), both blends (70/30 and 50/50 wt%) irrespective of the mixing sequence, at low
frequencies, the addition of MWCNTS caused a viscosity upturn and a rise in storage modulus.
While, in the matrix/dispersed morphology the obtained rheological results presented the existence
of a 3D network of PBAT/MWCNTSs in the bulk of these samples, indicating a change from
viscoelastic liquid to viscoelastic solid behavior, in the co-continuous blend it is an indication of
increased resistance to phase deformation when MWCNTs are added to the blend. Other
investigations also show that the selective localization of solid particles in the dispersed phase
could promote the formation of a continuous network [257]-[260]. Furthermore, the observed
higher viscosity and storage modulus of the sample prepared by Pr2 can be due to the MWCNTSs
bridging effect in both blend nanocomposites (Figure 2.20 k & I).
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Figure 2.20 AFM images (a-c & f-g) showing the effects of the addition of 3 wt % MWCNTSs
using mixing sequences of Pr2 (premixing with PLA; b, g, d, and i) and Pr3 (premixing with
PBAT; c, d, h, and j) on morphologies of PLA/PBAT (80/20) and PLA/PBAT (50/50). (a) & (f):
show the morphology of the pure blend without MWCNTSs. (k) and (l): effect of the addition of 3
wt % MWCNTSs using different mixing strategies on complex viscosity of PLA/PBAT (80/20; k
and 50/50; 1) blends. The dashed lines in each plot show an estimated shear rate of 25 s! at the
processing condition [190].

Filippone et al. [261] investigated the morphology evolution of a blend of polyethylene (PE)/ nylon
6 (PAB) (75/25 vol.% or 25/75 vol.%) in the presence of organoclay nanoparticles. Since the filler
enriches the more hydrophilic polyamide phase (PA6) preferentially, different effects on the
microstructure of the blends were observed depending on whether the host PA6 was the main or
minor blend constituent. In the former case, even at low filler loadings, an unexpected decrease in
the average size of the dispersed PE inclusions was observed. In fact, the organoclay plays the role
of a physical barrier that prevents colliding droplets from merging during melt mixing. In the other
case, the organoclay causes incremental refinement of the morphology, which remains globular at
low filler contents; at filler loadings larger than a critical threshold, the filled polyamide assembles
into a highly continuous structure finely interpenetrated with the major polyethylene phase (Figure
2.21).
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Figure 2.21 Schematic illustration of the evolutions of the microstructure in the blends with
polyamide as the minor (a—c) or major (d—f) phase as a result of the addition of organoclay. The

greyish color shows the PA6 as major or minor phases [261].

The effect of 1 and 5 wt% of Cloisite 30B (C30B) nanoclay and localization on the morphological
and viscoelastic properties of PLA/PBAT/C30B blend nanocomposites studied by Nofar et al.
[187]. Three separate mixing protocols were used to investigate the localization of C30B in the
blends. S1) combining all three components at the same time, S2) premixing C30B with PLA and
then blending with PBAT, and S3) premixing C30B with PBAT and then blending with PLA).
They investigated the effect of shear rate (0.01 and 0.05 S*) on morphology stabilization of
PLA/PBAT blend nanocomposites. The results showed that shear rates of 0.01 S caused
substantial droplet coalescence in the neat PLA-PBAT blend (Figure 2.22 a) while incorporating 1
and 5 wt% C30B at the PLA-PBAT interface (in accordance with thermodynamics predictions
(Equation 2.8)) significantly suppressed PBAT droplet coalescence (Figure 2 22 b & ¢). The
nanoclays were found in both the PLA matrix and at the interface at a higher C30B content of 5
wit%, depending on the mixing protocols. When the blend nanocomposites were blended
simultaneously or when PLA and C30B were premixed before blending with PBAT, no
coalescence occurred. Premixing PBAT with C30B before blending with PLA, on the other hand,
resulted in the highly concentrated C30B at the interface moving towards the PLA matrix during

shearing. The coalescence was even more visible at a higher shear rate of 0.05 S*. C30B was



40

mainly at the interface in the S3, and the viscoelastic responses were the highest of all the
nanocomposites (Figure 2.22 d & e)
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Figure 2.22 SEM images showing the dispersed PBAT phase in the PLA matrix after molding
(i.e., non-sheared) (a) and sheared at a rate of 0.01 s using 1 wt% C30B (b) and 5 wt% C30B
(c). The scale bars in (a) are 5 um and in (b) and (c) are 0.5 um. (d) and (e): complex viscosity of
PLA/PBAT blend nanocomposites containing 1 and 5 wt% C30B [187].

On asimilar blend (PLA/PBAT (70/30 wt%)) Jalali Dil et al. [188] observed similar morphological
and rheological transitions for silica nanoparticles localized at the PLA/PBAT blend interface.
When 1 wt% silica nanoparticles were localized at the interface, the PBAT droplet size decreased
from approximately 1.7 (Figure 2.23 a) to 1.0 um (Figure 2.23 b). When the concentration was
increased to 3 wt%, the droplet-matrix morphology converted to a co-continuous one (Figure 2.23
c). Figure 2.23 d & e shows the corresponding rheological responses to interfacial localization of
1 (circles) and 3 wt % (upper triangles) silica nanoparticles. These figures show that increasing
silica nanoparticles from 1 to 3 wt%, resulted in a sudden upturn in complex viscosity and a plateau
in storage modulus at low frequencies which is an indication of the transition from liquid to solid-
like behavior. Also, Figure 2.23 f shows that by adding 3 wt%, the second arc in the Cole-Cole plot
which is related to the relaxation of PBAT droplet was disappeared and it is in accordance to Figure

2.23 ¢ which shows conversion of matrix-droplet morphology to co-continuous one.
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Figure 2.23 Effect of the interfacial localization of nanosilica in PLA/PBAT (70/30 wt%) blend
nanocomposites; AFM images of a) neat blend, b) PLA/PBAT/1 wt% nanosilica, and c)
PLA/PBAT/3 wt% nanosilica. (d) Complex viscosity and (e) storage modulus versus angular
frequencies and (f) Cole-Cole (imaginary part of the viscosity (r ") vs. real part of the viscosity
(n) plot. In the rheological data diamonds or squares are neat PLA/PBAT blend, circles are
PLA/PBAT loaded with 1 wt% and upper triangles are PLA/PBAT loaded with 3 wt% [188].

Also, Nofar et al [210] investigated the localization of C30B in the blend of amorphous and
semicrystalline PLA/PBAT (75/25 wt%). They prepared the blends using both TSE and an internal
mixer. They found that when semicrystalline PLA was used the 1 wt% C30B had a tendency to be
localized at the interface of PLA and PBAT and can migrate to the PLA phase in the presence of a
larger amount of C30B (in accordance with thermodynamics predictions (Equation 2.8)). On the
other hand, when they used an amorphous PLA, the clay was found throughout the blend structure.
Also, they claimed during the internal mixer longer mixing time the nanoclays could migrate to the
more thermodynamically favorable phase. Because of the longer exposure to shear conditions, the
morphology could have stabilized even further. Also, Shahlari and Lee [262] observed C30B clays
at the interface of PBAT/PLA (80/20) wt%) blends, resulted in slightly smaller PLA domain sizes.
This was due to the clay physical barrier effect at the interface, which prevented coalescence. Wu
et al. [240] looked at how clay and carbon nanotubes affected the morphology of PLA/PCL blends
(70/30 wt%). Clays were seen at the interface region, which inhibited the coalescence of PCL
droplets. CNTs, on the other hand, were mainly found within PCL domains and to a lesser degree
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at the interface. Because of the lower viscosity ratios, the latter case strengthened the morphologies
by preferring droplet breakup.

The use of compatibilizers for morphology stabilization could be eliminated if nanoparticles are
localized at the interface. This interfacial localization of nanoparticles over compatibilizers could
include their additional influence on improving the final thermomechanical and viscoelastic
properties of the blends, in addition to their morphological stabilization. On the other hand, the use
of a compatibilizer or surface modification of nanoparticles has also been attempted to
thermodynamically control the localization of nanoparticles at the interface. Aghjeh et al. [263]
investigated the localization of C30B (1, 3, and 5 wt%) in the blend of PLA/ethylene-vinyl acetate
(EVA) (75/25 wt%) with/without using a compatibilizer (Elvaloy® PTW; terpolymer of ethylene,
butyl acrylate (BA) and glycidyl methacrylate (GMA) ). They demonstrated that the organoclay
selectively localized in the PLA phase (Figure 2.24 a & b) and that the existence of a compatibilizer
has a significant impact on the organoclay localization and led to the organoclay migration toward
the interface (Figure 2.24 ¢ & d). With this localization, the EVA droplet size decreased, and the
rheological responses substantially improved, with a strong plateau modulus at low to medium
frequencies (Figure 2.24 e & f). Figure 2.24e shows the storage modulus at higher frequencies,

while Figure 2.24f shows the storage modulus at lower frequencies.

Figure 2.24 Morphology-rheology dependency in PLA/EVA blends on clay localization and on
the addition of compatibilizer. (a) and (b) are the TEM micrographs of blend nanocomposites
without compatibilizer and (c) and (d) are the TEM micrographs of blend nanocomposites with
compatibilizer. (b) and (d) are higher magnification of (a) and (c). C and Co in the legends of
storage modulus curves ((e) higher frequencies and (f) lower frequencies) represent the clay and

compatibilizer respectively and their forthcoming numbers indicate their weight ratios [210].
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In another study, Yousefzade et al. [263] tuned the localization of carbon nanotubes (CNTS) at the
interface of poly(L-lactide) (PLLA) and a thermoplastic polyurethane (TPU) using commercial
multifunctional styrene-acrylic oligomers (BASF, Joncryl® ADR-4368) as a reactive agent. When
samples were prepared by non-reactive and reactive melt mixing, respectively, MWCNTSs were
mostly found in the TPU phase (Figure 25a) and at the interface (Figure 25b). Both storage and
loss modulus increased significantly for samples prepared by reactive melt mixing, particularly in
low-frequency regions, according to rheological data. As a thermodynamic compatibilizer for
immiscible polyvinylidene fluoride/poly I-lactide (PVDF/PLLA,; 50/50 wt%) blends, Zhao et al.
[264] used CNTSs with reactive epoxide groups and long poly(methyl methacrylate) (PMMA) tails.
The CNTs localized at the interface with this functionalization and the storage modulus from the
rheological analysis was remarkably enhanced with an evident solid-like behavior at low
frequencies. Some investigations demonstrated different effects of compatibilizers based on their

type as well as the type of nanoparticles [212], [265].
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Figure 2.25 Schemes showing droplet morphology in blends of PLLA/TPU containing CNTs and

prepared by non-reactive (a) and reactive (b) melt mixing [263].

2.7.1 PLA-Based Blends containing CNCs

There are few pieces of research on the PLA blends containing CNCs. It can be categorized as
PLA/polyhydroxy butyrate (PHB)/freeze-dried-CNC [266]-[268], PLA/ polybutylene succinate
(PBS)/CNC [269], [270], PLA/polyvinyl alcohol (PVAC)/CNC [114], and PLA/NR/CNC [271],
[272]. However, none of them reports a very good dispersion of CNCs as shown by TEM or AFM
images. On the other hand, Heshmati et al. [110] used a procedure based on a combination of
solvent dissolution, casting (to prepare neat nanocomposites), and melt mixing processing (to

prepare blend nanocomposites through dilution of a masterbatch of neat nanocomposites) to
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localize CNC particles into an entirely bio-based PLA/PA11 blend (70/30, 30/70, and 50/50 wt%).
They proved a high level of dispersion of CNC in the matrix of PLA and PA11 through microscopy
and rheological analysis. They showed that irrespective of the preparing process (using PLA/CNC
or PA11/CNC masterbatch) and the composition of blend, the spray-dried CNCs prefer to stay in
the PA11 phase, which is the thermodynamically favorable phase for CNCs (Figure 2.26).
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Figure 2.26 AFM phase micrographs of the PLA/PA11 blends without (a) and with (b & c; 2
wt%) CNC particles. CNC was fed into the blend through the PA11/CNC (b) and PLA/CNC (c)
mixtures. The scale bar is 500 nm [110].

While the localized CNCs did not have any effect on the size of the dispersed phase even at 3 wt%
(both 70/30 and 70/30 PLA/PA11), they showed with the incorporation of 1 wt% CNCs the co-
continuous phase (PLA/PA11; 50/50 wt%) thickness drops from 13 to 3 um, resulting in a dramatic
coalescence suppression effect (Figure 2.27).
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d=3um

Figure 2.27 Morphology evolution of the PLA/PA11 (50/50 wt%) blend in the presence of CNC
particles: (a) 0 wt% CNC, (b) 0.5 wt% CNCs, (c) 1 wt% CNCs. The scale bars are 10 um and d is
the pore diameter [110].

Also, Heshmati et al. [111] showed that modification of CNCs with PEO and preparing the same
blend with the same procedure resulted in the localization of the CNCs in the PLA, which is
opposite to the thermodynamically favorable phase for the CNCs. They incorporated the PEO/CNC
in the blend of PLA/PA11 through premixing with PLA or PA11. Irrespective of the premixing
procedure the CNC localized in the PLA phase. It is worth mentioning that they used 5 vol% of
PEO, which was miscible with PLA and creating one phase. Similar to regular PLA/PA11/CNC,
when the PLA-5PEO/PA11 blend was in a matrix/dispersed phase form, the localization of PEO-
coated CNCs in the PLA phase does not affect the morphology of the blend. The presence of 2
wt% PEO-coated CNCs in the PLA phase of a co-continuous (PLA-5PEO)/PA11 blend reduced
the pore size from 11 to 4 um. In both investigations of Heshmati et al. [110], [111], although they
presented the rheological properties of the neat nanocomposites that confirmed a good dispersion
of CNCs in both phases (increases of the complex viscosity and plateau in storage modulus at low
frequencies), they did not present any information about the rheological properties of
PLA/PA11/CNC blend nanocomposites to confirm their observations from SEM or AFM. Also,
they did not prove the morphological and rheological stabilization of the PLA/PA11 blends.
Shakouri and Nazockdast [273], [274] used CNCs with various dimensions in a PLA/TPU blend
(80/20 wt%) (Figure 2.28a), including spherical (Figure 2.28d), rod-like (Figure 2.28b), and
cylindrical (Figure 2.28c) CNCs. They prepared the samples through the combination of solution
casting and melt mixing of masterbatches of PLA/CNC. Spherical and cylindrical CNCs were
found to be localized in the PLA matrix and/or interface (Figure 2. 28 ¢ & d), while rod-like CNCs
were found mostly in the TPU phase (Figure 2.28 b), which was in line with thermodynamic

predictions. The addition of 3 wt% spherical and cylindrical CNCs to the blend has significantly
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reduced the particle size of TPU (Figure 2.28 ¢ & d). The rod-like CNCs, on the other hand, had
no effect on the TPU size reduction (Figure 2.28 b). The presented rheological analysis confirms
these localizations with an upturn in the complex viscosity and plateau in storage modulus for
spherical and cylindrical CNCs (Figure 2.28 e). In their work the morphological and rheological

stabilization of the blend nanocomposites were not investigated.
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Figure 2.28 FE-SEM micrographs of PLA/TPU (80/20) blend (a), blend nanocomposites

containing 3 wt% rod-like (148 £19 um) CNCs (b), cylindrical (204 £26 um) CNCs (c) and

spherical (54 £8 um) CNCs (d). e: complex viscosity versus frequency for PLA/TPU (80/20

wt%) blend and blend nanocomposites containing 3 wt% of various CNCs [273].

The only work investigating the CNC incorporation in the blend of PLA and PBAT was that
presented by Sarul et al. [218]. They investigated the preparation of PLA/PBAT/CNC blend
nanocomposites through solution casting followed by melt mixing via a twin-screw extruder.
However, the authors did not report on the CNC dispersion in the neat polymers. Their analysis of
the effect of the localization of CNCs was based on expectations from thermodynamics
considerations and they did not present a microscopic analysis to localize the CNCs and confirm
their thermodynamics analysis. They did not present a strong explanation in the rheological
analysis section (with no information about the rheological properties of the neat polymer matrices
before and after melt mixing). According to their rheological analysis on blend nanocomposites,
with the addition of 3 and 5 wt% CNCs, a large increase in the complex viscosity and storage

modulus at low frequencies were observed in the samples prepared by solution casting (Figure
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2.29). They claimed that it can be attributed to the formation of the CNC network in the PLA
matrix. Also, they mentioned since re-agglomeration of CNCs will suppress the melt properties of
nanocomposites (melt mixing; TSE), no significant improvement in rheological properties was
observed (Figure 2.29).
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Figure 2.29 (a) Complex viscosity, #*, and (b) storage modulus, G’, of the blends and blend
nanocomposites at 170 °C prepared with solution casting and melt mixing using TSE [218].

2.8 Summary

Although many efforts have been devoted to prepare neat nanocomposites from solution casting
especially PLA/CNC nanocomposites, none of them presented how to select a solvent for the
dispersion of CNCs and dissolution of PLA, and most of them were just based on experience or
trial and error. Also, none of these investigations paid attention to the effect of solvent on the
morphological, rheological, thermal, and mechanical properties. Therefore, this research is planned
to fill this gap in the literature by using a thermodynamics analysis to select the best solvent for the
dispersion and dissolution of CNCs and polymers, respectively, and to propose an efficient method
of preparation that lead to the development of PLA/CNC or PBAT/CNC nanocomposites with a
dispersed structure and enhanced properties. Also, a systematic investigation of the preparation
method is needed to compare the morphological, rheological, and mechanical properties of
prepared polymer nanocomposites. Despite the fact that PLA/PBAT/CNC blend nanocomposites
can be considered as green blend nanocomposites (all the components are biodegradable), none of
the previous investigations thoroughly analyzed their morphological, rheological, thermal, and
mechanical properties. Also, in the investigated blend nanocomposites containing CNCs some of

the investigators presented the rheological properties of the neat nanocomposites that confirmed a
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good dispersion of CNCs in both phases. However, none of them presented complete analysis of
the rheological properties of the blend nanocomposites to confirm their observations from
microscopic analysis, and none of them paid attention to the morphological and rheological
stabilization of the blends in the presence of CNCs. So, efforts have to be devoted to the preparation
of blend nanocomposites of PLA/PBAT/CNC with enhanced properties. Morphological,
rheological, mechanical, and thermal properties of neat and blended nanocomposites were
investigated thoroughly, and the results have been published or submitted for publication to peer

review journals.
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CHAPTER 3 OBJECTIVES

3.1 Main Objective

The main objective of this Ph.D. research is to develop high performance poly (lactic acid) (PLA)
system through blending with poly (butylene adipate terephthalate) PBAT and incorporation of
CNCs. Petroleum-sourced but biodegradable (PBAT) blended with PLA and bio-based cellulose
nanocrystals (CNCs) as filler to produce a biodegradable hybrid blend nanocomposite. We aim at
obtaining properties comparable to commercial polyethylene terephthalate (PET) and
polypropylene (PP). PET and PP have a modulus of elasticity of around 2800 and 1800 MPa,
respectively, and elongation at break of around 200 and 580 %, respectively [275]. Upon blending
with PBAT, the elongation at break of PLA will be improved due to high elongation at break of
PBAT (around 800%), but its modulus of elasticity will be decreased which will be compensated
by incorporation of CNCs and making a balance between stiffness and toughness in PLA and the
results will be comparable with commodity polymers of PET and PP. The improvement in
properties of this polymer blend nanocomposite will depend on the quality of CNC dispersion and
interfacial tension between polymer components and CNCs. Moreover, the final properties of
immiscible polymer blends could be altered as a result of droplet coalescence or breakup, and it is
important to note that droplet coalescence should be averted or minimized. What is more, to the
best of our knowledge there have been no attempts to investigate PLA/PBAT/CNC
nanocomposites by combining solution and melt mixing methods. So, the main goal of this thesis
is to achieve well dispersed and localized PLA/PBAT/CNC nanocomposites with a stable
morphology by solution and melt mixing.

3.2 Specific objectives

Combination of solvent casting and melt mixing methods used to well-disperse CNCs in the neat
PLA, neat PBAT, and PLA/PBAT polymer blends. The solvents selected based on thermodynamic
analysis and the most used solvent in the previous studies. Based on thermodynamic analysis the
best solvent for dispersing and dissolution of CNCs and PLA or PBAT were DMSO and THF,

respectively. Also, DMF used as the most used solvent based on published articles for dispersing
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and dissolution of both CNCs and polymers, respectively. So, in order to meet the main objective,
the following specific objectives need to be considered:

1. Prepare well dispersed unmodified CNCs in the neat PLA (semi-crystalline and amorphous)
and PBAT using a solvent casting method through two or one solvents, to investigate the
effect of dispersed structure on the melt rheological, morphological, and mechanical

properties as well as the effectiveness of using two or one solvents.

2. Prepare well dispersed unmodified CNCs in the biodegradable PLA/PBAT blends using a

solution method (one solvent method) followed by a melt mixing method (internal mixing)

3. Control the localization of finely dispersed CNC in order to minimize the coalescence
during processing as well as stabilize the morphology of PLA/PBAT blends.

4. Control the localization of finely dispersed CNC at the interface to achieve desirable
morphological, rheological, thermal, and mechanical properties in the blends of
PLA/PBAT.
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CHAPTER 4 ORGANIZATION OF THE ARTICLES

The primary findings of this study are reported in three publications, which are discussed in
Chapters 5, 6, 7, and 8.

In chapter 5 a novel method based on a thermodynamic approach was adopted to select the best
solvents for dispersion and dissolution of CNCs and PLA (semicrystalline and amorphous) or
PBAT, respectively. Morphological and rheological data presented the effectiveness of this method
to achieve highly disperse and distributive CNCs in the matrix of PLA and PBAT. Also, the effect
of remaining solvents in the polymers was investigated thoroughly. The chapter was published as
a scientific article in Cellulose (impact factor: 5.271)

Chapter 6 deals with the preparation of blend nanocomposite of PLA/PBAT (75/25 wt%)
containing cellulose nanocrystals. The blend nanocomposites including both semicrystalline and
amorphous PLA were prepared through a combination of solvent casting (one solvent, DMF, for
dispersion and dissolution of CNCs and PLA or PBAT, respectively) followed by melt mixing in
an internal mixer. CNCs dispersion and distribution in the neat nanocomposites were investigated
using microscopic and rheological analysis for both samples from solution casting and the ones
followed by melt mixing. What is more, morphological properties of PLA/PBAT blend
nanocomposites were investigated with/without CNCs, and the effect of CNCs and their
localization (from thermodynamic and processing points of view) after melt mixing were analyzed
thoroughly. All the morphological observation was confirmed by rheological analysis. Finally,
morphological stabilization in the presence of CNCs was investigated under shear flow and the
results compared with the neat blends of PLA/PBAT. The chapter was published as a scientific
article in Nanomaterials (impact factor: 5.346).

Chapter 7 is dedicated to a comparison of the mechanical and thermal properties of neat
nanocomposites of PLA (amorphous and semicrystalline)/CNC and PBAT/CNC prepared from
two solvents (prepared samples in chapter 5) and one solvent (prepared samples in chapter 6)
methods. Through microscopic analysis, CNCs dispersion was investigated for both methods.
Differential scanning calorimetry (DSC) was used to investigate the thermal properties of neat

nanocomposites. For the mechanical analysis both tensile and impact properties are reported in
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chapter 7 and also thermomechanical analysis was done using dynamic mechanical thermal
analysis (DMTA). Finally, a percolation model (modified Takayanagi model), the strength of the
percolating CNC network was determined and was found to be dependent on temperature and
affected by traces of solvent The chapter was accepted with a revision as a scientific article to

Polymer Composites (impact factor: 3.171).

In Chapter 8, the effect of interfacial localization of CNCs in the blends of PLA (semicrystalline
and amorphous)/PBAT prepared through solution casting followed by melt mixing (the method is
described in chapter 6) are shown on the morphological, rheological, thermal, and mechanical
properties. The chapter was accepted with a revision scientific article to Polymer (impact factor:
4.430)
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CHAPTER S ARTICLE 1: CNC DISPERSION IN PLA AND PBAT
USING TWO SOLVENTS: MORPHOLOGICAL AND RHEOLOGICAL
PROPERTIES!

Mojtaba Mohammadi, Charles Bruel, Marie-Claude Heuzey, Pierre J. Carreau™

Center for High Performance Polymer and Composite systems (CREPEC), Department of
Chemical Engineering, Ecole Polytechnique de Montréal, Montreal, Québec, H3T 1J4, Canada

5.1 Abstract

Cellulose nanocrystals (CNCs) were dispersed via solution casting in amorphous (A) and semi-
crystalline (SC) poly (lactic acid) (PLA) and poly (butylene adipate-co-terephthalate) (PBAT). The
protocol, optimized following the Hansen solubility parameter theory, relies on binary mixtures of
tetrahydrofuran and dimethyl sulfoxide for the polymers and CNCs, respectively. First highlighted
through atomic force microscopy, good filler dispersion and distribution were confirmed by a
decrease of the linear viscoelastic region and significant increases of the complex viscosity, storage
modulus, and apparent yield stress of the nanocomposites with CNC content, specifically at low
frequencies. CNC percolation thresholds of 1, 0.3, and 0.3 wt% were determined in A-PLA, SC-
PLA, and PBAT, respectively. These are the lowest to be reported in the literature until now. While
PLA retained solvent traces, leading to a significant plasticizing effect, solvent removal was
complete in PBAT. It was attributed to the crystallization of PBAT at the drying temperature
(70°C).

Keywords: Nanocomposites; Cellulose nanocrystals (CNCs); PLA; PBAT; Solvent selection;
HSP theory

! Published in Cellulose 27, 9877-9892 (2020)



54

5.2 Introduction

Polymeric materials have advantageously replaced their metallic counterparts in industries as
diverse as aerospace, aeronautics, automotive, medical, sensors, or agriculture [1]. This is notably
due to their lightness, low cost, durability, and water resistance [1]. Non-biodegradable fossil-based
polymers, such as polyethylene, polypropylene, polystyrene, and poly (vinyl chloride), are the most
employed and contribute disproportionally to the wastes released to the environment [2]. This issue
could, in part, be addressed by using biodegradable plastics produced from bio/fossil-based
resources [3]. Poly (lactic acid) (PLA) and poly (butylene adipate-co- terephthalate) (PBAT) have
recently received significant attention. Their properties such as biodegradability and
biocompatibility make them suitable for automobile products, textiles and fibers, films and
packaging, and biomedical applications (drug delivery, blood vessels, tissue engineering, and
scaffolding) [4], [5].

In addition to its eco-friendly advantages [6], PLA has interesting mechanical and physical
properties, among which high modulus (2-16 GPa), high tensile strength (14-117 MPa), good
clarity, and barrier properties. However, it suffers from serious drawbacks such as low melt
strength, toughness, and service temperature; slow crystallization rate, poor processability, and
high brittleness. By comparison, PBAT is more flexible with a Young modulus of 20-35 MPa, a
tensile strength of 32-36 MPa, and an elongation at break that reaches up to 700% [5], [7].
However, it has high production costs and low thermophysical and mechanical resistances [4], [5].
While developing copolymers, blends, or composites, are all promising ways to address these
drawbacks [4], [8], using nanofillers as reinforcing agents has proved to be one of the most effective
methods to remediate the shortcomings of both PLA and PBAT [7], [9]. Natural fibers and cellulose
derivatives, being low-cost, biodegradable, and biocompatible, are promising materials to produce
green composites. Among them, cellulose nanocrystals (CNCs), have gained considerable attention
during the last decade [10]-[12]. Even though CNCs can be well dispersed in hydrophilic polymers
such as polyethylene oxide (PEO) [13], their dispersion in hydrophobic polymers remains difficult.
It is due to the strong interparticle interactions caused by the hydrogen bonds they may form at
their surface [11], [12]. Compatibilizers and surface modification are efficient at improving CNC
dispersion in hydrophobic polymer matrices [14]-[17]. However, the dispersion of pristine CNCs,

without modification or compatibilizers, remains challenging in polymer nanocomposites.
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Rheological measurements are efficient at assessing its quality: upon good nanoparticle dispersion,
the linear viscoelastic (LVE) region in terms of strain amplitude will decrease while the complex
viscosity, storage modulus, and loss modulus, will increase at low frequencies [18]. It is worth
pointing out that increases in viscosity upon CNC addition and dispersion has not been
unanimously observed in the literature [9]. Ferreira et al. [19] further reviewed the rheological
behaviors of CNC-based nanocomposite as a function of CNC size, filler/matrix interactions, and

preparation method.

Different processing methods such as melt mixing using an internal mixer or a twin-screw extruder,
solvent casting, or combination of these methods have been used to disperse CNCs in PLA and
PBAT [16], [20]-[22]. A good dispersion of CNCs in hydrophobic PLA and PBAT can improve
considerably the properties of these materials. Da Silva Gois et al. [23] investigated the PLA
biodegradability in the presence of cellulose nanowhiskers (CNW) and surfactant modified CNW.
The results showed better biodegradation of PLA matrix. In another study, Mathew et al. [24]
showed that PLA biodegradability has been improved in the presence of microcrystalline cellulose.
In the case of PBAT, unmodified nanofillers such as pristine CNCs [25] and nanoclays [26] have
even been reported to improve the biodegradability of the matrix. The melt mixing of pristine CNCs
Is rather unsuccessful, as the shear forces applied in the melt cannot overcome the strong hydroxyl-
hydroxyl H-bonds between CNC particles, while working at high temperatures may also degrade
the cellulose nanocrystals. Therefore, melt mixing usually requires surface functionalization, or the
use of surfactants or compatibilizers to reach a good CNC dispersion [16], [20]. Kamal et al. [22]
could, however, disperse pristine spray-freeze-dried CNCs in a PLA matrix through melt mixing
and obtained a rheological percolation threshold at a concentration of 3wt%. They reported that the
spray-freeze-dried CNCs resulted in porous agglomerated structures that facilitate the infiltration
of the polymer melt into these structures [27]. Solvent casting yields a better outcome [21], [28],
[29]. Polymers are dissolved and CNCs dispersed in solvents such as dimethylformamide (DMF)
[21], [30], chloroform [31], [32], or dichloromethane [33]. Bagheriasl et al. [21], [34], [35] used
DMF to prepare CNC suspensions in PLA solutions. They obtained a high degree of dispersion of
pristine CNCs in hydrophobic PLA for the first time and reached a rheological percolation
threshold of 0.66 wt%. Therefore, and while solvent casting is unattractive from an industrial point
of view, it remains the most effective method to achieve a good CNC dispersion in PLA or PBAT

[36]. Combining solvent casting with melt mixing was hence suggested as a compromise towards
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a more industrially acceptable solution. This is usually done by preparing a masterbatch through
solvent casting [32], [37], or by in-situ polymerization [16], [38], which is then diluted through
melt-mixing. This strategy was successfully applied in PLA and PEO [13], [39]-[41]. However,
and to the best of our knowledge, there is no published investigation on the dispersion of pristine
CNCs in PBAT through any solvent-based method.

