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ABSTRACT

Being ellulose the mosabundantatural polymer in biospherenore and more attentidmas

been paidon its new functionalities, sustainability, and renewability. Meanwhile, food
packaging materials is one of the largest products we are using in daily life, but most of
conventional materials are still ddased due taheir low cost and good performances.
Therefore, in order to improve the sustainability and renewability of food packaging materials,
this PhD dissertation focuses davelopmennhew nanematerial ¢ellulose nanocrystal&€Ns)

for food packaging and includes mainly four tiaes.

In the first sectionof this PhD dissertatignwe reviewed the progressn knowledge on
nanccellulose first and thenspecifially, on CNs In this sectionthe structure and
classifications ofvarious nancacellulosepreparations arecluded, as well ashe preparation
the morphologies, and applications 6Ns. In CNs applicationswe reviewedhat it exhibits
excellentbarrier, mechanical, and thermal properiisglf or combined with other polyme
Particularly, the barrier propertiesefer to oxygen, water vapor, and migration baryier
mechanical properties are related wehsile strength, Yourdg modulus, and strappercentage
the thermalpropertiesinclude glass transition and melting orcdenpositiontemperatureheat
flow, and thermal mechanical parameters.

In the second section of this PhD dissertattorhetter understand the structure and status of
CNs itself or in other polymerswe have used different powerful analytical tools for
qualification and quantificatianFirstly, we have obtained thelatively precise dimensions of
CNs and observe itsedispersability in different solventspainly water solutions In the
following, we could gain the information of the CNs status in ofh&lymers in order to
interpret the final performance efficiently. Finallye preliminaily concluded thaTEM, SEM,

and AFM are suitable toa for observingindividual crystals estimating the roughnesand
learring the morphology in different scaleespectivelyAs for thesizedistribution, functional
groups, and interactions between the atofMSNs theparticlesizedistributor FTIR, XPS and
NMR areused for determinationsespectively.

In the thirdsection of this PhD dissertatiowe havesystematically investigated the properties

of conventional films coated with CNs. In particular, we have analyzed their optical properties
(transparency and haze), mechanical properties (static and dynamic coefficient of friction),
anti-fog (contact angleand surface energy) and barrier properties (oxygen and water vapor
transmission rates). In doing this, we have demonstrated thatc@iings mainly lead to a

v



reduction of friction, a premium feature for industrial applications, and that their influence on
the optical properties of the packaging is not significant. Excellenf@mniproperty guarantees
customers more convenignto evaluate the produatside the packagesasily. At last but not

the least, CN coatings dramaticallimprove not only the oxgen barrier properties of
conventional flexible food packaging, but also lead to a certain reduction in the water vapor
transmission ratelhe perspective use of Clds multifunctional coating$avors a reduction of

the required thickness for plastic films, towards a more environmedffiielhdly and
sustainable approach to packaging.

In the last section of this PhD dissertatiore Wemonstrated the use dfitosan CS/CNs
nanocomposites realized bpyerby-layer (bL) selfassembly as oxygen barrier under
different pH combinations. The oxygen permeability coefficient of CS/CNs nanocomposites is
as low as 0.D cn?® ym m? 24h* kPa', close to EVOH cgpolymers, under dry conditions.
Meanwhile, ve corsiderthat CNs has npotential risks for human beings and the renewable
origin of the carbohydrate polymers as significant added values that justify a deeper
investigation. Finally, it deserves to be underlined also the chance of finely tuning the oxygen
permeability by means of the pH values and the sharp control of the thickness associated with
this process. Therefore, based on the advantages outlined above, the LbL CS/CNs
nanocomposite represents a promising oxygen barrier component in transpardsé flexi
packaging materialandsemi rigid tridimensional objects (bottles, trays, boxes and etc.)

Based on our researches, we conclude that CNs leads to very promising applications in food
packaging field and deserves to be further investigated in thefutu




RIASSUNTO

La cellulosa eil polimero naturale pitiabbondante sulla terra, una risorsa rinnovabile che ogni

anno viene prodotta in miliardi di tonnellate da molti organismi vegetali. Per questa ragione, su

di essa si sta concentrando una mpreamaggierat e at
applicazione nei piu diversi campi. Quello del food packaging, che ¢ ancora fortemente
dipendente da materiali di sintesi e provenienti da risorse non rinnovabili, €particolarmente
interessato ad un suo piuampio impiego, anche con il fineaumentare la sostenibilitadei

suoi prodotti e di ridurne | 6i mpatto ambient e
fuoco le potenzialitd di impiego della nano cellulos@ellulose nanocrystals, CNSs)
sperimentare la produzione e valatde proprietadi alcune lacche a base di CNs, destinate a
ricoprire convenzionali materiali flessibili per il confezionamento alimentaee.tesi si

compone di quattro parti distinte

Nell a prima parte si © i nt esoconosagnzereedelle nt ar e
applicazioni della nanocellulosa, attraverso un ampio lavoro di documentazione bibliografica.
Dapprima si evoluto mettere a fuoco quanto noto sulla struttura e la classificazione delle varie
forme di nanocellulosa che €& oggi possibilerodurre e, a proposito della cellulosa
nanocristallina in particolare, si efatto il punto sulle tecniche di preparazione, la morfologia e le
principali applicazioniDa questo lavoro di documentazione sono emerse le notevoli proprieta

di barriem ai gased a potenziali migrantie eccellenti proprietameccanicHeesistenza alla

rottura, massima elongazione tensile, modulo di Yoerg)interessanti caratteristichertiche
(transizione vetrosa, punto di fusione e di decomposiziatedla CNs da sola d in
combinazione con altri materiali

Nella seconda sezione della tesi, al fine di comprendere meglio la steitturaorfologia dei
nancristalli di cellulosa ottenuti attraverso un processadrolisi acida di linter di cotone, sono

state utilizza¢ diversetecniche analitiche avanzatga per la caratterizzazione qualitativa che
quantitatvaE6 st at o cos? possibile ottenere infor
cristalli, il rapporto di forma, la solubilit® numerose altre loro importanti proprieta
particolare le tecniche di TEMSEM, e AFM sonoappase come le piuadatte per osservéae
morfologia dei cristalli, studiare le caratteristiche e la rugositadelle superfici trattate con lacche

a base di CNsSi einoltre indagato sulla distribuzione delle dimensioni dei cristalli ottenuti e,
grazie all 6u=0bMR sullanatara deRyruppkfihdonali disponibili e sulle loro
interazioni
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La terza parte della tesi €dedicata ad uno studio delpretadi alcuni differenti film,
largamente impiegati per il food packaging (PET, OPP, OPA e cellophane), rivestiti con uno
strato sottile di CNs. In partitare, éstatomesso a punto il processo di laccatusoro state
misurate le proprietaotticheld trasparenzd, opacitae le proprietaantifog), il coefficiente di
frizione statio e dinamicg le energie superficiali e gli angoli di contatto, le proprietadi barriera
all 6ossi geno ebaqaekto laverpeemersd dome sipleffettivategnossibile
rivestire di uno stratsottile (intorno ad un micron di sgsore) omogeneo e continyo film
plasticidifferentie che athiverso questo processo di laccatura, si richigeificativamente

il coefficiente di frizione, si incrementano le gprieta anti-fog, si aumenta decisamente la
barriera all éossigeno, senza pr eg¢dpaddetivar e | a
molto concreta equella di costituire, in un modestissimo spessore, un coating multifunzionale
con spiccatearatterstiche di sostebilitd e di sicurezza alimentare

Léultima sezione della tesi =~ dedicata al | a
di una tecnica di rivestimento molto moderdayérby-layer coating LbL) che sfrutta la
formazione di legami elettrostatici tra biopolimeri caricati diversamentearticolare si e
dimostrata la possibilita di costituire laccheli un composito ottenuto medige la
sovrapposizione alternata di sottilissimi strati (da 6iraa 30 nm) di chitosano e cellulas
nanaristallina Il diverso pH delle soluzioni in cui vengono dispersi i due biopolimeri
deternina un diverso grado di ionizzazione delle carichisspettivamente positive del

chitosano e negative della cellulosa, e dissguenza diversi spessori e proporzioni relative

dei due biopolimeri nel coating composito che si realizzi@. evidentemente permette di

modulare in un ampio intervallo di valori, la permeabilitadel film ricopettacoefficiente di
permeabilitadel composito giunge a valori pa.02 cn® pm m™? 24h* kPa', molto simili a

quelli espredsda copolimeri a base di EVQHNn condizioni anidrel vantaggi di un simile
rivestimento sono comunque fondamentalmente legati alla sicurezza e non tossicita dei
biopol i mer. i mpiegati, dall a |l oro sostenibild:@
modulare le caratteristiche finali di barriera, secondo le esigenze del prodotto da confezionare.

Lo strato di laccalLbL cosicostituita rappresenta, in definitty una barriemal | 6 ossi gen
particolarmente promettente negli impieghi reali pitcritigiche per la concreta possibilitadi
realizzarla convenientemente su oggetti tridimensionali come bottiglie, vassoi e altri imballaggi
finiti .

