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Abstract:

Due to environmental concerns the development towards the bio-based
composite materials for different industrial applications is nowadays a frequent
research subject. Many studies are performed on the use of natural fibres in
composites as an alternative to conventional synthetic fillers, which are
traditionally used to reinforce thermoplastic matrices. This dissertation focuses
on the development of such composite materials using the bio-based and

biodegradable reinforcing agent- Cellulose nanocrystals (CNC).

Cellulose nanocrystals are rod like structured nanomaterials which can be
extracted from the plant biomass by acid hydrolysis. They carry negative
electric charges due to the surface sulphate groups and are endorsed for better
dispersion in aqueous medium. Recently, CNC has gained a lot of attention to
adopt their distinctive mechanical properties to polymer matrices in order to be
sustainable, ecologically friendly nanocomposites. In addition to their
mechanical and reinforcing properties, CNC are remarkable in optical and
surface properties. It enlarged the interest of the industries to produce

commercial grade CNC.

In the present study, commercial grade CNC procured from university of Maine
was used. In order to understand the size, surface morphological, thermal,
functional properties of CNC different techniques like atomic force microscopy,

zeta sizer, X-ray diffraction, FT-IR and thermogravimetric analysis were used.

15



However, the recent industrial-scale production of CNC justifies the use of
industrially scalable processes such as melt extrusion, to produce thermoplastic
polymer composites. It is a highly viable and solvent-free process but relatively
infrequent for the processing of polymer nanocomposites using CNC as the
reinforcing phase, mainly due to the irreversible agglomeration up on drying.
CNCs are classically prepared by a sulfuric acid hydrolysis treatment resulting
in the formation of surface sulfate groups that are well-known to lower the
thermal stability of the nanoparticles. These two factors limit the use of melt

processing for the preparation of CNC reinforced nanocomposites.

This thesis was introduced to overcome the above mentioned issues by using
simple and green process (aqueous methods) like surface modification and
physical adsorption. Initially surface modified CNC was used to reinforce PP.
In this study we profitably used these negatively charged sulphated groups, and
quaternary ammonium salt was ionically adsorbed on CNC by a simple aqueous
method. Fourier transform infrared spectroscopy, thermogravimetric analysis,
and X-ray diffraction were used to characterize adsorbed CNC, and changes in
polarity were investigated by contact angle measurements. Modified CNC was
extruded with polypropylene at 190°C, and the ensuing composites were
characterized in terms of mechanical (by dynamic mechanical analysis and
tensile tests), thermal (by DSC), and morphological (SEM) properties. The melt

rheology of PP-based nanocomposites was also reported.
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Physical adsorption of CNC using triblock copolymer was used to reinforce into
polyethylene. In this work, pluronic grade triblock copolymer was adsorbed on
the surface of CNC in order to improve the thermal stability and also its
dispersion from the dried state. The adsorbed cellulose nanocrystals (A-CNCs)
were characterized to check their thermal, functional and structural properties
by thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and atomic force microscopy (AFM).
Interestingly, improved thermal stability was observed and also the dispersion
of A-CNC in aqueous medium was much better than for unmodified CNC. The
aqueous A-CNC suspensions were characterized by small angle X-ray
scattering (SAXS) to evaluate the dispersion of the nanoparticles. The flow
properties of A-CNC dispersions were also analysed. Further, A-CNC was used
to prepare nanocomposites by melt extrusion using linear low density
polyethylene (LLDPE) as matrix. The thermo-mechanical and morphological
properties of the ensuing nanocomposites were characterized by dynamic
mechanical analysis (DMA), differential scanning calorimetry (DSC) and
scanning electron microscopy (SEM). The dispersion state of A-CNC within the

polymeric matrix was also characterized by SAXS.

In order to enhance thermal stability of CNC, they were modified with
laboratory prepared statistical copolymer, viz., poly [(styrene)-co-(2-ethylhexyl

acrylate)], by ionic interactions and these modified CNC were characterized to
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determine their thermal, functional and structural properties by means of
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and atomic force microscopy (AFM). The
hydrophobic nature was investigated by using contact angle. In order to get
good compatibility between CNC and polystyrene matrix, and with the
anticipation of high mechanical properties, the modified and adsorbed CNC
were incorporated into polystyrene by melt extrusion. The thermomechanical
performance of the ensuing composites was examined by means of differential
scanning calorimetry and dynamic mechanical analyser (DMA). The non-linear
mechanical properties and morphology were also studied using tensile test and

scanning electron microscopy (SEM).

It was observed that the polymer nanocomposites prepared by surface
modification and adsorption had a positive impact on the storage modulus,
tensile strength and Young’s modulus. Importantly, no evidence of micro
aggregates in the matrix was observed in the scanning electron microscopy
images contrary to non-treated CNC. Both the surface modification and

adsorption are water based methods that are industrially viable solutions.
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RESUME:

En raison des préoccupations environnementales le développement de
matériaux composites bio-sourcés pour diverses applications industrielles est un
sujet de recherche tres dynamique et en plein essor. De nombreuses études sont
en effet menées sur la capacité des fibres naturelles a représenter une alternative
possible aux fibres synthétiques traditionnellement utilisées comme renfort dans
les composites. Cette these porte sur le développement de matériaux composites
a matrice thermoplastique et a renfort biosourcé et biodégradable, en
privilégiant les nanocristaux de cellulose (CNC).

Les nanocristaux de cellulose sont des nanomatériaux structurés, en forme de
batonnets, qui peuvent étre extraits a partir de la biomasse végétale par
hydrolyse acide. Ils portent des charges électriques négatives en raison des
groupes sulfate de surface et sont donc facile a disperser en milieu aqueux. Du
fait de leurs propriétés mécaniques importantes, 1’é¢tude des CNC connait ces
derniéres années un regain d’intérét, visant a intégrer ces charges nanométriques
dans des matrices polymeres pour élaborer des nanocomposites biosourcés,
durables et ¢cologiques. Les propriétés mécaniques et la capacité de renfort ne
sont pas le seul atout des CNC qui présentent en plus des propriétés optiques
remarquables. De ce fait, 'intérét de I’industrie pour ces matériaux, dans des
domaines de plus en plus variés, est croissant, justifiant le développement d’une

production de CNC de qualit¢ commerciale a grande échelle.
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Dans cette étude, nous utiliserons des CNC commercialisés par 1'université¢ du
Maine. IIs seront caractérisés, en termes de morphologies, propriétés de surface,
thermiques, fonctionnelles par différentes techniques et notamment par
microscopie a force atomique, zetamétrie, diffraction des rayons X et analyse
thermogravimétrique.

Pour rester dans I’esprit de 1’¢laboration de nanocomposites biosourceés
compatibles avec un développement industriel, outre [’utilisation de CNC
commerciaux, le procédé d’élaboration du composite doit également étre viable
a I’échelle industrielle. L’extrusion, couramment utilisée pour la mise en forme
des thermoplastiques, et de plus ne nécessitant pas 1’utilisation de solvants en
contradiction avec 1’éco-compatibilité du processus, parait tout a fait indiquée
en ce sens. Ce procédé pose cependant un certain nombre de difficultés du fait
des spécificités des CNC. En effet, le traitement par hydrolyse acide pour la
préparation des CNC résulte en la formation de groupes sulfates a la surface
des nanocharges, qui du fait de leur faible stabilit¢ thermique, limitent
I’utilisation des CNC dans des procédés haute température. Par ailleurs, la phase
de séchage des suspensions cellulosiques, nécessaire avant leur incorporation a
chaud dans la matrice polymere, peut provoquer I’agglomération irréversible
des CNC, affectant de fait leur intérét en tant que charge de renfort. Ces deux
facteurs représentent donc un verrou, qu’il faut pouvoir lever, pour envisage une
mise en forme a 1’état fondu, par extrusion par exemple, pour la préparation de

composites thermoplastiques a renfort cellulosique.
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C’est I'un des objectifs de cette thése. Nous développerons pour cela des
procédés éco-compatibles, notamment en milieu aqueux, pour compatibiliser les
interactions CNC/polymere, en privilégiant notamment la modification ou
I’adsorption physique a la surface des CNC.

Nous avons dans un premier temps utilis¢é la modification de surface pour
¢laborer des nanocomposites a matrice polypropylene (PP). Pour cela, nous
avons mis a profit les groupes sulfates chargés négativement qui résultent de
I’hydrolyse acide en les faisant réagir, par adsorption ionique en milieu aqueux,
avec un sel d'ammonium quaternaire. La spectroscopie infrarouge par
transformée de Fourier (FT-IR), I’analyse thermogravimétrique (TGA) et la
diffraction des rayons X (XRD) ont permis de caractériser les CNC modifiés.
Les changements de polarité ont été étudi€s par des mesures d'angle de contact.
Un mélangeur bi-vis a été utilisé pour incorporer les CNC modifiés au PP a
190° C, et les composites ainsi ¢laborés ont été caractérisés en termes de
propriétés mécaniques, thermiques et morphologiques, par analyse mécanique
dynamique (DMA), par des essais de traction, par calorimétrie différentielle a
balayage (DSC) et par microscopie ¢€lectronique (SEM). Le comportement
rhéologique a 1'état fondu des nanocomposites PP/CNC a également été étudié.
Dans un second temps, nous avons test¢ la modification des CNC par
adsorption physique en utilisant un copolymeére tribloc, pluronic, la réaction
ayant lieu encore une fois en milieu aqueux. L’objectif est d’améliorer la

stabilit¢ thermique des CNC ainsi que leur capacité¢ de dispersion une fois
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séchés. Les CNC adsorbés (A-CNCs) ont été caractérisées par leurs propriétés
thermiques, fonctionnelles et structurelles par TGA, FT-IR, XRD et par
microscopie a force atomique (AFM). Les suspensions aqueuses de A-CNC ont
¢té caractéris€ées par diffusion de rayons X aux petits angles (SAXS) pour
¢valuer la qualité de la dispersion. Leurs propriétés en écoulement ont
¢galement ¢€té analysées par rhéométrie. De méme que pour les CNC modifiés,
les A-CNC ont ¢été incorporés dans une matrice polymere, un polyéthyléne
basse densité lin¢aire (LLDPE). Le nanocomposite obtenu par extrusion a chaud
a ¢té caractérisé par ses propriétés mécaniques, thermiques et morphologiques,
par DMA, DSC et SEM. L'é¢tat de dispersion des A-CNC dans la matrice
polymere a également €té caractérisé par SAXS.

Dans un troisiéme volet de ce travail, nous avons cherché a améliorer la stabilité
thermique des CNC. Nous avons développé pour cela, au laboratoire, un
copolymeére statistique : le poly [(styréne) -co- (acrylate de 2-éthylhexyle)]. La
modification des CNC a été obtenue selon voies interactions ioniques. Les CNC
modifiés ont été caractéris€s pour déterminer leurs propriétés thermiques,
structurales et fonctionnelles par TGA, FT-IR, XRD et AFM. Leur nature
hydrophobe a été étudiée par des mesures d'angles de contact. Les CNC
modifiés et adsorbés ont été incorporés dans un polystyréne (PS) par extrusion a
I'état fondu. La encore, les performances thermo-mécanique des composites
ainsi ¢€laborés ont été étudiees par DSC et par DMA. Leurs propriétés

mécaniques non linéaires sont analysées au moyen de test de traction et leurs
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morphologies observées par SEM. Les résultats montrent un impact positif sur
le module de conservation, la résistance a la traction et le module d’Young. Les
images de microscopie ne révelent en outre la présence d’aucun agrégat,
contrairement aux observations réalisées avec les CNC.

Il apparait en conclusion que, tant la modification que 1’adsorption en surface,
toutes deux réalisées en milieu aqueux, sont des solutions industriellement

viables, qui méritent d’étre développées a plus grande échelle.
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General introduction:

From the last four decades most of the industries replaced the petroleum derived polymers
with bio-based materials (1). Because the widely used plastic materials are based on fossil
raw materials and also in modern world their production is very high and these materials
eventually discarded once used. This leads to the growing landfills and creates environmental

issues (2).

Due to the limited fossil fuel resources and the impact of petroleum-based materials on the
environment, there is a large effort put by scientists and engineers nowadays to replace those
materials by bio-based alternatives. Bio-based polymers have the potential to reduce the
carbon dioxide released into the atmosphere and therefore hinder greenhouse effect and
global warming while alleviating the concern about recycling (2). Biodegradable plastics and
biocompatible composites generated from renewable biomass are considered promising
materials that could replace synthetic polymers and reduce global dependence on fossil fuel
sources.

In this context most of the researchers and industries are mainly focussed on cellulose based
composites in order to replace or decrease the influence of the plastic usage. In general
cellulose based composites are called biocomposites. These biocomposites are categorised as

follows for better understanding in figure-1.

The first generation of biocomposites was mainly developed on single concept like mixing of
wood fibre with plastics in equal proportion whereas mechanical performance was not major
concern. Second generation was started using all kinds of natural fibres from agricultural
biomass like flax, jute fibres and so on. Comparatively the natural fibre content was slightly
lesser than the 1% generation composites. The third generation biocomposites has attracted the

modern world. The plastic based materials were replaced by bioplastics which are generally
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prepared from renewable resources, as for example poly lactic acid (PLA), and production

was main concern.

Biocomposites Trends

15t generation Plastics + wood
2 generation Plastics + Natural fibre
3" generation Bio-Plastics + 0 Natural fibre

; Plastics,
4th generation A l +
Bio-plastics

Figure-1 biocomposites generations based on filler

Reinforcing bioplastics with natural fibre is increasing nowadays. The most recent trend is
fourth generation bio-composites. They are frequently based on cellulose nanofibers (CNF)
and cellulose nanocrystals (CNC). In this framework the filler content used in the preparation
of biocomposites is significantly less and the mechanical performance will be improved.From
last two decades the patent activity in the field of biocomposites is increasing as can be seen
in figure-2. The patent trends for nanocomposites mentioned in the graph are from first to
fourth generations. The statistics shows that the ultimate interest of the industries as well as

research institutes is in the field of nanocomposites.

Patent activity ou
* Data
incomplete for

2014 - 2015

| Patent years 2011 - 2015
BN 2011.2015 s
2006 - 2010
2001 - 2005
- 2000
AlavisT 2006 - 2010 x

2001 - 2005

- 2000

“leserseeaaEE s ERAEARARERGE

Figure-2 Patent activities from last two decades (source: VIT)
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In the present thesis only fourth generation composites were discussed, that means only
polymer composites related to cellulose nanocrystals. The definitive interest has come from
the ultimate mechanical properties of the rod like cellulose nanocrystals (CNC) or nano

crystalline cellulose (NCC).

CNC are the primary structural building blocks of the plant. They can be obtained by sulfuric
acid hydrolysis, in the form of aqueous colloidal suspensions stabilized by sulphate groups.
The acid degrades the amorphous regions of the cellulose fibres, leaving smaller rod-like
cellulose crystallites, with a cross section between 3 and 20 nm and a length of few hundred
nanometres depending on the source. The development of scalable technologies for the
isolation and application of cellulose nanocrystals has been actively pursued by various

groups, notably in USA, Canada, and Europe (3).

500

450
400
350
300

401
423
256

200 174

150 134

10 74 90
“aaadl

. om m N

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

publications

o O

Figure-3 Evolution of the number of research publications on cellulose nanocrystals during last ten
years (2006 — May-2016) according to Web of sciences (*= in complete)

Figure-3 shows the number of research articles published on CNC during last ten years and
results were obtained from Web of Sciences. Generally, gradient increase of number of
publications on cellulose nanocrystals can be found from 2006 to 2015, which induced the

sharp change from few articles in 2006 to more than 460 articles in 2015. During 2016 the
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results were incomplete as it is still going. Specifically, the continuous rise of number of
articles on the study of cellulose nanocrystals appeared since 2008. The vast interest on
CNC is due to their high elastic modulus (150 Gpa), high aspect ratio (10-70), high surface
area (150 m2/g) and crystallinity up to 95% (4-7). The number of patents reported on CNC
based research topics until 2015 was more interesting because of their studies in the field of
paper and composites (almost 68%). From figure-4, it is evident that the CNC based

composites are of much interest.

cosmetics

medical
4%

aerogels
3%

Figure-4 Number of patents reported on cellulose nanocrystals application in 2015.

Nanocomposites can be prepared by the reinforcement of CNC in polymers by different
processes and in particular solvent casting, thermopressing, melt spinning and extrusion. But
the most promising, green and most viable process is melt extrusion. In order to prepare CNC
based nanocomposites by melt extrusion there are however major challenges like irreversible
aggregation up on drying of CNC and low thermal stability due to sulphated groups endorsed
from sulfuric acid hydrolysis (8). This thesis work is mainly focussed to overcome the above
mentioned challenges by modifying the cellulose surface, using green process, based on

aqueous methods.
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This dissertation is the summarization of my research during last three years on this ageless
bio-nanomaterial and the structure of dissertation is shown in Figure 5. Chapter 1 is the
literature review or state of the art on cellulose nanocrystals. In this chapter, four areas of the
research on cellulose nanocrystals (preparation, properties, surface modification, and
composites) are introduced in detail through the analysis and comparison of selected

publications.

Chapter 1 Chapter 2

Extraction of CNC from

State of art . :
new agriculture biomass

Chapter 3 ot B Chapters

Surface modification
with statistical
copolymer

Surface modification of Physical adsorption
CNC of CNC

Conclusion

Figure-5 structural organization of the reported dissertation

Chapter 2 is a research work on the preparation of cellulose nanocrystals from alternative
sources like agriculture biomass and their reinforcement in latex was studied. Chapter 3 is
mainly focussed on surface modification of CNC by quaternary salt using water based
method and their melt processing with PP. Chapter 4 deals with physical adsorption of
triblock copolymers on surface of CNC and their reinforcement in polyethylene was reported.

Chapter 5 is about the surface modification of the CNC by using statistical copolymer and
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their melt extrusion with polystyrene was reported. The dissertation ends up with a brief

conclusion.
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1. Literature review

1.1 Cellulose

Cellulose is the most abundant material on the Earth, among polysaccharides. Cellulose
occurs in vivo in plant cell walls in the form of slender micro fibrils. Cellulose possesses
outstanding physical and mechanical properties such as high modulus, low density and high
surface area. In the last decade the interest on nanocellulose is increasing due to those

remarkable physical and mechanical properties.

1.1.1 Feed stocks

Cellulose can be derived from various sources such as: wood (hard and softwood), seed based
fibres like cotton, coir etc. Agricultural biomass is also a potential source like cotton, chili
and rice leftover (1), bast fibres (flax, hemp, jute, ramie etc.), grasses (bagasse, bamboo
etc.), marine animals (tunicate), algae, fungi, invertebrates and bacteria (2). Currently
wood is the major source for the production of cellulose (3, 4). Cellulose is the one of the
constituents present in the wood along with the hemicelluloses and lignin, comparatively less
to cellulose content. Wood species can be distinguished as hard-and softwoods based on their
anatomical features. Hardwood is more complex and heterogeneous in structure than
softwood (5). Generally, softwood fibres are 3- 4 times longer than hardwood (6). However,
it is known that hardwoods have more rigid structure than softwoods due to their high Runkel
ratio (cell wall thickness divided by lumen radius) (7). At the same time, non-wood that is
agriculture biomass (after harvesting crops) is of increasing interest as a source of cellulose
since it commonly comprises less lignin. According to OECD-FAO (Organization for
Economic Cooperation and Development and the Food and Agriculture Organization)
agriculture outlook, every year farmers are harvesting 35 million tonnes of natural fibres from

animals and plants (1). Subsequently, the isolation and purification of fibres are easier and
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less harmful for cellulose in terms of size and morphology (3). Moreover, the further
fibrillation of such cellulose is less energy-consuming especially for the preparation of

nanofibrillated cellulose (8).

1.1.2  Structure and chemistry

Cellulose is the most abundant natural biopolymer on earth that is renewable, biodegradable,
as well as non-toxic. It is a carbohydrate polymer made up of repeating units of D-
glucopyranose and consists of three hydroxyl groups per anhydroglucose unit (AGU) giving

the cellulose molecule a high degree of functionality.

Lignin

c*lm Hemicellulose

Cellulose

Figure-1 cellulose in plant cell wall and its basic structure [Source: C&EN]

The basic structure of cellulose is shown in Figure-1. The knowledge of the molecular

structure of cellulose is of prime importance as it explains the characteristic properties of
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cellulose, such as hydrophilicity, chirality, biodegradability and high functionality. As a
renewable material, cellulose and its derivatives have been widely studied, focusing on their
biological, chemical, as well as mechanical properties.

The materials based on cellulose and its derivatives have been used for more than 150 years
in a wide variety of applications, such as food, paper production, biomaterials,
pharmaceuticals and textile industry. More recently a strong interest increased regarding
cellulose at nanoscale. As shown in Figure-1, two types of nanocellulose can be considered
.d.e. cellulose nanocrystals (CNC) or micro fibrillated cellulose or nanofibrillated cellulose
(NFC).

1.2 Nanocellulose

The individual cellulose elements with either a diameter or length in nanometre range (<100
nm) is referred to nanocellulose. Depending on the production conditions, which influence
the dimensions, composition, and properties, the nanocellulose can be divided into three
main categories (9) as follows. 1) Cellulose nanocrystals (CNC) 2) Nanofibrillated cellulose
(NFC) or micro fibrillated cellulose (MFC) or cellulose nanofibrils (CNF) 3) Bacterial
nanocellulose (BNC). However, the terminology of cellulose nanomaterials has not been
standardized yet. CNC and NFC are produced by disintegration of cellulose fibres to the nano
sized material (see Figure 2). On the contrary, BNC is generated by a build up from low
molecular weight sugars by aerobic bacteria. Regardless of its type, the nanocellulose
exhibits hydrophilic character, relatively large specific surface area, broad potential of

surface chemical modification etc.
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Nanofibrillated cellulose Cellulose Nanocrystals

Figure-2 Schematic representation of nanofibrillated cellulose and cellulose nanocrystals
individualization from cellulose microfibrils

1.2.1 Cellulose nanocrystals

Cellulose nanocrystals, generally known as cellulose whiskers, were first produced by Ranby
(1949) using acid hydrolysis of cellulose fibres in aqueous suspensions. In this method, the
concentrated sulfuric acid (H2SO4) is commonly used, which degrades amorphous regions of
cellulose and leaves crystalline ones. By such a treatment, rod-like CNC with sulphate groups
at their surface are produced. Their morphology generally depends on the source of
cellulose. Typically, nanocrystals with diameters of 3—35 nm and length between 100 nm and
several micrometres depending on the biological origin were produced (10). The deep review

on CNC production is shown in section 1.3.