In this work, we investigated the solvent casting of pristine CNC reinforced nanocomposites of
PLA (2 different grades) and PBAT in order to produce fully biodegradable materials. A specific
effort was made to select the best solvents for dispersing CNCs and dissolving the polymers based
on the Hansen solubility parameter, HSP, theory. It led us to propose a methodology that relies on
two solvents: one to disperse the CNCs, and the other to dissolve the polymers. The media were
then mixed and casted. The nanocomposites are investigated with a focus on the morphological
and rheological properties. While a good CNC dispersion was achieved in both PLA and PBAT,
the PLA (especially the amorphous one) retained solvent traces that provided a plasticizing effect.
The PBAT however did not, which is relevant for the objective of producing biodegradable

materials.
5.3 Experimental

5.3.1 Materials

Two commercial PLAs were obtained from NatureWorks LLC (Minnetonka, MN, USA). These
are Ingeo 4060D (amorphous, A-PLA) with a weight average molecular weight of 190 kg/mol and
a D-lactide content of 12 mol% and Ingeo 3251D (semi-crystalline, SC-PLA) with a weight
average molecular weight of 55 kg/mol and a D-lactide content of 1.4 mol%. The other polymer
was PBAT (Ecoflex® FBX 7011) purchased from BASF, with a density of 1.23 g/cm?, melt flow
index (MFI) of 2 g/10 min, and a weight average molecular weight of 24.4 kg/mol. Freeze-dried
CNCs were kindly provided by FPInnovations (Pointe-Claire, QC, Canada) and the information on
CNC preparation can be found elsewhere [42]. Dimethyl sulfoxide (DMSQ) and tetrahydrofuran
(THF), anhydrous 99.8 %, were purchased from Fisher Scientific Canada Co.
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5.3.2 Thermodynamics of solvent selection

Investigating solvent dispersibility of CNCs, our research group found the Hansen solubility
parameter (HSP) theory [43] appropriate to map the chemical affinity of CNCs [44], [45] and to
predict both their level of colloidal stability and their behavior upon solvent casting [46], [47]. The
HSP theory indeed quantifies a chemical potential for interactions through a solubility (or
cohesion) parameter, Jr. Expressed in MPal’2, 57 is the square-root of an energy density. It is split
into three components, dp, dp, and on (Equation.5.1), which respectively account for the dispersive,
dipole-dipole, and hydrogen-bonding (and other Lewis acid/base) interactions. Each chemical has
his own set of parameters {dp; Jr; on} that may directly be plotted in a 3D graph [48]. The main
affinity of CNCs was characterized as having a HSP set of {db.cnc; dp.ene; dnenc} = {18.1; 20.4;
15.3} + {0.5; 0.5; 0.4} MPa*?? [45].

8% = 85+ 65+ 67 Equation 5.1

The chemical distance between two substrates A {Jpa; dpa; on,.a} and B {dp,s; or; o1}, RaaB,

may then be expressed as a norm of the AB vector in the HSP graph (Equation.5.2):

Ra,A—B = ||E” = 2\/4(6D,A - 6D,B)2 + (6P,A - 51)}3)2 + (6H,A - (S‘H,B)Z Equatlon 52

Behavioral changes that relate to chemical affinities, such as solubility, swelling, or adsorption,
translate into a critical threshold in terms of chemical distance: Ro. For instance, solvents whose
chemical distance with CNCs, Ra.cnc-solv (Equation 5.3), was smaller than Ro.cne = 7.8 MPaY2 were
found to adsorb significantly on CNC surfaces, thus preventing their sedimentation [45] by
providing solvation-induced colloidal stability [46]. This may add to the electrostatic stabilization
experienced by CNCs in highly dielectric solvents. A combination of electrostatic and solvation-
induced stabilization was found to be necessary to reach sufficient colloidal stability for CNC
particles [46].

Ry cNeosoly = 2\/4(18.1 — Opsow)” + (204 —8p o)’ + (153 — Sy so)”  Equation 5.3

Only a few solvents such as water, formamide, N-methylformamide, and dimethylsulfoxide may
offer this level of stabilization. DMF is not part of this shortlist for our CNCs, as the relatively
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rheological properties achieved in DMF-casted systems compared to water-casted ones [49]

suggest a poorer dispersion of CNCs in DMF.

Literature reports HSP values of ~ {18.5; 8.0; 7.0} MPa'? for PLA with a solvent solubility radius
of RopLa ~ 8 MPa'2 [50]. PBAT stands at ~ {18.0; 5.6; 8.4} MPa'? for a solvent solubility radius
of RopeaT ~ 4.5 MPa'’? [50]. Figure 5.1a and b are HSP graphs in 3D and, for greater readability,
its 2D projection alongside the parameters dp and Jn. They show the HSP coordinates of CNCs
(grey circle), PLA (blue circle), and PBAT (red circle), as well as their respective spheres of radius
Ro (dotted lines in Figure 5.1 b). The lack of superposition between the three domains highlights
the lack of solvents that could simultaneously offer a good CNC dispersion and sufficient
dissolution for both PLA and PBAT.
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Figure 5.1 HSP graph for CNCs (grey circle), PLA (blue circle), and PBAT (red circle) (a) and its
projection in the dp-6H plane (b). The spheres delimited by their respective HSP radii, Ro, are
materialized by dotted lines. DMSO (black triangle up) was selected to disperse CNCs, and THF
(black triangle down) to solubilize PLA and PBAT. The two media are then blended in a ratio
that corresponds to the black diamond. Upon evaporation, and since THF has a lower boiling
point than DMSO, the HSP of the mixture get closer to those of DMSO, following the black line.

Hence, we decided to use a binary mixture: one solvent should offer a good dispersion of the CNCs,
while the other should provide an easy dissolution to the polymers. In Figure 5.1b, CNCs and PLA
spheres slightly overlap: DMSO (black triangle up) is the solvent that is the closest to this
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overlapping area: it is good for CNCs and, while it may not dissolve PLA at room temperature, it
may do so under moderate heating. The PBAT sphere is included in that of PLA. THF (black
triangle down) is good for both polymers and was selected. Blending the CNC/DMSO suspension
with the PLA/THF or PBAT/THF solution in the ratio investigated in this work leads to a mixture
(black diamond) in which the polymers remain soluble (thanks to heating in the case of PBAT).
However, when CNCs lose their solvation-induced stabilization, solvent-casting should be done
fast enough to prevent re-agglomeration [46]. This is favored by the low boiling point of THF; as
this solvent evaporates first during the drying process, the composition of the mixture evolves
towards DMSO (following the black line) in a sense that is thermodynamically favorable to CNC
particles and unfavorable to the polymers.

Note that Equation 5.2 can also be used to calculate the HSP distances between PLA, PBAT, and
CNCs: RapLa-peaT = 3.0 MPa'?, Racncpia = 14.9 MPal?, and Racncpear = 16.3 MPal2. This
highlights the relatively close chemical affinity between PLA and PBAT. It also predicts a rather
poor chemical affinity between CNCs and both polymers, which is consistent with the difficulties

that have been reported to disperse pristine CNCs in these matrices [16], [21].

5.3.3 Sample preparation

A solution mixing method in THF and DMSO medium was used to prepare the nanocomposites.
The A-PLA, SC-PLA, and PBAT were first dried in a vacuum oven overnight at 55 °C and then
dissolved respectively in THF, while CNCs were dispersed in DMSO. The desired amount of CNCs
was dispersed in 70 mL of DMSO using a water bath sonicator (FS30 100 Watts Ultrasonic
Cleaner, Fisher Scientific, Pittsburg, PA) for 120 min at room temperature. Neat polymers were
dissolved in 85 mL of THF using a magnetic stirrer for 150 min at 63 °C until complete dissolution.
In order to minimize the effect of THF evaporation, the level of liquid was kept constant over time
by adding adequate amounts of THF at regular intervals. Afterward, the neat polymer solutions
(based on PLA or PBAT) were added to the CNC suspension and the stirring process was continued
for another 120 min to ensure good mixing between the two media despite their rather high
viscosity. Then, the mixtures were poured into a petri dish and dried in a vacuum oven set at 70 °C
for 4 days. While the nanocomposites containing low molecular weight PLA (SC-PLA) or PBAT
could be ground into powder using a coffee grinder, the high molecular weight PLA (A-PLA) had

to be chopped to very small pieces using scissors. Then, the ground and chopped nanocomposites
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were put in the vacuum oven for another 4 days in an effort to get rid of any remaining traces of
DMSO and THF. The CNC content in the nanocomposites was varied from 0 (i.e. neat polymer
for comparison purposes), 1, 2, and 3 wt%, and the nanocomposites are named based on the CNC
content on a weight percentage basis. For example, A-PLA/3CNC refers to the nanocomposites
based on the amorphous (high molecular weight) PLA with 3 wt% of CNCs, calculated with respect
to the total weight of the nanocomposite. Prior to microscopy and rheology analysis, the chopped
and powder samples were compression molded using a hydraulic press under a nitrogen
atmosphere to make disk shape specimens (1.2 mm thick disks of 25 mm diameter). The samples
were first heated to 170 °C for 4 min. Then, pressure forces of 1, 2, and 3 tons were progressively
applied for 90 s each. The samples were finally cooled to ambient temperature under atmospheric

pressure. The overall compression molding process took roughly 10 min.
5.3.4 Characterization

5.3.4.1 Microscopy analysis

5.3.4.1.1 Atomic force microscopy (AFM)

Rheological sample disks were cut and microtomed using an Ultracut FC microtome (LEICA)
equipped with a liquid nitrogen cryo-chamber and a diamond knife. An AFM (MultiMode
Nanoscope Illa with extender, Digital Instruments) was used to characterize the prepared samples
in air at room temperature without any additional preparation. The AFM machine was equipped
with a scanning probe microscope Dimension 3100 with a Nano-scope 1Va controller from Veeco
Instruments. Silicon tips (ACTA-W AppNano) with a tip radius of less than 10 nm were used in
this study. The instrument is located in the materials characterization laboratory (LCM) of the
chemistry department of Université de Montréal. The tapping phase mode at a scan rate of 1 Hz
was used to determine the morphologies of the nanocomposites because of the differences in the
modulus of the polymer matrices with that of the CNCs. Sampling was made every 9 nm
horizontally (512 times during the analysis of a 5x5 um? area) for surface characterization. The
Software Nanoscope Analysis 1.5 (Brucker, Santa Barbara, CA, USA.) was used to process the
AFM images (512x512 pixels).
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5.3.4.2 Fourier transform infrared analysis

Fourier transform infrared (FTIR) measurements were performed in order to investigate the
chemical composition and the possible interactions between the PLA and PBAT matrices with the
solvents (DMSO/THF). FTIR spectra of the samples were collected in the absorbance mode at
room temperature using a Nicolet 380 FTIR spectrophotometer. The samples were analyzed in the

wavenumber range of 600 to 4000 cm™ .

5.3.4.3 Elemental analysis

A sample was selected, cut, and microtomed under liquid nitrogen using a cryo-microtome
(LEICA-Jung RM 2165). Then, the sample surface was coated with a 15 nm thick chromium layer.
The qualitative determination of the composition of neat polymers prepared from solvent casting
was done via energy dispersive X-ray spectroscopy (EDS) using a JEOL JSM-840A scanning

electron microscope (Oxford Instruments, Abingdon-on-Thames) operating at 15 kV.

5.3.4.4 Rheometry

The rheological properties of neat A-PLA, SC-PLA, PBAT, and their respective nanocomposites
were measured using a stress/strain-controlled MCR 302 rheometer (Anton Paar, Austria). A
parallel plate flow geometry was used with a gap of 1 mm and a diameter of 25 mm. Small
amplitude oscillatory shear (SAOS) experiments were conducted at 170 °C under a nitrogen
atmosphere to avoid oxidation of the samples. Strain sweep tests were conducted at a frequency of
1 rad/s to find the linear viscoelastic region (LVE) and its limit. Time-sweep experiments at a
frequency of 1 rad/s and a strain amplitude of 0.001 were conducted during 40 min to verify the
thermal stability of the samples within the time necessary to conduct frequency sweep small-
amplitude-oscillatory shear (SAOS) experiments. All rheological measurements were repeated up

to 3 times to verify reproducibility.

5.4 Result and discussion

5.4.1 Morphology

The morphologies of the various polymer nanocomposites (A-PLA/CNC, SC-PLA/CNC, and
PBAT/CNC) with CNC contents of 1, 2, and 3 wt% were analyzed through AFM with a focus on
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CNC dispersion and distribution. In the literature, dispersion usually refers to the level of
disaggregation of CNC bundles: particles should, in the best cases, be found as single rods of
nanosize. Distribution refers to the spatial homogeneity of the dispersion: it is possible to reach a
high level of distribution with imperfectly dispersed CNCs. CNC rods or their bundles may hence
be agglomerated but well distributed in the polymer matrix. In this section, we will first make the
case that we are able to see the CNCs on the AFM images, then use these images to compare the
dispersion and the distribution of the CNCs within the various samples. Our reasoning is presented
for SC-PLA. Similar analyses were done for A-PLA/CNC and PBAT/CNC samples (results not

shown here) and their conclusions are directly presented here.

AFM images, representative of each SC-PLA samples (CNC contents of 1, 2, and 3 wt%) are
presented in Figure 5.2. As reported elsewhere [13], [51], the contrast was better in the phase
images than in the height images. Signal variations that occur simultaneously on both types of
images are attributed to the presence of CNCs: highlighted on the phase images are what we believe
to be CNC bundles (white circles) and single CNC rods (white arrows: more obvious at the higher
magnification) (Figure 5.2a). The cross-section analysis of these signal variations on the height
images (whose location is highlighted by red, blue, and green continuous or dotted lines in SC-
PLA with CNC content of 1, 2, and 3 wt%, respectively) gives us height variations ranging from 5
to 15 nm across the samples and reported in Figure 5.2b. The continuous and dotted lines represent
measurements done at two different locations on the AFM height images. The height values are in
the same range as the diameter of our CNCs [21] and are to be compared with a root mean square
average of height deviations, Rq, that is smaller than 5 nm for all samples. Because of tip-
convolution in the AFM analysis, it is worth noting that the width of the transverse lines (horizontal
distances) cannot be considered as the particle size of CNCs [51]. These features are in agreement
with previous AFM reports of CNC dispersion in polymer matrices [13], [27], [39]. CNC density
seemingly increases with filler content. While small bundles can be spotted, CNCs are dispersed
and distributed rather well overall for all concentrations. It supports the effectiveness of our

solution casting protocol based on two solvents.
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Figure 5.2 (a) AFM phase and height images of SC-PLA nanocomposites with CNC contents of
1, 2, and 3 wt%. Individual rods and bundles are highlighted with white arrows and circles,
respectively, on the phase images. The continuous and dotted lines (in green, red, and blue
depending on CNC weight content) present on the height images highlight the locations where a
cross-section analysis was carried. Their height profiles are displayed in (b), where the line colors
(green, red, or blue) and type (continuous or dotted) match those on the height images. The
continuous and dotted lines represent measurements done at two different locations on the AFM

height images.
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Similar analyses were carried out for the PBAT/CNC and A-PLA/CNC nanocomposites (results
not shown here). While all nanocomposites displayed a rather good CNC dispersion and
distribution, the dispersion appeared to be poorer in A-PLA/CNC (despite an equally good
distribution). This may arise from an impoverishment of the nanoparticles mixing as the length of
the polymer chains, and the occurrence of their entanglements, increases. Besides the possible
effect of molecular weight on mixing, the heterogeneous crystallization that occurred in SC-PLA
and PBAT upon drying might also have favored the dispersion of CNCs. Indeed, ordered polymer
chains within the evaporating media might act as a sterical barrier preventing CNC re-
agglomeration in the later stages of the casting. Our observations substantiate previous findings
reported in the literature that using a low molecular weight and crystalline grade PLA favors CNC

dispersion by preventing particle-particle agglomeration [52].

Hence, AFM results point towards a homogeneous distribution of the CNCs in all samples and an
overall good dispersion. The latter is comparatively better in SC-PLA and PBAT than in A-PLA.
It is in agreement with the rheological data that will be presented in the next section.

5.4.2 Rheological analysis

5.4.2.1 Stability analysis and SAOS data

From time-sweep experiments, we observed a 5% loss of the complex viscosity at most for all
samples during 40 min. SAQOS data (complex viscosity (") and storage modulus (GY)) as functions
of the frequency (w) for the neat polymers and their nanocomposites with CNC contents of 1, 2,
and 3 wt% are reported in Figures 5.3a-f. The stabilities of the neat polymers and their
nanocomposites containing 3 wt% CNCs were further assessed in frequency-sweep using two
consecutive tests at a strain of 0.001: from high to low frequencies (filled symbols), and then from
low to high (empty symbols) frequencies (Figures 5.3a-f). While both sets of data are superimposed
for SC-PLA, SC-PLA/3CNC, PBAT, and PBAT/3CNC (Figures 5.3b, c, e, and f), small decreases
of about 4 and 5 % in the complex viscosity and storage modulus, respectively, are observed in the
case of neat A-PLA and A-PLA/3CNC (Figures 5.3a and d). These decreases are attributed to some
thermal degradation of the amorphous PLA.



65

108 - : 10° g T T T : 10° T r T
Ty s
Yy - | i V.,
T A-PLA |1 ) T SC-PLA | || "~ PBAT |
Yo A, ’ 'W' A ‘v
Loyt AL IR I A‘A L/ | ‘AA i
| 1044 ‘e, Vv 11109 %, "4, o l10'] ®®egha, vy 1
[~ Ay 2 4 e e Vv Coghda :
=9 ta, Pow I .°‘OAA‘A Yoy I ..“0 Ty
~ | 107 ‘AA‘A 1 I 10° 3 ....:::é“ vy { | 10° 4 ‘.“ll 2 ‘vo A
* ®ece,, Aaa, | ““Q | _ ” R2gg
& 0'.0.......... " I I CmOECEls s m@ EUNCEUENC g
10’ LmomcmgErm IEleDl:IU'."D E I 10° capmomgR EoE-EQE-EqE NN Il(lz' E
aj bi i c
10! +er v T v | 10" 4 . . : | 10! . . .
107 10° 10! 10? 10" 10" 10! 0 10! 10° 10! 10?
—a— A-PLA—#— A-PLA/ICNC—v— A-PLA/3CNC | ——SC-PI.A—e— SC-PLA/ICNC—v—SC-PLABCNC]  —a— PBAT—e— PBAT/ICNC—v— PBAT/3CNC
—— A-PLA—4— A-PLA/2CNC—7— A-PLA/3CNC | =0—SC-PLA—&— SC-PLA/2CNC—7—SC-PLA/3CNC| ~ —c— PBAT—4— PBAT/2CNC——PBAT/3CNC
1063 T T T | 108y T T T | 10°p T T T
10%9 PR N TaAadAdrAd I 10°4 —— 10° SYTYT
VoYYt y | s 27 472 A" A4 A% AT ATAM | 3 NTYTY YV YTYTYIYIYTYTYYY
o | 10%4 WM 1 | 104
& I 10° I 10°
9-1 | 1 Il | 1
e’ ml
b | 1024 uC {1 110
{m}
I {SC-PLA _» ;
| 10" .D!/ 1 | 10 1
W
| 0 -’ 2 | o0
104 % 10
| = €1 ]
| 107 T T T | 107 4= T - v
L 107 10° 10! 10% | 10 10" 10 102

w(rad/s)

Figure 5.3 Complex viscosity, n*, (a, b, and c) and storage modulus, G*(d, e, and f) versus
frequency, w, of the A-PLA, SC-PLA, and PBAT nanocomposites at 170 °C (strain = 0.001).
Filled and empty symbols represent frequency sweep from high to low and low to high,

respectively.

The neat polymers are behaving as second-order fluids with a nearly constant complex viscosity
and a storage modulus that is about proportional to the square of the frequency. The behavior for
the three different filled systems is quite similar and is typical of that observed for polymer
nanocomposites as reported in the literature: the complex viscosity and the storage modulus
increase significantly with CNC loading, becoming more shear-thinning and solid-like materials.
For all nanocomposites, spectacular increases in the complex viscosity and storage modulus are
observed when incorporating only 1 wt% CNCs. It is even more obvious at low frequencies: the
complex viscosity increased by 1 order of magnitude for A-PLA, and by 2 orders of magnitude for
both SC-PLA and PBAT. Smaller increases for A-PLA/1CNC (Figure 5.3a) could be an indication
that CNCs are not so well dispersed compared to the SC-PLA and in PBAT nanocomposites
(Figures 5.3b and c), which is coherent with the insights provided by the AFM analyses. As
mentioned previously, this is probably due to molecular weight effects: with their shorter polymer
chains, SC-PLA and PBAT have a better ability to penetrate amidst CNC agglomerates, which in
turn leads to a better dispersion [52]. With increasing CNC content up to 3 wt%, the complex
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viscosity and storage modulus increase dramatically to almost 10° Pa.s and 10° Pa, respectively,
for the three systems. Bagheriasl et al. [21] investigated the rheological behavior of PLA 3251
(identical to our SC-PLA) with the same CNCs as investigated in this work but prepared using
DMF casting. A content of 6 wt% CNCs was required to observe the improvement observed here
for 3 wt%. In a recent study, Vatansever et al. [52] investigated the same A-PLA and SC-PLA.
Both required up to 10 wt% CNCs (different from that of this work) to achieve a similar increase

in the rheological properties as reported in Figures 5.3a, b, d, and e for 3 wt% CNCs.

All these results confirm the efficiency and the pertinence of our protocol to select the best solvents
based on the HSP theory and disperse the CNCs in PLA and PBAT: the improvements at CNC
contents are an indication of a better dispersion on CNCs in PLA with respect to results reported
in the literature. As mentioned in the introduction, no comparison with the literature can be
performed in the case of PBAT since we are, to our knowledge, the first authors to report results
for a solution casted PBAT/CNC nanocomposite using pristine CNCs (no surface modification).
We note, however, that the improvements in rheological properties are quite similar to those for
PLA/CNC systems.

5.4.2.2 Effect of solvent on SAOS data

As evidenced by Figures 5.3a and b, both neat PLAs (A-PLA and SC-PLA) prepared from solution
casting have a similar complex viscosity of around 100 Pa.s at low frequencies. This is surprising
given their difference of molecular weight. In their molten state and at a given temperature, A-PLA
(190 kg/mol) is indeed expected to be considerably more viscous than SC-PLA (55 kg/mol).
Figures 5.4a and b show the effect of the solution casting preparation method on the complex
viscosity of the neat polymers comparatively to that of their as-received granules. For the granules,
the complex viscosities of A-PLA (5000 Pa.s) and SC-PLA (400 Pa.s) are coherent with their
different molecular weights. It is only in the solution casted samples that a similar viscosity value
of about 100 Pa.s is observed (Figure 5.4a). On the other hand, the complex viscosity of neat PBAT
prepared from solution casting, which stands at ~300 Pa.s, is almost the same as for the granules
of PBAT (Figure 5.4a). These results for both PLAs are attributed to the effect of solvent traces
(DMSO and THF). It is more drastic for A-PLA but negligible for PBAT. As the boiling point of
DMSO (~180 °C) is higher than that of THF (~66 °C), it is more likely that this is due to traces of
DMSO in the dried samples. To clarify this, we performed a solution casting of neat A-PLA with
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THF alone and with a mixture of THF/DMSO (Figure 5.4b). Using THF, the decrease in complex
viscosity was around one order of magnitude with respect to the value for the A-PLA granules, and
incorporation of DMSO made this situation more severe with a decrease close to two orders of
magnitude (Figures 5.4a and b). Although from its low boiling point one would expect all THF to
be removed during the long drying stage, it is a good solvent for PLA and this strong chemical
affinity with PLA chains (with a HSP distance, RapLa-THF, Of 4.2 MPal2, when compared to a HSP
sphere radius of RopLa ~ 8 MPa'? for PLA) could explain the difficulty of removing all traces in

the drying process.
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Figure 5.4 (a) Effect of the solution casting method on the complex viscosity, #*, of the neat A-
PLA, SC-PLA, and PBAT; filled symbols: granules of polymers as received and open symbols:
polymers from solution casting and (b) effect of THF and DMSO on the complex viscosity, 7*,
of the neat A-PLA

To confirm the presence of DMSO in the PLA matrices and its absence in PBAT, an elemental
analysis, through energy dispersive X-ray spectroscopy (EDS), was carried out on neat PLA and
PBAT samples casted in mixtures of THF and DMSO. EDS may notably detect the atomic content
in terms of C, O, and S atoms. Excluding hydrogen, PLA (repeating CsH4O- units) has a theoretical
C/QO/S atomic composition of ~60/40/0 atomic At.%. PBAT ranges between roughly 75/25/0 and
72/28/0 At.% depending on the ratio of C12H1204 and C10H1604 units. Experimentally, A-PLA had
a C/O/S composition of ~56.2/43.3/0.5 At.%, SC-PLA stood at ~54.9/44.7/0.4 At.%, and PBAT at
~64.7/35.3/0 At.%. In the absence of CNCs, which are slightly sulfated, polymer matrices should
be totally sulfur-free. The sulfur content, detected in the PLAs, may hence be attributed to DMSO
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traces. Atomic ratio of 0.4 and 0.5 At.% roughly translates into a DMSO (SO(CHzs).) content that
ranges between 2 and 2.5 wt% in the PLAs (a more precise estimation by weight would require the
determination of the hydrogen content). The significant quantity of DMSO was obtained despite 8
days of drying in a vacuum oven at 70°C and is coherent with the significant plasticizing effect
observed on the complex viscosity of these matrices (Figures 5.3 and 5.4 a and b). It is remarkable
that, under the same drying protocol, DMSO could be fully evaporated in PBAT. We attribute this
both to the lower-molecular weight of PBAT and to the fact that the drying process was conducted
at a temperature of 70 °C that matches the crystallization point of PBAT; hence, crystallization of
PBAT chains may have favored solvent removal in PBAT samples. SC-PLA crystallizes at higher
temperatures (closer to 100-110 °C) [35]. It is worth noting that, while all samples are richer than
expected in oxygen, the deviation is smaller for A-PLA (~3 At.%), than for SC-PLA (=5 At.%)
and PBAT (~7-10 At.%). This remains true even once corrected by the small influence of DMSO
traces on the oxygen over carbon ratio. THF (C4HsO), with an oxygen of 20 At.% (excluding
hydrogens) cannot be held responsible for the enrichment in O. However, this observation is
coherent with the ranking of the various polymers in terms of molecular weights: they have
hydroxyl-rich end-groups, which should slightly increase the overall oxygen ratio. The effect is
expected to be stronger for short polymer chains (PBAT or SC-PLA) than for their longer

counterparts (A-PLA) that have fewer end groups per weight of matrices.

Elemental analysis is unable to detect THF traces in the matrices due to its lack of distinctive
elements. Figure 5.5 reports the normalized Fourier-transform infrared spectroscopy (FTIR)
spectra of the neat A-PLA prepared via the various protocols. A-PLA was chosen because it was
the most affected by the solution casting. The spectra intensities were normalized to 1 with respect
to the main PLA peak (~1082 cm™) to facilitate the comparison. The main difference between the
spectrum of A-PLA granules and those of the polymer prepared from THF or THF/DMSO lies in
the 2850-3000 cm™ wavenumber region. A-PLA from granules shows small peaks at ~2850,
~2918, ~2952, and ~2995 cm! that can be attributed to the presence of CH and CH3 bonds in the
polymer chains. The two first peaks (~2850 and ~2918 cm™) are accentuated significantly in
samples cast from THF and THF+DMSO with nearly double and triple intensities with respect both
to the last peaks (~2952 and ~2995 cm™) and to the main PLA peak (~1082 cm™). Since THF and
DMSO’s main peaks in the area are doublets that show at ~2865-2975 cm™ and ~2905-2990 cm?,

respectively, the shift in relative intensities cannot, hence, directly be attributed to the presence of
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THF and DMSO. However, it seems that traces of solvent from solution casting alter the interaction
patterns of CH and CHz groups in PLA. Similarly, to what was observed in the frequency sweep
(Figure 5.4 b), the influence of solution casting is visible in A-PLA casted with THF, and further
accentuated in samples casted with THF+DMSO.
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Figure 5.5 FTIR of granules and solution casted samples of neat A-PLA

5.4.2.3 Linear viscoelastic region and apparent yield stress

Strain-sweep tests were conducted to determine the range of the linear viscoelasticity (LVE) region,
and the results are presented in Figures 5.6a-c. The maximum strain amplitude, yr?mx, is obtained

by drawing the horizontal (small dotted) and the straight (small dashed) lines in the LVE and non-
LVE region (above the yielding point), respectively, and finding the intercept of those lines
(circles) as shown in Figures 5.6a-c and reported in Table 5.1 [22]. The figure highlights how the
maximum strain amplitude decreases significantly with increasing CNC content in all the
nanocomposites. The values of the maximum strain amplitude decrease from 0.09 to 0.003, 0.08
to 0.02, and 0.04 to 0.01 in the A-PLA, SC-PLA, and PBAT, respectively. The shortening of the
LVE region is an indication that the network structure formed in the nanocomposites can be easily

broken by strain. We note that for the three neat polymers, the LVE region was observed up to an
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imposed strain amplitude of 1. Our results confirm those reported for other polymer nanocomposite
systems in the literature [22], [53]-[55].

