ABSTRACT

FARAHBAKHSH, NASIM. Cottonbased Cellulose Nanomaterials for Applications in
Composites and Electronigq®&/nder the direction of Dr. Jesse S..Jur

A modern society demands development of highly valued and sustainable products via
innovative proess technologies and utilizing Hiased alternatives for petroleum based
materials. Systematic comparative study of nanocellulose particles as a biodegradable and
renewable reinforcing agent can help to develop criteria for selecting an appropriatateandid
to be incorporated in polymer nanocomposi@sparticular interest has been nanocellulosic
materials including cellulose nanocrystal (CNC) amngicro/nanofibrilated cellulose
(MFC/NFC) which possess a hierarchical structure that permits an ordewetlirgtrwith
unique properties that has served as building blocks for the design of green and novel materials
composites for applications in flexible electronics, medicine and composites. Key differences
exist in nanocellulosic materials as a result thegss by which the material is produced.

This research demonstrates the applicability for the use of recycled cotton as promising
sustainable material to be utilized as a substrate for electronic application and a reinforcing
agent choice that can be puoeéd without any intensive purification process and be applied to
syntheticbased polymer nanocomposites in Amlicessing. In all of our experiments low
density polyethylene (LDPE) was used as the polymeric matrix and it was loaded with different
cellulosic reinforcing agent types and content including micro/nanofibrilated cotton, cotton
nanocrystals, bleached and unbleached softwood. The morphology, crystallinity, thermal
stability and specific surface area of cellulose nanoparticles were the main teasame
evaluated to influence on the reinforcing capability of cellulosic materials in polymer
nanocomposites. For all reinforcing agents, we investigated the morphology, transparency,

thermal and mechanical properties of LDPE nanocomposite films.



Our finding confirmed that microgrinding processing was an effective and facile method to
obtain micro/nanofibrilated cotton from waste cotteshirts with the size of nanometscale
diameters and micrometscale length. Nanofibrilated cotton showed highegireke of
crystallinity and highest thermal stability compared to wbaded reinforcing agents. The
performance of the resulting nanocomposites is examined with respect to the percentage
crystallinitiy, aspect ratio, and distribution of the nano/microfidield cellulose.

Reinforcing agent type and concentration also played an important role in improving the
mechanical properties of LDPE nanocomposites reinforced with cellulose nanoparticles. Our
results showed that naofibrillated cotton reinforcing agebhDPE films results in the highest
toughness as well as highest stiffness compared to cotton nanocrystals and wood originated
nanofibrils.

Moreover, cellulose extracted from pulverized cotton in nanocrystalline cellulose (CNC) and
nanofibrillated cellubse (NFC) forms is investigated as a reinforcing agent in low density
polyethylene nanocomposites. Melt compounding of CNC with LDPE resulted in polymer
nanocomposites with no discoloration at 170°C. Significant differences observed in
mechanical propertgeof low density polyethylene (LDPE) nanocomposite films according to
the microstructure and the content of cellulose nanoparticles. Thermal analysis of low density
polyethylene polymer nanocomposites using DSC, TGA showed higher thermal stability of
the NFC loaded material as compared to same loading of CNC.

For improving the compatibility of LDPE with nanofibrillated cotton, two methods of chemical
modification of NFGpCot and usingoly (ethylenegraftmaleic anhydridgasacompatiblizer

were accormlished. The effect of grafting on morphology and thermal stability of the treated

samples were tested. Nanofibrillated cotton showed decreased decomposition temperature



after surface modification. The SEM images of NFC showed grafted particles on e surf

on nanofibrils.

Lastly, our preliminary in mechanical analysis using Hakardos and Ouali models for
cotton nanocrystals loaded LDPE nanocomposite films showed the potential of our developed
cotton nanocrystals from waste cottonsfirts to be usedas a reinforcing agent in

nanocomposite applications.
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1. INTRODUCTION

Composite materials include two main component of continuous phase (matrix and itys most
polymer resin) and a discrete phase dispersed in the matorporation of additives can
modify the polymeric matrix properties or improve the processing condition and reduce the
overall costReinforcingof polymers can be achieved by using stiffer and stronger materials
than the polymer such as fine particles with high surface area or fibers with high aspect ratio
(length to diameter) and high modulus which causes improvement of polymer modulus and
strergth.

Fabrication of biecomposites by Ford using stmased plastics in their cars in 1942 was not a
subject of attention at that time due to low cost and abundance of petiodesaioh materials.
Recently because of environmental awareness and high cdshaed sources of petroleum,
utilizing natural fillers instead of common fillers like glass and carbon fibers in polymer
composites is appealing. Over the last two decades, research has focused on reinforcing
polymer composites using natural nesiped fllers to improve thermomechanical properties

of nanocomposites.

Cellulosic fillers offer excellent properties such as biodegradability, low cost, low density, low
filler loading requirement and neabrasiveness to processing equipment comparing to
enginering reinforcing fillers for fabrication of biopolymer composite with different
processing method. High strength and flexibility of cellulose polymer result from hierarchical
structure of this natural polymer. Comparing to macro and micro fillers, nduloselfillers

such as microfibrillated cellulose improves mechanical properties of nanocomposite more



efficiently. They have been added to electpmun polymers such as PLA and PEO to improve
the fiber strength. Another application of cellulosic nandfilles to reinforce transparent
polymers such as PMMA, PC and PVC used as optical mateffddsy can also act as a
reinforcing agent in thermoplastic polymers sucpagolefins.Application of biocomposites
plastics and nonwovens includes automotive interior, biomedical, buildihgparkaging.

While there is no chemical interaction between the polymer and filler and only weak
intermolecular forces bonds them together, fillers in the polymer molecular size scale
(nanometer size) with chemical interface interaction can provide signifimprovement in
mechanical, thermal and rheological properties of polymers due to higher surface area and
more interaction with polymer at the interface. There is a significant bonding to polymer
matrix, due to high surface area to volume ratio ohtmeofiller and similar size to the segment

of the surround polymer chains in nanocomposite.

Bio-nanoparticles obtained from various resources are primarily segmented in two major
groups: nanocrystalline cellulose (NCC) and nano/microfibrillated cellulN§&/MFC).

NFC was isolated in 1983 for the first time by Turbak et al. using a homogenizer and it consists
of long and flexible agglomerates of cellulose nanofibrils of less than 100 nm diameter and
lengths of several micrometer. Interest in bionanocoitg®sising nanofibrillated cellulose

has increased due to its nasmale dimensions, formation of strong nanoporous network and
high mechanical reinforcement potential. MFC has attracted much attention due to large
surface to volume ratio, low coefficienttthermal expansion (10K1), highly porous structure

and can be applied in reinforcing the materials, filtration and scaffold tissue engineering.



Micofibrillar or crystalline cellulose can be provided using three basic separation methods:
acid hydrolis (typically using sulfuric acid, HCL or HBr), enzyme treatment and mechanical
approach. Microfibrillated cellulose is obtained using mechanical treatment, involving several
passes through the disintegration device. It is possible to reduce the higy @resumption

of mechanical treatment by combining the pretreatment enzyme process which helps to
disintegration of fibrils. Fabrication of biobased nanocomposite is considered as a new research
area but due to prominent properites of cellulosic fille&s growing rapidly.

Recently microcrystalline cellulose and nanocellulose have been utilized as filler in melt
processing of thermoplastic polymers. Melt spinning of cellulose filler using various types of
thermoplastic polymers have been a subject afynrasearch, but incorporation of cellulose
nanofibrils (or microfibrillated cellulose) into polymer matrix as a reinforcing agent through
melt extrusion is fairly new. Fabrication of polymer composites through melt extrusion system
is facile, flexible andbffers low cost processing with high productivity. On the other hand,
fabrication of cellulosic nanocomposite using melt compounding is challenging due to high
possibility of aggregation and degradation of cellulose at processing temperature, and poor
fibermatrix adhesion in nonpolar polymer matrix such as polyolefines, incapability of
extrusion in producing polymer composite with high filler loading and poor pratesty

and porous polymer due to moisture content of the cellulosic fibers. Use afsypracessing
aids/coupling agents, modification of filler or polymer can improve dispersion of filler. Adding
filler to polymer matrix has a great impact on the melt rheology and melt elasticity of polymer

that is incorporated to processability of polyAfider composite and affects microstructure



formation during melt extrusion. Study of rheological behavior of partictiled polymers

could help to provide the optimal processing conditions.

Even addition of cellulosic filler into different types oblpmers have been studied
extensively, achievement of homogenous polymer composite with improved properties is still
challenging. This is because of (1) susceptibility of cellulose to thermal degradation at high
temperatures during melt spinning, (2) latkommercial availability for crystalline cellules

(3) dimensional instability of polymer composite due to sensitivity to water and moigture
incompatibility of naturallyhydrophilic cellulosevith hydrophobic polymers (5) neumiform
dispersion otellulosic fillerwithin polymermatrix.

The primary objective of this research is to the strugtuoperty relationships in composites
created by the addition of cottdrased cellulosic fillers to polyolefins through melt processing.
The first sectiorof this project presents possible methods to produce uniform microfibrillated
cotton from waste cotton-3hirts through mechanical or treatments and evaluates morphology
and physical properties of microfibrillated cotton and will address the elaboratmottoh

filler incorporation into thermoplastic polymers films through melt extrusion system. In a
second section, a comparative analysis of performance of nanofibrillated cotton from recycled
waste cotton Fhirts as reinforcing agent in thermoplasticypoérs constructs with woed
originated materials (bleached and unbleached softwaitid)e accomplished. Third section

wi || analyze the influence of nanoparticlebo
cotton nanocrystals and cotton nanofibrilsroachanical and thermal properties of ensuing
polymer nanocomposite. In the fourth section, feasibility of fabrication homogeneous polymer

nanocomposite films and fibers using a coupling agent and chemical modification of



nanofibrillated cotton will be inestigated and the structypeoperty relationship of
nanofibrillated cotton biocomposite films through melt spinning system will be investigated.
The last section will study the synthesis of cotton nanocrystal thin film substrates that can be
from renewal# materials and investigate the potential of cotton nanocrystal are particularly

attractive for a sustainable electronic applications.



2. LITERATURE REVIEW

2.1POLYMER COMPOSITES

Polymer composite simply defined as a multiphase system notga mixture of polymer
matrix and organic/inorganic additive (or filler) with different geometries (fibers, flakes,
spheres and particles). Polymer composite properties are affected by: (1) inherent additive
properties and its size and shape, (2) iatal interaction at the interface, (3)
polymer/additive composition and (4) the processing techr{iigu010

There are different types of polymer composites based on geometry of additive.
Macrocomposites (high performance polymer composites) contain continuous fibers or
ribbons extended throughout the polymer composite dimension. Microcomposites include
short fibers (<3cm), flakes, spheres dispersed in the polymer matrix with low peréarman
comparing to macrocomposites, but replacing part of polymer with inorganic additive and
faster molding cycles due to increasing thermal conductivity reduce the overall cost.
Nanocomposites contain additive in nanoscales dimensions and high surfabatareeeals

a large number of interfacial interactions between the intermixed inte(fdc2610

2.2REINFORCING FILLERS

In general reinforcing fillers are materials stronger and stifem the polymer to improve the
modulus and strength of polymer composite (&alle).(Ku, Wang et al. 20)1Due to higher
stiffnessof additive, polymer strain reduces specially in the vicinity of filler/polymer matrix.
Traditional reinforcing fillers include calcium carbonate, glass fiber, carbon fiber, aramid fiber

for plastic industryYung, Zhu et al. 200)an the recent decades, experiments using cellulosic



fibers including flax, hempute, cotton and many others in composite field have drawn many
researchers to revisit this natural polyrfken, Wang et al. 20)1There is a potential growth

for cellulosic mateals to reinforce synthetic polymers as a biodegradable and nontoxic filler
replacing mammade glass and carbon fibéde Menezes, Siqueira et al. 20@ellulosic
fillers offer low cost, low density, neabrasive to equipment, comparable tensile properties,
less health risk, recyclability and biodegradability comparing to otigineering fillerqKu,

Wang et al. 2011

Table 1. Comparing properties of cellulosic fillers with engineering filléts Wang et al. 2011

Fiber Density Elongation Tensile Elastic
(g/cny) (%) Strength(MPa) modulus
(GPa)
Cotton 1.51.6 7-8 400 5.512.6
Jute 1.3 1.51.8 393773 26.5
Flax 1.5 2.7-3.2 500-1500 27.6
Hemp 1.47 2-4 690 70
Kenaf 1.45 1.6 930 53
Ramie N/A 3.6-3.8 400938 61.4128
Sisal 1.5 2-2.5 511-635 9.4-22
Coir 1.2 30 593 4-6
Softwood kraft pulp 1.5 4.4 1000 40
E-glass 2.5 0.5 20003150 70
S-glass 2.5 2.8 4570 86
Aramid 1.4 3.33.7 30003150 63-67
Carbon 14 1418 4000 230240
Crystalline cellulose 15 - 7000 138

Comparing to glass fibers, natural fibers provide better thermal and acoustic insulation
propertiegPothan. 200P Studies on nansized cellulosic fibers (wood pulp, rami fibers)

show that they also possess prominent reinforcing potential thightonodulus resulting from



high stiffness of the cellulose crystals and high surface (RieBhorn, Dufresne et al.
2010Reinfor cing fill ers possess high aspect rat:.i
fibers and ratio of diameter over thickness for flakes). High aspect ratio of the additive provides
critical length for stress transfer from polymer matrix to the reinigrphasgEichhorn,

Dufresne et al. 203 CFiller with efficient reinforcing property offer high ratio of surface area

to its voume (A/V).

Table 2. Properties of thermoplastic polymé€s, Wang et al. 2011

Property PP LDPE HDPE PS Nylon 6 | Nylon 66
Density(g/cn?) 0.890.92 | 0.91:0.925| 0.940.96 | 1.041.06 | 1.121.14| 1.131.15
T4 (°C) -10 to-23 -125 -133 N/A 48 80
Tm(°C) 160176 105116 | 120140 | 110135 215 250269
Tensile 26-41.4 40-78 14.538 2569 4379 12.494
Strength(MPa)

Elastic modulus | 0.951.77 | 0.0550.38| 0.41.5 4-5 2.9 2.53.9
(GPa)

Elongaton (%) 15700 90-800 2-130 1-2.5 20-150 35-300

Generally high performance short fiber reinforced composites demand high fiber content,
while low filler level of nanofillers in polymer matrix can improved mechanical ptgsedue

to high surface area of nanofib€kais, Wang et al. 2001

2.2.1CELLULOSIC FILLERS
Replacing petroleurbased materials and nasafe fillers with biodegradable materiakich
offer low environmental and safety risks is increasing in various fields of applications due to

limited availability of petroleum and awareness of recent environmental pgftresand



Plackett 201pCdlulose is an abundant natural polymer in the world and has been utilized for
thousands of years in different applications. In the past for applications like ropes, timber, sails,
paper, textile and now a days high performance materials demanded a restapedof
cellulosic materials in various fields such as hierarchical composites and for use in foams,
DNA-hybrid materials, to reinforce adhesives, optically transparent paper for electronic
displays and aeroge{Eichhorn, Dufresne et al. 2010

Recent studies show successful utilization of bacterial cellulose membrane for fuel cell and
medical applicationfYoon, Jin et al. 2006 CNT-cellulose conducting films or Pt
nanoparticle cellulose membrane can be applied as flexible electronic devices and proton
exchage membrane fuel cell¥.ang, Sun et al. 200Nano crystalline cellulose can also be
utilized for biomedical applications such as antimicrobial wound dressing or antimicrobial
membrane with silver nanopatrticles due to its high surface area and high aspédtingtio.

Kim et al. 2009

Cel ul ose is a | inea,4Imked glutopyranoseoumits.olTheepolymerf b
chains are associated by hydrogen bonds forming bundles of fibrils (microfibrils) and
crystalline phases alternate with amorphous ph@segaut, Zimmermann et al. 20112
Elasticity and stiffness of cellulosic filler originates from chain molecules in highly ordered
region (crystalline phase) while flexibility and plasticity of cellulosic fillers is contetduo
molecular chains in disordered regions (amorphous plas&esne 196p Cellulose is
originated from different sourseincluding wood, plant (including cotton, sisal, flax, jute,
ramie, wheat straw, potato tubers, sugar beet pulp, soybean stock, banana rachis), algae,

bacterial cellulose produced by the gramnegative bacteria Acetobacter xylinum (bacterial
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cellulose nanfiber) and tunicate cellulose produced by sea creatures (natural
nanowhiskersjMittal 2010

Cotton is considered as a main chom@toduce nanocellulose due to high cellulose content

of content which result in high yield without any intensive purification proggsshorn,
Dufresne et al. 203@Cotton is the most commercially important seed fiber and for thousands
of years cotton fibers have been used in textile industry as one of the main fibers in garments
and furniture due to its excellent properties. Buhodern society demand high performance
materials with improved properties. Cotton is a convoluted fiber consists of about 95%
cellulose and includes cuticle, primary wall, secondary wall and a central canal called lumen.
A ribbon like cotton fiber is 685% crystalline with a length of 0.5 to 2 inches and diameter

of 15 to 20 micron.

Cellulose microfibers

s

$\]_ \| /H\L—i P

n=30,000

Cell walls of cotton

Figure 1. Schematic representation of cotton morphology and cellulose str(Zhoe, Shao et al.
2008.
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Cuticle is a waxy film covers the primary wall. It is water repellent and serves as a protective
covering against aqueous solutions. Primary layerasts®00 nm thick and contains cellulose
fibrils in a spiraling arrangement along the fiber axis. The primary wall includes a meshlike
structure of cellulose microfibrils and each fibril contains packs of cellulose chains (Figure 1).
The major part of cottofiber is the secondary wall consisting of several concentric layers of
highly ordered fibers made of cellulose in fibrillar form towards the c€Riglnenfeld 1991
Secondary layers consists of several layers and each layer is about 20 nm thick including
spiraling network of cdlilose fibrils along the fiber axi®obert R. Mather 2031

In cotton cellulose polymer, each maoner unit consists of three hydroxyl groups. These OH
groups are specific characteristic of cellulose polymer to form highly packed crystalline
structure by intra and intermolecular hydrogen bon¢{lahan. 200P Each microfibril
consist of cellulosic chains aligned parallel to the micrdfiaxis that are stabilized by
hydrogen bonds between hydroxyl groups and oxygen of adjacent molecules. The highly
crystalline structure of microfibrils governs its prominent physical propeiitsbert R.