1.2.2 Nanofibrillated cellulose

NFC as a new cellulosic material was introduced by Turbak et al. (11, 12) who produced
cellulose with the lateral dimensions in nanometre range by passing softwood pulp aqueous
suspension through a high-pressure homogenizer. During such treatment, strongly entangled
networks of nanofibrils, having both crystalline and amorphous domains, are produced due to
high shearing forces. They possess high aspect ratio and gel-like behaviour in water with

pseudo plastic and thixotropic properties (9). Depending on the processing conditions,
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cellulose fibres can be disintegrated to NFC with the lateral dimensions from ~3 nm,
representing elementary fibrils, to tens of nanometres, which corresponds to microfibrils.

Typically, NFC has a diameter of 5—50 nm and a length of few micrometres (13, 14).

1.2.3 Bacterial nanocellulose

Bacterial nanocellulose (BNC) is high-purity cellulose generated by Gluconacetobacter
bacterial strains in aqueous culture media containing sugar source. The time of such process
ranges from days up to two weeks (15). BNC has the same chemical composition as plant
cellulose; however, it is free of functional groups other than hydroxyl, e.g., carboxyl or
carbonyl, which are usually introduced to wood or plant-derived cellulose during the
purification process. BNC is also free from the other polymers, e.g., lignin, hemicelluloses or
pectin. BNC is assembled into hierarchical structures of nanofibrils with a width of 10 nm
and a length of more than 2 um (16). It has a degree of polymerisation (DP) in the range of

3000-9000 and a crystallinity index of 80—90 %.

1.3 Cellulose nanocrystals

Cellulose Nanocrystals (CNC) are obtained by sulfuric acid hydrolysis, which form
aqueous colloidal suspensions stabilized by sulphate groups. The acid degrades the
amorphous regions of microfibrils, leaving smaller rod-like cellulose crystallites, with a cross

section between 3 and 20 nm and a length of few hundred of nanometres.

1.3.1 Laboratory scale production

Every research start at a laboratory table and in the same manner, the extraction of cellulose
nanocrystals has started journey almost seven decades ago. That method is acid hydrolysis of
cellulose fibres by sulfuric acid which yield rod like nanoparticles. This process is widely
used, it is the most established laboratory process and it has been applied to a wide variety of

raw materials. It is interesting to note that many attempts with diverse hydrolysing agents
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were made to produce cellulose nanocrystals with different surface groups as shown in Figure
3. As shown in the scheme-1 (see figure-3) sulfuric acid is used as the hydrolysing agent, the
non-crystalline regions of cellulose fibres being preferentially hydrolysed, whether the highly
resistant crystalline regions remain intact. It is worth to note that during the hydrolysis,
sulfuric acid can react with hydroxyl groups of cellulose, which yields charged sulphate
esters on the surface of nanocrystals and promotes the dispersion of nanoparticles in
water (17). The low toxicity oxidation was also reported with ammonium persulfate
[(NH4)2S,0g] (scheme 2) which yields the isolation of carboxylate cellulose nanocrystals
(18). The combination of (2, 2, 6, 6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) and sodium
hypochlorite, surface hydroxyl groups of cellulose nanocrystals can be selectively
transformed into carboxyl groups (scheme-3), which may be useful for subsequent surface
modification (19). Hydrolysis with hydrochloric acid preserves the hydroxyl groups (scheme
4) of native cellulose but leads to less stable aqueous suspensions (20). Moreover, an acid
mixture composed of hydrochloric and an organic acid (acetic acid) can be used to hydrolyse
cellulose fibres inducing the hydrolysis and modification in one single-step process, (21)
which offers the hydrophobic acetyl groups (scheme 5) on the surface of cellulose
nanocrystals. Recently, some novel systems have been developed for the isolation of
cellulose nanocrystals, such as enzymatic hydrolysis (22), ionic liquid hydrolysis (23) and
gaseous acid hydrolysis (24). However, most of the researchers extensively use sulfuric acid
hydrolysis for the preparation of CNC. Because the rest of the methods are not so easy to
scale up and also the toxicity and recovery of the chemicals are difficult. Importantly the
yield is comparatively less than that of the sulfuric acid hydrolysis. Hence in this study, the

sulfuric acid hydrolysed CNCs were used.
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Figure 3 The different extraction methods of cellulose nanocrystals (1) Sulfuric acid hydrolysis (2)
ammonium persulfate oxidation (3) TEMPO oxidation (4) hydrochloric acid hydrolysis (5)
HCI/CH3COOH (hydrochloric acid treatment provides hydroxyl, acetic acid provides acetyl

groups).

Recently, high energy ball milling (HEBM) mechanical process was reported (25) for the
preparation of CNC. Microcrystalline cellulose (MCC) was used as starting material, and was
micronized through a HEBM process. This process was optimised by varying the
concentration of CNC (0.5-2 wt. %) and time (15—-60 min) parameters, in order to obtain a
high yield (50-75%) of well-separated CNC. The schematic diagram of process was shown in
figure 4. The centrifugal force (fig 4 a) generated in the mill provides an impact effect to
micronize the MCC in between the beads. Furthermore, upon ultra-sonication (fig 4 b), high-
speed liquid jets are created. These liquid jets pressurize the liquid locally between the
particles at high speed (1000 km/h) to separate or fibrillate them and to promote additional

particle collisions, so as to result in very small particles.
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Figure 4 (a) High energy bead milling and (b) ultra-sonication working mechanism?’.

1.3.2 Industrial production

The scale-up or production of nanocellulose from industries is increasing rapidly. All over the
world the manufacturing facilities have started the production from kg to multiple tons. The
worldwide production units of nanocellulose (CNC, CNF AND MFC) are shown in figure 5.
Alberta Innovates-Technology Futures has constructed the world’s first pilot plant to produce
cellulose nanocrystals, with the production capacity of 100 kg per week. Domtar Corp. and
FP Innovations have created a joint venture (new organization named CelluForce) to build a
commercial-scale plant for the production of cellulose nanocrystals, in a $40.8 million
project. In January 2012, CelluForce officially announced to open a plant for the production
of cellulose nanocrystals with a target production rate of 1 ton/day. For the industrial
production of cellulose nanocrystals, two issues should be emphasized. One is the
standardization for the procedure and conditions of cellulose nanocrystals production, which

is being constituted by TAPPI standard recommendation (28). Another issue is the further
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development of practical end-uses for cellulose nanocrystal-based materials, despite the fact
that a large and growing body of information on potential applications of cellulose

nanocrystals has been

-

Figure 5 nanocellulose production all over the world (* cellulose nanocrystals)

identified and demonstrated in the lab. It seems that many companies are interested by the
potential of cellulose nanocrystals to improve the quality of their products but are unaware of

the cost and sustainability of supply.

Name and place of the Production capacity Product type Possible
production unit per day (Kg) applications
CelluForce-CANADA 1000 CNC Commercial sales
Paper logic -USA 2000 NFC, CNF and CNC unknown
University of Maine-USA 1000 NFC, CNF and CNC (dry Commercial sales
&wet)
Borregaard-NORWAY 1000 NFC, CNF Rheology
modifier
eg: cosmetics
American process-USA 500 to 1000 NFC, CNC Commercial sales
Nippon paper-JAPAN 150-500 Tempo- CNC, NFC and CNC  Health sector
Innventia-SWEDEN 100 CNF Composites
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CTP/ FCBA - FRANCE 100 Enzi. NFC, T-CNF Commercial sales

OHI paper- JAPAN 100 CNF Unknown
Stora Enso-FINLAND unknown CNF Unknown
UPM- FINLAND unknown CNF Unknown
SAPPI- NETHERLANDS unknown CNF Unknown
Lulea university- SWEDEN  unknown CNF Unknown
Holmen - SWEDEN 100 CNC Unknown
Alberta innovates - 20 CNC Unknown
CANADA

India council for Ag. 10 CNC Unknown
research

Melodea - Israel unknown CNC Health sector
FP-Innovations - CANADA  unknown CNC, CNF Unknown
Blue goose refineries- 10 CNC Unknown
CANADA

Table-1 production of nanocellulose all over the world (Based on TAPPI Nano outlook)

1.4 Nanocomposites

It is well-known that nanocomposites are composites containing fillers that have at least one
nano-sized dimension. Bio-sourced nanocomposites can be prepared by the reinforcement of
CNC in matrix, and in particular polymeric matrices, by different processes such as casting,
thermopressing, melt spun and extrusion. The reason behind huge market of bio sourced

CNC based nanocomposites is their exceptional mechanical and thermal properties.

The use of cellulose nanocrystals as nanofiller or reinforcing phase is their most widely
studied application. They have the potential to significantly enhance the mechanical
properties of plastic composites. The recent reviews published in the composites field
presented in Table 2, show that all the publications on cellulose nanocrystals from last two

years were focused on composites.
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Title Year Reference

A Review on Grafting of Biofibers for Biocomposites 2016 29

Rheological properties of cellulose nanocrystal-embedded polymer 2016 30
composites: a review

Recent advances and migration issues in biodegradable polymers from 2015 31
renewable sources for food packaging
A Review of Natural Fiber Reinforced Poly(Vinyl Alcohol) Based 2015 32
Composites: Application and Opportunity
Self-healing polymer nanocomposite materials: A review 2015 33
Extraction of cellulose nanocrystals from plant sources for application as 2015 34
reinforcing agent in polymers
Review of Nanocellulose for Sustainable Future Materials 2015 35
Different preparation methods and properties of nanostructured cellulose 2015 36

from various natural resources and residues: a review

Table-2 Recent review publications on cellulose nanocrystals composites from last two years (2015 &

2016).

1.4.1 Processing techniques

The major processing techniques for polymer nanocomposites based on cellulose
nanocrystals are casting-evaporation, melt-compounding and electrospinning. These
techniques have been reported in the literature to homogeneously mix cellulose nanocrystals
with a polymeric matrix, as shown in Figure 6. The first study on the effect of processing
approach on the properties of cellulose nanocrystals-based composites was reported by Hajji

et al (36).

Composites generally prepared by casting-evaporation proved good mechanical behaviour
that is better than the one obtained using the melt extrusion process method. This can
probably be attributed to less structural damage and preservation of nanocrystals’ orientation

in the matrix during casting-evaporation. A good dispersion level is obtained in water for
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sulphated cellulose nanocrystals. Thus, it is simple to process nanocomposites by casting and
water evaporation using either water-soluble polymers or polymer aqueous dispersions (latex)
as the matrix. The casting evaporation is very tedious for water-insoluble polymers. Because
the aqueous suspension of cellulose nanocrystals should be exchanged with the solvent
medium that is appropriate for the polymer dissolution. The dispersion of cellulose
nanocrystals is also a big issue due to the hydrophilic nature of CNC in hydrophobic solvent
medium to avoid the aggregation. For the solvent exchange, several successive
centrifugations are needed. Importantly, this process needs a lot of organic solvents, it is

lengthy and more energy consuming (37).

The casting-evaporation process allows each nanocrystal to preserve its individualization
state resulting from its colloidal dispersion in solvents, and consequently, such a process
keeps the maximum reinforcing effect for the composites. Indeed, during slow liquid
evaporation, strong interactions between nanoparticles can settle and promote the formation
of a rigid percolating network. During slow solvent evaporation, because of Brownian
motions in the suspension or solution (whose viscosity remains low, up to the end of the
process when the latex particle or polymer concentration becomes very high), the
rearrangement of the nanoparticles is possible. There is enough time for the interaction and
connection among cellulose nanocrystals to form a percolating network, which is the basis of

their reinforcing effect for composites (38, 39).

The wet processing approach, such as casting-evaporation, has been extensively used in
various reports for the preparation of cellulose nanocrystal-based composites. However, this
technique is both non-industrial and non-economic, and also limits the number of polymer
matrices that can be used in association with cellulose nanocrystals. As explained in section
1.3.2 the large-scale production of cellulose nanocrystals is required for the more industrial
composite processing techniques to be able to produce cellulose nanocrystal-based
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composites, e.g. melt-compounding techniques, such as extrusion. This process is well-
known as solvent free process (green) and importantly this process is industrially viable
procedure since it is largely used in the polymer industry. However, due to the issues of
inherent incompatibility between the cellulose and the polymer, and thermal stability
associated to the presence of sulphate groups on the cellulose surface, this processing method
is infrequently employed for the preparation of cellulose nanocrystal-based composites,
because of the irreversible agglomeration of CNC upon drying process. The sulphate groups
resulting from H»SO4 hydrolysis seriously induce the reduction of the thermal stability of

nanocrystals (40).

Melt extrusion
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Figure-6 Common processing techniques for polymer nanocomposites based on CNC.
Electrospinning is another process to prepare the nanocomposites by mixing CNC with
polymer matrix, which yields the elaboration of thin polymer fibres with few nanometres. In
this process, a polymer solution is positively charged to high voltage to produce the

submicron scale fibres from a slit to a collector. Therefore, to find suitable solvents to
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dissolve cellulose and to process it in the melt state are the key points for this processing
technique (41). Unfortunately, very few studies have been reported for the preparation of
cellulose nanocrystal-based electrospinning composite fibres, which shows the remaining

challenge of this processing approach.

1.4.2 Nanocomposites by melt extrusion

Towards the development of the nanocomposites by melt extrusion, few interesting results
were reported in the literature like surface modification of CNC (64, 58) (coating with
surfactant), physical adsorption (65, 67) (with macromolecules), chemical grafting (42, 43)
(derivatization and grafting with new molecules) and blending or premix (66) (with polymer)
to prepare the capsules. The main aim of the above mentioned methods is to promote the
dispersion and compatibility of CNC with hydrophobic matrices. The recent processes used
in the melt compounding of the CNC were shown in the figure-7. In the surface modification
process the quaternary salt was used to create electrostatic interaction with CNC in aqueous
medium, which improved thermal stability and the dispersion in hydrophobic medium. These
modified CNC were successfully reinforced into PP matrices and their impact on the
mechanical properties was reported. In another study a simple physical adsorption of triblock
copolymer on CNC and their reinforcement in LLDPE was reported. The grafted CNC was
also used to reinforce in the PLA matrices was reported. In the recent study the capsulation of
CNC by using polycarbonate (PC) precipitation and their reinforcement in the PC matrix was
studied. Basically the four processes shown and discussed in figure 7 overcome the main
issues like thermal stability and aggregation up on drying process. Despite of having
intensive studies the chemical grafting, premix processes are not applicable at industrial level
as they require lot of orgonic solvents. Interestingly the physical adsorption surface

modification is evolved as most promising to work at industrial scale.
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Figure-7 Different strategies reported in the literature for elaboration of nanocomposites by

extrusion

Table-3 summarized the systems reported on the melt extrusion of CNC with various
polymers from last five years. It is clear that from last two years the researchers are more
focussed on polymer nanocomposites obtained by melt processing, resulting in a number of
publications almost twice that of articles published in 2014 and 2015. This is due in particular
to the high demand of industries. It is worth noting that most of the research articles
published is based on the chemical grafting, which helps to improve the CNC dispersion and
also thermal stability. However, the molecules grafted on CNC notably limits the inter
particle interactions which leads to poor mechanical behaviour. In the same time, grafting
will improve the compatibility between the filler and the matrices which obviously will

improve the mechanical properties of the composites. Chemical grafting of polymers on the
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surface of the CNC by ring opening polymerization came to focus between 2010-2013, which
was used to improve the compatibility between the grafted polymer and the matrix (42, 43).
However, these methods are highly impossible to use at industrial level as it requires more
organic solvents and also this is highly exhausting (solvent exchange) process. In order to
overcome these issues, researchers focussed on development of new methods that are
compatible with industrialisation. A simple approach is derivatization of CNC by introducing
small groups like acetylation, esterification, silylation etc. The derivatization process can
improve the dispersion in the polymers. Importantly, surface properties of CNC such as
hydrophilicity, surface energy, surface charge and density will change compared to that of
neat CNC. CNC were successfully encapsulated by using dispersed nano-objects protective
encapsulation (DOPE) process (63). However, this process was unsuccessful in improving
the thermal stability of nanocrystals and the dispersion state of CNC in the matrix was poor.

The compatibility between the alginate and the polymer was a big concern.

One more process is physical modification of cellulose nanocrystals by using the Beycostat
surfactant was reported in the literature (64). In this study an increased amount of surfactant
improves the dispersion of the CNC in the PLA matrix but the surfactant has also a negative
effect, such as polymer chain degradation of the PLA. Also, the surfactant was not

completely miscible in the PLA matrix as reported.

Surface modification of Filler content (wt. Polymer matrices Reference Year
CNC o
%0)
Grafting 1-8 PCL 42 2011
Grafting 2-8 PLA 43 2011
Neat 3-30 PEO 44 2011
Neat 3-30 PVAc 45 2011
Physical Adsorption 1-9 LDPE 46 2012
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Neat 1-5 PLA 47 2012

Neat 1-15 PEVA 48 2013
Adsorption/Grafting 1-20 PS 49 2013
Premix or Blends 1-5 PLA 50,51 2013
Adsorption 1-9 LDPE 52 2014
Modified 1-5 PLA 53 2014
Grafting 1-5 LDPE/HDPE 54 2014
Grafting 1 PLA 55 2015
Adsorption 6 PBS 57 2016
Grafting 5 PLLA 56 2016
Modification 1-10 PP 58 2016
Neat 1-3.5 PA 59 2016

Neat 1-10 PA 60 2015
Adsorbed 1-30 LDPE 61 2016
Neat 1-7 PLA 62 2016

Table-3 Melt extrusion of modified, grafted and neat CNC with various polymers from last
five years.

By considering the issues mentioned earlier, for the first time the physical adsorption of PEO
chains on the surface of the CNC was reported (46), which improved the thermal stability as
well as dispersion in hydrophobic matrices (with LDPE). Although, this process cannot be
applied for other high melting polymers as these adsorbed CNC are not stable at high
temperature. Physical and chemical compatibilization with PS proved that PEO adsorbed

CNC did not improve the thermal stability (49).

The physical modification and adsorption are simpler approach compared to the grafting and
chemical modification to commercialise the process. The optimization of this process is vital
to improve the mechanical behaviour of the composites. In addition, the interfacial

interactions between 1) the adsorbed macromolecules to CNC filler ii) polymer and adsorbed
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CNC filler and iii) the mechanism between cellulose nanocrystals has to be established.
Although there have been many studies on surface modification of cellulose nanocrystals to
reinforce all kinds of polymeric matrices (as shown in Table 3), no proper industrial
modification process is available for the commercialization use. Irrespective of physical or
chemical modification, each modification method has its own limitations as discussed above.
In the future, for the purpose of developing cellulose nanocrystal-based composites to replace
petrochemical plastics, novel surface modification is required, with simple treatment or
procedure, high-efficiency property regulation, optimized performance of composites and

industrial production.
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1.5 Conclusion

The substantial interest in renewable biopolymers in the field of polymer composites is
increasing in recent years. More precisely, cellulose is the most considerable interest in the
advantage of renewable biopolymer for the advancement of the polymer composites field.
The acid hydrolysis of the cellulose fibres yields the CNC which is stronger than Kevlar.
From last twenty years, researcher’s interest on CNC is significantly increased especially in
the field of the nanocomposites. The recent years production of CNC was highly increased.
Moreover this material is available to the industries in huge quantities in order to develop the
new functional materials. The unique properties of CNC made industries to concentrate on

CNC as their best choice of filler to replace the regular petroleum based materials.

Solvent casting was the mostly used process to prepare polymer composites based on CNC
but this can be applied only at the lab scale and it seems less realistic for industries
considering high amount of the organic solvents and time. Recently, melt processing methods
gained a lot of interest because they can be utilised at industrial level. In order to process
polymer nanocomposites based on CNC at industrial level, extrusion is most considerable
process. However, CNC are limiting the melt processing because of the low thermal stability
and irreversible aggregation up on drying. In order to overcome these issues researchers
developed many methods like physical modification, chemical grafting and blend or premix
capsules. However, all these methods are not possible to use at industrial level. Certainly, the
production of CNC and their applications for the betterment of the new materials is emerging
area in the nanotechnology. However, it is very clear that there are still many challenges to

overcome for the development of the nanocomposites by melt extrusion process.
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ENGLISH ABSTRACT

The morphology and chemical composition of chili fibres were investigated. Unusual low
lignin content was found when compared to other annual plants. High aspect ratio cellulose
nanocrystals (CNCs) were prepared from these fibres by an acid hydrolysis treatment. CNCs
extracted from chili leftover were characterized using FT-IR, AFM, TGA and XRD to access
their functional, structural, thermal and crystallinity properties, respectively. The length and
diameter of the chili leftover CNC were 90-180 nm and 4-6 nm, respectively, resulting in an
average aspect ratio of 26. This high aspect ratio ensures percolation at low filler content
which in turn results in high thermal and mechanical properties of the nanocomposites. These
CNCs were used to prepare nanocomposite films using the highly marketing commercial
latex called Cariflex-Isoprene (IR) by casting/evaporation in order to investigate their
reinforcing effect. The mechanical properties of nanocomposite films were investigated in
both the linear and nonlinear range by DMA and tensile test, respectively, and their

morphology was studied using scanning electron microscopy.
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RESUME FRANCAIS

La morphologie et la composition chimique de fibres de chili ont été étudiées. La teneur en
lignine déterminée est inhabituellement faible par rapport a celle d'autres plantes annuelles.
Des nanocristaux de cellulose (CNCs) avec un facteur de forme élevé ont été préparés a partir
de ces fibres par un traitement d'hydrolyse acide. Ils ont été caractérisés par FT-IR, AFM,
TGA et XRD pour accéder a leurs propriétés fonctionnelles, structurales, thermiques et de
cristallinité. La longueur et le diametre des CNC obtenus sont de 1’ordre de 90 a 180 nm et de
4 a 6 nm, respectivement. Le facteur de forme moyen qui en résulte est de 26. Ce ratio €levé
assure une percolation du réseau cellulosique a basse teneur en charge. C’est ce réseau qui
controle les propriétés thermiques et mécaniques ¢levées des nanocomposites élaborés a
partir de ces CNC. De tels composites ont été ¢élaborés par coulée-évaporation avec une
matrice de latex commercial, le Cariflex-isopréne (IR). Les propriétés mécaniques linéaires et
non linéaires des films nanocomposites ont été étudiées par de DMA et par des essais de
traction. Leur morphologie a quant a elle été observée par microscopie électronique a

balayage.
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2.1 INTRODUCTION

New lignocellulosic materials are of great interest for industry as they have the potential to
replace regular sources of materials. Enormous amounts of lignocellulosic materials are
available all over the world in different forms according to their application. Lignocellulosic
materials used for pulp and paper production are mostly woody plants, although in some
developing countries annual crop residues are also extensively used (Shrinath, Tschirner&
Ramaswamy,2003) and by-products of agriculture and forestry such as harvesting residues,
e.g. vegetal straw, maize stover, sugar cane bagasse and wood residues are used by pulp and

paper industries.