10° T T r
p ——A-PLA-1ICNC ——SC-PLA-1ICNC 7Omax: 0.01%
-] ¥ D max: 003 —a— A-PLA-2CNC z —a— SC-PLA-2CNC WWW»;Q
) e e s v 0 . W
107 N —v—A-PLA-3CNC 1 1071 7O%mayx: 002 —¥—SC-PLA-3CNC 10 R 9,\ 4
' e el - 'y
L~ 0 _.0.01 (9 [ .@.‘ .
4 7 max: 0. + "'V.
s: ! " X I\ 1" 0 e 10° ) 1 0.04
X X 7max: 0.04 + 7 “max: 0
\LD . 1199 m%.
0 nax: 0.08
... L 10:{ —e—PBAT-1CNC
10°4 70 ""Q‘q‘ . —a— PBAT-2CNC -
a . b —¥—PBAT-3CNC c
10! 10! 10!
10 10 10° 10 10° 10 10% 10° 1072 10" 10 10 10 10 10 10 10 10'
0
10° - e s 10° e yw - o 10¢
= [lerschel-Bulkley model —— Herschel-Bulkley model = Herschel-Bulkley model
fme—arLa J—=—sc-pLa —=—rBaAT
10° {—e— A-PLA-1CNC 107y —e—SC-PLA-1CNC ICISRRERATICNG ]
) —4— A-PLA-2CNC —4— SC-PLA-2ONC —*—l:B.\'T‘-Z()(‘
@ | 1007 APIASCNC 104 ——sc-PLA3CNC 10t | PBAT3CNC
3
* 10° 10° 4 10°4 1
o=
-~ \’...‘" EEEEEEEEEEEg,
10 EsEEEEEEEEER 10 EsEEEEEEEEEER 104 1
d e f
10' - — oo 10' — - . o - 10'
10 10 10? 10 10 10° 0t 1" 10' 10° 10° 10 10° 10¢ 10 10' 10 10° 10 10° 10
%
G'(Pa)

Figure 5.6 (a, b, and c) Strain sweeps and (d, e, and f) complex viscosity, r*, versus the complex

modulus, G, for A-PLA, SC-PLA, and PBAT containing CNC with different concentrations.

The circles in (a, b, and c) highlight the intersections between the straight dotted lines that

characterize the LVE region and inclined dashed lines of the high strain region. The continuous

lines in (d, e, and f) are the fits of the modified Herschel-Bulkley model (Equation 5.4)

Table 5.1 Yield stress, melt flow index, and percolation threshold of the nanocomposites

Material

SC-PLA A-PLA  Matrix

PBAT

Sample

A-PLA-1CNC
A-PLA -2CNC

A-PLA -3CNC
SC-PLA -1CNC
SC-PLA -2CNC

SC-PLA -3CNC
PBAT-1CNC
PBAT-2CNC
PBAT-3CNC

Max.
amplitude

p

0.09
0.01

0.003
0.08
0.04

0.02
0.04
0.02
0.01

index
O-O = Gg yr?]ax ®)
Pa

2.73
28.0

150
68.3
135

724
54.2
77.2
294

k

Pa.s"

158
120

450
580
600

1150
720
450
550

0.89
0.52

0.40
0.64
0.65

0.45
0.64
0.65
0.40

strain ' Yield stress and melt flow Percolation

threshold
mG©
wit%

1

0.3

0.3
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@ Based on the intersection between the lines of storage modulus in LVE and high strain
regions. This parameter was used as an input in the modified Herschel-Bulkley model
(Equation 5.4)

®) Modified Herschel-Bulkley model (Equation 5.4, Figures 5.6 d, e, and f)

© Based on Equation 5.5

Both the increases in the complex viscosity and the plateau value of the storage modulus at low
frequencies are indications of the CNC good dispersion and the formation of an interconnected
network. Its strength may be estimated by calculating the apparent yield stress and threshold
concentration at which it forms. In all the nanocomposite systems, #* tends toward infinity at low
G™* suggesting the presence of an apparent yield stress that can be estimated by fitting the data of

Figures 5.6d-f using the modified Hershel-Bulkley model written as:

7 ==+ K (yEme@)" Equation 5.4
ymaxa)

In this modified Herschel-Bulkley model (Equation 5.4), ¢, is the apparent yield stress, yfw is the

maximum strain amplitude of the LVE region, k is a parameter, and n is the flow index. o, k, and

n obtained by fitting the Herschel-Bulkley model to the complex viscosity data are reported in
Table 5.1. As shown in Figures 5.6d-f the model gives very good fits of the data for all the
nanocomposite systems (root mean square deviation (RMDS) ~ 0.003 Pa.s). It is worth noting that
in Equation 5.4 we used the maximum strain amplitude from LVE data whereas most authors used
the strain amplitude at which the SAOS data were obtained. The use of the maximum strain

amplitude seems to be more appropriate for defining the yield stress.

As reported in Table 5.1, the apparent yield stress increases, and n decreases with increasing CNC
content. This behavior is an indication of strong particle-particle and particle-polymer interactions
and a decreased mobility of the polymer chains in the nanocomposites [56], [57]. The improved
dispersion that is achievable for CNCs in SC-PLA and PBAT, when compared to A-PLA, has an

obvious effect on the fitted values of the apparent yield stress and their dependency on CNC content
(Table 5.1). Whereas 0, increases from 2.73 to 150 Pa in A-PLA, it increases from 68.3 and 54.2
to 724 and 294 Pa in SC-PLA and PBAT, respectively. Bagheriasl et al. [21] obtained a value of
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217 Pa for the same SC-PLA/3CNC but from cast films in DMF; this is three times lower than our
finding, and after using the strain amplitude (much smaller than the maximum) at which the SAOS
data were obtained. It confirms the effectiveness of our solution casting method using two solvents.
In another work, Vatanserver et al. [52] could not obtain any apparent yield stress for the A-PLA
below 7 wt% CNCs. Finally, we note that the flow index, n, as a characteristics of shear thinning,
is decreasing with the CNC content for the A-PLA nanocomposites; its value for the SC-PLA and
PBAT systems is about constant for 1 and 2 wt% CNCs, but decreases significantly for 3 wt%.
However, the variation of the consistency parameter k is not coherent, and this stresses the

limitation of empirical models such as that of Equation 5.4.

5.4.2.4 Rheological percolation threshold

The onset of CNC percolation network corresponds to the concentration at which the rheological
properties will dramatically increase. It can be calculated by fitting an empirical power-law model
to the data of the storage modulus versus CNC content (Equation 5.5) [57]. The storage modulus
was calculated by considering its value at the lowest frequency probed in the frequency sweep tests
(0.1 rad/s).

m-—-m.G
m. G

C

G =,BCG[ j for m>m._G Equation 5.5

In this equation 5,G and n, are power-law constants, m is the CNC concentration (wt%) and M,G

is the rheological percolation threshold (wt%) [17], [21], [52], [57]-[59]. By fitting this empirical
model to the rheological data plotted in Figure 5.7, percolation thresholds of 1, 0.3, and 0.3 wt%
could be calculated for CNC nanocomposites based on A-PLA, SC-PLA, and PBAT, respectively.
The quality of the fits for the SC-PLA and PBAT systems wt% is not very good, possibly due to
the lack of sufficient data in the low concentration range. These results nevertheless confirm the
rheological data and microscopic analysis that CNC dispersion is favored in low molecular weight
and crystalline PLA such as SC-PLA [52]. As a comparison, Bagheriasl et al. [21] obtained a value
of 0.66 wt% for the percolation threshold of the same SC-PLA/CNC nanocomposites: the only
difference with our protocol arises on the fact that they used DMF both to disperse the CNCs and
dissolve the polymer, while we used two solvents. The only study on A-PLA/CNC (led with the

same amorphous PLA than in this study) was conducted by Vatanserver et al. [52] who reported a
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percolating threshold value of 7.8 wt%, considerably larger than the value of 1 wt% obtained in
this work. To the best of our knowledge, this work is the first to report apparent yield stress and
percolating threshold concentration of CNCs for PBAT. Overall, CNCs have a very similar effect
on the rheological properties of SC-PLA and PBAT. This may be related to the similar HSP
distances between CNCs and PLA and PBAT, (14.9 MPa'? compared t016.3 MPa'?). Hence, the
chemical affinity between CNCs and the matrices is similar for both systems. However, the lower
rheological improvements observed in A-PLA when compared to SC-PLA show clearly that
parameters other than chemical affinity could affect the properties although that the HSP

parameters for PLA could be affected considerably by its structure.
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Figure 5.7 Storage modulus of the (a) A-PLA/CNC, (b) SC-PLA/CNC, (c) PBAT/CNC
nanocomposites as a function of the CNC loading obtained at 170 °C and o = 0.1 rad s. The

lines are the fits of the power-law expression (Equation 5.5).

5.5 Conclusion

A-PLA, SC-PLA, and PBAT respective nanocomposites incorporating CNC were prepared
through solvent casting using a protocol based on two solvents. They were selected using a
thermodynamic approach relying on the Hansen solubility parameter (HSP) theory in order to
optimize the dispersion of the CNCs and the dissolution of the polymers. Both microscopy and
rheology analysis were employed to investigate the effectiveness of this approach. AFM
micrographs highlighted high degrees of CNC dispersion and distribution in the low molecular
weight and crystalline SC-PLA and PBAT. In A-PLA, however, CNCs formed small bundles that
were homogeneously distributed in the matrix. This level of dispersion was confirmed through

spectacular increases of SAOS data and the maximum strain amplitude that represents the upper
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limit of the linear viscoelastic region was found to decrease significantly with increasing CNC
content. The complex viscosity and storage modulus increased dramatically upon the addition of
1, 2, and 3 wt% CNCs. The presence of a 3D network was evidenced by the determination of an
apparent yield stress by fitting a modified Herschel-Bulkely model to the SAOS data. The
percolation threshold concentration, calculated using an empirical power-law model fitted to the
rheological data of the storage modulus as a function of CNC concentration, was as low as 1 wt%
for A-PLA and 0.3 wt% for both SC-PLA and PBAT. Finally, the effect of solvent traces on the
rheological and morphological properties of A-PLA, SC-PLA, and PBAT was investigated. The
small amount of solvents significantly decreased the complex viscosity of SC-PLA and A-PLA by
1 and 2 orders of magnitude, respectively. This was not observed in PBAT and it is suggested that
the crystallization of PBAT at the drying temperature (70 °C) may have favored the removal of
solvent traces in PBAT. The rheological properties and morphological analysis investigated in this
article highlight the effectiveness of solvent selection on the dispersion and distribution of CNCs,
which in turn contributes to the formation of 3D networks in the A-PLA, SC-PLA, and PBAT

matrices.
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CHAPTER 6 ARTICLE 2: MORPHOLOGICAL AND RHEOLOGICAL
PROPERTIES OF PLA, PBAT, AND PLA/PBAT BLEND
NANOCOMPOSITES CONTAINING CNCS?

Mojtaba Mohammadi !, Marie-Claude Heuzey !, Pierre J. Carreau * and Aurélie Taguet 2

1) Center for High Performance Polymer and Composite systems (CREPEC), Department of
Chemical Engineering, Ecole Polytechnique de Montréal, Montreal, QC H3T 1J4, Canada

2) Polymers Composites and Hybrids (PCH), IMT Mines Ales, 30319 Ales, France

6.1 Abstract

Morphological and rheological properties of poly(lactic acid), PLA (semicrystalline and
amorphous), and poly(butylene adipate-co-terephthalate), PBAT, and their blends (75 wt%/25
wit%; PLA/PBAT) were investigated in the presence of cellulose nanocrystals (CNCs) prepared
from solution casting followed by melt mixing. For the solution casting step, the CNCs were either
incorporated into the matrix, the dispersed phase, or both. The dispersion and distribution of the
CNCs in the neat polymers and localization in their blends were analyzed via scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The highly dispersed CNCs in the
solution cast nanocomposites were agglomerated after melt mixing. In the blends with 1 wt%
CNCs, the nanoparticles were mostly localized on the surface of the PBAT droplets irrespective of
their initial localization. The rheological behavior of the single polymer matrix nanocomposites
and their blends was determined in dynamic and transient shear flow in the molten state. Upon melt
mixing the complex viscosity and storage modulus of the solution cast nanocomposites decreased
markedly due to re-agglomeration of the CNCs. Under shearing at 0.1 s, a significant droplet
coalescence was observed in the neat blends, but was prevented by the presence of the CNCs at the

interface in the blend nanocomposites.

2 Published in Nanomaterials, 11(4), 857. (2021)
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6.2 Introduction

Over recent years, poly(lactic acid) (PLA) has received remarkable attention mainly because it is
a bio-based, biodegradable under specific conditions, biocompatible, and non-toxic polymer [1].
However, PLA suffers from serious drawbacks such as low melt strength, low and slow
crystallization rate, poor processability, low toughness, low service temperature, and high
brittleness [2]. Polymer blending is one of the most commonly used and practical approaches to
improve the properties of PLA [3], [4]. One of the most promising polymers to blend with PLA is
poly(butylene adipate-co-terephthalate) (PBAT) with high flexibility and ductility features [5].
Jalali Dil et al. [6] investigated the morphology, miscibility and co-continuity development of a
PLA/PBAT blend. They showed that the co-continuity region of the PLA/PBAT blend starts at a
PBAT volume fraction between 30 and 40% [6]. Different studies revealed a low interfacial tension
of around 1 mN/m for the PLA/PBAT system [7].

The final performance of polymer blends can be increased by introducing nanoparticles as
reinforcements [8], [9]. The localization of nano-inclusions at the interface, in the matrix, or
dispersed phase can have a significant effect on the blend properties [8], [10]. These localizations
are affected by thermodynamics [11] and processing parameters such as the sequence of mixing
[12], [13], the viscosity of polymer components [13], [14] as well as the quality of the particle

dispersion and nature of the particles [15].

Different localizations have been investigated through the incorporation of different nanoparticles
in PLA/PBAT blends such as nano-silica [13], [16], carbon nanotube [12,17,18], graphene [17],
[18], and nano-clay [17], [19]-[22]. Jalali Dil et al. [16] investigated the droplet/matrix and co-
continuous morphology of PLA/PBAT (70/30 and 50/50, respectively) in the presence of nano-
silica. They reported that adding 1 wt% nano-silica decreased the droplet size from 1.7 to 1 pm and
by increasing the amount of nano-silica the droplet-like morphology changed to a co-continuous
state. Nofar et al. [21] investigated properties of 75/25 (wt%) PLA/PBAT blends containing an
organo-modified nano-clay (Cloisite 30B). Similarly to thermodynamics predictions, the

organoclay was located at the interface of the two phases, was found to act as a barrier against the
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coalescence of droplets and stabilized the blend morphology under shear flow. Salehiyan et al. [23]
also investigated the effects of selective localization of 1 wt% of carbon nanotubes, nano-silica,
nano-clays, and graphene oxides on the morphology development and rheological properties of

melt-processed PLA/PBAT blend nanocomposites.

One of the most promising nanoparticles is cellulose nanocrystal (CNCs), which is based on one
of the most abundant resources in the environment and has the advantages of being non-toxic,
biocompatible, and biodegradable. CNC has been used to increase the properties of various
polymers, in particular PLA and PBAT. In our research group, solution casting methods were used
to improve the morphology, rheological and mechanical properties of PLA/CNC and PBAT/CNC
nanocomposites [24]-[28]. Bagheriasl et al. [24] used dimethylformamide (DMF) to prepare
PLA/CNC nanocomposite and for the first time obtained a high degree of dispersion of pristine
CNCs in PLA and reached a rheological percolation threshold at 0.66 wt% CNCs. Mohammadi et
al. [28], based on a thermodynamics analysis, also identified that dimethyl sulfoxide (DMSO) and
tetrahydrofuran (THF) were the best solvents for the dispersion of the CNCs and dissolution of
semicrystalline PLA (scPLA) and amorphous PLA (aPLA)) as well as PBAT. They obtained the
lowest rheological percolation threshold of 0.3 wt% CNCs in scPLA and PBAT and 1 wt% in aPLA
[28]. They also showed that the complex viscosity dramatically decreased by one to two orders of
magnitude for PLA due to the presence of residual solvent, but residual solvent did not affect

PBAT, probably due to crystallization of the latter at the drying temperature (70 °C) [28].

There are many pieces of research on PLA blends containing CNCs. It can be categorized as
PLA/poly-hydroxybutyrate (PHB)/freeze-dried-CNC [29]-[31], PLA/ polybutylene succinate
(PBS)/CNC [32], [33], PLA/poly-vinyl alcohol (PVAC)/CNC [34], and PLA/natural rubber
(NR)/CNC [35], [36]. However, none of these reports a very good dispersion of CNCs as shown
by transmission electron microscopy (TEM) or atomic force microscopy (AFM) images. In a recent
study, Sarul et al. [37] investigated the preparation of PLA/PBAT/CNC blend nanocomposites
through solution casting followed by melt mixing via a twin-screw extruder. However, the authors
did not report on the CNC dispersion in the neat polymers. Their analysis of the effect of the
localization of CNCs was based on expectations from thermodynamics considerations and they did
not present a microscopic analysis to localize the CNCs and confirm their thermodynamics
analysis. They did not present a strong explanation on the rheological analysis section (with no
information about the rheological properties of the single polymer matrices before and after melt
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mixing). Heshmati et al. [38] reported a very good dispersion of spray-dried CNCs in PLA/PA1l
blends, prepared through a combination of solvent casting and melting methods. They also
prepared a masterbatch of both PLA/CNC and PA11/CNC and diluted them via melt mixing. They
showed that irrespective of the preparing method the spray dried CNCs preferred to remain in the
PA11 phase, which was the thermodynamically favorable phase. Heshmati et al. [39] also showed
that using poly(ethylene oxide) (PEO) as a polymer carrier for CNCs in the blend of PLA/PA11
resulted in the localization of the CNCs in PLA, which was not the thermodynamically favorable
phase for the CNCs.

The goal of this work is to investigate the effect of melt mixing on rheology and morphological
properties of highly dispersed CNCs of solution cast PLA-based nanocomposites. Droplet
coalescence during processing is avoided by controlling the localization of CNCs in PLA/PBAT
blends. The blend composition was chosen as 75 wt% PLA and 25 wt% PBAT in order to have an
emulsion-type (droplets) morphology while the concentration of PBAT is large enough to
significantly affect the rheological properties of the blends.

6.3 Materials and Methods

6.3.1 Materials

Ingeo 4060D and 3251D were used as the amorphous PLA (aPLA) and the semicrystalline PLA
(scPLA), respectively. They were purchased from NatureWorks LLC (Minnetonka, MN, USA).
The PBAT (Ecoflex® FBX 7011) was purchased from BASF (Montreal, Canada). The aPLA has
a weight average molecular weight of 190 kg/mol and a D-lactide content of 12 mol%, and scPLA
has a weight average molecular weight of 55 kg/mol and a D-lactide content of 1.4 mol%. The
PBAT has a weight average molecular weight of 24.4 kg/mol, a density of 1.23 g/cm?, and a melt
flow index (MFI) of 2 g/10 min. Freeze-dried CNCs were kindly provided by FP Innovations
(Pointe-Claire, QC, Canada) with width, length, and aspect ratio of 16 £ 3,90 £ 17 nm, and 6 % 2,
respectively [24]. Information on CNC preparation can be found elsewhere [40]. These CNCs were
neutralized using sodium hydroxide (NaOH) before freeze-drying. N,N-dimethylformamide
(DMF), anhydrous 99.8 %, was purchased from Sigma-Aldrich Canada Co. (Oakville, ON,
Canada).
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6.3.2 Single Polymer Matrix and Blend Nanocomposites Preparation

6.3.2.1 Single Polymer Matrix Nanocomposites Preparation

DMF was used to disperse and dissolve the CNCs and the neat polymers using a water bath
sonicator and magnetic stirrer, respectively. After complete dispersion and dissolution of CNCs
and neat polymers, they were further mixed using a magnetic stirrer. Then, the mixtures were
poured into a petri dish and dried in an oven in two steps under air circulation and vacuum (the
details and step by step preparation method is presented in the supplementary materials (SM)). The
weight percentage of CNC within the nanocomposites was 0 (i.e., neat polymers for a comparison
purposes), 1, and 3. The CNC content was reported based on weight percentage basis. In this regard,
aPLA/3CNC denotes a nanocomposite made of the amorphous (high molecular weight) PLA
containing 3 wt% CNCs, calculated as a percentage of total weight of the nanocomposites. The
effect of melt mixing using a DDRV501 Brabender (C. W. Brabender Instruments Inc., South
Hackensack, NJ, USA) was also investigated on previously dried single polymer matrix
nanocomposites, operating at 180 °C, 100 rpm for 7 min under a nitrogen atmosphere. The term
“+IMM” is used in the nomenclature to identify the effect of melt mixing on the samples from

solution casting.

6.3.2.2 Blend Nanocomposites Preparation

Blend nanocomposites containing 75 wt% PLA and 25 wt % PBAT and, overall, 1 wt % CNCs
were prepared from the nanocomposites as described above using the internal mixer (at 180 °C,
100 rpm for 7 min under a nitrogen atmosphere) and the detailed formulations are provided in
Table 6.1. The schematic preparation method is provided in the SM (Figure 6.S1). In the first two
mixing strategies, granules of the neat complementary polymer (dried overnight at 55 °C) were
added to the polymer nanocomposites in the internal mixer. In the third strategy both PLA and
PBAT nanocomposites containing 1 wt% prepared from solution casting were melt mixed in the
internal mixer. For example, (PLA-1CNC)/PBAT (mixing strategy 1) represents the blend
nanocomposites containing 1 wt% CNCs based on the whole blend for which the CNCs were
initially localized in the matrix (PLA). Similarly, PLA/(PBAT-1CNC) and PLA/PBAT/1CNC refer
to the blend nanocomposites when the CNCs were initially localized in the dispersed (PBAT) phase
or both phases, respectively. Three different neat blends were prepared for comparison purposes:
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neat PLA/PBAT blends from the granules (melt mixing), neat blends from solution casting, and

neat blends from solution casting followed by the internal melt mixing.

A hydraulic press was used to prepare the rheological disk shape with 1.2 mm thickness and 25
mm in diameter. The compression molding process continued for 10 min at 180 °C under a nitrogen
atmosphere including 4 min of heating and 6 min of progressive increasing pressure force from 1

to 3 tons. The rheological disk shapes were used for microscopy analysis.

Table 6.1 Mixing sequences to prepare the blend nanocomposites and final composition.

Real Final Composition, wt%
Poly (lactic acid)/ poly
(butylene adipate-co-

Notation Mixing Steps terephthalate)/cellulose
nanocrystals
(PLA/PBAT/CNC)
Mixing th t PLA and PBAT 1 i
PLA/PBAT granules ixing the neat PLA an granules using 75/25/0
the internal mixer to prepare neat blends
PLA/PBAT Mixing the neat PLA and PBAT granules using 75/25/0

the solution casting to prepare neat blends
Mixing the neat PLA and PBAT from solution
PLA/PBAT (+IMM) casting followed by melt mixing via the internal 75/25/0
mixer to prepare neat blends
Mixing PLA/1.4CNC with PBAT granules via
the internal mixer. 74.95/25/1.05
CNCs were initially mixed with PLA
Mixing PBAT/4CNC with PLA granules via the
internal mixer 75/24/1.0

(PLA-1CNC)/PBAT
(Mixing strategy 1)

PLA/(PBAT-1CNC)

(Mixing strategy 2) CNCs were initially mixed with the PBAT
Mixing PLA/ICNC and PBAT/1CNC. via the
PLA/PBAT/1CNC internal mixer
74.25/24.75/1.
(Mixing strategy 3) ~ CNCs were initially mixed with both PLA and 5/24.75/1.0

PBAT

6.3.3 Characterization

6.3.3.1 Scanning Electron Microscope (SEM)

In order to determine the morphology and the localization of cellulose nanocrystals, the blends and
blend nanocomposites were fractured in liquid nitrogen. A chromium-coated layer of 15 nm
thickness was then applied to the samples. The morphology was observed under SEM (JSM 7600F,
JEOL, Akishima, Tokyo 196-8558, JAPAN) at a voltage of 5 kV. The blend nanocomposites were
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also observed (after cryofracture of a thickness of about 20 nm) using an environmental scanning
electron microscope Quanta 200 FEG from FEI company, SEM operating at 3 kV.

The volume-average radius (Rv) of the dispersed phase domains was defined as follows (Equation
6.1):

4
_ ZingR;

R. =
Vo ZinR}?

Equation 6.1

where nj is the number of dispersed domains with radii R; counted from SEM images [41], for at
least 250-350 PBAT droplets, using the ImageJ software (version 1.52a Wayne Rasband, National
Institutes of Health, Bethesda, Maryland, USA). As the samples were fractured in liquid nitrogen,
no correction was applied to account for the fact that the observation plane might not cut the
particles through their equator. In the samples with dispersed elongated droplets, an equivalent

radius (Req) of an oval was used and calculated as follows (Equations 6.2- 6.4) [42]:

0.625
Req = —3'325 Equation 6.2
with A =12 Equation 6.3

4
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where A and P are the cross-section area and perimeter of the ovals, respectively, and a and b are

major and minor dimensions of the flat ovals, respectively [42]. Using Equations (6.1)- (6.4), the

equivalent volume-average radius (Rv-eq) was calculated for the samples with elongated droplets.

6.3.3.2 Atomic Force Microscopy (AFM)

Samples were cut and microtomed using an Ultracut FC microtome (Leica, Jung RM 2165,
Concord, Ontario, Canada) equipped with a liquid nitrogen cryo-chamber and a glass knife. AFM
images were acquired in the air at room temperature without any additional preparation using
tapping mode on a Dimension ICON AFM (Bruker/Santa Barbara, CA, USA). Intermittent contact
imaging (i.e., “tapping mode”) was performed at a scan rate of 0.8 Hz using etched silicon
cantilevers (ACTA from AppNano, Mountain View, California, USA) with a resonance frequency
of around 300 kHz, a spring constant of = 42 N/m, and a tip radius of <10 nm. All images were

acquired with a medium tip oscillation damping (20%—-30%).
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6.3.3.3 Rheometry

The rheological properties of the neat aPLA, scPLA, PBAT, and their respective neat blends and
nanocomposites were measured using a stress/strain-controlled MCR 302 rheometer (Anton Paar,
Graz, Austria). A parallel plate flow geometry was used with a gap of 1 mm and a diameter of 25
mm. All rheological experiments were conducted at 180 °C under a nitrogen atmosphere to avoid
oxidation of the samples. Strain sweep tests were conducted at a frequency of 1 rad/s to find the
linear viscoelastic region (LVE) and all small amplitude oscillatory shear (SAOS) tests were
conducted at a strain amplitude of 0.001. Time-sweep experiments at a frequency of 1 rad/s were
carried out for 40 min to verify the thermal stability of the samples within the time necessary to
conduct the frequency sweep experiments, all done from 628 rad/s to 0.05 rad/s. The structural
recovery of the nanocomposites was investigated, following consecutive stress-growth
experiments at a shear rate of 5 s7%, via time sweep experiments at 1 rad/s for 1800 s, and frequency
sweep experiments. For the blend nanocomposites, stress-growth experiments were carried out at
ashear rate of 0.1 s72, selected to investigate coalescence of droplets in the blends (at that low shear
rate, no droplet break-up is expected, as the capillary number, Ca, should be smaller than 1 [43]).
Also, coalescence in PLA/PBAT/CNC blend nanocomposites was analyzed through SAOS time
sweep experiments at a frequency of 1 rad/s for 1 h. Almost all rheological measurements were
repeated up to three times to verify reproducibility.

6.4 Results and Discussion

6.4.1 Neat PLA and BPAT Nanocomposites

6.4.1.1 Dispersion of CNCs in PLA and PBAT Matrices

Figure 6.1 shows SEM micrographs of scPLA/ICNC and aPLA/1CNC nanocomposites from
solution casting before melt mixing (Figure 6.1a,c) and after melt mixing (Figure 6.1b,d). Solution
casting leads to a good dispersion and distribution of the CNCs in both PLAs (Figure 6.1a,c), more
likely as small bundles than individual CNC nanorods. Comparing Figure 6.1a,b and Figure 6.1c,d,
it is obvious that melt mixing leads to the agglomeration of CNCs (circles in Figure 6.1b,d). The
agglomeration of CNCs is more important in the high molecular weight PLA (aPLA) and an

agglomerate of around 8-10 um is seen in Figure 6.1d after melt mixing. The agglomeration of the
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dispersed CNCs during melt mixing could be due to the de-sulfation of CNCs at higher
temperatures [44]. Another contributing phenomenon may be the intrinsic poor affinity of CNCs
with the polymer matrices. The Hansen solubility parameters (HSP) and the HSP distances of PLA,
PBAT, CNCs, and DMF, and their relative energy differences (RED) were calculated at room and
processing temperatures (detailed information is presented in SM). According to the calculated
HSP distances between CNCs and the polymers compared to the HSP radius of CNC, (Table 6.S1),
at room and processing temperatures the RED is more than 1, which indeed represents a rather poor
chemical affinity between CNCs and both polymers. This is in contrast to the high affinity of CNCs
with DMF (RED < 1). As a result, the dispersed CNCs, which are in a metastable state after the
removal of the solvent, may have a tendency to re-agglomerate during melt mixing. After solvent
removal, in quiescent melt conditions, the high viscosity of the polymer matrices retards re-
agglomeration since the Brownian motion is very slow [45]. However, in the internal mixer
frequent CNC collisions may favor re-agglomeration. Our observations substantiate previous
findings reported in the literature that while solution casting leads to a high level of dispersion and
distribution, melt mixing following solution casting results in agglomeration of CNCs in the matrix
[28,29,48]. These observations are in agreement with the rheological data presented in the next

section.
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Figure 6.1 Scanning electron microscopy (SEM) images showing the dispersion and distribution
of CNCs in (a,c) ScPLA/1CNC and aPLA/1CNC nanocomposites, respectively, prepared from
solution casting, in (b,d) after melt mixing for sScPLA/1ICNC and aPLA/1CNC nanocomposites,

respectively.