Mather 201}

2.3NANOCELLULOSE PREPARATION METHODS

The first challenge in utilizing cellulosic filler is the natural irregularity of this polyduer to
variation in maturity, soil, the field location and the environmental condition. Moreover studies
on application of large cellulose particle size (about 200 um) as reinforcement of polymer
composite show that large particle size cause formatitarge voids throughout the polymer

matrix and leads to drastic cracks and failBaheb 1990Despite good mechanical properties
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of cellulosic fibers, they are not considered as highly reinforcing fillers due to deficiencies in
stress transfer ability between the components of fibrous comp@s#kagaito and Yano

2009

Physical or chemical process for separation of almost defect free crystalline part of fiber largely
reduces bdt the size of fibers into the naisoale filler and the variation due to altering the
structure and surface properties. Cellulose offers hierarchical structures that possess a very
high degree of organization, containing a broad range of the molecula(Ed#0A) to the

nano (10100 nm) and finally the mesoscalei {D0 mm) range. Breaking down the
hierarchical structure to smaller and mechanically stronger entities consisting of native highly
crystalline nanofibers with lateral dimension of nanometer offering high aspect ratio and high
stiffness provides a reinforcing capability for cellulosic materials as an alternative for organic
fillers.(Eichhorn, Dufresne et al. 20LThis can be a great potential and major motivation to

apply cellulose in diverse areas including medicine, biology, electronics and construction.

Table 3. Nanocellulose dimensio(Siro and Plackett 20}0

Cellulose structure Diameter (nm)| Length (nm)| Aspect ratio
Microfibril 2-10 >10,000 >(|£2)ng
Microfibrillated cellulose (MFC) 1040 >1000 100-150
celulose whisker 2-20 100600 10-100
Microcrystalline cellulose (MCC) >1000 >1000 ~1
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There are different chemical or physical techniques to obtain-siaed cellulose particles

from various resources. The most common method in literature is acid rsjdmilellulose

using sulfuric acid resulting in cellulose nanowhiskers (CNW) eB@@m diameters and 100

300 nm length. Comparing to other reinforcing materials such as glass and carbon fibers,
cellulose nanoparticles possess a reinforcing potentalalsignificant mechanical properties

with the estimated stiffness of 130 GPa and strength up to 7 GPasldadaellulosic fillers

also have high aspect ratio and reacti@#l side groups for adding different functionalities to
filler through surface mdification. There are two types of cellulosic fillers based on the type

of isolation process including cellulose nanowhisker (CNW) and microfibrillated cellulose
(MFC) that are different in size, crystallinity and aspect ratio (

Table).

2.3.1 ACID HYDROLYSIS OF CELLULOSE
Ranby and Noe produced cellulose crystals in solution in 1961 and in the following production
of cellulose nanowhisker using acid hydrolysis treatment was reported. Favier et al. fabricated
cellulosenanowhisker reinforced nanocomposite for first time in 1@&hhorn, Dufresne et
al. 2010 Nanocrystalline cellulose (NCC) isreng biofiller with rodshape structure,-100
nm in diameter and tens to hundreds nm in length and typical aspect ratio of 1BihB0rn,
Dufresne et al. 20)ellulose nanocrytalls are obtained by acid hydrolysis of cellulosic raw
materials Figure2). The most common treatment is use of concentrated sulfuric acid, but in
some casesiBr or HCI has also been utilized. During controlled acid treatment, cellulose

microfibrils undergo transverse cleavage and acid removes the amorphous and disordered parts
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and leaves the crystalline phase intact. The sonication after acid treatmeneéprodshape
nanocellulose with low aspect ratio. Cellulose nanowhiskers includdiegphrticles with a
wide length distribution of 16600 nm and a diameter ofZD nm EFigure3).(Siro and Plackett

2010

Acid hydrolysis with HCL or H,SO,

Hiasee
L_oouand

Cellulose whiskers

/ b/ | rrrr— ‘((A))
2

1 P 4. 5. 6.
H,O

+ HCL or H,SO, Heating Centrifugation  Dialysis Sonication
MCC

Figure 2. Schematic of acid treatment of microcrystalline cellulose for production of cellulose
nanowhisker@®ksman K 200).

There are two main drawbacks of using sulfuric acid. Acid treatment can drastically reduce
degree of polymerization (DP) of cellulose causing teiforcing performance of cellulosic

filler in the polymer matrix. Comparing to tunicate cellulose nanowhisker, Raman
spectroscopy results of acid treated CNW reveals lower modulus resulting in inferior stress
transfer efficiency. Low value of modulus miag attributed to lower crystallinity and smaller

aspect ratio of acid treated CN{usli and Eichhorn 2008
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Moreover it has aadverse effect on thermal stability of cellulosic filler which is vital for melt
compounding procegsle Menezes, Siqueira et al. 2Q00Bhermogravimetric analysis of
cellulose nanowhisker shows that the thermal stability of CNW is reduced after acid treatment
that is the main drawback of this procedure due to formation of acidi@tesgroups on the
nanocrystal surfacgichhorn, Dufresne et al. 20Ll&tudies shows enzyme treatment of
cellulose is capablef amproving thermal properties of cellulosic filler extensively and provide
significant enhancement of mechanical properties of polymer nanocom(idsiteye,
Ramana et al. 20)Xomparing thermal degradation of nanocellulose achieved by sulfuric
acid treatment and enzyme hydisis shows that thermal stability of nanocellulose using
enzyme process is about two folds higher than sulfuric acid processeéigues4).(George,
Ramana et al. 20)1

This will provide a possibility of compounding cellulosic filleith thermoplastic biopolymers
requiring high processing temperature such as polyhydroxybutyrate (PHB) and its copolymers
which offer biodegradability with comparable strength and modulus to isotactic
polypropylengBorysiak 2013 Moreover reactivity of chemical modification of acid treated
nanocrytals is decreased with substitution of part of hydroxyl groupsdbgm@ups. Basically
extraction of nanocrystals using acid treatment process is time consuming with very low yield

(~ 30% of initial weight), not safe due to use of acids and oxides.

However, biocompatible characteristic of nanocrystalline filler (CNS\§ great potential to
apply them in biomedical, medicine and tissue engineering fildsan be used as a 3D

template for tissue engineering applications and artificial blood vgtsats.Male et al. 201)2
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It can also have applications in enzyme immobilization, antimicrobial adécatdield, green
catalysts, biosensor and drug delivery systdimPt and Pd nanoparticl¢sam, Male et al.

2012 Liu et al. prepared acid hydrolgd cellulose nanowhisker (CNW) to fabricate a green
CNWI/TiOz template via segel process for photocatalytic activiti@su, Tao et al. 2012

Available hydroxyl groups on crystalline backbone structure of cellulose make it possible to
perform various chemical modification such as sulfonation, oxidation or grafting based on final
application. NCC can be used as a stabilizing matrix to fabricate nanostructure with Ag, Au,
Lam et al. fabricated a novel catalyst using nanocrystalline cellulose (NCC) and gold
nanoparticles and NCC act as a support for formation of hybrid materials.lo€ellu
nanocrystal with dimension of 130 nm in length and 6 nm in width obtained from hydrolysis
of microcrystalline cellulose with ammonium persulfate (APS) that provides more

homogeneous carboxylated NCC comparing to acid hydrdllyais, Hrapovic et al. 2032
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Figure 3. Transmission electron microscope images of acid hydrolyzed cellulose nanowhiskers of (a)
microcrystalline cellulose (b) hicate (c) cotton (d) ramie (e)sisal (f) straw (g) bacterial cellulose and
(h) sugar begtEichhorn, Dufresne et al. 20110
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Figure 4 TGA and DTG curves of (a) bacterial cellulose nanocrystal by acid hydrolysis (b) bacterial
cellulose nanocrystal by enzyme hydroly&isorge, Ramana et al. 2011

2.3.2 MECHANICAL TECHNIQUES
In general natural fibers possess good mechanical pregpetiut modification of fiber
morphology through physical methods can evolve their true reinforcing potential due to
fibrillation of cellulosic filler and providing bonding capability among fibrils which improves
the stress transfer ability in compositdsxtraction of nanofibers is possible through
mechanical treatment or combination of both mechanical and chemical processes. In some
cases, pretreatment of materials with enzyme before mechanical treatment help swelling and
disintegration of cellulosic fillls. So the number of passes in subsequent mechanical treatment
can be reduced and decrease the high energy consurfitital.2010 Siro and Plackett
2010 Comparing to acid treatment, extraction of cellulose nanofibers using merely mechanical

treatment seems the best option to avoid environmental complications and time consuming
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procedure of chemical treatmgRandey, Nakagaito et al. 2Q1Blechanical treatment of
softwood pulp and producing microfibrillated cellulose (MFC) was first introduced by Turbak
et al. in 1983 usig refining and higipressure homogenization process. They obtained
microfibrillated cellulose using large pressure drop of homogenizer by passing a dilute wood
pulp water suspensigiiurbak, Snyder et al. 1983 here are various mechanical treatments

for fibrillation of cellulosic materials including: higbressure homogenizers, grinder,
microfluidizer, cryocrushing and high intensity ultrasonic treatments. The use of homogenizer
and microgrinder is more common in the recent research studies.

Microfibrillated cellulose (MFC) or nanofibrillated cellulose (NFC) unlike cellulose
nanowhiskers idodes a network of long, flexible and entangled nanofibers with diameters of
10-100 nm and length in the micrometer scale that contain both amorphous and crystalline
phases and offer a high aspect ratio from 50 to 100 obtained using intensive mechanical
treatmen{Eichhorn, Dufresne et al. 201Mittal 2010 Fine nanesized fibril includes
crystalline units linkd together by amorphous pardorphology, aspect ratio and cellulose
degree of polymerization depends on the raw materials and mechanical te¢Biriguad
Plackett 201PThe aqueous suspension of MFC isumaiform and contains a mixture of large

fiber fragments, cellulose nanofibers and nanofiber bundles.
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Figure 5. Transmission electron micrographs of MFC (a) sugar beet pulp, (b) potato pulp, (¢) Opuntia
ficus (d) bleached sulfiterood pulp, (e) cotton (f) tunicate, (g) bacterial cellulose, (h) bleached sulfite
softwood pulp, and (i) prickly pear skDufresre 1962.

In general, microfibrillated cellulose obtained using different mechanical methods consist of
aggregated nanofibers of wide width distribution due to strong interfibrillar hydrogen bonding.
Entanglement of nanofibrils in MFC and providing avmk makes it hard to distinguish both
ends of individualized fibril and determine nanofibril length using microscopic technique.
The transmission electron micrographs (TEM) of MFC obtained from various cellulose
resources show a network of nanofirils wa diameter of 200 nm and length of several

micrometer after simple mechanical treatment and aggregated cellulose fibrils due to high
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density of hydrogen groupkigure5).(Wang and Sain 20Q0Atomic force microscopy (AFM)

also reveals informative results about the microstructure of MFC, presence of large fibers,
aggregation of fiber bundles and size distribution of nanofibers after mechanical
treatmen{Siro and Plackett 20)0Beside microscopic technique to assess efficiency of
fibrillation after mechanical treatment, degree of cellulose polymerization (DP) is indirectly
related to fibril length and fibers with higher asp ratio are associated with higher DP.
Typically mechanical treatment reduces DP of MFC to some extent depending on source of
cellulose and type of treatment. It is desirable to maintain the DP of MFC as high as possible
since DP is directly correlated MFC tensile strength and reinforcing efficiency of the filler.
Development of bionanocomposite using reinforcing MFC filler is fairly new idea to fabricate
highly valueadded and super performing materials in various fields of application. MFC
nanofibes have a potential to be utilized as a reinforcing agent in polymer composites due to
hi gh Youngos modul us o f cellul ose crystal
nanofibergHenriksson, Henriksson et al. 200MFC with high aspect ratio provides a critical
length required to bear stresartsfer from matrix to the reinforcing filléEichhorn, Dufresne

et al. 20190 Mechanical properties of MFC films obtained thrbugsting or vacuum filtration
reveal a broad range of modulus from-245 GPa and strength of 70 to 240 MPa depending
on source of cellulose and mechanical treatment mé®ioa and Plackett 20)0

Turbak irtroduced MFC for some limited applications such as a rheology modifier in foods,
paints, cosmetics and pharmaceutical products. Recent reports studied use of MFC in advanced
electrical, optical, and medical field applications such as security papeparaniss and

foldable films for display applications, electrolytes, loudspeaker memfiPameley,
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Nakagaito et al. 20)3anopaper, magnetic nanopaper, foams, aerogels, reinforcing agent in a
range of polyer matrices, colored film, biomedical materials, biomimetic optical
nanomaterials, binspired mechanically adaptive, emulsion natabilizer, decontamination

of organic pollutants and packaging (food, medical, electronic g&esaqui, Mushi et al.

2012 Pandey, Nakagaito et al. 2Q18IFC possess great potential to be utilized in medical
field and fabricatenedical devices such as biocompatible drug delivery systems, blood bags,
cardiac devices, and valves as reinforcing biomatdifdisg and Sain 200Studies show

that a dense network structure of MFC film Hias potential to act as oxygen barrier due to
high crystallinity and a strong interfibrillar bonds holding the network of nanofiber held
together. Oxygen permeability of PLA film decreased 700 times with adding a layer of MFC
to PLA film. MFC can also betilized as highstrength components in the aerospace and
automotive sector due to their low weight, high surface area and high stfSmgtland
Plackett 201D Studies show that MFC composites comparing toittcachl pulp fiber
composites offer superior toughness and strength due to its unique morphology containing
rigid network of interconnected nanofibr{ldakagaito and Yano 20p&8\akagaito et al.
investigate the effect of morphological changes using different passes of mechanical treatment
on morphology and its subsequent effect on mechanical properties of phenolic resin composite
and resultedsignificant improvement after 16 passes of pulp fibers through the refiner
combined with homogenizéNakagaito and Yano 20p8Mechanical treatment creates
irreversible changes in morphology of cellulosic fibers and increasing their bonding
potential(Nakagaito and Yan®004) One of the main important factors in production of MFC

especially in commercial scale and from sustainable point of view is energy consumption of
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energy during mechanical treatment. Spence et al. investigated energy consumption and
physical properes of MFC obtained from grinding, homogenizer and microfluidizer. The data
analysis shows that grinding and microfluidizer methods require less energy and provide MFC
films with higher toughness than the homogenized ¢(Bpence, Venditti et al. 2011
Mechanical treatments affect crystaltinof cellulosic fibers which is an important factor in
reinforcing potential of cellulosic fillegfCheng, Wang et al. 20pWhile some reports resulted

in enhancement of crystallinity due to removal of amorphous parts others reported reduction
of degree of crystallinity after fibrillation proce@Sheng, Wang et al. 200LGCommon

mechanical treatment processes are explained in theviotjo

Figure 6. Grinder system developed by Masuk@@rim Missoum 2018

Grinder
Microgrinders consists of two nonporous ceramic designed disks and microfibrillated cellulose

is achieved by sequential passingceflulose slurry through a narrow gap between a static
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grind stone and a rotating grind stone revolving at high speed of 150&igume6). Applying

cyclic high shear forces, massive compression and fricttmedgovia passing the fibers against
grooves and bars on surfaces of stones break down the hydrogen bonds and individualize the
nanofibrils(Dufresne 196 Griding stones apply high shear forces to fibers and partially
degrade the natural fibers.

Through several passes of suspension shear forces exerted to longitudinal fiber axis of the
fibrous materials. Fibrillation of cellulosiibers using grinding method usually does not
require pretreatment and swelling of cellulosic fibers that is the main advantage of this process
to reduce the energy consumpti@pence, Venditti et al. 201 Cellulose nanofiber with 50

100 nm width obtained after 10 passes of grinding. Staiket al. obtained microfibrillated
cellulose in a range of 280 nm from natural resources such as wood pulp, chitosan, silk fibres
and collagen using grind€faniguchi, Okamura et al. 199FKultilayer structure of natural

fibers and interfibrillar hydrogen bonding result in eegated nanofibers with wide
distribution of width(Abe, Iwamoto et al. 20Q7The size distribution of MFC depends on the
source of cellulose and manufacturing process-tmegrinding of wood powder, rice straw

and potato tuber resulted in microfibrillated cellulose o202hm, 1235 nm, and 155 nm
respectively. Mechanical treatment of these fibers improved their crystallinity from 71% to
78%, 68% to 76% and 66% to 80% foow®d, rice straw and potato tuber respectively due to

removal of amorphous parts after one grinding abs.and Yano 2009
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Figure 7. SEM images of the filllated pulp fibers through the grinder (a) 5, (b) 9, (c) 15, and (d) 30
passe@wamoto, Nakagaito et al. 2007

lIwamoto et al. showed that fibrillation of pulp fibeftea 30 times of homogenizer is not
sufficient to provide highly fibrillated cellulose. They treated 14 times homogenized pulp
slurry with a broad width distribution of some micron with a grinder and obtained a uniform
width distribution of 56100 nm(lwamoto, Nakagaito et al. 20P3n another work they
investigated morphology of pulp fibers treated with grinder at different passes and resulted that
it is possible to obtain microfibrillated fibers with only 5 passes of grinder and observed no
more changes in morphology of MFC after 5 pasBé&gu(e 7). They showed that after one

pass of grinding many micrsized fibers are still remained, however three passes of grinding
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creates submicron and nasized fibers five passes, and most of the fibers are turned into
nanofibers after five times grindifgvamoto, Nakagaito et al. 20PThey also investigated

the effect of number of passes from 1 to 30 cycles in grinding process on mechanical properties
of MFC films and acrylic composites and observed a reduction of physical pespeith

increasing the number of passes.
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Figure 8. Effect of number of passes through the grinder on (a) degree of crystallinity and (b) DP of
the fibrillated pulp fiberdwamoto, Nakagaito et al. 20p7

Mechanical properties of composite reduces due to simultaneous degradation of fibrillated pulp
fibers during grinding treatment despite increasing the number of hydrogen bonds between
fibrill ated fibers after each pasbhe reduction of strain at break is also attributed to shortening

of fibers through several passes which creates lower aspect ratio fibers. In general low aspect
ratio fibers are rigid and easy to pull out and provide brjateymer compoistes. They

analyzed crystallinity and degree of polymerization of pulp fibers after each cycle of grinding
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and attributed the reduction of degree of polymerization and crystallinity after grinding pulp
fibers to degradation of pulp fibefSigure8).(lwamoto, Nakagaito et al. 20p7

High pressure Homogenizer

Homogenization is a common method to obtain MFC afteers¢ passes through homogenizer

with diameters of 2A.00 nm and length of several ten of micrometers. In this process diluted
slurries of cellulose fibers {2 wt %) are pumped at high pressure and fed through a spring
loaded valvgDufresne 196PLarge shear forced applied to materials through passing a thin
slit. Suspension subjected to repeated high pressure drop typicallydab&duMPa with
shearing and impact forces via succession opening and closing the valve raigidig 9).
Aqueous slurry of fibers is converted to viscous and creamy suspension after several passes
and defibrillagd fibers find a high volume spongy structure with expanded in surface area.
Homogenization is an energy intensive process and only works with short fibers due to
clogging the system with long fibers. The main advantage of homogenizer is capability of
coninuous operation in an industrial scé8pence, Venditti et al. 20LAny polar fluid can

be used as liqguid medium to prepare the suspension and water is the cheapest and most
convenient one. Other liquid medium such as glycerin, propylene glycol, DMSO, DMF and
their mixture with water alseesult in an acceptable MFC suspension. It should be noted that
isolation efficiency depends on polarity and swelling properties of liquid me(ufnesne

1962
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Figure 9. Description of homogenizer systgidarim Missoum 2018

Nakagaito et al. investigated the effect of number of refining and homogenization on
morphology and mechanicakgperties of phenolic composite with fibrillated kraft pulp.
Refining process gradually peels off the external cell wall layers and loosens the internal fibrils
in order to be individualized easier in homogenization process. They observed an abrupt
improvanent of mechanical properties after 16 passes of fibrillation and concluded that surface
fibrillation of fibers is insufficient and causes lower strength due to brittle failure behavior
while complete disintegration of the bulk of fibers provides highemgth due to higher
elongation before fracture. Below 16 passes of mechanical treatment due to incomplete
defibrillation, remained fiber defects act as crack initiators and propagate the crack throughout
the composite. Complete fibrillation of cellulogibers after 16 passes removes fiber defects
and enhances interfibrillar bonding which restrict crack propagétiekagaito and Yano

2004
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Figure 10. microfluidizer from Microfludics & arim Missoum 2018

Microfluidizer

The pressure of cellulosic fibers is enhanced to 40000 psi by passing through an intensifier
pump folloned by an interaction chamber. High shear forces applied to suspension through
subsequent passing ashkaped interaction chamber consist of microchannels accelerating
velocity of slurry streamHigure10).(Dufresne 196@PMicrofluidizer has no limitation in size

of feeding cellulosic fibers comparing to homogenizer. Comparing to homogenize
microfluidizer works at constant shear rate and materials with different sizes may be prepared
with changing the geometries of interaction chamber.