According to OECD-FAO (Organisation for Economic Co-operation and Development and
the Food and Agriculture Organization) agriculture outlook, every year farmers are
harvesting 35 million tons of natural fibres from animals and plants. They are used in various
applications like fabrics, ropes and twines. They also play an important role in modern
civilization through paper and packaging (Bledzki and Gassan, 1999). Hence this work is

focused on annual plants, more precisely the chili plant leftover.

The chili pepper is the fruit of plants from the genus Capsicum and it belongs to the
nightshade family, Solanaceae. The word in British English and in Australia, New Zealand,
India, Malaysia and other Asian countries is just chili without "pepper"(McLeod, Eshbaugh
& Guttman, 1979). It grows in many countries all over the world but the world’s largest
production is in India. In particular, Guntur, Andrapradesh produces 30% which contributes
75% of India’s whole chili exports, according to Government of India ministry of
Agriculture. The fibres used in this study are from Guntur, Adigoppula region. This chili
plant has single straight and small branches of stalks composed of an inner wooded core

walled by the single layer non fibrous bark.
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According to the authors knowledge no study has been done to characterize the fibres of chili
plant. Henceforth chili leftover will be termed as CLO. A better understanding of its
microstructure and chemical composition could offer new opportunities for non-food
applications of this renewable resource. The chemical composition depends on several

factors, such as plant origin, weather conditions, soil nature, etc.

As evident from the impending commercialization of cellulose nanocrystals (CNCs), most of
the industries and researchers are paying more attention towards commercial applications. In
this study the nanocrystals from CLO were characterized and nanocomposite films were
prepared by casting aqueous mixtures of these CNCs with polymer latex in different ratios.
Natural rubber (NR) is a perfect matrix to be used as a model system to study the effect of
filler reinforcement, due its high flexibility and low stiffness. NR has been used as matrix for
different reinforcing polysaccharide nanofillers such as CNC (Abraham et al., 2013;
Bendahou, Habibi, Kaddami, & Dufresne, 2009; Bendahou, Kaddami, & Dufresne,
2010; Bendahou, Kaddami, Espuche, Gouanvé, & Dufresne, 2011; Bras et al., 2010;
Chen, Gu, & Xu, 2014; Gu, Li, Jia, Luo, & Cheng, 2009; Gu, Lin, Luo, & lJia,
2012; Pasquini, Teixeira, Curvelo, Belgacem, & Dufresne, 2010; Siqueira, Abdillahi,
Bras, & Dufresne, 2010; Siqueira, Tapin-Lingua, Bras, da Silva Perez, & Dufresne,
2011; Visakh, Thomas, Oksman, & Mathew, 2012; Xu, Gu, Luo, & Jia, 2012; Xu,

Gu, Luo, Jia, & Yan, 2015; Zhang et al., 2014).

Cariflex-Isoprene latex which has similar or exceeding properties compared to NR without
impurities was chosen as the polymeric matrix. The choice of the latex purely depends on the
commercial applications. This highly commercially marketable latex from Kraton polymers
is pure and transparent. This latex product is clean, high-performance and pure alternative to
natural rubber for medical supplies, consumer products and a numerous of other industrial
applications such as surgical gloves, catheters, tube connectors, needle shields, medical
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bottle stoppers, cohesive bandages electronics, condoms, footwear, food packaging,
adhesives, paint additives and resins, according to Kraton polymers (Blackley, 1997). In the
present study, the morphology and chemical composition of CLO fibres were investigated.
CNCs were prepared from these fibres by an acid hydrolysis treatment and characterized by
FT-IR, AFM, TGA and XRD. Nanocomposites were prepared by casting a mixture of CNC
extracted from CLO and cariflex-isoprene latex. The prepared nanocomposites were

investigated in terms of thermal, morphological and mechanical properties.
2.2 EXPERIMENTAL SECTION
2.2.1 Materials

The chili leftover used as raw material was obtained from Adigoppula, India. Sodium
hydroxide (99% purity) and anthraquinone were used for alkaline treatment. Sodium chlorite,
acetic acid, and sodium hydroxide were used as bleaching agents and sulphuric acid was used
for hydrolysis. All chemicals were purchased from Sigma-Aldrich and were used without
further purification. Cariflex-isoprene latex was procured from Kraton polymers,
Netherlands. It contained spherical particles with an average diameter around 1.5 um and its
solid content was about 65 wt%. The molecular weight and density were 2x10° g.mol! and

0.96 g.cm™, respectively, and the ammonia content was 0.

2.2.2 Preparation of cellulose nanocrystals from chili leftover

Alkali treatment

The alkali treatment was performed to purify cellulose by removing lignin and hemicellulose
from plant chips. The cut plant pieces were cooked in an autoclave with an alkali solution (17
wt% NaOH) and 1 wt% anthraquinone at 170°C for 60 min and then it was cooled to room

temperature. The resultant pulp was filtered and washed with distilled water until neutral PH.
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Bleaching process

Following alkali treatment, the pulp was bleached by adding a buffer solution of acetic acid,
aqueous chlorite (4 wt%) and heated in water bath at 80°C for 90 min. Then the mixture was
allowed to cool and was filtered using excess distilled water. The bleaching process was

repeated twice.

Acid hydrolysis

CNC was prepared by H>SO4 hydrolysis of CLO fibres, according to the procedure described
in previous literature for softwood sulfite pulp (Roman & Gray, 2005). The bleached fibres
were hydrolysed at a temperature of 45°C by using 64 wt% sulphuric acid (pre-heated) for 45
min under continuous stirring. The fibre content was 4 wt%. The hydrolysed material was
washed by centrifugation at 10,000 rpm at 10°C for 15 min. This centrifugation step was
repeated several times. The suspension was dialyzed against distilled water for several days
until constant pH of 5-6 was reached. The resulting suspension was then sonicated for 30 min

before being refrigerated for further use.

2.2.3 Preparation of nanocomposites

CNC extracted from CLO fibres was used as filler in IR latex. Nanocomposite films were
prepared by reinforcing cariflex-IR  with various percentages of CNC ranging from 1 to 6
wt%. The IR latex and the CNC aqueous suspension were first mixed in various proportions
to obtain final dry films around 1 mm thick. The mixture was stirred using a magnetic stirrer
for 3 h. The films were dried at room temperature in a ventilated fuming hood until the

nanocomposites were completely dried.
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2.3 Characterization of CLO fibres and cellulose nanocrystals
2.3.1 Chemical composition

The chemical composition of CLO at each stage of treatment was determined according to
the methods reported by the Technical Association of Pulp and Paper Industry (TAPPI). The

cellulose, hemicellulose and lignin contents were accessed according to TAPPI standards.
2.4 Methods
Optical microscopy

Optical microscopy was used to observe the morphology of the CLO fibres after bleaching
by using ZEISS AX10 image M1m which was connected to the AXIOCAM MRCS5 by AXIO

Vision, Germany.
Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to characterize the CLO fibres before and
after bleaching. The morphology of prepared nanocomposites was also observed. The
samples were fractured in liquid nitrogen and coated with gold in order to prevent the
charring of the sample due to the electron bombardment. The SEM images were captured by

using FEI (MED) Quanta200.
Atomic Force Microscope (AFM)

Atomic Force Microscopy was used to study the length and width of the individual
nanocrystals using a Nanoscope III (Veeco, Canada). CNC samples were previously diluted
at 10 wt% and a drop of 0.2 mL was deposited onto freshly cleaved mica substrates and
dried overnight under room conditions. Each sample was characterized in tapping mode with

a silicon cantilever (OTESPA®, Bruker, USA) at different locations and scanning areas:

77



10x10 um? and 3x3um? Both topographical and phase images were captured and images

were subjected to 1st order polynomial flattening to reduce the effects of bowing and tilting.
X-ray diffraction (XRD)

Wide angle X-ray diffraction (XRD) analysis was performed on air-dried CNC suspensions
stored at ambient temperature (23°C) and controlled relative humidity (50% RH). The
samples were placed in a 2.5 mm deep cell and measurements were performed with a
diffractometer (X’Pert PRO MPD ®, PAN analytical, Netherlands) equipped with a detector.
The operating conditions of the refractometer were: copper Ka radiation (A = 1.5418 A), 20
(Bragg angle) between 2 and 56°, step size 0.067°, counting time 90 s. Each sample was
measured once. The crystallinity index, I, was evaluated using the Buschle-Diller and

Zeronian Equation (Buschle-Diller and Zeronian, 1992).

Where [ is the intensity at the minimum (260 = 18.5°) and I» is the intensity associated with

the crystalline region of cellulose (20 = 22°).
Fourier Transform infrared (FT-IR) spectrometry

Fourier Transform infrared (FT-IR) spectrometry analysis was done on the raw, unbleached,
bleached fibres and air-dried CNC, in order to know the functional groups present in the
material in terms of wave number (cm™). The samples were analysed by ATR (attenuated
total reflectance) in which the sample was placed on the evanescent wave on the ATR crystal
through which infrared beam will give the data to the detector. The instrument was Perkin

Elmer spectrum 65, FT-IR Spectrometer. Each sample was measured twice.
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Thermogravimetric analysis (TGA)

The thermal degradation of the samples was monitored by thermogravimetric analysis (TGA)
with a thermo-gravimetric analyzer-STA6000 (Perkin Elmer Instruments, England). The
weight loss curves were recorded for a 15-30 mg sample at a heating rate of 10°C/min in the

temperature range of 30-900°C under oxidizing atmosphere (air).
Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was used to study the viscoelastic behaviour of the
materials. DMA experiments were carried out using RSA3 (TA Instruments, USA)
equipment working in the tensile mode. The storage modulus E’ (elastic response) and loss
modulus E"” (viscous response) of the material were measured as a function of temperature as
the polymer was deformed under an oscillatory stress at a controlled temperature in a
specified atmosphere. The storage modulus is related to stiffness, and the loss modulus to
damping and energy dissipation. Before analysis the samples were stored overnight in
desiccators containing silica gel. Varying stress with a frequency of 1 Hz was applied when
heating the material from -100°C to 200°C with a ramp rate equal to 3°C.min"'. The length of
the sample was 10 mm. Each sample was measured six times in order to check the

reproducibility.
Tensile Tests

The tensile high-strain mechanical tests were performed using a RSA3 (TA Instruments,
USA) with a load cell of 100 N. Sample dimensions were 4-5 mm and 20 mm for width and
length, respectively, and the gap between pneumatic jaws at the start of each test was
adjusted to 10 mm. Before analysis the samples were stored overnight in desiccators
containing silica gel. All experiments were carried out at room temperature (25°C) with a

cross head speed of 3 mm.min"'. The results were averaged on two measurements.
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2.5 RESULTS AND DISCUSSION

2.5.1 Chemical composition

The chemical composition of CLO fibres, i.e. the lignin, cellulose and hemicellulose
contents, was determined and results are reported in Table 1. These values cannot be
compared with data reported in the literature since the chemical composition of these fibres
was never published. The lignin content of CLO fibres was rather low (around 7 wt%)
whereas high lignin content was expected since other annual plants such as sugarcane
bagasse (around 25 wt %) (Satyanarayana and Wypych, 2007; Filho and Badr, 2004) and jute
(around 16 wt %) (Razera and Frollini, 2004) have high lignin contents as shown in Table 1.
On the other hand, during the preparation of the holocellulose, the bleaching treatment of
CLO fibres has lasted a relatively short time and it is most probably not necessary to repeat
four times the treatment. After two bleaching treatments the yield was around 91.3 wt%,
among which cellulose represents 67.3 wt% of the dried fibres. The chemical composition of
CLO fibres has been compared to that of other annual plants in Table 1. CLO fibres appear as

a good source to prepare CNC since it presents high cellulose content.

Table 1. Chemical composition of various lignocellulosic fibres in comparison with CLO fibres.

Cellulose Hemicellulose Lignin

Source (Wi%) (Wi%) (Wi%) Reference
Sugarcane (Satyanarayana and Wypych,
bagasse 34:3-33.2 16.8-29.7 24.3-25.3 2007; Filho and Badr, 2004)
Jute 60 22.1 15.9 (Razera and Frollini, 2004)
Chili leftover ~ 67.3£0.5 20.8+0.2 7.3+0.3 This work
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2.5.2 Morphological investigation of CLO fibres and CLO-CNC

Scanning electron micrographs of the CLO fibres after different stages of treatment are
shown in Figure 1. After the high-temperature alkali treatment and before the bleaching
treatment the material was composed of bundles consisting of individual fibres linked
together (Fig. 1a). Most of the hemicellulose was hydrolysed and became water soluble and
the lignin was partially depolymerized. Most impurities around the fibres were removed,
which induced the separation of fibre bundles into individual fibres. Figures 1b and 1c show
the morphology of the bleached fibres. The bleaching process helped to remove most of the
lignin present in the CLO fibres, leading to further defibrillation. Figure 1d shows the optical
microscopy image of individual bleached fibres which length and width were 413 + 72 um

and 21-28 pm, respectively.
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220.0 nm

Figure 1. SEM image of (a) unbleached chili fibres and (b, c¢) individual bleached chili fibres, and (d)
optical microscopy image of individual bleached chili fibres. Atomic force microscopy image of

CLO-CNC ¢) 660 nm f) 220 nm.

To produce CNC, cellulose has generally to be treated with HoSO4. This acid hydrolysis
treatment not only helps to further disintegrate the fibres but also facilitates defibrillation of
the fibres to the nanoscale level. It is well known that the amorphous part of cellulose
undergoes preferential acidic hydrolysis when compared to crystalline domains. To confirm
the separation of individual crystallites and to measure the size of the individual crystals,
diluted suspensions were observed by AFM (Fig. 1 e,f). In the micrographs, some
aggregation of the nanocrystals can be seen, probably as a result of the water evaporation step
during sample preparation. The rod-like or needle-shaped acid-hydrolysed cellulosic
nanoparticles were characterized to measure their length (L), width (D), and aspect ratio
(L/D) and it was in the range of 90-180 nm, 4-6 nm and 26, respectively, over a minimum of
50 measurements. These values are close to those reported for eucalyptus wood pulp (L =

145 nm; D= 6 nm; L/D = 24) (de Mesquita, Donnici & Pereira, 2010).
2.5.3 FTIR characterization

The FTIR spectra presented in Figure 2 a show the changes in chemical composition that
occurred in response to the pre-acid hydrolysis treatment of raw fibres, as well as the H>SO4
treatment. The absorbance peaks in the 3,400-3,300 cm™ and 1,634-1,640 cm™ regions were

attributed to the stretching and bending vibrations, respectively, of the OH groups of
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! correspond to C—H stretching (Sain and

cellulose. The signals around 2,900-2,800 cm’
Panthapulakkal, 2006). The prominent band at 1,731 cm™ in the spectrum obtained for the
raw fibre was assigned to the C=0O stretching of the acetyl group and uranic ester groups of
the hemicellulose or to the ester linkage of the carboxylic group in the ferulic and p-coumaric
acids of lignin and/or hemicellulose (Ahmad, Mosadeghzad, Daik &Ramli, 2008; Zuluaga,
Putaux, Velez, Mondragon & Ganan, 2009). The peak at 1,250 cm™! corresponds to the C—O
stretching of the aryl group in lignin. These last two peaks were completely absent from the
spectra of the alkali-treated fibres and bleached fibres. Taken together, these findings indicate
that most of the hemicellulose and lignin were removed before the acid hydrolysis treatment
(Troedec, Sedan, Peyratout, Bonnet, Smith, Guinebretiere, Gloaguen & Krausz, 2008).The
signals observed in the range of 1,420-1,430cm™ and 1,330-1,380 cm™ in all spectra were
attributed to the symmetric bending of CH; and the bending vibrations of the C—H and C-O
groups of the aromatic rings in polysaccharides, respectively (Jonoobi, Harun, Shakeri ,
Misra & Oksman, 2009). Finally, the absorbance peaks observed in the 1,028-1,161 cm™
range were attributed to C—O stretching and C—H rocking vibrations of the pyranose ring
skeleton (Alemdar and Sain, 2008). The differences between the FTIR spectrum of raw chili

fibre and that of CNC clearly indicate that CNC was successfully extracted from chili fibre

by the hydrolysis treatment.
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Figure 2. Structural and thermal characterization of raw, unbleached, bleached and acid hydrolysed

cellulose from CLO: a) FT-IR, b) TGA, and c¢) XRD.
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2.5.4 Thermogravimetric analysis

The thermal stability of both untreated and chemically treated CLO fibres was characterized
using thermogravimetric analysis (TGA). TGA curves corresponding to the weight loss for
untreated, alkali treated, bleached, and acid hydrolysed CLO fibres upon continuous heating
to 900°C are shown in Figure 2b. Regardless of their treatment an initial weight loss of the
fibres is observed below 100°C. It is ascribed to the vaporisation of water associated to the
hydrophilic character of lignocellulosic fibres, and this weight drop depends obviously on the

initial moisture content of the analysed fibre.

At higher temperatures, a stronger weight drop is observed. When comparing the untreated
and alkali treated fibres, it can be concluded that the bleaching treatment results in an
increase in the thermal stability. The presence of hemicellulose, lignin, and pectin in the
chemical composition of the untreated and alkali treated CLO fibres is responsible for this
observation. Indeed, these non-cellulosic materials display a lower decomposition
temperature compared to cellulose (Moran, Alvarez, Cyras & Vazquez, 2008) and their

progressive removal improves the thermal stability of CLO fibres.

The char residue corresponding the residual weight in the 360-700°C temperature range is
around 20-30% for raw fibres, a value significantly higher compared to the alkali treated and
bleached fibres. This residual weight is representative of the carbon content in the fibres
(Hornsby, Hinrichsen & Tarverdi, 1997). The presence of ash and lignin in the raw fibres
results in an increased residue amount at higher temperatures, or char fraction (Ashori,
Jalaluddin, Raverty & Mohd Nor, 2006). Indeed, ash doesn’t degrade at high temperatures
and the pyrolysis of lignin produces more residual char than does the pyrolysis of cellulose

(Fahma, Iwamoto, Hori, Iwata & Takemura, 2011).
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A significant decrease of the thermal stability is reported after the acid hydrolysis treatment
of the fibres. This is ascribed to the surface sulphation resulting from the sulphuric acid
treatment (Lin & Dufresne, 2014). A broad range of thermal degradation temperature has
been reported for CNC (Dufresne, 2012). It obviously depends on the acid hydrolysis
conditions, but also on the specific surface area of the CNC that change the density of sulfate
groups (Bettaieb, Khiari, Dufresne, Mhenni & Belgacem, 2015). Moreover, compared to the
bleached fibres an increase in the char fraction for CNC compared to the bleached fibres is
observed, which is due to the introduction of sulphated groups acting as a flame retardant
(Roman & Winter, 2004). The thermal stability of natural fibres is an important parameter to

consider for their potential use in the processing of biocomposites.

2.5.5 X-ray diffraction (XRD)

Cellulose has a semi crystalline structure whereas hemicellulose and lignin are fully
amorphous materials. X-ray diffraction (XRD) analysis was performed for CLO fibres after
the different chemical treatment stages since the crystallinity of cellulose can be affected. The
diffraction patterns obtained for alkali treated, bleached, and acid hydrolysed CLO fibres are
reported in Figure 2c. Classical patterns for cellulose I with three well-defined crystalline
peaks around 20 = 16°, 22°, and 35° and no doublet at 20 = 22° (Klemm, Heublein, Fink &

Bohn, 2005) are obtained.

The crystallinity index was determined using the procedure presented in the Experimental
Section. By this method, the crystallinity index was found to be about 52.0%, 68.0% and 78.5
% for alkali treated, bleached and hydrolysed fibres, respectively. The hydrolysis treatment
with H2SO4 applied to prepare CNC allows removal of amorphous cellulosic domains.
Actually, this step consists of the disruption of amorphous regions surrounding and

embedding cellulose microfibrils while leaving the microcrystalline segments intact
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(Dufresne, 2008; Siqueira, Abdillahi, Bras & Dufresne, 2010). This phenomenon could
explain the narrowing of the diffraction peaks. The crystallinity index for CNC prepared from
different cellulosic sources ranges between 46 and 96% (Dufresne, 2012). Therefore, the
crystallinity index measured for CNC extracted from CLO fibres is within the upper range of

values.

2.6. Mechanical properties of nanocomposite films

The appearance of prepared nanocomposites can be seen in Figure 3. A similar visual
appearance is reported for both neat and filler containing films. It is a good indication of the

homogeneous dispersion of CNC within the polymeric matrix.

Figure 3. Appearance of the nanocomposite films.