6.4.1.2 Rheology of Single Polymer Matrix Nanocomposites

Rheological analysis is another practical method to investigate the dispersion quality of
nanoparticles in polymer nanocomposites [30,49,50]. Figures 6.2 and 6.3 present the complex
viscosity and storage modulus of the neat polymers and nanocomposites from solution casting
(Figure 6.2) and the effect of melt mixing, +IMM, (Figure 6.3), respectively, as functions of angular
frequency and CNC content. In Figure 6.2, the complex viscosities of the neat PLA (scPLA or
aPLA) and PBAT exhibit a very broad Newtonian plateau at low frequencies. The storage modulus
of the neat polymers also reveals a terminal zone with a slope of 2 at low frequencies, which is a
characteristic of homogeneous molten polymers. For these samples prepared directly from solution
casting, there are significant increases of the complex viscosity and storage modulus with the



92

addition of CNCs (obviously more important for the 3 wt% CNC than for the 1 wt% CNC sample)
as expected for the whole frequency range compared to the neat aPLA, scPLA and PBAT, also
prepared from solution casting. What is more, the sudden upturn in the complex viscosity and the
occurrence of a plateau in the storage modulus in the low frequency region for the 1 and 3 wt%
CNC samples are characteristics of a network formation of the cellulose nanocrystals. These
improvements in rheological properties are in accordance with the microscopic analysis of
scPLA/1CNC nanocomposite sample prepared from solution casting (Figure 6.1a). We note that
the relative increases in the rheological properties of the aPLA/CNC samples are less significant
than for the scPLA/CNC nanocomposites, as expected for a lower degree of nanoparticle dispersion
in the more viscous PLA (Figure 6.1b). We observe a decrease in the complex viscosity of both
neat PLAs compared to the PLA prepared from the granules (empty squares in Figures 6.2 and 6.3)
mainly due to traces of solvent left in the samples after drying. For the neat PBAT, the effect of
residual solvent is almost negligible, due to the crystallization of PBAT at the drying temperature
(60-80 °C) that facilitated the solvent evaporation as explained in our previous work [28], in which
more significant effects of residual solvents have been reported for the same polymers but using
different solvents. The effect of the remaining solvent is also less visible on scPLA as compared to
aPLA and this could be attributed to the higher viscosity of aPLA, which may hinder solvent

removal during drying.



]06 : I 106
I
@) 10 | | 104
&S|, o] I 1,
& 10 | | 1074
I I
%* 3 1 3
~ 10 I =1 110
1021 : E : 102.
10! 1 : . : | 10! = . : . I 101 1 - - :
10" 10 100 100 10° | 10" 10" 10" 100 10°] 100 100 100 102 10°
—o— granules —e— 1CNC [ —u— granules —— 1CNC [ —— grabules —e— 1CNC
38 —=—(CNC ——3CNC I i —=—(0CNC ——3CNC | 106 O(I:NC =4 3CNC
1054 1 : 10%4 ”D,[-u‘:’“:m1 : 1034
/f,? 10%1 M1 | 10% M“M1 I 10
T
& 10°] ﬁ'ﬁ 1 | 104 { | 10°4
b 10%4 #f 1 : 10%4 11107
1011 :{ A 1 I ]011 | p I ]_011
0 0 0
"1d scPLAT| g aPLA || 1
10! T " T . 100 r r " r 10° T g
10 10" 100 100 10% 10" 10" 100 102 10l ' 10 10" 100 10°
1 1

w(rad/s)

Figure 6.2 Complex viscosity (a—c) and storage modulus (d—f) of the neat polymers (0 CNC) and
nanocomposites (1 and 3 CNC) prepared from solution casting (filled symbols) as functions of
angular frequency and CNC content. Empty symbols are small amplitude oscillatory shear
(SAOS) data of neat polymer samples prepared directly from granules using compression

molding.

Figure 6.3 shows the effect of melt mixing (+IMM) on the complex viscosity and storage modulus
of samples prepared from solution casting. When compared to Figure 6.2, there are considerable
decreases of the SAOS properties due to the agglomeration of the CNCs and, although the addition
of 1 and 3 wt% CNCs could slightly improve the complex viscosity and storage modulus of scPLA
and PBAT, there is a decrease in the rheological properties of aPLA nanocomposites with respect
to the neat aPLA. This is clearly seen in the 1 wt% sample, indicative of the degradation of the
aPLA during melt mixing and possibly due to the presence of more remaining solvent in aPLA. A
similar lack of rheological enhancements in SAOS have been reported for other polymer

nanocomposites containing CNCs [28,51,52].

Overall, such a decrease in viscoelastic properties is a clear indication of the disruption of the CNC

dispersion when the samples were melt blended in the internal mixer. In other words, as there was
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no CNC surface treatment or compatibilizer, the dispersed cellulose nanocrystals dramatically
tended to re-agglomerate mostly due to the low chemical affinity of CNCs with both polymers and
possible de-sulfation of CNCs at higher temperatures during the melting process, as discussed in
the previous section. The SEM images of Figure 6.1b,d confirm the drastic effect of melt mixing

on the CNC dispersion in the sScPLA/1ICNC and aPLA/1CNC nanocomposites, respectively.
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Figure 6.3 Effect of melt mixing (+IMM) on the complex viscosity (a—c) and storage modulus
(d—f) of the neat polymers (0 CNC) and nanocomposites (1 and 3 CNC) prepared from solution
casting +IMM (filled symbols) as functions of angular frequency and CNC content. Empty
symbols are SAOS data of the neat polymer samples prepared directly from granules using

compression molding.

Figure 6.4 presents the stress growth coefficient, »+, of the neat PBAT and its nanocomposites
containing 1 and 3 wt% CNCs in a stress growth (start-up) experiments at an imposed shear rate
of 557! for the first 20 s of the test that lasted 480 s (+ was about constant for t > 20 s). The solid
and dash lines represent the PBAT/CNC nanocomposites prepared from solution casting followed
or not by melt mixing, respectively. At this low applied shear rate, the neat PBAT does not show
any overshoot for the sample before and after melt mixing as there is no network formed in absence
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of CNCs. On the other hand, the observation of overshoots (mainly in solution cast samples) in the
transient viscosity versus time is assigned to the network of cellulose nanocrystals in the matrix of
PBAT. Melt mixing (dashed lines in Figure 6.4) results in a severe decrease in the intensity of the
overshoot due to the re-agglomeration of CNCs during melt mixing. For the higher concentration
CNC sample, the overshoot also becomes larger, revealing a stronger CNC network. Bagheriasl et
al. [24] showed similar behavior for the nanocomposites of PLA/CNC (same grade of scPLA in
this paper) prepared from solution casting. Similar results were obtained for scPLA/CNC and
aPLA/CNC nanocomposites and are presented in SM (Figure 6.S3a,b). Due to the startup flow
experiments, the CNC networks in scPLA, aPLA, and PBAT were destroyed and the rebuild-up of
these networks was investigated through SAOS time sweep experiments for 1800 s and the result
are presented in the SM (Figure 6.S4). There is no structural build-up for all neat polymers before
and after melt mixing, as expected. On the other hand, the structural build-up is clear for all single
polymer matrix nanocomposites especially the ones from solution casting with a larger CNC
content. SAQS frequency sweep tests were also conducted after stress growth experiments and the
results are presented in SM (Figures 6.S5 and 6.S6 for the samples from solution casting and
solution casting followed by melt mixing, respectively). The structural recovery after time sweep
tests may not be completed and there are significant differences between SAQOS data before and
after stress growth experiments (mostly for solution cast samples).
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Figure 6.4 Variations of the shear stress growth coefficient, ", of the PBAT/CNC
nanocomposites as functions of time for an imposed shear rate of 5 s*. Solid and dashed lines
represent the samples prepared from solution casting and solution casting followed by melt

mixing, respectively.
6.4.2 PLA/PBAT Blend Nanocomposites

6.4.2.1 Morphology of Blend Nanocomposites

Based on the values of the surface energies of PLA, PBAT, and CNC and related interfacial
tensions (details are presented in SM) between the PLA/PBAT/CNC components (Table 6.S2), the
wetting coefficient (Equation S6) is calculated as 6.67 (i.e., ® > 1), which predicts that the
thermodynamic equilibrium localization of CNC particles should be in the PBAT phase. The
interfacial tension between both PLA and PBAT was also obtained from the best fits of the linear
viscoelastic data using the Palierne model (Equations S9 and S10) of the neat blends prepared both
from granules and from solution casting followed by melt mixing. The results are presented in
Figure 6.S2. The respective interfacial tensions were found to be 1.2 (aPLA/PBAT (granules)), 0.8
(scPLA/PBAT (granules)), 1.8 (aPLA/PBAT (+IMM)), and 1.3 mN/m (scPLA/PBAT (+IMM)).
These values are quite different than those calculated by the harmonic-mean equation as explained
in SM (Table 6.S2 and Figure 6.S2). The lower calculated interfacial tension for sSScPLA/PBAT
compared to aPLA/PBAT confirms the better compatibility between the semicrystalline PLA and
PBAT, as expected from the HSP parameters (details are presented in SM). The 50% increase in
the interfacial tension for the samples prepared from solution casting followed by melt mixing
could be due to the fact that the Palierne model predictions are not very sensitive as shown by the
predictions using the interfacial tension obtained for the blends prepared from granules and given
the dashed lines in Figures 6.S2c,d. Overall, using the interfacial tensions (Figure 6.S2) calculated
from the best fits of the Palierne model predictions of the SAOS data, the wetting parameter is
calculated to be between 0 and 1, which predicts that the localization of CNCs should be at the
interface of the PLA and PBAT, in contrast to the localization in PBAT predicted from the

thermodynamics analysis.

Figure 6.5 shows the SEM micrographs of cryo-fractured neat blends PLA (scPLA and

aPLA)/PBAT prepared from solution casting (a,c) and solution casting followed by melt mixing
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(b,d). It is obvious that melt mixing has a substantial effect on the morphology of the neat blends,
and the samples are more homogenous with finer morphologies. The volume average radius (Rv)
of the dispersed phase after melt mixing decreases from around 10-30 um for aPLA/PBAT
(observed from different SEM images at different locations) to 2.8 um and from 2.1 to 0.9 um for
SCPLA/PBAT, respectively. These decreases in the volume average radius of the dispersed phase
after melt mixing are due to the higher deformation rate and better mixing via the internal mixer,
compared to low mixing efficiency using a magnetic stirrer in solution casting. The finer
morphology obtained for scPLA/PBAT is explained by the viscosity ratio closer to 1 [46] as can
be deduced from Figures 6.2 and 6.3. In most publications we examined, there was no clear
attention paid to the difference between the morphology of blends from solution casting and melt

mixing [47].

~aPLA/PBAT TaPLA/PBAT(HIMM)

| MMD5.5 x3.0k 30 um | MMD49 x2.0k 30 um

Figure 6.5 SEM images showing the morphologies of the neat blends from solution casting (a,c)

and solution casting followed by melt mixing (b,d); (+IMM).

Figure 6.6 presents the effect of the addition of CNCs on the morphology of PLA (scPLA and
aPLA)/PBAT blends. It should be noted that the localization of the CNCs cannot be seen as the
magnification level is too low. Adding CNCs to the aPLA/PBAT blend results in a decrease of the

volume average radius of the dispersed phase no matter if the CNCs were initially localized in the
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matrix, dispersed, or both phases (Figure 6.6a—c). By adding CNCs to the aPLA/PBAT blend, Ry
decreases from 2.8 (Figure 6.5b) to 1.6, 1.2, and 2 um for (aPLA-1CNC)/PBAT (Figure 6.6a),
aPLA/(PBAT-1CNC) (Figure 6.6b), and aPLA/PBAT/1CNC (Figure 6.6c), respectively. The
lowest Ry is obtained when the CNCs were initially dispersed in PBAT (ypsat < 5pLa). Then, the
CNCs in PBAT increased the viscosity of PBAT, which comes close to that of PLA, favoring the
breakup of the dispersed droplets during mixing [48].

In the case of scPLA/PBAT, when the CNCs were initially localized in PBAT the Ry values, 0.8
um, (Figure 6.6¢) are almost the same as the neat scPLA/PBAT, 0.9 um, (Figure 6.5d). It is also
worth mentioning that in the ScPLA/PBAT/CNC blend nanocomposites the size of PBAT droplets
varies between 0.5 to 5 pum, which shows a high polydispersity. In the other cases when CNCs
were initially localized in the matrix or both phases, elongated PBAT droplets are observed and
equivalent volume average radius, Rv-eq, values of 1.3 and 1.4 um are calculated for (ScPLA-
1CNC)/PBAT and scPLA/(PBAT-1CNC), respectively. It seems that the dispersed droplet-type
morphology tends to be converted into a co-continuous one and this transformation could have a

substantial effect on the final properties of the blend nanocomposites.

(aPLA-1CNC)/PBAT [ aPLA/(PBAT-TCNC) |-aPLA/PBATAENC «

Figure 6.6 SEM images showing the morphologies of aPLA/PBAT/CNC (a—) and
SCPLA/PBAT/CNC (d-f) blend nanocomposites. CNCs were initially (during the solution casting
step) localized in the matrix (a,d), dispersed (b,e), and both phases (c,f). The scale bars are 30

um.
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To better localize the CNCs after melt mixing, SEM and AFM analyses were done at higher
magnification and SEM and AFM phase images of aPLA/PBAT and scPLA/PBAT blend
nanocomposites are presented in Figure 6.7a—e and Figure 6.7f—j, respectively. As reported
elsewhere [38], [39], the CNCs particles appear as white dots (arrows) and also rods (circles) in
these images. The cellulose nanocrystals in the aPLA/PBAT blend nanocomposites have migrated
from the PLA phase, when CNCs were initially added to aPLA (Figure 6.7a,d) or both phases
(Figure 6.7c,e), to the surface of the PBAT droplets (circles and arrows). This migration is clearer
in the AFM images (Figure 6.7d,e) with a higher magnification. For the samples for which the
CNCs were initially incorporated in the PBAT phase, it is difficult to tell from the SEM images if
the CNCs are in the PBAT or aPLA phase, but as the thermodynamically favorable phase is PBAT
the CNCs are most probably localized in the PBAT phase. For the scPLA/PBAT blend
nanocomposites, it is difficult to identify the localization of CNCs through SEM images (Figure
6.7f-h). However, the AFM images (Figure 6.7i,j) clearly show the localization of CNCs at the
interface of sScPLA and PBAT droplets when the CNCs were initially added to the matrix or both
phases. The CNCs are indicated by circles and arrows. All the findings in the SEM and AFM
analyses are in accordance with the rheological properties which will be discussed in the next

section.
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Figure 6.7 SEM (a—c,f-h) and AFM (d,e,i,j) images showing the localization of CNCs in the
aPLA/PBAT/CNC (a—¢) and scPLA/PBAT/CNC (f-i) blend nanocomposites. The CNCs were
initially localized in the matrix (a,d,f,i), dispersed (b,g), and both phases (c,e,h,i) during the

solution casting step.
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6.4.2.2 SAOS Behavior of PLA/PBAT/CNC Nanocomposites

Figure 6.8 reports the complex viscosity (a,b) and storage modulus (c,d) of aPLA or scPLA/PBAT
blends, from granules (empty squares), solution casting (half filled-half empty), and solution
casting followed by melt mixing (filled squares), and their blend nanocomposites (circles, upward
and downward triangles) after melt mixing. It is clear from Figure 6.8 that melt mixing (filled
squares) increases the complex viscosity and storage modulus of the neat blend of aPLA or
SCPLA/PBAT prepared from solution casting (half filled-half empty squares). This is mainly
because the morphology is finer (Figure 6.5b,d) and some residual solvent (DMF) has evaporated
during melt mixing. However, it is still far from the complex viscosity of aPLA or sScPLA/PBAT
blends prepared from granules (empty squares), due to remaining solvent in the samples as
discussed in a previous section. Adding CNCs to the PBAT during the solution casting step to
prepare PLA/(PBAT-1CNC) blend nanocomposites results in an increase in the complex viscosity
and storage modulus of the blend nanocomposites (upward triangles). These rheological results are
in agreement with the SEM images of the blend nanocomposites when CNCs were introduced to
the blends through PBAT; finer matrix-droplet morphologies are obtained, which in turn increase
the rheological properties of the blend nanocomposites (Figure 6.6b,e). On the other hand, the
addition of CNCs to the aPLA or scPLA during the solution casting step to prepare (PLA-
1CNC)/PBAT (circles) and PLA/PBAT/1CNC (downward triangles) blend nanocomposites results
in a slight increase and a sharp upturn in the complex viscosities at low frequencies of
aPLA/PBAT/CNC and scPLA/PBAT/CNC blend nanocomposites, respectively (Figure 6.8a,b).
Significant slope reductions in the storage modulus at low frequencies are observed mainly for
SscCPLA/PBAT/CNC (Figure 6.8d). The SEM and AFM images of Figure 6.7 show that for (aPLA-
1CNC)/PBAT and aPLA/PBAT/1CNC blend nanocomposites, there is a portion of cellulose
nanocrystals that migrated to the thermodynamically stable phase (PBAT) and some CNCs are at
the interface between the matrix and droplets. Moreover, in the scPLA/PBAT blend
nanocomposites, when CNCs were initially incorporated into the matrix or in both phases, the
complex viscosity results indicate a transition from a viscoelastic liquid to a solid behavior. This
suggests that the CNCs form a 3D network in the blend, probably because enough CNC particles
remain in the matrix. In the case of the (aPLA-1CNC)/PBAT blend nanocomposite, the observed
finer morphology (Figure 6.8a) may explain the slightly larger values for the complex viscosity
and storage modulus for that blend nanocomposite (Figure 6.8a,c). On the other hand, we see an
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almost identical rheological behavior for (scPLA-1CNC)/PBAT and scPLA/PBAT/1CNC (Figure
6.8b,d), in agreement with the SEM images of Figure 6d,f and Figure 7f,h, which show almost the

same morphologies.

The droplet relaxation phenomenon can be analyzed using plots of the imaginary component of the
complex viscosity (n") versus its real component (') in the form of Cole-Cole plots [49], as
presented in Figure 6.9 for the PLA/PBAT/CNC blend nanocomposites. The left and right arcs in
the Cole-Cole plots are the characteristics of the relaxation phenomena for the polymer chains and
the droplets, respectively [49]. As seen from Figure 6.9, when CNCs were introduced to the
nanocomposites through the PBAT phase (PLA/(PBAT-1CNC)), we have a matrix-droplet
morphology with complete relaxation of the PBAT droplets. However, introducing 1 wt% of CNCs
through PLA ((PLA-1CNC)/PBAT) or both phases (PLA/PBAT/1CNC) diminishes the arc of the
Cole-Cole plots related to the relaxation of the dispersed phase and retards the relaxation of the
droplets due to the network of CNCs formed through co-continuity of the phases or localization at
the interface. Compared to the SEM images it could be concluded that the selective localization (at
the interface) of CNCs in the PLA/PBAT/CNC blend nanocomposites retards the relaxation of
PBAT droplets.
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Figure 6.8 Complex viscosity (a,b) and storage modulus (c,d) versus angular frequency of aPLA
or scPLA/PBAT/CNC blend nanocomposites. Empty, half filled-half empty, and filled black
squares are for neat blends from granules, solution casting, and melt mixing of solution casted
samples, respectively. Circles, upward, and downward triangles represent the blend
nanocomposites when CNCs were initially localized in the matrix, dispersed, and both phases,

respectively.
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Figure 6.9 Cole-Cole plots of (a): aPLA/PBAT/CNC and (b): scPLA/PBAT/CNC blend

nanocomposites.

6.4.2.3 Stress Growth Behavior and Coalescence

Figure 6.10 presents the stress growth data for PLA/PBAT blends and PLA/PBAT/CNC blend
nanocomposites containing 1 wt% CNCs. The experiments were carried out at 0.1 s with a total
shearing time of 2400 s. According to this figure, the more or less rapid decreases in the transient
viscosity with time are an indication of coalescence of the PBAT droplets. In addition to
coalescence, thermal degradation of PLA (mostly aPLA) could also contribute to the decrease in
the transient viscosity over longer times. According to time-sweep experiments during 40 min,
aPLA and scPLA showed a 10% drop in their transient viscosity within 20-25 min and around 35
min, respectively, while PBAT was stable. In the blend nanocomposites based on both PLAs, the
transient viscosity drop is not as significant as those in the neat blends (Figure 6.10a,b). This
decrease is clearer for the neat ScPLA/PBAT in Figure 6.10b. This may be due to the viscosity ratio
of the dispersed PBAT to the PLA matrix, which is around 1 and 0.1 in the scPLA/PBAT and
aPLA/PBAT blends (Figure 6.3), respectively. The 10-fold larger viscosity ratio of the
scPLA/PBAT blend could have a critical effect on more rapid coalescence.
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Figure 6.10 Stress growth coefficient (»+) as a function of time (t) for PLA/PBAT blends and
PLA/PBAT/CNC blend nanocomposites containing 1 wt% CNCs; (a,b) are data for the

amorphous and semicrystalline PLA blends, respectively.

In order to have a better understanding of the effect of shearing on the properties of the neat blends
and their nanocomposites, the morphology of the neat sScPLA/PBAT blend and scPLA/PBAT/CNC
blend nanocomposites containing 1 wt% CNCs have been investigated and the results are shown
in Figure 6.11 for samples before and after the stress growth experiments. As seen from Figure
6.11a,b, a significant droplet coalescence occurred for the neat scPLA/PBAT blend during
shearing, and the volume average radius increases from 0.9 to 1.0-3.0 um (Table 6.2). In contrast,
Figures 6.11c-h show no or minor morphological changes after shearing for the blend
nanocomposites, and no matter the initial localization of CNCs, the morphologies are uniform and,
as presented in previous parts, the cellulose nanocrystals stayed in the dispersed phase or at the
interface of the phases, before and after shearing (see Table 6.2). This suggests that the cellulose
nanocrystals in the dispersed phase or at the interface between the two polymers served as a droplet
coalescence barrier during shearing. To confirm the absence of coalescence in the PLA/PBAT
nanocomposites, time sweep experiments were conducted at a frequency of 1 rad/s for 1 h, and the

results are presented in the SM (Figure 6.S7).
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Table 6.2 Volume average or equivalent average of PBAT droplet radius, Ry, before and after
shearing at a rate of 0.1 s™! during 2400 s.

Non-Sheared, Rvor Ro-¢ Sheared at 0.1 s71, Rv or Ro-¢q
scPLA/PBAT 0.90 pm 1.0-3.0 um
(scPLA-1CNC)/PBAT PBAT droplets are slightly elongated. PBAT droplets are slightly elongated.
1.3 um 1.4 um
scPLA/(PBAT-1CNC) 0.8 0.8 um
scPLA/PBAT/ICNC PBAT droplets are slightly elongated. = PBAT droplets are slightly elongated.
1.4 pm 1.4 pm

Sheared at 0.1 s
—_—

“USC-PLA/PBAT T SC-PLA/PBAT 7

" 4

»
."‘

S 1°0 J€ paIeays

Figure 6.11SEM images showing the dispersed PBAT phase in the scPLA matrix after (a)
molding (i.e., non-sheared) and (b) sheared at a rate of 0.1 s (c-h) the PBAT droplet

morphological stability in presence of 1 wt% CNCs: (c—€) non-sheared and (f-h) sheared at a rate
of 0.1 s™!. The scale bars are 30 um.
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6.5 Conclusions

In this work, the localization of CNCs in PLA (amorphous and semicrystalline)/PBAT blends
through solution casting and melt mixing methods and its effect on the rheology and morphology
as well as on morphological stability under shear were studied in detail. PLA/CNC or PBAT/CNC
neat nanocomposites obtained from solution casting exhibit a high level of CNC dispersion in each
polymer. The effect of the melt mixing on the single polymer matrix nanocomposites was also
investigated, showing a significant re-agglomeration of the CNCs. For preparing the blend
nanocomposites, the CNCs were initially localized in the matrix, dispersed, or with both phases
during the solution casting step, and the final localization of CNCs were studied after melt mixing.
In most cases, it was shown that the incorporation of CNCs decreased the PBAT droplet size and
created a finer morphology in the blend nanocomposites. When CNCs were initially dispersed, in
PLA or both phases, they tended to be localized at the interface of the PLA and PBAT phases,
which was favorable for stabilization of the blend morphology under shear flow. When CNCs were
introduced to the blend nanocomposites through the PBAT phase, a matrix-droplet morphology
was obtained with a complete relaxation of the PBAT droplets. However, introducing 1 wt% of
CNCs, through PLA or both phases, retarded the relaxation of the droplets due to the network
formation of CNCs. Applying a shear rate of 0.1 s ! induced a pronounced droplet coalescence in
the neat PLA/PBAT blend, whereas adding 1 wt % CNCs significantly prevented PBAT droplet
coalescence. In this context, it could be noted that when solvents are used in the preparation
method, the choice of solvent and the possibly remaining solvent in the prepared samples have a
great effect on the rheological and morphological properties, but it should still be considered a

proper method for the dispersion of unmodified CNCs in hydrophobic polymers.
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6.13 Supplementary materials

6.13.1 Single polymer matrix and blend nanocomposites preparation

The aPLA, scPLA, and PBAT were first dried in a vacuum oven overnight at 55 °C and then each
polymer (about 40 g) was dissolved in 70 mL DMF using a magnetic stirrer for 2 h at 70 °C until
complete dissolution. Separately, the desired amount of CNCs (between 0.4-1.6 g based on the
final weight percentage of CNCs in the neat and blend nanocomposites) was dispersed in 70 mL
of DMF using a water bath sonicator (FS30 100 Watts Ultrasonic Cleaner, Fisher Scientific,
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Pittsburg, PA, USA) for 2 h at room temperature. Afterward, the neat polymer solution was added
to the CNC suspension and magnetic stirring was continued for another 2 h at 70 °C to ensure a
good distribution and dispersion of the nanoparticles despite the rather high viscosity of the
solution. Then, the mixtures were poured into a petri dish and dried in an oven in two steps. First,
the samples were put in the vacuum oven (0.9 bar) with air circulation set at 60 °C for 2 days. Then,
the drying process was completed for another 2 days at 80 °C under vacuum (—0.65 bar). After
removing the samples, the nanocomposites containing the low molecular weight PLA (scPLA)
could be ground into powder using a coffee grinder, but the high molecular weight PLA (aPLA)
and PBAT samples had to be chopped to very small pieces using scissors.

Figure 6.S1 shows blend nanocomposites preparation containing 75 wt% PLA and 25 wt % PBAT
and overall, 1 wt % CNCs. In the first two mixing strategies (Figures 6.S1a,b), granules of the neat
complementary polymer (dried overnight at 55 °C) were added to the single polymer matrix
nanocomposites in the internal mixer. In the third strategy (Figure 6.S1c) both PLA and PBAT

nanocomposites containing 1 wt% prepared from solution casting were melt mixed in the internal

mixer.
a b c
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PBAT granules PLA/CNC PLA granules PBAT/CNCE PLA/CNC PBAT/CNC

T o

P =

2 T
(010; O

SIS 777 77777777

CNCs in matrix phase CNCs in dispersed phase CNCs in both phase
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Figure 6.S1 Mixing sequences to prepare the blend nanocomposites. (a) and (b) granules of the
neat complementary polymers (PLA and PBAT granules) were added to the neat polymer matrix
nanocomposites and (c) PLA and PBAT nanocomposites prepared from solution casting were
melt mixed in the internal mixer. All single polymer matrix nanocomposites prepared initially

from solution casting.



109

6.13.2Hansen solubility parameters (HSP) for PLA, PBAT, and CNCs

In our research group, the Hansen solubility parameter (HSP) theory [50] was used to determine
the chemical affinity of CNCs [51], [52] and predict both their level of colloidal stability and
behavior upon solvent casting [53], [54]. The HSP theory is based on cohesive energy density. The
total cohesion parameter, Jr, is the square root of the cohesive energy density and is split into three
components, dispersive (dp), dipole-dipole (dp) and hydrogen-bonding (ox) (and other Lewis

acid/base) interactions. Jr is expressed as follows, with units of MPa®:

8% = 85+ 65+ 65 Equation S1

The chemical distance Raa g between two substances A {Jp.a; dp.a; on.a} and B {dpg; or,8; oHB}

may then be expressed as the norm of the vector AB in the HSP graph:

Ra,A—B = ||E” = 2\/4(6D,A - 6D,B)2 + (6P,A - 51)}3)2 + (6H,A - (S‘H,B)Z Equatlon 82

Literature reports HSP values at room temperature of ~ {18.1; 20.4; 15.3} MPa*? [52], ~ {18.5;
8.0; 7.0} MPa*? [55], and ~ {18.0; 5.6; 8.4} MPa*? [55] for CNCs, PLA, and PBAT, respectively,
along with solvent solubility radii Rocne = 7.8 MPal’2, RopLa = 8 MPa'?, and Ropeat = 4.5 MPa'?
[52], [53], [55]. Ro is the critical threshold chemical distance for the substance to be dispersed or
dissolved in a solvent. Solvents whose chemical distances with CNCs are smaller than 7.8 MPa/?
were found to adsorb significantly on CNC surfaces [52]. Therefore, by defining a sphere of radius
Ro, which contains all the good solvents, we can identify a relative energy difference, RED = Ra/Ro.
Solvents with RED < 1 are considered as good suspending media. Also, RED < 1 between two

materials indicates a good chemical affinity.