In conclusione, le rierche condotte rappresentano una base di partenza molto promettente per
undinnovazione di sostenibilit”™ e di pwoestazi
ulteriori approfondimenti ed applicazioni
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0 PREFACE

The requirement of sustainability and safetypodducts and processage increasing due the
progressive reduction imn-renewableresources ando the environment deteriorah. A
sustainablgr een economy needs a revolutionary <cha
fossil fuels and bring about a shift towards products based on natural resources. Within the
energy supply sector, the change will be solar and wind pavititin the materials s#or, it is

renewable materials, bimased plastics and composites

Food packagingas one of the largest markets all over the watatounts for about 500 billion

euro and uses approximately 250 million tons of different materials each year. Packaging,
however,is not only about holding foods but alsdo prolong sheHife and extend quality
maintenance of foods order todistributethem in long termand where they are most needed
Therefore, a special attention to packaging materials performande haspaid together with

the evaluation of their sustainabilitfonventional food packaging materigtave limited
sustainabity but exhibit many advantages so as to be very difficuiutostitutethem by new
materials in short term.

Cellulose has len used for thousands of yedrs many different fields and is an annual
renewable resource; thuss safety and sustainability are beyond debate. However, the present
utilization of celluloselimits on conventional way. After many yeadevelopment, céllose
nanocrystals (CNs) come into our views and recently have been paid more and more attention.

Based on above situations, we did some investigations on basic structure, morphology, and
different properties of CNs in order to better understand it a@beimpt to develop new
applications of CNs on high performing food packaging materials.
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1STATE OF THE ART

1.1 Nano-cellulose

Celluloseis the most abundamatural material biopolymen the biosphere. Itproductionis
estimated to be over sevetftye billion tons annuallyHabibi et al., 201)) we therefore could
consider cellulose as the most abundant sustainable and reneveddtimliiopolymer Paper,
furniture, floor etc. all origin from cellulosewnhich indicates that human beings have been
realizing and using cellulose almost everywhere in our daily life for thousands of years.
However, since the computers emerged, thefarsene of the largest cellulogmsed products,

paper, has been reducing all the time. Facing huge quantity of cellulose, we therefore have to
rethink about how to utilize it more efficiently and develop more functions from it. Based on
above situation,ana-cellulose therefore is paid more attention once again recently.

Cellular Structure

Tree Transverse Section Growth Ring

m & = 2
.m.. o .
_
Cellullose Fibril Structure Fibril-Matrix Cell Wall Structure
‘ Microfibril Structure
=N

O om

,th';
:
Y71

Fibrils

N

p /)ISF‘P\
.":: ‘. L P

Figure 1Schematic of the tree hierarchical struct{Restek et al., 2031

In our daily life, the use of cellulose only could be classified into the first generation, which
took advantages of hierarchicatructure design. Natural materialglevelop functionality,
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flexibility and high mechanicadtrength/weight performance by exploiting hierarchétalicture
design that spans nanoscale to macroscopic dimengieigere 1). However, the first

generation cellulose prodiscare insufficient to meet the demands of modern society for high
performance materials, which is another reason for compelling scientists to further investigate
the fundamental reinforcement unit, cellulose nanopatrticles, in our case, cellulose natsocryst
(CNs).

1.1.1 Nanecellulose structure

HO — C OH
0." ”'HO:;‘C Yy
\ / ‘0
-~ HO— C/ \\ c /f\
HO
1—4 n

a)

Cellulose Chains

Disordered Region

l 100nm I

b)

Crystalline Regions

— Cellulose Nanocrystals
— é —
_ e o=

c)

Figure 2Schematics of (a) single cellulose chain repeat unit, showing the directionality of the
1A 4 linkage and intrachain hydrogen ber(dotted line), (b) idealized cellulose microfibril
showing one of theugigested configurations of the crystalline and amorphous regions, and (c)
cellulose nanocrystals after acid hydrolysis dissolved the disordered reiiloon et al.,
2011).

Cellulose is a linear chain of ringed glucose molecules and has a flat-likba@onformation.

The repeat unit (Figre 23 is comprised of two anhydroglucose ringsgf&Os),); N = 10000

to 15000, wheren is depended on the cellulose source material) linked together through an
oxygen covalently bonded to C1 of one glucose ring and C4 of the adjoining Arglifikage)

and so called thei # glucosidic bondAzizi Samir et al., 2005Moon et al, 201]). The intra

and interchain hydrogen borgchetwork between hydroxyl groups aorygen of the adjoining

ring moleculesstabilizes the linkage, anchakes celluloséhaving linear chain thereby be a
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relatively stable polymer, and gives the cellulose fibrils high axial stiffness. These cellulose

fibrils are the main reinforcement phase for trees, plants, some marine créainiestes),
algae, and bacteria. Within these cellulose fibrils there are highly ordered (crystatia)s

and disordered (amorpholike) regions butthe structure and distribution of these crystalline
and amorphous domains within cellulose fibhbs/e yet to be rectified (Fige 2) (Moon et al.,
2011, Nishiyama, 200R However, it is these crystalline regions contained within the cellulose
microfibrils that are extracted, resulting in cellulose nanocrystals (CNs)ré2g).

1.1.2 Nanecellulose classifications

The term nanocellulose generally includes cellulose nanocrystals, nanowhisker, or
nanocrystalline (CNs, CNW, or CNC), mieror nancfibrillated cellulose (MFC or NFC),
TEMPO-oxidized cellulose nanofibre (TOCN), and bacterial cellulose (BC). Herein, although
we classify nanaellulose into four groups by preparation methods, there yet should be some
overlapped parts among theim.the literatureCNs are also referred &NW or CNG when

they are stiff and rod like or #FC, NFC or cellulosemicrocrystals, or microcrystallites when
they are longer and more flexible consisting of alternating crystalline and amorphous domains.
The later are usually preparedy combining mild hydrolysisacidic or enzymatic)and
mechanical defibrillatiotreatmens (ultrablender, grinder, homogenizer and so on). In the PhD
dissertation, we focus on the CNs and its characterizations, morphologymicdtons.

1.1.3 Nanecellulose preparations

Chemical and physical treatments are tmays for preparing narcellulose A huge number of
scientific articles appeared during recent years, describing possible procedures to obtain
cellulose at nanoscalEew of them led to industrial applications but all are good descriptions of
main priciples behind nano cellulose obtainment. In this PhD project we used the method most
useful and suitable for our lab's facilities but literature is easily availablecturate reports

about the different ways of preparing nano cellulose; in this paragraph, these different methods
are just shortly mentioned with referesde the main papers published follows: chemical

ways: acidic (Habibi et al., 2010Moon et al., 201land enzymatic hydrolysi€Ahola et al.,

2008 Filson et al., 2009Meyabadi & Dadashian, 201Paakko et al., 2007Siro & Plackett,

2010 and TEMPQoxidized processe@d-ujisawa et al., 203IFukuzumi et al., 20Q9sogai et

al., 2011 Okita et al., 2011Saito et al., 2007Saito et al., 2006Saito et al., 20055hinoda et

al., 2012; physical waysr e y n i n g -prassute hbmogehizatighgpez-Rubio et al., 2007
Nakagaito et al., 2005aakko et al., 2007Stenstad et al., 200&Zimmermann et al., 2004
cryocrushing(Alemdar & Sain, 2008Chakraborty et al., 200%ang & Sain, 2007ab) and
grinding (lwamoto et al., 200Awamoto et al., 2006
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In the PhD dissertation, we are specifically studying on CNs. The main process of CNs
preparation from cellulose fibers is acidic hydrolysis. During the hydrolysis, the disordered
(amorphous) or parerystalline regions of cellulose are preferentially hydrolyzed, but the
crystalline parts remain intact due to its higher resistance to acid éftaglés & Dufresne,

2001.