Cryocrushing

This mechanical process has been done in liquid nitrogen and the containing water in the
celulose fibers forms ice crystals within the cells. With crushing the frozen fibers with high
impact, ice crystals apply pressure on cell walls and assist rupture of cell walls and isolation
of microfibrils and creating microfibrils at the surface of fibendles. Extracted MFC form

wheat straw in this process combined with chemical treatment had a diamet&iOofi30and
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length of several thousand nanometers. Cryocrushing is often combined with other mechanical
or chemical treatment to isolate nanofibehse to large diameter of cryocrushed microfibrils
(ranges bet waefmesn®1962 t o 1 & m) .

High intensity ultrasonicatio

Applying ultrasound to cellulose fibers in the range 6b2KH is a laboratory scale method

for preparation of MFC. High frequency oscillation of metal probe provides localized high
pressure region in the container causing cavitation, impaction aakirgedown the cells. It

is necessary to dissipate generated heat during the process. Nanofibers in the diameter range
of 25120 nm produced using this method from various cellulose so{Dcé®sne 196p

Cheng et al. treated lyocell fibers using high intensity ultrasonication for 30 min and resulted
in enhancing of the crystallinity from 61% to 72.4% due to degradation araaéof some

amorphous parts of cellulose fibé@heng, Wang et al. 2007

2.3.3 CHEMICAL PRETREATMENTS
Chemical pretreatments assist defibrillation of cellulosic fibers during mechanical treatment
and reduce the energy consumption by decreasing the required number of passes to obtain fine
microfibrillated celulose(Spence, Venditti et al. 2011
Tempo Oxidation Process
Chemical pretreatment of cellulosic material before mechanical extraction loosens the
hydrogen bonds amongst nanofibrils and assist fibrillation of MFC during mechanical
treatment which results in lowering down the energy consomjbly reducing the number of

passeg¢Brodin, Lund et al. 200)2Tempo oxidation pretreatment is a common way to modify
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theMFC surface under mild condition. Studies show that Tempo oxidation treatment can also
be combined with low energy and simpler mechanical methods like a mixer to obtain MFC.
Cellulose fibers are oxidized with addition of NaClO, TEMPO catalyst and NaRyueoas

cellulose suspension at pH-1Q@ and room temperatu¢garim Missoum 2018
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Figure 11. Schematic representation of cellulose oxidation using (TEMPO) p(Eeesa Missoum
2013

Isogai et al. oxided pulp fibers using 2,2,6,6 tetrametiiypiperidinyloxy (TEMPO) as a
catalyst and modified the accessible primary hydroxyls on the surface of the microfibrils with
anionic carboxylate group$igure 10). The rgulsive forces of ionized carboxylate groups

assist to isolate nanofibrils easily. Subsequent mechanical agitation in blender and repulsive
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forces of ionized carboxylate groups break down the hydrogen bonds between nanofibers and
provide nanofibers of-3 nm diameters. TEM images of ultrasonicated TEMPO oxidized pulp
reveals increasing sonication time from 20 minutes to 4 h changes the thickness of nanofibers
from 3-5 nm to 0.74 nm with aspect ratio of 5@lchhorn, Dufresne et al. 201L0

Enzymatic Pretreatment

Enzymatic pretreatment is promising method to restrict strong interactions between
nanofibrils(Karim Missoum 203) A mild hydrolysis of pulverized cotton can be obtained
using cellulase enzyme. Cellulase is a multicomponent enzyme and is able to break down the
cotton polymer chains to cellobiose and glucose and reduces the molecular weight depending
on hydrolysistreatment parametef&eage, Ramana et al. 20LCellulase enzymes are
derieved form different sources like Trichoderma re€ESEEWART 2005 Cellulase an be
classified in to cellobiohydrolases and endoglucanases. The former can attack crystalline
cellulose and reduce degree of polymerization, but the latter can modify the structure by
removing mostly the disordered structures and amorphous parts astddéseiegration of
cellulose fibers. Studies show successful disintegration of cellulose pretreated fiber with very
low endoglucanase enzyme concentration (0.02%) without degrading cellulose structure and
fiber length and molecular weight remained comnistihe parameters of hydrolysis treatment
such as pH, temperature, time and enzyme concentration depends on substrate and type of
enzyme. Enzyme chemical composition is susceptible to pH and temperature. The enzyme
treatment can be accomplished using AhNuance equipment which provides a constant pH
and temperature window suitable for enzyme and mechanical agitation to help the treatment

more effectivel(STEWART 2009 Studies show that crystalline regions are less sensitive to
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enzyme treatment and amorphous parts can be hydrolyzed under controlled pH, time and

temperature to remain cellulosic nanocrysf@sorge, Ramana et al. 2011

2.3.4 IRYING OF FILLER SUSPENSION

Before compounding MFC filler with polymer matrix via melt extrusion, it is necessary to dry
MFC suspension. One of the challenges during drying of MFC suspension is irreversible
agglomeration called hornification due to formation of addéidrydrogen bonding between
amorphous phases of cellulose fibffBpence, Vendittiet al. 2010 Following different

method to obtain dried MFC and solutions to prevent formation of increased hydrogen bonds
during drying is explained.

Freeze drying is one of the various methods of dehydration and it has been used in sample
preparationfor preservation of biological, development of pharmaceutical and storage of
materials in the food processing. It is a simple and environmentally friendly method and
specifically an important process for heat sensitive substéidceSehaqui 2000In this

process, there is no imteediate formation of liquid water and containing water (solid phase)

in the sample is removed by sublimation of ice from frozen material and converted directly
into vapor (gas phase) by reducing the surrounding pressure. Freeze drying process is a balance
between heat absorption of the sample to vaporize the ice and heat removal form collector to
condense the water vapor. A frozen sample absorbs heat to vaporize the ice and the water vapor
on the surface of the sample is been removed using vacuum punipaasigrred to the
collector due to lower vapor pressure of the collector. The water vapor is condensed using the

collected heat by collector. Efficiency of the process is relevant to the sample surface area and
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thickness. The rate of freeze drying incesawith the high surface area and low thickness and
vice versa. Basically the absorbed heat of sublimation by on one side of the surface must travel
to the other sample surface to vaporize the water and the vaporized water travels through the
whole thicknas of dried sample to be removed. Increasing the sample thickness reduce the
rate of freeze drying by increasing the chance of dried layer to be collapsed. In general the
sample volume is half or one third of the flask volume.

Freeze drying could be utiked to dry the MFC before compounding the filler with polymer
matrix for melt extrusion technique or drying the mixture of polymer solution and
MFC.(Brodin, Lund et al. 2002The MFC suspension was frozen first by immersing the glass

bottle in liquid nitrogen and then subjected to freeze driffughioka, Sakaguchi et al. 2009

Frgure 12, SEM photograph of MFC suspension and (a) regular freeze drying and (b) rapiagfreezi
(Yoshioka, Sakaguchi et al. 2009

Drying of MFC suspension after mechaaditreatment, using freeze dryer causes formation of
additional -OH bonds between amorphous parts of cellulosic fibrils resulting irreversible

aggregation of fibril bundles together known as hornification of MFC. Chemical modification
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of hydroxyl groups o the surface of cellulosic filler before compounding can improve

dispersion and prevents the hornification during drying of nanof(béitsal 2010
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Figure 13. SEM photograph of solvent exchanged MFC and (a) regular freeze drying and (b) rapid
freezindYoshioka, Sakaguchi et al. 2009

Yoshioka et al. investigated different methods of drying MFC suspension with freeze dryer
and concluded that slow freezing produce-aggregate structure of MFC due to formation

of ice crystals and squeezing out the microfibrillated cellulé$gute 12a). Rapid cooling
process prevents formation of ice crystals and provides laminate layer of thinvetnes
subaggregate structur&igure12b). They also showed that solvent exchange process before
freeze drying of MFC suspension preserve the cellulose fibrillar morphdtogyré13a) and

rapid cooling separates thin leaves of cellulose fibrillar lamefagife 13b).

In solvent exchange process, water is exchanged with methanol and tHautytoalcohol

with several changeof each solvent. Solvent exchange process also results in highly porous
MFC with larger surface area comparing to aqueous MFC suspédasipiishiyama et al.

2009 In order to overcome hornification during MFC drying, Oksman et al. added carboxylic
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groups onto the surface of bleached pulp fibers via carboxymethylation treatmeEVhe
analysis of their samples showed chemical reacted fibers following mechanical treatment
causes a coherent network of individualized cellulose nanofibrils with diameter below 100 nm,
but reversing the sequence of chemical and mechanical treatmentstausesygregation and
provides a network of cellulose fibrils with overall diameters below 1 midfiule 14a,b).
However thermal analysis and XRD data of carboxymethylated MFC shows loss of
crystallinity and redcing the onset temperature of cellulose degradation from 300°C to 200°C
which are undesirable for melt compounding of MFC with thermoplastics polyEnslizer,

Bordeanu et al. 200
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Figure 14. SEM photograph of freeze dried (a) chemical treated MFC after mechamicessing
and (b) mechanical processed modified MEgholzer, Bordeanu et al. 2010

Besides freeze drying method, MFC suspension can also be dried using spray drying and air
drying(Peng, Wanget al. 201} Drying process significantly influence the nanostructure of
nanofibrillated cellulos¢Ramanen, Penttila et al. 20Mhile the freeze dried samples appear

fluffy, air dried method causes brittle and more compacted films. Studies show that drying
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process has no effect on crystal structure and crystallinity of MFC. Amiifiegent drying
methods, spray drying equipped with a rotary wheel atomizer seems the best choice due to

production of powdery MFC with small nanoparticle gizartiainen, Pohler et al. 2011
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Figure 15. XRD diffractogram of untreated bleachedp(RBP), mechanically treated MFC(RBP
m), Chemically mechanical treated MFC(RBR) and Chemically treated MFC(RB®)(Eyholzer,
Bordeanu et al. 2010

2.4 COMPOSITE PROCESSING METHODS

Nonocomposite polymer contains a nanofiller embedded in polymer matrix and a nanofiller
has at least one dimensian nanometer range {100 nm)(Siro and Plackett 20)0
Incorporation of low filler loading percentage into the polymer matrix causes superior
mechanical, thermal and barrier properties. Fabrication of fullyelgi@tiable polymer
composite improves brittleness, poor barrier properties and low thermal stability of

biocomposites. The significant parameters determining processability of polymer composite
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include inherent properties of additive, physical/chemicaracteons between additive and
polymer matrix and additive concentratipfung, Zhu et al. 2000

Nanocomposite properties, uniform dispersion of filler and possible formation of continuous
nanofiber network are affected by processing me{badtesne 196 Homogeneous
dispersion of cellulose nanofiber within the matrix is necessary to fabricate an effective
nanocomposite. Immersing of nanofiber film obtained via filtration of nano§ibspension

into a polymeric solution is introduced in some works as an efficient method to make a
nanocomposite. It is also possible to convert a nanofiber aqueous suspension into a gel through
solvent exchange technique and obtain a gel with three diometesnplate scaffold of well
individualized nanofibers. A gel is then immersed in polymer solution and nanocomposite is
fabricated through subsequent drying and shaffdagadona, Van Den Berg et al. 2p07
Following is differem techniques to obtain nanocomsite and the solutions to provide uniform

filler distribution throughout the polymer matrigichhorn Dufresne et al. 20)0

Figure 16. Nanocomposite preparation by a template app(@sgadona, Van Den Berg et al. 2p07

2.4.1 DLUTION CASTING
Studies show most of the nanofiber reinforced polycoerposites fabricated through polymer

solution or polymer dispersion (latex) due to preserving filler dispersion in liquid
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medium(Dufresne 196Q Solvent casting can be considered as an efficient method for
fabrication of nanocomposites in laboratory scale. This process provides more uniform and
stable dispersion of filler in polymer matrix comparing to melt extrusion techrbgtid,is an
expensive method and consists of more complicated process and use of undesirable chemicals
and toxic solvents. Due to hydrophilic nature of MFC and high stability of aqueous suspension
of nanocellulose, hydrosoluble polymers (such as latex}te best choice to be used as a
polymer matrix to fabricate reinforced cellulose nanocomp@githhorn, Dufresne et al.

2010 Polymer and filler are mixed in an aqueous solution and nanocomposite obtained by
water evaporation and particle coalescdiehhorn, Dufresne et al. 20LBanofibers can be

also well dispersed in organic medium like dimethylformamide (DMF), dimethylsulfoxide
(DMSO) or Nmethyl pyrrolidine, and Nnethyl pyrrolidine depending on polymer matrix.
Compounding cellulosic filler to ater soluble polymers such as starch, polyvinyl alcohol and
natural rubber or dispersion of filler in polar solvents like dimethylsulfoxide (DMSO) or N,N
Dimethylformamide (DMF) and preparation of solw@ised nanocomposite improves
tremendously the mechizal properties of polymer composite due to uniform dispersion and
compatibility between filler/ polymer matriPandey, Nakaajto et al. 201BComparing to

other processing methods, nanocomposite possess the highest mechanical performance.
Solvent casting provides strong interactions between nanoparticles during evaporation of
solvent and improves formation of strong percolatthreshold which is the basis of their
reinforcing effect. Slow evaporation of water or organic solvent remains the viscosity of
polymer solution low enough to let the nanofibers to be rearranged due to Brownian motion in

solution and form the percolagmetwork(Dufresne 196p
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Many studies have been done on solution casting of polyvinyl alcohol (PVA) with cellulosic
nanofillers in water and mechanical properties of nhanocomposite film has been drastically
increasedqWang and Sain 2007Zimmerman et al. investigated fabrication of MFC
composites using two water soluble polymers andlyzed morphology and mechanical
properties of solvent casing polyvinyl alcohol (PVA) and hydroxypropyl cellulose (HPC) with

1 to 20 wt% of filler. Comparing to neat polymers, MFC reinforced PVA and HPC composite
demonstrate 3 times higher elastic modwdnd 5 times higher tensile stren@immermann,
Poehler et al. 2008Nang et. Al showed that mechanical properties of naneféiaforced

PVA film increase 4to 5fold in tensile strengtbomparing to the neat PVA filfwang and

Sain 2007 Intema group fabricated reinforced cellulose nanofibers polyurethaneidiimy
solution casting of polymer and filler in DMF. Improved rigidity of reinforced polymer did not
have a significant effect on extensibility and recovery of PU polymer and preserved its shape

memory functionalitfAuad, Contos et al. 2008

2.4.2 MELT EXTRUSION

Melt extrusion process is a convenient, environmentally benign due to the absenceicdlchem
reactions and organic solvents for fabrication of polymer nanocomposites and economic
technique with high productivity. Incorporation of natural filler into thermoplastic polymers is
obtained via thermomechanical mixing during melt extrusion. Progessinditions affect
homogeneous filler distribution and possible formation of rigid percolation network of
nanocellulose filler within the matrix. In polymer melt processing technique applied shear

forces assist in homogenization of the filler distribntin polymer matrix. Due to polymer
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melt viscosity, rearrangement of nanofiller and forming the strong percolation threshold is
limited and requires higher nanofiller content to possibly provides interconnected hydrogen
bondings between nanofibgBufresne 196Q Incorporating cellulose nanofiber into
thermoplastic polymer using melt extrusion is challenging due to inheremhpatibility of
cellulose and hydrophobic polymers and thermal stability iséugsesne 196PDuring the
compounding procss careful control is needed to minimize degradation of cellulosic filler
due to high temperature and applied shear stress. There are few studies reported on melt

extrusion of nanofiber with thermoplastic polymers.

2.5 COMPOSITE PROPERTIES
Properties of iaforced nanocomposite is influencing by filler size and shape, nanofiber aspect
ratio, volume fraction of filler, interfacial interactions of polymer matrix/filler and stress

transfer efficiency at the interfa¢8iro and Plackett 20)0

2.5.1 MPOSITE MORPHOLOGY

Polymer composite structure is highly dependent on the preparation process and conditions,
polymei filler interaction, and the presence of other chemicals such as compatibilizers.
Addition of nanofille alters the microstructure of the composite and morphology of
nanocomposite is affected by both polymer matrix type and the chemical nature of filler and
their interactions. Compounding of cellulosic filler into hydrophilic polymers like poly(vinyl
alcohd) improves mechanical properties of nanofibeinforced PVA 4 to Sold comparing

to neat polymer film, while poor dispersion of the filler in hydrophobic polymers adversely

affect the mechanical properties of natural filler/polymer comp@siittal 2010
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One of the major issues in compounding hydrophilic microfibrillated cellulose with
hydrophobic polymer is great tendency of mfdyollated cellulose (MFC) aggregation in the
polymer matrix. Aggregation is formed due to high density of OH groups on cellulosic fiber
surface that provides strong hydrogen bonding between adjacent molecules and reduce
interaction of filler molecules wh surrounding matrix.

In general polar filler has a great tendency to aggregate within a nonpolar polymer matrix
during melt extrusion or solution casting process. Addition of suitable dispersing agent or
coating of filler can improve filler dispersiotuniform dispersion of cellulosic filler into
hydrophobic matrix can also be obtained with surface modification of filler. Reactive hydroxyl
groups on the filler surface can be grafted with polymeric chains using grafting onto or grafting
from methodgEichhorn, Dufresne et al. 20[LlDue to increasing the risk of degradability of
cellulose after surface modification, use of surfactarmore acceptable. Studies show that

use of external processing aids/coupling agents such as emulsifiers, maleated ethylene, mineral
oil and stearic acid can provide more uniform dispersion of MFC filler throughout the molten

polymer without deterioratig of their reinforcing capability.