A combination of electrostatic and solvation-induced stabilization was found to be necessary to
reach sufficient colloidal stability for CNC particles [53] and among the best-suspending media,
dimethylformamide (DMF), with HSP values of ~ {17.4; 13.7; 11.3} MPa'/2 stands after water,
formamide, N-methylformamide, and dimethylsulfoxide (DMSQO) [28].

If the temperature rises, then the density decreases and as a result, the HSP values decrease. The
effect depends on AT, (the change of temperature with respect to 25 °C), and the thermal expansion
coefficient, o, which is taken to be 0.0007/K for polymers, CNCs, and DMF [56]. So, dispersive,
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dipole-dipole, and hydrogen-bonding (and other Lewis acid/base) interactions in the solubility
parameters will change as follows [56]:

88 =6p-(1—AT - a-1.25) Equation S3

5% = 6p - (1 — AT - g) Equation S4
2

8% =6y - (1 —AT(0.00122 + a/2) Equation S5

According to Equations S3, S4, and S5, the HSP values at 180 °C decrease to ~ {15.6; 19.2; 11.4}
MPa'? for CNCs, ~ {15.9; 7.5; 5.3} MPa'? for PLA, ~ {15.5; 5.3; 6.3} MPa'? for PBAT, and ~
{15.0; 12.9; 8.6} MPa*? for DMF. Also, Table 6.S1 reports the HSP distances and relative energy
differences (RED) between PLA, PBAT, CNCs, and DMF (Equation S2) at 25 and 180 °C.

Table 6.S1 HSP distances and relative energy differences (RED) between PLA, PBAT, CNCs,
and DMF.

25°C/RED 180 °C / RED
Ra,pLA-PBAT 3.0 MPa'2/ <1 2.6 MPal2/ <1
Ra,cNe-DME 7.9 MPal2/ <1 6.9 MPal2/ <1
Racne-pLA 14.9 MPal”2/ >1 13.2 MPal?/ >1
Ra,cNne-PBAT 16.3 MPa'’2/ >1 14.8 MPal2/ >1

According to the HSP distances reported in Table 6.S1, the RED values for Racne-pLa and Racne-
peaT cOmpared to the HSP radius of CNCs, Ro.cne = 7.8 MPal’?, are greater than 1 at 25 and 180 °C
and, hence, they predict a poor chemical affinity between CNCs and both polymers. In contrast,
the RED is less or equal to 1 for PLA and PBAT, and CNCs and DMF. This highlights a good
chemical affinity between PLA and PBAT, and CNCs and DMF. These results are consistent with
the difficulties that have been reported to disperse unmodified CNCs in these matrices [24], [57].
Also, it should be mentioned that the HSP parameters are affected by molecular weight and
crystallinity [55], [58]. For the same two polymers of different molecular weights, the HSP radius
of low molecular weight is larger than the high molecular weight [59]. Hence, scPLA with a low
molecular weight and higher crystallinity compared to aPLA should have a larger HSP radius, Ro.
As aresult, the RED for scPLA and PBAT with larger Ro is smaller than that for aPLA and PBAT.
So, the chemical affinity between scPLA and PBAT with smaller RED is better than that for aPLA
and PBAT, although they are phase separated.
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6.13.3Surface energy and interfacial tension

The Young model can predict the localization of solid particles in polymer blends [10] based on

the wetting parameter, w,, defined by :

w, = Ps Tz Equation S6
Y12

where y4s, ¥2s, and y,, are the interfacial tensions between polymer 1 and solid particles, polymer
2 and solid particles, and polymers 1 and 2, respectively. Thermodynamically, the particles would
be localized in phase 2 when w, > 1, while phase 1 is the preferred location of the solid particles
when w, < —1. The solid particles will be thermodynamically localized at the interface when —1 <

wy <1[13].

The harmonic-mean approach is used to estimate the interfacial tension between PLA and PBAT
[60]:

d,d PP
iURs, Ry ) Equation S7

vé+vd o vi+v]

Yij=)’i+)’j—4<

and the interfacial tension between PLA and CNC, and PBAT and CNC is determined via the

geometric-mean equation [60]:

Yij =Yity—2 [\/Vidl’f + \/Vip)’f] Equation S8

where y;; is the interfacial tension between components i and j, y; is the surface tension of material

iand y{ and y? are the dispersive and polar components, respectively, of the surface tension of the
same material. The harmonic mean approach is more accurate for estimating the interfacial tensions
between low surface energy materials while the geometric mean equation can predict the interfacial
tensions between low and high surface energy materials more accurately [60]. We can obtain the
values of the interfacial tensions between the PLA/PBAT/CNC components and the wetting
coefficient to estimate the localization preference of CNCs within the blend. The interfacial
tensions were calculated based on surface tension values for PLA, PBAT, and CNCs at 25 °C
reported in the literature [12], [13], [61]. To obtain the surface tension of the polymer components
at the processing temperature (180 °C), a temperature coefficient of 0.06 mJ-m~2-K™* was used to
extrapolate the surface tension values at 25 °C [41]. Also, the CNC surface tension was estimated
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at 180 °C using a temperature coefficient of —0.2 mJ-m2.-K™* reported in the literature [61]. The
surface tension parameters of the blend nanocomposite components at the processing temperature
of 180 °C and their estimated interfacial tensions are reported in Table 6.S2. Considering PLA as
phase 1 and PBAT as phase 2 and replacing the estimated interfacial tensions in Equation S6, the
wetting parameter is calculated as 6.67 (i.e., ® > 1), which predicts that the thermodynamic

equilibrium localization of CNCs should be in the PBAT phase.

Table 6.S2 Surface energy values of PLA, PBAT, and CNCs as well as the calculated interfacial
tensions between CNCs, PLA, and PBAT at 180 °C.

Interfacial tension at 180 °C

At 25°C At 180 °C 412 (mN/m)
y (mN/m) y 4 (mN/m)y 7 (mN/m) y (mN/m) y 4 (mN/m)y» (mN/m) PLA PBAT CNC
PLA 394 33.6 5.8 30.1 25.7 4.4 - 0.06 2 34°b
PBAT 384 32.1 6.3 29.1 24.3 4.8 0.06 = - 3.0b
CNCs 689 40.9 28 37.9 22.5 15.4 340 3.0° -

& Calculated from the harmonic-mean approach (Equation S7)
b Calculated from the geometric-mean approach (Equation S8)

Also, in this work, the emulsion model of Palierne [62] was used to determine the interfacial tension
of PLA and PBAT from the SAOS data [62], [63]. This model (Equations S9 & S10) is used for
the neat blends prepared from granules and solution casting followed by melt mixing with narrow
droplet size distribution. As the average droplet size for the neat blends prepared by solution casting
are more than 2 um with varying droplet size distribution and coarse morphology, the Palierne
model is not applicable for the interfacial analysis of those neat blends [64]. The complex modulus
of a blend of narrow droplet size distribution (Rv/Rn < 2, where Ry, is the number-average diameter)

and constant interfacial tension is expressed by [64]:

Gp(w) = Gy (w) % Equation S9

and

(@) = 4(]%2)[ZG,T,l(w)+SG§(w)]+[G§(w)—G7*n(w)][16Gy*n(w)+19G§(w)]
©w)= 40(%2)[6;‘,1(@%;@)]+[zcg(w)+3c;‘n(w)][166;;1(w)+196;;(w)]

Equation S10
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where ¢, o, and y;, are the volume fraction of droplets of volume average radius, Ry, the angular
frequency, and the interfacial tension, respectively. G, (w), G, (w), and G;(w) are the complex
modulus of the blend, matrix, and dispersed phase, respectively. The interfacial tension was
obtained by fitting the data to the model predictions for the neat blends (Figures 6.S2a—d) using
MATLAB (MATLAB software package R2019b, the Mathworks, Inc. Massachusetts, USA) and
for the values of Ry determined from the SEM images. The storage and loss moduli of the blends

can be expressed explicitly in terms of the moduli of both components [64], [65].

Gp = =[G (B1B; + B3B,) — G (ByB1—B;B3)] Equation S11

S

Gy = 7 [Gn(B1By = ByB3) + Gy (B1B2+B3By)] Equation S12

S

where the constants are expressed by:

B, =C; —2¢Cs Equation S13
B, = C; +3¢C; Equation S14
B; = C, — 2¢C, Equation S15
B, =C, +3¢C, Equation S16
D = (C, —2¢Cy)% + (C; — 2¢C3)? Equation S17
with

C; = 40 (%) (G +6G2) +38(Gy” — G ) +48(G” = ) +89(GnGy — GmGy)

Equation S18

Co = 40 (22) Gy, + Gy) + 986Gy, + 766Gy + 89(GrGy — GGy Equation S19
C; =4 <%) (26 +563) =16 (G = Gn*) +19 (64" = 64" ) = 3(6mGyg — GGy
%
Equation S20
C,=4 (%2) (26, + 5G) = 326Gy, + 38G,Gy — 3(GuGy + Gy G) Equation S21

Figure 6.S2 shows that the best fits (a—d; solid lines) are quite adequate, and the interfacial tensions
were found to be 1.2 mN/m (aPLA/PBAT granules), 0.8 mN/m (scPLA/PBAT granules), 1.8 mN/m
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(aPLA/PBAT (+IMM)), and 1.3 mN/m (scPLA/PBAT (+IMM)). These values are quite different
than those estimated from the harmonic-mean equation. The lower calculated interfacial tension
for scPLA/PBAT compared to aPLA/PBAT confirms the better compatibility between scPLA and
PBAT. This better compatibility is expected from the HSP parameters as explained above. Also,
the increase in interfacial tension for the samples prepared from solution casting followed by melt
mixing could be due to fact that the Palierne model predictions are not always very sensitive to the
interfacial tension as shown by Lacroix et al. [22] and demonstrated here by the predictions using
the interfacial tension obtained for the blends prepared from granules, given the dashed lines in
Figure 6.52c & d. For both blends, the fits appear to be as good and one may assume that the
interfacial tension values obtained for the blends prepared from granules are quite reasonable.
Overall, using these interfacial tensions, the wetting parameter is calculated to be between 0 and 1,
which predicts that the localization of CNCs should be at the interface of the PLA and PBAT, in

contrast to the localization in PBAT predicted from the thermodynamics analysis presented above.

10° Sy 407

scPLA/PBAT granules
Used R, =0.7 ym

aPLA/PBAT granules
Used R, =1 um

| ScPLA/PBAT(+IMM)
| Used R, =09 ym

A s i
aPLA/PBAT (+1MM)
Used R, =2.8 um

G G '(Pa)

‘ Palierne model (best i, 7, = 1.3 mNim)| |
;d =~ = Palieme model (7, = 0.8 mN/m)

102 107 10° 10’ 10? 0® 102 10" 10° 10’ 10% 10°

w(rad/s)

Figure 6.S2 Palierne model predictions; solid lines: best fits of G' and G for the blends of
aPLA/PBAT and scPLA/PBAT prepared from granules (a & b) and solution casting followed by
melt mixing (¢ & d) and dashed lines: comparison with the data of the 75/25 (wt%) aPLA/PBAT
(c) and scPLA/PBAT (d) blends using the interfacial tension obtained from the best fits of the

neat blends from granules (a & b).
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6.13.4Additional rheological data of the single polymer matrix and blend

nanocomposites

Figure 6.S3 presents the stress growth coefficient, ™, versus time, t, for scPLA/CNC (Figure 6.S3a)
and aPLA/CNC (Figure 6.S3b) nanocomposites for an imposed shear rate 5 s* for the first 20 s of
the test that lasted 480 s (" was about constant for a time longer than 20 s). Solid and dashed lines
represent the data for the samples prepared from solution casting and solution casting followed by
melt mixing, respectively. Neat sScPLA and aPLA do not show any overshoot before and after melt
mixing in the absence of CNCs and network formation. On the other hand, the formation of a CNCs
network in the matrix of both PLA results in significant overshoots mainly for solution cast
samples. Also, melt mixing (dashed lines) results in a severe decrease in the intensity of overshoot
due to the re-agglomeration of CNCs during melt mixing.
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Figure 6.S3 Variations of the shear stress growth coefficient, #+, with time, t, for sScPLA/CNC (a)
and aPLA/CNC (b) nanocomposites for an imposed shear rate of 5 s7!. The solid and dashed lines
represent the samples prepared from solution casting and solution casting followed by melt

mixing, respectively.

Due to the startup flow experiments, the CNC networks in scPLA, aPLA, and PBAT were
destroyed and the rebuild-up of the networks was investigated through SAOS time sweep
experiments for 1800 s. Figure 6.54 reports the storage modulus versus time as solid and dashed
lines for the single polymer matrix nanocomposites prepared from solution casting without melt
mixer and followed by melt mixing, respectively. There is no structural build-up for all neat

polymers before and after melt mixing, as expected. On the other hand, the structural build-up is
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clear for all single polymer matrix nanocomposites, especially the ones from solution casting with
a larger CNC content. We note that after 1800 s, G” is still evolving as the structure has not attained
an equilibrium value. The structural build-up can be affected by both the pre-shear rate, time of the

startup flow experiments, and the concentration of CNCs.
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Figure 6.54 Structure evolution expressed by the storage modulus versus time for scPLA/CNC
(@), aPLA/CNC (b), and PBAT/CNC (c) nanocomposites right after the cessation of shear flow.
Solid lines are the data of samples from solution casting and dashed lines represent the effect of

melt mixing.

The frequency sweep tests were conducted after the stress growth experiments of Figure 6.S3 and
the results are presented in Figures 6.S5 and 6.S6 for the samples from solution casting and solution
casting followed by melt mixing, respectively. The reductions of the complex viscosity and storage
modulus for the samples from solution casting are larger than the ones after melt mixing. Also, the
small decrease in the complex viscosity of aPLA/CNC nanocomposites at high frequencies
compared to the sample prepared from granules (Figures 6.2 and 6.3 in the main manuscript) could
be due to degradation of aPLA in the presence of CNCs. Although the structural recovery after
time sweep tests may not be completed, these differences between solution casting and melt mixing

could be due to the evaporation of the remaining solvent during melt mixing.
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Figure 6.S5 Complex viscosity (a-c) and storage modulus (d-f) versus angular frequency of the

neat polymers (0 CNC) and nanocomposites (1 and 3 CNC) from solution casting. Filled and

empty symbols are SAOS data before and after stress growth experiments (sh), respectively.

Figure 6.S5 Effect of melt mixing (solvent casting + IMM) on the complex viscosity (a-c) and
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storage modulus (d-f) of the neat polymers (0 CNC) and nanocomposites (1 and 3 CNC) prepared

through solution casting as functions of angular frequency and CNC content. Filled and empty

symbols are SAOS data before and after stress growth experiments (sh), respectively.
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To confirm the absence of coalescence in the PLA/PBAT nanocomposites, time sweep experiments
were conducted at a frequency of 1 rad/s for 1 h, and the results are presented in Figure 6.S7. The
initial increases of the complex viscosity could be due to the formation of an extended
interconnected network of nanoparticles with time. If we look at the SAOS data (Figure 6.9 in the
main manuscript), we observe a solid-like behavior at low frequencies when the CNCs are initially
localized in the matrix or both phases, whereas this behavior is not observed when the CNCs are
initially in PBAT. So, we can conclude that the proportion of CNCs at the interface between the
matrix and droplet results in an interconnected network of nanoparticles over time. Due to PLA
degradation and PBAT droplet coalescence, the time to reach a 10% drop in the complex viscosity
is about 12 min and 60 min for SSPLA/PBAT and aPLA/PBAT, respectively. In the presence of 1
wt% CNCs, when the CNCs were initially localized in the matrix or both phases, the system is
stable up to 60 min. On the other hand, localizing CNCs in the dispersed phase (upward triangle)
results in a decrease in the complex viscosity. However, this decrease is less than 10% for
aPLA/(PBAT-1CNC) and around 10% for scPLA/(PBAT-1CNC) blend nanocomposites. For
example, the viscosity of aPLA/(PBAT-1CNC) decreases from 3250 Pa.s to 3000 Pa.s, which is
around 9% after 1 h.
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Figure 6.S7 Complex viscosity (7 *) versus time (t) of the neat PLA/PBAT (a: amorphous and b:
semicrystalline) and blend nanocomposites reinforced with 1 wt% CNCs during 1 h at a

frequency of 1 rad/s and strain amplitude of 0.001.
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CHAPTER 7 ARRTICLE 3: MORPHOLOGICAL, THERMAL, AND
MECHANICAL PROPERTIES OF CELLULOSE NANOCRYSTAL
REINFORCED POLY(LACTIC ACID) AND POLY(BUTYLENE
ADIPATE-CO-TEREPHTHALATE): A COMPARATIVE STUDY ON
COMMON AND NOVEL SOLVENT CASTING METHODS?

Mojtaba Mohammadi, Marie-Claude Heuzey, Pierre J. Carreau

Center for High Performance Polymer and Composite Systems (CREPEC), Department of
Chemical Engineering, Ecole Polytechnique de Montréal, Montreal, Québec, H3T 1J4, Canada

7.1 Abstract

The mechanical and thermal properties of semicrystalline (sc) and amorphous (a) poly(lactic acid),
PLA, and poly(butylene adipate-co-terephthalate), PBAT, and their nanocomposites containing 1
and 3 wt% CNCs, prepared through solvent casting methods using one (N, N-dimethylformamide
(DMF)) or two (dimethyl sulfoxide (DMSO), and tetrahydrofuran (THF)) solvents were analyzed.
Differential scanning calorimetry (DSC) showed that the total amount of crystals of the
scPLA/CNC nanocomposites increased, whereas it decreased in the PBAT/CNC systems. In both
cases, the crystallization temperature increased with CNC content. In tensile experiments, the
Young modulus and yield strength of all nanocomposites were found to increase by incorporating
CNCs, more significantly for the samples prepared using one solvent. The elongation at break of
both PLA nanocomposites increased when prepared via one solvent, while it decreased for the two
solvent methods as well as for PBAT nanocomposites prepared by both methods. The impact
properties of the samples prepared by the two solvent methods decreased. In contrast, for the one
solvent method, incorporating 3 wt% CNCs improved the impact properties by 32 % and 9 % in
sCPLA and aPLA, respectively, but decreased by 4 % in PBAT nanocomposites. Also, in dynamic
mechanical thermal analysis (DMA) the storage modulus of scPLA and PBAT/CNC systems
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increased significantly, especially in the rubbery region (5 to 85 MPa and 105 to 155 MPa,
respectively). Using a percolation model, the strength of the percolating CNC was found to be

dependent on temperature and affected by traces of solvent mostly in the scPLA nanocomposites.

Keywords: PLA and PBAT/CNC nanocomposites; Solvent effect; Mechanical and thermal
properties; DMA modeling

7.2 Introduction

The rod-like nanoparticles known as cellulose nanocrystals (CNCs) that are made by acid
hydrolysis of cellulose, are biocompatible and biodegradable materials [1], [2] and have
exceptional mechanical properties as well as optical properties and low density [3], [4]. Using
CNCs as a reinforcement agent in polymers can improve their mechanical, thermal, and rheological
properties when the CNCs are well dispersed and distributed into the polymer matrices.
Unmodified CNCs with high polarity can be dispersed in limited hydrophilic polymer matrices
[5]-[8], while their dispersion in hydrophobic polymer matrices is still challenging due to the

strong hydrogen bonds between CNC particles [9].

Biodegradable polymers such as poly(lactic acid), PLA, and poly(butadiene co-adipate), PBAT,
obtained from bio and fossil-based resources, respectively, have gained considerable attention in
the last few decades [10], [11]. While PLA possesses mechanical (high modulus (2-16 GPa), high
tensile strength (14-117 MPa)) and physical (good clarity) properties, it has significant drawbacks
such as low melt strength, hardness, and service temperature, as well as a slow crystallization rate,
poor processability, and brittleness. PBAT, on the other hand, has a higher elongation at break
(around 700%), with a Young modulus of 20-35 MPa and a tensile strength of 32-36 MPa [11],
[12]. Furthermore, it has high manufacturing costs and low thermal and mechanical resistances
[10], [11].

Incorporating CNCs as a reinforcing agent in PLA or PBAT could improve the mechanical and
thermal properties of these biodegradable polymers throughout a wide temperature range,
overcoming these disadvantages in PLA and PBAT [13]-[16]. While melt mixing leads to
agglomeration of CNCs as a result of strong inter-particle interactions, [17]-[20] approaches such
as in-situ polymerization [21]-[23], compatibilization, and chemical modifications [24]-[27] can

be costly and cumbersome. Therefore, solution casting has been considered as an efficient method
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for dispersion and distribution of CNCs in the laboratory, but the method is still of limited practice
by the industry due to use of expensive and toxic solvents. However, as far as we know except our
previous investigation [28] no previous research has investigated an efficient method of selecting
the best solvent for dispersion and dissolution of CNCs and polymers. Using a variety of solvents,
our group examined the dispersion of CNCs in PLA and PBAT. [16], [20], [28], [29]. Bagheriasl
et al. [29] used a solution casting method with dimethylformamide (DMF) as a solvent to prepare
PLA/CNC nanocomposites and for the first time obtained a high degree of dispersion of pristine
CNCs in PLA. Based on a thermodynamics analysis and solution casting method, Mohammadi et
al. [28] determined that dimethyl sulfoxide (DMSQO) and tetrahydrofuran (THF) were the best
solvents for the dispersion of CNCs and dissolution of scPLA and aPLA as well as PBAT. They
achieved the lowest rheological percolation threshold of 0.3 wt% CNCs in scPLA and PBAT and
1 wt% CNCs in aPLA. However, the effect of solution casting on the morphological, thermal, and
mechanical properties of these nanocomposites needs to be investigated for samples prepared
through common methods.

The presence of CNCs can increase or decrease the degree of crystallinity of semicrystalline
polymers. CNCs acting as nuclei in polymer matrices lead to increased crystallinity [15], [16], [19],
[26], [30], [31]; otherwise, the mobility of polymer chains decreases, which leads to lower
crystalline content [3], [32], [33]. Trifol et al. [34] compared the crystallization behavior of PLA
nanocomposites containing CNCs, partially acetylated cellulose nanofibers (CNFs), and nanoclay
Cloisite 30B (C30B). The PLA/C30B systems showed faster crystallization than PLA/CNC during
isothermal crystallization at 120 °C as a result of providing more nucleating sites (higher aspect
ratio of clay platelets compared to nanocellulose-based entities). However, the total crystallinity of
PLA/CNC was larger than that of PLA/C30B due to hindered molecular mobility of PLA chains
in PLA/C30B, which in turn could impede the crystal's growth and the final crystallinity.

Highly dispersed CNCs in a polymer could increase the Young modulus and tensile strength
compared to the neat polymer [3], [33]. The elongation at break, except for systems with a strong
interaction at the interface [3], generally decreases compared to the neat polymer [33]. However,
there are not unanimous reports on these properties. For example, enhanced Young moduli,
unchanged tensile strengths, and decreased strains at break have been observed for many polymer—
CNC nanocomposites [16], [17], [26], [35]. Reduced tensile strengths are also reported in some
cases [31], [36], [37]. Among different studies on PLA/CNC systems few of them showed
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improved mechanical properties using unmodified CNCs with/without other components such as
surfactant, compatibilizer, etc. [16]-[18], [32], [38]-[42], On the other hand, few studies have been
devoted to PBAT/CNC nanocomposites [15], [43]-[46]. Vatansever et al. [15] did not observe any
significant differences in thermal degradation, and mechanical properties of PBAT/CNC prepared
from solution casting or dilution of masterbatch through melt mixing. Morelli et al. [43] reported
a slight increase in thermal stability and mechanical properties of PBAT reinforced by phenyl butyl
isocyanate-modified CNCs prepared through melt-processing using a twin-screw extruder (TSE).
In another study using solution casting, Morelli et al. [44] obtained 120 and 40 % improvement in
tensile modulus and strength, respectively, when incorporating 10 wt% aromatic isocyanate-
grafted CNCs in PBAT. A slight improvement in mechanical properties was reported by Pinherio
et al. [45], when they prepared PBAT/octadecyl isocyanate-modified CNCs in an internal melt
mixer. Also, Ferreira et al. [46] could achieve an improvement in storage modulus for PBAT/3

wt% unmodified and adipic acid-modified CNCs prepared from solution casting.

Dynamic mechanical thermal analysis (DMA) is another interesting technique to evaluate the
thermo-mechanical properties of polymer-CNC nanocomposites. Generally, the storage modulus
is increased by incorporating CNCs, and upon a good dispersion of CNCs, the increases are more
significant at higher CNC contents [23], [32], [47]-[50]. Using solution casting and DMF as a
solvent, Bagheriasl et al. [16] achieved significant improvements in the storage modulus of
PLA/CNC both in glassy (74 %) and rubbery (490%) regions by incorporating 6 wt% of
unmodified CNCs compared to the neat PLA.

In our previous publications, we presented the effect of CNCs on the morphological and rheological
properties of PLA and PBAT nanocomposites prepared from two solvent [28] or one solvent [20]
casting methods. It is of interest to whether different methods of solvent casting have considerable
effect on mechanical and thermal properties. Therefore, in this work, we investigate the thermal
and mechanical properties of PLA/CNC and PBAT/CNC nanocomposites. A mechanical model
considering a percolating network is also employed to describe the storage modulus of the
nanocomposites at various temperatures. Our overall objective is to develop biodegradable
PLA/CNC and PBAT/CNC nanocomposites with significantly improved mechanical and thermal

properties.
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7.3 Experimental

7.3.1 Materials

Ingeo 4060D (amorphous, aPLA) and 3251D (semi-crystalline, scPLA) were obtained from
NatureWorks LLC (Minnetonka, MN, USA). aPLA and scPLA with a D-lactide content of 12 and
1.4 mol%, respectively, had a weight average molecular weight of 190 and 55 kg/mol. Also, PBAT
(Ecoflex® FBX 7011) with a weight average molecular weight of 24.4 kg/mol, a density of 1.23
g/cm® and a melt flow index (MFI) of 2 g/10 min purchased from BASF. Freeze-dried CNCs which
were neutralized using sodium hydroxide (NaOH) before freeze-drying kindly provided by
FPInnovations (Pointe-Claire, QC, Canada). Their width, length, and aspect ratio are 16 + 3, 90 £
17 nm, and 6 £ 2, respectively [29]. The CNC preparation information can be found elsewhere
[51]. Dimethyl sulfoxide (DMSQO), tetrahydrofuran (THF), and N, N-dimethylformamide (DMF),
anhydrous 99.8 %, were purchased from Sigma-Aldrich Canada Co. (Oakville, ON, Canada).

7.3.2 Solvent selection

Solvents such as N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSQO), formic acid,
dimethylacetamide (DMAC), pyridine, and a few more solvents [52] have the ability to disperse
CNCs. In our previous study [28], we proposed a novel method based on thermodynamics
concepts. In that method using Hansen solubility parameter (HSP) theory a binary mixture of
DMSO and THF were selected as the best solvents for dispersing CNCs and dissolving PLA or
PBAT, respectively. It was shown that in the HSP graph of CNCs, PLA, and PBAT we did not
have any superposition of domains which confirm the lack of solvents capable of providing both
adequate CNC dispersion and significant PLA and PBAT dissolution [28]. We showed that residual
traces of solvents had significant effect on the rheological properties of the nanocomposites. A
comprehensive discussion on the morphology and rheological properties can be found in our
previous publication [28]. On the other hand, DMF is one of the most used solvents (easier to dry
the solvent cast samples and as a consequence less remaining solvent in the final nanocomposites)
in preparing polymer or polymer blend nanocomposites [20], [53]. In this work, we will compare
the morphological, mechanical and thermal properties of PLA and PBAT nanocomposites prepared
using the two solvents method (DMSO and THF) with those of the same nanocomposites prepared

using a single solvent (DMF).
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7.3.3 Sample preparation

The solution mixing method based on two solvents (THF and DMSO) as described in detail in our
previous publication [28] and the one solvent (DMF) method [20] were used to prepare the neat
nanocomposites. The aPLA, scPLA, and PBAT were first dried in a vacuum oven overnight at 55
°C. Using two solvents, the neat polymers and CNCs were dissolved and dispersed in THF and
DMSO, respectively (Table 1). Using one solvent, both neat polymers and CNCs were dissolved
and dispersed in DMF (Table 1). The desired amount of CNCs was dispersed in 70 mL of DMSO
(two solvents method) or DMF (one solvent method) using a water bath sonicator (FS30 100 Watts
Ultrasonic Cleaner, Fisher Scientific, Pittsburg, PA) for 120 min at room temperature. The neat
polymers were dissolved in 85 mL of THF (two solvents method) or DMF (one solvent method)
using a magnetic stirrer for 150 min at 63 °C and 120 min at 70 °C, respectively, until complete
dissolution. In the two solvents method, the volume of liquid was kept constant throughout time
by adding THF at regular intervals to reduce the influence of THF evaporation. Following that, the
polymer solutions were added to the CNC suspension, and the sonication process was continued
for another 120 minutes to ensure that the two media mixed well despite their high viscosity.
Different drying conditions were applied when using two solvents or one solvent. For the two
solvent methods, the mixtures were poured into a petri dish and dried in a vacuum oven (-0.65 bar)
set at 70 °C for 4 days. After removing the samples, the low molecular weight PLA (scPLA) and
PBAT nanocomposites could be ground into powder with a coffee grinder, whereas the high
molecular weight PLA (aPLA) required to be chopped into very small pieces with scissors. Then,
the ground and chopped nanocomposites were put in the vacuum oven for another 4 days in an
effort to get rid of any remaining traces of DMSO and THF. For the one solvent method, first, the
samples were put in the vacuum oven (0.9 bar) with air circulation set at 60 °C for 2 days followed
by another 2 days at 80 °C under vacuum (-0.65 bar). In both methods, the CNC content in the
nanocomposites was varied from 0 (i.e. neat polymers for comparison purposes), 1, and 3 wt%,
and the nanocomposites are named based on the CNC content on a weight percentage basis. For
example, aPLAS/3CNC refers to the nanocomposites based on the amorphous, high molecular
weight PLA with 3 wt% of CNCs, calculated with respect to the total weight of the nanocomposite,
which was prepared using one solvent. The ‘s’ or ‘ss’ following the symbols of the polymers stand
for nanocomposites prepared by one solvent and two solvents methods, respectively. The chopped
and powder samples were compression molded into disc, rectangle, and dog-bone shaped
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specimens using a hydraulic press in a nitrogen atmosphere prior to microscopy, rheology, thermal,
and mechanical investigation. The samples were first heated to 170 °C for 4 min. Then, pressure
forces of 1, 2, and 3 tons were progressively applied for 90 s each. The samples were finally cooled
to ambient temperature under atmospheric pressure. The overall compression molding process took
roughly 10 min. Neat polymer samples from the solution methods and as-received granules were
also prepared for comparison.