The sulfuric and hydrochloric acids have been extensively utilized as well as the phosphoric and
hydrolromic acids(Habibi et al.,201Q0 Johansson et al., 2012Moreover, different acids,
H,SO, and HCI for hydrolysis lead to distinct properties of CNs: Colloidal dispersion of the
HCl-treated sample was obtained by more thorough removal of acid from the hydrolysate than
in the case of k80, treatment(Araki et al., 1998 In other words, the dispersed ability of
HCl-treated sample is limtedandei r aqueous suspensions tend
hydrolysis of HSQO, the cellulose grafts several charged sulfate ester group on the surface,
which results in improving the dispersion of CNs in agueous solutions and polar solvents, and
hence indaes crucial characters. It was reported that the optimized processes of extracting CNs
from plant resource, for instance cotton, were grinding and 64% (w/w) sulfuric acid, following
with neutralization by dilution and dialysis, ultrasonic treatment, fitreand removing excess

ions from suspensiofDong et al., 1998 To obtain the CNs from different origins, the
processes are similar, but the conditigBkazzouziHafraoui et al., 200j7varied according to
different measurements and regumrents. Likewise, Bondeson et al prepared the CNs from
Microcrystalline cellulose (MCC) by 63.5% (w/w),80,, sequentially obtaining CNs with a
length between 200 and 400 nm and a width less than 10 nm in approximately 2 h with a yield
of 30% (of initial weight) (Bondeson et al., 2006The investigation of H&kansson & Ahigren
found that dilute acids (HCI and,80;) hydrolysis of pulp led to the same levelioff degree

of polymerization (LODPYH&ansson & Ahlgren, 200f but a longer time was needed under

the milder conditions. Meanwhiléhey reported that distinguished intrinsic viscosities of birch
prehydrolysed kraft pulp and a mixed hardwood prehydrolysed kraft pulp, after hydrolysis, only
had a small difference (10%) in LODP. BeClndanedo demonstrated that longer hydrolysis
times and increasing acitb-pulp ratio produced shorter CNs, less polydisperse black spruce
CNs and slightly increased the critical concentration for anisotropic phase formation and the
biphasic range became narrowBeckCandanedo et al., 2005

1.1.4 Morphology of CNs

The acidic hydrolysis methodgraki et al., 1998 Beck-Candanedo et al., 200Bondeson et
al., 2006 de Souza Lima & Borsali, 200Dong et al., 1998ElazzouziHafraoui et al., 2007
Favier et al., 1993H&ansson & Ahlgren, 2005Marchessault et al., 196Mickerson & Habrle,
1947 Roman & Winter, 200Awere commonly used for exicting the CNs from natural origins,
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which brings on producing varieties of CNs and observed by transmission electronic
microscopy (TEM). TEM figures of CNs are presented inuFég3 and show rodike
morphology with dimensions dependent on the sourdhephative cellulose, including cotton,
Valonia algae, bacterial cellulose, tunicates, and wood pulps. The concentrated acid firstly
attacks and hydrolyzes the herand amorphous (defects) parts of native cellulose. After the
hydrolysis, the high crystatiity regions remain intaqiAnglés & Dufresne, 200}, which show
rod-like nanocrystals with different morphologies in &g 3 due to the source of native
cellulose, including cottoifDong et al., 1998 wood pulp(ElazzouziHafraoui et al., 2007

ramie (Habibi et al., 2008 tunicate(ElazzouziHafraoui et al., 2007 Valonia(Imai et al., 1998

and, bacterial cellulog&runert & Winter, 200R Furthermore, different sources lead to various
CNs dimension, includingheterogeneougrosssections and lengths, which result in the
differences in their aspect ratio (ratio of length to widtipon et al., 201}l Diverse aspect

ratio exhibits distinct CNs mechanical properties and capabilities of reinforcéBienhorn et

al., 2010, which is also presented by models in Figure 4.




Figure 3 TEM images of dried dispersion of cellulose nanocrystals derived frornofein
(Dong et al.,, 1998 (b) bacterial cellulose(Grunert & Winter, 200§ (c) Tunicate
(ElazzouziHafraoui et al., 2007 (d) wood pulp(ElazzouziHafraoui et al., 2007 (e) Valonia
(Imai et al., 1998 and (f) ramigHabibi et al., 2008
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Figure 4 Model plots of the HalpiTsai equation for a range of fiber moduli showing the
predicted composite modulus JEs a function of the aspect ratio of the fiber reinforcement.
The model assumes a unidirectional composite sample, with nefibieerinteractions and a
polypropylene matriXEichhorn et al., 2000

1.2 CNs applications

1.2.1Barrier properties

Barrier properties aramongthe most important aspects in packeapiapplications. We are
always attempting to find new materials which are more sustainable andphavéum
properties. Nanaellulose is one of the materials who fulfill all of above requirements and has
been paid more and more attentiglobally As we kown, conventionalkellulosebased
materials have excellent gas barrier properties due toitieirsic structures (strongydrogen
bonds)(Habibi et al., 201 According to above views, naiellulose is considered as a highly
competitive candidate for barrier applications, whereas MFC/NFC and TEbdARIZed
cellulose nanofibers (TOCN) have been utilized as a barrier but not the CNs. CNs has short
length and narrow diameter, it thus has bsepposed that CNs is only suitable for using as a
filler into other polymers but not for a barrier as a coating orstatiding film(Isogai et al.,
2011). We summarize theniited numlers of publications as follows. Moreover, we provide all
collected permeability values from literaturés the Appendix 1(Gas and water vapor
permeability coefficient summayy

(1) Oxygen barrier
MartinezSanz et al. introduced theacterial cellulose nanocrystals (BCNs) into poly (lactic
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acid) (PLA) by electrospinning and melt mixing systems and all nanocompgséssnted
significant increasein the oxygen barrier at 0RH (34% reductior). Nevertheless, the oxygen
barrier at 80%RH was orny improved for BCN loadings as low as 1 wt 26 % reductior)
(MartinezSanz et al., 20)2From another PLA reinforced by CNs repaitnilarimprovement

of oxygen barrier was presented reduction of 26 and 48% in oxygen permeability were obtained
for the cast film containing 1 and 5% sfrfactanimodified CNs(Fortunati et al., 2012

As for CNs coating, only a few reports were related \@tis coating for improving barrier
properties. Our group recently demonstrated that CNs combing with chitosan were used as
layer-by-layer coating material to significantly improve oxygen barrier(>94% oxygen
permeability reduction)Li et al., 2013. Also, in the topic 2 of this PhD dissertation, we
prepared and investigated CNs coating on different substrates which revealed excellent oxygen
barrier (>99% oxygen permeability reduction). These resakthibited the similar barrier
capabilities with TOCN coating which is chemically modified.

Oxygen permeability of setanding CNs films were only reported onceHslbekhouchestal.
(Belbekhouche eal., 201). It was surprising that they demonstrated that MFC&loxygen
permeability displayed-Brder magnitudes lower than CNs film due to Gié¢inglower aspect

ratio and the lower packing of the particles in films characterized by a large extent of porosity
and MFC being entangled and high aspect ratio. This expdanhtiwever showed opposite
views from other group who interpreted that sma&ths andaspect ratio TOCN had denser
structures leading to excellent oxygen barrier propeffeskuzumi et al., 2001 To better
understand the relationship between the aspicts andoxygen barriers, further investigations

are needed in the future.

(2) Water vapor barrier

The researches on water vapor permeabiltyd) of CNs or CNs composites were relatively
more than oxygen permeability in that cellulose is a hydrophilic material which is one of the
most main its drawbacks. Fortunat al. created PLA/surfacta@@Ns nanocomposites by
solvent casting and i8;,0 was reduced by 34 and 15% aarid5wt% CNs additior(Fortunati

et al.,, 2012 CNs is evaluated as low risk potential for human be{hgwacs et al., 2010
Georage and Siddaramaiah thus attempted to produce edible films by gelatin and BCNs whose
WVP was reduced by ~24% at 4% BCNs addition in comparison with neat gelatian film
(George & Siddaramaiah, 2012WVhile Sanchefarcia et al. also produce nanocomposite
combiningcarrageenamatrix¥CNs and the largest reduction (71%)FRmno was exhibitecat 3

wt% CNs addition(SanchezGarcia et al., 2010aThe Py,0 of CNsreinforced methycellulose

was significantly decreased and obtained a further decedtesé&0 kGy o irradiation at films
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containing 0.25% CNs. Poly(vinyl alcohol)/CiBy0was improved by crosslinking with
poly(acrylic acid) (PAA). The 10% CNs/10% PAA/80% PVOH composition shohestest
performanceand Py, reduction by 76%Paralikara et al., 2008

(3) Migration barrier

Nana-cellulose is becoming more and more popular in recent years and is considered as a safe
and sustainable new nanwaterial, it therefore might have a huge potential to be applied into
food related fills. Meanwhileto migrationfrom food packaging materialeas been paid more
and more attentions, since varieties of migigdubstances has come into being a risk to human
health for their toxicity or allergenicitydased on above concerns, CNs &snational barrier to

limit or avoid mass transfdés emerging and so far there was only very a few related reports.
After general overall migration test, Fortunati et al. reported thetmigration level of the
studiedbio-nanocomposite@PLA/CNs) was belowthe overall migration limits required by the
current normative for food packaging materials in both-polar and polar simulan{§ortunati
etal., 2012

1.2.2 Mechanical properties

(1) Poly lactic acid (PLA) reinforcement

Oksman group firstly reported that 5@iNs dispersionwith PLA improved the tensile strength
and elongation at break, compared to its unreinforced count¢Bumartieson & Oksman, 200)a
and that in PLA feeding with dry and wet CNs+PVOH extrusion systeenrelative small
improvementsn tensile modulugincrease byl2%Yensile strength, and elongation to break for
the nanocomposites indicated that it was principally the polyvathgbhol phase that was
reinforced with whiskers blRLA phasgBondeson & Oksman, 200y.iRegarding the silylated
CNs, Pei et al.demonstrated that it was used to reinforce PLLA dmdténsile modulugl.4
GPa)and tensile strengt{8.6 MPa)of the nanoccompositélms were more than 20% higher
than for pure PLLA with onlyl wt% silylated CNs, due to crystallinity effects and fine
dispersion(Pei et al., 2010 In order to improve the affinity between the polymers and CNs,
Goffin et al. found by dynamimechanicathermal analysis (DMTA) that PLA(grafted)CNs
only induced dimited reinforcing effectbelow Tg, because of a plasticization effect of the
grafted PLA chainson the polymermatrix, whereasabove Tg the presence of nanofiller
increaseshe stiffness ofhe material(Goffin et al., 2011p