The mechanical properties of nanocomposite films reinforced with CNC extracted from CLO
fibres were studied by dynamic mechanical analysis (DMA). Figure 4a shows the evolution
of the logarithm of the storage tensile modulus versus temperature in isochronal conditions at
a frequency of 1 Hz. The experimental data correspond to the neat matrix and nanocomposite
films reinforced with 1, 3 and 6 wt% CLO CNC. The evolution of log (E”) corresponding to
the unfilled IR matrix was typical of fully amorphous high molecular weight thermoplastic

polymers. At low temperatures, the modulus remained roughly constant and it did not
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increase with the addition of such low amount of CNC. This may be due to the fact that in
this temperature range IR was in the glassy state and the difference between the modulus of
the host matrix and the reinforcing phase was not high enough to generate a significant
reinforcing effect. Moreover, the sample was soft at room temperature and it was difficult to
accurately determine its dimensions. Therefore, the modulus at low temperatures for

nanocomposites was normalized to the glassy modulus of the neat matrix.
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Figure 4. a) Evolution of the logarithm of the storage modulus and b) evolution of the
tangent of the loss angle tan 6 as a function of temperature for CNC reinforced cariflex-IR

rubber nanocomposites.

Then a sharp decrease of log (E’) was observed around -55°C. It obviously corresponds to the
main relaxation process associated to the glass transition of the polymeric matrix. This
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modulus drop is followed by a stabilization over a broad temperature range for which the
cohesion of the material is provided by entanglements between the macromolecules (rubbery
state). The complete disentanglement of the macromolecules at higher temperatures results in
an irreversible modulus drop. It is observed that the rubbery modulus continuously increases
as the CNC content increases. This increase is attributed to the reinforcing effect of CNC in

the soft rubbery matrix.

Figure 4 b shows the variation of the tangent of the loss angle, tan 6, as a function of
temperature for composites with various CNC contents. Tan ¢ exhibits a maximum around -
54.4°C for NR matrix and this peak shifts to higher temperatures with increasing CNC
content being , -53°C, -50°C and -49°C, respectively, for CNC1%, CNC3% and CNC6%
nanocomposites. This effect could be ascribed to favourable interactions between the
cellulose nanofiller and the matrix. Also, the intensity of the relaxation process is lower for
composites when compared to neat matrix and it is directly linked to the drop of the elastic
tensile modulus during the relaxation process. This can also be ascribed to the decrease of
matrix material amount, which is responsible for damping properties, which is possibly an

outcome of restriction of molecular mobility of IR polymer chains in the vicinity of CNC.

The nonlinear mechanical behaviour of CLO CNC reinforced nanocomposites was
characterized at room temperature. Typical stress-strain curves are shown in Figure 5. These
curves clearly show the influence of CNC on the mechanical behaviour of the nanocomposite
film. The neat IR matrix and low filler content nanocomposite films exhibit an elastic
nonlinear behaviour typical for amorphous polymers at temperature higher than their Tg. The
stress shows regular slight increase and remained more or less constant up to the fracture of
the film. At higher filler contents, the mechanical behaviour became significantly different.

The samples exhibited a stiffer and more brittle behaviour.
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Figure 5. Typical stress-strain curves for CNC reinforced cariflex-IR rubber nanocomposites.

The Young’s modulus value was determined from the initial slope of the tensile curves. The
mechanical properties derived from these experiments are reported in Table 2. Both the
Young’s modulus and yield stress value markedly increased when increasing the CNC

content whereas the strain at break decreased.

This high reinforcing effect could be assigned as already reported to a mechanical percolation
phenomenon of CNC which form a stiff continuous network of cellulosic nanoparticles
linked through hydrogen bonding (Azizi Samir, Alloin & Dufresne, 2005; Bras, Hassan,
Bruzesse, Hassan, El-Wakil & Dufresne, 2010). This effect was reported to be well predicted
from the adaptation of the percolation concept to the classical series-parallel model.
Comparison between experimental data and predicted values calculated from the percolation
approach can be used to ensure that good dispersion and effective percolation occur. In this
model and at sufficiently high temperatures, i.e., when the modulus of the matrix is much

lower than the one of the percolating network, the elastic modulus of the composite is simply
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Table 2. Yield stress, Young’s modulus and yield strain for CNC reinforced cariflex-IR rubber

nanocomposites.
Sample Yield stress Young’'s modulus Yield strain
(MPa) (MPa) (%)
IR latex 0.202 £ 0.010 48 + 1.1 113.8 £ 16
IR latex + CNC1% 0.226 + 0.004 5.7 +£0.9 108.8 + 12
IR latex + CNC3% 0.288 + 0.015 134 + 3.2 62.10 £ 11
IR latex + CNC6% 0.359 + 0.040 246 £ 3.0 462 + 4

the product of the volume fraction and modulus of the rigid percolating network (Dufresne,

2012).

The percolation approach has been used to predict the mechanical performance of CNC
reinforced cariflex-IR rubber nanocomposites. The volume fraction of the percolating phase
can be calculated from the CNC volume fraction, percolation threshold and critical
percolation exponent (0.4 for a 3D network). The percolation threshold was determined from
the aspect ratio of CNC and the CNC volume fraction was calculated assuming a density of
0.96 and 1.5 g.cm™ for the polymeric matrix and cellulose, respectively. The calculated
percolation threshold for CNC extracted from chili leftover fibres was 2.7 vol%, i.e. around
4.2 wt%. Therefore, only the 6 wt% CNC reinforced nanocomposite film should show a
percolation phenomenon. It was also shown that the stiffness of the CNC percolating network
increases when increasing the aspect ratio of the nanoparticles (Bras, Viet, Bruzzese &
Dufresne., 2011). Similar observation was reported when comparing the mechanical
properties of poly(vinyl acetate) reinforced with CNC extracted from cotton (aspect ratio
around 10) and tunicin (aspect ratio around 67) (Shanmuganathan, Capadona, Rowan&
Weder., 2010). From this earlier report (Bras et al., 2011) that showed the evolution of the
stiffness of the network as a function of the constitutive CNC and from the aspect ratio of

CNC extracted from chili leftover fibres, it can be assumed that the modulus of the
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percolating network should be around 3 GPa. Figure 6 shows the evolution of the modulus
for the nanocomposite films as a function of the CNC volume content. Both predicted data
and experimental rubbery moduli estimated derived from tensile tests are reported. Below the
percolation threshold, the modulus cannot be estimated from the model and the value
corresponding to the neat matrix was adopted. It can be clearly observed from this figure that

CNC percolation is effectively achieved for the 6 wt% CNC reinforced nanocomposite film.

log (E/Pa)

6.5

0 0.01 0.02 0.03 0.04 0.05
CNC Content (vol%)

Figure 6. Evolution of the logarithm of the tensile modulus versus CNC content: experimental data

(@), and predicted data from the percolation approach (solid line).
2.7 Morphological investigation of nanocomposite films

Chili CNCs were used with IR latex to prepare nanocomposites by casting/evaporation. The
prepared films were homogeneous in visual appearance (Figure 1). The cross-section of the
current composites did not show any evidence of gradient formation or aggregate (Fig. 6a-d).
The cast nanocomposites usually showed a tendency to develop a gradient of CNC
concentration between the upper and lower faces of the film resulting in less homogeneous
materials with CNCs randomly oriented in horizontal planes. The CNCs in the
nanocomposites prepared during this study seem to be randomly oriented and distributed

homogeneously throughout the matrix which can be attributed to the processing method used.
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Figure 6. SEM images of the cross section for CNC reinforced cariflex-IR rubber nanocomposites.

2.8 CONCLUSION

Cellulose nanocrystals (CNCs) were successfully extracted from chili fibres by acid
hydrolysis. Unusual low lignin content was found for these fibres compared to other annual
plants making them highly suitable for the extraction of cellulose and preparation of CNCs.
Ensuing rod-like nanoparticles had a diameter of 4-6 nm and length of 90-180 nm, showing
an aspect ratio around 26. They were used as the reinforcing phase in commercial cariflex IR
latex. The morphological observation of these bio based nanocomposites showed that the
CNCs were well dispersed in IR matrix without microscale aggregation. Dynamic mechanical
thermal studies showed increased storage modulus indicating good interaction between CNC
and IR latex. The tensile strength and modulus values increased with CNC addition,

accompanied by a moderate decrease in yield strain.
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Chapter-3

Surface modification of CNC

Ionic compatibilization of cellulose nanocrystals with quaternary

ammonium salt and their melt extrusion with polypropylene.

(ACS applied materials and interfaces 2016, 8, 8755-8764)
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ENGLISH ABSTRACT

On account to their high mechanical properties along with high reinforcing capacity,
cellulose nanocrystals (CNCs) could be the ultimate choice for polymer nanocomposites as
filler. Recently, different strategies are reported for the melt extrusion of CNC based polymer
nanocomposites since it is a solvent free process and also this technique is more viable for
commercial industrialization. However, most thermoplastic polymers are processed at high
temperatures and sulfuric acid-prepared CNC limits the processing due to surface sulfate
groups degradation. In this study we profitably used these negatively charged groups and
quaternary ammonium salt was ionically adsorbed on CNC by a simple aqueous method. The
adsorbed CNC was characterized by Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), X-ray diffraction (XRD), and also the hydrophobic nature
and surface charge was measured by using contact angle and zeta sizer. The modified CNC
(M-CNC) was extruded with polypropylene (PP) at 190°C and the ensuing composites were
characterized to investigate their mechanical, thermal and morphological properties using
dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), tensile tests
and scanning electron microscopy (SEM). The melt rheology of PP based nanocomposites

was also reported.
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RESUME FRANCAIS

Du fait de leurs propriétés mécaniques ¢€levées et de leur grande capacité de renfort, les
nanocristaux de cellulose (CNCs) pourraient représenter le choix ultime de charge dans les
nanocomposites polymeéres. Récemment, différentes stratégies ont ¢été décrites pour
l'extrusion a 1'état fondu de nanocomposites polyméres a base de CNC. L’extrusion présente
I’intérét d’étre un procédé sans solvant, compatible avec une utilisation a grande échelle et
notamment a 1’échelle industrielle. Cependant, la plupart des polymeéres thermoplastiques
sont mis en forme a des températures ¢levées alors que les CNC, préparés par hydrolyse
acide, contiennent en surface des groupements sulfates, sensibles a la dégradation thermique.
Dans cette étude, nous avons justement mis a profit ces groupements sulfates, chargés
négativement, pour les faire réagir avec un sel d'ammonium quaternaire, en milieu aqueux, en
tirant parti de I’absorption ionique a la surface des CNC. Les CNC adsorbés ont été
caractérisés par spectroscopie infrarouge a transformée de Fourier (FTIR), analyse
thermogravimétrique (TGA) et diffraction des rayons X (XRD). Le caractére hydrophobe des
surfaces obtenues a été évalué par des mesures d’angle de contact et par mesure de potentiel
zeta. Les CNC ainsi modifiés ont ensuite ét€ incorporé a une matrice polypropyléne (PP) et le
mélange a été extrudé a 190 ° C. Les composites obtenus sont ensuite caractérisés par leurs
propriétés mécaniques, thermiques et morphologiques en réalisant des essais de traction, en
utilisant 1’analyse mécanique dynamique (DMA), la calorimétrie différentielle a balayage
(DSC) et la microscopie €lectronique a balayage (SEM). Le comportement en écoulement de

ces composites a €galement été caractérisé par des mesures de rhéométrie.
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3.1 INTRODUCTION

The use of nanomaterials as reinforcing phase into polymers to form nanocomposites has
attracted attention because these materials generally allow to increase the mechanical
properties even at low filler content.! Nano reinforcing materials, such as hydroxyapatite,?
nano clays,>” carbon nanotubes®!! and reduced graphene oxide!? have been broadly studied.
However, most of them are not biodegradable,! and during the last decade the interest for
nanomaterials issued from renewable resources has been increased. Cellulose nanocrystals
(CNCs) extracted from natural plant fiber by strong acid hydrolysis are probably the most

interesting nanomaterials for strengthening the properties of nanocomposites.'!°

However, the recent industrial-scale production of CNC as a commercial grade needed most
feasible process for industries like melt extrusion, which is the most common process to
produce thermoplastic polymer composites, is a highly viable and solvent-free process but
relatively infrequent for the fabrication of polymer nanocomposites with CNC as reinforcing
phase, since CNC have some major difficulties like instability at higher temperatures. Mainly
the hydrophilic behavior of CNC are forming microscale aggregates on subsequent drying
and their incompatibility with hydrophobic polymer matrices causes to form excess hydrogen
bonds among the nanocrystals. Importantly the CNC prepared by acid hydrolysis with

sulfuric acid is not stable at high temperature.'6- !

altogether these problems are limiting the
melt extrusion process for the polymer nanocomposites based on CNC. Whereas the solvent

casting method was used in majority even if not well-suited for industries.!®

The surface functionalization of CNC is a possible solution to evade the micro scale
aggregation after drying as well in hydrophobic matrices.!*?! towards the development of
various applications, different approaches have been attempted to increase the dispersion in

nonpolar matrices.’> The surface functionalization of CNC reported by using radical
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polymerization.?*?® few studies reported on the surface grafting like alkyne, azide and amine
groups 2”2’ and further these functional groups allow for derivatization or click chemistry.
The covalent bond can be attained by isocynate reaction. ** 3! acid halides***>*¢ and acid
anhydrides.’ the chemical bonding approaches are required huge amounts of organic
solvents and it is deadly process to exchange organic solvents from aqueous medium more

over it is not viable process for commercial industries. Moreover this strategy is hardly

possible for industry since it involves an organic solvent process.>

The main aim of this study was to progress the green process such as aqueous based surface
modification using quaternary salts through strong electrostatic interactions. Few studies have
been previously reported on surfactant modification of CNC, despite of different purpose.>4’
Recently, investigation of CNC Pickering emulsions charged with surfactant was described.?®
The preparation of surfactant-modified CNC reinforced polylactic acid (PLA)

nanocomposites was also reported but it was shown that the surfactant had a negative effect

such as polymer chain degradation of the PLA.*°

In the present study a comprehensive investigation of surfactant-coated CNC reinforced
polypropylene composites prepared by melt extrusion was addressed. This type of material
could find potential applications as automotive parts, sailing dinghies, packaging, etc. In
order to strengthen the interactions between CNC and adsorbed molecules, the sulfate groups
borne on CNCs were profitably used. Quaternary ammonium cations bearing long alkyl
groups were used to modify the surface by a chemical-free method which is more compatible
for industrial applications. The dispersibility of modified CNCs in organic solvents was
studied and their surface charge was measured. They were also characterized using atomic
force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction

(XRD) and thermogravimetric analysis (TGA). The hydrophobic nature of M-CNC was
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demonstrated by using contact angle. The modified CNCs prepared by this water-based
method were used for melt extrusion with high molecular weight polypropylene matrix and
the thermal, mechanical, morphological and rheological properties of ensuing

nanocomposites were investigated.

3.2 Experimental Methodology

3.2.1 Materials

Sodium hydroxide (sigma Aldrich) and hexadecyl trimethyl ammonium bromide (Sigma
Aldrich) was used. Commercial grade cellulose nanocrystals (CNCs) were procured from
university of Maine, USA, as 11.5 wt% suspension. Elemental analysis showed that the sulfur
content was 1.1 wt% and the surface half ester groups per 100 bulk glucose units was 5.65 by
using the following equation C¢H19Os-(SOs3)n as described elsewhere.*® The surface charge
density was -36.15 mV (Zetasizer measurement). Polypropylene (PP) with a density 0.960
g.cm™ and a weight average molecular weight 337,000 g.mol! was used to produce the

polymer nanocomposites.

3.2.2 Methods

Zeta Potential Measurements

The surface charge density was measured by using the Malvern Instruments Zetasizer ZEN-

2600 zeta sizer.

Atomic force microscopy (AFM)

AFM observations were performed to study the diameter and approximate length of
individual nanocrystals using a Nanoscope III (Veeco). CNC samples were previously diluted

to a concentration of 0.01 wt% and a drop of the suspension was placed on mica plate which
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was allowed to dry at room temperature and each sample was analysed by tapping mode
(OTESPA®, Bruker). At least 10 different locations were analyzed to obtain representative

measurements. CNC diameter was determined from height profile of height sensor images.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was done by means of a Spectrum 65 spectrometer (PerkinElmer) on dried
CNC obtained by freeze drying for 24 h, in order to determine the functional groups present
in the CNC. The samples were analyzed by attenuated total reflectance (ATR) in which the
sample was placed on the evanescent wave on the ATR crystal, through which infrared beam

gives the data to the detector.

Thermogravimetric analysis (TGA)

Thermal degradation of the samples was monitored by TGA using a simultaneous thermal
analyzer (STA) 6000 (PerkinElmer, USA). The weight loss and dTG curves were obtained
for a 20 mg sample at a heating rate of 10°C.min"! in the temperature range of 30-950°C

under oxidizing atmosphere (air).

X-ray diffraction (XRD)

Wide angle XRD analysis was performed on dried CNC/M-CNC and were stored at well
controlled humidity. The CNC/M-CNC were deposited in a 2.5mm cell and measurements
were performed with a diffractometer (X’ Pert PROMPD®, PAN analytical) attached to
detector. The operating conditions of the refractometer were: copper Ka radiation (A = 1.5418
A), 20 (Bragg angle) between 2 and 56°, step size 0.067°, counting time 90 s. Each sample

was measured once.
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Contact angle measurements

The hydrophobic nature of CNC/M-CNC was measured by using the contact angle and all

these measurements were done at room temperature.

Nanocomposite processing

Extrusion was used to prepare PP nanocomposite films reinforced with various filler
contents. The polymer matrix (PP) and freeze-dried CNC were first mixed and introduced in
the mixing chamber of a twin-screw DSM Micro 15 compounder. Around 15 g of material
was used and the mixing conditions were 190°C at 150 rpm for 8 min. The outlet of the
extruder was attached to the 0.6mm slit die with one centimeter length. PP nanocomposites
were prepared with modified CNC (M-CNC) at 1, 3, 6 and 10 wt%, and unmodified

nanocrystals at 3 wt% were used to compare the results.

Visible light transmittance

The transparency of the prepared composites were analysed by using shimadzu uv2401 uv vis
spectrometer within the range of 200-800nm. The transmittance spectra were acquired using
air as background. The resolution of the spectrophotometer was 1.5 nm and the photometric

accuracy was £0.01 in absorption.

Dynamic mechanical analysis (DMA)

DMA was used to study the viscoelastic behavior of the nanocomposites. DMA experiments
were carried out using a RSA3 (TA Instruments, USA) equipment working in the tensile
mode. The storage modulus E’ (elastic response) of the materials was measured as a function
of temperature as it was deformed under an isochronal oscillatory stress at a controlled

temperature in a specified atmosphere. The storage modulus is related to stiffness. Varying
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stress with a frequency of 1 Hz was applied when heating the sample from -30 to 100°C with

a ramp rate equal to 3°C.min"!. The length of the sample was 10 mm.

Tensile tests

The tensile high-strain mechanical tests were performed using a RSA3 (TA
Instruments, USA) with a load cell of 100 N. Sample dimensions were 4-5 mm and
20 mm for width and length, respectively, and the gap between pneumatic jaws at
the start of each test was adjusted to 10 mm. Before analysis the samples were stored
overnight in desiccators containing silica gel. All experiments were carried out at room

temperature (25°C) with a cross-head speed of 3 mm .min".

Differential scanning calorimetry (DSC)

The thermal behavior of nanocomposites was studied by DSC. The melting of
nanocomposites was investigated with a Perkin-Elmer DSC instrument using aluminum pans.

The samples were scanned from -30 to 200°C at a heating rate of 10°C.min"!.

Scanning Electron Microscopy (SEM)

SEM was used to observe the nanocomposite cross section in order to check the possible
filler aggregation. Prior to this, the samples were frozen using liquid nitrogen and broken to
obtain a clear fracture (the polymer was in the glassy state T << Tg). It was glued to the
sample holder for cross section images. The samples were coated with gold in order to
prevent the charring of the sample due to the electron bombardment. The SEM images were

captured by using FEI (MED) Quanta200.
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Melt rheology

The viscoelastic behavior of the nanocomposites was analyzed by a dynamic oscillatory
rheometer in the melt state from 0.1 to 100 rad.s’. A controlled strain rheometer (ARES,
Advanced Rheometric Expansion System, and Rheometric Scientific) equipped with 25 mm
diameter parallel plate geometry was employed for the rheological tests. Samples were
directly loaded and molded between the plates and rheological tests were carried out at 180°C

with a gap distance of 1 mm under nitrogen atmosphere.

3.3 RESULTS AND DISCUSSION

In this Section, the surface modification of CNC will be first described and then the
structural, functional, surface, and thermal properties for both modified and unmodified
CNCs will be reported. Thereafter, the characterization of polypropylene composites

reinforced with these cellulosic nanomaterials will be presented.

3.3.1 Modified CNC by using QS

As shown scheme-1 the quaternary salt (QS) hexadecyl trimethyl ammonium bromide was
utilized to form electrostatic interactions with sulfonated groups on the surface of CNC.
previously reported procedure was used.*! 5g of CNC were dispersed in aqueous medium and
their PH was adjusted to 10 by using NaoH and then CNC mixture was slowly added to the
500mg of quaternary salt at 40 C i.e. the ratio of salt to CNC was 10wt%. The reaction
mixture (R.M) was continued stirring at 40°C for 3 h, and the temperature maintained
constant since the sulfate groups are sensitive to the alkali conditions at high temperatures
and then the reaction mixture was stirred at room temperature and the RM was dialyzed in

order to remove the unabsorbed QS and also NaBr formed during reaction. The RM was

115



freeze dried before extrusion with PP. Unmodified CNC and CNC modified with quaternary

ammonium salt will be denoted as CNC and M-CNC, respectively.