Table 7.1 Type of solvents for the dispersion of CNCs and the dissolution of polymers

Type of solvents CNC dispersion Polymer dissolution
One solvent (s); DMF DMF DMF

Two solvents (ss); DMSO and | DMSO THF

THF

7.3.4 Characterization

7.3.4.1 Microscopy analysis

7.3.4.1.1 Field emission scanning electron microscopy (FESEM)

Samples were cut and microtomed using an Ultracut FC microtome (LEICA) equipped with a
liquid nitrogen cryo-chamber and a diamond knife. Field emission scanning electron microscopy
(FESEM) was carried out on microtomed surfaces, coated with gold, using an FE-SEM (JSM
7600F, JEOL USA, Inc.) at a voltage of 3 kV and an LEI detector. Also, the diameter/thickness of
the CNCs was calculated using the ImageJ software (version 1.52a Wayne Rasband, National
Institutes of Health, USA).

7.3.4.2 Thermal analysis

Differential scanning calorimetry (DSC) of the samples was performed using a DSCQ1000 (TA
Instruments, New Castle, DE, USA) on 5 mg material samples, under a nitrogen atmosphere. The
samples were heated from 25 (PLA) or -40 (PBAT) to 200 °C at a constant rate of 10 °C /min and
held at 200 °C for 3 min, then cooled to 25 °C (PLA) or -40 (PBAT) at a constant rate of 5 °C /min.
Then the samples were heated in the second run from 25 (PLA) or -40 (PBAT) to 200 °C at a
constant rate of 10 °C /min. The glass transition temperature (T4), melt and cold crystallization (T
and Tcc), and crystal melting (Tm) temperatures of the samples were extensively analyzed. The
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following equations were employed to calculate the total crystallinity content of scPLA/CNC and
PBAT/CNC nanocomposites;

X?eating — AHm_AI;ICC x 100 Equatlon 7.1
w X AHp,
xeooting — _LHe _ 100 Equation 7.2

WXAH,,

where w, AH,,, AH.., AH,, , and AH, are the weight fraction of the polymeric matrix in the
nanocomposite, enthalpy of melting, enthalpy of cold crystallization, enthalpy of melting of 100%
crystalline polymer (93 J/g [54] and 114 J/g [55] for PLA and PBAT, respectively), and enthalpy

of crystallization in cooling runs.

7.3.4.3 Mechanical analysis

Instron 3365 was used to investigate the tensile properties of the samples at room temperature
according to standard ASTM D638. Tensile specimens, dog bone shaped type V of 1.6 mm thick,
were stretched at room temperature at a crosshead speed of 5 mm/min using a load cell of 5 kN.

For each sample, a minimum of five specimens were tested.

Dynamic mechanical thermal analysis (DMA) was conducted on compression-molded samples
(1.6 mm thick, 12.2 mm wide, and 60.5 mm long) using a DMA 2980 analyzer (TA Instruments).
The specimens were tested in the dual cantilever bending mode at an amplitude of 30 um, a
frequency of 1 Hz, and a heating rate of 3 °C /min from 24 to 120 °C. Four replicates for each
sample were tested.

Notched Izod impact toughness was measured by using a Ray-Ran Universal Pendulum Impact
Tester according to standard ASTM D256. The dimensions of specimens for impact testing were

63.5 x12.7 x3.0 mm? and a minimum of five specimens were tested.

7.3.4.4 Modeling of DMA results

A mechanical model was proposed by Takayanagi et al. [56] to show the relation between the
complex modulus of a polymer blend with a matrix-droplet morphology and moduli of the
components. Ouali et al. [57] using a modified series-parallel model of Takayanagi predicted the
modulus of poly(methyl methacrylate) (PMMA) “reinforced” by poly(styrene-co-butyl acrylate)
(PSBA). Bagheriasl et al. [16] extended the approach of Ouali et al. to predict the storage modulus
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of scPLA/CNC nanocomposite (same semicrystalline PLA and CNC used in this work) by
considering PLA as a soft polymer matrix reinforced by a rigid percolated CNC network. The main
reason that other classical models such as the modified Halpin-Tsai and Halpin-Kardos [58] models
underpredict the experimental data for a well-dispersed system is that they do not consider the
percolation network and are mainly based on the aspect ratio of the filler and the storage moduli of
the components. On the other hand, the modified Takayanagi model suggests that the mechanical
properties are controlled by the percolating network of the nanoparticles. Following the approach
of Bagheriasl et al. [16] the storage modulus (E') of scPLA/CNC and PBAT/CNC nanocomposites
can be described by [16]:

2
_ (=29 +90p)EmEpect(1=@ )W Enee

E' Equation 7.
(=0 Enect (97 —V)Em quation 7.3
where
4
— Pr=Pc .
Y =9r ( 1_%) for @y > ¢, Equation 7.4
Yp=0 for ¢f < @, Equation 7.5

E,,, and E},,; are the storage moduli of the polymer matrix and of the percolating CNC network,
respectively; E;.; , is fitted from the experimental data and assumed to be constant, independent of
the volume fraction of CNCs. 1, ¢, and ¢, are the volume fraction of the percolating CNC
network, CNC volume fraction, and critical volume fraction required for percolation, respectively.
¢, was assumed to be identical to the rheological percolating threshold determined in rheometry
[16].

7.4 Results and discussion

7.4.1 Morphology

Figures. 7.1 and 7.2 present the low (left) and high (right) magnification of FESEM images of
SCPLA, aPLA, and PBAT polymers containing 1 wt% CNCs prepared from two solvents and one
solvent methods, respectively. Individual and bundles of few CNCs are seen to be well dispersed
and distributed for both methods. The CNCs appear as rod shape particles (some of them indicated

by arrows in the higher magnification images (right sections in Figures. 7.1 and 7.2)) in
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aPLA/CNC, scPLA/CNC, and PBAT/CNC. Also, the small holes (indicated by circles in the
images of PBAT/CNC in Figures. 7.1 and 7.2) are possibly CNCs that were pulled out during
microtoming as a result of the soft intrinsic characteristics of the PBAT matrix. The
diameter/thickness of the CNC particles based on these images are in the range of 15 to 80 nm
calculated from ImageJ software and this confirms the presence of CNC as individual nanoparticles
and bundles in the matrix of PLA and PBAT for both methods. The extensive rheological analysis
for both methods presented in our previous work confirms these morphological features [20], [29].
It is worthy to mention that based on a thermodynamics analysis [29] the use of DMSO and THF
for dispersing CNCs and dissolving polymers, respectively, could result in a better dispersion and
distribution of CNCs in hydrophobic PLA and PBAT (clearer from the rheological analysis of our
previous publications [20], [29]). However, the effect of remaining solvents from the drying
process may significantly affect the final properties of the nanocomposites and this without

considering the time needed for drying (8 days for 2 solvents compared to 4 days for one solvent).
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scPLAss/1CNC

PBATss/1CNC

e T e T

Figure 7.1 Low (left figures) and high (right figures) magnification of FESEM images of sScPLA,
aPLA, and PBAT containing 1 wt% CNCs prepared from two solvent method. The scale bars are
1pum.
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scPLAs/1CNC

PBATs/1CNC

e e e

Figure 7.2 Low (left figures) and high (right figures) magnification of SEM images of scPLA,
aPLA, and PBAT containing 1 wt% CNCs prepared from one solvent method. The scale bars are
1pum.

7.4.2 Differential scanning calorimetry (DSC)

Figure. 7. 3 presents the DSC heating and cooling curves of scPLA, aPLA, and PBAT containing
0 (neat polymers), 1 and 3 wt% CNCs prepared from two solvents (solid lines) and one solvent
(dashed lines). For both methods, the DSC curves show variations in exothermic values and the
position of cold crystallization temperatures. The rearrangement of crystalline structures is
different for scPLA and PBAT due to the dissimilar mobility of the polymer chains. Also, in Figure.
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7.1a, a few thermograms with multiple peaks in the first heating sequence are observed (mostly for
scPLA). This phenomenon could be ascribed to two different crystal structures formed during
cooling in processing [59], [60]; the less perfect structure (shish kebab-like) is melting more easily
at lower temperatures. On the other hand, for the highly ordered crystalline structures (spherulitic-
like structures), a higher melting temperature is observed. What is more, the first heating curves of
scPLA do not show cold crystallization because the samples have fully crystallized during the
lengthy preparation process. In all the samples the first heating thermograms (left in Figure. 7. 3)
do not provide proper information due to the different cooling profiles applied to the samples
during processing. The corresponding results of second heating (h2) and cooling thermograms
(glass transition (Tg), melt crystallization (T¢), cold crystallization (Tcc), crystalline melting (Tm),

and crystallinity (X%)) are reported in Table 7.2.
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Figure 7.3 DSC thermograms of first heating (left), cooling (middle), and second heating (right)
sequences for scPLA (a), aPLA (b), and PBAT systems (c). Solid and dashed lines represent the

samples prepared from one solvent and two solvent methods, respectively.
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All neat polymers and their nanocomposites show higher Tg values during the second heating cycle
(Tghz) compared to that from the cooling cycles (T;"Oli"g). These differences could be due to the

remaining traces of solvents even after the first heating cycle. Compared to aPLA, scPLA exhibits
a higher Ty due to chain mobility restriction. In scPLA the macromolecules are arranged in certain
patterns that decrease their flexibility and increase the intermolecular forces. Compared to the neat
polymers, the crystallization temperatures of scPLA and PBAT/CNC nanocomposites increase as
a result of the good dispersion of CNCs using both methods. The scPLA shows a crystallization
peak in the second heating cycle and its cold crystallization temperature increases from 98 °C
(scPLAS) to 106 °C (scPLAsS/3CNC) and from 96 °C (scPLAss) to 102 °C (scPLAss/3CNC) by
incorporating 3 wt% CNCs. Also, note the tremendous increases in the cold crystallization
temperature of the PBAT nanocomposites observed for both methods when the CNC content is 3
wit% (from around 75 to 103 °C). This can be attributed to the nucleation effect of the CNCs that
facilitates the crystallization of scPLA and PBAT [61]. For both methods the melting temperatures

of the second heating cycle (T,ZZ) of sScPLA/CNC and PBAT/CNC are almost the same as that of
the neat scPLA (around 170 °C) and that of the neat PBAT (around 128 °C).

The total crystallinity content of the polymer nanocomposites can increase or decrease due to the
presence of the nanoparticles, as the nanoparticles play the role of nucleating agents while
decreasing the mobility of polymer chains. So, if the former phenomenon is dominant, the total

crystallinity content of polymer nanocomposite will increase and vice versa. By adding 1 and 3

Wt% CNCs to scPLA, the total crystalline content in the cooling step (X<°°*"9) calculated from
Equation 7.2 increases from 4% (scPLASS) to 15% (scPLAss/3CNC) and from 4% (scPLAS) to
11% (scPLAS/3CNC). So, it is obvious that the CNCs play the role of nucleation agents in scPLA.
The more important enhancement in the degree of crystallinity in scPLA prepared from two
solvents can be ascribed to the better dispersion of CNCs in scPLA. The more uniform CNCs
dispersion in the two solvents method (presented by rheological data published in our previous
publications [20], [29] and FESEM images in the previous section), results in higher interfacial
interactions between CNCs and PLA chains favoring a higher nucleation effect [62]. Using DMF
for preparing PLA/CNC nanocomposites (same scPLA and CNCs used in this work), Bagheriasl
et al. [16] reported similar improvement in crystalline content of PLA nanocomposites in cooling

cycles and the onset of crystallization temperature. On the other hand, in PBAT, adding 1 and 3
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wt% CNCs, the total crystalline content in the cooling step decreases from 19% (PBATSS) to 9%
(PBATSss/3CNCss) and from 18% (PBATS) to 10% (PBATS/3CNC). These reductions can be
attributed to the chain mobility restriction. Similar variations in the total crystallinity content of
SCPLA/CNC and PBAT/CNC calculated in the second heating cycle sz are observed and details
are presented in Table 7.2. As expected, no crystal melting, nor crystallization was detected for the

amorphous PLA based systems.

Table 7.2 DSC results for first and second heating and cooling sequences for one and two solvent

methods
Samples Glass transition Crystallization Crystal melting Degree of
temperatures (°C) temperatures  temperatures crystallinity (X%)
(°C) (°C)
2 S
ng. 'i% E? SG) 'iE '::<° -jé:
> oy
SCPLASS 55 60 96 99 168 22 4
SCPLAS 58 61 98 102 168 11 4
SCPLASS/ICNC 54 60 99 104 168 23 13
SCPLAS/ICNC 59 61 100 105 169 15 9
SCPLASS/3CNC 56 59 102 106 169 25 15
ScPLAS/3CNC 57 61 106 106 169 18 11
PBATSS -36 -33 75 .. 124 12 19
PBATS -32 -33 76 .. 125 13 18
PBATss/ICNC -35 -35 102 .. 128 11 14
PBATs/ICNC -34 -32 102 .. 129 10 14
PBATss/SCNC  -37 -34 103 .. 128 9 9
PBATS/3CNC  -34 -33 104 . 129 9 10
aPLAss 52 57
aPLAs 52 55
aPLAss/ICNC 51 57
aPLAsS/ICNC 51 55
aPLAss/3BCNC 51 55
aPLAS/3SCNC 54 57

7.4.3 Tensile and impact properties

Figure. 7. 4 presents the tensile properties (Young’s modulus (a), yield strength (b), and elongation
at break (c)) of the scPLA (left part of the figure), aPLA (middle part), and PBAT (right part)
nanocomposites with those of the neat polymers prepared from both methods. Table 7.3 reports the

mean values and standard deviations of the tensile and impact properties of the neat scPLA, aPLA,
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PBAT, and their corresponding nanocomposites with 1 and 3 wt% CNCs prepared from both
methods. The neat polymers prepared from solution casting (both methods) show almost the same
values compared to the neat polymers prepared from as-received granules; small differences could
be due to the presence of remaining solvents in the samples prepared by the solution methods. The
final mechanical properties of the polymer nanocomposites are affected by the level of dispersion
of the nanoparticles, interfacial characteristics, and polymer crystallinity [63], [64]. The well-
dispersed CNCs and an interconnected CNC network in scPLA, aPLA, and PBAT result in
increases in the Young modulus and tensile strength values compared to the values of the neat
polymers prepared from the solution casting methods. By incorporating 3 wt% CNCs the Young
modulus increases by 24 %, 15 %, and 40% for the two solvent methods compared to the neat
SCPLA, aPLA, and PBAT, respectively. Similar enhancements are obtained for the nanocomposites
prepared by the one solvent method. Such improvements due to a good dispersion of CNCs were
reported in other publications [15], [32], [62]. For the same scPLA/CNC nanocomposites prepared
from one solvent (DMF), Bageheriasl et al. [16] could improve the Young modulus of PLA by 12
% by incorporating 3 wt % CNCs and obtained a 23 % improvement using 6 wt% CNCs. The more
significant improvement in the Young modulus of PLA (25 % by incorporation of 3 wt% CNC) in
this work could be due to the different drying processes used in this work compared to that of
Bagheriasl et al [16].
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Figure 7.4 Young’s modulus (a), yield strength (b), and elongation at break (c) of scPLA (left
part), aPLA (middle), and PBAT (right) and its nanocomposites with different CNC contents.

“gr” in the x-axis stands for neat polymers prepared from granules.

As illustrated in Table 2 the crystallinity of scPLA is improved by the incorporation of CNCs as
the scPLA nanocomposites have undergone annealing through their preparation, which in turn
results in enhancements of their Young modulus and tensile strength. It is worthy to mention that,
as the samples for mechanical tests were prepared using a press, annealing was occurring, and the
data obtained from the second heating are more relevant. The same correlation between
crystallinity and mechanical properties (strength) is reported in other publications [65], [66].
Although the crystallinity of PBAT does not increase as shown in Table 2 (after annealing in the
first heating cycle), the polymer chain restriction in the presence of CNCs provides enough rigidity
to improve the Young modulus and tensile strength of PBAT/CNC nanocomposites. The effect of

the remaining solvent is more obvious in the elongation at break. For both PLA nanocomposites
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the elongation at break increases when the one solvent method was used, whereas the two solvent
method yields a decrease of this value. On the other hand, both methods result in a decrease in the
elongation at break of the PBAT nanocomposites due to presence of CNCs as a filler in
thermoplastic PBAT and absence of proper adhesion between the filler and PBAT macromolecules.
All the nanocomposites prepared by the two solvent methods exhibit a brittle behavior. As shown
in Table 3 or Fig. 4, the elongation at break values of the neat scPLA, aPLA, and PBAT that are
5.5, 2.5, and 661 %, respectively, decrease drastically to 2.2 %, 1.1 %, and 105 % when 3 wt%
CNCs are incorporated into the polymers. Similar decreases in elongation at break were reported
in other investigations on polymer-CNC systems [15], [16], [35], [37]. On the contrary, for the one
solvent method the elongation at break increases from 2.5 to 3.2 % and from 4 to 7.8 % in the
SCPLA and aPLA, respectively, although these polymer systems remain brittle. This increase in
elongation at break using one solvent could be due to plasticization effect of traces of solvent. Such
an improvement for the elongation at break by adding CNCs was reported in other publications
[41], [42]. The elongation at break decreases from 670 to 130 % in the PBAT by the incorporation
of 3 wt% CNCs via the one solvent method. A similar reduction in elongation at break for
PBAT/CNC was reported by Vatansever et al. [15], who prepared the PBAT/CNC nanocomposites
(1, 3, and 5 wt% of CNC) through solution casting and dilution of a masterbatch in TSE.

Table 7.3 Mechanical properties of sScPLA, aPLA, and PBAT and their nanocomposites prepared

from two solvent and one solvent methods.

sample Young modulus Yield strength Elongationatbreak Impact strength
(MPa) (MPa) (%) (Im?)

SCPLA granules 2748 + 84.0 76.0+4.0 3.20+£0.3 21.0+£0.2
SCPLASss 2516 + 121 720+9.0 250+0.2 140+ 1.7
SCPLAS 2750+ 91.0 69.0+7.0 250+0.2 200+4.2
SCPLAss/ICNC 2691 +97.0 79.0+£8.0 220+0.1 9.80+1.3
SCPLAS/ICNC 2967 +93.0 78.0%7.0 3.00+0.2 22.8+4.9
SCPLAss/3CNC 3292 + 127 84.0+6.0 220+0.1 12.7+1.8
SCPLAS/3CNC 3659 + 129 87.0+11 3.20+£0.3 26.4 +0.90
aPLA granules 2010 + 100 58.0+£20 500+1.8 270+ 1.0
aPLAss 1857 + 10.0 62.0+£6.0 550+0.1 24.3+3.3
aPLAs 1875+ 72.0 48.0+ 2.0 4.00+0.7 26.8+1.3
aPLAss/ICNC 1990 + 43.0 63.0+6.0 220+0.1 21.6+3.1
aPLAs/1ICNC 2127 £61.0 66.0 £ 1.0 6.60 £ 0.7 28.0+£0.8
aPLAss/3CNC 2193 +26.0 66.0 £ 4.0 1.10+0.1 219+22
aPLAs/3CNC 2442 +123.0 81.0+7.0 7.80+0.3 29.2+1.3
PBAT granules  80.00 + 4.00 18.3+0.4 680 + 32 260 +£5.0
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PBATSs 88.00 + 4.00 18.5+0.5 661 + 42 258 + 8.0
PBATS 93.00 = 5.00 185+ 0.4 670 £ 25 260 £ 8.0
PBATss/ICNC  95.00 + 20.0 18.2+0.3 328 + 13 215+5.0
PBATS/ICNC  100.0 £ 2.00 185+0.3 450 + 20 225+7.0
PBATss/3CNC  149.0 £ 4.00 21.3+0.3 105+ 10 247 +£6.0
PBATS/3CNC  155.0 +4.00 21.1+0.3 130 + 20 250+ 7.0

Figure 7. 5 presents the impact properties of the scPLA, aPLA, and PBAT nanocomposites
compared to the mentioned neat polymers prepared from the two solvent (ss) and one solvent (s)
methods. Also, the related data are reported in Table 7.3. Similarly to the elongation at break, all
the nanocomposites prepared via the two solvent method exhibit a brittle behavior and we see
decreases in the impact strength by incorporating 3 wt% CNCs: from 14.0 to 12.7 Jm?, 24.3 to
21.9 Jm, and 258 to 247 Jm™, for scPLA, aPLA, and PBAT, respectively. On the other hand, for
the one solvent method, incorporating 3 wt% CNCs improves the impact properties by 23 and 10
% in scPLA and aPLA, respectively, but the impact strength of the PBAT nanocomposite decreases

by 4%. This is in line with elongation at break data discussed in the previous section.
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Figure 7.5 Impact strength properties of scPLA (left), aPLA (middle), PBAT (right), and their
nanocomposites with different CNC contents. “gr” in the x-axis stands for neat polymer samples

prepared from granules as received.

7.4.4 Dynamic mechanical thermal analysis (DMA)

The thermo-mechanical properties of the nanocomposites (storage modulus and tan 6) obtained
from dynamic mechanical thermal analysis (DMA\) are presented in Figure. 7. 6 over a wide range
of temperature. The DMA results for aPLA/CNC nanocomposites are not presented as they were
not consistent between replicates, possibly due to the more significant effect of residual solvent on
the amorphous PLA. The storage modulus of the scPLA system (left part of Figure. 7. 5a) is
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significantly increased by incorporating CNCs, especially at 3 wt%. These increases are much
larger for the samples prepared from the one solvent method, possibly due to less residual solvent.
Large enhancements of the storage modulus are observed by the incorporation of CNCs in the
rubbery region (temperature > 65 °C), with corresponding shifts in the peak of tan ¢ and large
decreases of the area under the tan & versus T curves (right part of Figure. 7. 6a). Note the very
important increases at higher temperatures in the rubbery region of the storage modulus of scPLA
and its nanocomposites due to cold crystallization (see Figure. 7. 3 and Table 7.2). In contrast, the
effects of adding CNCs to PBAT are rather marginal on the storage modulus and tan o versus T
curves (Figure. 7. 6b). Key DMA results are summarized in Table 7.4. For the two solvents method,
by incorporation 3 wt% CNCs the storage modulus values in the glassy region (30 °C for scPLA
and -30 °C for PBAT), increase from 1570 to 1820 MPa and 912 to 1340 MPa for scPLA and
PBAT, respectively. In the rubbery region (70 °C for scPLA and 30 °C for PBAT) the
corresponding increases are from 5 to 85 MPa and 105 to 155 MPa for scPLA and PBAT,
respectively. For the one solvent method, by incorporating 3 wt% CNCs, the storage modulus
increases from 1400 to 1760 MPa (scPLA) and 1010 to 1420 MPa (PBAT) in the glassy region and
from 30 to 333 MPa (scPLA) and 110 to 170 MPa (PBAT) in the rubbery region. These large
enhancements in the rubbery region can extend the applications of PLA and PBAT for products

exposed to high temperatures.

The Ty values of the neat polymers and their nanocomposites can be obtained from the
characteristic peaks in tan ¢ versus T (right parts of Figure. 7. 6). We note first that T, of the neat
scPLAss and scPLAs are 65 and 59 °C, respectively. This difference in Tgof SCPLA prepared from
one and two solvents confirms the presence of more residual solvent when the two solvents method
was used. Tq of the neat PBATs and PBATSs is about the same at -13 and -14 °C, respectively,
suggesting less residual solvent when preparing the PBAT systems from cast film methods. Tq of
the polymer matrices does not change significantly by the addition of CNCs: Ty of SCPLA increases
from 65 to 68 °C by incorporating 3 wt% CNCs by the two solvents method. It is about constant at
59 °C when the one solvent method was used. Also, by adding 3 wt% CNCs to PBAT, the Tg is
changed from about -14 to -17 °C for both methods. Another more important characteristic of tan
o'is the area under the peak of Tq versus T curves that represents the extent of damping or energy

dissipation due to the segmental motion of the polymer chains at Tq. The polymer chains are more



146

restricted for large contents of CNCs due to more interfacial interactions between the polymer
chains and cellulose nanocrystals. This area decreases significantly with the addition of CNCs. In
SCPLA, the peak of the tan & curve decreases from 1.78 to 0.62 for the two solvents method and

from 1.04 to 0.3 for the one solvent method by incorporating 3 wt% CNCs (Table 7.4).
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Figure 7.6 DMTA data of scPLA and scPLA/CNC (a) and PBAT and PBAT/CNC (b) over a

wide range of temperature: storage modulus (left) and tan & (right)

Table 7.4 DMTA results for scPLA/CNC and PBAT/CNC prepared from two solvent and one

solvent methods.

Tan o peak Storage modulus (MPa)
Samples Tg (°C) Peak in tan & Glassyregion  Rubbery region
curve 30°C 70 °C
SCPLASS 65 1.78 1570 5.0

SCPLAS 59 1.04 1400 30
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SCPLASS/ICNC 66 1.67 1650 8.0
SCPLAS/ICNC 58 0.92 1570 45

SCPLASS/3CNC 68 0.62 1823 85

SCPLAS/3CNC 59 0.30 1760 333

Ty (°C) Peak in tan & Glassyregion  Rubbery region
curve -30 °C 30°C

PBATSss -14 0.30 912 105
PBATSs -13 0.29 1010 110
PBATss/ICNC  -15 0.28 1330 120
PBATS/1ICNC -15 0.26 1210 135
PBATss/3BCNC  -17 0.23 1340 155
PBATs/3CNC -17 0.22 1420 170

The more important decrease of the area under tan ¢ curves for the one solvent method could be
due to the better interactions between scPLA chains and CNCs as a result of less remaining solvent
in the system. Also, in PBAT the peak in tan o6 changes from 0.30 to almost 0.23 by adding 3 wt%
CNCs for both methods. For scPLA/CNC nanocomposites Bagheriasl et al. [16] (same scPLA and
CNCs used in this work, but a different drying protocol) reported a 74 and 490% increase of the
storage modulus for the glassy (25 °C) and rubbery regions (70 °C), respectively with the addition
of 6 wt% CNCs. Also, they reported that the CNC incorporation did not significantly affect T, but
the area under the peak of Tg significantly decreased. At the same CNC content (3 wt% CNC), the
peak of tan ¢ (damping factor) in this work of ca. 0.3 compares favorably to the value of around
1.5 obtained by Bagheriasl et al. [16].

Figure. 7. 7 presents the predictions of the modified Takayanagi model (Equation 7.3) and the
experimental data of the storage modulus of the scPLA/CNC (Figures. 7. 7 a & b) and PBAT/CNC
(Figures. 7. 7 ¢ & d) nanocomposites with 1 and 3 wt% CNCs. The modeling of DMA results for
aPLA/CNC nanocomposites are not presented as they were inconsistent as mentioned above. As
done in the previous section the temperatures of 30 and -30 °C are considered as the glassy regions
for scPLA/CNC and PBAT/CNC, respectively, and the temperatures of 70 and 30 °C used for the
rubbery regions for scPLA/CNC and PBAT/CNC, respectively. The two adjustable parameters in
this model are Ej,; and ¢., which are reported in Table 7.5. The predictions from this model are
in good agreement with the experimental data of the reduced storage modulus of the polymer-CNC
nanocomposites in both the glassy and rubbery regions. According to Table 7.5, for the one solvent
method in the glassy region E;.;is 62.6 and 73.2 GPa for scPLA/CNC and PBAT/CNC,

respectively, and decreases to 18.5 and 20.2 GPa in the rubbery region. For the two solvent method,
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E,.: changes from 42.3 and 84.9 GPa in the glassy region to 14.2 and 14.5 GPa in the rubbery
region for scPLA/CNC and PBAT/CNC, respectively. ¢, is equal to 0.003 and 0.005 for all cases
for the two solvent and one solvent methods, respectively. The percolation threshold is quite close
to that determined by rheometry. Bagheriasl et al. [16] reported for the one solvent method (DMF)
the percolation threshold was identical to that determined in rheometry. For sScPLA/CNC in the
rubbery region, a better enhancement of the modulus is observed by incorporating CNCs to PLA
compared to glassy region (Figure. 7. 6a & b). However, a much lower value for the modulus of
the CNC network is obtained from the fits of Equation 7.3, which predicts a much weaker CNC
network at higher temperatures. Using predictions of the modified Takayanagi model (Equation
7.3) Bagheriasl et al. [16] reported similar results for the fitting parameters. In their work, the fitting
parameter, E,,.;, was 108 and 2.64 GPa in the glassy (25 °C) and rubbery region (70 °C),
respectively, for SsPLA/CNC (CNC contents of 1, 3, 4, 6 wt%). Also, they reported the value of
0.0055 for ¢.. The lower value of ¢, in this work for two solvent method could be due to a better
dispersion and distribution of CNCs (clearer from rheological data presented in our previous
publications [20], [29]), which in turn lead to better interfacial interactions between CNCs and

polymer chains.

Glassy region (30 °C) Rubbery region (70 °C)

= Experimental data (two solvents)
14 = Equation 3 (two solvents)

O Experimental data (one solvent)
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Figure 7.7 Comparison of the predictions of the modified Takayanagi model (Egs. 3-5) and
experimental data of the storage modulus at glassy region (a & c¢) and rubbery region (b & d). (a
& b): scPLA/CNC nanocomposites and (¢ & d) PBAT/CNC nanocomposites.
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Table 7.5 Storage modulus values of the percolating CNC network (Ey,.) and critical CNC
volume fraction (¢.) for percolation obtained from fitting the modified Takayangi model (Egs. 3-
5) to the reduced storage modulus data, E'/E;, of sScPLA/CNC and PBAT/CNC in both glassy

and rubbery regions; E;, is the storage modulus of the neat matrix reported in Table 7.4.