2.5.2 OMPOSITE FINE STRUCTURE

Thermoplastic polymers are semicrystalline in nature and addition of cellulosic filler alters the
crystallization behavior of polymer that directly affects on mechanical performancewigrol
composites. Extraction process of cellulose nanocrystals from cellulose fibers through acid or
mechanical treatments changes the crystalline structure of cellulose. Characterizing the

structure of nanocomposite and cellulosic nanofiller before aed iafilation process using
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X-ray diffraction method reveals the changes of crystalline structure of filler and polymer
nanocomposite. Molecular orientation of cellulosic fibril along the cell wall axis results in high
modulus and high tensile strength ddllalosic filler. In X-ray patterns the sharp pattern
indicates of high crystallinity. Chemomechanical treated soybean nanofibers reveal very low
crystallinity and relative crytallinity of 48.4%. Since amorphous region of cellulosic filler is
more susceptie to shear and impact during mechanical treatment and to water and chemical
penetration during acid treatment, disintegration of fibers and cellulose chain breakage mostly
occurs in an amorphous region and results in increasing of crytallinity of narsgtsang

and Sain 2007

Analysis of Xray diffraction data of cellulose nanowhisker (CNW) before and after
modification shows that grafting had no effect on crystallinity of cellulosic filler and initial
crydallinity retained. Moreover incorporation of CNW to LDPE results in same XRD patterns
indicating that addition of filler did not alter crytallinity of polymer. Diffrential scanning
calorimetry of nanocomposite shows a constant melting point for a ngaehgyoand PE
nanocomposites indicating that the size of crystallites did not change after filler addition. But
degree of crystallinity increases with filler content regardless of filler modification. This

behavior may be related to nucleating effect ofutedlic filler for polymer matrix.

2.5.3 MECHANICAL PROPERTIES
In general mechanical properties of polymer composite depend on these main factors: (1) filler
strength and moduly$jan 198} (2) volume fraction of edcphase, (3) strength and chemical

stability of the polymer matrix (4) morphology (spatial arrangement of the phase) (5)



44

interfacial bond between polymer matrix and the filler and (6) processing m@&hbdsne

1962 Nanocellulose provides outstanding mechanical properties due to high stiffness of
crystalline cellulose, high aspect ratio and naized dimension. Mechanical prerties of
nanocomposite with stiff network of nanocellulose and uniform filler dispersion within the
polymer matrix are not dependent to polymer mechanical properties. The percolation threshold
of nanofiller depends on aspect ratio and fifider interactions. In the absence of percolating
nanocallulose network, filler/matrix interactions play an important role on the mechanical
stiffness of nanocompositBufresne 196PThe theoretical model of Halpikdardos has been
extensively used to predict mechanical behavior of nanocomp@kitesHALPIN 197§ The
differences between predicted values and expmriat data of cellulosic reinforced
nanocomposite are attributed to the changes in aspect ratio of nanofiller during compounding
process. Morphological observations reveal rigid network of nanocrystals due to strong
hydrogen bonding that may be broken dgrfabrication of nanocomposites. The value of
percolation threshold depends on filler aspect ratio, fiiller interactions and their
orientation within the polymer matrix. Percolation threshold (V) of cellulose nanocrystals is

determined using followig equatior{Dufresne 196p

&
1y (6]

Mechanical percolation is not similar to geometrical percolation and providangdeigidity
also depends on bonds linking the filler particles. Stiffness of percolating network varies with

the source of cellulosic filler and strength of interfibrillar interactions. Studies show that filler
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with higher aspect ratio provides stiffgercolating network witltower filler volume fraction.

Effect of Filler

Studies on application of large cellulose particle size (about 200 micron) as reinforcing agent
of polymer composites show that large particle size causes formation of large vaightiuio

the polymer matrix and leads to drastic cracks and fajlDoeninkovics, Danyadi et al. 20D7
However Cellulosic nanofiller with impressive mechanipgedperties (tensile strength of 7

GPa and elastic modulus of 130 GPa), nanoscale dimension, and high aspect ratio can highly

improve mechanical properties of compos{esfresne 196p
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Figure 17. HalpineTsai model for unidirectional composite (no filfigrer interactions) as a function
of different fiber aspect withb50edlulogeritersYoungds

The HalpineTsai model for short fiber and semicrystalline polymer composites is a simple
micromechanical prediction of elastic constants of composite as a function of filler aspect
ratio(J. C. HALPIN 1976 The model assumes no fibidber interactions and perfect interface

between polymer and filler. In this model, the size, shape, volume fraction of the filler and
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mechanical properties of both polymer and filler is affecting the predicted composite
propet i e s . Youngdés modul us of cellulosic fibe
nanoscale and it is more thaxiddd comparing to conventional micresized cellulose fiber.
Studies show that Youngés modul ussO@GPaandr adi t
100-140 GPa for nanocellulose. It is to be noted that only 4s&rexd filler with aspect ratio

bet ween 50 and 100 are potentially acting as
a plateau for aspect ratios larger than @6hhorn, Dufresne et al. 20jlRecent studies show

that composite including MFC filler reveal higher stiffness comparing to nanocrystal
conposites. This mechanical behavior is attributed to higher aspect ratio of MFC and
possibility of nanofibril entanglements which inhibit the matrix deformation and result in lower
elongation at breafDufresne 196p

Interface

The interphase between two materials is considered as a separate phase and controls the
adhesion between two components. The interactions at interphasgabesrhave a great

impact on composite properties from rheological, mechanical, diffusion and adsorption point

of view.(M. 2010 There are various parameters affecting adhesion of polffiterinterface.

Polymer mobility and conformation at interface and the type of interfacial forces are affecting
polymer adsorption. Surface and interfacial tension, contact angle, substrate critical surface
tension, polarity, surface contamination, irregitles and flaws on the surface, molecular
arrangement of resin and filler at phase boundaries are important factors in wettability and
dispersion of filler by polymer matrig. 2010 Basedon following equation (5), filler

particles can be wetted by any polymer melt (liquid) having lower surface tension than the
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filler surface tension. The contact angle (d
has been achieved in zero comtaugles. Filler surface irregularities or presence of water layer
or any other impurity with low surface tension at the interface may reduce filler surface tension
and causes void formation at the interféde 2010
wéE i — v

Increasing work of adhesion reduces contact angle base on-Youpe equation (6):

®w ' ' Cp wéEi — [0)

W (% = 05 (7
Chemical structure of matrix also influences the filler/matrix interaciiDofresne 196p
Equal polarity of filler and polymer matrifgis maximum) minimizes solid/liquid interfacial
tension. Polar disparity %is zero) of hydrophilic filler with hydrophobic polymer such as
polyolefin causs finite interfacial tension and minimum work of adhesion. Surface
modification of filler or polymer can greatly improve adhesion by reducing polarity
differences, raising critical surface tension of filler, and minimizing surface tension between
filler/polymer. It provides appropriate adhesion between two phases and high performance
composite since the load can be transferred from polymer to filler and filler is acting as
reinforcing agent by sharing the strésk.2010 In case of cellulosic filler, polar matrices
strongly interact with cellulosic filler and improve stress transfer at the interface while apolar
matrices provide weak interactio(@ufresne 196p
Surface irregularities such as undulations, flaw and microcracks limit the contact between a
filler and polymer. Very high viscosity of polymer preverffeeive penetration of liquid melt

into microcracks and presence of air makes it much harder. Presence of impurities in the filler
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or matrix not only increase the surface tension and reduces wettability, but also causes
formation of air pockets that ac atress concentration points. Trapped air pockets can be also
produced during cooling, due to different expansion coefficient of two components. In this
situation, polymer molecules are not able to adjust themselves with filler contraction and
provide stess concentration effects. Increasing the temperature or roughening the filler surface
can help to increase polymer melt penetration by reduction of melt viscosity and improving
the interface adhesion. High temperature can also help to remove volptil#ies(Sheldon

1982 Gupta 201D Very strong interface adhesion provides a composite with rigid interface
which is not favorable fasome applications. Flexible interface can be achieved by introducing

a small proportion of another component. Studies show that strong interaction between PEO
polymer and nanocellulose filler (resulting from hydrogen bonding) leads to efficient stress
transfer from PEO to CNCs and tensile strength is@@more than pure PEO for 20 wt% of

CNC loading(Zhou, Chu et al. 20)1Incorporation of soybean nanofibers into PVA also result

in a 4 to 5 fold increase in tensile and modulus (from 2.3 GPa to 6.2 GPa) of nanocomposite
film comparing to neat polymer due to improving the load bear capagtyyrher/ nanofiller

compositgWang and Sain 2007

2.5.4 THERMAL STABILITY

One of the main drawbacks that hinder the use of cellulosic fillers in melt extrusion of
thermoplastic polymers is their thermal insli#p at high processing temperatures of
extrusion. Pyrolytic degradation of cellulose filler during melt process causes brownish

discoloration and an unpleasant offaheb 1999Thermal susceptibility of cotton filler and
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degradation of filler at high temperatures limits the temperature processing window. Studies
showthat addition of plasticizer during melt extrusion of filled polymer assists the flow and
reduces the viscosity. Plasticizers can also prevent discoloration of cellulosic fiber during
compounding process by decreasing the processing temperature anddridggradation.
Plasticizers such as glycerin or polyethylene glycol (PEG) are low molecular weight materials
that can change polymer performance in long term use due to volatilization or exudation. They
are also considered to deteriorate mechanical epties and adhesion of fibpolymer
matrix.(Soulestin, Quievy et al. 20DT contrast, additio of PEG to LDPE/ kenaf fiber has
improved the dispersion, thermal and mechanical properties of biocom@agéaddin B.

2009 Injecting water under high pressure is considered adtamative option instead of
using plasticizer. High pressure water injection may act as a plasticizer to reduce filler
agglomeration and help the discoloration of cellulose by lowering down the process
temperature. Water is acting as a lubricant and er lafywater molecules on the surface of
cellulose fibers breaks down the hydrogen bonds between the (flmergstin, Quievy et al.

2007 The studies also show that addition of only 1% of Ga@mopatrticles (25300 nm)

can reduce polymer composite viscosity substantially due to enhancing the polymer chain
dynamics during melt extrusion. Caghbller causesno significant changes in polymer
structure due to lack of interaction with polynf&upta 201p Thermal analysis of acid
hydrolyzed cellulose nanowhiskeENIW) before and after chemical modification of filler
through grafting of organic acid chloride with different aliphatic chains shows weight loss of
unmodified CNW from room temperature to 130°C due to presence of water. Reduction of

weight loss in grafte@NW is attributed to restricted accessibility of OH groups on the filler
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surface. Grafted filler with organic acid chlorides reveal lower degradation temperature and
higher weight loss in the range of 2880°C comparing to ungrafted CNW fillde Menezes,
Siqueira et al. 20Q9rhermal gravimetric analysi§ GA) results of polymecomposites show

a lower onset temperature due to water content of cellulose. In some cases, grafting or coating
the cellulosic fiber can improve thermal degradation to some extent, for example grafting of
acrylonitrile on jute improved thermal degradatitrom 170 to 280°C. Esterification of
cellulose fibers leads to cellulose acetate and cellulose propionate that are thermoplastic
polymers with a narrow processing temperature window between melt flow temperature and
decomposition temperature and requadarge amount of plasticizers in their melt processing

to avoid their thermal degradati¢vian, Zhang et al. 2009

2.5.5 HEOLOGICAL PROPERTIES

Despite a huge research in fabrication of nanocomposite films through solution casting or melt
extrusion system, e studies are concentrated on fabrication of nanocellulose fibers due to
difficulties in fabrication of fibers such as polymer chain response to tension, temperatue and
shear deformation in spin line. Study of rheological behavior of partietillet: polymers

could help to provide the optimal processing conditigesa 198) Thermoplastic polymers
reveal noANewtonian, viscoelastic behavior over the range of applied shear rate. Adding filler
to polymer matrix has great impact on the melt rheology and melt elasticity of polymer that

is incorporated to processability of polynfdler composite and affects microstructure
formation during melt extrusion. Melt rheology and melt elasticity are affected by filler

charateristic, polymefiller interaction, and processing conditions such as shear rate, applied
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pressure and processing temperature. Rheological behavior of polymer composite has been
extensively studied and the results indicate that increasing the filleertoation enhances
both shear and elongational viscosi{idan 198} 2°%9 | ow molecular weight fluids show
Newt oni an behavior acc®®urHg®t o Einsteinds
- - P C®% P
%ois defined as the volume fraction of particles. This equation is only valid for very low weight
percentages of filler in polymer matrix, but with increasing mobaowkight and chain length,
norntNewtonian behavior emerges that belongs to polymers and increases the elastic behavior
of fluids. Presence of filler forms network structure due to interactions between particles and
the structure breatown of filler knownas thixotropy is a time dependent process. Filler
properties affecting the melt rheology and elasticity include a size, shape, aspect ratio,
concentration, tendency to agglomeration and any surface modification on filler giface.
2010 Polymer characteristics such as molecular weight and its distribution, branching and
chemical nature are greatly affecting the flow behavior too. The higher the polarity of polymer
structure, the higher wssity will be. It should be noted that highly viscous polymers exhibit
die swelling that can be reduced by increasing processing temperature, lowering down the
strain rate and decreasing polymer molecular wéighto" 19 At higher filler loading,
Mooney equation is valid to define the relation of polymer composite rheology and filler
content. Mooney equation explains the effect of different parameters on polymeosite
viscosity(Han1981 G. 2009

. o ®
| - 7- L wlp T C
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— and - are composite viscosity and pure polymer viscosity respectivehyx iQ the
maximum packing factor (true filler volume to apparectiupied volume) and &is Einstein

coefficient (or geometric parameter that depends on filler aspect ratio and agglomeration).

Effect of filler concentration

Studies show that enhancement of complex viscosity of filled polymers with different filler
typesis not proportional to the filler loading percentdge®® Shear viscosity of polymer
composite exhibit a neNewtonian shear thinning behavior and its increments at low shear
rates are more pronouncede to formation of the filler structure netwdM. 2010 Formation

of filler network structure depends on filler nature and the interfacial interactions of filler and
polymer(Han 198) Increasing the shear rate gradually breaks down the filler network
structure that can improve the filler distribution throughout the polymer matrix, reduces the
filler size and aligns the fillers in the flow directidfiller orientation and alignment at high
shear rates depends on the filler size, concentration, rigidity and polymer/filler intergigtions.
2010 At high shear rates, shear viscosity iseaféd more by polymer rheological
characteristics and this range of shear rate is suitable for melt processing where viscosities of
pure and filled polymer are almost the sgive 2010 2°%9 Studies show that at high shear
rates, polymer/filler melt follows power law behavior and at low shear rates follows Herschel
Buckley model(Han 198) Normal stess differences of polymer melt decreases with
increasing filler concentration due to enhancing polymer rigidity by filler addition. Decreasing
the extrudate swell ratio (extrudatecapillary diameter ratio) with increasing filler content

confirms the bhanges in normal stress differer{ean 198)
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Effect of filler size and shape

Filler size and shape have a profound impact on rheological properties of polymer melts
subjected to steady shear flow. The studieshereffect of particle size on dynamic viscosity

of molten polymer versus frequency shows an abrupt enhancement of dynamic viscosity
beyond a critical value of finer filler concentration that has not been observed with larger
particle sizgHan 1981 G. 2009 Due to dominance of polymer rheological behavior on shear
viscosity at high shear rates, the effect of filler size on the rheological behavior polymer
composite may be negligible, but at low shear rates smaller particlegr(lsigiiace area)
enhances the shear viscosity more than the larger par{igle2010 Filler geometry (size

and shape) influences melt porcessabiloity of polymer composite. Melt spinriighadind
cellulose nanowhiskers (CNWSs) with the size 64@ nm in diameter and 10800 nm in

length has been done recently and the effect of CNW on mechanical and thermal properties
has been investigated. While the misiped fillers reduce the spinnahbyjlof fibers, the nano

sized filler can reinforce fiber properites without spire failure(John, Anandjiwala et al.

2013 The shape of filler is also affecting the melt viscosity of polymer matrix. The fillers with
similar density and patrticle size distribution result in different melt viscosity due to shape
differences. Hers with irregular shape comparing to spherical fillers result in higher melt
viscosity since spherical particles have weaker interactions due to minimized surface contacts
between particlegHan 198) The effet of various shapes of nanfillers on complex viscosity
has been investigated and fslthped particles reveal larger shear thinning behavior due to
ease of filler alignment in the flow direction under shear stress forces and highest complex

viscosity. Compang to other filler shapes that polymer chains are adsorbed to the filler
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surface, polymer chains are embedded within theshagpe fillers resulting the best
reinforcement and highest viscosfyupta 201D

Effect of interfacial interactions

Another important factor affecting the melt rheology behavior of polymer composite is the
interfacial interactions between the polymer and filler that depends orspleetaatio and
surface area of the filler. Normally the particles with high surface area and flakes or fibers with
large aspect ratio increase the shear viscosity due to higher tendency of having interactions
with polymer matrix(M. 2010 Filler agglomeration and surface modification of filler are also
affecting the melt behavior of polymer composite. Surface modification of filler or use of the
coupling agent can reduce the interparticleésrand aggregation of filler in polymer matrix.
Wetting the filler surface reduces the friction between polymer and filler molecules and
polymer molecules may slip between modified filler and reduce the shear viscosity during melt
process. It should be tea that excessive adhesion of filler to polymer matrix can provide
strong interaction between the filler and polymer enhance the melt vis@dsi3010
Modification of polymeffiller interface using coupling agent reduces melt viscosity and

enhances normal stress differen@i¢an 198)

2.5.6 DYNAMIC MECHANICAL PROPERTIES

For load bearing applications where the stress is applied for longer pertodeofit is
necessary to study vis@astic properties of polymer nanocomposites. Dynamic mechanical
analysis (DMA) is response of the material to a cyclic deformation as a function of the

temperature and helps to better understanding of interactiomedrethe polymer matrix and
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the filler. DMA analysis result is three m
represents the elastic response to deformation, (2) theloss u | ui gepreseénis)the plastic
response to deformation and (3) tan 4 = E'
understand the polymditler interactions and limited mobility of polymer molecules during

flow. Filled polymers reveal complex rHegical properties and in some cases they deviate

from viscoelastic characteristics of neat polymer which is caused by particle percolated
structure. This devi-solidi oReidosbebfaei oedand adep
type, size and ietraction with polymer. Smaller particles offer higher surface area available to
interact with polymer and restrict the molecular mobility extensively. Research studies shows

that surface treatment of filler improves surface adhesion and increases stodatigsrand
obviously reduces t(6.€009Iogeseraieading filler soncerdration t a n U
reduces melt elasticity that reveals its effect on die swell reduction and normal stress
differences (M. 2010 Melt elasticity behavior of polymer composite affects on polymer
extrusion, injection molding and melting fract#ang and Sain 20Q¥ung, Zhu et al. 2010

Dynamic evaluation techniqgue measures complex viscosity, elastic modulus and loesmodu
Studies show that neinteracting filler with high aspect ratio increases the rheological
viscosity of polymer composite. Another study reveals the effect of crystallization temperature

on elastic modulus that increasing the crystallization temperatte n hances GO6 pr ob:
better dispersion and detachment of nanoparticles at higher temperature since the viscosity at
high temperature is low and particles are free to m@epta 201P The interaction between

polymer and filler plays an important role in improvement of melt and mechanical properties

and lack of improvement relies on absence of permanent interactions. One way to measure the
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extensionatheology is continuous drawing of molten filament after extrusion resembling fiber
spinning system. Extension rate, die temperature and dimensions, draw height, aog take
speed of the rollers are the main factors need to be evaluated. The influeppkeof stress

on morphology and crystallinity of polymer can be investigé@apta 201D

Study of PVA/soybean nanofibers dynamic behavior shows improvement in storage modulus
of nanocorposite representing good adhesion between polymer molecule chains and
nanofibers. The softening temperature increased from 42°C for neat PVA polymer to 49°C for
nanocomposite indicating restriction of polymer molecules movements in the presence of
nanofibes and the prominent reinforcing effect of nanofibers. Enhancing thermal properties

of nanocomposite increases the temperature window of the use ofWatfg and Sain 2007

2.6 SJRFACE MODIFICATION

Uniform disgersion of filler through the matrix is crucial to achieve consistency in the product.
Cellulosic fibers show a great tendency to aggregate due to strongibbdremteraction
resulting from hydrogen bonding. Agglomeration of fibers increases with Hbgh ¢dontent

and leads to low composite performance with low mechanical properties. In fact, aggregation
of filler in a polymer composite provides zones with accentuated fragility and the material will
be completely brittléLjungberg, Cavaille et al. 20p@oor adhesion between nonpolar
polymer and cellulosic filler is a major problem in addition of MFC to melt extrusion system
of nonpolar polymers and has an arse effect on rheological and physical properties of
polymer composite. Fibenatrix interfacial adhesion also plays an important role on final

properties of polymer composite. Cellulosic filler is considered as reinforcing agent when there
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is a transmigen of stress from matrix to the fiber. Adhesion and stress transfer from polymer
to the reinforcing filler is influenced by the type and extent of interactions at the phase
boundariegM. 2010 Various surface modifications have been done to minimize the
interfacial energy between the hydrophilic filler and 1partar polymer and generate optimum
adhesion. Chemical surface modification reduces the number of hydroxyl interactions and
assist dipersion of filler through polymer matrix tq&arim Missoum 201BIn order to
preserve the reinforcing performance of cellulosic filler, modification is limited to the filler
surface.