Qs+ Qs+
0SOsH 0SOsH 050-3 050-3
‘ ‘ 1. NaoH f (
2.QS ’
0SOs3H 0so-; Qs+

|-
Q= s NN

Br

Scheme 1. Reaction of cellulose nanocrystals with quaternary ammonium salt.
3.3.2 Surface charge measurements

The surface charge of modified and unmodified CNC was measured and C-potential values
were determined. The surface charge of unmodified CNC was -36.15mV due to the
negatively charged sulfate groups induced by the sulfuric acid treatment.!” After surface
modification the CNC showed a +6.09 mV (-potential value since the surface charge was

neutralized by QS and positive charge is due to the non-adsorbed quaternary salt.

3.3.3 Dispersion of modified CNC in organic solvents

A simple and valuable experiment to evidence the successfulness of the surface modification
was conducted through wettability tests. The dialyzed final suspension of M-CNC was
freeze-dried and redispersed in different organic solvents like toluene, chloroform and ethyl
acetate (1 wt%) using an ultrasonic treatment for 1 min. Photographs of these suspensions
can be seen in Figure 1. Figure la shows unmodified CNC in a solvent system composed of
water and chloroform. These two liquids are immiscible and the upper phase corresponds to

water (density = 1 g.cm™) whereas the lower phase corresponds to chloroform (density = 1.49
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g.cm™). It is clearly observed that unmodified CNC displays a higher affinity for polar
solvents such as water and migrates to the aqueous phase due to their hydrophilic nature.
Figure 1b shows that on the contrary M-CNC migrates to the chloroform phase. Figure 1c
shows M-CNC in toluene, ethyl acetate and chloroform (from left to right). A good

dispersion is observed suggesting the lower polar nature of the nanocrystal surface after

33,42

chemical modification. Similar results were obtained in previous work

Figure 1. Wettability tests: (a) unmodified CNC and (b) CNC modified with quaternary ammonium
salt (M-CNC) in a solvent system composed of chloroform (lower phase) and water (upper phase),

and (¢) M-CNC dispersed in toluene, ethyl acetate and chloroform (from left to right).

3.3.4 Atomic force microscopy

The structural morphology of modified and unmodified CNC was investigated by means of
AFM. The CNCs used in this study were of commercial grade and produced from wood pulp.
Figure 2a shows an AFM image of these CNCs. The length and diameter of the nanorods are
in the range of 24-195 nm and 2-9 nm, respectively. The modified CNCs can be seen in
Figure 2c. The length and diameter of the M-CNC increased by 3-5 nm and 10 nm,
respectively. This is ascribed to the surface adsorption of the quaternary salt which size is
around 2-8 nm as can be seen in figure 2b. These values are consistent with surfactant layer
of 15 A thickness reported when coating CNC with phosphoric ester of poly(ethylene oxide)

(9) nonyl phenyl.*
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Figure 2. AFM images for (a) unmodified CNC, (b) quaternary salt, and (c) modified CNC.
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3.35FT-IR

FTIR spectroscopy was used to check the functional properties of both neat and modified
CNC. Figure 3 shows FTIR spectra obtained for neat CNC and M-CNC. Before the chemical
treatment CNC displays several bands characteristic of cellulose at 3350 cm™ (O-H), 2868
and 2970 cm™ (C-H from —CH2-). For M-CNC a substantial increase of the bands at 2868
and 2970 cm™ corresponding to asymmetric and symmetric -CH2 — stretches from fatty
chain was observed.* The signal associated with the vibration of adsorbed water at 1650 cm™!
strongly decreased after modification, probably because of the hydrophobic behavior of the
modified material and a new band at 1480 cm™, ¥ corresponding to the trimethyl groups of

the quaternary ammonium can be identified for the modified CNC sample.

3350

2970 /2 868

M-CNC

CNC

4000 3500 3000 2500 2000 1500 1000 500

Figure 3. FTIR spectra for unmodified CNC and CNC modified with quaternary ammonium salt
bearing long alkyl chain (M-CNC).
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3.3.6 TGA

The thermal stability of CNC and modified CNC was analyzed by using TGA. Initially small
loss of weight was observed for CNC which is due to the moisture presence in CNC. There
after continuous weight loss was noted from 200-600°C this can be easily predict that is
because of sulfate groups acquired from sulfuric hydrolysis.!®!” The weight loss around
200°C is related to more accessible sulfate groups in amorphous cellulose regions. The
weight loss around 400-600°C is corresponding to the breakdown of crystalline regions of
unsulphated cellulose. The thermal stability is always depends on the number sulfated groups

attained from acid hydrolysis.**
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Figure 4. (a) TGA spectra, and (b) dTG curves for unmodified CNC and CNC modified with

guaternary ammonium salt bearing long alkyl chain (M-CNC).
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For M-CNC, the thermal degradation behavior is significantly different and the temperature
values associated to different relative weight loss values for neat and modified CNC have
been reported (see Table 1). The low temperatures weight loss is less pronounced for M-CNC
compared to CNC, this is because of the hydrophobic nature of the material. Moreover, the
degradation temperature is increased highly compared to the neat CNC and this might be due
to the strong electrostatic adsorption of the QS on the surface of CNC and the long aliphatic
chains of QS were covered the sulfated groups present on CNC. It should improve the
thermal stability and it will help to process the PP-nanocomposites by using M-CNC. Also, it
is interesting to see that the char residue is lower for M-CNC than for CNC. Indeed, it was
shown that the surface of CNC contains the more number of sulfated groups which caused for

more charred residue at 350°C.'6

Table 1. The loss of weight values at different temperature for neat CNC and CNC modified with

quaternary ammonium salt (M-CNC).

Temperature (°C) at different relative weight loss

Sample

10% 20% 40% 60%
CNC 227 238 271 426
M-CNC 292 303 314 361

The relative dTG curves corresponding to CNC and M-CNC are shown in Figure 4b and they
clearly indicate that the main degradation temperature for CNC is lower than for M-CNC. It

shows further that the surface of CNC is modified with the quaternary salt.

3.3.7 XRD

The crystalline structure of CNC plays a vital role in their reinforcing effect and it should be

well-maintained even after modification. The crystalline structure of CNC and M-CNC were
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studied by means of XRD. The diffraction patterns for both modified and neat CNC are
shown in Figure 5. The diffraction peaks appearing at 22.6°, 14.8°, 16.4°, and 34.4° were
related to the typical cellulose 1.4>%¢ The intensity of the 16.4° peak was slightly increased
(see expanded view in Figure 5) after modification which is due to the surfactant adsorption.
It is indicating that surface modification has no impact on the crystalline structure of
modified cellulose nanocrystals and that surfactant modification is only on the surface of

CNC, as expected.
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Figure 5. The XRD patterns for unmodified CNC and CNC modified with quaternary ammonium salt

bearing long alkyl chain (M-CNC).

3.3.8 Contact angle

Contact angle measurements were done to estimate the hydrophobic nature of modified
nanocrystals compared to unmodified CNC. The results are presented in Figure 6. As
expected the contact angle value for modified CNC is higher than that for neat CNC. The

contact angle of the water drop for unmodified CNC decreased sharply with spreading within
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30 s and the contact angle after 20 s was around 20° (£2). Even after several measurements,
the same behavior was always observed. This is obviously due to the hydrophilic nature of
CNC whereas M-CNC has a significantly higher contact angle around 45° (+£3) that remained
constant even after 20 and 30 s. This is a clear evidence of the hydrophobic nature induced by
the surface modification. The —OH groups are hid by the long fatty chains on the surface of

the CNC as described in Scheme 1.
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Figure 6. Time-dependence of the contact angle for a water drop on sheet samples (inserted
photographs for the water drop on the sheet sample after 5 and 20 s) for unmodified CNC and CNC

modified with quaternary ammonium salt bearing long alkyl chain (M-CNC).

3.4 Preparation and characterization of polymer nanocomposites

Nanocomposites were fabricated by melt extrusion using PP as matrix and either unmodified
or modified nanocrystals as the reinforcing phase. The aspect of resultant nanocomposite
films is shown in Figure 7. The neat PP film is translucent as any low thickness semi
crystalline polymeric film. When adding only 3 wt% unmodified CNC, the film becomes
evenly darker. This is due to the degradation of the nanofiller. The appearance of

nanocomposite films reinforced with up to 10 wt% modified CNC is like neat PP film. This
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observation agrees with TGA experiments and this might be due to the protection of the
sulfate groups on surface of CNC provided by the electrostatically interacting quaternary
ammonium chains. Similar observations were reported when coating CNC with high
molecular weight polyoxyethylene (PEO)'®4” but higher interactions are expected between

negatively charged sulfated CNC and quaternary ammonium salt.

Figure 7. Appearance of extruded PP/CNC and M-CNC nanocomposite films: PP+10%M-CNC,

PP+6%M-CNC, PP+3%M-CNC, PP+1%M-CNC, PP+3%CNC and PP (from left to right).

3.4.1 UV spectrophotometer

The light transmittance of CNC and M-CNC extruded polypropylene nanocomposites was
analyzed by using UV spectrophotometer, as shown in Figure S1 (Annexure-1). It is observed
that when adding CNC and M-CNCs to PP matrix the transmittance decreased, especially for
composites containing higher filler contents. The PP matrix shows a high transmittance
(65%) as subsequently it is transparent. The lowest transmittance (36.8%) was observed for
the PP film reinforced with unmodified CNC (3wt %), due to the degradation of the cellulosic
nanomaterial as evidenced in Figure 7. However, this effect was alleviated when using up to
10 wt% modified CNC. The transmittance was around 60%, 57.2%, and 49.5% for PP films
reinforced with 1, 3 and 6 wt% M-CNC, respectively. A stronger decrease of the

transmittance to 40.5% was observed for the 10 wt % M-CNC reinforced composite probably
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due to the filler aggregation. In overall the transmittance of M-CNC reinforced composites

are higher than 40%.

3.4.2 DSC

The thermal characterization of CNC/M-CNC reinforced PP nanocomposite films was
analyzed by using DSC. The thermograms can be seen in Figure S2 (Annexure-1) and
thermal data determined from these thermograms are collected in Table 2. Neat PP displays a
melting point around 170°C that drops to 163°C after extrusion. Moreover, an additional peak
appears around 122°C for extruded PP. Both events are brought about by the extrusion
process and could be related to a decrease of the molecular weight of the polymer upon
extrusion due to high shear rates involved during melt processing.*® This secondary melting
peak progressively recedes when adding modified CNC and it is absent for the
nanocomposite film reinforced with 3 wt% unmodified CNC. The melting temperature of PP
doesn’t show any significant change upon CNC loading. On the contrary the degree of
crystallinity of the polymeric matrix tends to continuously increase when adding the
cellulosic nanomaterial. It is worth noting that for the calculation of the degree of
crystallinity, the enthalpy of fusion was normalized to account for the effective PP content.
The nucleating effect of CNC has been abundantly reported in literature for different polymer

matrices.
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Table 2. Melting temperature (Tm), enthalpy of fusion (AHm) and degree of crystallinity (y.) for neat

PP, extruded PP (PPex) and nanocomposites.

Sample Tm (°C) AHm (J.g") 7y (%)*
PP 170.9 66.03 34.7
PPex 163.6 62.92 33.1
PP + 3% CNC 164.8 78.53 42.6
PP + 1% M-CNC 165.9 73.71 39.2
PP + 3% M-CNC 164.4 80.65 43.8
PP + 6% M-CNC 164.0 81.98 45.9
PP +10% M-CNC ~ 163.7 83.40 48.8

AHy,

* =
Ae WXAHZ,

Where AHZ,= 190 J.g"! is the enthalpy of fusion for 100% crystalline PP*and w is the

weight fraction of PP matrix in the nanocomposite.

3.4.3 DMA

The mechanical properties of the composites reinforced with CNC/M-CNC were investigated
using both dynamic mechanical analysis and tensile tests. The evolution of the logarithm of
the storage tensile modulus versus temperature in isochronal conditions at a frequency of
1 Hz is shown in Figure 8. The curves have been normalized at 1 GPa at low temperature to
limit the effect of the errors induced by the measurement of the dimensions of the sample.
For neat PP, the modulus gradually declines with increasing temperature from -30°C to
100°C. When adding 3 wt% unmodified CNC a substantial increase of the storage modulus is
observed over the whole temperature range. Regarding modified CNC, a similar effect is
reported and the highest reinforcing effect is induced by 10 wt% M-CNC. However, this
reinforcing effect should be, at least partially, attributed to the increase of the degree of

crystallinity of the PP matrix evidenced from DSC measurements.
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Figure 8. Evolution of the logarithm of the storage modulus as a function of temperature at 1 Hz for
neat extruded PP (@) and nanocomposites reinforced with 3 wt% CNC (0), and 1 wt% (e), 3 wt% (e),

6 wt% (@), and 10 wt% M-CNC (¢).
3.4.4 Tensile test

The nonlinear mechanical behavior of CNC/M-CNC reinforced PP nanocomposites was
characterized at room temperature. Typical stress-strain curves are shown in Figure 9 and
the tensile data are reported in Table 3. Compared to the neat PP film, the modulus slightly
increases whereas the yield stress slightly decreases for nanocomposites films but the
variation remains within the standard deviation. This can be an indication of weak
interactions at the filler-matrix interface even in the case of compatibilized CNC. A more
significant decrease of the yield strain is observed when adding cellulose nanomaterial but
the most important change is observed for the strain at break. It decreases when adding 3
wt% unmodified CNC, but significantly increases for M-CNC, except for 10 wt%. The
expected inhomogeneous distribution of unmodified CNC in the PP matrix caused brittle
fracture of the composite as already reported for tunicin CNC>*! and cellulose nanofibrils>?
reinforced PP. The much higher strain at break values reported for M-CNC reinforced
nanocomposites, even surpassing the strain at break for the neat PP matrix, is a good

indication of the homogeneous dispersion of the nanofiller within the PP matrix. Such
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behavior was already reported for tunicin CNC coated with phosphoric ester of
polyoxyethylene (9) nonylphenyl ether’® and cellulose nanofibrils coated with of
polyoxyethylene (10) nonylphenyl ether 2 reinforced PP. The large plastic deformation of the
material was attributed to the hindering of inter-nanoparticle interactions and possible
plasticizing effect of the surfactant.’> The sharp decrease of the strain at break for the
nanocomposite reinforced with 10 wt% M-CNC could be probably ascribed to aggregation

occurring for such nanofiller contents.
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Figure 9. Typical stress-strain curves for neat extruded PP (®) and nanocomposites reinforced with 3
wt% CNC (0), and 1 wt% (e), 3 wt% (), 6 wt% (), and 10 wt% M-CNC (¢). The insert is an

expanded view of stress vs. strain curves for the low strain region.
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Table 3. Young’s modulus (E), yield stress (oy), yield strain (gy), and strain at break (gy) for neat

extruded PP and nanocomposites.

Sample E (MPa) oy (MPa) g, (%) &b (%)
PP 181+67  12.3+2.1  19.7£3.4 39.4+6.2
PP +3%CNC 321+47  10.3+£1.1  13.7x1.3  15.4+3.7

PP +1%M-CNC 200+19  10.6+1.5  13.7¢1.9  326+I18
PP +3%M-CNC 231439 11.04£2.1  12.842.1 109428
PP + 6%M-CNC 231£55 11.1+£1.3  13.7+£1.6 353423

PP +10%M- 279+£55  9.16+£1.05 7.70+0.88 12.0+6.8
CNC

3.4.5 SEM

SEM is commonly used for a more extensive morphological inspection even if individual
nanocrystals are not visible because of the nanoscale dimension of the reinforcing phase. This
technique help to understand the homogeneity of the composite, presence of voids, micro-
scale dispersion level of the CNC within the continuous matrix, presence of aggregates,
sedimentation and possible orientation of the nanorods. When observing the surface of the
films (Figure S3 in annexure-1), differences were observed between the nanocomposites
reinforced with modified or non-modified CNC. The PP matrix (Figure S3a) shows a smooth
surface whereas the nanocomposite reinforced with 3 wt% neat CNC (Figure S35b in
annexure-1) displays a rougher surface and CNC aggregates are observed (circled in red).
Improved dispersion is observed for M-CNC up to 6 wt% (Figure S3c-e in annexure-1) and
nanocrystals seem to be homogeneously dispersed in the matrix. However, for the 10 wt% M-
CNC reinforced PP composite film (Figure S3f in annexure-1) microscale nanoparticle

aggregation is reported.
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The cryo-fractured cross section of the nanocomposite films was also investigated using SEM
(Figure 10). By comparing Figure 10a (neat PP matrix) and Figure 10b (PP reinforced with 3
wt% unmodified CNC), the presence of the filler is evidenced through the observation of
white dots probably corresponding to CNC aggregates. Moreover, some holes can be
observed (circled in red) attributed to pulled-out CNC aggregates. Figures 10c-e¢ (PP
reinforced with up to 6 wt% CNC modified with quaternary ammonium salt) show similar
appearance as neat PP matrix and absence of holes evidencing a homogeneous dispersion of
CNC within the PP matrix. However, for 10 wt% M-CNC (Figure 10f) holes due to CNC

aggregates are observed again (circled in red).

Figure 10. SEM images of the cryo-fractured cross section of the extruded films: neat PP (a), and PP

nanocomposites reinforced with 3 wt% unmodified CNC (b), and 1 wt% (c), 3 wt% (d), 6 wt% (e) and

10 wt % (f) CNC modified with quaternary ammonium salt.
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3.4.6 Melt rheology

Melt rheology experiments were conducted at 180°C. The evolution of the storage modulus
(G"), loss modulus (G") and complex viscosity (n*) as a function of frequency was measured
for CNC/M-CNC reinforced composites and results are shown in Figure 11. By comparing
the behavior of freshly melted PP and initially extruded PP (PPkx), a very slight decrease is
observed after extrusion at low shear rates showing that the polymer is practically not
degraded by the extrusion process. For nanocomposites, a clear decrease is reported,
particularly at low shear rates, as the CNC content increases. The results are contrast to the
usual predictions by Einstein®® and Batchelor,* for the relative viscosity increase of a
suspension of particles with the volume fraction of suspended particles. This phenomenon

55-62

has been reported for several nanoparticle-based systems and attributed to a dilution

effect.
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Figure 11. Evolution of (a) the storage modulus (G'), (b) loss modulus (G") and (c) complex viscosity
(n*) as a function of frequency for neat PP (o), neat extruded PP (®) and nanocomposites reinforced

with 3 wt% CNC (©0), and 1 wt% (), 3 wt% (e), 6 wt% (@), and 10 wt% M-CNC (»).

131



3.5 CONCLUSION

We have reported an environmentally friendly water-based, flexible and easy procedure to
modify the surface of CNC. Profitably the surface of the negatively charged CNC with
sulfated groups resulting from the sulfuric acid extraction step to establish favorable ionic
interactions with quaternary ammonium salt bearing long alkyl chain. Hydrophobization of
the CNC surface was verified by FTIR spectroscopy and contact angle measurements, and it
was observed that modified CNC displays improved thermal stability compared to neat CNC.
Hydrophobized CNC disperses well in different non-polar solvents and hydrophobic polymer
matrix such as PP, which is impossible for neat CNC. Both unmodified and modified CNCs
act as nucleating agents for the PP matrix, promoting its crystallization. A modest reinforcing
effect was evidenced from DMA and tensile tests, but a spectacular improvement of the
elongation at break was observed when adding few percent of modified CNC. This large
plastic deformation of the material was attributed to the hindering of inter-nanoparticle
interactions and possible plasticizing effect of the surfactant. A significant decrease of the

melt viscosity was reported when adding CNC and ascribed to a dilution effect.
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Chapter-4
Physical adsorption of CNC

Surface adsorption of triblock copolymer (PEO-PPO-PEQO) on
cellulose nanocrystals and their melt extrusion with

polyethylene.
(RSC Advances-2016, 6, 66224)
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Chapter-4: Surface adsorption of triblock copolymer (PPO-PEO-PPQ) on

cellulose nanocrystals and their melt extrusion with polyethylene.
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ENGLISH ABSTRACT

Cellulose nanocrystals (CNC) have gained a lot of interest in recent years in the field of
composites due to their unique mechanical properties and also because cellulose is the most
abundant and renewable polymer in nature. In this work, pluronic grade triblock copolymer
was adsorbed on the surface of CNC in order to improve the thermal stability and also its
dispersion from the dried state. The adsorbed cellulose nanocrystals (A-CNCs) were
characterized to check their thermal, functional and structural properties by
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and atomic force microscopy (AFM). Interestingly, improved thermal
stability was observed and also the dispersion of A-CNC in aqueous medium was much better
than for unmodified CNC. The aqueous A-CNC suspensions were characterized by small
angle X-ray scattering (SAXS) to evaluate the dispersion of the nanoparticles. The flow
properties of A-CNC dispersions were also analysed. Further, A-CNC was used to prepare
nanocomposites by melt extrusion using linear low density polyethylene (LLDPE) as matrix.
The thermo mechanical and morphological properties of the ensuing nanocomposites were
characterized by dynamic mechanical analysis (DMA), differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM). The dispersion state of A-CNC within the

polymeric matrix was also characterized by SAXS.
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RESUME FRANCAIS

L’¢étude des nanocristaux de cellulose (CNC) suscite un intérét croissant ces dernieéres années
dans le domaine des matériaux composites en raison de leurs propriétés mécaniques uniques
et aussi parce que la cellulose, matériau renouvelable, est également le polymere le plus
abondant dans la nature. Les verrous a leur utilisation a grande échelle sont liés a leur
mauvaise stabilité thermique et a la difficulté a les disperser une fois qu’ils ont été séchés. En
vue de parer a ces difficultés, nous avons cherché dans cette étude a modifier la surface des
CNC par adsorption d’un copolymere tribloc pluronic. Les CNC adsorbés (A-CNCs) ont été
caractérisés a travers leurs propriétés thermiques, fonctionnelles et structurelles par analyse
thermogravimétrique (TGA), spectroscopie infrarouge par transformée de Fourier (FTIR),
diffraction des rayons X (XRD) et par microscopie a force atomique (AFM). Les résultats
montrent effectivement une meilleure stabilit¢ thermique et une meilleure dispersion en
milieu aqueux par rapport au cas ou des CNC non adsorbés sont utilisés. Les suspensions
aqueuses de A-CNC ont été caractérisées par diffusion de rayons X aux petits angles (SAXS)
pour évaluer la dispersion des nanoparticules. Leurs propriétés en écoulement ont également
¢té analysées par rhéométrie. En outre, les A-CNC ont ét¢ mélangés a un polyéthyléne basse
densité linéaire (LLDPE) et des nanocomposites ont été préparés par extrusion a chaud. Les
propriétés mécaniques et thermiques des films composites ont été déterminées par analyse
mécanique dynamique (DMA) et par calorimétrie différentielle a balayage (DSC). La
morphologie a quant a elle ¢été¢ observée par microscopie €lectronique a balayage (SEM).