Glassy region Rubbery region
Samples (Figures. 7a & ¢) (Figures. 7b & d)
One solvent (s)  Two solvents (ss) One solvent ()  Two solvents (ss)
net (0 net (0 net Pc net Pc
(GPa) (GPa) (GPa) (GPa)

SCPLA/CNC 62.6 0.005 423 0.003 18.5 0.005 14.2 0.003
PBAT/CNC 73.2 0.005 84.9 0.003 20.2 0.005 145 0.003

7.5 Concluding remarks

In this work, the effect of dispersed CNCs on the morphological, mechanical and thermal properties
of PLA (semicrystalline and amorphous) and PBAT prepared from two different solvent casting
methods was investigated. The nanocomposites were prepared from two solvent (DMSO and THF)
or one solvent (DMF) methods. FESEM images showed a good dispersion and distribution of the
CNCs in the matrices prepared from both methods. While for scPLA the total crystallinity content
increased during cooling cycles for both preparation methods as a result of the nucleation effect, it
decreased in PBAT due to chain mobility restriction. The addition of the CNCs into PLA and PBAT
via solution-based preparation methods resulted in significant increases of the Young modulus.
The yield strength of all nanocomposites increased for both methods, but it was more significant
for the one solvent method as a result of less remaining solvent in the samples. All the
nanocomposites prepared via the two solvent methods exhibited a brittle behavior. While the
elongation at break values of the neat scPLA, aPLA, and PBAT in the two solvent methods were
decreased by incorporating 3 wt% CNCs, in the one solvent method it increased. Small decreases
of the impact strength of all the nanocomposites prepared by the two solvent method were
observed. In contrast, for the one solvent method, incorporating 3 wt% CNCs improved the impact
properties by 23 % and 10 % in scPLA and aPLA, respectively, but the impact properties of PBAT
nanocomposites decreased by 4%. In DMA, the storage modulus values in the glassy and rubbery
region of the samples prepared by the one and two solvent methods increased. The modified
Takayangi model predictions were compared with the storage modulus data of the nanocomposites

and an acceptable agreement was observed for both the glassy and rubbery regions. The storage



150

modulus of the CNC network was found to decrease at higher temperatures suggesting a marked
reduction of the strength of the CNC network, due to weaker hydrogen bonds. These results
confirm that both solution cast methods lead to a good dispersion of hydrophilic CNCs within PLA
and PBAT matrices, but remaining solvent had some negative effects on the mechanical and
thermal properties, especially when the two solvent method was used. Nevertheless, as a result of
CNC network formation, the mechanical and thermal properties of PLA and PBAT could be
improved without the need for compatibilization or modification of the CNCs. Also, in one solvent
method the elongation at break and impact properties were improved compared to the two solvent
method. So, those improvements in the mechanical and thermal properties could pave the way for
applications of PLA and PBAT for packaging and automotive industries.
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8.1 Abstract

In this study the effect of interfacial localization of 1 wt% cellulose nanocrystals (CNCs) was
investigated on the morphology, rheology, thermal, and mechanical properties of poly (lactic acid),
PLA (semicrystalline (sc) and amorphous (a)) and poly (butylene adipate-co-terephthalate), PBAT,
blends (75/25 wt%). Different mixing strategies were adopted using solution casting followed by
melt mixing to localize CNCs at the interface of PLA/PBAT blends. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) confirmed this localization. The interfacial
localization of CNCs significantly impeded the relaxation of the dispersed PBAT droplets in the
PLA/PBAT blends and converted the droplet/matrix morphology of the scPLA/PBAT blend
nanocomposites into a co-continuous one resulting in a solid-like rheological behavior. Also, CNCs
played the role of nucleating agents in the PLA/PBAT blends and improved the crystallization
behavior of scPLA and PBAT. Although Young’s modulus and yield strength decreased in the neat
PLA/PBAT blends, interfacial localization of CNCs improved these properties (mostly in
ScCPLA/PBAT) to be closer to those values of neat PLAs, accompanied by improved elongation at
break from ~3 % (scPLA (+IMM)) to ~ 150 % (scPLA/PBAT/CNC) and impact strength from ~20
J/im (scPLA (+IMM)) to ~95 J/m (scPLA/PBAT/CNC). These improvements were less effective
in the aPLA/PBAT/CNC due to less effectiveness of CNC localization at the interface because of

4 Submitted to Polymer and is under revision for publication.
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more residual solvent in aPLA/PBAT/CNC, better affinity of CNCs with solvent compared to
polymers and more spherical PBAT dispersed phase compared to that in SCPLA/PBAT/CNC blend

nanocomposites.

Keywords: PLA/PBAT/CNC nanocomposites; Interfacial localization; rheological properties;

Mechanical and thermal properties.

8.2 Introduction

One of the most promising biodegradable polymer blend is poly(lactic acid) (PLA)/ poly(butylene
adipate-co-terephthalate) (PBAT) [1], where PBAT allows to give better ductility, toughness, melt
strength, and processability to PLA. On the other hand, while adding PBAT to PLA may improve
several properties, it may decrease the strength and modulus of the blend. Solid particles in polymer
blends can help attaining a balance between toughness and stiffness [2-5]. Polymer blends
containing solid particles have distinct morphologies than neat binary blends. The control of the
localization of solid particles in the dispersed phase, matrix, or at the interface of the two is the
most essential aspect in developing high-performance polymer blend composites. The morphology
and mechanical properties are directly affected by this localization [6—8]. Nanoparticles, due to
their substantially higher specific surface area, have a significant potential to improve the
mechanical and/or electrical properties at much lower particle concentrations than microparticles
[7,9-11]. Several researchers have looked into the characteristics of PLA/PBAT blends with
nanoparticles including nano clay [12-16], graphene [16,17], carbon nanotube [18-20], nanosilica
[5,21], and cellulose nanocrystals (CNCs) [22,23]. It has been reported that the dispersed phase
size in polymer blends could decrease when nanoparticles are localized in the matrix. It is explained
by an increase of matrix viscosity that facilitates dispersed phase break up phenomenon [7,24,25].
Also, this localization is a well-known method for achieving a good balance of toughness and
stiffness [7,26]. When nanoparticles are localized in the dispersed phase, the viscosity and elasticity
of the dispersed phase increase, hence stabilizing the morphology of the minor phase [4,27,28].
Higher nanoparticle contents in the dispersed phase could eventually lead to a co-continuous
morphology [29-32]. Nanoparticle localization at the interface of polymer blends has gained a lot
of interest recently [7,10,24]. It may result in a reduction in the dispersed phase size via two key
mechanisms: a) suppression coalescence caused by nanoparticles solid barrier effect and b)

compatibilization of the blend. In the former mechanism nanoparticles create a shell around the
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dispersed phase, preventing colliding droplets of the dispersed phase from coalescing [33,34]. In
the latter mechanism, the interaction of nanoparticles with polymer components, as well as the
resulting reduction in the interfacial tension, result in blend compatibilization and a reduction in
the dispersed phase size [35-37]. In a recent study, Jalali Dil et al. [5] investigated the
droplet/matrix and co-continuous morphology of PLA/PBAT (70/30 and 50/50 wt% respectively)
in the presence of nanosilica. They reported that adding 1 wt% nanosilica to the 70/30 wt % of
PLA/PBAT blend decreases the droplet size from 1.7 to 1 um in PLA/PBAT blends by creating a
shell around PBAT droplets and acting as a barrier for coalescence. By increasing the amount of
nanosilica up to 3 wt% the droplet morphology was converted to a co-continuous one. Upon these
morphological changes, the rheological properties of the PLA/PBAT blends were transformed
from liquid- to solid-like. On the other hand, adding 3 wt% nanosilica did not change the co-
continuous morphology of PLA/PBAT (50/50). In another study conducted by Jalali Dil et al. [20],
interfacial localization of 3 wt% MWCNT in the blend of PLA/PBAT (80/20 wt%) converted the
dispersed phase morphology to a co-continuous one. Nofar et al. [14] investigated PLA/PBAT
blends at a fixed ratio of 75/25 wt% containing Cloisite 30B. They studied the influence of shear
flow on the morphology of the blend. Similarly, to thermodynamics predictions, the Cloisite 30B
was localized at the interface of the two phases. The Cloisite 30B had a barrier effect on the
coalescence of the droplet and stabilized the blend morphology under shear flow. It is worth
mentioning that the effect of interfacial localization of nanoparticles on rheological properties of
different polymer blend nanocomposites have been investigated in previous studies and they
reported similar observations of dramatic increases of the complex viscosity and storage modulus
at low frequencies [5,12,14,20,29,38-43]. This improvement depends on the type of nanoparticles,

content, state of dispersion, as well as type of components in the blend nanocomposites [8].

Despite prior research on the effect of nanoparticle interfacial localization on the morphology and
rheology of polymer blends, few studies focused on the effect of interfacial localization of
nanoparticles on the mechanical properties. This is due to the complexity of the subject, which
requires a thorough examination of the morphology, rheology, and mechanical characteristics of
the system. Jalali Dil et al. [5] demonstrated that 3 wt% nanosilica localized at the interface of
PLA/PBAT (70/30 %) blend and converted the matrix-droplet morphology to a co-continuous one.
They also proved that the mechanical properties were significantly improved compared to the neat
PLA, and they reported an increase from 4.2 + 1 % (PLA/3wt% nanosilica) to 284 = 63 %
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(PLA/PBAT/3wt% nanosilica) for elongation at break and from 22 + 5 (PLA/3wt% nanosilica)
N/m to 205 + 31(PLA/PBAT/3wt% nanosilica) N/m for impact strength. In another study on the
effect of localization of nanoparticles on mechanical properties, Nofar et al. [23] investigated the
system PLA/PBAT/CNC, prepared through solution casting (master batch approach) followed by
melt mixing via a twin-screw extruder. They observed that due to the presence of remaining solvent
from the solution casting preparation step the expected improved ductility and impact

characteristics were not obtained. However, they did not present microscopic analysis.

In our previous study [22], the effect of CNCs on the neat nanocomposites of PLA and PBAT and their
blend (PLA/PBAT (75 wt%/25 wt%)) nanocomposites were investigated through morphological and
rheological analyses. We observed that in some cases CNCs had a tendency to be localized at the
interface of the PLA/PBAT blend [22]. In this work, the effects of interfacial localization of CNCs on
the morphology, rheology, thermal, and mechanical properties of the PLA/PBAT(75 wt%/25 wt%)
blend are examined. To this aim, at first, the morphology and rheology of PLA/PBAT blends with
CNCs localized at the interface are examined. Secondly, thermal and mechanical properties of
PLA/PBAT blends with CNCs at the interface are presented and discussed.

8.3 Experimental

8.3.1 Materials

NatureWorks LLC, USA, provided two commercially available grades, respectively amorphous
and semi-crystalline linear PLAs, Ingeo 4060D (weight average molecular weight of 190 kg/mol)
and 3251D (weight average molecular weight of 55 kg/mol), having D-lactide contents of 12 %
and 1.4 %, respectively. Amorphous (a) and semi-crystalline (sc) PLAs are referred as aPLA and
SCPLA, respectively. PBAT (Ecoflex FBX 7011) was obtained from BASF and has a weight
average molecular weight of 24.4 kg/mol and a melt flow index (MFI) of 2 g/10 min. Freeze-dried
CNCs with width, length, and aspect ratio of 16 = 3, 90 + 17, and 6 £ 2 nm, respectively [44] were
kindly provided by FPInnovations (Pointe-Claire, QC, Canada). The CNCs were neutralized using
sodium hydroxide (NaOH) before freeze-drying and preparation information can be found
elsewhere [45]. N, N-dimethylformamide (DMF), anhydrous 99.8 %, were purchased from Sigma-
Aldrich Canada Co. (Oakville, ON, Canada).
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8.3.2 Blend nanocomposites preparation

The blend nanocomposites of PLA/PBAT (75/25 wt%) with the incorporation of 1 wt% CNCs
were prepared through solution casting followed by melt mixing. Unless otherwise mentioned,
PLA in the nomenclature of the neat blends or blend nanocomposites refer to both amorphous
(@aPLA) and semicrystalline (scPLA). The solution casting process was used to prepare the neat
nanocomposites of PLA/CNC, and PBAT/CNC (Figure 1). In the solution casting step, using a
water bath sonicator and a magnetic stirrer, DMF was used to disperse and dissolve the CNCs and
neat polymers, respectively. The CNCs and neat polymers were further mixed together with a
magnetic stirrer after complete dispersion and dissolution. The prepared samples were dried in a
vacuum oven in a two-step process [22]. For the first two days, the samples were placed in a
vacuum oven (0.9 bar) with air circulation set at 60 °C. The drying process was then finished for
another two days at 80 °C under vacuum (-0.65 bar). The weight percent of CNC within the
nanocomposites was 1, 1.4, and 4 (PLA/1ICNC, PBAT/1CNC, PLA/1.4CNC and PBAT/4CNC).
More detailed information on the neat nanocomposites preparation is presented in our previous
publication [22].

CNC
- " PLA or PBAT
A 4 . | D &
= Sonication
¥ » '@
i i
1 2 Mixing 2h at 70 °C

3 PLA/CNC or PBAT/CNC |4 Pour on a Petri dish and
‘ drying in vacuum oven in
2steps

- & . Grind or chop to be ready
P — for melt mixing in the
Mixing 2h at 70 °C internal mixer

Figure 8.1 PLA/CNC and PBAT/CNC neat nanocomposites preparation method. The CNC
content in neat nanocomposites based on their initial localization are 1 wt%; initial localization in
both phases, 1.4 wt%; initial localization in the matrix phase and 4 wt%; initial localization in the

dispersed phase. Steps 1-5 are from the beginning to end of the process.
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The melt blending of neat polymers and their nanocomposites was done in an internal mixer using
a DDRV501 Brabender (C. W. Brabender Instruments Inc., South Hackensack, NJ, USA) to
prepare final blend nanocomposites of PLA/PBAT containing 1 wt% of CNCs. Prior to melt
mixing, all the components were dried overnight at 55 °C. Three mixing strategies were used based
on the initial localization of CNCs in PLA, PBAT, or both in the solution casting step. M1) granules
of the neat PBAT were added to PLA/1.4CNC nanocomposites, M2) granules of the neat PLAs
were added o PBAT/4CNC nanocomposites, and M3) PLA/ICNC and PBAT/1CNC were melt
mixed. The melt mixing was performed at 180 °C, 100 rpm for 7 min under a nitrogen atmosphere.
The schematic preparation method in the melt mixing step is presented in Figure 2. In this paper
based on the initial localization of CNCs, the terms (PLA-1CNC)/PBAT, PLA/(PBAT-1CNC), and
PLA/PBAT/1CNC stand for samples prepared from methods M1, M2, and M3, respectively. Also,
the neat PLA/PBAT blends and neat PLA from solution casting followed by internal melt mixing
were prepared for comparison (PLA/PBAT (+IMM) and PLA (+1IMM), respectively).

Before microscopic, rheological, thermal, and mechanical investigations, the samples were
compression molded into disc (thickness of 1.2 mm and a diameter of 25 mm), rectangle, and dog-
bone-shaped specimens using a hydraulic press in a nitrogen atmosphere. The compression
molding process lasted 10 minutes at 180 °C in a nitrogen atmosphere, with 4 minutes of heating
and 6 minutes of gradually rising pressure force from 1 to 3 tons. Microscopic analysis was also

performed using the rheological discs.

a b c
T '\:/\\ Ly _\,{\\
i ) oF L
i Nl i /
PBAT granules PLA/CNC PLA granules PBAT/CNC PLA/CNC PBAT/CNC

All single polymer matrix nanocomposites
prepared initially from solution casting

CNCs in matrix phase CNCs in dispersed phase CNCs in both phases
(PLA-1CNC)/PBAT; M1 PLA/(PBAT-1CNC); M2 PLA/PBAT/ICNC; M3

Figure 8.2 Schematics of the preparation method of PLA/PBAT blend nanocomposites
containing CNCs. a) M1; (PLA-1CNC)/PBAT): granules of the neat PBAT were added to
PLA/1.4CNC nanocomposites, b) M2; PLA/ (PBAT-1CNC): granules of the neat PLASs were
added to PBAT/4CNC nanocomposites, and ¢) M3; PLA/PBAT/LCNC: PLA/1CNC and

PBAT/1CNC nanocomposites were melted mixed.
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8.3.3 Characterization

8.3.3.1 Scanning Electron Microscope (SEM)

The neat blends (PLA/PBAT) and their blend nanocomposites (PLA/PBAT/CNC) were fractured
in liquid nitrogen to assess and compare their morphology before and after adding CNCs. The
samples were subsequently covered with a 15 nm thick chromium-coated layer. At a voltage of 5
kV, the morphology was studied using an SEM (JSM 7600F, JEOL, Akishima, Tokyo 196-8558,
JAPAN).

8.3.3.2 Atomic Force Microscopy (AFM)

An Ultracut FC microtome (Leica, Jung RM 2165, Concord, Ontario, Canada) with a liquid
nitrogen cryo-chamber and a glass knife was used to cut and microtome samples. Using tapping
mode on a Dimension ICON AFM (Bruker/Santa Barbara, CA, USA), AFM pictures were
collected in the air at ambient temperature without any extra preparation. Using etched silicon
cantilevers (ACTA from AppNano, Mountain View, California, USA) with a resonance frequency
of roughly 300 kHz, a spring constant of 42 N/m, and a tip radius of <10 nm, intermittent contact
imaging (also known as "tapping mode") was conducted at a scan rate of 0.8 Hz. All of the photos

were taken using a medium tip oscillation damping (20%—30%).

8.3.3.3 Rheological analysis

A stress/strain-controlled MCR 302 rheometer (Anton Paar, Graz, Austria) with a 25 mm parallel
plate flow geometry, and a 1 mm gap was used for the rheological analysis at 180 °C under nitrogen
atmosphere. Time-sweep studies at a frequency of 1 rad/s were carried out for 40 minutes to ensure
that the thermal stability of the samples was not compromised during the frequency sweep studies,
which ranged from 628 rad/s to 0.05 rad/s [22]. Furthermore, strain sweep experiments were
performed at a frequency of 1 rad/s on the neat polymers, polymer blend samples, and their
nanocomposites to identify the linear viscoelastic area [22]. The results of time and strain sweep
were presented in our previous publications [22]. The frequency sweep tests for polymer blends

were carried out at a strain of 0.1 %, that is in the linear viscoelastic range.
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8.3.3.4 Thermal analysis

Differential scanning calorimetry (DSC) was done on 5 mg material samples using a DSCQ1000
(TA Instruments, New Castle, DE, USA) in a nitrogen atmosphere. The blend nanocomposites
samples were heated at a constant rate of 10 °C/min from -50 to 200 °C, kept at 200 °C for 3
minutes, and then cooled at a constant rate of 5 °C/min to -50 °C. In the second run, the samples
were heated at a steady rate of 10 °C/min from -50 to 200 °C. For the neat PLA initial temperature
was started at 25 °C. The glass transition temperature (Tg), melt and cold crystallization
temperatures (T and Tec, respectively), and crystal melting temperature (Tm) were all thoroughly

investigated. The total crystallinity content was calculated using the following equations:

xheating _ 2im = Blec o 1) Equation 8.1
w X AHp,
xcooting — e _ o 109 Equation 8.2
WXAH,

where w, AH,,, AH.., AH,, , and AH, are the weight fraction of the polymeric matrix in the
nanocomposite, enthalpy of melting, enthalpy of cold crystallization, enthalpy of melting of 100%
crystalline polymer (93 J/g [46] and 114 J/g [47] for PLA and PBAT, respectively), and enthalpy

of crystallization in cooling run.

8.3.3.5 Mechanical analysis

The tensile properties of the samples at room temperature were investigated using an Instron 3365
following ASTM D638. Tensile specimens, dog bone-shaped type V with a thickness of 1.6 mm,
were stretched at room temperature at a crosshead speed of 5 mm/min using a 5 kN load cell. A
minimum of five specimens was tested for each sample. The tensile test was investigated without

using an extensometer.

The impact strength of notched Izod was determined using a Ray-Ran Universal Pendulum Impact
Tester following ASTM D256. Impact testing specimens were 63.5x12.7x3.0 mm? in size, and a

minimum of five specimens was tested.
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8.4 Result and discussion

8.4.1 Morphology

The thermodynamics equilibrium localization of CNCs in PLA/PBAT blend nanocomposites was
determined to be in the PBAT phase in our previous work [22]. This localization was determined
using surface energies of the components (PLA, PBAT, and CNCs) in the blend nanocomposites
and related interfacial tensions calculated from the harmonic and geometric mean equations as well
as using the Palierne model [22]. Figure 3 depicts SEM images of neat PLA/PBAT blends and their
blend nanocomposites. The addition of CNCs reduces the PBAT droplet size (volume average
radius, Ry) in aPLA/PBAT blend nanocomposites no matter the mixing strategy (Figure 3, first
row), but in the scPLA/PBAT blend nanocomposites (Figure 3, second row), the PBAT droplet,
Ry, decreases in the M2, while in the M1 and M3 it results in elongated PBAT droplets with a
tendency for the scPLA matrix to convert the emulsion-type morphology to a co-continuous
structure (more visible for M1). These morphological changes in M1 and M3 are discussed in the
next paragraph and presented clearly in Figure 5. More information about the volume average

diameter determination of PBAT droplets is given in our previous work [22].

M1: (a PLA-lCNC)/PBA 7 M2 aPLA/{PBAT-1CNC) ,IV|I3: aPLA/PBAT/1CNC

Figure 8.3 SEM images of neat PLA/PBAT blends and their blend nanocomposites. M1, M2, and
M3 represent the blend nanocomposites for which CNCs are initially localized in the PLA,

PBAT, or both phases, respectively, in the solution casting step. The scale bars are 30 um.
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Changing the mixing strategy can result in varied localizations of CNCs. To assess the localization
of the CNCs, AFM analysis (Figure 4) at higher magnifications was done on the aPLA/PBAT/CNC
(Figures 4a & b) and scPLA/PBAT/CNC (Figures 4c & d) blend nanocomposites prepared through
M1 (Figures 4a & c¢) and M3 (Figure 4b & d). The CNCs appear as white spots or rods as indicated
by arrows in these images [28,48]. The white spots correspond to the transverse sections of CNC
particles. Mixing strategy M2 favors the localization of CNCs in the PBAT. When CNCs were
initially dispersed in PLA (M1) or both phases (M3), they have a tendency to localize at the
PLA/PBAT interface (Figure 4), which was shown in our previous work to be an advantage for
droplet coalescence barrier and blend morphological stabilization [22]. In fact, in M1 and M3,
CNCs initially localized in the matrix (PLA) phase migrate partly to the interface of PLA/PBAT
blends and some to the PBAT phase. The interfacial localization in aPLA/PBAT/CNC results in a
size decrease of droplets of PBAT dispersed phase. The decrease in the dispersed phase size caused
by nanoparticle interfacial localization has previously been reported in the literature and is
attributed to a decrease in coalescence due to the solid shell of nanoparticles surrounding the
dispersed phase [5,7,24]. On the other hand, Figure 5 shows the dispersed droplet-type morphology
in SCPLA/PBAT/CNC prepared through M1 (Figure 5, first row) and M3 (Figure 5, second row)
that appears to be converted to a co-continuous morphology as a result of interfacial localization
of CNCs in the scPLA/PBAT/CNC (Figures 4c & d), which could have a significant impact on the
final mechanical properties of the blend nanocomposites. Selective extraction of each phase is
widely used to determine the degree of phase continuity in a polymer mixture [49]. Due to the close
solubility properties of the scPLA and PBAT polymers, this approach is not applicable in
SsCPLA/PBAT blend. The most useful tool for the blend nanocomposites of sScPLA/PBAT/CNC

could be rheological analysis presented later in Figure 6 and with related discussion.

When CNCs are introduced to the blend nanocomposites through the PBAT phase (M2), they
remain in the PBAT droplets, and the results are of less interest. As a result, throughout the rest of
this article, M1 ((PLA-1CNC)/PBAT) and M3 (PLA/PBAT/1CNC)) will be used as the primary
mixing approach to localize CNCs at the PLA/PBAT interface and related rheological, thermal,

and mechanical properties will be discussed only for these mixing strategies.
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Figure 8.4 Localizations of CNCs at the interface of PLA/PBAT (75/25 wt%) blend
nanocomposites: AFM images of blend with 1 wt% of CNCs prepared using M1 (a and c; (PLA-
1CNC)/PBAT) and M3 (b and d; PLA/PBAT/1CNC).

M1: (SCPLA lCNC)/PBAT M1: (scPLA-1 CNC /PBAT
"‘ e, \ AN

PBAT

M3: scPLA/PBAT/1CNC

N

PBAT

Figure 8.5 SEM images for two magnifications of sScPLA/PBAT/CNC prepared from M1 and
M3.
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8.4.2 Rheological properties

Previous research [50-52] has shown that the rheological properties of PLA/PBAT blends can
provide useful information on the morphology of the system. Figure 6 depicts the influence of CNC
interfacial localization (M1 and M3) on the rheological parameters (complex viscosity (a & d),
storage modulus (b & e), and Cole-Cole plots (¢ & f)) of a PLA/PBAT (75/25 wt%) blend
nanocomposites containing CNCs. When CNCs were added to aPLA or scPLA during the solution
casting step (M1), the complex viscosity at low frequencies of sScPLA/PBAT/CNC nanocomposites
increase sharply, but the corresponding increase for aPLA/PBAT/CNC is only slight (Figures 6a
& d). At low frequencies, considerable slope reductions in the storage modulus are also found
(Figures 6b & e), primarily for scPLA/PBAT/CNC (Figure 6b). What is more, while Figures 6a &
b show identical rheological behavior for scPLA/PBAT/CNC prepared by M1 and M3, slightly
higher values of the complex viscosity (Figure 6d) and the storage modulus (Figure 6e) in
aPLA/PBAT/CNC observed for M1 could be due to the existence of finer morphology compared
to M3 (volume average diameter of 1.6 and 2 um for M1 and M3, respectively, reported in our
previous publication [22]). These results are in accordance with the SEM analysis presented in
Figures 3 and 5. The presence of a shoulder in G “and an arc on the right side of the Cole-Cole plots
of the neat blend (Figure 6, squares) is an indication of the dispersed phase relaxation and the
existence of a matrix-droplet morphology in the sample [53]. Both the shoulder in G ’(more obvious
for scPLA/PBAT/CNC) and the droplet relaxation arc in the Cole-Cole plots disappear following
the interfacial localization of 1 wt% CNCs (Figures 6b, c, e, & f). According to Figure 3 for
aPLA/PBAT/CNC (M1 and M3) this interfacial localization does not change the matrix-droplet
morphologies. So, disappearance of the second arc of Cole-Cole plots and shoulder in storage
modulus of aPLA/PBAT/CNC (M1 and M3, Figures 6e & f) is an indication that the time of
relaxation of the PBAT dispersion phase is greatly reduced. This behavior as a result of interfacial
localization of nanoparticles in polymer blends has been reported in the literature [5,54,55]. On the
other hand, Figure 5 shows that for scPLA/PBAT/CNC blend nanocomposites, the interfacial
localization of 1 wt% CNCs change the matrix-droplet morphology to a continuous structure of
PBAT in scPLA matrix. Due to the localization of CNC combined with the continuous structure of
PBAT, both the shoulder in the storage modulus and relaxation arc in the Cole-Cole plot of
SCPLA/PBAT/CNC disappears (Figure 6b &c). This is due to the fact that CNCs obstruct the

relaxation and mobility of polymer chains near the interface [55]. In addition, the low frequency
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data show a plateau in the storage modulus and a considerable upturn in complex viscosity,
indicating a transition to gel-like behavior (Figure 6a & b). Similar behavior has been reported by
Jalali Dil et al. [5] when 3 wt% of nano silica were localized at the interface of PLA/PBAT blend
(70/30 wt%). This behavior is remarkably similar to that reported for bicontinuous interfacial
jammed emulsions (Bijels) [56,57]. The creation of a 2D network of solid particles at the interface
of the co-continuous emulsion is responsible for the gel-like behavior. Therefore, the flow and
deformation of the system is limited by this 2D network of CNCs at the interface and cause a gel-
like behavior. These observations confirm a shift from matrix-droplet morphology to a co-

continuous one observed in Figure 5 by interfacial localization of CNCs in scPLA/PBAT/CNC.
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Figure 8.6 The effect of interfacial localization of CNC on (a and d) complex viscosity (b and e)
storage modulus, and (c and f) Cole-Cole plots of PLA/PBAT (75/25 wt%) blend

nanocomposites.