Studies show that addition of ternary filler like micagtass fiber improves the mechanical
properties of polymer composite significantly if it can increase the interaction between
polymer and cellulosic fiber. Studies show that the elongation at break of polymer composite
may be drastically reduced in presen¢@anofiller because of restriction of chain mobility.

If addition of filler can reduce stress concentration points, tenacity of polymer nanocomposite
would be increased. Surface treatment of filler can improve the interaction between polymer
chains andhe treated filler causing significant improvement in mechanical propé&igsa

2010

MFC agueous suspension forms alged structure after mechanicaéitment and a tendency

for selfassociation causes aggregation and formation of film after drying due to strongly
interacting hydroxyl group&ichhorn, Dufresne et al. 20lBormation of rigid interconnected
network of nanofibrillated cellulose is a desirable feature for improved mechanical properties
of nanocomposite due to formation of load bearing percolating structure in pohatre< and

transferring the stress by hydrogen bonding among nanofigrdehorn, Dufresne et al. 201L.0
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However, simultaneouBIFC aggregation during nanocomposite fabrication has an adverse
effect on mechanical properti€Schroers, Kokil et al. 2004 Surface modification of MFC

not only improves filler dispersion, but it can also add new functionality to MFC filler.
Modification of filler can be obtained using different physical methods like laser, plasma
(adsorption of molecules onto the filler surface) or chemical grafting. Generating a covalent
bonds between polymer matrix and cellulosic chains provide the highest mechanical

propertieqZafeiropoulos 2011

2.6.1 HYSICAL MODIFICATION

Interfacial interactions between filler and polymer matrix play a significant role in
processability andller polymer propertiegM. 2010 The adhesion of filler to polymer matrix
affects on transferring stress across the interface. Atomic arrangement and chemical nature of
filler and moleculaconformation and chemical constitution of the polymer matrix are greatly
influencing the bonding between polymer and fi{afeiropoulos 201)l Improving
mechanical properties of polymer composite is dependent to both polymer and filler. Uniform
dispersion of filler through polymer matrix and fibematrix interfacial adhesion is crutia
providing homogeneous compound and appropriate mechanical properties. The lack of
interfacial interaction between unmodified filler with polymer can be improved using coupling
agent to provide bond between polymer and f{lléein 198) Polymer structure, filler surface
characteristic and coupling agent chemistry are affecting the effectiveness of coupling
agent(Han 198) Modification of filler surface, using compatiblizagent or modification of

the polymer matrix can improve the adhesion. Coupling agent or compatiblizer interact with
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both filler and polymer and promotes a stronger bond at the int€datsropoulos 201)1
Modification of cellulosic filler may improve filler dispersion, control rheological properties
and reduce melt viscosity, improveetwout between filler and matrix at the interface, modify
filler surface characteristic and improve mechanical propdile2010

Surface adsorption of surfactants or polyelectrolytes th@dvIFC surface can improve filler
dispersion by increasing hydrophobicity of the filler. Surfactants are amphiphilic organic
materials with hydrophilic head and hydrophobic tail. Adding cationic surfactant to aqueous
suspension of TEMPO oxidized MFC irased hydrophobicity of the film without affecting

on the mechanical properti€sharari, Syverud et al. 20}1Contact angle measurement of
MFC treated with absorbed layer of cationic surfactant like cetyltrimethylammonium bromide
(CTAB) and neat TEMPO oxidized MFC results in 60° and 42° respectively confirming that
it is not fully hydrghobic but its hydrophobicity is more than untreated M&@erud,
Xhanari et al. 201;1Xhanari, Syverud et a011) Coating filler surface with a surfactant or
chemical modification can improve dispersion of filler in polymer matrix. Homogeneous
dispersion of coated soybean nanofibers with ethydemgic oligomer emulsion as dispersant

in melt blended PE conagite improved modulus and strength of polymer nanocomposite. The
ethyleneacrylic emulsifier is an aqueous emulsion and miscible with fiber water suspension.
Presence of enough surfactant can block hydroxyl groups on the surface and provides
disentangle@nd well individualized fibrilsFigure18 shows well separated and loose network
structure after coating of nanofibers due to reduction of entangle(véatsy and Sain 2007
Although the main objective of surface modification of cellulosic filler is to reduce aggregation

and improve compatibility with apolar polymers, modification cam afspart high value
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added functionalities into nanofibrillated celluld&o and Plackett 20)0Martin et al.
successfully produced electrostatic assembly of MFC/Ag using polyelectrolytes and silver
nanoparties. Nanofibrillated cellulose obtained from enzyme pretreated and homogenized
softwood pulp. They added layby-layer cationic and anionic polyelectrolytes as
macromolecular linkers into MFC surface and then compounded it with Ag colloidal
suspension. TlhMFC/Ag assembly revealed good antimicrobial properties towards S. aureus

and K. pneumonia microorganisms comparing to neat KM\&tins, Freire et al. 20)2

L I. 4| '
A A Z y b ¢
i ¢ VBVA
A4 Sb— 4 20u
% - \rv.

Figure 18. Scanning Iectron microgfaphs of freelzed oybean nanofibers: (a) uncoated and (b)
ethylenéacrylic oligomer coate@/Vang and Sain 2007

Another way to reduce aggregation of cellulosic filler in polymer matrix is utilizing
compatiblizers. Compatibilizer is a grafted polymer with functional groups which improves

the interaction between polyn ffiller and provides effective stress transfer across the
interface(Wang and Sain 200Mi cr of i bri |l |l ated cel | wliolksed ( MF
morphology was successfully modified with three different ptiog agents: 3
aminopropyltriethoxysilane,-8lycidoxypropyltrimethoxysilane, and a titanate coupling agent

(Lica 38) that changed the surface character of MFC from hydrophilic to hydrophobic. The
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surface modification was confirmed using infrared spectpyg (FTIR), Xray photoelectron
spectroscopy (XPS), environmental scanning electron microscopy (ESEM), and contact angle
measurements. The untreated and treated MFC were successfully incorporated into an epoxy
resin system using acetone as the solventteBeand stronger adhesion between the
microfibrilsand the epoxy polymer matrix was observed for the treated fibers, which resulted

in better mechanical properties of the composite matdtialsiskeland et al. 2008

2.6.2 HHEMICAL MODIFICATION

It is expected that grafting treatment provides better dispersion of filler within the matrix and
improves mechanical properti@3ufresne 196PHowever grafting of cellulosic filler restricts
possible interfibrillar interactions and omits the outstanding reinforcing effect of formation of
percolating nevork. In some cases studies shows that mechanical properties of nanocomposite
with unmodified nanofibers are higher than the modified filler. This behavior is attributed to
loss of fillerfiller interactions after grafting of filler surfag®ufresne 196pEsterification of
cellulosic filler using carboxylic acid, acid anhydrydes or acyl chlorides introduces esteric
functionalgroups (GC=0) onto the cellulose surface and makes it partially hydrofiatm
Missoum 2013 Gousse” et al. modified the surface of MFC using silylation treatment using
isopropyl dimethylchlorosilane and showed that mild silylation treatroérMFC is not
altering microfibrils morphology, but causes uniform dispersion in organic solvegisé
19).(Gousse, Chanzy et al. 2Q08urface modification of MFC requires precise control of
treatment condition, since harsh condition may cause loss of nanostructure and partial

solublization of MFC during silylation treatment. Contact angkeasurement of treated MFC
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films confirms modification of hydrophobized MFC with high water contact angle-(117

146°)(Andresn, Johansson et al. 2006

CH, CH,
Cell-OH + CI-Si-iC;-H; — Cell-O-Si-iC;H; + HCI
CH, CH,

Figure 19. Silylation treatment of MFC using isopropyl! dimethylchlorosilane

Acetylation modification of cellulosic filler introduces acetyl groupsz&@H(=0) onto the

filler surface Figure20). Kim et al. modified the surface of bacterial cellulose using anhydrous
acetic acid and toluene solvent and reported that physical properties of acetylated bacterial
cellulose (BC) depends on degree of substitutii?) (of acetyl groupgKim, Nishiyama et al.

2002 Following studies showed that transparency and thermal degradation resistance
properties of chemical modified BC fibers using acetylation treatment improved comparing to
unmodified BC films. Degradi@n of partially modified BC nanofibers significantly reduced

at elevated temperature of 200°C and transparency of films retained after 3 h at 200°C while
untreated BC films lost its transparency after an hour at the same tempgatireAbe et

al. 2009
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Figure 20. Acetylation of MFC using acietanhydridéKim, Nishiyama et al. 2002

Compounding acetylated MFC with PLA improves dispersion of filler and mechanical
proeperties of polymer nanocompposite due to improved filler/polymer inteFapad21).
In extrusion of PLA with cellulosic filler, polyvinylalcohol has been used as a compatiblizer

to improve filler dispersion.
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Figure 21. Elastic modulus of acetylated MFC/PLA composite as a function of degree of gidvstitu
(DS) (Mittal 2010
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PLA PLA +10% MFC

Figure 22. Optical micrographs of neat PLA, untreated MFC and Acetylated MFCfithA
respectivelyMittal 2010

Comparing to neat PLA film, aggregation of unmodified MFC as white dots is clear all over
the compsite PLA film in offwhite color, while modified MFC led to translucent PLA
composite film without any aggregatiofigure22).(Mittal 2010

Chemical treatment of hydroxyl groups of MFC surface using carboxymethylation prevents
hornification during dryingKigure23). The effect of surface modificatiamn morphology and
crytallinization behavior of MFC was evaluated and modified MFC reveals a uniform
dispersion in water and a lower crystalline percentage comparing to unmodifiedRge@(

24). (Mittal 2010
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Figure 23. Carboxymethylation of MF@®/ittal 2010
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Wang et al. fabricated PLA and PHB nanocomposites using hemp nanofibers (HNF) through
melt extrusion and hot press. HNF obtained using chemomechanical treatment and then treated
with five different chemical modifiers: ethylene acrylic acid, styrene maleic anhydride (SMA),
guanidine hydrochloride, and Kelcoloids HVF and LVF stabilizers (propylene glycol alginate).
Physical analysis of nanocomposites reveals slightly improved mechanipaktms using

5% HNF coated with styrene maleic anhydride (SMA). TEM images of $N&/PLA
reveals some aggregation of HNF filler in polymer matrix. Optimizing the compounding
condition and surface modification may improve filler dispersion. SNME/PLA
nanocomposite comparing to uncoated HNF showed 7% increasing in modulus and 3%
increasing in tensile strength. Experimental mechanical properties of both nanocomposites
comparing to theoretical calculation of mechanical properties using Hedginmodel are

lower due to nonuniform dispersion of HNF in maifi¥ang and Sain 2007
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Figure24. Cr y st g tedlisparsion tgsts {njwater (0.2% w/w, 1h) and SEM images of (a)
unmodified and (b) carboxymethylated M@Gttal 2010

Recently grafting of different anhydride molecules onto the surface of MFC has been
accomplished using solvent exchange method in ionic liquids as a green solvent instead of
toxic and hazardous solvents. MFC obtained from enzyme pretreatmdetaidd pulp at

50°C for 2 h with end@lucanase (cellulase) enzyme, and followed by mechanical treatment
using microfluidizer. TOFSIMS and FTIR analysis confirms chemical surface modification

of MFC(Missoum, Belgacem et al. 201Zlenezes et al. grafted rami cellulose nanowhiskers
(acid hydrolyzed) with organic acid chloride aliphatic chains to provide nonpolar groups on
cellulose chain (esterificatio reaction) and improved dispersion and compatibility of
nanofiller in hydrophobic LDPE polymer matrix during melt extrusion at 160°C, 60 rpm and
10 min Figure25). Analysis of data results in no mechanical imgrmoent of LDPE with ©

15% cellulose grafted filler after surface modification due to limitation of -inéeticle
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interactions. Esterification of cellulose filler with organic acid chloride aliphatic chains only
improved elongation at break of modified camsjte with increasing the length of grafted chain

on the filler surface due to highest dispersion légdelMenezes, Siqueira et al. 2009

AN LDPE + modified
LDPE ‘-‘”’E‘W Whiskers C18

90:10 90:10

Figure 25. Photographs of the neat film and ramie cellulose whiskers nanocomposite films reinforced
with 10 wt% of nanofiller before and after modificatida Menezes, Siqueira et al. 2D09

Surface treatment of filler with coupling agentsrdaprove the interfacial adhesion by
formation of bridge of chemical bonds between fiber and polymer matrix. Maleic anhydride is
the most commonly used coupling agent in literature reports and improves tensile strength and
elongation at break of naturalbér composite$ku, Wang et al. 20)1Oksman et al.
investigated the effect of addition of maleic anhydride grafted coupling agent (MAPP) on
mechanical properties of melt extedd 60 % cellulose pulp /PP composite and observed
significant improvement in stiffness and strength of composite. Presence of MAPP improved
the interfacial adhesion between hydrophilic filler with average length of 1 mm and nonpolar

polymer Eigure26).(Bengtsson, Le Balillif et al. 2007
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Figure26. Scanning electron microscopy micrographs of the fracture surface of 50 % cellulose pulp
/PP composite (a) without and (b) with MAPP coupling agent

In another work, incorporation of wood flour into PP improved modafusomposite from

1.1 GPato 2.6 GPa with 40 wt% of filler. Addition of MAPP as coupling agent had no change
on modulus but improved strength of composite ca. @Bétdizar, Klason et al. 1987
Analysis shows coating nanofiber surface using surfactant can improve tensile and modulus of
nanocomposite. Mechanical properties of PP/ 5wt% coated soghrafibers composite with
ethyleneacrylic oligomers composite obtained through melt extrusion reveals slightly
improvement in stiffness and strength and reduction of elongation at (bealg and Sain

2007 Grafted polypropylene with maleic anhidryde (M@®) can improve adhesion of
cellulosic filler and polymer matriDominkovics, Danyadi et al. 20pRlanocompoige films

made of MaPP and 20 wt% of microcrystalline cellulose (MCC) revealed more uniform
dispersion of filler comparing to PP/MCC due to increased chemical interactions between Ma
PP and MCC filler. Presence of maleic anhidryde improved modulus ofoaposite, while

the strength and elongation at break almost remained the same. Grafting of cellulosic filler
with maleic anhydride (MAH) is one of the most successful methods to improve adhesion

between nonpolar polymers and polar filZafeiropoulos 2011Studies show benzylation of
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cellulose large particles improves dimensional stgtwf composite but mechanical properties

of composite slightly decrease with increasing the modificgaminkovics, Danyadi et al.
2007

Innovative chental modification techniques of MFC also add extra functionality to
nanocellulose fillers. Thomas et al. prepared antimicrobial nanofibers from inorganic polymers
and positively charged amifanctionalized MFC via electrospinning for biomedical
applicatims. In similar work, chemically grafted MFC films with octadecyldimethyl(3
trimethoxysilylpropyl) ammonium chloride (ODDMAC) showed antimicrobial properties

against both Grarositive and Graamegative bacteri@Andresen, Stenstad et al. 2007

MAPP
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Figure 27. Schematiof interaction between cellulose and MABPBminkovics, Danyadi et al. 20p7

2.7 ROCESSING CONDITIONS
The processing technique and paranseggnificantly influence composite properties and

interfacial characteristics. Extrustomnjection moulding and compression moulding are
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common methods for manufacturing of natural fiber composites. The method of filler
incorporation into the polymer mehchieving uniform distribution of filler and suitable filler
particles wetut are greatly influencing the properties of polymer comp@site2010
Compounding of thermoplastic polymerghwfillers using twin screw extruder is desirable for

most applications. During melt extrusion solid polymer is melted and shear forces breakup
agglomerations and providing uniform filler distribution throughout the m@w#ix2010

Process parameters such as shear rate, residence time, processing temperature and material
throughput can change the dispersion of filler during extrusion. High shear forces and
increasing residence time improvidker dispersion. High shear rate in melting process can
also reduce the fiber length and enhances alignment of filler into the flow diré8hielton

1982 Moreover ncreasing the processing temperature and compounding time is effective in
breaking down the filler aggregation. Processing temperature and pressure are both affecting

the flow behavior and enhancement of temperature increases the deformation rate.
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Figure 28. Variation of tensile strength and modulus with mixing time of 30% sisal fibers(fiber
length 10 mm) / PP mefhixed compositgdoseph, Joseph et al. 1999

It should be noted that all of processing parameters need to be optimized in order to obtain
highly performance composite. Several studies worked on the effect of processing parameters
on mechanical properties of natural fiber composites. Data analysis of processing temperature
defines a temperature window for melt extrusion and compounding of each polymer with
natural fillers. Low processing temperature caused inconsistent polymargnaeltl high melt
viscosity that increases shear stress and providesuméorm filler dispersion, and fiber
breakage causing low tensile strength of the composite. On the other hand processing
temperature higher than 200°C caused thermal degradatioatuwfahfibers and reduced

composite performandg&u, Wang et al. 2011
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Compounding time is another important factor to control polymer composite properties.
Several studies irstigated the effect of processing time and reported 10 min as an optimized
time to compound polymer matrix with natural cellulosic fillefeseph, Joseph et al. 1999
Mechanical properties of polymer composite reached to optimum value with increasing
compounding time and started to decrease after an optimum value. Below an optimum value,
poor filler dispersion and ifiective mixing caused low mechanical properties while
increasing timing may causes natural fiber degradation and fiber breakage.