L'état de dispersion des A-CNC dans la matrice polymere a été caractérisé par SAXS.
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4.1 Introduction

Cellulose nanocrystal (CNC) has a great interest in nanocomposite field due to its remarkable
properties including high surface area, low density, and mechanical strength, as well as
inherent abundance, renewability, and biodegradability of cellulose.! The numerous hydroxyl
groups on the surface of CNC enable for physical adsorption or various chemical
modifications including esterification, etherification, oxidation, silylation, and polymer
grafting >~ Physically adsorbed nanocrystals are extensively used as nanofiller to enhance
various properties through the development of composites.®’

In recent years the bulk production of CNC increased due to the vast interest of researchers
and industries promoting its application in the composite field,® but also for advanced
functional nanomaterials.” However, the processing of CNC based nanocomposites is mainly
limited to two methods, viz. 1) solvent casting, and 2) melt processing. The
casting/evaporation technique using polymer solution or polymer dispersion (latex) in liquid
medium is commonly used in most studies for composites reinforced with CNC.!% ! It results
in a good dispersion of the nanofiller within the polymeric matrix after evaporation of the
liquid medium. However, it involves a huge quantity of liquid to avoid viscosity issues and
the dispersion of CNC in low polarity solvents is challenging due to its hydrophilic nature.
Especially this process is not viable for industrial applications.

On the contrary, melt extrusion appears as an economical and industrially feasible process
since it can be applied to bulk production and it is also a non-solvent method (green process).
However, in most research studies, this conventional method was not used frequently for the
preparation of CNC based polymer nanocomposites. This is attributed to issues such as low
thermal stability of CNC due to sulphate groups present at its surface and resulting from the

2

sulphuric acid hydrolysis step,'? and inherent incompatibility between cellulose and most

synthetic polymers. ® *15 Indeed, the hydrophilic nature of cellulose causes aggregation of
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the nanoparticles after drying and limits the dispersion of CNC in a nonpolar matrix because
of inter particle hydrogen bonding.

Different strategies were conducted to prepare nanocomposites by melt extrusion or injection
moulding with CNC. They mainly involved chemical grafting, which was found to strongly
improve the compatibility and dispersion state with hydrophobic matrices.!¢>* However, it is
not an inexpensive process for industry. Finally, adsorption of macromolecules and surface
modification with surfactant were also tried in order to compatibilize CNC with the polymer
matrix.?!2¢

Earlier, PEO chains-coated cellulose nanocrystal (A-CNC) was proposed as a simple method
and extrusion with LDPE was successfully reported.?!?” Similarly, in the present study
triblock (PEO-PPO-PEO) copolymer having two hydrophilic ends attached to hydrophobic
polypropylene oxide (PPO) was used to coat CNC. This process should subsequently
improve the thermal stability of CNC as well as its dispersion and compatibility with a
hydrophobic polymer matrix. As reported elsewhere,?® the PEO blocks of triblock (PEO-
PPO-PEO) copolymer has high affinity with cellulosic surfaces while the PPO block displays
higher affinity with hydrophobic polymers such as polyethylene or polypropylene. Indeed, in
this study when the triblock copolymer (TBC) was introduced to cellulose only the
hydrophilic ends were adsorbed on the cellulose surface leaving the PPO part away. On the
other hand, when TBC was brought into contact with a hydrophobic polymer, the PPO part
alone was adsorbed. In the present study, TBC was first adsorbed on the surface of CNC in
which only the hydrophilic ends were lying on CNC parting the PPO part away as expected.
This process should improve the thermal stability of the nanoparticle as well as its subsequent
dispersion in a hydrophobic medium. The TBC-coated CNC (A-CNC) was use to reinforce
linear low density polyethylene (LLDPE) with which the PPO block (hydrophobic part) can

have strong interaction with the anticipation of better mechanical properties. In this work, A-
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CNC was characterized in terms of thermal stability, as well as structural and functional
properties and the rheological behaviour of its suspension in water was investigated. The
thermal and mechanical properties of the prepared nanocomposites were studied. The SAXS
technique was also used in order to evaluate the dispersion of CNC in aqueous medium and

in the LLDPE composites.

4.2 Experimental methodology
4.2.1 Materials

PEO101-PPOs6-PEOi01 triblock copolymer (Sigma Aldrich) was used (total molecular weight
= 12,600 g.mol!"). LLDPE- FC1010 with molecular weight of 143,000 g.mol! and density of
0.914 g.ml! was chosen as the matrix for the processing of nanocomposites. Commercial
cellulose nanocrystal (CNC) was procured from the University of Maine, USA, as 11.5 wt%
suspension.

4.2.2 Methods

Atomic force microscopy (AFM)

AFM observations were performed to evaluate the diameter and approximate length of
individual nanocrystals using a Nanoscope III (Veeco). CNC and A-CNC aqueous
suspensions were previously diluted to a concentration of 0.01 wt% and a drop of the
suspension was deposited onto freshly cleaved Mica substrate and dried overnight under
ambient conditions. Each sample was characterized in tapping mode with a silicon cantilever
(OTESPA®, Bruker). At least 10 different locations were analysed to obtain representative
measurements.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out using a Spectrum 65 spectrometer (PerkinElmer) on dried

CNC and A-CNC obtained by freeze drying, in order to determine the functional groups
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present in CNC. The samples were analysed by attenuated total reflectance (ATR) in which
the sample was placed on the evanescent wave on the ATR crystal, through which infrared
beam gives the data to the detector.

Thermal degradation

The thermal degradation of CNC and A-CNC was monitored by thermogravimetric analysis
(TGA) using a simultaneous thermal analyser (STA) 6000 (PerkinElmer). Weight loss and
dTG curves were recorded for a 20 mg sample at a heating rate of 10°C.min”" in the
temperature range of 30-950 °C under oxidizing atmosphere (air).

Wide angle X-ray diffraction (XRD)

XRD analysis was performed for freeze dried CNC and A-CNC. The samples were placed in
a 2.5 mm deep cell and measurements were performed with a diffractometer (X’ Pert
PROMPD®) equipped with a detector. The operating conditions of the refractometer were:
copper Ka radiation (A = 1.5418 A), 20 (Bragg angle) between 2 and 56°, step size 0.067°,
and counting time 90 s.

Rheological behaviour

The viscosity of the aqueous suspensions containing cellulose nanoparticles and TBC chains
was analysed with the stress-controlled rheometer ARG2 (TA Instruments) equipped with a
2° cone and plate geometry of 60 mm in diameter. All rheological measurements were
performed at a temperature of 20°C.

Small angle X-ray scattering (SAXS) experiments

The SAXS experiments were performed on ID2 high brilliance beamline at European
Synchrotron Radiation Facility (ESRF, Grenoble, France). Dilute samples of CNC and A-
CNC suspensions (0.1 and 0.5 wt%) were analysed under controlled temperature (25+1°C).
The samples were introduced in a flow-through capillary cell (diameter 1.7 mm) and were
further measured at rest. The wavelength of incident X-rays was A = 0.995 A and two sample-
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detector distances (SD = 2 m and 10 m) were used. The SAXS measurements covered the
following scattering vector range: 2.10% nm! < q < 1 nm’!, q = (4n/A) sin(6/2) where 0 is the
scattering angle. The scattering intensity distribution as a function of scattering vector was
obtained by radial integration of the two dimensional (2D) scattering pattern. All the scattered
intensities I(q) presented are in absolute units, and correspond to the scattering of the CNC
and A-CNC particles only. The normalized background scattering of capillary cell filled with

distilled water was systematically subtracted.

Glued composite film

------
.....

Sample holder

Fig. 1 Sample holder used for LLDPE nanocomposites for the SAXS experiments.
For nanocomposites, the SAXS experiments were performed at SD = 10 m and the films

were positioned in front of the X-ray beam with vertical direction corresponding to flow
direction during the extrusion process. Figure 1 shows the sample holder used for SAXS
experiments. Nanocomposite films were glued horizontally on the sample holder and then the
X-ray beam was passed through the sample and results collected by the detector were
analysed.

Melt extrusion

A twin-screw DSM Micro 15 compounder was used to prepare the nanocomposites. The
polymer matrix pellets (LLDPE) and freeze-dried CNC/A-CNC were mixed (around 15 g
total material) and introduced in the mixing chamber of the extruder. Extrusion was
performed at 160°C with a mixing speed of 100 rpm for 8 min. The mixture was then

extruded through a slit die of 0.6 mm in width and 1 cm in length. Micro-film device was
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attached directly to the micro-compounder outlet port. Nanocomposites with A-CNC contents
of 1, 3, 6 and 10 wt%, and neat CNC content of 5 wt% were prepared.

Dynamic mechanical analysis (DMA)

DMA was used to study the viscoelastic behaviour of the nanocomposites. DMA experiments
were carried out using a RSA3 (TA Instruments) equipment working in the tensile mode. The
storage modulus E’ (elastic response) of the material was measured as a function of
temperature as it was deformed under an isochronal oscillatory stress at a controlled
temperature in a specified atmosphere. The storage modulus is related to the stiffness of the
material. Varying stress with a frequency of 1 Hz was applied to the sample while heating
from -100 to 100°C with a scanning rate equal to 5°C.min"'. The length of the samples was
10 mm.

Differential scanning calorimetry (DSC)

DSC was used to investigate the thermal behaviour of nanocomposites. The melting
temperature of nanocomposites was measured with a Perkin-Elmer DSC instrument using
aluminium pans. The samples were scanned from -100 to 130°C at a heating rate of 10°C.min"'.

Scanning electron microscopy (SEM)

SEM was used to characterize the nanocomposite cross section in order to visualize the
roughness of the film after reinforcement with CNC/A-CNC and check the possible filler
aggregation. Prior to this, the samples were frozen using liquid nitrogen and broken to obtain
a clear fracture. It was glued to the sample holder for cross section images. The samples were
coated with gold to prevent charging of the sample due to the electron bombardment. The

SEM images were captured by using FEI (MED) Quanta200.

156



4.3 Results and discussion

First, the structural, functional, surface, flow and thermal properties of neat and PEO-PPO-
PEO TBC-adsorbed CNC were reported. Thereafter, LLDPE nanocomposites reinforced with
A-CNC/CNC were characterized in order to highlight their mechanical behaviour,
morphology and dispersion state of the nanofiller.

4.3.1 Surface adsorption on cellulose nanocrystals

The CNC surface was adsorbed with (PEO-PPO-PEO) triblock copolymer. As illustrated in
Figure 2, 5 g of PEO-PPO-PEO was dissolved in 100 mL of water (5 wt% solution) and
added slowly to the 5 wt% CNC suspension in water. The dispersion was stirred slowly for 2
hours and it was then freeze-dried for one week prior to characterization and extrusion with

LLDPE.

Fig. 2 Schematic illustration of the surface adsorption mechanism of the (PEO-PPO-PEO) triblock
copolymer on cellulose nanocrystals.

4.3.2 Atomic force microscopy observation

The morphology of CNC and A-CNC was observed by using AFM and the results are shown
in Figure 3. The AFM image of CNC is shown in Figure 3a and the length and diameter of
the nanorods were in the range of 24-195 nm and 2-9 nm, respectively. The TBC-adsorbed
CNC can be seen in Figure 3b. The triblock copolymer formed a layer on the surface of CNC
that can be seen in low magnification image. The high magnification image showed that the
individual nanocrystal morphology was different compared to neat CNC. This can be
attributed to the adsorption of hydrophilic ends of TBC on CNC. The size of the A-CNC was

increased 2-3 nm in width due to the adsorption of TBC.
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Fig. 3 AFM images for (a) CNC, an d-(b) ACNC.

4.3.3 Dispersion of CNC/A-CNC in aqueous medium

Freeze-dried CNC and A-CNC were redispersed in water and the visual appearance of the
samples before and after dispersion in water can be seen in Figures 4a and 4b, respectively. It
is obvious that CNC cannot redisperse in water after drying due to the strong hydrophilic
interactions that are established between the surface hydroxyl groups and aggregates (circled
in red) as can be seen in Figure 4b. On the contrary, A-CNC was dispersed uniformly as
shown in Figure 4b. It is thus clearly shown that TBC adsorbed on the surface of CNC can
swell in water and consequently the remaining CNC can be freely dispersed for naked eye

observation.

ACNC  CNC -
Fig. 4 (a) Freeze-dried and (b) redispersed in water CNC and A-CNC.
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4.3.4 Viscosity of CNC/A-CNC in aqueous Medium

The capability of CNC to adsorb PEO-PPO-PEO polymeric chains can be investigated by
studying the rheological behaviour of nanocrystal suspensions in the presence of TBC as
reported in previous studies.>?!?” In the present study, suspensions with a constant TBC
concentration of 1 wt% and gradual increase of CNC content from 1 to 9 wt% were prepared
and the evolution of their viscosity vs. shear rate was determined. As shown in Figure 5, the
TBC solution displays the lowest viscosity. The suspensions with low CNC contents
(TBC1%+CNC1% and TBC1%+CNC2%) presented a similar behaviour as the one of neat
CNC suspension, which indicates that TBC can be adsorbed on CNC surface. It indicates that
the capability of surface adsorption of CNC is around 1-2 g of TBC for 1 g of pristine CNC.
This value is lower than for PEO homopolymer with a similar molecular weight,?” probably
because of a different chain conformation of the copolymer at the cellulosic surface. It
justifies the 1:1 ratio used for CNC:TBC in the present study. For higher CNC contents, the
viscosity increased when increasing the CNC content as expected because free CNC is
released in the suspension. Moreover, shear thinning behaviour is observed and this

phenomenon is emphasized as the nanoparticle concentration increases.

Viscosity (Pa.s)

0.1 1 10 100
Shear rate (s)
Fig. 5 Evolution of the viscosity as a function of shear rate for aqueous suspensions: (e)
TBC1%+CNC0%, (o) CNC 1%, (A) TBCl1%+ CNC1%, (A)TBC1%+CNC2%, (M)
TBC1%+CNC3%, (O) TBC1%t+ CNC4%, (X) TBC1%+CNC5%, () TBC1%+CNC7%, (<)
TBC1%+ CNC9%.
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4.3.5 SAXS experiments on CNC/A-CNC

Figures 6a and 6b show the radial average experimental curves obtained for neat CNC and A-
CNC suspensions, respectively, at concentrations of 0.1 and 0.5 wt%. These curves basically
give the scattering information about the elements of the suspension at different
magnifications. For higher q values the signal arises from the whole scattering objects and for
lower q values it comes from their mutual interactions. The effect of concentration on the
structural organization in chiral nematic phase was studied in a previous work.? The average
separation distance between the CNCs has been determined for a concentration domain
ranging from 1.3 to 6.5 vol% which corresponds to 2.08 to 10.4 wt%. The results obtained in
the present work correspond to very dilute samples (0.1 and 0.5 wt%) in the isotropic phase.
At 0.5 wt% the scattering intensity exhibits a shoulder at q = 0.045 nm™'. We can evaluate an
approximate inter-particle distance d = 2[J/ q = 140 nm, which is much larger than the
diameter of CNC and explains why there is no change in the scattering curve within the

analysed low concentration range for the suspension without (Fig. 6 a) or with adsorbed

polymer (Fig. 6b).
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Fig. 6 SAXS characterization of CNC suspensions: scattering intensity as a function of scattering
vector for suspensions at concentration of 0.5 and 0.1 wt%: (a) neat CNC, and (b) A-CNC.
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Fig. 7 SAXS characterization of CNC suspensions: (a) scattering intensity as a function of scattering
vector for CNC and A-CNC suspensions at concentration of 0.5 wt%, and (b) two-dimensional SAXS
pattern for 0.5wt% CNC and A-CNC suspensions at SD = 10 m.

Figure 7a shows a comparison of the radial average experimental curves for the 0.5 wt%
CNC suspension before and after TBC adsorption. It is interesting to mention that the
scattering intensity is the same for the 0.5 wt% CNC and A-CNC on a wide range of q
vectors corresponding to the form factor of the particles, and that a clear change in scattering
intensity is detected at lower q vector values below q = 0.045 nm™'. At high scattering vector
the scattering intensity is the same before and after adsorption because adsorption is not
changing the overall dimensions of the CNC. For lower q vectors (below q = 0.045 nm™) the
A-CNC suspension exhibits an increase in scattering intensity which can be attributed to a
change in mutual interactions between the adsorbed cellulose nanocrystals, while no similar
effect is detected for neat CNC. Furthermore, the inter-particle distance at q = 0.045 nm’!
evaluated for neat CNC is emphasised on the 2D SAXS pattern by the presence of a ring
which is no more valid for A-CNC as shown in Figure 7b. The absence of this inter-particle
regular distance could be interpreted by the fact that the presence of the copolymer
homogeneously dispersed the nanoparticles without regular spacing pertaining to primary
aggregates which at higher concentrations give rise to the chiral nematic organization. It is
worth noting that this work consists of a preliminary study and future investigation will be
conducted at higher concentrations for both neat and adsorbed cellulose nanocrystals.
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4.3.6 FTIR experiments

FTIR spectroscopy was used to investigate the functional properties of neat CNC, TBC and
A-CNC. The results are shown in Figure 8. Before the adsorption of TBC on CNC, the FTIR
spectrum for neat CNC displayed several bands characteristic of cellulose at 3350 cm™ (O—
H), 2868 and 2970 cm™ (C-H from —CH2-). The bands at 2970 and 1373 cm™ for TBC
correspond to the existence of methyl groups in the PEO-PPO-PEO block copolymer. The
antisymmetric C-H stretching vibration of methyl groups in PPO blocks can be seen at 2970
cm™ and 1373 cm™! band confirming the symmetric deformation band of methyl groups.?%3!
Importantly, bands at 1360 and 1108cm™ correspond to the CH2-wagging and C-O-C
stretching, respectively, between the PEO and PPO blocks.?%-3?

For A-CNC a substantial increase of the magnitude of the band at 2970 cm™! corresponding to
symmetric -CH2 — stretches from copolymer is observed. The signal associated with the
vibration of adsorbed water at 1650 cm™ strongly decreased after surface adsorption with
TBC. This might be due to the hydrophobic behaviour of the PPO block which is away from
the CNC surface as shown in Figure 2. Moreover, the bands appearing at 1360 and 1108 cm™!

correspond to TBC. Hence it is evident that the PEO-PPO-PEO block copolymer is present at

the surface of CNC.
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Fig. 8 FTIR spectra for CNC, TBC and A-CNC.
4.3.7 TGA

The thermal degradation behaviour of freeze-dried CNC and A-CNC was investigated by
TGA measurements. The results of weight loss and dTG as a function of temperature are
reported in Figures 9a and 9b, respectively. Neat CNC displays a slight weight loss from 30
to 130°C. It is attributed to the presence of water due to the hydrophilic character of
cellulose. This effect was decreased for the triblock copolymer-adsorbed sample (A-CNC)
showing its more hydrophobic nature. It is ascribed to a lower accessibility of -OH groups
after TBC surface adsorption. Then, a sharper weight loss is observed in the range 250-300°C
for CNC whereas in the case of A-CNC the weight loss is observed over a broader
temperature range between 250 and 400°C. The relative dTG curves corresponding to CNC
and A-CNC (Fig. 9b) clearly indicate that the main degradation temperature for CNC is
slightly lower than for A-CNC. It shows further that the surface of CNC is adsorbed with the
triblock copolymer. The thermal decomposition temperatures, associated to weight loss and

maximum of derived signal, were determined and results are collected in Table 1.
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Fig. 9 (a) TGA and (b) dTG curves for CNC (dashed line) and A-CNC (solid line).

Table 1 Temperature values at different relative weight loss for neat CNC and A-CNC.

Temperature (°C) at different relative

Sample weight loss
10% 20% 40% 60%
CNC 227 284 298 316
A-CNC 238 289 304 398

4.3.8 X-ray diffraction

The crystallinity of neat CNC and A-CNC was investigated by X-ray diffraction and the
patterns are shown in Figure 10. The diffraction peaks for CNC at 22.6°, 14.8°, 16.4°, and
34.4° were assigned to the typical reflection planes of cellulose 1.°>* In the case of TBC-
adsorbed CNC (A-CNC) new crystalline peaks are observed at 26 = 19.2°, 26.2° and 26.9°
ascribed to PEO chains® present in the triblock copolymer. Interestingly the intensity at 16.4°

increases after adsorption of TBC confirming that the surface of CNC was adsorbed with

PEO-PPO-PEO.
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Fig. 10 X-ray diffraction patterns for CNC (dashed line) and A-CNC (solid line).
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4.4 CNC/A-CNC reinforced nanocomposites

Neat CNC and TBC-adsorbed CNC reinforced LLDPE nanocomposites were prepared by
twin-screw extrusion as detailed in the experimental section. The aspect of resultant
nanocomposite films is shown in Figure 11. The neat PE film is translucent as any low
thickness semi crystalline polymeric film. When adding only 5 wt% CNC, the film becomes
homogeneously darker. This dark colouration after extrusion is a clear indication of the
thermal degradation of the cellulosic filler.>!*” The appearance of the nanocomposite films
reinforced with up to 10 wt% A-CNC is similar to that of the neat PE film. This observation
agrees with TGA experiments and could be related to the protection of sulphate groups

provided by adsorbed TBC.