Concerning the electrospun systevtartinezSanz et alreportedthat te percolationthreshold
concentration of electropun reinforced BY-CNs is 2-3 wt % Under this condition, fie
elastic modulug2.16 GPajnd tensile strengtf61.36 MPa) of nanocomposites increaselda.
and 14 %, respectivelas compared to neat PLA, without significantly decreasing the ductility

10
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of the materia(MartinezSanz et al., 2012

(2) Polyurethanes (PUkinforcement

Cao et alorderlyreported that th oungdés modul us af mahocdmpasites | e
(polycaprolactone (PCLhased wateborne polyurethane (WPUginforced by flax/hemp CNSs)
were201 and2.5 times, respectivelyyhen the filler amount was increased from 0 to 30 wt%
Theelongationis however educed at break over the range from 1100 to 20086 et al., 2007

Cao et al., 2011 With regard to the shape memory material (segmented PU, SPU), different
concentration CNs additions into SPU after polymerization lexinoreasen dynamic storage

and tensile modulugind a decrease in defornmati at break Addition of the cellulose
nanocrystals during the synthesis increased modulus, reduced deformabiligresed the
shape memory be HAadiebat, 2010 Wik ehat fouhd thiadastoroil-based
polyurethaneseinforced by 1% CNs addition showed a significant increase of tensile modulus
(682.9 MPa) compared to the unfilled solid P497.5 MPa) dudo the incorporation of the
rigid particle reinforcement and the interfacial bond{kgk et al., 201}). It was reported that

the segmented thermplastic polyurethane elastomersT@JE) reinforced by 1.5% modified
CNs showed anuch more pronounceidcrease irtensile modulug21 MPa) compared to the
neat one 9.2 (MP&aRueda et al., 20)1Mendez et al. demonstrated thl&é nanocomposite
with the highest CN content investigated (20% v/ighowed Youn& modulusof 1076 MPa,
which represents a stiffness increasalofost 2 orders of magnitudean the one of neat PU,
which was ascribed to interfaciateractions (hydrogen bonding) between the polyurethane and
CNs(Mendez et al., 2031

(3) Polyvinyl alcohol (PVOH) reinforcement

For cast films, first George reported that 1@%6sslinked PVOH filled with BGCNSs, which
resulted inan improved tensile strength from 62.5 MPa to 128 MRaease by 105%py the
addition of just 4 wt% of B-CNs by casting method~urthermore, the elastic modulus was
found to increase from 2 GPa to 3.4 @Perease by 70%(George et al., 20)1Sequentially
Pakzad reported that in PVOH/PAA/CNs (80%:0%:15%) cast film system, the PAA functioned
to reduce the agglomerate of CNs and its highestielmodulus reached to ~7.6 GPa by AFM
nanaindentation. This value is, however, different from the elastic modulus (1.4 GPa) result
from tensile test due to thegh degree of local heterogeneity of CNC distribut{®akzad et al.,
2012.

Regarding electrospun system, Peresin et al., demonstrated that the effect moisture on
electropun nanofiber of PVOH (7%) and CNs wasestigatedand it was found thathe
plasticizing and anplasticizingeffect of water and CNs, respectivellt was interesting that

11
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the CNs-loaded PVA fiber mats showed a reversible recovery in mechanical strength after

cycling the relative humidityPeresin et al., 20)0Afterward, Lee and Deng demonstrated that
aligned electrspun webs of PVOH (8%) reinforced by CNs showed 87.4 MPa modulus, which
increased by 35% comparing to the isotropic PVOH electrospun (ivebs Deng, 201

(4) PolycaprolactonéPCL) reinforcement

In modified CNs (PCLEg-CNs) and CNs with PCL nanocomposite systems, Habibi et al.
reported thattte addition of PClg-CNs into PCLproved to improve onsi der abl y t he
modulus,which increases from 230.7 MPa for unfilled PCL to 582.0 MtRaranocomposites
containing 40% of PClgrafted CNs. The dongation at break decreases drasticdiiyt the

values remain mostly better than compositionsdiliéth unmodifiedCNs (Habibi et al., 2008

Then, Goffinreportedthat the Youn® modulus of 8wt% PClg-CNs nanocomposites reached

to 1500 MPa, 255% and 132% higher than the ones of neat matrix and 8wt% unmodified CNs
nanocomposite€Goffin et al., 2011p

In the electospun PCL system, electrospuiber webs from PCL reinforced with 2.5%
unmodified CNsshowedca. 1.5f ol d i ncr eas e (reach$.64MPgghd themo d ul
ultimate strengtlf1.51 MPa)}compared to PCL wek{Zoppe et al., 2009

(5) Othes reinforcement

Poly(ethylene oxide)(PEO)in PEOpentaerythritol triacrylate (PETA)einforced by CNs
system,the maximum tensile streg84.22 MPa)and Y o u n g 0(39.8 MBajotfl theu s
crosslinked PEOLO%CNsc omposi te ybrous mad1180.5nhartleoses ed b
of uncrosslinked PEO mats, and 76.5 and 127.4% than those of crosslinked PEO mats,
respectively(Zhou et al., 2012 As for the PEO/CNs electrospun system, the electrospun
heterogeneous matwe stronger than their homogeneous counterparts for all compositions
(Zhou et al., 2011 and the storge moduli of aligned electrospun PEO/SCNanocomposite

fibers (324 MPa)are 1.52 times greater than those of the neat PEO countel(@régsarn et

al., 201).

Natural rubber (NR)Siqueira et alreported thgtcompared with neatatural rubberYoungs

modulusand tensile strength of 10% CIN&R were increased by 257 and 11 tini8gueia et
al., 2010Q. Afterward, Visakh demonstrated thidie tensile strength (17.3 MPa) arstbrage
modulus (3.8 MPa) of NR+CNs nanocompositeat 25€C was about88% and 124% in

comparison with neat NR/isakh et al., 201

Starch: For plasticized starch (PS) reinforced by hemp/flax CNs system, Cao et al. found

12
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significant increases in the tensile strengt
from 31.9 to 498.2 MPa, respectively, with increasing FCN coffitent O to 30wt%(Cao et al.,

2008h Cao et al., 2007 Considering the relative humidity (RH) effectsr fall RH levels, the

modulus increased gradually with filler load, and above ~5% whiskers, a significant
improvement is observed. The tensile sttefy and Youngds modul us ar
levels, and elongation at break remains constant, irrespective of RH and filler cuvitnt.

sorbitol, the final composite has better thermal mechanical propérgieshe one with glycerol

due to glycerol funiboning for transcrystallization which effectively decreases fiber matrix
adhesionbut sorbitol which shows that a good fikmatrix adhesion is present in the system
favoring effective stresgansfer at the fiber/matrix interfa¢®lathew et al., 2008

Besides above, CNs was also used for reinforcement filler into varieties of polymers which
include biopolymersaarboxymethyicellulose(CMC) (Choi & Simonsen, 2006 chotisan(Sui
et al., 2019, methylcellulose (MC)XKhan et al., 201)) cellulose acetate butyra¢dyuk et al.,
2009 Siqueira et al., 201 alginate (UrenaBenavides et al., 2010JrenaBenavides &
Kitchens, 20112012, aligned cellulose nanofiberdlagalhaes et al., 20}, 1cellulose acetate
(CA) (Herrera et al., 201 silk (Huang et al., 20%1Park et al 2019, xylan (Kohnke et al.,
2012, poly(3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV)YTen et al.,, 2010Yu et al.,
2012, and gelatior{George & Siddaramaiah, 20 2nd synthetic polymerpglysulfone (PSf)
(Noorani et al., 20062007, , poly(diallyldimethylammonium chloride) (PDDA]Sui et al.,
2010, Poly(methyl vinyl etheco-maleic acid)Polyethylene Glycol (PMVEMAPEG) (Goetz
et al., 2019 polyacrylamidg(PAM) (Zhou et al., 201} polyvinylacetate (PVAc Mathew et al.,
201, poly(acrylic acid) (PAA)(Pakzad et al., 20)2stereoclithographicesins(Kumar et al.,
2012, healable materiglFox et al., 201p and wly(methyl methacrylate]PMMA) (Dong et
al., 2012).

1.2.3 Thermal properties

Thermal properties are usually determined lhgrinogravimetric analysi€TGA), differential
scanning calorimetryDSC), and gnamic mechanicalthermal analysis (DMTA), which are

able to monitoring changes of gravity (loss weight), calories (heat flow), and mechanical
properties as a function of temperature to reflect the thermal propertieglass transition
temperature (J), melting ordecompositiortemperature (} or Ty), tani, andso on. Generally
speaking, different CNs extraction processes and the addition of CNs into other polymers have
influences on the thermal properties of CNs themselves andribemcomposites, respectively.