Studies showed that increasing shear forces with water injection and increasing residence time
improved dispersion of cellosic filler in an apolar polymer matrix. The effect of increasing
shear rate from 100 to 1200 rpm at 150 °C and water injection investigated on LDPE with filler
content of 5 to 30 wt%. Water injected directly to the LDPE polymer melt to assist dispersion
oo microcrystalline cellulose of 200 em | enc
cellulose degradation at high shear rates and evaporated before the die by reducing the
pressure. The SEM images showed that water injection is more efficient darfaites to
disintegrate aggregated filler. Mechanical result of PE composite decreased slightly in
presence of water due to probably adsorption of water molecules on filler surface that prevents
hydrogen bonding between cellulose fibers. Reductiorooiggltion at break attributed to poor
interface between polymer and hydrophilic filler and large polarity differépaalestin,

Quievy et al. 200)Alloin et al. investigated the effect of extrusion on degradation and fiber
size reduction of cellulosic filler with aspect ratio of 24 in cellulose nanowhiskers (CNW)/
poly (oxyethylene) nanocompositdsaqure29). Extrusion process largely reduced the length

of CNW from 200 to 122 nm and CNW presented a monodisperse length distribution after
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melt extrusion. Decreasing both the length and cross section of CNiéxiftesion from 7
nm to 5 nm, did not significantly change the surface area and was found to be 24 due to
simultaneous effect of extrusion process on both length and cross section of cellulose

nanowhiskergAlloin, D'Aprea et al. 201)L
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Figure 29. Transmission electron micrograpA€(M) of (a) ramie whiskers suspension; (b) extruded
and redispersed PEO nanocomposite films reinforced with 6 wt% of ramie whiskers; (c) the length
distributions of CNW before after melt extrusion
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3.1ABSTRACT

The thermal and mechanical performance of composites with-siaed coton fillers
embedded in lovdensity polyethylene (LDPE) is investigated. Microfibrillated cotton was
prepared by microgrinding mechanical treatment of pulverized cotton derived from waste T
shirts, resulting in nansized fibrils of the cellulose that ratahigh crystallinity. Film
composites of LDPE with pulverized cotton before and after microgrinding were fabricated
through melt extrusion and the effect of filler size on mechanical, thermal and morphological
properties of the composite was investiga@umpounding microfibrillated cotton with LDPE
resulted in welldispersed nanocomposites with no discoloration after 10 min of melt extrusion
at 170 °C. At concentrations up to 10 % by weight, the composites showed increased modulus,
increased tensile sngth and a slight decrease in elongation to break. Further improvement
in the dispersion and mechanical properties of the cttdsed fillers was realized by the use

of LDPE powder instead of polymer pellets fed to the extruder. This research deraesribrat
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processing and applicability of the use of recycled cetsed nangized fillers in meklt
processing.
Keywords:Microfibrillated Cellulose (MFC). Nanocomposite. Cotton. Cellulose. Sustainable.

Synthetic polymer

3.2 INTRODUCTION

Replacing petr@umbased materials and naafe fillers with biebased materials which offer

low environmental and safety risks is increasing in various fields of applications due to limited
availability of petroleum and increased awareness in sustainable processintatanicls
(Tingaut, Zimmermann et al. 201L2n the recent decades, experiments using cellulosic fibers
from sources such as flax, hemp, jute and many others as a reinforcing fillecamtpesites

field have drawn many researchers to revisit this natural polymer in biocompbéies,
Martini et al. 201} Cellulose originates from various sources including wood, plant (including
cotton, sisal, flax, jute, ramie, wheat straw, potato tubers, sugar beet pulp, soybean stock,
banana rachis), algae, bacterial cellulose produced by thergrgative bacteria Acetobacter
xylinum (bacterial cellulose nanofiber) and tunicate cellulose are prodyceda creatures
(natural nanowhiskergPandey, Ahn et al. 2010The purpose of this research is to examine
methods to produce uniform microfibated cotton from waste cottonshirts, thus producing

a useful material from a potentially discarded waste stream. The microfibrillated cotton will
be evaluated as filler in thermoplastic polymers films through melt extrusion and the structure
property elationship of cotton reinforced biocomposite films will be related to the amount of

cotton reinforcement and the fabrication methodology.
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Melt extrusion of various types of thermoplastic polymers filled with cellulose filler has been
the subject of mangtudies, but the incorporation of cellulose nanofibrils (or microfibrillated
cellulose) into a polymer matrix as a reinforcing agent through melt extrusion still faces many
challenges, including understanding proegssperty relationships in the final mposite
material (Lu, Askeland et al. 2008 Fabrication of cellulosic nhanocomposite using melt
compounding often results in aggregation at low and high concentratiegiddtion of
cellulose at high processing temperature, and poorfitzrix adhesion in nonpolar polymer
matrices. Investigation of these processperty relationships will allow for biocomposites
plastics and nonwovens applications in automotive mtetextile, biomedical, building and
packaging.

Cellulosic fillers offer the additional benefit of low cost, low density, and areaboasive to
processing equipment. In addition, cellulebesed composites have less health risk,
recyclability and biodgradability compared to other engineering fill€&ro and Plackett
2010. Compared to glass fibers, natural fibers have also shown improved better thermal and
acoustic insulation propertiésaly A. Pothan 200P In general, the cellulose obtained from
natural fiber resources are primarily segmented in two major groups: nanocrystalline cellulose
(NCC) and nano/microfibrillated cellulose (NFC/MFC) that differ in size, crystbfliand
aspect ratigPanaitescu, Notingber et al. 200These materials are characterized as having a
high aspect ratio, flexibility, and tangling capability, which all play an important role in the
mechanical behavior of nanocompogZ@ammermam, Pohler et al. 2004 For example, the
geometrical aspect ratio of nanoparticles determines the percolation value (i.e. the

concentration of the fibrous matrix in which a continuous second phase in a composite is
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created) and a higher aspect ratiotloé nanofibrillated cellulose results in an increased
stiffness of percolating networiBras, Vietet al. 201). High strength and flexibility of
cellulose structures result from the hierarchical fibrous structure of the cellulose, forming a
strong nanoporous netwo(Rufresne 2012Missoum, Belgacem et al. 200 3At the same

time, the mechanical properties of the nanocomposite can be influenced by the crystallinity of
the cellulose, which is dictated by the processimgd@ions to achieve the high aspect ratio
(Samir, Alloin et al. 2004Eichhorn, Dufresne et al. 200.0To achieve a composite with high
performance, a balance must be met between processing relative to achieve a certain aspect
ratio and the potential for the processing to alter the crystalli§anir, Alloin et al. 200¢

Finally, the distribution and eventual composite properties of thesesmeawcellulose fillers

in a polymer matrix is dependent on the interfacial interactions between the two materials.
Without any modifications, the polymer and the cellulose bonding is based on weak
intermolecular forces. A modified chemical interface can provide significant improvement in
mechanical, thermal and rheological properties of composite.

The level of interactin between polymer matrix and filler depends on filler size, shape and
concentration. In nanocomposites architectures significant bonding between the filler and the
polymer matrix may exist due to the high surface area to volume ratio of the nanofiller and
similar nanodimension of the filler to the molecular scale of the surround polymer.chains
Herein, nanesized cellulose derived from cotton will be investigated for its use as filler in a
LDPE. The processing of the cotton, derived from wastarts, wil first be examined in an

effort to achieve a wide distribution of the aspect ratio and a unique hierarchical structure that

makes this material well suited for use as a mechanical reinforcement. Mechanical processing
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effects to produce micro/nanofibrited structures are examined. The performance of the
resulting composites is examined with respect to the percentage crystallinitiy, aspect ratio, and

distribution of the nano/microfibrillated cellulose.

3.3EXPERIMENTAL

Pulverized cotton (pCot) derivedoim recovered wasteshirt material with an average fiber
length of 350um was acquired from International Fiber Corporation. To reduce the size of the
pCot, microfibrillated cotton was prepared from the pulverized cotton (RIEGL) by creating

an aqueoususpension of 3 wt% consistency and sequentially passing the suspension through
Masuko Grindefor a total of nine passes. The grinder consisted of two nonporous disks that
applied repeated cyclic high shear forces, massive compression forces anddrmg®nia

the grooves and bars on the surfaces of each disk. As the cellulose suspension passes through
a narrow gap between the static stone and the rotating stone revolving at 1500 rpm defibrillated
MFC material is produced. After the microfibrillatithe suspension is frozen by rapid cooling
using liquid nitrogen to hinder ice crystal formation. Formation of ice crystals during relatively
slow freezing processes squeezes out cellulose microfibrils to form a subaggregated structure
(Yoshioka, Sakaguchi et al. 2009\ slurry of MFC in a stainless steel container was put into
liquid nitrogen and then subjected to regular freeze drying using a Labconco freeze dryer at

50°C.

Morphology of pCot and MFCot after microgrinding was investigated usirigf@nom, G2
Proscanning electron microscope (SEM). Transmission electron roopg$ TEM) was used

to acquire images of MF@GCot using JEM2000OFX. TEM samples were prepared using a
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single droplet of diluted MF®Cot suspension dropped onto a copper grid covered with a
carbon film and dried. Specific surface aréa | of cottan samples was measured by gas
adsorption using BET (Brunau&mmettTeller) isotherm, following

| 8 8

1)

where6 is the monolayered absorbed gas volutnghe molar gas volume (22.414 L.mbl

for nitrogen),A is the knownsurface area which one gas molecule covers on the absorbent
surface, and  is Avagadr& constant.

Crystallinity of pCot and MF&Cot was determined using an Omni InstrumentakyX
diffractometer. The diffractometer is equipped withfBered CuKa radiation ([ = 1.54 A)
generated at 35 kV and 25 mA. The sampl es w

increments of 0.05°. Relative crystallinity was calculated using the Segal method, following

8 =(

) X 100% )

wheae ) represents thena xi mum i ntensity of (002) l at ti
diffraction angle of 22.5° ang is the intensity scattered by amorphous part of the sample

at the 2d diffraction angle of ~18A.

Nanocomposite materials were paged by melt extrusion using a twin screw extruder (DSM,

Xplore, Micro 15cc Twin Screw Compounder) with constant recirculation at 170°C, 10 min

and 50 rpm. Samples were fabricated by mixing low density polyethylene (LDPE) in both
pellet and powder formna with pCot and MF&Cot ranging from 2.5 to 10 wt%. No other
compatiblizer or additive was used. The LDPE was acquired from Dow Chemical Company

( PN: ASPUNE 6850A) wi tahd MFleoh3® g/t0yminoFbr p@patng§ 5 g/ ¢
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the polymer powder, LDIP pellets were ground usirSPEX® CertiPreg-reezer Mill. The

pellets were precooled for 5 min by immersing the grinding vial in a chamber containing liquid
nitrogen and pulverized sequentially at frequency of 10 Hz for 2 min. This cycle was repeated
upto seven times, with a one minute cooling period between cycles, to achieve a powder size
of 300° m. A minimal decrease was observed in the LDPE powder after seven cycles.
Transparency evaluation of composite films compared to neat polymer film was carried out on
a Varian Cary 300 UWisible spectrophotometer. For mechanical tensile testing, cotaposi
films were fabricated from the extruded material in a dog bone shape using a hot press at 170°C
under a force of 3500 psi. Tensile tests were performed ustegtQensile tester at 250 Ib

load cell following ASTM D 882. Experiments were performedoatm temperature on dog

bone shape samples with dimension of 600.24 mn¥, a 60 mm gage length and crosshead
speed of 10 mm/min. The reported values for each sample were obtained from the average of
at least five measurements. Dynamic mechanical angysi#) of the composite films was

tested usin@800equipment (TA instrument, USA) working in tensile mode at frequency of
1Hz, temperature range of -A20°C and heating rate of 3°C.minThree samples with
dimension of 0.256.5 14 mn? were used to charamize each composite film. The
microstructure of the LDPE with and without the pCot and MOt was examined at the
fracture point of tensile degone samples using SEM. Finally, thermal degradation of the
composite samples were carried out using a P<thkirer differential thermo gravimetric
analyzer (dTGA) at a heating rate of 10 °C/min from 25 to 600 °C in a nitrogen controlled

atmosphere.
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3.4 RESULTS AND DISCUSSION

Characterization of MF@Cot. SEM imaging of pCot before and after microfibrillatard
subsequent freeze drying is provided Rigure 30. To detail the effect of mechanical
processingFigure 30 (b)-(d) provided images after 2, 4, and 9 microgrindingspas After

two passes, some cotton fibers appear destructured as observed by the entangled fibrillated
cotton fiber. After four passes, more fibers are defibrillated and form a leafy structure of
compacted and interconnected nanofibrils. Finally, nires¢es of microgrinding provides a
network of aggregated fibers, which form cotton nanofibril bundles.

TEM imaging, provided inFigure 31, of a dilute suspension of MF@Cot after 9
microgrinding passes reveals atmhal detail with regard to the individualization of
nanofibrils after mechanical treatment. An interconnected network of aggregated microfibrils
is observed due to strong hydrogen bonding of adjacent molecules and defibrillated structure
of MFC-pCot intonanasized fibrils.

Specific surface area measurement using the BET method before and after mechanical
treatment (9 passes) shows an ~10x increase from 1.49 to 269 $imilar results achieved

by Lu et al. for microfibrillated cellulose (from kraftilp obtained by a homogenizing process)

with a diameter of 1100 nm and specific surface area show a surface area of 3 Gusing

BET measurement, but from geometrical consideration the actual surface area is expected to
be higher and this methosl not adaptable for freeze dried MFC due to aggregation of fibrils

during freeze dryingLu, Askeland et al. 2008
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Figure 30. SEMimages of (a) pCot (as received) and MpCot after (b) 2, (c) 4, and (d) 9
microgrinding passes.

The research by Sehaqui et al confirms the effect of drying process on BET measurement and
they reported specific surface area of 442yfor supercritial CO, dried NFC obtained from

softwood sulfite pulp fibereKaushik, Singh et al. 2010They also tesd the effect of solvent
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exchange method before freeze drying of native wood cellulose NFC and obtained specific
surface area ranging from 153 to 283gn depending on the numbers of solvent exchange
procesqSuryanegara, Nakagaito et al. 2D0@ another method by Spenapecific surface

area is obtained using congo red adsorption method and a value of aroudd 7agreed

with microscopic observatior{Spence, Venditti et al. 201.0

Figure 31. TEM images of MF@Cot after 9 passes of the microgrinding pesce

Due to the high mechanical force applied by the microgrinding process the crystallinity of the
cellulose is expected to be altered. To investigate this change, XRD analysis of pCot and MFC
pCot with an increasing number of microgrinding passes wdsrped and is provided in
Figure32. All XRD patterns are representative of cellulose type I, with the main diffraction

peaks at 2d valwues of 15, 16, 22.5 and 34A

040, respectively. The relative crystallinity of the samples, calculaied $egal method, is
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also provided irFigure32 and is of a typical value reported data for bleached cotton(fiber
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Figure 32. X-ray diffraction patternsf@Cot (as received) and MH&Cot after 2, 4 and 9
microgrinding passes.

It is important to note that while there are different methods to calculate crystallinity, the Segal
method can result in higher calculated crystallinity values as compared tonutterds
(Agarwal U.P. 201 The diffraction patterns of mechanically treated samples after 2, 4 and

9 passes reveals that the native crystalline struafieotton is preserved, but the peak
intensities of samples confirmed the crystallinity of MpCot decreased as the number of
passes through microgrinder increased. Similar observations have been made by Spence et al.

in the case of MFC extracted frorofsvood and hard wood using a homogenizer and the
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crystallinity indexes were in the range of-58% and 465% for softwood and hardwood
respectively(Spence, Venditti et al. 201.0The reduction of crystalline structure is attributed

to the fiber structure degradation during mechanical treatment which disrupts the lateral
cohesion angeriodic lateral hydrogen bonding of the near surface cellulose cr{@paace,
Venditti et al. 201D While a decrease in crystallinity of the cotwerived cellulose is
observed with increasing mechanical treatment, the necessity to achieve a more uniform size
distribution requires the additional mechanical processing. Hereimpasite formation was

conducted using MF@Cot after 9 microgrinding passes.

Figure 33. Transparency analysis of compaosite films (on left side of each image) fabricated with (a)
LDPE pellets with 10 wt% MF@Cot andb) LDPE powder with 10 wt% MFRPCot (aggregated
filler as white dots)

Nanocomposite Characterizatiofrevious reports in the literature on melt extrusion of-acid
treated cellulose nanowhiskers with LDPE have shown thermal degradation of cellulose
narocrystals resulting in dark composite filfBen Azouz, Ramires et al. 2012n addition,

poor dispersion of the filler wilesult in an opagque mater{@en Azouz, Ramires et al. 2012
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Transparency of the nasgize cotton cellulose filler (9 pass®&4-C-pCot) in the LDPE matrix
is visually evaluated iigure33to compare film derived from LDPE pellets to that of powder

produced by freeze milling of the pellets.

Table 4. Transparency analysis of compositas using U\-Vis instrument displays. Increasing
both pCot and MF&Cot fillers up to 10 wt% displayed similar behavior and reduced composite film

transparency
_ Transparency (%)
Filler Waveleng
content th (nm) MFC-pCot pCot
(Wt%) LDPE LDPE LDPE
LDPE pellets
powder powder pellets
57.1+0.3 o 50.1+£0.5| 48.7+£0.2
oo 400 (-10.0%) 50.9 + 1.7 {27.7%) (21.8%) | (:30.1%)
' 74.4+15 o 66.9+21 69.7+0.1
600 (-1.7%) 69.9 + 2.4 {13.4%) (-11.9%) | (-13.6%)
545 +
400 0.2¢ 46.5 + 0.4 {34.0%) 41é93 35'7 46?;; “—éo(/”
5% 14.1%) (-33.9%) | (-33.8%)
72.2+29 o 64.1+£1.9| 64.8+0.3
600 (4.9%) | 681t11456%) | Teol g co)
37.6 £
68.7 £ 0.7 40.1+£5.1
400 o A 43.4 + 1.9 {38.4%) 2.2( 210
L0% (-9.6%) 4%7%) (-43.1%)
56.1 +
52825 58.4+3.2
600 . 65.0 + 3.4 {19.4%) 3.1¢ .
(-16.6%) 26.1%) (-27.5%)

As compared to the LDPE film with no filler, the addition of MBCot filler to LDPE pellets
(Figure33 (a)) resulted in decrease in transparency and the formation &gages of MFE
pCot (shown as white dots in the film). Films processed by mixing 4d€EGt with LDPE
polymer powderKigure33 (b)) are shown to retain transparency and show a reduction in the

aggregate formation, glence of increased levels of dispersion of the MfEDt in the powder
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derived films. Research by Soulestin et al. has also shown polymer powder to be more effective
for homogeneous filler distribution as compared to other met{faislestin, Quievy et al.