=
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Fig. 11 Appearance of extruded CNC/LLDPE and A-CNC/LLDPE nanocomposrce films.
4.4.1 Thermal properties

The thermal characterization of CNC/A-CNC reinforced LLDPE nanocomposite films was
carried out using DSC. From the analysis of DSC traces, the melting temperature (Tm),
associated heat of fusion (AHm) and degree of crystallinity (yc) were obtained for the unfilled
LLDPE film and nanocomposite materials reinforced with either CNC or A-CNC. The

resulting experimental data are listed in Table 2.
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Table 2 Melting characteristics of LLDPE based nanocomposites reinforced with CNC or A-CNC
obtained from DSC measurements: melting temperature (Tm), enthalpy of fusion (AHm) and degree
of crystallinity ().

Sample Tm(°C) AHw(J/g) xc*

LLDPE 118.0 1174 40.5

LLDPE+1%A-CNC 117.4 121.5 419

LLDPE+3%A-CNC 117.5 1289 444

LLDPE+6%A-CNC 119.9 1139 393

LLDPE+10%A-CNC  120.1 117.0 403

LLDPE+5%CNC 118.0 99.35 343
* yc = AHw/w AH®, where w is the weight fraction of polymeric matrix in the composite and AH®, =
290 J.g! (heat of fusion for 100% crystalline LLDPE).

The melting point remained roughly constant between 117 and 120°C upon A-CNC or CNC
addition. It indicates that the size of the crystallites was not affected by the filler. On the
contrary, the degree of crystallinity of LLDPE was slightly increased for low A-CNC
contents (1 and 3 wt%). This effect is classically observed for CNC reinforced semi-
crystalline polymers and is generally attributed to a nucleating effect of the cellulosic
nanoparticle. For higher A-CNC contents (6 and 10 wt%) the degree of crystallinity of
LLDPE crystallinity showed lower values and was similar to that of the neat matrix. It could
possibly result from a competitive effect between the nucleating effect of A-CNC and
increase of the viscosity of the medium that limits the crystallization of the matrix. Similar
behaviour has been reported for CNC reinforced PEO.** LLDPE reinforced with 5 wt% neat
CNC displays a very low degree of crystallinity compared to neat LLDPE. It seems
reasonable to speculate that aggregation and limited filler/matrix interface, as well as thermal
degradation of the cellulosic nanofiller, are responsible for this phenomenon.

4.4.2 Mechanical properties

Figure 12 shows the evolution of the logarithm of the storage modulus as a function of
temperature for CNC/A-CNC reinforced LLDPE nanocomposites. The behaviour of the neat
matrix has been added in the figure for reference. The modulus is roughly constant in the low
temperature range but it drops around -40°C due to the anelastic manifestation of the glass

transition of the polymeric matrix. For higher temperatures the modulus gradually decreases
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because of the progressive melting of the polymer. At the melting temperature of the
polymeric matrix, the modulus dropped sharply and the setup fails to measure it due to

irreversible chain flow.

log (E'/Pa)

6 . . .
-100 -50 0 50 100
Temperature (°C)

Fig. 12 Evolution of the logarithm of the storage tensile modulus as a function of temperature for the
neat and LLDPE nanocomposites: (@) LLDPE, (o) LLDPE+5%CNC, (A) LLDPE+1%A-CNC, (A)
LLDPE+ 3%A-CNC, (H) LLDPE+6%A-CNC, (O) LLDPE+10%A-CNC.

No significant difference is reported between the unfilled LLDPE and nanocomposites in the
glassy state of the matrix as expected because of the stiffness of the matrix in this temperature
range. At higher temperatures differences are observed and it is clearly seen that the rubbery
modulus of the nanocomposite reinforced with 5 wt% neat CNC is lower than that of the
matrix. This might be because of the degradation and poor dispersion of CNC. The lower
degree of crystallinity of the sample should also, at least partially, participate to this effect.
While adding A-CNC, the rubbery modulus significantly increased possibly ascribed to a
reinforcing effect of the nanofiller. Improved dispersion of the nanoparticles and favourable
interactions with the matrix, but also increased crystallinity of the matrix, are most probably
responsible for this effect. It is worth noting that the modulus of the nanocomposite is
practically independent of the filler content. It is usually difficult to separate the impact of the
CNC-induced crystallization and real reinforcing effect of the nanofiller, but in our case since
the degree of crystallinity of the neat matrix and highly filled nanocomposites (6 and 10 wt%

A-CNC) are similar (see Table 2), the higher rubbery modulus of the nanocomposites can be

unambiguously attributed to a reinforcing effect of the cellulose nanorods. It is worth noting
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that this reinforcing effect is much higher than that observed for PE nanocomposites

reinforced with CNC coated with PEO homopolymer.?’

4.4.3 Morphological investigation

The cryo-fractured cross section of the nanocomposite films was investigated by SEM
(Figure 13). By comparing Figure 13a (neat LLDPE matrix) and Figure 13b (LLDPE
reinforced with 5 wt% CNC), the presence of the nanofiller results in the observation of
microscopic holes. These holes most probably correspond to CNC aggregates formed during
drying because of hydrogen bonding between individual CNC, that have been degraded
during melt processing at 160°C. The cross section of nanocomposites reinforced with A-
CNC (Fig. 13 c-f) is similar to that of the neat matrix showing the homogeneous dispersion of
the nanofiller within the matrix. These observations corroborate the mechanical properties

obtained for these materials.

Fig. 13 SEM images of the cryo-fractured cross section for extruded films: (a) neat LLDPE, and
LLDPE nanocomposites reinforced with (b) 5 wt% CNC, and (c) 1, (d) 3, (e) 6 and (f) 10 wt % A-

CNC.
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4.4.4 SAXS characterization

Figure 14 compares the evolution of the scattering intensity as a function of scattering vector
for PE+5%CNC and PE+6%A-CNC nanocomposites. A slight variation can be seen between
both samples which is due to the slightly different nanofiller content. The inserted images are
the scattering patterns corresponding to these samples. Significant difference can be seen
between neat CNC and TBC-adsorbed CNC reinforced nanocomposites. The 2D scattering
pattern is more anisotropic for PE+6%A-CNC. This can be ascribed to the difference in the
dispersion state of CNC in the matrix before and after TBC adsorption. The PE+5%CNC
nanocomposite displays poor dispersion, whereas the nanofiller in PE+6%A-CNC has a more

uniform dispersion, agreement with SEM observations.

1000 |
LDPE+6%A-CNC
10
Ci LDPE+5%CNC
1
01
0,005 q(nm.i) 0.06

Fig. 14 SAXS characterization of CNC and A-CNC reinforced LDPE nanocomposite films:
Scattering intensity as a function of scattering vector for LDPE+6%A-CNC (<), LDPE+5%CNC (4)
and corresponding 2D-SAXS patterns.

Figure 15 shows the 2D-SAXS patterns for A-CNC nanocomposites with different nanofiller
contents varying from 1 to 10 wt%. The SAXS patterns exhibit an anisotropic shape with a
higher intensity in the horizontal direction which corresponds to a preferential orientation of
A-CNC in the flow direction during the extrusion process. For increasing A-CNC content, the

anisotropic level is amplified which could be attributed to a higher orientation of the
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nanorods or to an increasing quantity of A-CNC nanoparticles orientated in the flow direction

during the extrusion process.

LLDPE+1%A-CNC LLDPE+3%A-CNC

- =

LLDPE+6%A-CNC LLDPE+10%A-CNC

- 2

Fig. 15 2D SAXS patterns for LDPE nanocomposites with different A-CNC contents.
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4.5 Conclusion

In this study we have developed an efficient and simple water based method to prepare
cellulose nanocrystal (CNC) reinforced polyethylene nanocomposites by melt processing. It
consists in coating the nanoparticle (ratio 1:1) with a triblock copolymer (TBC) having two
hydrophilic ends attached to a hydrophobic central block. The hydrophilic ends were
expected to interact with the cellulosic surface leaving the hydrophobic block free to provide
compatibility with the polyethylene matrix chains. Coating of CNC with the copolymer was
visualized from AFM observations and the rheological behaviour of aqueous dispersions
indicates that the surface adsorption capability of CNC is around 1-2 g of TBC for 1 g of
pristine CNC. Moreover, this coating allows a much easier and better re-dispersion in water
of the nanoparticles after freeze-drying, that was also characterized by SAXS experiments,
and improves their thermal stability. After melt extrusion with polyethylene, the visual
appearance of films prepared from TBC-coated CNC was clearly indicative of an improved
dispersion, that was also evidenced from SEM observations, and limited thermal degradation.
It results in significantly improved mechanical properties for the nanocomposites. SAXS
experiments show a much more prominent preferential orientation and alignment in the flow
direction for TBC-coated CNC compared to neat CNC which is induced by the extrusion
step. It further indicates that individual coated nanorods are present in the nanocomposite

films.
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ENGLISH ABSTRACT

Cellulose nanocrystals (CNC) play a vital role to improve the mechanical properties of
polymer composites since they are unique in mechanical possessions. Due to the low thermal
stability of CNC, the preparation of polymer composites by melt-processing is limited. In
order to enhance the thermal stability of CNC, they were modified taking advantage of ionic
interactions with laboratory-prepared statistical copolymer, viz. poly [(styrene)-co-(2-
ethylhexyl acrylate)]. CNC modified using a water based method were characterized to
determine their thermal, functional and structural properties by means of thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
XPS and atomic force microscopy (AFM). Their hydrophobic nature was investigated by
using contact angle measurements. In order to improve the compatibility between CNC and
polystyrene matrix, and with the anticipation of high mechanical properties, the modified
CNC were incorporated into polystyrene by melt extrusion. The thermomechanical
performance of the ensuing composites was examined by means of differential scanning
calorimetry and dynamic mechanical analysis (DMA). The morphology of the composites

were also studied using scanning electron microscopy (SEM).
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RESUME FRANCAIS

Du fait de leurs propriétés mécaniques exceptionnelles, les nanocristaux de cellulose (CNC)
jouent un rdle essentiel dans D’optimisation des propriétés de renfort des composites
polymeéres. Cependant, la faible stabilit¢ thermique des CNC limite [’¢laboration des
composites polymeres par des procédés a I'état fondu qui sont de fait une véritable voie de
développement a [’échelle industrielle de ce type de matériau. Par conséquent, afin
d'améliorer la stabilité thermique des CNC et permettre leur mise en forme a 1’état fondu, une
modification de leurs propriétés de surface a été envisagée et nous avons utilisé pour cela un
copolymere statistique préparé au laboratoire, a savoir le poly [(styréne)-co-(acrylate de 2-
¢thylhexyle)], capable de développer des interactions ioniques avec les groupements sulfates
présents a la surface des CNC du fait de I’hydrolyse acide utilisée pour les préparer. Cette
modification intervient en milieu aqueux. Les CNC modifiés ont été caractérisés par leurs
propriétés thermiques, structurales et fonctionnelles. Nous avons utilisé pour cela 1’analyse
thermogravimétrique (TGA), la spectrométrie infrarouge a transformée de Fourier (FTIR), la
diffraction des rayons X (XRD) et la microscopie a force atomique (AFM). La nature
hydrophobe des surfaces obtenues a été caractérisée par mesure d’angles de contact. Les
CNC modifiés ont été incorporé a une matrice polystyréne (PS) et un film composite a été
¢laboré par extrusion a 1’état fondu. Les performances thermomécaniques des composites
ainsi obtenus ont été¢ déterminées par calorimétrie différentielle a balayage et analyse
mécanique dynamique (DMA). Les propriétés la morphologie ont également été
caractérisées. Nous avons réalisé pour cela des essais des observations par microscopie

¢lectronique a balayage (SEM).
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5.1 Introduction

During the last two decades cellulose nanocrystals (CNC) have been emerging as most
promising nanomaterial for both researchers and industries due to their astonishing
properties, e.g. elastic modulus reaching 150 GPa, high aspect ratio (10—70), high surface
area (150 m?/g) and high crystallinity (95%) (1-5). This in turn expands the production of
CNC, which will likely increase by 5 times at least by 2017 (6). Such progress leads to
various applications, particularly in the field of composite materials. In this regard, the

incorporation of CNC in polymer matrices leads to improvement of the mechanical properties

7).

Most of the research articles reports a solvent casting method for the production of polymer
nanocomposites, since it preserves the dispersion state of cellulose nanoparticles in the liquid.
However, such approach is limited by the number of polymer matrices that can be used in
combination with CNC because of polymer solubility (8). Moreover, solvent casting is not a
cost effective process, whereas melt processing is commonly used to process thermoplastic
polymers. The latter is industrially and economically viable and also a solvent-free process.
However, it limits the optimal preparation of nanocomposites with CNC due to low thermal
stability and poor dispersion during drying stage because of the irreversible agglomeration.
The huge number of hydroxyl groups at the surface of CNC allows to improve its thermal
stability, dispersibility, as well as to provide good compatibility with matrix through surface
modification, such as chemical grafting or physical adsorption. Such modification is
favourable for further processing of composites by melt extrusion, as previously reported (9-

19).

The challenge of melt processing for CNC is to find a suitable treatment to avoid the
aforementioned problem and to avoid the issues of inherent incompatibility between cellulose

and most polymeric matrices. In a previous work (14), we have demonstrated that physical
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adsorption of polyethylene oxide (PEO) chains on the surface of CNCs can improve
dispersibility and thermal stability of nanocrystals during the melt processing of low-density
polyethylene (LDPE)-based nanocomposites. The improved thermal stability of PEO-
adsorbed CNC was ascribed to a protection role of wrapped PEO chains that hide the surface
sulphate groups of nanocrystals. In another study (19), surface modification through physical
adsorption and/or chemical grafting was performed on CNC, which produced three different
types of modified nanocrystals. These three types of CNC were extruded with polystyrene

and their reinforcing effect and interfacial mechanisms were investigated.

In this study CNC surface was modified through electrostatic interaction at pH10 with
laboratory-synthesized poly[(styrene)-co-(2-ethylhexyl acrylate)] prepared by mini emulsion
polymerization. These M-CNC which have strong electrostatic interaction with PS co-
polymer were extruded with polystyrene. The objective was to obtain good compatibility

between the matrix and CNC consequently a reinforcing effect of the incorporated nanofiller.

5.2 Experimental Section

5.2.1 Materials

Styrene (>99%) and 2-ethylhexyl acrylate (2-EHA, 98%) were purchased from Sigma-
Aldrich and were further distilled under vacuum and stored in a cool place (at 4 °C) under
nitrogen gas atmosphere. Sodium hydroxide, Luperox A75 (75% of benzoyl peroxide,
remainder water), tetra decyl trimethyl ammonium bromide (TTAB, >99%), 1-hexadecanol
(>99%) were purchased from Sigma-Aldrich and were used without further purification.
Polystyrene (PS) from sigma Aldrich, with density of 1.047 g/mL and molecular weight of
280000 g/mol was chosen as the matrix for the processing of nanocomposites. Commercial
11.5 wt% CNC suspension prepared by sulfuric acid hydrolysis was procured from

University of Maine, USA.
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5.2.2 Methods

Dynamic light scattering (DLS)

Particle size of PS copolymer particles was examined using dynamic light scattering (DLS)
with Vasco particle size analyzer (Cordouan Technologies, France). The measurements were
made at 25 °C performing 7 acquisitions for one sample. The data treatment was performed
using cumulant method.

Differential scanning calorimetry (DSC)

DSC Q100 (TA Instruments, USA) was used to measure the glass transition temperature of
the synthetized latex. The samples around 10 mg were hermetically closed in aluminium pans
and were examined in the temperature range from —80 to 150 °C at a scanning rate of
10 °C/min under nitrogen (50 mL/min). The first heating—cooling cycle was carried out to
remove the previous thermal history. The glass transition temperature was measured from the
second heating scan.

DSC was also used to investigate the thermal behaviour of nanocomposites. The glass
transition temperature of nanocomposites was measured with a Perkin-Elmer DSC instrument
using aluminium pans. The samples were scanned from 60 to 250°C at a heating rate of
10°C.min™.

Atomic force microscopy (AFM)

AFM observations were performed to study the diameter and approximate length of
individual nanocrystals using a Nanoscope III (Veeco, Canada). CNC and M-CNC samples
were previously diluted to a concentration of 0.01wt% and a drop of the suspension was
deposited onto freshly cleaved mica substrate and dried overnight under ambient conditions.
Each sample was characterized in a tapping mode with a silicon cantilever (OTESPA®,
Bruker, USA). Different locations were analysed to obtain representative measurements.

Both topographical and phase images were captured and images were subjected to 1st order
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polynomial flattening to reduce the effects of bowing and tilt. CNC diameter was determined

from height profile of height sensor images.

Rheological behaviour

The viscosity of the aqueous suspensions of cellulose nanoparticles modified with PS
copolymer was analysed with the stress-controlled rheometer ARG2 (TA Instruments)
equipped with a 2° cone and plate geometry of 60 mm in diameter. All the rheological
measurements were performed at a temperature of 20°C.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Spectrum 65 spectrometer (PerkinElmer, USA) on
dried CNC and M-CNC obtained by freeze drying after 24 h, in order to determine the
functional groups present in the CNC and M-CNC. The samples were analysed by attenuated
total reflectance (ATR) in which the sample was placed on the evanescent wave on the ATR

crystal, through which infrared beam gives the data to the detector.

Thermogravimetric analysis (TGA)

Thermal degradation of the CNC and M-CNC was observed by TGA using a Simultaneous
Thermal analyser (STA) 6000 (PerkinElmer, USA). Weight loss and heat flow curves were
recorded for a 20 mg sample at a heating rate of 10 °C/min in the temperature range of 30—

950 °C under oxidizing atmosphere (air).

X-ray diffraction (XRD)

XRD analysis was performed for freeze dried CNC and M-CNC. The samples were placed in
a 2.5 mm deep cell and measurements were performed with a diffractometer (X’ Pert
PROMPD®) equipped with a detector. The operating conditions of the refractometer were:
copper Ko radiation (A = 1.5418 A), 20 (Bragg angle) between 2 and 56°, step size 0.067°,

and counting time 90 s.
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X-ray photoelectron spectroscopy (XPS)

The PS copolymer surface-modified CNC and neat CNC were analysed by XPS. The
experiments were carried out using an XR3E2 apparatus (Vacuum Generators, U.K.)
equipped with an unmonochromated Mg KR X-ray source (1253.6 eV) and operated atl15 kV
under a current of 20 mA. Samples were placed in an ultrahigh vacuum chamber (10—8 mbar)
with electron collection by a hemispherical analyser at a 90° angle. Signal decomposition was
done using Spectrum NT, and the overall spectrum was shifted to ensure that the C—C/C—H
contribution to the C 1s signal occurred at 285.0 kV.

Contact Angle Measurements

The hydrophilic/hydrophobic nature of CNC/M-CNC was evaluated at room temperature by
measuring the contact angle of a small water drop (ca. Sul) using an Attension theta contact
angle meter. Smooth surfaces were obtained by compacting freeze-dried CNC under a
pressure of 10 MPa. Contact angle values were determined from Attension theta Software.
Melt extrusion

A twin-screw DSM Micro 15 compounder was used to prepare the nanocomposites. The
polymer matrix pellets (PS) and freeze-dried CNC/M-CNC were mixed (around 15 g total
material) and introduced in the mixing chamber of the extruder. Extrusion was performed at
190°C with a mixing speed of 100 rpm for 8 min. The mixture was then extruded through a
slit die of 0.6 mm in width and 1 cm in length. Micro-film device was attached directly to the
micro-compounder outlet port. Nanocomposites with M-CNC contents of 1, 5 and 10 wt%,
and neat CNC content of 5 wt% were prepared.

Dynamic mechanical analysis (DMA)

DMA was used to study the viscoelastic behaviour of the nanocomposites. DMA experiments
were carried out using a RSA3 (TA Instruments) equipment working in the tensile mode. The

storage modulus E’ (elastic response) of the material was measured as a function of
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temperature as it was deformed under an isochronal oscillatory stress at a controlled
temperature in a specified atmosphere. The storage modulus is related to the stiffness of the
material. Varying stress with a frequency of 1 Hz was applied to the sample while heating
from 60 to 120°C with a scanning rate equal to 5°C.min"!. The length of the samples was 10
mm.

Scanning electron microscopy (SEM)

SEM was used to characterize the nanocomposite cross section in order to determine the
roughness of films after incorporating the CNC/M-CNC and study the homogeneity of their
dispersion. Prior to the analysis, the samples were frozen using liquid nitrogen and broken in
order to obtain a clear fracture. The samples were coated with a gold layer in order to prevent
the charring of the sample due to the electron bombardment. The SEM images were captured
using FEI Quanta 200 SEM (FEI, Netherlands).

Field emission gun scanning electron microscopy (FEG-SEM)

The FEG-SEM was executed using ZEISS Ultra 55 microscope (Zeiss AG, Germany),
equipped with In-Lens secondary electron detector at an accelerating voltage of 1-5 kV. The
examined latex particles were diluted with distilled water to 0.1 wt.%, deposited on a double-
sided adhesive carbon tape and lyophilized using Christ Alpha 2-4 LD plus freeze dryer
(Martin Christ, Germany). The samples were sputtered with a gold layer of 3 nm before the
analysis.

5.3 Results and discussion

5.3.1 Latex synthesis

Poly [styrene-co-(2-ethylhexyl acrylate)] was synthesized via mini emulsion polymerization
as reported elsewhere (20). Briefly, 0.20 g of TTAB (cationic surfactant) and 0.44 g of 1-
hexadecanol (co-stabilizer) were placed in 24.00 g of water and heated at 70 °C for 1 h under

mild stirring to prepare a “pre-emulsion”. Then, 8.23 g of styrene and 4.00 g of 2-Ethylhexyl
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acrylate were added and the ensuing formulation was emulsified in an ice bath by ultrasound
using Branson Sonifier 250 (Emerson Electric, USA) for 5 min at a duty cycle of 70%. A
micro tip limit of 4. 1 g of Luperox A75 was added to the obtained nano emulsion and the
polymerization reaction was performed under inert nitrogen gas atmosphere, stirring at 150
rpm and heating at 70 °C. The reaction was stopped after 8 h (the time was defined from the

monomer conversion analysis, see Fig. 1a) by decreasing the temperature to 25 °C.