Firstly, we focus on different thermal propesti@f CNs resulting from their extraction
processeslnorganicacids are widely used for extrawgi CNs from different sources, such as

13
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bio-residues obtained from a bioethanol pilot pl@@ksman et al., 20}1 bacterial cellulose
(BC) (MartinezSanz et al., 201)acoconut huskRosa et al., 2090 microcrystalline cellulose
(MCC) (Man et al.,, 2011 Wang et al.,, 2007 rice husk(Johar et al., 2032 kenaf bast
(Kargarzadeh et al., 20},2and mengkuang leavéBandanus tectoriuggheltami et al., 2092
Above two extraction processes result in grafting a few of sulfate ester groups on the surface of
CNs which lead to a lower thermal stability. Matirfeanz and Wang reported that
neutralizationproduced a slight increase in the crystallinity indend lal to a remarkable
increase on the BCNs thermal stabilityd the degradation (decomposition) temperatuge (T
shift to the higher temperature and occurred within a narrow temperature feamggeherical
CNs from MCC (MartinezSanz et al., 2011aVang et al., 200. Besides neutralization,
physical extractions, including ultragication and homogenization, couldrther increase the
thermal stabilityto 265€C in comparison with the degradable temperature of raw material
around 202€ (Oksman et al., 20)1 while the hydrolyzed CNs showed a twatage
degradation, with an itial onset of degradation around 120€ and a second step around 255 €
which is a typical behavior of sulphuric adigdrolyzedCNs. Rose et al. also demonstrated that
higher residual lignin content was found to increase thermal stability indicatindnéhtitdrmal
properties of theCNs could be tailoredby controlling reaction conditiongRosa et al., 2090
Georage et al. revealed thhetthermal stability of enzyme proces&@ nanocrystalsBCNs)

was almost two fold higher than sulfuric acid processed ones. The activation energy required for
decomposition of enzyme prosesl BCNs was much higher than the otf@eorge et al.,
2011).

Secondly the thermal properties of CNgnocomposites produced by casting method will be
reviewed.

(1) Synthesized polymers:

Pdy(methyl methacrylate)(PMMA): Liu et al. reported that the glass transition of the
PMMA-CNsnanocomposites was shifted to lower temperatures with respect to the pure PMMA.
The DMA data showed a marked increase in storage lme{ftom 1.5 GPa for pure PMMA to
5 GP3 for the composite sheet containing 10 wiCils at 35C due to the high modulus of
cellulose crystals (Liu et al, 2010. Xu et al grafted PMMAZO
(Poly(6-[4-(4-methoxyphenylazo)phenoxy] hexyl methacrylate)n the CNssurface and
PMMAZO-grafted CN showed smectiecto-nematic transition at 95 € and nematig-isotropic
transition at 135 €, and exhibit analogous lyotropic liqud/stalline phase behavior above
135 €. It also shoved a lyotropic nematic phase in chloretzeneabove a concentration of 5.1
wit% (Xu et al., 2008.
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Stereolithographic Resif&LRs): The storage modulu&) increased steadily with increasing
CNs content in the regimes below and above the glass tran§tioemarkable modulus
enhancement in the rubbery regjmaut lesspronounced in the glassy stetéumar et al.,
2012.

Polyurethane (PU): The CNs fronEucalyptus globulusfavored the hardegments
(HSs)/softsegments (SSs) microphase separation of theeMvornePU (WPU), causing shifts

of the SS glass transition temperature and the HS melting temperature toward highe
temperaturesvas reported by Gao et dlGao et al.,, 2012 Auad et al.reportedthat CNs
addition increas# the PU SS melting and crystallization temperatures and the degree of
crystallinity of this phasewhile both neat PU and composites extebitshape memory
properties, with fixity and recovery values that depend on heating temperature, imposed
deformation, deformation ratand CNs addition (Auad et al., 201R Pei et al. however
demonstrated thahé¢ decrease ofglfor the PU-CNs nanocomposites/as due to the fact that

the CNs are strongly associated with t8 of PU, resulting in lower fraction of hydrogen
bonded carbonyl groups in th¢S and an increase of the degree of freedom forStBén PU

(Pei et al.,, 2001 Thetanli corresponding t o fitorh BMAgleceeased t r an
with increasing CNs contenivhile the half heighwidth of the peak increased. This could be
attributed to the greatly restricted motion of PU chains resulting from tredect bonding and
crosslinking between PU molecules and nanoscale stifflilael CNs(Pei et al., 2011 In order

to improve thecompatibility of CNs with WPU, Cao et alnduced the graftingof part of the
pre-synthesized WPU chains on the surface of CNs anddivesponding nanocomposites were
processed by castindpegradation temperature of nanocompo$#te0 €) was higher than
WPU (337 €), but staréd to decompose at the same temperatliem DSC these
graftedWPU chains were able to form a crystalline structure on the surface ofa@Gtlshus
induce the crystallization of the matrix which created -@@atinuous phasgCao et al., 2009

Polyvinyl alcohol(PVOH): Georage et al. found thdte thernal stability of enzyme processed
BCNs was almost two fold higher than sulfuric acid processed ones. Incorporation of these
BCNSs inPVOH matrix resulted in a remarkable improvement in the thermal stability as well as
mechanical properties oinocompositeilins, which exhibited higher melting temperature §T
and ent hal pM,) thah thase df pure ®PYOH( sgggesting that the additiddCiis
shouldmodify the thermal properties of PVOGeorge et al., 2031

Starch: CNs results in an increase in the glass transition temperature due to the strong
interactions between CNs and plasticized starch which reduce the flexibility of starch molecular
chains(Cao et al., 2009a
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Poly(styreneco-butyl acrylate)(PSBA): A significant increase of the stiffness of the acrylic
polymer beyond the glass transition temperature was shown.fMRCStipa tenacissiméST)
showed higher reinforcing effect comparedXBCNSs, probably because of higher aspect ratio
and possibility of entanglement of the forniBen Mabrouk et al., 2032

(2) Biopolymers:

CarrageenanSanchezGarcia et al. demonstrated thaddition of cellulose microfibers to
unplasticizel carrageenan resulted in a continuous decrease Ty floe CNsloadings of up to

3 wt%. The behavior of adding cellulose microfibers to the carrageenan containing glycerol was
found to be rather similar to that of Ck&anchezGarcia et al., 2010a

Cellulose acetate butyrate (CAB)GA and DMTA results showed a substantial improvement

in the thermal stabilitandan increase in the storage modulus of CAB reinforced with 5 and 10
wt% CNs for both unplasticized and plasticizetkllulose acetate butyet(CAB)}CNs
nanocompositegAyuk et al., 2009 Furthermore, Petersson et al. compared the storage
modulus of CNSCAB with layered silicates (LSEAB and results fromDMTA showed
improved storage modulus for a wide temperature gdiog both nanocompositeompared

with the pure CAB matrix. The CNdecreasedtheeni peak t emperature of
LS did not affect théganti  p @etdesson et aR009.

Methylcellulose (MC):TGA curves clearly show that addition @Ns in MC-based films
contributed to a substantial improvement in the thermal stability up to 20@&lting peaksn

DSC curvesat 150 € disappearedyhich might be attributed t€Nsfiber coveing the surface

as well as the interface of the Mtaised filns and thus stabilized the films atiet second DSC

cycle indicaedthat the curves do not reveal either crystalline structures or other tranditiens

to the thermal degradation/evaporation of some components during the first heating cycle of
films (Khan et al., 201p0

Natural rubber (NR)The CNs (fromCapim Douradd reinforcing effect observed aboifg of
the matrix was higher timathe one observed for other polysaccharide nanocrystal<had
extracted from other sourcéSiqueira et al., 2010

Poly(3-hydroxybutyrateco-3-hydroxyvalerate)(PHBV): Ten et al. considered the CNs as a
nucleation agent in the nanocompositeeTold crystallization temperature{Tprogressively
decreased with the addition of CNmut T4 was not noticeably affectgden et al., 2010 DMA

results showed an increased tan delta peak temperature and broadened transition peak,
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indicating restrained PHBV molecular mobility in the vicinity of the S3irface(Ten et al.,
2010. Yu et al. demonstrated thdecomposition temperature-0), temperature at 5% weight
loss (F5%), maximum decomposition temperature (Tmax) and complete decomposition
temperature (Tfjncreased byp1.4, 36.547.1 and 52.9 €, respectivelgompared to the ones

of PHBV (Yu et al., 2012

Poly lactic acid (PLA): Lin et al. found thate addiion of (acetylation)A-CNs improved the
thermal property of the nanocomposjtésit a marked drop in the storage modulus (E") of
PLA-based nanocomposites at around36®& wasattributed to the glass transition effects of
the PLA componen(Lin et al., 201}.