2007).

LDPE 2.5% MFC-pCot _ LDPE 5% MFC-pCot
1004 —

goJ  LDPE 10% MFC-pCot

60+

Weight (%)
dTGA

40
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Temperature (C)

Temperature (C)

Figure 34. (left) TGA curves and (right) corresponding@& of MFC-pCot (a), pCot (b), neat LDPE
(c) and LDPE composites with MH&Cot at filler contents of 2.5% (d), 5% (e) , and 10 wt% (f).

A Transparency measurement of the composite film at 400 and 600 nm is pres@iatale.in

In this examination, both the effect of the filler (MipCot vs. pCot) and the LDPE
morphology (powder vs. pellet) used in extrusion are presented. The use of LDPE in powder
form during the formation of the LDPE/MF@Cot nanocomposites clegarincreases the
transparency of the films but had no significant effect on LDPE/pCot composites. In addition,
the use of the narsized cotton (MF€pCot) shows a marked increase in the transparency,

particularly at lower wavelengths with high filler amasint
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To investigate the effect that the reinforcing filler has on the thermal performance of the
composite, TGA was performed on composite samples with different amounts of pCot and
MFC-pCot as well as for the component materials and the data is sumniaffizgdre 34 and

Table 5.

Table 5. Summary of efGA analysis of pCot, MFpCot and LDPE pellets with increasing filler
content of pCot and MF@Cot.

100 °C 280-380 °C 400600 °C
Sample i T4 max. . Ta max. .
p V\felght Tonse(°C) | by dTGA Weight Tonse°C) | by dTGA Weight
0SS °C) loss °C) loss
(%) (%) (%)
pCot 1.5 280+05| 383+0.7| 2.5-46 NA NA 71-91
MFC-pCot 2.9 230+23| 374+26| 3-59 NA NA 86-92
LDPE pellets 0 NA NA NA 461.3+1.8| 475+2.4| 39-68
LDPE 2.5%
MEC-pCot 0.10 340+1.6| 370+£1.9 1-2 476.7 £3.8| 495+ 3.5| 12-63
LDPE 5%
MFEC-pCot 0.12 340+29| 370+3.4| 15-3 | 478.3+£0.7| 500+ 1.4| 18-69
LDPE 10%
MEC-pCot 0.30 340+25| 3710+28| 3-7 482.4+1.6| 502 +1.7| 22-74
LDPE 2.5% pCot | 0.02 356+0.1| 380+0.3 01'55' 4807 +1.0 | 500 +1.6| 18-63

LDPE 5% pCot 0.04 353+4.7| 380+x4.1| 1-3 477.7+1.7| 495+1.2| 21-55

LDPE 10% pCot 0.10 357+14| 380+1.7| 2-6 476.9+0.7| 490 +2.9| 23-47

A small weight loss (less than <0.5%) around 100°C for cellulose contaiamgles is
ascribed to water moisture content. A weight loss in the LDPE composite materials is observed

in the range of 28@80°C and corresponds to the decomposition of the cellulose. Table 5
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shows the onset temperature of weight loss Tonset and thaeddégn temperature (Td) as
defined as the maximum of the dTGA data. Indeed this weight loss is more significant with
increased cellulose content in the composite samples. Further Td in this temperature range for
the LDPE composites is similar to that the pCot and MFCot materials. It is of interest

to note that the MF®Cot degrades at a lower temperature than the pCot. The thermal
degradation around 400 to 600°C occurs in the LDPE composites reflecting the decomposition
of the LDPE, (Figure 34 antlable 5). The Td is higher for the LDPE composites with pCot

or MFC-pCot relative to the neat LDPE. It is important to summarize that compounding the
mechanically treated MF@Cot with LDPE at 170 °C after 10 min caused no thermal
degradation or discotation of the filler or composite. This is in agreement with the TGA
results in Figure 34.

Thermal analysis of composites with ramie cellulose nanowhisker in LDPE also have shown
similar results (de Menezes, Siqueira et al. 2009). Prior work by Maadtradute a reduction

in thermal stability of a regenerated cellulose composite with increasing cellulose nanowhisker
content due to filler aggregation (Ma, Zhou et al. 2011). However, good filler dispersion,
attributed to favorable Van der Waals and loggm bonding interactions as well as
compatibility between the host polymer and cellulosic nanofiller can enhance the thermal
stability of nanocomposite (Lu, Wang et al. 2008; Trovatti, Oliveira et al. 2010).

The results of tensile tests performed to exmunodulus, tensile strength and elongation at
break for neat LPDE polymer and LDPE composites reinforced with pCot andp@bCat

2.5, 5, and 10 wt% are presentedrigure35. LDPE is a semcrystalline polymeand shows

nonlinear elastic behavior with extensive deformation after yielding. In contrast, polymer
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composite films displayed a different fracture mechanism from that of neat polymer and the
stressstrain curves of the composite materials resulted istress yielding and reveal the
mechanical behavior between those of the reinforcement and the polymer (Méioxand
Hamad 2018 Therefore, the values of stress and elongation at break of polgmeosites

are subsequently compared to stress and strain at yield for unfilled LDPE (bpinigberg,

Cavalille et al. 2006

In general, coparing the resulting data of cellulose fillers in LDPE pellets and powders
revealed that the quality of MF@Cot dispersion, as previously discussed plays a major role
on mechanical properties of nanocomposites and increase the composite elastic middulus w
filler content up to 10 wt%Higure 35 (a)). The use of polymer powder during the extrusion
improved filler distribution while mixing the MFR@Cot with polymer pellets formed
aggregated filler. The formation afggregates are anticipated to act as stress concentrated
zones causing located regions of a weak composite, whereas a well dispersed filler will have
increased interactions with the polymer. As a result, the tensile strength of LDPE powder
nanocompositeseinforced MFGpCot Figure35 (b)) improved with increased filler content

due to enhanced stress transfer properties between filler and LDPE polymer.-Atopukg
capability of MFC and improvement of strengghamylopectin films was alsobserved with

increasing MFC content by Plackett et al (Plackett, Anturi et al. 2010).
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Figure 35. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of cadposit
fabricated from LDPE pellets and powder with pCot and Mot at filler contents of 2.5%, 5%,
and 10 wt%.

The elongation at break decreases upon filler addition for all samples as expected but improves

for composites with LDPE powder relative to ptdldue to a more uniform filler distribution
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(Figure 35 (c)). In addition to this, it was observed that the LDPE powder had superior
properties than the pellets, the reason why is not known. This could possibly be due to
differences in thermal transferqperties of the material in the extruder or perhaps by some

change in the polyethylene such as crystallinity or molecular weight. This may also have

contributed to the composites with LDPE powder being superior to those with LDPE pellets.

Dynamic mechanil analysis (DMA) was used to investigate if filler addition would improve
the thermal properties of the composite film and if there are beneficial interactions between
the polymer matrix and the filler. For the range of1Z®°C both the pCot and the Mot

had higher storage than the neat LDPE. The storage moduli ofg@ie€and pCot composites

are 47% and 34% higher at 25°C relative to LDPE, respectively. Compared to the neat LDPE,
the tan delta is lower for MRGCot composite and shifted positivelglative to the neat LDPE

no significant difference is observed for pCot (data not shown). Similar results observed by
Wang et al. with PLA and soybean nanofibers showed an increased modulus and a shift of tan
delta to higher temperatures attributed to eéasing the thermal stability of the polymer
composite and a restriction of polymer chain movement due to interactions between polymer
and fiber (Wang and Sain 200.7Jonoobi et al. also attributed an improved storage modulus
and a positive shift in tan delta to physical interactions between the PLA matrix and kenaf
cellulose nanofibergJonoobi, Harun et al. 20L0The higher storage modulus and positive
shift of tandelta indicates the reinforcing capability of MipCot that is consistent with tensile
testing results. This could be due to physical interactions betweend@eCand LDPE or

due to a tangling effect of MF@GCot with a continuous network of fiber elemetionded

together via hydrogen bonds within the ma{®amir, Alloin et al. 2000 The DMA results
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herein as well as the literature results suggest more interaction of the MFC pCot with LDPE

than pCot with DPE.

The morphology and the size of reinforcing filler affect the mechanical properties and
morphology of the nanocomposite. Mot offers a nanoscale dimension with higher aspect
ratio and possibility of entanglements due to long entangled filamenbrkehat present with

the pCot. Higher surface area and a large number of hydroxyl groups on thRp@tESurface
promotes the inteparticle interactions and possibility of formation of a percolating network
within the polymer matriXSiqueira, Bras et al. 20R9Research in the literature show that a
homogeeity of nanocellulose biocomposites with improved filler/matrix interactions and the
avoidance of agglomeration using surfactants or grafting modification prevents favorable
filler/filler interaction and the formation of percolating network and caus@spi@vement in
mechanical properties of nanocomposiBanaitescu, Donescu et al. 2D@de Menezes,

Siqueira et al. 2009

SEMimaging at the fracture poiof LDPE with different loading amounts of pCot and MFC
pCot are shown ifrigure 36. Compounding of pCot in LDPE formed vacant holes in the
polymer matrix that increased with increaddlkr content. Uncoated fiber ends are also
observed to have pulled away from the polymer matrix upon fracturing. In contrast, LDPE
films reinforced with MFCGpCot reflects more interaction of the nasieed filler within the

polymer (less void and clediber pull-out).
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Figure 36. SEM images of the fracture point of composite films of pellet LDPE with a pCot filler
content of (a) 2.5% (b) 5% (c) 10% and of films fabricated with powder LDPE with ap@eC
filler content of (d) 2.5% (e) 5% (f) 10%.

Table summarizes the mechanical properties of hanocomposites reinforced with cellulose
nanocrystals from the literature and determined in this stuidyimportant tanote that similar

or higher levels of the tensile strength and elastic modulus have only been observed previously
for the use of filler materials which utilize a dispersant and/or a grafted surface to provide a
compatible surface between the filler and gwymer matrix. For example, Wang et al.
exhibited the use of MFC from soybean to improve the mechanical characteristics to similar
levels in the current work of the of LDPE polymer composite in the presence of ethylene

acrylic emulsion as a disperdgWang and Sain 2007
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Table 6. A literature summary of cellulodeased composites and their comparison to the mechanical
reallts from the present work (Data presented with a % change with respect to values of neat

polymer.
Source | Filler . . .
Polymer | Nanopart of Conten Elastic Tensile Str.aln at Referenc
. . Modulus strength yield
matrix icle Cellulos t (MPa) (MPa) (%) e
e (Wt%) 0
2.5 | 2099 (+64.4%)| 26.5(+22.1%)| 5.9¢-17%)
LDPE 0 0 5.7¢
powder 5 2103 (+65%) | 26.9(+24%) 19.5%)
10 | 2291(+79.5%)| 26.2(+21%) | 4.6(35%) | _ .
MFC | Cotton | 55 | 1444(+31%) | 20.6 (+7.3%)| 5.8(31%) | paper
5.4(
LDPE 5 1505(+37%) | 21.6(+12.4%)
pellets 32’-;2/0)
0 0 Y
10 1519(+38%) | 21.9(+14.5%) ,o'ac. |
CNW 2.5 84(-1.1%) 7.2(-14.7%) | 70(-68%)
tope | 134 1 pamie 5 93 (+9.4%) | 7.5(11.7%) | 30(-:86%) de
nm, d: Menezes
10.8 nm) 10 100 (+15%) 6.5(-38%) 25 (-94%) , etal.
LDPE/A 25 | 210(+9.5%) | 12.2(+6.1%) 251922.5/;1)( (2009)
crylic Coated 226 04¢
(50/50) | MFC 5 230 (+61.9%) | 14.2(+24.5%)| ;o
(I;um, d: Soybea 0) Wang,
R n 237.1¢ B. and
PP/ 50-100 25 420(+68%) | 15.4(+43.8%) .
) 16.1%) M. Sain
gcéxyé'g) " 5 480 (192%) | 26.4(+149%)| 22579¢ | (2007)
0 ' % 9.4%)
MFC 1550(+9.9%) | 17.7(+15.4%) -
PHB Coated Wang,
MEG e i 1930(+36.8%) | 20.7(+34.9%) - B and
MFC 2800(+3%) | 68.9 (+5%) - l\(/l Sai)n
PLA Coated 0 0 2007
MEC 2990(+9%) | 71.1(+8.6%) -
MFC 3 | 3400 (+10.5%)| 65.1(+17.2%)| . 27¢ | (Jonoobi
(Il:pm, d: 20.6%) , Harun
PLA ao70 | Kenaf 2.7¢ etal
0 0 . .
am) 5 3600(+24%) | 71.2(+20.8%) o a0 ) 2010
acetylate 3.1¢ Jonoobi,
0, 0 :
PLA d MEC Kenaf 5 3100(+20.7%)| 52.4(+17%) 14.7%) (gf)zlilzl)
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Table 6 continued

0, L
CNW 5 2690(+1.5%) 1515;,;)) 9.7(-:100%) | (Bondeson
: and
PLA CNW Pulp
52.4 ¢ Oksman
+ 3100(+17%) 16.5%) 3.1(-529%) 2007
surfactant
(Bondeson
CNW 3640 67.7 ¢ . o and
PLA | ,pvon | Pulp 5 (+103%) | 6.20%) | 24€294%) | oueman
2007)
CNW (: 3 | 250 (3.5%) | 13 (49%) | 150(81%)
215 nm, d: 9(
5 nm) 12| 290 €19%) | (00 | 25(97%)
235 ¢ 600 (
0,
grafted 3 210 (+15%) | 7 06y | 48.7%) Siqueira,
PCL | CNW Sisal o 18.5¢ o etal.
12| 365 (+45%) | 7' 20(-97%) (2009)
25 (
0, L 0,
grafted 3 420 (+60%) | {00 400 (24%)
MFC 12 | 625 (+137%) 241130/60 )| 20¢07%)
*| is for length and d for diameter of nanofiber

In contrast, no improvement in mechanical prtipserof composite using unmodified filler was
observed. In this study, the combination of the use of powdered LDPE combined with
extremely thorough mixing of high surface area nanofibrils in a twin screw extruder developed
materials with enhanced the corsfie properties. In addition, the mechanical properties of
PLA or LDPE nanocomposites reinforced with MFC obtained from other cellulosic resources
such as hemfiWang and Sain 200,7/kenaf(Jonoobi, Harun et al. 2010onoobi, Mathew et

al. 2012 and ramie with higher stiffness and strength than cotton fijersVang et al. 2011

MFC-pCot reinforced LDPE nanocomposite offer better or similar mechanical improvement.

Of particular interest is the comparison between polymer nanocomposites fabricated with

MFC-pCot to that fabricated with cellulose naroskers (CNW). In the most direct
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comparison, research by de Menezes, compounding 10 wt% ramie cellulose nanowhisker
(processed via acid treatment) with LDPE pellets resulted in an increased in elastic modulus
of 15% (as compared to LDPE control), a tenstrength decreased of 38%, and a reduced
elongation of 87%de Menezes, §ueira et al. 200By comparison, this work using 10 wt%

of MFC-pCot compounded with LDPE pellets showed improved elastic modulus by 38%,
improved tensile strength by 14%, and reduced elongation by 48%. The use of LDPE powder
to improve the homogengitof the filler shows an increased elastic modulus by 79% and

increased tensile strength by 21%, and a reduction in elongation of 35%.

The improved behavior observed for the MpCot as compared to CNW observed in other
research could be attributed tayher flexibility of cotton nanofibrils that allows for more
matrix deformation under strefBen Mabrouk, Kaddami et al. 201l ZBimilar investigations

of MFC processed cellulose from varying sources have attributed the higher stiffness of
nanocomposites to the higher aspect ratih@MFC and the ability for the fibrils to entangle.
Based on equation (3), filler aspect ratio is inversely proportional to the percolation threshold
(%0) and the high aspect ratio of MFC enables the formation of percolating network at lower
filler content(Samir, Alloin et al. 200bwhereas analysis of fabricated grafted CNW and MFC
from sisal fibers attributed thedher stiffness of MF@einforced PCL composite to MFC

entanglementSiqueira, Bras et al. 20D9

%o — (3)

The indistinct structure of MF@Cot with various nanofiber diameters makes it difficult to

estimate the value of percolation threshééd) (Panaitescu, Notingber at. 2007.
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3.5CONCLUSION

This work examines the effect of cottderived cellulose in microand nanoscales and the
application of these materials as reinforcing filler in LPDE. Microgrinding processing, was an
effective and facile method to obtain MfCot and the size of the pCot was reduced to
micrometerscale lengths and nanomessale diameters. SEM and TEM images of samples
show fibrillation of cotton fibers and increasing the number of microgrinding passes provided
smaller and more uniform narnlofils. The microgrinding process increased the surface area
with a marginal decrease in cellulose crystallinity. Nanofibrillated cotton was incorporated
with LDPE by compounding in a twin screw extruder and melt extrusion. Compounding
unmodified MFCpCotwith LDPE at 170 °C after 10 min caused no thermal degradation or
discoloration of the filler, with films retaining similar transparency as and low agglomerate
defect concentrations as compared to virgin LDPE films. Despite the absence of any surface
compmatiblizer, a good interaction with the polymer is observed through improved mechanical
and thermal properties of the nhanocomposite with up to 10 wt%-MEa filler. This work
demonstrates the applicability for the use of recycled cotton as promisignabst filler

choice that can be produced without any intensive purification process and be applied to

syntheticbased polymer nanocomposites.

3.6 ACKNOWLEDGEMENTS
The authors gratefully acknowledge financial support from Cotton Inc3%82 The

coopeation of MeadWestvaco Company to process MDDt is also greatly appreciated. We
also thank Dr Pourdeyhimi and the N.C. State Nonwovens Institute for providing LDPE

polymer and NCRC characterization facilities. We would like to thank Dr Hassan Sadeghifar



111

and Dr Ali S Ayoub (N.C. State) provided for assistance in freeze drying and extrusion

processes.

3.7 REFERENCES
Ben Azouz, K., E. C. Ramires, et al. (2012). "Simple Method for the Melt Extrusion of a

Cellulose Nanocrystal Reinforcddydrophobic Polymer./Acs Macro Lettersl(1):

236-240.

Ben Mabrouk, A., H. Kaddami, et al. (2012). "Cellulosic nanopatrticles from alfa fibers (Stipa
tenacissima): extraction procedures and reinforcement potential in polymer
nanocompositesCellulosel19(3): 843-853.

Bondeson, D. and K. Oksman (2007). "Dispersion and characteristics of surfactant modified

cellulose whiskers nanocompositeSdmposite Interfaceb4(7-9): 617630.

Bondeson, D. and K. Oksman (2007). "Polylactic acid/cellulose whisker nanosib@spo

modified by polyvinyl alcohol." Composites Part -Applied Science and

Manufacturing38(12): 24862492.

Bras, J., D. Viet, et al. (2011). "Correlation between stiffness of sheets prepared from cellulose

whiskers and nanoparticles dimensior@darbohydate Polymer84(1): 211215.

de Menezes, A. J., G. Siqueira, et al. (2009). "Extrusion and characterization of functionalized
cellulose whiskers reinforced polyethylene nanocomposiisdymer50(19): 4552

4563.