5.3.2 Monomer conversion

The degree of monomer conversion was measured using gravimetrical method. Ca. 0.30 mL
of the reaction mixture was withdrawn at different times of the polymerization reaction and
the exact weight was measured. An exact amount of 1 wt% hydroquinone aqueous solution
was added (ca. 0.15 mL) immediately to quench the polymerization reaction. Then, the
specimen was dried at ambient temperature until the constant weight in order to evaporate the
non-reacted monomers. The degree of monomer conversion was determined as follows:
Conversion (%) = m1/m2 x 100

Where m is the weight of the dried specimen with subtracted weight of hydroquinone,
surfactant and co-stabilizer; m> is the weight of the specimen with subtracted amount of
water, hydroquinone, surfactant and co-stabilizer.

5.4 Characterization of PS-copolymer

Figure 1 shows some characterization of the synthesized poly [styrene-co-(2-ethylhexyl
acrylate)] latex particles. The time evolution of monomer conversion indicates (see Fig. 1a)
that almost all the monomer was converted to polymer within 8 h, thus giving information on
the necessary time for such reaction conditions. As a result, latex particles with rather wide
size distribution were produced in submicron scale (see Fig. 1b). Z-average particle size of
385 nm and a polydispersity index (PDI) of 0.22 were determined from DLS analysis. FEG-
SEM (see Fig. 1d) was used to visualize the particles, confirming the results obtained with
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DLS. Glass transition temperature of 7 °C was determined from DSC measurements (Fig.

lc), giving the idea about a transition temperature zone from a brittle to rubber-like state.
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Fig. 1 some properties of the synthetized poly [(styrene)-co-(2-ethylhexyl acrylate)]: (a) monomer
conversion; (b) particle size distribution; (¢) DSC curve and (d) FEG-SEM image

5.5 Preparation and characterization of M-CNC
5.5.1 Preparation of M-CNC

As shown in Scheme 1, the polystyrene copolymer synthesized by mini emulsion along with
quaternary ammonium salt (QS) tetradecyl trimethyl ammonium bromide was utilized to
promote electrostatic interactions with CNC bearing sulfonated groups on their surface. A

previously reported procedure was used (21, 22) for this, 3 g of CNC were dispersed in

aqueous medium
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Scheme-1. Illustration reaction of PS-copolymer with cellulose nanocrystals.

(1 wt % in water), and the pH was adjusted to 10 by using NaoH. Then, the CNC dispersion
was slowly added to the 300 mg of quaternary salt at 40 °C, i.e. the ratio of salt to CNC was
10 wt %. The mixture was stirred at 40°C for 3 h, under constant temperature. The mixture
was freeze-dried to understand the structural, functional, surface, and thermal properties. As
illustrated in scheme-1 (right side) the PS copolymer was attached to the CNC by

electrostatic interaction with negatively charged sulphated groups on CNC.
5.5.2 Atomic force microscopy

Atomic force microscopy (AFM) was employed to understand the morphology and average
size of the modified and adsorbed cellulose nanocrystals. The AFM images of M-CNC are
shown in figure 2 at different magnifications. As shown in figure 2 the modified CNC
diameter (2-6nm) was increased significantly compared to the neat CNC reported in our

previous study (23).
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Fig. 2 AFM images of modified cellulose nanocrystals with PS copolymer at different observation
scales.

This can be explained by the fact that the PS copolymer formed strong electrostatic
interaction with CNC and this can be observed for marked nanocrystals in figure 2 (high
magnification). Significantly the dispersion of the nanocrystals was improved due to the

electrostatic repulsion between the CNCs.

5.5.3 Viscosity of modified CNC

The viscosity of the modified CNC at 2, 4 and 6wt% was measured as a function of shear

rate. The results are shown in figure-3.
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Figure-3. Viscosity vs shear rate for aqueous suspensions of M-CNC

The viscosity was increased while increasing the concentration for M-CNC. Notably, the

viscosity was decreased while increasing the shear rate. Certainly this phenomenon can be
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attributed to single shear thinning behaviour. This revealed that there was no interaction

between the nanocrystals due to the PS copolymer.

5.5.4 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was used to determine the functional properties of the M-CNC and

results were compared with PS-copolymer and CNC. The spectra is shown in figure-4.
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Figure 4. a) FTIR and b) XRD patterns for neat CNC, PS copolymer and M-CNC.

Neat CNC displays several bands characteristic of cellulose at 3350 cm™ (O—H) and 2868

and 2970 cm™ (C—H from—CH2-). The prepared poly [(styrene)-co-(2-ethylhexyl acrylate)]
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statistical copolymer spectra shown several significant bands like 3025 and 2921 cm™ (23)
corresponding to the aromatic -C-H stretching. Those observed at 1602 and 1494 cm™! are
highly characteristic of the aromatic ring itself. More precisely, the 1494 cm™ peak is
conforming the substituents of the aromatic ring (24). The peak at 1730 cm™ is matching with
the carbonyl stretching vibration of acrylate component and the peaks at 1264 and 1158 cm™!
are the stretching vibrations of the saturated ester group (25 and 26). The major bands present
in the PS copolymer were present in the modified CNC. It is noteworthy that the peaks at
1730, 1264 and 1158cm’! are saturated in the case of the M-CNC since the adsorbed

copolymer content was only 10%.
5.5.5 X-ray diffraction (XRD)

The crystalline patterns for CNC, M-CNC and PS copolymer were obtained by means of
XRD and the results are shown in figure 4b. The diffraction peaks appearing at 22.6, 14.8,
16.4, and 34.4° are related to the typical reflection planes of cellulose I (27). A broad
amorphous bump at 20.2° was observed for PS copolymer. The diffraction pattern for M-
CNC (with peaks at 22.6, 14.8, 16.4 and 34.4°) is similar to CNC. Briefly, this explained that
surface modification does not change the crystalline structure of the CNC, as expected. The
new signal observed at 20.2° for M-CNC was attributed to the PS copolymer. The intensity of
the 16.4° peak was significantly increased after adsorption and surface modification. This
was mainly due to the adsorption of PS copolymer. As expected modification with PS-

copolymer was only on the surface of cellulose nanocrystals.

5.5.6 Contact angle

The impact of the PS copolymer on surface hydrophobicity of cellulose nanocrystals was

determined by using contact angle and the results are reported in figure-5.
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Figure 5 .Evolution of the contact angle for a water drop as a function of time on sheet samples a)
CNC, b) M-CNC modified with PS copolymer. (Inserted photographs for the water drop on the sheet
sample after 5 and 50 s).

The results show that the contact angle value was significantly higher for modified CNC
compared to that of neat CNC. Gradual decrease in the contact angle was observed for CNC
and the water droplet was spread with in 50s and the contact angle less than 20° (£2). This
was due to the hydrophilic nature of the hydroxyl groups present on the surface of the
cellulose. In contrary, the contact angle of the M-CNC was increased to 52° (+4) and 97° (+4)
respectively. This can be attributed to the hydrophobic behaviour of the PS copolymer. It is
interesting to note that the hydrophobicity of the M-CNC was comparatively higher than that
of the neat CNC. This can be because of the strong surface interaction of the PS copolymer

in the case of the M-CNC.

5.5.7 Thermo gravimetric analysis (TGA)

The thermal stability of M-CNC was analysed using TGA and the results were compared
with neat CNC which can be seen in Figure 6. An initial weight loss was observed at lower
temperatures for neat CNC, which was ascribed to the moisture removal. Then, a continuous
weight loss was noted from 200 to 450°C. This behaviour was expected because of the

sulphate groups induced by the sulfuric hydrolysis treatment (28).
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Figure 6. (a) TGA spectra and (b) dTG curves for neat CNC and M-CNC.

The weight loss around 200°C was related to more accessible sulphate groups in amorphous
cellulose regions. The weight loss around 270—450°C corresponded to the breakdown of
unsulphated crystalline cellulose regions. For M-CNC the thermal degradation behaviour was
considerably higher than CNC. The first degradation of M-CNC was observed at 297°C. This
can be due to the influence of the PS copolymer on the surface of the CNC. The continuous

weight loss was observed from 317 to 490°C.

The relative dTG curves corresponding to CNC, M-CNC are shown in Figure 6b, and they
clearly indicate that the main degradation temperature for CNC was lower than the M-CNC.

It further shows that the surface of CNC was modified with the PS copolymer.

5.5.8 XPS

The CNC surface modification with PS copolymer was verified by means of XPS
characterization. As shown in Figure 1a (Annexure-2), on the general XPS spectra, the new
signals can be seen in both neat and modified CNC at 1072 eV which is corresponding to the
Na s, this might be due to the presence of the sodium on surface of CNC and their traces
were continued in the modified CNC as well. For both CNC and M-CNC the more significant
peaks was observed at 285, 286.5, 287.5+0.1 and 289¢eV corresponding to C-C/C-H, C-O,

C=0/0-C-0 and O-C=0 respectively. The peak at 285eV and 286.5¢V was observed more
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intense for modified CNC compared to neat CNC. This can attributed to increase in the
number of C-C/C-H and C-O bonds, which is because of the PS-copolymer adsorption on the
surface of CNC. This can be seen in Figure 1b (Annexure-2). However, the significant
difference can be seen between the CNC and M-CNC in terms of C/O ratio and the results
were reported in table-1. The N 1s peak was not observed for the M-CNC since there is no

covalent bond between the surfactant and the CNC.

Table-1 the C/O ratios of CNC and M-CNC

Sample Name Area of the peak for oxygen(Ao) | Area of the peak for carbon(Ac) C/O ratio
CNC 346169 24085 0.21
M-CNC 236377 38470 0.50

C/O= (Ac/Sc* So/Ao) Atomic Sensitivity Factors Sc=0.205, Ao=0.63

The C/O ratio results reveal that CNC has the PS copolymer adsorption on the surface, as

C/O ratio is double to the M-CNC in comparison with neat CNC.

5.6 Preparation and characterization of PS Nanocomposites

In this section neat CNC and M-CNC were extruded with a PS matrix at 190°C for 8§ min in
order to prepare the nanocomposites. Further these nanocomposites were characterized in
order to understand the morphological and mechanical properties by means of SEM, DMA,

DSC and tensile test.

5.6.1 Differential Scanning Calorimetry

The extruded composites were characterized to understand the thermal properties by means
of DSC. The glass transition temperature (Tg) of polystyrene and its composites was
determined and the results are shown in figure-7. As shown in DSC thermograms in Figure 7
the PS glass transition temperature was slightly decreased while introducing the neat CNC.

This was due to the inherent incompatibility between the hydrophilic CNC and hydrophobic
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polymer (19). The thermograms corresponding to the modified CNC reinforced PS
composites and it shows a slight gradual decrease of Ty , though it is not significant. This can
be attributed to the weak interfacial interactions between the nanofiller and the matrix. It
indicated that the simple addition of neat CNC and modified CNC to PS matrix could not

allow the homogeneous dispersion.
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107.3°C PS+5% A-CNC

:106.9°C

P5+10% A-CNC
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e
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Temperature(°C)

Figure-7.DSC thermograms for M-CNC—PS nanocomposites and results compared with neat CNC
and PS

5.6.2 Scanning electron microscopy

The microstructure of extruded nanocomposites was observed by using SEM and the results
are shown in Figure 8. Initially the composites were cryo fractured and their cross-section
was observed to understand the morphology. When compared to the neat PS matrix (fig.8a),
some holes can be seen in figure 8b owing to pulled-out CNC aggregates. Whereas in the
case of the M-CNC (8 c, d and e) reinforced composites at 1, 5 and 10wt% no aggregation
was noted. However, there was no homogeneity between the filler and matrix and the
microphase separation existed in these nanocomposites from 8c-e. It can be explained due to

unfavourable interactions between modified CNC and PS chains in the nanocomposites.
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Figure 8.SEM images of the cryo-fractured cross section of the extruded films: neat PS (a), and PS
nanocomposites reinforced with 5 wt % neat CNC (b), and PS+1%M-CNC (c), PS+5% M-CNC (d),
PS+10% M-CNC (e).

5.6.3 Dynamical mechanical analysis

The mechanical properties of nanocomposites reinforced with CNC/M-CNC were
investigated in linear range. The evolution of the logarithm of the storage tensile modulus
(log E') as a function of temperature in isochronal conditions at 1 Hz frequency was shown in
Figure 9 (the curves have been normalized at 1 GPa). For neat PS, the storage modulus was
remained linear up to glass transition temperature (Tg). The modulus was gradually
decreasing while increasing the temperature from 100 to 120°C. When adding 5 wt % neat
CNC the modulus was dropped completely. For composites reinforced with M-CNC no
significant improvement in the modulus was observed compared to the neat matrix. This can

be ascribed to the incompatibility between the polystyrene and the filler.
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Figure 9.Evolution of a) log E" and b) tangent of the loss angle tand as a function of temperature for
PS@), PS+1%M-CNC @, PS+5%M-CNC (@, PS+10%M-CNC (@ and PS+5%CNC @  reinforced
composites.

Addition of CNC/M-CNC to the PS matrix induced a variation of the tangent of the loss
angle, tand, as a function of temperature for composites with different filler contents. Results
are shown in 9b. Tand exhibited a maximum around 109°C for the neat PS matrix which is in
agreement with DSC results. This peak shifted to 111-112°C for both CNC and M-CNC

reinforced composites in all over the filler content and the magnitude of the peak is increased.

It can be attributed to the higher modulus drop for composites.
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5.7 Conclusion

The laboratory-prepared and well characterized poly[(styrene)-co-(2-ethylhexyl acrylate)]
copolymer was used to modify the surface of cellulose nanocrystals surface by a simple
aqueous method. The surface modification was evidenced by FTIR and X-ray photoelectron
spectroscopies. X-ray diffraction analysis showed that the initial crystalline structure was
preserved. The AFM results showed the influence of the PS copolymer on the surface of the
CNC. The hydrophobic nature of the adsorbed and modified CNC was determined by contact
angle measurements and it was shown that the surface chemical modification allowed
enhancing the nonpolar nature of neat cellulose nanocrystals. It was observed that the
modified CNC displays improved thermal stability compared to that of neat CNC. The
modified CNC was used to reinforce PS matrix by a solvent free melt extrusion process. The
thermomechanical properties of processed nanocomposites were studied by DSC and DMA.
There was no further improvement in mechanical properties in spite of improved
compatibility between the matrix and the filler. This might be due to the incompatibility

between the filler and the matrix.
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6.1 General conclusion

The main objective of this thesis dissertation was to investigate the best possible way to
reinforce a polymer matrix with cellulose nanocrystals by melt compounding. Mainly in this
thesis the aim was to resolve issues like 1) irreversible agglomeration and 2) low thermal
stability, resulting respectively from hydrophilic nature of cellulose, and the presence of
sulphate groups resulting from the preparation of cellulose using acid hydrolysis. These two
issues hugely limit the preparation of the nanocomposites by melt extrusion. In the present
study authors reported the simplest methods and easily scalable process like surface
modification and physical adsorption, in order to overcome the fore mentioned issues. These

methods are viable at industrial level to produce polymer nanocomposites.

Chapter-1 was dealing with the literature review of CNC and mainly its preparation at both
laboratory and industrial scale, as well as its physical and chemical properties. The recent

trends in the field of nanocomposites especially by melt compounding were reported.

In chapter 2, the new potential agriculture biomass was introduced to extract the cellulose
nanocrystals and their reinforcement in a commercial latex was studied. In this chapter
cellulose nanocrystals were successfully extracted from chili fibres by acid hydrolysis.
Unusual low lignin content was found for these fibres compared to other annual plants
making them highly suitable for the extraction of cellulose and preparation of CNCs. Ensuing
rod-like nanoparticles had a diameter of 4-6 nm and length of 90-180 nm, showing an aspect
ratio around 26. They were used as the reinforcing phase in cariflex IR latex. The
morphological observation of these bio based nanocomposites showed that the CNCs were
well dispersed in IR matrix without microscale aggregation. Dynamic mechanical and
thermal studies showed increased storage modulus indicating good interaction between CNC
and IR latex. The tensile strength and modulus values increased with CNC addition,

accompanied by a moderate decrease in yield strain.
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In Chapter 3 we have reported an environmentally friendly water-based, flexible and easy
procedure to modify the surface of CNC. Benefit was taken of the negatively charged surface
of the CNC with sulphated groups resulting from the sulphuric acid extraction step, to
establish favorable ionic interactions with quaternary ammonium salt bearing long alkyl
chain. Hydrophobization of the CNC surface was verified by FTIR spectroscopy and contact
angle measurements. It was also observed that modified CNC displays improved thermal
stability compared to neat CNC. Hydrophobized CNC disperses well in different non-polar
solvents and hydrophobic polymer matrix such as PP, which is impossible for neat CNC.
Both unmodified and modified CNCs act as nucleating agents for the PP matrix, promoting
its crystallization. A modest reinforcing effect was evidenced from DMA and tensile tests,
but a spectacular improvement of the elongation at break was observed when adding few
percent of modified CNC. This large plastic deformation of the material was attributed to the
hindering of inter-nanoparticle interactions and possible plasticizing effect of the surfactant.
A significant decrease of the melt viscosity was reported when adding CNC and ascribed to a

dilution effect.

Chapter-4 was mainly focused on physical adsorption of triblock copolymer (TBC) on CNC.
In this study we have developed an efficient and simple water based method to prepare
cellulose nanocrystal (CNC) reinforced polyethylene nanocomposites by melt processing. It
consists in coating the nanoparticle (ratio 1:1) with a triblock copolymer (TBC) having two
hydrophilic ends attached to a hydrophobic central block. The hydrophilic ends were
expected to interact with the cellulosic surface leaving the hydrophobic block free to provide
compatibility with the polyethylene matrix chains. Coating of CNC with the copolymer was
visualized from AFM observations and the rheological behaviour of aqueous dispersions
indicates that the surface adsorption capability of CNC is around 1-2 g of TBC for 1 g of

pristine CNC. Moreover, this coating allows a much easier and better re-dispersion in water
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of the nanoparticles after freeze-drying, that was also characterized by SAXS experiments,
and improves their thermal stability. After melt extrusion with polyethylene, the visual
appearance of films prepared from TBC-coated CNC was clearly indicative of an improved
dispersion, that was also evidenced from SEM observations, and limited thermal degradation.
It results in significantly improved mechanical properties for the nanocomposites. SAXS
experiments show a much more prominent preferential orientation and alignment in the flow
direction for TBC-coated CNC compared to neat CNC which is induced by the extrusion
step. It further indicates that individual coated nanorods are present in the nanocomposite
films.

A better mechanical performance can be possible with better compatibility between the filler
and matrix. Thus, laboratory-prepared and well characterized poly[(styrene)-co-(2-ethylhexyl
acrylate)] was used to modify the surface of the cellulose nanocrystals by simple aqueous
method. The surface modification was evidenced by FTIR and X-ray photoelectron
spectroscopies. X-ray diffraction analysis showed that the initial crystalline structure was
preserved. The AFM results show the influence of the PS copolymer on the surface of the
CNC. The hydrophobic nature of the adsorbed and modified CNC was determined by contact
angle measurements. It showed that the surface chemical modification allowed enhancing the
nonpolar nature of neat cellulose nanocrystals. It was observed that modified CNC displays
improved thermal stability compared to that of neat CNC. The modified CNC was used to
prepare nanocomposites with PS as matrix by solvent-free melt extrusion process. The
thermomechanical properties of processed nanocomposites were studied by DSC and DMA.
There was no further improvement in mechanical properties in spite of improved
compatibility between the matrix and the filler. This might be due to the incompatibility

between the filler and matrix.
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In general the reinforcement effect of CNC with different hydrophobic matrices was reported
from low (LLDPE) to high processing temperature (PP and PS) polymers by simple and

environmental friendly process, which can applied at the industrial scale production.
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Additional information:

Annexure-1
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Figure S1. UV transmittance spectra for neat extruded PP (—) and nanocomposites

reinforced with 3 wt% CNC (---), and 1 wt% (—), 3 wt% (—), 6 wt% (—), and 10 wt% M-
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Figure S2. DSC thermograms for neat PP, neat extruded PP (PPg,) and nanocomposites
reinforced with CNC and M-CNC.
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Figure S3. SEM images of the surface of the extruded films: neat PP (a), and PP
nanocomposites reinforced with 3 wt% unmodified CNC (b), and 1 wt% (c), 3 wt% (d), 6
wt% (e) and 10 wt % (f) CNC modified with quaternary ammonium salt.
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Annexure-2:
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Figure-1 a General XPS spectra for CNC and M-CNC.
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Figure-1b XPS decomposition of the C s signal into its constituent contributions for CNC and M-
CNC
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Abstract

The low thermal stability and irreversible agglomeration issues are limiting the processing of
polymer nanocomposites using CNC as the reinforcing phase. In this context, thermally
stable and highly dispersed CNC were prepared by green processes (aqueous based methods)
like physical adsorption and surface modification. These two different extrudable CNC were
used to reinforce hydrophobic polymers. Ensuing polymer nanocomposites had a positive
impact on the storage modulus, tensile strength and Young’s modulus. Importantly, no
evidence of micro aggregates in the matrix was observed in the scanning electron microscopy
images contrary to non-treated CNC. Both the surface modification and adsorption are water

based methods and are industrially viable solutions.

Résumé

La faible stabilité thermique et les problémes d’agrégations irréversibles limitent la mise en
forme de nanocomposites polyméres a renfort cellulosique. Dans ce contexte, des CNC
thermiquement stables et fortement dispersés ont été préparés par des procédés verts, basés
sur des méthodes en milieu aqueux, telle que I'adsorption physique et la modification de
surface. Ces deux types de CNC extrudables ont été utilisés comme renfort dans des
polymeéres réputés hydrophobes. Les composites biosourcés a matrice polymere ainsi réalisés
sont caractérisés par une amélioration du module de conservation, de la résistance a la
traction et du module d’Young. On constate également sur les images de microscopie
¢lectronique a balayage qu’a la différence des observations réalisées avec les CNC non
traités, aucun micro-agrégat cellulosique n’est observé dans la matrice polymére. Ces deux
méthodes, développées en milieu aqueux, apparaissent ainsi comme des solutions

industriellement viables.
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