Thirdly, electrospinning is becoming one of the most important method to produce new
nanocompositesDifferent polymers are reinforced by CNs via electrospinning. DISC
results showed significant increase ifig of theelectrospun EVOHCNs nanocompositéuring

the second heating run, which may be related to the acidic character of the nanofiller
(MartinezSanz et al, 2013b Lalia et al. demonstrated that the electrospun
poly(vinylidenefluorideco-hexafluoropropylenejPVDF-HP) with 2 wt% CNs exhibited high
values of tensile modulus in the-360€ temperature rangby DMA (Lalia et al., 201p Dong

et al. found thal 4 of electrospurlPMMA with 5wt%CNsis 123°C andT4 other percentagese
around 125 € while their T, slightly increased(2.7-4.6%) in comparison of neat PMMA
(Dong et al., 201 In the electrospun system of PVginforcedby CNs, he addition ofCNs
improved the thermal stability slana@ompositg/Ago et al., 2012Cao et al., 2011

Above we reviewed the thermal properties of CNs or -@isforced nanocomposites by
different extraction processes, casting, and electrospinning methods. Finallthetimeal
properties of CNseinforced nanocomposites by other producing methods are reviewed as
follows. Visakh et al. found thahte addi ti on of CNs had ®eapositi
position and thermal stability of the crosslinketitural rubler (NR) by masterbatch,
compounding, and curing§Visakh et al., 2012 Bondeson et al. reported that the thermal
properties of PLACNs nanocomposite modified by PMW#as not improved compared to its
unreinforced countepart through twefeeding compounding extrusion methogdrobably
because the majority of thHeNs werelocated in the PX phase and only a negligible amount
was located in the PLA phagBondeson & Oksman, 200ybGoffin et al. grafted PLA with

CNs by ringopening polymerization (PLA-CNs) and produced PLA nanocomposite with
PLA-g-CNs by melting processing. The DSC and DMTA results indicated thatd®CANs
enhances their compatibility witALA, large modification of the crystalline properties such as
the crystallization halfime, and thus improves the final properties of the nanocomposite
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(Goffin et al., 2011p Through solventxchange methodhé incorporation of CNs did not
significantly affect the thermadtability of the phenolic resin but clearly increased the heat of

cure, suggesting that additional cure reactions took place in presenceCdistfisu & Laborie,
2011). The DSC and TGAresults of rigid PU foam reinforced by CNdearly indicated
enhanced thermal stabilifincrement in [ and Ty) (Li & Ragauskas, 2012

Although only barriermechanical and thermal properties have been reviewed, we could yet
clearly realize that CNs has been applied into various polymers, mainly biopolymers, and could
generallyimprove their properties significantly only through some semplethods. Moreover,

CNs has been evaluated to be highly gafieet al., 2012 and sustainabléMoon et al., 2011

Food packaging is one of the largest markets in the world, based on all CNg pthsatiages

CNs thus will be widely used into this field and lead to more breakthroughs.
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2 AIM OF STUDY

Cellulose as the mostbundantnatural polymer in biosphere hasceivedmore and more
attention on its sustainability, renewabilitgnd new possible functionalities, Furthermore,
nowadaysconventional packagingnaterials cannot meehe increasing demandsor full
sustainability and performancelew materials therefore are discovered, synthesized, and
developedfor varieties of apptiations in different fieldgylobally by a number of funded
research groups and companies.

Food packaging materials is one of the largest products we are using in daily life, but most of
conventional materials are still basel fossil and urenewable reourcesin this PhD project,

we proposeto use cellulose nanocrystal€Ns) in combination with currenfood packaging
materials in order to improve performance, especially barrier, mechanicahd antifog
properties. The aim of this study is to ugeen material, CNs, as coatingk conventional
plastic films,to promote the sustainability of food packaging materials, while keeping or
improving different properties.
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3 RESULTSAND DISCUSSION

3.1 Topic/theme 1. The process, structure, morphology of differentfform cellulose
nanocrystals (CNs)

Introduction

The acidic hydrolysis methodgvraki et al., 1998 Beck-Candanedo et al., 200Bondesoret

al., 2006 de Souza Lima & Borsali, 200Dong et al., 1998ElazzouziHafraouiet al., 2007
Favier et al., 1993H&ansson & Ahlgren, 2005Marchessault et al., 196Mickerson & Habrle,
1947 Roman & Winter, 2004 were commaly used for extracting varieties of CNs from
sources whose morphologies are characterized mainly by electronic microscopy. The
concentrated acid firstly attacks and hydrolyzes the hamd amorphous (defects) parts of
native cellulose. After the hydroligs the high crystallinity regions remain intag@&nglés &
Dufresne, 200iland the final products show rdite nanocrystals with different morphologies
and aspect ratio due to the source of native cellulose, including ¢Diboig et al., 1998 wood

pulp (ElazzouziHafraoui et al., 2007 ramie(Habibi et al., 2008 tunicate(ElazzouziHafraoui

et al., 2007, Valonia(Imai et al., 1998 bacterial cellulos¢Grunert & Winter, 200Rand so on.

In fact, acidic hydrolysis of native cellulose indaca rapid reduction of the degree of
polymerizatio, which is correlated with crystals sized of the original cellulose chains
(H&ansson & Ahlgren, 2006

The basic chemical structures of CNs are generally determined by Fourier transform infrared
spectroscopy (FTIRJde Mesquita et al., 20L0From the peaks of FTIR spectra, the typical
functional groups cdd be confirmed efficiently and easily. Moreover, the crystallinity and
crystal structures could be detected byay diffraction (XRD)(Eichhorn et al., 2004 nuclear
magnetic resonance NM@Bergenstrahle et al., 2008och et al., 2000Witter et al., 2008

Raman spectroscopGt ur ¢ ov § )ednd reutron, crystalographiNishiyama et al.,

2008. These data combined with experimental measurements could be helpful to establish or
validate crystal structure models or molecular simulation. At a minimum, these models are
made for the axial length of the crystalline cellulose unit cell, often refésradthe literature

as the espacing. Besides the cellulose crystal structure, the grafted groups from acidic
hydrolysis or chemical modifications which always occur on the surface due to intact highly
ordered CNs, are determined by FTiRabibi et al., 200Bor X-ray photoelectron spectrasmy

(XPS) (Yang et al., 2011 The resolution of XPS is much higher than FTIR and is able to scan
only a few nano meters on the surface of samples, which is quite suitable for ultrathin
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deposition.

The geometrical dimensions (length, and diameterd) of CNs vary due to the different
sources of the raw material and the hydrolytic conditions. Such variations are partially ascribed
to the diffusioncontrolled nature of the acid hydrolysis. Their nmuwjogies are usually
investigated by microscopy (TEM, AFM,-&EM, (Miller & Donald, 2003 etc.) or light
scattering techniques, including small angle neutron scattering (SE@NS)ur cov § )et al
polarized and depolarized dynamic light scattering (DLS, DOD®) Souza Lima et al., 20p2

TEM images of CNs typically show aggregation of thetipkes, mainly due to the drying step

for the preparation of the specimens after negative staining. Besides aggregation, additional
instrumental artifacts usually lead to an overestimation of CNs dimen&tarzouziHafraoui

et al., 2007 therefore, it is suggested the use of TEM in cryogenic mode-{dey) to prevent
aggregation. Atomic force microscopy (AFM) has been widelgduso provide surface
topography of CNgHanley et al., 1997Hanley et al., 1992Kvien et al., 2005 Miller &

Donald, 2003 But sometimes AFM topography may show different profiles compared with
TEM imagines, which are attributed to substrate shape petinmbanduced by AFM tip and
tip-broadening effects.
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3.2 Materials and methods 1

3.2.1 CNs extraction process

Whatman No. 1 filter paper (98% cotton, pore sizell pm) or cotton linter was milled by lab
mill into small pieces. The milled cotton was added tpreheated solution of 64% w/w sulfuric

acid (ratio of fiber and acid 1 : 17.5 <g/mL>) and hydrolysis proceeded under vigorous stirring
at 45 € for 45 min. To quench the reaction, the reaction mixture was diluted with 10
timesvolume deionized water8. Mq ¢ m, Mi-@Q Purifigation Systishn) brd allowed

to settle for 2 h. In order to concentrate the cellulose and remove excess acid and water, the
suspension was centrifuged at 5000 rpm for 20 min. The pellet that precipitated was repeatedly
rinsedand centrifuged with deionized water until the supernatant became turbid (afté? the 3
time centrifugation).The next step was to further remove the excess sulfuric acid by dialysis.
Before used, the dialysis tubes should be boiled in deionized water for 3 h. Further purification
was then done by dialysis against deionized water until theeef remained at neutral pH
(Molecular weight cubff, MWCO 12 000 and higher). The suspension was sonicated (UP400S
400 W, hielscher Co., Germany) repeatedly (0.7 cycles of 15 min at 70% output) to create
cellulose crystals of colloidal dimensions. Dhgithe ultrasonic treatment, the suspension was
cooled with an ice water bath to avoid overheating, and the sonication process was performed in
a plastic beaker to avoid possible ion release from glass containers -ibéidegsearch grade
ion-exchange reni (DowexMarathonMR3, SigmaAldrich) was added to the cellulose
suspension for 24 h to complex any stray ions and was then removed by filtering through
ashless filter paper (Muktel!l grade GF/ C, 1.
vacuumwih a What man gl ass microfiber filter (gr
contamination and largest celluleiber agglomerates. The cellulose content of the resulting
aqueous suspension was determined by drying several samples (1 mL) at 105.% rfon
intervals (to avoid decomposition or burning) until weight constancy, giving a cellulose
concentration of 1 % w/w and a yield of ~50%.