Dufresne, A. (2012)Nanocellulose : frommature to high performance tailored materials

Walter de Gruyter.



112

Eichhorn, S. J., A. Dufresne, et al. (2010). "Review: current international research into

cellulose nanofibres and nanocomposit@stirnal of Materials Scieneé(1): 133.

Grunert, M. andW. T. Winter (2002). "Nanocomposites of cellulose acetate butyrate

reinforced with cellulose nanocrystalslburnal of Polymers and the Environment

10(1-2): 27-30.

Gupta, K. K. (2010)Polymer Nanocomposite Handbgdkaylor & Francis Group.

Jonoobi, M., JHarun, et al. (2010). "Mechanical properties of cellulose nanofiber (CNF)
reinforced polylactic acid (PLA) prepared by twin screw extrusid®omposites

Science and Technolog¥(12): 17421747.

Jonoobi, M., A. P. Mathew, et al. (2012). "A Comparison afdified and Unmodified
Cellulose Nanofiber Reinforced Polylactic Acid (PLA) Prepared by Twin Screw

Extrusion."Journal of Polymers and the Environm2@a{4): 991997.

Ku, H., H. Wang, et al. (2011). "A review on the tensile properties of natural fibéonmad

polymer composites Composites PartHngineeringd2(4): 856873.

L. Segal, J. J. C., A.E. Martin, Jr and C.M. Conrad (1959). "An Empirical Method for
Estimating the Degree of Crystallinity of Native Cellulose Using thdRay

Diffractometer."Textile Research Journab.

Laly A. Pothan, S. T. (2009Natural Fibre Reinforced Polymer Composites: From Macro to

Nanoscalepage 113, Paris : Ed. des Archives Contemporaines ; Philadelphia (Pa) :
Old City Publishing.
Ljungberg, N., J. Y. Cavalille, et al2@06). "Nanocomposites of isotactic polypropylene

reinforced with rodike cellulose whiskers.Polymer47(18): 62856292.



113

Lu, J., P. Askeland, et al. (2008). "Surface modification of microfibrillated cellulose for epoxy
composite applicationsPolymer49(5): 12851296.
Lu, J., T. Wang, et al. (2008). "Preparation and properties of microfibrillated cellulose

polyvinyl alcohol composite materialsComposites Part-Applied Science and

Manufacturing39(5): 738746.

Ma, H., B. Zhou, et al. (2011). "Green cpasite films composed of nanocrystalline cellulose
and a cellulose matrix regenerated from functionalized ionic liquid solution.”

Carbohydrate Polyme(1): 383389.

Miao, C. W. and W. Y. Hamad (2013). "Cellulose reinforced polymer composites and
nanoconposites: a critical reviewCellulose20(5): 22212262.

Missoum, K., M. N. Belgacem, et al. (2013). "Nanofibrillated Cellulose Surface Modification:
A Review."Materials6(5): 17451766.

Moon, R. J., A. Martini, et al. (2011). "Cellulose nanomaterialgerevstructure, properties

and nanocompositesChemical Society Review#(7): 39413994.

Pandey, J. K., S. H. Ahn, et al. (2010). "Recent Advances in the Application of Natural Fiber

Based CompositesMacromolecular Materials and Engineeri2@b(11): 95-989.

Plackett, D., H. Anturi, et al. (2010). "Physical Properties and Morphology of Films Prepared
from Microfibrillated Cellulose and Microfibrillated Cellulose in Combination with

Amylopectin."Journal of Applied Polymer Scienté7(6): 36013609.

Samr, M., F. Alloin, et al. (2005). "Review of recent research into cellulosic whiskers, their

properties and their application in nanocomposite fieRidmacromolecule$(2):

612-626.



114

Samir, M., F. Alloin, et al. (2004). "Tangling effect in fibrillated cédise reinforced

nanocompositesMacromolecule87(11): 43134316.

Sehaqui, H., Q. Zhou, et al. (2011). "Higbrosity aerogels of high specific surface area

prepared from nanofibrillated cellulose (NFORbmposites Science and Technology

71(13): 15931599.
Sehaqui, H., Q. Zhou, et al. (2011). "Strong and Tough Cellulose Nanopaper with High

Specific Surface Area and PorositRibmacromolecule42(10): 36383644.

Siqueira, G., J. Bras, et al. (2009). "Cellulose Whiskers versus Microfibrils: Influenbe of t
Nature of the Nanoparticle and its Surface Functionalization on the Thermal and

Mechanical Properties of Nanocomposit&idmacromolecule40(2): 425432.

Siro, I. and D. Plackett (2010). "Microfibrillated cellulose and new nanocomposite materials:
a review." Cellulosel7(3): 459494,
Soulestin, J., N. Quievy, et al. (2007). "Polyolefiisfibre composites: A new way for an

industrial production.Polymer Engineering and Scient&(4): 467476.

Spence, K. L., R. A. Venditti, et al. (2010). "The effaxft chemical composition on
microfibrillar cellulose films from wood pulps: Mechanical processing and physical

properties.'Bioresource Technology01(15): 59615968.

Spence, K. L., R. A. Venditti, et al. (2010). "The effect of chemical composition on
micrdfibrillar cellulose films from wood pulps: water interactions and physical

properties for packaging application€éllulosel7(4): 835848.



115

Tingaut, P., T. Zimmermann, et al. (2012). "Cellulose nanocrystals and microfibrillated
cellulose as building bloakfor the design of hierarchical functional materialstrnal

of Materials Chemistr22(38): 2010520111.

Trovatti, E., L. Oliveira, et al. (2010). "Novel bacterial cellulegeylic resin

nanocompositesComposites Science and Technold@y7): 11481153.

Umesh P. Agarwal, R. S. R., llari Filpponen., Akira Isogai. (2010). Crystallinities of
nanocrystalline and nanofibrillated celluloses by- FdAman spectroscopyAPPI

international conference on nanotechnology for the forest product inddstigniki,

TAPPI.

Wang, B. and M. Sain (2007). "THE EFFECT OF CHEMICALLY COATED NANOFIBER
REINFORCEMENT ON BIOPOLYMER BASED NANOCOMPOSITES."
Bioresource®(3): 371388.

Wang, B. and M. Sain (2007). "Isolation of nanofibers from soybean source and their

reinforcing @pability on synthetic polymersComposites Science and Technology

67(11:12): 25212527.
Xu, X. Z., F. Liu, et al. (2013). "Cellulose Nanocrystals vs. Cellulose Nanofibrils: A
Comparative Study on Their Microstructures and Effects as Polymer Reinforcing

Agents."Acs Applied Materials & Interfaces(8): 299930009.

Yoshioka, M., K. Sakaguchi, et al. (2009). "Fabrication of pulverized cellulosics by ultra high
pressure water jet treatment and usage in polymer nanocomposites and graft

copolymerization.'Journé of Wood Scienc®5(5): 335343.




116

Zimmermann, T., E. Pohler, et al. (2004). "Cellulose fibrils for polymer reinforcement.”

Advanced Engineering Materiai$9): 754761.




117

4. MELT EXTRUSION OF POLYETHYLENE NANOCOMPOSITES
REINFORCED WITH NANOFIBRILLATED CELLULOSE FRO COTTON
AND WOOD SOURCES
Published in Journal of Applied Polymer Science, 132(17), 2015.

Nasim Farahbakh$hPeiman Shahbeigi Roodpoghfli S. Ayoul?, Richard A. Vendit,

Jesse S. Jtir

1Department of Textile Engingeg, Chemistry & Science, North Carolina State University,
Raleigh, NC 27695

2Department of Materials Science & Engineering, North Carolina State University, Raleigh,
NC 27695

3Department of Forest Biomaterials, North Carolina State University, RaleiG2 7695

* Corresponding Authorjsjur@ncsu.edu

4.1 ABSTRACT

Replacing petroleurbased materials with biodegradable materials that offer low
environmental impact and safety risk is of increasing importance in sustamalerials
processing. The purpose of this work was to produce uniform nanofibrillated cotton from
recycled waste cotton-3hirts using microgrindering techniques and compare its performance
as reinforcing agent in thermoplastic polymers constructswatid-originated materials. The
effect of the microgrinding process on morphology, crystallinity and thermal stability of
materials was evaluated by TEM, SEM, XRD and TGA. Nanofibrillated cotton resulted in
higher crystallinity and thermal stability tharbfillated bleached and unbleached softwood.
All the materials were extruded with low density polyethylene to fabricate nanocomposite

films. Nanofibrillated cotton nanocomposites had a higher optical transparency than did the
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wood based composites. The meaaical properties of the nanofibrillated cotton
nanocomposites were largely improved and showed 62.5% increase in strength over the wood
based nanofibrillated containing composites, in agreement with the higher crystallinity of the

nanasized cottorderived filler material.

4.2 INTRODUCTION

Cellulose, the most abundant natural polymer, has gained prominence for fabrication of nano
scale materials in two major forms of crystaline nanocellulose (CNC) and
nanofibrillated/microfibrillated cellulose (NFC/MF@Jissoum, Belgacem et al. 2013 hese
nanoesized cellulose fibers are of high interest in the fields of nanotechnology and
nanocomposites due to their abundance;togitity, biodegradaliity, low weight, and high
strength and stiffness per unit of weightissoum, Belgacem et al. 20113

Cellulose originates from various natural sources including wood, plant (suchaas scal,

flax, jute, ramie, etc.), algae, bacterial cellulose and tunicate cellulose. While over the last two
decades puhlpased cellulose has attracted the majority of attention as a reinforcing agent in
developing new polymer nanocomposites, nanolosiéu derived from cotton offers
advantages due to its high cellulose content which results in high yield without any intensive
purification procesgEichhorn, Dufresne et al. 2010Cotton is the most commercially
important seed fiber, and for thousands of years cotton fibers have been used in the textile
industry for garments and furniture due to its excellent properties.

Cotton s a convoluted fiber which consists of about 95% cellulose and includes cuticle,

primary wall, seondary wall and a central canal called lumen. A ribbon like cotton fiber is 65
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85% crystalline with a length of 22cm and diameter of 3H) [Jm. In wood pulp, cellulose
microfibrils and hemicell ul ose ar édenpddlesent
lamella, primary wall, and the secondary wall. The wood fiber is a composite of cellulose
nanofibers embedded in a di&de matrix of lignin, hemicellulose and extractives. Cellulose
percentage depends on wood types and species and a tydidalitios of cellulose, lignin,
hemicellulose and extractives for softwood is 42%, 27%, 28% and 3% respe(dipehce,

Venditti et al. 201D

Nanofibrillated cellulose (NFC) from purified cellulose of wood pulp was first isolated in 1983

by Turbak et al. using high pressuromogenizer to produce long and flexible agglomerates

of cellulose nanofibrils of <100 nm diameter and lengths of several micror(ieipes=Rubio,

Lagaron et al. 20Q7 Stable aqueous suspension of NFC found multiple apipisatn
painting, coating, cosmetics, medical and food industry as thickener and emulsifier. Typically,
NFC is obtained through three mechanical methods: high pressure homogenizer,
microfluidizer and microgrindingTingaut, Zimmermann et al. 200NFC can be isolated

from simple mechanical treatment or a combination of cherpresteatment and mechanical
methods. Studies on NFC characteristics and energy consumption of these methods showed
that NFC material achieved through the use of a microgrinder requires a lower total energy
input (Spence, Venditti et al. 20LINFC is characterized as a highly porous strecwith a

large surface to volume ratio and a low coefficient of thermal expansidrK(}(Orts, Shey

et al. 200%. As a result, NFC has also demonstrated application in reinforced materials,

filtration and scaffold tissue engineeri(igngaut, Zimmermann et al. 2010
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Our previous study investigated the possibility of fabrication of nanofibrillated cotimungtin
microgrinding and studied the effect of cotton fiber size and polymer shape (pellets vs. powder)
on physical properties of thermoplastic polymer compogNesarahbakhsh 2014The goal

of this work is to compare morphological and crystallinity differences in NFC material
originating from bleached softwood, unbleached softwood and cotton. Using this analysis, the
structure poperty relationships with respect to the reinforcing capability of NFC from the three
sources will be investigated through mechanical testing of low density polyethylene (LDPE)

nanocomposite films.

4.3 EXPERIMENTAL

Materials

Pulverized cotton with (pCotyith an average fiber length of 350um was acquired from the
International Fiber Corporation (derived from recycledhirts). Unbleached and bleached
softwood (UBSW and BSW) pine Kraft pulp samples were obtained from kraft pulp mills in
the SoutheastUS. DPE was acquired from Dow Chemical
with density of 0.955 g/cfrand melt flow index of 30 g/10 min.

Nanofibrillated cellulose preparation

NFC using pulverized cotton (NF@Cot), bleached softwood (NFBSW), and unbleached
softwoal (NFGUBSW) were prepared individuallirom an aqueous suspension of each
material with 3 wt.% solid consistency by sequentially passing the suspension through a 10
inch Masuko Super MassColloider (Masuko Sangyo Co., KawagitghiJapanat 1500 rpm

for a total of nine passes. Before microgrinding, the bleached and unbleached pulps were

(
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refined by dispersing the pulp in water with 3 wt.% consistency using a laboratory scale Valley
Beater (Valley Iron Works, Appleton, WI, USA) for a total refining time2df and stored in

a cold room until needed. After the microfibrillation the suspension was freeze dis®dGt

using a Labconco Freeze Dryer.

Fabrication of Nanocomposite Films

Nanocomposite materials were prepared by melt extrusion of low densigtipdéne as resin
polymer in powder form with 2.5, 5 and 10 wt.% of each NFC materials individually as
reinforcing filler using a twin screw extruder extruder (Xplore, Micro 15cc Twin Screw
Compounder) at 170°C, 10 min, and 50 rpm. Polymer powder waarptepsing a Freezer

Mill at frequency of 10 Hz and 7 cycles using liquid nitrogen. For tensile testing,
nanocomposite films were fabricated from the extruded material in a standabdrimghape

(60 6 0.24 mnd) using a hot press at 170°C under a forc858f0 psi.

Characterization of NFCs and Composites

The morphology of NFECot, NFCGBSW and NFGUBSW after 9 passes of microgrinding
was investigated by transmission electron microscopy (TEM)-2B00FX. TEM samples
were prepared by placing a single dropétdiluted NFC suspension onto a copper grid
covered with a carbon film and dried. The effect of microgrinding process on the morphology
of NFG-pCot, NFGBSW and NFCGUBSW after 2, 4 and 9 microgrinding passes was
investigated usingl@henom, G2 Precannng electron microscope (SEM). SEM samples were
prepared by freezing of aqueous suspension of each material with 0.1 wt.% consistency at
liquid nitrogen and drying the samples using freeze dryer. The relative degree of crystallinity

(Xc%0) or crystallinity ndex (Crl) of NFC materials with an increasing number of mechanical
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passes of microgrinding was determined using an Omni Instrumesn} Hiffractometer.

The diffractometer is equipped with Bitered CuK U r adi ati on wi th a wav
generatd at 35 kV and 25 mA. The samples were s¢
increment of 0.05°. Relative degree of crystallinity was calculated from the intensity

measurements using the Segal method,

8 b =(

)100 (1)

in which)  represents thmaximum intensity of (002) lattice diffraction peak at diffraction
angl e around )2 drepresents2theSimensity rscattered by the amorphous
component in the sample, which was evaluated as the lowest inter@ity at o {Cheh@ A
Wang et al. 2007Agarwal U.P. 201

The optical properties of LDPE nanocomposite films were investigated using a Varian Cary
300 UV-Visible spectrometer in wavelength range of 20® nm. Tensile tests were
performed using a {est tensile tester wit250 Ib load cell and 60 mm gage length according

to ASTM D 882. Experiments were performed at room temperature oibaleg shape
samples at a crosshead speed of 10 mm/min. The reported values for each sample were
determined from the average of at ledase fmeasurements. The microstructure of pure
polymer and LDPE nanocomposite films at their fracture point obtained using liquid nitrogen
was observed by scanning electron microscopy using a Verios 460L SEM scanning electron
microscope. Finally, thermal deadation analysis of the reinforcing agents and composite
samples was carried out using a Peikimer thermo gravimetric analyzer (TGA) at a heating

rate of 10°C/min from 25 to 600°C in a nitrogen atmosphere. The thermal characterization of
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the LDPE nancomposites was analyzed using Petiklmer differential scanning calorimeter
(DSC). The samples were heated from 25 to 160°C and allowed to stand for 5 minute at 160°C
and then cooled from 160 to 25°C under nitrogen atmosphere with the heating/coolatg rate
10°Cmirit. The melting and the crystallization temperatures were obtained using heating and
cooling cycles respectively. The degree of crystallinity of the nanocompositpsvéx
calculated using the following equation:

Y= Yo barg P T 2
whereY'O is the enthalpy of fusion/crystallization (Jgw the weight fraction of LDPE
matrix in the nanocomposites aiiy is the heat of fusion of completely crystalline LDPE
polymer (~ 287 g1) (de Menezes, Siqueira et al. 20@8ang, Rizvi et al. 201
4.4 RESULTS AND DISCUSSION
Characterizaibn of NFCs.
TEM analysis of a dilute suspension of nanofibrillated cellulose from cotton, unbleached and
bleached softwood sources after 9 microgrinder passes are providadune 37. The
morphology of NFC saplies reveals a network of nanofibrillated fibers with fibril diameters
of 10-100 nm and a length of several microns that are aggregated due to high number of
hydrogen bonding between nanofibriisgure 38 comparegshe SEM images of freeze dried
NFC from three different sources and show the effect of increasing number of passes on the

microgrinding process from 2 to 9 passes.
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Figure 37. TEM images of NFECot (a), NFGUBSW (b) and NFC-BSW (c) after 9 passes of the
microgrinding process.

Freeze drying of NFC suspension after mechanical treatment causes formation of additional
OH bonds between amorphous parts of cellulosic fibrils resulting irreversible aggregation of
fibril bundles together known as hornification of NFC (irreversible aggregation of fibril
bundles)XEyholzer, Bordeanu et al. 2010

As indicated in the images, increasing the number of passes gradually enhances fibrillation of
fibers. At 2 passes, cotton fibers are more fibrillated compared to bleached asacted!
softwood originated fibers. For any number of passes of microgrinding, thegRBGevealed
smaller elements as compared to bleached and unbleached softwood fibers. Due to the high
mechanical force applied by the microgrinding process the crystalbf the cellulose is
expected to be alteredkigure39 shows Xray diffraction (XRD) patterns of NFC from three
cellulose sources before and after 9 passes of microgrinding process. Nanofibrillated cotton,

maintained the native crystalline structure of cellulose type | with the main characteristics

peaks of native cellulose at 2d of 15A, 16 A

diffraction planes of 10p, 1,002 and 04@de Menezes. 2009
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Figure 38. SEM images of freezaidd NFGpCot (ac), NFGBSW (df) and NFGUBSW (g+)
after 2 (a,d,qg), 4 (b,e,h), and 9 (c,f,i) microgrinding passes.























































































































































































































































