8.4.3 Differential scanning calorimetry (DSC)

Figures 7a & b show the DSC thermograms of the neat polymers (aPLA (+IMM), scPLA (+IMM),
and PBAT (+IMM)). The glass transition temperatures (Tg) of SCPLA (+IMM), aPLA (+IMM), and
PBAT (+IMM) are 57, 53, -36 °C, respectively, from the cooling cycles, and the crystal melting
temperature (Tm) of scPLA (+IMM) and PBAT (+IMM) appear to be at 168 and 128 °C,

respectively, from the second heating cycle (Table 1 or Figure 7a & b). Because the presence of
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crystalline regions in scPLA (+IMM) hinders the molecular mobility of the amorphous part, a
higher T is observed when compared to aPLA (+IMM). scPLA (+IMM) shows around 14 and 38

% for the degree of crystallinity in the cooling cycle (X5°°"™9) and second heating cycle (X/'2)
thermograms (Table 1 and Figure 7a & b). The crystallization behavior of the neat PLA/PBAT
(+IMM) blends and their blend nanocomposites (PLA/PBAT/CNC; M1 and M3) were also
investigated using DSC and the results of the cooling and second heating cycles are presented in
Figures 7c-f and Table 1. Because of the varied cooling profiles applied to the samples during
processing, the first heating thermograms do not provide accurate information in all of the samples
and are not presented here. By the addition of CNCs, the T4 of scPLA does not change through the
cooling and second heating cycles for SCPLA/PBAT (+IMM) blends (Table 1). Interestingly, the
Tgof aPLA in the neat aPLA/PBAT (+IMM) and its blend nanocomposites increase by about 6 °C
from the cooling cycle to the second heating cycle (Table 1) [58]. This could be because the effect
of remaining solvent in the melting process is more influential in aPLA/PBAT/CNC compared to
SCPLA/PBAT/CNC. Therefore, the aPLA/PBAT chains has more free volume in the presence of
more residual solvent and exhibits a lower Ty for aPLA in the cooling cycle. Also, Similar to ScCPLA,
the calculated Ty of PBAT (+IMM) (Figure 7a & b; -36 °C) does not change in neat PLA/PBAT

blends and their blend nanocomposites (Figure 7c-f).
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Figure 8.7 DSC thermograms of first cooling (a, ¢, and ), and second heating (b, d, and f)
sequences for a & b) scPLA (+IMM), aPLA (+IMM), and PBAT (+IMM), and c-f) neat
PLA/PBAT (+IMM) blends and their blend nanocomposites prepared from M1 ((PLA-
1CNC)/PBAT) and M3 (PLA/PBAT/1CNC)).
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Table 1 shows that the melt crystallization temperature (Tc) of SSCPLA/PBAT (+IMM) decreases to
94 °C compared to 96 °C for scPLA (+IMM). Although this decrease is not significant and could
be within experimental errors, more importantly, the crystallinity of scPLA (+IMM) in the cooling
cycle (x°°'"9) decreases from 14 % to 9 % for scPLA/PBAT (+IMM) (similar decreasing effect in

the second heating cycle (sz)) (Table 1). Hence, these reductions can be attributed to the effect
of PBAT droplets as chain mobility restriction. Similar observation have been reported by Al-Itry
et al. [59] for PLA/PBAT blends.

To discuss on the effect of CNC on the crystallization of scPLA, it must be noticed here that scPLA
and PBAT crystallized at 75 and 96 °C (Figure 7a). Also, it was proven elsewhere that [59] PBAT
decreases the crystallinity and the melt crystalline temperature of PLA [59] and CNC has a
tendency to restrict the mobility of PBAT chains and the crystallinity of PBAT in the presence of
CNC was decreased [60]. Although cold crystallization temperature (Tcc) does not change for
SCPLA/PBAT/CNC, the melt crystallization temperature (T¢) increases modestly from 94 °C in
neat sSCPLA/PBAT (+IMM) to around 100 °C for both (scPLA-1CNC)/PBAT; M1, and
SCPLA/PBAT/1CNC; M3. This shows that CNCs in scPLA/PBAT/CNC act as nucleating agents
that accelerate the crystallization of the scPLA in the blend nanocomposite. Moreover, the effect
of CNCs as a nucleating agent is obvious in the crystallinity of scPLA in the cooling cycle (x£°°""9).
The x£°°"™9 increases from 9% in neat sScPLA/PBAT (+IMM) to 18% (100 % increase) in both
(SCPLA-1CNC)/PBAT (M31) and scPLA/PBAT/1CNC) (Ms) (similar increasing effect in the
second heating cycle (sz)) (Table 1). What is more, although crystallization of scPLA and PBAT
are at different temperatures (96 and 75 °C, respectively; Figure 7a), Figures 7¢ & d show scPLA
and PBAT crystallized at identical temperatures in the blend nanocomposites, suggesting that the
PLA slow crystallization could be promoted by droplets of PBAT in addition to the presence of
CNCs as nucleating agents. In other words, scPLA and PBAT crystallized simultaneously,
allowing them to enhance each other crystallization and interfacial contacts between matrix and
dispersed-phase molecules in a synergistic manner. Therefore, degree of crystallinity obtained for
ScPLA in Table 1 is affected by possible crystals of PBAT. Finally, the melting temperature of
SCPLA/PBAT (+IMM) blend nanocomposites are not affected by the addition of CNCs and are
around 168 °C (Table 1).
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Regarding the DSC of blends based on aPLA, and as mentioned in other articles, CNC do not play
any nucleating role for this aPLA [61]. Moreover, PBAT hinders the mobility of PLA chains [59].
Hence, the exothermic peak that are seen in Figure 7e is due to the crystallization of PBAT. The
crystallization temperature of PBAT was increased from 81°C for the blend to 100°C for both
(aPLA-1CNC)/PBAT; M1, and aPLA/PBAT/1ICNC; M3 (Figures 7f & g). Moreover, the
calculated degree of crystallinity in PBAT increases from 4% in the neat aPLA/PBAT (+IMM) to
around 12% in (aPLA-1CNC)/PBAT; M1, and aPLA/PBAT/1CNC; M3. Also, the melting
temperature of around 130 °C in Figure 7f is the PBAT melting temperature in the blends of
aPLA/PBAT (+IMM) and their nanocomposites (not affected by the addition of CNCs).

Table 8.1 DSC results for cooling and second heating sequences of neat PLA (+IMM), neat
PLA/PBAT (+IMM), and PLA/PBAT blend nanocomposites prepared through M1 and M3.

Glass  transition = Melt Cold Crystal Degree of
S ampl es temperatures (°C) Crystallization | crystallization = melting crystallinity
temperatures  temperatures  temperatures | (X%)
_ (°C) %) (°C) _
Tgcoolmg Tghz Tc TCC TT};Z choolmg lez
SCPLA (+IMM) 57 59 96 95 168 14 38
SCPLA/PBAT (+IMM) 57 58 94 95 169 9 18
(scPLA-1CNC)/PBAT; M1 57 59 100 96 168 18 25
aPLA/PBAT/1CNC; M3 57 59 99 96 169 18 24
aPLA (+IMM) 53 58
aPLA/PBAT (+IMM) 50 57
(aPLA-1CNC)/PBAT; M1 52 57
aPLA/PBAT/1CNC; M3 53 58
T;wl”‘g - glass transition temperature of the cooling cycle; Tghzz glass transition temperature of the second heating

cycle; T.: melt crystallization temperature of the cooling cycle; T _: cold crystallization temperature of the second
heating cycle; T.2: crystal meting temperature of the second heating cycle; XS°°“™9: degree of crystallinity of the
cooling cycle; XChZ: degree of crystallinity of the second heating cycle.

8.4.4 Mechanical properties

Figure 8 reports the mechanical properties of as-received granules of PLA, PLA processed from
solution casting followed by melt mixing (PLA (+IMM)), neat PLA/PBAT (+IMM) blends, and
PLA/PBAT blend nanocomposites prepared from mixing strategies of M1 ((PLA-1CNC)/PBAT)
and M3 (PLA/PBAT/1CNC). In both amorphous and semi-crystalline PLAS, a brittle behavior is
obvious from Figure 8 (high Young’s modulus and low elongation at break) and the corresponding
results are reported in Table 2. As expected, adding PBAT with high elongation at break (~ 700
%) changes the mechanical behavior of PLA from brittle to ductile in the PLA/PBAT (+IMM)
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blends. It has been reported in the literature that increasing the content of PBAT has an increasing
effect on elongation at break and impact strength of PLA, but decreases the yield strength and
modulus [5,62]. Adding 25 wt% PBAT increases the elongation at break from 3 to 95 % in
SCPLA/PBAT (+IMM) and from 3 to 50 % in aPLA/PBAT (+IMM), respectively, compared to
PLA (+IMM). The larger elongation at break for the scPLA/BPAT blend is linked also to the much
lower yield strength after adding PBAT to scPLA (that goes from 70 to 43 MPa) compared to aPLA
(that goes from 50 to 45 MPa). It means that in the case of scPLA the stress is transferred more
easily to the PBAT than in the case of aPLA and this could be due to the better chemical affinity
between scPLA and PBAT compared to that between aPLA and PBAT. As briefly discussed in the
Supplementary Information of our previous publication [22], we expect scPLA with a low
molecular weight and higher crystallinity compared to aPLA to have larger Hansen solubility
parameters [63] and a smaller relative energy difference (RED) between scPLA and PBAT.
However, the Young modulus and yield strength decrease from 2740 to 1825 MPa and from 70 to
43 MPa in scPLA/PBAT (+IMM) and from 1982 to 1535 MPa and 50 to 45 MPa in aPLA/PBAT
(+IMM), respectively, compared to the neat PLAs (+1IMM). What is more, the impact strength rises
from 20 to 35 J/m in scPLA/PBAT (+IMM) and from 26 to 47 J/m in aPLA/PBAT (+IMM)
compared to the neat PLAs (+IMM). As mentioned in the introduction, localization of
nanoparticles at the interface can improve the adhesion between phases and, hence, enhance the
elongation at break and impact strength of the blend nanocomposites, making a balance between
toughness and stiffness. In the morphology and rheology sections, it is shown that mixing strategies
1 and 3 (M1; (PLA-1CNC)/PBAT and M3; (PLA/PBAT/1CNC)) lead to localization of CNCs at
the interface of PLA and PBAT phases and this localization is more effective in the semicrystalline
SCPLA/PBAT/CNC, which exhibits a solid-like behavior in rheology (Figures 6a &b). The
interfacial localization of 1 wt% CNCs in the scPLA/PBAT blend nanocomposites increases the
elongation at break and impact strength by 52 and 171 % for M1 and 57 and 140 % for M3
compared to the neat scPLA/PBAT (+IMM). A possible phenomenon for the significant
improvement in elongation at break and impact properties in SCPLA/PBAT (+IMM) blend can be
attributed to the tendency of the matrix-droplet morphology in sScPLA/PBAT (+IMM) blend to be
converted into a co-continuous one in the presence of 1 wt% of CNCs in both M1 and M3 (Figure
5 and 6a, b, & c). This improvement is less effective in the aPLA/PBAT blend nanocomposites

with elongation at break and impact strength increasing, respectively, by only 10 % and 23% for
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M1 and 6% and 7% for M3 compared to the neat aPLA/PBAT (+IMM). In our previous
publications [22,58], it was shown that the effect of traces of solvent after solution casting and
drying and even after melt mixing was preventing achieving high performance in the neat polymers
and blends. This effect of traces of solvent is more severe in aPLA compared to scPLA and PBAT
with lower molecular weight and crystalline structure, which helped in expulsing the solvent out
of the samples during the drying process [22,58]. Also, in our previous publication [22], we have
shown via the Hansen solubility parameter theory (HSP) that CNCs have a better affinity with
DMF (relative energy difference (RED) equal or less than 1) compared to PLA and PBAT (RED
more than 1). Therefore, in aPLA/PBAT/CNC that contains more residual solvent, the interactions
between CNCs and solvent could be more pronounced compared to the CNC role in promoting
interfacial adhesion between aPLA and PBAT. What is more, the addition of PBAT causes a
reduction in the Young modulus of both scPLA/PBAT (+IMM) and aPLA/PBAT (+IMM) blends.
On the other hand, while the reduction in the Young modulus by adding PBAT to the scPLA
(+IMM) is largely recovered by the addition of 1 wt% CNCs, but the Young modulus in
aPLA/PBAT/CNC (both M1 and M3) remains at the same level compared to the neat aPLA/PBAT
(+IMM) blend. Again, it could be attributed to the presence of more residual solvent in
aPLA/PBAT/CNC and also to the difference in molecular weight of scPLA and aPLA.

scPLA and scPLA/PBAT blend nanocompositesi aPLA and aPLA/PBAT blend nanocomposites

Figure 8.8 Young’s modulus, yield strength, elongation at break, and impact strength of granules
of PLA, neat PLA (+IMM), neat PLA/PBAT (+IMM) blends, and PLA/PBAT/CNC blend
nanocomposites prepared through M1 ((PLA-1CNC)/PBAT) and M3 (PLA/PBAT/1CNC). “gr”

in the x-axis stands for neat polymers prepared from granules.
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Table 8.2 Mechanical properties of granules of PLA, neat PLA (+IMM), neat PLA/PBAT
(+IMM), and PLA/PBAT blend nanocomposites prepared through M1 and M3.

Sample Young’s Yield Elongation at break | Impact strength
modulus strength | (%) @mh
(MPa) (MPa)
SCPLA granules 2748 + 84 764 3.1+ 0.3 21+ 2
SCPLA (+IMM) 2740 + 97 7017 3.0+0.3 21+4
SCPLA/PBAT (+IMM) 1825+ 101 | 437 95+9 3H5+5
(scPLA-1CNC)/PBAT; M1 | 2430 £ 121 402 145+ 12 95+8
SCPLA/PBAT/ICNC; M3 | 2562 +146 |40+3 150 £13 84+9
aPLA granules 2010+£100 |58+1 52120 27+1
aPLA (+IMM) 1082 +110 |50+4 3.3+0.6 27 %1
aPLA/PBAT (+IMM) 1535 + 83 45+1 50.0+3.0 47 +£2
(aPLA-1CNC)/PBAT; M1 | 1530+ 31 37+1 55.0+24 58+ 6
aPLA/PBAT/1CNC; M3 1609 + 76 32+9 53.0+4.7 50+ 7

8.5 Conclusion

The influence of interfacial localization of 1 wt% CNCs on the morphology, rheology, thermal,
and mechanical properties of scPLA/PBAT and aPLA/PBAT (75wt%/25wt%) blends was
investigated. The blend nanocomposites were prepared through solution casting followed by melt
mixing using an internal mixer. In the solution casting the CNCs were initially localized in the
dispersed phase, matrix, or both phases to prepare neat nanocomposites, and their localization in
the blends was studied after melt mixing using SEM and AFM. The initial localization of CNCs in
the matrix or both phases resulted in CNCs being mostly localized at the interface after melt
mixing. Rheological analysis and especially Cole-Cole plots indicated that for both M1 and M3
morphologies, the PBAT droplet relaxation was delayed. The slower relaxation of the PBAT
droplets was also obvious in the storage modulus of scPLA/PBAT/CNC by the presence of a
plateau at low frequencies, indicative of a transition from liquid- to solid-like behavior. It is worth
mentioning that the initial localization of CNCs in the matrix and dispersed phases, which
eventually led to its presence at the interface after melt mixing, converted the matrix-droplet
morphology to a co-continuous one in the case of SCPLA/PBAT/CNC. Due to this localization at
the interface and morphological transformation, considerable improvements in elongation at break
and impact properties of scPLA/PBAT were observed using only 1 wt % CNCs. These
improvements were less effective in the case of aPLA/PBAT/CNC as a result of more residual

solvent in that system and better affinity of CNCs with the solvent. Also, thermal analysis using
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DSC revealed the nucleation effect of CNCs and improvements of the crystallization temperature
and the degree of crystallinity of scPLA. The interfacial localization of nanoparticles is an effective
approach for stabilizing the morphological and improving mechanical characteristics of polymer
blends. Moreover, this localization could pave the way for the creation of stable co-continuous

structures for blends at low contents of the minor phase.
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CHAPTER 9 GENERAL DISCUSSION

How can we disperse a hydrophilic filler in hydrophobic polymer matrices? It is the main question
that we can answer from different perspectives. First, it is possible to use different compatibilizers
and see their effects on improving the dispersion of fillers in polymer matrices. Second,
functionalizing filler particles is another way to enhance interactions between the filler and polymer
matrices. Third, the reduction of the surface energy of the filler and polymers could lead to lower
filler agglomeration. All these methods are costly, time-consuming, and difficult to control.
However, we were investigating an appropriate method to disperse CNCs without any
modifications or use of compatibilizers. When CNCs are introduced into hydrophobic matrices,
they form agglomerates as large as a few tens of microns due to their high hydrophilicity and strong
inter-particle interactions. Therefore, a simple solution casting method with a polar solvent (i.e.
N,N- dimethylformamide (DMF) or dimethyl sulfoxide (DMSO)) could favor a good dispersion of
hydrophilic CNCs within hydrophobic matrices without the need of CNC modification or use of
any compatibilizer. The quality of the CNC dispersion and the interfacial tension between polymer
components and CNCs will determine how well these polymer nanocomposites and their blend
nanocomposites perform. As CNCs are strongly hydrophilic, their dispersion and distribution in
polymer matrices such as polypropylene (PP), polyethylene (PE), polystyrene (PS), polyethylene
terephthalate (PET), and biodegradable polymers including PLA and PBAT are a challenging issue.
So, in this study, we started our work by using a proper method that can help us to disperse
unmodified CNCs and dissolve polymers. In most previous works, researchers [96], [110], [112],
[123], [218], [276] used common solvents based on experience or trying different solvents to
choose the best one among them. So, we used a thermodynamics approach based on the Hansen
solubility parameter (HSP) theory in order to optimize the dispersion of the CNCs and the
dissolution of the polymers. This can be extended to all polymers, nanomaterials, and solvents to
select the proper solvents to achieve a desirable goal [62], [277]. Therefore, using this method of
selecting the best solvents for dispersion (dimethyl sulfoxide (DMSO)) and dissolution
(tetrahydrofuran (THF)) of CNCs and PLA or PBAT, respectively, we achieved strongly
interconnected networks of CNCs in the matrices of PLA and PBAT. It is worth mentioning that

in the HSP theory we used the polar sphere of CNC, and the solvents were selected based on that.
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So, using the non-polar sphere of CNC could introduce other solvents which can provide better
dispersion of CNCs. Although compared to N, N-dimethylformamide (DMF), DMSO is less toxic,
the problem with utilizing DMSO to disperse CNCs is that it has a high boiling temperature, around
190 °C, and its evaporation needs a longer time and higher temperatures. Therefore, it could lead
to the degradation of PLA or PBAT. Although using this method resulted in the best one in
dispersing CNCs, traces of remaining solvents paused an obstacle of using the melt blending mostly
due to severe re-agglomeration of CNCs which leads to degradation of polymers in the presence
of remaining solvent. So, preparing neat nanocomposites from solution casting using DMF was

used as a solvent for both dispersing and dissolution of CNCs and polymers.

It is worth mentioning, to the best of our knowledge, only a few studies were conducted on
PLA/PBAT/CNC blend nanocomposites [218], [278] and none of them presented a comprehensive
investigation on the morphological, rheological, thermal, and mechanical properties. Although
direct melt mixing is a practical way of preparing polymer blend nanocomposites, agglomeration
of CNCs makes an obstacle to achieving highly dispersive CNCs in the blend nanocomposites.
Therefore, a solution casting followed by melt mixing was adopted in this work with localizing the
CNCs in each or both phases during the solution casting step, and the final localization was
investigated after melt mixing. What is more, the idea of preparing the blend nanocomposites
directly from solution casting and melt blending after drying was tried in this work. However, it
was not possible to control the localization of CNCs during the solution casting step and the result
was less interesting compared to the reported results in this work. As we used a solution casting
step, the problem of remaining solvent still existed. Through different localizations, we could
obtain a finer morphology in the blend nanocomposites and each mixing strategy resulted in
different localization of CNCs in the blend nanocomposites. Interfacial localization of CNCs was

achieved in this work.

Although the stabilization of the morphology and rheological properties should be presented in
every work conducted in polymer blend nanocomposites, previous studies conducted in polymer
blends using CNCs did not pay attention to this issue [110], [112], [218]. The coalescence during
processing (i.e., under shear flow) could be minimized by controlling the CNCs localization in the
PLA/PBAT blends. As a result, it acts as a morphological stabilizer as well as a droplet coalescence
barrier. This is accomplished while the localized CNCs help in enhancing rheological and
mechanical properties.
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CHAPTER 10 CONCLUSIONS, ORIGINAL CONTRIBUTIONS AND
RECOMMENDATIONS

10.1 Conclusions

In this Ph.D. work, performance characteristics of semicrystalline (sc) and amorphous (a) PLAS
from the morphological, rheological, thermal, and mechanical points of view were improved
through blending with PBAT and incorporation of unmodified CNCs. All the samples were
prepared through the combination of solution casting and melt mixing.

A novel solution casting method was developed based on the two solvents (one to disperse CNCs
and the other to dissolute polymers) according to the thermodynamics analysis using the Hansen
solubility parameter (HSP) theory. DMSO and THF were selected as the best solvents for the
dispersion and dissolution of CNCs and polymers, respectively. Microscopic (AFM) and
rheological (SAOS) analyses confirmed the effectiveness of this method compared to solution
casting using a single solvent, DMF. Although this novel method was resulted in highly disperse
CNCs in the matrix of PLAs and PBAT, the decreases by one or two orders of the complex viscosity
of solvent cast neat nanocomposites (SCPLA/CNC and aPLA/CNC, respectively) confirmed the
effect of remaining solvents in the samples, which also impeded the ultimate improvement of the
mechanical and thermal properties. These effects on the mechanical and thermal properties of neat
nanocomposites were further investigated and compared the results obtained with the one solvent
(DMF) method. Overall, we could improve the mechanical and thermal properties of PLAs and
PBAT without the need for compatibilization or modification of the CNCs. Also, in terms of
remaining solvents, the one solvent method was more effective than the two solvents one for
achieving improved mechanical and thermal properties, but a higher quality of the dispersion and

distribution of CNCs when using two solvents resulted in better rheological properties.

The effect of melt mixing on the morphological and rheological properties of solvent cast
PLAS/CNC was investigated. Rheological SAOS properties were shown to considerably decrease
due to the agglomeration of the CNCs. As there was no CNC surface treatment or compatibilizer,
the dispersed cellulose nanocrystals dramatically tended to re-agglomerate mostly due to the low
chemical affinity of CNCs with both polymers and possible desulfation of CNCs at higher

temperatures during the melting process.
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To achieve ultimate improvements in performance characteristics of PLAs, PBAT was blended
with PLAS to remedy the brittleness characteristics of PLAs and with the addition of CNCs. The
reduction of the elastic modulus as a result of the incorporation of PBAT was compensated by the
addition of CNCs, which made a balance between stiffness and toughness in the blend
nanocomposites of PLA/PBAT/CNC. Also, we studied the effect of localization of CNCs in
PLAS/PBAT blends through solution casting and melt mixing on the rheology, morphology,
mechanical, and thermal properties as well as on their morphological stability under shear flow.
We aim at obtaining properties comparable to commercial polyethylene terephthalate (PET) and
polypropylene (PP). Figure 10.1 displays the elastic modulus and elongation at break for some
conventional and biodegradable plastics. As can be seen, PET and PP have modulus of elasticity
of around 2800 and 1800 MPa, respectively, and elongation at break of around 200 and 580 %,
respectively [275].
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Figure 10.1 Modulus versus elongation at break for biodegradable and commodity polymers [275].
The rectangular box shows the experimental window for the results obtained in this work for the
elastic (Young) modulus and elongation at break of sScPLA/PBAT and aPLA/PBAT blends with
localized CNCs at the interface. The minimum and maximum width and length of the box
correspond to the values of sScPLA/PBAT/CNC and aPLA/PBAT/CNC, respectively (see Table
8.2).

When CNCs were dispersed in PLASs or both phases during the solution casting step, they tended
to be localized at the PLAS/PBAT interface. Interestingly, interfacial localization of CNCs in the
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SCPLA/PBAT/CNC blend nanocomposites converted the matrix-droplet morphology to a co-
continuous one. By this interfacial localization in sSCPLA/PBAT/CNC, we could obtain values up
to 2562 MPa and 150 % in the elastic (Young) modulus and elongation at break, respectively
(experimental window in Figure 10.1). These values are very close to the reported values for
conventional PET. However, in term of elongation at break we are still far from the value of 580
% for conventional PP. The improvements were less for aPLA/PBAT blend nanocomposites due
to the less effectiveness of CNC localization at the interface and lower interfacial adhesion between
aPLA and PBAT phases.

10.2 Original contributions

Several major scientific contributions of this work are listed below.
In the first part of this research study:

» We investigated the solvent casting (using a new protocol based on two solvents) of pristine
CNC reinforced nanocomposites of PLA (2 different grades; amorphous and
semicrystalline) and PBAT in order to produce fully biodegradable materials.
Thermodynamics analysis relying on the Hansen solubility parameter (HSP) theory
identified dimethyl sulfoxide/tetrahydrofuran (DMSO/THF) as an optimal solvent system
to incorporate CNCs into PLA and PBAT because it can both dissolve the PLA or PBAT
and distribute the CNCs. It led us to propose a methodology that relies on two solvents: one
to disperse the CNCs, and the other to dissolve the polymers.

» Microscopy and rheological analysis employed to investigate the effectiveness of this
approach and the results showed the effectiveness of solvent selection on the dispersion and
distribution of CNCs, which in turn contributes to the formation of 3D networks in the
aPLA, scPLA, and PBAT matrices and the presence of a 3D network was investigated by
the determination of the apparent yield stress by fitting a modified Herschel-Bulkely model
to the SAQS data.

» The percolation threshold concentration calculated using an empirical power-law model
fitted to the rheological data of the storage modulus as a function of CNC concentration

presented the lowest percolation threshold in all matrices compared to the literature data.
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» The effect of solvent traces on the rheological and morphological properties of aPLA,
scPLA, and PBAT showed that a small amount of solvents significantly decreased the
complex viscosity of sScPLA and aPLA. This was not observed in PBAT, and it is suggested
that the crystallization of PBAT at the drying temperature (70 °C) may have favored the
removal of solvent traces in PBAT.

» The effect of two solvents method is compared with one solvent method (using DMF for
dispersing and dissolving CNCs and polymers, respectively) to see the effect of small traces
of solvents left in the samples on mechanical and thermal properties of PLA/CNC and
PBAT/CNC nanocomposites. As a result of CNC network formation, the mechanical and
thermal properties of PLA and PBAT improved without the need for compatibilization or
modification of the CNCs. Also, in one solvent method, the mechanical properties
particularly elongation at break and impact properties improved compared to the two

solvents method.

» The modified Takayangi model predictions compared with the storage modulus data of the
nanocomposites and an acceptable agreement observed for both the glassy and rubbery
regions. Other classical models such as the modified Halpin-Tsai and Halpin-Kardos
models underpredict the experimental data for a well-dispersed system because they do not
consider the percolated network and are mainly based on the aspect ratio of the filler and

the storage moduli of the components.
In PLA/PBAT polymer blends containing 1 wt% CNCs:

» The localization of CNCs in PLA (amorphous and semicrystalline)/PBAT blends through
solution casting followed by melt mixing methods and its effect on the rheology and

morphology as well as on their morphological stability under shear were studied in detail.

» The effect of melt mixing investigated on rheology and morphological properties of highly
dispersed CNCs of solution cast PLA-based nanocomposites and the results showed a
significant re-agglomeration of the CNCs due to the possible desulfation of CNCs at higher
temperatures and the intrinsic poor affinity of CNCs (regarding HSP parameters) with the

polymer matrices.

» It was shown that the incorporation of CNCs in most cases decreased the PBAT droplet

size and created a finer morphology in the blend nanocomposites and initial localization of
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CNCs in the matrix (PLA) or both phases in the solution casting step, resulted in interfacial
localization of CNCs after melt mixing. On the other hand, when CNCs were introduced to
the blend nanocomposites through the PBAT phase, a matrix-droplet morphology was

obtained.

» The relationship between stress growth and coalescence was investigated and it showed
that the localization of CNCs at the interface minimized the coalescence during processing.
This suggests that the cellulose nanocrystals in the dispersed phase or at the interface
between the two polymers served as a droplet coalescence barrier during shearing.
Therefore, droplet morphology of PLA/PBAT blends were stabilized in the presence of
CNCs under shear flows.

» The influence of interfacial assembly of CNCs investigated on the thermal, and mechanical
properties of PLA/PBAT blends. Localization of CNCs at the interface converted the
matrix-droplet morphology to a co-continuous one in sSCPLA/PBAT blend nanocomposites.
An improvement observed in elongation at break and impact properties of SSPLA/PBAT
blend nanocomposites. These improvements were less effective in the case of aPLA/PBAT
blend nanocomposites. For the thermal properties, CNCs acted as a nucleation agent and

improved the crystallization temperature and degree of crystallinity of PLA and PBAT.

10.3 Recommendations

The following recommendations for future work are suggested based on the findings of this

dissertation:

» Optimize the drying process of samples prepared by solution casting to eliminate traces of

solvents like DMSO with a high boiling point.

» Extend the application of the protocol based on two solvents to other polymers to
investigate the effectiveness of the proposed method in this thesis.

» It would be interesting to modified CNCs using a solvent-free esterification method as a
green technology and incorporate that in the PLA/PBAT blend through melt processing.
The morphology, rheological and mechanical properties of modified CNCs

nanocomposites should then be compared to unmodified systems.
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The automotive and packaging industries could benefit from polymer-CNC
nanocomposites. As a result, polymer-CNC films and injection-molded products can be
made via film blowing and injection molding, respectively, and their physical and

mechanical qualities can be determined.

It would be interesting to investigate other nanoparticles with different geometry in the
blend of PLA/PBAT.

Studying the localization of CNCs in the blend of PLA/PBAT using a twin-screw extruder

would be interesting since it would reveal the effect of the processing method.

As the two solvent method is more effective than one solvent method for the dispersion and
distribution of CNCs, it would be interesting to prepare blends of PLA/PBAT containing
CNCs using the two solvent method and compare the outcome with the results of this thesis.
However, we would need to prepare the blend nanocomposite without a trace of solvent
like DMSO.

In this study, the matrix-droplet morphology was considered for the effect of CNCs
localization on morphological, rheological, mechanical, and thermal properties. It would be
interesting to use co-continuous morphology (50/50 wt% of PLA/PBAT blend) and
investigated the effect of CNCs localization on mentioned properties.

It would be interesting to investigate the migration mechanism of CNCs in the blends of
PLA/PBAT.

It would be interesting to investigate the extensional viscosity of PLA/CNC
nanocomposites, and PLA/PBAT/CNC blend nanocomposites to examine the potential of
PLA based nanocomposites to perform in industrial processes such as injection molding

and blow molding.
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