3.2.2 Freezalried powder

Firstly, according to US patent (US 005629055A), the pH value of 1% CNs dispersion wa
adjusted to ~7 by 1M NaOH(aq) in order to gain fully charged CNs. Secondly, the dispersion
was frozen at thel8 € for overnight and then moved it to freeze dryer (E1OP). Finally, the
freezedried power could be obtained and stored in tightly clagtlebfor conservation under

dry conditions.

3.2.3 CNs gel
The CNs dispersion was prepared from fregded powder by ultrasonication (0.7 cycle of 5
min at 70% output). When the CNs dispersion concentration is above than 3.5% (w/w), the
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dispersion coverted into gel status.

Characterization

3.2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a Perkin Elmer instrument (Sprectrum 100) equipped with an
ATR. Spectra were recorded using a spectral width ranging fronto5000 crit, with 4 cm®
resolution and an accumulation of 16 scans.

3.2.5 Solidstatenuclear magnetic resonance (NMR) spectroscopy

All NMR spectra were acquired at room temperature on a Bruker AVABGEspectrometer
(Bruker Spectrospin Gmbh, Rheieien, Germany), equipped with a 4 mm brbadd
CP-MAS probe for solid state measurements. About 100 mg of cellulose sample were directly
pressed into a 4 mm Zs@otor without further treatment®C spectra were acquired at 150.9
MHz using Cross Polarian (CP) and Magic Angle Spinning (MAS) atl® KHz (Pines et al.,
1973. Proton decoupling was achieved with GAB&sed composite pulse. Standard
acquisition parameters were as follows: Spectral width: 75.7 KHz; acquisition time: 3.4 ms;
relaxation delg 2s (fast acquisition conditions); contact time for Cross Polarizafioms;
number of scans: 70a@4000. The contact time was optimised by systematic variation of the
corresponding pulse within the 833ms range. Adamantames used as external chemical shift
reference.

3.2.6 XPS (Xray photoelectron spectroscopy)

XPS scans were acquired with a Phoibos 150 hemispherical analyzer at normal emisaion. X
excitation was provided by a twin anoderay source operated at 20W. Mg KU radia
(photon energy: 1253.6 eV) was used. The wide scans were acquired with a pass energy of 50
eV, while detailed scans were acquired with a pass energy of 25 eV.

3.2.7 Transmission electronic microscopy (TEM)

Drops of aqueous dispersion$ CNs (0.05% w/v) were deposited on carlmmated electron
microscope grids, negatively stained with uranyl acetate and allowed to dry. The samples were
analyzed with a Hitachi Jedl0084 transmission electron microscope (TEM) operated at an
accelerating/oltage of 80 kV.

3.2.8 Scanning electronic microscopy (SEM)

(1) Field emission SEM (FSEM) observation of the film crosections was carried out with a
Zei ss Etremission rhidrosdopk at 5 kV. The samples subjected to the SEM observation
werepre-coated with gold using a Polaron E5100 Coater at 18 mA for 20 s.
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(2) Environmental SEM (ESEM) analysis was performed on freedtéed CNs samples at10 kV
with Evo 50 EP Instrumentation (Zeiss, Jena, Germany).

3.2.9 Atomic force microscopy (AFM)

An atomic force microscope (AFM, AlphaSNOM, WITec GmbH, Germany) was employed
both to systematically study the thickness of the deposited multilayers and to analyze their
morphology. For thickness measurements, the LbL coating on glass slides was gatuhedc

in order to expose part of the glass substrate and thus measure the thickness of the coating.
Topography images were acquired with soft tapping mode at low oscillation amplitudes,
stabilized by an amplitudmodulation feedback system based on th#cal lever deflection
method. Standard AFM Si probes have been used.

3.2.10 Size distribution
1% CNs dispersion was scanned by laser diffraction particle size analyzer (Mastersizer 2000,
Malvern Instruments) wavelength from 0.020 to 2000 pm.
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3.3 Resllts and discussion 1

3.3.1 Modified process and different forms of CNs

As mentioned in the introduction, the process of producing CNs leads to a slightly chemical
modification of cellulose by acidic hydrolys{®ong et al., 1998 and the detailed steps of
process are as follows: milling, hydrolysis, centrifugation, dialysis, ultrasonication, ion
exchange, and filtering, and freeze drying for producing CNs powde yield of the process

is ca. 55%, in our case, using cotton linter as raw material. The dialysis step is the most
time-consuming, we therefore skip this step and directly neutralize CNs suspension by 5M
NaOH (aq) till pH ~7. The neutralization proseis relatively long, since the suspension is a
dispersion of high molecular weight of cellulose. If compared with dialysis processd$s),
neutralization is a much easier to handle and less-doneuming way. Then eliminating the
excess ions from diersion is through ion exchange step. Through this slightly modified
preparation CNs process, the finally obtained product was similar with before from eye
inspection. The ~1% dispersion is obtained directly after filtration step, which is colloid and its
color ivory white. To improve the storability, the powderm CNs was prepared by
lyophilization. The specific concentrations of CNs dispersion could be prepared from
re-dispersing CNs powder into distilled water through ultrasonication till no aggregatio
appeared and the light could pass the dispersion (colloid). If the dispersion concentration is
higher than ~5%, CNs become to gel state after settling down due to the strong hydrogen bonds
between cellulose molecular chains and inter mole¢Black et al., 201R The 1% dispersion,
freezedried powder, and gel of CNs are presented in Fi§ure

Figure5 1% dispersion (g freezedried powder (b), and 3.5% CNs gel (c), from left to right.
The yellow parts caused by the light of the lamps.

The final CNs products are grafted with a few sulfate ester gre@pS@;) from sulfuric acid.

The sulfate ester groups bring negative charges on the surface of CNs, which result in the
repulsion between charged chains thereby CNs can be dispersed into water or other polar
solvents(Viet et al., 200Y. As known, the charge density of polymer chains could be adjusted
by changing the pH values of solutions or dispersions. For CNs dispersion, when pH > 7, the
repulsions between chains are stronger and the molecular chains might be rigid. On the other
hand when pH < 7, repulsions are weaker and the molecular chains might be loose. It is noticed

33



PhD Dissertation of Fei LI 3 RESULTS ANDDISCUSSION TOPICL

that CNs precipitate under pH<1 due to the associations between sulfate ester-@R@s) (

and hydrogen ion (B from acidic condition which lead to be nehaged CNs. Based on
above principles, flexible CNs films of pH 2 and pH 7 were casted from 1% dispersion in
polyethylene petri disk under room temperature and presented different transparency, which are
shown in Figures. Thickness of the films is 280 pm and the transparency of pH 2 and pH 7
films are 88% and 63% at 550 nm, respectively.

Figure6 pH 7 CNs cast films (a) and (c), pH 2 CNs cast films (b) and (d). Scale 1.5 cm.

3.3.2 Structure of CNs

3.3.2.1 Fourier transform infrared spectroscopy (FTIR)

The structures of raw material (cotton linter) and final product (freleieel CNs) were
determined by FIR, shown in Figure7. In raw material, pure CNs film with and without
dialysis, the band at 3338 &nis attributed to the @ stretching vibrationThe bands at 2899

and 1428 cr are characteristic of € stretching and bending e€H, groups, respectively,

while the peaks at 1162 and 1057 care ascribed to the saccharide structuiest al., 2009.

The band at 1135 chris assigned to the S&4vhich origins from sulfuric acid. This intensive
band might be due to the skipping dialysis step, which could remove most of the substances
(M,,> 20,000 Dalton, Sigma) iteding huge amount of S&4 Even though the ion exchange
step was carried out in the modified process, it is yet not sufficient to thoroughly remove all of
SO#. The possible solution could be increasing the amount of ion exchange resin and the
adequatequantity should be optimized in the future work. The sulfate salt could not have
dramatic influence to CNs nano filler usage but could change the optical profidagg®t al.,
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2009 Yano et al., 2005 the ion exchange step could rislere be dependent on the CNs
applications. The sulfate ester groups in dialyzed samples were not detected because the number
of these groups was very small. The fredded powders from two processes have the highly
similar redispersed properties intgater. The 1% dispersions were prepared from two varieties

of CNs under the same condition of ultrasonic treatment (70% cycle, 70% amplify, and 3 min),
and presented in FiguB
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Figure7 FTIR of the raw material cotton linters (l), freedeed CNs (I1), and freezdried CNs
(1) without dialysis

Figure8 1% dispersion of CNs from original (a) and modified process (b) (c).
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From Figure?7, we could conclude that there are no significant differences before and after the
CNs producing process, which indicates that no strongly chemical modifications occurred.
Producing CNs by acidic hydrolysis is therefore only an extraction process fromatexial
without strongly chemical modifications. Also, some literature reported that nano cellulose are
relatively safe for human beingKovacs et al., 2000 which might be widely considered and
used as safe food contact material in future.

3.3.2.2 Nuclear magnetic resonance (NMR

cellulose nanocrystals
1% in water

100 90 ppm

T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 Ppm

Figure9 NMR spectra of CNs

3C-NMR spectrum of CNs freezdried powder is shown in Figu@ The spectrum presented

the characteristic signals of native cellul¢agalla & VanderHart, 1999 The anomeric carbon,

Cl1, appears furthest downyeld, at2 CGlramdGeEd 105
carbons are shown beten 70 and 78 ppm. The signal between 87 and 90 ppm corresponds to
C4 of the highly ordered cellulose crystall]i
and 86 ppm, were assigned to thel ©f disordered cellulose, as well as to the less ordered
cellulose chains of the crystallite surfagearsson, 2008 Also, the signal centered at 64.5 ppm

is attributed to & of ordered cellulose chains and the slight shoulder, between 60 and 63 ppm,

is attributed to & of cellulose in the amorphous and disordered component of CNs. In
particular, the & region was sed for this analysis, the signals from ordered and less ordered
regions being wel/l separated. -dareg®rs af nottoe t al
cellulose and assigned three Lorengli,gyddos | i
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lband four Gaussian6s | i n ecsystalipeecslluldsey inaccedsible s i g n
ybril sur faces, and t(kassoma 200kThe degréeeof cgliolose | s u
crystallinity, in the case of CNs from cotton linterasmdetermined using the areas of the
crystalline and amorphous-€ si gnal s accor di (Mapibitetoal, 2G0® s sond
Larsson, 2008 The results indicated thaélhe degree of crystallinity of CNBom cottonis

around 85%.

3.3.2.3 XPS (Xray photoelectron spectroscopy)

WIDE SCANS

Intensity (Arb.units)

r— T 1 1 1 "1 1 T 1T 11
-800 -700 -600 -500 -400 -300 -200 -100 0 100

Binding energy (eV)

1
200
Figure10 XPS wide scan for CNs deposition on PET

The XPS spectrum is presented in Figiieand CNs did show additional peaks related to
fluorine and Na Auger signals, and did not show a nitrogen peak. Table 1 lists all the elements
present in the analyzed sampland their atomic concentratior){ assuming homogeneous
samples. Raw intensitie;] have been corrected according to the following formula:
o F

B oM
By making use of tabulated relative sensitivity factang. (
@ Photoelectron crassections from repo(Reilman et al., 1976(with d = 603, transmission
function from literaturdHemminger et al., 199Qwith n = 0.5), attenuation length from related
literature(Powell, 1988 (with p = 0.7414).
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Table 1 Concentration of atomic species (in terms of number of atoms) for the CNs samples
O [%] C [%] N [%] S [%] F [%]
39.1#60.2 59.440.4 - 0.640.1 0.84.1

From Table 1, it is shown additional peaks related to fluorine without a nitrogen peak. Fluorine
did not come from improper handling of the samples during XPS analysis, probably from the
impurity of raw material or sulfuric acid. The oxygen signal shomat tabout 90% of the
oxygen is related to i@ bonds, while only a smaller amount (<10%) is related itbl @nd

C=0 bonds, likely due to the presence of acidic groups, and thus to the presence of oxidized
cellulose species.

(1) Carbon peaks

Carbon peaks.

b 1 M T bl T M ] = 1 i 1

C1s

CNs on PET

Intensity (arb. units)

Y

Y T Y T Y T Y T Y

1 1
-292 -290 -288 -286 -284 -282 -280
Binding energy (eV)

Figure1l Carbonpeaks of XPS

The carbon peaks were presented in Figdre and decomposed into a sum of
Gaussian/Lorentzian lineshapes with the same FWHM. The lineashpe used to model the carbon
peaks was a weighted product of a Gaussian (~30 %) and a Lorentzian (~#&¥Ape. Peak

C, is associated to photoemission from C 1s orbitals in carbon atoms v@tlb@hds and its
position was set te285.0 eV(Beamson & Briggs, 1992Peak G is associated to O bonds,
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peak G is associated to @-O or C=0 bonds and peak @ O=GO bonds. The chemical shift
between peak Cand Gi s 1. 7 NQ, il goad \dgreergeft with the literatufEras et al.,
2009, w h iglaen d oqyBEpeEe fixed to 3.1 and 4.4 eV, according to referefiaas et al.,
2005. Table 2 lists the results of the C 1s peak decomposition:

Table 2 Carbon signal features related to different bonds

C-C [C1%] C-0 [C,%] 0-C-0/C=0 [G%] 0=C-O [C,%]

10.94.2 69.940.4 16.746.3 2.540.2

(2) Oxygen peaks

Oxygen peaks

1 % I " I % I 5 1 L) 1 . Ll

O1s

CNs on PET

Intensity (arb. units)

T ™

.~ 5. 3 ° &5 ' I
-538 -536 -534 -532 -530

Binding energy (eV)

T T
-528 -526

Figure12 Oxygen peaks of XPS

The oxygen peaks were presented in Figltelecomposed into a sum of Gaussian/Lorentzian
lineshapes with the same FWHM. The lineaslysed to model the oxygen peaks was a

weighted product of a Gaussian (70 %) and a Lorentzian (30 %) lineshape. The most intense
peak, peakg is associated to photoemission form O 1s orbitals in oxygen atoms bonded to one

carbon atom (€D bonds). The bindig energy of @electrons is532.9 eV, in good agreement
with the value reported in the literatui®hen etal., 2003. Peak Q is associated to oxygen
atoms in carbonyl groups (C=0 bon@Beamson & Briggs, 1992while peak Qis associated
to free OH groups(Beamson & Briggs, 199Marchessault et al., 196%hen et al., 2004The
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chemical shifts between peak, @nd the side peaks;CGand Q were not fixed, and the
optimized walu@es Nar 2 ,:=6¥0.laaV.dTheseEvalues are somewhat

hi gher than those f,lu.n@ e \h=HoeW (DpEdeeal. ,201r e ( ol
Table 3 lists the results ofélO 1s peak decomposition:

Table 3 Oxygen signal features related to different bonds

C=0 [O%] C-O [O.%] O-H [0:%]

3.240.2 93.74.5 3.140.3

OH
OH
Q HO e}
HO 0 o)
OH
OH N

Figure13 Cellulose monomer

The Figurel3 represents the cellulose monomer, made by two units with molecular formula
(CeH10s),. Carbons atoms are present in two different configurations, corresponding to one
(peak G) and two bonds (peaksCwith oxygen with an intensity ratio of 5 to 1. The geyn to

carbon ratio should be 0.8Bras et al., 2005 According to Table 1, the O/C ratio in the CNs
sample is 0.65 (0.63 from the detailed scans analysis, see Table 4 below), smaller than expected.
Furthermore, a considerable amount gfcarbons (i.e. carbons without oxygen neighbors) is
observed, whichteould not be present in pure cellulose. If we neglect the signal fropeak,

the oxygen to carbon ratio equals 0.73, while tg&ratio 0.24, in good agreement with the
results obtained from the XPS analysis of spin coated cellulose fibers (seacefBre& R& et

al., 2010for further details).

Table 4 the ratios between the peak intensities, determined from the detailed scans and corrected
by the tabulatedelative sensitivity factors.

O/Croa O/(C+Cy)? CyJCS

0.63 (0.83) 0.73 0.24 (0.2)

& Number within brackets are the expected values from bond counting arguments.

According to reference@-ras et al., 2005)Johansson et al., 1999he total amount of surface
contamination on cellulose fibers due to exyresto ambient atmosphere 4% of the total
amount of carbon. The signal from; @eak thus cannot be attributed to atmospheric
contamination. XPS analysis of cotton cellulose fil€ras et al., 2005attribute the observed
C1 peak to laminar layer of waxes, proteins and pectin, which conceal the ecbaldgone.
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ReferencedFras et al., 2005eports on the formation of acidic groups-@&0) upon cellulose
fibers oxidation; these groups can, in principle, explain the existence of pgalKh€
determination of the exact concentration of acidic groups from flpe&k intensity is however
not vay accurate, since slight peak asymmetries in peakcdtild, in principles, almost
completely mask the presence of this side peak.

The oxygen peak of pure cellulose is expected to be composed onlyspé€des. The shoulder

at lower (absolute) binding energy can be linked to the presence of acidic groups, and thus to
the presence of oxidized cellulose species. The quantitative estimationaod@R signal is
affected by some uncertainty because ofvilbity of the two peaks to peak,@nd their low
intensity.

The treatment with sulfuric acid causes the grafting of the CNs with sulfate groups (i.e. the
replacement of an -® with an OSO;H group) (de Mesquita et al., 2030This explains the

origin of the sulfur signal which has been detected in the wide scans. According to Table 1, the
oxygen to sulfur ratio is 65:1, which means approximately 8 sulfate groups every 100 cellulose
monomers.

3.3.2.4Morphology and dimensions of CNs by TEM, SEM, AFM and mastersizer
(1) TEM

Figure 4 TEM of CNs
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